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Is there a Desert 
above the TeV scale?

SUSY
★What is left for SUSY at the LHC?
★What can be done for SUSY@CLIC?
★Is SUSY there? Is SUSY non minimal?

Is low energy SUSY still alive?

…still a
ddresses 

many BSM 

open issues…

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC
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Selected CMS SUSY Results* - SMS Interpretation Moriond '17 - ICHEP '16

 = 13TeVs
CMS Preliminary

-1L = 12.9 fb -1L = 35.9 fb

LSP m⋅+(1-x)Mother m⋅ = xIntermediatem
For decays with intermediate mass,

0 GeV unless stated otherwise  ≈ 
LSP

 Only a selection of available mass limits. Probe *up to* the quoted mass limit for  m
*Observed limits at 95% C.L. - theory uncertainties not included
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Why SUSY?

✴ Solve hierarchy problem and naturalness

✴ Necessary in unified description with gravity

✴ Gauge coupling unification

✴ Dark matter candidate (LSP)

✴ Admit a low energy SM limit (including EWPT and flavour)

Pre LHC

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC



✴ Address hierarchy problem and naturalness (little fine-tuning)

✴ Necessary in unified description with gravity

✴ Gauge coupling unification

✴ Dark matter candidate (LSP)

✴ Admit a low energy SM limit (including also SM-like H boson)

Why still SUSY?

After/During LHC era

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC



Naturalness status
Little hierarchy problem

Negative LHC results brings in a minimal amount of fine tuning
Similar argument applies to standard SUSY and other BSM models

What next options?
1. Give up some further assumption (e.g. RPV...) 

2. Accept Little Fine Tuning and aim at next collider
3. Investigate alternative natural models and their signatures

Maybe just a 
bridge over the
little fine-tuning

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC



SUSY as BSM paradigm

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC

✴ Probably several BSM talks of this workshop are eventually 

embedded in SUSY UV Completions …
✴ ALP …
✴ Extra scalars …
✴ Twin Higgs …

SUSY as a proxy for a variety of BSM scenarios



CLIC vs SUSY

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC

CLIC opportunities for SUSY?



CLIC vs SUSY

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC

CLIC opportunities for SUSY?

Options at the end of LHC

SUSY 
discovered!

No BSM
physicsNew Physics Hints of new 

Physics



SUSY discovered at LHC

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC

If SUSY discovered at the LHC then CLIC will provide 
crucial information on the sparticle spectrum

✴ Precision mass measurement
✴ Couplings and mixing angles measurement
✴ CP and Spin property of sparticles
✴ Possibility to probe sparticle mass unification and origin

Documented in initial physics program for CLIC
“… If nature is indeed supersymmetric, it is likely that the 
LHC will have observed part of the spectrum by the time 
CLIC comes into operation …”

… optimistic perspective …

hep-ph/0412251



✴ EW sector weakly constrained:
✴ Higgsino, Sleptons, heavy Higgses

✴ Compressed spectra 
✴ Relevant for Dark Matter co-annihilation

✴ Neutral SUSY
✴ Folded SUSY, Twin SUSY

✴ RPV 
✴ Displaced vertices
✴ ………
✴ Heavy SUSY …

SUSY leftover at LHC

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC

? What is left if LHC does not find any SUSY ?

Several scenarios are not effectively probed by LHC

What is CLIC prospect in these cases?

They all reduce 

current bounds for 

different reasons



✴ All EW sparticles probed at kinematical threshold 
✴ SUSY parameters measured with accurate precision
✴ SUSY can be background
✴                          relevant bkg

Lepton collider and SUSY

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC

e+e� ! eX eX⇤

✴ Often existing results displayed in terms of benchmarks
✴ Not always straightforward the comparison with LHC

✴ I will review results from ILC and FCC-ee and CLIC studies
✴ I will try to identify interesting open questions in relation to LHC era
✴ Personal naive selection, please add comments/remarks/suggestions

Purpose precise 

parameter 

reconstru
ction

m eX 
p
s

2
No gluino

�� ! hadrons

Rest of SUSY spectrum matters

1702.05333 
1202.5940 
1504.01726 

In a nutshell:



SUSY Production (sfermions)

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC

SUSY particles are produced in pairs through weak interaction
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Figure 10.6: Diagrams for chargino pair production at e+e− colliders.
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Figure 10.11: Diagrams for neutral Higgs scalar boson production at e+e− colliders.
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ẽ+

Figure 10.8: Diagrams for charged slepton pair production at e+e− colliders.

e+

e−

Z

ν̃ℓ

ν̃∗ℓ
e+

e−

C̃i

ν̃e

ν̃∗e

Figure 10.9: Diagrams for sneutrino pair production at e+e− colliders.

e+

e−

γ, Z

q̃

q̃∗

Figure 10.10: Diagram for squark production at e+e− colliders.

e+

e−

Z

h0

Z

∝ sin2(β − α)

e+

e−

Z

h0

A0

∝ cos2(β − α)

Figure 10.11: Diagrams for neutral Higgs scalar boson production at e+e− colliders.

126

✴ Selectron produced via both s-channel and t-channel

✴ Squarks and other sleptons only via s-channel

Dependence 

on neutralino  

spectrum

✴ Sneutrino produced via both s-channel and t-channel
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SUSY Production (sfermions)
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Figure 2: STC8 cross sections for sparticle production as a function of Ecms at the ILC, separated in (a)
sfermion production, and (b) electroweakino production.

Table 7: Production cross sections for the benchmark model STC8 at the ILC, for di↵erent degrees of beam-
polarisation. The ILC TDR beam-spectrum is used with a nominal centre-of-mass energy is 500GeV. All
channels accessible at this energy are shown. Channels with no detectable final states are marked with (⇤).
In addition, the cross section for e+e� ! ee+Ree

�
L (ee

+
Lee

�
R) is 335.85 fb for PR,R(PL,L); for all other processes

the cross-section vanishes for both PL,L and PR,R.

Process PR,L (fb) PL,R (fb) P+80,�30 (fb) P�80,+30 (fb)
e+e� ! e�0

1e�0
1(⇤) 1203.57 34.47 705.29 62.29

e+e� ! e�±
1 e�⌥

1 0.38 259.37 9.30 151.74
e+e� ! e�0

1e�0
2 11.97 206.67 14.24 121.32

e+e� ! e�0
2e�0

2 0.03 115.71 4.07 67.69
e+e� ! eeLeeL 8.01 84.07 7.63 49.46
e+e� ! eeReeR 1313.73 52.32 770.36 76.59
e+e� ! eµLeµL 8.05 39.11 6.08 23.16
e+e� ! eµReµR 222.47 52.23 131.97 38.34
e+e� ! e⌫⌧e⌫⌧ 16.93 22.02 10.67 13.47
e+e� ! e⌫ee⌫e(⇤) 15.86 973.97 43.37 570.33
e+e� ! e⌫µe⌫µ(⇤) 15.93 20.71 10.04 12.67
e+e� ! e⌧1e⌧1 244.33 77.61 145.65 53.95
e+e� ! e⌧1e⌧2 5.46 7.10 3.44 4.34
e+e� ! e⌧2e⌧2 7.14 26.10 5.09 15.52
e+e� ! eeLeeR 0.00 0.00 127.62 127.62

3 LHC projections

The searches for new physics beyond the Standard Model at the LHC are either kept as inclusive as possible,
or tailored to search for a specific scenario of new physics. We present here a representative selection of typical

8

✴ Cross sections decreases for
✴     and      extra t-channel contributions
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Fig. 5.6: Left panel: Muon energy spectrum in the decay µ̃L → µχ̃0
1 for the benchmark point H, corresponding to

Mµ̃L = 1150 GeV and Mχ̃0
1
= 660 GeV, as obtained for

√
s = 3 TeV, assuming the baseline CLIC luminosity spectrum.

Right panel: Accuracy in the determination of the µ̃L and χ̃0
1 masses by a two-parameter fit to the muon energy distribution.

The lines give the contours at 1σ, 68% and 95% C.L. for 1 ab−1 of data at
√

s = 3 TeV.

the main issue is the significant beamstrahlung smearing of the luminosity spectrum, and thus of the
effective Ebeam value. The corresponding effect has been estimated by assuming both a perfectly well
known and constant beam energy and the smearing corresponding to the baseline CLIC parameters at a
nominal

√
s = 3 TeV. Results are summarized in Table 5.1 for the original version of benchmark point

H. Since the updated post-WMAP version of point H has smallerm1/2 andm0, it would present a lesser
experimental challenge.

Table 5.1: Results of a one-parameter χ2 fit to the muon energy distribution for benchmark point H, obtained under different
assumptions on the δp/p2 momentum resolution and the beamstrahlung spectrum. Accuracies are given for an integrated
luminosity of 1 ab−1.

δp/p2 Beamstrahlung Fit result (GeV)

0 none 1150 ± 10
3.0 × 10−5 none 1150 ± 12
4.5 × 10−5 none 1151 ± 12
4.5 × 10−5 standard 1143 ± 18

The smuon mass has been extracted by a χ2 fit to the muon energy spectrum by fixing Mχ̃0
1
to

its nominal value (see Table 5.1). The fit has been repeated, leaving both masses free and performing a
simultaneous two-parameter fit. The results are Mµ̃L = (1145 ± 25) GeV and Mχ0

1
= (652 ± 22) GeV

(see Fig. 5.6).
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δp/p2 Beamstrahlung Fit result (GeV)

0 none 1150 ± 10
3.0 × 10−5 none 1150 ± 12
4.5 × 10−5 none 1151 ± 12
4.5 × 10−5 standard 1143 ± 18

The smuon mass has been extracted by a χ2 fit to the muon energy spectrum by fixing Mχ̃0
1
to

its nominal value (see Table 5.1). The fit has been repeated, leaving both masses free and performing a
simultaneous two-parameter fit. The results are Mµ̃L = (1145 ± 25) GeV and Mχ0

1
= (652 ± 22) GeV

(see Fig. 5.6).
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1.6. Alternative Benchmark Scenarios
Apart from the points discussed in Ref. [8] several other groups have recently proposed benchmark points
for SUSY studies. For example, in Ref. [14] a number of mSUGRA benchmark points similar to the ones
discussed in [8] are proposed. Since these points were conceived at the Snowmass workshop in 2001,
these benchmark points are often referred to as the Snowmass points (SPS points). In addition, points
generated with different SUSY-breaking mechanisms are proposed: two points from a gauge-mediated
SUSY-breaking scenario (GMSB), and from an anomaly-mediated SUSY-breaking scenario (AMSB).
Both GMSB points have heavy squarks and gluinos, which are beyond the reach of a 1 TeV LC, but
within reach of CLIC. For the second GMSB point also the heavy Higgses are beyond the reach of a 1
TeV LC (and even the LHC). The AMSB point chosen has many sparticles with a mass around or above
1 TeV: several gauginos, the heavy Higgses and all coloured sparticles. All these sparticles are, however,
within the reach of a 3 TeV CLIC.

An alternative set of ‘string-inspired’ benchmark points, are given in Ref. [15]. These points are
chosen such that there are always a few light sparticles which could possibly be detected at the Tevatron.
However, each of these proposed benchmark scenarios always has a large number of sparticles in the TeV
mass range and can be studied by CLIC. In some cases the masses are so large that even CLIC will not
be able to see the full sparticle spectrum. In some of these scenarios only a few gauginos are accessible
at a 1-TeV LC, and the sleptons and Heavy Higgses can only be studied at CLIC.

In all, these benchmark points, in scenarios different from mSUGRA, all seem to indicate that
there is a role for CLIC to complete the sparticle spectrum.

2. Slepton and Squark Mass Determination
2.1. Smuon Mass Determination
A study has been performed of the reaction e+e− → µ̃Lµ̃L → µ+χ̃0

1µ
−χ̃0

1 at CLIC. The three
main sources of background, also leading to two muons plus missing energy, are i) e+e− →
W+W− → µ+µ−νµν̄µ, ii) e+e− → W+W−ν̄ν → µ+µ−νµν̄µνeν̄e and iii) e+e− → χ̃0

1χ̃
0
2, χ̃

0
2χ̃

0
2 →

µ+µ−νν̄χ̃0
1χ̃

0
1. These backgrounds can be suppressed by requiring central production and decay kine-

matics compatible with those characteristic of smuon pair production. A multidimensional discriminant
based onMµµ,Mrecoil,Emissing, µµ acolinearity, | cos θthrust|, Et andEhem has been applied. The signal
efficiency is flat with the muon energy.

2.1.1. The energy distribution method for mass determination
If the centre-of-mass energy

√
s is significantly larger than twice the sparticle massMµ̃, the latter can be

determined by an analysis of the energy spectrum of the muon emitted in the two-body µ̃ → χ̃0
1µ decay,

as seen in Fig. 5.6. The two end-points, Emin and Emax, of the spectrum are related to the µ̃ and χ̃0
1

masses and to the µ̃ boost by:

Emax/min =
Mµ̃

2

(

1 −
M2
χ̃0

1

M2
µ̃

)

×

⎛

⎝1 ±

√

1 −
M2

µ̃

E2
beam

⎞

⎠ (5.1)

from which either the smuon massMµ̃ can be extracted, ifMχ̃0
1
is already known, or both masses can be

simultaneously fitted.
This technique, considered for the determination of squark masses at a 500-GeV LC in Ref. [16],

has already been applied to sleptons for the LHC [11, 17] and a TeV-class LC [18]. It is interesting
to consider its implications for the required momentum resolution in the detector. Two values of the
solenoidal magnetic field B = 4 and 6 T have been tested, corresponding to momentum resolutions
δp/p2 of 4.5 × 10−5 and 3.0 × 10−5 GeV−1 respectively. No appreciable difference on the resulting
mass accuracy has been found for these two momentum resolutions. This reflects the fact that, at CLIC,

Sparticle masses can be 
reconstructed from distribution

Good knowledge of 

energy beam needed!

e+e� ! µ̃Lµ̃
⇤
L ! �0�0µ

+µ�

Not obvious for 

squarks

hep-ph/0412251
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CLIC will probe kinematical threshold
also in compressed region 
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Figure 5: Discovery-reach for a τ̃1 NLSP after collecting 500 fb−1 at
√
s = 500 GeV. Left: full scale, Right:

zoom to last few ten GeV before the kinematic limit.

We have also discussed a number of problematic cases, and concluded that none of them will represent
a loop-hole where SUSY can hide.

We presented the details on how the program can be carried out, and described a realistic simulation
study of two specific cases at the ILC: Either the quite easy case where the µ̃R is the NLSP, or the difficult
one where the NLSP is the τ̃1, at the τ̃ mixing-angle yielding the smallest cross-section. It was found that
the only two different analysis procedures were needed to cover all parts of the MNLSP –MLSP plane, one for
∆(M) > 10 GeV, one for ∆(M) < 10 GeV. In addition, the same procedure could be used both for µ̃R and
τ̃1, except for the different particle identification procedure, and a set of additional cuts needed against the
γγ background for τ̃1, due to the fact that the lower kinematic edge of the sparticle decay products cannot
be used as a discriminator when the SM partner itself decays partly to invisible neutrinos.

The conclusion is that for the µ̃R, either exclusion or discovery is expected up to a few GeV below the
kinematic limit (ie. MNLSP =

√
s/2). Also for τ̃1, one would come close to this limit: Exclusion is expected

up to 10 GeV below
√
s/2, while discovery would be expected up to 20 GeV below

√
s/2.
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Comparing CLIC reach with LHC prospects
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1 pair production (a) and direct ˜̀ pair production (b) using the 2`+0jets signal

regions. For �̃+1 �̃
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1 pair production all SF and DF bins are used whereas for ˜̀ pair production only the SF channels

are considered. The contours of the band around the expected limit are the ±1� results, including all uncertainties
except theoretical uncertainties on the signal cross-section. All limits are computed at 95% CL. The observed limits
obtained from ATLAS in Run I are also shown [22]. These plots have been updated since the versions released for
the LHCP conference.
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✴ At HL-LHC we expect to probe ml̃ ⇠ 800 GeV

✴ CLIC over performant on EW states!
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Figure 1

The simplified model we would like to study. The other sparticles are con-

sidered to be so heavy to be not at all produced at LHC. The left handed

sleptons ˜̀
L (degenerate in flavour) are the heaviest state, followed by the

sneutrino ⌫̃L (also degenerate in flavour), with mass splitting given by (1).

Finally there is the LSP which is the gravitino G̃. We indicate also the

possible decay modes of the sparticles in the spectrum.

At a second stage, we consider the addition to the spectrum in Figure 1 of

other sparticles, e.g. right handed sleptons and electroweak gauginos.

The left handed sleptons should be present in the spectrum because the

splitting between it and the sneutrino is fixed by the D-term to be

�m̃ ⌘ ml̃L
�m⌫̃ =

m2
W sin2 �

ml̃L
+m⌫̃

(1)

Moreover, in order for the sneutrino to be the NLSP, we need that the o↵

diagonal terms in the stau mass matrix 3 are not too large, otherwise the

3The mixing terms for the selectron and the smuon are small because they are weighted

3
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Figure 3: Allowed NLSP types in the stop soft mass plane. The bino and Higgsino NSLP are possible

everywhere within the allowed region and are not explicitly plotted. For Mmess = 1015 GeV, the NLSP

tends to be long-lived, while for Mmess = 107 GeV it may decay prompt, displaced or outside the

detector. The precise lifetime is model dependent, see appendix A.
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✴ Motivated in portion of GGM parameter space to get Higgs mass
✴ Colored sparticles very heavy

1606.07501

Simplified model
✴ Small mass splitting

✴ Final state too soft to be probed at LHC!!!

✴ Look for leptonic decay of off-shell W (OS different flavour)
✴ SM background from WW and tau-tau production
✴ Impose E(lep) and DPhi cuts to remove SM background
✴ Left handed slepton probed up to kinematical limit !!!

What about CLIC?
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Comparing CLIC reach with LHC prospects

CLIC can potentially cover the compressed region!

Figure 3: The 95% CL lower limits on the suppression scale MS at√
s=8 TeV and 14 TeV for three signal regions defined by MET>400,

600 and 800 GeV. The limits are shown for the D5 operators with a
DM mass of 50 GeV. The 8 TeV limits are based on simulation only.

Figure 4: Comparison of the 95% CL lower limits on the scale of
the interaction of a Z′-like simplified model at 14 TeV. Corresponding
limits from EFT models are shown on the same plot as green dashed
lines to show equivalence between the two models for high mediator
masses.

4. SUSY prospects at the LHC

While traditional SUSY benchmark models have al-
ready been put under considerable stress by LHC Run-
1 data, SUSY is a very diverse framework encompass-
ing a large variety of models of BSM physics. Hence
discovery (or exclusion) of SUSY particles remains one
of the highest priorities at the current and future LHC.
A wide range of scenarios and final states were stud-
ied by ATLAS for future data taking periods, including
direct production of light flavour and third generation
squarks, gluinos as well as neutralino plus chargino pro-
duction with decays to gauge or Higgs bosons. All pre-
sented analyses have been re-optimized for the expected
statistics and physics performance of Run-3 and the HL-

LHC. As these studies aim to provide benchmarks for
the expected sensitivity for different final states and run
periods the focus is on a limited number of simplified
models. A much wider range of actual analyses will be
employed for Run-3 and HL-LHC data to get the best
achievable coverage for potential discovery of SUSY.

4.1. SUSY third generation squark searches

Naturalness or ”little hierarchy problem” arguments
provide strong motivations for the lightest squarks to be
of the third generation, as even if the rest of the SUSY
spectrum may be heavy a light SUSY partner of the top
(stop) can accommodate a Higgs boson as light as the
observed one without a high level of tuning, by cancel-
ing the top loop that is dominant in the quadratic cutoff-
dependency of the Higgs mass.

Benchmark stop searches aim at pair production, each
stop decaying to a top plus the lightest neutralino χ̃0

1.
The final states studied by ATLAS for Run-3 and HL-
LHC sensitivity predictions are similar to tt production
events with 0(1) leptons plus at least 5(3) jets, of which
at least two are identified to be b-jets, plus MET [4].
The search for the bottom quark partner (sbottom) as-
sumes a decay to a bottom quark and χ̃0

1, resulting in
final states with no leptons, exactly two b-jets and high
MET [5]. In both cases the branching ratio to quark
plus neutralino is assumed to be 100%. Figs. 5 and 6
show the expected discovery and exclusion reach in the
squark versus the χ̃0

1-mass plane. It can be seen that an
increase over currently published results of a factor of
about two is expected for Run-3, and up to a factor of
three for the HL-LHC.

Figure 5: The 95% CL top squark exclusion limits (dashed) and 5-
sigma discovery reach (solid) for 300 (red) and 3000 fb−1 (black). The
results are shown for the combination of the 1-lepton and 0-lepton
analyses. The observed limits from analysis of 8 TeV data are also
shown.

F. Rühr / Nuclear and Particle Physics Proceedings 273–275 (2016) 625–630 627
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Figure 10.6: Diagrams for chargino pair production at e+e− colliders.
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Ñi

Ñj

Figure 10.7: Diagrams for neutralino pair production at e+e− colliders.
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Figure 10.11: Diagrams for neutral Higgs scalar boson production at e+e− colliders.
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Ñi

ẽ−
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Figure 2: Sparticle production cross sections vs.
√
s for unpolarized beams at an e+e− collider

for the ILC1 benchmark point listed in Table 1.

the case of right polarized electron beam, σ(W̃+
1 W̃−

1 ) diminishes by a factor of about 4

and instead σ(Z̃1Z̃2), which is much less sensitive to beam polarization, is dominant. The

comparable rates (within an order of magnitude) for both both chargino and neutralino pair

production (solid curves), together with the relatively mild polarization is characteristic

of the production of higgsino-like charginos and neutralinos. For wino-like gauginos in

the kinematically accessible range, chargino production would occur at a high rate, but

neutralino pair production would be strongly suppressed because SU(2)L × U(1)Y gauge

symmetry forbids couplings of the Z and γ to both binos and (neutral) winos.6 This can

be seen in the dashed curve in Fig. 3 which shows the cross section for W̃1W̃1 production

for the ILC1 NUHM2 model point except that m1/2 and µ are now chosen so that the weak

scale values of M2 and µ are essentially exchanged. In this case, the masses of the wino-like

W̃1 and Z̃2 is about the same as for the higgsinos of the ILC1 point. The neutralino-pair

6This assumes that the selectron is heavy so that neutralino production via t-channel selectron production

is negligible. Neutralino production via t-channel selectron exchange also yields a large rate for Z̃2Z̃2

production, so should be readily distinguishable since there would be events also in the 4ℓ, 2ℓ2j and

4j+Emiss
T channels. The angular distributions of the neutralinos will also be different if t-channel exchange

contributions are significant.
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✴ Higgsino LSP
✴ Higgsino Factory
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Dependence 
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independent

CLIC has enormous potential in unraveling the EW-ino sector

✴ All parameters in mass matrix can be reconstructed (M1,M2,\mu,tanb)

Challenging LHC channel 
motivated by naturalness

See e.g.1104.0523, 1202.5489



model the signal contribution and fitted to the simulated data in the endpoint region (red line). The two
parameters of the SM background function are fixed to the values obtained from the SM-only fit in the wider√
s′ window. It has been verified that the results are stable against reasonable variations of the fit ranges or

the bounds on the background parameters. The chargino mass is fitted to 168.0 ± 1.4GeV in the dM1600
scenario and to 168.6± 1.0GeV in the dM770 case.
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Figure 6: Distribution of the reduced centre-of-mass energy (
√
s′) of the system recoiling against the hard ISR

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

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

scenario; Right: dM770 scenario.

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

1
= 165.77GeV (Mχ̃±

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

√
s′

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

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

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

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

dM1600 : M cal
χ̃±
1

= 166.2± 2.0GeV (M true
χ̃±
1

= 165.8GeV) , (17)

dM770 : M cal
χ̃±
1

= 167.3± 1.5GeV (M true
χ̃±
1

= 167.4GeV) . (18)

10The uncertainty on the calibration curve itself is not propagated to the final result, since its origin, namely the limited
amount of available MC statistics especially for the SM background, will not be an issue in a real ILC measurement.
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✴ Employ ISR photon to reduce         background 
✴ Masses reconstructed from fit to kinematic variables (at few %)

Higgsino LSP
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Challenging LHC channels motivated by naturalness

These studies 

performed for ILC …
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Probing the scale of SUSY br
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✴ Investigate processes with goldstino production

Simplified model

K. Mawatari, B. Oexl: Monophoton signals in light gravitino production at e+e� colliders 5
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Fig. 3. Representative Feynman diagrams for e+e� ! G̃G̃�, generated by (modified) MadGraph 5 [25]. n1 and sg denote a
neutralino and a sgoldstino, respectively.
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Fig. 4. Total cross sections of e+e� ! �G̃G̃ as a function of the gravitino mass (left) and the neutralino mass (right) for
mẽ± = 2 TeV at

p
s = 1 TeV. The contributions of the gravitino pair production and the neutralino-gravitino associated

production are separately shown by red and blue lines, respectively. The cross section of e+e� ! G̃G̃ is also shown by a red
dotted line as a reference. On the left plot the contributions of the G̃G̃ production are shown with di↵erent photon energy cuts
E� > 1, 30 and 100 GeV, while the E� cut is fixed at 30 GeV on the right.

the decaying neutralino. The partial decay width for a
photino-like neutralino is given by

� (�̃ ! �G̃) =
m5

�̃

16⇡F 2
. (19)

For instance, form�̃ = 750 GeV andm3/2 = 2⇥10�13 GeV

(i.e.
p
F ⇡ 918 GeV), the width is 6.6 GeV. With the

neutralino being the NLSP, the branching ratio is unity,
B(�̃ ! �G̃) = 1.

3.3 Physics parameters

To examine a viable SUSY parameter space for the �+ /E
signal at future e+e� colliders, we present in Fig. 4 the
total cross sections of e+e� ! �G̃G̃ at

p
s = 1 TeV as

a function of the gravitino mass (left) and the neutralino
mass (right), where we fix the left- and right-handed se-
lectron masses at 2 TeV. The representative Feynman di-
agrams for the process are depicted in Fig. 3. The con-
tributions of the G̃G̃ and �̃G̃ productions are separately
shown by red and blue lines, respectively.

As discussed in (14) and (18) and shown in the left
plot in Fig. 4, the cross sections of the both subprocesses
strongly depend on the gravitino mass.

The monophoton signal from the gravitino pair (G̃G̃+
�) is suppressed by the QED coupling ↵ with respect to

the two-to-two process and strongly depends on the kine-
matical cuts due to the soft and collinear singularity of the
initial state radiation. The cut dependence on the photon
energy is presented in the left plot in Fig. 4. On the other
hand, since the energy of the photons coming from the
neutralino decay is restricted as

m2
�̃

2
p
s
< E� <

p
s

2
, (20)

the signal of �̃G̃ is not a↵ected by the lower cuts on the
photon energy unless the neutralino is light.

In the following, we impose the minimal cuts for the
detection of photons as

E� > 0.03
p
s, |⌘� | < 2, (21)

and fix the gravitino mass at 2 ⇥ 10�13 GeV, which lies
above the current exclusion limit by the jet+/E search at
the LHC for the gravitino production in association with
a gluino or a squark with masses around 500 GeV [11].5 6

The right plot of Fig. 4 shows the neutralino mass de-
pendence of the full signal cross section with the minimal

5 Astrophysics observables, e.g. energy losses of red giant
stars [52] and supernova [53] can also provide the lower limit
on the gravitino mass. But their limits are less stringent.

6 As discussed in Sect. 3.1, reliability of the e↵ective theory
calculation can also constrain the model parameter space.
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Neutral SUSY
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SUSY can manifest in QCD neutral states
✴ Folded SUSY

✴ Still traces in EW charged folded stops…
✴ Twin SUSY

✴ Higgs portal to hidden sector
✴ Handle on the (Twin) Higgs and its possible exotic decays
✴ Extended MSSM-like scalars augmented with MET

Figure 12. Phenomenology of the SUSY Twin Higgs model in the (f/v,mA) plane. The dark
grey region denotes the 8 TeV exclusion from di-boson searches. The red regions denote the LHC
prospects for di-boson signatures associated with the twin Higgs state, respectively with 100, 300
and 3000 fb�1 for the solid contour, the dashed contour and the dotted contour. Projected bounds
from b ! s� are denoted in blue while the HL-LHC reach on the charged Higgs state with 3000 fb�1

is indicated in purple.

In Fig. 12 we project the current and future bounds from the searches described above

in the (f/v ,mA) plane. Analogously to Figs. 10 and 11 we show the results for four

di↵erent choices of �S = {1.4 , 0.9} and tan� = {1.5 , 2.5}. From these plots we can see

that direct searches for the twin Higgs in the ZZ channel give a lower bound on f/v as

long as mA & �Sf . In contrast direct and indirect searches on the MSSM charged Higgses

set a lower bound on mA independently on the value of f . We first discuss the features

– 33 –
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1611.08615

Spectrum controlled 
by two parameters

mA

f

MSSM-like scalars

Twin-Higgs

At LHC constraints from resonance 
searches and MSSM scalar searches



Neutral SUSY

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC

SUSY can manifest in QCD neutral states
✴ Folded SUSY

✴ Still traces in EW charged folded stops…
✴ Twin SUSY

✴ Higgs portal to hidden sector
✴ Handle on the Twin Higgs and its possible exotic decays
✴ Extended MSSM-like scalars augmented with MET

Figure 12. Phenomenology of the SUSY Twin Higgs model in the (f/v,mA) plane. The dark
grey region denotes the 8 TeV exclusion from di-boson searches. The red regions denote the LHC
prospects for di-boson signatures associated with the twin Higgs state, respectively with 100, 300
and 3000 fb�1 for the solid contour, the dashed contour and the dotted contour. Projected bounds
from b ! s� are denoted in blue while the HL-LHC reach on the charged Higgs state with 3000 fb�1

is indicated in purple.

In Fig. 12 we project the current and future bounds from the searches described above

in the (f/v ,mA) plane. Analogously to Figs. 10 and 11 we show the results for four

di↵erent choices of �S = {1.4 , 0.9} and tan� = {1.5 , 2.5}. From these plots we can see

that direct searches for the twin Higgs in the ZZ channel give a lower bound on f/v as

long as mA & �Sf . In contrast direct and indirect searches on the MSSM charged Higgses

set a lower bound on mA independently on the value of f . We first discuss the features

– 33 –

Double copy of MSSM scalar sector

1611.08615

Spectrum controlled 
by two parameters

mA

f

MSSM-like scalars

Twin-Higgs

At LHC constraints from resonance 
searches and MSSM scalar searches

Prospects for CLIC???



CLIC vs Heavy SUSY
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Figure 8: Prediction for the spectrum of MGM after imposing the constraint from the Higgs mass (or better from
the top mass). For each superpartner we plot the allowed range of masses (in TeV) for four di↵erent combinations of
N = 1(3) and M = 104(1011) TeV. For each mass the lowest (highest) value corresponds to increasing (decreasing)
the value of the top mass by 2� with respect to its experimental central value. The values of tan� at the bottom
(top) side of each of the four bands, from left to right, are 58 (42), 49 (45), 56 (29) and 44 (46) respectively. The
three di↵erently shaded areas represent “pictorially” the existing LHC8 bounds and the expected reach at LHC14
and at a future 100 TeV collider, respectively from the bottom.

In MGM all soft masses are generated with the same order of magnitude by the gauge mediated
contribution, one gauge loop below the scale ⇤ = F/M (the ratio between the e↵ective scale of
SUSY breaking F and the mass of the messengers). Besides ⇤, the spectrum also depends, in a
milder way, on the actual mass of the messengers M , which determines the amount of running
of the soft parameters, and the number of messengers N (typically N = 1 or 3 for a vector like
messenger in the 5 or 10 of SU(5) respectively).

As mentioned before, the µ-term, being supersymmetric, would be an independent parameter,
but its value is fixed by requiring (tuning) the correct EWSB. Finally the A-terms and Bµ are
generated radiatively from RGE e↵ects. This fact has very interesting consequences [67,68]. First,
being A and Bµ terms generated at the quantum level from gaugino masses and µ-term implies
that the corresponding CP phases vanish, avoiding potentially dangerous bounds from EDMs.
Second, small suppressed A-terms imply that the stop mixing will never be large, while small Bµ

implies large values of tan �. These two predictions combined with the measured value of the Higgs
mass allows to fix also the overall scale ⇤, which must then lie at around the PeV scale to produce
the O(10) TeV SUSY scale required by the Higgs mass. The only remaining free parameters are
the messenger mass scale M and their number N , which a↵ect the properties of the spectrum in
a milder way.

20

1504.05200
Minimal GMSB models consistent with Higgs mass

CLIC
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CLIC for SUSY
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★Cover holes left by LHC
★EW sector

✴ Higgsino LSP
✴ Sleptons
✴ Sneutrino

★Compressed scenarios (co-annihilating DM)
★Goldstino production and SUSY br scale

What CLIC can bring to SUSY?

★CLIC will measure sparticle spectrum/couplings precisely
SUSY discovered @ LHC

SUSY not discovered @ LHC

★ CLIC will pursue complementary SUSY exploration



CLIC for SUSY
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What CLIC can bring to SUSY?

★MSSM Higgses
★ Indirect probes from precise measurements
★Non Standard SUSY

✴ Neutral SUSY
✴ RPV
✴ ....

... and more ...
★CLIC will pursue complementary SUSY exploration

★Heavy SUSY ... high energy CLIC ? 



…

Thanks for the attention
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EW gauginos

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC

CLIC has enormous potential in unraveling the EW-ino sector

✴ If all neutralino/chargino are accessible challenge is disentangle the topologies

✴ Model dependence introduced by slepton t-channel

✴ All parameters in mass matrix can be reconstructed (M1,M2,\mu,tanb)

✴ Only accessing few neutralino/chargino one can still reconstruct parameters 
Polarization 

useful 

Many available results are on benchmarks

• | cos θmiss| < 0.95, where θmiss is the polar angle of the missing momentum

• Angle between the W± or Higgs candidates larger than 1 radian

• | cos θjj,1| < 0.95 and | cos θjj,2| < 0.95, where θjj,1 and θjj,2 are the polar angles of the
two jet pairs

4.2 Event selection using boosted decision trees

To distinguish between signal and background events further, boosted decision trees as
implemented in TMVA [11] were used. For training purposes, 20% of the available events
for each process were used. These events were not considered in the analysis to measure
masses or cross sections.

The boosted decision trees were trained using 15 variables describing the event topology
and describing kinematic quantities of the reconstructed W± or Higgs candidates. The
efficiencies of the entire selection chain consisting of the preselection and of the BDT cut for
reconstructed chargino and neutralino signal events were 25% and 33%, respectively. The
signal purities in the selected samples were 57% for the chargino and 55% for the neutralino.

Figure 2: Reconstructed W± energy (left) and mass (right) for the chargino signal and for
the SM and SUSY backgrounds. The histograms are stacked on top of each other. All
distributions are scaled to an integrated luminosity of 2 ab−1.

The energy and mass distributions of reconstructed Chargino and Neutralino candidates
are shown in Figs. 2 and 3.

5 Signal extraction

Two complementary methods were used to extract masses and cross sections from the energy
distributions of the reconstructed and selected W± and Higgs candidates (see Figs. 2 and 3).
Both approaches are described in the following subsections.

LCWS11 4

✴ Masses can be reconstructed (at % level)

1104.0523 
1202.5489

Ex: chargino into bosons
e+e� ! �̃+

1 �̃
�
1 ! W+W��̃0�̃0S:

SM: e+e� ! W+W�⌫e⌫̄e
e+e� ! �̃+

2 �̃
�
2 ! W+W��2�0

B:
SUSY:

Table 1: Parameters of the two cMSSM models adopted in this study

Parameter Model I Model II
m0 (GeV) 966 1001
m1/2 (GeV) 800 1300
tanβ 51 46
A0 0. 0.
sgn(µ) + -
mtop (GeV) 173.3 175

Table 2: Gaugino mass spectrum in the two cMSSM models adopted in this study

Particle Mass Width Mass Width
(GeV) (GeV) (GeV) (GeV)

χ01 340.3 - 554.3 -
χ02 643.2 0.02 1064.2 0.04
χ03 905.5 4.55 1407.2 6.75
χ04 916.7 4.64 1413.8 6.85
χ±
1 643.2 0.02 1064.3 0.04
χ±
2 916.7 4.63 1413.7 8.08

compatible with the Cosmic Microwave Background (CMB) data. We verify this by perform-
ing scans of the cMSSM parameter space around both benchmark points to examine the mass
spectrum and decay branching fractions of gauginos. In these scans we vary m0 and m1/2 within
±300 GeV from the benchmark parameters, tanβ within +5

−15, A0 within ±250 and µ to have
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Figure 1: Supersymmetric particle spectra for Model I and II.

3



Figure 9: The expected 95% exclusion (dashed) and discovery (solid)
contours for the 300 (red) and 3000 fb−1 (black) scenarios for the
W/Z-mediated simplified model. Observed limits from the analysis of
8 TeV data are also shown (orange).

900 GeV.

Figure 10: The expected 95% exclusion (dashed) and discovery
(solid) contours for the 300 (red) and 3000 fb−1 (black) scenarios for
the W/h-mediated simplified model in the 3 lepton channel.

4.4. High mass resonances
A sensitivity study for Run-3 and the HL-LHC was

also done for new resonant phenomena in tt, lepton plus
jets and dilepton channel, as well as direct dilepton final
states [6]. Benchmark models to estimate the reach in
fiducial cross-section and resonance mass are Kaluza-
Klein gluon excitations in a Randall-Sundrum model of
extra dimensions as well as a narrow Z′. In contrast to
the previous section, where primarily counting exper-
iments in low background signal regions where used,
signal templates and a shape analysis are utilized here.

The expected sensitivity to Kaluza-Klein gluons for
3000 fb−1 can be found in Fig. 11, with a mass limit of

6.7 TeV, where the current ATLAS limit based on 8 TeV
data is 2.0 TeV. Fig. 12 shows the expected reach in the
mass of a narrow Z′ of up to 7.8 TeV in mass, with the
Run-1 ATLAS result being 2.9 TeV.

Figure 11: The expected 95% limits for the the gKK to tt search in the
dilepton channel with 3000 fb−1.

Figure 12: The expected 95% limits for the Z′S S M search with
3000 fb−1 of LHC data.

5. Summary

In summary, while the Higgs boson discovery com-
pletes the Standard Model, with the exclusion of grav-
ity, missing dark matter candidates and the low observed
Higgs mass, searching for BSM phenomena or devia-
tions of Higgs couplings from the SM expectation re-
mains one of the highest priorities at the LHC. ATLAS
conducted a number of sensitivity estimates for bench-
mark models of new physics, which, despite largely be-
ing extrapolations from existing LHC Run-1 analyses,
show a very promising potential of LHC Run-3 and the

F. Rühr / Nuclear and Particle Physics Proceedings 273–275 (2016) 625–630 629

Gaugino reach
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Comparing CLIC reach with LHC prospects

Pure Wino

800 1500
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✴ CLIC over performant on EW states!
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MSSM Higgses

Alberto Mariotti (VUB) 17-7-2017SUSY@CLIC

1.8 DISCUSSION AND CONCLUSIONS
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Fig. 1.21: Search reach in the mA� tanb plane for LHC and CLIC. The left-most coloured regions are
current limits from the Tevatron with ⇠ 7.5 fb�1 of data at

p
s = 1.96 TeV and from ⇠ 1 fb�1 of LHC

data at
p

s = 7 TeV. The black line is projection of search reach at LHC with
p

s = 14 TeV and 300 fb�1

of luminosity [84]. The right-most red line is search reach of CLIC in the HA mode with
p

s = 3 TeV.
This search capacity extends well beyond the LHC. A linear collider at

p
s = 500 GeV can find heavy

Higgs mass eigenstates if their masses are below the kinematic threshold of 250 GeV.

We can view supersymmetry as a useful template for discussing theories beyond the SM. If su-
persymmetry is the solution to the naturalness problem, the LHC will discover it. But even in the most
propitious situation, we cannot expect the LHC to unravel all the issues related to the link between su-
persymmetry and the weak scale. One can easily list some of the questions that are likely to remain
unanswered after the LHC has completed its mission. What is the pattern of supersymmetry break-
ing? (Or, probably more precisely, what is the mechanism for mediating supersymmetry breaking?) Do
gaugino masses unify in the same way as gauge coupling constants do? Is the lightest supersymmetric
particle the dark matter so abundant in the universe? Do squark and slepton masses become equal at
some high-energy scale or do they satisfy special sum rules?

The importance of these questions is as fundamental as the discovery of supersymmetry itself.
Actually, the discovery of supersymmetry will remain moot if these questions are not answered. CLIC is
the ideal machine to address all these questions. The first aspect is related to the discovery reach. While
the LHC will efficiently explore any coloured supersymmetric particle with mass below 2.5� 3 TeV,
the search for supersymmetric particles with only electroweak charges is much more model dependent.
Either these particles are produced in decay chains of coloured sparticles or their mass reach at the LHC
is limited. Cases of near mass degeneracy can also be very problematic. As a result, it is highly plausible
that the LHC will not be able to discover the full set of new particles and many holes will remain in the
“supersymmetric periodic table". The complementarity of the CLIC discovery potential is noteworthy.
Any supersymmetric particle with electroweak charge and mass smaller than about half the centre-of-
mass energy can be efficiently produced and studied at CLIC. Thus, CLIC will plausibly complete the
discovery of supersymmetry, finding any missing states.

Also in the case of supersymmetry, the role of precision measurements is of paramount importance.
If supersymmetry is discovered, the origin and pattern of supersymmetry breaking will become one of
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Figure 7: 5σ contour of signal significance in the µµ channel for different beam polari-
sations and an integrated luminosity of

∫
Ldt = 500 fb−1 based on a log likelihood ratio.

The di-muon selection efficiency obtained from full simulation for mχ̃0
1
= 98.48 GeV has

been assumed for all values of the neutralino mass. For larger mχ̃0
1
, this is a conservative

estimate. Higher positron beam polarisation helps to further increase the significance in
this model.

The described event selection is still significant on a 5σ level for very large selectron
masses well above 1.5 TeV and a large range of mχ̃0

1
, as depicted in fig. 7. Positron

beam polarisation further enhances the production cross section and, thus, increases the
sensitivity of the analysis to selectron masses of almost 2 TeV for P (e+) = −60%.

It has already been pointed out that this studied parameter point is a worst case scenario
with respect to the neutralino mass. It is clearly visible in fig. 5 that for another parameter
point with a higher LSP mass the signal peak would shift into an almost completely
background-free region. Though, the LSPs in this model become rather long-lived at
lower masses (compare fig. 3), where the Standard Model background is large. Adding this
information to the analysis and requiring from the reconstructed objects not to point to the
primary vertex, would reduce the Standard Model background drastically. However, this
would on the other hand introduce a strong model dependency to the analysis. Therefore
the exploitation of the lifetime information is left as a future option for improvements.

Likewise, the requirement for same sign leptons in the event classes is an option for further
improving the analysis. This restriction would reduce the number of signal events by a
factor of 2, but could heavily suppress the remaining SM background.

4.3 Branching ratio measurement

We assume in the following that the average number of Standard Model background events
can be estimated from Monte Carlo with a precision of 0.05% (cf. section 3.4). The LSP
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RPV couplings
✴ Displaced/long lived decays (also charged object)
✴ Prompt decay signal with multi-object final states

✴ Simplified spectrum with selectron and mostly bino neutralino
✴ Neutralino decay to W and leptons

What are prospects for RPV couplings with most impact in hiding LHC physics?

Ex: bilinear RPV lepton violation

Figure 1: Left: Main production channel for an bino-like LSP at the ILC: t-channel
exchange of an selectron. Right: LSP decay to an on-shell W boson and a lepton offers
direct access to bRPV alignment parameters Λi that account for neutrino mixing.

couplings, not only selectrons are possible as exchange particle, but due to the additional
terms in principle all other charged scalars could contribute. However, these contributions
are strongly suppressed by the small RPV couplings. We define a simplified model in which
we set all masses of the SUSY particles to the multi-TeV scale, except for mχ̃0

1
and mẽR .

Thus, those two parameters fix the production cross section.

In the case of a wino LSP, the cross section would drop due to the missing coupling to
the right selectron. For a light left selectron, however, the situation is comparable to
the bino case. A higgsino-like LSP would allow s-channel associate production of χ̃0

1 and
χ̃0
2, predominantly via a Z boson. The cross section for this production process is about

100 fb − 200 fb [25]. In a light higgsino scenario χ̃0
1 and χ̃0

2 are usually close in mass
and the decay products of χ̃0

2 to χ̃0
1 are rather soft. Thus, experimentally the situation is

comparable to direct χ̃0
1 pair production.
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Figure 2: Unpolarised and polarised production cross section at the ILC500 in the
described simplified model. Beam polarisation can significantly enhance the production
cross section. The shaded area shows the region of the parameter space, where the
selectron becomes the LSP.
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Figure 1: The decay topologies of (a) squark-pair production and (b, c, d) gluino-pair production, in the simplified
models with (a) direct decays of squarks and (b) direct or (c, d) one-step decays of gluinos.

using the Powheg-Box v1 generator. This generator uses the four-flavour scheme for the NLO matrix-
element calculations together with the fixed four-flavour PDF set CT10f4 [56]. For this process, the
decay of the top quark is simulated using MadSpin tool [60] preserving all spin correlations, while for all
processes the parton shower, fragmentation, and the underlying event are generated using Pythia 6.428
[61] with the CTEQ6L1 [62] PDF set and the corresponding Perugia 2012 tune (P2012) [63]. The top
quark mass is set to 172.5 GeV. The hdamp parameter, which controls the pT of the first additional emission
beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this is to regulate
the high-pT emission against which the ttbar system recoils [58]. The tt̄ events are normalized to the
NNLO+NNLL [64, 65]. The s- and t-channel single-top events are normalized to the NLO cross-sections
[66, 67], and the Wt-channel single-top events are normalized to the NNLO+NNLL [68, 69].

For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [70], the MG5_aMC@NLO 2.2.3 [36] generator
at LO interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)),
one (tt̄+Z(! ``)) or no (tt̄+WW) extra partons included in the matrix element. The ATLAS underlying-
event tune A14 is used together with the NNPDF2.3LO PDF set. The events are normalized to their
respective NLO cross-sections [71, 72].

Diboson processes (WW, WZ, ZZ) [73] are simulated using the Sherpa 2.1.1 generator. For processes
with four charged leptons (4`), three charged leptons and a neutrino (3`+1⌫) or two charged leptons and
two neutrinos (2`+2⌫), the matrix elements contain all diagrams with four electroweak vertices, and are
calculated for up to one (4`, 2`+2⌫) or no partons (3`+1⌫) at NLO and up to three partons at LO using the
Comix and OpenLoops matrix-element generators, and merged with the Sherpa parton shower using the
ME+PS@NLO prescription. For processes in which one of the bosons decays hadronically and the other
leptonically, matrix elements are calculated for up to one (ZZ) or no (WW, WZ) additional partons at NLO
and for up to three additional partons at LO using the Comix and OpenLoops matrix-element generators,
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For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [70], the MG5_aMC@NLO 2.2.3 [36] generator
at LO interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)),
one (tt̄+Z(! ``)) or no (tt̄+WW) extra partons included in the matrix element. The ATLAS underlying-
event tune A14 is used together with the NNPDF2.3LO PDF set. The events are normalized to their
respective NLO cross-sections [71, 72].

Diboson processes (WW, WZ, ZZ) [73] are simulated using the Sherpa 2.1.1 generator. For processes
with four charged leptons (4`), three charged leptons and a neutrino (3`+1⌫) or two charged leptons and
two neutrinos (2`+2⌫), the matrix elements contain all diagrams with four electroweak vertices, and are
calculated for up to one (4`, 2`+2⌫) or no partons (3`+1⌫) at NLO and up to three partons at LO using the
Comix and OpenLoops matrix-element generators, and merged with the Sherpa parton shower using the
ME+PS@NLO prescription. For processes in which one of the bosons decays hadronically and the other
leptonically, matrix elements are calculated for up to one (ZZ) or no (WW, WZ) additional partons at NLO
and for up to three additional partons at LO using the Comix and OpenLoops matrix-element generators,
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beyond the Born configuration, is set to the mass of the top quark. The main e↵ect of this is to regulate
the high-pT emission against which the ttbar system recoils [58]. The tt̄ events are normalized to the
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For the generation of tt̄ + EW processes (tt̄+W/Z/WW) [70], the MG5_aMC@NLO 2.2.3 [36] generator
at LO interfaced to the Pythia 8.186 parton-shower model is used, with up to two (tt̄+W, tt̄+Z(! ⌫⌫/qq)),
one (tt̄+Z(! ``)) or no (tt̄+WW) extra partons included in the matrix element. The ATLAS underlying-
event tune A14 is used together with the NNPDF2.3LO PDF set. The events are normalized to their
respective NLO cross-sections [71, 72].

Diboson processes (WW, WZ, ZZ) [73] are simulated using the Sherpa 2.1.1 generator. For processes
with four charged leptons (4`), three charged leptons and a neutrino (3`+1⌫) or two charged leptons and
two neutrinos (2`+2⌫), the matrix elements contain all diagrams with four electroweak vertices, and are
calculated for up to one (4`, 2`+2⌫) or no partons (3`+1⌫) at NLO and up to three partons at LO using the
Comix and OpenLoops matrix-element generators, and merged with the Sherpa parton shower using the
ME+PS@NLO prescription. For processes in which one of the bosons decays hadronically and the other
leptonically, matrix elements are calculated for up to one (ZZ) or no (WW, WZ) additional partons at NLO
and for up to three additional partons at LO using the Comix and OpenLoops matrix-element generators,
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Figure 5: Limits on the E↵ective RPV SUSY model with µ = 100 GeV (left) and 300 GeV (right) as

a function of the gluino and the stops and left-handed sbottom masses. All other conventions are as in

Fig. 2.

The same features are also seen in the HV/Stealth SUSY results, bottom row of

Fig. 4. As in the RPV case, ⇤ = 100 TeV is already ruled out for HV/Stealth, and

only lower values of the messenger scale remain viable. The fact that the limits on the

RPV and the HV/Stealth scenarios are so quantitatively similar, despite the scenarios

having di↵erent kinematics and di↵erent number of jets in the final state, is evidence

that the LHC limits are fairly robust, and that the simplified models we have chosen are

representative of a broader class of scenarios that trade MET for jets.

4.4 RPV E↵ective SUSY

Finally, having seen the (limited) success of both RPV/HV scenarios and E↵ective SUSY

in evading the LHC bounds on natural SUSY, we consider their combination. In Fig. 5,

we show the experimental reach for models of E↵ective RPV SUSY, where the higgsino is

unstable and only the two stop squarks and the left-handed sbottom are light, while the

remaining sbottom and the first and second generation squarks are decoupled at 5 TeV.

As expected, the limits are the weakest of all the models considered so far, with limits

on gluinos and third-generation squarks respectively at 1.4–1.5 TeV and 600–800 GeV.

(As in the previous subsection, the same limits would apply to any ui 6=3

djdk final state.)

region (SR1b-GG) that does not require any MET. This further highlights the power and importance

of doing SUSY searches with low or no MET.
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For two-body decays, low masses are covered only for scenarios 
with b’s. 

Stops → lower cross section 
                  → lower masses are relevant 
                         → trigger limitations 

All-hadronic signatures 

ATLAS-CONF-2015-026 

Natural SUSY scenario #3:
“no-MET SUSY”: R-parity violation (for example)

Turning on R-parity violation allows the LSP to decay to SM particles. Trading the 
MET from the LSP for jets generally weakens the limits. 

For many-body decays – no relevant searches at all. 
Seems possible to design searches for at least the 
(quite motivated) cases with high b multiplicity. 

Stops → lower cross section 
                  → lower masses are relevant 
                         → trigger limitations 

All-hadronic signatures 

Evans and Kats, arXiv:1209.0764 
                            arXiv:1311.0890 
Evans, arXiv:1402.4481 
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Figure 7: Excluded parameter space and projected expected sensitivities at the 2� C.L. of
current and future data, respectively, for stops in the MSSM in the m

˜t
2

versus m
˜t
1

plane.
The parameter space formally excluded by current LHC and Tevatron data is shown in dark
gray. It mostly overlaps with the current expected sensitivity in light gray. Future LHC runs
and the proposed future colliders (ILC, CEPC, and FCC-ee/hh) are shown in various colors.

discussed in Section 6.2 and seen in Fig. 5.
In Fig. 8, we show current constraints and projected sensitivities on stops in the MSSM

for various tan �. Note that the constraints are significantly stronger compared to “t̃ & rt”
mostly due to the rt = rc relation in the MSSM. Furthermore, we clearly see that lower
values of tan � provide weaker projected sensitivities. This is because for small tan � we can
vary rt without a↵ecting rb or rV , which are measured very well. We cannot lower tan � too
much without the top Yukawa reaching a Landau pole near the weak scale.

It is worth comparing the MSSM scenario with tan� = 10 in Fig. 8 and the “t̃ & rb”
scenario from Fig. 5 and repeated in Fig. 8. Naively they are very similar given that tan �
is large, which fixes rt = rV = 1, but leaves rb as free parameter. In the “t̃ & rb” scenario,
rb is constrained by hbb̄ only. In the MSSM scenario, it is additionally restricted by h⌧+⌧�

measurements due to the type-II 2HDM structure that restricts rb = r⌧ . The current data
prefers rb < 1, but the additional restriction rb = r⌧ together with the current data preferring
a value for r⌧ just slightly above 1, forces rb to be closer to 1. This results in weaker exclusions
in the MSSM scenario on m

˜t. When rb = 1 (as is assumed when calculating the current and
future projected sensitivities), the additional restriction is less important when comparing
the two scenarios.
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✴ Lepton collider offer opportunities for precise Higgs couplings
✴ Indirect probe of new physics!

✴ Measurement of Higgs coupling can shed light on naturalness
✴ Colored top partners will modify Higgs couplings to bosons

Stop probed up to 
TeV scales

Contrib
ution maximized 

when stops are degenerate

???

✴ Also Zh cross section measurement can provide sensitivity


