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Abstract

This paper describes the observation of the decays BT — (25)K™ and B® —
P(29)K*(892)° in 1.8 TeV pp collisions and presents measurements of the branch-
ing fractions B(BT — ¢(29)K*) and B(B® — ¥(25)K*(892)") relative to B(Bt —
J/YKY) and B(B® — J/¥K*(892)°), respectively. The t(25) mesons are recon-
structed in both the ¥(25) — ptu™ and ¥(25) — J/¢xtx~ channels. The world
average branching fractions for the .J/i channels are used to extract the absolute
branching fractions B(BT — (25)KT) = (6.8 + 1.0(stat.) + 1.4(syst.)) x 107* and
B(B® — ¢(25)K*(892)%) = (9.0 £ 2.1(stat.) & 2.0(syst.)) x 107

1 Introduction

Decays of B mesons into .J/¢ mesons have been the subject of much study at the Collider
Detector at Fermilab (CDF) and at other experiments. Our 110 pb™! sample of /s = 1.8
TeV pp Tevatron collider data, however, enables us to investigate the lower-rate decays of
B mesons into (25) final states. The radially excited (2S5) mesons, as in the case of the
J /1 mesons, decay into a pair of muons; however, ¢)(25) mesons can also decay through the
mode (25) — J/yrtr.

!Contributed paper to the XXVIII International Conference on High Energy Physics, 25-31 July 1996,
Warsaw, Poland.




In this analysis, we present evidence for the observation of the decays® Bt — ¢(25)K™*
and B® — (25)K* in both the dimuon (¥/(25) — px~) and hadronic cascade (¥(25) —
J/t7t 7)) channels. The relatively well-observed decays Bt — J/¢ KT and B® — J/{ K*°
are investigated to both affirm the analysis technique and to permit the cancellation of several
quantities when these modes are combined in a ratio with their ¢(25) analogues. These
ratios are also the subject of theoretical interest[2], since they facilitate the cancellation of
some theoretical uncertainties and can be used to probe amplitude factorization hypotheses.

Figures 1 and 2 depict the decays under study.

B(B* = v(25)K%)  B(B° = p(25)K™)
B(BY — JJok+) O B(B° — JJpK0)
and combine these ratios with the world average values for B(Bt — J/)K*) and B(B° —
J/K*%) to derive the absolute branching fractions B(BT — (25)K*) and B(B° —

P (25)K*), respectively. We compare the results with limits and measurements from other

We measure the ratios of branching fractions

experiments.

2 The CDF Detector

CDF is a multi-purpose detector designed to study pp collisions produced by the Fermilab
Tevatron collider. The interaction point is surrounded by three charged particle tracking
detectors immersed in a 1.4 T solenoidal magnetic field. The tracking systems are enclosed
within a hermetic calorimeter system, outside of which are located other charged particle
detectors to identify muon candidates.

The innermost tracking device is a four-layer silicon-microstrip vertex detector (SVX)
located in the region between 3.0 and 7.9 c¢m in radius from the beam axis[3]. The SVX,
which allows for measurements in the r-¢ plane, is followed by a set of time projection
chambers that measure charged particle trajectories out to a radius of 22 cm. An 84-layer
drift chamber (CTC) measures three dimensional charged particle trajectories in the region
between 30 and 130 ¢m in radius from the beam.

The muon detection system consists of 4-layer planar drift chambers separated from the
interaction point by 5 to 8 interaction lengths of material. The muon system is capable of
detecting muons with transverse momentum Pr 2 1.4 GeV/c in a pseudorapidity interval
In| < 1.0. These and other components of the CDF detector are described in greater detail

elsewherel[4].

?References to specific charge states imply the additional charge-conjugate state, and we use the notation
K*Y in lieu of the standard[1], K*(892)°.
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Figure 2: Schematic of the B® decay modes.



3 Event Selection

Reconstruction of the exclusive decays in this analysis began with the identification of colli-
sions containing two muon candidates. This was achieved by a three-level trigger system in
which the first level trigger required that there be two track candidates observed in the muon
system, the second level trigger required that associated charged tracks be detected in the
CTC by partially reconstructing all charged tracks with a transverse momentum exceeding
~ 2.5 GeV/e, and the third level trigger reconstructed the two CTC tracks, requiring that
they match with two tracks in the muon chambers and that the dimuon invariant mass be
between 2.7 and 4.1 GeV/c?, a region where the dimuonic J/v¢» and (25) resonances are
expected to lie.

All candidate tracks in the analysis were required to have at least 4 hits in at least 2 of
the 5 axial CTC superlayers and at least 2 hits in at least 2 of the 4 stereo CTC superlayers.
Candidate tracks were required to possess Pr > 400 MeV /¢ and intersect the endplate plane
of the CTC at r > 132.0 cm, which corresponds to the radius of the outermost CTC sense
wire.

The two candidate charmonium muons were required to have charges of opposite sign and
their CTC tracks, when extrapolated to the muon chambers, were required to match, within
3 standard deviations of the extrapolation and measurement uncertainties, a segment in
the muon chambers, both in the transverse (r-¢) and longitudinal (beam axis) directions. A
least-squares fit was performed on the two muon candidate tracks, constraining the two tracks
to originate from a common point (vertex constraint). The probability of the fit (C'L(x?))
was required to be greater than 0.01. The fit was repeated with the additional requirement
that the dimuon invariant mass equal the world average[l] J/1 or ¢ (25) mass (vertex+mass
constraint), and the C'L(x?) of the fit was again required to be greater than 0.01. A Pr(u*) >
2.5 GeV/c requirement was imposed when reconstructing the BY — (25)K*%:¢(25) —
pt ™ channel and its companion J/¢ analogue. Such a cut was necessitated by the large
background under the inclusive ¥(25) — ptu~ resonance.

In the case of ¥(2S5) — J/int 7~ reconstruction, all four legs were required to originate
from a common vertex and the 4-track invariant mass was constrained to equal the world
average[l] (25) mass. Here again the fit probability was required to exceed 0.01. A Monte
Carlo calculation of the dipion invariant mass distribution, which employed a phenomenolog-
ical prescription for the (2S) — J/¢¥ 777~ matrix element[5], was compared with data in

search of an efficient dipion selection criterion with a useful degree of background rejection.
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Figure 3: The J/v dimuon invariant mass distribution after a vertex constraint cut is applied.
The fit is to a double Gaussian signal with linear amplitude and a linear background.

Consequently, the pre-constrained dipion invariant mass was required to lie in the range
0.35 < M(7T7x7) < 0.61 GeV/c%

Plots of the inclusive charmonium invariant mass distributions, without the mass con-
straint requirement, for the J/¢ — ptpu=, (25) — ptp~, and (25) — J/YxT 7~ recon-
structions are presented in Figures 3, 4, and 5, respectively.

The exclusive B meson decay modes were reconstructed by forming charged particle com-
binations with the charmonium meson candidates. For the reconstruction of those channels
with a Kt meson in the final state, every charged particle possessing Pr > 1.5 GeV /¢ was ini-
tially considered to be a Kt candidate. For the reconstruction of those channels with a K*°
meson in the final state, all oppositely-charged track pairs with a combined Pr > 2.0 GeV/c
and a KT7~ candidate invariant mass within 0.08 GeV/c? of the world average K*(892)°
mass[1] were initially considered to be K*° candidates.

Depending on the mode of exclusive B meson decay being reconstructed, the track pa-
rameters for combinations of charmonium and K+ or K*° candidates were fit with the
requirement that all the charged tracks originate from a common decay point; moreover, the
charmonium invariant mass was simultaneously constrained to its appropriate world average
value[l], and the flight path of the B candidate was forced to lie parallel to its momentum

vector in the transverse plane. The confidence level of this global fit had to be greater than
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Figure 4: The #(25) dimuon invariant mass distribution after a vertex constraint cut is
applied. The fit is to a Gaussian signal and a linear background and there is a requirement

that Pr(p®) > 2.5 GeV/ec.
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Figure 5: The J/¢7t7~ invariant mass distribution after a vertex constraint cut is applied to
the two pion candidates. The fit is to a Gaussian signal and a cubic polynomial background.



0.01, and the proper decay length of the B meson candidate, ¢7, was required to exceed

100 gm. Additional background rejection was achieved with the imposition of a momen-

tum isolation cut, PBF RAC > 0.55, on each B meson candidate. Here PBFRAC is defined
)

‘13(3)‘ + Zﬁﬁgﬂksﬁ' |§E§§|

momentum selection criteria Pr(BT) > 6.0 GeV/c and Pr(B°) > 8.0 GeV/c were placed on

the charged and neutral B candidates, respectively.

as PBFRAC =

, with R = \/(An)2 + (Ap)?. Finally, transverse

4 Observed Candidate B Meson Invariant Mass Dis-
tributions

The observed invariant mass distributions for the decays BT — J/¢Y Kt BT — (2S)K™;
P(25) — ptp, and BT — ¢(25)KT;¢(25) — J/o7t 7~ are shown in Figures 6, 7, and 8,
respectively. The signal widths in Figures 7 and 8 have been fixed to values predicted using
Monte Carlo calculations. The predicted widths were calibrated with a scale factor deter-
mined by comparing the observed width of the Bt — J/¢) Kt decay in data to that predicted
by the Monte Carlo calculation. This calibration factor was verified by also comparing the
observed width of the J/i» — uTp~ decay in data to that predicted by the Monte Carlo
calculation. The event yields, which were calculated by performing binned log likelihood fits
to the invariant mass distributions, are summarized in Table 1.

The observed invariant mass distributions for the decays B — J/¢ K*0) BY — (25)K*;
P(25) — ptp~, and B® — (25)K*%4(25) — J/prt 7w~ are pictured in Figures 9, 11, and
12, respectively. Figure 10 also represents the decay B° — J/¢K*°, but with the same
cuts as used in the preparation of Figure 11 (Pr(ut) > 2.5 GeV/c). The event yields are

summarized in Table 1.

5 Summary of the Efficiencies

An advantage of measuring a ratio of branching fractions is that several effects divide out.
This is the case for the tracking efficiency in the ratios involving the dimuon ¥(25) decays;
however, the ratios involving the hadronic cascade decay of the (25) have the topological
distinction of two extra tracks that need to be reconstructed. We use a single track efficiency

of (96.0 £+ 2.8)% to correct for this effect in the B decays involving the ¥ (25) — J/¢aTx~

channel.
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Figure 6: The J/¢> K™ invariant mass distribution. The fit is to a Gaussian signal and a
linear background.

‘ Decay Mode ‘ Event Yield ‘
Bt — J/p Kt 845 + 39
Bt — p(25)Kt;4(25) — ptu~ 82.5 £ 13.5
Bt — (28)K*;4(25) — J/ibrntrn~ | 3454+ 7.3
B — J/p K 271 + 20
BY — (25)K*%4p(25) — putpu~ 22.9 £8.0
B — J/p K 401 + 25
BY — (25)K*%:4p(2S) — J/vwrTrn~ | 24.7+6.9

Table 1: Summary of event yields for 5 MeV/c* binned likelihood fits. The grouping of the
K*° modes is on the basis of common selection criteria.
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Figure 7: The ¢(25)K*;4(2S) — p*p~ invariant mass distribution. The fit is to a Gaussian
signal and a linear background.
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Figure 8: The (25)K*;4(25) — J/¢brt7~ invariant mass distribution. The fit is to a
Gaussian signal and a linear background.
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Figure 9: The J/¢ K*° invariant mass distribution using the default event selection criteria.
The fit is to a double Gaussian signal and a linear background. The first three fit parameters
shown describe the Gaussian distribution of the correct K-m combinations.
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Figure 10: The J/¢K*° invariant mass distribution using the Pr(u*) > 2.5 GeV/c require-
ment. The fit is to a double Gaussian signal and a linear background. The first three fit
parameters shown describe the Gaussian distribution of the correct K-# combinations.
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Figure 11: The t(25)K*%;(25) — ptp~ invariant mass distribution with the Pr(pt) >
2.5 GeV/e requirement. The fit is to a double Gaussian signal and a linear background.

The first three fit parameters shown describe the Gaussian distribution of the correct K-x
combinations.
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Figure 12: The (2S)K*%;(25) — J/¢7mT 7~ invariant mass distribution. The fit is to
a double Gaussian signal and a linear background. The first three fit parameters shown
describe the Gaussian distribution of the correct K-7 combinations.
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‘ Decay Mode ‘ Value

BY = JJyK+ 0.02296 £ 0.00050
BY SRS KF4(25) = pFum 0.02474 + 0.00052
BY = p(2S)K+;4(2S) — J/prta— | 0.00747 £ 0.00020
B = J[h K 0.00777 £ 0.00029
B S 928 K p(25) — ptp- 0.00942 £ 0.00032
B = J[h K 0.01053 £ 0.00033
B = p(28) K% (25) — J/datr— | 0.00470 £ 0.00015

Table 2: A summary of the Monte Carlo calculated absolute geometric and kinematic ac-
ceptance for each decay mode. The grouping is on the basis of common selection criteria.

‘ C'L(x?*) Cut Efficiency ‘ Measurement ‘

<y 0.967 £ 0.010
<, 0.958 £ 0.002
. 0.932 £ 0.019
5 0.940 £ 0.017
e 0.853 £ 0.014
evm 0.945 £ 0.013

Table 3: A summary of the measured C'L(?) cut efficiencies; ¢" denotes the C'L(x?) effi-
ciency for a least-squares vertex constrained fit, and €™ denotes the C'L(x?) efficiency for a
subsequent vertex-+mass constrained fit.

Table 2 contains a summary of the geometric and kinematic acceptances. The Monte
Carlo generation and detector simulation was performed in a manner similar to that described
in Ref [6].

Table 3 contains a summary of the C'L(x?) cut efficiencies. The €' quantities were
obtained by studying the effects of C'L(x?) cuts on the inclusive charmonium invariant mass
distributions (refer to Figures 3, 4, and 5) and on the corresponding normalized (M /o)
invariant mass distributions. The €™ quantities were determined by relating the area of
the fits to the normalized invariant mass distributions (with the C'L(x?) > 0.01 vertex cut
applied) in a +2.580 window to the entire signal fit area.

Table 4 contains the cr cut efficiencies in the Bt and B® modes. In this analysis, both the

numerator and denominator in each ratio of branching fractions share the same flavour of B

12



‘Decay Mode ‘Central‘ —lo ‘ +1lo ‘ Efficiency

BY = J/OK+ 0.753 | 0.741 | 0.764 | 0.753 £ 0.012
BY S 929K+ 9(25) = ptp 0.738 | 0.726 | 0.748 | 0.738 £ 0.013
BY S p(28)KF,4(2S8) — J/ibntr— | 0.762 | 0.750 | 0.774 | 0.762 £ 0.012
B = J/yK™ 0.755 | 0.742 | 0.766 | 0.755 £ 0.013
BY S (2K 9(25) — ptu- 0.749 | 0.736 | 0.760 | 0.749 £ 0.013
BY = (29K (25) — J/prtr— | 0.761 | 0.748 | 0.773 | 0.761 £ 0.013

Table 4: Measured cr cut efficiencies in the BT and B° decay modes. The £1o efficiency
variations correspond to Z1o variations in the world average BT and B° cr values.

meson; therefore, the efficiency of the er(B) > 100 gm criterion is expected to be similar for
both decay modes. The world average proper lifetime of B mesons, however, is short enough
that the efficiency of a 100 pm proper decay length cut is sensitive to the resolution of the
ct measurement itself. Here the different decay topologies can play a measurable role in the
efficiency, owing to the ¢r resolution dependence on the multiplicity of candidate tracks that

possess SVX as well as CTC tracking information.

6 Summary of the Systematic Uncertainties

The systematic uncertainties associated with the generated B meson Pr spectrum are deter-
mined by varying Monte Carlo generation parameters and observing the consequent effects
on the relative geometric and kinematic acceptance. A summary of the resultant systematic
uncertainties is given in Table 5.

The efficiency of the global vertex C'L(x?) cut on the candidate B decays is expected to
be similar to those calculated for the inclusive charmonium decays (refer to Table 3). Due
to the fact that the bottom and strange meson species in the numerators and denominators
are identical, the global B C'L(x?) cut efficiency should cancel in the ratio. This is difficult
to test in practice because the B channels do not afford the statistics that the inclusive
charmonium mesons offer. To accommodate any possible non-cancellation of the global B
C'L(x?) cut efficiencies for a given ratio of branching fractions, we conservatively assign a
systematic uncertainty equal to the largest ¢” uncertainty from among those vertex C'L(x?)
cuts that do not cancel in the ratio. Table 6 summarizes the global C'L(x?*) systematic

uncertainty for each ratio of branching fractions.

13



‘ Efficiency Ratio

‘ Systematic Uncertainty (%) ‘

B+—>w(2BS+)iT];/¢ﬁ§r)—w+u‘ +1.3
ot = 1.6
Bowzggfi*%(]gfgww‘ +1.0
B°—>¢(2S)Bfg’j;}l//(jiy)zz7/¢ﬂ+ﬂ_ +1.9

Table 5: A summary of the systematic uncertainties on the relative geometric and kinematic
acceptance due to variations in the generated Pr spectrum.

‘ Ratio of Branching Fractions ‘ Systematic Uncertainty (%) ‘

B+—>w(2BS+)iT];/¢ﬁ§r)—w+V +2.0
R T T
Boﬁw(Qg())i’;)/?i(I?fg—*W“_ +2.0
Boﬁip(zsgg’j;ﬁ(ji);f/w*ﬂ‘ +1.7

Table 6: A summary of the systematic uncertainties on the ratios of branching fractions due
to the possible non-cancellation of the global vertex C'L(x?) cut efficiencies.

14




The PBFRAC > 0.55 B candidate isolation criterion, defined in Section 3, has an
efficiency that does not divide to unity in the ratio of branching fractions. Specifically, the
disparity in the multiplicity of final state particles in the numerator and denominator for
the ¥(25) — J/¢¥xT 7~ ratio of branching fractions and the kinematical differences between
the ¢(25) and J/¢ states cause variations in the PBF RAC isolation cut efficiency. Such
variations have been measured, yielding a systematic uncertainty of 2.0% for each of the
ratios of branching fractions in the analysis.

The most significant contribution to the systematic uncertainties in this study arises
from the charmonium branching fractions and their associated uncertainties taken from the

Particle Data Group[l]. They are:
o B((25) — ptp™) = (7.7+1.7) x 107%;
o B(1(25) — J/rta) = (3.24 + 0.26) x 101

o B(J/Yp — ptp~)=(59740.25) x 1072

7 Relative Branching Fractions

The congruity between the numerators and denominators in the ratios of branching fractions
furnishes several simplifications. Since the data sample is common to both modes in each
ratio, the time-integrated luminosity, [Ldt, divides out. The bottom meson flavours in
both modes are identical, and so the b quark production cross section, o(pp — b), and
the applicable b quark fragmentation probability, f, or f;, also cancel. Similarly, the like
strange meson species in both the numerator and denominator mean that the ratio remains
independent of the K and K*° reconstruction efficiencies, including contributions from in-
flight kaon decays. Moreover, the uniformity of the vector-pseudoscalar and vector-vector
final states in each ratio permits us to ignore any polarization amplitude contributions to
the acceptance.

The event yields, efficiencies, charmonium branching fractions, and systematic uncer-
tainties are combined into the calculations of the ratios of branching fractions. The re-
sults for both the Kt and K™° ratios are presented in Table 7. The ¢(25) — pTu~ and
¥(25) — J/Yrtr~ contributions have been combined to produce single measurements in

each case.

15



‘ Ratio of Branching Fractions Measurement ‘

B(Bt—y(28)Kt
) 0.666 + 0.093 & 0.101

B(B%—(25)K*0
e e 0.569 + 0.131 =+ 0.074

Table 7: A summary of the ratios of branching fractions, where the (25) — p*u~ and
¥(25) — J/xT 7w~ contributions have been consolidated. The first uncertainty is statistical
and the second is systematic.

‘ Branching Fraction ‘ Measurement

B(BT = (25)K7) [ (6.8 £ 1.0+ 1.4) x 10~*
B(B” = (25)K™°) | (9.0 £ 2.1 £2.0) x 10 *

Table 8: The derived absolute branching fractions, where the (25) — ptp™ and (25) —
J/v7t 7~ contributions have been consolidated. The first uncertainty is statistical and the
second is systematic.

8 Absolute Branching Fractions

The measured ratios of branching fractions in Table 7 can be combined with the world
average values for B(Bt — J/¥KT) and B(B® — J/¢ K*°) to extract the absolute branching
fractions B(BT — ¢(2S)K*) and B(B® — ¢(25)K*?), respectively. We therefore use the

world average branching fractions[1]:

e B(BY — J/YKT) = (1.024£0.14) x 1077;

e B(BY— J/YpK*) = (1.58 +0.28) x 1072,
The derived absolute branching fractions are listed in Table 8 and are compared to measure-
ments and limits from the ARGUS[7], CLEO[8], and CLEO II[9] experiments in Figure 13.
9 Conclusion
Using the 110 pb~ Run 1 data sample, we have observed the decay modes Bt — (25)K*

and B° — ¢(2S)K*° in both the ¢(25) — ptp~™ and (25) — J/¢rt7~ channels. We
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Figure 13: A comparison of the derived CDF Bt — #(25)K T and B° — (25)K*? absolute
branching fractions with measurements and limits from the ARGUS, CLEO, and CLEO II
experiments. The hatched bars denote 90% CL upper limits and the error bars represent
the statistical and systematic uncertainties added in quadrature.
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have also reconstructed the modes BT — J/¢pK*t and B° — J/¢K*° in order to form
ratios of branching fractions with the analogous ¢ (25) decays. The measured ratios of
branching fractions are summarized in Table 7. The results for the KT and K*° decay
modes are consistent with one another to within the statistical uncertainties alone. We
derive the absolute branching fractions B(BT — ¢(2S)K ™) and B(B°® — ¢(25)K*°), shown
in Table 8, and compare them with measurements and limits from other experiments (refer
to Figure 13). We observe that the CDF measurements are competitive with results from
other experiments.
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