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A “typical” SUSY Spectrum"
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ñt

t̃2

g̃

c̃0
1

c̃0
2 c̃±

1

c̃0
3

c̃0
4 c̃±

2

b̃2

t̃2

˜̀R

Use the famous SPS1a benchmark point for illustration!
[m0=100, m12=250, tanβ=10, A0=-100, μ>0] !

Higgs 
sector 

sleptons 

charginos/ 
neutralinos 

gluino/ 
squarks 

LSP 

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!



Supersymmetry: status of the art 

´ SUSY is one of the main focus of 
the ATLAS and CMS programmes
since Run 1. 

´ Searches cover strong and 
electroweak particles production 
in R-parity conserving (RPC) and 
violating (RPV) SUSY models, 
considering prompt and non-
prompt decays 

´ Inclusive and dedicated searches 
with thousands of signal regions 
are performed à results can be 
generalized 
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Searches for SUSY are relevant well beyond SUSY itself!
CMS results very similar



FCC-hh prospects on SUSY: outline  
´ Many variants to be considered  (MSSM, NMSSM, gauge mediation, stealth …) 

´ Phenomenology depends on the model and on the sparticle mass hierarchy 

´ As indication of the potential, consider benchmarks – often simplified models

´ Strong production (gluinos, 1st and 2nd generation squarks, top squarks): where the energy reach counts the most 

´ Weak production (charginos, neutralinos, sleptons): rarer processes, depending on model parameters difficult but not 
impossible, also in ‘compressed’ scenarios. 

´ Targeted signatures depend on assumptions. In the following, we consider direct searches for: 

´ RPC SUSY: characterised by the presence of missing transverse momentum (ET
Miss); lightest neutralino is the LSP in most 

cases. Role of EWK-sector mixing highlighted (bino/wino/higgsino) where relevant.

´ (an example of) RPV SUSY OR highly compressed RPC SUSY spectra: leading to feebly interacting or non-prompt 
signatures; specialised techniques are used à very difficult to assess feasibility at these early stages

´ Various sources: 

´ FCC Volume 1 book and references therein: CERN-ACC-2018-0056.pdf, https://arxiv.org/pdf/1606.00947.pdf

´ European Strategy Briefing book: https://arxiv.org/abs/1910.11775

´ current LHC searches/HL-LHC studies used for some of the FCC-hh results where not yet available
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https://cds.cern.ch/record/2651294/files/CERN-ACC-2018-0056.pdf
https://arxiv.org/pdf/1606.00947.pdf
https://arxiv.org/abs/1910.11775


RPC Gluinos: current status 
´ Broad range of searches at current LHC experiments exploring a variety of final 

states and models 
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… and more

To remark: 

Gluinos below 1-1.2 TeV excluded for any 
quark(+lepton)+ET

Miss decay mode

Up to 2 TeV for GMSB-like SUSY models as well as 
for low LSP masses 

Stringent constraints for gluino into 3rd

generation quarks (ttc0 and bbc0)

Monojet searches cover also low DM(gluino, c0) -
down to 5-10 GeV    

@ HL-LHC, gluino masses up to 3.2 TeV
will be excluded depending on model, 
with chance for discovery up to ~ 3 TeV



RPC Gluinos: FCC-hh
´ max reach 15-20 TeV with 30/ab

´ Compressed SUSY: monojet studies

´ DM = mgl – mLSP = 10 GeV 

´ Conservative as based on 8 TeV results

´ Improvements on SM background estimates 
and uncertainties achieved in Run 2 analysis 
not taken into account   
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FCC Physics Opportunities

main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected
indirect constraints on stops from LHC Higgs measurements are shown alongside projected constraints
at FCC-ee and FCC-hh. Since the precision of Higgs coupling measurements is greatest at FCC-ee the
latter constraints are dominated by the FCC-ee measurements. Dedicated studies at FCC-hh, using e.g.
H+jet production at high invariant mass, could further reveal the structure of the indirect corrections to
the Higgs interactions.
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Figure 9.1: Left: Projected 2� indirect reach solely from Higgs coupling constraints on stops from FCC-
ee and FCC-hh [274]. Right: Projected direct FCC-hh 2� and 5� discovery reach for supersymmetric
Higgsinos, Winos, sleptons, stops, squarks, and gluinos (see Ref. [275] for details). HL-LHC projections
are only shown for coloured sparticles and projections for Higgsinos and Winos are currently under
investigation.

At high energies it is also possible to produce the supersymmetric partner particles directly.
The experimental signatures typically involve final states featuring jets and missing energy, however
a plethora of dedicated searches are required to cover the full suite of possible experimental signatures.
In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is shown for a variety of super-
symmetric particles. Details of the phenomenological studies are presented in the extensive review of
BSM searches at FCC-hh, Ref. [275]. Further dedicated analyses have been carried out in the framework
of the FCC-hh detector performance studies. The study of the reach for Higgsino and Wino, in the con-
text of DM searches, is presented in Chapter 12. The search for stops is reviewed in the next section.
The direct reach shown in Fig. 9.1 extends far beyond the indirect precision Higgs coupling reach, in
some cases to well above 10 TeV. As a result, the combined FCC projects could comprehensively and
unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-
parity, is respected. Such a symmetry is useful for stabilising dark matter candidates and/or forbidding
observable proton decay. However, it is possible that R-parity is violated in a manner that is consistent
with such constraints. In models with R-parity violation it is possible to have single, rather than pair,
production of sparticles. This can be probed by multi-lepton and multijet signatures at the FCC-hh. At the
FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-̃t Yukawa interaction can be probed at the level of �131 . 0.01.
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Fig. 13: Results for the gluino-neutralino model with light flavor decays. The left [right] panel shows the 5 �

discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is
assumed and pile-up is not included.

an event preselection, rectangular cuts on one or more variables are optimized at each point in parameter
space to yield maximum signal significance. Specifically, we simultaneously scan a two-dimensional
set of cuts on E/T and HT , where E/T is the magnitude of the missing transverse momentum and HT is
defined as the scalar sum of jet pT . Following a standard four-jet pre-selection, the following cuts are
applied:

– E/T /
p

HT > 15 GeV1/2

– The leading jet pT must satisfy pleading
T

< 0.4 HT

– E/T > (E/T )optimal

– HT > (HT )optimal

The discovery reach and limits for all several future collider scenarios in the full meg versus me�0
1

plane can be seen in Fig. 13. For a 100 TeV collider with 3000 fb�1, the limit with massless neutralinos
is projected to be 13.5 TeV (corresponding to 60 events). The 100 TeV proton collider with 3000 fb�1

could discover a gluino as heavy as 11 TeV if the neutralino is massless, while for me�0
1
& 1 TeV the

gluino mass reach rapidly diminishes.
A separate analysis is used to target the compressed region of parameter space of this simplified

model, where:
meg � me�0

1
⌘ �m ⌧ meg. (11)

For models with this spectrum, the search strategy of the previous section does not provide the op-
timal reach. With compressed spectra the gluino decays only generate soft partons, thereby suppressing
the HT signals and reducing the efficiency for passing the 4 jet requirement. A more effective strategy
for compressed spectra searches relies instead on events with hard initial state radiation (ISR) jets to
discriminate signal from background.

The dominant background is the production of a Z boson in association with jets, where the Z
boson decays into a pair of neutrinos (Z ! ⌫⌫), leading to events with jets and a significant amount
of missing transverse energy. Subleading backgrounds are the production of a W boson which decays
leptonically

�
W ! ` ⌫

�
in association with jets, where the charged lepton is not reconstructed properly.

Finally, when considering events with a significant number of jets, tt̄ production in the fully hadronic
decay channel

�
t ! b q q0

�
can be relevant.

In this study, we will apply two different search strategies that are optimized for this kinematic
configuration and will choose the one that leads to the most stringent bound on the production cross

28

Searches: Jets(+b/lepton)+ET
Miss

Discovery potential: ~ 500 GeV – 1 TeV lower than exclusion

Projections using ColliderReachTool : 
HL à 1.5 TeV; HE à 2.6 TeV; FCC-hh: 7.5 TeV

Reach from 
13 TeV à 17 TeV
with factor of 10 
luminosity

http://collider-reach.web.cern.ch/collider-reach/


RPC gluinos: summary 
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(*) indicates projection using parton lumi rescaling (ColliderReachTool)
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-

http://collider-reach.web.cern.ch/collider-reach/


Summary of 1st and 2nd generation squarks
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Fig. 8.6: Gluino exclusion reach of different hadron colliders: HL- and HE-LHC [443], and
FCC-hh [139, 448]. Results for low-energy FCC-hh are obtained with a simple extrapolation.

analysis approaches are considered: massless neutralino (from jets+pmiss
T searches) and mass

splitting of 5 GeV between the squark and neutralino (inferred from monojet searches). The
results are shown in Fig. 8.7. Extrapolated prospects for the LE-FCC are also reported, as well
as the reach for CLIC3000 [454] and results of dedicated studies at the FCC-hh [448].
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Fig. 8.7: Exclusion reach of different hadron and lepton colliders for first- and second-
generation squarks.

Most studies of top squark (t̃1) pair-production at hadron colliders assume t̃1 ! t c̃0
1 and

fully hadronic or semi-leptonic final states with large pmiss
T . The best experimental sensitiv-



Top squarks: current status  
Reach beyond 1 TeV for low LSP mass, covering LSP mass hypothesis up to ~ 400 GeV
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Low-mass region almost all 
covered; hard to imagine 
that loop-holes will still exist 
after HL-LHC [to be explored 
with full Run 2 data]

M(stop)~m(top) à spin 
correlation measurements

4 body decays

Stop à b + chargino



THE ORIGIN OF THE HIGGS MASS
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Figure 9.2: Left: Exclusion potential for stops at FCC-hh. The area below the solid red (black) curve
represents the expected exclusion and the ±1� contours for the nominal (conservative) scenario of asso-
ciated systematic uncertainties. Right: 5� stop discovery potential.

9.2.1 Direct Stop Search at FCC-hh
A dedicated study of stop production at FCC-hh, which corroborates earlier phenomenological estimates
of the reach [276], exposes some of the detector challenges met when using hadronic decays of highly
energetic top quarks, helping to define the detector design criteria. Here the main findings of the detailed
analysis of Ref. [277] are presented.

Stops are pair produced via qq̄ or gg initial states, and the leading decay t̃ ! t�̃0 is consid-
ered. The final state of interest has two high-energy b-tagged jets and large E/T , caused by the neu-
tralinos �̃0. Hadronically decaying multi-TeV top quarks fall within the calorimeter granularity of
(�⌘, ��) = (0.1, 0.1), and track-based algorithms are used to explore their internal structure, adapt-
ing and optimising standard jet substructure techniques used at the LHC. The leading backgrounds in-
clude tt̄ production (the neutrino source of E/T is suppressed by vetoing the presence of charged leptons),
tt̄Z(!nn), and poorly measured jet final states. A large separation �� between the jets and the E/T di-
rection is used to reduce the latter two backgrounds. Additional backgrounds like V+jets, tt̄W or ttt̄t̄
are determined to be small. The overall background contribution is estimated by transferring the rates
obtained in control samples to the signal region, assigning 10% (nominal, based on the LHC experience)
or 20% (conservative) overall uncertainties. The final results are shown in Fig. 9.2, proving a sensitivity
(5� discovery reach) reach up to 10 (8) TeV in mass, for neutralino masses up to 4 (3) TeV.

9.3 Composite Higgs
Another class of models that can provide a microscopic origin for the Higgs mass and naturally accom-
modate the large hierarchy between the EW scale and the Planck scale are known as ‘Composite Higgs’
models. These models bear some resemblance to the story of the Ginzburg-Landau (GL) and BCS mod-
els of superconductivity, wherein the bosonic scalar field observed at low energies (long distances) is, at
the microscopic level, actually a composite of fermionic degrees of freedom. A stronger similarity holds
with the pions in QCD. In QCD at high energies the fundamental degrees of freedom are the quarks and
gluons studied at high energy colliders. However, below the scale at which the QCD interactions become
strong, the quarks and gluons become confined into composite states. The lightest of these states are the
pions, which are made of a quark-antiquark pair.

PREPRINT submitted to Eur. Phys. J. C
103

Examples of prospects for top squarks
´ Analyses for large and medium DM (stop, N1): here, using reconstructed top and b-jets

´ Compressed scenarios, small DM = mstop – mLSP : 
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à Might be conservative: e.g. recoil-jet pt
thresholds can be adjusted

Projections with ColliderReachTool: 
HL-LHC à 0.95 TeV;

[confirmed by theorists’ studies] 
HE-LHC à 2 TeV; 
FCC-hh à 5 TeV

Good potential from analyses:
(1) monojet (DM ~ 2 – 10 GeV)
(2) soft leptons 

JHEP 09 (2018) 050
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Figure 3: Upper row: Exclusion potential for 3 ab�1 (left) and 30 ab�1 (right) of integrated luminosity.
The area to the left of and below the solid red (black) curve represents the expected exclusion
and the ±1 standard deviation contours for the nominal (conservative) scenario of associated
systematic uncertainties. Lower row: Discovery potential for 3 ab�1 (left) and 30 ab�1 (right)
of integrated luminosity. The area to the left and below the solid red (black) curve represents the
expected 5 s discovery reach for the nominal (conservative) scenario of associated systematic
uncertainties.
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Discovery potential at 3 and 30/ab

5 Results
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Figure 2: The pmiss
T distribution in background and signal events with Nt � 2 and Nb = 1 (left) or with

Nt � 2 and Nb � 2 (right). The background processes are displayed with solid histograms and
the distribution of one signal model is shown with solid red line. The expected yields are scaled
to 30 ab�1.

where Npred
LL (SR) is the predicted number of LL events in the SR, NMC

LL (SR) the expected number of
events in the SR, and NMC

LL (CR) and N“data”(CR)
LL , the expected and observed events in the CR.

The ttZ background is estimated using a three–lepton control sample. We require the presence of ex-
actly three leptons (electrons or muons) that satisfy pT > 30 GeV and no additional lepton with pT > 10
GeV. We further require at least two jets, of which at least two are b-tagged. The same–flavor, opposite–
sign lepton pair with the highest dilepton pT is assumed to originate from Z boson decay. We require the
presence of such a pair with the invariant mass near the Z boson mass (80� 100 GeV) and pT greater
than 1 TeV to probe boson kinematic properties similar to those in the search sample. A small, yet not
negligible tt contribution is expected in the three–lepton control sample. The region outside the Z boson
mass window is used to constrain the tt background. Correction factors are extracted by comparing the
expected and “observed” yields in bins of pT(Z) in the three–lepton sample; These correction factors are
then used to correct the ttZ expectation.

The dominant systematic uncertainty in the background estimation, especially in the SRs with tight
selection in pmiss

T and Nt , arises from the limited statistics of the CRs. Other possible sources are expected
to be more relevant in regions with moderate pmiss

T . Based on the current searches at the LHC (e.g. [35])
we consider two scenarios for the remaining systematic uncertainties, which we label as “nominal” and
“conservative”. In the nominal (conservative) scenario we assume a 10% (20%) uncertainty, uncorrelated
across all SRs and between the background processes. For signal we assign a 10% systematic uncertainty
uncorrelated across the SRs.

5 Results

The statistical interpretation of the results in terms of exclusion and 5s discovery potential for the signal
models being considered in this analysis are based on a binned likelihood fit to the expected background

6

(LL=lost lepton bkg) 

http://collider-reach.web.cern.ch/collider-reach/
https://link.springer.com/article/10.1007/JHEP09(2018)050
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ity is achieved for m(c̃0
1 ) ⇡ 0 (i.e. Dm(t̃, c̃0

1 ) � mt), while the reach in mt̃ degrades for larger
c̃0

1 masses. For this reason, high-energy lepton colliders, e.g. CLIC3000, might become com-
petitive with HL-LHC in these topologies, as their stop mass reach is close to

p
s/2 even for

low Dm(t̃, c̃0
1 ). Lower centre-of-mass energy lepton facilities do not have sufficient kinematic

reach. The exclusion limits are summarised in Fig. 8.8; the discovery potential in all channels
is about 5% lower. If the t̃�c̃0

1 mass splitting is such that final states include very off-shell W
and b-jets, t̃ masses up to about 1 TeV can be excluded at the HL-LHC [443]. A two-fold and
five-fold increase in reach is expected for the HE-LHC [443] and FCC-hh [139] respectively,
with potential of improvements, especially in very compressed scenarios, via optimisation of
monojet searches [455].
 

 
 

Model
�
L dt[ab�1]

�
s [TeV] Mass limit (95% CL exclusion) Conditions

H
L-

LH
C

H
E

-L
H

C
LE

-F
C

C
C

LI
C

15
00

C
LI

C
30

00
FC

C
-h

h
t̃1 t̃1, t̃1�t�̃0

1 3 14 m(�̃0
1)=01.7 TeV

t̃1 t̃1, t̃1�t�̃0
1/3 body 3 14 �m(t̃1, �̃0

1)� m(t)0.85 TeV

t̃1 t̃1, t̃1�c�̃0
1/4 body 3 14 �m(t̃1, �̃0

1)� 5 GeV, monojet (*)0.95 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1, �̃

0
2 15 27 m(�̃0

1)=03.65 TeV

t̃1 t̃1, t̃1�t�̃0
1/3-body 15 27 �m(t̃1, �̃0

1)� m(t) (*)1.8 TeV

t̃1 t̃1, t̃1�c�̃0
1/4-body 15 27 �m(t̃1, �̃0

1)� 5 GeV, monojet (*)2.0 TeV

t̃1 t̃1, t̃1�t�̃0
1 15 37.5 m(�̃0

1)=0 (**)4.6 TeV

t̃1 t̃1, t̃1�t�̃0
1/3-body 15 37.5 m(�̃0

1) up to 3.5 TeV (**)4.1 TeV

t̃1 t̃1, t̃1�c�̃0
1/4-body 15 37.5 �m(t̃1, �̃0

1)� 5 GeV, monojet (**)2.2 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 2.5 1.5 m(�̃0

1)=00.75 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 2.5 1.5 �m(t̃1, �̃0

1)� m(t)0.75 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 2.5 1.5 �m(t̃1, �̃0

1)� 50 GeV(0.75 - �) TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 5 3.0 m(�̃0

1)�350 GeV1.5 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 5 3.0 �m(t̃1, �̃0

1)� m(t)1.5 TeV

t̃1 t̃1, t̃1�b�̃±/t�̃0
1 5 3.0 �m(t̃1, �̃0

1)� 50 GeV(1.5 - �) TeV

t̃1 t̃1, t̃1�t�̃0
1 30 100 m(�̃0

1)=010.8 TeV

t̃1 t̃1, t̃1�t�̃0
1/3-body 30 100 m(�̃0

1) up to 4 TeV10.0 TeV

t̃1 t̃1, t̃1�c�̃0
1/4-body 30 100 �m(t̃1, �̃0

1)� 5 GeV, monojet (*)5.0 TeV

Mass scale [TeV]10�1 1

All Colliders: Top squark projections
(R-parity conserving SUSY, prompt searches)

ILC 500: discovery in all scenarios up to kinematic limit
�

s/2

(*) indicates projection of existing experimental searches

(**) extrapolated from FCC-hh prospects

� indicates a possible non-evaluated loss in sensitivity

Fig. 8.8: Top squark exclusion reach of different hadron and lepton colliders. All references
are reported in the text. Results for CLIC have been communicated privately by the authors.
Results for LE-FCC are extrapolated from HL- and HE-LHC studies.

Future collider searches of gluinos and stops will be powerful probes on the role of natu-
ralness in the Higgs sector, as shown in Table 8.1. For a SUSY-breaking mediation mechanism
near the unification scale, gluino searches at FCC-hh will probe naturalness at the level of 10�5

and, even in the case of low-scale mediation, naturalness can be tested at the level of 10�3 from
the leading stop contribution. Independently of any naturalness consideration, the measured
value of the Higgs mass can be used as an indicator of the scale of SUSY particle masses.
Indeed, in the minimal SUSY model, the prediction of the Higgs mass agrees with the experi-
mental value only for stops in the multi-TeV range or larger. The most relevant range of stop



EWK SUSY Phenomenology 
´ Mass and hierarchy of the four neutralinos and the two charginos, as well as their production cross 

sections and decay modes, depend on the M1, M2, µ (bino, wino, higgsino) values and hierarchy

´ EWK phenomenology broadly driven by the LSP and Next-LSP nature

´ Examples of classifications (cf: arXiV: 1309.5966)   

15/5/20BSM at the FCC-hh: SUSY, Monica D'Onofrio11 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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Bino LSP 

Wino LSP

Higgsino LSP

• Scenario A:M1 < M2, |µ|

This is the usual canonical scenario, which is strongly motivated by the Bino-like (LSP) dark

matter [6] and by the grand unified theories with gaugino mass unification [21]. There are two

qualitatively different physics cases we would like to explore, namely

Case AI : M2 < |µ|, χ±
1 ,χ

0
2 are Wino− like; χ±

2 ,χ
0
3,4 are Higgino− like; (5)

Case AII : |µ| < M2, χ±
1 ,χ

0
2,3 are Higgino− like; χ±

2 ,χ
0
4 are Wino − like. (6)

For Case AI, the Winos are lighter than Higgsinos, and thus are the next to the LSP (denoted by

NLSPs), while for Case AII, it is the reverse and thus the Higgsino NLSPs. Without losing much

generality, for illustrative purposes in Sections II and III, we vary M2 while fixing |µ| = 1 TeV

for Case AI, and vary µ while fixing M2 = 1 TeV for Case AII, along with tan β = 10. We

will explore the characteristic differences for the observable signals in these two cases. Whenever

appropriate, we will also illustrate the features with different values of tanβ.

In Fig. 1, we present the physical masses of the lower lying neutralinos and charginos. The mass

spectrum, as well as decay branching fractions for neutralinos and charginos are calculated using

SUSY-HIT 1.3 [32]. Figures 1(a) and (b) are for Case AI versus the mass parametersM2 and for

Case AII versus µwithM1 = 100GeV. The LSP, χ0
1, is mostly Bino for both cases with mass close

toM1. The sub-leading mixing component in the LSP is at the order ofO(mZ/µ) for the Higgsino

component, and O(m2
Z/µ

2) for the Wino component. The Higgsino component in Case AII, on

the other hand, is less suppressed in particular at the smaller values of µ, as shown in Fig. 1(b).

For Case AI, χ±
1 and χ0

2 are mostly Winos, with mass aroundM2. The mass splitting between χ0
2

and χ±
1 is very small. In fact, the nearly degeneracy of these states calls for a new convention to

call them NLSPs altogether. The convenience will be seen more clearly later when discussing the

decays. For Case AII, both the light chargino χ±
1 and the second and the third neutralinos χ0

2,3 are

mostly Higgsinos, with mass around |µ|. The mass splittings between those Higgsino-like states

are small for µ larger than about 200 GeV. For small values of µ however, mass splittings as large

as 20−30 GeV could occur, as seen in Fig. 1(b). These differences in masses gets smaller as µ

increases, thus referred to as naturally compressed spectra [33]. In particular, this would lead to

unsuppressed decays of χ0
3 to χ0

2/χ
±
1 in the small µ case. Heavier states, χ

±
2 and χ0

4, become out

of reach.

To a large extent, the electroweakino phenomenology is governed by the NLSP decays. We

depict the NLSP decay patterns for all the six cases in Fig. 2, and their corresponding decay

7

enhanced since Br(χ0
2,3 → χ0

1h) : Br(χ
0
2,3 → χ0

1Z) ≈ (sβ ± cβ)2 : (sβ ∓ cβ)2.

Flipping the sign of µ also lead to the reversal of branching fractions into h and Z modes for

large tan β. However, since χ0
2 and χ0

3 are either pair produced at colliders as χ0
2χ

0
3 or they are

produced in associated with χ±
1 with similar cross sections at the LHC, changing the sign of µ has

little impact on the overall cross sections of the observed final states.

For small |µ±M1| ∼ mZ , the mass splittings between the Higgsino multiplets χ0
3 and χ0

2/χ
±
1

could reach 20 − 30 GeV. Although not shown in the figures, there are leading decay modes

between Higgsino states:

χ0
3 → χ±

1 W
∗, χ0

2Z
∗. (8)

Even with the phase space suppression comparing to the decay of χ0
3 directly down to χ0

1, the

branching fractions for χ0
3 → χ±

1 W
∗ could dominate over χ0

3 → χ0
1Z

∗ since the coupling χ0
3χ

±
1 W

is unsuppressed, while χ0
3χ

0
1Z suffers from Bino-Higgsino mixing. It should be noted, however,

that the decay products will be very soft due to the small mass difference, so that it renders the

experimental observation difficult at hadron colliders. At an ILC, however, the clean experimental

environment may allow the observation of those decay modes.

• Scenario B:M2 < M1, |µ|

This is the situation of Wino LSP, as often realized in anomaly mediated SUSY breaking sce-

narios [34]. The lightest states χ0
1 and χ

±
1 are nearly degenerate in mass close toM2. It thus makes

more sense to follow the newly introduced convention to call them all “LSPs”.4 In this scenario,

there are two possible mass relations we will explore

Case BI : M1 < |µ|, χ0
2 Bino− like; χ±

2 , χ
0
3,4 Higgsino− like; (9)

Case BII : |µ| < M1, χ±
2 , χ

0
2,3 Higgsino− like; χ0

4 Bino− like. (10)

In Figs. 1(c) and (d), we present the physical masses of the lower-lying neutralinos and

charginos with M2 = 100 GeV, for Case BI versus the mass parameters M1 while fixing µ = 1

TeV; and for Case BII versus µ while fixing M1 = 1 TeV. Similar to Scenario A, there is almost

no mixing in Wino- and Bino-like states for large µ as in Case AI. The Bino-like χ0
2 is NLSP, and

4 Note that in the usual convention, the neutral Wino χ0
1 is called the LSP and the charged Wino χ±

1
is called the

NLSP.
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For χ±
2 , the dominant decay modes are

χ±
2 → χ0

1W,χ±
1 Z, χ

±
1 h. (13)

Under the limit of |µ±M2| ≫ mZ , the ratios of the partial decay widths is roughly Γχ0
1
W : Γχ±

1 Z :

Γχ±
1 h ≈ 1 : 1 : 1, with small deviation caused by phase space effects. The tan β dependence is

very weak, especially for large µ. For µ = 500 GeV, the branching fractions of χ±
2 toW , Z and h

channels are roughly 35%, 35%, and 30%, respectively.

The decay channels for the second and the third neutralinos5 χ0
2,3 ≈ 1√

2
(H̃0

d ± H̃0
u), with+ sign

for χ0
2 and − sign for χ0

3, are

χ0
2,3 → χ±

1 W
∓,χ0

1Z, χ
0
1h. (14)

Under the limit of |µ ± M2| ≫ mZ , the following simplified relation holds for the partial decay

widths (and decay branching fractions as well) of χ0
2,3:

Γχ+
1
W− = Γχ−

1
W+ ≈ Γχ0

1Z
+ Γχ0

1h
. (15)

For both χ0
2 and χ0

3, decay toW dominates since both χ+
1 W

− and χ−
1 W

+ contribute. χ0
2 is more

likely to decay to Z while χ0
3 is more likely to decay to h for µ > 0.

The tanβ dependence of the branching fractions into Z and h channels is similar to that of

Case BII. Br(χ0
2 → χ0

1Z(h)) varies between 30% − 24% (3% − 9%) for tan β between 3 − 50,

and similarly for χ0
3 decay with the branching fraction for the Z and hmodes switched. Br(χ0

2,3 →

χ±W∓), however, is almost independent of tan β. For µ = 500 GeV, the branching fraction of

χ0
2(χ

0
3) is 67% (68%), 26% (8%), and 7% (24%) for W, Z and h channels, respectively. In the

limit of large tanβ and very heavy Higgsino mass, Br(χ0
2,3 → χ±

1 W
∓) ≈ 4Br(χ0

2,3 → χ0
1h) ≈

4Br(χ0
2,3 → χ0

1Z) ≈ 68%. Flipping the sign of µ has similar effects on the χ0
2,3 decay branching

fractions as in Case AII for the Z and h modes, while affects little of theW mode.

• Scenario C: |µ| < M1, M2

This is the situation of Higgsino LSP [5], with the lightest states χ0
1,2 and χ

±
1 being Higgsino-

like. The two possible mass relations here are

Case CI : M1 < M2, χ0
3 Bino− like; χ±

2 , χ
0
4 Wino− like; (16)

Case CII : M2 < M1, χ±
2 , χ

0
3 Wino − like; χ0

4 Bino− like. (17)

5 Note that the composition of χ0
2,3 in Case BII is opposite to that of χ0

2,3 in Case AII.

15

Used as benchmarks:
• Bino LSP, wino-bino cross sections 

(1) Mass(c±
1) = Mass (c0

2) 
(2) c+

1c-1 and c±
1c0

2 processes

• Higgsino-LSP, higgsino-like cross sections
(1) Small mass splitting c0

1 , c±
1,  c0

2

(2) Consider triplets for cross sections
(3) Role of high-multiplicity neutralinos and 

charginos also relevant 

sW(c±
1c0

2)~2 sW(c+
1c-1) 

sH(c±
1c0

2 +c+
1c-1 +c±

1c0
1 ) 

< 0.7-0.5 sW(c±
1c0

2) 

https://arxiv.org/pdf/1309.5966.pdf
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´ Searches in multilepton final state events + missing ET

´ 3L and 2L (opposite-sign or same-sign different flavour) 

FCC Physics Opportunities

main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected
indirect constraints on stops from LHC Higgs measurements are shown alongside projected constraints
at FCC-ee and FCC-hh. Since the precision of Higgs coupling measurements is greatest at FCC-ee the
latter constraints are dominated by the FCC-ee measurements. Dedicated studies at FCC-hh, using e.g.
H+jet production at high invariant mass, could further reveal the structure of the indirect corrections to
the Higgs interactions.
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Figure 9.1: Left: Projected 2� indirect reach solely from Higgs coupling constraints on stops from FCC-
ee and FCC-hh [274]. Right: Projected direct FCC-hh 2� and 5� discovery reach for supersymmetric
Higgsinos, Winos, sleptons, stops, squarks, and gluinos (see Ref. [275] for details). HL-LHC projections
are only shown for coloured sparticles and projections for Higgsinos and Winos are currently under
investigation.

At high energies it is also possible to produce the supersymmetric partner particles directly.
The experimental signatures typically involve final states featuring jets and missing energy, however
a plethora of dedicated searches are required to cover the full suite of possible experimental signatures.
In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is shown for a variety of super-
symmetric particles. Details of the phenomenological studies are presented in the extensive review of
BSM searches at FCC-hh, Ref. [275]. Further dedicated analyses have been carried out in the framework
of the FCC-hh detector performance studies. The study of the reach for Higgsino and Wino, in the con-
text of DM searches, is presented in Chapter 12. The search for stops is reviewed in the next section.
The direct reach shown in Fig. 9.1 extends far beyond the indirect precision Higgs coupling reach, in
some cases to well above 10 TeV. As a result, the combined FCC projects could comprehensively and
unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-
parity, is respected. Such a symmetry is useful for stabilising dark matter candidates and/or forbidding
observable proton decay. However, it is possible that R-parity is violated in a manner that is consistent
with such constraints. In models with R-parity violation it is possible to have single, rather than pair,
production of sparticles. This can be probed by multi-lepton and multijet signatures at the FCC-hh. At the
FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-̃t Yukawa interaction can be probed at the level of �131 . 0.01.
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Fig. 21: 2� exclusion bounds of NLSP electroweakinos via 3` (red-solid), OSDL (blue-dashed) and SSDL(yellow-
dotdashed) searches at a 100 TeV pp collider with 3000 fb�1. Three figures are for different NLSP-LSP combi-
nations: Higgsino-NLSP and Bino-LSP (left), Higgsino-NLSP and Wino-LSP (middle), and Wino-NLSP and
Higgsino-LSP (right). For the 5� reach, see Ref. [84].

The mass of the heaviest electroweakino is fixed to be 5 TeV. Instead of following the simplified model
approach, we take into account all predicted branching ratios of the NLSP to gauge bosons and the Higgs
with various tan � and signs of electroweakino masses. Notably, for the first three cases with Higgsino as
either the NLSP or the LSP, the branching ratios do not depend sensitively on those parameters; and the
branching ratios to the Z and the Higgs boson are always the same [160]. This is because the Higgsino
system consists of two nearly degenerate neutralinos indistinguishable at colliders and summing their
individual decays (only the sum is observable) leads to such a simple branching ratio relation. This can
be derived from the Goldstone equivalence theorem, that holds generically in these scenarios as their
mass separations are much larger than the electroweak scale, and from the Higgs alignment limit that we
know from Higgs precision data. For the case of Wino-Bino, instead, the branching ratio of the NLSP
depends sensitively on tan � and on the signs of mass parameters.

We collect the 2� exclusion bounds for the first three cases, with Higgsinos either LSP or NLSP,
in Fig. 21. We do not specify the value of tan � and signs of mass parameters since the results almost do
not depend on them. The 3` search (in red) provides the best overall sensitivity, but the SSDL (in yellow)
can provide complementary sensitivity for the region with small mass-splitting. Maximum discovery
reaches on the NLSP mass are between 1.5 and 2.3 TeV for massless LSP. The Wino-Higgsino case
shows the best reach among the three cases because the Wino NLSP production rate is twice bigger than
that of the Higgsino NLSP (see the right panel of the figure).

The results can also be interpreted to address whether thermal Dark Matter (DM) candidates of
1 TeV Higgsino or 3 TeV Wino [161–163] can be discovered or excluded via electroweakino searches
at a 100 TeV collider with 3 ab�1 of integrated luminosity. The right panel demonstrates that an LSP
Higgsino at 1 TeV can be excluded if the Wino has a mass lighter than ⇠ 3 TeV and not too close to 1
TeV. Wino DM, instead, cannot be probed with 3 ab�1 luminosity (see the middle panel of the figure).
Unfortunately, the discovery of the 1 TeV Higgsino (and 3 TeV Wino) DM with 3 ab�1 data will be
challenging (see the corresponding plots in [84]).

The discovery and exclusion reach for the last case of Wino-Bino are collected in Fig. 22. Four
representative choices of additional parameters – tan � and signs of mass parameters – are considered.
The four representative results differ significantly in the reach of the NLSP mass, in the shape of the
reach curve, and in the relative importance of Z and h boson contributions, primarily due to variations
in the NLSP branching ratios as the additional parameters change.

The upper-right panel of Fig. 22 demonstrates the importance of the Higgs boson contribution for
small tan � and µM2 > 0; for other choices, there can be a (partial) cancellation between µ sin 2� and
M2 terms for the Higgs partial width. In other words, if the Higgsino is much heavier than the Wino,
such cancellation does not occur, making the decay to the Higgs boson always dominate, and the result
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Fig. 20: Results for the squark-neutralino model with light flavor decays for the analyses that target the compressed
region of parameter space. The left [right] panel shows the 5 � discovery reach [95% CL exclusion] for the four
collider scenarios studied here. A 20% systematic uncertainty is assumed and pile-up is not included.

Here we very briefly summarize the work in Ref. [84]7 and focus on the direct production of
NLSP pairs – neutralino pair, chargino pair and neutralino-chargino pair – and their subsequent decays
to the LSP and a boson, either the Higgs boson h or W, Z gauge bosons, producing a multiple lepton and
missing transverse energy signature.

�0,±
2 ! �0,±

1 Z/h, �0,±
2 ! �±,0

1 W, (14)

W ! `⌫, Z ! `+`�, h ! ZZ⇤, WW ⇤
! 4`, 2`2⌫ (15)

Although final states involving hadronic jets are possible, multilepton signals typically provide the
strongest discovery channels. We divide multilepton signals into two opposite-sign leptons of any flavor
(OSDL), two same-sign leptons of any flavor (SSDL), three leptons (3`), and four leptons (4`), where
leptons can be either electrons or muons.

For each simulated benchmark, we optimize the cuts on the following variables to maximize the
statistical significance with an assumed luminosity of 3 ab�1:

– E/T
– pT (`2)/pT (`1)

– HT (jets)/Me↵

– M 0

e↵ = Me↵ � pT (`1)

– MT (Emiss
T

, ``), the transverse masses between missing energy and various combinations of leptons
– Emiss

T
/Me↵

where HT (jets) is the scalar sum of all jet pT (we do not veto any jets if present) and Me↵ is the scalar pT
sum of all jets, leptons and missing energy. We refer the reader to Ref. [84] for more detailed discussions
of the variables, cut optimization, and other selection criteria that were considered.

We present results for the following cases:

– Higgsino NLSP and Bino LSP (Higgsino-Bino) : M2 � µ > M1.
– Higgsino NLSP and Wino LSP (Higgsino-Wino) : M1 � µ > M2.
– Wino NLSP and Higgsino LSP (Wino-Higgsino) : M1 � M2 > µ.
– Wino NLSP and Bino LSP (Wino-Bino) : µ � M2 > M1.

7See also [83] for a related work in the framework of a future 100 TeV collider.
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Results presented depending on the nature of the next-LSP and LSP
- Higgsino NLSP and Bino LSP (Higgsino-Bino) : M2 ≫ μ > M1. 
- Higgsino NLSP and Wino LSP (Higgsino-Wino) : M1 ≫ μ > M2. 
- Wino NLSP and Higgsino LSP (Wino-Higgsino) : M1 ≫ M2 > μ. 

2σ exclusion bounds 
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´ Searches in multilepton final state events + missing ET

´ 3L and 2L (opposite-sign or same-sign different flavour) 

FCC Physics Opportunities

main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected
indirect constraints on stops from LHC Higgs measurements are shown alongside projected constraints
at FCC-ee and FCC-hh. Since the precision of Higgs coupling measurements is greatest at FCC-ee the
latter constraints are dominated by the FCC-ee measurements. Dedicated studies at FCC-hh, using e.g.
H+jet production at high invariant mass, could further reveal the structure of the indirect corrections to
the Higgs interactions.
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Figure 9.1: Left: Projected 2� indirect reach solely from Higgs coupling constraints on stops from FCC-
ee and FCC-hh [274]. Right: Projected direct FCC-hh 2� and 5� discovery reach for supersymmetric
Higgsinos, Winos, sleptons, stops, squarks, and gluinos (see Ref. [275] for details). HL-LHC projections
are only shown for coloured sparticles and projections for Higgsinos and Winos are currently under
investigation.

At high energies it is also possible to produce the supersymmetric partner particles directly.
The experimental signatures typically involve final states featuring jets and missing energy, however
a plethora of dedicated searches are required to cover the full suite of possible experimental signatures.
In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is shown for a variety of super-
symmetric particles. Details of the phenomenological studies are presented in the extensive review of
BSM searches at FCC-hh, Ref. [275]. Further dedicated analyses have been carried out in the framework
of the FCC-hh detector performance studies. The study of the reach for Higgsino and Wino, in the con-
text of DM searches, is presented in Chapter 12. The search for stops is reviewed in the next section.
The direct reach shown in Fig. 9.1 extends far beyond the indirect precision Higgs coupling reach, in
some cases to well above 10 TeV. As a result, the combined FCC projects could comprehensively and
unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-
parity, is respected. Such a symmetry is useful for stabilising dark matter candidates and/or forbidding
observable proton decay. However, it is possible that R-parity is violated in a manner that is consistent
with such constraints. In models with R-parity violation it is possible to have single, rather than pair,
production of sparticles. This can be probed by multi-lepton and multijet signatures at the FCC-hh. At the
FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-̃t Yukawa interaction can be probed at the level of �131 . 0.01.
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Fig. 20: Results for the squark-neutralino model with light flavor decays for the analyses that target the compressed
region of parameter space. The left [right] panel shows the 5 � discovery reach [95% CL exclusion] for the four
collider scenarios studied here. A 20% systematic uncertainty is assumed and pile-up is not included.

Here we very briefly summarize the work in Ref. [84]7 and focus on the direct production of
NLSP pairs – neutralino pair, chargino pair and neutralino-chargino pair – and their subsequent decays
to the LSP and a boson, either the Higgs boson h or W, Z gauge bosons, producing a multiple lepton and
missing transverse energy signature.

�0,±
2 ! �0,±

1 Z/h, �0,±
2 ! �±,0

1 W, (14)

W ! `⌫, Z ! `+`�, h ! ZZ⇤, WW ⇤
! 4`, 2`2⌫ (15)

Although final states involving hadronic jets are possible, multilepton signals typically provide the
strongest discovery channels. We divide multilepton signals into two opposite-sign leptons of any flavor
(OSDL), two same-sign leptons of any flavor (SSDL), three leptons (3`), and four leptons (4`), where
leptons can be either electrons or muons.

For each simulated benchmark, we optimize the cuts on the following variables to maximize the
statistical significance with an assumed luminosity of 3 ab�1:

– E/T
– pT (`2)/pT (`1)

– HT (jets)/Me↵

– M 0

e↵ = Me↵ � pT (`1)

– MT (Emiss
T

, ``), the transverse masses between missing energy and various combinations of leptons
– Emiss

T
/Me↵

where HT (jets) is the scalar sum of all jet pT (we do not veto any jets if present) and Me↵ is the scalar pT
sum of all jets, leptons and missing energy. We refer the reader to Ref. [84] for more detailed discussions
of the variables, cut optimization, and other selection criteria that were considered.

We present results for the following cases:

– Higgsino NLSP and Bino LSP (Higgsino-Bino) : M2 � µ > M1.
– Higgsino NLSP and Wino LSP (Higgsino-Wino) : M1 � µ > M2.
– Wino NLSP and Higgsino LSP (Wino-Higgsino) : M1 � M2 > µ.
– Wino NLSP and Bino LSP (Wino-Bino) : µ � M2 > M1.

7See also [83] for a related work in the framework of a future 100 TeV collider.
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Results presented depending on the nature of the next-LSP and LSP
- Wino NLSP and Bino LSP (Wino-Bino) : μ ≫ M2 > M1. 
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Fig. 22: 5� discovery reach (solid) and 95%CL exclusion (dashed) for the case of Wino-NLSP and Bino-LSP with
3 ab�1 at a 100 TeV pp collider. Four representative choices of tan � and signs of mass parameters are shown.
All multilepton channels are combined, but the 3` search contributes most. The contributions from intermediate
Z(blue) or h(red) are separately shown to see the effects of NLSP branching ratios. For more results with different
choices of the parameters, see Ref. [84].

becomes similar to the upper-right panel. This effect is studied more extensively in Ref. [164–166].
When the branching ratio to the Higgs boson dominates, the reach is relatively low because multi-lepton
signals via the Higgs boson are suppressed by the small Higgs! WW/ZZ !multileptons branching
ratios.

Other features of the curves in Fig. 22 are driven by the branching ratio to Z bosons, which depends
on mass and other model parameters. A detailed discussion of the reach is provided in Ref. [84]. In the
optimal case, with almost 100% branching ratio to the Z boson, as in the lower-left panel, multilepton
signals can enable the discovery of NLSPs with mass up to about 3 TeV for massless LSP with 3 ab�1.

Multilepton events with small angular separation between the leptons is a common feature of
multi-TeV electroweakino production. Such events are outside of the acceptance for isolated-lepton
searches, but relaxing the requirements on lepton separation in R can significantly improve the accep-
tance for high-mass signals. For example, the luminosity needed to probe a 3.5 TeV Wino is reduced by
a factor of two for �R(`, `) > 0.05 compared to �R(`, `) > 0.1. Searches for an NLSP heavier than
3 TeV, which often produces collimated leptons, are also significantly improved by retaining events with
near-by leptons. This should be an important consideration for the design of the detectors at future pp
colliders.

In summary, a 100 TeV pp collider, even with just 3 ab�1 of integrated luminosity, can signifi-
cantly improve the reach for electroweakinos compared to the LHC. This provides an important probe
of SUSY even in the difficult scenario in which the colored superpartners are heavy. Of course, even if
SUSY is discovered in other search channels, the discovery and studies of electroweakinos are crucial
in understanding the nature of SUSY breaking. Finally, even though the study presented here is in the
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Fig. 2.2.7: Diagram for wino-like e�±
2 e�0

4 pair-production and decay into a final state with two same charge W

bosons.

final states resulting from wino production, discussed in this section, are expected to have a significant
contribution of events (around 25% of the total BR) where e�±

2 e�0
4 decay into the higgsino sector emitting

same-charge W bosons as in Fig. 2.2.7 [89, 90]. This analysis is based on Ref. [91].
Estimates of signal and background yields are based on Monte Carlo samples followed by a

DELPHES simulation [33] of the CMS Phase-2 detector. The signal samples are generated by MAD-
GRAPH5_aMC@NLO (v2.3.3) [67] with up to two additional jets at leading order precision. The su-
persymmetric particles are then decayed by the PYTHIA 8.2 [68] package also providing showering
and hadronisation. The cross-sections for SUSY production have been calculated for

p
s = 14 TeV at

NLO-NLL using the resumming code from Ref. [59, 60] with CTEQ6.6 and MSTW2008nlo90cl PDFs.
The background samples are generated with MADGRAPH 5 at LO, followed by parton showering and
hadronisation with PYTHIA 6 [92]. The DELPHES-based yields of processes containing prompt leptons
are corrected by the lepton reconstruction, identification and isolation efficiencies measured in Run-2
collision data. For example, the reconstruction efficiency for centrally produced electrons ranges from
60 to 86% for pT values between 20 and 200 GeV. The DELPHES-based yields of processes containing
non-prompt leptons are increased by 25%, based on Ref. [93], to account for events with misidentified
leptons from light flavour quarks, which are not included by DELPHES [93].

Candidate signal events are selected if they contain two high quality and isolated leptons with
pT � 20 GeV, |⌘|  1.6, and the same charge. Discrimination from the background processes is
achieved by selecting events with no additional leptons with pT � 5 GeV and |⌘|  4.0 (to suppress
multi-boson production), and no pT � 30 GeV jets (to suppress events with top quarks). The remaining
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Conservative ! good 
sensitivity at HL-LHC using 
Hàbb signatures

In summary: @ FCC-hh, results for wino-
like to bino-like (higgsino-like) processes 
show sensitivity up to 4 (3) TeV with 3/ab  

Note: this and other results are for a single experiment
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Fig. 8.9: Exclusion reach for Wino-like lightest chargino (c̃±
1 ) and next-to-lightest neutralino

(c̃0
2 ) from hadron and lepton colliders.

to
p

s/2 for Dm as low as 0.5 GeV, while CLIC1500 and CLIC3000 allow a reach up to 650 GeV
and 1.3 TeV, respectively [454]. Monojet searches at hadron colliders can again complement
the reach for scenarios with small Dm [443]. The soft decay products of the NLSP are not re-
constructed and the sensitivity solely depends on the production rate of EWkinos in association
with an ISR jet. The reach of different colliders are illustrated by the hatched areas of Fig. 8.10
for an indicative Dm < 1 GeV. The sensitivity deteriorates at larger Dm, due to the requirements
on additional leptons or jets. No attempt is made to evaluate this loss here, which is expected
to become relevant for Dm ⇡ 5 GeV and above. Prospects for ep colliders (LHeC and FCC-eh)
performed using monojet-like signatures [139] are also shown in Fig. 8.10.

A special case arises when the lightest neutralino is either pure Higgsino or Wino. The
chargino-neutralino mass splitting is around 340 MeV and 160 MeV respectively, and the
chargino has a correspondingly long lifetime, which can be as large as several picoseconds.
The value of pmiss

T is small unless the pair-produced EWkinos recoil against an ISR jet. Taking
advantage of the long lifetime of the charginos, which can result in decays in the active volume
of the tracker detector, searches for disappearing charged tracks can be performed at hadron
colliders [443]. As an example, at the HL-LHC, studies using simplified models of c̃±

1 produc-
tion lead to exclusions of chargino masses up to mc̃±

1
= 750 GeV (1100 GeV) for lifetimes of

1 ns for the Higgsino (Wino) hypothesis. When considering the lifetimes corresponding to the
chargino-neutralino mass splittings given above (leading to thermal relic dark matter candidates
and referred to as pure Higgsino and pure Wino, respectively), masses up to 300 (830) GeV can
be excluded. The reach for all facilities is illustrated in Sect. 8.5. Analyses exploiting displaced
decays of the charged SUSY state have been studied also for lepton colliders, e.g. CLIC3000
(using charge stub tracks [345]), and for ep colliders (using disappearing tracks [458]).

Wino-like cross section: c±
1c0

2

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

c±
1c0

2  = NSLP, m(c±
1) = m(c0

2)

[c0
2 à h c0

1 not in this plot]
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Fig. 21: 2� exclusion bounds of NLSP electroweakinos via 3` (red-solid), OSDL (blue-dashed) and SSDL(yellow-
dotdashed) searches at a 100 TeV pp collider with 3000 fb�1. Three figures are for different NLSP-LSP combi-
nations: Higgsino-NLSP and Bino-LSP (left), Higgsino-NLSP and Wino-LSP (middle), and Wino-NLSP and
Higgsino-LSP (right). For the 5� reach, see Ref. [84].

The mass of the heaviest electroweakino is fixed to be 5 TeV. Instead of following the simplified model
approach, we take into account all predicted branching ratios of the NLSP to gauge bosons and the Higgs
with various tan � and signs of electroweakino masses. Notably, for the first three cases with Higgsino as
either the NLSP or the LSP, the branching ratios do not depend sensitively on those parameters; and the
branching ratios to the Z and the Higgs boson are always the same [160]. This is because the Higgsino
system consists of two nearly degenerate neutralinos indistinguishable at colliders and summing their
individual decays (only the sum is observable) leads to such a simple branching ratio relation. This can
be derived from the Goldstone equivalence theorem, that holds generically in these scenarios as their
mass separations are much larger than the electroweak scale, and from the Higgs alignment limit that we
know from Higgs precision data. For the case of Wino-Bino, instead, the branching ratio of the NLSP
depends sensitively on tan � and on the signs of mass parameters.

We collect the 2� exclusion bounds for the first three cases, with Higgsinos either LSP or NLSP,
in Fig. 21. We do not specify the value of tan � and signs of mass parameters since the results almost do
not depend on them. The 3` search (in red) provides the best overall sensitivity, but the SSDL (in yellow)
can provide complementary sensitivity for the region with small mass-splitting. Maximum discovery
reaches on the NLSP mass are between 1.5 and 2.3 TeV for massless LSP. The Wino-Higgsino case
shows the best reach among the three cases because the Wino NLSP production rate is twice bigger than
that of the Higgsino NLSP (see the right panel of the figure).

The results can also be interpreted to address whether thermal Dark Matter (DM) candidates of
1 TeV Higgsino or 3 TeV Wino [161–163] can be discovered or excluded via electroweakino searches
at a 100 TeV collider with 3 ab�1 of integrated luminosity. The right panel demonstrates that an LSP
Higgsino at 1 TeV can be excluded if the Wino has a mass lighter than ⇠ 3 TeV and not too close to 1
TeV. Wino DM, instead, cannot be probed with 3 ab�1 luminosity (see the middle panel of the figure).
Unfortunately, the discovery of the 1 TeV Higgsino (and 3 TeV Wino) DM with 3 ab�1 data will be
challenging (see the corresponding plots in [84]).

The discovery and exclusion reach for the last case of Wino-Bino are collected in Fig. 22. Four
representative choices of additional parameters – tan � and signs of mass parameters – are considered.
The four representative results differ significantly in the reach of the NLSP mass, in the shape of the
reach curve, and in the relative importance of Z and h boson contributions, primarily due to variations
in the NLSP branching ratios as the additional parameters change.

The upper-right panel of Fig. 22 demonstrates the importance of the Higgs boson contribution for
small tan � and µM2 > 0; for other choices, there can be a (partial) cancellation between µ sin 2� and
M2 terms for the Higgs partial width. In other words, if the Higgsino is much heavier than the Wino,
such cancellation does not occur, making the decay to the Higgs boson always dominate, and the result
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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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Fig. 21: 2� exclusion bounds of NLSP electroweakinos via 3` (red-solid), OSDL (blue-dashed) and SSDL(yellow-
dotdashed) searches at a 100 TeV pp collider with 3000 fb�1. Three figures are for different NLSP-LSP combi-
nations: Higgsino-NLSP and Bino-LSP (left), Higgsino-NLSP and Wino-LSP (middle), and Wino-NLSP and
Higgsino-LSP (right). For the 5� reach, see Ref. [84].

The mass of the heaviest electroweakino is fixed to be 5 TeV. Instead of following the simplified model
approach, we take into account all predicted branching ratios of the NLSP to gauge bosons and the Higgs
with various tan � and signs of electroweakino masses. Notably, for the first three cases with Higgsino as
either the NLSP or the LSP, the branching ratios do not depend sensitively on those parameters; and the
branching ratios to the Z and the Higgs boson are always the same [160]. This is because the Higgsino
system consists of two nearly degenerate neutralinos indistinguishable at colliders and summing their
individual decays (only the sum is observable) leads to such a simple branching ratio relation. This can
be derived from the Goldstone equivalence theorem, that holds generically in these scenarios as their
mass separations are much larger than the electroweak scale, and from the Higgs alignment limit that we
know from Higgs precision data. For the case of Wino-Bino, instead, the branching ratio of the NLSP
depends sensitively on tan � and on the signs of mass parameters.

We collect the 2� exclusion bounds for the first three cases, with Higgsinos either LSP or NLSP,
in Fig. 21. We do not specify the value of tan � and signs of mass parameters since the results almost do
not depend on them. The 3` search (in red) provides the best overall sensitivity, but the SSDL (in yellow)
can provide complementary sensitivity for the region with small mass-splitting. Maximum discovery
reaches on the NLSP mass are between 1.5 and 2.3 TeV for massless LSP. The Wino-Higgsino case
shows the best reach among the three cases because the Wino NLSP production rate is twice bigger than
that of the Higgsino NLSP (see the right panel of the figure).

The results can also be interpreted to address whether thermal Dark Matter (DM) candidates of
1 TeV Higgsino or 3 TeV Wino [161–163] can be discovered or excluded via electroweakino searches
at a 100 TeV collider with 3 ab�1 of integrated luminosity. The right panel demonstrates that an LSP
Higgsino at 1 TeV can be excluded if the Wino has a mass lighter than ⇠ 3 TeV and not too close to 1
TeV. Wino DM, instead, cannot be probed with 3 ab�1 luminosity (see the middle panel of the figure).
Unfortunately, the discovery of the 1 TeV Higgsino (and 3 TeV Wino) DM with 3 ab�1 data will be
challenging (see the corresponding plots in [84]).

The discovery and exclusion reach for the last case of Wino-Bino are collected in Fig. 22. Four
representative choices of additional parameters – tan � and signs of mass parameters – are considered.
The four representative results differ significantly in the reach of the NLSP mass, in the shape of the
reach curve, and in the relative importance of Z and h boson contributions, primarily due to variations
in the NLSP branching ratios as the additional parameters change.

The upper-right panel of Fig. 22 demonstrates the importance of the Higgs boson contribution for
small tan � and µM2 > 0; for other choices, there can be a (partial) cancellation between µ sin 2� and
M2 terms for the Higgs partial width. In other words, if the Higgsino is much heavier than the Wino,
such cancellation does not occur, making the decay to the Higgs boson always dominate, and the result
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FIG. 2: Decay patterns of NLSP’s for all the six cases AI−CII.
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χ±
1 → χ0
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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
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′, and 11% for χ0
1ℓνℓ for each lepton flavor.
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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
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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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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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and 5� reach very close in mass), due to the fact that the signal event rate decreases exponentially as the
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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.

109



Higgsino-like EWK processes 

15/5/20BSM at the FCC-hh: SUSY, Monica D'Onofrio18

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

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 

(*)
(*)

Processes: c+
1c-1,  c±

1c0
2 , c0

1c0
2 

DM 

450 500 550 600 650 700 750 800 850 900 950
) [GeV]2
±χ∼) = m(4

0χ∼m(

1−10

1

10

210

310

410

510

) [
fb

]
±

W±
 W

→ 40 χ∼
2± χ∼  

→
(p

p 
σ

95
%

 C
L 

lim
it 

on
 

1

±χ∼±  W1
0χ∼± W→ 4

0χ∼
2
±χ∼ →pp 

) = 25%±W± W→ 4
0χ∼

2
±χ∼BR(

) = 1 GeV1
0χ∼) - m(1

±χ∼m(

, 14 TeV-1PU 200, 3 abCMS Delphes Phase II Simulation

) = 250 GeV1
0χ∼Exp., m(
) = 150 GeV1

0χ∼Exp., m(
 1 s.d.±Expected 
 2 s.d.±Expected 

NLO+NLLσTheoretical 

Fig. 2.2.9: Upper limit on the production cross-section of pair produced e�±
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Fig. 2.2.10: Example Feynman diagrams for e�±
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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
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Disappearing track signatures  
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�̃0
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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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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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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 

FCC-hh could conclusively test the hypothesis of thermal DM in both scenarios!
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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



Conclusions 
´ Searches for SUSY will remain a priority for HEP for 

some time 

´ The discovery potential for strongly produced SUSY 
particles such as gluino, squarks and in particular top 
squarks is dominated by FCC-hh, which allow highest 
mass reach

´ The EWK SUSY sector could be particularly 
challenging, but mixture of ‘classic’ signatures and 
exploitation of monojet-like and soft-lepton final 
states might allow very good reach

´ Disappearing track analysis could be exploited for 
higgsino / wino Dark Matter models 

´ FCC-hh has certainly a high potential for EWK particles 
with masses up to 3-4 TeV

´ can conclusively test the hypothesis of thermal DM in 
both scenarios!
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FCC Physics Opportunities

main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected
indirect constraints on stops from LHC Higgs measurements are shown alongside projected constraints
at FCC-ee and FCC-hh. Since the precision of Higgs coupling measurements is greatest at FCC-ee the
latter constraints are dominated by the FCC-ee measurements. Dedicated studies at FCC-hh, using e.g.
H+jet production at high invariant mass, could further reveal the structure of the indirect corrections to
the Higgs interactions.
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Figure 9.1: Left: Projected 2� indirect reach solely from Higgs coupling constraints on stops from FCC-
ee and FCC-hh [274]. Right: Projected direct FCC-hh 2� and 5� discovery reach for supersymmetric
Higgsinos, Winos, sleptons, stops, squarks, and gluinos (see Ref. [275] for details). HL-LHC projections
are only shown for coloured sparticles and projections for Higgsinos and Winos are currently under
investigation.

At high energies it is also possible to produce the supersymmetric partner particles directly.
The experimental signatures typically involve final states featuring jets and missing energy, however
a plethora of dedicated searches are required to cover the full suite of possible experimental signatures.
In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is shown for a variety of super-
symmetric particles. Details of the phenomenological studies are presented in the extensive review of
BSM searches at FCC-hh, Ref. [275]. Further dedicated analyses have been carried out in the framework
of the FCC-hh detector performance studies. The study of the reach for Higgsino and Wino, in the con-
text of DM searches, is presented in Chapter 12. The search for stops is reviewed in the next section.
The direct reach shown in Fig. 9.1 extends far beyond the indirect precision Higgs coupling reach, in
some cases to well above 10 TeV. As a result, the combined FCC projects could comprehensively and
unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-
parity, is respected. Such a symmetry is useful for stabilising dark matter candidates and/or forbidding
observable proton decay. However, it is possible that R-parity is violated in a manner that is consistent
with such constraints. In models with R-parity violation it is possible to have single, rather than pair,
production of sparticles. This can be probed by multi-lepton and multijet signatures at the FCC-hh. At the
FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-̃t Yukawa interaction can be probed at the level of �131 . 0.01.
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1st and 2nd generation squarks
´ Projections available for HL-LHC, 33 TeV and 100 TeV

´ Current LHC reach depend on final state signature. Comparisons for jets+ET
Miss final states:

´
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Fig. 19: Results for the squark-neutralino model. The left [right] panel shows the 5 � discovery reach [95% CL
exclusion] for the four collider scenarios studied here. A 20% systematic uncertainty is assumed and pile-up is not
included. The dashed green line shows the results of a re-tuned search at

p
s =100 TeV.

Background estimates are made using the “Snowmass 2013” background samples [120]. Gener-
ated processes include W/Z+jets, tt̄, single-top, diboson, t + V and tt̄ + V , and Higgs. QCD multijet
backgrounds were not generated, thus the analysis makes stringent cuts on E/T and related quantities to
ensure that QCD multijet backgrounds will be negligible.

The squark search is optimized in two different regions of the squark-neutralino mass plane. The
first search targets high-mass squarks with relatively-light LSPs using a straighforward jets+E/T strategy.
The second search targets the “compressed” region where meq ⇡ me�0

1
.

As with the jets+E/T search for gluinos presented in section 3.4, a standard event pre-selection is
defined by the following requirements:

– E/T /
p

HT > 15 GeV1/2

– The leading jet pT must satisfy pleading
T

< 0.4 HT

After pre-selection, rectangular cuts on E/T and HT are simultaneously optimized to yield maxi-
mum signal significance. The resulting requirements on HT and E/T are typically a substantial fraction of
the squark mass for low values of me�0

1
. After optimization, the background is dominated by W/Z + jets,

with smaller contributions from tt̄ production. All other backgrounds are negligible.
The results of the squark search are shown in the solid lines in Fig. 19 for four different collider

scenarios. The 14 TeV 300 fb�1 limit with massless neutralinos is projected to be 1.5 TeV (correspond-
ing to 1022 events), while the 14 TeV 3000 fb�1 limit is projected to be 1.7 TeV (corresponding to
3482 events). The 14 TeV LHC with 3000 fb�1 could discover a squark as heavy as 800 GeV if the
neutralino is massless. The 33 TeV 3000 fb�1 limit with massless neutralinos is projected to be 3.4 TeV
(corresponding to 3482 events), with discovery reach up to 1.4 TeV for massless neutralinos.

The 100 TeV 3000 fb�1 limit with massless neutralinos is projected to be 8.0 TeV (corresponding
to 849 events), with discovery reach up to 2.4 TeV if the neutralino is massless. Compared to the 14
and 33 TeV searches, the squark reach degrades less rapidly as the neutralino mass is increased from the
massless limit. The reduced cross section for light-squark production and the lower jet multiplicity of
the final state combine to reduce the mass reach for this model relative to the stop or gluino searches.

The poor performance of the search at 100 TeV motivated a re-analysis of this model for the 100
TeV scenario. In the re-optimized analysis, the pre-selection requirements, which were optimized for
the gluino-neutralino model described earlier, are removed. Events are required to have four jets with
pT > 500 GeV, and must satisfy the following topological selection requirements, motivated by the

35
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Indirect stop limits 
´ leading indirect effect of top squarks is that they 

modify some of the properties of the Higgs boson, i.e. 
interactions between the Higgs boson and gluons and 
also between the Higgs boson and the photon. 

´ None of these interactions exist at the classical level 
hence they are particularly sensitive to new strongly 
coupled degrees of freedom like top squarks. 

´ combined projected indirect constraints on stops from 
LHC Higgs measurements are dominated by the FCC-ee
measurements. 

´ Dedicated studies at FCC-hh, using e.g. H+jet
production at high invariant mass, could further reveal 
the structure of the indirect corrections to the Higgs 
interactions.
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FCC Physics Opportunities

main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected
indirect constraints on stops from LHC Higgs measurements are shown alongside projected constraints
at FCC-ee and FCC-hh. Since the precision of Higgs coupling measurements is greatest at FCC-ee the
latter constraints are dominated by the FCC-ee measurements. Dedicated studies at FCC-hh, using e.g.
H+jet production at high invariant mass, could further reveal the structure of the indirect corrections to
the Higgs interactions.
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Figure 9.1: Left: Projected 2� indirect reach solely from Higgs coupling constraints on stops from FCC-
ee and FCC-hh [274]. Right: Projected direct FCC-hh 2� and 5� discovery reach for supersymmetric
Higgsinos, Winos, sleptons, stops, squarks, and gluinos (see Ref. [275] for details). HL-LHC projections
are only shown for coloured sparticles and projections for Higgsinos and Winos are currently under
investigation.

At high energies it is also possible to produce the supersymmetric partner particles directly.
The experimental signatures typically involve final states featuring jets and missing energy, however
a plethora of dedicated searches are required to cover the full suite of possible experimental signatures.
In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is shown for a variety of super-
symmetric particles. Details of the phenomenological studies are presented in the extensive review of
BSM searches at FCC-hh, Ref. [275]. Further dedicated analyses have been carried out in the framework
of the FCC-hh detector performance studies. The study of the reach for Higgsino and Wino, in the con-
text of DM searches, is presented in Chapter 12. The search for stops is reviewed in the next section.
The direct reach shown in Fig. 9.1 extends far beyond the indirect precision Higgs coupling reach, in
some cases to well above 10 TeV. As a result, the combined FCC projects could comprehensively and
unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-
parity, is respected. Such a symmetry is useful for stabilising dark matter candidates and/or forbidding
observable proton decay. However, it is possible that R-parity is violated in a manner that is consistent
with such constraints. In models with R-parity violation it is possible to have single, rather than pair,
production of sparticles. This can be probed by multi-lepton and multijet signatures at the FCC-hh. At the
FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-̃t Yukawa interaction can be probed at the level of �131 . 0.01.
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Compressed scenarios EWK 
´ Decay branching ratios for a 400 GeV charged Higgsino as a function of ∆m = and µ < 0 
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5

m�0
2
. Upscattering in direct detection experiments [115, 116]

forces �0 & 0.1 MeV, which implies an upper bound on
M1 . 20 PeV.

The neutralino couplings to the gauge bosons follow from
the EW charges. The three particles with masses ⇠ |µ| are
‘almost-doublets’, and hence the Z-current couples �

0
1 and �

0
2

with ’almost-full’ strength. Both the Z and Higgs interactions
with the DM candidate �

0
1 arise from doublet-singlet mixing,

and hence they are suppressed by powers of mZ/|µ|, mZ/M1,
which also suppresses the direct detection cross section, see
section III B below.

The decay modes of the long-lived chargino are computed
using the expressions in refs. [117, 118] and shown in Fig. 2.
Chargino decays to �

0
1 are always allowed with a mass split-

ting greater than �1�loop, which sets the maximum possible
lifetime in this model (though longer lifetimes can be consid-
ered in more general scenarios). If M1 is much larger than
|µ|, the lifetime gets reduced by a factor of 2, as the chargino
decays with a similar width to each neutralino. Note that this
is unlike the Wino case, where there is only one neutralino
in the low energy spectrum. For lower values of M1, the
chargino decays to �

0
2 become smaller. The hadronic decay

widths require some care due to the small mass splitting. For
�m . 1 GeV, one must compute partial widths to exclusive
hadron final state like ⇡

+
�

0
1. For �m � 1 GeV, quarks are

the relevant degrees of freedom, and hadronic decays give rise
to jets which shower and hadronize.

In practice, we compute hadronic final states both in the ex-
clusive hadron picture and the inclusive quark picture, and de-
fine �m⇤ as the mass splitting where

P
�(�±

! hadrons +
�

0
1) =

P
�(�±

! quarks + �
0
1). For �m < �m⇤ we

then use the hadron picture and for �m > �m⇤ we use the
quark picture, which is responsible for the sharp turn-over at
�m ⇡ 1.75 GeV in Fig. 2. This unphysical sharp turn-over
between the two regimes is sufficient at the level of detail of
our study. To capture the effect of hadronization uncertainties,
we follow ref. [117] and compute the partial decay widths to
quarks assuming md = 0.5 GeV and 0 GeV, with different
�m⇤ for each case.

We note a few important features of the branching ratios in
Fig. 2. At small mass splitting, decays to both �

0
1 and �

0
2 are

kinematically allowed while for larger mass splittings all de-
cays are to �

0
1. Our region of interest for displaced searches is

c⌧ & µm, corresponding to �m . 2.5 GeV. The branching
fractions have some quantitative (but not qualitative) depen-
dence on sign(µ), but very little dependence on m�± itself.
As mentioned above, the minimal mass splitting is given by
�1�loop and larger mass splittings are possible when M1 is
closer to µ, although for our region of interest M1 is still sev-
eral TeV to tens of TeV.

On our scenario, LEP excludes �
+ masses below 104 GeV

[88]. The existing LHC searches for soft leptons [119] are
currently only sensitive to � ⇠ 20 GeV. The prospects of the
HL-LHC and of future colliders are summarized below.
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FIG. 2. Decay branching ratios for a 400 GeV charged Higgsino as
a function of �m = m�±

1 ��0
1

and µ < 0. Note the chargino life-
time on the upper vertical axis. Hadronic decay widths are computed
assuming md = 0.5 GeV. The switch from an exclusive hadronic
final state description to an inclusive jet final state description occurs
at around �m ⇡ 1.75 GeV, which decreases to 1.3 GeV if the as-
sumed mD is taken to zero. The µ > 0 case is qualitatively very
similar, and there is very little dependence on the Higgsino mass.

B. Probing Higgsinos with pp colliders and cosmology

To understand the unique role e
�

p colliders could play in
the exploration of Higgsino parameter space, we briefly re-
view the reach of future pp colldiers, as well as projected cos-
mological bounds from dark matter direct and indirect detec-
tion. This is summarized in Fig. 3.

Searches at future pp colliders

The dominant production mode for EWinos at pp colliders
are s-channel Drell-Yan-like processes. The cross section is
much larger than at e

�
p colliders, which offers opportunities

to search for pure Winos with large decay lengths. A chal-
lenge in the high-energy environment of pp collisions is that
the SM final state from the chargino decays are often very soft
(sometimes just a single pion) which cannot be reliably recon-
structed. It is therefore difficult to find the corresponding dis-
placed secondary vertex in this environment: the signal gets
swamped by the surrounding hadronic activity, and becomes
part of the “hadronic noise”.

One promising search strategy is the so-called “disappear-
ing track search”, which targets the traces that the long-lived
chargino leaves in the tracker of the detector. This strategy
relies on the chargino to reach the first few inner tracking lay-
ers, which severely limits the sensitivity for short lifetimes.
At the HL-LHC the disappearing track searches have a mass
reach up to ⇠ 200 GeV with standard tracking if c⌧ ⇠ 7mm
(�m = �1�loop) [89, 91, 92]. Hypothetical upgrades to the
HL-LHC trackers in the high-rapidity region could increase
mass reach to about 380 GeV. We show these two scenarios
in Fig. 3 (top), using the results from [91]. (This study exam-
ined Higgsinos heavier than 200 GeV, but the proposed search



Sleptons reach
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tR very challenging!

FCC-hh could push boundaries up to 3-4 TeV (as for e,µ) 
(studies not yet performed. no 2D projections attempted) 
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FCC Physics Opportunities

main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected
indirect constraints on stops from LHC Higgs measurements are shown alongside projected constraints
at FCC-ee and FCC-hh. Since the precision of Higgs coupling measurements is greatest at FCC-ee the
latter constraints are dominated by the FCC-ee measurements. Dedicated studies at FCC-hh, using e.g.
H+jet production at high invariant mass, could further reveal the structure of the indirect corrections to
the Higgs interactions.
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Figure 9.1: Left: Projected 2� indirect reach solely from Higgs coupling constraints on stops from FCC-
ee and FCC-hh [274]. Right: Projected direct FCC-hh 2� and 5� discovery reach for supersymmetric
Higgsinos, Winos, sleptons, stops, squarks, and gluinos (see Ref. [275] for details). HL-LHC projections
are only shown for coloured sparticles and projections for Higgsinos and Winos are currently under
investigation.

At high energies it is also possible to produce the supersymmetric partner particles directly.
The experimental signatures typically involve final states featuring jets and missing energy, however
a plethora of dedicated searches are required to cover the full suite of possible experimental signatures.
In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is shown for a variety of super-
symmetric particles. Details of the phenomenological studies are presented in the extensive review of
BSM searches at FCC-hh, Ref. [275]. Further dedicated analyses have been carried out in the framework
of the FCC-hh detector performance studies. The study of the reach for Higgsino and Wino, in the con-
text of DM searches, is presented in Chapter 12. The search for stops is reviewed in the next section.
The direct reach shown in Fig. 9.1 extends far beyond the indirect precision Higgs coupling reach, in
some cases to well above 10 TeV. As a result, the combined FCC projects could comprehensively and
unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-
parity, is respected. Such a symmetry is useful for stabilising dark matter candidates and/or forbidding
observable proton decay. However, it is possible that R-parity is violated in a manner that is consistent
with such constraints. In models with R-parity violation it is possible to have single, rather than pair,
production of sparticles. This can be probed by multi-lepton and multijet signatures at the FCC-hh. At the
FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-̃t Yukawa interaction can be probed at the level of �131 . 0.01.

102
PREPRINT submitted to Eur. Phys. J. C

CERN-ACC-2018-0056.pdf

Not in briefing book, 
made for Granada

Constraints up to 4-5 TeV for 
selectrons and smuons depending on 
Left/Right component mixtures 

https://cds.cern.ch/record/2651294/files/CERN-ACC-2018-0056.pdf

