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WIMP DM YES or NO ?  
• Neutralino is a dark matter candidate 

• Dark matter mass bound from the relic 
density. 

• wino ~ 3 TeV 
• higgsino ~ 1 TeV
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•Can not be discovered by normal ETmiss + jets SUSY searches 
(decay products too soft) 

• √s = 14 TeV is not enough to reach wino mass sensitivity of 3 TeV

mass degeneracy
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Figure 14: Summary of collider reach for neutralino dark matter.

while the discovery reach ranged from 350 � 700 GeV. Mixed dark matter parameter space

already receives strong constraints from direct detection and a more thorough study on the

impact of collider searches on this parameter space would be worthwhile.

Finally bino dark matter was studied, bringing various coannihilators into the spectrum to

avoid overclosing the universe. These scenarios utilized the monojet search to project reach.

The stop coannihilation exclusion reach was found to be m�̃ ⇠ 2.8 TeV and the discovery

reach to bem�̃ ⇠ 2.1 TeV. As the thermally-saturating bino mass in this case ism�̃ ⇠ 1.8 TeV

(and mt̃ ⇠ 1.8 TeV), dark matter can be either excluded or discovered in this channel. The

gluino coannihilation, on the other hand, was found to only reach the thermal bino mass for

a splitting of �m = 30 GeV, corresponding to m�̃ ⇠ 6.2 TeV and mg̃ ⇠ 6.23 TeV, so the

thermal parameter space is not entirely closed. Finally squark coannihilation can be excluded

up to m�̃ ⇠ 4.0 TeV and stau coannihilation cannot be probed in the monojet channel.

In addition to the aforementioned interplay with mixed dark matter and neutralino blindspots,

useful future work would be to look at how adding in more search channels can improve the

dark matter collider reach. Such searches would include monophoton searches, razor searches,

vector boson fusions searches, and multilepton searches. Another principal direction to ex-

tend these studies would be to look at the impact of bringing down other particles into the

low energy spectrum.
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• Wino or higgsino LSP leads meta-stable chargino 
• cτ ~ 6 cm (wino), 7 mm (higgsino)     → directly detectable 
• chargino tracks disappear in the tracker. 

• ATLAS limit for wino (higgsino) LSP : 460 GeV (152 GeV) 
• CMS limit : 715 GeV @ τ = 3 ns, ~ 310 GeV @ τ = 0.2 ns (wino LSP)

Disappearing track signature
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arXiv:1712.02118

Does FCC have a potential to definitively confirm/exclude 
that a thermally produced WIMP exists ?
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Configurations
Combinations of two track reconstruction, two detector layout 
and two minimum-bias QCD model configurations

minimum-bias QCD model configurations

1. Only non-diffractive process 
2. Including diffractive processes

The difference is shown 
as a band in the estimated 
sensitivities (shown later) 
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Analysis Overview
• Require a high pT ISR jet and large ETmiss 

• In ATLAS, jet pT>140, ETmiss > 140 GeV 
• Threshold optimised for each configuration 

• Require “disappearing track” 
• Defined as having no associated hits after a layer 
• Required at least 4 or 5 hits in a track. 
• Only the central (|η| < 1.9 by default) to suppress BG.

normal disappearing

no hits

some hits
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 GPH

Missing transverse 
momentum

Disappearing track

Default layout Alternative layout

1st jet pT [TeV] 2 8

ETmiss [TeV] 1 9

5-layer tracks, |η| < 1.9, 𝜇 = 500, 30 ab-1 
non-diffractive model, higgsino

Example:

Tight cut because of high efficiency



Background • Physical background 
• Missing hits due to material 
interaction                                               

• Dominant source is W→𝓁ν, where 𝓁 

is an electron or a 𝜏. 
• ETmiss  from ν and an isolated 
electron or a pion from 1-prong 𝜏 
decay. 

• Unphysical background 
• Random combination of hits 
• The rate depends on the detector 
layout, pileup etc.
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Sensitivity estimation
• Signal 

• ETmiss and jet pT higher than 
thresholds optimised for each 
configuration. 

• Assume we can reconstruct a signal 
track if a chargino go through at least 
4 or 5 silicon layers before the decay.
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O(104)

O(103)

O(102)

arXiv:1511.06495v1

• Background (detailed in following pages) 
• Physical BG 

• Scale the observed BG yield in ATLAS. 
• Unphysical BG 

• Estimate using a simple track reconstruction.



Physical Background

• Physical background 
• Background yield is estimated by scaling the ATLAS data (36 fb-1) with the 
integrated luminosity, the cross-section, the kinematical selection 
efficiency of W→𝓁ν (main BG) and the scattering probability (calculated 
from the ratio of the material in FCC to that in ATLAS)

 8

NBGFCC = NBGATLAS ×          ×           ×          × 
LATLAS      σATLAS     fATLAS      pATLAS
LFCC          σFCC         fFCC         pFCC

~800 ~10 ~0.6

Depends on thresholds 
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Inner detector material

#radius [cm]
0 5 10 15 20 25 30 35 40 45

0
N

um
be

r o
f X

0

0.002

0.004

0.006

0.008

0.01 Copper
Aluminum
SteelShielding
lithiatedPolyethylene
Air
Silicon
PE
Carbon
Beryllium

r [mm]
0 100 200 300 400 500 600

 / 
m

m
]

3-
10´

r [D/ 0XND

0

1

2

3

4

5

6

7
Original Geometry
Updated Geometry Simulation

|z| < 300 mm

ATLAS

BP IB
L

PI
X1

PI
X2

PI
X3

PS
F

PS
T

SC
T-

IT
E

SC
T1

SC
T2

SC
T3

SC
T4

SC
T-

O
TE

L?bTC 1�(.
.%
)/)-

6G?6F�9PAPNA<?�

�88�9PAPNA<?
C
%
%


A -


	�

%
(

>X
XP
?�(

>X
XP
?�)

>X
XP
?�


>X
XP
?�+

>X
XP
?�,

>X
XP
?�-


%
�h (
�)

(%/�h (
�)

>XNV_OTXR�ASP@P�W<O_VP@�L?P�MPAAP?%
7_A�X<�N<??P@=<XOTXR�@A?_NA_?P�LA��88
>@�TA�QLT?�A<�TXNV_OP�ASP@P�W<O_VP@5�<?�X<A5

ELOTLAT<X�VPXRAS

LCP?LRP�<X�ePALe�2�)7L@PO�<X�:bLW=VP@	<=AT<X@	WLAP?TLV.@NLX%=c <X��88FI




)%(�h (
�)

r [cm]
Inactive volumes (support, circuits etc) are not defined in FCC geometry yet. 
We assumed the same Pixel v.s. Support material ratio. 

4th layer 5th layer

→ we will follow up once support volumes are defined



Fake-track background
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• 10 times lower BG with a tight pseudo rapidity cut (|η| < 1). 
• BG rates with 4-layer tracks are too high. 
→ Expected sensitivities are calculated with 5-layer track configuration. 
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Sensitivity
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•With the alternative layout, 3 TeV wino can be discovered. 
•1 TeV higgsino is difficult with this configuration.

30% uncertainty in BG yield is assumed
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Modifications to discover 1 TeV higgsino 
1) Decrease the pileup down to 200 2) Tight cut on the pseudorapidity (< 1.0) 
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Key points in the layout
• Five space points are needed to reduce the fake-track rate. 
• For the signal acceptance, a smaller radius of the fifth layer is better. 
• Tilted silicon module layout with additional tilted modules can decrease the fake-
track rate in the high |η| region, if more than two hits are expected per layer.

 13 z [mm]
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

r [
m

m
]

0

50

100

150

200

250

300

350

400

450

0.0 1.0 2.0

2.5

2.0

2.5

3.0

3.5

4.0

4.5
5.05.5
6.0
ηZ [mm]

R 
[m

m
] FCC tilted layout 

with extra tilted modules

Disappearing track

η=2.5



Conclusion
• FCC-hh indeed has the potential to answer YES or NO to the 
existence of a pure wino or higgsino DM with a modified 
layout. 
• Minimum requirements 
• 𝜇=500 or less pileup 
• 5 space points in track reconstruction 
• 5th pixel layer inner than ~15 cm 

• To discover earlier than 30 ab-1 
• lower 𝜇 is better due to the rapid rise of the fake-track BG rate. 
• Tilted silicon layout decrease BG significantly. (quantitive  study to be done.) 14



Backup

 15
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Uncertainties and future improvements in 
the estimation
• Main background (fake tracks) is about proportional to the fifth power of 
the pixel-hit rate (for 5-layer tracks). Reducing the uncertainty in the soft 
QCD processes would improve the estimate. 

• We will consider further about other possible sources of BG (e.g. semi-
fake tracks: scattered particle + a random hit). 

• Fake-track rate depends on the track reconstruction algorithm. The rate 
could be decreased by improving it (e.g. machine learning to identify fake 
tracklets ?) 

• Categorising the signal region by the number of layers and rapidity should 
improve the sensitivity.



Signal geometrical acceptance
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[%] Default layout Alternative layout

Wino (3 TeV)

|η| < 1.9
4-layer track 4.0 7.3

5-layer track 0.84 4.0

|η| < 1.0
4-layer track 2.5 4.4

5-layer track 0.57 2.5

Higgsino (1 TeV)

|η| < 1.9
4-layer track 0.0059 0.023

5-layer track 0.00028 0.0059

|η| < 1.0
4-layer track 0.0043 0.016

5-layer track 0.00022 0.0043



Event yields in SR
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[%] Default layout Alternative layout

Wino (3 TeV)

1st jet pT [TeV] 1 1

ETmiss [TeV] 5 5

Signal events 22.9 68.3

BG events 74.5 64.7

Expected significance 2.3 6.7

Higgsino (1 TeV)

1st jet pT [TeV] 2 8

ETmiss [TeV] 1 9

Signal events 2.4 4.2

BG events 13291 1.8

Expected significance 0 2.1

5-layer tracks, |η| < 1.9, 𝜇 = 500, 30 ab-1 
non-diffractive model

30% uncertainty in BG yield is assumed



Event yields in SR
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[%] Default layout Alternative layout

Wino (3 TeV)

1st jet pT [TeV] 1 1

ETmiss [TeV] 4 2

Signal events 38.1 422

BG events 6.0 145

Expected significance 9.8 26

Higgsino (1 TeV)

1st jet pT [TeV] 1 1

ETmiss [TeV] 1 4

Signal events 3.3 23.1

BG events 1980 5.8

Expected significance 0.1 6.7

5-layer tracks, |η| < 1.9, 𝜇 = 200, 30 ab-1 
non-diffractive model

30% uncertainty in BG yield is assumed



Event yields in SR
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[%] Default layout Alternative layout

Wino (3 TeV)

1st jet pT [TeV] 1 1

ETmiss [TeV] 4 4

Signal events 28.5 92.6

BG events 27.0 14.5

Expected significance 4.6 15

Higgsino (1 TeV)

1st jet pT [TeV] 1 8

ETmiss [TeV] 1 8

Signal events 2.7 4.7

BG events 8214 0.17

Expected significance 0 4.5

5-layer tracks, |η| < 1.0, 𝜇 = 500, 30 ab-1 
non-diffractive model

30% uncertainty in BG yield is assumed



Event yields in SR
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[%] Default layout Alternative layout

Wino (3 TeV)

1st jet pT [TeV] 1 1

ETmiss [TeV] 4 2

Signal events 28.5 287

BG events 1.9 42.6

Expected significance 10 27

Higgsino (1 TeV)

1st jet pT [TeV] 1 1

ETmiss [TeV] 1 4

Signal events 2.7 19.0

BG events 673 1.6

Expected significance 0 8.9

5-layer tracks, |η| < 1.0, 𝜇 = 200, 30 ab-1 
non-diffractive model

30% uncertainty in BG yield is assumed



Software used in this study
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Wino mass spectrum SOFTSUSY

Higgsino mass spectrum SUSYHIT

Signal cross-section PROSPINO2

Signal Kinematic distribution MG5_aMC@NLO

SM BG MG5_aMC@NLO

Detector response DELPHES

Minimum-bias events PYTHIA8



ETmiss and jet pT
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