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We have measured tt& hadron energy distribution if® decays using a sample of semileptoBidlecays
recorded in the SLD experiment at SLAC. The energy of each taggéaddron was reconstructed using
information from the lepton and a partially reconstructed charm-decay vertex. We compared the scaled energy
distribution with several models of heavy quark fragmentation. The average scaled energy of @Bimary
hadrons was found to b )=0.716+0.011(statf g g5 Syst).[S0556-282197)03221-9

PACS numbgs): 13.38.Dg, 11.30.Hv, 12.38.Qk

I. INTRODUCTION used the momentum spectrum of the lepton from semilep-
tonic B decays to constrain the mean valpg ) and found
The production of heavy hadronsi) in e"e™ annihila- it to be approximately 0.70; this is in agreement with the
tion provides a laboratory for the study of heavy-qua€® (  results of similar studies a{/§= 29 and 35 GeV[11]. In
jet fragmentation. This is commonly characterized in termsmore recent analysg42,13 the scaled energy distribution
of the observable(EHEZEH/\/E, whereEy is the energy of D(xg,) has been measured by reconstruchgadrons via

aB or D hadron containing & or ¢ quark, respectively, and their B—DIX decay mode; we have applied a similar tech-
J/s is the c.m. energy. In contrast with light-quark jet frag- hique. We used the precise SLC Large Dete¢BiD) track-
mentation one expecfd] the distribution ofxg, , D(xg,), N system to select jets containing3a~DIX decay, where
to peak at arxg, value significantly above 0. Since the had- the charmed hadrob was identified semiinclusively from a

. o ] secondary decay vertex formed from charged tracks. Each
ronization process is intrinsically nonperturbati®{xe,)  hadronic vertex was then associated with a leptch=e or

cannot be calculated directly using perturbative quantumu) with large momentum transverse to the jet direction. Neu-
chromodynamicdQCD). However, the distribution of the tral energy depositions measured in the hermetic calorimeter,
closely related VariamequEQ/\/g can be calculated per- as well as the energies of charged tracks, that were not asso-

turbatively[2—4] and related, via model-dependent assump_ciated with theDI| system were subtracted from the jet en-

tions, to the observable quantiBy(xg ); a number of such ergy to yield the reconstructe8l hadron energy. This mea-
' R surement technique may be usefuBdifetime or B-mixing

models of heavy quark fragmentation have been propose N s
[5-7]. Measurements dD(xEH) thus serve to constrain both _ Ea;y/srﬁjllfr]]BwiZe;E;h; E;?ﬁgatlrr::ssl_gni islt'hvghg;i;y
the measurement @ (xg, ) at different c.m. energies can be energy distribution with the perturbative QCD and phenom-
used to test QCD evolution, and comparisorDc(fxEB) with enological model predictions.
D(xg,) can be use to test heavy quark symmd®y. Fi-
nally, the uncertainty on the forms & (xg,) andD(xg,)
must be taken into account in studies of the production and
decay of heavy quarks, see, e[@]; more accurate measure-  The e*e™ annihilation events produced at tZ& reso-
ments of these forms will allow increased precision in testance by the SLAC Linear CollidefSLC) were recorded
of the electroweak heavy-quark sector. using the SLC Large Detect@BLD). A general description
Here we consider measurement of tBehadron scaled of the SLD can be found elsewhdr#5]. This analysis used
energy distributiorD (xg_) in Z° decays. Earlier studigd0]  charged tracks measured in the central drift chant6&C)
[16] and in the vertex detectdqVXD) [17], energy clusters
measured in the liquid argon calorimet@rAC) [18], and
*Deceased. muons measured in the warm iron calorimeféfiC) [19].
TAlso at the Universitali Genova. Electron identification utilizes CDC tracks and LAC clusters
*Also at the Universitali Perugia. [20].

II. APPARATUS AND HADRONIC EVENT SELECTION
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Momentum measurement is provided by a uniform axialB** production were taken into account in the systematic
magnetic field of 0.6 T. The CDC and VXD give a momen- errors(Sec. VII).
tum resolution of(rpL/pL:O.OleB 0.0026, , wherep, is the

track momentum transverse to the beam axis in Ge\h- Ill. B HADRON SELECTION

cluding the_uncertainty on the primary.interaction paiR), Hadronic events were required to contain a lepton candi-
the resolution on the charged-track impact paramer ( date within the barrel tracking system witbos|<0.7. We

projected in th(_e plane perpendic_ular to the beamlinerfjs then applied the JADE jet-finding algorithf81] to the LAC
=11®70/(p, 'sin6) pm, where ¢ is the polar angle with ¢ sters in each selected event to define a jet topology. With
respect to the beamline. This results in a mean resolution og jet-resolution criterion of/,=0.07, 82.9% of the events
reconstructed two-prong  verticegSec. I} ofoy , were classified as two-jet-like and 17.1% as three-jet-like.
=400(25) um for the projection on an axis alorigerpen-  Kinematic information based on this topological classifica-
dicular tog the vertex flight direction. The LAC electromag- tion was used subsequentgec. IV) in the calculation of the
netic energy scale was calibrated from the measure® hadron energy. Events in which the lepton had a transverse
m%— yy signal[21,27; the electromagnetic energy resolu- momentum with respect to its jet axis,, of at least 1 GeV/
tion is og/[E~0.15/E(GeV). ¢ were retained for further analysis. In jets containing more
The trigger and initial selection of hadronic events arethan one such lepton only the highgstiepton was labeled
described in23]. A set of cuts was applied to the data to for association with e&D vertex and any lower-momentum
select well-measured tracks and events well contained withiteptons were used in thg-vertex finding.
the detector acceptance. Charged tracks were required to In each selected jet we then searched for a secoridary
have a distance of closest approach transverse to the beamrtex among the nonlepton tracks. Tracks were required to
axis within 5 cm, and within 10 cm along the axis from the comprise at least 40 CDC hits and one VXD hit, to be well
measured interaction point, as well @®s9|<0.80, andp,  contained within the CDC witHcos§|<0.70, to have mo-
>0.15 GeVt. Events were required to have a minimum of mentum in the range 0.¥p<55 GeVE, and to have a
seven such tracks, a thrust ax®4] polar angled; within  transverse impact parameter, normalized by its error, of
|cos;|<0.70, and a charged visible enerfgy; of at least 20  d/oy>1. Tracks frong andA° decays andy conversions
GeV, which was calculated from the selected tracks assignelere suppressed by requiring the distance of closest ap-
the charged pion mass. From our 1993-1995 data sampfsroach to the IP in the planes both perpendicular to, and
108 650 events passed these cuts. The efficiency for seledentaining, the beamline to be less than 1 cm. Two-prong
ing hadronic events satisfying theosf;| cut was estimated vertices were first formed from all pairs of tracks whose
to be above 96%. The background in the selected event
sample was estimated to be &0.1%, dominated by

Z%— 1" 7" events. 0 g ] e 04

Calorimeter clusters used in the subsequent jet-finding 32 @1 s

. . . Z 04 1 2 02

analysis(Sec. IV) were required to comprise at least two ) | |3
calorimeter towers, each containing an energy of at least 100 g 0 L L.-- = S 0
MeV, and to have a total energy greater than 250 MeV. 2 4 T8
Electromagnetic clusters used in the Mdassociated neu- Np
tral energy measurement were further required to have less 02 —p—T—T1— 02 ————71 717

than the smaller of, 25% of their energy and 600 MeV, in the
hadronic section of the LAC.
The efficiency for reconstructin@ hadrons, the back-

1/N dN/er
=]

1N dN/de
=)
I

ground in the selected sample, and the resolution of the 0 0 'sess

method were evaluateSecs. Il and IV using a detailed 0

Monte Carlo(MC) simulation. TheJETSET 7.4 [25] event

generator was used, with parameter values tuned to hadronic Gm 0.2 . SLD

e’ e~ annihilation datd26], combined with a simulation & 2 All Vertices —

decays tuned tdr'(4S) data[27] and a simulation of the z o B Vertioae .| Simulation

SLD based onGEANT 3.21[28]. Inclusive distributions of
single particle and event topology observables in hadronic
events were found to be well described by the simulation
[29]. There is now evidence that roughly 21% of all

H 0 *%
promptly pr.oc.iucecB hadrons inZ"—bb e\ignts ares per vertex;(b) vertex mass(c) projection of the vertex flight dis-
mesong 30]; Smce‘]ET.SETdO.eS not producB™* mesons \.Ne tance from the IP along the jet axis. CandidBtevertex distribu-
have corrgcte_d the S|m.ulat|on to account for them. Using ag,ons:(d) vertex masste) projection along th®-vertex momentum
eYer?t Welghtlng technique We PVOdUFGd a generator-lev ector of the vector between th2 vertex and theB vertex. Data
distribution of B hadron energies in which the enerBy of  (oints with error bassand simulatior(solid histograny the dashed
20.7% of allB hadrons was adjusted to g —E ., where  pistogram shows the simulated contribution from tBie- DIX de-
the pion energyE ;. was produced according to an isotropic cays. In(a) all cuts were applied. Iib)—(e) all cuts were applied
two-body decay distribution foB** —Ba™, assuming a except those on the quantity shown, and these latter cut positions
B** mass of 5.7 GeVE?. Uncertainties in this simulation of (see text are indicated by arrows.

0
-05 0 05 10
rg (cm)

FIG. 1. CandidateD-vertex distributionsia) number of tracks
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TABLE |I. The compositionC of true B—DIX decays in the

c) ' . SlLD '(a) final sample;e is the fraction of each species whd3evertices are
> 400 O b—1 N correctly reconstructed. In all cases the MC statistical errors are less
g [Z] bbw. wrong | than 2%.
S b—c—I
54 200 c—l 7 .
;,E, B2 Bgd. + misid B species C (%) € (%)
>
w 9 e B, 43 92

0.5 1.0 15 20 25 30 By 43 87

Electron P, (GeV/c) B 10 89
S

‘\>-’ B baryons 4 87
3
N
% of the tagged events whose identified leptbrse from true
g B—DIX decays, is 69.2%; a further 18% of the selected
>
w

events contairB decays with a cascade, punch-through or
misidentified lepton, and are still useful. The estimated com-
position of thebb events in terms of th8 hadron species is
shown in Table I. The remaining 12.8% of the event sample
comprises nofb events. The efficiency for selectifigyhad-

fon decays in the selected hadronic event sample is shown,
as a function o&EB, in Fig. 3; the overall efficiency is 1.1%.

05 10 15 20
Muon Py (GeV/c)

FIG. 2. Distribution of (a) electron and(b) muon transverse
momentum with respect to the jet axis in jets containing a selecte
D vertex and respective lepton. Dajaoints with error barsand
simulation (histogram. The composition of the simulated distribu-
tions in terms of leptons froB—1| decays, cascad@— C—| de-
cays, wrongly assigned leptons, promptly produ€ze| decays,
and fake leptons is indicated.

IV. MEASUREMENT OF THE B ENERGIES

In each selected event we first defined the jet energies by

distance of closest approach was less than 0.012 cm ai$ing kinematic information. The two-jet events were di-
whose fit to a vertex satisfieg? <5. A multiprongD-vertex  Vvided into two hemispheres by the plane normal to the thrust
candidate was then defined to comprise the tracks in all ac@xis and the jet in each hemisphere was assigned the beam
cepted two-prong vertices in the jet, and to be located at thenergy. For the three-jet events we corrected the jet energies
position of the two-prong vertex containing the track with according to the angles between the jet axes, assuming en-
the largest normalized transverse impact parandftey . ergy and momentum conversation and massless kinematics.

The tracks in eactD vertex were each assigned the Labeling the jets arbitrarily 1, 2, and 3, and the Correspond-
charged pion mass and were then combined by adding theiiRd interjet angles,s, 613, and 6;,, the corrected energy
four-vectors to obtain the vertex invariant masg and the ~ Of jet 1 is given by
vertex momentum vector. The vertex flight distance from the
IP was projected onto the jet axis to obtain the quarmiity
Events were retained if at least one jet containdal wertex
with 0.3<mp<1.9 GeVE?, rp>0.05 cm,rp normalized by with corresponding expressions for jets 2 and 3. This proce-

its error larger than unity, and the distance of closest apdure results in improved jet energy resolution.
proach between the lepton track and the extrapolated

D-vertex momentum vector was less than 0.012 cm. The

E]_: \/5(5'”023)/(5'”012+ S|n023+ SII’N913), (1)

lepton andD-vertex tracks were then fitted to a common 0CO—T T T 1 T 1 T 1 1]
candidateB vertex. The combined-vertex and lepton in- L i
variant massng and the projection of the vector between the SLD

B- and D-vertex positions onto thé-vertex momentum 0.012— +++++*~+-—

vector rg were calculated. Events were selected in which +
mg<4.5 GeVE?, rg>0.025 cm, and g normalized by its
error was larger than unity.

For the selected events, distributions of the number of
tracks perD vertex Np and of mp, rp, mg, andrg are +
shown in Fig. 1. Also shown are the simulated distributions 0004 — -+ —
in which the contribution from selected trise—DIX decays
is indicated. In Fig. 2 the distribution of lepton transverse
momentum with respect to the jet axgs are shown for ob— L o Lo 1 v 1 v |
candidates passing all cuts except the requirementothae 0 02 04 06 08 10
above 1 GeVk; the simulated distributions are also shown, X,t_:’;e
and the contributions from different processes are indicated.
The final sample comprises 597 events, 293 in the muon, and FIG. 3. The efficiencye for selectingB-hadron decays, as a
304 in the electron, channels. Using the simulation we estifunction of scaled energyg,. Note that the first bin(no point
mate that the purity of this sample, defined to be the fractiorshown is beneath the kinematic limit fote,,-

0.008 — —
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o ? .:'LDH' 1 [ (@ s |
— slmulauon a
2 01 - 16~ .
z - s | .
- 0 | ! . 8 12 .
0 5 10 15 20 25 30 ;’
chg 2 )
Efrag (GeV) u g _|
T T T T T T T T g ]
el . £
g - ¢ ]
2 B -4
; i 0 [ I N Y SN SN O
= N 0o 4 8 12 16 20
0 4 8 12 16 20 Reconstructed E;:g; (GeV)
Efrag (GeV) 30 — T T T
FIG. 4. Distribution of norB-associateda) charged andb) (b) SLD
neutral energy in jets containing a candidBte>DIX decay. Data <
(points with error barsand simulation(histogram. G 20
j=2]
We then proceeded to reconstruct tBehadron energy %LUE
rec.
Eg- 2 10
ErBeC: Ejet_ Efraga 2
whereEj is the energy of the jet containing the candidate 0 ! l L | L
vertex andEg,g is the energy in the same jet that is not 0 10 20 30
attributed to theB, Reconstructed Efr';% (GeV)
h
Eqrag= f"ESS+ freEReY 3)

FIG. 5. Simulated correlation between the true and recon-

chg tructed values of the ndB-associateda) neutral andb) charged
where Effag and Effag are the measured charged and neutrainergy in jets containing a candidde-DIX decay. In each bin of

i aﬁag neu _ ]
energy components _respectlvely, ar_ld ];g are cor reconstructed energy the error bar represents the corresponding
rection factors described below. We defiBiglg to be the 1 m.s. deviation in the true energy. Each line represents a fit to the
sum of the energy, using the momentum and assuming thgyrelation(see text

pion mass, of all the charged tracks in the jet excluding the
neu

candidateB-vertex tracksEryg is defined to be the sum of We have used our simulation to estimate the resolution of
the energy of the electromagnetic calorimeter clusters in th X
e method for reconstructing tfiiehadron energy. We com-

jet that are not associated with charged tracks. A cluster wa; d th ructed Bk rec \with the inout
defined as unassociated if it had no charged track extrapola'?—are € reconstructed scalgoenergyxe wi € Inpu

ing to it to within an angle & from its centroid, where scaled energy};‘;e and show in Fig. 6 the distribution of the

og=Vol +0¥ and o and o are the measured cluster quantity (XtEr:e_ XrEGQ/XtEr:e- The resolution may be character-
widths in polar and azimuthal angle, respectively. The distriized by a parametrization comprising the sum of two Gauss-
butions of EfYY and Ef%s are shown in Fig. 4. ian distributions. The result of such a fit, in which the Gauss-
This procedure willa priori misassign the energy of any ian centers, normalizations and widths were allowed to vary,
unassociated neutral particle from tbedecay to the no®  is shown in Fig. 6. The narrower Gaussian of width0.10
energyEq,g Similarly, the energy of any charged track from represents 65% of the fitted area, and the wider Gaussian of
the D decay that is not associated with the reconstru@ied width 0=0.33 represents the remainder. It can be seen from
vertex will be misassigned tBy,,. We have used our MC Fig. 6 that the population corresponding to the “inner core”
simulation to study these effects and show in Fig. 5 the coris somewhat underestimated by this technique since the pa-
relation between the reconstructed and true valueE§f  rametrization does not describe the central bin. We repeated

andE{)J As expected, both the charged and neutral compothis exercise in subset regions xf® and found the inner
nents are typically slightly overestimated by the reconstruccore resolutionpopulation to be 0.27(84%) for 0.0< xtEf“e
B

tion method. We fitted and hocsecond—order polynomial to <0.6, 0.09(70% for 0.6<x“°<0.8, and 0.06(79%) for
each correlation to determine an average energy-dependent " B o

correction factorf<hd (f™4 (Eq. 3, which we applied to the 0.9<xEB <1.0; as expected the resolution is better for more
nonB charged(neutra) energy componenEf’y (EfSy) of  energeticB hadrons. Choosing the bin width to be roughly

each tagged jet in the data sample. Uncertainties in thedealf of our mean resolution we show the measured distribu-
corrections were included in the systematic erf@wsc. VII). tion of xgg, Ddata(x,rf;), in Fig. 7. Also shown in this figure

neu
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200 T T T T T T T 7T
800 m e SLD ]
B | 160 - — Simulation B
0 600 - B L ——Non-bb Bgd. -
o
> i | 8 m120 |- 1
S °f
5 400 - = > I 1
I i | T 80 .
200 — = I |
40 .
O 0 i .I 5
-0.8 —0.?me (r)ec Ot;je 08 0 02 04 06 08 1.0
(XEg ~Xeg)/XEg

FIG. 6. Distribution of the normalized difference between the  F|G, 7. The distribution of reconstructed scaled energies for
true and reconstructe-hadron energies in simulated events. The g_hadron candidates; dataoints with error bassand simulation

solid line is a fit of the sum of two Gaussian distributidese text (solid histogram Also shown(dashed histograjis the simulated
The two component Gaussian distributions are indicated by thegiribution from norsb events.

dashed lines.

mentation function based on the phenomenological model of
is the simulated distribution in which the background contri-the Lund group[7], the perturbative QCD calculations of
bution from nonbb events is indicated. Braaten, Cheung, Fleming, and Yu@] (BCFY), and of
Nason, Colangelo, and Me[@] (NCM), as well asad hoc
parametrizations based on a function used by the ALEPH
Collaboration[12] and on a third-order polynomial. These

It is interesting to compare our measuidhadron energy ~ functions are listed in Table Il.

distribution with the theoretical predictions. The event gen- In order to make a fair comparison among the models we
erator used in our simulation is based on a perturbative QCryaried the arbitrary parametey of each function so as to
“parton shower” for production of quarks and gluons, to- @chieve an optimal description of the data; this was done by
gether with the phenomenological Peterson functjéh  aPplying an iterative procedure to our simulated event
(Table 1)) to account for the fragmentation bandc quarks ~ Sample. First, starting values of the parameters were assigned
into BandD hadrons, respectively, within the iterative Lund @nd the corresponding distribution of scaled primBrirad-

string hadronization mechanisi25]; this simulation yields a fon energies DM“(x{\) was reproduced in our MC-

generator-level primarB-hadron energy distributionwith  generatedb event sampleyeforesimulation of the detector,
(Xg,)=0.693. Itis apparer(fFig. 7) that this simulation does by weighting events accordinglj32]. Next, the resulting
not reproduce the data well; the? for the comparison is distribution, after simulation of the detector, application of
36.7 for 15 bins. the analysis cuts and background subtraction, of recon-
We have also considered alternative forms of the fragstructedB hadron energie®™¢ (ereD was compared with

V. COMPARISON WITH MODEL PREDICTIONS

TABLE II. Fragmentation functions used in comparison with the data. For the BCFY fun€tign
=3(3—4r), f,(r)=12—23r+26r2, f4(r)=(1—r)(9—1Ir+12r?), andf,(r)=3(1—r)3(1—r+r?).

Function name Functional forf(x) Reference
1/ 1 g \2

Peterson i (6]
X X 1-Xx

1
Lund ;(1—x)aexp(—bm’f/x) [7]
BCFY XADX) o b )3t X [4]
m[ —XFy ()X 5(r) =X F5(r) +X4(r)]
NCM J dy g(x,y)y“(1-y)? (2]
— -2

ALEPH b, ¢ d [12]
X X 1-X

3rd-order polynomial #bx+cxe+dx®

We used a value of the Peterson function parame}et0.006[32].
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TABLE lll. Results of optimization of fragmentation functions

to the reconstructeB hadron energy distribution. For the NCM fit 4 L VV T L B
the QCD parameters were fixed at;=200 MeV and u=m, [ ALEPH T Peterson ¥ ]
=4.5 GeV. 2 JoAr R
L S vt © i
Function X2/Npg parameters (Xg.) 0
B S 4 L T T
Peterson 14.0/11 €,=0.034-0.006 0.717 $ [w & ] o[Ee
Lund 9.6/10 a=1.7+0.2 0.743 s 20 2ol r PR
b=0.19+0.01 2 0 a 1 Al lomoo®® g
BCFY 22.4/11 r=0.20=0.02 0.705 4 — —
NCM 15.9/11 a=9%2 0.687 - NOM 6¢ | o poteson I_
pdaxd 2 o o e %A
ALEPH 9.7/9 b=0.0+1.0 0.730 N A I L
_ 0loo0o® | 4
¢=0.78-0.05 0 05 10 0 05 1.0
d=0.042£0.004 XEg Xgg
3rd-order polynomial 14.9/9 $-7.53+0.04
c=16.49+0.07 FIG. 9. Data distribution of scaleB-hadron energy corrected
d=—-9.98+0.07 using simulations based on different ingBtfragmentation func-

tions (see text (a) ALEPH, (b) Peterson(c) Lund, (d) BCFY, and
®This value of e, refers to theB-hadron energy distribution; it (e) NCM functions. Statistical error bars are shown; these are
should not be confused with the value gf used as input in the highly correlated between bins and among the five sets of results.
JETSETmodel at theb-quark fragmentation levéSec. Vj, which is () The five optimized functional forms used in the correction.
significantly lower.

able to distinguish between these functions. It should be

the background-subtracted data distribution andythgalue ~ noted, however, that the optimal third-order polynomial
was calculated. The parameter values were then changed, th#ction has a small negative minimum point in the region
weighting process repeated in the simulated sample, and twoundxté:e= 0.2; since this behavior is unphysical we did
new distribution of reconstructeB hadron energies com- not consider this function further in the analysis.

pared with the data to yield a ney# value. This process was
iterated to find the minimum iy?, yielding a parameter set
that gives an optimal description of the reconstructed data by
the input fragmentation function. This procedure was applied In order to compare our results with those from other
for each function listed in Table Il. The fitted parameters andexperiments it is necessary to correct the reconstructed

minimum x?values are listed in Table Ill, and the corre- scaledB hadron energy distributioda‘a(xge;) for the ef-
D MC (yfe : e
spondingD™™ (xg;)are compared with the data in Fig. 8. fects of nonB backgrounds, detector acceptance, event se-

Each function reproduces the data. We conclude that, withifection, and analysis bias and initial-state radiation, as well

our resolution and with our current data sample, we are unas for bin-to-bin migration effects caused by the finite reso-
lution of the detector and the analysis technique. We also
corrected for the effects &** decaydqSec. I)) to derive the

VI. CORRECTION OF THE B ENERGY DISTRIBUTION

ST T T T T T T T primary B hadron energy distribution. We applied aXt6
-+ S 7 matrix unfolding procedure t®%" (x[9) to obtain an esti-
| ——— Peterson fatrl ; data ¢ tru ®
4 Lund . mate of the true distributio®“*® (xg ):
e - BCFY i
-—— NCM
%ﬂ: 3 —— ALEPH i - pdata (XtEr:e): 6_1(Xté:e) E(XtégeerEGD[Ddata(X??_S(XrEe?],
s - G
©
= — -
s 2 where S is a vector representing the background contribu-
B 7 tion, E is a matrix to correct for bin-to-bin migrations, alad
1 — is a vector representing the efficiency for selecting tBie
L i hadron decays for the analysis.
L The matricesS, E, ande were calculated from our MC
%0 02 04 06 08 10 simulation; the elements efare shown in Fig. 3. The matrix
xree E incorporates a convolution of the input fragmentation
Eg function with the resolution of the detector. We used in turn

he Peterson, Lund, BCFY, NCM, and ALEPH functions,

FIG. 8. The background-subtracted distribution of reconstructe ith the optimized parameters listed in Table IlI, to produce

scaledB-hadron energy. The dafpoints with error barsare com- . . .
pared with simulations based on six different inBufragmentation both a generator-level input primafy hadron energy distri

; MC tru P
functions (see text represented by lines joining entries at the bin bution D (XEB , and a reconstructed distribution
centers. pMC (XE,). as discussed in the previous section. In each case
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TABLE IV. Systematic errors oKiXg,).

Error source Variation Error(%)
Detector modeling
Neutral fragmentation energy:

cluster energy scale +2.2% i8:%§

min. clus. energy 100; §ogMeV o2
Tracking efficiency 2.42.4% 2%
Lepton mis-ID background +25% foes
Physics modeling
B meson/baryon lifetime 1.550.05/1.16-0.08 ps P
B** production 20.%7% o8
B** mass 5.7040.020 GeV oo
f*=I(B—D*)/I'(B—D) 0, o0

** =T(B—D**)/T'(B—D) frx =% 3 035

By ,Bq/Bs/b-baryon production 40:420.0%/11.6-8.0%/7.0-4.0% 3%
B, ,Bq,Bs,b-baryon decay modes *lo o1
B-decay charged multiplicity 5:0.2 tracks roz
c-fragmentation{xg, ) 0.484+0.008 +0.01
D%D*/D¢/c-baryon production 56:65.3%/23.0-3.7%/12.0-7.0%/8.9:0.5% +0.01
D-decay multiplicity Ref[33] by
ss production +10% 0%
Ro 0.2216+0.0010 o0
R 0.16+0.01 804
g— bb splitting +50% o5
g—cc splitting +50% 8%

Total

+1.32
—1.48
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E was evaluated by examining the population migrations o200 MeV, and by varying the LAC electromagnetic energy
true B hadrons between bins of the input scadenergy, scale within our estimated uncertainty v2.2% of its nomi-
e ee, nal value[21]. In each case the difference in results relative

Xg, and the reconstructed scaIBdenergyx
The data were then unfolded according to Et).to yield  to our standard procedure was taken as the systematic uncer-

pdata (thue) which is shown for each input fragmentation tainty. A large source of detector modeling uncertainty was
function in Fig. 9. It can be seen that the shapes 01found to relate to knowledge of the charged tracking effi-
pdata (Xtrue) differ systematically among the assumed input tciency of the detector, which we varied by our estimated

uncertainty of=2.4%. In addition, in each bin ofE’, we
fragmentatlon functions. These differences were used to as- y > Es

sign systematic errors, as discussed in the next section. varied the estimated contribution from fake Ieptons in the
data sampléFig. 2) by +=25%. These uncertainties were as-
sumed to be uncorrelated and were added in quadrature to
obtain the detector modeling uncertainty in each bixf.

We have considered sources of systematic uncertainty As a cross-check we also varied the event selection re-
that potentially affect our measurement of BBéhadron en- quirements. The thrust-axis containment cut was varied in
ergy distribution. These may be divided into uncertainties inthe range 0.65|cos%|<0.70, the minimum number of
modeling the detector and uncertainties on experimentatharged tracks required was increased from 7 to 8, and the
measurements serving as input parameters to the underlyingtal charged-track energy requirement was increased from
physics modeling. For these studies our standard simulatior20 to 22 GeV. In each case results consistent with the stan-
employing the Peterson fragmentation function, was used. dard selection were obtained. As a further cross-check on jet

The uncertainty on the correction of the nBrmeutral jet  axis modeling we systematically variegl, in the range
energy componerﬁ?gé (Sec. IV) was estimated by changing 0.01<y.<0.15 and repeated the analysis; results consistent

the LAC cluster-energy selection requirement from 100 towith the standard analysis were obtained.

VIl. SYSTEMATIC ERRORS
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TABLE V. The fully corrected scaled®-hadron energy distri-

bution. L o
3~ eSLD l I ]
Xeg Stat. Syst. Unfolding
bin center bdoldxe, error error uncertainty o | 7]
LLl
0.037 0.0 0.0 0.0 0.0 g 2 { .
0.110 0.104 0.041 0.055 0.041 2L } [ N
0.183 0.105 0.050 0.068 0.035 =
0.256 0.158 0.076 0.095 0.043 1 I —
0.329 0.248 0.099 0.102 0.064 B I i
0.402 0.358 0.115 0.096 0.074 I I
0.475 0.560 0.136  0.095 0.061 ol iwbii 1,1 4
0.548 0.951 0.167  0.126 0.033 0 02 04 06 08 10
0.621 1.489 0.204  0.137 0.088 Xeg
0.694 2.136 0.242 0.164 0.171 FIG. 10. The final ted distributi ¢ \&shad
0.767 3.011 0.278 0.164 0.191 energiés. Iﬁ eaceh gllr? tff:rsta:tizticallserrlroli Iigr}n(;icz(t::d byih::?nner-
0.840 2.944 0.285 0.251 0.112 L .
most error bar, the quadrature sum of statistical and experimental
0.913 1.460 0.211 0.319 0.144

systematic errors by the middle error bar, and the quadrature sum of
0.986 0.164 0.067 0.118 0.041 statistical, experimental systematic and unfolding errors by the out-
ermost error bar. Note that the first imo point showhis beneath

A large number of measured quantities relating to the prothe kinematic limit forxg,.
duction and decay of charm and bottom hadrons are used as
input to our simulation. Irbb events we have considered the B—DIX decay mode. We estimate our resolution on Ehe
uncertainties on the branching fraction ft—bb; the rates  €nergy to be about 10% for roughly 65% of the reconstructed
of production ofB,, By, andBg mesons, and baryons; decays. The distribution of reconstructed scaledadron
the rate of production d** mesons, and thB** mass; the energyD(ere;) was compared with perturbative QCD and
branching ratios foB—D* andB—D** ; the lifetimes of8  yhenomenological model predictions; the calculations of
mesons and baryons; and the average charged multiplicity @aaten, Cheung, Fleming, and Yuan and of Nason, Colan-
B hadron decays. lec events we have considered the un-ge|o and Mele are consistent with our data, as are the phe-

CErtaintidesh 3” t?e branching ffrac'_cion. r‘:(io_)cc;fthed nomenological models of Petersa al. and of the Lund
goereDo aDionar:Z%m?:;itcl)%g L;:fjtlgﬁé:miéaézsr %nzr_oa:ggroqp. The distribution was then corrected for bin-to-bin mi-

’ P oS ’ yons, rations caused by the resolution of the method and for se-
the charged multiplicity of charmed hadron decays. We hav

I Hered th ¢ oroductionssfin the ection efficiency, as well as for the effects Bf* produc-
also considered the rate of productionsafin the jet frag-  yjon 1o derive the energy distribution of primaByhadrons

mentation process, and the production of secontidnand  produced byz® decays. Systematic uncertainties in the cor-
cc from gluon splitting. The world-average valugs32| of  rection were considered. The final corrected distribution

these quantities used in our simulation, as well as the respec- - . L ) .
tive uncertainties, are listed in Table IV. E)(XEB) is listed in Table V and shown in Fig. 10; the statis

The variation of each quantity within its uncertainty was tical3 e?(perimental systematic, and unfolding uncertainties
produced in turn in our simulated event sample using af'® indicated separately. S
event weighting techniqug82]. The matricesS andE (Sec. It is conventional to gvaluate .the mean of this distribution
VI) were then reevaluated using the simulated events, an@<E3>- For each of the five functions used to correct the data
the data were recorrected. In each case the deviation witve evaluatedxg,) from the distribution that corresponds to
respect to the standard corrected result was taken as a sej@e optimized parameters; these are listed in Table lll. We
rate systematic error. These uncertainties were conservgook the average of the five values @fEB> as our central
tively assumed to be uncorrelated and were added in quadrsgy; and defined the unfolding uncertainty to be the r.m.s.
:)L::leoﬁ‘oxs b.tam a total physics modeling uncertainty in eactyeyiation. We list in Table IV the ermors ofxc,) resulting

B . from the study of detector and physics modeling described in

The model dependence of the unfolding procedure wagea. 1. We obtained
estimated by considering the envelope of the unfolded results
illustrated in Fig. 9. In each bin OXEB we calculated the 0,00
average value of the five unfolded results, as well as the <XEB>:0-716450-011(5"3070:01?(3Xp syst
r.m.s. deviation. The average value was taken as our central +0.019 unfolding)
value in each bin, and the r.m.s. value was assigned as the - '
respective unfolding uncertainty.

where the systematic error is the sum in quadrature of the
Viil. SUMMARY AND CONCLUSIONS individual contributions listed in Table IV. It can be seen that

We have used the precise SLD tracking System to recorK_XEB> iS relatively insensitive to the Variety Of a”OWed fOI’mS
struct the energies @& hadrons ine*e™—Z° events via the  of the shape of the fragmentation functiMxEB).
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Our results are in agreement with a previous measuremeG02-91ER40676(BU), DE-FG03-91ER40618(UCSB),
of the shape of the primar hadron energy distribution at DE-FG03-92ER40689 (UCSCO, DE-FG03-93ER40788
the Z° resonancg12], as well as with measurements of the (CSU), DE-FG02-91ER40672 (Coloradd, DE-FG02-
shape[13] and mean valug10] of the distribution for 91ER40677 (lllinois), DE-AC03-76SF00098(LBL), DE-
weakly decayingd hadrons, after taking account of our es- FG02-92ER40715(Massachusetts DE-FC02-94ER40818
timate that the Iatte(xEB) value is about 0.015 lower, since (MIT), DE-FG03-96ER40969 (Oregon, DE-ACO03-
the measured weakly decayifyhadron is not always the 76SF00515 (SLAC), DE-FG05-91ER40627(Tennessee
primary B hadron actually produced. Combining all system-DE-FG02-95ER40896(Wisconsin, DE-FG02-92ER40704

atic errors in quadrature we obtain(xg )=0.716
+0.011(stat} 395) syst).
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