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1. Introduction

The existence of the I = 0, S = —2 H dibaryon remains one of the open questions in nuclear
physics, and despite decades of experimental searches and extensive theoretical investigations, its
existence has yet to be conclusively established. It is a six-quark state with J© = 0* and flavor
content uuddss. It was first theorized by Jaffe in 1977, with the MIT bag model, as a deeply bound
state with mass My ~ 2100 MeV and binding energy By ~ 80 MeV relative to the AA threshold [1].

From an experimental point of view its binding energy is constrained, by the so-called Nagara
event, to be By < 7MeV through the weak decay of the hypernucleus A/?He [2]. Despite the
extensive research, there is still no conclusive evidence of the existence of such a state and, depending
on its nature, the main decay channels are expected tobe H — Apn~ ,Z " por H - AA,E p.
The E224 and the E522 experiments at KEK [3, 4] observed an enhancement in the AA production
near threshold which is compatible with the presence of a resonance. More recently, measurements
obtained by the ALICE Collaboration on pp and p-Pb collisions do not rule out the possibility of a
shallow bound state with a binding energy of a few MeV [5].

The H dibaryon is also an interesting system for lattice QCD. It was the first dibaryon system
in which bound states were identified in calculations with dynamical quarks [6, 7]. Since that time,
most lattice QCD calculations of the H dibaryon have been performed at the SU(3)-symmetric
point with heavier-than-physical pion masses. Despite the plethora of lattice calculations, there is,
in general, no agreement on the binding energy even at the same pion mass. In Refs. [7, 8], the
HALQCD Collaboration computed the binding energy of the H dibaryon with three degenerate
quarks for several values of the pion mass in the range m, ~ 470 — 1170 MeV finding a binding
energy ranging from 26 to ~ 50 MeV. An analogous calculation from the NPLQCD Collaboration
at m, =~ 800MeV found a binding energy which is about twice the value obtained by HALQCD
at the same pion mass [9]. In Ref. [10], the H dibaryon was investigated at several lattice spacings
on CLS ensembles at the SU(3)-symmetric point with a pion mass of about 400 MeV. The binding
energy in the continuum limit is By = 4.56 MeV. However at a = 0.1 fm it is about seven times
larger, indicating that discretization errors play a crucial role in the interpretation of lattice results.
The study of discretization errors at the same pion mass by employing different lattice formulations,
is currently in progress [11]. Recently, a strong lattice spacing dependence has also been observed
by the HALQCD Collaboration at m , ~ 800 MeV [12].

Away from the SU(3)-symmetric point, employing an anisotropic setup, the NPLQCD Col-
laboration found By ~ 13.2MeV at m, = 390MeV and a vanishing binding energy, but with
large statistical uncertainty, at m, ~ 230MeV [6, 13]. In Ref. [14] the HALQCD Collaboration
performed simulations on a single lattice with m , close to its physical value including the AA and
the NZ coupled channels finding only a weak interaction in the AA sector. An overview of past
lattice calculations performed by several collaborations at different pion masses and with different
lattice setups is shown in Figure 1.

2. Lattice setup

This work is based on a single Ny = 2+1 ensemble (D251) generated by the CLS initiative which
lies on the Tr (m) = 2m; +mg = constant trajectory. The gauge action has been discretized using the
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Figure 1: Lattice results for the binding energy as a function of the pion mass. Filled and empty symbols
correspond to calculations in SU(3)-symmetric and SU(3)-broken QCD respectively.

O(a?) improved Liischer-Weisz action, while the quark fields have been implemented using O (a)-
improved Wilson fermions with non-perturbatively tuned cgy. The pion mass for this ensemble is
heavier than physical, estimated to be m , ~ 280 MeV and the large m , L ~ 6 suppresses exponential
corrections to the finite volume spectrum. For each of the 209 configurations we computed all-
to-all smeared propagators employing sources on every single time slice. Further details on the
ensemble used in this work are listed in Table 1, while in Table 2 we provide our determination of
the pseudoscalar meson and octet baryon masses in this ensemble. The extraction of the masses
has been carried out as detailed in Sec. 3.2.

size al[fm] my;[MeV] m,L Ncnfg Nisre NLapH
643 x 128 0.064 280 591 209 128 160

Table 1: Details of the D251 CLS ensemble.

3. Methodology

3.1 Operator construction

We use a basis of bilocal baryon-baryon interpolating operators. As detailed in Refs. [10, 15]
two-baryon operators are defined as products of momentum projected single baryon operators

[B1Bal s, 5, (1) = Y 7P Se™P % [qqq] (%1,1) [9qq] (. 1) , 1)
X1,X2

where the single baryon operators have definite flavor structure. Starting from operators of the
form in eq. (1), for a given total momentum P = p1 + p2 two-baryon operators are constructed
to transform irreducibly under the representations of the little group of P. No local hexaquark
operator has been included in the basis, since a previous study with Ny = 2 dynamical light quarks
and quenched strange quark suggested that local hexaquark operators have small overlap with
the flavor-singlet ground state and bilocal baryon operators are more effective in constraining the
finite-volume spectrum [16].
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Different momentum frames have been explored with pP? = 2n/ L)2 nandn =0,1,2,3,4
with single baryon momentum ﬁlz = (2n/L)*n; and n; = 0,...,5. Correlation functions are
constructed using distillation [17] and perambulators are computed with the QUDA-1apH code suite
[18] which utilizes QUDA [19] for multi-GPU, multi-grid solvers [20, 21] and newly implemented
routines for computing and projecting Laplacian-Heaviside (LapH) eigenvectors [22]. The total
number of LapH eigenvectors used in this work is reported in the last column of Table 1. Note
that a balanced choice of the number of LapH eigenvectors is particularly critical. More smearing
would lead to a stronger suppression of excited-state contamination at the cost of reduced statistical
precision. Furthermore, N ,pn scales with the spatial volume and the computational cost of baryon
contractions is proportional to NﬁapH, making the contraction step extremely expensive.

3.2 Spectrum determination

For each momentum frame and irreducible representation of the lattice symmetry group, corre-
lation matrices C;;(¢) are built using a large operator basis constructed as described in the previous
section. For each N X N correlation matrix, we solve the corresponding generalized eigenvalue
problem (GEVP) [23, 24]. We use the so-called single pivot method with reference and diagonal-
ization times chosen such that the off-diagonal elements of the resulting rotated correlation matrix
are compatible with zero within the statistical error for all time separations larger than the diago-
nalization time. The diagonal elements of the rotated correlation matrix provide approximations of
the generalized eigenvalues, whose exponential behavior is dominated, for large separations, by the
lightest NV states; see Ref. [10] for further details on state identification.

my; [MeV] mg [MeV] mpy [MeV] mp[MeV] my[MeV] mz[MeV]
282.78(47) 463.38(57) 1044(2) 1137(2) 1182(2) 1251(1)

Table 2: Single hadron masses extracted from the D251 ensemble. The central values are obtained by model-
averaging over different multi-exponential models and the error is obtained through bootstrap analysis; the
scale setting error is omitted.

In order to avoid the problem of false plateaux which might appear in the extraction of the
energy levels when fitting ratios of correlation functions, we perform multi-exponential fits directly
to the diagonal elements of the rotated correlation matrix. We use an information theory-based
criterion to select the optimal description of the dataset. Each correlator is fit with n-exponential
models with n = 1, ..., 6, for different choices of prior and GEVP parameters and #i, [25]. The
best estimate for each energy level is then obtained by selecting the model and the dataset with
the lowest Akaike Information Criterion (AIC) [26]. In Figure 2 on the left we show the effective
energy for the ground state in the rest frame in the A, irrep, with the band corresponding to the
estimated plateau from the optimal model. This strategy selects two-exponential fit functions as the
best model in most of the cases, except for a couple of cases where the rotated correlators are better
described by a three-exponential model. While this spectrum extraction method avoids the issue
of false plateaux, it is not able to capture correlations between single and two-baryon correlators
as more sophisticated fitting strategies allow [25]. The extraction of the interacting finite-volume
spectrum with simultaneous fits of single and two-baryon correlators is currently in progress.
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Figure 2: Left: effective energy of the ground state two-particle correlator in the rest frame for the Aj,
irrep. The red curve is the optimal model chosen as discussed in the main text, while the gray band shows
the estimate of the corresponding energy. Right: effective energy of the one-particle correlator associated
with the A baryon in the rest frame. The orange lines are different estimates of the mass, the transparency of
each line corresponds to the weight of each model entering the model-averaging procedure, while the gray
band is the final estimate.

A similar strategy is used for the extraction of the single hadron energy levels in all momentum
frames, with the only notable difference that the final estimate of the ground state energy is obtained
by using a model-averaging procedure. This approach has the advantage that the systematic error
induced by excited state contamination and arbitrary choices, €.g. i, and prior hyperparameters,
can be reliably assessed; see Ref. [27] for further details on the procedure. In Figure 2 on the
right we show the effective energy of the A baryon in the rest frame. In Table 2 we report our
determinations of the pseudoscalar meson and of the single baryon octet masses from the ensemble
under study. In the future, we plan to extend the model-averaging procedure to the two-baryon
correlator simultaneous fits as well.

3.3 Liischer analysis
Infinite volume scattering information is related to the finite volume spectrum through the

Liischer quantization condition [28—30]

det [F(E, P.L)" +K(Em)| =0, )

where E., = VE? - P2 is the center-of-mass energy. Here K(E.y) is the infinite-volume K-
matrix, while F(E ,P, L)~! encodes the finite volume kinematics and explicitly depends on the
finite-volume energy levels.

In the SU(3)-symmetric limit, two-baryon states can be classified in terms of irreducible
representations of the flavor group as [31]

828=1001008s @8, ®27d1, (3)

with the H dibaryon belonging to the singlet representation. Being a flavor-symmetric channel, spin-
zero energy levels are associated with even partial waves. Therefore, the lowest scattering channel



Preliminary study of the H dibaryon in Ny = 2 + 1 lattice QCD Davide Laudicina

to be considered is 'Sy. Odd partial waves, which are spin one, factor out in the quantization
condition and higher partial wave effects start contributing from ' D,.

Away from the SU(3) symmetric point, the three relevant coupled channels are AA, XX and
NE. The presence of non-identical particles in the N= channel induces mixing between irreps
associated with S and P waves. Equivalently, the AA and the XX states only receive contributions
from the flavor-symmetric irreps 1, 27 and 8g, while the NE can be written in the flavor basis in
terms of both symmetric and anti-symmetric flavor irreps [31]. In moving frames, finite-volume
effects couple the lowest NE scattering channel ISy to ' Py, while, at the same time, the scattering
amplitude couples ' P to 3P;. As a consequence, constraining the infinite volume K-matrix away
from the SU(3) symmetric point is a much more complicated task due to the presence of three
distinct coupled channels, with the consequent mixing of different partial waves.

In Ref. [10], it was pointed out that another possible source of systematic error in the finite-
volume analysis is the presence of the #/u-channel left-hand cuts in the scattering amplitude due to
long-range interactions arising from the exchange of pseudoscalar mesons. Close to the left-hand
cut, the standard Liischer formalism breaks down and, in order to correctly incorporate effects
coming from light pseudoscalar-meson exchange, extensions to the standard formalism have to be
taken into account [32, 33]. In the SU(3) symmetric regime, with sufficiently heavy pion mass, the
only left-hand cut lies well below the AA elastic threshold, and its effects can possibly be controlled
by excluding energy levels lying too close to the cut. Away from the SU(3) symmetric point, the
situation is qualitatively different. Due to the presence of three coupled channels, multiple left-hand
cuts, both from diagonal and cross channels, are present in the kinematical region between the lowest
and the highest elastic thresholds. Since the AA and the NZ thresholds are substantially lower than
the XX threshold, see Table 2, we also note the presence of a two-pion exchange left-hand cut in
the diagonal XX channel for which no extension to the standard formalism is currently available; its
possible effects deserve further investigation.

4. Preliminary results

In Figure 3 we show the two-baryon energy spectrum in the center-of-momentum frame.
Different panels correspond to different momentum frames and the energy levels displayed are the
ones related to two-baryon interpolating operators which transform under the Ajq(n) and A (n)
irreps of the cubic group, where n = 0, 1, 2, 3,4 is related to the magnitude of the total momentum
P as discussed in Section 3.1. All the energy levels are normalized by the mass of the A baryon.
Blue points correspond to the finite-volume energy levels extracted from the lattice correlators as
detailed in Section 3.2, gray dashed lines are the corresponding non-interacting levels and solid
lines indicate the various two-particle thresholds.

In the same plot we show the most relevant #-channel cuts due to one pion exchange for the
diagonal channels. Note that the lowest left-hand cut is due to one n meson exchange in the
AA — AA channel and it lies well below the lightest energy level and, for this reason, it is not
shown in the plot. The two-pion exchange 7-channel cut in the diagonal XX channel is not shown in
the plot. However, it is worth noting that its position lies just below the NE production threshold.

Given the discussion in Section 3.3, a complete Liischer analysis would involve three coupled
channels, S and P wave mixing and a correct incorporation of (at least) one-pion exchange cuts. All
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Figure 3: The spectrum on the D251 ensemble. Blue points are the energy levels extracted from lattice
correlators, gray dashed lines are the corresponding non-interacting energy levels. Black and blue solid lines
represent the relevant two-body thresholds. The green dashed lines are the most relevant left-hand cuts in
the diagonal channels. Points are horizontally offset for clarity.

these aspects will be taken into account in a future work. Here we present a preliminary analysis of
the lowest-lying spectrum neglecting partial wave mixing and the presence of left-hand cuts. We
restrict the finite-volume analysis to the six lowest energy levels in the rest frame. In the Ay irrep
of the cubic group, the dominant contribution comes from the 'Sy partial wave, which couples to
flavor-symmetric states only. The next higher partial waves in this irrep, flavour-symmetric !G4
and flavour-antisymmetric 3G, are suppressed relative to ! Sy.

From the flavor decomposition in eq. (3), the symmetric physical states AA, ¥ and the
symmetric component of the mixed state N2, can be written as linear combinations of the flavor
states 1, 8 and 27 [31]. Inspired by chiral effective theory, the interactions among different channels
are splitin terms of SU(3) symmetric and SU (3)-breaking interactions. As a consequence, a simple
parameterization for the inverse K-matrix is given by

7(_I(Ecm) = U( _111(3) + b_relzaking) U ’ “

where the flavor-symmetric and the SU(3)-breaking terms read respectively

ct 0 O 0 Cle8,  Cl1e27

-1 _ -1 —

SU@33) — 0 (N 01, breaking — C1e8; 0 C8,27 | > (5)
0 0 cx C1e27 8,527 0

while the unitary matrix U contains SU(3) Clebsch-Gordan coefficients which relate the flavor and
the particle states. We employ a minimal five-parameter model where c37 and cg, are assumed to
be constant, while ¢ contains a linear dependence in the energy. The main reason for this choice
is the fact that both lattice calculations and chiral effective theory arguments suggest the flavor
singlet irrep to be responsible for attractive interaction [34, 35]. Similarly a direct inspection of the
fitted K-matrix suggests that the c¢127 is the most relevant SU(3)-breaking term appearing in our
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parameterization. For this reason, in our model of the inverse K-matrix we explicitly set c1..g, and
8,27 to zero and leave c127 as a constant parameter to be fitted.

The parameterization in eq. (5), despite being very simple, is able to describe the lowest-lying
flavor-symmetric spectrum in the rest frame and the SU(3)-breaking term cj.,27 turns out to be
crucial to have a good quality-of-fit. It is however important to notice that when we include higher-
lying energy levels in the analysis, the model in eq. (5) is not general enough to provide a good
description of the lattice data. This is not surprising since this simple parameterization might not
be able to fully capture effects arising from SU(3) breaking. This is likely to be relevant given
that MIZ( — M2 is large on this ensemble. Furthermore, it is important to note that the quantization
condition employed does not incorporate the effects of the left-hand cuts present in the studied
kinematical region.

5. Summary and outlook

We presented our preliminary results on the S = -2, I = 0 H dibaryon on a single CLS
ensemble away from the SU(3) symmetric point. The interacting spectrum has been extracted over
five different momentum frames from correlation matrices built from a large basis of operators
constructed using the distillation technique. Our future plans include a more sophisticated determi-
nation of the spectrum using simultaneous fits to exploit correlations among single and two-baryon
correlators and to use the model-averaging procedure on two-baryon correlators in order to obtain
areliable estimate of the systematic uncertainty. Furthermore, we are currently working on treating
the effects of single-exchange left-hand cuts. As a final remark, let us stress that, given the large
cut-off effects observed in previous lattice calculations, performing simulations at different lattice
spacings will be crucial to correctly estimate the size of discretization effects.
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