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Observation of orbitally excited B mesons inpp collisions at \/s=1.8 TeV
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We measure the relative rate of production of orbitally excited=1) states ofB mesons B**) by
observing their decays intB7*. We reconstrucB mesons through semileptonic decay channels using data
collected inpp collisions aty's=1.8 TeV. The fraction of lighB mesons that are producedlas 1B** states
is measured to be 0.28).06stab+0.03sysh. We also measure the collective mass of Bi& states, and
guantify the result by quoting thémodel-dependehtmass of the lowesB** state to bem(B;)=5.71
+0.02 GeVE?.
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I. INTRODUCTION Il. THE CDF DETECTOR AND DATA SELECTION
The label ‘B** " is a collective name for the four lowest- A. Apparatus
lying L=1 states o8 mesons. The low-lying part of th This analysis was performed on the data collected with

meson spectrum is illustrated in Fig. 1. As a result of heavythe CDF at the Tevatron collider during the 1992—1996 data-
quark effective theory(HQET) [1], the heavy quark de- taking period. The integrated luminosity of this data sample
couples from the light degrees of freedom in timg— s 110 pb* of pp collisions at\s=1.8 TeV. A full descrip-
limit, and thus theB** states are usually labeled by the total tion of the detector can be found in Reffi$4], [15]. Here we
angular momentuny of the light quarkg, i.e., J;=L®S,. describe briefly only the subsystems relevant to the analysis.
For theL=1 states, this results in two doubleB}; andB} We use a cylindrical coordinate system with thexis

for j,=3%, andB, andB} for j,=3. The states within each Pointing along the beam direction. The polar angis mea-
doublet should be degenerate in mass by HQET and have tféired from the direction of the proton beam, and the azi-
same total strong-interaction width. Thent/ corrections ~Muthal angleg from the horizontal plane. The pseudorapid-

turn out to be significant and break this degeneracy. ThdY: 7= —In[tan(@2)], is frequently used in place of the
states in thejqz% doublet are expected to be broad Sincepolar angle. Some quantities are measured only in the plane

they can decay through aBwave transition, whereas the transverse to the beam line; these are denoted with the sub-
o 73 . script “T,” e.g., pr=p sin @ is the transverse momentum of a
jq=3> states decay through B-wave transition and are : P

tﬁ erefore thought to be narrow particle andE1=E sin @ its transverse energy.

.= ) . The tracking systems are located inside a superconducting
m *%*
The motivation for studying th&™ states is twofold. solenoid, which generates a 1.4 T magnetic field. The silicon

First, the combination of a heavy and a light quark is the,q ey getectoSVX) [15] is a solid-state tracking device
closest QCD analogue of the hydrogen system in QED and ig,cated immediately outside the beam pipe. It consists of
therefore an interesting testing ground for nonperturbativgoyr |ayers of silicon microstrip detectors at radii ranging
theoretical models. Second, ti™* states are expected t0 from 3.0 to 7.9 cm. The SVX provides a measurement of the
decay strongly intdBw~, so the charge of the pion from mpact parameter of tracks in the plane transverse to the
their decay can be used to determine the flavor of the weaklgeam axis with a resolution afy=(13+40/p7) um, where
decayingb quark at the time of its production. By “flavor” p; is in GeV/c; it does not measure the longitudinal coordi-
we mean whether the bottom quark involved i ar b  nates of tracks. The outermost tracking device is the central
quark, the common terminology adoptedBf mixing and  tracking chambetCTC), a drift chamber providing a three-
CP-violation studies. This mechanism contributes to Bhe dimensional measurement of tracks in the regigh<1.1
ﬂavor-tagging technique proposed in R&] and success- from the nominalpp interaction pOint. The combined SVX-
fully employed in Refs[3—6]. CTC system enables us to measure transverse track momenta

Early theoretical prediction§7] of the masses and the With the resolution spr/pr=~+/(0.907)?+(6.6?x 102,
widths for these states were obtained by extrapolation fronwherepy is in GeVic. Between the SVX and the CTC lies a
the measured properties of other heavy-light quark systenget of time-projection chambers measuring the longitudinal
based on the gross features of heavy-quark symnjdfry positions of thepp interaction vertices.
Calculations in the nonrelativistic valence-quark approxima-
tion [8] and the fully relativistic light-quark mod¢B] have 59797 L=0,P=-1 L=1, P=+1
also become available. The latter model is in good agreement '
with the properties of the observed heavy-light mesons and
heavy quarkonia. The predictions of the three approaches are
listed in Table I. To date thB** states have been observed L 0.4 .
only in thee*e™ environment at LEP10—-13 with proper- 5779 B, B2
ties in reasonable agreement with the expectations.

In this paper we present a measurement of the production
rate and the mass of tHB** states using a sample &
mesons partially reconstructed through their semileptonic de-
cays into charm mesons. The data were collected with the
Collider Detector at FermilatCDF) at the Tevatrorpp col-
lider. This analysis is closely related to that of Ré&f, and a L 0.1
number of results presented there are not repeated here. 5479
_ The rgmainder_ of this paper is organized as follows: Sec- ; T Threshold
tion Il gives a brief overview of the CDF detector and the =~ ~pees Ky L AR
details of data selection am@¥* reconstruction; Sec. Ill lists 5379
the backgrounds to thB** signal; Sec. IV A explains the
fitting procedure and links in the treatment of the most im-
portant backgrounds; the results and estimated uncertainties
are presented in Sec. IVB; and finally Sec. V contains a FIG. 1. Predicted spectrum and dominant decays of the low-
summary. lying B meson states.

L 0.5
58791

5679

Mass (MeV)

5579

—— S-wave
JP(j q) ............. P-wave
_____ D-wave

5279
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TABLE I. Predicted properties d8** mesons.

Mass (GeVt?)

Name J iq Ref.[7] Ref.[8] Ref.[9] Width Decays
BA 0 3 5.870 5.738 broad Bm)L—o
B* 1 : 5.875 5.757 broad B* )L —o
B, 1 g 5.759 5.700 5.719 narrow Bt 7)) -»
B3 2 g 5771 5.715 5.733 narrow B@,B* 7)) -»

The calorimeters are situated outside the solenoid, anthg events passed through the standard CDF detector simu-
consist of “towers” pointing to the interaction region. Each lation.
tower covers 15° inp and 0.1 inn. The central electromag-
netic calorimeter |(y|<1.1) is an 18 radiation length lead- B. Data selection
scintillator stack with a proportional chamber for measure-
ment of the transverse shower profile. Its position resolution
is about 2 mm, and the energy resolution & /Et We search for the semileptonic decayBinesons into an
=/(13.5%AE7)2+ (2%)?, whereE+ is in GeV. Outside it  electron or muor(which is the basis of the triggera neu-
is the iron scintillator central hadronic calorimeter, which istrino, and aD*) meson. Théd*) is reconstructed in several
4.5 interaction lengths thick and provides measurements withadronic decay modes. The topology of a representative
a resolutionsE1/Er= \/(50%/\/E_T)2+(3%)2, whereE; is  semileptonicB decay is shown in Fig. 2. We reconstruct the

1. B candidate selection

again in GeV. following “decay signatures” for ouB meson samples:
The central muon chambe(€MU’s) are located outside .

the calorimeters and cover the regipn|<0.6 with 85% (@ B"—»I"D° DO'—K'7m7,

coverage ing. Beyond the CMU there is an additional ab- .

sorber of 60 cm of steel followed by the central muon up- (b) B*—1*D° D'—K'm wta,

grade chamber§CMP’s) (|7|<0.6 with 65% coverage

Both are made up of four layers of drift chambers. (¢ B°~vl"D™, D —K'm 7,

The CDF detector has a three-level triggering system. The _ _
first two levels are hardware triggers, and the third is a soft- (d) B’—w»*D*~, D* —D%r, D°-K'=m",
ware trigger derived from the off-line reconstruction code.

The events used in this analysis satisfied triggers that requiree) B~ »I*D*~, D* —=D%r,, D°—K'n #w'#",
either an electron of high energicalorimeter deposition

above E;~8 GeV and an associated track aboys (f) BO—pl*D*~, D*_—>507Ts_, DO K* 7~ O,
~7.5GeVkL) or a muon of high momentunip; above

~7.5GeVEL). where the pion from thé®* ~ decay is denoted as_ to

For the simulation needs of this analysis, we use thelistinguish it from others in the decay sequence. We refer to
PYTHIA 5.70ETSET7.4 generatof16] with several of its pa- each of these as a “decay signature” since they represent the
rameters adjusted to achieve a good description of charge@xperimental selection process, which in turn results in sub-
particle multiplicities ofbb events produced ipp colli-  samples that are not exclusively composed of the listed se-
sions. The tuning procedure is summarized in Sec. Ill B 1quence of decays. One decay chain & ameson may mimic
This analysis is, however, not particularly sensitive to theanother if particles are missed in the reconstruction. For ex-
tuning. The generateB mesons are decayed using the theample, theB® decay sequence written for signatucé will
CLEO QQB-decay Monte Carlo prografii7], and the result- contribute to the event subsample(@j if the 7, from the
D* ™ decay fails the reconstruction criteria. In general, if a
charged particle is missed in the reconstruction, the apparent
B meson B charge is changed, and charged and nelBraieson de-
@ --------- cays will thereby cross contaminate each other’s signatures.
The contamination between charged and nednalesons is
vertex - K relatively modest, not more than 20% for any of the signa-

n tures in this analysis. The separation is aided by the fact that

vertex (m) the first two signatures df* D° have candidates removed if
(m they are also valid*D* ~ candidates.

primary
vertex

FIG. 2. Topology of a semileptoniB decay. Measurable par-
ticles are shown as solid lines. The particléX)" originating at the
secondary vertex may come from the decays of excited statBs of 'Use of specific particle states in this paper implies the use of the
mesons or fromB— vIDX decays. charge-conjugate states as well.
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TABLE II. Event selection criteria for the six decay signatures. The cut on the impact parameter signifigadngas applied toD
daughter tracks onI)ny(D)/any is the transvers® decay length significance relative to the primary vertex, wbilgis the proper decay

length of theD with respect to thd vertex.Am(D*) is the mass difference between hé& candidate and thB candidate plus the charged
pion mass.

Decay signatures

ID° ID~ ID*~
Selection cuts K*a™ Kta ot Ktam o™ Kta™ Ktm wtam™ Kta om0
p(1)> (GeVic) 6.0 6.0 6.0 6.0 6.0 6.0
pr(K)> (GeVic) 0.7 0.8 0.6 1.0
pr(m7)> (GeVic) 0.5 0.6 e 0.8
pr(D)> (GeVic) 2.0 3.0 3.0
do/og> 3.0 2.0 1.0 0.5 1.0
Lxy(D)/ay, > 3.0 3.0 5.0 1.0 1.0 1.0
[Am(D*)|< (MeV/c?) 3.0 2.0
m(ID)< (GeVic?) 5.0 5.0 5.0
—0.5<ctp< (mm) 1.0 1.0 2.0 1.0 1.0 1.5
|m(7r+77_)—m(po)|< (GeV/CZ) 0.15
Im(K*77)—1.5< (GeVic?) 0.2

The sample selection is the same as R&fexcept for the

decay of a singleB, i.e., the signal must have l&d K™ or

addition of thel "D®, DK™ 7~ #*#~ signature, which | K™ correlation.

increased the sample of chargBdmesons by nearly 60%. Figure 3 shows the charm candidate mass distributions for

The reader may refer to this previous work for details of thethe six reconstructe8 signatures. The soli(dashed histo-

B candidate selection; we only outline the approach here angrams in the figure are the distributions of the candidates

summarize the kinematic and geometric selection criteria irwith the right(wrong) | —K charge correlation coming from

Table 1. a singleB meson. The wrong-sign distributions show no ex-
The tracks of thd*) daughters must lie within a cone of cess at the appropriate charm mass, indicating that the right-

AR= (A 7%)?+ (A ¢$)?>=1.0 around the lepton, and exceed asign distributions are clean samples of semileptdBide-

pr threshold(see Table . All tracks (except one in the case cays. The numbers @& candidates for each decay signature,

of D°—K* 7~ 7~ m") must use SVX information, and they summarized in Table Ill, are determined by sideband

must also be consistent with originating in the vicinity of the (hatched regions in Fig.)3ubtraction. This is a straightfor-

same primary vertex. The candidate tracks must form a magsa procedure except for t2°—K* 7~ 0 signature(f),

. . H a . .
permUations of mass assignments, consisiont with he char1e"e We Use the shape of the wrong-sign mass diference
b g ' Jistribution (dashed histograjn renormalized to the

hypothesis, are attempted. The candidate tracks are thefnatche()l right-sign sideband region. The selections result in

combined in a fit constraining them toadecay vertex, and total of al £ 10 000 partiall truclBdn
x2 and mass window cuts are imposed. We require@he & '0t&! of aimos partially reconstruc esons.

tracks to be displaced from the primary vertex based on the
track impact parameter significandg/oy, Wheredy is the
impact parameter in the transverse plane with respect to the
primary vertex andr, is its error. The specific requirement A B** candidate is constructed by combinind@aandi-
depends upon the decay signature, as listed in Table Il. Theate with any track compatible with originating from the
projected transverse distantg,(D) between theD vertex  primary interaction vertex—generally referred to as a
and the primary vertex must be greater than its uncertaintyprompt” track. We assume that every such track was pro-
o, [Lxy(D)/ o cutin Table Il. We next find theB vertex  duced by a pion since we do not efficiently distinguish par-
by projecting theD back to the lepton track, and their inter- ticle species. The tracks are required to be reconstructed in
section determines th@ vertex, as sketched in Fig. 2. If the the SVX for precision measurement of the impact parameter,
reconstruction includes &, from aD* ™ decay, ther; is  and have an impact parameter that is less than 3.0 standard
used to further constrain tH& vertex. A loose cut is applied deviations from the primary vertex. Furthermore, only tracks
to theD proper decay length relative to tlBevertex(ctp cut  with transverse momentum greater than 900 Me&fle used.

in Table I). Some further demands on masses or mass difThis value was determined from the Monte Carlo simula-
ferences are summarized in Table Il. Finally, the lepton andions in order to maximize the significance of the anticipated
the charm candidates are required to be consistent with th** signal.

2. B** candidate reconstruction
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RS The missing neutrino from the semileptoriBadecay pre-

> a0 (b) vents us from fully reconstructing tH& mesor? Our resolu-

s 300 tion on the mass of thB** candidates is thereby impaired

M - by the unknown momentum of the neutrino. The kinematics

5 200 Big' r of the B meson decays in our sample are determined mostly

a 100 by the acceptance of the lepton triggers and, to a lesser ex-

2 tent, by the selection requirements on the hadr@nidecay

3 9% 18 1o 19598 18 19 195 products. The relatively high momentum threshold of the

o v g v/erl N "N lepton triggers biases the neutrinos of th@mesons enter-
m(Kn) [GeV/c?l m(Knrr) [GeV/c) ! i ,

, 150 F ing our sample to possess a fairly modest fraction of the full

>300F(c) F (d) B momentum. As a result, on average, the reconstruBted

2 100l decay products comprise about 85% of the Bumomentum

) 200 [ (averageB transverse momentum is21 GeVk), and have

5 [ an rms spread about the mean-010%.

2 100 ! The mass resolution of the reconstrucgtf candidates

e A ) can be improved by correcting the measured momentum of

3 0% 1ms re 1598 rEs The los the visible B decay products to account for the loss of the

e m(Krm) [GeV/c?) m(Kr) [GeV/cH neutrino. An average multiplicative correction factor for each

5, 100 800 F decay signature, determined by Monte Carlo simulation, is

> - (e) : (f) applied on an event-by-event basis to the momentum of the

3 600 [ reconstructedB candidate as a function of the mass of the

M 50 400 F visible B decay products. Instead of using the direction of the

o [ visible B momentum, the transverse direction of Bieneson

g 26 200F e is deduced from thé production and decay vertices for a

S ol N P I further improvement in th&** mass resolution.

; 08 185 19 195014 016 018 02 022 Despite these corrections, the smearjng QfBﬁé candi-
m(Knnn) (GeV/c? m(KTm,)—m(Kﬂ)—m(ﬂ,)2 date masses, due to the missing neutrino, is still severe. In-

[Gev/c] stead of looking for é8** —Bx™ peak in the mass distri-

bution, we use the mass differend@=m(Bw)—m(B)

. _ . —m(), where the reconstructed mass of Bieandidates is
decay signaturetsee the text for the alphabetical signature Iabels used. Some of the smearing effects within an event cancel
The last signaturé) is for D°—~K "« 7", where ther® is not part g1 g quantity. The resolution of is, however, also af-

of the reconstruction, and the mass difference between the ViSiblleeeted by the decays of thB** to B*, since we do not

D*~ and D° decay products is plotted instead of the mass. Theseconstruct the soft photon froB* —By. Furthermore

solid histograms are for the candidates that have the correct chargﬁﬂy two of the B** states are expected to be narr,ow
correlation forB decays (*K =), and the dashed histograms for the ~ 20 MeV/c?), while the other two, making up one third of
opposite correlation. The hatched regions are the sidebands used D g Stat’es by spin count,ing should be broad

back d subtraction. The yieldsBim ized i LT
nglégrl?lun subiraction. The yieldsiimesons are summarized In (~100 MeV/c?) [7]. Monte Carlo studies indicate that the

FIG. 3. Mass distributions of thB™*) candidates for the siB8

TABLE lll. The numbers ofB candidates in the signal regions and the estimated numbd&sradsons
after background subtraction for each decay signature.

Signature Candidates B mesons
(@ D°—=K* 7~ 3141 266853
(b) D°—K* 7 mta 3404 1534-49
B signatures total 6545 4267273
D —=K*7m 7w~ 2275 145443
(d) D*_—>DOTr;, DO Kt~ 891 835+-29
() D*~—D’m; , D'—K*m 7' 618 524+ 23
(f) D*~—=D% , D°—=K* 7 70 4288 267859
B signatures total 8072 549182

2The B decay signatures include contributions fr@ws- vID** decays, for which the pion or photon from
the D** decay chain is also missing. The kinematic effects of these other missing particles are implicitly
included when referring to the “neutrino,” which is usually the dominant source of missing momentum.
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., 500¢ 500§

>450§— B* signatures |[460F B’ signatures
© 400F 400F

(@) E E

— 360f 360

o 300f —right—sign | 30pEd —right—sign

250 1 . wrong—sign

200E

-~ wrong-—sign

FIG. 4. An idealized picture of the decays®f* mesons int®

mesons and charged pions illustrating the pion charge correlations o 150E
with the constituent quark types. +— 100 ;'
2 50} et WIS, | T
resolution ofQ for B** decays, in spite of these resolution- RN SN T TN R AT A S
limiting effects, is around 50 Me\¢? with no significant sys- o 0 f 2 3.0 1 2 3
J g Y O Q [GeV/cA Q [GeV/c?

tematic shift after correcting the visibB momentum.
i * %
The charge of the pion from@™ decay always matches FIG. 5. TheQ distributions of theB== candidates in the data

. - - o
the light quark _Contfnt_of theo aisomathnespn, !'e'B summed over the chargéléft) and neutralright) B signatures. The
mesons d(ica}r/ int8 N B"m", as shown in 5'9;4’ and  candidates with the rightwrong B-m* charge correlation are
never toB™ 7" or B'm . We label the correcB™ 7~ and  ghown as soliddashedl histograms.

Bz pairings as “right sign,” and the unphysical decay
combination as “wrong sign.” It is important to note that

. + 0
mesons with the samie flavor (e.g.,B™ andB") have the  \hereas the correlated ones, especially the one coming from

oppositedefinition for the right-sign pion charge, i.er,” for  pagronization tracks around tHe meson, require a more
B® and =~ for BT. If one knew, without fail, the flavor and involved treatment.

charge state of thB meson at the time of creation, t&*

would appear as an excess in the right-si@mlistributions

only. In our sample, however, we expect some cross con- A. Uncorrelated backgrounds

tamination between flavors throu@?— B oscillations and Three sources of uncorrelated background contributions

incomplete reconstruction of all of tH& decay products, as are taken into account: fakk® meson candidates, “pile-up”

explained later in the paper. events, and particles from the “underlying” event. All three
A further complication is present. The particles producedcomponents are measured from the same data sample that is

in the hadronization ob quarks intoB mesons are also ex- used for this analysis, and their contributions are subtracted

pected to form low-mass combinations with tBecandi- before theB-7 candidates are analyzed further.

dates, and to favor the same right-sign correlation &*ih The combinatorial background in the reconstruction of the

decays. Thus, the primary experimental difficulty in this D*) mesons results in fakB meson candidates under the

analysis is to separate tlfleroad resonanB** signal from  D®*) mass peaks. We divide the mass spectru®@éf can-

the low-mass nonresonant hadronization background, whictidates into signal and sideband regideBown in Fig. 3,

also favors the same right-sign charge correlation. and perform a sideband subtraction on @dlistribution of
The Q distributions of ouB7* candidates are shown in the B** candidates. This subtraction is performed indepen-

Fig. 5. These arinclusivedistributions, meaning that we do dently for eactB meson signature. This procedure yields the

not choose only one candidate track @erotherwise biases B-7 Q distributions for trueB mesons, but there are other

may be introduced that are difficult to calculate. Any trackbackgrounds to 8** signal that must be considered.

that satisfies our selection criteria enters into these distribu- At the higher Tevatron luminosities, it is not unusual to

tions, so there may be multipB** candidates peB candi-  have multiple hargp collisions in the same beam crossing,

date. There is a clear right-sign excess at Qwbut as al-  which we refer to as event “pile up.” The spatial resolution

luded to above, the backgroufelg., wrong-sign candidates of the tracking detectors is on the order of a centimeter along

peak in the same region, and the behavior is quite differenthe beam(z) axis, whereas the collisions have a correspond-

for the charged and neutral signatures. We next consider thiag ~30 cm rms spread around the center of the detector. It

various contributions to Fig. 5, and disentangle Bf& sig-  is usually possible to distinguish which tracks arise from
nal from the charge correlated and kinematically similar hadwhich interaction, but occasionally a secondary collision will
ronization background in the data. occur so close iz to the one that produced tfgemeson that

the two cannot be distinguished. In the latter case, we will
sometimes fornB** candidates using pions fropp inter-
actions unrelated to the one that producedBhmeson.

The backgrounds to a potentBf* signal can be divided We correct for this effect by looking at the distribution of
into two broad classes. We refer to those produced in assdracks well separated from thi2vertex and then extrapolate
ciation with theb quark, and which are therefore dependentinto the region where we are unable to resolve additional
on its charge and momentum, as “correlated” backgroundsvertices close to th8. We first determine the distribution of
Those that are independent of the presence of heavy quarkse spatial separationdg) along the beam line between the
in the event are “uncorrelated” backgrounds. We sideband production vertex and the coordinate of tracks in the
subtract the uncorrelated backgrounds directly in the dateevent(i.e., thez coordinate of the point of closest approach

. B** BACKGROUNDS
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to produce aAz sideband subtracte@ distribution of the
B-7 candidates.

The final uncorrelated background component we take
into account is that from the particles of the “underlying
(0) event.” In mostpp collisions, any heavy flavor produced
accounts for only a fraction of all particles emanating from
the collision. The remaining particles are the product of ra-
diation of the remnants of the originéhntiproton. These
particles are expected to be uncorrelated with the direction of
N the b jets, and therefore isotropic in the plane transverse to

the beam. We tested this assumption by verifying that the
§ azimuthal distribution of particles relative to the recon-
structedB meson over & |¢(track— ¢(B)|<2 is uniform
in the |A 5|=| n(track— 5(B)|>1 region®

We correct for this underlying track background by again
doing a variant of the sideband-subtraction procedure. The
. . . distribution of azimuthal separations between charged par-
-50 -40 =30 -20 -10 0 10 20 30 40 50 ticles and the reconstruct&®lmesons with A | <1, shown
Az [eml in Fig. 6(b), reveals that most of thiejet associated with the
B meson is confined to the region ¢|<0.8. One sees from
Fig. 6(c), consistent with this observation, that the right
wrong-sign asymmetry vanishes outside thB’ ‘fegion of
|A ¢|<0.8. The uniform distribution in the <|A¢|<2 re-
gion is presumed to be dominated by the underlying event
particles, and we use the properties of these tracks to esti-
mate the contribution of the underlying event particles to the
Q distribution. This is accomplished by rotating these tracks
[hatched “sideband” in Fig. @)] in the transverse plane

_
(@]
(&)

tracks per cm
o
N
I

N
o

1

a right sign
4 (b) v wrong sign

o o

N (5]
= T T

+

|

1

1/Ny dN/d(ap)

0 “under” the B meson, i.e., reducing theit ¢| by 1. We then

- (c) subtract theQ distribution of these “sideband” events from
So.f the rawB-7 Q distribution to remove the effect of the un-

5 ‘|‘_|_ derlying event background from tH&** candidates.

> ‘|‘-|-+ The Q distribution of theB** candidates, which results

© after these three backgrounds have been subtracted from the
= 0 +—I—+ Pt ++ 1 raw distribution(Fig. 5) is shown in Fig. 7. A clear right-sign

> excess remains, but one still may not interpret this excess as

] 1 ] ] I I I 1 ] aB** signal.
0 02 04 06 08 1 1.2 1.4 1.6 1.8 2

Ap(B, track)

B. Correlated backgrounds

FIG. 6. Background track distribution&) The Az distribution The corrected distributions in Fig. 7 consist predomi-
between theB meson’s production vertex and other tracks in the nantly of combinatoric background formed from r&me-
event for datahistogram, and a parametrized fit to the da&olid 555" combined with hadronization particles from the forma-
curve. (b) The gzim_uthal distributiom_qs of tracks with re_spect to tion of the B meson, and thépotentia) B** signal. The
the B meson direction folA | <1, right- and wrong-sigrB-m iy difficulty in this analysis lies in making a robust dis-
pairs, are plotted separately) The azimuthal distribution for the tinction between these two components as they both have
right-sign excess. similar kinematic characteristics and a preference for the

right-sign B-7 correlation. We use a Monte Carlo inspired
of the track helix to the beam lineThis distribution, shown Parametrization, constrained by the data, as a model for the
in Fig. 6(@), has a narrow peak atz=0 that is composed of Q distribution of the hadronlgathn background. _Thls ap-
tracks coming from the same interaction as Eheeson and ~ Proach to modeling the hadronization background is found to
that has a width characteristic of tzeesolution of the de- be fairly insensitive to the details of the simulation.
tector. This peak lies on top of a broad Gaussian-like distri-
bution of tracks coming from othdguncorrelatedl pp inter-
actions in the same beam crossing. From the fitted curves in3we restrict the azimuthal range because the uniformity is spoiled
Fig. 6(a), the pile-up background accounts for about 5% ofas|A¢| approachesr by the tracks coming from the jet associated
the total tracks we associate with tBegoroduction vertex in  with the otherb hadron in the event. This other jet tends to be
the B** reconstruction. We define a signal regiofi\#| back-to-back in¢ with respect to theB meson, but is largely un-
<5 cm) and choose sidebandstched regions in Fig.(8)]  correlated to it inz.
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~, 400 400

several experimentf3-5,10.* One must, therefore, care-
2 350En B* signatures | 390

B’ signatures fully correct the observe® distributions for the hadroniza-

& 300 300 tion excess of right-sign over wrong-sign particles.

— 280 . . 250 . ) In dealing with the hadronization bapkground, it is conve-

S - right—sign 1] —right sign nient to change variables from the right- and wrong-sign

200 - wrong—sign | 200 | .. wrong sign distributions,ngs(Q) and nys(Q), to an equivalent set of
160F variables: the total distribution(Q) =ng4 Q) +nws(Q) and

© :" 100E the correlation asymmetry

he) 3 E T n —n

5 of——adin of— Lt A(Q)= rs(Q) ws(Q)' @

S 0 1 2 3 0 1 2 3 Nrg Q)+ Nws(Q)

© Q [GeV/ch Q [GeV/cA

The asymmetry oB** decays would be-1 in a sample of
FIG. 7. TheQ distributions of theBz*™ candidates in the data known B flavor. Background components uncorrelated with
after the subtraction of the uncorrelated backgrounds from the rathe B mesons have zero asymmetry, but the hadronization
distributions of Fig. 5. background does not.
Since we do not have access to pure hadronization spectra
1. Hadronization particles in the data, we must resort to Monte Carlo simulation for
Hadronization particles are those resulting from the QCDguidance in predicting the asymmetries of the hadronization
processes that form a color-neutral meson from quark. ~ particles, A"A(Q). We use thepYTHIA/JETSET program for
All the B** analyses published to dafda0-13 rely on  this purpose. A comparison of this simulation p@ data,
Monte Carlo calculations to predict the shapes of eiper ~ however, reveals a large discrepancy in the distribution of
mass distributiongi.e., n(Q)=dN/dQ or dN/dm] for this  particle multiplicities as a function of transverse momentum,
background. We found that the available Monte Carlo evenwhich can be ascribed to a poor description of the underlying
generators poorly describe the complex environment of &vent by the simulation. In order to reduce our dependence
hadron collider in this respect. For this reason we sought t@n the specific hadronization model employed in the simula-
constrain the shape of this background from the data antion, we adjust the’YTHIA generation parameters such that
thereby reduce the dependence of the results on the hadroiye obtain a good description of particle distributions. The
zation model implemented in a given simulation. simulation results are compared to theD° D°—K* 7~
A simple approach would be to parametrize the shape oflata in terms of the charged particle multiplicity distributions
the Q distribution arising from the hadronization tracks, fit as a function ofp; and, with respect to thB meson AR and
the parametrization to the wrong-sigBm combinations Ag¢. PYTHIA parameters governing the underlying event are
[nws(Q)] of Fig. 7, and subtract the same distribution fromfirst tuned to obtain good agreement in a region “away”
the right-sign candidatgsirg(Q)]. This is, however, incor- from the B meson (KAR<2), after which hadronization
rect since one does not expect the right-sign and the wrongearameters are adjusted to describe the distributions near the
sign hadronization components to have the same magnitudB.meson A R<0.6). The values of the “tuned®YTHIA pa-
A mechanism believed to be responsible for such a differrameters can be found in Re6], and a full description of
ence is illustrated in Fig. 8: as b quark hadronizes, it the procedure is in Ref18].
“pulls” quark-antiquark pairs out of the vacuum, and the ~ While the tuning procedure reduces our dependence on
first charged pion in the hadronization chain carries a chargthe simulation, there nevertheless remains an uncertainty as-
correlated with the flavor of the bottom quark. This is thesociated with how the simulation model influences the ex-
same correlation present Bi* decaysl namehB‘*'ﬂ-_ and traction of anyB** Signal. To Study the SenSitiVity to the
B%#*. Pions that form as dire¢br near directneighbors to ~ simulation, we further varied generation parameters and ex-
the B meson in thenave) hadronization chain are expected plored the parameter ranges that are able to describe the data.
to have velocities similar to thB, and they will thus prefer- This Study indicated that the most sensitive effect on track
entially result inB pairs with lowQ values similar ta3**  distributions was through the “string fragmentatiqmy
decays. While this simple qualitative argument does not enwidth” (Ug.?g) parameter oPYTHIA, especially when trying
compass the full complexity of the hadronization process, théo affect the particlgp; distributions. As such, we chose this
expected correlation trends have been observed in data arameter to define two extremes of the simulation. The “de-
fault” PyTHIA simulation(largely tuned to high-energy" e~
datg is used as one extreme of the simulation. The other
extreme, the “overtuned” simulation, is defined by shifting
ogig from the tuned value by the difference between its

b

(@)

FIG. 8. A simplified picture of the hadronization mechanism “The excess of right-sign hadronization tracks in this picture,
that results in a flavor-charge correlation Bimesons and associ- along with the contribution fronB** decays, is the mechanism of
ated charged pions. the flavor-tagging technique proposed in Héfl.
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1F 1F to completely describe the data. In order to further insulate
> 0.BF B 5\085 = our results from the simulation, we do not rely upon the
5 0-6f e g OBE . Monte Carlo to determine this distribution, but we instead
£ 04t / ; \ qE 04 2y ] used the simulation as a guide to formulate a parametrization
; °-§? K g 0'(2) 3 S of the shape ofh(Q) and use the data to fit for the free
& N & ok . N, parameters. We empirically found that
“F .. default ““F -.default “%--- Y
~o%F Ctuned “ooF “tuned n(Q)=Nexp—Q/W)QR 2
‘F - ovértuned ‘F - overtuned
-0.8¢ -0.8 well described the shapes of the different Monte Carlo simu-
B rE— -1 lations. Fits of this parametrization to the simulated distribu-

2 3 0 1 2 3
Q [GeV/cA Q [GeV/cA tions indicate that the various subsamples do not prefer sig-
nificantly different values oRR. This parameter is also highly

FIG. 9. Asymmetries of thé hadronization particles associated correlated with the “width”}V in the fits, and varying both
with the two meson types, as produced by theHIA/JETSETMonte R and )V amounts to overparametrizing tigg distribution.
Carlo generator. The three sets of curves were produced using difgr these reasons, we fiR to its tuned Monte Carlo value.
ferent sets of generator parametésse the tejt our nominal de-  Furthermore, the width&)) of the distributions for charged
scription is given by the “tuned” set. The definition of right-sign and neutraB hadronization particles were indistinguishable
correlation depends on the flavor of the meson, i.e., positive asymyy, 4 given set ofPYTHIA parameters, which we exploit by
metry aroundB,(By) means an excess af (7). imposing this as a constraint in our model.

We therefore describe the hadronizat@mlistributions in
tuned and default values, but in the opposite direction. Théhe data by the parametrization of Hg) with separate nor-
values of the other tuning parameters are then determined bypalizations\V, and N for charged and neutral mesons, a
readjusting them to obtain the best match—by the same pr&sommon width)V, and the fractional excesd™(Q) of
cedures used in the original tuning—between the overtunetght-sign over wrong-sign tracks fixed to the tuned asymme-
simulation and the data. The shift i between the tuned try distributions in Fig. 9. We do not rely upon the simulation
and the extreme values is more than an order of magnitud® detérmine the values of the thre¢Q) parameters, rather
larger than the “I” uncertainty estimated from the original N€Y are constrained by the data by allowing them to float in
tuning of the Monte Carlo. We quantify the simulation un- th*e*flt§ of the measure@ distributions when extracting the
certainty by using this much larger shift to be conservativeB™" signal in Sec. IVB. We thus reduce our dependence on
The tuned simulation is then used for our nominal descripin€ SPecific hadronization model employed in the simulation
tion of hadronization particles, and the default and overtuned? the tunedPYTHIA asymmetry dependence, while using the
simulations are used as ous Variations. defau!t and the_overtuned distributions to estimate the sys-

The predicted asymmetries of the hadronization particlelematic uncertainty due to the asymmetry constraint.
are shown in Fig. 9 for all three sets of parameters. Overall,
they have quite differen@ distributions, but, significantly,
the asymmetries areot very sensitive to the Monte Carlo There remain a few potential backgrounds that are not
parameters in théow-Q region, where we expect tHg** accounted for so far. The sideband subtractions offxke
signal to be. The divergent behavior at hi@tas little bear- mass distributions(Sec. 1llA) remove fakeD®*) back-
ing on our result since very few hadronization particles aregrounds, and the absence of a signal in the wrong-sign
produced in that region and this corresponds to masses aboyieK ™) charm mass distributionsee Fig. 3 means random
the region of interest. The asymmetries for charged and neypossibly fakg leptons paired with reaD™) mesons are
tral B mesons are also seen to behave differehdyd there-  rare. Other backgrounds that may be biased toward the cor-
fore the charged and neutral composition of the varigus  rect| *“K* correlation are, however, not accounted for by this
purg B decay signatures requires careful treatmeé®ec. mass sideband subtraction. There are several physical pro-
IVA). cesses that can mimic the correct correlation and must still be
In addition to the asymmetryt"(Q) we need the total considered. In contrast to the previously described back-
number distributiom(Q) of the hadronization background grounds, we do not handle these by sideband subtraction, but
instead fold in their charge correlat€ldistributions as part
of the B** fit discussed in Sec. IV.

SStudies comparing data to simulatif] indicate that these dif- A significant fraction ofB mesons in our sample decay
ferences are due to the fact that the hadronization process produck§ough D** mesons. The pions from subsequedt™*
a differentzr™/K ™ /p mix for B compared t@B™. For example, the —D®) 7" decays originate at the secondary vertsee Fig.
generalization of the riee picture of Fig. 8 results in the correlation 2), but some fraction of them will be consistent with having
that aB™ will be accompanied by &~ (which we treat asr™), come from the primary vertex and possibly pose as pions
whereas theB? is accompanied b, which is lost to ourB** from B** decays. The charge of these pions is fully corre-
reconstruction. The Monte Carlo simulation predicts that kaons aclated with theB flavor. We do not attempt to reconstruct the
count for nearly two-thirds of the hadronization difference betweenD** states, and requiring all candidate tracks to be incom-
B* andB?, and the remainder is caused by protons. patible with originating from the secondary vertex, signifi-

2. Other correlated backgrounds
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FIG. 10. Diagram of decay transitions con-
tributing to thel "D®) samples. The left-hand
side portrays the strong decays of exciigdne-
sons to the ground state, the weak semileptonic
decays of theB®" occur in the middle, and the
right-hand side shows the decay paths of the vari-
ous charm mesons that result.

cantly reduces the acceptance ®f* candidates. To ac- contribution assumes that there are no decay products of the
count for this effect, we add the predicted contribution of theotherb quark—whose charge is correlated with the detected
D** pions to the other background distributions when cal-B meson—in the azimuthal region of the detector perpen-
culating theB** production fraction. The magnitude of this dicular to theB meson directionji.e., the <|A ¢|<2 side-
contribution is a function of branching ratios and detectionband region of Fig. @)]. In this case the decay products of
efficiencies® the b hadron will bias the background subtraction and distort
We also consider the effect 8%* —B K™ decays. Here the Q distributions. To account for this effect, we generated
the kaons—which are not experimentally distinguished fromevents using theYyTHIA program, but reweighted them to
pions—do come from the primary vertex, and therefore conagree with thebb azimuthal distributions of a next-to-
tribute to the sample d** candidates. Th& shape of this  |eading-order QCD calculatiof21]. From these events, we
contribution is determined from a Monte Carlo calculation determined the shape of the charge-correl§etistributions

using theBy* mass spectrum predicted in RE8J. For the {9 model theg—bb contribution, and add it into the back-
rate of Bg* production relative tBs, we use the8** t0o B ground mix used later in the fit. The rate of this process is not
production rate scaled by the relatiBd to B rates. TheB2  well known; to be conservative we assume it contributes a
to BY rate is obtained from the measured ratio of the hadfraction of 30%, with an uncertainty equal to its full value.
ronization probabilitiesf/f4=0.30+0.07[20], with a fur-  We found this uncertainty to have a very small effect on the
ther correction for th8X* —BK feed down. TheB** pro-  precision of the final results.
duction rate is one of the unknown parameters we are
determining, so th8:* rate is expressed as a function of the |,y EXTRACTING THE B** PRODUCTION ERACTION
floatingB** rate as well as th&,/f4 constraint in the even-
tual fit. The charged kaon background is only associated with The observed right- and wrong-sigg Q distributions
chargedB mesons, buB** decays also contributB] me-  (Fig. 7) are composed of weighted averages of different
sons to the samples througtt* —B°K® decays. These ef- LyPes ofQ distributions: those fronB** decaysB” and B®
fects, which contribute a few percent to the sample size, ar81€S0ns plus hadronization particles, and some residual phys-
also included in the fitting process. ics background¢Sec. 1lIB2. The weights for each type of
Finally, higher-order heavy flavor production may also Contribution are determined by the relative detection effi-

contributeB- candidates to our sample. In particular, gluon Ci€ncies and decay branching ratios of the decay chains in-
volved. Knowledge of these, and the shapes of the vaius

&istributions, enables one to extract tB&* component by
comparing these expectations to the obse@aetistributions
in the data.

To obtain theB** production fraction, we perform a
binnedy? fit of the ensemble of) distribution shapes to the
background-corrected distributions of Fig. 7. The relative

eighting factors of each contribution are, however, compli-

splitting to cc or bb can result in both heavy quarks being
near each other and give rise to correlations that may affe
the analysis. Thé8—1"D®*)X signal can be contaminated
by g—cc when the lepton comes from one charm hadron
and the other was reconstructed @8@). The correct K=
charge correlation is present to enter Bieample, but these
events rarely pass the selection criteria. Constraints obtain

frpm the data have shown that thds contribution is negli- cated by the fact that there are a large number of decay
gible [5] _ chains contributing varying amounts of “cross talk” between
On the other handy— bb production is potentially a con- B andB* decay signatures. A map of the decay chains is
cern since our procedure for subtracting the underlying everdhown in Fig. 10, and the cross talk between the upper and
lower halves of the diagram must be unraveled befdgé’a
signal can be extracted.
5We usef** =0.36+0.12 as the fraction of semileptoricdecays
to D** states(derived from CLEO measuremenit$9]). For the

. . ; . A. Fitting the Q distributions
relative branching fraction Ry) of D** —D*m, appropriately

weighted forB mesons decaying into the four differédt* states, To describe the origin and characteristicsBdfr candi-
we use 0.33:0.28 as previously measured in this same sarfffjle ~ dates, we consider all the possible decay chains that contrib-
Reconstruction efficiencies are determined by simulation. ute to theB signatures, the sources of all charged particles
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that are paired with th& candidates, and importantly, pre- A(Q)N(Q) ek — A (Q)Ny(Q) af
serve the kinematic and charge correlations between them. A (Q)= Xn ;( < ();+n Y ) 3 ) : (6)
We first consider the hadronization particles, schemati- x(Q)ac(Q y(Q)en(Q

cally arising on the far left side of Fig. 10. The nature of the
hadronization particles is specific to the charge state of th
associatedB™* **) meson’ The Q distribution n,(Q) de-
scribing the hadronization products associated with a botto
meson containing a quark, is different from the distribution
nyg(Q) for the production of one with @ quark. A pure
sample of a particular ground-state bottom meson, B3y
arises from the production @, B*, andB** mesons. The
B-7 hadronization distribution for directly produc&f me-
sons isng(Q), but B® mesons arising fronB** *—B%7*
decays will follown, (Q) instead. This results in one type of
a cross talk, i.e., a pure sample®f mesons has a mixture
of both nyg(Q) andn,(Q) hadronization particles. The mag-
nitude of this effect depends upon tB&* production frac-
tion that we wish to measure.

The hadronizationQ distribution for a pure sample of
ground-statdB mesons containing anx” light quark is

Rlote that the asymmetries in this equation subtractedin

rﬁ:e numerator, which is a direct consequence of the fact that
e definition of the right-sigiB-7 correlation is opposite for

the twoB meson charge stateB;,” and B°.

Equations(3) and (6) provide the means to predict the
observed) distributions for hadronization particles account-
ing for the cross talk arising frol8** decay. We generalize
this approach by adding to the weighted averageand A’
the contribution from theB** signal. This source has an
asymmetry equal te-1 [i.e., nyygQ)=0] and a shape deter-
mined from the Monte Carlo simulation. The shape is depen-
dent upon the masses of the f®i* states, but it is strongly
distorted by the kinematics of the unobserved neutrino such
that most of the structure is washed out.dte/eight is given
by the their relative production rate&"* and detection effi-
ciencyeg* . Both the production rate and the collectB&*

ny(Q)=ny(Q)ac(Q)+ny(Q)e(Q), (3)  mass are the parameters to be determined in this analysis.
At this point we have th& description for idealize®®
where “y” represents the light quark constituent of the cross-andB* samples. The actual samples of six decay signatures
talk meson. The coefficients quantify the magnitude of the are not pure. Samples derived frd@i mesons will have an
cross talk. For exampley is the fraction of detecte®,  additional cross talk arising frorB°—B° oscillations. We
mesons that were produced viaB§* meson and decayed account for this effect by obtaining a mixing corrected asym-
through a charged pion. The subscriptsand | stand for metry A” for the B® components by multiplying the asym-
“correct” and “incorrect” association between the tyjeor ~ metry prior to mixing.A’ by the factor (2 xf), whereyes
d) of B meson and the hadronization distribution, amg is the probability that a reconstructed neutBameson has
+ «,=1. For this particular instance of cross talk, these co-decayed as an antiparticle of the produced one. This prob-
efficients can be written ability depends upon the true time-integrated mixing prob-
ability as well as the acceptance as a function of the proper
1-h**[1—(1/3)ef* ] time of B decay, and from Monte Carlo calculations it is

YT T (=) ) found to be 211% for our data sample. Note thaf— B°
oscillations reduce the asymmetry of both tB&* signal

(2/3)h** e&* and the hadronization background, since both are correlated
N =T 1=y (5)  with the B mesons at the time of production, not decay.

B The last instance of cross talk to account for is that be-
tween the charged and neutral decay chains caused by decays
through the excited states Bfmesons—the right half of Fig.

10. The final composition of the signal and background is

whereh** is the fraction ofb quarks hadronizing into light
B mesons that ard8** states—the number we wish to

*%* 3 ] .
measure—.angB is the efflglency for detecting & meson. given by formulas like Eqs(3) and (6), but the coefficients
produced inB** decay relative to one produced directly in ac and a, are calculated in a more involved way from the

the hadronizati(in process. The Iatterois a function of the,5 ameters determining the relative branching ratios of the
masses of th8** states and is near 80% with our selection, 5riqs decay chains and their relative reconstruction effi-

requirements. The factor of 2/3 is the fractionBT* me-  iancies following Ref[5].

sons that contribute to the cross talk by decaying through a ring)ly the effects of the residual correlated backgrounds
charged pion; we assume it is determined by strong isospigs sec. 1B 2 are included. Th€ distributions obtained
conservation. from the simulation are introduced into the weighted average

_ The right- and wrong-sigrB-m correlations are conve- o the asymmetry, withr weights determined by the produc-
niently handled in terms of asymmetrig=g. (1)]. Giventhat  ion decay, and acceptance of each particular process.

the production asymmetry for aatype meson is4,(Q), the The full expressions describing the weights of Qalis-
asymmetry for theB, ground-state sample is tribution due to these various processes are straightforward
to derive, but they are somewhat intricate, and we do not
reproduce them here as they do not aid the discussion. Some
We assume that the hadronization particles produced in associ@f these weights depend upon tB&* fraction we seek. The
tion with the excited states & mesons are of the same nature ascombined effects of the various contributions to the charge
the ones around the ground state of the same charge. correlatedB-7 Q distributions are fit to the sideband sub-
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tracted distributions obtained from the data. The fit is a

) 2 o - B* signatures, right-sign| B signatures, right—sign
Q-binned x~ fit, performed simultaneously over all decay %0.08

signatures. > 0.06 +CDF data
The composition of the background is highly correlated 5" [, —g:t'('ﬂf:ock ound
with the B** production fractiorh** , which is being mea- 2004 [ e o

sured, as well as with other sample composition parameters, Eo.oz

such as** | xer, andPy, that determine the magnitudes of

the three instances of cross talk, i.B%* decays through Y P IA U FEEERAAA R
charged pionsB®—B° oscillations, and decays through ex- B* signatures, wrong—sign | B” signatures, wrong—sign

cited D meson states. The fit is, therefore, generalized to
include x? constraints for these other external parameters. }o.os
For each of these “constrained floating” parameters, we in- ©

clude a termy2=[(P™3- P)/g(P)]? in the full x?, where Zmo.04
pP™Measis the measured value of parameferand o (P) is its \\0.02 bt
uncertainty. These values are either taken from measure- ~ 0 tt,

. . . . TTE ¢'F I¢iTT%
ments in other experiments or determined from our data in a e Lo é -

. 1
measurement separate from B&* fit [5]. 2 2

This arrangement of constrained floating parameters aids Q [Gev/c’ Q [Gev/cl
in the proper estimation of the fit errors. Estimating the sys- s 11 The sideband subtract@d == Q distributions of the

tematic errors due to_ the fixed input parameters by_ the COMyata(points compared to the fit results. The dashed curves are the
mon practice of varying each of these parameters in turn byiyeq hadronization component, the dotted histograms include all
1o, would overestimate the total uncertainty because of th@ackgrounds, and the solid histograms are the totals including the

correlations between the parameters. On the other hand, thged B** signal.
correlations are automatically accounted for by letting the

parameters float. However, the fitter then returns an unceg—hapeS of the hadronization component, the dotted histo-

tainty that is the combination of statistical and systematiGyrams are the sums of all backgrounds, and the solid histo-
effects,oo- The two classes of uncertainties are separateErams are the totals including the fitt&f* signal. The

by repeating the fit with all the constrained floating param-compjete set of fit parameters is listed in Table 1V, including
eters fixed to the values obtained from the fufl minimiza- e input constraint values. The fit parameters that determine
tion. This reduced fit yields the pure statistical uncertaintyipe sample composition yield the values given in Table V for
Ostar @Nd, in the Gaussian approximation, we obtain the sysge coefficients quantifying th8°— B* purity of each decay

tematic uncertainty by subtracting in quadrature, signature. The cross contamination between these ground-
state mesons amounts to no more than 20% in any signature.
corr_ [ 2 2 K . .
Tsyst™ Vtotal™ Tstat (@) The fraction ofB%* mesons contributing to the sample, de-

This systematic uncertainty only includes the effects relatetlﬁlermmed by the sample composition fit parameteyéfy,

X . ) A ** ** H 0,
to the floating(correlatedl fit parameters. Other uncertainties, , andeg .(Table IV) is only 3.7%. , )
external to the fit, are added in quadrature as usual. From the fit we also learn that the greater right-sign ex-
cess seen iB* vs B°Q distributions—while expected from

the greateB{* ** ) hadronization excegsee Fig. $—is fur-

ther exaggerated in Fig. 11 by the additioBt* — Bz~
The right- and wrong-sigQ distributions of all six decay cross talk, and the asymmetry reduction occurringfrme-

signatures are fit simultaneously. The variables that floag,ns que t@°— B mixing.

freely (unconstrainedin the x? fit are theB** production Finally, we find theB** production fraction, i.e., the

fraction (h**) and the three parameters describing thepropapility that ab quark hadronizing into a lighB meson
dashed hadronization backgrourhe B, andBy amplitudes  {5rms an orbitally excited state, to be

N, and Ny, and the common shape paramerof Eq.
(2)8]. In this way we have relied upon the Monte Carlo had- h** =0.28+0.04 stah +0.03 sysb. (8
ronization model to guide us in selecting a simple parametri-

zation for this background, but the data determines its amThe preakdown of these uncertainties is shown in Table VI.
plitude and specific shape. The remainder of the parametefige statistical error can be attributed to several sources: the
float, but are constrained to their externally measured valueg meson sample size, the component arising from the statis-
The results of the fit are shown in Fig. 11. The points arg;cg) |imitations in the constraint of the hadronization shape
the dataQ distributions, the dashed curves are the fitted(the “floating hadronization} to the D *) data, and, simi-
larly, from the statistical error in the determination of the
“constrained floating” fit parameters that are based on the
8As mentioned before, the the pow&rin Eq. (2) is fixed to 1.1 ID*) data sampléi.e., P, and the soft pion efficiengy The
(from the simulationsinceR is an excess degree of freedom in the Systematic uncertainty also has three major classes: the con-
parametrization. strained floating parameters of the fit that are determined

B. Results

072002-13



T. AFFOLDERet al. PHYSICAL REVIEW D 64 072002

TABLE IV. Fit parameters and results for extracting 8%&* fraction: The four freely floating parameters,
which determine th&** fraction and hadronization shapes, are distinguished by their “input values” being
“free.” The remaining parameters are the constrained floating parameters, which gdveran constraining
them in the fit to the listed “input value” by their “input error.” The constrained parameter above the
dividing line contributes to the statistical uncertainty of the final re@stit depends upon the data sample
Systematic uncertainties arise from those parameters below the line, i.e., the so-called “external parameters,”
which are determined from sources external to this the data sample. The “output error” column is therefore
a combination of statistical andpart of the systematic uncertainties, as discussed in the text.

Input Input Output Output

Fit parameters value error value error
B** fraction h** Free 0.28 0.06
B* hadronization normalization N, Free 0.95 0.13
B° hadronization normalization Ny Free 0.92 0.12
Q-hadronization width w Free 0.23 0.01
RelativeD** — D* 7 rate Py 0.33 0.28 0.42 0.24
Reconstruction efficiency fotrg €, 0.74 0.02 0.86 0.07
Relative rate oB— vID* vs vID R; 2.5 0.6 2.3 0.6
Fraction ofB—1X decays todD** 's fr* 0.36 0.12 0.32 0.11
Ratio of B* to B lifetimes 75+ 70 1.02 0.05 1.03 0.05
Ratio of BY to B} hadronization folfy 0.30 0.07 0.29 0.07
Effective y for B® mixing Xeft 0.21 0.01 0.21 0.01
Reconstruction efficiency foB from B** er* 0.763 0.012 0.76 0.01
Reconstruction efficiency fotr from B** exx 0.531 0.015 0.53 0.02
Reconstruction efficiency fofr from D** err 0.160 0.009 0.16 0.01
Reconstruction efficiency faB from BY* e 0.623 0.025 0.62 0.02
Reconstruction efficiency fdk from B%* e 0.664 0.064 0.67 0.06

externally to thelD®) sample(i.e., the “external param- Mass of the ensemble. We assume the relative production

eters” listed in the lower portion of Table lVthe systemat- rates of the four mesons are governed by spin counting and
ics associated with the hadronization asymmetry parametriise a theoretical prediction of the mass splittings. Templates
zation (i.e., what is left over after accounting for the above of the B** Q distributions are constructed for different sets
statistical uncertainty in its parametrizatjpand the contri- of B** masses. The shape of the distribution is dominated
bution from gluon splitting. As expected, the largest contri-by the smearing caused by missing daughter particles, pre-
bution to the statistical uncertainty comes from floating thedominantely the neutrino, and any separation between the
shape of the hadronization component in the fit. Similarly,four states is largely washed out. For a given hypothesis of
the largest contribution to the systematic uncertainty comeghe mass splittings, we fit the expected shape of Bi&

from varying the nominal hadronization asymmetry. Thistemplate to the data while collectively varying the masses by
analysis would thus greatly benefit from a more precisestepping through the mass of the narrowest stateBth&J
means of determining the hadronization background. =1, 4= 2). The x?'s of the fits of the templat® distribu-

To test the hypothesis_ that bac_kground fluctuations COUI‘i‘ions, derived from the splittings calculated in REg], are
account for our observation, we fit many Monte Carlo gen-

tedO distributi f back d onl domized. t shown on the left-hand side of Fig. 12 as a function of
eratedQ distribu ions of background only, randomized to laﬂ(Bl)- The minimum corresponds to
represent the statistical power of the data sample. We foun
that the probability of such a fluctuation to mimic tB&*
signal is lower than 10°, including systematic effects.

The experimental resolution does not enable us to disen- 2

= +
tangle the fouB** states, but we may determine an average m(B,)=5.71+0.02 statsysh GeVic®, ©)
TABLE V. The values of the fraction parameters describing the light quark composition of the recon-
structedB signatures. For example, 82.1% of théw events contain 83 , and 17.9% aBg.

Signature Kar K3 K Karg K3mmg KOs
a, 0.821 0.826 0.195 0.066 0.072 0.077
ay 0.179 0.174 0.805 0.934 0.928 0.923
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TABLE VI. Uncertainties for the measurement of tB&* pro- 305 . 05
duction fractionh** (see the tejt Nxmozo i 3:0‘4_
° o
Statistical uncertainties 295[ © 7 0.31- HH%
Sample size ~0.029 +0.028 290} a5l H‘%’H ﬂ
Floating hadronization —0.048 +0.045 2851 o1 #% ﬂ
Internal parameteréPy ande ) —0.010 +0.011 2801 4 ° ’ # m |
Total ~0.057 +0.054 P G
5600 5700 5800 5600 5700 5800
m(B,) [MeV/cA m(B,) [MeV/c2
Systematic uncertainties
Externgl parameters —0.013 +0.023 FIG. 12. They? of the Q distribution fit as a function of thB,
Hadronization asymmetry —0.023 +0.020 mass(the narrowd=1 stat@ is shown on the left. The correspond-
NLO bb production —0.005 +0.006 ing B** production fraction is shown on the right. TBg mass is
Total —0.027 +0.031 used to characterize the the mass of Bi& states, where the

splittings between the four states are fixed to the theoretical predic-
tion of Ref.[9].

which is in very good agreement with the predicted valuesign particles is input from the Monte Carlo calculation. The
m(B;) =5.719 GeV£t?. Also shown in Fig. 12 are the corre- main drawback of this approach is the resulting large statis-
sponding values ofi** as a function ofm(B;). There is a tical uncertainty on the measurdgl* fraction, since the
relatively small dependence, relative to the uncertainty, ohighly correlated characteristics of the hadronization compo-
h** on m(B,) in the immediate neighborhood of the fit nent are being determined from the same data.
minimum. This analysis is a further step toward experimentally un-
The quoted uncertainty on the mass includes only the sysaveling the sources of the tagging power of Bdlavor-
tematic effects accounted for in calculating the productiortagging method used in Refg3, 5, 6], and may aid in the
fraction, but does not include the theoretical uncertainty orconstruction of betteB flavor taggers. Significant improve-
the shape of thd8** peak. If, for example, we vary the ments in this analysis could be obtained in the future by a
splitting between th®8j and theB, states from the assumed better understanding of the hadronization process irpihe
+19MeV/c? to +170MeV/ic? [8], or to —109 MeV/c? environment, and distinguishing the narrow from the wide
[10-12, while preserving the splittings between two wide B** resonances. This separation may be possible with the
and the two narrow states, we observe a shift-®0 and large exclusively reconstructel samples available in the
+20 MeV/c? in the respectiven(B,) values obtained. next Tevatron collider run. Such an effort would be greatly
aided byK- separation from a particle identification sys-
tem.

V. SUMMARY
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