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Abstract

We describe an inclusive search for flavor changing neutral current decays
of the type b— s gluon in the SLD experiment. Models of b— sg indicate
that the production of high momentum kaons is enhanced over background
from standard B decays. If the branching ratio for b—sg is &~ 10%, then
such an enhancement should have a good signal to background ratio. The
analysis makes use of the particle identification and high precision vertexing
capabilities of SLD to search for such an enhancement. The data sample
consists of 300K hadronic Z° decays collected between 1993 and 1997.
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1 Introduction

The low measured B semileptonic decay branching ratio (BR) and charm
production deficit in B decays compared to theoretical expectations has been
a persistent puzzle in B physics. This has left room for B decays from possible
mechanisms beyond the Standard Model with BR as large as 10%. In the
Standard Model, flavor changing neutral current decays of the type b— s gt*)
(including b— sg and b— sqg) have a total branching ratio of ~ 1% [1]. One
hypothesized scenario is that the b— sg decay is enhanced to a BR of 10% by
new physics [2]. Such a scenario is consistent with all existing experimental
constraints, including the measured BR(b — s7), and would nicely explain
the above puzzles.

The fact that a very large b— sg branching ratio, even as much as 10% is
still allowed, is due to the lack of a distinctive experimental signature for the
b— sg decays compared to the normal b — ¢ hadronic decays. One possible
signal is inclusive high momentum 7' production. CLEO has measured 7’
production in B decays in the range 2.0 < p, < 2.7 GeV/c at ~ 6 x 1074
level [3]. b—s g™ decays are thought to be the most plausible explanation,
although it is difficult to relate the observed rate to an inclusive b— s g®*)
branching ratio [4]. The surprisingly large BR(B — 7'K) of ~ 6 x 107> [5]
is also consistent with that expected from enhanced b— sg. However, it has
been argued [6] that a rate at this level can be explained by variation of
theoretical parameters within the Standard Model.

It is therefore important to search for other direct signals from enhanced
b— sg, preferably at a larger inclusive rate to avoid the confusion due to the
various more subtle Standard Model backgrounds, e.g. b — sqg. A larger
inclusive signal may also be easier to relate to the absolute rate of b— sg
production. One alternative signal from b— sg could be the leading kaon
production at high momentum from the b — s transition. The analogous
effect at high energies where high momentum leading kaons in an s jet tend
to contain the primary s quark has already been clearly demonstrated [7].
In a JETSET-inspired [8] model of b— sg, [9] it has been verified that the
momentum spectrum of kaons produced in b— sg decays is indeed expected
to be significantly stiffer than that of the background from standard b— ¢
decays.

CLEO has searched for high momentum K? production in B decays [3].
However, the precision was limited by the large continuum background sub-



traction, as well as the reduced production branching ratio and reconstruction
efficiency of K — 7tr—.

In this paper, we describe a search for enhanced b— sg using data from
the SLD detector. The search involves studying the high momentum part
of the K* spectrum and looking for the expected enhancement from b— sg
decays. Rather than using the K* momentum in the B rest frame, which is
rather difficult to measure due to the unknown boost of B’s produced in Z°
decay, we use the momentum transverse to the B flight direction (p;). p; is a
Lorentz invariant quantity and is a simple projection of the K* momentum
in the B rest frame.

The boost of the B combined with the high quality vertexing capability
of SLD allows a very efficient and high purity b tag, as well as clean separa-
tion of B decay tracks from primary fragmentation products. Non-B decay
backgrounds are therefore negligible. This is a vital advantage compared to
the Y(4s) because it avoids the heavy penalty, both statistically and sys-
tematically, which otherwise arises from the non-B background subtraction.
Another key factor making this analysis viable at SLD is the excellent particle
identification capability of the SLD Cerenkov Ring Imaging Detector, which
allows efficient use of the more abundant K* production. The high resolu-
tion vertexing capability at SLD and the small and stable SLC interaction
point bring further benefits to this analysis by providing precision B flight
direction determination and B decay cascade vertex structure distinction to
separate b— sg decays from normal b— ¢ decays.

2 Detector and Data Sample

The SLD experiment collects Z° decay data from the ete™ collisions at the
SLAC Linear Collider with a center of mass energy of 91.28 GeV. Charged
particle tracking is provided by the Central Drift Chamber (CDC) [10] and
a CCD based pixel vertex detector (VXD) [11][12], residing within a uni-
form axial magnetic field of 0.6T. The vertex detector used in the 1992-1995
run (VXD2) was replaced by an upgrade vertex detector (VXD3) in 1996,
which has significantly improved performance. The Liquid Argon Calorime-
ter (LAC) [13] is used for the triggering and selection of the events, as well
as for determination of the event thrust axis.

The reconstructed track momentum resolution is (Z’—f = 0.01 & 0.0026p, .



The track impact parameter resolution at high momentum is 11um in the
r¢ plane and 23pm (37 pwm) in the rz plane for VXD3 (VXD2). The impact
parameter resolution in both r¢ and rz views are 40um (78m) at mzl
GeV/c for VXD3 (VXD2). The small and stable SLC interaction point in
r¢ is tracked continuously averaging over ~30 hadronic Z° events, with a
resulting effective event primary vertex resolution of 5um (7um for VXD2).
The event primary vertex z location is determined event by event with an
average precision for VXD3 (VXD2) of 15um (34um) for udsc events and
30um (52um) for b events. A more detailed description of the primary vertex
determination procedure can be found in [14].

Central to this analysis is the SLD Cerenkov Ring Imaging Detector
(CRID) [15] for particle identification. The barrel CRID uses liquid CgF 4
and gaseous CsFi5 + Ny as radiators. The Cerenkov photons from both
radiators are imaged into time projection chambers (TPC) containing pho-
tosensitive gas. This analysis uses data from both barrel CRID gas and liquid
radiators for 7/K /p separation in the 0.8-30 GeV /c momentum region, over
the polar angle range of cosf) < 0.68. The average detected Cerenkov photon
yield for highly relativistic charged particles is 9.2 (12.8) per full ring for
gas (liquid) rings. The measured refractive index for the gas (liquid) radi-
ator is 1.00172 (1.282), corresponding to 7/K/p thresholds of 2.4/8.4/16.0
(0.17/0.62/1.17) GeV/c. The measured gas (liquid) ring angular resolution
is 3.8 (13) mrad, consistent with the design value. A detailed description of
the particle identification performance can be found in section 4.3.

In this analysis, we use 150,000 hadronic Z° events from the 1993-1995
run with VXD2 and 150,000 hadronic Z° events from the 1996-1997 run with
VXD3. A set of further hadronic event selection criteria are applied to select
the fiducial events:

Total Visible energy in events from charged tracks > 18 GeV.

Event thrust axis reconstructed from calorimeter clusters satisfy
|cosOprust| < 0.71.

Number of CDC tracks > 7.

CDC,VXD and CRID all in normal operation.

The total number of such hadronic Z° decays selected in '93-’95 was 82,139
and in '96-’97 it was 76,226.



3 Monte Carlo Simulation and b— sg Model

The Z° to Hadrons Monte Carlo (MC) events are simulated using the JET-
SET 7.4 [8] generator framework. The decays of D° DT D, mesons and A,
baryons are simulated according to measured exclusive branching ratios as
listed in the particle data group review [16]. The B meson decay simula-
tion is based on the QQ Monte Carlo program from CLEO [17]. Within
this model, the semileptonic B decays are simulated using the ISGW [18]
form factor model, which provides a good description of the CLEO data [19].
The hadronic B decay model is tuned to reproduce the CLEO inclusive mea-
surements of charm meson production [20], charm baryon production [21]
and charmonium production [22]. The momentum spectra of =+, K*, K°
and protons in the B decay rest frame and their overall production rates for
average B,, By decays in the MC are in good agreement with the ARGUS
measurements [23].

For the evaluation of analysis sensitivity to the b— sg process, we used the
JETSET inspired model [9] with a specific set of parameter choices as a bench
mark test. Figure 1 shows the predicted p, spectrum for K*’s produced in
standard b— ¢ decays and in b— sg decays for BR(b— sg) = 10% and 15%
from this model. The low momentum part of p; spectrum is clearly unreliable
for b— sg signal extraction due to the uncertainty in various background kaon
production sources, such as the s5 popping rate in the W fragmentation. The
low momentum spectrum shape for b— sg is also not very different from the
normal b— ¢ background. The estimate for the high momentum tail of the
normal b— ¢ background is much more reliable, with very little dependence
on model tuning.

For p, > 1.8 GeV/c¢, the ratio of b—sg to b— ¢ approaches unity for
BR(b—sg) ~ 10% so that a b— sg signal should appear as a clear excess
in this region. Note, however, that the Standard Model level BR(b— s ¢®*))
would produce only modest excesses of less than 10% over the b— ¢ back-
ground and so would probably not be visible. For one choice of JETSET tun-
ing and a BR(b— sg)=10%, the analysis procedure described in the following
sections would produce an excess 9.3 x 10~* per measured B. However, the
b— sg model is quite sensitive to the tuning of JETSET and so it is difficult
to get a solid prediction for the expected excess that one should observe for
a given BR(b— sg).
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Figure 1: K* p; spectra for standard b— ¢ (heavy line) and for b— sg with
BR=10% (light line) and BR=15% (dashed line). The first plot shows the
whole spectrum and the second shows the high-p, region.

4 Analysis Method

In addition to the main signature of enhancement of high p, kaons, b— sg
events may also be distinguished from standard b— ¢ decays by the lack of a
charm decay cascade vertex. The traditional vertex detector b tag variables
are mainly sensitive to the B lifetime, with the shorter charm lifetime from
the b— ¢ cascade effect present at a secondary level among various other
effects. A more direct test of the presence of b— ¢ cascade internal decay
structure is to determine whether all secondary tracks are consistent with
coming from the same vertex, eliminating the dependence on the first order
B lifetime information. This of course demands high precision vertexing
capability to reliably assign each track as primary or B decay and to resolve
the rather short charm lifetime.

The data is therefore split into two samples: “1-Vertex” where all tracks
identified as coming from the B decay are consistent with coming from a
single vertex, and a “2-Vertex” sample for the remaining events with poor
single vertex fit probabilty. The 1-vertex sample is expected to be enriched
in b—sg events which would carry most of the high p, kaon production
enhancement. The 2-vertex sample is expected to be depleted of b— sg
events, so that kaon production in the same high p;, range can be used to
check the background simulation. Our results will be reported as an excess



or deficit of high p, K*’s compared to the expectation from standard b—c
decays.
The analysis proceeds in four steps:

e In each hemisphere, tracks coming from the B decay chain are selected
by an inclusive vertex reconstruction method.

e These tracks are fit to single vertex and the hemispheres classified as
1- or 2-vertex.

e Tracks identified as K*’s are selected

e The K* p, spectra of the 1 and 2 vertex samples are compared to Monte
Carlo predictions.

The following sections describe each of these steps in more detail.

4.1 Vertex Reconstruction

Track selection and vertex reconstruction is performed as in the SLD R,
measurement and is described in detail in [24]. Briefly, the procedure is as
follows. Well measured tracks with vertex detector hits are selected. In each
hemisphere, secondary vertices are formed from these “quality” tracks using
a topological vertexing technique [25]. The most significant of these vertices
that is significantly displaced from the IP is chosen as the “seed”. The B
flight direction is then defined by the line joining the primary vertex and this
secondary vertex. Additional tracks are attached to the vertex if they satisfy
the following criteria.

e the 3D closest approach to the flight direction is < 1mm
e the distance along the vertex to this point, L, is >0.5 mm

e the L/D > 0.25, where D is the secondary vertex decay distance.

The mass of all of these tracks, seed plus attached, is then calculated
assuming that each has the mass of the charged 7. A correction is applied to
account for neutrals and missing tracks which is based on the total transverse
momentum of the vertex tracks to the B flight direction. Finally a cut on



this “p; corrected mass” is applied at 2 Gev. In Monte Carlo studies, this
b selection method had an efficiency of 35% and a purity of 98% in '93-795
and an efficiency of 48% and a purity of 98% in ’96-'97. In '93-’95 data, the
number of b-tagged hemispheres was 12701 and in '96-’97 it was 13972.

4.2 One Vertex Cut

The set of tracks selected as coming from the B decay chain by the above
method are then fit to a single vertex. Hemispheres with fit probabilities
greater than 0.05 are classified as 1-vertex and the others as 2-vertex. As a
check that this method did indeed provide separation between “charmless”
and b— ¢ decays, Monte Carlo events of different types are selected and the
cut applied to each set independently. Table 1 shows the results of this study
for '93-’95 and for ’96-’97.

B Decay Mode ‘93-95 1-Vertex Fraction '96-'97 1-Vertex Fraction
Semi-leptonic 0.51 0.37
Hadronic D + X 0.49 0.33
Double Charm 0.32 0.16
Charmonium + X 0.79 0.76
b—sg 0.72

Table 1: Fraction of Monte Carlo events of different types which satisfied the
1-Vertex cut for '93-95 and for ’96-'97.

As expected, a large fraction of b— ¢ decays do not fit to a single vertex
due to the finite charm lifetime. For “double charm” (b— cés), where the
two charm quarks form separate charm hadrons, a yet smaller fraction pass
the cut because two extra separated vertices are available. For charmonium
events, the 1 vertex fraction is high due to the lack of separated vertices.
Similarly, for b— sg events generated by the model described in section 3, the
efficiency is also quite high. Clearly, the upgraded vertex detector (VXD3)
improved the separation of this cut.

The efficiency of the 1-Vertex cut is also checked in the data for b— J/¢ + X
events where the .J/1¢ decayed to two muons, and the results found to be con-
sistent with the Monte Carlo predictions.
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4.3 Kaon Identification

To ensure the availability of CRID data for particle identification, the track
selection for kaon identification includes further requirements in addition to
the standard quality track selection for vertexing. Only tracks with momen-
tum (p) greater than 0.8 GeV/c and |cosf| < 0.68 are used. For tracks that
pass through a CRID TPC, an associated minimum ionizing particle signal
is requred. Otherwise, for tracks with p > 2.5GeV/c, a liquid ring with at
least four hits is required.

Charged kaon identification with the CRID is performed using a likeli-
hood technique [26]. For each of the charged particle hypotheses a likelihood
is calculated based upon the number of detected photo-electrons and their
measured Cerenkov angles compared to the expectations for this hypothesis.
This likelihood calculation takes into account the effects of locally measured
background including that due to overlapping rings. Particle separation is
based upon differences between logarithms of the likelihoods, for pion, kaon
and proton hypotheses, combining the gas and liquid information

The kaon identification efficiency of the above procedure is between 50%
and 60% for 0.8 < p < 20 GeV/c and falls off for p above 20 GeV/c. The
7 — K misidentification rates range from ~1.5% at low momentum to 8-
12% at high momentum. The 7 — K misidentification rates are checked in
the data using K? — 777~ and 7 decay tracks. The Monte Carlo 7 — K
misidentification rates are corrected to match the data. Further details on
K# identification in SLD may be found in [27].

4.4 p; Measurement

The measurement of the transverse momentum of each track is done using
the B flight direction as defined in section 4.1. Using the vertex direction as
a measure of the B flight direction is superior to using, for example, the jet
axis because it gives better resolution and it is not biased by high momentum
tracks. Figure 2 shows the improved resolution and lack of bias given by the
use of vertex direction rather than jet axis from tracks.

As a check that p; measurement is simulated correctly, the measured spec-
trum of identified muons was checked against Monte Carlo. Since the lepton
production spectrum in B-decays has been well measured [19] and the SLD
Monte Carlo has been tuned to match it, the measured p* spectrum provides
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Figure 2: The first plot is a histogram of the difference between measured
and true p; when using the vertex direction and jet axis. The second plot
shows the mean of this difference as a function of true p;.

a good way to check the p, measurement. Figure 3 shows this comparison,
with the Monte Carlo normalized to the data by the number of b-tagged
hemispheres. The good agreement between data and Monte Carlo, espe-
cially at high p;, give confidence that the p; resolution is simulated correctly
in the Monte Carlo. In particular, the agreement in the region above the
kinematic edge of 2.3 GeV/c indicates that no unsimulated tails are present
in the data. In section 6.2 this spectrum is used to set a limit on the number
of extra high p, K*’s that could be produced by extra p, smearing.

5 K* p, Spectra

Figure 4 shows the p, spectra for identified K*’s in the 1-Vertex and for all
decays (the sum of 1- and 2-vertex). As for the u* spectra, the Monte Carlo is
normalized to the data by the number of tagged b-hemispheres. Table 2 gives
the number of K*’s with p, > 1.8 Gev observed in both samples. Both raw
and “normalized” numbers of events are shown. Normalized numbers have
been corrected for K* mis-identification and identification efficiency and are
expressed as number of events per tagged B. They have not, however, been

10
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Figure 3: Comparison of data to Monte Carlo p; spectrum of identified
muons.

corrected for p; resolution. Slightly more events are seen in the data than
would be expected from b—c decays. These excesses, however, are small
compared to what would be expected for BR(b— sg)= 10% and the b— sg
model of Section 3. However, the statistical significance is insufficient to rule
out a rather large BR(b— sg) somewhat less than 10%

6 Systematic Errors on Background Calcula-
tion

The calculation of the expected background of high p, K*’s in the 1-vertex

sample is subject to a number of possible systematic errors. Table 3 list the

sources of background events as predicted by the Monte Carlo and gives an

estimate of the systematic error of each source. These will be discussed in
the following sections.

6.1 B Decay Modeling

As can be seen from Table 3, the dominant source of true high p, K*’s is from
the decay of D’s produced in B decays. Only D%s that are produced with

11
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Figure 4: Comparison of data to Monte Carlo p, spectrum of identified K*’s
The solid line shows the Monte Carlo

in the 1- and 2- vertex samples.

predicted spectrum of standard b— ¢ decays.
predicted spectrum for BR(b— sg)=10% with b— sg generated as described
in Section 3.
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K*p, > 1.8 1 vertex All

Raw Normalized Raw Normalized
Data 37.0 1.82x 107 93.0 4.54 x 1073
b—c MC 29.0 1.32x 1073 78.2 3.61 x 1073
Difference 8.0+6.1](5.0+£38)x10*|148 £9.6 | (9.2+£6.0) x 10*
BR(b—sg)=10% 24.0 1.5 x 1073 33.3 1.8x 1073
b— sg Gen. 1.1 x 102
b—c Gen. 2.4 x 1073

Table 2: Comparison of number of high p, K*’s expected and observed in
the 1-vertex sample and for all decays (the sum of 1- and 2-vertex samples).
The number expected BR(b— sg)= 10% and the b— sg model of Section 3 is
also shown. See the text for explanation of the Normalized columns. Monte
Carlo generator level production of true high-p, K*’s is shown for the b— sg
generator and for the b— ¢ generator.

high momentum in the B rest frame and then decay with a high momentum
K* in their own rest frame are likely to lead to a high p, K*. It is therefore
crucial to know the spectrum of D°’s produced in B decays and the spectrum
of K*’s produced in D°. The former has been well measured by the CLEO
collaboration [20] and the latter is simplified by the fact that the high-p,
K*’s are produced by a relatively small number of two-body decay modes,
all of which are well measured. The SLD B-decay model is based on the
CLEO model [17] and has been tuned to match this data.

The systematic errors from the knowledge of the D° spectrum can thus
be calculated by scaling up each bin by its relative error and calculating the
number of additional high p, K*’s that would result. Figure 5 shows the
CLEO spectrum that was used as well as the spectrum of D° momentum in
the B rest frame that produced the high p, K*’s. Scaling up this spectrum
by the CLEO errors gives approximately 12 % more high p, K*’s. Similarly,
scaling up the branching ratios of the four most important D° decay modes
(D°— K=7t,D°— K= p*,D°— K*~7+ D°— K*07%) by their relative error,
gives approximately 10 % more high p, K*’s.

Another significant source of uncertainty in the modeling of B-decays is

13



Source Error

Mis-ID 7.8 1.5
Pion 2.3
Lepton 4.3
Proton 1.2
Fragmentation 0.0
udsc 0.0
From B 3.7
B, 0.3
Cabibbo Suppressed 24 24
s quark popping 0.2
Double Charm 0.0
Charmonium 0.7
From D 17.5
DY 136 1.7® 1.4
Dt 1.2
D, 2.7
From V,; < 2.1
From b — sy < 1.1
MC statistics 1.5
K=ID eff. 2.7
p; smear 2.7
Total 29.0 5.9

Table 3: Background sources for 1-vertex K*’s with p, > 1.8 and their
estimated systematic errors.

14
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Figure 5: The first plot is the CLEO measured spectrum of D°'s produced
in B decay plotted as a function of the scaled momentum, which is defined
as = p/4.950 Gev/c. Also shown is this spectrum as generated by the SLD
B-decay model and the JETSET default B-decay model. The second is the
scaled momentum of D%s that produced high p, K*’s. The solid line is for
the nominal D° spectrum, and the dashed line is for the spectrum that is
produced by scaling up each bin by its relative error.

the Cabibbo suppressed modes, i.e. those where W~ — @s such as Bt — DOK .
These modes have mostly not been measured and are not properly included
in the SLD Monte Carlo. Therefore, the analogous Cabibbo-allowed modes
are used and the expected Cabibbo suppression factor of 0.05 is applied. A
100 % systematic error is taken to reflect the large uncertainty of the branch-
ing ratios of these modes. Contributions from other exotic effects such as V,,
and b — sy are small.

6.2 p; Measurement

The error on the measurement of p; is dominated by the measurement of the
B-flight direction. The p, resolution is thus proportional to the total momen-
tum of the track. In Monte Carlo, it is found the constant of proportionality
is approximately 0.01. Therefore, the p, of a 10 Gev/c track is measured
with an error of approximately 0.1 Gev/c. To determine a systematic error
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associated with the p; measurement, the p; resolution in the Monte Carlo is
artificially smeared until the Monte Carlo x* spectrum shown in Figure 3 no
longer agrees with data. It is found that the p, resolution can be smeared
by about 50 % above nominal before this occurs. Adding this additional
smearing to the Monte Carlo K* spectrum gives 10 % additional high p,
K*’s.

6.3 Kaon Identification and Mis-Identification Efficiency

As shown in Table 3, 7.8 of the 29.0 high p, “K*’s” in the Monte Carlo
are actually mis-identified particles of other types. It is found that the mis-
identification rate in data is higher than in Monte Carlo. The effect is cali-
brated by matching the mis-identification rate observed in data of a sample
of 7’s produced in K decays. The systematic error of mis-identification is
taken to be the whole adjustment made by this calibration procedure.

The identification efficiency of true K*’s is checked in the data with
D — K7+ decays. The current statistics do not allow a calibration to be
applied based on this data, but a conservative systematic error of 10% is
taken.

7 Conclusion

We have performed an inclusive search for enhanced b— sg decays in 300,000
Z% decays taken during 1993-1997 by analysing the excess production of
high p, K*’s compared to standard b— ¢ Monte Carlo. The preliminary
observation of data excess of p; > 1.8 GeV/c K*’s in the 1-vertex sample
yields a result of 8.0 & 6.1 + 5.9 events over an expected background of 29
events. This corresponds to a K identification efficiency corrected high p,
production excess of (5.0 & 3.8 + 3.6) x 107 per B decay. This corresponds
to a statistical precision of £2.5% on b— sg branching ratio for a particular
set, of choices of b— sg model parameters.

We have demonstrated that this measurement technique already has in-
teresting statistical precision to test the hypothesis of largely enhanced b— sg
branching ratio at 10% level, even with a rather small input data sample.
Data taken in 1998 will be added in the near future which will approximately
double the data statistics. A significant fraction of the background system-
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atic uncertainties due to detector effects will also improve with increased
data statistics. However, some significant effort on b— sg theoretical models
is still needed to evaluate the uncertainties in the b— sg signal size for high
p: kaon production before this result can be translated into an upper limit
of b— sg branching ratio.
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