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The study of b-baryons is a unique opportunity at the Tevatron collider, which is the only running
accelerator where these particles are expected to be produced. At the beginning of Runll of the
Tevatron and after almost 30 years of the discovery of the b quark at Fermilab, the lack of statistics
had restricted our knowledge on b-baryons to the observation of the lightest b-baryon, the Ay, and
to its lifetime measured in decays which did not allow a fully reconstruction of this particle. I
present results of the search for b-baryons in the D@ experiment. As part of this program, a precise
measurement of the A, lifetime was performed, and the discovery of the Z, resulted from an analysis
of 1.3 fb™! of data collected with the DO detector during 2002-2006.

INTRODUCTION

The observation and measurement of properties of B
hadrons (particles which heavy constituent quark is a b
quark) has been an important part of the rich physics
program of Tevatron experiments, CDF [1] and D@ [2].
Properties like the lifetime of B hadrons provides infor-
mation on the b quark decay, and what is the role that
play the lighter quarks which along with the b-quark form
the B hadron. Also, b-quark decays are related to the Vy,
and V,, elements of the CKM matrix, and B rare decays
are always considered a playground to test extensions of
the Standard Model of particles.

Since the discovery of the b quark at Fermilab in 1977,
and before RunllI of Tevatron, all b-mesons in the ground
state (BT (bu), B°(bd), B,(bs, and BJ (bc)) have been ex-
perimentally established, but only the lightest b-baryon,
the Ap(bud), had been observed. During RunlI of Teva-
tron a significant progress has been made in the b-baryon
sector. The A has been observed by both experiments,
CDF and D@, and its lifetime has been measured in dif-
ferent decays channels. Other b-baryons has been finally
observed, and properties as their masses have been es-
tablished with high precision [3-5].

In the first part of this note, a description of the A,
observation and measurement of its lifetime in the DO
experiment, by reconstructing A, — J/Y¥A decays, is
presented. An earlier difference between measurement
and prediction created a great deal of interest on the Ay
lifetime, and it was named as the A, lifetime puzzle[6].
Recent theoretical calculations of 7(A)/7(BY), which in-
clude next-to-leading order effects in QCD [7], corrections
at O(1/m}) in HQET [8], and lattice QCD studies [9],
have led to a prediction of 7(Ap)/7(B%) = 0.8840.05 [10],
that significantly reduced this difference ( 7(A;)/7(B%) =
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0.800 + 0.053 was the world average in 2004 [11] ). How-
ever, a recent precise measurement [12] by CDF exper-
iment reports a value of the A, lifetime consistent with
b meson lifetimes, and the ratio 7(A;)/7(BY) consistent
with unity. This measurement, which statistically dom-
inates the current world average, has turned around the
Ay lifetime puzzle, by making the prediction to be lower
than the experimental measurement. D@ is currently the
only other experiment that can measure this property of
the Ay to help settle this puzzle.

The second part of this note is dedicated to describe
the discovery of the =, (bsd), the first observed particle
formed by a quark of each known family of matter. In
the quark model the Z; [24] is formed by the combination
of a b, a d, and a s quarks, and it is expected to have
JP =1/2% although I, J or P have yet to be measured.
Evidence for the =" has been inferred from an excess of
same sign Z+¢* events in jets which are interpreted as
E, — Z7 ("1, X [13]. From this decay mode, the average
lifetime of the =, is measured to be 1.42702% ps [14].
These semileptonic decays of the =" did not allow for a
mass measurement, but theoretical calculations of heavy
quark effective theory [15] and nonrelativistic QCD [16]
predict the =, mass in the range 5.7 — 5.8 GeV [17]. DO
experiment observed for first time the =, baryon fully
reconstructed in an exclusive decay, =, — J/¢ Z~, with
J/p— putp=, 27 — Ar~, and A — pr—.

In spirit of being totally consistent with published re-
sults, most of the text describing data selection and fit-
ting procedure in these two analyses has been taken from
the Ay lifetime [18] and =, discovery [4] publications by
the DO experiment. However, explanations which were
not included in the original publications (mainly due to
lack of space) are added in many cases, and by having
both analyses in single note, it would be clear how im-
portant for the =, observation in DO has been the study
of the A, particle, on which almost all selection criteria
for the =,  discovery is based.



THE D® DETECTOR

The DO detector is described in detail elsewhere [2].
The components most relevant to these analyses are the
central tracking system and the muon spectrometer. The
central tracking system consists of a silicon microstrip
tracker (SMT) and a central fiber tracker (CFT) that
are surrounded by a 2 T superconducting solenoid. The
SMT is optimized for tracking and vertexing for the pseu-
dorapidity region |n| < 3 (n = —Inftan(6/2)] and 6 is the
polar angle) while the CFT has coverage for |n| < 2.
Liquid-argon and uranium calorimeters in a central and
two end-cap cryostats cover the pseudorapidity region
[n| < 4.2. The muon spectrometer is located outside the
calorimeter and covers the pseudorapidity region |n| < 2.
It comprises a layer of drift tubes and scintillator trigger
counters in front of 1.8 T iron toroids followed by two
similar layers behind the toroids.

Ay LIFETIME MEASUREMENT

Event selection

The search for A, — J/¢A decays begins with the
reconstruction of J/¢ candidates in the decay channel
J/1 — pTp~, where the muon system of the D@ de-
tector is used to confirm the muon candidates. Then
these events containing a J/1) meson are searched for
A — pr~ decays. J/v and A candidates are then com-
bined to search for those decays coming from A, particles.
Although specific triggers are not required for event selec-
tion, most of the selected events satisfy dimuon or muon
triggers due to the present of a J/¢» — pp~ candidate in
which muons are confirmed in the muon detector. How-
ever, to avoid a trigger bias in the lifetime measurement,
events that depend on impact parameter based triggers
are rejected. In addition, candidate events must have at
least one primary vertex reconstructed.

To form a J/1 candidate, two oppositely charged
tracks must originate from a common vertex with a x?
probability greater than 1%, and have an invariant mass
in the range of 2.8 —3.35 GeV , that approximately corre-
sponds to M,y + 305/, where o/, is the width of the
J /¢ signal observed in D@ and M/, is the mass of the
J/¢ measured in D@. Each track must either match hits
in the muon system, or have calorimeter energies con-
sistent with a minimum-ionizing particle. In addition,
a minimum pr of 1.5 GeV and at least one CFT hit for
each track is required, and at least one of the muons must
have signatures in the three layers of the muon detector.
Both tracks are required to have pr >2.5 GeV if they
are in the region |n| <1. The J/v¢ candidate is required
to have a pp > 5 GeV, and in addition, the distance be-
tween primary vertex and the dimuon vertex is required
to be less than 10 cm.

The A — pr~ candidates are reconstructed from two
oppositely charged tracks which must originate from a
common vertex with a x2? probability greater than 1%,
and an invariant mass between 1.105 — 1.125 GeV, that
similar to the J/v selection, approximately corresponds
to three times the width of the observed A signal around
the mass of the A. The two tracks are collectively re-
quired to have no more than two hits in the tracking
system before the vertex, and the track with the higher
pr is assigned to be proton if positive and to be an-
tiproton if negative. Monte Carlo studies show that this
assignment gives nearly 100% correct combination. The
A is a particle that travels long distance in the detec-
tor before it decays, then tracks of its decay products
must have a considerable impact parameter with respect
to the primary vertex. To exploit this feature, the axial
er and stereo €; impact parameter projections of each
track with respect to the primary vertex and their un-
certainties are calculated, and the combined significance
(er/a(er))? + (er/o(er))? is required to be greater than
9 for both tracks and greater than 16 for at least one of
the tracks. To reduce combinatoric backgrounds, the A
decay distance from the primary vertex is required to be
greater than 4 times its estimated uncertainty when this
uncertainty is less than 0.5 cm.

The A, candidates are reconstructed by performing a
constrained fit to a common vertex for the A and the two
tracks forming the J/v candidate, with the latter con-
strained to the J/¢ mass of 3.097 GeV/c? [19]. To sup-
press contamination from cascade decays of more massive
baryons such as £% — Ay or 2° — A7, the cosine of the
angle between the py vector of the A and the vector in
the perpendicular plane from the J/1) vertex to the A de-
cay vertex is required to be larger than 0.9999. For A’s
that decay from A, the cosine of this angle is very close
to one. If more than one J/¢ + A candidate is found
in the event, the candidate with the best x? probability
is selected as the A,. The mass of J/¢ + A combina-
tion is required to be within the range 5.1-6.1 GeV /c?.
For the choice of the final selection criteria, S/v/S + B is
optimized, where S and B are the number of signal (Ap)
and background candidates, respectively, by using Monte
Carlo estimates for S and data for B. As a result of this
optimization, the py of the A is required to be greater
than 2.4 GeV/e, and the total momentum for the A, is
required to be greater than 5 GeV/ec.

In order to test the selection and lifetime measure-
ment procedure, simultaneously to the reconstruction
of Ay — JY(uTpu~)A(pr~) decays, the well known B°
meson is reconstructed in the topologically similar de-
cay BY — Jy(pTu)K2(mTn~), where a pion takes the
place of the proton in the A reconstruction to form a
Kg. Same selection is applied for the J/1¢ reconstruc-
tion, and the Kg — w7~ selection follows the same
criteria as for the A reconstruction, except that for the
K2, the mass window is 0.460-0.525 GeV/c?, and pion



mass assignments are used. In addition, the pr of the K2
is required to be greater than 1.8 GeV/c and J/¢ + K3
candidates within 4.9-5.7 GeV/c? are considered for the
BY search. Finally, any event which has been selected in
the A, reconstruction is removed from the B° sample.

Lifetime measuring technique

The decay time of a A, or B is determined by mea-
suring the distance traveled by the b hadron candidate in
a plane transverse to the beam direction, and then ap-
plying a correction for the Lorentz boost. The transverse
decay length is defined as L, = Ly, - pr/pr where L,
is the vector that points from the primary vertex to the
b hadron decay vertex and pr is the transverse momen-
tum vector of the b hadron. The event-by-event value of
the proper transverse decay length, A, for the b hadron
candidate is given by:
ny CMB

(B7)E = Ley pr W)

where (37)2 and Mp are the transverse boost and the
mass of the b hadron. In this measurement, the value of
Mp in Eq. 1 is set to the Particle Data Group (PDG)
mass value of A, or B® [19]. In order to reduce back-
ground from mismeasurement of vertices, the uncertainty
on A is required to be less than 500 pm.

A simultaneous unbinned maximum likelihood fit is
performed to the mass and proper decay length distri-
butions. The likelihood function £ is defined by:

L = 7(”3}’?‘7)N exp (—ngs —ny) X

N n, J np J
Hj:l |:n5+gnb‘7" + fbkg ’

sig 7 o tng
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where ng and nyp are the expected number of signal and
background events in the sample, respectively. N is the
total number of events. FZ, (Fj,) is the product of
three probability density functions that model the mass,
proper decay length, and uncertainty on proper decay
length distributions for the signal (background). The
background is divided into two categories, prompt and
non-prompt. The prompt background is primarily due
to direct production of J/¢’s which are then randomly
combined with a A or Kg candidate in the event. The
non-prompt background is mainly produced by the com-
bination of .J/v¢ mesons from b hadron decays with A or
K candidates present in the event.

For the signal, the mass distribution is modeled by a
Gaussian function, and the A distribution is parametrized
by an exponential decay convoluted with the resolution

function:
1 2
= ex , 3
T?TSUj b l2(saj)2‘| ( )
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where )\; and o; represent A and its uncertainty, respec-
tively, for a given decay j, and s is a common scale pa-
rameter introduced in the fit to account for a possible
mis-estimate of o;. The convolution is defined by:

—Z
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where A\p = c7p, and 75 is the lifetime of the A; (B°).
The distribution of the uncertainty of A is modeled by an
exponential function convoluted by a Gaussian.

For the background, the mass distribution of the
prompt component is assumed to follow a flat distribu-
tion as observed in data when a cut of A >100 pm is
applied. The non-prompt component is modeled with a
second-order polynomial function. The A distribution is
parametrized by the resolution function for the prompt
component, and by the sum of negative and positive ex-
ponential functions for the non-prompt component. A
positive and a negative exponential functions model com-
binatorial background, and an exponential function ac-
counts for long-lived heavy flavor decays. The distribu-
tion of the uncertainty of A is modeled by two exponential
functions convoluted by a Gaussian.

By minimizing —2InL, it is found: er(Ap) =
365.1739-1 ym and er(B°) = 450.0733% pum. From
the fits, it is obtained s = 1.41 4 0.05 for the A; and
s =1.414:0.03 for the B°. The numbers of signal decays
are 171420 A, and 717438 BY. Figures 1 and 2 show the
mass and A distributions for the A, and B° candidates.
Fit results are superimposed.

Systematic uncertainties

Table I summarizes the systematic uncertainties con-
sidered in these lifetime measurements. The contribu-
tion from possible misalignment of the SMT detector
was estimated in the first A, lifetime measurement to
be 5.4 ym [20]. This was done by reconstructing the B°
sample with a SMT geometry where the silicon sensors
are moved from their nominal positions within the cur-
rent alignment precision. Systematic uncertainties due
to the modeling of the A and mass distributions are es-
timated by varying the parametrizations of the different
components: (i) the resolution function is modeled by
two Gaussian functions instead of one, (ii) the exponen-
tial functions in the non-prompt background are replaced
by exponentials convoluted with the resolution function,
(iii) a uniform background is added to account for outlier
events (this has only a negligible effect), (iv) the positive
and negative exponentials describing combinatorial non-
prompt background are assumed to be symmetric, and
(v) for the mass distribution of the non-prompt back-
ground, a linear function is used instead of the nominal
quadratic form. To take into account correlations be-
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FIG. 1: Invariant mass distribution for A, (top) and B (bot-
tom) candidates with the fit results superimposed. The in-
serts show the mass distributions after requiring A/ > 5.

tween the effects of the different models, a fit that com-
bines all different model changes is performed, and the
difference between the result of this fit and the nominal
fit is quoted as the systematic uncertainty.

The lifetime of the background events under the
Ay(B) signal is mostly modeled by events in the low
and high mass sideband regions with respect to the peak.
To estimate the effect of any difference between the life-
time distributions of these two regions, separate fits are
performed to the A, (BY) mass regions of 5.1-5.8 and
5.4-6.1 GeV/c? (4.9-5.45 and 5.1-5.7 GeV /c?) where the
contributions from high and low mass background events
are reduced, respectively. The largest difference between
these fits and the nominal fit is quoted as the systematic
uncertainty due to this source.

Contamination of the A, sample by BY events that
pass the A, selection is also considered. From Monte
Carlo studies, it is estimated that 6.5% of B° events can
pass the A, selection criteria. However, the invariant
mass of B® events which contaminate the A, sample is
distributed almost uniformly across the entire A, mass
range, and their proper decay lengths therefore tend to
be incorporated in the long-lived component of the back-
ground. In order to estimate any effect due to this pos-
sible contamination, any event which also passes the B°
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FIG. 2: Proper decay length distribution for A(top) and
Bo(bottom) candidates, with the fit results superimposed.
The shaded region represents the signal.

selection criteria is removed from the A sample, and the
lifetime fit is repeated to the remaining events. The dif-
ference between this and the nominal fit is quoted as a
systematic uncertainty. For the BY lifetime, this source of
systematic uncertainty is not considered since any event
with a A, candidate is removed from the B° sample.

In addition to the systematic uncertainty studies, other
several cross-checks on the lifetime measurements are
performed. The J/¢ vertex is used instead of the b
hadron vertex, the mass windows are varied, the recon-
structed b hadron mass is used instead of the PDG [19]
value, and the sample is split into different pseudorapid-
ity regions and different regions of azimuth. All results
obtained with these variations are consistent with our
measurement. The fitting procedure and selection crite-
ria is also cross-checked by measuring the A, lifetime in
Monte Carlo events. The lifetime obtained was consistent
with the input value.

Results

The results of the measurement of the A, and B life-
times are summarized as:

et (Ap) = 365.1757°1 (stat) + 12.7 (syst) pm, (5)



TABLE I: Summary of systematic uncertainties in the mea-
surement of c7 for Ay and B° and their ratio. The total uncer-
tainties are determined by combining individual uncertainties
in quadrature.

Source Ap (pm) B® (um) Ratio
Alignment 5.4 5.4 0.002
Distribution models 6.6 2.8 0.020
Long-lived components 6.0 13.6 0.022
Contamination 7.2 — 0.016
Total 12.7 14.9 0.034

er(B%) = 450.0725% (stat) & 14.9 (syst) pm,
from which:

7(Ap) = 1.21810139 (stat) + 0.042 (syst) ps,  (6)
7(B%) = 150179978 (stat) + 0.050 (syst) ps.

These can be combined to determine the ratio of life-
times:

T(A
T(<Bg>) =0.81170-09 (stat) & 0.034 (syst),  (7)
The systematic uncertainty on the ratio is computed by
calculating the ratio for each systematic source and quot-
ing the deviation in the ratio as the systematic uncer-
tainty due to that source. All systematics are combined
in quadrature as shown in Table I. The main contribu-
tion to the systematic uncertainty of the lifetime ratio is
due to the long-lived component of the B® sample. This
is expected since the B? is more likely than the A, to be
contaminated by mis-reconstructed b mesons due to its
lower mass.
The measurement is consistent with the world aver-
age [19], and the ratio of A, to BY lifetimes is consistent
with the most recent theoretical predictions [10].

E, DISCOVERY

The decay =, — J/YZ=" has topological characteris-
tics which help to reduce combinatorial background, but
these characteristics also considerably reduce the recon-
struction efficiency for this particle. Figure 3 shows a
drawing of this decay. This decay includes the recon-
struction of three particles: the J/v — uTp=, A — pr—,
and 2= — An~. The A and =~ have a lifetime of the
order of centimeters, while the =, should have a lifetime
of the order of microns. The Z; has a decay vertex dis-
placed from the primary vertex and its decay product
includes a particle, the =7, which travels a long distance
in the detector before it decays to a pion and another
very long-lived particle, the A. Three charged particles
in the final state, (p, 7~, 7~ ) should have a significant im-
pact parameter with respect to the primary vertex. This

FIG. 3: Decay =, — J/¢Y=E".

final characteristics is what considerably reduces the re-
construction efficiency of the Z,” — J/¢=~ decay. This
led to a reprocessing of dimuon events with an extended
version of the tracking algorithm to allow the reconstruc-
tion of tracks with very high impact parameters and low
pr.

Event selection

The =, reconstruction starts by searching for events
with J/t¢ mesons. Then these events are searched for A
candidates. These A candidates are combined with an
extra charged track in the event to reconstruct == —
An~ decays. Then J/1 and Z~ candidates are combined
to reconstruct the =, — J/YE™ decays.

The reconstruction of J/¢ — uTp~ and A — pr~ de-
cays follows the same selection as for the A, lifetime mea-
surement. However, events containing a J/¢ candidate
were reprocessed with a version of the track reconstruc-
tion algorithm that improves the efficiency for tracks with
low pr and high impact parameters. Consequently, the
efficiencies for K3, A, and =~ reconstruction are signifi-
cantly increased. Figure 4(a) shows for comparison, the
=~ reconstruction (as described below) before and after
reprocessing events with at least a J/1 candidate.

The reconstruction of =~ — An~ decays is inspired
on the selection criteria applied to A — pr~ decays,
which is as the =7, a particle that travels long distance
in the detector before it decays, and in addition the A
has been studied in the A, — J/¥A reconstruction. The
=~ candidates are reconstructed by combining A can-
didates with negatively charged tracks (excluding from
the list of tracks the proton and pion tracks from A de-
cays) with a pion mass assigned. The A and the 7~
must originate from a common vertex with a y? prob-
ability greater than 1%. The A decay distance in the
transverse plane (the plane perpendicular to the beam

direction) measured with respect to the 2~ vertex is re-



quired to have a uncertainty less than 0.5 cm. The com-
bined significance (er/o(er))? + (e /o(er))? of the m~ is
required to be greater than 9. To reduce combinatoric
backgrounds, the Z~ decay distance from the primary
vertex is required to be greater than 4 times its estimated
uncertainty when this uncertainty is less than 0.5 cm. In
addition, the decay distance in the transverse plane mea-
sured with respect to the J/v vertex is required to have
a uncertainty less than 0.5 cm.
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FIG. 4: Invariant mass distributions of the Aw pair before the
=, reconstruction for (a) the right-sign A7~ combinations be-
fore and after reprocessing and (b) the right-sign A7~ and the
wrong-sign A" combinations after reprocessing. The repro-
cessing significantly increases the =~ yield. Fits to the post-
reprocessing distributions of the right-sign combination with
a Gaussian signal and a first-order polynomial background

yield 603 + 34 = s and 548 £ 31 = ’s.

The two pions from 2= — An~ — (pn~ )7~ decays
(right-sign) have the same charge. Consequently, the
combination At (wrong-sign) events form an ideal con-
trol sample for background studies. Figure 4(b) compares
mass distributions of the right-sign A7~ and the wrong-
sign AT combinations. The =~ mass peak is evident in
the distribution of the right-sign events. A A7~ pair is
considered to be a £~ candidate if its mass is within the
range 1.305 < M (An™) < 1.340 GeV.

To reconstruct Z,” — J/¢Z~ decays, J/¢ and =~ can-
didates are required to be in the same semi-hemisphere
in the transverse plane and must have a common vertex
with a x2 <20. Backgrounds from mismeasurements are
reduced by requiring uncertainties of the proper decay
length of the J/¢ =~ vertex to be less than 0.05 cm in
the transverse plane. A total of 2308 events remains after
this preselection. The wrong-sign events are subjected to
the same preselection as the right-sign events. A total of
1124 wrong-sign events is selected as the control sample.

Several distinctive features of the Z, — J/¢YE~ —
J/YAr~ — (pTpT) (pnT)m~ decay are utilized to
further suppress backgrounds. The wrong-sign back-
ground events (A7T), A and J/¢ signals from A, —
J/Y(pt ™ )A(pr~) decays from data, and Monte Carlo
signal =~ events are used for studying additional event

selection criteria. Protons and pions from the =~ de-
cays of the Z; events are expected to have higher mo-
menta than those from most of the background processes.
Therefore, protons are required to have pr > 0.7 GeV.
Similarly, minimum pr requirements of 0.3 and 0.2 GeV
are imposed on pions from A and =~ decays, respec-
tively. These requirements remove 91.6% of the wrong-
sign background events while keeping 68.7% of the Monte
Carlo =, signal events. Figure 5 shows a simultane-
ous unbinned log-likelihood fit to the invariant mass and
pr(n~) distributions from A, — J/¥(ut ™ )A(pr~) de-
cays in data, from where the pr > 0.3 GeV cut for the
pion from A — pr~ decays is selected. The pr(7~) dis-
tribution for signal presents a long tail and the selected
cut is near the maximum of the pr(7~) distribution.
Similarly, Fig. 6 shows the comparison of the pr(7w~) dis-
tributions from wrong-sign (A7") background and =
Monte Carlo events. The selected pr(7~) > 0.2 GeV
cut removes a large amount of background while keeping
most of the signal events.
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FIG. 5: Transverse momentum distribution of 7~ from the re-
constructed decays Ap — J/¢(utp)A(pr~) in data. In the
right is presented the mass distribution of the A; candidates,
and in the left the pr(7~) distribution with a fit superim-
posed. Red-filled region represents the signal and gray-filled
region the background.

Backgrounds from combinatorics and other b hadrons
are reduced by using topological decay information. Con-
tamination from decays such as B~ — J/Yp K*~ —
J/Y K2r~ and BY — J/p K*~ 7t — J/¢p (K3n~ )™,
where all tracks in the combination p+p~ A7~ originate
from the same vertex, are suppressed by requiring the =~
candidates to have decay lengths greater than 0.5 cm and
cos(f) > 0.99, as the =~ baryons in Monte Carlo have
an average decay length of 4.8 cm. Here 0 is the angle
between the =~ direction and the direction from the =~
production vertex to its decay vertex in the transverse
plane. Figure 7 shows the comparison of cos(6) distribu-
tions from wrong-sign background and =, Monte Carlo
events. From this comparison the cut cos(f) > 0.99 is
selected. These two requirements on the =~ reduce the
background by an additional 56.4%, while removing only
1.7% of the Monte Carlo signal events.
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wrong-sign background events and Monte Carlo signal events,
after pre-selection cuts. Solid line in blue represents the signal
and the dashed black line the background. Signal has been
scaled to the same number of background events. The red
arrow shows the selected cut.

Finally, =,° baryons are expected to have a sizable
lifetime. To reduce prompt backgrounds, the transverse
proper decay length significance of the =,  candidates is
required to be greater than two. This final criterion re-
tains 83.1% of the Monte Carlo signal events but only
43.9% of the remaining background events.

In the data, 51 events with the =, candidate mass
between 5.2 and 7.0 GeV pass all selection criteria. Fig-
ure 8 shows the ;" candidates in the remaining events.
An excess of events is observed near to 5.8 GeV. The
mass range 5.2-7.0 GeV is chosen to be wide enough
to encompass masses of all known b hadrons as well as
the predicted mass of the Z,° baryon. The candidate
mass, M(Z, ), is calculated as M(Z, ) = M(J/YE7) —
M(ptpu=)— M(A7n™)+ Mppa(J/¢) + Mppc(E™) to im-
prove the resolution. Here M (J/YE7), M(utp~), and
M (A7) are the reconstructed masses while Mppc (J/1)
and Mppg(Z27) are taken from Ref. [19]. A number of

.
N

'N;g;w‘ww”ww
+

o
o
IS
o
o)

Events /(0.05)
.
(=] o

o

H AR

L ! !
5.8 6 6.2 6.4 6.6 6.8
Invariant Mass (GeV/c?)

FIG. 8: Z, mass distribution from data after all selection
cuts have been applied.

cross checks are performed to ensure the observed peak
is not due to artifacts of the analysis: (1) The J/¢ Ar™
mass distribution of the wrong-sign events, shown in
Fig. 9(top), is consistent with a flat background. (2)
The event selection is applied to the sideband events
of the Z~ mass peak, requiring 1.28 < M(An™) <
1.36 GeV but excluding the Z~ mass window. Simi-
larly, the selection is applied to the J/1 sideband events
with 2.5 < M(pu*p™) < 2.7 GeV. The high-mass side-
band is not considered due to potential contamination
from 1)’ events. As shown in Fig. 9(middle and bot-
tom), no evidence of a mass peak is present for either
(utp™) (pr~)m~ distribution. (3) Though most back-
grounds from other b hadron production are removed by
the =~ reconstruction and its selection, the possibility of
a fake signal due to the residual b hadron background is
investigated by applying the final =, selection to high
statistics Monte Carlo samples of B~ — J/¢Yp K*~ —
J/Y Kdr=, B® — J/¢ K%, and Ay, — J/¢A. No indi-
cation of a mass peak is observed in the reconstructed
J/¢ =~ mass distributions. (4) The mass distributions
of J/¢, 7, and A are investigated by relaxing the mass
requirements on these particles one at a time for events
both in the Z,  signal region and the sidebands. The
numbers of these particles determined by fitting their re-
spective mass distribution are fully consistent with the
quoted numbers of signal events plus background contri-
butions. (5) The robustness of the observed mass peak
is tested by varying selection criteria within reasonable
ranges. All studies confirm the existence of the peak at
the same mass.

=, mass measurement and signal significance

Interpreting the peak as =Z,” production, candidate
masses are fitted with the hypothesis of a signal plus
background model using an unbinned likelihood method.
The signal and background shapes are assumed to be
Gaussian and flat, respectively. The fit results in a =,
mass of 5.774 £ 0.011 GeV with a width of 0.037 +
0.008 GeV and a yield of 15.2 4+ 4.4 events. Where all
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FIG. 9: Invariant mass distribution of background events from
wrong-sign combinations (top), =~ sideband events (middle),
and J/1 sideband events (bottom).

uncertainties are statistical. Following the same proce-
dure, a fit to the Monte Carlo =, events yields a mass of
5.83940.003 GeV, in good agreement with the 5.840 GeV
input mass. The fitted width of the Monte Carlo mass
distribution is 0.035 £ 0.002 GeV, consistent with the
0.037 GeV obtained from the data. Since the intrin-
sic decay width of the =, baryon in the Monte Carlo
is negligible, the width of the mass distribution is thus
dominated by the detector resolution.

To assess the significance of the signal, the likelihood,
Ly, of the signal plus background fit above is first de-
termined. The fit is then repeated using the background-
only model, and a new likelihood L} is found. The loga-
rithmic likelihood ratio y/21n(Ls44/Lp) indicates a sta-
tistical significance of 5.50, corresponding to a probabil-
ity of 3.3 x 108 from background fluctuation for observ-
ing a signal that is equal to or more significant than what
is seen in the data. Including systematic effects from
the mass range, signal and background models, and the
track momentum scale results in a minimum significance
of 5.30 and a =, yield of 15.2 + 4.4 (stat.) 59 (syst.).
The significance can also be estimated from the numbers
of candidate events and estimated background events. In
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FIG. 10: Decay =, — J/¢Y=".

the mass region of 2.5 times the fitted width centered on
the fitted mass, 19 candidate events (8 J/¢¥ =~ and 11
J/ §+) are observed while 14.8 4 4.3 (stat.) T3] (syst.)
signal and 3.6 + 0.6 (stat.)*0-g (syst.) background events
are estimated from the fit. The probability of back-
grounds fluctuating to 19 or more events is 2.2 x 1077,
equivalent to a Gaussian significance of 5.20.

Potential systematic biases on the measured =, mass
are studied for the event selection, signal and back-
ground models, and the track momentum scale. Vary-
ing cut values and using a multivariate technique of dif-
ferent variables for event selection leads to a maximum
change of 0.020 GeV in the Z;" mass. Subtracting an
estimated statistical contribution to the change, a con-
servative +0.015 GeV systematic uncertainty is assigned
due to the event selection. Using double Gaussians for
the signal model, a first-order polynomial for the back-
ground model, or fixing the mass resolution to that ob-
tained from the Monte Carlo Z;" events all lead to neg-
ligible changes in the mass. The mass, calculated us-
ing the world average values [19] of intermediate particle
masses above, is found to have a weak dependence on
the track momentum scale. This has been verified using
the Ay — J/¢ A and BY — J/¢) K events observed in
the data. A systematic uncertainty of £0.002 GeV is as-
signed, corresponding to the mass difference between our
measurement and the world average [19] for the A, and
BY hadrons. Adding in quadrature, a total systematic
uncertainty of £0.015 GeV is obtained to yield the mea-
sured 2, mass: 5.774 £ 0.011 (stat.) £ 0.015 (syst.) GeV.

Relative production ratio

In addition to the observation and mass measurement
of the E;° baryon, its ¢ x B relative to that of the Ay



baryon is calculated using

0(Ey) x B(E, = J/WE") _ e(ho— J/pA) Nep
o(Ay) x B(Ay — J/YA) By = J/YET) Na,

where NEb_ and Ny, are the numbers of Z;" and A; events

reconstructed in data. Analyzing the same data (re-
processed data in difference with that used for the A,
lifetime measurement) and using the similar event se-
lection criteria and fitting procedure as the =,  analy-
sis, a yield of 240 £ 30 (stat.) £ 12 (syst.) A baryons is
determined. The efficiencies to reconstruct the decays,
€(Z,) and €(Ay), are determined by Monte Carlo sim-
ulation, and the efficiency ratio, e(Ay)/e(E, ), is found
to be 4.4 £ 1.3. The uncertainty on €(Ay)/e(=, ) arises
from Monte Carlo modeling (27%), Monte Carlo statis-
tics (10%), the reconstruction of the additional pion in
the 2, decay (7%), and the =, mass difference between
data and Monte Carlo (5%). The largest component,
Monte Carlo modeling uncertainty, is due to the differ-
ence in the efficiency ratio with and without Monte Carlo
reweighting. This reweighting is needed to match Monte
Carlo and data momentum distributions. The efficiency
ratio is found to be insensitive to changes in A, and =’
production models. Many other systematic uncertainties
on the efficiencies themselves tend to cancel in the ratio
of the efficiencies. The relative production ratio is found
to be 0.28 + 0.09 (stat.) 509 (syst.).

SUMMARY

The Ap lifetime measurement by the D@ experiment
presented here is consistent with a A, lifetime shorter
than the lifetime of b mesons. In addition, D@ also mea-
sured the A, lifetime in semileptonic decays [21]. This
independent measurement is consistent with the lifetime
measured in the exclusive Ay, — J/1¢A decay channel.
When both D@ measurements are combined, it is found
7(Ap) = 1.25170302 ps, what is less consistent with the
CDF measurement 7(Ay) = 1.593%0052 ps.  However,
within the current precision it is not possible to settle
the question of the lifetime puzzle, at least not from the
experimental side. More statistics is needed for this.

Before Runll of the Tevatron, the experimental situa-
tion of b baryons was not yet quite conclusive, with only
the A, experimentally established. However, the observa-
tion of new heavy baryon states at Tevatron experiments
has been prolific in Run II. In addition to the =, baryon

observed by D@ and also reported by CDF [5], other
states, X7 and ;¥ have been also observed [3]. These
observations have allowed to compare experimental mea-
surements with QCD potential models and lattice QCD
predictions for mass of heavy baryons. Prediction and ex-
periment agree very well, proving once more the success
of the quark model. With more statistics, other prop-
erties besides masses could be measured, and search of
physics beyond the Standard Model in b baryons [22, 23]
would be possible.
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