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There	
  is	
  no	
  doubt	
  that	
  photon-­‐photon	
  colliders	
  are	
  an	
  
important	
  opPon	
  at	
  high	
  energy	
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Given	
  the	
  present	
  value	
  of	
  the	
  Higgs	
  mass,	
  a	
  80+80	
  GeV	
  
photon-­‐photon	
  collider	
  would	
  suffice	
  for	
  a	
  very	
  rich	
  
physics	
  program.	
  	
  
	
  
However,	
  for	
  all	
  its	
  poten@al,	
  a	
  high-­‐energy	
  photon-­‐
photon	
  collider	
  has	
  not	
  yet	
  been	
  built.	
  	
  
	
  
A	
  low-­‐energy	
  photon-­‐photon	
  collider	
  could	
  lead	
  to	
  
the	
  necessary	
  technology	
  developments	
  and	
  
prepare	
  the	
  ground	
  for	
  a	
  higher	
  energy	
  complex,	
  
while	
  s@ll	
  providing	
  a	
  rich	
  tes@ng	
  ground	
  for	
  QED,	
  
and,	
  more	
  generally,	
  QFT.	
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Unsolved	
  problem	
  of	
  QFT:	
  the	
  cosmological	
  constant	
  problem	
  
	
  
ContribuPons	
  to	
  vacuum	
  energy	
  density	
  (zero	
  point	
  energy)	
  from	
  elementary	
  fields	
  
	
  
Bosons	
  (spin	
  1	
  parPcles):	
  
	
  

•  photon:	
  2	
  polarizaPons	
  
•  gluons:	
  8	
  types	
  of	
  gluons,	
  2	
  polarizaPons	
  
•  Ws	
  and	
  Z	
  bosons:	
  3	
  bosons,	
  3	
  polarizaPons	
  (massive	
  force	
  carriers)	
  

	
  
total:	
  27	
  boson	
  degrees	
  of	
  freedom	
  	
  
	
  
Fermions	
  (spin	
  1/2	
  parPcles):	
  
	
  

•  6	
  massive	
  quark	
  fields,	
  2	
  polarizaPons	
  
•  3	
  massive	
  lepton	
  fields,	
  2	
  polarizaPons	
  
•  3	
  neutrino	
  fields	
  

	
  
total:	
  21	
  fermion	
  degrees	
  of	
  freedom	
  
	
  
Contribu)on	
  of	
  each	
  degree	
  of	
  freedom 	
   	
   	
   	
  	
  ± ω

2
3
8π 2

ωmax( )4
c( )3

fermionic	
  d.o.f.’s	
  give	
  a	
  
negaPve	
  contribuPon	
  

A	
  HUGE	
  
ENERGY	
  
DENSITY	
  !!!	
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u =

3 ωmax( )4
8π 2 c( )3

≈
3 1019 GeV( )4

8π 2 0.2 GeV·fm( )3
≈ 5·1076GeV·fm−3

A	
  HUMONGOUS	
  	
  
NUMBER	
  !!!	
  	
  
About	
  1078	
  Pmes	
  larger	
  than	
  the	
  
nuclear	
  energy	
  density	
  

P =
G
c2

≈1.6·10−35m =1.6·10−20 fm

EP =
c
P

≈1019GeV

When	
  we	
  take	
  the	
  Planck	
  energy	
  as	
  the	
  ultraviolet	
  cutoff	
  

Eventually,	
  it	
  turns	
  out	
  that	
  there	
  is	
  a	
  120	
  orders-­‐of-­‐magnitude	
  
discrepancy	
  with	
  the	
  esPmated	
  energy	
  density	
  of	
  interstellar	
  vacuum	
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However,	
  the	
  problem	
  of	
  a	
  high	
  energy	
  density	
  of	
  vacuum	
  would	
  
sBll	
  persist	
  at	
  low	
  energy,	
  even	
  in	
  a	
  supersymmetric	
  world,	
  
because	
  of	
  low-­‐energy	
  supersymmetry	
  breaking.	
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The	
  cosmological	
  constant	
  problem	
  is	
  related	
  to	
  the	
  zero-­‐point	
  
energy,	
  i.e.,	
  to	
  the	
  fluctuaPons	
  of	
  quantum	
  vacuum,	
  and	
  
therefore	
  also	
  to	
  the	
  renormalizaPon	
  procedure	
  in	
  QFT.	
  	
  
	
  
Photon-­‐photon	
  scahering	
  directly	
  probes	
  the	
  fluctuaPons	
  of	
  
quantum	
  vacuum.	
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At	
  low	
  energy	
  the	
  4-­‐photon	
  interacBon	
  can	
  also	
  	
  be	
  described	
  by	
  
a	
  phenomenological	
  Lagrangian.	
  	
  
	
  
The	
  class	
  of	
  effecPve	
  Lagrangians	
  that	
  saPsfy	
  basic	
  QFT	
  constraints	
  can	
  be	
  parameterized	
  
as	
  follows	
  
	
  
	
  
	
  
	
  
and	
  the	
  QED	
  Euler,	
  Heisenberg	
  and	
  Weisskopf	
  (EWH)	
  Lagrangian	
  has	
  
	
  
	
  
	
  
	
  
	
  
Another	
  member	
  of	
  this	
  class	
  is	
  the	
  Born-­‐Infeld	
  Lagrangian	
  (originally	
  introduced	
  to	
  solve	
  
the	
  divergence	
  of	
  electron	
  EM	
  self-­‐energy)	
  
	
  
	
  
	
  
	
  
Notably,	
  the	
  BI	
  Lagrangian	
  surfaces	
  in	
  low-­‐energy	
  extrapolaPons	
  of	
  string	
  theories.	
  

 L = -F + c1F
2 + c2G

2

c1 =
8α 2

45m4 ; c2 =
14α 2

45m4

  

� 

LBI ≈
1
2
E2 − B2( ) +

1
4b2

E2 − B2( )2 + 4 E ⋅B( )2[ ]⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 
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F = 1
4
FabF

ab = 1
2
B2 −E2( )

G = 1
4
Fab F

ab = −E·B



Photon-­‐photon	
  scahering	
  	
  
	
  
(first	
  complete	
  calculaPon	
  by	
  Karplus	
  and	
  Neuman	
  in	
  1950-­‐51,	
  further	
  
refinements	
  by	
  De	
  Tollis	
  and	
  collaborators	
  in	
  the	
  following	
  years)	
  

electromagnePc	
  polarizaPon	
  tensor	
  

the	
  EM	
  pol.	
  tensor	
  is	
  completely	
  
symmetric	
  with	
  respect	
  to	
  indices	
  and	
  
momenta	
  and	
  is	
  divergenceless	
  and	
  P-­‐
invariant	
  

tensor	
  must	
  be	
  regularized	
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DifferenPal	
  cross-­‐secPon	
  

PolarizaPon	
  dependent	
  amplitude	
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For	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ,	
  the	
  differenPal	
  photon-­‐photon	
  scahering	
  cross-­‐secPon	
  is	
  
	
  
	
  
	
  
	
  
	
  
	
  
This	
  cross-­‐secBon	
  is	
  derived	
  from	
  a	
  genuine	
  non-­‐linear	
  QED	
  effect	
  
(loop)	
  and	
  its	
  value	
  is	
  criBcally	
  dependent	
  on	
  the	
  regularizaBon	
  
procedure.	
  	
  
	
  
The	
  importance	
  of	
  regularizaPon	
  has	
  recently	
  been	
  emphasized	
  by	
  the	
  a	
  couple	
  of	
  wrong	
  
preprints,	
  that	
  claimed	
  that	
  the	
  photon-­‐photon	
  cross	
  secPon	
  is	
  actually	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
(see	
  N.	
  Kanda,	
  arXiv:1106.0592,	
  and	
  T.	
  Fujita	
  and	
  N.	
  Kanda,	
  arXiv:1106.0465,	
  and	
  the	
  
refutaPon	
  by	
  Y.	
  Liang	
  and	
  A.	
  Czarnecki,	
  arXiv:1111.6126)	
  

 ω ≤ 0.7mec
2
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Why	
  this	
  discrepancy?	
  
	
  
•  The	
  origin	
  of	
  the	
  error	
  lies	
  in	
  neglecPng	
  the	
  regularizaPon-­‐
renormalizaPon	
  of	
  the	
  scahering	
  amplitudes	
  

•  Kanda	
  and	
  Fujita	
  argued	
  that	
  there	
  is	
  no	
  need	
  of	
  regularizaPon-­‐
renormalizaPon	
  because	
  the	
  unrenormalized	
  amplitudes	
  are	
  
finite	
  

•  However	
  the	
  regularizaPon-­‐renormalizaPon	
  process	
  breaks	
  the	
  
symmetry	
  of	
  the	
  QED	
  Lagrangian,	
  and	
  cannot	
  be	
  neglected	
  even	
  
in	
  this	
  finite	
  case	
  

•  Although	
  the	
  issue	
  is	
  not	
  quite	
  clear,	
  it	
  can	
  be	
  conjectured	
  that	
  
this	
  is	
  associated	
  to	
  the	
  ABJ	
  chiral	
  anomaly	
  (see	
  R.	
  Jackiw,	
  
arXiv:hep-­‐th/9903044v1)	
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...	
  this	
  takes	
  us	
  deep	
  into	
  the	
  heart	
  of	
  QFT’s	
  
	
  

•  Quantum	
  anomalies	
  are	
  related	
  to	
  the	
  topological	
  properPes	
  of	
  space:	
  
there	
  is	
  a	
  deep	
  connecPon	
  with	
  the	
  APyah-­‐Singer	
  index	
  theorem	
  (where	
  
the	
  index	
  is	
  closely	
  related	
  to	
  the	
  winding	
  number	
  and	
  therefore	
  to	
  the	
  
connecPvity	
  of	
  space,	
  see	
  also	
  t’Hooo,	
  PRL	
  37	
  (1976)	
  8)	
  
	
  

•  A	
  derivaPon	
  of	
  the	
  chiral	
  anomaly	
  by	
  means	
  of	
  path	
  integrals	
  (Fujikawa,	
  
PRL	
  42	
  (1979)	
  1195;	
  PRD	
  21	
  (1980)	
  2848;	
  PRD	
  22	
  (1980)	
  1499;	
  PRL	
  44	
  
(1980)	
  1733;	
  PRD	
  23	
  (1981)	
  2262)	
  further	
  indicates	
  a	
  connecPon	
  with	
  
quantum	
  paths	
  
	
  

•  A	
  recent	
  paper	
  by	
  Bender	
  and	
  Hook	
  (“Quantum	
  tunneling	
  as	
  a	
  classical	
  
anomaly”,	
  J.	
  Phys.	
  A:	
  Math.	
  Theor.	
  44	
  (2011)	
  372001)	
  further	
  points	
  to	
  an	
  
intriguing	
  connecPon	
  of	
  anomalies	
  with	
  paths	
  and	
  with	
  the	
  nature	
  of	
  
space	
  
	
  

•  A	
  tantalizing	
  hint:	
  the	
  Green-­‐Schwartz	
  mechanism	
  cancels	
  anomalies	
  in	
  
string	
  theory	
  (Phys.	
  Leh.	
  B149	
  (1984)	
  117)	
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...	
  these	
  shortcomings	
  are	
  actually	
  symptoms	
  of	
  a	
  deeper	
  lack	
  of	
  understanding	
  that	
  has	
  to	
  
do	
  with	
  symmetry	
  and	
  symmetry	
  breaking.	
  Physicists	
  mostly	
  agree	
  that	
  ulPmate	
  laws	
  of	
  
Nature	
  enjoy	
  a	
  high	
  degree	
  of	
  symmetry,	
  that	
  is,	
  the	
  formulaPon	
  of	
  these	
  laws	
  is	
  
unchanged	
  when	
  various	
  transformaPons	
  are	
  performed.	
  	
  
	
  
...	
  ,	
  we	
  must	
  also	
  recognize	
  that	
  actual,	
  observed	
  physical	
  phenomena	
  rarely	
  exhibit	
  
overwhelming	
  regularity.	
  Therefore,	
  at	
  the	
  very	
  same	
  Pme	
  that	
  we	
  construct	
  a	
  physical	
  
theory	
  with	
  intrinsic	
  symmetry,	
  we	
  must	
  find	
  a	
  way	
  to	
  break	
  the	
  symmetry	
  in	
  physical	
  
consequences	
  of	
  the	
  model.	
  ...	
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...	
  Progress	
  in	
  physics	
  can	
  frequently	
  be	
  seen	
  as	
  the	
  resoluPon	
  of	
  this	
  tension.	
  	
  
	
  
...	
  The	
  construcPon	
  of	
  physically	
  successful	
  quantum	
  field	
  theories	
  makes	
  use	
  of	
  symmetry	
  for	
  yet	
  
another	
  reason.	
  Quantum	
  field	
  theory	
  models	
  are	
  notoriously	
  difficult	
  to	
  solve	
  and	
  also	
  explicit	
  
calculaPons	
  are	
  beset	
  by	
  infiniPes.	
  	
  
	
  
Thus	
  far	
  we	
  have	
  been	
  able	
  to	
  overcome	
  these	
  two	
  obstacles	
  only	
  when	
  the	
  models	
  possess	
  a	
  high	
  
degree	
  of	
  symmetry,	
  which	
  allows	
  unraveling	
  the	
  complicated	
  dynamics	
  and	
  taming	
  the	
  infiniPes	
  by	
  
renormalizaPon.	
  Our	
  present-­‐day	
  model	
  for	
  quarks,	
  leptons,	
  and	
  their	
  interacPons	
  exemplifies	
  this	
  
by	
  enjoying	
  a	
  variety	
  of	
  chiral,	
  scale/conformal,	
  and	
  gauge	
  symmetries.	
  But	
  to	
  agree	
  with	
  
experiments,	
  most	
  of	
  these	
  symmetries	
  must	
  be	
  absent	
  in	
  the	
  soluPons.	
  	
  
	
  
At	
  present	
  we	
  have	
  available	
  two	
  mechanisms	
  for	
  achieving	
  this	
  necessary	
  result.	
  One	
  is	
  
spontaneous	
  symmetry	
  breaking,	
  which	
  relies	
  on	
  energy	
  differences	
  between	
  symmetric	
  and	
  
nonsymmetric	
  soluPons:	
  the	
  dynamics	
  may	
  be	
  such	
  that	
  the	
  nonsymmetric	
  soluPon	
  has	
  lower	
  
energy	
  than	
  the	
  symmetric	
  one,	
  and	
  the	
  nonsymmetric	
  one	
  is	
  realized	
  in	
  Nature	
  while	
  the	
  
symmetric	
  soluPon	
  is	
  unstable.	
  	
  
	
  
The	
  second	
  mechanism	
  is	
  anomalous	
  or	
  quantum	
  mechanical	
  symmetry	
  breaking,	
  which	
  uses	
  the	
  
infiniPes	
  of	
  quantum	
  theory	
  to	
  effect	
  a	
  violaPon	
  of	
  the	
  correspondence	
  principle:	
  the	
  symmetries	
  
that	
  appear	
  in	
  the	
  model	
  before	
  quanPzaPon	
  disappear	
  aoer	
  quanPzaPon,	
  because	
  the	
  
renormalizaPon	
  procedure—	
  needed	
  to	
  tame	
  the	
  infiniPes	
  and	
  well	
  define	
  the	
  theory—	
  cannot	
  be	
  
carried	
  out	
  in	
  a	
  fashion	
  that	
  preserves	
  the	
  symmetries	
  ...	
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� 

σ ≈ 0.13 ω
mec

2

⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ 
6

µbarn   

� 

σ ≈ 20 mec
2

ω
⎛ 
⎝ ⎜ 

⎞ 
⎠ ⎟ 
2

µbarnpeak	
  cross-­‐secPon,	
  ≈1.6	
  µbarn	
  at	
  	
  

 ω ≈1.5mec
2

cross-­‐secPon	
  for	
  unpolarized	
  iniPal	
  state	
  	
  
(average	
  over	
  iniPal	
  polarizaPons)	
  

ECM  (MeV)

σ  (µbarn)
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DifferenPal	
  cross-­‐secPon	
  at	
  ECM	
  =	
  1.6	
  MeV	
  (peak)	
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q HradiansL

ds dW
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rn
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ia
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L

 

dσ
dΩ

≈ 139
180π( )2

α 2r0
2 ω
mc2

⎛
⎝⎜

⎞
⎠⎟
6

3+ cos2θ( )2
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DifferenPal	
  cross-­‐secPon	
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  10	
  MeV	
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Beam	
  requests:	
  	
  
	
  
•  high	
  luminosity	
  
•  tuneable	
  beam	
  energy	
  
•  polarized	
  photon	
  beams	
  (circular	
  polarizaPon	
  is	
  beher,	
  linear	
  
polarizaPon	
  OK)	
  

•  good	
  beam	
  quality	
  (small	
  energy	
  spread,	
  small	
  collision	
  angle)	
  
•  variable	
  beam	
  polarizaPon	
  
•  low	
  machine	
  background	
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σ u µbarn( )

threshold	
  of	
  the	
  
Breit-­‐Wheeler	
  	
  
process	
  

1	
  nb-­‐1	
  

10	
  pb-­‐1	
  

integrated	
  luminosity	
  corresponding	
  
to	
  a	
  bare	
  minimum	
  of	
  about	
  100	
  
scahering	
  events	
  

ECM	
  ≈	
  	
  
630	
  keV	
  

ECM	
  ≈	
  	
  
880	
  keV	
  

ECM	
  ≈	
  	
  
13	
  MeV	
  

ECM	
  ≈	
  	
  
140	
  MeV	
  

threshold	
  of	
  the	
  
Bethe-­‐Heitler	
  
process	
  

“High	
  luminosity”	
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eγ → ee+e−



“Tuneable	
  beam	
  energy”	
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  and	
  21	
  

polarized	
  cross-­‐secPons	
  have	
  peaks	
  
at	
  different	
  posiPons	
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  for	
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PET-­‐like,	
  segmented	
  detector	
  

...	
  somewhat	
  similar	
  to	
  Crystal	
  Ball	
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Event	
  rate	
  calculaPon	
  (at	
  1.6	
  MeV	
  CM)	
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I++ θ1,θ2( ) = dϕ sinθdθ dσ ++
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2π

∫ I+− θ1,θ2( ) = dϕ sinθdθ dσ +−

dΩθ1
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∫
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∫
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At	
  least	
  13	
  events	
  in	
  the	
  last	
  
bin	
  for	
  I+-­‐	
  	
  
	
  
(cross-­‐secPon	
  ≈	
  0.015	
  µbarn)	
  
	
  
THEN,	
  Luminosity	
  must	
  be	
  	
  
	
  
	
  LΔt ≈

N
σ

≥ 13
15nbarn

≈ 0.87 nbarn−1
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“Good	
  beam	
  quality”	
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MC	
  simulaPon,	
  
systemaPc	
  energy	
  
imbalance	
  (E1	
  =	
  
0.9	
  MeV;	
  E2	
  =	
  0.7	
  MeV)	
  
and	
  small	
  energy	
  
spread	
  (uniform,	
  ±1%)	
  

MC	
  simulaPon,	
  no	
  
systemaPc	
  imbalance	
  
and	
  larger	
  energy	
  
spread	
  (uniform,	
  ±10%)	
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“Variable	
  beam	
  polarizaBon”	
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Background	
  from	
  the	
  Breit-­‐Wheeler	
  process	
  
(straighforward	
  process,	
  however	
  sBll	
  unobserved!)	
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solid	
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  unpolarized	
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same	
  iniPal	
  	
  
photon	
  helicity	
  

opposite	
  iniPal	
  	
  
photon	
  helicity	
  

unpolarized	
  photons	
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  different	
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Background	
  events	
  from	
  the	
  Breit-­‐Wheeler	
  process	
  (events)	
  with	
  unpolarized	
  iniPal	
  
photons	
  in	
  the	
  same	
  10°	
  angular	
  bins	
  specified	
  earlier.	
  Here	
  the	
  number	
  of	
  background	
  
event	
  rate	
  (Hz)	
  has	
  been	
  esPmated	
  for	
  the	
  machine	
  luminosity	
  1028	
  cm-­‐2	
  s-­‐1.	
  
	
  
We	
  need	
  a	
  detector	
  with	
  photon/electron	
  discriminaPon	
  to	
  reject	
  these	
  background	
  
events.	
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...	
  R.	
  Jackiw,	
  reversed	
  conclusions	
  ...	
  

	
  
...	
  Today	
  we	
  do	
  not	
  know	
  whether	
  the	
  impasse	
  within	
  field	
  theory	
  is	
  
due	
  to	
  a	
  failure	
  of	
  imaginaPon	
  or	
  whether	
  indeed	
  we	
  have	
  to	
  
present	
  fundamental	
  physical	
  laws	
  in	
  a	
  new	
  framework,	
  thereby	
  
replacing	
  the	
  field	
  theorePc	
  one,	
  which	
  has	
  served	
  us	
  well	
  for	
  over	
  
100	
  years.	
  	
  
	
  
...	
  On	
  previous	
  occasions	
  when	
  it	
  appeared	
  that	
  quantum	
  
field	
  theory	
  was	
  incapable	
  of	
  advancing	
  our	
  
understanding	
  of	
  fundamental	
  physics,	
  new	
  ideas	
  and	
  
new	
  approaches	
  to	
  the	
  subject	
  dispelled	
  the	
  pessimism.	
  ...	
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Con	
  mio	
  grande	
  compiacimento,	
  nel	
  maggio	
  del	
  2004	
  ho	
  rimesso	
  
piede	
  in	
  Siberia,	
  a	
  Novosibirsk	
  ...	
  [c’era]	
  Pief	
  Panofski	
  che,	
  con	
  
l’età,	
  era	
  divenuto	
  quasi	
  affehuoso.	
  ...	
  Intorno,	
  i	
  più	
  giovani,	
  
ignari	
  dell’incessante	
  fluire	
  del	
  tempo,	
  cercano	
  di	
  farsi	
  avanP	
  con	
  
idee	
  innovaPve,	
  che	
  mostrino	
  a	
  quei	
  resP	
  umani	
  che	
  li	
  stanno	
  a	
  
senPre	
  quanta	
  strada	
  è	
  stata	
  faha	
  dopo	
  di	
  loro.	
  ...	
  Pief	
  [Panofski]	
  
ed	
  io	
  ci	
  guardiamo	
  smarriP	
  di	
  fronte	
  a	
  un	
  ragazzoho	
  che	
  
propone	
  un	
  gamma-­‐gamma	
  collider,	
  macchina	
  inverosimile:	
  ma	
  
bisogna	
  accordare	
  fiducia.	
  ...	
  
	
  
	
  
Carlo	
  Bernardini,	
  Fisica	
  Vissuta	
  (2006),	
  Cap.	
  11	
  
	
  


