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Supersymmetry at 100 TeV
A big leap in BSM sensitivity at 100 TeV collider

SUSY still well-motivated if some 
level of fine tuning allowed 
e.g, Pure Gravity Mediation (PGM) 
‣ 125 GeV Higgs mass  
‣ Neutral Wino as DM candidate 
‣ GUT around ~1016 GeV 
‣ Heavy scalars; Light gauginos

Gauginos could be predominantly produced in colliders  
� Study prospects for O(TeV) Wino/Higgsino at 100 TeV collider

arXiv:1606.00947

Physics at a 100 TeV pp collider: 
beyond the Standard Model phenomena

Potential to explore strongly produced SUSY particles in10-20 TeV range

https://arxiv.org/abs/1606.00947


Neutralino 
Dark Matter
Lightest neutralino as DM candidate 
‣ Bino DM typically over-produced 
‣ Mixed states strongly constrained 

by direct detection experiments
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Pure Wino/Higgsino DM const-
rained by (in)direct detection 
experiments while still viable if 
some fine tuning allowed

If thermally produced, the DM 
mass to be below ~3(1) TeV for 
pure Wino(Higgsino)

G. Ricciardi et al.
Eur. Phys. J. Plus 130, 209 (2015)

K. Kowalska, E.M. Sessolo,
Adv. High Energy Phys. 2018, 6828560 (2018)



Nearly pure Wino/Higgsino as LSP : 
~mass degenerate for         and         
when other SUSY particles are heavy 

   � ~160(350) MeV for Wino(Higgsino)

Wino/Higgsino 
Signatures at 
Collider

Non-negligible lifetime of         due 
to small mass difference: 

c! ~ 6 cm (1.5 cm) for 3 TeV Wino  
(1 TeV Higgsino) 

   � Disappearing track signature
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Disappearing Track Analysis

All limits at 95% CL
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‣ soft pion not reconstructable 
‣ short track with no associ-

ated activity in outer tracker 
or calorimeter 
� Disappearing track inside  
      detector
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Long-lived        decays into 
a soft pion and a 
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LHC results/prospects: 

‣ Excluded up to 460(152) GeV 
for Wino(Higgsino) 

‣ Expected to exclude up to 
~850(250) GeV at 14 TeV, 3 ab-1

Wino



Disappearing Track at FCC
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Alternative layout (#3)

Disappearing track analysis for Wino/Higgsino at FCC-hh in CDR
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‣ Estimate of fake background 
(random crossings) with GEANT4 
‣ Contribution from pile-up 

interactions taken into account

Default 
layout

Alternative inner-tracker layouts 
to study impact on the sensitivity
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Timing Measurement

LGADs structure

02/12/2017Simone Michele Mazza18

y Several layouts/vendors under test:
y Single pads
y 2x2 arrays
y 8x8 arrays
y AC coupled LGADS
y AC coupled array of strips and pixels

Samples

nPad
• Size: 2.5mm�2.5mm
• Oping window: 1mmφ

n Strip
• Size: 6mm� 12mm
• Strip pitch 80µm

n Irradiation 
• γ irrad 0.1, 1.0, 2.5 MGy
• n irrad 0.3, 1.0, 3.0 �1015

1MeVneq/cm2
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Figure 1: Photos of pad (a) and strip (b) detectors

Table 1: Sample list of HPK LGAD samples.

Sample
Name

p+ Dose
Low to High

Physical
Thickness [µm]

Active
Thickness [µm]

50A A

150

50
50B B

50C C

50D D

80A A

80
80B B

80C C

80D D
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Strip detector 
Pad detector

Sample 
name

P+ dose
A<B<C<D

Physical 
thickness 

Active 
thickness

50A A

150

50
50B B

50C C

50D D

80A A

80
80B B

80C C

80D D

1mm

2.5mm

Timing measurement for track is crucial for background rejection 
as well as the measurement of chargino velocity

Low-Gain Avalanche Detector (LGAD)

‣ ≲ 30 ps time resolution feasible 
‣ ongoing study for radiation hardness 

Assumed in this study that 30~50 ps  
time resolution can be achieved for  
the inner-pixel tracker at FCC

ATLAS HGTD

‣ >95% of fake tracks (random crossings) can be removed with 50 ps 
hit-level time resolution 

‣Wino velocity β can be measured with an accuracy of ~6% at β < 0.8
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Disappearing Track

Disappearing Track at FCC
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ISR jet + ETmiss + single disappearing track signature 
‣ 5 layers within 15 cm from beam line 
‣ Timing information used to suppress background 

χ̃±
1p

p

χ̃0
1

χ̃0
1

π±

j

Wino

Higgsino FCC can cover the full mass range for 
discovery of thermal Wino/Higgsino DM



Gaugino Masses
Can we determine gaugino masses if they are within FCC reach?
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Consider the case where Wino is lighter than other gauginos: 
‣ Neutral Wino as LSP (→ disappearing track) 
‣ Wino mass assumed to be 2.9 TeV (full DM density accounted for by Wino) 
‣ Pair production of gluinos considered as main production mode

J
H
E
P
0
5
(
2
0
1
9
)
1
7
9

Point 1 Point 2 Point 3

m3/2 [TeV] 250 302 350

L [TeV] 800 756 709

mB̃ [GeV] 3660 4060 4470

mW̃ [GeV] 2900 2900 2900

mg̃ [GeV] 6000 7000 8000

σ(pp → g̃g̃) [fb] 7.9 2.7 1.0

Table 1. Fundamental parameters (m3/2 and L), gaugino masses, and the gluino pair production
cross section (for the centre-of-mass of 100 TeV), for Sample Points 1, 2, and 3.

in the present framework, the mass splitting is dominantly via radiative correction due

to loop diagrams with electroweak gauge bosons [10, 11], and the neutral Wino becomes

lighter than the charged one. Based on the two-loop calculation, the mass splitting is

δmW̃ ≃ 165 MeV [32]; then charged Wino dominantly decays as W̃± → W̃ 0π± with

cτW̃± ≃ 5.75 cm, (2.10)

where τW̃± is the proper lifetime of charged Wino while c is the speed of light.

3 SUSY events at the FCC

In this section, we discuss important features of SUSY events at the FCC which are used

for our analysis. In the sample points of our choice, gluino is within the kinematical reach

of the FCC, and its pair production process is the primary target. Hereafter, we consider

the pair production process of gluinos, pp → g̃g̃, and the pair production process of charged

Winos associated with a high-pT jet, pp → W̃+W̃−+jets. From these processes we extract

information about the gaugino masses as we discuss in the following.

3.1 Background estimation

In order to eliminate standard-model backgrounds, we use the fact that charged Wino

tracks, which are disappearing and high-pT , may be recognized by the inner pixel detector.

In the gluino pair production events, each gluino decays down to a charged or neutral Wino.

Although charged Wino is unstable, it has a sizeable lifetime and its cτW̃± is about 5.75 cm

that is of the same order of the distance to the pixel detector from the interaction point.

Thus, once a charged Wino is produced, it may hit several layers of the pixel detector

before its decay into a neutral Wino and a pion. Charged Wino track is expected to be

(i) short (i.e. disappearing in the tracker), and (ii) high-pT ; such a track is hardly realized

by a single standard-model particle. Another source of fake Wino-like track is due to an

accidental alignment of hits of particles mainly from pile-ups and it is the dominant source

according to ref. [33]. In addition, in the signal events (i.e. the gluino pair production

events), the missing transverse momentum evaluated only from jets is likely to be large

– 6 –

Fundamental parameters 
in PGM (m3/2, L, "L) can 
be derived from gaugino 
masses

Implication to SUSY breaking mechanism 
Information about masses of heavy Higgses and Higgsinos

PGM as possible SUSY 
breaking scenario



Gaugino Signals

Ryu Sawada  Fifth workshop of the LHC LLP Community, 27—29 May, 2019, CERN

Strong production of wino

Analysis pre-selection
• ETmiss > 1 TeV
• Two disappearing tracks

• 1st : r > 10 cm
• 2nd : r > (5 or)10 cm
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In the following, we adopt several Sample Points for our MC analysis. The mass

spectrum and fundamental parameters are summarized in table 1. As shown in table 1,

mW̃ < mB̃ < mg̃ in all Sample Points.

Assuming R-parity conservation, gluino decays as

g̃ → q̄qB̃, q̄q(′)W̃ ,

where q and q̄ denote the standard-model quark and anti-quark, respectively. The branching

ratio for each decay mode depends on the mass spectrum of squarks. If the masses of left-

and right-handed squarks are the same, the branching ratio for the latter process becomes

larger than the former. However, if the mass of the right-handed squarks are lighter than

the left-handed ones, they can be comparable (or Br (g̃ → q̄qB̃) may even become larger

than Br (g̃ → q̄q(′)W̃ )). The mass spectrum of the squarks is strongly model-dependent; it

depends on dimension-6 operators connecting (s)quark chiral multiplets and SUSY breaking

fields in the Kähler potential. Because the detail of the squark mass spectrum is currently

unknown, we simply assume that

Br (g̃ → q̄qB̃) = Br (g̃ → q̄q(′)W̃ ) = 0.5, (2.6)

and that the decay process is flavour universal. Such branching ratios are realized when the

masses of right-handed squarks are smaller than those of left-handed ones by a factor of a

few. We note here that one of the motivations of the assumptions mentioned above are to

demonstrate the possibility of the Bino mass determination as we explain in the following.

The dominant decay modes of Bino are given by

B̃ → W̃±W∓, W̃ 0h,

and, when |µ| ≫ |M1,2| ≫ mW,h (with mW and mh being the W -boson mass and Higgs

mass, respectively), the decay rates are approximately given by2

ΓB̃→W̃±W∓ =
βW̃±W∓κ2

8π
mB̃

(

1 +
mW̃

mB̃

)2 [

1 +
2m2

W

(mB̃ +mW̃ )2

] [

1−
m2

W

(mB̃ −mW̃ )2

]

,

(2.7)

ΓB̃→W̃ 0h =
βW̃ 0hκ

2

8π
mB̃

[

(

1 +
mW̃

mB̃

)2

−
m2

h

m2
B̃

]

, (2.8)

where

β2
W̃±W∓ =

m4
B̃
− 2(m2

W̃± +m2
W )m2

B̃
+ (m2

W̃± −m2
W )2

m4
B̃

, (2.9)

and β2
W̃ 0h

is obtained by replacing mW̃± → mW̃ 0 and mW → mh in the above formula. In

addition, κ ≡ g1g2v sinβ cosβµ−1 with v ≃ 174GeV being the vacuum expectation value

2Rigorously speaking, the “Bino” and “Wino” indicate the mass eigenstates which consist mostly of Bino

and Wino, respectively.
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Point 1 Point 2 Point 3

m3/2 [TeV] 250 302 350

L [TeV] 800 756 709

mB̃ [GeV] 3660 4060 4470

mW̃ [GeV] 2900 2900 2900

mg̃ [GeV] 6000 7000 8000

σ(pp → g̃g̃) [fb] 7.9 2.7 1.0

Table 1: Fundamental parameters (m3/2 and L), gaugino masses, and the gluino pair

production cross section (for the centre-of-mass of 100 TeV), for Sample Points 1, 2, and 3.

of the Higgs boson. The masses of charged and neutral Winos split after the electroweak

symmetry breaking. When |µ| is much larger than the electroweak scale, which is the case

in the present framework, the mass splitting is dominantly via radiative correction due

to loop diagrams with electroweak gauge bosons [10, 11], and the neutral Wino becomes

lighter than the charged one. Based on the two-loop calculation, the mass splitting is

δmW̃ ≃ 165 MeV [32]; then charged Wino dominantly decays as W̃± → W̃ 0π± with

cτW̃± ≃ 5.75 cm, (2.10)

where τW̃± is the proper lifetime of charged Wino while c is the speed of light.

3 SUSY events at the FCC

In this section, we discuss important features of SUSY events at the FCC which are used

for our analysis. In the sample points of our choice, gluino is within the kinematical reach

of the FCC, and its pair production process is the primary target. Hereafter, we consider

the pair production process of gluinos, pp → g̃g̃, and the pair production process of charged

Winos associated with a high-pT jet, pp → W̃+W̃−+jets. From these processes we extract

information about the gaugino masses as we discuss in the following.

3.1 Background estimation

In order to eliminate standard-model backgrounds, we use the fact that charged Wino

tracks, which are disappearing and high-pT , may be recognized by the inner pixel detector.

In the gluino pair production events, each gluino decays down to a charged or neutral Wino.

Although charged Wino is unstable, it has a sizeable lifetime and its cτW̃± is about 5.75 cm

that is of the same order of the distance to the pixel detector from the interaction point.

Thus, once a charged Wino is produced, it may hit several layers of the pixel detector

before its decay into a neutral Wino and a pion. Charged Wino track is expected to be

(i) short (i.e. disappearing in the tracker), and (ii) high-pT ; such a track is hardly realized

by a single standard-model particle. Another source of fake Wino-like track is due to an

accidental alignment of hits of particles mainly from pile-ups and it is the dominant source
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Benchmark points in PGM model of SUSY
* *

*
* these results are in the paper

Detector assumption
• 5 pixel layers in 10 cm 

from beamline

g̃ ! qq̄B̃, qq̄W̃
<latexit sha1_base64="A545jXykEgtnz+KRTAp+afQnjBE="></latexit>

B̃ ! W̃±W⌥, W̃ 0h
<latexit sha1_base64="lhyBNJf7h+FrSIChuCR7XdnhV5I="></latexit>

BR(g̃ ! qq̄B̃) = BR(g̃ ! qq̄W̃ ) = 0.5
<latexit sha1_base64="H1Lbj5Nody5W9kQWZxgPgxH8RqQ="></latexit>

W̃± ! ⇡± + W̃ 0
<latexit sha1_base64="IlRRtyzMarCzaoHD98ZXG1ofi48="></latexit>

Pair production of gluinos

Bino decays to Wino + W/Higgs -boson 

→ Disappearing track
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Event selection: 

‣ 2 disappearing tracks : 
1st  track  =  r > 10 cm, |#| < 1.5 
2nd track =  r > 10 or 5 cm, |#| < 1.5 

‣ ETmiss > 1 TeV

Only disappearing tracks with r > 10 cm 
used for mass determination  
(→ next slides)



Wino Mass Measurement

� β measured using timing information: 
β resolution ~ 6% with at r > 10cm, β < 0.8

mW̃ = pW̃ ·
p

1� �2

�
<latexit sha1_base64="hZrYHN9GKQKKYifzAOTPuJrn7T4="></latexit>

W̃±
<latexit sha1_base64="IfXuK7JZgYjrq4of8HdT0/k3ros="></latexit>

W̃⌥
<latexit sha1_base64="Bcx+BUDRvXKF6eTgVXY5FvfG3SQ="></latexit>

ETmiss

jets

� momentum reconstructed by splitting  
      ETmiss into Wino directions (determined  
      from disappearing tracks)

Wino mass determined by measuring velocity (β) and momentum
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� 2-3% precision at 2.9 TeV
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Ryu Sawada  Fifth workshop of the LHC LLP Community, 27—29 May, 2019, CERN

Strong production of wino

Analysis pre-selection
• ETmiss > 1 TeV
• Two disappearing tracks

• 1st : r > 10 cm
• 2nd : r > (5 or)10 cm
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In the following, we adopt several Sample Points for our MC analysis. The mass

spectrum and fundamental parameters are summarized in table 1. As shown in table 1,

mW̃ < mB̃ < mg̃ in all Sample Points.

Assuming R-parity conservation, gluino decays as

g̃ → q̄qB̃, q̄q(′)W̃ ,

where q and q̄ denote the standard-model quark and anti-quark, respectively. The branching

ratio for each decay mode depends on the mass spectrum of squarks. If the masses of left-

and right-handed squarks are the same, the branching ratio for the latter process becomes

larger than the former. However, if the mass of the right-handed squarks are lighter than

the left-handed ones, they can be comparable (or Br (g̃ → q̄qB̃) may even become larger

than Br (g̃ → q̄q(′)W̃ )). The mass spectrum of the squarks is strongly model-dependent; it

depends on dimension-6 operators connecting (s)quark chiral multiplets and SUSY breaking

fields in the Kähler potential. Because the detail of the squark mass spectrum is currently

unknown, we simply assume that

Br (g̃ → q̄qB̃) = Br (g̃ → q̄q(′)W̃ ) = 0.5, (2.6)

and that the decay process is flavour universal. Such branching ratios are realized when the

masses of right-handed squarks are smaller than those of left-handed ones by a factor of a

few. We note here that one of the motivations of the assumptions mentioned above are to

demonstrate the possibility of the Bino mass determination as we explain in the following.

The dominant decay modes of Bino are given by

B̃ → W̃±W∓, W̃ 0h,

and, when |µ| ≫ |M1,2| ≫ mW,h (with mW and mh being the W -boson mass and Higgs

mass, respectively), the decay rates are approximately given by2

ΓB̃→W̃±W∓ =
βW̃±W∓κ2

8π
mB̃

(

1 +
mW̃

mB̃

)2 [

1 +
2m2
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] [

1−
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]

,

(2.7)

ΓB̃→W̃ 0h =
βW̃ 0hκ

2

8π
mB̃

[

(

1 +
mW̃

mB̃

)2

−
m2

h

m2
B̃

]

, (2.8)

where

β2
W̃±W∓ =

m4
B̃
− 2(m2

W̃± +m2
W )m2

B̃
+ (m2

W̃± −m2
W )2

m4
B̃

, (2.9)

and β2
W̃ 0h

is obtained by replacing mW̃± → mW̃ 0 and mW → mh in the above formula. In

addition, κ ≡ g1g2v sinβ cosβµ−1 with v ≃ 174GeV being the vacuum expectation value

2Rigorously speaking, the “Bino” and “Wino” indicate the mass eigenstates which consist mostly of Bino

and Wino, respectively.
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of the Higgs boson. The masses of charged and neutral Winos split after the electroweak

symmetry breaking. When |µ| is much larger than the electroweak scale, which is the case

in the present framework, the mass splitting is dominantly via radiative correction due

to loop diagrams with electroweak gauge bosons [10, 11], and the neutral Wino becomes

lighter than the charged one. Based on the two-loop calculation, the mass splitting is
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In the following, we adopt several Sample Points for our MC analysis. The mass

spectrum and fundamental parameters are summarized in table 1. As shown in table 1,

mW̃ < mB̃ < mg̃ in all Sample Points.

Assuming R-parity conservation, gluino decays as

g̃ → q̄qB̃, q̄q(′)W̃ ,

where q and q̄ denote the standard-model quark and anti-quark, respectively. The branching

ratio for each decay mode depends on the mass spectrum of squarks. If the masses of left-

and right-handed squarks are the same, the branching ratio for the latter process becomes

larger than the former. However, if the mass of the right-handed squarks are lighter than

the left-handed ones, they can be comparable (or Br (g̃ → q̄qB̃) may even become larger

than Br (g̃ → q̄q(′)W̃ )). The mass spectrum of the squarks is strongly model-dependent; it

depends on dimension-6 operators connecting (s)quark chiral multiplets and SUSY breaking

fields in the Kähler potential. Because the detail of the squark mass spectrum is currently

unknown, we simply assume that

Br (g̃ → q̄qB̃) = Br (g̃ → q̄q(′)W̃ ) = 0.5, (2.6)

and that the decay process is flavour universal. Such branching ratios are realized when the

masses of right-handed squarks are smaller than those of left-handed ones by a factor of a

few. We note here that one of the motivations of the assumptions mentioned above are to

demonstrate the possibility of the Bino mass determination as we explain in the following.

The dominant decay modes of Bino are given by

B̃ → W̃±W∓, W̃ 0h,

and, when |µ| ≫ |M1,2| ≫ mW,h (with mW and mh being the W -boson mass and Higgs

mass, respectively), the decay rates are approximately given by2

ΓB̃→W̃±W∓ =
βW̃±W∓κ2

8π
mB̃

(

1 +
mW̃

mB̃

)2 [

1 +
2m2

W

(mB̃ +mW̃ )2

] [

1−
m2

W

(mB̃ −mW̃ )2

]

,

(2.7)

ΓB̃→W̃ 0h =
βW̃ 0hκ

2

8π
mB̃

[

(

1 +
mW̃

mB̃

)2

−
m2

h

m2
B̃

]

, (2.8)

where

β2
W̃±W∓ =

m4
B̃
− 2(m2

W̃± +m2
W )m2

B̃
+ (m2

W̃± −m2
W )2

m4
B̃

, (2.9)

and β2
W̃ 0h

is obtained by replacing mW̃± → mW̃ 0 and mW → mh in the above formula. In

addition, κ ≡ g1g2v sinβ cosβµ−1 with v ≃ 174GeV being the vacuum expectation value

2Rigorously speaking, the “Bino” and “Wino” indicate the mass eigenstates which consist mostly of Bino

and Wino, respectively.
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Point 1 Point 2 Point 3

m3/2 [TeV] 250 302 350

L [TeV] 800 756 709

mB̃ [GeV] 3660 4060 4470

mW̃ [GeV] 2900 2900 2900

mg̃ [GeV] 6000 7000 8000

σ(pp → g̃g̃) [fb] 7.9 2.7 1.0

Table 1: Fundamental parameters (m3/2 and L), gaugino masses, and the gluino pair

production cross section (for the centre-of-mass of 100 TeV), for Sample Points 1, 2, and 3.

of the Higgs boson. The masses of charged and neutral Winos split after the electroweak

symmetry breaking. When |µ| is much larger than the electroweak scale, which is the case

in the present framework, the mass splitting is dominantly via radiative correction due

to loop diagrams with electroweak gauge bosons [10, 11], and the neutral Wino becomes

lighter than the charged one. Based on the two-loop calculation, the mass splitting is

δmW̃ ≃ 165 MeV [32]; then charged Wino dominantly decays as W̃± → W̃ 0π± with

cτW̃± ≃ 5.75 cm, (2.10)

where τW̃± is the proper lifetime of charged Wino while c is the speed of light.
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by a single standard-model particle. Another source of fake Wino-like track is due to an
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Implication
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Information about mass scales of 
heavy Higgses, Higgsinos or 
sfermions can be extracted

PGM parameters (m3/2, L, "L) can 
be constrained from gaugino 
masses

sfermion mass scale 

(Upper bound on) heavy Higgs, 
Higgsino mass scale



Summary
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‣ Presented prospect of gaugino searches with disappearing 
track analysis at 100 TeV collider 

‣FCC-hh at 100 TeV can cover the full mass range for 
discovery of thermal Wino/Higgsino DM 

‣ Possible to determine Wino, Bino and Gluino masses if they 
are within FCC reach 

- Crucial to have inner-detector with timing capability 

    � Implication to SUSY breaking mechanism and mass  
          scales of heavy SUSY particles


