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Two recents results in conventional and exotic heavy hadron spectroscopy with the CMS detector
are presented and discussed. They concern the first observation of the Λ0

𝑏
→ 𝐽/𝜓 Ξ−𝐾+ decay

and the observation of two, possibly exotic, near-threshold structures in the di-charmonium mass
spectrum and the evidence for a third one. Both results are based on the LHC Run-2 dataset
collected by CMS in the years 2016-2018 with proton-proton collisions at

√
𝑠 = 13 TeV.
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1. First observation of the Λ0
𝑏
→ 𝐽/𝜓 Ξ−𝐾+ decay

The CMS Collaboration has observed for the first time [1] the Λ0
𝑏
→ 𝐽/𝜓 Ξ−𝐾+ decay (D1)

through the baryonic decay chain Ξ → Λ𝜋 (D2), Λ → 𝑝𝜋, whereas 𝐽/𝜓 → 𝜇+𝜇−. The more
copious normalization channel Λ0

𝑏
→ 𝜓(2𝑆)Λ (D3) is reconstructed with 𝜓(2𝑆)→ 𝐽/𝜓𝜋+𝜋− (D4),

𝐽/𝜓 → 𝜇+𝜇−, in order to have a similar (but not identical) topology and kinematics with the search
channel. This in turn would allow to reduce systematic uncertainties when estimating the branching
fraction ratio:

R=
B(D1)
B(D3) =

N(D1)
N (D3) ×

𝜀(D3)
𝜀(D1) ×

B(D4)
B(D2) (1)

where N are the yields estimated by the fit to the mass spectra, 𝜀 represent the total efficiencies
evaluated on simulated data in order to correct yields, and the last ratio is borrowed by the PDG.

Figure 1 shows the invariant mass distributions for the two final states after a selection maxi-
mizing the expected signal significance. The Unbinned Maximum Likelihood (UML) fit shown in
the right plot provides an estimate of the statistical significance for the new decay ≃ 5.8𝜎 by means
of the likelihood ratio method. All the details of the analysis can be found in Ref. [1].

The branching fraction ratio is estimated with yields and efficiencies extracted after a slightly
tighter selection than the one providing the distributions in Figure 1: R = 3.38 ± 1.02(stat) ±
0.61(syst) ± 0.03(B) [1], where the latter is associated to the uncertainties of the used PDG values.
All the details of the evaluation of the systematical uncertainties can be found in Ref. [1]. The large
statistical uncertainty is due to the relatively small yield of the newly observed signal.

The background-subtracted two-body mass distributions, obtained by applying the SPlot tech-
nique, can be used to search for intermediate resonances when compared with the phase-space
model derived from simulation. In the case of the Λ0

𝑏
→ 𝐽/𝜓 Ξ−𝐾+ decay, these distributions do

not show any relatively narrow peak and agree within uncertainties with the phase-space profile.
For the time being, the sensitivity to potential pentaquark signals in the 𝐽/𝜓 Ξ± mass spectrum is
limited by the low signal yield. However, this new decay represents the first 3-body decay allowing
to access the 𝐽/𝜓 Ξ sub-system and will be re-investigated when more data will be available.

Figure 1: Measured 𝐽/𝜓 Ξ−𝐾+ (right) and 𝜓(2𝑆)Λ (left) invariant mass distributions and overlaid fit results.
In both UML fits the signal is fitted with a Student’s t-distribution and the background with an exponential.
In the control channel all parameters are left free whereas, in the new low-statistics channel, the 𝑛 parameter
of the Student’s t-distribution is fixed to the value found in simulation. From Ref. [1].
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2. Study of new structures in the 𝐽/𝜓 𝐽/𝜓 mass spectrum

In 2020 the LHCb Collaboration observed a peak in the 𝐽/𝜓𝐽/𝜓 mass spectrum [2], denoted as
the 𝑋 (6900) and considered with great interest as a possible charmed tetraquark, even if alternative
interpretations have been advocated as well. In CMS [3], after the event selection of the 𝜇+𝜇−𝜇+𝜇−

final state, a baseline model to fit the di-𝐽/𝜓 is built with a minimal number of potential structures
added to the null-hypothesis (the background-only) by adding, at each subsequent step, a model
for the most prominent structure, and keeping it in the baseline if the local statistical significance
(obtained by the likelihood ratio method) results greater than three sigmas. This procedure is
repeated until no more possible structures can be added.

The background description considers two main physical background sources associated to
two genuine 𝐽/𝜓s randomly combined arising both from non-resonant single parton scattering
(NRSPS) and double parton scattering in a single pp collision (DPS). Their shapes in the 𝐽/𝜓𝐽/𝜓
mass spectrum are borrowed from simulation that includes direct production and also feed-down
processes. Additional feed-down processes from double-charmonium resonances are generated
separately. Residual combinatorial background sources accounts for at least one non-genuine 𝐽/𝜓
candidate arising from either at least one genuine muon candidate not from a 𝐽/𝜓 decay or at least
one hadron mis-identified/mis-reconstructed as muon. The clear inadequacy of the NRSPS shape
to model a near threshold enhancement (that could be either a genuine resonance or a feed-down
effect) suggests to consider this additional background modelled empirically by a Breit-Wigner
(𝐵𝑊0) with mass and width as free parameters. The incoherent sum of the NRSPS contribution,
the DPS one and the ad hoc 𝐵𝑊0 constitute the overall background-only model.

The final signal model, built following the prescription earlier described, includes three Breit-
Wigner functions (𝐵𝑊1, 𝐵𝑊2 and 𝐵𝑊3) to deal with the three resonant structures appearing to lay
above the overall background. Each scalar relativistic Breit-Wigner is convoluted with a Gaussian
resolution function, the mass resolution being rising from 10 MeV at 6.5 GeV to 18 MeV at 7.3 GeV.

In the unbinned maximum likelihood fit, shown in Figure 2, all the three widths are much
larger than the mass resolution. The local significances of the peaks (evaluated by the likelihood
ratio method) are 9.4𝜎 for 𝐵𝑊2, 6.5𝜎 for 𝐵𝑊1 and 4.1𝜎 for 𝐵𝑊3. Values for mass, width and
yields for the three signals are reported in the upper half of the Table 1. Under the assumption of no
interferences between signal components and between signals and background, this fit brings the
confirmation of the 𝑋 (6900) (with the values of the 𝐵𝑊2 being consistent with the LHCb ones),
the observation of lower mass structure, called 𝑋 (6600), and the evidence for the higher mass one
denoted as 𝑋 (7100). The probability of the fit is only 𝑃(𝜒2) ≈ 9% because of the two dips that are
poorly described, thus the next step consisted in introducing interference with the aim to increase
the agreement.

The interference models are based on the three found structures. A 3-way interference was
implemented assuming the three structures to be 𝐽𝑃 = 0+ resonances. The corresponding fit (Figure
3) shows a 𝑃(𝜒2

𝑓 𝑖𝑡
) ≃65%, thus representing a clear improvement with respect to the best fit obtained

without considering any kind of interference, thanks to the improved description of the two dips.
This 3-way interference was implemented with a term proportional to (𝐵𝑊2 is used as reference):
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Figure 2: The 𝐽/𝜓𝐽/𝜓 invariant mass spectrum in the range up to 9 GeV, with the fit model consisting
of three signal functions (𝐵𝑊1, 𝐵𝑊2, and 𝐵𝑊3) and the overall background model (NRSPS+DPS+𝐵𝑊0 as
discussed in the text). The fit does not include any interference. The lower plot shows the bin-by-bin pulls,
i.e., the number of standard deviations that the binned data differ from the fit curve. From Ref. [3].

| 𝑟1𝑒𝑥𝑝(𝑖𝜙1)𝐵𝑊1 + 𝑟2𝐵𝑊2 + 𝑟3𝑒𝑥𝑝(𝑖𝜙3)𝐵𝑊3 |2 (2)

The fit improvement brought an improvement in the local statistical significance of each structure
as well. In particular for the third structure (𝐵𝑊3), it turns out to be slightly below the observation
(≃ 4.7𝜎). However, when considering the look-elsewhere-effect by means of a Monte Carlo
pseudo-experiment technique, the estimated global significance of 𝐵𝑊3 drops to 3.4𝜎. The 3-way
interference fit result is reported in the lower part of the Table 1.

BW1 BW2 BW3

No interference 𝑚 (MeV) 6552 ± 10 ± 12 6927 ± 9 ± 4 7287+20
−18 ± 5

Γ (MeV) 124+32
−26 ± 33 122+24

−21 ± 18 95+59
−40 ± 19

𝑁 470+120
−110 492+78

−73 156+64
−51

Interference 𝑚 (MeV) 6638+43+16
−38−31 6847+44+48

−28−20 7134+48+41
−25−15

Γ (MeV) 440+230+110
−200−240 191+66+25

−49−17 97+40+29
−29−26

Table 1: Summary of the fit results for the 𝐽/𝜓𝐽/𝜓 invariant mass distribution. The mass 𝑚 and natural
width Γ 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. From Ref. [3].
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Figure 3: The 𝐽/𝜓𝐽/𝜓 invariant mass spectrum in the range up to 9 GeV, with the fit model consisting
of three signal functions (𝐵𝑊1, 𝐵𝑊2, and 𝐵𝑊3) and the overall background model (dashed yellow line).
The fit does include interference and "Interfering BWs” refers to the total contribution of all the interfering
amplitudes and their cross terms. The lower plot shows the bin-by-bin pulls, i.e., the number of standard
deviations that the binned data differ from the fit curve. From Ref. [3].

The possible 2-way interferences were also considered but the corresponding fits turned out to
be less preferred, with probabilites 𝑃(𝜒2

𝑓 𝑖𝑡
)< 30%.

Interference between different resonances is motivated by the idea that the states could have
the same quantum numbers and be coherently produced. The NRSPS background interfering with
Breit-Wigner signals (LHCb model II in Ref. [2]) is considered less probable as it may be a mixture
of different 𝐽𝑃 states. Nevertheless the LHCb model II was investigated on CMS data with the
CMS background shape and no good fit was obtained. Moreover a 3-way interference plus the
interference between the three (Breit-Wigner modeled) signals and the NRSPS background was
considered without obtaining an improvement.

It should be noted that the interference between resonances is one possible mechanism: other
models may be able to reproduce the dips as well.

The ATLAS Collaboration confirmed the 𝑋 (6900) structure and a near-threshold excess [4].
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