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Abstract

Using (2 S) and (3 S) data collected with the CLEO Il detector we have searched br decays of

by to nal states with open charm. We fully reconstruct D° mesons withppo > 2:5 GeV/cin three
decay modesk *,K * % andK * *)in coincidence with radiative transition photons
that tag the production of one of the p;(nP) states. Signi cant signals are obtained for the two
J =1 states. Recent non-relativistic QCD (NRQCD) calculations of p3(nP) ! ccX depend on
one non-perturbative parameter per p; triplet. The extrapolation from the observed D°X rate
over a limited momentum range to a full ccX rate also depends on these same parameters. Using
our data to t for these parameters, we extract results which agree well with NRQCD predictions,
con rming the expectation that charm production is largest for the J = 1 states. In particular, for
J =1, our results are consistent with ccg accounting for about one-quarter of all hadronic decays.



. INTRODUCTION

The six known ;(nP) P-wave bound states of a bottom quarkk) and its antiparticle b
are labeled by their total angular momentund = 0; 1; 2 and radial quantum numbem =1; 2.
Their decays provide a place to test predictions based on Quamh Chromodynamics (QCD),
which describes the strong interaction between quarks in thetéhdard Model of particle
physics. While strong coupling prevents QCD at low energies frobeing treated with naive
perturbation theory, specialized calculational technique have been developed and applied
with general success. In thdb system of states, one can study both transitions among the
various gquantum states, which also include th&-wave states, or else study decays which
are initiated by annihilation of the quark-antiquark pair. Although the ; states have been
known for many years and there have been several studies of thteansitions to other bound
states in thebb system, there are no published annihilation decay branchingaictions. This
Article reports the rst observation of some of the inclusive degs of the ,,;(1P;2P) to D°
mesons.

In practice, one studies p; produced via the radiative transitions (mS) ! ba(NP)
from mesons produced directly at e"e colliders. The transition photons are typically
used to tag p; events. Most of the ,; radiative decays to the states are well-measured
[1]; the largest branching fraction is quite substantial, abdu35%. Small, O(1%), hadronic
transitions to other bottomonium states, p;.2(2P) ! 2(lP)and »(2P)! ! (1 S),
have recently been observed [2]. The remainder of the decays axpected to be dominated
by bb annihilation. Positive C-parity forbids decays via a single photon; the leading pross
is annihilation into two gluons. For the J = 1 state, decay into two on-shell gluons is
forbidden [3]; instead, this state decays preferentially viggg While the J = 0;2 decay
widths are dominated by thisgg process, they also have a small admixture gfjg

We observehb annihilation as a decay into lighter hadrons and are seeking tetermine
whether production of charm hadrons is suppressed or not. It iseli-known that in contin-
uum hadronization €"e ! I qqg) that charm is not suppressed, while irgggdecays of
the (1 S), an upper limit on D * production of B((1 S)! ggg! D "X) < 1.9% (90%
CL) indicates signi cant suppression [4].

The earliest calculations of inclusive charmctX) production from bottomonia focused
on ! gggdecays, giving estimates of a few percent [5]. It was soon pohteut that
while production ofccX is predicted to be suppressed igg hadronization, it is not expected
to be suppressed imgg hadronization [6]. Since thegg process is absent for the ,;(nP)
states, they should have higher branching fractions tacX. These rst calculations exhibited
infrared divergences manifested as logarithms of the bindjrenergy which were estimated
in terms of a con nement radius. The predicted ratios of brartung fractions are [6]RS°)

B( ns! 9g;pg! ccX)=B( ns! 99;M9 = 6%;25%, and 12% for the = 0;1, and 2
states, respectively. The predictions were independent of thradial quantum number, n.
The 25% branching fraction forJ = 1 corresponds to equal rates for all accessible quark
avors gin qqg

With the development of non-relativistic QCD (NRQCD) techniques [7], a proper treat-
ment of the infrared divergences was given and thus much ingued calculations became
possible. However, initial work [8] on bottomonium decays appximated nal-state quarks
as massless. Recently, this was remedied, and detailed NRQCD ua#dtions of massive
charm production in ,; decay have been performed [9]. Decay rates are expressed imger
of one non-perturbative parameter per p; triplet: g mZhGsi=hO,i where O; (Og) is a



particular color-singlet (color-octet) four-quark operaor [8, 9] andmy, is the one-loop pole
mass,my, ' 4:6 GeV/c?. All of the n-dependence in these calculations is contained ig,

and RSC) is found to increase monotonically with increasingg. For illustrative purposes,

we choose a common nominal value o = 0:10, which givesRSC) = 5%:23%, and 8% for
the J = 0;1,and 2 states, respectively. These results are in general agreetnwith the

older calculation cited above. In particular, charm produtton is expected to be largest for
the J = 1 states. Not only the predicted RSC), but also the e ciency of our applied D°

momentum cut, depend on g. We thus t for g in the context of the NRQCD results in
order to interpret the consistency of our results with theory.

To summarize, we observe charm production by observim® mesons in ,; decays. We
thereby hope to test predictions for the branching fractionsgspecially the expectation that
the largest branching fractions will come from thel = 1 states due to the dominance of
gqg decays wherggis absent. Sections II-VII present our experimental results fanclusive
decays of p; to DX, with a D® momentum cut. Section VIII makes the connection
between these measurements and the theoretically-predictémtal rate of ccX production,
R{?. Section IX summarizes our conclusions.

I[I.  THE CLEO Il EXPERIMENT AND DATA SETS

We use data collected with the CLEO IlI detector [10] at the Carell Electron Storage
Ring (CESR). Charged patrticle tracking is provided by a foutayer silicon tracker and a
47-layer drift chamber [11] covering 93% of the solid angle.aRicle identi cation (PID) is
performed via speci ¢ ionization measurementdg=dx) in the drift chamber supplemented
by a Ring-Imaging Cherenkov detector (RICH) [12] which cover80% of the solid angle.
Photons are detected using an electromagnetic calorimetentsisting of 7784 CslI(TI) crystals
[13]. All of these detector elements are immersed in a 1.5 T soleta magnetic eld.

We use CLEO IIl data samples of 0.65, 1.27, and 1.40 fbat the (1 S); (2 S), and
(3 S) resonances, corresponding to 13.0, 9.4, and 6.1 million mesemproduced, respec-
tively. In addition, data were also collected about 25 MeV belv each resonance: we analyze
0.14, 0.43, and 0.16 fb* from below the (1 S); (2 S), and (3 S) resonances, respectively.
We do not use a direct o -resonance subtraction, but rather use #se samples to constrain
background shapes.

. EXPERIMENTAL TECHNIQUE

This analysis includes all six known ,;(nP) states: J =0; 1, and 2 andn =1 and 2. The
by States produced in radiative decays are tagged by transitiorphotons from ! bJ
decays; the ; yields are obtained from ts to E spectra. We then t E spectra from
events with aD? candidate in the signal mass region, usinB® mass sidebands to remove
combinatorial background under theD° signal peak. After correcting forD? e ciencies
and branching fractions, the ratio of these two inclusive yiekl determines the fraction of
by decays with a trueD? (above ourD° minimum momentum requirement). The photon
e ciencies, numbers of initial ( nS), and many associated systematic uncertainties largely
cancel.
We nally apply some small corrections to obtain the rate fordirect production of D°
mesons in ; decays. Direct denotes the exclusion of charm production in ckeys of other
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bottomonium states produced by tranistions from our initial ,; (for example, via ; ;!
transitions). Our focus is on directD® production via hadronization of ,; ! gg;oqgdecays
only, and not on transitions to otherbb states which subsequently decay t®°X .

IV. EVENT SELECTION

We rst select events with transition photon candidates with errgies between 30 <
In(E [MeV]) < 570 (33< E < 299 MeV). Only showers in the barrel calorimeter,
jcos j < 0:8, that are isolated from charged tracks are considered. Hadiorshower frag-
ments are suppressed by vetoing any candidate photon shower thas a charged track
pointing anywhere in the candidate's \connected region": His is a contiguous group of ad-
jacent crystals with the energy deposition in each crystak  , satisfying Ex > 10 MeV.
An additional requirement on the fraction of energy depositedh the central 3 3 square of
a5 b5 squareE9=E25, is applied. We use an energy-dependdB=E25 criterion to select
soft transition photon candidates, while photons later used inofming ° candidates, both
as a veto and aD° decay daughters, must satisfy the requirement d& 9=E25> 0:85.

Photon background in the ! by transitions is dominated by °© decay products. To
suppress this background, we reject photon candidates thath&n combined with any other
photon, form a ° candidate that has an invariant mass within three standard degtions
of the nominal ° mass and a lab-frame opening angle between the two photons sBfing
jcos > 07.

For D° reconstruction, we select well-measured tracks consistent witriginating from
the interaction point. These tracks must have an impact paranter of less than 5 cm with
respect to the interaction point along the beam direction, agh less than 5 mm with respect
to it in the transverse plane. Charge-conjugate nal statesD®X, are also included and
are implied in the remainder of the paper. CandidatéD® mesons are reconstructed via
three decay modesk ;K * 9 andK * *. For charged pion and kaon selection,
particle identi cation combines RICH measurements witrdE=dx in a momentum-dependent
manner. The dE=dx information is expressed as 9 , the number of standard deviations
between measured and expected ionization for theK hypothesis. The track-dependent
dE=dx resolution used to normalize  includes dependencies on velocity, cosand the
number of hits used fordE=dx. RICH information is characterized with a likelihoodL; we
useL x as shorthand for 2InL x . When used, the RICH information is combined with
dE=dx into one combined separation variable as: % =L x L g, +( %)* (&)~
The rst (second) subscript is chosen for (K) identi cation. We also impose requirements
on the number of detected Cherenkov photons, X , for either the or K hypothesis in the
RICH detector.

Momentum dependence in the use of the RICH is motivated by theleérenkov threshold
for kaons and the need for tracks to have su cient transverse moemtum to reach the RICH
detector given their curvature in the magnetic eld. All pion candidates must satisfyj 9j <
3. Pion candidates withp < 0:50 GeV/c are accepted with that criteria alone, but additional
requirements are added for some higher-momentum candidatd6.0:50 < p < 0:65 GeV/c
andn > 2, we also require 2 < 0. Candidates withp > 0:65 GeV/c must satisfy both
n >2and ?<0.

Kaons are identi ed in an analogous manner to pions, with thre additional criteria.
First, kaon candidates must satisfyp > 0:18 GeV/c. Kaons lose more energy in the inner
detector than pions, and tightly curling tracks are poorly reonstructed. Second, if the
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FIG.1: SumofK *,K * 9 andK * * invariant mass distributions obtained for (2 S)

(@) and (3 S) (b) data. The shaded areas correspond to the signal regionral the two background
side-band regions de ned in the text.

track momentum is greater than 0.60 GeV¢, then the track must also be within the RICH
ducial region, jcos j < 0:80; this ensures good rejection of the more numerous pions he t
dE=dx separation degrades. Finally, when RICH information is avaible, a tighter criterion,

2 < 10, is used compared to that employed for pions due to the reia abundance of
pions over kaons.

The ©° meson candidates fronD®! K * 9 are reconstructed from pairs of photons
with an invariant mass within 2.5 standard deviations of the nminal ° mass. These
candidates are then kinematically constrained to the® mass. For theK * 9 mode, the
precision is improved with an additional requirement on the andidate's location in the
Dalitz plot. Our criteria retains the 70% of decays from the rast densely-populated regions
of phase space (based on previous measurements [14]).

In order to avoid the large combinatorial backgrounds undethe D signal at lower
momenta, only candidateD® momentappo > 2:5 GeV/c are accepted. Figure 1 shows the
sumoftheK *, K * 2 andK * *invariant mass distributions,Kn (n=1;2;3),
obtained from (2 S) and (3 S) data for events also containing transition photon candidate
The DO signal region is dened as thek *, K * 9 and K T * invariant mass
interval 2.5 , (using a mode-averaged,, ' 0.0075 GeVk?) from the nominal D° mass,
Mpo [1]. The D \sideband" regions, each with a width of 5 ,,, are located symmetrically,
between 7.5 ,, and 10.0 ., on either side of the nominaD® mass.

V. FITS TO THE PHOTON ENERGY SPECTRA

We rst measure the total number of ,; tagged with an observed transition photon by
tting the inclusive E spectrum. Photon peaks from inclusive () ! ba(1P) and
39! bs(2P) transitions are evident in Fig. 2.
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FIG. 2: Fits to the (2 S) (left) and (3 S) (right) inclusive photon energy spectra. The data are
shown as dots; the ts are shown as the histograms; the dashetines represents the total tted
background. Note the suppressed zero on the vertical axis. dminal photon peak locations for
transitions to the 3(1P) (on the left) are 111, 130, 164 MeVk? (for J = 2;1;0, respectively) and
for transitions to the 3(2P) (on the right) are 87, 100, 123 MeV/c? (for J = 2;1;0, respectively).

We use (1S) resonance and (nS) o -resonance data to model the photon background
inthe E spectra [15]. The o -resonance data are observed to have indigjuishable spectra
in our energy region and thus the three samples are combined it@crease statistics. The
(1 S) on-resonance and (nS) o -resonance shapes are also quite similar, and we initially
t with two independent normalizations to peak-free regioms of the photon energy spectrum.
The regions are de ned by $0< In(E [MeV]) < 3:70 (33 MeV<E < 40 MeV) and 555<
In(E [MeV]) < 5:70 (257 MeV< E < 299 MeV) and the t results are used to then x
the relative normalization of these on- and o -resonance sangd for subsequent signal ts.

When tting the full photon energy spectra to extract signal yelds, only one overall
normalization parameter for the background is varied. We d, however, that the t quality
is acceptable only after the inclusion of rst- (P) or second-order (P) polynomials to allow
small smooth adjustments of the background shape. The talso inafles signal contributions
from the three dominant E1 transitions, (2S) ! p(1P) or (3 S) ! s(2P), as
appropriate. The ,;(1P)and ,;(2P) signal peaks are described by a so-called Crystal Ball
line shape [16] with xed asymmetry parameters, and n. This line shape is a Gaussian,
described by a peak energ§, and resolution g, matched with the constantc onto an
asymmetric low energy tail, §E, E + )", at an energyE, e. We obtain E, from
published results [1] and use the values = 0:84 andn = 25:8. The values ofsigmag =E
depend onE, varying from 5.4% to 3.9% as the energy of the six transitionrles increases.
This E dependence is determined from Monte-Carlo studies, but the enall scale of the
resolution is adjusted based on ts to data. In addition to the dainant (3 S) ! ba (2P)
transitions, the t to the (3 S) spectrum includes the lines due to y;(2P) ! 2 S)
cascades. The tresults are displayed with the data in Fig. 2 andabulated in Tables | and
Il.

Photon energy spectra for events witlD® mesons are obtained by subtracting the Iiif
[MeV]) spectra associated with theKn (n = 1;2;3) D° sidebands from theD?° signal
region. The In[E [MeV]) distributions and the ts for the (2 S) and (3 S) data are



2170308-004 2170308-005
T 3500

3200 |- ]
| ] 3000

2700 5
i 2500

2200 B
| 2000

1700 1500

Number of Photons / 2% bin
Number of Photons / 2% bin

TP A ——— N L —————— :
50 100 200 50 100 200

E, (MeV) E, (MeV)
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presented in Fig. 3. Thed =1 lines are the most pronounced. Photon background shapes
for these spectra are the same as for the @) and (3 S) inclusive photon analysis, except
that an acceptable t quality is obtained without the additi on of low-order polynomials, and
they are omitted. The background-subtracted photon spectrara presented in Fig. 4 and

t results are tabulated in Tables | and II.

VI. MEASUREMENT OF b3 ! DOX (ppo > 2:5GeV/ c) RATES

The vyields of events with ,; and D® mesons P°! K *;K *+ 0K T ")in-
clude non-direct p; decays which must be subtracted. Non-directy;(1P) decays toD%X



include (2 S) ! ba(1P); pi(1P)! (1 S) decays whereD® mesons are then produced
in (1 S) annihilation into ggg gg , and

Non-direct ,;(2P) decays toD°X similarly include production of bottomonium states
which in turn may decay to DX . Known processes include (B) produced via (3 S) !

b3 (2P) followed by

a(2P) ! (1)@ S)
w@P)! (28K @29)! (; %)As)
w(2P)!  (25) (295!  w@P) n@P)! (19)

b3 (2P) ! pi(1P); w(1P)! (1 )
and p;(1P) produced via (3 S) ! b3 (2P) followed by
b3 (2P) ! bs(1P)

n(2P)! (2 5), (295!  n(lP)

and (2 S) from (3 S)! 0(2P); p(2P)! (2 9S).

Yields for events withD°® mesons from direct ;(1P) decays are calculated by correcting
raw yields from the (2 S) data with a non-direct rate determined using known branchig
fractions [1] and an (1S) ! (ggg;gg; ) ! DOX rate for ppo > 2:5 GeV/c of 260
0:50% [17]. We estimate the numbers of these non-direct eventsléis 9;191 58, and 125
34 forJd =0;1, and 2, respectively. Corresponding estimates of the non-elat backgrounds
for p3(2P)! DX inthe (3 S) data are 53 24,392 70, and 311 50 forJ =0;1, and
2, respectively. We account for the fact that prompt productn of D°X from (2 S) diers
from that from (1 S) due to the di erent mixture of decays mediated byggg;gg, and

Yields for inclusive ; production, total ,; with D° mesons, and p; with directly-
producedD° mesons, are summarized in Tables | and Il. In addition, we list a o@ction
due to a small observed curvature in theKn mass spectra leading to a small residual
background of true photons and faké® mesons, since our sideband subtraction assumes a
at background.

The direct p; yields,N2>d", from N initial produced are:

. X
NDbj'd'r =N B( ! 3)B( bs! 0g;g! D°X) iBi(DY);

. . . P :
where is the detection e ciency and the last factor  ;B;(D°) is a sum over the three
Kn decay modes of thé@°. The observed number of inclusive ,; decays is given by

N™ =N B( ! )
Our main results, the branching fractionsB( ;! gg;qg! D°X), are obtained from the

two previous equations as:

0
bJ .

Nmd = Bi(D?)’

ND
'D

B( bs! 9gg;qg! D°X)=

where the photon e ciency, , and sample sizeN , both cancel. For determination of the
D9 detection e ciencies, Monte-Carlo simulation of continuumcc events (based on Jetset
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7 [18]) were used, since this sample is expected to approximatee tjet-like events from
the p; ! ccgdecays. We nd that the e ciency is consistent with being indepedent of
momentum in the ppo > 2:5 GeV/c range.

Based on detailed comparisons of particle identi cation in audata and Monte-Carlo
simulations, we conclude that small e ciency corrections are eeded. TheKn modes
receive adjustments of « f ", wheref =0:95(099) andf =0:99(101) for (2 S) ((3 9))
data. The ;! DX decay rates forppo > 2:5 GeV/c are presented in Tables | and II.

TABLE I: (2 S)! b3(1P) (J = 0;1;2) transition yields and ! gg;oug! DX rates, for
ppo > 2:5 GeV/c. Errors shown are statistical only.

Final state w(1P) p1(1P) w(1P)

N'r;‘j' 166860 5988 363825 6793 379457 7243

NP’ (raw) 501 303 2561 346 1207 360
DO sideband correction 11 5 60 6 57 7
non-direct D° 16 9 191 58 125 34

N P%dr (direct) 474 303 2310 351 1025 362

B( ,y(IP)! gg:qqg! D°%X)5:63 3:61% 12:59 1:94% 5:36 1:90%

TABLE II: 3 S)! b3(2P) (J = 0;1;2) transition yields and ! gg:opg! DOX rates, for
ppo > 2:5 GeV/c. Errors shown are statistical only.

Final state n(2P) n(2P) n2(2P)

N Inc 219773 5201 491818 5197 524549 5628
NP (raw) 565 341 2757 366 477 370
D9 sideband correction 39 7 122 7 122 7
non-direct D 53 24 392 70 311 50
NP%dr (direct) 473 342 2243 373 44 373

B( ps(2P)! gg;qqg! DOX)4:13 3:00% 8:75 1:47% 0:16 1:37%

VIl. SYSTEMATIC UNCERTAINTIES ON THE BRANCHING FRACTIONS

Systematic uncertainties on the six measured branching fraotis are primarily of two
types. The rst are uncertainties in D° reconstruction; these a ect each of the six ,; states
equally and are summarized in Table Ill. The next are uncertaties related to our photon
yields, both in terms of e ciencies and yield extractions. Thee often di er for the six ;
states, and are summarized in Table IV. In the remainder of this seen we detail the
sources of the uncertainty estimates presented in the aforentiemed Tables.
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The rst three entries of Table Il involve e ciencies for tra ck- nding, ° reconstruction,
and particle identi cation algorithms. Since the compositio of the three D° nal states
di er, we take 2 linear weighting of the uncertainties acros®° modes. The weights used
arew; = Bj= ; ;Bj, yielding 0.25, 0.34, and 0.41 fob®! K *,D°! K * % and
DO! K * | respectively.

The systematic uncertainty in track- nding is obtained by studes of the di erence be-
tween data and Monte-Carlo simulation. We assign a 1.5% unceitty per track, which
gives a net uncertainty of 4.2% after weighting acrod3° decay modes.

We assess the uncertainty in °- nding at 5% per °. Taking into account the weight of
the D°! K ° mode, the net °- nding systematic uncertainty is 1.7%.

Systematic uncertainties in kaon and pion identi cation areobtained by comparing data
and Monte-Carlo e ciencies. We obtain 2% (1%) uncertaintiegper K () which yield a net
4.0% systematic uncertainty, averaged oved® modes.

The systematic uncertainty ontheD®! K * 0e ciency due to selection on the Dalitz
region is obtained by comparing the inclusive yield changesdata compared to Monte-Carlo
simulations as the selection e ciency is varied. As a result of tis study, and accounting for
the fraction of D° candidates found via this decay mode, we assign 1.0% as our tdbalitz
region selection uncertainty.

For evaluation of systematic uncertainties related to th®° momentum requirement, the
Ppo requirement was varied. Events were selected for three vatuef the D® momentum re-
quirement (> 2:2;> 2:5, and> 2:8 GeV/c). We assign a 1.7% branching fraction uncertainty
due to this source.

To study possible e ects of the event shape and environment on tH2° detection e -
ciency, di erent models of signal Monte-Carlo and continuunMonte-Carlo events are an-
alyzed. Results indicate a 3.0% uncertainty of the e ciencydr the event-shape changes
explored.

Systematic uncertainties related to the de nition of theD? signal and sideband regions
are obtained by varying the corresponding mass windows. Thissal includes uncertainty
due to a nonlinear background shape under th2° signal. The total systematic uncertainty
is determined to be 2.5%.

The total uncertainty in the D° e ciency is 7:5% for each ,; state, as noted in Table
[1l. We now turn to the photon-related systematic uncertainties presented in Table IV.

TABLE I1I: Relative systematic uncertainties on measured branching fractions from sources a ect-
ing the D? e ciency.

Source Uncertainty (%)
Tracking: 1.5%l/track 4.2

0 e ciency: 5%/ °© 1.7
PID: 2%=K , 1%= 4.0
K 9 Dalitz requirement 1.0
Momentum dependence 1.7
Decay model e ects onD? e ciency 3.0
Selection of events with aD° 2.5
Total DO-related systematic uncertainty 7.5
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To verify that the photon e ciency largely cancels in our andysis, the di erence of photon
e ciencies between inclusive events and those with B° candidate is studied using Monte-
Carlo samples. We nd that the relative photon e ciency di ere nce between sphericajgg
events and jet-likeqq events is about 6%. In our case, we are concerned about the deace
between generic p; events and those having a reconstructe@°. Presumably the e ect of
this bias is smaller than that of the rather large overall evanshape change between these
two Monte-Carlo samples. We thus take 1/3 of the variation and ssign a 2% uncertainty
for all six ,; states.

For estimation of line-shape tting uncertainties we changeltte Crystal Ball line-shape
parameters andn by 10% from their nominal values. This range is chosen as apprage
based on changes in t quality. We take the resulting branchindraction variations as
systematic uncertainties, ranging from 0.1% to 0.6%.

The nominal tting ranges for photon energy distributions ae 38 < In(E [MeV]) < 55
for (2 S)and 38< In(E [MeV]) < 57 for (3 S). We vary the lower and upper limits of
the tting regions from 3.50 to 3.70 and from 5.50 to 5.70 . Vaations in our results suggest
uncertainties from 0.3% to 0.6%.

As mentioned above, the photon background shape consists of twamgonents: the reso-
nant and o -resonance photon spectra used to estimate the backymd shapes in the (2S)
and (3 S) photon energy distributions. We varied scaling factors for te photon back-
ground components and changed the (&) resonance and the (2S), (3 S) o -resonance
contributions in the photon background shape. Also, in the t ofthe (2 S) and (3 S)
inclusive photon energy distributions, we used additional bagkound components to obtain
a better t quality. First, second, and third order polynomials are tried as extra components
in addition to the (1 S) on-resonance and the (2S) and (3 S) o -resonance background
shapes. We estimate systematic uncertainties due to such choicédesels ranging from
0.5% to 1.6%.

Our nominal t uses logarithmic binning of energy InE [MeV]). We changed the log-
arithmic energy scale to linear binning, with 1 MeV energy bin The photon background
shape was left unchanged. We assign from 0.2% to 1.7% uncerteston our branching
fractions based on the stability of our results.

The (3 S) photon energy spectrum includes (25) ! b3 (1P) transition lines at similar
energies. To estimate systematic uncertainties on tig{ ,;(2P)! D°X), we include these
lines in the ttothe (3 S) inclusive photon spectrum and the photon spectrum for events
with D® mesons. Estimated systematic uncertainties varied from 0.2% to5%.

In Table IV, we summarize the systematic uncertainties associatedth detection and
tting for each of the six ,; lines. Note that these uncertainties apply to the raw yields,
before any subtractions are made.

We also performed several simple cross-checks to investigate thabdity and consistency
of our results. These included splitting the datasets into two subt&e varying selection
criteria, and comparing yields in individualD°® decay modes. All of these tests produced
consistent results.

Our nal results for ppo > 2:5 GeV/c are given in Table V. Upper limits are given for
modes without signi cant signals, but central values for those odes will be needed for ts
later.
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TABLE IV: Relative systematic
related to the E distributions.

uncertainties on measured branching fractions due to sources

Uncertainty (%)

Source bo(1P) m(1P) w(1P) w(2P) wm(2P) m(2P)

e ciency cancellation 2.0 2.0 2.0 2.0 2.0 2.0
Line-shape tting 0.6 0.1 0.4 0.5 0.1 0.5
Fitting range 0.5 0.3 0.4 0.6 0.3 0.5
Background shape 14 0.6 0.9 1.6 0.5 0.9

energy binning 14 0.2 0.5 1.7 0.3 0.6
(2 9)! b3 (1P) lines { { { 1.5 0.3 0.2
Total systematic uncertainty 2.9 2.1 2.3 3.5 2.1 2.4

TABLE V: Summary of measured branching fractions (or upper limits) for B( p3(nP)! gg;®qg!

DX ) with the requirement that ppo > 2:5 GeV/c. The uncertainties are statistical and systematic,
respectively.

State B( p3(nP)! gg;g! DOX) (%) 90% CL UL (%)
po(1P) 56 36 05 < 104
p(1P) 126 19 11

w(1P) 54 1.9 05 <79
w(2P) 4:1 30 04 < 82
n(2P) 88 15 08

n2(2P) 02 14 01 < 24

VIIl.  INTERPRETATION

We observe signi cant production ofD° mesons from both the (1P) and

01(2P)

states. There is evidence of a signal for,(1P), while data for the other three states are
inconclusive. For each triplet, we observe the largest brancty fraction for the J = 1 states,

as expected.

The NRQCD calculation mentioned earlier [9] makes predicties for the total ccX pro-
duction rate, R\?, as a function of one non-perturbative parameter,g, per p; triplet. We
would like to convert our measurement of the inclusiv®®X rate, with a minimum momen-
tum requirement, into an experimental value forRSC). However, this conversioralsodepends
on g, since this parameter a ects the momentum spectrum of th®° mesons and hence the
e ciency of our minimum momentum requirement. We use six braniging fraction results to

determine two best- t values of g (one per triplet). Our experimental results forRSC)

are

based on these best- t values and clearly depend on our use of the Q8D calculation.
We rst discuss the details of how to relate our measurements to ¢hinclusiveccX rate
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and then present our extraction of the g parameter and experimental values dRﬁc). Three

factors will combine to cause our extracted?gc) to be larger than the directly-measured
branching fractions in Table V. We only see some of th®° spectrum, not all charm

appears aD?, and R§°) is normalized to the number of ,; that decay via annihilation, not

the total number produced. Only one factor works in the othedirection: RSC) measures
ccX production, and either charm quark may form aD°.
Suppressing the p3(nP) radial quantum numbers for simplicity, we have:

B( os! 9g;g! ccX) _ B( ! g9g;g! DOX; ppo > 25GeV=0)
B( ! 99;m9 fasfooB( bs! 999 ’

where the right-hand side contains our directly-measured bmahing fraction with three ad-
ditional factors which we now explain.

First, we must divide by B( ! gg; qg such that the nal branching fraction is normal-
ized to only gg; qqgdecays of the 5 since this is the norma]gzation used for the theoretical
prediction. These branching fractions are calculated as 1 ; By, where the sum extends
over all known transitions of a given ,; to other bottomonium states [1].

Next, we divide by f,s, the fraction of the D° spectrum expected to be above our
2.5 GeV/c D° momentum requirement. This is obtained from the results of Re[9], and it
depends on the value of g and knowledge of the charm fragmentation function [19].

Finally, we must divide by the number of D® mesons expected petcX event: fpo =
1:11 0:08. This number is itself the product of four factors. The rst isa factor of two
to account for the two quarks, each of which may form ®°. The next two factors account
for all seven weakly-decayingC = 1 states D°, D*, Ds, ., &, 2 and 9, relative to
the measuredD? yields. The fraction of D® compared to the total of D® + D* + Dg +

o N(DO9N(D® + N(D*)+ N(Ds) + N( )] = 0:574 0:041, is obtained frome" e
fragmentation data [19]. An additional factor 098 0:01 then accounts for the omitted
t, % and ?states. This is estimated from the . fraction of N( )s[N(D%+ N(D*)+
N(Ds)] =(8:1 2:1)% in [19] (with an added uncertainty from knowledge oB( .! pK )),
combined with a theoretical suppression of order 10% due to thelditional strange quark
popping needed to form the omitted states. The fourth factor 00:99 0:01 accouBts for
charmonium states, which here include those states below opeawor threshold at™ s =

2Mpo: J=; (29); ¢ <(2P); ci;he. We estimateN (openc)=[N (openc) + 2N (cc)] ' 1
2N (cc)=N(openc) ' 1 2B(ccX ! charmonia) based on the production rate ofl= in
e"e fragmentation [20] and the branching fractions to charmonim in (1 S) decays [1];
these processes show that charmonium is rare in bothand ggghadronization. We are not
sensitive to errors at the 1% level and choose a conservative umaimty to accommodate
unmeasured charmonium states. The various factors requiredrfthe six ,; states are
summarized in Table VI.

With these factors in hand, we t our data for the D°X branching fractions with ppo >
2.5 GeV/c to the NRQCD predictions [9] and extract g, the ratio of color-octet to color-
singlet matrix elements, in ,; decays. Recall that bothf,5 and Rj(c) depend on g and
that f,.5 depends on fragmentation functions. For each value o, we may convert our

directly measured branching fractions into extracted valu for RSC) in the context of this
NRQCD calculation (which includes the assumption thate* e charm fragmentation data
is representative of our charm fragmentation). The best valuef g is obtained from a t

which nds the best agreement between the predicted and exicted RSC).

R =
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TABLE VI: Summary of factors used to relate our measured D°X branching fractions to R(c),
which measures the totalccX rate. The values off,.5 are evaluated at the independently tted
best values of g for each triplet.

Factor wAP)  wm(@P)  w@P)  w(P)  wm(2P)  w(2P)
B( ! gg;g 0:97 0:03 065 0:08 078 0:04 093 0:07 068 0:04 075 0:03
fas 0:54 Q70 063 045 046 047

fpo 1:11 008 111 0:08 111 0:08 111 0:08 111 0:08 111 0:08

1=(fpof25B) 1:70 0:13 197 0:28 183 0:16 215 0:23 289 0:28 256 0:21

We t separate g values for each triplet by minimizing a ? which has one term for
each of the three states. Each term in the 2 is formed from the square of the deviation
of the predicted and extractedRSC) values, normalized by the errors on the extracted value.

Note that boththe predicted and extractedRSC) values depend ong. Correlated systematic
uncertainties on the branching fractions are incorporatethto the covariance matrix used
to evaluate the 2 in our ts. We nd, however, that results are insensitive to corrdations
due to the dominance of statistical errors. The best-t values @& g(1P) = 0:160%573 and

8(2P) = 0:074% 8% with  2(1P) = 0:40 and 2(2P) = 4:71, respectively, for 3 1 degrees
of freedom each. The errors are larger for thePlstates primarily due to the non-linear
dependence of the branching fractions org: for larger g, the branching fractions are less
sensitive to changes in its value.

It has been argued [21] that g should be largely independent of radial quantum number.
While we prefer not to assume such an equality, a joint t to our banching fractions for
both triplets obtains a best- t common value of g = 0:086%5%, with 2=10:1for6 1
degrees of freedom.

Table VII lists the best- t branching fractions, R\?, extracted from our data along with
the best-t NRQCD values, based on ts with separate g parameters for each ; triplet.
We also show the original 1979 calculations [6] for comparisofhe third uncertainty is
due to uncertainties in the branching fractions used to obtaiB( ! gg;@mg and the
fragmentation data used to obtainfpo and f,.5. No systematic uncertainty is included for
the accuracy of the theoretical calculations or the assumptiothat the e e fragmentation
data is a valid model for our charm fragmentation since we do h&now how to quantify
such e ects. Thus, while our primary results for the inclusive ,; branching fractions into
D%X with ppo > 2:5 GeV/c are model-independent, our results foRSC) are clearly model-

dependent.

IX. CONCLUSION

We report rst measurements of the branching fractions for ,;(1P;2P) ! DO%X with
poo > 2.5 GeV/c. Our results are used to infer the total production of charm in ,; decays,

RSC) in the context of a recent NRQCD calculation [9]. The results & in agreement with

this calculation, as well as the older calculations [6]. Nokdy, our RSC) values con rm that
the largest branching fractions to charm correspond to th@ =1 ; states.
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TABLE VII: Summary of extracted branching fractions (or upp er limits) for RSC). NRQCD best-t
values use distinct g values for each p; triplet. The original 1979 calculations [6] are also shown.
The uncertainties are statistical, our systematic, and exernal systematic, respectively.

State RIY (%) 90% CL UL (%) NRQCD Best Fit (%) Pred. from [6] (%)
w(lP) 96 62 08 08 <179 6.3 6
w(1P) 248 38 22 36 23.7 25
2(lP) 9:8 35 0.9 09 < 146 10.8 12
w(2P) 87 64 09 07 < 177 4.9 6
n(2P) 253 43 25 24 22.1 25
2(2P) 0:4 35 04 01 < 61 7.4 12
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