
P
o
S
(
H
Q
L
2
0
2
5
)
0
7
5

Spectroscopy studies from the ATLAS and CMS
experiments

Zhengchen Liang𝑎 and Zhen Hu𝑎,∗ on behalf of the ATLAS and CMS
Collaborations
𝑎Department of Physics, Tsinghua University,
Beijing 100084, China

E-mail: zhengchen.liang@cern.ch, zhenhu@tsinghua.edu.cn

Recent spectroscopy results from the ATLAS and CMS experiments at the LHC are shedding new
light on the hadronic spectrum. These include the first precise measurements of the excited vector
mesons 𝐵∗+, 𝐵∗0, and 𝐵∗0

𝑠 , alongside the observation of a new family of tetraquark candidates in
the di-𝐽/𝜓 channel. CMS has further determined the spin-parity quantum numbers of this new
family to be 𝐽𝑃𝐶 = 2++. Both collaborations have extended these studies to other decay channels,
such as 𝐽/𝜓 + 𝜓(2𝑆). Collectively, these results underscore the LHC’s unparalleled capability to
explore the spectrum of hadronic states, providing crucial insights into non-perturbative QCD and
the quark model.

The 17th International Conference on Heavy Quarks and Leptons (HQL 2025)
15-19 September, 2025
Peking University, Beijing, China

∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License (CC BY-NC-ND 4.0) All rights for text and data mining, AI training, and similar technologies for
commercial purposes, are reserved. ISSN 1824-8039 . Published by SISSA Medialab. https://pos.sissa.it/

mailto:zhengchen.liang@cern.ch
mailto:zhenhu@tsinghua.edu.cn
https://pos.sissa.it/


P
o
S
(
H
Q
L
2
0
2
5
)
0
7
5

Spectroscopy studies from the ATLAS and CMS experiments Zhen Hu

1. Introduction1

The traditional quark model, proposed independently by Gell-Mann [1] and Zweig [2] in 1964,2

predicts the existence of baryons (three quarks) and mesons (quark-antiquark pairs). However, exotic3

states including tetraquarks and pentaquarks have been proposed in subsequent decades and only4

recently observed [3]. Until now, many light-heavy tetraquark candidates have been discovered, yet5

it is unclear whether these new states are truly exotic hadrons or bound states with certain internal6

structure such as molecules or diquarks [4–6].7

The discovery of X(3872) in 2003 marked a turning point in exotic hadron physics [7]. Observed8

through its decay to 𝐽/𝜓𝜋+𝜋−, this state presented a puzzle: while its properties were consistent9

with an excited charmonium (𝑐𝑐) configuration, its mass differed substantially from theoretical ex-10

pectations. The proximity of its mass to the 𝐷0𝐷̄∗0 threshold suggested an alternative interpretation11

as a loosely bound molecular state of 𝐷0𝐷̄∗0 ([𝑐𝑢̄][𝑢𝑐]) [8]. This breakthrough opened the door12

to numerous exotic hadron candidates [3, 9], such as the charmonium-like 𝑍 (3930)+ observed in13

𝐽/𝜓𝜋+ decays [10, 11] and the pentaquark states [12].14

The extensive data collected at the LHC during Run 2 (2016-2018) enabled the observation of15

the first full-heavy tetraquark candidates. The full-heavy (𝑐, 𝑏) sector with enhanced quark mass16

compared to ΛQCD, offers clearer experimental signatures for exotic states. In the 𝐽/𝜓𝐽/𝜓 decay17

channel (𝐽/𝜓 → 𝜇+𝜇−), three tetracharm states have emerged: X(6600), X(6900), and X(7100).18

Among these, the X(6900) stands as the most firmly established, having been discovered by LHCb19

in 2020 [13] and subsequently confirmed by ATLAS [14] and CMS [15] experiments with global20

significances above 5𝜎 [16, 17]. The X(6600), first reported by CMS in 2024 with nearly 8𝜎 local21

significance [17], received supporting evidence from structures seen in the 𝐽/𝜓𝐽/𝜓 mass spectrum22

by both ATLAS and LHCb [13, 16], though neither collaboration has formally claimed its discovery23

or given significance. The status of X(7100) was more ambiguous in these early studies.24

The new full-heavy tetraquark family is further studied by CMS with larger data samples [18–25

20], and by ATLAS and CMS with additional decay channels [20, 21]. Especially, by angular26

distribution studies and hypothesis testing on the system, CMS determined that the quantum numbers27

𝐽𝑃𝐶 = 2++ are strongly preferred for these newly observed states 4𝑐 states [22]. Notably, in a28

separate study, CMS performed the first full reconstruction of vector 𝐵 mesons 𝐵∗+, 𝐵∗0, and 𝐵∗0
𝑠 ,29

measuring their mass differences with unprecedented precision [23]. The following sections will30

introduce these latest and featured results from the ATLAS and CMS experiments.31

2. Observation of a new family of 4𝑐 exotic states in di-𝐽/𝜓 channel32

The search for exotic hadrons, particularly fully-charm tetraquarks, has been a focal point33

in particle physics. The ATLAS experiment at the LHC conducted a comprehensive search for34

potential 𝑐𝑐𝑐𝑐 tetraquarks decaying into pairs of charmonium states in the four-muon final state [16].35

Using proton-proton collision data at
√
𝑠 = 13 TeV corresponding to an integrated luminosity of36

140 fb−1, ATLAS studied the 𝐽/𝜓 + 𝐽/𝜓 → 4𝜇 decay channel. Backgrounds were estimated using37

a hybrid approach of Monte Carlo simulations and data-driven methods, including single parton38

scattering (SPS) and double parton scattering (DPS). Figure 1 shows the di-𝐽/𝜓 mass spectrum39

with the ATLAS data, yielding significant excess of events (far exceeding 5𝜎) near the di-𝐽/𝜓 mass40
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threshold. Similar to the earlier LHCb results [13], a broad structure at lower mass and a narrow41

resonance at 6.9 GeV are observed.42

uncertainties in J=ψ þ ψð2SÞ. The transfer factor uncer-
tainty is dominated by the SPS model parameter, so it is not
treated as a separate NP. In the J=ψ þ ψð2SÞ channel, the
uncertainty in a transfer factor between the signal and
control regions, and a shape uncertainty derived from the
nonprompt region due to Others (shape inconsistency), are
included. Interference between the 4th resonance and the
other ones are included in systematic uncertainties. In
model α, systematic uncertainties on the lower resonance
shape from the di-J=ψ channel model A fit are also
included. Other systematic uncertainties such as the parton
PDF and Pythia parameters affect signal and background
normalizations only, and are not incorporated in the fits.
The 4μ mass spectra fit to data in the two channels are

shown in Fig. 1. The fitted masses and widths of resonances
are given in Table II. Both the significance of all reso-
nances, and the one for Xð6900Þ alone, far exceed 5σ. (The
asymptotic formula based on the profile likelihood ratio,

Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln½Lðŝ; θ̂Þ=Lð0; ˆ̂θÞ�

q
, is used to calculate the overall

significance, where s is the signal yield and θ are NPs [39].

Similarly for Xð6900Þ alone, Z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 ln½Lðẑ3; θ̂Þ=Lð0; ˆ̂θÞ�

q
is used. In the calculations, the signal shape parameters are
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FIG. 1. The fit to the mass spectra in the signal regions in the di-J=ψ (a,b) and J=ψ þ ψð2SÞ (c,d) channels. Fit results for models
A (a), B (b), α (c), and β (d) are shown. The purple dash-dotted lines represent the components of individual resonances, and the green
short dashed ones represent the interferences among them.

TABLE II. The fitted masses and natural widths (in GeV), and
relative uncertainties of signal yields (Δs=s) in the di-J=ψ and
J=ψ þ ψð2SÞ channels. The results of both the models are given
in each channel. The first uncertainties are statistical while the
second ones are systematic.

Di-J=ψ Model A Model B

m0 6.41� 0.08þ0.08
−0.03 6.65� 0.02þ0.03

−0.02
Γ0 0.59� 0.35þ0.12

−0.20 0.44� 0.05þ0.06
−0.05

m1 6.63� 0.05þ0.08
−0.01 � � �Γ1 0.35� 0.11þ0.11
−0.04

m2 6.86� 0.03þ0.01
−0.02 6.91� 0.01� 0.01

Γ2 0.11� 0.05þ0.02
−0.01 0.15� 0.03� 0.01

Δs=s �5.1%þ8.1%
−8.9% � � �

J=ψ þ ψð2SÞ Model α Model β

m3 7.22� 0.03þ0.01
−0.04 6.96� 0.05� 0.03

Γ3 0.09� 0.06þ0.06
−0.05 0.51� 0.17þ0.11

−0.10
Δs=s �21%þ25%

−15% �20%� 12%
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Figure 1: ATLAS: Using the LHC Run 2 data, two models A (left), 𝐵 (right) on the invariant mass of X in
di-𝐽/𝜓 spectrum for the near-threshold 4𝑐 exotic states [16].

Using the full LHC Run 2 data, the CMS Collaboration observed a new resonance, X(6600)43

with mass 6638+43
−38(stat)+16

−31(syst) MeV, and confirmed the X(6900) with mass 6847+44
−28(stat)+48

−20(syst)44

MeV, both with local significances above 5𝜎 (Figure 2 left). In addition, CMS also reported another45

new structure X(7100) at 7134+48
−25(stat)+41

−15(syst) MeV with a local significance at 4.7𝜎 [17].46

one of its parameters is a free parameter in the fit. The effect
of feed-down from heavier mass states such as the ψð2SÞ is
accounted for as a systematic uncertainty. Combinatorial
backgrounds arise when one or more muon candidates are
not from a J=ψ meson decay and from hadrons that are
misidentified as a muon or misreconstructed. The shapes
of combinatorial backgrounds are well modeled by the
NRSPSþ 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 (BW0) with free mass and
width, which provides a good ad hoc description of this
feature.
We begin with a background-only fit (NRSPSþ

DPSþ BW0) 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 3σ, 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 BW1, BW2, and BW3 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 6.5σ, 9.4σ,
and 4.1σ, 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 BW0, respectively.
We quantify the goodness of fit by the probability of the

fit’s χ2 (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
χ2 probability.
The full χ2 fit probability is 98%. However, the dips in

the data around 6750 and 7150 MeV are poorly described:
the signal-region χ2 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
jr1 expðiϕ1ÞBW1 þ BW2 þ r3 expðiϕ3ÞBW3j2, where r1;3
and ϕ1;3 are the relative magnitudes and phases of BW1;3

with respect to BW2 [65]. We report the results from the
three-way interference model, which shows a signal-region
χ2 probability of 65%, whereas all two-way models have
probabilities below 30%. The three-way interference fit is
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FIG. 1. The J=ψJ=ψ invariant mass spectrum in the range up to 9 GeV, with fits consisting of three signal functions (BW1, BW2, and
BW3) 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 (NRSPSþ DPSþ BW0) 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.
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Figure 3: The J/ψ J/ψ invariant-mass spectrum up to 9 GeV. The data is fit (up to 15 GeV, see
text) with a 3-way interference model using an unbinned likelihood, with the spectrum binned
for display. The model consists of three signal functions [X(6600), X(6900), and X(7100)],
and background components (NRSPS, DPS, combinatorial, a background threshold BW0, and
X(6900) → J/ψ ψ(2S) feed-down). The cumulative squared signal amplitude (proportional to
|M|2) is also shown (“Interfering Xs”). The lower panel shows the data’s deviations from the
fit, in units of standard deviations.

iment. To test the robustness of the X(7100) significance, we evaluated alternative fit-model149

hypotheses that explicitly incorporate the same sources of systematic uncertainties described150

in Materials and Methods, none of which led to a substantial reduction in the significance.151

Thus, the presence of the three distinct structures is now established.152

Mirroring the J/ψ J/ψ model, the J/ψ ψ(2S) mass spectrum, Fig. 4, is fit with interfering X(6900)153

and X(7100) signals, in addition to NRSPS, DPS, and combinatorial backgrounds. The resulting154

masses and widths of the two peaks are given in Table 1. Destructive interference between the155

X(6900) and X(7100) structures is again apparent. Although an alternative hypothesis, in156

which X(6900) is removed and replaced by the X(6600) tail to generate the interference dip,157

can also yield a fit of reasonably good quality (χ2/ndf = 1.36 below 9 GeV). However, the158

clear evidence for the X(6900) state in the J/ψ J/ψ channel provides a compelling motivation to159

include both the X(6900) and the X(7100) in the description of the spectrum (with χ2/ndf =160

1.18 below 9 GeV). Furthermore, the mass and width of the X(6900) from the J/ψ ψ(2S) channel161

are consistent with those from our J/ψ J/ψ data (Table 1), supporting the interpretation that the162

excess of J/ψ ψ(2S) candidates above background and below 7 GeV is the X(6900) structure.163

Although contributions to the excess from threshold effects [24–26] cannot be excluded with the164

amount of data available, the concordance between the J/ψ J/ψ and J/ψ ψ(2S) results indicates165

that other processes do not have a large effect.166

Based on the more precise results from the J/ψ J/ψ channel, and the limited statistics in the167

J/ψ ψ(2S) channel, the masses and widths of both structures are constrained to lie within one168

standard deviation of those obtained from the J/ψ J/ψ fit when performing the likelihood ratio169

Figure 2: CMS: Observation of a new family X(6600), X(6900), and X(7100) of 4𝑐 exotic states in the di-𝐽/𝜓
channel, on LHC Run 2 data, interference model (left) [17] and LHC Run 2 and Run 3 data, interference
model (right) [19].

Combined with the most recent data in LHC Run 3 [19], achieving 3.6 times more di-𝐽/𝜓 pairs47

than previous studies [17], CMS further studied the newly discovered family of 4𝑐 exotic states48

in di-𝐽/𝜓 channel. The signals and interference patterns compared to solely Run 2 data, is more49

significant and clear (Figure 2 right). The local significance for each of the three states exceeds 5𝜎50

with CMS Run 3 data, firmly establishing a collection of three structures. The significances of the51

interference dips around 6750 MeV and 7150 MeV also exceed 5𝜎. Notably, the X(7100) structure52
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in CMS’s observation achieves a local significance of 7.7𝜎 in the di-𝐽/𝜓 channel, marking the first53

time the 5𝜎 level has been surpassed for this candidate in a single experimental analysis.54

3. The 4𝑐 exotic states in 𝐽/𝜓 + 𝜓(2𝑆) channel55

Extending the analysis on the new 4𝑐 exotic states to the 𝐽/𝜓 + 𝜓(2𝑆) decay channel provides56

crucial confirmation of the exotic nature of the observed structures. ATLAS reported an excess with57

LHC Run 2 data in this channel (Figure 3 left). CMS investigated the 𝐽/𝜓𝜓(2𝑆) → 𝜇+𝜇−𝜇+𝜇−58

final state using an integrated luminosity of 315 fb−1 from Run 2 and Run 3 data (Figure 3 right).59

The CMS fittings incorporating interfering X(6900) and X(7100) signals, along with NRSPS, DPS,60

and combinatorial backgrounds, confirmed the presence of these states in the 𝐽/𝜓𝜓(2𝑆) channel,61

as shown in Figure 3 right. In this channel, the X(6900) is observed for the first time at 8.1𝜎62

and the evidence of X(7100) is found at 4.3𝜎. The statistical significance of the X(6900)-X(7100)63

interference is 2.5𝜎. Very recently (after the HQL talk was given by the author), ATLAS provided64

updated results confirming the existence of X(6900) with two channels (𝐽/𝜓 + 𝜓(2𝑆) → 4𝜇 and65

𝐽/𝜓 + 𝜓(2𝑆) → 4𝜇 + 2𝜋 ) combined significance greater than 5𝜎 [21].66
6
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Figure 4: The J/ψ ψ(2S) invariant-mass spectrum up to 9 GeV. The data is fit (up to 15 GeV,
see text) with a 2-way interference model, consisting of two signal functions [X(6900) and
X(7100)], and background components (NRSPS, DPS, and combinatorial). The cumulative
squared signal amplitude is also shown (“Interfering Xs”). The lower panel shows the data’s
deviations from the fit, in units of standard deviations.

test to estimate their significances. When comparing the likelihoods of the fit with the resonant170

structure removed, we find that the significances of X(6900) and X(7100) are 8.1σ and 4.3σ,171

respectively.172

All three LHC experiments favor models incorporating some sort of interference [14–16], al-173

though none achieved conclusive significance. In the J/ψ J/ψ channel of this analysis, the in-174

terference fit achieves χ2/ndf = 1.15 (52/45) over the 6.27.8 GeV signal region, compared with175

3.09 (145/47) for the noninterference fit. To quantify the role of interference in the J/ψ J/ψ176

channel, we performed alternative fits omitting specific interference terms and compared the177

resulting log-likelihoods with that from the full interference model fit. The dips near 6750 and178

7150 MeV correspond to the X(6600)–X(6900) and X(6900)–X(7100) interference terms; their179

exclusion from the fit leads to likelihood degradations with significances exceeding 5σ (9.7σ180

and 6.5σ, respectively). In the J/ψ ψ(2S) channel, the significance of the X(6900)–X(7100) in-181

terference is 2.5σ.182

With our larger data set, we have established all three structures—and two interference dips—183

beyond the 5σ statistical benchmark in the J/ψ J/ψ channel; and confirm the X(6900) (“obser-184

vation”) and X(7100) (“evidence”) in the J/ψ ψ(2S) channel, as well as indications of the inter-185

ference in this different channel. Observation of at least three structures offers an opportunity186

to study trends among the structures and gain further insights.187

Figure 3: Left: ATLAS, using the LHC Run 2 data, the invariant mass of 𝐽/𝜓+𝜓(2𝑆) spectrum [16]. Right:
CMS, using the LHC Run 2 and Run 3 data, the interference fit on the invariant mass of 𝐽/𝜓 + 𝜓(2𝑆) mass
spectrum [19].

In summary, with the LHC Run 2 and Run 3 data, three 4𝑐 structures and two interference67

dips among them have been established with 5𝜎 statistical benchmark in the 𝐽/𝜓𝐽/𝜓 channel;68

X(6900) is also observed in the 𝐽/𝜓 + 𝜓(2𝑆) → 4𝜇 channel. An overview of the masses, widths,69

and significances for 4𝑐 states reported by the LHCb [13], CMS [19, 20], and ATLAS [16]70

collaborations is in Table 171

4. Spin-Parity analysis of the 4𝑐 exotic states72

The determination of the quantum numbers of the all-charm tetraquarks provides crucial73

insights into their internal structure [25–27]. Using data collected from 2016 to 2018 at
√
𝑠 = 1374

TeV, corresponding to 135 fb−1, CMS performed an angular analysis of the 𝑋 → 𝐽/𝜓𝐽/𝜓 → 4𝜇75

decays, adapting techniques originally developed for Higgs boson studies [22].76
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Table 1: Summary of the masses 𝑚 (MeV), widths Γ (MeV), and significances for 4𝑐 states reported by the
LHCb, CMS, and ATLAS collaborations [24]. The uncertainties are statistical followed by systematic.

𝑻𝒄𝒄𝒄𝒄
LHCb CMS ATLAS

𝑱/𝝍𝑱/𝝍 𝑱/𝝍𝑱/𝝍 𝑱/𝝍𝝍(2S) 𝑱/𝝍𝑱/𝝍 𝑱/𝝍𝝍(2S)

𝑚X(6600)
-

6593+15
−14 ± 25

- - -ΓX(6600) 446+66
−54 ± 87

significance 15.2𝜎 [19]

𝑚X(6900) 6886 ± 11 ± 11 6847+10
−10 ± 15 6876+46+110

−29−110 6910 ± 10 ± 10 6960 ± 50 ± 30
ΓX(6900) 168 ± 33 ± 69 135+16

−14 ± 14 253+290+120
−100−120 150 ± 30 ± 10 510 ± 170+110

−100
significance 5.1𝜎 [13] 16.7𝜎 [19] 7.9𝜎 [20] > 5.0𝜎 [16] 4.3𝜎 [16]

𝑚X(7100)
-

7173+9
−10 ± 13 7169+26+74

−52−70
-

7220 ± 30+10
−40

ΓX(7100) 73+18
−15 ± 10 154+110+140

−82−160 90 ± 60+60
−50

significance 7.7𝜎 [19] 4.0𝜎 [20] 3.0𝜎 [16]

The angular observables 𝜃1, 𝜃2, and Φ describe the directions of the decay muons relative77

to the 𝐽/𝜓 rest frames. These distributions are sensitive to the spin (𝐽) and parity (𝑃) of the 𝑋78

states. Various 𝐽𝑃𝐶 hypotheses were tested, including 0−, 0+, 1−, 1+, 2−, and 2+, using optimal79

discriminants 𝐷𝑖 𝑗 derived from likelihood ratios between models. Figure 4 shows the summary of80

statistical tests against the 2+𝑚 model in the CMS study.81
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Figure 4: Summary of statistical tests. Distributions of the test statistic q for various JP
i hy-

potheses tested against the 2+m model. The observed qobs 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+m
model (blue/left) and for each of the alternative JP

i 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 tensor struc-
tures of interaction.

2+m model is again preferred. In each case, one of the mixed models shown in Fig. 4, denoted
as 0+mix or 2−mix, represents the mixed scenario with the least separation from 2+m and is listed in
Table 2. A mixture of 2−m and 2−h contributions does not produce interference. We examine both
constructive and destructive interference between the 0+m and 0+h models, by considering both
positive and negative relative signs between their contributing amplitudes. Constructive inter-
ference results in the smallest deviation from the 2+m model, except in the first 0+mix 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 JPC = 0−+ and 1−+ sce-
narios reject these hypotheses with a significance level exceeding 5 standard deviations when
compared to a 2+m 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.

The 1++ scenario is excluded at more than 99% confidence level, when compared to the 2+m
model. The JPC = 0++ scenario, when considering a combination of possible amplitudes, is
excluded at more than 95% confidence level, when compared to the 2+m model. It is important to
emphasize that the selected 2+m model represents just one possible realization of the JPC = 2++

scenario, and an admixture of other amplitudes could lead to angular distributions resembling
those of the 0++ or 1++ scenarios. The J ≥ 3 quantum numbers are still possible, but J = 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 JPC = 2++ interpretation preferred for the fully
charmed tetraquark states X(6600), X(6900), and X(7100).

Figure 4: CMS: Distributions of the test statistic 𝑞 are shown for various 𝐽𝑃
𝑖

hypotheses tested against the
preferred 2+𝑚 model [22].

The analysis favored the 2++ assignment, with 𝑃 = +1 and 𝐶 = +1 determined from the82

decay final state. Specifically, 𝐽 = 0 and 𝐽 = 1 were excluded at 95% and 99% confidence levels,83

respectively, against the 2++ model. Higher spins (𝐽 ≥ 3) cannot be ruled out but are less probable84

due to higher excitation energies.85

The 𝐽𝑃𝐶 = 2++ assignment supports a tightly bound tetraquark configuration with two spin-186

diquark pairs in a symmetric spatial state (𝐿 = 0), consistent with the observed interference patterns87

and radial Regge trajectory of the X family [22].88
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5. The first exclusive reconstruction of 𝐵∗+, 𝐵∗0, and 𝐵∗0
𝑠 mesons89

CMS performed the first exclusive reconstruction of the vector 𝐵 meson states 𝐵∗+, 𝐵∗0, and90

𝐵∗0
𝑠 using 140 fb−1 of proton-proton collision data at

√
𝑠 = 13 TeV from 2016–2018 [23], as shown91

in Fig. 5. Low-energy photons from 𝐵∗ → 𝐵𝛾 decays were reconstructed through their conversions92

into 𝑒+𝑒− pairs in the detector material, overcoming previous experimental limitations.93

5.31 5.32 5.33
) [GeV]γ+(BM

0

20

40

60

80

100

C
an

di
da

te
s 

/ 0
.4

 M
eV

 (13 TeV)1−140 fb

 CMS

)| < 0.6γ(ηData, |

Fit
+Kψ →+, Bγ+ B→+B*

Background
+πψ →+, Bγ+ B→+B*

5.31 5.32 5.33
) [GeV]γ0(BM

0

10

20

30

40

50

60

70

80

90

C
an

di
da

te
s 

/ 0
.4

 M
eV

 (13 TeV)1−140 fb

 CMS

)| < 0.9γ(ηData, |

Fit

γ0 B→0B*

Background

γ0
s B→0*sB

5.4 5.41 5.42 5.43
) [GeV]γ

s
0(BM

0

2

4

6

8

10

12

14

16

18

20

C
an

di
da

te
s 

/ 0
.5

 M
eV

 (13 TeV)1−140 fb

 CMS

)| < 0.8γ(ηData, |

Fit

γ0
s B→ 0*sB

Background

γ0 B→0B*

Figure 5: The measured distributions of the 𝐵+𝛾, 𝐵0𝛾, and 𝐵0
𝑠𝛾 invariant mass in the lowest |𝜂(𝛾) | range [23].

Ground-state 𝐵mesons were reconstructed in decays 𝐵+ → 𝜓𝐾+, 𝐵0 → 𝜓𝐾∗0, and 𝐵0
𝑠 → 𝜓𝜙,94

where 𝜓 denotes either 𝐽/𝜓 or 𝜓(2𝑆), decaying to 𝜇+𝜇−. A simultaneous fit to the 𝐵𝛾 invariant95

mass distributions in multiple pseudorapidity ranges yielded the mass differences [23]:96

Δ𝑚(𝐵∗+) = 𝑚(𝐵∗+) − 𝑚(𝐵+) = 45.277 ± 0.039 ± 0.027 MeV (1)
97

Δ𝑚(𝐵∗0) = 𝑚(𝐵∗0) − 𝑚(𝐵0) = 45.471 ± 0.056 ± 0.028 MeV (2)
98

Δ𝑚(𝐵∗0
𝑠 ) = 𝑚(𝐵∗0

𝑠 ) − 𝑚(𝐵0
𝑠) = 49.407 ± 0.132 ± 0.041 MeV (3)

These measured mass splittings, combined with precisely known ground-state 𝐵meson masses99

from the Particle Data Group [28], enable the determination of differences between the vector 𝐵100

meson masses. Specifically, under the assumption of uncorrelated uncertainties, the following101

values are used: 𝑚(𝐵0) − 𝑚(𝐵+) = 0.31 ± 0.05 MeV and 𝑚(𝐵0
𝑠) − 1

2 [𝑚(𝐵0) + 𝑚(𝐵+)] = 87.37 ±102

0.12 MeV. This yields the vector mass differences, such as 𝑚(𝐵∗0) − 𝑚(𝐵∗+), which agrees with103

the only previous measurement (from 𝑃-wave 𝐵0
𝑠 mesons [29]) but with approximately threefold104

improved precision. The other vector mass differences are reported here for the first time.105

These results enhance our understanding of heavy meson spectroscopy by providing high-106

precision benchmarks for lattice QCD calculations and heavy quark effective theory [30–32].107

6. Summary108

The latest spectroscopy studies at the LHC, particularly by the ATLAS and CMS experiments,109

have ushered in a new era for the exploration of exotic hadrons and heavy meson structure. The robust110

observation of a new family of fully-charmed tetraquark states, and the first exclusive reconstruction111

of vector 𝐵 mesons with unprecedented mass precision, not only confirm the existence of exotic112

multi-quark states at the LHC, but also provide crucial benchmarks that challenge and refine our113

theoretical understanding of QCD, marking a significant step forward in hadron spectroscopy.114

6



P
o
S
(
H
Q
L
2
0
2
5
)
0
7
5

Spectroscopy studies from the ATLAS and CMS experiments Zhen Hu

References115

[1] M. Gell-Mann, A schematic model of baryons and mesons, Phys. Lett. 8, 214 (1964).116

[2] G. Zweig, An SU(3) model for strong interaction symmetry and its breaking. Version 2, CERN117

Report No. 8182/TH.412, 1964, doi:10.17181/CERN-TH-412.118

[3] A. Ali, L. Maiani, and A. D. Polosa, Multiquark hadrons, Cambridge University Press,119

Cambridge, England, 2019.120

[4] N. Brambilla, S. Eidelman, C. Hanhart, A. Nefediev, C.-P. Shen, C. E. Thomas, A. Vairo, and121

C.-Z. Yuan, The XYZ states: Experimental and theoretical status and perspectives, Phys. Rep.122

873, 1 (2020).123

[5] M. Nielsen and S. J. Brodsky, Hadronic superpartners from a superconformal and supersym-124

metric algebra, Phys. Rev. D 97, 114001 (2018).125

[6] J. Aubert, U. Becker, P. J. Biggs, J. Burger, M. Chen, G. Everhart, P. Goldhagen, J. Leong, T.126

McCorriston, T. G. Rhoades, M. Rohde, S. C. C. Ting, S. L. Wu, and Y. Y. Lee, Experimental127

observation of a heavy particle J, Phys. Rev. Lett. 33, 1404 (1974).128

[7] S. K. Choi et al. (Belle Collaboration), Observation of a Narrow Charmonium-like State in129

Exclusive 𝐵± → 𝐾±𝜋+𝜋−𝐽/𝜓 Decays, Phys. Rev. Lett. 91, 262001 (2003).130

[8] F. E. Close and P. R. Page, The 𝐷∗0𝐷̄∗0 threshold resonance, Phys. Lett. B 578, 119 (2004).131

[9] H.-X. Chen et al., An updated review of the new hadron states, Rept. Prog. Phys. 86, 026201132

(2023).133

[10] BESIII Collaboration, Observation of a charged charmonium-like structure in 𝑒+𝑒− →134

𝜋+𝜋−𝐽/𝜓 at
√
𝑠 = 4.26 GeV, Phys. Rev. Lett. 110, 252001 (2013).135

[11] Belle Collaboration, Study of 𝑒+𝑒− → 𝜋+𝜋−𝐽/𝜓 and observation of a charged charmonium-136

like state at Belle, Phys. Rev. Lett. 110, 252002 (2013).137

[12] LHCb Collaboration, Observation of 𝐽/𝜓𝑝 resonances consistent with pentaquark states in138

Λ0
𝑏
→ 𝐽/𝜓𝐾−𝑝 decays, Phys. Rev. Lett. 115, 072001 (2015).139

[13] LHCb Collaboration, Observation of structure in the 𝐽/𝜓-pair mass spectrum, Sci. Bull. 65,140

1983 (2020).141

[14] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider, JINST142

3, S08003 (2008).143

[15] CMS Collaboration, The CMS Experiment at the CERN LHC, JINST 3, S08004 (2008).144

[16] ATLAS Collaboration, Observation of an excess of dicharmonium events in the four-muon145

final state with the ATLAS detector, Phys. Rev. Lett. 131, 151902 (2023).146

7



P
o
S
(
H
Q
L
2
0
2
5
)
0
7
5

Spectroscopy studies from the ATLAS and CMS experiments Zhen Hu

[17] CMS Collaboration, New structures in the 𝐽/𝜓𝐽/𝜓 mass spectrum in proton-proton collisions147

at
√
𝑠 = 13 TeV, Phys. Rev. Lett. 132, 111901 (2024).148

[18] CMS Collaboration, Development of the CMS detector for the CERN LHC Run 3, JINST 19,149

P05064 (2024).150

[19] CMS Collaboration, Observation of a family of all-charm tetraquark candidates at the LHC,151

Report No. CMS-PAS-BPH-24-003 (2025), url:https://cds.cern.ch/record/2929472.152

[20] CMS Collaboration, Observation of X(6900) and evidence of X(7100) in the 𝜓(2𝑆)𝐽𝜓 to153

4𝜇 mass spectrum in 𝑝𝑝 collisions at CMS, Report No. CMS-PAS-BPH-22-004 (2025),154

url:https://cds.cern.ch/record/2929529.155

[21] ATLAS Collaboration, Observation of structures in the 𝐽/𝜓 + 𝜓(2𝑆) mass spectrum with the156

ATLAS detector, Report No. CERN-EP-2025-182 (2025), arXiv:2509.13101.157

[22] CMS Collaboration, Determination of the spin and parity of all-charm tetraquarks, Nature158

648, 58–63 (2025).159

[23] CMS Collaboration, First exclusive reconstruction of the 𝐵∗+, 𝐵∗0, and 𝐵∗0
𝑠 mesons and precise160

measurement of their masses, Report No. CERN-EP-2025-162 (2025), arXiv:2508.05820.161

[24] Y. Zhao et al., Experimental Review of the Quarkonium Physics at the LHC, Symmetry 17(9),162

1521 (2025).163

[25] C. Becchi et al., A study of 𝑐𝑐𝑐𝑐 tetraquark decays in 4 muons and in 𝐷 (∗) 𝐷̄ (∗) at LHC, Phys.164

Lett. B 811, 135952 (2020).165

[26] W. Wu et al., Benchmark calculations of fully heavy compact and molecular tetraquark states,166

Phys. Rev. D 109, 054034 (2024).167

[27] H. Zhang et al., Perturbative QCD evidence for spin-2 particles in the di-𝐽/𝜓 resonances, Sci.168

Bull. 70, 1915 (2025).169

[28] Particle Data Group, S. Navas et al., Review of particle physics, Phys. Rev. D 110, 030001170

(2024).171

[29] CMS Collaboration, Studies of 𝐵∗
𝑠2(5840)0 and 𝐵𝑠1(5830)0 mesons including the observation172

of the 𝐵∗
𝑠2(5840)0 → 𝐵0𝐾0

𝑆
decay in proton-proton collisions at

√
𝑠 = 8 TeV, Eur. Phys. J. C173

78, 939 (2018).174

[30] J. L. Rosner and M. B. Wise, Meson masses from SU(3) and heavy quark symmetry, Phys.175

Rev. D 47, 343 (1993).176

[31] J. L. Goity and C. P. Jayalath, Strong and electromagnetic mass splittings in heavy mesons,177

Phys. Lett. B 650, 22 (2007).178

[32] M. Karliner and J. L. Rosner, Status of isospin splittings in mesons and baryons, Phys. Rev. D179

100, 073006 (2019).180

8


	Introduction
	Observation of a new family of 4c exotic states in di-J/ channel
	The 4c exotic states in J/+ (2S) channel
	Spin-Parity analysis of the 4c exotic states
	The first exclusive reconstruction of B*+, B*0, and B*0s mesons
	Summary

