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Using a sample of 97 1¢° BB meson pairs collected with the CLEO detector, we stBdiecays to the.,
and y., charmonia states, which are reconstructed via their radiative decal/s/toNe first measure the
branching fraction for inclusive,; production inB decays to be3(B— x1X) = (4.14+0.31+0.40)x 10" 3,
where the first uncertainty is statistical and the second one is systematic. We derive the branching fractions for
direct y.; and y., production inB decays by subtracting the known contribution of the decay cBain
— h(2S) X with (2S) — x¢1.2y- We obtainB[ B— ., (direct)X]=(3.83+ 0.31+ 0.40)X 103, No statistically
significant signal fory., production is observed in either case. Using the Feldman-Cousins approach, we
determine the 95% confidence intervals to [I62,2.0x 10 3 for B(B— x»X), [0.0,1.7%x10 2 for B[B
— xe2(direct)X], and[0.00,0.44 for the ratioI'[B— y ,(direct)X]/T'[B— x.1(direct)X]. We also measure
the branching ratid’[ B— y»(direct)Xs]/T'[ B— x.1(direct)Xs] for different X configurations by reconstruct-
ing B decays into exclusive final states withy, y, a kaon, and up to four pions. For all thg configurations,
we observe a strong.; signal yet no statistically significant., signal. We discuss how our results compare
with theoretical predictions in different models of charmonium production.

DOI: 10.1103/PhysRevD.63.031102 PACS nunfi$erl3.25.Hw

The recent measurements of charmonium production in Our data were collected at the Cornell Electron Storage
various high-energy physics reactions have brought welcomRing (CESR with two configurations of the CLEO detector
surprises and_challenged our un_derstanding both of he_avy;aued CLEO I1[10] and CLEO I.V[11]. The components
quark production and of quarkonium bound state formationgf the CLEO detector most relevant to this analysis are the
The Collider Detector at FermilalCDF) and DO measure- cpargeq particle tracking system, the Csl electromagnetic
ments[1] of a large production rate for charmonium at high calorimeter, the time-of-flight system, and the muon cham-

transverse momentaP¢) were in sharp disagreement with .
the then standard color-singlet model. The development Ot?ers. In CLEQ Il 'the momenta of charged particles are mea-

the nonrelativistic QCDINRQCD) factorization framework ~Suréd in a tracking system consisting of a 6-layer straw tube
[2] has put the calculations of the inclusive charmonium pro-chamber, a 10-layer precision drift chamber, and a 51-layer
duction on a rigorous footing. The hig®y charmonium pro- main drift chamber, all operating inside a 1.5 T solenoidal
duction rate at the Fermilab Tevatron is now well understoodnagnet. The main drift chamber also provides a measure-
in this formalism. The recent CDF measurement of charmoment of the specific ionizationdE/dx, used for particle
nium polarization 3], however, appears to disagree with theidentification. For CLEO 1.V, the straw tube chamber was
NRQCD prediction. The older color-evaporation mof#]  replaced with a 3-layer silicon vertex detector, and the gas in
accommodates both the hidh- charmonium production rate the main drift chamber was changed from an argon-ethane to
and polarization measurements at the Tevatron. a helium-propane mixture. The muon chambers consist of

Inclusive B decays to charmonia offer another means byproportional counters placed at increasing depths in the steel
which theoretical predictions may be confronted with experi-absorber.

mental data. The color-singlet contribution, for example, is  We use 9.2 fb! of e"e™ data taken at th& (4S) reso-
thought to bg5] a factor of 5-10 below the observed inclu- nance and 4.6 fb' taken 60 MeV below thér' (4S) reso-
sive J/ ¢ production ratg6]. A measurement of thg.,-to-  nancefoff-Y (4S) sampld. Two thirds of the data were col-
Xc1 Production ratio inB decays provides an especially clean lected with the CLEO I1.V detector. The simulated event
test of charmonium production models. Thle-A current  samples used in this analysis were generated witEANT-
?’yﬂ(l—'ys)c cannot create ac pair in a 257!L;=3p,  based[12] simulation of the CLEO detector response and
state; therefore the decd— x,X is forbidden at leading Wwere processed in a manner similar to the data.
order inag in the color-singlet moddl7]. The importance of We reconstruct thex.; , radiative decays tdl/. The
the color-octet mechanism fat, production inB decays was branching fractions for the, ,—J/¢ v decays are, respec-
recognized 8] even before the development of the NRQCD tively, (27.3+1.6)% and (13.5 1.1)%, whereas the branch-
framework[2]. While the NRQCD calculations cannot yet ing fraction for the x,,—J/y decay is only (0.66
produce sharp quantitative predictions for tg,-to-y,; ~ =0.18)% [13]. In addition, they., production rate inB
production ratio inB decayg 5], we can consider two limit- decays is expected to be smaller than jhe, rates[5,8].
ing cases. If the color-octet mechanism dominatesBin We therefore do not attempt to measug production in
— xesX decays, then thg,-to-y.; production ratio should this analysis.
be 5:3 because the color-octet contribution is proportional to The J/¢ reconstruction procedure is described in Ref.
2J+1. In contrast, if the color-singlet contribution domi- [14] and summarized here. We reconstruct bathy)
nates, theny., production should be strongly suppressed—u*u~ and J/y—e*e” decays, recovering the brems-
relative toy.; production. The color-evaporation model pre- strahlung photons for thé/¢—e*e” mode. We use the
dicts the ratio to be 5:89]. normalized invariant mass for th# ¢ candidate selection
(Fig. 1 of Ref.[14]). For example, the normalized/
—p u” mass is defined agM(u*u”)—My,lla(M),
*Permanent address: Massachusetts Institute of TechnologyyhereM,,, is the world average value of thiéy mass[13]
Cambridge, MA 02139. anda(M) is the expected mass resolution for that particular
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FIG. 1. TheM(J/¢y)—M (/) distribution in theY (4S) data(points with error bars Plot (a) is for inclusiveJ/ ¢y combinations,
whereas plotgb), (c), and(d) are for thosel/«y combinations that reconstruct toBa—J/yX, decay with theX; composition corre-
sponding to sampleA, B, andC described in the text. The fit function is shown by a solid line with the background component represented
by a dashed line. The insets show the background-subtracted distributions witk, thed ., fit components represented by a solid line.

uu” combination calculated from track four-momentum template normalizations are free in the fit. Thg and x.,
covariance matrices. We require the normalized mass to bsignal yields in the Y(4S) data are NN(x.) =672
between—6 and +3 for the J/yy—e’e” candidates and +47( stat) andNN(y.,)=83+37(stat). They.; and xc,
between—4 and+3 for theJ/¢y—u ™ u~ candidates. The yields in off-Y(4S) data are both consistent with zero:
momentum of thel/ ¢ candidates is required to be less thanN°FF(y.;) =4+ 7(stat) and N (y,)=1+7(stat). Sub-

2 GeVlc, which is slightly above the maximal'y momen-  tracting the contributions from noBB continuum events,
tum in B decays. we obtain the total inclusiv8— y¢;X and B— y»X event
Photon candidates foy.; ,—J/¢ y reconstruction must yields N(B— y1 X) =664+ 49(stat) andN(B— y.,X) =81
be detected in the central angular region of the calorimetek- 39(stat).
(|cos#,|<0.71), where our detector has the best energy reso- Taking into account the systematic uncertainties associ-
lution. Most of the photons inY (4S)—BB events come ated with the fit, we determine thB— y.,X signal yield
from 7° decays. We therefore discard those photon candisignificance to be 2.0 standard deviations) ( Subtracting
dates which, when paired with anotherin the event, pro- the known contribution of the decay chdn- /(2S) X with
duce a normalizedr®— yy mass betweer 3 and+2. #(2S)— xc»y and accounting for the associated systematic
In the first part of this work, called the inclusive analysis, uncertainty, we likewise determine the significance of the
we investigateB— y.; X decays reconstructing only/¢/  evidence for the decaB— x.,(direct)X to be only 1.4r.
and y. We determine they,; and x., yields in a binned To calculate the branching fraction¥(B— y1.X), we
maximum-likelihood fit to the mass-difference distribution use the measured signal yield§B— x.; ,X), the recon-
M(@I7gry) =M QI1y) [Fig. Xa)], whereM(J/¢) is the mea-  stryction efficiencies, the number of produd@B pairs, and
sured mass of d/y candidate. The excellent electromag- the daughter branching fractions. The reconstruction effi-
netic calorimeter allows us to resolve thg; andxc, peaks. ciencies, determined from simulations, are (25072)% for
The M(J/¢y)—=M(J/) mass-difference resolution is 8 , = and (26.6:0.2)% for x.,, where the uncertainties are
MeV/c? and is dominated by the photon energy resolutiongge to the size of ouB— x.1 X Simulation samples. For the
The bin width in the fit is 1 MeV¢2. The baCkgrOUnd in the calculation of the rates for the dec@s_)xclyz(direct)x, we
fit is approximated by a 5th-order Chebyshev polynomial,make an assumption that the only other sourcg gf, pro-
chosen as the minimal-order polynomial well fitting the gyction in B decays is the decay chaB— w(zg)x' with
background in a high-statistics sample of simula¥@®S)  ,(25)— y., ,y. The 95% confidence intervals are calculated
— BB events. All the polynomial coefficients are allowed to using the Feldman-Cousins approaitb]. The resulting
float in the fit. They.; and x.» signal shapes are fit with branching fractions are listed in Table |. Taking into account
templates extracted from Monte Carlo simulations; only thecorrelations between the uncertainties, we obtain the branch-
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TABLE I. Branching fractions for inclusiv® decays toy.; and  mate the uncertainty due to the calorimeter energy resolu-
Xc2: tion, we change the width of thg.; and x., templates by
+4%. The uncertainty in the background shape is probed by

Branching fraction Measur?;j value  95% C;';' interval - fiing the background with a template extracted from high-
(<107 (<107 statistics samples of simulate¥i(4S)—BB and nonBB

B(B— xc1X) 4.14+0.31+0.40 — continuum events; only the template normalization, not its

B[B— x¢1(direct)X] 3.83+0.31+0.40 — shape, is allowed to float in the fit.

B(B— x¢oX) 0.98+0.48+0.15 [0.2,2.0 Efficiency calculatior-This category includes the uncer-

B[B— xco(direct)X] ~ 0.71+0.48+0.16 [0.0,1.7 tainties in the number of producedsB pairs, tracking effi-

ciency, photon detection efficiency, lepton detection effi-
ciency, and model-dependence and statistical uncertainty of
ing ratio I'[B— x¢o( direct)X]/T'[B— xc1(direct)X]=0.18  the B— x1 X simulation. They.; , polarization affects the
+0.13+0.04; the 95% C.L. upper limit on the ratio is 0.44. photon energy spectrum. We define the helicity angjeo

The systematic uncertainties are listed in Table Il. Thepe the angle between thedirection in they, rest frame and
sources of the uncertainty can be grouped into three categgne y, direction in theB frame. We assume a flat cés
rnes. _ _ ~distribution in our simulation. The systematic uncertainty as-

Fit procedure—This category includes the uncertainties gociated with this assumption is estimated by comparing the
due to our choice of the signal and background shapes §g.onstruction efficiencies in the Monte Carlo samples with
¥ve|l allstthe b'tn S'fed IO fit thgﬂl atr.‘dXCZ\i/'gr;ﬁl’ er use the yhe | (g, )sir? 6, and I(6y,)*cog 6, angular distributions.
emplates extracted trom simulations. vvVe thereiore are Ser?5arity is conserved in the decays; ,—J/ iy, so the helic-
sitive to imperfections in the simulation of the photon energy. L . '

: - . ity angle distribution contains only even powers of égs

measurement. The systematic uncertainties associated wi

the simulation of the calorimeter response are estimated b not_her source of un_certa|r_1ty IS our modelmg of ﬂQgsys—
em in theB— y.; oX simulation. Photon detection efficiency

comparing ther®— vy invariant mass lineshapes for inclu- q q N q gel th h
sive 7° candidates in the data and in Monte Carlo samplesdéPends on the assumed model through yhenomentum

Then they.; and x., templates are modified accordingly in spectru_m and ther® multlpllc_:lty _of the fl_nal state. In our
order to determine the resulting uncertainty in the signafimulation, we assume thatis either a singleK or one of
yields. To estimate the uncertainty associated with the calothe higherK resonances; we also include the decay cliin
rimeter energy scale, we shift the; and y., templates by ~— #(2S)X with ¢(2S)— x.1 oy. To estimate the systematic
+0.6 MeV/c? in the fit. The uncertainty due to time- uncertainty, we compare the.—J/4y detection efficiency
dependent variations of the calorimeter energy scale is smadixtracted using this sample with the efficiency in the sample
compared to the overall energy scale uncertainty. To estiwhere we assume thitis either ak™* or Kg—m-r*qr‘.
Assumed branching fractiorsThis category includes the

TABLE II. Systematic uncertainties of(B— xc1 2X). uncertainties on the external branching fractions. We use the
following values of the daughter branching fractions:
Source of Relative uncertainty in % B(Ip—1717)=(5.894-0.086)% [16], B(xci— I ¥v)
systematic uncertainty B(B— xc1X) B(B— xc2X) =(27.3:1.6)% [13], and B(xs— I ¢y)=(13.5-1.1)%

[13]. In the calculation ofB[B— ., J(direct)X], we also

Fit procedure assume the following values3(B— (2S)X)=(3.5+0.5)

vy energy scale 0.4 5.6 _
y energy resolution 2.8 6.9 x107% [13], B(¥(2S)—xc17)=(8.7+0.8)% [13], and
Background shape 1.8 6.8 B((2S)— xc27)=(7.8+0.8)%[13].
Bin size 00 19 In the second part of this work, called the
Efficiency calculation ' ' B-reconstruction analysis, we employ tlBereconstruction
N(BE 20 20 technique similar to the one developed for the>sy rate
Tr(ack')n efficienc '20 éo measuremeritL7]. We still extracty.; and y., signal yields
Le to:1 ?denliflicati)cl)n 4‘2 4‘2 from a fit to M (J/¢y) — M (J/¢) distribution, but we select
PhFc))ton findin 2'5 2'5 only those J/¢y combinations that reconstruct to B
Monte Carlo gtatistics 67 O‘ 2 —JlyyXs decay. ThisB-reconstruction technique is used to
Model for X in B v .X 3 3' 3 3' suppress backgrounds and allows us to probe the composi-
Polarization of Xe1.2 10 10 tion of the Xs system accompanying.; , mesons. We ex-
Xetz ' ' tract  the  branching  ratio R(xc2/xc1)=I[B
Assumed branching fractions . . Xc2! Xe1 .
Bxes 5 31) 5 g 8.1 — xeo(direct)Xs]/T[B— xq1(direct)Xs] for the following
8(3(/012; 4 ,)7 15 15 three X, configurations:
BB— y(29)X) 2 1'1 5'5 (1) Sample A— X, is reconstructed as a kaoi{ or
a ' ' K2— "7 ~) with 0 to 4 pions, one of which can be .
B((2S) = Xc1,27) 0.7 4.0 S . .
' We consider 21 possibl&s modes as well as the charge
%Contributes only to uncertainty o[ B— y.1 A direct)X]. conjugates of these modes.
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TABLE lll. Results for each of the thre¥g configurations used in thB— J/¢yX, reconstruction. The
Xc1 @ndy., event yields with associated statistical uncertainties are listed in lines 1 and 2. Line 3 contains the
significance of thdB— y.,(direct)X signal with statistical and systematic uncertainties taken into account.
Lines 4 and 5 contain the measured value and 95% confidence interval for the branching ratio
R(Xc2!xc1) =T[B— xco(direct)X /T B— x.q1(direct)Xs], determined with an assumption that tKg sys-
tem composition is the same fqr; and y., production.

SampleA SampleB SampleC
N(B— xc1Xs) 279+ 25 96+ 12 183+22
N(B— xc2Xo) 3133 13.9°29 18+ 16
Significance oB— y.,(direct)Xg 1.20 2.00 0.60
Rxe2 ! Xe1) 0.18+0.12+0.09 0.27°31%+0.05 0.14+0.18+0.14
95% C.L. interval forR(xca/xc1) [0.00,0.48 [0.04,0.58 [0.00,0.59

(2) Sample B— X, is reconstructed as a single kaon observable is the beam-constraine@ mass, M(B)
or K*(892). A Kz combination is aK* candidate if =.[EZ,—p?(B), wherep(B) is the B candidate momen-
IM(K)—Myx|<75 MeV/c?, whereMy is the world av-  tum. The averageM(B) resolution is 2.7 MeW? and is
erageK* (892) masg13]. dominated by the beam energy spread. We use the normal-

(3) Sample G—X; is reconstructed as a kaon with 1 to 4 jzed M(B) and AE variables and requirtAE|/o(AE)<3
pions, but not as &*(892) candidate |M(K7)—My«|  and |M(B)—Mg|/a(M)<3, whereMy is the nominalB
>200 MeV/c?). meson mass. The fit t¥(J/y)—M(JI/ ) distribution is

Thus sample® and C are subsets oA. To an excellent then performed in the same manner as in the inclusive analy-
approximation, samplé is a sum ofB andC. With sample  sis. We still use a 5th order Chebyshev polynomial to fit the
A, we try to reconstruct as mar/— J/¢yXs decays as pos- background for samples andC, but we reduce the order of
sible. Dividing sampleA into subsample8 andC, we also  the polynomial to 3 for the low-statistics samBe The fits
probe the dynamics of thB— x.; ,Xs decays. If the domi- are shown in Fig. 1 and thg.; and x., signal yields are
nant production mechanisms fgt; and x., are different, listed in Table Ill. TheB-reconstruction technique renders

the color-singlet mechanism forc, and the color-octet for  the contribution from noBB continuum events negligible.
Xc2 s t-hen it is natural to expect-thatcz, in comparison with e finally subtract thes(2S) — x.1 .y feed-down to obtain
Xc1, is more often accompanied by multi-bodf states  the rates for direc.; , production inB decays. For all three
rather than a singl& or K*. Thus the measurego-to-xc1 X, configurations, we observe a strong; signal yet no
production ratio might be quite different for sampl&  gtaistically significant signal for direcly., production
andC. _ _ _ (Table lIl). To calculate the branching rati®(x./xc1), we

We require that the charged kaon and pion candidateg,tiply the ratio of the feed-down—correctgg, , yields by
have,- if gva_ulable,d E/dx and time-of-flight measurements ha reconstruction efficiency rati€( x.1)/E(xc2) and by the
that lie Wlt_hln 3a_of the expected values. deal;/dx mea-  pranching ratiol (xe1— I/ #¥)/T (xea— Il by). The effi-
surement is required for kaons, but used only if available forciency of theB-reconstruction depends on the composition
pions. The 0time-of-flight m_easurement is used only if gvail-of the X system. We assume that the system composition
able. TheKS_—> 77*_77 candldat_es are seIecte_d from pairs of g the same fol.; and x., production. From our simulation
tracks forming dlsplace% vertices. We require the absolutg,e determineg(x1)/E(xc,) =0.93 for all threeX configu-
value of the normalizets— 7" 7~ mass to be less than 4 rations. The resulting.,-to-y.; production ratios are listed
and perform a fit constraining the mass of e&¢hcandidate  in Table III.
to the world average valugl3]. Photon candidates foi° The systematic uncertainties for thB-reconstruction
—yy decays are required to have an energy of at least 38nalysis are listed in Table IV. The sources of uncertainty
MeV in the central region and at least 50 MeV in the endcap
region (0.7X|cos#,|<0.95) of the calorimeter. We require
the absolute value of the normalized— yy mass to be less
than 3 and perform a fit constraining the mass of eath
candidate to the world average vall3]. The J/ four-
momentum used in th8— J/¢yXg reconstruction is ob-

TABLE IV. The absolute systematic uncertainties on the
branching ratioR(x.»/x¢1) for each of the threXg configurations
used in theB— J/yXs reconstruction.

Uncertainty onR(x¢2/Xc1)

tained by performing a fit constraining th¥¢ candidate Source of uncertainty Sample  SampleB  SampleC
mass to the world average val[(3]. Fit procedure 0.084 0.039 0.142

The B candidates are selected by means of two observy(2S) subtraction 0.007 0.001 0.006
ables. The first observable is the difference between the e(y.,)/&(x.,) 0.003 0.006 0.003
ergy of theB candidate and the beam energyE=E(B) B(xc1.2— 3 ¥y) 0.022 0.026 0.019
—Ebeam The average\E resolution varies from 12 to 17 Added in quadrature 0.09 0.05 0.14

MeV depending on thd&-reconstruction mode. The second
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E(xe2)E(xc1)—We assume that theXg system inB

Fit procedure—As in the inclusive analysis, we estimate — Xc1,2Xs IS the same fol; andx.,. We do not assign any
the uncertainties in the signal and background shapes. Wencertainty for this assumption. The remaining sources of
shift the x.; , templates by+0.6 MeV/c?> and vary their uncertainty are they., » polarization and the statistics of the
widths by =4%. The requirement oAE in B—J/¢yyXs  B— xc12Xs simulation samples.
reconstruction truncates the low-side tail of thg , shapes. B(xc1,2— 3/ py)—Our measurement depends on the ratio
We estimate the uncertainty due to this effect by using thd (xc1— /¥ y)/T (xc2— I/ ¢ry) and its uncertainty.

Xc12 templates obtained from the simulation with a require- In conclusion, we have measured the branching fractions
ment that the measureg, energy is within 3 of the gen-  for inclusive B decays to thex.; and x., charmonia states.
erated value. The uncertainty in the background shape domf2ur measurements are consistent with and supersede the pre-
nates the fit procedure uncertainty. To probe this uncertainty/ious CLEO result46]. We have also studieB— xc; 2Xs

we fit the background with different templates, allowing only decays, reconstructings as a kaon and up to four pions. In

the template normalization, not its shape, to float in the fitthis way, we have measured the branching ralfipB

One template is extracted from the simulation separately for- Xc2( direct)Xs]/I'[B— xci(direct)Xs] for three Xs con-

each of the samples, B, andC. Another template, the same figurations. In all the cases, we observe strapgsignal yet

for all threeX, configurations, is the background shape fromno statistically significant signal fox., production. Our

the inclusive analysigFig. 1(a)]. measurement of thg.,-to-x.; production ratio inB decays

#(2S) subtraction—The sources of the systematic uncer-iS consistent with the prediction of the color-singlet model
tainty associated with the/(2S)-feeddown subtraction in- [7] and disagrees with the color-evaporation modl In
clude B(B— #(29)X), B(#(2S)— xc12Y), the size of our the NRQCD framework, our measurement suggests that the
B— ¢(2S)X simulation sample, and the compositionfn  color-octet mechanism does not dominateBr- x X de-

B— ¢(2S)X decays. To estimate the uncertainty due to ourcays.
model of theX system composition in thB— (2S) X simu-

lation, we check whether the data and the simulation agree \yg gratefully acknowledge the effort of the CESR staff in
on the ratio ofy(2S)—171" event yields obtained in the providing us with excellent luminosity and running condi-
inclusive reconstruction and after thie— ¢/(2S)Xs recon-  tions. This work was supported by the National Science
struction. This category also includes the uncertainties thqfoundation, the U.S. Department of Energy, the Research
would have canceled for the ratid(x.,/xc1) were itnotfor  corporation, the Natural Sciences and Engineering Research
the ¢(2S) —feed-down subtraction. These sources of uncercouncil of Canada, the A.P. Sloan Foundation, the Swiss

tainty areB(J/y—1717), N(Bg), tracking, photon finding, National Science Foundation, the Texas Advanced Research

and lepton identification. Program, and the Alexander von Humboldt Stiftung.
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