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LHC 
Can produce new colored particles to 3 TeV

Many signatures
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LHC 
Can produce new colored particles to 3 TeV

Many signatures
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new physics is being looked for
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MSSM has sense of generality

Has particles of all gauge and flavor 
quantum numbers

Reasonably useful to extensively explore 
this model for discovery signals

(TeV-scale Extra Dimensions also general
framework for searching for collider signals)
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mSugra/CMSSM
Not generic and restricting to the 
5 parameters could be dangerous

can give very model dependent correlations
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mSugra/CMSSM
Not generic and restricting to the 
5 parameters could be dangerous

Gluino Mass (GeV)
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Split Susy

Different  direction in MSSM parameter 
space from mSugra

Make sure all signals are being searched for
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Long Lived Gluinos

Must decay through squarks
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Lifetime varies from prompt decays to
the age of the universe
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Other Split Susy Couplings

λ|H|4 − m2|H|2 κuHH̃uW̃ + κdH
†H̃dW̃

κ′
uHH̃uB̃ + κ′

dH
†H̃dB̃

Higgs Quartic Gaugino Yukawas

λ(Ms) =
1
8

(
g2 + g′2) cos2 2β

Gluino lifetime measures Ms

κu(Ms) = g sinβ

κd(Ms) = g cos β

Run from        to weak scaleMs
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Split Susy “mSugra”
Unified BCs for gauginos
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Split Susy “mSugra”
Unified BCs for gauginos
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Split Susy mSugra
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with prompt gluino decays

mg̃ = 70 GeV
mB̃ = 60 GeV
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Existing Searches Multijet + MET
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Useful when not phase space limited Q = mg̃ −mB̃ > mB̃
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j1

j4

g̃
B̃B̃

ET!

Useful when not phase space limited Q = mg̃ −mB̃ > mB̃

Bino carries away energy but not momentum

As gluinos get boosted, jets become 
collinear and       aligned with jetsET! ∆Φj ET! ∼ 1

γg̃

If Q < mB̃

ET! ∼ Q2

mB̃
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Existing Searches Multijet + MET
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Existing Searches Monojet + MET
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FIG. 3: Distribution of the second leading jet pT after cuts C1 to C7 for data (points with error bars), for non-QCD standard
model background (full histogram), and for signal Monte Carlo (nD = 6, MD = 0.7 TeV; dashed histogram).
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FIG. 4: Distribution of the minimum ∆Φ( !ET , jet) after cuts C1 to C8 for data (points with error bars), for non-QCD standard
model background (full histogram), and for signal Monte Carlo (nD = 6, MD = 0.7 TeV; dashed histogram).

TABLE II: Standard model processes and numbers of events expected in the monojet analysis. The errors on the numbers of
events expected in the individual channels are statistical only. For the total background, the first error is statistical, and the
second accounts for the cross section uncertainties.

SM process cross-section (pb) events expected
Z → νν̄ + jet 422 32.1 ± 3.4
Z → νν̄ + jet jet 144 28.4 ± 2.8
W → τν + jet 732 13.3 ± 2.6
W → τν + jet jet 255 8.9 ± 2.4
W → µν + jet 732 5.8 ± 1.7
W → µν + jet jet 255 6.2 ± 0.8
W → eν + jet 732 4.1 ± 1.6
W → eν + jet jet 255 1.2 ± 0.4
Z → ττ + jet 72 0
Z → µµ + jet 72 0.07 ± 0.05
Z → µµ + jet jet 26 0.2 ± 0.05
total 100.2 ± 6.2 ± 7.5

85 pb−1
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n j + ET!

Motivates Bino vs Gluino Plot
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100s GeV Unbalanced  =ET!

Uncorrelated with any beam crossing

Long Lived Gluinos

looking for stopped gluinos that later decay

No tracks going to or from activity

τg̃ > 100 ns
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Stopping of Charged Particle
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Figure 6: The density of stopped gluinos in the ATLAS detector for mg̃ = 300 GeV at the
LHC, assuming a 100 fb−1 of data. Note the increased density of stopped gluinos at low
pseudo-rapidity. The vertical lines represent the start of the end cap calorimeter.

because it is impossible to associate the late decay of a gluino with the time of its produc-
tion. Gluinos are pair produced and if both stop, the average time between the two decays
measures the lifetime of the gluino2. For example, consider a 300 GeV gluino with a lifetime
of a millisecond. At the LHC, this will result in the production of a pair of gluinos every
second, and if both stop, there will be two “bangs” in the detector separated by order a
millisecond. It is not guaranteed that both gluinos will stop in any given event. So long as
the R-meson to R-baryon conversion cross section is not small, σ0

>∼ 1 mb, we calculate that
in events where one gluino stops, the second will stop 20 – 30% of the time and therefore
a significant number of “double bangs” occur. If the R-meson to R-baryon conversion cross
section is smaller, the probability for a double bang depends on the R-spectroscopy and the
initial hadronization of the pair of gluinos. This method should be useful in determining the
lifetime in all cases where the lifetime is much less than the production rate.

A stopped gluino can decay into two jets plus a neutralino (g̃ → qq̄χ0), or a single jet plus
a neutralino (g̃ → gχ0). The relative branching fraction is sensitive to the gluino mass and
the scale of supersymmetry breaking[15, 12, 23]. The two-body branching fraction increases
as the gluino mass decreases, or as the scale of SUSY breaking increases. It would be of
interest to study the extent to which the two jets originating within the calorimeter might
be disentangled from one another. This requires a detailed understanding of the response
of the detector to jets propagating from within the calorimeter and is beyond the scope
of this work. If the two jets can be distinguished, this could be an important handle on
distinguishing these events from background. Even more optimistically, one might get some
rough handle on the branching ratio of the two-body versus three body decays, thereby

2We thank K. Rajagopal for bringing this point to our attention
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Density of Stopped Gluinos
Atlas Detector 300 GeV gluino

Arvanitaki, Dimopoulos, Pierce, Rajendran, JW hep-ph/0506242 

Beamline

Not uniformly distributed in detector

No tracks going into or out of calorimeter
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Long Lived Gluinos

“g̃”→ g + Z0

↪→ νν
Mimics 90 GeV LSP
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FIG. 1: A fairly typical simulated stopped gluino decay event, for mG=400 GeV. The left figure shows a 3D view of the
detector with the silicon tracker and outer muon chambers visible. The calorimeter cells with significant energy in the EM and
Handronic layers are outlined in red and blue, respectively. Reconstructed tracks would be shown as black curves, but none
were reconstructed. The right figure shows a Lego plot of the same event, where the height of each bar corresponds to the total
ET in that η x φ tower. The E/T is shown as a yellow bar.

Four samples of “stopped gluino MC” were produced, containing 1000 events each. The samples had mass cuts at
the generator level (CKIN(1)-(2) in Pythia), corresponding to gluino masses of 200, 300, 400, and 500 GeV, for an
LSP mass of 90 GeV (the Z behaves similarly to an LSP of the same mass). Using Equation 1, we note that these
samples thus correspond to generated parton (jet) energies of 80, 137, 190, and 242 GeV, respectively. A little more
than half the gluino energy goes to the LSP. An event display of a simulated stopped gluino decay is shown in Figure
1.

III. DATA SAMPLE

Data taken from November 2002 – August 2004, about 350 pb−1, were reconstructed and corrected with “p14
PASS2” software. Since no pp beam-interaction is expected to be correlated with the stopped gluino decay, the
“DIFF” (designed for diffractive physics) skim was selected and one of the “GAPSN” triggers were required for each
event. The GAPSN triggers require no firing of either the North or South luminosity counters, placed on the front
face of the end-cap calorimeters at high |η|. Two versions exist, the first, JT 15TT GAPSN, has lower calorimeter
thresholds and is prescaled at some very high luminosities, and the second, JT 45TT GAPSN, is always un-prescaled.
The first trigger requires 2 L1 calorimeter towers above 3 GeV and a 15 GeV L3 jet. The second requires 2 L1
calorimeter towers above 5 GeV and a 45 GeV L3 jet. About 7.9 million events exist in the initial trigger-selected,
skimmed, data sample.

IV. OBJECT IDENTIFICATION

Jets were reconstructed with the Run II Improved Legacy Cone Algorithm (ILCA) [4] with cone size of 0.5 (JCCB).
Jets were not required to pass any quality criteria or corrected back to the particle level for detector and physics
effects using jet energy scale factors, since the assumptions used to derive these corrections (a projective geometry,
etc.) are not valid for these jets.

Muons were reconstructed and no extra quality criteria or corrections were applied. The DØ muon detector system
has three layers (A,B,C). The first (A) is inside the iron toroid magnet, while the second two (B,C) are outside it.
Muons were separated according to whether they extended beyond the A-layer or not.

φ
ET

η

D0 preliminary
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2 fb−1 200 GeV 300 GeV 400 GeV
CDF 4.1 × 103 3.1 × 102 3.3 × 101

D0 4.5 × 103 3.3 × 102 3.4 × 101

100 fb−1 300 GeV 800 GeV 1300 GeV
ATLAS 5.8 × 106 1.8 × 104 6.2 × 102

CMS 3.7 × 106 1.2 × 104 3.9 × 102

Table 3: The estimated total number of gluinos stopped in each detector for a 3 mb R-meson
to R-baryon conversion cross section.

can be seen in the figure, for the two larger cross-sections, essentially all slow mesons have a
chance to convert to baryons. Therefore, a similar fraction stop by 1 meter. For the smallest
conversion cross section, not all mesons have converted, and the total number stopped is
substantially fewer.
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Figure 5: The fraction of gluinos stopped per 10 cm as a function of distance in the case
where the isosinglet hadron is the lightest (Mass Region 1). There are three curves in each
plot representing different cross sections for R-meson to R-baryon conversion. The different
colors represent different cross-sections for meson to baryon conversion (σvrel = 30 mb (solid
blue), σvrel = 3 mb (dashed red), σvrel = 0.3 mb(dotted green)). The left plot is for the
Tevatron and gluino mass of 300 GeV while the right plot is for the LHC and a mass of 1100
GeV.

5.1 Late Decays in Detectors

A stopped gluino will decay into either a pair of jets and electroweak-ino or a single jet
and an electroweak-ino. These jets originate from the point where the gluino stopped and
will mostly be in the densest regions of the detector, the electromagnetic and hadronic
calorimeters. The jets will be pointed in any direction. When the decay of the gluino is
reconstructed under the assumption that the event came from the beam interaction point
(as it would be initially), it would appear grossly unbalanced. There would only be activity
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Figure 4: The number of R-hadrons stopped after two meters of iron in Mass Region 1.
This plot convolutes the velocity distribution at production with conversion processes and
matter and ionization losses. The upper set of curves is for the LHC for a total accumulated
luminosity of 100 fb−1, equivalent to a year of running at high luminosity. The lower set
is for the Tevatron Run II, assuming a total of 2 fb−1. In each set the curves correspond
to a meson to baryon conversion cross section, σ0 = 30 mb, 3 mb, and 0.3 mb from top to
bottom.

cm of U, while the coarse hadronic calorimeter has 48 cm of Cu, all with coverage out
to |η| <∼ 4.

• ATLAS’s EM calorimeter has 66 cm of Pb, while its hadronic calorimeter contains
156cm of Fe. Both calorimeters cover up to |η| < 3.2.

• CMS’s EM calorimeter has 46cm of Pb, while its hadronic calorimeter contains 98 cm
of Cu, both cover up to |η| < 3.

Taking into account the amount of absorber in each detector, we estimate the number
of gluinos stopped in Table 3. We take the meson to baryon cross conversion cross section
to be σ0 = 3 mb. The number stopped can be substantial; for instance a 300 GeV gluino,
∼ 106 should stop in each LHC detector in a year of high luminosity (100 fb−1) running. At
the Tevatron, hundreds of 300 GeV gluinos stop in each detector after 2 fb−1 of running.

We now consider the distribution of stopped gluinos within the detector. In Fig. 5, we
plot the stopping profiles at both the Tevatron and the LHC for propagation through a
hypothetical iron detector. Curves for different meson to baryon conversion cross sections
are plotted in this figure. Larger conversion cross sections allow for more rapid stopping. As

11
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FIG. 2: A typical cosmic muon, hard Bremsstrahlung, shower. There are reconstructed muons (shown in green) and a very
narrow energy deposit.

V. PRE-SELECTION

In addition to the trigger criteria described above, loose cuts were used to select an initial data sample to study.

• Require “good” muon and tracking runs, for rejection of cosmic and diffractive events.

• Require exactly one JCCB jet in the event. This helps to reduce certain kinds of detector noise, and also
simplifies the analysis.

• Jet E >90 GeV. This avoids noise jets and is also high enough such that the calorimeter part of the trigger is
nearly 100% efficient.

VI. SOURCES OF BACKGROUND

The major source of background is cosmic muons, which are able to fake a gluino signal if they initiate a high-energy
shower within the calorimeter. The rate for a cosmic muon to deposit enough energy to pass the pre-selection criteria
is observed to be quite large, about 0.1 Hz. Hard bremsstrahlung emission is responsible for the majority of the
showers. (The probability for a hard-photon of at least 10% of the muon energy to be created in 3m of iron is about
0.1%.) Fortunately, these showers tend to be very narrow, since they are electromagnetic in nature and thus have
small interaction lengths compared to hadronic showers. Most of the energy is deposited in a few calorimeter cells, see
Figure 2. 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 also mimic other, rarer, signal-like qualities, such as
a large muon “A-layer splash” caused by part of the shower escaping the calorimeter and hitting the inner (A-layer)
muon chambers.

Cosmic muons can usually be identified by the presence 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 (B,C) layers of the
muon system are very strong evidence of a muon. The A-layer hits are often also caused by the signal, due to particles
escaping the calorimeters, so these hits are difficult to use for background rejection. (These particles are nearly all
absorbed in the iron toroid magnets before reaching the B,C layers, so do not cause signals often in these outer
layers.) In fact, the A-layer hits are used if they are consistent with the geometry of a muon passing through the
detector (back-to-back) and not near a hadronic shower. (See Section VII for complete description of these criteria.)
However, sometimes the muon is not detected, due to detector inefficiencies or the limited detector acceptance up to
|η|<2. Muons can also be detected, in principle, through their ionizing interactions in the calorimeter, where they
are minimum-ionizing particles (MIP’s). However, these MIP trails are difficult to identify in this geometry where
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FIG. 3: A typical beam-muon shower. The jet is very narrow in φ, but long in η, and centered at an integer multiple of π (in
the plane of the accelerator).

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, as seen in Figure 3. Often, a muon scintillator hit or two can be
associated with the muon, and the muon can be seen to be in-time, with ∆t<10 ns. (∆t for a muon hit is the extent
to which the hit is early or late, compared to a hit from a “standard muon”, traveling at speed c from the collision
point.) Another feature of the beam-muons is that they are nearly all in the plane of the accelerator beam, i.e. with
φ very near to integer multiples of π. This may be due to the geometry of accelerator magnets or collimators, or gaps
in the shielding at either DØ or CDF. Beam-muon showers are also typically very narrow in φ-width, even narrower
than cosmic muon showers. Since beam-muons are traveling parallel to the beam, the φ-width is small no matter how
long the shower extends along the path of the muon. For the same reason, the η-width of beam-muons tends to be
larger than for cosmic muons.

Since we are using the GAPSN triggers, nearly all of the pp beam produced backgrounds are eliminated. An
exception is double diffractive events with large momentum transfer. However, after requiring no primary vertex
(PV) to be reconstructed and large E/T (implicit from the choice of only one central jet with E>90 GeV), these
events are eliminated. Di-jet events in the same data sample were studied to understand the E/T spectrum and PV
reconstruction efficiency for beam-related backgrounds.

Other small sources of background considered are cosmic neutrons and neutrinos. Neutrons would be more effective
in creating wide hadronic showers, but their rate is about 1/1000th that of cosmic muons of similar energy, and they
also would be unlikely to penetrate the iron toroid magnets. In the event that one did reach the calorimeter, the
neutron would most likely shower in the outer coarse-hadronic layer, which is not part of the L1 calorimeter trigger.
Thus, we expect that the number of cosmic neutron events in the data sample is very low. Neutrinos are copious, but
have a very low interaction rate. A back-of-the-envelope calculation predicts a neutrino-shower rate of about 0.1/year.

Finally, since the signal process is rare, one needs to consider the occasional fake signal processes caused by detector
problems. However, these problems tend to be isolated to a specific set of runs, a specific detector region, or both.

VII. EVENT SELECTION

Now that the background sources are understood and the gluino signal is simulated, we can make selections to
reduce the backgrounds while still remaining efficient for the gluino signal. We require:

• Jet |η|<0.9. The forward regions of the calorimeter were observed to have some difficult detector problems.
Also, the gluino signal tends to be concentrated in the central regions.
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Source Uncertainty

Geometrical/Kinematic Acceptance 0.2

Min-bias Overlap 0.15

Total 0.25

TABLE III: The systematic uncertainties on signal efficiency, and their total (added in quadrature).
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FIG. 6: A comparison of the wide-jet no-muon data (black points) to the expected background (black histogram), with log
scale. Also shown is the signal simulated for mG=400 GeV and mLSP =90 GeV at the excluded limit of 0.7 pb (red histogram).

in data. The estimated background predicts the data well, and there is little excess in data at any energy range.
Given an observed number of candidate events, an expected number of background events, and a signal efficiency in

a certain jet energy bin, we can exclude at 95% C.L. a calculated rate of signal events giving jets of that energy, taking
systematic uncertainties into account. This is a fairly model-independent result, limiting the rate of any out-of-time
mono-jet signal of a given energy. From there we can derive limits in the plane of Mg −MLSP for the stopped gluino
model specifically.

The jet energy ranges chosen are calculated from the resolution of the simulated MC samples. The signal window
for each of the four samples is from M-0.5*RMS – M+2.0*RMS, where M is the mean jet energy of the sample (after
all selections) and RMS is the sample’s jet energy RMS. Approximately 80% of the simulated signal events fell within
this window cut, depending weakly on the signal mass. An asymmetric window was chosen since the background
is falling exponentially with increasing jet energy, whereas the signal is roughly symmetric in jet energy around the
mean. Table IV shows, for each jet energy range considered, the number of events observed in data, expected from
background, the signal efficiency, and the corresponding observed and expected cross-section limits on signal jets. The
integrated luminosity assumed was 350±20 pb−1. These results are also shown in Figure 7.

From the relation between the gluino and LSP masses and the observed jet energy, Equation 1, one can solve for

Jet E Range (GeV) Data Bgnd. Signal Efficiency Exp. Limit (pb) Obs. Limit (pb)

94.6-111.6 46 48.18 0.05 1.39 1.27

126.8-171.8 32 37.84 0.10 0.59 0.45

169.3-233.8 27 21.56 0.11 0.40 0.62

214.2-286.6 14 9.57 0.10 0.30 0.52

TABLE IV: The data, background, efficiency, and observed and expected limits (at 95% C.L.) for each jet energy range.

Reasonable background
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FIG. 7: The 95% C.L. upper limits expected (black, open circles) and observed (blue, filled circles) on the cross-section of
stopped particles decaying into a jet within various energy ranges.

the gluino mass:

Mg = E +
√

E2 + M2
LSP (2)

Using this equation, results can be translated from the generated set of signal samples to any other set of (Mg,MLSP )
which would give the same generated parton (jet) energy. For example, one of the generated samples had Mg=400
GeV and MLSP =90 GeV. (All of the generated samples had MLSP =90 GeV, which corresponds to the Z mass). This
sample corresponds to a parton (jet) energy of 190 GeV, as given by Equation 1. If instead MLSP had been chosen to
be 200 GeV, an equivalent jet energy could have been simulated by having Mg be 466 GeV, according to Equation 2.

We can now place upper limits on the stopped gluino cross-section x BR(G→gχ0
1) vs. the gluino mass, for an

assumed LSP mass. These can be compared with the predicted cross-sections for stopped gluinos (which includes
its production and its probability to stop) taken from [3]. Figure 8 shows the gluino cross-sections x BR(G→gχ0

1)
excluded for assumed LSP masses of 50, 90, and 200 GeV.

XI. DISCUSSION

This is the first experimental study for this type of signal at a hadron collider. The results from 350pb−1 of Tevatron
data are able to exclude a gluino mass below about 270 GeV, for a light neutralino. Much experience has been gained
with the analysis methods and backgrounds involved. Additional integrated luminosity, new triggers, and improved
background rejection should allow for much greater sensitivity at the Tevatron in the near future. Experiments at
the nearly completed LHC, due to begin operation in 2007, will also offer a prime environment to carry out a similar
analysis, due to the larger beam energy, luminosity, shielding from cosmic radiation, and detector capabilities.
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Lifetime Measurement

gluinos are pair produced
and both stop 20% of the time

Won’t trigger on the initial event
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Lifetime Measurement

After a gluino lifetime
one gluino decays and triggers and is recorded
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Lifetime Measurement

After another gluino lifetime

Looking for pairs of gluino decays measures the lifetime
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We are probing the energy frontier

Need to make sure we are looking in all the 
available channels

Worst tragedy would be to have the discovery on 
tape, but not to discover it because we didn’t look
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