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Decays of the vector glueball
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We calculate two- and three-body decays of the (lightest) vector glueball into (pseudo)scalar, (axial-)
vector, as well as pseudovector and excited vector mesons in the framework of a model of QCD. While
absolute values of widths cannot be predicted because the corresponding coupling constants are unknown,
some interesting branching ratios can be evaluated by setting the mass of the yet hypothetical vector
glueball to 3.8 GeV as predicted by quenched lattice QCD. We find that the decay mode wzz should be one
of the largest (both through the decay chain O — b,z — wzx and through the direct coupling O — wzx).
Similarly, the (direct and indirect) decay into zKK*(892) is sizable. Moreover, the decays into pz and
K*(892)K are, although subleading, possible and could play a role in explaining the pz puzzle of the
charmonium state y(2S) thanks to a (small) mixing with the vector glueball. The vector glueball can be
directly formed at the ongoing BESIII experiment as well as at the future PANDA experiment at the
FAIR facility. If the width is sufficiently small (<100 MeV) it should not escape future detection. It should
be stressed that the employed model is based on some inputs and simplifying assumptions: the value
of glueball mass (at present, the quenched lattice value is used), the lack of mixing of the glueball with
other quarkonium states, and the use of few interaction terms. It then represents a first step toward the
identification of the main decay channels of the vector glueball, but shall be improved when corresponding

experimental candidates and/or new lattice results will be available.
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I. INTRODUCTION

The search for glueballs is an important part of exper-
imental as well as theoretical hadronic physics [1,2].
Lattice QCD predicts a rich spectrum of glueball states
below 5 GeV [3,4], but up to now no predominantly
glueball state could be unambiguously assigned to one of
the mesons listed in the PDG [5].

The lightest glueball predicted by lattice QCD is a scalar
particle. This is definitely the glueball which has been most
intensively studied both experimentally and theoretically.
Various theoretical approaches were developed to under-
stand which scalar-isoscalar resonance contains the largest
gluonic amount, e.g. Refs. [2,6] and references therein.
In most scenarios, either the resonance f,(1500) or the
resonance f(1710) has the largest gluonic content in its
wave function.

The field corresponding to the scalar glueball is often
related to the dilaton [7,8]: the corresponding nonvanishing
condensate is proportional to the gluon condensate and is
linked to a basic feature of QCD, the trace anomaly, which
allows one to understand how a dimension enters into a
classically dimensionless theory. Indeed, dilatation invari-
ance and its anomalous breaking in the Yang-Mills sector
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have been, together with chiral symmetry, the guiding
principle behind the development of an effective hadronic
model of QCD, the so-called extended linear sigma model
(eLSM) [9,10]. The eLSM has shown to be capable to
describe various hadronic masses and decays below
1.8 GeV, as the fit in Ref. [9] confirms. The eLSM can
be coupled to glueballs allowing to calculate their decays,
see the following discussion. The scalar glueball is auto-
matically present in the eLSM as a dilaton and is coupled to
light mesons: its assignment and its mixing with quark-
antiquark scalar fields have been studied in Ref. [10],
where only one assignment was found to be acceptable:
fo(1710) is mostly gluonic. Besides the eL.SM, evidence
that f((1710) has a large gluonic amount is recently
mounting from both lattice studies [11] and from a holo-
graphic approach [12].

The pseudoscalar glueball has also received much
attention (see Ref. [13] for a review), since it is linked
to another important feature of QCD: the chiral anomaly
[14]. Lattice QCD predicts a mass of about 2.6 GeV, but
the scenario in which the pseudoscalar glueball is light
(at about 1.5 GeV) was also widely investigated, e.g.
Refs. [13,15] and references therein. Yet, the mismatch
with the mass calculated from lattice QCD seems to be too
large for this scenario to be realistic. In a recent work, the
branching ratios of a putative pseudoscalar glueball with a
mass of about 2.6 GeV were calculated within the eLSM
mentioned above [16,17]. To this end, a chirally invariant
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interaction term coupling the pseudoscalar glueball to light
mesons was considered. It was found that the channel zzK
is dominant and that the channels 7z and 7z are sizable.
Such information can be useful in the future experimental
search of the pseudoscalar glueball at PANDA [18] and at
BESIHI [19]. (Very recently, the very same interaction
Lagrangian has been used to study the branching ratios
of a second excited pseudoscalar glueball with a mass of
about 3.7 GeV [20].)

In this work we continue the investigation of glueballs by
concentrating our attention to the vector glueball, denoted
as O. The vector glueball has received some attention in the
past (e.g. in Refs. [21-25] and references therein, where it
was studied in the context of the so-called pz puzzle, see
also below), but to our knowledge a systematic prediction
of its decay rates has not yet been performed. Our plan is to
study the vector glueball in the framework of the mentioned
model of QCD, the eLSM, properly coupled to the vector
glueball. As a consequence, the results are model depen-
dent and only branching ratios can be calculated (full
decay rates depend on coupling constant which cannot
be calculated). Also the mass of the glueball cannot be
determined within the model. We thus use the value
predicted by quenched lattice QCD (3.8 GeV) [3], well
above the scalar and pseudoscalar ones (the discussion
concerning the use of the lattice mass as an input and the
validity of our interaction terms for the evaluation of the
glueball’s decays are presented in Sec. IV). It is then
expected that the vector glueball decays in two and three
light mesons. We thus plan to evaluate, in the framework of
our model, various branching ratios.

In order to obtain the interaction Lagrangians, we need to
couple the vector glueball to conventional light mesons
contained in the eLSM. Being glueballs chirally invariant
fields, we assume that the interactions fulfill chiral invari-
ance (and, at least for the dominant terms, also dilatation
invariance). Moreover, in addition to the standard pseudo-
scalar, scalar, vector, and axial-vector mesons studied in
Ref. [9], we will also consider pseudovector and excited
vector mesons. It is important to stress from the very
beginning that our approach could not yet be tested
experimentally. (In particular, for what concerns heavy
glueballs, there are at present no known candidates.)
Moreover, we shall also neglect mixing of the glueball
with conventional quarkonium states. As we discuss more
in detail later on, it will be possible to model in the future
such mixing when more information will be available.

With these cautionary remarks in mind, we aim to make
some observations concerning the decays of the vector
glueball. In particular, we will show that, in our calcula-
tional approach, one of the most important decay modes
of the vector glueball is the decay into a pseudoscalar-
pseudovector pair (in particular, the channel O — bz —
wnr). These decays are obtained from an interaction term
(our first effective Lagrangian for O, denoted as £) which
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involves the least possible number of quark-antiquark fields
(only two; hence, to assure dilatation invariance, also the
dilaton field is coupled). As a side effect, this analysis also
offers the mathematical basis for an extension of the eLSM
containing pseudovector and excited vector fields.

The second chiral Lagrangian that we build is denoted as
L, and contains the coupling of O to (pseudo)scalar and
(axial-)vector fields. Here, three quark-antiquark fields
are at first present at each vertex, hence three-body decay
of O is automatically obtained. The decays of O into two
pseudoscalar mesons and one vector mesons are dominant.
In particular, the direct decay channels O — wzz and
O — K*(892)Kr are the largest. Both the first and the
second Lagrangians predict a decay into wzz and into
K*(892) K (indirect in the first case, direct in the second),
which then represent the two golden channels toward a
possible future detection of the vector glueball. In the end,
when condensation of scalar fields is taken into account, £,
also delivers two-body decays. Here, one vector and one
scalar field are the most relevant decay channels.

Finally, we shall also analyze a third interaction
Lagrangian (denoted as L3), in which four quark-antiquark
fields are present at each vertex. This Lagrangian breaks
dilatation invariance (the coupling constant is proportional
to Energy~2), yet we decided to study it since it delivers
interesting decays into one vector and one axial-vector pair
and into one vector and one pseudoscalar pair. In particular,
the pzr and K*(892)K decay modes are relevant in con-
nection to the so-called pz-puzzle of the state y(2S), see
the discussion in Sec. IV.

The vector glueball can be constructed with (at least)
three constituent gluons, hence its decays and mixing are
expected to be sufficiently small to allow detection (even if
in the context of our model we cannot calculate them).
Even if the predicted mass of O lies at about 3.8 GeV and
hence above the DD threshold, we do not find a sizable
decay into charmed mesons. Namely, the DD channel turns
out to be small (albeit nonzero), while other channels with a
potentially sizable interaction—such as the pseudoscalar-
pseudovector channel mentioned above—are not kinemat-
ically allowed when charmed mesons are considered.

In the future, the PANDA experiment at FAIR [18] will
be able to form glueballs and to study their decays. In
particular, the vector glueball has the quantum numbers
of the photon, hence it can be also directly formed at
BESII (for which an energy scan in the region 3.5 to 4 GeV
with particular attention to the wzz and K*(892)Kn
channels would be necessary). It should be mentioned that
in a previous study at BES [21], a vector glueball was
searched—without success—in the pz channel, which is
however not the favorite decay mode found in our study.

This paper is organized as follows. In Sec. II we show
the quark-antiquark nonets and their properties, while in
Sec. III we introduce three effective Lagrangians and
calculate decay ratios. In Sec. IV we present various
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discussions: the validity and the limits of the used inter-
action Lagrangians, the use of the mass from lattice QCD as
an input, the large-N,. limit, and the so-called pz puzzle of
w(2S). Finally, in Sec. V we outline our conclusions and
outlooks. In the Appendixes we show relevant details of the
eLSM and of the calculations.

II. CHIRAL MULTIPLETS

In this section, we concentrate on the quark-antiquark
fields which represent the decay products of the vector
glueball. We split our study into two parts: first, we
consider (pseudo)scalar and (axial-)vector fields, which
are also the basic ingredients of the eLSM when proper
chiral combinations of them are taken into account. Then,
in the second part we describe pseudovector mesons and
excited vector mesons and the corresponding chiral
combination.

A. (Pseudo)scalar and (axial-)vector
quark-antiquark multiplets

The nonet of pseudoscalar fields is introduced as

PHYSICAL REVIEW D 95, 114004 (2017)

which contains the fields {aq(1450), K;(1430), 0y, 05}.
(Note, the scalar quark-antiquark states lie above 1 GeV
[9], thus the nonet of light scalar states {a((980),
K{(800), £¢(500), f(980)} is something else. A possibil-
ity is a nonet of light tetraquark states [27,28] or a nonet of
dynamically generated states [29-31].) As a first approxi-

mation, the nonstrange bare field oy = |iau + dd)/\/2
corresponds predominantly to the resonance f(1370)
and the bare field o5 = |5s) predominantly to f,(1500).
Finally, in the eLSM the state f(1710) is predominantly a
scalar glueball, see details in Ref. [10] in which the mixing
matrix is presented.

Nowadays evidence toward a large gluonic amount in
fo(1710) is increasing: besides the eLSM [10], in the
recent lattice work of Ref. [11] the radiative decay
Jj/w — yG (where G is a pure glueball) has been analyzed
and found to be in good agreement with the experimental
decay rate j/w — yfo(1710). Moreover, the study of
Ref. [12] reaches the same conclusion in the framework
of holographic QCD.

The scalar and pseudoscalar matrices are combined into

a4 " " O =5+iP, (3)
= K
1 V2 )
P= % T % KO |- (1) which has a simple transformation under chiral trans-
K- K"y formations U, (3) x Ug(3):® — U, ®U}, where U, and

which contains the renowned light pseudoscalar nonet
{m,K,n,n'} [5], where n and ' arise via the mixing
n=nycosd, +ngsind,, N = —nysinf, +ngcosh,
with @, = —44.6° [9]. (Using other values as e.g. 6, =
—41.4° [26] changes only slightly the results presented in
this work.) As a next step, we introduce the matrix of scalar
fields,

Uy are U(3) matrices. Under parity ® — @' and under
charge conjugation ® — ®’. The matrix @ is used as a
building block in the construction of the eLSM Lagrangian,
see Appendix A and Tables I and II.

We now turn to vector and axial-vector fields. The nonet
of vector fields is introduced as

oy+p’ pt K*T

V2
1
on+d° VH = — - x>y’ *0 , 4
1 5t ay Ky nl 7 e K “)
- _ on—al K*~ I_(*O w
STV @ TE K| @ ’

KE I_(gv Og

and the nonet of axial-vector fields as

TABLE I. Summary of the quark-antiquark nonets and their properties.

Nonet L S Jre Current Assignment

P 0 0 (U Pz] = \/iiq]lysq, T, K’ 1, ’7/

S 1 1 ot Sy = a0 ap(1450), K5(1430), £o(1370), f,(1510)

yi 0 1 1 vh =L g, p(770), K*(892), @(785), $(1024)

a 1 1 o A= g a1(1230), K, 4, £,(1285), £,(1420)

B+ 1 0 1+ _ s b,(1230), K, g, hy(1170),h, (1380

PR [(1230), K 5, I (170)1,(1380)

EY 2 1 1= _ K 1700), K*(1680), w(1650), ¢(???

ang E/;ng‘ij _ \/%quc’) q; ol ) ( ) @ ), $(777)
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TABLE II. Transformation properties of the chiral multiplets.
Chiral multiplet Current Uzx(3)xU,3) P C
®=S8+iP \/EEIR.quJ UL‘DU; of @
Rf = VI — AK \/E‘_]R,ﬂ/ﬂqR,i URR”UIQ L, L™
L=V + A V24, 79, U R'Uj, R, R™
SHo_ . < Gurrt =) =3
& = Eing — 1B \/iflk._fiaﬂch.i UL Ug o —of
fin+a® + + H
—”Zfz boar Ky,
1
AP = — - fwmd g0 : 5
V2 a; el K74 (5)

Ki4 K(I)A,A fis

The matrix V# contains the vector states {p, K*(892),
,¢}, while the matrix A¥ contains the axial-vector
states {al (1230), Kl.A’fl (1285),f1 (1420)}, where Kl,A
is a mixture of the two physical states K;(1270) and
K(1400), see Sec. Il B. We neglect (the anyhow small)
strange-nonstrange mixing, hence w =wy and fiy =
f1(1285) are purely nonstrange mesons of the type
/' 1/2(iu + dd), while wg= ¢ and fg = f,(1285) are
purely §s states.

Then, one defines the right-handed and left-handed
combinations:

RF=VF—AF and LH* = VI + AF. (6)

Under chiral transformation they transform in a compact
way: R¥ — UrR'Ul, L* — U, L*U} . Details of the cur-
rents and transformations are shown in Tables I and II.

The eL.SM Lagrangian includes the multiplets S, P, V,
and A presented above. In addition, a dilaton/glueball field
is also present in order to describe dilatation symmetry and
its anomalous breaking. The details of the eLSM (together
with its symmetries, most notably chiral and dilatation
symmetries together with their anomalous, explicit, and
spontaneous breaking terms) are briefly summarized in
Appendix A and extensively presented in Refs. [9,10] for
Ny = 3. (Previous versions of the eLSM for Ny =2 are
discussed in Ref. [32] while an extension to Ny = 4 can be
found in Ref. [33]. Baryons are considered in Ref. [34],
while properties at finite density are studied in Ref. [35] and
at finite temperature in Ref. [36]. Recently, it was also
shown that the low-energy limit of the eLSM is equivalent
to chiral perturbation theory [37].)

B. Pseudovector and excited vector mesons

We aim to investigate also the decay of the vector
glueball into pseudovector and excited vector mesons.
To this end we introduce the matrix
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u

0
mE b KD
1
B* :ﬁ bl— hl»i\’;_z_b(l) K']k% (7)

Kiz  Kis s
that describes the nonet of pseudovector resonances
{b;(1230), K g, h;(1170), h;(1380)}. (8)

Also here, the strange-nonstrange isoscalar mixing is
neglected, thus /; y = h;(1170) is a purely nonstrange state,
while /1, ¢ = h,(1380) is a purely strange-antistrange state.

The kaonic fields K| 4 from Eq. (5) and K| g from Eq. (7)
mix and generate the two physical resonances K (1270) and

K (1400):
<K1+<1270)>ﬂ B ( Ccos ¢ —isin(p> (KTAY o)

K (1400) —ising  cosg Kiz/)

The mixing angle reads ¢ = (56.3 £+ 4.2)° [38]. The same
transformations hold for K9(1270) and K9(1400), while
for the other kaonic states one has to take into account that
K7(1270) = K (1270)" and K9(1270) = K9(1270)" [and
so for K7 (1400)].

The chiral partners of the pseudovector mesons are
excited vector mesons which arise from the combination
L=2,S=1 coupled to JP = 17~. The corresponding
fields listed in the PDG [5] are given by

{p(1700), K*(1680), »(1650), ¢p(272)}.

Note, ¢(???) was not yet found (one expects a vector
state with a mass of about 1.95 GeV from the comparison to
the radially excited vector mesons). The corresponding
nonet reads

mang,igpé’ng Pihe K H
Ely = \% Pine wang./v\/;p?ng K |- (10)
Kine Kie  Ougs
We then build the matrix
O = Elg — iB", (11)

which under chiral transformations changes as ' —
U L(i)” U;fe [just as the standard (pseudo)scalar ®, hence
the name], under parity as @ - @', and under charge

conjugations as @ — —®"*, see Tables I and II for details.
Although not the goal of the present paper, one could use

the matrix ®" in order to build an extension of the eLSM
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which includes pseudovector and excited vector mesons.
This project is left for the future.

Finally, we present in Tables I and II the summary of all
relevant properties and transformations of the nonets
introduced in this section.

III. DECAY OF THE VECTOR GLUEBALL
INTO CONVENTIONAL MESONS

In this section we present the interaction terms describ-
ing the coupling of the vector glueball field O to the
various quark-antiquark multiplets introduced in the pre-
vious section. Chiral symmetry as well as invariance under
parity and charge conjugations are the guiding principles.
In addition, dilatation invariance is assumed to hold in
the two most relevant terms. A third interaction which
breaks dilatation invariance and involves the Levi-Civita
tensor is also considered. Branching ratios are summarized
in Tables ITI-VIL.

A. Decays into (pseudo)scalar and excited
vector and pseudovector mesons

The (nontrivial) chiral Lagrangian with the minimal
number of quark-antiquark fields contains the coupling
of the vector glueball to (pseudo)scalar and excited
(pseudo)vector mesons:

Ly = 2,GO,Tt[®' 0" + O], (12)

We introduced also the dilaton G in such a way that the
interaction term has exactly dimension 4 (1 is dimen-
sionless) as required by dilatation invariance (we recall that
only positive or vanishing powers of G are acceptable [9]).
Using Table II we obtain

TABLE III. Branching ratios for the decay of the vector
glueball into a pseudoscalar-pseudovector pair and into a sca-
lar-excited-vector pair.

Quantity Value
O—-nhy (1170) 0.17
O-bx
O—nhy (1380) 0.11
O-bx
O—1'hy (1170) 0.15
O-bx
O—1'h; (1380) 0.10
O-bx
O—KK,(1270) 0.75
O-bx
O—KK,(1400) 0.30
O-bx
O—K;(1430)K*(1680) 0.20
O-bx
O=ay(1450)p(1700) 0.14
O-bx
O £,(1370)0(1650) 0.034
O-bx
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£1 = ﬂ@leOﬂTr[ZSEgng - 2PBM] (13)

Setting the dilaton field G to its condensate G = G [8],
substituting P — P as described in Appendix A, and by
introducing the physical kaonic fields defined in Eq. (9),
lead to the desired expressions for the two-body decays
(see Appendix B for its analytic form). In particular, we
have decays of the type O — BP and O — SE,,,. The
main decay channel is O — b;z. We thus expect a
significant decay rate of an hypothetical vector glueball
into the channel

O - byn - wnr. (14)

Unfortunately, we cannot determine Ay in the present
framework, but we can easily calculate various decay ratios
which represent clear predictions of the present approach,
see Table III. Besides the channel bz, also the decays
involving kaons and K (1270) and K(1400) are sizable.

In Table III (as well as in all other tables presented in this
work) we keep for definiteness two significant digits for our
results. It is difficult to estimate the actual uncertainty of
our ratios, since various unknown factors enter. One source
of error is related to the mass of the glueball, for which we
used the quenched lattice result of 3.81 GeV (one may
estimate it ~10%—15% [3] see also the detailed discussion
in Sec. IV B and the cautionary remarks written there).
Another source of uncertainty is connected to the validity
of the employed effective model; indeed, in Ref. [33] an
application of the eLSM to heavy charmed mesons has
found to be applicable within 10% for what concerns the
calculation of decays. It seems reasonable to expect a
similar accuracy in the present approach, even if it is not yet
possible to test the decays of heavy glueballs since they
were not yet discovered. Putting altogether, we can estimate
the validity of our branching ratios to about 20%-30%.
However, the interesting point is that the qualitative out-
comes of our study are not strongly dependent on the
precise input of the parameters. For instance, in Table I the
main information (O — b,z dominates) is stable.

At the present state of knowledge, the decays into scalar
mesons can only be approximate. For this reason, we did
not “unmix” oy and o. In addition, we also expect a three-
body decay [when G in Eq. (12) is not set to its vacuum’s
expectation value]:

O — Gbx. (15)

Upon identifying G with f(1710) (the by far dominant
contribution in the eLSM [10]), one obtains a very small
decay ratio:

Loopumops _ 539 0-6, (16)

FO—»blﬂ
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There are further three-body interactions contained in £,
but they are not kinematically allowed.

Moreover, we did not include in the table the ratio
Wang s = P(?7?) because the corresponding state was not
yet experimentally found. Yet, assigning it to a yet
hypothetical ¢(1950) state, we obtain T,z (1510)¢(1950)/
Coop, =0.037.

We also neglect the mixing O, Tr[Eh,| arising when
the field S condenses (see Appendix A). Namely, the large
mass difference between O and excited vector mesons
assures that such mixing is negligible.

B. Coupling to (pseudo)scalar and
(axial-)vector mesons

Next, we consider a chirally invariant and dilatation
invariant Lagrangian which couples O to three quark-
antiquark states. It involves both (pseudo)scalar and (axial-)
vector fields:

Ly = 20,0, Tr[LF OO + RADTD], (17)

where Ap, is a dimensionless (unknown) coupling con-
stant. By taking into account the expression listed in
Table II, one obtains terms delivering three-body and
two-body decays. The three-body decays are given by

[:Z,three—body = lO,ZOﬂTr[zvﬂ (P2 + Sz)}
+ 2/10720”Tr[A”2i[P, S]], (18)

hence decays of the type O - VPP, O — VSS,O — APS,
and O — PPS (the later obtained by the shift A - ZwOP,
see details in Appendix B) follow. One of the most relevant
decays (the second in magnitude) is

O - wnn,

which we use as a reference for the ratios listed in Table IV
(see Appendix C for the analytic expression). The channel
O — 7KK*(892) turns out to be the largest, followed by
owznzr. In the last line of Table IV we have also reported, as
an example, a three-body decay into aq(1450)a,(1450)w,
which is however very small. This is the case for all
kinematically allowed VSS decays.

Quite interestingly, the most prominent decay of the
Lagrangian £ is O — b;n — wzx (see Table III), hence it
also generates a wzz final state (the state b, has a dominant
decay into wx). At a first approximation, one can write

~ Fdirect»fromﬁz + Findirect—fromﬂl (19)

O-wrrn O-br—wnr °

I_‘t(gt—ﬂuﬂﬂ.'
although strictly speaking interferences can appear (usually
they are smaller than 10%, see the discussion in Ref. [17];
we will neglect such interferences in the following).
Anyway, both £; and £, agree in predicting a strong
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TABLE IV. Branching ratios for the direct three-body decay of
the vector glueball into two (pseudo)scalar and one vector meson.

Quantity Value

O-KKp 0.50

O—wrn

O—KK

ot 0.17

O—-KK¢ 0.21

O-wrr

O-7KK*(892) 1.2
O—wrn

O=no 0.064

O-wrr

O-n'w 0.019

O-wrnnr

O-n'nw 0.019

O—-wnr

O-nne 0.039

O-wrr

O—n'$ 0.011

O-wrr

O-n'n'¢ 0.011

O-wrr

O—ay(1450)ay(1450)w 0.00029

O-wrn

signal into the final state wzz. Similarly, the final state into
nKK*(892) is also relevant, since it comes directly from £,
and indirectly from L£; via the channels KK (1270) —
KzK*(892) and KK,(1400) -» KzK*(892) [but the
decays of K;(1270) and K,(1400) do not have a single
dominating channel [5]].

Two-body decays from £, are obtained when one of the
® condenses, ® —» @, + O:

£2,two—body = /1(9,2 O”TI‘[VMZ{CDO ’ S)] _AO,ZOMTr [A” 2i [q)O ’ PH :
(20)

Then, the decays O — VS, O — AP, and O — PP follow
(expressions in Appendix B). The (most relevant) decay
ratios are listed in Table V. The second term in Eq. (20) is
suppressed because the decay amplitudes are proportional
to the chirally suppressed difference (¢py — v2¢s) [this
quantity vanishes in the Uy(3) limit]. Hence both decay
channels © - AP and O — PP are expected to be very
small. In particular, £; ooy CONtains only interaction
terms of the vector glueball with K 4, K. Due to the fact that
the K 4 is a mixture of K;(1270) and K;(1400) [Eq. (9)],

TABLE V. Branching ratios for the two-body decay of the
vector glueball into one (pseudo)scalar and one (axial-)vector
meson and into a kaon-kaon pair.

Quantity Value

O—a,(1450)p 0.47
O—wrr

O=f,(1370)w 0.15
O-wrn

O—K;(1430)K*(892) 0.30

O-wrr
O—-KK
O—wrr 0.018
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one would obtain decay rates into K;(1270)K and
K, (1400)K, which are already included in Table IIL
Strictly speaking, one could describe these decays only
once the ratio Ap, /A0 is known. However, the contribu-
tion proportional to Ay is suppressed, hence it represents a
correction to the results listed in Table III. These decay
modes are then omitted from Table V. The decay into
two kaons [also proportional to (¢y — v/2¢)] is small as
expected.

Finally, the decay into DD (the only decay in charmed
mesons which is kinematically allowed) can be obtained
by using the extension of the eLSM to the four-flavor case
[33]. Due to the fact that chiral symmetry can be only
considered as very approximate when charmed mesons are
considered, the prediction offers only a qualitative result.
Anyway, the ratio

FO;DDzoow

O-wrrn

shows that the DD mode is also expected to be small. This
result is important because it shows that the vector glueball,
even if according to lattice QCD has a mass above the
DD threshold, decays only rarely in charmed mesons. The
(direct and indirect) wzz and zKK*(892) decay modes are
expected to be much larger.

C. Coupling to (axial-)vector mesons

As a last interaction term we consider an expression
which breaks dilatation invariance:

Ly = aswpgaf’O"Tr[L”q)R”CDT], (21)
where a has dimension of energy~2. Even if it is expected
to lead to smaller decay rates than the previous two
Lagrangians, the presence of an “anomalous” Levi-Civita
tensor may point to a non-negligible interaction strength

TABLE VI. Branching ratios for the decay of the vector

glueball into a vector-pseudoscalar and vector-axial-vector pair.

Quantity Value

O—-KK*(892) 13
O-pr

O-nw 0.16

O-pr

O=rfa 0.13

O-pr

O-ng 0.21

O-prn

O=r'¢ 0.18

O—pr

O-pa, (1230) 1.8
O-pr

O—=awf(1285) 0.55
O—pr

O—wf(1420) 0.82
O—-pr
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even in the presence of an explicit breaking of dilatation
symmetry.

We restrict our study to the case in which the scalar field
condenses. Hence, upon setting ® = @®,, we obtain

['3,two—b0dy = ZaguvpaapoaTr[Aﬂq)O VDQ)O] (22)

which leads to O — AV and O — PV (upon shifting A).
We chose the decay channel O — pz as our reference
decay mode (see Appendix B for its expression). In
Table VI we present the branching ratios which follow
from L;. The dominant decay modes are into pr,
KK*(892), and pa;(1230) (with increasing strength).
The pz and KK*(892) modes are also important in the
description of the pz puzzle of y/(2S) described in the next
section.

IV. DISCUSSIONS

In this section we discuss in detail some important issues
related to our approach and our results. First, we motivate
the applicability of our interaction Lagrangians, second
we justify the use of glueball’s masses form lattice QCD
as an input, and third we present the so-called pz-puzzle
and its connection to the vector glueball.

A. On the applicability of the interaction Lagrangians

The eLSM is a low-energy chiral model valid up to
1.7 GeV, while the vector glueball studied in this work has
a mass of about 3.8 GeV. It should be stressed that the
joint model

Leism + Loersm (23)

(where Lo sm = L1 + L5+ L, is the sum of the three
interaction terms described in the previous section) should
be regarded as a model suited to calculate exclusively the
decays of the field O. However, one should not use such a
model to calculate, for instance, pion-pion scattering or
analogous quantities up to the energy of about 4 GeV, since
the approach is clearly not complete for that purpose.
Approaches which couple one heavy field to light
mesons were widely used in the literature, e.g.
Refs. [15,39,40] and references therein. The idea behind
these approaches can be explained at best with a simple
example: the decay of the scalar charmonium state y ., with
a mass of 3.41 GeV into two light pseudoscalar mesons.
The field y is flavor blind and, by requiring that the whole
interaction Lagrangian is invariant under U(3), flavor
transformations, one is led to the toy-model Lagrangian

['toy = g;()(COTr[PIP]’ (24)

where P is the 3 x 3 matrix of pseudoscalar mesons (see
Sec. II) and g, is an effective coupling constant. Upon
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expanding, one obtains L, = g)()(co(i2 +2KTK™+
2KYKY +»? + 5’?). By taking into account phase space,
the theoretical decay ratios read I', /I, =128,

LYo/ Troe = 0.32, and Ly o /T,.,.. = 0.28, which

should be compared to the experimental results of
1.42 £0.14, 0.35+0.04, and 0.23 £ 0.04, respectively
[5]. Considering that this toy approach is very simple
and does not contain any violation of flavor symmetry (it
involves only the dominant term in the large-N, expansion,
see below), it works remarkably well when compared to
data. Quite interestingly, the toy model also predicts that

I =T =T = 0 [the first two results are a
){co_.,,(),? Z('O—?IIOY[, XCO*WV/I [

consequence of isospin symmetry, naturally included in
U(3), flavor symmetry]. Indeed, none of these decays
has been seen in the experiment and only stringent upper
values exist [5].

The discussed toy model for the resonance y . is clearly
limited, but shows an important fact: the decays of a heavy
state (such as a charmonium resonance) into light mesons
still respects the underlying symmetries of the light system
(which is simply flavor symmetry in the present example).
This is the case even if the employed toy model cannot be
considered as a full hadronic model valid up to the mass of
charm-anticharm states. Indeed, this principle has been
utilized in a large number of papers, see for example
Refs. [15,39] for what concerns the decay of the heavy
charmonium state j/w into pseudoscalar mesons and
Ref. [40] for what concerns decays of j/y involving scalar
mesons.

In the present work, the calculation of the decays of the
vector glueball follows the very same simple idea. Indeed,
in decays of charmonia, one has first a conversion to
gluons, which then transform to light mesons. Intuitively
speaking, the glueball is dominated by gluons, a situation
which is similar to the intermediate state of a charmonium
decay. Moreover, glueballs have some features similar to
that of ordinary mesons: they are made of heavy constituent
gluons [41] and their size does not seem to be different
from that of ordinary quark-antiquark states [42]. Hence,
considerations based on symmetry appear to be a valid
starting point to get some information on decay ratios such
as the ones of the vector glueball presented in this work.
Clearly, only the future experimental discovery of glueballs
and/or advanced lattice calculations (see the next subsec-
tion) will be able to test this basic assumption of effective
hadronic models.

In order to be more realistic, in the present work a better
and more complete low-energy model with (pseudo)scalar
and (axial-)vector states was used: the eLSM. As explained
previously, this hadronic model is based on chiral sym-
metry and dilatation invariance (as well as explicit, anoma-
lous, and spontaneous breaking of these symmetries), it
contains a finite number of terms, and has been used to
describe meson phenomenology up to 1.7 GeV. (It is
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interesting to note that in Ref. [33], the eLSM was also
applied to charmed mesons. It was found that the decays of
such heavy mesons still approximately reflect chiral sym-
metry.) Moreover, we took into account that the heavy field
that we couple to the eLSM, the vector glueball, is not only
flavor blind, but also chirally blind: in this way chiral
symmetry (together with its spontaneous breaking) has an
influence on the determination of the decays. While a direct
comparison with data is not yet possible, predictions can be
obtained by the calculation of decay ratios. These pre-
dictions are model dependent and still neglect symmetry
breaking terms and mixing effects. Yet, some branching
ratios might be useful in the future search of the vector
glueball. Moreover, the same approach can be actually
applied to all glueballs listed in the lattice spectrum of
Ref. [3], as the example of the vector glueball or the
example of the pseudoscalar glueball show [16].

B. On the glueball masses

At present, the best theoretical method to calculate
glueball’s masses is lattice, since it numerically simulates
the Yang-Mills (or the QCD) Lagrangian, hence it takes
into account the nonperturbative nature of interactions
involving gluons. The masses calculated in Ref. [3] (whose
results are also reported in the “quark model” summary of
the PDG [5]) were obtained in the so-called quenched
approximation (no quark fluctuations). However, in
Ref. [43] an unquenched calculation has been performed.
In the conclusions of Ref. [43] it is written: “The most
conservative interpretation of our results is that the masses
in terms of lattice representations are broadly consistent
with results from quenched QCD.” This is indeed a
promising result for model builders. If mass shifts due
to unquenching are not too large, one may be—with due
care—optimistic that quark-antiquark admixtures do not
spoil the presented picture. On the other hand, it must be
stressed that the study of Ref. [43] has not been repeated yet
by other groups (see however the very recent two-flavor
study of light glueballs in Ref. [44], where the masses also
do not vary much when quarks are included). A full study
involving glueballs and their mixing with conventional
mesons would be very useful to advance in the field. This is
unfortunately not an easy task. As stated in Refs. [45,46],
glueballs on the lattice become challenging in full QCD and
it is very hard to determine their admixture in physical
resonances. Namely, glueball signals deteriorate fast into
noise, making them very hard to extract.

In connection to hadronic effective models, it should be
however also stressed that the masses of glueballs which
enter the Lagrangian should be the quenched ones (and not
the unquenched). Namely the unquenching can
be performed within the hadronic model. This is the case
of the scalar glueball studied in Ref. [10]. We also recall
that lattice is the best among many different approaches
toward the calculations of the spectrum of glueballs, see
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Refs. [1,47] for a list of various results. Even in the original
works based on bag models, e.g. Ref. [48], the vector
glueball turned out to be quite heavy (about 3—4 GeV).
Quite interestingly, AdS/QCD also finds a mass of the
vector state within the same range [49]. If, as we shall
describe below, the width of the vector glueball turns out to
be sufficiently narrow [surely, the ratio T'/(M — Eyeshold) 18
expected to be sufficiently smaller than 1], shifts due to
mesonic quantum fluctuations [50] are also suppressed and
shall not change drastically the mass.

Yet, in order to study mixing effects within hadronic
models, first one needs to identify some promising candi-
dates. Namely, the mixing is strongly dependent on the mass
difference between nearby bare states. Its study will be
possible (and highly needed) when more information will be
available. As we shall discuss in the next subsection, at least
in one case such mixing was estimated to be rather small.

Summarizing, it is important to say that a change in the
mass of the vector glueball of about 300 MeV (above or
below the value 3.8 GeV used in this paper) shall not
change the overall picture. At present, the use of the well
established quenched lattice value of Ref. [3] for the vector
glueball seems the most reasonable choice to start with.

C. On the pz puzzle

The decay of the vector glueball O — pz and O —
KK*(892) (which arise from L3, see Table VI) are
interesting in connection to the so-called pz puzzle
[22,23,25]. This puzzle has to do with the experimentally
missing pz and KK*(892) decays of the resonance y(25).
This state is (predominately) a charmonium which emerges
as a radial excitation of the famous j/y meson. Its mass is
3.6806109 GeV (quite close to the mass of the vector
glueball evaluated by lattice QCD) and its decay width is
very small: I',(,5) = 0.298 MeV. Due to the similarity of

J/w and w(2S), one expects that the ratio,

FW(ZS)—)‘A certain light meson channel

r

J/w—a certain light meson channel

~0.14, (25)

holds for all light channels. The value 0.14 (the 14% rule) is
the ratio of the decays into ete™ [21]. This rule works
pretty well for various decay channels, but is badly broken
for pr and KK*(892) channels, which are clearly seen for
J/w but, as mentioned, are not seen for y(25).

A possibility to solve this puzzle invokes the presence of
a nearby vector glueball. A mixing of a bare charmonium
¢c state and a bare glueball O = ggg leads to two physical
states:

<z//(2S)> - ( cos 6 sin9>
o ~ \—sin@ cos@
X(Ec(withn:lL:O,S:l)) 26)
O =yggg
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Then, within this picture the state y(2S) does not corre-
spond to a pure charmonium, but contains (a small)
glueball amount. In Ref. [23] it is estimated that
|0] <2° This is in agreement with the fact that such a
glueball-quarkonium mixing is suppressed in the large-N,
limit and by the fact that the vector glueball contains (at
least) three constituent gluons.

In conclusion, for what concerns the decays
Lo light mesons» the estimated small mixing with a 2§
charmonium state has a small influence, thus justifying
a posteriori the results presented in this work. However, a
precise study of this small mixing must be left for the future
(when and if a vector glueball candidate will be found in
that mass region).

V. CONCLUSIONS AND OUTLOOK

In this work we have presented three chirally invariant
effective interaction terms describing two-body and three-
body decays of a not-yet discovered vector glueball into
(pseudo)scalar, (axial-)vector and pseudo(excited-)vector
mesons. While the intensity of the coupling constant
cannot be determined, one can predict, in the context of
our model, some decay ratios and thus determine which
decay channels are expected to dominate. Hopefully, our
results, even if model dependent and subject to various
uncertainties (validity of the symmetries used to write the
Lagrangians, the value of input’s mass of the vector
glueball, and the absence of mixing, see below), can be
of some help in the future experimental search of the
vector glueball. In particular, we have found the follow-
ing outcomes. In the first two interaction terms (which
are also dilatation invariant and are expected to be
dominant) the main decay channels are O — b7 —
wrr (first term) as well as O — war and O —
nKK*(892) (second term), see Tables III, IV, and V
for all results. Interestingly, the first and second terms
predict sizable wzz and 7KK*(892) final states, which
according to our results represent the golden channels for
the identification of a vector glueball’s candidate. Our
third interaction term breaks dilatation invariance but was
considered because it predicts decays into one vector and
one pseudoscalar meson, in particular O — pz and O —
KK*(892) (Table VI). In turn, these channels may help to
understand the pz puzzle of w(2S).

The width of the vector glueball (and of glueballs
in general) cannot yet be determined theoretically.
According to large-N, arguments [51-54], a glueball
decay into two mesons scales as I'g_, 1, & N2, hence
it is more suppressed than Okubo-Zweig-lizuka (OZI)-
allowed decays of conventional mesons (such as p — zx)
which scale TP o N!, but less suppressed than

OZI-forbidden decays (such as j/y — light mesons
[55,56]), which scale THA0mden o« N3, Large-N, con-
siderations represent only a qualitative statement (and
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could be well broken for the physical value N, = 3, as it
is e.g. in the case of the axial anomaly), but they support
the hope that (at least some) glueballs are not too wide,
hence one can be cautiously optimistic that (some)
glueballs can be detected in the future (in particular, at
the PANDA experiment [18], designed also for that
purpose). Moreover, the vector glueball studied in this
work is built out of (at least) three constituent gluons, for
which decay requires also the complete annihilations of
three gluons, hence possibly not too large.

For what concerns the mass of the glueball, we have used
3.81 GeV as determined in Ref. [3]. Even if the uncertainty
is still large, the picture concerning the main decay
channels does not qualitatively change when varying the
input’s mass. In addition, unquenching effects do not seem
to completely change the picture of glueballs [43], but
future lattice studies are needed to confirm this result
and to quantify deviations. In this respect, the coupling
of glueballs to mesons can be a very interesting future
achievement of lattice QCD. Namely, it will be possible
to further constraint models such as the one described in
this work.

The mixing of the glueball with other nearby quarko-
nium states needs also to be studied in the future. In one
particular case, the mixing of the vector glueball with the
predominantly charmonium state y(2S) has been esti-
mated to be rather small [23]. At present, the lack of
candidates for the vector glueball makes a study of
mixing not yet possible (in fact, mixing strongly depends
on the precise value of the masses, which are not yet
known). In this work, as a first, necessary step, we thus
aimed to study the main interaction terms of a bare,
unmixed vector glueball. As soon as candidates will be
found, it will be very interesting and exciting to study
mixing in more detail.

All of the remarks above show that there is a lot of
room for improvement of our approach in the future.
New lattice results and experimental findings will be of
great help to advance in this difficult but exciting field of
QCD. In this respect, this work represents a first step
toward the search of the vector glueball, whose main goal

|
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is the identification of the possible dominating decay
channels.

Other glueball states can be studied by following the
same procedure outlined in this work. For instance, the
tensor glueball (J¢ = 2%F) is expected to have a mass
of about 2.2 GeV (it is the second lightest glueball
according to lattice QCD [3]); a good candidate could be
the very narrow resonance f;(2220) [57,58] (at present
the options are J =2 or 4 [5]; further experimental
information is needed). A future study within the
eLSM should include—besides the states included in
this work—also tensor mesons and their chiral partners,
the pseudotensor mesons. In addition to the tensor
glueball, one has a full tower of states listed by lattice
QCD: pseudotensor glueball, pseudovector glueball, odd-
balls (glueball with exotic quantum numbers such as
JPC =07 and JPC =277) as well as various glueballs
with J = 3. Various branching ratios are parameter-free
once the mass of the glueball is fixed and offer a useful
information toward the future search of these important
(and still missing) states of QCD.

As a final remark, it must be stressed that the upcoming
PANDA experiment [18] is tailor made for the search of
glueballs, since almost all glueballs (with the exceptions
of oddballs) can be directly formed in proton-antiproton
fusion processes.
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APPENDIX A: THE eLSM

The Lagrangian of the eLSM is built by requiring
chiral symmetry [U(3)g x U(3),], dilatation invariance,
as well as invariances under charge conjugation C and
parity P:

Liyes = Lay + Tr[(D,®)"(DF®)] — m§ <G£> 2T1r(<I>JfCI>) — 4 [Tr(@T®)]> — A, Tr(d d)? - %Tr[(L’“’)2 + (R™)?]

0

2 \G,

+T{<’“—% <E> ; A) L2+ Rzﬂ +TH(® + @1)] + ¢ (det ® — det & + 122 {Te(L, 12, 1)

h
+ Tr(R,,[R*. R])} + ?lTr(dJTd))Tr(Li + R2) + hyTr[|L,®[* + |®R,[*] 4+ 23 Tr(L, PR OT),

where D#*® = O'® — ig; (L*® — ®R*) is the covariant derivative and

1
Ly = 5 (8;4G)2

1 m% G| G*
‘W(G‘”“H ‘—)

Al 4
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the dilaton (i.e. the scalar glueball) Lagrangian, see
Refs. [9,10] for details.

Spontaneous breaking of chiral symmetry takes place
(m% < 0). As a consequence, one has to perform the shift
of the scalar-isoscalar fields by their vacuum expectation
values ¢y and ¢g:

oy > oy+¢y and o5 — o5+ s (A3)
In matrix form,
Iy
1 W 0 o0
S—>d,+ S ith &) =— [N . A4
- Op + w1 0 NG 0 \/% 0 (A4)
0 0 ¢y

In addition, one has also to “shift” the axial-vector
fields,

al — d\ + Z,w,0'x,

fin = f}f,N + Zy Wy 91

K4 = K4+ Zyw 0K, ...

f/ll.S - flllS + Zﬂswﬂsaﬂns’
(A5)

and to consider the wave-function renormalization of the
pseudoscalar fields:
K+ _)ZKKJF"" (A6)

T — Z,%,

NN = ZnNr]N’ s = ZnsrlS' (A7)
The constants entering into the previous expressions

are

ma
Zy=Z, =—
\/ e, — gidy
Zx = 2 ZYZKLA 2’
\/4’"1(“ — G Py + V205)
A | — (A8)

ns ’
2 2 12
A/ M — 2915

and

Woo— . — 91w

P v mgl J

_ 9i(on + V2¢s)
Wk ="H 5
ZmKlyA
V2915
s = 7’%% . (A9)
J 1S
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The numerical values of the renormalization constants
are Z,=1.709, Zx =1.604, Z, = 1539 [9], while
those of the w-parameters are w, = 0.683, wg =
0.611, and w, = 0.554 GeV~!. Moreover, the conden-
sates ¢y and ¢pg read

by = Zofr = 0.158 GeV,

gy _ 22k
’ V2

where the standard values f, =0.0922 and fx =
0.110 GeV have been used [5]. The previous expression
can be summarized by the matrix replacements,

=0.138 GeV,  (Al0)

Zly+7°)  Zegt ZxK*
1
P - P:ﬁ Z”ﬂ_ %(ﬂN—ﬂ'O) ZKKO 5
ZKK_ ZKI_(O ZI’];’]S
(A11)
and
Al — AF
0
f’”j{" ai  Kij, ’
— L _ fiv—a) 0
1 4 7 Kia
Kiy Kli fis
Z”—j%" (v +a°)  Zywemt ZgwgK*
o+ w
+ 75 ZﬂW”ﬂ_ Z\”/z” (7’]N - 7'[0) ZKWKKO
ZKWKK_ ZKWKI_{O Z”ISW'?S’/IS
(A12)

In the Uy(3) limit (in which all three bare quark masses
are equals), one has ®y =20, Z =7, = Zx = Zyss
and w = w, = wg = w,_. Hence, in this limit, P — P =
ZP and A¥ - A" = A + ZwOHP.

The eLSM has been also enlarged to four flavors in
Ref. [33]. Interestingly, charmed meson masses and large-
N, dominant decays can be described relatively well
(even if one is far from the natural domain of chiral
symmetry).

In the end, we also recall that the pseudoscalar glueball
can be coupled to the eLSM via the chiral Lagrangian
L = icgeG(det® — det @), which reflects the axial
anomaly in the pseudoscalar-isoscalar sector, see details
and results in Refs. [16,17]. In a recent extension, the
very same Lagrangian is used to study the decay of a
hypothetical excited pseudoscalar glueball [20].
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APPENDIX B: EXPRESSIONS FOR
TWO-BODY DECAYS

The decay O — b,z from L, reads

kOblﬂ
87 M2

1 M% —m2 4+ m2)?
x§<2+( © bl)), (B1)

2 2
AMymy,

where coy, , = 3 is an isospin factor, My = 3.8 GeV is the

glueball mass, and m, and m,, are the pion and b; masses.

The quantity ke, , is the modulus of the three-momentum

of one of the two outgoing particles:

Compz = Cobro—ss (M1GoZ,)?

M~ 2M (2 ) + (2 — i )

M,

kow,z = (B2)

The decays of the other channels in Table III are calculated
in an analogous way, upon taking into account the change
of masses, isospin factors, as well as the constants entering
in the amplitudes. The two-body decays of £, presented in
Table V are calculated by using the same procedure.

We now turn to £3. The decay O — pz reads

ko T a 2
Opﬂ 87 A/;z (Z Wﬂznq)]z\/> (3 kO/m ) 5 <B3)

where co,, = 3 and k¢, is the modulus of the momentum
in this case. The other decays O — VP are calculated in
the same way. The last decay that we consider is
O - pa,(1230):

koﬂal Z ¢2 2
COpa, 87 M2 N

2 2 2
x5 (6M§9 ZkOp”'MO + 2kop Mo >

F(’)—>pn =

FO—»pal (1230) —

2 2
mP mal

(B4)

where cp,,, =3 and kg,,, is the corresponding momen-
tum. Analogous decays in Table VI are calculated in a
similar way.
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APPENDIX C: THREE-BODY DECAYS OF O
INTO TWO PSEUDOSCALAR MESONS
AND A VECTOR MESON

For completeness we report the explicit expression for
the three-body decay width of the process O — PP,V

SO (Mo—m3)*
16) Plfzvg/ 0=m3 dnt,
32(2ﬂ)‘M‘O (my+m,)?

/<m23)max
X
(M23 ) min

rO—»PlPQV =

— iMo_ppv[’dms;,  (C1)

where (see [5])

(M3 )min = (E5 + E3)? (\/Ez —mj + \/E )
(C2)
2
(M3 )max = (E5 + E3)? (\/Ez —mj3 - \/E - m3
(C3)
and
ey 3
2 2m12 ’
gy = Mo=miy =m3 (C4)

2m12

The quantities m; and m, refer to the masses of the two
pseudoscalar states P; and P,, while mj5 is the mass of an
(axial-)vector state V. We recall also that m?j = (ki + k;)?
with k;, k,, and k3 being the four-momenta of the three
outgoing particles. Clearly, p = ky + k, + k3, where p is
the four-momentum of the vector glueball.

The amplitude M _,p p,y is calculated at tree level and
SGP, P,V is a symmetrization factor (it equals 1 if P; and
P, are different, it equals 2 for P; = P,). As an example,
we consider the decay into 7°7%@. The amplitude is

P74
| - lMO—ﬂz%’ m|2 =2 Py (2 +

(M> + m% - m%z)z
4 3 ’

AM%m3

and the symmetry factor is sp_, 0,0, = 2.
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