New Structures in the J/y J/y Mass Spectrum at CMS
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Abstract. A search is reported for structures near the J/y J/i mass threshold
using a dataset of proton-proton collisions at /s = 13 TeV recorded with the
CMS detector at the LHC, corresponding to an integrated luminosity of about
135 fb~!. Two structures are observed with a significance exceeding 5o~ and
evidence of an additional structure is reported with a local significance of 4.7c.

1 History of exotic hadrons

Gell-Mann’s original 1964 quark paper [1] introduced the possibility of exotic hadrons, which
are states that differ from the usual gg or ggq combinations. Since then, interest in observing
these exotic states has fluctuated both theoretically and experimentally.

In 2003, the Belle Collaboration made a significant discovery by identifying the X(3872)
state [2] (now referred to as y.1(3872)). This discovery propelled exotic hadrons from spec-
ulative ideas to the forefront of research in hadron physics.

Currently, while there are known candidates for doubly-heavy tetraquarks and heavy pen-
taquarks, their interpretations remain contentious. The main challenge lies in understand-
ing the quark structure of these states, such as whether they can be modeled as molecules,
diquarks, hybrids [3], or within a super-symmetric light front holographic QCD frame-
work [4, 5]. Some theorists even challenge the notion of bound-state interpretation and sug-
gest that certain structures are artifacts of kinematic thresholds [6].

2 All-charm tetraquark candidates

In 2020, the LHCb Collaboration observed a structure in the J/¢J/y mass spectrum, named
X(6900) [8]. It was subsequently confirmed by the ATLAS [9] and CMS [7] experiments,
generating significant interest as a potential all-charm tetraquark [10-28]. In addition, the
CMS Collaboration reported the discovery of a new structure, X(6600), with a local signifi-
cance of 7.9 standard deviations, along with evidence for another new structure provisionally
named X(7100), exhibiting a local significance of 4.7 standard deviations.

The search in the CMS experiment focuses on the J/¢J/y mass spectrum from proton-
proton collisions, with J/i reconstructed from u*u~ [7]. The observed J/yJ/y spectrum and
the fits, both without and with consideration of interference effects, are illustrated in Fig. 1
and discussed in detail below.
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Figure 1. The fits to the J/yJ/y invariant mass spectrum in the CMS experiment [7]. The fit model
incorporates three signal functions (X(6600)[BW,], X(6900)[BW,], and X(7300)[BW;]) along with a
background model. The fitting outcomes are presented in the left plot without considering interference
effect, and in the right plot with interference included.

The CMS detector is well-suited for studying exotic quarkonium states, thanks to its high-
purity muon identification, excellent mass resolution for J/iy, and precise vertex resolution.
Moreover, specialized triggers based on muons are utilized to select quarkonium candidates.
A more detailed description of the CMS detector can be found in Ref. [29].

3 Fit without interference

In order to extract resonance parameters, a fitting package has been designed to conduct
the fit. The amplitude of the signal resonance is modeled by the relativistic Breit-Wigner
function [30, 31]:
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where g represents the magnitude of momentum of a daughter particle in the resonance rest
frame, while L denotes the orbital angular momentum number between the two daughters,
and the subscript 0 indicates the value at the peak mass. The default fit utilizes L = 0, but
we explored other values of L as a part of systematic uncertainty studies. The term By (q, d)
corresponds to the Blatt-Weisskopf barrier factor [32, 33]. The parameter d is set to be 3



Table 1. The line-shape parameters of the states extracted from no-interference fits in the LHCb and
CMS experiments. The first uncertainties are statistical while the second ones are systematic.

X(6600) X(6900) X(7100)
m[MeV] 6905 £ 11+7
FHCY rivev 80+ 19+ 33
cms  MIMeVl 6552£10£12 6927+£9+4 72877 L5
[[MeV] 124°%+33 12224 £18  95*% +19

GeV~! (~ 0.6 fm) as employed in Ref. [34]. We varied the value of d in the studies of the
systematic uncertainty.

Simple summations of Breit-Wigner functions are employed to fit the J/yJ/i mass spec-
trum in both LHCb and CMS experiments, with the line-shape parameters summarized in
Table 1. The fitting results are depicted in Fig. 1 (left) for CMS. However, these fits in-
adequately capture the J/yJ/y mass spectrum, as they fail to accurately describe the dips
between the peaks.

4 Fit with interference

It’s important to note that the dips in the J/¥J/¢ mass spectrum are observed in all LHCb,
CMS and ATLAS experiments, which are poorly described by the no-interfering Breit-
Wigner functions in LHCb and CMS experiments. Various ways to employ interference
among fitting components were considered by the different experiments in order to explain
the dips — but other explanations are conceivable.

In the CMS experiment, two dips are observed around 6750 MeV and 7150 MeV, and
three structures are found in the J/yJ/y mass spectrum [35]. Interference models are devel-
oped to elucidate these dips. After investigating potential interference among the different
components, the primary interference fit model is determined to involve the interference be-
tween three resonances X(6600)[BW1], X(6900)[BW2], and X(7100)[BW3], implemented
with a term proportional to |r1 exp (i¢p1)BW;| + BW, + r3 exp (i¢3)BW3|, where r| 3 and ¢, 3
denote the relative magnitudes and phases of BW| 3 with respect to BW,. The fit outcome is
illustrated in Fig. 1 (right), demonstrating an improvement in the y? probability in the signal
region [6.2, 7.8] GeV to 65%, compared to only 9% in the no-interference fit. While the inter-
ference between pairs of components is also considered, their signal-region y? probabilities
remain below 30%, leading to their exclusion as the nominal interference fit model.

To account for the dip, the LHCb experiment incorporated interference between the non-
resonant single parton scattering (NRSPS) background with the resonant production of an
auxillary BW [8]. Analogous to LHCb approach, the ATLAS experiment constructed a
model, referred as Model B, with a lower broad structure interfering with the NRSPS back-
ground. Another ATLAS model, denoted as Model A, introduced interference among the
X(6900) and two lower mass resonances.

The line-shape parameters of the states extracted from the interference fits in the three
experiments are summarized in Table 2. Notably, the measured mass and width of X(6900)
are found to be comparable across all three experiments. The interference fit indicates that
the unidentified J©¢ quantum numbers of these states could be identical, suggesting they may
originate from a coherent production process.



Table 2. The line-shape parameters of the states extracted from interference fit in LHCb, CMS and
ATLAS experiments. Two kinds of interference models are considered in ATLAS experiment, named
as Model A and Model B. The first uncertainties are statistical while the second ones are systematic.

X(6600) X(6900) X(7100)
m[MeV] 6886+ 11+ 11
LHCb I [MeV] 168 + 33 + 69
+43+16 +44+48 +48+41
cus FIMev] 4407 oyl gt
[[Me V]] ~200-240 686649_ 137O - -29-26
m[Me + 3070
ATLAS Model A 11\ ey 110 + 5029
Model g "[MeV] 6910 + 10 + 10
' [MeV] 150 + 30 + 10

5 Comparison with some theoretical calculations

The measured masses in the CMS experiment from both no-interference and interference fits
appear compatible with recent calculations of the cccc spectrum [28, 36, 37], the correctness
of which will be determined by the preference of nature for no-interference or interference
case. These three structures may be a family of radial excitations of the same J©C, which
is the case for both no-interference and interference masses, albeit for different theoretical
models.

Many theoretical models predict the quantum numbers for X(6900), including as a spin-0
state [28], or a spin-2 state [38]. The measurement of the spin and parity of these states is
deemed crucial in distinguishing between competing theoretical models, enabling theorists to
perform calculations based on accurate assumptions regarding the quantum numbers, finding
out their position in the tetracharm spectroscopy, and better understanding the nature of exotic
hadrons.

6 Summary

In summary, the analysis of the J/yJ/y invariant mass spectrum from proton-proton colli-
sions at /s = 13 TeV using the CMS detector, based on an integrated luminosity of 135 fb~!,
has revealed three distinct structures. These structures are effectively described by a model
incorporating interference between three resonances. Among these findings, two new struc-
tures, provisionally designated as X(6600) and X(7100), have been identified with local sta-
tistical significances of 7.9 and 4.7 standard deviations, respectively. The observation of
X(6900) confirms the discovery by the LHCb experiment, which exhibited a local signifi-
cance of 9.8 standard deviations measured by the CMS experiment.
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