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-  Most	famous	system	
-  Pion	bounds	on	atomic	orbit		
-  <	qbar	q	>		in	nuclear	medium	
-  Many	works	
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-  Lightest	meson	with	s	quark	
-  Atomic	states	/	Nuclear	states		
-  Λ(1405)	state	
-  S&ll	controversial	

-  UA(1)	anomaly	
-  N*(1535)	state	

-  Decay	into	K	Kbar	
-  3	%	mass	reduc&on	?	-  Charm	quark	

-  High	energy	beam	
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•  Experiments	
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•  In	this	work	
						-	The	possibility	of	the	observa&on	by	the	pbar	beam	at	8GeV/c		
																														bound	states		by																								reac&on	
																														bound	states		by																								reac&on	
	
						-	The	structure	of	the	forma&on	spectrum	
	
“	Whether	we	can	observe		
									the	peak	structure	corresponding	to		the	D0(D-)bound	states”	
	
						-	Energy	dependent	op&cal	poten&al		
																																																			with	the	Green’s	func&on	method		
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Introduc&on	
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•  Meson-nucleus	Interac&on	
	

-		Unitarized	coupled-channel	theory	
						--	Free	space	

	
	
	
	
	

					--	Medium	effect	(	e.g.	for	D	meson	case	)	
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Garcia-Recio,	Nieves,	Salcedo,	Tolos,	PRC85(12)05203.	

The	effec&ve	interac&on	in	free	space	is	obtained	by	solving	the	
on-shell	Bethe-Salpeter	equa&on	in	the	coupled-channel	space.	



•  Op&cal	poten&al	for	11B	at	threshold	energy	
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•  Klein-Gordon	equa&on	
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•  Klein-Gordon	equa&on	
	

	
•  Bound	state	for	11B	
	
Nuclear	Sate		:	BE	(Width)	[	MeV	]	
	
	
																		1s	:	21.662	(0.458)	
																		2p:	14.451(2.359)	

How	can	we	observe	these	states	?	

1s	:	6.525(10.78)	
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-	Introduc4on				-	Interac&on				-	Bound	systems				-	Forma4on	Spectrum				-	Summary	

•  Forma&on	Reac&on	
													-	Elementary	reac&on	:		

													-	Target	nucleus	:	12C	
We	choose	the	incident	pbar	beam	as	8	GeV/c.	
This	energy	will	be	achieved		in	PANDA	
experiments	at	the	future	FAIR	facility,		
	and	the	future		J-PARC	facility.		
	

D-	case	



•  Forma&on	Spectrum	(																		,																		)	
													-	Green’s	func&on	method	:	

-	Introduc4on				-	Interac&on				-	Bound	systems				-	Forma4on	Spectrum				-	Summary	

Elementary	Cross	sec&on	(Theory)	 J.	Haidenbauer	and	G.	Krein,	
PRC89(2014)114003		

Distor&on	Factor	F(r)	(Theory)	

Theory	:		

J.	Haidenbauer	et	al.,	EPJA37(2008)55	
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•  Forma&on	Spectra	

Nuclear	Sate		:	
1s	:	21.662	(0.458)	
2p:	14.451(2.359)	

											

											

Nuclear	Sate		:	
1s	:	6.525(10.78)	

J.	Yamagata-Sekihara,	C.	Garcia-Recio,	J.	Nieves,	L.L.	Salcedo,	L.	Tolos,	PLB754(2016)26	



-	Introduc4on				-	Interac&on				-	Bound	systems				-	Forma4on	Spectrum				-	Summary	

•  Forma&on	Spectra	

Nuclear	Sate		:	
1s	:	21.662	(0.458)	
2p:	14.451(2.359)	

											

											

Nuclear	Sate		:	
1s	:	6.525(10.78)	

J.	Yamagata-Sekihara,	C.	Garcia-Recio,	J.	Nieves,	L.L.	Salcedo,	L.	Tolos,	PLB754(2016)26	
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Summary	
•  The	forma&on	spectra	of											mesic	nuclear	states	by	the		

(pbar,												)	reac&on	at						=	8	GeV/c.		
•  For						meson	:		2p	bound	state	as	small	peak.	
•  For						meson	:		No	clear	peak	
•  The	momentum	transfer	is	large.	

Future	Work	
•  We		consider	different	produc&on	reac&on	with	small	

momentum	transfer.	
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•  Meson-nucleus	Interac&on	
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SU(8)	spin-flavor	symmetry	
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The	effec&ve	interac&on	in	free	space	is	obtained	by	solving	the	
on-shell	Bethe-Salpeter	equa&on	in	the	coupled-channel	space.	

- Winberg-Tomozawa	Term	

- Unitarized	coupled-channel	theory	
	
	
	
-Medium	effect	
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The	effec&ve	interac&on	in	free	space	is	obtained	by	solving	the	
on-shell	Bethe-Salpeter	equa&on	in	the	coupled-channel	space.	Pole	posi4on	
X(2805)	:	I=0,	J=1/2	 Σc(2556):	I=1,	J=1/2	

Λc(2595):	I=0,	J=1/2	



•  Meson-nucleus	Interac&on	
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						--	Free	space	
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-	Introduc4on				-	Interac&on				-	Bound	systems				-	Forma&on	Spectrum				-	Summary	

•  Klein-Gordon	equa&on	

•  Bound	state	for	11B	
	

											

The	Coulomb	Int.		
is	not	included.	
Atomic	state	does	not	exist.	

											

Atomic	state	
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•  Klein-Gordon	equa&on	

	
•  Bound	state	for	11B	

											 											

Nuclear	Sate		:	BE	(Width)	[	MeV	]	
	
								1s	:	21.662	(0.458)	
								2p:	14.451(2.359)	

Deeply	bound	Dbar	mesic	nuclear	states		
exist	with	narrow	width	!!	
How	can	we	observe	these	states	?	

1s	:	6.525(10.78)	
Deeply	bound	D0	mesic	nuclear	state	exist	!!	
This	result	is	consistent	with	Ikeno’s	calcula&on.	

From	Ikeno’s	slide	@	JPS	Mee&ng	2010	
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•  Forma&on	Reac&on	
													-	Green’s	func&on	method	:	
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•  Forma&on	Reac&on	
													-	Green’s	func&on	method	:	

Elementary	Cross	sec&on	(Theory)	

Assump&on	:	a	flat	angular	distribu&on	in	CM.		

J.	Haidenbauer	and	G.	Krein,	
PRC89(2014)114003		
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•  Forma&on	Reac&on	
													-	Green’s	func&on	method	:	

Distor&on	Factor	F(r)	(Theory)	

Theory	:		

J.	Haidenbauer	et	al.,	EPJA37(08)55	



•  We	calculated	the	forma&on	spectra	of											mesic	
nuclear	states	via	pbar	beam.		

•  									mesic	nuclear	states	exist	as	same	as	other	work.	
•  It	is	difficult	to	observe	the	bound	states	by	

(pbar,												)	reac&on	at						=	8	GeV/c.		
•  The	momentum	transfer	is	large.	
•  We	should	consider	different	produc&on	reac&on	with	

small	momentum	transfer.	
	
Future	Work	
•  We	do	more	realis&c	calcula&on.	
					(Elementary	cross	sec&on,	Distor&on	factor	
								Different	reac&on	…	)	

Ikeno’s	slide	@	JPS	Mee&ng	2010	
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•  Forma&on	Spectra	
											

Nuclear	Sate		:	
1s	:	21.662	(0.458)	
2p:	14.451(2.359)	
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•  Forma&on	Spectra	

Nuclear	Sate		:	
1s	:	21.662	(0.458)	
2p:	14.451(2.359)	

											

The	peak	corresponding	to	the	2p	state	might	appear,	and	very	small.	
One	of	the	reason	of	that	is	the	momentum	transfer	is	very	large.		
In	this	calcula&on,	we	included	Dbar	state	up	to	L=15.	
è Different	forma&on	reac&on	with	small	q	may	get	clearer	peak	structure.	

2p	state	
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•  Forma&on	Spectra	

2p	state	

																						

The	peak	corresponding	to	the	1s	state	doesn’t	appear.	
The	momentum	transfer	is	very	large.		

Nuclear	Sate		:	
1s	:	6.525(10.78)	



Dbar	meson	nucleus	poten&al	
Garcia-Recio,	Nieves,	Salcedo,	Tolos,	PRC85(12)05203.	
	
	
	
	

		-	SU(8)	spin-flavor	symmetry	
	-		The	op&cal	poten&al	is	obtained	by	Tρ	approxima&on.		
		Amplitude	T	has	a	pole	X(2805)	state	:	I=0,	J=1/2	
	-	Decay	mode	:	
				For	atomic	states,	a	bound	Dbar	meson	may	falls	to	lower	level.	
				For	nuclear	states,	the	decay	width	comes	from	the	existence	of													

															X(2805)	state,	which	appears	around	threshold	energy.			

I=0	 J=1/2	

I=1	 J=1/2	



D	meson	nucleus	poten&al	
Tolos,	Garcia-Recio,	Nieves,	PRC80(09)065202.	
Garcia-Recio,	Nieves,		Tolos,	PLB690(10)369	
	
	
	
	
	
	
	
	
	
-	SU(8)	spin-flavor	symmetry	
-	Op&cal	poten&al	is	obtained	by	T	ρ	approxima&on.	
-	Amplitude	T	has	a	pole	of	Σc(2556)	state	(I=1,	J=1/2)	and	Λc(2595)	state	(I=0,	J=1/2).		


