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What is SUSY? 
What is the cMSSM? 

!
What is the co-annihilation strip?

How does one probe this theory? — accelerator experiments 
What are the LHC detectors capable of? 

What kind of searches are relevant? 

How do we use the results? 
What can we do in the future?
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Figure 8.4: RG evolution of scalar and gaugino mass parameters in the MSSM with MSUGRA boundary
conditions imposed at Q0 = 2×1016 GeV. The parameter µ2+m2

Hu
runs negative, provoking electroweak

symmetry breaking.

family squarks and sleptons are nearly degenerate with those of the first family, and so are not shown.)
Variations in the model parameters have important and predictable effects. For example, taking larger
values of tan ! with other model parameters held fixed will usually tend to lower b̃1 and "̃1 masses
compared to those of the other sparticles. Taking larger m2

0 will tend to squeeze together the spectrum
of squarks and sleptons and move them all higher compared to the neutralinos, charginos and gluino.
This is illustrated in Figure 8.5(b), which has m2

0 ≫ m2
1/ 2. [The MSUGRA parameters used to make

this graph were m1/ 2 = −A0 = 320 GeV, m0 = 3200 GeV, tan ! = 10, µ > 0.] In this model, the
heaviest chargino and neutralino are wino-like.

The third sample sketch, in fig. 8.5(c), is obtained from a typical minimal GMSB model, with
N5 = 1 [and boundary conditions as in eq. (7.7.21) with Λ = 150 TeV, tan ! = 15, and sign(µ)= + at
a scale Q0 = Mmess = 300 TeV for the illustration]. Here we see that the hierarchy between strongly
interacting sparticles and weakly interacting ones is quite large. Changing the messenger scale or Λ
does not reduce the relative splitting between squark and slepton masses, because there is no analog
of the universal m2

0 contribution here. Increasing the number of messenger fields tends to decrease the
squark and slepton masses relative to the gaugino masses, but still keeps the hierarchy between squark
and slepton masses intact. In the model shown, the LSP is the nearly massless gravitino and the NLSP
is a bino-like neutralino, but for larger number of messenger fields it could be either a stau, or else
co-NLSPs "̃1, ẽL , µ̃L , depending on the choice of tan ! .

The fourth sample sketch, in fig. 8.5(d), is of a typical GMSB model with a non-minimal messenger
sector, N5 = 3 [and boundary conditions as in eq. (7.7.21) with Λ = 60 TeV, tan ! = 15, and sign(µ)= +
at a scale Q0 = Mmess = 120 TeV for the illustration]. Again the LSP is the nearly massless gravitino,
but this time the NLSP is the lightest stau. The heaviest superpartner is the gluino, and the heaviest
chargino and neutralino are wino-like.

It would be a mistake to rely too heavily on specific scenarios for the MSSM mass and mixing
spectrum, and the above illustrations are only a tiny fraction of the available possibilities. However,
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Figure 10.13: Contributions to the annihilation cross-section for neutralino dark matter LSPs from (a)
t-channel slepton and squark exchange, (b) near-resonant annihilation through a Higgs boson (s-wave
for A0, and p-wave for h0, H 0), and (c) t-channel chargino exchange.
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Figure 10.14: Some contributions to the co-annihilation of dark matter !N1 LSPs with slightly heavier
!N2 and !C1. All three diagrams are particularly important if the LSP is higgsino-like, and the last two
diagrams are important if the LSP is wino-like.
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Figure 10.15: Some contributions to the co-annihilation of dark matter !N1 LSPs with slightly heavier
sfermions, which in popular models are most plausibly staus (or perhaps top squarks).

the hierarchy problem. However, for lighter higgsino-like or wino-like LSPs, non-thermal mechanisms
can be invoked to provide the right dark matter abundance [183, 285].

A recurring feature of many models of supersymmetry breaking is that the lightest neutralino is
mostly bino. It turns out that in much of the parameter space not already ruled out by LEP with a
bino-like !N1, the predicted relic density is too high, either because the LSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be significant contributions to !σv". The possibilities can be classified qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.

First, if at least one sfermion is not too heavy, the diagram of fig. 10.13a is effective in reducing
the dark matter density. In models with a bino-like !N1, the most important such contribution usually
comes from !eR , !µR , and !τ1 slepton exchange. The region of parameter space where this works out right
is often referred to by the jargon “bulk region”, because it corresponded to the main allowed region
with dark matter density less than the critical density, before ΩDMh2 was accurately known and before
the highest energy LEP searches had happened. However, the diagram of fig. 10.13a is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density sufficiently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have difficulties with other indirect constraints. In the MSUGRA framework
described in section 7.6, the viable bulk region remaining after LEP usually takes m0 and m1/ 2 less
than about 100 GeV and 250 GeV respectively, depending on other parameters. Within MSUGRA,
this part of parameter space has now been excluded by the LHC. If the final state of neutralino pair
annihilation is instead t t , then there is no p-wave suppression. This typically requires a top squark
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Ñ1

÷f

f

øf

(a)

Ñ1
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the hierarchy problem. However, for lighter higgsino-likeor wino-like LSPs, non-thermal mechanisms
can be invoked to provide the right dark matter abundance [183, 285].

A recurring feature of many models of supersymmetry breaking is that the lightest neutralino is
mostly bino. It turns out that in much of the parameter space not already ruled out by LEP with a
bino-like Ñ1, the predicted relic density is too high, either because theLSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be signiÞcant contributions to !#v". The possibilities can be classiÞed qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.

First, if at least one sfermion is not too heavy, the diagram of Þg. 10.13a is e! ective in reducing
the dark matter density. In models with a bino-like Ñ1, the most important such contribution usually
comes fromẽR, µ̃R, and !̃ 1 slepton exchange. The region of parameter space where this works out right
is often referred to by the jargon Òbulk regionÓ, because it corresponded to the main allowed region
with dark matter density less than the critical density, before " DMh2 was accurately known and before
the highest energy LEP searches had happened. However, the diagram of Þg. 10.13a is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density su# ciently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have di# culties with other indirect c onstraints. In the MSUGRA framework
described in section 7.6, the viable bulk region remaining after LEP usually takes m0 and m1/2 less
than about 100 GeV and 250 GeV respectively, depending on other parameters. Within MSUGRA,
this part of parameter space has now been excluded by the LHC.If the Þnal state of neutralino pair
annihilation is instead tt, then there is no p-wave suppression. This typically requires a top squark
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Ñ1

W

f

f ′ C̃1

Ñ1

W

W

" , Z

Figure 10.14: Some contributions to the co-annihilation of dark matter Ñ1 LSPs with slightly heavier
Ñ2 and C̃1. All three diagrams are particularly important if the LSP is higgsino-like, and the last two
diagrams are important if the LSP is wino-like.

f̃

Ñ1
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the hierarchy problem. However, for lighter higgsino-like or wino-like LSPs, non-thermal mechanisms
can be invoked to provide the right dark matter abundance [183, 285].

A recurring feature of many models of supersymmetry breaking is that the lightest neutralino is
mostly bino. It turns out that in much of the parameter space not already ruled out by LEP with a
bino-like Ñ1, the predicted relic density is too high, either because the LSP couplings are too small, or
the sparticles are too heavy, or both, leading to an annihilation cross-section that is too low. To avoid
this, there must be significant contributions to !#v". The possibilities can be classified qualitatively in
terms of the diagrams that contribute most strongly to the annihilation.

First, if at least one sfermion is not too heavy, the diagram of fig. 10.13a is e! ective in reducing
the dark matter density. In models with a bino-like Ñ1, the most important such contribution usually
comes from ẽR, µ̃R, and !̃ 1 slepton exchange. The region of parameter space where this works out right
is often referred to by the jargon “bulk region”, because it corresponded to the main allowed region
with dark matter density less than the critical density, before " DMh2 was accurately known and before
the highest energy LEP searches had happened. However, the diagram of fig. 10.13a is subject to a
p-wave suppression, and so sleptons that are light enough to reduce the relic density su# ciently are,
in many models, also light enough to be excluded by LEP, or correspond to light Higgs bosons that
are excluded by LEP, or have di# culties with other indirect constraints. In the MSUGRA framework
described in section 7.6, the viable bulk region remaining after LEP usually takes m0 and m1/2 less
than about 100 GeV and 250 GeV respectively, depending on other parameters. Within MSUGRA,
this part of parameter space has now been excluded by the LHC. If the final state of neutralino pair
annihilation is instead t t , then there is no p-wave suppression. This typically requires a top squark
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2 The ⌧̃ Coannihilation Strip and its Decays within the

CMSSM

2.1 Anatomy of the Stau Coannihilation Strip Region

The focus of our attention in this paper is the CMSSM, in which R parity is conserved and

it is assumed that universal soft supersymmetry-breaking parameters m1/2,m0 and A0 are

input at the GUT scale. We assume that the stable LSP is the lightest neutralino �, giving

priority to the CMSSM parameter region near the strip where its astrophysical relic density

is brought into the range 0.115 < ⌦�h2 < 0.125 [5] that is acceptable within conventional

cosmology by coannihilation with the lighter stau slepton ⌧̃ and other, heavier sleptons, but

also considering smaller values of �m that yield lower values of ⌦�h2. Our objective is to

study the extent to which this simplest supersymmetric scenario has been explored with data

from Run 1 of the LHC at 7 and 8 TeV in the centre of mass, and the extent to which it

can be explored further with future LHC data at 14 TeV. As we discuss, even this simplest

scenario has rich phenomenological possibilities beyond the standard /ET signatures, posing

challenges for its complete exploration.

As is well-known, as m1/2 increases toward the tip of the stau coannihilation strip the

⌧̃ �� mass di↵erence �m decreases monotonically towards zero, which is attained at m1/2 =

O(1000) GeV, the maximum value of m1/2 depending on the values of tan � and A0. In this

paper, we use consistently SoftSUSY 3.3.7 [23] 1 to calculate the sparticle spectrum, and

the latter is passed to MicrOMEGAs 3.5.5 [25] to calculate ⌦�h2. Fig. 1 displays bands with

�m  5 GeV for values of m1/2 close to the tips of the coannihilation strips for tan� = 10

(upper panels) and 40 (lower panels), in each case for the two choices A0 = 0 (left panels)

and 2.5m0 (right panels). The choices of tan � are representative of the larger and smaller

values found in the coannihilation region in a recent global analysis of the CMSSM parameter

space [26], and the restriction to A0 � 0 is motivated by the Higgs boson mass mh measured

at the LHC, which is easier to reproduce for positive values of A0. The coannihilation strips

where 0.115 < ⌦�h2 < 0.125 are shown as pink bands. We see that the strips for tan � = 10

terminate when �m ! 0 at m1/2 ' 900 to 950 GeV, with little sensitivity to A0, whereas

the strips for tan � = 40 and A0 = 0 (2.5m0) extend to larger m1/2 ' 1150 to 1200 GeV

(1300 to 1350 GeV). We also see that �m drops below m⌧ for m1/2 ' 800 to 850 GeV for

tan � = 10, and m1/2 ' 1050 to 1100 GeV (1200 to 1250 GeV) for tan � = 40, respectively.

The strips within which the relic LSP density ⌦�h2 falls inside the range allowed by the

1
Note, however, that we use the opposite convention for the sign of A0, to avoid confusion when the

reader compares the results of this paper with the previous one [12], where the SSARD code [24] was used.
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CMSSM ÷⌧ coannihilation strip, and discuss how they may be explored in Run 2 of the LHC.

In Section 2 of this paper we Þrst review relevant features of the ÷⌧ coannihilation strip

region within the CMSSM, which extends up tom1/ 2 ⇠ 1300 GeV for tan� = 40 and

A0 > 0. We then review the calculations of ÷⌧ decays when�m < m ! , which indicate that

the dominant ÷⌧ signature would be a massive metastable charged particle if�m <⇠ 1.2 GeV

and a disappearing track if�m >⇠ 1.2 GeV.

In Section 3 we discuss the impacts of the relevant LHC Run 1 searches for new physics,

including regions where the relic LSP density is less than the total cold dark matter density, as

would be allowed if there is another component of the astrophysical cold dark matter. We Þrst

discuss the/E T searches, which exclude the relevant portions of the CMSSM parameter space

where�m > m ! and m1/ 2 < 840 GeV. For tan� = 10, these searches exclude the portion of

the ÷⌧ coannihilation strip where�m > m ! , whereas�m as large as 8 GeV can be allowed for

tan � = 40. We then update our previous analysis of the metastable ÷⌧ case, Þnding that the

most recent LHC Run 1 search for such particles excludesm1/ 2 <⇠ 850 GeV to<⇠ 1100 GeV

for �m <⇠ 1.2 GeV, depending on the value of tan� and A0. We then analyze the impact of

the disappearing track search on the intermediate band wherem! > �m >⇠ 1.2 GeV, using

PYTHIA 8 [18, 19] to simulate ÷⌧ decays in an LHC detector outside the beam-pipe. We

Þnd that this search is weaker than the other constraints, yieldingm1/ 2 >⇠ 400 GeV.

In Section 4 we discuss the interplay of these di↵erent searches, as well as the constraints

from the observed value of the Higgs massmh [20,21], calculated usingFeynHiggs 2.10.0 [22].

In Section 5 we consider the sensitivities of LHC Run 2 searches with 300/fb of integrated

luminosity at 14 TeV in the centre of mass. The conventional/E T searches should have

su�cient sensitivity to Þnd evidence for supersymmetry or to exclude the coannihilation

region of the CMSSM if�m > m ! . Likewise, searches for massive metastable charged

particles should be able to Þnd evidence for the ÷⌧ or to exclude the coannihilation region of the

CMSSM if �m <⇠ 1.2 GeV. However, simple extrapolation of the current disappearing track

searches indicates that they would have insu�cient sensitivity to exclude or Þnd evidence

for supersymmetry ifm! > �m >⇠ 1.2 GeV, so we consider ways in which the sensitivity of

future such searches could be enhanced.

Finally, Section 6 summarizes our conclusions.
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as high as for a point just outside the green band. This indicates that the (maroon) LHC

limit in Fig. 4 may (conservatively) be extrapolated into the green band at low �m.

However, a more careful consideration of prospective experimental signatures, and hence

sensitivity, in the region where �m < m⌧ requires a discussion of the ⌧̃
1

decay lifetime and

branching ratios, to which we now turn our attention.

5 Lifetime and Branching Ratios for ⌧̃1 Decay

As was discussed in [19], if �m ⌘ m⌧̃1�m� > m⌧ the dominant ⌧̃
1

decay is two-body, namely

⌧̃
1

! ⌧�, which occurs promptly with such a short lifetime that no ⌧̃
1

track is detectable,

as assumed above. However, if �m < m⌧ the dominant decays are three- and four-body, so

the ⌧̃
1

lifetime is much longer, and it may decay either inside or outside the detector.

We have recalculated the ⌧̃
1

lifetime for the same supersymmetric model parameters as

assumed in [19], namely m⌧̃1 = 300 GeV and a ⌧̃L � ⌧̃R mixing angle ✓⌧ = ⇡/3 5. We display

our result in Fig. 7 as a function of �m ⌘ m⌧̃1 �m�. As one would expect, the ⌧̃
1

decays

promptly with a lifetime <⇠ 10! 20 s if �m > m⌧ . On the other hand, as seen in more detail

in the right panel of Fig. 7, when m⌧ > �m > 1.2 GeV the ⌧̃
1

lifetime is between 1 and

400 ns, corresponding to a significant likelihood of observing the ⌧̃
1

decay inside an LHC

detector, as we discuss below. We note in passing that, whereas the total ⌧̃
1

decay rate is

very sensitive to �m (typically ⇠ �m5 or more), it is much less sensitive to m⌧̃1 (/ 1/m⌧̃1),

and hence the results in Fig. 7 are typical of the range of m
1/2 likely to be of interest to the

LHC experiments in the near future.

What would be the experimental signature of ⌧̃
1

decay inside an LHC detector? In Fig. 8

we show results of our calculations of the dominant ⌧̃
1

decay branching ratios. As expected,

the dominant branching ratio for �m > m⌧ is the two-body decay ⌧̃ !
1

! ⌧ ! �. In the range

m⌧ > �m >⇠ 0.8 GeV, there is competition among the three-body decays ⌧̃ !
1

! ⇡! ⌫⌧�,

⌧̃ !
1

! ⇢! ⌫⌧� and ⌧̃ !
1

! a!
1

⌫⌧� (which were not considered in [19]), and the four-body decays

⌧̃ !
1

! e! ⌫̄e⌫⌧� and ⌧̃ !
1

! µ! ⌫̄µ⌫⌧�. At lower �m, the decay ⌧̃ !
1

! ⇡! ⌫⌧� is dominant

for �m >⇠ 0.16 GeV, and then ⌧̃ !
1

! e! ⌫̄e⌫⌧� at �m <⇠ 0.16 GeV. A general conclusion,

then, is that four potential signatures may be of interest to the LHC experiments, namely

decays producing e! , µ! , ⇡! (perhaps accompanied by one or more ⇡0 mesons from ⇢! or

a!
1

decays), and ⇡! ⇡+⇡! from a!
1

decays.

The right panel of Fig. 8 displays in more detail the dominant branching ratios in the

5Details of our calculation are given in the Appendix, where we also discuss the aspects of our calculation
that di ! er from that of [19].
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assumed in [19], namely m!̃ 1 = 300 GeV and a ⌧̃L � ⌧̃R mixing angle ✓! = ⇡/3 5. We display

our result in Fig. 7 as a function of ! m ⌘ m!̃ 1 �m" . As one would expect, the ⌧̃
1

decays

promptly with a lifetime <⇠ 10�20 s if ! m > m! . On the other hand, as seen in more detail

in the right panel of Fig. 7, when m! > ! m > 1.2 GeV the ⌧̃
1

lifetime is between 1 and

400 ns, corresponding to a significant likelihood of observing the ⌧̃
1

decay inside an LHC

detector, as we discuss below. We note in passing that, whereas the total ⌧̃
1

decay rate is

very sensitive to ! m (typically ⇠ ! m5 or more), it is much less sensitive to m!̃ 1 (/ 1/m!̃ 1),

and hence the results in Fig. 7 are typical of the range of m
1/2 likely to be of interest to the

LHC experiments in the near future.

What would be the experimental signature of ⌧̃
1

decay inside an LHC detector? In Fig. 8

we show results of our calculations of the dominant ⌧̃
1

decay branching ratios. As expected,
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1

! ⌧��. In the range
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1

! ⇡�⌫! �,

⌧̃�
1

! ⇢�⌫! � and ⌧̃�
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1

⌫! � (which were not considered in [19]), and the four-body decays
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! e�⌫̄e⌫! � and ⌧̃�
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1

decays.
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5Details of our calculation are given in the Appendix, where we also discuss the aspects of our calculation
that di↵er from that of [19].
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as high as for a point just outside the green band. This indicates that the (maroon) LHC

limit in Fig. 4 may (conservatively) be extrapolated into the green band at low ! m.

However, a more careful consideration of prospective experimental signatures, and hence

sensitivity, in the region where ! m < m⌧ requires a discussion of the !̃ 1 decay lifetime and

branching ratios, to which we now turn our attention.
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As was discussed in [19], if ! m ! m÷⌧1 " m� > m⌧ the dominant !̃ 1 decay is two-body, namely

!̃ 1 # ! " , which occurs promptly with such a short lifetime that no !̃ 1 track is detectable,

as assumed above. However, if ! m < m⌧ the dominant decays are three- and four-body, so

the !̃ 1 lifetime is much longer, and it may decay either inside or outside the detector.

We have recalculated the !̃ 1 lifetime for the same supersymmetric model parameters as

assumed in [19], namely m÷⌧1 = 300 GeV and a !̃ L " !̃R mixing angle #⌧ = $/3 5. We display

our result in Fig. 7 as a function of ! m ! m÷⌧1 " m�. As one would expect, the !̃ 1 decays

promptly with a lifetime <$ 10! 20 s if ! m > m⌧ . On the other hand, as seen in more detail

in the right panel of Fig. 7, when m⌧ > ! m > 1.2 GeV the !̃ 1 lifetime is between 1 and

400 ns, corresponding to a significant likelihood of observing the !̃ 1 decay inside an LHC

detector, as we discuss below. We note in passing that, whereas the total !̃ 1 decay rate is

very sensitive to ! m (typically $ ! m5 or more), it is much less sensitive to m÷⌧1 (% 1/m÷⌧1),

and hence the results in Fig. 7 are typical of the range of m1/2 likely to be of interest to the

LHC experiments in the near future.

What would be the experimental signature of !̃ 1 decay inside an LHC detector? In Fig. 8

we show results of our calculations of the dominant !̃ 1 decay branching ratios. As expected,

the dominant branching ratio for ! m > m⌧ is the two-body decay !̃ !
1 # ! ! " . In the range

m⌧ > ! m >$ 0.8 GeV, there is competition among the three-body decays !̃ !
1 # $! %⌧ " ,

!̃ !
1 # &! %⌧ " and !̃ !

1 # a!
1 %⌧ " (which were not considered in [19]), and the four-body decays

!̃ !
1 # e! %̄e%⌧ " and !̃ !

1 # µ! %̄µ%⌧ " . At lower ! m, the decay !̃ !
1 # $! %⌧ " is dominant

for ! m >$ 0.16 GeV, and then !̃ !
1 # e! %̄e%⌧ " at ! m <$ 0.16 GeV. A general conclusion,

then, is that four potential signatures may be of interest to the LHC experiments, namely

decays producing e! , µ! , $! (perhaps accompanied by one or more $0 mesons from &! or

a!
1 decays), and $! $+ $! from a!

1 decays.

The right panel of Fig. 8 displays in more detail the dominant branching ratios in the

5Details of our calculation are given in the Appendix, where we also discuss the aspects of our calculation
that di ↵er from that of [19].
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Dependence of lifetime on stau-neutralino mass difference
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Dependence of lifetime on stau mixingDependence of lifetime on stau mixing angle
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Branching fractions for different mass difference
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Lifetime range for our four benchmark scenarios

tan � = 10, 40 A0 = 0 , 2.5m0
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Figure 4: Scatter plot of Emiss
T and mef f in the four-jet channel for CMSSM scenarios with

metastable staus (! m = 0.5 GeV, red points) and with rapid ⌧̃ ! ⌧ + � decays (! m = 1.9
GeV, blue points). The left plot is for tan � = 10, A0 = 0 and the right plot is for tan � = 40,
A0 = 2.5m0, both with m1/ 2 = 800 GeV. The solid diagonal lines correspond to the ATLAS
cut Emiss

T > 0.25me↵ [16].

Emiss
T , as motivated in particular by supersymmetric models in which the stable lightest

supersymmetric particle, commonly chosen to be the neutralino, is a massive dark matter

particle. The signatures studied generally include jets, which could originate, e.g., from the

pair production and subsequent cascade decays of squarks and gluinos. These searches have

been carried out for a range of di" erent final states, some including reconstructed leptons

as well as jets tagged as originating from b-quarks, for a number of di" erent ranges of the

missing transverse energy and the total transverse energy. None of these searches found any

significant evidence for new physics exhibiting these signatures in the LHC Run 1 data.

The ATLAS collaboration has provided an interpretation of their data in the context of

the CMSSM based on the 2012 dataset of 20/fb at a centre of mass energy of 8 TeV [16].

The interpretation is presented in the (m0,m1/ 2) plane for a fixed value of tan � = 30 and

A0 = 2m0 (in our convention for the sign of A0). Several di" erent searches have been

discussed in [16], but for the purposes of our study we concentrate on the 0-lepton search

with 2-6 jets, as this provides the most stringent limit in the region of the stau coannihilation

strip, and is also relatively insensitive to the values of tan� and A0, as shown in a previous

8

Effect of MET and Meff cuts

tan ! = 10

A0 = 0
tan ! = 40

A0 = 2 .5m0
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Figure 8 . Exclusion limits for mSUGRA/CMSSM models with tan β = 30, A0 = ! 2m0 and µ > 0
presented (left) in the ( m0, m1/2)-plane and (right) in the ( mg̃,mq̃)-plane. Exclusion limits are obtained
by using the signal region with the best expected sensitivit y at each point. The blue dashed lines show the
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where the solid contour represents the nominal limit, and th e dotted lines are obtained by varying the signal
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Figure 9 . Exclusion limits for a simpliÞed phenomenological MSSM scenario with only strong production
of gluinos and Þrst- and second-generation squarks (of common mass), with direct decays to quarks and
lightest neutralinos. Three values of the lightest neutral ino mass are considered:mχ̃0

1
= 0, 395 GeV and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1σ experimental and background-only theory uncertainties on the mχ̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the mχ̃0
1

= 0 observed limits obtained by varying the
signal cross-section by the renormalisation and factorisation scale and PDF uncertainties. Previous results
for mχ̃0

1
= 0 from ATLAS at 7 TeV [ 16] are represented by the shaded (light blue) area. Results at 7 TeV

are valid for squark or gluino masses below 2000 GeV, the massrange studied for that analysis.
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Requirement

Channel

A (2-jets) B (3-jets) C (4-jets) D (5-jets) E (6-jets)

L M M T M T – L M T

Emiss
T [GeV] > 160

pT( j1) [GeV] > 130

pT( j2) [GeV] > 60

pT( j3) [GeV] > – 60 60 60 60

pT( j4) [GeV] > – – 60 60 60

pT( j5) [GeV] > – – – 60 60

pT( j6) [GeV] > – – – – 60

�! (jeti ,Emiss
T )min > 0.4 (i = {1, 2, (3 ifpT( j3) > 40 GeV)}) 0.4 (i = {1, 2, 3}), 0.2 (pT > 40 GeV jets)

Emiss
T /me↵(N j) > 0.2 –a 0.3 0.4 0.25 0.25 0.2 0.15 0.2 0.25

me↵(incl.) [GeV] > 1000 1600 1800 2200 1200 2200 1600 1000 1200 1500

(a) For SR A-medium the cut on Emiss
T /me↵(N j) is replaced by a requirement Emiss

T /
p

HT > 15 GeV1/2.

Table 1: Selection criteria used to define each of the channels in the analysis. Each channel is divided
into between one and three signal regions on the basis of the requirements listed in the bottom two rows.
The signal regions are indicated in the third row from the top and are denoted ‘loose’ (L), ‘medium’
(M) and ‘tight’ (T). The Emiss

T /me↵ cut in any N jet channel uses a value of me↵ constructed from only
the leading N jets (indicated in parentheses in the second row). However, the final me↵(incl.) selection,
which is used to define the signal regions, includes all jets with pT > 40 GeV.

The requirements used to select jets and leptons are chosen to give sensitivity to a broad range of
SUSY models. In order to achieve maximal reach over the (mg̃,mq̃)-plane, several analysis channels are
defined. Squarks typically generate at least one jet in their decays, for instance through q̃! q"̃ 0

1, while
gluinos typically generate at least two jets, for instance through g̃ ! qq̄"̃ 0

1. Processes contributing to
q̃q̃, q̃g̃ and g̃g̃ final states therefore lead to events containing at least two, three or four jets, respectively.
Decays of heavy SUSY and SM particles produced in q̃ and g̃ cascades tend to further increase the final
state multiplicity.

Five inclusive analysis channels, labelled A to E and characterised by increasing jet multiplicity from
two to six, are defined in Table 1. Each channel is used to construct between one and three signal regions
(SRs) with ‘loose’, ‘medium’, or ‘tight’ selections distinguished by requirements placed on Emiss

T /me↵
and me↵(incl.). The lower jet multiplicity channels focus on models characterised by squark pair pro-
duction with short decay chains, while those requiring high jet multiplicity are optimised for gluino pair
production and/or long cascade decay chains. In SR A-medium the cut on Emiss

T /me↵ is replaced by
a requirement on Emiss

T /
p

HT (where HT is defined as the scalar sum of the transverse momenta of all
pT > 40 GeV jets), which has been found to lead to enhanced sensitivity to models characterised by q̃q̃
production with a large q̃–"̃ 0

1 mass splitting.
In Table 1, �! (jet,Emiss

T )min is the smallest of the azimuthal separations between Emiss
T and the re-

constructed jets. For channels A and B, the selection requires �! (jet,Emiss
T )min > 0.4 using up to three

leading jets with pT > 40 GeV if present in the event. For the other channels an additional requirement
�! (jet,Emiss

T )min > 0.2 is placed on all jets with pT > 40 GeV. Requirements on �! (jet,Emiss
T )min and

Emiss
T /me↵ are designed to reduce the background from multi-jet processes.

Standard Model background processes contribute to the event counts in the signal regions. The
dominant sources are: W+jets, Z+jets, top quark pairs, single top quarks, and multiple jets. The produc-
tion of semi-leptonically decaying dibosons is a small component (<13%) of the total background and
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Requirement

Channel

A (2-jets) B (3-jets) C (4-jets) D (5-jets) E (6-jets)

L M M T M T Ð L M T

Emiss
T [GeV] > 160

pT( j1) [GeV] > 130

pT( j2) [GeV] > 60

pT( j3) [GeV] > Ð 60 60 60 60

pT( j4) [GeV] > Ð Ð 60 60 60

pT( j5) [GeV] > Ð Ð Ð 60 60

pT( j6) [GeV] > Ð Ð Ð Ð 60

! ! (jeti,E
miss
T )min > 0.4 (i = {1,2, (3 if pT( j3) > 40 GeV)}) 0.4 (i = {1,2,3}), 0.2 (pT > 40 GeV jets)

Emiss
T /me" (N j) > 0.2 Ða 0.3 0.4 0.25 0.25 0.2 0.15 0.2 0.25

me" (incl.) [GeV] > 1000 1600 1800 2200 1200 2200 1600 1000 1200 1500

(a) For SR A-medium the cut onEmiss
T /me" (N j) is replaced by a requirementEmiss

T /
p

HT > 15 GeV1/2.

Table 1: Selection criteria used to deÞne each of the channels in the analysis. Each channel is divided
into between one and three signal regions on the basis of the requirements listed in the bottom two rows.
The signal regions are indicated in the third row from the top and are denoted ÔlooseÕ (L), ÔmediumÕ
(M) and ÔtightÕ (T). TheEmiss

T /me" cut in anyN jet channel uses a value ofme" constructed from only
the leadingN jets (indicated in parentheses in the second row). However, the Þnalme" (incl.) selection,
which is used to deÞne the signal regions, includes all jets withpT > 40 GeV.

The requirements used to select jets and leptons are chosen to give sensitivity to a broad range of
SUSY models. In order to achieve maximal reach over the (m÷g,m÷q)-plane, several analysis channels are
deÞned. Squarks typically generate at least one jet in their decays, for instance through ÷q ! q÷" 0

1, while
gluinos typically generate at least two jets, for instance through ÷g ! qøq÷" 0

1. Processes contributing to
÷q÷q, ÷q÷g and ÷g÷g Þnal states therefore lead to events containing at least two, three or four jets, respectively.
Decays of heavy SUSY and SM particles produced in ÷q and ÷g cascades tend to further increase the Þnal
state multiplicity.

Five inclusive analysis channels, labelled A to E and characterised by increasing jet multiplicity from
two to six, are deÞned in Table 1. Each channel is used to construct between one and three signal regions
(SRs) with ÔlooseÕ, ÔmediumÕ, or ÔtightÕ selections distinguished by requirements placed onEmiss

T /me"

andme" (incl.). The lower jet multiplicity channels focus on models characterised by squark pair pro-
duction with short decay chains, while those requiring high jet multiplicity are optimised for gluino pair
production and/or long cascade decay chains. In SR A-medium the cut onEmiss

T /me" is replaced by
a requirement onEmiss

T /
p

HT (whereHT is deÞned as the scalar sum of the transverse momenta of all
pT > 40 GeV jets), which has been found to lead to enhanced sensitivity to models characterised by ÷q÷q
production with a large ÷qÐ÷" 0

1 mass splitting.
In Table 1,! ! (jet,Emiss

T )min is the smallest of the azimuthal separations betweenEmiss
T and the re-

constructed jets. For channels A and B, the selection requires! ! (jet,Emiss
T )min > 0.4 using up to three

leading jets withpT > 40 GeV if present in the event. For the other channels an additional requirement
! ! (jet,Emiss

T )min > 0.2 is placed on all jets withpT > 40 GeV. Requirements on! ! (jet,Emiss
T )min and

Emiss
T /me" are designed to reduce the background from multi-jet processes.

Standard Model background processes contribute to the event counts in the signal regions. The
dominant sources are:W+jets,Z+jets, top quark pairs, single top quarks, and multiple jets. The produc-
tion of semi-leptonically decaying dibosons is a small component (<13%) of the total background and

3
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Table 2. Selection criteria used to define each of the signal regions in the analysis. Each SR is labelled with

the inclusive jet-multiplicity considered (‘2j’, ‘3j’ etc.) together with the degree of background rejection.

The latter is denoted by labels ‘l-’ (‘very loose’), ‘l’ (‘loose’), ‘m’ (‘medium’), ‘t’ (‘tight’) and ‘t+’ (‘very

tight’). The Emiss
T /meff(Nj) cut in any Nj-jet channel uses a value of meff constructed from only the leading

Nj jets (meff(Nj)). However, the final meff(incl.) selection, which is used to define the signal regions,

includes all jets with pT > 40 GeV. In SR 2jW and SR 4jW a requirement 60 GeV < m(Wcand) < 100 GeV

is placed on the masses of candidate resolved or unresolved hadronically decaying W bosons, as described

in the text.

Requirement
Signal Region

2jl 2jm 2jt 2jW 3j 4jW

Emiss
T [GeV] > 160

pT(j1) [GeV] > 130

pT(j2) [GeV] > 60

pT(j3) [GeV] > – 60 40

pT(j4) [GeV] > – 40

∆φ(jet1,2,(3),E
miss
T )min > 0.4

∆φ(jeti>3,E
miss
T )min > – 0.2

W candidates – 2(W → j) – (W → j) + (W → jj)

Emiss
T /

√
HT [GeV1/2] > 8 15 –

Emiss
T /meff (Nj) > – 0.25 0.3 0.35

meff (incl.) [GeV] > 800 1200 1600 1800 2200 1100

Requirement
Signal Region

4jl- 4jl 4jm 4jt 5j 6jl 6jm 6jt 6jt+

Emiss
T [GeV] > 160

pT(j1) [GeV] > 130

pT(j2) [GeV] > 60

pT(j3) [GeV] > 60

pT(j4) [GeV] > 60

pT(j5) [GeV] > – 60

pT(j6) [GeV] > – 60

∆φ(jet1,2,(3),E
miss
T )min > 0.4

∆φ(jeti>3,E
miss
T )min > 0.2

Emiss
T /

√
HT [GeV1/2] > 10 –

Emiss
T /meff (Nj) > – 0.4 0.25 0.2 0.25 0.15

meff (incl.) [GeV] > 700 1000 1300 2200 1200 900 1200 1500 1700

– 7 –

 [GeV]0m
1000 2000 3000 4000 5000 6000

 [G
eV

]
1/

2
m

300

400

500

600

700

800

900

 (1400 G
eV)

q ~

 (1800 G
eV)

q ~

 (2200 G
eV)

q ~

 (1000 GeV)g~

 (1200 GeV)g~

 (1400 GeV)g~

 (1600 GeV)g~

 (1800 GeV)g~

H (124 G
eV)

H (125 G
eV)

H (126 G
eV)

6jt+

4jt

2jm

4jt

6jt+

6jt+

6jt+

6jt

4jt

6jt

6jt

6jt

2jt

6jt+

6jt

6jt+

6jt

4jt

6jt+

6jm 6jm

6jt+

4jt

6jt

6jm

4jt

6jt+

6jt

6jt+

6jt+

5j

6jm

6jt

4jt

4jt

3j

6jt+

6jt2jt

6jt+

6jt

4jt

6jt+

5j

4jt

4jt

4jt

6jt

6jt+

4jt

4jt

5j

6jt

6jt+

6jt+

4jt

6jm

6jt+

6jt

6jt

3j

3j

6jt

2jm 6jt+

2jt

6jm

4jt

6jm

4jt

5j6jm

2jt

6jt+

4jt

6jt+

6jt

6jt+

6jt+

6jt+

6jt

6jt

6jt+

6jt

6jt+

2jm

6jt

6jt+

4jt

6jt+

6jt+

6jm

6jt

6jt+

3j

2jm

2jt

3j

6jt

4jt

6jt+

4jt

6jt+

6jm

6jt

6jm

2jm

6jt+

6jt+

2jt

6jm

4jt

6jm

6jt+

6jm

6jt+

6jt

6jt+

4jt

2jm

6jt+

6jt

6jt

6jt 6jt

4jt4jt

6jt

4jt

6jm

5j

6jt

4jt

5j

4jt

6jm

3j

4jt

6jm

6jt

5j

6jm

4jt

5j 5j

6jt+

6jt

4jt

4jt

4jt

4jt

6jt+6jt+

4jt

6jt+

5j

3j

4jt

3j

4jt

6jt

4jt

6jt+

6jt+

>0µ, 0= -2m
0

 = 30, A!mSUGRA/CMSSM: tan

=8 TeVs, -1 L dt = 20.3 fb"
0-lepton, 2-6jets

ATLAS  

)exp#1 ±Expected limit (

)theory
SUSY#1 ±Observed limit (

Stau LSP

arXiv:1405.7875



19

)2cMass (GeV/
500 1000 1500

 (p
b)

σ
95

%
 C

L 
lim

it 
on

 

-410

-310

-210

-110

1

10

210

)2cMass (GeV/
500 1000 1500

 (p
b)

σ
95

%
 C

L 
lim

it 
on

 

-410

-310

-210

-110

1

10

210

-1 = 8 TeV, L = 18.8 fbsMuon - Only    CMS    

gg~gluino; 100% 
gg~gluino; 50% 
gg~gluino; 10% 

stop

Theoretical Prediction
gluino (NLO+NLL)
stop (NLO+NLL)

)2cMass (GeV/
500 1000 1500

th
σ/

σ
95

%
 C

L 
lim

it 
on

 

-610

-510

-410

-310

-210

-110

1

10

210

)2cMass (GeV/
500 1000 1500

th
σ/

σ
95

%
 C

L 
lim

it 
on

 

-610

-510

-410

-310

-210

-110

1

10

210

-1 = 8 TeV, L = 18.8 fbsMuon - Only    CMS    

gg~gluino; 100% 

gg~gluino; 50% 

gg~gluino; 10% 
stop

Figure 9: Upper cross section limits at 95% CL on various signal models for the muon-only
analysis for the data at

!
s = 8 TeV (left). Limits on the signal strength (µ = ! /! th) for the same

data (right).

Table 6: Expected and observed cross section limits and the signal acceptance for scalar top
signals at

!
s = 7 and 8 TeV, as well as the ratio of the cross section limit to the theoretical value

for the combined dataset. The minimum reconstructed mass required (M req.) for each sample
in the tracker-only analysis is also given.

Mass M req. ! (pb) (
!

s = 7 TeV) ! (pb) (
!

s = 8 TeV) ! /! th (7+8 TeV)
( GeV/c2) ( GeV/c2) Exp. Obs. Acc. Exp. Obs. Acc. Exp. Obs.

Stop — tracker-only analysis
200 >0 0.0080 0.0088 0.14 0.0051 0.0050 0.18 0.00026 0.00029
500 >120 0.0024 0.0025 0.24 0.0027 0.0034 0.23 0.022 0.026
800 >330 0.0021 0.0022 0.28 0.00072 0.00073 0.22 0.21 0.22

Stop charge-suppressed — tracker-only analysis
200 >0 0.063 0.075 0.020 0.018 0.026 0.050 0.0011 0.0014
500 >120 0.0086 0.0089 0.066 0.0068 0.0081 0.10 0.062 0.070
800 >270 0.0071 0.0076 0.079 0.0019 0.0023 0.10 0.61 0.74

Table 7: Expected and observed cross section limits and the signal acceptance for stau signals
at

!
s = 7 and 8 TeV, as well as the ratio of the cross section limit to the theoretical value for the

combined dataset. The minimum reconstructed mass required (M req.) for each sample in the
tracker+TOF analysis is also given.

Mass M req. ! (pb) (
!

s = 7 TeV) ! (pb) (
!

s = 8 TeV) ! /! th (7+8 TeV)
( GeV/c2) ( GeV/c2) Exp. Obs. Acc. Exp. Obs. Acc. Exp. Obs.

Direct+indirect produced stau — tracker+TOF analysis
126 >40 0.0046 0.0035 0.29 0.0042 0.0042 0.25 0.0074 0.0065
308 >190 0.00094 0.0015 0.63 0.00029 0.00028 0.56 0.16 0.21
494 >330 0.00079 0.00084 0.74 0.00023 0.00024 0.66 1.9 1.9

Direct produced stau — tracker+TOF analysis
126 >40 0.0056 0.0046 0.26 0.0044 0.0043 0.24 0.18 0.16
308 >190 0.0011 0.0017 0.54 0.00035 0.00035 0.46 0.62 0.66
494 >330 0.00084 0.00088 0.69 0.00025 0.00026 0.61 4.7 5.0
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Requirement Observed events Signal efficiency (purity) [%]
LL01 LL02 LL03

Trigger selection and non-
collision rejection 7141026 87.3 89.1 90.1

Lepton veto 6644394 72.8 72.5 72.6
Emiss

T > 130 GeV 321412 66.5 68.2 69.6
Jet requirements 73433 64.9 67.4 69.0
High-pT isolated track selection 8458 24.8 (67.6) 26.2 (66.8) 27.2 (66.7)
Disappearing track selection 304 6.1 (94.6) 6.6 (94.5) 7.3 (94.7)

Table 2: Summary of selection cuts, the data reduction and the selection efficiencies for the
AMSB signals. The purities of chargino tracks, i.e. the fraction of selected tracks in signal
events originating from charginos, are also shown in parentheses.

TRT
outerN

0 5 10 15 20 25 30 35

Tr
ac

ks

-110

1

10

210

310

410

510 data
Background MC

)=1ns)
1
±χ∼(τSignal events (LL01,

Charginos in signal events (decay radius<863mm)

-1 Ldt = 4.7 fb∫
 = 7TeVs

ATLAS Preliminary

Figure 1: The Nouter
TRT distributions for data and signal events (LL01, τχ̃±1 = 1 ns) shown by

the hatched histogram with the high-pT isolated track selection. In the signal events, the
contribution of tracks matched to generated charginos that decay before reaching the TRT
outer module (r < 863 mm) is indicated by the filled histogram. For these tracks, Nouter

TRT is
expected to have a value near zero; conversely, charged particles traversing the TRT typically
have Nouter

TRT ≃ 15. The selection boundary is indicated by the arrow. The expectation from QCD
multijet background MC events, normalized to the number of observed events, is also shown.

4

The disappearing track search (ATLAS-CONF-2012-034)



8

TABLE III. Numbers of observed and expected background events as well as the probability that a background-only experiment
is more signal-like than observed (p0) and the model-independent upper limit on the visible cross-section (σ95%

vis ) at 95% CL.

ptrackT > 75 GeV ptrackT > 100 GeV ptrackT > 150 GeV ptrackT > 200 GeV
Observed events 59 36 19 13
Expected events 48.5 ± 12.3 37.1 ± 9.4 24.6 ± 6.3 18.0 ± 4.6

p0 value 0.17 0.41 0.46 0.44
Observed σ95%

vis [fb] 1.76 1.02 0.62 0.44
Expected σ95%

vis [fb] 1.42+0.50
! 0.39 1.05+0.37

! 0.28 0.67+0.27
! 0.19 0.56+0.23

! 0.16

event selection efficiency. In these scenarios the charginos
are considered as stable particles and the main search tool
would be to look for tracks with anomalous ionization
energy loss [37]. In comparison with the previous result,
the sensitivity to charginos having ! !̃ ±

1

< 1 ns is signiÞ-
cantly improved and the exclusion reach is extended by
∼ 200 GeV.

Figure 7 shows the constraint on the allowed
∆m!̃ 1

Ðm!̃ ±
1

parameter space of the minimal AMSB
model; the expected 95% CL exclusion reachesm!̃ ±

1

=

245+25
! 30 GeV for ∆m!̃ 1

∼ 160 MeV. The limits on ! !̃ ±
1

are converted into limits on ∆m!̃ 1
following Ref. [38].

The theoretical prediction of ∆m!̃ 1
for wino-like lightest

chargino and neutralino states at two-loop level [39] is
also indicated in the Þgure. A new limit that excludes
charginos ofm!̃ ±

1

< 270 GeV (corresponding∆m!̃ 1
and

! !̃ ±
1

being∼ 160 MeV and∼ 0.2 ns, respectively) at 95%
CL is set in the AMSB models.

IX. CONCLUSIONS

The results from a search for charginos nearly mass-
degenerate with the lightest neutralino based on the high-
pT disappearing-track signature are presented. The anal-
ysis is based on 20.3 fb! 1of pp collisions at

√
s = 8 TeV

collected by the ATLAS experiment at the LHC. The
pT spectrum of observed candidate tracks is found to
be consistent with the expectation from SM background
processes, and no indication of decaying charginos is ob-
served. Constraints on the chargino mass, the mean life-
time and the mass splitting are set, which are valid for
most scenarios in which the lightest supersymmetric par-
ticle is a nearly pure neutral wino. In the AMSB models,
a chargino having a mass below 270 GeV is excluded at
95% CL.
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Validation of jets+MET simulation
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Conclusions

! LHC jets+MET search slightly weakened in region where 
staus are long-lived.  The limit is close to probing the tip of 
the co-annihilation strip for tanß = 10. 

! The stable track search for direct stau production (model 
ind.) rules out stau masses up to 336 - 345 GeV  for m1/2 

values of 800-850 GeV (stronger than the MET search!)  
! This is improved to m1/2 values of 930-1100 GeV when all 

stau production modes are taken into account. 
! The model independent track search will be able to rule 

out the full strip for  tanß = 40 with 75 fb-1 at 14 TeV. 
! The disappearing track closes the gap between these two, 

but is not very sensitive, gives m1/2  limit of about 400 GeV. 


