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Outline	  
•  Mo-va-on	  for	  tes-ng	  	  
	  	  	  	  a	  solid	  rule	  of	  nature	  (i.e.	  pillar	  of	  QM)	  
•  Experimental	  Method	  of	  VIP/VIP2	  
•  Results	  obtained	  so	  far	  
•  New	  experimental	  setup	  VIP2	  
•  Summary	  and	  outlook	  
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 "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,	  ZeitschriV	  für	  
Physik	  31	  (1925)	  765.	  	  

W.	  Pauli	  1925	  
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Mo-va-on	  

...	  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	  assump-ons.	  

I	  had	  always	  the	  feeling	  and	  I	  s-ll	  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	  	  

PEP	  lacks	  a	  clear,	  intui0ve	  explana0on	  
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Mo-va-on	  

If	  something	  in	  fundamental	  	  
physics	  can	  be	  tested,	  then	  	  
it	  absolutely	  must	  be	  tested	  	  
	  
(L.	  Okun)	  
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The	  Pauli	  Principle	  and	  the	  spin	  sta-s-cs	  connec-on	  
Ralph	  Kronig	  (1904-‐1995)	  suggested	  	  
that	  electrons	  have	  spin	  (1925).	  
Pauli:	  “it	  is	  indeed	  a	  very	  clever	  idea	  	  
but	  has	  nothing	  to	  do	  with	  reality”	  	  
	  
Our	  Knowledge	  today:	  
Bosons	  and	  Fermions	  	  
Symmetric	  states	  à	  bosons	  	  
(possibly	  many	  par-cles	  	  
in	  the	  same	  quantum	  state)	  
An--‐symmetric	  states	  à	  fermions	  	  
(one	  par-cle	  per	  quantum	  state)	  
à	  Different	  sta-s-cs	  
	  



Pauli	  and	  spin-‐sta-s-cs	  
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Consequences	  

Periodic	  table	  of	  the	  elements	  
	  
Stability	  of	  maeer	  
	  
Neutron	  stars	  
	  
……	  etc	  
	  So	  far	  no	  violaHon	  of	  the	  spin-‐staHsHcs	  could	  be	  found	  	  
-‐	  but	  violaHons	  can	  arise	  in	  string	  theory	  	  

Some	  examples:	  
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..The	  Pauli	  Exclusion	  Principle	  is	  one	  of	  
the	  basic	  principles	  of	  modern	  physics	  
and,even	  if	  there	  are	  no	  compelling	  
reasons	  to	  doubt	  its	  validity,	  it	  is	  sHll	  
debated	  today	  because	  an	  intuiHve,	  
elementary	  explanaHon	  is	  sHll	  missing.."	  	  
[Bartalucci	  et	  al.,	  2006]	  
	  
Many	  aeempts	  were	  already	  made	  to	  
accomplish	  small/-ny	  viola-on	  of	  the	  
Pauli	  Principle.	  
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!12

The parameter “β ”

Ignatiev & Kuzmin model           creation and destruction operators!
                                                          connect 3 states 

!
           - the vacuum state                      !
           - the single occupancy state!
           - the non-standard double-occupancy state

through the following  relations:

The parameter β quantifies the degree of violation in the transition!
 | 1 > → | 2 > .  It is very small and for  β→0 we can have the Fermi - !
Dirac statistic again. 

| 0 >!
| 1 >!
| 2 >
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Experimental	  constraints	  
	  
-‐ Energy	  scale	  à	  high	  energy	  experiments	  

-‐ Coupling	  constant	  à	  precision	  experiments	  
	  (like	  devia-ons	  from	  fermionic	  spin	  sta-s-cs)	   VIP	  2006	  
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•  Atomic	  transi-ons	  à	  VIP,	  VIP2	  
•  Nuclear	  transi-ons	  
•  Nuclear	  reac-ons	  
•  Anomalous	  atomic	  structure	  
•  Anomalous	  nuclear	  structure	  
•  Sta-s-cs	  of	  neutrinos	  
•  Astrophysics	  and	  cosmology	  

Methods	  to	  test	  PEP	  
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•  Different	  methods	  –	  different	  assump-ons	  
•  Different	  systems,	  e.g.	  atoms,	  nuclei	  ...	  
•  Clearest	  method:	  „new“	  fermions	  tes-ng	  PEP	  
•  Avoiding	  Greenberg-‐Messiah	  superselec-on	  
•  How	  to	  get	  „new“	  fermions?	  

– Radioac-ve	  source	  
– Circula-ng	  current	  (Ramberg-‐Snow)	  
– Pair	  produc-on	  

Methods	  to	  test	  PEP	  
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The	  pre-‐VIP	  experiment	  limit	  
Ramberg	  and	  Snow	  (RS)	  
Phys.	  LeP.	  B238	  (1990)	  438	  

( )
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X-‐ray	  detector:	  
Closed	  propor-onal	  tube	  
Detector	  calibra-on	  
ΔE	  ~	  1200	  eV	  @	  8keV	  



random	  walk	  of	  the	  conduc-on	  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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PEP	  Tests	  with	  atomic	  transi-ons	  
From	  S.R.	  Ellioe	  et	  al.,	  Found.	  Phys.	  42	  (2012)	  1015	  

Recently	  created	  	  
fermions	  interac-ng	  	  
with	  system	  

Distant	  	  
fermions	  interac-ng	  	  
with	  system	  

Stable	  system	  
transi-on	  
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Best	  limits	  for	  PEP	  Viola-on	  

Nuclear	  
transi-on	  

BOREXINO	  
@LNGS	  

G.	  Bellini	  et	  al.,	  PRC	  81	  (2010)	  034,317	  

Atomic	  
transi-on	  

DAMA	  
@LNGS	  

R.	  Bernabei	  et	  al.,	  Eur.	  Phys.	  J.	  C62	  
(2009)	  327	  

12C→ 11B+ p

I→ I +γ

β 2

2
<7.4⋅10−60

β 2

2
<4.7⋅10−46

However:	  Stable	  system	  transi-ons	  !	  
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Goal	  of	  VIP	  (VIola-on	  of	  the	  Pauli	  Principle)	  
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THE	  INTERNATIONAL	  VIP	  COLLABORATION	  
	  

M.	  Bragadireanu,	  T.	  Ponta	  
“Horia	  Holubei”	  Na0onal	  Ins0tute	  of	  Physics	  and	  Nuclear	  Engineering	  -‐	  	  

Bucharest,	  Romania	  
	  	  

M.	  Laubenstein	  	  
Laboratori	  Nazionali	  del	  Gran	  Sasso	  dell’INFN	  -‐	  Italy	  

	  
M.	  S.	  Bartalucci,	  S.	  Bertolucci,	  M.	  CaIJ,	  C.	  Curceanu	  (Petrascu)	  ,	  S.	  Di	  MaNeo,	  	  
C.Guaraldo,	  M.	  Iliescu,	  D.	  Pietreanu,	  D.	  L.	  Sirghi,	  F.	  Sirghi,	  L.	  Sperandio,	  O.	  

Vazquez	  Doce	  
Laboratori	  Nazionali	  di	  Frasca0	  dell’INFN	  -‐	  Frasca0,	  Italy	  

	  	  
J.-‐P.	  Egger	  

Univ.	  of	  Neuchâtel	  -‐	  Neuchâtel,	  Switzerland	  
	  

E.	  MiloJ	  
Univ.	  Degli	  Studi	  di	  Trieste	  and	  INFN	  Sezione	  di	  Trieste	  -‐	  Trieste,	  Italy	  

	  	  
M.	  Cargnelli,	  Hexi-‐Shi,	  T.	  Ishiwatari,	  J.	  Marton,	  E.	  Widmann,	  J.	  Zmeskal	  	  

Stefan	  Meyer	  Ins0tute	  for	  Subatomic	  Physics	  -‐	  Vienna,	  Austria	  
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VIP	  Method:	  Improved	  Ramberg-‐Snow	  method:	  
Introducing	  electrons	  via	  a	  current	  for	  probing	  
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	  Transi-on	  energies	  of	  anomalous	  X-‐rays	  in	  Cu 
 

	  Mul-configura-on	  Dirac-‐Fock	  approach	  	  
	  (including	  rel.	  correc-ons,	  lamb	  shiV,	  Breit	  operator,	  radia-ve	  correc-ons)	  

	  

~	  300	  eV	  difference	  in	  energy,	  
experimentally	  resolvable	  

"Normal"	  2p-‐1s	  transi-on	  in	  Cu	  @	  8040	  eV	  
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VIP	  Apparatus	  

High	  purity	  Cu	  (99.997%)	  
R=	  45	  mm	  
H=88	  mm	  
D=50	  μm	  



The	  VIP	  X-‐ray	  detectors:	  CCDs	  

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	  

Workshop	  Erice	  March	  2015	  

CCDs	  exhibit	  in	  the	  ROI	  

•	  high	  efficiency	  
•	  excep-onal	  energy	  resolu-on	  	  
•	  extremely	  high	  background	  rejec-on	  

But	  no	  -ming	  capability	  (only	  passive	  
shielding	  applicable)	  

24	  
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7321±−=Δ XN

X-‐ray	  spectra	  with	  the	  VIP	  final	  setup	  at	  LNF	  

2	  types	  of	  measurements:	  
	  
14510	  min	  with	  I=40A	  
14510	  min	  with	  I=0A	  
	  
Subtrac-on	  gives:	  
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Analysis	  of	  VIP	  with	  RS	  method:	  
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S.	  Bartalucci,	  et.	  al,	  Physics	  Leeers	  B	  641,	  18	  (2006).	  
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LNGS	  

Test	  site	  and	  final	  loca-on:	   	  	  
Laboratori	  Nazionali	  del	  Gran	  Sasso	  
(LNGS),	  Is-tuto	  Nazionale	  di	  Fisica	  
Nucleare	  
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VIP	  Setup	  at	  LNGS	  	  
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β2/2	  <	  4.7	  x	  10-‐29	  

L.	  Sperandio	  Ph.	  D.	  Thesis,	  Univ.	  Roma2,	  2008	  
C.	  Curceanu	  et	  al.,	  Phys.	  Proc.	  17	  (2011)	  40	  
C.	  Curceanu	  et	  al.,	  Journal	  of	  Physics:	  Conference	  Series	  361	  	  (2012)	  012006	  
J.	  Marton	  et	  al.,	  J.	  Phys.,	  Conf.	  Ser.	  447	  (2013)	  012070	  
	  

	  
	  
AVer	  about	  2	  years	  running	  	  

(Preliminary)	  

	  
VIP-‐LNGS	  result	  	  
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Experiment	   Year	   Material	   Limit	   Source	   PublicaIon	  

M.	  Goldhaber,	  	  
G.	  Scharff	  Goldhaber	  

1948	   Pb	   3	  ·∙	  10-‐2	   electrons	  from	  
β-‐	  decay	  	  

PR	  73	  (1948)	  1492	  

E.	  Ramberg,	  G.A.	  
Snow	  

1990	   Cu	   1,7	  ·∙	  10-‐26	   electric	  current	   PLB	  238	  (1990)	  438	  

S.	  Bartalucci	  et	  al.	  
(VIP)	  

2006	   Cu	   4,5	  ·∙	  10-‐28	   electric	  current	  
	  

PLB	  641	  (2006)	  18	  

C.	  Curceanu	  et	  al.	  
(VIP)	  

2011	   Cu	   4,7	  ·∙	  10-‐29	   electric	  current	  
	  

Phys.	  Proc.	  17	  (2011)	  40	  

S.R.	  Ellioe	  et	  al.	   2012	   Pb	   1,5	  ·∙	  10-‐27	   electric	  current	  
	  

Found.	  Phys.	  42	  (2012)	  1015	  

Experiments	  tes-ng	  PEP	  using	  "fresh"	  electrons	  
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Ramberg-‐Snow	  (1990)	  

VIP1-‐LNF	  (2006)	  

VIP1-‐LNGS	  (2011)	  

S.R.	  Ellioe	  et	  al.	  (2012)	  



How	  to	  increase	  the	  sensi-vity?	  

•  More	  „fresh“	  electrons	  –	  higher	  current	  
limited	  by	  heat	  dissipa-on	  

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

•  Reduce	  background:	  small	  efficient	  detectors	  
•  Beeer	  energy	  resolu-on	  
•  Op-mize	  shilding:	  low	  ac-vity	  material	  (inner	  
layer),	  ac-ve	  shielding	  	  

Workshop	  Erice	  March	  2015	   35	  
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•  Large	  (1	  cm2)	  SDDs	  provide	  excellent	  energy	  
resolu-on	  (even	  superior	  than	  CCDs	  at	  8keV)	  

•  Timing	  capability	  for	  triggering	  	  

•  Compact	  design	  suitable	  for	  gaining	  larger	  
solid	  angle	  

•  Successfully	  used	  in	  the	  detec-on	  of	  kaonic	  
atom	  x-‐ray	  spectroscopy	  at	  DAFNE	  
(SIDDHARTA)	  with	  large	  background	  
reduc-on	  

Energy [eV]

Improved	  experiment	  VIP2	  
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Sketch	  of	  the	  VIP2	  Setup:	  
Cu	  foil,	  2x3	  SDD	  x-‐ray	  detectors	  
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Copper	  target	  VIP2	  	  
	  
Length:	  30	  mm	  
Width:	  10	  mm	  
Cross	  sec-on:	  0.4	  mm2	  

	  
	  
Current:	  100	  A	  
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Sketch	  of	  the	  VIP2	  Setup	  
Passive	  shielding	  removed	  
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Background	  reduc-on	  for	  VIP2	  by	  ac-ve	  shielding	  

Scheme	  of	  a	  setup	  with	  plas-c	  scin-llators	  sandwiching	  the	  SDD	  x-‐ray	  detectors	  
(scheme	  for	  Monte-‐Carlo	  simula-on)	  
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VIP2	  Ac-ve	  shielding	  with	  scin-llators	  
Scin-llator	  module	  
For	  VIP2	  ac-ve	  shielding	  
Readout	  with	  SiPM	  
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Scin-llator	  -ming	  tests	  at	  BTF	  

Timing	  performance	  tested	  
Detec-on	  efficiency	  >97%	  
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Detector	  -ming	  performance	  

-me	  resolu-on	  of	  SDDs	  from	  test	  setup	  
measurement	  of	  cosmic	  rays	  

-me	  resolu-on	  of	  scin-llator	  from	  BTF	  
measurement	  
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Test	  setup	  at	  LNF	   10	  Scin-lla-on	  detectors	  
for	  ac-ve	  shielding	  with	  
SiPM	  readout	  
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VIP2	  Features	  
Changes	   Factor	  

Acceptance	   12%	  (1%)	   12	  

Higher	  current	   100A	  (50A)	   2	  	  

Reduced	  length	   3	  cm	  (8.8	  cm)	   1/3	  

Total	  linear	  factor	   8	  

Beeer	  SDD	  energy	  resolu-on	   170	  eV	  (340	  eV)	   4	  

Reduced	  ac-ve	  area	   6	  cm2	  (114	  cm2)	   20	  

Beeer	  shielding	  and	  veto	   5-‐10	  

Higher	  SDD	  efficiency	   1/2	  

Background	  reduc-on	   200-‐400	  

Overall	  improvement	   >120	  

à	  Limit	  from	  10-‐29	  to	  10-‐31	  



Current	  Status	  

•  VIP2	  inner	  setup	  under	  	  
	  	  	  	  test	  in	  the	  laboratory	  

§  Cooling/Cryogenics	  	  
§  SDDs:	  stability,	  calibra-on,	  	  
	  	  	  energy	  resolu-on	  
§  Ac-ve	  shielding	  tests	  
§  Tests	  with	  current	  (target	  up	  to	  180A	  operated)	  
	  

•  Setup	  at	  LNGS	  in	  2015	  
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Ramberg-‐Snow	  (1990)	  

VIP1-‐LNF	  (2006)	  

VIP1-‐LNGS	  (2011)	  

VIP2	  

S.R.	  Ellioe	  et	  al.	  (2012)	  
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•  Pauli	  principle	  –	  a	  fundamental	  rule	  of	  nature	  but	  difficult	  to	  explain	  in	  a	  
simple	  way.	  

•  Pauli	  principle	  viola-on	  can	  be	  studied	  searching	  for	  Pauli-‐forbidden	  
atomic	  transi-ons	  (using	  "new"	  electrons)	  with	  very	  high	  sensi-vity.	  

	  
•  VIP	  experiment	  in	  Gran	  Sasso	  set	  the	  best	  limit	  (≈10-‐29	  )	  for	  PEP	  viola-on	  

for	  electrons	  using	  the	  Ramberg-‐Snow	  method.	  

•  VIP	  aims	  at	  improving	  the	  sensi-vity	  by	  orders	  of	  magnitudes	  (new	  X-‐ray	  
detectors,	  ac-ve	  shielding).	  

Summary	  and	  Outlook	  
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Oscar	  W.	  Greenberg	  (2012)	  

Thank	  you	  for	  your	  aeen-on	  
	  



Spare	  
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Cosmological	  limits	  
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Alterna-ve	  analysis	  S.R.	  Ellioe,	  	  Found.	  Phys.	  42	  (2012)	  1015	  
	  
Consider	  free	  electron	  collisions	  with	  atoms	  

β 2

2
<
ΔNX

gf
1

PNnew
freeN int

free

N int
free = Δt

v f
µ

Nnew
free =NeV

Different	  interpreta-on	  
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Assump-on:	  
Life-me	  atomic	  process	  10-‐16	  s	  
Life-me	  nuclear	  10-‐23	  s	  

Atomic	  transi-ons	  


