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A time-of-flight technique has been used to search for neutral weakly interacting massive particles
in the wideband neutrino beam at the Fermilab Tevatron. Limits at the 90% confidence level are
reported herein for (a) heavy neutrino production from the decay of heavy quark states, (b) massive
objects directly produced in 800 GeV /c pN interactions that are noninteracting but unstable with
a mean lifetime between 10™% and 10™* s, and (c) directly produced massive objects that are stable

but weakly interacting with interaction cross sections between 1072° and 1073 cm?.

PACS number(s): 14.80.—j, 13.15.+g, 14.60.St

I. INTRODUCTION

The time-of-flight technique to search for neutral heavy
particles in a beam dump was first suggested by Shrock
[1]. With the use of scintillation counters operating para-
sitically within the FMMF neutrino detector, event times
relative to the time of beam passage have been mea-
sured for neutrino events recorded during the 1987 Fer-
milab Tevatron fixed target run. The shape of the event
time distribution depended on the inherent proton bunch
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shape and the time resolution of the apparatus. Events
with measured event times outside the expected neutrino
event time distributions were considered candidates for
new particle production. The absence of such anoma-
lous event times was used to set limits on new parti-
cle production in 800 GeV /c proton-nucleon interactions
based on an integrated number of live protons on target of
1.15 x 10'7. The method used in the present experiment
is uniquely independent of the specific weakly interacting
massive particle (WIMP) event topologies and therefore
free from model-dependent background subtraction. A
more detailed description of this analysis can be found
elsewhere [2].

II. EXPERIMENTAL SETUP
A. Neutrino beam time structure

Primary 800 GeV/c protons struck the neutrino tar-
get (1 interaction length of BeO) in bunches which were
synchronous with the accelerator rf clock, separated by
18.83 ns. The shape of each bunch in time was approx-
imately Gaussian with a standard deviation of less than

6 ©1995 The American Physical Society
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1 ns [3]. The charged secondaries and their light decay
neutrinos were highly relativistic, so they maintained the
time structure of the proton beam as they traversed the
focusing quadrupole triplet magnet train, the decay vol-
ume, and shielding before reaching the FMMF detector.
The hadron and muon shield, located 542 m downstream
of the neutrino target, consisted of an aluminum beam
dump followed by a berm containing dirt with steel and
lead inserts.

B. Detector

A side view schematic of the FMMF detector is shown
in Fig. 1. It was located 1599 m downstream of the
neutrino target. The detector was designed for study-
ing high-energy neutrino interactions. Details of the
calorimeter and spectrometer are described elsewhere
[4,5].

Briefly, the target/calorimeter consisted of alternating
planes of target material (sand and steel shot) interleaved
with flash chamber planes oriented in three views, and
proportional tube planes in two views. The muon spec-
trometer measured the momentum and polarity of any
high-energy muons that exited the downstream end of
the calorimeter. Information from the flash chambers,
proportional tube planes, and spectrometer was used to
locate the event vertex, measure the event energy, find
the position of the end of electromagnetic or hadronic
showers, track muons and measure their momentum, and
identify the final state event topology.

The aperture limiting the geometric acceptance of par-
ticles produced in the beam line was that of the active
detector volume which subtended a half angle of approxi-
mately 1 mrad directly forward from the neutrino target.

Sixteen scintillation counters [the time-of-flight (TOF)
counters] were arranged in four planes, as shown in Fig. 1,
for the purpose of measuring event times relative to the rf
clock. Each TOF counter consisted of a 200 cm x31 cm
x2 cm slab of Bicron 408 scintillator viewed from each
end by a 56 AVP photomultiplier tube (PMT) through a
Lucite™ light guide. Each TOF plane contained four
TOF counters separated vertically by approximately 20
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FIG. 1. Schematic of the FMMF neutrino detector.

cm. The four TOF planes were located at 3.8, 6.3, 8.8,
and 11.4 m downstream of the detector face. All planes
were oriented in the same direction, with the length of
the scintillator running in the horizontal direction per-
pendicular to the beam axis. The planes were staggered
vertically to minimize gaps in coverage.

The TOF counters had a simple geometry and coarse
segmentation covering a large portion of the active
calorimeter volume. Table I shows the longitudinal and
transverse segmentation of the flash chambers, propor-
tional tubes, and TOF counters for comparison.

Anode signals from each of the 32 PMT’s were routed
to discriminators set at both low and high thresholds.
Both discriminator levels were typically satisfied for the
traversal of a single minimum ionizing particle. Thresh-
old crossing times relative to the rf clock signal from the
accelerator were digitized and stored for each counter.
PMT anode signals were also pulse-height analyzed and
digitized.

III. DATA ANALYSIS

Neutrinos interact with nucleons through the exchange
of charged (W¥) or neutral (Z) gauge bosons, commonly
referred to as charged current or neutral current interac-
tions, respectively. Both event types result in hadronic
showers with a broad range of energies; charged current
events also have a high-energy muon in the final state,
while neutral current events have a neutrino which es-
capes detection.

An event was designated CC (charged current candi-
date) if a high-energy muon was identified in the final
state. The identified muon was required to have a track
that emerged from the primary vertex with a length of
at least 500 cm within the calorimeter if it exited the
side of the calorimeter, or at least 1000 cm if it did not.
The absence of such a topology qualified the event as NC
(neutral current candidate).

The depth of the fiducial volume extended from the
front face of the calorimeter to the position of the last
TOF plane. Its cross section perpendicular to the beam
direction was roughly circular with an equivalent area of
7.5 m2. This fiducial volume had a cross-sectional area
larger than that subtended by the TOF scintillator, but
was far enough from the detector edge to ensure reason-
able pattern recognition abilities. A neutrino event was
classified as being in the fiducial volume if the event ver-
tex was located within this volume. The fiducial mass
was 98 metric tons.

Two triggers were used. The first trigger was satisfied
if more than 5 GeV of energy was measured by the pro-
portional tubes. The second trigger was designed to in-
crease acceptance for CC events with very little hadronic
shower energy; it required a small amount of energy in
the calorimeter and a muon in the spectrometer. The
combined trigger efficiency was found to be over 90% for
total deposited energies of 5 GeV, rising to over 99% for
energies above 10 GeV.

If signals from two TOF PMT’s on the same side of
the detector crossed the low threshold within 50 ns, then
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TABLE I. Calorimeter segmentation parameters. The radiation and absorption length per plane
express the number of radiation or absorption lengths between each unit of longitudinal segmenta-

tion for each detector subsystem.

Calorimeter Flash Proportional TOF

component chambers tubes planes

Number of planes 592 37 4

Transverse segmentation 5.77 mm 10 cm 30 cm (vertical)
Longitudinal segmentation 3.2 cm 46 cm 20m

Radiation length per plane 0.22 3.6 17.85

Absorption length per plane 0.036 0.59 2.94

the TOF trigger condition was satisfied. Information  time measurements were corrected by these values, which

from the time-of-flight counters was available much ear-
lier than from the proportional tubes, which required 50
to 100 ns to make a triggering decision. Therefore, the
TOF system was designed to trigger itself, digitize, and
store all TOF signals, and then wait for a trigger signal
from the detector.

The event sample consisted of all neutrino events with
event vertices within the fiducial volume. The total
125629 events were classified as shown in Table II.

IV. NEUTRINO EVENT TIME DISTRIBUTIONS

A number of calculated corrections related to the
threshold crossing times and PMT pulse heights were re-
quired before final event times could be computed. Using
counters hit by single tracks these quantities were calcu-
lated in the off-line analysis as indicated below.

(1) The drift of the rf clock signal was monitored us-
ing event timing of muons in a calibration beam. Cali-
bration beam interactions, recorded simultaneously with
data taking, had the same time structure as the neutrino
beam. Shifts in the rf clock signal were observed and
correlated with changes in the outside temperature and
changes in accelerator operations [6].

(2) Relative gains for the individual PMTs were de-
termined. These pulse heights were the only available
direct measurement of the total energy deposited in the
scintillator.

(3) For each counter, the average time that the output
pulse crossed the low level threshold was measured. All

TABLE II. Shown here is the number of events, separated
by CC and/or NC classification, in the fiducial volume, and/or
timed using either the track or shower timing method. Single
counter indicates measurements from a single counter were
used to determine the event time, while multiple counter im-
plies measurements from two or more counters were utilized.

CC events NC events
In fiducial volume 94675 30954
Track timed 20133 2000 0 — === —=
(single counter)
Track timed 12485 0 - — = = ——
(multiple counter)
Shower timed 11 385 12139

(multiple counter)

set the average neutrino event time relative to a fixed
phase of the rf clock to zero as well as accounted for
channel specific cable length and electronics delays.

After applying the above corrections, threshold cross-
ing times were averaged to form an average PMT time Tp
for each PMT. An average counter time T¢ is formed by
averaging the relevant Tp’s after correcting these mea-
surements for the time required for the light to travel
from the point of energy deposition to the photocathode.
Since the pattern of energy deposition in the scintillator
from muon tracks in CC events was different from that
of hadronic showers in NC events, the timing analysis of
each of these event topologies was treated separately as
described in the following two subsections.

A. Event timing using single muons

For the determination of the event time of CC events,
only those TOF counters which were traversed by a muon
were used. Transit-time corrections were well determined
because of the precise spatial position of tracks provided
by the flash chambers. All T¢ were folded into a sin-
gle period of the rf clock extending from about —9.5 to
9.5 ns (a single period of the rf clock spans 18.83 ns).
This shift, equal to an integral number of rf clock pe-
riods, was unambiguous for counters hit by an isolated
track.

Pulse-height slewing of the timing signals was ob-
served, producing systematically earlier time measure-
ments when higher energy was deposited in the scintil-
lator. Tp measurements were therefore corrected in pro-
portion to the pulse height. These corrections were as
high as 2.5 ns. A nearly identical correlation in time shift
versus pulse height was found in muon calibration event
timing measurements. Before the T¢’s were averaged to
obtain an event time T* (the event time determined
using tracking), a number of cuts were imposed on Tp
and T¢ measurements to ensure that they were consis-
tent with a signal produced from the traversal of single
tracks [2].

In order to study any unanticipated systematics of the
timing analysis, all events with |T¢| > 3 ns (160 in total)
were scanned by eye. Figure 2 shows a typical CC event
picture. From the detailed pattern of flash chamber hits,
one can unambiguously distinguish a neutrino interac-
tion from a cosmic ray or beam muon, as well as discern
which counters were hit by muon tracks. A number of
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anomalous events were identified. In particular, we note
the following.

(1) Six events were due to cosmic ray interactions.
Such events were found to have a flat Ti* distribution.
Based on six cosmic ray events found with |[T#%| > 3 ns,
it is concluded that the total CC sample was contami-
nated with cosmic rays at less than a 0.03% level which
has a negligible effect on the timing efficiency.

(2) In one event, corrections to a Tc measurement were
inappropriate because the pattern recognition algorithm
was confused by flash chamber cells which fired as a result
of residual ionization from a previous event.

RUN 9363 EVENT 2368
FC HITS= 1730
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(3) In 13 events, Tc measurements were eliminated
when either no muon was visible traversing that counter
or the muon track ranged out before hitting the counter.
These events were not eliminated from the event sam-
ple; rather Tlt;rk was recalculated omitting those measure-
ments deemed to be incorrect.

The timing resolution was better for events where two
or more T¢’s were averaged to obtain T};J'k. Therefore,
the timed CC sample was broken up into two parts: the
first part consisted of all events timed using a single T¢
measurement, the second contained events timed utiliz-
ing two or more counters. The corresponding Tlt,;rk distri-
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FIG. 2. A typical CC event in the FMMF detector.
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FIG. 3. The final CC event time distribution for (a) single
counter timed events and (b) multiple counter timed events.

butions for the single and multiple counter timed events
are shown in Figs. 3(a) and 3(b), respectively. In this
representation smaller time measurements are the latest
chronologically, while larger times are early.

The average timing efficiency was 34.5%. This effi-
ciency was not independent of final state characteristics:
The efficiency depended on the angle of the muon rela-
tive to the beam axis (6,) as shown in Fig. 4. Also shown
are the timing efficiencies for single and multiple counter
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FIG. 4. The event timing efficiency as a function of the
angle of the muon with the beam axis (solid line). The dotted
and dashed lines indicate the timing efficiency for single and
multiple counter timed CC events.

E. GALLAS et al. 52

timed CC samples. These efficiencies were folded into
Monte Carlo simulations of the acceptance.

In the single and multiple counter timed event sam-
ples, no events were observed in the time windows out-
side of —4.5 < T},;'k < 4.5 nsand —3.25 < Tgk < 3.75 ns,
respectively. These windows in which no events were ob-
served, called the TOF search windows, along with the
corresponding timing efficiency, were used to set limits on
heavy neutrino and direct massive particle production as

described below.

B. Event timing using hadronic showers

Event times for NC events were determined using coun-
ters struck by the hadronic shower. The energy deposi-
tion of a shower in a TOF counter was not localized so
time measurements were less precise and required more
complicated corrections.

The timed CC sample, known to have —4.5 < TE* <
4.5 ns, was used to develop the algorithms for determin-
ing the event time for NC events because it was found
empirically that timing characteristics of hadronic show-
ers in NC and CC events were indistinguishable. The
following corrections were applied.

For counters with both PMT pulse heights consistent
with a minimum ionizing particle traversal, Tc’s were
corrected just as in the track timing analysis.

When both pulse heights were greater, a number of
measurables were found to be correlated with the appar-
ent width of a shower intersecting a TOF counter. A
shower width, determined using flash chamber informa-
tion, was used to correct the measured times. In addi-
tion, consistently earlier time measurements were found
in counters with a small vertical distance from the ver-
tex to the center of the TOF counter utilized. It was
presumed that this was due to neutrons, to which the
TOF scintillator was sensitive, but the flash chambers
were not. A correction proportional to the number of
flash chamber hits seen in the flash chamber cells just
upstream of the TOF counter utilized was also added.

When one pulse height of a counter was above the min-
imum ionizing range, or both were above the minimum
ionizing range and a measured width was not available,
Tp’s were shifted by an average amount obtained from
all counters which had these characteristics. Further cor-
relations between Tp and other measurables, such as the
number of flash chamber hits, were not observed.

After these timing corrections were applied, a num-
ber of consistency requirements similar to those made in
the CC event timing analysis were imposed. The event
time T§P™ for NC as well as for CC events was obtained
by averaging all available corrected time measurements
passing the consistency criteria in each event. Events
with |Tgf"| > 5 ns were scanned. A total of 154 events
was scanned, 82 of which were classified as NC, the re-
maining 72 were classified as CC. Twenty-two cosmic ray
events were found, all classified as NC, and they were
eliminated from the sample.

To improve the timing resolution, events were also re-
quired to have at least two counters which satisfied the
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FIG. 5. The event timing efficiency as a function of shower
energy in NC events.

timing consistency criteria. For NC final states, the av-
erage multiple counter timing efficiency was 37%. This
efficiency depended on the measured final state energy as
shown in Fig. 5. The final T§F" distributions for NC and
CC events are shown in Figs. 6(a) and 6(b), respectively.
Because the timing characteristics of showers in CC and
NC events were expected to be governed by the same sys-
tematics and since timed CC events were known to have
—4.5 < T¥* < 4.5 ns, the track timed CC event sample
timed with the shower timing technique was presumed
to form an estimate of the background due to neutrino
induced NC events.

An event time window of —5.0 < TE" < 5.0 ns was
chosen. The number of WIMP signal events corresponds
to the number of NC events in excess of this background
outside the event time window. The number of events
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FIG. 7. Number of NC events above background as a func-
tion of time.

in the CC distribution was normalized to the number
of events in the NC distribution inside this event time
window. The background subtracted NC distribution is
shown in Fig. 7. The number of events outside the chosen
time window was —3.32 £ 4.16. For wider and narrower
time windows, the number of events observed remained
consistent with zero. The same is also true for the sin-
gle counter timed NC events, though only the multiple
counter timed NC event results were ultimately used to
set limits on directly produced massive particles.

V. LIMITS ON NEW PARTICLE PRODUCTION

A massive particle produced at the target or in the
shielding will reach the detector later than a neutrino.
The time delay, called the time of flight, is approximately

given by
D (M\?
=2 (?) , (1)

where D is the distance traveled and M and P are the
mass and momentum of the particle, respectively. This
time of flight corresponds to the measured event time
relative to the mean arrival time of the neutrino bunches
in the detector, modulo 18.83 ns (one cycle of the accel-
erator rf clock). The signature of new massive particle
in this detector was an event which occurs outside the
expected time structure of the neutrino beam.

A. Direct production limits

The possibility that a WIMP might be produced di-
rectly in 800 GeV/c pN interactions, and then interact
or decay within the FMMF detector has been considered.
Production in the center of mass was assumed to be sim-
ilar to that measured in heavy quark production, that is,
proportional to (1—|zr|)™ exp(—by/p3 + M?), where zp
is the Feynman scaling variable and n and b are empir-
ically determined constants. For WIMP masses ranging
from 1 to 20 GeV/c2, the detector acceptance varied by
less than a factor of 10 as the constants n and b varied
in the ranges 1 < n < 10 and 0.5 < b < 5.0, respectively.
These ranges were chosen as representative of what might
be expected in the direct production of massive particles.
For the limit results presented below, it has been assumed
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that n = 5.0 and b = 3.45 as in a simulation [7] of the di-
rect production of supersymmetric particles in a similar
mass range.

Acceptance for directly produced particles was domi-
nated by the convolution of geometric and time-of-flight
acceptance (the fraction of geometrically accepted parti-
cles entering the FMMF detector in the TOF search win-
dow). For production at the beam dump from 800 GeV/c
protons, geometric acceptance ranged from 1.4% to 3%.
The time-of-flight acceptance requirement is essentially
a mass-dependent high-energy cutoff. If a particle was
too energetic, it would not fall out of time sufficiently to
appear different from a neutrino event. Because of this
cutoff, the apparatus was not sensitive to WIMPs with
masses below about 0.5 GeV/c2.

Overall acceptance (including geometric, time-of-
flight, and trigger acceptance) for WIMPs directly pro-
duced at the beam dump ranged from 1.0 x 107 to
2.2 x 1072 for masses of 1 to 20 GeV/c?, respectively.
Despite increased TOF acceptance for production at the
primary target (target was 500 m upstream of the dump),
overall acceptance for target production was typically
about two times lower than for production at the beam
dump due to decreased geometric acceptance.

For this general model, the independent parameters
are the production cross section o, the mass M, the
branching ratio B to produce the indicated final state,
and either (a) the mean lifetime 7 for noninteracting un-
stable particles which decay in the detector or (b) the
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FIG. 8. For final states that contain a muon, contours
of equal 90% C.L. upper limits on production cross section
times branching ratio (pb/nucleon) are shown as a function of
mass and lifetime for noninteracting unstable particles. Solid
curves represent the FMMF results. Dashed curves indicate
results from the NA3 experiment for identical 0B and specific
final state u + 7 or pu + p.

interaction cross section oj,; for stable weakly interact-
ing particles. A linear atomic weight dependence of the
production cross section was assumed.

For the case of an unstable WIMP decaying to final
states with muons, limits on particle mass versus log,, 7
are shown in Fig. 8, where contours of equal 90% C.L.
upper limits on o B are indicated. The solid curves rep-
resent the FMMF results, while dashed curves represent
results of NA3 [8], a short beam dump experiment per-
formed at CERN designed to look for charged or neutral
massive (> 1 GeV/c?) particles with 1071 < 7 < 1078 s.
The FMMF and NA3 experiments were complementary
in sensitivities. The long beam line made FMMF insen-
sitive to shorter lifetimes, but when combined with the
higher integrated luminosity, FMMF was more sensitive
to longer lifetimes despite lower acceptances.

The equivalent contours for final states with no muon
(NC class) were similar but less exclusive by a factor of
approximately 2 in 0B as shown in Fig. 9. Again, the
solid contours represent the FMMF results. The dashed
curves show the comparable contours from the NA3 ex-
periment for the specific final state 77T + X (inclusive).
The NA3 result for a 7*eT final state (not shown) was
similar but less exclusive.

Shown in Fig. 10 are contours of equal 90% C.L. upper
limits for o B as a function of mass and interaction cross
section for stable weakly interacting particles for (a) final
states that contain a muon and (b) final states without
a muon.
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FIG. 9. For final states that do not contain a muon, con-
tours of equal 90% C.L. upper limits on production cross sec-
tion times branching ratio (pb/nucleon) are shown as a func-
tion of mass and lifetime for noninteracting unstable particles.
Solid curves represent the FMMF results. Dashed curves in-
dicate results from the NA3 experiment for identical 0B and
specific final state 77T + X (inclusive).
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shown as a function of mass and interaction cross section for
stable weakly interacting particles for (a) final states that
contain a muon, and (b) final states that do not contain a
muon.

B. A model for heavy neutrino production

An extension of the standard model [9] in which the
p flavor weak neutrino eigenstate is a superposition of
the conventional light v, mass eigenstate and a new
heavy eigenstate vy has been investigated. The new
state couples to u* with strength oc |U,g|?. These heavy
eigenstates would manifest themselves in the leptonic de-
cays of heavy quark states such as in the decays D* or
D+ — vy + p*, provided the kinematic threshold was
satisfied. In this scenario, heavy quarks would be pro-
duced in the beam line and decay into a long-lived heavy
neutrino which decays in the detector.

There were a number of sources of charmed mesons
in the neutrino beam line including 800 GeV /c protons
interacting in the primary target and the beam dump,
and secondary beam particles interacting in the beam
dump such as #¥, K*, and p*. To simulate charm pro-
duction, differential and total cross section results from
a number of charm hadroproduction experiments were
used [10-12]. The energy dependence of the charm pro-
duction cross section in both p/N and 7N interactions
was taken from Ref. [13].

A Monte Carlo simulation of the full production and
decay chain was used to determine the number of ex-
pected events seen in the FMMF detector. In addition to
the charm production parametrizations above, this simu-
lation also included a theoretical model for expected life-
time and branching ratios for the production and decay

of the heavy neutrino [9]. These predictions vary with
heavy neutrino mass and mixing parameter, which were
the two independent parameters for this model.

Geometric acceptance rose steadily with mass, ranging
from 0.3% to 1.4% for masses from 0.5 to 1.8 GeV/c2?,
respectively, for production at the beam dump. This ac-
ceptance was lower than that in the direct production
case because of the D decay kinematics. Acceptance im-
proved for masses approaching the mass of the parent
D meson. The overall acceptance for heavy neutrinos
ranged from 1 x 1075 to 7 x 10~ for masses of 0.5 to
1.8 GeV/c?, respectively.

Figure 11 shows the results of the current experi-
ment superimposed with the results of other experiments
(listed in Ref. [14]) searching for massive neutrinos pro-
duced via similar mechanisms.!

Other beam dump experiments [14,15] have ruled out
this phase space previously. However, it should be em-
phasized that the method used in the present experiment
is completely different from those of the other experi-
ments cited.- The present experiment does not rely on
specific decay topologies for the detection of such parti-
cles and no physics background subtraction is involved in
this analysis. Results from the CERN e*e™ collider LEP
have also ruled out such states, if it is assumed that the
Z boson coupling to heavy neutrinos is not suppressed.
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FIG. 11. Limits at the 90% confidence level on |U,xu|? as
a function of the neutrino mass: (a) limits obtained in the
CHARM beam dump experiment; (b) limits obtained in the
CHARM wideband neutrino beam; (c) limits obtained study-
ing the decay m — vpu at SIN; (d) limits from the study of the
decay K — vp at KEK; (e) limits from the study of the decay
K — vpv* at LBL; (f) limits obtained in the Big European
Bubble Chamber (BEBC) beam dump; (g) limits obtained
from the Mark II experiment; and (h) limits from FMMF
(E733) experiment.

'The MARK II experiment searches for massive neutrinos
in ete” interactions rather than from the decay of hadronic
states.
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VI. CONCLUSION

At the 90% confidence level, limits have been set on
massive objects directly produced in 800 GeV/c pN
interactions that are noninteracting but unstable with
mean lifetime between 1078 and 10™* s and directly pro-
duced massive objects that are stable but weakly in-
teracting with interaction cross sections between 10~2°
and 1073! cm?. Additionally, limits have been set on

heavy neutrino production from the decay of heavy quark
states.
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