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1. Dark Matter
With R parity conservation, the lightest supersymmetric particle is stable

Gauge, gravity

boson fermion

Higgsino, bino, wino, 
gravitino, (sneutrino)

R parity can arise from  or  + 4D fermion numberSO(10) B − L

“Fermion number” of  :  is odd 
 subgroup of          : baryons and leptons are odd

SO(10) 16 = (Q, ū, d̄, L, ē)
Z2 3(B − L)



2. Baryon asymmetry
Affleck and Dine (1985)

Rotation of squarks or sleptons 
in the early universe can 

explain the baryon asymmetry 
of the universe



3. Precise gauge coupling unification
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4. Electroweak scale

MSSM does not explain the EW scale fully naturally, 
but still the huge hierarchy problem is absent.

100 GeV
1 − 1000 TeV

∼∼

GUT-Planck

mSUSY ∝ exp(−
8π2

bg2
)

mSUSY ≪ MPL, Mst, MGUT

can be explained by dimensional transmutation

Dynamical SUSY breaking

SUSY
EW

1016 − 1018 GeV

Witten (1981)



5. Intermediate scales

Peccei-Quinn symmetry breaking scale 

Parity symmetry breaking scale 

Right-handed neutrino mass scale 

Inflation scale 

…

Supersymmetry can stabilize intermediate scales in BSM models



Today’s strategy

Minimal supersymmetric Standard Model 
Sfermion masses are not hierarchical 
Unification 
Avoiding tuning except for the EW scale 
Thermal dark matter abundance not too large

Discuss canonical scenarios:
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Higgs mass
V = λ |H |4 − m2 |H |2

V4 =
g2

2 + g2
Y

8
( |Hu |2 − |Hd |2 )2 →

g2 + g2
Y

8
cos(2β) |H |4 , tanβ =

< Hu >
< Hd >

mh = mZ × cos(2β) < 90 GeV < mh,obs

In SUSY limit,

mh = 2 λ × 173GeV



Higgs mass and SUSY breaking
mh = 2 λ × 173GeV
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Fours scenarios in the MSSM

 with  and a large trilinear  

 with  

 with  

 with  

m0 = few TeV tanβ ≫ 1

m0 ∼ 10 TeV tanβ ≫ 1

m0 ∼ 100 − 1000 TeV tanβ = O(1)

m0 ≫ 1000 TeV tanβ ≃ 1
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Fig. 9.1 Left: projected 2σ
indirect reach solely from Higgs
coupling constraints on stops
from FCC-ee and FCC-hh [278].
Right: projected direct FCC-hh
2σ and 5σ discovery reach for
supersymmetric Higgsinos,
Winos, sleptons, stops, squarks,
and gluinos (see Ref. [279] for
details). HL-LHC projections
are only shown for coloured
sparticles and projections for
Higgsinos and Winos are
currently under investigation

and higher values, reducing their effectiveness in explaining the hierarchy between the EW and Planck scales. Nonetheless,
supersymmetry still maintains a forefront role in addressing the puzzles posed by the Higgs.

With regard to the Higgs mass, the most important supersymmetric partner particles are those that interact with the Higgs
boson most strongly. In practice, these are the top squarks (stops), EW gauginos, and Higgsinos. Thus if supersymmetry
plays some role in resolving the hierarchy problem these particles should show up near to the weak scale. One can search
for the presence of these particles indirectly, using high precision measurements at low energies. In particular, the leading
indirect effect of stops is that they modify some of the properties of the Higgs boson. The most notable modifications are to the
interactions between the Higgs boson and gluons and also between the Higgs boson and the photon. None of these interactions
exist at the classical level (the photon and the gluon being massless particles, they do not directly interact with the Higgs
boson), but they are generated by quantum corrections. This is why they are particularly sensitive to new strongly coupled
degrees of freedom like stops. At FCC-ee high precision measurements of these interactions can thus reveal the presence of
these particles. Furthermore, supersymmetry requires a minimal interaction strength between the stop and the Higgs boson,
thus the main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected indirect
constraints on stops from LHC Higgs measurements are shown alongside projected constraints at FCC-ee and FCC-hh. Since
the precision of Higgs coupling measurements is greatest at FCC-ee the latter constraints are dominated by the FCC-ee
measurements. Dedicated studies at FCC-hh, using e.g. H+jet production at high invariant mass, could further reveal the
structure of the indirect corrections to the Higgs interactions.

At high energies it is also possible to produce the supersymmetric partner particles directly. The experimental signatures
typically involve final states featuring jets and missing energy, however a plethora of dedicated searches are required to cover
the full suite of possible experimental signatures. In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is
shown for a variety of supersymmetric particles. Details of the phenomenological studies are presented in the extensive review
of BSM searches at FCC-hh, Ref. [279]. Further dedicated analyses have been carried out in the framework of the FCC-hh
detector performance studies. The study of the reach for Higgsino and Wino, in the context of DM searches, is presented
in Sect. 12. The search for stops is reviewed in the next section. The direct reach shown in Fig. 9.1 extends far beyond the
indirect precision Higgs coupling reach, in some cases to well above 10 TeV. As a result, the combined FCC projects could
comprehensively and unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-parity, is respected. Such
a symmetry is useful for stabilising dark matter candidates and/or forbidding observable proton decay. However, it is possible
that R-parity is violated in a manner that is consistent with such constraints. In models with R-parity violation it is possible
to have single, rather than pair, production of sparticles. This can be probed by multi-lepton and multijet signatures at the
FCC-hh. At the FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-t̃ Yukawa interaction can be probed at the level of λ131 ! 0.01.

9.2.1 Direct stop search at FCC-hh

A dedicated study of stop production at FCC-hh, which corroborates earlier phenomenological estimates of the reach [280],
exposes some of the detector challenges met when using hadronic decays of highly energetic top quarks, helping to define
the detector design criteria. Here the main findings of the detailed analysis of Ref. [281] are presented.
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Gravity mediation

SUSY breaking MSSM

Planck-scale  suppressed 
interactions

MPL

ℒ ∼
FF†

M2
PL

q̃†q̃  SUSY breaking parameterF :



Gravity mediation
• All sfermion masses are around 10 TeV 
• Unification : mbino : mwino : mgluino ≃ 1 : 2 : 5

To avoid LSP overproduction,  is required mhiggsino < 1 TeV

1. Nearly pure Higgsino LSP : Natsumi Nagata’s talk 
2. Higgsino-bino mixed LSP (well-tempered)

A canonical scenario:

Pure bino LSP annihilates ineffectively, 
and DM is overproduced

mbino ≲ 1 TeV → mgluino ≲ 5 TeV

• small coupling 
• heavy scalar 
• chirality suppression



Large is natural< Hu > / < Hd >
V = (μ2 + m2

Hu
) |Hu |2 + (μ2 + m2

Hd
) |Hd |2 + (BμHuHd + h . c.)

SUSY breaking terms

B ∼ m3/2 ∼ m0supergravity gives

tanβ ≃ 2
m2

Hu
+ m2

Hd
+ 2μ2

Bμ
≫ 1



Direct detection? 

Direct detection determines the bino mass

*  gives a different prediction mbino ≲ TeV

tanβ ≫ 1
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mbino

mstop

3 TeV 4 TeV 20 TeV

prompt gluino 
at FCC LZ DARWIN

mgluino > 100 TeV

too large stop mass, 
too large Higgs mass

10 TeV

prompt stop 
at FCC

quantum 
correction



Stop and gluino search
Decay products include a long-lived charged higgsino

cτH̃± = few − 10 mm
tree-level and quantum 

correction

H̃±

H̃0
H̃0, H̃±

Slight improvement of sensitivity by displaced vertices or disappearing tracks??

Note the significant boost : p
mhiggsino

= O(10)

Natsumi Nagata’s talk



Gauge mediation

SUSY breaking MSSM
Gauge interaction

ℒ =
FF†

M2
m

q̃†q̃
 SUSY breaking parameterF :

Mm ≪ MPl



Predictable, so less assumptions

Minimal supersymmetric Standard Model 
Sfermion masses are not hierarchical 
Unification 
Avoiding tuning except for the EW scale 
Thermal dark matter abundance not too large

automatic

no tunable parameter 
(after EW tuning)

mass scale solely determined by the higgs mass



Gauge mediation
V = (μ2 + m2

Hu
) |Hu |2 + (μ2 + m2

Hd
) |Hd |2 + (BμHuHd + h . c.)

arises at higher order corrections 
in the minimal setup 

mt̃ ≤ 10 − 15 TeV

(For . For ,  20% larger stop mass)mt = 173 GeV mt ≃ 172 GeV

tanβ ≃ 2
m2

Hu
+ m2

Hd
+ 2μ2

Bμ
≫ 1



Gauge mediation
mt̃ ≤ 10 − 15 TeV

g̃
ũ, d̃

W̃

B̃
τ̃R

Nm = 1, tanβ = 40
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Fig. 9.1 Left: projected 2σ
indirect reach solely from Higgs
coupling constraints on stops
from FCC-ee and FCC-hh [278].
Right: projected direct FCC-hh
2σ and 5σ discovery reach for
supersymmetric Higgsinos,
Winos, sleptons, stops, squarks,
and gluinos (see Ref. [279] for
details). HL-LHC projections
are only shown for coloured
sparticles and projections for
Higgsinos and Winos are
currently under investigation

and higher values, reducing their effectiveness in explaining the hierarchy between the EW and Planck scales. Nonetheless,
supersymmetry still maintains a forefront role in addressing the puzzles posed by the Higgs.

With regard to the Higgs mass, the most important supersymmetric partner particles are those that interact with the Higgs
boson most strongly. In practice, these are the top squarks (stops), EW gauginos, and Higgsinos. Thus if supersymmetry
plays some role in resolving the hierarchy problem these particles should show up near to the weak scale. One can search
for the presence of these particles indirectly, using high precision measurements at low energies. In particular, the leading
indirect effect of stops is that they modify some of the properties of the Higgs boson. The most notable modifications are to the
interactions between the Higgs boson and gluons and also between the Higgs boson and the photon. None of these interactions
exist at the classical level (the photon and the gluon being massless particles, they do not directly interact with the Higgs
boson), but they are generated by quantum corrections. This is why they are particularly sensitive to new strongly coupled
degrees of freedom like stops. At FCC-ee high precision measurements of these interactions can thus reveal the presence of
these particles. Furthermore, supersymmetry requires a minimal interaction strength between the stop and the Higgs boson,
thus the main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected indirect
constraints on stops from LHC Higgs measurements are shown alongside projected constraints at FCC-ee and FCC-hh. Since
the precision of Higgs coupling measurements is greatest at FCC-ee the latter constraints are dominated by the FCC-ee
measurements. Dedicated studies at FCC-hh, using e.g. H+jet production at high invariant mass, could further reveal the
structure of the indirect corrections to the Higgs interactions.

At high energies it is also possible to produce the supersymmetric partner particles directly. The experimental signatures
typically involve final states featuring jets and missing energy, however a plethora of dedicated searches are required to cover
the full suite of possible experimental signatures. In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is
shown for a variety of supersymmetric particles. Details of the phenomenological studies are presented in the extensive review
of BSM searches at FCC-hh, Ref. [279]. Further dedicated analyses have been carried out in the framework of the FCC-hh
detector performance studies. The study of the reach for Higgsino and Wino, in the context of DM searches, is presented
in Sect. 12. The search for stops is reviewed in the next section. The direct reach shown in Fig. 9.1 extends far beyond the
indirect precision Higgs coupling reach, in some cases to well above 10 TeV. As a result, the combined FCC projects could
comprehensively and unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-parity, is respected. Such
a symmetry is useful for stabilising dark matter candidates and/or forbidding observable proton decay. However, it is possible
that R-parity is violated in a manner that is consistent with such constraints. In models with R-parity violation it is possible
to have single, rather than pair, production of sparticles. This can be probed by multi-lepton and multijet signatures at the
FCC-hh. At the FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-t̃ Yukawa interaction can be probed at the level of λ131 ! 0.01.

9.2.1 Direct stop search at FCC-hh

A dedicated study of stop production at FCC-hh, which corroborates earlier phenomenological estimates of the reach [280],
exposes some of the detector challenges met when using hadronic decays of highly energetic top quarks, helping to define
the detector design criteria. Here the main findings of the detailed analysis of Ref. [281] are presented.
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Fig. 9.1 Left: projected 2σ
indirect reach solely from Higgs
coupling constraints on stops
from FCC-ee and FCC-hh [278].
Right: projected direct FCC-hh
2σ and 5σ discovery reach for
supersymmetric Higgsinos,
Winos, sleptons, stops, squarks,
and gluinos (see Ref. [279] for
details). HL-LHC projections
are only shown for coloured
sparticles and projections for
Higgsinos and Winos are
currently under investigation

and higher values, reducing their effectiveness in explaining the hierarchy between the EW and Planck scales. Nonetheless,
supersymmetry still maintains a forefront role in addressing the puzzles posed by the Higgs.

With regard to the Higgs mass, the most important supersymmetric partner particles are those that interact with the Higgs
boson most strongly. In practice, these are the top squarks (stops), EW gauginos, and Higgsinos. Thus if supersymmetry
plays some role in resolving the hierarchy problem these particles should show up near to the weak scale. One can search
for the presence of these particles indirectly, using high precision measurements at low energies. In particular, the leading
indirect effect of stops is that they modify some of the properties of the Higgs boson. The most notable modifications are to the
interactions between the Higgs boson and gluons and also between the Higgs boson and the photon. None of these interactions
exist at the classical level (the photon and the gluon being massless particles, they do not directly interact with the Higgs
boson), but they are generated by quantum corrections. This is why they are particularly sensitive to new strongly coupled
degrees of freedom like stops. At FCC-ee high precision measurements of these interactions can thus reveal the presence of
these particles. Furthermore, supersymmetry requires a minimal interaction strength between the stop and the Higgs boson,
thus the main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected indirect
constraints on stops from LHC Higgs measurements are shown alongside projected constraints at FCC-ee and FCC-hh. Since
the precision of Higgs coupling measurements is greatest at FCC-ee the latter constraints are dominated by the FCC-ee
measurements. Dedicated studies at FCC-hh, using e.g. H+jet production at high invariant mass, could further reveal the
structure of the indirect corrections to the Higgs interactions.

At high energies it is also possible to produce the supersymmetric partner particles directly. The experimental signatures
typically involve final states featuring jets and missing energy, however a plethora of dedicated searches are required to cover
the full suite of possible experimental signatures. In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is
shown for a variety of supersymmetric particles. Details of the phenomenological studies are presented in the extensive review
of BSM searches at FCC-hh, Ref. [279]. Further dedicated analyses have been carried out in the framework of the FCC-hh
detector performance studies. The study of the reach for Higgsino and Wino, in the context of DM searches, is presented
in Sect. 12. The search for stops is reviewed in the next section. The direct reach shown in Fig. 9.1 extends far beyond the
indirect precision Higgs coupling reach, in some cases to well above 10 TeV. As a result, the combined FCC projects could
comprehensively and unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-parity, is respected. Such
a symmetry is useful for stabilising dark matter candidates and/or forbidding observable proton decay. However, it is possible
that R-parity is violated in a manner that is consistent with such constraints. In models with R-parity violation it is possible
to have single, rather than pair, production of sparticles. This can be probed by multi-lepton and multijet signatures at the
FCC-hh. At the FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-t̃ Yukawa interaction can be probed at the level of λ131 ! 0.01.

9.2.1 Direct stop search at FCC-hh

A dedicated study of stop production at FCC-hh, which corroborates earlier phenomenological estimates of the reach [280],
exposes some of the detector challenges met when using hadronic decays of highly energetic top quarks, helping to define
the detector design criteria. Here the main findings of the detailed analysis of Ref. [281] are presented.
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ũ, d̃

W̃

B̃
τ̃R

Nm = 2, tanβ = 40
474 Page 98 of 161 Eur. Phys. J. C (2019) 79 :474

Fig. 9.1 Left: projected 2σ
indirect reach solely from Higgs
coupling constraints on stops
from FCC-ee and FCC-hh [278].
Right: projected direct FCC-hh
2σ and 5σ discovery reach for
supersymmetric Higgsinos,
Winos, sleptons, stops, squarks,
and gluinos (see Ref. [279] for
details). HL-LHC projections
are only shown for coloured
sparticles and projections for
Higgsinos and Winos are
currently under investigation

and higher values, reducing their effectiveness in explaining the hierarchy between the EW and Planck scales. Nonetheless,
supersymmetry still maintains a forefront role in addressing the puzzles posed by the Higgs.

With regard to the Higgs mass, the most important supersymmetric partner particles are those that interact with the Higgs
boson most strongly. In practice, these are the top squarks (stops), EW gauginos, and Higgsinos. Thus if supersymmetry
plays some role in resolving the hierarchy problem these particles should show up near to the weak scale. One can search
for the presence of these particles indirectly, using high precision measurements at low energies. In particular, the leading
indirect effect of stops is that they modify some of the properties of the Higgs boson. The most notable modifications are to the
interactions between the Higgs boson and gluons and also between the Higgs boson and the photon. None of these interactions
exist at the classical level (the photon and the gluon being massless particles, they do not directly interact with the Higgs
boson), but they are generated by quantum corrections. This is why they are particularly sensitive to new strongly coupled
degrees of freedom like stops. At FCC-ee high precision measurements of these interactions can thus reveal the presence of
these particles. Furthermore, supersymmetry requires a minimal interaction strength between the stop and the Higgs boson,
thus the main free parameter is only the mass of the particles. In the left panel of Fig. 9.1 the combined projected indirect
constraints on stops from LHC Higgs measurements are shown alongside projected constraints at FCC-ee and FCC-hh. Since
the precision of Higgs coupling measurements is greatest at FCC-ee the latter constraints are dominated by the FCC-ee
measurements. Dedicated studies at FCC-hh, using e.g. H+jet production at high invariant mass, could further reveal the
structure of the indirect corrections to the Higgs interactions.

At high energies it is also possible to produce the supersymmetric partner particles directly. The experimental signatures
typically involve final states featuring jets and missing energy, however a plethora of dedicated searches are required to cover
the full suite of possible experimental signatures. In the right hand panel of Fig. 9.1 the direct discovery reach at FCC-hh is
shown for a variety of supersymmetric particles. Details of the phenomenological studies are presented in the extensive review
of BSM searches at FCC-hh, Ref. [279]. Further dedicated analyses have been carried out in the framework of the FCC-hh
detector performance studies. The study of the reach for Higgsino and Wino, in the context of DM searches, is presented
in Sect. 12. The search for stops is reviewed in the next section. The direct reach shown in Fig. 9.1 extends far beyond the
indirect precision Higgs coupling reach, in some cases to well above 10 TeV. As a result, the combined FCC projects could
comprehensively and unambiguously determine whether supersymmetry is realised in proximity to the weak scale and thus
whether supersymmetry resolves the hierarchy problem.

It is typically assumed in supersymmetric models that an additional discrete global symmetry, R-parity, is respected. Such
a symmetry is useful for stabilising dark matter candidates and/or forbidding observable proton decay. However, it is possible
that R-parity is violated in a manner that is consistent with such constraints. In models with R-parity violation it is possible
to have single, rather than pair, production of sparticles. This can be probed by multi-lepton and multijet signatures at the
FCC-hh. At the FCC-eh, furthermore, one can constrain anomalous Yukawa interactions involving electrons and the first
generation quarks. For instance, an e-d-t̃ Yukawa interaction can be probed at the level of λ131 ! 0.01.

9.2.1 Direct stop search at FCC-hh

A dedicated study of stop production at FCC-hh, which corroborates earlier phenomenological estimates of the reach [280],
exposes some of the detector challenges met when using hadronic decays of highly energetic top quarks, helping to define
the detector design criteria. Here the main findings of the detailed analysis of Ref. [281] are presented.
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Decay into gravitino

cτ ≃ 106 m ( m3/2

GeV )
2

( 3 TeV
mNLSP )

4

NLSP can be long-lived

ex. charged track from stau NLSP 
displaced vertex from bino NLSP
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Mini-split?

gravitino 
sfermions 100 − 1000 TeVscalars obtain masses by Planck-scale suppressed 

interaction with the SUSY breaking sector

SM Higgs 100 GeV

ℒ =
FF†

M2
PL

q̃†q̃

Giudice, Luty, Murayama, and Rattazzi (1998) 
Wells (2003), Arkani-Hamed and Dimopoulos (2004), …

Assume that the SUSY-breaking field is charged



Mini-split?

mgaugino,tree = 0

Gaugino masses are given by a quantum effect 
(anomaly mediation)

gauginos

SM Higgs

100 − 1000 TeV

1 − 10 TeV

100 GeVRandall and Sundrum (1998) 
Giudice, Lucy, Murayama, and Rattazzi (1998)

gravitino 
sfermions

coupling with gauginos is suppressed
Fg̃g̃

Giudice, Luty, Murayama, and Rattazzi (1998) 
Wells (2003), Arkani-Hamed and Dimopoulos (2004), …

Assume that the SUSY-breaking field is charged



Mini-split?

gauginos

SM Higgs

100 − 1000 TeV

1 − 10 TeV

100 GeV

gravitino 
sfermions

collider targetsmgaugino,tree = 0

Gaugino masses are given by a quantum effect 
(anomaly mediation)

Randall and Sundrum (1998) 
Giudice, Lucy, Murayama, and Rattazzi (1998)

coupling with gauginos is suppressed
Fg̃g̃

Assume that the SUSY-breaking field is charged

Giudice, Luty, Murayama, and Rattazzi (1998) 
Wells (2003), Arkani-Hamed and Dimopoulos (2004), …



Mini-split
Compatible with simple dynamical SUSY-breaking mechanisms 

Gravitino decay does not disturb BBN 

No moduli in the SUSY breaking sector

τ ≃ 0.1 sec ( 100 TeV
m3/2 )

3

mSUSY ∝ exp (−8π2/bg2) SUSY-breaking field is often charged



Gaugino masses

mbino : mwino : mgluino ≃ 3 : 1 : 10

Anomaly mediation

+
Correction from Higgsino
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Fig. from KH, Ibe, and Yanagida (2013) 

wino or bino LSP
mgluino > 2mwino for wino LSP



Thermal wino DM

mwino ≃ 3 TeV, mgluino ≳ 6 TeV

ab
un

da
nc

e

Wino be probed by FCC-hh (Natsumi Nagata’s talk)



Non-thermal wino DM

Ex . mwino ≃ 1 TeV, mgluino ≳ 2 TeV

reheating wino freeze-out gravitino decay

gg → g̃ψ3/2

TR T = 10 − 100 GeV T = 10 MeV
ψ3/2 → W̃ + W

ΩW̃

ΩDM
=

mwino

1 TeV
TR

2 × 109 GeV

t



Gluino search
g̃g̃ → qqq̄q̄χ̃0 χ̃0

LHC      ( )            :  
FCC-hh ( ) :  

14 TeV, 3 ab−1 mgluino < 3 TeV
100 TeV, 3 − 30ab−1 mgluino < 13 − 17 TeV

FCC-hh will cover part of the parameter space



Gluino search
Decay products include a long-lived charged wino 

The lifetime of the gluino itself may be long

cτW̃± ≃ 7 cm
quantum 

correction

W̃±

W̃0
W̃0, W̃±

cτg̃ = O(1) mm ( 4TeV
mg̃ )

5

( m0

1000 TeV )
4

Slight improvement of sensitivity by displaced vertices or disappearing tracks??

e.g., Ibe, Matsumoto and Sato (2012)



Wino-bino coannihilation
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Figure 1: Mass spectrum and decay chains of the present model.

neutral wino. Finally, Sec. 4 is devoted to conclusion and discussion.

2 Wino decay

In this section, we discuss the decay properties of a neutral wino in the case where the neutral wino

is highly degenerate with the bino LSP in mass and Higgsino and sfermions are much heavier than

these EW gauginos. To adequately deal with this hierarchical setup, in Sec. 2.1, we first construct

a low-energy e↵ective theory for the EW gauginos by integrating out these heavy particles. Then,

in Sec. 2.2, we discuss the decay properties of the neutral wino. We also show expected values for

its decay length taking into account the thermal relic abundance of the bino LSP.

Before going into the detailed discussion, let us first summarize the results of this section. In

Fig. 1, we show the mass spectrum for the EW gauginos and the suppression factors in their decay

rates. We assume the bino-wino mass di↵erence, �M , to be O(10) GeV, which leads to successful

DM coannihilation [37–40]. The decay rate of wino into the bino LSP is suppressed by the heavy

Higgsino mass. Charged wino can decay into bino promptly for |µ| < O(10) PeV, since the decay

occurs via a dimension-five operator. On the other hand, the neutral wino decay is not so rapid.

If �M is less than the Z boson mass, neutral wino decays into bino only through the virtual Z

boson or Higgs boson h exchange, or via the two-body decay process with emitting a photon at loop

level. As we see below, the Z boson mediated decay and the two-body photon-emitting processes

are suppressed by a factor of |µ|�4. Regarding the Higgs boson mediated decay, on the other hand,

its decay rate is only suppressed by a factor of |µ|�2, though the small couplings between the Higgs

boson and the SM fermions prevent neutral wino from decaying rapidly. As a result, for |µ| & 10

TeV, the decay length c⌧fW 0 of neutral wino gets macroscopic: c⌧fW 0 & O(1) mm.

3

Wino-bino at colliders

prompt

slow

slow

cτ ≳ cm
Displaced vertex search

Nagata, Otono and Shirai (2014)
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Figure 7: Prospects for the long-lived wino search. (a): direct wino production, (b): gluino produc-
tion withMeg = 2MfW . In both cases, we assume the wino-bino mass di↵erence is 30 GeV. Black solid,
dashed, and dotted lines show contours corresponding to µ = 25, 100, and 500 TeV, respectively,
with tan � = 2 and �M taken so that it gives the correct DM abundance.

3.3 LHC Prospects

First, let us discuss the case where winos are directly produced. The crucial di↵erence between

the ATLAS gluino search and the present direct wino search is the sizes of the missing transverse

momentum and the invariant mass of the tracks from DVs, due to the small mass di↵erence between

the wino and bino. Both factors reduce the signal acceptance of the wino processes. The missing

energy mainly comes from the back reaction of the initial state radiations in the wino production. For

MfW = 400 GeV and �M = 30 GeV, the acceptance rates for the missing energy (Emiss
T > 100 GeV

for the 8 TeV running and 200 GeV for 14 TeV) and DV are about 3% and 1%, respectively. Here,

we assume the neutral wino decays into a pair of bottom quarks and a bino via the Higgs boson

exchange process.

In Fig. 7a, we show the prospects for the long-lived wino search at the LHC. Here we assume

zero background and require three signal events. The mass di↵erence �M is set to be 30 GeV.

The red and blue solid lines show the prospects for 8 TeV and 14 TeV LHC run, respectively. Note

that this estimation is based on our simplified method described in the previous subsection. The

DV reconstruct e�ciency in the real detector could be di↵erent, since the DV masses in the current

case are much smaller than those expected for the ATLAS model points [54]. Moreover, b jets from

DVs may worsen the e�ciency. On the other hand, the current ATLAS analysis is not optimized

for the low-mass DV and b jets, and thus future development on search techniques for such DVs

may improve the e�ciency. These possibilities result in large uncertainties in the present estimation.

Here, we estimate the uncertainties by scaling the acceptance rate by factors of three and one third,

and show them as the bands in the figure. For reference, we also show the decay length of the

neutral wino for µ = 25, 100, 500 TeV with tan � = 2 in the black solid, dashed, and dotted lines,
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Higgsino around TeV?
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Higgsino around TeV

• Collider 
• Dark matter detection 

• Electric dipole moment 
Natsumi Nagata’s talk

Very rich phenomenology
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Motivation of supersymmetry 

Higgs mass and scalar masses  in the MSSM 
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Unification?
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Sfermions are in GUT complete multiplets 
The effect of heavy higgs is minor

Light Higgsino and gauginos are enough 
to maintain precise gauge coupling unification

Arkani-Hamed and Dimopoulos (2004)



Dark Matter?
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Gluino search

cτ ∼ 108 m ( m0

1010 GeV )
4

( 10 TeV
mgluino )

5

Stable at collider time scale : R-hadron

Arkani-Hamed and Dimopoulos (2004)



Summary

Supersymmetry remains a well-motivated extension of 
the Standard Model 

Canonical scenarios can be probed by production of 
sparticles at the FCC-hh
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More on gaugino masses

Ex. KSVZ QCD axion model

Gaugino masses can receive further corrections
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Fig. from KH, Ibe, and Yanagida (2013) 



Gravitino DM in gauge mediation

TR < 5 × 105 GeV
m3/2

10 GeV ( 10 TeV
mgluino )
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