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The cross sections affe™ — 777~ h. at center-of-mass energies from 3.896 to 4.600 GeV are mea-
sured using data samples collected with the BESIII detemperating at the Beijing Electron Positron Col-
lider. The cross sections are found to be of the same ordemghitude as those ef'e~ — 77~ J/¢ and
ete” — ntn4(29), but the line shape is inconsistent with thestates observed in the latter two modes.
Two structures are observed in thEe™ — 77~ h. cross sections around 4.22 and 4.39 G&Wvhich we
call Y'(4220) andY (4390), respectively. A fit with a coherent sum of two Breit-Wignenttions results in a
mass 0f(4218.4 + 4.0 & 0.9) MeV/c* and a width of(66.0 4 9.0 & 0.4) MeV for the Y (4220), and a mass
of (4391.6 + 6.3 4 1.0) MeV/c? and a width 0f(139.5 4+ 16.1 & 0.6) MeV for the Y (4390), where the first
uncertainties are statistical and the second ones systemat

PACS numbers: 14.40.Rt, 14.40.Pq, 13.66.Bc, 13.25.Gv

In the last decade, a series of charmonium-like states hau@ESIII reported the measurement of the cross section of
been observed atte~ colliders. These states challenge ete™ — 7T 7 h, [Iﬂ]. Unlike the line shape of the pro-
the understanding of charmonium spectroscopy as well asessete™ — w7~ .J/+, there is a broad structure in the
QCD calculations|]1[|2]. According to potential models, high energy region with a possible local maximum at around
there are five vector charmonium states between IiHe 4.23 GeV inete~ — wtn—h.. Based on the CLEO mea-
mass threshold and 4GeV/c?, namely the3S, 2D, 45,  surement at/s = 4.170 GeV and the BESIII measurement,
3D, and5S states |I|1]. From experimental studies, besideswo assumptions were made to describe the cross section in
the three well established structures observed in the dncluref. @]. In both assumptions, a narrow structure exists at
sive hadronic cross section [3le., ©¥(4040), ¥(4160), and  around 4.23 GeV, while the situation in the high energy re-
1 (4415), five Y states,i.e., Y (4008), Y (4230), Y (4260),  gionis unclear due to the lack of experimental data.

Y (4360), andY (4660) have been reported in initial state ra-
diation (ISR) processese™ — yisrntn—J/ orete™ — In this Letter, we present a follow-up study efe~ —
yisrmta(29) at the B-factories|[4=11] or in the di- 77 h. at CM energies from 3.896 to 4.600 GeV using
rect production processes at the CLEO and BESIII experidata samples taken at 79 energy poihts [19] with the BE-
mentsEB] The overpopulation of structures in thissagi  SlII detector ]. Two resonant structures are observed at
and mismatch of the properties between the potential mode)/s = 4.22 and 4.39 GeV (hereafter referred to ¥i$4220)
prediction and experimental measurements make them godndY (4390)). The integrated luminosity at each energy point
candidates for exotic states. Various scenarios have been p is measured with an uncertainty of 1.0% using large-angle
posed, which interpret one or some of them as hybrid state§habha events [21, P2]. There are 17 energy points where
tetraquark states, or molecular stafes [14]. the integrated luminosities are larger than 40 plreferred

to as XY Z data sample’ hereafter), while the integrated lu-

The study of charmonium-like states in different produc-minosities for the other energy points are smaller than 20 pb
tion processes supplies useful information on their proper(referred to as ‘R-scan data sample’ hereafter). The CM en-
ties. The process™e~ — wT7~h. was first studied by ergies for theXY Z data sample are measured withe™ —
CLEO [E] at center-of-mass (CM) energig& from 4.000  ~yisgr/rsrpe’ 1~ €vents with an uncertainty f0.8 MeV [Iﬁ],
t0 4.260 GeV. AlOo signal at 4.170 GeV and a hint of arising which is dominated by the systematic uncertainty. A sim-
cross section at 4.260 GeV were observed. Using data sarilar method is used for the R-scan data sample with multi-
ples taken at 13 CM energies from 3.900 to 4.420 ceV [16]hadron final stateéf[_i%]. In this study, the is reconstructed



via its electric-dipole transitioh, — ~n. with n. — X;, The Born cross section is calculated from

where X; is one of 16 exclusive hadronic final statesp, obs

2(rtr), 2(KTK™), ntn~ KYK~, mtn pp, 3(rtn7), ob = = he ,
20T )KTK—, KYK*7F, KIK*nFntr—, K*K— 7", L(140)[1+112 372, eB(ne — X3)B(he — ¥1c)

ppr®, KYK—n, ntr=n, 2(zxt77 )y, nwtn 7% and
2(r 7~ xw0). Here, theK} is reconstructed using its decay
to 777, and ther® andy from the~~ final state.

wheren;"* is the number of observed signal eventsis the
integrated luminosity,1 + &) is the ISR correction factor ob-
tained using the QED calculation as described in Ref. [28] an
taking the formula used to fit the cross section measuredsin th

Monte Carlo (MC) simulated events are used to optimizeanalysis after two iterations as inpjit;+I1|? is the correction
the selection criteria, determine the detection efficieacyl ~ factor for vacuum polarization [29}; andB(n. — X;) are
estimate the possible backgrounds. The simulation of théhe detection efficiency and branching fraction for tkta 7,
BESIII detector is based oGEANT4 @] and includes the decay mode@?]B(hc — 7n.) is the branching fraction of
geometric description of the BESIII detector and the detech, — 1. [3]. The Born cross sections are shown in Fih. 2
tor response. For the signal process, we use a sample @fith dots and squares for R-scan akid”Z data sample, re-
ete” — 77~ h. MC events generated according to phasespectively, and the results are summarised in the supplanen
space. ISR is simulated witkmc [2€] with a maximumen-  material ] together with all numbers used in the caléakat
ergy for the ISR photon corresponding to thér—h. mass  of the Born cross sections.

threshold. Systematic uncertainties in the cross section measurement

mainly come from the luminosity measurement, the branching
We select signal candidates with the same method as théfaction ofh. — 7. andn. — X, the detection efficiency,
described in Ref[ [17]. Figuf@ 1 shows the scatter plot of thehe ISR correction factor, and the fit. The uncertainty due to
invariant mass of the). candidate versus the one of the  the vacuum polarization is negligible. The uncertaintyria t
candidate for the data sample @& = 4.416 GeV, as well  integrated luminosity is 1% at each energy point. The uncer-
as the invariant mass distribution of). in the 7, signal re-  tainty sources for the detection efficiency include systi&na
gion. A clearh, — 7. signal is observed. Theg. signal  uncertainties in tracking efficiency (1% per track), photen
region is defined by a mass window around the nomipal construction (1% per photon), ardd? reconstruction (1.2%
mass [[B], which ist50 MeV/c* with efficiency about 84% per K2). Further uncertainties arise from th&/n mass win-
(45 MeV/c? with efficiency about 80%) from MC simula- dow requirement (1% per®/n), the x3, requirementy,. pa-
tion for final states with only charged dt$ particles (for rameters and line shape, possible intermediate statesin th

those includingr® or ). 7*h. andrt 7~ mass spectra, and the limited statistics of the
MC simulation.
We determine the number aft 7~ h.. signal eventsi(;">*) The uncertainty due to thg?. requirement is estimated

from the~n. invariant mass distribution. For th€Y Z data by correcting the helix parameters of the simulated charged
sample, theyn. mass spectrum is fitted with the MC sim- tracks to match the resolution found in data, and repealiag t
ulated signal shape convolved with a Gaussian function t@malysis@_b]. Uncertainties due to theparameters and line
reflect the mass resolution difference between the data anshape are estimated by varying them in the MC simulation.
MC simulation, together with a linear background. The fitwhen producing MGete~ — 7t~ h, events through the

to the data sample af's = 4.416 GeV is shown in Figlll  intermediate stateg.(3900) or Z.(4020), the parameters of
(right). The tail on the high mass side is due to events withthe Z.(3900) and Z.(4020) are fixed to the average values
ISR; this is simulated wittkkmc in MC, and its fraction  from the published measurements[11,[17/31-33]. The quan-
is fixed in the fit. For the data samples with large statisticgsum numbers of botlZ,.(3900) and Z.(4020) are assumed
(v/s = 4.226, 4.258, 4.358, and 4.416 GeV), the fit is ap-to be J” = 1*. The differences in the efficiency obtained
plied to the 16). decay modes simultaneously with the num-from phase space MC samples and those with intermedjate
ber of signal events in each decay mode constrained by th&ates are taken as the uncertainties from possible intirme
corresponding branching fraction [27]. For the data sampleate states in the*h,. system. The uncertainty from interme-
at the other energy points, we fit the mass spectrum summeflate states in thet~— system is estimated by re-weighting
over all 7. decay modes. For the R-scan data sample, théne ™7~ mass distribution in the phase space MC sample
number of signal events is calculated by counting the enaccording to the data, and the resulting difference in tfie ef
tries in theh, signal region [3.515, 3.535] Ge* (n¥8) and  ciency is considered as uncertainty. The uncertaintiesalue
the entries in thé,. sideband regions [3.475, 3.495] G&Y  data/MC differences in the detection efficiency are deteeati
and [3.555, 3.575] GeXt? (n*'°) using the formulasy™ = to be between 5.5% and 10.8%, depending onvthdecay
nsie — f.pside Here, the scale factgr = 0.5 is the ratio ofthe  modes and the CM energy. Combining the uncertainties for
size of the signal region and the background region, and ththe branching fractions of. decays], the uncertainties for
background is assumed to be distributed linearly in theoregi the average efficiencyji1 e;B(n. — X;) are between 6.4%

of interest. and 9.1% depending on the CM energy.
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FIG. 1. (eft pane) Scatter plot of the mass of thg candidate)M,,. versus the mass of the. candidatel/,,. . (right pane) Distribution of

M., for events in the. signal region. Points with error bars show the datg/at= 4.416 GeV and the curves are the best fit described in
the text.

The uncertainty in the ISR correction is estimated as dein the fit. There are two solutions from the fit, one of them
scribed in Ref.|[31]. Uncertainties due to the choice of theis shown in Fig[ 2. The second solution is very close to
signal shape, the background shape, the mass resolutidn, athe one shown here. This can been proved analytically as
fit range are estimated by changing the and . resonant derived in Ref. |f3|4], which relates the two solutions from
parameters and line shapes in the MC simulation, changinthe fit when a sum of two coherent Breit-Wigner functions
the background function from a linear to a second-orderpolyis used. The parameters determined from the fit/dre =
nomial, changing the mass resolution difference between th(4218.4 & 4.0) MeV/c?, I'; = (66.0 4 9.0) MeV, andl'§! =
data and the MC simulation by one standard deviation, and by4.6 + 4.1) eV for Y (4220), My = (4391.6 + 6.3) MeV/c?,
extending or shrinking the fit range. I'y = (139.5 £+ 16.1) MeV, andT§! = (11.8 £ 9.7) eV for

Assuming all of the sources are independent, the total sys}—; Egﬁg? m;::i( rght[:\éefﬁ haasrzrlr?egt?e).rls ihlol\?v)sr;c:. engrfgt;tio
tematic uncertainty in the™ = h. cross section measurement P

el H
is determined to be 9.4%-13.6% depending on the CM energ)l;.etween thé's" and¢ (see supplemental material {19]).

The uncertainty i3(h. — y7.) is 11.8%[[__13], common to all Fitting the dressed cross section with only one resonance
energy points, and quoted separately in the cross sectian meyields a worse result, the change of the likelihood valuenfro
surement. Altogether, about 95% of the total systematarsrr two resonances to one resonanceAs—2InL) = 113.5].

are common to all the energy points. Taking the change in the number of degrees of freedom (4)

A maximum likelihood method is used to fit the dressedinto account, the significance for the assumption of tworeso
cross sections (with vacuum polarization effects) to deiee nant structures over the assumption of one resonant steuctu
the parameters of the resonant structures. The likelihsod i'sf 120 Vgle ilf;\)/_ fit th? crot_ss sectum W'thhthe cto herentf fum
constructed taking the fluctuations of the number of signdl a g ) h\j\?’ relf- 'gher un((:j 'Oni’ or the coneren Bsurr? ot two
background events into account (the definition is descriibed reit-Wigner functions and a phase space term. Both assump-
the supplemental materiiﬂlg]) Assuming that ther— A tions improve the fit quality, but the significances of thedhi

. C
signal comes from two resonances, the cross section is paraﬁgsonar_\cel and the phase space term areDédyand2.90,
eterized as the coherent sum of two constant width relétvis "SSPECtVely.

Breit-Wigner functionsi.e., The systematic uncertainties in the resonance parameters
mainly come from the absolute CM energy measurement, the

B P(m) ib P(m) CM energy spread, and the systematic uncertainty on the cros

o(m) = [Bi(m) - P(M;) +eBa(m) - p(M2)| ’ section measurement. The uncertainty from the CM energy

measurement includes the uncertainty of the CM energy and

[To T ) i the assumption made in the measurement for R-scan data sam-
where B;(m) = Wﬁmﬁg with j = 1 or 2is the ple. Due tothe low statistics at each energy pointin thed@sc
Breit-Wigner function, and?(m) is the 3-body phase space data sample, we approximate the difference between the re-
factor. The massed/;, the total widthsI';, the products quested and the actual center-of-mass energy by a common
of the electronic partial width and the branching fraction t constant. To assess the systematic uncertainty conneitted w
7t he Fjl = (De+e-B(mTm~he));, and the relative phase this assumption, we replace the constant by a CM energy-
¢ between the two Breit-Wigner functions are free paramedependent second-order polynomial. The systematic uncer-
ters in the fit. Only the statistical uncertainty is conseter tainty of the CM energy is common for all the energy points
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FIG. 2. Fit to the dressed cross sectioredk™ — 77~ h. with the coherent sum of two Breit-Wigner functions (solithee). The dash
(dash-dot) curve shows the contribution from the two stmegY (4220) (Y (4390)). The dots with error bars are the cross sections for R-scan
data sample, the squares with error bars are the crossreefuioX' Y Z data sample. Here the error bars are statistical uncertaiy.

and will propagate to the mass measurement (0.8 MeV). Thé1391.6 +£6.3+1.0) MeV/c?, T = (139.5+16.1+0.6) MeV,
changes on the parameters are taken as uncertainty. The lamrdI® = (11.8 4+ 9.7 + 1.9) eV for Y (4390), with a rel-
certainty from CM energy spread is estimated by convolutative phase ofp = (3.1 + 1.5 £ 0.2) rad. The parame-
ing the fit formula with a Gaussian function with a width of ters of these structures are different from thos& ¢1260),

1.6 MeV, which is beam spread, measured by the Beam Erl¥(4360), and 1)(4415) [3]. The resonance parameters of
ergy Measurement SysteﬂSS]. The uncertainty from theY (4220) are consistent with those of the resonance observed
cross section measurement is divided into two parts. Thte firsn ete™ — wy.o [IE].

one is uncorrelated among the different CM energy points and
comes mainly from the fit to ther, invariant mass spectrum
to determine the signal yields. The corresponding ungdstai

is egtimated by includingt_he uncertainty in the fit to thessro various QCD calculations[[_h 7]. The mass16f4220)
secthn,_ and taking the dn‘fergnces on the parameters. as Uk |ower than that ofY"(4260) observed in the-te— —
certainties. The seconc_i part includes all the other souiges x+7J /4 process. The smaller mass is consistent with some
common for all data points (14'_8%)' and only aff?as Trie . of the theoretical calculations for the massYaf4260) when
measurement. Table | summarizes the systematic uncertain

) Lxplaining it as aD, D molecule 9].
in the resonance parameters. P 9 ! 351301
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where the vector charmonium hybrid states are predicted fro



TABLE I. The systematic uncertainty in the measurement efrésonance parameters, whefé = T'_, ._ B(7 "7~ h.) is the product of
the electronic partial width and the branching fractionrtor ~h.. CM energy represents the uncertainty from the systematic unceytaint
of CM energy measurement and CM enérgy the uncertainty from assumption made in the measurenfeBMoenergy for R-scan data
sample. Cross sectidf) represents the uncertainty from the systematic unceigaiof the cross section measurement which are un-cordelate

(common) in each energy point.

Sources Y'(4220) ¥'(4390) ¢ (rad)
M (MeV/c?) T (MeV) I' (eV)| M (MeV/c?) T (MeV) I (eV)

CM energy® 0.8(0.1) —(0.1) —(0.2) 0.8(0.1) —(0.2) —(0.3) [—(0.1)
CM energy spread 0.1 0.3 0.3 0.1 0.1 0.7 0.1
Cross sectiof?) 0.1(—) —(=)  0.200.7) 0.6(—) 0.5(—)  0.4(1.7)]0.1(-)

Total 0.9 0.4 0.8 1.0 0.6 1.9 0.2
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