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• The Higgs-like particle with mass 
125GeV has been discovered.

What we learned from LHC run1?

• The property of the particle is consistent 
with the SM-Higgs.

• A number of SUSY searches, but no 
definitive excess has been observed. 
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Figure 5: Assuming the existence of supersymmetry we compute, as function of tan �, the

preferred value of the SUSY scale m̃ implied by the Higgs mass mh = 124GeV (upper) and

126GeV (lower) at 68, 90, 99% C.L. in the cases of High-Scale Supersymmetry (left, assuming

a degenerate sparticle spectrum at the SUSY breaking scale with arbitrary stop mixing) and Split

Supersymmetry (right, assuming the spectrum of light fermions in eq. (28) and a degenerate

sparticle spectrum at the SUSY breaking scale).

14

Heavy Scalars?
• The 126 GeV Higgs indicates heavy scalars 

with masses around a few TeV - 100 PeV.

• Consistent with null results in measurements 
of FCNIs and EDMs. 

scalar mass [GeV]

a few TeV - 100 PeV

[Giudice, Strumia ’11]
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scalar mass [GeV]

• 100 TeV colliders have sensitivity to the 
scalars with masses below 15 TeV.

100 TeV 
collider

a few TeV - 100 PeV

[Giudice, Strumia ’11]
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Mike Hance (LBNL) 15 / 25 Colored SUSY- March 12, 2015

[Cohen et al. ’13] 
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Light gauginos and higgsinos?
• Light gauginos and higgsinos are consistent with 126 GeV Higgs. 

• Light gauginos and higgsinos with heavy scalars can achieve 
gauge coupling unification. [Arkani-Hamed, Dimopoulos ’04]

• The gauginos and higgsinos masses are often suppressed.  
(forbidden by R-symmetry and U(1)PQ)  
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Figure 1: The three bands show the contribution to Ωh2 from pure Bino LSP with 0.3 <
M1/mẽR

< 0.9 (red band), Higgsino LSP with 1.5 < mt̃/µ < ∞ (blue band) and Wino LSP
with 1.5 < mℓ̃L

/M2 < ∞ (green band).

but early enough not to upset the nucleosynthesis predictions. The final relic abundance will

of course depend on the initial gravitino density or, ultimately, on TRH .

1.3 Wino

The Wino can be the LSP in anomaly mediation [18, 19]. In the case of pure state, the

dominant annihilation is into gauge bosons, with a contribution from fermion–antifermion

channel through scalar exchange. Coannihilation among the different states in the Wino

weak triplet is important. In the limit in which the Wino mass M2 is larger than MW , the

effective annihilation cross section and the Wino contribution to Ω are well approximated

by (see appendix A)

⟨σeffv⟩ =
3g4

16πM2
2

, (6)

ΩW̃ h2 = 0.13
(

M2

2.5TeV

)2

. (7)

4

[Arkani-Hamed, Delgado, Giudice ’06]
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Figure 1. Left panel: relic neutralino surface with the largest fraction of primordial annihilation products
indicated by color. All points shown predict a dark matter relic density of ⌦h2 ' 0.12. Regions ruled out by
LEP constraints are occluded with a dark box. Planar surfaces of relic higgsinos, winos, bino–winos, bino-
higgsinos, and wino-higgsinos are indicated with white letters. Right panel: mass of the lightest neutralino,
the LSP, in TeV.

the observed relic abundance for masses very di↵erent than in the case of pure neutralino gauge

eigenstates.

To generate the relic neutralino surface shown in Figures 1 to 4† we calculate MSSM masses

using Suspect3 [97] and the frozen out relic abundance of the LSP using micrOmegas3 [98]. We

do not include loop corrections to the neutralino masses, which are dominated by the scalar states,

whose masses were set to 8 TeV, including the CP-odd Higgs [99–101]. Note that micrOmegas3

also calculates relic abundance at leading order. For most of the parameter space, after fixing

the values of M
2

and µ, we vary M
1

until micrOmegas3 produces the correct relic abundance,

⌦h2 ' 0.12. For parameter space where the relic abundance is attained with a decoupled bino,

notably the wino-higgsino surface, we hold µ fixed and scan over M
2

. Note that in Figures 1 to 4

the Suspect3 and micrOmegas3 calculations were performed with the parameters M
1

, M
2

and

µ, defined at the decoupled scale (8 TeV) and tan� defined at mZ . If tan� = 10 at mZ , this will

run to tan� = 9.4 at 8 TeV. We found that if instead all parameters are defined at mZ the relic

surface moves by no more than ⇠ 10% in M
1

, M
2

and µ.

We begin our journey across the relic neutralino surface with the relic wino. When |µ| and
M

1

decouple, with values above 2 TeV, two plateaus at M
2

= 2 TeV correspond to pure wino dark

matter with a mass around 2 TeV. For tan� = 10 the features of the relic neutralino surface are

almost perfectly symmetric around µ = 0. The dominant annihilation channel for the pure wino

is co-annihilation with the close-by chargino through an o↵-shell W -boson, subsequently decaying

to light-flavor quarks. micrOmegas3 does not include the Sommerfeld enhancement [102–104] to

wino annihilation, so this surface lies below the usual value of M
2

' 2.8 TeV. (The relic higgsino

†

Animated 3-dimensional versions of the relic neutralino surface are available from http://www3.nd.edu/

~

bostdiek/research_welltmp.html.
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fW

eH

eB

[Bramante, et al. ‘14]

Upper bound on the EWkino masses

MfW < 3TeV

M eH < 1TeV

• Heavy EWkinos tend to over produce the DM

• Assuming the MSSM and the standard thermal history of Universe, 
the LSP has to be lighter than 1-3 TeV.  ➡ 100 TeV collider
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Figure 1. The leading order cross sections for the W -ino and Higgsino pair productions at a 100
TeV proton-proton collider with decoupled squarks and sleptons.

are almost degenerate) and the W -inos (SU(2) triplet) are the second lightest charginos

and the third lightest neutralino (almost mass degenerate):
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where eH0
1/2 = 1p

2
( eH0

u ⌥ eH0
d) is the neutral Higgsino mass eigenstate. With this setup, the

remaining free parameters are M2, µ and tan�. We use tan� = 10 throughout our numeri-

cal study. However, the impact of tan� on the production cross section and branching ratio

of the charginos and neutralinos that are W -ino or Higgsino like is almost negligible unless

tan� is extremely small. We therefore believe our results including the chargino-neutrino

mass reach are still useful for other values of tan�.

2.2 The cross sections

We show the leading order (LO) cross sections for the W -ino and Higgsino pair productions

at a 100 TeV proton-proton collider in Fig. 1. The cross sections are calculated using

MadGraph 5 [22]. Since squarks are decoupled, the W -inos and Higgsinos are produced via

the s-channel diagrams exchanging o↵-shell W± and Z bosons. For the pure W -inos and

Higgsinos, there is no associated W -ino-Higgsino production process. Pair production of

the same neutralino states, fW 0fW 0, eH0
1
eH0
1 , eH0

2
eH0
2 , are also absent.

One can see that the fW±fW 0 production mode has the largest cross section. The LO

cross section varies from 103 fb to 10�2 fb for the W -ino mass from 500 GeV to 8 TeV.
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production.
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) mode

In this section we describe the setup of our analysis and clarify the assumptions we made in
the chargino and neutralino sectors. Moreover, we discuss the cross sections and branching
ratios of the production and decay modes relevant to our analysis.

2.1 The setup

Throughout this paper we consider CP-conserving EW gaugino sector and assume m�̃0

2

'
m�̃±

1

> m�̃0

1

for simplicity. This relation is realised in many SUSY breaking scenarios,
particularly in the cases where |µ| � M

2

> M
1

and M
2

� |µ| > M
1

. The former case is
motivated by the heavy scalar scenario. In the MSSM, the soft scalar masses for Hu and
Hd and the µ-parameter are related by the EW symmetry breaking condition [40]

m2

Z

2

=

m2

Hd
� m2

Hu
tan

2 �

tan

2 � � 1

� |µ|2 . (2.1)

This condition implies that the µ-parameter is expected to be of the same scale as the scalar
masses, unless mHu and mHd are carefully tuned at the EW scale in such a way that the
first terms in the right hand side of Eq. (2.1) becomes unnaturally small.2

In this section we assume the scale of µ is equal to the scalar masses and |µ| � M
2

>

M
1

> 0. However, the collider analysis described in Section 3 is applicable to other scenarios
as far as the ˜N ˜C± ! (h�)(W±�) topology is concerned, where ˜N and ˜C± are massive BSM
particles with the same mass and � is an invisible particle with an arbitrary mass. One
such scenario involves a bino LSP scenario with a higgsino NLSP, M

2

� |µ| > M
1

. The
application also includes gravitino LSP scenarios with wino or higgsino NSLP as discussed
for example in [36–39], where the same topology is realised by �̃0

1

�̃±
1

! (h ˜G)(W±
˜G) with

˜G being gravitino. We will get back to this point in the end of this section.

2.2 The cross sections

Fig. 1 shows the tree-level diagrams for the relevant modes of �̃0

2

and �̃±
1

production.
There are two types of diagrams which may interfere: s-channel diagrams with gauge
boson exchange and t-channel diagrams with squark exchange. The t-channel diagrams are
suppressed by the squark mass and it is expected that the contribution of this diagram
decreases as the squark mass increases.

2Even in that case, the same size of tuning is required on the µ-parameter.
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In this section we describe the setup of our analysis and clarify the assumptions we made in
the chargino and neutralino sectors. Moreover, we discuss the cross sections and branching
ratios of the production and decay modes relevant to our analysis.

2.1 The setup

Throughout this paper we consider CP-conserving EW gaugino sector and assume m�̃0
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for simplicity. This relation is realised in many SUSY breaking scenarios,
particularly in the cases where |µ| � M
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and M
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. The former case is
motivated by the heavy scalar scenario. In the MSSM, the soft scalar masses for Hu and
Hd and the µ-parameter are related by the EW symmetry breaking condition [40]
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This condition implies that the µ-parameter is expected to be of the same scale as the scalar
masses, unless mHu and mHd are carefully tuned at the EW scale in such a way that the
first terms in the right hand side of Eq. (2.1) becomes unnaturally small.2

In this section we assume the scale of µ is equal to the scalar masses and |µ| � M
2

>

M
1

> 0. However, the collider analysis described in Section 3 is applicable to other scenarios
as far as the ˜N ˜C± ! (h�)(W±�) topology is concerned, where ˜N and ˜C± are massive BSM
particles with the same mass and � is an invisible particle with an arbitrary mass. One
such scenario involves a bino LSP scenario with a higgsino NLSP, M

2

� |µ| > M
1

. The
application also includes gravitino LSP scenarios with wino or higgsino NSLP as discussed
for example in [36–39], where the same topology is realised by �̃0

1

�̃±
1

! (h ˜G)(W±
˜G) with

˜G being gravitino. We will get back to this point in the end of this section.

2.2 The cross sections

Fig. 1 shows the tree-level diagrams for the relevant modes of �̃0

2

and �̃±
1

production.
There are two types of diagrams which may interfere: s-channel diagrams with gauge
boson exchange and t-channel diagrams with squark exchange. The t-channel diagrams are
suppressed by the squark mass and it is expected that the contribution of this diagram
decreases as the squark mass increases.

2Even in that case, the same size of tuning is required on the µ-parameter.
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where h is the SM like Higgs boson, and �0 and �± are the Goldstone bosons to be eaten by

the SM gauge bosons, Z and W±, respectively. The angles ↵ and � represent the mixing

for the neutral and charged Higgs mass matrices.

In the large tan� limit, we have cos↵/ sin↵ ' (� sin�)/ cos�, and one can see that

the hfW eH, �0fW eH and �±fW eH have the same coupling. In this limit one can find the

following results using the Goldstone equivalence theorem [23].
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The di↵erent CP properties between h and �0, and eH0
1 and eH0

2 result in the di↵erent rates

for fW 0 ! h eH0
1 and fW 0 ! Z eH0

1 , h
eH0
2 . These rates are given by
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Fig. 2 shows the branching ratios of fW± and fW 0, which have been calculated using

SUSY-HIT [24]. One can see that the branching ratios approach Eq. (2.4) in the large M2

limit. For the region where |M2 � µ| is close to the masses of SM bosons, the decay mode

into W± enhances since it has the largest phase space factor.

Since the charged and neutral W -inos are almost mass degenerate, it may not be

possible to resolve fW± ! XY and fW 0 ! X 0Y 0 in hadron colliders if XY is equal to X 0Y 0
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Fig. 2 shows the branching ratios of fW± and fW 0, which have been calculated using

SUSY-HIT [24]. One can see that the branching ratios approach Eq. (2.4) in the large M2

limit. For the region where |M2 � µ| is close to the masses of SM bosons, the decay mode

into W± enhances since it has the largest phase space factor.

Since the charged and neutral W -inos are almost mass degenerate, it may not be

possible to resolve fW± ! XY and fW 0 ! X 0Y 0 in hadron colliders if XY is equal to X 0Y 0
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Figure 2. The branching ratios of fW± (a) and fW 0 (b) as functions of M2. The µ parameter is
fixed at 200 GeV. The SUSY particles other than W -inos and Higgsinos are decoupled.

up to soft activities. Similarly, four degenerate Higgsinos would not be resolvable, since
eH± and eH0

2 usually decay promptly into eH0
1 and their decay products are too soft to be

detected. We therefore categorise the processes into distinguishable groups in terms of the

SM bosons appearing in the final states. For example, �0�0 ! WZ�� process (WZ mode)

includes fW+fW� ! (W± eH0
1/2)(Z

eH⌥), fW±fW 0 ! (W± eH0
1/2)(Z

eH0
1/2), (Z

eH±)(W± eH⌥)

and fW 0fW 0 ! (W± eH⌥)(Z eH0
1/2). We show the cross sections of the all 6 distinguishable

modes, WZ, Wh, WW , ZZ, Zh and hh modes, in the M2 � µ plane in Fig. 3.

One can see that the modes containing at least one W have considerably larger cross

sections compared to the others at the same mass point. In particular, the WZ mode is

promising1 because one can reduce the QCD and tt̄ backgrounds significantly by requiring

three high pT leptons (See Fig. 4.). Taking advantage of this we henceforth study the

expected discovery reach and exclusion limit for chargino-neutralino production in the

WZ mode.

In Fig. 5, we show the cross section of the WZ mode after taking account of the

branching ratios of the gauge bosons into 3` + ⌫. The black curve represents the limit

beyond which less than 5 signal events (�0�0 ! WZ�� ! 3`⌫��) are produced, assuming

the integrated luminosity of 3000 fb�1. This provides a rough estimate of the theoretically

maximum possible exclusion limit assuming zero background with perfect signal e�ciency.

3 The simulation setup

We use the Snowmass background samples [30] to estimate the Standard Model (SM)

backgrounds. We include the relevant SM processes, which are summarised in Table 1.

1 The Wh mode is also interesting. See [25–29] for some recent studies.
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where h is the SM like Higgs boson, and �0 and �± are the Goldstone bosons to be eaten by
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Figure 4. The dominant event topology for signal events.
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Figure 5. The cross section of �0�0 ! WZ�� ! 3 `⌫�� as a function ofM2 and µ. The black curve
represents the limit beyond which less than 5 signal events are produced, assuming the integrated
luminosity of 3000 fb�1.

Name Snowmass Relavant sub-processes �NLO
total [pb]

diboson VV W+W�, W±Z, ZZ 430.5

top-pair + gauge boson ttV tt̄W±, tt̄Z, tt̄ h 219.9

top + gauge boson tV tW±, t̄W± 182.5

triple gauge boson VVV W+W�W±, W+W�Z, W±ZZ, ZZZ 36.4

Table 1. The Standard Model background included in the analysis. For each background category,
we only list sub-processes relevant in the 3 lepton analysis. Reported cross sections include all
sub-processes in corresponding background categories.
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momentum configurations are allowed for the initial partons. If one of the initial partons

has a much larger momentum than the other, the system is boosted in the direction of

the beam pipe and the leptons tend to be produced in the forward region.2 Another e↵ect

is as follows. Unlike the signal, production of the backgrounds have a contribution from

t-channel diagrams. In 100 TeV colliders, the SM gauge bosons can e↵ectively be regarded

as “massless” particles and there is an enhancement in the region of the phase space where

the gauge bosons are produced in the forward region.

Fig. 6(b) shows the pT distributions of the three hardest leptons. The distributions are

obtained after taking the hadronization and detector e↵ects into account and requiring at

least 3 leptons (with pT > 10 GeV, |⌘| < 2.5), of which two are same flavour and opposite

sign (SFOS). As can be seen, the pT -spectrum of background leptons has peaks below 100

GeV, whilst the signal peaks at around 300, 150 and <⇠ 50 GeV for the leading, second

leading and third leading leptons for our benchmark point.

We also show the Emiss
T distributions in Fig. 6(c), where we use the same event sample

as those in Fig. 6(b). The main source of the Emiss
T in the background are the neutrinos

produced from W and Z decays and the distribution has a peak around 30�40 GeV. Above

this peak, the background Emiss
T distribution falls quickly. On the other hand, a large Emiss

T

can be produced from the signal from the decays of heavy charginos and neutralinos. The

typical scale of Emiss
T is given by ⇠ M2/2. As can be seen, the signal distribution has a

peak around 500 GeV. This indicates that a hard cut on Emiss
T will greatly help to improve

the signal to background ratio.

We show the transverse massmT distributions in Fig. 6(d), where the event samples are

again the same as those used in Fig. 6(b). We define mT ⌘
q
2|pT (`0)||Emiss

T |(1� cos��),

where `0 is the hardest lepton amongst those not chosen as the SFOS lepton pair and �� is

the azimuthal di↵erence between the `0 and the direction of �!p miss
T . In the WZ background,

this distribution has an endpoint at mW and above the endpoint the distribution drops

very sharply. In the signal events, the distributions are much broader, as can be seen

in Fig. 6(d). A harsh cut on mT would also be very helpful to reject a large fraction of

background without sacrificing too many signal events.

5 The limit and discovery reach

5.1 The event selection

Our event selection consists of two parts: preselection and signal region (SR) selection.

The preselection requirement is:

• exactly three isolated leptons with pT > 10 GeV and |⌘| < 2.5

• a same-flavour opposite-sign (SFOS) lepton pair with |mSFOS
`` �mZ | < 10 GeV

• no b-tagged jet

2 For the W+Z background, the initial state is often u and d̄. If the partonic collision energy is much

smaller than the proton-proton collision energy, it is more likely to find a valence quark u carrying a larger

fraction of the proton momentum compared to the sea quark d̄.
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Process No cut = 3 lepton |mSFOS
`` �mZ | < 10 no-b jet

VV 3025348 2487 2338 2176

ttV 220161 792 552 318

tV 2764638 68.9 6.07 4.12

VVV 36276 76.1 56.2 56.2

BG total 6046422 3424 2952 2554

(M2, µ) = (800, 200) 1.640 0.588 0.565 0.534

(M2, µ) = (1200, 200) 0.397 0.124 0.119 0.111

(M2, µ) = (1800, 200) 0.0863 0.0190 0.0179 0.0170

Table 3. The (visible) cross sections (in fb) for the cuts employed in the preselection. The column
marked ”No cut” shows the cross sections for the background processes (defined in Table 1) and
the cross section times branching ratio into 3 leptons via WZ for signal benchmark points.

Process p`T > (100, 50, 10) Emiss
T > 150 mT > 150 S/

p
B

VV 647 106 5.1

ttV 176 41.2 6.6

tV 0.665 0.391 0.0793

VVV 23.4 6.0 1.06

BG total 847 153 12.8

(M2, µ) = (800, 200) 0.506 0.465 0.381 5.82

(M2, µ) = (1200, 200) 0.109 0.103 0.090 1.38

(M2, µ) = (1800, 200) 0.0168 0.0164 0.0150 0.234

Table 4. The visible cross sections (in fb) used in the Loose signal region. The last column shows
S/

p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.

Process p`T > (250, 150, 50) Emiss
T > 350 mT > 300 S/

p
B

VV 33.8 3.13 0.106

ttV 9.84 0.780 0.119

tV 0.037 0.0213 0.00132

VVV 1.87 0.291 0.0442

BG total 45.6 4.22 0.271

(M2, µ) = (800, 200) 0.170 0.107 0.0845 8.89

(M2, µ) = (1200, 200) 0.0572 0.0463 0.0408 4.30

(M2, µ) = (1800, 200) 0.0099 0.0088 0.0081 0.845

Table 5. The visible cross sections (in fb) used in the Medium signal region. The last column
shows S/

p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.
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Signal Region 3 lepton pT [GeV] Emiss
T [GeV] mT [GeV]

Loose > 100, 50, 10 > 150 > 150

Medium > 250, 150, 50 > 350 > 300

Tight > 400, 200, 75 > 800 > 1100

Table 2. The event selection cuts required in the signal regions. These cuts are applied on top of
the preselection cuts.

With the first condition one can e↵ectively reject the QCD, hadronic tt̄ and single gauge

boson backgrounds. The definition of lepton isolation and some discussion around it is given

in Appendix A. The second condition is introduced to remove the leptonic SM processes

without Z bosons, such as tt̄W± and W+W�W±. The last condition is e↵ective to reduce

the SM backgrounds containing top quarks. In the simulation we use the b-tagging e�ciency

of about 70%, which is set in the Delphes card used in the Snowmass backgrounds.

In order to obtain as large coverage as possible in theM2�µ parameter plane, we define

three signal regions: Loose, Medium, Tight. These signal regions are defined in Table 2.

The selection cuts are inspired by the kinematical distributions shown in Fig. 6. The Loose

region, which has the mildest cuts, is designed to constrain the degenerate mass region

(M2 >⇠ µ), whereas the Tight region, which has the hardest cuts, targets the hierarchical

mass region (M2 � µ). The Medium region is also necessary to extend the coverage in the

intermediate mass region.

The visible cross section (the cross section for the events satisfying the event selection

requirements) for each signal region is shown in Appendix B. The information for the

detailed breakdown of the background contribution and the visible cross section at each

step of the selection is also shown. The number of total background events are expected

to be 38400, 810 and 12.3 for the Loose, Medium and Tight signal regions, respectively, at

3000 fb�1 of integrated luminosity.

5.2 The result

In Fig. 7(a), we show the 2� exclusion limits in the µ � M2 parameter plane obtained

by the di↵erent signal regions. The shaded regions have S/
p
B � 2, where S and B

are the number of expected signal and background events falling into the signal regions,

respectively. For signal we use a constant k-factor of 1.3 across the parameter plane. One

can see that the three signal regions are complementary and M2 can be constrained up to

⇠ 1.8 TeV for µ <⇠ 800 GeV.

Fig. 7(b) shows the 5� discovery reach (S/
p
B � 5) obtained from the di↵erent signal

regions. As can be seen, the Loose and Medium signal regions provide the discovery reach

up to about 850 and 1.1 TeV, respectively, for µ <⇠ 450 GeV. On the other hand, the Tight

signal region does not have sensitivity to S/
p
B � 5.

We show in Fig. 8(a) the global 2� exclusion limits for integrated luminosities of 3000

fb�1 (red) and 1000 fb�1 (blue). The global exclusion limit is obtained by choosing the

signal region that provides the largest S/
p
B for each mass point. The shaded regions
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Figure 6. The distributions of (a) the leading lepton pseudo-rapidity, ⌘`1 , (b) pT of the three
hardest leptons, (c) the missing transverse energy, Emiss

T , (d) the transverse mass, mT . The
backgrounds are diboson (VV) and associated top-pair plus vector boson production (ttV). The
signal events are generated at our benchmark point, M2 = 1.4 TeV and µ = 200 GeV, and only
WZ mode is considered. The parton level events are used for (a), whilst the detector level events
after applying the 3 lepton + SFOS cuts are used for (b), (c) and (d).

4 The kinematic distributions

In this section we show some kinematic distributions for the background and signal events.

We consider the WZ mode for signal and diboson (VV) and top-pair plus gauge boson

(ttV) processes for backgrounds. The signal distributions are generated at a benchmark

point: M2 = 1.4 TeV, µ = 200 GeV. Throughout this section we use a notation denoting

the i-th hardest lepton (electron or muon) by `i (namely, pT (`i) > pT (`j) for i < j).

Fig. 6(a) shows the normalised distributions of the leading lepton pseudo-rapidity,

⌘`1 , for signal (black) and background (red for VV and green for ttV). The distributions

are obtained at a parton level without selection cuts apart from pT (`1) > 10 GeV to

understand the bare distribution before taking the detector acceptance into account. One

can see that the leptons in the background tend to be more forward compared to the signal

leptons. The production threshold is much lower for the backgrounds and more asymmetric
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Signal Region 3 lepton pT [GeV] Emiss
T [GeV] mT [GeV]

Loose > 100, 50, 10 > 150 > 150

Medium > 250, 150, 50 > 350 > 300

Tight > 400, 200, 75 > 800 > 1100

Table 2. The event selection cuts required in the signal regions. These cuts are applied on top of
the preselection cuts.

With the first condition one can e↵ectively reject the QCD, hadronic tt̄ and single gauge

boson backgrounds. The definition of lepton isolation and some discussion around it is given

in Appendix A. The second condition is introduced to remove the leptonic SM processes

without Z bosons, such as tt̄W± and W+W�W±. The last condition is e↵ective to reduce

the SM backgrounds containing top quarks. In the simulation we use the b-tagging e�ciency

of about 70%, which is set in the Delphes card used in the Snowmass backgrounds.

In order to obtain as large coverage as possible in theM2�µ parameter plane, we define

three signal regions: Loose, Medium, Tight. These signal regions are defined in Table 2.

The selection cuts are inspired by the kinematical distributions shown in Fig. 6. The Loose

region, which has the mildest cuts, is designed to constrain the degenerate mass region

(M2 >⇠ µ), whereas the Tight region, which has the hardest cuts, targets the hierarchical

mass region (M2 � µ). The Medium region is also necessary to extend the coverage in the

intermediate mass region.

The visible cross section (the cross section for the events satisfying the event selection

requirements) for each signal region is shown in Appendix B. The information for the

detailed breakdown of the background contribution and the visible cross section at each

step of the selection is also shown. The number of total background events are expected

to be 38400, 810 and 12.3 for the Loose, Medium and Tight signal regions, respectively, at

3000 fb�1 of integrated luminosity.

5.2 The result

In Fig. 7(a), we show the 2� exclusion limits in the µ � M2 parameter plane obtained

by the di↵erent signal regions. The shaded regions have S/
p
B � 2, where S and B

are the number of expected signal and background events falling into the signal regions,

respectively. For signal we use a constant k-factor of 1.3 across the parameter plane. One

can see that the three signal regions are complementary and M2 can be constrained up to

⇠ 1.8 TeV for µ <⇠ 800 GeV.

Fig. 7(b) shows the 5� discovery reach (S/
p
B � 5) obtained from the di↵erent signal

regions. As can be seen, the Loose and Medium signal regions provide the discovery reach

up to about 850 and 1.1 TeV, respectively, for µ <⇠ 450 GeV. On the other hand, the Tight

signal region does not have sensitivity to S/
p
B � 5.

We show in Fig. 8(a) the global 2� exclusion limits for integrated luminosities of 3000

fb�1 (red) and 1000 fb�1 (blue). The global exclusion limit is obtained by choosing the

signal region that provides the largest S/
p
B for each mass point. The shaded regions
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Figure 6. The distributions of (a) the leading lepton pseudo-rapidity, ⌘`1 , (b) pT of the three
hardest leptons, (c) the missing transverse energy, Emiss

T , (d) the transverse mass, mT . The
backgrounds are diboson (VV) and associated top-pair plus vector boson production (ttV). The
signal events are generated at our benchmark point, M2 = 1.4 TeV and µ = 200 GeV, and only
WZ mode is considered. The parton level events are used for (a), whilst the detector level events
after applying the 3 lepton + SFOS cuts are used for (b), (c) and (d).

4 The kinematic distributions

In this section we show some kinematic distributions for the background and signal events.

We consider the WZ mode for signal and diboson (VV) and top-pair plus gauge boson

(ttV) processes for backgrounds. The signal distributions are generated at a benchmark

point: M2 = 1.4 TeV, µ = 200 GeV. Throughout this section we use a notation denoting

the i-th hardest lepton (electron or muon) by `i (namely, pT (`i) > pT (`j) for i < j).

Fig. 6(a) shows the normalised distributions of the leading lepton pseudo-rapidity,

⌘`1 , for signal (black) and background (red for VV and green for ttV). The distributions

are obtained at a parton level without selection cuts apart from pT (`1) > 10 GeV to

understand the bare distribution before taking the detector acceptance into account. One

can see that the leptons in the background tend to be more forward compared to the signal

leptons. The production threshold is much lower for the backgrounds and more asymmetric
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Signal Region 3 lepton pT [GeV] Emiss
T [GeV] mT [GeV]

Loose > 100, 50, 10 > 150 > 150

Medium > 250, 150, 50 > 350 > 300

Tight > 400, 200, 75 > 800 > 1100

Table 2. The event selection cuts required in the signal regions. These cuts are applied on top of
the preselection cuts.

With the first condition one can e↵ectively reject the QCD, hadronic tt̄ and single gauge

boson backgrounds. The definition of lepton isolation and some discussion around it is given

in Appendix A. The second condition is introduced to remove the leptonic SM processes

without Z bosons, such as tt̄W± and W+W�W±. The last condition is e↵ective to reduce

the SM backgrounds containing top quarks. In the simulation we use the b-tagging e�ciency

of about 70%, which is set in the Delphes card used in the Snowmass backgrounds.

In order to obtain as large coverage as possible in theM2�µ parameter plane, we define

three signal regions: Loose, Medium, Tight. These signal regions are defined in Table 2.

The selection cuts are inspired by the kinematical distributions shown in Fig. 6. The Loose

region, which has the mildest cuts, is designed to constrain the degenerate mass region

(M2 >⇠ µ), whereas the Tight region, which has the hardest cuts, targets the hierarchical

mass region (M2 � µ). The Medium region is also necessary to extend the coverage in the

intermediate mass region.

The visible cross section (the cross section for the events satisfying the event selection

requirements) for each signal region is shown in Appendix B. The information for the

detailed breakdown of the background contribution and the visible cross section at each

step of the selection is also shown. The number of total background events are expected

to be 38400, 810 and 12.3 for the Loose, Medium and Tight signal regions, respectively, at

3000 fb�1 of integrated luminosity.

5.2 The result

In Fig. 7(a), we show the 2� exclusion limits in the µ � M2 parameter plane obtained

by the di↵erent signal regions. The shaded regions have S/
p
B � 2, where S and B

are the number of expected signal and background events falling into the signal regions,

respectively. For signal we use a constant k-factor of 1.3 across the parameter plane. One

can see that the three signal regions are complementary and M2 can be constrained up to

⇠ 1.8 TeV for µ <⇠ 800 GeV.

Fig. 7(b) shows the 5� discovery reach (S/
p
B � 5) obtained from the di↵erent signal

regions. As can be seen, the Loose and Medium signal regions provide the discovery reach

up to about 850 and 1.1 TeV, respectively, for µ <⇠ 450 GeV. On the other hand, the Tight

signal region does not have sensitivity to S/
p
B � 5.

We show in Fig. 8(a) the global 2� exclusion limits for integrated luminosities of 3000

fb�1 (red) and 1000 fb�1 (blue). The global exclusion limit is obtained by choosing the

signal region that provides the largest S/
p
B for each mass point. The shaded regions

– 10 –

(M2, µ) = (1.2, 0.2)TeV

Signal Regions
(lep 1)η

-5 -4 -3 -2 -1 0 1 2 3 4 5

N
or

m
al

is
ed

 E
ve

nt
s

-310

-210

-110

BG (VV)
BG (ttV)
Signal (WZ channel)

(a)

T, leptonsP
0 200 400 600 800 1000 1200 1400

 [f
b/

30
 G

eV
]

σ

-510

-410

-310

-210

-110
1

10

210

310

410 (lep1)
T

 BG (VV), p
(lep1)

T
 BG (ttV), p

(lep1)
T

Signal (1.4, 0.2) TeV, p
(lep2)

T
 BG (VV), p

(lep2)
T

 BG (ttV), p
(lep2)

T
Signal (1.4, 0.2) TeV, p

(lep3)
T

 BG (VV), p
(lep3)

T
 BG (ttV), p

(lep3)
T

Signal (1.4, 0.2) TeV, p

(b)

 [GeV]T,missE
0 500 1000 1500 2000 2500 3000

 [f
b/

30
 G

eV
]

σ

-410

-310

-210

-110

1

10

210

310
 BG (VV)
 BG (ttV)
Signal (1.4, 0.2) TeV

(c)

 [GeV]Tm
0 500 1000 1500 2000 2500

 [f
b/

30
 G

eV
]

σ

-410

-310

-210

-110

1

10

210

310

410
 BG (VV)
 BG (ttV)
Signal (1.4, 0.2) TeV

(d)

Figure 6. The distributions of (a) the leading lepton pseudo-rapidity, ⌘`1 , (b) pT of the three
hardest leptons, (c) the missing transverse energy, Emiss

T , (d) the transverse mass, mT . The
backgrounds are diboson (VV) and associated top-pair plus vector boson production (ttV). The
signal events are generated at our benchmark point, M2 = 1.4 TeV and µ = 200 GeV, and only
WZ mode is considered. The parton level events are used for (a), whilst the detector level events
after applying the 3 lepton + SFOS cuts are used for (b), (c) and (d).

4 The kinematic distributions

In this section we show some kinematic distributions for the background and signal events.

We consider the WZ mode for signal and diboson (VV) and top-pair plus gauge boson

(ttV) processes for backgrounds. The signal distributions are generated at a benchmark

point: M2 = 1.4 TeV, µ = 200 GeV. Throughout this section we use a notation denoting

the i-th hardest lepton (electron or muon) by `i (namely, pT (`i) > pT (`j) for i < j).

Fig. 6(a) shows the normalised distributions of the leading lepton pseudo-rapidity,

⌘`1 , for signal (black) and background (red for VV and green for ttV). The distributions

are obtained at a parton level without selection cuts apart from pT (`1) > 10 GeV to

understand the bare distribution before taking the detector acceptance into account. One

can see that the leptons in the background tend to be more forward compared to the signal

leptons. The production threshold is much lower for the backgrounds and more asymmetric
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(a) (b)

Figure 7. The exclusion limits (a) and the discovery reaches (b) obtained from three signal regions.
The integrated luminosity of 3000 fb�1 is assumed.

(a) (b)

Figure 8. The global exclusion limits (a) and the discovery reaches (b) for 3000 fb�1 (red) and
1000 fb�1 (blue). The shaded region represent the uncertainty when varying the background yield
by 30%.

around the solid curves represent the uncertainty when varying the background yields by

±30%. One can see that changing the background by 30% results in a ⇠ 100 GeV shift

in M2 for the µ ⌧ M2 region. M2 can be constrained up to 1.8 TeV with µ <⇠ 800 GeV

for 3000 fb�1, which can be compared with the projected chargino neutralino mass limit

of 1.1 TeV for the high luminosity LHC with 3000 fb�1 obtained by ATLAS [3]. For 1000

fb�1 the limit on M2 is about 1.5 TeV with µ <⇠ 400 GeV as can be seen in Fig. 8(a).

Fig. 8(b) shows the global 5� discovery reach for 3000 fb�1 (red) and 1000 fb�1 (blue)

with the 30% uncertainty bands for background. One can see that charginos and neutrali-

nos can be discovered up to M2 <⇠ 1.1 TeV with µ <⇠ 500 GeV for 3000 fb�1 integrated
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±30%. One can see that changing the background by 30% results in a ⇠ 100 GeV shift

in M2 for the µ ⌧ M2 region. M2 can be constrained up to 1.8 TeV with µ <⇠ 800 GeV

for 3000 fb�1, which can be compared with the projected chargino neutralino mass limit

of 1.1 TeV for the high luminosity LHC with 3000 fb�1 obtained by ATLAS [3]. For 1000

fb�1 the limit on M2 is about 1.5 TeV with µ <⇠ 400 GeV as can be seen in Fig. 8(a).

Fig. 8(b) shows the global 5� discovery reach for 3000 fb�1 (red) and 1000 fb�1 (blue)

with the 30% uncertainty bands for background. One can see that charginos and neutrali-

nos can be discovered up to M2 <⇠ 1.1 TeV with µ <⇠ 500 GeV for 3000 fb�1 integrated
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Acharya, Bożek, 
Pongkitivanichkul, KS ’14

Wino can be discovered (excluded) up to 1.1 (1.8) TeV @ 3ab-1
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FIG. 5: 5� discovery reaches (left panel) and 1.96� CL exclusion limits (right panel) of the Wino-
NLSP and Higgsino-LSP model from the 3` (red solid), OSDL (blue dashed) and SSDL (green
dot-dashed) searches.

In Table V, we decompose the multi-lepton signal rates into each diboson channel con-

tribution for a benchmark with a 1 TeV Wino NLSP and a massless Higgsino LSP. As men-

tioned, the 3`, OSDL and SSDL channels get dominant contributions from the WZ, W+W�

and W±W± diboson channels, respectively. In spite of the fact that BR(NNLSP ! NLSPh) ⇠
0.25, the Wh channel contributions are subdominant in all final states because the Higgs’s

leptonic branching ratio, h ! WW ⇤(ZZ⇤) ! `⌫`⌫, is small. Their contribution to the

discovery reach is subdominant.

The corresponding reach is presented in Fig. 5. We do not specify our choice of additional

parameters (t� and the sign of gaugino and Higgsino masses), since the branching ratios of

the NLSP are model independent in this Higgsino LSP case. As expected, the 3` signature

can probe the highest NLSP mass while the SSDL signature can be useful in the region with

a smaller mass di↵erence between the NLSP and the LSP.

It is important to note that a 100 TeV collider with 3000/fb data will be able to exclude

Higgsino dark matter (mLSP ⇠ 1 TeV) for Winos lighter than about 3.2 TeV and not too

close in mass to the Higgsino. Achieving the significance needed for discovery of a 1 TeV

Higgsino, however, is expected to be rather di�cult (see left panel of Fig. 5). Ref. [16] shows

that monojet and disappearing charged track searches at a 100 TeV collider also can have

di�culties in probing 1 TeV Higgsino dark matter. In addition, Higgsino dark matter is a

very challenging scenario to discover from the astrophysical side, since current astrophysical

photon line/continuum searches lack sensitivity to 1 TeV Higgsinos as well [15].

Discussion
Gori, Jung, Wang, Wells ‘14

• The authors of ‘1410.6287’ found much better reach (2.1 (3.2) TeV for 
discovery (exclusion)). 

• One main difference is they use particle-level analysis and allow the 
lepton separation of ΔR > 0.05.



A The lepton isolation requirement

In hadron colliders, leptons (electrons and muons) may arise from heavy hadron decays.

Those “background” leptons are usually found together with other particles around them.

The leptons originating from gauge boson decays can therefore be distinguished from the

background leptons by investigating activity around the lepton. For this check, Delphes

3 uses an isolation variable, I, defined as

I(`) =

�R<R, pT (i)>pmin
TP

i 6=`
pT (i)

pT (`)
, (A.1)

where the numerator sums the pT of all particles (except for the lepton itself) with pT >

pmin
T lying within a cone of radius R around the lepton. If I(`) is smaller than Imin, the

lepton is said to be isolated, otherwise gets rejected as background. The Snowmass samples

were generated using Delphes 3 with the lepton isolation parameters of R = 0.3, pmin
T = 0.5

and Imin = 0.1.

A 100 TeV collider can explore charginos and neutralinos with their mass scale of a

few TeV. If the mass hierarchy between W -ino states and Higgsino states are much higher

than the gauge bosons mass scale, the W and Z produced from the W -ino decays will

be highly boosted. If such a boosted Z decays into a pair of same-flavour opposite-sign

(SFOS) leptons, those two leptons can be highly collimated, and one may be rejected by

the isolation criteria defined above.

To see the impact of this e↵ect, we show the �RSFOS (the distance between the SFOS

pair3) distributions in Fig 9. In Fig 9, the background sample consists of the most relevant

processes, WZ and ttZ, which we have generated using MadGraph 5 and Phythia 6.4 For

signal, we examine three benchmark points: (M2, µ)/GeV = (800, 200), (1200, 200) and

(1800, 200). The particle level samples are passed to Delphes 3 with the same detector

setup as used in Snowmass but with R = 0.05 for the lepton isolation cone radius.

Fig. 9(a) shows the �RSFOS distributions after the preselection cuts. As can be seen,

signal events are more concentrated around the small �RSFOS values, while background

has rather flat distribution. One can also see that smaller �RSFOS is preferred for model

points with larger mass hierarchy.

In Fig. 9(b) we present the same distributions of �RSFOS but with the requirement

of Emiss
T > 500 GeV and mT > 200 GeV on top of the preselection cuts. As can be

seen, the distributions are more concentrated for signal and background compared to the

distributions with only preselection cuts. This is because the harsh cuts on Emiss
T and mT

call for large
p
ŝ for the partonic collision, leading to more boosted Z for both signal and

background events. One can see that the significant fraction of events has a SFOS lepton

pair lying within �RSFOS < 0.3 of each other, and it is expected that the Snowmass lepton

3 To be explicit, �RSFOS =
p

(��SFOS)2 + (�⌘SFOS)2, where ��SFOS and �⌘SFOS are the azimuthal

and pseudo-rapidity di↵erences between the SFOS lepton pair.
4 In the WZ sample, two extra partons are matched with the parton shower radiation with the MLM

merging scheme [34].
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Delphes lepton isolation

�R

pT (i) > pmin
TThe lepton isolation parameter: [Snowmass card]

pmin
T = 0.5GeV

�R = 0.3
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Z
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The lepton reco-efficiency can be significantly degraded. 



A The lepton isolation requirement
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background leptons by investigating activity around the lepton. For this check, Delphes

3 uses an isolation variable, I, defined as

I(`) =

�R<R, pT (i)>pmin
TP

i 6=`
pT (i)

pT (`)
, (A.1)

where the numerator sums the pT of all particles (except for the lepton itself) with pT >

pmin
T lying within a cone of radius R around the lepton. If I(`) is smaller than Imin, the

lepton is said to be isolated, otherwise gets rejected as background. The Snowmass samples

were generated using Delphes 3 with the lepton isolation parameters of R = 0.3, pmin
T = 0.5

and Imin = 0.1.

A 100 TeV collider can explore charginos and neutralinos with their mass scale of a

few TeV. If the mass hierarchy between W -ino states and Higgsino states are much higher

than the gauge bosons mass scale, the W and Z produced from the W -ino decays will

be highly boosted. If such a boosted Z decays into a pair of same-flavour opposite-sign

(SFOS) leptons, those two leptons can be highly collimated, and one may be rejected by

the isolation criteria defined above.

To see the impact of this e↵ect, we show the �RSFOS (the distance between the SFOS

pair3) distributions in Fig 9. In Fig 9, the background sample consists of the most relevant

processes, WZ and ttZ, which we have generated using MadGraph 5 and Phythia 6.4 For

signal, we examine three benchmark points: (M2, µ)/GeV = (800, 200), (1200, 200) and

(1800, 200). The particle level samples are passed to Delphes 3 with the same detector

setup as used in Snowmass but with R = 0.05 for the lepton isolation cone radius.

Fig. 9(a) shows the �RSFOS distributions after the preselection cuts. As can be seen,

signal events are more concentrated around the small �RSFOS values, while background

has rather flat distribution. One can also see that smaller �RSFOS is preferred for model

points with larger mass hierarchy.

In Fig. 9(b) we present the same distributions of �RSFOS but with the requirement

of Emiss
T > 500 GeV and mT > 200 GeV on top of the preselection cuts. As can be

seen, the distributions are more concentrated for signal and background compared to the

distributions with only preselection cuts. This is because the harsh cuts on Emiss
T and mT

call for large
p
ŝ for the partonic collision, leading to more boosted Z for both signal and

background events. One can see that the significant fraction of events has a SFOS lepton

pair lying within �RSFOS < 0.3 of each other, and it is expected that the Snowmass lepton

3 To be explicit, �RSFOS =
p

(��SFOS)2 + (�⌘SFOS)2, where ��SFOS and �⌘SFOS are the azimuthal

and pseudo-rapidity di↵erences between the SFOS lepton pair.
4 In the WZ sample, two extra partons are matched with the parton shower radiation with the MLM

merging scheme [34].
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Figure 9. The distributions of �RSFOS, the distance between the SFOS lepton pair, (a) after
preselection cuts, (b) after additional cuts: Emiss

T > 500 GeV and mT > 200 GeV. For both plots,
detector simulation has been done by Delphes 3 using the same detector setup as the one used in
Snowmass samples but with R = 0.05.

isolation criteria with R = 0.3 would reject some fraction of signal and background events.

We therefore believe that employing smaller lepton isolation cone radius will improve the

chargino-neutralino mass reach to some extent, although a dedicated study in this direction

is beyond the scope of this paper.

B The visible cross sections

In this section we report the visible cross sections (the cross section after cuts) for each step

of the selection cuts for di↵erent processes. Four sets of samples are considered for the SM

background, which are defined in Table 1. We show the results for three benchmark model

points for signal: (M2, µ)/GeV = (800, 200), (1200, 200) and (1800, 200). The (visible)

cross sections with k-factor = 3 are shown in fb for all tables in this section. Table 3 shows

the (visible) cross sections for the cuts employed in the preselection stage. Table 4, 5 and 6

show the visible cross sections for the cuts used in Loose, Medium and Tight signal regions,

respectively. The last columns in Tables 4, 5 and 6 show S/
p
B assuming 3000 fb�1 of

integrated luminosity for the three di↵erent benchmark points.
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integrated luminosity for the three di↵erent benchmark points.
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p
s = 100 TeV 1.1 (1.8) TeV

M
2

µ . 500(800) GeV L = 3ab�1

=)

Increasing �R

M 2
- µ

 = 
co

nst

M 2
=µ

+m
Z

M
2

� µ �R

Acceptance Map

m

o

r

e

b

o

o

s

e

d

• The lepton separation is a limiting factor for the 3-lepton analysis.
• A better mass reach can be obtained if a smaller lepton separation 

can be achieved at a 100 TeV collider.



Summary
• Light EWkinos are well motivated: GCU, DM, …   
• A 100 TeV collider is important to constrain (discover) 

the EWkino sector.  
• If scalars are decoupled (and Higgsinos are light), the 

heavier EWkinos decay universally to W, Z and h, which 
can be understood by Goldstone equivalence theorem. 

• A simple 3-lepton analysis shows the Wino mass reach 
is 1.1 (1.8) TeV for discovery (exclusion). 

• A good lepton separation is important to constrain the 
EWkinos using the 3-lepton channel.      



Figure 2. The NLO production cross sections for the �̃0

1

�̃±
1

and �̃+

1

�̃�
1

modes at the 14 TeV LHC as
functions of the squark mass. The cross sections have been calculated using Prospino 2.1 [41, 42]
with all the charges summed. We have set µ = mq̃ and M

2

= 350 GeV and M
1

= 100 GeV. The
solid and dashed curves correspond to tan� = 2 and 50, respectively.

Fig. 2 shows the NLO production cross sections for the �̃0

2

�̃±
1

and �̃+

1

�̃�
1

modes at the
14 TeV LHC as functions of the squark mass. The cross sections have been calculated
using Prospino 2.1 [41, 42] with all the charges summed. In the plot and throughout the
paper, we take |µ| = mq̃ for simplicity. For the specific plot, we take M

2

= 350 GeV and
M

1

= 100 GeV. The solid and dashed curves correspond to tan� = 2 and 50, respectively.
As a result of destructive interference between the s-channel gauge boson exchange dia-
gram and the t–channel squark exchange diagram, the �̃0

2

�̃±
1

and �̃+

1

�̃�
1

production cross
sections increase as the squark mass increases. For a squark mass larger than ⇠ 4 TeV, the
contribution of the squark exchange diagram is decoupled and the cross sections become
insensitive to the squark mass. It is interesting to note that the �̃0

2

�̃±
1

and �̃+

1

�̃�
1

cross
sections are maximised in the limit of large squark mass. This gives additional motivation
to perform EW gaugino searches in the context of heavy scalar scenarios.

Fig. 3 shows the NLO cross sections for various gaugino production modes at the 14 TeV
LHC. We have assumed the gaugino GUT relation, M

3

: M
2

: M
1

= 7 : 2 : 1, at the EW
scale and plotted the cross sections as functions of M

2

(and mg̃ ' M
3

= 7M
2

/2). The other
relevant parameters were fixed as mq̃ = µ = 3 TeV and tan� = 10.

One can see that the �̃0

2

�̃±
1

and �̃+

1

�̃�
1

production modes have substantial cross sections.
Because of the large mass hierarchy in the gaugino GUT relation, the g̃g̃ cross section drops
much faster than the EW gaugino production cross sections as M

2

increases. Due to this
effect, �̃0

2

�̃±
1

and �̃+

1

�̃�
1

production dominate over g̃g̃ production for M
2

>⇠ 350 GeV.
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Figure 6. The distributions of (a) the leading lepton pseudo-rapidity, ⌘`1 , (b) pT of the three
hardest leptons, (c) the missing transverse energy, Emiss

T , (d) the transverse mass, mT . The
backgrounds are diboson (VV) and associated top-pair plus vector boson production (ttV). The
signal events are generated at our benchmark point, M2 = 1.4 TeV and µ = 200 GeV, and only
WZ mode is considered. The parton level events are used for (a), whilst the detector level events
after applying the 3 lepton + SFOS cuts are used for (b), (c) and (d).

4 The kinematic distributions

In this section we show some kinematic distributions for the background and signal events.

We consider the WZ mode for signal and diboson (VV) and top-pair plus gauge boson

(ttV) processes for backgrounds. The signal distributions are generated at a benchmark

point: M2 = 1.4 TeV, µ = 200 GeV. Throughout this section we use a notation denoting

the i-th hardest lepton (electron or muon) by `i (namely, pT (`i) > pT (`j) for i < j).

Fig. 6(a) shows the normalised distributions of the leading lepton pseudo-rapidity,

⌘`1 , for signal (black) and background (red for VV and green for ttV). The distributions

are obtained at a parton level without selection cuts apart from pT (`1) > 10 GeV to

understand the bare distribution before taking the detector acceptance into account. One

can see that the leptons in the background tend to be more forward compared to the signal

leptons. The production threshold is much lower for the backgrounds and more asymmetric
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Process No cut = 3 lepton |mSFOS
`` �mZ | < 10 no-b jet

VV 3025348 2487 2338 2176

ttV 220161 792 552 318

tV 2764638 68.9 6.07 4.12

VVV 36276 76.1 56.2 56.2

BG total 6046422 3424 2952 2554

(M2, µ) = (800, 200) 1.640 0.588 0.565 0.534

(M2, µ) = (1200, 200) 0.397 0.124 0.119 0.111

(M2, µ) = (1800, 200) 0.0863 0.0190 0.0179 0.0170

Table 3. The (visible) cross sections (in fb) for the cuts employed in the preselection. The column
marked ”No cut” shows the cross sections for the background processes (defined in Table 1) and
the cross section times branching ratio into 3 leptons via WZ for signal benchmark points.

Process p`T > (100, 50, 10) Emiss
T > 150 mT > 150 S/

p
B

VV 647 106 5.1

ttV 176 41.2 6.6

tV 0.665 0.391 0.0793

VVV 23.4 6.0 1.06

BG total 847 153 12.8

(M2, µ) = (800, 200) 0.506 0.465 0.381 5.82

(M2, µ) = (1200, 200) 0.109 0.103 0.090 1.38

(M2, µ) = (1800, 200) 0.0168 0.0164 0.0150 0.234

Table 4. The visible cross sections (in fb) used in the Loose signal region. The last column shows
S/

p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.

Process p`T > (250, 150, 50) Emiss
T > 350 mT > 300 S/

p
B

VV 33.8 3.13 0.106

ttV 9.84 0.780 0.119

tV 0.037 0.0213 0.00132

VVV 1.87 0.291 0.0442

BG total 45.6 4.22 0.271

(M2, µ) = (800, 200) 0.170 0.107 0.0845 8.89

(M2, µ) = (1200, 200) 0.0572 0.0463 0.0408 4.30

(M2, µ) = (1800, 200) 0.0099 0.0088 0.0081 0.845

Table 5. The visible cross sections (in fb) used in the Medium signal region. The last column
shows S/

p
B assuming the 3000 fb�1 luminosity for di↵erent benchmark points.
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FIG. 1: Normalized distributions of observables optimized for the 3` search. HT (jets)/Meff (left
panel) and pT (`2)/pT (`1) (right panel). WZ signal events (blue) are from the benchmark with
3 TeV NLSP and massless LSP, and backgrounds events (red) are from the SM WZ. All the
discovery cuts in Table I are applied except for those on pT (`2)/pT (`1) and HT (jets)/Meff .

C. The Variables Used in Analysis

The search for the high-mass and large-gap parameter space is based on high visible and

invisible energy. Signal processes easily produce such high energy particles from decays of

heavy mother particles. The SM backgrounds, instead, can reach high visible and invisible

energies only by hard radiations. This implies certain alignment between the boost direction

and the final state particle momentum so that certain particles are more e�ciently boosted.

3` Search:

Let us consider the 3` signal arising from the WZ channel and the corresponding SM

WZ background5. After requiring large values for MET, M 0

eff and MT (W ), the background

events typically accompany a harder radiation (see left panel of Fig. 1). The peak of the

jet energy fraction distribution, HT (jets)/Meff , is sharp and located at around 0.5 in the

background, which means that all the remaining leptons and MET are recoiling against

the radiated jets, in such a way that the total energy is balanced. On the other hand,

the jet energy fraction is small for signal events, for which the leptons are already boosted

thanks to the large mass splitting between NLSP and LSP. This is an interesting feature

that generally appears in high-mass searches. Typically, the jet veto has been designed to

suppress backgrounds with jets coming from the several particle decays, but now the jet

veto can be very useful even to suppress backgrounds as WZ, in which jets only come from

radiation. In our analysis we require the jet energy fraction, HT (jets)/Meff , to be small to

suppress the WZ background.

5 We do not employ a di↵erent and more dedicated strategy for the benchmarks contributing to the 3`

signature mainly through the Wh channel.
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