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KPM	

•  Strong	binding		Λ*	=	K-	-	p	(I=0);	B=27	MeV	
•  Stronger	inding		Λ*-p;	B	~	100	MeV		
•  Stronger	binding	Λ*-Λ*;	B	~	200	MeV		
•  Heitler-London	type	molecular	bonding		
•  Mul[-bonded:	Λ*	strangelet	->	stable	

ma/er?	
•  Chiral	symmetry	restora[on:		
										enhanced	binding:	furthermore	
•  	Stable,	large,	heavy,	dense,	inert,	neutral:		
									fulfil	required	proper[es	for	DARK	MATTER		
•  	How	KPM	created:	Big	Bang	universe	
										right	a`er	Big	Bang,	before	hadroniza[on:		
											an[-par[cles	are	proceeding	to	

annihila[on	



How to prove the high density in Kbar nuclei ?	

			direct	Λ*p	s[cking	
	p	+	p	-->	K+	+	p	+	Λ*	

															-->	K+	+	K-pp	
		*	Short	collision	length	
		*	Large	momentum	transfer	

		*	Dense	Λ*p	structure		



	Two	different	reac[on	mechanisms	to	produce	Λ*p	-->	K-pp	
Conventional:		π+ + n --> Λ* + K+		

				Λ*-p distance at collision ~ 2.2 fm�
    sticking probability: small ~ 1%�
    Λ*: mostly in the q. f.  region  	

New	2007     p + p --> Λ*	+ p + K+�

Collision distance RNN ~ 1/mρ~ 0.3 fm�
 matches the small size ~ 1 fm�
    of the dense K-pp bound state.		

  sticking probability ~ 1	
Dominance of	Λ1405-p sticking�

 in NN collisions: Λ*-p	doorway	Predicted in 2005:"
searched for at J-PARC E27	



X2265 -> p+Λ population 

~ 100% in p + p -> X + K+ 

    q = 1.6 GeV/c 

Indicating: 

X2265 = dense K-pp 
    B.E. ~ 100 MeV  

DISTO	2010	

E27	2014	

Experimental	evidences	

J-PARC E27 
Ichikawa et al. 2014 
~ 2% in π+ + d -> X + K+ 

      q = 0.3 GeV/c 



Adiabatic p-p potential in K-pp 

R  [fm] 

 [MeV fm2] 

1.0 2.0 3.0 

Normal nuclear force  :  virtual meson exchange 

R2 V(R) 

p p K- 

Super-strong nuclear force  :  real Kbar migration 

Super strong / Normal ~ 4.1 
- volume integral ratio -	

p	p	



	*	Impacts	of	the	observed	K-pp:		
					Enormous	cross	sec[on	of	p	+	p	->	K-pp	+	K+	

							Low	cross	sec[on	at	d(π+,K+)	K-pp	

																			! 	indicate	a	dense	system	
	Binding	energy	by	a	factor	of	2	larger	than	theory	
			!	indicates	20%	enhanced	Kbar-N	a/rac[on	

			!	sugges[ng	chiral	symmetry	restora[on;	
																					increasing	a/rac[on,	densi[es	

							Hadronic	phase	to	quark-gluon		phase	!?	
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Maeda	et	al.,	Proc.	Jpn.	Acad.	B	89	(2013)	418		Faddeev-Yakubovsky		

Global View	
     KbarN 
-->　attraction 
     strength	

DISTO + J-PARC E27	

K-pp: ρ/ρ0 ~ 3 indicated	



Dynamical formation of Λ*=K-p clusters in K-K-pp"
          ! Λ* condensed matter"

S.	Maeda,	Y.	Akaishi	&	T.	Yamazaki,	Proc.	Jpn.	Acad.	89	(2013)	418	

0.75 fm	

Λ*　- Λ*	

No repulsion among K-’s	 Strong attraction among Λ*’s	



NEW	EXPERIMENTAL	PROPOSAL	
										(conceptual)	
PRODUCTION	OF			
									K-K-pp	
			Gateway	toward	
Kaon	Condensed	Ma/er		
					by	p	+	p	->	Λ*	+	Λ*	+	K+	+	K+	
																									->		K-K-pp	+	K+	+	K+		

A	denser	state	more	favored	in	short-range	collision		



Λ*Λ*	model	for	K-K-pp	

D		[fm]	

[MeV]	

EF	

TF	

UF	

If	K-	is	assumed	to	be	a	Fermion:	

Fermion	covalent	bonds		
cancel	each	other.	

Boson	covalent	bonds	
	are	always	added	!	
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Y.	Akaishi		







For	ρ	->	3	ρ0,	
Chiral	restora[on,	

Isovector	πN:		
						increased	repulsion	
GSI	(2005)	and	RIKEN	(2015)	
experiments		

confirmed	
		in	π-	1s	states	in	Sn	

I		=	0	KbarN:	
increased	a/rac[on	
			!		shrinkage		



Chiral	symmetry	restora[on	
of	KbarN	interac[on	in	dense	nuclear	medium	

Clearing QCD vacuum model	

			QCD-vacuum	clearing	factor	 			A/rac[on	enhancement	factor	



Chiral	Symmetry	Restora[on	in	πN	and	KbarN	



				Kaonic	Proton	Ma/er		conceived	

	K-K-pp	is	almost	iden[cal	to	Λ*-Λ*	in	structure,		
indica[ng	that	a	large	number	of	K-p	units	cons[tute	a	
large	Λ*	system,	which	can	be		
lighter	than	dense	neutron	system;	
no	exit	to	decay:	thus	stable		

										M[Λ*	=	(K-p)]	<	M[n]	
So,	we	expect	stable	Λ*	(K-p)	ma/er		
may	exist	as	strange	dusts,		
namely,	a	kind	of	DARK	MATTER.		
									K-p	=	s	(ubar-u)	ud			
The	KPM	is	stabilized	by	quark-an[-quark	hybrids.	
Its	existence		depends	on	chiral	symmetry	restora[on.	



KPM	produced	only	in	Big	Bang	
K-p,	K-pp,	K-K-pp,,,	deep	but	short	lived:	Γ	~	100	MeV	
				So,	short-lived	mul[-Λ*	(j<jcrit)	cannot	survive	during	
cascade	collisions	of	hadrons	K-	and	p	!	
	How	can	KPM	be	created?	

Only	one	conceivable	environment	is	QGP	a`er	Big	Bang;	
Both	quarks	and	an[-quarks	are	diminishing	by	
annihila[on	to	the	level	of	+-	2	x	10-8,	where	the	quark-
sector	dominates	and	the	an[-quark	sector	remains	as	a	
hybrid	sector	with	stable	mixture	of	quarks	and	an[-
quarks:		eventually	going	as	mul[ple	
																				[s	ubar	-	u	ub]	->	Kbar-proton	



Kaonic	Proton	Ma/er	

						s	ubar		-	u	u	d	

Strong	a/rac[on	
No	short-range	repulsion	



Related	Problems:	
Where	and	when	an[-ma/er	disappeared	?	

Primordial	an[-quarks	 Primordial	quarks	

~	2	x	10-8	



Recent	experiments	@	HI	collisions	at	LHC-ALICE	

theore[cal	analyses		
by	P.	Braun-Munzinger’s	group	

HYP2015,	Sendai	

Next	3	pages	taken	from	this	talk	



No	exo[c	bound	states	yet	found:	such	as		K-K-pp	-> Λ +	 Λ 	

Expected	at	M=2.8	GeV/c2	





P.	Braun-Munzinger	



Produc/on	cross	sec/on	of	K-K-pp	

"Hard formation process" different from Coalescence model and  statistical model!
                                                                                  (S. Cho et al., Phys. Rev. Lett. 106 (2011) 212001)!

M. Hassanvand, Y. Akaishi & T. Yamazaki, Phys. Rev. C 84 (2011) 015207!



p	
K-pp	Λ*	

K+	

p	

Several	GeV	 Short	collision	length	
Compact	bound	state	

Gateway	to	"Swan	Nuclear	Physics"	
T. Yamazaki, Y. Akaishi & M. Hassanvand, Proc. Jpn. Acad. B 87 (2011) 362!

~3 GeV"
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K-K-pp	Λ*	
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Λ*	
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~7 GeV"

The late Prof. Nishijima!

DISTO!

Bright	future	is	expected	at	J-PARC	


