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Pauli  75  years  ago

" In  an  atom  there  cannot  be  two  or  
more  equivalent  electrons  for  which  
the  values  of  all  four  quantum  
numbers  coincide.  If  an  electron  
exists  in  an  atom  for  which  all  of  
these  numbers  have  definite  values,  
then  the  state  is  occupied. "
W.Pauli,  Über  den  Zusammenhang  des  Abschlusses  
der  Elektronengruppen  im  Atom  mit  der  
Komplexstruktur  der  Spektren,  Zeitschrift  für  
Physik  31  (1925)  765.  
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Identical particles spin connection
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Symmetric  states                   bosons  (integral  spin)
Anti-­‐symmetric  states   fermions  (half-­‐integral  spin)

at  most  1  particle  per  state

"Roughly  speaking,  to  say  of  two  things  that
they  are  identical  is  nonsense,  and  to  say  of
one  thing  that  it  is  identical  with  itself  is  to  say  
nothing  at  all"

Wittgenstein, Tractatus 5.5303



PEP  lacks  a  clear,  intuitive  explanation

...  Already  in  my  original  paper  I  stressed  the  circumstance  
that  I  was  unable  to  give  a  logical  reason  for  the  exclusion  
principle  or  to  deduce  it  from  more  general  assumptions.

I  had  always  the  feeling  and  I  still  have  it  today,  that  this  is  a  
deficiency.  

...  The  impression  that  the  shadow  of  some  incompleteness  
[falls]  here  on  the  bright  light  of  success  of  the  new  
quantum  mechanics  seems  to  me  unavoidable.

W.  Pauli,  Nobel  lecture  1945  
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The  start  of  speculations  on  PEP  violation
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February  1964:  The   -­‐ was  experimentally  discovered  at  
Brookhaven National  Lab.

If     -­‐ is  a  3-­‐quark  state  consisting  of  3  s  quarks  then  one  
faced  a  problem  with  the  Pauli  exclusion  principle  (quarks  
are  spin  ½,  fermions)  and  the  spin  is  parallel.

Theoretical  models  with  parafermions  instead  strict  
fermions  emerged  and  with  precision  experiments  PEP  
violation  was  searched.

The  PEP  was  finally  reconciled  by  introducing  a  further  
degree  of  freedom  of  quarks   the color.



PEP  Tests
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In  principle  four  methods:

Search  for  non-­‐Paulian  nuclei

Search  for  Pauli-­‐forbidden  nuclear        

transitions  (e.g.  Borexino@LNGS,  278t  scint.)

Search  for  non-­‐Paulian  atoms

Search  for  Pauli-­‐forbidden  atomic          

transitions   VIP

E.  Nolte  et  al.,  Z.  Phys.  A  340,  411  (1991).

E.  Nolte  et  al.,  Nucl.  Instrum.  Methods  Phys.  
Res.  B  52,  563  (1990).

e.g.   -­‐decay  12C  to  Pauli-­‐forbidden  nucleus
31 y   -­‐57
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Growing  interest  since  1987



O.W.  Greenberg:  AIP  Conf.Proc.545:113-­‐127,2004
external motivations for violation of statistics

include: (a) violation of CPT, (b) violation of locality, (c)
violation of Lorentz invariance, (d) extra space dimensions,
(e) discrete space and/or time and (f) noncommutative
spacetime. Of these (a) seems unlikely because the quon
theory which obeys CPT allows violations, (b) seems likely
because if locality is satisfied we can prove the spin-­‐
statistics connection and there will be no violations, (c), (d),
(e) and (f) seem possible ..

Hopefully either violation will be found experimentally or
our theoretical efforts will lead to understanding of why
only Bose and Fermi statistics occur in Nature.

Theories  of  Violation  of  Statistics

DISCRETE2010,  Rome,  December  6-­‐11,  
2010



Experiment  of  Goldhaber  &  Scharff-­‐Goldhaber  
(identification  of  beta-­‐rays  with  atomic  electrons;  1948)
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The  data  of  Goldhaber  and  Scharff-­‐Goldhaber  were  
reinterpreted  by  Reines  and  Sobel  to  obtain  a  limit  
on  the  validity  of  Pauli  Exclusion  Principle  in  1974

anomalous  X-­‐
ray



the  origin  of  the  first  dedicated  experiment  (RS)  can  be  traced  back  to  George  Snow,  as  
quoted  in  a  paper  by  Greenberg  &  Mohapatra  (1987)
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Search  for  
non-­‐Paulian  
atoms

Search  for  
non-­‐Paulian  
transitions



Ramberg  &  Snow  experiment

E.  Ramberg  and  G.  A.  Snow,  Phys.  Lett.  B238 (1990)  438
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X-­‐ray  detector:
Closed  proportional  tube
Detector  calibration
E  ~  1200  eV @  8keV

Instead  of  a  radioactive  source  a  
power  supply  delivers  fresh electrons    
to  test  PEP.  Remarkable  simple
table-­‐top  experiment



random  walk  of  the  conduction  electrons  in  the  copper  strip

electrons  may  be  captured  by  copper  atoms  in  the  strip

current  in current  out

Cu  strip
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The  Pauli-­violating  parameter   2

Ignatiev &  Kuzmin model 3  states connected via  creation
and  destruction operators

-­ the  vacuum state

-­ the  single  occupancy state

-­ the  non-­standard  double occupancy state

0
1

2

through  the  following    relations:
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The  parameter   quantifies  the  degree  of  violation  in  the  transition
.  It  is  very  small  and  for     0 we  can  have  the  Fermi  -­

Dirac  statistics again.  

1 2
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VIP  is  an  experiment  to  test  the  Pauli  Exclusion  

Principle  (PEP)  for  electrons  in  a  clean  environment  

(LNGS).
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The  VIP  experiment  has  the  scientific  goal  of  
reducing  by  four  orders  of  magnitude  the  limits  
on  the  probability  of  a  possible  violations  of  the  
Pauli  exclusion  principle  for  the  electrons

Goal  of  VIP

.).%95(107.12/ 262 LC
(  Ramberg  &  Snow  -­1990)

From:

to

302 102/
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Normal  2p   1s  
transition

2p   1s  transition  
violating

Pauli  principle

Search  for  anomalous  X-­ray  transitions

VIP  experimental  method

8.05  keV    in  Cu ~ 7.7  keV    in  Cu

n=1

n=2 n=2

n=1
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Transition  energies  of  anomalous  X-­‐rays  in  Copper

Multiconfiguration Dirac-­‐Fock approach  
(including  rel.  corrections,  lamb  shift,  Breit operator,  radiative corrections)

Transition Initial en.       Final en.                      Transition Radiative transition Multipole order

energy (eV)                                    rate (s-­1)

2p1/2  -­ 1s1/2 -­45799   -­53528   7729   2.63E+14   E1

2p3/2  -­ 1s1/2   -­45780   -­53528   7748 2.56E+14   E1+M2

3p1/2  -­ 1s1/2   -­44998 -­53528   8530   2.78E+13 E1

3p3/2  -­ 1s1/2 -­44996 -­53528   8532 2.68E+13   E1+M2

Normal  K transition in  copper:  ~  8040  eV (2p   1s)

K

K
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~  300  eV  difference  in  
energy,  experimentally  
resolvable

P.  Indelicato  (Ecole  Normale  Supérieure  et  Université  Pierre  et  Marie  Curie)  



The  VIP  experiment

VIP  is  a  substantially  improved  version  of  the  Ramberg-­‐
Snow  experiment:

1. large-­‐area,  X-­‐ray  detectors  with  high  energy  
resolution  and  efficiency

2. clean,  low-­‐background  experimental  area  
(underground  lab  in  Gran  Sasso  LNGS)

3.
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The  VIP  x-­‐ray  detectors:  CCD

200 250 300

20

40

60

80
600 2e+03

Bregant  and  Milotti:  "Characterization  of  commercial  CCD  systems
in  the  soft  X-­ray  range."

Figure  3

EEV  CCD55
(1252  x  1152  pixels,  
22.5  µm  x  22.5  µm)

single  pixel  event,
X-­‐ray  photon

(for  details  on  data  
analysis  see  Ishiwatari  et  
al,  NIM  A556  (2006)  509)
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CCDs  exhibit  in  the  ROI

But  no  timing  capability  (only  passive  
shielding  applicable)



November-­‐December  2004:  measurements  with  a  2-­‐CCD  test  setup  in  the  
laboratory,  with  and  without  shielding;

End  of  December  2004:  transportation  and  installation  of  the  test  setup  
setup  at  LNGS  and  first  tests

21  February  2005   28  March  2005:  5  weeks  of  DAQ  with  shielding  with  
the  test  setup  at  LNGS;

Spring-­‐Autumn  2005:  built  components  of  the  VIP  setup;  tests  and  
assembly  of  the  VIP  apparatus  at  LNF;

21  November   13  December  2005: 3  weeks  of  VIP  DAQ  at  LNF;

Autumn  2005   beginning  2006:  preparation  of  the  experimental  site  at  
LNGS;

February  2006: transportation  and  installation  of  the  definitive  VIP  setup  
at  LNGS  and  first  measurements  without  shielding;

April  2006: installation  of  the  final  shielding  for  the  VIP  setup  and  start  
DAQ,  with  and  without  current.

VIP  Experimental  activities
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The  VIP  setup
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Cu  Target



The  VIP  setup
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VIP  final  setup  used  for  measurements  at  the  LNF-­‐Frascati  laboratory
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subtracted  spectra  
-­‐



We get for the PEP violating parameter:

..%7.99105.42/ 282 LC

@ I=40A Nx= 2721 52

@ I=0A Nx= 2742 52 2
109.4

2
29

XN

VIP  first  results

Factor  40  of  improvement  of  the  limit  obtained  by  Ramberg  and  Snow

Phys.  Lett.  B  641  (2006)  18
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Test  site  and  final  location:  

Laboratori  Nazionali  del  Gran  Sasso  
(LNGS),  Istituto  Nazionale  di  Fisica  
Nucleare

LNGS
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Final  setup  at  LNGS

DISCRETE2010,  Rome,  December  6-­‐11,  2010



DISCRETE2010,  Rome,  December  6-­‐11,  2010



Shielding  installation
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VIP-­‐LNGS  result  

2/2  <  5.7  x  10-­‐29
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L.  Sperandio  Ph.  D.  Thesis,  Univ.  Roma2,  2008
S.  Bartalucci  et  al.,  AIP  Conf.  Proc.  1232,  ed.  A.Yu.  Khrennikov,  206

After  about  2  years  running  

(Preliminary)



DISCRETE2010,  Rome,  December  6-­‐11,  2010

Ramberg-­‐Snow  (1990)

VIP1-­‐LNF

VIP1-­‐LNGS

Progress  in  sensitivity  for  direct  test  with  electrons



Interpretation  of  VIP  data

The  interpretation  of  this  class  of  
experiments  is  often  the  hardest  part.  

There  is  no  acceptable  theoretical  formalism  
existing  -­‐ predicting  Pauli  principle  violation  
neither  for  electrons  nor  for  nucleons.  Is  
there  a  limitation  of  validity  and  what  is  its  
value?  Can  it  be  reached  experimentally?

In  the  face  of  the  importance  of  the  Pauli  
Exclusion  Principle,  there  are  only  few  and  
incomplete  theoretical  constructs  that  allow  
for  a  violation.  
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http://www.ts.infn.it/eventi/spinstat2008/home.html
CERN Courier January-February 2009

Dedicated volume in Foundations of Physics (2010)
Eds.: E. Milotti, C. Curceanu, S. Adler, M. Berry
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How  to  increase  the  sensitivity?

limited  by  heat  
dissipation

Higher  x-­‐ray  efficiency:  increase  of  detector  
solid  angle

Reduce  background:  small  efficient  detectors

Optimize  shilding:  low  activity  material  (inner  
layer),  active  shielding  
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Silicon  Drift  Detectors  (SDDs)

Large  (1  cm2)  SDDs  provide excellent energy
resolution (even superior than CCDs  at 8keV)

Timing  capability for triggering

Compact  design  suitable for gaining larger  
solid  angle

Successfully used in  the detection of kaonic
atom x-­‐ray spectroscopy at DAFNE  
(SIDDHARTA),  background reduction ~104

DISCRETE2010,  Rome,  December  6-­‐11,  
2010

Energy [eV]



Scintillator  20  x  20  cm2,    3  cm  thick

Scintillator  20  x  20  cm2,    3  cm  thick

SDD  2x3  cm2,    500   mCopper  2  x  3  cm2,    50   m  thick

Background  reduction  for  VIP2  by  active  shielding

scheme  of  a  setup  with  plastic  scintillators  sandwiching  the  SDD  xray  detectors

photon  from  
environmental  
radiation

Lead  50  x  50  cm2,    5  cm  thick

Lead  50  x  50  cm2,    5  cm  thick
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besides the environmental
radiation there are still cosmics:
Muons at LNGS  ~ 1.8 /m2 /min



sum  of  the  2  SDDs:        
559  events

sum  of  the  2  SDDs  with  NO  signal
in  one  (or  both)  of  the  scintillators:        
247  events
background    reduced  by  

anticoincidence  !

production  processes:
Compton,  multi-­‐Comp,
Pair  (E 2  x  511  keV)

deposited  energy  in  the  SDDs  

deposited  energy  in  the  scintillators

e-­‐ in  silicon:
dE/dx

e-­‐ in  silicon:
range
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With    compact  VIP2  design  
>2  orders  of  magnitude  increase  in
sensivity
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Ramberg-­‐Snow  (1990)

VIP1-­‐LNF

VIP1-­‐LNGS

VIP2

Progress  in  sensitivity  for  direct  test  with  electrons



Summary

Pauli  principle   a  fundamental  rule  of  nature  but  difficult  to  
explain  in  a  simple  way

Pauli  principle  violation  can  be  studied  searching  for  Pauli-­‐
forbidden  decays  with  very  high  sensitivity

VIP  experiment  in  Gran  Sasso  set  a  limit  for  violation  for  
electrons  of  about  10-­‐29

VIP  aims  at  improving  the  sensitivity  by  orders  of  magnitudes  
(new  X-­‐ray  detectors,  active  shielding)

DISCRETE2010,  Rome,  December  6-­‐11,  
2010
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"The  history  of  the  exclusion  principle  is  already  an  old  one,  
but  its  conclusion  has  not  yet  been  written".

deeper  understanding

If  something  in  fundamental  physics  can  be  tested,  then  it  absolutely  
must  be  tested  (Okun)



At  the  root  of  the  Exclusion  Principle:  Proof  of  spin-­‐statistics  theorem  
by  Lüders  and  Zumino

Postulates:  

I. The  theory  is  invariant  with  respect  to  the  proper  
inhomogeneous  Lorentz  group  (includes  translations,  
does  not  include  reflections)

II. Two  operators  of  the  same  field  at  points  separated  by
a  spacelike  interval  either  commute  or  anticommute
(locality  -­‐ microcausality)

III. The  vacuum  is  the  state  of  lowest  energy
IV. The  metric  of  the  Hilbert  space  is  positive  definite
V. The  vacuum  is  not  identically  annihilated  by  a  field

From  these  postulates  it  follows  that  (pseudo)scalar  fields
commute  and  spinor  fields  anticommute.

(G.  Lüders  and  B.  Zumino,  Phys.  Rev.  110 (1958)  1450)
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This  brings  up  an  interesting  question:  Why  is  it  that  
particles  with  half-­‐integral  spin  are  Fermi  particles  
(...)  whereas  particles  with  integral  spin  are  Bose  
particles  (...)?  
We  apologize  for  the  fact  that  we  can  not  give  you  an  
elementary  explanation.  
An  explanation  has  been  worked  out  by  Pauli  from  
complicated  arguments  from  quantum  field  theory  
and  relativity.  He  has  shown  that  the  two  must  
necessarily  go  together,  but  we  have  not  been  able  to  
find  a  way  to  reproduce  his  arguments  on  an  
elementary  level.  It  appears  to  be  one  of  the  few  
places  in  physics  where  there  is  a  rule  which  can  be  
stated  very  simply,  but  for  which  no  one  has  found  a  
simple  and  easy  explanation.  (...)
This  probably  means  that  we  do  not  have  a  
complete  understanding  of  the  fundamental  
principle  involved.  For  the  moment,  you  will  just  
have  to  take  it  as  one  of  the  rules  of  the  world
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Pauli  as  genius
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At  the  age  of  20  he  wrote  as  student  of  Sommerfeld
a  work  on  the  theory  of  relativity.


