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H-dibaryon and ΛΛ interaction
Introduction

H-dibaryon: uuddss bound state in quark model

Experiments

R.L. Jaffe, Phys. Rev. Lett. 38, 195 (1977)

H. Takahashi, et al., Phys. Rev. Lett. 87, 212502 (2001)
- Nagara event: no deeply bound H

- RHIC-STAR: ΛΛ correlation —> scattering length
L. Adamczyk, et al., Phys. Rev. Lett. 114, 022301 (2015)
K. Morita, T. Furumoto, A. Ohnishi, Phys. Rev. C 91, 024916 (2015)

a pair that shares one or two daughters with the real Λ were
avoided by removing any Λ pair with a common daughter.
Possible two-track biases from reconstruction were studied
by evaluating correlation functions with various cuts on the
scalar product of the normal vectors to the decay plane of
the Λs and on the radial distance between Λ vertices in a
given pair. No significant change in the correlation function
has been observed due to these tracking effects. Each mixed
event pair was also required to satisfy the same pairwise
cuts applied to the real pairs from the same event. The
efficiency and acceptance effects canceled out in the ratio
AðQÞ=BðQÞ. Corrections to the raw correlation functions
were applied according to the expression

C0ðQÞ ¼ CmeasuredðQÞ − 1

PðQÞ
þ 1; ð2Þ

where the pair purity, PðQÞ, was calculated as a product of
S=ðSþ BÞ for the two Λs of the pair. The pair purity is 92%
and is constant over the analyzed range of invariant relative
momentum.
The selected sample of Λ candidates also included

secondary Λs, i.e., decay products of Σ0, Ξ−, and Ξ0,
which were still correlated because their parents were
correlated through QS and emission sources. Toy model
simulations have been performed to estimate the feed-down
contribution from Σ0Λ, Σ0Σ0, and Ξ−Ξ−. The Λ, Σ, and Ξ
spectra have been generated using a Boltzmann fit at
midrapidity (T ¼ 335 MeV [18]) and each pair was
assigned a weight according to QS. The pair was allowed
to decay into daughter particles and the correlation function
was obtained by the mixed-event technique. The estimated
feed-down contribution was around 10% for Σ0Λ, around

5% for Σ0Σ0, and around 4% for Ξ−Ξ−. Thermal model
studies have shown that only 45% of the Λs in the sample
are primary [21]. However, one needs to run afterburners
to determine the exact contribution to the correlation
function from feed-down, which requires knowledge of
final-state interactions. The final-state interaction parame-
ters for Σ0Σ0, Σ0Λ, and ΞΞ interactions are not well known,
which makes it difficult to estimate feed-down using a
thermal model [21]. Therefore, to avoid introducing large
systematic uncertainties from the unknown fraction of
aforementioned residual correlations, the measurements
presented here are not corrected for residual correlations.
The effect of momentum resolution on the correlation

functions has also been investigated using simulated tracks
from Λ decays, with known momenta, embedded into real
events. Correlation functions have been corrected for
momentum resolution using the expression

CðQÞ ¼ C0ðQÞCinðQÞ
CresðQÞ

; ð3Þ

where CðQÞ represents the corrected correlation function,
and CinðQÞ=CresðQÞ is the correction factor. CinðQÞ was
calculated without taking into account the effect of
momentum resolution and CresðQÞ included the effect of
momentum resolution applied to each Λ candidate. More
details can be found in Ref. [22]. The impact of momentum
resolution on correlation functions was negligible com-
pared with statistical errors. Figure 2 shows the exper-
imental ΛΛ and Λ̄ Λ̄ correlation function after corrections
for pair purity and momentum resolution for 0–80%
centrality Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV. The
Λ̄ Λ̄ correlation function is slightly lower than the ΛΛ
correlation function, although within the systematic errors.
Noting that the correlations CðQÞ in Fig. 2 are nearly
identical for Λ and Λ̄, we have chosen to combine the
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FIG. 1 (color online). The invariant mass distribution for Λ and
Λ̄ produced in Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, for
0–80% centrality. The Λ (Λ̄) candidates lying in the mass range
1.112 to 1.120 GeV=c2, shown by solid red vertical lines, were
selected for the correlation measurement.
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FIG. 2 (color online). The ΛΛ and Λ̄ Λ̄ correlation function in
Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV, for 0–80% centrality.
The plotted errors are statistical only.
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TABLE I. !! potentials. The scattering length (a0) and effective range (reff ) are fitted using a two-range Gaussian potential, V!!(r) =
V1 exp(−r2/µ2

1) + V2 exp(−r2/µ2
2).

Model a0 (fm) reff (fm) µ1 (fm) V1 (MeV) µ2 (fm) V2 (MeV) Ref.

ND46 4.621 1.300 1.0 −144.89 0.45 127.87 [18] rc = 0.46 fm
ND48 14.394 1.633 1.0 −150.83 0.45 355.09 [18] rc = 0.48 fm
ND50 −10.629 2.042 1.0 −151.54 0.45 587.21 [18] rc = 0.50 fm
ND52 −3.483 2.592 1.0 −150.29 0.45 840.55 [18] rc = 0.52 fm
ND54 −1.893 3.389 1.0 −147.65 0.45 1114.72 [18] rc = 0.54 fm
ND56 −1.179 4.656 1.0 −144.26 0.45 1413.75 [18] rc = 0.56 fm
ND58 −0.764 6.863 1.0 −137.74 0.45 1666.78 [18] rc = 0.58 fm
NF42 3.659 0.975 0.6 −878.97 0.45 1048.58 [19] rc = 0.42 fm
NF44 23.956 1.258 0.6 −1066.98 0.45 1646.65 [19] rc = 0.44 fm
NF46 −3.960 1.721 0.6 −1327.26 0.45 2561.56 [19] rc = 0.46 fm
NF48 −1.511 2.549 0.6 −1647.40 0.45 3888.96 [19] rc = 0.48 fm
NF50 −0.772 4.271 0.6 −2007.35 0.45 5678.97 [19] rc = 0.50 fm
NF52 −0.406 8.828 0.6 −2276.73 0.45 7415.56 [19] rc = 0.52 fm
NSC89-1020 −0.250 7.200 1.0 −22.89 0.45 67.45 [20] mcut = 1020 MeV
NSC89-920 −2.100 1.900 0.6 −1080.35 0.45 2039.54 [20] mcut = 920 MeV
NSC89-820 −1.110 3.200 0.6 −1904.41 0.45 4996.93 [20] mcut = 820 MeV
NSC97a −0.329 12.370 1.0 −69.45 0.45 653.86 [21]
NSC97b −0.397 10.360 1.0 −78.42 0.45 741.76 [21]
NSC97c −0.476 9.130 1.0 −91.80 0.45 914.67 [21]
NSC97d −0.401 1.150 0.4 −445.77 0.30 373.64 [21]
NSC97e −0.501 9.840 1.0 −110.45 0.45 1309.55 [21]
NSC97f −0.350 16.330 1.0 −106.53 0.45 1469.33 [21]
Ehime −4.21 2.41 1.0 −146.6 0.45 720.9 [23]
fss2 −0.81 3.99 0.92 −103.9 0.41 658.2 [25]
ESC08 −0.97 3.86 0.80 −293.66 0.45 1429.27 [22]

interaction, we need to take account of the meson exchange
between quarks or baryons. There are several quark model
BB interactions which include the meson exchange effects.
We adopt here the fss2 model [25], as a typical quark model
interaction. This interaction is constructed for the octet-octet
BB interaction and describes the NN scattering data at a
comparable precision to meson exchange potential models.
For fss2, we use a phase-shift equivalent local potential in the
two range Gaussian form [25], derived by using the inversion
method based on supersymmetric quantum mechanics [26].

Low energy scattering parameters of the !! interactions
considered here are summarized in Table I. In Fig. 1, we
show the scattering parameters (1/a0 and reff) of the !!
interactions under consideration. These scattering parameters
characterize the low energy scattering phase shift in the
so-called shape independent form as

k cot δ = − 1
a0

+ 1
2
reffk

2 + O(k4). (1)

For negatively large 1/a0, the attraction is weak and the phase
shift rises slowly at low energy. When we go from left to
right in the figure, the interaction becomes more attractive
and a bound state appears when a0 becomes positive. We have
parametrized the boson exchange !! interactions, described
above in two-range Gaussian potentials,

V!!(r) = V1 exp
(
−r2/µ2

1

)
+ V2 exp

(
−r2/µ2

2

)
, (2)

then fit the low energy scattering parameters, a0 and reff .

In addition to the !! potentials listed in Table I, we also
examine the potentials used in Refs. [2] [by Filikhin and
Gal (FG)] and [3] [by Hiyama, Kamimura, Motoba, Yamada,
and Yamamoto (HKMYY)] with the three-range Gaussian fit
given in those references. The parameters are summarized in
Table II.

ΛΛ scattering parameters
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FIG. 1. (Color online) !! interactions and scattering parameters
in the (1/a0,reff ) plane. The !! interactions favored by the !!

correlation data without feed-down correction are marked with big
circles. The thin big and thick small shaded areas correspond to the
favored regions of scattering parameters with and without feed-down
correction, respectively, which show stable and small χ2 minimum
(see text). The results of the analysis by the STAR Collaboration
is shown by the filled circle [15], together with systematic error
represented by the surrounding shaded region.
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Bound H-dibaryon at unphysical quark masses

4

Lattice QCD and quark mass dependence
Introduction

HAL QCD, T. Inoue et al., Phys. Rev. Lett. 106, 162002 (2011);
NPLQCD, S. Beane et al., Phys. Rev. Lett. 106, 162001 (2011);
HAL QCD, T. Inoue et al., Nucl. Phys. A881, 28 (2012); …

36 HAL QCD Collaboration / Nuclear Physics A 881 (2012) 28–43

Fig. 5. The energy E0 and the root-mean-square distance
√

⟨r2⟩ of the bound state in the flavor singlet channel at each
quark mass. Bars represent statistical errors only.

Fig. 6. Summary of the H -dibaryon binding energy in recent full QCD simulations. HAL stands for the present results
and NPL stands for the result in Ref. [32].

(389,544) MeV, which is consistent with our result. Fig. 6 gives a summary of the binding
energy of the H -dibaryon obtained in recent full QCD simulations.

6. SU(3) breaking and H -dibaryon

When the flavor SU(3) symmetry is broken, masses of octet baryons are not degenerated any
more. Fig. 7 shows masses of “octet” baryons in the real world M

Phys
Y plotted at the right side,

while those in the flavor SU(3) symmetric world with κuds = 0.13840 is plotted at the left side.
The degenerated octet baryon mass M

SU(3)
Y is more or less equal to an average of physical “octet”

baryon masses. For later purpose, we introduce a phenomenological linear interpolation between
the two limits, MY (x) = (1 − x)M

SU(3)
Y + xM

Phys
Y with a parameter x, as shown by the dashed

lines in the figure.
In broken flavor SU(3) world, the H -dibaryon belongs to the S = −2, I = 0 sector of B = 2,

JP = 0+ states, instead of the flavor singlet channel. There are three BB channels in this sector
i.e. ΛΛ, NΞ and ΣΣ , which couple each other and whose interactions are described by a 3 by 3
potential matrix Vij (r) in the particle basis. Observables in the real world in this sector, including

- Physical point simulation is ongoing.

S. Shanahan, A. Thomas, R. Young, Phys. Rev. Lett. 107, 092004 (2011);
J. Haidenbauer, U.G. Meissner, Phys. Lett. B 706, 100 (2011)

- Extrapolation: unbound at phys. point

Unitary limit at unphysical quark masses?

T. Hyodo, Phys. Rev. C90, 055208 (2014)

- virtual state

Near-threshold scaling in s-wave
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How does the H-dibaryon bound state in the ΛΛ 
scattering change along with the variation of 
the quark masses?

Input: three lightest lattice data in SU(3) limit.

Effective framework which describes the ΛΛ 
scattering in a relatively wide range of quark 
masses.

Purpose of this talk
Introduction

(Precise ΛΛ interaction at physical point may
 be studied by lattice QCD / systematic ChPT.)
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Low-energy baryon-baryon scattering
Formulation

Length scales in the SU(3) limit

- Interaction range by NG boson exchange: r0 ~ 0.24-0.42 fm
HAL QCD, T. Inoue et al., Nucl. Phys. A881, 28 (2012)

At low energy, the interaction can be treated as point like.

V (r)

r0 r

uk=0(r)

a > 0B2

- large scattering length: a ~ 1.2-1.7 fm
- large radius <- small binding energy: 0.77-1.14 fm
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Effective Lagrangian
Formulation

Lfree =
4X

a=1

X

�=",#
B†

a,�

✓
i
@

@t
+

r2

2Ma
+ �a

◆
Ba,� +H†

✓
i
@

@t
+

r2

2MH
+ ⌫

◆
H

Lint = �g[D(1)†H +H†D(1)]� �(1)D(1)†D(1) � �(8)D(8)†D(8) � �(27)D(27)†D(27)

D(F ) = [BB](F )
J=0,S=�2,I=0

Low energy effective Lagrangian with contact interactions

g , g , �(F )1 1,8,27

c.f. D.B. Kaplan, Nucl. Phys. B494, 471 (1997)

—> safely applicable below NΞ threshold
- No π exchange in ΛΛ. π exchange in NΞ (ΛΛ + 25 MeV)

Length scales at the physical point
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Low energy scattering amplitude
Formulation

Coupled-channel scattering amplitude (i=ΛΛ, NΞ, ΣΣ)
fii(E) =

µi

2⇡
[(Atree(E))�1 + I(E)]�1

ii

Ii(E) = i

=
µi

⇡2

✓
�⇤+ kiartanh

⇤

ki

◆
, ki =

p
2µi(E ��i)

Atree
ij (E) = i j + i j

= �
 
Vij +

g2d†idj
E � ⌫ + i0+

!
, V = U�1

0

@
�(1)

�(8)

�(27)

1

AU, d =

0

BBB@

�
q

1
8

�
q

1
2q

3
8

1

CCCA

EFT describes the low energy scattering for a given (ml, ms). 

- Quark mass dep. —> baryon masses and couplings λ
- scattering length, bound state pole, …
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Modeling quark mass dependence
Formulation

“Quark masses” via GMOR relation
2.0
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2 ]

Physical HAL-1 HAL-2 HAL-3
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Λ

Ξ
Σ

 Exp./lattice
 Fit

HAL QCD, T. Inoue et al., Nucl. Phys. A881, 28 (2012)
- fit to experiment/lattice —> reasonable

B0ml =
m2

⇡

2
, B0ms = m2

K � m2
⇡

2

B0 = �hq̄qi
3F 2

0

Baryon masses: linear in mq

- three mass difference by (α, β) —> GMO relation

MN (ml,ms) = M0 � (2↵+ 2� + 4�)B0ml � 2�B0ms,

M⇤(ml,ms) = M0 � (↵+ 2� + 4�)B0ml � (↵+ 2�)B0ms,

M⌃(ml,ms) = M0 �
✓
5

3
↵+

2

3
� + 4�

◆
B0ml �

✓
1

3
↵+

4

3
� + 2�

◆
B0ms,

M⌅(ml,ms) = M0 �
✓
1

3
↵+

4

3
� + 4�

◆
B0ml �

✓
5

3
↵+

2

3
� + 2�

◆
B0ms
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Modeling quark mass dependence
Formulation

Coupling constants <— scattering length in SU(3) limit

- This talk: linear in mq, no bare H
�(F )(ml,ms) = �(F )

0 + �(F )
1 B0 (2ml +ms)

g(ml,ms)= 0

 - 1: bound, 8: repulsive, 27: attractive
T. Inoue, private communication.

repulsive

attractive

-4

-2

0

2

a(F
)  [f

m
]

0.90.80.70.60.50.4

MNG [GeV/c2]

1

8

27
-4

-2

0

2

a(F
)  [f

m
]

0.90.80.70.60.50.4

MNG [GeV/c2]

1

8

27
 Lattice
 Fit



11

ΛΛ amplitude : SU(3) limit
Result

ΛΛ scattering amplitude in the SU(3) limit

f⇤⇤(E) =
1

8
f (1)(E) +

1

5
f (8)(E) +

27

40
f (27)(E)

4

3

2

1

0

-1

f Λ
Λ
 [f

m
]

0.040.020.00-0.02-0.04

E [GeV]

SU(3) limit
 

 Re fΛΛ
 Im fΛΛ

- CDD pole below threshold: f(E)=0 —> ERE breaks down.

- bound H <— bound state in 1
- attractive scattering length a = -f(E=0) <— attraction in 27

c.f. HAL QCD, T. Inoue et al., 
Nucl. Phys. A881, 28 (2012)

38 HAL QCD Collaboration / Nuclear Physics A 881 (2012) 28–43

Fig. 8. The bar-phase-shifts of the baryon–baryon 1S0 scattering in S = −2, I = 0 sector, as a function of energy in the
center of mass frame at several values of the SU(3) breaking parameter x. The scattering length ai are also shown. In the
top left panel for the x = 0 case, the phase-shifts in the flavor-singlet channel are also given for a reference.

it finally becomes repulsive. For example, the scattering length is negative (a = −0.91 fm) at
x = 0.4 since the H -dibaryon exists below but close enough to the ΛΛ threshold. At x = 0.6,
the binding energy of the H -dibaryon becomes almost zero, so that the scattering length becomes
very large (a = −29.8 fm). As x further increases, the H -dibaryon goes above the ΛΛ threshold
at a little above x = 0.6. In the bottom two panels of Fig. 8, we observe an appearance of the
H -dibaryon as the resonance at δ̄ ≃ π/2 in the case that x = 0.8 and 1.0.

The behavior of the H -dibaryon (either bound state or resonance) can be seen more directly
by its energy eigenvalue in the complex scaling method as shown in Fig. 9. In this method,

phase shift
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40 HAL QCD Collaboration / Nuclear Physics A 881 (2012) 28–43

Fig. 10. The invariant-mass-spectrum of ΛΛ calculated by assuming the S-wave dominance, at several values of the
SU(3) breaking parameter x.

width of 2.7 MeV in the present estimate. Similar results were obtained in phenomenological
models [24,34].

Shown in Fig. 10 is the invariant-mass-spectrum of the process ΛΛ → ΛΛ given by
ρΛΛ(

√
s ) = |Sl=0

ΛΛ,ΛΛ − 1|2/k with an assumption of S-wave dominance. A peak which cor-
responds to the H -dibaryon can be clearly seen at x = 0.6, 0.8 and 1.0. This demonstrates that
there is a chance for experiments of counting two Λ’s to confirm the existence of the resonant
H -dibaryon in nature. Deeply bound H -dibaryon with the binding energy BH > 7 MeV from
the ΛΛ threshold has been ruled out by the discovery of the double Λ hypernucleus, 6

ΛΛHe [5].
On the other hand, an enhancement of the two Λ’s production has been observed at a little above

c.f. HAL QCD, T. Inoue et al., 
Nucl. Phys. A881, 28 (2012)

spectrum
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ΛΛ amplitude : Physical point
Result

ΛΛ scattering amplitude at the physical point

- no bound H, but a resonance
- attractive scattering length: aΛΛ = -3.2 fm
- Ramsauer-Townsend effect near resonance : δ=π -> f(E)=0
   <— remnant of the CDD pole
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Extrapolation and unitary limit
Result

Extrapolation in the NGboson/quark mass plane

- unitary limit between SU(3) limit and physical point
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We study the quark mass dependence of the H-
dibaryon and the ΛΛ interaction using EFT.

SU(3) limit: bound H with attractive scattering 
length <— CDD pole below the threshold.

Physical point: Ramsauer-Townsend effect 
near resonance H <— remnant of the CDD pole.

The ΛΛ scattering undergoes the unitary limit 
between SU(3) limit and physical point.

Summary

Y. Yamaguchi, T. Hyodo, in preparation.

Summary


