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1. Introduction

ATLAS and CMS are general-purpose experiments designed to explore a wide range of physics
topics, from precision measurements within the Standard Model to searches for physics beyond it.
Despite not being specifically optimized for flavor physics, both experiments have demonstrated
remarkable capabilities in this domain, including hadron spectroscopy. Spectroscopy plays a
fundamental role in deepening our understanding of non-perturbative Quantum Chromodynamics
(QCD), providing essential inputs for precision measurements and enabling the discovery of exotic
hadronic states beyond the conventional quark model. In particular, the study of multiquark systems
such as tetraquarks offers a unique opportunity to investigate new forms of matter and test theoretical
predictions.

2. Fully Charmed Tetraquark States

One of the most intriguing recent developments is the observation of structures in the J /iy J [y
invariant mass spectrum, interpreted as candidates for fully charmed tetraquark states (cccc). The
CMS Collaboration has reported three such states, denoted as X(6600), X(6900), and X(7100),
analysing data from the Run 2 of LHC (2016-2018) [3].

A key question concerns the nature of these states: whether they correspond to tightly bound
tetraquarks or loosely bound molecular systems of two charmonia. The determination of their
quantum numbers is therefore crucial, and this is the main goal of a subsequent analysis performed
again by CMS on Run 2 data (2016-2018) [4]. The analysis of angular distributions in the decay
products allows the comparison between different spin-parity hypotheses. If the X states are
tetraquarks, then parity would be expressed as P = (—1)~. The lowest and most probable energy
state is spatially symmetric (L. = 0, P = +1): for symmetric configuration we will have J=0 or 2,
while for asymmetric configuration the possible values for J would be 0, 1, or 2. In case of a loosely
bound molecule state, instead, the two mesons are not restricted to form spin -1 states and values of
J =0 or 1 are more likely.

Results indicate that the JPC = 2** configuration is favored. This scenario is naturally
consistent with a compact tetraquark interpretation, in which a diquark-antidiquark structure with
spin-1 constituents leads to total spin J=2. In contrast, a molecular interpretation appears less
compatible with the observed properties.

With the inclusion of Run 3 (2022-2024) data, in addition to the full Run 2 already analysed,
the statistical significance of the observed structures has significantly improved [5]. The X(6600)
and X(6900) states are observed with very high significance, while the X(7100) state now exceeds
the 50 threshold in a single experiment, firmly establishing the presence of three distinct structures.
It is important to highlight that the Run 3 yield exceeds that of Run 2 by over 250%, despite the
ratio between the two integrated luminosity is about 4/3. This achievement was possible thanks to
a strong enhanced trigger efficiency. Furthermore, interference effects among these states suggest
that they share common quantum numbers, supporting the interpretation of a tetraquark family. The
J/WJ [y invariant mass is shown in figure 1.
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Figure 1: Left:The J/yJ/y invariant-mass spectrum up to 9 GeV from the CMS Collaboration. The data
distribution is fit (up to 15 GeV, see text) with a three-way interference model using an unbinned likelihood,
with the spectrum binned here for display. The model consists of three signal functions [X(6600), X(6900),
and X(7100)], and background components. The lower panel shows the difference between the data and
the fitted model, in units of standard deviations [5]. Right: Fits to the di-J/y mass spectrum in the signal
region from the ATLAS collaboration. The purple dash-dotted lines represent the components of individual
resonances, and the green short dashed ones represent the interferences [6]

3. Search for Resonances in the J /¢ + ¢ (2S) System

To further investigate the nature of these exotic states, searches have been extended to the
J /iy +(2S) final state by the ATLAS Collaboration using Run 2 data (2015-2018) [6]. The analysis
has been performed in multiple decay channels, including not only the fully leptonic (J /¢ — 2u
and ¥ (2S) — 2u) but also the semi-leptonic final states (J /¢ — 2u and y(25) — J /Y (— 2u)nn)
that have a branching ratio larger by a factor of 2. Different fitting models have been employed
to describe the invariant mass spectrum, considering scenarios with one or more resonances and
possible interference effects. The results from these models are consistent with each other and
provide evidence for a structure near 6.9 GeV, with a statistical significance of about 90-. These
results confirm the presence of structures in the J /¢ + (2S) channel, favoring a single-resonance
hypothesis near 6.9 GeV, while the existence of a potential resonance near 7.2 GeV is not supported
by the current data.

Following this result, the CMS Collaboration analysed the combination of Run 2 and Run 3
data (314fb™") in the J/y — 2u and (2S) — 2u (4u) channel [7], with a strategy that follows
the di-J/y search already described in section 2. This result further confirms the presence of the
X(6900) and provide indications for the X(7100) state, reinforcing the overall picture of a family of
exotic states.

4. Exclusive Reconstruction of Excited Beauty Mesons

Another important result concerns the first exclusive reconstruction of the excited beauty
mesons B**, B*", and B (generically called B* where needed, for sake of brevity). While the
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ground states of these mesons are well established, their excited counterparts have been much less
explored due to experimental challenges. The main difficulty arises from the low-energy photons
(40-50 MeV) emitted in the B* — By transitions. The analysis presented here, performed by the
CMS Collaboration, is based on full Run 2 data (2016-2018) and exploits the low energy photon
reconstruction via their conversion into electron—positron pairs within the detector material [8].
The ground-state B mesons are reconstructed using the decays: B* — yK*, B — yK*°, and
BY — ¢, where  stands for both the J /i and ¢ (2S) mesons, in the u*u~ final state, and K*° and
¢ represent the K(892)** and ¢(1020) mesons and are reconstructed in the K*7~ and K*K~ final
states, respectively. To achieve the necessary resolution, dedicated selection criteria and energy
calibration techniques are applied. Photon conversion candidates are formed from two opposite
sign tracks for which small angular separation and small distance of closest approach are required,
together with a conversion vertex at least 1.5 cm away from the beam axis and a y? probability above
0.05% for a kinematic fit that constrains the two tracks to originate from a common vertex with
0 invariant mass. After such requests, only photon candidates with pr > 300MeV and |p| < 1.5
are kept. It is shown that the measured momenta of the tracks tend to be lower than the true
momenta, due to loosing energy while traversing the tracker; photon energy scale (PES) correction
is performed using the 7° — yy process, reconstructed from two converted y in several ranges of
pr and |n|. The PES is found to be in the range 1.002—-1.04 in the kinematic range relevant for this
analysis. To improve the resolution, the final invariant mass of the By system is evaluated using the
M(By) =m(By)—-m(B)+M g DG The resolution of M (By) is found to be strongly dependent on
[7(y))|, from 0.7MeV at |5(y))| close to zero to about 2MeV at |(y))| around 1.5. For the lowest
|n(7y))| bin, the distributions of the three excited states can be seen in Figure 2.

The mass differences between the excited mesons and their corresponding ground states are
measured to be Am(B**) = m(B**) —m(B*) = 45.277 £0.039 +0.027M eV, Am(B*°) = m(B*°) -
m(B%) = 45.471 + 0.056 + 0.028MeV, and Am(B:%) = m(B:%) — m(BY) = 49.407 + 0.132 +
0.041M eV, where the first uncertainties are statistical and the second are systematic. These results
improve on the precision of previous measurements by an order of magnitude.

This result demonstrates the excellent performance of the detectors in challenging conditions
and opens new possibilities for precision studies of heavy-flavor spectroscopy.

5. Conclusions and Outlook

Spectroscopy has become an increasingly important component of the physics program of both
ATLAS and CMS. Significant progress has been achieved in the study of exotic hadronic states,
particularly fully charmed tetraquarks, whose properties are now being characterized with increasing
precision. The exploration of different decay channels and the inclusion of larger datasets have
strengthened the evidence for a family of tetraquark states, while ongoing studies continue to probe
their internal structure and quantum numbers. Atthe same time, measurements involving low-energy
photons, such as those required for the reconstruction of excited beauty mesons, highlight both the
experimental challenges and the capabilities of the detectors. Looking ahead, Run 3 data will play
a crucial role, providing increased statistics and improved trigger strategies. These advancements
are expected to further deepen our understanding of hadron spectroscopy and potentially lead to the
discovery of new states.
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Figure 2: The measured distributions (filled circles) of the B*y (upper left), B’y (upper right), and B%y
(lower) invariant mass in the lowest |r7(y)| range, which has the best invariant mass resolution. The
simultaneous fit projections are shown with thick red lines, and the other components are described in the
legends. The error bars represent statistical uncertainties in data [8].
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