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1 Introduction

SU(N.) Yang-Mills (YM) theory turns into a free string theory in the 't Hooft planar limit
N. — oo [1]. Understanding these confining strings remains an outstanding challenge.
Lattice Monte-Carlo simulations deliver precious experimental guidance for this enterprise.
Lattice observables sensitive to the stringy origin of YM glueballs belong to two large
distinct categories. The most direct way to probe the worldsheet dynamics of confining
strings on the lattice is to measure the spectrum of tolerons — long flux tubes wound
around one of the spatial directions [2-6]. Applying the effective string theory methods,
such as large radius expansion [7-12], Thermodynamic Bethe Ansatz (TBA) [13, 14] or
flux tube S-matrix bootstrap [15] one can then extract properties of the worldsheet action
and S-matrix from the spectral data. These studies resulted in the Axionic String Ansatz
(ASA) for the worldsheet theory in both D = 3 and D = 4 gluodynamics [16, 17].

The second set of lattice data comes from glueball spectroscopy [18-22]. Glueball spec-
tra have an advantage of representing traditional physical observables, directly measurable
in the lab. However, relating these data to the worldsheet properties is hard. In particular,
effective string theory is only useful in the vicinity of the leading Regge trajectory [23].
Hopefully, one can do better with the ASA, which postulates that the worldsheet theory
can be treated as a deformation of an integrable model (see [24, 25] for a further discussion



of the underlying physics). To predict the glueball spectrum one needs then to solve for
the short string spectrum in the integrable approximation, and to develop perturbative
methods accounting for violations of integrability.

A very first step towards implementation of this program has been made in [17] for
D = 3 YM. The ASA string is particularly simple at D = 3, where it belongs to the
same equivalence class as the minimal Nambu-Goto string with no additional massless or
massive worldsheet degrees of freedom present. In the integrable approximation the ASA
worldsheet S-matrix is the same as the worldsheet S-matrix of critical strings [26]. Building
on this similarity, [17] came up with a prediction of glueball quantum numbers. At D = 3
these are glueball spin J, spatial parity P and charge conjugation parity C. J > 0 glueball
states come out as doublets of states carrying opposite spatial parities P, so that P carries
non-trivial information only for J = 0 glueballs. We will refer to the resulting spectrum as
the ASA spectrum, but it is important to keep in mind that some additional assumptions
have been made in [17], which may be not a part of the ASA.

In the present paper we report results of a dedicated lattice simulation whose goal is to
test the predictions of [17]. The major difficulty for such a measurement is that the physical
SO(2) rotation symmetry is broken to its Z4 subgroup on a cubic lattice. As a result, the
conventional glueball mass measurements, such as the ones presented in [22], deliver only
Z4 transformation properties of the glueball states, rather than the physical glueball spins.

A technique to measure the actual physical spins J was described in [18-20], where
it was applied to several low lying glueball states. Here we build on this proposal and
perform continuous spin measurements for all accessible glueball states (in practice, this is
more than 100 states). Let us stress that our main goal is to provide spin determinations
rather than to perform a high precision mass measurement. As a result, the mass values
which came out from our simulation are less precise than those reported in [22]. Also we
restrict ourselves to the SU(4) gauge group. This value of N, should be large enough for
our purposes, given that the typical mass shifts between N, = 4 and N, = oo measured
in [22] are all within 10%.

The rest of the paper is organized as follows. In section 2 we present a short summary
of the ASA predictions for the glueball spectrum. We also compare them to the previously
existing lattice results. In section 3 we describe in detail our methods. The results are
presented in section 4, and also in tables 2a—18 and figures 2—11 which can be found at the
end of the paper. We compare the measured glueball spectra with the ASA predictions
and find good agreement. Future directions are discussed in the concluding section 5.

2 ASA spectrum and earlier lattice data

Let us review the ASA predictions for the spectrum of D = 3 glueballs. It is instructive to
start with a brief reminder of what the spectrum of closed critical bosonic strings looks like
(see, e.g., [27]). The Hilbert space H, of closed critical strings is a direct sum of subspaces
labeled by a non-negative integer NV,

He=> My . (2.1)
N



For critical strings the masses of states at the same level N are all equal to each other. This
mass degeneracy follows from exact integrability of the worldsheet theory. Furthermore,
each subspace H y is a tensor product of spaces describing left- and right-moving worldsheet
perturbations,

Hy =HrL(N)®@HRr(N) . (2.2)

The level number N counts the total left-moving momentum along the string. The right-
moving momentum necessarily takes the same value as a consequence of the worldsheet
reparametrization invariance. This is known as a level matching condition.

In order to define charge conjugation one needs Hy (N) = Hr (N), then

CWL®YRr) =Vr® YL . (2.3)

A geometric meaning of (2.3) is that charge conjugation acts by flipping the string
orientation.

Note that the tensor square structure (2.2) follows from the absence of massive pertur-
bations on the critical string worldsheet. If present, these would allow for zero momentum
excitations, modifying the tensor square structure.

Finally, for critical strings one finds that the spectrum of closed strings is related to
the spectrum of open strings via

HL(N)ZHR<N)=HO(N) , (2.4)

where H,, (V) is the Hilbert space of open string states at level V.

According to the ASA confining strings at D = 3 do not carry any massive excitations.
Unlike in the critical case, the worldsheet theory is no longer integrable [14, 28], so that
the exact mass degeneracies at each level do not hold. However, as a consequence of
approximate integrability, one still expects to find approximate level degeneracies. This
leads to the first (weak) ASA prediction — glueballs are expected to come in approximately
degenerate groups (levels), where each group can be decomposed as a tensor square (2.2).
As discussed in [17], this “weak” prediction is already quite restrictive. In particular, it
implies that multiplicities of each level are equal to exact squares. Also, odd spin glueballs
at each level appear in pairs of opposite charge parity and equal spin.

A stronger set of predictions follow from an assumption that the relation (2.4) continues
to hold for confining strings. The structure of the open string Hilbert space H, can then
be described using the following semiclassical considerations. One starts with decomposing
H, as a sum of subspaces H; of a definite angular momentum j,

Ho=> MHo(N) =D H;. (2.5)
N

JEZ

Note that the sum in (2.5) runs over all integer values of j. Open string states of spin J > 0
are doublets of states with j = £J. At large J the minimum energy state in the corre-
sponding H; is described by a classical rotating rod solution. These states give rise to the
leading Regge trajectory and satisfy N = J. Low lying excitations in H; can be constructed



by quantizing small perturbations around the rotating rod. This results in a prediction for
quantum numbers and multiplicities of states close to the leading Regge trajectory.

The strongest set of the ASA predictions follow from an additional assumption that
this perturbative analysis applies at all j (including j = 0!) and for arbitrarily high excited
states in each H,;. We will see that this somewhat ad hoc assumption works surprisingly
well. Its possible justification may be that it is often the case that semiclassics produces
exact results in integrable models. Confining strings are not integrable, however, according
to the ASA they can be described as a deformation of an integrable theory. Discrete data,
such as state’s multiplicities and quantum numbers, cannot change under a continuous
deformation.

Adopting this assumption allows one to fully predict the multiplicities of states in each
‘H;j. Namely, the multiplicity of states at the level IV in H; is given by the N-th coefficient
in the Taylor expansion of the following generating function

Py(z)=2'(1-x2)P (), (2.6)

where

@) =[] =
n=1

is the Euler generating function for integer partitions.
The open string Hilbert space does not have direct physical meaning for pure glu-

1" To obtain glueball quantum numbers one makes use of the tensor square

odynamics.
decomposition (2.2). The resulting predictions of the glueball quantum numbers for the
first five levels (i.e., for N = 0,...,4) are presented in table 1. We see that the “strong”
ASA completely fixes quantum numbers of the first 39 glueball states (up to N = 3).

The ASA also fixes the quantum numbers of 64 glueball states at the N = 4 level, up to
a spatial parity assignment for two (out of ten) J = 0 glueballs. The latter ambiguity arises
because the arguments above do not fix parities of j = 0 open string states. This leaves
parities of some J = 0 glueballs undetermined, if there is more than one j = 0 state at the
corresponding open string level. N = 4 is the first level when this happens. Independently
of how this ambiguity is resolved, one of these states will be an exotic CP = —1 state, i.e.
either 07~ or 0~ *. This makes the N = 4 level especially interesting — this is the first
place where such exotic state appears in the ASA spectrum.

To conclude this section and to set the stage for our further study let us review the
status of the ASA spectrum as compared to the lattice data prior to the current work.
A high precision mass determination for a large number of glueball states (and for up
to N, = 16) has been recently performed in [22]. However, SO(2) spin values were not
measured in this simulation. Still, some limited information about glueball spins has been
available. First, a number of low lying Z, singlet states observed in [22] do not have nearly
degenerate partners of opposite parity. This implies that these are true J = 0 states.
In addition, the lightest J = 4 doublet has been identified in the earlier dedicated study

Tt is natural to expect though, that it will correctly describe the meson spectrum if one adds to the
theory a light fundamental quark flavor.



presented in [18, 20]. Furthermore, combining the results of [22] with the earlier ones
presented in [19, 20] it was argued in [22] that the preferred J¢ assignments for the four
lightest odd spin glueballs are 1~ and 3%, 3%, 3™.

These results are summarized in figure 1. One immediately identifies in this figure well-
pronounced N = 0, 1,2 levels perfectly matching the ASA predictions. This agreement is
non-trivial, but should not be considered as a definitive confirmation of the ASA logic,
given that the results presented in figure 1 were available prior to [17] and served as a
guide for the analysis presented in [17]. Hence, the crucial test of the ASA should come
from spin determinations for heavier glueballs with masses in the N = 3,4 regions. The
goal of the present paper is to perform such a test. In particular, if the preliminary spin
assignments for the four lightest odd J doublets in figure 1 were correct, they would sharply
contradict even the weak ASA. Addressing this tension is one of the primary motivations
for the current study.

3 Methods

3.1 Lattice simulations

We generate configurations of SU(4) matrices representing lattice link variables, corre-
sponding to exponentiated gauge fields, in accordance with the standard Euclidean path
integral

Z:/DUexp(—ﬁS[U])Z/DUeXP (—ZJQVQ

s [U]> : (3.1)

where DU is the Haar measure over the lattice link matrices, a the lattice spacing and S
is the Wilson plaquette action

S=> (1 — ]\lfcRe'I&"Up> : (3.2)

Here U, is ordered product of link matrices around a plaquette at location p.

We use a 80 x 80 x 96 lattice with 8 = 98.25; 18 million lattice configurations were
generated using a standard Cabibbo-Marinari heat bath plus over-relaxation algortihm,
with operators being evaluated every 100 configurations.

3.2 Spin ambiguity and parity degeneracy on a cubic lattice

As is well known, on a cubic D = 3 lattice spatial Euclidean SO(2) symmetry is broken to
its Z4 subgroup [20, 29]. Using only rotations of loop operators restricted to the lattice we
cannot distinguish the spins of eigenstates which have J = 0 mod 4, nor among those that
have odds spins J = 1 mod 2, nor among those with J = 2mod 4. As discussed in detail in
section 3.3 we get around this problem by implementing up to 16 approximate rotations of
loop operators, so that we can distinguish states of specific spins up to J = 8.

In three spatial dimensions P parity can be defined as a reflection w.r.t. the origin.
This transformation commutes with spatial rotations, so that the extended orthogonal



group is simply a direct product O(3) = SO(3) X Zg, where the Zg factor corresponds to
P. On the other hand, in two spatial dimensions a reflection w.r.t. the origin is equivalent
to a conventional rotation. P parity has then to be defined as a reflection w.r.t. one
of the axis, for example the y-axis. As a result, P does not commute with continuous
rotations and the extended orthogonal group is a semidirect (rather than a direct) product
0O(2) = SO(2) % Zy. In other words, the parity and angular momentum operators do not
commute. A parity transformation switches clockwise and counter-clockwise rotations, so
that P[j) = |—j).

Now if |j) is a mass eigenstate we can form two opposite parity eigenstates
Plj,£) = |j,£) of the form

k) = —
PR

assuming both |j, +) are non-zero. Since H and P commute, these would then be degenerate

(I5) £1=4))

mass eigenstates of opposite parity. For j # 0 the states |—7) and |j) are orthogonal so that
(J, £lj, £) =1.

Hence, |j, =) are indeed both non-zero at j # 0.

This continuum argument gets weaker on the lattice. It still applies for J = odd states
because Z4 rotations distinguish j = 1 from j = —1 states, so that there is an exact parity
doubling for odd spin states. However, 2 = —2mod 4, so the argument does not apply
to even spin states, and the parity doubling is broken by the lattice for these states. Of
course, it does get restored in the continuum limit 8 — oo and a — 0.

This discusson implies that the irreducible representations of the symmetry group of the
cubic lattice are A; (which correspond to the continuum states with J P =0t 4t .. )y Ao
(JP=07,47,...), A3 (JP =2%,67,...), Ay (JP =27,67,...),and E (JF =1%,3% ..).

3.3 Approximately rotated operators

In order to get around the breaking of the full rotational symmetry on a cubic lattice, we
make use of approximately rotated (AR) operators as introduced in [18]. Figure 2 shows six
basic operators that we use, while figure 3 shows an example of an approximate rotation
for one of these. An overall physical scale of these operators is chosen to be similar to
the size (after blocking) of the operators used in [22] which had large overlaps with light
glueball mass eigenstates.

In order to construct AR operators we make use of additional gauge field matrices
corresponding to diagonal links, as illustrated in figure 3. For instance, the diagonal link
matrix in the (1, 1) direction is built by forming

1
Uy (Ngy iy, ) = 3 (U (ng,ny,ny) Uy (ng + 1, ny,04) + Uy (g, gy, ) U (M, 1y + 1, 104))

and by projecting the result back into the space of SU(N,) matrices exactly as it is done in
the smeared link construction. Here Uyy) (1, ny, n¢) is the gauge field matrix on the link,
which starts at lattice site (ng,n,,n;) and points in the spatial direction determined by



the subscript. The definition of a diagonal link matrix in the (1,-1) direction is completely
analogous. Note that similarly to the smeared links, we don’t use the diagonal links in the
definition of the action, but only to construct a basis of AR operators. Using these links
we calculated sixteen rotated versions of each basic operator at angular increments of /8.
This allows construction of operators with (approximate) spin values J from 0 up to 8.

Clearly, the spin fidelity of rotated Wilson loops is better for shapes that are larger
in lattice units. Keeping the physical size fixed, this requires smaller lattice spacing a.
An important consequence is that it is not feasible to construct small operators and then
scale them up using blocking. We do use smeared operators. However, the inability to
implement blocking significantly restricts the quality of the overlap of the AR operator
basis with the light glueball mass eigenstates.

Additionally, without blocking the calculation of the loop trace for operators of this
size in lattice units adds up to 100 multiplications of SU(N,) matrices at each lattice point.
In [22] glueball masses were extrapolated to N. = oo values using masses obtained for
N, € [2,16]. However, the authors of [22] made use of blocking and also reduced the lattice
size depending on N, to as small values as 262 x 30 for N, = 16. In the current work, the
spin fidelity of approximate lattice rotations would be unacceptable using a 262 x 30 lattice
size. In addition, each matrix multiplication requires O (Ng’) floating point operations. As
a result, our mass determinations are limited to the SU(4) gauge group.

We further enlarge the AR operator basis by attaching pairs of basic operators at
the origin as shown in figure 4. Since we already calculated the product of link matrices
around each individual basic loop we can combine them at the cost of just one more
matrix multiplication per lattice site for each double loop operator. For any pair of distinct
operators we can construct 16 distinct shapes corresponding to different angles between
the individual loops. For each resulting double loop we then construct 16 rigid rotations
of that double loop.

This procedure allows us to generate a large number of double loops at relatively
small computational costs. Given constraints on memory and processing time we restrict
ourselves to using double loop operators obtained by combining two of the loops in figure 2a
or two of the loops in figure 2b. This gives us 2 x 96 = 192 double loop operators before
implementing rigid 7/8 rotations.

Every operator is calculated after three and five smearings of lattice links. Since
we don’t perform any blocking, after a few smearings the values of the loop trace for
a particular operator at different smearing levels at a given lattice site become highly
correlated.

Finally, in order to partially compensate for distortions due to the approximate nature
of rotations, we renormalize each rotated operator by replacing it with
o 2-(®

(@ —(2))?)
3.4 Filtering of operators

In [18] the rotational quality of operators was assessed by examining the correlation matrix
for rotations of a particular shape and checking that it is well approximated by a circulant



matrix, which it becomes in the continuum theory. We take a different approach, dictated
by a different use of AR operators in our analysis. Namely, we use them to construct
operators with a definite value of J via the angular Fourier transform. These are used then
to measure glueball masses in different J subsectors.

Hence to test the rotational quality we look at correlations between different J com-
ponents in the same Z4 representation. For every Z,4 representation we reject operators for
which the absolute value of the overlap between any pair of different J harmonics is greater
than 0.02. After variational analysis this choice of threshold is found to result in mass eigen-
states that in most cases do not have significant overlaps between states of different JC.

Nevertheless, we noticed several exceptions from this rule. For example table 3 shows
overlaps between 07+ and 8" states (for time separation 4 lattice units; see equation (4.1),
section 4.2 for a precise definition of what we mean by overlap at some time separation),
which are still statistically significant. At some point in our analysis this effect gave rise
to a large systematic underestimation of 8 masses. To avoid this in the variational
estimates for the mass eigenstates for each JXC we project out components with smaller
J values in the same Z,4 representation and with the same PC values. For example in the
case of 8 we project out the overlap with 0T and 4.

As an illustration of the rejection procedure, table 2a shows the overlaps between the
odd J*+ components of the second operator in figure 2a. Since at least one of these is
greater than 0.02, this operator is excluded from the variational analyses in the 17, 37+
57 and 77T representations. On the hand, the overlaps shown in table 2b for another
operator are deemed satisfactory and the corresponding operator is included the 17+, 37+,
5T+, 7T variational analyses.

3.5 Mass determination

After constructing a set of M operators ¢; with zero momentum and the same definite

JPC which are obtained via angular Fourier transforms, charge conjugation, reflections

and spatial averaging of particular loop shapes, we define the cross-correlation matrix

Cij (1) = (8(1)95(0)) = D (vaclg!|n) (n|glvac)e """,

n

where the sum is over mass eigenstates with the same JFC| t is time separation and E,’s
are eigenstate energies. Given lattice measurements for C' (t) for different time lags ¢ we
can then recover the mass eigenstates by solving the generalized eigenvalue problem [30]

Z Cij (752)’[)?Z = >\n (tl, tz) Z Cij (tl) U%, (33)

forn=1,... M. If we write
wn = Zvﬁfbi
i

and denote

cn (1) = (¥} (£)1n(0))



we then define an effective mass

cn(t)

Eeﬁ"n (t) =—In m

Of course for any JF¢ there is an infinite tower of mass eigenstates, while we have only a fi-
nite set of operators. As a consequence, each generalized eigenstate 1, obtained from (3.3)
has non-vanishing overlaps with more than one true mass eigenstate. However, as the time
lag t increases, the higher mass components of a particular ¢, get exponentially suppressed.
As a result at large t the effective mass Feg,,(t) approaches the mass of the lightest com-
ponent of 1, (of course the 1, are obtained by variational analysis at some short time
separation and may include small components of lighter states, but these will become
material in correlators at larger time separations than we effectively fit in this paper).

For each v, we fit the normalized correlators c, (t)/c, (0) with a sum of two
exponentials

f () =wexp(—mit) + (1 — w) exp (—mat)

and take the minimum of two masses min (mj,mg) as an estimate for the mass of the
corresponding eigenstate. The fit is performed by minimizing the inner product

=% <f (t;) — Z%;) (7)1 (f () = Ccz((tg))> 7

Jk

where (2 is the jackknife covariance matrix of the normalized correlators.

As discussed later, a comparison of masses obtained with the AR operators with those
obtained with the conventional operators shows that the conventional masses are systemat-
ically lower. This indicates that the AR operators have larger residual overlaps with heavy
eigenstates. This is not surprising, given that no blocking is implemented for AR operators.
In the future this problem can be addressed, for example, by fitting the normalized corre-
lators by a sum of three or more exponentials. Unfortunately, with the currently available
amount of data, this gives rise to very large statistical errors which make it impossible to
extract the masses to a useful precision.

4 Glueball spectrum

4.1 Spectrum with AR operators vs. N = 3 ASA

Applying methods described in section 3 we perform mass and spin determinations for a
large number of glueball states. The results of these measurements are summarized in a
number of tables and figures at the end of the paper.

In tables 4, 5 and 6 we present the mass values in lattice units for 15 lightest states
in each channel where we perform the analysis. In figure 5 we show the same glueball
spectrum in a Chew-Frautschi plot (with M? and J axes swapped as compared to how
it is usually presented), where the squared mass has been expressed relative to the string
tension oy = 7%, where [, is the string width. o is determined in a conventional manner
from the ground state temporal correlator and corresponding energy for fundamental flux



tubes winding once round the lattice in the spatial direction [22, 29]) for the value of
B = 98.25 used here and the square root is found to be 0.06603(8). For J > 0 this figure
shows for each J¢ only the masses averaged over two P values.? Also, in this figure we cut
the spectrum at high masses at m = 1 in lattice units. The errors indicate 1o statistical
uncertainties only. As we discuss below, in most cases systematic errors are quite a bit
larger than the statistical ones (typically, systematic errors result in masses presented in
figure 5 being heavier than the actual physical masses).

For now, let us neglect possible systematic errors and compare these results with the
ASA predictions (see table 1) for up to N = 3 string level, taking the mass values (or
rather, the ordering of masses) presented in figure 5 at face value. Most conveniently this
can be done using figure 6, where we colored the states according to the ASA level assign-
ment up to N = 3, and cut the heavier states by keeping only one heavier N = 4 state in
each JP¢ channel.

Remarkably, we observe a perfect match to the ASA predictions for the N = 3 states,
in addition to the previously observed match for N = 0,1,2. In particular, the sharp
conflict between earlier preliminary spin determinations for four low lying odd J states
and the weak ASA predictions got resolved — our spin values for these states are in a
complete agreement with the ASA. We see a well-pronounced group of 1 and 3% ground
states separated by a large gap from heavier states in the respective channels. In figure 7
we also presented the effective mass for each of these four states as a function of the time
lag in lattice units together with the corresponding fits with two exponentials.

This achieves the minimal goal for the current study. We see that the ASA does provide
a convincing description of glueball quantum numbers below the N = 4 level. Now, given
the large amount of spin determinations for heavier states, it is natural to check the ASA
predictions for the N = 4 states as well. Before doing this, let us take a closer look at the
systematic errors in our data.

4.2 Spectrum with conventional operators and systematics

As a way to cross-check our results and to assess the involved systematics it is natural
to compare the AR spectrum with the one based on a conventional set of operators. To
achieve this we measure glueball masses from the same set of gauge field configurations
using one of the operator bases used in [22]. Of course, spin identifications for the latter
states are subject to the usual limitations of square lattices.

The resulting masses are presented in tables 11 to 18, where we show first 20 states for
each set of Z4 and P,C' quantum numbers. In addition we show the normalized overlaps
between each corresponding generalized eigenvector and the generalized eigenvectors in
different J channels obtained with the AR operator set. Here by a normalized overlap

2As expected pairs of masses for P = =+ for given J,J > 0 typically agree within statistical errors

in tables 4, 5 and 6. There are exceptions, for example the ground states for 87 and 8™, but as we
discuss in section 4.2 systematic errors are anyway greater than statistical errors for the AR operators at

the corresponding high masses.
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between operators i) and ¢ at time separation ¢ we understand

W' ()¢(0)) |
V(W (£)1(0)) (1(£)$(0))

As a consequence of this definition at late time one finds

O, ¢, 1) = (4.1)

O, p,t - 0) =1

if the lowest energy eigenstates appearing in the decompositions of 1|0) and |0) in the
energy eigenbasis are the same and non-degenerate. Overlaps shown in tables 11 to 18 are
defined by

20
O20(¢7t) = Zo(wa(blat)Q .
i=1

where the sum goes over 20 lightest states in each corresponding J channel.? For example,
in table 11 we show overlaps between each Ay, C = +, conventional state with the 0",
47 and 8T AR states and finally the total overlap with all the latter. In all cases we
show overlaps at two different times, t = 0 and ¢ = 4 in lattice units.

We see that for most states the total overlap does not add up to unity. Most likely the
main cause of this is that both AR and conventional operators have a substantial admixture
of heavier states, which still contribute at t = 4. In agreement with this interpretation total
overlaps get considerably closer to unity at ¢t = 4 as compared to ¢ = 0. Note that the
masses obtained with conventional operators are in a good agreement with the results
of [22], while the masses for the same states obtained with the AR operators are quite a
bit higher. This indicates that the AR operators have larger admixture of heavy states, as
expected, because no blocking was applied for them.

For all states with mass less than 0.80 in lattice units we make a tentative assignment
of spin based on overlaps at separation ¢ = 4. In the tables, the corresponding “dominant”
overlap is denoted in colored bold or italic. In many cases this assignment is unambiguous,
meaning that the corresponding state indeed contains a clear dominant component with
some value of J. However, for a number of states this is not the case, and generalized eigen-
states have comparable components with different values of J when decomposed in the AR
basis. This happens when there is a group of states with different spins and close values of
the mass. In these cases the generalized eigenstates obtained with conventional operators
are actually admixtures of several states with different J. Even in these cases usually the
overall count for the number of states is unambiguous, even though an assignment of a def-
inite J value to a specific conventional mass eigenstate does not have well-defined meaning.

For example, a situation like this arises for the two lightest ET states. As follows
from table 15 one finds here two nearly degenerate states with a significant admixture of
both J =1 and J = 3 (even though in both cases one of the components is considerably
larger than another). Still, the conclusion that there is one true eigenstate with J = 1 and

3Note that this number is larger than 15 states shown previously in tables 4, 5 and 6, where we chose
to cut states earlier in order to avoid an excessive cluttering.
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another with J = 3 at this mass is robust, in agreement with the ASA predictions and the
analysis in the AR basis. On the other hand, as can be seen from table 16, the mass gap
between the two lightest £~ states is larger and no ambiguity of this kind arises there.
At high spins the conventional basis starts missing states. Neither a clean J = 8
candidate in tables 11, 12, 13, 14 nor a clean J = 7 candidate in tables 15, 16 are found.
This problem is present even at J = 6 — what we marked as the lightest J = 67 state in
table 17 is one of two nearly degenerate states with a significant J = 6 component (with
another such state also being closeby), but for all of these states the J = 2 component
dominates. This is not surprising given that conventional operators have only been rotated
by multiples of /2, so their overlaps with highly oscillating large J states are suppressed.

With all these caveats in mind, we have then counted a number of states in each
spin channel from the lowest to the highest mass and for N = 0,1, /, 3,4 identified the
corresponding ASA level by color coding superimposed on bold font. States in italic have
N > 4 according to the ASA. Figure 9 shows all these states in the Chew-Frautschi plot.
We again find a well pronounced N = 3 level with the same spin content as observed with
the AR basis (barring the above subtlety with identification of the J = 6 state).

As we already said, the AR masses are systematically heavier than the conventional
ones. It is natural to use this as an estimate for systematics in the AR mass determinations.
To illustrate this effect in figure 10 we plotted the AR masses with additional dashed bars
extending down to the corresponding point in figure 9. As expected, systematic errors
increase with mass. By the time one reaches the N = 4 level they become larger than the
level separation.

Another characterization of systematic errors may be obtained by fitting the leading
Regge trajectories for both sets of masses. These can be approximated by

M?12 = 47 (1.40(4) + 1.35(4).J)
for the AR operators and by
M?1% = 47 (1.362(6) + 1.19(1).J) (4.2)

for the conventional ones. The greater slope in the AR case reflects the increase in system-
atic errors at larger masses. Note that at large J the trajectory should be well described
by semiclassical folded rotating rod solution and the slope should approach 47. Even with
conventional masses the slope is larger than this value by a factor 1.19. Of course, one
does not expect the exact agreement at lowest spins, but it is apparent from figure 9 that
the shape of the observed trajectory does not go in the right direction as the spin increases
from J =4 to J = 6. The most likely explanation for this is the presence of a substantial
systematic error in the measured mass of the J = 6 state even with the conventional basis
of operators.

We show effective masses and sum of exponential fits for the leading Regge trajectory
states obtained from the AR operators in figure 8.
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4.3 Finite volume and discretisation errors

Our calculations have been performed on a single volume and at a single value of the
lattice spacing. So an important question is whether the finite volume and lattice spacing
corrections are small enough that they do not affect our conclusions. Our choice of volume
was guided by the finite volume checks in earlier work [22] and our lattice spacing is
smaller than the smallest lattice spacing used in that work. However the calculations
in [22] involved a smaller number of states than in the present work and there was no
attempt to identify the real continuum spins of the states involved. In particular one
might expect that states of higher spin, which require higher angular resolution for their
identification, might have larger O(a?) discretisation corrections, and this is one reason
that we performed our calculations at such a small value of a. In addition to this, states
of higher spin should be larger (as will be some of the more massive states of lower spin)
and this may lead to larger finite volume corrections. The only unambiguous way to deal
with these issues is to repeat our calculations for a range of values of 5  1/a, and also for
a range of spatial volumes. Unfortunately this ideal approach would involve a much larger
calculation which is beyond the scope of the present paper. Instead what we shall do here
is to return to some of the calculations in [22] and focus on a selection of states that have
particular relevance to our present work.

We focus on the SU(4) calculations at the three largest values of § in [22], i.e.
B = 63,74,86. Since masses vary as am oc O(1/3) the O(a?) lattice spacing corrections
should decrease by a factor ~ 0.5 when we go from 8 = 63 to § = 86, so any large lattice
corrections will lead to visible changes in ratios of masses as we vary (8 over this range.
The values of the mass gap and string tension are listed in table 19. The larger spatial
size, I = T0a, at § = 86 satisfies [My++ ~ 21.8 as do the lattice sizes at § = 74 and
B = 63. The lattice size in the present paper, [ = 80a at § = 98.25, is roughly the same.
In table 19 we have also included calculations at 8 = 74 on a smaller lattice size so as to
investigate finite volume corrections. All these calculations have been performed with the
same “conventional” basis of operators used in the present paper. These operators project
onto states in the irreducible representations of the square symmetry, so we do not know
what their continuum spins are, but we can use what we have learned in tables 11 to 18 to
determine which of these states are interesting for our purposes.

To compare the mass of a state at different 5 (and volumes) we compare the ratio of
this mass to that of the lightest scalar glueball (the mass gap). (As is evident from table 19
the mass gap, expressed in units of the string tension, is independent of 8 within the small
statistical errors.)

The first states we choose to focus upon are the lightest 6 in the A4 C' = 4 represen-
tation. The predictions of the ASA in table 1 are that these states include 4 JF¢ = 2=+
states and 1 JP¢ = 6~ state from the N = 1,2, 3 levels, and one further state from the
N =4 level. The calculated overlaps in table 17 support this spin identification (with some
possible mixing). We observe from table 19 that for all of these states any finite volume
corrections cannot be much larger than the small statistical errors. Any lattice spacing
corrections are also invisible except possibly for the first excited state, but even here any
shift is far too small to alter our conclusions about the ordering of the lightest levels.
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The second set of states we consider are the lightest 2 in the A2 C' = 4+ representation,
which we know from table 12 to be states with J©¢ = 4=F. Here we see no significant
finite volume corrections, and any finite lattice spacing corrections are small and within
about two standard deviations.

Finally we consider the lightest 3 states in each of the £ C = 4 and C' = — represen-
tations. From table 1 we expect the lightest two states to be J =1 and J = 3 and that
they will be close in mass since they both belong to the N = 3 level. The gap to the next
state should be larger since it belongs to the NV = 4 level. This expectation is supported
by the overlap analysis in tables 15, 16. We see from table 19 that these states suffer no
significant finite volume or lattice spacing corrections.

This comparison of a number of states selected from the NV = 1,2, 3,4 levels suggests
that our calculations and conclusions in this paper are unaffected by significant finite
volume and lattice spacing corrections. This check includes a few states with J = 4,6
but cannot, of course, reassure us about the states of higher spin considered in this paper.
For example, J = 8 appears as too high an excitation in the A; or A, spectra to allow an
unambiguous matching between spectra at various [ or volumes using just our conventional
operators. A larger, dedicated calculation is clearly desirable.

4.4 Lattice data vs. N = 4 ASA

As should be clear from the results presented in section 4.2 and summarized in figure 10, at
the current stage the measurements with the AR operator basis are not to be considered as
high precision determinations of glueball masses. On the other hand, these measurements
do provide a reliable determinations of glueball spins and of the relative order of glueball
states, at least for N < 4 levels. Figures 9 and 10 confirm our earlier conclusion that the
ASA provides the correct description of glueball quantum numbers at N = 0,..., 3 levels.

Let us now discuss what can be said about the NV = 4 states. Of course, if one literally
took the shifts in figure 10 as an estimate of systematic errors, it would be very hard to
distinguish between N = 4 and N = 5 states. However, these shifts move all the states
downwards. Even though the shifts may vary depending on a state or a symmetry channel,
still it looks plausible that the AR spectrum correctly captures relative ordering of glueball
states in the range of masses corresponding to the N = 4 level and may be used there to
assess the validity of the ASA. This is most conveniently done by using figure 11, which is
a direct analogue of figure 6, but moving one level higher.

We feel that figure 11 and table 10 demonstrate an overall good agreement between
the N = 4 ASA predictions and lattice data. At some spin values (such as J = 8,7,5,3
and perhaps J = 6) the agreement is in fact very convincing. At the remaining spin values
one finds some “contamination” of the N = 4 level by putative N = 5 states. It seems
premature to conclude that these contaminations are indicative of a strong tension between
the ASA and the lattice data before more precise mass determinations with the AR basis
become available.

One should also keep in mind that the number of glueball states rapidly grows with

2

N, while the level separation stays constant in m* units. For instance, at N = 5 level the
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ASA predicts
(07 402 +14+1+2+3+5)? =144 (4.3)

states (their quantum numbers can be easily worked out using the O(2) “multiplication
table” presented in egs. (9)—(13) of [17]). As a result, one expects the levels to become
broader and to start overlap at large N, making the ASA quantum numbers predictions
not very useful for many channels. Note that the “clean” spin values in figure 11 are also
the ones with a smaller number of states, suggesting that we are starting to see the onset
of this effect. This expected broadening of high levels does not contradict the approximate
integrability of the worldsheet theory at high energies assumed in the ASA. Indeed, a
typical large NN glueball correspronds to a long string state with a broad spectrum of
excitations, so that the spectrum of heavy glueballs does not provide a direct probe of the
high energy worldsheet dynamics.

The broadening does not make ASA completely useless at large N, because one can
still follow its validity in exclusive less “crowded” channels. A very interesting example
of such a situation happens at N = 4 level. This is the first time the ASA predicts an
appearance of (one) exotic spin 0 state with CP = —1. One indeed finds an isolated 0"~
state in figure 11. Its AR mass is somewhat heavier than other N = 4 masses, but not
badly so. With the current quality of data we find that the very appearance of such isolated
exotic state in the right ballpark of masses is encouraging.

Note that using the conventional operators in figure 9 one also finds an isolated 07~
state but it appears to be separated further from the rest of N = 4 states (as far as counting
of “contaminating” N = 5 states goes). However, by inspecting table 13 one finds that this
state is a member of an extended group of A; states with relatively large and overlapping
statistical error bars, so it well may be that the 07~ state is misidentified in figure 9 and
a lower member of that group should be used instead.

5 Conclusions and future directions

To summarize, the main conclusion from the presented results is that the ASA provides an
accurate description of the glueball spectrum in D = 3 YM at least at the N =0, ... 3 string
levels, which correspond to the first 39 glueball states. It also provides, at the very least, a
good organizing principle to describe the glueball spectrum as a whole. There is a number
of directions to improve and extend these results both on a lattice and on a theory side.
On a lattice side it will be important to reach the stage when the AR basis can be used
for high precision mass spectroscopy. This requires a significant reduction in the systematic
overestimate of the glueballs masses which we observe with the present AR basis. This
goal may be achieved with future simulations with a larger basis of AR operators and with
higher statistics. In addition, for a cleaner test of the ASA, it is important to extend
the analysis to a larger number of colors N., similarly to how this has been done in the
conventional spectral measurements in [22]. When these goals are achieved, it will be
possible to check that the shape of the leading Regge trajectory agrees with the effective
string theory predictions at large spins (this may require extending our analysis to J > 8).
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As we discussed, due to level broadening, the ASA stops being a useful description
of the glueball spectrum at higher N in all channels. Still, it will be interesting to check
its predictions in some clean exclusive channels at N > 4 with the improved precision of
mass determination. A particularly interesting class of heavy states to study are the exotic
CP = —1 J = 0 states. At N =5 the ASA predicts another isolated exotic state (which
can be either 07~ or 0~F, while at N = 6 there should be six such states (they can be
either 6 07~ s or 4 0~ "s and 2 0% ~s or evenly split between 07 ~s and 0~ Ts).

In addition to looking at the exclusive channels the inclusive counting of states is still
interesting even if different levels cannot be clearly separated as N grows. Indeed, perhaps
the most striking prediction of the ASA in D = 3 YM is the absence of any massive
excitations on the string worldsheet. If present, massive modes would violate the tensor
square structure (2.2). It is hard to test (2.2) directly, when the levels start to overlap.
However, the presence of massive modes would also imply a much faster growth in the
number of the glueball states, compared to the ASA, which can still be tested.

On a theory side it is important to push the ASA spectrum beyond the ansatz for
quantum numbers. In general, this requires a comprehensive understanding of the inte-
grable approximation, which is lacking at the moment. However, certain progress can be
achieved, especially at large J, using the effective string theory technology. For instance, as
clear from the glueball spectra based both on the AR and conventional basis, the mass of
glueballs at the same level tend to decrease as the spin gets smaller. This fits well with the
presence of an additional attractive correction to the Nambu-Goto phase shift extracted
from long fluxtube data [14, 28]. Indeed, the smaller J glueball states are obtained by
adding short wavelength perturbation to the classical rotating rod solution, describing the
leading Regge trajectory. Additional attraction between these excitations makes their en-
ergy smaller compared to the Nambu-Goto prediction (the latter corresponds to an exactly
degenerate level).

A further inspection of figure 11 suggests additional patterns of glueball spectrum at
large J. Namely, it appears that at each N the highest spin (2N)* state is followed by a
pair of (2N — 2)* and (2N — 2)~ states, where the latter is considerably lighter than the
former, and then, perhaps, by a pair of nearly degenerate (2N — 3)* states (at N > 2). If
correct, this pattern should be relatively straightforward to calculate within the effective
string theory using the phase shift correction from [14, 28] as an input.

Finally, it will be most important to extend these results to D =4 YM. On a theory
side this is more complicated due to the presence of a massive excitation on the worldsheet
of D = 4 confining strings [2, 13]. Hence, it is likely that the lattice input will play an
important role in achieving this goal.
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N Glueball states # of states

0 0®0=0"" 1

1 1®1=0""40""+2" 4

2 0+2)®@(042)=2-0""+0" " +27 +27 +4* 9

3 0+143)®@(0+1+3) = 25
3-0"T +2. 07" +1t+17+2.2V 427 437+ 37 44T +47 + 6T

4 07+ 0”2 +1424+4)@ (07 +072 +14244) = 64
5.07F +3.07 - ot 40P 1 3. (1T +17) +4-2V +3. 27+

2:-(3T+37)+3-4t+2- 474+ +45"+5" +6" +6° + 8"

Table 1. Quantum numbers of 3D glueballs at first five levels, as predicted by the ASA.

J=1 J=3 J=5 J=7 J=1 J=3 J=5 J=7
1 1.000 0.082 0.052 0.012 1 1.000 0.001 0.012 0.000
3 0.082 1.000 0.020 0.033 3 0.001 1.000 0.000 0.013
5 0.052 0.020 1.000 0.006 5 0.012 0.000 1.000 0.002
J=7 0.012 0.033 0.006 1.000 J=7 0.000 0.013 0.002 1.000

(a) For the second operator in figure 2a (after (b) For the operator in figure 4 (after three link
three link smearings). smearings).

~ SN S
I

~ S S
I

Table 2. Examples of absolute values of overlaps of J*+ components in the E representation of Z,.

n=1 n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9 n=10
n=1 0.00 0.00 0.00 0.02 0.00 0.00 0.02 0.01 0.02 0.02
n =2 0.01 0.00 0.00 0.02 000 0.01 0.02 000 0.02 0.03
n=3 0.02 0.01 0.00 0.00 0.010 0.02 0.03 0.02 0.01 0.02
n=4 0.01 0.010 0.01 0.02 0.010 001 001 000 0.0 0.01
n=>5 0.01 0.02 0.04 0.01 0.01 0.01 0.00 0.00 0.01 0.03
n==~6 0.02 0.01 0.01 0.00 0.00 0.00 0.02 0.01 0.02 0.00
n="7 0.00 0.010 0.01 0.00 0.00 0.00 0.05 0.02 0.02 0.02
n=2~8 0.00 0.00 0.02 0.00 0.01 0.01 0.01 0.010 o0.01 0.02
n=9 0.01 0.010 0.02 0.00 0.010 0.01 002 003 0.0 0.01
n=10 000 000 000 003 000 003 001 000 0.0 0.00

Table 3. Magnitude of overlap between 07" (rows) and 8" (columns) eigenstates (at time
separation 4 lattice units; before projection out of overlaps between 07 (rows) and 877 states).
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J n PC=+4+4+ PC=—+ PC=+- PC=——
0 1 [02778(5) 1.00(1) 0.897(7)  0.412(1)
0 2 |0432(1)  1.01(1) 1.02(2) 0.549(2)
0 3 |056202)  1.03(2) 1.08(2) 0.694(5)
0 4 |0576(3)  1.05(2) 1.09(2) 0.709(4)
0 5 |06334) 1.14(2) 1.13(3) 0.795(6)
0 6 |0696(4)  1.15(2) 1.14(2) 0.852(7)
0 7 |0710(5)  1.24(4) 1.15(3) 0.855(7)
0 8 |0.742(5)  1.26(3) 1.16(2) 0.86(1)
0 9 |0.794(7)  1.27(5) 1.21(4) 0.898(9)
0 10| 0.806(5)  1.30(3) 1.26(3) 0.92(1)
0 11| 0.814(7)  1.31(4) 1.30(3) 0.94(1)
0 12 |0.856(8)  1.33(3) 1.30(3) 0.95(1)
0 13| 0.86(1) 1.34(3) 1.33(5) 1.01(1)
0 14| 0.900(9)  1.34(5) 1.34(4) 1.03(2)
0 15 0.92(1) 1.34(4) 1.36(5) 1.05(2)
4 1 [0.606(3)  0.608(2) |0.708(3)  0.703(3)
4 2 [ 0740(5)  0.730(5) | 0.832(6)  0.843(5)
4 3 |08155)  0811(5) | 0.867(8)  0.891(7)
4 4 |0845(7)  0.839(6) | 0.899(8)  0.93(1)
4 5 | 0878(8)  0.866(7) | 0.918(8)  0.955(9)
4 6 |0879(7)  0.870(7) | 0.96(1) 1.00(1)
47 |0.94(1) 0.92(1) 1.00(1) 1.01(2)
4 8 |0948(9)  0.97(1) 1.03(1) 1.02(2)
49 [0.9949)  0.98(1) 1.04(2) 1.06(2)
410 | 1.02(1) 0.98(1) 1.04(2) 1.07(2)
411 | 1.02(1) 1.00(1) 1.06(1) 1.08(1)
412 | 1.04(2) 1.01(2) 1.10(1) 1.11(2)
4 13| 1.06(2) 1.02(1) 1.10(2) 1.13(3)
4 14 | 1.07(2) 1.03(1) 1.10(2) 1.15(3)
4 15| 1.07(2) 1.03(1) 1.10(2) 1.15(2)
8 1 |08826) 0.846(6) | 0.958(9)  1.02(1)
8 2 |097(1) 1.03(1) 1.05(1) 1.04(2)
8 3 | 1.0401) 1.05(1) 1.10(2) 1.05(1)
8 4 |1.052) 1.06(1) 1.10(2) 1.11(2)
8 5 | 1.08(2) 1.07(2) 1.12(2) 1.13(4)
8 6 | 1.11(3) 1.11(3) 1.19(3) 1.18(2)
8 7 | 1.17(3) 1.13(4) 1.19(3) 1.21(3)
8 8 | 1.17(2) 1.14(2) 1.20(4) 1.22(3)
8 9 | 1.17(2) 1.17(2) 1.21(2) 1.23(2)
8 10 | 1.19(3) 1.18(3) 1.25(3) 1.23(5)
8 11| 1.19(2) 1.19(3) 1.26(6) 1.24(6)
8 12 | 1.20(4) 1.20(4) 1.27(3) 1.31(5)
8 13| 1.23(4) 1.21(4) 1.27(3) 1.31(3)
8 14 | 1.25(4) 1.25(3) 1.28(5) 1.32(5)
8 15| 1.25(4) 1.25(5) 1.29(4) 1.32(4)

Table 4. Masses (in lattice units) for glueballs in A; and As representations of Zj.

~ 18 —



Jn PC=++ PC=—+ PC=+- PC=—| |J n PC=+4+ PC=—+ PC=+— PC=—
1 1 [0.684(4) 0.695(4) |0.654(3) 0.660(3) 5 1 [0.811(5) 0.815(6) [0.804(5) 0.805(5)
1 2 |0.786(6) 0.796(5) |0.783(6)  0.789(6) 5 2 [0.912(8) 0.919(8) [0.908(7) 0.892(7)
1 3 |0827(5) 0.832(6) |0.792(4) 0.792(5) 5 3 [0.91(1)  0.922(8) [0.925(7)  0.905(9)
1 4 |0.887(8) 0.880(8) |0.878(8)  0.875(9) 5 4 [1.001)  1.01(1) |0.97(1)  0.98(1)
1 5 |0.914(9) 0.922(8) |0.881(7) 0.875(7) 5 5 [1.04(2)  1.05(1) |1.04(1)  1.06(1)
16 [0.93(1) 093(1) |0.89(1)  0.902(7) 56 [1.06(2)  1.07(1) |1.04(1)  1.06(1)
1 7 1093(1)  095(1) |0.931(9) 0.917(9) 5 7 [1.07(1)  1.09(2) |1.05(1)  1.07(1)
1 8 [0.95(1)  0.96(1) |0.956(8)  0.94(1) 58 [1.07(1)  1.12(1)  [1.09(2)  1.09(2)
19 [101(1)  0.99(1) [0.99(1)  1.00(2) 59 [1.11(2)  113(2) |L12(2)  1.11(2)
1 10/1.03(1)  1.01(2) |1.00(1)  1.01(1) 5 10(1.13(2)  1.15(2) |1.15(2)  1.13(2)
1 11]1.04(1)  1.03(2) |1.03(2)  1.02(1) 5 11(1.13(2)  1.15(2) |L15(2)  1.14(2)
1 12]1.04(2)  1.04(2) |1.04(1)  1.02(1) 5 12(1.16(2)  1.16(2) |1.15(2)  1.15(2)
1 13/1.05(2)  1.05(2) |1.05(2)  1.02(2) 5 13[1.16(2)  1.16(2) |1.16(2)  1.15(2)
1 14/1.05(2)  1.06(2) |1.07(2)  1.06(2) 5 14(1.19(2)  1.17(2)  |1.16(2)  1.16(3)
1 15/1.08(2)  1.07(1) |1.09(2)  1.06(2) 5 15(1.20(3)  1.18(3) |1.18(2)  1.17(2)
3 1 [0.690(3) 0.693(3) |0.685(4) 0.690(3) 7 1 (0937(9) 0.91(1) [0.917(7) 0.915(8)
3 2 |0.803(6) 0.802(7) [0.776(5) 0.779(5) 7 2 [1.01(1)  1.04(1) |0.98(2)  1.03(1)
3 3 |0.803(6) 0.807(6) |0.795(6) 0.805(5) 7 3 [1.04(1)  1.04(2) [1.03(1)  1.03(1)
3 4 (0.909(9) 0.912(9) [0.908(6) 0.895(8) 7 4 [1.05(2)  1.04(2) [1.07(2)  1.09(1)
35 (0.92(1)  0.92209) [0.918(7)  0.922(9) 7 5 [1.06(2)  1.05(1) [1.09(2)  1.10(1)
3 6 (0.95(1)  0.952(8) |0.946(8) 0.93(1) 7 6 |1.11(2)  1.10(3) |1.09(1)  1.13(1)
3 7 10.95(1)  0.96(1) [0.950(9) 0.953(9) 7 7 [114(2)  110(2) |1.10(2)  1.13(2)
3 8 [1.01(1)  1.00(1) [0.99(1)  0.97(2) 7 8 |1.15(2)  L11(2) |112(2)  1.14(1)
39 [1.03(1)  1.02(1) ]0.99(1)  1.00(1) 7 9 [117(3)  114(2) [1.13(3)  1.15(3)
3 10(1.04(2)  1.04(2) |1.02(1)  1.04(2) 7 10(1.17(2)  L15(2) [1.13(2)  1.15(2)
3 11/1.04(1)  1.06(1) |1.07(2)  1.05(1) 7 11(1.18(3)  1.18(2) |1.14(2)  1.16(2)
3 12/1.06(1)  1.06(2) |1.08(1)  1.06(2) 7 12(1.21(2)  119(4) |1.16(3)  1.18(3)
3 13/1.07(2)  1.06(2) |1.10(2)  1.09(2) 7 13(1.21(3)  1.22(4) [1.19(3)  1.19(2)
3 14/1.08(2)  1.08(1) |L10(2)  1.09(2) 7 14(1.21(2)  1.22(3) [1.19(3)  1.21(3)
3 15(1.09(3)  1.10(2) |1.12(2)  1.09(2) 7 15(1.22(4)  1.23(3) [1.21(2)  1.23(2)

Table 5. Masses (in lattice units) for glueballs in E representation of Zj.
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J n PC=++ PC=-—+ PC=+- PC=——
2 1]0468(1)  0.469(1) |0571(2)  0.570(2)
2 2/0594(3)  0.597(2) | 0.696(3)  0.696(3)
2 3|0.687(4)  0.679(4) | 0.813(5)  0.807(6)
2 4]0.7104)  0.716(4) | 0.828(6)  0.820(6)
2 5/0.783(5)  0.770(7) | 0.880(8)  0.883(8)
2 6] 0814(6)  0.820(5) | 0.90(1) 0.915(8)
2 7|0844(8)  0.837(7) | 0.950(8)  0.95(1)
2 8| 0845(7)  0.841(8) | 0.975(9)  0.953(7)
2 9|0856(7)  0.843(8) | 1.00(1) 0.98(1)
2 10 | 0.877(9)  0.876(9) | 1.00(1) 1.01(1)
2 111 0.903(9)  0.901(9) | 1.02(1) 1.02(2)
212 | 0.94(1) 0.96(1) 1.04(2) 1.021(9)
2 13 ]0.955(9)  0.96(1) 1.04(2) 1.04(1)
2 14 | 0.96(1) 0.98(1) 1.05(2) 1.05(2)
2 15 | 0.98(1) 0.98(1) 1.05(1) 1.05(2)
6 1]0.745(4)  0.749(4) | 0.846(6)  0.839(6)
6 2 |0880(7)  0.891(7) | 0.91(1) 0.912(7)
6 3|0913(7)  0.906(6) | 0.98(1) 0.95(1)
6 4 ]0.940(8)  0.918(8) | 1.01(1) 0.98(1)
6 5 0.94(1) 0.966(9) | 1.04(2) 1.05(2)
6 6 0.98(1) 0.97(1) 1.06(2) 1.05(2)
6 7 0.99(1) 1.00(1) 1.07(1) 1.06(1)
6 8| 1.01(1) 1.01(1) 1.11(2) 1.06(2)
6 9| 1.05(1) 1.05(1) 1.11(2) 1.08(3)
6 10 | 1.05(1) 1.05(2) 1.13(2) 1.11(3)
6 11| 1.07(2) 1.08(3) 1.14(2) 1.13(2)
6 12| 1.09(2) 1.10(2) 1.14(2) 1.14(3)
6 13| 1.11(2) 1.11(3) 1.15(3) 1.14(2)
6 14 | 1.11(3) 1.12(3) 1.17(3) 1.16(3)
6 15| 1.12(1) 1.12(2) 1.18(2) 1.16(3)

Table 6. Masses for glueballs in A3 and A4 representations of Zg4.
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n 47 4~ 8+ 8~
1 0.609(2) 0.707(2) 0.862(4) 0.989(8)
2 0.735(3) 0.838(4) 1.004(7) 1.054(7)
3 0.814(3) 0.876(5) 1.054(8) 1.08(1)
4 0.840(5) 0.913(6) 1.06(1) 1.11(1)
5 0.870(5) 0.953(7) 1.07(1) 1.18(2)
6 0.874(4) 0.956(7) 1.14(2) 1.18(3)
7 0.936(7) 1.009(8) 1.15(2) 1.19(1)
8 0.959(8) 1.05(1) 1.16(2) 1.20(2)
9 0.986(8) 1.055(7) 1.18(2)  1.24(3)
10 1.010(9) 1.06(1) 1.18(1)  1.24(2)
11 1.01(1) 1.09(1) 1.19(2) 1.24(2)
12 1.013(9) 1.10(1) 1.21(3) 1.26(3)
13 1.030(9) 1.10(1) 1.21(3) 1.28(3)
14 1.04(1) 1.10(2) 1.24(3) 1.29(3)
15 1.06(1) 1.12(2) 1.26(2) 1.30(2)

Table 7. Masses for glueballs within A; and A, representation of Z, with J > 0 averaged over P.

n 2% 2~ 6T 6™

1 0.4689(7) 0.571(1) 0.745(3) 0.843(4)
2 0.598(2)  0.695(2) 0.886(5) 0.917(6)
3 0.683(2) 0.809(4) 0.911(5) 0.971(8)
4 0.712(3)  0.823(4) 0.930(5) 1.00(1)
5 0.781(4)  0.880(5) 0.951(8) 1.05(1)
6 0.819(4) 0.907(6) 0.971(8) 1.05(1)
7 0.838(5) 0.953(5) 1.00(1)  1.06(1)
8 0.845(6) 0.967(8) 1.00(1)  1.08(1)
9 0.851(5) 0.986(8) 1.05(1) 1.09(2)
10 0.876(7) 1.014(7) 1.051(9) 1.13(1)
11 0.901(7) 1.02(1) 1.10(2)  1.14(2)
12 0.951(8) 1.03(1) 1.10(1) 1.15(2)
13 0.955(6)  1.045(9) 1.11(1)  1.15(1)
14 0970(8) 1.05(1) 1.12(1) 1.16(2)
15 0.980(9) 1.06(1) 1.13(2) 1.18(2)

Table 8. Masses for glueballs within A3 and A4 representations of Z,4 averaged over P.
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1+ 1~ 3T 3~ 5t o~ 7t 7

1 0.691(3) 0.657(2) 0.690(3) 0.686(2) 0.812(4) 0.805(3) 0.925(6) 0.919(5)
2 0.788(4) 0.784(4) 0.803(5) 0.778(4) 0.915(6) 0.898(5) 1.025(8) 1.01(1)
3 0.830(5) 0.795(3) 0.806(4) 0.799(4) 0.921(6) 0.917(6) 1.041(9) 1.031(9)
4 0.885(6) 0.869(6) 0.911(6) 0.900(4) 1.000(9) 0.977(8) 1.045(8) 1.08(1)
5 0.915(6) 0.876(5) 0.921(6) 0.917(5) 1.045(9) 1.049(7) 1.08(1) 1.09(1)
6 0.935(7) 0.892(6) 0.944(6) 0.938(5) 1.069(9) 1.06(1) 1.08(1) 1.12(1)
7 0.939(8) 0.933(7) 0.956(8) 0.950(6) 1.09(1) 1.058(8) 1.13(1) 1.12(2)
8 0.948(7) 0.941(6) 1.005(8) 0.98(1) 1.10(1) 1.09(1) 1.13(2) 1.13(2)
9 0.997(9) 1.00(1) 1.030(8) 0.996(8) 1.13(1) 1.11(1) 1.16(2) 1.14(1)
10 1.02(1) 0.997(8) 1.040(8) 1.033(9) 1.14(2) 1.15(1) 1.16(2) 1.15(2)
11 1.03(1) 1.027(9) 1.06(1) 1.06(1) 1.15(2) 1.15(1) 1.20(1) 1.15(2)
12 1.05(1) 1.03(1) 1.06(1) 1.07(1) 1.16(1) 1.15(1) 1.20(2) 1.20(2)
13 1.06(1) 1.05(1) 1.06(1) 1.10(1) 1.16(2) 1.15(1) 1.21(3) 1.21(2)
14 1.06(1) 1.06(1) 1.08(1) 1.10(1) 1.18(3) 1.15(1) 1.22(2) 1.21(2)
15 1.06(1) 1.06(1) 1.09(1) 1.11(1) 1.19(2) 1.18(2) 1.22(2) 1.21(2)

Table 9. Masses of glueballs within E representation of Z, averaged over P.
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N JPC n Mass N JPC¢ n  Mass N JPC n Mass
0 0t 1 02778(5) |4 o0fF 0.742(5) | >4 0T 14 0.900(9)

4 0t 9 0.794(7) | >4 0t 2 1.02(2)
1 ott 2 0432(1) |4 ott 10 0.806(5) | >4 0t 1  1.00(1)
1 0~ 0.412(1) |4 0fF 11 0.814(7) | >4 07— 8 0.86(1)
1 2% 1 04689(7) |4 0*F 12 0.856(8) | >4 1¥F 5  0.915(6)

4 0tt 13 0.86(1) | >4 1T 5 0.876(5)
2 0ft 3 0562(2) |4 0t~ 1 0897(7) | >4 2t 9 0.851(5)
2 0t 4 0576(3) |4 0~ 5 0.795(6) | >4 2= 6 0.907(6)
2 077 2 0549(2) |4 0~ 6 0852(7) | >4 3*t 4 0.911(6)
2 2t 2 05982 [4 0~ 7 0855(7) | >4 3t~ 4 0.900(4)
2 2= 1 0571(1) |4 1Tt 2 0.788(4) | >4 4FF 6 0.874(4)
2 4t 1 0609(2) |4 1Tt 3 0.830(5) | >4 4T~ 4  0.913(6)

4 1 4 0.885(6) | >4 5Tt 2 0.915(6)
3 0YF 5 0633(4) |4 1T~ 2 0.784(4) | >4 5T~ 2 0.898(5)
3 07t 6 0696(4) |4 1T 3 0.795(3) | >4 6*T 3 0.911(5)
3 0t 7 0710(5) |4 1T 4 0869(6) | >4 6T~ 2 0.917(6)
3 077 3 0694(5) |4 2Ft 5 0.781(4) | >4 Tt 1 0.925(6)
3 077 4 0709(4) |4 2FF 6 0819(4) | >4 TF 1 0.919(5)
3 1%t 1 0691(3) |4 2FF 7 0838(5) | >4 8FF 2 1.004(7)
3 1% 1 0657(2) |4 2FF 8 0845(6) | >4 8 1 0.989(8)
3 2% 3 0683(2) |4 2~ 3 0.809(4)
3 2t 4 0712(3) |4 2 4 0.823(4)
3 27 2 06952) |4 2 5 0.880(5)
3 3% 1 0690(3) |4 3Tt 2 0.803(5)
3 3% 1 0686(2) |4 3 3 0.806(4)
3 4T 2 07353) [4 3T 2 0.778(4)
3 4% 1 0707(2) |4 3T 3 0.799(4)
3 6Tt 1 0745(3) |4 4T 3 0.814(3)

4 4FF 4 0.840(5)

4 4 5  0.870(5)

4 4% 2 0.838(4)

4 4% 3 0.876(5)

4 5% 1 0.812(4)

4 5% 1 0.805(3)

4 6t 2 0.886(5)

4 6T 1 0.843(4)

4 8Tt 1 0.862(4)

Table 10. Glueball masses for AR operators organized by N. Masses averaged over P for J > 0.
Only first eigenstate in each JF¢ channel shown for N > 4.
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Overlap with AR eigenstates
At equal times At 4 lattice steps time separation

Mass J=0 J=4 J=8 Total J=0 J=4 J=8 Total

0.2732(4) | 0.968(5) 0.0112(4) 0.0046(2) 0.968(5) | 0.998(5) 0.021(2) 0.025(3) 0.999(5)
0.409(2) | 0.872(5) 0.0103(3) 0.0118(3) 0.872(5) 0.026(2) 0.052(3) 0.987(5)
0.506(3) | 0.742(4) 0.0145(3) 0.0226(3) 0.743(4) 0.032(3) 0.085(4) 0.933(5)
0.535(3) | 0.765(4) 0.0344(3) 0.0137(2) 0.766(4) 0.036(2) 0.045(4) 0.916(5)
0.556(8) | 0.0620(5) 0.719(4) 0.0215(3) 0.722(4) | 0.071(2) 0.040(3) 0.907(5)
0.594(4) | 0.599(3) 0.0573(4) 0.0168(3) 0.602(3) | 0.729(4) 0.079(2) 0.055(4) 0.735(4)
0.62(1) 0.638(3)  0.0286(3) 0.0128(3) 0.639(3) | 0.780(5) 0.038(3) 0.042(4) 0.782(5)
0.622(3) | 0.657(4) 0.0434(3) 0.0119(3) 0.659(4) | 0.806(4) 0.050(3) 0.031(5) 0.808(4)
0.656(9) | 0.0553(5) 0.682(4) 0.0272(3) 0.685(4) | 0.068(2) 0.809(5) 0.041(5) 0.812(5)
0.658(4) | 0.581(3) 0.0473(4) 0.0177(3) 0.583(3) | 0.670(3) 0.062(3) 0.047(4) 0.675(3)
0.663(7) | 0.473(3) 0.0455(4) 0.0184(3) 0.475(3) | 0.643(4) 0.060(3) 0.066(4) 0.649(5)
0.69(1) 0.541(3)  0.0570(5) 0.0182(3) 0.544(3) | 0.628(4) 0.083(2) 0.039(5) 0.635(4)
0.70(1) | 0.1186(7) 0.429(2)  0.0200(3) 0.446(2) | 0.148(3)  0.636(4) 0.038(5) 0.654(4)
0.703(8) | 0.508(3) 0.0820(5) 0.0151(3) 0.515(3) | 0.637(4) 0.132(3) 0.042(5) 0.652(4)
0.72(2) 0.259(1) 0.366(2) 0.0259(3) 0.449(2) | 0.342(3) 0.452(3) 0.051(5) 0.569(4)
0.722(7) | 0.345(2) 0.279(1) 0.0279(3) 0.445(2) | 0.435(4) 0.357(3) 0.056(4) 0.565(4)
0.72(2) | 0.436(2) 0.181(1) 0.0229(3) 0.472(3) | 0.493(3) 0.219(2)  0.050(5) 0.542(4)
0.74(1) 0.415(2)  0.1467(8) 0.0287(3) 0.441(2) | 0.484(4) 0.204(3) 0.063(5) 0.529(4)
0.75(1) 0.282(2) 0.216(1) 0.0262(3) 0.356(2) | 0.354(3)  0.885(3) 0.066(4) 0.527(4)
0.795(8) | 0.463(3) 0.255(1) 0.0291(3) 0.529(3) | 0.534(4) 0.320(3) 0.084(4) 0.628(4)

Table 11. Masses from glueballs in A;, C = + representations using conventional operators and
overlaps with AR eigenstates.
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Overlap with AR eigenstates
At equal times At 4 lattice steps time separation

Mass J=0 J=4 J=8 Total J=0 J=4 J=8 Total

0.575(5) | 0.0378(3) 0.694(4) 0.0356(4) 0.696(4) | 0.161(5) 0.047(4) 0.889(5)
0.661(4) | 0.0486(3) 0.732(4) 0.0437(4) 0.734(4) |0.163(6) 0.852(5) 0.052(3) 0.869(5)
0.71(1) |0.0284(3) 0.447(2) 0.0243(3) 0.449(2) | 0.080(6) 0.659(4) 0.044(5) 0.666(4)
0.73(1) |0.0200(3) 0.466(2) 0.0375(3) 0.468(2) | 0.065(6) 0.587(4) 0.049(4) 0.593(4)
0.77(4) |0.0365(3) 0.328(2) 0.0523(4) 0.334(2) | 0.085(5) 0.522(4) 0.098(5) 0.538(5)
0.78(1) |0.0680(4) 0.569(3) 0.0926(6) 0.581(3) | 0.146(4) 0.668(4) 0.113(4) 0.693(4)
0.80(4) |0.0271(3) 0.178(1) 0.0295(3) 0.183(1) | 0.069(6) 0.275(4) 0.053(5) 0.289(4)
0.80(1) |0.0708(4) 0.449(2) 0.0936(6) 0.464(2) | 0.147(6) 0.544(4) 0.143(4) 0.581(5)
0.81(3) |0.0397(3) 0.1569(9) 0.0208(3) 0.1632(9) | 0.128(6) 0.252(4) 0.047(5) 0.287(5)
0.822(8) | 0.0698(4) 0.291(2) 0.0333(2) 0.301(2) | 0.161(6) 0.401(4) 0.056(5) 0.436(4)
0.83(4) |0.0677(5) 0.171(1) 0.0674(4) 0.196(1) | 0.162(6) 0.273(4) 0.138(5) 0.346(5)
0.86(2) |0.0728(5) 0.532(3) 0.0575(4) 0.540(3) | 0.107(7) 0.664(5) 0.090(6) 0.679(5)
0.87(3) |0.0677(5) 0.308(2) 0.0626(4) 0.322(2) | 0.137(6) 0.396(4) 0.095(6) 0.430(5)
0.88(3) |0.0496(4) 0.373(2) 0.0854(5) 0.386(2) |0.086(8) 0.480(5) 0.158(6) 0.512(5)
0.90(2) | 0.0504(4) 0.611(3) 0.0956(6) 0.621(3) |0.110(8) 0.803(5) 0.119(5) 0.820(5)
0.97(2) |0.0894(5) 0.615(3) 0.0807(5) 0.626(3) | 0.167(6) 0.755(5) 0.117(5) 0.782(5)
0.97(3) |0.1223(7) 0.631(3) 0.1410(8) 0.658(4) | 0.279(7) 0.775(5) 0.183(7) 0.844(6)
0.97(2) |0.183(1) 0.638(3) 0.174(1) 0.686(4) | 0.400(8) 0.711(5) 0.249(5) 0.853(7)
0.98(1) |0.1485(8) 0.400(2) 0.0767(4) 0.433(2) | 0.238(9) 0.547(5) 0.110(6) 0.607(6)
0.99(5) |0.216(1) 0.504(3) 0.0945(6) 0.556(3) | 0.480(7) 0.619(5) 0.125(6) 0.793(6)

Table 12. Masses from glueballs in As, C = + representations using conventional operators and
overlaps with AR eigenstates.
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Overlap with AR eigenstates
At equal time At 4 lattice steps time separation

Mass J=0 J=4 J=8 Total J=0 J=4 J=8 Total

0.64(1) |0.0282(3) 0.510(3) 0.0164(3) 0.511(3) | 0.093(4) 0.758(5) 0.048(5) 0.766(5)
0.735(7) | 0.0706(4) 0.693(4) 0.0447(3) 0.698(4) | 0.174(6) 0.818(5) 0.048(5) 0.837(5)
0.79(4) |0.191(1) 0.318(2) 0.0154(3) 0.371(2) | 0.365(4) 0.424(4) 0.028(6) 0.560(5)
0.788(8) | 0.0384(3) 0.377(2) 0.0424(3) 0.381(2) | 0.091(6) 0.466(3) 0.079(5) 0.482(3)
0.80(1) |0.1090(7) 0.304(2) 0.0169(3) 0.323(2) | 0.220(5) 0.413(4) 0.035(5) 0.469(4)
0.80(2) |0.0189(2) 0.1647(9) 0.0756(5) 0.182(1) | 0.036(5) 0.324(3) 0.151(5) 0.359(4)
0.81(4) |0.0821(5) 0.1459(8) 0.0401(3) 0.172(1) | 0.114(4) 0.259(4) 0.075(5) 0.293(4)
0.83(1) |0.229(1) 0.195(1) 0.0260(3) 0.302(2) | 0.342(4) 0.277(5) 0.057(6) 0.444(4)
0.88(2) |0.0439(3) 0.1212(6) 0.0448(3) 0.1364(7) | 0.079(6) 0.215(4) 0.113(6) 0.255(5)
0.90(3) |0.0535(4) 0.221(1) 0.0417(3) 0.231(1) | 0.128(6) 0.324(4) 0.071(6) 0.355(5)
0.91(1) |0.254(1) 0.513(3) 0.0798(5) 0.578(3) | 0.322(5) 0.617(5) 0.115(5) 0.705(6)
0.92(2) |0.220(1) 0.419(2) 0.0567(4) 0.477(3) | 0.283(5) 0.515(5) 0.090(5) 0.595(5)
0.93(3) |0.1020(6) 0.371(2) 0.0594(4) 0.389(2) | 0.132(6) 0.491(4) 0.098(6) 0.518(4)
0.94(1) | 0.0818(6) 0.579(3) 0.0767(5) 0.590(3) | 0.109(6) 0.749(5) 0.093(6) 0.763(5)
0.97(2) |0.328(2) 0.438(2) 0.0748(5) 0.552(3) | 0.407(5) 0.550(5) 0.099(4) 0.691(6)
0.99(5) |0.219(1) 0.417(2) 0.261(1) 0.539(3) | 0.363(6) 0.558(6) 0.378(7) 0.765(8)
1.01(3) |0.281(2) 0.480(3) 0.1046(7) 0.566(3) | 0.398(6) 0.660(6) 0.172(7) 0.789(6)
1.01(3) [0.299(2) 0.379(2) 0.1327(8) 0.500(3) | 0.462(7) 0.520(7) 0.212(9) 0.727(7)
1.08(5) | 0.1505(8) 0.486(3) 0.0889(6) 0.516(3) | 0.305(7) 0.623(5) 0.123(7) 0.705(6)
1.11(2) |0.1263(7) 0.354(2) 0.0890(6) 0.386(2) | 0.26(1) 0.468(6)  0.142(9) 0.554(8)

Table 13. Masses from glueballs in A;, C = — representations using conventional operators and

overlaps with AR eigenstates.
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Overlap with AR eigenstates
At equal time At 4 lattice steps time separation

Mass J=0 J=4 J=8 Total J=0 J=4 J=8 Total

0.400(1) | 0.911(5)  0.0122(3) 0.0134(3) 0.912(5) 0.021(3) 0.069(4) 1.015(5)
0.500(3) | 0.763(4)  0.0089(3) 0.0257(3) 0.764(4) 0.030(3) 0.105(4) 0.959(5)
0.58(1) |0.582(3) 0.0202(3) 0.0313(3) 0.583(3) | 0.754(5) 0.046(4) 0.123(4) 0.765(5)
0.619(9) | 0.574(3)  0.0824(5) 0.0192(3) 0.580(3) | 0.779(5) 0.108(3) 0.063(5) 0.789(5)
0.651(5) | 0.0812(5) 0.540(3) 0.0180(3) 0.546(3) | 0.114(2) 0.765(5) 0.040(5) 0.774(5)
0.675(4) | 0.583(3)  0.0286(3) 0.0288(3) 0.584(3) | 0.698(4) 0.045(3) 0.107(5) 0.708(5)
0.69(1) |0.543(3) 0.0859(6) 0.0220(3) 0.550(3) | 0.638(4) 0.090(3) 0.059(5) 0.647(4)
0.720(7) | 0.398(2) 0.311(2) 0.0260(3) 0.505(3) | 0.569(4) 0.390(3) 0.059(5) 0.692(4)
0.728(6) | 0.329(2)  0.442(2) 0.0312(3) 0.552(3) | 0.429(3) 0.558(3) 0.057(5) 0.706(4)
0.74(1) | 0.429(2) 0.1483(8) 0.0274(3) 0.455(2) | 0.524(4) 0.195(3)  0.060(5) 0.563(4)
0.76(1) |0.542(3) 0.202(1) 0.0221(3) 0.579(3) | 0.597(4)  0.264(3) 0.045(6) 0.654(4)
0.78(3) |0.211(1) 0.1573(9) 0.0203(3) 0.264(1) | 0.321(4) 0.246(4) 0.039(6) 0.407(4)
0.795(6) | 0.392(2) 0.350(2) 0.0349(3) 0.527(3) | 0.508(4)  0.442(3) 0.057(6) 0.676(4)
0.796(8) | 0.338(2) 0.424(2) 0.0418(3) 0.543(3) | 0.445(4) 0.522(4)  0.062(5) 0.689(4)
0.805(7) | 0.164(1)  0.1474(8) 0.0182(3) 0.221(1) | 0.243(4) 0.275(4)  0.045(6) 0.370(4)
0.82(3) |0.301(2) 0.157(1) 0.0378(3) 0.342(2) | 0.882(4)  0.240(3) 0.085(5) 0.459(4)
0.820(9) | 0.377(2)  0.0890(6) 0.0223(3) 0.388(2) | 0.459(3) 0.169(3) 0.061(6) 0.493(4)
0.824(7) | 0.1751(9) 0.1031(7) 0.0729(4) 0.216(1) | 0.233(3) 0.210(4) 0.217(6) 0.382(4)
0.83(1) |0.285(2) 0.1167(7) 0.0456(4) 0.312(2) | 0.335(4) 0.233(5) 0.106(5) 0.421(5)
0.83(3) |0.487(3) 0.0886(6) 0.0504(3) 0.497(3) | 0.558(5) 0.100(5) 0.121(7) 0.579(5)

Table 14. Masses from glueballs in As, C = — representations using conventional operators and

overlaps with AR eigenstates.
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Overlap with AR eigenstates

At equal time At 4 lattice steps time separation

Mass J=1 J=3 J=5 J=7 Total J=1 J=3 J=5 J=7 Total

0.638(4) [ 0.276(1)  0.465(2) 0.0210(2) 0.0295(2) 0.542(3) | 0.383(2) 0.685(4) 0.038(3) 0.046(2) 0.787(4)
0.653(3) [ 0.395(2)  0.226(1) 0.0436(3) 0.0190(3) 0.458(2) | 0.595(3) 0.360(2) 0.065(2) 0.030(3) 0.699(4)
0.714(5) | 0.358(2)  0.547(3) 0.0337(2) 0.0237(2) 0.655(4) | 0.440(3) 0.650(4) 0.047(2) 0.032(2) 0.787(4)
0.72(1) |0.271(1) 0.189(1) 0.0296(3) 0.0226(1) 0.332(2) | 0.438(3) 0.258(2) 0.042(3) 0.041(2) 0.512(3)
0.717(9) | 0.525(3)  0.431(2) 0.0946(5) 0.0151(2) 0.686(4) | 0.676(4) 0.498(3) 0.103(2) 0.028(3) 0.846(5)
0.754(7) [ 0.207(1)  0.307(2) 0.0642(4) 0.0191(2) 0.376(2) | 0.300(2) 0.422(3) 0.131(2) 0.037(3) 0.535(4)
0.77(1) [0.276(2) 0.299(2) 0.0511(3) 0.0363(2) 0.412(2) | 0.397(2) 0.383(3) 0.081(2) 0.051(2) 0.560(3)
0.774(7) [ 0.1088(6) 0.196(1) 0.1430(8) 0.0386(3) 0.269(1) | 0.173(2) 0.244(2) 0.323(3) 0.064(2) 0.445(3)
0.79(1) |0.222(1) 0.1200(7) 0.0608(3) 0.0206(2) 0.261(1) | 0.370(3) 0.171(2) 0.133(2) 0.048(2) 0.431(3)
0.791(8) | 0.1305(7) 0.1443(8) 0.0564(3) 0.0225(2) 0.204(1) | 0.215(2) 0.251(3) 0.102(2) 0.042(3) 0.348(3)
0.82(1) [0.221(1) 0.1651(9) 0.0782(5) 0.0451(3) 0.290(2) | 0.319(3) 0.261(2) 0.116(2) 0.064(2) 0.433(3)
0.83(1) [0.287(2) 0.278(2) 0.222(1) 0.0639(4) 0.461(2) | 0.374(3) 0.370(3) 0.282(2) 0.077(2) 0.601(4)
0.84(1) [0.200(2) 0.261(1) 0.298(2) 0.0547(3) 0.494(3) | 0.375(3) 0.346(2) 0.379(2) 0.068(3) 0.639(4)
0.850(9) [ 0.1179(7) 0.1383(8) 0.245(1) 0.0373(2) 0.307(2) | 0.192(2) 0.196(2) 0.314(2) 0.065(2) 0.422(3)
0.86(1) |0.435(2) 0.207(1) 0.308(2) 0.0792(4) 0.577(3) | 0.557(4) 0.254(2) 0.387(2) 0.084(2) 0.729(4)
0.87(1) |0.218(1) 0.1571(9) 0.190(1) 0.0785(4) 0.338(2) |0.281(3) 0.214(2) 0.257(2) 0.111(2) 0.451(3)
0.885(8) [ 0.206(1) 0.181(1) 0.179(1) 0.0844(5) 0.339(2) | 0.278(3) 0.241(2) 0.235(3) 0.128(3) 0.455(3)
0.885(6) [ 0.336(2) 0.414(2) 0.371(2) 0.1157(6) 0.660(4) | 0.433(3) 0.497(4) 0.451(3) 0.139(3) 0.810(5)
0.90(1) |0.1180(6) 0.188(1) 0.0808(5) 0.0467(3) 0.240(1) |0.178(2) 0.262(3) 0.137(3) 0.068(2) 0.352(3)
0.92(1) |0.246(1) 0.519(3) 0.1676(9) 0.0900(5) 0.605(3) | 0.339(2) 0.681(4) 0.203(2) 0.125(3) 0.797(5)

Table 15. Masses of glueballs in E representation with C' = + and averaged over P, using
conventional operators and overlaps with AR eigenstates.
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Overlap with AR eigenstates
At equal time At 4 lattice steps time separation

Mass J=1 J=3 J=5 J=7 Total J=1 J=3 J=5 J=7 Total

0.617(3) | 0.692(4)  0.0776(4) 0.0200(2) 0.0163(2) 0.697(4) | 0.880(5) 0.097(1)  0.026(2)  0.025(2) 0.886(5)
0.637(4) | 0.0889(5) 0.614(3) 0.0419(3) 0.0257(3) 0.622(3)|0.118(1)  0.835(5) 0.060(2)  0.034(2) 0.846(5)
0.693(6) | 0.507(3) 0.264(1) 0.0416(3) 0.0188(2) 0.574(3)|0.632(3) 0.338(2)  0.056(2)  0.035(2) 0.720(4)
0.700(4) | 0.268(1) 0.416(2) 0.0572(4) 0.0273(2) 0.499(3) | 0.336(2)  0.601(3) 0.070(2)  0.036(2) 0.693(4)
0.71(1) |0.324(2) 0.280(2) 0.0362(2) 0.0269(2) 0.430(2) | 0.523(4) 0.357(3)  0.065(2)  0.048(3) 0.638(4)
0.719(8) | 0.205(1)  0.486(3) 0.0446(3) 0.0256(2) 0.530(3) | 0.301(2)  0.608(4) 0.067(2)  0.034(3) 0.682(4)
0.742(6) | 0.0902(5) 0.0623(4) 0.344(2) 0.0385(3) 0.363(2)|0.126(1)  0.091(2)  0.584(4) 0.067(3) 0.608(4)
0.776(6) | 0.475(3)  0.289(2)  0.0510(3) 0.0250(2) 0.559(3) | 0.601(4) 0.342(3)  0.072(2)  0.047(2) 0.697(4)
0.78(1) |0.355(2) 0.477(3) 0.0568(4) 0.0431(3) 0.599(3)|0.445(3)  0.545(3) 0.086(2)  0.075(2) 0.713(4)
0.79(1) |0.340(2) 0.293(2) 0.1186(7) 0.0332(2) 0.466(2) | 0.468(3) 0.361(2)  0.179(2)  0.055(2) 0.620(4)
0.803(5) | 0.185(1)  0.244(1) 0.0614(3) 0.0270(2) 0.313(2) | 0.266(2)  0.526(2) 0.128(2)  0.041(2) 0.442(3)
0.809(4) [ 0.272(1) 0.270(1)  0.1215(6) 0.0422(3) 0.404(2) | 0.863(2) 0.342(2)  0.161(2)  0.075(2) 0.529(3)
0.815(9) | 0.1375(8) 0.196(1)  0.0847(5) 0.0499(3) 0.259(1)|0.198(2)  0.263(2)  0.193(2)  0.097(3) 0.394(3)
0.823(7) | 0.179(1)  0.1403(8) 0.1165(6) 0.0433(3) 0.259(1)|0.269(2)  0.213(2)  0.169(2)  0.089(3) 0.393(3)
0.840(7) | 0.276(1)  0.1510(8) 0.362(2) 0.0674(4) 0.484(3)|0.373(3)  0.208(3)  0.437(3)  0.113(2) 0.622(4)
0.85(1) |0.232(1) 0.353(2) 0.1076(6) 0.0787(5) 0.443(2)|0.311(2)  0.424(3)  0.141(2)  0.142(3) 0.563(3)
0.85(1) |0.306(2) 0.456(2) 0.1433(8) 0.0541(3) 0.571(3)|0.382(3)  0.563(3)  0.172(2)  0.086(3) 0.707(4)
0.850(7) | 0.213(1)  0.1505(8) 0.541(3) 0.0913(5) 0.607(3)|0.280(2)  0.197(2)  0.640(4)  0.148(2) 0.741(4)
0.857(9) | 0.416(2) 0.320(2) 0.234(1) 0.0622(4) 0.578(3) | 0.532(4)  0.390(3)  0.285(2)  0.081(3) 0.723(4)
0.863(9) | 0.217(1)  0.195(1) 0.0771(4) 0.0387(3) 0.304(2) | 0.298(3)  0.263(3)  0.099(2)  0.065(2) 0.414(3)

Table 16. Masses from glueballs in F representations with C' = — and averaged over parity, using

conventional operators and overlaps with AR eigenstates.
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Overlap with AR eigenstates

At equal time At 4 lattice steps time separation
Mass J=2 J=6 Total J=2 J=6 Total
0.453(1) 0.893(5)  0.0188(2) 0.893(5) 0.027(2) 0.988(5)
0.548(2) 0.757(4)  0.0158(2) 0.757(4) 0.029(2) 0.902(5)
0.623(2) 0.626(3)  0.0229(2) 0.626(3) 0.805(4) 0.042(2) 0.806(4)
0.628(7) 0.619(3)  0.0381(3) 0.620(3) 0.747(4)  0.059(2) 0.749(4)
0.685(7) 0.537(3)  0.0434(3) 0.539(3) 0.637(4) 0.069(2) 0.640(4)
0.69(1) 0.383(2) 0.1587(9) 0.414(2) 0.562(4) 0.273(3)  0.625(4)
0.696(4) 0.486(3)  0.1449(8) 0.507(3) 0.620(4) 0.231(2) 0.661(4)
0.715(4) 0.358(2)  0.208(1)  0.413(2) 0.431(3) 0.334(3) 0.545(4)
0.74(1)  0.410(2) 0.1049(6) 0.423(2) 0.550(4) 0.134(3) 0.566(4)
0.76(1)  0.288(2)  0.505(3)  0.581(3) 0.346(3) 0.598(3) 0.691(4)
0.779(6) 0.425(2)  0.338(2)  0.543(3) 0.510(3) 0.406(3) 0.652(4)
0.78(1)  0.500(3)  0.0783(4) 0.506(3) 0.583(4) 0.119(2) 0.595(4)
0.794(9) 0.1609(9) 0.315(2)  0.354(2) 0.215(3) 0.461(3) 0.509(4)
0.808(7) 0.334(2)  0.1033(6) 0.349(2) 0.439(3) 0.170(3) 0.471(3)
0.82(1)  0.588(3)  0.1156(7) 0.599(3) 0.703(4) 0.162(3) 0.721(4)
0.82(1)  0.210(1)  0.1490(8) 0.257(1) 0.316(3) 0.267(3) 0.414(3)
0.822(8) 0.254(1)  0.1165(6) 0.279(2) 0.331(3) 0.231(3) 0.403(4)
0.84(1)  0.349(2)  0.1199(6) 0.369(2) 0.442(3) 0.203(3) 0.486(3)
0.85(1)  0.220(1)  0.1259(7) 0.254(1) 0.300(3) 0.203(3) 0.362(3)
0.87(1) 0.451(2) 0.0925(5) 0.461(2) 0.540(4) 0.152(3) 0.561(4)

Table 17. Masses from glueballs in A3 and A4 representations with C' = 4+ and averaged over P,
using conventional operators and overlaps with AR eigenstates.
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Overlap with AR eigenstates

At equal time At 4 lattice steps time separation
Mass J=2 J=6 Total J=2 J=6 Total
0.540(2) 0.782(4)  0.0201(2) 0.782(4) 0.048(2)  0.958(5)
0.621(3) 0.662(4)  0.0314(3) 0.662(4) 0.838(5) 0.053(2)  0.839(5)
0.698(4) 0.569(3)  0.0260(3) 0.569(3) 0.702(4) 0.045(2)  0.703(4)
0.712(8) 0.387(2)  0.0362(3) 0.389(2) 0.557(3) 0.074(2)  0.562(3)
0.75(2)  0.182(1)  0.238(1)  0.300(2) 0.235(2) 0.457(4) 0.514(4)
0.755(6) 0.492(3)  0.0773(5) 0.498(3) 0.637(4) 0.156(3)  0.656(4)
0.781(6) 0.302(2)  0.0460(3) 0.306(2) 0.445(3) 0.086(2)  0.453(3)
0.791(8) 0.246(1)  0.0780(5) 0.258(1) 0.871(3) 0.148(3)  0.399(3)
0.79(2)  0.361(2) 0.0772(5) 0.369(2) 0.513(3) 0.142(3)  0.532(3)
0.79(1)  0.295(2)  0.1452(8) 0.329(2) 0.888(3) 0.246(2)  0.459(3)
0.84(1)  0.1569(9) 0.1333(7) 0.206(1) 0.234(3) 0.223(3)  0.323(3)
0.85(1)  0.325(2)  0.182(1)  0.372(2) 0.409(4) 0.286(3)  0.499(4)
0.85(2)  0.386(2) 0.323(2)  0.504(3) 0.476(4) 0.447(3)  0.653(4)
0.86(2)  0.348(2)  0.1386(8) 0.375(2) 0.483(4) 0.212(3)  0.527(4)
0.87(1)  0.275(1)  0.282(2)  0.394(2) 0.374(3) 0.371(3)  0.527(4)
0.87(2)  0.249(1) 0.256(1)  0.357(2) 0.349(3) 0.340(4)  0.487(4)
0.90(1)  0.268(1) 0.221(1)  0.347(2) 0.377(4) 0.298(3)  0.481(4)
0.91(2)  0.199(1) 0.319(2)  0.376(2) 0.282(4)  0.433(4)  0.517(4)
0.947(9) 0.393(2)  0.1103(6) 0.408(2) 0.550(4) 0.160(3)  0.573(4)
0.96(2)  0.320(2) 0.1651(9) 0.360(2) 0.443(4) 0.247(4)  0.507(4)

Table 18. Masses from glueballs in A3 and A4 representations with C' = — averaged over P, using

conventional operators and overlaps with AR eigenstates.
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M /Mgy +
JP¢ B = 86 B =74 B =63
70280 50280 60268 50256
2=t 67t 1| 1.669(14) 1.670(11) 1.674(8) 1.667(9)
2 | 2.045(10)  2.032(11) | 2.025(11) 1.961(15)
3| 2.295(14)  2.321(17) | 2.301(15) 2.308(26)
4| 2.334(26)  2.353(26) | 2.378(20) 2.372(13)
51 2.600(17)  2.545(33) | 2.575(15) 2.582(28)
6 | 2.604(36) 2.641(17) | 2.605(20) 2.595(14)
4=+ 1| 2.154(23)  2.154(14) | 2.164(12) 2.055(48)
2 | 2.392(26) 2.417(20) | 2.452(18) 2.460(33)
15,35 1| 2.356(16)  2.359(33) | 2.375(15) 2.326(23)
2 | 2.404(29) 2.417(36) | 2.405(18) 2.366(19)
3| 2.626(16)  2.580(39) | 2.619(33) 2.552(92)
157,35 1] 2.289(13)  2.260(33) | 2.296(18) 2.269(23)
2 | 2.366(13) 2.356(14) | 2.386(12) 2.310(23)
3| 2.543(36)  2.593(23) | 2.597(20) 2.547(33)
aMyi+ 0.3115(11) 0.3120(11) | 0.3650(12) | 0.4350(15)
a\/o 0.07378(8) —~ 0.08637(10) | 0.10252(11)

Table 19. Some mass ratios using conventional operators. To test for finite volume and lattice

spacing corrections. Last two rows list the mass gap and the square root of the string tension.
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Figure 1. Glueball spins determinations prior to this work; masses are SU(oo) limits or in a few
cases SU(16) or SU(12) masses from [22]. States circled had spin determined in [18] or for J =0
states by lack of a candidate partner of opposite parity (see also [17]). The string width I is the
inverse of the square root of the string tension oy.
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Figure 2. Basic Wilson loop operators.

Figure 3. Lattice approximation to third operator in figure 2b, rotated by 7/8.
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Figure 4. Double operator based on connecting two of the operators in figure 2a, unrotated and

rotated by 7/8.
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Figure 5. The Chew-Frautschi plot.
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Figure 6. The Chew-Frautschi plot with color coded level assignment up to N = 3. The dotted line
is the weighted least squares fit to leading Regge trajectory M?2I2 = 4 (1.40(4) + 1.35(4)J). The
light solid line is the linear Regge trajectory with a unit slope line starting at 0%+ ground state.

— 36 —



=2

1+, n

1

1+,n

1.0-

'
@
o

'
©

SSBU 9AOSY):

o
S
s

©
S
SeU SA0dY:

.
N
= S
3

s
3
3

06-

0.6-

=2

3+,n

1

3+,n

1.0-

'
©
=]

SSEeW aAl0aYg

0.9-
0.7-
06~

o 3 ~
S S S
S 3

SeL SAOdY:

06-

1-, n=2

1.0-

1-, n=1

1.0-

v =
-
N
11
=
©
' ' U i @
Y £ s ©
S S S S
SSBW BA08YT
-0
R
-
-
1l
<
r
. . g . @
@ ° ~ ©
s S s s
SSBW aAl0aY]

1.0-

1.0-

'
o
o

©
o

0.7-

SSBW 9Al08)]

o
s
s

@
o

~
S

Sew aAloaYT

0.6-

0.6-

Figure 7. Plot of effective mass Eg(t) versus ¢ (with fit, green curve) for lowest energy J¢ =1%, 3%

states.

37—



0++, n=1

0.30-
€
¢ 0.29-
a
©
£
(]
2
©
L ¥
Wo.28-
+
t i *
0.27-
2 4 6
t
2+, n=1 4+, n=1
038- 0.8-
07- 07- =
@ @
2 2
@ © -
£ £ A4
206 Los o 0 { |
© ©
2 o
i} i
.
05- + 05
- 1 L 1 !
0.4- 0.4~
2 4 6 2 4 6
t t
6+, n=1 8+, n=1
1.0- 10- O
09- 0.9 1 |
L .
a 2 t
@ ©
£ £
Qo8- < Qo8
© ©
2 . ks
i Y [ i}
07 * 0.7
06- 06-
2 4 6 2 4 6

t t

Figure 8. Plot of effective mass E.g(t) versus ¢ (with fit, green curve) for leading Regge trajectory
states, 07+, J¢ =2+ 4% 61,8+, Note vertical scales differ between plots.

— 38 —



S = >
Ty

<= —»<
4 >
—V—ﬁ;——#fi

Q,

—<—

+Z
- o

<>

M?12/ (4n)

\,
< ;ﬁ
S|
-
[
o
o

61 v O
o o
5 A 0O
v g
44 A g
3_
2_
A
‘|_
0 1 2 3 4 5 6

J
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The dotted line is the weighted least squares fit to the leading Regge trajectory (M?Z2[2 =
47 (1.362(6) + 1.19(1)J)). The light solid line is the linear Regge trajectory with a unit slope
line starting at 0T ground state.
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