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Hadrons with a heavy color-adjoint particle
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We discuss the spectrum of hadrons with a heavy color-adjoint particle, motivated by the gluino of super-
symmetry. Using the lattice approach, we explore in detail the gluonic bound states — the “glueballino” or
“gluelump.” We also make a first determination of the spectrum of the “adjoint mesons” which have a light
guark and antiquark bound to the heavy adjoint particle. A comparison of the spectra of these two systems is
also made[S0556-282(99)07109-X|

PACS numbds): 11.15.Ha, 12.38.Gc

I. INTRODUCTION common to studies oB mesons and thd , baryon, means
that conventional light quark propagator methods are very
It is possible to explore the bound states in QCD of ainefficient. A promising new method allows the relevant
particle with adjoint color. This is of interest for comparison light quark propagators to be evaluated from nearly all
with phenomenological models. For a pioneering study segources to nearly all sitgs8]. This has been used success-
Ref. [1] which used the MIT bag model. It may also be of fully for static quarks and here we use similar methods to
relevance to experiment should a massive quiE))) éxist tackle static adjoint particles. Our study is exploratory and

. o . we will not be able to remove completely the systematic
which is sufficiently stable to form hadronic bound states. . ; : ) . :
: - : errors associated with lattice methods: extrapolation to light
These color-singlet hadrons containing a gluino have bee

. # . uarks, continuum limit extrapolation, etc. We also use
called “R hadrons”[2]. They include the bound states of a quenched lattices which inherently implies at least a 10%

gluino and gluonsgg referred to as a “glueballino.” An-  systematic error from setting the scale.
other possibility is arR meson, eggqq system, which might
also be referred to as the “hybridino” from its relationship Il. GLUELUMP SPECTRUM

to the gqq hybrid meson. Thek baryon is agqqq system We explore here bound states of the static adjoint source

and it is possible that thguds state might be the lightest of in the presence of the gluonic degrees of freedom. This has
the R hadrons[3]. It has been proposefd] that theseR  been explored previously in lattice stud[&s6,9) and we use
hadrons may have astrophysical significance as componenggmilar techniques.
of cosmic rays and, in this case, the mass differences be- For a heavy gluino of zero velocity, one can ignore the
tween differentR hadrons play a crucial role in determining gluino spin and treat the propagation in the time direction as
whether the appropriate states could be stable. a product of adjoint gauge links. This approach, as is the case
A non-perturbative study of these states from first prin-for heavy quarks in the static limit, trades a dependence on
ciples is possible by using numerical lattice techniques. Irthe heavy particle mass for a lattice self-energy which di-
this case, it is convenient to treat the gluino in the heavyverges as the lattice spaciags taken to zero. Thus we will
gluino limit. This will be appropriate if the gluino mass is only be able to compare with physical predictions for the
large compared to the QCD scale of order 1 GeV. In thisdifference of masses between states with the same adjoint
limit, the fermionic nature of the gluino will be irrelevant particle content. This is, however, entirely sufficient for our
and one can use a static adjoint source. In this context, thgurposes.
gluonic bound states are known as the “gluelumf®], For the adjoint gauge links, we use the read 8 adjoint

while we choose to call the quark-antiquark bound states thgatrices related to their fundamental counterparts by
“adjoint meson.” We will be unable to address the issue of

the spectrum of “adjoint baryons.” Adj ap_ 1 ot 1y B

We use quenched lattices to explore the spectrum of the Uy _ETr(U‘i}‘ Us\") @
gluelump. This has been studied previoy&ybut only lim-
ited results exist for S(B) color [6]. A preliminary version where thex matrices are the conventional ones. For propa-
of our work has been presented elsewh&@leHere we make gation of the static adjoint source, we need the time-directed
a thorough study of many~° states and we extract the con- product of these links:
tinuum limit of the mass differences between the lower lying
states. -

The adjoint mesons have not been studied previously on a GA= H U4Adj . 2
lattice. One reason is that, because the heavy adjoint particle
does not propagate spatially, the light quark propagators ar€o create and destroy the gluelump states we use products of
only needed at the same spatial sink as source. This featueindamental gauge linkdJg) which start and finish on the

0556-2821/99/5®)/0945099)/$15.00 59 094509-1 ©1999 The American Physical Society



M. FOSTER AND C. MICHAEL PHYSICAL REVIEW D59 094509

"Clover" Sums in TABLE I. Lattices used in the gluelump calculation.
spatial planes.
Number Fuzzing
[\ B Size  of lattices Square sizes C iterations rg
Adjoint Links
—— 57 12x24 99 1,2 40 10,20 2.940
6.0 16x48 202 2,3 40 20,30 5.272
6.2 24x48 60 2,3 40 3045 7.319

iterations. Each iteration of the fuzzing algorithm makes a
FIG. 1. The gauge links involved in a gluelump correlation.  gauge invariant replacement of a lilt,,(x), according to a
sum over 4 staples:

adjoint source site. The schematic method is illustrated in

Fig. 1. We choose operators that are in irreducible represeny , (x) — Pgya) CUM(X)+E U,(x) U, (x+ »UT(x+ )
tations of O,, to explore the spin structure of the gluelump

states. In the continuum limit, states of the gluonic field are 4
labelled byJP€. We relate continuum spins to those ObtainedwherePSU(a) is a projection into the S(3) group. The fuzz-

from the O, subgroup by subduction. Note that the boundng harameters and square sizes were tuned according to the
states of an actual gluinghe glueballing will be fermions, |5tiice spacing to give the best signal. We measured correla-
but in the limit of a heavy gluino, the gluino spin is Un- 4isns from all sites and time planes on various quenched
coupled so that our study gives all the relevant 'nforma“o”iattices, as shown in Table I. The interpolationrgfvalues
For speed of computation, we chose to build the gluoniGye sed is also given for completness.

operators out of square elements. From these we construct \ye then employed the variational technique on the4
“clover-like” operators from various sums of these squares,,atriy of correlations in order to determine the linear com-
projected onto the adjoint representation with definite charg@ination of operators which maximizes the ground state con-

conjugation: tribution. In practice, since statistical errors increase with
time separatiort, we determined the basis for the ground
a_ ay) 4y apt state from a moderateseparation (=1 to t=0) and then
H*=TrA"Ue=A"Ug). ® explored thet dependence of that combination to larder
Since the effective mass should decrease monotonically with
The coefficients for creating give@,, representations can be increasingt to the ground state mass, we seek to find the
determined from the projection table given[it0]. In choos-  level of the plateau. Since the statistical error increases with
ing the planar square as the building block, we are only ablé @ sensible prescription is to select the mass fromtthe
to access 10 out of a possible Z0C representations. How- Values beyond which the data are consistent with such a pla-
ever, we expect the lower energy states to be created by suépau. We are also able to obtain estimates of the energies of
planar constructs. excited states from the variational approach.

The correlation of interest is then given by evaluating In Table Il we present the lattice effective masses from
HeGhzHP. Diagrammatically the correlation in a typical adjacentt values in the optimum variational basis, where
group representation looks like that in Fig. 1. such determination was statlstlpally significant. We also give

Measurement of objects containing static propagators i{§0me results for the first excited states. We compare our
hampered by cumulative statistical errors from multiplying results with an earlier exploratory calculgnon of the glue-
links, each with a varianc®(1). Adjoint links are even lump spectrum(6] based on 508=5.7 lattices. The mea-
more sensitive to this effe¢t1]. In order to make effective Surement of theT;~ and T;  masses was given as
measurements at larger times where the excited state contd-04889) and 2.09689) att=23:2 respectively. These older
butions are minimized, we employ a link integration or results are seen to have the ordering we find but to underes-
multi-hit technique [12] which involves summing time- timate the mass splitting.
oriented links over a set of independently generated alterna- Figure 2 shows the spectrum of states calculategs at
tives provided by performing a local heat bath algorithm on=6.0. The points marked with circles are the lowest eigen-
them. The force term is generated by the surrounding gaugealues from the ten measured representations. They are plot-
links or “staples” from the original gauge configuration. We ted againstl assuming the lowest spin contained in g
choose to use 10 or 15 samples of the time-directed link wittiepresentation. We also determine some higher energy eigen-
this force separated by 3 Cabibbo-Marinari (8Usubgroup Vvalues for eachOy, representation we study. These could
updates and then construct the average of the adjoint linkeither be radial excitations with the lowest spin assignment
obtained from each of them. or could be in a higher spin representation allowed by that

We measure correlations for a given state using four op©,, representatiorifor exampIeTf’ can beJ”¢=1"" or
erators at both source and sink. These were constructed usiBg ~). In principle a thorough study of all eigenvalues in all
two sizes of square built from products of fuzzed links with O;, representations in the continuum limit will allow td&¢
the fuzzing algorithm performed to two different numbers ofvalues to be assigned unambiguously. In the present applica-
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TABLE II. Gluelump massegground state and first excited
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24 | y

state in some casgfor differentO,, representations in lattice units. =3+
22 _:l[“;-r
o"¢ B t=21 t=3:2 t=4:3 t=5:4 ;20| e - *j 1054
T{~ 57 1.84%) 1.81315 1.81148  1.633169 % 18| A E A2+ * g
25061)  2.35492) g - <
6.0 13393 13295 13265  1.3309) 5 -
1.7363)  1.6906) 1.68317)  1.65053 14 | LTI+
6.2 1.1572) 1.1443) 1.1453) 1.1469) 1ol
1.4693) 1.4487) 1.44611) 1.42927)
T,~ 57 21018) 2.00633 2078123 04 0 1 2 s 4 57
2.70937) 2.284201) Lowest Spin Content, J
6.0 1.50%2)  1.4864) 1.48698) 1.49521) B
1.8834) 1.82910) 1.77928) 1.67493) FIG. 2. Gluelump spectrum @=6.0.
6.2 1.2763) 1.2615) 1.2478) 1.24912) ) _ o
1.5874)  1.5347) 1.53221)  1.44856) F(ro)ro=1.65, corresponding tp about 0.5 fm, z_ind it is mea-
T,~ 57 2242100 228045  2.155310 sured accuratell13,14] on a lattice from the statlc.potent]al
2.74029) to set the scale of the measured lattice mass differelices

60 1.59%2) 15794) 1549100  1.55730) Then we perform a linear fit tM(a)r (), against o(a) 2,

1.9464) 1.89210) 1.90042  1.874145
6.2 1.3473) 1.3317) 1.32214)  1.29417)
1.6464)  1.6098) 1.57026)  1.502107)
E*" 57 247018 223080 1.862465
6.0 1.7593) 1.7358) 1.74422)  1.68378)
6.2 1.4694) 1.4529) 1.45123)  1.42641)
A~ 57 254226) 3.023347)

of

since, in the quenched approximation, lattice corrections are

order a®. The data are illustrated in Fig. @vhich also

shows some additional low statistics results frghs5.9).

We thus obtain an estimate of the continuum limit mass
splittings. The results for the lowest few states are shown in
Table 11l where the results quoted in MeV have an additional
overall scale error of 10% coming from the quenched ap-
proximation scale. We also show the most plausible assign-

6.0 1.77¢4) 177513  1.68433) 1.6611149  ment of the spin in the continuum limit. One rather surpris-

., 82 149%) 14719 146028 139943 ing feature is the observed degeneracy ofAe andE*~
A 5.7 2.62847) states — this is not compatible with a single common spin
6.0 17865 1.76216) 172148  1.836157)  assignment; so we have assigned the lowest spin option in
6.2 1.5027) 1.45715) 1.47441) 1.53992) each case.
E*" 57 2897150 In the continuum limit we expect th@,, representations
6.0 1.9366) 1.88316)  1.927160) to group into degenerate levels with the rotational symmetry
6.2 1.603%) 1.57814) 1.56328) 1.55691) restored. Thus for any assignment of & state(for ex-
T;" 5.7 2.90@37) ampleJ=2 or 4), there should be associated a degenerate
6.0 1.9664) 191814  1.91§45) T, state in the continuum limit. Our results show that the
6.2 16415 1.61311) 1.59934)  1.48§45 lightest E** is not accompanied by such a degenerate
T," 57 3.13149 T, " state at3=6.0 or at3=6.2. We do find, however,
6.0 2.08%5) 2.05318) 2.216104)
6.2 1.7275) 1.69818) 1.68346) 1.661(111) 3.0 , , ,
T," 57 3.14452)
6.0 2.1485 2.13018  2.14299) a5l X T
6.2 1.7886) 1.704020) 1.74981) = E * Al++
20t -

tion, we have used a solid triangle to show plausible assign-
ments ofJ for these excited states. We see that in o4
basis these energy eigenvalues qualitatively agree with the
expected degeneracies in the continuum spectffiom ex-
ample aJ=3 state had;, T, andA, degenerate levels

As found previously[6], the JP°=1"" and 1"~ states
are lowest lying. Surprisingly, the lightest'0 state is con-
siderably heavier. Since the overall lattice energy contains an
unphysical self-energy, we examine mass differences be-
tween states for each lattice spacing. To determine a con-

10 -
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FIG. 3. TheOP®—T; ™ gluelump mass splitting in units af,

tinuum estimate, we study a dimensionless quantity choosingersusa? in units of r,. The continuum limit is at the left and a
ro(@) [rois defined from the force between static quarks asstraight line behavior is expected for small
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TABLE lIl. Continuum limit estimation of th@@®—T; ™ mass TABLE IV. Connection between gluelump and two-body poten-
splitting. tial asR—0.
State J A(Mrg)azo Energy(MeV) X2/ Npg GluelumpJP¢ Two-body potential states
T~ 1 0.93319) 368(7) 0.874 17~ Im,, =,
T, 2 1.43825) 584(10) 1.749 1 I, 2;’
ET- 2 2.46792 973(36) 0.312 27" Iy, 34, A4
AS~ 3 2.46860) 97224 0.113
AFT 0 2.77172) 109228) 0.137

find D, representations with,= —J, ... ,J, and labelg,u

given by CP and, for anyJ,=0 states, an additional label

; ; ; ++
thﬂ the mass dlfferer_lcc_a n un_lts_qf between t_heE and __given byP(—1)’. These relationships are tabulated in Table
T, " is consistent, within statistical errors, with decreasmgI

(like a®) to zero in the continuum limit. This suggests that
the lattice artifact errorgfor instance those discussed here
from lack of rotational invariangamay be relatively sizable

for these higher lying states. This conclusion is also sup-"; iate for th lized Wil | v&h
ported by Fig. 3 which shows a stronget dependence for tations appropriate for the generalize ison loop

heavier states. #0. Thus, as has been emphasized previoy8ly the
There is a correspondence between the gluelump energi@ound state gluelump with “I"(T; ) implies that asR

we have just determined and the limit of excited gluonic— 0 there must be a degeneracy of the two-dimensibhal

potentials alk— 0. This has been noted befdis]. Here we  state E,) and a%, state @;,).

are in a position to explore the consequences of this relation- Although the above group-theoretical identities are a good

ship more fully since we have determined the gluelump specguide to the behavior of the excited gluonic potentials at

trum in detail. smallR, the limit asR— 0 of the excited gluonic potential is
The potential between fundamental color sources at sepaot trivial to extract from lattice data withR=a, R

ration R has been Wldely studied. Of SpeCial interest are the- 2a, .... Oneguide is to consider the g|u0n exchange con-

gluonic excitations of this potential — corresponding to ex-riputions perturbatively. A way to investigate this is to con-
cited energy level§15-17. In the limit asR—0, the static  gjger the self-energies of the contribution€2at R#0 and

source and anti-source will be at the same site and hencI:eA at R=0, whereF and A label fundamental and adjoint

their color can be combined in a gauge invariant way ~_colors. Since, to lowest ordefE, = 9E¢/4 for SU3) of color,

creating a singlet and an adjoint color source. This latter 'There will be a mismatch and one might expect the energy to

Just the.sr[uatlon we study here: th? gl_uelump IS an adjoin ncrease aR—0 since the adjoint self-energy is larger. An-
source in the presence of a gluonic field, while the color

) e other way to investigate this is to imagine thatras 0, there
singlet correlation is given glueball exchangéus a vacuum . luonic field in the adioi . hat th
contribution when thel”© representation of the object cre- IS a gluonic field in the adjoint representation, so that the
ated is 0 ) heavy quark and anti-quark are also in an adjoint and hence

. . . - will have a Coulombic interaction energy given byl/8 of
s ;t?;fssgoratg?igfnvi;auéz% Wilson loop in the imit of zero y o y1ombic energy between a quark and anti-quark in the
P P ' fundamental representatiofwvhich is approximately given

The same identities d@&®—0 also apply explicitly to the
lattice discretization. Then th@®, representations appropri-
ate for the gluelump can be subduced into thg represen-

lim W(R, t) = ce~Mauelumg + ¢’ @~ Mgluebal (5) by —0.25R in lattice quenched studigsThis again suggests
R0 ' that the excited gluonic potential should riseRs>0, here
as 0.03R.

In the larget limit, the lighter of the two states will dominate Lattice data for theE, representation for smalR from

the correlation function. In most cases of present interest, th8U(2) color studieqd18] at 3= 2.4 with values ofaVg(R)
gluelump state is lighter than the glueball. We can obtain a=1.31, 1.32 and 1.38 foR=3a, 2a anda respectively do
relationship between the gluonically excited states of thequalitatively support these estimates of the srikdfiehavior
generalized Wilson loop, in the limR—0, and those mea- of the excited gluonic potential and are consistent with a
sured in the gluelump spectrum. This relationship in the conlimit as R— 0 which agrees with the lattice gluelump energy
tinuum is obtained by subducing the &Y representations [9] of aEgeiumg=1.50. Also in Fig. 4, we show the compari-
appropriate to the gluelump to the,., representations ap- son of the smalR excited gluonic potentials g#=6.2 with
propriate to the generalized Wilson loop whB*¥ 0. The our SU3) gluelump analysis, where both results use the
latter representations are labelled fty=0,1,2 as3,II,A same Wilson lattice regularization and so are directly related.
wherez is the axis of separation of the fundamental sourced his figure confirms the degeneracy of the excited gluonic
which areR apart. The other labels of the representations arenergy levels alR—0 with a common value given by the
g,u for CP==1 and, for the> states only, an additionat appropriate gluelump energy, as we found above.

label indicating whether the sate is even or odd under reflec- These considerations are usdfi®] to understand the ex-
tion in the plane containing the axis. By subducing the tensive results on the spectrum of excited gluonic levels that
irreducible representation of the gluelump with® we will have been determined recenfly7].

094509-4



HADRONS WITH A HEAVY COLOR-ADJOINT PARTICLE PHYSICAL REVIEW D59 094509

1.4 ' ' . - . . . All light propagators are computed as averages over the
£ * pseudo-fermionic samples:
> =S
12 - . (M)} 1)
- =
F I = Gij=) o )
= = x= %
1.0 + - 75<¢j (M)i)vs
’6\ :-:
= e where the two expressions are related @szg,GjTi V5.
= 08 | - hd | Moreover, the maximal variance reduction method is applied
- in order to minimize the statistical noi$&]. The maximal
variance reduction method involves dividing the lattice into
i :2:9 two boxes (6<t<T/2 andT/2<t<T) and solving the equa-
06 1 * Alu | tion of motion numerically within each box, keeping the
* # Gluelump States| pseudo-fermion fields on the boundary fixed. According to
. . . . . . . the maximal variance reduction method, the fields which en-
0'40'0 20 40 60 80 100 120 140 ter the correlation functions must be either the original fields

¢ or solutions of the equation of motion in disconnected
FIG. 4. The static quark potential energy in unitsrgfat 8 regions. The stochastic propagator is therefore defined from
=6.2 from Ref[16] for the ground stateA,,) and excited gluonic  o5ch point in one box to every point in the other box or on
states £, andA,,) versus separatioR in lattice units. The left- o hoyndary. Hadronic correlators are then evaluated with
m+o§t points are(in increasing er_wergythe_ gluelump energies for o hagron source and sink in different boxes. In order to
Ty, T, andT, - representations. This illustrates the expected;, o mant this requirement, we only evaluate correlators for
degeneracy aR=0 between the two excited gluonic states which t=2. For further details, see see Michael and Pg#aes-
must both equal the lowest gluelump energy. pecially their application to thé, meson. Note that, in any
IIl. ADJOINT-MESON SPECTRUM _method Whi_ch involves solvin_g_th_e lattice Dirac equatio_n, it
is not consistent to use multihit improvement for the time-
The state with a static adjoint source bound to a quark andirected gauge links.
anti-quark is now studied. We refer to this as the adjoint We construct creation operators for the adjoint quark bi-
meson and label the states by tB&S of the quark—anti- linear according to
quark subsystem but with a suffix to indicate the adjoint .
source. In the context where the adjoint source is considered H,‘idj= PYOX)ONT (X) 9)
to be an approximation to a heavy gluino, such a bound state
has also been called tfiemeson[2] and might logically be ~ such that the correlation function is given by combining this
called a hybridino since it is the supersymmetric partner of avith the static adjoint sourc&”, defined previously, and
hybrid meson. Note that the bound states of a gluino willreplacing quark propagator termg; as(¢;(Mix¢i)*) as
actually be fermions, but in the limit of a heavy gluino, the described above. The correlation function is given by
gluino spin is irrelevant and the study with a bosonic adjoint
source gives the required information. _ — N A
The lattice adjoint meson is generated by coupling the C(F'tz_tl)_g [(x.t)X F'p(x’tl)]TGaﬁ(X’tl’tZ)
static adjoint source to a light quark—anti-quark system. As

for the case oB meson studiegand those of the, , baryon, X[ (X, 1) NPT (X, t5) ]
much improved statistics are available if one can evaluate the

light quark propagators from all sites as sources. This can be 1

achieved using stochastic propagati@b = Ng(N—1) EX: ;} T (funa)

The stochastic inversion is based on the relation
X[ (X, 1) N T (M) * (X,t1) di(X,t5)

1
Gjj IMﬁl:zf Dp(Mixi)* di exl — ¢ (M M) 5] XNET (M) * (X,t2)1GAs(X,ty ty)  (10)

© wherei andj are different samples of tHeg pseudofermion
where, in our caseM is the clover-improved Wilson-Dirac fields. We symmetrize the placementtgfandt, about the
fermionic operator and the indicesj,k represent simulta- boundaries of the stochastic sourcetat0 or T/2. Where
neously the space-time coordinates, the spinor and color i, —t; is odd we average over the two possible placements.
dices. For every gauge configuration, an ensemble of inde- We measure the correlation for observables with
pendent fieldsh; (we use 24 following8]) is generated with = ys5,y; andl, corresponding td& 5,V andS, (scalaj me-
Gaussian probability: sons, respectively, averaging over the componentg; ¢or
L the V, case. Othed”® combinations were found to be more
- = YNV VY poorly determined with masses comparable to the scalar
PLé1= Zexp: ¢ (MIM)ij ] ™ case,S,, or higher.
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TABLE V. Lattices used in the adjoint-meson calculation.

Lattice Propagator Gauge
B size samples K Csw configurations Mp My
5.7 8x 16 24 0.13843 1.57 20
5.7 12x24 24 0.13843 1.57 20 0.768 0.9383)
5.7 8x 16 24 0.14077 1.57 20
5.7 12x24 24 0.14077 1.57 20 0.529 0.8155)
6.0 16x24 24 0.13714 1.76 10 0.3 0.4885)

Because the stochastic inversion method evaluates sthoices of fuzzing, namely 2 iterations wi@=2.5 and 12
many samples of the correlation from each gauge configuraterations withC=4.0, each with links of length 1 in Eq.
tion, it is feasible to obtain results from moderate numbers of11). The smaller number of fuzzing iterations gave a more
gauge configurations. The lattices used are detailed in Tabkccurate value for the correlations and this was chosen for
V. At S=5.7 we use the parameters for tadpole-improvedhe 12 spatial lattice for theV, and P, studies. Forg
clover fermions studied previous|0]. With two values of ~=6.0, we used 6 iterations of fuzzing with=2.5 but used
the hopping parameter, the lighter of which corresponds aplinks of length 2. By replacing in E¢(10) with fuzzed op-
proximately to the strange quark mass, we are able to explof@ators all the¢ fields att; or att, or at both ends, we
the dependence anof the spectrum and the extrapolation to 9enerate a 2 correlation matrix.

the chiral limit. We also evaluated stochastic propagators at AS in the gluelump case, we performed a variational
=6.0 with non-perturbatively improved clover fermions to 2Nalysis on the data to obtain estimates of the ground state
be able to explore the lattice spacing dependence. Th ass. Because the excited state contributions are relatively

masses of the pseudoscalar and vector mesons quoted ﬁge, we usd values of 3 and 4 to establish the optimal

Table V come from previous studig0,21] using conven- riational basis. The variational estimates of the mass are
: P : ’ 9 given in Table VI from the effective mass at the adjacent
tional propagators for these lattice parameters.

) : détl b values at which the plateau is first se@mostly this ist of 5
We construct isotropic extendéflizzed operators by re- a4 4 Some of the variational masses verduare also

placing the light quark fields using shown in Fig. 5,
For the larger lattices, £X24 and bigger, a two expo-
fi d_ | y y
(%) _Et(uzl,3)U§L)(XW(X+ la,) 1D nential fit was made to all elements of the correlation matrix

R expressed as
where U_ ,(x)=U(x—u) in this context. HereU(®) is a
product of fuzzed links in a straight line of length, each Cii(t)= 2 ce=Mit(k) (12)
link defined according to Eq4). At 3=5.7 we explored two . o ]

TABLE VI. Ground state adjoint meson masses.

Lattice masses:

r B Size K variational analysis Fit trange  x%Npe
¥5(Pa)

5.7 8x16 0.13843 1.8957)

5.7 1224 0.13843 1.9222) 1.92327) 4—8 0.8

5.7 8x16 0.14077 1.8840)

5.7 12x 24 0.14077 1.9347) 1.88363) 4—7 0.6

6.0 16x 24 0.13417 1.6984) 1.468153 5—-10 0.9
¥i(Va)

5.7 8% 16 0.13843 1.8729)

5.7 12x 24 0.13843 1.9280 1.92511) 4—-8 0.6

5.7 8x16 0.14077 1.8724)

5.7 12x24 0.14077 1.81@1) 1.86844) 4—6 0.6

6.0 16x 24 0.13417 1.5783) 1.44Q70) 5—10 1.0
1(Sa)

5.7 8x16 0.13843 2.2623)

5.7 12x 24 0.13843 2.2738)

5.7 8% 16 0.14077 2.33173

5.7 12x 24 0.14077 2.2861)
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S R IR B finite lattice volume, finite lattice spacing and an unphysi-
o cally large quark mass and hence there will be extrapolation
o X
o] @ ii] ﬁ

2.0 errors. There are errors in extracting the ground state from

the larget plateau also. Of course the error from using the
quenched approximation applies too. We now discuss the
extraction of the masses of physical significance.

The effective masses are plotted in Fig. 5. These masses
are generated from the optimum combination of paths found
in the variational analysis and are plotted as a function of
lattice time. We see that g8=5.7, a plateau is attained
indicating that excited state mass contributions are removed.
Furthermore, the values from the fits to the correlations are
in agreement with this plateau value, as shown in Table VI.
There is more excited state contamination in 6.0 mea-
surements as shown by the slower approach to a plateau.
This is related to the physical time extent of the correlation
which is considerably shorter for a given lattice time in the
B=6.0 case(a factor of approximately 1)8 Fitting two
states to the matrix of observables for a rahgalues will be

FIG. 5. Effective lattice mass versus lattice time for g  a safer way to extract the ground state mass in this case. This
(octagon and P, (cros3 adjoint mesons andl; ~ gluelump is seen in Table VI to give a lower mass value than the
(squarg for B=5.7 (top) and 8=6.0 (bottom) with light quarks  variational method which strictly gives an upper limit. For
approximately corresponding to strange quarks. the pseudoscalar case At=6.0 the signal is considerably
more noisy, and so the plateau assignment is even less clear.

At each g value the vector and pseudoscalar adjoint me-

i in the fit de by bootst i son masses are very similar. As an estimate of the mass
parameters in the fit were made by bootstrap resamplingigrarance, we combine the variational and fit values for

methods using 99 resamples of the configurations. Becau%?range light quarks at3=5.7 which yields M(P,)
of the relatively small number of gauge configurations, this_M(V )=50(70) MeV. This r.esult is consistent Witr/? the
A - .

error gsnmate may be underest.|mated. We find thatge . expected situation, as discussed later, that the pseudoscalar
mass is more accurately determined presumably because Itﬁj

tak h f th : s The fitt eson is slightly heavier than the vector. Since the vector
maazrs]ezsisareepivszrr?t%z i?w Tarbelee ;S/ﬁ"n components. the Tt joint meson mass is better determined, we base most of
, ) . . our subsequent conclusions on it.
We find that theP, and V, states are lightest with the d

lar state havi ker sianal and Ivi anificantl We now consider finite lattice volume effects. At
scaiar state having a weaker signal and ying sighificantly_g 7 \ye pave two lattice volumes available for direct com-
higher. We concentrate in our discussions on these lowe

. rpansons. We see no significant discrepancies between the
lying states. - : ;
. . adjoint meson masses on these lattices. The spatial volume
There are several systematic errors that contribute to th

. Ssed atB=6.0 is comparable to the larger volume @t
measurements of the mass of these states. We are using_g, 7. sclngshould be saf%. Of course, in thge limit as thélalight

ma(5.7)

1.5

1‘0||||||||||||||||||
2 4 6

l||||l@|<|||l|l||l|

%i§

o] ] o] o

1.0 |||¥

2 4 6
t

o
o]

2.0 &

ma(6.0)

(]
o]

between source and sink operatarandj. One of these fits
is illustrated in Fig. 6. Errors in the estimates of the six

25 guark mass becomes chiral, these spatial volumes might be
i ] inadequate.
- 1 The « values used in the calculation corresponded to
2ol ° I rather heavy quarkéstrange quark or heavierThe adjoint
- 1 meson, which we model, is composedwéndd quarks. At
= I ] B=5.7 we used two values of the quark mass. This enables
ig, s * B us to make an extrapolation to light quarks as illustrated in
=t ) Fig. 7. We plot the data from the fits above s, against
=1 - ] (M _r,)? where we expect both quantities to be approxi-
[ 1 mately linear in the constituent quark mass. Thus the figure
1o—= ] enables us to make a linear extrapolation in the light quark
i - mass with the chiral limit being the point at which
[ - = ] (M _ry)?=0. We find masses in lattice units at the chiral
Y-} R I B R limit of light quarks ofM =1.808(91) forV, and 1.841139
4 6 8 10 for P, . Note that this extrapolation corresponds to a differ-
t ence in mass between a vector adjoint meson with chiral
FIG. 6. Effective lattice mass versus lattice time féx at g light quarks and one made sfquarks of 73(55) MeV.
=6.0 with two state fit to LL(octagon, LF (cross, and FF(dia- The slope ofMr, versus M,rq)? that we find atg
mond correlations. Here the light quarks approximately correspond=5.7 is consistent, within the large statistical errors, with
to strange quarks. that found[8] in similar studies of theB meson andAj
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7 [ LI | LB I LB | LU T 1 1 71 ] 1-5 [ T T T T | T T T T I T T i
L J 1.0 L -
-] - -
6— — A L il
_ ] l‘_. L J
g = 05 ]
jog e e e y
| 4 i }' ]
5= — = L i
L ] = r 7
| 0.0 ==
N T P N P S S
0 1 2 K 4 5 0.00 0.05 0.10
(M,ro) 1/!‘02
FIG. 7. Dependence of th®, (crosses and V, (sqgarze}s FIG. 8. The mass difference in units of between the vector
masses in units af, on the light quark masgevaluated asoM7)  adjoint meson and the lightest gluelump state versus lattice spacing
at =5.7, showing the extrapolation to the chiral limit. squaredr, %(a)~a?]. The dotted horizontal line is the experimen-

tal pion mass (0.35 in units af)). The adjoint meson results have

baryon using statib quarks. As noted there, quenched latticeapproximately the same liglistrangé quark mass.
studies tend to find a smaller mass difference than experi-
ment. The experimental value of tiy to By mass differ-  M(V,)—M(V,)=73(55) MeV] yields an overall estimate
ence is 96 MeV and we might expect the difference of chiralof the mass difference in the chiral limit ofM(V,)
and s-quark adjoint mesons to be twice this, which is a—G(1*7)=47(90) MeV.
smaller value than that we found above. Thus we may con-
clude that the estimate of the chiral limit of the adjoint me-
sons quoted above may well have some systematic error,
coming either from the extrapolation or from the quenched We have made a first non-perturbative study, albeit in the
approximation. guenched approximation, of the adjoint meson spectrum. We

We now consider finite lattice spacing effects and theare also able to compare our results for the adjoint meson
continuum limit. Since the self-energy is unphysical, weand the gluelump, since the unphysical lattice self-energy
study differences between the lightest gluelump and the actancels in this comparison. We first summarize some of the
joint meson masses at the sagend for a light quark mass phenomenological predictions for these spectra.
corresponding te quarks. Thus the self-energy of the ad-  In one of the first analyses of this stafid, Chanowitz and
joint source is cancelled and we can extract a continuungharpe present a bag model calculation of the adjoint-meson
limit of this splitting. The adjoint meson results use an im-mass spectra, over a rangeMf;ino. They find that the)®¢
proved Sheikholeslami-WohleSW) clover action to re- ordering of the vector and pseudoscalar states places the vec-
duce ordera effects. In practice we have used a tadpoletor particle as being the lighter of the states examined over
improved ansatz foCsy at $=5.7 which will not com-  the range ofM g, examined. Their determination of the
pletely remove ordea effects while the=6.0 measure- spectrum places the lightest gluelumiglueballing as
ment uses a non-perturbative improvement coeffici€gly,  slightly heavier than the adjoint meson for largéry,ino.
which should remove @) effects completely. We plot the Bag model calculations also give ti8°=1"" gluelump as
mass differences versag in Fig. 8. This figure shows that the ground state — the “magnetic” gluon mode.
the errors are sufficiently large that extrapolation to the con- The ordering of the conventional meson spectrum can be
tinuum limit is not feasible. However, the consistency of theunderstood qualitatively from the color-spin interaction aris-
result at our two lattice spacings does suggest that they mayg from one gluon exchang@2]. This interaction makes
be good estimates of the continuum value. Combining thehe pseudoscalar meson lighter than the vector. Now for ad-
two values then implies a differenc®(V,)—G(177) joint mesons, this same one gluon exchange will have a co-
=120(70) MeV. efficient — 1/8 of the conventional meson case. This suggests

At B=5.7, where we are able to make a chiral extrapolathat the level ordering should be reversed — with the vector
tion, we find that theV, and P, adjoint mesons are adjoint meson being lighter. However, the splitting would be
—10(103) MeV and 34(161) MeV, respectively, heaviermuch reduced — by a factor of 8. For our light quark
than the lightest (1) gluelump. Our result af3=6.0, masses, ther-p splitting is anyway smaller than experiment;
though only at one light quark mass, suggests that these mass we expect near degeneracy of theand P, states — as
differences may be somewhat larger. Indeed, combining thandeed is consistent with our results.
values from 5.7 and 6.0 for thé, with s quarks[as above For the flavor non-singlet adjoint meson states, there will
with M¢(V,)—G(1"77)=120(70) MeV] with that for the be extra terms in the correlation which we have not evalu-
difference betwees quarks and the chiral limitsee above: ated. Also there will be mixing with gluelumps states —

IV. DISCUSSION
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especially for the vector adjoint meson which mixes with thedifference is such as to make either of these processes an
relatively low-lying 1~ gluelump. energetically allowed decay. We are unable to answer this
If the gluino turns out to be the lightest supersymmetriccategorically because of systematic errors from the various
particle and it is stable, it is of interest to establish the set okxtrapolations needed. However, our results do suggest that
hadronic bound states of the gluino which are stable. We cay , is indeed heavier tha@ (1" ~) but that energy difference
make a start on this study by comparing the glueball angs |ess tharm,,, so thatV, would be stable. For the,, state,
adjoint meson spectra we have determined in the quenchggh, gne pion decay t&(1* ) is allowed. An allowed pro-
appro>éig1aticin. The lightest gluelump has the gluonic fieldgggg isP,—V,+m, and soP, would be unstable if it is
with J*==1"_. The next gluelump state is 368(7) MeV mqre than 140 MeV heavier thaf, which does not seem to
heavier withJ™*=1"" and, if unmixed, will not be able 10 pe the case from our results. As mentioned above, the flavor
decay hadronically to the ground state since betand 27 singlet adjoint mesons are even more difficult to study di-
modes are forbidderiby isospin and parity respectively rectly. Mixing with gluelump states may have a significant

The lightest non-singlet adjoint mesons are YeandPa  effect for them and could depress the 1 gluelump mass,
and we find them to be somewhat heavier than the lightest, instance.

gluelump stateG(1* 7), although with a significant system-
atic error coming from the extrapolation to light quark
masses. We obtaidl (V) —G(1" ~)=47(90) MeV. For an
adjoint meson composed efguarks, we have smaller errors
since we do not need to make a chiral extrapolation:
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