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Study of the P-Wave Charmonium State y.y in ¢(2S) Decays
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The processeg(2S) — yor*#~, yKTK~, andypp have been studied using a sample3dfo X
10° (2S) decays. We determine the total width of thg to be e =143 £2.0 = 3.0 MeV. We
present the first measurement of the branching frackop., — pp) = (15.9 = 43 = 5.3) X 1073,
where the first error is statistical and the second one is systematic. Branching fractigns, ef
w7~ andK*K~ are also reported. [S0031-9007(98)07355-4]

PACS numbers: 13.25.Gv, 12.38.Qk, 14.40.Gx

The hadronic decay rates of thiewave quarkonium In particular, the total width of they.o is a quantity
states provides tests of perturbative quantum chromodyef considerable interest. The two existing measurements
namics (QCD). Recently, a systematic approach to théave large errors and only marginal consistency [2]. Also
treatment of the infrared ambiguities in the calculation ofof interest is the decay.o — pp, which is forbidden
the production and decays of these states has been devai-the limit of massless helicity conservation [3] and has
oped [1]. However, existing experimental information onbeen calculated by many different models [4,5]. Here the
the tripletP-wavecc stated x.o1.2), especially the/ = 0  only existing measurement is an upper limit on the partial
Xco0, IS not adequate for testing the predictions of this newwidth that does not seriously constrain the theory [6].
theory. Calculations of the branching fractions for other exclusive
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xo; decays, such ag.; — 7wt7~ [7], have revealed charged track and the cluster in thé plane is greater than

orders-of-magnitude discrepancies with the data reportetl5°®, (2) the energy of the cluster is greater than 20 MeV
by early experiments. For these reasons, measurementsarid some energy is deposited in the first six radiation
these properties of thg., states with improved precision lengths of the counter, and (3) the angle determined

are very useful. from the cluster development in the BSC agrees with
In this paper we report a measurementIdf, deter- that determined from the relative position of the shower
mined from an analysis of exclusiwg(2S) — y7 "7~ location and the interaction point to within 37 At least

and yK"K~ decays seen in the Beijing spectrometerone and at most three photon candidates are allowed in
(BES) at the Beijing Electron Positron Collider (BEPC). an event. The candidate with the largest BSC energy is
We also report a first measurement of tey — pp  assumed to be the photon radiated from#as).
branching fraction, and improved precision on the branch- In addition, we require that the event has two oppositely
ing fractions fory.o, — 77~ andK*K~. signed charged tracks in the MDC that both have at
The BES is a conventional solenoidal magnet detectoleast 13 good hits and are well fit to a three-dimensional
that is described in detail in Ref. [8]. A four-layer central helix. Events with tracks where théE/dx measured
drift chamber (CDC) surrounding the beam pipe providesn the MDC and the shower properties in the BSC are
trigger information. A forty-layer main drift chamber consistent with electrons are rejected. For each track,
(MDC), located radially outside the CDC, provides tra-the TOF anddE/dx measurements are used to assign
jectory and energy los&lE/dx) information for charged probabilities that the particle is a pion, kaon, and proton
tracks over 85% of the total solid angle. The momen-Prob;, Prolx, Prob,). We require both tracks to have
tum resolution iss,/p = 0.017y/1 + p? (p in GeV/c),  Prob, > 0.01 (for 7" 7 ~) or Prolx > 0.01 (for K"K ™)
and thedE /dx resolution for hadron tracks is11%. An  or Proh, > 0.05 (for pp). In addition, we do four-
array of 48 scintillation counters surrounding the MDC constraint kinematic fits to the hypothese@g2S) —
measures the time of flight (TOF) of charged tracks withy7 "7, ¢(2S) — yK*K~, and #(2S) — ypp, and
a resolution of~450 ps for hadrons. Radially outside require they> probability of the fitP,. to be greater than
the TOF system is a 12 radiation length, lead-gas barré).01 for7* 7~ or K"K~ and greater than 0.05 forp.
shower counter (BSC). This measures the energies of elec- There is some background framyy — u* ™, where
trons and photons over80% of the total solid angle with the J/¢ is produced by cascad&(2S) to J/¢ decays.
an energy resolution ofrz/E = 22%/E (E in GeV). To reduce this, we reject events where the response of the
Outside of the solenoidal coil, which provides a 0.4 T mag-muon detection system is consistent with the two charged
netic field over the tracking volume, is an iron flux returntracks being muons. The surviving® u~ background
that is instrumented with three double layers of countergvents do not populate the™ 77~ invariant mass distri-
that identify muons of momentum greater thiafi GeV/c. bution near they.o or y., masses. Inth&*K~ mass
We study y. states produced by the reactiene™ —  distribution, however, they populate the region in the lower
#(2S) — yx. in a data sample corresponding to a totalmass side oj ., and cause an abnormal distribution. For
of 3.79 X 10° (25) decays [9]. For thd'\ determina- the pp sample, theu™ u~ background level is significant.
tion reported here we use the paired pseudoscalar mesé&ior this channel, in order to ensure that both tracks are
decay modes of.0» — 7 7~ andK"K~. Using the directed at the sensitive area of the muon detection sys-
particle identification capabilities of the detector and four-tem, we require cos fypc| < 0.65 for both thep and the
constraint kinematic fits, we can get relatively pure evenip track.

samples. Moreover, since the decays of the and the To distinguishy 7= "7~ from yK* K, we define
nl to #* 7~ or K"K~ are forbidden by parity conser- e )
vation, they.o and y., signals in these channels are free Probf“ = Prot(x,, ndfan) .,

of distortions due to possible contamination of these other

2 .2 2 2 _
states. The effects of cross contamination between th¥N€réxan = xic + xtor + )(dE/dxz"’md"‘"f@111 = ndfic +
7*m~ andK* K~ event samples are estimated by Monte”?4/Tor + ndfur/a. are the totaj* and the corresponding

Carlo (MC) simulations and corrected accordingly. Thengmbezr of degregs of freedom of tjgédistrzibution. Here
or, and x4, correspond to the = values from

total width of the y., has been precisely measured to beX4c: XT dE /dx >PO!
T — 200 = 0.18 MeV [10], which is much narrower the four-constraint kinematic fit, the TOF measurements
Xe2 : - J

than our experimental resolution af,, of 7.83 Mev. for the or K hypothesis, and theE/dx measurements
Thus, the strongr.» — 7+ 7~ signal in our data is used for the 7 or K hypothesis, respectively, anddfic,

to provide a direct experimental determination of our resoZd/Tor, andndfag,4x are the corresponding numbers of
lution. We only rely on the MC simulation to determine degrees of freedom. If Prgp™ > Protfy,* , the event

how the resolution changes betwed , andM,,, . is categorized as g7 "7~ event, and, if Profy © >
We selecty(2S) — ym 7, yK*K~, andypp by  Prol},” , itis categorized as #aK " K~ event.
imposing the following selection criteria. Figures 1 and 2 show the™ 7~ andK " K~ invariant

A cluster of deposited energy in the BSC is regardednass distributions after the imposition of all of the above-
as a photon candidate if (1) the angle between the neardstted selection requirements. In these plots, the mass
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sofF distribution. (Our pp event samples are too small to
permit a helicity amplitude analysis.)

We subject the MC-generated events to the same
selection process as is used for the data and determine
the detection efficiencies for each mode. For @hig
mode, the detection efficiencies and the error caused
by the limited statistics of the Monte Carlo sample
are g,, = (27.1 = 0.6)%, ¢€,, = (30.3 = 0.7)%, and
€y, = (27.6 = 0.6)%, and mass resolutions at the
Xc0, Xel, and y., equal to 7.3, 6.8, and 6.7 MeV,
respectively. For ther*7~ and K*K~ modes, the
simulation shows that the mass dependence of the
detection efficiency is small and the mass resolution
function is very nearly Gaussian. We compensate for
the distortion of the mass spectra due to thé 7 -

FIG. 1. Then™#~ mass distribution for selectedt(2S) — k'K _ CToss .contamlnatlon by C"’F"brat'f‘g th_e mass

vyt m events. resolution derlyed from the MQ simulation with the
X2 — 7w~ line shape seen with the data. The effi-
ciencies ares, —n+r- = (36.9 = 03)%, €y, rin- =

values corresponding to the., and ., peaks are lower (38.9 = 0.5)%, €k k- = (32.8 = 0.3)%, and

in the 7" 7~ channel and higher fok *K~, indicating &,,.,» = (349 = 0.5)%, and the probability

the presence of some remaining cross contaminatiofor y., (y.2) — K"K~ events to be categorized as

between the two samples, which must be accounted for*7~ is (5.6 = 0.2)% [(6.0 = 0.2)%] and that for

in the determination of thg .o parameters. From Fig. 2, x.o (x.2) — 7 @~ events to be selected d&" K~ is

it is apparent that thg., — K"K~ sample is statistically (7.1 = 0.2)% [(7.4 + 0.3)%], where the error is from the

limited. We therefore use only thg.,, — 7w+ 7~ signal statistics of the Monte Carlo sample.
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to calibrate the mass resolution. In Fig. 3, the The invariant mass distributions in Figs. 1, 2, and
invariant mass distribution, there is a clegg signal and 3 are fit by using an unbinned maximum likelihood
evidence for they.; and y.». algorithm. For thepp channel, the invariant mass region

We use Monte Carlo simulated data to determine thdetween 3.20 and 3.64 GeV is fit with three Breit-Wigner
7 7~ andK* K~ cross-contamination probabilities, the resonances plus a linear background function. The Breit-
detection efficiencies, and the mass resolutions. W&Vigner resonance width for the, is fixed at 14.3 MeV,
generate events assuming that the reacti®f) — yx.,  the value determined from an analysis @y — 77~
is a pure E1 transition. The decays; — pseudoscalar decays described below; those for tg, and y., are
meson pairs anck.o — pp have only one independent fixed at the Particle Data Group (PDG) values [10].
helicity amplitude and are thus unambiguous [11]. ForThe resonances are smeared by Gaussian functions with
Xc12 — pp decays, there are no available experimentatms widths fixed at the MC-determined mass resolution
data on the helicity amplitudes, and we use an isotropiwalues. The fit result, shown as the curve in Fig. 3, gives
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FIG. 2. TheK*K~ mass distribution for selecte¢t(2S) — FIG. 3. Thepp mass distribution for selected(2S) — ypp
vyKTK~ events. events.
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TABLE I. Branching fractions ofy.; — 0707. B(#(2S) — yxe) = (9.3 = 0.8)% and
B(y(2S) — yx2) = (7.8 = 0.8)% are used for branching fraction determination.

Decay mode Nobs BR (1073) PDG [10](1073)
Xeo — mrmT 720 = 32 4.68 = 0.26 £ 0.65 75+ 2.1
X0 — KTK~ 774 = 38 5.68 = 0.35 = 0.85 71 24
X2 — mrmT 185 = 16 149 = 0.14 £ 0.22 1.9 £ 1.0
X2 — KTK™ 115 = 13 0.79 = 0.14 = 0.13 1.5+ 1.1

152 41,42 = 22, and4.7 = 2.5 events for they.o,  quadrature and get a total relative systematic errok pn
xe1, and y., states, respectively. of 21%.

For thes " 7~ channel, we first fit the invariant mass Systematic errors on the branching fractions, which
region between 3.5 and 3.6 GeV with a Breit-Wignerarise from the uncertainties ifi, ,, the mass resolution,
resonance witll", | fixed at the PDG value of 2.00 MeV, the choice of the background function, the efficiency
smeared by a Gaussian resolution function with an rmsletermination, and the choices of the selection
width that is allowed to float. We also include a linearcriteria are 11.5%, 12.6%, 12.1%, and 14.7% for
background function. The fit results in g, mass B(y.o — 7 7)), B(xco— K*K™), B(xer — wrm7),
resolution of7.83 + 1.04 MeV, which is slightly higher and B(x., — K" K~), respectively. There are overall
than the MC result 06.31 = 0.11 MeV. We scale the errors caused by the uncertainty of the total num-
MC value for the mass resolution at the, (8.12 = ber of (2S) events and the uncertainties in the
0.23 MeV) by the ratio of the fitted MC results atthe,  #(2S) — yx.; branching fractions. Adding these
and get a mass resolution at tig of 10.08 MeV. errors in quadrature gives the total relative systematic

We then fit thes* 7~ mass spectrum between 3.2 errors of 14%, 15%, 15%, and 16%, respectively, for
and 3.6 GeV with two Gaussian-smeared Breit-Wigners3(y.o — 7+ 7 7), B(xco = K*K™), B(xe» — wr@7),
with resolutions fixed at 10.08 and 7.83 MeV, and aandB(y., — K*K").
second order polynomial background function, and with For B(x.;, — pP), the sources of systematic errors in-
I, fixed at the PDG value of 2.00 MeV. The fit, shown clude those listed above plus that associated with the as-
as the curve in Fig. 1, give$', = 14.3 = 2.0 MeV,  sumption of an isotropic angular distribution fgg,, —
where the error is statistical. The fitted numbers ofpp decays. Adding all of the errors in quadrature gives
Xes — 7w events aren;ﬁf_,wf =720 = 32 and relative systematic errors of 33%, 67%, and 56% for the

obs

ny . +a- = 185 = 16, where the errors are statistical. ~ Xco, Xc1, and x.> states, respectively.
We fit the K™K~ mass spectrum between 3.2 and In summary, we obtain the total width of the, to be
3.6 GeV to two Gaussian-smeared Breit-Wigner reso-
nance functions plus a background function that in- Iy, =143 20 = 3.0 MeV,
cludes the possibility of distortions to the line shape
due tou™ u~ X background events. (Because this modewhere the first error is statistical and the second is sys-
is not used for width determination, a high precisiontematic. They.;, branching fraction results are listed
knowledge of the mass resolution is not an issue.) Thén Tables | and Il. The measured width for the,
X2 width is fixed. The resulting fit, shown in Fig. 2, is consistent with, but substantially more precise than,
gives nf(l’jﬁp,(f = 774 = 38 and nj’('fj_,p,(f = 115 = the previous measurement [2] (the uncertainty is re-
13, where the errors are statistical. duced from 40% to 25%). The calculations involv-
Errors in the determination of , , are caused by the ing new factorization schemes with high order QCD
uncertainty inI’, ,, the determination of the mass resolu- corrections [12,13] are in good agreement with our
tion, the shape of the background, the mass dependencemkasurement.
the efficiency correction, and the choice of experimental Our branching fraction fory.o— pp is the first
cuts. We add the estimated errors from these sources measurement for this decay, and is compatible with the

TABLE IIl. Branching ratios of x. — pp. B@WQ2S)— yx«) = (9.3 = 0.8)%, B (2S)— yxa) = (8.7 £ 0.8)%,
and B(¥(2S) = yx=2) = (7.8 = 0.8)% are used for branching fraction determinationI'} from this experiment,
Iy = 0.88 = 0.14 MeV, andI'y), = 2.00 = 0.18 MeV are used in calculating the partial widths.

State Nobs BR (1079) T,5 (keV) PDG [10] BR(1075) PDG [10]T,5 (keV)
Xeo 152 + 4.1 159 + 43 = 53 23+ 1.1 <90

Xei 42 +22 42+22+28 0.037 + 0.032 8.6+ 1.2 0.074 =+ 0.009
Yer 47 %25 58 +3.1+32 0.116 + 0.090 10.0 * 1.0 0.206 *+ 0.022
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