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We have solid evidence for dark matter:

The challenge is to 
understand its identity.
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Dark matter candidate?

- We know very little. Vast range of possibilities
Can be 10-31 GeV to 1048 GeV.

- WIMPs
A compelling story.

Most relevant for the collider searches.

- Other candidates, axion, sterile neutrino...
Interesting. Another talk. I will focus on testing 
WIMP here. 
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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
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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

SUSY, UED, etc. 
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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.

Of course, still plausible, will keep looking.
Higher energy ⇒ higher reach
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Back to 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
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At future colliders

DRAFT

14 New Particles Working Group Report
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Figure 1-7. Limits at 90% CL in M? (left) and in the spin-independent WIMP-nucleon cross section
(right) for di↵erent facilities using the D5 or D8 operator as a function of m�. From Ref. [156].
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Figure 1-8. Limits at 90% CL in M? (left) and in the spin-independent WIMP-nucleon cross section
(right) for di↵erent facilities when requiring a b-quark in the final state, as a function of m�. From Ref. [24].
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the expected limits in terms of gZ0 on the Z 0 model at the variety of pp facilities under consideration. The427
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1.3.2.2 Searches at lepton colliders429

The same mechanism which allows pp colliders to be sensitivie to the coupling of the initial-state quarks430

to WIMP pairs allows e+e� colliders to proble the couplings of electrons to WIMP pairs, see Fig 1-6. The431

couplings of WIMPs to leptons could be mediated by di↵erent operators with di↵erent suppression scales than432

the WIMP-quark (gluon) couplings. Therefore e+e� colliders will add important complementary information433

to the WIMP picture [38, 59, 98].434

The final state is a high-pT photon with missing momentum due to the invisible � pair. The dominant435

background is production of neutrino pairs via a Z boson, with a photon from initial state radiation. The436

sensitivity reaches up to nearly
p

s/2.437
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Name Operator Coefficient

D1 χ̄χq̄q mq/M3
∗

D2 χ̄γ5χq̄q imq/M3
∗

D3 χ̄χq̄γ5q imq/M3
∗

D4 χ̄γ5χq̄γ5q mq/M3
∗

D5 χ̄γµχq̄γµq 1/M2
∗

D6 χ̄γµγ5χq̄γµq 1/M2
∗

D7 χ̄γµχq̄γµγ5q 1/M2
∗

D8 χ̄γµγ5χq̄γµγ5q 1/M2
∗

D9 χ̄σµνχq̄σµνq 1/M2
∗

D10 χ̄σµνγ5χq̄σαβq i/M2
∗

D11 χ̄χGµνGµν αs/4M3
∗

D12 χ̄γ5χGµνGµν iαs/4M3
∗

D13 χ̄χGµνG̃µν iαs/4M3
∗

D14 χ̄γ5χGµνG̃µν αs/4M3
∗

Name Operator Coefficient

C1 χ†χq̄q mq/M2
∗

C2 χ†χq̄γ5q imq/M2
∗

C3 χ†∂µχq̄γµq 1/M2
∗

C4 χ†∂µχq̄γµγ5q 1/M2
∗

C5 χ†χGµνGµν αs/4M2
∗

C6 χ†χGµνG̃µν iαs/4M2
∗

R1 χ2q̄q mq/2M2
∗

R2 χ2q̄γ5q imq/2M2
∗

R3 χ2GµνGµν αs/8M2
∗

R4 χ2GµνG̃µν iαs/8M2
∗

TABLE I: Operators coupling WIMPs to SM particles. The operator names beginning with D, C,

R apply to WIMPS that are Dirac fermions, complex scalars or real scalars respectively.

III. COLLIDER CONSTRAINTS

A. Overview

We can constrain M∗ for each operator in the table above by considering the pair pro-

duction of WIMPs at a hadron collider:

pp̄ (pp) → χχ+X. (2)

Since the WIMPs escape undetected, this leads to events with missing transverse energy,

recoiling against additional hadronic radiation present in the reaction.

The most significant Standard Model backgrounds to this process are events where a Z

boson decays into neutrinos, together with the associated production of jets. This back-

ground is irreducible. There are also backgrounds from events where a particle is either

missed or has a mismeasured energy. The most important of these comes from events pro-
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Going beyond the EFT

- Valid as field theory? 
Already questionable in run 1, will be quite 
problematic at for run 2. 

Much worse at 100 TeV. Overestimation of the reach.

- At the same time, missing other physics 
opportunities, such as additional states to look for. 

DM

DM

SM =
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Two simple ways of going beyond

- Dark matter in a weak multiplet. 
Mediators = W/Z/h

- Singlet dark matter + new mediator 
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DM part of a weak multiplet

- Mediated by W/Z/h.

- Additional charged states. 

q

q̄

W±

χ±

χ0

q

q̄

Z/γ/h

χ±, χ0

χ∓, χ0
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SUSY as an example

- 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

Thursday, March 26, 15



Two different cases

C1, N2, ...
N1 ...

Compressed/degenerate
e.g., pure wino, pure Higgsino,  Well temper...

Relying on
ISR: mono-jet, mono-photon...
Soft lepton, displaced tracks
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Mono-jet

- Significant step beyond the LHC. 

 [TeV]
χ∼

m
0 1 2 3 4 5 6

wino  disappearing tracks

higgsino  

)  H~/B~mixed (

)  W~/B~mixed (

gluino coan.  

stop coan.  

squark coan.  

Collider Limits
100 TeV
14 TeV

Matthew Low, LTW
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Disappearing track

Figure from ATLAS disappearing track search twiki

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.

- Main decay mode 𝞆± → π± + 𝞆0 

- Charge track ≈ 10(s) cm 
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ATLAS search

- Essentially free of physics background.

- Dominated by pT mis-measured tracks.

- Very 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
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space of
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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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Rates (with long tracks)

- Disappearing track, stub, kink...

- Could also be long lived
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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 –

More from Phil Harris’ talk
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Do something about Higgsino?

- Depends on detector design
How long the track needs to be?

Background discrimination?

- Can change mass splitting in extended models.
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Higgsino with smaller mass splitting

Matthew Low Electroweakino Prospects

Aside: Higgsinos

11

‣ Reach in disappearing tracks: ~ 500 - 700 GeV

‣ Radiative splitting ~ 
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11
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Splitting can be changed easily
from dim-5 operator
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Well-tempered, mono-jet + soft lepton 

- Important to add soft lepton. S/B is O(1). 

- Tailored Detector design and trigger strategy?
Giudice,  Han,  Wang and LTW,  1004.4902
Schwaller, Zurita, 1312.7350
Han, Kribs, Martin, Menon, 1401.1235

10 GeV < pT lepton < 30 GeV20 GeV < pT lepton < 40 GeV
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Figure 9: The mass reach in the mixed bino/wino(/higgsino) (� = 20 GeV) scenario in the

soft lepton channel at 100 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue),

0 or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2� 5% and the signal systematic uncertainty is set to 10%.
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Figure 10: The mass reach in the mixed bino/higgsino (� = 20 GeV) scenario in the soft

lepton channel at 14 TeV with L = 3000 fb�1 at 100 TeV looking for 0 leptons (blue), 0

or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2� 5% and the signal systematic uncertainty is set to 10%.

The results for bino/higgsino (� = 30 GeV) and bino/wino (� = 20 GeV) are very similar.

process, which has a much smaller cross-section. The exclusion reach extends to m�̃ ⇠ 1 TeV

in all cases and the discovery reaches several hundred GeV.

– 14 –
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or 1 leptons (green), and 0, 1, or 2 leptons (red). The bands are generated by varying the

background systematics between 2� 5% and the signal systematic uncertainty is set to 10%.
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Figure 8: The mass reach in the mixed bino/higgsino (� = 30 GeV) scenario in the soft
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of �m = 20 � 30 GeV, where the heavier charginos and neutralinos decay to the LSP via

o↵-shell W ’s and Z’s.

Unlike pure spectra, mixed spectra are known to be able to thermally saturate the relic

– 12 –

h̃, W̃

B̃
�M ⇠ several %⇥MDM
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Vector boson fusion.
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FIG. 3. Wino/higgsino reach at 14 TeV (blue) and 100 TeV (red) on the left/right with 3000 fb�1 of integrated luminosity.
The bands sweep out varying background systematics from 1� 5%.

FIG. 4. Wino/higgsino reach at 100 TeV with 30 ab�1 of inte-
grated luminosity. The bands sweep out varying background
systematics from 1� 5%.

VBF is an e↵ective way to probe this type of model (see
e.g. [32]).

In light of the broad applicability of the VBF with
missing energy channel, and the care that must be taken
in generating the backgrounds, we provide exclusion and
discovery contours for cross-sections vs. missing energy
cuts. Figure 5 displays the cut e�ciency times cross-
section after all cuts from Table I have been applied (and
fixed to the average values between wino and higgsino)
as a function of the cut on missing energy. Given a simu-
lated signal, these plots can be utilized in a simple fashion
to obtain sensitivity for that model. To do so, one ap-
plies Table I’s cuts to the signal and compares to ✏ ⇥ �
to exclude/discover the signal at 14 or 100 TeV.

V. CONCLUSIONS

Producing and studying dark matter remains one of
the main goals of the LHC and constitutes one of the

primary targets for a future 100 TeV pp collider. Mean-
while, the vector boson fusion channel is an important
component of new physics searches, and here we analyze
its relevance to dark matter. In studying various dark
matter scenarios, supersymmetry provides a very useful
set of examples. We presented a thorough study in the
cases where the higgsino (electroweak doublet) and the
wino (electroweak triplet) constitute the dark matter.

In this work we analyzed the reach in the VBF plus
missing energy channel. We found that the reach is 240
GeV for winos and 125 GeV for higgsinos at 14 TeV.
Going to 100 TeV, the respective sensitivity increases to
1.1 TeV and 530 GeV. While VBF is not the discovery
channel for electroweak dark matter, if hints of dark mat-
ter were observed in a monojet search, the VBF channel
would provide a crucial verification. This is analogous to
the Higgs discovery in which all available channels need
to be looked at to fully understand its properties.

Since missing energy is a generic signature of mod-
els of new physics with dark matter candidates, in Sec-
tion IV we used the simulated backgrounds to set model-
independent limits on cross-sections in vector boson fu-
sion. We expect these results to be most useful for signals
with t-channel kinematics.

Finally, we investigated the impact of extended
calorimetry on the neutralino reach and found that it
does not impact this search. Compiling a list of require-
ments for proposed detectors of a 100 TeV collider is im-
portant: as evidenced in this study, the search for wino
or higgsino dark matter can only be touched upon at the
LHC and would benefit immensely from an increase to
100 TeV.
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W̃ , H̃

W̃ , H̃

Weaker limit, useful for cross check 
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Two different cases

C1, N2, ...

N1 ...

C1, N2, ...
N1 ...

Compressed/degenerate
e.g., pure wino, pure Higgsino,  Well temper...

Relying on
ISR: mono-jet, mono-photon...
Soft lepton, displaced tracks

Larger separation in mass spectrum
Cascade decay gives multilepton signal.
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Wino/Higgsino

Matthew Low Electroweakino Prospects

1: Wino/Higgsino

9

...
C2 , N3 

C1 , N1 , N2
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‣ Rate ~ wino production

1 TeV

‣ BR(N3→N1,2 h) ≃ 1/3

‣ BR(N3→N1,2 Z) ≃ 1/3

‣ BR(N3→C1 W) ≃ 1/3
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Wino/Higgsino

15

Wino-Higgsino. �(N3C2) = 120fb, �(C2C2) = 59.4fb , �(N3N3) ' 0

intermediate dibosons � (fb) 3` (ab) OSDL (ab) SSDL (ab)

WZ 46 fb 124 5.3 52.8

Wh 44 fb 0.6 0.7 3.6

W+W� 31 fb – 48.5 –

W±W± 16 fb – – 394

ZZ 11 fb 6.6 0.1 0.5

TABLE V: Multi-lepton signal rates are decomposed into each diboson channel contribution. The
second column shows the total (intermediate) diboson rates produced from all possible NLSP pair
decays. In the last three columns, we show cross sections of each diboson channel in multilepton
final states after all discovery cuts are applied; cuts are listed in App. A 3. The chosen benchmark is
1 TeV Wino NLSP and massless Higgsino LSP (i.e., mLSP ⌧ mNLSP). “–” indicates a contribution
smaller than 0.05 ab. We do not show the Zh and hh channels since they are always small.
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FIG. 5: 5� discovery reaches (left panel) and 1.96� CL exclusion limits (right panel) of the Wino-
NLSP and Higgsino-LSP model from the 3` (red solid), OSDL (blue dashed) and SSDL (green
dot-dashed) searches.

The corresponding reach is presented in Fig. 5. We do not specify our choice of additional

parameters (t� and the sign of gaugino and Higgsino masses), since the branching ratios of

the NLSP are model independent in this Higgsino LSP case. As expected, the 3` signature

can probe the highest NLSP mass while the SSDL signature can be useful in the region with

a smaller mass di↵erence between the NLSP and the LSP.

It is important to note that a 100 TeV collider with 3000/fb data will be able to exclude

Higgsino dark matter (mLSP ⇠ 1 TeV) for Winos lighter than about 3.2 TeV and not too

close in mass to the Higgsino. Achieving the significance needed for discovery of a 1 TeV

Higgsino, however, is expected to be rather di�cult (see left panel of Fig. 5). Ref. [16] shows

that monojet and disappearing charged track searches at a 100 TeV collider also can have

di�culties in probing 1 TeV Higgsino dark matter. In addition, Higgsino dark matter is a

Leading channel: tri-lepton signal, from  N2 → ZN1 plus C1 → WN1 
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The corresponding reach is presented in Fig. 5. We do not specify our choice of additional

parameters (t� and the sign of gaugino and Higgsino masses), since the branching ratios of

the NLSP are model independent in this Higgsino LSP case. As expected, the 3` signature

can probe the highest NLSP mass while the SSDL signature can be useful in the region with

a smaller mass di↵erence between the NLSP and the LSP.

It is important to note that a 100 TeV collider with 3000/fb data will be able to exclude

Higgsino dark matter (mLSP ⇠ 1 TeV) for Winos lighter than about 3.2 TeV and not too

close in mass to the Higgsino. Achieving the significance needed for discovery of a 1 TeV

Higgsino, however, is expected to be rather di�cult (see left panel of Fig. 5). Ref. [16] shows

that monojet and disappearing charged track searches at a 100 TeV collider also can have

di�culties in probing 1 TeV Higgsino dark matter. In addition, Higgsino dark matter is a

Leading channel: tri-lepton signal, from  N2 → ZN1 plus C1 → WN1 
Large mass splitting, boosted W/Z. Challenging for letpon ID and 
isolation.
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searches.
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FIG. 12: By varying the lepton separation criterion �R > 0.1 (dashed) and 0.05 (solid), we show
the luminosity needed for 95%CL limit in the 3` (left panel) and the OSDL (right panel) searches.
The Wino-Bino Case 5 is used – solid lines correspond to Fig. 9 results.

We also verify that leptons are usually well separated in the OSDL (and SSDL) channels,

since they are mainly from di↵erent W bosons in the W+W� (W±W±) channel. There-

fore, the reach is not significantly a↵ected by the ability of lepton separation technique, as

demonstrated in the right panel of Fig. 12.

As shown in Fig. 13, leading leptons typically have TeV-scale energies. The identifications

of such a highly boosted lepton’s flavor and charge are additional potential challenges that

should be addressed at future colliders. Abundant electromagnetic radiations o↵ of energetic

muons may make them less e�ciently tagged than electrons. And detector magnetic fields

may not be strong enough to bend fast-moving charged leptons enough.

A 100 TeV collider will be an environment full of hadronic activity. Lepton-jet isolation

techniques and criteria can thus have impacts too. As an example, if we relax the isolation

criteria to allow soft jets nearby a lepton (specifically, if a nearby jet is softer than the lepton,
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Food for thought
Boosted W/Zs. High resolution, less stringent lepton isolation. 

Matthew Low Electroweakino Prospects

Detector Wishlist

23

‣ Redundant tracker ‣ High η calorimeter not 
required for electroweakinos
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WIMP searches at colliders

46 OVERVIEW OF THE PHYSICS CASES FOR CEPC-SPPC
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Figure 2.33 Left: The mass reach in the gluino coannihilation scenario in the monojet channel with L = 3000 fb�1

for the 14 TeV LHC (blue) and the SppC (red). The bands are generated by varying the background systematics
between 1 � 2% and the signal systematic uncertainty is set to 10%. The lower x-axis displays the gluino-bino
mass splitting �m for a given bino mass which is required to saturate the relic density [82, 83]. A tick is placed
every 10 GeV with the exception of the consecutive �m = 140 GeV ticks [17]. Right: The mass reach in the
stop coannihilation scenario in the monojet channel with L = 3000 fb�1 for the 14 TeV LHC (blue) and the SppC
(red). The bands are generated by varying the background systematics between 1 � 2% and the signal systematic
uncertainty is set to 10%. The lower x-axis displays the stop-bino mass splitting �m for a given bino mass which
is required to satisfy the relic density [83]. A tick is placed every 5 GeV with the exception of the consecutive
�m = 25 GeV ticks [17].
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Figure 2.34 Summary of collider reach for neutralino dark matter [17] and in electroweakino cascades [18].

2.5 Outlook1355

We have given a broad survey of some of the central physics motivations of the CEPC-SppC project. In1356

the rest of this report, a number of these subjects will be discussed at greater length. In section 2, we1357

will outline a preliminary design of the CEPC detectors, and discuss the CEPC capabilities for Higgs1358

coupling measurements in detail. In section 3, we discuss the projections for precision electroweak1359

measurements that can be performed running on the Z-pole at the CEPC. In section 4, we study the1360

capabilities of the CEPC for an entirely different kind of physics. Sitting on the Z will produce ⇠ 10

11

1361

B�hadrons, as well as charm quarks and ⌧ particles. This will allow myriad studies both of low-energy1362

hadronic physics, as well as rare ⌧ decays.1363
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MWIMP  1.8 TeV

✓
g2

0.3

◆

100 TeV pp collider will probe TeV WIMP very well.   
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2. Simplified mediator models

!  can be scalar or Z’ 

IIT-CAPP-13-06, ANL-HEP-PR-13-38

Dark matter with t-channel mediator: a simple step beyond contact interaction

Haipeng An1, Lian-Tao Wang2, and Hao Zhang3,4,5
1Perimeter Institute, Waterloo, Ontarrio N2L 2Y5, Canada

2Kavli Institute for Cosmological Physics and the Enrico Fermi Institute,
The University of Chicago, 5640 S. Ellis Ave, Chicago, IL 60637

3 Illinois Institute of Technology, Chicago, Illinois 60616-3793, USA
4 High Energy Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

5 Department of Physics, University of California, Santa Barbara, California 93106, USA
(Dated: January 2, 2014)

E↵ective contact operators provide the simplest parameterization of dark matter searches at
colliders. However, light mediator can significantly change the sensitivity and search strategies.
Considering simple models of mediators is an important next-step for collider searches. In this
paper, we consider the case of a t-channel mediator. Its presence opens up new contributions to the
monojet+ 6 ET searches and can change the reach significantly. We also study the complementarity
between searches for processes of monojet+ 6 ET and direct pair production of the mediators. There
is a large region of parameter space in which the monojet+ 6 ET search provides the stronger limit.
Assuming the relic abundance of the dark matter is thermally produced within the framework of
this model, we find that in the Dirac fermion dark matter case, there is no region in the parameter
space that satisfies the combined constraint of monojet+ 6 ET search and direct detection; whereas
in the Majorana fermion dark matter case, the mass of dark matter must be larger than about 100
GeV. If the relic abundance requirement is not assumed, the discovery of the t-channel mediator
predicts additional new physics.

PACS numbers: 95.35.+d,95.30.Cq

I. INTRODUCTION

The identity of dark matter (DM) is one of the central
questions in particle physics and cosmology. Many exper-
imental e↵orts are underway to search for the answer. It
is also one of the main physics opportunities of the Large
Hadron Collider (LHC). In recent years, there have been
significant progress in using simple e↵ective field theory
to combine the results of the LHC searches with limits
from direct detection experiments [1–17]. There have also
been earlier studies for similar search channels [18–20].
The contact operator approach is based on the sim-

plified assumption that the particles conducting the in-
teraction between DM and the SM particles are heavy,
and therefore can be integrated out. The constraints on
the energy scale of these e↵ective operators from the LHC
searches are around several hundred GeV scale. However,
with the ability to probe up to TeV energy scale, the uni-
tarity constraints might be violated at the LHC. As a re-
sult, the constraints from contact operator studies cannot
be applied directly to UV complete models. Therefore,
it is useful to consider the case in which the mediator
is lighter and within its energy reach. This would in-
evitably introduce more model dependence. Therefore,
it is useful to consider the simplest extensions first.
One such simple scenario is the so-called “s-channel”

model, in which the scattering of the DM with nucleus
is mediated by the exchange of a mediator particle �, as
shown in the left panel of Fig. 1. At colliders, it can
be produced as a s-channel resonance through the qq̄ !
� ! ��̄ process. Hence, the limit from monojet+ 6 ET
type searches can be a↵ected significantly. At the same
time, direct searches for resonance �, such as in the di-jet

� �
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q q q q
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FIG. 1: Diagrams for direct detection mediated by s-channel
(left panel) and t-channel (mediators).

channel, provides complementary information. This has
been demonstrated in the case that the mediator � is a
massive spin-1 particle [21–23].

In this paper, we consider the other simple possibility
in which the DM nucleus interaction is mediated by go-
ing through a intermediate state. We call this t-channel
mediator. We focus on the cases that the DM is ei-
ther a Dirac or Majorana fermion. In this case, the
light mediator also plays an important (and di↵erent)
role in the collider searches. In particular, it contributes
to the monojet+ 6 ET searches by being directly produced
and decaying into q + �, as shown in (d1-d4) of Fig. 2.
Moreover, in the most monojet+ 6 ET search by the CMS
collaboration [24] , a second hard jet is also allowed to
increase the signal rate. As a result, this search is also
sensitive to the di-jet+ 6 ET processes, especially in the re-
gion where the mediator can be pair-produced. At the
meanwhile, the process of the pair-production of the me-

!  squark like

More from Phil Harris’ talk
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Possible to discover the mediator first! 

Assume gZ’ = gD

Atlas LowPT

Atlas HighPT

Atlas VeryHighPT

CDF monojet

CDF dijet poleLHC reach

Atlas dijet pole

100 200 500 1000 2000

10�42

10�40

10�38

10�36

Z' Mass �GeV⇥

⇥
S

I
�cm2
⇥

Figure 4: Monojet and dijet constraints on direct detection cross sections for gZ� = gD and MD = 5
GeV. The solid, dashed and dotted red curves are for Atlas Monojet constraints with VeryHighPT,
HighPT and LowPT cuts described in Table 2. The green solid curve is the monojet constraint
from CDF. The dashed green and blue curves are constraints from CDF and Atlas dijet resonance
searches. The solid blue curve is LHC 5� reach assuming a centre-of-mass energy of 14 TeV and a
luminosity of 100 fb�1.
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Figure 5: Monojet constraints on direct detection cross sections in the case of small MZ� , assuming
gZ� = gD and MD = 5 GeV.

matter nucleon reduced mass M� = MNM�/(MN + M�). However, this dependence is
rather weak for M� � O(10) GeV since M� � MN . Putting this together, we expect the
limits derived from collider searches are rather insensitive to the dark matter mass M�.
In contrast with the steep weakening of the direct detection bound for light dark matter,
collider searches are particularly powerful in this regime. In order to be quantitative,
we present results assuming gZ� = gD for several values of MZ� . The visible ”kink”-
like feature around 2M� ⇤ MZ� in the curves are due to the transition from 2 ⇥ 2

– 9 –

An, Ji, LTW, 1202.2894

5σ discovery reach: Z’B

14

Discovery reach
4.5 TeV @ 14 TeV LHC, 300 fb-1

5.5 TeV @ 14 TeV LHC, 3 ab-1

28 TeV @ 100 TeV, 3 ab-1

Could discover resonances with 
gB as small as 0.35 to 0.5

Felix Yu,  2013

Thursday, March 26, 15



Reaches 5
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FIG. 4: The constraints on the t-channel mediator model for
both the Dirac (upper panel) and Majorana (lower panel)
cases from the CMS monojet+ 6 ET search. The contours are
upper limits on the dark matter-mediator-quark coupling �.
In the lower panel, the region above the black dashed curve
is excluded by the SD direct detection experiment of the Ma-
jorana fermion DM. Nearly all of the parameter space of the
Dirac fermion DM case is ruled out by the direct detection
experiments except for very light DM ( . 6 GeV ). The red
band shows the region where the relic abundance of DM can
be produced within 3� region of the observed value [39]. In
the shadowed region, the constraint from squark search is
stronger than from the monojet+ 6 ET search (see Fig. 5).

a similar argument, one can see that for a fixed M�, as
we increase M�, the constraint on � becomes stronger at
the beginning, then weakens. This e↵ect is more obvious
especially in the large M� region.
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FIG. 5: The constraints on the t-channel mediator model for
the Dirac (upper panel) and Majorana (lower panel) cases
from the CMS squark search at the 8 TeV LHC with 19.5
fb�1 integral luminosity. The contours are upper limits on
the dark matter-mediator-quark coupling �. This constraint
is stronger than the monojet+6 ET constraint in the region
above the black dashed line.

The Majorana case is qualitatively di↵erent from the
Dirac case. For fixed M�, with the increasing of M�, the
upper limit on � becomes weaker at the beginning. It
becomes stronger in the region where M� is about M�/2,
and then weakens again. For example, for M� ⇠ 1200
GeV, there is a strengthening of the limit around M� ⇠
600 GeV. This behavior is caused by the exchange of the
Majorana � in the pair-production process. In the region
where M� is relatively large, but not large enough so that
the jet from the decay of � is too soft, the pair-production
process becomes the dominant contribution. Moreover,

Contours, limits on coupling λq 

Monojet: CMS-PAS-EXO-12-048
squark: CMS-PAS-EXO-13-012  

Dirac

In general, the processes involving mediator direct 
production give strongest limit.

Stronger limit come from squark search (gray) or CMS-
style monojet search.  

Haipeng An, Hao Zhang,  LTW, 1308.0592

5.6 Results: 100 TeV

The results for the squark-neutralino model are shown in Fig. 33 for a 100 TeV proton collider.
Discovery significance [95% CL exclusion] contours in the me�0

1
versus meq plane are shown on the

left [right]. As expected, the reach is significantly smaller than for the gluino-neutralino model
with light flavor decays.

Using the NLO gluino pair production cross section one can make a very naive estimate for the
reach of a given collider. For example, we find that the choice of squark mass which would yield
10 events at 3000 fb�1 is 14.8 TeV. This roughly corresponds to the maximal possible reach one
could expect for a given luminosity using 100 TeV proton collisions.

Using a realistic simulation framework along with the search strategy employed here the 100 TeV
3000 fb�1 limit with massless neutralinos is projected to be 8.0 TeV (corresponding to 849 events).
Given this huge number of events, it is possible that a different (or more sophisticated) search
strategy would allow for greater sensitivity to these models — this is outside the purview of the
current study. Finally, we note that the 100 TeV proton collider with 3000 fb�1 could discover a
squark as heavy as 2.4 TeV if the neutralino is massless. Compared to the 14 and 33 TeV searches,
the squark reach degrades less rapidly as the neutralino mass is increased from the massless limit.
The next section provides a comparison of the impact that the four collider scenarios studied here
can have on the parameter space of this model.
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Figure 33: Results for the squark-neutralino model with light flavor decays are given in the me�0
1

versus meq
plane. The left [right] panels shows the expected 5� discovery reach [95% confidence level upper limits]
for squark-anti-squark production at a 100 TeV proton collider. Mass points to the left/below the contours
are expected to be probed with 3000 fb�1 of data [right]. A 20% systematic uncertainty is assumed for the
backgrounds. Pileup is not included.
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Conclusions

- Could also link to a possible dark sector.

LHC VLHC 
100 TeV

Lepton collider

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

Spin, coupling
Is it WIMP?
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Conclusion

- The search for WIMP dark matter is largely out 
of the reach for the LHC. 

LHC 14: reach to about a couple hundred GeV. 

- 100 TeV pp Collider significantly enhance the 
reach, a fact of 5-7 enhancement. 

- More detailed studies necessary. New ideas 
needed: more channels, detector design...

- At the same time, it is clear that this should be 
one of the main motivations for going to a 100 
TeV pp collider. 
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Collider searches

- 2 kinds of contributions for monojet. 

- pp→𝞆𝝓 gives harder (mono)jet! 
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FIG. 2: Diagrams for monojet+6 ET processes at the LHC in
the t-channel mediator scenario. (a1,a2) Initial state gluon-
split processes; (b1,b2) initial state gluon-emission processes;
(c) gluon-emission from the t�channel mediator; (d1-d4) me-
diator direct production processes.
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FIG. 3: Diagrams for mediator pair production processes
at the LHC, which leads to di-jet + 6 ET signal. (a1-a4) Dia-
grams from purely QCD interaction; (b) Diagram from the t-
channel DM exchanging; (c1-c4) Diagrams from the t-channel
Majorana dark matter exchanging.

This paper is organized as follows. In Section II, we de-
scribe the scenario studied in this paper. In Section III,
we discuss leading direct detection channels. In Sec-
tion IV, we present the LHC reach. In Section V, we
combine the reaches of LHC and direct detection, and
compare with the requirement from thermal relic abun-
dance. Section VI contains our conclusion.

II. FRAMEWORK

In the t-channel mediator scenario, we consider inter-
actions of the form

L
�

= �
q

�̄�⇤q + h.c. , (1)

where q, � and � are the quark field, DM field and the
mediator, respectively. For fermionic (scalar) dark mat-
ter, the mediator � would be a scalar (fermion). The
mediator � is also necessarily colored.

In general, Eq. (1) may induce flavor changing neutral
current which are strongly constrained by flavor exper-
iments. However, these constraints can be avoided by
imposing the minimal flavor violation (MFV) structure
to the Yukawa couplings [24]. In the quark sector, with-
out turning on the Yukawa couplings, the SM Lagrangian
contains a U(3)

Q

⇥U(3)
u

⇥U(3)
d

flavor symmetry. Now,
for simplicity, let’s first assume that � is a singlet of the
flavor group. Then, to make L

�

invariant, the simplest
choice is to make � to be the 3-representation of one
of the three U(3) flavor groups. Therefore, in general,
Eq. (1) can be written as

L
�

= �
Q

�̄P
L

Q�⇤
Q

+ �
u

�̄P
R

u�⇤
u

+ �
d

�̄P
R

d�⇤
d

+
�
(1)
Qu

�̄H�⇤
Q

Y
u

P
R

u

⇤
+

�
(1)
Qd

�̄H̃�⇤
Q

Y
d

P
R

d

⇤

+
�
(2)
Qu

Q̄HY
u

�
u

P
R

�

⇤
+

�
(2)
Qd

Q̄H̃Y
d

�
d

P
R

�

⇤
+h.c. , (2)

where H is the Higgs field and H̃ = i�2H
⇤, Y

u

and Y
d

are the two Yukawa couplings. For the monojet+ 6 E
T

processes, the parton level processes are shown in Fig. 2,
where we can see that the at least one quark or anti-quark
initial state is needed. Therefore, all the terms propor-
tional to Y

u

or Y
d

are in general suppressed by the small
masses of the quarks in first two generations. Therefore,
in the case that � is a SU(2) singlet, to study the generic
feature of monojet+ 6 E

T

constraint on the “t-channel”
completion of DM models, we can neglect the terms pro-
portional to the Yukawa couplings. Furthermore, the sig-
natures in collider or direct detection experiments are not
sensitive to the chirality of the quarks unless �

Q,u,d

are
tuned to have some special relations. Therefore, in this
work, in the case that � is a SM singlet, we will only keep
the �

u

and �
d

terms and assume �
u

= �
d

⌘ �. To sim-
plify our presentation, we also assume that the �

u

and
�
d

are degenerate and M
�u = M

�d ⌘ M
�

. Then, the
Lagrangian can be simplified as

L
�

= ��̄
L

q
R

�⇤ + h.c. . (3)

For simplicity, we will focus on the case in which only
right-handed quarks are coupled. For the coupling with
left handed quarks, minimally, either the mediator or the
DM needs to be in a SU(2)

L

doublet. There could be
additional signals if DM is part of a larger multiplet.
However, we will limit ourselves to the simpler case of
singlet DM for this paper.

We consider the case in which the all the quark flavors
are coupled. For light mediator, this immediately raises
the concern of violating stringent flavor constraints. The
best way to satisfy such constraints is probably to intro-
duce either the DM or the mediator (or both) as part of
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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 
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Wino summary

- Completely cover the wino parameter space. 

HESSCTA

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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adG
raph5 + Pythia6 + D
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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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Higgsino/Wino

Matthew Low Electroweakino Prospects

2: Higgsino/Wino

12

< 3 TeV
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‣ Rate ~ Higgsino production

‣ BR(N2,3→N1 h) ≃ 1/4
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‣ BR(N2,3→C1 W) ≃ 1/2
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Higgsino/bino

Matthew Low Electroweakino Prospects

3: Higgsino/Bino

16
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Wino/bino

Matthew Low Electroweakino Prospects

4: Wino/Bino

17

‣ BRs depend on t� , sign(µM2), sign(M2M1)

‣ Case 1: ( 50, +, +)
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‣ BRs depend on t� , sign(µM2), sign(M2M1)
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Example: Wino. Monojet channel

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

Matthew Low, LTW, 2014

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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Mono-jet for Higgsino

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.
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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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Co-annihilation, monojet

- Driven by stop/gluino production. 

- Impressive reach from mono-jet.

LSP with m�̃ ⇠ 6.2 TeV and a gluino at mg̃ ⇠ 6.45 TeV (i.e. �m ⇠ 250 GeV), but cannot

exclude the case where �m = 0 (corresponding to m�̃ = mg̃ ⇠ 10 TeV).
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Figure 11: 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 lower x-axis displays the gluino-bino mass splitting

�m for a given bino mass which is required to saturate the relic density [92]. A tick is placed

every 20 GeV with the exception of the consecutive �m = 300 GeV ticks.

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

tuning, stop coannihilation appears in many models [93, 94] and has also been previously

studied [95]. In our simulations we set 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. 12. The mass for a thermal bino is m�̃ ⇠ 2 TeV in the

stop-degenerate limit. A 100 TeV can not only comfortably exclude this scenario, but also

discover it, given su�ciently low systematics.

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

scalar partners of the light quarks (ũL, d̃L, s̃L, and c̃L) in the spectrum, while decoupling

everything else. We set these in the same manner as in the other coannihilation spectra,

mq̃ � m�̃ ⇡ 0.05m�̃. Fig. 13 shows the monojet reach. As expected the significance is

roughly four times larger than the stop coannihilation case. The exclusion reach extends to

m�̃ ⇠ 4 TeV and the discovery reach to m�̃ ⇠ 3 TeV.

Lastly we studied the stau coannihilation scenario. These regions come up in constrained

MSSM parameter scans, albeit with other particles at low energies [96]. Again, we set m⌧̃ �
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Figure 12: 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%. The lower x-axis displays the stop-bino mass splitting

�m for a given bino mass which is required to satisfy the relic density [92]. A tick is placed

every 5 GeV with the exception of the consecutive �m = 45 GeV ticks.

m�̃ ⇡ 0.05m�̃, leaving a neutralino and the right-handed stau at low energies. The cross-

section for stau pair production is suppressed by more than an order of magnitude relative

to the strongly-interacting coannihilators and is too low for the monojet channel to have any

sensitivity [97]. Projecting the reach in constrained MSSM stau coannihilation regions at

100 TeV would require a more detailed study involving other particles in the spectrum and

di↵erent search channels.

The coannihilation results are summarized in Table 4. To recapitulate we find the exclusion

reach for gluinos to be m�̃ ⇠ 6.2 TeV, for stops to be m�̃ ⇠ 2.8 TeV, and for squarks to be

m�̃ ⇠ 4.0 TeV. The monojet search is not sensitive to the stau coannihilation scenario. The

discovery prospects are also all in the multi-TeV range.

7 Conclusions

In this work we projected the 95% exclusion reach and the 5� discovery reach of a 100 TeV

proton-proton collider for neutralino dark matter. As SUSY already provides a variety of

basic dark matter models we performed our study in the context of simplified SUSY models,

but the results can be straightfowardly generalized. We implemented three collider searches,

all of which relied on the basic signal of tagging one or more initial state radiation (ISR) jets.
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