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Abstract

Using data collected by the fixed target Fermilab experiment FOCUS, we measure the branching ratios of the Cabibbo-
favored decayE — STK~zt, 8f — £1tK*(8920, andE — AK—ntr ™ relative to2) — E-ntxT to be 091+
0.11+0.04,078+0.16+ 0.06, and 028+ 0.06+ 0.06, respectively. We report the first observation of the Cabibbo-suppressed
decayE! — =1tK*TK~ and we measure the branching ratio relativ€fo — STK~x* to be 016+ 0.06 + 0.01. We also
set 90% confidence level upper limits f&" — S*¢ and 2F — 2*(16909(=+tK K™ relative toEf — STK~n* to
be 0.12 and 0.05, respectively. We find an indication of the degdys> Q- Ktz * and2F — £*(1385 KO and set 90%
confidence level upper limits for the branching ratios with respegfte~ E- 7Tz T to be 0.12 and 1.72, respectively. Finally,
we determine the 90% C.L. upper limit for the resonant contribuigh— £*(1530%z* relative to2; — 2~ 7 +x* to be
0.10.

0 2003 Elsevier B.V.Open access under CC BY license.

1. Introduction This result may also aid in understanding the discrep-
ancy between the predicted and measEgdifetime

In addition to several improved measurements of [3:4]-
EJ branching ratios, we report an indication of new
ES decay modes and the first observation of the
Cabibbo-suppressed dec& — ZTKTK~. These 2. Event reconstruction
analyses may provide useful information about the
various charm baryon weak decay mechanisms. In
particular, we find a suggestion of the decay —
¥*(1385 K9 for which flavor symmetry arguments
predict a zero amplitude [1]. A non-vanishing am-
plitude could be related to spin-spin interactions be-
tween the light quarks in the baryd® [2]. As re-
gards theE — tK*tK~, we measure the branch-
ing ratio relative to the Cabibbo-favored moag —

FOCUS is a photoproduction experiment which
collected data during the 1996—-1997 fixed-target run
at Fermilab. The apparatus is equipped with precise
vertex and comprehensive particle identification de-
tectors. For about /3 of the data taking a 25 pm
pitch silicon strip detector (TS) [5] was interleaved
with the BeO target segments. The spectrometer is di-
vided into an inner region for high momentum track

STK=nt. While tree diagrams (internal and ex- . .
. . reconstruction and an outer region for low momentum
ternal spectator) contribute to both Cabibbo-favored tracks

Gram contribuet only 1o the Catibbo-supprosssd do. Al JECaY modes reported have a hyperon n he
9 . y e UppI final state. Thex™ particles are reconstructed in
cay (Fig. 1). Assuming a similar contribution from 0 4 o
. . . both pn” andnz™ decay modes. As the direction
strong interactions for the two modes, and neglecting C . .
ossible resonant structure. one miaht naively extract of the neutral particle is not reconstructed, kinematic
i?1formation on the role of the W—exgchan e d)i/a ram constraints are used to compute e momentum.
9 9 " If the decay occurs upstream of the magnetic field,

there is a two-fold ambiguity in th&+ momentum.
URL: http:/mww-focus.fnal.gov/authors.htrfor additional The E- and Q™ are re?onStrUCt_ed in the modes
author information. A%z~ and AK—, respectively, whileA® decays are
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Fig. 1. Possible weak diagrams for (a) and (b): Cabibbo-favored

decay2f — =tK—xt; (c), (d), (e): Cabibbo-suppressed decay
EF - ©tKTK~. The W-exchange diagram contributes only to
the Cabibbo-suppressed decay.
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reconstructed in the charged méder —. A detailed
description of the hyperon reconstruction techniques
in FOCUS is reported in Reference [6].

Candidates are reconstructed by first forming a ver-
tex with tracks consistent with a specific charm decay
hypothesis. A cut on the confidence level (CLD) that
these tracks form a good vertex is applied. The pro-
duction vertex is found using a candidate driven ver-
tex algorithm which uses the final state momentum to
define the line of flight of the charm particle [7]. The
seed track for the charm particle is used to form a pro-
duction vertex with at least two other tracks in the tar-
get region. We require a value of at least 1% for the
confidence level of the production vertex. Most of the
background is rejected by applying a separation cut
between the production and decay vertices (we require
the significance of separatioh/o , between the two
vertices to be greater than some numbée)renkov
identification [8] is required on each charged final state
particle in the decay. For each hypothesis< elec-
tron, pion, kaon or proton) we construcy&-like vari-
able W, = —2log (likelihood). We use either a re-
qguirement that one hypothess, is favored with re-
spect to another hypothesis,(W, — Wg > n) orare-
guirement that one hypothesis is favored with respect
to all the other hypotheses (nfif,} — Wg > n).

In order to minimize systematic biases, the normal-
ization mode is selected using the same cuts as the spe-
cific decay when possible. Differences between each
mode and its reference mode will be discussed below.
The evaluation of efficiencies accounts for the decay
fractions of the observed daughters.

3. E} decayscontaininga Xt particle

We measure the branching ratio®f — =K~z
andg} — =+tK*(892  relative toE} — E-ntx ™.
The decay mod&€ — T+tK~ =" is selected by re-
quiring CLD > 1% while for 8 — -7tz t we
require CLD> 2%. A minimum cut of 40 GeYc is
applied on theE" momentum. Due to different lev-
els of background, we requite/o;, > 9.5 for EF —
YtKnt and L/o; > 45 for Ef — E ntxt.

1 Throughout this Letter the charged conjugate decay is under-
stood.
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Each pion from the charm decay vertex must sat-
isfy min{w,} — Wy > —6. IntheEf - ZTK~z+
mode the kaon hypothesis must be favored over the
pion hypothesisW, — Wk > 1). To eliminate pos-
sible contamination from the\” — ="z *7x~ de-
cays, where ther~ is misidentified as a K, we in- I
crease the K= separation cut from 1 to 5 for those 60
events which, reconstructed 3s" 7 T 7 ~, fall within -
30 MeV/c? of the nominalA} mass. A loose require- I
ment,W, — W, > —3, is applied on proton—pion sep- 40
aration. In addition, we reject candidates with a decay
proper time resolutiono{) less than 110 fs (140 fs) I
for TS (not TS) run period events. Further, a muon in- 20
compatibility cut is imposed on the kaon and pion for »
Ef - ZTK 't candidates.

In Fig. 2 the invariant mass distributions for
STK=nt and E-ntxnt are presented. A good fit
function to our data is two Gaussian distributions for
the signal and a first order polynomial for the back-
ground, especially for decays with a two-fold ambigu-
ity. For the ZTK~ 7+ mode the fit returns a yield of
251+ 23 events. For this mode, the sigmas and the ra-
tio of the yields of the two Gaussians, and the mean
of the wide Gaussian are fixed to the Monte Carlo val-
ues. TheE-n+x ™ distribution is also fit using two
Gaussians for the signal and a first order polynomial
for the background. The resultant yield is 26531
events. A Monte Carlo simulation is used to deter- 40'_
mine the relative efficiency. We find no significant
change in thet — =*K~x* efficiency due to the
Ef — »1TK*(8920 contribution. We determine the
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For the 2f — = *tK*(892° mode we fit the K+ M(E ' GeV/c’

invariant mass distribution. We select events in the

— ot . . L
I\E/I \P; 7; fSEn?! region (mZSS \t/)vmdow Wlthm. 3?] (b) 25 - E-xtxt. For both modes the fit has been performed
_e /c* of the fit mass), f':m Slj' tract events in the using two Gaussians for the signal and a first order polynomial for
sidebands (two symmetric regions 70 Me¥ to the background.
100 MeV/c? away from the fit mass). Th&}' —

2 TK*(892)°" events are selected with the same se- e present the K+ invariant mass distribution after

lection cuts as those used in tt&" — X K™ 7" sideband subtraction. The yield is 123 events. The
branching ratio measurement. The K" invariant resulting branching ratio relative 8+ — E-z+x+
c

mass distribution is fit using a Breit-Wigner (with g
width fixed to the Monte Carlo value) for the sig- — i 0
nal and the non-resonaftt — =*K~7* shape de- [E; —~ XK' (8997
termined with the Monte Carlo simulation. In Fig. 3~ I'(ES - E-ntn™)

Fig. 2. Invariant mass distribution of: (@} — STK—xT;

=0.78+ 0.16(sta). (2)
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Fig. 3. K-+ invariant mass distribution (sideband subtracted). The Fig. 4. The histogram shows the inclusige" (pz K tK ™ invari-

fitis performed using a Breit_Wigner distribution for the signa| and ant mass distribution, the data is fit to two Gaussians for the Signal
a shape for th€} — =TK~7T non-resonant component taken  and afirst order polynomial for the background. The points with er-
from a high statistics Monte Carlo simulation. The width of the ~ror bars show the possible contribution fra"¢ (empty circles)
Breit-Wigner is fixed to the Monte Carlo value. and2*(1690°K * (filled circles).

We report the first observation of the Cabibbo-
suppressed decay — TK~K™* and measure the
branching ratio with respect to the similar mode
EFX — XFTK~xnT. Due to the larger level of back- I'(Ef - ZTKTK™)
ground and lower efficiency for theEl — F(EX —> =+tK-nt)
2+ (mat)K~K* mode, we only use the signal from
g} — =t (pn®)K~K* decays. To minimize possible ~ As significant resonant structure is observed in the
systematic biases, we restrict the normalizing mode to decay A} — K™K~ [9,10], we search for pos-
events in which th&* decays vigon®. The selection  sible contribution fromZf — %*¢ and 8F —
cuts used to select this sample are similar to the cuts 2*(1690°K*. For both decays we fit thE *K+tK~

Ef > ZtKntis

— 0.16+ 0.06(stay. (3)

used in the inclusiv& K~z mode. The main dif-  invariant mass distribution. FOE — £*¢ decay
ferences are th& minimum momentum cut, which  we make a sideband subtraction on theK< invari-

is reduced to 30 GeXt, and thel /o7, cut, which is re- ant mass (using 20 Me\? wide signal region and
duced to 8.5. To eliminate contamination frai — sideband). FolE} — E*(1690°K* we require the

»tK—nt events, = tK*TK~ candidates which, when ~£+K~ invariant mass to be within 20 Me\? of
reconstructed a8 "K~*, fall near theE} mass, are  the nominalZ* mass (where we assume no contri-
eliminated. Thez*K*TK™ invariant mass distribution  bution from the non-resonant mode), and we exclude
is shown in Fig. 4. The fit is performed using a double events in thep signal region. No significant contribu-
Gaussian for the signal and a first order polynomial for tion is found. In Fig. 4 we show the fits of the two
the background. Again, the ratio of yields, the resolu- resonant modes superimposed to the inclusive sam-
tions of the two Gaussians and the mean of the wide ple. The fit reports 3 2 events forzT¢ and 2+ 2
Gaussian are fixed to the Monte Carlo values. The fit for 2*(1690°K*. We set the upper limit at 90% con-
returns 17t 6 events. The branching ratio relative to fidence level for the branching fractions relative to
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Ef > K nt tobe

F'Ef - T¢)

0.12 4
IEf - otK—7t) = @
and
r'(2r - 2(1690%K*

(8 > EAOKT) _ 405 (5)

e - otk
where no correction is made for the branching ratio

of 2%(1690° — £ +K~. For both modes we find a
negligible systematic uncertainty.

4. B 5 A% ztrt, E} > @ K*txt and
EF — »*(1385)*K? decays

We measure the branching ratio of the decay
EF — A%K~7txt relative to Ef - E"xtxnt.
The sample is selected requiring a significance of
separation L /o) greater than 5, CLD- 2%, and
oy < 100 fs. Furthermore, the kaon hypothesis must be
favored over the pion hypothesi#/(z) — W (K) > 2),
while the pion must satisfy m{#,} — W, > —6. The
invariant mass distribution foA°K =7tz * is shown
in Fig. 5. The fit is performed using a Gaussian for
the signal plus a linear polynomial for the background.

| Yield=58+12
i I

|98
(=]

Events/(5 MeV/cz)
3]

36 565
GeV/c?

3555
M(A’K '

543

TR

Fig. 5. Invariant mass distribution fot®°K —7+ 7 t. The fit function
is a sum of a Gaussian for the signal and a linear background.
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The signal yield is 5& 12 events. The same selection
cuts are applied to the normalization mo@g —
E-ntnt to minimize possible systematic biases.
We find the branching ratio oEf — A’K~z*z ™
relative toEf — E-7tx* to be

I - A%K—ntzt)

INEf— 8 ntat)

—0.28+0.06(stay.  (6)

We find an indication of the decajg! —
Q~K*z+. The sample is selected by reconstructing
the @~ when it decays toA°K—. The A°K~ invari-
ant mass must be within 20 Mg¥? of the nominal
Q™ mass and the decay vertex must satisfy a minimum
confidence level cut of 1%. The significance of sepa-
ration,L /or, must be greater than 0.5. The kaon from
the decay vertex must be favored with respect to the
pion hypothesisW () — W(K) > 2), while the pion
must satisfy migiW,} — W, > —6. TheQ~K*z* in-
variant mass distribution is shown in Fig. 6. The data
is fit with a single Gaussian for the signal and a lin-
ear polynomial for the background. We used similar
cuts for the normalization mode. We report the value,
for the branching ratio oE — Q~K*x* relative to

—
e

- Yield=14+£5

Events/(5 MeV/c?)
= ‘5‘

—_
[\

(=]

24

B R X S
M(Q K'nh

933 355 2.6

GeV/c®

Fig. 6. Invariant mass distribution for the combinati@T K+ +.
The fit is performed using a single Gaussian for the signal plus a
first order polynomial for the background.
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Ef—>Entnt, tobe
IFEH—Q Kfnh) @)
IEf— 8 ntat)

After evaluation of the systematic uncertainty as

= 0.07+£0.03(sta.

described in the last section, we measure the upper

limit at 90% confidence level to be
IEr - Q Ktznt)
I'Ef - E=ntnt)

We also see an indication of the decay —
»*(1385 K9, where thex* is reconstructed in the
decay modeA®rt. The invariant mass of this com-
bination is required to be in the interval 349—
1.421 GeV/¢? which corresponds to &1.0 I" win-
dow around thez* nominal mass. Th&° is recon-
structed as a &in ther*7~ decay mode. We require
that the reconstructed invariant mass of #ier — lie
within 3 standard deviations of the nominag Knass.
We select the events by requiring C:D3% and the
significance of detachmetit/o; greater than 4.5. We
also reject events where the" track from the de-

<0.12

®)

cay vertex has a confidence level greater than 0.1%

of coming from the production vertex. Further, the

EF candidates must have a momentum greater than

45 GeV/c. We identify the pion from the&* by re-
quiring min{Wy} — W > —6. In Fig. 7 theA%z TK$

invariant mass is shown. We measure the branching ra-

tio relative toE" — E-ntx* to be
r'(gf — £*(1385%K0% ©)
IEHf— 8 ntat)

We find the upper limit for the branching ratio at 90%
confidence level to be

r'(gf — £*(1385%7K0%
Ir'Ef - & ntat)

= 1.00+ 0.49(sta).

<172

(10)

this measurement includes the systematic uncertainty.

5. Search for theresonant decay
EF - E*(1530)%z*

As most of the branching ratios are computed rel-
ative to &F — E-nTxt, we investigate possible
systematic errors due to a contribution fraBf —
E*(1530% *. The decay width of this mode is ex-
pected to be zero [1]. In Fig. 8 we plot the sideband
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Fig. 7. Invariant mass of theA®z*K$ combination for the

gt > =*(1389 KO decay mode. The fit is to a Gaussian for the
signal events and a first order polynomial for the background.
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Fig. 8. A fit to the E~n1 sideband-subtracted invariant mass
distribution performed using a Breit—-Wigner for the signal region
plus a shape for the non-reson&jt — -7 tx* and the wrong

&~ 1) combinations taken by Monte Carlo simulation. The
Breit-Wigner width and mean are fixed to the Monte Carlo values.
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subtracted invariant mass distribution for the two pos-
sible combinations oE~x " in the E=n 7+ sam-
ple. We fit the signal events using a Breit—-Wigner.
The background is given by two contributions, the
non-resonanE} — E-x*x T events and the wrong
E-n+ combination. Both shapes for these distribu-
tions are obtained from a Monte Carlo simulation. The
width and mean of the Breit-Wigner and the ratio
between the Breit-Wigner amplitude and the ampli-
tude of the wrong sign combination, are fixed to the
Monte Carlo values. No significant contribution from
this resonant structure is found. After evaluation of
the systematic uncertainty, we find the upper limit at
90% confidence level for the branching ratio relative
to Ef > E nxt tobe

I'(Ef — 2*(1530%%)
IEf— 8 ntat)

We calculate that in the case of a contamination from

< 0.10.

11)

the resonant substructure up to a level of 10%, the s+e, BF - E*(1690°K*, =+
’ Cc ’

efficiency ofE~z T+ inclusive would change by less
than 1%. For this reason tt& 7 T T efficiencies for

FOCUS Collaboration / Physics Letters B 571 (2003) 139-147

Table 1
The systematic uncertainties from the Monte Carlo simulation, the
fitting condition, and total for each mode are shown

Mode Systematic error
Simulation Fit Total

FrEf->stk=thH

o= 0.00 0.04 0.04

rEF-s+k*892°

é—r(ejeE*zﬁnﬂ 0.00 0.06 0.06

F(Ef>ETKTKD) _

TE oK) 0.01 0.01

TEF—>A%K—7t7t)

é—r(sjesﬂﬁnﬂ 0.05 0.04 0.06

FEf>Q Ktrh

TE >antaT) 0.03 0.01 0.03

I(Ef->5"(13857K%) 019 0.14 0.24

FEf>E-atat)

nant structure. Due to the low statistics, no split sam-
ple studies are made f& — TtKtK~, EF —

F — E*(1530%+
and EF — x*(13857K°. Because of the particular
spin properties of the particles involved in the latter

the branching ratio measurements have been evaluateqjecay mode, we evaluated a possible systematic un-

with a non-resonant Monte Carlo.

6. Systematic studies

The systematic uncertainties are evaluated after in-

vestigation of two possible sources: the choice of
fitting conditions and the Monte Carlo simulation.

The total systematic error is computed by adding
in quadrature these two independent contributions.
We measure the systematic uncertainty due to fit-
ting conditions using a fit variation technique, which

includes variations in bin size, fitting range, back-

certainty of our simulation by varying the Monte Carlo
angular distribution to match the shape obtained in the
data. In Table 1 we summarize the systematic uncer-
tainty for each mode. In Table 2 we present the FO-
CUS results with a comparison to previous measure-
ments from CLEO [13] and SELEX [14].

7. Conclusions

We investigate and measure the relative branch-
ing ratios of several decay modes of the charm

ground shapes, sidebands size and position. To as-baryon EF. We report the first evidence for the
sess possible systematic uncertainties related to theCabibbo-suppressed decay — ZtK*tK~ and we

Monte Carlo simulation we used the standard FO-
CUS split sample technique, described in [11], and
based on theS-factor method used by the Particle

Data Group [12]. We investigate possible biases due

to poor simulation of variables such as run period,
particle and antiparticlex* decay mode and mo-
mentum,EF momentum and significance of separa-
tion between production and decay vertices. Further-
more, as noted above, we find that the efficiency of
the E-7 Tz mode is not affected by possible reso-

investigate the contribution from the resonant modes
Ef — Xt¢ and EF — E*(1690°K*. We report

an indication of the decay& — Q@ K*z* and

EF — £*(1385K0. We also report improved mea-
surements o£1 decays in the final statB*K 7,
»TK*(8920 and A°K— 77 *. These last three re-
sults agree with previous measurements from the
CLEO and SELEX Collaborations. Finally, we report
an improved measurement of the limit for the resonant
decayz} — E*(1530°x.
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Table 2
FOCUS results compared to previous measurements. The relative efficiencies are computed with respect to the normalization mode (for
Ej — E*(16900K+ we do not correct for the branching fraction @f(legoo — ©TK™ as it is not known)

Decay mode Efficiency ratio Relative branching ratio
FOCUS CLEO SELEX
=+ +Kk—7t
LE o2 KT 1.04 Q91+ 0.11+0.04 118+ 0.26+0.17 092+ 0.20+0.07
FEF—E-ntat)
=t +K 0
LE; > ETKNE97T) 0.57 Q78+ 0.16+ 0.06 092+ 0.2740.14 -
FEf—E-ntat)
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