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Abstract: We present a lattice QCD spectroscopy study of the conjectured H-dibaryon in five channels at nine tem-
peratures ranging from 7/7, = 0.24 to T/T. = 1.90. The five channels are the flavor singlet, flavor 27-plet, AA, NE,
and XX. Five interpolating operators are employed, one for each channel. The simulations are performed on aniso-
tropic lattices with Ny =2+1 flavors of clover fermions at a quark mass corresponding to m, = 384(4)MeV. The
thermal ensembles were provided by the FASTSUM collaboration and the zero-temperature ensembles by the Had-
spec collaboration. The simulations show that the H-dibaryon mass in the 27-plet channel is the largest across the
nine temperatures, whereas the mass in the £ channel is the smallest. We also calculate the spectral density of the
H-dibaryon correlation function for the five channels. The spectral density distributions of the five channels exhibit
similar behavior. The mass differences Am = my —2m, between the H-dibaryon and a A pair at T/T, = 0.24 for the
five channels are also estimated. The results show that Am is positive for the 27-plet and AA channels, whereas Am
is negative for the singlet, N=, and XX channels. These findings are limited, however, by the use of a single spatial

volume and a relatively large quark mass.
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I. INTRODUCTION

In addition to mesons and baryons, Quantum chromo-
dynamics (QCD) allows for glueballs, hybrids, tetra-
quarks, pentaquarks, and hexaquarks. In 1976, using the
bag model, Jaffe predicted a flavor-singlet state (uuddss)
with quantum numbers 1(J*) = 0(0%), called the H-dibary-
on [1]. Jaffe calculated its binding energy to be about
80 MeV below the AA threshold of 2230 MeV, suggest-
ing that the H-dibaryon is a deeply bound state.

Unlike mesons and baryons, this exotic hadronic state
may be of great importance to hypernuclei and to the
strange matter that could exist in the core of a neutron
star. Moreover, it is a potential candidate for dark matter
[2]. The physics of exotic states may differ from that of
mesons and baryons. Therefore, Jaffe's prediction
triggered a vigorous search for such a state, both experi-
mentally [3—11] and theoretically [12-31].

Several experiments [3—9] have searched for the H-
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dibaryon. Such searches are nontrivial because of strong
mixing among hadronic states with various decay modes
[32]. The results of these experiments did not confirm the
existence of the H-dibaryon but set lower limits on its
mass.

The experiments in Refs. [10, 11] searched for the H-
dibaryon or the deeply bound singlet uuddss sexaquark S
(for an explanation of S, see [2]) in the decay T — SAA.
No signal was observed for the existence of either
particle.

As a theoretical tool, lattice QCD has also been used
to investigate the H-dibaryon. Some quenched studies
find my < 2my [12-14], suggesting that the H-dibaryon is
bound, whereas other quenched studies [15—18] find that
it is unbound.

In addition to quenched studies, simulations with dy-
namical fermions have been carried out using two meth-
ods. The first is based on Liischer's finite-volume method
[33, 34], which considers scattering between two bary-
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ons and extracts the scattering phase shift from the tem-
poral behavior of hadronic correlations. The phase shift
makes it possible to distinguish between scattering and
bound states. Work in this direction includes Refs.
[19-23, 35, 36] by the NPLQCD collaboration and Refs.
[30, 31].

The other method focuses on the Nambu-Bethe-Sal-
peter (NBS) wavefunction by computing the four-point
Green function on the lattice, from which the baryon-ba-
ryon potential is determined. The HALQCD collabora-
tion used this method to investigate the existence of the
H-dibaryon [24-29].

In addition to searches for the H-dibaryon, lattice
QCD calculations of dibaryon states with heavy-quark
flavors (charm (c) or bottom (b)) have also been per-
formed. Related work includes Refs. [32, 37—40].

In addition to their properties at zero temperature, the
properties of hadrons at finite temperature are also among
the central goals of lattice QCD simulations (see, e.g.,
[41-46]). Over the past few decades, mesons at finite
temperature have been studied extensively [47]. The
same cannot be said for baryons, which have been stud-
ied much less extensively on the lattice at finite temperat-
ure. In fact, only a few lattice studies exist on baryonic
screening and temporal masses [48—52]. Nevertheless, the
behavior of baryons and exotic states in a hadronic medi-
um is relevant to heavy-ion collisions. Therefore, the
properties of hadrons at finite temperature need to be bet-
ter understood.

In Ref. [53], the spectrum of the H-dibaryon at finite
temperature was investigated using an interpolating oper-
ator constructed from the flavor-singlet channel. The H-
dibaryon can also couple to other channels, namely the
flavor 27-plet, AA, NZ, and XX [30]. In this work, we
perform lattice QCD simulations to investigate the
masses of the conjectured H-dibaryon in these channels at
different temperatures, with the goal of gaining insight in-
to its properties.

The paper is organized as follows. In Sec. II, we
present definitions of the interpolating operators for the
five H-dibaryon channels. Our simulation results are giv-
en in Sec. III, followed by a discussion in Sec. IV. Some
additional material is provided in the Appendices.

II. LATTICE CALCULATION AND SETUP

In our simulations, we compute the correlation func-
tions for five H-dibaryon channels: flavor singlet, flavor
27-plet, AA, NE, and XX [30]. These five channels are
denoted by H,, Hy;, Haa, Hy=, and Hys, respectively.

The generic form of the correlation function is

G(%,7) =(O0(X,1)0'(0)). (M

Before defining the H-dibaryon interpolating operator, we
introduce the objects for three-quark and six-quark com-
binations. The six-quark combination is given by [30]

labcdef] = € jk €lmn <biC75P+Cj> (€IC75P+fm>
x(d"CysP.d") (%, 7). 2)

The three-quark combination can be expressed as [30]
B, = [abc], = € (b'CysP.c/)ak, 3)

where a,b,...,f denote generic quark flavors, a is the
Dirac index, and P, = (1 +v,)/2 projects the quark fields
onto positive parity.

From the three-quark combination, we construct

(BB) = Bo(CysP.)apBs- 4)

The interpolating operators for the H-dibaryon in the five
channels are given in [17, 30, 54—56]

H, = 41—8<[sudsud] — [udusds] — [dudsus]), (5)

1
Hy = ——— (3[sudsud) + [udusds) + [dudsus]),

483
(6)
Hpp = ! d d (7)
AN = ﬁ[su 1lsud],
Hy= = %([uud][ssd] —[dud |[ssu] + [ssd ][uud ]
— [ssulldud]),
(®)

Hys = ﬁ (Z[uus][dds] — [dus][uds] — [dus][dus]

— [uds][dus] — [uds][uds] + 2[dds] [uus]) .
9)

The operators correspond to H;, Hy;, Han, Hy=, and Hss,
respectively.

The H-dibaryon correlation function G; for the H,
channel can be found in Ref. [56]. The other correlation
functions, G,7, Gaa, Gwz=, and Gss, for the Hy;, Hpa,
Hy=, and Hsy channels are collected in Appendix A.

Hadron properties are encoded in spectral functions.
We also compute the spectral functions for H;, Hy;, Hpa,
Hy=, and Hss using the method developed in Ref. [57]. A
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concise description of the method is given in Ref. [53],
with further details provided in Ref. [57].

III. MC SIMULATION RESULTS

The computational details are the same as those in
Refs. [46, 53]. To make this paper self-contained, we
briefly summarize them here. The simulations are carried
out on Ny=2+1 Generation 2 (Gen2) FASTSUM en-
sembles [46], with the lowest-temperature ensembles
provided by the HadSpec collaboration [58, 59]. The en-
sembles are generated using a Symanzik-improved gauge
action and a tadpole-improved clover fermion action with
stout-smeared links.

The parameters in the lattice action are listed in
Table 1. The Ny =2+1 Gen2 ensembles correspond to a
physical strange quark mass and a bare light quark
mass of a,m; =-0.0840, yielding a pion mass of
m, =384(4)MeV (see Table 2). The corresponding phys-
ical parameters, including the lattice spacing and the pi-
on mass, are collected in Table 2. The lattice sizes and
temperatures are given in Table 3.

The quark propagators are computed using a defla-
tion-accelerated algorithm [60, 61]. When computing the
propagator, the spatial links are stout smeared [62] using
two smearing steps and a weight of p=0.14. For the
sources and sinks, we use Gaussian smearing [63]

7 =C{+«H)"n, (10)

where H denotes the spatial hopping part of the Dirac op-
erator, and C is an appropriate normalisation [52].

The correlators of H,, Hy;, Hxa, Hy=, and Hyy on the
N, =128 lattice are shown in Fig. 1. For completeness,
the correlators on the other lattices are plotted in Fig. Bl
in Appendix B. Some correlator data points on the
N, = 128 lattice are negative and therefore are not shown

Table 3.

because the vertical axis uses a logarithmic scale. Figure 1
and the figures in Appendix B show that the correlators
of all five channels exhibit similar behavior on the same
lattice. At some points, the error bars appear unusual be-
cause the errors are comparable to the correlator values

Table 1. Parameters in the lattice action. This table was
compiled from Ref. [46].

gauge coupling (fixed-scale approach) B=15

tree-level coefficients co=5/3,¢c,=-1/12

bare gauge, fermion anisotropy Ye =43, 7, =3.399

ratio of bare anisotropies v=1y,/ys=1265

spatial tadpole (without, with smeared links) 4, =0.733566, i, = 0.92674
temporal tadpole (without, with smeared links) u,=1,0, =1
spatial, temporal clover coefficient ¢, = 1.5893, ¢, = 0.90278
stout smearing for spatial links p = 0.14, isotropic, 2 steps
bare light quark mass for Gen2 Mo ignt = —0.0840
bare strange quark mass 1 girange = —0.0743
light quark hopping parameter for Gen2 Kiigne = 0.2780

strange quark hopping parameter Ksrange = 0.2765

Table 2. Parameters, including the lattice spacing and pion
mass, were collected from Ref. [46] for the Generation 2 en-
semble.
a, /fm 0.0350(2)
a;'/GeV 5.63(4)
é=a,/a, 3.444(6)
a,/fm 0.1205(8)
N, 24
my/MeV 384(4)
m,L 5.63

Spatial and temporal extent, temperature (in MeV), number of configurations, and masses of H,;, H»;, Hys, Hy=, and Hss.

Estimates of the statistical and systematic errors are given in the first and second brackets, respectively. The ensembles at the lowest

temperatures were provided by HadSpec [58, 59] (Gen2).

N, N, T /MeV T/T. Negg a-my, a-ny,, a-my,, My, My,

24 128 44 0.24 305 0457 (17) 3) 0.492 (15) (3) 0.469 (17) 3) 0.456 (18) (3) 0.454 (18) (3)
32 48 117 0.63 601 0471 (10) (4) 0.493 (10) (4) 0475 (11) (4) 0.464 (12) (4) 0462 (12) 3)
24 40 141 0.76 502 0433 (14)(14)  0472(11)(15) 0450 (13)(16)  0.429 (14)(15)  0.426(15) (14)
24 36 156 0.84 501 0425 (13)(15)  0.440(16)(19)  0.438(13)(17)  0.427(13)(16)  0.426(13)(15)
24 32 176 0.95 1000 0.388(10)(17) 0431 (11)(19) 0416 (11)(19)  0.394(11)(18)  0.389(10) (17)
24 28 201 1.09 1001 0391 (17)(15)  0.430(16)(18)  0417(17)(17)  0.397(18)(16)  0.392(17) (15)
24 24 235 1.27 1002 0.374(15)(34) 0413 (14)(34) 0401 (14)(34)  0.382(15)(35)  0.375(15) (34)
24 20 281 1.52 1000 0.30 (2) (5) 0.33(2) (5) 032 (2) (5) 0.31(2) (5) 0.30 (2) (5)
24 16 352 1.90 1000 0.19 3) (4) 021 (3) (5) 0.20 3) (5) 0.20 3) (5) 0.19 3) (5)
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Fig. 1.  (color online) Euclidean correlators G(r)/G(0) for
H,, H,;, Hxpn, Hy=, and Hss as functions of 77 on the
N, =128 lattice, corresponding to the lowest temperature,
T/T. =0.24. The correlators at some points are not shown be-
cause they have negative values. The vertical axis is logarith-
mically rescaled.

themselves and the vertical axis is rescaled.

To extract the ground-state energy, we employ an ex-
trapolation method. Given the correlation functions, we
obtain the mass by fitting the exponential ansatz:

Gr)=A,e™T+A_e WD, (11)

where m, is the mass of the particle of interest, and 7 lies
in the interval 0 <7< 1/T on a lattice at finite temperat-
ure 7. Because excited states contribute more strongly at
early Euclidean times [52], we first fit Eq. (11) to the cor-
relator while excluding different early time slices, thereby
obtaining a series of mass values. Specifically, we fit Eq.
(11) to the correlator over the time interval [r{,7,], where
7, is fixed to the full temporal extent and 7, takes several
values, e.g., 71=0,1,2,3,.... This procedure yields a
series of mass values, each corresponding to a different
fit range.

After obtaining the series of mass values as a func-
tion of 1/7,, we assume that they vary linearly with 1/7;
and fit the following expression:

1
am=A+B—. (12)
T

From this fit, we extrapolate the series of masses to
Ty — 00,

Our procedure consists of two fitting steps. In the first
step, we fit the correlators using Eq. (11), which we refer
to as the exponential fit. In the second step, we fit the
series of mass values using Eq. (12), which we refer to as
the linear fit.

We illustrate the extrapolation method used to extract
the ground-state energy of H; on the N, =128 lattice in
detail. To control the uncertainties, all correlators are
grouped using the bootstrap method.

For each group of correlators, the mean value G(r) is
calculated. For every 7, € [0,50], we fit Eq. (11) to G(7)
over the interval [r,7,] with 7, =127, obtaining the
series of mass values shown in Fig. 2. The horizontal ax-
is indicates the number of early time slices excluded from
the exponential fit. As shown in Fig. 2, the extracted a,m
values are larger when fewer early time slices are ex-
cluded. However, suppressing too many early time slices
leads to smaller a,m values. In the intermediate region,
applying a linear fit to the mass values as a function of
1/7; using Eq. (12) allows extrapolation to the limit
71 — oo. Figure 3 also shows that, when 7; is large, the
a.m values deviate significantly from the fitting curve.
The resulting mass is taken as the ground-state energy of
H;, on the N, =128 lattice. This extrapolation procedure
is illustrated in Fig. 3.

For comparison, the effective mass of H; on the
N, = 128 lattice is also computed using the following ex-
pression

Gr+1)
G() -

aMeg = —1In

(13)

The result is presented in Fig. 4, from which 0.457 can be
identified as the plateau value.

The error estimation procedure requires explanation.
For each group of correlators, exponential fitting is used
to obtain a series of mass values. The errors from these
exponential fits are used as weights in the subsequent lin-
ear fit to Eq. (12). The intercept of this linear fit gives the

N,=128
e,

® amy,

0.45 —

g 040
&

=a
=

0.35 |-
0.30 |-
0.25 | § -

0.20 1 L 1 L 1 L 1 L 1 L 1
0 10 20 30 40 50
]

Fig. 2. (color online) The a.m values for H,, obtained by fit-
ting Eq. (11), are plotted as functions of the lower fit bound 7,
of the interval [r|,1,], with the upper bound 7, fixed at 127 on
the N, = 128 lattice.
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Fig. 4.
lattice. The green line denotes the plateau value of 0.457.

(color online) Effective mass of H; on the N, = 128

0.45 —
. 0.40 % .
a H
035 %&% —
I H,, N,=128 ]
030 L A 4 _m excluded ]
a_m included %
— fitting curve

0.25 .

L 1 L 1 L 1 L 1 L 1 L 1

0 10 20 30 40 50 60

2]
Fig. 3. (color online) Linear extrapolation of the mass val-

ues for H, on the N, =128 lattice. The data points indicated
by upward triangles are excluded from the extrapolation pro-
cedure, whereas the data points represented by downward tri-
angles are included. The horizontal axis represents the lower
fit bound 7, of the interval [7},7,].

extrapolated value in the limit 7; — oo, and the error of
the linear fit is taken as the systematic error for that
group. After all bootstrap groups are processed, the over-
all systematic error is taken as the mean of the systematic
errors from all groups. The statistical error is computed
using the standard bootstrap method.

The method described above is employed to compute
the ground-state energy of H; on the other lattices. The
results are presented in Figs. 5—10. Figures 5, 7, and 9
show that, as the lattice size decreases from N, =48 to
N, =16, the plateau becomes increasingly difficult to
identify from the effective mass plots. In Figs. 6, 8, and

1.8 B
§ H,, N,=48
1.6 ® am, i

14+ -

1.0-— -
0.8-— §§ _
oo | 2 '

04k -

0 5 10 15 20 25

0.6 |

0.2 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1

14+ -

12 4

armeff

" R ]

04

0 2 4 6 8 10 12 14 16
Fig. 5. (color online) Effective mass of H, on the N, = 48,

40, 36 lattices. The green line represents the extrapolated mass
value from Table 3.
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Fig. 6. (color online) Linear fit of a,m versus 1/7, for one Fig. 7. (color online) Effective mass of H, on N: =32,28,24
bootstrap group of H, correlators on the N, =48, 40, and 36 lattices. The green line represents the extrapolated mass value
lattices. The a.m value at 7, = 0 is not shown. from Table 3.
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Fig. 8. (color online) Linear fit of a,m versus 1/7, for one

bootstrap group of H, correlators on the N, =32, 28, and 24

lattices. The a.m value at 7, = 0 is not shown.
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tices. The a,m value at r; = 0 is not shown.
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10, the a.m value at 7, = 0 is not shown and is excluded
from the linear fitting procedure. These figures also show
that, at low temperatures, some early-time-slice a,m val-
ues are excluded from the linear fits, whereas at high tem-
peratures, suppressing early time slices leads to very
small extrapolated values for H,.

For the H,; and Hyz channels, the effective mass
and linear fitting plots are shown in Figs. C1-C6 and
Figs. C7—C12, respectively, in Appendix C. For the oth-
er channels, the effective mass and linear fits exhibit sim-
ilar behavior, and the corresponding plots are omitted for
brevity.

We now turn to the results for all channels. The
ground-state masses for H,, Hy;, Han, Hyz, and Hyy are
listed in Table 3. From Table 3, we observe that among
the five H-dibaryon channels, the mass of the 27-plet
channel is the largest, whereas the mass of the £X chan-
nel is the lightest across the temperatures considered. We
also plot these masses as functions of temperature in

Table 4.

055 T T T T T T T T T T
0.50 | i
045 | i
0.40 | i
2 035} i
.
S
030 | i
025 | 4
020 | i
015 | i
1 1 1 1 1 1 1 1 1 1
02 04 06 08 10 12 14 16 18 20
T,
Fig. 11.  (color online) Mass values of H,, H,;, Hyp, Hyz,

and Hsy at nine temperatures.

Fig. 11, which shows that they decrease with increasing

temperature.

x* values obtained from exponential fits for one bootstrap group. On each lattice, varying 7, produces a set of fit ranges

[71,72] with 7, equal to the full temporal extent of the corresponding lattice. Each fit range yields a fitted mass a.m and an associated

x?- Only the result for a single representative fit range is shown for each channel on each lattice.

H, Hy; Hxp Hy= Hss
N X fit range X fit range X fit range x? fit range X fit range
128 2.33 [18, 127] 2.33 [18, 127] 2.90 [18, 127] 2.43 [18, 127] 2.40 [18, 127]
48 6.93 [21,47] 10.02 [21,47] 10.10 [21,47] 8.00 [21,47] 727 [21,47]
40 493 [12, 39] 7.81 [12, 39] 6.83 [12, 39] 5.42 [12, 39] 5.00 [12, 39]
36 10.85 [10, 35] 15.73 [10, 35] 14.15 [10,35] 11.75 [10,35] 10.92 [10, 35]
32 20.05 [8, 31] 21.99 [8, 31] 22.00 [8, 31] 20.77 [8, 31] 20.16 8, 31]
28 21.15 [8, 27] 22.94 [8, 27] 22.49 [8,27] 21.58 [8,27] 21.21 [8,27]
24 12.61 [7,23] 13.19 [7,23] 13.06 [7, 23] 12.77 [7, 23] 12.63 [7, 23]
20 16.37 [5, 19] 17.21 [5, 19] 17.01 [5, 19] 16.59 [, 19] 16.40 [5, 19]
16 6.59 [4, 15] 6.48 [4, 15] 6.40 [4, 15] 6.24 [4, 15] 6.17 [4, 15]
Table 5. y? values obtained from linear fits to the series of a,m values determined by fitting Eq. (11) for one bootstrap group.
H, Hy Ha Hys Hys

N b fit range x? fit range i fit range x? fit range X fit range
128 0.9 [5, 20] 1.0 [5, 16] 15 [5, 18] 1.0 [5, 17] 1.0 [5, 18]
48 0.9 [4, 20] 0.9 [5, 14] 1.0 [5, 16] 1.0 [4, 14] 1.0 [4, 20]
40 2.6 [4, 10] 2.6 [4, 10] 2.9 [4, 10] 2.7 [4, 10] 2.6 [4, 10]
36 2.9 [4, 10] 54 [4, 10] 4.2 [4, 10] 33 [4, 10] 2.9 [4, 10]
32 16.4 [3, 9] 36.8 [2,9] 36.4 [2,9] 34.4 [2,9] 16.5 [3, 9]
28 54.1 [1, 6] 65.9 [1,6] 62.2 [1, 6] 56.4 [1, 6] 54.4 [L, 6]
24 66.1 [1, 6] 67.3 [1,6] 67.5 [1, 6] 66.9 [1,6] 66.2 [1, 6]
20 44.9 [1, 6] 46.8 [1,6] 46.4 [1, 6] 45.4 [1,6] 44.9 [1, 6]
16 20.2 [1, 6] 21.6 [1,6] 213 [1, 6] 20.7 [1,6] 20.4 [1, 6]
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The fit quality of the exponential and linear fits re-
quires further discussion. We use x* to denote y?/d.o.f..
The values of y? are collected in Tables 4 and 5. For the
exponential fits, different levels of early-time-slice sup-
pression yield different values of y?. Therefore, Table 4
shows only one value of y* for the exponential fit for
each H-dibaryon channel, corresponding to a specific
choice of 7. For the linear fit, the values of y? are large
for lattices ranging from N, =32 down to N, = 16. If the
first two or three a,m values are excluded from the linear
fit at high temperatures, the y? value can be reduced.

The mass values for H; are slightly different from
those in Ref. [53]. This is because, in Ref. [53], the cor-
relator of each configuration is rescaled with respect to its
own first time-slice value. In contrast, in this paper, the
correlators of all configurations are rescaled with respect
to the first time-slice value of the first configuration.

We also calculate the spectral density p,(E,) of the
correlation functions of H,, H,;, Han, Hys, and Hss us-
ing the public computer program [64]. In Ref. [53], it was
pointed out that, among the o values o =0.02,0.04,
0.06, 0.08, o =0.02 is the most suitable for spectral dens-
ity extraction from correlators. At low temperatures, a
smaller ¢ value reveals a rich peak structure in the small-
E, region of the spectral density. At intermediate temper-
atures, a smaller ¢ value can make the peak structure in
the small-E, region of the spectral density more pro-
nounced. At high temperatures, different ¢ values have
little impact on the computation of the spectral density.
Therefore, we present only the spectral density results for
o =0.02 in Fig. 12 for all five channels.

Figure 12 presents the spectral densities g, (E,) of H,
Hy;, Hap, Hyz, and Hyy at three temperatures. The upper,
middle, and lower panels correspond to the N, = 128, 32,
and 16 lattices, with T/T,. = 0.24, 0.95, and 1.90, respect-
ively.

As shown in Fig. 12, the reconstructed spectral dens-
ities of the five H-dibaryon channels exhibit similar qual-
itative structures at the three representative temperatures.
At the lowest temperature, the spectral densities exhibit
several peak-like structures. As the temperature increases
to the intermediate region, these structures evolve into a
two-peak pattern. At the highest temperature, the spectral
distribution becomes further smoothed, and only one
broad peak remains visible in the lower panel of Fig. 12.

At the lowest temperature, 7/T. =0.24, the masses
extracted from the correlation function fits are approxim-
ately a,m =~ 0.45 for the five channels, as listed in Table 3.
These values are close to, but do not coincide exactly
with, the main peak region around E, =~ 0.35 in the recon-
structed spectral densities. In addition, the effective mass
behavior shown in Fig. 4 gives a mass of about
a.m =~ 0.45, whereas the corresponding spectral peak ap-
pears at a somewhat lower E, . This discrepancy suggests
that, in our simulations, the spectral density results should

o4l Ne=128 |
o=0.02, 1=0.01
°
0.3 -
v
021 o 4
u
=
0.1 —
2
Q
0.0 - -
01k -
02 -
203 1 . 1 . 1 . 1 . 1 . 1
0.0 0.2 0.4 0.6 0.8 1.0
E.
T T T T T T T
3+ -
2k .
1 .
=
<L 8 i
| c=10.02, 1=0.01 |
HI
-1F H27 -
I v H,,
¢ H,.
2+ NE 4
= H,,
1 1 1 L 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
E.
T T T T T T T
20 —
15 F
10
=
Q)
= 5t
[ISY
0
S5k
-10 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
E.
Fig. 12. (color online) Spectral densities p,(E,) for the H,,

Hy7, Hppn, Hyz, and Hsy channels at three temperatures. The
upper, middle, and lower panels correspond to T/T. = 0.24,
0.95, and 1.90, respectively.
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be interpreted with caution, although the reconstructed
spectral densities can provide useful complementary in-
formation on the distribution and temperature depend-
ence of the correlation functions.

All of our results are obtained using an exponential
ansatz for the correlator fits. In Ref. [65], the glueball
correlators were fitted using a Breit-Wigner ansatz, which
is given by the following expression (see Eq. (22) in Ref.

[65]):
G {Re cosh ((m + ZZEI{T - ‘r) )
sinh ( T )
+2mT i cos(2rnTT)

n=1

Aamremrem et 09

where I" denotes the resonance width.

We compare the extracted masses of the H-dibaryon
in the H; channel for different time-slice suppression
parameters 7, using both the exponential and Breit-
Wigner anséitze. The results on the N, =128 and N, = 16
lattices are presented in Figs. 13 and 14, respectively.

As shown in Figs. 13 and 14, the a.m values obtained
from the Breit-Wigner ansatz are significantly larger than
those obtained from the exponential ansatz for H; on both
the N, = 128 and N, = 16 lattices. Moreover, the a,m val-
ues from the Breit-Wigner ansatz remain nearly constant
on the N, = 128 lattice, whereas they exhibit notable vari-
ation on the N, = 16 lattice.

For brevity, we do not show the remaining figures for
other lattices and channels. Our simulation results indic-
ate that, below the transition temperature, the a,m values
extracted from the Breit-Wigner ansatz remain nearly
constant with respect to 7;, whereas above the transition
temperature, their variation becomes increasingly signi-
ficant.

We have also examined the temperature dependence
of the width I'. We find that, as the temperature increases,
" grows from the order of 107 on the N, = 128 lattice to
a magnitude comparable to a.m itself on the N, = 16 lat-
tice.

IV. DISCUSSIONS

We performed simulations to determine the masses of
five channels of the conjectured H-dibaryon in 2+ 1 fla-
vor QCD with clover fermions at nine temperatures. The
results are summarized in Table 3. The spectral density
distributions of the correlation functions for these chan-
nels were computed to examine the mass spectrum ob-
tained from the fitting procedure.

L1 T T T T T T T T T T T T T

1.0 F E
RIS TR DTG S F AR RGO P O SO TS ST O
09 F E
0.8 F E
0.7 F E
Eh 0.6 F E
3
05 F E
04 F E
H,, N,=128
03 F B exponential fit E
Breit-Wigner fit
02 E == E
0.1 1 " 1 " 1 " 1 " 1 " 1 " 1
0 10 20 30 40 50 60
2]
Fig. 13. (color online) Comparison of the a.m values for H,

extracted using the exponential and Breit-Wigner ansatzes,
plotted as a function of the lower fit bound 7, of the interval
[11,72], with 7, fixed at 127 on the N, = 128 lattice.

25 F T T T T T T T T
¢ H,, N,=16
E i B exponential fit ]
20 F Breit-Wigner fit 7
L5 F E
. I TP ! I
< I . T i il 1
1.0 F I 1 E
: " = ]
0.5 F = E
: = ]
o
u
3 = [ ]
00F E
" 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
-1 0 1 2 3 4 5 6 7 8
2]
Fig. 14. (color online) Comparison of the a,m values for H,

extracted using the exponential and Breit-Wigner ansétze,
plotted against the lower bound 7, of the fit interval [r,7,],
with 7, fixed at 15 on the N, = 16 lattice.

In the simulations, the logarithmically rescaled correl-
ators of the five channels differ only slightly, and their
spectral densities exhibit nearly identical structures.
However, using the extrapolation method described in
Sec. 111, the mass values of the five channels can be ob-
tained, as presented in Table 3.

At the lowest temperature, the a,m value for Hy; is
0.492(15)(3), the largest among the five channels. The
corresponding values for H;, Ha,, and Hyy are
0.457(17)(3), 0.456(18)(3), and 0.454(18)(3), respectively,
and differ only slightly. Using the A baryon mass from
Table 3 in Ref. [53], together with the masses of the five
channels from Table 3, we estimate the mass difference
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Am = my —2m, . The results are as follows:

Am = my, —2ma = —0.003(18)(3), (15)
Am = my,, —2mx = 0.032(16)(3), (16)
Am = my,, —2my = 0.009(17)(3), (17)
Am = my,. —2my = —0.004(18)(3), (18)
Am = my,, —2my = —0.006(18)(3). (19)

The errors given in the first and second parentheses
correspond to the statistical and systematic uncertainties,
respectively. Each was evaluated using the error propaga-
tion formula, i.e., 0425 = \/0} +40%, applied separately
to each error component.

Using the lattice spacing presented in Table 2, the res-
ults can be converted to physical units. All of our simula-
tions were carried out at a single volume and at
m, = 384(4)MeV, which is far from the physical pion
mass. The results of our current simulations show that, at
m, =384(4)MeV, Am 1is positive for the Hy; and Hya
channels. After conversion to physical units, Am for the
H,; channel is approximately 180MeV, indicating that
the mass of the H,; channel is much heavier than 2m, at
m, = 384(4)MeV. In contrast, the masses of the H;, Hy=
and Hyy channels are slightly lighter than 2m, and are all
of the same order of magnitude.

Given the large y* values in Tables 4 and 5, along
with the linear-fit plots at high temperatures, the linearly
extrapolated masses of the various H-dibaryon channels
at high temperatures exhibit significant sensitivity to the
choice of fit range. Consequently, these masses should be
regarded as exploratory estimates rather than precise de-
terminations, particularly in the high-temperature region.

Similarly, the main conclusion of this work does not
lie in the exact absolute values of the extracted masses,

but rather in the comparative channel dependence under
this ensemble setup. Specifically, the 27-plet channel
tends to be the heaviest, while the ¥ channel is among
the lighter ones.

Our simulations are limited to a single volume and a
pion mass of m, = 384(4)MeV. One main reason why our
linear-fit results at high temperatures are sensitive to the
fit range is that our lattice has a small temporal extent,
which limits the available information. To draw stronger
conclusions about Am and the possible binding of the H-
dibaryon, significantly smaller quark masses and larger
volumes are needed. However, performing lattice simula-
tions at both high temperatures and large volumes is tech-
nically challenging, because a large temporal extent at
high temperature requires a very fine lattice spacing. Fur-
ther discussion of the H-dibaryon binding energy can be
found in Ref. [53] and references therein.

In our simulation, the change in temperature is repres-
ented by the change in T/T.. T, is the pseudocritical tem-
perature determined using the renormalized Polyakov
loop and estimated to be 7. = 185(4)MeV [46, 66].
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APPENDIX A: CORRELATOR EXPRESSIONS

The correlation function G, for the H, channel can be
found in Ref. [56]. The correlation functions Gy7, Ganx,
Gz, and Gss for the H,;, Hap, Hyz, and Hss channels,
respectively, are given by the following expressions:

G271 = €anc€aer€ni€ini(CYsP)py (CyYsP)es(CYsP)sa(CYsP)po (CYs P (CysP )i
X {9 X (S aariS 6d.0¢ =S aangS 6d.1) UgpvicUeeon = Upb .o Uee i) (Dye uiDe £ pi = Dye piD s i)
+3 X (S aapiS sang =S aangS sdpi)(UppzjUcet = Ugp i Ucer)(Dyerk D gon — Dye.onDe i)
+3X(S wapiS sa.ag =S aatgS sa.p)(Uppsi Uee.on = Uppon Uee i) (DyerjDgg i = DyeaDescf)
+3X(Ssa.0S ¢5.j =S sajS £.00) Uaavk Uyeon = Unaon Uyevi) (D puiDee.pi = Db piDee i)
+ (S sa,19S o100 =S 6d.0S 9 £.10) UaarjUye it = Unayt Uye.r))(DppyiDee.on — DgponDee k)
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+ (S &l,/lgS dfpi T S&d,piS ¢f,/lg)(U(m,vk Uyc,o’h - Uaa,o'h Uyc,vk)(D,Bb,TjDee,pl - Dﬁb,plDee,Tj)

+ 3 X (S éd,/lgS of i S 6d,‘er ¢f,ﬂg)(Uﬂb,vk Uee,o’h - Uﬁb,o’h Uee,vk)(Daa,ulDyc,pi - Daa,piDyc,yl)

+ (S §d,/lgS¢f,pi - Séd,pis ¢f,/lg)(Uﬂb,‘rj Uee,ul - Uﬁb,ul Uee,‘rj)(Dwa,kayc,crh - Daa,o‘hDyc,vk)

+(S 60168 67,00 = S 54,018 6£.26) UppiUeer = UpponUceni) Daar iDyest = DaayiDyer) }» (Al)
Gan = €apc€iaer€ahi€ii(CYs P )py (CYsPL)eg(CysP)sa(CysPy)pr (CysP ) (CysPy)
X { (S aarjS sa0e =S aangS sa ) UpbyiUee.on = UpponUee i) (Dye uiDg £ pi = Dye pi D g i) } , (A2)
= = €avcCuef Eghi€jki(CYs P )py (CYsP)eg(CYsP1)5a(CYsP ) por (CysP ) (CysP )i
X {(S sdagS ceoh =S sa.onS ee.rg) UaariUppvk = UaaykUpprj)(DyeuiDg fpi = Dyc piDg g 1)
+ (S sa.1gS ee.on =S sd.onS ee1g)UaapiUpp vk = UnawkUpp pi) (DyeaDgfj — DyexjDes )
+ (S sa.27S cevk =S saS eexj)(UaaigUppoh = UnaonUpp ag(Dye Dy f.pi = DyepiDy g )
+ (S 50,0/ cewk =S savieS eex ) UnaonUpb i = Unayt Ugpon)(Dye piDy .06 = Dye,ig Dyt pi)
+ (S sa,10S eeon =S saonS eere) UpbyicUgtrj = Ugp iU i) DaapiDye.pt = Daayi Dye pi)
+ (S sa,4gS ceon =S saonS ee.ag) UpbyicUspi = UpppiUg k) (DaaszjDyept = DoauiDyerj)
+ (S sa.2/S cevk =S 6aS eex ) Upb.on Upfag — Upp.agUspr.on)(DaapiDyeut = Dava i Dye pi)
+ (S sa.27S cevk =S saS eex ) UpbUsgon = UpponUs ) (Daa,agDyepi = DaapiDye.ag)
+ (S aaigS poon =S aaonS po.ag) UsazjUeek = UsaykUecerj)(DyepuDeg g pi = DyepiDgf i)
+ (S waigS pon =S aacnS po.ag)(UsdpiUeek = Usavk Uee pi)(DyetDg g — DyerjDggpt)
+ (S aariS gk =S aayicS gy ) Usa g Ueeon = UsaonUeeng)(DyeiDg fpi = DyepiDg )
+ (S aajS pok =S aaS po. ) UsaonUeeyt = UsapUeeon)(Dye piDgag = Dye.agDogpi)
+ (S aa1gS poroh = S aaonS po.ag ) Uyerk Ueerj = UyerjUeei)(Disa piD g 1 = Doa Do pi)
+ (S aaneS poon = S aaonS pbag) UyeviUeepi = Uye piUee k) (DsarjDy fut — Dsa D)
+ (S aa,5S povic =S aavieS po.r ) Uye.onUeeng = UyengUee,on)(Dsa piDg fui — Dsa Do pi)
+(S aariS ook = S aarkS go.e) UyepaUeeon = UyeornUceyt) Dsang Dot pi = DsapiDagag) } (A3)

Gy = €upc€ief€ghni€ikt(CYs P )y (CYsP)ep(CYsP)sa(CysP ) pr (CysPi)w(CysP)ar

X 4% (S yepusS o700 =S yeiS o) UaaejUppok = Uaak U, ))(Dsa.agDee.on = Did.onDee.rg)
+2X (S e S o100 =S ye,piS o) Uaanikc Upbag = UaangUpp vk (DsaocnDeerj — DsarjDeeon)
+2X (S e S o100 =S ye,piS o £ u) Uaaon Usp vk = Unavk Uppon)(Dsa gDeerj = DsdarjDeerg)
+2X (S ye S o5.pi =S yeoiS ) UaariUspoh = Usaon Upp ) (Dsa agDeeyic — DsayiDee.ng)
+2X (S yeuuiS o101 =S yepiS 013 Uaaig Upprj = UsarjUppag)(DsaonDeeyi — DsaykDeeon)
+A4X(S yeutS o010 =S yepiS ¢ fu) Uaaag Uppoh = UsaonUpp.ag) Dz jDee i — DsavkDeer))
+2X (S ye S o100 =S ye,piS 0£0) Upp rjUsayk — Ugpvi Usar ) (DaagnDeeig = Daa,igDeeon)

+ (S 7c,ulS dfpi T Syc,piS q)f,pl)(UBb,vk Utid,/lg - Uﬁb,/lg U&d,vk)(Da/u,‘eree,u'h - th,u’hDee,‘rj)
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+ (S ye S 6100 =S yepiS 6 £.u) Upp on Usavk = Upp i Usaon)(DaarjDeetg = DoaagDeerj)

+ (S yeS prpi =S yepiS o) UpprjUsaon = Upp.onUsazj)(DaaviDee.rg = DeargDeei)

+ (S yeS orpi =S yepiS o) (UppagUsarj — UppjUsa ag)(Daavk Dee.on = DeaciDeei)
+2X (S yeutS oo =S yepiS ¢ ) UpbagUsaon = Upp.onUsaag)(DaaykDee.rj = DaaxjDeek)
+2X (S ye S o100 =S yepiS ) Uppyk Ueerrj = Upp 1 jUee i) (Daa,onDsa g — DaaagDsaon)
+ (S ye S 61,00 =S yepiS 6 £.u) Upp agUeevic = Upb sk Uee1g)(Daar jDsa.on — DaaonDodxj)

+ (S yeS orpi =S yepiS o) Upboi Uee.on = Ugp.on Uee yi)(DaazjDsang — DoaagDsaxj)

+ (S yeS orpi =S yepiS o) Upbon Ueerj = UpprjUce on(DaaiDsang = Daa.agDsavi)

+ (S yeS o0 =S yepiS o) (UpprjUceig = UppagUeer N Daai Dsaoh = DaaonDsai)
+2X (S yeutS o100 =S yepiS o £u) Uppoh Ueerg = Ugp agUee.on)(DaayiDodarj — DaayrjDsa i)
+2X (S ye S o100 =S ye,piS ) UaazjUeenk = Uaayk Ueer ) (Dpb.onDesd ag — Dpb agDoda,on)
+ (S ye S 6100 =S yepiS o) Uaank Ueerg = Unaig Uee i) (Dpv .z jDsa.on — Dpp.onDsarj)

+ (S yeS orpi =S yepiS o) UoaonUeeni = UnakUeeon) (Db jDsd.2g — Dpp.agDsaxj)

+ (S ye S 6f.0i =S yepiS 6 fu) UaarjUceon = Unaoh Ueer ) DppyiDsa.ng — Dpb agDsa k)

+ (S ye S 6f.0i =S yepiS o fu) UnangUeerj = UnarjUee,ng) DppyiDoa.on — Dgbon Dsa k)
+2X (S ye S o.0i =S yeoiS ¢ ) UaaigUeeoh = Ugaoh Ueeag)(Dppyic Dsa.rj — Dpp.rjDsa i)
+2X(S yeptS o101 =S yepiS 8 £) Uaark Usarj = UnarjUsa i) (Db onDee.ag = Dpp.agDee.on)
+ (S yeS or.0i =S yepiS o) (UoangUsayk = Usapt Usa ag)(Dpp 2 jDee.oin = Dpp.onDeer)

+ (S ye S 6100 =S yepiS 6 £u) Uk Usaon — Uaaon Usavi)(DgprjDee.rg — DgpagDeerrj)

+ (S ye S 6100 =S yepiS 6 fu) UaaocnUsazj = UnazjUsaon)(DppykDeerg = Db agDeevi)

+ (S yeuS prpi =S yepiS o) UearjUsang = UsaagUsa ) (DppyiDee.on = Dgp.onDeevi)
+2X (S ye S o1.pi =S yepiS ¢ i) Uaaon Usang — UaaagUsa.on) Dy Deerj — DpprjDee i)
+AX(S yetS pr.0i =S yepiS ¢ £u) UsazjUeerk = Usani Uee x )(Daa.rgDpp.oh = DaaonDpp.ag)
+2X (S yeutS o100 =S yepiS o) Usavk Uee.ng = UsaagUee i) (DaaoinDpbrj — DaarjDgp,on)
+2X (S ye S o100 =S yepiS g fut) UsaonUeek = UsaviUee,on)(DaaagDpprj — DaariDgp,ag)
+2 X (S ye S o.pi =S yeoiS ¢ ) UsarjUeeon = UsaonUeer)(Daa,rgDpbvk — DaayicDpp.ag)
+2X(S yeutS pr0i =S yepiS ¢u)UsangUeerj — UsazjUee.1g)(DoaonDppyik = DaaviDpp.on)
+4X (S yeusS o700 =S yepiS o) UsaagUeerh = UsaornUeeag)(DaacjDppvk = DaarkDpprj) } - (A4)
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APPENDIX B: CORRELATORS AT EIGHT TEMPERATURES
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