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Abstract. The X(3872) production is studied in proton-proton (p-p) collisions at a center-of-mass energy of
vs = 5.36 TeV, using the decay chain X(3872) — J/yn*n~ — u*u n*n~. The data were collected with the
CMS detector in 2024 and correspond to an integrated luminosity of 455 pb~!. The measurement is performed
in the rapidity and transverse momentum ranges |y| < 2.4 and pr > 5 GeV/c. The X(3872) and y/(25) ratio of
cross section times branching fraction is R = (7.60 + 0.52 (stat.) + 1.10 (syst.)) x 1072, This study established
the workflow and laid the groundwork for subsequent study in lead-lead (Pb—Pb) collisions.
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1 Introduction
1.1 Motivation

The X(3872) is an exotic state that was first observed
by the Belle Collaboration in 2003 [[1]. Many collabo-
rations conducted research on X(3872) and made great
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progress. However, the nature of this exotic state is not
yet fully understood. There are different interpretations
of its structure, conventional charmonium, D*(2010)°D°
molecules|2]], tetraquark states[3]] and their admixture[4].
At the LHC, heavy-flavor hadrons are produced in abun-
dance in both proton-proton (p-p) and lead-lead (Pb-Pb)
collisions, allowing for detailed investigations of their pro-
duction mechanisms, decay properties, and interactions
with the surrounding medium. The study of X(3872)
in heavy-ion collisions provides a unique opportunity to
probe its internal structure and binding mechanism in the
presence of a dense and colorful medium. If the state
is a weakly bound hadronic molecule, it is expected to
be more easily dissociated in the quark—gluon plasma,
whereas a compact tetraquark interpretation would imply
a higher survival probability. Therefore, relative and dif-
ferential measurements of X(3872) against nearby char-
monium states, namely ¥(2S'), and across collision sys-
tems (pp vs PbPb) have the power to constrain its binding
energy and pinpoint key QGP medium mechanisms that
interfere with its formation, whether it is enhanced or sup-
pressed. Such missing information shall allow to differen-
tiate among the proposed models.

A previous study conducted a measurement of the nuclear
modification factor of X(3872) based on LHC Run 2 Pb-
Pb collisions. The data samples were collected by the
CMS detector. However, there are not enough statistics,
so the results had too large uncertainties to get a conclu-
sion about X(3872)’s structure[3]].

This study aims to explore the structure of X(3872) further
with CMS Run 3 data. In this study, the workflow has been
refined and preliminary results for p-p collisions have been
finished, which has laid the groundwork for subsequent
study of lead-lead (Pb—Pb) collisions.

1.2 The CMS detector

The Compact Muon Solenoid (CMS) is a general-purpose
detector at the LHC. It has various physics goals includ-



ing studying the Standard Model, searching for extra di-
mensions and dark matter. Although CMS has the same
scientific goals as the ATLAS experiment, the technical
solutions and magnet-system design are different.

The CMS detector has a cylindrical shape with 15m di-
ameter and 21m in length. It has layered structure of sev-
eral sub-detectors. A simplified schematics of the CMS
detector is shown in Figure[T} The most relevant compo-
nents for this project are the muon chambers and silicon
trackers. Particles are reconstructed using algorithms that
combine the signals provided by the subdetectors. A trig-
ger system decides in real time whether to record events or
discard them.

A detailed description of the CMS detector is found in [6].

Figure 1. Schematic transverse view of the CMS detector

1.3 Relevant variables

Here is a list of the main variables that are used in this
analysis.

e 717 : pseudorapidity;

e ¢ : angle of the trajectory of the object in the plane trans-
verse to the direction of the proton beams;

e pr : transverse momentum,;
e M : invariant mass;

e Normalized Flight Length: 3D distance between the pri-
mary vertex (PV) and the secondary vertex (SV) where
X(3872) is formed, normalized by its uncertainty;

e Normalized Flight Length in 2D: distance in the trans-
verse plane between the primary vertex and secondary
vertex, normalized by its uncertainty;

e Pointing Angle (@): opening angle between the PV— SV
flight vector and the reconstructed X(3872) candidate
momentum;

e Projected Pointing Angle (6): opening angle between
the reconstructed X(3872) momentum and the PV-SV
vector projected onto the transverse plane (xy);

e dR: angular distance between each pion track and J/y .

2 Datasets
2.1 Dataset information

This study searches for a final state formed by a pair of
muons along with two tracks. The muon pair forms the ba-
sis for event triggering. In this study, we use p-p collision
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data at a center-of-mass energy of /s = 5.36 TeV, using
the decay chain X(3872) — J/yn*tn~ — u*u ntn~. The
data were collected with the CMS detector in 2024 and
correspond to an integrated luminosity of 455pb~!. The
measurement is performed in the rapidity and transverse
momentum ranges |y| < 2.4 and pr > 5GeV/c.

2.2 pre-selections
2.2.1 Muon and J/y selection

The muon candidates are selected according to the soft-
muon criteria. All muons candidates must fulfill the fol-
lowing acceptance selections:

Py >35GeV/c for [#] < 1.2
P> (547 - 1.89 ) GeV/e for 1.2 < |l < 2.1

Py >15GeV/c for2.1 < |npf <2.4
1
Finally, the surviving muon candidates are paired to form
J/y candidates according to the following requirements:

o the two muons must feature opposite signs;

e the dimuon invariant mass has to be within 0.15 GeV
from the PDG J/y mass;

e probability for the two muon tracks to originate from the
same decay vertex > 1%.

2.2.2 Track selection

Track candidates, pions in the context of this study, were
selected according to the following acceptance criteria:

e transverse momentum prt > 0.5GeV/c,

o pseudorapidity || < 2.4,

and quality criteria:

¢ normalized uncertainty on the track pr, (o7, /pr) < 0.1;
o sum of the numbers of Pixel and Strip hits Ny;s > 10;

o x?/NDF probability divided by Ny, < 0.18.

3 Event Selection
3.1 Sideband Region

The mass distribution after pre-selection cuts introduced
above is shown in Figure[2] According to the distribution,
we could define 3.66 GeV/c? < myjypin < 3.72GeV/c?
as the signal region for ¥(2S), define 3.83GeV/c?> <
My < 3.91GeV/c? as the signal region for X(3872)
and define 3.6GeV/c? < Mypyrin- < 4.0 GeV/c? except
the signal regions as sideband region.
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Figure 2. Mass distribution after pre-selection cuts

Under such definition, the mass distribution of signal
events from MC samples and background events from
sideband data samples is shown in Figure 3] There is
no signal events at the edge of the signal regions, which
proves our selection for signal regions is correct.
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Figure 3. Mass distribution of signal and background events

3.2 Variable Distribution

The distributions of different variables for signal and back-
ground are shown in Figure [d]

‘Comparison of 8_tkidR.

‘Comparison of _chzel

Figure 4. Variable distributions for signal and background

From the distributions, two pre-cuts are selected which are
B_chi2cl > 0.003 and B_Qualueuj < 0.2. The mass dis-
tribution after the pre-cuts are shown in Figure[5]
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Figure 5. Mass distribution after pre-cuts

3.3 Optimization

To distinguish signal from background better, this study
conducted single variable optimization on top of the pre-
cuts. The way to optimize a certain variable is to maximize
its figure of merit (FOM) which is defined in Equation [2]
fs and f;, are the scaling factors for signal and background.
They are defined in Equation [3|and ] S jur is the number
of signal in data and S ¢ is the number of MC events.
Bgigna is the number of background in the signal region.
Byidepana 18 the number of background in the sideband re-
gion. S jaia» Bsignat and Biigepang are obtained from the fit.

fsS
VS + f,B

S data
s = 23
J; Smc ©)

FOM = ()

B.:
fb _ 5 signal (4)
sideband

In this study, the FOM for ¥(2S5) and X(3872) are cal-
culated separately in order to compare their distributions,
which should be similar. The cut that maximizes the FOM
of X(3872) is the optimal cut for this variable. The dis-
tributions of FOM with respect to different variables are
shown in Figure[6] Not all optimal cuts are chosen. Be-
cause the pre-cuts could distinguish signal from back-
ground well, only those optimal cuts that do not reject too
many events and make the background smooth are chosen
as selection cuts.

Figure 6. FOM distributions for (2S) and X(3872)



The optimal cuts chosen in this study are B_Qualueuj <
0.095, B_trk1dR < 0.639 and B_trk2dR < 0.64. After
these optimal cuts on top of pre-cuts, the mass distribution
is shown in Figure[7]
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Figure 7. Mass distribution after optimal cuts

4 Cross Section

4.1 Signal Yield

In this study, the following fit model is adopted to get sig-
nal yield from data:

e (25) : double Gaussian with shared mean value

e X(3872) : single Gaussian

e background : third order Chebychev Polynomial

The fit result is shown in Figure [§] The yield of y/(25) is
(3.11£0.03) x 10*. The yield of X(3872) is (2.87 +0.19) x
10°.
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Figure 8. Mass fit result

4.2 Acceptance and Efficiency

The signal yield obtained from fit is the number of events
which are reconstructed and selected. In order to measure
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the number of events that are produced by collisions, this
study measured acceptance and efficiency to correct the
yield. Acceptance and Efficiency are defined as:

NaCC
A= , @)
NGen
Nsel
= —, 6
¢ Nacc ( )

NgEgn 1s the number of events that are produced by colli-
sions. N, is the number of events that are accepted and
detected by CMS detector. N, is the number of events
that are reconstructed and pass all the cuts.

In order to calculate acceptance and efficiency, a MC sam-
ple is produced. By applying cuts to this MC sample, the
number of events before and after the cuts could be mea-
sured. Then acceptance and efficiency could be calculated
by definition.

4.3 Cross Section and Ratio

The production cross section for a particle is an important
physical observable which is defined in Equation [7]

N

U:AXexBxL' 7

N is signal yield obtained from the fit. A and € are accep-
tance and efficiency which are determined from the MC
sample. % is the branching fraction, which is obtained
from PDG ( Particle Data Group). L is the integrated lu-
minosity of pp collision which is provided by the CMS
collaboration.

The branching fraction for X(3872) to decay into J/yr*n~
has large uncertainties according to PDG [7]. Therefore,
this study doesn’t measure the cross sections. Instead, the
ratio of the products of cross sections and branching frac-
tions is measured as Equation [§]shows.

_ o(pp — X(3872) + anything) x BR(X(3872) — J/yn"n")

a(pp — W(2S) + anything) X BR(y(2S) — J/yrtn)

_ Nx@sray X Ayes) X €s)

®)

B Nyos) X Ax3872) X €x(3872)

5 Statistic and Systematic Uncertainties
5.1 Systematic Uncertainties

The systematic uncertainties which arise from alternative
fit models are determined. Method 1 replaces the sin-
gle Gaussian employed in the nominal method for fitting
X(3872) with double Gaussian which uses a scaling factor
times the sigmas used in the double Gaussian for fitting
Y(2S). Method 2 replaces the single Gaussian employed in
the nominal method for fitting X(3872) with double Gaus-
sian. Method 3 replaces the third order Chebychev poly-
nomial employed in the nominal method for fitting back-
ground with fourth order Chebychev polynomial. The fit
results of these methods are shown in Figure [9]
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Figure 9. Different fit models for for ¥(25) and X(3872)

The systematic uncertainties from alternative fit models
are the quadrature sum of the maximum uncertainties of
signal and background model variations which are sum-
marized in Table[Tl

Table 1. Systematic Uncertainties

w(2S) | X(3872)
Method I | 0.46% | 4.89%
Method 2 | 0.09% | 14.5%
Method 3 | 1.02% | 0.15%
Total | 1.12% | 14.5%

5.2 Statistic Uncertainties

The statistic uncertainties which arise from fitted data are
measured in Table[2l

Table 2. Systematic Uncertainties

Y(2S)
1.01%

X(3872)
6.70%

Total
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6 Results and Conclusions

This study focuses on CMS Run 3 p-p data at /s =
5.36 TeV. The main parts of this study are event selec-
tion, signal yield and uncertainties study. The result of
this study is the ratio of the product of cross sections
and branching fractions of X(3872) and ¥(2S) which is
(7.60 + 0.52(stat.) + 1.10(syst.)) x 1072,

This study established the workflow for exploring X(3872)
and measuring its property and laid the groundwork for
subsequent study based on Pb—Pb collisions.
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