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Neutralino dark matter
• The lightest neutralino is a good 

candidate of dark matter.

• Bino DM would be overproduced, 
while Wino and Higgsino would 
give the correct relic density.

• If thermally produced, the dark 
matter mass should be ~1 TeV 
for Higgsino and 3 TeV for Wino 
scenarios.

• “Mixed” LSP models are strongly 
constrained by underground 
direct-searches.
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Wino and higgsino at collider
• If the LSP is almost pure higgsino or 

wino, the mass difference between the 
neutral and the charged states is tiny 
(𝒪(100 MeV)) as a function of the LSP 
mass (nearly independent of other 
SUSY particle masses)

• Due to the small mass difference, the 
lifetime of chargino is macroscopic,
• Wino : cτ ~ 6 cm
• Higgsino : cτ ~ 1–2 cm

 3
ATLAS SUSY-2016-06

Bino mass dependence
of wino lifetime

Higgsino mass dependence
of wino lifetime



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

Disappearing track search @ LHC

• Long lived chargino searches using 
disappearing track
• Short tracks which do not have associated hits in the 

outer part of the tracker and calorimeters.

• ATLAS (36 fb-1 results)
• Wino excluded below 460 GeV (cτ = 0.2 ns)
• Higgsino excluded below 152 GeV.

• CMS
• Direct production (38 fb-1)
• Full Run 2 result for gluino-decay channel.
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Future Circular Collider (FCC-hh)
• 100 km tunnel in Geneva area
• pp collider with √s = 100 TeV
• 200—1000 collisions per bunch crossing
• Total integrated lumi. ~ 20 ab-1

• Much higher sensitivities to various new 
physics than LHC
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Details in Filip’s talk
4

Future pp colliders 
Filip Moortgat

Since 2014: international 
collaboration to study 

• pp-collider (FCC-hh)       
à main emphasis, 
defining infrastructure 
requirements 

• 80-100 km infrastructure 
in Geneva area

• e+e- collider (FCC-ee) as 
potential intermediate step

• p-e (FCC-he) option

~16 T Þ 100 TeV pp in 100 km
~20 T Þ 100 TeV pp in 80 km

Future Circular Collider Study – SCOPE 

55
Future pp colliders 
Filip Moortgat

SUSY reach

https://indico.cern.ch/event/744951/contributions/3171264/attachments/1739935/2815124/LLP_Nikhef_Filip.pdf
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DT + Hit-time information
• Low Gain Avalanche Detectors (LGAD) 

have time resolution of 10—30 ps
• We assume here that the detector can be 

used in FCC as the inner pixel-detector 
(not at an additional timing-layer).

• We can use the hit-time for two purpose
1. BG fake tracks (random-combination) 

decrease by requiring consistent time of 
pixel-hits on track.

2. Measure the velocity of a particle.
• Vertex time can be determined by ISR 

jets
• If hit-time resolution is 20 ps, velocity 

resolution for charginos could be ~6%.
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Figure 1. Picture of the wafer (top left), as well as top view (top right) and side view (bottom) of the LGA
pad diode structure.

the 1.3 mm wide active area, and a guard ring. The gain is provided by a 1.0 mm wide central
p-type multiplication layer underneath the n+ implant, which enhances the electrical field in this
region to values su�cient for impact ionsiation. Three di�erent multiplication layer implantation
doses2 were used on di�erent wafers in order to provide devices with di�erent gain and break down
voltage (VBD) behaviour: 1.8 (low), 1.9 (medium) and 2.0 (high) ⇥1013 cm�2. In this paper, the
low and medium implantation doses were studied. The top implant is metalised with aluminium
with a central hole for light injection. Four holes are etched through the insensitive substrate from
the back side, which is subsequently covered with aluminium, to provide the back side contact to
the thin active area.

Two of the medium-dose samples were irradiated with neutrons at the TRIGA reactor in Ljubl-
jana to a 1-MeV-neutron-equivalent fluence of 3 ⇥ 1014 neq/cm2, and another two to 1015 neq/cm2.

An overview on the samples studied is given in table 1. Typically, for each type of dose and
fluence, there are two copies of LGAD diodes called briefly L1 and L2 (for the low dose, also a
third device L3 was used, but only for the Sr90 measurement). In the following, the devices will be
referred to according to their short names listed in the table.

2In the following simply referred to as dose, not to confuse with the irradiation level which will be referred to in terms
of particle fluence.
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Expected reach at FCC
• Signal and signature : direct production, ISR jet + MET + a disappearing track
• Modified pixel-detector layout (5 layers within 15cm from the beamline)
• BG rejection using time information (𝜒2/ndf in the fit)
• Fake track BG estimated using Geant4 simulation
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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

– 6 –
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Wino mass measurement

• Velocity is measured by the tracker 
using time information

• How to measure the momentum ?
• We can not use the momentum of 

charged-wino tracks because of the 
too poor resolution; the track length 
is too short (< 10cm) !

• Instead, we can reconstruct from 
ETmiss and direction of charged 
winos, because pion carry little 
momentum (O(100 MeV))
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Isolated lepton-veto is also applied 2% precision @ 2.9 TeV

Reconstructed wino mass
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Bino mass measurement
• Reconstruct Bino mass from Wino and W 

momentum
• Wino momentum : reconstruct from the 

measured velocity and Wino mass.
• W momentum : reconstruct using fat jets.
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Gluino mass measurement
• Gluino mass is reconstructed by “hemi-

sphere” analysis
1. Define two hemi-spheres using two 

disappearing-track directions
2. Iteratively assign jets to each hemi-sphere and 

update the directions
3. Reconstruct the gluino mass from jets and 

Winos.

•  Gluino mass can be estimated from the 
cross-section.

• Comparing the two estimates would be 
good test of SUSY hypothesis.
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Reconstructed gluino mass
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Implication
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Three model parameters can be 
constrained by the gaugino mass 
measurements.

Mass scale of sfermions and Higgsinos
Mass scales of Higgsinos and heavy Higgses.

The gaugino mass measurements 
would imply also the next particle-
mass scale (Higgsino, Higgses and 
sferimions)
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Conclusion
• Timing-capable inner-most detector in collider 

experiments is very effective to reduce background.

• This will enable to discover higgsino or wino DM.

• Using the velocity measurement of charginos, it becomes 
possible to measure all gaugino masses.

• This will give understanding of the next energy scale 
(beyond FCC).

• Can we do a similar search in LHC or HL-LHC using 
pixel dE/dx, instead of timing, to measure the velocity ?
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