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Advantage:!
!   Only four free 

parameters (when 
sign(μ) fixed) !

!   One of the most 
studied incarnations 
of the MSSM!

!
Disadvantage:!
!  Not generally 

representative of 
SUSY (e.g. fixed 
mass relation  
between Mgluion and 
MLSP) !

m0 ,m1/2 , tanβ,A0 , sign(µ)
CMSSM!



Higgsino EWK processes 
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FIG. 2: Decay patterns of NLSP’s for all the six cases AI−CII.

branching fractions in Figs. 3−8. The partial width formulae are collected in the Appendix. The

transitional decays among the degenerate Winos or Higgsinos NLSPs (e.g. χ0
2 ↔ χ±

1 ) are almost

always suppressed due to the small mass splitting among the multiplets. Dominant decay modes

for NLSPs are always those directly down to the Bino-like LSP.

For Cases AI and AII with Wino and Higgsino NLSPs, respectively, the two-body decay of

χ±
1 → χ0

1W dominates leading to f f̄ ′χ0
1 of about a 100% branching fraction. Leptonic and

hadronic final states are essentially governed by the W decay branching fractions to the SM

fermions, namely about 67% for χ0
1qq

′, and 11% for χ0
1ℓνℓ for each lepton flavor.
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c±1, c0
2  = NSLP,   m(c±1) ~ m(c0

2)

Higgsino-like (i.e. large higgsino component but not pure): 
à DM(NLSP, LSP) ~ O(GeV) 

Pure-higgsino: 
à DM ~ 160 MeV – targeted by disappearing track analyses 
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Fig. 2.2.9: Upper limit on the production cross-section of pair produced e�±
2 e�0

4 decaying into a final state with two
same charge W boson with a BR of 25% for two assumptions on the e�0

1 mass.
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Fig. 2.2.10: Example Feynman diagrams for e�±
1 e�0

2 (left) and e�0

2e�0

1 (right) s-channel pair production, followed by
the leptonic decay of the e�0

2.

mass eigenstates, which is determined by the specific values of M1 and M2. Investigating either of these
scenarios, with very small mass splitting between the lightest electroweakinos, is particularly challenging
at hadron colliders, both due to the small cross-sections and the small transverse momenta of the final
state particles. As of writing the ATLAS and CMS collaborations have searched for higgsinos in up to
36 fb�1 of proton-proton collision data [96, 98] and just started probing the parameter space beyond the
LEP experiments’ limits [99,100]. By providing 3 ab�1of proton-proton collision data at a c.o.m. energy
of 14 TeV, the HL-LHC has the potential to significantly extend the sensitivity to higgsinos and thus to
natural SUSY. This is depicted also in Section 2.4.2 of this report.

The model used for the development of the searches for higgsino-like e�±
i and e�0

j by ATLAS and
CMS is a SUSY simplified model where the higgsino-like e�±

1 and e�0
2 are assumed to be quasi mass-

degenerate and produced in pairs. The model contains both the e�±
1 e�0

2 and the e�0
2e�0

1 production, where
e�±

1 decays into W⇤e�0
1 and e�0

2 into Z⇤e�0
1, respectively, with a branching fraction of 100% (Fig. 2.2.10).

Both ATLAS and CMS analyses presented in the following exploit the presence of charged leptons
with low transverse momenta arising from the off-shell W and Z bosons in the �̃±

1 ! W ⇤�̃0
1 and

�̃0
2 ! Z⇤�̃0

1 decays, and large missing transverse momentum due to the presence of an ISR jet.

2.2.5.1 Higgsino search prospects at HL- and HE-LHC at CMS

Contributors: A. Canepa, J. Hogan, S. Kulkarni, B. Schneider, CMS

The results presented here are from Ref. [101] from the CMS Collaboration. If the e�±
1 , e�0

2, and

33

(~ 350 MeV for wino-cases)



Thermal Higgsino/Wino dark matter 
´ Thermal freeze-out mechanism provides a cosmological clue for the observed DM density 

´ Most straightforward example of a DM thermal relic: massive particle with EW gauge interactions only 

´ Spin-1/2 particles transforming as doublets or triplets under SU(2) symmetry, usually referred to as Higgsino and Wino 

´ Although they are not really “SUSY” related – phenomenology is equivalent 
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [482] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [483] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [442, 484]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [138]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [485]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector

In the following, direct searches are presented in a bit more detail 
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Fig. 4.1.1: Diagram depicting �̃±
1 �̃0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one

105

Very challenging with high pile-up à
not shown in this sketch 
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and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
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inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
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pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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A disappearing track occurs when the decay products of a 
charged particle, like a supersymmetric chargino, are not 
detected (disappear) because they either interact only weakly 
or have soft momenta and hence are not reconstructed. 

Section 4.1 of arxiv:1812.07831

ATL-PHYS-PUB-2018-031

Tracklet reconstruction: 
• “standard” tracks are reconstructed; 
• track reconstruction is then rerun with looser criteria 

à >= 4 pixel hits using only input hits not associated 
with tracks

• Tracklets are then extrapolated to the strip detectors 
• pT > 5 GeV and |h| < 2.2 

Event selection: 
• Use boosts from ISR jets to trigger events
• Lepton veto and kinematic selections applied to

reduce background 

https://arxiv:1812
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to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
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Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
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compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
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The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
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1 implies they are generally produced back to back with similar transverse mo-
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A disappearing track occurs when the decay products of a 
charged particle, like a supersymmetric chargino, are not 
detected (disappear) because they either interact only weakly 
or have soft momenta and hence are not reconstructed. 

Two sources of background contributions: 

• SM particles that are reconstructed as tracklets,
i.e. hadrons scattering in detector material or 
electrons undergoing bremsstrahlung

• Events which contain fake tracklets:
• from Z à nn or W à ln where lepton is lost
• Scaled by the expected fake tracklet

probability 
• Fakes are also the largest source of

uncertainties (~30% of total background)

SR
Total SM 4.6 ± 1.3

V +jets events 0.17 ± 0.05
tt̄ events 0.02 ± 0.01
Fake tracklets 4.4 ± 1.3

Table 4.1.1: Yields are presented for the disappearing track SR selection with an integrated luminosity of 3 ab�1at
p

s = 14 TeV. The errors shown are the total statistical and systematic uncertainty.

energetic ISR jet. The minimum azimuthal angular distance between the first four jets (ordered in pT)
and the Emiss

T is required to be greater than 1, in order to reject events with mis-measured Emiss
T .

There are two main background contributions: SM particles that are reconstructed as tracklets, and
events which contain fake tracklets. The SM particles reconstructed as tracklets are typically hadrons
scattering in the detector material or electrons undergoing bremsstrahlung. The probability of an isolated
electron or hadron leaving a disappearing track is calculated using samples of single electrons or pions
passing through the current ATLAS detector layout, and is then scaled to take into account the ratio of
material in the current ATLAS inner detector and the upgraded inner tracker. The second background
contribution arises from events which contain “fake” tracklets. These events arise from Z ! ⌫⌫ or
W ! `⌫ (where the lepton is not reconstructed) and are scaled by the expected fake tracklet probability:

pITk
fake,tight = pATLAS

fake,tight ⇥
RITk

fake,loose

RATLAS
fake,loose

⇥
✏ITk
z0

✏ATLAS
z0

. (4.1.1)

In this equation, pATLAS
fake,tight is the fake rate of the current Run-2 analysis [331], computed using a d0

sideband for the track reconstruction, RITk
fake,loose is the fake rate in the same d0 sideband for ITk com-

puted with a neutrino particle gun sample, such that all tracks are purely a result of pile-up interactions,
RATLAS

fake,loose is the fake rate in the d0 sideband for ATLAS computed on data, ✏ITk
z0

is the selection efficiency
of the tracklet z0 selection in ITk, and ✏ATLAS

z0
is the selection efficiency of the tracklet z0 selection in

ATLAS.
Systematic uncertainty projections for both searches have been determined starting from the sys-

tematic uncertainties studied in Run-2 and evolving them to a level which the ATLAS and CMS collab-
orations have agreed to consider as a sensible extrapolation to HL–LHC. Hence, the theory modelling
uncertainties are expected to halve while the recommendations for detector-level and experimental uncer-
tainties are dependent upon the systematic uncertainty under consideration and are scaled appropriately
from the Run-2 analysis. When setting exclusion limits, an additional systematic uncertainty of 20% is
set to account for the theoretical systematic uncertainty on the models under consideration. The dominant
uncertainties in the disappearing track analysis arise from the modelling of the fake tracklet component,
and the total uncertainty on the background yield is extrapolated to be 30%.

Table 4.1.1 presents the expected yields in the SR for the disappearing track search for each back-
ground source, corresponding to an integrated luminosity of 3 ab�1. As seen in the table the dominant
background source corresponds to events with a “fake” tracklet, arising predominantly from Z ! ⌫⌫
events with an ISR jet and high Emiss

T , which contain spurious hits that are reconstructed as a tracklet.
Limits at 95% C.L. on the chargino lifetime are shown in Fig. 4.1.2 as a function of the �̃±

1 mass.
The simplified models of chargino production considered include chargino pair production and chargino-
neutralino production (both �̃±
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1 and �̃±
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2. The potential for the full HL-LHC dataset is expected to

exclude at the 95% C.L. chargino lifetimes, assuming a wino-like (higgsino-like) LSP, of between 7 ps
(10 ps) and 4 µs (1.5 µs) for light charginos with a mass of 100 GeV. Heavier wino-like (higgsino-like)
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1 ) = 1100 GeV (750 GeV) for lifetimes of 1 ns. The discovery
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Fig. 4.1.2: Expected exclusion limits at 95% C.L. from the disappearing track search using of 3 ab�1of 14 TeV

proton-proton collision data as a function of the �̃±
1 mass and lifetime. Simplified models including both chargino

pair production and associated production �̃±
1 �̃0

1 are considered assuming pure-wino production cross sections
(left) and pure-higgsino production cross sections (right). The yellow band shows the 1� region of the distribution
of the expected limits. The median of the expected limits is shown by a dashed line. The red line presents the
current limits from the Run-2 analysis and the hashed region is used to show the direction of the exclusion. The
expected limits with the upgraded ATLAS detector would extend these limits significantly. The chargino lifetime
as a function of the chargino mass is shown in the almost pure wino LSP scenario (light grey) calculated at one
loop level. The relationship between the masses of the chargino and the two lightest neutralinos in this scenario is
m(�̃±

1 ) = (m(�̃0

1) + m(�̃0

2))/2. The theory curve is a prediction from a pure higgsino scenario.

potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of mass
100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).

Finally, Fig. 4.1.3 presents the 95% C.L. expected exclusion limits in the �̃0
1, �m(�̃±

1 , �̃0
1) mass

plane, from both the disappearing track and dilepton searches. The yellow contour shows the expected
exclusion limit from the disappearing track search, with the possibility to exclude m(�̃±

1 ) up to 600 GeV
for �m(�̃±

1 , �̃0
1) < 0.2 GeV, and could exclude up to �m(�̃±

1 , �̃0
1) = 0.4 GeV for m(�̃±

1 ) = 100 GeV.
The blue curve presents the expected exclusion limits from the dilepton search, which could exclude up
to 350 GeV in m(�̃±

1 ), and for a light chargino mass of 100 GeV would exclude mass differences be-
tween 2 and 15 GeV. Improvements that are expected with the upgraded detector, and search technique
improvements may further enhance the sensitivity to these models. For example the sensitivity of the
disappearing tracks search can be enhanced by optimising the tracking algorithms used for the upgraded
ATLAS detector allowing for an increase in tracklet efficiency, the possibility of shorter tracklets pro-
duced requiring 3 or 4 hits, and further suppression of the fake tracklet component. The dilepton search
sensitivity would be expected to improve by increasing the reconstruction efficiency for low pT leptons.
The addition of the electron channel would also further enhance the search sensitivity.

4.1.2 Complementarities between LHeC and HL-LHC for disappearing track searches
Contributors: K. Deshpande, O. Fischer, J. Zurita

In higgsino-like SUSY models, the Higgsinos’ tiny mass splittings give rise to finite lifetimes
for the charginos, which is enhanced by the significant boost of the c.o.m. system and can be used
to suppress SM backgrounds [330]. The small mass splittings allow the Higgsinos to decay into
⇡±, e±, µ± + invisible particles, with the single visible charged particle having transverse momenta in
the O(0.1) GeV range. In the clean environment (i.e. low pile up) of the e�p collider, such single low-
energy charged tracks can be reliably reconstructed, if the minimum displacement between primary and
secondary vertex is at least 40 µm, and the minimum pT of the charged SM particle is at least 100 MeV.
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Pure-wino s
Pure-higgsino s

SR
Total SM 4.6 ± 1.3

V +jets events 0.17 ± 0.05
tt̄ events 0.02 ± 0.01
Fake tracklets 4.4 ± 1.3

Table 4.1.1: Yields are presented for the disappearing track SR selection with an integrated luminosity of 3 ab�1at
p

s = 14 TeV. The errors shown are the total statistical and systematic uncertainty.

energetic ISR jet. The minimum azimuthal angular distance between the first four jets (ordered in pT)
and the Emiss

T is required to be greater than 1, in order to reject events with mis-measured Emiss
T .

There are two main background contributions: SM particles that are reconstructed as tracklets, and
events which contain fake tracklets. The SM particles reconstructed as tracklets are typically hadrons
scattering in the detector material or electrons undergoing bremsstrahlung. The probability of an isolated
electron or hadron leaving a disappearing track is calculated using samples of single electrons or pions
passing through the current ATLAS detector layout, and is then scaled to take into account the ratio of
material in the current ATLAS inner detector and the upgraded inner tracker. The second background
contribution arises from events which contain “fake” tracklets. These events arise from Z ! ⌫⌫ or
W ! `⌫ (where the lepton is not reconstructed) and are scaled by the expected fake tracklet probability:

pITk
fake,tight = pATLAS

fake,tight ⇥
RITk

fake,loose

RATLAS
fake,loose

⇥
✏ITk
z0

✏ATLAS
z0

. (4.1.1)

In this equation, pATLAS
fake,tight is the fake rate of the current Run-2 analysis [331], computed using a d0

sideband for the track reconstruction, RITk
fake,loose is the fake rate in the same d0 sideband for ITk com-

puted with a neutrino particle gun sample, such that all tracks are purely a result of pile-up interactions,
RATLAS

fake,loose is the fake rate in the d0 sideband for ATLAS computed on data, ✏ITk
z0

is the selection efficiency
of the tracklet z0 selection in ITk, and ✏ATLAS

z0
is the selection efficiency of the tracklet z0 selection in

ATLAS.
Systematic uncertainty projections for both searches have been determined starting from the sys-

tematic uncertainties studied in Run-2 and evolving them to a level which the ATLAS and CMS collab-
orations have agreed to consider as a sensible extrapolation to HL–LHC. Hence, the theory modelling
uncertainties are expected to halve while the recommendations for detector-level and experimental uncer-
tainties are dependent upon the systematic uncertainty under consideration and are scaled appropriately
from the Run-2 analysis. When setting exclusion limits, an additional systematic uncertainty of 20% is
set to account for the theoretical systematic uncertainty on the models under consideration. The dominant
uncertainties in the disappearing track analysis arise from the modelling of the fake tracklet component,
and the total uncertainty on the background yield is extrapolated to be 30%.

Table 4.1.1 presents the expected yields in the SR for the disappearing track search for each back-
ground source, corresponding to an integrated luminosity of 3 ab�1. As seen in the table the dominant
background source corresponds to events with a “fake” tracklet, arising predominantly from Z ! ⌫⌫
events with an ISR jet and high Emiss

T , which contain spurious hits that are reconstructed as a tracklet.
Limits at 95% C.L. on the chargino lifetime are shown in Fig. 4.1.2 as a function of the �̃±

1 mass.
The simplified models of chargino production considered include chargino pair production and chargino-
neutralino production (both �̃±

1 �̃0
1 and �̃±

1 �̃0
2. The potential for the full HL-LHC dataset is expected to

exclude at the 95% C.L. chargino lifetimes, assuming a wino-like (higgsino-like) LSP, of between 7 ps
(10 ps) and 4 µs (1.5 µs) for light charginos with a mass of 100 GeV. Heavier wino-like (higgsino-like)
charginos are excluded up to m(�̃±

1 ) = 1100 GeV (750 GeV) for lifetimes of 1 ns. The discovery
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There are two main background contributions: SM particles that are reconstructed as tracklets, and
events which contain fake tracklets. The SM particles reconstructed as tracklets are typically hadrons
scattering in the detector material or electrons undergoing bremsstrahlung. The probability of an isolated
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passing through the current ATLAS detector layout, and is then scaled to take into account the ratio of
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Systematic uncertainty projections for both searches have been determined starting from the sys-

tematic uncertainties studied in Run-2 and evolving them to a level which the ATLAS and CMS collab-
orations have agreed to consider as a sensible extrapolation to HL–LHC. Hence, the theory modelling
uncertainties are expected to halve while the recommendations for detector-level and experimental uncer-
tainties are dependent upon the systematic uncertainty under consideration and are scaled appropriately
from the Run-2 analysis. When setting exclusion limits, an additional systematic uncertainty of 20% is
set to account for the theoretical systematic uncertainty on the models under consideration. The dominant
uncertainties in the disappearing track analysis arise from the modelling of the fake tracklet component,
and the total uncertainty on the background yield is extrapolated to be 30%.

Table 4.1.1 presents the expected yields in the SR for the disappearing track search for each back-
ground source, corresponding to an integrated luminosity of 3 ab�1. As seen in the table the dominant
background source corresponds to events with a “fake” tracklet, arising predominantly from Z ! ⌫⌫
events with an ISR jet and high Emiss

T , which contain spurious hits that are reconstructed as a tracklet.
Limits at 95% C.L. on the chargino lifetime are shown in Fig. 4.1.2 as a function of the �̃±

1 mass.
The simplified models of chargino production considered include chargino pair production and chargino-
neutralino production (both �̃±
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2. The potential for the full HL-LHC dataset is expected to

exclude at the 95% C.L. chargino lifetimes, assuming a wino-like (higgsino-like) LSP, of between 7 ps
(10 ps) and 4 µs (1.5 µs) for light charginos with a mass of 100 GeV. Heavier wino-like (higgsino-like)
charginos are excluded up to m(�̃±
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by optimising the tracking algorithms used for the upgraded ATLAS detector allowing for an increase in
tracklet e�ciency, the possibility of shorter tracklets produced requiring 3 or 4 hits, and further suppression
of the fake tracklet component. The dilepton search sensitivity would be expected to improve by increasing
the reconstruction e�ciency for low pT leptons. The addition of the electron channel would also further
enhance the search sensitivity.
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Figure 7: Expected exclusion at the 95% CL from the disappearing track and dilepton searches in the �m( �̃±1 , �̃0
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m( �̃±1 ) mass plane. The blue curve presents the exclusion limits from the dilepton search. The yellow contour
presents the exclusion limit from the disappearing track search. The figure also presents the limits on chargino
production from LEP [16]. The relationship between the masses of the chargino and the two lightest neutralinos in
this scenario is m( �̃±1 ) = 1

2 (m( �̃0
1 ) + m( �̃0

2 )). The theory curve is a prediction from a pure higgsino scenario taken
from Ref.[30].

8 Conclusion

This note presents studies performed to assess the sensitivity to electroweakino production with the
HL-LHC and the upgraded ATLAS detector, using 3000 fb�1 of

p
s = 14 TeV data. Well motivated and

natural SUSY scenarios predict a compressed electroweakinos sector. Two signatures with good discovery
potential are considered in this prospect note (disappearing track and soft leptons). In a pure-Higgsino
scenario, the former can discover up to 600 GeV charginos with 1 ns lifetime while the latter could discover
the second lightest neutralino with mass up to 200 GeV. Improvements that could be expected with the
upgraded detector will provide additional sensitivity for both of the searches presented.
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Wino: ~ 850 GeV exclusion (~500 GeV discovery)
Higgsino: ~ 260 GeV exclusion (~150 GeV discovery)
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Fig. 4.1.5: Comparative reach of the HL-LHC, HE-LHC and FCC-hh/SppC options in the disappearing charged
track analysis for wino-like (left) and Higgsino-like (right) DM search. The solid and dashed lines correspond to
modifying the central value of the background estimate by a factor of five.

95% C.L. Wino Wino Higgsino Higgsino
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 1.6 TeV

Table 4.1.2: Summary of DM mass reach at 95% C.L. for an EW triplet (wino-like) and a doublet (Higgsino-
like) representation, at the HL-LHC, HE-LHC and the FCC-hh/SppC colliders, in optimistic scenarios for the
background systematics.

4.2 Displaced Vertices
Many models of new physics predict long-lived particles which decay within the detector but at an
observable distance from the proton-proton interaction point (displaced signatures). If the decay products
of the long-lived particle include multiple particles reconstructed as tracks or jets, the decay can produce
a distinctive signature of an event containing at least one displaced vertex (DV). In the following sections,
a number of prospects studies from ATLAS, CMS and LHCb are presented. Results are interpreted in
the context of supersymmetric or higgs-portal scenarios but are applicable to any new physics model
predicting one or more DVs, since the analyses are not driven by strict model assumptions.

4.2.1 LLP decaying to a Displaced Vertex and Emiss
T at HL-LHC

Contributors: E. Frangipane, L. Jeanty, L. Lee Jr, H. Oide, S. Pagan Griso, ATLAS

There are several recent papers at the LHC which have searched for displaced vertices, including
Ref.s [300, 333–335]. The projection presented here [336] requires at least one displaced vertex recon-
structed within the ATLAS ITk, and events are required to have at least moderate missing transverse
momentum (Emiss

T ), which serves as a discriminant against background as well as an object on which to
trigger. The analysis sensitivity is projected for a benchmark SUSY model of pair production of long-
lived gluinos, which can naturally arise in models such as Split SUSY [337]. Each gluino hadronises into
an R-hadron and decays through a heavy virtual squark into a pair of SM quarks and a stable neutralino
with a mass of 100 GeV.

This study makes use of Monte Carlo simulation samples to obtain the kinematic properties of sig-
nal events, which are then used to estimate the efficiency for selecting signal events. The pair production
of gluinos from proton-proton collisions at

p
s = 13 TeV was simulated in PYTHIA 6.428 [92] at lead-

ing order with the AUET2B [338] set of tuned parameters for the underlying event and the CTEQ6L1
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Only slightly more optimistic for HL-LHC wrt experimental search

Fig. 4.1.4: Regions in the (m
�
± , c⌧) Higgsino parameter plane where more than 10 or 100 events with at least one

(left) or two (right) LLPs are observed at the LHeC. Light shading indicates the uncertainty in the predicted num-
ber of events due to different hadronisation and LLP reconstruction assumptions. Approximately 10 signal events
should be discernible against the ⌧ -background at 2�, in particular for 2 LLPs, so the green shaded region repre-
sents an estimate of the exclusion sensitivity. For comparison, the black curves are the optimistic and pessimistic
projected bounds from HL-LHC disappearing track searches from Ref. [288]. The figure is from Ref. [330].

4.1.3 Searching for Electroweakinos with disappearing tracks analysis at HL- and HE-LHC

Contributors: T. Han, S. Mukhopadhyay, X. Wang

Prospects for a disappearing charged track search are finally presented for three different sce-
narios of collider energy and integrated luminosity: HL-LHC, HE-LHC, and FCC-hh/SppC (100 TeV,
30 ab�1). The studies are documented in Ref. [155] and are complementary to the monojet prospects
reported in Section 3.1.3 for higgsino-like SUSY scenarios.

As in Section 3.1.3, the significance is defined as S/
q

B + (�BB)2 + (�SS)2 where S and B
are the total number of signal and background events, and �S , �B refer to the corresponding percentage
systematic uncertainties, respectively.

Background and signal systematic uncertainties are assumed as �B = 20% and �S = 10%
respectively. In Fig. 4.1.5 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) and Higgsino-like (right) DM search. The
solid and dashed lines correspond to modifying the central value of the background estimate6 by a factor
of five. With the optimistic estimation of the background, wino-like DM can be probed at the 95% C.L.
up to 900, 2100, and 6500 GeV, 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 its shorter lifetime
and the reduced production rate. For the conservative estimation of the background, 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 becomes 200, 450, and 1070 GeV. Results for HL-
LHC are also in reasonable agreement with experimental prospect studies. 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), due to the fact that the signal event rate decreases exponentially as the
chargino lifetime in the lab frame becomes shorter for heavier masses.

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, namely, around a factor of
two and three, respectively. Results for both analyses are summarised in Table 4.1.2.

6Background is estimated by extrapolating ATLAS Run-2 analysis [332]. See [155] for details.
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Fig. 4.1.4: Regions in the (m
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(left) or two (right) LLPs are observed at the LHeC. Light shading indicates the uncertainty in the predicted num-
ber of events due to different hadronisation and LLP reconstruction assumptions. Approximately 10 signal events
should be discernible against the ⌧ -background at 2�, in particular for 2 LLPs, so the green shaded region repre-
sents an estimate of the exclusion sensitivity. For comparison, the black curves are the optimistic and pessimistic
projected bounds from HL-LHC disappearing track searches from Ref. [288]. The figure is from Ref. [330].

4.1.3 Searching for Electroweakinos with disappearing tracks analysis at HL- and HE-LHC

Contributors: T. Han, S. Mukhopadhyay, X. Wang

Prospects for a disappearing charged track search are finally presented for three different sce-
narios of collider energy and integrated luminosity: HL-LHC, HE-LHC, and FCC-hh/SppC (100 TeV,
30 ab�1). The studies are documented in Ref. [155] and are complementary to the monojet prospects
reported in Section 3.1.3 for higgsino-like SUSY scenarios.

As in Section 3.1.3, the significance is defined as S/
q

B + (�BB)2 + (�SS)2 where S and B
are the total number of signal and background events, and �S , �B refer to the corresponding percentage
systematic uncertainties, respectively.

Background and signal systematic uncertainties are assumed as �B = 20% and �S = 10%
respectively. In Fig. 4.1.5 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) and Higgsino-like (right) DM search. The
solid and dashed lines correspond to modifying the central value of the background estimate6 by a factor
of five. With the optimistic estimation of the background, wino-like DM can be probed at the 95% C.L.
up to 900, 2100, and 6500 GeV, 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 its shorter lifetime
and the reduced production rate. For the conservative estimation of the background, 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 becomes 200, 450, and 1070 GeV. Results for HL-
LHC are also in reasonable agreement with experimental prospect studies. 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), due to the fact that the signal event rate decreases exponentially as the
chargino lifetime in the lab frame becomes shorter for heavier masses.

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, namely, around a factor of
two and three, respectively. Results for both analyses are summarised in Table 4.1.2.

6Background is estimated by extrapolating ATLAS Run-2 analysis [332]. See [155] for details.
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Fig. 4.1.1: Diagram depicting �̃±
1 �̃0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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Fig. 4.1.2: Expected exclusion limits at 95% C.L. from the disappearing track search using of 3 ab�1of 14 TeV

proton-proton collision data as a function of the �̃±
1 mass and lifetime. Simplified models including both chargino

pair production and associated production �̃±
1 �̃0

1 are considered assuming pure-wino production cross sections
(left) and pure-higgsino production cross sections (right). The yellow band shows the 1� region of the distribution
of the expected limits. The median of the expected limits is shown by a dashed line. The red line presents the
current limits from the Run-2 analysis and the hashed region is used to show the direction of the exclusion. The
expected limits with the upgraded ATLAS detector would extend these limits significantly. The chargino lifetime
as a function of the chargino mass is shown in the almost pure wino LSP scenario (light grey) calculated at one
loop level. The relationship between the masses of the chargino and the two lightest neutralinos in this scenario is
m(�̃±

1 ) = (m(�̃0

1) + m(�̃0

2))/2. The theory curve is a prediction from a pure higgsino scenario.

potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of mass
100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would
allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).

Finally, Fig. 4.1.3 presents the 95% C.L. expected exclusion limits in the �̃0
1, �m(�̃±

1 , �̃0
1) mass

plane, from both the disappearing track and dilepton searches. The yellow contour shows the expected
exclusion limit from the disappearing track search, with the possibility to exclude m(�̃±

1 ) up to 600 GeV
for �m(�̃±

1 , �̃0
1) < 0.2 GeV, and could exclude up to �m(�̃±

1 , �̃0
1) = 0.4 GeV for m(�̃±

1 ) = 100 GeV.
The blue curve presents the expected exclusion limits from the dilepton search, which could exclude up
to 350 GeV in m(�̃±

1 ), and for a light chargino mass of 100 GeV would exclude mass differences be-
tween 2 and 15 GeV. Improvements that are expected with the upgraded detector, and search technique
improvements may further enhance the sensitivity to these models. For example the sensitivity of the
disappearing tracks search can be enhanced by optimising the tracking algorithms used for the upgraded
ATLAS detector allowing for an increase in tracklet efficiency, the possibility of shorter tracklets pro-
duced requiring 3 or 4 hits, and further suppression of the fake tracklet component. The dilepton search
sensitivity would be expected to improve by increasing the reconstruction efficiency for low pT leptons.
The addition of the electron channel would also further enhance the search sensitivity.

4.1.2 Complementarities between LHeC and HL-LHC for disappearing track searches
Contributors: K. Deshpande, O. Fischer, J. Zurita

In higgsino-like SUSY models, the Higgsinos’ tiny mass splittings give rise to finite lifetimes
for the charginos, which is enhanced by the significant boost of the c.o.m. system and can be used
to suppress SM backgrounds [330]. The small mass splittings allow the Higgsinos to decay into
⇡±, e±, µ± + invisible particles, with the single visible charged particle having transverse momenta in
the O(0.1) GeV range. In the clean environment (i.e. low pile up) of the e�p collider, such single low-
energy charged tracks can be reliably reconstructed, if the minimum displacement between primary and
secondary vertex is at least 40 µm, and the minimum pT of the charged SM particle is at least 100 MeV.
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Fig. 4.1.1: Diagram depicting �̃±
1 �̃0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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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.

candidate track with radial track length in the range

12 < d < 30 cm. (3.6)

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

The optimized set of kinematic cuts for the HE-LHC is given in Table 4, with the
corresponding signal cross-sections. Here, basic cuts refers to the requirement of /ET >

150 GeV at the matrix-element level. We also show the efficiency of each cut on the signal
(✏S) rates. As we can see from Table 2, for the representative mass value of 500 GeV for
the chargino and neutralino states in the wino-like scenario, we expect a cross-section of
1.59 fb, which, after taking into account the efficiency fudge factor of 0.1 mentioned in
Sec. 2.2, would imply 2385 signal events with 15 ab

�1 data at the HE-LHC. Following the
methodology described in the above section, we also expect around 28 background events.
Thus, even if the background normalization increases by upto a factor of five, the signal to
background ratio, S/B, would be in the range of 17 � 85. Similarly, for the Higgsino-like
scenario, the S/B ratio is estimated to be in the range of 1� 7 for the representative mass
value of 300 GeV. Both these numbers are encouraging and imply that with a detector
design similar to that of Run-2 LHC, the experimental uncertainties in the disappearing
charged track search will be largely statistical in nature.

3.2 Comparative reach of different hadron collider options

We are now in a position to compare the reach of different hadron collider options in
searching for wino and Higgsino dark matter and their associated charged states. We will
show the results for three different scenarios of the collider energy and integrated luminosity:

HL-LHC : 14 TeV, 3 ab
�1,

HE-LHC : 27 TeV, 15 ab
�1,

FCC-hh/SppC : 100 TeV, 30 ab
�1. (3.7)

To present our results on the future reach of the above collider options, we adopt a
definition of significance

Sp
B + (�BB)2 + (�SS)2,

(3.8)

– 11 –

https://arxiv.org/pdf/1805.00015.pdf
https://arxiv:1812


CLIC: Disappearing track signatures  

4/6/20Disappearing Tracks @ future facilities, Monica D'Onofrio8

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

j

Fig. 4.1.1: Diagram depicting �̃±
1 �̃0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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renders the charged components �± slightly heavier than the neutral components �0
1,2. This splitting

takes the form [520]
�m =

↵

2
mZf(m2

�/m2
Z) (219)

where

f(x) =

p
x
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Z 1

0
dy(2 � y) log


1 +

y

x(1 � y)2

�
(220)

and obtains the asymptotic value �m = 1
2↵mZ in the limit m2

� � m2
Z .

When charged higgsinos �± are produced, they decay into the neutral �0’s via charged current
interactions, primarily via the two-body decay �±

! �0⇡± with partial width

�(�±
! �0⇡±) =

G2
F

⇡
cos2 ✓cf

2
⇡�m3

r
1 �

m2
⇡

�m2
. (221)

where ✓c is the Cabibbo angle. The small splitting in Eq. (219) implies that the �± travel a macro-
scopic distance, of order one centimetre, before decaying into an invisible �0 and soft Standard Model
states. The charged higgsino lifetime makes it a particularly challenging target for LHC searches, as the
“charged stub” left by the charged higgsino traversing the tracker is typically too short to be resolved by
LHC detectors, leaving only a weak missing energy signature with unobservably soft decay products.

Here we study CLIC prospects for probing the pure higgsino, focusing on the production of
charged higgsino pairs and the ensuing disappearing track signature. As a detailed treatment of back-
grounds is beyond the scope of this study, we determine the signal efficiency for a variety of possible
search strategies requiring one or more charged stubs per event, with or without hard photon ISR.

Our analysis strategy is loosely based on existing searches for pure higgsinos or winos at the
LHC, requiring one or more charged stubs in each event with the further option of requiring hard photon
ISR. We pursue two possible strategies involving only charged stub requirements: an optimistic strategy
requiring at least one identifiable charged stub per signal event, and a more conservative strategy requir-
ing two charged stubs. We also illustrate six possible strategies involving a hard ISR photon of energy
E� > 50, 100, or 200 GeV in addition to � 1 or exactly 2 charged stubs. For completeness, we study
these strategies for three CLIC configurations: 500 fb�1 at

p
s = 380 GeV, 1500 fb�1 at

p
s = 1.5 TeV,

and 3000 fb�1 at
p

s = 3 TeV. We neglect beam polarization effects, which do not significantly impact
the signal efficiency.

5.2.1 Charged stub-only analysis
The acceptance for a search requiring only one or more charged stubs can be determined analytically. To
do so, we first compute the leading-order unpolarized differential cross section d�/d cos ✓ as a function
of polar angle ✓ for e+e�

! �+�� (see e.g. [521]). Once produced, each �± travels some distance
before decaying, leading to a distinctive charged stub in the tracker. In order to be counted as a charged
stub, the �± must traverse at least 4 layers of the CLIC tracker before decaying.

As such, we define dmin(✓) as the minimum distance a single �± must travel in the detector before
decaying in order to register 4 hits in the CLIC tracker, thereby enabling identification of the charged
stub. This corresponds to the following requirements [522]:

dmin(✓) =

8
>>>><

>>>>:

4.4 cm
sin ✓ 19� < ✓ < 90�

22 cm
cos ✓ 13� < ✓ < 19�

29 cm
cos ✓ 8� < ✓ < 13�

, (222)

with the usual symmetry about ✓ = 90�. Particles produced at polar angles ✓ < 8� are assumed to exit
the detector without registering hits.
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Particles produced at polar angles θ < 8◦ are assumed 
to exit the detector without registering hits. 

The probability that a single �± of three-momentum ~p� travels a distance dmin or greater in the
detector is simply the survival probability

Ps(dmin) = e�m�dmin��/|~p�| , (223)

where �� is given in Eq. (221). From this we can compute the number of events N1�stub
evts with at least

one identifiable charged stub, or the number of events N2�stub
evts with exactly two identifiable charged

stubs, at a given centre-of-mass energy
p

s and integrated luminosity Lint by integrating the differential
cross section against the appropriate combination of survival probabilities over all polar angles:

N1�stub
evts = Lint ⇥

Z 1

�1

d�(e+e�
! �+��)

d cos ✓
[2Ps(dmin) � Ps(dmin)

2] d cos ✓ , (224)

N2�stub
evts = Lint ⇥

Z 1

�1

d�(e+e�
! �+��)

d cos ✓
Ps(dmin)

2 d cos ✓ . (225)

This treatment does not account for possible additional efficiency factors associated with the identifica-
tion of charged stubs beyond the requirement that the stub traverse 4 tracker layers before disappearing.
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Figure 72: Number of expected signal events at
p

s = 380 GeV, 1.5 TeV, and 3 TeV for the � 1 charged
stub selection (left) and = 2 charged stub selection (right) as a function of the charged higgsino mass
m�.

We validate our analytic treatment by simulating the process e+e�
! �+�� at leading order at

centre-of-mass energies
p

s = 0.380, 1.5, 3.0 TeV using MadGraph 5. We simulate 50,000 events at
each of m� = 100�180 GeV in 10 GeV intervals at

p
s = 380 GeV, m� = 100�800 GeV in 100 GeV

intervals at
p

s = 1.5 TeV, and m� = 100 � 1600 GeV in 100 GeV intervals at
p

s = 3 TeV. Each �± is
then decayed by drawing randomly from the appropriate distribution of lifetimes given by Eq. (221), and
counted as a charged stub if it travels a distance greater than the corresponding dmin before decaying.
The number of events with at least one charged stub, or with exactly two charged stubs, is then compared
to the analytic expectation. We find excellent agreement between the analytic result and Monte Carlo
simulation.

The results of the charged stub-only analysis are shown in Figure 72 for each of the three CLIC
operating configurations.

5.2.2 Charged stub + photon analysis
Depending on the results of complete background characterization, background reduction may require
the imposition of additional cuts beyond the appearance of charged stubs. One possible strategy is to
require sufficiently hard initial state radiation (ISR) in conjunction with one or more charged stubs. To
characterize the impact of possible cuts on the energy of a hard ISR photon, we extend the above analysis
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Fig. 4.1.1: Diagram depicting �̃±
1 �̃0

1 production (left), and schematic illustration of a pp ! �̃±
1 �̃0

1 + jet event in
the HL-LHC ATLAS detector, with a long-lived chargino (right). Particles produced in pile-up pp interactions are
not shown. The �̃±

1 decays into a low-momentum pion and a �̃0

1 after leaving hits in the pixel layers.

to the afore-mentioned study on disappearing tracks, complementary studies on LLPs e.g. from higgs
decays have been performed in the context of a future e�p collider, resulting in good sensitivity for a
wide range in c⌧ and mass [330].

4.1 Disappearing Tracks
A disappearing track occurs when the decay products of a charged particle, like a supersymmetric
chargino, are not detected (disappear) because they either interact only weakly or have soft momenta
and hence are not reconstructed. In the following, prospect studies for HL-, HE- and new proposed e�p
collider are presented, illustrating the potential of this signature as well as its experimental challenges.

4.1.1 Prospects for disappearing track analysis at HL-LHC
Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The disappearing track search [102] investigates scenarios where the �̃±
1 , and �̃0

1 are almost mass
degenerate, leading to a long lifetime for the �̃±

1 which decays after the first few layers of the inner
detector, leaving a track in the innermost layers of the detector. The chargino decays as �̃±

1 ! ⇡±�̃0
1.

The �̃0
1 escapes the detector and the pion has a very low energy and is not reconstructed, leading to the

disappearing track signature. Diagram and schematic illustration of production and decay process are
shown in in Fig. 4.1.1. The main signature of the search is a short “tracklet” which is reconstructed in the
inner layers of the detector and subsequently disappears. The tracklet reconstruction efficiency for signal
charginos is estimated using fully simulated samples of �̃±

1 pair production with m(�̃±
1 ) = 600 GeV.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred to as
tracks are reconstructed. Afterwards the track reconstruction is then rerun with looser criteria, requiring
at least four pixel-detector hits. This second reconstruction uses only input hits which are not associated
with tracks, referred to as “tracklets”. The tracklets are then extrapolated to the strip detectors, and any
compatible hits are assigned to the tracklet candidate. Tracklets are required to have pT > 5 GeVand
|⌘| < 2.2. Candidate leptons, which are used only to veto events, are selected with pT > 20 GeV and
|⌘| < 2.47 (2.7) for electrons (muons).

The signal region (SR) optimisation is performed by scanning a set of variables which are ex-
pected to provide discrimination between the signal scenario under consideration and the expected SM
background processes. The final state contains zero leptons, large Emiss

T and at least one tracklet, and
events are reweighted by the expected efficiencies of tracklet reconstruction. The small mass splitting
between the �̃±

1 and �̃0
1 implies they are generally produced back to back with similar transverse mo-

mentum. Hence it is necessary to select events where the system is boosted by the recoil of at least one
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renders the charged components �± slightly heavier than the neutral components �0
1,2. This splitting

takes the form [520]
�m =

↵

2
mZf(m2

�/m2
Z) (219)

where

f(x) =

p
x

⇡

Z 1

0
dy(2 � y) log


1 +

y

x(1 � y)2

�
(220)

and obtains the asymptotic value �m = 1
2↵mZ in the limit m2

� � m2
Z .

When charged higgsinos �± are produced, they decay into the neutral �0’s via charged current
interactions, primarily via the two-body decay �±

! �0⇡± with partial width

�(�±
! �0⇡±) =

G2
F

⇡
cos2 ✓cf

2
⇡�m3

r
1 �

m2
⇡

�m2
. (221)

where ✓c is the Cabibbo angle. The small splitting in Eq. (219) implies that the �± travel a macro-
scopic distance, of order one centimetre, before decaying into an invisible �0 and soft Standard Model
states. The charged higgsino lifetime makes it a particularly challenging target for LHC searches, as the
“charged stub” left by the charged higgsino traversing the tracker is typically too short to be resolved by
LHC detectors, leaving only a weak missing energy signature with unobservably soft decay products.

Here we study CLIC prospects for probing the pure higgsino, focusing on the production of
charged higgsino pairs and the ensuing disappearing track signature. As a detailed treatment of back-
grounds is beyond the scope of this study, we determine the signal efficiency for a variety of possible
search strategies requiring one or more charged stubs per event, with or without hard photon ISR.

Our analysis strategy is loosely based on existing searches for pure higgsinos or winos at the
LHC, requiring one or more charged stubs in each event with the further option of requiring hard photon
ISR. We pursue two possible strategies involving only charged stub requirements: an optimistic strategy
requiring at least one identifiable charged stub per signal event, and a more conservative strategy requir-
ing two charged stubs. We also illustrate six possible strategies involving a hard ISR photon of energy
E� > 50, 100, or 200 GeV in addition to � 1 or exactly 2 charged stubs. For completeness, we study
these strategies for three CLIC configurations: 500 fb�1 at

p
s = 380 GeV, 1500 fb�1 at

p
s = 1.5 TeV,

and 3000 fb�1 at
p

s = 3 TeV. We neglect beam polarization effects, which do not significantly impact
the signal efficiency.

5.2.1 Charged stub-only analysis
The acceptance for a search requiring only one or more charged stubs can be determined analytically. To
do so, we first compute the leading-order unpolarized differential cross section d�/d cos ✓ as a function
of polar angle ✓ for e+e�

! �+�� (see e.g. [521]). Once produced, each �± travels some distance
before decaying, leading to a distinctive charged stub in the tracker. In order to be counted as a charged
stub, the �± must traverse at least 4 layers of the CLIC tracker before decaying.

As such, we define dmin(✓) as the minimum distance a single �± must travel in the detector before
decaying in order to register 4 hits in the CLIC tracker, thereby enabling identification of the charged
stub. This corresponds to the following requirements [522]:

dmin(✓) =

8
>>>><

>>>>:

4.4 cm
sin ✓ 19� < ✓ < 90�

22 cm
cos ✓ 13� < ✓ < 19�

29 cm
cos ✓ 8� < ✓ < 13�

, (222)

with the usual symmetry about ✓ = 90�. Particles produced at polar angles ✓ < 8� are assumed to exit
the detector without registering hits.
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Particles produced at polar angles θ < 8◦ are assumed 
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Figure 73: Number of expected signal events at
p

s = 380 GeV, 1.5 TeV, and 3 TeV for the � 1 charged
stub + photon selection (left) and = 2 charged stub + photon selection (right) as a function of the charged
higgsino mass m�. The cut on photon ISR energy is > 50 GeV (top), > 100 GeV (middle), > 200 GeV
(bottom).

colliders such as CLIC offer the possibility to indirectly probe the existence of those states via precision
measurements, even if the beam energy is below the production threshold of the new particles.

After reviewing the physics case for new states with electroweak (EW) quantum numbers in
Sections 5.3.1-5.3.3, we consider in Section 5.3.4 the universal loop corrections to the SM process
e+e�

! ff̄ (where f denotes a standard model (SM) fermion), and provide in turn the projected exclu-
sion limits of CLIC for various benchmark models. Our analysis follows closely the one of Ref. [525].

New states � ⇠ (1, n, Y ) charged under SU(2)L ⇥ U(1)Y , whose lightest particle (LP) in the n-
dimensional multiplet is stable and neutral appear in many motivated beyond-the-SM (BSM) scenarios.
The EW sector of supersymmetry (SUSY) comprising the wino/higgsino system is maybe one of the
most compelling cases for new EW multiplets, although there are also other frameworks (mainly related
to DM) which motivate the existence of new particles with n > 3. In the following, we briefly review
some of them.
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Figure 74: The 95% CLIC exclusion reach for pure higgsinos in each of the eight analysis strategies,
assuming zero background in each analysis.

Figure 75: Contours in the place lifetime-mass for N=3 (solid) and N=30 (dashed) higgsino events in the
acceptance defined by Eq. (222) at the three stages of CLIC: 380 GeV 0.5 ab�1 (blue), 1.5 TeV 1.5 ab�1

(yellow), and 3.0 TeV 3 ab�1 (green).

5.3.1 Minimal (milli-charged) dark matter
The idea behind Minimal Dark Matter (MDM) [526] is to introduce a single EW multiplet � which is
accidentally stable at the renormalizable level due to the SM gauge symmetry. One further assumes
Y = 0 (to avoid direct detection bounds from Z exchange) and that the lightest particle (LP) in the
multiplet is neutral. This is actually a prediction if the mass splitting is purely radiative as in the case
of fermions, while scalars can receive a tree-level splitting from the scalar potential which is assumed
to be sub-leading. The contribution to the relic density is then completely fixed by known EW gauge
interactions and the mass of the new state m�, thus making the framework extremely predictive. If
one further requires that the theory remains weakly coupled up to the Planck scale and that d < 6 �-
decay operators are not allowed (otherwise they would lead to a too fast � decay, even with a Planck
scale cutoff), this leads to one single option: the Majorana fermion representation (1, 5, 0)MF.67 In the
following, we use the labels RS, CS, MF, and DF to denote a real scalar, complex scalar, Majorana
fermion, and Dirac fermion representation, respectively.

The MDM framework was extended in [528] to contemplate the possibility of a milli-charge ✏ ⌧

1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no bearing on collider
physics, but it ensures the (exact) stability of the LP in the EW multiplet. The various MDM candidates

67Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in [527] that a
previously overlooked d = 5 operator leads to a loop-induced decay of the neutral component in �, whose lifetime is shorter
that the age of the Universe.
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accidentally stable at the renormalizable level due to the SM gauge symmetry. One further assumes
Y = 0 (to avoid direct detection bounds from Z exchange) and that the lightest particle (LP) in the
multiplet is neutral. This is actually a prediction if the mass splitting is purely radiative as in the case
of fermions, while scalars can receive a tree-level splitting from the scalar potential which is assumed
to be sub-leading. The contribution to the relic density is then completely fixed by known EW gauge
interactions and the mass of the new state m�, thus making the framework extremely predictive. If
one further requires that the theory remains weakly coupled up to the Planck scale and that d < 6 �-
decay operators are not allowed (otherwise they would lead to a too fast � decay, even with a Planck
scale cutoff), this leads to one single option: the Majorana fermion representation (1, 5, 0)MF.67 In the
following, we use the labels RS, CS, MF, and DF to denote a real scalar, complex scalar, Majorana
fermion, and Dirac fermion representation, respectively.

The MDM framework was extended in [528] to contemplate the possibility of a milli-charge ✏ ⌧

1. Bounds from DM direct detection imply ✏ . 10�9. The milli-charge has hence no bearing on collider
physics, but it ensures the (exact) stability of the LP in the EW multiplet. The various MDM candidates

67Originally also the real scalar representation (1, 7, 0)RS was included in the list, but it was shown later in [527] that a
previously overlooked d = 5 operator leads to a loop-induced decay of the neutral component in �, whose lifetime is shorter
that the age of the Universe.
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χ̃+
1 decay mode BR(dM1600) BR(dM770)

eνχ̃0
1 17.3% 15.0%

µνχ̃0
1 16.6% 13.7%

π+χ̃0
1 16.5% 60.4%

π+π0χ̃0
1 28.5% 7.3%

π+π0π0χ̃0
1 7.5% 0.03%

π+π+π−χ̃0
1 7.1% 0.03%

π+π+π−π0χ̃0
1 2.4% −

π+π0π0π0χ̃0
1 0.5% −

K+χ̃0
1 1.2% 3.5%

K0π+χ̃0
1 1.0% 0.03%

K+π0χ̃0
1 0.5% 0.02%

Table 2: Chargino χ̃+
1 decay modes according to Herwig++ 2.6.0.

χ̃0
2 decay mode BR(dM1600) BR(dM770)

γχ̃0
1 23.6% 74.0%

νν̄χ̃0
1 21.9% 9.7%

e+e−χ̃0
1 3.7% 1.6%

µ+µ−χ̃0
1 3.7% 1.5%

hadrons +χ̃0
1 44.9% 12.7%

χ̃±
1 +X 1.9% 0.4%

Table 3: Neutralino χ̃0
2 decay modes according to Herwig++ 2.6.0.

Decay widths and branching ratios

Due to the quite pronounced mass degeneracy in the χ̃±
1 , χ̃

0
1 system, the χ̃±

1 decays require a specific
treatment, which we will now briefly describe. In case of small mass splittings, a perturbative treatment
on parton level, followed by standard hadronisation, leads to large uncertainties for slight variations of the
masses of the partonic decay products. In the scenarios considered here, this especially plays a role in the
decays of the chargino, where the mass difference can be in the sub-GeV range. In fact, the same situation
is encountered in the SM for the decay of τs into hadrons. In this case, a more appropriate description
then follows an effective theory approach using hadronic currents. For the case of supersymmetry, such a
description has been implemented in the event generator Herwig++ for χ̃±

1 decays [48, 49]. We therefore used
Herwig++ to generate the according branching ratios and decays widths, they are given in Table 2. On the
other hand, the branching ratios of the χ̃0

2 are calculated at parton-level followed by hadronisation, with the
results listed in Table 3.6 The decay widths of loop-induced processes have been cross checked with available
analytic results [29]. They agree within 5% with the Herwig++ values.

6In principle, the mass difference for the χ̃±
1 -LSP in dM1600 scenario and the χ̃0

2-LSP in dM770 scenario are of similar order.
However, since for neutral current decays there is no analogue to the charged current τ -decay in the the SM, no dedicated code
is yet available which treats the decays of χ̃0

2 using hadronic currents. The effects of including such an improved description
are in the line of future work.
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and neutralino spectrum, and the underlying on-shell µ and M1,2 parameters2 are given by

dM1600 M1 = 1.70TeV, M2 = 4.36TeV, µ = 165.89GeV, tanβ|mZ
= 44, (12)

Mχ̃±
1

= 165.77GeV, Mχ̃0
1
= 164.17GeV, Mχ̃0

2
= 166.87GeV, mh = 124GeV;

dM770 M1 = 5.30TeV, M2 = 9.51TeV, µ = 167.40GeV, tanβ|mZ
= 48, (13)

Mχ̃±
1

= 167.36GeV, Mχ̃0
1
= 166.59GeV, Mχ̃0

2
= 167.63GeV, mh = 127GeV.

Note that the above masses include higher-order corrections, and therefore differ from the tree-level pre-
dictions in Eq. (7) at the sub-permil level.3 As stated before, the two lightest neutralinos are nearly
completely higgsino-like, with negligible gaugino admixtures. The mass splittings are very small with
Mχ̃±

1
− Mχ̃0

1
= 770MeV (1.6GeV) and Mχ̃0

2
− Mχ̃0

1
= 1.04GeV (2.7GeV) in the dM770 (dM1600) sce-

nario. This has interesting consequences especially for the decay, which we will discuss in the following.

Production

The production cross sections have been calculated with Whizard 1.95 [36] using the ILC set-up provided
by the ILC Generator Group [37]. It includes soft initial-state photon emission using an electron structure
function [38] as well as the beam energy-spectra corresponding to the ILC Technical Design Report (ILC
TDR) [39].

Due to the small mass difference, only very few and soft visible particles will result from the higgsino
decay. For reasons mentioned above, a realistic analysis will therefore need to require an additional photon
from initial-state radiation to be seen in the detector. The ISR photon, in addition to its usefulness to
suppress background, provides an elegant way to determine the χ̃±

1 and χ̃0
2 masses from their recoil against

the photon. This has already been applied successfully for near-degenerate winos in AMSB scenarios [40].
We therefore determine the observable cross sections with one final state photon included in the hard

matrix element. This photon is required to have a minimal invariant mass of 4GeV with the corresponding
beam electron and an energy of more than 10 GeV, corresponding to the cut used later at the analysis stage.
We have verified that the effect of double-counting with the soft initial-state photon emission is negligible.

Figure 2 shows the observable chargino and neutralino cross sections in the dM770 scenario as a function
of the centre-of-mass energy, and for two different configurations of the polarisation of the beams, with
the positron beam polarised to −(+)30%, the electron beam to +(−)80%.4 Figure 3 shows the same cross
sections for a fixed centre-of-mass energy of 500GeV as a function of the positron polarisation. The chargino
production can be strongly enhanced by choosing the appropriate beam helicities, whereas the differences are
significantly smaller in the neutralino case. Beyond the signal enhancement, beam polarisation can be used
to prove that the observed process is mediated purely by s-channel exchange of a Z-boson, i.e. by analysing
the corresponding scaling factors between the polarised and unpolarised cross sections together with the
order of magnitude of the cross section, see below and cf. discussion in [45]. Effects from beam polarisation
at an e+ e− collider on chargino/neutralino pair-production have already been studied in [21, 24, 28]5 and
have successfully been exploited for full parameter determination in [46].

As mentioned, higgsinos are produced by Z (γ, Z) exchange in the s-channel for neutralinos (charginos)
respectively, cf. the diagrams shown in Fig. 1. It is then straightforward to explain the differences in
production cross sections in Figs. 2 and 3 by considering only these diagrams. For neutralino production,
the ratio of (e+R e−L → χ̃0

1 χ̃
0
2)/(e

+
L e−R → χ̃0

1 χ̃
0
2) ∼ 1.3 for fully polarised beams can directly be obtained from

2The calculation of on-shell parameters follows Refs. [25] and [34]. Three particles from the chargino/neutralino sector are
chosen to be on-shell, e.g. χ̃±

1 , χ̃±
2 and χ̃0

3. The most convenient choice should include “representative” states for each of the
components, bino, wino and higgsino. This choice guarantees that the NLO corrections will be small [25]. Next, for fixed tan β
and using tree-level relations, see Eqs. (5) and (6), one calculates on-shell MSSM parameters. The masses of the remaining
charginos and/or neutralinos will be shifted by appropriately calculated radiative corrections.

3These small differences in absolute masses, however, translate into sizeable corrections of the mass differences between the
lightest chargino/second-lightest neutralino and the LSP. We accordingly correct for these higher-order contributions in the fit
used for the determination of the fundamental parameters M1, M2, µ, and tan β; see Section 5 for further details.

4In the following, the notation P (e+, e−) = (−30%,+80%) etc. will be used to denote the assumed beam polarisation.
5For (fully differential) chargino production at NLO, cf. [27, 41, 42, 43, 44].
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Figure 2: Chargino (left) and neutralino (right) production cross section in scenario dM770 for P (e+, e−) =
(−30%,+80%) and P (e+, e−) = (+30%,−80%) as a function of the centre-of-mass energy.
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Figure 3: Chargino (left) and neutralino (right) production cross section in scenario dM770 at
√
s = 500 GeV

as a function of the positron polarisation for P (e−) = +80% and P (e−) = −80%.

the ratio of the respective fermion couplings to the Z boson, given by L2/R2 = [1 − 1/(2 sin2 θW )]2 ∼ 1.3,
with L = − 1

2 + sin2 θW , R = sin2 θW . For arbitrarily polarised beams the scaling factor between polarised
and unpolarised cross section is given by

σpol/σunpol =

(
1 +

R2 − L2

R2 + L2
Peff

)
· Leff/L = (1− 0.151Peff) · Leff/L , (14)

where Leff = (1 − P (e−)P (e+))L denotes the normalised effective number of interactions and Peff =
P (e−)−P (e+)
1−P (e−)P (e+) the effective polarisation (for details see [45]). It is expected to achieve high |Peff | ∼ 95%

and Leff/L ∼ 1.5 for centre-of-mass energies of
√
s ≥ 350 GeV at the ILC [47] which leads to scaling factor

of about 1.2 (1.7) with P (e−, e+) = (+80%,−60%) (P (e−, e+) = (−80%,+60%)) configuration of polarised
(e−, e+)-beams.

In case of chargino pair production, the large difference in the cross sections stems from positive (in LR
configuration) or negative (in RL configuration) interference of the γ and Z s-channel contributions, which
is again due to the structure of the fermion-Z couplings. These characteristics (which are independent of
additional photon radiation) are well reflected in the total cross sections displayed in Figures 2 and 3.
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model the signal contribution and fitted to the simulated data in the endpoint region (red line). The two
parameters of the SM background function are fixed to the values obtained from the SM-only fit in the wider√
s′ window. It has been verified that the results are stable against reasonable variations of the fit ranges or

the bounds on the background parameters. The chargino mass is fitted to 168.0 ± 1.4GeV in the dM1600
scenario and to 168.6± 1.0GeV in the dM770 case.

/GeVs’
200 250 300 350 400 450 500

Ev
en

ts
/1

0 
G

eV

0

200

400

600

800 γ 
1
 -χ∼ 

1

+
χ∼ 

γ 
2
0χ∼ 

1
0χ∼ 

 SM
 simul. data

 1.4 GeV± = 168.0 fit

1
±χ∼

M

dM1600

/GeVs’
200 250 300 350 400 450 500

Ev
en

ts
/1

0 
G

eV

0

200

400

600

800

1000 γ 
1
 -χ∼ 

1

+
χ∼ 

γ 
2
0χ∼ 

1
0χ∼ 

 SM
 simul. data

 1.0 GeV± = 168.6 fit

1
±χ∼

M

dM770

Figure 6: Distribution of the reduced centre-of-mass energy (
√
s′) of the system recoiling against the hard ISR

photon for all events passing the chargino selection for an integrated luminosity of 500 fb−1 with P (e+, e−) =
(+30%,−80%). Mχ̃±

1
is determined from a linear fit to the distribution near the endpoint. Left: dM1600

scenario; Right: dM770 scenario.

The fitted central values agree within 1.6 (1.2) standard deviations with the respective input masses of
Mχ̃±

1
= 165.77GeV (Mχ̃±

1
= 167.36GeV) in the dM1600 (dM770) scenario. Since the relation between

√
s′

and the chargino mass is only approximate, e.g. due to the approximation of equal chargino energies, but
even more so due to the beam energy-spectrum, an exact agreement is not necessarily expected. Therefore
we investigated the dependence of the fitted mass on the input mass by simulating signal samples with
different chargino masses. In order to minimise a possible bias due to changes in the acceptance, all higgsino
masses were varied simultaneously, so that e.g. the momentum distribution of the decay products does not
change significantly.

Figure 7 shows the fitted mass as function of the true mass for both scenarios. They clearly display a
linear behaviour, which can easily be used to calibrate the reconstruction method. The calibrated mass (and
its uncertainty) can be found on the x-axis as a projection of the fitted values on the y-axis as indicated by
the lines.10

At a first sight it might appear worrisome that both scenarios have different correlations between fitted
and true masses. However one needs to remember that in the dM1600 case, an additional decay channel
is included and thus different selections are applied in the two scenarios, which in this case changes the
behaviour of the reconstruction. A substantial component of the uncertainty is correlated between all
masses. This is due to the remaining background, and is most visible in the dM770 scenario, where the
signal rate is higher and thus statistical fluctuations between the different signal samples at the different
masses are smaller than in the dM1600 case. In the absence of any background, the statistical error on an
individual mass determination would shrink to about 0.5GeV.

After applying the calibration, we find an excellent agreement with the input mass values, at the price
of the uncertainties increasing by ∼ 50%:

dM1600 : M cal
χ̃±
1

= 166.2± 2.0GeV (M true
χ̃±
1

= 165.8GeV) , (17)

dM770 : M cal
χ̃±
1

= 167.3± 1.5GeV (M true
χ̃±
1

= 167.4GeV) . (18)

10The uncertainty on the calibration curve itself is not propagated to the final result, since its origin, namely the limited
amount of available MC statistics especially for the SM background, will not be an issue in a real ILC measurement.
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Use reduced centre-of-mass energy of the system recoiling against the photon 
(s’ = s – 2 sqrt(s) Eg) à while this is not a dedicated analysis, reach down to low Dm

https://arxiv.org/pdf/1307.3566.pdf
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Single low-energy charged tracks are reconstructed if the minimum 
displacement between primary and secondary vertex (r0) is at least 40μm, 
and the minimum pT of the charged SM particle is at least 100 MeV. 

Section 4.1.2 of HL-LHC report
https://arxiv.org/pdf/1712.07135.pdf
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FIG. 4. Example of dominant Higgsino (left) and Higgs (right)
production processes at e�p colliders. V = W± or Z as required.

see e.g. ref. [101]. Sensitivity projections are summarized
in Fig. 3 (bottom), and notably constrain short lifetimes but
not long ones. This is due to the coupling to the Higgs bo-
son, which mediates nuclear scattering and depends on the
Higgsino-Bino mixing angle, or, equivalently, �m � �1�loop

and only becomes appreciable for mass splittings ⇠ GeV.
Hence, the lack of signals in direct detection strongly favors
a highly compressed spectra.8 The most sensitive of these
future experiments is DARWIN [122], which will be able to
probe DM-nucleon cross sections very close to the so-called
neutrino floor, where backgrounds from solar, cosmic and
atmospheric neutrinos become relevant. For thermal Hig-
gsino DM, this scattering rate corresponds to mass splittings
of about 0.5 GeV.9 Probing cross sections below the neutrino
floor will be much more challenging.

Indirect detection experiments search for signs of dark mat-
ter annihilation in the cosmic ray spectra. Assuming a thermal
relic abundance, current bounds from Fermi disfavor masses
below 280 GeV, with proposed CTA measurements being sen-
sitive to m� ⇠ 350 GeV [131]. AMS antiproton data might
exclude somewhat higher masses [132], but that bound is sub-
ject to very large uncertainties.

While these cosmological bounds complement collider
searches, they are much more model-dependent. One can
imagine a Higgsino-like inert doublet scenario which does not
give rise to a stable dark matter candidate (e.g. the lightest
neutral state could decay to additional hidden sector states),
making colliders the only direct way to probe their exis-
tence. Even if the assumptions about cosmology hold, col-
lider searches are vital to fill in the blind spots below the neu-
trino floor. If a direct detection signal is found, the precise
nature of dark matter would then have to be confirmed with
collider searches. Finally, even with the most optimistic pro-
jections there are regions of parameter space at intermediate
mass splitting (lifetimes . mm) that are difficult to probe us-
ing both direct detection and current strategies at pp colliders.

8 It is also possible to have an accidentally small (or null) coupling of Higgs
to dark matter in the so called blind-spots [130]. We will not consider this
option further in this work.

9 This implies a lower bound on the singlet mass of 10 TeV. The singlet might
then be well outside the reach of both the present and future generation of
collider experiments.

FIG. 5. Production rate of Higgsinos at e�p colliders. The fraction
of events with two charged Higgsino LLPs is ⇠ 40� 50%.

C. Higgsino search at e�p colliders

At e
�

p colliders, Higgsinos are produced dominantly in
VBF processes as shown in Fig. 4 (left). Since the produc-
tion process is 2 ! 4 it suffers significant phase space sup-
pression and has a rather small cross section, as shown in
Fig. 5. Fortunately, the spectacular nature of the LLP sig-
nal, and the clean experimental environment, still allows for
significant improvements in reach compared to the existing
search strategies outlined in the previous subsection.

LLP signature

We first consider searches at the LHeC. Weak-scale Higgsi-
nos are produced in association with a recoiling, highly ener-
getic jet with pT > 20 GeV. This jet alone will ensure that
the event passes trigger thresholds and is recorded for offline
analysis. Crucially, the measurement of this jet will also deter-
mine the position of the primary vertex (PV) associated with
the Higgsino production process.

Due to the asymmetric beams the center-of-mass frame of
the process is boosted by bcom ⇡

1
2

p
Ee/Ep ⇡ 5.5 with re-

spect to the lab frame. Subsequently, the long lived charginos
are typically significantly boosted along the proton beam di-
rection, which increases their lifetime in the laboratory frame.

For small mass splittings . 1 GeV considered here,
the dominant decay modes of the Higgsinos are to single
⇡

±
, e

±
, µ

± + invisible particles. The single visible charged
particle typically has transverse momenta in the O(0.1 GeV)
range. In the clean environment (i.e. low pile up) of the e

�
p

collider, such single low-energy charged tracks can be reliably
reconstructed.

Analysis strategy

The following offline analysis strategy is sketched out in
Fig. 6. One or two charginos are produced at the PV, which is
identified by the triggering jet (A). A chargino decaying to a
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FIG. 4. Example of dominant Higgsino (left) and Higgs (right)
production processes at e�p colliders. V = W± or Z as required.

see e.g. ref. [101]. Sensitivity projections are summarized
in Fig. 3 (bottom), and notably constrain short lifetimes but
not long ones. This is due to the coupling to the Higgs bo-
son, which mediates nuclear scattering and depends on the
Higgsino-Bino mixing angle, or, equivalently, �m � �1�loop

and only becomes appreciable for mass splittings ⇠ GeV.
Hence, the lack of signals in direct detection strongly favors
a highly compressed spectra.8 The most sensitive of these
future experiments is DARWIN [122], which will be able to
probe DM-nucleon cross sections very close to the so-called
neutrino floor, where backgrounds from solar, cosmic and
atmospheric neutrinos become relevant. For thermal Hig-
gsino DM, this scattering rate corresponds to mass splittings
of about 0.5 GeV.9 Probing cross sections below the neutrino
floor will be much more challenging.

Indirect detection experiments search for signs of dark mat-
ter annihilation in the cosmic ray spectra. Assuming a thermal
relic abundance, current bounds from Fermi disfavor masses
below 280 GeV, with proposed CTA measurements being sen-
sitive to m� ⇠ 350 GeV [131]. AMS antiproton data might
exclude somewhat higher masses [132], but that bound is sub-
ject to very large uncertainties.

While these cosmological bounds complement collider
searches, they are much more model-dependent. One can
imagine a Higgsino-like inert doublet scenario which does not
give rise to a stable dark matter candidate (e.g. the lightest
neutral state could decay to additional hidden sector states),
making colliders the only direct way to probe their exis-
tence. Even if the assumptions about cosmology hold, col-
lider searches are vital to fill in the blind spots below the neu-
trino floor. If a direct detection signal is found, the precise
nature of dark matter would then have to be confirmed with
collider searches. Finally, even with the most optimistic pro-
jections there are regions of parameter space at intermediate
mass splitting (lifetimes . mm) that are difficult to probe us-
ing both direct detection and current strategies at pp colliders.

8 It is also possible to have an accidentally small (or null) coupling of Higgs
to dark matter in the so called blind-spots [130]. We will not consider this
option further in this work.

9 This implies a lower bound on the singlet mass of 10 TeV. The singlet might
then be well outside the reach of both the present and future generation of
collider experiments.
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FIG. 5. Production rate of Higgsinos at e�p colliders. The fraction
of events with two charged Higgsino LLPs is ⇠ 40� 50%.

C. Higgsino search at e�p colliders

At e
�

p colliders, Higgsinos are produced dominantly in
VBF processes as shown in Fig. 4 (left). Since the produc-
tion process is 2 ! 4 it suffers significant phase space sup-
pression and has a rather small cross section, as shown in
Fig. 5. Fortunately, the spectacular nature of the LLP sig-
nal, and the clean experimental environment, still allows for
significant improvements in reach compared to the existing
search strategies outlined in the previous subsection.

LLP signature

We first consider searches at the LHeC. Weak-scale Higgsi-
nos are produced in association with a recoiling, highly ener-
getic jet with pT > 20 GeV. This jet alone will ensure that
the event passes trigger thresholds and is recorded for offline
analysis. Crucially, the measurement of this jet will also deter-
mine the position of the primary vertex (PV) associated with
the Higgsino production process.

Due to the asymmetric beams the center-of-mass frame of
the process is boosted by bcom ⇡

1
2

p
Ee/Ep ⇡ 5.5 with re-

spect to the lab frame. Subsequently, the long lived charginos
are typically significantly boosted along the proton beam di-
rection, which increases their lifetime in the laboratory frame.

For small mass splittings . 1 GeV considered here,
the dominant decay modes of the Higgsinos are to single
⇡

±
, e

±
, µ

± + invisible particles. The single visible charged
particle typically has transverse momenta in the O(0.1 GeV)
range. In the clean environment (i.e. low pile up) of the e

�
p

collider, such single low-energy charged tracks can be reliably
reconstructed.

Analysis strategy

The following offline analysis strategy is sketched out in
Fig. 6. One or two charginos are produced at the PV, which is
identified by the triggering jet (A). A chargino decaying to a

Higgsino cross-section @ e-p
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e
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BC
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Tracker

Interaction
Region PV

FIG. 6. Sketch of our LLP search strategy at e�p colliders. Sin-
gle or pair-production of weak-scale Higgsino LLPs (red) is practi-
cally always associated with the production of a hard jet (A) with
pT > 20 GeV and |⌘| < 4.7 which reaches the tracker and passes
the trigger. The charged jet constituents (black) identify the primary
vertex (PV). For Higgsinos decaying into e/µ/⇡± + �0

1,2 (B), the
LLP is detected if the charged particle trajectory (black solid and
dashed) is reconstructed with pT > pmin

T and has impact parameter
greater than rmin. For LLPs decaying into two or more charged par-
ticles (C), a DV can be reconstructed, and the LLP is identified if the
distance to the PV is more than rmin. The electron or neutrino in the
event as well as neutral final states of LLP decay are not shown.

single charged particle is depicted in Fig. 6 (B). The charged
track has an impact parameter with respect to the PV. If the im-
pact parameter with respect to the PV is greater than a given
rmin we can tag this track as originating from an LLP decay,
which holds also when the LLP decays within the interaction
region. This heavily relies on backgrounds due to pile-up be-
ing either absent or controllable.

If the chargino decays to two or more charged particles,
a conventional displaced vertex can be reconstructed (C). In
that case, the PV-DV distance has to be greater than rmin to
identify an LLP decay.10

The most relevant parameter of our search strategy is thus
rmin. Our benchmark value is rmin = 40µm, which corre-
sponds to about 5 nominal detector resolutions. We also con-
sider the case of 5 ‘optimistic’ detector resolutions (rmin =
25µm) and a pessimistic scenario with rmin = 80µm. More-
over, the pT threshold for reconstruction of a single charged
particle is also relevant. In order to study the impact of
the pT threshold, we will consider a benchmark value of
p
min
T = 100 MeV, corresponding to a gyromagnetic radius

of O(10cm) for the B field of 3.5 T. We also consider an opti-
mistic scenario of p

min
T = 50 MeV and a pessimistic scenario

of p
min
T = 400 MeV, which corresponds to the threshold

for track ID at ATLAS and CMS in a high pile-up environ-
ment [133]. 11

10 In a realistic analysis, rmin can be different for displaced tracks and ver-
tices, but for our analysis it is sufficient to take them to be identical.

11 At an e�p collider the full four momentum can be measured, and em-
ploying |p| rather than pT would lead to a slight increase in sensitivity.

We assume 100% reconstruction efficiency for displaced
tracks and vertices. The estimation of the realistic (expected-
to-be O(1)) efficiencies requires a full simulation of the de-
tector response to our signal, which is beyond the scope of
our paper and will be left for future work. We do not expect
this to significantly affect our conclusions.

Event simulation and analysis

The production of MSSM Higgsinos is simulated in
MG5 aMC@NLO [134] at parton-level, which is sufficient
given the almost purely geometrical nature of our signal. For
each chargino k the probability of detecting it as an LLP is

P
(k)
detect =

X

i

Bri(�m(c⌧))Pi(c⌧) , (2)

where k = 1, 2 for chargino pair production events. The in-
dex i stands for the decay processes in Fig. 2, with branching
ratios Bri. Pi is the probability of detecting this particular
chargino if it decays via process i. For 2- and 3-body de-
cays to a single charged particle, it is computed by choosing
the charged particle momentum from the appropriate phase
space distribution in the chargino rest frame, then computing
the minimum distance the chargino must travel for the im-
pact parameter of the resulting charged track to be greater than
rmin. Pi is the chance of the chargino traveling at least that
distance given its boost and the chosen lifetime c⌧ . Pi = 0 if
the charged particle pT lies below threshold or it does not hit
the tracker.

For decays to “jets”, defined as three charged pions (all
hadronic decays) for �m below (above) �m⇤, we examine
two possibilities. Optimistically, one would expect the jet to
contain two or more relatively energetic charged particles, al-
lowing a DV to be reconstructed. Pjet is then computed sim-
ply by requiring the chargino to travel at least rmin from the
PV. Pessimistically the jet has to contain at least one charged
particle, and we assign Pjet = P⇡±⇡0⇡0 . The difference be-
tween the optimistic and pessimistic Pjet scenarios represents
an uncertainty on our sensitivity estimate.

For each event with one chargino, P
(1)
detect represents the

chance of detecting a single LLP in the event. For each event
with two charginos, 1 � (1 � P

(1)
detect)(1 � P

(2)
detect) is the

chance of observing at least one LLP, while P
(1)
detectP

(2)
detect is

the chance of observing two LLPs. This allows us to com-
pute the number of observed events with at least one or two
LLPs, N1+LLP and N2LLP, as a function of chargino mass
and chargino lifetime.

We show contours of N1+LLP and N2LLP in Fig. 7 for
µ > 0. The darker (lighter) shading represents the contour
with the lowest (highest) estimate of event yield, obtained by

However, in order to be comparable with pp collider thresholds, we use
pT in the following.

probability of detecting it as an LLP 
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FIG. 10. Reach dependence on r0 and pmin
T . All plots assume 1 ab�1 of data, µ > 0, and the most optimistic estimate for event yield given

hadronization and displaced jet reconstruction uncertainties.

mal Higgsino DM relic at lifetimes much shorter than FCC-hh
disappearing track searches. Furthermore, this reach is theo-
retically very robust since LLP tagging efficiency at O(mm)
lifetime is excellent at e

�
p colliders.

We note that an O(1) pile-up may become relevant at higher
beam energies and luminosities. A detailed discussion is be-
yond our scope, but we expect that single displaced charged
particles should be kinematically clearly distinguishable from
a second high-energy primary vertex. Furthermore, given the
sizable longitudinal extent of the interaction region, sensitiv-
ity at short lifetimes would not be affected by requiring the
impact parameter or DV distance from the PV to be much less
than the beam spot length. This would further reject pile-up
vertices, which are more evenly distributed along the beam
axis. While a more thorough investigation is certainly re-
quired, we expect our results to be fairly robust against these
modest levels of pile-up, especially for the search requiring 2

observed LLPs.

Impact of track resolution and energy thresholds

It is important to determine to what extent the specifica-
tions of the detector, like energy thresholds and tracking res-
olution, affect BSM reach. In Fig. 10 we show how reach is
modified if we deviate from our benchmark assumptions of
p
min
T = 100 MeV as the minimum threshold for single track

reconstruction and r
min
0 = 40µm as the minimum spatial sep-

aration for LLP tagging.
Our results are fairly robust with respect to variation in

these two thresholds. Changing the tracking resolution (rmin
0 )

unsurprisingly has noticeable effect on reach at the lowest life-
times, but does not affect mass reach at the larger lifetimes.
Conversely, the p

min
T threshold has no effect on reach at short

https://arxiv.org/pdf/1712.07135.pdf
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FIG. 7. Regions in the (m�± , c⌧) Higgsino parameter plane where
more than 10 or 100 events with at least one (top) or two (bottom)
LLPs are observed at the LHeC. Light shading indicates the uncer-
tainty in the predicted number of events due to different hadroniza-
tion and LLP reconstruction assumptions. Approximately 10 signal
events should be descernable against the ⌧ -background at 2�, in par-
ticular for 2 LLPs, so the green shaded region represents an estimate
of the exclusion sensitivity. For comparison, the black curves are
the optimistic and pessimistic projected bounds from HL-LHC dis-
appearing track searches, see Fig. 3.

minimizing (maximizing) with respect to the two hadroniza-
tion scenarios of md = 0 or 0.5 GeV, and adopting the pes-
simistic (optimistic) Pjet reconstruction assumption. The dif-
ference between the light and dark shaded regions can be in-
terpreted as a range of uncertainty in projected reach.12 The
µ < 0 case is very similar in all of our studies, so we only
show the positive case.

Backgrounds

An important and irreducible background SM background
to our LLP signature is the decays of tau leptons, which have

12 We note that the abrupt “bite” in the green shaded region of the top plot
around (m�, c⌧) ⇠ (140 GeV, 10�5m) is an artifact of assuming
100% DV reconstruction once the Higgsino decays to jets of two or more
charged particles turn on at larger mass splitting (under the optimistic re-
construction assumption). In reality, this intermediate region would likely
be smoothly interpolated by a gradual turn-on, when more efficiently re-
constructed DVs start dominating over displaced single tracks.

a proper lifetime of ⇠ 0.1mm and beta-decay into the same
range of final states as the charginos. Events with one (⌧+

⌫⌧ )
and two taus (⌧+

⌧
�) are produced via VBF together with a

jet with pT > 20 GeV, |⌘| < 4.7 at LHeC with cross sections
of ⇠ 0.6 and ⇠ 0.3 pb, respectively.

Since the ⌧ ’s originate from the decay of on-shell W and
Z bosons, their decay products are much more central and
energetic than those of charginos. Consequently, despite this
background being much larger than the Higgsino signal, it can
be suppressed considerably with simple kinematic cuts.

Specifically, by requiring the final states of LLP decay to
be forward (|⌘| > 1 in the proton beam direction), the missing
energy to be high (MET & 30 GeV) and the LLP final state
energy to be very low (. 1.5�m for a given chargino life-
time), a background rejection of 10�3 (10�4) can be achieved
for events requiring at least one (two) reconstructed LLPs
while keeping a large O(1) fraction of the Higgsino signal.

Given the above background cross sections, the number
of signal events that would be excludable at the 95% confi-
dence level (2�) above the background are then about 50 (10)
for at least one (two) observed LLPs. This purely kinematic
background rejection is very effective, but still underestimates
the sensitivity. In the space of possible final states and de-
cay lengths, ⌧ ’s will populate very different regions than the
chargino signal. While an in-depth study of such an analysis
is beyond our scope, a comparison of the observed LLP data
to a background template in that space will clearly increase
sensitivity even further.

It is with this in mind that we have shown contours of
N1+LLP,2LLP > 10 and > 100. By the above arguments,
the former constitutes a realistic expectation for the approxi-
mate number of LLPs which should be excludable at 2�, while
the latter shows how sensitivity is affected if backgrounds are
much harder to reject than we anticipated.

FCC-eh

We repeat the above analysis for the FCC-eh scenarios. We
assume the same detector dimensions, triggers, and thresh-
olds. The kinematic rejection of ⌧ backgrounds improves,
with rejections in the range of 10�4

�10�3 (10�5
�10�4) for

one (two) ⌧ events, more than offsetting the modest growth in
⌧ -cross section, which is 2.1 (0.8) pb at the FCC-eh with a 60
GeV electron beam, and 4.4 (1.1) pb with a 240 GeV electron
beam.

Figs. 8 and 9 show the number of observed events with
at least 1 or 2 LLPs at the FCC-eh (60) and FCC-eh (240).
We recall that we here consider benchmark luminosities of 1
and 10 ab�1. For the latter, we show contours of 300 and
30 events instead of 100 and 10 to estimate sensitivity. This
roughly accounts for the

p
10 larger number of signal events

required to stand out against the same background cross sec-
tion with a factor of 10 higher luminosity. However, we also
show contours for 10 events, in the event that background
rejection is very good and sensitivity scales more linearly
with luminosity. We emphasize that the FCC-eh (240) with
10 ab�1 of luminosity may be able to probe the 1.1 TeV ther-
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FIG. 7. Regions in the (m�± , c⌧) Higgsino parameter plane where
more than 10 or 100 events with at least one (top) or two (bottom)
LLPs are observed at the LHeC. Light shading indicates the uncer-
tainty in the predicted number of events due to different hadroniza-
tion and LLP reconstruction assumptions. Approximately 10 signal
events should be descernable against the ⌧ -background at 2�, in par-
ticular for 2 LLPs, so the green shaded region represents an estimate
of the exclusion sensitivity. For comparison, the black curves are
the optimistic and pessimistic projected bounds from HL-LHC dis-
appearing track searches, see Fig. 3.

minimizing (maximizing) with respect to the two hadroniza-
tion scenarios of md = 0 or 0.5 GeV, and adopting the pes-
simistic (optimistic) Pjet reconstruction assumption. The dif-
ference between the light and dark shaded regions can be in-
terpreted as a range of uncertainty in projected reach.12 The
µ < 0 case is very similar in all of our studies, so we only
show the positive case.

Backgrounds

An important and irreducible background SM background
to our LLP signature is the decays of tau leptons, which have

12 We note that the abrupt “bite” in the green shaded region of the top plot
around (m�, c⌧) ⇠ (140 GeV, 10�5m) is an artifact of assuming
100% DV reconstruction once the Higgsino decays to jets of two or more
charged particles turn on at larger mass splitting (under the optimistic re-
construction assumption). In reality, this intermediate region would likely
be smoothly interpolated by a gradual turn-on, when more efficiently re-
constructed DVs start dominating over displaced single tracks.

a proper lifetime of ⇠ 0.1mm and beta-decay into the same
range of final states as the charginos. Events with one (⌧+

⌫⌧ )
and two taus (⌧+

⌧
�) are produced via VBF together with a

jet with pT > 20 GeV, |⌘| < 4.7 at LHeC with cross sections
of ⇠ 0.6 and ⇠ 0.3 pb, respectively.

Since the ⌧ ’s originate from the decay of on-shell W and
Z bosons, their decay products are much more central and
energetic than those of charginos. Consequently, despite this
background being much larger than the Higgsino signal, it can
be suppressed considerably with simple kinematic cuts.

Specifically, by requiring the final states of LLP decay to
be forward (|⌘| > 1 in the proton beam direction), the missing
energy to be high (MET & 30 GeV) and the LLP final state
energy to be very low (. 1.5�m for a given chargino life-
time), a background rejection of 10�3 (10�4) can be achieved
for events requiring at least one (two) reconstructed LLPs
while keeping a large O(1) fraction of the Higgsino signal.

Given the above background cross sections, the number
of signal events that would be excludable at the 95% confi-
dence level (2�) above the background are then about 50 (10)
for at least one (two) observed LLPs. This purely kinematic
background rejection is very effective, but still underestimates
the sensitivity. In the space of possible final states and de-
cay lengths, ⌧ ’s will populate very different regions than the
chargino signal. While an in-depth study of such an analysis
is beyond our scope, a comparison of the observed LLP data
to a background template in that space will clearly increase
sensitivity even further.

It is with this in mind that we have shown contours of
N1+LLP,2LLP > 10 and > 100. By the above arguments,
the former constitutes a realistic expectation for the approxi-
mate number of LLPs which should be excludable at 2�, while
the latter shows how sensitivity is affected if backgrounds are
much harder to reject than we anticipated.

FCC-eh

We repeat the above analysis for the FCC-eh scenarios. We
assume the same detector dimensions, triggers, and thresh-
olds. The kinematic rejection of ⌧ backgrounds improves,
with rejections in the range of 10�4

�10�3 (10�5
�10�4) for

one (two) ⌧ events, more than offsetting the modest growth in
⌧ -cross section, which is 2.1 (0.8) pb at the FCC-eh with a 60
GeV electron beam, and 4.4 (1.1) pb with a 240 GeV electron
beam.

Figs. 8 and 9 show the number of observed events with
at least 1 or 2 LLPs at the FCC-eh (60) and FCC-eh (240).
We recall that we here consider benchmark luminosities of 1
and 10 ab�1. For the latter, we show contours of 300 and
30 events instead of 100 and 10 to estimate sensitivity. This
roughly accounts for the

p
10 larger number of signal events

required to stand out against the same background cross sec-
tion with a factor of 10 higher luminosity. However, we also
show contours for 10 events, in the event that background
rejection is very good and sensitivity scales more linearly
with luminosity. We emphasize that the FCC-eh (240) with
10 ab�1 of luminosity may be able to probe the 1.1 TeV ther-
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FIG. 8. Regions in the (m�± , c⌧) Higgsino parameter plane where more than the indicated number of one (top) or two (bottom) LLPs
are observed at the FCC-eh with a 60 GeV electron beam and 1 ab�1 (left) or 10 ab�1 (right) of luminosity. Light shading indicates the
uncertainty in the predicted number of events due to different hadronization and LLP reconstruction assumptions. As for the LHeC estimate
in Fig. 7, the green region represents our 2� sensitivity estimate in the presence of ⌧ backgrounds. For 10 ab�1, red shading is an optimistic
sensitivity estimate in case background rejection is better than we anticipate. For comparison, the black curves are projected bounds from
disappearing track searches, for the HL-LHC (optimistic and pessimistic) and the FCC-hh, see Fig. 3.

FIG. 9. Same as Fig. 8 for the FCC-eh with a 240 GeV electron beam.



Lessons learned: pure-wino/higgsino and analyses
´ Disappearing tracks analysis very challenging: 

´ Review of the assumptions made for fake backgrounds by the ATLAS prospect studies might be good (e.g. 
extrapolation of bkg using 3 hits instead of 4 for tracklet reconstructions) 

´ Prospect studies from CMS based on the recently published disappearing track analysis would be 
excellent 

´ Are prospects for FCC-hh realistic? Are zero—background hypothesis too optimistic? 

´ Dedicated analyses with specific assumptions (optimistic or pessimistic) on the detectors layout and 
level of pile-up / background should be made to assess the reach  
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Fig. 8.14: Summary of 2s sensitivity reach to pure Higgsinos and Winos at future colliders.
Current indirect DM detection constraints (which suffer from unknown halo-modelling uncer-
tainties) and projections for future direct DM detection (which suffer from uncertainties on the
Wino-nucleon cross section) are also indicated. The vertical line shows the mass corresponding
to DM thermal relic.

representative examples [482] are chosen.
In both cases, the DM particle is a massive Dirac fermion (c). In the first example,

the mediator is a spin-1 particle (Z0) coupled to an axial-vector current in the Lagrangian as
�Z0

µ(gDM c̄gµg5c +g f Â f f̄ gµg5 f ), where f are SM fermions. This model is particularly inter-
esting for collider searches because the reach of direct DM searches is limited, as the interaction
in the non-relativistic limit is purely spin-dependent. In the second example, the mediator is a
spin-0 particle (f ) with interactions f(gDM c̄c � g f Â f y f f̄ f /

p
2). This model can serve as a

prototype for various extensions of the SM involving enlarged Higgs sectors.
In Fig. 8.15 a compilation of future collider sensitivities to the two Simplified Models

under consideration, with a choice of couplings of (gf = 0.25, gDM = 1.0) for the axial-vector
model and (gf = 1.0, gDM = 1.0) for the scalar model, are shown. The reach of collider experi-
ments to this kind of models is strongly dependent on the choice of couplings. As an example,
the sensitivity of dijet and monojet searches decreases significantly with decreased quark cou-
plings: with 36 fb�1 of LHC data [483] and assuming a DM mass of 300 GeV and gDM = 1.0,
the limits from dijet searches on the axial-vector mediator mass decrease from 2.6 TeV for a
quark coupling of gq = 0.25 to 900 GeV for gq = 0.1, while the monojet limits decrease from
1.6 TeV (gq = 0.25) to 1 TeV (gq = 0.1).

The mono-photon constraints at lepton colliders result from the mediator coupling to
leptons, whereas at hadron colliders only the quark couplings are relevant. As a result, the
two cases cannot be compared like-for-like, although the results illustrate the relevant strengths
for exploring the dark sector in a broad sense. Furthermore, mono-photon constraints apply in
a general EFT context, hence additional complementary coupling-dependent constraints, such
as on four-electron interactions, may be relevant.

Constraints for HL-LHC and HE-LHC are taken from [442, 484]. The FCC-hh monojet
constraints for the axial-vector model are estimated using the collider reach tool, with results
consistent with the analysis performed in [138]. Estimates for FCC-hh, in the case of the scalar
model, are taken from [485]. Estimates for low-energy FCC-hh (LE-FCC) are generated from
the collider reach tool alone. Complementary dijet-resonance constraints for the axial-vector
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FIG. 2: Decay patterns of NLSP’s for all the six cases AI−CII.

branching fractions in Figs. 3−8. The partial width formulae are collected in the Appendix. The

transitional decays among the degenerate Winos or Higgsinos NLSPs (e.g. χ0
2 ↔ χ±

1 ) are almost

always suppressed due to the small mass splitting among the multiplets. Dominant decay modes

for NLSPs are always those directly down to the Bino-like LSP.

For Cases AI and AII with Wino and Higgsino NLSPs, respectively, the two-body decay of

χ±
1 → χ0

1W dominates leading to f f̄ ′χ0
1 of about a 100% branching fraction. Leptonic and

hadronic final states are essentially governed by the W decay branching fractions to the SM

fermions, namely about 67% for χ0
1qq

′, and 11% for χ0
1ℓνℓ for each lepton flavor.

9
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Fig. 2.2.9: Upper limit on the production cross-section of pair produced e�±
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4 decaying into a final state with two
same charge W boson with a BR of 25% for two assumptions on the e�0

1 mass.
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Fig. 2.2.10: Example Feynman diagrams for e�±
1 e�0

2 (left) and e�0

2e�0

1 (right) s-channel pair production, followed by
the leptonic decay of the e�0

2.

mass eigenstates, which is determined by the specific values of M1 and M2. Investigating either of these
scenarios, with very small mass splitting between the lightest electroweakinos, is particularly challenging
at hadron colliders, both due to the small cross-sections and the small transverse momenta of the final
state particles. As of writing the ATLAS and CMS collaborations have searched for higgsinos in up to
36 fb�1 of proton-proton collision data [96, 98] and just started probing the parameter space beyond the
LEP experiments’ limits [99,100]. By providing 3 ab�1of proton-proton collision data at a c.o.m. energy
of 14 TeV, the HL-LHC has the potential to significantly extend the sensitivity to higgsinos and thus to
natural SUSY. This is depicted also in Section 2.4.2 of this report.

The model used for the development of the searches for higgsino-like e�±
i and e�0

j by ATLAS and
CMS is a SUSY simplified model where the higgsino-like e�±

1 and e�0
2 are assumed to be quasi mass-

degenerate and produced in pairs. The model contains both the e�±
1 e�0

2 and the e�0
2e�0

1 production, where
e�±

1 decays into W⇤e�0
1 and e�0

2 into Z⇤e�0
1, respectively, with a branching fraction of 100% (Fig. 2.2.10).

Both ATLAS and CMS analyses presented in the following exploit the presence of charged leptons
with low transverse momenta arising from the off-shell W and Z bosons in the �̃±

1 ! W ⇤�̃0
1 and

�̃0
2 ! Z⇤�̃0

1 decays, and large missing transverse momentum due to the presence of an ISR jet.

2.2.5.1 Higgsino search prospects at HL- and HE-LHC at CMS

Contributors: A. Canepa, J. Hogan, S. Kulkarni, B. Schneider, CMS

The results presented here are from Ref. [101] from the CMS Collaboration. If the e�±
1 , e�0

2, and

33
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Fig. 8.10: Exclusion reach for Higgsino-like charginos and next-to-lightest neutralinos with
equal mass m (NLSP), as a function of the mass difference Dm between NLSP and LSP. Exclu-
sion reaches using monojet searches at pp and ep colliders are also superimposed (see text for
details).

Collider experiments have significant sensitivity also to sleptons. Searches for staus, su-
perpartners of t leptons, might be particularly challenging at pp facilities due to the complex-
ity of identifying hadronically-decaying taus and reject misidentified candidates. Analysis of
events characterised by the presence of at least one hadronically-decaying t and pmiss

T show
that the HL-LHC will be sensitive to currently unconstrained pair-produced t̃ with discov-
ery (exclusion) potential for mt̃ up to around 550 (800) GeV [443]. The reach depends on
whether one considers t̃ partners of the left-handed or the right-handed tau lepton (t̃R or
t̃L, respectively), with substantial reduction of the sensitivity in case of t̃R. The HE-LHC
would provide sensitivity up to 1.1 TeV [443], and an additional three-fold increase is ex-
pected for the FCC-hh (extrapolation). Lepton colliders could again provide complementary
sensitivity especially in compressed scenarios: ILC500 [428] would allow discovery of t̃ up to
230 GeV even with small datasets, whilst CLIC3000 would allow reach up to mt̃ = 1.25 TeV
and Dm(t̃,c0

1 ) = 50 GeV [454].

8.3.3 Non-prompt SUSY particles decays
There are numerous examples of SUSY models where new particles can be long-lived and may
travel macroscopic distances before decaying. Long lifetimes may be due to small mass split-
tings, as in the case of pure Higgsino/Wino scenarios, or due to small couplings, as in R-parity
violating SUSY models, or due to heavy mediators, as in Split SUSY. For HL-LHC [443], stud-
ies are available on long-lived gluinos and sleptons. Exclusion limits on gluinos with lifetimes
t > 0.1 ns can reach about 3.5 TeV, using reconstructed massive displaced vertices. Muons dis-
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1

production (left). Projection of the HL-LHC 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0

2 and e�0

2 e�0

1 production for a centre-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab�1 (HE-LHC). Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not
modified (right). Results are presented for �M(e�0

2, e�0

1) > 7.5 GeV.

uncertainty of 10% in the signal acceptance, similar to the value from Ref. [96], is included to account
for the modelling of the ISR jet.

The upper limit on the cross sections is computed at 95% C.L. and shown in Fig. 2.2.13. Higgsino-
like mass-degenerate e�±

1 and e�0
2 are excluded for masses up to 360 GeV if the mass difference with

respect to the lightest neutralino e�0
1 is 15 GeV, extending the sensitivity achieved in Ref. [96] by

⇡210 GeV. Figure 2.2.13 also shows the 5� discovery contour, computed using all signal regions with-
out taking the look-elsewhere-effect into account. Under this assumption e�±

1 and e�0
2 can be discovered

for masses as large as 250 GeV. These results demonstrate that the HL-LHC can significantly improve
the sensitivity to natural SUSY.

Figure 2.2.13 also shows the 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0
2 and e�0

2 e�0
1 production for the HE-LHC. The main gain in sensitivity comes from the

increased luminosity, since the cross section increase for signal is the same order as that for background.
Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not modified for
this HE-LHC projection.

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS

Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The presented dilepton search [102] investigates final states containing two soft muons and a large
transverse momentum imbalance, which arise in scenarios where �̃0

2 and �̃±
1 are produced and decay via

an off-shell Z and W boson, as depicted in Fig. 2.2.10. Considering the Z ! ee decay is beyond the
scope of this prospect study, but could further improve the sensitivity to these scenarios. Due to the very
small mass splitting of the electroweakinos in this scenario, a jet arising from initial-state radiation (ISR)
is required, to boost the sparticle system. First constraints surpassing the LEP limits have recently been
set by the ATLAS experiment [98], excluding mass splittings down to 2.5 GeV for m(�̃0

1) = 100 GeV.
The search targets scenarios that contain low pT muons selected with pT > 3 GeV and |⌘| < 2.5.

Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or non-
prompt muons, are rejected by applying an isolation to the muon candidates. The main source of
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they forbid any R-parity violating operators thanks to the gauged B �L symmetry. To naturally describe
the small magnitude of the neutrino masses and preserve R-parity, the model superfield content includes
both SU(2)L and SU(2)R triplets of Higgs supermultiplets. The neutral component of the SU(2)R
Higgs scalar field then acquires a large vacuum expectation value vR, which breaks the LR symmetry and
makes the SU(2)R gauge sector heavy. In order to prevent the tree-level vacuum from being a charge-
breaking one, we can either rely on spontaneous R-parity violation [105], one-loop corrections [106],
higher-dimensional operators [107] or additional B �L = 0 triplets [108]. Whereas the first two options
restrict vR to be of at most about 10 TeV, the latter ones enforce vR to lie above 1010 GeV. In this work,
we rely on radiative corrections to stabilise the vacuum, so that the lightest supersymmetric particle
(LSP) is stable and can act as a dark matter candidate.

Two viable LSP options emerge from LRSUSY, neutralinos and right sneutrinos. Out of the 12
neutralinos, gauginos and LR bidoublet, higgsinos can generally be lighter than 1 TeV. The correct relic
density can be accommodated with dominantly-bino LSPs with a mass close to mh/2 [109], whilst in
the bidoublet higgsinos case (featuring four neutralinos and two charginos that are nearly-degenerate),
co-annihilations play a crucial role and impose higgsino masses close to 700 GeV. In this setup, the rest
of the spectrum is always heavier, so that SUSY could be challenging to discover. Right sneutrino LSP
annihilate via the exchange of an s-channel Higgs boson through gauge interactions stemming from the
D-terms [109]. Without options for co-annihilating, the LSP sneutrino mass must lie between 250 and
300 GeV. However, potential co-annihilations with neutralinos enhance the effective annihilation cross
section so that the relic density constraints can be satisfied with heavier sneutrinos. The fully degenerate
sneutrinos and higgsinos case impose an upper limit on the sneutrino mass of 700 GeV. Additionally,
right neutrinos can also be part of the dark sector, together with the LSP [110].

Direct detection constraints imposed by the XENON1T [111] and PANDA [112] collaborations
put light DM scenarios under severe scrutiny. Hence, in LRSUSY, in order to account for the relic
density and direct detection constraints simultaneously, we need to focus on various co-annihilation
options. In this work, we consider one right sneutrino and one higgsino LSP scenario and highlight
the corresponding implications for WR searches at the LHC. A robust signal of left-right symmetry
consists in the discovery of a right gauge boson WR, possibly together with a right neutrino NR. Both
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Fig. 2.2.13: 5� discovery contours and expected 95% C.L. exclusion contours for the combined e�±
1 e�0

2 and e�0

2 e�0

1

production (left). Projection of the HL-LHC 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0

2 and e�0

2 e�0

1 production for a centre-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab�1 (HE-LHC). Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not
modified (right). Results are presented for �M(e�0

2, e�0

1) > 7.5 GeV.

uncertainty of 10% in the signal acceptance, similar to the value from Ref. [96], is included to account
for the modelling of the ISR jet.

The upper limit on the cross sections is computed at 95% C.L. and shown in Fig. 2.2.13. Higgsino-
like mass-degenerate e�±

1 and e�0
2 are excluded for masses up to 360 GeV if the mass difference with

respect to the lightest neutralino e�0
1 is 15 GeV, extending the sensitivity achieved in Ref. [96] by

⇡210 GeV. Figure 2.2.13 also shows the 5� discovery contour, computed using all signal regions with-
out taking the look-elsewhere-effect into account. Under this assumption e�±

1 and e�0
2 can be discovered

for masses as large as 250 GeV. These results demonstrate that the HL-LHC can significantly improve
the sensitivity to natural SUSY.

Figure 2.2.13 also shows the 5� discovery contours and expected 95% C.L. exclusion contours for
the combined e�±

1 e�0
2 and e�0

2 e�0
1 production for the HE-LHC. The main gain in sensitivity comes from the

increased luminosity, since the cross section increase for signal is the same order as that for background.
Except for the cross sections and the integrated luminosity, the HL-LHC analysis was not modified for
this HE-LHC projection.

2.2.5.2 Higgsino search prospects at HL-LHC at ATLAS

Contributors: S. Amoroso, J. K. Anders, F. Meloni, C. Merlassino, B. Petersen, J. A. Sabater Iglesias, M. Saito, R.
Sawada, P. Tornambe, M. Weber, ATLAS

The presented dilepton search [102] investigates final states containing two soft muons and a large
transverse momentum imbalance, which arise in scenarios where �̃0

2 and �̃±
1 are produced and decay via

an off-shell Z and W boson, as depicted in Fig. 2.2.10. Considering the Z ! ee decay is beyond the
scope of this prospect study, but could further improve the sensitivity to these scenarios. Due to the very
small mass splitting of the electroweakinos in this scenario, a jet arising from initial-state radiation (ISR)
is required, to boost the sparticle system. First constraints surpassing the LEP limits have recently been
set by the ATLAS experiment [98], excluding mass splittings down to 2.5 GeV for m(�̃0

1) = 100 GeV.
The search targets scenarios that contain low pT muons selected with pT > 3 GeV and |⌘| < 2.5.

Muons that originate from pile up interactions or from heavy flavour decays, referred as fake or non-
prompt muons, are rejected by applying an isolation to the muon candidates. The main source of
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CLIC 3 TeV, results rescaled 
also for CLIC1.5, CLIC380, 
FCC-ee (tbc) 
Analysis done for  
DM(NLSP,LSP)=5 GeV –
below: extrapolatedILC sensitive up to sqrt(s)/2 and 

down to O(100 MeV) 

Monojets (HL/HE/FCC-hh/LHeC/FCC-eh)

Indicative partonic rescaling of HE for FCC-hh soft-lepton

95% CL exclusions



Lessons learned: higgsino-like scenarios

´ At the time of the Yellow Report and ES document ATLAS and CMS managed to reach an 
excellent set of results in compressed scenarios à one could envisage a better 
coherence on the model assumptions used for the soft lepton analyses 

´ As compressed scenarios are the most interesting for complementarities with e+e-
colliders, reinterpretation of monojet analyses in the higgsino-like scenario as a 
function of DM would be fundamental, i.e. in the 1-20 GeV range 
´ we can expect some sensitivity there! 

´ It is very important to understand (1) complementarities with e+e- and e-p colliders (2) impact on 
systematics and discovery potential  

´ There are no dedicated studies for FCC-hh, only extrapolations à would be very 
important to perform a more realistic and dedicated set of analyses! 

´ Follow up on possible deviations observed at HL-LHC should be made
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