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A long-lived, colored, heavy particle is predicted in several models of beyond the standard model
physics, one example being the gluino (§) in split supersymmetry. Gluinos carry color charge and
are thus expected to hadronize into colorless bound states called R-hadrons. Some fraction of the
R-hadrons can become charged and lose enough momentum through ionization to come to rest in



dense particle detectors. Approximately 410 pb~! of pp collisions at /s = 1960 GeV collected with
the DO detector during Run IT of the Fermilab Tevatron is analyzed in search of such “stopped
gluinos” (G) decaying into a gluon and a neutralino (x(l)), reconstructed as a jet and missing energy.
No excess is observed above the expected background from cosmic muons, and limits are placed on
the (gluino cross section) x (probability to stop) x (BR(G—gx{)) as a function of the gluino and
x? masses, for gluino lifetimes from 30 ps - 100 hours.

PACS numbers:

Split supersymmetry is a relatively new variant of su-
persymmetry, in which the supersymmetric scalars are
heavy (possibly GUT-scale) compared to the (SUSY)
fermions [1]. Due to the scalars’ high masses, the gluino
decays are suppressed, and it can be long-lived. The
gluinos hadronize into “R-hadrons” [2], colorless bound
states of a gluino and other quarks or gluons. At the
Tevatron, gluinos could be pair produced through strong
interactions. If Msygy > 10° GeV, the R-hadrons
live long enough (>10 ns) to reach the DO calorimeters.
As studied in [3], some charged R-hadrons can become
such “stopped gluinos”, by losing all of their momen-
tum through ionization and coming to rest in surround-
ing dense material.

About 410 pb~! of data taken with the DO detector
from Nov. 2002 — Aug. 2004 were reconstructed and
analyzed in search of stopped gluinos. The DO detector
has a magnetic central tracking system surrounded by
a uranium/liquid-argon calorimeter, contained within a
muon spectrometer. The tracking system consists of a sil-
icon microstrip tracker (SMT) and a central fiber tracker
(CFT), both located within a 2 T solenoidal magnet.
The SMT and CFT have designs optimized for track-
ing and vertexing at pseudorapidities |n| < 2.5, where
n = —In(tan(6/2)) and 0 is the polar angle with respect
to the proton beam direction (z). The calorimeter has
a central section (CC) covering up to |n| = 1.1, and two
end calorimeters (EC) extending coverage to |n| ~ 4.2,
all housed in separate cryostats [4]. The calorimeter is
divided into an electromagnetic part followed by fine and
coarse hadronic sections. Scintillators between the CC
and EC cryostats provide additional sampling of devel-
oping showers for 1.1 < || < 1.4. The muon system
consists of a layer of tracking detectors and scintillation
trigger counters in front of 1.8 T toroidal magnets, fol-
lowed by two similar layers behind the toroids, which
provide muon tracking for |n| < 2. The luminosity is
measured using scintillator arrays located in front of the
EC cryostats, covering 2.7 < |n| < 4.4. The trigger sys-
tem comprises three levels (L1, L2, and L3), each per-
forming an increasingly detailed event reconstruction in
order to select the events of interest.

This analysis searches for stopped gluinos decaying
into a gluon and a neutralino. The gluino lifetime is
assumed to be long enough such that the decay occurs
during an accelerator bunch-crossing later than the one
which produced it. For the L1 trigger to be live again

during the decay, this lifetime must be at least 30 us.
The efficiency for recording the gluino decay is modeled
as a function of the gluino lifetime, up to a lifetime of 100
hours. When the decay occurs during a bunch-crossing
with very little other high-pr activity, the signal signa-
ture is a largely empty event with a single high-energy
deposit in the calorimeter, reconstructed as a jet and
large missing transverse energy (Fr).

Since no pp beam-interaction is expected to be corre-
lated with the stopped gluino decay, the trigger for each
event requires that neither the North nor South luminos-
ity scintillator arrays have fired. At least two calorimeter
towers of size n x ¢$=0.2x0.2 with Er>3 GeV are also
required at L1, where ¢ is the azimuthal angle around
the beamline. And a reconstructed jet with E7->15 GeV
is required at L3. Jets are reconstructed with the Run
IT Improved Legacy Cone Algorithm [5] with a cone of
radius 0.5 in 1 X ¢. Loose cuts were used to select a data
sample to study. We require exactly one jet in the event
with £>90 GeV, and no other jets with £p>8 GeV. This
threshold is high enough such that the calorimeter part
of the trigger is nearly 100% efficient.

To simulate the jets that would be produced by
stopped gluino decays, the PYTHIA [6] generator was used
to produce Z+gluon events, with the Z forced to decay
to neutrinos. The location of the interaction point was
placed inside the calorimeter, and events were further
weighted such that the final decay position distribution is
that expected for stopped gluinos. The radial location of
the gluino when it decays depends on the way the gluinos
lose energy via ionization and stop in the calorimeters.
This calculation was performed [3] for a distribution of
material similar to the DO calorimeters and a gluino ve-
locity distribution as expected from production at the
Tevatron. The n distribution is determined by the fact
that gluinos would tend to be produced near threshold
at the Tevatron, and that only slow gluinos would stop.
The gluinos are thus expected to be distributed propor-
tionally to sinf. More than 75% of gluinos which stop
have |n|<1. Initial-state radiation was switched off in
PYTHIA, and so were multiple parton interactions. The
spectator particles coming from the rest of the pp inter-
action, such as the underlying event, were removed at
the generator stage by removing all far-forward particles
with |p./E| > 0.95. Because the gluinos are at rest and
randomly oriented in space when they decay, the gluon
is emitted in a random direction. Thus a random 3D ro-
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FIG. 1: Left: A simulated stopped gluino decay event,
for Mz=400 GeV. Right: A typical cosmic muon, hard
Bremsstrahlung, shower. The height of each bar corresponds
to the total Er in that n x ¢ calorimeter tower. The [ is
shown as a yellow bar and reconstructed muons are shown in
green.

tation was applied to the remaining simulated particles.

The energy of the gluon, which hadronizes and frag-
ments into a jet, depends on the gluino and neutralino
masses:

B = (Mg — M) /2M; S

Simulated jets were corrected for relative differences be-
tween the data and simulation jet energy scales. The
calorimeter electronics sample the shaped ionization sig-
nal only once per bunch-crossing, at the assumed peak of
the signal for jets originating from a pp interaction, but
the gluino decay can occur at any time with respect to
a bunch crossing. So jet energies in the simulation are
also corrected (downwards) according to a model of this
“out-of-time” calorimeter response. The average degra-
dation of energy is 30%, although more than half the jets
are not significantly degraded.

Four samples of stopped gluinos were made, containing
about 1000 events each, using a GEANT-based [7] detector
simulation and reconstructed using the same algorithms
as data. They correspond to gluino masses of 200, 300,
400, and 500 GeV, for a neutralino mass of 90 GeV. Using
Eq. 1, we note that these samples thus correspond to
generated gluon energies of 80, 137, 190, and 242 GeV,
respectively. An event display of a simulated stopped
gluino decay is shown in Fig. 1 (left).

The major source of background is cosmic muons,
which are able to fake a gluino signal if they initi-
ate a high-energy shower within the calorimeter. Hard
Bremsstrahlung emission is responsible for the majority
of the showers. These showers tend to be very narrow,
since they are electromagnetic in nature and thus have
small interaction lengths compared to hadronic show-
ers. Most of the energy is deposited in a few calorimeter
towers, see Fig. 1 (right). However, sometimes a wide,
hadronic-like, shower can be created either due to real
deep-inelastic scattering, fluctuations of the shower, or
detector effects.

Cosmic muons can usually be identified by the pres-
ence of a high-energy muon, either entering or exiting
the detector, using the muon detectors. In particular, a
coincidence of muon hits in the outer two layers of the
muon system, behind the thick iron toroid magnet, are
very strong evidence of a muon. The inner-layer muon
hits are often also caused by the signal, due to parti-
cles escaping the calorimeters, so are difficult to use for
background rejection. Sometimes the muon is not de-
tected, due to detector inefficiencies or the limited de-
tector acceptance, up to |n|<2. Muons can also be de-
tected, in principle, through their ionizing interactions
in the calorimeter, where they are a minimum-ionizing
particle (MIP). However, these MIP trails are difficult to
identify in this geometry where the direction of the muon
path is unknown, and also there is a large shower nearby
which overlaps with the energy deposited by the MIP.

Another source of background events is beam-halo
muons, or “beam-muons”. These are muons, in-time with
the pp bunches, and traveling nearly parallel to the beam.
Often, a muon scintillator hit or two can be associated
with the muon, and the muon can be seen to be in-time,
with At<10 ns. Another feature of the beam-muons is
that they are nearly all in the plane of the accelerator
beam, i.e. with ¢ very near to integer multiples of .
Beam-muon showers are also typically very narrow in ¢-
width.

Since the trigger requires no firing of the luminosity
scintillator arrays, nearly all of the pp beam produced
backgrounds are eliminated. An exception is double
diffractive events with large momentum transfer. How-
ever, after requiring no primary vertex (PV) to be recon-
structed and large Fr (implicit from the requirement of
a single high-energy jet), these events are eliminated. Di-
jet events in the same data sample were studied to under-
stand the oy spectrum and PV reconstruction efficiency
for beam-related backgrounds. Other small sources of
physics background considered were cosmic neutrons and
neutrinos, both of which were determined to be negligi-
ble.

Finally, since the signal process is rare, one needs to
consider occasional fake signal processes that could be
caused by detector problems. We require the jet to be in
|n]<0.9, since the forward regions of the calorimeter were
observed to have more frequent (yet still rare) detector
problems. Also, the gluino signal tends to be concen-
trated in the central detector region. Remaining prob-
lems are isolated to a specific set of runs, detector region,
or both, and such events are easily removed.

Given the background characteristics, the following cri-
teria are used to select events containing “wide-showers”:
jet m-width and ¢-width >0.08 and jet mgy >10, where
ngo is the smallest number of calorimeter towers in the
jet that make up 90% of the jet energy. The reverse cri-
teria define a “narrow-shower”. Criteria are also defined
which select events containing “no-muon” or a “cosmic-
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FIG. 2: A comparison of the wide-shower no-muon data
(points) to the expected background (solid histogram) with
logarithmic scale. Also shown is the signal simulated for
Mj5=400 GeV and M, 0=90 GeV at the excluded limit of 0.71

pb (dashed histogram).

muon”. An event contains no-muon if there are no B-
C layer muon segments in the event, and no A layer
segments with A¢>1.5 radians from the jet direction.
Cosmic-muon events have at least one B-C layer muon
segment with |A¢[>10 ns from the bunch crossing time.
A candidate stopped gluino decay event contains both a
wide-shower and no-muon.

To estimate the number of such wide-shower no-muon
events expected from background, we use the assump-
tion that the probability not to reconstruct the cosmic
muon in the muon system is independent of whether
the muon’s shower in the calorimeter is narrow or wide.
We first measure the probability to not reconstruct the
muon (Promy) in the narrow-shower cosmic-muon data
sample, and determine P ,,,=0.11£0.01, independent
of jet energy. This probability is then applied to the
wide-shower cosmic-muon data sample to predict the jet
energy spectrum of wide-shower no-muon background
events, as shown in Fig. 2 along with the observed wide-
shower no-muon events in data. The estimated back-
ground predicts the data well, and there is no significant
excess of data in any jet energy range.

A signal is searched for in jet energy ranges with sizes
chosen from the jet energy resolutions of the simulated
samples. The ranges are from M —o/2 to M 4 20, where
M is the mean jet energy of the sample and o is the
sample’s jet energy RMS after all selections and correc-
tions. Approximately 80% of the simulated signal events
are within this window cut, depending weakly on the sig-
nal mass. An asymmetric window was chosen since the
background is falling exponentially with increasing jet
energy.

To first order, the detection efficiency for the decays of
the stopped gluino signal events can be estimated from

E. Range (GeV)|Data|Bgnd.| Eff.
92.5-104.6 30
112.4-156.6 39
141.3-213.0 34
168.7-270.6 32

Exp.(pb) | Obs.(pb)
37.0710.017| 2.61 1.81
40.26 |0.049| 0.94 0.89
30.9110.068| 0.56 0.71
25.7410.072| 0.48 0.75

TABLE I: The data, background, signal efficiency, and ob-
served and expected cross section upper limits (at 95% C.L.)
for each jet energy range, for a small gluino lifetime: <3 hours.

the simulation, but some effects are not modeled. There
is a loss of efficiency at the trigger level from the re-
quirement of neither luminosity scintillator array firing.
If a minimum bias collision happens to occur during the
same bunch crossing when the gluino decays, a luminos-
ity scintillator array may fire. The fraction of the time
this occurs has been measured using cosmic-muon events
triggered on a jet-only trigger with higher threshold. The
efficiency of the luminosity scintillator array trigger re-
quirement, averaged over the data set, is 75%. The prob-
ability to have minimum bias interactions during a given
crossing is Poisson distributed, with a mean proportional
to the instantaneous luminosity. A detailed model of the
trigger efficiency was made as a function of the gluino
lifetime, for lifetimes up to 100 hours, using the typical
Tevatron store luminosity profile as an input. Another
source of inefficiency is that the trigger is not live all the
time, but only during the “live super-bunches”, which
make up 68% of the total accelerator turn time, with
minimal uncertainty.

The uncertainties from all sources which affect the sig-
nal acceptance are added in quadrature, totaling 20-25%.
They include: the modeling of the out-of-time jet re-
sponse (12%), the data/simulation jet energy scale (9%),
the n and radial distributions of stopped gluinos (7-9%),
other geometrical or kinematic acceptances (5%), and
trigger efficiency (5-15%).

Given an observed number of candidate events, an ex-
pected number of background events, and a signal effi-
ciency in a certain jet energy range, we can exclude at
95% C.L. a calculated rate of signal events giving jets
of that energy, taking systematic uncertainties into ac-
count. This is a fairly model-independent result, limit-
ing the rate of any out-of-time mono-jet signal of a given
energy. Table I shows the observed and expected cross
section limits, for a small gluino lifetime: <3 hours.

From the relation between the gluino and ! masses
and the observed jet energy, Eq. 1, one can solve for the
gluino mass and results can be translated from the gen-
erated set of signal samples to any other set of (M, §7Mx‘1’)
which would give the same jet energy. We can now
place upper limits on the stopped gluino cross section
vs. the gluino mass, for an assumed ! mass, assuming a
100% branching fraction (BR) of G—gx{. These can be
compared with the predicted cross sections for stopped
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FIG. 3: The 95% C.L. expected (dotted line, circles) and ob-
served (solid line, crosses) upper limits on the cross-section of
stopped gluinos, assuming a 100% BR of G—gx? and a small
gluino lifetime (<3 hours), for 3 choices of the simulated x!
mass: 50, 90 and 200 GeV, from left to right. Also shown is
the theoretical cross-section (dashed line), from [3], for con-
version cross sections of 0.3, 3, and 30 mb (left to right).
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FIG. 4: The 95% C.L. upper limits observed on the cross
section of stopped gluinos (solid line, crosses), assuming a
100% BR of G—gx?{, for various assumptions of the gluino
lifetime: 1, 18, and 90 hours, for a x? mass of 50 GeV. Also
shown is the theoretical cross section (dashed line), from [3],
for conversion cross sections of 0.3, 3, and 30 mb (left to right).

gluinos (which includes its production and its probabil-
ity to stop) taken from [3]. Three curves are drawn to
represent the large theory uncertainty, resulting from the
variation of the neutral to charged R-hadron conversion
cross section used. Fig. 3 shows these upper limits for
assumed x{ masses of 50, 90, and 200 GeV, for a small

gluino lifetime: <3 hours. If the gluino lifetime is >3
hours, the average efficiency of the trigger degrades be-
cause signal events are not recorded between accelerator
stores. The resulting effect on the stopped gluino cross
section limits for a x{ mass of 50 GeV is shown in Fig. 4.
This is the first search for exotic, out-of-time energy
deposits at a high-energy collider. The results from
410 pb~! of Tevatron data are able to exclude a cross
section of about 1 pb for gluinos stopping in the DO
calorimeter and decaying to a gluon plus neutralino.
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