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Measurement of inclusive production of neutral pions fromY (4S) decays
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Using the Belle detector operating at the KEI€Be ™ storage ring, we have measured the mean multiplicity
and momentum spectrum of neutral pions from the decays ol{{#S) resonance. We measure a mean of
4.70+0.04£0.22 neutral pions peY (4S) decay.

DOI: 10.1103/PhysRevD.64.072001 PACS nuniderl3.25.Hw, 14.40.Nd

This analysis presents the first results on the average mulayers. A lowZ gas mixture(50% He, 50% G Hg) is used to
tiplicity of neutral pions and their momentum spectrunmBin  minimize multiple-Coulomb scattering. The inner and outer
meson decays at thé(4S) resonance using the Belle detec- radii of the CDC are 9 and 86 cm, respectively. The solenoi-
tor [1] at KEKB [2]. The measurement is based on thedal magnetic field of 1.5 T is chosen to optimize momentum
sample of 3.4 10°B meson pairs collected by the Belle de- resolution without sacrificing reconstruction efficiency for
tector at a center-of-mags.m) energy of\/s=10.58 Gev.  low momentum tracks. Kaon identificatigID) is provided

The particle composition of hadronic final statesine™ by specific ionization dE/dx) measurements in the CDC,
annihilation and the measurement of inclusive particle proCerenkov threshold measurements in the ACC, and the cy-
duction rates have been important subjects for various enerdipdrical TOF scintillator barrel. The ECL is made of finely
regions. Previous studies of particle composition at thesegmented Cs(TI) crystals 30 cm in length. The cross sec-
Y (4S) resonance include measurements of charged particldi9n of one counter is approximately 8%5 mnf at the front
(w* [3,4] andK* [5,6]), » mesong7], and vector mesons surface. The_ ECL crygtals cover the 1<_29< 157° angl_JIar
[8,9]. For typical B meson decays, the bulk of the neutral "egion. The inner radius of the barrel is 1.25 m, while the
energy is carried by neutral pions. The measurements of ignhular end caps are placed+.0 m and—1.0 m along the
clusive spectra contain information oB meson decay beam line from the interaction point. The calibration of the
mechanisms, especially in the high-momentum region where
important rare decays may become detectable. If the detail:
of these inclusive spectra are known more precisely, they P
will allow a better estimation of backgrounds and better g
modeling ofB meson decay.

The Belle detectofsee Fig. 1, described in detail in Ref.
[1], consists of a silicon vertex detect(®VD) [10], central
drift chamber(CDC) [11], aerogel @renkov countetACC)
[12], time of flight or trigger scintillation countdifOF/TSQ
[13], Csl electromagnetic calorimetefECL) [14], and ; / - =
K, /muon detectofKLM) [15]. The SVD measures the pre- = ~ KM
cise position of the decay vertices. It consists of three layers T . Superconducting
of double-sided silicon strip detectof®SSDs in a barrel-
only design and covers 86% of the solid angle. The layer
radii are 3.0, 4.5, and 6.0 cm. The charged tracks are recon
structed primarily by the CDC that covers the 76
<150° polar angular region. It consists of 50 cylindrical
layers of drift cells organized into 11 superlayéeasial or
small-angle sterep each containing between three and six FIG. 1. Isometric cutaway view of the Belle detector.

PID (Aerogel)
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calorimeter is performed using cosmic rays and Bhabha § :5 .
events. The KLM consists of alternating layers of glass re- “E q§ q§
sistive plate counters and 4.7-cm-thick iron plates. 2 ~3 ~3

The data samples used in this analysis correspond to 3.2 E S ! $ ¥
fb~! of integrated luminosity taken at th&(4S) resonance 2 *3r 1%3r N
and 0.6 fb ! taken at a c.m. energy 60 MeV below the reso- S S
nance; the latter was used to subtract the underlying con- w S T80 ‘180V' T
tinuum background. The integrated luminosity was deter- Myy (MeV/c) Myy (MeVic?)
mined from the number of Bhabha events for which we B ——————
require both electron and positron in the region of 46.7° w I ]
< §* <145.7° in the c.m. frame. > SO

Hadronic events are selected based on charged track in- 2 (09,;5 -
formation from the CDC and cluster information from the g S,
ECL. We require at least three charged tracks, thatthe energy € “,9[
sum in the calorimeter be between 10% and 80%/®fand H q§°". ] o | =
that the charged track momentum be balanced irettieec- 80 130 180 80 130 180
tion. This removes the majority of two-photon, radiative Myr (MeVic) Myr (MeVie')
Bhabha, andr" 7~ events where both’s decay to leptons. FIG. 2. yyinvariant mass distributions for thé(4S) resonance

Radiative Bhabha events with one electron outside of thelata (a) p;,=0.0-3.0GeV¢, (b) 0.0-1.0GeV¢, ()
ECL acceptance are removed by requiring at least one largd-0—2.0 GeV¢, (d) 2.0-3.0 GeVE. An average mass resolution of
angle cluster in the ECL and requiring that the average clus® MeV/c? was obtained. The smooth curve in each plot is a fit to
ter energy be below 1 GeV. Higher multiplicity 7~ events  the data using an asymmet(ior symmetri¢ Gaussian plus a poly-
are removed if the charged and neutral energy sums in theemial.

event are consistent with a pair event and if the recon-

structed invariant mass of the particles found in each of thdished valug 18] because of the asymmetric energy response
two hemispheres perpendicular to the event thrust axis fallef the calorimeter due to shower leakage. The observed mass
below ther mass. Beam-gas and beam-wall backgrounds arpeak position and resolution are consistent with Monte Carlo
removed by reconstructing the primary vertex of the evenexpectations, as shown in Fig. 3.

and requiring it to be consistent with the known location of  To extract ther® momentum spectrum frofY (4S) de-

the interaction point. The selection is 99% efficient BB  cays, the underlying continuum in the on-resonance data is
events and approximately 87% efficient for continuumsubtracted bin-by-bin using off-resonance data. The inclusive
events. The efficiency for the hadronic event selection waspectrum is calculated using

found by aGEANT-based[16] Monte Carlo simulation pro-

gram. To suppress continuum, we require that the Rjiof —~ 014 e
second to zeroth Fox-Wolfram momehi¥], determined us- o [ a)
ing charged tracks and neutral clusters, be less than 0.5. > L
Photons are reconstructed from neutral clusters in the S 0135 ?MW.‘
ECL that have a lateral shape consistent with that of an elec- =" L

tromagnetic shower. The energy resolution was measured to 013 |
be og/E=0.066%E®0.81%E*%21.34% (E in GeV) }
from beam test§l4]. To keep the combinatorial background 0425 Lovitiiiii,
at a reasonable level, only photons in the central barrel re- Y0 1 2
gion (35°<#<120°) with E,=30MeV are used in this
analysis; the end cap regions have worse energy resolution
due to more intervening material and higher beam-associated
background.

For each 100 MeW momentum bin in the c.m. momen-
tum range 0 to 3 Ge\d, the yy invariant mass distribution is
fit to an asymmetridsymmetric above 2 Ge) Gaussian
(i.e., a Gaussian with different widths on either side of the
mean for the signal plus a polynomial for the combinatorial :
background to extract the® yields. Figure 2 shows typical " (GeV/ 3
mass spectra obtained from the on-resonance data. For the P (GeVic)
asymmetric Gaussians, the mass resolution is defined as the G, 3. Mass peak position and resolution obtained from off-
mean of the left- and right-hand sigmas. An average masgsonance data and Monte Carlo expectatiés(c) Data;(b), (d)
resolution of 5MeVt? is obtained, dominated by energy continuum Monte Carlo. The fluctuations near 2 Gete caused
resolution at low momenta or by angular resolution at highby the change in the signal fitting function from an asymmetric to a
momenta. The mass peak is shifted slightly from the estabsymmetric Gaussian.

1 2 3
p’ (GeVic)

0.01

0.005

Mass resolution (GeV/c?)
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TABLE I. Measured inclusiver® spectrum fromY (4S) decays, using 3.2 fi on-resonance and 0.6
fb~! off-resonance data.

p* (GeVio) Yon— @Y oft € (%) 1 do

;h W iAsta’[i Asyst
0.0-0.1 289901.7= 9256.5 18.6 4.4880.143+0.0644
0.1-0.2 492207.2+ 16451.8 15.9 8.8980.297+1.182
0.2-0.3 465198.9+ 10435.8 16.5 8.1060.182+1.012
0.3-0.4 461727.6+= 8139.7 20.0 6.6350.117+0.836
0.4-0.5 411074.4+ 6470.8 22.5 5.2450.083+0.699
0.5-0.6 323401.5+ 5305.1 24.8 3.7490.062+0.506
0.6-0.7 255770.0= 4409.2 26.4 2.7860.048+0.377
0.7-0.8 187946.7+ 3761.8 27.8 1.9420.039-0.290
0.8-0.9 139720.8+ 3179.7 29.3 1.3790.031=0.209
0.9-1.0 106438.9+ 2754.1 30.1 1.0170.026+0.161
1.0-1.1 79213.3= 2004.2 32.4 0.7010.018+0.125
1.1-1.2 61164.2= 1744.7 32.8 0.5350.015+0.095
1.2-1.3 46737.0+= 1528.1 33.3 0.4020.013+0.076
1.3-14 34688.4+ 1358.3 33.9 0.29#0.012+0.059
1.4-15 26208.0+ 1236.0 33.7 0.2280.011+0.049
1.5-1.6 18556.8+ 1115.8 35.0 0.1520.009+0.039
1.6-1.7 15916.3+ 994.5 35.5 0.1280.008+0.031
1.7-1.8 12728.9+ 915.9 36.1 0.10£0.007+0.026
1.8-1.9 10759.3+ 805.8 37.0 0.084 0.006+0.022
1.9-2.0 7842.7+ 746.8 36.7 0.0610.006+0.018
2.0-2.1 7241.3*+ 667.3 35.2 0.0580.005+0.017
21-2.2 4945.7+ 586.1 32.4 0.044 0.005-0.014
2.2-2.3 2956.1+ 533.1 31.2 0.0270.005+0.011
2.3-2.4 —3455 = 505.8 30.7 —0.003+0.005-0.011
24-25 163.3*= 443.3 29.7 0.002 0.004+0.009
25-2.6 488.3+ 415.3 28.4 0.0050.004+0.007
2.6-2.7 —242.0 £ 394.3 27.2 —0.003+0.004+0.007
2.7-2.8 189.8+ 347.3 25.5 0.002 0.004+0.006
2.8-2.9 —206.9 = 314.9 23.7 —0.003+0.004+0.005
2.9-3.0 —59.5 + 278.8 21.6 —0.001+0.004+0.005

1 doo 1 Yo—aYy in the 2.2—2.3GeW bin, and scaled efficiencies are used

(1) that account for the different acceptances.

Possible sources of systematic uncertainties and their ef-
) _ fect on the inclusiver® mean multiplicity measurement are
whereNy, is the number of proe%lPJc&B events,Yo,andYor  summarized in Table Il. These are discussed next.
are the background-subtracted yields obtained from on- The uncertainties in the number &B events and the

and fc;ﬁ—rel.f,ona;ncte data df'.t&’;(cc’“/ dEOﬁ% (fSOﬁ/ SO”)t is the q hadronic event selection efficiency are estimated to be 1%
on-off scaling factor, and is the product of acceptance and ;.\ 1 10, respectively, or 1.5% combined.

detection efficiency for each momentum bin. The averaye The effect of uncertainty in the relative luminosity ratio,

muItiijcity .iS obtained by summing the dat"’! from the Mea";sed to subtract the continuum background from the on-
sured '”dg"'d“a' momentum bins as show_n_m Table I. resonance data, was studied by varying the size of the con-
The 7" acceptance and detection eﬂuency are Oleteriinuum subtraction by 1%, and we find a 1.5% uncertainty in
mined from Monte Carlo simulations @B decays(equal  the mean multiplicity.
proportions of charged and neutBamesonsand continuum Due to the c.m. energy difference between on- and off-
processes. They invariant mass distributions are fit with the resonance data, the characteristics of continuum events may
same functions as used in the real data analysis. The produggt match, leading to a bias in the continuum subtraction
of acceptance and detection efficiency are defined as the ratigom the on-resonance data. In particular, the event shape at
of the f|ttEd7To y|8|d to the generated count. Efficiencies for lower c.m. energy is S||ght|y less Jet“ke so that more con-
the high momentumr®s above the kinematic limit foBB  tinuum events survive the commd®, cut (resulting in an
decays are deduced from continuum Monte Carlo normalizedversubtraction from the on-resonance gagad the particle

ondpts Nn €Ap’,
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TABLE II. Sources of systematic uncertainty in the inclusiv® *a 10
multiplicity measurement. % B
S i
Source Effect oqn o) (%) bg 6
Overall normalization 1.5 - 4 A
Eon)(soﬁ) 1.5 2 f
An=Yy— | — || —1|"Y :
on (ﬁoff Son of g F
QO E
R, 0.4 § 1.8
S, 1.6
OFF EX-\/— 03 <14 ¢
Soff Q1q2¢
. . 1E
E, nonllngarlty 0.6 0.8 [*
E, smearing 2.0 0.6
Shower shape 0.4 04 ¢
Track match 1.6 0'3 E
Fit procedure 3.0
Energy dependence of efficiency 0.3
Total (added in quadratuye 4.6 FIG. 4. Measured inclusiver® momentum spectrum il (4S)

decays, with the high momentum range shown in the inset. The
histograms show the Monte Carlo prediction. The error bars are

momenta scale with c.m. energy. Hadronic event selectiogaistical, while the shaded band indicates one standard deviation
andR; cut bias from the on-off energy difference were de-systematic uncertainties.

termined by using a continuum Monte Cafl@9] sample

generated at the c.m. energy of the off-resonance data; we . . S
estimate a 0.4% uncertainty in the multiplicity due to this and Monte Carlo is taken as the systematic uncertainty in the

effect. Particle momentum scaling with c.m. energy wagP@ckground modeling: a 2.8% uncertainty was deduced. The

studied by comparing the multiplicity with and without mo- weighted average of (t)he fit Oerrors in the efficiency estima-

mentum scaling; this leads to an uncertainty of 0.3%. tion. (56)2=Eio§i~Yf’ 12,Y{, leads to 1% uncertainty in
The uncertainties in the® detection efficiency due to the the #° multiplicity. Combining these two numbers gives a

application of the shower transverse shape cut, the chargede systematic uncertainty in the’ mean multiplicity mea-

track veto, photon energy smearing, and the ECL's modesfurement due to the fit procedure.

nonlinear energy response correction, are estimated to be The measured® momentum spectrum is compared to the

0, 0, 0, 0, I I —
0.4%, 1.'6/0’ 24)’ and. 0.6%, r.espectlve(lgfetermlned .by_ BB Monte Carlo[20] prediction in Fig. 4. Systematic differ-
comparing the yields with and without each of these crijeria . . : d
ences in the intermediate momentum region may be caused

The decay angular distribution for the photons in timati b in the Monte Carl
rest frame is expected to be isotropic, but the detected distrf2y overes |m§ ion olb—c¢ processes in the Monte Larlo

bution of the decay anglé,—defined as the angle between €vent generation: 100B6-c is assumed for generi8B de-
the photon momentum in the° rest frame and ther® mo- cays in our Monte Carlo. In the high-momentum region
mentum in the laboratory frame—shows an energy deperabove theb—c kinematic end point, we searched formd
dence due to the energy cut. Inaccuracy in the Monte Carlo excess from charmles8 decays. We findNgycess&=410
simulation could manifest itself as an anisotropy in thex724 events in the momentum interval 2.4—-2.7 GgV/
efficiency-corrected decay angle distribution. A comparisonwhich corresponds to a partial branching fractidi{B
between Monte Carlo and data fdrcosf>0.5 and — 7%K;p>2.4GeVk)=(2+3.5+6.7)x10" 4, or less than
| cosfy/=<0.5 shows no discrepancy and is used to estimate & 4x 10~2 at 90% confidence level. However, the statistical
systematic uncertainty of 0.3%. precision here is limited and the fluctuations are dominated
The yy invariant mass distribution for each c.m. momen-py the off-resonance data used in the subtraction.
tum bin is fit to the following functions in the mass window |, conclusion, using 3.2 fb* of data accumulated at the

2.
80_*180 MeVL®: _ ) Y (4S) resonance by the Belle detector, we have measured
Py,<10 C?eV/C- fourth order polynomial plus asymmet- e jnclusive spectrum of neutral pions frovi(4S) decays.
ric Gaussian; By summing the measured momentum bins, the mean mul-

1.0< p’;y<2.0G§V/c': second order polynomial plus picity of neutral pions fromY (4S) decays has been deter-
asymmetilc Gaussian; _ mined to be(n o)=4.70+0.04=0.22, corresponding to an
2.0=p};,<3.0GeVk: second order polynomial plus jncjusive branching fractioh21] of B(B— m°X) = (235 2

Gaussian. ) +11)%, where the first error is statistical and the second is
The fitting range and the order of the polynomial are Cho'systematic.

sen to minimize statistical fluctuation. By changing the order
of the polynomial, the relative yield variation between data The authors gratefully acknowledge the efforts of the
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