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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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and SLAC Report No. 191 (unpublished), and in Proceed-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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MIT	bag	model	predicts	di-hyperon	state	(H)	with

I = 0, S = �2, JP = 0+

and	a	mass	of	 mH = 2150MeV

H-Dibaryon	must	decay	weakly
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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 . 2ML 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
⇤⇤ He“Nagara”	event

B⇤⇤ = 7.25± 0.19 (+0.18
�0.11)MeV

Binding	energy:

(E373@KEK):

Interpreted	as	sequen6al	weak	decay	of	 6
⇤⇤ He

mH > 2m⇤ �B⇤⇤ = 2223.7MeV @	90%	CL
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drawing of the event are shown in Fig. 2. We named this
event “NAGARA.” A J2 hyperon came to rest at point
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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
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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 . 2ML 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
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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 . 2ML 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
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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
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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 . 2ML 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
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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 . 2ML 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
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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
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Non-perturba6ve	treatment;	regularised	Euclidean	func6onal	integrals

⇡ 500MeV

(2001)
�! ⇡ 130� 200MeV

(2016)

LaXce	spacing: a, xµ = nµa, a

�1 = ⇤UV

Finite	volume: L3 · T

Stochas6c	evalua6on	of	h⌦i via	Markov	process

Strong	growth	of	numerical	cost	near	physical	mu,md

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

extrapolate	to	con6nuum	limit	from�! a ⇡ 0.05� 0.12 fm

Finite	volume	effects

L

Exponen6ally	suppressed	in	mπL
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LaXce	artefacts:
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Finite	volume	effects
• Empirically:	 m⇡L � 4 sufficient	for	many	purposes

• Could	be	more	severe	for	mul6-baryon	systems	

• Provide	informa6on	on	sca^ering	phase	shi_s
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SystemaFc	effects

8

LaXce	artefacts:

extrapolate	to	con6nuum	limit	from�! a ⇡ 0.05� 0.12 fm

Finite	volume	effects
• Empirically:	 m⇡L � 4 sufficient	for	many	purposes

• Could	be	more	severe	for	mul6-baryon	systems	

• Provide	informa6on	on	sca^ering	phase	shi_s

Unphysical	quark	masses

• Chiral	extrapola6on	to	physical	values	of		mu,md

Inefficient	sampling	of	SU(3)	group	manifold
• Simula6ons	become	trapped	in	topological	sectors	as	 a ! 0

• Use	open	boundary	condi6ons	in	6me	direc6on [Lüscher	&	Schaefer,	2012]
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Spectrum	extracted	from	correla6on	func6ons:

X

~x,~y

D
Ohad(y)O

†
had(x)

E
= Z0 e

�E0(y0�x0) + Z1 e
�E1(y0�x0) + . . .

interpola6ng	operator	for	a	given	hadron;Ohad(x) :

projects	on	all	states	with	the	same	quantum	numbers

nucleon	: ON = ✏abc
�
uaC�5d
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Noise	problem	of	baryonic	correla6on	func6ons:

Exponen6al	growth	of	noise-to-signal	ra6o

Nucleon	at	rest:
RNS(x0) = e(mN� 3

2m⇡)x0

m⇡ ⇡ 275MeV

[Capitani	et	al.,	arXiv:1504.04628]

• Excited	state	contribu6ons	
die	out	slowly

• Ground	state	dominates	only	
for a � 0.5 fm

• Precise	calcula6ons	require	
very	large	sta6s6cs	
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Lüscher	Method:					Finite-volume	effects	provide	physical	informa6on

Two-par6cle	binding	momentum:

p2 =
1

4
(E2 � ~P · ~P )�m2

⇤ E, m⇤ : determined	in	finite	volume

Rela6on	to	sca^ering	phase	shi_s	in	infinite	volume:

p cot �0(p) =
2

�L
p
⇡
Z0,0(1, q

2
), q =

pL

2⇡

[Lüscher	1991,	
																																	Rummukainen	&	GoNlieb	1995]

Z0,0(1, q
2) =

1p
4⇡

8
<

:

⇤nX

q2 6=n2

1

q2 � n2
� 4⇡⇤n

9
=

;
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Lüscher	Method:					Finite-volume	effects	provide	physical	informa6on

Two-par6cle	binding	momentum:

p2 =
1

4
(E2 � ~P · ~P )�m2

⇤ E, m⇤ : determined	in	finite	volume

Rela6on	to	sca^ering	phase	shi_s	in	infinite	volume:

p cot �0(p) =
2

�L
p
⇡
Z0,0(1, q

2
), q =

pL

2⇡

[Lüscher	1991,	
																																	Rummukainen	&	GoNlieb	1995]

Z0,0(1, q
2) =

1p
4⇡

8
<

:

⇤nX

q2 6=n2

1

q2 � n2
� 4⇡⇤n

9
=

;

Sca^ering	amplitude: A / 1

p cot �0(p)� ip

Pole	corresponds	to	binding	energy	in	infinite	volume
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Recent	la#ce	calculaFons:	Overview

12

CollaboraFon Method References

HALQCD
Baryon-baryon	poten6al;	

Nambu-Bethe-Salpeter	wave	
func6on

470–1170 3 Phys	Rev	LeN	106	(2011)	162002	
Nucl	Phys	A881	(2012)	28

NPLQCD
Two-point	correla6on	

func6ons 806 3 Phys	Rev	D87	(2013)	034506

Two-point	correla6on	
func6ons 230, 390 2+1 Phys	Rev	LeN	106	(2011)	162001	

Mod	Phys	LeN	A26	(2011)	2587

Mainz Two-point	correla6on	
func6ons 450–1000 2

PoS	LATTICE2013	(2014)	440	
PoS	LATTICE2014	(2015)	107	
arXiv:1511.01849	[hep-lat]

m⇡[MeV] Nf

NPLQCD	and	HALQCD	find	bound	H-dibaryon	for	m⇡ � 400MeV
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HALQCD	CollaboraFon

13

Obtain	baryon-baryon	poten6al	from	Nambu-Bethe-Salpeter	
amplitude	computed	on	the	laXce

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

��� 0
E
= �(~r, t) e�2M(t�t0)

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

�(~r, t)

Solve	the	Schrödinger	equa6on	to	determine	binding	energies	and	
sca^ering	phase	shi_s

�(~r, t) :			NBS	wave	func6on

M :			single	baryon	mass

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

14

Details	of	the	calcula6on:

Nf = 3 i.e.	mass-degenerate	u,	d,	s	quarks

Single	laXce	spacing:	 a = 0.121(2) fm

5	pion	masses	in	the	range: m⇡ = 469� 1171MeV

Volumes:	 L = 3.87, 2.90, 1.97 fm

Sta6s6cs: O(500) gauge	configura6ons	per	ensemble

O(8000) “measurements”	for	each	pion	mass
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HALQCD	CollaboraFon

15

Chiral	behaviour	of	H-dibaryon	binding	energies	in	SU(3)	limit:

0

20

40

60

80

0 200 400 600 800 1000 1200

B⇤⇤ [MeV]

mPS [MeV]

HALQCD, Nf = 3

(sta6s6cal	and	systema6c	
errors	combined)

SU(3)	breaking	effects	not	accounted	for



Lattice-QCD	Studies	of	the	H-DibaryonHartmut	Wittig

VariaFonal	method

16

Consider	set	of	interpola6ng	operators:	 Oi, i = 1, . . . , N

Matrix	correlator: C
ij

(t) =
X

~x

D
O

i

(~x, t+ t0)O
†
j

(~x0, t0)
E

Varia6onal	method:		solve	Generalised	Eigenvalue	Problem	(GEVP):

C(t+�t)vn(t) = �n(t)C(t)vn(t) Ee↵(t) = �@t log �n(t)

Operator	basis:

• 	Apply	“smearing”	to	interpola6ng	operators	at	source	and	sink

• 	Project	onto	irreducible	representa6ons	in	flavour	space

•	Use	6-quark	and	two-baryon	operators
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VariaFonal	basis	in	the	dibaryon	channel

17

Momentum-projected	two-baryon	operators:

Six-quark	operators:

B↵ ⌘ [rst]↵ = ✏ijk
�
siC�5t

j
�
rk↵

H(1) =
1

48
([sudsud]� [udusds]� [dudsus])

[rstuvw] = ✏ijk✏lmn

�
saC�5P+t

b
� �

vlC�5P+w
m
� �

rkC�5P+u
n
�

H(27) =
1

48
p
3
(2[sudsud] + [udusds]� [dudsus])

(BB)(~p1, ~p2; t) =
X

~x,~y

ei~p1·~xei~p2·~y
B1(~x, t)C�5P+B2(~y, t)

Construct (BB)(1), (BB)(8), (BB)(27)
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NPLQCD	CollaboraFon

18

Compute	energy	levels	in	Di-baryon	channel	from	two-point	
correla6on	func6ons	of	mul6-baryon	operators:

O2baryon
H = ✏ijk

��
riC�5P+s

j
�
tk
 
(~x, t) ✏lmn

��
ulC�5P+v

m
�
wn

 
(~y, t)

Binding	energy: B⇤⇤ = 2m⇤ � E⇤⇤

Details	of	the	calcula6on:

Single	laXce	spacing:	

Volumes:	

Sta6s6cs: “measurements”	per	ensemble

Single	pion	mass:

O(105)

Nf = 3 i.e.	mass-degenerate	u,	d,	s	quarks

[Beane	et	al,	Phys	Rev	D87	(2013)	034506]

a = 0.145(2) fm

m⇡ = 807MeV

L = 3.4, 4.5, 6.7 fm



Lattice-QCD	Studies	of	the	H-DibaryonHartmut	Wittig

NPLQCD	CollaboraFon

19

deuteron nn H-dib nL H1s0L nL H3s1L nS H1s0L nS H3s1L nX H3s1L pX H3s1L

10
27

1

10

8A

-100

-80

-60

-40

-20

0

D
E
HMe

V
L

L=48 , »p»=2L=48 , »p»=1L=48 , »p»=0L=32 , »p»=2L=32 , »p»=1L=32 , »p»=0L=24 , »p»=2L=24 , »p»=1L=24 , »p»=0

Binding	energies	of	various	two-baryon	systems:



Lattice-QCD	Studies	of	the	H-DibaryonHartmut	Wittig

NPLQCD	CollaboraFon
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deuteron nn H-dib nL H1s0L nL H3s1L nS H1s0L nS H3s1L nX H3s1L pX H3s1L

10
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L=48 , »p»=2L=48 , »p»=1L=48 , »p»=0L=32 , »p»=2L=32 , »p»=1L=32 , »p»=0L=24 , »p»=2L=24 , »p»=1L=24 , »p»=0

Binding	energies	of	various	two-baryon	systems:
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HALQCD, Nf = 3
NPLQCD, Nf = 3

H-dibaryon:	NPLQCD	vs.	HALQCD
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NPLQCD	CollaboraFon

20

Details	of	the	calcula6on:

Single	laXce	spacing:	

Volumes:	

Sta6s6cs: “measurements”	per	ensemble

,		anisotropic	ac6on:	Nf = 2 + 1 as/at = 3.50(3)

as = 0.123(1) fm

Pion	masses:

L = 3.9, 3.0, 2.5, 2.0 fm

O(105)

m⇡ = 389, 230MeV

Varia6onal	approach:

source:		six-quark	operators

sink:							two-baryon	operators

0 20 40 60
-0.006

-0.004

-0.002

0

t

DELL

[Beane	et	al,	Phys	Rev	LeN	(2011)	162001,	
																														Mod	Phys	LeN	A26	(2011)	2587]



Lattice-QCD	Studies	of	the	H-DibaryonHartmut	Wittig

The	Mainz	Dibaryon	Project

21

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

In	collabora6on	with:

A.	Francis,	J.	Green,	M.	Hansen,	P.	Junnarkar,	Ch.	Miao,	T.	Rae
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The	Mainz	Dibaryon	Project

21

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

In	collabora6on	with:

A.	Francis,	J.	Green,	M.	Hansen,	P.	Junnarkar,	Ch.	Miao,	T.	Rae

Run a	[fm] L/a L	[fm] mπ	[MeV] mπL Ncfg Nsrc Nmeas

E1 0.063 32 2.02 1000 10.2 168 128 43	008

N1 0.050 48 2.45 830 10.1 100 128 25	600

A1 0.079 32 2.53 770 9.9 286 128 73	216

E5 0.063 32 2.03 451 4.6 1990 32 127	360
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The	Mainz	Dibaryon	Project

21

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

In	collabora6on	with:

A.	Francis,	J.	Green,	M.	Hansen,	P.	Junnarkar,	Ch.	Miao,	T.	Rae

Run a	[fm] L/a L	[fm] mπ	[MeV] mπL Ncfg Nsrc Nmeas

E1 0.063 32 2.02 1000 10.2 168 128 43	008

N1 0.050 48 2.45 830 10.1 100 128 25	600

A1 0.079 32 2.53 770 9.9 286 128 73	216

E5 0.063 32 2.03 451 4.6 1990 32 127	360

Ensembles	E1,	N1,	A1:			ms	=	mlight,		i.e.	SU(3)-symmetric
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Noise	reducFon

22

All-mode-averaging [Blum	et	al,	Phys	Rev	D88	(2013)	094503

Combine	low-precision	solver	with	bias	correc6on:

O = O
~x0 �O

(apprx)

~x0
+

1

N
�~x

X

�~x

O
(apprx)

~x0+�~x

Variance	reduc6on:

2(1� r) +
1

N
�~x

, r = Corr

⇣
O

(apprx)

~x+�~x

, O
(apprx)

~x+�~x

0

⌘

Sink Smearing

29.5

Deflation

5.4Contractions

14.4

Inversion

50.7

High Precision

Sink Smearing

29.5

Deflation

5.4Contractions

14.4

Inversion

14.4

36.3

Truncated Solver
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GEVP	Setup

Ensembles	E1,	N1,	A1—	SU(3)-symmetric	situa6on:

23

source:							6-quark	operatorH(1)with	two	different	smearing	levels
sink:												6-quark	and	mul6-baryon	operators

Ensemble	E5	—	es6mate	SU(3)-breaking	effects:

source:							6-quark	operators ,	different	smearing	levels
sink:										

H(1), H(27)

H(1) and H(27) (BB)(1) and (BB)(27)or

Asymmetric	GEVP:	use	different	sink	operators	to	check	for	systema6cs

Different	total	momentum	—	rest	frame	vs.	moving	frame
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SU(3)-symmetric	case

Energy	levels	probed	by	different	sink	operators	—	singlet	channel:

24

Ensemble	E1	(mπ	=	1000	MeV)

H
(1)
N,M (BB)(1)~P=0

, (BB)(1)~P=1
H(1), (BB)(1)~P=0

(BB)(1)~P=0
, (BB)(1)~P=2

PRE
LIM
INA
RY

2m⇤ �!
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SU(3)-symmetric	case

Energy	levels	probed	by	different	sink	operators	—	27-plet:

25

Ensemble	E1	(mπ	=	1000	MeV)

PRE
LIM
INA
RY

2m⇤ �!

H
(27)
N,M H(27), (BB)(27)~P=0

(BB)(27)~P=0
, (BB)(27)~P=1

(BB)(27)~P=0
, (BB)(27)~P=2
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SU(3)-symmetric	case

Energy	levels	probed	by	different	sink	operators	—	27-plet:

25

Ensemble	E1	(mπ	=	1000	MeV)

PRE
LIM
INA
RY

2m⇤ �!

H
(27)
N,M H(27), (BB)(27)~P=0

(BB)(27)~P=0
, (BB)(27)~P=1

(BB)(27)~P=0
, (BB)(27)~P=2

Similar	results	for	lighter	pion	masses	and	different	laXce	spacings
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SU(3)-nondegenerate	case

Energy	levels	determined	from	4x4	GEVP

26

Ensemble	E5	(mπ	=	451	MeV),			ms	≠	mu,d

PRE
LIM
INA
RY

2m⇤

6-quark	only 6-quark	and	mul6-baryon	operators
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Comparison	—	chiral	behaviour

Bound	dibaryon	observed;	mul6-baryon	operators	provide	be^er	
overlap	onto	ground	state

27

SU(3)-symmetric	case:
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HALQCD, Nf = 3
NPLQCD, Nf = 3
Mainz, "Nf = 3"
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Comparison	—	chiral	behaviour

Bound	dibaryon	observed;	mul6-baryon	operators	provide	be^er	
overlap	onto	ground	state

28

SU(3)-non-degenerate	case:
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Comparison	—	chiral	behaviour

Bound	dibaryon	observed;	mul6-baryon	operators	provide	be^er	
overlap	onto	ground	state

28

SU(3)-non-degenerate	case:
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Comparison	—	chiral	behaviour

Bound	dibaryon	observed;	mul6-baryon	operators	provide	be^er	
overlap	onto	ground	state

28

SU(3)-non-degenerate	case:

Caveat:		binding	energy	es6mated	rela6ve	to	non-interac6ng	⇤’s
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Scadering	phase	shies

Lüscher	recap:

29

p cot �0(p) =
2

�L
p
⇡
Z0,0(1, q

2
), q =

pL

2⇡

Binding	momentum	p: p2 = 1
4 (E

2 � ~P 2)�m2
⇤
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Scadering	phase	shies

Lüscher	recap:

29

p cot �0(p) =
2

�L
p
⇡
Z0,0(1, q

2
), q =

pL

2⇡

Binding	momentum	p: p2 = 1
4 (E

2 � ~P 2)�m2
⇤

Determine	in	laXce	calcula6on
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Scadering	phase	shies

Lüscher	recap:

29

p cot �0(p) =
2

�L
p
⇡
Z0,0(1, q

2
), q =

pL

2⇡

Binding	momentum	p: p2 = 1
4 (E

2 � ~P 2)�m2
⇤

Determine	in	laXce	calcula6on

A / 1

p cot �0(p)� ip

Locate	pole	of	the	
sca^ering	amplitude:
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Scadering	phase	shies

Lüscher	recap:

29

p cot �0(p) =
2

�L
p
⇡
Z0,0(1, q

2
), q =

pL

2⇡

Binding	momentum	p: p2 = 1
4 (E

2 � ~P 2)�m2
⇤

A / 1

p cot �0(p)� ip

Locate	pole	of	the	
sca^ering	amplitude:
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Scadering	phase	shies

Lüscher	recap:

29

p cot �0(p) =
2

�L
p
⇡
Z0,0(1, q

2
), q =

pL

2⇡

Binding	momentum	p: p2 = 1
4 (E

2 � ~P 2)�m2
⇤

A / 1

p cot �0(p)� ip

Locate	pole	of	the	
sca^ering	amplitude:

�
p
�p2
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Scadering	phase	shies

Lüscher	recap:

29

p cot �0(p) =
2

�L
p
⇡
Z0,0(1, q

2
), q =

pL

2⇡

Binding	momentum	p: p2 = 1
4 (E

2 � ~P 2)�m2
⇤

A / 1

p cot �0(p)� ip

Locate	pole	of	the	
sca^ering	amplitude:

�
p
�p2

p cot �0(p) = A+Bp2 + . . .
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Scadering	phase	shies

Lüscher	recap:

30

p cot �0(p) =
2

�L
p
⇡
Z0,0(1, q

2
), q =

pL

2⇡

Binding	momentum	p: p2 = 1
4 (E

2 � ~P 2)�m2
⇤

A / 1

p cot �0(p)� ip

Locate	pole	of	the	
sca^ering	amplitude:

PRE
LIM
INA
RY
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Scadering	phase	shies

Lüscher	recap:

30

p cot �0(p) =
2

�L
p
⇡
Z0,0(1, q

2
), q =

pL

2⇡

Binding	momentum	p: p2 = 1
4 (E

2 � ~P 2)�m2
⇤

A / 1

p cot �0(p)� ip

Locate	pole	of	the	
sca^ering	amplitude:

Difficult	to	determine	
intersec6on	of	the	two	
curves

PRE
LIM
INA
RY
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LaXce	calcula6ons	of	the	spectrum	in	the	H-Dibaryon	channel	is	
technically	demanding	

Bound	H-Dibaryon	found	for	unphysically	large	pion	masses	

Mul6-baryon	operators	crucial	for	isola6ng	the	ground	state	

Chiral	behaviour	of	binding	energies	and	SU(3)-breaking	effects	to	be	
inves6gated
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Summary	and	Outlook

31

LaXce	calcula6ons	of	the	spectrum	in	the	H-Dibaryon	channel	is	
technically	demanding	

Bound	H-Dibaryon	found	for	unphysically	large	pion	masses	

Mul6-baryon	operators	crucial	for	isola6ng	the	ground	state	

Chiral	behaviour	of	binding	energies	and	SU(3)-breaking	effects	to	be	
inves6gated

Future	plans:	process	ensembles	with	Nf	=	2+1	generated	by	CLS:	
• SU(3)-symmetric	point	at	physical	strange	quark	mass	
• Different	volumes	
• Numerical	improvements
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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 . 2ML 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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Flavour-singlet	poten6al

• Repulsive	core

• A^rac6ve	well	at	intermediate	
and	long	distances

• A^rac6ve	core

• Parameterise	poten6al	as	input	
for	Schrödinger	equa6on

• Mild	pion	mass	dependence
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Binding	energy	in	infinite	volume	limit:

B1
⇤⇤ =

⇢
13.2(1.8)stat (4.0)syst MeV, m⇡ = 389MeV

0.6(8.9)stat (10.3)syst MeV, m⇡ = 230MeV

[Beane	et	al,	Phys	Rev	LeN	(2011)	162001,	
																														Mod	Phys	LeN	A26	(2011)	2587]

Chiral	behaviour:

HALQCD nf=3
NPLQCD nf=2+1
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