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Based on 334 pb~! of photoproduction data collected with the GlueX detector at Jefferson Lab, we have
measured for the first time the cross section of the exclusive reaction y + p — ¢(1020)z 7z~ p by
reconstructing the final state K™K~z 7~ p produced with a photon beam of energies between 8.0 and
11.6 GeV. Based on the measured differential cross section, we have performed a search for the
strangeoniumlike exotic candidate Y (2175), recently renamed to ¢(2170). This state has been reported by
different e*e™ annihilation experiments and it is addressed here for the first time in a photoproduction
experiment. We do not find evidence for this state when using the resonance parameters quoted by the
Particle Data Group and provide upper limits on the photoproduction cross section. Instead, we find a
structure at a mass of m(¢nz~) = 2.24 GeV/c? with a statistical significance of about 5c. The
parameters of this structure differ from those quoted by the Particle Data Group for the ¢(2170) and are
consistent with a previous observation in e e~ annihilation. In addition, there is evidence for a second

structure at 1.82 GeV/c?.

DOI: 10.1103/jsfs-nq46

Introduction—Since the beginning of the millennium,
numerous unexpected states beyond the conventional quark
model have been discovered, particularly in the charmo-
nium region. These charmoniumlike states are known as
XYZ states, and several are manifestly exotic; see, e.g.,
Ref. [1] for a recent review.

Searches have been conducted for analogous states
within the light-quark sector. A new structure at
2.16 GeV/c* with JP€ =17, originally denoted as
Y(2175), and meanwhile renamed to ¢(2170) by the
Particle Data Group (PDG) [2], was initially reported by
the BABAR Collaboration in the initial-state radiation (ISR)
process et e = yisrpf0(980) [3,4]. It was later confirmed
by additional eTe~ collider experiments, including BES
[5], Belle [6], and BESIII [7]. The experimentally observed
resonance parameters are largely consistent with each other
within uncertainties. At BESIIL, the decay channel to
K™K~ has been studied recently [8], and a structure has
been observed as well, however, with a slightly higher mass
of about 2.24 GeV/c>.

“Contact author: k.goetzen@gsi.de
Contact author: F.Nerling@gsi.de

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

These observations have stimulated theoretical specula-
tions about the nature of the ¢(2170), especially as a
potential strange partner of the famous charmoniumlike
Y (4260) state [9], renamed to y(4230) by the PDG [2].
Proposed interpretations of the internal structure include an
s5g hybrid state [10], an (s3s5) tetraquark state [11,12], AA
baryonium [13], a ¢f;(980) resonance [14], and conven-
tional 3°S; [15] and 2°D, [10,16] ¢ states.

The available experimental information for the ¢(2170)
is, however, restricted to e e~ experiments. Information on
the production in other processes, such as photoproduction,
is highly desirable to sort out the proposed interpretations
of the nature of this state.

According to the theoretical calculation in [17], the
$(2170) is predicted to be produced by an 8 GeV photon
beam with an estimated cross section of about 1 nb
(integral of the dashed blue curve in Fig. 2 of [17]).
Instead of focussing on the n¢ decay channel as in that
study, we have performed a measurement of the differential
cross section do(yp — ¢zzp)/dm to better compare with
previous observations and benefit from a branching fraction
expected to be similar or larger [18]. Preliminary results
of the current Letter were presented at the HADRON 2023
[19] and MESON 2023 [20] conferences.

The experiment—The GlueX experiment is dedicated to
mapping the light-meson spectrum and exotic states in
photoproduction. It is operated at Jefferson Lab in Hall D
and utilizes a linearly polarized photon beam impinging on
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a liquid-hydrogen target. The photon beam is produced via
coherent bremsstrahlung of the electron beam, which is
provided by the Continuous Electron Beam Accelerator
Facility (CEBAF), on a 50 um thick diamond wafer, with
maximum polarization occurring in the coherent peak at
about 9 GeV. The fixed-target spectrometer is a nearly
hermetic detector optimized for reconstructing a wide range
of charged as well as neutral final-state particles. Charged
particle identification (PID) is achieved through measuring
the time of flight and the energy loss (dE/dx) in the drift
chambers. For detailed information on both the beamline
and the detector, see Ref. [21] and references therein.

The GlueX Phase-I data analyzed here were collected in
three periods during 2017 and 2018 with a total integrated
luminosity of 334 pb~! for E, > 8 GeV. To determine the
reconstruction efficiencies for the studied reaction and the
resolution of kinematic variables, Monte Carlo (MC)
simulated event samples were generated using a phase-
space generator. The GlueX detector response was simu-
lated using Geant4 [22] and uncorrelated detector noise was
extracted from randomly triggered real data and merged
into the simulated events. The MC events are generated
without any intermediate resonances to ensure uniform
coverage along the three-body invariant mass m(¢z"n~)
and to facilitate a reliable determination of the mass
dependence of the reconstruction efficiency. The numbers
of simulated events for the three periods are chosen to
match the ratio of luminosities of the real data periods.

We select fully reconstructed events by applying the
following criteria. Using the PID information, we form event
candidates for the final-state particle hypothesis
(K"K-z"z~p). A kinematic four-constraint (4C) fit of
the (K*K~z"z~ p) final to the (yp) initial state enforces
energy and momentum conservation and constrains the
particles to a common production vertex. We restrict the
beam photon energy to E, > 8 GeV and, to reduce con-
tributions from baryon excitations of the target proton, we
require the squared four-momentum transfer between
the recoil and target proton —¢ < 1 (GeV/c)?. We apply
the same ¢ selection when generating the MC data. Thus, the
cross section results presented are “fiducial” measurements
restricted to [t| < 1 (GeV/c)?. To further suppress back-
ground from the reaction yp — ¢n~A*TT, we require
m(z* p) > 1.35 GeV/c?. For efficiency correction, we
assume a phase-space distribution for the m(z™ p) spectrum
in the excluded region. The exclusivity of the events is
ensured by applying a cut on the missing mass squared
between the total initial and final state four momenta in the
exclusive reaction, |MM?| <50 MeV?/c*, and on the
reduced y* of the kinematic fit, ¥3¢, venex/Md.or. < 70/11.
The latter two selection cuts are optimized using the
significance Z; = S/+/S + B of the ¢(1020)-signal yield
S with respect to the background yield B in data.

In-depth investigations resulted in an appropriate fit model
consisting of a sum of two Voigtians [23] (DV) constrained to
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FIG. 1. Observed ¢(1020) signal. (a) Distribution of invariant
masses m(K"K~) vs m(K*K~z"z7). (b) K"K~ mass spectrum
with fitted signal and background function.

identical resonance parameters for the ¢(1020) peak
plus an empirical function to describe the background:
fﬁ[(m) = DV(m, my, Fo, 01,0,, R) + |m - m,|pe_’1m, for
m=m(K*K~) > m,. Here, (m,T) are the Breit-Wigner
(BW) resonance parameters of the ¢(1020), o , represent the
mass resolution parameters, and R the relative contribution of
the second Voigtian. In the background model, m, = 2my,
where my is the kaon mass, represents the kinematic thresh-
old, and the parameters p and A determine the background
shape. The data points around m(K*K~) = 1.08 GeV/c?
colored in gray in Fig. 1(b) are excluded from the fit to avoid
bias arising from this region that is not well described by the
background model; MC simulation studies indicate misiden-
tified pions from K 2 decays to generate an enhancement here.
The natural decay width of the ¢ is fixed to the current best
value reported by the PDG [2]. A clear ¢)-band is visible in the
m(KTK™) vs m(K*K~z"z~) invariant mass distribution
[Fig. 1(a)]. The ¢ peak in data is well described by the fit
function [Fig. 1(b)].

We have measured the cross section as a function of the
¢nTx~ mass by subdividing the data into 40 equidistant
45 MeV/c?-wide m(¢pz* ™) bins in the range from 1.4 to
3.2 GeV/c?. For each bin at the ¢z 7~ mass m;, we extract
the ¢t 7~ event yield by a y2-fit of the model f¢,(m) to the
m (K" K~) distribution for this mass bin via the ¢-yield given
by the integral of the signal part of fg(m). In these fits, the
parameters m, oy, o, are fixed to the values obtained from
fitting the overall m(K*K~) spectrum [Fig. 1(b)].

Differential cross section measurements—The cross
section for photoproduction of ¢z*z~ on the proton is
computed for each m(¢z"z~) bin m; according to

N N¢(mi)
olm) = e(m;) LinB(¢p - KTK™) M

where N, (m;) is the number of reconstructed ¢» mesons in
each m(¢pn"x~) mass bin m;, ¢(m;) is the mass-dependent
reconstruction efficiency determined bin-by-bin, £, is the
integrated luminosity, and B(¢ —» K"K~)=(49.1£0.5)%
is the branching fraction [2]. The efficiencies e(m;) are
obtained by dividing the number of reconstructed by the
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number of generated phase-space MC events for each bin
m;. The resulting values range from 4% to 6%. Possible
backgrounds were studied using events generated by Pythia
[24], which were simulated and reconstructed using the
same procedure as for the phase-space MC events. These
studies show that the most dominant background originates
from the non-resonant reaction yp — z2~ K"K~ p. None
of the studied background channels produce a peaking
structure in the vicinity of the ¢(1020).

Systematic uncertainties are summarized in Table I in
the Appendix. We distinguish and treat uncorrelated and
correlated systematic uncertainties separately. The former
are independent from bin to bin, and are summed quad-
ratically for each bin. Correlated uncertainties, including
beam flux, branching ratio and track reconstruction, affect
the cross section measurements in all bins in the same way.

For each source of uncorrelated uncertainties affecting the
differential cross section measurement do/dm (Type I), the
full measurement is repeated for the correspondingly varied
parameter or selection criterion. The differences from the
nominal result are summed up quadratically to form the total
uncorrelated systematic uncertainty. These uncertainties are
reflected in the error bars of the measured data points of the
do/dm spectra, while the correlated ones are not.

The measured differential ¢)z ™z~ photoproduction cross
section do/dm is shown as a function of the m(¢pz"n~)
mass in Fig. 2. The inner error bars of the data points
represent the statistical and the outer ones the quadratic
sum of the statistical and the uncorrelated systematic
uncertainties.

Search for the ¢(2170) and other resonances—Based on
the measured differential gz 7~ cross sections, we perform
a search for the ¢(2170) and other resonances.

L —e— GlueX data
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We observe two peaklike signals at ¢z 2~ masses of
about 1.8 and 2.2 GeV/c? on top of a featureless back-
ground. We model each peak by a relativistic BW shape
and use a fourth-order Chebyshev polynomial to describe
the background. For the peak at 2.2 GeV/c?, we use
different sets of fixed resonance parameters for the
#(2170), whereas those for the peak at 1.8 GeV/c? are
kept free, when performing y> fits to the measured
do/dm distribution in the range from m(¢pztz") = 1.6
to 3.0 GeV/c?. The ¢rtn~ mass resolution of about
16.3 MeV/c? obtained from the MC simulated data is
taken into account by convolving the fit function with a
corresponding Gaussian distribution.

Based on the fit results, we determine oy, which is the
measured production cross section of a resonance X times
the unknown decay branching fraction B(X — ¢z *z~) for
lt| < 1 (GeV/c)?, by integrating the corresponding Breit-
Wigner intensity of the fit model over the fit range. We also
provide corresponding upper limits at the 90% confidence
level (CL90), statistical significances Z, and (where appli-
cable) the determined resonance parameters (m,I").

The statistical significances of the observed resonance
signals are determined according to Wilks theorem,
based on the change Ay? in the binned fits with and
without the given resonance being included in the fit model,
taking into account the change in the number of degrees of
freedom Ang, ;. We quote the statistical significances as
Z = Zy(Zyy), Where Zg, includes only the statistical
uncertainties, while Z also includes the uncorrelated
systematic uncertainties of do/dm. The correlated system-
atic uncertainties are not taken into account here, since they
just scale all measured data points by a common factor,
without any impact on the significances of the structures.
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FIG. 2. Measured differential cross section de/dm for the reaction yp — ¢(1020)z "z~ p (data points) and search for the ¢(2170) —
¢(1020)z" 7z~ in photoproduction. The data are modeled using Breit-Wigner functions to describe the peaklike structures at 1.8 and
2.2 GeV/c? (gray dashed curves). (a) Fit A, where the Breit-Wigner parameters for the structure at 2.2 GeV/c? are fixed to the PDG
average values for the ¢(2170) [2]. (b) Fit B, where the Breit-Wigner parameters for the structure at 2.2 GeV/c? are fixed to the values

measured by BESIII [8].
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The systematic uncertainties for all fit results are treated
as follows. We repeat the fits to the differential cross section
do/dm for the correspondingly varied parameters of all
sources as listed in Table I. The quadratic sum of the
differences in the cross section between the nominal and
varied parameters are taken as the systematic uncertainties.
Whereas the Type I uncertainties affect the spectrum
do/dm itself and the nominal fit model is used,
the Type II uncertainties affect the fit model applied to
the nominal do/dm spectrum (Fig. 2). Type II sources are
the m(¢zn) fit range, the resonance parameters (m,I"), and
the background description. We vary the resonance param-
eters within £ 16 of the quoted uncertainties and the degree
of the Chebyshev polynomial for the background descrip-
tion from fourth to fifth order, and subsequently repeat the
fits. We take the larger difference as systematic uncertainty
in case of parameter variations.

We apply different fit models for our search. One model
(Fit A) describes the peak at 2.2 GeV/c? by a relativistic
BW shape for the ¢»(2170) with spin J = 1 and the fixed
averaged values (n(2170). p2170)) = (2163 7 MeV/c?,

10013] MeV) quoted by the PDG [2], and the peak at
1.8 GeV/c? by a second BW shape with free resonance
parameters. While the structure at 1.8 GeV/c? is described
reasonably well, the overall fit quality especially around
2.2 GeV/c? is rather poor as quantified by y*/ng, ; =
44.6/23 = 1.94 [Fig. 2(a)]. The resultant parameters from
the search for the ¢»(2170) resonance (Fit A) are summa-
rized as

Cp170) = 142 £ 57(stat) £ 76(sys) & 25(corr) pb

Using the PDG averages for the ¢(2170) parameters, we do
not find evidence for this state in our data, and thus provide
an upper limit on the photoproduction cross section for this
state. For the measured absolute production cross sections,
the total correlated (bin-independent) uncertainty is quoted
separately, and it is taken into account for the determination
of the provided upper limits. Given the poor overall fit
quality we do not quote the fit parameters of the lower mass
structure for this fit.

A second model (Fit B) uses instead of the PDG
averaged values for the ¢(2170) the resonance parameters
(Mmy(240)> Uy (2040)) = (2239.2 £ 13.4 MeV/c?, 139.8 +
24.0 MeV) as measured by BESIII [8]. Though this
particular observation is quoted by the PDG in the context
of the ¢(2170), the PDG does not include it in their
average. With y?/ Ng,s = 24.7/23 = 1.07, the quality of
Fit B is significantly higher than that of Fit A, mainly due to
the highly improved description of the observed structure at
about 2.2 GeV/c? [Fig. 2(b)]. Remarkably, the shape of
this enhancement matches exceptionally well with the ones

reported by BESIII and BABAR in the different production
process ete” — KTK~ [8,25].

The resultant values for the observed Y (2240) obtained
from the second model (Fit B) are shown as follows,
including the determined resonance parameters (m,T") for
the structure at about 1.8 GeV/c?:

Oy(2240) = 475 £ 70(stat) £ 93(sys) + 84(corr) pb
Z=48(55)0;  Gypa) < 658 pb (CLIO)
ox(1830) = 373 & 108(stat) & 90(sys) £ 66(corr) pb
7z = 36(37)6, 6X(1830) < 571 pb (CL90)
my(1g30) = 1828 £ 12(stat) £ 15(sys) MeV/c?
Tx(1830) = 94 & 33(stat) 4 37(sys) MeV.

The X(1830) parameters obtained from this fit are con-
sistent with those listed by the PDG for the ¢3(1850) as
well as those listed for the X(1835). However, the
¢$3(1850) has never been observed in photoproduction
nor to decay to ¢z 7z, and the decay of X(1835) to this
final state would violate G parity.

Furthermore, the X(1830) lies in the vicinity of the
K*(892)°K*(892)° threshold, and we observe a signi-
ficant contribution in the data from the topology
yp — K*(892)K*(892)p — K*K~ztz~ p. Since the cross
section is measured by fitting the m(K"K~) spectra to
obtain the ¢ yield, there is no direct contribution from this
topology [26].

The X(1830) could, however, also be generated through
the interaction between a K*(892)K*(892) pair and sub-
sequent rescattering of the outgoing KK~ pair to form a
¢(1020), which may be enhanced due to the limited phase
space available near the threshold. The observed mass of
the X(1830) is also consistent with theoretical predictions
of a dynamically generated resonance or a molecular bound
K*K* state [27,28].

When leaving the resonance parameters free for both
structures in our fit model (Fit C), the obtained Y (2240)
parameters are within uncertainties consistent with those
from Ref. [8] and the X(1830) parameters with those
obtained from Fit B. The obtained parameter values are

My(240) = 2249 £ 12(stat) + 10(sys) MeV/c?
Ty(40) = 153 + 54(stat) + 76(sys) MeV/c?
my(1g30) = 1828 £ 12(stat) £ 7(sys) MeV/c?
Tx(1s30) = 95 & 34(stat) £ 27(sys) MeV.

Our result supports the possible hypothesis that the
enhancement around 2.24 GeV/c? observed by BESIII,
BABAR, and reported here might not correspond to the
¢(2170) but could instead be a distinct resonance.
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A full partial-wave analysis could further disentangle this
five-body final state, which is beyond the scope of this Letter
and might be addressed based on a larger data set in the future.

Summary—A first measurement of the differential photo-
production cross section for the reactionyp — ¢z n~ p has
been performed with the GlueX experiment. Based on the
measured cross section, a search for the ¢(2170) and
further resonances has been performed.

We do not find evidence for ¢(2170) with the averaged
resonance parameters quoted by the PDG and thus provide
upper limits on the photoproduction cross section for this
state. We observe a structure at a mass of m(¢pn'z~) =
2.24 GeV/c?* with a statistical significance of about 5¢ that
we find consistent with previous observations in e*e”
annihilation [8,25]. The statistical significance of this state
is 5.5¢ considering only statistical uncertainties and is
reduced to 4.8c when systematic uncertainties are included.
The measured signal strength of the ¥(2240) is consistent
with theoretical predictions for photoproduction of the
¢(2170) [17]. For completeness, we provide upper limits
on the photoproduction cross section also for the ¥(2240).

We find evidence for a second structure at a mass of
m(¢patn~) =1.82 GeV/c* with a significance of more
than 30 that substantially improves the description of the
data when included in the fit model. This structure is roughly
consistent with the ¢3(1850) in the yet unobserved decay to
¢rtn~. However, this m(¢z* z~) region is also sensitive to
KK rescattering near the K*K* threshold, which could be
responsible for this structure in the cross section.
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End Matter

Appendix: Systematic uncertainties—The sources of
uncorrelated systematic uncertainties are listed and
summarized together with values for our main fit (Fit B)
in Table I. In addition, three sources for correlated syste-
matic uncertainties are considered: (i) the uncertainty of
the measured photon beam flux (5%), (ii) the syste-
matic uncertainty of track reconstruction (3% for 7% /K*

TABLE L

and 5% for p, and thus in total 4-3+5 = 17%), and
(ii1) the uncertainty quoted by the PDG on the measured
branching ratio B(¢ —» K™K~) (1%). Adding them in
quadrature yields a total correlated systematic un-
certainty do.,, = 17.8%. As discussed above, do ., is
not included in the total error bars of the data points of
the differential cross section spectra (Fig. 2).

Sources of uncorrelated (Type I) and fit-model related (Type II) systematic uncertainties, and the

resulting relative uncertainties doy 49y for Fit B (i.e., the fit with two resonances, one fixed to the parameters from
[8]). Three further sources of correlated uncertainties are considered in addition as described in the Appendix.

Source of uncertainty

Aoy(2240) [%]

Type 1 Variation of cut on y? 6.8
Variation of cut on |MM?| 2.2
Beam photon bckgrd. subtraction 2.8
m(K"K~) binning 0.1
m(K*K™) fit range for ¢-yields 1.8
¢-peak position floating 0.0
Veto ¢-signal fit around 1.08 GeV/c? 0.8
¢ fit model MC 1.2
Merging of the three data sets 0.8
Type II m(¢rtn) fit range 1.6
Background parametrization 0.6
Breit-Wigner model (rel./non-rel.) 3.5
Variation of my 240) 3.1
Variation of I'y(240) 17.0
Variation of spin in rel. BW L5
Total uncorr. systematic uncertainty 19.5
Statistical uncertainty 14.8
Total uncertainty without correlation 24.5
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