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OVERVIEW

•What does long lived mean?

• Signatures: Quantum numbers and decays

•Where do the lifetimes come from

• Typical searches

• Room for improvement
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At least we 
don’t have
 to worry 

about this...

Remarkable amount
of interesting 

signatures if they
are looked for!!!
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WHAT IS LONG LIVED?
• There is potentially a large range of lifetimes that are “long 

lived” at the LHC and we have many examples in the SM

• B decays ~ O(100) microns

•muons ~ O(1000) meters

• protons ~ O(much bigger than the other examples...)
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and the same triggers to MonteCarlo the detector response. We find that for muon energies of ⇠ 100 GeV

the e↵ective area for KM3NeT is about a factor of 30 larger for LOLIP decays than ANTARES at the same

energy. The KM3NeT e↵ective area also sharply falls below 100 GeV based on our simulations, the main

reason being the large spacing between the strings.

The largest available neutrino detector currently is the IceCube detector. IceCube [25] is a km3 detector

which consists of 80 strings at depths between 1400m and 2400m under the Antarctic ice. The strings

are distributed over an area of approximately 1 km2 and each contains 60 optical modules spaced 17 m

apart. For this experiment we use the e↵ective areas given in [29]. We also investigate the inclusion of the

DeepCore extension (a more densely instrumented inner volume designed to reduce the energy threshold

of IceCube), by correcting these e↵ective areas according to the preliminary information of [30]. This does

not take into account the e↵ects associated with the special type of events that LOLIPs produce with two

highly collimated charged particles. The reach we give in Section V will thus be conservative. It would be

interesting to determine exactly how sensitive neutrino telescopes are to these types of events.

IV. LHC PRODUCTION

When LOLIPs are produced at the LHC, some fraction of them will decay within the volume of the ATLAS

or CMS detectors. Given a canonical size for these detectors of approximately d ⇠ 10 m, and assuming a

decay length L, the amount of particles that decay within the detector is given by,

Ndecayed = Nproduced

⇣
1� e�d/L

⌘
, (12)

which, as in Eq. (11) gives

Ndecayed ⇡ Nproduced
d

L
. (13)

This also holds if only part of the detector can be used for detecting the LOLIP decays, as in the more

realistic size of 1m. Taking a typical strong production cross-section of order O(100 pb) at the LHC for

heavy particles, one obtains Nproduced ⇠ 106 events with an integrated luminosity of 10 fb�1. Consequently,

for a decay length of order a few hundred meters, thousands of LOLIPs may decay inside the LHC detectors.

There has been a great deal of work on the possibility of searching for highly displaced vertices at both

ATLAS and CMS. However, given the many backgrounds, it is not clear how many events one would need

for the LHC detectors to be useful in studying neutral LOLIP decays. Moreover, for lifetimes comparable

or greater than O(100 km), the number of events at the LHC becomes negligible and the LOLIPs will only

show up as MET.

In order to di↵erentiate between stable particles and LOLIPs external detectors are needed. The most

straightforward idea would be to use other detectors to conduct a long baseline experiment similar to MI-

NOS [31]. The nearest large volume detector to the LHC is the ANTARES neutrino telescope in the

Mediterranean sea. A rough estimate of the detection rates at ANTARES is given by the number of par-

ticles decaying inside the ANTARES detector. If we assume the e↵ective lifetime of these particles is of
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long lifetime limit

If we are looking for decays 
we can still have huge 

lifetimes with events inside 
our detectors

Can be absolutely stable and 
still have signals!
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SIGNATURES

• The particle doesn’t have to decay to be interesting!

• Can come from the properties of the long lived particle 
itself

• Can come from the decay of the long lived particle

• Can be a combination of both!
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LONG LIVED PARTICLE
• Charged

• Standard CHAMPS/HSCP searches

• Colored

• Long lived gluinos

•Neutral

• Is MET really DM?
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NEW ODD TRACKS (NOTS)
Take your favorite “CHAMP” and think a little more

Schematic purposes only

Color corresponds 
to dE/dx
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WHERE DOES IT ALL HAPPEN?
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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 di↵erent subdetectors.

Analogous plots can be made for CMS and for the Tevatron detectors. Essentially the only

qualitative di↵erence 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 o↵er 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

5
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WHERE DOES IT DECAY?
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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 di↵erent subdetectors at

ATLAS, as a function of �̃0

1

lifetime. Here the NLSP was taken to have mNLSP = 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 e↵ects of c⌧ and detector

geometry.

characterize lifetimes.

2.2 ATLAS Detector Capabilities

2.2.1 Z ! e+e�: TRT and ECAL

When focusing on Z(e+e�), 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 1. Given Z ! e+e�,

6

Example: 600 Gev gluino decay to 250 GeV NLSP
10

Thursday, December 8, 11



REASONS FOR LONG 
LIFETIMES

• Squeezed Phase Space

• Small Couplings

• Conserved/Approximately Conserved Quantum numbers
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MODELS OF LOLIPS
• SUSY

• Gauge Mediation

• Anomaly Mediation

• Split

• RPV

• Hidden sectors with various portals

•Quirks

• ...
12
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HOW DO WE COVER THESE 
SYSTEMATICALLY?

•One example where this can be done systematically is gauge 
mediation

• Any particle can be the NLSP, then the lifetime is simply set 
by the SUSY breaking scale, can get “most” of the LOLIP 
possibilities

• General question for later, how to cover the “rest” 
systematically
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ANYTHING CAN BE THE NLSPAn Observation

production

cascade
NLSP

G̃

SM partner

cascade
NLSP

G̃

SM partner

cascade
NLSP SM partner

G̃

cascade
NLSP SM partner

G̃

Consider the diagrams in Fig. 1. We’ve already observed that the one at left is problematic: it’s a
renormalization of an external line, so we don’t want to include it when we compute a loop amplitude. In
shamplitude calculations, it shows up as unpleasant 1

s12...(n�1)
! 1 factors in the amplitudes we’re trying

to build the shamplitude out of, which we are currently removing by hand.
The other kind of bubble diagram with one gluon connected at one end is shown on the right in Fig. 1.

It has a two-particle vertex at the other end. As a result, it has the structure:
�

d4`

(2�)4
�1µ (2`µ + kµ

1 ) J(k2, . . . kj) · J(kj+1, . . . kn)
(`2 �m2)((` + k1)2 �m2)

. (1)

Notice that this always contributes 0 to the loop integral: �1 · k1 = 0, and the bubble integral, linear in `µ,
can only be proportional to kµ

1 , because all dependence on the other momenta factors out of the integrand.

1

Figure 1: Schematic Feynman diagram for a GMSB event. The typical production will be of colored
superpartners, e.g., gluinos. Their cascade decays will produce jets and possibly other particles
(depicted here as green wedges), and will end in the NLSP. The NLSP will always decay to its SM
parter plus an invisible gravitino.

We will make use of the general framework for GMSB known as General Gauge Mediation
(GGM) [1], which encapsulates all models of pure gauge mediation. The advantage of such
a framework is that it allows for a theoretically well-grounded, yet model-independent explo-
ration of GMSB phenomenology. The entire physical parameter space for GGM was mapped
out with a perturbative messenger model in [2], and a number of papers have studied both
the Tevatron bounds and LHC projections [3–17].

Although many searches for supersymmetry have been carried out by CMS and ATLAS,
they have almost entirely focused on the CMSSM and various “simplified models” with neu-
tralino LSP. (Some notable exceptions include the searches [18–21], which set limits on sim-
plified parameter spaces in GGM.) The main focus of this paper will be to reinterpret the
results of existing searches for SUSY in terms of GGM. This will involve simulating all of the
existing LHC analyses ourselves, validating our simulations on the published results, and then
applying the analyses to signals derived from the GGM parameter space.

A typical GMSB topology is shown in fig. 1. This figure illustrates a number of important
features of GMSB. First, the gravitino is always the LSP. Second, the identity of the next-to-
lightest-superpartner (NLSP) dictates much of the phenomenology, because it appears at the
bottom of every cascade decay and always decays to its SM partner and the gravitino. Corre-
spondingly, we will partition the parameter space of GMSB primarily via the NLSP identity.
We will thoroughly investigate all NLSP types: neutralino (bino, wino, Z-rich higgsino, h-rich

2

Long Lived State
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EXAMPLE: LONG LIVED 
NEUTRALINO THAT DECAYS TO Z’S
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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(e+e�)+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

quantity A:

A =
m5

�̃0
1

16⇡F 2

⇡
⇣ m�̃0

1

100 GeV

⌘
5

✓
100 TeVp

F

◆
4 1

0.1 mm
. (2.1)

Here
p
F is the fundamental scale of SUSY breaking; it is related to the gravitino mass via

m
3/2 = F/(

p
3MP l). In Figure 3, we plot (at left) the relationship between lifetime and

SUSY-breaking scale and (at right) the fraction of decays occurring within di↵erent 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

this: at short lifetimes, nearly all of the decays occur within the inner detector. Consequently,
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SIX ORDERS OF MAGNITUDE 
COVERAGE FOR NEUTRAL LOLIPS
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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 ! µ+µ� decays. The jet acceptance has been multiplied by

the ratio of the branching fractions Br(Z ! jj)/Br(Z ! µ+µ�). The di↵erent curves (blue,

red, yellow) correspond to di↵erent choices of the gluino mass (Mgluino = 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 4, we show how the acceptance changes as a function of lifetime, for di↵erent

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

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 ⇠ 10�1

to 105 mm. This corresponds to slightly more than one order of magnitude in
p
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

12

Can look at Z->ee, Z->mumu, Z-jets
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WHAT CAN YOU DO?
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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�1 at 7 TeV. Left plot: lines of constant

�⇥Br⇥ " = 5, for di↵erent values of c⌧ , in the Mgluino-Msquark plane. Right plot: Contours

of �⇥Br⇥ " in the Mgluino-c⌧ plane, for fixed Msquark = 1 TeV. In both plots we have taken

mNLSP = 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(�̃0

1

! Z + G̃) = 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 Npass, the

number of events in 1 fb�1 at 7 TeV passing an OR of all the analyses described above.

Shown on the left in fig. 5 are contours of constant Npass = 5 in the Msquark, Mgluino plane,

for di↵erent values of the lifetime. On the right in fig. 5 are contours of constant Npass in

the Mgluino, c⌧ plane for Msquark = 1 TeV. Note that in the right panel of Figure 5 there

are bands of constant Npass as a function of the gluino mass, centered around c⌧ ⇠ 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

13
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INHERENT PROBLEM... 
PROMPT SEARCHES AREN’T 

EVEN FULLY COVERED

18

Thursday, December 8, 11



WHAT HAS THE LHC DONE 
SO FAR?

Analysis Collaboration Luminosity (fb�1) Ref

Stopped HSCP CMS 0.9 [75]

HSCP (dE/dx, TOF) CMS 1.1 [76]

Displaced lepton pair CMS 1.1-1.2 [77]

Displaced photons CMS 2.1 [78]

Disappearing tracks ATLAS 1 [79]

Displaced jets + high pT muon ATLAS 0.033 [80]

Table 15: A summary of the most recent LHC searches for detector-stable or detector-metastable
particles relevant to GMSB. HSCP is short for “heavy stable charged particle”; TOF for “time-of-
flight.”

The 1.1/fb CMS search [76] looks for high-pT isolated tracks with large ionization energy
loss dE/dx. Another analysis presented in the same study requires also the presence of a slow
muon candidate which allows loosening of some of the other cuts. For colored NLSPs the slow
muon signature is only relevant if their R-hadrons do not all neutralize before reaching the
muon detectors. The limits resulting from the two approaches are similar.

CMS excludes direct pair production of stable gluinos up to 800–900 GeV, and of stops
up to 500–600 GeV (uncertainties are from unknown R-hadron physics). They also obtained
a limit in a Minimal Gauge Mediation (MGM) scenario with stau NLSP, with production
primarily through heavier squarks, gluinos, and winos. This was expressed as a limit on the
mass of the stau, but this is only meaningful in the context of MGM where the stau mass is
related to the masses of all the other sparticles. Clearly, it would be interesting to understand
the limits on staus more model-independently, e.g. as a limit on the direct stau production
cross section. It would also be useful to know how the limits from this search apply to other
scenarios, such as long-lived sbottoms (constrained by a smaller-statistics ATLAS study of
R-hadrons [81] using 34/pb that obtained a slightly weaker limit on sbottoms than stops), or
chargino NLSPs [61] (on which a recent D? search [82] with 5.2/fb set a limit of 217 GeV on
a higgsino-like chargino and 267 GeV on a gaugino-like chargino).

CMS has also searched [75] for long-lived colored particles that form charged R-hadrons
which (⇠ 10% or more of the time) come to rest due to interactions with the detector material
and decay much later, often out-of-time with respect to the collisions. The study set limits
on pair-produced gluinos and stops with lifetimes between 75 ns and 106 s. However, the
strongest limits from these searches are weaker than the direct search [76].

Overall, searches for heavy stable charged particles are a relatively mature science, and our
main suggestion here is, wherever possible, to present the limits on several reasonable scenarios
(stops, sbottoms, gluinos, staus, charginos) rather than a single one. Also, we believe these
limits are more meaningful when phrased in terms of physical masses and cross sections rather
than in terms of artificial model parameters such as those of MGM.

30

19

Thursday, December 8, 11



ROOM FOR IMPROVEMENT

• General NOTS: Weirder tracks

• Combining “signatures”, dE/dx with short tracks?

• Not being too specific on the extra objects in searches, the 
long lived particle is the key...

• More modes for displaced decays

• Pushing all general signals to the extremes of the lifetime 
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PLAN FOR WRITEUP

?

Theory side problem:  Validation and Interpretation

Experimental side problem: Detectors weren’t designed 
for this...

Are there priorities or catch all channels?

21
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