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“One	
   cannot	
   escape	
   the	
   feeling	
   that	
  
these	
  mathema-cal	
  formulae	
  have	
  an	
  
independent	
   existence	
   and	
   an	
  
intelligence	
  of	
  their	
  own,	
  that	
  they	
  are	
  
wiser	
   than	
   we	
   are,	
   wiser	
   even	
   than	
  
their	
   discoverers,	
   that	
   we	
   get	
   more	
  
out	
  of	
   them	
   than	
  we	
  originally	
   put	
   in	
  
to	
  them.”	
  

Heinrich	
  Hertz	
  
1857	
  –	
  1894	
  



Dirac	
  Equa-on	
  (1928)	
  

4-­‐components	
  equa/on	
  	
  (4	
  equa/ons)	
  
§  It	
  describes	
  the	
  electron	
  behaviour	
  including	
  Rela/vis/c	
  Theory	
  and	
  

Quantum	
  Mechanics	
  
§  It	
  predics	
  the	
  spin	
  of	
  the	
  electron	
  and	
  the	
  	
  associated	
  magne/c	
  moment	
  	
  
§  It	
  predicts	
  the	
  existence	
  of	
  an/maBer	
  (an/-­‐electron	
  or	
  positron)	
  
§  A	
  new	
  concept	
  of	
  the	
  maBer	
  based	
  on	
  the	
  proper/es	
  of	
  the	
  electro	
  magne/c	
  

quantum	
  field	
  (Quantum	
  Field	
  Theory,	
  Quantum	
  Electrodynamics)	
  

	
  	
  



Unifica-on	
  of	
  (Special)	
  Rela-vis-c	
  Theory	
  
(SR)	
  and	
  Quantum	
  Mechanics	
  (QM)	
  	
  

•  The	
   quantum	
   mechanics	
   developed	
   by	
   Heisenberg	
   and	
  
Schrödinger	
   were	
   based	
   on	
   old	
   mechanics	
   of	
   Newton	
  
(v<<c).	
  

•  Fundamental	
   dichotomies:	
   light	
   (SR)	
   vs	
   maaer	
   (QM);	
  
con-nuous	
  (SR)	
  vs	
  disctrete	
  (QM)	
  which	
  traces	
  back	
  to:	
  
–  Ancient	
  Greeks	
  (Plenum	
  vs	
  Vacuum);	
  	
  	
  
–  Newton	
  (rigid	
  bodies	
  through	
  empty	
  space);	
  	
  
– Maxwell	
  (light	
  as	
  wave	
  filling	
  all	
  space);	
  	
  
–  Thomson	
  (maaer	
  built	
  of	
  electrons	
  in	
  the	
  empty	
  space);	
  	
  
–  Planck	
  and	
  Einstein	
  (light	
  compose	
  of	
  par-cles)	
  	
  
–  	
  Bohr	
  and	
  Schrödinger	
  (maaer	
  behaves	
  as	
  waves)	
  
à	
  Light	
  is	
  a	
  bit	
  like	
  par-cles	
  and	
  electrons	
  are	
  a	
  bit	
  like	
  waves	
  



1.  If	
   the	
   light	
   is	
   to	
   be	
   made	
   of	
   par-cles	
   they	
   should	
  
carry	
   an	
   arrow	
   that	
   keeps	
   record	
   of	
   the	
   light’s	
  
polariza-on	
  

2.  Photons	
   are	
   evanescent.	
   Light	
   can	
   be	
   radiated	
   or	
  
absorbed,	
   i.e.	
  photons	
  can	
  be	
  created	
  or	
  destroyed.	
  
Different	
   from	
   Maaer	
   which	
   is	
   done	
   of	
   stable	
  
buildings	
  blocks	
  (electrons)	
  

•  The	
   Dirac	
   equa,on	
   forced	
   physicists	
   to	
   trascend	
   all	
  
these	
  dichotomies	
  !	
  unified	
  concept	
  of	
   the	
   radia,on	
  
and	
  ma8er	
  (QED)	
  

However	
  2	
  main	
  differences	
  



First	
  predic-on	
  of	
  Dirac	
  equa-on:	
  the	
  spin	
  
•  Difficul/es	
  with	
  Bohr	
  atomic	
  theory:	
  

–  Number	
  of	
  electrons	
  which	
  could	
  occupy	
  
each	
  orbit	
  (2)	
  –	
  Pauli	
  exclusion	
  principle	
  	
  	
  

–  Spectral	
  lines	
  of	
  atoms	
  in	
  Magne-c	
  field	
  
•  1925:	
  Two	
  Dutch	
  graduate	
  students,	
  Samuel	
  

Goudsmit	
   e	
   George	
   Uhlenbeck	
   devised	
   a	
  
possible	
   explana-on	
   of	
   magne-c	
   response	
  
problems:	
   electrons	
   behaves	
   as	
   -ny	
  
magnets	
  with	
  B	
  generated	
  by	
   their	
   rota-on	
  
about	
   their	
   axis	
   (Spin!).	
   This	
   would	
   also	
  
explain	
  why	
  2	
  electrons	
  for	
  each	
  orbit	
  (éê)	
  

•  They	
   postulate	
   also	
   for	
   the	
   giromagne-c	
  
ra-o	
   g=2	
   (Magne-c	
  moment/spin)	
  whereas	
  
classical	
   mechanics	
   for	
   a	
   rota-ng	
   object	
  
predicts	
  g=1	
  



•  Two	
   equa-ons	
   with	
   E>0	
  	
  
describes	
  the	
  spin	
  of	
  electron	
  
with	
  S=±1/2	
  and	
  g=2	
  

•  Two	
   equa-ons	
   with	
   E<0	
  
describes	
  an	
  an--­‐electron	
  	
  

•  The	
   an- -­‐e l e c t ron	
   was	
  
discovered	
   in	
  1932	
   in	
  cosmic	
  
rays	
  

Dirac	
  predic-on:	
  the	
  spin	
  of	
  electron	
  and	
  the	
  an--­‐electron	
  	
  

S=+1/2	
   S=-­‐1/2	
  



1932:	
  Discovery	
  of	
  the	
  positron	
  (an--­‐electron)	
  
C.D.Anderson,	
  Phys	
  Rev	
  43	
  (1933)	
  491	
  

• 	
  e+	
  enters	
  at	
  boaom,	
  slows	
  down	
  in	
  the	
  
	
  	
  	
  	
  lead	
  plate	
  –	
  know	
  direc-on	
  
• 	
  Curvature	
  in	
  B-­‐field	
  shows	
  that	
  it	
  is	
  a	
  	
  
	
  	
  	
  	
  posi-ve	
  par-cle	
  
•  Can’t	
  be	
  a	
  proton	
  as	
  would	
  have	
  stopped	
  in	
  the	
  lead	
  
	
  
	
  
	
  

23 MeV"
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e+"

B 

•  Since	
   then	
  many	
   an--­‐par-cles	
   discoveried.	
   The	
  physics	
   reason	
  
goes	
   beyond	
   the	
   Dirac	
   Equa-on	
   and	
   postulates	
   that	
   for	
   each	
  
par-cle	
   an	
   an--­‐par-cle	
   should	
   exist	
   with	
   the	
   same	
   mass	
   but	
  
opposite	
  charge	
  (and	
  other	
  quantum	
  numbers)	
  

« Cosmic	
  ray	
  track	
  in	
  cloud	
  chamber:	
  



•  A	
   charge	
   par-cle	
   in	
   a	
   plane	
   orbit	
   has	
   angular	
  momentum	
   L	
  
and	
  magne-c	
  moment	
  µ	



The	
  giromagne-c	
  ra-o	
  g	
  

=	
  

•  The	
  ra-o	
  µ/(q/2m)L	
  is	
  called	
  giromagne-c	
  ra-o	
  g.	
  Classically	
  g=1	
  
	
  
•  For	
   the	
  electron	
  Dirac	
  equa-on	
  predicts	
   for	
  a	
  magne-c	
  moment	
  

due	
   to	
   spin	
   2	
   x	
   the	
   classic	
   one,	
   g=2,	
   in	
   agreement	
   with	
   the	
  
conjecture	
  of	
  Goudsmit	
  e	
  Uhlenbeck	
  

	
  

•  Triumph	
  of	
  Dirac	
  equa-on	
  



•  Photons	
   and	
   electrons	
   (and	
   other	
   par-cles)	
   	
   are	
  
(discrete)	
   excita-on	
   of	
   the	
   fields	
   which	
   fill	
   all	
   the	
  
space	
  (con-nuous)	
  

•  The	
   Vacuum	
   is	
   not	
   really	
   “empty”.	
   Infact	
   Quantum	
  
uncertainty	
  combined	
  with	
  QFT	
  implies	
  that	
  pairs	
  of	
  
(virtual)	
  par-cle	
  and	
  an-par-cles	
  can	
  be	
  crated	
  and	
  
destroyed	
   à	
   Quantum	
   fluctua-ons	
   of	
   dynamical	
  
vacuum	
  has	
  real	
  effects	
  (on	
  mass	
  and	
  charge	
  of	
  real	
  
par-cles)	
  

•  Quantum	
  field	
  Theory	
  (QFT,	
  or	
  QED)	
  was	
  born	
  
•  At	
  the	
  point	
  (mid	
  of	
  30’s)	
  Dirac	
  (like	
  Einstein)	
  took	
  	
  a	
  

separate	
  path.	
  His	
  contribu-on	
  to	
  the	
  development	
  
of	
  QED	
  was	
  marginal.	
  	
  	
  

•  He	
  Died	
  in	
  1984	
  at	
  82.	
  

The	
  Deepest	
  meanings:	
  Quantum	
  Field	
  Theory	
  



•  In	
  ~1930	
  the	
  QED	
  was	
  born	
  and	
  described	
  
well	
  the	
  processes	
  of	
   interac-on	
  between	
  
electrons	
  and	
  photons	
  

•  But	
   in	
   1947,	
   the	
   conference	
   of	
   Shelter	
  
Island,	
  were	
   found	
   two	
   surprising	
   effects:	
  
the	
  discovery	
  of	
   the	
   "Lamb	
  shiu"	
  and	
   the	
  
anomalous	
   magne-c	
   moment	
   of	
   the	
  
electron	
  

•  The	
   conference	
   of	
   Shelter	
   Island	
   was	
   a	
  
turning	
  point	
   in	
   the	
  development	
  of	
  QED.	
  
They	
   par-cipated	
   in	
   the	
   physical	
   that	
  
would	
  have	
  a	
  decisive	
  role	
   in	
   the	
  solu-on	
  
of	
   these	
   anomalies:	
   Hans	
   Bethe,	
   Richard	
  
Feynman,	
  Julian	
  Schwinger	
  and	
  others	
  

The	
  development	
  of	
  the	
  Quantum	
  
Electrodynamics	
  (QED)	
  

γ	


e–  

e–  



Shelter	
  Island	
  (1947)	
  



1947:	
  Lamb	
  Shiu	
  	
  

•  Shiu	
  of	
  the	
  2S1/2	
  state	
  wrt	
  2P1/2	
  	
  in	
  H	
  (+1050	
  MHz)	
  as	
  
measured	
  by	
  Willis	
  Lamb	
  (1913–2008)	
  

	
  	
  
	
  
	
  
	
  

•  The	
   shiu	
  was	
   due	
   to	
   the	
   interac-on	
   of	
   the	
  
electron	
  with	
  virtual	
  par-cles	
  of	
  the	
  vacuum	
  
(electron	
  mass	
  correc-ons)	
  	
  

•  However,	
   these	
   adjustments	
  were	
  not	
   easy	
  
to	
  calculate	
  

e-­‐	
  

e-­‐	
  



1947:	
  Measurement	
  of	
  the	
  (anomalous)	
  magne-c	
  
moment	
  of	
  the	
  electron	
  

•  Kush	
   and	
   Foley	
   studying	
   the	
   response	
   of	
   the	
   atoms	
   of	
  
gallium	
  to	
  an	
  external	
  magne-c	
  field	
  found	
  a	
  value	
  for	
  the	
  
electron	
   gyromagne-c	
   factor	
   g	
   of	
   ~	
   0.1%	
   larger	
   than	
  
predicted	
  by	
  Dirac	
  theory	
  

g = 2(1.00119± 0.00005);a = (g− 2)
2

= 0.00119± 0.00005
a=	
  0	
  according	
  to	
  Dirac	
  



Effects	
  of	
  polariza-on	
  of	
  the	
  quantum	
  vacuum	
  
•  The	
  presence	
  of	
  a	
  charge	
  causes	
  a	
  polariza-on	
  of	
  
virtual	
  pairs	
  of	
  vacuum	
  

•  At	
   great	
   distances	
   these	
   virtual	
   par-cles	
   will	
  
screen	
   the	
   ”bare"	
   charge	
   and	
   so	
   we	
   observe	
   a	
  
reduc-on	
  of	
  the	
  charge.	
  

•  	
   As	
   we	
   enter	
   the	
   cloud	
   of	
   virtual	
   par-cles,	
   this	
  
screening	
   effect	
   decreases	
   and	
   the	
   observed	
  
charge	
  increases	
  (strenghtening	
  of	
  the	
  coupling)	
  

Q	
  

d	
  



The	
  problems	
  with	
  infinites	
  (Renormaliza-on)	
  
•  The	
   distance	
   with	
   which	
   we	
   see	
   the	
  
charge,	
  corresponds	
  to	
  the	
  resolu-on	
  of	
  
the	
  instrument.	
  

•  The	
   higher	
   is	
   the	
   resolu-on	
   the	
   closer	
  
we	
  approach	
  the	
  bare	
  electron	
  charge	
  

•  The	
  theore-cal	
  value	
  of	
  the	
  charge	
  with	
  
infinite	
  resolu-on	
  is	
  infinite!	
  
But	
   no	
   microscope	
   has	
   infinite	
  
resolu-on,	
   then	
   the	
   "true"	
   value	
   of	
   the	
  
charge	
   is	
   never	
   achieved	
   (like	
   the	
  
horizon)	
  

•  What	
  you	
  want	
   to	
  calculate	
   is	
   the	
  value	
  
of	
   the	
   charge	
   to	
   the	
   resolu-on	
   of	
   our	
  
experiment.	
  
This	
   procedure	
   is	
  what	
   is	
  meant	
   by	
   the	
  
term	
  "renormaliza-on"	
  



QED	
  Triumph	
  
•  Applying	
   the	
   procedure	
   of	
   renormaliza-on	
   (in	
   non-­‐
rela-vis-c	
   approxima-on),	
   Bethe	
   explained	
   the	
  
Lamb	
  shiu.	
  

•  In	
   the	
   same	
   years	
   the	
   rela-vis-c	
   formula-on	
   was	
  
developed	
   by	
   Feynman,	
   Schwinger	
   and	
   Tomonaga.	
  
Schwinger	
   computed	
   the	
   correc-ons	
   due	
   to	
   self	
  
energy	
  to	
  the	
  electron	
  gyromagne-c	
  factor,	
  finding	
  a	
  
value	
   in	
   good	
   agreement	
   with	
   the	
   experimental	
  
measurement	
  of	
  Kush	
  and	
  Foley	
  

a = (g− 2)
2

=
α
2π

= 0.001161



Nobel	
  prizes	
  
•  The	
   crisis	
   and	
   the	
   triumph	
   of	
   QED	
   in	
   the	
   postwar	
  
years	
   was	
   one	
   of	
   the	
   more	
   exci-ng	
   chapters	
   of	
  
modern	
   physics	
   that	
   had	
   several	
   players	
   who	
  were	
  
all	
  awarded	
  the	
  Nobel	
  Prize.	
  
And	
  definitely	
  a	
  place:	
  the	
  conference	
  	
  

	
  	
  	
  	
  of	
  Shelter	
  Island	
  (1947)	
  

Julian	
  Schwinger	
  
Premio	
  Nobel	
  1965	
  

Richard	
  P.	
  Feynman	
  
Premio	
  Nobel	
  1965	
  
	
  

Sin-­‐I-ro	
  Tomonaga	
  
Premio	
  Nobel	
  1965	
  
	
  

Willis	
  E.	
  Lamb	
  
Premio	
  Nobel	
  1955	
  
	
  

Polykarp	
  Kusch	
  
Premio	
  Nobel	
  1955	
  
	
  



The	
  anomalous	
  magne-c	
  moment	
  of	
  electron	
  and	
  
muon	
  (a=(g-­‐2)/2)	
  

•  Since	
   1947,	
   over	
   the	
   next	
   60	
   years,	
   the	
  
measurement	
   of	
   the	
   anomalous	
   magne-c	
   moment	
  
of	
   the	
   electron	
   and	
   muon	
   (its	
   big	
   brother,	
   with	
   a	
  
mass	
  210	
  -mes	
  larger	
  than	
  me)	
  improved	
  in	
  accuracy	
  
by	
  a	
  factor	
  of	
  108	
  	
  

•  Also	
   the	
   theore-cal	
   predic-on	
   have	
   been	
   refined	
  
reaching	
  a	
  similar	
  accuracy	
  

•  The	
   muon	
   is	
   much	
   more	
   sensi-ve	
   to	
   new	
   physics	
  
contribu-on	
   of	
   the	
   electron,	
   despite	
   is	
   being	
  
measured	
  1000	
  worse.	
  
How	
   is	
   the	
   anomalous	
   magne-c	
   moment	
   of	
   the	
  
muon	
   (and	
   electron)	
  measured	
   and	
  what	
   are	
   these	
  
contribu-ons	
  of	
  new	
  physics?	
  



How	
  to	
  measure	
  the	
  muon	
  anomaly?	
  
•  A	
  charged	
  par-cle	
  with	
   spin	
  put	
   in	
   a	
  magne-c	
  field	
  
(uniform)	
   rotates	
   in	
   a	
   circular	
   orbit	
   with	
   angular	
  
frequency	
  (called	
  cyclotron):	
  

•  The	
  presence	
  of	
   the	
  magne-c	
  field	
  acts	
  on	
   the	
  spin	
  
by	
   rota-ng	
   it	
   around	
   the	
   field	
   direc-on	
   (precession	
  
frequency	
  of	
  the	
  spin)	
  

ωc =
qB
m

ωs = g
qB
2m

Ciclotron	
  orbit,	
  ωc	
  

Spin	
  precession,	
  ωs	
  



•  The	
   frequency	
  with	
  which	
   the	
   spin	
  moves	
   ahead	
  of	
  
the	
   momentum	
   (anomalous	
   precession	
   frequency	
  
ωa)	
  is:	
  

	
  
•  If	
  g=2	
  (a=0)	
  spin	
  remains	
  locked	
  to	
  momentum	
  

ωa =ωs −ωc = a
eB
m

How	
  to	
  measure	
  the	
  muon	
  anomaly?	
  



•  The	
   frequency	
  with	
  which	
   the	
   spin	
  moves	
   ahead	
  of	
  
the	
   momentum	
   (anomalous	
   precession	
   frequency	
  
ωa)	
  is:	
  

	
  
•  If	
  g>2	
  (a>0)	
  spin	
  advances	
  respect	
  to	
  the	
  momentum	
  

ωa =ωs −ωc = a
eB
m

How	
  to	
  measure	
  the	
  muon	
  anomaly?	
  



•  The	
   frequency	
  with	
  which	
   the	
   spin	
  moves	
   ahead	
  of	
  
the	
   momentum	
   (anomalous	
   precession	
   frequency	
  
ωa)	
  is:	
  

	
  
•  If	
  g>2	
  (a>0)	
  spin	
  go	
  ahead	
  to	
  the	
  momentum	
  

•  One	
  measures	
   the	
   anomalous	
  precession	
   frequency	
  
ωa	
  and	
  the	
  magne-c	
  field	
  B	
  obtaining	
  a:	
  

ωa =ωs −ωc = a
eB
m

How	
  to	
  measure	
  the	
  muon	
  anomaly?	
  

a = (g− 2)
2

=
mωa

eB



Measurement	
  of	
  ae	
  
•  The	
   e-­‐	
   is	
   confined	
   in	
   a	
   region	
   using	
   magne-c	
   and	
  
electric	
  field	
  [Penning	
  trap].	
  It	
  has	
  been	
  obtained	
  by	
  	
  
Gabrielse	
  et	
  al.	
  (2008):	
  



Why	
  muon	
  is	
  more	
  sensi-ve	
  to	
  New	
  Physics	
  effects?	
  

•  The	
  muon	
  has	
   a	
  mass	
   200	
  -mes	
  heavier	
   then	
   electron.	
   It	
   ‘s	
  
much	
  more	
  sensi-ve	
  to	
  effects	
  of	
  new	
  physics	
  than	
  electron.	
  
These	
   new	
   physics	
   effects	
   are	
   virtual	
   par-cles	
   created	
   by	
  
fluctua-ons	
   of	
   the	
   quantum	
   vacuum	
   (such	
   as	
   the	
   electron	
  
pair)	
  and	
  are	
  more	
  likely	
  as	
  heavier	
  is	
  the	
  real	
  par-cle	
  (~mass	
  
squared)	
  

25	
  

e+ 
e- 

e- e+ 

e+ e- 

e+ 
e- 

e- e+ 

χ+ χ- 



•  The	
  measurement	
  of	
  the	
  anomalous	
  magne-c	
  moment	
  of	
  the	
  
muon	
  requires	
  a	
  much	
  larger	
  equipment	
  that	
  for	
  the	
  electron.	
  
The	
  muons	
  are	
  trapped	
  in	
  a	
  ring	
  of	
  a	
  ~	
  14	
  m	
  in	
  diameter	
  with	
  
magne-c	
  field	
  B	
  =	
  14	
  kGauss.	
  The	
  measurement	
  of	
  the	
  spin	
  of	
  
the	
  muon	
  is	
  calculated	
  looking	
  at	
  the	
  direc-on	
  dell'e-­‐	
  emiaed	
  
in	
   muon	
   decay	
   µ±àe±νν  (produced	
   by	
   pions	
   in	
   forward	
  
direc-ons)	
  

•  	
   Epic	
   experiment	
   at	
   CERN	
   in	
   ’70	
   	
   have	
   shown	
   that	
   to	
   the	
  
anomaly	
  of	
  the	
  muon	
  also	
  contribute	
  also	
  virtual	
  quark	
  pairs	
  	
  
and	
   strong	
   effects,	
   produced	
   in	
   the	
   quantum	
   vacuum	
  
fluctua-ons	
  

Measurement	
  of	
  the	
  muon	
  anomaly	
  aµ	



!

quark-­‐an-quark	
  

q	
  

q	
  

Not	
  easy	
  to	
  compute!!	
  
Need	
  experimental	
  	
  	
  	
  	
  	
  
e+	
  e-­‐	
  data	
  (like	
  at	
  
VEPP2M/VEPP2000	
  !)	
  



Waveform	
  digi-zer	
  gives	
  	
  t,	
  
E 

Picture	
  of	
  a	
  Lead-­‐Scifi	
  
Calorimeter	
  from	
  	
  E821	
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Muon G-2 experiment at Cern (1979) 





EXP	
  

The Cern experiment: a triumph of QED 



QED Weak 

Precisely	
  known	
  
Large	
  uncertainty	
  	
  
(significant	
  work	
  going	
  on)	
  

Hadronic contribution 

HLbL	
  HLO	
  

Standard Model contribution to (g-2) 

aµ
QED	
  ~α/2π~	
  O(10-­‐3)	
  	
  	
  aµ

Weak	
  ~	
  O(10-­‐9)	
  	
  	
  	
  	
  aµ
HAD	
  ~	
  O(10-­‐8)	
  	
  

δaµ
QED	
  ~	
  1.4x10-­‐12	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  aµ

Weak	
  ~	
  2x10-­‐11	
  	
  	
  	
  	
  	
  δaµ
HAD	
  ~	
  5x10-­‐10	
  

In	
  the	
  ’70	
  at	
  CERN	
  aµ	
  was	
  measured	
  	
  with	
  an	
  uncertainty	
  of	
  8x10-­‐9	
  	
  (7ppm),	
  of	
  the	
  same	
  order	
  
of	
  δaµ

SM	
  (sensi-ve	
  to	
  hadronic	
  contribu-on)	
  



Today:	
  

δaµQED =0.001ppm	
  



Impressive	
  calcula-on…hundreds	
  of	
  diagrams	
  



δaµWeak =0.02 ppm	
  



δaµHLO =0.4 ppm	
  



aµ
HLO: 

L.O. Hadronic contribution to aµ can be estimated by means of a dispersion integral: 
    

- K(s) = analytic kernel-function 
- above sufficiently high energy value, typically 2…5 GeV, use  pQCD  

    Input: 
    a)  hadronic electron-positron cross section data  
    b)  hadronic τ- decays, which can be used with the help of the CVC-theorem  
         and an isospin rotation (plus isospin breaking corrections) 

€ 

aµ
had =

α mµ
3π

$ 

% 
& 

' 

( 
) 

2

ds R(s) ˆ K (s)
s2

4 mπ
2

∞

∫

€ 

R(s) =
σ tot (e

+e− → γ*→ q q → hadrons)
σ tot (e

+e− → γ*→ µ+µ−)

H 

1 / s2 makes low 
energy contributions 
especially important: 

€ 

e+e− →π +π−

in the range < 1 GeV	


contributes to 70% ! 

(A.,	
  D.,	
  H.	
  ’97)	
  

(G.dR 69, E.J.95, A.D.H.’97,….) 



Cross	
  sec/on	
  data:	
  
Two approaches: 

 Energy scan (CMD2/3, SND, BES,CLEO): 

 Radiative return (KLOE, BABAR, BELLE, BESIII): 

•   energy of colliding beams is changed to the desired value   
•  “direct” measurement of cross sections 
•  needs dedicated accelerator/physics program 
•  needs to measure luminosity and beam energy for every data point 

•  runs at fixed-energy machines (meson factories)    
•  use initial state radiation process to access lower energies or  
resonances 
•  data come as by-product of standard physics program 
•  requires precise theoretical calculation of the radiator function 
•  luminosity and beam energy enter only once for all energy points 
•  needs larger integrated luminosity 



	
  e+e-­‐	
  data:	
  current	
  and	
  future/ac/vi/es	
  

~1% ~3-5% δσHAD ~7-15% ~6% 

Bes-­‐III	
  



	
  Measured	
  cross	
  sec/on	
  for	
  e+e-­‐	
  →π+ π-  

(20( data:	
  different	
  experiments	
  

B.	
  Lee	
  Roberts	
  for	
  the	
  New	
  Muon	
  (g-­‐2)	
  Collabora-on	
  –	
  DPF	
  10	
  August	
  	
  2011	
  
-­‐	
  p.	
  39/57	
  

08 

Impressive	
  accuracy!!	
  



 Dispersion Integral: 
Contribu-on	
  of	
  different	
  energy	
  regions	
  to	
  the	
  dispersion	
  integral	
  and	
  the	
  

error	
  to	
  aµ
had	
  

~40%	
  

~75%	
  
(mostly	
  2π)	
  

~55%	
  

contributions error2 

Very important also 
the region 1-2 GeV 

Impressive	
  accuracy	
  reached	
  (mainly)	
  thanks	
  to	
  Novosibirsk	
  precise	
  	
  
measurement	
  in	
  e+e-­‐	
  collision	
  !!!!!	
  

40	
  
δaµ

exp→ 1.5 10-10 = 0.2%  on aµ
HLO 

New g-2 exp.	



aµ
HLO = (690.9±4.4)10-10  

 [Eidelman, TAU08] 

δaµ
HLO ~0.7% 



well	
  known	
  	
   significant	
  work	
  ongoing	
  

The	
  SM	
  Value	
  for	
  aµ	
  



1984-­‐2001:	
  Measurement	
  of	
  aµ	
  at	
  BNL	
  
The	
  measurement	
  of	
  the	
  g-­‐2	
  of	
  the	
  muon	
  has	
  been	
  repeated	
  with	
  x15	
  
beaer	
  accuracy	
  at	
  Brookhaven	
  Na-onal	
  Laboratory	
  (USA)	
  



(0.54	
  ppm!)	
  

The	
   result	
   (which	
   reached	
   a	
   precision	
   of	
   0.54	
   parts	
   per	
  
million)	
  was	
  surprising	
  and	
  showed:	
  
1)	
   that	
   to	
   the	
   magne-c	
   anomaly	
   contributed	
   not	
   only	
   e,	
  
quarks,	
  but	
  also	
  the	
  messengers	
  of	
   the	
  EW	
  interac-on	
  and	
  
even	
  the	
  Higgs	
  
	
  
2)	
   a	
   "discrepancy"	
   with	
   the	
   theore-cal	
   predic-on	
   of	
   the	
  
Standard	
  Model	
  of	
  3	
  standard	
  devia-ons	
  (the	
  probability	
  of	
  
this	
  happening	
  due	
  to	
  a	
  sta-s-cal	
  fluctua-on	
  is	
  0.3%)	
  

This	
   discrepancy,	
   although	
   not	
   conclusive,	
  
could	
   be	
   explained	
   by	
   the	
   contribu-on	
   to	
  
the	
   anomaly	
   of	
   the	
   muon	
   of	
   par-cles	
   s-ll	
  
unknown,	
  such	
  as	
  supersymmetric	
  par-cles	
  
(which	
   are	
   now	
   looking	
   at	
   LHC)	
   or	
   new	
  
photons	
  (par-cles	
  of	
  spin	
  equal	
  to	
  1)	
  with	
  a	
  
mass	
  nonzero	
   (which	
  may	
  explain	
   the	
  dark	
  
maBer	
  of	
  the	
  Universe)	
  

aµ
E821 − aµ

SM = (287±80)×10−11 (3.6σ )

!



A	
  possible	
  crack	
  in	
  the	
  Standard	
  Model?	
  



A	
  possible	
  crack	
  in	
  the	
  Standard	
  Model	
  
In	
  order	
   to	
  understand	
   if	
   it	
   is	
  a	
  crack	
   in	
   the	
  Standard	
  Model	
  or	
  a	
  
sta-s-cal	
   fluctua-on	
   or	
   any	
   instrumental	
   effect,	
   is	
   being	
   built	
   at	
  
Fermilab	
   in	
   Chicago	
   (USA),	
   a	
   new	
   experiment	
   will	
   measure	
   the	
  
anomaly	
  of	
  the	
  muon	
  with	
  a	
  precision	
  of	
  140	
  parts	
  per	
  billion.	
  
Also	
  thanks	
  to	
  the	
  result	
  of	
  this	
  experiment,	
   in	
  which	
  par-cipates	
  
also	
   Russia	
   (Dubna	
   and	
  Novosibirsk)	
   and	
   Italy,	
   in	
   a	
   few	
   years	
  we	
  
will	
  know	
  if	
  the	
  Standard	
  Model	
  should	
  be	
  abandoned	
  in	
  favor	
  of	
  a	
  
more	
  complete	
  theory	
  

!



The	
  anomalous	
  magne/c	
  moment	
  of	
  the	
  
muon	
  
“The	
  closer	
  you	
  look	
  the	
  more	
  there	
  is	
  to	
  see”	
  	
  

Fred	
  Jegerlehner	
  	
  

Now	
  let’s	
  retrace	
  the	
  gyromagne-c	
  factor	
  of	
  the	
  muon	
  digit	
  by	
  digit	
  



47	
  

g(expt)    2 

Quantum mechanics meets 
relativity -> anti-matter 



48	
  

g(expt)    2 g(expt)    2.00 



49	
  

g(expt)    2.00 g(expt)    2.002331 

Quantum 
Electrodynamics -> 

Electricity & 
Magnetism 



g(expt)    2.002331 g(expt)    2.00233184 

Quantum 
Chromodynamics -> 
Strong force that  

binds nuclei 



51	
  

g(expt)    2.00233184 g(expt)    2.002331841 

Electroweak Theory-> 
Weak force that  
makes nuclei (and 
muons) unstable 



52	
  

g(expt)    2.00233184 g(expt)    2.002331841 g(expt)    2.00233184178 

?
Experiment 

Theory 
Dark Matter 



If	
  it	
  will	
  or	
  not	
  new	
  physics	
  we'll	
  tell	
  you	
  in	
  a	
  
few	
  years	
  !!	
  



A	
  final	
  observa-on	
  	
  
QED	
  	
  has	
  been	
  verified	
  by	
  experiments	
  of	
  the	
  
anomalous	
  magne-c	
  moment	
  of	
  12	
  significant	
  digits!	
  

Thanks!!!!	
  



Grazie!	
  


