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Introduc9on	—	The	H	dibaryon

MIT	bag	model	predicts	dihyperon	state	(H)	with
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average branching ratio of charmed mesons into
muons. This limit is shown as a dashed curve on
Fig. 2(e). The 2-standard-deviation limit on the
inclusive charmed-meson diffractive pair -pro-
duction cross section times the average branch-
ing ratio is then v„,(B„)=380 nb. The corre-
sponding total cross section for EE diffractive
production is approximately 0.5 mb. ' With the
above assumptions, the ratio of the charmed and
strange total diffractive cross sections is a(DD)
(8„)/o(KE) (10 '.
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For examples of threshold enhancements at lower

beam energies in vr+p see C. Caso et al. , Nuovo Cimen-
to 54A, 983 (1968), for the harp threshold; J. Bartach
et al. , Nucl. Phys. B7,-845 (1968), for Q; G. Otter
et a/. , Nucl. Phys. B96, 865 (1975), for xE+&; B.D.
Hyams et al. , Nucl. Phys. B22, 189 (1970), for E+P
and G. Grayer et a/. , Phys. Lett. 89B, 568 (1972), for
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(1972), discuss diffractive production.
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and SLAC Report No. 191 (unpublished), and in Proceed-
ings of the International Symposium on Lepton and Pho
ton Interactions at High Energies, Stanford, California,
1975, edited by W. T. Kirk (Stanford Linear Accelerator
Center, Stanford, Calif. , 1975), and in Particles and
I'fields, 1975, edited by B. Lubatti and P. M. Mockett
(Univ. of Washington, Seattle, Wash. , 1975).
D. Bowen et al. , Phys. Rev. Lett. 26, 1668 (1971).
Cuts on P», P&&, and the forward charged-particle

multiplicity, as measured in the detectors MP1, 2
(Fig. 1) do not affect this result.
Resolution limitations make the exact behavior at

threshold inconsequential here.
For M ~-t(2P~) (the kinematic limit on M ).
The diffractive (M & 7) cross section for m +p p

+A'z+ anything at 205 GeV is 0.25+ 0.18 mb (F. C. Win-
kelmann, private communication). From this we esti-
mate that the diffractive strange-meson pair inclusive
cross section is about 0.50+ 0.25 mb.
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In the quark bag model, the same gluon-exchange forces which make the proton lighter
than the 4{1236)bind six quarks to form a stable, flavor-singlet (with strangeness of
—2) J =0+ dihyperon {II) at 2150 MeV. Another isosinglet dihyperon (II*) with J =1+
at 2335 MeV should appear as a bump in AA invariant-mass plots. Production and de-
cay systematics of the 0 are discussed.

The possibility that hadrons may be described
by a confined color gauge theory of quarks and
gluons has attracted great interest recently. ' The
bag model" provides an adaptation of these ideas
to conventional spectroscopy. The S-wave bary-
ons (Q') and many features of the S-wave mesons
(QQ) are remarkably well described by the model
in terms of four parameters of relatively funda-
mental significance. ' Furthermore, the model
may be applied to any S-wave color-singlet multi-

quark system (Q Q", for n+m &3) without addi-
tional parameters. It offers the hope of answer-
ing long-standing questions regarding the nature
and experimental elusiveness of the exotics."
Here I wish to point out that the same model ap-

plied to the Q' system predicts the existence of
certain relatively light dihyperons, one of which
may be stable. Specifically, the model predicts
an S-wave flavor-singlet dihyperon (H) with J
=0' at 2150 MeV. With this mass, the H must
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and	a	mass	of		mH = 2150 MeV

H	dibaryon	must	decay	weakly

I = 0, S = �2, JP = 0+

<latexit sha1_base64="5fmPMVZql8M/UBMDFbQp8SGRryU="></latexit>
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Experimental	Searches
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A double-hyperfragment event has been found in a hybrid-emulsion experiment. It is identified
uniquely as the sequential decay of 6

LLHe emitted from a J2 hyperon nuclear capture at rest. The
mass of 6

LLHe and the L-L interaction energy DBLL have been measured for the first time devoid of
the ambiguities due to the possibilities of excited states. The value of DBLL is 1.01 6 0.2010.18

20.11 MeV.
This demonstrates that the L-L interaction is weakly attractive.

DOI: 10.1103/PhysRevLett.87.212502 PACS numbers: 21.80.+a, 21.10.Dr, 25.80.Pw, 27.20. +n

The observation of double-L hypernuclei gives impor-
tant information about the L-L interaction. The binding
energy of two L hyperons, BLL, and the L-L interaction
energy, DBLL, can be obtained from the measurement of
the masses of double-L nuclei, where DBLL is defined by

DBLL! A
LLZ" ! BLL! A

LLZ" 2 2BL!A21
LZ" . (1)

There are three reports on the observations of double-L hy-
pernuclei in nuclear emulsion. About three decades ago, an
example of the double-hypernucleus 6

LLHe was presented
[1]. However, only a schematic drawing of the event was
given in the Letter, and measured angles were not pre-
sented. The authenticity of it was considered doubtful

[2]. The other two double-hypernucleus events [2– 5] have
either more than one interpretation for the species or the
possibility of production of excited states. The production
of 4

LLH hypernuclei was recently reported in a counter-
experiment [6], but the statistics were limited and a value
of DBLL was not presented.

Theoretical calculations of the binding energies of
double hypernuclei have been made since the 1960s,
aiming to obtain information on the L-L interaction
[7– 9]. Among possible double-L hypernuclei, 6

LLHe has
been considered to be important because it gives infor-
mation not only on the L-L interaction but also on the
cluster structure of hypernuclei. The 6

LLHe hypernucleus
constitutes the lightest closed shell structure containing p,

212502-1 0031-9007#01#87(21)#212502(5)$15.00 © 2001 The American Physical Society 212502-1
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n, and L baryons [10]. Double-L hypernuclei are closely
related to the existence of the H dibaryon [11]. If the
mass of the H dibaryon, MH , was less than twice the L
hyperon mass in a nucleus, two L hyperons in the nucleus
would be expected to form the H . With this assumption,
the lower limit of the mass of the H dibaryon can be
calculated from the following relation:

MH . 2 ML 2 BLL , (2)

where ML is the mass of a L hyperon in free space.
In order to study such systems, an emulsion/

scintillating-fiber hybrid experiment (E373) has been
carried out at the KEK proton synchrotron using the
1.66 GeV!c separated K2 meson beam [12,13]. The
schematic view around the target is given in Fig. 1. J2

hyperons were produced via the quasifree "K2, K1# reac-
tions in a diamond target [14] and brought to rest in Fuji
ET-7C emulsion. The "K2, K1# reactions were tagged
by a spectrometer system. The positions and angles of
entry of the J2 hyperons at the emulsion were measured
with a scintillating microfiber-bundle detector [15] placed
between the diamond target and the emulsion stack. The
tracks of the J2 hyperons were scanned and traced in the
emulsion by a newly developed automatic track scanning
system [16]. An emulsion stack consisted of a thin emul-
sion plate located upstream followed by eleven thick
emulsion plates [17]. The thin plate had 70-mm-thick
emulsion gel on both sides of a 200-mm-thick acrylic base
film, and each thick plate had 500-mm-thick emulsion gel
on both sides of a 50-mm-thick acrylic film.

Although we have analyzed only 11% of the total emul-
sion, we have found an event of seminal importance, a
mesonically decaying double hypernucleus emitted from
a J2 capture at rest [18]. A photograph and schematic
drawing of the event are shown in Fig. 2. We named this
event “NAGARA.” A J2 hyperon came to rest at point

FIG. 1. Schematic view of the experimental setup.

A, from which three charged particles (tracks No. 1, No. 3,
and No. 4) were emitted. One of them decayed into a p2

meson (track No. 6) and two other charged particles (tracks
No. 2 and No. 5) at point B. The particle of track No. 2
decayed again to two charged particles (tracks No. 7 and
No. 8) at point C.

The measured lengths and emission angles of these
tracks are summarized in Table I. The particle of track
No. 7 left the emulsion stack and entered the downstream
scintillating-fiber block detector (D-Block) [19]. Track
No. 5 ended in a 50-mm-thick acrylic base film. The tracks
of the three charged particles emitted from point A are
coplanar within the error as are the three tracks from point
B. The kinetic energy of each charged particle was calcu-
lated from its range, where the range-energy relation was
calibrated using a decays of thorium series in the emul-
sion and m1 decays from p1 meson decays at rest.

The single hypernucleus (track No. 2) was identified
from event reconstruction of its decay at point C. Mesonic
decay modes of single hypernuclei were rejected because
their Q values are too small. The decay mode of the
single hypernucleus is nonmesonic with neutron emission.
If either track No. 7 or No. 8 has more than unit charge,
the total kinetic energy of the two charged particles is
much larger than the Q value of any possible decay mode
because of the long ranges of tracks No. 7 and No. 8.
Therefore, both tracks No. 7 and No. 8 are singly charged,
and only LHe isotopes are acceptable.

The kinematics of all possible decay modes of the dou-
ble hypernucleus (track No. 1) which decays into LHe
(track No. 2) and p2 (track No. 6) were checked, and
BLL and DBLL were calculated. Since track No. 5 ended
in the base film, only the lower limit of the kinetic energy

FIG. 2. Photograph and schematic drawing of NAGARA
event. See text for detailed explanation.

212502-2 212502-2

Observa6on	of	a	 	double-hypernucleus6
ΛΛ He“Nagara”	event

(E373@KEK):

Interpreted	as	sequen6al	weak	decay	of	 6
ΛΛ He

@	90%	CL

Binding	energy:
B⇤⇤ = 7.25 ± 0.19 (+0.18

�0.11) MeV

<latexit sha1_base64="dpU4KwzQn9WHeFGwywkGzPfAwmY="></latexit>

mH > 2m⇤ � B⇤⇤ = 2223.7 MeV

<latexit sha1_base64="LdYyXRFSyrpFOwHUr+T2H5wGiiY="></latexit>
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The	H	dibaryon	as	a	dark	maRer	candidate

	bound	state	as	dark	maVer	candidate:udsuds
[G.R.	Farrar,	A.	Strumia	et	al.,…]

mH < 2(mp + me) = 1877.6 MeV )

<latexit sha1_base64="7bjrBSvmVjYyis1+Yu7XVaNCRXA="></latexit>

H	dibaryon	absolutely	stable

mH > 2(mp + B.E.) = 1860 MeV )

<latexit sha1_base64="pDEJsph9nCrt9vL4nLfHoymU/v8="></latexit>

Nuclei	absolutely	stable

Recall: 2m⇤ = 2230 MeV

<latexit sha1_base64="aougwoFAPTEkiLpJVafrnrBto5A="></latexit>

(Jaffe’s	bag	model	es6mate)mH = 2150 MeV

<latexit sha1_base64="oRnIN1Ya9EChrits+szFpXk6Pq4="></latexit>

Scenario	requires	very	large	binding	energy	of	 ≈ 360 MeV
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Current	Status

H	dibaryon	not	firmly	established	experimentally

“Clover”	@	Mainz

Is	a	bound	H	dibaryon	a	consequence	of	QCD?

Try	“ab	ini6o”	technique:	La`ce	QCD
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Finite	volume: L3 · T, Ns = L/a, Nt = T/a
<latexit sha1_base64="AY7k2u7P+JWpovC7nh750XT/0Hs="></latexit>

La`ce	spacing: a, xµ = nµa, a�1 = ⇤UV
<latexit sha1_base64="7ha9MhYDhYZw2y3JK4AYXlX5I0I="></latexit><latexit sha1_base64="7ha9MhYDhYZw2y3JK4AYXlX5I0I="></latexit><latexit sha1_base64="7ha9MhYDhYZw2y3JK4AYXlX5I0I="></latexit><latexit sha1_base64="7ha9MhYDhYZw2y3JK4AYXlX5I0I="></latexit>

6

Beyond	Perturba9on	Theory:	La4ce	QCD

Non-perturba6ve	treatment;	regularised	Euclidean	func6onal	integrals

Stochas6c	evalua6on	of	 	via	Markov	process⟨Ω⟩
Strong	growth	of	numerical	cost	near	physical	mu, md

Pion	mass,	i.e.	lightest	mass	in	pseudoscalar	channel:	

Beyond	Perturba9on	Theory:	La4ce	QCD

h⌦i = 1
Z

Z Y

x,µ

dUµ(x) ⌦
Y

f=u,d,s,...

det
⇣
/Dlat + mf

⌘
e�S G[U]

<latexit sha1_base64="q9cwK7PkmckGmflY46aEgvWAKS4="></latexit>

⇡ 500 MeV �! ⇡ 130 MeV
<latexit sha1_base64="APD1y9tTvrOMbcCFy9lrgDoN/Yk="></latexit><latexit sha1_base64="APD1y9tTvrOMbcCFy9lrgDoN/Yk="></latexit><latexit sha1_base64="APD1y9tTvrOMbcCFy9lrgDoN/Yk="></latexit><latexit sha1_base64="APD1y9tTvrOMbcCFy9lrgDoN/Yk="></latexit>

(2001) (≳	2015)
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Hadron	spectrum	in	La4ce	QCD

X

x,y
eip·(y�x)

D
Ohad(y) O

†
had(x)

E
=
X

n

wn(p) e�En(p)(y0�x0)

<latexit sha1_base64="Zomwg4eH1Vs8NYojdAMiW2sZd5k="></latexit>

(y0�x0)!1�! w1(p) e�E1(p)(y0�x0)
<latexit sha1_base64="HwbNpFgh+anlmHsurlRM9SPj4UU="></latexit>

Spectral	informa6on	contained	in	correla6on	func6ons

→		projects	on	all	states	with	the	same	quantum	numbers

Nucleon: ON = ✏abc

⇣
u

a
C�5 d

b
⌘

u
c

<latexit sha1_base64="kT81l4TUeAaL+WKwGrM7o9xybyg="></latexit>

		interpola6ng	operatorOhad(x) :

Ground	state	dominates	at	large	Euclidean	6mes:			y0 − x0 → ∞

Excited	states	are	sub-leading	contribu6ons
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The	H	Dibaryon	in	La4ce	QCD

Flavour	structure

Other	interes9ng	dibaryons

H	dibaryon	lies	in	the	1-dimensional	irrep.	of		SU(3)flavour

Flavour	structure	of	two	octet	baryons:

Upon	SU(3)-symmetry	breaking,	8	and	27	mix	with	singlet

Singlet,	octet	and	27plet	interpolators	constructed	from	linear 
combina6ons	of	 		and	 		operatorsΛΛ, ΣΣ NΞ

Dineutron	lies	in	27	irrep.

Deuteron	lies	in								irrep.	with	JP = 1+10

<latexit sha1_base64="3g47WpMLBA+EWtmhtfh4UV+TBNg="></latexit>

8 ⌦ 8 = (1 � 8 � 27)S � (8 � 10 � 10)A

<latexit sha1_base64="W5VPyOEuMBxMh5J6S5BLqc3/hZQ="></latexit>
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Interpola9ng	operators

Hexaquark	operators	(inspired	by	Jaffe’s	original	bag	model	calcula6on):

[rstuvw] = ✏i jk✏lmn
⇣
saC�5P+tb

⌘ ⇣
vlC�5P+wm

⌘ ⇣
rkC�5P+un

⌘

<latexit sha1_base64="ah9j67xS/P6efJFSHyDoCjEIszg="></latexit>

H
(1) =

1
48

([sudsud] � [udusds] � [dudsus])

<latexit sha1_base64="HkrAG2ZmtHjG06n7b4vcg8mYEB4="></latexit>

Momentum-projected	two-baryon	operators:

B↵ ⌘ [rst]↵ = ✏i jk
⇣
siC�5P+t j

⌘
rk
↵

<latexit sha1_base64="5DyIbu/zLr6fZ9qPQhAyFLEGAfE="></latexit>

→	project	onto		 	(BB)(1), (BB)(8), (BB)(27)

(BB)(P; t) =
X

x
e�ip1·xB1(x, t) (C�5P+)

X

y
e�ip2·yB2(y, t), P = p1 + p2

<latexit sha1_base64="uvhv5dT61ysaBd6a5Q6PaOul5nA="></latexit>

H
(27) =

1
48
p

3
(3[sudsud] + [udusds] � [dudsus])

<latexit sha1_base64="EbUa+B8rTlJOHH1kwEwGttZyIAI="></latexit>
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Correla9on	matrices

Consider	set	of	 	interpola6ng	operators	for	a	given	hadron:	Nop

Ci j(P, ⌧) =
D
Oi(P, t)Oj(P, t0)†

E
, ⌧ = t � t

0

<latexit sha1_base64="3aVZScXYj+mfotwpZo/xaZKHC4o="></latexit>

Correla6on	matrix:

Varia6onal	method:		solve	Generalised	Eigenvalue	Problem	(GEVP):

Project	on	approximately	diagonal	correlator:

⇤mn(t) = w†n C(t) vm

<latexit sha1_base64="pr1PzojhACKRBp9AbIpSYvpyYuw="></latexit>

C(t1) vn(t1, t0) = �n(t1, t0) C(t0) vn(t1, t0)

<latexit sha1_base64="gk50zm7yg6Ry2QpICPdlvatauBo="></latexit>

Compute	the	effec6ve	 	energy	level:nth

w†n(t1, t0) C(t1) = �n(t1, t0) w†n(t1, t0) C(t0), n = 1, . . . ,Nop

<latexit sha1_base64="qDmblG5Vz4j74gwiEz6MCwkArX8="></latexit>

Ee↵
n (t) =

1
�t

ln
⇤nn(t)

⇤nn(t + �t)

<latexit sha1_base64="pjrzAhXUkn9LdIA4iUcxWT9BYNo="></latexit>
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HAL	QCD	Method

Obtain	baryon-baryon	poten6al	from	Nambu-Bethe-Salpeter	
amplitude	computed	on	the	la`ce

Solve	Schrödinger	equa6on 
→		determine	binding	energies	and	scaVering	phase	shiis

G4(r, t � t0) =
D
0
���(BB)(↵)(r, t) (BB)(↵)(r, t0)

��� 0
E
= �(r, t) e�2M(t�t0)

<latexit sha1_base64="9+B9Vd3STZmf0ZCvnDuJovJzeSI="></latexit>

:			2-baryon	interpola6ng	operator;	flavour	irrep.	α(BB)(↵)(r, t)

<latexit sha1_base64="Ivi8FVIdUWyhoO/HsnXo5LIirrk="></latexit>

:			NBS	wave	func6on�(r, t)

<latexit sha1_base64="Gi32DuHtj9FB4R/42mYmWpQrScw="></latexit>

:			single	baryon	massM

<latexit sha1_base64="WNAK8zXmeQP6ycYhHzwDW8kwGbw=">AAACXXicbVFdSwJBFB23LDMzrYceelmyoCfZDaGeQgiil0AhP8BdYna86uB8LDtjKcv+gl7rx/XUX2nWLPLjwsDh3HPOvdwJQkaVdpzPjLW1nd3Zze3l9wsHxcNS+ait5CQi0CKSyagbYAWMCmhpqhl0wwgwDxh0gvFd2u+8QKSoFE96FoLP8VDQASVYG6r5+FyqOFVnXvYfcFdBBS2q8VzO3Ht9SSYchCYMK9VznVD7MY40JQySvDdREGIyxkPoGSgwB+XH800T+8IwfXsgI/OEtufsf0eMuVIzHhglx3qkVnspubGnp2mgWhofp7IgkGxlKT248WMqwokGQUwaGeEIE22ulPcEvBLJORb92OPBQPGk5/oplNPYM1H9NPPcUySioVZ6xiCuuMl5kqxZNxp/xXnbNpdfu/M6aF9V3Vq11qxV6reLP8ihU3SGLpGLrlEdPaAGaiGCAL2hd/SR+bKyVsEq/kitzMJzjJbKOvkGMZy3yA==</latexit>

Determine	poten6al	via V(r) =
[�H0 � (@/@t)] �(r, t)

�(r, t)

<latexit sha1_base64="bo+/hRWgo1Qhxu5lV9LVyVFgBdc="></latexit>
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HAL	QCD	Method

Details	of	the	calcula6on:

		i.e.	mass-degenerate	u,	d,	s	quarksNf = 3,
Single	la`ce	spacing:				a = 0.121(2) fm
5	pion	masses	in	the	range:			mπ = 469 − 1171 MeV

0

20

40

60

80

0 200 400 600 800 1000 1200

B⇤⇤ [MeV]

mPS [MeV]

HALQCD, Nf = 3

(sta6s6cal	and	systema6c	
errors	combined)

[Inoue	et	al.,	Phys	Rev	LeD	106	(2011)	162002]
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HAL	QCD	Method

Details	of	the	calcula6on:

		O(a)	improved	Wilson	fermionsNf = 2 + 1,
Single	la`ce	spacing:				 ;			Volume:			a = 0.0846 fm L ≈ 8.1 fm
Near	physical	point:			mπ = 146 MeV, mK = 525 MeV

[Sasaki	et	al.,	arXiv:1912.08630]

	interac6on	weakly	aVrac6ve	

No	bound	or	resonant	dihyperon  
near	 	threshold  
at	the	physical	point
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The	Mainz	Dibaryon	Project

Collaborators:

A.	Francis,	J.R.	Green,	A.	Hanlon,	P.	Junnarkar,	Ch.	Miao,	T.D.	Rae,	H.W.

Gauge	ensembles	provided	by	the	CLS	effort:

	flavours	of	 	improved	Wilson	fermions;	quenched	strange	quarkNf = 2 O(a)

Pion	masses:		 		(to	compare	with	earlier	studies)mπ = 450 − 1000 MeV
[Francis,	Green,	Junnarkar,	Miao,	Rae,	HW,	Phys	Rev	D99	(2019)	074505]

	flavours	of	 	improved	Wilson	fermionsNf = 2 + 1 O(a)

Pion	masses:		mπ = 200 − 420 MeV
[Hanlon,	Francis,	Green,	Junnarkar,	HW,	arXiv:1810.13282]

SU(3)-symmetric	and	SU(3)-broken	situa6ons

Three	different	la`ce	spacings	to	inves6gate	la`ce	artefacts
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Finite-volume	spectrum

Ensemble	E1:		 ,	SU(3)-symmetric,	 	

Point-to-all	propagators:	hexaquark	operators	at	source,	  
two-baryon	or	hexaquark	operators	at	the	sink

Nf = 2 mπ ≈ 960 MeV

1.3

1.4

1.5

1.6

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

a
E

e↵

t [fm]

1.30

1.32

1.34

1.36

1.38

1.40

0.8 1.0 1.2 1.4
t [fm]

E1, singlet
H1,N , H1,M

H1,N , BB1,N,0
BB1,N,0, BB1,N,1

BB1,N,0

D
H(t)H†(0)

E

<latexit sha1_base64="7qtuzbhWyCQKXcvF+KdLBgPh8lI="></latexit>

D
BB(t)H†(0)

E

<latexit sha1_base64="XSwkn2IiwWjy1ncPGe9xfSkvK30="></latexit>

Hexaquark	operators:	noisier,	slower	convergence	towards	ground	state

2m⇤

<latexit sha1_base64="3tAbzv9+87HaPyKbn4OMfCwWvNo=">AAACHHicdVDNS8MwHE3n15xfU49egkPwNNpR3XaRgRcPHia4D9zKSNN0C0vTkqTiKPsvvLq/xpt4FfxjBNOtghv6IPB47/2SX54bMSqVaX4aubX1jc2t/HZhZ3dv/6B4eNSWYSwwaeGQhaLrIkkY5aSlqGKkGwmCApeRjju+Tv3OIxGShvxeTSLiBGjIqU8xUlp6qASD/q1Oe2hQLJll88KumxWoyRya1OuXZrUGrUwpgQzNQfGr74U4DghXmCEpe5YZKSdBQlHMyLTQjyWJEB6jIelpylFApJPMN57CM6140A+FPlzBufp7IkGBlJPA1ckAqZFc9VLxT089pRfKpeeTNOa6IVtZSvk1J6E8ihXheLGTHzOoQpg2BT0qCFZsognCgupvQTxCAmGl+yzovn5Kgf+TdqVs2WX7zi41rrLm8uAEnIJzYIEqaIAb0AQtgAEHz+AFzIyZ8Wq8Ge+LaM7IZo7BEoyPb13CowY=</latexit>
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Finite-volume	spectrum

Compute	6meslice-to-all	propagators  
→		“dis9lla9on”		—		Laplace-Heaviside	(LapH)	smearing

D
BB(t) BB†(0)

E

<latexit sha1_base64="Fo/gWujcJJH4OI7nUn4rCszw/ik="></latexit>

[Peardon	et	al.,	PRD	80	(2009)	054506;	Morningstar	et	al.,	PRD	83	(2011)	114505]

Quark	propagator	with	smearing	matrix	at	source	and	sink:

SD�1 S, S(t)
(x, y) =

NLapHX

k=1

V (k)
(x, t) ⌦ V (k)

(y, t)†

<latexit sha1_base64="RKH7SxJ79UXDXuhnxFK/0z6+gT8="></latexit>

	 		 	eigenvector	of	Laplacian	 ;	has	support	on	en6re	6mesliceV(k) : kth Δ
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Finite-volume	spectrum

Compute	6meslice-to-all	propagators  
→		“dis9lla9on”		—		Laplace-Heaviside	(LapH)	smearing

D
BB(t) BB†(0)

E

<latexit sha1_base64="Fo/gWujcJJH4OI7nUn4rCszw/ik="></latexit>

[Peardon	et	al.,	PRD	80	(2009)	054506;	Morningstar	et	al.,	PRD	83	(2011)	114505]
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Ensemble	E5:		broken	SU(3)-flavour	symmetry		( )mπ = 450 MeV
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ScaRering	phase	shi]s	—	Lüscher	method

ScaVering	momentum:

ScaVering	phase	shiis: p cot �(p) =
2

�L
p
⇡

Z00(1, q2), q =
pL
2⇡

<latexit sha1_base64="je6ZU+bf+SvOll6es7UbAJnUhlc="></latexit>

[Lüscher	1990/91; 
	Rummukainen	&	GoDlieb	1995]

Z00(1, q2) =
1p
4⇡

8>>><
>>>:

⇤nX

q2,n2

1
q2 � n2 � 4⇡⇤n

9>>>=
>>>;

<latexit sha1_base64="I7rt2ukrlhZ525pUWWY6bamgV64="></latexit>

p2 = 1
4 (E2 � P · P) � m2

⇤

<latexit sha1_base64="E52OLTtfa0w5sLfBvOCZovIqEkQ="></latexit>

Pole	of	the	scaVering	amplitude:	 A / 1
p cot �(p) � ip

<latexit sha1_base64="qu2CjHb+DoNZ5rZ/7eR530qWM2s="></latexit>

Fit	to	effec6ve	range	expansion: p cot �0(p) = A + Bp2 + . . .
!
= �
q
�p2

<latexit sha1_base64="lhqge0Q4HIC+s05c6FI+U3ynJEo="></latexit>
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Comparison	with	other	calcula9ons

NPLQCD	Collabora9on:		point-to-all	propagators

HAL	QCD	Collabora9on:		energy	levels	from	la`ce	calcula6on	of	
NBS	wavefunc6on			(Nf = 3)
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This work, distillation
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HAL QCD

NPLQCD

(Green:	SU(3)-symmetric;			blue:	SU(3)-broken)

Binding	energy	from	FV	analysis

B⇤⇤ = 19 ± 10 MeV

<latexit sha1_base64="Lh+iDY4RwDMI1bfhb0IGONkvrE4="></latexit>

(mπ = 960 MeV)

[Francis	et	al.,	PRD	99	(2019)	074505; 
	Green	et	al.,	in	prep.]

(SU(3)-symmetric	case)
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B⇤⇤ = 16.3 ± 4.2 MeV

<latexit sha1_base64="1Kpbuw1kXmlJe6gjyuCPZ7a8OYY="></latexit>

20

Comparison	with	other	calcula9ons

NPLQCD	Collabora9on:		point-to-all	propagators
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(Green:	SU(3)-symmetric;			blue:	SU(3)-broken)

Binding	energy	from	FV	analysis

(mπ = 960 MeV)

[Francis	et	al.,	PRD	99	(2019)	074505; 
	Green	et	al.,	in	prep.]

(SU(3)-symmetric	case)

B⇤⇤ = 4.5 ± 3.7 MeV

<latexit sha1_base64="m6gooIxHD1X8JNv9GwSCd6uCytY="></latexit>

(mπ = 450 MeV)

HAL	QCD	Collabora9on:		energy	levels	from	la`ce	calcula6on	of	
NBS	wavefunc6on			(Nf = 3)

Preliminary
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Higher	spin	states

So	far:	focus	on		 		and		JP = 0+ S = − 2

Extend	calcula6on	to	higher	spins		→		include	addi6onal	irreps.

Spin-1	interpola6ng	operators:

B↵ ⌘ [rst]↵ = ✏i jk
⇣
siC�5P+t j

⌘
rk
↵

<latexit sha1_base64="5DyIbu/zLr6fZ9qPQhAyFLEGAfE="></latexit>

(BB)i(p1, p2) =
X

x
e�ip1·xB1(x, t) (C�iP+)

X

y
e�ip2·yB2(y, t)

<latexit sha1_base64="6/qk4lXXfKsEHoFEUX1o7LwNAMg="></latexit>

Deuteron:

Study	H	dibaryon	and	addi6onal	states	in	QCD	with	Nf = 2 + 1

(BB)(n)
i; T+1
=

1
N

X

p; p2=n

(BB)i(�p, p)

<latexit sha1_base64="z7XS7GTpc22mU9g1DqTrm5irAL8="></latexit>

Move	toward	physical	pion	mass
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Gauge	ensembles	with	Nf	=	2+1
Table 1

Label
U103 0.0865 420 SU(3)-symmetric

H101 0.0865 420 SU(3)-symmetric

B450 0.0765 415 SU(3)-symmetric

U102 0.0865 350 SU(3)-broken

D200 0.0644 200 SU(3)-broken

L3 × T
243 × 128

243 × 128

323 × 96
323 × 64

643 × 128

a [fm] mπ [MeV]

�1

SU(3)-symmetric	point:		mπ = mK ≈ 420 MeV

Approach	physical	point	along	chiral	trajectory	defined	by

Tr Mq = const. , 1
2 m2
⇡ + m2

K ⇡ const.

<latexit sha1_base64="qLCdHwEfTLLKmMymfHsYq7xn6xw="></latexit>

	improved	Wilson	fermions	—	CLS	effortO(a)

Compute	spectrum	using	dis6lla6on	and	GEVP
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Preliminary	results	for	Nf	=	2+1

Singlet	channel,	spin-0,	SU(3)-symmetric

Finite-volume	energy	levels	in	 	irrep.	in	different	framesA1
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U103	ensemble:		mπ = mK = 420 MeV, L = 2.08 fm, a = 0.0865 fm
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Preliminary	results	for	Nf	=	2+1

��
N�
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Singlet	channel,	spin-0,	SU(3)-broken

Finite-volume	energy	levels	in	 	irrep.	in	different	framesA1

U102	ensemble:		mπ = 350 MeV, mK = 450 MeV, L = 2.08 fm, a = 0.0865 fmExcellent	resolu6on	of	excita6on	spectrum

Interpreta6on	of	the	energy	levels	very	involved
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Preliminary	results	for	Nf	=	2+1

Is	the	deuteron	bound	at	 	?mπ = mK ≈ 420 MeV
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n, and L baryons [10]. Double-L hypernuclei are closely
related to the existence of the H dibaryon [11]. If the
mass of the H dibaryon, MH , was less than twice the L
hyperon mass in a nucleus, two L hyperons in the nucleus
would be expected to form the H . With this assumption,
the lower limit of the mass of the H dibaryon can be
calculated from the following relation:

MH . 2 ML 2 BLL , (2)

where ML is the mass of a L hyperon in free space.
In order to study such systems, an emulsion/

scintillating-fiber hybrid experiment (E373) has been
carried out at the KEK proton synchrotron using the
1.66 GeV!c separated K2 meson beam [12,13]. The
schematic view around the target is given in Fig. 1. J2

hyperons were produced via the quasifree "K2, K1# reac-
tions in a diamond target [14] and brought to rest in Fuji
ET-7C emulsion. The "K2, K1# reactions were tagged
by a spectrometer system. The positions and angles of
entry of the J2 hyperons at the emulsion were measured
with a scintillating microfiber-bundle detector [15] placed
between the diamond target and the emulsion stack. The
tracks of the J2 hyperons were scanned and traced in the
emulsion by a newly developed automatic track scanning
system [16]. An emulsion stack consisted of a thin emul-
sion plate located upstream followed by eleven thick
emulsion plates [17]. The thin plate had 70-mm-thick
emulsion gel on both sides of a 200-mm-thick acrylic base
film, and each thick plate had 500-mm-thick emulsion gel
on both sides of a 50-mm-thick acrylic film.

Although we have analyzed only 11% of the total emul-
sion, we have found an event of seminal importance, a
mesonically decaying double hypernucleus emitted from
a J2 capture at rest [18]. A photograph and schematic
drawing of the event are shown in Fig. 2. We named this
event “NAGARA.” A J2 hyperon came to rest at point

FIG. 1. Schematic view of the experimental setup.

A, from which three charged particles (tracks No. 1, No. 3,
and No. 4) were emitted. One of them decayed into a p2

meson (track No. 6) and two other charged particles (tracks
No. 2 and No. 5) at point B. The particle of track No. 2
decayed again to two charged particles (tracks No. 7 and
No. 8) at point C.

The measured lengths and emission angles of these
tracks are summarized in Table I. The particle of track
No. 7 left the emulsion stack and entered the downstream
scintillating-fiber block detector (D-Block) [19]. Track
No. 5 ended in a 50-mm-thick acrylic base film. The tracks
of the three charged particles emitted from point A are
coplanar within the error as are the three tracks from point
B. The kinetic energy of each charged particle was calcu-
lated from its range, where the range-energy relation was
calibrated using a decays of thorium series in the emul-
sion and m1 decays from p1 meson decays at rest.

The single hypernucleus (track No. 2) was identified
from event reconstruction of its decay at point C. Mesonic
decay modes of single hypernuclei were rejected because
their Q values are too small. The decay mode of the
single hypernucleus is nonmesonic with neutron emission.
If either track No. 7 or No. 8 has more than unit charge,
the total kinetic energy of the two charged particles is
much larger than the Q value of any possible decay mode
because of the long ranges of tracks No. 7 and No. 8.
Therefore, both tracks No. 7 and No. 8 are singly charged,
and only LHe isotopes are acceptable.

The kinematics of all possible decay modes of the dou-
ble hypernucleus (track No. 1) which decays into LHe
(track No. 2) and p2 (track No. 6) were checked, and
BLL and DBLL were calculated. Since track No. 5 ended
in the base film, only the lower limit of the kinetic energy

FIG. 2. Photograph and schematic drawing of NAGARA
event. See text for detailed explanation.
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Summary

Dis9lla9on	&	GEVP:	powerful	method	to	determine	energy	levels	in	a	
finite	volume	for	a	wide	range	of	dibaryon	channels	

Lüscher’s	finite-volume	quan6sa6on	condi6on:	rigorous	formalism	to	
study	hadron-hadron	interac6ons	on	the	la`ce	

H	dibaryon:	Binding	energies	extracted	from	Lüscher	formalism	
significantly	lower	than	the	naïve	energy	difference		 	

SU(3)-symmetric	point:								 	

significantly	lower	than	Jaffe’s	bag	model	es6mate

EΛΛ − 2mΛ

BΛΛ = 5 − 20 MeV, mπ ≥ 450 MeV

Next	steps:	

Inves6gate	SU(3)-breaking	

Compute	binding	energies	as	the	quark	masses	are	tuned	towards	the	
physical	situa6on


