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One of the most intriguing puzzles in hadron spectroscopy are the numerous charmonium-like
states observed in the last decade, including charged states that are manifestly exotic. The BABAR
and Belle experiments have extensively studied those in B meson decays, initial state radiation
processes and two photon reactions. We can question what we have undestood after 11 years
search in this field, and try to combine results to conclude on what these new unpredicted resonant
states are, and how they can be accommodated in the theory. Big effort has been made from
theoretical and experimental point of view, as the potential models unlikely explain the presence
of so many enhancements, for mass values above the DD threshold. In this report the BABAR and
Belle results of the two invariant mass systems of J/w¢ and J/y® are put in comparison in a
search for non-conventional charmonium states. This means to study the systems of J/WwK+TK~
and J /w10, respectively. There are strong theoretical arguments in favor of the presence of
hybrids or exotic states, in those invariant mass distributions.

Remarks on these data analyses are given, based on the BABAR and Belle experimental results.
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1. Introduction

Since the discovery of the X (3872)[1] many new resonant states have been observed, reveal-
ing a spectrum too rich to be uniquely described by potential models[2]. Some of these states were
predicted and recently observed; some others were predicted but have never been found; some
others were seen, but they were never predicted by any theoretical model. In some cases these
enhancements have been controversial, as several of those have not been confirmed by all experi-
ments. We use to name as X, Y, Z the unpredicted states whose nature is still unclear, due mostly
to the inability to assign quantum numbers. The logic question might be what we have understood
after 11 years of these unexpected findings. In trying to answer to this question, in this report the
experimental results related to the study of two invariant mass distributions are compared, using
the BABAR and the Belle data sets.

The QCD spectrum is much richer than that of the naive quark model, as the gluons, which
mediate the strong force between quarks, can also act as principal components of entirely new types
of hadrons: glueballs, hybrids, etc. In searching for these new forms of aggregation of matter, we
analyze systems where the production of new resonant states can be enhanced: B color-suppressed
decays, yy interaction processes, ISR processes, and double-charmonium production.

The invariant mass systems of J/y® and J/y¢ have been analyzed in B decays and two-
photon production processes. These two invariant mass distributions show similarities: both con-
stituent particles are vector states, the invariant mass range is larger than the DD threshold, and the
production of exotics is potentially allowed in both cases. The invariant mass distribution of J/y @
is known for the search of the X (3872) and the X (3915); the invariant mass distribution of J/y¢
has recently gained attention because of the controversial claims of the X (4140) and the X (4270).

2. Remarks on the analysis of the invariant mass J/y®

The invariant mass system of J/y® was analyzed in B decays (in the process B — J/y oK)
and via yy interactions. The invariant mass distribution J/w® is definitively not PHSP distributed.
Several resonant states have been observed in the mass range available for the system of J/y®. We
know them as the X (3940), the X (3915), the ¥ (3940) and the Z(3930): they have been observed in
different decay modes, and they have been measured with similar mass values. The logic question
is if they can be identified as the same resonance, how they can be accommodated in the theory
and if there are predictions in the potential models for these states. The answer to these questions
comes from experimental observations and from the results of the angular distribution analyses.

The X (3915) resonance, decaying to the J/y final state, was first observed by the Belle
Collaboration in two-photon collisions[3]. Another resonance, dubbed Y (3940), has been observed
inthe B— J/ywK process by Belle[4, 5], then confirmed by BABAR[6, 7]. The mass measurement
for the Y (3940) observed by Belle, is consistent with that of the X(3915) observed by BABAR.
Thus, the same particle, with a mass of about 3915 MeV/c?, may have been observed in two distinct
production processes. The Z(3930) resonance has been discovered in the yy — DD process[8, 9].
Its interpretation as the X2 (2P), the first radial excitation of the 3P, charmonium ground state, is
commonly accepted[10]. Interpretation of the X (3915) as the x.0(2P)[11] or x.2(2P) state[12] has
been suggested. The latter implies that the X (3915) and Z(3930) are the same particle, observed in
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Table 1: Summary of combined results for X(3940), X(3915), Y(3940) and Z(3930)

Resonance Mass (MeV/c?) Width (MeV) JFC Interpretation
X(3940) 3942 4+ 9 372

Y (3940)/X(3915) 39184+ 1.9 20+ 5 0" x.0(2P)?
7(3930) 39272+ 2.6 24+ 6 27 x0(2P)

different decay modes. However, the product of the two-photon width times the decay branching
fraction (BF) for the X (3915) reported by Belle[5] is unexpectedly large compared to other excited
cc states[10]. Interpretation of the X(3915) in the framework of molecular models has also been
proposed[13].
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Figure 1: Invariant mass distributions of J/w® produced in the process ee™ — J/y via yy fusion at
Belle (left) and BaBar (right).

BABAR and Belle have searched for the X (3915), already observed from both in B decays, in
the process ete™ — J/yo via yy fusion[25, 14], and they have found excellent agreement in the
mass measurement of this resonance. In Fig. 1 the plots published from the 2 experiments for the
X (3915) produced in two-photon interactions are shown. Results are reported in Table 1.

The X (3872) and the X (3915) were found in their decay to J/y in B decays; however, no
evidence for the signal of the X (3872) was found in J/y® via two-photon interactions.

The angular analysis performed by BABAR[15] to understand the nature of the X(3915) al-
lowed to fix its quantum numbers: it is very likely a state with J” = 0. Logically we can think
that the X (3915) is the missing state y.o(2P) of the charmonium spectrum. However, the mass
difference between the two states, X(3915) and Z(3930), identified as the x.0(2P) and x.i(2P)
respectively, is found to be ~10 MeV, for an excitation from J = 0 to J = 2. Just for comparison,
the equivalent difference between the states x.;(1P), with J = 0,2, is roughly 142 MeV. This poses
into question the interpretation of the X (3915) as x.o(2P), or it brings us to question the model.
The mass and width of the X (3915), found in yy fusion, are consistent with the parameters pub-
lished by BABAR for the state decaying to J/w® in B decays; therefore we can conclude that it is
the same particle. These values are also slightly consistent with the parameters of the state called
Y (3940) that Belle observed in 2005, in the decay B — J/y®K, decaying to J/y®. A summary
of these conclusions can be find in Table 1.

3. Remarks on the analysis of the invariant mass J/y¢

Strangeness in charmonium seems a sector still to be exploited. While resonant structures
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like the X(3872) have been seen in B — XK, X — J/y ", or like Y(4260) by investigating the
process eTe” — YsrX, X — J/yn T [16, 17, 1], no indication of new states has been observed in
the J/yw KK~ invariant mass system, until the paper quoted in Ref. [18] highlighted the possibility
of a couple of resonant states, decaying to J/y¢, with ¢ — K*K~ and J/y — u*u~. These
observations are nowaday controversial.

The rare decay B — J/y@K is interesting because it is a promising place to search for new
resonances, as it proceeds, at quark level, via the weak transition b — c¢s. It could be a quasi-two-
body decay, B — X,K, with X, — J/y¢, where X, = |gcéss >, with gluonic contribution (g).

BABAR has looked for possible resonant states decaying to two mesons: J/y, and another
meson with strange s-quark content. The present BABAR analysis describes the case of X, — J/y¢,
¢ — KTK~ in B decays. We look also for exotic charged states, such as Z — J/wK™. J/y and
¢ are 2 vector states, so non-parametrizable polarization effects can be shown in the dynamics of
their interaction. Thus, more complications can arise compared to the phase-space (PHSP) model.
Exotic quantum number combinations are theoretically allowed in this case. Predictions for hybrids
come mainly from calculations based on the bag model, flux tube model, constituent gluon model
and recently, with increasing precision, from Lattice QCD.

The analysis B" — J/yKTK K+, B® — J/yK*K~K?, B" — J/w¢K " and B® — J/y¢K?
are performed by BABAR using 469 million pairs. With B™ we will imply in the text also the
charged conjugate B~. The ¢(1020) signal region is selected in the mass range [1.004; 1.034]
GeV/c?. J/y is recontructed through its decays to e~ and u* ™, then it is mass constrained. An
unbinned maximum likelihood fit is performed to extract the yield and calculate the BFs. Detailed
explanation of these calculations are reported in Ref. [19], together with the relevant discussion
for the non-resonant KK~ contribution to the BF of B — J/wKKK and systematic uncertainty
calculation. For the first time the non-resonant KK~ contribution to the BF of B — J/WKKK is
observed. Here we report only the relevant information for the analysis of the three invariant mass
distributions: J/w¢, J/wK, KKK, for both charged and neutral B samples.

BABAR has searched for the resonant states reported by the CDF Collaboration in the J/y¢
mass spectrum. The masses and the widths in the fit are fixed to values according to Ref. [18].
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Figure 2: BABAR simulations: efficiency distribution on the Dalitz plot for (a) Bt — J/w¢K™ and (b)
B —1J/ y/(ng. (c) Average efficiency distribution as a function of the J/y¢ mass for Bt — J/y¢K™.

A significant efficiency decrease at low J/y¢ mass (see Fig. 2) is observed by BABAR, due
to the inability to reconstruct slow kaons in the laboratory frame, as a result of energy loss in the
beampipe and SVT material. An unbinned maximum likelihood fit to the channel B™ — J/y¢K™
is performed, modeling the resonances with an inchoerent sum of two S-wave relativistic Breit-
Wigner (BW) functions with parameters fixed to the CDF values [18]. A non-resonant contribution
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Figure 3: BABAR data: Dalitz plot projections for B* —J/y¢K " on (a) m3, . (b) m3 ., and (c) m; e
The continuous (red) curves are the results from fit model performed including the X (4140) and X (4270)
resonances. The dashed (blue) curve in (a) indicates the projection for fit model with no resonances included
in the fit. The shaded (yellow) histograms indicate the evaluated background.
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Figure 4: BABAR data: projections on the J/y¢ mass spectrum from the Dalitz plot fit with the X (4140)
and the X (4270) resonances for the (a) BT, (b) BY, and (c) combined BT and B® data samples. The continuous
(red) curves result from the fit; the dashed (blue) curve in (a) indicates the projection for fit model D, with
no resonances. The shaded (yellow) histograms show the estimated background contributions.

is described according to PHSP. The decay of a pseudoscalar meson to two vector states contains
high spin contributions which could generate non-uniform angular distributions. However, due to
the limited data sample (212 yield for B* and 50 for B?, in the signal area, respectively) such an-
gular terms have been not included, and the assumption is that the resonances decay isotropically.
The fit function is weighted by the inverse of the two-dimentional efficiency computed on the Dalitz
plots (see the continuous red curve in Fig. 3 and Fig. 4). BABAR has perform the fits using models
with two resonances, one resonance, and no resonances. All models provide a reasonably good
description of the data, with y? probability larger than 5%. The following corrected-estimates
for the fractions for BT are then obtained, where the central values of mass and width of the two

resonances are fixed to the values recently published by CDF[18] (Eq. 1) and CMS [20] (Eq. 2),
respectively:

Fx(aa0) = (92£3.3£4.7)%, fr(azro) = (10.6 £ 4.8 £7.1)%, 3.1)

These values are consistent with each others within the uncertainties. For comparison, CMS
reported a fraction of 0.10 +0.03 for the X(4140), compatible with CDF, LHCb and our val-
ues within the uncertainties. CMS could not determine reliably the significance of the second
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structure X(4270) due to possible reflections of two-body decays. A significance smaller than

20 is found for the 2 peaks, within systematic uncertainties, by BABAR. Using the Feldman-
Cousins method[21], we obtain the ULs at 90% CL: BF (BT — X (4140)K™) x BF (X (4140) —
J/wo)/BF (Bt —J/w¢K")<0.135, and BF (BT — X (4270)K ") x BF (X (4270) — J/w¢)/BF (B™ —
J/WoK™) <0.184.

The X (4140) limit may be compared with the CDF measurement of 0.149+0.039+0.024 [18]
and the LHCb limit of 0.07 [22]. The X (4270) limit may be compared with the LHCb limit of 0.08.
A detailed description of all BFs and ULs shortly introduced in this report is provided in Ref. [19]:
this work has been recently submitted to PRD.

As an additional contribution to Ref. [19], which explains in detail this analysis performed by
BABAR, we provide some plots for a comparison between the BABAR data and the data published
in Ref. [18, 20, 22, 23]. In Fig. 5 you can see a comparison among the data of other experiments
that published on the J/y¢ invariant mass for B" — J/w@K™: the data are scaled by a factor
taking in consideration the different integrated luminosity used from each experiment, and they are
also background-subtracted, using information from Ref. [18, 20, 22, 23]. We also rebin properly
the data in the histograms of Fig. 5 and 6, for the correct comparison. Fig. 6 shows the comparison
between the BABAR data, re-weighted by the Dalitz efficiency and background-subtracted, and
what was published from other experiments.

The other experiments investigate only the Bt decay within a limited J/y¢ mass region,
which is different for each experiment, while BABAR analyzed the full range of J/y¢ for both
decay modes, B” and B*, where J/y — e*e™ and J/w — u* . For the other experiments the
BFs are not estimated, so we cannot do comparison between our BF measurements and the others.
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Figure 5: J/y¢ invariant mass distributions for the comparison between the CDF and CMS data (left);
LHCb and CMS data (center); DO and CMS data (right). Informations are taken from the references [18,
22,20, 23]. Data are rebinned, background-subtracted and properly scaled as indicated in the labels, for the
comparison.

The experiment Belle has shown the plot of the invariant mass distribution of J/y¢ in B de-
cays, but only for B" — J/w¢K™, as preliminary result[24]. Belle, having four times larger sample
of the reconstructed B" — J/w@K " decay compared to CDF[18], has found only 7.5t49_4 4 for
the Y(4140), from the fit with the resonance parameters fixed to the CDF values (Fig. 7). As for
the BABAR analysis, Belle found low reconstruction efficiency close to the J/y¢ mass thresh-
old, as clearly shown in Fig. 7(center) as dashed magenta curve; so the Belle data have sensitivity
lower than the CDF one in that area. While BABAR decided to re-weight the fit function by the
2D-Dalitz efficiency (Fig. 2), or to re-weight the data directly by the Dalitz efficiency[19], event
by event, Belle did not perform this study. The upper limit set by Belle, B(B™ — Y (4140)K™) x



Exotic states Elisabetta Prencipe

|
Events/30 ¥
5 g 8 5
JENRERRY] T T
| | |
Events/20 ¥
o @ »
g g 5
ARSI
S
3
Events/20 ¥
g 2 g
T

4.4 48 4.4 48 4.4
Mass[J/psi phi] GeV Mass[J/psi phi] GeV Mass[J/psi phi] GeV

Figure 6: Invariant mass system of J/y¢: comparison between the BABAR data (blue data points),
reweighted by the Dalitz efficiency and background-subtracted, and those published by CDF (top-left),
DO (top-right), LHCb (down-left), and CMS (down-right). Informations are taken from the references
[18, 22, 20, 19, 23].

B (Y — J/y¢) <6 x107° remains in agreement with this BF product measured by CDF: (9.0 +
3.442.9) x 10°. The BABAR estimate of the same Belle observable is Z(B* — Y (4140)K*) x
B (Y — J/w¢) <5.7 x1075, in perfect agreement with the Belle result. Belle has also investi-
gated the J/w¢ mass system produced in the yy fusion processes[25]. In this reaction, states with
JPC€=0*+* or 2+ are allowed to be formed. In the analysis performed by Belle, no evidence of
signal is found at a mass value m = 4.14 GeV/c?, as shown in Fig. 7(c); indeed, a narrow state is
seen around m = 4.35 GeV/c?. Belle measured upper limits on the product of the two-photon decay
width of the Y (4140) and its BF: T'yy (Y (4140))2(Y (4140) — J/y¢) < 41 eV for J¥ =0T or <
6.0 eV for J* =2%. These values are much lower than predicted for Y(4140), in the hypothesis that
it would be a D§" D}~ molecule.
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Figure 7: Dalitz plot of Bt — J/w¢K™ on the Belle data set (left); invariant mass distribution of J/y¢
from B decays in Belle (center); invariant mass of J/y¢ produced in yy fusion in Belle (right).

In summary, both BABAR and Belle have not find evidence for the two resonances claimed
by the CDF collaboration, but they could evaluate upper limits on the presence of these states in
the invariant mass system of J/y¢. Both BABAR an Belle experiments show lower sensistivity
at threshold of the invariant mass distribution of J/w¢ due to the poorer reconstruction of kaons.
BABAR has corrected data by the efficiency, evaluated from 2D-Dalitz plot study on MC PHSP
simulations. Systematic effect due to polarization are taken into account, as explained in Ref. [19].
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