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We have solid evidence for dark matter:

Only NP beyond SM 
discovered so far!
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Dark matter candidate?
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Dark matter candidate?

- We know very little. Vast range of possibilities
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Dark matter candidate?

- We know very little. Vast range of possibilities

- Looking for a compelling story.
Not so different from the particles we know

Weak scale mass, couplings not too large or small

Measure the properties in the lab.

Not so dependent on the history of the early 
universe.

Because we don’t know too much about it. 

Idea: thermal equilibrium in early universe.
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Dark matter candidate?

- We know very little. Vast range of possibilities

- Looking for a compelling story.
Not so different from the particles we know

Weak scale mass, couplings not too large or small

Measure the properties in the lab.

Not so dependent on the history of the early 
universe.

Because we don’t know too much about it. 

Idea: thermal equilibrium in early universe.

WIMP
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WIMP miracle

- If  gD ∼ 0.1 MD ∼ 10s GeV - TeV

We get the right relic abundance of dark matter.

- Major hint for weak scale new physics!

DM

DM

SM
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WIMP miracle

- More precisely, to get the correct relic abundance

- Much of the parameter space out of reach for the 
LHC. 

DM

DM

SM

MWIMP  1.8 TeV

✓
g2

0.3

◆
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WIMP miracle

- More precisely, to get the correct relic abundance

- Much of the parameter space out of reach for the 
LHC. 

DM

DM

SM

MWIMP  1.8 TeV

✓
g2

0.3

◆

Will use 100 TeV for comparison here.
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“standard” story.

- WIMP is part of a complete model at weak scale. 

- It’s produced as part of the NP signal, shows up as missing energy.
Dominated by colored NP particle production: eg. gluino.

- The reach is correlated with the rest of the particle spectrum.

DM
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“standard” story.

- WIMP is part of a complete model at weak scale. 

- It’s produced as part of the NP signal, shows up as missing energy.
Dominated by colored NP particle production: eg. gluino.

- The reach is correlated with the rest of the particle spectrum.

DM

No discovery
 yet
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“standard” story.

DM

No discovery
 yet

Of course, still plausible at the LHC, will keep looking.
Higher energy ⇒ higher reach

Monday, March 24, 14



Higher energy

Timothy Cohen [SLAC]                  of 50

gluino'neutralino
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Back to the basics
- pair production + additional radiation.

- Mono-jet, mono-photon, mono-...

- Have become “Standard” LHC searches.

p

p

γ, jet

χDM

χDM
jet, or γ+ !ET

DM

DM

SM
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In general

-

LHC VLHC 
100 TeV

Lepton collider

MDM ~102s GeV MDM ~TeV
MDM ~ 0.5 Ecm 

Spin, coupling
Is it WIMP?
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Focusing on simplified SUSY

- Not just because we love SUSY. 

- SUSY LSP ⇒ a set of good examples of  more 

generic WIMP candidates. 
Bino ⇔ singlet fermion dark matter

Higgsino ⇔ Doublet. Heavy exotic lepton.

Wino ⇔ EW Triplet DM 

Can have co-annihilation regions
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Focusing on simplified SUSY

- Not just because we love SUSY. 

- SUSY LSP ⇒ a set of good examples of  more 

generic WIMP candidates. 
Bino ⇔ singlet fermion dark matter

Higgsino ⇔ Doublet. Heavy exotic lepton.

Wino ⇔ EW Triplet DM 

Can have co-annihilation regions

Good starting point to investigate more 
general WIMP candidates
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Possible scenarios (not over-closing)

- Higgsino ≲ TeV

- Wino ≲ 3 TeV

- Well temper: 

- Coannihilation: 

- Funnel:  2 MDM ≈ MX X= A, H...

h̃, W̃

B̃
�M ⇠ several %⇥MDM

B̃
�M ⇠ several %⇥MDM

⌧̃ , q̃, t̃, . . .

Arkani-Hamed,  Delgado, Giudice, hep-ph/0601041 

Cahill-Rowley, Hewett, Ismail, Peskin, Rizzo, 1305.2419 
Cohen, Wacker, 1305.2914
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Possible scenarios (not over-closing)

- Higgsino ≲ TeV

- Wino ≲ 3 TeV

- Well temper: 

- Coannihilation: 

- Funnel:  2 MDM ≈ MX X= A, H...

h̃, W̃

B̃
�M ⇠ several %⇥MDM

B̃
�M ⇠ several %⇥MDM

⌧̃ , q̃, t̃, . . .

Arkani-Hamed,  Delgado, Giudice, hep-ph/0601041 

Cahill-Rowley, Hewett, Ismail, Peskin, Rizzo, 1305.2419 
Cohen, Wacker, 1305.2914

Common feature: 
 very small mass splitting   “compressed”
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SUSY DM signal in the compressed case

The “usual” story
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SUSY DM signal in the compressed case

small mass splitting, very 
low energy particles, invisible

p

p
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SUSY DM signal in the compressed case

small mass splitting, very 
low energy particles, invisible

p

p

To observe this process, 
must have an additional radiation: jet, photon, ...
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SUSY DM signal in the compressed case

- mono-jet, mono-photon...

small mass splitting, very 
low energy particles, invisible

p

p

To observe this process, 
must have an additional radiation: jet, photon, ...

Signal of mono-jet, mono-photon...

detector

jet, photon ...

missing pT (or ET)
calculated from momentum conservationDM (invisible)

DM (invisible)

Signal: mono-jet (photon...) + missing energy (MET)

Wednesday, February 19, 14
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14 vs 100 TeV

- Higher energy, higher rates

- Expecting large improvement from 14 to 100.
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Wino: Monojet channel

- A factor of 4-5 enhancement from 14 to 100 TeV.

Matthew Low, LTW, in prep

Sp
B + �2B2 + �2S2

, � = (1� 2)%, � = 10%significance: 

Band: varying systematic error of background, λ, between 1-2%

Recent works on mono-jet for electroweak-inos
Schwaller, Zurita, 1312.7350
Baer, Tata, 1401.1162
Han, Kribs, Martin, Menon, 1401.1235
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Wino, interplay with indirect detection10
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FIG. 4: The current bounds from H.E.S.S. [blue, solid] and Fermi [red, dashed] for Burk(0.5 kpc),
Einasto, NFW, and Burk(10 kpc) [bottom to top]. The green band is excluded by direct searches
at the LHC and the yellow shaded circle corresponds to the thermal wino scenario. The dotted
grey line demarcates where the DM fraction constitutes all of the relic density. The dot-dashed
black line represents the fraction of the DM predicted by a thermal cosmological history. All cross
sections are computed in the tree-level-SE approximation. One-loop e↵ects have been shown to
reduce the cross section to line photons by as much as a factor of 4 (see Sec. III B).

with r
s

= 20 kpc and � = 0.17. Finally, the Burkert profile [61]

⇢
Burk

(r) =
⇢
0

(1 + r/r
s

)(1 + (r/r
s

)2)
(8)

is an example of a cored profile that results in a large range of predictions for the J-factor for

di↵erent choices of r
s

. The NFW and Einasto profiles are favored by N -body dark matter

only simulations,5 see for example [64], but there is observational evidence for shallower or

cored profiles in some dwarf galaxies [65].

These di↵erent density profiles are illustrated in Fig. 3 and the table lists the correspond-

ing J-factors in the H.E.S.S. region of interest, which is a 1� circle at the Galactic Center,

with the Galactic plane masked out (|b| � 0.3�). The J-factor can vary over several orders

5 These N -body simulations only include collisionless dark matter. Recent work suggests that baryonic

processes can substantially modify the inner structure of dark matter halos, either flattening or steepening

them. Milky-Way-like halos in simulations that model these processes have been found to possess NFW-

like profiles into ⇠ 2 kpc from the GC [62], although a larger ⇠ 10 kpc core has been found in one

simulation [63].
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FIG. 8: The same as Fig. 4, except that the orange shaded regions are for the 5 hour CTA projection
of [77, 80].

V. CONCLUSIONS

In this paper, we explored the limits on wino DM. Thermal winos comprise all of the

DM at a mass of ⇠ 3.1 TeV; this provides a motivation for the presence of gauginos at

the weak scale in models with split supersymmetry spectra. Although collider and direct

detection prospects for TeV-scale wino DM are limited, we have shown that Cherenkov

telescopes such as H.E.S.S. and (in the future) CTA are remarkably powerful at exploring

this well-motivated DM candidate.

Assuming a thermal history, winos are excluded by H.E.S.S. from 3.1 TeV, where they

comprise all of the DM, down to ⇠ 1.6 TeV for an NFW profile. Assuming a non-trivial

cosmology, where some additional process is required to keep the wino density at ⌦h2 = 0.12

for a given mass, H.E.S.S. excludes winos down to 500 GeV for an NFW profile; the Fermi

constraint on continuum annihilation to W+W� from observations of dwarf spheroidals

excludes masses below 500 GeV.

These limits are highly sensitive to uncertainties in the DM density profile. For example,

the line photon annihilation cross section for a 3.1 TeV wino is excluded to 95% confidence

by factors of ⇠12, 22, and 12000 for NFW, Einasto, and Burk(0.5 kpc) profiles, respectively.

It is not excluded for a Burkert profile with 10 kpc core by more than an order of magnitude.

However, winos near the Sommerfeld resonance at ⇠ 2.4 TeV are safely excluded for these

HESS
CTA

Cohen, Lisanti, Pierce, Slatyer,  1307.4082

See also Fan, Reece, 1307.4400 

Large uncertainties, however. 
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Wino decay 

- Main decay mode 𝞆± → π± + 𝞆0 

- Charge track ≈ 10(s) cm 

Figure 3: The mass splitting as a function of M2 for tan β = 10. The solid curves, from top
to bottom, represent µ = 2M2, µ = 3M2, µ = 5M2, and µ = ∞. The dashed curves are the
same except for the opposite sign of µ. The dot-dashed curve is the charged pion mass mπ± .

Higgs potential. For |µ|/M2 = 5 we find from Figs. 2 and 3 that the mass splitting is

significantly above mπ± such that W̃± → W̃ 0π± is kinematically allowed and is the dominant

decay mode. This remark is also true even for extraordinarily large values of µ as long as

M2
>∼ 80 GeV.

3.2 Finding supersymmetry with dileptons

The precise calculation of the mass splitting is crucial since in ref. [10] it was demonstrated

that if mπ± <∼ mχ̃±

1

− mχ̃0
1

<∼ 1GeV then the W̃± will decay too fast to use a quasi-stable

charged particle analysis, with dedicated triggers. However, the decays are not prompt, and

so analyses of events triggered by other means could see a stiff charged particle track that

subsequently terminates in the vertex detector. The difficulty is triggering the event.

One way to trigger such events is to produce the Winos in associated production with a

standard model particle, such as a gluon at hadron colliders or a photon at e+e− colliders.

Triggering on high-pT monojets or high-energy photons at these colliders then may be an

14

Figure 1: In (a), we show the lifetime of χ̃−
1 for the case M1 ! M2 " |µ|. ∆mχ̃1

is the
chargino–neutralino mass difference. In (b), we give the corresponding branching ratios of χ̃−

1 .
For ∆mχ̃1

≤ 1.5 GeV, the branching ratio for “hadronic” decays is computed as the sum of
the branching ratios for 1, 2 and 3 pion final states, while for larger mass splittings the parton
model result has been used.

implying that a χ̃−
1 or χ̃+

1 produced with low rapidity will typically pass through 4 or more
layers of the vertex detector before decaying (for 〈β〉 >∼ 0.7). This is probably sufficient to
recognize the χ̃±

1 track as being clearly heavily ionizing. For 160 MeV < ∆mχ̃1
< 190 MeV,

7 cm > cτ > 3 cm and the χ̃±
1 will typically pass through at least two layers. Even though

these layers would register passage of a heavily-ionizing object, this alone might not be enough
to clearly identify an unusual event. However, the χ̃±

1 track will end (which possibly helps
to distinguish it from longer tracks etc. that happen to have large deposits in the inner
few layers) and emit a single charged pion. The single pion will typically have transverse

momentum of order its momentum, pπ ∼
√

∆m2
χ̃1

− m2
π, in the χ̃±

1 rest frame. For 160 MeV <
∆mχ̃1

< 190 MeV, pπ ∼ 77 − 130 MeV. The corresponding impact parameter resolution
(taking pT

π ∼ pπ), bres ∼ 300 − 170 µm (these are the 1σ values from Fig. 2.2 of [4] when L00

cm. Thus the LEP detectors have less ability to see direct evidence for the χ̃
±
1

track for the cτ range being
considered.

Gherghetta, Giudice and Wells, hep-ph/9904378 Chen, Drees and Gunion, hep-ph/9902309
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ATLAS search

- Essentially free of physics background.

- Dominated by pT mis-measured tracks.

- Promising reach, much better than mono-jet

ATLAS, 1310.3675

7

TABLE II. Summary of systematic uncertainties [%] on the
expected number of signal events for mχ̃±

1

= 200 GeV and

300 GeV.

200 GeV 300 GeV
(Theoretical uncertainty)
Cross-section 6.4 6.8
(Uncertainty on the acceptance)
Modeling of initial/final-state radiation 14.5 16.4
JES/JER 3.9 6.0
Trigger efficiency 4.5 4.5
Pile-up modeling 0.5 0.5
Track reconstruction efficiency 2.0 2.0
Luminosity 2.8 2.8
Sub-total 16.1 18.4

fit to the pT spectrum of the disappearing-track candi-
dates. The likelihood function for the track pT consists of
one probability density function for the signal and four
for the different backgrounds derived in Sec. V. In the
fit, the yields of the signal, interacting-hadron, and pT-
mismeasured tracks are left free. The yields of electron
and muon background tracks are constrained to their es-
timated values within the uncertainties. The effects of
systematic uncertainties on the yields and the parameters
describing the pT-distribution shapes of the background
tracks are also incorporated into the likelihood function.
The number of observed events having a high-pT dis-

appearing track above a given threshold and the expec-
tation for the background, derived by the background-
only fit in the pT range below 75 GeV, are given in
Table III. No significant deviations from the background
expectations are found. The probability (p0 value) that a
background-only experiment is more signal-like than the
observation and the model-independent upper limit on
the visible cross-section (σ95%

vis ) at 95% confidence level
(CL) are also given in the table. Figure 5 shows the
pT distribution for the selected data events compared to
the background model derived by the background-only
fit in the full pT range: the best-fit values for the yields
of interacting hadrons, electron tracks, muon tracks and
pT-mismeasured tracks are 2187 ± 71, 852 ± 35, 23 ± 8
and 212 ± 33, respectively. Three selected examples for
the signal are also shown in the figure.
An excess with a corresponding significance of ∼ 2σ is

seen in Fig. 5 at pT around 90 GeV. Detailed investiga-
tion of the events in this region show no peculiarities or
significant differences in event kinematics or track prop-
erties compared to candidates in nearby track-pT regions.
The discrepancy is also not consistent with any of the
signal hypotheses studied in this article. For the models
considered, high-pT tracks are expected and the best ex-
pected sensitivity derives from the region with pT above
200 GeV, where a deficit is observed as reported in Ta-
ble III.
Events with two disappearing-track candidates, being

particularly sensitive to chargino-pair production with a
long lifetime, are also explored. One candidate event is

found; however, the event lacks high-pT disappearing-
track candidates (their pT being 30 GeV and 18 GeV).
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FIG. 5. The pT distribution of disappearing-track candidates.
The solid circles show data and lines show each background
track-pT spectrum obtained by the background-only fit. The
resulting uncertainties on the pT spectrum for each back-
ground are indicated by the error bands. The signal expecta-
tions are also shown. The ratio of the data to the background
track-pT spectrum is shown at the bottom of the figure.

VIII. RESULTS

In the absence of a signal, constraints are set on mχ̃±
1

and τχ̃±
1

. The upper limit on the production cross-section

for a given mχ̃±
1

and τχ̃±
1

at 95% CL is set at the point
where the CL of the “signal+background” hypothesis,
based on the profile likelihood ratio [35] and the CLs
prescription [36], falls below 5% when scanning the CL
along various values of signal strength. The constraint on
the allowed τχ̃±

1

–mχ̃±
1

parameter space is shown in Fig. 6.
The expected limit is set by the median of the distribu-
tion of 95% CL limits calculated by pseudo-experiments
with the expected background and no signal, where the
systematic parameters are varied according to their sys-
tematic uncertainties. The regions excluded by the pre-
vious ATLAS search [8] and the LEP2 searches are in-
dicated. The example of the exclusion reached by the
ALEPH experiment [9] of 88 GeV at 95% CL that is de-
rived for the chargino mass in the case of heavy sfermions,
irrespective of the chargino-neutralino mass difference is
shown as the LEP2 result. This constraint is largely in-
dependent of tanβ or the sign of µ.
The analysis is not performed for signals having τχ̃1

>
10 ns (corresponding∆mχ̃1

being below the charged pion
mass) because a significant fraction of charginos would
traverse the ID before decaying, thereby reducing the

9
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FIG. 7. The constraint on the allowed ∆mχ̃1
–mχ̃±

1

space of

the AMSB model for tan β = 5 and µ > 0. The dashed line
shows the expected limits at 95% CL, with the surrounding
shaded band indicating the 1σ exclusions due to experimental
uncertainties. Observed limits are indicated by the solid bold
contour representing the nominal limit and the narrow sur-
rounding shaded band is obtained by varying the cross-section
by the theoretical scale and PDF uncertainties. The previous
result from Ref. [8] and an example of the limits achieved at
LEP2 by the ALEPH experiment [9] are also shown on the
left by the dotted line and the shaded region, respectively.
Charginos in the lower shaded region could have significantly
longer lifetime values for which this analysis has no sensitivity
as the chargino does not decay within the tracking volume.
For this region of long-lived charginos, the limits achieved at
LEP2 by the ALEPH experiment is 101 GeV [9].
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(Rough) Extrapolation from ATLAS search

- Scale the ATLAS background rates according to 
hard jet + MET rates. 

- Band: varying background estimate by 5 either 
way.

channel bkgd. syst.
14 TeV 100 TeV

95% limit 5� discovery 95% limit 5� discovery

monojet
1% XXX XXX XXX XXX

2% XXX XXX XXX XXX

disappearing tracks
1% XXX XXX XXX XXX

2% XXX XXX XXX XXX

Table 1: Mass reach for the pure wino scenario.

/ET where neither of the jets can be too close to the /ET direction. As this is the same

criteria as the monojet search we estimate the background normalization to be set by the

Z(⌫⌫) + jets integrated luminosity. Additional details on our scaling procedure are found

in App. B. The results of the extrapolation are shown in Fig. 3. The band is generated by

varying the background normalization up and down by a factor of 5.
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Figure 3: The mass reach in the pure wino scenario in the disappearing track channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background normalization between 20 � 500%. Only

events passing the analysis cuts in App. B are considered.

Results are shown in Table 1. We find ... [do we want a summary plot?]

4 Pure Higgsino

Another interesting class of SUSY spectra are those that contain a higgsino as the LSP.

Because of the connection between µ and fine-tuning, these spectra arise in natural super-

symmetry [43, 44]. A thermal higgsino saturates the relic density for m�̃ ⇠ 1 TeV (why are

sommerfeld corrections not large? –ML). As for the wino case, a thermal higgsino is

– 8 –
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Wino summary

- There is hope to “completely cover” the wino 
parameter space. 

HESSCTA
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14 TeV 100 TeV

95% limit 5� discovery 95% limit 5� discovery
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Table 1: Mass reach for the pure wino scenario.

/ET where neither of the jets can be too close to the /ET direction. As this is the same

criteria as the monojet search we estimate the background normalization to be set by the

Z(⌫⌫) + jets integrated luminosity. Additional details on our scaling procedure are found

in App. B. The results of the extrapolation are shown in Fig. 3. The band is generated by

varying the background normalization up and down by a factor of 5.
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Results are shown in Table 1. We find ... [do we want a summary plot?]

4 Pure Higgsino

Another interesting class of SUSY spectra are those that contain a higgsino as the LSP.

Because of the connection between µ and fine-tuning, these spectra arise in natural super-

symmetry [43, 44]. A thermal higgsino saturates the relic density for m�̃ ⇠ 1 TeV (why are

sommerfeld corrections not large? –ML). As for the wino case, a thermal higgsino is

– 8 –
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Additional cases
inaccessible to the LHC. While a 100 TeV collider can come much closer to the thermal value,

it is still not able to rule out this scenario.

The higgsino is a vector-like doublet which results in two neutralinos and one chargino at

lower energies. This opens up additional pair production channels relative to the pure wino

case, but all channels are still through an s-channel W± or Z.
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Figure 4: Reach in the pure higgsino scenario.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. Like

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative

to the LHC. The reach is weaker than for winos, mainly due to the reduction in production

cross-section.

Track length [cm]
0 10 20 30 40 50 60 70 80

Tr
ac

ks
 / 

1 
cm

1

10

210

310

410  = 1 TeVχm
 = 2 TeVχm
 = 3 TeVχm
 = 4 TeVχm

m/2Δ

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Higgsino
 = 100 TeVs

 > 500 GeVtrack
T

p

 [GeV]χm
1000 2000 3000 4000 5000

Tr
ac

ks

1

10

210

310

410

510

610
 > 10 cmtrackd
 > 20 cmtrackd
 > 30 cmtrackd
 > 40 cmtrackd

m/2Δ

-1
M

adG
raph5 + Pythia6 + D

elphes3, L = 3000 fb

Higgsino
 = 100 TeVs

 > 500 GeVtrack
T

p

Figure 5: Charged track distributions for the pure wino scenario showing the number of

tracks for a given track length (left) and the number of tracks for a given wino mass (right).

Only events passing the analysis cuts in App. B and containing at least one chargino track

with pT > 500 GeV are considered.

While not as long as the wino lifetime, the charged higgsino still travels a macroscopic

– 9 –
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Additional cases

The first spectrum we consider is gluino coannihilation . While such spectra do not arise in

mSUGRA, they can be realized in more general non-universal models. The phenomenology

has been studied [51, 52] and the relic abundance has recently been calculated including

Sommerfeld e↵ects [53]. In the limit of the bino and gluino being mass degenerate, they find

m�̃ ⇠ 10 TeV produces the correct relic density.

We set mg̃ �m�̃ ⇡ 0.05m�̃ and decouple everything else, leaving one neutralino and the

gluinos at low energies. Relic abundance calculations are very sensitive to the exact mass

splitting used but collider processes much less sensitive. As the signal we look at come from

gluino pair production, a small shift mass amounts to a small shift in overall cross-section.

Once the gluinos are produced, they then decay to the LSP and other standard model particles

which could be tagged. As the decays depend on details of the other SUSY particles we remain

agnostic and assume the gluinos decay as g̃ ! LSP + undetected.

Fig. 8 shows the mass reach applying the same monojet search as for the pure wino and

higgsino. Unfortunately while the 100 TeV limit does not reach the mass degenerate relic

abundance, it is sensitive to case where mg̃ �m�̃ ⇠ 300 GeV or mg̃ �m�̃ ⇠ 5� 10%.
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Figure 8: The mass reach in the gluino coannihilation scenario in the monojet channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.

The next coannihilator considered is the stop. As the mass of the stop is tied to fine-

tuning stop coannihilation appears in many models [] [54]. Stop coannihilation also occurs

in large regions of parameter space in the CMSSM, however these spectra contain additional

sparticles at low energies so the traditional SUSY search are usually more sensitive than

the monojet channel [55]. In interpreting our projections in the context of the CMSSM one

should treat the monojet limits as the most pessimistic scenario. In our simulations we set

– 12 –

Coannhilation, gluino

mt̃�m�̃ ⇡ 0.05m�̃ and decouple everything else, leaving one neutralino and the right-handed

stop at low energies.

The mass reach is shown in Fig. 9. According to [53] the mass for a thermal bino is

m�̃ ⇠ 2 TeV in the degenerate limit. A 100 TeV can comfortably exclude this scenario, but

cannot quite discover it in the monojet channel alone.
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Figure 9: The mass reach in the stop coannihilation scenario in the monojet channel with

L = 3000 fb�1 for the 14 TeV LHC (blue) and a 100 TeV proton-proton collider (red). The

bands are generated by varying the background systematics between 1 � 2% and the signal

systematic uncertainty is set to 10%.

Next we move onto squark coannihilation. For this spectrum we keep the left-handed scalar

partners of the light quarks at low energies (ũL, d̃L, s̃L, and c̃L). We set these the same as in

the other coannihilation spectra, mq̃ �m�̃ ⇡ 0.05m�̃. Squark coannihilation arises in [].

(Write this section –ML) Fig. 10 shows the monojet reach. As expected the signifi-

cance is roughly four times larger than the stop coannihilation case.

(Write this section –ML) Studied stau [56]. Cross-section is much lower and out of

reach.

7 Conclusions

• Future searches: multilepton, monophoton, VBF, razor

• Future spectra: bringing sfermions down into the spectra, finding holes other than staus

• Generalizations to non-SUSY or EFT dark matter

• More complete coverage of mixed dark matter and interplay with blindspots

– 13 –

Coannhilation, stop
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Conclusion and outlook
- Covering WIMP parameter space a major motivation 

for going to higher energies. 

- Significant enhancement in reach by going to 100 TeV. 
A factor of 4-5 in mono-jet channel

- Wino can be “completely covered”. 

- Motivation for optimizing detector design
Systematics in mono-jet, track-pT measurement... 

Discrimination against mis-measured tracks

How soft can lepton be?

Monday, March 24, 14



BTW, an implication of r=0.1-0.2.

- High scale inflation. 
Vinflation ≈ (1016 GeV)4 , minflaton ≈ 10-6 MPl. 

High reheating temp. TRH ≈ (αeff)1/2 10-5MPl.

High SUSY breaking scale, heavy superpartners.

Figure 4: BBN constraints for the Case 3.

Figure 5: BBN constraints for the Case 4.

11

- mgravitino ∼ 10 TeV

- In many cases: 

- msquark,slepton.  ∼ mgravitino 

- Need go beyond LHC.

Moroi et al, 2008
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Narrowing parameter space.
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦
obs

for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)

� /⌦
obs

, and the brown band shows the region

having ⌦(th)

� within ±3� of ⌦
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. Regions above (below) the brown band require an enhancement
(dilution) of the DM abundance after freeze-out. Regions currently excluded by XENON100,
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Cheung, Hall, Pinner, Ruderman, 1211.4873
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1
. All the points in the colored
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and the flavor constraints in Eq. (4.3). The green region represents the model points with the Z

and Higgs resonances. The Z funnel and h funnel regions are clearly visible for WIMP masses
around half the Z mass and half the Higgs mass. The yellow points represent the region of co-
annihilation with Wino-like/Higgsino-like NLSPs. The magenta points represent the region with
⌧̃ , ⌫̃⌧ , b̃, t̃ contributions. The gray points represent the scenarios with special cancellations when
M1 and µ take opposite signs. The DAMA and CoGeNT contours (3�) are shown for astrophysical
parameters v0 = 220 km/s, vesc = 600 km/s, and for a local density ⇢0 = 0.3 GeV/cm3. CRESST
contours are 2� regions, from [6]. The blue region is excluded by the XENON-100 experiment (90%
exclusion curve from [8], for v0 = 220 km/s, vesc = 544 km/s, ⇢0 = 0.3 GeV/cm3). Recent results
from the TEXONO [12] collaboration are shown. Expected exclusion bounds from the ongoing
LUX experiment [10] and the future XENON-1T experiment [11] are also shown.

I-C (green) �0
1�

0
1 ! H,A ! SM predictsm� ⇡ mA,H/2 ⇠ 0.2�0.5 TeV, theH/A-funnel.

II-A (yellow) Neutralino/chargino coannihilation [86,87]: �0
i�

0
j , �0

i�
±
j ! SM.

II-B (magenta) Sfermion assistance [88–90]: �0
1⌧̃ , �

0
1t̃, �

0
1b̃ ! SM ; t-channel ⌧̃ , ⌫̃ in �0

i�
0
j .

We categorize model points as scenario I if the di↵erence between the mediator mass

and twice the LSP mass is within 8% of the mediator mass, namely

|mZ,h,A � 2m�0
1
|  0.08 mZ,h,A. (4.4)

– 12 –

Han, Liu, Natarajan, 1303.3040
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Cuts, monojet

1.1 Analysis 1 Channel I: Monojet

the detector unseen the monojet search looks for an ISR emission o↵ the incoming quarks or gluons
leading to a hard jet and missing energy from the dark matter particles.

Typically the cross-section for a process with an ISR jet is lower by a factor of ↵s. In this case
pair production requires the initial state qq̄. One ISR jet opens up the gq and gq̄ initial states
while two ISR jets open up the gg initial state. The increase in acceptance is helpful enough that
monojet searches at proton-proton colliders usually accept events with one or two hard jets.

1.1 Analysis

The monojet analysis is designed to look for a hard jet recoiling against missing energy. A second
jet is allowed provided it is not back-to-back with the first jet, since this is characteristic of QCD
events, but anymore jets are vetoed. Because the signal and background distributions look similar
there is no gain in allowing additional jets (in fact this increases the top background). In the
standard model missing energy comes from neutrinos which are often accompanied by leptons, so
leptons are vetoed. The cuts can be summarized as

p
s = 8 TeV (CMS analysis)

Jet cuts Lepton vetoes /ET cuts

pT (1) > 110 GeV pT (e) > 10 GeV and |⌘(e)| < 2.5 /ET > 250 GeV

|⌘(1)| < 2.4 pT (µ) > 10 GeV and |⌘(µ)| < 2.1 /ET > 300 GeV

pT (2) > 30 GeV pT (⌧) > 20 GeV and |⌘(⌧)| < 2.3 /ET > 350 GeV

|⌘(2)| < 4.5 /ET > 400 GeV

njet  2 /ET > 450 GeV

��(1, 2) < 2.5 /ET > 500 GeV

/ET > 550 GeV

The various /ET cuts define the various overlapping signal regions. The regions have di↵erent
systematic uncertainties because of the pT dependence of experimental quantities and the decreasing
statistics in the higher /ET regions. Whichever region has the highest expected significance for a
given signal is used to set limits on the model.

At higher energies the jet cuts all need to be increased. It is unclear if the lepton vetoes need
to be increased, this is a detector-specific question, but to be conservative we do increase them
a little. Keeping the lepton veto as low as possible is actually very important for the searches in
practice. One of the potentially large and hard-to-reduce systematic uncertainties comes from the
shape di↵erence between the background Z(⌫⌫) + jets and Z(µµ) + jets, which is increased with
lepton threshold.

For higher energies we use the following cuts

2

1.1 Analysis 1 Channel I: Monojet

p
s = 14 TeV

Jet cuts Lepton vetoes /ET cuts

pT (1) > 300 GeV pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

|⌘(1)| < 2.4 pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 350 GeV

pT (2) > 60 GeV pT (⌧) > 20 GeV and |⌘(⌧)| < 2.3 /ET > 400 GeV

|⌘(2)| < 4.5 /ET > 450 GeV

njet  2 /ET > 500 GeV

��(1, 2) < 2.5 /ET > 550 GeV

/ET > 600 GeV

/ET > 650 GeV

/ET > 700 GeV

/ET > 750 GeV

/ET > 1000 GeV

p
s = 100 TeV

Jet cuts Lepton vetoes /ET cuts

pT (1) > 1200 GeV pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 1000 GeV

|⌘(1)| < 2.4 pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 1800 GeV

pT (2) > 200 GeV pT (⌧) > 40 GeV and |⌘(⌧)| < 2.3 /ET > 2000 GeV

|⌘(2)| < 4.5 /ET > 2200 GeV

njet  2 /ET > 2400 GeV

��(1, 2) < 2.5 /ET > 2600 GeV

/ET > 2800 GeV

/ET > 3000 GeV

/ET > 3200 GeV

/ET > 3400 GeV

/ET > 5000 GeV

We have looked at a few values of pT (1) and pT (2) and the cuts above give among the better
results. We have also tried to go a little bit beyond the current cuts and try more aggressive cuts
given the high luminosity scenario imagined. In particular, we tried adding a third jet, which did
not help. There is also a di↵erence in the signal and background �R(1, 2) distributions. At high
energies the V +2j events are roughly three massless particles recoiling against each other leading to
a peak at �R(1, 2) ⇡ 2⇡/3. The neutralinos are heavy, however, and the jets come from ISR/FSR
emissions which could be in any direction. From the collinear singularity the jets do prefer to be
collinear with the neutralino, so when there are two emissions from the same neutralino �R will
be small. So the signal slightly prefers smaller �R. In practice to get any discriminating power
one needs to drastically reduce the e�ciency. The overall impact is negative on significance.

3
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Cuts, monojet

1.1 Analysis 1 Channel I: Monojet

p
s = 14 TeV

Jet cuts Lepton vetoes /ET cuts

pT (1) > 300 GeV pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

|⌘(1)| < 2.4 pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 350 GeV

pT (2) > 60 GeV pT (⌧) > 20 GeV and |⌘(⌧)| < 2.3 /ET > 400 GeV

|⌘(2)| < 4.5 /ET > 450 GeV

njet  2 /ET > 500 GeV

��(1, 2) < 2.5 /ET > 550 GeV

/ET > 600 GeV

/ET > 650 GeV

/ET > 700 GeV

/ET > 750 GeV

/ET > 1000 GeV

p
s = 100 TeV

Jet cuts Lepton vetoes /ET cuts

pT (1) > 1200 GeV pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 1000 GeV

|⌘(1)| < 2.4 pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 1800 GeV

pT (2) > 200 GeV pT (⌧) > 40 GeV and |⌘(⌧)| < 2.3 /ET > 2000 GeV

|⌘(2)| < 4.5 /ET > 2200 GeV

njet  2 /ET > 2400 GeV

��(1, 2) < 2.5 /ET > 2600 GeV

/ET > 2800 GeV

/ET > 3000 GeV

/ET > 3200 GeV

/ET > 3400 GeV

/ET > 5000 GeV

We have looked at a few values of pT (1) and pT (2) and the cuts above give among the better
results. We have also tried to go a little bit beyond the current cuts and try more aggressive cuts
given the high luminosity scenario imagined. In particular, we tried adding a third jet, which did
not help. There is also a di↵erence in the signal and background �R(1, 2) distributions. At high
energies the V +2j events are roughly three massless particles recoiling against each other leading to
a peak at �R(1, 2) ⇡ 2⇡/3. The neutralinos are heavy, however, and the jets come from ISR/FSR
emissions which could be in any direction. From the collinear singularity the jets do prefer to be
collinear with the neutralino, so when there are two emissions from the same neutralino �R will
be small. So the signal slightly prefers smaller �R. In practice to get any discriminating power
one needs to drastically reduce the e�ciency. The overall impact is negative on significance.
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Cuts, soft lepton
2.1 Analysis 2 Channel II: Soft Leptons

p
s = 8 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 110 GeV 0-bin: pT (e) > 10 GeV and |⌘(e)| < 2.5 /ET > 250 GeV

|⌘(1)| < 2.4 1, 2-bin: 50 > pT (e) > 10 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

pT (2) > 30 GeV 0-bin: pT (µ) > 10 GeV and |⌘(µ)| < 2.1 /ET > 350 GeV

|⌘(2)| < 4.5 1, 2-bin: 50 > pT (µ) > 10 GeV and |⌘(µ)| < 2.1 /ET > 400 GeV

njet  2 0-bin: pT (⌧) > 20 GeV and |⌘(⌧)| < 2.3 /ET > 450 GeV

��(1, 2) < 2.5 /ET > 500 GeV

/ET > 550 GeV

p
s = 14 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 300 GeV 0-bin: pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

|⌘(1)| < 2.4 1, 2-bin: 50 > pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 350 GeV

pT (2) > 60 GeV 0-bin: pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 400 GeV

|⌘(2)| < 4.5 1, 2-bin: 50 > pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 450 GeV

njet  2 0-bin: pT (⌧) > 30 GeV and |⌘(⌧)| < 2.3 /ET > 500 GeV

��(1, 2) < 2.5 /ET > 550 GeV

/ET > 600 GeV

/ET > 650 GeV

/ET > 700 GeV

/ET > 750 GeV

/ET > 1000 GeV

p
s = 100 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 1200 GeV 0-bin: pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 1000 GeV

|⌘(1)| < 2.4 1, 2-bin: 40 > pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 2000 GeV

pT (2) > 200 GeV 0-bin: pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 2250 GeV

|⌘(2)| < 4.5 1, 2-bin: 40 > pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 2500 GeV

njet  2 0-bin: pT (⌧) > 40 GeV and |⌘(⌧)| < 2.3 /ET > 2750 GeV

��(1, 2) < 2.5 /ET > 3000 GeV

/ET > 3250 GeV

/ET > 3500 GeV

/ET > 3750 GeV

/ET > 4000 GeV

/ET > 5000 GeV
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2.1 Analysis 2 Channel II: Soft Leptons

p
s = 8 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 110 GeV 0-bin: pT (e) > 10 GeV and |⌘(e)| < 2.5 /ET > 250 GeV

|⌘(1)| < 2.4 1, 2-bin: 50 > pT (e) > 10 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

pT (2) > 30 GeV 0-bin: pT (µ) > 10 GeV and |⌘(µ)| < 2.1 /ET > 350 GeV

|⌘(2)| < 4.5 1, 2-bin: 50 > pT (µ) > 10 GeV and |⌘(µ)| < 2.1 /ET > 400 GeV

njet  2 0-bin: pT (⌧) > 20 GeV and |⌘(⌧)| < 2.3 /ET > 450 GeV

��(1, 2) < 2.5 /ET > 500 GeV

/ET > 550 GeV

p
s = 14 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 300 GeV 0-bin: pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

|⌘(1)| < 2.4 1, 2-bin: 50 > pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 350 GeV

pT (2) > 60 GeV 0-bin: pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 400 GeV

|⌘(2)| < 4.5 1, 2-bin: 50 > pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 450 GeV

njet  2 0-bin: pT (⌧) > 30 GeV and |⌘(⌧)| < 2.3 /ET > 500 GeV

��(1, 2) < 2.5 /ET > 550 GeV

/ET > 600 GeV

/ET > 650 GeV

/ET > 700 GeV

/ET > 750 GeV

/ET > 1000 GeV

p
s = 100 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 1200 GeV 0-bin: pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 1000 GeV

|⌘(1)| < 2.4 1, 2-bin: 40 > pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 2000 GeV

pT (2) > 200 GeV 0-bin: pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 2250 GeV

|⌘(2)| < 4.5 1, 2-bin: 40 > pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 2500 GeV

njet  2 0-bin: pT (⌧) > 40 GeV and |⌘(⌧)| < 2.3 /ET > 2750 GeV

��(1, 2) < 2.5 /ET > 3000 GeV

/ET > 3250 GeV

/ET > 3500 GeV

/ET > 3750 GeV

/ET > 4000 GeV

/ET > 5000 GeV
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Cuts, soft lepton

2.1 Analysis 2 Channel II: Soft Leptons

p
s = 8 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 110 GeV 0-bin: pT (e) > 10 GeV and |⌘(e)| < 2.5 /ET > 250 GeV

|⌘(1)| < 2.4 1, 2-bin: 50 > pT (e) > 10 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

pT (2) > 30 GeV 0-bin: pT (µ) > 10 GeV and |⌘(µ)| < 2.1 /ET > 350 GeV

|⌘(2)| < 4.5 1, 2-bin: 50 > pT (µ) > 10 GeV and |⌘(µ)| < 2.1 /ET > 400 GeV

njet  2 0-bin: pT (⌧) > 20 GeV and |⌘(⌧)| < 2.3 /ET > 450 GeV

��(1, 2) < 2.5 /ET > 500 GeV

/ET > 550 GeV

p
s = 14 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 300 GeV 0-bin: pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 300 GeV

|⌘(1)| < 2.4 1, 2-bin: 50 > pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 350 GeV

pT (2) > 60 GeV 0-bin: pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 400 GeV

|⌘(2)| < 4.5 1, 2-bin: 50 > pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 450 GeV

njet  2 0-bin: pT (⌧) > 30 GeV and |⌘(⌧)| < 2.3 /ET > 500 GeV

��(1, 2) < 2.5 /ET > 550 GeV

/ET > 600 GeV

/ET > 650 GeV

/ET > 700 GeV

/ET > 750 GeV

/ET > 1000 GeV

p
s = 100 TeV

Jet cuts Lepton bins /ET cuts

pT (1) > 1200 GeV 0-bin: pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 1000 GeV

|⌘(1)| < 2.4 1, 2-bin: 40 > pT (e) > 20 GeV and |⌘(e)| < 2.5 /ET > 2000 GeV

pT (2) > 200 GeV 0-bin: pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 2250 GeV

|⌘(2)| < 4.5 1, 2-bin: 40 > pT (µ) > 20 GeV and |⌘(µ)| < 2.1 /ET > 2500 GeV

njet  2 0-bin: pT (⌧) > 40 GeV and |⌘(⌧)| < 2.3 /ET > 2750 GeV

��(1, 2) < 2.5 /ET > 3000 GeV

/ET > 3250 GeV

/ET > 3500 GeV

/ET > 3750 GeV

/ET > 4000 GeV

/ET > 5000 GeV
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10 GeV < pT lepton < 30 GeV
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- Dominated by systematical error of background. 

- simple scaling with luminosity gives .5% (even 
remotely realistic?)

- Useful to keep in mind in designing detectors.
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Disappearing track + background

Figure from ATLAS disappearing track search twiki

Monday, March 24, 14


