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Abstract

The cross sections of e+e— | + —hc at center-of-mass energies from 3.896 to
4.600 GeV are measured using data samples collected with the BESIII detector
operating at the Beijing Electron Positron Collider.The cross sections are found
to be of the same order of magnitude as those of e+e— ! + —J/ and ede—
I 4+ —(2S), but the line shape is inconsistent with the Y states observed in
the latter two modes.Two structures are observed in the e+e— ! + —hc cross
sections around 4.22 and 4.39 GeV/c2, which we call Y (4220) and Y (4390),
respectively. A fit with a coherent sum of two Breit-Wigner functions results
in a mass of (4218.445.5—4.5 + 0.9) MeV/c2 and a width of (66.0+12.3—8.3
+ 0.4) MeV for the Y (4220), and a mass of (4391.54+6.3—6.8 + 1.0) MeV /c2
and a width of (139.5416.2—20.6 + 0.6) MeV for the Y (4390), where the first
uncertainties are statistical and the second ones systematic. The statistical
significance of Y (4220) and Y (4390) is 10 over one structure assumption.
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Abstract

The cross sections of eTe™ — nTn~h, at center-of-mass energies from 3.896 to
4.600 GeV are measured using data samples collected with the BESIII detector
operating at the Beijing Electron Positron Collider. The cross sections are
found to be of the same order of magnitude as those of ete™ — 777~ .J /¢ and
7tr~1(25), but the line shape is inconsistent with the Y states observed in the
latter two modes.

Two structures are observed in the ete™ — w7 h, cross sections around 4.22
and 4.39 GeV/c?, which we call Y (4220) and Y (4390), respectively. A fit with a
coherent sum of two Breit-Wigner functions results in a mass of (4218.4752+0.4)
MeV/c? and a width of (66.073%% + 1.0) MeV for the Y (4220), and a mass of
(4391.5%83+0.6) MeV/c? and a width of (139.5735-2 +1.0) MeV for the Y (4390),
where the first uncertainties are statistical and the second ones systematic. The
statistical significance of Y (4220) and Y (4390) is 10o over the one structure
assumption. The product of the electronic partial width and branching fraction
(T..B); = (4.6729 £ 0.9) eV for Y (4220) and (T',,B), = (11.6739 £ 0.6) eV for
Y (4390).

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

Introduction

In the last decade, a series of charmonium-like states have been observed at
ete™ colliders. These states challenge the understanding of charmonium spec-
troscopy as well as QCD calculations [?, ?]. According to potential models,
there are five vector charmonium states between the 1D state 1(3770) and 4.7
GeV/c?, namely the 3S, 2D, 4S, 3D, and 5S states [?]. From experimental
studies, besides the three well-established structures observed in the inclusive
hadronic cross section [?], i.e., 1)(4040), ¥(4160), and (4415), five Y states, i.e.,
Y (4008), Y (4230), Y (4260), Y (4360), and Y (4660) have been reported in ini-
tial state radiation (ISR) processes eTe™ — ygpmtn ¢(2S) at the B factories
[?,2,2,7,?2, 2,7, 7] or in the direct production processes at the CLEO and
BESIII experiments [?, ?]. The overpopulation of structures in this region and
the mismatch of the properties between the potential model prediction and ex-
perimental measurements make them good candidates for exotic states. Various
scenarios have been proposed, which interpret one or some of them as hybrid
states, tetraquark states, or molecular states [?].

The study of charmonium-like states in different production processes supplies
useful information on their properties. The process ete™ — 77 h, was first
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studied by CLEO [?] at center-of-mass (c.m.) energies /s from 4.000 to 4.260
GeV. A 100 signal at 4.170 GeV and a hint of a rising cross section at 4.260
GeV were observed. Using data samples taken at 13 c.m. energies from 3.900 to
4.420 GeV [?], BESIII reported the measurement of the cross section of ete™ —
7tnh, [?]. Unlike the line shape of the process ete™ — w7 n~J/1, there is
a broad structure in the high energy region with a possible local maximum at
around 4.23 GeV in ete” — w7 h,.. Based on the CLEO measurement at
Vs = 4.170 GeV and the BESIII measurement, two assumptions were made to
describe the cross section in Ref. [?]. In both assumptions, a narrow structure
exists at around 4.23 GeV, while the situation in the high energy region is
unclear due to the lack of experimental data.

In this Letter, we present a follow-up study of ete™ — 77 h_ at c.m. energies
from 3.896 to 4.600 GeV using data samples taken at 79 energy points [?] with
the BESIII detector [?]. Two resonant structures are observed at /s = 4.22
and 4.39 GeV [hereafter referred to as Y(4220) and Y (4390)]. The integrated
luminosity at each energy point is measured with an uncertainty of 1.0% us-
ing large-angle Bhabha events [?, ?]. There are 17 energy points where the
integrated luminosities are larger than 40 pb~! (referred to as “XYZ data sam-
ple” hereafter), while the integrated luminosities for the other energy points are
smaller than 20 pb™! (referred to as “R-scan data sample” hereafter).

The c.m. energies for the XYZ data sample are measured with efe™ —
Yisr/rsri pT events with an uncertainty of 0.8 MeV [?], which is dominated
by the systematic uncertainty. A similar method is used for the R-scan data
sample with multihadron final states [?].

Event Selection and Reconstruction

In this study, the h, is reconstructed via its electric-dipole transition
h., — 7, with n, — X,, where X, is one of 16 exclusive hadronic final
states: 2(ntw7), 2(KTK™), 7ta  KYK~, wta pp, 3(n'n), KSK*r ntr,
KYK 7% 2(ztn )KYK~, Kippr®, K*Kn, wtan, 2(x 7 )y, wta 770,
and 2(r"77"). Here, the KY is reconstructed using its decay to 777, and
the 7° and 7 from the 7~ final state.

Monte Carlo (MC) simulated events are used to optimize the selection criteria,
determine the detection efficiency, and estimate the possible backgrounds. The
simulation of the BESIII detector is based on GEANT4 [?] and includes the
geometric description of the BESIII detector and the detector response. For the
signal process, we use an MC sample for ete™ — nt7h, generated according
to phase space. ISR is simulated with KKMC [?] with a maximum energy for
the ISR photon corresponding to the 77~ h,_ mass threshold.

We select signal candidates with the same method as that described in Ref. [?].
Figure 1 [Figure 1: see original paper] shows the scatter plot of the invariant
mass of the 1. candidate versus the one of the h, candidate and the invariant
mass distribution of 47, in the 7, signal region for the data sample at /s = 4.416
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GeV. A clear h, — vn, signal is observed. The 7, signal region is defined by
a mass window around the nominal 7, mass [?], which is within 50 MeV/c?
with efficiency about 84% (45 MeV/c? with efficiency about 80%) from MC
simulation for final states with only charged or K§ particles (for those including
70 or n).

We determine the number of 777~ h,_ signal events (n,,) from the 7, invari-
ant mass distribution. For the XYZ data sample, the 7, mass spectrum is
fitted with the MC simulated signal shape convolved with a Gaussian function
to reflect the mass resolution difference between the data and MC simulation,
together with a linear background. The fit to the data sample at /s = 4.416
GeV is shown in Fig. 1. The tail on the high mass side is due to events with
ISR (ISR photon undetected); this is simulated with KKMC in MC simulation,
and its fraction is fixed in the fit. For the data samples with large statistics
(Vs = 4.226, 4.258, 4.358, and 4.416 GeV), the fit is applied to the 16 7, decay
modes simultaneously with the number of signal events in each decay mode
constrained by the corresponding branching fraction [?]. For the data samples
at the other energy points, we fit the mass spectrum summed over all 1, decay
modes. For the R-scan data sample, the number of signal events is calculated
by counting the entries in the h, signal region [3.515,3.535] GeV/c? (ng,) and
the entries in the h, sideband regions [3.475,3.495] GeV/c? and [3.555,3.575]
GeV/c? (ngqe) using the formula n, = Nge — f " Ngiqe- Here, the scale factor
f = 0.5 is the ratio of the size of the signal region and the background region,
and the background is assumed to be distributed linearly in the region.

Cross Section Calculation
The Born cross section is calculated from

Nobs

o =

L+ +T) Y 6B

where n,,, is the number of observed signal events, £ is the integrated lumi-
nosity, (1 + §) is the ISR correction factor, 1 4+ II is the correction factor for
vacuum polarization [?], €, and B, are the detection efficiency and branching
fraction for the ith 7). decay mode [?], respectively. The ISR correction factor
is obtained using the QED calculation as described in Ref. [?] and taking the
formula used to fit the cross section measured in this analysis after two itera-
tions as input. The Born cross sections are summarized in the Supplemental
Material [?] together with all numbers used in the calculation of the Born cross
sections. The dressed cross sections (including vacuum polarization effects) are
shown in Fig. 2 [Figure 2: see original paper] with dots and squares for the
R-scan and XYZ data sample, respectively. The cross sections are of the same
order of magnitude as those of the 7t7=¢(25) [?, 7,7, 2,7, 7,2, 7, 7], but
follow a different line shape. The cross section drops in the high energy region,
but more slowly than for the ete™ — 77~ J /4 process.
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Systematic uncertainties in the cross section measurement mainly come from
the luminosity measurement, the branching fraction of h, — vn,, the detection
efficiency, the ISR correction factor, and the fit. The uncertainty due to the
vacuum polarization is negligible. The uncertainty in the integrated luminosity
is 1% at each energy point. The uncertainty sources for the detection efficiency
include systematic uncertainties in tracking efficiency (1% per track), photon
reconstruction (1% per photon), and K§ reconstruction (1.2% per K2). Further
uncertainties arise from the 7¥/n mass window requirement (1% per 7°/n), the
x? 4C requirement, 7, parameters and line shape, possible intermediate states
in the 7th, and 7t~ mass spectra, intermediate states in 7, decays (included
in the uncertainty from the branching fraction of 7, — X;), and the limited
statistics of the MC simulation.

The uncertainty due to the y? 4C requirement is estimated by correcting the he-
lix parameters of the simulated charged tracks to match the resolution found in
data, and repeating the analysis [?]. Uncertainties due to the 7, parameters and
line shape are estimated by varying them in the MC simulation. When produc-
ing MC events for the ete™ — 7tn~h_ process through the intermediate states
Z.(3900) or Z,.(4020), the parameters of the Z.(3900) and Z,(4020) are fixed to
the average values from the published measurements [?, ?, 7, 7, ?]. The quan-
tum numbers of both Z,(3900) and Z,(4020) are assumed to be JF = 17. The
differences in the efficiency obtained from phase space MC samples and those
with intermediate Z, states are taken as the uncertainties from possible inter-
mediate states in the 7*h,_ system. The uncertainty from intermediate states
in the 77~ system is estimated by reweighting the 7t~ mass distribution in
the phase space MC sample according to the data, and the resulting difference
in the efficiency is considered as uncertainty. The uncertainties due to data and
MC differences in the detection efficiency are determined to be between 5.5%
and 10.8%, depending on the 7, decay modes and the c.m. energy. Combining
the uncertainties for the branching fractions of 7). decays [?], the uncertainties

for the average efficiency 221 €, B, are between 6.4% and 9.1% depending on
the c.m. energy.

The uncertainty in the ISR correction is estimated as described in Ref. [?].
Uncertainties due to the choice of the signal shape, the background shape, the
mass resolution, and fit range are estimated by changing the h, and 7, resonant
parameters and line shapes in the MC simulation, changing the background
function from a linear to a second-order polynomial, changing the mass resolu-
tion difference between the data and the MC simulation by 1 standard deviation,
and by extending or shrinking the fit range.

Assuming all of the sources are independent, the total systematic uncertainty in
the m¥7~h, cross section measurement is determined to be 9.4%-13.6% depend-
ing on the c.m. energy. The uncertainty in B(h, — vn,) is 11.8% [?], common
to all energy points, and quoted separately in the cross section measurement.
Altogether, the quadratic sum of the common systematic errors at each energy
point accounts for about 95% of the total systematic error.
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Resonance Fit and Results

A maximum likelihood method is used to fit the dressed cross sections to deter-
mine the parameters of the resonant structures. The likelihood is constructed
taking the fluctuations of the number of signal and background events into
account (the definition is described in the Supplemental Material [?]). As-
suming that the #t7n~h, signal comes from two resonances, the cross section
is parametrized as the coherent sum of two constant width relativistic Breit-
Wigner functions, i.e.,

V (FeeB)IFI

m2 — M? +iM,T,

2
P(m) + et P(m)

m? — M3 + iMQFQ]

where M;, I';, and (I'..B); (j = 1,2) are the mass, total width, and product of
the electronic partial width and the branching fraction to #tnh, for the two
resonances, respectively; ¢ is the relative phase between the two Breit-Wigner
functions. The masses M;, the total widths I';, the products (T..B) ;» and the
relative phase ¢ are free parameters in the fit. Only the statistical uncertainty is
considered in the fit. There are two solutions from the fit, one of which is shown
in Fig. 2. The second solution is very close to the one shown here. This can
be proved analytically using Eq.(9) in Ref. [?], which relates the two solutions
from the fit when a sum of two coherent Breit-Wigner functions is used.

The parameters determined from the fit are M; = (4218.4"55 + 0.4) MeV/c?,
I, = (66.073%% + 1.0) MeV, and (T, B); = (4.672 £ 0.9) eV for Y (4220), and
M, = (4391.5753 £ 0.6) MeV/c?, Ty, = (139.57302 + 1.0) MeV, and (T',.B), =
(11.6739 £ 0.6) eV for Y (4390). The relative phase ¢ is (3.1707) rad. The
correlation matrix of the fit parameters shows large correlation between the
(FeeB); and ¢ (see Supplemental Material [?]).

The likelihood contours in the mass and width planes for Y (4220) and Y (4390)
are shown in Fig. 3 [Figure 3: see original paper], together with the posi-
tions of Y (4230), Y (4260), Y (4360), and 1 (4415) with the parameters taken
from the latest PDG average [?]. The low-lying resonance from the study of
ete” — wa~J /¢ at BESIII [?], marked as Y (4260)pgg in the plot, is also
compared. Y (4260), Y (4360), and 1(4415) are located outside the 30 contours,
while Y (4230) and Y (4260) gy are overlapped with the 30 contour of Y'(4220).

Fitting the dressed cross section with only one resonance yields a worse result;
the change of the likelihood value from two resonances to one resonance is
A(21In.£) = 113.5. Taking the change in the number of degrees of freedom (4)
into account, the significance for the assumption of two resonant structures over
the assumption of one resonant structure is 10o. The fit with the coherent sum
of one Breit-Wigner function and a phase space term gives a worse result as
well; the change of the likelihood value is A(21n £) = 66.8. We also fit the cross
section with the coherent sum of three Breit-Wigner functions, or the coherent
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sum of two Breit-Wigner functions and a phase space term. Both assumptions
improve the fit quality, but the significances of the third resonance and the phase
space term are only 2.60 and 2.90, respectively.

Systematic Uncertainties

The systematic uncertainties in the resonance parameters mainly come from the
absolute c.m. energy measurement, the c.m. energy spread, and the systematic
uncertainty on the cross section measurement. The uncertainty from the c.m.
energy measurement includes the uncertainty of the c.m. energy and the as-
sumption made in the measurement for the R-scan data sample. Because of the
low statistics at each energy point in the R-scan data sample, we approximate
the difference between the requested and the actual c.m. energy by a common
constant. To assess the systematic uncertainty connected with this assumption,
we replace the constant by a c.m. energy-dependent second-order polynomial.
The systematic uncertainty of the c.m. energy is common for all the energy
points in the two data samples and will propagate to the mass measurement
(0.8 MeV). The changes on the parameters are taken as uncertainty. The un-
certainty from c.m. energy spread is estimated by convoluting the fit formula
with a Gaussian function with a width of 1.6 MeV, which is the beam spread
measured by the Beam Energy Measurement System [?].

The uncertainty from the cross section measurement is divided into two parts.
The first one is uncorrelated among the different c.m. energy points and comes
mainly from the fit to the vn, invariant mass spectrum to determine the signal
yields. The corresponding uncertainty is estimated by including the uncertainty
in the fit to the cross section, and taking the differences on the parameters
as uncertainties. The second part includes all the other sources, is common
for all data points (14.8%), and only affects the I',,B measurement. Table I
summarizes the systematic uncertainty in the resonance parameters.

Summary

In summary, we measure the e"e™ — 777~ h_ Born cross section using data at 79
c.m. energy points from 3.896 to 4.600 GeV. Assuming the 77~ h, events come
from two resonances, we obtain M = (4218.4752+0.4) MeV/c?, T = (66.073%+
0.9) MeV, and (T',,B) = (4.6729 +0.8) eV for Y (4220), and M = (4391.5753 4+
0.6) MeV/c?, T' = (139.5716-2 1 1.0) MeV, and (T,,B) = (11.6*5 £ 1.9) eV for
Y (4390), with a relative phase of ¢ = (3.1707 4+ 0.2) rad. The first errors are
statistical and the second are systematic.

The parameters of these structures are different from those of Y (4260), Y (4360),
and 1(4415) [?]$. The resonance parameters of Y (4220) are consistent with
those of the resonance observed in ete™ — wx,o [?].

The two resonances observed in the efe™ — 7 n h, process are located in
the mass region between 4.2 and 4.4 GeV/c?, where the vector charmonium
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hybrid states are predicted from various QCD calculations [?, ?, ?]. The mass
of Y(4220) is lower than that of Y (4260) observed in the ete™ — ntn~J/¢
process. The smaller mass is consistent with some of the theoretical calculations
for the mass of Y/(4260) when explaining it as a D; D molecule [?, ?].

Acknowledgments

The BESIII Collaboration thanks the staff of BEPCII and the IHEP computing
center for their strong support. This work is supported in part by National Key
Basic Research Program of China under Contract No. 2015CB856700; National
Natural Science Foundation of China (NSFC) under Contracts Nos. 11235011,
11322544, 11335008, 11425524; the Chinese Academy of Sciences (CAS) Large-
Scale Scientific Facility Program; the CAS Center for Excellence in Particle
Physics (CCEPP); the Collaborative Innovation Center for Particles and Interac-
tions (CICPI); Joint Large-Scale Scientific Facility Funds of the NSFC and CAS
under Contracts Nos. U1232201, U1332201; CAS under Contracts Nos. KJCX2-
YW-N29, KJICX2-YW-N45; 100 Talents Program of CAS; National 1000 Talents
Program of China; INPAC and Shanghai Key Laboratory for Particle Physics
and Cosmology; German Research Foundation DFG under Contracts Nos. Col-
laborative Research Center CRC 1044, FOR 2359; Istituto Nazionale di Fisica
Nucleare, Italy; Joint Large-Scale Scientific Facility Funds of the NSFC and
CAS under Contract No. U1532257; Joint Large-Scale Scientific Facility Funds
of the NSFC and CAS under Contract No. U1532258; Koninklijke Nederlandse
Akademie van Wetenschappen (KNAW) under Contract No. 530-4CDP03; Min-
istry of Development of Turkey under Contract No. DPT2006K-120470; NSFC
under Contract No. 11275266; The Swedish Research Council; U. S. Depart-
ment of Energy under Contracts Nos. DE-FG02-05ER41374, DE-SC-0010504,
DE-SC0012069, DESC0010118; U.S. National Science Foundation; University of
Groningen (RuG) and the Helmholtzzentrum fuer Schwerionenforschung GmbH
(GSI), Darmstadt; WCU Program of National Research Foundation of Korea un-
der Contract No. R32-2008-000-10155-0.

References

[1] For a recent review, see N. Brambilla et al., Eur. Phys. J. C 71, 1534 (2011).

[2] R. A. Briceno et al., Chin. Phys. C 40(4), 042001 (2016).

K. A. Olive et al. (Particle Data Group), Chin. Phys. C 38(9), 090001
14); C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40(10),

100001 (2016).

| B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 95, 142001 (2005).

| C. Z. Yuan et al. (Belle Collaboration), Phys. Rev. Lett. 99, 182004 (2007).

| B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett. 98, 212001 (2007).

] X. L. Wang et al. (Belle Collaboration), Phys. Rev. Lett. 99, 142002 (2007).

| J. P. Lees et al. (BaBar Collaboration), Phys. Rev. D 89, 111103 (2014).

| X. L. Wang et al. (Belle Collaboration), Phys. Rev. D 91, 112007 (2015).

0] J. P. Lees et al. (BaBar Collaboration), Phys. Rev. D 86, 051102(R) (2012).

chinarxiv.org/items/chinaxiv-201711.02324 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.02324

ChinaRxiv [$X]

Z. Q. Liu et al. (Belle Collaboration), Phys. Rev. Lett. 110, 252002 (2013).
T. E. Coan et al. (CLEO Collaboration), Phys. Rev. Lett. 96, 162003

)-
M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett. 114, 092003

).
H. X. Chen, W. Chen, X. Liu, and S. L. Zhu, Phys. Rep. 639, 1 (2016).
T. Pedlar et al. (CLEO Collaboration), Phys. Rev. Lett. 107, 041803

=2}

11]
12]
200
13]
201
4]
5]
2011)

[16] The data samples are the same as those used in this study except at 4.420
GeV. At 4.420 GeV, more data has been collected and analysed. Besides, the CM
energies at all energy points have been remeasured using et e~ — ygp /FSR;ﬁ wo
events, and found to be a few MeV smaller.

[17] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett. 111, 242001
(2013).

[18] C. Z. Yuan, Chin. Phys. C 38(4), 043001 (2014).

[19] See supplemental material at [URL will be inserted by publisher| for a
summary of number of signal events, luminosity, and Born cross section at each
energy point, the definition of the likelihood used in the fit to the dressed cross
section, and the correlation matrix of the fit parameters from the fit.

[20] M. Ablikim et al. (BESIII Collaboration), Nucl. Instrum. Meth. A 614,
345 (2010).

[21] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 39(9), 093001
(2015).
[22] M. Ablikim et al. (BESIII Collaboration), arXiv:1702.04977.

[23] M. Ablikim et al. (BESIII Collaboration), Chin. Phys. C 40(6), 063001
(2

[

(S

[
[
(
[
(
1
1
(

016).
24] M. Ablikim et al. (BESIII Collaboration), “Measurement of the center-of-
mass energies for R scan experiment” , paper in preparation.
[25] S. Agostinelli et al. (GEANT4 Collaboration), Nucl. Instrum. Meth. A
506, 250 (2003).
[26] S. Jadach, B. F. L. Ward and Z. Was, Comp. Phys. Commun. 130, 260
(2000); Phys. Rev. D 63, 113009 (2001).
[27] M. Ablikim et al., (BESIII Collaboration), Phys. Rev. D 86, 092009 (2012).
[28] S. Actis et al., Eur. Phys. J. C 66, 585 (2010).
[29] E. A. Kuraev and V. S. Fadin, Sov. J. Nucl. Phys. 41, 466 (1985) [Yad.
Fiz. 41, 733 (1985).]
30] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. D 87, 012002 (2013).
31] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett. 110, 252001

[

[

(2013).

[32] T. Xiao, S. Dobbs, A. Tomaradze and K. K. Seth, Phys. Lett. B 727, 366
(2013).

[33] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett. 112, 022001
(2014).

[34] K. Zhu, X. H. Mo, C. Z. Yuan and P. Wang, Int. J. Mod. Phys. A 26, 4511
(2011).

[35] M. Ablikim et al. (BESIII Collaboration), arXiv:1611.01317[hep-ex].

chinarxiv.org/items/chinaxiv-201711.02324 Machine Translation


https://chinarxiv.org/items/chinaxiv-201711.02324

ChinaRxiv [$X]

[36] E. V. Abakumova et al., Nucl. Instrum. Meth. A 659, 21 (2011).

[37] L. Liu et al. (Hadron Spectrum Collaboration), J. High Energy Phys. 07,
126 (2012).

[38] T. Barnes, F. E. Close, and E. S. Swanson, Phys. Rev. D 52, 5242 (1995); P.
Guo, A. P. Szczepaniak, G. Galata, A. Vassallo and E. Santopinto, Phys. Rev. D
78, 056003 (2008); Yu. S. Kalashnikova and A. V. Nefediev, Phys. Rev. D 77,
054025 (2008).

[39] Y. Chen, W. F. Chiu, M. Gong, L. C. Gui, and Z. F. Liu, Chin. Phys. C
40(8), 081002 (2016).

[40] M. Cleven, Q. Wang, F. K. Guo, C. Hanhart, U. G. Meiflner, and Q. Zhao,
Phys. Rev. D 90, 074039 (2014).

[41] T. W. Chiu and T. H. Hsieh (TWQCD Collaboration), Phys. Rev. D 73,
094510 (2006).

Appendices
Cross section of efe™ — 1 h,

The number of signal events n,.., the luminosity £, the product of the initial

state radiation correction factor and average efficiency (1 + 9) Zil ¢;B;, and
the Born cross section og for XYZ data sample and R-scan data sample are
summarized in Table IT and Table III. The average efficiency is smaller for the
R-scan data sample than for the XYZ data sample due to the different methods
used in determining the number of signal events.

TABLE II. efe™ — 7w h, cross sections from XYZ data sample

The first errors are statistical, the second ones systematic uncertainty except
the uncertainty in B(h, — 77,), and the third errors are from the uncertainty
in B(h, = vn,).

V5 (GeV) £ (pb) (1+0)X.5, &3, (%) o5 (pb)

3.896 52.0 1.5779 6.8"51+
2.0

4.008 52.0 1.0725 +2.0_; 3+
3.1

4.090 52.0 0.52¢ +8.0_5 9%
16.6

4.170 52.0 1.0 38 +12.5_g g+
40.7

4.190 52.0 1.573:8 +12.3 ¢ o+
43.2

4.210 52.0 1.5722 +13.2_g o+
39.9
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Vs (GeV) £ (pb7!) (L+6)>,_, &B; (%) op (pb)

4.220 52.0 2.0150 +12.5_g 6+
65.0

4.226 52.0 0.5%2¢ +15.6_19 9%+
45.5

4.240 52.0 05751 +12.9 g o+
19.3

4.258 52.0 10735 +6.9_5 1+
0.9

4.308 52.0 .50} +5.3 55+
15.1

4.358 52.0 2.075:5 +11.2_5 1+
7.2

4.416 566.9 6.5782 +2.3 5 0%+
23.6

4.600 52.0 .08 +7.2_5 74
25.3

TABLE IIL. e"e” — nfn h, cross sections in R-scan data sample

The errors are statistical only. The systematic uncertainty is 18.0%, and com-
mon for all energy points.

Vs 9B
(GeV)  £(b ) gy g (1407 6B, (%) (pb)
3.900 52.0 1549 1.0%28 05120 28.072-8
4.000 52.0 L0234 05728 1.0 1891151
4.050 52.0 0526 1028 15730 8.8M10%
4.100 52.0 10728 1.5%36 15429 18.57518
4.150 52.0 15730 1529 90+27 27.24550
4.200 52.0 15729 20727 05720 25.37558
4.250 52.0 2.0°27 05128 05751 34.07535
4.300 52.0 0526 05731 10723 8.1M11%
4.350 52.0 0531 1028 15719 3.503%8
4.400 52.0 10728 15712 2,035 1757558
4.450 52.0 L5712 2,050 65742 2551315
4.500 52.0 20130 65752 1.0%23 34.27503
4.550 52.0 65742 1.0"28 05130 109.47797
4.600 52.0 10728 05730 258 18.7153-0
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Definition of likelihood function

In the maximum likelihood fit to the dressed cross sections of ete™ — 77~ h,,
the likelihood is defined as:

£(Nsig§P) = H Li(ﬂsig§Pi) H Lj(lu’sig;pj>7

J

where p;, is the expected number of signal events, p; and p; are the parameters
in the likelihood functions. L, and L; are the likelihood functions for the XYZ
and R-scan data samples, respectively.

The likelihood functions for the XYZ and R-scan data samples are defined dif-
ferently due to the different statistics of the samples. For the XYZ data sample,
where the statistics is large, the likelihood function is described by an asymmet-
ric Gaussian function

2 (usig*mi)z]
—_— X _—— o <<my;s
L. = G( o o ) _ V2T (0106 +0right) b [ 2074, 1 Hsig v
i Nsig’ 10 Yleftr Yright/) — (tgie—m;)>
—— 2 exp |—tas, ML iy = M
V27(01ep +0ight) QUgight ’ sig = et

By scanning the number of h, signal events in the fit to the 7, invariant mass
spectrum, the likelihood value as a function of expected signal events pg, is
obtained. The parameters of the Gaussian function are determined from a fit
to the likelihood distribution.

For the R-scan data sample, the likelihood is defined as:

Lj(ILLSig; Nsig7 Nside) = / P(Nsig; usig + /J‘bkg)P(Nside; Mbkg)d:u’bkg

where P(N;p) = p™e # is the Poisson distribution, Isig and fu,, are the
expected number of signal and background events, respectively.
Correlation matrix from the fit to the cross section

The correlation matrix of the fit parameters from the fit to the dressed cross
sections of ete™ — w7 h, is:

Parametdd; I'; (T..B), M, T, (ToeB)y 10)
M, 1.00 -0.12  -0.08 0.05 -0.03 -0.02 0.04
r, - 1.00 0.85 - 0.03 0.02 -
0.12 0.04 0.05
(T,.B),- 085  1.00 - 002 001 -
0.08 0.03 0.78
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Parametdd;, I, (F'eeB)y M, Ty (F'eeB)a ¢
M, 0.05 -0.04 -0.03 1.00 -0.15  -0.10 0.06
I, - 0.03 0.02 - 1.00 0.88 -
0.03 0.15 0.07
(T.eB)y - 0.02 0.01 - 0.88 1.00 -
0.02 0.10 0.82
0] 0.04 -0.05 -0.78 0.06 -0.07 -0.82 1.00

where M;, T';, and (I'..B); (j = 1,2) are the mass, the total width, and the
product of the electronic partial and the branching fraction to 7t~ h, for the
two resonances, respectively; ¢ is the relative phase between two Breit-Wigner

functions.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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