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ABSTRACT: In recent years the search for dark matter has intensified with competitive
bounds coming from collider searches, direct detection, and indirect detection. Collider
searches at the Large Hadron Collider (LHC) lack the necessary center-of-mass energy to
probe TeV-scale dark matter. It is TeV-scale dark matter, however, that remains viable
for many models of supersymmetry. In this paper, we study the reach of a 100 TeV
proton-proton collider for neutralino dark matter and compare to 14 TeV LHC projections.
We employ a supersymmetric simplified model approach and present reach estimates from
monojet searches, soft lepton searches, and disappearing track searches. The searches
are applied to pure neutralino spectra, compressed neutralino spectra, and coannihilating
spectra. We find a factor of 4-5 improvement in mass reach in going from 14TeV to
100 TeV. More specifically, we find that given a 1% systematic uncertainty, a 100 TeV
collider could exclude winos up to 1.4TeV and higgsinos up to 850 GeV in the monojet
channel. Coannihilation scenarios with gluinos can be excluded with neutralino masses of
6.2 TeV, with stops at 2.8 TeV, and with squarks at 4.0 TeV. Using a soft lepton search,
compressed spectra with a chargino-neutralino splitting of Am = 20 — 30 GeV can exclude
neutralinos at ~ 1TeV. Given a sufficiently long chargino lifetime, the disappearing track
search is very effective and we extrapolate current experimental bounds to estimate that a
~ 2TeV wino could be discovered and a ~ 3 TeV wino could be excluded.
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1 Introduction

The existence of cold dark matter is one of very few pieces of experiment evidence for physics
beyond the standard model [1]. Its identity, however, remains one of the most outstanding
questions in particle physics. Among the myriad possibilities, a weakly interacting massive
particle (WIMP) is one of the most compelling. The WIMP scenario assumes that dark
matter has weak, but still sizable interactions with the standard model. The cross-section
for a pair of WIMPs interacting with a pair of standard model particles can be written as
0 X géﬂ /M]%M, where gof is the effective coupling characterizing the interaction. To avoid
overclosing the universe, we must have

2
Mpy < 1.8 TeV <gef§> . (1.1)

Thus the WIMP mass is expected to be near the weak scale, which offers the exciting
prospect of discovery at on-going or future collider experiments.

It is certainly possible that dark matter is part of a complete TeV-scale new physics
model which contains other new particles that do not comprise the dark matter content
of the universe. Low energy supersymmetry (SUSY) is one of the most prominent exam-
ples [2, 3]. In the usual naturalness-motivated SUSY scenarios, all of the superpartners are
relatively light and the lightest superpartner (LSP) is stable and makes up the full dark
matter content of the universe. As stringent constraints already exist on the properties of



dark matter, including it be neutral and uncolored, in the minimal supersymmetric stan-
dard model (MSSM) the identity of the LSP is the lightest neutralino. At hadron colliders
such as the Large Hadron Collider (LHC), the pair production of colored superpartners,
squarks and gluinos, are the dominant SUSY processes. The squarks or gluinos then de-
cay both to standard model particles and the LSP via a, possibly long, decay chain. The
standard SUSY searches designed for this scenario look for jets and missing energy and
would discover dark matter along with other superpartners [4-6]. Thus the mass reach for
dark matter is strongly correlated with that of gluinos and squarks. Due to kinematics,
the mass reach for the LSP is typically weaker by a few hundred GeV.

Concurrently with complete models, it is also crucial to explore the discovery potential
for dark matter independent of the presence of additional new particles. The starting point
here would be to consider a set of simple examples of possible dark matter candidates.
Since dark matter cannot be electrically charged, the simplest possibility is a dark matter
particle as the neutral member of a standard model weak multiplet. WIMPs, as their
name suggests, fall into this category. Neutralino dark matter, in fact, already provides
concrete realizations of three of the simplest cases. The higgsino is a vector-like doublet,
the wino is a triplet, and the bino provides an example of a singlet which can mix with
the other multiplets after electroweak symmetry breaking. Therefore, as a first step to
directly studying dark matter, we choose to consider dark matter as a neutralino LSP. In
general, except in coannihilation scenarios, we will assume all other squarks and sleptons
are too heavy to be relevant for dark matter production at colliders. These have been
called simplified models of dark matter and are similar to the split SUSY scenario [7-9].

As we employ simplified models, the basic collider process is simply dark matter pair
production. As dark matter will escape the detector unseen, there needs to be additional
hard radiation of a standard model particle, which could be a quark or gluon [10, 11],
photon [12, 13], W [14] or Z [15, 16|, or even a higgs [17-19]. Among them, a quark or
gluon emission, the monojet channel, is typically the most sensitive. When the LSP is a
mixed state, the LSP can be separated by a mass splitting Am = Mgt =M ~ 20—50 GeV
from the other chargino and neutralino states. In this case, in addition to a hard jet, it is
possible to search for low pr leptons resulting from a chargino or neutralino which decays
to the LSP and leptons or quarks. We call this the soft lepton channel. When the LSP is
a pure state, at tree-level it is mass degenerate with the charged components. As the mass
splitting is generated at loop-level, it is small and can lead to charginos with a macroscopic
lifetime. This leaves a rather striking signature of high pr charged track abruptly ending
when the chargino decays to the LSP and very soft, likely undetected, standard model
particles. We also include this disappearing tracks search in our consideration.

Since typically only a small fraction of the center of mass energy of a hadron collider
is available in hard collisions, we expect only a small part of the WIMP parameter space,
shown in eq. (1.1), can be probed at the 14 TeV LHC. This has been confirmed by a
number of recent studies [20-24]. In our study, we focus on the prospects at a 100 TeV
proton-proton collider [5, 25]. For comparison, we will also often show results for the
14 TeV LHC.

We briefly outline our simulation procedure and sketch the analyses implemented in
section 2. We then present results for pure wino dark matter and pure higgsino dark



matter in section 3 and section 4, respectively. Mixed scenarios are shown in section 5,
as well as coannihilation spectra in section 6. Finally our conclusions are summarized in
section 7. The first appendix, appendix A, provides a more comprehensive description
of the analyses and the second appendix, appendix B, includes a brief discussion on the
dominant systematic uncertainties.

2 Analysis overview

In this section we give a brief overview of how we simulated events and the various analyses
applied. A more thorough discussion is found in appendix A. The SUSY mass spectra were
computed with Suspect2 [26] using parameters input at the weak-scale with tan 8 = 20.
Events were generated using MadGraph 5 v1.5.12 [27] for matrix elements and Pythia
6 [28] for showering and hadronization. All signals and backgrounds were matched up to
two additional jets using the MLM matching scheme (except for ¢t which was matched
to one additional jet). Delphes 3 v3.0.9 [29] was used as a detector simulation with the
Snowmass detector card [30-32]. The Snowmass Delphes settings identify electrons and
muons above 10 GeV, tag hadronic tau leptons with an efficiency of 65%, and cluster
anti-kr jets [33] with a radius of R = 0.5 using Fastjet v3.0.3 [34].

The inclusive pair production cross-sections were verified using Prospino 2 [35] for pure
spectra. While the k-factors are known for the 2 — 2 process, a collider search requires
there be a hard visible object to trigger on corresponding to the 2 — 3 process. The
k-factor for this process is not the same as the 2 — 2 process. In fact, since going to
next-to-leading order from leading-order opens up different new partonic channels for the
2 — 2 and 2 — 3 processes, we should expect the pair production k-factor to differ from
k-factor for the monojet search [36]. In this study we choose not to apply k-factors on the
signal or background. As the signal cross-section falls very quickly with mass, we expect
neglecting k-factors to only introduce a small error.

Monojet. The first analysis we implement looks for one hard jet produced with large
missing energy (F1), known as a monojet search. Monojet searches have been carried out
both at the Tevatron [37-39] and the LHC [40-43] looking both for large extra dimensions
and dark matter via a contact operator [10, 11] or light mediator [44-46]. We follow the
format of the most recent CMS analysis which uses 19.5 fb~1 of 8 TeV data [43]. The CMS
search requires one or two hard jets, where the second jet cannot be back-to-back with
the first jet, and large F;. Events that contain electrons, muons, or tagged hadronic taus
are vetoed.

The backgrounds for this channel include standard model processes with a hard jet
and neutrinos. Despite the lepton veto, processes with leptons also comprise part of the
background because leptons can fail to be tagged if they are outside the detector acceptance,
not isolated, or too soft. This leads to a long list of backgrounds: Z(vv)+jets, W (fv)+jets,
tt, Z(£0)+jets, single t, diboson production, and QCD multijets.! Of these, only Z (vv)+jets

"While QCD multijet events do not contain real missing energy, mismeasured jets can fake missing
energy. As the multijet rate is dominated by dijet events requiring events with two jets to not be back-to-



is irreducible and it comprises roughly 70% of the background in the signal region. Together
with W (4v) + jets these backgrounds make up 99% of the background. For completeness
we generate Z(vv)+jets, W (€v)+jets, tt, Z(00)+jets, and W (¢v)W (fv)+jets backgrounds
with MadGraph.

Soft leptons. When the LSP is split from other electroweakino states by Am = 20 —
50 GeV then these states can also be pair produced and decay to the LSP via off-shell
gauge bosons which decay hadronically or into low pr leptons. The hadronic decays are
difficult to extricate from the busy hadronic environment, but it is possible to tag the soft
leptons. This is different from the standard multilepton searches [47-51] where there are
both more and harder leptons. It has been noted in [52, 53] that triggering on a hard jet,
as in the monojet search, is advantageous in a soft lepton search. As the optimal search
strategy strongly depends on the electroweakino splittings, it would be interesting to look
at the transition between a pure monojet search yielding the highest significance and a
traditional multilepton search yielding the highest significance. This is beyond the scope
of this note, and we restrict ourselves to the compressed region where Am = 20 — 30 GeV.

As in the monojet search, events are required to have one or two jets that are not back-
to-back and large missing energy. Rather than applying a lepton veto, events are binned
according to whether they contain 0, 1, or 2 soft leptons. The significances are computed
separately in each lepton bin and added in quadrature. The backgrounds are the same as
the monojet search, but the background composition varies significantly across lepton bins.
Like the monojet channel, the 0-lepton bin is about 99% composed of Z(vv) + jets and
W (lv) + jets. The 1-lepton bin is more than 90% from W (¢v) + jets and the 2-lepton bin
is dominated by W (¢v)W (¢v) + jets at roughly 70% with the rest coming from Z(¢¢) + jets
and tt.

Disappearing tracks. The third analysis leverages the fact that in scenarios with dark
matter as a pure state, a chargino are often near-degenerate with the LSP. In the limit
mz/mg — 0, a pure wino has a splitting of ~ 166 MeV and a pure higgsino has a splitting
of ~ 355 MeV [54, 55]. Due to the small mass splitting, the dominant decay y* — 7% +x°
has a long lifetime. Thus, a fraction of the charginos can live long enough, ¢ ~ 6 cm,
to leave a track in the inner detector. A number of phenomenological studies have been
done [54, 56-63]. This is a promising search channel with no obvious physics background.
One possibility is to look for so-called disappearing tracks, in which a chargino decays in
the inner detector, resulting in a track that disappears where the chargino decays into a
neutralino and a soft pion.?

We derive our projections from a recent ATLAS search that reported a 95% exclusion
limit close to 250 GeV, using 20.3 fb~! of 8 TeV data [64]. Similar to the monojet analysis,

back effectively removes the QCD background.

2The signature has also been called kinked tracks or track stubs. It is worth noting that this signal is
part of a larger class of signatures of particles that traverse macroscopic distances before decaying. While
it is detector-dependent, roughly speaking charged particles with a lifetime ¢ = O(mm) result in displaced
vertices, charged particles with a lifetime ¢ = O(cm) result in disappearing tracks, and charged particles
with a lifetime ¢7 = O(m) result in stable charged massive particles.



this search triggers on a hard jet and large F, additionally requiring a disappearing track.
While the monojet analysis has not yet reached the sensitivity necessary to probe the
pure wino or pure higgsino scenarios, the disappearing track search is already starting to
exclude regions of the pure wino parameter space. Therefore it is reasonable to expect
that this channel will be much stronger both in the 14 TeV LHC run and at a 100 TeV
proton-proton collider.
The significance of a given search is calculated as
S

S
Significance = — = , 2.1
& 0B /B + \2B2 41252 (21)

where A and v parameterize the systematic uncertainty on the background and on the sig-
nal, respectively. While we assume the systematics are the same across background chan-
nels, considering different systematics for each background would not noticeably change
the results, as each search is dominated by one or two backgrounds.

Our analyses have not included effects from pileup. As a future high energy proton-
proton collider will likely operate with high instantaneous luminosity, events will contain
a high level of hadronic contamination from pileup. In a fully realistic projection it is
important to consider the effects of pileup and the effects of applying the appropriate
pileup removal techniques [65—67]. For the analyses presented in this paper, however,
events are selected with a very hard cut on the leading jet and missing energy so we expect
such additional considerations will not significantly alter the results.

3 Pure wino

The first set of SUSY spectra we consider are those with a pure wino LSP. This scenario
can be realized if anomaly mediation the main mechanism through which the gaugino soft
masses are generated [68, 69]. Models which implement this, along with the feature that the
scalar are heavy (compared to the gravitino mass) include split SUSY [7-9, 70|, mini-split
susy [71], and spread susy [72, 73].

For a wino LSP to thermally saturate the relic density, it must have a mass of my ~
3.1 TeV (including the Sommerfeld effect) [74-76]. Assuming an NFW halo profile, current
indirect detection experiments like Fermi [77] and HESS [78] constrain thermally produced
winos to have a mass my < 1.6 TeV.? Future independent detection experiments, like
CTA, could move this bound down to mg < 1.1 TeV [79, 80]. These limits, however, are
subject to a number of astrophysics uncertainties. Choosing different halo profile can move
the HESS limit as low as my ~ 0.5 TeV and as high as my ~ 2.2 TeV [75]. Non-thermally
produced, but relic density saturating, winos are ruled out across the parameter space up
to my S 25 TeV.

Direct detection is another avenue through winos could be discovered. In the heavy
wino limit, the spin-independent scattering cross-section has been calculated to be og; =
1.3 x 107%7 ¢cm? [81]. Future experiments are projected to probe this cross-section for dark

3Thermally produced winos with a mass my S 3.1 TeV would only comprise part of the relic abundance.
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Figure 1. The mass reach in the pure wino scenario in the monojet channel with £ = 3000 fb~!
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%.

matter masses of a few hundred GeV [82]. TeV-scale dark matter is not only beyond the
predicted reach, but also sits along the neutrino coherent scattering floor [82].

As direct detection cannot probe thermally-saturating winos and indirect detection
involves astrophysics uncertainties, there is a potentially interesting window in parameter
space left open. As will be shown, the LHC will not be able to cover it, as it is only sensitive
to mg ~ 280 — 380 GeV winos. A 100 TeV collider, on the other hand, may be able to
reach 1.4 — 2.9 TeV and cover the parameter space.

The wino is an electroweak triplet which results in one neutral and one charged state
at low energies. The pair production of charginos proceeds via the Drell-Yan-like process of
an s-channel Z going to a pair of charginos, which subsequently decay to the LSP and soft
standard model particles. Charginos can also be produced directly along with a neutralino
via an s-channel W,

The mass reach in the monojet channel for a pure wino LSP is shown in figure 1. The
significance is computed using eq. (2.1). We set v = 10%, although its value has a very
small effect since S < B in much of the parameter space we explore. The value of A is
varied between 1—2%, which generates the bands in the plot. In the large background limit
eq. (2.1) is = (1/A)(S/B), which means varying A by a factor of 2 can vary the significance
by up to a factor of 2. While the impact of background systematic uncertainty is clear, it is
difficult to exactly project the systematic uncertainty of a future detector. Naively scaling
the current systematics in [43] with luminosity would result in ~ 0.5% for 3000 fb~!. This
is likely much too optimistic as components of the systematic uncertainty do not scale with
statistics. While even 1 —2% may be overly optimistic, this at least provides a benchmark.
Given the importance of the monojet channel in the search for dark matter, not just in the
pure wino case, minimizing possible systematics is a salient factor to be included in the
design of detectors at future hadron colliders.
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Figure 2. Chargino 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). Ounly
events passing the analysis cuts in appendix A and containing at least one chargino track with
pr > 500 GeV are considered.

For reference, ignoring all systematics, at 14 TeV winos could be excluded at my ~
530 GeV and discovered at my ~ 380 GeV. At 100TeV the exclusion reach would be
myg ~ 1.8 TeV and the discovery reach would be my ~ 1.0 TeV.

As mentioned, in the pure wino scenario, the mass splitting between the chargino and
neutralino is generated by loop effects. The value of the splitting has been calculated at
two-loops to be A = 164.6 MeV in the large mass limit [83], though the mass splitting varies
very little with respect to wino mass. A mass splitting can also be generated by higher
dimension operators. For the pure wino, the lowest operator that can split the charged
and neutral states is dimension 7, so the splitting cited above is fairly model-independent.
In our simulation we use the lifetime calculated at one-loop. At a collider the lifetime in
the lab-frame also includes the velocity 8 and boost v so that d = Syer. Notice that By
can be substantially larger at 100 TeV than at 14 TeV.

The distribution of chargino track lengths is shown in figure 2 (left). At ATLAS
the disappearing track search is conducted using the tracker which has a high efficiency
for selecting disappearing tracks starting at d2k ~ 30 cm. A detector with a similarly
designed tracker would observe a handful of tracks for WIMPs as heavy as my ~ 3 TeV.
Figure 2 (right) shows directly the number of tracks for a given LSP mass for various
requirements on the length of a track. While no upper limit on track length is enforced in
figure 2, as the distribution is exponential the value of the upper limit, d®#* ~ 80 cm for
ATLAS [64], has a negligible impact.*

Since the dominant background for a disappearing track search would be mismeasured
low pr tracks, it is not possible to accurately project the background in a yet-to-be-designed
detector at a 100 TeV proton-proton collider. Nevertheless, figure 2 can serve as a rough
guide. For example, one could require d"°% > 30 cm and there be tens of signal events
passing all cuts, which is roughly where the 8 TeV ATLAS limit is set. We choose to attempt

4The pure wino scenario results in a chargino lifetime of ¢7 ~ 6 cm in the bulk of the mass range. Even
with the boost d™2% = y8¢r, most charginos decay before reaching the end of the inner detector. However,
if the chargino lifetime were modified such that er ~ d¥2*°" then the length of the tracker becomes a
relevant parameter.
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Figure 3. The mass reach in the pure wino scenario in the disappearing track channel with
£ = 3000 b~ 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 appendix A are considered.

a more systematic approach and naively extrapolate the dominant ATLAS background of
mismeasured tracks. The ATLAS search selects events with one or two hard jets and large
F where neither of the jets can be too close to the Fp direction. As this is the same
criteria as the monojet search we estimate the background normalization to be set by the
Z(vv) + jets rate. Additional details on our scaling procedure are found in appendix A.
The results of the extrapolation are shown in figure 3 with v = 10% and A = 20%. The
band is generated by varying the background normalization up and down by a factor of 5.

The results are summarized in table 1. In the monojet channel, we find that a 100 TeV
collider extends the wino mass reach about 4 — 5 times that of the LHC entering the
TeV mass range. A much more promising search, however, is the disappearing track
search. Already at 8 TeV this channel has been shown to be more sensitive than a monojet
search [64], and this continues to be the case at 100 TeV. Depending on the detector-
backgrounds, this search has the potential to rule out (or perhaps discover) thermal winos.

4 Pure higgsino

Another interesting class of SUSY spectra are those that contain a higgsino as the LSP. Be-
cause of the connection between p and fine-tuning, these spectra arise in natural SUSY [84,
85], as well as in split SUSY [86] and mini-split SUSY [71]. A thermal higgsino saturates
the relic density for mg ~ 1 TeV, which like the thermal wino, is inaccessible to the LHC.
The spin-independent scattering cross-section has been calculated to be ogr < 10748 cm?
which is near or below the neutrino coherent scattering floor [81, 82]. While a 100 TeV
collider can come much closer to the thermal value, likely it is still not able to rule out
this scenario.



systematics/ 14 TeV 100 TeV
channel
normalization | 95% limit | 50 discovery | 95% limit | 50 discovery
. 1% 280 GeV 140 GeV 1.4 TeV 560 GeV
monojet
2% 205 GeV 100 GeV 960 GeV 310 GeV
500% 250 GeV 180 GeV 2.1 TeV 1.6 TeV
disappearing tracks 100% 385 GeV 295 GeV 2.9 TeV 2.2 TeV
20% 535 GeV 440 GeV 3.5 TeV 2.9 TeV

Table 1. Mass reach for the pure wino scenario. For the monojet channel, the second column
shows the systematic uncertainty on the background used, while the systematic uncertainty on the
signal was 10%. For the disappearing tracks channel, the second column shows the background
normalization. For this channel the background systematic uncertainty was 20% and the signal
systematic uncertainty was 10%.
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Figure 4. The mass reach in the pure higgsino scenario in the monojet channel with £ = 3000 fb™!
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 higgsino is a vector-like doublet which results in two neutralinos and one chargino
at low 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.

Figure 4 shows the mass reach in the monojet channel for the pure higgsino scenario.
As in 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 that for winos, mainly due to the reduction
in production cross-section.

Without systematics one finds higgsinos could be excluded at my ~ 410 GeV and
discovered at my ~ 290 GeV at 14TeV, and excluded at mg ~ 1.2 TeV and discovered at
my ~ 0.6 TeV at 100 TeV.

It is also imaginable to do a disappearing track such for higgsinos. We note that, in
comparison to the wino, it is more likely for heavier new particle states to alter the higgsino
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Figure 5. Chargino track distributions for the pure higgsino scenario showing the number of tracks
for a given track length (left) and the number of tracks for a given higgsino mass (right). The dashed
lines shows the same plots with a neutralino-chargino mass splitting half the standard value, and
the dashed-dotted lines show the same plots with a neutralino-chargino mass splitting twice the
standard value. Only events passing the analysis cuts in appendix A and containing at least one
chargino track with pyr > 500 GeV are considered.
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Figure 6. The mass reach in the pure higgsino scenario in the disappearing track channel with
£ = 3000 fb~" 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 appendix A are considered.

splitting as the lowest higher dimensional operator splitting the charged and neutral hig-
gsinos is dimension 5. Therefore choosing a higgsino splitting has a larger degree of model
dependence. In figure 5 (left) we show the distance of chargino tracks for the standard
one-loop splittings, as well as for scenarios with twice the splitting and one half of the
splitting. Figure 5 (right) shows the corresponding plot for the number of tracks.

Results are shown in table 2. We find the monojet channel to reach mg ~ 870 GeV.
The disappearing track search is potentially a promising channel too, but depends sensi-
tively on the chargino-neutralino mass splitting. The disappearing track with the canonical
splitting is not as sensitive as the monojet search, but were the splitting to be decreased
by a factor of two, the limits would be comparable to the reach for winos.

~10 -



systematics/ 14 TeV 100 TeV
channel
normalization | 95% limit | 50 discovery | 95% limit | 50 discovery
) 1% 185 GeV 80 GeV 870 GeV 285 GeV
monojet
2% 95 GeV 50 GeV 580 GeV 80 GeV
20% 185 GeV 155 GeV 750 GeV 595 GeV
disappearing tracks 100% 140 GeV 95 GeV 615 GeV 485 GeV
500% 90 GeV 70 GeV 485 GeV 380 GeV

Table 2. Mass reach for the pure higgsino scenario. For the monojet channel, the second column
shows the systematic uncertainty on the background used, while the systematic uncertainty on the
signal was 10%. For the disappearing tracks channel, the second column shows the background
normalization. For this channel the background systematic uncertainty was 20% and the signal
systematic uncertainty was 10%.
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Figure 7. The mass reach in the mixed bino/higgsino (A = 20 GeV) scenario in the soft lepton
channel at 100 TeV with £ = 3000 fb~! 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%.

5 Mixed spectra

In the previous two sections we studied the phenomenology of pure LSPs which feature
nearly degenerate electroweakinos. In more general mixed scenarios, larger mass splittings
between charginos and neutralinos can be generated. In this paper, we look at the com-
pressed case of Am = 20 — 30 GeV, where the heavier charginos and neutralinos decay to
the LSP via off-shell W’s and Z’s.

Unlike pure spectra, mixed spectra are known to be able to thermally saturate the
relic density, for a range of masses. Examples include the well-tempered scenario [87] where
| M| = |Mz| or |[M;| = |p] and the focus point region [88-92] where the LSP contains a non-
trivial higgsino fraction. To thermally produce the correct relic abundance, one typically
needs the LSP is be dominantly higgsino-like or wino-like and subdominantly bino-like.
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Figure 8. The mass reach in the mixed bino/higgsino (A = 30 GeV) scenario in the soft lepton
channel at 100 TeV with £ = 3000 fb~! 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%.

As we have characterized spectra by their splitting between the LSP and lightest
chargino, these spectra typically have very small Am 2> 0. For very small Am the best
search tends to be the monojet search (covered in sections 3, 4, and 6). Because we elect
to focus on the collider phenomenology of compressed spectra with soft leptons, we choose
spectra with Am = 20 — 30 GeV. While these spectra do not thermally saturate the relic
density, they directly demonstrate the utility of soft lepton searches.

Relative to pure winos and higgsinos mixed dark matter can be strongly constrained
by direct detection experiments which already and will continue to exclude large regions
of parameter space [93-95].

In this paper we study the three following representative compressed spectra:

(i) Bino/higgsino A = 20 GeV: we scan over M; and set up = —M; + 23 GeV. The
low energy states include three neutralinos and a chargino and the mass splitting is
20 GeV.

(i) Bino/higgsino A = 30 GeV: we scan over M; and set u = —M; — 2 GeV. The
low energy states include three neutralinos and a chargino and the mass splitting is
30 GeV.

(7i) Bino/wino(/higgsino) A = 20 GeV: we scan over M; and set My = M; + 34 GeV
and p = M7 + 120 GeV. The low energy states include all four neutralinos and both
charginos and the mass splitting is 20 GeV.

Figures 7, 8, and 9 show the mass reach for scenarios (i), (i7), and (7), respectively,
in the soft lepton channel at 100 TeV.®> Leptons are considered to be electrons with

In figures 7, 8, 9, and 10 the significances as a function of mass shown are fitted to a 4th order
polynomial. As there are a relatively small number of leptons there are fluctuations in the bands due to
statistics. The fit is not very sensitive to the polynomial used. Using a 3rd or 5th order polynomial instead
only changes the projections by a few GeV.
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Figure 9. The mass reach in the mixed bino/wino(/higgsino) (A = 20 GeV) scenario in the soft
lepton channel at 100 TeV with £ = 3000 fb~' 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 (A = 20 GeV) scenario in the soft lepton
channel at 14 TeV with £ = 3000 fb~! 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
(A =30 GeV) and bino/wino (A = 20 GeV) are very similar.

10 GeV < pr < 30 GeV or muons with 10 GeV < ppr < 30 GeV. In the plots the blue
band shows the significance for the 0 lepton bin alone. Here we set A\ = 2 — 5% due to
possibly more sizable systematic uncertainties from identifying low pr leptons and keep
v = 10%. The green band shows the significance of the 0 and 1 lepton bins added in
quadrature and the red band additionally includes the 2 lepton bin. Figure 10 shows the
bino/higgsino scenario for 14 TeV. We do not include the corresponding plots for the other
mixed spectra as they yield very similar results.
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100 TeV

channel LSP Am bkgd. syst.
95% limit | 50 discovery
. o 2% 940 GeV 420 GeV
bino/higgsino | 20 GeV
5% 820 GeV 300 GeV
. o 2% 1.0 TeV 350 GeV
soft leptons | bino/higgsino | 30 GeV
5% 0.9 TeV 165 GeV
. ) 2% 1.3 TeV 725 GeV
bino/wino | 20 GeV
5% 1.2 TeV 575 GeV

Table 3. Mass reach for the mixed dark matter scenario. The systematic uncertainty on the signal
was 10%. At 14 TeV the exclusion reach is my < 200 — 280 GeV (for 5 — 2%) and the discovery

~

reach is mg < 30 — 130 GeV (for 5 — 2%) for all three specta.
X

Table 3 summarizes our results. We find in all cases the tagging of soft leptons plays
a significant role in maximizing mass reach. In particular the 2-lepton bin noticeably
drives the significance in all cases. This is because for the 0-lepton and 1-lepton bins the
background is dominated by a single boson process. In the 2-lepton bin, the background
is mostly a diboson process, which has a much smaller cross-section. The exclusion reach
extends to myg ~ 1 TeV in all cases and the discovery reaches several hundred GeV.

6 Coannihilating spectra

In the discussion of thermally viable dark matter models another relevant set of models are
those that include coannihilation. While bino LSPs alone oversaturate the relic abundance,
if another particle is almost mass degenerate it can enhance the annihilation cross-section
enough to produce the observed relic density [96]. In this section we explore four differ-
ent spectra classified by the particles close in energy to the LSP: (i) gluinos, (i) stops,
(7i) squarks, and (7v) staus. While coannihilation with wino and higgsino LSPs are also
possible, here we only consider a bino LSP.

The first spectrum we consider is gluino coannihilation. While such spectra do not
arise in minimal supergravity, they can be realized in more general non-universal models.
The phenomenology has been studied [97, 98] and the relic abundance has recently been
calculated including Sommerfeld effects [99, 100].5 In the limit of the bino and gluino being
mass degenerate, they find my ~ 7.5 TeV produces the correct relic density.

We set mg — mg = 0.05my 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. The signal consists of pair
produced gluinos, which then decay to the LSP and other standard model particles which

There is a small difference in the mass splitting values found, Am < 10 GeV, between [99] and [100] for
gluino coannihilation. This difference is due to different choices in renormalization scales. In what follows
we cite values calculated in [100].
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Figure 11. The mass reach in the gluino coannihilation scenario in the monojet channel with
£ = 3000 fb~" 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 z-axis displays the gluino-bino mass splitting Am for a given
bino mass which is required to saturate the relic density [99, 100]. A tick is placed every 10 GeV
with the exception of the consecutive Am = 140 GeV ticks.

could be tagged. As the decays depend on details of the other SUSY particles we remain
agnostic and assume the gluinos decay as § — X} + undetected.

Figure 11 shows the mass reach applying the same monojet search as for the pure
wino and higgsino. In this section we will continue to use v = 10% and A = 1 — 2%.
Given a bino mass and demanding that it saturate the relic density, one can find a gluino
mass for which this is true. This defines the mass difference Am = mg — my between the
gluino and bino and has been calculated as a function of my in [99, 100]. In figure 11,
the z-axis shows the bino mass, while the lower z-axis denotes to the gluino-bino splitting
required to saturate the relic density for the corresponding bino mass. As can be seen,
a 100 TeV monojet search can rule out a bino LSP with mg ~ 6.2 TeV and a gluino
at mz ~ 6.23 TeV (i.e. Am ~ 30 GeV), but cannot exclude the case where Am = 0
(corresponding to my = mg ~ 7.5 TeV). If systematics are not considered the mass reach
increases by ~ 350 GeV at 14 TeV and by ~ 250 GeV at 100 TeV.

The next coannihilator considered is the stop. As the mass of the stop is tied to fine-
tuning, stop coannihilation appears in many models [101, 102] and has also been previously
studied [103]. In our simulations we set m; — mg =~ 0.05my and decouple everything else,
leaving one neutralino and the right-handed stop at low energies.

The mass reach is shown in figure 12. The mass for a thermal bino is my ~ 1.8 TeV
in the stop-degenerate limit. A 100 TeV collider can not only comfortably exclude this
scenario, but also discover it, given sufficiently low systematics. Without systematics the
mass reach increases by ~ 250 GeV at 14 TeV and by ~ 300 GeV at 100 TeV.

Next we move onto squark coannihilation. For this spectrum we keep the left-handed
scalar partners of the light quarks (uz, dr, 51, and ¢r) in the spectrum, while decoupling
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Figure 12. The mass reach in the stop coannihilation scenario in the monojet channel with
£ = 3000 fb~! 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 z-axis displays the stop-bino mass splitting Am for a given
bino mass which is required to satisfy the relic density [100]. A tick is placed every 5 GeV with the
exception of the consecutive Am = 25 GeV ticks.
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Figure 13. The mass reach in the squark coannihilation scenario in the monojet channel with
£ = 3000 fb~" 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%.

everything else. We set these in the same manner as in the other coannihilation spectra,
mg — my ~ 0.05myg. Figure 13 shows the monojet reach. As expected the significance is
roughly four times larger than the stop coannihilation case. The exclusion reach extends
to my ~ 4 TeV and the discovery reach to my ~ 3 TeV. The mass reach goes up by
~ 300 GeV at 14 TeV and by ~ 500 GeV at 100 TeV if systematics are ignored.
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14 TeV 100 TeV
channel | coannihilator | bkgd. syst.
95% limit | 50 discovery | 95% limit | 50 discovery
1% 1.1 TeV 950 GeV 6.2 TeV 5.2 TeV
gluino
2% 1.0 TeV 850 GeV 5.8 TeV 4.8 TeV
. 1% 530 GeV 420 GeV 2.8 TeV 2.1 TeV
stop
) 2% 470 GeV 330 GeV 2.4 TeV 1.7 TeV
monojet
1% 740 GeV 600 GeV 4.0 TeV 3.0 TeV
squark
2% 630 GeV 495 GeV 3.5 TeV 2.6 TeV
stau n/a n/a n/a n/a n/a

Table 4. Mass reach for the coannihilating dark matter scenario. The systematic uncertainty on
the signal was 10%.

Lastly we studied the stau coannihilation scenario. These regions come up in con-
strained MSSM parameter scans, albeit with other particles at low energies [104]. Again,
we set mz —mg ~ 0.05my, 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 mag-
nitude relative to the strongly-interacting coannihilators and is too low for the monojet
channel to have any sensitivity [105]. Projecting the reach in constrained MSSM stau coan-
nihilation regions at 100 TeV would require a more detailed study involving other particles
in the spectrum and different search channels.

The coannihilation results are summarized in table 4. To recapitulate we find the
exclusion reach for gluinos to be my ~ 6.2 TeV, for stops to be mg ~ 2.8 TeV, and for
squarks to be my ~ 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 50 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 and summarized in figure 14.

The first spectrum studied was pure wino dark matter. Recently, wino dark matter
has received some attention based on the potential to exclude or discover it with indirect
detection experiments. Unfortunately, the LHC is only able to probe the several hundred
GeV range, which is neither near the thermally-saturating wino mass, nor high enough to
close the available mass window from the low end (given a pessimistic dark matter halo
profile). A 100 TeV collider, in contrast, can exclude as high as my ~ 1.4 TeV in the
monojet channel, or even mg ~ 3 TeV given a naive extrapolation of a disappearing track
search. In light both of 8 TeV LHC results and this study, it is clear that the disappearing
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Figure 14. Summary of collider reach for neutralino dark matter.

track (and displaced vertices and charged massive particle) search will play an exigent role
in continuing to carve away at wino parameter space.

Higgsino dark matter was next to be looked at and was found to receive similar en-
hancements in mass reach in going from the LHC to a 100 TeV collider as wino dark
matter. The higgsino cross-section, however, is lower than that of the wino, which is re-
flected in a lower exclusion and discovery reach. Respectively these reaches were found to
be myg ~ 870 GeV and my ~ 285 GeV. The chargino-neutralino mass splitting for higgsi-
nos is parametrically larger than the wino mass splitting leading to short chargino track
length and a less sensitive disappearing track search. The monojet or disappearing track
searches alone are not likely to quite reach the thermal higgsino mass. One direction of
future work would be to examine combining several searches to reach the thermal higgsino
mass or augment the spectrum with additional particles to open up new search channels.

The next spectra were several cases of mixed dark matter with a compressed spectrum
of Am = 20—30 GeV. In these cases the most applicable search was looking for soft leptons
in association with the hard ISR jet(s). The exclusion reach was found to be my ~ 1 TeV,
while the discovery reach ranged from 350 — 700 GeV. Mixed dark matter parameter space
already receives strong constraints from direct detection and a more thorough study on the
impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum
to avoid overclosing the universe. These scenarios utilized the monojet search to project
reach. The stop coannihilation exclusion reach was found to be my ~ 2.8 TeV and the
discovery reach to be my ~ 2.1 TeV. As the thermally-saturating bino mass in this case
is my ~ 1.8 TeV (and m; ~ 1.8 TeV), dark matter can be either excluded or discovered
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in this channel. The gluino coannihilation, on the other hand, was found to only reach
the thermal bino mass for a splitting of Am = 30 GeV, corresponding to mg ~ 6.2 TeV
and mg ~ 6.23 TeV, so the thermal parameter space is not entirely closed. Finally squark
coannihilation can be excluded up to my ~ 4.0 TeV and stau coannihilation cannot be
probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino
blindspots, useful future work would be to look at how adding in more search channels can
improve the dark matter collider reach. Such searches would include monophoton searches,
ragor searches, vector boson fusions searches, and multilepton searches. Another principal
direction to extend these studies would be to look at the impact of bringing down other
particles into the low energy spectrum.

In conclusion, we have shown that while the 14 TeV LHC can probe dark matter
of several hundred GeV, a 100 TeV proton-proton collider could foray directly into the
multi-TeV range. As this is precisely the range where thermally-saturating neutralino dark
matter lives, a 100 TeV collider has great potential for discovering WIMP dark matter.
Were a discovery to be made in the near future, a 100 TeV collider will be a vital tool for
understanding the nature of dark matter.
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A Analysis details

Monojet. Our monojet analysis closely follows the 8 TeV CMS monojet analysis [43]. To
validate our background monte carlo and analysis we duplicated the CMS monojet cuts at
8 TeV and found good agreement across the cut flow. The only discrepancy present in our
simulation was a slightly increased lepton efficiency due to the settings of the Snowmass
detector card we used.

The 8 TeV analysis proceeds as:

e Require a hard central jet pr(j1) > 110 GeV, |n(j1)| < 2.4.

e A second jet, defined as pr(j2) > 30 GeV, |n(j2)| < 4.5, is permitted, but any
additional jets are vetoed nje; < 2.

e If there is a second jet it cannot be back-to-back with the hardest jet A¢(j1, j2) < 2.5.

e Identified leptons are vetoed. To be identified, electrons need to have pr(e) > 10 GeV
and |n(e)| < 2.5, muons need to have pr(p) > 10 GeV and |n(p)| < 2.1 and recon-
structed hadronic taus need to have pr(7) > 20 GeV and |n(7)| < 2.3.
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Cut 8 TeV 14 TeV 100 TeV
pr(i), n(j1) | 110 GeV, 2.4 300 GeV, 2.4 1200 GeV, 2.4
pr(ia), n(2) | 30 GeV, 4.5 | 30 — 120 GeV, 4.5 | 100 — 400 GeV, 4.5

Mies 2 2 2

A (j1, jo) 2.5 2.5 2.5
pr(e), n(e) 10 GeV, 2.5 20 GeV, 2.5 20 GeV, 2.5
pr(p), n(w) 10 GeV, 2.1 20 GeV, 2.1 20 GeV, 2.1
pr(7), n(7) 20 GeV, 2.3 30 GeV, 2.3 40 GeV, 2.3

Er 250 — 550 GeV | 350 — 1000 GeV 2—5TeV

Table 5. Cuts used in monojet analysis. For pr(j2) and Fr the range represents the values scanned
over, where the values used for each spectra are shown in table 6.

NG Cut Wino Higgsino Gluino coan. Stop coan. Squark coan. Stau coan.
14 Tov Er | 650 GeV 650 GeV 750 GeV 650 GeV 650 GeV 650 GeV
pr(j2) | 30 GeV 30 GeV 120 GeV 120 GeV 120 GeV 120 GeV

100 TeV Er 3.5 TeV 3.5 TeV 4.0 TeV 3.5 TeV 3.5 TeV 3.5 TeV

pr(j2) | 300 GeV 250 GeV 400 GeV 400 GeV 400 GeV 400 GeV

Table 6. F; and pr( j2) cuts used in the monojet analysis for each spectra. Table 5 shows the
other cuts used.

e The signal regions are defined in overlapping F; bins: > 250 GeV, > 300 GeV,
> 350 GeV, > 400 GeV, > 450 GeV, > 500 GeV, and > 550 GeV. The bin with the
highest expected significance is used to set the limit.

At 14 TeV and 100 TeV the cuts were adjusted as shown in tables 5 and 6.

In light of the higher rates and luminosity for the 14 TeV and 100 TeV we also explored
if the significance can be improved by applying additional cuts. We found that allowing for
a third jet and making cuts on the various distances between jets did not help because the
signal and backgrounds have very similar kinematics. The distributions are not identical,
however, and it is possible that a clever analysis, like razor [106-108] for instance, could
still yield a small improvement.

Soft leptons. The soft lepton analysis is similar to the monojet analysis with the excep-
tion of how leptons are treated. Events are binned according to whether they contain 0,
1, or 2 leptons where a lepton is defined as an electron with 10 GeV < ppr(e) < 30 GeV
or a muon with 10 GeV < pr(p) < 30 GeV. Hadronic taus are not tagged. The bins are
assumed to be uncorrelated and their significances are added in quadtrature.

Disappearing tracks. For signal events we replicate the analysis in the 8 TeV ATLAS
analysis [64], which applies the following cuts
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Cut 100 TeV 14 TeV

pr(51), n(j) 1200 GeV, 2.4 300 GeV, 2.4
pr(j2), n(j2) 300 GeV, 4.5 30 GeV, 4.5
Njet, 2 2

Ad(j1, j2) 2.5 2.5

pr(e), n(e) | € (10 GeV,30 GeV), 2.5 | € (10 GeV,30 GeV), 2.5
pr(p), n(u) | € (10 GeV,30 GeV), 2.1 | € (10 GeV,30 GeV), 2.1
Br 1250 GeV 350 GeV

Table 7. Cuts used in soft lepton analysis.

e Require a hard jet pr(j1) > 90 GeV.
e Require that Fp > 90 GeV.

e If there are any other jets with pr(j2) > 45 GeV, the hardest of these is considered
the second jet.

e Compute the azimuthal separation, A¢(j, ), between the missing energy and the
hardest jet. If there is a second jet and its azimuthal separation from the missing
energy is smaller, use that instead. Only keep events where A¢uin(j, Br) > 1.5.

e There must be at least chargino track that is isolated and satisfies a track selection
criteria and 0.1 < |n'rak| < 1.9.

e Signal regions are defined by a pr cut on the chargino track. The bins are pgfad‘ >

75 GeV, pifack > 100 GeV, piack > 150 GeV, and pfFak > 200 GeV.

We implement the isolation cut by rejecting events with jets within AR < 0.4 of the
chargino track, where AR = /(An)? + (A¢)%2. To mock up the good track selection we
assume the efficiency factors as €irack = €det X €trackers Where we assume €;acker 1S 100% for
tracks with a length 30 cm < d"2k < 80 GeV and 0% otherwise and that ege is flat with
respect to p%?a‘:k and 'k We derive €4 by matching our event count from monte carlo
to the event count from [64].

In the ATLAS 8 TeV study, in the signal region the dominant background is from

mismeasured tracks and found to fit to a power law

do
dpr
where pp is measured in GeV, o is the normalization, and a = 1.78 0.05. We extrapolate

= O’Op;aa (Al)

this by assuming that the majority of events passing the cuts in table 8 are Z(vv) + jets
events. Under this assumption we scale the normalization according to the Z(vv) + jets
cross-section after the cuts in table 8 and make the appropriate pr cut. We find o¢ by
matching to the ATLAS result.
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Cut 8 TeV 14 TeV 100 TeV
Er 90 GeV 130 GeV | 975 GeV
pr(j1) 90 GeV 130 GeV 975 GeV
pr(j2) 45 GeV 70 GeV 500 GeV
Admin(j, E7) 1.5 1.5 1.5
ptrack € (0.1,1.9) | €(0.1,1.9) | € (0.1,1.9)
pirack 75 —200 GeV | 250 GeV | 1.5 TeV

Table 8. Cuts used in disappearing track analysis.

B Extrapolating systematics

While it is impossible to project the systematic uncertainties for a not-yet-designed detec-

tor, many of the systematics are generic features of detector technology. For completeness

we list the dominant contributions to the various analyses here. More detailed discussions

are found in the appropriate experimental analyses [40-43, 64].

The dominant contributions to systematics are

o Jet uncertainties: the jet energy scale and jet energy resolution determine how well
jets, and consequently F, can be measured. These reduce at higher luminosity as the
detector becomes better understood. Calorimeter measurements should be better at
higher energies so these will likely naturally decrease at a 100 TeV collider (assuming
a deep enough calorimeter).

e Monte carlo uncertainties: backgrounds are typically computed by counting events
in a control region and extrapolating to the signal region using ratios computed
by monte carlo generators. The uncertainty on the backgrounds is determined by
the number of events in the control regions and the monte carlo extrapolation. At
high luminosity the control regions will contain more events reducing the statistical
uncertainties. This will also help create control regions for subdominant backgrounds,
e.g. tt and diboson, which are currently determined entirely from monte carlo. These
backgrounds can have uncertainties as large as ~ 100%.

Additionally, monte carlo modeling can be improved by including higher-order per-
turbative corrections. Given the recent advancements in monte carlo technology
(see [109] and references therein) it may be reasonable to expect similar leaps by the
time a 100 TeV collider is built.

e Lepton uncertainties: precise measurements of lepton momenta are not only im-
portant in the soft lepton analysis, but also in the monojet and disappearing track
analyses. While leptons are vetoed in the latter two searches, they are important in
defining the control regions. Unfortunately muons are detected via tracking which
degrades at higher pp. It will be important for the detectors at 100 TeV to maintain
the ability to measure energetic muons to a reasonable precision.
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