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Exotic quarkonia

• Quarkonia-like particles not 
explained by the quark model.
• We focus on the χc1(3872) also 
known as X(3872):
• discovered by Belle in 2003,
• confirmed by BaBar, LHCb, CDF, 

DØ, CMS, ATLAS and BES III,
• one of the firsts,
• still unknown structure.
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The X(3872)

• Exotic quarkonium:
• IG(JPC)=0+(1++)

• Mass of 3871.64 MeV.
• ccuu
• Unknown structure:

• mesonic molecule (D0D0),
• compact tetraquark.
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How can we get information about the 
internal structure of the the X(3872)?
• Quantum numbers.
• Spectroscopy.
• Decays.
• Studying how a thermal 
medium modifies its properties.

separately for X(3872) and ψ2S states. The corrected yield
of the prompt component can then be derived as

Ni→J=ψππ ¼ Ni
rawfiprompt=ðαϵrecoϵselÞi; ð4Þ

where i is X(3872) or ψ2S, α is the acceptance, ϵreco is the
candidate reconstruction efficiency and ϵsel is the candidate
selection efficiency. Since the two states are reconstructed
in the same decay channel and are relatively close in mass,
their corresponding αϵreco values are similar. The choice
of the BDT optimization criteria results in ϵsel being higher
for the X(3872) than for the ψ2S.
The measurement of ρPb-Pb is affected by several sources

of systematic uncertainty, arising from the candidate
selection, invariant mass fit, and efficiency corrections.
To estimate the systematic uncertainty associated with the
BDT selection, the BDT cutoff values are varied within a
range that allows a robust invariant mass fit procedure (i.e.,
signal statistical significance larger than 2), and for each
variation all factors in Eq. (4) are recalculated, separately
for X(3872) and ψ2S. The maximum difference of the final
ρPb-Pb value from the nominal result (40%) is quoted as the
systematic uncertainty. The relatively large ρPb-Pb uncer-
tainty associated with BDT cutoff value is the convolution
of mainly two causes: the BDT variables distribution
differences in data and MC samples for the X(3872)
meson, and the statistical limitation of the signal in data.
The largest differences (∼2 standard deviations) between
data and MC samples are in the distributions of the pT of

the pions, and the radial distance between the pion and the
J=ψ candidate momentum vectors.
The uncertainty in the invariant mass fit (8.0%) is

calculated by adding in quadrature the maximum devia-
tions from the nominal result to that found using two
alternative fitting functions for both signal and background.
For the signal, one variation consists of using a triple-
Gaussian function, while for the other the signal width
of the nominal fit is allowed to float to account for the
resolution difference between data and MC samples. Other
choices for the signal shape (e.g., one-Gaussian function)
were not considered because of their poor-quality fits. For
the background, the fit function is changed once to a third-
order polynomial (as an exponential function or lower-
order polynomials could not describe the data), and the
fit range is also changed from 3.62–4 GeV=c2 to
3.62–3.9 GeV=c2 to exclude the right-hand shoulder.
The efficiency corrections obtained from simulation are

sensitive to how well the pT spectrum of the X(3872) and
ψ2S candidates is modeled. The uncertainty related to
the simulated pT shape is evaluated by comparing the
reconstruction and selection efficiencies calculated using
the default PYTHIA MC sample, with another MC sample in
which the pT distributions of X(3872) and ψ2S are tuned to
reproduce the extracted X(3872) and ψ2S pT and y spectra
obtained in data, by performing mass fits in bins of X(3872)
and ψ2S pT and y. The pT and y spectra of the alternative
MC samples are allowed to vary within the statistical
uncertainties in data. The mean of the differences between
efficiencies from the alternative MC samples and the default
PYTHIAMC due to the variation of pT and y spectra, which is
13%, is quoted as the systematic uncertainty.
The uncertainties in the trigger efficiency in the muon

reconstruction and identification are evaluated using single
muons from J=ψ meson decays in both simulated and
collision data, with the tag-and-probe method [44,45]. This
combined uncertainty is found to be negligible, below 1%.
Scale factors, calculated as the ratio of data to simulated
efficiencies as a function of pμ

T and ημ, are applied to each
dimuon pair on a muon-by-muon basis. The uncertainties
of the scaling factors from tag-and-probe studies are quoted
as systematic uncertainties.
To estimate the uncertainty in the prompt fraction arising

from potential differences between the resolution in data
and simulation, a template fit of the lxy distribution in data
is performed using prompt and nonprompt lxy templates
from simulation. Data are binned in lxy, and an invariant
mass fit is performed to extract the inclusive yield in each
lxy bin. This background-subtracted lxy distribution is then
fitted using a two component fit, which includes the prompt
and nonprompt lxy templates from simulation. The widths
of the simulated DCA distributions are varied by a floating
scale factor, and the best simulated smearing scale factor to
match data is determined by minimizing the χ2 of the two-
component fit. The difference between the ratio of the
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FIG. 2. The yield ratio ρPb-Pb of prompt X(3872) over ψð2SÞ
production in Pb-Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.02 TeV. The vertical
bars (boxes) correspond to statistical (systematic) uncertainties.
The yield ratios ρpp of prompt X(3872) over ψð2SÞ production in
pp collisions at

ffiffiffi
s

p
¼ 8 TeV, measured by ATLAS [8], and atffiffiffi

s
p

¼ 7 TeV, measured by CMS [7] are also shown.
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Outline

• Study how the potential of the X(3872) is modified in a thermal 
medium.
• Assume it is a tetraquark (similar study possible for a molecule).
• Non-perturbative physics only allows us to get qualitative results.
• Perturbative non-relativistic QCD, lattice QCD, large Nc limit…
• Two steps:

• compute the potential taking the heavy quarks as static color sources using 
lattice,

• solve the Schrödinger equation for the heavy quarks.



From vacuum to finite temperature

• We want a way to transform a vacuum potential into a medium 
potential:

• In position space:

with the C(mD) such that V(r,mD)=V(r,0) up to linear order.

V (r,mD) = C(mD) + 4π

∫ r

dr′
∂V (r′, 0)

∂r′

∫ r
′

dr′′r′′2ε−1(r′′,mD)

V (p,mD) =
V (p, 0)

ε(p,mD)



The X(3872) vacuum potential

• No lattice results for tetraquarks, but…
• Heavy hybrid mesons:

• heavy quark-antiquark pair,
• light degrees of freedom (gluons),
• similar color algebra:
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The X(3872) in-medium potential

• Real part of the potential:

• Imaginary part of the potential:

Re[V (r,mD)] = A
−1
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Real part of the potential

[PLB 854 (2024) 138760]



Imaginary part of the potential

• It is an octet potential.

• Needs regularization.

• Large Nc.

Im[V (r,mD)] = Γ(mD) = A
−1T +

A2T

m3
D

6π

∆
[PLB 854 (2024) 138760]



Solving Schrödinger 
equation
• Eigenenergies → binding energy
• Eigenfunctions → size of the 
particle
• Dependence on the temperature →
dissociation temperature:
• binding energy higher than potential 

barrier,
• particle much bigger than screening 

length.

T ≈ 250 MeV
MSR =

√

⟨r2⟩



The survival probability

• By definition:
S(t) = exp

[

−

∫

t

t0

dτΓ(T (τ), τ)

]

[PLB 854 (2024) 138760]



Something missing

RAA

We did not include
recombination.

Average for p? and y values
accessible at LHCb.

Preliminary result.

Cold Nuclear Matter model
e↵ects taken from
Phys.Rev.D 105 (2022) 1,
014019.
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Clearly missing coalescence!

[PRL 128 (2022) 032001][N Armesto, MA Escobedo, E Ferreiro & V López-Pardo, in preparation]



Conclusions and outlook

• If the initial temperature is larger than 250 MeV, the X(3872) does 
not form in the medium.
• If the initial temperature is smaller than 250 MeV, the system does 
form but it quickly decays.
• We must estimate other effects like recombination, coalescence…
• Our approach can be applied to other potential models for the 
X(3872) (such as the molecular hypothesis), even to other particles.



Thank you for listening!
ご清聴ありがとうございました！

c̄
u

ū
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