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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment Highlights Accelerator Years Institute Production

BaBar Y (4260) [29] PEP-II 1999–
SLAC

e+e� annihilationY (4360) [108] 2008
(Menlo Park,

(ECM ⇡ 10 GeV):
California,

USA)

e+e� ! BB̄; B ! KX

Belle

X(3872) [4]

KEKB 1998–
KEK

e+e� ! Yb

Y (3940) [106]

2010
(Tsukuba,

e+e� ! ⇡Zb

X(3915) [166]

Japan)

e+e�(�ISR)! Y
Zc(4430) [30, 136, 137]

e+e�(�ISR)! ⇡Zc

Zb(10610),

e+e� ! J/ + X
Zb(10650) [160, 162, 163]

�� ! X
Yb(10888) [151, 152]

Belle II
Upcoming

SuperKEKB 2018–continuation of
Belle

CLEO-c Y (4260) [142] CESR-c 2003–
Cornell U.

e+e� annihilation
⇡+⇡�hc [177] 2008

(Ithaca,
(ECM ⇡ 4 GeV):New York,

USA)
e+e� ! Y

BESIII

Zc(3900) [22, 154]

BEPCII 2008–
IHEP

e+e� ! ⇡ZZc(4020) [156, 158] (Beijing,
e+e� ! �XY (4230) [149] China)

X(3872) [52]

CDF
Y (4140) [126]

Tevatron 1985–
Fermilab pp̄ collisions

Y (4274) [132]

2011
(Batavia, (ECM ⇡ 2 TeV):

X(3872) [178, 179, 172]
Illinois,

D0
X(3872) [171]

USA) pp̄! X + any
Y (4140) [174]

pp̄! B + any; B ! KX
X(5568) [175]

ATLAS �b(3P ) [180]

LHC 2010–

CERN

pp collisions

(Geneva,

(ECM = 7, 8, 13 TeV):

Switzerland)

CMS
X(3872) [28]

pp! X + any

Y (4140),

pp! B + any; B ! KX

Y (4274) [130]

pp! ⇤b + any; ⇤b ! KPcLHCb

Zc(4430) [138, 139]
X(3872) [109]

Pc(4380),
Pc(4450) [35]

Y (4140),
Y (4274) [125, 131]

COMPASS photoproduction [181] SPS 2002-2011

µ/⇡ beam on N target

a1(1420) [182]

(pbeam ⇡ 160, 200 GeV)

⇡N ! XN
�N ! XN

P̄ANDA Upcoming HESR
GSI

p̄ beam on p target

(Darmstadt,
(pbeam ⇡ 1.5–15 GeV):

Germany) pp̄! X
pp̄! X + any

GlueX Beginning
CEBAF 2016–

Je↵erson Lab � beam on p target

(searches for light (Newport News, (Ebeam  11 GeV):

CLAS12 quark hybrid mesons) Virginia,
USA) �p! Xp
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CLAS12 quark hybrid mesons) Virginia,
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Yð4260Þ state does not have a natural place within the
quark model of charmonium [6]. Furthermore, while being
well above the D !D threshold, the Yð4260Þ shows strong
coupling to the !þ!$J=c final state [7], but relatively
small coupling to open charm decay modes [8–12]. These
properties perhaps indicate that the Yð4260Þ state is not a
conventional state of charmonium [13].

A similar situation has recently become apparent in
the bottomonium system above the B !B threshold, where
there are indications of anomalously large couplings
between the "ð5SÞ state [or perhaps an unconventional
bottomonium state with similar mass, the Ybð10890Þ]
and the !þ!$"ð1S; 2S; 3SÞ and !þ!$hbð1P; 2PÞ final
states [14,15]. More surprisingly, substructure in these
!þ!$"ð1S; 2S; 3SÞ and !þ!$hbð1P; 2PÞ decays indi-
cates the possible existence of charged bottomoniumlike
states [16], which must have at least four constituent
quarks to have a nonzero electric charge, rather than the
two in a conventional meson. By analogy, this suggests
there may exist interesting substructure in the Yð4260Þ !
!þ!$J=c process in the charmonium region.

In this Letter, we present a study of the process eþe$ !
!þ!$J=c at a center-of-mass (c.m.) energy of

ffiffiffi
s

p ¼
ð4:260& 0:001Þ GeV, which corresponds to the peak of
the Yð4260Þ cross section. We observe a charged structure
in the !&J=c invariant mass spectrum, which we refer to
as the Zcð3900Þ. The analysis is performed with a 525 pb$1

data sample collected with the BESIII detector, which is
described in detail in Ref. [17]. In the studies presented
here, we rely only on charged particle tracking in the main
drift chamber and energy deposition in the electromagnetic
calorimeter (EMC).

The GEANT4-based Monte Carlo (MC) simulation soft-
ware, which includes the geometric description of the
BESIII detector and the detector response, is used to
optimize the event selection criteria, determine the detec-
tion efficiency, and estimate backgrounds. For the signal
process, we use a sample of eþe$ ! !þ!$J=c MC
events generated assuming the !þ!$J=c is produced
via Yð4260Þ decays, and using the eþe$ ! !þ!$J=c
cross sections measured by Belle [3] and BABAR [5].
The !þ!$J=c substructure is modelled according to the

experimentally observed Dalitz plot distribution presented
in this analysis. ISR is simulated with KKMC [18] with a
maximum energy of 435 MeV for the ISR photon, corre-
sponding to a !þ!$J=c mass of 3:8 GeV=c2.
For eþe$ ! !þ!$J=c events, the J=c candidate is

reconstructed with lepton pairs (eþe$ or "þ"$). Since
this decay results in a final state with four charged parti-
cles, we first select events with four good charged tracks
with net charge zero. For each charged track, the polar
angle in the main drift chamber must satisfy j cos#j< 0:93,
and the point of closest approach to the eþe$ interaction
point must be within &10 cm in the beam direction and
within 1 cm in the plane perpendicular to the beam direc-
tion. Since pions and leptons are kinematically well sepa-
rated in this decay, charged tracks with momenta larger
than 1:0 GeV=c in the lab frame are assumed to be leptons,
and the others are assumed to be pions. We use the energy
deposited in the EMC to separate electrons from muons.
For muon candidates, the deposited energy in the EMC
should be less than 0.35 GeV, while for electrons, it should
be larger than 1.1 GeV. The efficiencies of these require-
ments are determined from MC simulation to be above
99% in the EMC sensitive region.
In order to reject radiative Bhabha and radiative dimuon

($eþe$=$"þ"$) backgrounds associated with a photon-
conversion, the cosine of the opening angle of the pion
candidates, which are true eþe$ pairs in the case of
background, is required to be less than 0.98. In the eþe$

mode, the same requirement is imposed on the !&e'

opening angles. This restriction removes less than 1% of
the signal events.
The lepton pair and the two pions are subjected to a four-

constraint (4C) kinematic fit to the total initial four-
momentum of the colliding beams in order to improve
the momentum resolution and reduce the background.
The %2 of the kinematic fit is required to be less than 60.
After imposing these selection criteria, the invariant

mass distributions of the lepton pairs are shown in Fig. 1.
A clear J=c signal is observed in both the eþe$ and
"þ"$ modes. There are still remaining eþe$ !
!þ!$!þ!$, and other QED backgrounds, but these can
be estimated using the events in the J=c mass sideband.
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FIG. 1 (color online). The distributions ofMð"þ"$Þ (left panel) andMðeþe$Þ (right panel) after performing a 4C kinematic fit and
imposing all selection criteria. Dots with error bars are data and the curves are the best fit described in the text.
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Figure 1: Invariant-mass distribution of selected B+ ! J/ �K+candidates with the fit overlaid.

that used in Refs. [14, 15] but the requirement on the �2
IP of kaon candidates is loosened,

where �2
IP is defined as the di↵erence in the vertex-fit �2 of the event primary pp collision

vertex (PV) candidate, reconstructed with and without the particle considered. The
BDTG response is constructed using eight variables: the kaon minimum �2

IP, the minimum
kaon particle identification probability, and the scalar sum of kaon momentum component
transverse to the beam direction (pT), the B+ candidate pT, its decay vertex-fix quality,
the B+ �2

IP, the �
2 of the flight distance with respect to the associated PV, and the angle

between the reconstructed momentum direction and the vector connecting the associated
PV and the B+ decay vertex, where the associated PV is the one that gives the smallest
�2
IP among all PVs. The BDTG is trained on simulated B+ ! J/ �K+ decays generated

uniformly in phase space for the signal sample, and data from the B+ candidate invariant
mass sidebands for the background sample. The requirement on the BDTG response is
chosen to maximise the signal significance multiplied by the purity [28].

A kinematic fit [29] is applied to the reconstructed B+ ! J/ �K+ decay to improve the
mass resolution, where the J/ candidate mass is constrained to its known value [2] and the
B+ candidate is constrained to originate from the associated PV. The resulting invariant-
mass distribution of the B+ candidates is shown in Fig. 1, fitted with the signal modelled
by a Hypatia function [30] and the combinatorial background by a second-order polynomial
function, yielding 24 220± 170 signal candidates with a combinatorial-background fraction
of 4.0% within a ±15MeV signal region. The region also includes additional ⇠ 2% of
non-� B+ ! J/ K+K�K+ background candidates, which are neglected in the amplitude
model but considered in the evaluation of the systematic uncertainties. The candidates in
the signal region are retained for further amplitude analysis. Compared to the previous
Run 1 analysis [14,15], the total signal yield is ⇠ 6 times larger, owing to a larger dataset
and a 15% higher signal e�ciency. The fraction of combinatorial background is almost a
factor of six smaller while that of the non-� background is unchanged.

A second kinematic fit is performed to improve the momentum resolution of the
final-state particles by further constraining the J/ �K+ candidate mass to the known B+

mass value [2]. The updated particle momenta are used to calculate the fit observables in
the amplitude analysis. Fig. 2 shows the Dalitz plots for candidates in the B+ signal region.
The most apparent features are four bands in the J/ � mass distribution, corresponding
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Fig. 1. (Color online) A cut-away drawing of the GlueX detector in Hall D, not to
scale.

final states. A 2-T solenoidal magnet surrounds the drift chambers used
for charged-particle tracking. Two electromagnetic calorimeters cover
the central and forward regions, and a scintillation detector down-
stream provides particle-identification capability through time-of-flight
measurements.

1.1. The Hall-D complex

The GlueX experiment is housed in the Hall-D complex at JLab (see
Fig. 2). This new facility starts with an extracted electron beam at the
north end of the Continuous Electron Beam Accelerator Facility (CE-
BAF) [5,6]. The electron beam is delivered to the Tagger Hall, where
the maximum energy is 12 GeV, due to one more pass through the north
linac than the other experimental halls (A, B and C). Here, linearly-
polarized photons are produced through coherent bremsstrahlung off
a 50 �m thick diamond crystal radiator. The scattered electrons pass
through a tagger magnet and are bent into tagging detectors. A high-
resolution scintillating-fiber tagging array covers the 8 to 9 GeV energy
range, and a tagger hodoscope covers photon energies both from 9 GeV
to the endpoint, and from 8 GeV to 3 GeV. Electrons not interacting
in the diamond are directed into a 60 kW electron beam dump. The
tagged photons travel to the Hall-D experimental hall. The distance
from the radiator to the primary collimator is 75 m. The collimator
of 5 mm diameter removes off-axis incoherent photons. The front face
of the collimator is instrumented with an active collimator to aid in
beam tuning. The beamline and tagging system are described below in
Section 2.

Downstream of the primary collimator is a thin beryllium radiator
used by both the Triplet Polarimeter, which measures the linear po-
larization of the photons, and a Pair Spectrometer, which is used to
measure the flux of the photons. More information on the production,
tagging and monitoring of the photon beam can be found in Section 2.
The photon beam continues through to a liquid hydrogen target at the
heart of the GlueX detector, and then to the end of the experimental
hall where it enters the photon beam dump.

The layout of the GlueX detector is shown in Fig. 3. The spectrom-
eter is based on a 4-m-long solenoidal magnet that is operated at a
maximum field of 2 T, see Section 3. The liquid-hydrogen target is
located inside the upstream bore of the magnet. The target consists
of a 2-cm-diameter, 30-cm-long volume of hydrogen, as described in
Section 4. Surrounding the target is the Start Counter, which consists
of 30 thin scintillator paddles that bend to a nose on the down-stream
end of the hydrogen target. The Start Counter is the primary detector
that registers the time coincidence of the radio-frequency (RF) bunch
containing the incident electron and the tagged photon producing the
interaction. More information on this scintillator detector can be found
in Section 8.

Fig. 2. (Color online) Schematic of the CEBAF accelerator showing the additions made
during the 12-GeV project. The Hall-D complex is located at the north-east end.

The Central Drift Chamber, a cylindrical straw-tube detector, starts
at a radius of 10 cm from the beam line. The active volume of the
chamber extends from 48 cm upstream to 102 cm downstream of the
target center, and from 10 cm to 56 cm in radius. The Central Drift
Chamber consists of 28 layers of straw tubes in axial and two stereo
orientations. Downstream of the central tracker is the Forward Drift
Chamber, which consists of four packages, each containing 6 planar
layers in alternating u-y-v orientations. Both cathodes and anodes in the
Forward Drift Chamber are read out, providing three-dimensional space
point measurements. More details on the tracking system are provided
in Sections 5 and 6.

Downstream of the magnet is the Time-of-Flight wall. This system
consists of two layers of scintillator paddles in a crossed pattern, and, in
conjunction with the Start Counter, is used to measure the flight time of
charged particles. More information on the time-of-flight system is pro-
vided in Section 8. Photons arising from interactions within the GlueX
target are detected by two calorimeter systems. The Barrel Calorimeter,
located inside the solenoid, consists of layers of scintillating fibers
alternating with lead sheets. The Forward Calorimeter is downstream
of the Time-of-Flight wall, and consists of 2800 lead-glass blocks. More
information on the calorimeters can be found in Section 7.

1.2. Experimental requirements

The physics goals of the GlueX experiment require the reconstruc-
tion of exclusive final states. Thus, the GlueX detector must be able
to reconstruct both charged particles (⇡±, K± and p_ Ñp) and particles
decaying into photons (⇡˝, ⌘, ! and ⌘®). For this capability, the charged
particles and photons must be reconstructed with good momentum and
energy resolution. The experiment must also be able to reconstruct the
energy of the incident photon (8 to 9 GeV) with high accuracy (0.1%)
and have knowledge of the linear polarization (maximum Ì40%) of the
photon beam to an absolute precision of 1%. Finally, many interesting
final states involve more than five particles. Thus, the GlueX detector
must also be nearly hermetic for both charged particles and photons,
with an acceptance that is reasonably uniform, well understood, and
accurately modeled in simulation.

In practice, the typical momentum resolution for charged particles is
1–3%, while the resolution is 8%–9% for very-forward high-momentum
particles. For most charged particles, the tracking system has nearly
hermetic acceptance for polar angles from 1˝ * 2˝ to 150˝. However,
protons with momenta below about 250 MeV/c are absorbed in the
hydrogen target and not detected. A further challenge is the recon-
struction of tracks from charged pions with momenta under 200 MeV/c
due to spiraling trajectories in the magnetic field. The measurement of
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linac than the other experimental halls (A, B and C). Here, linearly-
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a 50 �m thick diamond crystal radiator. The scattered electrons pass
through a tagger magnet and are bent into tagging detectors. A high-
resolution scintillating-fiber tagging array covers the 8 to 9 GeV energy
range, and a tagger hodoscope covers photon energies both from 9 GeV
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from the radiator to the primary collimator is 75 m. The collimator
of 5 mm diameter removes off-axis incoherent photons. The front face
of the collimator is instrumented with an active collimator to aid in
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Section 2.

Downstream of the primary collimator is a thin beryllium radiator
used by both the Triplet Polarimeter, which measures the linear po-
larization of the photons, and a Pair Spectrometer, which is used to
measure the flux of the photons. More information on the production,
tagging and monitoring of the photon beam can be found in Section 2.
The photon beam continues through to a liquid hydrogen target at the
heart of the GlueX detector, and then to the end of the experimental
hall where it enters the photon beam dump.

The layout of the GlueX detector is shown in Fig. 3. The spectrom-
eter is based on a 4-m-long solenoidal magnet that is operated at a
maximum field of 2 T, see Section 3. The liquid-hydrogen target is
located inside the upstream bore of the magnet. The target consists
of a 2-cm-diameter, 30-cm-long volume of hydrogen, as described in
Section 4. Surrounding the target is the Start Counter, which consists
of 30 thin scintillator paddles that bend to a nose on the down-stream
end of the hydrogen target. The Start Counter is the primary detector
that registers the time coincidence of the radio-frequency (RF) bunch
containing the incident electron and the tagged photon producing the
interaction. More information on this scintillator detector can be found
in Section 8.
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during the 12-GeV project. The Hall-D complex is located at the north-east end.

The Central Drift Chamber, a cylindrical straw-tube detector, starts
at a radius of 10 cm from the beam line. The active volume of the
chamber extends from 48 cm upstream to 102 cm downstream of the
target center, and from 10 cm to 56 cm in radius. The Central Drift
Chamber consists of 28 layers of straw tubes in axial and two stereo
orientations. Downstream of the central tracker is the Forward Drift
Chamber, which consists of four packages, each containing 6 planar
layers in alternating u-y-v orientations. Both cathodes and anodes in the
Forward Drift Chamber are read out, providing three-dimensional space
point measurements. More details on the tracking system are provided
in Sections 5 and 6.

Downstream of the magnet is the Time-of-Flight wall. This system
consists of two layers of scintillator paddles in a crossed pattern, and, in
conjunction with the Start Counter, is used to measure the flight time of
charged particles. More information on the time-of-flight system is pro-
vided in Section 8. Photons arising from interactions within the GlueX
target are detected by two calorimeter systems. The Barrel Calorimeter,
located inside the solenoid, consists of layers of scintillating fibers
alternating with lead sheets. The Forward Calorimeter is downstream
of the Time-of-Flight wall, and consists of 2800 lead-glass blocks. More
information on the calorimeters can be found in Section 7.

1.2. Experimental requirements

The physics goals of the GlueX experiment require the reconstruc-
tion of exclusive final states. Thus, the GlueX detector must be able
to reconstruct both charged particles (⇡±, K± and p_ Ñp) and particles
decaying into photons (⇡˝, ⌘, ! and ⌘®). For this capability, the charged
particles and photons must be reconstructed with good momentum and
energy resolution. The experiment must also be able to reconstruct the
energy of the incident photon (8 to 9 GeV) with high accuracy (0.1%)
and have knowledge of the linear polarization (maximum Ì40%) of the
photon beam to an absolute precision of 1%. Finally, many interesting
final states involve more than five particles. Thus, the GlueX detector
must also be nearly hermetic for both charged particles and photons,
with an acceptance that is reasonably uniform, well understood, and
accurately modeled in simulation.

In practice, the typical momentum resolution for charged particles is
1–3%, while the resolution is 8%–9% for very-forward high-momentum
particles. For most charged particles, the tracking system has nearly
hermetic acceptance for polar angles from 1˝ * 2˝ to 150˝. However,
protons with momenta below about 250 MeV/c are absorbed in the
hydrogen target and not detected. A further challenge is the recon-
struction of tracks from charged pions with momenta under 200 MeV/c
due to spiraling trajectories in the magnetic field. The measurement of
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Fig. 6. (color online) (a) Collimated photon beam intensity versus energy as measured
by the Pair Spectrometer. (b) Collimated photon beam polarization as a function
of beam energy, as measured by the Triplet Polarimeter, with data points offset
horizontally by ±0.015 GeV for clarity. The labels PARA and PERP refer to orientations
of the diamond radiator that result in polarization planes that are parallel and
perpendicular to the horizontal, respectively.

Table 2
Typical parameters for the GlueX photon beam, consistent with the electron beam
properties listed in Table 1, a diamond radiator of thickness 50 �m, and the standard
primary collimator of diameter 5.0 mm located at the nominal position. The electron
beam current incident on the radiator is taken to be 150 nA. The hadronic rates are
calculated for the GlueX 30 cm liquid hydrogen target.
E upper edge of the coherent peak 9 GeV
Coherent peak effective range 8.4–9.0 GeV
Net tagger rate in the coherent peak range 45 MHz
N� in the peak range after collimator 24 MHz
Maximum polarization in the peak, after collimator 40%
Mean polarization in the peak range, after collimator 35%
Power absorbed on collimator 0.60 W
Power incident on target 0.23 W
Total hadronic rate 70 kHz
Hadronic rate in the peak range 3.7 kHz

by the triplet polarimeter (Section 2.9) located just upstream of the
pair spectrometer. The stability of the beam polarization is indepen-
dently monitored via the observed azimuthal asymmetry in various
photoproduction reactions, particularly that for ⇢ photoproduction [9].

Typical values for parameters and properties of the photon beam
are given in Table 2. In the sections that follow, we describe in more
detail how the linearly-polarized photon beam is produced, how the
photon energy is determined using the tagging spectrometer, how the
photon beam polarization spectrum and flux are measured with the
Pair Spectrometer and Triplet Polarimeter, and how the photon flux
is calibrated using the Total Absorption Counter.

2.3. Goniometer and radiators

For the linearly-polarized photon beam normally used in GlueX
production running, diamond radiators are used to produce a coherent
bremsstrahlung beam. This requires precise alignment of the diamond
radiator, in order to produce a single dominant coherent peak4 with

4 Defined as 0.6 GeV below the coherent edge (nominally 9 GeV). The
position of the edge scales approximately with the primary incident electron
beam energy.

the desired energy and polarization by scattering the beam electrons
from the crystal planes associated with a particular reciprocal lattice
vector. A multi-axis goniometer, manufactured by Newport Corpora-
tion, precisely adjusts the relative orientation of the diamond radiator
with respect to the incident electron beam horizontally, vertically and
rotationally about the X, Y and Z axes, respectively. The Hall-D
goniometer holds several radiators, any of which may be moved into
the beam for use at any time according to the requirements of the
experiment.

In addition to the diamond radiators, several aluminum radiators
of thicknesses ranging from 1.5 to 40 �m are used to normalize the
rate spectra measured in the Pair Spectrometer, correcting for its ac-
ceptance. A separate rail for these amorphous radiators is positioned
615 mm downstream of the goniometer.

2.3.1. Diamond selection and quality control
The properties of diamond are uniquely suited for coherent brems-

strahlung radiators. The small lattice constant and high Debye tem-
perature of diamond result in an exceptionally high probability for
coherent scattering in the bremsstrahlung process [10]. Also, the high
coherent scattering probability is a consequence of the small atomic
number of carbon (Z = 6). At the dominant crystal momentum (9.8 keV)
corresponding to the leading (2,2,0) reciprocal lattice vector, the small
atomic number results in minimal screening of the nuclear charge by
inner shell electrons. Diamond is the best known material in terms of its
coherent radiation fraction, and its unparalleled thermal conductivity
and radiation hardness make it well-suited for use in a high-intensity
electron beam environment.

The position of the coherent edge in the photon beam intensity spec-
trum is a simple monotonic function of the angle between the incident
electron beam direction and the normal to the (2,2,0) crystal plane.
The 12-GeV-electron beam entering the radiator has a divergence less
than 10 �rad, corresponding to a broadening of the coherent edge in
Fig. 6 by just 7 MeV. However, if the incident electron beam had
to travel through 100 �m of diamond material prior to radiating, the
resulting electron beam emittance would increase by a factor of 10 due
to multiple Coulomb scattering, resulting in a proportional increase in
the width of the coherent edge. Such broadening of the coherent peak
diminishes both the degree of polarization in the coherent peak as well
as the collimation efficiency in the forward direction. Hence, diamond
radiators for GlueX must be significantly thinner than 100 �m.

The cross-sectional area of a diamond target must also be large
enough to completely contain the electron beam so that the beam
does not overlap with the material of the target holder. Translated
to the beam spot dimensions from Table 1, GlueX requires a target
with transverse size 5 mm or greater. Uniform single-crystal diamonds
of this size are now available as slices cut from natural gems, HPHT
(high-pressure, high-temperature) synthetics, and CVD (chemical vapor
deposition) single crystals. Natural gems are ruled out due to cost.
HPHT crystals had been thought to be far superior to CVD single
crystals in terms of their diffraction widths, but our experience did not
bear this out. GlueX measurements of the x-ray rocking curves of CVD
crystals obtained from the commercial vendor Element Six5 routinely
showed widths that were within a factor 2 of the theoretical Darwin
width, similar to the results we found for the best HPHT diamonds that
were available to us [11,12].

Fig. 7 shows a rocking curve topograph of a diamond radiator
taken with 15 keV x-rays at the Cornell High Energy Synchrotron
Source (CHESS). The instrumental resolution of this measurement is
of the same order as the Darwin width for this diffraction peak, ap-
proximately 5 �rad. During operation, the electron beam spot would
be confined to the relatively uniform central region. Any region in
this figure with a rocking curve root-mean-square width of 20 �rad
or less is indistinguishable from a perfect crystal for the purposes of

5 Element Six, https://www.e6.com/en.
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Fig. 1. (Color online) A cut-away drawing of the GlueX detector in Hall D, not to
scale.

final states. A 2-T solenoidal magnet surrounds the drift chambers used
for charged-particle tracking. Two electromagnetic calorimeters cover
the central and forward regions, and a scintillation detector down-
stream provides particle-identification capability through time-of-flight
measurements.

1.1. The Hall-D complex

The GlueX experiment is housed in the Hall-D complex at JLab (see
Fig. 2). This new facility starts with an extracted electron beam at the
north end of the Continuous Electron Beam Accelerator Facility (CE-
BAF) [5,6]. The electron beam is delivered to the Tagger Hall, where
the maximum energy is 12 GeV, due to one more pass through the north
linac than the other experimental halls (A, B and C). Here, linearly-
polarized photons are produced through coherent bremsstrahlung off
a 50 �m thick diamond crystal radiator. The scattered electrons pass
through a tagger magnet and are bent into tagging detectors. A high-
resolution scintillating-fiber tagging array covers the 8 to 9 GeV energy
range, and a tagger hodoscope covers photon energies both from 9 GeV
to the endpoint, and from 8 GeV to 3 GeV. Electrons not interacting
in the diamond are directed into a 60 kW electron beam dump. The
tagged photons travel to the Hall-D experimental hall. The distance
from the radiator to the primary collimator is 75 m. The collimator
of 5 mm diameter removes off-axis incoherent photons. The front face
of the collimator is instrumented with an active collimator to aid in
beam tuning. The beamline and tagging system are described below in
Section 2.

Downstream of the primary collimator is a thin beryllium radiator
used by both the Triplet Polarimeter, which measures the linear po-
larization of the photons, and a Pair Spectrometer, which is used to
measure the flux of the photons. More information on the production,
tagging and monitoring of the photon beam can be found in Section 2.
The photon beam continues through to a liquid hydrogen target at the
heart of the GlueX detector, and then to the end of the experimental
hall where it enters the photon beam dump.

The layout of the GlueX detector is shown in Fig. 3. The spectrom-
eter is based on a 4-m-long solenoidal magnet that is operated at a
maximum field of 2 T, see Section 3. The liquid-hydrogen target is
located inside the upstream bore of the magnet. The target consists
of a 2-cm-diameter, 30-cm-long volume of hydrogen, as described in
Section 4. Surrounding the target is the Start Counter, which consists
of 30 thin scintillator paddles that bend to a nose on the down-stream
end of the hydrogen target. The Start Counter is the primary detector
that registers the time coincidence of the radio-frequency (RF) bunch
containing the incident electron and the tagged photon producing the
interaction. More information on this scintillator detector can be found
in Section 8.

Fig. 2. (Color online) Schematic of the CEBAF accelerator showing the additions made
during the 12-GeV project. The Hall-D complex is located at the north-east end.

The Central Drift Chamber, a cylindrical straw-tube detector, starts
at a radius of 10 cm from the beam line. The active volume of the
chamber extends from 48 cm upstream to 102 cm downstream of the
target center, and from 10 cm to 56 cm in radius. The Central Drift
Chamber consists of 28 layers of straw tubes in axial and two stereo
orientations. Downstream of the central tracker is the Forward Drift
Chamber, which consists of four packages, each containing 6 planar
layers in alternating u-y-v orientations. Both cathodes and anodes in the
Forward Drift Chamber are read out, providing three-dimensional space
point measurements. More details on the tracking system are provided
in Sections 5 and 6.

Downstream of the magnet is the Time-of-Flight wall. This system
consists of two layers of scintillator paddles in a crossed pattern, and, in
conjunction with the Start Counter, is used to measure the flight time of
charged particles. More information on the time-of-flight system is pro-
vided in Section 8. Photons arising from interactions within the GlueX
target are detected by two calorimeter systems. The Barrel Calorimeter,
located inside the solenoid, consists of layers of scintillating fibers
alternating with lead sheets. The Forward Calorimeter is downstream
of the Time-of-Flight wall, and consists of 2800 lead-glass blocks. More
information on the calorimeters can be found in Section 7.

1.2. Experimental requirements

The physics goals of the GlueX experiment require the reconstruc-
tion of exclusive final states. Thus, the GlueX detector must be able
to reconstruct both charged particles (⇡±, K± and p_ Ñp) and particles
decaying into photons (⇡˝, ⌘, ! and ⌘®). For this capability, the charged
particles and photons must be reconstructed with good momentum and
energy resolution. The experiment must also be able to reconstruct the
energy of the incident photon (8 to 9 GeV) with high accuracy (0.1%)
and have knowledge of the linear polarization (maximum Ì40%) of the
photon beam to an absolute precision of 1%. Finally, many interesting
final states involve more than five particles. Thus, the GlueX detector
must also be nearly hermetic for both charged particles and photons,
with an acceptance that is reasonably uniform, well understood, and
accurately modeled in simulation.

In practice, the typical momentum resolution for charged particles is
1–3%, while the resolution is 8%–9% for very-forward high-momentum
particles. For most charged particles, the tracking system has nearly
hermetic acceptance for polar angles from 1˝ * 2˝ to 150˝. However,
protons with momenta below about 250 MeV/c are absorbed in the
hydrogen target and not detected. A further challenge is the recon-
struction of tracks from charged pions with momenta under 200 MeV/c
due to spiraling trajectories in the magnetic field. The measurement of
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at CEBAF (Continuous Electron Beam Accelerator Facility)
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Fig. 1. (Color online) A cut-away drawing of the GlueX detector in Hall D, not to
scale.

final states. A 2-T solenoidal magnet surrounds the drift chambers used
for charged-particle tracking. Two electromagnetic calorimeters cover
the central and forward regions, and a scintillation detector down-
stream provides particle-identification capability through time-of-flight
measurements.

1.1. The Hall-D complex

The GlueX experiment is housed in the Hall-D complex at JLab (see
Fig. 2). This new facility starts with an extracted electron beam at the
north end of the Continuous Electron Beam Accelerator Facility (CE-
BAF) [5,6]. The electron beam is delivered to the Tagger Hall, where
the maximum energy is 12 GeV, due to one more pass through the north
linac than the other experimental halls (A, B and C). Here, linearly-
polarized photons are produced through coherent bremsstrahlung off
a 50 �m thick diamond crystal radiator. The scattered electrons pass
through a tagger magnet and are bent into tagging detectors. A high-
resolution scintillating-fiber tagging array covers the 8 to 9 GeV energy
range, and a tagger hodoscope covers photon energies both from 9 GeV
to the endpoint, and from 8 GeV to 3 GeV. Electrons not interacting
in the diamond are directed into a 60 kW electron beam dump. The
tagged photons travel to the Hall-D experimental hall. The distance
from the radiator to the primary collimator is 75 m. The collimator
of 5 mm diameter removes off-axis incoherent photons. The front face
of the collimator is instrumented with an active collimator to aid in
beam tuning. The beamline and tagging system are described below in
Section 2.

Downstream of the primary collimator is a thin beryllium radiator
used by both the Triplet Polarimeter, which measures the linear po-
larization of the photons, and a Pair Spectrometer, which is used to
measure the flux of the photons. More information on the production,
tagging and monitoring of the photon beam can be found in Section 2.
The photon beam continues through to a liquid hydrogen target at the
heart of the GlueX detector, and then to the end of the experimental
hall where it enters the photon beam dump.

The layout of the GlueX detector is shown in Fig. 3. The spectrom-
eter is based on a 4-m-long solenoidal magnet that is operated at a
maximum field of 2 T, see Section 3. The liquid-hydrogen target is
located inside the upstream bore of the magnet. The target consists
of a 2-cm-diameter, 30-cm-long volume of hydrogen, as described in
Section 4. Surrounding the target is the Start Counter, which consists
of 30 thin scintillator paddles that bend to a nose on the down-stream
end of the hydrogen target. The Start Counter is the primary detector
that registers the time coincidence of the radio-frequency (RF) bunch
containing the incident electron and the tagged photon producing the
interaction. More information on this scintillator detector can be found
in Section 8.

Fig. 2. (Color online) Schematic of the CEBAF accelerator showing the additions made
during the 12-GeV project. The Hall-D complex is located at the north-east end.

The Central Drift Chamber, a cylindrical straw-tube detector, starts
at a radius of 10 cm from the beam line. The active volume of the
chamber extends from 48 cm upstream to 102 cm downstream of the
target center, and from 10 cm to 56 cm in radius. The Central Drift
Chamber consists of 28 layers of straw tubes in axial and two stereo
orientations. Downstream of the central tracker is the Forward Drift
Chamber, which consists of four packages, each containing 6 planar
layers in alternating u-y-v orientations. Both cathodes and anodes in the
Forward Drift Chamber are read out, providing three-dimensional space
point measurements. More details on the tracking system are provided
in Sections 5 and 6.

Downstream of the magnet is the Time-of-Flight wall. This system
consists of two layers of scintillator paddles in a crossed pattern, and, in
conjunction with the Start Counter, is used to measure the flight time of
charged particles. More information on the time-of-flight system is pro-
vided in Section 8. Photons arising from interactions within the GlueX
target are detected by two calorimeter systems. The Barrel Calorimeter,
located inside the solenoid, consists of layers of scintillating fibers
alternating with lead sheets. The Forward Calorimeter is downstream
of the Time-of-Flight wall, and consists of 2800 lead-glass blocks. More
information on the calorimeters can be found in Section 7.

1.2. Experimental requirements

The physics goals of the GlueX experiment require the reconstruc-
tion of exclusive final states. Thus, the GlueX detector must be able
to reconstruct both charged particles (⇡±, K± and p_ Ñp) and particles
decaying into photons (⇡˝, ⌘, ! and ⌘®). For this capability, the charged
particles and photons must be reconstructed with good momentum and
energy resolution. The experiment must also be able to reconstruct the
energy of the incident photon (8 to 9 GeV) with high accuracy (0.1%)
and have knowledge of the linear polarization (maximum Ì40%) of the
photon beam to an absolute precision of 1%. Finally, many interesting
final states involve more than five particles. Thus, the GlueX detector
must also be nearly hermetic for both charged particles and photons,
with an acceptance that is reasonably uniform, well understood, and
accurately modeled in simulation.

In practice, the typical momentum resolution for charged particles is
1–3%, while the resolution is 8%–9% for very-forward high-momentum
particles. For most charged particles, the tracking system has nearly
hermetic acceptance for polar angles from 1˝ * 2˝ to 150˝. However,
protons with momenta below about 250 MeV/c are absorbed in the
hydrogen target and not detected. A further challenge is the recon-
struction of tracks from charged pions with momenta under 200 MeV/c
due to spiraling trajectories in the magnetic field. The measurement of
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inside the solenoid. A scintillating start counter surrounding
the target helps to select the beam bunch [18]. Charged
particle reconstruction around the target is performed by the
central drift chamber (CDC), consisting of straw tubes
grouped in 28 layers with axial and stereo orientation. In
the forward direction, 24 planes of drift chambers with both
wire and cathode strip readout are used [19]. The two drift
chamber systemsare surroundedbya lead-scintillator electro-
magnetic barrel calorimeter (BCAL) [20]. Electronically,
the calorimeter is grouped in 192 azimuthal segments and
in four radial layers, allowing the reconstruction of both
transverse and longitudinal shower development.
The detector hermeticity in the forward direction outside

of the magnet is achieved by the time-of-flight scintillator
wall and the lead-glass electromagnetic forward calorim-
eter (FCAL), both located approximately 6 m from the
target. Both calorimeters, FCAL and BCAL, are used to
trigger the detector readout, requiring sufficient total energy
deposition. The intensity of the beam in the region above
the J=ψ threshold was 2 × 107 photons=s in 2016 and the
first period of 2017 and was then increased to 5 × 107

photons/s for the rest of 2017, resulting in a total accu-
mulated luminosity of ∼68 pb−1. In 2016, the maximum
tagged photon energy was 11.85 GeV, while for 2017 it was
lowered to 11.40 GeV. In 2017, the solenoid field was
increased by 12% compared to 2016.
We study the exclusive reaction γp → peþe− in the

region of the eþe− invariant mass Mðeþe−Þ > 0.90 GeV,
which includes the narrow ϕ and J=ψ peaks, and the
continuum dominated by the Bethe-Heitler (BH) process.
Figure 1 shows the Mðeþe−Þ spectrum data after applying
the event selection criteria described below. We normalize
the J=ψ total cross section to that of BH in the invariantmass
range 1.20–2.50 GeV, thus canceling uncertainties from
factors like luminosity and common detector efficiencies.
The electron-pion separation is achieved mainly by

applying selections on p=E, where the charged particle

momentum p comes from the kinematic fit described below
and E is the energy deposited in the calorimeters. We
require −3σ < p=E − hp=Ei < þ2σ for both lepton can-
didates, where the resolution σ of p=E for the sample of
leptons in the BH region is 3.9% for FCAL and 6.8% for
BCAL. We also take advantage of the radial layer structure
of the BCAL, using the energy deposited in the innermost
layer, Epre, and requiring lepton candidates emitted at a
polar angle θ to have Epre sin θ > 30 MeV, taking into
account the path length through the calorimeter. This
rejects a significant number of pions, which deposit small
amounts of energy in this layer compared to electrons. We
require all charged particles to have momenta > 0.4 GeV
and polar angle > 2° in order to reduce the contamination
from the πþπ−p final state and poorly reconstructed events.
Because of the steeper t dependence of BH compared
to πþπ− production, to minimize the pion background
we select the BH process only in the low-t region,
−ðt − tminÞ < 0.6 GeV2.
Protons with momenta ≲1 GeV are identified by their

energy deposition in the CDC. The three final-state
particles are required to be consistent in time with the
same electron beam bunch ($2 ns for most of the data).
The tagged beam photons that are in time with this bunch
qualify as possible candidates associated with the reaction.
The contribution from beam photons accidental in time is
subtracted statistically using a sample of photons that are
out of time with respect to the reaction beam bunch.
Taking advantage of the exclusivity of the reaction and the

relatively precise measurement of the beam energy, we use a
kinematic fit to improve the resolution of the measured
charged particle momenta. The fit enforces momentum and
energy conservation and requires a common vertex for the
three final-state particles. The electron-positron invariant
mass spectrum in Fig. 1 is obtained using the results of the
kinematic fit, which allows us to achieve a 13 MeV standard
deviation (SD) mass resolution for the J=ψ . Studies of the
kinematic fit show that the results are constrained primarily
by the direction and magnitude of the proton momentum
and the directions of the two leptons. In contrast to protons,
the leptons are produced on average with higher momenta
and smaller angles where the momenta are reconstructed
with larger uncertainties. Therefore, they do not affect the
kinematic fit noticeably.
We extract the J=ψ and BH yields in bins of beam energy

or t. The J=ψ yield is obtained by performing a binned
likelihood fit to the invariant mass spectra, as in Fig. 1, with
a Gaussian signal and linear background.
The reduction of the background in the BH region by

more than 3 orders of magnitude after applying the electron
and positron selections event by event is not enough to
completely eliminate the pion contamination. On average,
the remaining sample contains 54% pions. To extract the
BH yield, we fit the peak and the pion background of the
p=E distribution for one of the lepton candidates, while
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FIG. 1. Electron-positron invariant mass spectrum from the
data. The inset shows the J=ψ region fitted with a linear
polynomial plus a Gaussian (fit parameters shown).
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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment Highlights Accelerator Years Institute Production

BaBar Y (4260) [29] PEP-II 1999–
SLAC

e+e� annihilationY (4360) [108] 2008
(Menlo Park,

(ECM ⇡ 10 GeV):
California,

USA)

e+e� ! BB̄; B ! KX

Belle

X(3872) [4]

KEKB 1998–
KEK

e+e� ! Yb

Y (3940) [106]

2010
(Tsukuba,

e+e� ! ⇡Zb

X(3915) [166]

Japan)

e+e�(�ISR)! Y
Zc(4430) [30, 136, 137]

e+e�(�ISR)! ⇡Zc

Zb(10610),

e+e� ! J/ + X
Zb(10650) [160, 162, 163]

�� ! X
Yb(10888) [151, 152]

Belle II
Upcoming

SuperKEKB 2018–continuation of
Belle

CLEO-c Y (4260) [142] CESR-c 2003–
Cornell U.

e+e� annihilation
⇡+⇡�hc [177] 2008

(Ithaca,
(ECM ⇡ 4 GeV):New York,

USA)
e+e� ! Y

BESIII

Zc(3900) [22, 154]

BEPCII 2008–
IHEP

e+e� ! ⇡ZZc(4020) [156, 158] (Beijing,
e+e� ! �XY (4230) [149] China)

X(3872) [52]

CDF
Y (4140) [126]

Tevatron 1985–
Fermilab pp̄ collisions

Y (4274) [132]

2011
(Batavia, (ECM ⇡ 2 TeV):

X(3872) [178, 179, 172]
Illinois,

D0
X(3872) [171]

USA) pp̄! X + any
Y (4140) [174]

pp̄! B + any; B ! KX
X(5568) [175]

ATLAS �b(3P ) [180]

LHC 2010–

CERN

pp collisions

(Geneva,

(ECM = 7, 8, 13 TeV):

Switzerland)

CMS
X(3872) [28]

pp! X + any

Y (4140),

pp! B + any; B ! KX

Y (4274) [130]

pp! ⇤b + any; ⇤b ! KPcLHCb

Zc(4430) [138, 139]
X(3872) [109]

Pc(4380),
Pc(4450) [35]

Y (4140),
Y (4274) [125, 131]

COMPASS photoproduction [181] SPS 2002-2011

µ/⇡ beam on N target

a1(1420) [182]

(pbeam ⇡ 160, 200 GeV)

⇡N ! XN
�N ! XN

P̄ANDA Upcoming HESR
GSI

p̄ beam on p target

(Darmstadt,
(pbeam ⇡ 1.5–15 GeV):

Germany) pp̄! X
pp̄! X + any

GlueX Beginning
CEBAF 2016–

Je↵erson Lab � beam on p target

(searches for light (Newport News, (Ebeam  11 GeV):

CLAS12 quark hybrid mesons) Virginia,
USA) �p! Xp
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Figure 68. Dimuon mass distributions collected with the inclusive double-muon trigger used during early
data taking in 2011. The colored areas correspond to triggers requiring dimuons in specific mass windows,
while the dark gray area represents a trigger only operated during the first 0.2 fb�1 of the 2011 run.

The significantly higher collision rates of the 2011 LHC run, and the ceiling of around 25–30 Hz
for the total trigger bandwidth allocated for B physics, required the development of several specific
HLT paths, each devoted to a more or less exclusive set of physics analyses. Figure 68 illustrates
the corresponding dimuon mass distributions, stacked on each other. The high-rate “low-pT double
muon” path was in operation only during the first few weeks of the run; the others had their rates
reduced through suitable selection requirements on the dimuon mass and on the single-muon and/or
dimuon pT.

The quarkonia trigger paths (J/ ,  0 and ⌥) had explicit requirements on the pT of the dimuon
system but not of the single muons. First, because the analyses are made as a function of the
dimuon pT and second, because the single-muon pT requirements induce a significant restriction
of the covered phase space in terms of the angular decay variable cos ✓, and this is crucial for
the measurements of quarkonium polarization. To further reduce the rate, the two muons were
required to bend away from each other because the ones bending towards each other have lower
e�ciencies. The dimuon was required to have a central rapidity, |y | < 1.25. This is particularly
useful to distinguish the ⌥(2S) and ⌥(3S) resonances, as well as for analyses of P-wave quarkonia
production, which require the measurement of the photon emitted in the radiative decays (e.g.,
�c ! J/ �). In fact, to resolve the �c1(1P)and �c2(1P) peaks (or, even more challenging, the
�b1(1P) and �b2(1P) peaks), it is very important to have a high-resolution measurement of the
photon energy, possible through the reconstruction of the conversions into e+e� pairs in the barrel
section of the silicon tracker.

In addition to the quarkonia resonances, figure 68 shows a prominent “peak” labeled Bs, which
represents the data collected to search for the elusive Bs ! µµ and Bd ! µµ decays. These triggers
had no restrictions on the dimuon rapidity or relative curvature and kept pT requirements much
looser than those applied in the o�ine analysis. The total rate of the Bs trigger paths remained

– 82 –

Production mechanisms at hadron colliders:
 (or )  + anything  (prompt)
 (or )  ( ) + anything  (non-prompt)

pp pp̄ → X
pp pp̄ → B Λb

High rates mean triggers play an important role:



19

VB.  Hadron Colliders
Highlights from Hadron Colliders
  (1) hadron production
  (2) the Tevatron and the LHC
  (3) breakthroughs at the LHC

 and 
 (or )

 states
 pentaquarks

  (4) the future of the LHC

Bc(2S) B*c (2S)
X(3842) ψ3(3842)
X(2900)
Tcc̄cc̄
Ωc
Pc

Production mechanisms at hadron colliders:
 (or )  + anything  (prompt)
 (or )  ( ) + anything  (non-prompt)

pp pp̄ → X
pp pp̄ → B Λb

High rates mean triggers play an important role:

2019 JINST 14 P04013
P�������� �� IOP P��������� ��� S���� M�������

R�������: January 21, 2019
A�������: April 12, 2019

P��������: April 24, 2019

Design and performance of the LHCb trigger and full
real-time reconstruction in Run 2 of the LHC

The LHCb collaboration
R. Aaij,19 S. Akar,40,7† J. Albrecht,11 M. Alexander,34 A. Alfonso Albero,24 S. Amerio,17

L. Anderlini,15 P. d’Argent,12 A. Baranov,22 W. Barter,26†,36 S. Benson,19 D. Bobulska,34

T. Boettcher,39 S. Borghi,37,26 E. E. Bowen,28†,b L. Brarda,26 C. Burr,37 J.-P. Cachemiche,7

M. Calvo Gomez,24,c M. Cattaneo,26 H. Chanal,6 M. Chapman,30 M. Chebbi,26† M. Chefdeville,5

P. Ciambrone,16 J. Cogan,7 S.-G. Chitic,26 M. Clemencic,26 J. Closier,26 B. Couturier,26

M. Daoudi,26 K. De Bruyn,7†,26 M. De Cian,27 O. Deschamps,6 F. Dettori,35 F. Dordei,26†,14

L. Douglas,34 K. Dreimanis,35 L. Dufour,19†,26 G. Dujany,37†,9 P. Durante,26 P.-Y. Duval,7

A. Dziurda,21,⇤ S. Esen,19 C. Fitzpatrick,27 M. Fontanna,26 M. Frank,26 M. Van Veghel,19

C. Gaspar,26 D. Gerstel,7 Ph. Ghez,5 K. Gizdov,33 V.V. Gligorov,9 E. Govorkova,19

L.A. Granado Cardoso,26 L. Grillo,12†,26†,37 I. Guz,26,23 F. Hachon,7 J. He,3 D. Hill,38 W. Hu,4

W. Hulsbergen,19 P. Ilten,29 Y. Li,8 C.P. Linn,26† O. Lupton,38†,26 D. Johnson,26 C.R. Jones,31

B. Jost,26 M. Kenzie,26†,31 R. Kopecna,12 P. Koppenburg,19 M. Kreps,32 R. Le Gac,7

R. Lefèvre,6 O. Leroy,7 F. Machefert,8 G. Mancinelli,7 S. Maddrell-Mander,30 J.F. Marchand,5

U. Marconi,13 C. Marin Benito,24†,8 M. Martinelli,27†,26 D. Martinez Santos,25 R. Matev,26

E. Michielin,17 S. Monteil,6 A. Morris,7 M.-N. Minard,5 H. Mohamed,26 M.J. Morello,18,a

P. Naik,30 S. Neubert,12 N. Neufeld,26 E. Niel,8 A. Pearce,26 P. Perret,6 F. Polci,9

J. Prisciandaro,25†,1 C. Prouve,30†,25 A. Puig Navarro,28 M. Ramos Pernas,25 G. Raven,20

F. Rethore,7 V. Rives Molina,24† P. Robbe,8 G. Sarpis,37 F. Sborzacchi,16 M. Schiller,34

R. Schwemmer,26 B. Sciascia,16 J. Serrano,7 P. Seyfert,26 M.-H. Schune,8 M. Smith,36

A. Solomin,30,d M. Sokolo�,40 P. Spradlin,34 M. Stahl,12 S. Stahl,26 B. Storaci,28† S. Stracka,18

M. Szymanski,3 M. Traill,34 A. Usachov,8 S. Valat,26 R. Vazquez Gomez,16†,26 M. Vesterinen,32

B. Voneki,26† M. Wang,2 C. Weisser,39 M. Whitehead,26†,10 M. Williams,39 M. Winn,8

M. Witek,21 Z. Xiang,3 A. Xu,2 Z. Xu,27†,5 H. Yin,4 Y. Zhang8 and Y. Zhou3

1Université catholique de Louvain, Louvain, Belgium
2Center for High Energy Physics, Tsinghua University, Beijing, China

†Author was at institute at time work was performed.
*Corresponding author.

c� 2019 CERN for the benefit of the LHCb collaboration. Published by
IOP Publishing Ltd on behalf of Sissa Medialab. Original content from

this work may be used under the terms of the Creative Commons Attribution 3.0 licence.
Any further distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

https://doi.org/10.1088/1748-0221/14/04/P04013

2019 JINST 14 P04013

P�
��

��
��

�
��

IO
P

P�
��

��
��

��
��

�
S�

��
�

M
��

��
��

�

R�
��

��
��

:J
an

ua
ry

21
,2

01
9

A
��

��
��

�:
Ap

ri
l1

2,
20

19
P�

��
��

��
�:

Ap
ri

l2
4,

20
19

De
si

gn
an

d
pe

rfo
rm

an
ce

of
th

e
LH

Cb
tri

gg
er

an
d

fu
ll

re
al

-ti
m

e
re

co
ns

tru
ct

io
n

in
Ru

n
2

of
th

e
LH

C

Th
e

LH
Cb

co
lla

bo
ra

tio
n

R.
Aa

ij,
19

S.
Ak

ar
,40

,7
†

J.
Al

br
ec

ht
,11

M
.A

le
xa

nd
er

,34
A

.A
lfo

ns
o

Al
be

ro
,24

S.
Am

er
io

,17

L.
An

de
rli

ni
,15

P.
d’

Ar
ge

nt
,12

A
.B

ar
an

ov
,22

W
.B

ar
te

r,26
†,

36
S.

Be
ns

on
,19

D.
Bo

bu
ls

ka
,34

T.
Bo

et
tc

he
r,39

S.
Bo

rg
hi

,37
,2

6
E.

E.
Bo

w
en

,28
†,
b

L.
Br

ar
da

,26
C.

Bu
rr,

37
J.

-P
.C

ac
he

m
ic

he
,7

M
.C

al
vo

G
om

ez
,24

,c
M

.C
at

ta
ne

o,
26

H.
Ch

an
al

,6
M

.C
ha

pm
an

,30
M

.C
he

bb
i,26

†
M

.C
he

fd
ev

ill
e,

5

P.
Ci

am
br

on
e,

16
J.

Co
ga

n,
7

S.
-G

.C
hi

tic
,26

M
.C

le
m

en
ci

c,
26

J.
Cl

os
ie

r,26
B.

Co
ut

ur
ie

r,26

M
.D

ao
ud

i,26
K.

De
Br

uy
n,

7†
,2

6
M

.D
e

Ci
an

,27
O

.D
es

ch
am

ps
,6

F.
De

tto
ri,

35
F.

Do
rd

ei
,26

†,
14

L.
Do

ug
la

s,
34

K.
Dr

ei
m

an
is

,35
L.

Du
fo

ur
,19

†,
26

G
.D

uj
an

y,
37

†,
9

P.
Du

ra
nt

e,
26

P.
-Y

.D
uv

al
,7

A
.D

zi
ur

da
,21

,⇤
S.

Es
en

,19
C.

Fi
tz

pa
tri

ck
,27

M
.F

on
ta

nn
a,

26
M

.F
ra

nk
,26

M
.V

an
Ve

gh
el

,19

C.
G

as
pa

r,26
D.

G
er

st
el

,7
Ph

.G
he

z,
5

K.
G

iz
do

v,
33

V.
V.

G
lig

or
ov

,9
E.

G
ov

or
ko

va
,19

L.
A

.G
ra

na
do

Ca
rd

os
o,

26
L.

G
ril

lo
,12

†,
26

†,
37

I.
G

uz
,26

,2
3

F.
Ha

ch
on

,7
J.

He
,3

D.
Hi

ll,
38

W
.H

u,
4

W
.H

ul
sb

er
ge

n,
19

P.
Ilt

en
,29

Y.
Li

,8
C.

P.
Li

nn
,26

†
O

.L
up

to
n,

38
†,

26
D.

Jo
hn

so
n,

26
C.

R.
Jo

ne
s,

31

B.
Jo

st
,26

M
.K

en
zi

e,
26
†,

31
R.

Ko
pe

cn
a,

12
P.

Ko
pp

en
bu

rg
,19

M
.K

re
ps

,32
R.

Le
G

ac
,7

R.
Le

fè
vr

e,
6

O
.L

er
oy

,7
F.

M
ac

he
fe

rt
,8

G
.M

an
ci

ne
lli

,7
S.

M
ad

dr
el

l-M
an

de
r,30

J.
F.

M
ar

ch
an

d,
5

U.
M

ar
co

ni
,13

C.
M

ar
in

Be
ni

to
,24

†,
8

M
.M

ar
tin

el
li,

27
†,

26
D.

M
ar

tin
ez

Sa
nt

os
,25

R.
M

at
ev

,26

E.
M

ic
hi

el
in

,17
S.

M
on

te
il,

6
A

.M
or

ris
,7

M
.-N

.M
in

ar
d,

5
H.

M
oh

am
ed

,26
M

.J
.M

or
el

lo
,18

,a

P.
N

ai
k,

30
S.

N
eu

be
rt

,12
N

.N
eu

fe
ld

,26
E.

Ni
el

,8
A

.P
ea

rc
e,

26
P.

Pe
rr

et
,6

F.
Po

lc
i,9

J.
Pr

is
ci

an
da

ro
,25

†,
1

C.
Pr

ou
ve

,30
†,

25
A

.P
ui

g
N

av
ar

ro
,28

M
.R

am
os

Pe
rn

as
,25

G
.R

av
en

,20

F.
Re

th
or

e,
7

V.
Ri

ve
s

M
ol

in
a,

24
†

P.
Ro

bb
e,

8
G

.S
ar

pi
s,

37
F.

Sb
or

za
cc

hi
,16

M
.S

ch
ill

er
,34

R.
Sc

hw
em

m
er

,26
B.

Sc
ia

sc
ia

,16
J.

Se
rr

an
o,

7
P.

Se
yf

er
t,26

M
.-H

.S
ch

un
e,

8
M

.S
m

ith
,36

A
.S

ol
om

in
,30

,d
M

.S
ok

ol
o�

,40
P.

Sp
ra

dl
in

,34
M

.S
ta

hl
,12

S.
St

ah
l,26

B.
St

or
ac

i,28
†

S.
St

ra
ck

a,
18

M
.S

zy
m

an
sk

i,3
M

.T
ra

ill
,34

A
.U

sa
ch

ov
,8

S.
Va

la
t,26

R.
Va

zq
ue

z
G

om
ez

,16
†,

26
M

.V
es

te
rin

en
,32

B.
Vo

ne
ki

,26
†

M
.W

an
g,

2
C.

W
ei

ss
er

,39
M

.W
hi

te
he

ad
,26

†,
10

M
.W

ill
ia

m
s,

39
M

.W
in

n,
8

M
.W

ite
k,

21
Z.

Xi
an

g,
3

A
.X

u,
2

Z.
Xu

,27
†,

5
H.

Yi
n,

4
Y.

Zh
an

g8
an

d
Y.

Zh
ou

3

1 U
ni

ve
rs

ité
ca

th
ol

iq
ue

de
Lo

uv
ai

n,
Lo

uv
ai

n,
Be

lg
iu

m
2 C

en
te

rf
or

H
ig

h
En

er
gy

Ph
ys

ic
s,

Ts
in

gh
ua

U
ni

ve
rs

ity
,B

ei
jin

g,
C

hi
na

† A
ut

ho
rw

as
at

in
sti

tu
te

at
tim

e
w

or
k

w
as

pe
rfo

rm
ed

.
* C

or
re

sp
on

di
ng

au
th

or
.

c �
20

19
CE

RN
fo

rt
he

be
ne

fit
of

th
e

LH
Cb

co
lla

bo
ra

tio
n.

Pu
bl

ish
ed

by
IO

P
Pu

bl
ish

in
g

Lt
d

on
be

ha
lf

of
Si

ss
a

M
ed

ia
la

b.
O

rig
in

al
co

nt
en

tf
ro

m
th

is
w

or
k

m
ay

be
us

ed
un

de
rt

he
te

rm
so

ft
he

Cr
ea

tiv
e

Co
m

m
on

sA
ttr

ib
ut

io
n

3.
0

lic
en

ce
.

A
ny

fu
rth

er
di

str
ib

ut
io

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tri

bu
tio

n
to

th
e

au
th

or
(s

)a
nd

th
e

tit
le

of
th

e
w

or
k,

jo
ur

na
lc

ita
tio

n
an

d
D

O
I.

ht
tp

s:/
/d

oi
.o

rg
/1

0.
10

88
/1

74
8-

02
21

/1
4/

04
/P

04
01

3

2019 JINST 14 P04013

So
ftw

ar
e

tr
ig

ge
r

LHCb Trigger Run 2
Bunch crossing rate

L0 Hardware trigger
high pT /ET signatures

High Level Trigger 1
partial event reconstruction

10 PB
bu�er

Alignment &
Calibration

High Level Trigger 2
full event reconstruction

Storage

40 MHz

1 MHz

110 kHz

110 kHz

12.5 kHz

Figure 1. Overview of the LHCb trigger system.

of 4 µs (the L� trigger) determines which events are kept. Information from the electromagnetic
calorimeter, hadronic calorimeter, and muon stations is used in separate L� trigger lines.

The High Level trigger (HLT) is divided into two stages, HLT1 and HLT2. The first level of
the software trigger performs an inclusive selection of events based on one- or two-track signatures,
on the presence of muon tracks displaced from the PVs, or on dimuon combinations in the event.
Events selected by the HLT1 trigger are bu�ered to disk storage in the online system. This is
done for two purposes: events can be processed further during inter-fill periods, and the detector
can be calibrated and aligned run-by-run before the HLT2 stage. Once the detector is aligned and
calibrated, events are passed to HLT2, where a full event reconstruction is performed. This allows
for a wide range of inclusive and exclusive final states to trigger the event and obviates the need for
further o�ine processing.

This paper describes the design and performance of the Run 2 LHCb trigger system, including
the real-time reconstruction which runs in the HLT. The software framework enabling real-time
analysis (“TURBO”) has been described in detail elsewhere. The initial proof-of-concept deployed
in 2015 [2] allowed o�line-quality signal candidates selected in the trigger to be written to permanent
storage. It also allowed physics analysts to use the o�line analysis tools when working with these
candidates, which was crucial in enabling LHCb to rapidly produce a number of publications proving
that real-time analysis was possible without losing precision or introducing additional systematics.
Subsequent developments [3] generalized this approach to allow not only the signal candidate but
also information about other, related, particles in the event to be saved. These developments also
transformed the proof-of-concept implementation into a scalable solution which will now form the
basis of LHCb’s upgrade computing model [4].
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W.K. Sakumoto,50 O. Saltó,4 L. Santi,55b,55a S. Sarkar,52b,52a L. Sartori,47a K. Sato,18 A. Savoy-Navarro,45 P. Schlabach,18

A. Schmidt,27 E. E. Schmidt,18 M.A. Schmidt,14 M. P. Schmidt,61,a M. Schmitt,39 T. Schwarz,8 L. Scodellaro,12

A. Scribano,47b,47a F. Scuri,47a A. Sedov,49 S. Seidel,38 Y. Seiya,42 A. Semenov,16 L. Sexton-Kennedy,18 F. Sforza,47b,47a

A. Sfyrla,25 S. Z. Shalhout,59 T. Shears,30 P. F. Shepard,48 M. Shimojima,56,s S. Shiraishi,14 M. Shochet,14 Y. Shon,60

I. Shreyber,37 P. Sinervo,34 A. Sisakyan,16 A. J. Slaughter,18 J. Slaunwhite,40 K. Sliwa,57 J. R. Smith,8 F. D. Snider,18

R. Snihur,34 A. Soha,8 S. Somalwar,53 V. Sorin,36 T. Spreitzer,34 P. Squillacioti,47b,47a M. Stanitzki,61 R. St. Denis,22

B. Stelzer,34 O. Stelzer-Chilton,34 D. Stentz,39 J. Strologas,38 G. L. Strycker,35 J. S. Suh,28 A. Sukhanov,19 I. Suslov,16

T. Suzuki,56 A. Taffard,25,g R. Takashima,41 Y. Takeuchi,56 R. Tanaka,41 M. Tecchio,35 P. K. Teng,1 K. Terashi,51

J. Thom,18,i A. S. Thompson,22 G. A. Thompson,25 E. Thomson,46 P. Tipton,61 P. Ttito-Guzmán,32 S. Tkaczyk,18

D. Toback,54 S. Tokar,15 K. Tollefson,36 T. Tomura,56 D. Tonelli,18 S. Torre,20 D. Torretta,18 P. Totaro,55b,55a S. Tourneur,45

M. Trovato,47d,47a S.-Y. Tsai,1 Y. Tu,46 N. Turini,47c,47a F. Ukegawa,56 S. Vallecorsa,21 N. van Remortel,24,c A. Varganov,35

E. Vataga,47d,47a F. Vázquez,19,o G. Velev,18 C. Vellidis,3 M. Vidal,32 R. Vidal,18 I. Vila,12 R. Vilar,12 T. Vine,31 M. Vogel,38

I. Volobouev,29,v G. Volpi,47b,47a P. Wagner,46 R. G. Wagner,2 R. L. Wagner,18 W. Wagner,27,y J. Wagner-Kuhr,27

T. Wakisaka,42 R. Wallny,9 S.M. Wang,1 A. Warburton,34 D. Waters,31 M. Weinberger,54 J. Weinelt,27 W.C. Wester III,18

B. Whitehouse,57 D. Whiteson,46,z A. B. Wicklund,2 E. Wicklund,18 S. Wilbur,14 G. Williams,34 H.H. Williams,46

P. Wilson,18 B. L. Winer,40 P. Wittich,18,i S. Wolbers,18 C. Wolfe,14 T. Wright,35 X. Wu,21 F. Würthwein,10 S. Xie,33

A. Yagil,10 K. Yamamoto,42 J. Yamaoka,17 U. K. Yang,14,r Y. C. Yang,28 W.M. Yao,29 G. P. Yeh,18 K. Yi,18,p J. Yoh,18

K. Yorita,58 T. Yoshida,42,n G. B. Yu,50 I. Yu,28 S. S. Yu,18 J. C. Yun,18 L. Zanello,52b,52a A. Zanetti,55a X. Zhang,25

Y. Zheng,9,e and S. Zucchelli6b,6a

(CDF Collaboration)

1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
2Argonne National Laboratory, Argonne, Illinois 60439, USA

3University of Athens, 157 71 Athens, Greece
4Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain

5Baylor University, Waco, Texas 76798, USA
6aIstituto Nazionale di Fisica Nucleare Bologna, I-40127 Bologna, Italy

6bUniversity of Bologna, I-40127 Bologna, Italy
7Brandeis University, Waltham, Massachusetts 02254, USA

8University of California, Davis, Davis, California 95616, USA
9University of California, Los Angeles, Los Angeles, California 90024, USA

10University of California, San Diego, La Jolla, California 92093, USA
11University of California, Santa Barbara, Santa Barbara, California 93106, USA

12Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
13Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

14Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
15Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia

16Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
17Duke University, Durham, North Carolina 27708, USA

18Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA
19University of Florida, Gainesville, Florida 32611, USA

20Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
21University of Geneva, CH-1211 Geneva 4, Switzerland

22Glasgow University, Glasgow G12 8QQ, United Kingdom

PRL 102, 242002 (2009) P HY S I CA L R EV I EW LE T T E R S
week ending
19 JUNE 2009

242002-2

20

VB.  Hadron Colliders
Highlights from Hadron Colliders
  (1) hadron production
  (2) the Tevatron and the LHC
  (3) breakthroughs at the LHC

 and 
 (or )

 states
 pentaquarks

  (4) the future of the LHC

Bc(2S) B*c (2S)
X(3842) ψ3(3842)
X(2900)
Tcc̄cc̄
Ωc
Pc

The first study of  
was at the Tevatron…

B → KϕJ/ψ

CDF

CDF

CDF



21

VB.  Hadron Colliders
Highlights from Hadron Colliders
  (1) hadron production
  (2) the Tevatron and the LHC
  (3) breakthroughs at the LHC

 and 
 (or )

 states
 pentaquarks

  (4) the future of the LHC

Bc(2S) B*c (2S)
X(3842) ψ3(3842)
X(2900)
Tcc̄cc̄
Ωc
Pc

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH (CERN)

CERN-EP-2021-025
LHCb-PAPER-2020-044

March 2, 2021

Observation of new resonances
decaying to J/ K+ and J/ �

LHCb collaboration†

Abstract

The first observation of exotic states with a new quark content ccus decaying to the
J/ K+ final state is reported with high significance from an amplitude analysis of
the B+ ! J/ �K+ decay. The analysis is carried out using proton-proton collision
data corresponding to a total integrated luminosity of 9 fb�1 collected by the LHCb
experiment at centre-of-mass energies of 7, 8 and 13TeV. The most significant state,
Zcs(4000)+, has a mass of 4003 ± 6+ 4

� 14MeV, a width of 131 ± 15 ± 26MeV, and
spin-parity JP = 1+, where the quoted uncertainties are statistical and systematic,
respectively. A new 1+ X(4685) state decaying to the J/ � final state is also
observed with high significance. In addition, the four previously reported J/ �
states are confirmed and two more exotic states, Zcs(4220)+ and X(4630), are
observed with significance exceeding five standard deviations.

Submitted to Phys. Rev. Lett.

© 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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Observation of new resonances
decaying to J/ K+ and J/ �

LHCb collaboration†

Abstract

The first observation of exotic states with a new quark content ccus decaying to the
J/ K+ final state is reported with high significance from an amplitude analysis of
the B+ ! J/ �K+ decay. The analysis is carried out using proton-proton collision
data corresponding to a total integrated luminosity of 9 fb�1 collected by the LHCb
experiment at centre-of-mass energies of 7, 8 and 13TeV. The most significant state,
Zcs(4000)+, has a mass of 4003 ± 6+ 4

� 14MeV, a width of 131 ± 15 ± 26MeV, and
spin-parity JP = 1+, where the quoted uncertainties are statistical and systematic,
respectively. A new 1+ X(4685) state decaying to the J/ � final state is also
observed with high significance. In addition, the four previously reported J/ �
states are confirmed and two more exotic states, Zcs(4220)+ and X(4630), are
observed with significance exceeding five standard deviations.

Submitted to Phys. Rev. Lett.

© 2021 CERN for the benefit of the LHCb collaboration. CC BY 4.0 licence.

†Authors are listed at the end of this paper.
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the B+ ! J/ �K+ decay. The analysis is carried out using proton-proton collision
data corresponding to a total integrated luminosity of 9 fb�1 collected by the LHCb
experiment at centre-of-mass energies of 7, 8 and 13TeV. The most significant state,
Zcs(4000)+, has a mass of 4003 ± 6+ 4

� 14MeV, a width of 131 ± 15 ± 26MeV, and
spin-parity JP = 1+, where the quoted uncertainties are statistical and systematic,
respectively. A new 1+ X(4685) state decaying to the J/ � final state is also
observed with high significance. In addition, the four previously reported J/ �
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Abstract

The first observation of exotic states with a new quark content ccus decaying to the
J/ K+ final state is reported with high significance from an amplitude analysis of
the B+ ! J/ �K+ decay. The analysis is carried out using proton-proton collision
data corresponding to a total integrated luminosity of 9 fb�1 collected by the LHCb
experiment at centre-of-mass energies of 7, 8 and 13TeV. The most significant state,
Zcs(4000)+, has a mass of 4003 ± 6+ 4

� 14MeV, a width of 131 ± 15 ± 26MeV, and
spin-parity JP = 1+, where the quoted uncertainties are statistical and systematic,
respectively. A new 1+ X(4685) state decaying to the J/ � final state is also
observed with high significance. In addition, the four previously reported J/ �
states are confirmed and two more exotic states, Zcs(4220)+ and X(4630), are
observed with significance exceeding five standard deviations.
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Observation of Two Excited B +
c States and Measurement

of the B +
c ð2SÞ Mass in pp Collisions at

ffiffi
s

p
= 13 TeV

A.M. Sirunyan et al.*

(CMS Collaboration)
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Signals consistent with the Bþ
c ð2SÞ and B$þ

c ð2SÞ states are observed in proton-proton collisions atffiffiffi
s

p
¼ 13 TeV, in an event sample corresponding to an integrated luminosity of 143 fb−1, collected by the

CMS experiment during the 2015–2018 LHC running periods. These excited b̄c states are observed in
the Bþ

c πþπ− invariant mass spectrum, with the ground state Bþ
c reconstructed through its decay to J=ψπþ.

The two states are reconstructed as two well-resolved peaks, separated in mass by 29.1& 1.5ðstatÞ&
0.7ðsystÞ MeV. The observation of two peaks, rather than one, is established with a significance exceeding
five standard deviations. The mass of the Bþ

c ð2SÞ meson is measured to be 6871.0& 1.2ðstatÞ & 0.8ðsystÞ&
0.8ðBþ

c Þ MeV, where the last term corresponds to the uncertainty in the world-average Bþ
c mass.

DOI: 10.1103/PhysRevLett.122.132001

The Bc family consists of charged mesons composed of a
beauty quark and a charm antiquark (or vice versa). The
ground state was discovered in 1998 by the CDF
Collaboration [1]. The spectrum of this heavy quarkonium
family is predicted to be very populated [2–13], but
spectroscopic observations and measurements of produc-
tion properties remain scarce. Indeed, their production
yields are significantly smaller than those of the charmo-
nium and bottomonium states, the b̄c production cross
sections being proportional to the fourth power of the
strong coupling constant, αS4 (since two pairs of heavy
quarks need to be produced). While the masses and sizes of
these beauty-charm quark-antiquark pairs place them
between the charmonium and bottomonium systems, so
that many properties can be theoretically inferred by
interpolation of existing knowledge, the unequal quark
masses and velocities could lead to more complex dynam-
ics, where some (nonrelativistic) approximations might
break down. Since the b̄c mesons cannot annihilate into
gluons, the excited states decay to the ground state via the
cascade emission of photons or pion pairs, leading to total
widths that are less than a few hundred keV. Figure 1 shows
the transitions between the lightest Bc states.
The high collision energies and integrated luminosities

provided by the LHC have opened the way for a series of
new measurements. The ATLAS Collaboration observed a
state with a mass of 6842& 4ðstatÞ & 5ðsystÞ MeV,

consistent with the values predicted for the Bþ
c ð2SÞ, using

data collected at 7 and 8 TeV [14], while the LHCb
Collaboration reported that their 8 TeV data sample did
not show any significant sign of the Bþ

c ð2SÞ or B$þ
c ð2SÞ

states [15]. The peak observed by ATLAS could be the
superposition of the Bþ

c ð2SÞ and B$þ
c ð2SÞ states, too

closely spaced with respect to the resolution of the
measurement. The mass difference between the B$þ

c and
Bþ
c hyperfine partners is predicted to be around 55 MeV,

while the corresponding difference between the B$þ
c ð2SÞ

and Bþ
c ð2SÞ masses should be around 35 MeV [11–13].

While the Bþ
c ð2SÞ decays directly to Bþ

c πþπ−, the
B$þ
c ð2SÞ is expected to decay predominantly to

B$þ
c πþπ−, followed by the B$þ

c → Bþ
c γ decay. The emitted

photon has a very low energy and its detection is very
challenging, so that the B$þ

c ð2SÞ peak should be seen in the
Bþ
c πþπ− mass spectrum at the mass M½Bþ

c ð2SÞ(−
ΔM, where ΔM≡ ½MðB$þ

c Þ −MðBþ
c Þ( − fM½B$þ

c ð2SÞ(−
M½Bþ

c ð2SÞ(g. If the ΔM value is larger than the exper-
imental resolution, the Bþ

c πþπ− invariant mass distribution
will show a two-peak structure. SinceMðB$þ

c Þ −MðBþ
c Þ is

predicted to be larger than M½B$þ
c ð2SÞ( −M½Bþ

c ð2SÞ(, the
B$þ
c ð2SÞ state will be the lower mass peak.
This Letter reports the observation of well-resolved

signals consistent with the Bþ
c ð2SÞ and B$þ

c ð2SÞ states,
as well as the first measurement of the Bþ

c ð2SÞ mass.
Although strictly speaking we should refer to these two
signals as Bþ

c ð2SÞ and B$þ
c ð2SÞ candidates, in the remain-

der of this Letter, we will skip the word candidates for
improved readability. The result is based on the analysis of
proton-proton data samples collected by the CMS experi-
ment at a center-of-mass energy of 13 TeV, in 2015, 2016,
2017, and 2018 (the full LHC Run 2), corresponding to
integrated luminosities of 2.8, 36.1, 42.1, and 61.6 fb−1,
respectively.

*Full author list given at the end of the Letter.
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The central feature of the CMS apparatus is a super-
conducting solenoid of 6 m internal diameter, providing a
magnetic field of 3.8 T. Within the solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter, and a brass and scintillator
hadron calorimeter, each composed of a barrel and two end
cap sections. Forward calorimeters extend the pseudora-
pidity coverage provided by the barrel and end cap
detectors. Muons are detected in gas-ionization chambers
embedded in the steel flux-return yoke outside the solenoid.
A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Ref. [16].
The event samples used in this analysis were collected

with a two-level trigger system [17]. The first level consists
of custom hardware processors and uses information from
the muon system to select events with two muons. The
high-level trigger requires two oppositely charged muons
with pseudorapidity jηj < 2.5 and transverse momentum
pT > 4 GeV, a distance of closest approach between the
two muons smaller than 0.5 cm, a dimuon vertex fit χ2

probability larger than 10%, a dimuon invariant mass in the
range 2.9–3.3 GeV, and a distance between the dimuon
vertex and the beam axis larger than three times its
uncertainty. In addition, the dimuon pT must be aligned
with the transverse displacement vector: cos θ > 0.9, where
cos θ ¼ L⃗xyp⃗T=ðLxypTÞ, with L⃗xy representing the trans-
verse decay displacement vector of the dimuon. Finally,
there must exist a third track in the event compatible with
being produced at the dimuon vertex. The offline
reconstruction requires two oppositely charged muons
matching those that triggered the detector readout, with
some requirements being stricter than at the trigger level,

such as jηj < 2.4 and cos θ > 0.98. The muons must fulfill
the “soft muon identification” requirements [18] and
be close to each other in angular space:ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
< 1.2, where Δη and Δϕ are differences

in pseudorapidity and azimuthal angle, respectively,
between the directions of the two muons.
Several simulated samples were used in the analysis. The

Bþ
c , Bþ

c ð2SÞ, and B%þ
c ð2SÞ signal samples are generated

with the BCVEGPY 2.2 [19] Monte Carlo generator, inter-
faced with the PYTHIA 8.230 package [20] to simulate the
hadronization step, and with EVTGEN 1.6.0 [21] for the
decays. Final-state radiation is modeled with PHOTOS 3.61
[22]. The generated events are then processed through a
detailed simulation of the CMS detector, based on the
GEANT4 package [23], using the same trigger and
reconstruction algorithms as used for the collision data.
The simulated events include multiple proton-proton inter-
actions in the same or nearby beam crossings, with a
distribution matching the measured one. Charge-conju-
gated states are implied throughout this Letter.
All the physics objects used in this analysis, including

the muon tracks, must pass high-purity track quality
requirements [24]. The Bþ

c candidates are reconstructed
by combining the dimuon with a track, assumed to be a
pion. This track must have jηj < 2.4, pT > 3.5 GeV, at
least one hit in the pixel layers, at least five hits in the
tracker (pixel and strip layers), and an impact parameter in
the transverse plane larger than two times its uncertainty.
The Bþ

c candidate is obtained by performing a kinematic fit,
imposing a common vertex on the dimuon and pion tracks,
and constraining the dimuon invariant mass to be the world-
average J=ψ mass [25]. The primary vertex (PV) associated
with the candidate Bþ

c is selected among all the recon-
structed vertices [26] as the one with the smallest angle
between the reconstructed Bþ

c momentum and the vector
joining the PV with the Bþ

c decay vertex. Studies based on
simulation show that the probability of selecting a wrong
vertex is less than 1%. The decay length of the Bþ

c , denoted
by l, is computed as the (three-dimensional) distance
between the PV and the J=ψπþ vertex (assumed to be,
respectively, the Bþ

c production and decay vertices). To
avoid biases in the determination of l, the PV is refitted
without the tracks associated with the muons and the pion.
Similarly to what has been previously done in

Refs. [27,28], the Bþ
c candidates are required to have

pT > 15 GeV, rapidity jyj < 2.4, l > 100 μm, and a kin-
ematic fit χ2 probability larger than 10%. If several Bþ

c
candidates are found in the same event, only the one with
the highest pT is kept. The invariant mass distribution of the
selected Bþ

c → J=ψπþ candidates, shown in Fig. 2, is fitted
to the expected Bþ

c signal peak, modeled as a sum of two
Gaussian functions with a common mean, superimposed on
a background composed of three sources of events: (i) the
combinatorial background resulting from associating the
J=ψ with uncorrelated charged particles, parametrized by a

FIG. 1. Transitions between the lightest Bc states, with solid
and dashed lines indicating the emission of photons and pion
pairs, respectively [2].
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first-order Chebyshev polynomial function; (ii) partially
reconstructed Bþ

c decays, Bþ
c → J=ψπþX, only relevant for

mass values below 6.2 GeV, described by a (generalized)
ARGUS function [29] convolved with a Gaussian reso-
lution function; (iii) a small contribution from Bþ

c →
J=ψKþ decays, with a shape determined from simulation
studies and a normalization fixed relative to the Bþ

c →
J=ψπþ yield, using the ratio of their branching fractions
[30] and the ratio of the reconstruction efficiencies. The
unbinned maximum-likelihood fit gives a Bþ

c signal yield
of 7629" 225 events, a Bþ

c mass of MðBþ
c Þ ¼ 6271.1"

0.5 MeV, and a mass resolution of 33.5" 2.5 MeV, where
the uncertainties are statistical only. The measured mass
resolution is consistent with the value expected from the
simulation studies. The quality of the fit was evaluated by
computing the χ2 between the binned distribution and the
fit function, the result being χ2 ¼ 35 for 30 degrees of
freedom.
The Bþ

c ð2SÞ and B&þ
c ð2SÞ candidates are reconstructed

by performing a kinematic fit, combining a Bþ
c candidate

with two opposite-sign tracks and imposing a common
vertex. Only Bþ

c candidates with invariant mass in the range
6.2–6.355 GeV are selected. This mass window, indicated
in Fig. 2, reflects the measured Bþ

c mass and resolution,
with a low-mass edge that, while corresponding to a smaller
peak coverage than the high-mass edge, suppresses the
contamination from partially reconstructed decays. The
lifetimes of the Bþ

c ð2SÞ and B&þ
c ð2SÞ are assumed to be

negligible with respect to the measurement resolution, so
that the production and decay vertices essentially overlap.
Therefore, the daughter pions are required to be tracks used
in the refitted PV (a procedure previously followed in

Refs. [31,32]). One of the pion candidates must have pT >
0.8 GeV and the other pT > 0.6 GeV. The Bþ

c πþπ−

candidates must have jyj < 2.4 and a vertex χ2 probability
larger than 10%. If several Bþ

c πþπ− candidates are found in
the same event, only the one with the highest pT is kept.
Studies with simulated signal samples (providing S) and
measured sideband events (providing B) have shown,
through the S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
figure of merit, that these are

optimal event-selection criteria.
Figure 3 shows the MðBþ

c πþπ−Þ −MðBþ
c Þ þmBþ

c
dis-

tribution, whereMðBþ
c πþπ−Þ andMðBþ

c Þ are, respectively,
the reconstructed invariant masses of the Bþ

c πþπ− and Bþ
c

candidates, and mBþ
c
is the world-average Bþ

c mass [25].
This variable is measured with a better resolution than
MðBþ

c πþπ−Þ and is, hence, advantageous when searching
for peaks in the mass distribution. The measured distribu-
tion is fitted to a superposition of two Gaussian functions,
representing the Bþ

c ð2SÞ and B&þ
c ð2SÞ signal peaks, plus a

third-order Chebyshev polynomial, modeling the con-
tinuum background, with all parameters left free in the
fit. The two contributions arising from Bþ

c → J=ψKþ

decays are also considered; they have shapes identical to
the signal peaks, neglecting a shift to lower mass values that
should be smaller than 1 MeV, and normalizations con-
strained by the ratio of the Bþ

c → J=ψKþ and Bþ
c →

J=ψπþ signal yields, as previously mentioned. The
unbinned extended maximum-likelihood fit gives 67"
10 and 51" 10 events for the lower-mass and higher-mass
peak, respectively. Since these yields are not corrected for
detection efficiencies and acceptances, they cannot be used
to infer ratios of production cross sections. The two
signals are well resolved, their mass difference being
ΔM ¼ 29.1" 1.5 MeV, where the uncertainty is statistical
only. The widths of the peaks are consistent with the value
expected from simulation studies, which is approximately
6 MeV. The χ2 between the binned distribution and the fit
function is 42 for 39 degrees of freedom.
Studies of simulated samples show that the low-energy

photon emitted in the B&þ
c ð2SÞ decay has a very small

reconstruction efficiency, of order 1%. Consequently, the
photon is not detected and the mass of the B&þ

c ð2SÞ cannot
be measured. Given the predicted mass splittings men-
tioned before [11–13], the B&þ

c ð2SÞ peak is expected to be
observed at a mass lower than the Bþ

c ð2SÞ. The mass of the
Bþ
c ð2SÞ meson, assumed to be the higher-mass peak in

Fig. 3, is measured to be 6871.0" 1.2 MeV, where the
uncertainty is statistical only.
The MðBþ

c πþπ−Þ −MðBþ
c Þ þmBþ

c
distribution has also

been fitted with the two peaks modeled by a Breit-Wigner
function, convolved with a Gaussian resolution function
determined from the simulated samples. The result is that,
for both peaks, the natural width parameter of the Breit-
Wigner function is consistent with zero, indicating that both
natural widths are small in comparison with the exper-
imental resolution.
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FIG. 2. The invariant mass distribution of the Bþ
c candidates.

The vertical dashed lines indicate the mass window retained for
the reconstruction of the Bþ

c ð2SÞ and B&þ
c ð2SÞ candidates. The

vertical bars on the points represent the statistical uncertainty in
the data. The contributions from various sources are shown by the
stacked distributions. The solid line represents the result of the fit.
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Bc

The fitting procedure was tested using randomly gen-
erated event samples, of sizes corresponding to the number
of measured events, reflecting the nominal likelihood
probability distribution functions and fitted parameters.
No significant fit biases were found in the central values
and uncertainties.
Several sources of systematic uncertainties have been

considered. The mass measurements reported here are
expected to be essentially insensitive to the event selection
criteria. The analysis was repeated by splitting the data in
exclusive subsamples, depending on the Bþ

c rapidity or pT,
or according to the data collection periods. The pT thresh-
olds were also varied, between 10 and 18 GeV for the Bþ

c
and between 3 and 5 GeV for the pion produced in the Bþ

c
decay. The results remain unchanged; hence no systematic
uncertainty is assigned to the selection criteria. Also, no
significant changes are seen in the results when the widths
of the Gaussian functions used to describe the two peaks, or
their ratio, are fixed to the values evaluated with the
simulated event samples. The mass measurements might
depend on the models used to describe the signal and
background contributions. The impact of the fitting models
has been evaluated by varying the considered functional
forms. The combinatorial background, nominally repre-
sented by a third-order Chebyshev polynomial, has been
alternatively modeled by the function ðx − x0Þλ exp
½νðx − x0Þ%, where λ, ν, and x0 are free parameters. For
each of the two signal peaks, and corresponding Bþ

c →
J=ψKþ terms, the default Gaussian function was replaced
by a Breit-Wigner parametrization. The differences in the
measured observables are taken as the systematic uncer-
tainty associated with the fit modeling. While the alter-
native background model leads to a negligible change, the
systematic uncertainties reflecting the modeling of the

peaks are 0.8 and 0.7 MeV in the Bþ
c ð2SÞ mass and in

ΔM, respectively.
The nominal fit includes a Bþ

c → J=ψKþ component,
with the same shape as the signal peaks and normalization
defined by the expected ratio of the Bþ

c → J=ψKþ and
Bþ
c → J=ψπþ yields in the Bþ

c mass window, corrected by
the ratio of the corresponding reconstruction efficiencies.
The normalization has been increased by a factor of two, a
variation ten times larger than the sum of the uncertainties
in the ratio of branching fractions [25] and in the ratio of
reconstruction efficiencies, and no significant effect has
been seen on the results, so that no systematic uncertainty is
associated with this background contribution. The Bþ

c mass
distribution includes a contribution from partially recon-
structed decays. Their contamination in theMðBþ

c πþπ−Þ −
MðBþ

c Þ þmBþ
c
distribution is suppressed by the rejection of

Bþ
c candidates with invariant mass below 6.2 GeV. To

evaluate possible resolution effects associated with this
selection, the requirement was changed to 6.1 GeV, a
variation that also leads to a larger contamination from
Bþ
c → J=ψKþ events. The difference between the results,

taking into account that the two event samples are strongly
correlated, is not statistically significant, so that no sys-
tematic uncertainty is assigned. The potential bias intro-
duced in the mass measurement by possible misalignments
of the tracker detectors has been evaluated through sim-
ulation studies and also by comparing distributions mea-
sured in the 2016 and 2017 running periods, a meaningful
comparison given that an important fraction of the CMS
tracker detector was replaced between these two years. The
outcome is that the alignment of the detector leads to a
negligible systematic uncertainty in the results of the
present analysis. Thus, the total systematic uncertainties
are 0.8 and 0.7 MeV in the Bþ

c ð2SÞ mass measurement and
in ΔM, respectively.
The world-average Bþ

c mass, mBþ
c
¼ 6274.9' 0.8 MeV

[25], enters in the measurement of the Bþ
c ð2SÞ mass,

thereby contributing an additional systematic uncertainty
of 0.8 MeV. Strictly speaking, however, it is the mass
differenceMðBþ

c πþπ−Þ −MðBþ
c Þ that is measured event by

event, before adding the mBþ
c
constant, and it is convenient

to report the Bþ
c ð2SÞ mass as M½Bþ

c ð2SÞ% −MðBþ
c Þ ¼

596.1' 1.2ðstatÞ ' 0.8ðsystÞ MeV, a value independent
of mBþ

c
. Another interesting mass difference, also unaf-

fected by the uncertainty in the Bþ
c world-average mass, can

be derived from the previously reported measurements:
M½B(þ

c ð2SÞ%−MðB(þ
c Þ ¼ fM½Bþ

c ð2SÞ%−MðBþ
c Þg−ΔM¼

567.0' 1.0ðtotalÞMeV. Since the systematic effects pre-
viously mentioned cancel almost completely in this mass
difference, the total uncertainty is dominated by the
statistical term, which was determined by redoing the fit
of the MðBþ

c πþπ−Þ −MðBþ
c Þ þmBþ

c
distribution setting

this new variable as a floating parameter, to properly
account for the correlations between the parameters. The
observation of two peaks, rather than one, is established
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Figure 4. Mass spectra of (top) D0D0 and (bottom) D+D− candidates in the high-mass
3.80 < mDD < 4.20GeV/c2 region. The result of the simultaneous fit described in the text is su-
perimposed.

Nχc2(3930)

[
103

]
mχc2(3930)

[
MeV/c2

]
Γχc2(3930) [MeV]

D0D0 4.7± 0.5
3921.90± 0.55 36.64± 1.88

D+D− 13.0± 0.6

Table 2. Yields, mass and width of the χc2(3920) state from the fit to DD mass spectra in
the high-mass 3.88 < mDD < 4.20GeV/c2 region. Uncertainties are statistical only.

is instead assumed to be spin-0 then the mass decreases by 0.12MeV/c2 while variations in

the width and the uncertainties in the mass and width are negligible.

4.3 Mass region mDD < 3.88GeV/c2

To fit the DD mass spectra in the near-threshold region, mDD < 3.88GeV/c2, com-

ponents for the X(3842) and ψ(3770) decays to DD signals and the background

are included. In the case of the D0D0 mass spectrum, an additional contribu-
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Figure 5. Mass spectra of (top) D0D0 and (bottom) D+D− candidates in the near-threshold
mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text is superimposed.

Source

X(3842) χc2(3930) ψ(3770)

σm σΓ σm σΓ σm[
MeV/c2

]
[MeV]

[
MeV/c2

]
[MeV]

[
MeV/c2

]

Signal model 0.02 0.02 0.01 0.15 0.62

Resolution 0.31 0.20

Background model 0.13 0.15 0.81 0.03

Momentum scale 0.07 — 0.05 —

D-meson masses 0.10 — 0.10 — 0.10

Sum in quadrature 0.12 0.35 0.19 0.85 0.63

Table 4. Summary of systematic uncertainties for the measured masses (σm) and width (σΓ)
of the X(3842), χc2(3930) and ψ(3770) states. Uncertainties for the mass (width) smaller than
10 keV/c2 (10 keV) are not shown.
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NX(3842) mX(3842)

[
MeV/c2

]
ΓX(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D− 2070± 190

Table 1. Yields, mass and width of the X(3842) state from the fit to DD mass spectra in the narrow
3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.
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Figure 4. Mass spectra of (top) D0D0 and (bottom) D+D− candidates in the high-mass
3.80 < mDD < 4.20GeV/c2 region. The result of the simultaneous fit described in the text is su-
perimposed.

Nχc2(3930)

[
103

]
mχc2(3930)

[
MeV/c2

]
Γχc2(3930) [MeV]

D0D0 4.7± 0.5
3921.90± 0.55 36.64± 1.88

D+D− 13.0± 0.6

Table 2. Yields, mass and width of the χc2(3920) state from the fit to DD mass spectra in
the high-mass 3.88 < mDD < 4.20GeV/c2 region. Uncertainties are statistical only.

is instead assumed to be spin-0 then the mass decreases by 0.12MeV/c2 while variations in

the width and the uncertainties in the mass and width are negligible.

4.3 Mass region mDD < 3.88GeV/c2

To fit the DD mass spectra in the near-threshold region, mDD < 3.88GeV/c2, com-

ponents for the X(3842) and ψ(3770) decays to DD signals and the background

are included. In the case of the D0D0 mass spectrum, an additional contribu-
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Figure 5. Mass spectra of (top) D0D0 and (bottom) D+D− candidates in the near-threshold
mDD < 3.88GeV/c2 region. The result of the simultaneous fit described in the text is superimposed.

Source

X(3842) χc2(3930) ψ(3770)

σm σΓ σm σΓ σm[
MeV/c2

]
[MeV]

[
MeV/c2

]
[MeV]

[
MeV/c2

]

Signal model 0.02 0.02 0.01 0.15 0.62

Resolution 0.31 0.20

Background model 0.13 0.15 0.81 0.03

Momentum scale 0.07 — 0.05 —

D-meson masses 0.10 — 0.10 — 0.10

Sum in quadrature 0.12 0.35 0.19 0.85 0.63

Table 4. Summary of systematic uncertainties for the measured masses (σm) and width (σΓ)
of the X(3842), χc2(3930) and ψ(3770) states. Uncertainties for the mass (width) smaller than
10 keV/c2 (10 keV) are not shown.
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Figure 2. The mass spectra for selected DD combinations. The open red histogram corresponds
to D0D0 pairs, while the hatched blue histogram corresponds to D+D− pairs. Vertical black
dashed lines help to identify the peaks from (left to right) χc1(3872)→ D∗0D0, ψ(3770)→ DD,
X(3842)→ DD and χc2(3930)→ DD decays.

NX(3842) mX(3842)

[
MeV/c2

]
ΓX(3842) [MeV]

D0D0 930± 170
3842.71± 0.16 2.79± 0.51

D+D− 2070± 190

Table 1. Yields, mass and width of the X(3842) state from the fit to DD mass spectra in the narrow
3.80 < mDD < 3.88GeV/c2 region. Uncertainties are statistical only.
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A third topic is the search for exotica such as hybrids;
the level of mixing between conventional quarkonium and
hybrid basis states falls rapidly with increasing quark mass,
which suggests that nonexotic hybrids may be more easily
distinguished from conventional quarkonia in charmonium
than in the light quark sectors. Since lattice gauge theory
(LGT) predicts that the lightest c !c hybrids lie near 4.4 GeV
[37–40], there is a strong incentive to establish the ‘‘back-
ground’’ spectrum of conventional c !c states up to and
somewhat beyond this mass.

A final topic of current interest is the importance of
mixing between quark model q !q basis states and two-
meson continua, which has been cited as a possible reason
for the low masses of the recently discovered DsJ states
[41,42]. The effects of ‘‘unquenching the quark model’’ by
including meson loops can presumably be studied effec-
tively in the c !c system, in which the experimental spectrum
of states is relatively unambiguous. The success of the q !q
quark model is surprising, in view of the probable impor-
tance of corrections to the valence approximation; the
range of validity of the naive ‘‘quenched’’ q !q quark model
is an interesting and open question [43].

Motivated by this revived interest in c !c spectroscopy, we
have carried out a theoretical study of the expected prop-
erties of charmonium states, notably the poorly understood
higher-mass c !c levels above DD threshold. Two variants of
potential models are used in this study, a conventional
nonrelativistic model based on the Schrödinger equation
with a Coulomb plus linear potential, and the Godfrey-
Isgur relativized potential model. We give results for all
states in the multiplets 1! 4S, 1! 3P, 1! 2D, 1! 2F,
and 1G, comprising 40 c !c resonances in total. Predictions
are given for quantities which are likely to be of the great-
est experimental interest, which are the spectrum of states,
E1 (and some M1) electromagnetic transition rates, and
strong partial and total widths for states above open-charm
threshold.

Similar results for many of the electromagnetic transi-
tion rates have recently been reported by Ebert et al. [44].
The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.

II. SPECTRUM

A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
quarkonium potential. We use the standard color Coulomb
plus linear scalar form, and also include a Gaussian-
smeared contact hyperfine interaction in the zeroth-order
potential. The central potential is

V#c !c$
0 #r$ % ! 4

3

!s
r
" br" 32"!s

9m2
c

~#$#r$ ~Sc & ~S !c; (1)

where ~#$#r$ % #$=
!!!!
"
p $3e!$2r2

. The four parameters (!s,
b, mc, $) are determined by fitting the spectrum.

The spin-spin contact hyperfine interaction is one of the
spin-dependent terms predicted by one gluon exchange
(OGE) forces. The contact form / ## ~x$ is actually an
artifact of an O#v2

q=c2$ expansion of the T-matrix [49],
so replacing it by an interaction with a range 1=$ compa-
rable to 1=mc is not an unwarranted modification.

We treat the remaining spin-dependent terms as mass
shifts using leading-order perturbation theory. These are
the OGE spin-orbit and tensor interactions and a longer-
ranged inverted spin-orbit term, which arises from the
assumed Lorentz scalar confinement. These are explicitly

Vspin-dep %
1

m2
c

"#
2!s
r3 !

b
2r

$
~L & ~S" 4!s

r3 T
%
: (2)

The spin-orbit operator is diagonal in a jJ;L; Si basis,
with the matrix elements h ~L & ~Si % 'J#J" 1$ ! #L#L"
1$ ! S#S" 1$(=2. The tensor operator T has nonvanishing
diagonal matrix elements only between L > 0 spin-triplet
states, which are

h3LJjTj3LJi %

8>>><
>>>:

! L
6#2L"3$ ; J % L" 1

" 1
6 ; J % L

! #L"1$
6#2L!1$ ; J % L! 1

: (3)

For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)

where
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The ‘"‘! leptonic and two-photon widths are not dis-
cussed in detail here, as they have been considered exten-
sively elsewhere; see for example [45–48] and references
cited therein.
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A. Nonrelativistic potential model

As a minimal model of the charmonium system we use a
nonrelativistic potential model, with wave functions deter-
mined by the Schrödinger equation with a conventional
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artifact of an O#v2
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so replacing it by an interaction with a range 1=$ compa-
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For experimental input we use the masses of the 11 rea-
sonably well-established c !c states, which are given in
Table I (rounded to 1 MeV). The parameters that follow
from fitting these masses are #!s; b; mc;$$ %
#0:5461; 0:1425 GeV2; 1:4794 GeV; 1:0946 GeV$. Given
these values, we can predict the masses and matrix ele-
ments of the currently unknown c !c states; Table I and
Fig. 1 show the predicted spectrum.

B. Godfrey-Isgur relativized potential model

The Godfrey-Isgur model is a ‘‘relativized’’ extension of
the nonrelativistic model of the previous section. This
model assumes a relativistic dispersion relation for the
quark kinetic energy, a QCD-motivated running coupling
!s#r$, a flavor-dependent potential smearing parameter $,
and replaces factors of quark mass with quark kinetic
energy. Details of the model and the method of solution
may be found in Ref. [51]. The Hamiltonian consists of a
relativistic kinetic term and a generalized quark-antiquark
potential

H % H0 " Vq !q#~p; ~r$; (4)
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H 0 !
!!!!!!!!!!!!!!!!!!
~p2
q "m2

q

q
"

!!!!!!!!!!!!!!!!!!
~p2

!q "m2
!q

q
: (5)

Just as in the nonrelativistic model, the quark-antiquark

potential Vq !q# ~p; ~r$ assumed here incorporates the Lorentz
vector one gluon exchange interaction at short distances
and a Lorentz scalar linear confining interaction. To first
order in #vq=c$2, Vq !q# ~p; ~r$ reduces to the standard non-
relativistic result given by Eqs. (1) and (2) (with !s re-
placed by a running coupling constant, !s#r$). The full set
of model parameters is given in Ref. [51]. Note that the
string tension and quark mass (b ! 0:18 GeV2 and mc !
1:628 GeV) are significantly larger than the values used in
our nonrelativistic model.

One important aspect of this model is that it gives
reasonably accurate results for the spectrum and matrix
elements of quarkonia of all u, d, s, c, b quark flavors,
whereas the nonrelativistic model of the previous section is
only fitted to the c !c system.

C. Discussion

The spectra predicted by the NR and GI models (Table I
and Fig. 1) are quite similar for S- and P-wave states,
largely because of the constraints provided by the experi-
mental c !c candidates for these multiplets. We note in
passing that these potential model results are very similar
to the most recent predictions of the charmonium spectrum
from LGT [38,52,53]. At higher L we have only the L ! 2
13D1 and 23D1 states  #3770$ and  #4159$ to constrain the
models, and the predicted mean D-wave multiplet masses
differ by ca. 50 MeV. For L > 2 the absence of experimen-
tal states allows a relatively large scatter of predicted mean
masses, which differ by as much as % 100 MeV in the 1G
multiplet. (The splittings within higher-L multiplets in
contrast are rather similar.) The mean multiplet masses
predicted by the two models differ largely because of the
values assumed for the string tension b, which is
0:18 GeV2 in the GI model but is a rather smaller

TABLE I. Experimental and theoretical spectrum of c !c states.
The experimental masses are PDG averages, which are rounded
to 1 MeV and assigned equal weights in the theoretical fits. For
the 21S0 "0c#3638$ we use a world average of recent measure-
ments [50].

Multiplet State Expt. Input (NR) Theor.
NR GI

1S J= #13S1$ 3096:87& 0:04 3097 3090 3098
"c#11S0$ 2979:2& 1:3 2979 2982 2975

2S  0#23S1$ 3685:96& 0:09 3686 3672 3676
"0c#21S0$ 3637:7& 4:4 3638 3630 3623

3S  #33S1$ 4040& 10 4040 4072 4100
"c#31S0$ 4043 4064

4S  #43S1$ 4415& 6 4415 4406 4450
"c#41S0$ 4384 4425

1P #2#13P2$ 3556:18& 0:13 3556 3556 3550
#1#13P1$ 3510:51& 0:12 3511 3505 3510
#0#13P0$ 3415:3& 0:4 3415 3424 3445
hc#11P1$ see text 3516 3517

2P #2#23P2$ 3972 3979
#1#23P1$ 3925 3953
#0#23P0$ 3852 3916
hc#21P1$ 3934 3956

3P #2#33P2$ 4317 4337
#1#33P1$ 4271 4317
#0#33P0$ 4202 4292
hc#31P1$ 4279 4318

1D  3#13D3$ 3806 3849
 2#13D2$ 3800 3838
 #13D1$ 3769:9& 2:5 3770 3785 3819
"c2#11D2$ 3799 3837

2D  3#23D3$ 4167 4217
 2#23D2$ 4158 4208
 #23D1$ 4159& 20 4159 4142 4194
"c2#21D2$ 4158 4208

1F #4#13F4$ 4021 4095
#3#13F3$ 4029 4097
#2#13F2$ 4029 4092
hc3#11F3$ 4026 4094

2F #4#23F4$ 4348 4425
#3#23F3$ 4352 4426
#2#23F2$ 4351 4422
hc3#21F3$ 4350 4424

1G  5#13G5$ 4214 4312
 4#13G4$ 4228 4320
 3#13G3$ 4237 4323
"c4#11G4$ 4225 4317
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FIG. 1. Predicted and observed spectrum of charmonium states
(Table I). The solid lines are experiment, and the broken lines are
theory (NR model left, GI right). Spin-triplet levels are dashed
lines, and spin-singlets are dotted lines. The DD open-charm
threshold at 3.73 GeV is also shown.
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Results are reported from an amplitude analysis of the Bþ → DþD−Kþ decay. The analysis is carried
out using LHCb proton-proton collision data taken at

ffiffiffi
s

p
¼ 7, 8, and 13 TeV, corresponding to a total

integrated luminosity of 9 fb−1. In order to obtain a good description of the data, it is found to be necessary
to include new spin-0 and spin-1 resonances in the D−Kþ channel with masses around 2.9 GeV=c2, and a
new spin-0 charmonium resonance in proximity to the spin-2 χc2ð3930Þ state.

DOI: 10.1103/PhysRevD.102.112003

I. INTRODUCTION

Decays of B mesons to multibody final states involving
two open-charm mesons and a strange meson, henceforth
labeled B → DD̄K decays, proceed at quark level through
b̄ → cc̄ s̄ transitions and comprise a relatively large fraction
of the total width of the B mesons. Their branching
fractions have been measured previously [1–4], but few
studies of their resonant structure exist. Such analyses are
valuable as a means to study resonant structure in both DD̄
and charm-strange systems. Conventional cc charmonium
states can produce resonant structures in a neutral DD̄
system, but it is now known that exotic charmonium-like
states, which can decay to both neutral and charged DD̄
combinations, also exist [5–7]. Conventional resonances
can also be observed in charged DK systems, containing
charm and antistrange (cs̄) quarks.1 There is no previous
experimental evidence of exotic hadrons containing
a charm and a strange quark (cs), and the possible
existence of such states has not been widely discussed
in the theoretical literature, although some predictions do
exist [8–10].
In the Bþ → DþD−Kþ decay, resonances in the D−Kþ

channel must have minimal quark content c̄ds̄u and hence
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at the same mass, one would generically expect the spin-0
state to be broader since its decay to a DþD− pair is in
S wave, as compared to D wave for the spin-2 state, and
therefore is not suppressed by any angular momentum
barrier. This expected pattern is seen in some explicit
calculations of the properties of the χcJð2PÞ states [11];
however the observed pattern is consistent with other
theoretical predictions [13]. Moreover, the fitted χc0ð3930Þ

parameters are consistent with those of the Xð3915Þ
state.
The χc0ð3930Þ state is the only component in the DþD−

S wave in the baseline model. The broad χc0ð3860Þ state
reported by the Belle Collaboration [53] has been included
in alternative fit models but is disfavored. Fits in which
additional S-wave structure is introduced through a non-
resonant component, have been attempted but tend to
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FIG. 10. Comparisons of the invariant-mass distributions (a),(b),(c) of Bþ → DþD−Kþ candidates in the data to the fit projection of
the baseline model. The total fit function and contributions from individual components are shown as detailed in the legend.

TABLE IV. Magnitude and phase of the complex coefficients in the amplitude model, together with fit fractions
for each component. The quantities are reported after correction for fit biases (see Sec. IX). The first uncertainty is
statistical and the second is the sum in quadrature of all systematic uncertainties.

Resonance Magnitude Phase (rad) Fit fraction (%)

DþD− resonances
ψð3770Þ 1 (fixed) 0 (fixed) 14.5$ 1.2$ 0.8
χc0ð3930Þ 0.51$ 0.06$ 0.02 2.16$ 0.18$ 0.03 3.7$ 0.9$ 0.2
χc2ð3930Þ 0.70$ 0.06$ 0.01 0.83$ 0.17$ 0.13 7.2$ 1.2$ 0.3
ψð4040Þ 0.59$ 0.08$ 0.04 1.42$ 0.18$ 0.08 5.0$ 1.3$ 0.4
ψð4160Þ 0.67$ 0.08$ 0.05 0.90$ 0.23$ 0.09 6.6$ 1.5$ 1.2
ψð4415Þ 0.80$ 0.08$ 0.06 −1.46$ 0.20$ 0.09 9.2$ 1.4$ 1.5

D−Kþ resonances
X0ð2900Þ 0.62$ 0.08$ 0.03 1.09$ 0.19$ 0.10 5.6$ 1.4$ 0.5
X1ð2900Þ 1.45$ 0.09$ 0.03 0.37$ 0.10$ 0.05 30.6$ 2.4$ 2.1

Nonresonant 1.29$ 0.09$ 0.04 −2.41$ 0.12$ 0.51 24.2$ 2.2$ 0.5
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(NEW)

(NEW)
(NEW)

As described in Sec. VII A, DD̄ resonant structure has
previously been observed in the χcJð3930Þ region; however
it has usually been assumed to arise from the χc2ð3930Þ
resonance. The mass and helicity-angle distributions of
candidates in this region shown in Fig. 11, clearly dem-
onstrate that both spin-0 and spin-2 contributions are

necessary. The masses and widths of these two components
are completely free to vary in the fit; they are found to have
consistent masses while the fit prefers a narrower width for
the spin-0 state. If both spin-0 and spin-2 states are present

4 4.5
]2c) [GeV/−D+D(m

0
20
40
60
80

100
120
140)2 c

Ca
nd

ida
tes

 / (
17

.3 
M

eV
/

2.5 3 3.5
]2c) [GeV/+K−D(m

0
10
20
30
40
50
60
70
80

)2 c
Ca

nd
ida

tes
 / (

17
.3 

M
eV

/

2.5 3 3.5
]2c) [GeV/+K+D(m

0

10

20

30

40

50

)2 c
Ca

nd
ida

tes
 / (

17
.3 

M
eV

/ − D+ D→(3770)ψ
− D+ D→(3930)c0χ
− D+ D→(3930)c2χ

− D+ D→(4040)ψ
− D+ D→(4160)ψ
− D+ D→(4415)ψ

Nonresonant

(a) (b)

(c)

FIG. 7. Comparisons of the invariant-mass distributions (a),(b),(c) of Bþ → DþD−Kþ candidates to the fit projections without any
resonant component in the D−Kþ channel. The total fit function (solid black line) and contributions from individual components
(nonsolid colored lines) are shown as detailed in the legend.

6 8 10 12
]4c/2) [GeV+K−D(2m

14

16

18

20

22

]4 c/2
) [

Ge
V

−
D

+
D(2

m

8−
6−
4−
2−

0
2
4
6
8

FIG. 8. Normalized residual between the data and the model
excluding any D−Kþ components shown across the Dalitz plot
with a minimum of 20 data entries in each bin.

2.5 3 3.5
]2c) [GeV/+K−D(m

0
10
20
30
40
50
60)2 c

Ca
nd

ida
tes

 / (
17

.3 
M

eV
/

FIG. 9. Comparison of the mðD−KþÞ distribution and the fit
projection for a model excluding any D−Kþ resonance, after
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charmonium resonances. The different components are shown as
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a b s t r a c t

Using proton-proton collision data at centre-of-mass energies of
ffiffi
s

p
¼ 7;8 and 13 TeV recorded by the

LHCb experiment at the Large Hadron Collider, corresponding to an integrated luminosity of 9 fb"1, the
invariant mass spectrum of J/w pairs is studied. A narrow structure around 6:9 GeV=c2 matching the line-
shape of a resonance and a broad structure just above twice the J/w mass are observed. The deviation of
the data from nonresonant J/w-pair production is above five standard deviations in the mass region
between 6:2 and 7:4 GeV=c2, covering predicted masses of states composed of four charm quarks. The
mass and natural width of the narrow X 6900ð Þ structure are measured assuming a Breit-Wigner
lineshape.
! 2020 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The strong interaction is one of the fundamental forces of nat-
ure and it governs the dynamics of quarks and gluons. According
to quantum chromodynamics (QCD), the theory describing the
strong interaction, quarks are confined into hadrons, in agreement
with experimental observations. The quark model [1,2] classifies
hadrons into conventional mesons (qq) and baryons (qqq or qqq),
and also allows for the existence of exotic hadrons such as tetra-
quarks (qqqq) and pentaquarks (qqqqq). Exotic states provide a
unique environment to study the strong interaction and the con-
finement mechanism [3]. The first experimental evidence for an
exotic hadron candidate was the vc1 3872ð Þ state observed in
2003 by the Belle collaboration [4]. Since then a series of novel
states consistent with containing four quarks have been discovered
[5]. Recently, the LHCb collaboration observed resonances inter-
preted to be pentaquark states [6–9]. All hadrons observed to date,
including those of exotic nature, contain at most two heavy charm
(c) or bottom (b) quarks, whereas many QCD-motivated phe-
nomenological models also predict the existence of states consist-
ing of four heavy quarks, i.e. TQ1Q2Q3Q4

, where Qi is a c or a b quark
[10–35]. Theoretically, the interpretation of the internal structure
of such states usually assumes the formation of a Q1Q2 diquark
and a Q3Q4 antidiquark attracting each other. Application of this
diquark model successfully predicts the mass of the doubly

charmed baryon Nþþ
cc [36,37] and helps to explain the relative rates

of bottom baryon decays [38].
Tetraquark states comprising only bottom quarks, Tbbbb, have

been searched for by the LHCb and CMS collaborations in the
!lþl" decay [39,40], with the ! state consisting of a bb pair. How-
ever, the four-charm states, have not yet been studied in detail
experimentally. A state could disintegrate into a pair of charmo-
nium states such as J/w mesons, with each consisting of a cc pair.
Decays to a J/w meson plus a heavier charmonium state, or two
heavier charmonium states, with the heavier states decaying sub-
sequently into a J/w meson and accompanying particles, are also
possible. Predictions for the masses of states vary from 5:8 to
7:4 GeV=c2 [10–26], which are above the masses of known charmo-
nia and charmonium-like exotic states and below those of bot-
tomonium hadrons. 2 This mass range guarantees a clean
experimental environment to identify possible states in the J/w-
pair (also referred to as di-J/w) invariant mass (Mdi-J=w) spectrum.

In proton-proton (pp) collisions, a pair of J/wmesons can be pro-
duced in two separate interactions of gluons or quarks, named
double-parton scattering (DPS) [41–43], or in a single interaction,
named single-parton scattering (SPS) [44–51]. The SPS process
includes both resonant production via intermediate states, which
could be tetraquarks, and nonresonant production. Within the
DPS process, the two J/w mesons are usually assumed to be pro-
duced independently, thus the distribution of any di-J/w observ-

https://doi.org/10.1016/j.scib.2020.08.032
2095-9273/! 2020 Science China Press. Published by Elsevier B.V. and Science China Press.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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nificance. Considering the sample in the pdi-J=w
T > 5:2 GeV=c region,

the null hypothesis is inconsistent with the data at 3:4 standard
deviations (r). A test performed simultaneously in the aforemen-
tioned six pdi-J=w

T regions yields a discrepancy of 6:0r with the null
hypothesis. A higher value is obtained in the latter case attributed
to the presence of the structure at the same Mdi-J=w location in dif-

ferent pdi-J=w
T intervals. A cross-check is performed by dividing the

data into five or seven pdi-J=w
T regions instead, which results in sig-

nificance values consistent with the nominal 6:0r. The significance
values are summarised in Table 1 (any structure beyond NRSPS
plus DPS).

The structures in the Mdi-J=w distribution can have various inter-
pretations. There may be one or more resonant states decaying
directly into a pair of J/w mesons, or states decaying into a pair
of J/w mesons through feed-down of heavier quarkonia, for exam-
ple Tcc c

!
c
! ! vc ! J=wcð ÞJ=w where the photon escapes detection. In

the latter case, such a state would be expected to peak at a lower
Mdi-J=w position, close to the di-J/wmass threshold, and its structure
would be broader compared to that from a direct decay. This feed-
down is unlikely an explanation for the narrow X 6900ð Þ structure.
Rescattering of two charmonium states produced by SPS close to
their mass threshold may also generate a narrow structure [88–
91]. The two thresholds close to the X 6900ð Þ structure could be
formed by vc0vc0 pairs at 6829:4 MeV=c2 and vc1vc0 pairs at
6925:4 MeV=c2, respectively. Whereas a resonance is often
described by a relativistic Breit-Wigner (BW) function [85], the
lineshape of a structure with rescattering effects taken into
account is more complex. In principle, resonant production can
interfere with NRSPS of the same spin-parity quantum numbers
(JPC), resulting in a coherent sum of the two components and thus
a modification of the total Mdi-J=w distribution.

Two different models of the structure lineshape providing a
reasonable description of the data are investigated. The X 6900ð Þ

lineshape parameters and yields are derived from fits to the
pdi-J=w
T -threshold sample. Simultaneous pdi-J=w

T -binned fits are also
performed as a cross-check and the variation of lineshape param-
eters is considered as a source of systematic uncertainties. Due to
its low significance, the structure around 7:2 GeV=c2 has been
neglected.

In model I, the X 6900ð Þ structure is considered as a resonance,
whereas the threshold enhancement is described through a super-
position of two resonances. The lineshapes of these resonances are
described by S-wave relativistic BW functions multiplied by a two-
body phase-space distribution. The experimental resolution on
Mdi-J=w is below 5 MeV=c2 over the full mass range and negligible
compared to the widths of the structures. The projections of the
pdi-J=w
T -threshold fit using this model are shown in Fig. 3b. The mass,

natural width and yield are determined to be
m X 6900ð Þ½ % ¼ 6905' 11 MeV=c2, C X 6900ð Þ½ % ¼ 80' 19 MeV and
Nsig ¼ 252' 63, where biases on the statistical uncertainties have
been corrected using a bootstrap method [92]. The goodness of
fit is studied using a v2 test statistic and found to be
v2=ndof ¼ 112:7=89, corresponding to a probability of 4:6%. The
fit is also performed assuming the threshold enhancement as due
to a single wide resonance (see the Supplementary materials);
the fit quality is found significantly poorer and thus this model is
not further investigated.

A comparison between the best fit result of model I and the data
reveals a tension around 6:75 GeV=c2, where the data shows a dip.
In an attempt to describe the dip, model II allows for interference
between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined
as
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T -threshold fit using (a) the NRSPS plus DPS model,
(b) model I, and (c) model II.

1986 LHCb collaboration / Science Bulletin 65 (2020) 1983–1993

nificance. Considering the sample in the pdi-J=w
T > 5:2 GeV=c region,

the null hypothesis is inconsistent with the data at 3:4 standard
deviations (r). A test performed simultaneously in the aforemen-
tioned six pdi-J=w

T regions yields a discrepancy of 6:0r with the null
hypothesis. A higher value is obtained in the latter case attributed
to the presence of the structure at the same Mdi-J=w location in dif-

ferent pdi-J=w
T intervals. A cross-check is performed by dividing the

data into five or seven pdi-J=w
T regions instead, which results in sig-

nificance values consistent with the nominal 6:0r. The significance
values are summarised in Table 1 (any structure beyond NRSPS
plus DPS).

The structures in the Mdi-J=w distribution can have various inter-
pretations. There may be one or more resonant states decaying
directly into a pair of J/w mesons, or states decaying into a pair
of J/w mesons through feed-down of heavier quarkonia, for exam-
ple Tcc c

!
c
! ! vc ! J=wcð ÞJ=w where the photon escapes detection. In

the latter case, such a state would be expected to peak at a lower
Mdi-J=w position, close to the di-J/wmass threshold, and its structure
would be broader compared to that from a direct decay. This feed-
down is unlikely an explanation for the narrow X 6900ð Þ structure.
Rescattering of two charmonium states produced by SPS close to
their mass threshold may also generate a narrow structure [88–
91]. The two thresholds close to the X 6900ð Þ structure could be
formed by vc0vc0 pairs at 6829:4 MeV=c2 and vc1vc0 pairs at
6925:4 MeV=c2, respectively. Whereas a resonance is often
described by a relativistic Breit-Wigner (BW) function [85], the
lineshape of a structure with rescattering effects taken into
account is more complex. In principle, resonant production can
interfere with NRSPS of the same spin-parity quantum numbers
(JPC), resulting in a coherent sum of the two components and thus
a modification of the total Mdi-J=w distribution.

Two different models of the structure lineshape providing a
reasonable description of the data are investigated. The X 6900ð Þ

lineshape parameters and yields are derived from fits to the
pdi-J=w
T -threshold sample. Simultaneous pdi-J=w

T -binned fits are also
performed as a cross-check and the variation of lineshape param-
eters is considered as a source of systematic uncertainties. Due to
its low significance, the structure around 7:2 GeV=c2 has been
neglected.

In model I, the X 6900ð Þ structure is considered as a resonance,
whereas the threshold enhancement is described through a super-
position of two resonances. The lineshapes of these resonances are
described by S-wave relativistic BW functions multiplied by a two-
body phase-space distribution. The experimental resolution on
Mdi-J=w is below 5 MeV=c2 over the full mass range and negligible
compared to the widths of the structures. The projections of the
pdi-J=w
T -threshold fit using this model are shown in Fig. 3b. The mass,

natural width and yield are determined to be
m X 6900ð Þ½ % ¼ 6905' 11 MeV=c2, C X 6900ð Þ½ % ¼ 80' 19 MeV and
Nsig ¼ 252' 63, where biases on the statistical uncertainties have
been corrected using a bootstrap method [92]. The goodness of
fit is studied using a v2 test statistic and found to be
v2=ndof ¼ 112:7=89, corresponding to a probability of 4:6%. The
fit is also performed assuming the threshold enhancement as due
to a single wide resonance (see the Supplementary materials);
the fit quality is found significantly poorer and thus this model is
not further investigated.

A comparison between the best fit result of model I and the data
reveals a tension around 6:75 GeV=c2, where the data shows a dip.
In an attempt to describe the dip, model II allows for interference
between the NRSPS component and a resonance for the threshold
enhancement. The coherent sum of the two components is defined
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4. Investigation of the J/w-pair invariant mass spectrum

To remove background pairs that have at least one background
J/w candidate, the sPlot weighting method [86] is applied, where
the weights are calculated from the fit to the two-dimensional

M 1ð Þ
ll;M

2ð Þ
ll

! "
distribution. The background-subtracted di-J/w spec-

tra in the range 6:2 < Mdi-J=w < 9:0 GeV=c2 are shown in Fig. 3 for

candidates with pdi-J=w
T > 5:2 GeV=c and Fig. 4 for candidates in

the six pdi-J=w
T intervals, which are investigated by weighted

unbinned maximum-likelihood fits [87]. The Mdi-J=w distribution
of signal events is expected to be dominated by the sum of the non-
resonant SPS (NRSPS) and DPS production, which have smooth
shapes (referred to as continuum in the following). The DPS contin-
uum is described by a two-body phase-space function multiplied
by the product of an exponential function and a second order poly-
nomial function, whose parameters are fixed according to the
Mdi-J=w distribution constructed from J/w differential cross-
sections. Its yield is determined by extrapolation from the
Mdi-J=w > 12 GeV=c2 region, which is dominated and well described
by the DPS distribution. The continuum NRSPS is modelled by a
two-body phase-space distribution multiplied by an exponential
function determined from the data. The combination of continuum
NRSPS and DPS does not provide a good description of the data, as
is illustrated in Fig. 3a. The Mdi#J=w spectrum in the data is tested
against the hypothesis that only NRSPS and DPS components are
present in the range 6:2 < Mdi-J=w < 7:4 GeV=c2 (null hypothesis)
using a v2 test statistic. Pseudoexperiments are generated and fit-
ted according to the null hypothesis, and the fraction of these fits
with a v2 value exceeding that in the data is converted into a sig-

Fig. 2. Invariant mass spectrum of J/w-pair candidates passing the
pdi-J=w
T > 5:2 GeV=c requirement with reconstructed J/w masses in the (black) signal

and (blue) background regions, respectively.

Fig. 1. (Bottom right) Two-dimensional M 1ð Þ
ll;M

2ð Þ
ll

! "
distribution of di-J/w candidates and its projections on (bottom left) M 1ð Þ

ll and (top) M 2ð Þ
ll . Four components are present as

each projection consists of signal and background J/w candidates. The labels J=w1;2 and bkg1,2 represent the signal and background contributions, respectively, in the M 1ð Þ; 2ð Þ
ll

distribution.
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The Ξþ
c K− mass spectrum is studied with a sample of pp collision data corresponding to an integrated

luminosity of 3.3 fb−1, collected by the LHCb experiment. The Ξþ
c is reconstructed in the decay mode

pK−πþ. Five new, narrow excited Ω0
c states are observed: the Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3066Þ0,

Ωcð3090Þ0, and Ωcð3119Þ0. Measurements of their masses and widths are reported.
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The spectroscopy of singly charmed baryons cqq0 is
intricate. With three quarks and numerous degrees of
freedom, many states are expected. At the same time,
the large mass difference between the charm quark and the
light quarks provides a natural way to understand the
spectrum by using the symmetries provided by the heavy
quark effective theory (HQET) [1,2]. In recent years,
considerable improvements have been made in the pre-
dictions of the properties of these heavy baryons [3–14].
In many of these models, the heavy quark interacts with a
ðqq0Þ diquark, which is treated as a single object. These
models predict seven states in the mass range 2.9–3.2 GeV
(natural units are used throughout this Letter), some of
them narrow. Other models make use of lattice QCD
calculations [15].
The spectroscopy of charmed baryons, particularly the

Λþ
c , Σc, and Ξc states, has also seen considerable exper-

imental progress, with results obtained at the B factories
and is in the physics program of the LHCb experiment
at CERN [16,17]. Among the expected charmed baryon
states, this work addresses the Ω0

c baryons, which have
quark content css and isospin zero. Their spectrum is
largely unknown: Only the Ω0

c and Ωcð2770Þ0, presumed
to be the JP ¼ 1=2þ and 3=2þ ground states, have been
observed [16,18].
To improve the understanding of this little-explored

sector of the charmed baryon spectrum, this Letter presents
a search for new Ω0

c resonances that decay strongly to the
final state Ξþ

c K−, where the Ξþ
c is a weakly decaying

charmed baryon with quark content csu. (The inclusion of
charge-conjugate processes is implied throughout, unless
stated otherwise.) The measurement is based on samples of
pp collision data corresponding to integrated luminosities

of 1.0, 2.0, and 0.3 fb−1 at center-of-mass energies of 7, 8,
and 13 TeV, respectively, recorded by the LHCb experi-
ment. The LHCb detector is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks,
and is described in detail in Refs. [19,20]. Hadron iden-
tification is provided by two ring-imaging Cherenkov
detectors [21], a calorimeter system, and a muon detector.
The online event selection is performed by a trigger, which
consists of a hardware stage, based on information from
the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction [22].
Simulated events are produced with the software packages
described in Refs. [23–28].
The reconstruction begins with the Ξþ

c baryon, via the
decay Ξþ

c → pK−πþ. The Ξþ
c candidates are formed from

combinations of three tracks that originate from a common
vertex. These are required to pass a cut-based preselection
and then a multivariate selection based on likelihood ratios,
described below. Candidates fulfilling these requirements
are then combined with a fourth track to form Ω0

c → Ξþ
c K−

candidates to which additional selection requirements,
also described below, are applied.
The Ξþ

c preselection requires a positively identified
proton and a large Ξþ

c flight-distance significance (defined
as the measured flight distance divided by its uncertainty)
from a primary pp interaction vertex (PV). The Ξþ

c
candidates are also constrained to originate from the PV
by requiring a small χ2IP (defined as the difference between
the vertex fit χ2 of the PV reconstructed with and without
the candidate in question). The resulting pK−πþ mass
spectrum is fitted with a linear function to describe the
background and the sum of two Gaussian functions with a
common mean to describe the signal. The fit is used to
define signal and sideband regions of the Ξþ

c invariant
mass spectrum: The signal region consists of the range
within %2.0σ of the fitted mass, where σ ¼ 6.8 MeV is the
weighted average of the standard deviations of the
Gaussian functions, and the sidebands cover the range
3.5 − 5.5σ on either side. The fit is also used to determine
the Ξþ

c purity after the preselection, defined as the signal

*Full author list given at the end of the article.
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yield in the signal region divided by the total yield in the
same region. A purity of 41% is obtained, which is not
sufficient for the spectroscopy study but allows the extrac-
tion of background-subtracted probability density functions
(PDFs) of the kinematic and geometric properties of the
signal. These distributions are taken from the data rather
than the simulation, given the limited understanding of
heavy baryon production dynamics and the difficulty of
modeling them correctly for different center-of-mass
energies.
For each variable of interest, the background PDF is

obtained from the corresponding distribution in the mass
sideband regions and is also used for the background
subtraction. The signal PDF is obtained from the normal-
ized, background-subtracted distribution in the signal mass
region. Variables found to have a good discrimination
between the signal and background are the vertex fit χ2,
the Ξþ

c flight-distance significance and χ2IP, the particle
identification probability for the proton and the kaon from
the Ξþ

c decay, the χ2IP of the three individual tracks, the Ξþ
c

transverse momentum pT with respect to the beam axis, the
pseudorapidity η, and the angle between the Ξþ

c momentum
and the vector joining the PV and the Ξþ

c decay vertex.
The PDFs of the 11 variables (x) above are used to form

a likelihood ratio, whose logarithm is defined as

LðxÞ ¼
X11

i¼1

½ln PDFsigðxiÞ − ln PDFbackðxiÞ&; ð1Þ

where PDFsig and PDFback are the PDF distributions for the
signal and background, respectively. Correlations between
the variables are neglected in the likelihood.
The likelihood ratios and their PDFs are defined sepa-

rately for the three data sets at different center-of-mass
energies due to their different trigger conditions. The
selection requirements on the likelihood ratios are also
chosen separately for the three samples and lead to Ξþ

c
purities of approximately 83% in the inclusive Ξþ

c sample.
Figure 1 shows the pK−πþ mass spectrum of Ξþ

c
candidates passing the likelihood ratio selection for all
three data sets combined, along with the result of a fit with
the functional form described above. The Ξþ

c signal region
contains 1.05 × 106 events. Note that this inclusive Ξþ

c
sample contains not only those produced in the decays of
charmed baryon resonances but also from other sources,
including decays of b hadrons and direct production at
the PV.
Each Ξþ

c candidate passing the likelihood ratio selection
and lying within the Ξþ

c signal mass region is then
combined in turn with each K− candidate in the event.
A vertex fit is used to reconstruct each Ξþ

c K− combination,
with the constraint that it originates from the PV. The Ξþ

c K−

candidate must have a small vertex fit χ2, a high kaon
identification probability, and transverse momentum
pTðΞþ

c K−Þ > 4.5 GeV.

The Ξþ
c K− invariant mass is computed as

mðΞþ
c K−Þ ¼ mð½pK−πþ&Ξþ

c
K−Þ −mð½pK−πþ&Ξþ

c
Þ þmΞþ

c
;

ð2Þ

where mΞþ
c
¼ 2467.89þ0.34

−0.50 MeV is the world-average Ξþ
c

mass [16] and ½pK−πþ&Ξþ
c

is the reconstructed Ξþ
c →

pK−πþ candidate.
In this analysis, the distribution of the invariant mass

mðΞþ
c K−Þ is studied from the threshold up to 3450 MeV.

The Ξþ
c K− mass distribution for the combined data sets

is shown in Fig. 2, where five narrow structures are
observed. To investigate the origin of these structures,
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FIG. 1. Distribution of the reconstructed invariant mass
mðpK−πþÞ for all candidates in the inclusive Ξþ

c sample passing
the likelihood ratio selection described in the text. The solid (red)
curve shows the result of the fit, and the dashed (blue) line
indicates the fitted background.
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FIG. 2. Distribution of the reconstructed invariant mass
mðΞþ

c K−Þ for all candidates passing the likelihood ratio selection;
the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red)
histogram shows the corresponding mass spectrum from the Ξþ

c
sidebands, and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ΩcðXÞ0 resonances.
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yield in the signal region divided by the total yield in the
same region. A purity of 41% is obtained, which is not
sufficient for the spectroscopy study but allows the extrac-
tion of background-subtracted probability density functions
(PDFs) of the kinematic and geometric properties of the
signal. These distributions are taken from the data rather
than the simulation, given the limited understanding of
heavy baryon production dynamics and the difficulty of
modeling them correctly for different center-of-mass
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region. Variables found to have a good discrimination
between the signal and background are the vertex fit χ2,
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and lying within the Ξþ

c signal mass region is then
combined in turn with each K− candidate in the event.
A vertex fit is used to reconstruct each Ξþ

c K− combination,
with the constraint that it originates from the PV. The Ξþ
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identification probability, and transverse momentum
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mðΞþ
c K−Þ ¼ mð½pK−πþ&Ξþ

c
K−Þ −mð½pK−πþ&Ξþ

c
Þ þmΞþ

c
;

ð2Þ

where mΞþ
c
¼ 2467.89þ0.34

−0.50 MeV is the world-average Ξþ
c

mass [16] and ½pK−πþ&Ξþ
c

is the reconstructed Ξþ
c →

pK−πþ candidate.
In this analysis, the distribution of the invariant mass

mðΞþ
c K−Þ is studied from the threshold up to 3450 MeV.

The Ξþ
c K− mass distribution for the combined data sets

is shown in Fig. 2, where five narrow structures are
observed. To investigate the origin of these structures,

) [MeV]+π−
pK(m

2440 2460 2480 2500

C
an

di
da

te
s 

/ (
1 

M
eV

)

0

20000

40000

60000

80000

LHCb

FIG. 1. Distribution of the reconstructed invariant mass
mðpK−πþÞ for all candidates in the inclusive Ξþ

c sample passing
the likelihood ratio selection described in the text. The solid (red)
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c K−Þ for all candidates passing the likelihood ratio selection;
the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red)
histogram shows the corresponding mass spectrum from the Ξþ
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sidebands, and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ΩcðXÞ0 resonances.
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Fig. 2 also shows the distribution of mðΞþ
c K−Þ in the Ξþ

c
sidebands as a shaded (red) histogram; no structure is seen
in this background sample. In addition, wrong-sign Ξþ

c Kþ

combinations are processed in the same way as the right-
sign combinations. The resulting wrong-sign Ξþ

c Kþ mass
spectrum is shown in Fig. 3, scaled by a factor of 0.95
so that the two spectra approximately match at a large
invariant mass, along with the right-sign mðΞþ

c K−Þ spec-
trum for comparison. No structure is observed in the
wrong-sign mass spectrum. The absence of corresponding
features in the control samples is consistent with the five
structures being resonant states, henceforth denoted
ΩcðXÞ0 for mass X. It can also be seen that the two mass
spectra in Fig. 3 exhibit different behavior close to the
Ξþ
c K− threshold (2960–2970 MeV). The right-sign distri-

bution has a much steeper rise compared to the wrong-sign
spectrum, suggesting the presence of additional compo-
nents in the Ξþ

c K− mass spectrum as discussed below.
Further tests are performed by studying combinations of

one of the Ξþ
c → pK−πþ decay products with the other

kaon used to form the ΩcðXÞ0 candidate (i.e., pK−, K−K−,
and πþK−). The resulting two-body invariant mass spectra
do not show any structure except for a small K̄$0 signal in
the πþK− mass, also visible in the Ξþ

c sidebands, which is
attributed to background contributions. Another class of
potential misreconstruction consists of Ξþ

c π− combinations
in which the π− is misidentified as a kaon. To test for this,
the selected Ξþ

c K− sample is investigated with the pion
mass assigned to the kaon candidate. No narrow peaks are
observed in this pseudo-Ξþ

c π− spectrum, indicating that
peaks in the Ξþ

c K− spectrum do not arise from misidenti-
fied Ξþ

c π− resonances.
The wrong-sign Ξþ

c Kþ sample is used to study the
combinatorial background. The parameterization used
is [29]

BðmÞ ¼
!
PðmÞea1mþa2m2

for m < m0;

PðmÞeb0þb1mþb2m2
for m > m0;

ð3Þ

where PðmÞ is a two-body phase-space factor and m0, ai,
and bi are free parameters. Both BðmÞ and its first
derivative must be continuous at m ¼ m0; these constraints
reduce the number of free parameters to four. This model
gives a good description of the wrong-sign mass spectrum
up to a mass of 3450 MeV with a p value of 18% for a
binned χ2 fit.
To study the reconstruction efficiency and the mass

resolution of each of the structures, samples of simulated
events are generated in which ΩcðXÞ0 resonances decay to
Ξþ
c K−, with the masses and natural widths of the ΩcðXÞ0

chosen to approximately match those seen in the data.
The mass residuals, defined as the difference between the
generated ΩcðXÞ0 mass and the reconstructed value of
mðΞþ

c K−Þ, are well described by the sum of two Gaussian
functions with a common mean. The parameters of these
fits are used to determine the mass-dependent experimental
resolution, which runs from 0.75 MeV at 3000 MeV to
1.74 MeV at 3119 MeV, and is found to be well described
by a linear function. The simulation samples are also used
to obtain the reconstruction efficiency, which is consistent
with being constant as a function of mðΞþ

c K−Þ.
Another possible decay mode for ΩcðXÞ0 resonances is

ΩcðXÞ0 → K−Ξ0þ
c with Ξ0þ

c → Ξþ
c γ ð4Þ

or, in general, to a final state that includes Ξþ
c K− but also

contains one or more additional particles that are not
included in the reconstruction. For the case of a narrow
ΩcðXÞ0 resonance decaying via Ξ0þ

c , the resulting distri-
bution in mðΞþ

c K−Þ is a relatively narrow structure that is
shifted down in mass (feed-down) that needs to be taken
into account in the description of the data. Simulation
studies of the decay chain shown in Eq. (4) have been
performed with resonance masses of 3066, 3090, and
3119 MeV. It is found that the feed-down shapes deviate
from Breit-Wigner distributions and are therefore para-
meterized by B splines [30].
A binned χ2 fit to themðΞþ

c K−Þ spectrum is performed in
the range from the threshold to 3450 MeV. In this fit, the
background is modeled by Eq. (3), while the resonances are
described by spin-zero relativistic Breit-Wigner functions
convolved with the experimental resolution. In addition,
three feed-down contributions arising from the partially
reconstructed decays of Ωcð3066Þ0, Ωcð3090Þ0, and
Ωcð3119Þ0 resonances are included with fixed shapes
but free yields. It is found that the fit improves if an
additional broad Breit-Wigner function is included in the
3188 MeV mass region. This broad structure may be due
to a single resonance, to the superposition of several
resonances, to feed-down from higher states, or to some
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Observation of Five New Narrow Ω0
c States Decaying to Ξ +

c K −

R. Aaij et al.*

(LHCb Collaboration)
(Received 14 March 2017; published 2 May 2017)

The Ξþ
c K− mass spectrum is studied with a sample of pp collision data corresponding to an integrated

luminosity of 3.3 fb−1, collected by the LHCb experiment. The Ξþ
c is reconstructed in the decay mode

pK−πþ. Five new, narrow excited Ω0
c states are observed: the Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3066Þ0,

Ωcð3090Þ0, and Ωcð3119Þ0. Measurements of their masses and widths are reported.

DOI: 10.1103/PhysRevLett.118.182001

The spectroscopy of singly charmed baryons cqq0 is
intricate. With three quarks and numerous degrees of
freedom, many states are expected. At the same time,
the large mass difference between the charm quark and the
light quarks provides a natural way to understand the
spectrum by using the symmetries provided by the heavy
quark effective theory (HQET) [1,2]. In recent years,
considerable improvements have been made in the pre-
dictions of the properties of these heavy baryons [3–14].
In many of these models, the heavy quark interacts with a
ðqq0Þ diquark, which is treated as a single object. These
models predict seven states in the mass range 2.9–3.2 GeV
(natural units are used throughout this Letter), some of
them narrow. Other models make use of lattice QCD
calculations [15].
The spectroscopy of charmed baryons, particularly the

Λþ
c , Σc, and Ξc states, has also seen considerable exper-

imental progress, with results obtained at the B factories
and is in the physics program of the LHCb experiment
at CERN [16,17]. Among the expected charmed baryon
states, this work addresses the Ω0

c baryons, which have
quark content css and isospin zero. Their spectrum is
largely unknown: Only the Ω0

c and Ωcð2770Þ0, presumed
to be the JP ¼ 1=2þ and 3=2þ ground states, have been
observed [16,18].
To improve the understanding of this little-explored

sector of the charmed baryon spectrum, this Letter presents
a search for new Ω0

c resonances that decay strongly to the
final state Ξþ

c K−, where the Ξþ
c is a weakly decaying

charmed baryon with quark content csu. (The inclusion of
charge-conjugate processes is implied throughout, unless
stated otherwise.) The measurement is based on samples of
pp collision data corresponding to integrated luminosities

of 1.0, 2.0, and 0.3 fb−1 at center-of-mass energies of 7, 8,
and 13 TeV, respectively, recorded by the LHCb experi-
ment. The LHCb detector is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < η < 5,
designed for the study of particles containing b or c quarks,
and is described in detail in Refs. [19,20]. Hadron iden-
tification is provided by two ring-imaging Cherenkov
detectors [21], a calorimeter system, and a muon detector.
The online event selection is performed by a trigger, which
consists of a hardware stage, based on information from
the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction [22].
Simulated events are produced with the software packages
described in Refs. [23–28].
The reconstruction begins with the Ξþ

c baryon, via the
decay Ξþ

c → pK−πþ. The Ξþ
c candidates are formed from

combinations of three tracks that originate from a common
vertex. These are required to pass a cut-based preselection
and then a multivariate selection based on likelihood ratios,
described below. Candidates fulfilling these requirements
are then combined with a fourth track to form Ω0

c → Ξþ
c K−

candidates to which additional selection requirements,
also described below, are applied.
The Ξþ

c preselection requires a positively identified
proton and a large Ξþ

c flight-distance significance (defined
as the measured flight distance divided by its uncertainty)
from a primary pp interaction vertex (PV). The Ξþ

c
candidates are also constrained to originate from the PV
by requiring a small χ2IP (defined as the difference between
the vertex fit χ2 of the PV reconstructed with and without
the candidate in question). The resulting pK−πþ mass
spectrum is fitted with a linear function to describe the
background and the sum of two Gaussian functions with a
common mean to describe the signal. The fit is used to
define signal and sideband regions of the Ξþ

c invariant
mass spectrum: The signal region consists of the range
within %2.0σ of the fitted mass, where σ ¼ 6.8 MeV is the
weighted average of the standard deviations of the
Gaussian functions, and the sidebands cover the range
3.5 − 5.5σ on either side. The fit is also used to determine
the Ξþ

c purity after the preselection, defined as the signal

*Full author list given at the end of the article.
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yield in the signal region divided by the total yield in the
same region. A purity of 41% is obtained, which is not
sufficient for the spectroscopy study but allows the extrac-
tion of background-subtracted probability density functions
(PDFs) of the kinematic and geometric properties of the
signal. These distributions are taken from the data rather
than the simulation, given the limited understanding of
heavy baryon production dynamics and the difficulty of
modeling them correctly for different center-of-mass
energies.
For each variable of interest, the background PDF is

obtained from the corresponding distribution in the mass
sideband regions and is also used for the background
subtraction. The signal PDF is obtained from the normal-
ized, background-subtracted distribution in the signal mass
region. Variables found to have a good discrimination
between the signal and background are the vertex fit χ2,
the Ξþ

c flight-distance significance and χ2IP, the particle
identification probability for the proton and the kaon from
the Ξþ

c decay, the χ2IP of the three individual tracks, the Ξþ
c

transverse momentum pT with respect to the beam axis, the
pseudorapidity η, and the angle between the Ξþ

c momentum
and the vector joining the PV and the Ξþ

c decay vertex.
The PDFs of the 11 variables (x) above are used to form

a likelihood ratio, whose logarithm is defined as

LðxÞ ¼
X11

i¼1

½ln PDFsigðxiÞ − ln PDFbackðxiÞ&; ð1Þ

where PDFsig and PDFback are the PDF distributions for the
signal and background, respectively. Correlations between
the variables are neglected in the likelihood.
The likelihood ratios and their PDFs are defined sepa-

rately for the three data sets at different center-of-mass
energies due to their different trigger conditions. The
selection requirements on the likelihood ratios are also
chosen separately for the three samples and lead to Ξþ

c
purities of approximately 83% in the inclusive Ξþ

c sample.
Figure 1 shows the pK−πþ mass spectrum of Ξþ

c
candidates passing the likelihood ratio selection for all
three data sets combined, along with the result of a fit with
the functional form described above. The Ξþ

c signal region
contains 1.05 × 106 events. Note that this inclusive Ξþ

c
sample contains not only those produced in the decays of
charmed baryon resonances but also from other sources,
including decays of b hadrons and direct production at
the PV.
Each Ξþ

c candidate passing the likelihood ratio selection
and lying within the Ξþ

c signal mass region is then
combined in turn with each K− candidate in the event.
A vertex fit is used to reconstruct each Ξþ

c K− combination,
with the constraint that it originates from the PV. The Ξþ

c K−

candidate must have a small vertex fit χ2, a high kaon
identification probability, and transverse momentum
pTðΞþ

c K−Þ > 4.5 GeV.

The Ξþ
c K− invariant mass is computed as

mðΞþ
c K−Þ ¼ mð½pK−πþ&Ξþ

c
K−Þ −mð½pK−πþ&Ξþ

c
Þ þmΞþ

c
;

ð2Þ

where mΞþ
c
¼ 2467.89þ0.34

−0.50 MeV is the world-average Ξþ
c

mass [16] and ½pK−πþ&Ξþ
c

is the reconstructed Ξþ
c →

pK−πþ candidate.
In this analysis, the distribution of the invariant mass

mðΞþ
c K−Þ is studied from the threshold up to 3450 MeV.

The Ξþ
c K− mass distribution for the combined data sets

is shown in Fig. 2, where five narrow structures are
observed. To investigate the origin of these structures,
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FIG. 1. Distribution of the reconstructed invariant mass
mðpK−πþÞ for all candidates in the inclusive Ξþ

c sample passing
the likelihood ratio selection described in the text. The solid (red)
curve shows the result of the fit, and the dashed (blue) line
indicates the fitted background.
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FIG. 2. Distribution of the reconstructed invariant mass
mðΞþ

c K−Þ for all candidates passing the likelihood ratio selection;
the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red)
histogram shows the corresponding mass spectrum from the Ξþ

c
sidebands, and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ΩcðXÞ0 resonances.
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yield in the signal region divided by the total yield in the
same region. A purity of 41% is obtained, which is not
sufficient for the spectroscopy study but allows the extrac-
tion of background-subtracted probability density functions
(PDFs) of the kinematic and geometric properties of the
signal. These distributions are taken from the data rather
than the simulation, given the limited understanding of
heavy baryon production dynamics and the difficulty of
modeling them correctly for different center-of-mass
energies.
For each variable of interest, the background PDF is

obtained from the corresponding distribution in the mass
sideband regions and is also used for the background
subtraction. The signal PDF is obtained from the normal-
ized, background-subtracted distribution in the signal mass
region. Variables found to have a good discrimination
between the signal and background are the vertex fit χ2,
the Ξþ

c flight-distance significance and χ2IP, the particle
identification probability for the proton and the kaon from
the Ξþ

c decay, the χ2IP of the three individual tracks, the Ξþ
c

transverse momentum pT with respect to the beam axis, the
pseudorapidity η, and the angle between the Ξþ

c momentum
and the vector joining the PV and the Ξþ

c decay vertex.
The PDFs of the 11 variables (x) above are used to form

a likelihood ratio, whose logarithm is defined as

LðxÞ ¼
X11

i¼1

½ln PDFsigðxiÞ − ln PDFbackðxiÞ&; ð1Þ

where PDFsig and PDFback are the PDF distributions for the
signal and background, respectively. Correlations between
the variables are neglected in the likelihood.
The likelihood ratios and their PDFs are defined sepa-

rately for the three data sets at different center-of-mass
energies due to their different trigger conditions. The
selection requirements on the likelihood ratios are also
chosen separately for the three samples and lead to Ξþ

c
purities of approximately 83% in the inclusive Ξþ

c sample.
Figure 1 shows the pK−πþ mass spectrum of Ξþ

c
candidates passing the likelihood ratio selection for all
three data sets combined, along with the result of a fit with
the functional form described above. The Ξþ

c signal region
contains 1.05 × 106 events. Note that this inclusive Ξþ

c
sample contains not only those produced in the decays of
charmed baryon resonances but also from other sources,
including decays of b hadrons and direct production at
the PV.
Each Ξþ

c candidate passing the likelihood ratio selection
and lying within the Ξþ

c signal mass region is then
combined in turn with each K− candidate in the event.
A vertex fit is used to reconstruct each Ξþ

c K− combination,
with the constraint that it originates from the PV. The Ξþ

c K−

candidate must have a small vertex fit χ2, a high kaon
identification probability, and transverse momentum
pTðΞþ

c K−Þ > 4.5 GeV.

The Ξþ
c K− invariant mass is computed as

mðΞþ
c K−Þ ¼ mð½pK−πþ&Ξþ

c
K−Þ −mð½pK−πþ&Ξþ

c
Þ þmΞþ

c
;

ð2Þ

where mΞþ
c
¼ 2467.89þ0.34

−0.50 MeV is the world-average Ξþ
c

mass [16] and ½pK−πþ&Ξþ
c

is the reconstructed Ξþ
c →

pK−πþ candidate.
In this analysis, the distribution of the invariant mass

mðΞþ
c K−Þ is studied from the threshold up to 3450 MeV.

The Ξþ
c K− mass distribution for the combined data sets

is shown in Fig. 2, where five narrow structures are
observed. To investigate the origin of these structures,

) [MeV]+π−
pK(m

2440 2460 2480 2500

C
an

di
da

te
s 

/ (
1 

M
eV

)

0

20000

40000

60000

80000

LHCb

FIG. 1. Distribution of the reconstructed invariant mass
mðpK−πþÞ for all candidates in the inclusive Ξþ

c sample passing
the likelihood ratio selection described in the text. The solid (red)
curve shows the result of the fit, and the dashed (blue) line
indicates the fitted background.
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FIG. 2. Distribution of the reconstructed invariant mass
mðΞþ

c K−Þ for all candidates passing the likelihood ratio selection;
the solid (red) curve shows the result of the fit, and the dashed
(blue) line indicates the fitted background. The shaded (red)
histogram shows the corresponding mass spectrum from the Ξþ

c
sidebands, and the shaded (light gray) distributions indicate the
feed-down from partially reconstructed ΩcðXÞ0 resonances.
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Fig. 2 also shows the distribution of mðΞþ
c K−Þ in the Ξþ

c
sidebands as a shaded (red) histogram; no structure is seen
in this background sample. In addition, wrong-sign Ξþ

c Kþ

combinations are processed in the same way as the right-
sign combinations. The resulting wrong-sign Ξþ

c Kþ mass
spectrum is shown in Fig. 3, scaled by a factor of 0.95
so that the two spectra approximately match at a large
invariant mass, along with the right-sign mðΞþ

c K−Þ spec-
trum for comparison. No structure is observed in the
wrong-sign mass spectrum. The absence of corresponding
features in the control samples is consistent with the five
structures being resonant states, henceforth denoted
ΩcðXÞ0 for mass X. It can also be seen that the two mass
spectra in Fig. 3 exhibit different behavior close to the
Ξþ
c K− threshold (2960–2970 MeV). The right-sign distri-

bution has a much steeper rise compared to the wrong-sign
spectrum, suggesting the presence of additional compo-
nents in the Ξþ

c K− mass spectrum as discussed below.
Further tests are performed by studying combinations of

one of the Ξþ
c → pK−πþ decay products with the other

kaon used to form the ΩcðXÞ0 candidate (i.e., pK−, K−K−,
and πþK−). The resulting two-body invariant mass spectra
do not show any structure except for a small K̄$0 signal in
the πþK− mass, also visible in the Ξþ

c sidebands, which is
attributed to background contributions. Another class of
potential misreconstruction consists of Ξþ

c π− combinations
in which the π− is misidentified as a kaon. To test for this,
the selected Ξþ

c K− sample is investigated with the pion
mass assigned to the kaon candidate. No narrow peaks are
observed in this pseudo-Ξþ

c π− spectrum, indicating that
peaks in the Ξþ

c K− spectrum do not arise from misidenti-
fied Ξþ

c π− resonances.
The wrong-sign Ξþ

c Kþ sample is used to study the
combinatorial background. The parameterization used
is [29]

BðmÞ ¼
!
PðmÞea1mþa2m2

for m < m0;

PðmÞeb0þb1mþb2m2
for m > m0;

ð3Þ

where PðmÞ is a two-body phase-space factor and m0, ai,
and bi are free parameters. Both BðmÞ and its first
derivative must be continuous at m ¼ m0; these constraints
reduce the number of free parameters to four. This model
gives a good description of the wrong-sign mass spectrum
up to a mass of 3450 MeV with a p value of 18% for a
binned χ2 fit.
To study the reconstruction efficiency and the mass

resolution of each of the structures, samples of simulated
events are generated in which ΩcðXÞ0 resonances decay to
Ξþ
c K−, with the masses and natural widths of the ΩcðXÞ0

chosen to approximately match those seen in the data.
The mass residuals, defined as the difference between the
generated ΩcðXÞ0 mass and the reconstructed value of
mðΞþ

c K−Þ, are well described by the sum of two Gaussian
functions with a common mean. The parameters of these
fits are used to determine the mass-dependent experimental
resolution, which runs from 0.75 MeV at 3000 MeV to
1.74 MeV at 3119 MeV, and is found to be well described
by a linear function. The simulation samples are also used
to obtain the reconstruction efficiency, which is consistent
with being constant as a function of mðΞþ

c K−Þ.
Another possible decay mode for ΩcðXÞ0 resonances is

ΩcðXÞ0 → K−Ξ0þ
c with Ξ0þ

c → Ξþ
c γ ð4Þ

or, in general, to a final state that includes Ξþ
c K− but also

contains one or more additional particles that are not
included in the reconstruction. For the case of a narrow
ΩcðXÞ0 resonance decaying via Ξ0þ

c , the resulting distri-
bution in mðΞþ

c K−Þ is a relatively narrow structure that is
shifted down in mass (feed-down) that needs to be taken
into account in the description of the data. Simulation
studies of the decay chain shown in Eq. (4) have been
performed with resonance masses of 3066, 3090, and
3119 MeV. It is found that the feed-down shapes deviate
from Breit-Wigner distributions and are therefore para-
meterized by B splines [30].
A binned χ2 fit to themðΞþ

c K−Þ spectrum is performed in
the range from the threshold to 3450 MeV. In this fit, the
background is modeled by Eq. (3), while the resonances are
described by spin-zero relativistic Breit-Wigner functions
convolved with the experimental resolution. In addition,
three feed-down contributions arising from the partially
reconstructed decays of Ωcð3066Þ0, Ωcð3090Þ0, and
Ωcð3119Þ0 resonances are included with fixed shapes
but free yields. It is found that the fit improves if an
additional broad Breit-Wigner function is included in the
3188 MeV mass region. This broad structure may be due
to a single resonance, to the superposition of several
resonances, to feed-down from higher states, or to some
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FIG. 3. Distribution of the reconstructed invariant mass
mðΞþ

c K−Þ for all candidates passing the likelihood ratio selection,
shown as black points with error bars, and the wrong-sign
mðΞþ

c KþÞ spectrum scaled by a factor of 0.95, shown as a solid
(red) histogram.
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Observation of a Narrow Pentaquark State, Pcð4312Þ+ ,
and of the Two-Peak Structure of the Pcð4450Þ+

R. Aaij et al.*

(LHCb Collaboration)

(Received 6 April 2019; published 5 June 2019)

A narrow pentaquark state, Pcð4312Þþ, decaying to J=ψp, is discovered with a statistical significance of
7.3σ in a data sample of Λ0

b → J=ψpK− decays, which is an order of magnitude larger than that previously
analyzed by the LHCb Collaboration. The Pcð4450Þþ pentaquark structure formerly reported by LHCb is
confirmed and observed to consist of two narrow overlapping peaks, Pcð4440Þþ and Pcð4457Þþ, where the
statistical significance of this two-peak interpretation is 5.4σ. The proximity of the Σþ

c D̄0 and Σþ
c D̄$0

thresholds to the observed narrow peaks suggests that they play an important role in the dynamics of these
states.

DOI: 10.1103/PhysRevLett.122.222001

A major turning point in exotic baryon spectroscopy was
achieved at the Large Hadron Collider when, from an
analysis of Run 1 data, the LHCb Collaboration reported
the observation of significant J=ψp pentaquark structures
in Λ0

b → J=ψpK− decays (inclusion of charge-conjugate
processes is implied throughout). A model-dependent six-
dimensional amplitude analysis of invariant masses and
decay angles describing theΛ0

b decay revealed a Pcð4450Þþ
structure peaking at 4449.8% 1.7% 2.5 MeV with a
width of 39% 5% 19 MeV and a fit fraction of
(4.1% 0.5% 1.1Þ% [1]. Even though not apparent from
the mJ=ψp distribution alone, the amplitude analysis also
required a second broad J=ψp state to obtain a good
description of the data, which peaks at 4380% 8%
29 MeV with a width of 205% 18% 86 MeV and a fit
fraction of ð8.4% 0.7% 4.2Þ%. Furthermore, the exotic
hadron character of the J=ψp structure near 4450 MeV was
demonstrated in a model-independent way in Ref. [2],
where it was shown to be too narrow to be accounted for by
Λ$ → pK− reflections (Λ$ denotes Λ excitations). Various
interpretations of these structures have been proposed,
including tightly bound duucc̄ pentaquark states [3–9],
loosely bound molecular baryon-meson pentaquark states
[10–15], or peaks due to triangle-diagramprocesses [16–19].

In this Letter, an analysis is presented of Λ0
b → J=ψpK−

decays based on the combined dataset collected by the
LHCb Collaboration in Run 1, with pp collision energies
of 7 and 8 TeV corresponding to a total integrated

luminosity of 3 fb−1, and in Run 2 at 13 TeV corresponding
to 6 fb−1. The LHCb detector is a single-arm forward
spectrometer covering the pseudorapidity range 2 < η < 5,
described in detail in Refs. [20,21]. The data selection is
similar to that used in Ref. [1]. However, in this updated
analysis, the hadron identification information is included
in the boosted decision tree (BDT) discriminant, which
increases the Λ0

b signal efficiency by almost a factor of 2
while leaving the background level almost unchanged. The
resulting sample contains 246000 Λ0

b → J=ψpK− decays
(see the Supplemental Material to this Letter [22]), which is
nine times more than was used in the Run 1 analyses [1,2].

When this combined dataset is fit with the same
amplitude model used in Ref. [1], the Pcð4450Þþ and
Pcð4380Þþ parameters are found to be consistent with the
previous results. However, this should be considered only
as a cross check, since analysis of this much larger data
sample reveals additional peaking structures in the J=ψp
mass spectrum, which are too small to have been significant
before (see left plot of Fig. 1). A narrow peak is observed
near 4312 MeV with a width comparable to the mass
resolution. The structure at 4450 MeV is now resolved into
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FIG. 1. Distribution of (left) mJ=ψp and (right) mKp for Λ0
b →

J=ψpK− candidates. The prominent peak in mKp is due to the
Λð1520Þ resonance.
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resonances with the same spin and parity, fits to the cos θPc-
weighted distribution are repeated using various coherent
sums of two of the BW amplitudes. Each of these fits
includes a phase between interfering resonances as an extra
free parameter. None of the interference effects studied is
found to produce a significant Δχ2 relative to the fits using
an incoherent sum of BWamplitudes. However, substantial
shifts in the Pþ

c properties are observed, and are included in
the systematic uncertainties. For example, in such a fit the
Pcð4312Þþ mass increases, while its width is rather stable,
leading to a large positive systematic uncertainty of
6.8 MeV on its mass.
As in Ref. [1], the Λ0

b candidates are kinematically
constrained to the known J=ψ and Λ0

b masses [29], which
substantially improves themJ=ψp resolution and determines
the absolute mass scale with an accuracy of 0.2 MeV. The
mass resolution is known with a 10% relative uncertainty.
Varying this within its uncertainty changes the widths
of the narrow states in the nominal fit by up to
0.5 MeV, 0.2 MeV, and 0.8 MeV for the Pcð4312Þþ,

Pcð4440Þþ, and Pcð4457Þþ states, respectively. The widths
of all three narrow Pþ

c peaks are consistent with the
mass resolution within the systematic uncertainties.
Therefore, upper limits are placed on their natural widths
at the 95% confidence level (C.L.), which account for
the uncertainty on the detector resolution and in the
fit model.
A number of additional fits are performed when evalu-

ating the systematic uncertainties. The nominal fits assume
S-wave (no angular momentum) production and decay.
Including P-wave factors in the BW amplitudes has
negligible effect on the results. In addition to the nominal
fits with three narrow peaks in the 4.22 < mJ=ψp <
4.57 GeV region, fits including only the Pcð4312Þþ are
performed in the narrow 4.22–4.44 GeV range. Fits are also
performed using a data sample selected with an alternative
approach, where no BDT is used, resulting in about twice
as much background.
The total systematic uncertainties assigned on the mass

and width of each narrow Pþ
c state are taken to be the

largest deviations observed among all fits. These include
the fits to all three versions of the mJ=ψp distribution, each
configuration of the Pþ

c interference, all variations of the
background model, and each of the additional fits just
described. The masses, widths, and relative contributions
(R values) of the three narrow Pþ

c states, including all
systematic uncertainties, are given in Table I.
To obtain estimates of the relative contributions of the

Pþ
c states, the Λ0

b candidates are weighted by the inverse of
the reconstruction efficiency, which is parametrized in all
six dimensions of the Λ0

b decay phase space [Eq. (68) in the
Supplemental Material to Ref. [30] ]. The efficiency-
weighted mJ=ψp distribution, without the mKp>1.9GeV
requirement, is fit to determine the Pþ

c contributions, which
are then divided by the efficiency-corrected and back-
ground-subtracted Λ0

b yields. This method makes the
results independent of the unknown quantum numbers
and helicity structure of the Pþ

c production and decay.
Unfortunately, this approach also suffers from large Λ$

backgrounds and from sizable fluctuations in the low-
efficiency regions. In these fits, the Pþ

c terms are added
incoherently, absorbing any interference effects, which can
be large (see, e.g., Fig. S2 in the Supplemental Material
[22]), into the BW amplitudes. Therefore, the R≡
BðΛ0

b → Pþ
c K−ÞBðPþ

c → J=ψpÞ=BðΛ0
b → J=ψpK−Þ val-

ues reported for each Pþ
c state differ from the fit fractions

TABLE I. Summary of Pþ
c properties. The central values are based on the fit displayed in Fig. 6.

State M [MeV] Γ [MeV] (95% C.L.) R [%]

Pcð4312Þþ 4311.9% 0.7þ6.8
−0.6 9.8% 2.7þ3.7

−4.5 ð<27Þ 0.30% 0.07þ0.34
−0.09

Pcð4440Þþ 4440.3% 1.3þ4.1
−4.7 20.6% 4.9þ8.7

−10.1 ð<49Þ 1.11% 0.33þ0.22
−0.10

Pcð4457Þþ 4457.3% 0.6þ4.1
−1.7 6.4% 2.0þ5.7

−1.9 ð<20Þ 0.53% 0.16þ0.15
−0.13
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two narrow peaks at 4440 and 4457 MeV, which are more
visible when the dominant Λ! → pK− contributions, which
peak at low pK− masses (mKp), as shown in the right plot
of Fig. 1 and in Fig. 2, are suppressed by requiring mKp >
1.9 GeV (see Fig. 3). This mKp requirement maximizes the
expected signal significance for Pþ

c states that decay
isotropically.
Performing a rigorous amplitude analysis of this new

data sample is computationally challenging. The mJ=ψp
mass resolution must be taken into account, and the size of
the data sample to fit has greatly increased. Formulating an
amplitude model whose systematic uncertainties are com-
parable to the statistical precision provided by this larger
data sample is difficult given the large number of Λ!

excitations [26,27] and coupled-channel effects [28], and
the possible presence of one or more wide Pþ

c contribu-
tions, like the previously reported Pcð4380Þþ state.
Fortunately, the newly observed peaks are so narrow that
it is not necessary to construct an amplitude model to prove
that these states are not artifacts of interfering Λ! reso-
nances [2].
Binned χ2 fits are performed to the one-dimensional

mJ=ψp distribution in the range 4.22 < mJ=ψp < 4.57 GeV
to determine the masses (M), widths (Γ), and relative
production rates (R) of the narrow Pþ

c states under the
assumption that they can be described by relativistic Breit-
Wigner (BW) amplitudes. These mJ=ψp fits alone cannot
distinguish broad Pþ

c states from other contributions that
vary slowly with mJ=ψp. Therefore, a verification of the
Pcð4380Þþ state observed in Ref. [1] awaits completion of
an amplitude analysis of this new larger dataset.

Many variations of the mJ=ψp fits are performed to study
the robustness of the measured Pþ

c properties. The mJ=ψp
distribution is fit both with and without requiring
mKp > 1.9 GeV, which removes over 80% of the Λ!

contributions. In addition, fits are performed on the
mJ=ψp distribution obtained by applying cos θPc

-dependent
weights to each candidate to enhance the Pþ

c signal, where
θPc

is the angle between the K− and J=ψ in the Pþ
c rest

frame (the Pþ
c helicity angle [1]). The Λ! contributions

mostly populate the cos θPc
> 0 region. The weights are

taken to be the inverse of the expected background at each
cos θPc, which is approximately given by the density of
candidates observed in data since the signal contributions
are small. The weight function is shown in Fig. 4. The best
sensitivity to Pþ

c contributions is obtained from the cos θPc-
weighted mJ=ψp distribution, followed by the sample with
themKp > 1.9 GeV requirement. However, since the back-
ground composition and shape are different in the three
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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment Highlights Accelerator Years Institute Production

BaBar Y (4260) [29] PEP-II 1999–
SLAC

e+e� annihilationY (4360) [108] 2008
(Menlo Park,

(ECM ⇡ 10 GeV):
California,

USA)

e+e� ! BB̄; B ! KX

Belle

X(3872) [4]

KEKB 1998–
KEK

e+e� ! Yb

Y (3940) [106]

2010
(Tsukuba,

e+e� ! ⇡Zb

X(3915) [166]

Japan)

e+e�(�ISR)! Y
Zc(4430) [30, 136, 137]

e+e�(�ISR)! ⇡Zc

Zb(10610),

e+e� ! J/ + X
Zb(10650) [160, 162, 163]

�� ! X
Yb(10888) [151, 152]

Belle II
Upcoming

SuperKEKB 2018–continuation of
Belle

CLEO-c Y (4260) [142] CESR-c 2003–
Cornell U.

e+e� annihilation
⇡+⇡�hc [177] 2008

(Ithaca,
(ECM ⇡ 4 GeV):New York,

USA)
e+e� ! Y

BESIII

Zc(3900) [22, 154]

BEPCII 2008–
IHEP

e+e� ! ⇡ZZc(4020) [156, 158] (Beijing,
e+e� ! �XY (4230) [149] China)

X(3872) [52]

CDF
Y (4140) [126]

Tevatron 1985–
Fermilab pp̄ collisions

Y (4274) [132]

2011
(Batavia, (ECM ⇡ 2 TeV):

X(3872) [178, 179, 172]
Illinois,

D0
X(3872) [171]

USA) pp̄! X + any
Y (4140) [174]

pp̄! B + any; B ! KX
X(5568) [175]

ATLAS �b(3P ) [180]

LHC 2010–

CERN

pp collisions

(Geneva,

(ECM = 7, 8, 13 TeV):

Switzerland)

CMS
X(3872) [28]

pp! X + any

Y (4140),

pp! B + any; B ! KX

Y (4274) [130]

pp! ⇤b + any; ⇤b ! KPcLHCb

Zc(4430) [138, 139]
X(3872) [109]

Pc(4380),
Pc(4450) [35]

Y (4140),
Y (4274) [125, 131]

COMPASS photoproduction [181] SPS 2002-2011

µ/⇡ beam on N target

a1(1420) [182]

(pbeam ⇡ 160, 200 GeV)

⇡N ! XN
�N ! XN

P̄ANDA Upcoming HESR
GSI

p̄ beam on p target

(Darmstadt,
(pbeam ⇡ 1.5–15 GeV):

Germany) pp̄! X
pp̄! X + any

GlueX Beginning
CEBAF 2016–

Je↵erson Lab � beam on p target

(searches for light (Newport News, (Ebeam  11 GeV):

CLAS12 quark hybrid mesons) Virginia,
USA) �p! Xp
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via  Eq.  (20).  During  the  calculation,  however,  only  the
central values of the observed   are used. Instead of just
scaling the errors of the original measurements by the ob-
tained ISR correction factors and the VP factors, we per-
form a toy Monte Carlo sampling to investigate how the
errors  (both  statistical  and  systematic)  of  the  original
measurements impact the obtained  .
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Rb
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At each energy point where the Belle or BaBar meas-
urement  [5,  6]  was  performed,  we  perform  10,000
samplings  of  the  observed    according  to  a  Gaussian
distribution for which the mean value and standard devi-
ation are the central value and statistical error of the ob-
served  , respectively. These samples will be used to es-
timate  the  statistical  errors  of  the  deduced  quantities.  In
addition,  the  uncommon  systematic  errors  are  added  to
the samples in the same way. For the common systematic
error, the  same  error  is  added  to  each  sample  at  all   en-
ergy  points  in  the  Belle  or  BaBar  experiment.  These
samples, with  both  statistical  and  systematic  errors   con-
sidered, will yield the total errors of the deduced quantit-
ies.  In  the  energy  regions    GeV  and

 GeV,  the  data  from the  PDG compilation
[1, 16] and BES collaboration [17, 18] are assumed to be
completely correlated when we perform the sampling.
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With each sample as input,  we repeat the calculation
described  in  the  previous  two  subsections  to  obtain  the
ISR correction factor, VP factor, and   for this sample.
Finally,  a  distribution  of    at each  energy  point  is   ob-
served,  as  are  the  ISR  correction  factor  and  VP  factor.
We  find  that  these  distributions  also  satisfy  a  Gaussian
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distribution well,  so  the  fitted  mean  and  standard   devi-
ation are  taken as  the  central  value and error  of  the  cor-
responding  quantities,  respectively.  The  covariances  of
the distributions of Born and dressed cross sections at dif-
ferent energy points are also available in the supplement-
ary material [23]. These covariances are useful in calcula-
tions where   or   are inputs,  such as extracting the
resonant  parameters  of  ,  ,  and    by
fitting  .

Recall that we smoothed the observed R values using
the “LOWESS” method before we calculated the dressed
and Born ones.  In  principle,  one can use different  meth-
ods to smooth the data, which will result in uncertainty of
the  final  results.  We  test  another  smoothing  method,
“Smoothing spline” [24], and find that such uncertainty is
negligible when compared with the original errors.
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After  all  the  above operations,  we obtain   as  well
as  its  total  uncertainty  from  the  combined  BaBar  and
Belle measurements as shown in Fig.  8 and Table A1 in
the Appendix A. We find that the   values are very dif-
ferent from the   values reported from the original pub-
lications [5, 6], and the differences are energy dependent.
Common features are that the peaks are even higher and
the valleys become deeper, the two dips at the 
and    thresholds are  more significant,  the peaks cor-
responding to the   and   increase significantly,
and there is a prominent dip at 10.75 GeV.
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The total R value corresponding to the production of
 quarks  can  be  obtained  directly  by  adding  the 

to the  -quark contribution calculated from pQCD, as
indicated in Eq. (23).

 

Fig.  7.      (color  online)  VP factors  from three iterations (top)
and the difference between two iterations (bottom).  Notice
that the difference between the second and third iterations is
very small and the curves for the VP factors are almost in-
distinguishable.
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Fig.  8.      (color  online) Comparison  of  measured    (open
cycles)  and  Born    (solid  dots).  The  error  bars  are  the
combined statistical  and systematic  errors.  The dotted  ver-
tical lines are the thresholds for bottom meson productions.
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1    Introduction

e+e−

e+e−

e+e−

µ aµ
α(s)

The cross section of   annihilation into hadrons is
essential  information  for  a  quantum  Electrodynamics
(QED) as it is related to the vacuum polarization (VP) of
the  photon  propagator.  The  measurement  of  these  cross
sections  is  one  of  the  important  topics  in  various 
colliders  from  low  to  high  energy,  and  the  precision  of
the  measurements  has  been  successively  improved  since
the  running  of  the  first  generation  of    colliders  [1].
The data  have been used in  many calculations  involving
the  photon  propagator,  especially  in  the  high-precision
calculations of the anomalous magnetic moment of  ,  ,
and the running of the fine structure function,  , where
s is the center-of-mass (CM) energy squared [2-4].

e+e−The cross section of   annihilation into hadrons is
often reported in terms of the R value, defined as

R =
σB(e+e− → hadrons)
σB(e+e− → µ+µ−)

, (1)

σB(e+e− → µ+µ−) =
4πα2(0)

3s
e+e− → µ+µ−

√
s < 2

where   is the Born cross sec-
tion of  .  The experimental  measurements of
the R  values  are  compiled  in  Ref.  [1].  There  are  many
data  at  low energies  (  GeV)  with  precision  at  the

3.7 <
√

s < 5.0 10.5 <
√

s <
11.2

1% level,  whereas  the  measurements  are  sparse  and less
precise  at  higher  energies,  for  example,  the  charmonium
(   GeV)  and  bottomonium  (

  GeV)  energy  regions.  One  of  the  reasons  for  the
sparser measurements at high energy is the smaller contribu-
tion to the VP; another reason is the fact that fewer exper-
iments have been conducted in these energy regions.

e+e− → bb̄

√
s = 10.5 11.2

The cross sections of   were measured with
much higher precision by the BaBar [5] and Belle [6] ex-
periments  in  the  bottomonium  energy  region,  i.e.,

  to    GeV,  than  by  the  Columbia
University/Stony  Brook  (CUSB)  [7]  and  CLEO  [8]  ex-
periments  more  than  30  years  ago.  However,  neither
BaBar  nor  Belle  (let  alone  CUSB  or  CLEO)  performed
radiative  corrections  on  the  measured  cross  sections,  so
the  data  cannot  be  used  directly  for  many  calculations
where the Born cross sections are needed as input.

In  this  paper,  we  describe  how  to  obtain  the  Born
cross section based on the published data from the BaBar
and Belle  experiments  with  some  reasonable   assump-
tions. We  report  the  Born  cross  sections  from  these   ex-
periments and discuss the usage of the data samples in the
calculation of the VP factors, especially in the bottomoni-
um energy  region,  and  the  fit  to  the  dressed  cross   sec-
tions to extract the resonant parameters of the vector bot-
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The cross section of   annihilation into hadrons is
essential  information  for  a  quantum  Electrodynamics
(QED) as it is related to the vacuum polarization (VP) of
the  photon  propagator.  The  measurement  of  these  cross
sections  is  one  of  the  important  topics  in  various 
colliders  from  low  to  high  energy,  and  the  precision  of
the  measurements  has  been  successively  improved  since
the  running  of  the  first  generation  of    colliders  [1].
The data  have been used in  many calculations  involving
the  photon  propagator,  especially  in  the  high-precision
calculations of the anomalous magnetic moment of  ,  ,
and the running of the fine structure function,  , where
s is the center-of-mass (CM) energy squared [2-4].

e+e−The cross section of   annihilation into hadrons is
often reported in terms of the R value, defined as

R =
σB(e+e− → hadrons)
σB(e+e− → µ+µ−)

, (1)

σB(e+e− → µ+µ−) =
4πα2(0)

3s
e+e− → µ+µ−

√
s < 2

where   is the Born cross sec-
tion of  .  The experimental  measurements of
the R  values  are  compiled  in  Ref.  [1].  There  are  many
data  at  low energies  (  GeV)  with  precision  at  the
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1% level,  whereas  the  measurements  are  sparse  and less
precise  at  higher  energies,  for  example,  the  charmonium
(   GeV)  and  bottomonium  (

  GeV)  energy  regions.  One  of  the  reasons  for  the
sparser measurements at high energy is the smaller contribu-
tion to the VP; another reason is the fact that fewer exper-
iments have been conducted in these energy regions.
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The cross sections of   were measured with
much higher precision by the BaBar [5] and Belle [6] ex-
periments  in  the  bottomonium  energy  region,  i.e.,

  to    GeV,  than  by  the  Columbia
University/Stony  Brook  (CUSB)  [7]  and  CLEO  [8]  ex-
periments  more  than  30  years  ago.  However,  neither
BaBar  nor  Belle  (let  alone  CUSB  or  CLEO)  performed
radiative  corrections  on  the  measured  cross  sections,  so
the  data  cannot  be  used  directly  for  many  calculations
where the Born cross sections are needed as input.

In  this  paper,  we  describe  how  to  obtain  the  Born
cross section based on the published data from the BaBar
and Belle  experiments  with  some  reasonable   assump-
tions. We  report  the  Born  cross  sections  from  these   ex-
periments and discuss the usage of the data samples in the
calculation of the VP factors, especially in the bottomoni-
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(i)   
 flavor physics
 

(ii)  
 
 

(iii) 
 bottomonium transitions

(iv) 
 further access to 

         charmonium

e+e− → Υ(4S) → BB̄
⟹
⟹ B → KXcc̄

e+e− → Yb
⟹ Yb → (ππ, η, ω, . . . )Xcc̄
⟹ Yb → πZc

e+e− → Υ(1S,2S,3S)
⟹

e+e− → J/ψ + Xcc̄
⟹

(v) 
 coverage of whole

      charmonium region

(vi) 
 coverage of whole

      light quark region

(vii) 
 two-photon collisions

e+e−(γISR) → ψ
⟹

e+e−(γISR) → ρ, ω, ϕ, . . .
⟹

e+e− → e+e−Xqq̄
⟹
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Highlights from B Factories
  (1) production mechanisms
  (2)  decays
  (3) ISR production of charmonium
  (4) ISR production of light quarks
  (5) status of Belle II

B

in data and simulation: BðB" → K"J=ψÞ ¼ ½1.09"
0.09ðstatÞ " 0.06ðsystÞ& × 10−3, in agreement with the
world average.
The higher-mass regionwas blinded during the initial part

of the analysis. Here, the super-NN is trained in theψ 0 region
and the super-NN output is required to be >0.6 with a B
purity larger than 0.10. The pK spectrum is fitted using the
same procedure as above. The background shape is deter-
mined using a fit to the signal-free region after correction for
the small residual signal in that region estimated from MC
simulation. The kaon spectrum before (after) background
subtraction is displayed in Fig. 5 (Fig. 6).
The fit to the background-subtracted signal spectrum

(Fig. 6) is a sum of nine signal-peak functions correspond-
ing to the Xð3872Þ, ψð3770Þ, ψ 0, ηcð2SÞ, χc2, χc1, χc0, J=ψ ,
and ηc. The peak locations are taken from Ref. [21] and the
widths from fits to MC signal samples and include both

detector resolution and the natural width of each resonance.
The peak labeled χc1 refers to both χc1 and hc since these
two states cannot be distinguished from each other in this
analysis. A binned maximum likelihood fit is performed,
with the nine charmonium yields as free parameters.
Table II contains the fit results. Signal peaks are visible
for ηc, J=ψ , χc1, ψ 0 [20], and Xð3872Þ. A separate fit in
which the Xð3872Þ signal is forced to zero has a χ2 larger
than that of the nominal fit by 11.1 units, which reduces to
9.0 when accounting for the uncertainty in the background
shape in the 1.1–1.2 GeV=c region. Thus, there is 3σ
evidence of the decay B" → K" Xð3872Þ, detected for the
first time using this recoil technique.
Systematic uncertainties mainly stem from the imperfect

description of the data by the simulation and are computed
for the five particles having significance >2σ. An extra
uncertainty is added for the Xð3872Þ for the limited
knowledge of its decay modes.
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FIG. 5. The kaon momentum spectrum after applying final
selection criteria and before background subtraction. The red line
is the interpolated function describing the background shape. The
arrows indicate the values at which a signal for each resonance is
expected.

TABLE I. Summary of relative systematic uncertainties (in
percentage) for the ηc, χc1, ηcð2SÞ, ψ 0, and Xð3872Þ branching
fractions, relative to BðB" → J=ψK"Þ.

Uncertainty source ηc χc1 ηcð2SÞ ψ 0 Xð3872Þ
K identification 1 2 2 2 5
Decay model ' ' ' ' ' ' 1 ' ' ' 5
Efficiency 0 2 2 2 5
pK: peak position 2 2 8 2 2
pK: signal narrow width 1 1 1 1 1
pK: signal wide width 5 5 5 5 5
pK: narrow width fraction 2 2 2 2 2
pK: background shape ' ' ' 13 12 13 13
Decay width 1 ' ' ' 1 ' ' ' ' ' '
Correction in signal-free regions ' ' ' ' ' ' ' ' ' ' ' ' 4

Total 6 14.5 15.1 14.6 16.3
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FIG. 6. The background-subtracted kaon momentum spectrum
between 1 and 2.05 GeV=c. The fit function (red) includes signal
peaks for nine particles, indicated by the arrows. The fit function
where the Xð3872Þ yield is forced to zero is drawn in blue.

TABLE II. Results from fits to the kaon momentum spectrum.
B stands for the branching fraction for B" → Xcc̄K". An addi-
tional 3% uncertainty must be added to these results, reflecting
the present knowledge of the reference BðBþ → J=ψKþÞ. The
significance of each peak refers to the χ2 increase of the fit when
removing each resonance in turn.
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J=ψ 2364" 189 10.1" 0.29 (Ref. [21]) 10.4
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χc2 200" 164 < 2.0 1.2
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ψð3770Þ 497" 308 3.2" 2.0ðstatÞ " 0.5ðsystÞ 1.2
Xð3872Þ 992" 285 2.1" 0.6ðstatÞ " 0.3ðsystÞ 3.0

PHYSICAL REVIEW LETTERS 124, 152001 (2020)

152001-6

in data and simulation: BðB" → K"J=ψÞ ¼ ½1.09"
0.09ðstatÞ " 0.06ðsystÞ& × 10−3, in agreement with the
world average.
The higher-mass regionwas blinded during the initial part

of the analysis. Here, the super-NN is trained in theψ 0 region
and the super-NN output is required to be >0.6 with a B
purity larger than 0.10. The pK spectrum is fitted using the
same procedure as above. The background shape is deter-
mined using a fit to the signal-free region after correction for
the small residual signal in that region estimated from MC
simulation. The kaon spectrum before (after) background
subtraction is displayed in Fig. 5 (Fig. 6).
The fit to the background-subtracted signal spectrum

(Fig. 6) is a sum of nine signal-peak functions correspond-
ing to the Xð3872Þ, ψð3770Þ, ψ 0, ηcð2SÞ, χc2, χc1, χc0, J=ψ ,
and ηc. The peak locations are taken from Ref. [21] and the
widths from fits to MC signal samples and include both

detector resolution and the natural width of each resonance.
The peak labeled χc1 refers to both χc1 and hc since these
two states cannot be distinguished from each other in this
analysis. A binned maximum likelihood fit is performed,
with the nine charmonium yields as free parameters.
Table II contains the fit results. Signal peaks are visible
for ηc, J=ψ , χc1, ψ 0 [20], and Xð3872Þ. A separate fit in
which the Xð3872Þ signal is forced to zero has a χ2 larger
than that of the nominal fit by 11.1 units, which reduces to
9.0 when accounting for the uncertainty in the background
shape in the 1.1–1.2 GeV=c region. Thus, there is 3σ
evidence of the decay B" → K" Xð3872Þ, detected for the
first time using this recoil technique.
Systematic uncertainties mainly stem from the imperfect

description of the data by the simulation and are computed
for the five particles having significance >2σ. An extra
uncertainty is added for the Xð3872Þ for the limited
knowledge of its decay modes.

Kaon momentum (GeV/c)

1 1.2 1.4 1.6 1.8 2

N
/5

 M
eV

/c
)

0

500

1000

1500

2000

2500

3000

3500

4000

FIG. 5. The kaon momentum spectrum after applying final
selection criteria and before background subtraction. The red line
is the interpolated function describing the background shape. The
arrows indicate the values at which a signal for each resonance is
expected.

TABLE I. Summary of relative systematic uncertainties (in
percentage) for the ηc, χc1, ηcð2SÞ, ψ 0, and Xð3872Þ branching
fractions, relative to BðB" → J=ψK"Þ.

Uncertainty source ηc χc1 ηcð2SÞ ψ 0 Xð3872Þ
K identification 1 2 2 2 5
Decay model ' ' ' ' ' ' 1 ' ' ' 5
Efficiency 0 2 2 2 5
pK: peak position 2 2 8 2 2
pK: signal narrow width 1 1 1 1 1
pK: signal wide width 5 5 5 5 5
pK: narrow width fraction 2 2 2 2 2
pK: background shape ' ' ' 13 12 13 13
Decay width 1 ' ' ' 1 ' ' ' ' ' '
Correction in signal-free regions ' ' ' ' ' ' ' ' ' ' ' ' 4

Total 6 14.5 15.1 14.6 16.3

Kaon Momentum (GeV/c)

1 1.2 1.4 1.6 1.8 2

C
an

di
da

te
s/

5 
M

eV
/c

100−

0

100

200

300

400

FIG. 6. The background-subtracted kaon momentum spectrum
between 1 and 2.05 GeV=c. The fit function (red) includes signal
peaks for nine particles, indicated by the arrows. The fit function
where the Xð3872Þ yield is forced to zero is drawn in blue.

TABLE II. Results from fits to the kaon momentum spectrum.
B stands for the branching fraction for B" → Xcc̄K". An addi-
tional 3% uncertainty must be added to these results, reflecting
the present knowledge of the reference BðBþ → J=ψKþÞ. The
significance of each peak refers to the χ2 increase of the fit when
removing each resonance in turn.

Particle Yield Bð10−4Þ Nσ

J=ψ 2364" 189 10.1" 0.29 (Ref. [21]) 10.4
ηc 2259" 188 9.6" 1.2ðstatÞ " 0.6ðsystÞ 9.3
χc0 287" 181 2.0" 1.3ðstatÞ " 0.3ðsystÞ 1.6
χc1 1035" 193 4.0" 0.8ðstatÞ " 0.6ðsystÞ 2.2
χc2 200" 164 < 2.0 1.2
ηcð2SÞ 527" 271 3.5" 1.7ðstatÞ " 0.5ðsystÞ 2.3
ψ 0 1278" 285 4.6" 1ðstatÞ " 0.7ðsystÞ 3.1
ψð3770Þ 497" 308 3.2" 2.0ðstatÞ " 0.5ðsystÞ 1.2
Xð3872Þ 992" 285 2.1" 0.6ðstatÞ " 0.3ðsystÞ 3.0

PHYSICAL REVIEW LETTERS 124, 152001 (2020)

152001-6

Measurements of the Absolute Branching Fractions of B! → K!Xcc̄

J. P. Lees,1 V. Poireau,1 V. Tisserand,1 E. Grauges,2 A. Palano,3 G. Eigen,4 D. N. Brown,5 Yu. G. Kolomensky,5 M. Fritsch,6

H. Koch,6 T. Schroeder,6 R. Cheaib,7b C. Hearty,7a,7b T. S. Mattison,7b J. A. McKenna,7b R. Y. So,7b V. E. Blinov,8a,8b,8c

A. R. Buzykaev,8a V. P. Druzhinin,8a,8b V. B. Golubev,8a,8b E. A. Kozyrev,8a,8b E. A. Kravchenko,8a,8b A. P. Onuchin,8a,8b,8c

S. I. Serednyakov,8a,8b Yu. I. Skovpen,8a,8b E. P. Solodov,8a,8b K. Yu. Todyshev,8a,8b A. J. Lankford,9 B. Dey,10 J. W. Gary,10

O. Long,10 A. M. Eisner,11 W. S. Lockman,11 W. Panduro Vazquez,11 D. S. Chao,12 C. H. Cheng,12 B. Echenard,12

K. T. Flood,12 D. G. Hitlin,12 J. Kim,12 Y. Li,12 T. S. Miyashita,12 P. Ongmongkolkul,12 F. C. Porter,12 M. Röhrken,12

Z. Huard,13 B. T. Meadows,13 B. G. Pushpawela,13 M. D. Sokoloff,13 L. Sun,13,† J. G. Smith,14 S. R. Wagner,14 D. Bernard,15

M. Verderi,15 D. Bettoni,16a C. Bozzi,16a R. Calabrese,16a,16b G. Cibinetto,16a,16b E. Fioravanti,16a,16b I. Garzia,16a,16b

E. Luppi,16a,16b V. Santoro,16a A. Calcaterra,17 R. de Sangro,17 G. Finocchiaro,17 S. Martellotti,17 P. Patteri,17 I. M. Peruzzi,17

M. Piccolo,17 M. Rotondo,17 A. Zallo,17 S. Passaggio,18 C. Patrignani,18,‡ B. J. Shuve,19 H. M. Lacker,20 B. Bhuyan,21

U. Mallik,22 C. Chen,23 J. Cochran,23 S. Prell,23 A. V. Gritsan,24 N. Arnaud,25 M. Davier,25 F. Le Diberder,25 A. M. Lutz,25

G. Wormser ,25 D. J. Lange,26 D. M. Wright,26 J. P. Coleman,27 E. Gabathuler,27,* D. E. Hutchcroft,27 D. J. Payne,27

C. Touramanis,27 A. J. Bevan,28 F. Di Lodovico,28 R. Sacco,28 G. Cowan,29 Sw. Banerjee,30 D. N. Brown,30 C. L. Davis,30

A. G. Denig,31 W. Gradl,31 K. Griessinger,31 A. Hafner,31 K. R. Schubert,31 R. J. Barlow,32,§ G. D. Lafferty,32 R. Cenci,33

A. Jawahery,33 D. A. Roberts,33 R. Cowan,34 S. H. Robertson,35a,35b R. M. Seddon,35b N. Neri,36a F. Palombo,36a,36b

L. Cremaldi,37 R. Godang,37,∥ D. J. Summers,37 P. Taras,38 G. De Nardo,39 C. Sciacca,39 G. Raven,40 C. P. Jessop,41

J. M. LoSecco,41 K. Honscheid,42 R. Kass,42 A. Gaz,43a M. Margoni,43a,43b M. Posocco,43a G. Simi,43a,43b F. Simonetto,43a,43b

R. Stroili,43a,43b S. Akar,44 E. Ben-Haim,44 M. Bomben,44 G. R. Bonneaud,44 G. Calderini,44 J. Chauveau,44 G. Marchiori,44

J. Ocariz,44 M. Biasini,45a,45b E. Manoni,45a A. Rossi,45a G. Batignani,46a,46b S. Bettarini,46a,46b M. Carpinelli,46a,46b,¶

G. Casarosa,46a,46b M. Chrzaszcz,46a F. Forti,46a,46b M. A. Giorgi,46a,46b A. Lusiani,46a,46c B. Oberhof,46a,46b E. Paoloni,46a,46b

M. Rama,46a G. Rizzo,46a,46b J. J. Walsh,46a L. Zani,46a,46b A. J. S. Smith,47 F. Anulli,48a R. Faccini,48a,48b F. Ferrarotto,48a

F. Ferroni,48a,** A. Pilloni,48a,48b G. Piredda,48a,* C. Bünger,49 S. Dittrich,49 O. Grünberg,49 M. Heß,49 T. Leddig,49 C. Voß,49

R. Waldi,49 T. Adye,50 F. F. Wilson,50 S. Emery,51 G. Vasseur,51 D. Aston,52 C. Cartaro,52 M. R. Convery,52 J. Dorfan,52

W. Dunwoodie,52 M. Ebert,52 R. C. Field,52 B. G. Fulsom,52 M. T. Graham,52 C. Hast,52 W. R. Innes,52,* P. Kim,52

D.W. G. S. Leith,52,* S. Luitz,52 D. B. MacFarlane,52 D. R. Muller,52 H. Neal,52 B. N. Ratcliff,52 A. Roodman,52

M. K. Sullivan,52 J. Va’vra,52 W. J. Wisniewski,52 M. V. Purohit,53 J. R. Wilson,53 A. Randle-Conde,54 S. J. Sekula,54

H. Ahmed,55 M. Bellis,56 P. R. Burchat,56 E. M. T. Puccio,56 M. S. Alam,57 J. A. Ernst,57 R. Gorodeisky,58 N. Guttman,58

D. R. Peimer,58 A. Soffer,58 S. M. Spanier,59 J. L. Ritchie,60 R. F. Schwitters,60 J. M. Izen,61 X. C. Lou,61 F. Bianchi,62a,62b

F. De Mori,62a,62b A. Filippi,62a D. Gamba,62a,62b L. Lanceri,63 L. Vitale,63 F. Martinez-Vidal,64 A. Oyanguren,64 J. Albert,65b

A. Beaulieu,65b F. U. Bernlochner,65b G. J. King,65b R. Kowalewski,65b T. Lueck,65b I. M. Nugent,65b J. M. Roney,65b

R. J. Sobie,65a,65b N. Tasneem,65b T. J. Gershon,66 P. F. Harrison,66 T. E. Latham,66 R. Prepost,67 and S. L. Wu67

(BABAR Collaboration)

1Laboratoire d’Annecy-le-Vieux de Physique des Particules (LAPP), Université de Savoie,
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B ! K!c1"
! [5]. Motivated by the striking observations

of charged charmoniumlike [4,5] and bottomoniumlike
states [6], we investigate the existence of similar states as
intermediate resonances in Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ decay
modes with charmonium or light hadrons in the final state
[7]. An ISR analysis by the Belle experiment with
548 fb%1 of data collected at or near

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% collider [10] and is described
in detail elsewhere [11]. We use the PHOKHARA [12] pro-
gram to generate signal Monte Carlo (MC) events and
determine experimental efficiencies. The results reported
here supersede those of Ref. [8], wherein a subset of the
Belle data sample was used.

The event selection is described in Ref. [8]. We require
four well reconstructed charged tracks with zero net

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 0:95; in cases where
the other track has no muon identification, in order to
suppress misidentified muon tracks, the polar angles of
the two muon tracks in the "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% mode because the MC simulation of the
trigger efficiency for these Bhabha-like events does not
accurately reproduce the data. There is only one combina-
tion of "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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In summary, the cross section of eþe" ! !þ!"J=c is
measured from 3.8 to 5.5 GeV. The Yð4260Þ resonance is
observed and its resonant parameters are determined. In
addition, the Yð4008Þ state is confirmed. The intermediate
states in Yð4260Þ ! !þ!"J=c decays are also investi-
gated. A Zð3900Þ% state with a mass of ð3894:5% 6:6%
4:5Þ MeV=c2 and a width of ð63% 24% 26Þ MeV=c2 is
observed in the !%J=c mass spectrum with a statistical
significance larger than 5:2". This state is close to theD !D&

mass threshold; however, no enhancement is observed near
the D& !D& mass threshold. As the Zð3900Þ% state has a
strong coupling to charmonium and is charged, we con-
clude it cannot be a conventional c !c state.
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Note added.—Recently, we became aware of a Letter
from the BESIII Collaboration [23] that also reports on the
Zð3900Þ% at the same time.
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B ! K!c1"
! [5]. Motivated by the striking observations

of charged charmoniumlike [4,5] and bottomoniumlike
states [6], we investigate the existence of similar states as
intermediate resonances in Yð4260Þ ! "þ"%J=c decays.

After the initial observations of the Yð4260Þ [1–3],
CLEO collected 13:2 pb%1 of eþe% data at

ffiffiffi
s

p ¼
4:26 GeV and investigated 16 possible Yð4260Þ decay
modes with charmonium or light hadrons in the final state
[7]. An ISR analysis by the Belle experiment with
548 fb%1 of data collected at or near

ffiffiffi
s

p ¼ 10:58 GeV
[8] showed a significant Yð4260Þ signal as well as an
excess of "þ"%J=c event production near 4 GeV
that could be described by a broad Breit-Wigner (BW)
parametrization—the so-called Yð4008Þ. Recently, the
BABAR Collaboration reported an updated ISR analysis
with 454 fb%1 of data and a modified approach for the
background description [9]; the Yð4260Þ state was
observed with improved significance, but the Yð4008Þ
structure was not confirmed. Instead, they attributed the
structure below the Yð4260Þ to exponentially falling non-
resonant "þ"%J=c production.

In this Letter, we report cross section measurements for
eþe% ! "þ"%J=c between 3.8 and 5.5 GeV, and a
search for structures in the "þ"%J=c , "!J=c , and
"þ"% systems. The results are based on the full Belle
data sample with an integrated luminosity of 967 fb%1

collected at or near the !ðnSÞ resonances (n ¼
1; 2; . . . ; 5). The Belle detector operated at the KEKB
asymmetric-energy eþe% collider [10] and is described
in detail elsewhere [11]. We use the PHOKHARA [12] pro-
gram to generate signal Monte Carlo (MC) events and
determine experimental efficiencies. The results reported
here supersede those of Ref. [8], wherein a subset of the
Belle data sample was used.

The event selection is described in Ref. [8]. We require
four well reconstructed charged tracks with zero net

charge. For each charged track, a likelihood LX is formed
from different detector subsystems for particle hypothesis
X 2 fe;#;"; K; pg. Tracks with a likelihood ratio RK ¼
ðLK=ðLK þL"ÞÞ< 0:4 are identified as pions with an
efficiency of about 95%. Similar ratios are also defined
for lepton-pion discrimination [13]. For electrons from
J=c ! eþe%, one track should have Re > 0:95 and the
other track Re > 0:05. For muons from J=c ! #þ#%,
at least one track should have R# > 0:95; in cases where
the other track has no muon identification, in order to
suppress misidentified muon tracks, the polar angles of
the two muon tracks in the "þ"%#þ#% center-of-mass
(c.m.) frame must satisfy jcos$#j<0:7. Events with %
conversions are removed by requiring Re < 0:75 for the
"þ"% candidate tracks. Furthermore, in J=c ! eþe%,
such events are further reduced by requiring the invariant
mass of the "þ"% candidate pair to be larger than
0:32 GeV=c2. Events with a total energy deposit in the
electromagnetic calorimeter above 9 GeV are removed in
the J=c ! eþe% mode because the MC simulation of the
trigger efficiency for these Bhabha-like events does not
accurately reproduce the data. There is only one combina-
tion of "þ"%‘þ‘% (‘ ¼ e, #) in each event after the
above selections.
Candidate ISR events are identified by the requirement

jM2
recj< 2:0 ðGeV=c2Þ2, where M2

rec ¼ ðPc:m: % P"þ %
P"% % P‘þ % P‘%Þ2 and Pi represents the four-momentum
of the corresponding particle or composite in the eþe%

c.m. frame. Clear J=c signals are observed in both the
J=c ! eþe% and #þ#% modes. We define the J=c
signal region as 3:06GeV=c2<Mð‘þ‘%Þ<3:14GeV=c2

(the mass resolution for lepton pairs being about
20 MeV=c2), and J=c mass sidebands as 2:91 GeV=c2 <
Mð‘þ‘%Þ< 3:03 GeV=c2 or 3:17 GeV=c2 <Mð‘þ‘%Þ<
3:29 GeV=c2, which are three times as wide as the signal
region.
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FIG. 1 (color online). (a) Invariant mass distributions of "þ"%‘þ‘%. Points with error bars are data, and the shaded histograms are
the normalized J=c mass sidebands. The solid curves show the total best fit with two coherent resonances and contribution from
background. The dashed curves are for solution I, while the dotted-dashed curves are for solution II. The inset shows the distributions
on a logarithmic vertical scale. The large peak around 3:686 GeV=c2 is the c ð2SÞ ! "þ"%J=c signal. (b) Cross section of eþe% !
"þ"%J=c after background subtraction. The errors are statistical only.

PRL 110, 252002 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending
21 JUNE 2013

252002-3

In summary, the cross section of eþe" ! !þ!"J=c is
measured from 3.8 to 5.5 GeV. The Yð4260Þ resonance is
observed and its resonant parameters are determined. In
addition, the Yð4008Þ state is confirmed. The intermediate
states in Yð4260Þ ! !þ!"J=c decays are also investi-
gated. A Zð3900Þ% state with a mass of ð3894:5% 6:6%
4:5Þ MeV=c2 and a width of ð63% 24% 26Þ MeV=c2 is
observed in the !%J=c mass spectrum with a statistical
significance larger than 5:2". This state is close to theD !D&

mass threshold; however, no enhancement is observed near
the D& !D& mass threshold. As the Zð3900Þ% state has a
strong coupling to charmonium and is charged, we con-
clude it cannot be a conventional c !c state.

We thank the KEKB group for excellent operation of the
accelerator; the KEK cryogenics group for efficient sole-
noid operations; and the KEK computer group, the NII, and
PNNL/EMSL for valuable computing and SINET4 net-
work support. We acknowledge support from MEXT,
JSPS, and Nagoya’s TLPRC (Japan); ARC and DIISR
(Australia); NSFC (China); MSMT (Czechia); DST
(India); INFN (Italy); MEST, NRF, GSDC of KISTI, and
WCU (Korea); MNiSW and NCN (Poland); MES and
RFAAE (Russia); ARRS (Slovenia); SNSF (Switzerland);
NSC and MOE (Taiwan); and DOE and NSF (USA). This
work is supported partly by a Grant-in-Aid fromMEXT for
Science Research on Innovative Areas (‘‘Elucidation of
New Hadrons with a Variety of Flavors’’) and JSPS
KAKENHI Grant No. 24740158.

Note added.—Recently, we became aware of a Letter
from the BESIII Collaboration [23] that also reports on the
Zð3900Þ% at the same time.
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M. Petrič,22 L. E. Piilonen,64 M. Ritter,32 M. Röhrken,24 A. Rostomyan,6 H. Sahoo,12 T. Saito,58 Y. Sakai,13 S. Sandilya,54

D. Santel,5 T. Sanuki,58 Y. Sato,58 V. Savinov,48 O. Schneider,29 G. Schnell,1,14 C. Schwanda,18 R. Seidl,49 D. Semmler,7

K. Senyo,66 O. Seon,36 M. E. Sevior,33 M. Shapkin,19 T.-A. Shibata,60 J.-G. Shiu,41 B. Shwartz,3 A. Sibidanov,53

F. Simon,32,55 P. Smerkol,22 Y.-S. Sohn,67 A. Sokolov,19 E. Solovieva,21 M. Starič,22 M. Steder,6 M. Sumihama,8
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calculated using the KKMC [30] program. To get the correct
ISR photon energy distribution, we use the

ffiffiffi
s

p
-dependent

cross section line shape of the eþe− → πþπ−J=ψ process,
i.e., σð

ffiffiffi
s

p
Þ, to replace the default one of KKMC. Since

σð
ffiffiffi
s

p
Þ is what we measure in this study, the ISR correction

procedure needs to be iterated, and the final results are
obtained when the iteration converges. Figure 1 shows the
measured cross section σð

ffiffiffi
s

p
Þ from both the XYZ data and

scan data (numerical results are listed in Supplemental
Material [33]).
To study the possible resonant structures in the eþe− →

πþπ−J=ψ process, a binned maximum likelihood fit is
performed simultaneously to the measured cross section
σð

ffiffiffi
s

p
Þ of the XYZ data with Gaussian uncertainties and the

scan data with Poisson uncertainties. The PDF is para-
meterized as the coherent sum of three Breit-Wigner
functions, together with an incoherent ψð3770Þ component
which accounts for the decay of ψð3770Þ → πþπ−J=ψ ,
with ψð3770Þ mass and width fixed to PDG [8] values.
Because of the lack of data near the ψð3770Þ resonance, it
is impossible to determine the relative phase between the
ψð3770Þ amplitude and the other amplitudes. The ampli-
tude to describe a resonance R is written as

Að
ffiffiffi
s

p
Þ ¼ Mffiffiffi

s
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeþe−ΓtotBR

p

s −M2 þ iMΓtot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð

ffiffiffi
s

p
Þ

ΦðMÞ

s

eiϕ; ð2Þ

where M, Γtot, and Γeþe− are the mass, full width, and
electronic width of the resonance R, respectively; BR is the
branching fraction of the decay R → πþπ−J=ψ ; Φð

ffiffiffi
s

p
Þ is

the phase space factor of the three-body decay R →
πþπ−J=ψ [8]; and ϕ is the phase of the amplitude. The
fit has four solutions with equally good fit quality [34] and
identical masses and widths of the resonances (listed in
Table I), while the phases and the product of the electronic
widths with the branching fractions are different (listed in
Table II). Figure 1 shows the fit results. The resonance R1

has a mass and width consistent with that of Yð4008Þ
observed by Belle [5] within 1.0σ and 2.9σ, respectively.

The resonance R2 has a mass 4222.0% 3.1 MeV=c2, which
agrees with the average mass, 4251% 9 MeV=c2 [8], of the
Yð4260Þ peak [1–5] within 3.0σ. However, its measured
width is much narrower than the average width, 120%
12 MeV [8], of the Yð4260Þ. We also observe a new
resonance R3. The statistical significance of R3 is estimated
to be 7.9σ (including systematic uncertainties) by compar-
ing the change of Δð−2 lnLÞ ¼ 74.9 with and without the
R3 amplitude in the fit and taking the change of number of
degree of freedom Δn:d:f: ¼ 4 into account. The fit quality
is estimated using a χ2-test method, with χ2=n:d:f: ¼
93.6=110. Fit models taken from previous experiments
[1–5] are also investigated and are ruled out with a
confidence level equivalent to more than 5.4σ.
As an alternative description of the data, we use an

exponential [35] to model the cross section near 4 GeVas in
Ref. [4] instead of the resonance R1. The fit results are
shown as dashed lines in Fig. 1. This model also describes
the data very well. A χ2 test to the fit quality gives
χ2=n:d:f: ¼ 93.2=111. Thus, the existence of a resonance
near 4 GeV, such as the resonance R1 or the Yð4008Þ
resonance [3], is not necessary to explain the data. The fit
has four solutions with equally good fit quality [34] and
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FIG. 1. Measured cross section σðeþe− → πþπ−J=ψÞ and simultaneous fit to the XYZ data (left) and scan data (right) with the
coherent sum of three Breit-Wigner functions (red solid curves) and the coherent sum of an exponential continuum and two Breit-
Wigner functions (blue dashed curves). Dots with error bars are data.

TABLE I. The measured masses and widths of the resonances
from the fit to the eþe− → πþπ−J=ψ cross section with three
coherent Breit-Wigner functions. The numbers in the brackets
correspond to a fit by replacing R1 with an exponential describing
the continuum. The errors are statistical only.

Parameters Fit result

MðR1Þ 3812.6þ61.9
−96.6 (& & &)

ΓtotðR1Þ 476.9þ78.4
−64.8 (& & &)

MðR2Þ 4222.0% 3.1 (4220.9% 2.9)

ΓtotðR2Þ 44.1% 4.3 (44.1% 3.8)

MðR3Þ 4320.0% 10.4 (4326.8% 10.0)

ΓtotðR3Þ 101.4þ25.3
−19.7 (98.2þ25.4

−19.6 )
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a mass difference of 2:1 MeV=c2, a width difference of
3.7 MeV, and production ratio difference of 2.6% absolute.
Assuming the Zcð3900Þ couples strongly with D !D# results
in an energy dependence of the total width [22], and the fit
yields a difference of 2:1 MeV=c2 for mass, 15.4 MeV for
width, and no change for the production ratio. We estimate
the uncertainty due to the background shape by changing to
a third-order polynomial or a phase space shape, varying
the fit range, and varying the requirements on the !2 of the
kinematic fit. We find differences of 3:5 MeV=c2 for mass,
12.1 MeV for width, and 7.1% absolute for the production
ratio. Uncertainties due to the mass resolution are esti-
mated by increasing the resolution determined by MC
simulations by 16%, which is the difference between the
MC simulated and measured mass resolutions of the J=c
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total system-
atic error is 4:9 MeV=c2 for mass, 20 MeV for width and
7.5% for the production ratio.

In Summary, we have studied eþe% ! "þ"%J=c at a
c.m. energy of 4.26 GeV. The cross section is measured to
be ð62:9& 1:9& 3:7Þ pb, which agrees with the existing
results from the BABAR [5], Belle [3], and CLEO [4]
experiments. In addition, a structure with a mass of
ð3899:0& 3:6& 4:9Þ MeV=c2 and a width of ð46& 10&
20Þ MeV is observed in the "&J=c mass spectrum. This
structure couples to charmonium and has an electric
charge, which is suggestive of a state containing more
quarks than just a charm and anticharm quark. Similar
studies were performed in B decays, with unconfirmed
structures reported in the "&c ð3686Þ and "&!c1 systems
[23–26]. It is also noted that model-dependent calculations
exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmonium-
like structures, and there were model predictions of

charmoniumlike structures near the D !D# and D# !D#

thresholds [27].
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data are available at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and
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Figure 52.3: R in the light-flavor, charm, and beauty threshold regions. Data errors are total
below 2 GeV and statistical above 2 GeV. The curves are the same as in Fig. 52.2. Note: CLEO data
above Ã (4S) were not fully corrected for radiative e�ects, and we retain them on the plot only for
illustrative purposes with a normalization factor of 0.8. The full list of references to the original data
and the details of the R ratio extraction from them can be found in [100]. The computer-readable
data are available at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and
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Figure 52.3: R in the light-flavor, charm, and beauty threshold regions. Data errors are total
below 2 GeV and statistical above 2 GeV. The curves are the same as in Fig. 52.2. Note: CLEO data
above Ã (4S) were not fully corrected for radiative e�ects, and we retain them on the plot only for
illustrative purposes with a normalization factor of 0.8. The full list of references to the original data
and the details of the R ratio extraction from them can be found in [100]. The computer-readable
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HEPDATA (Durham) Groups, August 2019.)

1st June, 2020 8:30am

6 52. Plots of Cross Sections and Related Quantities

R in Light-Flavor, Charm, and Beauty Threshold Regions

10
-1

1

10

10 2

0.5 1 1.5 2 2.5 3

Sum of exclusive
measurements

3 loop pQCD

Naive quark model

u, d, s

ρ

ω
φ

ρ′

Inclusive:

KEDR

BES

2

3

4

5

6

7

3 3.5 4 4.5 5

Mark-I

Mark-I + LGW

Mark-II

PLUTO

Crystal Ball

BES

KEDR

J/ψ ψ(2S)

ψ3770

ψ4040

ψ4160

ψ4415

c

2

3

4

5

6

7

8

9.5 10 10.5 11

MD-1
ARGUS CLEO CUSB DHHM

Crystal Ball CLEO II DASP LENA

Υ(1S)
Υ(2S)

Υ(3S)

Υ(4S)

b

√

s [GeV]

R

Figure 52.3: R in the light-flavor, charm, and beauty threshold regions. Data errors are total
below 2 GeV and statistical above 2 GeV. The curves are the same as in Fig. 52.2. Note: CLEO data
above Ã (4S) were not fully corrected for radiative e�ects, and we retain them on the plot only for
illustrative purposes with a normalization factor of 0.8. The full list of references to the original data
and the details of the R ratio extraction from them can be found in [100]. The computer-readable
data are available at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and
HEPDATA (Durham) Groups, August 2019.)

1st June, 2020 8:30am

6 52. Plots of Cross Sections and Related Quantities

R in Light-Flavor, Charm, and Beauty Threshold Regions

10
-1

1

10

10 2

0.5 1 1.5 2 2.5 3

Sum of exclusive
measurements

3 loop pQCD

Naive quark model

u, d, s

ρ

ω
φ

ρ′

Inclusive:

KEDR

BES

2

3

4

5

6

7

3 3.5 4 4.5 5

Mark-I

Mark-I + LGW

Mark-II

PLUTO

Crystal Ball

BES

KEDR

J/ψ ψ(2S)

ψ3770

ψ4040

ψ4160

ψ4415

c

2

3

4

5

6

7

8

9.5 10 10.5 11

MD-1
ARGUS CLEO CUSB DHHM

Crystal Ball CLEO II DASP LENA

Υ(1S)
Υ(2S)

Υ(3S)

Υ(4S)

b

√

s [GeV]

R

Figure 52.3: R in the light-flavor, charm, and beauty threshold regions. Data errors are total
below 2 GeV and statistical above 2 GeV. The curves are the same as in Fig. 52.2. Note: CLEO data
above Ã (4S) were not fully corrected for radiative e�ects, and we retain them on the plot only for
illustrative purposes with a normalization factor of 0.8. The full list of references to the original data
and the details of the R ratio extraction from them can be found in [100]. The computer-readable
data are available at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and
HEPDATA (Durham) Groups, August 2019.)

1st June, 2020 8:30am

6 52. Plots of Cross Sections and Related Quantities

R in Light-Flavor, Charm, and Beauty Threshold Regions

10
-1

1

10

10 2

0.5 1 1.5 2 2.5 3

Sum of exclusive
measurements

3 loop pQCD

Naive quark model

u, d, s

ρ

ω
φ

ρ′

Inclusive:

KEDR

BES

2

3

4

5

6

7

3 3.5 4 4.5 5

Mark-I

Mark-I + LGW

Mark-II

PLUTO

Crystal Ball

BES

KEDR

J/ψ ψ(2S)

ψ3770

ψ4040

ψ4160

ψ4415

c

2

3

4

5

6

7

8

9.5 10 10.5 11

MD-1
ARGUS CLEO CUSB DHHM

Crystal Ball CLEO II DASP LENA

Υ(1S)
Υ(2S)

Υ(3S)

Υ(4S)

b

√

s [GeV]

R

Figure 52.3: R in the light-flavor, charm, and beauty threshold regions. Data errors are total
below 2 GeV and statistical above 2 GeV. The curves are the same as in Fig. 52.2. Note: CLEO data
above Ã (4S) were not fully corrected for radiative e�ects, and we retain them on the plot only for
illustrative purposes with a normalization factor of 0.8. The full list of references to the original data
and the details of the R ratio extraction from them can be found in [100]. The computer-readable
data are available at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and
HEPDATA (Durham) Groups, August 2019.)

1st June, 2020 8:30am

Rediscovery of X(3872) at Belle II Experiment
Youngmin Yook (yook@ihep.ac.cn) on behalf of Belle II Collaboration

Institute of High Energy Physics, Chinese Academy of Science 

10th International Workshop on Charm Physics, June 3rd, 2021 

♩ Aiming to collect 50ab−1 data mostly on Υ(4𝑆) resonance (50 times of  Belle)

♩ Current integrated luminosity 175 fb−1 (peak instantaneous: 2.9 × 10−34cm−2s−1 ) 

♩ Increasing by 1 − 1.5fb−1 day by day

♩ Today, based on 62.8fb−1 Υ(4𝑆) data: 𝐵 → 𝐾𝑋 3872 : 𝑋 3872 → 𝐽/𝜓𝜋+𝜋− with high reconstruction rate

Future prospect of Belle II data taking

PXD 
upgrade

Accelerator 
upgrade

Analysis by Hikari Hirata, Kato Yuji, and Toru Iijima (Nagoya University.)

𝐵+ 𝐵0

𝐵𝐹 𝐵 → 𝐾𝑋 3872 ⋅ 𝐵𝐹(𝑋 3872 → 𝐽/𝜓𝜋+𝜋−) 8.6 × 10−6 4.3 × 10−6

𝜖 22.9% 17.5%

Expected signal yield / [1fb−1] 0.267 0.0484

♩ Unbinned simultaneous extended maximum likelihood fit performed
♩ The ratio of  signals yields to the expected signal yield per 1 fb−1

♪ 𝐵𝐹(𝐵0 → 𝑋 3872 𝐾0)/𝐵𝐹(𝐵+ → 𝑋 3872 𝐾+) = 0.50
♪ Signal PDF: Histogram PDF assuming World Average Mass and Width from LHCb measurements.
♪ Background PDF: 1st order Chebyshev Polynomial

Belle, PRD 84, 052004 (2011).

Systematic study (Tracking, 𝐾𝑠 reconstruction rate…) 
are currently being investigated!

VC.   Colliders:  B Factoriese+e−
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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment Highlights Accelerator Years Institute Production

BaBar Y (4260) [29] PEP-II 1999–
SLAC

e+e� annihilationY (4360) [108] 2008
(Menlo Park,

(ECM ⇡ 10 GeV):
California,

USA)

e+e� ! BB̄; B ! KX

Belle

X(3872) [4]

KEKB 1998–
KEK

e+e� ! Yb

Y (3940) [106]

2010
(Tsukuba,

e+e� ! ⇡Zb

X(3915) [166]

Japan)

e+e�(�ISR)! Y
Zc(4430) [30, 136, 137]

e+e�(�ISR)! ⇡Zc

Zb(10610),

e+e� ! J/ + X
Zb(10650) [160, 162, 163]

�� ! X
Yb(10888) [151, 152]

Belle II
Upcoming

SuperKEKB 2018–continuation of
Belle

CLEO-c Y (4260) [142] CESR-c 2003–
Cornell U.

e+e� annihilation
⇡+⇡�hc [177] 2008

(Ithaca,
(ECM ⇡ 4 GeV):New York,

USA)
e+e� ! Y

BESIII

Zc(3900) [22, 154]

BEPCII 2008–
IHEP

e+e� ! ⇡ZZc(4020) [156, 158] (Beijing,
e+e� ! �XY (4230) [149] China)

X(3872) [52]

CDF
Y (4140) [126]

Tevatron 1985–
Fermilab pp̄ collisions

Y (4274) [132]

2011
(Batavia, (ECM ⇡ 2 TeV):

X(3872) [178, 179, 172]
Illinois,

D0
X(3872) [171]

USA) pp̄! X + any
Y (4140) [174]

pp̄! B + any; B ! KX
X(5568) [175]

ATLAS �b(3P ) [180]

LHC 2010–

CERN

pp collisions

(Geneva,

(ECM = 7, 8, 13 TeV):

Switzerland)

CMS
X(3872) [28]

pp! X + any

Y (4140),

pp! B + any; B ! KX

Y (4274) [130]

pp! ⇤b + any; ⇤b ! KPcLHCb

Zc(4430) [138, 139]
X(3872) [109]

Pc(4380),
Pc(4450) [35]

Y (4140),
Y (4274) [125, 131]

COMPASS photoproduction [181] SPS 2002-2011

µ/⇡ beam on N target

a1(1420) [182]

(pbeam ⇡ 160, 200 GeV)

⇡N ! XN
�N ! XN

P̄ANDA Upcoming HESR
GSI

p̄ beam on p target

(Darmstadt,
(pbeam ⇡ 1.5–15 GeV):

Germany) pp̄! X
pp̄! X + any

GlueX Beginning
CEBAF 2016–

Je↵erson Lab � beam on p target

(searches for light (Newport News, (Ebeam  11 GeV):

CLAS12 quark hybrid mesons) Virginia,
USA) �p! Xp
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Figure 52.3: R in the light-flavor, charm, and beauty threshold regions. Data errors are total
below 2 GeV and statistical above 2 GeV. The curves are the same as in Fig. 52.2. Note: CLEO data
above Ã (4S) were not fully corrected for radiative e�ects, and we retain them on the plot only for
illustrative purposes with a normalization factor of 0.8. The full list of references to the original data
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          for flavor physics

(iii)  large data set at 3.77 GeV

   
          for flavor physics
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⟹ Y → γXcc̄, πZc, KZcs, . . .

⟹ e+e− → Λ+
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c ΣcΣ̄c

⟹ e+e− → D+
s D*−

s

⟹ e+e− → ψ (3770) → DD̄

(iv)  500M   decays 
          (soon to be 2.5B)

  charmonium transitions

(v)  10B  decays

  light quark spectroscopy
  glueball searches, etc.

(vi)  data below the 

  light quark spectroscopy
  nucleon form factors, etc.
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⟹
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An anomalous enhancement near the mass threshold
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cays was reported by the BES II experiment [1]. This en-
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An anomalous enhancement near the mass threshold
in the p "p invariant-mass spectrum from J= ! !p "p de-

cays was reported by the BES II experiment [1]. This en-
hancement was fitted with a subthreshold S-wave Breit-
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with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13 MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7$ 6:1 MeV=c2 and ! ! 67:7$ 20:3 MeV=c2. The
signal yield from the fit is 264$ 54 events with a con-
fidence level 45.5% ("2=d:o:f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o:f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.

Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $&$%# and #0 ! %& modes,
respectively, we determine a product BF of

B!J= ! %X"1835#" ' B!X"1835#! $&$%#0"
! "2:2$ 0:4# ( 10%4:

The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4$ 8:1 MeV=c2 and ! !
54:2$ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68$ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$&$%#0" ! "1:8$ 0:7# ( 10%4. Similar results are ob-

tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3$ 7:9 MeV=c2 and ! ! 70:3$
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193$ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $&$%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.

The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$&$%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $&$% invariant-mass distri-
bution in #0 ! %$&$% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.

In summary, the decay channel J= ! %$&$%#0 is
analyzed using two #0 decay modes, #0 ! $&$%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $&$%#0

invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7$
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $&$%#0# !
)2:2$ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842$ 8 MeV=c2. The width of this state, ! !
225$ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840$
15 MeV=c2 and a width 170$ 40 MeV=c2).

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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The decay channel J= ! !"#"$#0 is analyzed using a sample of 5:8% 107 J= events collected
with the BESII detector. A resonance, the X!1835", is observed in the "#"$#0 invariant-mass spectrum
with a statistical significance of 7:7$. A fit with a Breit-Wigner function yields a mass M & 1833:7'
6:1!stat" ' 2:7!syst" MeV=c2, a width ! & 67:7' 20:3!stat" ' 7:7!syst" MeV=c2, and a product branch-
ing fraction B!J= ! !X" ( B!X ! "#"$#0" & )2:2' 0:4!stat" ' 0:4!syst"* % 10$4. The mass and
width of the X!1835" are not compatible with any known meson resonance. Its properties are consistent
with expectations for the state that produces the strong p "p mass threshold enhancement observed in the
J= ! !p "p process at BESII.
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An anomalous enhancement near the mass threshold
in the p "p invariant-mass spectrum from J= ! !p "p de-

cays was reported by the BES II experiment [1]. This en-
hancement was fitted with a subthreshold S-wave Breit-
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The decay channel J= ! !"#"$#0 is analyzed using a sample of 5:8% 107 J= events collected
with the BESII detector. A resonance, the X!1835", is observed in the "#"$#0 invariant-mass spectrum
with a statistical significance of 7:7$. A fit with a Breit-Wigner function yields a mass M & 1833:7'
6:1!stat" ' 2:7!syst" MeV=c2, a width ! & 67:7' 20:3!stat" ' 7:7!syst" MeV=c2, and a product branch-
ing fraction B!J= ! !X" ( B!X ! "#"$#0" & )2:2' 0:4!stat" ' 0:4!syst"* % 10$4. The mass and
width of the X!1835" are not compatible with any known meson resonance. Its properties are consistent
with expectations for the state that produces the strong p "p mass threshold enhancement observed in the
J= ! !p "p process at BESII.
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An anomalous enhancement near the mass threshold
in the p "p invariant-mass spectrum from J= ! !p "p de-

cays was reported by the BES II experiment [1]. This en-
hancement was fitted with a subthreshold S-wave Breit-
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with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13 MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7$ 6:1 MeV=c2 and ! ! 67:7$ 20:3 MeV=c2. The
signal yield from the fit is 264$ 54 events with a con-
fidence level 45.5% ("2=d:o:f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o:f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.

Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $&$%# and #0 ! %& modes,
respectively, we determine a product BF of

B!J= ! %X"1835#" ' B!X"1835#! $&$%#0"
! "2:2$ 0:4# ( 10%4:

The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4$ 8:1 MeV=c2 and ! !
54:2$ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68$ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$&$%#0" ! "1:8$ 0:7# ( 10%4. Similar results are ob-

tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3$ 7:9 MeV=c2 and ! ! 70:3$
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193$ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $&$%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.

The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$&$%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $&$% invariant-mass distri-
bution in #0 ! %$&$% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.

In summary, the decay channel J= ! %$&$%#0 is
analyzed using two #0 decay modes, #0 ! $&$%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $&$%#0

invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7$
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $&$%#0# !
)2:2$ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842$ 8 MeV=c2. The width of this state, ! !
225$ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840$
15 MeV=c2 and a width 170$ 40 MeV=c2).

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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efficiency-corrected Breit-Wigner functions convolved
with a Gaussian mass resolution plus a nonresonant
!þ!""0 contribution and background representations,
where the efficiency for the combined channels is obtained
from the branching-ratio-weighted average of the efficien-
cies for the two "0 modes. The contribution from non-
resonant #!þ!""0 production is described by
reconstructed Monte Carlo (MC)-generated J=c !
#!þ!""0 phase space decays, and it is treated as an
incoherent process. The background contribution can be
divided into two different components: the contribution
from non-"0 events estimated from "0 mass sideband,
and the contribution from J=c ! !0!þ!""0. For the
second background, we obtain the background !þ!""0

mass spectrum from data by selecting J=c ! !0!þ!""0

events and reweighting their mass spectrum with a weight
equal to the MC efficiency ratio of the #!þ!""0 and
!0!þ!""0 selections for J=c ! !0!þ!""0. The
masses, widths, and number of events of the f1ð1510Þ,
the Xð1835Þ and the resonances near 2.1 and
2:4 GeV=c2, the Xð2120Þ and Xð2370Þ, are listed in
Table I. The statistical significance is determined from
the change in "2 lnL in the fits to mass spectra with and
without signal assumption while considering the change of
degree of freedom of the fits. With the systematic
uncertainties in the fit taken into account, the statistical

significance of the Xð1835Þ is larger than 20$, while those
for the f1ð1510Þ, the Xð2120Þ, and the Xð2370Þ are larger
than 5:7$, 7:2$, and 6:4$, respectively. The mass and
width from the fit of the f1ð1510Þ are consistent with
PDG values [17]. With MC-determined selection efficien-
cies of 16.0% and 11.3% for the "0 ! #% and "0 !
!þ!"" decay modes, respectively, the branching fraction
for the Xð1835Þ is measured to be BðJ=c !#Xð1835ÞÞ
BðXð1835Þ!!þ!""0Þ¼ð2:87&0:09Þ'10"4. The con-
sistency between the two "0 decay modes is checked by
fitting their !þ!""0 mass distribution separately with the
procedure described above.
For radiative J=c decays to a pseudoscalar meson, the

polar angle of the photon in the J=c center of mass system,
&#, should be distributed according to 1þ cos2&#. We
divide the j cos&#j distribution into 10 bins in the region
of [0, 1, 0]. With the same procedure as described above,
the number of the Xð1835Þ events in each bin can be
obtained by fitting the mass spectrum in this bin, and
then the background-subtracted, acceptance-corrected
j cos&#j distribution for the Xð1835Þ is obtained as shown
in Fig. 3, where the errors are statistical only. It agrees with
1þ cos2&#, which is expected for a pseudoscalar, with
'2=d:o:f ¼ 11:8=9.
The systematic uncertainties on the mass and width are

mainly from the uncertainty of background representation,
the mass range included in the fit, different shapes for
background contributions, and the nonresonant process
and contributions of possible additional resonances in the
1:6 GeV=c2 and 2:6 GeV=c2 mass regions. The total sys-
tematic errors on the mass and width are þ5:6
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FIG. 2 (color online). (a) The !þ!""0 invariant-mass distri-
bution for the selected events from the two "0 decay modes.
(b) Mass spectrum fitting with four resonances; here, the dash-
dotted line is contributions of non-"0 events and the !0!þ!""0

background for two "0 decay modes, and the dashed line is
contributions of the total background and nonresonant !þ!""0

process.

TABLE I. Fit results with four resonances for the combined
two "0 decay modes

Resonance MðMeV=c2Þ !ðMeV=c2Þ Nevent

f1ð1510Þ 1522:7& 5:0 48& 11 230& 37
Xð1835Þ 1836:5& 3:0 190:1& 9:0 4265& 131
Xð2120Þ 2122:4& 6:7 83& 16 647& 103
Xð2370Þ 2376:3& 8:7 83& 17 565& 105
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FIG. 3. The background-subtracted, acceptance-corrected
j cos&#j distribution of the Xð1835Þ for two "0 decay modes
for J=c ! #!þ!""0.
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The decay channel J= ! !"#"$#0 is analyzed using a sample of 5:8% 107 J= events collected
with the BESII detector. A resonance, the X!1835", is observed in the "#"$#0 invariant-mass spectrum
with a statistical significance of 7:7$. A fit with a Breit-Wigner function yields a mass M & 1833:7'
6:1!stat" ' 2:7!syst" MeV=c2, a width ! & 67:7' 20:3!stat" ' 7:7!syst" MeV=c2, and a product branch-
ing fraction B!J= ! !X" ( B!X ! "#"$#0" & )2:2' 0:4!stat" ' 0:4!syst"* % 10$4. The mass and
width of the X!1835" are not compatible with any known meson resonance. Its properties are consistent
with expectations for the state that produces the strong p "p mass threshold enhancement observed in the
J= ! !p "p process at BESII.

DOI: 10.1103/PhysRevLett.95.262001 PACS numbers: 12.39.Mk, 12.40.Yx, 13.20.Gd, 13.75.Cs

An anomalous enhancement near the mass threshold
in the p "p invariant-mass spectrum from J= ! !p "p de-

cays was reported by the BES II experiment [1]. This en-
hancement was fitted with a subthreshold S-wave Breit-
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The decay channel J= ! !"#"$#0 is analyzed using a sample of 5:8% 107 J= events collected
with the BESII detector. A resonance, the X!1835", is observed in the "#"$#0 invariant-mass spectrum
with a statistical significance of 7:7$. A fit with a Breit-Wigner function yields a mass M & 1833:7'
6:1!stat" ' 2:7!syst" MeV=c2, a width ! & 67:7' 20:3!stat" ' 7:7!syst" MeV=c2, and a product branch-
ing fraction B!J= ! !X" ( B!X ! "#"$#0" & )2:2' 0:4!stat" ' 0:4!syst"* % 10$4. The mass and
width of the X!1835" are not compatible with any known meson resonance. Its properties are consistent
with expectations for the state that produces the strong p "p mass threshold enhancement observed in the
J= ! !p "p process at BESII.

DOI: 10.1103/PhysRevLett.95.262001 PACS numbers: 12.39.Mk, 12.40.Yx, 13.20.Gd, 13.75.Cs

An anomalous enhancement near the mass threshold
in the p "p invariant-mass spectrum from J= ! !p "p de-

cays was reported by the BES II experiment [1]. This en-
hancement was fitted with a subthreshold S-wave Breit-
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with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13 MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7$ 6:1 MeV=c2 and ! ! 67:7$ 20:3 MeV=c2. The
signal yield from the fit is 264$ 54 events with a con-
fidence level 45.5% ("2=d:o:f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o:f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.

Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $&$%# and #0 ! %& modes,
respectively, we determine a product BF of

B!J= ! %X"1835#" ' B!X"1835#! $&$%#0"
! "2:2$ 0:4# ( 10%4:

The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4$ 8:1 MeV=c2 and ! !
54:2$ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68$ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$&$%#0" ! "1:8$ 0:7# ( 10%4. Similar results are ob-

tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3$ 7:9 MeV=c2 and ! ! 70:3$
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193$ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $&$%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.

The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$&$%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $&$% invariant-mass distri-
bution in #0 ! %$&$% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.

In summary, the decay channel J= ! %$&$%#0 is
analyzed using two #0 decay modes, #0 ! $&$%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $&$%#0

invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7$
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $&$%#0# !
)2:2$ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842$ 8 MeV=c2. The width of this state, ! !
225$ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840$
15 MeV=c2 and a width 170$ 40 MeV=c2).

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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efficiency-corrected Breit-Wigner functions convolved
with a Gaussian mass resolution plus a nonresonant
!þ!""0 contribution and background representations,
where the efficiency for the combined channels is obtained
from the branching-ratio-weighted average of the efficien-
cies for the two "0 modes. The contribution from non-
resonant #!þ!""0 production is described by
reconstructed Monte Carlo (MC)-generated J=c !
#!þ!""0 phase space decays, and it is treated as an
incoherent process. The background contribution can be
divided into two different components: the contribution
from non-"0 events estimated from "0 mass sideband,
and the contribution from J=c ! !0!þ!""0. For the
second background, we obtain the background !þ!""0

mass spectrum from data by selecting J=c ! !0!þ!""0

events and reweighting their mass spectrum with a weight
equal to the MC efficiency ratio of the #!þ!""0 and
!0!þ!""0 selections for J=c ! !0!þ!""0. The
masses, widths, and number of events of the f1ð1510Þ,
the Xð1835Þ and the resonances near 2.1 and
2:4 GeV=c2, the Xð2120Þ and Xð2370Þ, are listed in
Table I. The statistical significance is determined from
the change in "2 lnL in the fits to mass spectra with and
without signal assumption while considering the change of
degree of freedom of the fits. With the systematic
uncertainties in the fit taken into account, the statistical

significance of the Xð1835Þ is larger than 20$, while those
for the f1ð1510Þ, the Xð2120Þ, and the Xð2370Þ are larger
than 5:7$, 7:2$, and 6:4$, respectively. The mass and
width from the fit of the f1ð1510Þ are consistent with
PDG values [17]. With MC-determined selection efficien-
cies of 16.0% and 11.3% for the "0 ! #% and "0 !
!þ!"" decay modes, respectively, the branching fraction
for the Xð1835Þ is measured to be BðJ=c !#Xð1835ÞÞ
BðXð1835Þ!!þ!""0Þ¼ð2:87&0:09Þ'10"4. The con-
sistency between the two "0 decay modes is checked by
fitting their !þ!""0 mass distribution separately with the
procedure described above.
For radiative J=c decays to a pseudoscalar meson, the

polar angle of the photon in the J=c center of mass system,
&#, should be distributed according to 1þ cos2&#. We
divide the j cos&#j distribution into 10 bins in the region
of [0, 1, 0]. With the same procedure as described above,
the number of the Xð1835Þ events in each bin can be
obtained by fitting the mass spectrum in this bin, and
then the background-subtracted, acceptance-corrected
j cos&#j distribution for the Xð1835Þ is obtained as shown
in Fig. 3, where the errors are statistical only. It agrees with
1þ cos2&#, which is expected for a pseudoscalar, with
'2=d:o:f ¼ 11:8=9.
The systematic uncertainties on the mass and width are

mainly from the uncertainty of background representation,
the mass range included in the fit, different shapes for
background contributions, and the nonresonant process
and contributions of possible additional resonances in the
1:6 GeV=c2 and 2:6 GeV=c2 mass regions. The total sys-
tematic errors on the mass and width are þ5:6

"2:1 and
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FIG. 2 (color online). (a) The !þ!""0 invariant-mass distri-
bution for the selected events from the two "0 decay modes.
(b) Mass spectrum fitting with four resonances; here, the dash-
dotted line is contributions of non-"0 events and the !0!þ!""0

background for two "0 decay modes, and the dashed line is
contributions of the total background and nonresonant !þ!""0

process.

TABLE I. Fit results with four resonances for the combined
two "0 decay modes

Resonance MðMeV=c2Þ !ðMeV=c2Þ Nevent

f1ð1510Þ 1522:7& 5:0 48& 11 230& 37
Xð1835Þ 1836:5& 3:0 190:1& 9:0 4265& 131
Xð2120Þ 2122:4& 6:7 83& 16 647& 103
Xð2370Þ 2376:3& 8:7 83& 17 565& 105
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FIG. 3. The background-subtracted, acceptance-corrected
j cos&#j distribution of the Xð1835Þ for two "0 decay modes
for J=c ! #!þ!""0.
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η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the η0πþπ− invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1ð1510Þ, Xð1835Þ, and
Xð2120Þ peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the Xð1835Þ line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the Xð1835Þ,
the short-dashed curves are the f1ð1510Þ, the dash-dot curves
are the Xð2120Þ, and the long-dashed curves are the
nonresonant η0πþπ− fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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With 10B  the distribution is even more interesting. 
  Qualitatively different phenomena emerge with  

             increasing statistics!
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Highlights from tau-charm Factories
  (1) production mechanisms
  (2)  decays
  (3) future  factories?
 

J/ψ
τ/c

Super charm-tau factory in Russia
Vitaly Vorobyev, BINP

for the SCT Team

10th International Workshop on Charm Physics, Mexico, June 1st, 2021

Super Tau-Charm Facility (STCF) 
in China

2

• Peaking luminosity >0.5×1035 cm-2s-1 at 4 GeV

• Energy range Ecm = 2-7 GeV

• Potential to increase luminosity and realize beam polarization

• A nature extension and a viable option for China accelerator project in 
the post BEPCII/BESIII era

1 ab-1 data expected per year

Experimental Program 
for Super Tau-Charm Facility 

Xiaorong Zhou (On behalf of STCF working group)
State Key Laboratory of Particle Detection and Electronics

University of Science and Technology of China

1

10th International Workshop on Charm Physics (CHARM 2020)
2021.5.31-2021.6.4 (online)

Two possibilities exist for a tau-charm 
factor with 50  the luminosity of BESIII.
(Also, BESIII plans a 3  luminosity upgrade in 
summer 2024.)

×
×

Russia
China

VC.   Colliders:  /c Factoriese+e− τ
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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment Highlights Accelerator Years Institute Production

BaBar Y (4260) [29] PEP-II 1999–
SLAC

e+e� annihilationY (4360) [108] 2008
(Menlo Park,

(ECM ⇡ 10 GeV):
California,

USA)

e+e� ! BB̄; B ! KX

Belle

X(3872) [4]

KEKB 1998–
KEK

e+e� ! Yb

Y (3940) [106]

2010
(Tsukuba,

e+e� ! ⇡Zb

X(3915) [166]

Japan)

e+e�(�ISR)! Y
Zc(4430) [30, 136, 137]

e+e�(�ISR)! ⇡Zc

Zb(10610),

e+e� ! J/ + X
Zb(10650) [160, 162, 163]

�� ! X
Yb(10888) [151, 152]

Belle II
Upcoming

SuperKEKB 2018–continuation of
Belle

CLEO-c Y (4260) [142] CESR-c 2003–
Cornell U.

e+e� annihilation
⇡+⇡�hc [177] 2008

(Ithaca,
(ECM ⇡ 4 GeV):New York,

USA)
e+e� ! Y

BESIII

Zc(3900) [22, 154]

BEPCII 2008–
IHEP

e+e� ! ⇡ZZc(4020) [156, 158] (Beijing,
e+e� ! �XY (4230) [149] China)

X(3872) [52]

CDF
Y (4140) [126]

Tevatron 1985–
Fermilab pp̄ collisions

Y (4274) [132]

2011
(Batavia, (ECM ⇡ 2 TeV):

X(3872) [178, 179, 172]
Illinois,

D0
X(3872) [171]

USA) pp̄! X + any
Y (4140) [174]

pp̄! B + any; B ! KX
X(5568) [175]

ATLAS �b(3P ) [180]

LHC 2010–

CERN

pp collisions

(Geneva,

(ECM = 7, 8, 13 TeV):

Switzerland)

CMS
X(3872) [28]

pp! X + any

Y (4140),

pp! B + any; B ! KX

Y (4274) [130]

pp! ⇤b + any; ⇤b ! KPcLHCb

Zc(4430) [138, 139]
X(3872) [109]

Pc(4380),
Pc(4450) [35]

Y (4140),
Y (4274) [125, 131]

COMPASS photoproduction [181] SPS 2002-2011

µ/⇡ beam on N target

a1(1420) [182]

(pbeam ⇡ 160, 200 GeV)

⇡N ! XN
�N ! XN

P̄ANDA Upcoming HESR
GSI

p̄ beam on p target

(Darmstadt,
(pbeam ⇡ 1.5–15 GeV):

Germany) pp̄! X
pp̄! X + any

GlueX Beginning
CEBAF 2016–

Je↵erson Lab � beam on p target

(searches for light (Newport News, (Ebeam  11 GeV):

CLAS12 quark hybrid mesons) Virginia,
USA) �p! Xp
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Fig. 3. Intensities of the L = 1–6, M = 1 and L = 2, M = 2 partial waves from the partial-wave analysis of the ηπ− data in mass bins of 40 MeV/c2 width. The light-coloured
part of the L = 4 intensity below 1.5 GeV/c2 is due to feedthrough from the L = 2 wave. The error bars correspond to a change of the log-likelihood by half a unit and do 
not include MC fluctuations which are on the order of 5%.

Here, N stands for the integrated Breit–Wigner intensities of the 
given decay branches. The errors given above are dominated by 
the systematic uncertainty, which is estimated by comparing fits 

with and without coherent backgrounds, a2(1700) or π1(1400). 
The masses and B2 agree with the PDG values [26]. The decay 
branching ratio B4 is extracted here for the first time.
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Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π− data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ− results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π− in Fig. 4 are those for ηπ− , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π− with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π−π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]−1, from the η′π− threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π− and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.
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Fig. 3. Intensities of the L = 1–6, M = 1 and L = 2, M = 2 partial waves from the partial-wave analysis of the ηπ− data in mass bins of 40 MeV/c2 width. The light-coloured
part of the L = 4 intensity below 1.5 GeV/c2 is due to feedthrough from the L = 2 wave. The error bars correspond to a change of the log-likelihood by half a unit and do 
not include MC fluctuations which are on the order of 5%.

Here, N stands for the integrated Breit–Wigner intensities of the 
given decay branches. The errors given above are dominated by 
the systematic uncertainty, which is estimated by comparing fits 

with and without coherent backgrounds, a2(1700) or π1(1400). 
The masses and B2 agree with the PDG values [26]. The decay 
branching ratio B4 is extracted here for the first time.

COMPASS Collaboration / Physics Letters B 740 (2015) 303–311 309

Fig. 4. Intensities of the L = 1–6, M = 1 partial waves from the partial-wave analysis of the η′π− data in mass bins of 40 MeV/c2 width (circles). Shown for comparison 
(triangles) are the ηπ− results scaled by the relative kinematical factor given in Eq. (7).

For a detailed comparison of the results from the mass-
independent PWA of both channels, their different phase spaces 
and angular-momentum barriers are taken into account. For the 
decay of pointlike particles, transition rates are expected to be 
proportional to

g(m, L) = q(m) × q(m)2L (6)

with break-up momentum q(m) [30–32]. Overlaid on the PWA re-
sults for η′π− in Fig. 4 are those for ηπ− , multiplied in each bin 
by the relative kinematical factor

c(m, L) = b × g′(m, L)

g(m, L)
, (7)

where g(′) refers to η(′)π− with break-up momentum q(′) , and the 
factor b = 0.746 accounts for the decay branchings of η and η′ into 
π−π+γ γ [26].

By integrating the invariant mass spectra of each partial wave, 
scaled by [g(′)(m, L)]−1, from the η′π− threshold up to 3 GeV/c2, 
we obtain scaled yields I(′)L and derive the ratios

R L = b × I L/I ′L . (8)

As an alternative to the angular-momentum barrier factors q(m)2L

of Eq. (6), we have also used Blatt–Weisskopf barrier factors [33]. 
For the range parameter involved there, an upper limit of r =
0.4 fm was deduced from systematic studies of tensor meson de-
cays, including the present channels [30,31], whereas for r = 0 fm
Eq. (6) is recovered. To demonstrate the sensitivity of R L on the 
barrier model, the range of values corresponding to these upper 
and lower limits is given in Table 1.

The comparison in Fig. 4 reveals a conspicuous resemblance of 
the even-L partial waves of both channels. This feature remains if 
r = 0.4 fm, but the values of R L increase with increasing r (Ta-
ble 1). This similarity is corroborated by the relative phases as 
observed in Figs. 5 (d) and (f). The observed behaviour is expected 
from a quark-line picture where only the non-strange components 
nn̄ (n = u, d) of the incoming π− and the outgoing system are in-
volved. The similar values of R L for L = 2, 4, 6 suggest that the 
respective intermediate states couple to the same flavour content 
of the outgoing system.
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Fig. 1: Invariant mass spectra (not acceptance corrected) for (a) ⌘⇡� and (b) ⌘0⇡�. Acceptances (con-
tinuous lines) refer to the kinematic ranges of the present analysis.

c
o
s
#
G

J

m(⌘⇡�) [GeV/c2]

1 1.5 2 2.5 3 3.5 4 4.5
-1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

(a) m(⌘⇡�) vs. cos#GJ

c
o
s
#
G

J

m(⌘0⇡�) [GeV/c2]

1.5 2 2.5 3 3.5 4 4.5 5
-1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

(b) m(⌘0
⇡
�) vs. cos#GJ

Fig. 2: Data (not acceptance corrected) as a function of the invariant ⌘⇡� (a) and ⌘0⇡� (b) mass and of
the cosine of the decay angle in the respective Gottfried-Jackson frames where cos#GJ = 1 corresponds
⌘
(0) emission in the beam direction. Two-dimensional acceptances can be found in Ref. [20].

The data were subjected to a partial-wave analysis (PWA) using a program developed at Illinois and
VES [21–23]. Independent fits were carried out in 40MeV/c

2 wide bins of the four-body mass from
threshold up to 3GeV/c

2 (so-called mass-independent PWA). Momentum transfers were limited to the
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GlueX can build on these results!   Many more final states are accessible.
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threshold at 8.2 GeV using a tagged photon beam with the GlueX experiment. We find that the total cross
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We report on the measurement of the γp → J=ψp cross section from Eγ ¼ 11.8 GeV down to the
threshold at 8.2 GeV using a tagged photon beam with the GlueX experiment. We find that the total cross
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inside the solenoid. A scintillating start counter surrounding
the target helps to select the beam bunch [18]. Charged
particle reconstruction around the target is performed by the
central drift chamber (CDC), consisting of straw tubes
grouped in 28 layers with axial and stereo orientation. In
the forward direction, 24 planes of drift chambers with both
wire and cathode strip readout are used [19]. The two drift
chamber systemsare surroundedbya lead-scintillator electro-
magnetic barrel calorimeter (BCAL) [20]. Electronically,
the calorimeter is grouped in 192 azimuthal segments and
in four radial layers, allowing the reconstruction of both
transverse and longitudinal shower development.
The detector hermeticity in the forward direction outside

of the magnet is achieved by the time-of-flight scintillator
wall and the lead-glass electromagnetic forward calorim-
eter (FCAL), both located approximately 6 m from the
target. Both calorimeters, FCAL and BCAL, are used to
trigger the detector readout, requiring sufficient total energy
deposition. The intensity of the beam in the region above
the J=ψ threshold was 2 × 107 photons=s in 2016 and the
first period of 2017 and was then increased to 5 × 107

photons/s for the rest of 2017, resulting in a total accu-
mulated luminosity of ∼68 pb−1. In 2016, the maximum
tagged photon energy was 11.85 GeV, while for 2017 it was
lowered to 11.40 GeV. In 2017, the solenoid field was
increased by 12% compared to 2016.
We study the exclusive reaction γp → peþe− in the

region of the eþe− invariant mass Mðeþe−Þ > 0.90 GeV,
which includes the narrow ϕ and J=ψ peaks, and the
continuum dominated by the Bethe-Heitler (BH) process.
Figure 1 shows the Mðeþe−Þ spectrum data after applying
the event selection criteria described below. We normalize
the J=ψ total cross section to that of BH in the invariantmass
range 1.20–2.50 GeV, thus canceling uncertainties from
factors like luminosity and common detector efficiencies.
The electron-pion separation is achieved mainly by

applying selections on p=E, where the charged particle

momentum p comes from the kinematic fit described below
and E is the energy deposited in the calorimeters. We
require −3σ < p=E − hp=Ei < þ2σ for both lepton can-
didates, where the resolution σ of p=E for the sample of
leptons in the BH region is 3.9% for FCAL and 6.8% for
BCAL. We also take advantage of the radial layer structure
of the BCAL, using the energy deposited in the innermost
layer, Epre, and requiring lepton candidates emitted at a
polar angle θ to have Epre sin θ > 30 MeV, taking into
account the path length through the calorimeter. This
rejects a significant number of pions, which deposit small
amounts of energy in this layer compared to electrons. We
require all charged particles to have momenta > 0.4 GeV
and polar angle > 2° in order to reduce the contamination
from the πþπ−p final state and poorly reconstructed events.
Because of the steeper t dependence of BH compared
to πþπ− production, to minimize the pion background
we select the BH process only in the low-t region,
−ðt − tminÞ < 0.6 GeV2.
Protons with momenta ≲1 GeV are identified by their

energy deposition in the CDC. The three final-state
particles are required to be consistent in time with the
same electron beam bunch ($2 ns for most of the data).
The tagged beam photons that are in time with this bunch
qualify as possible candidates associated with the reaction.
The contribution from beam photons accidental in time is
subtracted statistically using a sample of photons that are
out of time with respect to the reaction beam bunch.
Taking advantage of the exclusivity of the reaction and the

relatively precise measurement of the beam energy, we use a
kinematic fit to improve the resolution of the measured
charged particle momenta. The fit enforces momentum and
energy conservation and requires a common vertex for the
three final-state particles. The electron-positron invariant
mass spectrum in Fig. 1 is obtained using the results of the
kinematic fit, which allows us to achieve a 13 MeV standard
deviation (SD) mass resolution for the J=ψ . Studies of the
kinematic fit show that the results are constrained primarily
by the direction and magnitude of the proton momentum
and the directions of the two leptons. In contrast to protons,
the leptons are produced on average with higher momenta
and smaller angles where the momenta are reconstructed
with larger uncertainties. Therefore, they do not affect the
kinematic fit noticeably.
We extract the J=ψ and BH yields in bins of beam energy

or t. The J=ψ yield is obtained by performing a binned
likelihood fit to the invariant mass spectra, as in Fig. 1, with
a Gaussian signal and linear background.
The reduction of the background in the BH region by

more than 3 orders of magnitude after applying the electron
and positron selections event by event is not enough to
completely eliminate the pion contamination. On average,
the remaining sample contains 54% pions. To extract the
BH yield, we fit the peak and the pion background of the
p=E distribution for one of the lepton candidates, while
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FIG. 1. Electron-positron invariant mass spectrum from the
data. The inset shows the J=ψ region fitted with a linear
polynomial plus a Gaussian (fit parameters shown).
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Comparing the J=ψ cross section to the Brodsky et al.
model [11], we find that our data do not favor either pure
two- or three-hard-gluon exchange separately, and a com-
bination of the two processes is required to fit the data
adequately. Such a combination is shown in Fig. 2,
assuming no interference between the two contributions.
It appears that three-hard-gluon exchange dominates near
the threshold, consistent with the expectation that all the
constituents should participate in the reaction.
The total cross-section calculations of Kharzeev et al.

[13] imply a large gluonic contribution to the nuclear mass
and are shown in Fig. 2 multiplied by a factor of 2.3. The
shape of the curve agrees well with our measurements, and
the overall scale factor is within the claimed uncertainty of
the calculation.
The narrow LHCb states Pþ

c ð4312Þ, Pþ
c ð4440Þ, and

Pþ
c ð4457Þ produced in the s channel would appear as

structures at Eγ ¼ 9.44, 10.04, and 10.12 GeV, respec-
tively, in the cross-section results shown in Fig. 2. We see
no evidence for such structures. The initial report [1] claims
the two states Pþ

c ð4380Þ and Pþ
c ð4450Þ may have spin 3=2

or 5=2 with opposite parity. The spins and parities of the
new states Pþ

c ð4312Þ, Pþ
c ð4440Þ, and Pþ

c ð4457Þ have not
been determined yet. We evaluate the branching fraction
limits BðPþ

c → J=ψpÞ individually for each Pc assuming
JP ¼ 3=2−, with the lowest angular momentum L ¼ 0 of
the J=ψp system. As VMD leads to an increase in the cross
section for increasing L [4], L ¼ 0 minimizes the resulting
cross section and, therefore, yields a maximal upper limit
on the branching fraction. We fit our data, in which the
statistical and systematic uncertainties on the individual
points are added in quadrature, with a variation of the Joint
Physics Analysis Center (JPAC) model [6], where the
nonresonant component is described by a combination
of Pomeron and tensor amplitudes [29]. To take into
account the fine flux variations (see Supplemental

Material [21]), in each bin the data are fitted with the
integral of the model function weighted by the normalized
flux distribution across the extent of the bin. The upper
limits on the branching fractions are determined by
integrating the profile likelihood of the fit as a function
of the branching fraction. The profile likelihood is deter-
mined by a procedure based on the one described in
Ref. [30], in which uncertainties on the model parameters
can be incorporated. As an example of the sensitivity of our
measurement, we plot in Fig. 2 the model prediction for
Pþ
c ð4440Þ with B(Pþ

c ð4440Þ → J=ψp) ¼ 1.6%, which is
the estimated upper limit at 90% confidence level when
taking into account the errors of the individual data points
only. Similar curves for the other resonances are shown
in Supplemental Material [21]. Including systematic
uncertainties due to the nonresonant parametrization,
Breit-Wigner parameters, and overall cross-section nor-
malization, we determine upper limits at 90% confidence
level of 4.6%, 2.3%, and 3.8% for Pþ

c ð4312Þ, Pþ
c ð4440Þ,

and Pþ
c ð4457Þ, respectively. These upper limits become a

factor of 5 smaller if JP ¼ 5=2þ is assumed. Note that these
results depend on the interference between the pentaquarks
and the nonresonant continuum that is model dependent
and the interference between the pentaquarks that is not
taken into account.
A less model-dependent limit is found for the product

of the cross section at the resonance maximum and the
branching fraction, σmaxðγp → Pþ

c Þ × BðPþ
c → J=ψpÞ,

using an incoherent sum of a Breit-Wigner function and
the nonresonant component of the model described above.
Applying the same likelihood procedure that includes the
systematic uncertainties yields upper limits at 90% con-
fidence level of 4.6, 1.8, and 3.9 nb for Pþ

c ð4312Þ,
Pþ
c ð4440Þ, and Pþ

c ð4457Þ, respectively.
In Refs. [31–33], the partial widths of the Pþ

c → J=ψp
decays were calculated and shown to be orders of magni-
tude different for two pentaquark models, the hadrochar-
monium and molecular models. Our upper limits on the
branching fractions do not exclude the molecular model but
are an order of magnitude lower than the predictions in the
hadrocharmonium scenario.
In summary, we have made the first measurement of the

J=ψ exclusive photoproduction cross section from Eγ ¼
11.8 GeV down to the threshold, which provides important
inputs to models of the gluonic structure of the proton at
high x. The measured cross section is used to set model-
dependent upper limits on the branching fraction of the
LHCb Pþ

c states, which allow us to discriminate between
different pentaquark models.

We acknowledge the outstanding efforts of the staff of
the Accelerator and the Physics Divisions at Jefferson
Lab that made the experiment possible. This work
was supported in part by the U.S. Department of
Energy, the U.S. National Science Foundation, the
German Research Foundation, GSI Helmholtzzentrum
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(model-dependent)B(Pc → J/ψp) < 2 − 5 %

GlueX  is just right to study  pentaquarks:Mγp Pc

Mγp = [(Eγ + mp)2 − E2
γ ]

1
2

= [2Eγmp + m2
p]

1
2

Eγ = 9 GeV ⟹ Mγp = 4.3 GeV
Eγ = 11 GeV ⟹ Mγp = 4.8 GeV
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Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment Highlights Accelerator Years Institute Production

BaBar Y (4260) [29] PEP-II 1999–
SLAC

e+e� annihilationY (4360) [108] 2008
(Menlo Park,

(ECM ⇡ 10 GeV):
California,

USA)

e+e� ! BB̄; B ! KX

Belle

X(3872) [4]

KEKB 1998–
KEK

e+e� ! Yb

Y (3940) [106]

2010
(Tsukuba,

e+e� ! ⇡Zb

X(3915) [166]

Japan)

e+e�(�ISR)! Y
Zc(4430) [30, 136, 137]

e+e�(�ISR)! ⇡Zc

Zb(10610),

e+e� ! J/ + X
Zb(10650) [160, 162, 163]

�� ! X
Yb(10888) [151, 152]

Belle II
Upcoming

SuperKEKB 2018–continuation of
Belle

CLEO-c Y (4260) [142] CESR-c 2003–
Cornell U.

e+e� annihilation
⇡+⇡�hc [177] 2008

(Ithaca,
(ECM ⇡ 4 GeV):New York,

USA)
e+e� ! Y

BESIII

Zc(3900) [22, 154]

BEPCII 2008–
IHEP

e+e� ! ⇡ZZc(4020) [156, 158] (Beijing,
e+e� ! �XY (4230) [149] China)

X(3872) [52]

CDF
Y (4140) [126]

Tevatron 1985–
Fermilab pp̄ collisions

Y (4274) [132]

2011
(Batavia, (ECM ⇡ 2 TeV):

X(3872) [178, 179, 172]
Illinois,

D0
X(3872) [171]

USA) pp̄! X + any
Y (4140) [174]

pp̄! B + any; B ! KX
X(5568) [175]

ATLAS �b(3P ) [180]

LHC 2010–

CERN

pp collisions

(Geneva,

(ECM = 7, 8, 13 TeV):

Switzerland)

CMS
X(3872) [28]

pp! X + any

Y (4140),

pp! B + any; B ! KX

Y (4274) [130]

pp! ⇤b + any; ⇤b ! KPcLHCb

Zc(4430) [138, 139]
X(3872) [109]

Pc(4380),
Pc(4450) [35]

Y (4140),
Y (4274) [125, 131]

COMPASS photoproduction [181] SPS 2002-2011

µ/⇡ beam on N target

a1(1420) [182]

(pbeam ⇡ 160, 200 GeV)

⇡N ! XN
�N ! XN

P̄ANDA Upcoming HESR
GSI

p̄ beam on p target

(Darmstadt,
(pbeam ⇡ 1.5–15 GeV):

Germany) pp̄! X
pp̄! X + any

GlueX Beginning
CEBAF 2016–

Je↵erson Lab � beam on p target

(searches for light (Newport News, (Ebeam  11 GeV):

CLAS12 quark hybrid mesons) Virginia,
USA) �p! Xp
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Figure 7.97: The exclusive photoproduction mechanisms discussed in this section. They
include (a) Pomeron exchange, (b) Reggeon exchange, (c) 3-gluon exchange, (d) Odderon
exchange and (e) baryon exchange.

Figure 2: Feynman diagrams describing �+�� electroproduction in the Born approximation

Since the transverse polarization of the pion pair is the only source of the amplitude
dependence on the azimuthal angle of the pions in their c.m. frame, the amplitudes
and cross sections are independent of this angle in our approximation. As a result, the
transverse charge asymmetry, resulting from the distribution in this angle and discussed
in [15], is zero. Due to that restriction, we only study the forward-backward charge
asymmetry.

In the present study we calculate the lowest perturbative order contribution to the
charge asymmetry, i.e. without taking into account the evolution following from the
BFKL or the BKP equation. Our results should be therefore treated as an estimate of
the asymmetries. The above mentioned evolutions can be included into the scattering
amplitudes in a similar way as in Ref. [10].

2. The basic object necessary to calculate the charge asymmetry is the scattering
amplitude for the process with a longitudinal virtual photon (Fig. 2).

��
L(q) p(pN ) ! �+(p+) ��(p�) p�(pN �) . (2)

We introduce a Sudakov representation with the Sudakov momenta p1, p2 obeying the
equation s = 2p1 · p2, where s is related to the total energy squared of the virtual photon
- proton system, Q2 and the proton target mass M as

(q + pN)2 = s � Q2 + M2 ⇡ s ,

we get for the virtual photon momentum :

qµ = pµ
1 � Q2

s
pµ

2 , (3)

and for the momentum of the two pion system :

pµ
2� = (1 � �p2

2�

s
)pµ

1 +
m2

2� + �p2
2�

s
pµ

2 + pµ
2��, p2

2�� = ��p2
2� . (4)

The quark (l1) and antiquark (l2) momenta inside the loop before forming two pion
system are parametrized as :

lµ1 = zpµ
1 +

m2 + (�l + z�p2�)2

zs
pµ

2 + (l� + zp2� �)µ (5)

3

Figure 7.98: p+p� pairs may be diffractively produced through Pomeron and Odderon
exchange. The interference of the two amplitudes leads to a characteristic signature of a
charge asymmetric observable.

decays [1049]. These decays involve a soft and easy to miss photon. hc from the
photon-Odderon process should have a harder |t| spectrum, so the large |t| region
should be a good place to search for this process [1048,1049]. Analogous processes
with a heavy ion target are largely unexplored.

The study of observables where Odderon effects are present at the amplitude level
would therefore promise increased sensitivity to the rather small normalization
of this contribution. One such observable involves charge asymmetries in open
charm production [1050] or two-pion electroproduction with the exchange of a
soft Odderon [1051, 1052] (shown in Fig. 7.98) or a hard Odderon [1053, 1054]. In
this latter process

eN ! ep+p�N (7.55)

pg. 206  (simulations pg. 294)

s = Mep = 20 − 140 GeV
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The next generation of electron-hadron facilities has the potential for significantly improving our
understanding of exotic hadrons. The XYZ states have not been seen in photon-induced reactions so far.
Their observation in such processes would provide an independent confirmation of their existence and offer
new insights into their internal structure. Based on the known experimental data and the well-established
quarkonium and Regge phenomenology, we give estimates for the exclusive cross sections of several XYZ
states. For energies near threshold we expect cross sections of few nanobarns for the Zcð3900Þþ and
upwards of tens of nanobarns for the Xð3872Þ, which are well within reach of new facilities.

DOI: 10.1103/PhysRevD.102.114010

I. INTRODUCTION

Since 2003, a plethora of new resonance candidates,
commonly referred to as the XYZ, appeared in the heavy
quarkonium spectrum. Their properties do not fit the
expectations for heavy QQ̄ bound states as predicted by
the conventional phenomenology. An exotic composition is
most likely required [1]. Having a comprehensive descrip-
tion of these states will improve our understanding of the
nonperturbative features of Quantum Chromodynamics.
The majority of these has been observed in specific
production channels, most notably in heavy hadron decays
and direct production in eþe− collisions. Exploring

alternative production mechanisms would provide comple-
mentary information, that can further shed light on their
nature. In particular, photoproduction at high energies is
not affected by 3-body dynamics which complicates the
determination of the resonant nature of several XYZ [2].
Photons are efficient probes of the internal structure

of hadrons, and their collisions with hadron targets result in
a copious production of meson and baryon resonances.
Searches for XYZ in existing experiments, i.e., COMPASS
[3] or the Jefferson Lab [4–6], have produced limited
results so far. However the situation can change signifi-
cantly if higher luminosity is reached in the appropriate
energy range.
The next generation of lepton-hadron facilities includes,

for example, the Electron-Ion Collider (EIC) [7] that is
projected to have the center-of-mass energy per electron-
nucleon collision in the range from 20 to 140 GeV, and a
peak luminosity of 1.2 × 1034 cm−2 s−1 in the middle of
this range. The ion beam can cover a large number of
species, from proton to uranium. Both the electron and ion
beam can be polarized. An Electron-Ion Collider in China
(EicC) has also been proposed [8].
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For the Yð4260Þ and ψð2SÞ, we set sth to the physical Yp
threshold. If one considers the Pomeron as an approximate
2-gluon exchange, the relative strength Rψ 0 ¼ Aψ 0=Aψ of
the ψð2SÞ and J=ψ couplings is given by the ratio of
couplings to a photon and two gluons,

Rψ 0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ðψ 0 → γggÞ
g2ðψ → γggÞ

s

: ð24Þ

The couplings g2 can be computed from the known partial
widths BΓ divided by the corresponding 3-body phase
space (PS),

g2ðY → γggÞ ¼ 6mYBðY → γggÞΓY

PSðY → γggÞ
: ð25Þ

The energy dependence of the underlying matrix element is
neglected. Using the branching ratios BðJ=ψ → γggÞ and
Bðψð2SÞ → γggÞ extracted by CLEO [48] we obtain
Rψ 0 ¼ 0.55, which is comparable with the ratio of J=ψ
and ψð2SÞ quasielastic photoproduction cross sections in
[49],

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σψ 0=σψ

p
∼ 0.39.

For the Yð4260Þ, such radiative decays have not been
seen. However, we resort to the arguments of [50], which

assume that the matrix element of a vector Y → J=ψππ
factorizes into a hard Y → J=ψgg process, calculable with
QCD multipole expansion, and a hadronization process
gg → ππ, which is universal and does not depend on the
particular Y state. Using VMD one can further relate the
Y → J=ψgg process to Y → γgg. If the energy dependence
of the matrix elements is neglected, one gets:

RY ¼
efψ
mψ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ðY → ψππÞ
g2ðψ → γggÞ

g2ðψ 0 → ψggÞ
g2ðψ 0 → ψππÞ

s

; ð26Þ

with gðY → ψππÞ ≃ 120 ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðY → ψππÞ

p
. The analysis

of diffractive photoproduction at HERA shows the
lþl−πþπ− invariant mass, where the strong signal of
the ψð2SÞ appears on top of a small background that could
be due to a Yð4260Þ [51]. In Appendix C we put a 95%C.L.
upper limit on the ratio of the Yð4260Þ and ψð2SÞ signals,
RHERA ¼ 6.5%. We can thus impose

"
RY

Rψ 0

#
2

¼ RHERA
Bðψ 0 → ψππÞ
BðY → ψππÞ

; ð27Þ

and obtain BðY → ψπþπ−Þ ¼ 1% and RY ¼ 0.84.
Incidentally, this branching ratio leads to a leptonic width
ΓY
ee ≃ 150–1350 eV, depending on the specific solution
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FIG. 7. Cross sections for Yð4260Þ photoproduction compared to the J=ψ and ψð2SÞ at low (left) and high (right) energies.

TABLE VII. Parameters for Y production. The branching ratio of BðYð4260Þ → ψππÞ is obtained by fitting to HERA data in [51], as
described in the text.

Y mY (MeV) ΓY (MeV) BðY → γggÞ (%) BðY → ψggÞ (%) BðY → ψππÞ (%) RY

J=ψ 3096.900% 0.006 0.0929% 0.0028 8.8% 1.1 & & & & & & 1.0
ψð2SÞ 3686.10% 0.06 0.294% 0.008 1.03% 0.29 61.4% 0.6 34.68% 0.30 0.55
Yð4260Þ 4220% 15 44% 9 & & & & & & 1 0.84
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observed is unphysical and entirely due to the fixed-spin
approximation. The physical amplitude is expected to
start decreasing faster and match the Regge prediction
at Wγp ∼ 20 GeV.

V. PRODUCTION OF Xð3872Þ VIA
PRIMAKOFF EFFECT

Another possible mechanism to produce the Xð3872Þ
at the EIC is in two-photon collisions through the
Primakoff effect. Because of the Landau-Yang theorem
[29], the Xð3872Þ cannot couple to two real photons.
Nevertheless one can define

Γ̃X
γγ ¼ lim

Q2→0

m2
X

Q2
ΓX
γγ$ ðQ2Þ; ð14Þ

that defines the coupling of X to a real and a virtual
photon. A recent measurement by Belle gives indeed
Γ̃X
γγ × BðXð3872Þ → J=ψπþπ−Þ ¼ 5.5þ4.1

−3.8 & 0.7 eV [30].

At the EIC, one can consider the photon emitted by the
electron beam, scattering onto the photon emitted by the
nuclear beam, as represented in Fig. 4

T μ
λγλX

¼
gXγγ$
m2

X
εανρσε$σðq0; λXÞ

× ½gμαkνqτ½ερðq; λγÞqτ − ετðq; λγÞqρ(
þ εαðq; λγÞqνkτ½g

μ
ρkτ − gμτkρ((: ð15Þ

The virtuality of the exchanged photon is suppressed for
−t ≫ R−2 ∼Oð10−3Þ GeV2, R being the nuclear radius, so
that the exchanged photon is quasireal, and we need to
consider finite virtualities of the incoming photon. We use
the standard notation Q2 ¼ −q2.
Using Belle’s reduced width and the estimate for the

absolute branching ratios in [25], we get gXγγ$ ∼ 3.2 × 10−3.
From this top vertex, we can define the matrix element

squared of the quasielastic process γ$A → Xð3872ÞA,
where A indicates a nucleus of atomic number Z [31]:

X̄

λX;λ
ð0Þ
A

jhλXλ0AjTjλγ; λAij2 ¼
e2

t2
T μν

λγ
Wμν; ð16Þ

where the factor e2 is factored out from the bottom vertex,
and t−2 comes from the exchanged photon propagator. The
nuclear tensor Wμν is dominated by the electric field of the
nucleus,

Wμν ≃ 16π

!
pμ þ

1

2
kμ

"!
pν þ

1

2
kν

"
Z2

4π
16m4

AF
2
0ðtÞ

ð4m2
A − tÞ2

→ 16πpμpν
Z2

4π
16m4

AF
2
0ðtÞ

ð4m2
A − tÞ2

; ð17Þ
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FIG. 3. Integrated cross sections for the axial χc1ð1PÞ and Xð3872Þ. Left panel: predictions for fixed-spin exchange, valid at low
energies. Right panel: predictions for Regge exchange, valid at high energies.

FIG. 4. Electroproduction of Xð3872Þ via Primakoff effect. The
exchanged photon is quasireal.
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relatively easy to detect. We do not consider the narrow
Zc

0ð4020Þ, which decays mostly into hcð1PÞπþ and
D̄$0D$þ and is therefore more difficult to reconstruct.
These four states have the same quantum numbers JPC ¼
1þ− [14,15],1 and the absolute branching fractions can be
calculated by assuming that the several observed decay
modes saturate the total width. Obviously, reaching the Zð0Þ

b
requires higher energy and an optimal setup for the
Zcð3900Þþ and Zð0Þ

b may not be the same. The same
amplitudes can in principle be extended to the broad Z
states seen in B decays. However, their branching ratio to
Vπþ is unknown, and their broad width would make the
separation from the background more challenging.
Predictions for some of them have already been given in
[16], while the Zcð3900Þþ was studied previously in [17]
on the basis of outdated estimates for the branching ratios.
The Zð0Þ

b have recently been studied in [18].
The production of these Z states proceeds primarily

through a charged pion exchange. A minimal parametriza-
tion of the top vertex in Eq. (3), consistent with gauge
invariance is given by

T λVλZ ¼ gVZπ
mZ

εμðq; λVÞε$νðq0; λZÞ½ðq · kÞgμν − kμqν': ð7Þ

The coupling gVZπ is calculated from the partial decay
width ΓðZ → VπÞ using Eq. (4). For the Zcð3900Þþ we
assume that the width is saturated by the three decay modes

J=ψπþ, ðD̄D$Þþ, and ηcρþ. A similar assumption was
made in [14] for the Zð0Þ

b , the width being saturated by the
ϒðnSÞ (n ¼ 1; 2; 3), hbðmPÞ (m ¼ 1; 2), and ðB̄ð$ÞB$Þþ
modes. The couplings are summarized in Table II. For the
bottom πNN vertex we take2:

BλNλN0 ¼
ffiffiffi
2

p
gπNNβðtÞūðp0; λ0NÞγ5uðp; λNÞ; ð8Þ

with g2πNN=ð4πÞ ≃ 13.81( 0.12 [19]. Away from the pole,
the residue βðtÞ is unconstrained in Regge theory and
accounts for the suppression at large t visible in data.
We use βðtÞ ¼ expðt0=Λ2

πÞ, with t0 ¼ t − tðcos θs ¼ 1Þ, and
Λπ ¼ 0.9 GeV [20] (monopole form factors were used in
[17]). For the Reggeized amplitude of Eq. (6), we use the
pion trajectory [21]:

απðtÞ ¼ α0πðt −m2
πÞ with α0π ¼ 0.7 GeV−2: ð9Þ

The results for the fixed-spin and Regge amplitudes are
shown in Fig. 2. Note that the fixed-spin results are
expected to be valid up to approximately 10 GeV above
threshold. In particular, the range of validity of Zcð3900Þþ

and Zð0Þ
b are different.

IV. Xð3872Þ AND χ c1ð1PÞ

The Xð3872Þ is by far the best known exotic meson
candidate. It has been observed in several different
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FIG. 2. Integrated cross sections for the three Z states considered. Left panel: predictions for fixed-spin exchange, which we expect to
be valid up to approximately 10 GeV above each threshold. Right panel: predictions for Regge exchange, valid at high energies.

1As customary, by Cwe mean the charge conjugation quantum
number of the neutral isospin partner.

2An explicit factor of
ffiffiffi
2

p
is considered for the charged pion

exchange.
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Note:  Maximum  at GlueX is  4.8 GeV.Wγp ≈

Studying the XYZ at the EIC using photoproduction could work!



57

VE.  New Possibilities:  PANDA

5/31/21

1

1Frank Nerling Charm physics with PANDA, pg. 31/05/2021

Charm (-onium) physics at PANDA

Outline

10th Intern. Workshop on Charm Physics 
May 31st - June4th 2021

Frank Nerling
HFHF, GSI Darmstadt

on behalf of the PANDA Collaboration

• Introduction
ØMotivation, PANDA physics programme
ØAdvantage of anti-protons
ØExotic mesons

• Charmonium(-like) spectroscopy
ØCharmonium-like exotics
ØCharmed hybrids
ØOpen charm

• Summary & outlook

1

2Frank Nerling Charm physics with PANDA, pg. 31/05/2021

Recent Hot Topics

Hadron Spectroscopy 

Strange partner of the famous,  
unexpected, manifestly exotic Zc(3900)?

Zcs(4000)Zcs(3985) [Phys. Rev. Lett. 126 (2021) 102001]
[LHCb, arXiv:2103.01803]

2

3Frank Nerling Charm physics with PANDA, pg. 31/05/2021

PANDA Physics Programme

Anti-Proton ANnihilation in DArmstadt

• Meson spectroscopy
Ø Light mesons

Ø Open charm
Ø Charmonium
Ø Exotic states:

glue-balls, hybrids, 
molecules / multi-quarks

• (Anti-) Baryon production
• Nucleon structure
• Charm in nuclei
• Strangeness physics

Ø hypernuclei,

Ø S = -2 nuclear system 

0 2 4 6 8 12 1510

mass [GeV/c2]
1 2 3 4 5 6

ΛΛ
ΣΣ
ΞΞ

ΛcΛc
ΣcΣc
ΞcΞc

ΩcΩcΩΩ DD
DsDs

qqqq ccqq

nng,ssg ccg

ggg,gg

light qq
π,ρ,ω,f2,K,K*

cc
J/ψ, ηc, χcJ

nng,ssg ccg

ggg

Hybrids

Hybrids+Recoil

Glueball

Glueball+Recoil

_ _

_ _

__ _

_

____

p momentum [GeV/c]
_

3

5/31/21

1

1Frank Nerling Charm physics with PANDA, pg. 31/05/2021

Charm (-onium) physics at PANDA

Outline

10th Intern. Workshop on Charm Physics 
May 31st - June4th 2021

Frank Nerling
HFHF, GSI Darmstadt

on behalf of the PANDA Collaboration

• Introduction
ØMotivation, PANDA physics programme
ØAdvantage of anti-protons
ØExotic mesons

• Charmonium(-like) spectroscopy
ØCharmonium-like exotics
ØCharmed hybrids
ØOpen charm

• Summary & outlook

1

2Frank Nerling Charm physics with PANDA, pg. 31/05/2021

Recent Hot Topics

Hadron Spectroscopy 

Strange partner of the famous,  
unexpected, manifestly exotic Zc(3900)?

Zcs(4000)Zcs(3985) [Phys. Rev. Lett. 126 (2021) 102001]
[LHCb, arXiv:2103.01803]

2

3Frank Nerling Charm physics with PANDA, pg. 31/05/2021

PANDA Physics Programme

Anti-Proton ANnihilation in DArmstadt

• Meson spectroscopy
Ø Light mesons

Ø Open charm
Ø Charmonium
Ø Exotic states:

glue-balls, hybrids, 
molecules / multi-quarks

• (Anti-) Baryon production
• Nucleon structure
• Charm in nuclei
• Strangeness physics

Ø hypernuclei,

Ø S = -2 nuclear system 

0 2 4 6 8 12 1510

mass [GeV/c2]
1 2 3 4 5 6

ΛΛ
ΣΣ
ΞΞ

ΛcΛc
ΣcΣc
ΞcΞc

ΩcΩcΩΩ DD
DsDs

qqqq ccqq

nng,ssg ccg

ggg,gg

light qq
π,ρ,ω,f2,K,K*

cc
J/ψ, ηc, χcJ

nng,ssg ccg

ggg

Hybrids

Hybrids+Recoil

Glueball

Glueball+Recoil

_ _

_ _

__ _

_

____

p momentum [GeV/c]
_

3

 + recoil
p̄p → X
p̄p → X

probe a variety of  
meson  using:JPC



58

HUGS 2021 Lectures on:
Experimental Meson Spectroscopy

LECTURE V.  Current and Future 
Experiments

VA.  Detectors

VB.  Hadron Colliders

VC.   Colliders

*  Factories

*  Factories

VD.  Fixed Targets

VE.  New Possibilities

VF.  Outlook

e+e−

B
τ/c

Prologue:  Definitions and Philosophy

I.  A Field Guide to Meson Families

II.  Meson Properties and Reactions

III.  The Quark Model

IV.  Exotic Mesons

V.  Current and Future Experiments

Ryan Mitchell
Senior Scientist

Indiana University
(remitche@indiana.edu)

Table 3: Major experiments in the past, present, and future of heavy-quark exotics studies.

Experiment Highlights Accelerator Years Institute Production

BaBar Y (4260) [29] PEP-II 1999–
SLAC

e+e� annihilationY (4360) [108] 2008
(Menlo Park,

(ECM ⇡ 10 GeV):
California,

USA)

e+e� ! BB̄; B ! KX

Belle

X(3872) [4]

KEKB 1998–
KEK

e+e� ! Yb

Y (3940) [106]

2010
(Tsukuba,

e+e� ! ⇡Zb

X(3915) [166]

Japan)

e+e�(�ISR)! Y
Zc(4430) [30, 136, 137]

e+e�(�ISR)! ⇡Zc

Zb(10610),

e+e� ! J/ + X
Zb(10650) [160, 162, 163]

�� ! X
Yb(10888) [151, 152]

Belle II
Upcoming

SuperKEKB 2018–continuation of
Belle

CLEO-c Y (4260) [142] CESR-c 2003–
Cornell U.

e+e� annihilation
⇡+⇡�hc [177] 2008

(Ithaca,
(ECM ⇡ 4 GeV):New York,

USA)
e+e� ! Y

BESIII

Zc(3900) [22, 154]

BEPCII 2008–
IHEP

e+e� ! ⇡ZZc(4020) [156, 158] (Beijing,
e+e� ! �XY (4230) [149] China)

X(3872) [52]

CDF
Y (4140) [126]

Tevatron 1985–
Fermilab pp̄ collisions

Y (4274) [132]

2011
(Batavia, (ECM ⇡ 2 TeV):

X(3872) [178, 179, 172]
Illinois,

D0
X(3872) [171]

USA) pp̄! X + any
Y (4140) [174]

pp̄! B + any; B ! KX
X(5568) [175]

ATLAS �b(3P ) [180]

LHC 2010–
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Switzerland)

CMS
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pp! X + any

Y (4140),
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Y (4274) [130]

pp! ⇤b + any; ⇤b ! KPcLHCb

Zc(4430) [138, 139]
X(3872) [109]

Pc(4380),
Pc(4450) [35]

Y (4140),
Y (4274) [125, 131]

COMPASS photoproduction [181] SPS 2002-2011

µ/⇡ beam on N target

a1(1420) [182]

(pbeam ⇡ 160, 200 GeV)

⇡N ! XN
�N ! XN

P̄ANDA Upcoming HESR
GSI

p̄ beam on p target

(Darmstadt,
(pbeam ⇡ 1.5–15 GeV):

Germany) pp̄! X
pp̄! X + any

GlueX Beginning
CEBAF 2016–

Je↵erson Lab � beam on p target

(searches for light (Newport News, (Ebeam  11 GeV):

CLAS12 quark hybrid mesons) Virginia,
USA) �p! Xp
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Just as in the nonrelativistic model, the quark-antiquark

potential Vq !q# ~p; ~r$ assumed here incorporates the Lorentz
vector one gluon exchange interaction at short distances
and a Lorentz scalar linear confining interaction. To first
order in #vq=c$2, Vq !q# ~p; ~r$ reduces to the standard non-
relativistic result given by Eqs. (1) and (2) (with !s re-
placed by a running coupling constant, !s#r$). The full set
of model parameters is given in Ref. [51]. Note that the
string tension and quark mass (b ! 0:18 GeV2 and mc !
1:628 GeV) are significantly larger than the values used in
our nonrelativistic model.

One important aspect of this model is that it gives
reasonably accurate results for the spectrum and matrix
elements of quarkonia of all u, d, s, c, b quark flavors,
whereas the nonrelativistic model of the previous section is
only fitted to the c !c system.

C. Discussion

The spectra predicted by the NR and GI models (Table I
and Fig. 1) are quite similar for S- and P-wave states,
largely because of the constraints provided by the experi-
mental c !c candidates for these multiplets. We note in
passing that these potential model results are very similar
to the most recent predictions of the charmonium spectrum
from LGT [38,52,53]. At higher L we have only the L ! 2
13D1 and 23D1 states  #3770$ and  #4159$ to constrain the
models, and the predicted mean D-wave multiplet masses
differ by ca. 50 MeV. For L > 2 the absence of experimen-
tal states allows a relatively large scatter of predicted mean
masses, which differ by as much as % 100 MeV in the 1G
multiplet. (The splittings within higher-L multiplets in
contrast are rather similar.) The mean multiplet masses
predicted by the two models differ largely because of the
values assumed for the string tension b, which is
0:18 GeV2 in the GI model but is a rather smaller

TABLE I. Experimental and theoretical spectrum of c !c states.
The experimental masses are PDG averages, which are rounded
to 1 MeV and assigned equal weights in the theoretical fits. For
the 21S0 "0c#3638$ we use a world average of recent measure-
ments [50].

Multiplet State Expt. Input (NR) Theor.
NR GI

1S J= #13S1$ 3096:87& 0:04 3097 3090 3098
"c#11S0$ 2979:2& 1:3 2979 2982 2975

2S  0#23S1$ 3685:96& 0:09 3686 3672 3676
"0c#21S0$ 3637:7& 4:4 3638 3630 3623

3S  #33S1$ 4040& 10 4040 4072 4100
"c#31S0$ 4043 4064

4S  #43S1$ 4415& 6 4415 4406 4450
"c#41S0$ 4384 4425

1P #2#13P2$ 3556:18& 0:13 3556 3556 3550
#1#13P1$ 3510:51& 0:12 3511 3505 3510
#0#13P0$ 3415:3& 0:4 3415 3424 3445
hc#11P1$ see text 3516 3517

2P #2#23P2$ 3972 3979
#1#23P1$ 3925 3953
#0#23P0$ 3852 3916
hc#21P1$ 3934 3956

3P #2#33P2$ 4317 4337
#1#33P1$ 4271 4317
#0#33P0$ 4202 4292
hc#31P1$ 4279 4318

1D  3#13D3$ 3806 3849
 2#13D2$ 3800 3838
 #13D1$ 3769:9& 2:5 3770 3785 3819
"c2#11D2$ 3799 3837

2D  3#23D3$ 4167 4217
 2#23D2$ 4158 4208
 #23D1$ 4159& 20 4159 4142 4194
"c2#21D2$ 4158 4208

1F #4#13F4$ 4021 4095
#3#13F3$ 4029 4097
#2#13F2$ 4029 4092
hc3#11F3$ 4026 4094

2F #4#23F4$ 4348 4425
#3#23F3$ 4352 4426
#2#23F2$ 4351 4422
hc3#21F3$ 4350 4424

1G  5#13G5$ 4214 4312
 4#13G4$ 4228 4320
 3#13G3$ 4237 4323
"c4#11G4$ 4225 4317
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FIG. 1. Predicted and observed spectrum of charmonium states
(Table I). The solid lines are experiment, and the broken lines are
theory (NR model left, GI right). Spin-triplet levels are dashed
lines, and spin-singlets are dotted lines. The DD open-charm
threshold at 3.73 GeV is also shown.
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THEORYThe goal of experimental meson (hadron)  
spectroscopy:

Uncover a broad set of physical phenomena  
(including new meson states, their properties, decays patterns, etc.)
in order to build our understanding of the strong force. 
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Figure 3. Charmonium spectrum up to around 4.5GeV labelled by JPC ; the left (right) panel
shows the negative (positive) parity states. Green, red and blue boxes are the masses computed on
our Mπ ∼ 240MeV ensemble while black boxes are experimental values from the PDG summary
tables [1]. As discussed in the text, we show the calculated (experimental) masses with the calculated
(experimental) ηc mass subtracted. The vertical size of the boxes represents the one-sigma statistical
(or experimental) uncertainty on either side of the mean. Red and blue boxes correspond to states
identified as hybrid mesons grouped into, respectively, the lightest and first-excited supermultiplet,
as described in the text. Dashed lines show the location of some of the lower thresholds for strong
decay using computed (coarse green dashing) and experimental (fine grey dashing) masses.

large overlaps onto operators that are proportional to the spatial components of the field

strength tensor, Fij (i.e. operators that have a non-trivial gluonic structure), something not

seen for the other states in the spectrum. Furthermore, on removing operators proportional

to Fij from the variational basis we generally observe a reduction in the quality of the signal

for these states. We therefore follow refs. [21, 22] and interpret these excess states as hybrid

mesons.

As discussed in detail in ref. [22], the hybrid states can be grouped into supermultiplets.

We find that the set [(0−+, 1−+, 2−+), 1−−], highlighted in red in figure 3, forms the lightest

charmonium hybrid supermultiplet, while the states highlighted in blue, (0++, 1++, 2++),

(0+−, 1+−, 1+−, 1+−, 2+−, 2+−, 3+−), form the first excited hybrid supermultiplet. These

patterns are consistent with a quark-antiquark pair coupled to a 1+− gluonic excitation;

the lightest hybrid supermutiplet has the quark-antiquark pair in S-wave and the first

excited hybrid supermultiplet has it in P -wave. The lightest hybrids appear ∼ 1.2–1.3GeV

above the lightest S-wave meson multiplet. This pattern of hybrids and their energy scale

– 7 –

Charmonium system 1
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The level scheme of meson states containing a minimal quark content of cc. The name of
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for Hadrons”). States with unestablished quantum numbers are called X and are drawn
according to our best estimate of their likely JPC . States included in the Summary
Tables are shown with solid lines; selected states not in the Summary Tables, but with
assigned quantum numbers, are shown with dotted lines. The arrows indicate the most
dominant hadronic transitions. Single photon transitions, including ψ(nS) → γηc(mS),
ψ(nS) → γχcJ(1P ), and χcJ (1P ) → γJ/ψ, are omitted for clarity. For orientation, the
location of the thresholds related to a pair of ground state open charm mesons is indicated
in the figure.

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020)
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The decay channel J= ! !"#"$#0 is analyzed using a sample of 5:8% 107 J= events collected
with the BESII detector. A resonance, the X!1835", is observed in the "#"$#0 invariant-mass spectrum
with a statistical significance of 7:7$. A fit with a Breit-Wigner function yields a mass M & 1833:7'
6:1!stat" ' 2:7!syst" MeV=c2, a width ! & 67:7' 20:3!stat" ' 7:7!syst" MeV=c2, and a product branch-
ing fraction B!J= ! !X" ( B!X ! "#"$#0" & )2:2' 0:4!stat" ' 0:4!syst"* % 10$4. The mass and
width of the X!1835" are not compatible with any known meson resonance. Its properties are consistent
with expectations for the state that produces the strong p "p mass threshold enhancement observed in the
J= ! !p "p process at BESII.

DOI: 10.1103/PhysRevLett.95.262001 PACS numbers: 12.39.Mk, 12.40.Yx, 13.20.Gd, 13.75.Cs

An anomalous enhancement near the mass threshold
in the p "p invariant-mass spectrum from J= ! !p "p de-

cays was reported by the BES II experiment [1]. This en-
hancement was fitted with a subthreshold S-wave Breit-

PRL 95, 262001 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
31 DECEMBER 2005

0031-9007=05=95(26)=262001(5)$23.00 262001-1  2005 The American Physical Society

Observation of a Resonance X!1835" in J= ! !"#"$#0

M. Ablikim,1 J. Z. Bai,1 Y. Ban,11 J. G. Bian,1 X. Cai,1 H. F. Chen,16 H. S. Chen,1 H. X. Chen,1 J. C. Chen,1 Jin Chen,1

Y. B. Chen,1 S. P. Chi,2 Y. P. Chu,1 X. Z. Cui,1 Y. S. Dai,18 Z. Y. Deng,1 L. Y. Dong,1,* Q. F. Dong,14 S. X. Du,1 Z. Z. Du,1

J. Fang,1 S. S. Fang,2 C. D. Fu,1 C. S. Gao,1 Y. N. Gao,14 S. D. Gu,1 Y. T. Gu,4 Y. N. Guo,1 Y. Q. Guo,1 Z. J. Guo,15

F. A. Harris,15 K. L. He,1 M. He,12 Y. K. Heng,1 H. M. Hu,1 T. Hu,1 G. S. Huang,1,† X. P. Huang,1 X. T. Huang,12 X. B. Ji,1

X. S. Jiang,1 J. B. Jiao,12 D. P. Jin,1 S. Jin,1 Yi Jin,1 Y. F. Lai,1 G. Li,2 H. B. Li,1 H. H. Li,1 J. Li,1 R. Y. Li,1 S. M. Li,1

W. D. Li,1 W. G. Li,1 X. L. Li,8 X. Q. Li,10 Y. L. Li,4 Y. F. Liang,13 H. B. Liao,6 C. X. Liu,1 F. Liu,6 Fang Liu,16 H. H. Liu,1

H. M. Liu,1 J. Liu,11 J. B. Liu,1 J. P. Liu,17 R. G. Liu,1 Z. A. Liu,1 F. Lu,1 G. R. Lu,5 H. J. Lu,16 J. G. Lu,1 C. L. Luo,9

F. C. Ma,8 H. L. Ma,1 L. L. Ma,1 Q. M. Ma,1 X. B. Ma,5 Z. P. Mao,1 X. H. Mo,1 J. Nie,1 S. L. Olsen,15 H. P. Peng,16

N. D. Qi,1 H. Qin,9 J. F. Qiu,1 Z. Y. Ren,1 G. Rong,1 L. Y. Shan,1 L. Shang,1 D. L. Shen,1 X. Y. Shen,1 H. Y. Sheng,1 F. Shi,1

X. Shi,11,‡ H. S. Sun,1 J. F. Sun,1 S. S. Sun,1 Y. Z. Sun,1 Z. J. Sun,1 Z. Q. Tan,4 X. Tang,1 Y. R. Tian,14 G. L. Tong,1

G. S. Varner,15 D. Y. Wang,1 L. Wang,1 L. S. Wang,1 M. Wang,1 P. Wang,1 P. L. Wang,1 W. F. Wang,1,x Y. F. Wang,1

Z. Wang,1 Z. Y. Wang,1 Zhe Wang,1 Zheng Wang,2 C. L. Wei,1 D. H. Wei,1 N. Wu,1 X. M. Xia,1 X. X. Xie,1 B. Xin,8,†

G. F. Xu,1 Y. Xu,10 M. L. Yan,16 F. Yang,10 H. X. Yang,1 J. Yang,16 Y. X. Yang,3 M. H. Ye,2 Y. X. Ye,16 Z. Y. Yi,1 G. W. Yu,1

C. Z. Yuan,1 J. M. Yuan,1 Y. Yuan,1 S. L. Zang,1 Y. Zeng,7 Yu Zeng,1 B. X. Zhang,1 B. Y. Zhang,1 C. C. Zhang,1

D. H. Zhang,1 H. Y. Zhang,1 J. W. Zhang,1 J. Y. Zhang,1 Q. J. Zhang,1 X. M. Zhang,1 X. Y. Zhang,12 Y. Y. Zhang,13

Z. P. Zhang,16 Z. Q. Zhang,5 D. X. Zhao,1 J. W. Zhao,1 M. G. Zhao,10 P. P. Zhao,1 W. R. Zhao,1 Z. G. Zhao,1,kH. Q. Zheng,11

J. P. Zheng,1 Z. P. Zheng,1 L. Zhou,1 N. F. Zhou,1 K. J. Zhu,1 Q. M. Zhu,1 Y. C. Zhu,1 Yingchun Zhu,1,{ Y. S. Zhu,1

Z. A. Zhu,1 B. A. Zhuang,1 X. A. Zhuang,1 and B. S. Zou1

(BES Collaboration)

1Institute of High Energy Physics, Beijing 100049, People’s Republic of China
2China Center for Advanced Science and Technology (CCAST), Beijing 100080, People’s Republic of China

3Guangxi Normal University, Guilin 541004, People’s Republic of China
4Guangxi University, Nanning 530004, People’s Republic of China

5Henan Normal University, Xinxiang 453002, People’s Republic of China
6Huazhong Normal University, Wuhan 430079, People’s Republic of China

7Hunan University, Changsha 410082, People’s Republic of China
8Liaoning University, Shenyang 110036, People’s Republic of China

9Nanjing Normal University, Nanjing 210097, People’s Republic of China
10Nankai University, Tianjin 300071, People’s Republic of China
11Peking University, Beijing 100871, People’s Republic of China

12Shandong University, Jinan 250100, People’s Republic of China
13Sichuan University, Chengdu 610064, People’s Republic of China
14Tsinghua University, Beijing 100084, People’s Republic of China

15University of Hawaii, Honolulu, Hawaii 96822, USA
16University of Science and Technology of China, Hefei 230026, People’s Republic of China

17Wuhan University, Wuhan 430072, People’s Republic of China
18Zhejiang University, Hangzhou 310028, People’s Republic of China

(Received 11 August 2005; published 28 December 2005)

The decay channel J= ! !"#"$#0 is analyzed using a sample of 5:8% 107 J= events collected
with the BESII detector. A resonance, the X!1835", is observed in the "#"$#0 invariant-mass spectrum
with a statistical significance of 7:7$. A fit with a Breit-Wigner function yields a mass M & 1833:7'
6:1!stat" ' 2:7!syst" MeV=c2, a width ! & 67:7' 20:3!stat" ' 7:7!syst" MeV=c2, and a product branch-
ing fraction B!J= ! !X" ( B!X ! "#"$#0" & )2:2' 0:4!stat" ' 0:4!syst"* % 10$4. The mass and
width of the X!1835" are not compatible with any known meson resonance. Its properties are consistent
with expectations for the state that produces the strong p "p mass threshold enhancement observed in the
J= ! !p "p process at BESII.
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An anomalous enhancement near the mass threshold
in the p "p invariant-mass spectrum from J= ! !p "p de-

cays was reported by the BES II experiment [1]. This en-
hancement was fitted with a subthreshold S-wave Breit-
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with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13 MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7$ 6:1 MeV=c2 and ! ! 67:7$ 20:3 MeV=c2. The
signal yield from the fit is 264$ 54 events with a con-
fidence level 45.5% ("2=d:o:f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o:f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.

Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $&$%# and #0 ! %& modes,
respectively, we determine a product BF of

B!J= ! %X"1835#" ' B!X"1835#! $&$%#0"
! "2:2$ 0:4# ( 10%4:

The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4$ 8:1 MeV=c2 and ! !
54:2$ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68$ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$&$%#0" ! "1:8$ 0:7# ( 10%4. Similar results are ob-

tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3$ 7:9 MeV=c2 and ! ! 70:3$
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193$ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $&$%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.

The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$&$%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $&$% invariant-mass distri-
bution in #0 ! %$&$% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.

In summary, the decay channel J= ! %$&$%#0 is
analyzed using two #0 decay modes, #0 ! $&$%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $&$%#0

invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7$
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $&$%#0# !
)2:2$ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842$ 8 MeV=c2. The width of this state, ! !
225$ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840$
15 MeV=c2 and a width 170$ 40 MeV=c2).

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]

1.4 2.2 3
M(π+π-η´)  (GeV/c2)

0

80

160

240

E
V

E
N

T
S

/(
40

M
eV

/c
2 )

1.4 2.0 2.6
M(π+π-η´)  (GeV/c2)

0

40

80

120

E
V

E
N

T
S

/(
20

M
eV

/c
2 )

FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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Observation of an Anomalous Line Shape of the η0πþπ− Mass Spectrum near the pp̄Mass
Threshold in J=ψ → γη0πþπ−

M. Ablikim,1 M. N. Achasov,9e S. Ahmed,14 X. C. Ai,1 O. Albayrak,5 M. Albrecht,4 D. J. Ambrose,44 A. Amoroso,49a,49c

F. F. An,1 Q. An,46a J. Z. Bai,1 R. Baldini Ferroli,20a Y. Ban,31 D.W. Bennett,19 J. V. Bennett,5 N. Berger,22 M. Bertani,20a

D. Bettoni,21a J. M. Bian,43 F. Bianchi,49a,49c E. Boger,23c I. Boyko,23 R. A. Briere,5 H. Cai,51 X. Cai,1a O. Cakir,40a

A. Calcaterra,20a G. F. Cao,1 S. A. Cetin,40b J. F. Chang,1a G. Chelkov,23c,d G. Chen,1 H. S. Chen,1 H. Y. Chen,2 J. C. Chen,1

M. L. Chen,1a S. Chen,41 S. J. Chen,29 X. Chen,1a X. R. Chen,26 Y. B. Chen,1a H. P. Cheng,17 X. K. Chu,31 G. Cibinetto,21a

H. L. Dai,1a J. P. Dai,34 A. Dbeyssi,14 D. Dedovich,23 Z. Y. Deng,1 A. Denig,22 I. Denysenko,23 M. Destefanis,49a,49c

F. De Mori,49a,49c Y. Ding,27 C. Dong,30 J. Dong,1a L. Y. Dong,1 M. Y. Dong,1a Z. L. Dou,29 S. X. Du,53 P. F. Duan,1

J. Z. Fan,39 J. Fang,1a S. S. Fang,1 X. Fang,46a Y. Fang,1 R. Farinelli,21a,21b L. Fava,49b,49c O. Fedorov,23 F. Feldbauer,22

G. Felici,20a C. Q. Feng,46a E. Fioravanti,21a M. Fritsch,14,22 C. D. Fu,1 Q. Gao,1 X. L. Gao,46a X. Y. Gao,2 Y. Gao,39

Z. Gao,46a I. Garzia,21a K. Goetzen,10 L. Gong,30 W. X. Gong,1a W. Gradl,22 M. Greco,49a,49c M. H. Gu,1a Y. T. Gu,12

Y. H. Guan,1 A. Q. Guo,1 L. B. Guo,28 R. P. Guo,1 Y. Guo,1 Y. P. Guo,22 Z. Haddadi,25 A. Hafner,22 S. Han,51 X. Q. Hao,15

F. A. Harris,42 K. L. He,1 F. H. Heinsius,4 T. Held,4 Y. K. Heng,1a T. Holtmann,4 Z. L. Hou,1 C. Hu,28 H. M. Hu,1

J. F. Hu,49a,49c T. Hu,1a Y. Hu,1 G. S. Huang,46a Y. P. Huang,1i J. S. Huang,15 X. T. Huang,33 X. Z. Huang,29 Y. Huang,29

Z. L. Huang,27 T. Hussain,48 Q. Ji,1 Q. P. Ji,30 X. B. Ji,1 X. L. Ji,1a L. W. Jiang,51 X. S. Jiang,1a X. Y. Jiang,30 J. B. Jiao,33

Z. Jiao,17 D. P. Jin,1a S. Jin,1 T. Johansson,50 A. Julin,43 N. Kalantar-Nayestanaki,25 X. L. Kang,1 X. S. Kang,30

M. Kavatsyuk,25 B. C. Ke,5 P. Kiese,22 R. Kliemt,14 B. Kloss,22 O. B. Kolcu,40bh B. Kopf,4 M. Kornicer,42 A. Kupsc,50

W. Kühn,24 J. S. Lange,24 M. Lara,19 P. Larin,14 H. Leithoff,22 C. Leng,49c C. Li,50 Cheng Li,46a D. M. Li,53 F. Li,1a F. Y. Li,31

G. Li,1 H. B. Li,1 H. J. Li,1 J. C. Li,1 Jin Li,32 K. Li,13 K. Li,33 Lei Li,3 P. R. Li,41 Q. Y. Li,33 T. Li,33 W. D. Li,1 W. G. Li,1

X. L. Li,33 X. N. Li,1a X. Q. Li,30 Y. B. Li,2 Z. B. Li,38 H. Liang,46a Y. F. Liang,36 Y. T. Liang,24 G. R. Liao,11 D. X. Lin,14

B. Liu,34 B. J. Liu,1 C. X. Liu,1 D. Liu,46a F. H. Liu,35 Fang Liu,1 Feng Liu,6 H. B. Liu,12 H. H. Liu,1 H. H. Liu,16 H. M. Liu,1

J. Liu,1 J. B. Liu,46a J. P. Liu,51 J. Y. Liu,1 K. Liu,39 K. Y. Liu,27 L. D. Liu,31 P. L. Liu,1a Q. Liu,41 S. B. Liu,46a X. Liu,26

Y. B. Liu,30 Y. Y. Liu,30 Z. A. Liu,1a Zhiqing Liu,22 H. Loehner,25 X. C. Lou,1a,g H. J. Lu,17 J. G. Lu,1a Y. Lu,1 Y. P. Lu,1a

C. L. Luo,28 M. X. Luo,52 T. Luo,42 X. L. Luo,1a X. R. Lyu,41 F. C. Ma,27 H. L. Ma,1 L. L. Ma,33 M.M. Ma,1 Q. M. Ma,1

T. Ma,1 X. N. Ma,30 X. Y. Ma,1a Y. M. Ma,33 F. E. Maas,14 M. Maggiora,49a,49c Q. A. Malik,48 Y. J. Mao,31 Z. P. Mao,1

S. Marcello,49a,49c J. G. Messchendorp,25 G. Mezzadri,21b J. Min,1a T. J. Min,1,41 R. E. Mitchell,19 X. H. Mo,1a Y. J. Mo,6

C. Morales Morales,14 N. Yu. Muchnoi,9e H. Muramatsu,43 P. Musiol,4 Y. Nefedov,23 F. Nerling,14 I. B. Nikolaev,9e

Z. Ning,1a S. Nisar,8 S. L. Niu,1a X. Y. Niu,1 S. L. Olsen,32 Q. Ouyang,1a S. Pacetti,20b Y. Pan,46a P. Patteri,20a M. Pelizaeus,4

H. P. Peng,46a K. Peters,10 J. Pettersson,50 J. L. Ping,28 R. G. Ping,1 R. Poling,43 V. Prasad,1 H. R. Qi,2 M. Qi,29 S. Qian,1a

C. F. Qiao,41 L. Q. Qin,33 N. Qin,51 X. S. Qin,1 Z. H. Qin,1a J. F. Qiu,1 K. H. Rashid,48 C. F. Redmer,22 M. Ripka,22 G. Rong,1

Ch. Rosner,14 X. D. Ruan,12 A. Sarantsev,23f M. Savrié,21b C. Schnier,4 K. Schoenning,50 S. Schumann,22 W. Shan,31

M. Shao,46a C. P. Shen,2 P. X. Shen,30 X. Y. Shen,1 H. Y. Sheng,1 M. Shi,1 W.M. Song,1 X. Y. Song,1 S. Sosio,49a,49c

S. Spataro,49a,49c G. X. Sun,1 J. F. Sun,15 S. S. Sun,1 X. H. Sun,1 Y. J. Sun,46a Y. Z. Sun,1 Z. J. Sun,1a Z. T. Sun,19 C. J. Tang,36

X. Tang,1 I. Tapan,40c E. H. Thorndike,44 M. Tiemens,25 I. Uman,40d G. S. Varner,42 B. Wang,30 B. L. Wang,41 D. Wang,31

D. Y. Wang,31 K. Wang,1a L. L. Wang,1 L. S. Wang,1 M. Wang,33 P. Wang,1 P. L. Wang,1 S. G. Wang,31 W. Wang,1a

W. P. Wang,46a X. F. Wang,39 Y. Wang,37 Y. D. Wang,14 Y. F. Wang,1a Y. Q. Wang,22 Z. Wang,1a Z. G. Wang,1a

Z. H. Wang,46a Z. Y. Wang,1 Z. Y. Wang,1 T. Weber,22 D. H. Wei,11 J. B. Wei,31 P. Weidenkaff,22 S. P. Wen,1 U. Wiedner,4

M. Wolke,50 L. H. Wu,1 L. J. Wu,1 Z. Wu,1a L. Xia,46a L. G. Xia,39 Y. Xia,18 D. Xiao,1 H. Xiao,47 Z. J. Xiao,28 Y. G. Xie,1a

Q. L. Xiu,1a G. F. Xu,1 J. J. Xu,1 L. Xu,1 Q. J. Xu,13 Q. N. Xu,41 X. P. Xu,37 L. Yan,49a,49c W. B. Yan,46a W. C. Yan,46a

Y. H. Yan,18 H. J. Yang,34 H. X. Yang,1 L. Yang,51 Y. X. Yang,11 M. Ye,1a M. H. Ye,7 J. H. Yin,1 B. X. Yu,1a C. X. Yu,30

J. S. Yu,26 C. Z. Yuan,1 W. L. Yuan,29 Y. Yuan,1 A. Yuncu,40bb A. A. Zafar,48 A. Zallo,20a Y. Zeng,18 Z. Zeng,46a

B. X. Zhang,1 B. Y. Zhang,1a C. Zhang,29 C. C. Zhang,1 D. H. Zhang,1 H. H. Zhang,38 H. Y. Zhang,1a J. Zhang,1 J. J. Zhang,1

J. L. Zhang,1 J. Q. Zhang,1 J. W. Zhang,1a J. Y. Zhang,1 J. Z. Zhang,1 K. Zhang,1 L. Zhang,1 S. Q. Zhang,30 X. Y. Zhang,33

Y. Zhang,1 Y. H. Zhang,1a Y. N. Zhang,41 Y. T. Zhang,46a Yu Zhang,41 Z. H. Zhang,6 Z. P. Zhang,46 Z. Y. Zhang,51 G. Zhao,1

J. W. Zhao,1a J. Y. Zhao,1 J. Z. Zhao,1a Lei Zhao,46a Ling Zhao,1 M. G. Zhao,30 Q. Zhao,1 Q.W. Zhao,1 S. J. Zhao,53

T. C. Zhao,1 Y. B. Zhao,1a Z. G. Zhao,46a A. Zhemchugov,23c B. Zheng,47 J. P. Zheng,1a W. J. Zheng,33 Y. H. Zheng,41

B. Zhong,28 L. Zhou,1a X. Zhou,51 X. K. Zhou,46a X. R. Zhou,46a X. Y. Zhou,1 K. Zhu,1 K. J. Zhu,1a S. Zhu,1 S. H. Zhu,45

X. L. Zhu,39 Y. C. Zhu,46a Y. S. Zhu,1 Z. A. Zhu,1 J. Zhuang,1a L. Zotti,49a,49c B. S. Zou,1 and J. H. Zou1

PRL 117, 042002 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending
22 JULY 2016

0031-9007=16=117(4)=042002(7) 042002-1 © 2016 American Physical Society

η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the η0πþπ− invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1ð1510Þ, Xð1835Þ, and
Xð2120Þ peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the Xð1835Þ line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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Notes on the outlook for experimental meson spectroscopy:

1.  There is a vibrant field in all meson sectors.

2.  Novel opportunities are emerging for contact between  
       theory, models, and experiment.

3.  Statistical precision brings new surprises and challenges.

4.  All experimental programs are continuing with major upgrades
             and new possibilities are planned.
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An anomalous enhancement near the mass threshold
in the p "p invariant-mass spectrum from J= ! !p "p de-

cays was reported by the BES II experiment [1]. This en-
hancement was fitted with a subthreshold S-wave Breit-
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An anomalous enhancement near the mass threshold
in the p "p invariant-mass spectrum from J= ! !p "p de-

cays was reported by the BES II experiment [1]. This en-
hancement was fitted with a subthreshold S-wave Breit-
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with a Breit-Wigner (BW) function convolved with a
Gaussian mass resolution function (with !!13 MeV=
c2) to represent the X"1835# signal plus a smooth poly-
nomial background function. The mass and width obtained
from the fit (shown in the bottom panel in Fig. 3) are M !
1833:7$ 6:1 MeV=c2 and ! ! 67:7$ 20:3 MeV=c2. The
signal yield from the fit is 264$ 54 events with a con-
fidence level 45.5% ("2=d:o:f: ! 57:6=57) and %2 lnL !
58:4. A fit to the mass spectrum without a BW signal
function returns %2 lnL ! 126:5. The change in %2 lnL
with ""d:o:f:# ! 3 corresponds to a statistical significance
of 7:7! for the signal.

Using MC-determined selection efficiencies of 3.72%
and 4.85% for the #0 ! $&$%# and #0 ! %& modes,
respectively, we determine a product BF of

B!J= ! %X"1835#" ' B!X"1835#! $&$%#0"
! "2:2$ 0:4# ( 10%4:

The consistency between the two #0 decay modes is
checked by fitting the distributions in Figs. 1(c) and 2(c)
separately with the method described above. The fit to
Fig. 1(c) gives M ! 1827:4$ 8:1 MeV=c2 and ! !
54:2$ 34:5 MeV=c2 with a statistical significance of
5:1!. From the 68$ 26 signal events obtained from the
fit, the product BF is B!J= ! %X"1835#" ' B!X"1835#!
$&$%#0" ! "1:8$ 0:7# ( 10%4. Similar results are ob-

tained if we apply only a 4C kinematic fit in this analysis.
For the fit to Fig. 2(c), the mass and width are determined
to be M ! 1836:3$ 7:9 MeV=c2 and ! ! 70:3$
23:1 MeV=c2 with a statistical significance of 6.0 !.
For this mode alone, the signal yield of 193$ 43 sig-
nal events corresponds to B!J= ! %X"1835#" '
B!X"1835# ! $&$%#0" ! "2:3 $ 0:5# ( 10%4. The
X"1835# mass, width, and product BF values determined
from the two #0 decay modes separately are in good
agreement with each other.

The systematic uncertainties on the mass and width are
determined by varying the functional form used to repre-
sent the background, the fitting range of the mass spectrum,
the mass calibration, and possible biases due to the fitting
procedure. The latter are estimated from differences be-
tween the input and output mass and width values from MC
studies. The total systematic errors on the mass and width
are 2:7 and 7:7 MeV=c2, respectively. The systematic error
on the branching fraction measurement comes mainly from
the uncertainties of MDC simulation (including systematic
uncertainties of the tracking efficiency and the kinematic
fits), the photon detection efficiency, the particle identifi-
cation efficiency, the #0 decay branching fractions to
$&$%# and %&, the background function parametrization,
the fitting range of the mass spectrum, the requirements on
numbers of photons, the invariant-mass distributions of %%
pairs in the two analyses, the $&$% invariant-mass distri-
bution in #0 ! %$&$% decays, MC statistics, the total
number of J= events [15], and the unknown spin-parity of
the X"1835#. For the latter, we use the difference between
phase space and a JPC ! 0%& hypothesis for the X"1835#.
The total relative systematic error on the product branching
fraction is 20.2%.

In summary, the decay channel J= ! %$&$%#0 is
analyzed using two #0 decay modes, #0 ! $&$%# and
#0 ! %&. A resonance, the X"1835#, is observed with a
high statistical significance of 7:7! in the $&$%#0

invariant-mass spectrum. From a fit with a Breit-Wigner
function, the mass is determined to be M ! 1833:7$
6:1"stat# $ 2:7"syst# MeV=c2, the width is ! ! 67:7$
20:3"stat# $ 7:7"syst# MeV=c2, and the product branch-
ing fraction is B"J= ! %X# ' B"X ! $&$%#0# !
)2:2$ 0:4"stat# $ 0:4"syst#* ( 10%4. The mass and width
of the X"1835# are not compatible with any known meson
resonance [16]. In Ref. [16], the candidate closest in mass
to the X"1835# is the (unconfirmed) 2%& #2"1870# with
M ! 1842$ 8 MeV=c2. The width of this state, ! !
225$ 14 MeV=c2, is considerably larger than that of the
X"1835# (see also [17], where the 2%& component in the
#$$ mode of J= radiative decay has a mass 1840$
15 MeV=c2 and a width 170$ 40 MeV=c2).

We examined the possibility that the X"1835# is respon-
sible for the p #p mass threshold enhancement observed in
radiative J= ! %p #p decays [1]. It has been pointed out
that the S-wave BW function used for the fit in Ref. [1]
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FIG. 3. The $&$%#0 invariant-mass distribution for selected
events from both the J= ! %$&$%#0"#0 ! $&$%#;#!
%%# and J= ! %$&$%#0"#0 ! %&# analyses. The bottom
panel shows the fit (solid curve) to the data (points with error
bars); the dashed curve indicates the background function.
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η0πþπ− invariant mass distribution. For the J=ψ →
π0η0πþπ− background, we use a one-dimensional data-
driven method that first selects J=ψ → π0η0πþπ− events
from the data to determine the shape of their contribution to
the selected η0πþπ− mass spectrum and reweight this shape
by the ratio of MC-determined efficiencies for J=ψ →
γη0πþπ− and J=ψ → π0η0πþπ− events; the total weight
after reweighting is the estimated number of J=ψ →
π0η0πþπ− background events. Our studies of background
processes show that neither the four peaks mentioned above
nor the abrupt change in the line shape at 2mp is caused by
background processes.
We perform simultaneous fits to the η0πþπ− invariant

mass distributions between 1.3 and 2.25 GeV=c2 for both
selected event samples with the f1ð1510Þ, Xð1835Þ, and
Xð2120Þ peaks represented by three efficiency-corrected
Breit-Wigner functions convolved with a Gaussian function
to account for the mass resolution, where the Breit-Wigner
masses and widths are free parameters. The nonresonant
η0πþπ− contribution is obtained from Monte Carlo simu-
lation; the non-η0 and J=ψ → π0η0πþπ− background con-
tributions are obtained as discussed above. For resonances
and the nonresonant η0πþπ− contribution, the phase space
for J=ψ → γη0πþπ− is considered: according to the JP of
f1ð1510Þ and Xð1835Þ, J=ψ → γf1ð1510Þ and J=ψ →
γXð1835Þ are S-wave and P-wave processes, respectively;
all other processes are assumed to be S-wave processes.
Without explicit mention, all components are treated as
incoherent contributions. In the simultaneous fits, the
masses and widths of resonances, as well as the branching
fraction for J=ψ radiative decays to η0πþπ− final states
(including resonances and nonresonant η0πþπ−) are con-
strained to be the same for both η0 decay channels. The fit
results are shown in Fig. 2, where it is evident that using a
simple Breit-Wigner function to describe the Xð1835Þ line

shape fails near the pp̄ mass threshold. The logL (L is the
combined likelihood of simultaneous fits) of this fit is
630 503.3. Typically, there are two circumstances where an
abrupt distortion of a resonance’s line shape shows up: a
threshold effect caused by the opening of an additional
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FIG. 1. The η0πþπ− invariant mass spectra after the application of all selection criteria. The plot on the left side shows the spectrum for
events with the η0 → γπþπ− channel, and that on the right shows the spectrum for the η0 → ηð→ γγÞπþπ− channel. In both plots, the dots
with error bars are data, the shaded histograms are the background, the solid histograms are phase space (PHSP) MC events of
J=ψ → γη0πþπ− (arbitrary normalization), and the dotted vertical line shows the position of the pp̄ mass threshold.
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FIG. 2. Fit results with simple Breit-Wigner formulas. The
dashed dotted vertical line shows the position of the pp̄
mass threshold, the dots with error bars are data, the solid
curves are total fit results, the dashed curves are the Xð1835Þ,
the short-dashed curves are the f1ð1510Þ, the dash-dot curves
are the Xð2120Þ, and the long-dashed curves are the
nonresonant η0πþπ− fit results; the shaded histograms are
background events. The inset shows the data and the
global fit between 1.8 and 1.95 GeV=c2.
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Notes on the outlook for experimental meson spectroscopy:

1.  There is a vibrant field in all meson sectors.

2.  Novel opportunities are emerging for contact between  
       theory, models, and experiment.

3.  Statistical precision brings new surprises and challenges.

4.  All experimental programs are continuing with major upgrades
             and new possibilities are planned (esp.  EIC, PANDA).
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By expanding the collection of known hadrons (“stamp collecting”), 
we are steadily improving our understanding of the strong force and 
how it works to construct hadrons. 

Final thought: 


