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I. INTRODUCTION

The existence of gluonium states is still an open is-
sue for Quantum Chromodynamics (QCD). Lattice QCD
calculations predict the lightest gluonium states to have
quantum numbers JP¢ = 0** and 2t and to be in
the mass region below 2.5 GeV/c? [1]. In particular,
the JP¢ = 01+ glueball is predicted to have a mass
around 1.7 GeV/c?. Searches for these states have been
performed using many supposed “gluon rich” reactions.
However, despite intense experimental searches, there is
no conclusive experimental evidence for their direct ob-
servation [2,[3]. The identification of the scalar glueball is
further complicated by the possible mixing with standard
q states. The broad fo(500), fo(1370) [4], fo(1500) [5,1d],
and fo(1710) [4] have been suggested as scalar glueball
candidates. A feature of the scalar glueball is that its ss
decay mode should be favored with respect to ua or dd
decay modes |8, [d].

Radiative decays of heavy quarkonia, in which a pho-
ton replaces one of the three gluons from the strong decay
of J/p or T'(1S), can probe color-singlet two-gluon sys-
tems that produce gluonic resonances. Recently, detailed
calculations have been performed on the production rates
of the scalar glueball in the process V(177 )—~G, where
G indicates the scalar glueball and V(177) indicates
charmonium or bottomonium vector mesons such as J/1),

¥(28), or 7(15) [10-13].

J/p decays have been extensively studied in the
past | and are currently analyzed in eTe™ inter-
actions by BES experiments ﬂﬁ, ] The experi-
mental observation of radiative 7(1S) decays is chal-
lenging because their rate is suppressed by a factor
of ~ 0.025 compared to J/b radiative decays, which
are of order 1073 [17]. Radiative 7(1S) decays to
a pair of hadrons have been studied by the CLEO
collaboration ﬂﬂ, @] with limited statistics and large
backgrounds from ete”—v (vector meson). In this
work we observe 7°(15) decays through the decay chain
1 (25)/7(3S)—=nTa~7(15). This allows us to study
7'(15) radiative decays to 777~ and K™K~ final states
with comparable statistics, but lower background.

This paper is organized as follows. In Sec. II, we give
a brief description of the BABAR detector and Sec. III
is devoted to the description of event reconstruction. In
Sec. IV we study resonance production in 777~ and
KTK~ final states and Sec. V is devoted to the de-
scription of the efficiency correction. We describe in Sec.
VI a study of the angular distributions using a Legen-
dre polynomial moments analysis while Sec. VII gives
results on the full angular analysis. The measurement of
the branching fractions is described in Sec. VIII and the
results are summarized in Sec. IX.

II. THE BABAR DETECTOR AND DATASET

The results presented here are based on data collected
by the BABAR detector with the PEP-II asymmetric-
energy eTe™ collider located at SLAC, at the 7°(2S
and 1'(3S) resonances with integrated luminosities Nﬁj
of 13.6 and 28.0 fb™!, respectively. The BABAR detec-
tor is described in detail elsewhere m] The momenta
of charged particles are measured by means of a five-
layer, double-sided microstrip detector, and a 40-layer
drift chamber, both operating in the 1.5 T magnetic field
of a superconducting solenoid. Photons are measured
and electrons are identified in a CsI(T1) crystal electro-
magnetic calorimeter (EMC). Charged-particle identifi-
cation is provided by the measurement of specific energy
loss in the tracking devices, and by an internally reflect-
ing, ring-imaging Cherenkov detector. Muons and K?
mesons are detected in the instrumented flux return of
the magnet. Monte Carlo (MC) simulated events [21],
with reconstructed sample sizes more than 100 times
larger than the corresponding data samples, are used to
evaluate the signal efficiency.

III. EVENTS RECONSTRUCTION

We reconstruct the decay chains

Y(28)/Y(38)=(rf 7 )Y (1S)—(rn, )(yatr™) (1)
and

Y(28)/Y(38) = (nfn )Y (1S)=(riny J(YKTK ™), (2)

where we label with the subscript s the slow pions from
the direct 7°(25) and 7'(3S) decays. We consider only
events containing exactly four well-measured tracks with
transverse momentum greater than 0.1 GeV/c and a to-
tal net charge equal to zero. We also require exactly
one well-reconstructed v in the EMC having an energy
greater than 2.5 GeV. To remove background originating
from 7%mesons we remove events having 7% candidates
formed with photons having an energy greater than 100
MeV. The four tracks are fitted to a common vertex,
with the requirements that the fitted vertex be within
the ete™ interaction region and have a x?2 fit probability
greater than 0.001. We select muons, electrons, kaons,
and pions by applying high-efficiency particle identifica-
tion criteria [22]. For each track we test the electron and
muon identification hypotheses and remove the event if
any of the charged tracks satisfies a tight muon or elec-
tron identification criterion.

We require momentum balance for the four final states,
making use of a x? distribution defined as

3 2
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FIG. 1: x? distributions used for defining the momentum
balance for data (black dots) compared with signal MC simu-
lations (full (red) line) for (a) 7°(2S) and (b) 7°(3S) data from
reactions (). The arrows indicate the cut-off used to select
momentum balancing events.

where Ap; are the missing laboratory three-momenta
components

5
. B _
Api =p{ +p{ - > pl, (4)
=1

and (Ap;) and o; are the mean values and the widths
of the missing momentum distributions. These are ob-
tained from signal MC simulations of the four final states
through two or three Gaussian function fits to the MC
balanced momentum distributions. When multiple Gaus-
sian functions are used, the mean values and o quoted
are average values weighted by the relative fractions. In
Eq. @), p; indicates the three components of the labora-
tory momenta of the five particles in the final state, while
pf+ and p¢ indicate the three-momenta of the incident
beams.

Figure [0 shows the x? distributions for reac-
tions (a) V(29)— (7w, )Y (1S)—=(rf7my )(ynt7n~) and
(b) T(BS)—=(rfn)Y(1S)—=(xtny)(yntm™), respec-
tively compared with signal MC simulations. The accu-
mulations at thresholds represent events satisfying mo-
mentum balance. We apply a very loose selection, x? <
60, optimized using the 7°(2S5) data, and remove events
consistent with being entirely due to background. We
note a higher background in the 7°(35) data, but keep
the same loose selection to achieve a similar efficiency.

Events with balanced momentum are then required to
satisfy energy balance requirements. In the above decays
the 74 originating from direct 7°(25)/7(3S) decays have
a soft laboratory momentum distribution (< 600 MeV/¢),
partially overlapping with the hard momentum distribu-
tions for the hadrons originating from the 1°(15) decay.
We therefore require energy balance, following a combi-
natorial approach.

For each combination of 717, candidates, we first re-
quire both particles to be identified loosely as pions and

2]
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FIG. 2: Combinatorial recoiling mass M;cc to ﬂ'jﬂ'; candi-
dates for (a) 7°(2S) and (b) 7(3S) data. The lines are the
results from the fit described in the text. The arrows indicate
the selections used to apply the energy balance criterion.

compute the recoiling mass

Mchc(ﬂ-:Trs_) - |peJr +pe* - pﬂ—;r - p71’7 |2a (5)

s

where p is the particle four-momentum. The distribution
of M2 (nfr;) is expected to peak at the squared 7'(15)
mass for signal events. Figure[2 shows the combinatorial
recoiling mass Myec(mf ;) for 7(25) and 7 (3S) data,
where narrow peaks at the 7°(1.5) mass can be observed.

We fit each of these distributions using a linear func-
tion for the background and the sum of two Gaussian
functions for the signal, obtaining average ¢ = 2.3
MeV/c? and o = 3.5 MeV/c? values for the 7(2S) and
Y (3S5) data, respectively. We select signal event candi-
dates by requiring

| Myee(mims) — m(Y(15))4| < 2.50, (6)

where m(2°(15))y indicates the fitted 7°(15) mass value.
We obtain, in the above mass window, values of signal-
to-background ratios of 517/40 and 276/150 for 7'(2S5)
and 7°(35) data, respectively.

To reconstruct 1’ (1S)—yntn~ decays, we require a
loose identification of both pions from the 7(1S) de-
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FIG. 3: m(ynt7™) mass distributions after the Mec(md 7))
selection for the (a) 7°(2S) and (b) 7°(3S) data. The arrows
indicate the range used to select the 7°(1S5) signal. The full
line histograms are the results from signal MC simulations.

cay and obtain the distributions of m(y7*7~) shown in
Fig. Bl The distributions show the expected peak at the
7(1S) mass with little background but do not have a
Gaussian shape due to the asymmetric energy response
of the EMC to a high-energy photon. The full line his-
tograms compare the data with signal MC simulations
and show good agreement.

We finally isolate the decay 7'(1S)—vynT 7~ by requir-
ing

9.1 GeV/c? <m(yrTr7) < 9.6 GeV/c?. (7)

At this stage no more than one candidate per event is
present.

We reconstruct the final state where 7°(18)—yKTK ™~
in a similar manner, by applying a loose identifica-
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FIG. 4: m(K* K~ ) mass distributions after the Mec(m )
selection for the (a) 7°(2S) and (b) 7°(3S) data. The arrows
indicate the range used to select the 7°(1S) signal. The full
line histograms are the results from signal MC simulations.

tion of both kaons in the final state and requiring the
m(K+K™v) mass, shown in Fig. [d to be in the range

9.1 GeV/c> <m(KTK~v) < 9.6 GeV/c®.  (8)

IV. STUDY OF THE n+tn~ AND K1TK~ MASS
SPECTRA

The 7+ 7~ mass spectrum, for m(7+77) < 3.0 GeV/c?
and summed over the 7°(25) and 7°(35) datasets with 507
and 277 events, respectively, is shown in Fig. Bl(a). The
resulting K K~ mass spectrum, summed over the 7°(25)
and 7°(35) datasets with 164 and 63 events, respectively,
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FIG. 5: (a) #*7~ mass distribution from Y (1S)—7" 7~ v for
the combined 7(2S) and 7 (35) datasets. (b) K™K~ mass
distribution from 7(18)—K* K~ for the combined 7(25)
and 7°(3S5) datasets. The gray distributions show the expected
background obtained from the corresponding Mmc(ijg )
sidebands. The light-gray distributions evidences the back-
ground contribution from the 7°(2S) data.

is shown in Fig. Bl(b). For a better comparison the two
distributions are plotted using the same bin size and the
same mass range.

We study the background for both 777~ and K™K~
final states using the Mye.(7F ;) sidebands. We select
events in the (4.50—7.00) regions on both sides of the sig-
nal region and require the m(nT7~v) and m(KTK ™)
to be in the ranges defined by Eq. [[ and Eq. Bl respec-
tively. The resulting 777~ and KK~ mass spectra for
these events are superimposed in gray in Fig. B{a) and
Fig. BIb), respectively. We note rather low background
levels for all the final states, except for the 77~ mass

50

40

events/30 MeV/c?

30

20

10

m(rr't) GeV/c?

FIG. 6: 717~ mass distribution from 7' (15)—nt 7~ for the
combined 7'(25) and 7°(3S) datasets. The full (black) line is
the results from the fit, the dashed (blue) line represents the
fitted background. The full (red) curves indicate the S-wave,
f2(1270), and fo(1710) contributions. The shaded (gray) area
represents the fitted p(770)° background.

spectrum from the 7°(35) data, which shows an enhance-
ment at a mass of ~ 750 MeV/c?, which we attribute
to the presence of p(770)? background. The 77~ mass
spectrum from inclusive 7°(35) decays also shows a strong
p(770)° contribution.

We search for background originating from a possible
hadronic 7(19)—n T~ 7" decay, where one of the two y’s
from the 7° decay is lost. For this purpose, we make use
of the 7°(25) data and select events having four charged
pions and only one 70 candidate. We then select events
satisfying Eq. (@) and plot the 7t7~ 70 effective mass
distribution. No 7°(15) signal is observed, which indi-
cates that the branching fraction for this possible 7°(15)
decay mode is very small and therefore that no contam-
ination is expected in the study of the 7 (1S)—ymTm—
decay mode.

The 7F7~ mass spectrum, in 30 MeV/c? bin size is
shown in Fig. The spectrum shows I = 0, JI =
even™ T resonance production, with low backgrounds
above 1 GeV/c2. We observe a rapid drop around 1
GeV/c? characteristic of the presence of the fo(980), and
a strong f2(1270) signal. The data also suggest the pres-
ence of weaker resonant contributions. The KK~ mass
spectrum is shown in Fig. [ and also shows resonant pro-
duction, with low background. Signals at the positions
of f5(1525) and fp(1710) can be observed.

We make use of a phenomenological model to extract
the different 7°(1.5)—+R branching fractions, where R is
an intermediate resonance.
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FIG. 7: Kt K~ mass distribution from 7 (19)—K™" K~ for
the combined 7°(2S) and 7'(35) datasets. The full (black) line
is the results from the fit, the dashed (blue) line represents the
fitted background. The (red) curves show the contributions
from f3(1525) and fo(1710).

A. Fit to the 777~ mass spectrum

We perform a simultaneous binned fit to the 7=+ax—
mass spectra from the 7°(25) and 7°(35) datasets using
the following model.

e We describe the low-mass region (around the
f0(500)) using a relativistic S-wave Breit-Wigner
lineshape having free parameters. We test the S-
wave hypothesis in Sec.VI and Sec.VIII. We obtain
its parameters from the 7°(25) data only, and we
fix them in the description of the 7°(3S) data.

e We describe the fo(980) using the Flatté [23] for-
malism. For the 777~ channel the Breit-Wigner
lineshape has the form

BW (m) = movTi yTw(m) 9)

mg —m? — imo(Tr (m) + T (m))’

and in the K™K~ channel the Breit-Wigner func-
tion has the form

_ moVTiy/Tk(m)

BW(m) = R R ,  (10)
mg —m? —imo(Lx(m) + T (m))

where I'; is absorbed into the intensity of the res-

onance. I'z(m) and T'x(m) describe the partial

widths of the resonance to decay to 7w and KK

and are given by

where g, and gx are the squares of the coupling
constants of the resonance to the 77 and KK sys-
tems. The f,(980) parameters and couplings are
taken from Ref. [24]: mg = 0.979 & 0.004 GeV/c?,
g = 0.28 £0.04 and gx = 0.56 £ 0.18.

The total S-wave is described by a coherent sum of
f0(500) and f(980) as

S-wave = (12)
| BWj,500)(m) + cBW, 980) (m)e’® [* .

where ¢ and ¢ are free parameters for the relative
intensity and phase of the two interfering contribu-
tions.

e The f2(1270) and fo(1710) resonances are repre-
sented by relativistic Breit-Wigner functions with
parameters fixed to PDG values [27].

e In the high 777~ mass region we are unable, with
the present statistics, to distinguish the different
possible resonant contributions. Therefore we make
use of the method used by CLEO [26] and include
a single resonance f,(2100) having a width fixed to
the PDG value (224 + 22) and unconstrained mass.

e The background is parametrized with a quadratic
dependence

b(m) = p(m)(aym + aym?),

where p(m) is the 7 center-of-mass momentum in
the 777~ rest frame, which goes to zero at 777~
threshold.

e For the 7'(3S) data we also include p(770)° back-
ground with parameters fixed to the PDG values.

The fit is shown in Fig.[6l It has 16 free parameters and
x? = 182 for ndf=152, corresponding to a p-value of 5%.
The yields and statistical significances are reported in
Table [l Significances are computed as follows: for each
resonant contribution (with fixed parameters) we set the

yield to zero and compute the significance as 0 = y/Ax?2,
where Ax? is the difference in x? between the fit with and
without the presence of the resonance.

The table also reports systematic uncertainties on the
yields, evaluated as follows: the parameters of each reso-
nance are modified according to +o, where o is the PDG
uncertainty and the deviations from the reference fit are
added in quadrature. The background has been modified
to have a linear shape. The effective range in the Blatt-
Weisskopf ﬂﬂ] factors entering in the description of the
intensity and the width of the relativistic Breit-Wigner
function have been varied between 1 and 5 GeV ™!, and
the average deviation is taken as a systematic uncer-
tainty. The different contributions, dominated by the
uncertainties on the resonances parameters, are added in
quadrature.



10

TABLE I: Resonances yields and statistical significances from the fits to the 77~ and K K~ mass spectra for the 7°(25) and
7(3S) datasets. The symbol f(1500) indicates the signal in the 1500 MeV /c? mass region. When two errors are reported, the
first is statistical and the second systematic. Systematic uncertainties are evaluated only for resonances for which we compute

branching fractions.

Resonances (7777)

Yield 7(25)

Yield 7°(3S) Significance

S-wave 133 +16£13 87+ 13 12.80
f2(1270) 255+£19+ 8 TTET7TE4 15.90
fo(1710) 24+ 8+ 6 6+8+3 2.50
fo(2100) 33+9 8+ 15

p(770)° 54 + 23
Resonances (KT K™) Yield 7(25) + T(3S) Significance
£0(980) AT£ 9 5.60
£7(1500) 77 +£10 £ 10 8.90
Fo(1710) 36+9+ 6 ATo
2(1270) 15+8

o(2200) 38+8

We note the observation of a significant S-wave in
7' (1S5) radiative decays. This observation was not possi-
ble in the study of J/3 radiative decay to 77~ because
of the presence of a strong, irreducible background from
Jip—mta—x0 [28]. We obtain the following fo(500) pa-
rameters:

m(fo(500)) = 0.856 4 0.086 GeV/c?, (13)
T(fo(500)) = 1.279 £ 0.324 GeV,

and ¢ = 2.41 + 0.43 rad. The fraction of S-wave events
associated with the fo(500) is (27.7 + 3.1)%. We also
obtain m(fo(2100)) = 2.208 + 0.068 GeV /c2.

B. Study of the K™K~ mass spectrum.

Due to the limited statistics we do not separate the
data into the 7°(2S) and 7' (35) datasets. We perform a
binned fit to the combined KK~ mass spectrum using
the following model:

e The background is parametrized with a linear de-
pendence starting with zero at threshold.

e The f,(980) is parametrized according to the Flatté
formalism described by Eq. () for the K+ K~ pro-
jection.

e The f2(1270), f4(1525), fo(1500), and fo(1710)
resonances are represented by relativistic Breit-
Wigner functions with parameters fixed to PDG
values.

e We include an f((2200) contribution having param-
eters fixed to the PDG values.

The fit shown in Fig. [ It has six free parameters
and x? = 35 for ndf=29, corresponding to a p-value of
20%; the yields and significances are reported in Table[ll

Systematic uncertainties have been evaluated as for the
fit to the 777~ mass spectrum. The parameters of each
resonance are modified according to +o, where o is the
PDG uncertainty and the deviations from the reference
fit are added in quadrature. The background has been
modified to have a quadratic shape. The effective range
in the Blatt-Weisskopf ﬂﬂ] factors entering in the de-
scription of the intensity and the width of the relativistic
Breit-Wigner function have been varied between 1 and
5 GeV ™!, and the average deviation is taken as a sys-
tematic uncertainty. The different contributions, domi-
nated by the uncertainties on the resonances parameters,
are added in quadrature. In the 1500 MeV/c? mass re-
gion both f}(1525) and f(1500) can contribute, there-
fore we first fit the mass spectrum assuming the presence
of f5(1525) only and then replace in the fit the f5(1525)
with the fo(1500) resonance. In Table [l we label this
contribution as f;(1500). The resulting yield variation
between the two fits is small and gives a negligible contri-
bution to the total systematic uncertainty. A separation
of the f5(1525) and fy(1500) contributions is discussed
in Secs. VI and VII.

V. EFFICIENCY CORRECTION
A. Reconstruction efficiency

To compute the efficiency, MC signal events are gen-
erated using a detailed detector simulation ﬂﬂ] These
simulated events are reconstructed and analyzed in the
same manner as data. The efficiency is computed as
the ratio between reconstructed and generated events.
The efficiency distributions as functions of mass, for the
7(25)/7(35) data and for the 777~ and KK~ final
states, are shown in fig. 8l We observe an almost uniform
behavior for all the final states.

We define the helicity angle 0 as the angle formed by
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FIG. 8: Efficiency distributions as function of mass for the
7(29)/7(39) data. (a) nt7, (b) KTK ™. Filled (black)
circles are for 7'(2S5) data, open (red) circles are for 1°(35)
data.

the ™ (where h = 7, K), in the hth™ rest frame, and the
7 in the hTh™~ rest frame. We also define 6, as the angle
formed by the radiative photon in the h™h ™~ rest frame
with respect to the 7°(15) direction in the 7°(25)/7(35)
rest frame.

We compute the efficiency in two different ways.

e We label with e(m, cos 0p) the efficiency computed
as a function of the h™h™ effective mass and the
helicity angle cosf@p. This is used only to obtain
efficiency-corrected mass spectra.

e We label with e(cos@p,cosb,) the efficiency com-
puted, for each resonance mass window (defined in
Table [[II)), as a function of cos @y and cosf.,. This
is used to obtain the efficiency-corrected angular
distributions and branching fractions of the differ-
ent resonances.

To smoothen statistical fluctuations in the evaluation
of e(m,cosfp), for T(15)—=yntn~, we divide the 7+7~
mass into nine 300-MeV/c?-wide intervals and plot the
cos By in each interval. The distributions of cosfy are
then fitted using cubic splines @] The efficiency at each
m(rt7~) is then computed using a linear interpolation
between adjacent bins.

Figure [ shows the efficiency distributions in the
(m(xt7~), cosfy) plane for the 7°(2S) and 7°(35)
datasets.  We observe an almost uniform behavior
with some loss at cosfy close to =+1. The effi-
ciencies integrated over cosfpy are consistent with be-
ing constant with mass and have average values of
(T (29)—=rtrn~ T (1S)(—yrT7™)) = 0.237 £ 0.001 and
e(rBS)—=rta=T(1S)(—vyntn™)) = 0.261 + 0.001.

A similar method is used to compute e(m,cosfp)
for the T(1S)—yK+tK~ final state. The average effi-
ciency values are €(7(2S)—=ntn T (19)(—=KTK 7)) =
0.241+0.001 and ¢(V(3S)—=nTn~T(1S)(=KTK ™)) =
0.248 + 0.001. Figure shows the efficiency distribu-
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FIG. 9: Fitted efficiency distribution in the (m(zt77),
cos0) plane for T(1S)—vyrtm~ for the (a) T(2S) and (b)
7' (3S) datasets.
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FIG. 10: Fitted efficiency distribution in the (m(KTK™),
cos Oy ) plane for Y (15)—yK K~ for the (a) 7(25) and (b)
7' (3S) datasets.

We also compute the efficiency in the (cos g, cosf.,)
plane for each considered resonance decaying to wtm—
and KTK~. Since there are no correlations between
these two variables, we parametrize the efficiency as

€(cosbp,cosb.,) = e(cosOp) x €(cosb.). (14)
The distributions of the efficiencies as functions of cos 0y
and cos 6., are shown in Fig. [Tl for the f2(1270)—nt7~
and f}(1525)—»K T K~ mass regions, for the 7(2S)
datasets. To smoothen statistical fluctuations, the ef-
ficiency projections are fitted using 7-th and 4-th order
polynomials, respectively. Similar behavior is observed
for the other resonances and for the 7°(3S5) datasets.

B. Efficiency correction

To obtain the efficiency correction weight wg for the
resonance R we divide each event by the efficiency
e(cosOp, cosby)
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TABLE II: Efficiency corrections and efficiency corrected yields for each resonance and dataset. The symbol f;(1500) indicates
the signal in the 1500 MeV /¢® mass region. The error on the efficiency weight wg includes all the systematic uncertainties
related to the reconstruction. The events yields are presented with statistical and total systematic uncertainties.

Resonance Y (2S) Y (2S) Y (39) Y (39)

A WR corrected yield WR corrected yield
S-wave 4.07+0.06 541 +65+£53

f2(1270) 4.09+£0.06 1043 £78£36 3.70£0.05 285+ 26+ 15
fo(1710) 3.97 £0.17 95£32+24 3.60+£0.08 22+£29+11

Resonance 1°(25)/7(3S) 7(2S)/Y(3S)

KTK~ WR corrected yield
£7(1500) 3.65+£0.14 281 + 37438
fo(1710) 3.96 £0.13 143 +36+24
0.35 7 3035 the weighted average efficiency. The systematic effect
g o3 108 ogt ] related to the effect of particle identification is assessed
%0.25, | %025’ by the use of high statistics control samples. We assign
E : E ! systematic uncertainties of 0.2% to the identification of
027 0.2¢ ] each pion and 1.0% to that of each kaon. We include an
0.15- 0.15] ] efficiency correction of 0.9885 4-0.0065 to the reconstruc-
oL ] ot ] tion of the high energy photon, obtained from studies on
oo (@) 1 oos ] Data/MC detection efficiency. The efficiency correction
e i 7 i contribution due to the limited MC statistics is included
% 02 04 06 08 1 O os o o5 1 using the statistical uncertainty on the average efficiency
|cos8,| cos8, weight as well as the effect of the fitting procedure. The
above effects are added in quadrature and are presented
20.35 w 2 0.35 ey in Table [[I as systematic uncertainties related to the ef-
:g 0.3 :g 0,3i b Aoy 7 ficiency correction weight. Finally we propagate the sys-
S g et 5 O.ZSWW'T'E tematic effect on event yields obtained from the fits to the
LA mass spectra. The resulting efficiency corrected yields are
0.2 0.2 E reported in Table [I}
0.15- 1 oasf 1
0T 1 o1 ]
F ] F ] VI. LEGENDRE POLYNOMIAL MOMENTS
0.05- (C) ! 0.05F (d) E ANALYSIS
% 02 04 06 08 1 %05 0 os 1
|cos6, | cose, To obtain information on the angular momen-
tum structure of the 777~ and KTK~ systems
) ) in T(15)—yhTh~ we study the dependence of the
FIG. 11: Efficiency as a function of (a) cos@ny and (b) m(h*h~) mass on the helicity angle 6. Figure [@shows

cos B, for T(28)—=nin; T(19)—=~f2(1270)(—ntn™). Ef-
ficiency as a function of (¢) cosfmy and (d) cosf, for
Y(28) =ty T(18)—=~f5(1525)(— KT K~). The lines are
the result of the polynomial fits.

Nr
o — > 1/€i(cos O, cos GV)’ (15)
Ng

where N is the number of events in the resonance mass
range. The resulting efficiency weight for each resonance
is reported in Table[[Tll We compute separately the 7°(25)
and 7°(35) yields for resonances decaying to 77~ while,
due to the limited statistics, for resonances decaying to
KVK~ the two datasets are merged and corrected using

the scatter plot cosfy vs m(ntn~) for the combined
7' (2S5) and 7' (35) datasets. We observe the spin 2 struc-
ture of the f2(1270).

A better way to observe angular effects is to plot the
777~ mass spectrum weighted by the Legendre polyno-
mial moments, corrected for efficiency. In a simplified
environment, the moments are related to the spin 0 (S)
and spin 2 (D) amplitudes by the equations ﬁéi

Var(YP) =52 + D%,
Vam(Yy) =28D cos ¢sp + 0.639D, (16)
Var (YY) =0.857D?,

where ¢gp is the relative phase. Therefore we expect to
observe spin 2 resonances in (Y,)) and S/D interference
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in (Yy). The results are shown in Fig. [3l We clearly
observe the f2(1270) resonance in (Y,?) and a sharp drop
n (YY) at the fo(1270) mass, indicating the interfer-
ence effect. The distribution of (YY) is just the scaled

777~ mass distribution, corrected for efficiency. Odd L
moments are sensitive to the cosfy forward-backward
asymmetry and show weak activity at the position of the
f2(1270) mass. Higher moments are all consistent with
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Zero.

Similarly, we plot in Fig.[[dlthe K™K~ mass spectrum
weighted by the Legendre polynomial moments, cor-
rected for efficiency. We observe signals of the f5(1525)
and fo(1710) in (V) and activity due to S/D interfer-
ence effects in the (Yy) moment. Higher moments are all
consistent with zero.

Resonance angular distributions in radiative 7°(15) de-
cays from 7°(25)/7(3S) decays are rather complex and
will be studied in Sec.VIIIL. In this section we perform a
simplified Partial Wave Analysis (PWA) solving directly
the system of Eq. ([I0). Figure [[Hl and Fig. [[Gl show the
resulting S-wave and D-wave contributions to the 7
and KK~ mass spectra, respectively. Due to the pres-
ence of background in the threshold region, the 7wz~
analysis is performed only on the 7°(2S) data. The rel-
ative ¢gp phase is not plotted because it is affected by
very large statistical errors.

We note that in the case of the #T7~ mass spec-
trum we obtain a good separation between S and D-
waves, with the presence of an f((980) resonance on
top of a broad fp(500) resonance in the S-wave and a
clean f3(1270) in the D-wave distribution. Integrating
the S-wave amplitude from threshold up to a mass of
1.5 GeV/c?, we obtain an integrated, efficiency corrected
yield

N(S-wave) = 629 + 128. (17)

in agreement with the results from the fit to the =t

m(K'K) Gevi/c?

m(K'K) GeVi/c?

corrected for efficiency. The lines indicate

mass spectrum (see Table[[T)). We also compute the frac-
tion of S-wave contribution in the f3(1270) mass region
defined in Table [ITl and obtain fs(7+7~) = 0.16 + 0.02.

In the case of the KT K~ PWA the structure peaking
around 1500 MeV /c? appears in both S and D-waves
suggesting the presence of f,(1500) and f5(1525). In the
fo(1710) mass region there is not enough data to discrim-
inate between the two different spin assignments. This
pattern is similar to that observed in the Dalitz plot anal-
ysis of charmless B—3K decays M] Integrating the S
and D-wave contributions in the f5(1525)/fo(1500) mass
region in the range given in Table[[II, we obtain a fraction
of S-wave contribution fs(K+K~) = 0.53 +0.10.

VII. SPIN-PARITY ANALYSIS

We compute the helicity angle 0, defined as the angle
formed by the 7, in the 7f 7, rest frame, with respect
to the direction of the i, system in the T(1S)rfm
rest frame. This distribution is shown in Fig. [T for the
7(2S) data and 7' (1S)—yn 7, and is expected to be
uniform if 7} 7, is an S-wave system. The distribution
is consistent with this hypothesis with a p-value of 65%.

The 7(nS) angular distributions are expressed in
terms of 0 and 05. Due to the decay chain used to iso-
late the 7°(1.5) radiative decays (see Eq. (1) and Eq. [2])),
the 7°(15) can be produced with helicity 0 or 1 and the
corresponding amplitudes are labeled as Agg and A1,
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D-wave contributions.

respectively.

A spin 2 resonance, on the other hand,

can have three helicity states, described by amplitudes

Cio, C11, and Cha.

We make use of the helicity formal-

(a) S and (b)

ism 32, [33] to derive the angular distribution for a spin

2 resonance:
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Wa(0:,0n) = = 1024

n dcos B dcosOp
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|Eoo|? [6]A01]” (22|Chol* + 8|C11|* + 9|C12|?) +

2| Agol? (22|C10) + 24|C11|* + 9|Cr2]?) +

24 (|Aoo|* + 3| 401]?) (2|Crol? = |Cr2|?) cos 20 +

6 (JAgol* (6|Ci0l* = 8|C11[* + |C1af?) +

|Ao1|* (18|C1o|* — 8|C11|* + 3|C12|?)) cos 40y —

2 (| Aoo|® — [Ao1|?) cos 26, (22|C1o|* — 24|C11 | + 9|Cra|*+

12 (2|C1o|* = |C12]?) cos 20 +

3 (6/C10/* + 8|C11|* + [C12|?) cos 40m)] . (18)

Ignoring the normalization factor |Ego|?, there are two
amplitudes describing the 7' (15) helicity states, which
can be reduced to one free parameter by taking the ratio
|A01]?/|Aoo|?. Similarly, the three amplitudes describ-
ing the spin 2 helicity states, can be reduced to two

_du(b,) _
a dcos -

WO(H’Y)

Ignoring the normalization factors |C1g|? and |Ego|?, the
distribution has only one free parameter, |Ag1|?/|Aoo|*.
We perform a 2D unbinned maximum likelihood fit for

free parameters by taking the ratios |C11|?/|C1o]? and
|C12]2/|C10/>. We therefore have a total of three free
parameters.

The expected angular distribution for a spin 0 reso-
nance is given by

3
§|010|2|Eo0|2 (JAoo|* + 3| A01]* — (|Ago|* — |Ao1|?) cos 26, ) . (19)

each resonance region defined in Table [Tl If N is the
number of available events, the likelihood function L is
written as:

€(cos O, cos )W (0w, 0-)

N
L= H {fSigfWS(GH,QW)E(COSHH,COS@W)dCOSQHdCOSQ.Y—F
€(cosOgr, cos 0) Wy (0w, 0,)

n=1

(20)

(1 - fsig

where fg;q is the signal fraction, e(cos 8y, cos 8, ) is the fit-
ted efficiency (Eq. (I4))), and Wy and W}, are the functions
describing signal and background contributions, given by
Eq. (I8) or Eq. (I3). Since the background under the
777~ and K™K~ mass spectra is negligible in the low-
mass regions, we include only the tails of nearby adjacent
resonances. In the description of the 77~ data in the
threshold region we make use only of the 7°(2S5) data be-
cause of the presence of a sizeable p(770)° background in
the 7°(35) sample.

We first fit the f2(1270) angular distributions and al-
low a background contribution of 16% (see Sect. VII)
from the S-wave having fixed parameters. Therefore an

) Wy (0,0~ )e(cos b, cos b dcosHHdcosﬁ}
¥ ¥ ¥

iterative procedure of fitting the S-wave and f(1270)
regions is performed. Figure shows the uncorrected
fit projections on cosfy and cos6,. The cosf, spec-
trum is approximately uniform, while cos 8 shows struc-
tures well-fitted by the spin 2 hypothesis. Table [Tl sum-
marizes the results from the fits. We use as figures of
merit xg = x*(cosfp), x4 = x*(cosf,) and their sum
X7 = (xm+ X~)/ndf computed as the x? values obtained
from the cos 0y and cosf, projections, respectively. We
use ndf = Neeiis — Npar, where Np,, is the number of free
parameters in the fit and Neeps is the sum of the num-
ber of bins along the cosfy and cosf, axes. We note
a good description of the cos@y projection but a poor
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FIG. 17: Efficiency-corrected distribution of 6. in the 1°(25)
data. The dashed line is the result of a fit to a uniform dis-
tribution.

description of the cosf., projection. This may be due to
the possible presence of additional scalar components in
the f2(1270) mass region, not taken into account in the
formalism used in this analysis.
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FIG. 18: Uncorrected (a) cos @y and (b) cos 6, distributions
in the fo(1270)—7" 7~ mass region. The full (red) lines are
the projections from the fit with the spin 2 hypothesis. The
shaded (gray) area represents the S-wave background contri-
bution.

We fit the S-wave region in the 777~ mass spectrum
from the 7°(2S5) decay including as background the spin
2 contribution due to the tail of the f2(1270). The latter
is estimated to contribute with a fraction of 9%, with pa-
rameters fixed to those obtained from the f2(1270) spin
analysis described above. Figure [[9 shows the fit projec-
tions on the cos 0z and cos 0, distributions and Table [T
gives details on the fitted parameters. We obtain a good
description of the data consistent with the spin 0 hypoth-
esis.

We fit the K™K~ data in the f;(1500) mass re-
gion, where many resonances can contribute: f5(1525),
fo(1500) [31], and fo(1710). We fit the data using a
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FIG. 19: Uncorrected (a) cos@x and (b) cos 6, distributions
in the S-wave—nt7~ mass region. The full (red) lines are
the projections from the fit using the spin 0 hypothesis. The
shaded (gray) area represents the background contribution
from the f2(1270).

superposition of S and D waves, having helicity con-
tributions as free parameters, and free S-wave contribu-
tion. We obtain an S-wave contribution of fg(KTK ™) =
0.52 + 0.14, in agreement with the estimate obtained in
Sec.VI. The helicity contributions are given in Table [l
and fit projections are shown in Fig. ROl giving an ade-
quate description of the data. We assign the spin-2 con-
tribution to the f5(1525) and the spin-0 contribution to
the fo(1500) resonance. We also fit the data assuming
the presence of the spin-2 f5(1525) only hypothesis. We
obtain a likelihood variation of A(—2log £) = 1.3 for the
difference of two parameters between the two fits. Due
the low statistics we cannot statistically distinguish be-
tween the two hypotheses.

-05 0 05 1
cosb,

FIG. 20: Uncorrected (a) cos@g and (b) cos 6., distributions
in the £7(1500)— K" K~ mass region. The full (red) lines are
the projections from the fit using the superposition of spin-2
and spin-0 hypotheses. The shaded (gray) area represents the
spin-0 contribution.
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TABLE III: Results from the helicity amplitude fits to resonances decaying to 777~ and K™K ™.

Resonance mass range (GeV/c?) events spin Xz, X+, Xi/ndf |Aoo|?/|Ao1|?
mm S-wave 0.6-1.0 104 0 5.8,84,14.3/19 0.09 + 0.33
[4011*/|A0o|? |C11[*/IC10l? |Cr2[*/|C1ol?
f2(1270)—»m T 7m™ 1.092-1.460 280 2 24.0, 46.0, 70/37 1.07 = 0.31 0.00 £ 0.03 0.29 + 0.08
fé(1525)—>K+K7 1.424-1.620 36 2 6.7,18,85/16 479+10.8 042+0.36 1.43+0.35
fo(1500) =K T K~ 40 0 0.04 £ 0.07
VIII. MEASUREMENT OF BRANCHING for the f4(1525) and f((1500), where we make use of the

FRACTIONS

We determine the branching fraction B(R) for the de-
cay of 7(1S) to photon and resonance R using the ex-
pression

Ne(Y(nS)—=rln;T(15)(—=Ry))
N (nS)—=rdms T(AS) (=ptp—))
BY(18)—putu), (21)

B(R) =

where Np indicates the efficiency-corrected yield for the
given resonance. To reduce systematic uncertainties,
we first compute the relative branching fraction to the
reference channel 7(nS)—rt7n~ 1 (15)(—p™p™), which
has the same number of charged particles as the fi-
nal states under study. We then multiply the relative
branching fraction by the well-measured branching frac-
tion B(T(18)—utp~) = 2.48 +0.05% [23).

We determine the reference channel corrected yield
using the method of “B-counting”, also used to ob-
tain the number of produced 7(2S) and 1°(3S) [22].
Taking into account the known branching fractions of
1(259)/7(3S)—=nm;T(1S) we obtain

N Q2S)=rta; T(18)(=pTp™)) = (4.3540.124y) x 10°
(22)
and

N BS)=rta; T(18)(=pTp™)) = (1.3240.044y5) x 10°

(23)
events. As a cross-check we reconstruct
T(nS)—=rtr~T(1S)(—ptu~) corrected for efficiency
and obtain yields in good agreement with those obtained
using the method of “B-counting”.

Table[[Vlgives the measured branching fractions. In all
cases we correct the efficiency corrected yields for isospin
and for PDG measured branching fractions [25]. In these
measurements the f2(1270) yield is corrected first for the
7070 (33.3%) and then for the 77 (84.273°5%) branching
fractions. We also correct the wm S-wave and f(1710)
branching fractions for the 797 decay mode. In the case
of £7(1500)— K" K~ the spin analysis reported in Sec.VI
and Sec.VII gives indications of the presence of overlap-
ping f4(1525) and fo(1500) contributions. We give the
branching fraction for f;(1500)— K™ K~ and, separately,

S-wave contribution fg(KTK ™) = 0.52 4 0.14, obtained
in Sec.VIIL.

The f5(1525) branching fraction is corrected for the
KK decay mode ((88.7 & 2.2)%). For all the resonances
decaying to KK, the branching fractions are corrected
for the unseen K°K? decay mode (50%).

For the f5(1270) and fo(1710) resonances decaying to
w7, the relative branching ratios are computed sepa-
rately for the 7°(25) and 7'(35) datasets, obtaining good
agreement. The values reported in Table [V] are deter-
mined using the weighted mean of the two measurements.

TABLE IV: Measured 7 (15)—+yR branching fractions.

Resonance B(107?)

7 S-wave 4.63 +0.56 £ 0.48
f2(1270) 10.15 4 0.59 +9-34
fo(1710)—7r  0.79 £0.26 £ 0.17
f7(1500)— KK 3.97 £ 0.52 £ 0.55
F(1525)  213+0.28+0.72
fo(1500) KK 2.08 £ 0.27 £ 0.65
fo(17T10) KK 2.02 +0.51 £0.35

Since the reference channel has the same number of
tracks as the final state, systematic uncertainties related
to tracking are negligible with respect to the errors due to
other sources. The systematic uncertainty related to the
“B-counting” estimate of the event yields in the denom-
inator of Eq. 21l is propagated into the total systematic
uncertainty on the branching fractions given in Table [Vl

Comparing with CLEO results, we note that our re-
sults on the S-wave contribution include the f,(980) and
f0(500) contributions, while the CLEO analysis deter-
mines the branching fraction for the peaking structure
at the fp(980) mass. In the same way a direct compar-
ison for the f4(1525) branching fraction is not possible
due to the fp(1500) contribution included in the present
analysis. The branching fraction for the f2(1270) is in
good agreement.

We report the first observation of fo(1710) in 7°(15)
radiative decay with a significance of 5.7¢, combining
7Tr~ and KTK~ data. To determine the branching
ratio of the fy(1710) decays to w7 and KK, we remove



all the systematic uncertainties related to the reference
channels and of the v reconstruction. Labeling with N
the efficiency-corrected yields for the two fo(1710) decay
modes, we obtain

B(fo(1710)—7m)
B(fo(1710)»KK)

N(fo(1710)—mm)
N(fo(1710) K K)
= 0.64 % 0.27yn = 0.18y4, (24)

in agreement with the world average value of

0417011 ).

IX. SUMMARY

We have studied the 7°(15) radiative decays to yrtm—
and yKTK~ using data recorded with the BABAR
detector operating at the SLAC PEP-II asymmetric-
energy ete” collider at center-of-mass energies at the
7 (2S) and Y(3S) resonances, using integrated lumi-
nosities of 13.6 fb 'and 28.0 fb*, respectively. The
7' (1S) resonance is reconstructed from the decay chains
T (nS)—=rtr~T(1S), n = 2,3. Spin-parity analyses and
branching fraction measurements are reported for the res-
onances observed in the 7t7~ and K™K~ mass spec-
tra. In particular, we report the observation of broad
S-wave, fo(980), and f2(1270) resonances in the 7w~
mass spectrum. We observe a signal in the 1500 MeV /c?
mass region of the KK~ mass spectrum for which the
spin analysis indicates contributions from both f5(1525)
and fo(1500) resonances. We also report observation of
f0(1710) in both 777~ and KK~ mass spectra with
combined significance of 5.70, and measure the relative
branching fraction. These results may contribute to the
long-standing issue of the identification of a scalar glue-
ball.

Reference B] reports on a detailed discussion on the
status of the search for the scalar glueball, listing as
candidates the broad fy(500), fo(1370), fo(1500), and
fo(1710). For this latter state, in the gluonium hy-
pothesis, Ref. HE] computes a branching fraction of
B(Y(18)—=vfo(1710) = 0.9679:55 x 10~*. Taking into
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account the presence of additional, not well measured,
fo(1710) decay modes, our result is consistent with this
predicted branching fraction as well as with the domi-
nance of an s5 decay mode. For fo(1500)—=K K, ref. [13)]
expects a branching fraction B(7(15)— fo(1500)) in the
range 2 ~ 4 x 107°, consistent with our measurement.
The status of fo(1370) is controversial [34] as this state
could just be an effect related to the broad fy(500).
Reference [10] estimates for fo(1370) a branching frac-
tion of B(Y(1S)—vfo(1370)) = 3.27% x 107, in the
range of our measurement of the branching fraction of
B(Y(1S8)—=~(rmS-wave)).
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