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Mo,va,on	
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•  Hadronic	Physics	according	to	the	mass	scale	
– Light	quarks	up,	down	
–  (Semi-)	light	quark	-	strange	quark	
– Heavy	quarks	charm,	boTom,	top	

•  Strong	interac,on	with	strangeness	-	regime	of	spontaneous	
and	explicit	chiral	symmetry	breaking	

•  ScaTering	and	spectroscopic	(e.g.	kaonic	atoms)	inves,ga,ons	
-	some	key	data	s,ll	missing	

•  Bound	states:	Hyperons,	resonances	and	hypernuclei	-	
produc,on	mechanism,	proper,es	

•  Role	of	strangeness	in	the	universe	(compact	stars,	rela,on	to	
GW	in	binaries)?	“Hyperon	puzzle”,	hyperons	in	medium	



Outline	

•  Hadronic	atoms	as	probes	for	strong	interac,on	at	
threshold	

•  Results	of	experiments	at	DAFNE/LNF-INFN	
–  SIDDHARTA:	An,kaon-nucleon	interac,on	
–  AMADEUS:	An,kaon	interac,on	with	nuclei	

•  SIDDHARTA2	Kaonic	deuterium	experiment	
–  Experimental	challenges	(yield,	background)	
–  Target	and	Instrumenta,on	

•  Summary	and	Outlook	
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Strangeness	
•  Strange	quark	–	not	light	but	not	heavy	
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Kaonic	atoms	à		
Spontaneous	and	explicit	
Chiral	symmetry	breaking	in		
low-energy	QCD	



Sources	of	experimental	informa,on	on	KbarN	
interac,on	
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K-p	scaTering	data	
for	threshold	data	extrapola,on	
necessary	

Threshold	branching	ra,os	 Kaonic	atom	data	

Constraints	from	precise	kaonic	hydrogen	
measurements	à	sub-threshold	
extrapola,ons	of	the	KbarN	amplitude	with	
strongly	reduced	uncertain,es	



GHP	Workshop,	Washington,	Feb17	

Stark-mixing	 l=0      1         2                                                          n-1           n 
      ~ 25 
 
 
 
 
           
 
          3 
 
 
          2 
 
 

 
 
          1 observable hadronic	

shift and broadening	
Γ1s 

 ε1s 

external Auger effect	
chem. de-excitation	

Coulomb de-excitation	

X-ray radiation	

 Kα	

Cascade	in	hadronic	atoms	(KH,KD)	

Probing	strong	
interac,on	at	
threshold	

	
	



Hadron	physics	with		
strangeness	at	DAFNE/LNF-INFN	

	
SIDDHARTA										AMADEUS	
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SIDDHARTA	data	overview	
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Kaonic atoms at DAΦNE/Frascati 

e+-e- 	

collider	

Accu.	



DAΦNE:		
Φ	Factory	of	LNF-INFN	
Double	anular	electron-positron	collider	
producing	Φ	(1020	MeV)	resonantly	(σ	≈	5	μb	

mΦ	=	1019.413	±	0.008	MeV	
Γ	=	4.43	±	0.06	MeV	
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Beam	pipe	in	e+e-	intersec,on	of	SIDDHARTA	

SIDDHARTA	used	the	
KLOE	intersec,on	of	
DAFNE	
	
Luminosity	increased	
with	new	system	
providing	a	large	crossing	
angle	(crab	waist	system)	

Kaon	window	

Kaon	detectors	siqng	below		
and	above	the	intersec,on	



SIDDHARTA	SDD	Array	
144	SDDs	=144	cm2	ac,ve	area		
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	SIDDHARTA	data	taking	

electrons	

positrons	

Charged	kaons	from	Φ	decay	
	
Φ	à	K+		+				K-			(BR	≈	50%)	

Calibra,on	with	X-ray	tube	and	Ti/CU	foils	

keV	

Syst.	error	≈	3-4	eV	
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Background	suppression	in	SIDDHARTA	

X-ray	energy	[keV]	 ,me	[83	ns/ch]	

Efficient	background	
suppression	by	using	the	
kaon	-	x-ray	correla,on	



K-p	result	SIDDHARTA	
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 ε1S=	−283	±	36(stat)	±	6(syst)	eV	
	

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

X-ray	spectrum	with	background	subtracted	
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Kaonic	atoms	with	deuterium	gas	(SIDDHARTA)	
fit	for	shiy	about		500	eV,		width		about	1000eV,			Kα	/	Kcomplex	=	0.4	

2p-1s	 3p-1s	and	higher	

First	exploratory	K-d		
x-ray	experiment	
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Yield	of	K-series	in	KD	

Upper	limits	(90	C.L.)	
for	the	x-ray	yield	
(SIDDHARTA)	
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Kaonic	Hydrogen:	400pb-1,	most	precise	
measurement,	Physics	LeTers	B704	(2011)	113	
	
Kaonic	deuterium:	100	pb-1,	exploratory		
first	measurement	ever,	Nucl.	Phys.A907	(2013)69	
	
-	Kaonic	helium	4:	first	measurement	ever	in	
gaseous	target;	published	in	Phys.	LeT.	B	681	
(2009)	310;	NIM	A628	(2011)	264	and		
Phys.	LeT.	B	697	(2011)	
	
-	Kaonic	helium	3:		10	pb-1,	first	measurement,	
published	in	Phys.	LeT.	B	697	(2011)	199		
	
	

Results	of	SIDDHARTA	



Chiral	SU(3)	theory	of	an,kaon-nucleon	interac,ons	with	improved	threshold	constraints	
Y.	Ikeda,	T.	Hyodo	and	W.	Weise,	Nucl.	Phys.	A881	(2012)	98-114.	
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Mo,va,on	for	new	experiments	
•  SIDDHARTA	–	K-p	strong	interac,on	observables	
•  SIDDHARTA	–	First	exploratory	experiment	on	K-D	
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But:	No	data	on	hadronic	shiy	and	width	of	1s	state	of	kaonic	 	
	 	 	 				deuterium		

					à	s,ll	to	be	measured	
	
Ø  Study	of	K-n	interac,on:	Isospin-dependent	scaTering	lengths	

from	KH	and	KD	à	K-p	interac,on	at	low	energy	is	well	
understood,	but	the	case	of	K-d	represents	the	most	important	
missing	informa,on	

Ø  High	resolu,on	studies	of	kaonic	atoms	(e.g.	K-He,	heavier	
kaonic	atoms)	



Modified	Deser	formula	next-to-leading	order	in	isospin	breaking	(Meißner,	Raha,	Rusetsky	2004		[3])	
(µc	reduced	mass	of	K-d,	α	finestructure	constant	)	

ad	[fm]	 ε1s	[eV]	 Γ1s	[eV]	 Reference	

-1.58	+	i	1.37	 -	887	 757	 Mizutani	2013		[4]	

-1.48	+	i	1.22	 -	787	 1011	 Shevchenko	2012			[5]	

-1.46	+	i	1.08	 -	779	 650	 Meißner	2011			[1]	

-1.42	+	i	1.09	 -	769	 674	 Gal	2007		[6]	

-1.66	+	i	1.28	 -	884	 665	 Meißner	2006			[7]	

[1]		M.	Döring,	U.-G.	Meißner,	Phys.	LeT.	B	704	(2011)	663.	
[3]		U.-G.	Meißner,	U.Raha,	A.Rusetsky,	Eur.	phys.	J.	C35	(2004)	349.	
[4]		T.	Mizutani,	C.	Fayard,	B.	Saghai,	K.	Tsushima,	arXiv:1211.5824[hep-ph]	(2013).	
[5]		N.V.	Shevchenko,	Nucl.	Phys.	A	890-891	(2012)	50-61.	
[6]		A.	Gal,	Int.	J.	Mod.	Phys.	A22	(2007)	226	
[7]		U.-G.		Meißner,	U.	Raha,	A.	Rusetsky,	Eur.	phys.	J.	C47	(2006)	473	

Expected	shiy	and	width	

=>	
shiy	=	-800	eV	
width	=	800	eV	
used	in	simula,on	
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Isospin	scaTering	lengths	

•  The	isospin	scaTering	lengths	a0	and	a1	for	I=0,1	cannot	be	
determined	from	ε1s	and	Γ1s	from	kaonic	hydrogen.	

•  The	(modified)	Deser-type	formula	
U.G.Meißner,U.Raha,A.Rusetsky,Eur.Phys.J.C35(2004)349,arXiv:hep-ph/0402261.	

	
•  Kaonic	deuterium	provides		
					the	lacking	informa,on	
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ap	=	½(a0+a1)	

an	=	a1	
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AMADEUS	
	
	

AMADEUS collaboration	
116 scientists from 14 Countries and 34 Institutes 	

	
lnf.infn.it/esperimenti/siddharta	

and	
LNF-07/24(IR) Report on lnf.infn.it web-page (Library)	

	
AMADEUS started in 2005 and 	

was presented and discussed in all the LNF Scientific CommiQees	

Antikaon Ma*er At DAΦNE:  Experiments with Unraveling Spectroscopy	

EU Fundings FP7 – HP2 and HP3: 
Network WP9 – LEANNIS;  
WP24 (SiPM JRA);  
WP28 (GEM JRA) 
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Powerful	combina,on	of	DAFNE	
with	the	detector	system	of	KLOE	
(96%	acceptance)	
Very	good	performance	for	the	
detec,on	of	charged	and	neutral	
par,cle	in	the	relevant		energy	
range	

DAΦNE	kaon	source	+	KLOE	
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Subthreshold	resonances	

Kaon	scaTering	

An,kaon	nuclear	absorp,on	

An,kaon	bound	states	
Hypernuclear	physics	

AMADEUS-	a		laboratory	
for	low-energy	kaon	physics	

Consequences	of	strangeness	
for	dense	baryonic	maTer	
(neutron	stars)?	



Pre-AMADEUS	studies	with	KLOE	data	

•  Study	of	an,kaon	interac,on	in	
nuclear	maTer	following	K-	absorp,on	
in	the	DC	gas	(or	structure	materials)	

•  KLOE	driy	chamber	(DC)	gas:	mainly	
4He	(90%	4He,	10%	isobutane	C4H10)	

•  0.1%	K-	stop	in	the	DC	gas	(Monte	
Carlo,	data	analysis)	

•  Enables	the	study	of	K-	absorp,on	and	
searches	for	bound	states	(e.g.	with	2	
�-1	hundreds	of	kaonic	clusters)	–	
analysis	of	Λ/Σ	–	p,d,	t	correla,ons	

•  However:	Analysis	complicated	due	to	
material	mix	
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KLOE	Driy	Chamber	(DC)	



An,kaon	absorp,on	in	nuclei	

GHP	Workshop,	Washington,	Feb17	



Quasi-bound	kaonic	nuclei	?	
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The	present	knowledge	
from	experiment	and	
theory	is	s,ll	insufficient	to	
make	a	clear	statement	
about	quasi-bound	kaonic	
nuclear	systems	
	
	
•  Experiments	so	far:	
FINUDA	
KEK	
DISTO	
FOPI	
HADES	
OBELIX	
J-PARC	E15,	E27	
	
•  Future:	AMADEUS	

Decay	widths	and	binding	energies	from		
experiment	and	theory:	
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ppK−/K−stop=(0.044±0.009stat+0.004−0.005syst)·10−2	 Significance	1σ	–	
not	sufficient	to	claim		
ppK-	observa,on	

Recent	results	from	Pre-AMADEUS	

K-pp	?	

Lint=	1.74	�-1	

K-stop	=	3.25	108	

Physics	LeTers	B,	Volume	758,	10	July	2016,	Pages	134-139	



Possible	AMADEUS	Setup	
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Axial	magne,c	field:	0.5T	



Kaonic	deuterium	Experiment:	
new	instrumenta,on	
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From	SIDDHARTA	to	SIDDHARTA2	
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•  New	SDDs	with	CUBE	preamp	
•  Factor	2	in	density	of	deuterium	gas	
•  Kaon	trigger	geometry	and	arrangement	
•  Discrimina,on	K+/K-	by	life,me	detector	
•  Ac,ve	shielding	of	apparatus	
•  BeTer	,ming	resolu,on	of	SDDs	by	cooling	

	
SIDDHARTA	 SIDDHARTA2	



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         	



Prototypes	
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New	SDDs	for	SIDDHARTA2	
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SIDDHARTA	 SIDDHARTA2	

3x1	matrix	 4x2	matrix	



Energy	resolu,on	of	new	SDD	
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Target	–	SDD	geometry	
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TARGET	

X-ray	detrector	system	



SIDDHARTA2	Setup	at	DAFNE	
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SDD	Characteriza,on	
•  Extremely	important	for	precision	x-ray	
spectroscopy	

–  Stability	
•  Long	term	monitoring	gain	and	offset	
•  Stability	under	small	temperature	varia,ons	
•  Gain	stability	at	different	x-ray	rates	

–  Linearity	
–  SDD	,me	response	at	various	temperatures	
–  SDD	opera,on	at	low	temperatures	
–  Radia,on	hardness		
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Running	SIDDHARTA2	

GHP	Workshop,	Washington,	Feb17	



Kaonic	deuterium	with	SIDDHARTA2	at	DAFNE	
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We	expect	to	measure	shiy	and	width	of	kaonic	deuterium		
with	a	similar	rela,ve	precision	like	kaonic	hydrogen	



Time-line	SIDDHARTA2	

•  Setup	ready	2017	
•  Installa,on	at	DAFNE	2018	
•  Beam	,me	ayer	op,miza,on	800	pb-1	
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First	determina,on	of	the	hadronic	shiy	
and	width	of	the	1s	ground	state	of	kaonic	
deuterium	leading	to	the	extrac,on	of	the	
isospin-dependent	scaTering	lengths	



Summary	

•  SIDDHARTA	–	important	results	on		
light	kaonic	atoms,	AMADEUS	studies	on	
Kbar	interac,on	on	nuclei	

•  Strong	impact	for	KbarN	theory	

•  SIDDHARTA	–	first	exploratory	experiment	
on	K-d	–	important	for	the	planning	of	
SIDDHARTA2	

•  SIDDHARTA2	with	strongly	improved	
apparatus	aiming	at	a	first	extrac,on	of	1s	
state	shiy	and	width	in	kaonic	deuterium	

•  SIDDHARTA2	at	DAFNE	– beam,me	in	
2018/2019	

GHP	Workshop,	Washington,	Feb17	

P24756-N20	



Thank you for 
your attention
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