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Abstract—The 2020 announcement by LHCD of a narrow structure X (6900) in the di-J/¢ spectrum—a
potential cccc state—has opened a new era in hadronic spectroscopy. In this talk, we briefly survey theory
works preceding this event, examine key features of the observed spectrum, and then discuss how sub-
sequent theory studies (including with the author’s own dynamical diquark model) have interpreted these
features. We conclude with proposals for experiments capable of distinguishing competing interpretations.
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1. INTRODUCTION

This talk nominally discusses all-heavy tet]-ra-
quarks in general, but in fact it focuses almost exclu-
sively upon  developments related to the
interesting structures reported by LHCb in the di-
J/1¢ (cece) channel [1], particularly a putative res-
onance called X (6900). Early indications for the
observation of possible di-Y(1S) (bbbb) states above
18 GeV [2, 3] were not supported by subsequent
searches [4, 5]. Furthermore, no structures have yet
been reported in other all-heavy channels, such as
bbce, bebe, etc. Nevertheless, quark-flavor univer-
sality suggests that any approach successful for cécé
should be applicable to all of these sectors.

All-heavy tetraquark production at hadron collid-
ers is believed to be proceed primarily through gluon-
gluon fusion, with both single- and double-parton
scattering being important for nonresonant QQQ’Q’
production [6]. Heavy-ion collisions have also been
identified as important potential production sources
for such states [7, 8.

X (6900) joins a large family (now over 50!) of
heavy-quark tetraquark (and pentaquark) candidates
discovered in the past two decades [9], including
hidden-charm, hidden-bottom, and open-charm
candidates. Of these, the Particle Data Group [10]
identifies 15 as fully established. Moreover, a naive
count through the various flavor sectors, upon em-
ploying any widely discussed substructure (hadronic
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molecules, diquark compounds, etc.), suggests that
over 100 more such exotic states await discovery.

2. FEATURES OF THE LHCb DATA

The LHCb data contains not only the X (6900),
but also several other features of interest. Figure 1
adapts a portion of Fig. 3a of [1], focusing upon the
region of interest that starts at the di-J /4 threshold
~6200 MeV and extends slightly beyond the cécé
open-flavor threshold at 2mgz,, ~ 7240 MeV. One
immediately notes not only the prominent peak near
6900 MeV, but also a broad excess above background
around 6400—6500 MeV, a sharp dip near 6750 MeV,
and a rapid transition from a dip to an excess just
above 7200 MeV.

X (6900) is the only obvious peak, and although
it lies about 700 MeV above 2m ,,, it is likely not
wider (<200 MeV) than the p, and potentially is
much narrower. In fact, a cécé state behaving as a
“traditional” di-hadron molecule would bind through
exchanging conventional charmonium states; since
the expected molecular binding energies are expected
to be <O (10 MeV), the exchanged charmonium that
binds X (6900) would lie far off mass shell. Typical
c¢ mean charge radii from potential models are about
0.35 fm for 1.9 states, and about twice that for 1P
and 25 states. One concludes that J/¢ exchange,
in particular, would be very short-ranged, implying
a molecular state in which all quarks occupy the
same volume. Alternately, one may consider non-
traditional di-hadron molecules in which the J/¢

458



ALL HEAVY TETRAQUARKS

Ne—Me(2S) %o — Xeo

459

Xe1 = et See T See

I —=J/y

I/ = w(2S)

T

T e e

T

SRS
ZSISISISIILISISISIS
SSISISIHSISISISSS
ZSRIIXIISIILSISISIS
ZSISISIHSISISISIS
SSSIIIIISISISIS
CESSSESTEIISISISESS
ZSISISISIILSISISIS
SIS
ZSIISISIILSISISIS
SIS
OO S O 0 O O O O
ZSISISISPSISISISSS
ZSRXIISISIILISISISIS
ISSSISISIPIISISISSSS
SIS

M
()
()
)
()
W
A/
p
()
)
X
)
4

3
0
0
&
0:0
5
0
3

"
5

\/

0
)
.0

S P > g e > <>

()
¢
)
)
¢
¢

I/ = vy(3S)

Fig. 1. Di-J/4 production data, adapted from [1]. Ticks on the horizontal axis mark every 200 MeV in the range 6200—
7400 MeV. Vertical lines denote thresholds for di-hadron states containing céce, red and orange indicating pairs of hadrons
with the same ¢ spin structure as J/+. The curves indicate fits to components of the nonresonant contribution carried out

in[1].

pair are bound through Pomeron (multi-gluon) ex-
changes [11] or through the exchange of soft glu-
ons that hadronize into light-meson (7, K') exchange
quanta [12].

Of particular note are the allowed J*¢ quantum
numbers for an identical J/«¢ (177) pair. In the S
wave one can have 0T+ or 271, while the allowed
P waves are 0~1, 1=, and 2=t. These JFC values
refer both to di-.J /1 resonances and the background.
Alternately, if one considers the di-.J/v system only
in terms of identifcal cc and ¢ fermion pairs, then in
their respective S waves, only (color-3, spin-1) and
(color-6, spin-0) combinations are allowed.

3. THEORETICAL STUDIES
3.1. Prior to the LHCb Observation

Remarkably, the first discussion of a di-.J /4 bound
resonance [13] followed the 1974 discovery of char-
monium [14, 15] by only one year. Afterwards, how-
ever, only 1 further paper (by the same author as [13])
followed in the 1970s, 5 in the 1980s, 1 in the 1990s,
and 3 in the 2000s. The reason for this dearth of
effort appears to stem from the realization that di-.J /v
states were likely to lie above the di-J/1 threshold.
As one of the early works stated, “All the states are
unbounded and consequently rather uninteresting.”
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2010 saw first physics from the LHC, and it was
very quickly appreciated that the collider would pro-
duce a great deal of gg — J/4 J/4, which would be
straightforward for LHCb to reconstruct via J/¢ —
. One theory collaboration analyzed this effect
and predicted (using a diquark model) the spectrum
of ccce states that could be produced [16, 17]. While
one might have expected a subsequent flurry of work
using other theoretical approaches, no further papers
studying the cécé system appeared until 2016, with
|mbox12 more papers (perhaps anticipating the trove
of LHC Run 2 data) appearing from 2016 to the
middle of 2020.

3.2. Subsequent to the LHCb Observation

The LHCDb observations were announced in a talk
onJune 16, 2020[18], and the collaboration’s preprint
was posted on June 30, 2020 [1]. In that 2-week
period alone, 8 more theory papers appeared. Since
then (as of the time of writing), 58 additional papers
discussing either the production or spectroscopy of
these states have been produced. The length limit
imposed upon this document precludes even the mere
listing of these references, let alone discussing all of
them in any detail. Instead, we examine the features
in the LHCD data, with an eye to their interpretation

as proposed in a select few papers.
A wide variety of theoretical approaches have been

employed to understand the data, including: string
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junction models; quark models with chromomagnetic
interactions; quark potential models; chiral quark
models; diquark models; effective theories with light-
meson exchanges; threshold effects with coupled
charmonium channels; threshold effects plus com-
pact tetraquarks; QCD sum rules; lattice simu-
lations; Regge phenomenology including Pomeron
exchange; holography; spin-chain (Bethe Ansatz)
algebraic methods; and the Bethe-Salpeter approach.
X (6900) has even been proposed to be a Higgs-like
boson [19].

Are there any solid conclusions or points of con-
sensus uniting these analyses? First, not many au-
thors dispute that X (6900) seems to be a genuine
resonance, even when including the effects due to the
presence of multiple thresholds (see Fig. 1)that might
explain other cécé structure, as considered in, e.g.,
[20—22]. However, other authors (e.g., [23]) suggest
that even X (6900) itself might be generated by the
Xe0—Xe1 threshold.

Second, virtually all models (back to the very
first papers [13]) predict ground-state (1S) ccce
resonances to lie much lower than X (6900), typically
from 6000-6400 MeV. So then, is X (6900) a P = —,
1P state ( e.g.,[24]), ora P = +, 25 state ( e.g., [25,
26])?

The broad structure around 6400-6500 MeV lies
at the upper limit of where models predict 15 ground
states to occur (e.g., [27, 28]). In LHCDb’s Model I[1],
for example, the structure is treated as a superpo-
sition of (at least) two resonances, irrespective of
quantum numbers. Indeed, what is meant by “15”,
which suggests a 2-body description? Since “tra-
ditional” molecules are problematic for cécé, and no
good thresholds lie in the 6400—6500 MeV range
(Fig. 1), then the diquark (cc)z(éc)s structure seems
most natural for identifying possible quantum num-
bers. But not everyone agrees! Noting that 6—6
attraction is stronger than 3—3 (despite quark repul-
sion in a 6 diquark), [29] finds that the ground states
mix both configurations, while the 3—3 configuration
dominates excited states.

The dip around 6750 MeV suggests destructive
interference with X (6900). LHCb’s Model II [1]
posits interference between the broad
6400—6500 MeV structure and a second resonance.
A xco—Xco threshold effect provides an alternate
explanation [26]. Furthermore, if X(6900) is 2S
(P = +), then 1P states (P = —) are expected near
6750 MeV [25], although P = £ configurations
do not interfere with each other; again, measuring
parities is crucial.

The structure near 7200 MeV may be associated
with open-flavor decays of cécé, which first appear at
the Zcc—Zce [(ccu)(eeu)] threshold 7242.4(1.0) MeV.
Likely, no narrow cécé structures occur above this
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point. This is the point in diquark models where the
color flux tube breaks [25], or in holographic models
where new string junctions become possible [24].

How many states are expected in a diquark model?
If both 3 and 6 diquarks are allowed, one finds a lot
[30]: 17 with C' =+ and J < 2 are predicted to lie
below the =Z..—=,. threshold. If one adopts a minimal
ansatz of allowing only 3 diquarks, then only about
half as many states occur. Further taking quark spin
couplings to be large only within diquarks (a defining
property of the dynamical diquark model [25, 31]),
then all S-wave multiplets consist of 3 degenerate
states: 07, 17—, and 271, and all P-wave multi-
plets consist of 7 states (3 with C' = +) that follow
an equal-spacing mass rule if tensor couplings are
neglected.

4. SOME PARTING PROPOSALS

Most obviously, we desperately need J* informa-
tion in order to disentangle the di-.J /1 spectrum. An
excellent suggestion (e.g., [32, 33]) is to look at the
J/p—1(2S) spectrum, even though its threshold is
700 MeV higher, and ¢(2S) production is lower than
that of J/1. Note in this regard that BESIII sees
distinct Y exotics decaying to J/v or to 1(25).

The gg production of di-J/¢ is C' = +; is there
much ggg (C' = —) production? If so, one could find
the 17~ resonance via J/v¢—n_, although 7, is harder
to reconstruct (but note that B.R.(n. — pp)=1.45 x
1073). Alternately, J/1—x.s also has C = —, but
less phase space. And don’t forget about cébb and bbbb
production! ¢ébb (via J/1—T) should produce many
more resonances, by evading the identical-fermion
constraint. Such experiments provide important tests
of quark-flavor universality.
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