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Abstract

The traditional quark model [1, 2] accounts for the existence of baryons, such as pro-
tons and neutrons, which consist of three quarks, as well as mesons, composed of a
quark-antiquark pair. Only recently has substantial evidence started to accumulate
for exotic states composed of four or five quarks and antiquarks [3]. The exact nature
of their internal structure remains uncertain [4-29]. This paper reports the first mea-
surement of quantum numbers of the recently discovered family of three all-charm
tetraquarks [30-32], using data collected by the CMS experiment at the Large Hadron
Collider from 2016 to 2018 [33, 34]. The angular analysis techniques developed for the
discovery and characterization of the Higgs boson [35-37] have been applied to the
new exotic states. Here we show that the quantum numbers for parity P and charge
conjugation C symmetries are found to be +1. The spin | of these exotic states is
determined to be consistent with 2, while 0 and 1% are excluded at 95% and 99%
confidence level, respectively. The J'¢ = 2+ assignment implies particular con-
figurations of constituent spins and orbital angular momenta, which constrain the
possible internal structure of these tetraquarks.
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1 The exotic states

In 1964, Gell-Mann [1] and Zweig [2] independently proposed that hadrons, such as protons
and neutrons, are made up of elementary particles called quarks (q). They suggested that
mesons and baryons consisted of quark-antiquark pairs (qq) and quark triplets (qqq), respec-
tively. At the time, only three quark types were proposed: the up (u) and down (d), which form
protons (uud) and neutrons (udd), and the strange quarks. The discovery of the J/{ meson in
1974 [38, 39] was soon recognized as evidence of a fourth quark type, charm (c), bound with its
corresponding antiquark. Gell-Mann and Zweig also pointed out that the symmetry principles
underlying their model allowed for “exotic” configurations, such as tetraquark and pentaquark
systems. Despite numerous searches, the existence of these particles remained uncertain by the
end of the last century [40].

The study of exotic hadrons advanced when access to large samples of hadrons containing
heavy c and b quarks became available, highlighted by the 2003 discovery of the new particle
X (3872) in J/i T~ decays [41]. This particle has been interpreted as a tetraquark candidate
with content uctic and recently classified as x.;(3872) [3], where the number denotes its mass
in MeV (megaelectronvolts) and we adopt natural units by setting ¢ = 1 and i = 1. The
discovery of several other candidates for tetraquarks and pentaquarks followed, including a
ucd@ candidate Z_(3900)* — J/p7r T [42, 43], also classified as T.z1(3900)" [3]. However, the
true nature of their structure continues to be widely debated [4-29]. Most interpretations fall
into two categories: tightly-bound states of two quarks and two antiquarks, similar to how
quarks are bound within protons and neutrons, or loosely-bound molecules composed of two
mesons, similar to how protons and neutrons compose an atomic nucleus.

The next breakthrough in understanding exotic hadrons may come from studying those com-
posed entirely of heavy quarks. The LHCb, ATLAS, and CMS Collaborations observed a state
X (6900) [30-32], also referred to as T..zz(6900)° [3], in the J/y ]/ final state. The CMS Collab-
oration also reported two additional states, X (6600) and X (7100). The triple-peaking structure
in the di-J/¢ invariant mass distribution observed by CMS [32] is displayed in Fig. 1 and is
best described by a quantum-mechanical interference of three amplitudes representing cccc
states. The interference pattern among the three resonances, along with the mass spacings
that follow a radial Regge trajectory [29], suggests that these three X particles form a family of
states with identical properties, differing only in the radial excitations of their wavefunctions.
These properties, which include the spin and symmetry quantum numbers, provide insights
into the internal structure of these exotic hadrons and are the primary focus of the experimental
study reported in this article. The corresponding tabulated results are available in the HEPData
record for this analysis [44].

2 The spin and symmetry properties

Spin is a type of intrinsic angular momentum carried by particles. For composite particles, the
total spin | represents the system’s total angular momentum, determined by the combination
of the spins S and orbital angular momenta L of the elementary constituent particles. The
quantum number for parity (P) symmetry describes how a system behaves under a spatial
inversion or, equivalently, a mirror reflection. The charge conjugation (C) symmetry describes
how a system transforms when every particle is replaced by its corresponding antiparticle. The
P = £1 and C = %1 values indicate whether the wavefunction of the state changes sign under
the respective transformation.

The quarks and antiquarks have a spin of S = 1/2, the fundamental quantum of spin, and
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Figure 1: Candidates for all-charm tetraquarks. The J/¢J/¢ — utpu utpu~ invariant mass
my,, spectrum shows the three exotic states, X (6600), X (6900), and X (7100). Parameterizations
of these states are displayed both individually and as a combined signal that includes quantum-
mechanical interference (denoted by “Total signal”). The full model [32] incorporates both
signal and background components, with the background originating from di-J/¢ production,
including contributions from nonresonant production and an enhancement near the kinematic
threshold of 6.2 GeV.

they serve as the building blocks of the tetraquark state illustrated in Fig. 2. The quarks in-
side a hadron can carry three different colour charges, associated with the strong interaction,
conventionally referred to as blue, green, and red. Antiquarks carry corresponding anticolour
charges (antiblue, antigreen, and antired), which are depicted as yellow, magenta, and cyan in
Fig. 2. Quarks and antiquarks are held together through the exchange of gluons, which are the
mediators of the strong interaction. The hadron as a whole is colour-charge-neutral.

A tightly-bound tetraquark state X is illustrated in Fig. 2 (upper). In the ground state with zero
orbital angular momentum, two identical charm quarks form an antisymmetric colour state for
attraction, leading to symmetric spatial and spin states with total spin 1 [25]. The two charm
antiquarks do the same. Each pair carries a colour charge as well, and the two pairs attract
each other, forming a strongly-bound tetraquark state that is colour-charge-neutral, similar to a
quark-antiquark bound state in a meson. The orbital angular momentum L between the quark
pair and the antiquark pair can take non-negative integer values. The corresponding parity
of the system is then given by P = (—1)!, which arises from the behavior of the spherical
harmonics under spatial inversion.

The lowest and most probable energy state with L = 0 is spatially symmetric, P = +1. The
spins of the two systems combine in a symmetric configuration to yield a total spin | = 0 or
2 with C = +1, or in an antisymmetric configuration to give | = 1 with C = —1. For the



Figure 2: Internal structure models for the particle X. The particle X, composed of cccc,
is shown at rest. Two models of the internal structure of X are presented: a tightly-bound
tetraquark (upper) and a loosely-bound molecule of two mesons (lower). The colours assigned
to individual quarks or quark pairs denote possible colour charge assignments in strong in-
teractions, where attractive forces are mediated by gluon exchange (shown as wavy lines) and
meson exchange (shown as a solid pair of arrows). The X decays into two J/¢ mesons with spin
projections A; along their respective directions of motion; each meson then decays into a u™*p ™~
pair. The polar and azimuthal angles Q); = (6;, ®;) describe the direction of the y~ relative to
the z; axis, which is defined to point opposite to the X direction in the centre-of-mass frame of
the corresponding J/¢ meson, fori = 1 and 2.

cc and cc system, charge conjugation is equivalent to exchanging the pairs, resulting in the
associated symmetry. As we will demonstrate later, the C = —1 configuration is ruled out and
will therefore not be considered further. For an antisymmetric spatial state with L = 1 and
P = —1, the spins combine to 1 in an antisymmetric configuration and with C = +1, resulting
in possible total spins | = 0, 1, or 2. States with L = 2 are also possible, resulting in P = +1 and
allowing | values up to 4 when the spins combine to 0 or 2. However, the high orbital angular
momentum requires additional energy, making such states less likely.

An alternative model, shown in Fig. 2 (lower), is a loosely-bound molecule of two cc mesons.
The lowest-energy configuration corresponds to an orbital angular momentum L = 0 between
the two mesons, resulting in P = +1. A key distinction is that, unlike in a tightly-bound
tetraquark, the two constituent cc mesons are not restricted to form spin-1 states. Conse-
quently, lower total spin values such as | = 0 or 1 are more likely, although higher spin states
cannot be excluded. Another difference is the weaker interaction between the cc mesons. Simi-
lar to how a deuteron is a bound state of a proton and a neutron, the two colour-charge-neutral
systems are bound through the exchange of a meson via the Yukawa interaction [45]. However,
unlike the deuteron, in an all-charm tetraquark molecule, the exchanged meson must contain
charm quarks. A heavier exchange meson significantly suppresses the Yukawa interaction,
making the formation of bound states less likely. However, alternative empirical models for
these interactions have also been explored [9-12].



Table 1: Quantum numbers. The possible assignments of quantum numbers J°¢, the J¥ models
considered, and the contributing amplitudes in the decay X — J/¢ J/¢ are presented.

JPC€ Models J?  Contributing amplitudes
O++ 0% AooandA++:A,,
0; A++ :A__ andAOO
17+ 17 A+O - —A0+ - A*O - —A(],
1++ 1+ A+O = _AO+ = —Aio — AO,
2—+ 2 App=—A__
2}? A+O - A0+ - _A*O - —A(],
2++ 2% A+O:A0+:A702A07,A+7:A7+,A00,andA++:A,,

The three X states under investigation have invariant masses ranging between 6.2 and 8.0 GeV
(gigaelectronvolts), as shown in Fig. 1, mean lifetimes between 1072* and 10~% seconds [32],
and they decay into either two J/¢ mesons, or potentially several other, yet unobserved, final
states. The J/ meson has a mass of 3.1 GeV, spin 1, a mean lifetime of approximately 7 x
10~2! seconds, and in 6% of the cases, the cc pair in the J/i annihilates into a u "~ pair [3],
which is ideal for detection of the final states and for performing an angular analysis.

3 Angular distributions

The X quantum numbers can be inferred from the polarizations of the J/{ mesons, which, in
turn, result in specific angular distributions of the decay muons. Figure 2 defines A; and A, as
the spin projections of the two J/i mesons along their respective directions of motion. Both A,
and A, can take values of —1, 0, or +1. Let A, , be the quantum mechanical amplitude that
describes the decay of X into two mesons with spin projections A; and A,. The nine values of
|Ax 0, |? can be interpreted as relative probabilities for specific polarization states of the two J/i
mesons.

The angular distributions in the decay X — J/¢ ]/ — (u"pu~)(p ™) can be expressed as a
function of three angular observables 60;, 6,, and ® = (®; + D,) as illustrated in Fig. 2 and fur-
ther explained in Appendix A.2. Here, 0; and 6, are the helicity angles of the two J/¢ mesons,
and  represents the angle between their decay planes. The nine amplitudes A, , appear
in the coefficients of the expression. The analytical and numerical calculations of the angular
distributions are detailed in Refs. [35, 46].

We base the prediction of A, ), on symmetry considerations [46]. Angular momentum con-
servation implies that [A; — A;| < J. For two identical J/¢ particles, the relation A, ,, =
(—1)/A 1,7, must hold. Finally, assuming that the X has definite P and C quantum numbers,
which are conserved in the strong decays, we conclude that A) , = P(-1)/ A(Zp) (-, and
the charge conjugation C = +1. The latter is due to the C = +1 of the J/i J/¢ final state.
This results in six possible assignments for the J’© quantum numbers with the correspond-
ing contributions from the amplitudes shown in Table 1. States | P+ with ] > 3 would exhibit
amplitudes and angular distributions similar to those of 2P+ as inferred from Ref. [46].

As shown in Table 1, in the scenarios of 0~ ", 1", and 17, the relative contributions of all am-
plitudes A, ,, are predetermined. In the scenarios of 07" and 27, the relative contributions



of the two different sets of amplitudes, associated with different models | ZP listed in Table 1, are
not known a priori. The 2" scenario has four contributions with an undetermined relation-
ship. When pure symmetry alone does not provide a determination, the dynamical properties
of the interactions provide additional constraints that relate the contributions. Assuming the
resonances differ only by radial excitations of their wavefunctions, we expect all three to exhibit
the same structure in their decay interactions. This structure and the corresponding models are
defined and motivated in Appendix A.1.

The 0;; model describes the simplest possible structure for the interaction of a spin-0 particle
decaying into two spin-1 particles, with the subscript m indicating its minimal nature. In con-
trast, the 0;” model corresponds to a more complex interaction structure, as denoted by the
subscript & for higher complexity [35]. The 2,, and 2,” models correspond to A, , = —A__
and A,y = Ay, = —A_y = —A;_ and their decay angular distributions are indistinguish-
able from those of 0~ and 1~ models, respectively. Quantum-mechanical interference between
models 0;; and 02’, or2,, and 2, , is also taken into account in the data analysis. The 27 model,
as defined in Ref. [35], corresponds to the minimal structure of interactions of a spin-2 parti-
cle in its decay. It is used to represent the 27+ quantum numbers with a distinct contribution
from A, _ = A_, whichis unique to 2*". Additionally, seven other amplitudes contribute si-
multaneously, another feature unique to 27 . Other possible 27+ models, beyond the minimal
structure, may exhibit angular distributions similar to those of the 07" or 17+ states, and are
not tested separately.

The reasoning outlined above leads to the predicted probability distributions P;(6;, 6, ®, my,,)
for the eight individual J¥ models listed in Table 1, as well as their possible mixtures, at any
mass value my, for the particle decay X — J/¢J/. The aim of the analysis is to identify the
model that best matches the experimental data.

4 Experimental data

To create new particles, proton beams are accelerated to a combined energy of 13 TeV (teraelec-
tronvolts) in opposite directions within the Large Hadron Collider (LHC) [47], an international
project hosted by CERN, and collided head-on. Protons are baryons with a mass of 0.94 GeV,
composed of three valence quarks. However, approximately half of their momentum is carried
by gluons, which bind the quarks together. Additionally, sea quark-antiquark pairs emerge and
carry roughly one fifth of the proton’s momentum. As a result, new particles can be created
through collisions between gluons, quarks, and antiquarks (collectively referred to as partons)
within the protons. The data presented in this paper were collected from 2016 to 2018, with a
total integrated luminosity of 135 fb~! (inverse femtobarns), which represents approximately
1.5 x 10'® proton-proton (pp) collisions.

Once produced, the X particles immediately decay within the CMS detector [33, 34], a large
general-purpose international experiment at the LHC. Its essential component is a supercon-
ducting solenoid with an internal diameter of 6 meters, capable of generating a magnetic field
of 3.8 tesla. Within the solenoid’s volume, there are a silicon pixel and strip tracker, a lead
tungstate crystal electromagnetic calorimeter, and a brass and scintillator hadron calorimeter,
each consisting of a barrel and two endcap sections. Muons are identified using gas-ionization
chambers embedded in the steel flux-return yoke outside the solenoid. In this analysis, the
primary measurements of muon momentum vectors are obtained from the curvature and di-
rection of their paths in the silicon tracker. A fast, real-time data recording decision is made
using a two-level trigger system [48], which reduces the recorded data rate to approximately



1 kilohertz.

To select events of interest, the trigger criteria include having two or three muons each with a
minimum muon momentum transverse to the beam (pt) of 3 GeV. The procedure for the offline
selection of X candidates is described in Ref. [32]: there must be at least four muons, each with
pr>2GeV; utu~ pairs must originate from a common vertex, have a mass consistent with
aJ/p, and pp >3.5GeV. A fit is applied to muon pairs, using the J/¢ meson mass and the
common production vertex as constraints, in order to improve the m,, resolution. A total
of 8651 candidate events with two J/i mesons have been recorded with a combined mass in
the range between 6.2-9.0 GeV, as shown in Fig. 1, with approximately a quarter expected to
correspond to the three X states, and the remainder mostly originating from background J/¢
pair production. These candidates are the same as those in Ref. [32]. For each X candidate, we
record the momentum vectors of all four muons for the analysis that follows.

5 Angular analysis

The objective of the analysis is to compare the angular distributions in the decay of X parti-
cles observed in the experiment with the predicted distributions for various J’¢ models and
select the model that is consistent with the data. To prevent a potential bias, the observed
distributions were hidden until all aspects of the analysis were finalized. The predicted distri-
butions P;(6;, 6, D, My, ) are precisely known for the muons originating from the decay, but the
observed distributions are modified by detector effects. This is because the detection probabili-
ties of the reconstructed muons depend on their momenta and directions, which have complex
correlations with the angles. Additionally, the momenta and directions themselves are sub-
ject to uncertainties. To account for these effects and to accurately model the background, a
comprehensive computer simulation of pp collisions is performed using Monte Carlo (MC)
techniques. The simulation proceeds in four stages.

In the first stage, the JHUGEN program, version 7.5.7 [35, 46], originally designed to model
variations in the Higgs boson’s properties, is employed to simulate the process pp — X —
J/WJ/¢ — puTu puTu—. Two models of X production are explored [9-12]: direct production
through parton annihilation within protons, and fragmentation of a secondary gluon or quark
generated in collisions. In the case of | > 1, the first model can lead to a preferred spin polar-
ization of X along the beam axis, while the second model may result in polarization along the
direction of the X particle’s motion. JHUGEN enables the modelling of either polarization, or
the simulation of an unpolarized state, through the application of event weights. Polarization
variations are used to estimate uncertainties, with the unpolarized case assumed by default.

The three stages of the simulation that follow are shared with thousands of other processes
analysed by the CMS Collaboration and have therefore been extensively tuned to ensure a
good agreement with the experimental data. The simulation of the remaining particles appear-
ing in proton collisions and surrounding the four muons is performed by the PYTHIA program,
version 8.240 [49]. The simulation takes into account the effects of extra pp collisions that hap-
pen at the same time or close in time to the main collision. The generated events are further
processed through a dedicated CMS detector simulation, based on the GEANT4 program [50],
which models the detector response. Finally, the simulated events undergo the complete detec-
tor reconstruction process, using software and algorithms identical to the one used to analyse
the experimental data.

The nonresonant J/i J/¢ background is simulated with PYTHIA in the first stage and covers
cases where the two mesons are produced either in the same or in different parton collisions in
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Figure 3: Analysis of angular distributions. Left: Distributions of D, for the 07, 2;,, and 2;;
models in the range 6.2 < my, < 8.0GeV. Distributions for signal only (dashed) and for signal
plus background (solid and dash-dot-dotted) models are compared to the experimental data
points with error bars, with uncertainty bands representing post-fit model uncertainties, which
are partially correlated with the data. The 0~ and 2, distributions are identical apart from sys-
tematic uncertainties arising from polarization effects. Right: Normalized distributions of the
test statistic g = —2In(Ly- /L, ) from pseudoexperiments generated under the 2;; (blue/right)
and 0~ (orange/left) hypotheses, with the arrow indicating the observed value g,.

a single pp interaction. The simulated angular distributions were found to be compatible with
data in the mass sideband above 8 GeV. The momentum of the J/¢ J/¢ pair in all three direc-
tions was tuned for both X and nonresonant production using PYTHIA settings in the second
stage to match the data observed in both the sideband and X signal regions.

We conduct pairwise comparisons between different models characterized by distinct J*© quan-
tum numbers. Instead of analysing the multidimensional space of angular observables (6, 6,, P)
directly, we define a single observable, Dij, constructed from the likelihood ratio between two
models labelled i and j. It relies on quantum-mechanical calculations, as detailed in Ap-
pendix A.3 and Ref. [35]. This discriminant D;; depends on the angular observables and is
optimal for discriminating between the two hypotheses i and j. The final statistical analysis of
the data is carried out using two-dimensional distributions of events, P;;(mmy,,, D;j). An exam-
ple of the predicted distributions for the D,.,- observable is presented in Fig. 3 (left), where
the 0, 2, and 2;;, models are shown, along with the background and experimental data. Pro-
jecting the two-dimensional distribution (my,, D;;) onto the single observable D;; results in a
partial loss of statistical power.

6 Quantum number determination

To distinguish alternative models, the test statistic g = —2In(L;»/L;p) is defined using the
] 1

likelihood ratio of signal plus background likelihoods for the two signal hypotheses JI" and | ]P ,
based on the two observables (m4y , DZ-]»), as outlined in Appendix A.5. In a maximum likelihood
tit, the likelihood function £ is maximized with respect to the nuisance parameters, which
include the yields of signal and background processes, as well as constrained parameters that



account for systematic uncertainties. These uncertainties encompass variations in mass shapes
and in the discriminants used to model both signal and background components, as detailed
in Appendix A 4.

An example of the observed value of ¢, along with the expected distributions for the 2;; and
0~ models, is shown in Fig. 3 (right). The expectations for each model are derived from a large
ensemble of pseudoexperiments, with systematic uncertainties from the parameterization in-
cluded in the fit procedure. These pseudoexperiments are generated according to the observed
data shown in Fig. 1, combined with the kinematic distributions specific to each model. Given
the observed value of g, the 2;}, model is clearly preferred over 0. All the steps outlined above
for testing the spin-parity properties of the X states closely follow the methods and tools de-
veloped for the discovery and characterization of the Higgs boson in its four-lepton decay in
2012 [35-37].

Following this methodology, all pairs of the eight J© models listed in Table 1 are tested, and in
each case involving the 2;;, model, the latter is favoured. The corresponding results are summa-
rized in Fig. 4 and Table 2, where the probability, p-value, and the associated Z-score, expressed
as the number of standard deviations derived from the one-sided Gaussian tail integral, are
shown for an alternative model J tested against the 2;; model.
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Figure 4: Summary of statistical tests. Distributions of the test statistic g for various J” hy-
potheses tested against the 2;; model. The observed g, values are indicated by the black
dots. The expected median and the 68.3%, 95.4%, and 99.7% confidence level regions for the 2}
model (blue/left) and for each of the alternative ]ip hypotheses (orange/right) are shown. The
first entry corresponding to 0~ reflects the information shown in Fig. 3 (right). For 0" and 2~
models, eleven points correspond to varying fractions in the mixture of the two structures of
interaction.

Building on this observation, a mixture of the 0;, and O;Zr structures of interactions, as well
as that of 2,, and 2, , is tested in ten equal fractional increments against the 2, model. The 2;;
model is again preferred. In each case, one of the mixed models shown in Fig. 4, denoted as 0.
or2 ., represents the mixed scenario with the least separation from 2}, and is listed in Table 2.
A mixture of 2, and 2, contributions does not produce interference because of their differing

spin projections along the decay axis, as reflected in the amplitude composition presented in



Table 1. We examine both constructive and destructive interference between the 0, and 0,
models, by considering both positive and negative relative signs between their contributing
amplitudes. Constructive interference results in the smallest deviation from the 2, model,
except in the first 0. step shown in Fig. 4, where the sign-induced model differences are
minimal and destructive interference yields a slightly smaller separation.

Based on the results presented in Fig. 4 and Table 2, the tests for the | PC — 0=t and 1~ sce-
narios reject these hypotheses with a significance level exceeding 5 standard deviations when
compared to a 2;; model. The 2~ scenario, along with higher spin values that have the same
P and C quantum numbers, is excluded at a significance level of 3 standard deviations. This
establishes the quantum numbers P = +1 and C = +1, as shown by the decay final-state
particles and their distributions.

Table 2: Summary of statistical tests. The p-value and the associated Z-score are shown for
alternative models 7, tested against the 2;; model. A higher Z-score implies that the model is
less compatible with observation.

JP p-value Z-score
reject JP

0~ 27x1071 7.2

0, 43x107° 39
0, 14x1072 22

0 31x107° 5.8
1~ 80x10°8 5.2
1t 47x1073 2.6

2, 41x10712 6.8
2. 65x107* 3.2

mix

2, 22x10% 55

The 17" scenario is excluded at more than 99% confidence level, when compared to the 2}
model. The J’¢ = 0% scenario, when considering a combination of possible amplitudes, is
excluded at more than 95% confidence level, when compared to the 2;; model. It is important to
empbhasize that the selected 2;;, model represents just one possible realization of the J’¢ = 2*++
scenario, and an admixture of other amplitudes could lead to angular distributions resembling
those of the 07" or 11" scenarios. The | > 3 quantum numbers are still possible, but | = 2 is
more likely, due to the additional energy needed to achieve a higher angular excitation of the
hadronic states with L > 2. This makes the J’¢ = 2+ interpretation preferred for the fully
charmed tetraquark states X (6600), X (6900), and X (7100).

7 Discussion

The study of tetraquark states has attracted considerable interest due to its potential to provide
insight into the structure of the hadronic matter that makes up the world around us [4-29]. In
this paper, we have presented the first measurement of the quantum numbers for a recently dis-
covered family of three all-charm tetraquarks, based on data collected by the CMS experiment
at the LHC. Our results, summarized in Table 2, favour a J’¢ = 2++ assignment.
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For a system of two constituents, as represented by either model in Fig. 2, an orbital angular
momentum of L = 1 is excluded by the requirement P = +1, while higher orbital excitations
with L > 2 are energetically disfavoured. This makes the S-wave (L = 0) configuration the
most likely. In a molecular scenario, the quark-antiquark pairs are not required to be spin-
1 mesons, making a | = 2 configuration less likely. This picture agreed with existing data
for all other well-established tetraquark candidates with measured spin, such as the X(3872)
and Z_(3900) %, all of which have | < 2 [3]. In contrast, a tightly-bound ccc¢ tetraquark with a
diquark-antidiquark configuration requires both diquarks to be in spin-1 states, which restricts
the total spinto ] = 0 or | = 2, making | = 2 a natural choice. This spin-1 diquark requirement,
however, does not apply to tetraquark candidates with mixed-flavour quark content, a consid-
eration relevant to all previously observed candidates, which contained both heavy and light
quarks [3]. Other theoretical considerations also favour | = 2 for the tightly-bound tetraquark
states [18, 28].

This advancement in understanding exotic hadrons was enabled by the study of all-heavy
tetraquarks and it brings us closer to uncovering their internal structure. Although our findings
do not definitively distinguish between tightly-bound tetraquark and meson-meson molecular
models, they provide constraints on the possible internal structures and favour the tightly-
bound scenario.
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A Methods
A.1 Modelling of hadron properties

To investigate the spin-parity properties of the resonant structure within the J/y J/i invariant
mass spectrum in the range of 6.2-8.0 GeV, we use an approach designed to minimize model
dependence. This approach relies on the observed J/i J/¢ invariant mass spectrum and the
momentum of the J/¢ J/{ system in both transverse and longitudinal directions with respect to
the beam, while remaining independent of the system’s polarization by relying solely on decay
angular information. For a spin-zero state, polarization is not relevant. For states with nonzero
spin, we assume the state is produced unpolarized, but vary the polarization to evaluate po-
tential small residual effects on the decay angular distributions due to detector acceptance.

The analysis employs a model that ensures consistency with the observations made by CMS,
by utilizing simulation adjustments to accurately capture the observed transverse and longi-
tudinal motion, and parameters of the resonances and backgrounds extracted from Ref. [32]
and shown in Fig. 1. The background arises from nonresonant contributions, single-parton
scattering (SPS) and double-parton scattering, plus an empirical term parameterizing the back-
ground near the threshold [32]. The background is parameterized using MC simulation, with
adjustments applied to better match the observed data in both the signal and sideband regions.

We start by considering the spin-0 hypothesis for the X states, which are produced without
polarization. The helicity amplitudes A, ,, of the two J/i mesons are listed in Table 1. For
the pseudoscalar state with J° = 07, the amplitudes satisfy A, , = —A__ and Ay = 0. In
contrast, for the scalar state with J* = 07, both A, | = A__ and Ay, amplitudes contribute,
with no specific prediction for the relative magnitude of Ay,. We adopt the general amplitude
approach [35, 46, 51], where the spin-0 state amplitude can be written as a sum of three Lorentz-
invariant structures,

A(Xj—y = Vo) = ay(@P)mdeies +a (@) fid ) fO1 +ay (@) il @, )
and where the field strength tensor of a vector boson V; with momentum ¢; and polarization
vector ¢; is defined as fU" = eﬁiqu - e}/qf‘, the conjugate field strength tensor is f()#" =
1/2eMF fp, and g = g1 + .

Since the X decay proceeds via the strong interaction, which conserves parity, the first two
terms in Eq. (1) can be interpreted as interactions involving scalar particles, corresponding
to models 0, and 0, with couplings 4; and a,, respectively. The third term represents the
interaction of a pseudoscalar particle, 0, associated with the coupling a3. At my, = 6.9GeV,
|Ago|> = 52% in model 0}, and |Ay|> = 19% in model 0;. In the following, we analyse the
two models, 0;; and 0", separately. Additionally, we consider their combination, denoted as
0., in which the relative magnitudes and signs of the couplings a; and 4, are varied. A

positive relative sign results in constructive interference, while a negative relative sign leads to
destructive interference.

The polarization of the spin-1 states varies depending on the production mechanism, where we
consider either unpolarized production or polarization with |, or ], = 1 [46] because quark-
initiated production dominates. The z and z' axes are defined in Fig. 5, where the motion of
the four-muon system within the laboratory frame leads to appearance of noncollinear proton
collisions and defines the z’ axis, while the z axis approximates the proton beam line. In the
decay process, four helicity amplitudes contribute, and their relationships are shown in Table 1.
This is equivalent to two Lorentz-invariant structures in the decay amplitude

A(Xjzy = ViVa) = by (4%) [(e19) (e3€x) + (e30) (e1ex)] + ba(07)equpeke " €37, (2)
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where § = q; — g, and €y is the polarization vector of the spin-1 resonance X. The b; and b, are
the couplings to a vector state with J* = 1~ and an axial vector with J¥ = 17, respectively.

The polarization of the spin-2 states also depends on the production mechanism, where we
consider either unpolarized production or polarization with J, or J,, = 0 or £2 [46] because
gluon-initiated production is expected to dominate. In the decay process, all nine helicity am-
plitudes A, ), contribute. This corresponds to the Lorentz-invariant structures in the decay
amplitude found in Refs. [35, 46]. There are two degrees of freedom in the 2~ case, and we

use the 2,, and 2,” models, corresponding to géz) # 0 and g%) # 0 in Refs. [35, 46], respec-
tively. The 2, model correspondsto A, , = —A__, with decay angular distributions identical
to those of the 0~ case. For 2,", we have A,y = Ay, = —A_y = —A,_, with decay angular
distributions identical to those of the 1~ case.

We employ a single representative model for the J’¢ = 2%+ state, corresponding to model
ggz) = géz) # 0 denoted 2}, in Refs. [35, 46]. This 2,;, model is chosen because the composition
of A, ), amplitudes represents all possible polarizations, in particular those which are unique
for spin-2, A, and A_, and the tensor structure of interactions is minimal, avoiding the
inclusion of higher-dimension operators. At my, = 6.9GeV, 2|A_ 2= 9%, [Agl* = 21%,
4|A,o|* = 47%, and 2|A, _|> = 23% in model 2,,. Therefore, if the data are consistent with
JP = 2 and not with the other models, it will provide an unambiguous determination of
J > 2. A higher spin scenario (] > 2) could also be possible, and it would exhibit angular
distributions similar to those of | = 2 with the same parity [35, 46].

Since the JP¢ = 2% state has four degrees of freedom in the amplitude composition, three
other possibilities could be chosen that lead to the same observable decay distributions as the
05, 0;, and 17 states. Interference between the corresponding 2 amplitude tensor structures
is also possible. Therefore, from a purely decay-based analysis, if the data are consistent with
either the 07" or 17" model, one cannot rule out a general 2" model. While analysing polar-
ization information through production-sensitive angular distributions could help resolve this
ambiguity, such an analysis is more challenging, due to uncertainty in the production mecha-
nism. If the resonance is produced unpolarized, such an analysis would not provide additional
information. In this paper, we check production-sensitive angular distributions for consistency
with an unpolarized case, while a more detailed analysis is left for future work.

Determining the form factors associated with the tensor structure of interactions, represented
by a;(g?) in Eq. (1) for spin-0, b;(g?) in Eq. (2) for spin-1, or equivalent gfz) (q%) in Refs. [35, 46]
for spin-2, with g2 = miﬂ, is nontrivial and relies on the model of strong interactions. Never-
theless, it is completely separable from the computation of the angular distributions, given a
particular tensor structure of interactions. Furthermore, interference between the resonances
could result in a complex alteration of the angular distributions. Nonetheless, assuming that
all three resonances possess identical quantum numbers and coupling constants, the angular
distributions remain unaffected by interference effects observed in the mass spectrum. Thus,
in this study, we use an empirical approach to analyse the four-muon mass spectrum observed
in the data, separating it from the analysis of angular distributions. This makes our analysis
independent of the form factor model. The form factors and interference effects are integrated
into the observed mass spectrum, as shown in Fig. 1.

A.2 Angular observables

The angular information used in the analysis is shown in Fig. 5 [35, 46]. Two production axes
are defined, corresponding to the two production mechanisms, either the direct short-distance
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Figure 5: Angular observables. The production and decay of a resonance X in proton collisions
pp — X — V;V, — 4u define the angular observables in the centre-of-mass frames of the
corresponding particles [35, 46], where the V, and V, refer to the J/i mesons. The z axis
approximates the proton beam line, while the z’ axis corresponds to the direction of the four-
muon system.

production in parton collisions or the fragmentation of a single parton into the hadron. Axis z
is parallel to the beam line within the frame boosted along the beam line from the laboratory
frame, where the longitudinal momentum of X is zero, potentially reflecting polarization in
the two-parton collisions. The z’ axis aligns with the direction of the X momentum, reflecting
potential polarization in the single-parton fragmentation scenario.

The decay angles @, 6;, and 6, are defined with reference to Fig. 2. The production angles 6*
and @, or alternatively 0" and @/, are defined with respect to the z or z’ axis, respectively. The
angle 0* is defined between the z axis and the X decay axis in its rest frame, while @ is the angle
between the first J/ip decay plane and the production plane, defined by the z axis and the X
decay axis. Figure 5 illustrates only 0* and ®,, while 6" and @ are defined analogously. These
production angles are not used directly in the analysis to avoid dependence on the production
model, but they are checked for consistency.

The distributions of the decay and production angles in the range 6.2 < my, < 8.0GeV are
presented in Fig. 6, together with the five signal models shown. It is important to note that the
one-dimensional angular distributions in Fig. 6 do not capture all the information accessible to
the optimal discriminant. Correlations between angles are lost in the projections; for instance,
the models J’¢ = 1~* and 1"+ cannot be distinguished in each projection, but they can be sep-
arated using the optimal discriminants, which preserve all angular correlations. Furthermore,
Fig. 6 displays all events in the range 6.2 < my, < 8.0GeV together, without accounting for the
correlation between the angular distributions and my,,, or the variation in signal purity with
my, due to the resonance structure appearing above the background. As a result, the separa-
tion power shown in these illustration plots is considerably diminished compared to the full
analysis.

To eliminate the dependence on the initial polarization of nonzero-spin states, the production
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Figure 6: Angular distributions. Distribution of the decay angles: ® (upper row), cos 6;, cos 6,
(second row), production angles defined with respect to axis z: ®;,cos8* (third row), and de-
fined with respect to axis z: @}, cos 0" (lower row) in the range 6.2 < m,, < 8.0GeV presented
together with the five | ZP signal models. The background is subtracted from the data, based
on the expected distributions, and systematic uncertainties are not incorporated in these plots.
The 0~ and 2,, distributions are identical, as are those of 1~ and 2, .

angles are excluded from the data analysis. The assumption is made that the resonances are
produced unpolarized, although the variation of this polarization along the production axes
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is allowed for states with nonzero spin. This allows for the examination of any residual ef-
fects stemming from polarization dependence due to detector acceptance effects. Figure 6
shows that the production angular distributions are consistent with unpolarized resonance
states along both the z and z’ axes.

A.3 Matrix element approach

The analysis of the multidimensional distributions P (6;, 6, ®, my, ) is complicated by the com-
plex description and the nontrivial effects of detector reconstruction. Rather than utilizing the
three angular observables directly, we construct a single observable that effectively projects the
angular information onto one dimension and is optimal for distinguishing between two hy-
potheses, J¥ and | ]P . Utilizing a matrix element likelihood approach [35, 46, 51], a kinematic

discriminant is formulated based on the ratio of probabilities for hypotheses JF and ]]P :
= P (114, Q)
Dij(mzuuQ) = L =
Pi(m4;tr Q) + ,Pj(m4y/ Q)

®)

where P; is the normalized probability based on the matrix element squared for a given hypoth-
esis 7. These matrix elements are computed within the same quantum-mechanical formalism
as employed for the generation of MC events, as detailed in Section 5.

In Eq. (3), we use only the decay angles () = {cos 6;, cos 8,, ®}. The analysis is conducted using
the two-dimensional distributions of (i, D;;). Production information, including {cos 6%, @, }
or {cos 0", @] }, can be incorporated into a future analysis if a study of the resonance polariza-
tion is desired. The distributions of the discriminants, which were calculated to assess alterna-
tive models in comparison to the 2;}; model, are presented in Figs. 3 and 7 for all models defined
without considering amplitude mixtures. The kinematic distributions in Figs. 3, 6, and 7 have
also been separately examined in three different ranges of m,,, each corresponding to one of
the three resonance structures depicted in Fig. 1. The data remain consistent with the 2;;; model
across the full mass range as well as within each of the three individual intervals.

The final statistical analysis of the data is carried out using two-dimensional distributions of
events, P;;(my,, Djj), where the predicted m,, distribution is modelled in the same way as in
Fig. 1 following Ref. [32], and the D;; distribution is obtained in bins of 0.05GeV in my, from
the detailed MC simulation discussed earlier in Section 5. For any given slice of my,, only
five bins of D;; are used, meaning that the MC simulation can accurately predict probability
distributions using an affordable number of simulated events.

A.4 Systematic uncertainties

In the maximum likelihood fit introduced in Sec. 6 and further detailed in Sec. A.5, the like-
lihood function is maximized with respect to the nuisance parameters, which include those
representing systematic uncertainties. The fit results encompass systematic variations in the
parameterization of both signal and background models. The yields of the signal and each of
the background processes are treated as free parameters, to be fully determined by the fit to
the data. Further variations are categorized into two groups: variations in mass shapes and
variations in discriminants, applied to both signal and background components.

The study of systematic variations in mass shapes was detailed in Ref. [32], which includes res-
onance parameterization, resolution, and efficiency for signal components, as well as different
models for background components. All these variations in mass shapes were incorporated
into the two-dimensional analysis presented here, through the variation of Py(my, ) in Eq. (4).
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Figure 7: Optimal observables. Distributions of D;; that are optimal for separating the 2;;
model against the 0}, (upper left), 0; (upper right), 1~ (lower left), and 17 (lower right) models
in the range 6.2 < my, < 8.0GeV. Distributions for signal only (dashed) and for signal plus
background (solid and dash-dot-dotted) models are compared to the experimental data points
with error bars, with uncertainty bands representing post-fit model uncertainties, which are
partially correlated with the data. The 1~ and 2, distributions are identical, apart from sys-
tematic uncertainties arising from polarization effects. The lower panels display the ratios of
the data and of the model predictions to the mean expectations from the 2;; model.

Therefore, all uncertainties associated with the parameterization of the m,, spectrum as de-
tailed in Ref. [32] are included in the analysis.

One of the uncertainties arises from the unknown angular distributions of the background
contribution near the kinematic threshold [32]. To allow maximum flexibility, the discriminant
parameterization of this contribution, Ti]-k(Dij\m4H) in Eq. (4), is expressed as the sum of the
SPS background model and the two signal models under investigation, with the relative con-
tributions of all three components determined by freely floating nuisance parameters. This
approach is intended to accommodate a broad range of hypotheses for the threshold contri-
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bution, including possible variations of the nonresonant background and potential resonance
excitations.

Other systematic variations in discriminants account for possible inconsistencies in pr and p,
distributions between data and MC simulation. The pr and p, distributions are validated and
tuned through comparisons between data and simulation in both the sideband region (8.0-
9.0GeV) and the signal region (6.2-8.0 GeV). Residual discrepancies in the discriminants due
to mismodeling of py and p, are addressed through nuisance parameters, which allow for
alternative discriminant parameterizations of Tj; (Dij | m4y) in Eq. (4). Similarly, uncertainties in
the kinematic distributions of the nonresonant background components are evaluated through
comparisons between data and MC simulations in the sideband region, where a satisfactory
agreement is observed. Remaining discrepancies in the discriminants are handled through
nuisance parameters that permit alternative discriminant parameterizations of T (D;; | 1y, ).

The nominal discriminant parameterization of all spin-1 and spin-2 resonances assumes no
polarization. However, to evaluate the impact of detector acceptance effects on the results,
we introduce an alternative parameterization that assumes polarization of spin-1 and spin-2
resonances along either the z or z’ axes. This approach models polarized production arising
from either two-parton collisions or single-parton fragmentation.

A.5 Statistical analysis

We perform a binned extended maximum likelihood fit where the probability density function
is a sum of contributions from all signal and background processes implemented in the Com-
bine tool (v10.0.2) [52]. This method mirrors the approach used to determine the spin-parity
quantum numbers of the Higgs boson at the LHC [53], as detailed in Ref. [35]. Each process k is
characterized by a probability density function P;;, used to analyse signal hypotheses i and j.
This function depends on two observables, m,, and D;;, and is defined as a template binned in
a 36 x5 grid:

ijs

Pijk(myy,, Dij) = Pr(myy,) Tije(Dyjlmyy,), (4)

where Pk(m4y) represents the probability density function of the invariant mass rm,,, which is
independent of the hypotheses being tested. The probability density T;j is a normalized func-
tion of D;; given a specific value of my,, obtained from simulation and including systematic
variations through alternative distributions, as described below. We assume the same quan-
tum numbers and couplings for all signal resonances, enabling the use of a shared Tj; for
parameterizing the signal.

To distinguish between alternative models, the test statisticq = —2In(L;r/L;r) is defined using
j i

the ratio of signal plus background likelihoods for the two signal hypotheses. The likelihood
is maximized with respect to the nuisance parameters, which include the yields of signal and
background (bkg) processes and constrained parameters describing the systematic uncertain-
ties. To quantify the consistency of the observed test statistic g, with the model ]ip , the prob-
ability p = P(q < qqps | J7 + bkg) is determined under the signal-plus-background hypothesis
using pseudoexperiments. This probability is then translated into a Z-score, representing the
number of standard deviations via the one-sided Gaussian tail integral.

The consistency of the observed data with the alternative signal hypothesis (] ]P ) is assessed from
P(q > Gops | ] ]P + bkg). The sign is positive if the tail extends away or negative if it extends

towards the median of the other hypothesis. The CL criterion [54, 55], defined as CL; =
P(q> qops | T ]P +bkg) / P(q > qups | J¥ +bkg) < a, is used for the final inference of whether a
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Table 3: Results from hypothesis test for pairs of spin-parity models. This is an extended
version of Table 2. The expected p-value is presented based on the assumption of the scenario
of 2. Results with Z > 5 have been derived through Gaussian extrapolation.

Observed Expected
p-value  Z-score  p-value  Z-score
0~ 27x1008¥ 72  65x10°M" 74

0~ vs 2}
2t 0.42 0.2 0.5 0
0  43x107° 3.9 56 x 10~ 5.7
0, vs 23} " x x
2, 0.072 1.5 0.5 0
0. 14x102 2.2 84 x10* 3.1
0. vs2) X s 5
2t 0.17 1.0 0.5 0
0F 31x10° 5.8 85x10° 3.8
0fvs2; "
2t 0.90 -1.3 0.5 0
1~ 8.0x 108 52 6.4 x 107° 5.7
17 vs 2},
2t 0.38 0.3 0.5 0
1t 47x10°3 2.6 2.7 x107° 4.0
1+ vs 24 8 x
2, 0.052 1.6 0.5 0
B 2,  41x1071? 6.8 39 x 1014 7.5
2, vs 2,f
2t 0.28 0.6 0.5 0
. 65x107* 3.2 1.5 x10* 3.6
2= vs2 mix P )
2, 0.31 0.5 0.5 0
.. 2, 22x10® 55 63x1077 57
2, vs2,
2, 0.43 0.2 0.5 0

particular alternative hypothesis | ]P is excluded or not with respect to a reference hypothesis J’

ata given confidence level (1 — «). Figure 3 (right) shows example g distributions for the 2}, and
0~ models, obtained from repeated pseudoexperiments simulating the expected experimental
outcome.

The pairs of spin-parity models are tested among the 0~, 0,4, 0,7, 17,1%,2,,,2,", and 2}, hypothe-
ses. In all tests involving the 2;;, model, it is preferred. Therefore, these tests are presented in
Fig. 4 and Table 3, which is an extended version of Table 2. The pairwise tests between the other
models do not provide any additional useful information, as the data frequently show incon-
sistencies with both models. In the case of J’C = 01+ and 2~ scenarios, additional tests are
conducted to account for a possible mixture of two tensor structures, as outlined in Section 6.

It is important to note that the 2, model represents only one specific realization of the J’¢ =

2** hypothesis. In practice, a mixture of amplitudes corresponding to the 2% state, as listed
in Table 1, could produce angular distributions that resemble those expected for 07 or 17, in
addition to 2;;,. As a result, even if the true particle is a 2" state, the p-values reported in Ta-
ble 3 may not remain fully consistent with the 2;; model under such admixtures. These mixed
scenarios can be explored in future analyses. Taking this into account, all observed data distri-
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butions are found to be compatible with the J’¢ = 2*+ hypothesis and show deviations from
the predictions of alternative J’C assignments, with confidence levels summarized in Table 3.
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