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Is £,(1950) the tensor glueball?
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Glueballs remain an experimentally undiscovered expectation of QCD. Lattice QCD (As well as other
theoretical approaches) predicts a spectrum of glueballs, with the tensor (JP€ = 2+7) glueball being the
second lightest, behind the scalar glueball. Here, using a chiral hadronic model, we compute decay ratios of
the tensor glueball into various meson decay channels. We find the tensor glueball to primarily decay into
two vector mesons, dominated by pp and K*K* channels. These results are compared to experimental data
of decay rates of isoscalar tensor mesons. Based on this comparison, we make statements on the eligibility
of these mesons as potential tensor glueball candidates: the resonance f,(1950) turns out to be, at present,
the best match as being predominantly a tensor glueball.
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I. INTRODUCTION

Glueballs are mesons made up by gluons only. They are
one of the earliest predictions of quantum chromodynamics
(QCD) that follow from the non-Abelian nature of the
SU(3) gauge symmetry and confinement [1].

The existence of glueballs has been since then con-
firmed by various theoretical approaches [2-5], most
notably lattice QCD (LQCD), according to which a whole
tower of such states has been computed [6—12] in the
Yang-Mills (YM) sector of QCD (that is, QCD with
without dynamical quarks; for an unquenched study see
Ref. [13]). Similar outcomes were found in recent func-
tional approaches in, e.g., [14,15]. The lightest gluonic
state is a scalar (J'¢ = 0*7), the second lightest a tensor
JPC = 2+ (for the tensor/scalar mass ratio, see [16]), and
the third lightest a pseudoscalar (JP€ = 07"). Quite
interestingly, as shown in Ref. [17], the glueball spectrum
of the recent LQCD compilation of Ref. [8] generates a
glueball resonance gas that is consistent with the pressure
of pure YM below T, as also evaluated in LQCD [18], thus
being a further confirmation of the existence and accuracy
of the LQCD masses.
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Yet, although glueballs are such a long-standing predic-
tion of QCD, their experimental status is still inconclusive.
Admittedly, some notable candidates do exist, especially for
the three lightest ones, e.g., Ref. [4]. Nevertheless, the
problem of a definitive identification of glueballs in experi-
ments is made difficult by the mixing with nearby conven-
tional quark-antiquark mesons and by their poorly known
decay strength(s).

In this work, we concentrate on the tensor glueball, which
is is interesting because of various reasons. First, as already
mentioned, is the second lightest gluonium. Second, the
experimental observation of several isoscalar-tensor reso-
nances such as f,(1430), f,(1565), f,(1640), f,(1810),
f2(1910), £,(1950), f,(2010), f,(2150), f;(2220) etc.
implies that one of them (especially close to 2 GeV,
see below) could be the tensor glueball. The attempt to
interpret one of those f, states as a tensor glueball has a long
history, see, e.g., [1,19-21]. In particular the f;(2220) was
historically considered as a good candidate for the tensor
glueball [22], but, as we shall see, this is no longer the case.

In LQCD simulations various physical masses for the
tensor glueball are predicted such as 2150(30)(100)
MeV [9], 2324(42)(32) MeV [10], 2376(32) MeV [8],
2390(30)(120) MeV [6], and 2400(25)(120) MeV [7].
Moreover, QCD sum rules predict the tensor glueball mass
in the range of 2000-2300 MeV [23,24]. A recent func-
tional method result for the tensor glueball mass is around
2610 MeV [14]. Holographic methods are also used to
study glueballs for instance in [25-33], with tensor glue-
ball masses ranging from 1900 to 4300 MeV depending on
the model [30,32]. Thus, besides differences, the results
converge on the existence of a tensor glueball in the region
near 2000 MeV.
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In [27,28] the decays of the tensor glueball are computed
in the so-called Witten-Sakai-Sugimoto model and it is
found that this state is broad if the mass is above the pp
threshold. Other hadronic approaches are studied the
decays of the tensor glueball [34,35], where different decay
ratios were presented. Yet, an explicit inclusion of chiral
symmetry was then not considered. The tensor glueball is
also speculated to be related to the occurrence of Okubo
Zweig-lizuka (OZI) forbidden process such as z7p —
¢on [36].

A novel data analysis on J/w decays is looking
promising for the identification of the scalar and tensor
glueballs [1,37-39], with a tensor glueball mass of around
2210 MeV. Further recent measurable production of tensor
glueballs in experiments are predicted in [40,41].

In view of this revival of both theoretical and exper-
imental interest on the enigmatic tensor glueball, a quite
natural question is what a chiral hadronic approach can tell
about this state, especially in connection to certain decay
ratios. The present paper deals exactly with this question:
we study the tensor glueballs via a suitable extension of the
linear sigma model (LSM), called the extended linear sigma
model (eLSM), e.g., [42,43], in which chiral symmetry is
linearly realized and undergoes both explicit and sponta-
neous symmetry breaking (SSB) and where, besides
(pseudo)scalar mesons, also (axial-)vector states and the
dilaton are included from the very beginning. Previous
applications of the eLSM to the scalar [43,44], pseudo-
scalar [45,46], and vector [47] glueballs were performed. It
is then natural to apply the formalism to the tensor
gluonium.

Quite recently, we have employed the eL.SM to study the
tensor and axial-tensor mesons in Ref. [48], which sets
the formal framework to model the tensor glueball, as it has
the same quantum numbers J©¢ = 2+ as the tensor mesons
(details of the fields and Lagrangians in Sec. IT). Within this
framework, we evaluate (Sec. III) various decay rates, most
importantly the pp/zz decay ratio, which turns out to be a
prediction of the chiral approach (and its SSB). We then
compare the outcomes to the isoscalar-tensor states in the
range close to 2000 MeV and find out that the resonance
£2(1950) is, according to present data, our best candidate.
We also speculate (Sec. IV) about the partial decay widths of
the glueball and the overall assignment of excited tensor
states. Finally, conclusions are outlined in Sec. V.

II. CHIRAL MODEL AND NONETS

The eLSM is an effective model based on chiral
symmetry in the linear form, together with explicit and
spontaneous breaking aimed to reproduce—at the hadronic
level—basic QCD features.

In this section we shall describe the fields entering the
Lagrangian as well as the interaction terms. While the
eLL.SM can contain many different fields and interactions, in
this paper we shall only highlight those relevant for the

decays of a tensor glueball. For a more complete review of
the eLSM we refer to [42,43,49,50] and references therein
(applications at nonzero temperature and density can be
found in, e.g., Refs. [51-53]).

A. Meson nonets

The mesonic ggq fields are contained in nonets. The list of
decay products of the tensor glueball is, in matrix form, the
following:

(1) Vector mesons {p(770), K*(892), w(782), ¢(1020)}

with the quantum number J¥¢ = 17~ (3S}) can be
classified to the following nonet

“’5:/\}‘5/’0” /)-Hl K*tH
1
VH = ﬁ ,O_M d;v\;zﬂoﬂ KO |, (1)
K R o

where wy and wg are purely nonstrange and strange,
respectively. The physical fields arise upon mixing

( (782) > < cospy  sinfy ) (wN> 2)

$(1020) ) \ =sinpy cospy ) \ws /)’
where the small isoscalar-vector mixing angle 3y =
—3.9° [54]. The physical states ¢ and w are pre-
dominantly strange and nonstrange components,
respectively. This is a reflection of the “homochiral”
nature of these states [55].

(2) The chiral partners of the vector mesons [56] having

the quantum number J’¢ = 17+ (3P,) forms the
following nonet:

’11.N+“(1)ﬂ +u +u
| 3 4 K4
s _aou
A;ll = ﬁ al—ﬂ fm\l/j 1 K(I)Z . (3)
- =0u
Ky K fis
The isoscalar sector reads
<f1(1285)> B < cosfy,  sinfiy > <f’f,zv>
£1(1420) —sinfy,  cosfy, s ’

(4)

where the mixing angle 4, is expected to be small
because of the homochiral nature of the multiplet
[55], see also Ref. [57]. In the computations we shall
set this angle to zero for simplicity.

(3) Pseudoscalar mesons with J*¢ = 0=+ (1S,)) consist-
ing of three pions, four kaons, the 7(547) and the
17'(958). They are collected into the following nonet
with light-quark elements P,; = 27'/25,iy%q;:
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a4 gt

| V2
P = sl '7”\;5”0 K° |- (5)
K~ I_{O Hs

where 17y = +/1/2(iiu + dd) stands for the purely
nonstrange state and g = 5s for the purely strange
one. The physical isoscalar fields appear upon

mixing [58] as
< n(547) )_(cosﬁp sinﬂp)<17N)
W =n(958) ) ~ \=sinfp cospp )\ ns )’
(6)

with mixing angle fp = —43.4°. This sizable mixing
angle is a consequence of the U, (1) axial anomaly
[59,60]. Namely, pseudoscalar mesons belong to a
“heterochiral” multiplet [55].

(4) The axial-vector matrix is shifted due to spontaneous
chiral symmetry breaking. This breaking induces a
mixing of pseudoscalar and axial-vector fields,
which allows the decay into pseudoscalar mesons.
The shift is as follows:

Al,u = Alﬂ -+ 6”P,

1 L) 7 wert ZgwgK?
73’:75 Z W~ %\/%,_”0) ZiwiK? |
ZygwiK™  ZgwgK®  Z,owyns
()

where the numerical values Z, =7, =1.709, Zx =
1.604, Z, =1.539 and w,=w, =0.683 GeV~!,
wg = 0.611 GeV™!, w, =0.554 GeV~! are taken
from [42]. Note, this shift will be particularly
important in this work since it allows to link different
decay channels (such as pp/zr) that otherwise could
not be connected by flavor symmetry alone.

(5) The JP€ =2+* (3P,) tensor states with elements
TH = 2712, (ip* ¥ + -+ )qx:

y 0
/ gLN +a_2W a'*‘l“’ K *py
73 2 2
0
™" =—| o S 0w L (8)
V2 2 NG 2
*—U = Opy na
K 2 K 2 2,8

The physical isoscalar-tensor states are

<f2(1270)> _ < cos fir Sinﬁr) (fz,;v) )
f5(1525) —sinfr cosfr) \ fas/)’

where f; ~5.7° is the small mixing angle reported
in the Particle Data Group (PDG). Tensor mesons
belong to a homochiral multiplet, just as (axial-)
vector states. We have no further experimental
information about the chiral partner of this nonet

A5 (see, e.g., [48] for recent phenomenological
analyses of this nonet).

B. Interaction terms

In this subsection, we list the chiral interaction involving
a tensor glueball field G, ,, .

A possible way to understand how the searched terms
emerge is to consider the interaction terms that describe the
decays of (axial-)tensor mesons in the recent Ref. [48].
What one needs to apply is the following replacement into
the Lagrangians with ordinary tensor meson nonet:

1
T, = —G,,, - 1s, 10
e \/6 2.u 3 ( )

thus effectively realizing flavor blindness. Of course, the
coupling constants must be renamed and are, at first, not
known. Note, we follow the same convention that implies
the normalization with respect to the flavor singlet mode.
Yet, the chirally invariant interaction terms of the tensor
glueball with other mesons that we are going to introduce
stand on their own and can be formally introduced without
resorting to (axial-)tensor mesons.

The first term in the eLSM leading to tensor glueball
decays involves solely left- and right-handed chiral fields:

£, = %Gz,ﬂﬂr[{u,m] TR R, (1)

where the chiral fields consist of the vector and axial-vector
mesons that we shall define with nonets

LF=VE LAY, RE=VE—AF (12)

which transform as L¥ — U L* Uz, R — UgrR! U,T2 under
the chiral transformations of U;(3) x Ug(3). The
Lagrangian (11) leads to three kinematically allowed decay
channels with the following expressions for the decay rates
with three momentum

- 1
ksl =5 (g, =% = w3 — 4l (13)
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TABLE L

Coefficients for the decay channel G, - A+ B. ¢y ~0.158 GeV and ¢g=

0.138 GeV are due to the chiral condensate. The 5y’ coefficient is small because it only occurs

due to the flavor symmetry breaking.

Decay process Kgoo,i
G, — p(770)p(770) 1
Gy — K*(892)K*(892) s
G, — w(782)w(782) i
G, — w(782)$(1020) 0
Gy — $(1020)¢h(1020) 1
G, > (22 2)2
G, » KK % (Ziw})?
Gy —mn Ix (Z?,Nw,m cosﬁp + Z2 wi sin f3)?
G, — ' (958) x ((z2 wh ,1N - ZI wi) cosﬂp sin Bp )2
G, — 1'(958)1'(958) Lx (22 w2, cosﬁp +Z2 wi sinfp3)?
G2 g 01(1260)7[ )( (Z,,Wﬂ)
G, = f1(1285)n (Zygwys sin fa, sin fp + Z, w, cos fy cos fp)?
Gy = K 4K 2 (Zwy)?
G, — f1(1420)5'(958) Lz, w,, sinfy, smﬁp + ZﬂY 15 €OS B4, €08 Bp)?
G, — f1(1285)1'(958) E(Zy Wy sin By, cos fp — Z, w, cosfy, sinfp)?
G, — f>(1270)n 37 (¢ cos B, cos fr + g sin f, sin fr)?
G, — a,(1320)n P
8
G, - K*(892)K +c.c. = (V2¢hy — 2¢5)*

has the following decay rate formula:

L, viye (Mg, myn, m,e)

nglﬂ |k 5|k

o),

(1) Decays of the tensor glueball into two vector mesons

s

o, 2| 5|]_€)U(l)’v(2)|
(158t 5
()
-
2lk,m o ]*

1207rmG2

v

+ G G)(mGz —m,a) — Mm,e

m:,m
BOLUNE)

);

shift of Eq. (7) applied twice]

tl
FGZ—>P(])P (2) (mGz,mP(l),mp(Z))
qppl’Hk W,p |®(m — o —mo);
T 60am R
2

[SSB-driven shift of Eq. (7) applied once]
ng—m plmg,.mq,.m,)

Kgap, lﬂz|ka1p|3 5+2’ka],p|2
1207mg;, my,
—m,).

X O(mg, —mg,

ol

2)

(14)

(2) while into two pseudoscalar mesons [SSB-driven

(15)

(3) and into the axial-vector and pseudoscalar mesons

(16)

The coupling constant 4 is not known and thus we are
limited to computing branching ratios rather than decay
rates. The (sometimes dimensionful) coefficients k. ; are
shown in Table I. For the two-pseudoscalar channel, x has a
mass dimension of -4, in the vector-vector channel it is
dimensionless, in the axial-vector plus pseudoscalar chan-
nel it has a mass dimension of -2, for the tensor and
pseudoscalar channel it has a mass dimension of 2. The
second chirally invariant term we will use for tensor
glueball decays is of the form

2 Gy (TrOR™ D] + Tr{@ LI @),

L, =
V6

(17)

where ® = S + iP is the linear combination of scalar' and
pseudoscalar nonets, and L* = T + A5, RW = TH —
A%’ combine the tensor and axial-tensor nonets. Their chiral
transformation rules are ® — ULthIQ, R*" — URR””U;,
L* — U, L*U} . The linear combination of the scalar and
pseudoscalar contains the chiral condensate ® = @ + @,
and so this term leads to the decay of tensor glueball into a
tensor meson and pseudoscalar meson. The decay rate for
this process is given by

'We do not study the decay to scalar mesons and so do not
discuss the scalar nonet in this work.
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TABLE II.  Branching ratios of G, with respect to zz. The columns are sorted as PP on the left, V'V in the middle,
and AP on the right. The VV-zz and AP-zx ratios should be regarded as approximate due to large uncertainties (see
text).
Branching ratio Theory Branching ratio Theory Branching ratio Theory
G,(2210)=KK 0.4 G,(2210)=p(770)p(770) 35 G,(2210)—a; (1260)x 0.24
G,(2210)—nn G,(2210)—nn G,(2210)—>nn
G,(2210)=m 0.1 G,(2210)—K* (892)K*(892) 46 G,(2210)—K /| 4K 0.08
G,(2210)—nm G,(2210)—zn G,(2210)—znx
G,(2210) -y’ 0.004 G,(2210)—w(782)(782) 18 G,(2210)—£,(1285)n 0.02
G,(2210)>nn G,(2210)—znm G,(2210)—>zn
G,(2210)—n'yf 0.006 G,(2210)=¢(1020)¢(1020) 6 G,(2210)— £, (1285)y 0.02
G,(2210)—znx G,(2210)—>znx G,(2210)—znx

G,(2210)—f1(1420)n 0.01

G,(2210)—7x

Pkl (- AR 20k,
Ftl . , — Lp 1 Lp tp
Gy (MG, e 1) Zmézﬂ 45m? 3m?
X Kgy1p. i O(mg, —m, —m,). (18)

The coupling « is not fixed, so branching ratios are only
calculated for decays in this channel.

The third chiral Lagrangian describes the decay of a
tensor glueball into a vector and pseudoscalar meson:

‘u
V6

-R,0,9'® + ©9, DL,

Lo = —=0"G5Tr[L,,0,0P" — ®T9,®R,,

2
+ —=0*G5*Tr
V6 ]

-0,9'L,,® + ®R,, 0,0,

0, PR, ®" — ®'L,,0,®
(19)

where L, =%(0’L° — 0°L*) and similarly for R,,.
Defining ¢ = ¢| + ¢,, the tree-level decay rate formula
reads

2k, , I
407

_mp)’

(20)

tl —
1—‘G—>VP(mG2v my, mp) - ngp,i®(mG2 —my

The decay of G, into a vector and pseudoscalar is sup-
pressed; namely, the only nonzero x is for KK* decay

62}

5 L N N N N 1o
1900 2000 2100 2200 2300 2400
mG;,(MeV)

FIG. 1. Estimates for the ratios pp/zz (left) and pp/a

products, which is suppressed by a factor of (¢y — \/5455),
and vanishes in the chiral limit.

III. RESULTS FOR THE DECAY RATIOS

Recent investigation devoted to the search of the tensor
glueball in the BESIII data obtained an enhancement on the
mass around 2210 MeV [37]. Thus, for illustrative pur-
poses, we first present our decay ratios for this mass value.
Using the k. ; in Table I and Egs. (14)—(16), we obtain the
decay ratios shown in Table II. The decays are primarily to
two vector mesons, with pp and K*K* being the two
largest. The two p mesons would further decay into four
pions before reaching the detector in an experiment.
Likewise the K*K* pair decays to two Kz pairs.

It should be stressed that we expect a quite large
indeterminacy of our results, in particular in connection
to the pp — 7z ratio, that is at least of 50 percent. In fact, as
discussed in Ref. [48], the pp mode involves (because of the
SSB shift) the factor Z%, thus even a quite small indetermi-
nacy of Z, may generate large changes. The error on Z is
of the order of 20%, that translates into a factor of 2 for pp.
Yet, the main point of our study is that the ratio pp-zz is
expected to be large, as shown in Fig. 1. A similar
dominance of pp and K*K* decay products was found
in [27] in a holographic model but to a somewhat lesser
extent (with a ratio of around 10, depending on the
parameters). Potential glueball candidates and some relevant

=) 350’
N
3l 8
s| € 300}
g8 250}
—
2001
1900 2000 2100 2200 2300 2400

mGz(MeV)

1(1260) 7 (right) as function of the tensor glueball mass.
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500

N
o
o

Total Width [MeV]
N
o
o

TABLE III. Spin-2 resonances heavier than 1.9 GeV listed in PDG [54].

Resonances  Masses (MeV)  Decay widths (MeV)

Decay channels

£2(1910) 1900 + 9 167 £21
£2(1950) 1936 + 12 464 +24
£2(2010) 201178 202 4 60
12(2150) 2157 + 12 152 +30
£,(2220) 2231.1 £3.5 238
£2(2300) 2297 + 28 149 + 41
12(2340) 2345+3) 32210

zn, KK, nmq, oo, my', 1’1, pp, a,(1320)z, f,(1270)n

arn, KK, nn, K*K*, 4n
KK, ¢¢
zrm, ny, KK, a,(1320)x, f,(1270)n
'
KK, ¢¢
m, ¢¢

300

i £2(2010) J; .
s ' £2(2150)

"I“ f2(1950)
£,(2340)

£2(2300)
f(1910) ’{" ’—I‘ | 2

£1(2200)

L Il L L L L Il L L L L Il L L L L Il L L L L Il L L L L L
1900 2000 2100 2200 2300 2400
Mass [MeV]

FIG. 2. Masses and widths of isoscalar-tensor resonances
heavier than 1.9 GeV [54].

data is given in Table III and Fig. 2. While the mass value in
Table II is not in line with every glueball candidate, it gives
an overall picture on the decay ratios. One should also keep
in mind that lattice determinations still have sizable errors
(of the order of 100-200 MeV) and do not include the role
of meson-meson loops, which can be quite relevant if the
tensor glueball turns out to be broad (this being our favored
scenario).

Below we discuss each tensor-glueball candidate sepa-

6]

2

rately. The experimental data and theoretical predictions
used for this discussion are shown in Table IV.

The meson f,(1910) has a width of 167 21 MeV
and it decays into (among others) nn and KK. The
decay ratio p(770)p(770)/w(782)w(782) of about
2.6 = 0.4 is not far from the theoretical result of 3.1,
and the data on the decay ratio of f,(1270)n/
a,(1320)z also agrees with the theory. Yet, this
state cannot be mainly gluonic since the experi-
mental ratio nn/nn' (958) is less than 0.05, while the
theoretical result is much larger (about 8), and the
ratio of ww to un! is very large in theory but only
2.6 £+ 0.6 in data. Summarizing, the 77'(958) mode
is a clear drawback for f,(1910) being predomi-
nantly gluonic.

The meson f,(1950) decays into iy, 7z, KK, as well
as K*K* and 4z modes, the latter likely to emerge
from pp. The experimental ratio nn/zz of 0.14 +
0.05 agrees with theory, as well as the KK /zz. Both
in experiment and theory we have only lower bounds
of the ratio 47 /ny—where we assume pp decays into
four pions—but both agree that this ratio is large.
While the theory fits the data well, its large total
decay width of 460 MeV would imply a broad tensor
glueball candidate. Quite interestingly, the decay
J/w — yK*(892)K*(892) shows a relatively large

TABLE IV. Decay ratios for the decay channels with available data.

Resonances Branching ratios PDG Model prediction
f>(1910) p(770)p(770)/ 0 (782)w(782) 2604 3.1
f2(1910) f2(1270)n/a,(1320)x 0.09 +£0.05 0.07
/2(1910) nm/nn’ (958) < 0.05 ~8
f>(1910) @(782)w(782) /nn/(958) 2.6 £0.6 ~200
f>(1950) n/wn 0.14 +£0.05 0.081
f2(1950) KK/nn ~0.8 0.32
f2(1950) 4z /nn > 200 > 700
f2(2150) f2(1270)n/a,(1320)x 0.79 £0.11 0.1
£»(2150) KK /m 1.28 +0.23 ~4
f2(2150) r/nm <0.33 ~10
f7(2220) ar/KK 1.0£0.5 ~2.5
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3

“

®

Q)

)

branching ratio of (7.0 +2.2)10™*. A strong cou-
pling to J/y is an expected feature of a tensor
glueball. Recent T-matrix pole analyses found com-
patible but slightly lower pole decay widths of
350 &£ 114 MeV [61] and 237 + ~60 MeV [62],
which are combined in the novel PDG estimate
for the pole width of 330 + 110 MeV (2023 update
of the [54]). These values do not change the
qualitative outcomes of our discussion and further
confirm the existence (and the broadness) of the
resonance f,(1950).

The resonance f,(2010) has a total decay width of
202 4+ 60 MeV. Yet, only KK and ¢(1020)¢(1020)
decays have been seen. This fact suggests a large
strange-antistrange content for this resonance, rather
than a predominantly gluonic state, see also the
discussions in Sec. IV.

In view of the LQCD prediction for the tensor
glueball mass around 2.2 GeV, one of the closest
resonances is f,(2150). Yet, the ratio KK/nn is
1.28 £ 0.23, while the theoretical prediction is about
4. Similarly, the ratio of 7z /nn is experimentally less
than 0.33, while the theoretical estimate is about 10.
The predicted ratio of 0.1 for f,(1270)n/a,(1320)x
also does not fit the data of 0.79 = 0.11.

The meson f;(2220) (with J =2 or 4) was histor-
ically treated as a good candidate [21]. However, in
light of the new PDG compilation, most of the decays
that the theory predicts are not seen experimentally.
Moreover, the only channel denoted as “seen” in the
decay modes table of the PDG [54] is the n7'(958)
one, which in turn is expected to be extremely
suppressed for a glueball state (in the order of
1073 times the zz mode in our calculation). PDG
data list also the decay ratio zz/KK of 1.0 +0.5
(even though in the “decay modes” table these
channels are marked as not seen), while the theo-
retical prediction is approximately 2.5. We also note
that while in [37] a potential tensor glueball reso-
nance is found at 2210 MeV, the width of the
enhancement is an order of magnitude larger than
one listed in PDG for f;(2220). Also, the uncertainty
in the mass allows us to fit the glueball structure to
other resonances. For these reasons, we conclude
that, on the basis of the present evidence, f,(2220)
should not be considered as a good candidate for
being a tensor glueball.

The resonance f,(2300), with a total width of
149 4+ 41 MeV, decays only into KK and ¢¢, thus
suggesting that it is predominantly a strange-
antistrange object.

Finally, the resonance f,(2340) decays into #1 and
¢(1020)¢(1020) that may also imply a large strange-
antistrange component. Yet, both latter resonances

should be investigated in more details in the future,
especially for what concerns other possible decay
modes of these resonances. We also refer to the
discussion in the next section for additional dis-
cussions.

From the considerations above, it turns out that the
resonances f,(1950) seems to be the best fit, although this
would imply a broad tensor glueball state. Namely, all other
states seem disfavored for various reasons, such as specific
branching or decay ratios with available data [f,(1910) and
the f,(2150)] or decays in strange states only [f,(2010),
£2(2300), and f,(2340)].

It is of primary importance to monitor the experimental
status of the states above in the future. In particular, the
analysis for the states f;(2220), f,(2300), and f,(2340)
would benefit from more experimental data, with special
attention to the latter broad one.

IV. DISCUSSIONS

In this section, we discuss two additional important
points. The first one addresses the actual partial decay
widths of the tensor glueball; while a rigorous treatment is
not possible within our framework, a “guess” is achieved
by using large-N . arguments and the decays of the conven-
tional ground-state tensor mesons. The second point dis-
cusses the assignment of various tensor states as radially
and orbitally excited conventional tensor mesons. In this
framework, the tensor glueball should be a “supernumer-
ary” state that does not fit into the quark-antiquark nonet
picture.

For the first point, let us consider the conventional mesons
fr=f2(1270) = \/1/2(siu + dd) and f) = f5(1525) ~
5s, whose decays into zz are well known: T’y _ ., =
1572 MeV and I'y_,,, = 0.71 MeV (for our qualitative

purposes, we neglect the anyhow small errors). The ampli-
tude for the decay A, _,,, requires the creation of a single gq
pair from the vacuum and scales as 1/+/N, where N is the
number of colors. On the other hand, the amplitude A fyan
implies that 5s first converts into two gluons (gg) that
subsequently transforms into \/1/_2 (tu + dd) (the very
same mechanism is responsible for a small (about 3°) but
nonzero mixing angle of the physical states in the strange-
nonstrange basis [48]). Schematically:

55 = gg — /1/2(au + dd). (21)
The amplitude A fy—rn scales as 1/ Ng/ % and is OZI [63-65]
suppressed with respect to the previous one. In order to be
more specific, let us consider the transition Hamiltonian
Hin = A([uu)(gg| + |dd)(gg| + |5s){9g] + H.c.), where 1
controls the mixing and therefore scales as 1/1/N..
Then Ag_pr = V22%As, zp, hence Tp . > 22T o,
implying A~ 0.22.
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TABLE V. Estimations of the decay channel G, — PP.

Decay process I'; MeV)
Gy, - iz ~15
G2 i I_(K ~6
G, =y ~1.6
G, — i (958) ~0.06
G, — 1'(958)1'(958) ~0.08

Next, let us consider the tensor glueball decay into zz.
Intuitively speaking, it is at an “intermediate stage,” since it

starts with a gg pair. One has Ag,_,,, =~ V2AA fy—rs then

U6, 2 27T e 2 V2, T ol o = 15 MeV.
(Note, for a similar idea for the estimate of the coupling of
glueballs to mesons, see Refs. [66,67].) [',_,,, scales as
1/N? (as expected for glueballs), thus realizing the expect-
ation Ffrz_,,m <TGmm <Tprn

Of course, the estimate I'g,_,,, ~ 15 MeV is only a very
rough approximation for various reasons: it does not take
into account phase space (that would increase the glueball
width) or form factors (that would decrease it). It also
avoids a microscopic evaluation (which is a difficult task).
Yet, it gives an idea on how large the zz mode (and as a
consequence other PP channels) could be, see Table V.

It is interesting to point out that our zz decay rate is
comparable to the one obtained within so-called Witten-
Sakai-Sugimoto model [27], in which T'g,_./mg2000) =
0.014, thus implying I'g,_,,, ~ 28 MeV.

As a consequence of such decay width into zz, a large
decay width into pp — zzzzx is expected due to the
evaluated large pp/nn ratio.

Next, the second point to discuss relates to the assignment
of quark-antiquark tensor states. Namely, up to now, we
have considered all isoscalar f, states in the energy region
about 2 GeV “democratically” as putative tensor glueball
candidates. Yet, it is clear that many (if not all) of them
should be rather interpreted as standard gg objects.

For this reason, it is useful to classify them accordingly.
While the ground-state tensor mesons (with spectroscopic
notation 13 P, are well established as a,(1320), K3(1430),
f2(1270), and f5(1525), one expects a nonet of radially
excited tensor states with 23P, as well as a nonet of
orbitally excited tensor states with 1>F,. The former are
predicted to be lighter than the latter [68], which is in
agreement with the excited vector mesons [69].

The nonet of radially excited tensor mesons contains the
isotriplet a,(1700), the isodoublet states K3(1980), the
isoscalar (mostly nonstrange) f,(1640). The 55 member of
the nonet may be assigned to f,(1910), or f,(1950),
or f,(2010).

Indeed, the quark model review of the PDG [54]
considers f,(1950) as a possible 5s state. However, the
decay of that state does not fit quite well with a

predominantly 5s object. For instance, the experimental
zn/KK ratio is of order unity, while a 55 state should imply
a small ratio. In fact, the radially excited tensor states should
display a small isoscalar mixing angle, just as the ground
state (see discussion above). Moreover, the mass is too close
to the tensor member K3(1980). Note that resonance
“f,(2000)” included in the further states list of PDG is
proposed as a tensor glueball candidate in Ref. [21] due to
its poorly fitted location in the Regge trajectory of spin-2
states. Similar to f,(1950), it has also a broad decay width.

The state f,(1910) is presently omitted from the sum-
mary table and it is not clear if it corresponds to an
independent pole [for instance, the PDG notes that the
KK mode could be well correspond to f,(1950)]. Its mass
is even lighter than K3(1980), what disfavors this state as
being an ss. The decays—which are quite uncertain—
confirm this view: the modes pp, and a,(1320)z should be
suppressed, and the latter should be smaller then f,(1270)#,
contrary to data (see above). On the other hand, the state
f2(2010) is well established and decays into ¢¢ and KK,
which indicates a strange content.

Summarizing the discussion above, we tentatively iden-
tify the nonet of radially excited tensor mesons as

a,(1700),
with 23P,

K3(1980),  f,(1640),  £,(2010)
and JPC =2+, (22)

Within this assignment and upon neglecting the unsettled
f2(1910), the state f,(1950) may be seen as supernum-
erary. This argumentation can be an additional hint toward
the exotic nature of f,(1950). In [70] it is also concluded
that the f,(1950) does not fit the 3*P, nonet as the radial
excitation of f,(1270), and the mass is too low to otherwise
fit in that nonet according to the Regge trajectory.

Next, what about the orbitally excited states? Here the
situation is much more unclear. There are no isotriplet or
isodoublet states that could be used to identify the nonet. In
the listing of the PDG one has f,(2150) (status unclear,
omitted from the summary table) and f,(2300) and
f2(2340). The latter two states have a prominent decay
into ¢¢, then, due to the vicinity of mass, one may regard
them as a unique state corresponding to 5s resonance. On
the other hand, f,(2150) could be tentatively correspond to
a nonstrange isoscalar state belonging to the next radially
excited nonet 3°P,. Definitely, more data and studies are
needed for these excited tensor states.

V. CONCLUSIONS

In this work, we have applied the eLSM to the study of
the tensor glueball, constructing chirally invariant
Lagrangians describing the tensor glueball decays. From
this we computed tensor glueball decay ratios, with dom-
inant decay channels being the vector-vector decay prod-
ucts, especially pp and K*K*. A quite large tensor glueball
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TABLE VI. Spin-2 resonances and the status as the tensor glueball.
Resonances Interpretation status
f2(1910) Agreement with some data, but excluded by nn/nn’ and ww/ny! ratios
f2(1950) nn/zm agrees with data, no contradictions with data, but implies broad tensor glueball
Best fit as predominantly glueball among considered resonances
/2(2010) Likely primarily strange-antistrange content
f2(2150) All available data contradicts theoretical prediction
17(2220) Data on zz/KK disagrees with theory, largest predicted decay channels are not seen
12(2300) Likely primarily strange-antistrange content
12(2340) Likely primarily strange-antistrange content, would also imply a broad glueball

follows from the large predicted pp/zx ratio, with the =z
mode being of the order of 10 MeV. Moreover, we also
predict a very small decay width of the tensor glueball into
K*(892)K, which render this mode potentially interesting to
exclude eventual glueball candidates in the future.

We compared the theoretical predictions to the exper-
imental data. The interpretation of states based on the
comparison is shown in Table VI. At present, the best match
is for the resonance f,(1950), implying that the tensor
glueball is a relatively broad state. The f,(1950) might be
thought of as too light to be the tensor glueball, which—
according to most lattice studies—has its mass in the range
2.2-2.4 GeV. However, unquenching effects included in
additional meson-meson loop corrections are expected to
bring the glueball mass down. The large width f,(1950) of
the glueball is indeed in agreement with this view.

Here, the tensor glueball mixing with other conventional
meson states was not taken into account. While mixing
with the ground state tensor meson is expected to be small
due to the large mass difference (recently, a small mixing of
the pseudoscalar glueball and the n was studied on the
lattice in [71]), this could be not the case for the nearby
excited tensor states. The generalization to the eLSM is in
principle possible and can be undertaken once better data,
both from experiments and from lattice, will be available.

In the future, more information for decays of all tensor
states into vector-vector, pseudoscalar-pseudoscalar as
well as ground-state tensor-pseudoscalar would be very
helpful to constrain models and falsify different scenarios.
Moreover, also the decay of J/y into tensors as well as
radiative (such as photon-photon) decays of tensor states
could be of great use. In particular, more information
about the broad state f,(2340) could shed light on its
nature.

Another interesting future line of research is the study of
glueball molecules [72,73]. While two scalar glueballs may
interact and form a bound state (which is stable in pure
YM), the question for the analogous tensor-tensor case (and
also tensor-scalar and heavier glueballs, such as the
pseudoscalar one) is unsettled.
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