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A search is reported for near-threshold structures in the J/wJ /y invariant mass spectrum produced in
proton-proton collisions at /s = 13 TeV from data collected by the CMS experiment, corresponding to an
integrated luminosity of 135 fb~!. Three structures are found, and a model with quantum interference
among these structures provides a good description of the data. A new structure is observed with a local

significance above 5 standard deviations at a mass of 663813 (stat)*1°(syst) MeV. Another structure with

even higher significance is found at a mass of 6847 3 (stat) 35 (syst) MeV, which is consistent with the
X(6900) resonance reported by the LHCb experiment and confirmed by the ATLAS experiment. Evidence

for another new structure, with a local significance of 4.7 standard deviations, is found at a mass of

7134738 (stat) 71 (syst) MeV. Results are also reported for a model without interference, which does not fit
the data as well and shows mass shifts up to 150 MeV relative to the model with interference.

DOI: 10.1103/PhysRevLett.132.111901

The prospect of exotic hadrons—states other than ¢g or
gqq—dates back to Gell-Mann’s seminal 1964 paper [1].
However, interest in exotics, both theoretical and exper-
imental, wavered for decades. The discovery of the
charmoniumlike X(3872) state by the Belle Collabo-
ration in 2003 [2] propelled exotics from speculative
chimeras to the frontier of hadronic physics [3]. While
many tetraquark candidates containing heavy quarks (c, b)
are now known, questions still abound, including which of
these are truly exotic hadrons [3] and, if they are bound
states, what is their internal structure (e.g., molecules,
bound states of diquarks, etc. [4-6]).

Beginning with the J/y discovery in 1974 [7,8], heavy
quarkonia brought clarity to the quark model. Similarly,
exotic states composed entirely of heavy quarks may offer
analogous insights. Exotic states decaying into the J /yJ /y
and Y'Y channels are particularly promising experimentally
because of the efficient triggering and reconstruction of
muonic channels. The possibility of structure appearing in
these channels is enhanced by an empirical pattern first
observed with light mesons: the mass spectra of two vector
states with the same isospin (e.g., ¢¢ and w¢) have near-
threshold enhancements, whereas systems of two vector
mesons of different isospin (e.g., ¢p and wp) have no
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structure [9]. Such a behavior has been corroborated by the
enhancements observed in J/ww [10] and J/w¢ [11]
spectra.

The first searches for all heavy quark states were in the
all-bottom sector and were inconclusive [12,13]. In 2020,
the LHCb Collaboration reported structure in the J/wJ/y
channel, which consisted of a broad enhancement just
above the J/yJ/y mass and a narrow peak designated as
X(6900) [14]. The nature of the broad structure was
uncertain, but the narrow peak was interpreted to be an
all-charm tetraquark state [15-22]. Considerations of such
states date back to 1976 [23,24] and have recently become
the object of renewed interest [25-35]. However, non-
tetraquark interpretations of this new structure have also
been proposed [36-38].

Here we report on the J/wJ/y invariant mass spectrum
from proton-proton (pp) collisions as recorded with the
CMS detector, where the J/w mesons are reconstructed
from utu~ pairs. The data sample corresponds to an
integrated luminosity of 135 fb~! [39-41] at a center-of-
mass energy of 13 TeV.

The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two end
cap sections. Muons are detected in gas-ionization cham-
bers embedded in the steel flux-return yoke outside the
solenoid. A more detailed description of the CMS detector
can be found in Ref. [42].
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Several Monte Carlo (MC) samples are used to model
the detector mass resolution and efficiency of signals. As
simulations of tetraquarks states are not available and the
analysis is independent of signal kinematic details, we use
the production of other particles to simulate the signal, with
the masses defined appropriately. We use J” = 0™ mesons
for a variety of masses decaying to J/ywJ/y as the signal
and simulate their production via gluon-gluon interactions.
We model signal particles by y;,(1P) production using the
PYTHIA event generator (version 8.230) [43]. As an alter-
nate production model, signal is also simulated by gen-
erating a sample with “Higgs bosons” decaying to ZZ*),
where the Z(*) is redefined as a J /y, using the JHUGen event
generator (version 7.40) [44,45]. To understand the detector
mass resolution, the samples are generated with a negligible
natural width.

Major sources of background, i.e., selected events that
are not from a resonant decay to two J/y candidates, are
expected to originate from two genuine J/y decays arising
either from a single parton-parton collision, i.e., nonreso-
nant single-parton scattering (NRSPS) [46-51], or a pair of
parton-parton interactions in a single pp collision, i.e.,
double-parton scattering (DPS) [52-58]. The NRSPS con-
tribution is expected to dominate the DPS contribution near
the J/wJ/y threshold, with the DPS contribution domi-
nating at masses above 11 GeV. To simulate these back-
grounds we use the PYTHIA generator. The next-to-leading
order CASCADE generator [59] and the next-to-next-to-
leading order HELAC-Onia generator [47,48,60,61] are also
used to simulate alternative NRSPS shapes for the estima-
tion of the systematic uncertainty in the background. Direct
production, as well as feed-down processes where J/y
mesons arise as decay products, are included. Feed-down
processes from double-charmonium resonances [38] are
generated using the PYTHIA generator separately. Generated
events are processed through the full CMS detector
simulation, which utilizes the GEANT4 toolkit [62].

Events of interest are selected using a two-tiered trigger
system [63]. The first level (L1), composed of custom
hardware processors, uses information from the calorim-
eters and muon detectors to select events. The second level,
known as the high-level trigger (HLT), consists of a farm
of processors running a faster version of the full event
reconstruction software, which reduces the event rate to
around 1 kHz. The data collected in 2016 correspond to an
integrated luminosity of 36.3 fb~!, and were obtained with
an L1 trigger that required at least three muon candidates to
balance the requirements of high efficiency for the signal
and a low trigger rate. The HLT required that the pseudor-
apidity of each muon candidate satisfies || < 2.5 and thata
muon pair candidate is composed of oppositely charged
muon candidates with an invariant mass between 2.95 and
3.25 GeV, a distance of closest approach between the two
muons less than 0.5 cm, and a fit to a common vertex with
a y? probability greater than 0.5%. The data collected in

2017-2018 correspond to an integrated luminosity of
98.6 fb~! and utilized an L1 trigger requiring at least three
muons with at least two muons having pr > 3 GeV and one
of the two muons having pt > 5 GeV, and at least one
oppositely charged pair of muons with invariant mass below
9 GeV. The HLT criteria replicated those of 2016 with the
additional requirement that the two muons with invariant
mass between 2.95 and 3.25 GeV each have pp > 3.5 GeV.

The off-line selection criteria were finalized before
unblinding the signal region (defined as invariant mass
below 7.8 GeV) and are based in part on an examination of
data collected in 2011 and 2012. It requires at least four
muons, each of them having pp > 2 GeV, |n| < 2.4, and
satisfying the “soft muon identification” requirements [64].
Pairs of oppositely charged muons are used to form J/y
candidates, and these are required to have pp > 3.5 GeV.
To confirm the HLT requirement, each muon pair is fit
to a vertex, requiring a fit probability greater than 0.5%.
Combinations of four muons from two J/y candidates are
fit to a common vertex, which must have a fit probability
greater than 0.5%. A mass constrained vertex fit is applied
to the oppositely charged muon pairs, in which the
muon pair’s mass is constrained to the known J/y mass
my,, [65], and the probability is required to be greater than
0.1%. The two constrained J/y candidates are then fit to a
common vertex and its fit probability must exceed 0.1%.
An event may have multiple J/y-pair candidates. If both
charge permutations of the same four muons have masses
within 3 standard deviations (30) of the known J/y mass,
we select the pairing that minimizes (Am,/c,, )*+
(Am,/ omz)z, where Am is the difference between the
reconstructed dimuon mass and the J/y mass, and o,, is
the calculated uncertainty of the reconstructed dimuon
mass (affects 0.2% of events). All J/wJ/y candidates
are kept if they arise from more than four muons (affects
0.2% of events).

The J/wJ/y invariant mass spectrum of the 8651
selected candidate pairs below 9 GeV is shown in Fig. 1.
To better constrain the smooth background continuum, the
full analysis range extends up to an invariant mass of
15 GeV (the corresponding mass spectrum is shown in the
Supplemental Material [66]).

Using an unbinned extended likelihood method, we fit
the data from the threshold 2m;,, to 15 GeV. Signals are
represented by relativistic S-wave Breit-Wigner (BW)
functions [65,67,68] convolved with resolution functions,
which are sums of two Gaussian functions with the same
mean value. The detector mass resolution varies from about
10 MeV at a mass of 6500 MeV to 18 MeV at 7300 MeV.
The BW functions are not modified by acceptance or
efficiency corrections because these vary only slowly, by
less than 1.3% over the natural width of the X(6900).

The NRSPS and DPS backgrounds are parametrizations
of distributions of the corresponding simulated events. The
NRSPS component includes an exponential function where
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The J/wJ/w invariant mass spectrum in the range up to 9 GeV, with fits consisting of three signal functions (BW,, BW,, and

BW;) and a background model (see text). Left: the fit without interference. Right: the fit that includes interference, where “Interfering
BWs” refers to the total contribution of all the interfering amplitudes and their cross terms. For clarity, only the sum of the three
background components (NRSPS + DPS + BW))) is shown on the plots. The lower portion of the plots shows the pulls, i.e., the number
of standard deviations (statistical uncertainties only) that the binned data differ from the fit.

one of its parameters is a free parameter in the fit. The effect
of feed-down from heavier mass states such as the y(25) is
accounted for as a systematic uncertainty. Combinatorial
backgrounds arise when one or more muon candidates are
not from a J/y meson decay and from hadrons that are
misidentified as a muon or misreconstructed. The shapes
of combinatorial backgrounds are well modeled by the
NRSPS + DPS parametrizations, and the residual effects
are accounted for in the systematic uncertainties.

Aside from the NRSPS and DPS background compo-
nents, a component to model a threshold enhancement
is included, as was done in Ref. [14]. This excess may be
due to a resonance, but other processes could be respon-
sible: coupled-channel interactions [69], triangle singular-
ities [70], Pomeron exchange [36], or simply an inadequate
NRSPS model. This region could also include feed-down
from higher mass tetraquarks that are only partially
reconstructed. Because of these uncertainties, we regard
this enhancement as an additional background component
and model it with a BW function (BW)) with free mass and
width, which provides a good ad hoc description of this
feature.

We begin with a background-only fit (NRSPS +
DPS + BW;)) and then add signal contributions one at a
time to the fit, with the yields of each signal and back-
ground component being free parameters of the fit. In this
first series of fits, the additional components are added
without interference. A signal BW function is kept as long
as its local significance exceeds 3o, with the local signifi-
cance calculated from the difference in log-likelihood
between including and not including the component and
only accounting for statistical uncertainties. Three reso-
nance structures, labeled BW;, BW,, and BWj5 in order of
increasing mass, are found to be statistically significant.

The local significance of these peaks, calculated from the
log-likelihood differences between the full fit and the fit
with the BW function of interest removed, are 6.50, 9.40,
and 4.10, respectively. Figure 1 (left) shows this fit, with
numerical results in Table I. The BW function widths are all
much larger than the detector mass resolution. Over the full
mass range of 6-15 GeV, the proportions of the background
components to the total are about 58%, 25%, and 9% for
NRSPS, DPS, and BW,, respectively.

We quantify the goodness of fit by the probability of the
fit’s y? (over the full mass range with the bin size of Fig. 1)
and the number of degrees of freedom. Because the signal
region is only a small fraction of the fit range, the impact of
deviations from the model in this region is diluted. As an
alternative, we also compute a probability using only the
bins below 7.8 GeV, which we refer to as the signal-region
x> probability.

The full y? fit probability is 98%. However, the dips in
the data around 6750 and 7150 MeV are poorly described:
the signal-region y? probability is 9%. Agreement may be
improved by introducing interference, as was done by
LHCb [14].

Our construction of interference models is based on
the three structures found in the no-interference fit. We
consider interference between pairs of (“two-way”) or
all three (“three-way”’) components. The three-way inter-
ference is implemented with a term proportional to
|ry exp(igp))BW, + BW, + r3 exp(ihs)BW3|%, where r, 3
and ¢ ; are the relative magnitudes and phases of BW ;
with respect to BW, [65]. We report the results from the
three-way interference model, which shows a signal-region
x> probability of 65%, whereas all two-way models have
probabilities below 30%. The three-way interference fit is

111901-3



PHYSICAL REVIEW LETTERS 132, 111901 (2024)

TABLE L

Summary of the fit results for the J/yJ /y invariant mass distribution. The mass m and natural width I"

for both the no-interference model and the interference model, and the signal yields N for the no-interference model,
are given for the three signal structures. The dual uncertainties are the statistical followed by the systematic

components, and single uncertainties are only statistical.

BW, BW, BW;
No interference m (MeV) 6552+ 10+ 12 6927 £ 9 +4 728730 £+5
I (MeV) 12432 433 122721 +18 9573 £ 19
N 4707120 492+78 15623}
Interference m (MeV) 6638 43710 6847 418 71341584
I (MeV) 44012304110 191758+ 9731 %

shown in Fig. 1 (right), and the fit parameters are listed in
Table I.

In this fit, the local significances of all three structures
increase with respect to the model without interference. For
the structure with the lowest significance (BW3), a value
of 4.70 is obtained. The global significance of BWj is
estimated by generating MC pseudoexperiments and deter-
mining the probability that a statistical fluctuation yields a
“signal” whose local significance equals or exceeds that
of BW; in the windows 7.05-7.8 GeV for mass and
50-260 MeV for width. The BW; phase is unconstrained.
The resulting global significance for BW; is 3.4c.

The interference between different resonances is moti-
vated by the idea that the states could have the same
quantum numbers and be coherently produced. One can
also consider interference between the resonances and the
NRSPS background. We consider this scenario less prob-
able as the background is likely a mixture of J©C states. We
have investigated two models with this sort of interference.
The first model is identical to model II from Ref. [14] with
a signal BW function for the X(6900), an auxiliary BW
function around 6700 MeV, the NRSPS and DPS back-
ground, and interference between the NRSPS background
and the auxiliary BW function. This did not provide a good
fit to our data as shown in the Supplemental Material [66].
The second model starts from the three-way interference
model and adds interference between the three signal BW
functions and the NRSPS background. This model did not
significantly improve the fit quality.

While interference between resonances is one possible
mechanism, other models may also be able to reproduce
the dips. For example, inspired by predictions of dense
spectroscopy of tetracharm states [15-21], representing
individual peaks by multiple overlapping narrow resonan-
ces could provide good fits by enabling the BW functions
to fall more deeply into the dips.

Systematic uncertainties for masses and widths are
determined by varying aspects of, and inputs to, the fits.
For a given source, the largest deviation from a parameter’s
nominal value is taken as its systematic uncertainty. The
sources of systematic uncertainty that have been considered

are as follows: different BW function shapes (P and D
wave, and alternative values for the “interaction radius” in
the Blatt-Weisskopf barrier factor [67,68]); alternative DPS
parametrizations, such as those obtained by mixing data
events (artificial J/yJ/w mass spectrum formed by two
J /ys from different events); NRSPS parametrizations from
different simulations (CASCADE and HELAC-Onia) or floating
otherwise fixed parameters individually; momentum scale
(based on the shift in the unconstrained fitted J/y meson
mass from the world average value [65]); detector mass
resolution (slightly different resolution models based on the
PYTHIA Or JHUGen generators); combinatorial background
shape (the result of altering the parametrization of the
combinatorial background); efficiency corrections (the
difference between not applying and applying efficiency
corrections based on the PYTHIA or JHUGen generator); and
the effects of including various feed-down components
from hypothetical heavier tetraquarks [38]. The effects of
feed-down components in the interference model can
produce asymmetric uncertainties, so an asymmetric uncer-
tainty is assigned for this source. For other sources,
symmetric uncertainties are assigned. The principal sys-
tematic effects are summarized in Table II. The total
uncertainties are their sum in quadrature and also appear
in Table I. Including feed-down in the fit affects signal
structures, especially for the BW,, because of their overlap
in the J/wJ/w mass distribution. Compared to the no-
interference model, the greater complexity and increased
parameter correlations of the interference model result in
larger systematic uncertainties.

The impact of systematic uncertainties on the local
significances of the structures was checked in the interfer-
ence fit model by using discrete sets of individual alter-
native hypotheses and recomputing the significances. The
systematic uncertainties introduce no appreciable change.

The BW, parameters are within 2o, when comparing the
analogous no-interference or interference models, of the
X(6900) values reported by LHCb. For their model I,
consisting of a BW function for the X(6900) signal plus
two auxiliary threshold BW functions, they reported an
X(6900) mass of 6905 + 11 4+ 7 MeV with a natural width
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TABLE II.

Dominant contributions to the systematic uncertainties in masses and widths, in MeV, for the two fits. The “Total

uncertainty” is the quadratic sum of all individual components, including the unlisted nondominant contributions.

Fit Dominant sources MBWI MBWZ MBW3 FBWI FBWZ r‘B\)\/3
No-interference Signal shape 3 3 3 10 5 5
NRSPS shape 3 1 1 18 15 17
Feed-down 11 1 1 25 8 6
Total uncertainty 12 4 5 33 18 19
Interference Signal shape 7 12 7 56 8 7
DPS shape 1 3 2 18 6 2
NRSPS shape 9 14 13 85 9 20
Mass resolution 8 4 1 24 7 13
Combinatorial background 7 2 <1 5 3 2
Feed-down j% j(‘)14 j(3) ’ jg 10 j(%g 32
i 4 41 11 2
Total uncertainty s o - o 2 e

of 8019433 MeV, and 6886+ 11 £11 MeV and
168 4= 33 + 69 MeV for model II [14]. However, because
the two experiments use different fit models, quantitative
comparisons between them are not straightforward, and
thus we also fit our data with the two LHCb models.
Neither LHCb model provides a good description of the
CMS data; nevertheless, our X(6900) parameters are again
compatible. More information about these comparisons,
including where some small discrepancies are present, is
summarized in the Supplemental Material [66].

Our measured masses appear compatible with recent
calculations of the cc¢ ¢ spectrum [21,71], which would
indicate that these three structures may be a family of radial
excitations of the same J¥C. This is the case for both no-
interference and interference masses, albeit for different
theoretical models.

In summary, the J/wJ/y invariant mass spectrum has
been presented. The data were collected with the CMS
detector from p p collisions at /s = 13 TeV and correspond
to an integrated luminosity of 135 fb~!. Three structures
are found in the J/wJ/w invariant mass spectrum. The
spectrum is better described by a model with interference
among three resonances. Two new structures, tentatively
named X(6600) and X(7100), are found with masses of
6638155 (stat) 30 (syst) and 7134738 (stat) "} (syst) MeV;
and the X(6900) structure observed by LHCD is confirmed
with a mass of 684713 (stat) 38 (syst) MeV. The local
statistical significances of these peaks are, for increasing
mass, 7.9, 9.8, and 4.7 standard deviations. Numeric results
are provided in the HEPData record [72].

Note added.—Recently, the ATLAS Collaboration released
a Letter [73] confirming the X(6900) structure in the
J/wJ/w spectrum and also reported near-threshold
excesses, including a possible feature in the w(2S)J/y
channel.
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