
SMI – STEFAN MEYER INSTITUTE 

WWW:OEAW.AC.AT/SMI 

https://www.lngs.infn.it/en/pagine/vip-eng	

Project	P30635-N36	
Project	P24756-N20	

X-ray	spectroscopy	of	hadronic	exotic	atoms	and	
application	in	foundations	of	quantum	physics	

	
J.	Marton,	SMI,	Vienna,	Austria	

8th	Meeting	GHP-	APS	
April	10-12,	2019	
Denver,	CO,	USA	



Introduction	
•  In	experiments	at	DAFNE	(SIDDHARTA2)	and	J-PARC	(E57)	we	are	

studying	kaonic	atoms	by	X-ray	spectroscopy	to	probe	the	strong	
interaction	with	strangeness	at	lowest	energies	–	i.e.	in	kaonic	
atoms.	

•  The	most	simple	cases	of	these	hadronic	atoms	(and	of	high	
interest	by	theory)	are	kaonic	hydrogen	and	deuterium.	

•  The	observables	are	the	energy	shift	and	width	of	the	atomic	
transitions	to	the	1s	ground	state	– measurable	by	x-ray	
spectroscopy	(energy	range	6-8	keV).	

•  Special	semiconductor	detector	arrays	are	employed	in	the	
experiments	providing	large	solid	angle,	high	efficiency,	high	energy	
resolution	and	background	reduction	by	timing	application.		
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Connection	to	experiments	on	
foundation	of	(quantum)	physics	

•  In	experiments	(VIP2,	VIP2-lead)	in	the	
underground	laboratory	Gran	Sasso	(INFN-LNGS)	
we	are	searching	for	forbidden	transitions	– 
testing	spin-statistics	-	which	has	as	direct	
consequence	the	Pauli-Exclusion	Principle	

•  The	energy	region	of	this	forbidden	transitions	in	
chosen	elements		are	in	the	range	of	transitions	
in	exotic	atoms.	Therefore,	we	can	apply	the	
same	detector	technology.	
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Simplest	kaonic	atoms	(Z=1)	
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Atomic	capture	in	high	n	state	à	subsequent	e.m.	cascade	



Kaonic	hydrogen	and	deuterium	

•  Principal	interaction	=	electromagnetic	
	

•  Strong	interaction	manifests	in	hadronic	shift	and	width	of	the	1s	state	à	
energy	displacement	from	the	electromagnetic	value	of	the	1s	state	and	
broadening	due	to	K-	absorption	

	
	

	
•  calculated	solving	the	Klein-Gordon	(KG)	equation	and	taking	into	account	

vacuum	polarization	(VP)	and	final	size	(FS)	effect	(accuracy	~1eV).	
•  Strong	interaction	effect	on	2p	state	is	weak	(meV)	and	experimentally	

undetermined,	nevertheless	has	severe	consequences	for	the	x-ray	yield.		
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X-ray	detectors	for	exotic	atom	spectroscopy	
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K-p	result	SIDDHARTA	
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 ε1S=	−283	±	36(stat.)	±	6(syst.)	eV	
	

 Γ1S=	541	±	89(stat.)	±	22(syst.)	eV		
	
Physics	Letters	B704	(2011)	113	



Chiral	SU(3)	theory	of	antikaon-nucleon	interactions	with	improved	threshold	constraints	
Y.	Ikeda,	T.	Hyodo	and	W.	Weise,	Nucl.	Phys.	A881	(2012)	98-114.	
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Lightweight	cryogenic	target	(used	for	KH)	
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Alu-grid	

Side	wall:	
Kapton	50	µm	

Kaon	entrance	
window:	
Kapton	75	µm	

working	T		22	K	
working	P		1.5	bar										



Cryo-Target	–	SDD	geometry	
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Working temperature:  30 K	
Working pressure :       0.3 MPa 	



SDD	X-ray	detectors	
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SIDDHARTA2	@DAFNE	
DAFNE	–	ideal	for	kaonic	atoms	
Kaon	source	(Φ	decay	in	K-K+)	
Low-energy	kaons	(127	MeV/c)	ideal	
for	stopping	
No	tracking	
	
With	10	pb-1	per	day	
1.5	107	K-	per	day	isotropically	
2%	per	kaon	pair	stopping	in	gas	
144	SDDs	from	SIDDHARTA	

Kaonic	deuterium	(E57)	@J-PARC		
Kaon	beam		
Kaons	at	higher	momentum	(660-1000	
MeV/c)	
needs	degrader		
Tracking	
	
With	30	kW	beam	power	
430	107	K-	per	day		
0.03%	per	kaon	pair	stopping	in	gas	(660	MeV/c)	
340		SDDs		
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X-ray	Detection	Systems	

DEAR	at	DAFNE	CCDs	

VIP	at	LNGS	CCDs	

SIDDHARTA2	at	DAFNE	SDDs	

VIP2	at	LNGS	SDDs	
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Spin-off	of	hadronic	physics	to	
foundations	(example	VIP/VIP2)	

•  The	successful	X-ray	techniques	of	hadron	
physics	open	the	opportunities	for	high	
precision	tests	in	the	field	of	quantum	physics	
(e.g.	spin	statistics,	collaps	of	the	wave	
function	etc.)	

•  In	the	following	the	experiment	VIP2	at	LNGS	
Gran	Sasso	is	discussed,	which	employs	X-ray	
detectors	used	also	for	hadron	physics	(e.g.	
SIDDHARTA	at	DAFNE	of	INFN)	

A	

at LNGS Underground Laboratory  
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VIP-2 tests the Pauli Exclusion Principle (PEP) 

(spin-statistics) for electrons in a clean environment  

(LNGS) using a method  which respects the Messiah-  

Greenberg superselection rule. 

GHP	2019	



5 

Messiah – Greenberg superselection  rule 

Superpositions of states with different symmetry are not allowed  →  
transition probability between two symmetry states is ZERO 

Closed system → 

Open system → 
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PEP	forbidden	PEP	allowed	

ΔE	≈	300	eV	
resolvable	by	X-ray		
spectroscopy	

Principle	of	VIP2	
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Requirements	for	VIP2	

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:	



CERN	Courier	
March	2018	
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Testing	models	of	non-commutative	Quantum	Gravity?	

Due	to	the	extreme	(upper)	bounds	in	experiments	testing	spin-
statistics	it	is	feasible	to	test	the	validity	of	some	specific		
Quantum	Gravity	approaches	like	θ	Poincare	based	on	the	
Goenewold-Moyal	plane	algebra,.	
	
See	e.g.	A.	Addazi	et	al.,	arXiv:1712.08082v1	[hep-th]	21	Dec	2017	
	
	

Commonly	retained	there	is	no	bound	on	quantum	gravity	models	
because	the	typical	energy	scale	(Planck	scale	1016	TeV)	is	out	of	
reach	of	present	and	future	accelerators	



PEP violation in quantum gravity 

A. Addazi, A. Marcianò, Fudan University 
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4 ar ays of 2 x 4 SDDs   
8mm x8mm each  

Liquid argon closed  
circuit cooling  

- 1 7 0 ° C  

SDD	detectors	
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VIP-2  with final 4 SDD arrays 
Shielding installation in November 2018: 
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Toward the final result!
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Thank	you		

"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	



SPARE	



Kaonic	deuterium	with	SIDDHARTA2	at	DAFNE	

GHP	2019	



Stable	Transitions	

VIP2	


