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Studies of the X(3872) at Belle II
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The X(3872) is one of the most puzzling resonances ever observed. First seen by the Belle Collaboration in 2003, it solicited the effort
of a hundred of experimental physicists and dozens of theorists, who nowadays are trying yet to shed light on the nature of this peculiar
resonant state. It was seen in several decay modes and different production mechanisms, and confirmed by several experiments, so it is well
established, and recently is addressed as theχc1(3872). Here we report about a re-discovery of the X(3872) with early Belle II data, and
discuss plans for future measurements once the full integrated planned luminosity will be achieved by Belle II.
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1. Introduction

The so-called X(3872) is an exotic resonant state that does
not fit into potential models [1]. It was observed for the first
time by the Belle Collaboration in theB± → J/ψπ+π−K±

decay channels [2], by analyzing theJ/ψπ+π− invariant
mass. This is one of the most cited articles ever pub-
lished by Belle, updated later in 2011 [3]. Several experi-
ments published on that [4–14], also in different production
mechanisms and other decay modes [15–20]. Nowadays the
X(3872) is well established, and its interptetation is still puz-
zling because its quantum numbers do not fit into the poten-
tial models.

2. State of the art

The LHCb experiment definitively established that the
X(3872) hasJPC = 1++ [21], excluding in this way some
hypotheses about its interpretation. The X(3872) can be un-
luckily interpreted as a standard charmonium state, due to its
narrow width and strong isospin violation. The most suitable
and preferred interpretations are nowadays charm molecule
or tetraquark, but yet other hypotheses cannot be ruled out.
In fact, among the possible explanations are those interpret-
ing the X(3872) as a hybrid state where the gluon field con-
tributes to its quantum numbers, or a glueball without any
valence quarks at all. A mixture of these explanations is also
possible.

The measurement of the X(3872) width could actually
constrain theoretical models. The best value that Belle could
measure as an upper limit (UL) at 90% confidence level (c.l.)
was 1.2 MeV [3]. No conventional hadron is expected to have
such a narrow width in the charmonium spectrum. How-
ever, recently LHCb pushed further the investigation of the
X(3872) width, in B decays [7] or inclusively [8], always in
the J/ψπ+π− final state, but using different data sets. By
performing an analysis of the X(3872), in the assumption
of a Breit-Wigner (BW) parameterization of its lineshape,

LHCb established that the X(3872) width is equal to 1.39
MeV [8]. The reason of performing a simple BW fit is that
it neglects potential distortions. A precise measurement of
the X(3872) lineshape could help elucidate its nature. LHCb
then used also a Flatté model, and the extremely challenging
width value of 220 keV was measured [22]. The LHCb re-
sults favour the interpretation of this state as a quasi-bound
D0D̄∗0 molecule. Further studies are ongoing.

Both LHCb and Belle analyzed the invariant mass system
of J/ψπ+π− in B decays, for the width measurement. The
conclusion reported by the LHCb analyses [14, 22] is that at
the actual status of the art of this search there is no way to
distinguish the Flatt́e from the BW model.

The logic question could be whether exists or not a decay
channel that could be more sensitive to the X(3872) width
measurement, and if an experiment exists, which can distin-
guish between different lineshape parameterizations. In other
words, understanding the lineshape of the X(3872) plays a
fundamental role in disclosing its nature.

A leading role in undersanding the nature of the X(3872)
is played by the analysis of theX(3872) → D0D̄0∗, which
was started at Belle, but only 50 events were fitted over 657
fb−1 data [15].

The analysis of the X(3872) in prompt production at
FNAL and LHC showed interesting results:

• Production rate at Tevatron is too large by orders of
magnitude for a X(3872) to be a weekly-bound charm
molecule [23,24].

• Re-scattering effects could introduce additional inter-
actions between D mesons in the final state, therefore
the X(3872) production rate could enhance.

• Re-scattering could be significant if the relative mo-
menta of the D mesons are small, and at large
transverse momenta. Therefore, measuring thepT -
dependence of the X(3872) production rate could
give insights about the validity of thecharm-meson
moleculehypothesis.
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• CMS has observed copious X(3872) produced in
prompt processes rather than B mesons (only 26% in
B decays) [25]: the predictedpT -dependence of the
X(3872) is actually larger than the measured rate, but
fairly modeled. In addition, recent observation of the
X(3872) inBs → X(3872)φ decays at CMS suggests
another laboratory for studying its properties [26].

LHCb recently scrutinized the nature of the X(3872) by
studying its multiplicity dependent relative suppression com-
pared to a conventional charmonium state,i.e. ψ(2S). In
the hypothesis of the X(3872) being a hadronic molecule, its
radius should be large at the order of 10 fm, while in the
hypothesis of a compact tetraquark it is supposed to be 1
fm [27]. If one consider the decay of the X(3872) toD0D∗0

mesons, the difference between the X(3872) and its decay
products is found to be equal to 0.1 MeV/c2. LHCb has found
that the X(3872) prompt ratio decreases with the multiplic-
ity [28], which means a stronger suppression of X(3872) over
ψ(2S) is observed. This argument is used against the charm
molecule interpetation [29].

The Belle experiment has also given a remarkable contri-
bution in trying to understand the properties of the X(3872),
to better constrain theoretical models. In fact, it was mea-
sured:

• ∆M , defined as the X(3872) mass difference in B
charged and B neutral decays. It is evaluated to be (-
0.69± 0.97± 0.19) MeV/c2, which is compatible with
zero. This is against the quark-antiquark model.

• R(X), defined as the ratio of the branching ratio of
the charged and neutral B meson decays, where the
X(3872) was observed. It was measured to be (0.50±
0.14± 0.04). In the molecular model, it should range
in [0.06,0.29].

• search for charged partners, which gave no positive
outcome in the decaysB0 → K−π+π0J/ψ and
B+ → K0π+π0J/ψ.

• search forB0,+ → D0D̄0π0K0,+. The branching ra-
tio of these 2 decay modes is found identical, within
statistical error, then R(X) here is compatible with 1.
Evidence for theX(3872) → D0D̄0∗ has been found
at Belle.

The analysis of theX(3872) → D0D0π0 is extremely
interesting, since it shows sensitivity to the X(3872) width
measurement. In fact, the difference between the X(3872)
mass and that of its decay products in this case would be 7.05
MeV/c2 (D0D̄0π0) and 0.1 MeV/c2 (D0D̄0∗). In order to
perform this analysis, and experiment with good photon re-
construction is required.

3. The Belle II experiment

The Belle II experiment is an asymmetrice+e− collider, col-
lecting data mostly at the center of mass energy of theΥ(4S),

FIGURE 1. Integrated luminosity as function of the years, as
planned in Belle II. The peak luminosity is shown under 2 different
hypothesis: before and after the IR (interaction region) upgrade.

which decays toBB̄ pairs. Spectroscopy analysis through B
decays, or in the continuum, or via initial state radiation (ISR)
are possible at B factories. So far Belle II collected 239 fb−1

data in roughly one year of data taking, which corresponds to
the integrated luminosity that the old Belle experiment col-
lected in 4 years. The Belle II experiment can be considered
as a major upgrade of the Belle experiment, and it is located
at the same site, at KEKB (Tsukuba, Japan). The Belle II ex-
periment is designed to reach an integrated luminosity of 50
ab−1, for which both, the detector and the KEKB facility had
to be upgraded.

A plan for the future integrated lumnosity at Belle II is
given in the scheme of Fig. 1.

4. Charmonium spectroscopy at Belle II

Spectroscopy analysis through B decays, or in the continuum,
or via initial state radiation (ISR) are possible at Belle II. The
analysis of the X(3872) is a hot topic analysis of the Belle II
charmonium spectroscopy program.

Our MC simulations demonstrated that the lower limit in
the width measurement of the X(3872), when analyzing the
B → D0D0∗K decay channel, is 189 keV (see Fig. 2).

Further studies are ongoing, considering different models
for the X(3827) lineshape, to understand if Belle II will be
able in early future to discriminate between,e.g. the Flatt́e
and the BW parameterization, which so far LHCb is also not
able to discriminate. Indeed LHCb in the hypothesis of Flatté
parameterization, published the impressive value of 220 keV
for the X(3872) width [22]. The decay channel that will be
under investigation in Belle II for the purpose of the measure-
ment of the X(3872) width isX(3872) → D0D̄0π0. The
reason is that to constrainD0∗ → D0π0 is a strong assump-
tion, being unknown the pole position of the X(3872). In this
case one makes the assumption that the X(3872) pole is above
theD0D∗0 threshold, for which we have got no confirmation
so far. This assumption would exclude a priori a possible so-
lution. By analyzingX(3872) → D0D̄0π0 all possibilities
remain open.
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FIGURE 2. MC simulations. Projection of the X(3872) width mea-
surement at Belle II, depending on the available integrated lumi-
nosity. The blue dots show that with a statistics of 50 ab−1 data the
limit that one could reach is 0.65 MeV (5σ effect), or 0.3 MeV with
a 3σ effect (red dots), or 189 keV as a new UL at 90% c.l. (black
dots). The old Belle UL corresponding to 1.2 MeV is shown as a
bold horizontal red line.

5. Analysis of the X(3872) → J/ψπ+π− at
Belle II

With 62.8 fb−1 re-processed Belle II data it was possibile to
studyX(3872) → J/ψπ+π− in B decays, and confirm the
former Belle result. The analysis was conducted by analyz-
ing theB+,0 → J/ψπ+π−K+,0 channels. As control sam-
ple, the analysis of theψ(2S) → J/ψπ+π− was performed.

Particle identification was applied to leptons and pions in-
volved in the decay channel under exam, and a standard mass
window selection around theJ/ψ andK0

s masses is applied.
J/ψ is reconstructed to leptons (e, µ), then mass constrained.

Useful kinematic variables to study areMbc (beam-
constrained mass) and∆E (energy difference), defined as
Mbc =

√
(E2

beam/c4 − |pB/c|2) and∆E = Ebeam − EB ,
respectively. The continum suppression is guaranted by the
conditionR2 < 0.4, whereR2 represents the Fox-Wolfram
momentum of the second order, normalized to the zero or-
der. The result of the unbinned maximum likelihood fit is
reported in Fig. 3. The study of the control sample reveals
good agreement with the PDG value.

With the statistics available for this study almost an ob-
servtion of the X(3872) is provided (4.6σ significance). The
signal is efficiently reconstructed; 19.1% reconstruction effi-
ciency is quoted on the charged B channel. This preliminary
analysis on early Belle II data reveals an excellent agreement
with the old Belle analysis [3], with improvement in term of
reconstruction efficiency, and consequently fitted events.

6. Conclusion

The Belle II experiment is performing good, and so far col-
lected 239 fb−1 data. Preliminary results on 62.8 fb−1 data
show the first re-discovery of the X(3872). We are looking
forward to collect the whole data set at the c.m. energy of
theΥ(4S), and repeat this interesting analysis in all possible
decay modes at Belle II. A plan to combine Belle and Belle
II data for the investigation of theX(3872) → D0D̄0π0 has
been already approved.

FIGURE 3. Fit to Belle II data of theJ/ψπ+π− invariant mass distribution in [left]B± → J/ψπ+π−K± and [right]B0 → J/ψπ+π−K0
S ,

using 62.8 fb−1 data sample.
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