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Abstract

Hadronic transitions of x.; — n.wtn~ (J = 0, 1, 2) are searched for using a sample of 1.06 x
10% 1(3686) events collected with the BESIII detector at the BEPCII storage ring. The 7. is
reconstructed with K gK +7F and KT K~ 70 final states. No signals are observed in any of the three
XeJ States in either 7. decay mode. At the 90% confidence level, the upper limits are determined
to be B(xeco — ner ™) < 0.07%, B(xer — nertn™) < 0.32%, and B(xe2 — nertn™) < 0.54%.
The upper limit of B(xc1 — nem 77 ) is lower than the existing theoretical prediction by almost an
order of magnitude. The branching fractions of y.; = KYK*n¥Trtr™, KT K ntn 7% wKTK~

and ¢grt7~ 7Y (J =0, 1, 2) are measured for the first time.

PACS numbers: 13.20.Gd, 13.25.Gv, 14.40.Pq



I. INTRODUCTION

Heavy quarkonia, both ¢ and bb bound states, have provided good laboratories for the
study of the strong interaction [1, 2|. For the hadronic transitions between the heavy quarko-
nium states, Yan [3] characterized it as the emission of two soft gluons from the heavy quarks
and the conversion of gluons into light hadrons. Based on this scheme, a series of decay rates,
such as the E1-E1 hadronic transition, E1-M1 hadronic transition, M1-M1 hadronic transi-
tion have been calculated [4, 5]. It has been shown that the multipole expansion can make
quite successful predictions for many hadronic transitions between the heavy quarkonia [1, 6].
However, most of these studies are for the transitions among the 3S; states; the hadronic
transitions of 3 P; states are seldom explored. Using a sample of Y(35), CLEO measured for
the first time the transition rate of P-wave bottomonium x,;(2P) — xps(1P)77w [7], and the
results are consistent with the theoretical predictions [5]. For the hadronic transition of the
P-wave charmonium states, there is only an upper limit of 2.2% at the 90% confidence level
(C.L.) on the x. — ner™ ™ transition rate recently reported by the BaBar experiment [8].
The process x. — n.mm, which is dominated by an E1-M1 transition, is calculated in the
multipole expansion formalism, and a transition rate B(x. — n.nm) = (2.72 £ 0.39)% is
predicted [9], while the process x.o — 1.7 "7~ is suppressed by spin-parity conservation.

In this article, we search for x.; — n.m "7~ with 7. decays into KgK*rF and K™K~ 7Y,
where the K3 is reconstructed in 777~ and 7° in 47 final states. We also report the first
measurement of the branching fractions of x.; — KSK*rTntn~, Kt K ntr 70 wKTK~,

and ¢rTm~ 7%, Here the y.; originates from the E1 transition ¢(3686) — yxcs.

II. THE EXPERIMENT AND DATA SETS

The data sample for this analysis consists of 1.06 x 10% events produced at the peak of
the 1)(3686) resonance [10]; an additional 42 pb~! of data were collected at a center-of-mass
energy of /s=3.65 GeV to determine non-resonant continuum background contributions.
The data are accumulated with the BESIII detector operated at the BEPCII ete™ collider.

The BESIII detector, described in detail in Ref. [11], has an effective geometrical accep-
tance of 93% of 47. It contains a small cell helium-based main drift chamber (MDC) which

provides momentum measurements of charged particles; a time-of-flight system (TOF) based



on plastic scintillator which helps to identify charged particles; an electromagnetic calorime-
ter (EMC) made of Csl (T1) crystals which is used to measure the energies of photons
and provide trigger signals; and a muon system (MUC) made of Resistive Plate Chambers
(RPC). The resolution of the charged particles is 0.5% at 1 GeV/c in a 1 Tesla magnetic
field. The energy loss (dE/dx) measurement provided by the MDC has a resolution better
than 6% for electrons from Bhabha scattering. The photon energy resolution can reach 2.5%
(5%) at 1 GeV in the barrel (endcaps) of the EMC. And the time resolution of TOF is 80 ps
in the barrel and 110 ps in the endcaps.

Monte Carlo (MC) simulated events are used to determine the detection efficiency, op-
timize the selection criteria, and study the possible backgrounds. The simulation of the
BESIII detector is GEANT4 [12] based, where the interactions of the particles with the de-
tector material are simulated. The (3686) resonance is produced with KkMC [13], while
the subsequent decays are generated with EVTGEN [14]. The study of the background is
based on a sample of 10® ¢)(3686) inclusive decays which are generated with known branch-
ing fractions taken from the Particle Data Group (PDG) [15], or with LUNDCHARM [16] for

the unmeasured decays.

III. EVENT SELECTION

A charged track should have good quality in the track fitting and be within the angle
coverage of the MDC, | cosf| < 0.93. Each charged track (excludes those from K2 decays)
is required to be within 1 ¢cm of the eTe™ annihilation interaction point (IP) transverse to
the beam line and within 10 cm of the IP along the beam axis. Charged-particle iden-

tification (PID) is based on combining the dE/dz and TOF information in the variable

( dE/dxmeasured _dE/dxexpected )2 _I_ ( TOF neasured _TOFexpected )
OdE/dx OTOF

o (1) = 2. The values x3p(i) and the
corresponding confidence levels Probpip (i) are calculated for each charged track for each
particle hypothesis ¢ (pion, kaon, or proton).

Photons are reconstructed from isolated showers in the EMC which are at least 20 degrees
away from any of the charged tracks. In order to improve the reconstruction efficiency and
the energy resolution, the energy deposited in the nearby TOF counter is included. Photon
candidates are required to have the energy greater than 25 MeV in the EMC barrel region

(| cos @] < 0.8), while in the EMC endcap region (0.86 < | cosf| < 0.92), the energy threshold



requirement is increased to 50 MeV. EMC timing requirements are used to suppress noise
and energy deposits unrelated to the event.

K? candidates are reconstructed from secondary vertex fits to all the charged-track pairs
in an event (assume the tracks to be 7). The combination with the best fit quality is kept, and
the K2 candidate must have an invariant mass within 7 MeV /c? of the K nominal mass and
the secondary vertex be at least 0.5 cm away from the IP. The reconstructed K2 information
is used as input for the subsequent kinematic fit. The 7% candidates are reconstructed from
pairs of photons with an invariant mass in the range 0.120 GeV /c* < M (y7y) < 0.145 GeV /2.

In selecting (3686) — YKIK*rFatr~, a candidate event should have at least six
charged tracks and at least one photon. After Ko selection, the event should have ex-
actly four additional charged tracks with zero net charge. While in selecting ¢(3686) —
yKt*K-7t7~ 7% a candidate event should have four charged tracks with zero net charge
and at least three photons. The yKoK*nFrtr™ (yKT™K - 7Tn~7°) candidate is then sub-
jected to a four-constraint (4C) kinematic fit provided by four-momentum conservation to
reduce background and improve the mass resolution. To determine the species of the final
state particles and select the best photons when additional photons (and 7° candidates)
are found in an event, the combination with the minimum value of x? is retained. Here
X* = Xic + X1 Xpp(j) is the sum of the chi-square from the 4C kinematic fit (yj) and
that of PID. Events with x3. < 50 are kept as yKoKEn¥rTn~ (yKTK - nt7 ) candi-
dates.

There is substantial background from (3686) — X + J/v¢ decays. The 1(3686) —
wtm~J/1 events are removed by requiring the recoil mass of any #*7~ pair to be outside
of a +£30 window around the .J/t¢ nominal mass, where o is the resolution of the 77~
recoil mass. The ¥(3686) — nJ/v, n — yrT7~ events are rejected if 0.535 GeV/c? <
M(yrtn™) < 0.555 GeV/c?2. To reject background with one more photon than the signal
events (yYKeK*=nFrtn~ or yyKTK-ntn~ 7%, 3¢ > 10 is required when a 4C kine-
matic fit to YKo KEaFrTn~ or yyK+K-ntm~ 70 is applied to the event; and to suppress
¥(3686) — 70T/, J/vv — KTK - 7tr~ background, M(KTK ntn~) > 3.125 GeV/c?
or M(KTK-nt7r™) < 3.095 GeV/c? is required.

In the measurement of B(x.; — K™K 7 7~ x"), the contributions from intermediate
states with narrow resonances such as 7, w, and ¢ are excluded. Events from y.; — nKTK™,

Xes = WKTK™, xeg — ¢ KTK~, and x.; — ¢nTn~ 70 are removed by requiring |m+ ;-0 —



my,| > 15 MeV/c?, |mptp-po — my| > 40 MeV/c?, |mgsr-mo — my| > 15 MeV /%, and
|mg+x- —mg| > 15 MeV /c?. The contribution from x.; — ¢¢, ¢ = KTK~, ¢ — nta 7"
events is also removed by these requirements.

In the measurements of B(x.; — nentn™), B(xes — nKTK™), B(xes = wKTK™),
B(xes = ¢KTK™), and B(xe; — ¢ntn~70), the signal regions of X0, Xe1, Xe2, and the mass
region of 7. are defined as [3.38, 3.45] GeV/c?, [3.48, 3.54] GeV/c?, [3.54, 3.60] GeV/c?,
and [2.70, 3.20] GeV/c?, respectively.

IV. DATA ANALYSIS
A, Xeg — KgKiﬂ:':ﬂ+7T_ and x.g - KtK—ntn—n°

After the above selection, the invariant mass distributions of the hadron system are shown

in Fig. 1, and clear x.; signals are observed with very low background level in the two decay

modes.
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FIG. 1: Invariant mass spectrum of KgK*rFr 7~ (left panel) and KT K -7 770 (right panel),
together with the best fit results. The points with error bars are data, and the solid lines are the
total fit results. The X0, Xe1, and X2 signals are shown as dotted lines, dash-dotted lines, and

long-dashed lines, respectively; the backgrounds are in dashed lines.

Using the inclusive MC events sample, the potential backgrounds from the v (3686)
decays which may contaminate y.; — KoK=nFTrtn™ (xog — KTK atr %) are es-
timated. Events from ¢(3686) — VXer, Xev — KOKOmTn™ and yo — KSKIKVTK™

(1(3686) — YXess Xes — KEKEaF710) may peak at the signal region, and the contributions



from these peaking backgrounds are estimated using the detection efficiencies determined
from the MC simulations and the corresponding branching fractions from previous measure-
ments [15], and then subtracted from the signal yield. These background events after final
event selection are listed in Table I and II; the errors in the numbers of events are from
the uncertainties of the detection efficiency and branching fractions. The other backgrounds
are composed of dozens of decay modes and smoothly distributed in the full mass region
([3.3, 3.6] GeV/c?); the contribution of this kind of background can be represented by the

smooth background term in the fit.

TABLE I: The number of remanent peaking background events (N&fgk) in xes = KQK*nFrtn

after final event selection. The branching fractions (B) are taken from PDG [15].

Decay modes Nf;lfgk B [15]
Xeo — K3Kntm™ 49+14 (5.8+£1.1) x 1073
Xe1 — KQK9m+m™ 0.1+0.1 (7.2+£3.1) x 1074
Xe2 — KOK9m+m™ 0.6 £0.3 (2.4£0.6) x 1073
Xeo — KQKIKTK™ 43+ 16 (1.4+£0.5) x 1073

TABLE II: The number of remanent peaking background events (Né)lfgk) inyes - KTK - ntr—n°

after final event selection. The branching fractions (B) are taken from PDG [15].

Decay modes Nf;lfgk B [15]
Xeo — KOK*rFr0 124419 3 % (2.52+£0.34) x 1072
Xe1 — KYK*rT70 39.0+9.1 2 x(9.0£15) x 1073

Xe2 = KYK*rT70 52.5+9.3 3 x (1.51 £0.22) x 1072

Data taken at /s = 3.65 GeV are used to estimate backgrounds from the continuum
process eTe~ — ¢¢. This kind of background is found to be small and uniformly distributed
in the full mass region of interest in both decay modes, so the contribution can be represented
by the smooth background term in the fit.

An unbinned maximum likelihood fit is applied to the invariant mass spectrum of
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FIG. 2: Fits to the invariant mass spectrum of 7F7 7 (left panels) and K+ K~ (right panels)

0

in three x.; mass region after x.; — ¢¢, ¢ -+ KTK~, ¢ — nmra~ 7" were rejected. From top to

bottom are in Y.y mass region, y.; mass region, and Y. mass region, respectively.

KYK*rFntn™ (KTK-mTn~7%) to extract the numbers of x.; events in Fig. 1. The .,
signals are described by the corresponding MC simulated signal shape convolved with a
Gaussian function G(u,0) to take into account the difference in the mass scale and the
mass resolution between data and MC simulation. The means (x) and the standard devi-
ations (o) of the Gaussian functions are floated parameters in the fit. In the generation

of the x.0 MC events, the E1 radiative transition factor Eg is included, where £, is the

10



TABLE IIT: The number of background events (N&fgk) remained in y.; — KTK - 7T7~ 7" from
modes with narrow intermediate states. The branching fraction of x.; — ¢¢ is taken from the
BESIII measurement [19] with both statistical and systematic errors; the other branching fractions

are measured in this analysis. We also list PDG values [15] in the last column for comparison.

Decay modes Nf;lfgk Branching fraction PDG [15] value
Xeo = NKTK~ 0 forbidden by J¥-conservation <23x107*
Xet = nKTK~ 3.81 £0.70 (3.48 £ 0.57) x 10~* (3.3+1.0) x 1074
Xe2 = nK+TK~ 1.90 + 0.53 (1.69 4 0.45) x 10~* <3.5x1074
Xeo = WKTK~ 1374+ 11 (1.94 4 0.06 + 0.20) x 1073 -

Xe1 =~ WKTK™ 69.2 4 6.2 (7.82 4 0.36 & 0.84) x 10~* -
Xez — wKTK™ 57.3 4 5.0 (7.3240.39 £ 0.78) x 10~* -
Xeo — PKTK™ 30.4 +4.9 (1.154+0.17) x 1073 (0.98 4 0.25) x 103
Xel = OKTK™ 17.6 +£3.8 (0.67 +0.14) x 1073 (0.43 +0.16) x 103
Xe2 = OKTK™ 30.4+5.3 (1.14 4+ 0.16) x 1073 (1.55 4 0.33) x 103
Xeo — ¢prtr 0 49.6 + 2.7 (1.18 4 0.07 £ 0.13) x 1073 -
Xe1 — ¢prta— 70 28.6 + 2.0 (7.54 +0.53 £0.80) x 1074 -
Xe2 — ¢n 't 70 34.5+£2.4 (9.25 4 0.63 £0.97) x 1074 -
Xeo — P 0.97 +0.17 (8.04+0.34+0.8) x 107* (8240.8) x 1074
Xel — ¢ 0.38 £ 0.08 (4.4+£0.340.5) x 1074 -
Xe2 = P 1.03 £ 0.20 (10.74034+12) x 1074 (11.4+1.2) x 107*

energy of the radiative photon in the 1 (3686) rest frame. To damp the diverging tail due
to the E§ dependence, a damping function M%ng_w used by KEDR [18] is introduced,
where Fy = (mfb(%%) — mico) /2muy(36s6)- The backgrounds are described by a second-order
Chebyshev polynomial in both decay modes.

The fit to the invariant mass spectrum of K§K=nFrTr~ yields 2837 464, 5180 £ 75, and
4560 £ 71 signal events for Yo, Xe1, and e, respectively; while the fit to the K* K7t 77"
modes yields 93724130, 124154126, and 11366+123 events for x.o, Xe1, and X2, respectively.

In order to estimate the remanent events from y.; — nKTK~, xo7 = WK K™, Xo7 —
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dK+TK~, and y.; — ¢mTm x°, the branching fractions of these decays are measured using
the sample of 1.06 x 10% 1)(3686) events. The identifications of 7, w, and ¢ resonances are
similar to those used in Refs. [19, 20]. The fits to the invariant mass spectrum of 77~ 7°
and KK~ in the three x.; signal regions are shown in Fig. 2. Similar to the y.; signals, the
7, w, and ¢ signals are also described with the corresponding MC simulated signal shapes
convolved with a Gaussian function. The backgrounds in the fits to the invariant mass

0

spectra of 7t~ 7" are described by a second-order Chebyshev polynomial, while those in

dm - where

the fits to the invariant mass spectra of K*K~ are described by (m — m;)° - e~
my is the mass threshold of K™K, ¢ and d are free parameters. The results are listed in
Table ITI. The first errors are statistical and the second ones are systematic. The sources of
the systematic errors are similar to those in the measurement of B(x.; — KTK-nT7 %), as
will be shown in Sect. V. The branching fractions of x.; — wK T K~ and y.; — ¢ntn~ 70 are
measured for the first time, and those of other modes from this measurement are consistent
within errors with the known PDG values [15] when available. The expected remaining
events from these decay channels are also listed in Table III and will be subtracted from the

signal yields from the best fits.

B. Xes = MermtwT

The invariant mass spectra of KQK*7F (KT K—7%) with KYK*rFntr— (KT K-ntn—7°)
in the three y.; signal regions are shown in Fig. 3. In both decay modes, there are no
significant 7, signal in x. and x. decay; the 7. signal observed in y. decays is found to
be mainly from the remaining ¢(3686) — w7~ J/v, J/¢¥ — 0o, ne — KeK*rF (n. —
KTK~7%), as described below.

The potential backgrounds from (3686) decays are investigated with the inclusive
MC events. The dominant backgrounds are the irreducible (3686) — YXcs, Xes —
KYK*aFrtn™ (xog — KTK-7t7 7°) events. These events have the same final states
as the signal events but K§K*nF (KK~ 7°) are not from the decay of 7. In the y.o signal
region, the energy of the transition photon in J/1) — 77, in the peaking background mode
described above is very close to the energy of the transition photon in ¥ (3686) — X2,
and the final states are the same as the signal events. These background cannot be further

suppressed without hurting the sensitivity significantly, so we measure its contribution and
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FIG. 3: Invariant mass spectra of KJK*7T (top row) and KTK 7% (bottom row) with K Knrr
in x.o (left panel), .1 (middle panel), and .o (right panel) signal regions and the fit results. Dots
with error bars are data; the solid lines are the total results from the best fits to the invariant mass
spectrum. The 7, signals are shown in dash-dotted lines (in x.o mass region, the contribution from

the peaking background is not removed.); the backgrounds as dashed lines.

subtract it from the signal yield from the fit below. The other backgrounds are composed
of dozens of decay channels, each with a small contribution. The dominant backgrounds
and the other backgrounds contribute a smooth component in the 7. mass region, so these
backgrounds are described by a smooth term in the fit as shown in Fig. 3. In the x.o case,
the peaking background has the same final state and similar kinematics as the signal events,
so we use the same line-shape to describe both of them. Data taken at /s = 3.65 GeV are
used to estimate backgrounds from the continuum process e e~ — ¢g. It is found that this
background is small and uniformly distributed in the full mass region in both decay modes,
so the contribution is also included in the smooth background term in the fit.

An unbinned maximum likelihood fit is applied to the invariant mass spectra of K2 K=
(K*TK~7°) to extract the number of 7. events, as shown in Fig. 3. The 7, signal is described

by a MC simulated line shape with the detector resolution included, and the resonance
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parameters of 7. are fixed to the latest measurement from the BESIII experiment [17]. The
background (except the peaking background in the y.o signal region) is described with a
second-order Chebyshev polynomial in both decay modes in the three x.; signal regions.

As there is no significant 7, signal in any of the three y.; states in either 7. decay mode,
we set upper limits on B(x.; — n.m" 7 ) using the probability density function (PDF) for
the expected number of signal events. In the y., and x. signal regions, the likelihood
distributions of the fit to the invariant mass spectra in Fig. 3 are taken as the PDFs directly.
They are obtained by setting the number of 7. signal events from zero up to a very large
number. In the x. signal region, the likelihood distribution also contains the contribution
from the peaking background. Using the known branching fractions [15], the detection
efficiency from MC simulation, and the number of 1/(3686) events, the expected peaking
background are 45.7+11.6 in K2K*aF and 34.4+8.7 in K™K~ 7", Here, the errors include
the uncertainties in the detection efficiency and the branching fractions. The PDF of the
peaking background is a Gaussian distribution with the mean set to the expected number
of events and sigma set to its error. And the PDF of the signal is the distribution of
Nignat = Nfiy — Nkgrounas here Nf, is a random number generated according to the PDF
from the fit, and Nf uouma i a random number generated according to the PDF of the
peaking background with the requirement N]fackgmund < NF.. The systematic uncertainties
are considered by smearing the PDF in each decay with a Gaussian function. The upper
limit on the number of events at the 90% C.L. is defined as N"P, corresponding to the
number of events at 90% of the integral of the smeared PDF.

V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties in the measurement of B(x.; — KKnnr) and B(xes —
nemtn™) are summarized in Tables IV and V, respectively. While some common systematics
of the BESIII experiment are mentioned briefly below and described elsewhere, the other
specific systematic errors are described in detail in the following subsections. The systematic
errors related to the MDC tracking (2% per track for those from IP), photon reconstruction
(1% per photon), and 7 reconstruction (1%) are estimated with control samples [20, 21];
the errors in the branching fractions of ¥(3686) — vx.; and 7. — KKm are taken from

the PDG [15] and are propagated to the x.; branching fraction measurement. There is an
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overall 4% uncertainty in the branching fraction associated with the determination of the
number of 1(3686) events in our data sample [10].

Due to the limited statistics of the MC samples used, a 2% uncertainty is taken for each
decay. In each measurement, the bias of the fit is studied with both the toy MC experiments
generated with the PDF used in the fit and the input/output check on the number of events
in the inclusive MC samples. No bias is found in these tests. For the measurement of
the hadronic transition y.; — n.m/ 7", the expected upper limits on the signal events are
determined using the toy MC experiments. For each toy MC experiment, the method of
the upper limit calculation performed on data is repeated, and the median of the upper

limit distribution for all the toy MC experiments is taken as the expected limit, as listed in

Table VIII.

TABLE IV: Systematic errors (in %) of B(x.s — KeK*nFatr™) and B(xes — KT K- ntr—x0).

KIK*nFatr | KT K- ntr— 70

Sources
Xc0 Xel  Xe2 | Xc0 Xel  Xe2
MDC tracking 8.0 8.0
Photon reconstruction 1.0 3.0
MC statistics 1.1 14 15 |10 14 14
Kg reconstruction 14 16 1.7 | - - -
70 reconstruction - - - 1.0
Kinematic fit 1.5 19 1.7 |04 04 02

Damping function 0.5 01 01 )04 01 0.1
Intermediate states 1.0 1.0 1.0 |40 4.0 4.0
Fitting range 1.0 04 02 (04 04 0.7
Background shape 14 07 06 |13 0.7 04
B(1(3686) — yxcr) 32 44 39 |32 44 39
Number of 1(3686) events 4.0 4.0

Total 10.1 10.5 10.3 |10.9 11.3 11.2
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TABLE V: Systematic errors (in %) of B(Xes — nen ™) in g, — KQK*aF and 5, — Kt K 7Y

decay modes.

Ne — KYK*n¥|n. - KTK—7°

Sources
Xc0 Xel  Xe2 | X0 Xel  Xc2
MDC tracking 8.0 8.0
Photon reconstruction 1.0 3.0
MC statistics 1.8 1.5 16 |1.8 1.5 1.7

KY reconstruction 24 23 22| - - -

70 reconstruction — — — 1.0

Kinematic fit 1.5 1.7 1.8 |09 02 04
B(1(3686) — vXxc) 32 44 39 |32 44 39

B(n. — KK) 8.4 8.4
Number of 1(3686) events 4.0 4.0
Total 13.2 13,5 13.4 |13.2 13.5 134

A. Kg reconstruction

The uncertainty in the K2 reconstruction arises from three parts: the geometric accep-
tance, the tracking efficiency, and the efficiency of K2 selection. The first part is estimated
using MC simulation, and the other two are studied using J/¢ — K**KT, K** — Ko7+,

By selecting a pair of K*7F, the recoil mass spectrum shows a clear K° signal. The effi-

ni
Kg—>7r+7r*)><(n1+n2)/2 )

ciency of K9 reconstruction is calculated with B where n; is the number
of K obtained from a fit to the K*7F recoiling mass when there is a K2 reconstructed in
the recoil side that satisfies the K2 selection, and ny is the number of K° from fitting to the
K*7¥ recoiling mass spectrum when no K9 candidate satisfies the K2 selection. The differ-
ence in the efficiency of K2 reconstruction (92 /eMC —1) as a function of K% momentum is
shown in Fig. 4. The difference in the K2 reconstruction between data and MC simulation
is fitted with a linear function of the K2 momentum as shown in Fig. 4 together with the

+10 envelops. Since the difference between data and MC is significant, we do a correction

to the signal MC according to the momentum of K¢, and the uncertainty of this correction
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is taken as the systematic error.
The systematic errors in B(x.; — K3K*rFat7™) are found to be 1.4%, 1.6%, and 1.7%,
for J =0, 1, and 2, respectively; while for B(x.; — n.ntn™), they are 2.4%, 2.3%, and 2.2%

for xc0, Xe1, and x.o, respectively.

0.0

o
T T

-0.0%
0.04
-0.06"
0.08

o
01

Edata/sinclusive MC_ 1

12 1«
P(KJ(GeV)

FIG. 4: The difference in the K g reconstruction efficiency between data and MC simulation (points
with error bars), together with the fit to the difference with a linear function of momentum. The

solid line is from the best fit and the dashed lines are the +10 envelopes of the best fit.

B. Kinematic fit

In the MC simulation, the model is much simpler than the real detector performance, and
this results in differences between data and MC simulation in the track parameters of photons
and charged tracks. The simulation of the photon has been checked in another analysis [10],
which shows good agreement between data and MC simulation. For the charged tracks,
careful comparisons with purely selected data samples indicate that the MC simulates the
momentum and angular resolutions significantly better than those in data, while the error
matrix elements agree well between data and MC simulation. This results in a much narrower
X3¢ distribution in MC than in data, and introduces a bias in the efficiency estimation. We
correct the track helix parameters of MC simulation to reduce the difference between data
and MC simulation.

We use J/1p — ¢f5(980), ¢ — KK, f4(980) — 77~ as a control sample to study
the difference on the helix parameters of charged tracks between data and MC simulation,

as this channel has a large production rate, very low background, and has both pions and

17



kaons. We find that the pull distributions of data are wider than MC simulation and the
peak positions are shifted. These obvious differences between data and MC simulation
suggest wrong track parameters have been set in MC simulation. The helix parameters
of each track in the MC simulation are enlarged by smearing with a Gaussian function
G(p, o) = G((pdets — MO x Vi, \/(ald"‘m‘/UZMC)2 — 1 x Vi), where i = {dp, ¢o, k,dz,tg\} is

the i-th helix parameter of the track and V' is the corresponding covariance matrix. Here dp

is the distance from the pivot to the orbit in the x-y plane, ¢q is the azimuthal angle specifies
the pivot with respect to the helix center,  is the reciprocal of the transverse momentum,

dz is the distance of the helix from the pivot to the orbit in the z direction, and tgA\ is the

slope of the track. The correction factors pdate, ;M

data

data - and oMC are the means and

, O
resolutions of the pull distributions of the data and MC simulation obtained from control
samples, which are listed in Table VI.

After applying the corrections for many final states, we find that the agreement between
data and MC simulation does improve significantly but differences still exist. This indicates
that the effect is from multiple sources, and our procedure is not a complete solution to the
problem. The comparison of y?%. distributions between data and MC simulation before and
after the track-parameter-correction are shown in Figs. 5 and 6 for y.; — KSK*rTntn™
and K*K-ntn= 7%, respectively. Doing a x? test between data and MC simulation before
and after correction, we find the probability of the agreement changes from 1071® (1073)
level to 107 (107') level for KYK*nFatr— (KT K- nTn~7%). We take the efficiency from
the track-parameter-corrected MC samples as the nominal value, and take half of the differ-
ence between MC samples before and after the correction as the systematic error from the
kinematic fitting. This is a conservative estimation as the uncertainties of the correction
factors are at 10% level and the difference between data and MC simulation in the x3%-
distributions after the correction are much smaller than that before doing correction.

The systematic errors in B(x.; — KSK=nTrtn™) (B(xes - KTK 7T~ 7%) are 1.5%,
1.9%, and 1.7% (0.4%, 0.4%, and 0.2%) for J = 0, 1, and 2, respectively; and 1.5%, 1.7%,
and 1.8% (0.9%, 0.2%, and 0.4%) systematic uncertainties are assigned to B(x.; — nentn™)
with 7, — KYK*nF (KT K7 for J =0, 1, and 2, respectively.
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TABLE VI: Correction factors extracted from pull distributions using a control sample of J/i) —

f0(980), ¢ - KTK~, fo(980) — mn—.

b0 K tgA
pdata _ MC jdata /o MC | data | MC - data /MO | data_ MCdata /5 MC
K*|—0.04 £0.03 1.19 £0.02|—0.24 £ 0.03 1.28 £ 0.02|—0.38 &= 0.01 1.25 £ 0.02
K| 0.06£0.03 1.214+0.02| 0.25+0.03 1.25£0.02|—0.36 = 0.01 1.21 + 0.02
7 [=0.06 + 0.03 1.25 £+ 0.02{—0.10 £ 0.03 1.31 £ 0.02|—0.36 £ 0.01 1.25 £ 0.02
7~ |—0.02+0.03 1.23 £0.02| 0.10 £0.03 1.27 £0.02(—0.36 +0.01 1.21 £+ 0.02

C. Uncertainty from damping factor

In the fit to the invariant mass spectrum of KeK*n¥rTn~ and K*K-7tn 70 the
damping function used by KEDR is adopted. Another damping factor used by CLEO [22]
is e FA/86° with 8 = (0.0650 & 0.0025) GeV determined from their fit. Using this damping
function with 8 = (0.0974+0.024) GeV which is extracted from fitting x.o data, the differences
on the branching fractions of x.; — KeK*rFnt 7~ (x.g — KT K 7 7 7°) are assigned to
the systematic error due to damping function, which are 0.5%, 0.1%, and 0.1% (0.4%, 0.1%,
and 0.1%) for J = 0, 1, and 2, respectively. The effect for x.; and x.o is small since the two

states are very narrow.

D. Uncertainty from intermediate states

The detection efficiencies for the measurement of B(y.; — KeK*rFrntn~) and B(x.s —
KTK-7Tn~n%) are estimated using the MC simulation with y.; decay to KSK*rFrtma™
and Kt*K-ntn~ 7% generated according to pure phase space distribution. From the data,
we see broad intermediate states such as K* and p in the invariant mass spectra of Km
and ww. The branching fractions of y.; — KeK=nTrtn™ (xog — KK ntr70) via
these intermediate states are measured by fitting the invariant mass spectra of K7 and
mm. An alternative signal MC sample is generated with all possible intermediate states
and corresponding branching fractions to determine the efficiency. The efficiency difference

between this sample and the phase space sample is about 1.0% for x.; — Ko KEnFr 7~ and
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FIG. 5: Comparison of x3: between signal MC and data for (3686) — ~yXcs, Xeo —

KgK txFatn~. The points with error bars are data, and the solid lines are MC simulation.

Left panel: signal MC without track-parameter-correction; Right panel: signal MC after track-

parameter-correction. From top to bottom are .o, Xc1, and X2, respectively.

4.0% for x.; — KTK -ntn~7"; these are taken as the systematic error due to intermediate

states.
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FIG. 6: Comparison of x3: between signal MC and data for (3686) — ~yXcs, Xes —
K*tK~—nt7n~ 7% The points with error bars are data, and the solid lines are signal MC plus possible
background estimated using inclusive MC sample. Left panel: signal MC without track-parameter-
correction; Right panel: signal MC after track-parameter-correction. From top to bottom are xo,

Xet, and X2, respectively.

E. Uncertainty from fitting

In the measurement of B(x.; — KKnrr), the systematic uncertainty due to the fitting

range is estimated by fitting the invariant mass spectrum in the range [3.25, 3.61] GeV/c?
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and [3.35, 3.60] GeV/c%. The biggest differences in the branching fractions are assigned as
errors, which are 1.0%, 0.4%, and 0.2% for .o, Xe1, and Y.z, respectively, in KoK *nFatr™
decay; and 0.4%, 0.4%, and 0.7% for X0, Xei1, and Ye2, respectively, in KT K-7nt7~ 70 decay.
The background shape is changed from a second-order Chebyshev polynomial to a third-
order Chebyshev polynomial, and the differences are taken to be the systematic errors, which
are 1.4%, 0.7%, and 0.6% for X0, Xe1, and Xc2, respectively, in K¢K*r¥r 7r~; and 1.3%,
0.7%, and 0.4% for X0, Xe1, and Yoo in KT K- ata—7Y.

In the measurement of B(x.; — n.m "7~ ), for each decay mode in the three x.; states, the
fit-related systematic errors on the signal yield are estimated by changing the fit ranges, the
orders of the background polynomial, the detector resolutions (resolution from MC simula-
tion directly or from MC simulation convolved with a Gaussian accounts for the difference
between data and MC simulation, the sigma of the Gaussian is fixed to the resolution dif-
ference found in the x.; signals measured in Sect. IV A), and the 7. line shapes with the
parameters of 7. varied by one standard deviation [17]; the maximum N is used in the

upper limit calculation.

VI. RESULTS AND DISCUSSION

Using the numbers of signal y.; events from the fits, together with the corresponding
efficiencies, the branching fractions of x.; — KSK*n¥rtn~ (xeg — KTK - ntn 70) are
determined and listed in Table VII. In the measurement of the branching fractions of
YXes — KTK-ntn~ 7% contributions from narrow resonances 7, w, and ¢ are subtracted.
We measure for the first time the branching fractions of y.; — KSK*rTnTr~ and x.; —
K*K-ntn~7%. Comparing the two decay modes, we find that the ratio of the branching
fractions is around one-half which may be a consequence of isospin symmetry. We also
measured the branching fractions of x.; — wK K~ and y.; — ¢rt 770 for the first time,
the results are listed in Table VII as well.

The upper limits on the branching fraction of x.; — 7.7/ 7~ in the two decay modes
are listed in Table VIII. After the peaking background subtraction, there is an about 2o
excess in the x.no — nntn™. We give a more stringent constraint on the y. — n.wt7~
branching fraction than BaBar does [8]. The decay x.o — n.m" 7~ is forbidden by spin-parity

conservation, thus the measurement on 7, signals in the . mass region gives an access to the
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TABLE VII: The results for B(xes — KXK*nTatn™), B(xes — KTK-ntr %), B(xes —

wK*TK™), and B(xes — ¢rtm~70). The first errors are statistical and the second ones are sys-

tematic.

Decay mode

Nsignal (%) B (x107%)

Xeo = KoKEnFntn™
YXeo = KK ntn— 70
Xeo — wWKTK™

Xeo — ¢pr T 70

2789 £66 9.30 4.22+£0.10£0.43
9031 £132 10.34 8.61+£0.13+0.94
1414 £42  8.04 1.94+0.06 +=0.20

538 £29 9.16 1.18 £0.07 £0.13

X1 — KoKErFntn™
X1 = KTK—ntn— 70
Xe1 — wKTK™

YXe1 — ¢prt 70

5180 £ 75 10.21 7.52£0.11£0.79
12256 £ 127 11.10 11.46 £0.12 £ 1.29
628 £29 9.34 0.78 £0.04 £0.08

373 £26 10.50 0.75=£0.06 £0.08

Xe2 = KOK*nFatr™
Y2 = KtK—ntn— 70
X2 — wKTK™

0

4559 £ 71 9.76 7.30£0.11 £0.75
11189 + 124 10.48 11.69 £0.13 £ 1.31
512 +£27 858 0.73£0.04 £0.08

408 £28 9.88 0.93+0.06 +£0.10

Xe2 — ¢t

possible direct production of ¢)(3686) — yn.m "7, which is not significant in our data and is
neglected in the analysis, and thus our upper limits on the y.; — n.7/" 7~ are conservative.
The theoretical prediction of B(x. — n.m77~) is also listed in Table VIII, which is larger
than our measurements. We note that the theoretical prediction uses experimental results
as input to normalize the parameters in the model. For example, the parameter ay;/ap is
extracted by comparing the branching fraction of 1)(3686) — h.w’ between the theoretical
calculation and the experimental measurement. This makes the prediction highly dependent
on the former experimental results and theoretical models. This may partly explain the

discrepancy between the theoretical prediction and the experimental results.
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TABLE VIII: Upper limits at the 90% C.L. on B(x.; — n.mt7~) in the two 7. decay modes.
Nft is the number of events from the fits shown in Fig.3, N®"al is the number of events after
the peaking background subtraction, N;fserved is the upper limit on the number of events at the
90% C.L. observed on data, and N, :)gmctod is the expected upper limit on the number of events at

the 90% C.L. from toy MC experiments. In the yqo case, Nfit includes the contribution from the
peaking background (3686) — mtm=J /1, J /1 — e, ne — KSKTnT (KT K—79).

Decay mode N sienal Néllfserved Neu:?pected e B"P(xcs — 7767T+7"7) Bthcory(XcJ — 7767T+7"7)

(%) (%) (%)
xXeo = (KYKTrF)ntn=10.04£4.6 00£46 6.8 71 6.29 0.07
Xco = (KTK~a%)rt7n=| 0£15 0415 34 27 6.82 0.41
Xet = (KOKTaF)nta=| 18417 18417 49 44 9.45 0.32
1.81 +0.26
Xel = (KTK~ a0 rt7n=| 64£25 6+£25 50 47 9.82 0.44
Xe2 = (KQK*FaF)rtr=| 77219 31422 64 63 7.72 0.54
Xez2 = (KK 70)atn=| 89426 55+27 105 94  7.83 1.2
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