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Outline	
•  PEP	-	a	solid	rule	of	nature	(i.e.	pillar	of	QM)	
•  Experiments	testing	PEP		
•  Experimental	methods	of	VIP2	
•  Results	obtained		
•  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,	Zeitschrift	für	
Physik	31	(1925)	765.		

W.	Pauli	1925	
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Zeitschrift	für	Physik	1925	

„Klassisch	nicht	beschreibbare	Zweideutigkeit	des	Elektron“	à	4.	Quantenzahl	
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Fundamentals	
For	identical	particles	observable	results	should	

be	independent	on	the	particle	labelling.	
	

Symmetry	in	Permutation:	observables	are	
unchanged	under	permutation	of	the	identical	
particle	labels.	Symmetry	– no	change	in	time.	

	
Transitions	between	states	of	different	

permutation	symmetry	à	forbidden	
(Messiah-Greenberg	Superselection	rule)	

	
	



The	Pauli	Principle	and	the	spin	statistics	
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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	particles	in	the	same	
quantum	state)	
Anti-symmetric	states	à	fermions	(one	particle	per	quantum	state)	
à	Different	statistics	
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PR	
200	citations	
The	Connection	Between	Spin	and	Statistics	
W.	Pauli,	Phys.	Rev.	58,	716	(1940)	–	Published	15	
October	1940	
Show	Abstract	
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From	Ian	Duck	and	E.C.G.	Sudarshan,	Am.J.Phys.	66	(1998)	284pp	
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The	proof	of	PEP	in	theory	is	not	simple	...	already	pointed	out	by	
Pauli	himself	
	
Experimental	tests	of	the	validity	limits	of	PEP	are	complicated	
and	based	on	different	assumptions	for	specific	systems	
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Experimental	constraints	
	
- Energy	scale	à	high	energy	experiments	

- Coupling	constant	à	precision	experiments	
	(like	deviations	from	fermionic	spin	statistics)	

VIP	2006	
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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 >



Why	the	special	interest	in	validity	in	
the	leptonic	sector	?	

There	are	speculations	concerning	a	
bosonic	component	of	neutrinos	wit
h	severe	cosmological		
consequences	(A.	Dolgov	et	al.)	

Violation	of	the	spin-statistics	relation	would	have	an	important	impact		
not	only	on	microscopic	atomic,	nuclear,	and	particle	physics	scales,	but	
also	induce	very	interesting	effects	at	astronomically	large	scales.	In	
particular,	it	was	argued	that	spin-statictics	relation	for	neutrinos	could	
be	strongly	violated,	If	so,	neutrino	may	be	the	sole	dark	matter	particle,	
contributing	both	to	hot	and	cold	dark	matter.		

Workshop	Nov30,	2017	
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Motivation	for	experimental	tests	
•  PEP	a	solid	rule	of	nature	but	no	intuitive	

explanation	(Pauli)	
•  PEP	connected	with	spin	statistics	
•  Spin	statistics	connection	is	a	very	robust	feature	

of	quantum	field	theory	
•  Nature	is	divided	in	fermions	and	bosons	

•  VIP/VIP-2	idea:	testing	PEP	for	electrons	
employing	the	method	of	Ramberg-Snow	with	
detectors	successfully	used	in	kaonic	atom	
spectroscopy	(x-ray	detector	arrays,	CCDs,	SDDs)	

If	something	in	fundamental	
physics	can	be	tested,	then	it	
absolutely	must	be	tested		
(L.	Okun)	
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Theories	of	Violation	of	Statistics	

General	principles	of	quantum	theory	DO	NOT	require	that	
all	particles	are	either	bosons	or	fermions	–	the		
restriction	comes	from	a	postulate	by	A.M.I	Messiah	

“The	states	of	a	system	containing	N	identical	particles	are	necessarily	
either	all	symmetrical	or	all	antisymmetrical	with	respect	to	permutations	
of	the	N	particles.”	
Messiah,		Quantum	Mechamnics,	vol.	II,	1962,	p.595		

à	Integer	spin	particles	=	bosons,		
odd-half-integer	particles	=	fermions		
(separate	statement)	

Several	attempts	to	violate	Spin-Statistics:	
•  Parastatistics	à	large	effect,	ruled	out	
•  Ignatiev-Kuzmin	ànegative	squared	norm	states	
•  Quon	theory	à	spacelike	commutativity	fails	
•  Superstring	theory	(c.f.	M.	Jackson)	à	energy	scale?	

	
	
	
“We	note	that	all	the	proofs	are	negative	proofs:		
integral	spin	fields	cannot	satisfy	anti-commuting		
Fermi	Dirac	statistics;		
half-integral	spin	fields	cannot	satisfy	commuting		
Bose-Einstein	statistics.”	
I.	Duck	and	E.C.G.	Sudarshan,	Pauli	and	the	Spin-Statistics	Theorem,	World	Scientific,	1997,	p.487.	
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Experimental	tests	
Many	experimental	tests	are	spin-off	studies	of	experiments	
designedfor	different	topics	like	dark	matter,	neutrino	physics	
	
In	the	case	of	VIP/VIP2	CCD/SDD	X-ray	detectors	available	-	
developed	for	exotic	atom	spectroscopy	at	LNF-DAFNE	

VIP	.	CCDs	 VIP2	.	SDDs	
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Experimental	tests	

u Atomic	transitions	

u Nuclear	transitions	
u Nuclear	reactions	
u PEP-forbidden	nuclear	structures	
u PEP	forbidden	atomic	structures	

u Neutrino	statistics	

u Astrophysics	and	cosmology	

<	6.5	x	10-46	

<	7.4	x	10-60	

<	5	x	10-33	

<	4	x	10-17	

<	2	x	10-28	
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Requirements	

u Large	number	of	fermions	probing	the	PEP	

u Characteristic	signal	(i.e.	unique	indicator)	
u High	efficient	detection	
u Low	background		

Due	to	the	anticipated	very	small	PEP	violation	effects		
(if	any)	strong	requirements	for	experiments		
are	obvious:	
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PEP	Tests	with	atomic	transitions	
From	S.R.	Elliott	et	al.,	Found.	Phys.	42	(2012)	1015	

Recently	created		
fermions	interacting		
with	system	

Distant		
fermions	interacting		
with	system	

Stable	system	
transition	



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	

β	 anomalous	X-
ray	
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Best	limits	for	PEP	Violation	

Nuclear	
transition	

BOREXINO	
@LNGS	

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

Atomic	
transition	

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	transitions	!	
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Ramberg	&	Snow	experiment	

Workshop	Nov30,	2017	

E.	Ramberg	and	G.	A.	Snow,	Phys.	Lett.	B238	(1990)	438	

X-ray	detector:	
Closed	proportional	tube	
Detector	calibration	
ΔE	~	1200	eV	@	8keV	

Instead	of	a	radioactive	source	a	
power	supply	delivers	fresh=„new“	
electrons		to	test	PEP.		
Remarkable	simple	
table-top	experiment	
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THE	INTERNATIONAL	VIP	COLLABORATION	
	

M.	Bragadireanu,	T.	Ponta	
“Horia	Holubei”	National	Institute	of	Physics	and	Nuclear	Engineering	-		

Bucharest,	Romania	
		

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

	
M.	S.	Bartalucci,	S.	Bertolucci,	M.	Catitti,	C.	Curceanu	(Petrascu)	,	S.	Di	Matteo,		

C.Guaraldo,	M.	Iliescu,	D.	Pietreanu,	D.	L.	Sirghi,	F.	Sirghi,	L.	Sperandio,	O.	
Vazquez	Doce	

Laboratori	Nazionali	di	Frascati	dell’INFN	-	Frascati,	Italy	
		

J.-P.	Egger	
Univ.	of	Neuchâtel	-	Neuchâtel,	Switzerland	

	
E.	Milotti	

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	Institute	for	Subatomic	Physics	-	Vienna,	Austria	
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VIP2	Installation	at	LNGS	
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VIP-2 Data taking in2016 !

I	=	100	A	

I	=	0	A	
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Toward the final result!
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Thank	you	for	your	attention	

"The	special	place	enjoyed	by	the	Pauli	principle	in	modern	
theoretical	physics	does	not	mean	that	this	principle	does	not	
require	further	and	exhaustive	experimental	tests.	On	the	contrary,	
it	is	specifically	the	fundamental	nature	of	the	Pauli	principle	which	
would	make	such	tests,	over	the	entire	periodic	table,	of	special	
interest."		

Lev	Okun	
1929-2015	


