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We have performed a search for radiatibehadron decays using events producedpﬁ collisions
at \/s=1.8 TeV and collected by the Collider Detector at Fermilab. The decays we considereoﬁgvere
—»K*O(—>K’7r*)y, §2—>¢(—>K*K’)y, Ag—>A(—>p7r’)y, and their charge conjugates. Two independent
methods to identify photons from such decays were employed. In the first method, the photon was detected in
the electromagnetic calorimeter. In the second method, the photon was identified by an electron-positron pair
produced through the external photon conversion before the tracking detector volume. By combining the two
methods we obtain upper limits on the branching fractions fo%egg, andAg radiative decays which, at
the 95% confidence level, are found to BEBS—K*%y)<1.4x 1074, B(B— ¢y)<1.6x10 %, and B(AL
—Ay)<1.9x10°3,

DOI: 10.1103/PhysRevD.66.112002 PACS nuniber14.40.Nd, 14.20.Mr

[. INTRODUCTION tainty is statistical, the second is systematic, and the third is
for model dependence. The studies of the healvibadron

_0 .
in the standard mode(SM) by the Glashow-lliopoulos- ?{ecays such ;‘Ba andAbr,] wr?m: are not prodl#ed at thﬁ
Maiani mechanisnjl], and such transitions can only result (45), must be done at the higher energy machines, such as

from higher order processes. The “penguin” process is ondhe Tevatron. No exclusive radiative decaysBff nor Ap
such example, where an effective FCKC:s or b—d tran-  have been observed to date. From a searcrﬂep ¢y de-
sition proceeds through the emission and reabsorption of gays, the DELPHI Collaboration obtaineg(ﬁgﬂ(ﬁy)
virtual W boson. A photon, gluon, & boson is emitted from  <7.0x 10 * at 90% C.L.[9].
the quark or th&Vin the loop, with the presence of a photon  Even though calculations for the exclusive decay rates
signaling an “electromagnetic” penguin procgsee Fig. 1 have higher theoretical uncertainties compared to inclusive
It is expected in the SM that the top quark dominates indecay rates, ratios of exclusibe—dy andb— sy branching
the fermion part of the loop of the diagram. The existence ofractions can be calculated with good precision and the de-
non-SM heavy charged particles, however, could affect theermination of (V,4/|V.s|) is feasible with the use of exclu-
branching fraction for this decay. In addition, direct sive decay$10]. This is especially useful for a hadron col-
CP-violating effects could be enhanced by processes beyonlier environment, where the experimental signature for
the standard model. Therefore, measurements of radiative radiative b decays is much cleaner when exclusive decays
hadron decays constitute low energy probes for physics beare considered.
yondd the SM[2]. Within the ﬁM fram_ew(;)rk, frar?iatcilvi'bb In this paper we report the results of a search BJr
— s decays are sensitive to the magnitude of the Cabibbo- 7«0 -+ RO - 0
Kobayashi-Maskaw&CKM) matrix [3] element V4|, while —KTCK )y, Bim (KK Ty, _and Ap—A
radiative b—d decays are sensitive tbV,y|. Ratios of
branching fractions involvinp—d~y andb— sy decays can
thus be used to measure the rati%/,/|Vs|). This ratio

determines the length of one side of the unitarity triangle
g Y g 111], the photon is detected in the electromagnetic calorim-

and may explain the source GfP violation in the SM[4]. X . . 2
The branching fraction for the exclusive radiative decay®t€'- The trigger for this method required a minimum energy

- — . >, deposition in the calorimeter and two oppositely charged
Edﬁ K%y YV;?‘S first measured by CLEO to be (453 tracks that were distinct from the calorimeter signal. In the
+0.34)x10°> [S]. The most precise measurements of thesecond methodmethod 1) [12], the photon is identified by
branching fractionB(B3—K*%y) are (4.23-0.40=0.22)  an electron-positron pair produced through an external pho-
X10°° by the BABAR Collaboration{6] and (4.96-0.67  ton conversion within the tracking detector volume. One of
+0.45)x 10" ° by the BELLE Collaboratior{7]. Both col-  the conversion electrons, detected in the electromagnetic
laborations have also measured the branching fraction

Flavor-changing neutral currenS8CNC's) are suppressed

(—pm )y decays in events produced pp collisions at
Js=1.8 TeV and recorded by the Collider Detector at Fer-
milab (CDF) during 1994-1996. Two methods to identify
such decays are employed. In the first metliotthod )

B(B, —K* ), with (3.83-0.62+=0.22)x 10 ° obtained

u 5 . qu vV, s(qd) qu v, s(qd)
by BABAR [6] and (3.8%0.93+0.41)x 10 5 obtained by b —»¥- -~ -- s(d) b —r—— > s(d)
BELLE [7]. BELLE has also reported3(B— pvy)/B(B w ‘\?_ e
—K*vy)<0.19 at 90% confidence levelC.L.) [7]. The el ot W
branching fraction for the inclusive radiative decas T ¥ Y

—Xgv, WhereX represents a collection of hadrons contain-

ing strange quarks, was also measured by CLEO to be FIG. 1. Feynman diagrams for ttie—sy andb—dy penguin
(3.15+0.35+0.32+0.26)x 10 * [8], where the first uncer- loops.
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calorimeter, served as a trigger for recording these eventsentral electromagnetic calorimet€@EM) [17], consist of a
The b hadrons are then exclusively reconstructed with foudead-scintillator stack 18 radiation lengths deep. The CEM
charged tracks. has a resolution ofr(Et)/E1=[(0.137¥/E1+(0.02¢]*?,
whereE;=E sin# andE is the measured energy of the tower
in GeV. A layer of proportional strip chambef€ES is em-
Il. COLLIDER DETECTOR AT FERMILAB  (CDF) bedded in the CEM near shower maximum and provides
Since CDF is described in detail elsewhéi@], we de- measurements of shower position and profile in azimuth and

scribe here only the components relevant to this work. In thi& [17]. The outer layers of the calorimeter tower, which make

paper we use a cylindrical coordinate systemd(z) with up the central hadron. calorimet(aBHA), consist of an irpn—
the origin at the nominal interaction point, thaxis parallel scintillator stack 4.5 interaction lengths deep and yield an

; _ 1/2
to the nominal beam direction,the distance from the beam €M€r9% resolu_tlon Ofa(ET)/.ET_[(O'SQ)Z/ET+(0'03)2.] "

in the plane transverse to tleaxis, and¢ the azimuthal In this analysis, the CHA IS used prlmarlly to distinguish
angle. We defined to be the angle ,with respect to thez electrons and photons, which are typically absorbed in the
direction and the pseudorapidity as= — In[tan(6/2)]. CEM, from hadrons, which typically deposit most of their

The tracking systems consist of a silicon vertex detector €'Y I the CHA' :
(SVX), a vertex time projection chambé¥TX), and an A three-level trigger system is employed at CDF to select
open-cell multiwire drift chambe(CTC), all immersed ina PP events pf interest18]. The first-level trigger relevan.t. to
1.4 T solenoidal magnetic field aligned with taexis. The ~ this analysis selects events based on energy depositions in
SVX [14] is the innermost system, with its four layers of logical “trigger towers” which consist of two adjacetin 7)
single-sided silicon microstrip detectors in the radial range ofalorimeter towers. The second-level trigger forms clusters
3.0 to 7.9 cm. The active area is 51 cm longziand covers ~ Of trigger towers. This trigger level also incorporates a hard-
60% of the pa interaction region. The microstrips all run ware track processor Central Fast T rac(_@F"I’) [19], W.h'Ch
parallel to thez direction and therefore track charged par- searches for tracks in the CTC using hits in the axial Iaygrs
ticles in the transverse plane. The SVX measures the impa d matches those tracks to calorimeter clusters. The third-
parameter of tracks with respect to the beam line with aevel trigger uses software based on optimized offline recon-
resolution of og(pr) = (13+40/p7) wm, wherepy is the struction code to analyze the whole event. Details of the

d\MT) — T ’ T

momentum of the track in the transverse plane in GeV/ trigger selection are given in the next section.
This precision close to the beamline helps distinguish the

tracks of B decay products from those originating at {hg
interaction point.

The VTX[15] surrounds the SVX and consists of 28 drift ~ The data used in this analysis were collected with triggers
modules with an outer radius of 22 cm andoverage up to which selected events with calorimeter signatures character-
+136 cm. The VTX tracks particles in thez plane and istic of electrons and photons. During most of the 1994 —

provides a measurement of the actpal interaction point 1995 data-taking period‘run IB” ), the first-level trigger
along thez axis with a resolution of 1 to 2 mm. From a Selected CEM trigger towers with minimutg; of 8 GeV.
combination of this information with SVX measurements, The cross section of this trigger was20 ub.
the transverse beam profile has been measured with an accu-Subsequent filtering of the surviving events was per-
racy of 25um. formed with the specialized “penguin trigger,” which is a
Outside the VTX lies the CTE16], which extends out to collection of requirements on all three final products of the
a radius of 138 cm anz|<160 cm. It contains 6156 wires penguin decay chain8%—K*%(—K~7")y and B’ ¢
arranged in 84 layers, which are further grouped into 9 “su-(— K"K ~)y. The innovative feature of this trigger was the
perlayers.” Five of these superlayers are made of 12 layers afse of all the information available at the second trigger level
wires strung parallel to the axis (“axial superlayers’). The  to select a specific topological configuration of the final state
remaining four superlayers of six wires each are tilted 3° inparticles.
the ¢ direction (“stereo superlayers. The combination of The second-level trigger performed tower clustering and
axial and stereo measurements yields a three-dimensionedquired the event to contain a cluster with>10 GeV in
track. Where appropriate, this track is augmented with SVXthe electromagnetic section. The same cluster could include
measurements to obtain precise impact parameters. The mbadronic energy deposition and the trigger required the had-
mentum resolution of such tracks, often simply called “SVX ronic component to be less than 12.5% of the electromag-
tracks,” is o(p7)/pr=[(0.0009+)?+ (0.0066%)] ¥?with py  netic component. A further requirement of at least 4.5 GeV
in units of GeVk. With such momentum and impact param- deposition in the CES reduced the trigger rate by half while
eter resolutions, along with the narrow beam, CDF at thekeeping 90% of the electrons and photons.
Tevatron is an excellent tool for the study Bfphysics. The CFT track processor was then used to select topolo-
The calorimetry systems of CDF lie outside the trackinggies suggestive of a penguin decay, with its photon and two
systems and solenoid. We focus on the calorimetry in theharged hadrons. No track found by the CFT was allowed to
|7|<1 (“central”) region, which is segmented into point at the the same as the photon calorimeter tower
n-projective towers covering 15° in azimuth and 0.11 units(spanning 15° ing$). Two oppositely charged tracks with
in . The inner layers of the towers, which make up thepr>2 GeV/c were sought close to the photgwithin two

IIl. DATA
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FIG. 2. The topology of the objects considered by the penguin 19 'L L K -
trigger, shown on a schematic depiction of the CEM calorimeter T

with the beam pipe going perpedicularly through this page. 6 8 10 12 14 16 18

Running average of instantaneous luminosity (10® cm™ s™)

calorimeter towersand they were required to lie within 18 FIG. 3. Level 1, 2, and 3 trigger rates for the photer® track

of one another inp. Figurg 2 illustrates theotrigge-r-topology. trigger as a function of instantaneous luminosity in run(tipen
These track-related requirements werd85% efficient for points. Total trigger rates for each stage are also shdfilled

selecting penguin events while reducing the trigger crosggjntg.
section to~80 nb.

When the trigger rate exceeded the limit of the data takingsecond-level penguin trigger. The third-level trigger require-
rate we further reduced the trigger rate by rejecting somenents provided an additional rate reduction by a factor of
fraction of the events which satisfied the trigger requiremen6.5. Approximately 300000 events were collected during
(“prescale”). The second-level trigger was prescaled by aRun IB by the penguin trigger. The overall trigger efficiency
factor of two whenever the instantaneous luminosity wador penguin decays resulting fronB mesons with pr
above~21x10* cm ?s 1. The data loss due to the pres- >12 GeVt and |y|<1.25 was (1.20.2)% for By
cale, however, was minimal: this trigger considered (22.3—K*%y and (2.6-0.3)% forBs— ¢y decays. This sample
+0.9) pb ! out of the~23 pb ! of data available to it. This was further refined in the offline analysis by selecting photon
data sample does not correspond to the entirety of run IBcandidates in the good fiducial areas of the calorimeter, and
The penguin trigger required the combination of informationby requiring that full CTC track reconstruction revealed no
from different reconstructed objectise. the photon and the three-dimensional track pointing to the cluster. TEg y)
two tracks at the second trigger level; this capability becamethreshold was raised to 10 GeV. The selection requirement
available with the installation of higher power trigger proces-on the ratio of hadronic to electromagnetic energy of the
sors in the latter stages of run IB. clusterHAD/EM was tightened to 10%, and requirements on

Events satisfying the second-level trigger were thershower profile consistency were also tightened.
passed to the third-level trigger for further consideration. The The trigger thresholds for the penguin trigger were low-
photon candidate’s electromagnetit;, reevaluated with ered for the 1995-1996 data-taking perigdun IC” ). At
clustering software, was required to be at least 7 GeV, withhe first trigger level, theE; threshold was lowered to
an associated hadronic energy deposition of no more thah GeV, raising the cross section t030 ub. The second-
15% of that in the CEM. The profiles of energy deposition inlevel energy requirements were lowered to 6 GeV in the
the CEM and CES were also required to be consistent wittCEM and 3 GeV in the CES while the relative hadronic
expectations based on test beam results for electrons. Thlemergy and track topology requirements were kept the same.
track cuts applied by the second-level trigger were confirmedhe trigger cross section at this level was thus raised to
at this trigger level using offline beam-constrained tracking~500 nb. The photoi threshold was lowered to 5 GeV in
in the CTC. the third-level trigger, while the other requirements were

The open points of Fig. 3 show the penguin trigger rateskept the same as in run IB. Because of the lower photon
as a function of instantaneous luminosity during run IB.energy requirements, the run IC trigger acceptance rate was
These rates can be compared with the total trigger rates aix times higher than the run IB trigger, and the signal yield
each trigger level, shown by the closed points. From thisncreased by a factor of five. As a result of these adjustments,
figure we see that one out of 200 events accepted by thapproximately 500000 events were collected from the only
generic level-one calorimeter trigger also satisfied the6.6+0.3) pb ! of run IC integrated luminosity. The offline
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E; cut was accordingly lowered for this data to 8 GeV. o . %, 200 .

A sample of electron candidates was also accumulatec% 2000 (A K? =K % (B) ¢ = KK
through Runs IB and IC. The trigger for this sample used the= = 150F i
same first-level requirements as described above, but re& .-"ﬂ‘r Q
quired Et>8 GeV at the second level, along with a CFT } 10001 £ 100 ;
track with pt>7.5 GeVkt pointing to the EM cluster'sp ‘qc: 0 i
bin. At the third trigger level, the reevaluated thresholds were g w S0
E>7.5 GeV andp>6 GeV/c. Moreover, the track’s tra- oll i st 0 e by
jectory was extrapolated to the CES and compared with the 06 08 1 12 1.4 008 1 102 1.04

shower positions; agreements withih3 cm in the azi- M(K™7*) (GeV/cz)( M(K*K™) (GeV/c?)

muthal direction andt 10 cm inz were required. These trig- _ ) o . o,

ger requirements were applied throughout Runs 1B and IC. FIG. 4. Left: Invariant mass distributions & 7~ andK "
cluded in the same plot. Right: Invariant mass distribution for

The electron candidate sample serves two purposes in thjs: "~ L - ;
analysis. In method | we search for radiative decays amon K™ combinations. The arrows indicate the windows for accept-
' g K*% and ¢ candidates.

events selected by the penguin trigger. The electron sample

provides a reference signd—e D°(—K ™z *)X, which A. Radiative decay reconstruction
we compare to the yield of radiative decay candidates. To . —4
facilitate this comparison, the same fiducik, and calo- We selected candidate daughters of K€" and ¢ me-

rimeter requirements were applied offline to the subsampl&0ns from the radiativé® decays by asking for two oppo-

of the electron data which was collected concurrently withSitely charged tracks reconstructed with the inclusion of at
the penguin trigger; the uncertainties in the integrated lumileast three hits in the.SVX. Each track was required to have
nosities of these two data sets are thus completely correlateBeen found by the trigger system and haue>2 GeVic.
Because this reference sample was obtained by triggering ol"€ penguin trigger topology requirements on the tracks and
electrons, a single track was required to point to the electrof’® photon candidate were reinforced offline. We then con-
cluster. Nevertheless, in order to simulate the penguin trigge¥trained each pair of candidate tracks to intersect at a com-
requirements, no other track was allowed to point to that Mon vertex and required the confidence let@IL.) of the

bin. constrained fit to exceed 1%.

In method I, where the photons are identified through We retained two-track combinations consistent vKth®
their conversion te* e~ pairs, the search for radiative de- —K~ 7% by requiring [M(K~7") — Mix0| <80 MeVi/c?,
cays is performed in the electron candidate sample itseliyhereMixo is the world averag&* © mass (896.1 Me\y?)

In this case, the offline selection applies fiducial, shower4]. This window, corresponding to three times the natural
profile, and track-shower match requirements in a mannegxo width, contained more than 85% of tie*© signal. If

similar to method |, but th&y threshold is lower at 8 GeV. g track pair also fell within the mass window when the
The minimum trackpy is 6 GeVic. The selection require-  onq . mass assignments were switched, we chose the assign-
ment on the ratio of hadronic to electromagnetic energy of,ant which yielded the two-track mass closer to the world

the clustetHAD/EM is tightened to 4% when only one track 4erage. This approach yielded the correct assignment 88%
pointed to the cluster, but is left at 10% in cases with MOr&f the time. For #—K* K~ decays, we required

than one track associated with the cluster. This sample alsﬁ/l(K*K*)— M <10 MeV/c2 whereM , is the world av-

provided the reference signd " —J/y(—e"e )K”, and erage ¢ mass (1019.4 Me\&?) [4]. This window, corre-

thus the er)tire Run IB data set is _used fpr this' methpd. Th@ponding to four times the naturél width, contained 86.5%
electron trigger accumulated 74 pb during this period, of the p—K*K~ signal,

amounting to approximately 3 million events satisfying the

. 9 In order to rejectk®— 7" 7~ decays, we assigned pion
offline criteria.

masses to the two tracks and required thisit(«" 7~)
—Myo|>15 MeV/c2. We thus rejected combinations with
IV. METHOD I: PHOTON TRIGGER masses within & of the world averag&® mass and retained

-+
In this section we describe the search f@y 22-4% of the K*®—~K"m" decays and all of the¢

—%0 _ 4 -0 o . —K"K™ decays. For events in the Run IB and Run IC pen-
—K*(—K"77)y and Bs— ¢(—~K"K™)y decays using guin trigger samples surviving the aforementioned selection
the penguin trigger described in the preceding section. ThEyiteria, we show in Fig. 4 the invariant mass distribution of
sensitivity of this method to\p—A(—pm ")y is strongly K+ 7~ andK~ 7" combinations, included in the same plot.
reduced by the trigger requirement pf>2 GeV/c for the p°—m*m~ decays are reflected in this plot, at higher
pion track, because in the— p7 decays the proton carries masses than thi§*°, when one of the pions is assigned the
most of the momentum of its parent and the pion is vVerykaon mass. In the same figure we also show the invariant

slow. Thus, we do not attempt to reconstruct such decays. Weyass distribution fok *K ~ combinations. The arrows indi-
derive the branching fraction limits for the radiatiBelecays  cate the windows for acceptirg*® and ¢ candidates.

from the ratios between the numbers of candidate events and The track pair was combined with the photon candidate

events of the reference signaB—e D°(—K~w*)X, by adding their four-momenta. The trajectory of the photon
found in the single electron data set. candidate was determined by assuming that it originated
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from the pavertex closest irz to the track pair vertex; we

call thispp vertex “primary.” Because the lifetimes of thé

andK*° mesons are almost ten orders of magnitude smaller

than that of theB meson4], the common fitted vertex of the

two charged tracks indicated the point where the paBent

meson decayed. We computed tBemeson’s signed decay

length LT=\7T~ 5T/pT, Where\*/T is the displacement in the

transverse plane of thB decay vertex with respect to the
primary vertex(see Fig. 5, andpy is the B meson momen- \/x B decay vertex
tum projected on the same plane. The proper decay lartgth

could then be calculated witbt=L+-(M/py), whereM is A Q?\

the reconstructed mass of tBaneson candidate. The typical QAR «

ct resolution was 10em. We required &ct<3 mm, 4

which retained 90% of the signal while rejecting half of the ¢

fake B meson candidates formed by tracks coming directly _as

from the primary vertex. pp ":I =;.-"~tr":l«i kimpact parameter

We further required that thB meson carry most of the 'S
momentum in its vicinity. We defined the isolation variable )
FIG. 5. TheB decay vertex and relevant quantities on the plane

l= pr(B) (1) transverse to the beam. For clarity, only tRenomentum and one
B ! of its’ charged daughters are shown.

pT(B)+AR2<1 Pr
angle” between the transverse momentpm and the dis-

where the sum is over tracks consistent with originating fromPlacement/y of the B meson candidatésee Fig. 5
the primary vertex and withith R= /(A 7)?+ (A ¢)%<1 of

the B candidate trajectory. ThB candidate daughters were .
excluded from the sum. We requirég>0.7. Studies with D align=COS
reconstructed decays in data indicate that this requirement

is ~95% efficient in selecting reaB mesons of pt

>15 GeVk while rejecting half of the combinatorial back- S_ince we fully reconstructed the meson, real mesons
ground. yielded small values of,jq4,, whereas the combinatorial

The mass resolution oB mesons reconstructed in the Packground peaked away from zero. As a pure background
above manner is given by simulation to be 110 Med// sampl_e we used events in the high mass region 6
dominated by the energy resolution of the photon. We have<M (K* %y, $y)<10 GeV/c?, where no realB mesons
usedD°—K~ 7" and electrons from the reference sigial should be found. Comparing th&,ign distributions of the
—e"DPX to verify that the simulation closely reproduces simulated signal events with the dlstrlbu_tlon o_btamed from
the momentum resolution and impact parameter resolutiond'® Packground sample, we selected signal-like events by
of tracks, as well as the energy resolution and shower chaflemandingf,;ig,<0.15 rad, for both th&,; andBs decays.
acteristics of electromagnetic objects. CDF has already den}Ve subsequently found the impact parameter significance cut
onstrated its ability to use energy depositions in the electrowhich gave the highest signal-to-background efficiency ratio.
magnetic calorimeter to reconstruct the exclusive decay¥ turned out that the best value was the one which rejected
= yy, n—yy, pT—a" 70 and xo,— Iy [20,21]. all events in the backgrounghigh mass region.

After the above selection criteria, we expeefl.7K*%y The optimized selection cuts f@&} radiative decays were
and ~0.7¢y signal events within+220 MeV/c? of the  Daign<0.15 rad and|d/o4|>5. These requirements were
world averageB? and BY masses of 5279 Me\? and 66% efficient in retaininggj—K*%y decays. For the3
5369 MeVk?, respectivelyf4]. Judging from the population decays, the narrowep resonance, compared to the+°,
of events in the sidebands of t& and B? signal mass resulted in a smaller number of combinatorial background
regions, we expect-400K*°y and ~404y background e€vents falling within the, consequently narrower, mass win-
events in these mass windows. To further improve our sendoW used to select the relevant two-track pairs. Thus, the
sitivity to the radiative decays, we exploited the loBgne-  optimized |d/oy| cut for the BY was less strict atd/o|
son lifetime and the fact that we reconstructed all its daugh=>2.5. These optimized requirements are 69% efficient in
ters. The long lifetime resulted in large impact parameters fOFetainingﬁSHqSy decays.
the K*9 and ¢ daughters with respect to the primary vertex;  Figure 6 shows the invariant mass distributions of the
we cut on the significance of the impact parameters in thehree-body combinations surviving all the selection criteria.
transverse plandd/oy|. The impact parameter resolution The =220 MeV/c? signal region around the world average
was typically o4~30 um. We also formed an “alignment B mass is double hatched in the figure, and the sideband

BV

— . (2)
Ipr| - [Vl
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FIG. 6. Top: yK " invariant mass distribution forB? FIG. 7. Invariant mass distributions of tte” 7 combinations
. 6. : g

—yK*%(—K~7"). There is one candidate. BottomgK *K ™ in- for B_)eiDO(H_Kiwf)X’ decays in the run I&top) and IC (bot-

4 o — o tom) data. The right-sign distributiongoints are for same charge
varla_nt mass distribution foBs—y$(—K"K™). There are no electrons and kaons, as should be the case if they are both products
candidates seen. of the realB decay chain, whereas in the wrong-sign distributions

(histogramgthe kaon has opposite charge to the electron. By fitting
regions, 3.9M (E* 07) <49 an 5%M (K* 07) a Gaussian and a straight line to tﬂe right-sign distributions we find
<6.7 GeVk?, are single hatched. On—>E*Oy candi- 40.7i7.3 and 27.46.2 ca}ndidateBHe’Do(ﬂK’w*)X events
date, from the run IC sample, remains in the signal region',n runs 1B and IC, respectively.
while five populate the sidebands. The expected background
in the signal region, assuming a uniform distribution interpo-These semileptonic decays, however, were not fully recon-
lated between the sidebandsNg,=1.1+0.5 events. There structed, and we used the combined momentum ofethe
are two events just outside the signal window. However, the+ D? system for the(pseudo-properlifetime calculation. In
probability of them being signal is small. addition, rather than extrapolating tB€ decay vertex to the

In the §Q—>¢y case, no candidates survive the selectiontrigger electron track in order to locate tBedecay vertex,
cuts. Since there are also no events in Besidebands, in W€ Simply used th®° decay vertex for the calculation of
the signal region we expebt,;<0.54 events with 90% con- to avoid add|t|onal_systemat|c uncertainties due to the further
fidence[4], assuming a uniform distribution interpolated be- VErtex reconstruction. _
tween the sidebands. We then requiredd/ o4 >3 for the kaon and pion tracks
from the D°—~K ™~ 7" decay. SinclB—e D°X decays are
not fully reconstructed, we do not make g, cut. The
invariant masses of the selectéd == combinations from

We reconstructed our reference sample & B—e DX candidates are shown in Fig. 7. The =+
—e DY%—K #%)X decays, by adding the four-momenta combinations with the wrong charge correlation with the
of the two tracks and the electron candidate. @ﬁrDo com- electron are also shown. We estimated the numbegof
binations fromB decays, we expected the kaon from ®&  _,e~pOx candidates by fitting the data with a Gaussian sig-

to have the same charge as the electron. The mass assigiy and a linear background and we found 46773 events
ment of the pion and kaon masses to the two tracks was thyg run 1B and 27.4-6.2 events in run IC.

uniquely determined.
We retainedB—e D%(—K ™ 7")X candidates with a

o

B. Reference signal reconstruction

p1(B) distribution similar to that of the radiative decay can- C. Efficiencies
didates by requiringpr(eKm)>15 GeVL in run IB. For run . I .
IC. this tri/resﬂold \?gé Iov7\-/r()ered to 13.5 Gevtb accommo- In method | we infer the radiative decay branching frac-

date the lower photon threshold. We also required that thgon_froom a measurement of its ratio with the knou#B
mass of the three-body combinatidf(eK) be less than —€ D°X). Theb-quark production cross section cancels in
5 GeV/c2. Finally, we applied the same<Oct<3 mm and the ratio, while the effect of systematic uncertainties is re-
Ig>0.7 requirements as on the radiative decay candidatesluced. We write, foEgHK*Oy,
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TABLE I. Ingredients for the calculation of the branching fractionsgﬁfai*oy andggﬂzz)y decays in method | according to E¢3)
and (4).

Eg—»i*oy Eg_’d")’
Run IB Run IC Run IB Run IC
Nops (EVENtS 0 1 0 0
Npq (events 0.9+0.4 0.2£0.2 <0.54(90% C.L) <0.54(90% C.L)
Nepo (events 40.7£7.3 27.456.2 40.7+7.3 27.4£6.2
fasl(FutTfa) 1/2 0.213-0.038
B(E*OHKfﬂj) 213 —
B(¢p—KTK™) — 0.491+0.008
B(B—e D°X)-B(D°—K 7*) (2.94+0.4)x 103 (2.94+0.4)x10°3
€signall €ep0 2.65 2.01 3.50 2.48
Lpeng/ L ex 22.3/16.2 6.6/4.2 22.3/16.2 6.6/4.2
Single event sensitivity 5.9410°° 10.2x10°° 1.44x10°4 2.64x10°4
Combined 3.7%10°° 9.29x10°°
B(BY—K*%y)=B(B—e DX) different for the two due to the different prescale factors. The
true integrated luminosities for the penguin and electron data
Ngxo,| fg BK*O—K™7™) set are 22.3 pb' and 16.2 pb?, respectively, in run IB, and
71 l .
Nogo | futfa BIDO—K o) 6.6 pb - and 4.2 pb~ in run IC. We assume that all the

uncertainties cancel in the ratio.
-1 The efficiency ratios were evaluated using a combination

EKx 0, I-peng . . .
T | (3)  of simulation and data. We employed a Monte Carlo simula-

€op0 Lex tion of events with a single quark to calculate the efficien-
— cies of the kinematic and topological requirements imposed
and, forBs— ¢, on the data. In this simulation tHe quarks were generated
N with a rapidity and momentum distribution based on a next-
B(§S—>¢y)=8(§—>e*DOX)ﬂ to-leading order QCD calculatidr23] that used the Martin-
Nepo Roberts-Stirling set DMRSDO0 parton distribution func-
e 1 tions [24] and a renormalization scale ofu=ug
fs  B(¢—K'KT) €4y Lpengl = Jm2+pZ, wherem,=4.75 GeVt? is the mass of thé
futfa B(IDO—K™7") €po Lex quark andpy is its transverse momentum. Thelseguarks

(4 Wwere subsequently hadronized irfBanesons using the Peter-
son fragmentation functiof25] with a fragmentation param-

whereNgxo,, 4, /Nepo is the ratio of the observed number of eter e,=0.006. The resultingd mesons were then decayed
events of the radiative decays an®—e DX, through the channel of interest using the QQ Monte Carlo
€0y, 4] €ep0 i the ratio of the efficiencies, aritheng/Lex p_rog.ram.[26] to model the phase space, helicity, and angular
is the ratio of the integrated luminosities of the penguin andistributions of the decay products.
the inclusive electron data samples. We assume that the com- For the reference channel, we generated different samples
position of B—e~ DX candidates is onlj3, andBY, and for each of the contributing decay chairB:e~ »,D% B
thus the ratios of the fragmentation fractions dge/(f, —e v,D*(—D°X); B—e r,D**(—D°X); and B
+fy4), neglecting the small contributions from othehad- —>e’;e(Dn7-r)m followed by (Dn),—D°X, where
rons such a? andA{ to the denominator. We note that the (Dn ), indicates aD meson produced in non-resonant as-
contribution of the 52 through the §§—>ef vDE* sociation with extra pions. We then mixed these semileptonic
—e D% decay is estimated to be less than 3% in ¢he samples according to their relative abundances and selection
+D® sample. The branching fractiofé] and fragmentation  efficiencies to create a representatBe-e DX sample.
fractions[22] used in this analysis are listed in Table I. We fed these events through the detector and trigger simula-

Since we use electron trigger data collected concurrentlyions to obtain the efficiencies. We also used this simulation
with the penguin trigger data, the integrated luminosities 0Ofo calculate the relative effects of the photon and electron
pp collisions are the same for the two data sets. The effectrigger cuts, the offline quality cuts, and the track reconstruc-
tive integrated luminosities of each data set, however, arton in the SVX. We considered simulated SVX track recon-
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struction since the SVX simulation incorporated the same hihigher for the radiative decay channels than for the reference

efficiencies and pattern recognition as the data. signal; the ratio is 1.040.02 for 58_)@07 and 1.06
Second-level trigger efficiencies were studied using data, 0.02 for§2—>q§y.

The efficiency of the CES energy requirement was param- aying all the efficiencies into account, we find that the

etrized as a function of electron or phot&s by analyzing  efficiency ratios between the radiative decays and the refer-

electrons in a very pure sample derived from photon converance channel arexo,/eqpo=2.7 in run 1B and 2.0 in run

sions. Applying this parametrization to the Monte CarlOIC. Inthegoﬂdw case, we find these ratios to be 3.5 in run

samples, we find all the efficiencies to be around 95%. Thgg 44 2 5 Sin run IC. '

efficiency ratios are therefore near unity, and the 2% uncer- rpje | symmarizes the elements of the branching fraction

tainty in the ratio is included in the systematic uncertainty. .aiculation for each of the decay modes investigated here.
The efficiency of the CFT trigger requirements for kaonsThe taple also shows the “single event sensitivi§tor the

and pions was determined as a function of trgsk We  two penguin decay modeS.is defined here as
found the CFT is 50% efficient at 1.9 Ge¥And 90% effi-

cient at 2.4 Ge\¢. The efficiency function of the CFT trig- _ branching fraction
ger requirements for the electron in the reference signal was S= observed number of events
determined using a heavily prescaled electron data set with a
lower energy threshold and no CFT requirement; 50% effiand can be rewritten with the known quantities by using Egs.
ciency is reached at 6.0 GeAnd 90% at 10.0 Ge\¥/ The  (3) and (4). This quantity represents the branching fraction
plateau efficiency is 0.9150.010. These efficiency param- which would result in an average of one event being ob-
etrizations were applied to the Monte Carlo samples to studgerved in this analysis. The difference in the sensitivities be-
the effect on the ratios of efficiencies. tween theggaf*oy and §2—>¢y decay modes is domi-

The offline CTC tracking efficiencies for kaons and pionsnated by the difference of thd quark hadronization
were estimated by embedding Monte Carlo—generated trackgactions.
into realJ/ y— u* u~ events[27]. The efficiency rises with Using the single event sensitivities in Table | and assum-
pr in the range 20€ p;<400 MeV/c, and plateaus at a ing B(ggﬂi*oy)zB(ggﬂ(ﬁy):Af.Z% 105 [6], we an-
value which depends on Fhe mstantanegus luminosity a”d.”"t‘?cipate N0, = B(ggﬁg*oy)/sz 0.7 reconstructedgg
charge of the track. The integrated efficiency for tracks with —, ¢ g . .

. . _ . —K**(—=K~7")y decays in run IB and 0.4 in run IC. For

pr>400 MeV/c is 0.96-0.02. Again, we applied the effi- —, e S
ciency parametrization to Monte Carlo samples of the decaySs P(—K'K )7_’ decays the expected yield is 0.3 events

. e e . in run IB and 0.2 in run IC.
of interest, Fork™ =K “m and ¢—K 'K~ decays with Using the production cross section fEﬁ mesons at the
the requiremenpy=>2 GeVic for the kaons and pions, the Tevatro?][zg] F3/ve calculate the totdltrigger and offline se-
efficiency of offine CTC tracking was found to be 0.94 . o — =0 7gg+
+0.04. The corresponding efficiency for the =+ combi-  1€ction efficiencies foBq—K*"(— K™ 7 ")y decays result-
nations from theD® decays is~ 1% lower due to the lower ing from B} mesons withp;>6 GeV/c and|y|<1, to be
pr of the tracks. The uncertainties in these efficiencies ar®.024% in run IB and 0.047% in run IC. Similarly, and using
dominated by the instantaneous luminosity dependence df,/f4=0.426[22] to infer theE‘S) production cross section
the traCking EffiCiency and thus cancel in the efﬁCiency ratio.from the measuregg production Cross Section’ the corre-
The offline tracking efficiency for the trigger electron in the sponding efficiencies for detectirﬁge BH(—K*K")y de-

reference signal was estimated using an independent electrggyS are found to be 0.031% in run IB and 0.057% in run IC.
data sample to be 0.990.01. We therefore estimate the ratio

of tracking efficiencies for bottkK*°y and ¢, relative to
the reference signal, to be 1.68.02.

The effect of the isolation requirements for the trigger Table Il lists the sources of systematic uncertainty consid-
photon or electron, as well as thg>0.7 cut for theB me-  ered in this analysis. The largest contribution to the total is
son, depends strongly on the environment of Bhelecay the uncertainty on the yield dB—e D%(—K ™ 7")X de-
(e.g.,b fragmentation, or multiplepﬁinteractionﬁ:. We ex- cays, whichis 18% in run IB and 23% in run IC. The second
pect similar environments around tBemesons in the refer- largest contribution arises from the 18% uncertainty in the
ence and radiative decay processes and consequently the gfeasurement ofs/(f,+ fy) [22] (relevant for theggﬂdw
ficiencies are nearly equal. Small differences can be expectezhanne), followed by the uncertainty in the product of
due to the extra particles producecBr-e~D°X decays and branching fractiond3(B—e D°X)- B(D°—K 7 ").
because the reference signal contddnsmesons along with The next most significant contribution to the systematic
BP. We simulated the fulpp—bb environment using the uncertainty comes from the fraction of the time whenlﬂib
PYTHIA Monte Carlo generator, tuned to match the underly-meson from @ decay is not an immediate daughter of Bhe
ing charged particle distributions iB— ¢ ~D°X data[28]. ~ Mmeson but is instead.a decay product of an intermediat_e ex-
We fed these events through the detector and trigger simul&itedD state. Depending on how far down the decay chain of
tions and found that the isolation efficiencies are somewhathe B meson theD® appears, the kinematics of the resulting

®

D. Systematic uncertainties
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TABLE Il. Systematic uncertainties on the branching fractiongg)bf*oy andggﬂ ¢y decays in method
I

B—K*0y BY— ¢y
Source Run 1B Run IC Run 1B Run IC
eDP statistics 18% 23% 18% 23%
Monte Carlo statistics 2% 2% 2% 2%
Composition ofe+D? sample 12% 11% 12% 11%
p7(B) distribution 3% 3% 5% 2%
CEM E cut efficiency 7% 7% 8% 8%
CFT efficiency 3% 3% 3% 3%
CTC pattern recognition 2% 2% 2% 2%
XCES efficiency 2% 2% 2% 2%
Isolation efficiency 2% 2% 2% 2%
f/(fy+1g) — 18%
B(B—e D°X)-B(D°—K ™ 7+) 14% 14%
B(¢p—K* K™) — 2%
Total systematic uncertainty 27% 30% 33% 36%
Combined 25% 31%

kaon and pion, and hence the reconstruction efficiencies, atbe plateau region. Such a modification of the threshold in-
different. In the Monte Carlo simulation used to determineduces a change in the individual event rates by as much as
the efficiency ratios, the nominal fractions B° mesons 50%, but the ratio varies by only 8%, which we take as
coming fromD** mesons and@¥nw),, states {**), from  the systematic uncertainty.

D* mesons {*), and directly from theB meson(f) were The efficiency of the CES trigger requirement itself is
f** :f*:£=0.35:0.53:0.174]. These fractions were varied Measured with an uncertainty 6f1.5%. Assuming that the

t0 0.24:0.62:0.14 and 0.47:0.43:0.10. We observed a 12%fficiency for electrons is uncorrelated with that of the radia-
variation in the efficiency in run IB and 11% in run IC. We tive decay photons, we obtain a conservative 2% systematic

take these variations as the systematic uncertainties in tH&hcertainty from this source. _ _
efficiency ratios. The CFT efficiency was measured with an uncertainty of

The rest of the systematic uncertainty contributions have~1.5% for kaons and pions, and 1% for electrons. Because
little effect on the total, which is about 30%. For instance,0f the spatial proximity of the two tracks in the radiative
the Monte Carlo efficiency estimates depend on their inpugecays, we consider their efficiencies to be 100% correlated
distributions, such as they distribution of the incident par- and thus assign a 3% uncertainty for the efficiency ratio.
ticles. We re-weight the Monte Carlp(B) distribution Another 2% uncertainty comes from the CTC tracking effi-
which is used as the simulation input by the ratio of theciency, 2% from the differences in the isolation efficiencies,
measured production cross sectiof29] to the theoretical and 2% from the finite size of the Monte Carlo samples used
prediction. Even though the efficiencies for individual chan-to calculate the efficiency ratios.

not change by more than 5%. ture to obtain the total systematic uncertainties on the

Another relatively small effect is the uncertainty in the branching fractions of the radiative decays. As shown in
difference in trigger efficiencies for photons and electronsTable I, the total is~30% for§3 and slightly higher for
The difference resulting from the differeBt; spectra of the §g
phOtOﬂS and electrons is accounted for in the Monte Carlo We combine the run IB and IC systema’[ic uncertainties by
calculation; moreover, we confirm that the detector simulazssuming that the uncertainties due to the statistics oéthe
tion indeed reproduces the characteristics of the electromagr D9 candidates and Monte Carlo samples are uncorrelated,
netic shower profile using—e D°X decays in data. We and any other sources are fully correlated. The uncorrelated
nevertheless assign an uncertainty due toEhealifferences systematic uncertainties are added in quadrature, while the
between the reference channel electron and the radiative daslly correlated ones are simply added. The total systematic
cay photon to allow for uncertainties in the simulation of the ncertainties are 25% fcﬁg and 31% for§2 radiative de-
electromagnetic energy clustering at the trigger level. We:ays.
study the effect of varying the relative efficiency by re-

weighting the photon and electr@&sy distribution in the low- E Results
est 10 GeV, away from the efficiency plateau, by as much as '
a factor of two (e.g., the weight is applied for *0E; Since we observe no significant signal for eit@rorgg

<20 GeVinrun IB. No weighting is applied for energies in radiative decays, we set upper limits for their branching frac-
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tions. We use a conservative procedure which ignores pos—~ 50 P
sible background contributions to the observed event yields g , KC’TC‘

First, we calculate an upper limit on the mean number of . 8
radiative decaydNc, at a given C.L., including the total
systematic uncertaintys s, by numerically solving the fol- 5
lowing equation:

TC inner wall

Nobs
1—C.L.=HZO Phc orgsl M (6) :
0 L
where Ng,s is the number of candidates observed, and
P,.+(n) is defined with the Poisson distributid?, (n) and
the Gaussian distributio@ , ,(x) as follows: :
=25

P, ()= f:me)GM,g(x)dx. @)

With one§8—> K* 9y candidate observed in the entire data ] TR Rt
sample and a 25% uncertainty, the upper limit on the mear -50_50 — ‘5 ' "“O — "‘25 — s
number of radiative decays is 4(3.5 at 90%(95%) C.L.

This result, with a single event sensitivifig. (5)] of 3.8 x (em)

x10 ®, yields upper limits on the branching fractid#{By FIG. 8. Photon conversion vertex density in thg plane in the
—K*%) of 1.6x10 * at 90% C.L. and 2.X¥10 % at 95% 74 pb * of CDF run IB inclusive electron data. The fine structure of

C.L. With nogg—mﬁy candidates and a total uncertainty of the CDF tracking detectors can be clearly resolved.
31%, we expect less than 2(8.6) events on average at 90% _ o ,
(95%) C.L. With a single event sensitivity of 9310 °, we cays andB, —J/y(—e"e )K"~ decays found in the same

. _ data set. The uncertainties in thequark production cross
thus obtain B(B2— ¢y)<2.5x10°* at 90% C.L. and - : e
section and on the integrated lumino thus cancel, as well
<3.3x10 % at 95% C.L. grated Juminosity thus > W

as most of the uncertainties on the detection efficiency. It

would have been preferable to uggl—J/yK*°, B
—Jlp, and A2—J/yA decays instead oB; —J/ YK,

In this section we describe the search ggﬁg*o since they arise from the same production mechanisms as the
(K- 71y, §S—>¢(—>K+K_)y, and Ag—>A(—>p77‘)y corresponding radiative decays and are topologically more

. ) e - similar. However our samples of those final states are too
decays in which the photon is identified by an electron- b

) . . small to be useful as normalization.
positron pair produced through photon conversion before

reaching the CTC volume. A conversion daughter with
>8 GeV served as the trigger; the same inclusive electron
trigger was used for the+ D° sample in method I. Reconstruction of the radiative decays began with identi-
Though the typical photon conversion probability was 6%fication of a photon conversion. A photon conversion candi-
for CDF in this data, this analysis benefits from the fact thatdate was formed by the electron candidate and an oppositely
we can utilize all of the run IB data, which corresponds to ancharged track withp+>0.5 GeVk. A fit was made which
integrated luminosity of 74 pbt, or three times more than constrains the two tracks to originate from a common vertex
that collected with the penguin trigger, and that there was nand be parallel to each other at the vertex. The C.L. of the fit
requirement of any additional tracks at the trigger level. Thiswas required to be greater than 0.1%. The background due to
fact allowed us to apply, in the offline selectionpathresh-  misidentified electrons and combinatorial backgrounds is
old as low as 0.5 Ge\ to the hadron tracks coming from small (<1%) among the photon conversion candidates with
the b hadron decays instead of the 2 GeVéut used in a vertex outside the beam pipe. The candidates that have
method I. This lower threshold essentially doubles the effitheir conversion points inside the beam pipe are dominated
ciency for theB hadron decay products. Moreover, in the by real electron-positron pairs from Dalit’ and 7 decays.
relatively low energy region of our interest where the track-We required the transverse distance of the conversion point
ing has better resolution than the calorimetry, reconstructindgrom the nominal beamline to be less than 30 cm in order to
b hadron masses from the momenta measured by the trackirgnsure that it is in the well known materials before the CTC,
detectors has the advantage of good mass resolution. This@snd to be greater than 3 cm in order to reject backgrounds
typically 45 MeV/c? for the reconstructe® mesons and is from Dalitz decays. We obtained 850000 photon conver-
dominated by the momentum resolution of the trigger elecsion candidates in the run IB data. Figures 8 and 9 show, for
tron. all transverse distances, the reconstructed conversion vertex
We derive the branching fractions for the radiativead-  density in thex-y plane and -z plane. The fine structure of
ron decays from the ratios between the numbers of such déhe CDF tracking detectors such as the S¥X-6 cm), the

V. METHOD II: PHOTON CONVERSION

A. Radiative decay reconstruction
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FIG. 9. Photon conversion vertex density in the plane in the FIG. 10. Strange hadron mass distributions reconstructed in the
74 pb* of CDF run IB inclusive electron data. The fine structure of 8 GEVOeIect_ron+ sample arciunfi the photon conversion candidates:
the CDF tracking detectors can be clearly resolved. (A) K**—=K~7"; (B) $—K"K™; (C) A—pm™ reconstructed us-

ing the CTC tracks; an(D) A—p#~ reconstructed using the SVX
VTX (r~15 cm), and the CTCr(>30 cm) can be clearly tracks.
resolved. The detailed study of the CDF material distribution
using ~200000 conversion candidates in 1992-1993 data i§ingow was=+ 10 MeV/c2 around the world average.

described i 30]. _ ) — 0
For each photon conversion candidate in an event, we A\t this point, we expect-1.7K<*"y and ~0.64y events

searched f0|§3—>K*°y and gg—mﬁy decays. A§8 candi- within =100 MeV/c” of the corresponding world average

date was formed by the photon conversion candidate and rgasses. Judging from the population of events in the side-

pair of oppositely charged tracks. The two “meson tracks"bandf of theBg and Bg signal mass regions, we expect
were required to be reconstructed in the SVX with hits in at~14K*°y and~1¢y background events in these mass win-
least 3 layers. In addition, the transverse momenta had tdows. As previously noted, the mass resolution of the recon-
exceed 0.5 Ge\ for each track and 2 Ge¥/for the two-  structedB mesons is about 45 Mew?. We refined this se-
track system. A fit was performed with the following topo- lection by tightening they; cut on the two-track system and
logical constraintsi(1) the meson tracks originate from a by applying impact parameter significance cuts to the indi-
common vertex|2) the photon conversion candidate pointsvidual meson tracks. The thresholds were optimized by
back to the meson decay vertex; ai® the four-track sys- maximizing ey/ /eng, Whereegy andey, are the efficiencies
tem points back to the primary vertex, which was defined tdor the signal and background events found in the
be thepp collision point nearest iz to the trigger electron 100 MeV/c? window around theB masses. The signal ef-
track’s closest approach to the beamline. We required théciency was obtained from Monte Carlo calculations similar
C.L. of the fit to be greater than 0.1%. In Fig. 10 we see thdo that of method [see Sec. IV § while €,, was estimated
invariant mass distributions &* 7=~ andK ~ 7" included in by interpolating the observed yields in the mass sidebands,
the same plot. In the same figure we also see the invariartefined to extend from 200 to 1200 Med#/ above and be-
mass distribution foK *K~ combinations. The arrows indi- |ow the average mass, through the signal region. FoBihe
cate the windows for acceptirig*® and ¢ candidates. channel, the optimized selection cuts werer(K )
The BY} candidate was then accepted if the reconstructed-2.75 GeVE and|d/oq4|>4.5 for both meson tracks. Figure

K*° mass was within+80 MeV/c? of the world average 11 (top) shows thek*°y mass distribution after these cuts.
value. BothK* 7~ and 7" K~ mass assignments were con- Any further cuts, for example on the proper decay length, did
sidered for thek*© candidate, and the assignment giving anot improve €sig/ Vepg One candidate remained in tlﬂ
value closer to the world average was chosen. We also resignal region; the expected background isX063 events.

quired that the pseudorapidity of tBecandidate 7g| be less For the BY channel, the optimized selection cuts were
than 1. Finally, we selected candidates with lifetimeé . (KK)>2.25 GeVE and |d/oy|>3.0. The resulting in-
>100 um andlg>0.7 (see Sec. IV A variant mass distribution is shown in Fig. {@p). No can-

The selection o§2 candidate proceeded on similar lines, didates were found in the signal region, where we expected a
except both tracks were assigned kaon masses and the mémsgkground of 0.2 0.1 events.
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FIG. 11. Top:e*e K 7" invariant mass distribution foBQ FIG. 12. Top:e*e K"K~ invariant mass distribution foB?

—¢p(—K K )y(—ee™) in the 74 pb! of CDF run IB inclu-
sive electron data. Bottom: correspondigige” K~ invariant mass
distribution for theB, —J/¢(—e*e™)K™ reference decay. There
are 35.@- 6.4 events after background subtraction.

—K*%(—K 7*)y(—e*e") inthe 74 pb ! of CDF run IB inclu-
sive electron data. Bottom: correspondigige” K~ invariant mass
distribution for theB, — J/4(—e"e”)K™ reference decay. There
are 28.0-5.8 events after background subtraction.

A Ag candidate was formed by a photon conversion and a

The decayA8—>A(—>pq-f)y is topologically distinct A candidate. From the CT@-candidates, we reconstructed
from the meson decays. Since thehas a long lifetime, with  “CTC-A}” candidates with a constraint that both theand
ct~8 cm, it decays outside the SVX fiducial volume35%  the photon point back to the primary vertex. This constraint
of the time, and thus only 15% of the decays are expected improved theAg mass resolution from 75 Me¥¢#, without
to have associated SVX tracks. We therefore first reconthe constraint, to 50 Me\¢?. For the SVXA candidates,
structedA’s without using SVX information. The highgrr however, only the photon was constrained to point back to
track of the track pair was assumed to be the proton, and wake primary vertex, while thé trajectory was required only
required to have;>1.5 GeVkt while the pion had to have to point backwards to within 2 cm inof the primary vertex.
pr>0.4 GeVk. The energy lossiE/dx for both tracks had  The typicalA{ mass for these “SVXA " candidates is also
to be consistent with expectations. A vertex-constrained fit 050 MeV/c?. In both cases, we required the C.L. of the con-
the track pair was accepted if its C.L. exceeds 0.1%. Photostrained fit to exceed 0.1%. We then recalculatedthmaass
conversions, a major source of background/for-p7~ de-  given the constraints and required that it fell within
cays, were rejected here by eliminating those track pairs-3 MeV/c? of the world average\ mass. The typical
which could be fit with the conversion hypothesis. Finally, mass resolutions are 2.5 Med# for CTC-A{ candidates,
the track pair was accepted as a “CTC-candidate if the  gng 1.5 MeVe2 for SVX-AL.
distance of the decay vertex from the nominal beamline ex- \ye improved the sample purity by requiring large impact

ceeded 1 cm. . parameters, recalculated after the constrained fit, for the pro-
I both the proton and pion tracks had at least two SVXo and pion tracks. In the SVA{ case, the impact param-
hits, the vertex-constrained fit was redone using the SVXiter resolution was good enough to require at least -

information. Again, the C.L. of the fit was required to be : . : ]
greater than 0.1%. We also required the SVX layer hit pat—ConSIStenCy with the primary vertex. In the CT(G; case,

tern to be consistent with the expectation from the recon—h owever, we noted that the proton caries most of the mo-
XP mentum of its parent and required orjly/ o 4| >0.5 incon-
structedA decay. For example, if thd decay vertex was _. . 0 . .
X sistency. The pion from\" decay is more likely to have a
between the second and third of the four SVX layers, we . . :
. o arge impact parameter, so we requiledoy|>2. Finally,
required that the tracks have exactly two hits in the outer- lectedA 0 q idity| 7,0|<1 and isolationl
most layers. About 10% of the “CT@-" candidates satisfied "¢ S0 oo o b PSCUCOMAPIARY[74fl= 2 and isoiationts
the above requirements and were thus reclassified as “Svx=0.7, as before. After these selection cuts, we expect
A” candidates. In Fig. 10 we see the invariant mass distri-~0.2Ap signal events in the- 100 MeV/c? window around
butions of p7~ combinations reconstructed using CTC the world average\ mass. Judging from the population of
and/or SVX tracks. The arrows indicate the windows forevents in the sidebands of the signal mass regions, we antici-

acceptingA candidates. pate~20A ) background events in the signal mass windows.
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FIG. 13. Top:e*e pm invariant mass distribution forp FIG. 14. Dielectron invariant mass distribution of tidéy

—A(—pm~)y(—e*e") inthe 74 pb* of CDF run IB inclusive  —e*e~ candidates in the 74 pB of CDF run IB inclusive elec-
electron data. Bottom: correspondirge” K~ invariant mass dis-  tron data. The number of th¥y—e™ e~ events obtained by fitting

tribution for theB, —J/y(—e"e )K"~ reference decay. There are the mass distribution to a function of 2 Gaussians and a polynomial
24.0+5.3 events after background subtraction. is ~8000.

The SVX-A{ candidates were further refined by consid-
ering the signed impact parameter of thés. The sign is
defined as positive when the crossing point of thand the
A2 momenta lies in the hemisphere containing g, as
should be the case for reAIg decays. The typical resolution
of the signed impact parameter is 40n. Following the
same optimization procedure as before, we find that a ¢
value of 70um maximizeSesig/\/e_bg. No candidates sur-

binatorial, involving hadrons misidentified as the partner
electron. The low-mass tail on the signal is due to photon
bremsstrahlung on the electron tracks. A fit of the mass dis-
tribution with two Gaussians and a second-order polynomial
yields ~8000J/y—e*e” events.
TheJ/ candidates were then combined with a track with
LE)T>2 GeV/c. We required that all three tracks incorporate
¢ i , ’ at least 3 SVX hits. We constrained the tracks to a common
vived this cut, while the expected background is001  yerex pointing back to the primary vertex and accepted the
events. o . . combination if the C.L. of this fit exceeded 0.1%. We also
Since the CTCA},'s lack the improved impact parameter required that the candidate trajectory fall within the pseudo-
resolutions of thg SVX, we reinforced the kinematic require-rapidity range|7g|<1, have proper lifetimest>100 xm,
ments by requiring thepr of the A to be greater than gng jsolationlg>0.7. The resultingl (eeK) mass distribu-
4 GeV/c. Two candidates remained in the signal region, andjon shows the same low-mass bremsstrahlung tail as the
the expected background is 3:8.6 events. Combining the \(eg) distribution; in order to correct for it and, at the same
CTC and SVX samples, we found two candidates in the sigtime, compensate for the resolution lost because of the elec-
The invariant mass distribution is shown in Fig. @8p). +M,,, WhereM ,, is the world averagé/y mass, instead
of M(eeK). The resolution on this compensated mass is

B. Reference signal reconstruction typically 25 MeV/c?, whereas it is typically 50 Me\&? for
The reference signal for this analysis method consists oM (e€kK) alone. _ _
B, —J/y(—e*e )K  decays. AJ/y—e*e  candidate After the above selection, we have 48/ candidates

was formed by the electron candidate and an oppositely¥ith S/B~10 in the =100 MeVic? window around the
charged track withp;>1 GeVic. We required the partner World averageB,, mass. Further requirements, determined
track to exhibit energy loss in the CTC and deposition in the?y the cut optimizations on the different radiative decays,
CEM in a manner consistent with being an electron. The twdVere applied to this sample in order to achieve as much
tracks were then subject to a vertex-constrained fit, and it§@ncellation of the systematic uncertainties as possible. To
C.L. is required to be greater than 0.1%. The dielectron incompare with the§2—> K*%y decays shown in Fig. 1(bot-
variant mass distribution is shown in Fig. 14. The ratio oftom), these requirements ar@(K)>2.75 GeVE and
signal to backgroun®/B is approximately 1/2 in the 2.8 to |d(K)/o4|>4.5. The signal yields were calculated by sub-
3.2 GeVk? mass range. The backgrounds are mostly comtracting the backgrounds estimated from the sidebands,
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TABLE Ill. Ingredients for the calculation of the branching fractionsﬂﬂi’*oy, Egﬂd;y, and AgﬂAy decays in method I
according to Eqs(8)—(10).

BI—K*0y B¢y Ap—Ay
Nops (EVents 1 0 2
Npg (eVents 0.6+0.3 0.1-0.1 3.4:0.6
Ny (events 28.0+5.8 35.0:6.4 24.055.3
fasn,/fu 1 0.426-0.076 0.236:0.082
B(K*°—K~7*) 2/3 - —
B(¢—KK™) — 0.491+0.008 —
B(A—pm”) — — 0.639+0.005

B(B, —JIyK")
Bl y—ete)

(0.99+0.10)x 10 3
(6.02+0.19)x 10?2

(0.99+0.10)x 103
(6.02-0.19)x 102

(0.99+0.10)x 103
(6.02-0.19)x 102

CTC tracking 0.966:0.020 0.96&:0.020 0.96&:0.020
J/y partner electron 0.7490.028 0.74%0.028 0.74%0.028
A quality cut — — 0.7210.018
X7(DATA)/ X1(MC) 0.889+0.052 0.88%0.052 0.954:0.047
[Esigna|/ EJ/!//K]MC 00644 00748 00666
€signall €1k 0.0733 0.0853 0.0588
Single event sensitivity 4.3610°° 9.54x10°° 2.80x10°*4
which range from 200 to 300 Me¥f above and below the BOAO A BB — 3 K- Na,

B, mass. The yield is 28:05.8 events. In th&82— ¢y case (Ap=Ay)=B(B, = J/yK™)- N/yk

shown in Fig. 12 (bottom, the cuts are p(K)
>2.25 GeVt and|d(K)/o4|>3, yielding 35.G-6.4 events.
For the AgHAy case, only thep1(K)>4 GeV/c cut was

-1

fAY B(A—pm™) ey, 10

fu Bly—ete ) €

applied. The yield, shown in Fig. 1®ottom), is 24.0+5.3

events. _ ) ) )
The branching fractiongt] and fragmentation fractior{22]

which we used are listed in Table Ill. The remainder of the
calculation concerns the efficiency ratios. The efficiency ra-
Because no significant excesses over backgrounds wefgs for most kinematic and geometric requirements, includ-
observed in any of the radiative decay modes investigateqﬂg those orEy, pr, massesct, impact parameters, and fit
we set upper limits on the branching fractions. As in method:onstraints, can be reliably calculated with simulation, as in
|, we start from the ratios between the number of observeghethod I. Likewise, the effect of the electron trigger can be
signal and reference decays. Since these decays were recgiculated by applying an efficiency curve as a function of
structed in the same data set, thejuark production cross electronE; and py to the Monte Carlo samples, where the
section and the integrated luminosity of the data cancel ipyrve is based on measurements using unbiased data col-
this ratio. The fragmentation fractions, branching fractionsected with independent triggers. We assume thatRtigo-
and total reconstruction efficiencies, on the other hand, deation cut efficiencies cancel exactly in the ratio, since, un-
not cancel in principle, and their ratios must be estimatedjike in method I, the reference decay is fully reconstructed.
We write the following relations: The effect of the tracking efficiencies on the ratio is also

C. Efficiencies

_ Nix 0 mostly included in the Monte Carlo calculation, but since the
B(ggﬂ K*O'y)=B(Bu_HJ/¢K_) N ’ radiativeb decay leaves four tracks and the reference decay
IyK only three, we accounted for the second meson track by mul-

tiplying the Monte Carlo efficiency by the integrated CTC
tracking efficiency, 0.960.02, estimated by embedding
simulated tracks in CDF daf&7] (see Sec. IV € As previ-
ously noted, the Monte Carlo simulation already models the

fd B(E*OHK_’JT-F) EK*Oy o (8)
fu BAly—ete ) €yyx|

B(§S—> dy)=B(B, —IYyK") Noy SVX efficiency, and thus no further correction to the tracking
Naryk efficiency is needed.
Yy -1 Effects which do not cancel in the ratio include the effi-
% E Bl¢—K'KT) €qy l (9) ciencies of the quality cuts for th# ¢ partner electron, the
fu BAIly—eTe™) €k A—pm~ selection, and the conversion probabilities.
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The quality cut efficiency of thé/ ¢ partner electron was TABLE IV. Summary of the systematic uncertainties for method
estimated from thel/y candidates themselves to be 0.75!!-
+0.03 by counting the number of tlié signals before and

after the quality cut. In a similar manner, the quality cut Ba—K*%y  Bi—dy Ap—Ay
efficiency was estimated to be Qfﬂ.oz. Wg_ in\_/estiga'Fed JIYK statistics 21% 18% 2204
the effgct of t_he photon conversion probe_lblhty in detail be-p1c statistics 4% 3% 4%
cause it (_jomlnates the total efficiency differences betweeg . ersion probability 6% 6% 5%
the radiativeb decays and the reference decay. Iy partner electron 4% 4% 4%
The detector simulation, described in Sec. IV C, also, qg/qx — _ 3%
simulates. photon conversions. The m'ateriall di;tribution OfcTC pattern recognition 206 206 204
the CDF inner detector l_Jsed by the simulation is based opap/EMm 5% 5% 5%
previous photon conversion measurements and a ca_refu_l 8Eragmentation fractions 0% 17% 34%
counting of the material of the CTC inner wall which is Branching fractions 11% 11% 11%
known to be (1.26:0.06)% of a radiation length. We cali-
brated the simulation by normalizing the conversions simu-Total 26% 29% 43%

lated in the CTC inner wall with the rate seen in the data:

The data used consists of tB§— K* °y candidates, but with . .
loose selection cuts ont, I_E, and mass to increase the Using fs/f4=0.426 andeb/fd=0.236[22] o infer the
sample size. The resulting conversion probability from thegg and A} production cross sections from the meas@d
Monte Carlo calculations is-6%. The simulation was ana- production cross sectidi29], we calculate the totgltrigger
lyzed in the same manner as the data; in this way, the norand offling selection efficiency forgg_,i* (=K 7))y
uniformity in the material c.i|str|but|on. _and the consr—.jquentdecays resulting fron§3 mesons withp;>6 GeVic and
dependence of the conversion probability on the physics prg-y|<1 to be 0.0097% . while the total efficiencies for de-
cess and event selection criteria was included in the simula’ =’ — R o -

tion calibration. In particular, requiring the meson tracks to!€Cting Bs— ¢(—K K0)7 and Ab_’é\(_)pﬂ )y decays
be reconstructed in the SVX, as is the case inBj@nd B are found to be 0.014% and 0.0067%, respectively.
samples, implies that most of the photons will pass through . o

approximately 19%, more material than those in events D. Systematic uncertainties

where the tracks lie outside the SVX fiducial volume. On the Table IV summarizes the sources of Systematic uncertain-
other hand, the\ ) analysis makes no SVX requirements on ties for each of the decay modes considered in this analysis.
the tracks; since 50% of such photons are outside the SVX0ne of the largest uncertainties arises from the statistical
volume, they traverse, on averagef.5%X, less material uncertainty in thed/yK yield, contributing 21% forgg,
compared to th&® meson case. The process-dependent scalr;fs% forgg, and 22% for theAg channel. The uncertainty

factors which relate the data samples to the simulation no | . . . .
lization are found to be 0 05 for theB® and &Y due to the input branching fractions is dominated by that of
maliza -89. d s B(B,—J/¢K™), and we assign it 11% for all the decay

decays, and 0.950.05 for theA decay. modes.

Table 11l shows a summary of the efficiency estimates for  the other major source of systematic uncertainty is the
each of the decay modes. For example, the ratioBpr measurement of the fragmentation fractiofig/f, and
—K*%y is given by 0.064 0.89x (0.96/0.75), where 0.064 f,\g/fu [22]. These fractions were measured at CDF using
is the Monte Carlo efficiency ratio, 0.89 is the conversiony, decayggﬁe—D;x and Ag—>e‘A:X, normalized to

probability scale factor, 0.96 is the CTC tracking efficiencyB__)e_DoX. Their quoted uncertainties are 18% farf,,

for the second meson track, and 0.75 is the partner electron" 0 : 0
quality cut efficiency for thel/y—e* e~ decay in the refer- and 35% forng/fu, but these values include a 6% uncer-

ence sample. As expected, the efficiency ratio is around 6%@inty, originating from theb hadronp spectrum, which is

largely due to the conversion probability. fully correlated with the corresponding uncertainty in this
The single event sensitivities defined by E¢®.and(8)—  analysis. We thus reduced the quoted uncertainties by 6% in
(10) are also shown in Table IIl. They are 4075 for gg quadrature and obtained a 17% systematic uncertainty due to

fs/f, and 34% due td ,o/f,.
0 and 2.8<10°* for A2. The differences ° " i Aptu
among the sensitivities are dominated by the differences \We confirmed that changing tiequarkpy spectrum does
among theb quark fragmentation fractions. not contribute any systematic uncertainty, since this spectrum

Using the single event sensitivities in Table 11l and assum-'csza‘i%ménezgrgigg g‘:r;rﬁg?grsmfﬁg;s,tr?eyircrr:gr?wgi]rl];? \t/g?nl\;:me
: B0 %0y _ (RO _ 0 _
'ng B(Bg—K _07_’) _B(BSH‘M)__OB(@JHAV) =423 _ 475 GeVk? and u= uo. Theb quark mass was changed
X10°° [6], we anticipateNy«o,=B(B4—K*°y)/S=1re- {5 4.5 and 5.0 Ge\?, and the renormalization scale was
constructec§8—> K*°(—K~7%)y decay in run IB. Forgg changed tquy/2 and 2u,. Individual efficiencies for the ra-
—¢(—K"K™)y decays the expected yield is 0.4 events,diative andB, —J/¢/K~ decays vary by~20%, but the
and forAﬁ—»A(—>p7r*) v decays 0.15 events. efficiency ratios remain, as expected, stable within the uncer-

9.5x10°° for B?
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TABLE V. Summary of the branching fraction limits.

Bi—K*%y BY— ¢y Ag—Ay
Confidence level 90% 95% 90% 95% 90% 95%
Method | 1.6<10°%  2.1x10% 25x10%  3.3x10°* - -
Method II 1.9x10°% 24x10* 25x10* 34x10* 1.3x10°% 1.9x10°°
Combined 1.x10°4 1.4x107* 1.2x10°4 1.6x1074 1.3x107°2 1.9x10°°
tainties of the finite Monte Carlo samples. events exceeding the observed number of evbigts, but

Small systematic uncertainties are contributed by effiiill has fewer background events thig,.
ciency factors which do not cancel in the ratio. For instance, calculatedNc, to be 4.3 forgg 26forB°. and 4.5

for the photon conversion probability correction, which wasg 0 :
) or Ag at 90% C.L., and 5.5, 3.5, and 6.8, respectively, at
evaluated to be 0.890.05 for theB mesons, we assign a 6% g5o. o | \wjith the single event sensitivities listed in Table

systematic uncertainty. For th&? case, the uncertainty is . e . .

5%. We assign a 4% systematibc uncertainty for the qualit))”'_we obtained the limits on the branching fractmﬁ(ﬁﬁ
cut efficiency on the partner electron in thaj—e*e~ de- —K*°y)<1.9x10* (2.4x10°%), B(BI—¢y)<2.5
cay, and 3% for the quality cut efficiency for reconstructing X104 (3.4x10°%), and B(Ap—Ay)<1.3x10 % (1.9
A—pm~. These two uncertainties arise from the datax10 3) at 90%(95%) C.L.

sample sizes used for the efficiency estimation. The CTC

tracking efficiency contributes another 2% systematic uncer- VI. COMBINED LIMITS
tainty which comes from its instantaneous luminosity and _ —
electric charge dependence. Since the two analyses searching &ff—K*°y andB®

Another effect which does not cancel in the efficiency — ¢y decays are statistically independent, we simply add
ratio is that the hadronic/electromagnetic energy ratio cuthe numbers of candidates found in each analysis. In total,
depends on the number of tracks pointing to the calorimetethere are twd3 candidates with an expected background of
cluster. This number is different for photon conversions angy g+ 3 events, and n®° candidates with an expected
Jy—e'e" decays. About 45% of the conversion partnersy .y qround of 0.4 0.1 events. The combination does not
point to the same cluster as the trigger electron,_V\_/hne IeS§7ield any significant excesses over the background level but
than 1% of Fhe partner electrons iy decqy gxh|b|t the  Goes tighten the upper limits on the branching fractions.
same behavior. In principle, the effect of this difference can e combined single event sensitivity of using both meth-
be estimated with a full simulation ofﬂep event, including  j4s is given byS,‘fl, =S|‘1+S|_|1 and is 2.0<10°5 for gg
b fragmentation products and multigbg collisions. Instead,
we estimated this systematic uncertainty to be about 5
based on the efficiency difference between the two differen
hadronic/electromagnetic energy ratio cuts on the)

0/and 471075 for BY. The systematic uncertainties due to
e generateg(B) spectrum,f /f,, B(¢—K"K™), and
TC pattern recognition efficiency are fully correlated be-
g . . tween the two methods and simply added together; the other
—e e candidates in the data. systematic uncertainties are considered to be fully uncorre-

Finally, the systematic. uncertai_n;ies due to t_he finiteIated and are thus added in quadrature. We obtained 18% as
Monte Carlo sample sizes in the efficiency calculations were bined . . @ % fora?
all around 4%. When all these uncertainties were combine{e combined systematic uncertainty & and 25% forBs .

in quadrature, we found the total systematic uncertainties t§/€ then calculated, without any background subtraction, the

be 26% forgg, 29% forgg, and 43% forA Q. upper limits on the branching fractiorﬁggaf*oy)<l.l
X104 (1.4x10°%) and B(BY—$y)< 1.2x10 * (1.6
E. Results X10™*) at 90%(95%) C.L.

The low background level foBS andB? radiative decays
allows us to set limits on the branching fractions without VIl. CONCLUSIONS
background subtraction. For the] case, however, we ac- _
count for the expected background level by using a simple We have searched foBS—K*%(—K~7")y, B'—¢
simulation which generates the numbers of signal and back— K"K ™)y, A8—>A(—>p7-r*)y, and their charge conju-

grour)d events in each trial according to the probabilit_y dis'gate decays, using events producemﬁ collisions aty/s
tributions Py, o (n) and Py, o, (), whereP, ,(n) is =18 TeV and recorded by CDF. Two methods were em-
defined in Eq.7). N¢_ is the upper limit on the number of ployed.

decays for a given Clgy is the systematic uncertainty on In the first method the photon was detected in the electro-
the signal yield, and\ is the number of background events magnetic calorimeter as a cluster of energy. We designed and
with uncertaintyoy,g. The C.L. is given by the fraction of installed a dedicated trigger which, in addition to the pho-
trials which has the total number of signal and backgroundons, required information about the charged particles origi-
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nating from the daughter meson. We collected 22.3 pb
data withE1(y)>10 GeV during 1995 and 6.6 plof data
with E1(y)>6 GeV during 1995-1996.

PHYSICAL REVIEW D66, 112002 (2002

at 95% C.L. The result on thBJ—K*%y decays is consis-
tent with the measurements performed in &fe~ colliders

[5—7]. The results on thgg and A, decays are the current

In the second method, the photon was identified by arngest fimit on these branching fractions and they are also

electron-positron pair produced through external photon con-
version before the tracking detector volume. One of the con-

consistent with the theoretical prediction that B2 — ¢y

version electrons wittE;>8 GeV served as a trigger for @ndBg— K*°y branching fractions are of the same magni-
event recording; no additional tracks coming from thetude[10].
daughter hadron decay were required. The trigger recorded

74 pb ! of data from the 1994—1996 period. We observed
no significant signal in both the methods, and set upper limits

on the branching fractiondable V).

Combining the two analyses, we obtained upper limits o

the branching fractions
B(BY—K*%y)<1.4x107*
B(BY— ¢py)<1.6x10°*
B(A)—Ay)<1.9x10°3
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