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The inclusive production of charmonium mesongimeson decay has been studied in a 203 fata set
collected by theBABARexperiment operating at thé(4S) resonance. Branching fractions have been mea-
sured for the inclusive production of the charmonium mesdhs #(2S), x.1, and x.». The branching
fractions are also presented as a function of the center-of-mass momentum of the mesons and of the helicity of
the J/ .
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I. INTRODUCTION ticles, and also measures their energy lod&/¢x). The
SVT is the primary detection device for low momentum
charged particles. Outside the SVT, a 40-layer drift chamber
(DCH) provides measurements of the transverse monenta
of charged particles with respect to the beam direction. The
resolution of thep; measurement for tracks with momenta
above 1 GeW¢ is parametrized as

Studies of the inclusive production of charmonium me-
sons inB decays provide insight into the physics of the un-
derlying production mechanisms. Nonrelativistic QCD
(NRQCD) [1], which may provide an explanatid@] for the
unexpectedly large production df ¢ and ¢(2S) mesons
observed inpp collisions [3], is an example of such a
mechanism. NRQCD calculations use phenomenological o(pr)
matrix elements that should be applicable to a variety of —_—
production processdgt], including such kinematically dif- Pr

ferent regimes as hadron collisions at the Fermilab Tevatron . . .
collider ande e~ collisions at theY (4S). Where p7 is measured in Ge\/. The drift chamber also

. . measuresl E/dx with a resolution of 7.5%. Beyond the outer
This paper presents an analysis 3%/, xc1, Xc2, and

. radius of the DCH is a detector of internally reflected Cher-
2S) mesons produced iB decays at theY (4S) reso- . e o
nwrflnczz.]/(// andz,//FZS) L:nesolns are reyconstructe(d in)mbe* enkov radiationDIRC), which is used primarily for charged

and .+ u- decay modes, and t and y., in the J/ gy hadron identification. The detector consists of quartz bars in
, he.; - ; : ) LA
final states. We also reconstrui(2S)—J/ - - which Cherenkov light is produced as relativistic charged

i . articles traverse the material. The light is internally re-
The results include new measurements of previously obp g y

dd 6 I ; d helicity distri flected along the length of the bar into a water-filled stand-
Serve ecayts, _] as well as momentum and helicily diStr- ¢ oy mounted on the rear of the detector. The Cherenkov
butions not previously measured.

rings expand in the stand-off box and are measured with an
array of photomultiplier tubes mounted on its outer surface.
Il THE BABAR DETECTOR AND THE PEP-Il COLLIDER A CsI(Tl) crystal electromagnetic calorimet@MC) is us'ed '
to detect photons and neutral hadrons, as well as to identify
The BABARdetector is located at the PEPdle™ stor-  electrons. The energy resolution of the calorimeter is param-
age rings operating at the Stanford Linear Accelerator Cenetrized as
ter. At PEP-II, 9.0 GeV electrons collide with 3.1 GeV pos-

—0.13 p;%-+0.45%, 1)

itrons to produce a center-of-mass energy of 10.58 GeV, the o(E) _ 2.3% 1.9% 2
mass of theY (4S) resonance. E _ g#® 9%, 2

The BABARdetector is described elsewhegi; here we
give only a brief overview. Surrounding the interaction pointwhere the energ¥ is measured in GeV. The EMC is sur-
is a 5-layer double-sided silicon vertex track8VT), which  rounded by a superconducting solenoid that produces a 1.5-T
provides precision spatial information for all charged par-magnetic field. The instrumented flux retufiFR) consists
of multiple layers of resistive plate chambdRPQ inter-
leaved with the flux return iron. The IFR is used in the iden-
* Also with Universitadi Perugia, 1-06100 Perugia, Italy. tification of muons and neutral hadrons.
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Data acquisition is triggered with a two-level system. The Q .

first level uses fast algorithms implemented in hardware that S 400 ct., .
examine tracks in the DCH and energetic clusters in the 8. T

EMC. The second level retains events in which the track 2300 . E
candidates point back to the beam interaction region, or in 2 200 [ E
which the EMC cluster candidates are correlated in time with S 5 ]
the rest of the event and exceed the energy of a minimum = 100 F 3
ionizing particle. Over 99.9% dBB events pass the second =

level trigger. A fraction of all events that pass the first level 0=t

0 0.2 0.4 0.6 0.8

are passed through the second to allow monitoring of its
performance. R,

FIG. 1. R, distribution after all other selection criteria have been
[ll. COORDINATE SYSTEM AND REFERENCE FRAMES applied. Points are on-resonance data; histogram is off-resonance
data scaled to the same luminosity. The vertical line denotes the

We use a right-handed coordinate system with Ztaeis requirement imposed oR, .

along the electron beam direction and thexis upwards,
with origin at the nominal beam interaction point. The polar ) ) o
angled is measured from the axis and the azimuthal angle  Finally, the event must include total visible energy
4 from thex axis. Unless otherwise stated, kinematic qu‘.jm_(charged particles plus unassociated EMC clusters above 30
tities are calculated in the rest frame of the detector. Thé1€V) greater than 4.5 GeV. _

other reference frame we commonly use is the center of mass The efficiency for simulatedY (4S)—BB events is

of the colliding electrons and positrons, which we call the95.4%. More relevant is the ratlog of this efficiency to that
center-of-mass frame. for events containing the charmonium decay of inter€gt.

is calculated for each of the final states using simulated data.
Inaccuracies in the simulation of the tracking systems pro-
duce an uncertainty of 1.1%, common to all modes.

The data used in these analyses were collected between
October 1999 and October 2000 and correspond to an inte-
grated luminosity of 20.3 fb! taken on theY (4S) and 2.6
fb~! taken off-resonance at an energy 0.04 GeV lower than The number ofY (4S) events satisfying the above selec-
the peak, which is below the threshold BB production tion cri_teria Ny) .is qbtained from t_he total number of events
and therefore includes only continuum processes. saUsfym_g the criteria by subtracting the component due to

We use an equivalent luminosity of simulated dfgg  the continuum.
including bothBB and continuum, to study the efficiency of
the analysis. Ny=Non— k- Rott-Mon, 3

We require events to satisfy criteria that are intended to
have high efficiency fol (4S) events while rejecting a sig- Where
nificant fraction of continuum events and strongly suppress- | L o
ing beam gas events. The event must satisfy either the DCNon 1S the number of events satisfying the criteria in the
components of both trigger levels or the EMC components of"-"ésonance data set; o
both, and have three or more high-quality tracks in the anMon IS the number of muon pairs in the on-resonance data
gular region with full tracking acceptance, 04#<2.54. S€t _ _ _
Reconstructed charged particles are considered high-quali@qff: Not/Mois is the ratio of the number of events satis-
tracks if they have at least 12 hits in the DCliy ing Fhe hadronic selection criteria to the number of muon
>100 MeV/c, and a point of closest approach to the beamPars in the off resonance data; and _ _
spot of <3 cm inz and <1.5 cm inxy. K=1_.0000t 0.0025 aIIovv_s for dlffere_nces in the_ ratios of

The ratio of the second to the zeroth Fox-Wolfram mo-Ccontinuum and muon-pair cross sections and efficiencies be-
ttween on-resonance and off-resonance data.

IV. EVENT SELECTION

Determination of number of Y (4S) mesons

mentR, [9] measures how uniformly the energy in the even

is distributed, distinguishing the more spheri@B events

with small R, from the more jet-like continuum events at  The two highest-momentum tracks in muon pair events

largeR, (Fig. 1). We requireR,<0.5. must both deposit less than 1 GeV in the EMC and satisfy
The primary event vertex is obtained from all charged|cos#|<0.7485 in the center-of-mass frarfte be within the

particles with 0.4% #<<2.54. Particles contributing a large region of full tracking efficiency. The tracks must be within

x? are removed from the vertex and the process is iteratedi0° of being back-to-back, and must have a combined mass

until stable. To reject events due to a beam particle strikingyreater than 7.5 Ge¢f. Since the number of muon pairs in

the beam pipe or a residual gas molecule, we require ththe on and off resonance data sets appears only as a ratio in

primary event vertex to be within 0.5 cm of the beam spot inEg. (3), Ny depends only weakly on the details of the selec-

xy and 6 cm inz. tion criteria. Varying these over reasonable ranges changes
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Ny by 0.5%, which we take as a systematic error. The on-
resonance data contains 7.8 times as many muon pairs as the
off-resonance data.

Changes to the trigger configuration caus®g; to vary
from 4.89 to 4.94 during the period in which the data was
collected. For the purposes of this calculation, the data is
grouped into periods of compatibl,s;. Combining the
data in a single group changlls by 0.3%, which is taken as
a systematic error. In principl&,¢; could also vary due to
beam gas backgrounds. However, thélistribution of the 26 28 3 3.2
primary event vertex indicates that less than 0.1% of events M(e'e) (GeV/cZ)
are due to beam gas.

We find Ny=(21.26+0.17)x 10°. The 0.8% uncertainty
is systematic and includes the 0.5%, 0.3% and 0.1% contri-
butions from muon pairsR,s, and beam gas described
above. The largest component is from the 0.25% uncertainty
on «, which corresponds to a 0.6% uncertainty Iéq.

V. J/¢s PRODUCTION

A. J/ ¢ reconstruction

I(a) IJ/\||! —|> e+le’
2000

1000

Entries per 5 MeV/c?

<

T T L T I T T I
(®) Ty — 1w’
2000 :

1000

Entries per 5 MeV/c?

<

We reconstruct)/ ¢ candidates in selected events using 3 32
theete™ andu™ u~ final states. The leptons are required to + - 2
satisfy the track quality criteria listed earlier. Electron candi- M(p'p) (GeVic)

dates are further required to have a distance of closest ap- kg, 2. Mass distribution af/y candidates reconstructed in the
proach to the beam line of less than 0.25 cm to reject elecy) ete~ and(b) " 1~ final states. The vertical dashed line(l)

trons produced by photon conversions. marks the lower edge of the mass range used inuthe ™~ final
Both leptons are required to fall in the angular rangestate.

0.410< #<2.409 rad(the overlap of the SVT and EMC cov- o . ]
erage. Simulation indicates that (75:30.9)% of J/¢ de-  (very low LAT) or hadronic interactionghigh LAT). Agp,
cays give both leptons in this region. As described in Secmeasures the azimuthal asymmetry of the cluster about its
IX A, the J/¢ momentum distribution in the simulatida.0] peak, dlstmgmshmg electromagnetic from hadronic shoyvgrs.
is slightly different from the observed distribution. This dif- We reduqe the impact of brem_sstrahlung by combining
ference, and a small variation of efficiency with momentum photon_s radiated by electron candidates with the track mea-
producé the uncertainty in the efficiency 'sured in the tracking systerttbremsstrahlung-recovery’

We obtain the efficiency for the leptons to satisfy theSUCh photons must have EMC energy greater than 30 MeV

. o ; . and a polar angle within 35 mrad of the electron direction.
quality criteria by comparing the performance of the inde-he 57imythal angle of the photon must be within 50 mrad of

pendent SVT and DCH tracking systems in hadronic eoventsthe electron direction at the beamspot or be between this
;/hl;‘ corresponding uncertainty in the efficiency is 2.4% pegjrection and azimuthal location of the electron shower in the
. EMC.
One particle in al/y—e"e” candidate must satisfy the  For J/y—u* "~ candidates, one muon candidate must
“very tight” electron identification criteria described below. satisfy “tight” criteria, while the other satisfies “loose” cri-
The other must satisfy the “tight” criteria displayed in teria (shown in square brackets

square brackets. (1) Energy in calorimeter between 0.05 and 0.40 GeV
(1) Difference between measured and expected energy<0.50 Gej;

g
=
)
o0

loss in the DCH between-20 and +4a, where o is the (2) Number of IFR layers\jpg=2 [samd;

measurement errgr3¢ and +70]; (3) Particle penetrates at least 2.2 interaction lengto$
(2) Ratio of energy measured in EMC to measured modetector materigl2J; 4)

mentumE/p in range 0.89 to 1.20.75 to 1.3; (4) Measured penetration withirt0.8\ of the value ex-

(3) Associated EMC cluster must include at least fourPectéd for that momentufn=1.ON
crystals[samé; (5) An average of less than 8 hit strips per IFR layer

L [samé;
in r(;fi]gll_:tgrlal_gré%r%{glét.nbut|on LAT11] of EMC cluster (6) The RMS of the hits per IFR layer less thafsams;

. (7) For candidates in the forward endcap, the number of
<0(54)2-[r:: r’g&i%:;:g:; erl?]gment[lz] of the EMC cluster  py \FR layers divided by the total number of layers between

. the first and last hit layers must be0.34 to reject beam
[nO(Gr)eDL::Tg:mCe:gterenkov angle within 8 of expected value background in the outermost layer0.30;
g (8) x? of the track fit in the IFRC3X N g [saméd; and
LAT is a measure of the radial energy profile of the clus-  (9) x? of match between track from SVT and DCH and

ter, and is used to suppress clusters from electronic noisihat found in the IFRC5X N,g [samé.
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TABLE I. Meson yield in on-resonand@0.3 fb 1) and off-resonancé.6 fb 1) data, and net yield after continuum subtractiep.and
Cg are the meson reconstruction efficiency and the relative event selection efficBraydS, are the systematic errors on the meson yield
and reconstruction efficiencgtatis the statistical error. The systematic errors on the branching fraction products include components unique
to that final state. The total uncertainty values include those listed in the “Common” igware the secondary branching fractions &d
the uncertaintyTot is the total systematic errgpercentageon theB branching fraction to that final state.

Meson YieldN,, Efficiencies  Uncertaintie&o) B Producix 1¢°

Mode On Off Net €c Ce Sy S, Stat Value Stat Sys B Sz % Tot%
Jp—€ 4~

ete” 16095-242 23+15 15914-268 0.589 1.02 41 20 17 650*+11 =+30 0.0593 1.7 49

wp 13683+154 67+18 13159-210 0.500 099 07 14 16 615*+10 =*10 0.0588 1.7 2.3

Common - - - - - - 3.1 - - - 3.1% - 0. 3.1
Xe1— Iy

Jyp—ete” 512+62 —2+3 528-67 0.191 104 64 31 127 68 *9 +5 0.0593 1.7 7.3

p—utu~ 614+72 3+6 592+86 0.201 1.00 54 20 145 69 *10 =*4 0.0588 1.7 6.0

Common - - - - - - 4.5 - - - 45% 0316 101 111
Xea— Iy

Jy—ete” 168+48 —-5+3 210+54 0.197 104 39 96 257 26 *7 +3 0.0593 1.7 103

p—utu 208+ 54 4+5 17466  0.207 1.00 104 121 380 20 *8 *3 0.0588 1.7 16.0

Common - - - - - - 5.3 - - - 53% 0.187 10.7 119
P(2S)—L1 ¢~

ete” 573+52 —-6+8 623t81 0594 1.05 43 19 129 258+3.3 =*=1.2 0.0078 - -

wrn” 437+ 44 5+10 40092 0535 1.01 31 1.6 23.0 17.8+*4.1 *0.5 0.0067 - -

Common - - - - - - 3.1 - - - 3.1% - - 3.1
Y(2S) = Iyt 7™

Jy—ete” 474+ 43 0+2 47645 0.205 099 27 21 95 539+51 =*+1.8 0.0593 1.7 3.8

p—utu 493+ 42 0+3 496+47 0.215 098 23 14 95 53.3*+51 =*+1.4 0.0588 1.7 3.2

Common - - - - - - 35 - - - 35% 0305 52 6.3

The particle identification efficiencies are obtained by The number of)/¢ mesons in the mass window used in
comparing the yield o8/¢ mesons applying various criteria the fit(2.6—3.3 GeV¢? for thee*e™ mode, 2.8—3.3 Ge\¢?
to one or both tracks. The efficiency fdfy—e"e™ satis- for u* ™) is determined by a binned likelihood fit to the
fying the angular acceptance and track quality criteria idistribution. The background is represented by a third-order
90.5% with a systematic error of 1.8%. Fbny—u" u ™, it  Chebychev polynomial. The probability distribution function
is 71.7% with a systematic error of 1.4%. The systematiapdf) for the u* ™ signal is the distribution from simulation
errors are somewhat conservative, in that they include a contonvolved with a Gaussian distribution, with me@towing
ponent due to thé/ ¢ statistics. Misidentification of hadrons for a systematic shift between simulation and glated width
as muons is higher than misidentification as electrons, progallowing for poorer resolutionfree to float in the fit. The
ducing J/¢s background levels that are approximately a fac-additional smearing is required because the simulation un-
tor of two higher. _ _ derestimates the actual amount of material in the detector.

Finally, the J/¢ candidate must have momentum in the The fit returns an offset of 3 Me\¢? and an additional reso-
center of masg*<2.0 GeVk. This requirement is fully | tion of 7.8 MeVicZ. The total mass resolution in data is
efficient for aJ/ meson fromB qlecay but rejects approxi- approximately 12 MeW?. The simulation includes final
mately 74% of those produced in the continul(g. state radiatiorj14] and predicts that (270.1)% of recon-

More than onel/ s candidate may be found in an event. A tructedd/y— " - candidates fall outside the mass range

second candidate is observed in 0.8% of events that includzesed in the fit
at least one. :

To include the impact of bremsstrahlung, thHy
—e*"e” signal pdf includes four components, corresponding
to mesons where neither electron has undergone bremsstrah-

The mass of thd/ ¢ candidate is obtained after constrain- lung or at least one, and mesons for which the
ing the two leptons to a common vertex. In less than 1% obremsstrahlung-recovery process has located a photon or not.
events, the vertex fit does not converge, and we instead uséhe shapes are derived from simulated data, but the relative
four-vector addition to obtain the candidate mass. The masseights of three of the four components are allowed to float
resolution is poorer by approximately 1% for these eventsin the fit. The fraction of events that did not undergo brems-
Figure 2 shows the mass distribution of the selected candstrahlung but had a photon assigned by the bremsstrahlung-
dates in the two lepton modes. recovery process is nominally fixed to the value predicted by

B. Extraction of number of J/ ¢ mesons
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TABLE II. Summary ofB branching fractiongpercent to char- N, 200 F (a)l ' —|>J/\V 4
monium mesons with statistical and systematic uncertainties. The S § 7J(°J Set .Y 1
direct branching fraction is also listed, where appropriate. The last é’ 150 || | ly—ee
column contains the world average valués). " r

B 100
Meson Value Stat Sys World Average & F

@ C
I 1.057 +0.012 +0.040  1.150.06 g 50 ¢
J/ 4y direct 0.740 +0.023  +0.043 0.8@-0.08 2 N N I
Xei 0.367 +0.035 =*0.044 0.36:0.05 03 0.4 05 06
Xc1 direct 0.341 *+0.035 +0.042 0.330.05 M(e+e'y) _ M(e+e') (GeV/CZ)
X2 0.210 *0.045 =*0.031 0.07-0.04
Xe2 direct 0.190 +0.045 +0.029 - o 200 r (b) XCJ_'”,W
(29) 0.297 +0.020 +0.020 0.35-0.05 > I Thy — 1w

p= 150 ¢

o
simulation, although it is varied to obtain a systematic error. g 100 T

An estimated (7.30.8)% of reconstructed//—e*e” @ A R
. . . (]
candidates fall outside the mass range, which can be com- g 0r
pared to the value of 6.1% if the relative pdf weights are 5 ¥ | ‘ |
0 1 I

fixed to the values predicted by simulation.

We perform similar fits to the off-resonance data with all + - 4 - 2
signal fit parameters fixed except for the number of mesons. M@p'py) -M@pp) (GeVie)
The result is scaled by'the ratio of on- to off-peak Iu'mlnosr[y FIG. 3. yo, and y,, candidates reconstructed in taéyy final
and subtracted to obtain the number of mesons attributable Qi Mass difference between theyy andJ/ ¢ candidates when

B decay, which appears in Table | as the net meson yield. e 3/ is reconstructed in thés) e*e~ and(b) u* »~ final states.

The fitting procedure is validated and systematic errors on
its results are obtained by comparing the generate_d numb . is world averagé15] for the relevant secondary charmo-
of events v_wth_the fit number of'events for many .S'mUIa.tednium branching fraction. For th&/, this is for J/¢
mass distributions convolved with a Gaussian dIStI’IbUtIOﬂ._)eJFe_ or ot
For the purposes of this test, we increase the statistics of th& corrects for tﬁe ﬁiff;arence in event selection efficienc
simulated data by relaxing the particle identification andE = . y
track-quality requirements. We also test second and fourthSec. V) between genericBB events and charmonium
order Chebychev polynomials for the background pdf. Weevents. It is equal to the efficiency for geneB® events
perform these tests for the.;, xc, and#(2S) mass distri-  divided by the efficiency for the relevant charmonium final
butions as well. state.

We vary fit parameters that are fixed during the fit to ) ) o
obtain an additional systematic contribution. In the case of Table | summarizes the meson yields and efficiencies. It
the J/y, we vary the bremsstrahlung-recovery error rate@|SO presents the branching fraction prodet3;, an ex-
from one-half to twice its nominal value. The systematicPerimental quantity that does not depend on the secondary
errors on the fit yields are 0.7% fofy—u* = and 4.1% charmonium branching fractions. Thgre isa3.1% systematic
for J/y—ete . error common to both modes—and, in fact, to all final states
we study—due to acceptanck.2%), track quality selection
(2.4%), uncertainty onCg (1.1%), and number ofY (4S)
(0.8%.

We calculate values for thB— J/ X branching fraction The separate™e™ and .t~ branching fraction mea-
using thee*e™ andu " u~ final states separately, then com- surements are averaged to obtain the final re@ble 1i).
bine the two. The equation for the branching fraction is theEach measurement is weighted in the average by the inverse
same for both casegand for the other mesons studjed of the square of the statistical error plus the square of the
systematic errors unique to that mode. The common system-
atic error is the largest component of tBéB— J/¢X) un-
certainty.

0.3 0.4 0.5 0.6

C. Determination of the B—J/ X branching fraction

N,

B= Z'Ny'fc'BC

-Ce, (4)

where VI. xo. PRODUCTION

N, is the net number of mesons in the mass fit range after We reconstruciy.; and x., mesons in thel/sy decay
continuum subtraction; mode. Thel/ ¢y mesons must satisfy the criteria listed in Sec.
ec is the efficiency for a meson to satisfy the selection cri-V A, with the additional requirement that thk candidate
teria, including the requirement that the mass fall in the massassm satisfy 3.05<m<3.12 GeVkt? for e" e~ decays and
fit range; 3.07<m<3.12 GeVE? for u*u~. An estimated (74.0
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FIG. 4. Mass distribution of¢(2S) candidates reconstructed in FIG. 5. #(2S) candidates reconstructed in tdaym" 7~ final
the (@) e"e” and(b) u*u~ final states. state. Mass difference between they7" 7~ andJ/y¢ candidates
when thel/ is reconstructed in théa) e*e™ and(b) " u~ final

+0.4)% of Jy—e"e” and (91.40.3)% of J/y  sStates.

—p"pu” mesons that satisfy all other criteria satisfy this of the mass difference between the candidate and the daugh-
additional mass selection. , ter J/ ¢ massesFig. 3. We use different signal pdfs for the
Photon candldates' are EMC clusters in the angular range  andy.,. These are formed by convolving the pdf calcu-
0.41< 0<2.409 rad with energy between 0.12 GeV and 1.0jated by simulation with a Gaussian distribution, where the
GeV. Hadronic showers are suppressed by requiring LAT lesgffset and sigma are constrained to be the same foithe
than 0.8 andh,;,<0.15, while clusters from nearby hadronic and y.,. The background is described by a third-order Che-
showers are suppressed by requiring that candidates be &chev polynomial. Systematic errors on the fit are obtained
least 9° from all charged tracks. as for thed/. The correlation coefficient between the num-
Most photons satisfying these requirements are produceber of y.; and y., mesons obtained from the fit is 0.19.
in 70 decay. We reject a candidate that, when combined with Equation(4) is used to determine inclusi@— y.;X and
any other photon, produces a mass between 0.117 &eV/ B— x.,X branching fractions separately fdfy—e*e™ and
and 0.147 GeW?. The second photon must have energyd/¢y—u"p™. In this case, By=B(xcs— I/ y)- B3l i
greater than 30 MeV and LAT0.8, with no requirementon —€ " €~), wherex; is xc1 Or xc; and{ is e or u. Table |
A, or distance from charged tracks. summarizes the yields, efficiencies, uncertainties and branch-
A systematic error due to the photon selection criteria ig"g fraction productsB(B— xcgX) - B(xcy—J/vry) - B(I i
obtained by comparing the branching ratior" —{€7€7). The 4.5% f1) and 5.3% f.,) systematic errors
—h* 79797 —h* 79 in data to that in simulation, where €O0mmon to bothe"e™ and u"x ™ include photon recon-
h* is any charged track. We also vary the minimum energy%tructlon in addition to thé/z,b reconstructlo_n |tems._
requirement from 0.10 to 0.14 GeV and test alternative As with the J/¢, the inclusiveB branching fractions to
veto regions. We obtain a systematic error of 3.1% for thé"€ Xer and xcz are calculated separately using &)
Y1 and 4.4% for they., common to both the*e~ and —€ © and.J/_w—w Iz decays._ T_he two values are then
w* .~ final states. An additional component to the SyStem_comblneq, dlstlngwghmg uncertainties common to both from
atic error arises from changes in the shape of the backN0Se unique to a single final state. _
ground, shown in Fig. 3, affecting the fit results. It is specific | "€ branching fraction obtained for the, is comparable
to each final state and mode, and amounts to 2.8%() to that for the)@l and is §ummar|zed in Table Il. This resglt
and 1.3% " ) for the yoq, and 9.2% é*e) and 11.9% 1S consistent with a prediction from a _color octet calculat_lon
(u* ) for the xe,. [16], and is in contrast to the expectation of a null result in a

The photon is constrained to originate at e vertex in  factorization calculatio17].
the calculation of they, four-momentum. We requir@*
<1.7 GeVk, a requirement that is satisfied by, or xc»
mesons fronB decays. The reconstruction of thg/(2S) in the¢ " ¢~ final state is

We determine the number of mesons from a fit to the plotvery similar to thel/ reconstruction outlined in Sec. VA,

VII. (2S) PRODUCTION
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FIG. 6. B—J/¢X branching fraction as a function @f*. FIG. 8. B— ¢(25)X branching fraction as a function gf.

with the p* requirement tightened fo* <1.6 GeVk. Figure  events to find3(B— (2S)X).
4 shows the resulting candidate mass distribution. A fit to Instead, we use/(2S)—J/yx* =~ for this purpose. The
extract the number of mesons in each plot is performed as farconstruction of a4(2S) candidate in this final state starts
the J/¢, but with the resolution and bremsstrahlung param-with a J/ candidate satisfying the tighter mass constraints
eters fixed to the values found in the higher-statistit¢  used iny.; reconstruction. All charged particles, including
channels. These parameters are varied according to their uthose failing the “good-track” criteria, are assumed to be
certainties as one contribution to the systematic error on thpion candidates. The pion pair is required to be oppositely
fit; the remaining contributions are determined as for thecharged and to have a mass, calculated by four-vector addi-
. tion, in the range 0.45 to 0.60 Ged#. The mass distribution
These data are used to calculate the branching fractioftom simulation is compared to the measufé@)] distribu-
product B(B— y(2S)X)- B((2S)—€*¢~), and are later tion to obtain a systematic error of 0.5% on reconstruction
used in the determination of the* distribution of ¥(2S) efficiency. Finally, thep* of the ¢(2S) candidate is required
mesons produced iB decay. However, the extraction of the to be less than 1.6 Ge¥/
B— ¢(2S)X branching fraction requires the use @¢{2S) Figure 5 displays the mass difference betweeny(2S)
—e'e” andy¥(2S)— u ™ u~ branching fractions. Since this and theJ/ candidates separately fdfy—e*e™ andJ/y
same data set has previously been used to measure theseu™ u~. As for the other final states, the distributions are
branching fractions[18], we do not usey(2S)—{" ¢~ fit to obtain the number of mesons. The resolution smearing
parameters are not required to be the same for the two
plots, but are consistent: 9.8 MeV/c? (ete”) and

L b ' . :
S [ @Xa 1 1.8-0.5MeVic® (u*n”). The secondary branching
" . fractions in Eq. (4) are in this caseB.=B(4(2S)
(D 4 | —
— * ] —Jpmt a7 B p—L 7).
S ]
5 4
vc’" ] VIIl. DIRECT BRANCHING FRACTIONS
o i
k% 1 To obtain the branching fraction fdv ¢y mesons produced
M L N i I directly in the decay oB mesons, we subtract the feeddown
0 0.5 1 L5 2 contributions to the inclusive branching fraction due to
p* (GeV/c) the decay ofy¢1, xc2, and ¢(2S) mesons. For thg.; and
o Q - 1 " T ™
= 1 = 2 -y from+)(Cl . ]
2 1 S | I N I S ]
— B R =
d d 2 (b) xc2 ]
— J — r 7
& 8 g 4 ]
ﬁ'o 1 ﬁ'o 0 "'\"r' LLi r'-g*r;I;-, r!ﬂl'+lf’ tv*l-h-br‘ b g ooy
i 2 [ B
PPN ML e S B B X F <°>‘V<+2§>+ byt :
A L I B e I ]
15 ) O—‘-\r|1!--|r|1i'1r|11|-1*|+1+
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FIG. 7. Branching fraction as a function gf* for (a) B FIG. 9. Contributions to thd&—J/X branching fraction as a
— XX and (b) B— x,X. The distribution includes a small feed- function of p* due to feed-down from(@ x.;, (b) xc» and (c)
down component from the(2S) (solid curve. #(2S) mesons.
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FIG. 10. p* of J/¢ mesons produced directly iB decays
(points. The histogram is the sum of the color-octet component
from a recent NRQCD calculatidr20] (dashed lingand the color-

singletJ/ /K (*) component from simulatiofdotted ling.

FIG. 11. Helicity of J/¢» mesons produced iB decay withp*
>1.1 GeVk (doty andp* <1.1 GeVk (open squares

particular final state and mode, which adjusts the sum of all
Xc2» the feeddown branching fraction isB(B bins to the earlier branching fraction measurement. We then
— xesX) - B(xes— Il ¥y), while for the ¢(29), it is BB  Perform a weighted average of the two distributions for the

— y(29)X)- B((2S)— I X). I, xe1, OF x¢2, OF the four distributions for the/(2S), to
Similarly, the feeddown from the/(2S) to the y.; and obtain the distributions shown in Figs. 6—8. For this purpose,
Yez is BB—= ¢(2S)X)- B(#(2S) — xcy). we use they(2S)—e"e” and ¢(2S)— " u~ branching

Note that a number of uncertainties are common to botfiractions from Ref[18]. In all cases, the distributions that
the inclusive and feeddown components, including trackir® combined are consistent within statistical errors.
quality and particle identification criterid3(xc.1—J/ &),

and B(xe—J/¥y). We use world average valu¢ss] for B. Direct p* distributions
Fhe 1/1(28) branching fract_ions._ The resulting direct branch-  The 3/ p* distribution(Fig. 6) includes components due
ing fractions are summarized in Table II. to mesons from the decayg.;—J/¢y, xeo— Iy, and
P(2S)— I/ yX. To measure these distributions, we repeat the
IX. p* DISTRIBUTIONS analysis with the data binned by tp& of the J/¢ daughter.

The momentum distributions of charmonium mesons pro_'I'he resultingJ/ ¢ feeddown distributions are presented in

vide an insight into their production mechanisms. Since Wé:ig. 9.

: Note that we are using only tié 7" 7~ decay mode to
do not fully reconstruct th& meson, we cannot determine ) L
the meson momentum in tHe rest frame and instead use obtain thel/ s distribution from#(2S) decay. In fact, 10.5%

p*, the value in théY (4S) center-of-mass frame. The dif- of "_”(25)_"]/’”( dec_ays are que_s ot_her thah.'mw' If

ference, due to the motion of tH@ in the center-of-mass W& instead use the simulat@tk/ distribution for this 10.5%,

frame, has an rms spread of 0.12 GeV/ Fig. 9c changes by no more than a small fraction of the
statistical error bar in any bin.

Subtracting these three components from the inclusive
J/¢ distribution in Fig. 6 leaves the contribution due to the

To measure the* distributions ofJ/¢, xc1, xc2, and  J/4 mesons produced directly B decay(Fig. 10.
¥(2S) mesons produced iB decays, we create mass or  The superimposed histogram is a calculation of the ex-
mass-difference histograms of on-resonance candidates wiffected distribution, which includes color octet and color sin-
p* in the desired range. The'e™ andu 1~ final states are  glet components. We use a recent NRQCD calculatz)
again treated separately. The distributions are then fit, witlior the color octet component. The authors attribute the sin-
all signal pdf parameter@ther than the number of mesons glet component tal/K™*) production, which we obtain
fixed to the values obtained from the earlier fits. The fits argfrom simulation. The two are normalized to obtain the best
performed for 100 Me\ wide p* ranges, and in each case fit to our data. Possible sources of the apparent excess at low
the sum of the yields differs from the original fit by fewer momentum are an intrinsic charm component of Bhg21],
than ten events. the production, together with th¥y, of baryong22], or an

In the case of thel/yy, we perform similar fits on the gqqg hybrid [23].
off-resgna_nce data and perform a continuum subtraction for The small feeddown contribution tg.; and yc, from
eachp” bin. Since there are no statistically significant off- ,(2s) decay is calculated by simulation and is shown
resonanceci, Xc2. OF #/(2S) signals, we do not perform a i Fig, 7,
continuum subtraction in these cases.

The yield in each bin is corrected by the reconstruction
efficiency obtained from simulated data, which decreases by
approximately 10% between 0 and 2 GeV/The yield is The helicity 8, of a J/¢y—€ "¢~ candidate is the angle,
then multiplied by an overall normalization factor for that measured in thel/y rest frame, between the positively

A. Inclusive p* distributions

X. J/ ¢ HELICITY
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FIG. 12. Helicity distribution ofJ/¢» mesons produced in the  FiG. 13. Helicity distribution 0f)/y mesons produced directly
decay of(a) xc1, (b) xc2, and(c) #(2S) mesons. in the decay oB mesons.

charged lepton and the flight direction of tliéy in the ) ,
Y (4S) center-of-mass frame. A more natural definition@n9€ —0.33 to 0.05 predicted by an NRQCD calculation

would use theB rest frame, but it cannot be determined in [24], but other authors have argugZb] that relativistic cor-
this analysis. Simulation indicates that the rms spread of théections reduce the reliability of the calculation. The system-

difference between the two definitions is 0.085 in 6gs atic uncertainty of 0.008 obtained above is small compared
to the statistical error. This result is difficult to compare di-

rectly with that from Collider Detector at Fermilal€DF)
[26], due to the different mixture df mesons and baryons,

We proceed as for thé/y p* distribution, with data cat-  and the distinction between the effective helicity calculated
egorized into ranges of width 0.1 in cag for two different  nere and the true helicity.

momentum ranges, which we choosepds<1.1 GeVk and

1.1<p* <2.0 GeVk. We fit the on- and off-resonance mass

distributions to obtain yields in each bin and perform a con- XI. SUMMARY

tinuum subtraction. We correct using the reconstruction effi-

ciency obtained from simulation for that range, although we We have reported new measurement8aheson decays

observe little dependence of efficiency on helicity. We theno final states including charmonium mesons, which are sum-

apply separate normalization factors to #iee™ andu ™~ marized in Table II. We have presented a number of momen-

data such that the total branching fractisummed over the  tym distributions. The distributions of the feeddowhy

two p* rangeg agrees with the value obtained earlier for that gaghters of theye;, xcp, and#(2S) have not previously

mode. The distributions frore"e™ and u" ™ are consis-  peen measured, and allow us to more accurately determine

tent and are averaged to o_btaln the helicity distributions foty, o yistribution ford/ ¢ mesons produced directly Bidecay.

each Of. the th).* ff”‘”g.eS(F'Q- 11). . The directd/ ¢ distribution is compared to a recent NRQCD
We fit each qllstr_|but|on with a fu_nct_lonJELa- cos’ 6 to . calculation and appears to indicate an excess at low momen-

obtain the polarizatiom, wherea =0 indicates the sample is tum.

unp_olarlzedaf 1 transver.sel)’/c polgrlzed, %’w':. —1 longi- The J/ ¢ helicity distribution, which has also has not pre-

tudinally polarized. The higip* region, which includes the o5l been published, indicates that the polarization of di-

two-body B decays, is more _highly polarized;= —0.592 rectJ/ ¢ mesons is slightly out of the range predicted by an
+0.032, than the lowep* region,@= —0.196+=0.044. NRQCD calculation.

We assign a systematic error of 0.008 to these polariza-
tions by instead considering the reconstruction efficiency to
be independent of helicity.

A. Inclusive helicity distribution
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