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We present improved limits on the production of massive stable charged particles in pp collisions us-

ing the Collider Detector at Fermilab based on an integrated luminosity of 3.54 pb . Both unit and

fractionally charged particles are considered. Cross-section upper limits are determined for masses from

50 to 500 GeV/c . Theoretical cross sections are used to set bounds on the mass of fermionic color trip-
lets, sextets, octets, and decuplets as well as scalar triplets.

zly

PACS number(s): 13.85.Rm, 14.80.pb

The standard model [1] has enjoyed great success in

describing presently known high-energy phenomena.
Nevertheless, numerous theories [2,3] have been pro-
posed which go beyond the standard model and predict
new phenomena. These theories include left-right-
symmetric models, supersymmetry, superstrings, tech-
nicolor, chiral color, and composite models [4]. New,
hitherto undiscovered particles are a feature common to
nearly all of these theories. Massive stable particles
(MSPs) are examples. These new particles could belong
to one of several diFerent color multiplets and carry frac-
tional or integer charge.

Recently several experiments [5] have reported nega-
tive results from searches for MPSs at e+e colliders.
However, the sensitivity of these experiments is at
present limited to masses less than half the Z mass. In
this paper we extend the search for stable particles to
higher masses using pp collisions at a center-of-mass ener-

gy of 1.8 TeV. We consider particles with fractional

charges (Q= —', and Q= —', ) as well as unit-charged parti-

cles. We consider a particle stable if its lifetime is long

enough (ye~ 10 sec) to enable it to pass through the
detector before it decays. We consider the case of pair
production of massive stable charged particles via gluon
fusion and quark-antiquark annihilation.

The distinguishing characteristics [3,6] of such parti-
cles are high transverse momenta, lower velocities than
ordinary high-momentum particles, and muonlike
penetration of matter. The transverse momenta are
characterized by distributions which peak at about one-
half of the particles' mass. The velocity distributions are
quite broad with centroids that decrease with increasing
mass. Although the MSPs are strongly interacting, they
can penetrate a considerable amount of material with rel-
atively little loss of energy. Energy loss in coherent elec-
tromagnetic or hadronic elastic scattering from the nu-

cleus is negligible because of the small momentum
transfer involved [7]. Energy loss in elastic or inelastic
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scattering from individual nucleons is small because the
MSP is at least 50 times more massive than the nucleon
for the range of masses considered here. In particular,
the actual amount of energy available in the MSP-
nucleon center-of-mass frame is small and lies below the
threshold for single-pion production over much of the
beta (P=U jc ) range to which we are sensitive. Charged
MSPs, however, do lose energy through ionization which
is the prime determinant of their range.

The search is based on an integrated luminosity of 3.54
pb ', which is a factor of 135 larger than that of our pre-
vious search [8].

The Collider Detector at Fermilab (CDF), fully de-
scribed in Ref. [9], is a general purpose 4m detector with
a 1.4-T solenoidal magnetic field. The detector combines
electromagnetic and hadronic calorimeters in a projective
tower geometry with charged particle tracking. Of par-
ticular importance to this analysis are the scintillation
counter arrays (beam-beam counters) which signaled the
occurrence of an inelastic collision, the vertex time pro-
jection chambers (VTPC) which determined the interac-
tion point, the central tracking chamber (CTC), the cen-
tral hadron calorimeter, and the central muon chambers.

The central hadron calorimeter consists of 32 steel-
scintillator layers with 2.5-cm sampling and covers the
pseudorapidity range lril & 0.9. The calorimeter contains
projective towers each subtending 0.1 in pseudorapidity
and 15' in azimuth (P) where the z axis is along the pro-
ton beam direction. Each tower is equipped with a time-
to-digital converter (TDC) [10] to record the arrival times
of particles from the interaction point. The calorimeter
has a timing resolution (cr) of 1.6 ns for noninteracting
particles which deposit at least 1.5 GeV of energy in the
hadron calorimeter and is nearly 100% efficient for these
particles. The mean TDC value for each tower was ad-
justed using data from jet events so as to equalize the
response to presumed P=1 particles. Event-by-event
corrections to the TDC values were made for the interac-
tion time as determined by the beam-beam counters and
for the differences in path length arising from different
vertex 1ocations along the beam axis.

The central muon chambers consist of four layers of
drift cells located immediately behind the hadron
calorimeter at a distance of 3.5 m from the beam axis.
Over the region (lril ( 0.63) covered by the muon
chambers, there are approximately five hadronic absorp-
tion lengths of material between the chambers and the in-
teraction point.

The acceptance for the detection of stable particles was
derived from Monte Carlo studies. ISAJET [11]was used
to pair produce stable charged particles. Events were
generated at masses ranging from 50 to 500 GeV jc . The
acceptance for detecting particles with masses less than
50 GeV/c is small and subject to large systematic uncer-
tainties. The cross section for production of particles
with masses larger than 500 GeV/c is expected to be ex-
tremely small and no events would be anticipated with
our present integrated luminosity. Figure 1 shows the P
distribution of events generated by ISAJET for three
different masses. We are sensitive to a maximum P of
about 0.65. The minimum P is determined by the energy
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FIG. 1. Monte Carlo-generated P distributions for fermions
of mass 50, 200, and 500 GeV/c .
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FIG. 2. Time relative to P= 1 particles versus energy deposi-
tion in the hadron calorimeter for Monte Carlo generated parti-
cles of mass 200 GeV/c . The signal region for massive unit-
charged stable particles is indicated by the solid lines. The
dashed line indicates the response for a detector with perfect
resolution. The region encompassing 99% of the background is
located below the dotted line.

required to prevent the particle from stopping due to en-

ergy loss in the calorimeter and for Q =1 particles varies
from 0.25 to 0.45 depending upon the mass of the parti-
cle. These events were then processed by a program
which simulated the detector response. The same
analysis chain used for real data was then applied to the
Monte Carlo events. Figure 2 is a scatter plot of the time
of arrival relative to P= 1 particles in the hadron calorim-
eter versus the energy deposited in the hadron calorime-
ter by unit-charged particles generated with M=200
GeV jc . The ideal correlation reflecting only the P dis-
tribution of the generated particles is indicated by the
dashed line. The finite time and energy resolution of the
calorimeter result in the scatter around the ideal curve.
The signal region for Q =1 particles is indicated by the
solid lines and was used for all masses. The region of
low-time and low-energy deposition was excluded be-
cause it is expected to contain significant background
from ordinary particles. The area containing 99% of the
estimated background lies below the dotted hne.
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The acceptance was then defined as the probability of
an event having at least one particle with transverse
momentum greater than 25 GeV/c in the signal region.
The acceptance for unit-charged particles ranged from
5% for 50 GeV/c masses to 40% for masses of 500
GeV/c . The increase in acceptance with mass is due to
the shift of the P distribution to lower values, the increase
in the average transverse momentum (pr) of the MSP,
and the shift in g to more central values. The Monte
Carlo studies that were performed for the Q =1 case were
repeated for Q =

—,
' and Q=T4. Since the track momenta

were reconstructed assuming Q = 1, the transverse
momentum cut of 25 GeV/e becomes an actual pr cut of
16.7 GeVjc for Q =

—,
' particles and 33.3 GeV/c for Q =—',

particles. The amount of energy deposition in the
calorimeter depends upon the charge of the object, so
different signal regions had to be defined for each charge.
Charge- —', particles of a given mass and time-of-Bight de-

posit less energy than similar Q=1 particles whereas

Q =—', particles deposit more energy. This leads to
different acceptances for the three charges considered.

Because of the penetrating character of MSPs, the data
set used in this search consisted of events containing
high-pz muons. The muon trigger required hits in the
beam-beam counters indicative of an inelastic collision
and a track above 11 GeV/c in the CTC which loosely
matched a track segment formed from hits in the muon
chambers. The muon trigger eBiciency was measured to
be 0.90+0.02 [12].

Additional off-line cuts were used to refine the data
sample. Events with multiple interactions, as identified

by the VTPC, were removed. The vertex position along
the beam axis was required to be within 60 cm of the
detector center. The penetrating track was required to
have pr & 25 GeV/c and to match a track segment in the
muon chambers to within 10 cm in the drift direction.
Cosmic-ray events were removed by requiring the dis-
tance of a track from the event vertex along the beam
direction to be less than 5 cm and the distance of closest
approach to the vertex in the transverse plane to be less
than 0.5 cm. The identity of the events tagged as cosmic
rays was confirmed by examining the difference in arrival
times at the hadron calorimeter between the incoming
and outgoing segments comprising each cosmic-ray can-
didate. This difference as shown in Fig. 3 had a mean
value of 20 ns for cosmic ray events and 0 ns for dimuon
candidate tracks originating from pp interactions. Final-

ly, the hadron calorimeter time was required to be at
least 5.4 ns late compared to P= 1 particles. A total of 45
events survived these cuts.

Figure 4 shows the hadron calorimeter time relative to
P= 1 particles versus energy deposition for the data sam-

ple. The signal regions for Q= —'„Q=1, and Q= —', are

indicated. One candidate event ( A in Pig. 4) is observed
to lie in the signal region for Q= 1. This event is con-
sistent with 8'~pv decay based on a high-pT muon and

large missing transverse energy indicative of a neutrino.
The late hadron calorimeter time is consistent with back-
ground estimates given below. Furthermore, examina-
tion of timing information from the outer layers of the

12-
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FIG. 3. The calorimeter time difference between pairs of
tracks from a sample of pp interactions (dashed line) and for a

sample of cosmic rays (solid line). The shaded entries indicate

events in the data sample used in this analysis which failed the
cosmic-ray cuts described in the text and were consequently re-

moved from the sample.
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FICx. 4. Time relative to P= 1 particles versus energy deposi-

tion in the hadron calorimeter for the high-p& muon data sam-

ple. The signal regions for massive Q= 3, Q=1, and Q= —,

stable particles are indicated by the dotted, solid, and dashed

lines respectively. Note the suppressed zero.

CTC indicates that the track in question is consistent
with a P= 1 particle and is unlikely to have as low a ve-
locity as implied by the hadron calorimeter timing.
Event B, which lies just outside the signal region, also has
CTC timing typical of a P= 1 particle. The signal region
for Q =—', also contains just event A while the signal re-

gion for Q =—', contains event C in addition to A. Event
C lies close to the low time boundary of the signal region
and therefore is in the region most likely to be populated
by tracks in the tail of the time distribution of P= 1 parti-
cles. To be conservative, we have elected to retain the
two candidate events (A and Q for purposes of setting
production limits.

To obtain an estimate of the background, we used a
low-pT (5&pr &15 GeV/c) muon data sample. We ap-
plied the same selection criteria to the low-pT muon sam-

ple as the high-pz muon sample. After normalizing to
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the number of muon candidates in the two samples, we
obtained background estimates of 0.8+0.8 for Q= —,',
2.3+1.3 for Q=l, and 1.5+1.1 for Q= —'. These are
consistent with the 1, 1, and 2 candidate events found re-
spectively. However, the background content of the low-

pT muon sample may be different from that of the high-

pT muon sample and to be conservative no background
subtraction is made.

There are several sources of systematic uncertainty in
the determination of the cross-section limits. The uncer-
tainty in the integrated luminosity is +6.8%. The major
source of systematic error is due to an uncertainty in the
response of the calorimeter timing system to particles
with difFerent velocities. Data only exist for P= 1 parti-
cles. The response to particles with lower P's had to be
modeled. The hadron calorimeter has a depth of 130 cm.
Because light is collected from the 32 layers and then
brought together via light guides at the phototubes, light
from any portion of the calorimeter could in principle fire
the TDC. Our model indicated that the distance from
the event vertex over which the flight time was measured
varied from about —,

' of the way into the hadron calorime-
ter for low P particles to about —', of the way for particles
with higher P. The center of the calorimeter was used
when determining the acceptance and the change in ac-
ceptance resulting from using the 4 and 4 points deter-
mined the systematic error assigned to the acceptance.
The change in acceptance is dependent upon the P distri-
bution of the particles and therefore varies with mass.
The systematic error in the acceptance arising from the
uncertainty in the path length ranged from 12% for
M =500 GeV/c to 38% for M =50 GeV/c .

Another potential cause of loss of acceptance is due to
overlapping tracks. Because a TDC fires on the first sig-
nal that reaches it, it is possible for a @=1 particle hitting
the same calorimeter tower as a slower particle to result
in a loss of timing information. The overlapping track
could originate from either the underlying event or from
the fragmentation of a parent exotic quark. The proba-
bility of a particle from the underlying event striking the
same tower as the MSP was estimated to be
0.0046+0.0016. Although model dependent, particles
accompanying the MSP are generally expected to have
low momenta [13] and be swept away from the high-
momentum massive particle by the 1.4-T magnetic field.
Monte Carlo simulations utilizing IsAJET confirmed this
expectation. We conclude that the efFect of overlapping
particles is small and make no correction.

The total systematic uncertainty ranged from 39% for
M =50 GeV/c to 15% for M =500 GeV/c . The 95%
confidence level upper limit on the cross section was then
determined by convoluting the Poisson statistics associat-
ed with the number of observed events together with the
systematic uncertainty, and correcting for the accep-
tance. Figure 5 gives the resulting 95% confidence level
upper cross-section limits on the production of stable
charged colored particles. Although these limits were
calculated for the case of fermionic colored objects, the
limits are valid for any particles pair produced with the
same kinematic distributions and pattern of energy depo-
sition and thereby the same acceptance. Also shown are
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FIG. 5. The cross section upper limits (95% C.L.) for the

pair production of stable charged fermionic colored particles as
a function of mass for Q = 1, Q = 2, and Q = 4. Also shown are

the theoretical cross sections for the production of fermionic
color triplets (3), sextets (6), octets (8), and decuplets (10).

theoretical cross sections [14] for the production of fer-
mionic color triplets, sextets, octets, and decuplets.

Knowledge of theoretical cross sections allows one to
set limits on the masses of particles produced with those
cross sections. The Ellis cross sections for the case
A5 = 170 MeV, p =m, and Diemoz-Ferroni-Longo-
Martinelli (DFLM) [15] structure functions rule out
stable, pair produced, fermionic unit-charged color trip-
lets with masses between 50 and 139 GeV/c at the 95%
confidence level. Using the same cross sections, charge-3
objects produced with masses between 50 and 116
GeV/c are excluded as are charge —', objects with masses

between 50 and 140 GeV/c at the 95% confidence level.
The charge refers to that of the detected particle and not
necessarily to that of the original quark which could form
a bound state with a light quark.

Mass limits can also be set for higher color multiplets
by scaling the same Ellis color-triplet cross sections by
the appropriate color factors taking into account the
change in the ratio of the cross sections with mass [16].
Unit-charged color sextets, octets, and decuplets are ex-
cluded at the 95% confidence level for masses between 50
GeV/c and 197, 199, and 255 GeV/c respectively. In
addition unit-charged scalar triplets with masses between
50 and 85 GeV/c are excluded at the 95% confidence
level using the cross sections of Drees and Tata [6].

All these limits are based upon the assumption that the
massive particles have nonzero charge. Obviously pair
production could involve neutral as well as charged parti-
cles. In addition, interactions with the material of the
detector could change the original charge of the massive
particles. These effects could weaken the cross section
limits by a factor between 1.5 and 4.0 [6]. A factor of 4
would lower the mass limits by 30—40 GeV/c . Al-
though massive leptons if present could have been detect-
ed, the expected cross section for their production is
much smaller than the corresponding cross section for
the production of colored particles of the same mass.
Therefore we do not set limits on the production of mas-
sive stable leptons.
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