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A comprehensive study of all-charm tetraquark candidates is presented in this paper. The search
is performed in the J/yJ/yy mass spectrum using proton—proton collision data at 4/s = 13 and
13.6 TeV collected with the CMS detector at the LHC. With about 3.6 times more J/yJ /i pairs
compared to the Run 2 dataset alone, the combined Run 2 (2016-2018) and Run 3 (2022-2024)
sample provides significantly improved sensitivity to rare structures. Inthe J /W J /¢ — pru~u*u~
channel, three structures are observed each with a significance well above 50, denoted X (6600),
X(6900), and X(7100), consistent with the earlier Run 2 observation. In addition, quantum
interferences between these states are observed, each with a significance above 5o, implying
they share the same spin—parity quantum numbers. In addition, a search is conducted in the
J /oy (28) — pu~ utu channel, revealing two structures with masses and widths consistent with
X(6900) and X (7100). To further explore the nature of these states, a spin—parity measurement
is conducted with the Run 2 J/yJ /¥ data. Assuming common quantum numbers for the three
states, as motivated by the interference pattern, the results favor a J©€ = 2** assignment—an
unusual quantum number among known hadrons. The combined features of these analyses point
to a coherent picture in which the J /i J /i states observed by CMS constitute a family of all-charm
tetraquarks, favoring a diquark-antidiquark structure in which both diquarks are in a spin-1 state

and aligned. The findings provide new insights into the internal dynamics of exotic resonances.
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1. Experimental status of all-charm tetraquark candidates

With the Run 2 dataset, ATLAS, CMS and LHCb have made progress in searching for
all-charm tetraquark candidates [1-3]. All three experiments observed X (6900) [also denoted
T..22(6900)° [4]], while CMS further claimed two additional structures: X (6600) [T,..zz(6600)°]
with 7.9¢0 significance and X(7100) [T,..z:(7100)°] with 4.70 significance. Interference effects
were considered in the three experiments with different models, but the significances are all below
50. A near-threshold enhancement was also seen, but its nature remained unclear.

Many open questions remain, the most critical being whether these states and their interferences
can be firmly established with higher statistical precision. Another key question is whether they
can be observed in alternative decay channels. The larger dataset collected by CMS in 2022-2024
provides a more sensitive probe to confirm their existence, quantify interference effects, refine the
measurements of their parameters, and potentially gain insights into the nature of these structures.

2. Updated CMS J/yJ/y analysis with combined Run 2 and Run 3 dataset

The combined Run 2 and Run 3 dataset corresponds to a total integrated luminosity of 315 fb~!,
including 135 fb~! from Run 2 (2016-2018) and 180 fb~! from Run 3 (2022-2024). The analysis
focuses on the decay channel J /¢ J /y — pu*u~u*u~. The offline event selection for Run 3 follows
the same criteria as for Run 2 [2], with the only major difference being the trigger. A new Run 3
trigger [5] requiring only two muons per event, instead of three as in Run 2, is the main driver of
the increased signal yield. Consequently, the J/iJ /i rate rises from 93 events/fb~! in Run 2 to
177 events/tb~! in Run 3.

To fit the J/¥J /¢ invariant-mass distribution, both signal and background models are con-
structed, following those of the Run 2 analysis [2]. The signal process X — J/yJ /v — utu~ utu~
is simulated with JHUGen [6] and PYTHIA [7]. Each resonance is described by a relativistic S-
wave Breit-Wigner (BW) function [8]: BW;, BW;, and BW; for X (6600), X (6900), and X (7100),
respectively. The background model includes several components: nonresonance single-parton
scattering (NRSPS), double-parton scattering (DPS), combinatorial background (Comb), feed-
down, and a near-threshold enhancement (BW¢y). MC simulations with PYTHIA are performed to
model the NRSPS and feed-down backgrounds. The parameterization of DPS is derived from the
event-mixing of data. As for the combinatorial background, it is estimated by the data-driven "Nine
tile” method [5]. The near-threshold enhancement is treated as background due to its unclear nature,
and modeled by a BW function convolved with resolution function R. The complete background
model is:

Modelpkg (m) = Npw, * faw,(m) ® Ro(m) + Nxrsps - fNrsps (1)

+NDPS : fDPS (m) + NComb. : fComb.(m) + Nfeed—down . ffeed—down(m), (1)

where N; refers to the yield and f denotes the probability density function of contributions i (the
specific parameterizations are discussed in Ref. [5]).

Both no-interference and interference scenarios are considered in fitting the double J/y
invariant-mass spectrum. In the no-interference model, the signal is described as the sum of
three resonances: Zf’zl N; - |BW; |2 ® R;. In the interference model, the three peaks are allowed to
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interfere, with the signal parameterized as Ny;g - |7y - e'? . BW| + BW, +r3 - /%3 . BW3 |2, where r;
and ¢; are the relative magnitude and phase angle of BW; with respect to BW,. In both cases, the
background model follows Eq. 1.

Likelihood fits are performed on data with both no-interference and interference models in the
J /¥ J [y invariant-mass range of 6-15 GeV. The results are shown in Fig. 1 (left and middle) and
Tab. 1. The no-interference model fails to capture the features observed in the data, particularly
the two dips between the three structures. The significance of these dips are evaluated from
the likelihood difference between the full fit and a fit with the corresponding interference term
removed. The significance of the dip between X (6600) and X (6900) is determined to be 9.70,
and that between X (6900) and X (7100) is 6.50. Notably, even with the Run 3 dataset alone, the
significances of the three resonances and two dips exceed 5o.

With the increased data, the statistical uncertainties on the parameters of the three structures
are reduced by about a factor of three in most cases, and the systematic uncertainties are also
substantially reduced. In the interference fit, the local significances of X(6600), X(6900), and
X (7100), obtained from the likelihood difference with and without the respective contributions, are
15.20, 16.707, and 7.70. This study establishes, for the first time, all three structures X (6600),
X (6900), and X (7100), together with their interference, at significances well above 5o.
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Figure 1: The J/y J /¢ invariant-mass distribution along with the no-interference model (left), and the inter-
ference version (middle) [5]. Right: The J/y y(2S) invariant-mass distribution along with the interference
model (right) [9]. The fits are performed up to 15 GeV range, with zoomed views only up to 9 GeV being
shown.

Table 1: Fit results for the masses M and widths I of three signal peaks shown for the J/J /¢ no-interference
and interference models [5], as well as for the J /Yy (2S) interference model [9]. The no-interference results
are statistical uncertainties only, while the interference results quotes statistical and systematic uncertainties
in sequence.

JIWI [y — php~pt JIpy(28) — pruptu”
No-interference Interference Interference
M [MeV] | T [MeV] M [MeV] I [MeV] M [MeV] I [MeV]
X(6600) | 6540 +8 | 14219 | 6593710 £25 | 446*% + 87 - -
X(6900) | 69276 | 97+13 | 684710 £15 | 135716 + 14 | 6876745100 | 253+290+120)
X(7100) | 72478 | 3724 | 71737 +13 | 73*18 £ 10 | 71697754 | 1544100+ 140
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3. Exploration of the J/y i (2S) channel

Since y(2S) is the radial excitation of J /i, if the observed structures correspond to genuine
resonances, they are likely to decay into J/yyr (2S). A study of the J /iy (2S) — pu*u~ u*u~ decay
channel is conducted using the Run 2 and Run 3 data [9]. With the combined dataset, the statistics
of J /Yy (2S) events obtained from a two-dimensional fit increase by a factor of about 2.5 compared
to Run 2 alone.

The background contributions from NRSPS, DPS, and combinatorial sources are included. A
signal model with the interference of two BW structures is considered since the mass of X (6600)
is below the mass threshold of J/yy(25). A likelihood fit is performed to the J /yy (2S) invariant-
mass spectrum. The results are shown in Fig. 1 (right) and Tab. 1. A prominent structure near the
threshold is established with a local significance well above 50, and a structure in the higher-mass
region is reported with a local significance of 40-. These states are consistent with X (6900) and
X (7100) observed in the J/yJ [y decay channel.

4. Spin-parity measurement of J/yJ /i structures

The observation of these tetraquark candidates has triggered intense theoretical interest. Var-
ious interpretations have been proposed, including hadronic molecules, compact tetraquarks, hy-
brids, and kinematic threshold effects. However, the true nature of these states remains unknown.
Determining their spin and parity is crucial for discriminating among competing theoretical models.

The spin-parity measurement of the three tetraquark candidates, X(6600), X(6900), and
X(7100), is performed in the J /¢ J /¢ — p*u~ u*u~ decay channel using CMS Run 2 dataset, with
the same event selection as in the J/yJ /¢ mass analysis [2]. The spin-parity determination relies
on angular observables, which can be categorized into production and decay angles, as defined in
Ref. [6]. The analysis uses decay angles only, while production angles are excluded to reduce model
dependence. The production angular distributions are evaluated and found to be compatible with
the unpolarized case.

Motivated by the strong interference observed in data, the spin-parity measurement is performed
under the assumption that the three structures share the same spin and parity. Different spin—parity
hypotheses are tested, including spin 0, 1, and 2 with both parities. As illustrated in Ref. [10], for
a spin-0* particle decaying into two vector bosons via a parity-conserving interaction, two tensor
structures are possible, denoted 07, (minimal scalar coupling) and 0} (higher-dimensional scalar
coupling); their mixture (07 . ) is also examined. Similarly, two models, 2,,, and 2, , together with
their mixture (2_. ), are considered for the spin-2~ hypothesis. For 07, 17, and 1%, there is only

one model for each case. For spin 2%, four degrees of freedom are possible, and one representative

+
m»

model, 27, is tested, which includes all allowed polarizations, particularly those unique to the
spin-2* scenario.

Instead of performing a multidimensional fit with all decay angles, an optimal discriminant
D;; is constructed to separate two spin-parity scenarios i and j, defined through the likelihood
ratio of these two hypotheses [6]. The distribution of the discriminant to separate the 2}, and 0~
hypotheses is shown in Fig. 2 (left). A two-dimensional model, P;;(m4,, D;;), incorporating the

J/wJ [y invariant mass and discriminant, is employed to fit the data. The test statistic is calculated



Observation of a family of all-charm tetraquarks with spin-2 and positive parity at CMS Xining Wang

CMS 135 fh™ (13 TeV) CMS 135 o (13 TeV)
1800} F — Observed
r ¥ 0.08 _
1600/ § 0075 0
r O 2
1400 . s Oz,
o E 4 & 0.06
< 1200—% > F
(%) L (O] C
Q E ; 5 0.05
© 1000p | { Data —Model 2}, o r
o r H = 0.04F
S 800 ) ©
c r -- Signal --Model 0" & 2;, IS F
8 g 50.031
O 600 ST
00 0.02F-
200; 0.01;
RN TTTNTITIN ob .
0 01 02 03 04 05 06 07 08 09 1 -100 -50 0 50 100
Do q=-2 n(LO,/LZ;)

Figure 2: The distribution of discriminant D, (- to separate spin-parity hypotheses 2}, and 0~ in the
J /¥ J [¢ invariant-mass range below 8 GeV (left). The distributions of test statistic ¢ = —2In(Lo- / L: ) for
toy MC samples generated based on 2}, and 0~ hypotheses (right). The observed value is represented by the
black arrow [10].

as ¢ = —2In(L P /L ij) when testing Jl.P hypothesis against J 11.3 , where £ denotes the likelihood
value from the two-dimensional likelihood fit with #;;(ma4,, D;;). The hypotheses test between
2% and 0~ is illustrated in Fig. 2 (right), where the 0~ hypothesis is clearly disfavored by the data.
Similar hypothesis tests are performed for all spin—parity combinations. In all tests against 2, , the
alternative hypothesis is rejected. In brief, negative-parity scenarios are excluded at more than 3o,
spin-1* hypothesis at the 99% confidence level, and spin-0" hypothesis at the 95% confidence level.
Higher-spin assignments are possible, but they are less likely due to the higher-energy requirement,
making the spin-2* interpretation preferred by the data.

5. Conclusion and discussion

A set of comprehensive studies on all-charm tetraquarks has been carried out at CMS. Three
tetraquark candidates, X (6600), X(6900), and X(7100), are firmly established with significances
well above 50~ with the combined Run 2 and Run 3 datasets. Furthermore, two of these states,
X(6900) and X(7100), are independently confirmed in the J/yy(2S) — u*u~u*u~ channel.
Additionally, interference effects between these states are observed in the J/¢J /¢ channel with
significances exceeding 5o, implying that these states share the same quantum numbers. Under
this premise, a spin-parity measurement has been conducted using the CMS Run 2 dataset which
indicates a preference for a 2** spin-parity assignment. Notably, large mass splittings (> 200 MeV)
between these states are observed, which exceed typical spin—orbital splittings and are comparable
to some of those in the Y family (1§, 2§, 3§ radial excitations). Moreover, their absolute masses
appear to form a Regge trajectory [11]. These features collectively point to a coherent picture
in which these states form a family of all-charm tetraquarks [12, 13] with a diquark-antidiquark
structure, where both diquarks are in a spin-1 state [14]. Further explorations, such as searches in
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additional decay channels and the cross-section measurements, will provide more insights to clarify
the intrinsic nature of these intriguing states.
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