
Xing Wang
University of Pittsburgh

SI 2018 @ Panshan, Tianjin
 Aug 17, 2018

with Tao Han and Satyanarayan Mukhopadhyay
arXiv: 1805.00015

Electroweak dark matter at future 
hadron colliders



• Dark Matter and WIMP miracle

Introduction

 2



�

�

�

����
��

� → � �

Z, W
• Dark Matter and WIMP miracle

• SU(2) doublet     or triplet

• Only one free parameter: 

•  

M�

H̃

(
DM relic abundance

thermal freeze-out

)

8
><

>:

MH̃ ' 1 TeV

or

MW̃ ' 3 TeV

W̃

Introduction

 3



�

�

�

����
��

� → � �

Z, W
• Dark Matter and WIMP miracle

• SU(2) doublet     or triplet

• Only one free parameter: 

•  

• 1-loop radiative mass splitting 

M�

H̃

(
DM relic abundance

thermal freeze-out

)

8
><

>:

MH̃ ' 1 TeV

or

MW̃ ' 3 TeV

W̃

Introduction

 40 500 1000 1500 2000 2500 3000
100

150

200

250

300

350

400

Mχ [GeV]

Δm
[M
eV

]

Higgsino

Wino

355

164⇠ O(100 MeV)



Direct Detection
• Direct detection loop-suppressed for pure states.

• No tree-level coupling to h for Wino/Higgisno.

• No tree-level coupling to Z for Wino.

• Large SI cross section for Higgsino via Z, already 
excluded.

• Pseudo-Dirac Higgsino.

• Accidental cancellation @ 1-loop  5

�m12 & O(100 keV)



Indirect Detection

• Sensitive to the astro uncertainties (e.g. DM profile, propagation model)
• Complementary to collider searches.  6

4 Indirect Detection Constraints on Neutralino Dark Matter

Data from indirect detection can place significant constraints on any dark matter candidate in an
SU(2)L multiplet, due to the annihilation �0�0

! W+W� (and ZZ, depending on the represen-
tation), which leads to copious production of gamma rays and antiprotons [4]. These searches are
e↵ective even for very small mass splittings within the SU(2)L multiplet, and thus are complemen-
tary to direct detection. Here we will present the current constraints on a few scenarios on pure
wino and pure higgsino dark matter. For the computation of wino annihilation, the Sommerfeld
enhancement is crucial [52], and the one loop annihilation process �0�0

! �� may also be de-
tectable [53, 54]. As a result, in recent years sophisticated e↵ective field theory techniques have
been applied to more accurate computation of these annihilation processes [55–60], especially in
the case of gamma ray line searches.
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Figure 5: Indirect detection constraints on wino (blue) and higgsino (orange) dark matter from continuum
gamma ray spectra. The region above the dashed lines is excluded by Fermi-LAT observations of gamma
rays from dwarf galaxies [61] and HESS observations of the galactic center [62]. The Sommerfeld e↵ect is
included in the wino calculation [52].

Gamma ray constraints arise from Fermi-LAT searches for photons from dwarf galaxies [61]
(which set the most stringent constraints at low masses) and HESS observations of the galactic
center [62] (which are more e↵ective at high masses). We summarize the current constraints in
Figure 6. Notice that we have plotted data only from continuum gamma ray signals. Winos are
excluded as the dominant component of dark matter over the full mass range, while higgsinos
have smaller annihilation rates and largely escape from the constraints. Gamma ray line searches
with HESS have previously been argued to exclude high mass wino dark matter [63]; we find
that their continuum search has now achieved su�cient sensitivity as well. In the case of the
galactic center, there are large astrophysical uncertainties, and the bounds could be ameliorated
if our galaxy’s dark matter halo has a kiloparsec-size core [64]. Fermi-LAT’s dwarf galaxy bound
already marginalizes over uncertainties in the J-factors arising from the unknown distribution of
dark matter. We find that this bound excludes the possibility that higgsinos constitute all of the
dark matter up to masses of about 330 GeV. In the computation of higgsino annihilation we have
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Collider Searches
• Future hadron colliders

• HL-LHC  14 TeV with 

• HE-LHC  27 TeV with 

• FCC/SppC 100 TeV

• Monojet
• Disappearing track

• Higher energies are very advantageous.
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Monojet
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• One hard jet recoils against MET.

• Signal

• Dominant background:

• Subdominant:

• Systematics: 

Z(⌫⌫) + jets, W (`⌫) + jets

t¯t, Z(``) + jets, diboson, multi-jets

�0�0/�±�0/�±�⌥ + jets

� = 1� 2%, � = 10%

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 �̃

± ! ⇡

± + �̃

0 has a long lifetime.

Thus, a fraction of the charginos can live long enough, c⌧ ⇠ 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 pion2.

We derive our projections from a recent ATLAS search that reported a 95% exclusion

limit close to 250 GeV, using 20.3 fb�1 of 8 TeV data [64]. Similar to the monojet analysis,

this search triggers on a hard jet and large /

ET , 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

Significance =
S

�B

=
Sp

B + �

2
B

2 + �

2
S

2
, (2.1)

where � and � parameterize the systematic uncertainty on the background and on the signal,

respectively. While we assume the systematics are the same across background channels,

considering di↵erent 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 e↵ects 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 e↵ects of pileup and the e↵ects 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

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 c⌧ = O(mm) result in displaced

vertices, charged particles with a lifetime c⌧ = O(cm) result in disappearing tracks, and charged particles with

a lifetime c⌧ = O(m) result in stable charged massive particles.

– 5 –
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• Madgraph 5 + Pythia 6.4.28 + Delphes 3

• MLM matching up to 2 jets

• Selection cuts:
•  
•  
• Lepton veto

Monojet

MET, pT,j1 , pT,j2

Njets  2, ��j1j2 < 2.5

27 TeV

p
s /E

min
T [GeV] pT,j1 [GeV] pT,j2 [GeV] pT,⌧ [GeV]

14 TeV 650 300 30 30
27 TeV 1800–2700 400 60–160 30
100 TeV 4800–7000 1200 250–450 40

Table 1: Threshold values of different kinematic observables, namely, /E
min
T , pT,j1 , pT,j2 , pT,⌧ for

different collider options in the monojet analysis, and the optimization range considered for the
HE-LHC and FCC-hh/SppC colliders. See text for details.

approximately /ET > 2000 GeV can potentially enhance the signal over background ratio
for the above electroweakino mass values.

Figure 1: Normalized distribution for missing transverse momentum in single weak boson (W/Z)
and multijets production in the SM (black solid lines), and in charged and neutral wino and Higgsino
pair production events at the 27 TeV HE-LHC. The results are shown for two representative mass
values of the winos (solid lines) and Higgsinos (dashed lines): 500 GeV (blue) and 1 TeV (red).

We now briefly describe the event selection criteria used for the monojet channel. All
events are required to have a hard central jet with pT > pT,j1 and |⌘| < 2.4. A second jet
with pT > pT,j2 and |⌘| < 4.5 is allowed, and its azimuthal separation from the leading
jet is required to be ��j1,j2 < 2.5. Any additional jets passing the minimum threshold
pT > 20 GeV within |⌘| < 4.5 are vetoed, i.e., Njets 6 2. A lepton veto is applied whereby
events with electrons (muons) with pT > 20 GeV and |⌘| < 2.5 (2.1) are excluded. Events
with hadronic taus with pT > pT,⌧ and |⌘| < 2.4 are also vetoed. Finally, an optimized
requirement on missing transverse momentum is applied, with /ET > /ET

min. We summarize
the threshold values of the cuts, namely, /E

min
T , pT,j1 , pT,j2 , pT,⌧ , for different collider options

in Table 1. As mentioned earlier, we vary the /ET and pT,j2 cuts for the 27 TeV and 100 TeV
scenarios in the ranges specified in the table to optimize the signal significance.

The optimized set of kinematic cuts for the HE-LHC is given in Table 2, with the cor-
responding signal and background cross-sections. Here, basic cuts refers to the requirement

– 7 –
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Figure 3: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the mono-
jet channel for wino-like (left panel) and Higgsino-like (right panel) DM search. The solid and
dashed lines correspond to optimistic values of the systematic uncertainties on the background es-
timate of 1% and 2% respectively, which might be achievable using data-driven methods with the
accumulation of large statistics.

refer to the total number of signal and background events for the given luminosity, and the
corresponding systematic uncertainties on each respectively. For the monojet channel, we
have taken �B = 1� 2% and �S = 10%, while for the disappearing charged track analysis,
we assume �B = 20% and �S = 10%. As emphasized earlier, although the systematic
uncertainties in the current LHC analyses in the above channels are larger, the uncertainties
in the background estimate using data-driven methods are expected to further reduce with
the accumulation of higher statistics. Furthermore, since our background estimate in the
disappearing track analysis is a simple extrapolation of the ATLAS results for the 13 TeV
LHC, we have also varied the central value of the background yield within a factor of
five (i.e., between 20% and 500%) of the number obtained using the method discussed in
Sec. 2.2.

In Fig. 3 we compare the reach of the HL-LHC, HE-LHC and FCC-hh/SppC options
in the monojet channel for wino-like (left panel) and Higgsino-like (right panel) DM search.
The solid and dashed lines correspond to systematic uncertainties on the background esti-
mate of 1% and 2% respectively. In an optimistic scenario, we can expect to probe at the
95% C.L. wino-like DM mass of upto 280, 700 and 2000 GeV, at the 14, 27 and 100 TeV
colliders respectively. For the Higgsino-like scenario, these numbers are reduced to 200, 490

and 1370 GeV, primarily due to the reduced production cross-section. Clearly, a 27 TeV
collider can achieve a substantially improved reach by a factor of two or more compared to
the HL-LHC, while the 100 TeV collider option will improve it further by another factor of
three. Furthermore, a 100 TeV collider option may be able to completely cover the thermal
Higgsino mass window using the monojet search, if the systematic uncertainties can be
brought down to a percent level.

In Fig. 4 we compare the reach of the HL-LHC, HE-LHC and FCC-hh/SppC options
in the disappearing charged track analysis for wino-like (left panel) and Higgsino-like (right

– 11 –

95% CL limit [GeV] 14 TeV 27 TeV 100 TeV

Wino 190� 280 530� 700 1500� 2000

Higgsino 130� 200 330� 490 900� 1370

Monojet



Disappearing Track
• Long-lived chargino decays inside the tracker
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Disappearing Track
• We follow the 13 TeV ATLAS analysis to extract the signal efficiency.

• Selection cuts:                                          Systematics:
•  
•  
•  
•  
•  
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MET, pT,j1 , pT,j2 , pT,track

��j,MET > 1.5

Track isolation �R = 0.4

Track length 12 < d < 30 cm

� = 20%, � = 10%

Cut 100 TeV 14 TeV

pT (j1), ⌘(j1) 1200 GeV, 2.4 300 GeV, 2.4

pT (j2), ⌘(j2) 300 GeV, 4.5 30 GeV, 4.5

njet 2 2

��(j1, j2) 2.5 2.5

pT (e), ⌘(e) 2 (10 GeV, 30 GeV), 2.5 2 (10 GeV, 30 GeV), 2.5

pT (µ), ⌘(µ) 2 (10 GeV, 30 GeV), 2.1 2 (10 GeV, 30 GeV), 2.1
/

ET 1250 GeV 350 GeV

Table 7: Cuts used in soft lepton analysis.

Cut 8 TeV 14 TeV 100 TeV

/

ET 90 GeV 130 GeV 975 GeV

pT (j1) 90 GeV 130 GeV 975 GeV

pT (j2) 45 GeV 70 GeV 500 GeV

��min(j, /ET ) 1.5 1.5 1.5

⌘

track 2 (0.1, 1.9) 2 (0.1, 1.9) 2 (0.1, 1.9)

p

track
T 75� 200 GeV 250 GeV 1.5 TeV

Table 8: Cuts used in disappearing track analysis.

• Require that /

ET > 90 GeV.

• If there are any other jets with pT (j2) > 45 GeV, the hardest of these is considered the

second jet.

• Compute the azimuthal separation, ��(j, /ET ), 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 ��min(j, /ET ) > 1.5.

• There must be at least chargino track that is isolated and satisfies a track selection

criteria and 0.1 < |⌘track| < 1.9.

• Signal regions are defined by a pT cut on the chargino track. The bins are p

track
T >

75 GeV, ptrackT > 100 GeV, ptrackT > 150 GeV, and p

track
T > 200 GeV.

We implement the isolation cut by rejecting events with jets within �R < 0.4 of the

chargino track, where �R =
p
(�⌘)2 + (��)2. To mock up the good track selection we

assume the e�ciency factors as ✏track = ✏det ⇥ ✏tracker, where we assume ✏tracker is 100% for

tracks with a length 30 cm < d

track
< 80 GeV and 0% otherwise and that ✏det is flat with

respect to p

track
T and ⌘

track. We derive ✏det by matching our event count from monte carlo to

the event count from [64].

– 23 –

Figure 2: Transverse momentum (left panel) and transverse track length (right column) distribu-
tion of disappearing charged tracks in charged and neutral wino (solid lines) and Higgsino (dashed
lines) pair production events (with at least one chargino in each event), for the 27 TeV HE-LHC
with 15 ab�1 data. The results are shown for two representative mass values of the winos and
Higgsinos: 500 GeV (blue) and 1 TeV (red).

p
s /ET [GeV] pT,j1 [GeV] pT,j2 [GeV] pT,track [GeV]

14 TeV 150 150 70 250
27 TeV 400 – 700 400 – 600 140 400 – 700
100 TeV 1000 – 1400 700 – 1400 500 1000 – 1400

Table 3: Threshold values of different kinematic observables, namely, /Emin
T , pT,j1 , pT,j2 and pT,track

for different collider options in the disappearing charged track analysis, and the optimization range
considered for the HE-LHC and FCC-hh/SppC colliders. See text for details.

portant observable in the disappearing charged track analysis. We show this distribution
in Fig. 2 (right column), with the parameter choice and color coding used same as for
the previous figure. It is clear from this figure that in order to probe a Higgsino of mass
O(1 TeV), we need tracking coverage in the range of 10 � 20 cm, which is now possible
after the inclusion of the additional B-layer in the Run-2 upgrade of the ATALS detector.

We now briefly describe the event selection criteria used for the disappearing charged
track analysis. We require one hard central jet in the events with pT > pT,j1 and |⌘| < 2.8,
and demand /ET > /ET

min. Charged lepton veto is applied as described above for the
monojets channel. Furthermore, the missing transverse momentum vector is required to
have an azimuthal separation from the leading jet by ��

j1, /~ET
> 1.5. If in addition there

is a second jet with pT > pT,j2 and |⌘| < 2.8, ��
j2, /~ET

> 1.5 is also required. A candidate
charged track is required to have pT > pT track and 0.1 < |⌘| < 0.9, with no hadronic jet
within a cone of �R < 0.4, where �R is the separation in the psuedorapidity azimuthal
angle plane. Finally, we demand all events to have at least one candidate track with radial
track length in the range 12 < d < 30 cm. We summarize the threshold values of the cuts,
namely, /Emin

T , pT,j1 , pT,j2 and pT,track, for different collider options in Table 3. As mentioned
earlier, we vary the /ET , pT,j1 and pT,track cuts for the 27 TeV and 100 TeV scenarios in the
ranges specified in the table to optimize the signal significance.

– 9 –



Background

 14

P
ix
e
l

S
C
T

(a)

P
ix
e
l

S
C
T

(b)

P
ix
e
l

S
C
T

(c)

Figure 4: Sketch of the di�erent background components to the search for pixel tracklets. Thin solid and dotted
red lines show trajectories of charged and neutral particles respectively. Thick blue lines show reconstructed pixel
tracklets. (a) A hadron undergoing a hard scattering can yield track segments in the pixel and SCT detector that are
not recognised as belonging to the same track, thus faking a disappearing tracklet. (b) A lepton emitting hard photon
radiation could be identified as a disappearing tracklet through a similar mechanism. (c) Finally, a disappearing
tracklet can arise from a random combination of hits created by di�erent nearby particles.

6.1 Signal and background templates

The main SM background processes for the two analysis channels are from tt and W+jets (with W ! e⌫, ⌧⌫)
production, where the electrons or the hadrons, usually pions, come from the ⌧ leptons. Hadrons or leptons
can be classified as a tracklet if they interact with the detector material and any hits in the tracking detectors
after the pixel detector are not associated to the reconstructed track. This may happen because of severe
multiple-scattering, hadronic interactions or, in the case of leptons, bremsstrahlung. Another category
of background is fake tracklets, which originate from random combinations of hits from more than two
particles. A schematic view of the three background categories are shown in Figure 4.

Templates for these backgroud components are estimated from data. The pT spectra of hadrons and leptons
scattered by the ID material are estimated from the pT distribution of tracks associated to non-scattered
hadrons and leptons, selected in dedicated control samples, by smearing them to take into account the
poor pT resolution of pixel tracklets. The pT spectrum shape of the fake component is also obtained in a
dedicated control region.

The smearing function is extracted from Z ! µµ events in data by re-fitting the muon candidate track
using only the hits in the pixel detector. The Z ! µµ events are selected by single muon triggers and
by requiring two opposite sign muons with di�erence in azimuthal angle larger than 1.5, and with an
invariant mass between 81 GeV and 101 GeV. The q/pT resolution of pixel tracklets is calculated from
the distribution of the di�erence between the q/pT of the pixel tracklet and the original standard track.
This distribution is shown in Figure 5 (a). The q/pT di�erence distribution is modelled by the following

10

30
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cm
• Various backgrounds

• Hard to estimate

• We do a naive estimation

•  

• Scale according to 

• Vary background from 20% to 500%.

Figure 6: Fit on the fake control sample for the electroweak channel search. The markers show data. The blue line
and the band show the fit function and its uncertainty. The bottom plot shows the ratio of the observed data to fit
function.

to be of the order of O(10�2) to O(10�1). The pT spectra of the lepton control samples are scaled by the
transfer factors, then convolved with the smearing function. Two di�erent pT spectra are prepared, one
for the high-Emiss

T and one for the low-Emiss
T region, while keeping the same requirements as in the signal

region.

Fake tracklets: Fake tracklets are tracklets which are seeded from a random combination of hits. The
d0 distribution of fake tracklets is broad, whereas the high-pT chargino tracklets have good pointing
resolution and therefore have values of d0 which cluster around zero. The fake tracklets control region is
defined by requiring |d0 |/�(d0) > 10, and by removing the Emiss

T requirement. This region is dominated
by fake tracklets. The pT spectrum of fake tracklets is modelled with the following empirical functional
form:

f (pT) = exp
⇣
�p0 · log(pT) � p1 · (log(pT))2

⌘
, (3)

where p0 and p1 are fit parameters. Figure 6 shows the pT distribution of pixel tracklets in the fake
control region with the result of the fit. The pT spectrum shape is confirmed to be independent of Emiss

T by
comparing it in three Emiss

T regions: Emiss
T < 90 GeV, 90 GeV  Emiss

T < 140 GeV and Emiss
T � 140 GeV.

A small dependence of the fit parameters on |d0 |/�(d0) is observed by comparing the parameters obtained
in three regions: 10  |d0 |/�(d0) < 20, 20  |d0 |/�(d0) < 30 and 30  |d0 |/�(d0) < 100. The size of
the dependence on |d0 |/�(d0) is added as uncertainty on the pT template shape.

Chargino: The signal pT spectrum is estimated by smearing the truth-particle pT distribution of char-
ginos in the signal simulation for each signal parameter point. This procedure is performed to reduce the
uncertainty of the pT resolution by computing the parameters of the smearing function mainly based on
data. For the signal template, the smearing function parameters measured for muons in data are shifted
by the di�erences in the parameters for charginos and muons observed in the simulation.

13
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Figure 7: Disappearing tracklet pT spectrum in various regions. (a) Electroweak channel in the low-Emiss
T region. (b)

Strong channel in the low-Emiss
T region. (c) Electroweak channel in the high-Emiss

T region. (d) Strong channel in the
high-Emiss

T region. Observed data are shown with markers and the background components for the background-only
fit are shown with lines. An example of the expected signal spectrum is overlaid for comparison. The bottom panels
show the ratio of the data and the background predictions. The error band shows the uncertainty of the background
expectation including both statistical and systematic uncertainties.
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Figure 4: Sketch of the di�erent background components to the search for pixel tracklets. Thin solid and dotted
red lines show trajectories of charged and neutral particles respectively. Thick blue lines show reconstructed pixel
tracklets. (a) A hadron undergoing a hard scattering can yield track segments in the pixel and SCT detector that are
not recognised as belonging to the same track, thus faking a disappearing tracklet. (b) A lepton emitting hard photon
radiation could be identified as a disappearing tracklet through a similar mechanism. (c) Finally, a disappearing
tracklet can arise from a random combination of hits created by di�erent nearby particles.

6.1 Signal and background templates

The main SM background processes for the two analysis channels are from tt and W+jets (with W ! e⌫, ⌧⌫)
production, where the electrons or the hadrons, usually pions, come from the ⌧ leptons. Hadrons or leptons
can be classified as a tracklet if they interact with the detector material and any hits in the tracking detectors
after the pixel detector are not associated to the reconstructed track. This may happen because of severe
multiple-scattering, hadronic interactions or, in the case of leptons, bremsstrahlung. Another category
of background is fake tracklets, which originate from random combinations of hits from more than two
particles. A schematic view of the three background categories are shown in Figure 4.

Templates for these backgroud components are estimated from data. The pT spectra of hadrons and leptons
scattered by the ID material are estimated from the pT distribution of tracks associated to non-scattered
hadrons and leptons, selected in dedicated control samples, by smearing them to take into account the
poor pT resolution of pixel tracklets. The pT spectrum shape of the fake component is also obtained in a
dedicated control region.

The smearing function is extracted from Z ! µµ events in data by re-fitting the muon candidate track
using only the hits in the pixel detector. The Z ! µµ events are selected by single muon triggers and
by requiring two opposite sign muons with di�erence in azimuthal angle larger than 1.5, and with an
invariant mass between 81 GeV and 101 GeV. The q/pT resolution of pixel tracklets is calculated from
the distribution of the di�erence between the q/pT of the pixel tracklet and the original standard track.
This distribution is shown in Figure 5 (a). The q/pT di�erence distribution is modelled by the following

10

30

12

cm
• Various backgrounds

• Hard to estimate

• We do a naive estimation

•  

• Scale according to 

• Vary background from 20% to 500%.

Figure 6: Fit on the fake control sample for the electroweak channel search. The markers show data. The blue line
and the band show the fit function and its uncertainty. The bottom plot shows the ratio of the observed data to fit
function.

to be of the order of O(10�2) to O(10�1). The pT spectra of the lepton control samples are scaled by the
transfer factors, then convolved with the smearing function. Two di�erent pT spectra are prepared, one
for the high-Emiss

T and one for the low-Emiss
T region, while keeping the same requirements as in the signal

region.

Fake tracklets: Fake tracklets are tracklets which are seeded from a random combination of hits. The
d0 distribution of fake tracklets is broad, whereas the high-pT chargino tracklets have good pointing
resolution and therefore have values of d0 which cluster around zero. The fake tracklets control region is
defined by requiring |d0 |/�(d0) > 10, and by removing the Emiss

T requirement. This region is dominated
by fake tracklets. The pT spectrum of fake tracklets is modelled with the following empirical functional
form:

f (pT) = exp
⇣
�p0 · log(pT) � p1 · (log(pT))2

⌘
, (3)

where p0 and p1 are fit parameters. Figure 6 shows the pT distribution of pixel tracklets in the fake
control region with the result of the fit. The pT spectrum shape is confirmed to be independent of Emiss

T by
comparing it in three Emiss

T regions: Emiss
T < 90 GeV, 90 GeV  Emiss

T < 140 GeV and Emiss
T � 140 GeV.

A small dependence of the fit parameters on |d0 |/�(d0) is observed by comparing the parameters obtained
in three regions: 10  |d0 |/�(d0) < 20, 20  |d0 |/�(d0) < 30 and 30  |d0 |/�(d0) < 100. The size of
the dependence on |d0 |/�(d0) is added as uncertainty on the pT template shape.

Chargino: The signal pT spectrum is estimated by smearing the truth-particle pT distribution of char-
ginos in the signal simulation for each signal parameter point. This procedure is performed to reduce the
uncertainty of the pT resolution by computing the parameters of the smearing function mainly based on
data. For the signal template, the smearing function parameters measured for muons in data are shifted
by the di�erences in the parameters for charginos and muons observed in the simulation.
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Figure 7: Disappearing tracklet pT spectrum in various regions. (a) Electroweak channel in the low-Emiss
T region. (b)

Strong channel in the low-Emiss
T region. (c) Electroweak channel in the high-Emiss

T region. (d) Strong channel in the
high-Emiss

T region. Observed data are shown with markers and the background components for the background-only
fit are shown with lines. An example of the expected signal spectrum is overlaid for comparison. The bottom panels
show the ratio of the data and the background predictions. The error band shows the uncertainty of the background
expectation including both statistical and systematic uncertainties.
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Figure 4: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the disap-
pearing charged track analysis for wino-like (left panel) and Higgsino-like (right panel) DM search.
The solid and dashed lines correspond to modifying the central value of the background estimate
by a factor of five, i.e., 20% and 500% of that obtained through the fit function in Eq. 2.9.

panel) DM search. The solid and dashed lines correspond to modifying the central value of
the background estimate by a factor of five, i.e., 20% and 500% of that obtained through
the fit function in Eq. 2.9. With the lower value of the background estimate, the expected
reach on wino-like DM mass at the 95% C.L. is 0.9, 2.1 and 6.5 TeV at the 14, 27 and
100 TeV colliders respectively. For the Higgsino-like scenario, these numbers are reduced
to 300, 600 and 1550 GeV, primarily due to the smaller length of the disappearing track
and the reduced production rate. For the higher value of the background estimate, the
mass reach for the wino-like states are modified to 500, 1500 and 4500 GeV, respectively, at
the three collider energies. Similarly, for the Higgsino-like scenario, the reach is modified
to 200, 450 and 1070 GeV. We note that the signal significance in the disappearing track
search is rather sensitive to the wino and Higgsino mass values (thus making the 2� and
5� reach very close in mass). This is because, as the chargino lifetime in the lab frame
becomes shorter for heavier masses, the signal event rate decreases exponentially.

The improvements in going from the HL-LHC to the HE-LHC, and further from the
HE-LHC to the FCC-hh/SppC are very similar to those obtained for the monojet analysis
above, namely, around a factor of two and three, respectively. Although we have presented
the reach at the 100 TeV collider without reference to the cosmology of these DM candidates,
in order for a wino heavier than around 3 TeV and a Higgsino heavier than around 1 TeV not
to overclose the Universe, one would require a non-standard thermal history, with late-time
entropy production.

4 Summary
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95% CL limit [GeV] 14 TeV 27 TeV 100 TeV

Wino 500� 900 1500� 2100 4500� 6500

Higgsino 200� 300 450� 600 1100� 1550

Disappearing Track
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The solid and dashed lines correspond to modifying the central value of the background estimate
by a factor of five, i.e., 20% and 500% of that obtained through the fit function in Eq. 2.9.
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the background estimate by a factor of five, i.e., 20% and 500% of that obtained through
the fit function in Eq. 2.9. With the lower value of the background estimate, the expected
reach on wino-like DM mass at the 95% C.L. is 0.9, 2.1 and 6.5 TeV at the 14, 27 and
100 TeV colliders respectively. For the Higgsino-like scenario, these numbers are reduced
to 300, 600 and 1550 GeV, primarily due to the smaller length of the disappearing track
and the reduced production rate. For the higher value of the background estimate, the
mass reach for the wino-like states are modified to 500, 1500 and 4500 GeV, respectively, at
the three collider energies. Similarly, for the Higgsino-like scenario, the reach is modified
to 200, 450 and 1070 GeV. We note that the signal significance in the disappearing track
search is rather sensitive to the wino and Higgsino mass values (thus making the 2� and
5� reach very close in mass). This is because, as the chargino lifetime in the lab frame
becomes shorter for heavier masses, the signal event rate decreases exponentially.

The improvements in going from the HL-LHC to the HE-LHC, and further from the
HE-LHC to the FCC-hh/SppC are very similar to those obtained for the monojet analysis
above, namely, around a factor of two and three, respectively. Although we have presented
the reach at the 100 TeV collider without reference to the cosmology of these DM candidates,
in order for a wino heavier than around 3 TeV and a Higgsino heavier than around 1 TeV not
to overclose the Universe, one would require a non-standard thermal history, with late-time
entropy production.
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Summary
• Wino/Higgsino dark matter are simple but well-motivated models.

• Collider searches are important to cover the relevant parameter 
space, which is complementary to the indirect detection.

• Mono-jet and disappearing track are powerful channels.

• The possible LHC high energy upgrade would significantly extend 
the reach of wino/Higgsino searches.
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95% Wino Wino Higgsino Higgsino
C.L. Monojet Disappearing Track Monojet Disappearing Track

14 TeV 280 GeV 900 GeV 200 GeV 300 GeV
27 TeV 700 GeV 2.1 TeV 490 GeV 600 GeV
100 TeV 2 TeV 6.5 TeV 1.4 TeV 1.5 TeV

Table 5: DM mass reach for a triplet (wino) and a doublet (Higgsino) at 95% C.L. at the HL-LHC,
HE-LHC and FCC-hh/SppC colliders, in optimistic scenarios for the background systematics. See
text for details.

like) DM mass of up to 600 GeV (2.1 TeV) at the 95% C.L., making it complementary to
the indirect probes using gamma rays from dwarf-spheroidal galaxies, as discussed in Sec. 1.
The monojet and missing transverse momentum search, on the otherhand, has a weaker
reach of 490 GeV (700 GeV) at 95% C.L. for the Higgsino-like (wino-like) states. Our results
are summarized in Table 5.

Although quite representative, it should be noted that our studies are limited to the
cases of pure EW gauge doublet and triplet. More general scenarios, especially ones with
state mixings and non-degenerate spectra should be examined to cover a broader
basis, by exploiting the possible decays of heavier states in the spectra. In
conclusion, the proposed HE-LHC could significantly extend the DM searches beyond the
reach of the HL-LHC. It would have a great potential for discovery and also serve as a
crucial step toward the future collider program at 100 TeV.
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