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Exotics and glueballs Jean-Marie Frère

1. Introduction to a difficult hunt

The most straightforward prediction of Quantum Chromodynamics (QCD) is obviously the
possibility of colour-neutral (and hence unconfined) states made solely of gluons. While their
precise characterization in terms of composite states is difficult (gluons don’t exist "on shell", and
hence an approach similar to the building blocks of the quark model is difficult), they have been
studied by lattice QCD. Typically, the lowest states are thought to be "2-gluon" singlets, with
possible quantum numbers 0++ and 2++.

A number of states with 0++ (spin 0, and flavour-less) (in the current classification they are
named 𝑓0 ) have been observed over time in different production schemes and in various decay
channels. It proves however very difficult to distinguish them from "ordinary" quark states. Since
they are relatively broad states, one may also fear that phase space distortion may lead to their
classification splitting into different states depending on the decay observed, pending a full coupled
channel analysis.

Only some very rough (and somewhat dubitable) criteria exist for selecting more specific
decays. It is correctly advocated that the decay should be "flavour-blind" (as gluons carry no
flavour), but this only holds at the level of the interaction Lagrangian, and even limiting oneself to
2-body decays, other arguments states that "overlap of wave functions" (and the glueball candidates
are heavier than 1 GeV) would favour the heavier mesons (think 𝐾 pairs rather than 𝜋 pairs. Another
line of thought is also brought in to favours heavier quarks, observing that decay diagrams into
pseudoscalars would suffer from chiral suppression. This last argument however falls through
when dealing with anomaly graphs (involving for instance the 𝜂 and 𝜂’ states.

This also does not take into account multi-particle decays. For instance, we can argue that
lighter 𝑓0 states could be favoured (in that they can "mix" with glue states also sharing the vacuum
quantum numbers). One such possibility has already been seen for the 𝑓0(1500) with the final state.

𝑓0 → 𝜎𝜎 → (2𝜋) (2𝜋)

where 𝜎 (or in current nomenclature 𝑓0(500) , the 0+ partner of the pion itself a relatively elusive
state only seen by careful multichannel analysis.

Another (and in our view more promising) way to characterize the glue-involving states is to
consider the 𝜂 and 𝜂′ final states, both related to 2-gluon states by the quantum anomalies
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. This approach was suggested early on by Gherstein et al.[1] , and later developed by us [2] [3] [4]
[5].

2. Hybrid states could provide the key, ... but we were misled!

Hybrid states are typically composed of quarks (in particular a quark-antiquark pair) and at
leat one gluon. As such, they may escape the usual selection rules of the ordinary mesons (in terms
of accessible 𝐽𝑃,𝐶 states), in which case they will be called "exotics". Such characteristics should
make them conspicuous in the forest of ordinary mesons.
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Obviously, observing a "wrong J, P, C " state is still somewhat ambiguous, as the quantum
numbers of a gluon can be mimicked by a quark pair, like 𝜓𝛾𝜇𝜆𝑎𝜓 , similar to 𝐺𝜇

𝑎 : this means that
a (quark-antiquark-gluon) exotic could be mistaken with a "4-quark" state.

One such state was claimed early [7], with quantum numbers similar to the 𝜌 but opposite
paritly 𝐽𝑃𝐶 = 1−+ instead of 𝐽𝑃𝐶 = 1−−, with same isospin. In current notation, it would be one
of the 𝜋1 states. It turned out that it took a long time and several experiments to become accepted
in the mainstream! We could think of such a state as associated to the interpollating field

𝜙
𝜇
𝜋1 ≡ 𝑔𝑠𝐺

𝜇𝜈
𝑎

1
2
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𝑓𝜋1𝑚

3
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It turned out that it took a long time and several experiments to become accepted in the
mainstream! One of the main reasons was the observed decay mode. At the time theoretical
prejudice was that 𝜂𝜋0 would be disfavoured with respect to a dominant 𝜌𝜋 decay. This can be
traced back to a paper [8], which, while ground-breaking in many respects, unfortunately did not
include the possible contribution of the quantum (Steinberger-Adler-Bell-Jackiw) anomaly.

This result - 𝜌𝜋 decay favored over 𝜂(′)𝜋) - went unquestioned for a long time, despite
growing experimental evidence and our later calculation [9], which strongly suggested the
opposite.

Let us try to summarize the current situation with the 𝐼 = 1, 𝐽𝑃𝐶 = 1−+ states.
Now, several collaborations have "seen" such states (COMPASS, Crystal Barrel,...). Two main

entries exist in Particle Data Table, namely 𝜋1(1400) and 𝜋1(1600). The first is consistently seen
in 𝜂𝜋 and the second in 𝜂′𝜋 while other decay modes are less consistently observed (𝑏1𝜋, 𝜌𝜋).

A re-analysis of the COMPASS data by the JPAC group using a multichannel analysis has
come to an interesting result, as they best describe the situation with one single (distorted) state
[10]. This analysis is confirmed by Kopf et al. [11] using in addition the Crystal Barrel data . They
even extract a ration (see the paper for the systematic errors)

Γ(𝜋𝜂′)/Γ(𝜋𝜂) = 5.54 ± 1.1(𝑠𝑡𝑎𝑡)

This ratio is large despite phase space suppression for the 𝜂′ Note that this ratio is similar to the
ratio

𝐽/𝜓 → 𝛾𝜂′

𝐽/𝜓 → 𝛾𝜂

This time, the ratio is again large despite the fact that the 𝜂′ mode is affected by a p-wave
suppression: it was the basis for Gherstein’s suggestion of a connection between anomalies, glueballs
and the 𝜂 family.

Unfortunately, we cannot extract the matrix element ratio for the 𝜋1 branchings into 𝜂(′)
channels, since the phase space of the stretched 𝜋1 is anything from simple.

In contrast, the more "popular" decay mode 𝜋1 → 𝜌𝜋 seems much more difficult to isolate. A
fit (using 88 partial waves!) has recently isolated it in the COMPASS data [12], this article also
discusses the previous attempts in other experiments.
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Figure 1: A mechanism for the exotic 𝜋1 decay through the anomaly

This gives support to our hypothesis in [9] that the decay is similarly largely mediated by a
2-gluon process, and hence the 𝜂′𝑡𝑜𝜂 ratio receives a contribution proportional to (see fig.1)

|
< |𝐺𝜇𝜈𝐺𝜇𝜈 |𝜂′ >
< |𝐺𝜇𝜈𝐺𝜇𝜈 |𝜂 >

|2

J/y
c

glue-rich
state

Figure 2: J/𝜓 radiative decay as a glue-rich source coupled to the 𝜂(’); notice that no mass insertion is
needed in the right-most triangle, therefore negating the "chiral suppression"

We will not try to be more quantitative here (while we can extract the ratio of the matrix
elements from the 𝐽/𝜓 decay, we already stated that the phase space is difficult to evaluate in the
present case due to the distorted shape of the 𝜋1 wave).

3. A clean gluon source and 𝜂1 (and a further quest for 𝜋1).

Since the characterization of glueballs and hybrids is not easy on the basis of their sole
decays, it is advantageous to look in already "glue-rich" production channels, as we have previously
argued [13] ; this was also an argument we made in favor of the COMPASS set-up. In the previous
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paragraph, such could be found in central production, but an even cleaner signal is found in radiative
decays of quark-antiquark mesons, as can be seen in fig. 2.

We are not aware of a search for 𝜋1 in this context (as it is probably suppressed by isospin),
but a similar state, 𝜂1 has been reported by the BESIII collaboration [14] [15]. Quite interestingly
it was observed through its 𝜂𝜂′ decay (analogous to the previous 𝜂𝜋 transposed to the I=0 channel).
Independently of our much older publication, a similar mechanism for the decay into 𝜂𝜂′ was
proposed by ref. [16] [17].

This validates our approach, and in this first (exotics-centered) step highlights the crucial
importance of the axial anomaly in relating the gluon states to the light neutral mesons 𝜂 or 𝜂′. Not
only are the respective decays 𝜋1 → 𝜂′𝜋 and 𝜂1 → 𝜂′𝜂 allowed, they are indeed dominant, as we
expected a long time ago! The prejudice that 𝜋1 → 𝜌𝜋, based on a calculation which did not take
into account quantum anomalies should thus be discarded !

As already mentioned, isospin suppression does not suggest the radiative 𝐽/𝜓 decays as an
equally clean source for the study of the 𝜋1! Yet, we note that BESIII [18] has observed 𝐽/𝜓 → 𝛾𝜋0𝜂,
where a more extensive partial wave analysis could be of interest. (the Particle Data Group does
not quote a similar entry for the 𝜂′ counterpart).

4. What does this teach us for the glueball states?

The above sections have mainly dealt with the exotics (hybrids), where quantum numbers
help in identifying the presumably valence-gluon-containing states (with the ambiguity of possible
4-quark states mimicking them).

We want now to return to the possibly more fundamental question of glueballs (unconfined
colour neutral states made from gluons alone), which are a direct prediction of pure QCD indepen-
dently of quarks.

In a way, we are confronting two worlds here : one composed of gluon bound states, which
have no direct link to ordinary mesons, and the other made of the (meson containing) usual mesons,
which are the only possible decay channels (since the gluons don’t have electroweak interactions).
We have previously advocated that the quantum anomalies could be the bridge between those two
worlds.

It is thus conceivable that the 0++ and 0−+ combinations - scalars like the 𝜎 and pseudoscalars
like the 𝜂(′)-, which share quantum numbers respectively with the glue-only combinations𝐺𝜇𝜈𝐺𝜇𝜈

and 𝐺𝜇𝜈𝐺𝜇𝜈 respectively play an important role in the decay channels.
Glueball candidates have been proposed for a long time (we will return shortly to the remarkable

history of the GAMS collaboration[19] [20], and gluon-rich production can be expected in central
collisions, but also in the "clean" 𝐽/𝜓 radiative decays.

For the time being, a series of such candidates ( 𝑓0(𝑥𝑥)) is found in Particle Data [21], and it
is difficult to distinguish which is predominantly a glueball. It may also be possible that a similar
scenario to the one observed for the 𝜋1 occurs, meaning that a more extensive coupled channel
analysis may bring light on related states, as we are in a similar situation of heavily distorted phase
space. An attempt at such an analysis can be found in [22], but it does not seem to include the
𝐽/𝜓 → 𝛾𝜂𝜂′ modes, which will prove essential.
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Some time ago, we have followed a popular approach of exploiting the topologies of various
decay channels [4] to try to sort out those modes and tried to include anomaly related contributions.
It must be stated that such an approach is not a rigorous (Feynman diagrams-like) calculation, as
we don’t know the exact wave functions and momentum dependence of the channels. The situation
however remains muddy, and expectations don’t seem to be fully reproduced (at least in the current
analysis of the experiments).

Figure 3: possible glueballs in radiative 𝐽/𝜓 decay as a glue-rich source coupled to the 𝜂𝜂′, The product of
the branchings is a possible indicator of glueballs; this is part of a table from [15]

Instead, we find that BESIII provides us with a particularly interesting approach, the combined
branching ratio 𝐽/𝜓 → 𝛾𝑋, 𝑋 → 𝑓 𝑖𝑛𝑎𝑙𝑠𝑡𝑎𝑡𝑒 which effectively quantifies the product of "glue-
rich production" and of "glue-rich decay". The table of fig. 3 is extracted from their paper.
[15]

We see indeed that (we refer here to the PDG labeling of the states, each of which appears
at different masses in different experimental settings) 2 states below 2GeV are salient, namely
the 𝑓0(1500) and 𝑓0(1810) (we will relate them with the first observations by GAMS in the next
section).

In particular, and despite the strong phase-space suppression, the 𝑓0(1500) is very promi-
nent in the combined branching ratio.

The 𝑓0(1500) is actually quite a strange "beast" if we envisage it as a quark state; as can be
seen from its decay mode (see table 1.

𝑓0(15000) decay fraction ( %)
𝜋𝜋 34.5 ± 2.2
4𝜋 48.9 ± 3.3
𝜂𝜂 6.0 ± 0.9
𝜂𝜂′ 2.2 ± 0.8
𝐾𝐾 8.5 ± 1.0
2𝛾 not seen

Table 1: 𝑓0 (1500) branching ratios according to PDG [21]

As seen here, it decays predominantly to 4𝜋 , which is evocative of a possible intermediary
state of (𝜎 stands for 𝑓0(500) )

𝑓0 → 2𝜎 → (2𝜋 + 2𝜋)
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Quite remarkably also, the 𝜂𝜂′ mode is large as we would expect from a large (gluon-anomaly)
contribution ; (let us keep in mind that it is very strongly suppressed by phase space - a detailed
coupled channel simulation would be needed to extract the matrix elements).

5. A short tribute to the GAMS pioneers.

I must confess that I was brought to the topic of glueballs and exotics through questions from
my GAMS colleagues. I had an interest in CP violations and anomalies, and their concern to see
the 𝜂(′) so prominent when most of the literature wanted to exclude them started my investigation
of the field (which as by-product, led to a unified description of all anomaly related processes, like
𝑃 → 𝑉𝛾, 𝑉 → 𝑃𝛾,...)[3].

In a succession of papers trough experiments at Serpukhov and CERN, they used a lead-
glass wall as the main calorimeter (detection from 𝛾 gave them a unique approach, and even the
insensitivity to the 𝜌0 peak could be used to an advantage) and of course had particular sensitivity
to 𝜂(′).This later led to proposing the COMPASS experiment.

Among the states first detected were the 𝑂++ candidates [19][20][23] [25][26] [27] , notably
what they called the G(1590) (probably the current 𝑓0(1500), X (1750), X (1920), close to 𝑓0(1770),
(see however a recent multichannel analysis [22])

The exotic 1−+ was in discovered in [7] with a "mass" 1405 MeV, now part of the 𝜋1(1400−1600)
complex. Once again, a pure prejudice (the neglect of quantum anomalies) against the 𝜂𝜋 mode
made its recognition difficult. The same holds for their possible X(1740) and X(1910) which could
be the current 𝜂1(1855) from BESIII.

There is thus hope now that with the progress in the radiative 𝐽/𝜓 (and possibly even Υ )
decays and in multichannel analysis, together with the rehabilitation of the 𝜂′ channel too often
misunderstood, we could see some clarification in the field of glueballs and exotics, and in so doing,
reconcile observation with the most basic QCD prediction.
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