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Abstract

We investigate the collider signatures of heavy, long-lived, neutral particles that
decay to charged particles plus missing energy. Specifically, we focus on the case of
a neutralino NLSP decaying to Z and gravitino within the context of General Gauge
Mediation. We show that a combination of searches using the inner detector and the
muon spectrometer yields a wide range of potential early LHC discoveries for NLSP
lifetimes ranging from 10~ — 10° mm. We further show that events from Z(¢*¢~) can
be used for detailed kinematic reconstruction, leading to accurate determinations of
the neutralino mass and lifetime. In particular, we examine the prospects for detailed
event study at ATLAS using the ECAL (making use of its timing and pointing capa-
bilities) together with the TRT, or using the muon spectrometer alone. Finally, we
also demonstrate that there is a region in parameter space where the Tevatron could
potentially discover new physics in the delayed Z(¢7¢~) + FE channel. While our dis-
cussion centers on gauge mediation, many of the results apply to any scenario with a

long-lived neutral particle decaying to charged particles.



1 Introduction

In this work, we will study the collider signatures of neutral, heavy, long-lived particles that
decay to multiple charged particles and missing energy. Such signatures are interesting for a
variety of reasons. First, the combination of displaced decays, significant missing energy, and
high invariant mass generally leads to extremely clean, nearly background-free channels. So
such signatures can be excellent discovery channels for new physics. Second, the presence of
multiple charged particles generally allows for detailed reconstruction of the event kinematics,
including the position and time of the displaced vertex. This in turn can be used to deduce
the properties of the neutral parent particle, including its mass and lifetime.

The prototypical scenario we have in mind is gauge-mediated SUSY breaking (GMSB)
with a long-lived general neutralino NLSP The general neutralino NLSP is a mixture of
bino, Higgsino, and wino gauge eigenstates. If the NLSP has a significant Higgsino or wino
component, then it can have O(1) branching fractions to Z + G and h + G, where G is the
gravitino. Subsequent decays of the Z and h can then give rise to the signatures involving
charged particles and missing energy. In particular, Z — ete™, Z — u*p~, 7 — 7777,
Z — jets and h — bb plus missing energy are all possible signatures. In this paper, we will
focus primarily on the simplest and cleanest cases, namely Z — ¢*¢~ with £ = e or pu. For
the purposes of discovery with early LHC data, we will also consider Z — jets.

While Higgsino and wino NLSPs do not occur in minimal gauge mediation, they are
perfectly reasonable possibilities in the context of General Gauge Mediation [3]. Higgsino
NLSPs also arise in the simplest extensions of minimal gauge mediation [4] and can alleviate
fine-tuning [5]. For a review of minimal gauge mediation and its collider phenomenology,
and many original references, see e.g. [0].

The NLSP lifetime is determined by the fundamental scale of SUSY breaking, v F. For
VF < 10% TeV, the NLSP generally decays promptly, while for v/F between ~ 10%—10° TeV,
it mostly decays away from the primary vertex but inside the detector. Promptly-decaying
neutralino NLSPs were considered some time ago at the Tevatron [7HI4] and the LHC [15].
More recently in [16], we have considered current Tevatron limits on and future prospects
for discovery of promptly-decaying general neutralino NLSPs. In addition, the possibility of
finding Higgsino NLSPs decaying promptly to boosted Higgses using jet substructure was
recently discussed in [17].

By contrast, displaced Z’s from NLSP decays are not as well-studied. The possibility

() Although our discussion focuses on GMSB for concreteness, many of our results will apply to more
general scenarios with long-lived neutral particles decaying to charged particles, such as Hidden Valleys
[ 2].



of such signatures was first raised in [8HI0 12, 14]. Motivated by minimal gauge mediation
(where Br(y) — Z + G) < 1), Ambrosanio and Blair [I8] examined this signature at a
hypothetical 500 GeV ete™ linear collider, focusing on its uses for the post-discovery study
of supersymmetry. As far as we know, our paper is the first to study this signature in detail
at hadron colliders, and to examine its potential as a discovery channel for new physics.

On the experimental side, long-lived neutralino NLSPs have received relatively little
attention, save for the case of a bino NLSP (again, motivated by minimal gauge mediation),
which decays dominantly to photons. Such decays have been searched for at CDF [19] using
the EM timing system installed early in Run II [20, 21]. Preliminary studies of non-pointing
photons have been carried out by the CMS [22], 23] and ATLAS collaborations [24, 25]. Both
CMS and ATLAS explored the possibility of using their electromagnetic calorimeter (ECAL)
to determine that photons were non-pointing (i.e. originate from a direction other than that
of the primary vertex), while ATLAS additionally explored the use of timing information in
the ECAL and reconstructed tracks from photon conversions.

By adapting the ATLAS work on non-pointing photons to the case of Z — ete™, we
will see that a combination of the ECAL and tracking can lead to precise determination
of the neutralino mass and lifetime. Such displaced decays allow us to reconstruct the
full kinematics of an event in ways that are simply impossible in events where all decays are
prompt, or where the decay products are neutral. For comparison, the study [24] had to work
with a longer a decay chain ¢ — Y — (~G, use photon conversions for extra directional
information, and make use of known masses to fully reconstruct events. (For another recent
discussion of the use of long-lived particles for full kinematic reconstruction, see [26].)

We also investigate Z(utp™) final states using the muon spectrometer. These play a
complementary role to Z(eTe™) final states; by analyzing both electron and muon final
states, we can cover a much wider range of possible NLSP lifetimes. The muon chambers
are at the largest distance from the interaction point, and at both LHC experiments full 3D
tracking information is recorded. Using this information, plus potential timing information
from the muon system, a full kinematic reconstruction of standalone muons can be done in
principle, extending the detailed event study to much longer lifetimes than is possible with
electrons alone.

In reconstructing events, we are limited at short lifetimes by the timing resolution, which
at best is O(100 ps). We stress that this is the best any proposed study can do for shorter

lifetimes without having to rely upon additional kinematic information about the masses.

(2) At long lifetimes we are limited only by the acceptance of the muon chambers. For much longer lifetimes,
one might consider using detectors far from the LHC [27].



However, if one is interested in discovery of new physics and not full event reconstruction,
there is additional reach at short lifetimes, since here it is not necessary to use timing
information at all. Given that the decays we investigate come from a Z or h, the high
invariant mass or large separation of any charged particles produced at a displaced vertex
eliminate backgrounds such as conversions. We will show that including information from
the inner silicon layers of an LHC detector opens up discovery possibilities for delayed decays
that have hitherto not been stressed for the LHC.

The outline of our paper is as follows. In section [2| we will discuss the detector geometry
of ATLAS, as well as the ability of different detector components to perform specialized
measurements useful for long-lifetime searches, such as arrival times or the direction of a
particle passing through a subdetector. In section [3| we discuss the prospects for a discovery
at the LHC in early data (1 fb~! taken at 7 TeV). For discovery, we are not interested in
detailed reconstruction of events so much as simply establishing a signal that is distinct from
Standard Model backgrounds. By making use of the pixel detector, the TRT, or the muon
spectrometer, in the Z — ete™, Z — puTp~ and Z — jets final states, we show that a
range of six orders of magnitude in lifetimes can be covered, from 107! — 10° mm. In section
[ we turn to the prospects for doing more detailed event reconstruction with the ATLAS
detector using 10 fb~! of data at 14 TeV. Either the ECAL together with the TRT or the
muon spectrometer alone allow full kinematic reconstruction of decays based on timing and
directional information. We show that masses, lifetimes, and angular distributions can be
measured accurately. In section [5] we give a discussion of our results, including how they
generalize to CMS. Appendix [A] gives a summary of existing Tevatron searches for long

lifetime and presents a possible search that could discover long-lived NLSPs at D@.

2 Long-Lived Neutral Particles at ATLAS

In the rest of the paper, we will discuss the capabilities for ATLAS to identify displaced NLSP
decays into Z(ete™) or Z(u"p~) (and in section [3 also Z — jets) along with a gravitino.
These can serve as benchmark scenarios for more general long-lived neutral particle decays.

A schematic view of an interesting decay of this type is shown in Figure [1}

2.1 ATLAS Detector Geometry

In scenarios with a late-decaying particle, the collider signatures are determined by the
interplay of kinematics and geometry. We show an example of such a geometry in Figure 2]

Note that the muon detectors occupy a large volume, while the inner detectors and tracking



Figure 1: A cartoon of what an interesting long-lifetime event could look like in a detector.
The neutralino NLSP travels for a while and then decays to Z(eTe™)+gravitino. The solid
black lines denote additional jets, tracks, etc. that can be used to find the primary ver-
tex. These can come from e.g. initial state radiation or decays of directly-produced colored
sparticles to the NLSP.

systems extend out to about a meter away from the beamline and a few meters along the
beamline.

In gauge mediation, the overall scale of the NLSP decay width is set by a dimensionful

A mi N( Mo )5 100 TeV\* 1 2.1)
© 1672 T \100 GeV VF 0.1 mm’ '

Here v/F is the fundamental scale of SUSY breaking; it is related to the gravitino mass via
mss = F/(V3Mp;). In Figure , we plot (at left) the relationship between lifetime and
SUSY-breaking scale and (at right) the fraction of decays occurring within different regions
of the detectors at ATLAS as a function of the lifetime. (A plot similar to the right-hand plot,
generated for hidden-valley models, has appeared in refs. |28 29].) The general pattern is

quantity A:

this: at short lifetimes, nearly all of the decays occur within the inner detector. Consequently,
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Figure 2: Simplified illustration of one quadrant of the ATLAS detector geometry.

nearly all the decays leave tracks in the TRT. As the lifetime becomes of order meters, 10-
20% of the decays can occur in the outer layers of the detector: the electromagnetic or
hadronic central calorimeters, the forward calorimeters, or the muon detectors. However,
at very long lifetimes, most NLSPs will escape the detector altogether. The distribution
of decay locations for those NLSPs that decay inside the detector is essentially flat, i.e. it
depends only on the relative volumes of the different subdetectors.

Analogous plots can be made for CMS and for the Tevatron detectors. Essentially the only
qualitative difference these have with fig. [3]is the fraction of decays in the muon detectors.
At ATLAS, the very large volume of the muon system allows it to surpass the number of
decays in the inner detector for lifetimes of around 6 meters or more. At the other detectors,
decays in the muon system are somewhat less common, but still a useful tool at long lifetime.

The general lesson we learn here is that if a substantial fraction of events have NLSP
decays anywhere in the detector, they will have NLSPs decaying in the inner detector. Thus
we expect that the decay products will pass through the calorimeters, and potentially leave
tracks. It is also interesting to look for anomalous tracks in the muon detectors. Decays in the
ECAL or HCAL are comparatively rare, and they offer less precision directional information,
so we will not pursue the use of such decays for reconstructing events. Of course, ultimately,

one would hope to find decays in all parts of the detector, and use their relative rates to help
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Figure 3: Left plot: contour plot of Higgsino NLSP proper lifetime vs. NLSP mass and
SUSY-breaking scale. Right plot: Fraction of decays located in different subdetectors at
ATLAS, as a function of XY lifetime. Here the NLSP was taken to have myrsp = 250
GeV and was assumed to come from decays of 600 GeV gluinos. However, the dependences

on NLSP and gluino mass are not very strong compared to the effects of cr and detector
geometry.

characterize lifetimes.

2.2 ATLAS Detector Capabilities

2.2.1 Z —ete: TRT and ECAL

When focusing on Z(ete™), the goal is to use as much precision information as possible from
the ECAL and the TRT to reconstruct the decay chain and fit masses and other kinematic
information. There are two sets of resolutions we will be interested in: those pertaining to
how well the ECAL can measure energy, timing, and pointing information, and how well
the TRT can in principle be used for finding displaced vertices. We will use resolutions
reported in the ATLAS note [25] (see also [30]), which is a detailed follow-up on an earlier
paper examining the capability of ATLAS to find non-pointing photons in minimal gauge
mediation [24].

With the ECAL alone, we measure the five quantities listed in Table[l] Given Z — ete™,

6



Measurement Resolution

E 0E ~0.1VE GeV
ECAL Ndet> Pdet o, =0.004//E/GeV, 0, =0.005/\/E/GeV
Ouir o0 = (0.080 + {5210.340) /\/BGeV

tdet o = 100 ps
TRT Pdir Oy, = 1 mrad
p Op = 0.04p
Muon 0 dir, P air Opyir = 00, = 15 mrad
tdet oy = 2 ns

Table 1: Measured parameters and their resolutions in the ATLAS detector. The det sub-
scripts refer to a position or absolute time measured in the detector. The dir subscripts
refer to the direction of the energy/momentum as measured by the detector. The “effective
z-vertex” z.,. is found by extrapolating the particle’s direction back in the z — r plane to

the point at which it intersects the r = 0 axis.

we thus measure ten numbers characterizing the two electrons. Up to discrete ambiguities
and measurement errors, one can think of these numbers as equivalent to two three-momenta
p(et) and p(e™), together with the four coordinates of the decay vertex, (x4, yd, za, tq). In
particular, the two timing measurements and two pointing angle measurements can be used
to solve for the four decay coordinates (x4, Y4, za,tq); P(e™) and p(e~) then point from the
decay vertex to the calorimeters and have magnitude determined by the energy measurement.
With the further assumption that we have a decay x{ — Z G — ete G, where G is massless,
this allows us to fully reconstruct the kinematics of the NLSP decay.

We are not limited to the ECAL for measurements of Z(e*e™). We assume that ATLAS
will be able to measure some tracking information for the et and e~ using the barrel TRT.
The barrel TRT is only able to measure the direction of charged particles in the transverse
(r— ) plane with a resolution listed in Table[l] The use of the TRT to gain more directional
information will possibly require additional experimental work. Tracks can be constructed
from an “outside-in” tracking algorithm, although the description in Ref. [31] suggests
that tracks are only reconstructed by this algorithm if they point back to the beamline.

Nonetheless, we expect that if there are sufficiently many TRT hits, a simple modification

(M Dropping the assumption of a massless gravitino, the quantity that is measured is the Z boson energy

in the neutralino rest frame, F7*! = %1 5 (mf~<0 +m% — mé) . This shows that in general, a degeneracy
X 1

remains, so that myo and mg can both be increased consistent with all measurements.
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of the Hough transform algorithm [32] can find the tracks of our electrons, especially with
the constraints that the tracks are nearly straight and hit the ECAL at the location of the

energy deposits.

2.2.2 7 — ptp~: Muon spectrometer

For the case of Z(u*p™), we are interested in the resolution achieved for standalone muon
reconstruction (without requiring a matched TRT track). We have estimated these reso-
lutions on the basis of information in the ATLAS muon TDR [33], Table 6.1 of reference
[34] and discussions with ATLAS experimentalists [35]. In Table [l we collect the various
resolutions used in the study for Z(ete™) and Z(utp™).

Much like the combination of ECAL and TRT, the muon spectrometer provides 3d di-
rectional and timing information. We assume that its position measurements (7ge; and Qger)
have negligible error relative to directional measurements (6y;, and @g;.). Thus, the muon
spectrometer alone provides a set of measurements that allow reconstruction comparable to
that of the ECAL4TRT. Note that its time resolution is worse than that of the ECAL, but
(being located at larger radius and encompassing a large volume) it is sensitive to decays
with longer lifetime, so this is acceptable. Furthermore, unlike the TRT, the muon spectrom-
eter’s default algorithm should already be able to find 3D muon tracks without matching to

hits in the inner detector.

3 Discovery Potential with Early LHC Data

In this section, we will consider the capabilities of the ATLAS detector to discover new
physics through displaced Z — ete™, Z — ptpu~ and Z — jj decays. We will focus on the
discovery potential with early LHC data (1 fb~! at 7 TeV), primarily through direct produc-
tion of colored sparticles. For this purpose, we have in mind a GMSB spectrum containing
light-to-moderate mass squarks and/or gluinos which decay down to the neutralino NLSP
(possibly through intermediate sparticles). The NLSP then decays with Br(¥ — ZG) ~ 1.
Such a spectrum does not occur in minimal gauge mediation, but as mentioned in the intro-

duction, it is a perfectly viable possibility in General Gauge Mediation [3].

3.1 7 — ete” with Si+TRT

For early discovery with electrons, we consider an analysis analogous to the Tevatron searches

described above: we use the tracker (TRT) to select events with significantly displaced decay



Cuts Shared by Discovery and Reconstruction Analyses:

|Naet| < 0.8 Passes through barrel TRT
rqg < 800 mm Leaves sufficiently many TRT hits for track to be found
AR(et,e”) > 04 Well-separated, unlike conversions
Er > 20 GeV Triggerable (2gamma20)
Cuts Specific to Discovery with Silicon:
rqg < 50 mm Electrons pass through all Si layers
rq > 0.05 mm Reduce background
DCA > 0.05 mm (either) Reduce background
Cuts Specific to Discovery with TRT:
rqg > 1 cm Reduce background
DCA > 1 cm (either) Reduce background
Cuts Specific to Reconstruction with ECAL+TRT:
Zen < 1200 mm Pointing resolution not too degraded
At > 0.3 ns Significantly delayed

Table 2: Cuts defining acceptance for Z — ete™ analyses. Unless marked “(either)”, all
cuts apply to both electrons in the decay.

radius rq = \/m. In addition, we use the fact that the silicon pixel detector at ATLAS
is sufficiently large and precise that it can also be used to detect displaced Z — eTe™ for
shorter lifetimes. The combination of these can be used to cover lifetimes ranging from 101
to 10° mm.

The acceptance cuts used in this analysis are listed in detail in Table |2, Some of them
are shared with the more detailed reconstruction analysis we will present in the next section.
They guarantee that the events leave tracks in the TRT, can be triggered on, and do not
resemble conversion backgrounds.

There are additional cuts specific to using the TRT or Si layers to discover displaced
decays, which impose a minimum radial decay distance r4 as measured by the intersection of
the electron tracks in the r — ¢ plane. These cuts reduce backgrounds and select genuinely
displaced decays. To be safe, we also require that at least one of the electron tracks (extrap-
olated backwards and forwards) satisfy a cut on the distance of closest approach (DCA) to
the beamline. For the pixel analysis, we require r > 0.05 mm and DCA> 0.05 mm. This
is based on the resolution of the pixel detector, which is given by the impact parameter
resolution of about 0.01 mm reported in the ATLAS TDR [36]. For the TRT analysis, we



Cuts Shared by Discovery and Reconstruction Analyses:

rq < 4500 mm Passes through all muon layers
[Naget] < 1.1 at r =4.5,7.0,10.0 m Contained in the central muon spectrometer
Separation > 30 mm at r = 4.5,7.0,10.0 m Resolve two muons
rq > 500 mm Significantly displaced vertex
pr > 20 GeV Triggerable
At < 6 ns (either) Correct bunch-crossing 1D

Table 3: Cuts defining acceptance for Z — putpu~ analyses. Unless marked “(either)”; all
cuts apply to both muons in the decay. We take At to be measured at a radius of 7000 mm.

require r and DCA> 1 cm, again based on the TRT resolution in table [ We will refer to
the fraction of events with a Z — ete™ decay that pass these cuts as the “acceptance.”
Further background rejection could come from a Fr cut. These events will generically
have large intrinsic K, arising not only from the invisible gravitini and the escaping NLSP,
but also because NLSP decay products hit the calorimeter at displaced locations relative
to particles arising from the primary vertex. If there is significant strong production, the
events will also contain hard jets from gluino or squark decays, giving another handle on
backgrounds. While more detailed study from the experiment will be necessary to confirm
that our signal can be isolated with high purity, we believe that (provided the experiment

achieves its claimed resolutions) the signal would be dramatic and clean.

3.2 Z — putp~ with the muon system

For Z — p*p~ we focus on decays before the first layer of the muon system at r = 4500
mm. The acceptance cuts are listed in Table [3| Standalone muon tracks extrapolated back
to the inner detector have an impact parameter resolution of ~ 100 mm, so we require a
decay radius r4 > 500 mm, so that our muons are significantly displaced. (Furthermore, they
will have no matched track in the silicon layers.) We drop the AR cut for muons, because
conversions are less of a worry. However, a 30 mm minimum separation between the muons
is imposed, and the muons cannot both arrive with too long a delay relative to promptly
produced muons. If At > 6 ns for both muons, the muons are likely to be associated with the
wrong bunch crossing [28, 29]. This imposes an upper bound to the range of lifetimes that
can be probed with the muon spectrometer. Given all these cuts, we expect the background

to be negligible.
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As we will see below, searching in this final state extends the lifetime reach roughly an
order of magnitude beyond Z — eTe”. Note that we only consider central barrel muons
for this analysis, and the discovery potential could probably be further increased by using

endcap muons.

3.3 Z —jets

We have focused on electrons and muons because they each give one clean track that can
be measured well and used in reconstruction. However, for simply discovering new physics,
one may wish to use decays to jets. Triggers that have been developed for Hidden Valley
scenarios [I}, 2] could prove useful for this purpose [28, 29, [37]. We focus on a trigger path
based on multiple “regions of interest” in the muon spectrometer. If a neutral object decays
into jets after the HCAL, but before the first RPC layer in the muon system these events
can be triggered on. We assume that if a Z decays to jets in the muon spectrometer and
is triggered on, there are enough handles in the event that backgrounds can be completely
eliminated. Thus, to estimate the discovery potential in this channel, it suffices to estimate
the trigger efficiency for the signal.

The trigger demands that there are at least 3 regions of interest in the muon system
without a corresponding jet in the calorimeter, or tracks pointing to the same regions of
interest. Similar to the muon trigger, one of these regions of interest must have a At < 6 ns
so that the event is found in the correct bunch crossing. Additionally a jet Er > 35 GeV is
required. As shown in [29] this trigger is approximately 70% efficient for decays occurring
between 4250 and 7000 mm in 7.

As we will show in the next subsection, a trigger-based analysis in this channel has
the potential to extend the lifetime reach by another order of magnitude as compared to
Z — ptu~. This is because decays are allowed to happen out to 7000 mm for this trigger.
Again we only utilize barrel-based muon regions of interest (|n| < 1), but the acceptance
can be further increased by using endcap muons (|n| < 2.5). Also, we have focused on a
specific trigger pathway based on the muon system, but other triggers have been developed
[28, 29] 37] which would be interesting to explore. For instance, one can use an additional
jet based trigger where log Egap/Ery > 1 to find jets that originate from decays in the
HCAL. This trigger has a similar efficiency to the region of interest trigger but for shorter

lifetimes.
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Figure 4: Plots of the acceptances for the individual Si, TRT, muon, and jet based analyses

as described in the text, as a function of the NLSP lifetime. These acceptances have all been

normalized to the number of Z — ptu~ decays. The jet acceptance has been multiplied by

the ratio of the branching fractions Br(Z — jj)/Br(Z — u™u~). The different curves (blue,

red, yellow) correspond to different choices of the gluino mass (Mglumo = 600, 800, 1000).

3.4 Results

Now we put together the various analyses described above and estimate the discovery reach

in early LHC running. Simulations in this subsection were performed with Pythia [38].

In Figure [, we show how the acceptance changes as a function of lifetime, for different

values of the gluino mass. We see that for a given analysis, there is a slow loss of efficiency

at longer lifetimes, as more NLSPs decay at too large a radius to give a signal in the relevant

detector component (as expected from Figure [3)).

However, we also see that the analyses

using the pixel detector, TRT and muon systems are nicely complementary to one another.

Together, they provide coverage of lifetimes spanning ~ 6 orders of magnitude, from ~ 1071

to 10° mm. This corresponds to slightly more than one order of magnitude in v/F, from a
few hundred to a few thousand TeV (cf. the left-hand plot of Figure (3)).

As mentioned at the beginning of this section, at the LHC we imagine that production of

colored sparticles (gluinos, squarks) is the primary source of neutralino NLSPs. To estimate
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Figure 5: Discovery potential for Higgsino NLSPs decaying to displaced Z’s (in the final
states discussed in this section) at ATLAS in 1 fb~! at 7 TeV. Left plot: lines of constant
o x Br x ¢ =5, for different values of c7, in the Myyino-Msquart: Plane. Right plot: Contours
of 0 X Br x € in the M ino-cT plane, for fixed Mgguqrt, = 1 TeV. In both plots we have taken
myrsp = 250 GeV.

the discovery reach in the lifetime and colored cross section plane, we take the following
benchmark scenario: gluinos and squarks decaying directly down to Higgsino NLSPs. We
will fix the NLSP mass at 250 GeV, since the discovery potential does not depend strongly on
it in most of the parameter space. We also assume for simplicity that Br(x) — Z 4+ G) = 1.
We expect that the discovery potential is insensitive to the details of the spectrum between
the colored sparticles and the NLSP, because the analyses described above are fully inclusive.

Varying the gluino, common squark mass, and lifetime, we have calculated N,qss, the
number of events in 1 b~ at 7 TeV passing an OR of all the analyses described above.
Shown on the left in fig. [o| are contours of constant Np.ss = 5 in the Myguark, Mgiuino plane,
for different values of the lifetime. On the right in fig. 5| are contours of constant Np.ss in
the Mypyino, ¢ plane for Mgguer = 1 TeV. Note that in the right panel of Figure [5| there
are bands of constant N,.ss as a function of the gluino mass, centered around c¢r ~ 1 m.
These bands exist because there is still EW production of charginos and neutralinos at the
LHC. Even for a modestly heavy Higgsino NLSP, without having colored particles within
reach, the LHC at 7 TeV still has discovery potential during the first inverse fb. With the
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inclusion of colored sparticles, the search for displaced Z decays becomes a golden channel

for the discovery of new physics in the first year of the LHC.

4 Detailed Event Study at 14 TeV

Having explored the discovery potential in early LHC data, we will now turn to detailed, post-
discovery analysis of displaced Z decays at the LHC design energy (14 TeV). We will show
that by combining the capabilities of different parts of the ATLAS detector, full kinematic
reconstruction of the event is possible. That in turn will enable detailed properties of the

NLSP to be measured precisely, including its mass, lifetime and wino/Higgsino content.

4.1 Sample Points

Using Herwig 6.5 with full spin correlations [39], we have simulated some sample points to
test the ability to fully reconstruct events at 14 TeV. The parameter choices, corresponding
total SUSY production cross sections, and cross sections for events containing the y? —
G Z(— e*te) are listed in Table . We have chosen points with two NLSP masses, ~ 250
GeV and ~ 450 GeV (denoted “L” and “H”); two gauge eigenstate contents, Higgsino and
wino (denoted “H” and “W”); and two gluino masses, 1000 GeV and 600 GeV (the latter
denoted with an “S”). For the most part we will show plots for the optimistic point LHS
with a 250 GeV Higgsino and a 600 GeV gluino, but some more detailed comparisons of the
points appear in Table |5 and Section . For the Higgsino points, roughly half of the !
decays are to Z; this could be increased to nearly 100% by taking tan 5 ~ 1.

4.2 Cuts, Acceptance, and Efficiency

4.2.1 ECAL and TRT

We impose a set of cuts that is intended to give a rough characterization of which events are
potentially reconstructible and low-background. These cuts are listed in Table[2] If only the
ECAL is used for reconstruction, the cut on detector eta is weakened to |14 < 1.4, as the
electrons are no longer required to pass through the TRT.

We have included here two cuts which were not used in the discovery analysis of section [3]
They arise because pointing and timing information are necessary in order to fully reconstruct
the events. First, we require that the effective z-vertex satisfies |z, | < 120 cm, so that the
pointing angle resolution oy remains reasonably small [25]. Second, to guarantee that we

look at events that are noticeably delayed in time, we require a time delay (relative to an
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Point | pu | My | M; Otot O0Zete
LH | 250 | 800 | 1000 | 2.0 pb 79 tb
LHS | 250 | 800 | 600 | 12.9 pb | 506 fb
LW | 800 | 245 | 1000 | 2.0 pb 30 fb
LWS | 800 | 245 | 600 | 12.4 pb | 200 fb
HH | 450 | 800 | 1000 | 1.8 pb 47 b
HHS | 450 | 800 | 600 | 12.2 pb | 388 fb
HW | 800 | 445 | 1000 | 1.9 pb 34 fb

HWS | 800 | 445 | 600 | 12.2 pb | 233 tb

Table 4: Simulated points. Designations: first letter is “L” or “H” for “light” or “heavy”
neutralino NLSP (242 GeV and 438 GeV, respectively); second letter is “H” or “W” for
“Higgsino-like” or “wino-like” NLSP; “S” as the third letter means “enhanced strong pro-
duction”, i.e. a relatively light gluino. Parameters not listed in the table are identical for
every point: M; = 800 GeV all squarks and sleptons are at 1 TeV, and tan 8 = 20. Cross
sections are as reported by Herwig 6.5 [39].

electron from the primary vertex) of 0.3 ns for both electrons. In simulating the time delay
we assume that the beam spot is essentially Gaussian with o, = 5.6 cm (0,, = 15um). We
assume that the primary vertex z position will be measured well enough that smearing by a
Gaussian of width 100 um gives a reasonable description of its uncertainty [36]. We will refer

to the fraction of events with a Z — e*e™ decay that pass these cuts as the “acceptance.”

4.2.2 Muons

Because the muon system does not have separate tracking and pointing, but simply measures
3d tracks and their arrival time, and because the acceptance cuts in section [3already included
a requirement of large decay radius r4 > 500 mm, we use the same acceptance cuts as in the

discovery analysis. They are listed in Table

4.2.3 Reconstruction

With either the ECAL+TRT combination or the muon spectrometer alone, the kinematics
of the decay are overconstrained (12 measurements for 10 unknowns). To reconstruct the
events, we begin with a “seed choice.” The goal is to take the measured parameters for
each electron, (E, Nget, Pdet, Oair, Pairs taer) and produce a preliminary description of the event
+

)

kinematics, as specified by (x4, Y4, 24, tq) and p(e*). We determine (z4,yq) by finding the
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Figure 6: Geometric and kinematic acceptance (dashed blue line for ECAL+TRT, dashed
yellow line for muons) and reconstruction efficiency (solid purple line for ECAL+TRT, solid
green line for muons) as a function of lifetime for point LHS. The reconstruction efficiency

is defined as the fraction of all Z — ¢T¢~ events that are well-reconstructed.

intersection of the lines in the r — ¢ plane determined by (@ger, @air) for the two electrons.
Given (z4,yq), we then estimate (z4,tq) by choosing one of the electrons (arbitrarily) and
extrapolating backward (using its arrival time t; and angle 64,). This gives an initial seed,
from which we can then search for a local minimum of the y? for the measured quantities
(i.e. >;(0; — E;)?/0?). The resolutions o; depend on measured quantities like F and 2., ;
we compute these from the initial seed point, rather than allowing o to vary across the set
of values we minimize over.

We consider the event “well-reconstructed” if it additionally satisfies a tight Z mass
window cut 81 < myz < 101 GeV and a loose NLSP mass window cut 90 < mgo < 1000
GeV. The fraction of events that are well-reconstructed by this criterion will be referred to
as the “efficiency.” In practice, the acceptance and efficiency are similar, indicating that our
acceptance cuts select reconstructible events almost always.

In Figure [6], we show how the acceptance and efficiency change as a function of lifetime.
At cr of about 1 meter, the muon spectrometer takes over from the ECAL as the preferred
way to measure long-lived decays. At very long lifetimes, the trigger requirement of a time
delay below 6 ns is somewhat limiting, but the muon spectrometer still has sensitivity to
lifetimes beyond 100 meters provided cross sections are not too small. To give a sense of
how efficiencies and mass reconstruction vary as a function of the spectrum, we fix a lifetime
of 1 ns (so that the ECAL is the preferred detector component) and tabulate efficiencies

and reconstructed masses for all of the samples in Table 5. We also include the results of
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Point || myee | Omyee | New € mﬁff"‘” U%ZAL) Ne(f CAL) | ((BCAL)
LH 24291 1.8 [ 61.9 | 0.078 239.5 4.5 75.4 0.095
LHS | 2426 | 0.74 | 571 | 0.113 240.2 0.92 791 0.156
LW || 242.3 | 4.0 | 14.5 | 0.048 238.2 6.5 22 0.073
LWS | 242.1 | 1.3 | 193 | 0.096 241.7 1.5 268 0.134
HH || 4364 | 24 |583|0.124 428.2 12.6 76.7 0.163
HHS || 436.2 | 0.92 | 546 | 0.141 424.9 3.8 678 0.175
HW | 4355 | 4.8 | 379 0.111 433.4 18.4 45.8 0.135

HWS || 436.8 | 1.1 | 293 | 0.126 428.9 4.6 359 0.154

Table 5: Ability to reconstruct the various simulation points; for each, ten independent 10
fb~1 samples were run with the lifetime fixed at 1 ns. We report the average and standard
deviation of the reconstructed mass m,.. (found by Gaussian fit seeded with the median of
distribution) over the ten samples, and the average number of reconstructed events N, and

corresponding efficiency e. The final four columns report results relying only on the ECAL.

the ECAL-only reconstruction for comparison. It gives comparable, or sometimes higher,

efficiencies, but broader and less accurate distributions.

4.3 Mass reconstruction

In Figure [7, we show histograms of reconstructed neutralino masses in a 10 fb~! sample of
events passing the cuts of section[d.2] together with a nonlinear least-squares fit to a Gaussian
to find the mass. For the point LHS, there are 554 well-reconstructed events; for the point
HHS, there are 561. In both cases, we also show, in the background, the results of a fit using
only information from the ECAL. Notice that the ECAL-only efficiency is comparable, as
a similar number of events are reconstructed, but the resolution is noticeably worse, and a
typical event will be reconstructed far more accurately if the TRT is used. This highlights
the importance of understanding how to construct standalone TRT tracks originating at a
given calorimeter cell that do not necessarily point near the primary vertex.

Figure [ shows a similar result for reconstruction using the muon spectrometer. Here the
lifetime is 14 m, a factor of 40 larger than that shown in Figure [7] For this lifetime there
are 286 well-reconstructed events at point LHS and 150 at point HHS.
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10 fb™* at Point LHS, cr = 0.3 m 10fb™! at Point HHS, cr = 0.3 m
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Figure 7: Reconstructed myo for a Higgsino-like NLSP, using the ECAL and the TRT. Here
we have restricted to events with my reconstructed within 10 GeV of the true value, and
performed a nonlinear least-squares fit to a Gaussian. The points are LHS and HHS, and
the Gaussian fit is accurate within 1 GeV for both. The gray histograms and dotted lines in
the background show the ECAL-only reconstruction and corresponding Gaussian fit.
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Figure 8: Reconstructed mgo for a Higgsino-like NLSP, in points LHS and HHS, using the

muon spectrometer. This demonstrates the capacity to reach significantly longer lifetimes.

4.4 Lifetime Measurement

In GMSB, one of the most interesting quantities to measure is the lifetime of the NLSP,
from which the fundamental scale of SUSY breaking v/F can be derived. Our cuts require
delays of 0.3 ns for reconstruction with the ECAL, and decay radii of 500 mm for use of
the muon spectrometer, so finding a sample of well-reconstructed events with a clean mass

peak automatically implies that one is viewing events with a long lifetime. However, the
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Figure 9: Distribution of reconstructed decay lengths, for a case using the ECAL and TRT

(at left, c7 = 0.3 m) and using the muon spectrometer (at right, ¢7 = 14 m).

distribution of reconstructed lifetimes is shaped by multiple effects. First, the distribution of
proper lifetimes e ~*/7 is convolved with the effects of boost factors which depend on the mass
of the produced particles (like gluinos or squarks) as well as the NLSP mass. On an event-by-
event basis, the boost can be measured and corrected for, but with some error. Second, the
geometry of the detector imposes limitations; for instance, for events reconstructed with the
ECAL, decays at t & 3 ns will be too long-lived to be detected, so the tail of the distribution
is chopped off. Events at lifetimes that are too short are not reconstructible, so the beginning
of the distribution is also shaped by cuts. As a result, very little remnant of an exponential
distribution of proper times is left (see Figure @

The unknown spectrum presents a challenge, but given the good kinematic reconstruction
of decays that we have shown is achievable, it seems likely that masses of squarks and gluinos
can be measured well. The cross section also contains information about these masses. Such
mass determination problems are orthogonal to the subject of this paper, so we will not
consider them in detail here. For the time being, we will simply assume that the unknown
spectrum has been independently measured, so that the distribution of NLSP lifetimes can
be simulated accurately.

Assuming that the spectrum has been measured, one can simulate a variety of different
lifetimes and perform a x? fit to find the true lifetime. We show the results of such a
fit in Figure [I0, A wide range of lifetimes can be measured with ~ 10% accuracy. It is
likely that one of the best tools for understanding lifetime is the ratio of events measured in
different parts of the detector, as we discussed in section [2.1] provided that the efficiencies

and kinematics are understood. For relatively short lifetimes, it would interesting to consider
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Lifetime Reconstruction: Point LHS, 10 fb™t
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Figure 10: Ability to reconstruct lifetimes: mean and standard deviation of the ratio of
measured to true lifetime inferred from 10 independent pseudoexperiments of 10 fb~! each,
by x? fitting of the distribution of reconstructed times for each event. We show the point
LHS, which has a large cross section, and for which the lifetime can be measured accurately.
Blue points are measured with electrons in the ECAL+TRT, whereas purple points are

measured with the muon spectrometer.

how well the silicon can be used to measure c7, although such events would not be fully

reconstructible as they would occur at times to short to use the ECAL timing system.

4.5 NLSP Angular Distributions

So far we have focused on reconstructing basic kinematic information like masses and decay
widths. More detailed information can be obtained by studying angular distributions. For
example, a neutral wino decays to transversely polarized Z bosons, whereas a neutral Hig-
gsino decays to gravitino plus longitudinal Z. In the decay chain Y0 — GZ(— ete™), the

invariant mass

M*(e,G) = % (m?((l) - mQZ) (14 cosb.) (4.1)

where 6, is the angle in the Z rest frame between the e~ direction and the boost direction
from the x{ rest frame to the Z rest frame. In this variable, the expected angular distribution
is 14 cos? 0, for transversely polarized Z bosons and 1 — cos? 8, for longitudinally polarized Z
bosons. Similar techniques were discussed in the context of the hypothetical ILC in [I§]. Note
that this is an idealized theoretical prediction that will be shaped by cuts. (In particular,

cosf, — 1 is a limit in which the e* is soft and the event will fail our cuts.)
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Figure 11: Invariant mass squared M2(e~,G) of the electron and gravitino in a neutralino
decay chain, after reconstruction of the event, with 10 fb~! of data and cr = 0.3 m. At
left: a mostly-Higgsino NLSP (model point LHS), with dotted line showing the idealized
longitudinal distribution oc 1 — cos?#,. At right: a mostly-wino NLSP (model point LWS),

with dotted line showing the idealized transverse distribution oc 1 4 cos?6,.

In Figure we illustrate the ability of ATLAS to discriminate between transversely
and longitudinally polarized Z bosons (and, hence, neutral wino vs Higgsino NLSPs). A
Kolmogorov-Smirnov test shows that these distributions differ at the 99% confidence level.
This is based on points LHS and LWS, i.e. two points with a 600 GeV gluino to enhance the
production cross section. The lifetime is 1 ns and we have used ECAL and TRT information
in the reconstruction. In addition to the cuts we took to define a “well-reconstructed event”
in section , we further keep only events for which the reconstructed value of mgo 18
within 10 GeV of the best-fit value, which gives a cleaner sample. This simple example
illustrates that we can move beyond studying just masses and branching ratios to actually

probing the structure of the Lagrangian.

5 Discussion

In this paper we have established that the LHC can discover long-lived neutral particles
decaying to Z bosons, with lifetimes ranging from about 0.1 mm to 100 meters, using just
1 fb~! of data at 7 TeV. We have seen that this is a clean, well-motivated, and powerful
discovery channel for new physics, and it is one that has up till now been neglected at the
LHC. Thus it presents an exciting prospect that could be put to the test within the next

two years.
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Because our long-lived particles decay to multiple charged particles, and these particles
arrive with a time delay in a direction that does not point back to the beamline, the problem
of reconstructing the event kinematics becomes highly overconstrained. For lifetimes from
a few centimeters to tens of meters, we have shown that the ECAL and TRT or the muon
spectrometer provide enough precision information to allow masses, lifetimes, and even an-
gular distributions to be accurately measured with 10 fb=! of data at 14 TeV. This should
be contrasted with prompt decays or even displaced decays to photons, where much less
information is available, and one must work much harder to reconstruct these quantities.

We have not necessarily exhausted the full set of options for using the ATLAS detector
to study long lifetimes; for instance, the Tile (hadronic) calorimeter can measure arrival
time with resolution ranging from hundreds of picoseconds to 1.5 ns depending on energy
[40]. In general, we expect that decays inside a calorimeter will offer less precise directional
information than those in a tracking system, but they can still be interesting both for dis-
covery and to get a better understanding of lifetime by counting decays in different detector
components.

Our results have been specialized to ATLAS, but most of them carry over to CMS with
minimal changes. Perhaps the most important difference is simply the volume of the two
detectors: CMS has a radius of 7.3 meters [41], whereas the muon spectrometer at ATLAS
extends out to 10 meters. Thus CMS can be expected to have a somewhat more limited
ability to probe very long lifetimes. Aside from the geometry, however, CMS should per-
form well in measuring standalone muons from long-lifetime decays, with full 3d directional
information, and a timing resolution of ~ 1 ns from RPCs [42]. The CMS detector also
has an EM timing system, which like that of ATLAS has a resolution of 100 ps for EM
showers (and has achieved synchronization across crystals of 500 ps with early events) [43].
The ability of the CMS ECAL to measure non-pointing angles is more limited, but at a
crude level it is possible [22, 23]. On the other hand, whereas the ATLAS TRT provides
information only in the r — ¢ plane, at CMS the first two layers of both the TIB (“Tracker
Inner Barrel”) and TOB (“Tracker Outer Barrel”) are stereo [41], so provided a decay is
prompt enough, the tracker can be used to provide 3d directional information in place of
pointing information from the calorimeter. The stochastic term in the CMS ECAL is quite
good, o ~ 0.036V/E GeV, although as with standard photon or electron measurements at
CMS, the large amount of material in the tracker could complicate precise measurement.

It is interesting to consider to what extent the reconstruction techniques we discuss can
be pushed to shorter lifetimes. It is conceivable that future detector upgrades could have
picosecond-resolution timing [44], giving two orders of magnitude improvement and allowing
silicon to be used in place of pointing for 3d directional information. The use of such high-
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precision timing would essentially allow the entire discovery reach discussed in section (3| to

be accurately reconstructed along the lines of section [4]
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A Tevatron Searches for Long-Lived Neutral Particles

In this appendix, we will discuss Tevatron searches for delayed decays of long-lived, heavy,
neutral particles [19, 45H49]. We will focus on their discovery potential for general neu-
tralino NLSPs decaying to Z(¢t¢~) + Fr. Currently, there are no Tevatron analyses which
directly search in this final state. However, several searches motivated by other theoretical
considerations have the potential to indirectly constrain this scenario.

CDF has performed two searches for a long-lived neutral particle decaying to a Z boson
and possibly other particles, visible or invisible. These studies use well-reconstructed tracks
found by the default algorithms, so in particular, any particle that decays at a radius larger
than ~ 1 cm would be missed. Both were motivated by a possible fourth generation quark
b — bZ decaying through a loop. The first searched for Z — eTe™ in a 90 pb~! sample
[45], whereas the second searched for Z — p™u~ in a 163 pb™! sample [46]. Both studies

imposed a Z mass window cut and required a minimum L,,, the distance in the transverse

Y
plane between the interaction point and the vertex where the lepton pair originates, of order

0.1 cm. Both searches set limits of order 1 pb for lifetimes near 0.1 to 1 cm.
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D@ has carried out studies that offer more flexibility in the range of lifetimes probed, by
not requiring standard track quality cuts. One study used 380 pb~! of data to search for a
displaced p*p~ pair [47], motivated by the NuTeV anomaly and RPV decays of a neutralino.
The muons were required to have a minimum distance of closest approach of the tracks to
any vertex in both the transverse plane (0.01 ¢m) and the z direction (0.1 ¢cm), and were
not required to leave silicon hits. This search required AR(u*p~) < 0.5, which leads to its
optimal reach being at lower masses than the Z, so it is not optimal for gauge mediation
searches. The limit was about 0.1 pb for a lifetime of about 1 cm.

More interestingly for us, D@ has undertaken a study with 1.1 fb~! of data that searches
for displaced electrons or photons using pointing [48] and not using tracking. The pointing
measurement gives full 3d information on the direction of an object interacting with the EM
calorimeter, by fitting a line through five shower positions. This allows a great deal more
flexibility in the range of lifetimes probed than studies that rely on tracking information.
This is the only Tevatron search that we are aware of which constrains this scenario using
timing or pointing. This search is sensitive to longer displacements (~ O(10 — 100) cm)
than the tracking-based searches, and so it offers a complementary approach to the searches
described above.

Since this search was again motivated at least partly by the ' — bZ scenario, the cuts
were not optimized for gauge mediation. In particular, there was no requirement on missing
energy, and consequently there was a nonzero expected background. We expect that with a
hard MET cut, the background could have been completely eliminated, so that with more
data, this channel could become a clear discovery mode for GMSB.

To illustrate this we first reproduced the acceptances given in [48] for ¥’ — bZ(ee) using
a Pythia simulation [38]. We then calculated the number of events coming from direct
production of a Z-rich Higgsino NLSP using the same cuts as in the previous study but
including a MET cut of 30 GeV In Figure we plot the number of events in 10 fb!
at D@ as a function of lifetime and mass. We clearly see that D@ has the potential to
discover GMSB for Higgsino NLSPs for larger lifetimes, assuming the background can be
made negligible. Note that since we are assuming only direct production of neutralinos
and charginos, our result should be viewed as a conservative estimate of the reach, since
any additional particles (sleptons, gluinos, squarks) will only add to the total rate for this

inclusive search.

(M Note that in [48] the same MET cut was applied, but the invariant mass was only required to be above
20 GeV, which left 7 background events in 1.1 fb~!. For Higgsinos, the electrons will satisfy both a tight Z
mass window cut and a hard MET cut. We expect the combination of these will completely eliminate the

background.
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Figure 12: Number of events at D@ in 10 fb™!, using the cuts from an existing study [48] in
combination with a MET cut of 30 GeV.

Although our paper is focused on signatures of displaced Z — ¢*¢~, for completeness’
sake, let us also briefly discuss various Tevatron searches for other displaced final states.
Recently D@, motivated by Hidden Valleys [1I 2], has looked for pairs of neutral long lived
particles that decay into bb pairs, both with displaced vertices [49]. This study is sensitive
to displacements between 1.6 cm and ~ 20 cm. This study could be potentially very useful
for bounding Higgs-rich Higgsino NLSPs. Unfortunately, QCD is the background for this
search and it is quite large. Once again, however, this search did not include a MET cut.
Including a hard MET cut could reduce the background significantly and with more data
could turn this into a discovery mode.

Using an EM calorimeter timing system with a resolution of about 1 ns [20} 21], CDF has
searched for long lived neutralinos in GMSB that decay into photons at large displacements
in [19]. In minimal gauge mediation, this has its best reach for lifetimes of about 150 cm,
excluding a bino mass of about 105 GeV. This search could conceivably also be used to
bound light Higgsino or wino NLSPs, where decays to heavier gauge bosons and Higgses
are phase-space suppressed. Clearly, further studies using the EM timing system of CDF
would be useful and would be complementary to D@’s studies. Interesting searches using EM
timing that could probe long-lived general neutralino NLSPs include searches for out-of-time
tracks or jets. Another possibility would be to search in the single photon plus - channel.

Making this an exclusive final state (i.e. vetoing on other activity in the event) would be
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an interesting way to look for light Higgsino or wino NLSPs, where one decays outside the

detector, while the other decays inside to v + G. Since Higgsinos and winos (in contrast

to binos) can be directly produced, there would not be complicated SUSY cascade decays

giving rise to many high pp particles, and hence not much activity in the event other than

the single photon plus missing energy.

References

1]

M. J. Strassler and K. M. Zurek, “Echoes of a hidden valley at hadron colliders,” Phys.
Lett. B 651, 374 (2007) [arXiv:hep-ph/0604261].

M. J. Strassler and K. M. Zurek, “Discovering the Higgs through highly-displaced ver-
tices,” Phys. Lett. B 661, 263 (2008) [arXiv:hep-ph/0605193].

P. Meade, N. Seiberg and D. Shih, “General Gauge Mediation,” arXiv:0801.3278 [hep-
ph|; M. Buican, P. Meade, N. Seiberg and D. Shih, “Exploring General Gauge Media-
tion,” arXiv:0812.3668 [hep-ph].

C. Cheung, A. L. Fitzpatrick and D. Shih, “(Extra)Ordinary Gauge Mediation,” JHEP
0807, 054 (2008) [arXiv:0710.3585 [hep-ph]].

K. Agashe and M. Graesser, “Improving the fine tuning in models of low energy
gauge mediated supersymmetry breaking,” Nucl. Phys. B 507, 3 (1997) [arXiv:hep-
ph/9704206].

G. F. Giudice and R. Rattazzi, “Theories with gauge-mediated supersymmetry break-
ing,” Phys. Rept. 322, 419 (1999) [arXiv:hep-ph/9801271].

S. Ambrosanio, G. L. Kane, G. D. Kribs, S. P. Martin and S. Mrenna, “Search for super-
symmetry with a light gravitino at the Fermilab Tevatron and CERN LEP colliders,”
Phys. Rev. D 54, 5395 (1996) [arXiv:hep-ph/9605398].

S. Dimopoulos, M. Dine, S. Raby and S. D. Thomas, “Experimental Signatures of Low
Energy Gauge Mediated Supersymmetry Breaking,” Phys. Rev. Lett. 76, 3494 (1996)
[arXiv:hep-ph/9601367].

S. Dimopoulos, M. Dine, S. Raby, S. D. Thomas and J. D. Wells, “Phenomenological
implications of low energy supersymmetry breaking,” Nucl. Phys. Proc. Suppl. 52A, 38
(1997) [arXiv:hep-ph/9607450].

26



[10]

[11]

[12]

[13]

[14]

[15]

[20]

S. Dimopoulos, S. D. Thomas and J. D. Wells, “Sparticle spectroscopy and electroweak
symmetry breaking with gauge-mediated supersymmetry breaking,” Nucl. Phys. B 488,
39 (1997) [arXiv:hep-ph/9609434].

J. A. Bagger, K. T. Matchev, D. M. Pierce and R. j. Zhang, “Weak-scale phenomenology
in models with gauge-mediated supersymmetry breaking,” Phys. Rev. D 55, 3188 (1997)
[arXiv:hep-ph/9609444].

K. T. Matchev and S. D. Thomas, “Higgs and Z-boson signatures of supersymmetry,”
Phys. Rev. D 62, 077702 (2000) [arXiv:hep-ph/9908482].

H. Baer, P. G. Mercadante, X. Tata and Y. 1. Wang, “The Reach of Tevatron upgrades
in gauge mediated supersymmetry breaking models,” Phys. Rev. D 60, 055001 (1999)
[arXiv:hep-ph/9903333].

R. L. Culbertson et al. [SUSY Working Group Collaboration], “Low scale and gauge
mediated supersymmetry breaking at the Fermilab Tevatron Run II,” arXiv:hep-
ph/0008070.

H. Baer, P. G. Mercadante, X. Tata and Y. 1. Wang, “The reach of the CERN Large
Hadron Collider for gauge-mediated supersymmetry breaking models,” Phys. Rev. D
62, 095007 (2000) [arXiv:hep-ph/0004001].

P. Meade, M. Reece and D. Shih, “Prompt Decays of General Neutralino NLSPs at the
Tevatron,” arXiv:0911.4130 [hep-ph].

G. D. Kribs, A. Martin, T. S. Roy and M. Spannowsky, “Discovering the Higgs Boson
in New Physics Events using Jet Substructure,” arXiv:0912.4731 [hep-ph].

S. Ambrosanio and G. A. Blair, “Measuring gauge mediated supersymmetry break-
ing parameters at a 500-GeV eTe™ linear collider,” Eur. Phys. J. C 12, 287 (2000)
[arXiv:hep-ph/9905403].

T. Aaltonen et al. [CDF Collaboration], “Search for Heavy, Long-Lived Neutralinos that
Decay to Photons at CDF II Using Photon Timing,” Phys. Rev. D 78, 032015 (2008)
[arXiv:0804.1043 [hep-ex]]; A. Abulencia et al. [CDF Collaboration], “Search for heavy,
long-lived particles that decay to photons at CDF II,” Phys. Rev. Lett. 99, 121801
(2007) [arXiv:0704.0760 [hep-ex]].

M. Goncharov et al., “The Timing system for the CDF electromagnetic calorimeters,”
Nucl. Instrum. Meth. A 565, 543 (2006) [arXiv:physics/0512171].

27



[21]

[22]

[25]

[29]

[30]

[31]

[32]

D. A. Toback and P. Wagner, “Prospects of searches for neutral, long-lived parti-
cles which decay to photons using timing at CDF,” Phys. Rev. D 70, 114032 (2004)
[arXiv:hep-ph/0407022].

L. Goscilo, P. Traczyk, P. Zalewski and M. Kazana, “Search for decaying in flight neu-
tralinos and long lived staus within Gauge Mediated Supersymmetry Breaking models,”

CMS-AN-2006-095.
P. Zalewski, “Search for GMSB NLSPs at LHC,” arXiv:0710.2647 [hep-ph].

K. Kawagoe, T. Kobayashi, M. M. Nojiri and A. Ochi, “Study of the gauge mediation
signal with non-pointing photons at the CERN LHC,” Phys. Rev. D 69, 035003 (2004)
[arXiv:hep-ph/0309031].

D. Prieur, “GMSB SUSY models with non pointing photons signatures in ATLAS at
the LHC,” arXiv:hep-ph/0507083; D. Prieur, “GMSB SUSY Models with Non Pointing
Photons Signatures in ATLAS at the LHC”, ATL-PHYS-PUB-2007-010, ATL-COM-
PHYS-2007-013, March 2007.

S. Chang and M. A. Luty, “Displaced Dark Matter at Colliders,” arXiv:0906.5013 [hep-
ph].

P. Meade, S. Nussinov, M. Papucci and T. Volansky, “Searches for Long Lived Neutral
Particles,” arXiv:0910.4160 [hep-ph].

D. Ventura, “Triggering on Long-Lived Neutral Particles at ATLAS,” Talk
at UW Seattle Join Theory/Experiment Long-Lived Particles Workshop,
http://silicon.phys.washington.edu/LongLivedWorkshop/Talks.html, and

personal communication

The ATLAS Collaboration, “Triggering on Long-Lived Neutral Particles in the ATLAS
Detector,” ATLAS Note ATL-PHYS-PUB-2009-082.

M. Aharrouche et al., “Time Resolution Of The Atlas Barrel Liquid Argon Electromag-
netic Calorimeter,” Nucl. Instrum. Meth. A 597, 178 (2008).

G. Aad et al. [The ATLAS Collaboration|, “Expected Performance of the ATLAS Ex-
periment - Detector, Trigger and Physics,” arXiv:0901.0512 [hep-ex].

R. Duda and P. Hart, “Use of the Hough Transformation to Detect Lines and Curves
in Pictures,” Comm. ACM 15, 11 (1972).

28



[33]

ATLAS Collaboration, “ATLAS muon spectrometer: Technical design report,”
http://atlas.web.cern.ch/Atlas/GROUPS/MUON/TDR/Web/TDR.html

G. Aad et al. [ATLAS Collaboration]|, “The ATLAS Experiment at the CERN Large
Hadron Collider,” JINST 3, S08003 (2008).

John Hobbs (ATLAS), personal communication

ATLAS Collaboration, “ATLAS: Detector and physics performance technical design re-
port. Volume 1,” http://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/TDR/TDR.html

S. Giagu [ATLAS Collaboration and CMS Collaboration|, “Search for long-lived parti-
cles in ATLAS and CMS,” arXiv:0810.1453 [hep-ex].

T. Sjostrand, S. Mrenna and P. Skands, “PYTHIA 6.4 physics and manual,” JHEP
0605, 026 (2006) [arXiv:hep-ph/0603175].

G. Corcella et al., “HERWIG 6.5: an event generator for Hadron Emission Reactions
With Interfering Gluons (including supersymmetric processes),” JHEP 0101, 010 (2001)
[arXiv:hep-ph/0011363]; P. Richardson, “Spin correlations in Monte Carlo simulations,”
JHEP 0111, 029 (2001) [arXiv:hep-ph/0110108]; G. Corcella et al., “HERWIG 6.5
release note,” arXiv:hep-ph/0210213.

R. Leitner, P. Tas and V. V. Shmakova, “Time resolution of the ATLAS Tile calorimeter
and its performance for a measurement of heavy stable particles,” ATL-TILECAL-PUB-
2007-002

G. L. Bayatian et al. [CMS Collaboration|, “CMS physics: Technical design report,”
http://cmsdoc.cern.ch/cms/cpt/tdr/

N. Darmenov et al. [CMS Collaboration], “The CMS RPC system overview,” AIP Conf.
Proc. 1203, 43 (2010).

CMS Collaboration, “Time Reconstruction and Performance of the CMS Electromag-
netic Calorimeter,” arXiv:0911.4044 [physics.ins-det].

J. F. Genat, G. Varner, F. Tang and H. J. Frisch, “Signal Processing for Pico-
second Resolution Timing Measurements,” Nucl. Instrum. Meth. A 607, 387 (2009)
[arXiv:0810.5590 [physics.ins-det]].

29



[45] F. Abe et al. [The CDF Collaboration], “Search for long-lived parents of Z° bosons in pp
collisions at /s = 1.8 TeV,” Phys. Rev. D 58, 051102 (1998) [arXiv:hep-ex/9805017].

[46] A. L. Scott [CDF Collaboration and representing the CDF Collaboration], “Search for
long-lived parents of the Z° boson,” Int. J. Mod. Phys. A 20, 3263 (2005) [arXiv:hep-
ex,/0410019].

[47] V.M. Abazov et al. [DO Collaboration], “Search for neutral, long-lived particles decaying
into two muons in pp collisions at /s = 1.96-TeV,” Phys. Rev. Lett. 97, 161802 (2006)
[arXiv:hep-ex/0607028].

[48] V. M. Abazov et al. [DO Collaboration], “Search for long-lived particles decaying into
electron or photon pairs with the DO detector,” Phys. Rev. Lett. 101, 111802 (2008)
[arXiv:0806.2223 [hep-ex]].

[49] V. M. Abazov et al. [D0O Collaboration], “Search for Resonant Pair Production of long-
lived particles decaying to bb in pp collisions at /s = 1.96-TeV,” Phys. Rev. Lett. 103,
071801 (2009) [arXiv:0906.1787 [hep-ex]].

30



	1 Introduction
	2 Long-Lived Neutral Particles at ATLAS
	2.1 ATLAS Detector Geometry
	2.2 ATLAS Detector Capabilities
	2.2.1 Ze+e-: TRT and ECAL
	2.2.2 Z+-: Muon spectrometer


	3 Discovery Potential with Early LHC Data
	3.1 Ze+e- with Si+TRT
	3.2 Z+- with the muon system
	3.3 Zjets
	3.4 Results

	4 Detailed Event Study at 14 TeV
	4.1 Sample Points
	4.2 Cuts, Acceptance, and Efficiency
	4.2.1 ECAL and TRT
	4.2.2 Muons
	4.2.3 Reconstruction

	4.3 Mass reconstruction
	4.4 Lifetime Measurement
	4.5 NLSP Angular Distributions

	5 Discussion
	A Tevatron Searches for Long-Lived Neutral Particles

