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Context: The Standard Model & its problems

Standard Model of particle physics
Powerfull framework for understanding the behaviour of fundamental particles & interactions

However... Still a lots of grey area
(Conceptual & Experimental issues)

Experimental deviations
(muon anomal magnetic

moment aµ, ...)
Description of dark matter

...Hierarchy & naturality
problems

Incompatibility with
gravitation

What if SM is only an effective theory of a more fundamental model ?

Severals solutions...

Extradimensions, GUT theory, Supersymmetry, Supergravity, String theory

Here: focus on D = 4 N = 1 Supergravity & Supersymmetry
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N = 1 Supersymmetry

Special relativity & electromagnetism

Euclidean space (x⃗) and time 4D Minkowski space (xµ) (space-time
symmetries)

Can we naturally extend the symmetries of our theory?

Supersymmetry extends the space-time symmetry with a fermion-boson symmetry

Q
∣∣B〉 = ∣∣F〉, Q

∣∣F〉 = ∣∣B〉
Q2
∣∣B〉→ translation in space-time: Supersymmetric transformation ≈ “

√
translation in space-time”

Minkowski space: (xµ) Superspace: (xµ, θ, θ̄) (Fermionic
extension)

“N = 1” Supersymmetry: only one set of generators Q
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N = 1 Supersymmetry

In Special relativity: scalar ϕ, spinor ψ, vector Aµ

In N = 1 supersymmetry: two main objects...

Chiral superfield Φi = (ϕi , χi ,F i )

Φi (x , θ, θ̄) = ϕi (x) +
√
2θ · χi +

1

4
θ · θF i

ϕi : complex scalar field (s = 0)

χi : left-handed Weyl spinor (s = 1/2)

F i : complex auxiliary field (contribution to V )

Example:
(ϕ: selectron, χ: electron), (ϕ: squark, χ: quark),

...

Vector superfield V a = (Aa
µ, λ

a,Da)

V (x , θ, θ̄) = θσµθ̄Aµ(x) +
1

4
θ · θD +

(
i θ̄ · θ̄θ · λ+ h.c.

)

Aa
µ: real vector field (s = 1)

λa: Majorana spinor (s = 1/2)

Da: real auxiliary field (contribution to V )

Example:
(Aµ: Gluon, λ: Gluino), ...

Construction of an equivalent to F a
µν :

spinor superfield Wa
α
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Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model

1) Define the internal symmetries (gauge group G)

1bis) Vector superfields: Gauge Fields

2) Chiral superfields with good quantum numbers: Matter Fields

3) Introducing interactions between the chiral superfields: gauge invariant superpotential

W (Φ) =
1

6
λijkΦ

iΦjΦk +
1

2
βijΦ

iΦj + αiΦi (generates Yukawa couplings & scalar potential)

We can then compute the lagrangian of N = 1 supersymmetry:

L =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g 2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)
⇓

L = Lkin−Φ + Lkin−V + Lint − V

Kinetic terms for quarks, Higgs

boson, ... coupled to gauge

fields + supersymmetric part-

ners

Kinetic terms for gauge

bosons & gauginos

Interactions

V = F iF †
i +

1

2
DaDa =

∂W (ϕ)

∂ϕi

∂W (ϕ†)

∂ϕ†
i

+ gauge part Lint = −1

2

(
λijkϕ

kχi · χj + βijχ
i · χj + h.c.

)

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supersymmetry 8 / 40



Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model
1) Define the internal symmetries (gauge group G)

1bis) Vector superfields: Gauge Fields

2) Chiral superfields with good quantum numbers: Matter Fields

3) Introducing interactions between the chiral superfields: gauge invariant superpotential

W (Φ) =
1

6
λijkΦ

iΦjΦk +
1

2
βijΦ

iΦj + αiΦi (generates Yukawa couplings & scalar potential)

We can then compute the lagrangian of N = 1 supersymmetry:

L =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g 2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)
⇓

L = Lkin−Φ + Lkin−V + Lint − V

Kinetic terms for quarks, Higgs

boson, ... coupled to gauge

fields + supersymmetric part-

ners

Kinetic terms for gauge

bosons & gauginos

Interactions

V = F iF †
i +

1

2
DaDa =

∂W (ϕ)

∂ϕi

∂W (ϕ†)

∂ϕ†
i

+ gauge part Lint = −1

2

(
λijkϕ

kχi · χj + βijχ
i · χj + h.c.

)

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supersymmetry 8 / 40



Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model
1) Define the internal symmetries (gauge group G)

1bis) Vector superfields: Gauge Fields

2) Chiral superfields with good quantum numbers: Matter Fields

3) Introducing interactions between the chiral superfields: gauge invariant superpotential

W (Φ) =
1

6
λijkΦ

iΦjΦk +
1

2
βijΦ

iΦj + αiΦi (generates Yukawa couplings & scalar potential)

We can then compute the lagrangian of N = 1 supersymmetry:

L =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g 2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)
⇓

L = Lkin−Φ + Lkin−V + Lint − V

Kinetic terms for quarks, Higgs

boson, ... coupled to gauge

fields + supersymmetric part-

ners

Kinetic terms for gauge

bosons & gauginos

Interactions

V = F iF †
i +

1

2
DaDa =

∂W (ϕ)

∂ϕi

∂W (ϕ†)

∂ϕ†
i

+ gauge part Lint = −1

2

(
λijkϕ

kχi · χj + βijχ
i · χj + h.c.

)

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supersymmetry 8 / 40



Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model
1) Define the internal symmetries (gauge group G)

1bis) Vector superfields: Gauge Fields
2) Chiral superfields with good quantum numbers: Matter Fields

3) Introducing interactions between the chiral superfields: gauge invariant superpotential

W (Φ) =
1

6
λijkΦ

iΦjΦk +
1

2
βijΦ

iΦj + αiΦi (generates Yukawa couplings & scalar potential)

We can then compute the lagrangian of N = 1 supersymmetry:

L =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g 2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)
⇓

L = Lkin−Φ + Lkin−V + Lint − V

Kinetic terms for quarks, Higgs

boson, ... coupled to gauge

fields + supersymmetric part-

ners

Kinetic terms for gauge

bosons & gauginos

Interactions

V = F iF †
i +

1

2
DaDa =

∂W (ϕ)

∂ϕi

∂W (ϕ†)

∂ϕ†
i

+ gauge part Lint = −1

2

(
λijkϕ

kχi · χj + βijχ
i · χj + h.c.

)

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supersymmetry 8 / 40



Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model
1) Define the internal symmetries (gauge group G)

1bis) Vector superfields: Gauge Fields
2) Chiral superfields with good quantum numbers: Matter Fields

3) Introducing interactions between the chiral superfields: gauge invariant superpotential

W (Φ) =
1

6
λijkΦ

iΦjΦk +
1

2
βijΦ

iΦj + αiΦi (generates Yukawa couplings & scalar potential)

We can then compute the lagrangian of N = 1 supersymmetry:

L =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g 2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)
⇓

L = Lkin−Φ + Lkin−V + Lint − V

Kinetic terms for quarks, Higgs

boson, ... coupled to gauge

fields + supersymmetric part-

ners

Kinetic terms for gauge

bosons & gauginos

Interactions

V = F iF †
i +

1

2
DaDa =

∂W (ϕ)

∂ϕi

∂W (ϕ†)

∂ϕ†
i

+ gauge part Lint = −1

2

(
λijkϕ

kχi · χj + βijχ
i · χj + h.c.

)

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supersymmetry 8 / 40



Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model
1) Define the internal symmetries (gauge group G)

1bis) Vector superfields: Gauge Fields
2) Chiral superfields with good quantum numbers: Matter Fields

3) Introducing interactions between the chiral superfields: gauge invariant superpotential

W (Φ) =
1

6
λijkΦ

iΦjΦk +
1

2
βijΦ

iΦj + αiΦi (generates Yukawa couplings & scalar potential)

We can then compute the lagrangian of N = 1 supersymmetry:

L =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g 2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)
⇓

L = Lkin−Φ + Lkin−V + Lint − V

Kinetic terms for quarks, Higgs

boson, ... coupled to gauge

fields + supersymmetric part-

ners

Kinetic terms for gauge

bosons & gauginos

Interactions

V = F iF †
i +

1

2
DaDa =

∂W (ϕ)

∂ϕi

∂W (ϕ†)

∂ϕ†
i

+ gauge part Lint = −1

2

(
λijkϕ

kχi · χj + βijχ
i · χj + h.c.

)

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supersymmetry 8 / 40



Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model
1) Define the internal symmetries (gauge group G)

1bis) Vector superfields: Gauge Fields
2) Chiral superfields with good quantum numbers: Matter Fields

3) Introducing interactions between the chiral superfields: gauge invariant superpotential

W (Φ) =
1

6
λijkΦ

iΦjΦk +
1

2
βijΦ

iΦj + αiΦi (generates Yukawa couplings & scalar potential)

We can then compute the lagrangian of N = 1 supersymmetry:

L =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g 2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)
⇓

L = Lkin−Φ + Lkin−V + Lint − V

Kinetic terms for quarks, Higgs

boson, ... coupled to gauge

fields + supersymmetric part-

ners

Kinetic terms for gauge

bosons & gauginos

Interactions

V = F iF †
i +

1

2
DaDa =

∂W (ϕ)

∂ϕi

∂W (ϕ†)

∂ϕ†
i

+ gauge part Lint = −1

2

(
λijkϕ

kχi · χj + βijχ
i · χj + h.c.

)
IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supersymmetry 8 / 40



Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model: MSSM

1) Gauge group: G = SU(3)× SU(2)× U(1)

1bis) Gauge Fields: {V a
SU(3) = (g a

µ, g̃
a),V i

SU(2) = (W i
µ, W̃

i ),VU(1) = (Bµ, B̃)}

2) Matter Fields: ĤU = (HU , H̃U), ĤD = (HD , H̃D), Q̂I = (q̃IL, q
I
L), ÛI = (ũIR

†, uIL
c), D̂I = (d̃ I

R
†, d I

L
c),

L̂I = (ℓ̃IL, ℓ
I
L), ÊI = (ẽ IR

†, e IL
c)

3) Superpotential:
W = yUĤU · QÛ − yDĤD · QD̂ − yE ĤD · LÊ + µĤU · ĤD

+
1

2
λIJK L̂

I L̂J ÊK +
1

2
λ′
IJK L̂

I Q̂JD̂K +
1

2
λ′′
IJK L̂

I Q̂JD̂K + µ′
I L̂

I ĤU

Violate conservation of Baryonic or Leptonic number ⇒ Impose aditionnal symmetry (R-parity)
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†, uIL
c), D̂I = (d̃ I

R
†, d I

L
c),

L̂I = (ℓ̃IL, ℓ
I
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+
1

2
λIJK L̂

I L̂J ÊK +
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Recipe for a supersymmetric model: MSSM

1) Gauge group: G = SU(3)× SU(2)× U(1)

1bis) Gauge Fields: {V a
SU(3) = (g a

µ, g̃
a),V i

SU(2) = (W i
µ, W̃

i ),VU(1) = (Bµ, B̃)}

2) Matter Fields: ĤU = (HU , H̃U), ĤD = (HD , H̃D), Q̂I = (q̃IL, q
I
L), ÛI = (ũIR

†, uIL
c), D̂I = (d̃ I

R
†, d I

L
c),

L̂I = (ℓ̃IL, ℓ
I
L), ÊI = (ẽ IR

†, e IL
c)

3) Superpotential:
W = yUĤU · QÛ − yDĤD · QD̂ − yE ĤD · LÊ + µĤU · ĤD

+
1

2
λIJK L̂

I L̂J ÊK +
1

2
λ′
IJK L̂

I Q̂JD̂K +
1

2
λ′′
IJK L̂

I Q̂JD̂K + µ′
I L̂

I ĤU
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N = 1 Supersymmetry

No evidence of SUSY particles with equivalent mass as SM particles...
SUSY must be broken ! ⟨V ⟩ > 0

Two possible mechanisms in SUSY framework:

V = F iF †
i + 1

2
DaDa

O’Raifertaigh: ⟨F i ⟩ ̸= 0 Fayet-Iliopoulous: ⟨Da⟩ ̸= 0

Spectrum not coherent with observation...

Need to describe SUSY breaking in the context of an other theory

Supergravity
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N = 1 Supergravity

No evidence of SUSY particles with equivalent mass as SM particles...
SUSY must be broken in Supergravity!

Local SUSY transformation: Naturally leads to Theory of gravitation
Superspace can now be curved! (Equivalent tools used in General Relativity)

V M̃ (R curved) Gravitational effects (SUGRA)VM (R0 Flat) No gravitational effects (SUSY)

Equivalence Principle (Einstein’s experimental elevator): VM̃ = EM̃
MV

M

Emergence of the gravity multiplet (eµ̃
µ, ψα

µ̃ , bµ,M)
eµ̃

µ: graviton, ψα
µ̃ : gravitino, bµ & M: real vector & complex scalar auxiliary fields

Chiral (ϕi , χi ,F i ) & Vector (v a
µ, λ

a
α,D

a) superfields can be extended to curved superspace:
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Construction of a N = 1 supergravity model

How to construct a supergravity model from a supersymmetric one?

SUSYmodel
1) Gauge group G
1bis) Vector superfields V
2) Chiral superfields Φ
3) Superpotential W (Φ)

+

Kähler potential K(Φ,Φ†)
Real function of Chiral Superfields Φ

Control kinetic terms of Φ
Canonical case: K (Φ,Φ†) = Φ†Φ

Gauge kinetic function hab(Φ)
Holomorphic function of Chiral Superfields

Φ
Control kinetic terms of gauge sector

Canonical case: hab(Φ) = δab

=

SUGRA model
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N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

N = 1 Supersymmetry:

LSUSY =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)

⇓

N = 1 Supergravity:

LSUGRA =

∫
dΘ2E

{
3

8

(
D̄ · D̄ − 8R

)
e−

1
3K(Φ†

i e
−2gV,Φi) +

1

16g2
hab(Φ

i)WαaWb
α +W (Φ)

}
+ h.c.

Θ ̸= θ: introduce to facilitate calculation in curved superspace, E: Chiral density (Jacobian), R: chiral superfield

When gravity is neglected: lim
mp→∞

LSUGRA = LSUSY + Lpure supergravitation

Robin Ducrocq, Michel Rausch de Traubenberg, and Mauricio Valenzuela. “A pedagogical discussion of N = 1 four-dimensional

supergravity in superspace”. Modern Physics Letters A 36.16 (2021), p. 2130015

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supergravity 13 / 40

https://arxiv.org/abs/2104.06671
https://arxiv.org/abs/2104.06671


N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

N = 1 Supersymmetry:

LSUSY =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)

⇓

N = 1 Supergravity:

LSUGRA =

∫
dΘ2E

{
3

8

(
D̄ · D̄ − 8R

)
e−

1
3K(Φ†

i e
−2gV,Φi) +

1

16g2
hab(Φ

i)WαaWb
α +W (Φ)

}
+ h.c.

Θ ̸= θ: introduce to facilitate calculation in curved superspace, E: Chiral density (Jacobian), R: chiral superfield

When gravity is neglected: lim
mp→∞

LSUGRA = LSUSY + Lpure supergravitation

Robin Ducrocq, Michel Rausch de Traubenberg, and Mauricio Valenzuela. “A pedagogical discussion of N = 1 four-dimensional

supergravity in superspace”. Modern Physics Letters A 36.16 (2021), p. 2130015

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supergravity 13 / 40

https://arxiv.org/abs/2104.06671
https://arxiv.org/abs/2104.06671


N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

N = 1 Supersymmetry:

LSUSY =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)
⇓

N = 1 Supergravity:

LSUGRA =

∫
dΘ2E

{
3

8

(
D̄ · D̄ − 8R

)
e−

1
3K(Φ†

i e
−2gV,Φi) +

1

16g2
hab(Φ

i)WαaWb
α +W (Φ)

}
+ h.c.

Θ ̸= θ: introduce to facilitate calculation in curved superspace, E: Chiral density (Jacobian), R: chiral superfield

When gravity is neglected: lim
mp→∞

LSUGRA = LSUSY + Lpure supergravitation

Robin Ducrocq, Michel Rausch de Traubenberg, and Mauricio Valenzuela. “A pedagogical discussion of N = 1 four-dimensional

supergravity in superspace”. Modern Physics Letters A 36.16 (2021), p. 2130015

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supergravity 13 / 40

https://arxiv.org/abs/2104.06671
https://arxiv.org/abs/2104.06671


N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

N = 1 Supersymmetry:

LSUSY =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)
⇓

N = 1 Supergravity:

LSUGRA =

∫
dΘ2E

{
3

8

(
D̄ · D̄ − 8R

)
e−

1
3K(Φ†

i e
−2gV,Φi) +

1

16g2
hab(Φ

i)WαaWb
α +W (Φ)

}
+ h.c.

Θ ̸= θ: introduce to facilitate calculation in curved superspace, E: Chiral density (Jacobian), R: chiral superfield

When gravity is neglected: lim
mp→∞

LSUGRA = LSUSY + Lpure supergravitation

Robin Ducrocq, Michel Rausch de Traubenberg, and Mauricio Valenzuela. “A pedagogical discussion of N = 1 four-dimensional

supergravity in superspace”. Modern Physics Letters A 36.16 (2021), p. 2130015

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supergravity 13 / 40

https://arxiv.org/abs/2104.06671
https://arxiv.org/abs/2104.06671


N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

N = 1 Supersymmetry:

LSUSY =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)
⇓

N = 1 Supergravity:

LSUGRA =

∫
dΘ2E

{
3

8

(
D̄ · D̄ − 8R

)
e−

1
3K(Φ†

i e
−2gV,Φi) +

1

16g2
hab(Φ

i)WαaWb
α +W (Φ)

}
+ h.c.

Θ ̸= θ: introduce to facilitate calculation in curved superspace, E: Chiral density (Jacobian), R: chiral superfield

When gravity is neglected: lim
mp→∞

LSUGRA = LSUSY + Lpure supergravitation

Robin Ducrocq, Michel Rausch de Traubenberg, and Mauricio Valenzuela. “A pedagogical discussion of N = 1 four-dimensional

supergravity in superspace”. Modern Physics Letters A 36.16 (2021), p. 2130015

IPHC Seminar (R. Ducrocq) Quick review of N = 1 Supersymmetry and N = 1 Supergravity N = 1 Supergravity 13 / 40

https://arxiv.org/abs/2104.06671
https://arxiv.org/abs/2104.06671


N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

VSUSY =
∂W (ϕ)

∂ϕi

∂W (ϕ†)

∂ϕ†
i

+ gauge part ⇒ VSUGRA = eK/m2
p

(
DiW (K−1)i j∗Dj∗W̄− 3

m2
p

∣∣W|2
)
+ gauge part

Minimum ⟨V ⟩ can be positive, negative or null ̸= SUSY
Key point in cosmology for a vanishing cosmological constant ⟨V ⟩ = 0

Supergravity must be broken... equivalent mechanism as in the Standard Model

EW Breaking (Standard Model)

BEH mechanism
⇓

Goldstone boson
⇓

Massive Z & W bosons

Supergravity Breaking

Super-BEH mechanism
⇓

Goldstino
⇓

Massive gravitino m3/2 =
1
m2

p
eK/(2m2

p)⟨W⟩
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Outline

1 Introduction

2 Quick review of N = 1 Supersymmetry and N = 1 Supergravity
N = 1 Supersymmetry
N = 1 Supergravity

3 Supersymmetry Breaking
General aspects of SUSY Breaking
Mechanisms of SUSY Breaking

4 Phenomenology of the MSSM
Particle spectrum of the MSSM
SUSY as solution of hierarchy & naturality problem
MSSM analysis strategy

5 Constraints from experimental measurements
Higgs Boson mass near 125 GeV
Relic density of Dark Matter ΩDMh2

Direct searches of stop squark t̃ at the LHC

6 Conclusion
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General aspects of SUSY Breaking
SUSY Breaking

Supersymmetry must be broken (ex : mẽL ≫ me)
More suitable to break supersymmetry in the context of supergravity!

Breaking mechanisms in SUSY not phenomenologically acceptable! ⇒ Supergravity & Hidden Sector

Supergravity

Hidden Sector {zi} Matter Sector {Φj}

Interactions

lim
mp→∞

LSUGRA − Lpure gravity → LSUSY +���LSUSY

In most of all phenomenological/experimental analysis
Add SUSY breaking terms L��SUSY without specifying the breaking mechanism

Introduce in an ad-hoc way in the lagrangian

���SUGRA with ⟨z i ⟩ ̸= 0
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���SUGRA with ⟨z i ⟩ ̸= 0
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General aspects of SUSY Breaking
SUSY Breaking

In most of all phenomenological/experimental analysis
Add SUSY breaking terms L��SUSY without specifying the breaking mechanism

Introduce in an ad-hoc way in the lagrangian

Example: MSSM

Assume R-parity conserved:

W = yUĤU · Q̂Û − yDĤD · Q̂D̂ − yE ĤD · L̂Ê + µĤU · ĤD

For simple phenomenological analysis, we assume:

V = VSUSY + V���SUSY

V��SUSY = gauginos mass terms (ex: M3g̃ · g̃)

+scalar mass terms (ex: m2
Q

∣∣Q∣∣2)
+terms related to W (ex: aUHU · Qũ†

R)

V��SUSY = VSOFT

Good renormalisation properties
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Mechanisms of SUSY Breaking: Gravity-Mediated

Interactions between the Hidden & Matter sector = gravitationnal interactions

Key objects: Kähler potential K(Φ,Φ†, z , z†) & Superpotential W (Φ, z)

WARNING: Hidden sector at Planck scale: Can highly perturbate the matter sector!

(usual) Soni-Weldon solutions (1983)

Hidden Sector Matter Sector

Interactions

VSOFT

Cornerstone of all
Phenomenological
studies since the

80’s

SOFT: Good
renormalisation

properties

Non Soni-Weldon solutions (2016)

Hybrid Sector Sp
Hidden Sector Matter Sector

Interactions

VSOFT +VHARD
HARD: ̸= properties

from VSOFT

R. Ducrocq. À parâıtre
dans les proceedings de
SciPost Phys. (2023)

G. Moultaka, M. Rausch
and D. Tant, Int J Mod
Phys A, 2019, 1950004

Current analysis...
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dans les proceedings de
SciPost Phys. (2023)

G. Moultaka, M. Rausch
and D. Tant, Int J Mod
Phys A, 2019, 1950004

Current analysis...

IPHC Seminar (R. Ducrocq) Supersymmetry Breaking Mechanisms of SUSY Breaking 18 / 40

https://arxiv.org/abs/2212.07051
https://arxiv.org/abs/2212.07051
https://arxiv.org/abs/2212.07051
https://arxiv.org/abs/1611.10327
https://arxiv.org/abs/1611.10327
https://arxiv.org/abs/1611.10327


Mechanisms of SUSY Breaking: Gravity-Mediated

Interactions between the Hidden & Matter sector = gravitationnal interactions

Key objects: Kähler potential K(Φ,Φ†, z , z†) & Superpotential W (Φ, z)

WARNING: Hidden sector at Planck scale: Can highly perturbate the matter sector!

(usual) Soni-Weldon solutions (1983)

Hidden Sector Matter Sector

Interactions

VSOFT

Cornerstone of all
Phenomenological
studies since the

80’s

SOFT: Good
renormalisation

properties

Non Soni-Weldon solutions (2016)

Hybrid Sector Sp
Hidden Sector Matter Sector

Interactions

VSOFT +VHARD
HARD: ̸= properties

from VSOFT

R. Ducrocq. À parâıtre
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Mechanisms of SUSY Breaking: Gauge-Mediated

Interactions between the Hidden & Matter sector = gauge interactions

Messenger superfields S = (S , χS ,FS), S
† = (S†, χ̄S ,F

†
S ) in, e.g., SU(5)

V��SUSY generated through loop contributions

λ λ

S

χS φ φ

S

χS

λ λ

Phenomenological implication:

Gravitino mass: m3/2 ∼
M2

SUSY
mp

⇒ Gravitino is the LSP (Lightest Supersymmetric Particle)

Dark matter candidate

There exist other mechanisms (not relevant for this discussion)...
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1 Introduction

2 Quick review of N = 1 Supersymmetry and N = 1 Supergravity
N = 1 Supersymmetry
N = 1 Supergravity

3 Supersymmetry Breaking
General aspects of SUSY Breaking
Mechanisms of SUSY Breaking

4 Phenomenology of the MSSM
Particle spectrum of the MSSM
SUSY as solution of hierarchy & naturality problem
MSSM analysis strategy

5 Constraints from experimental measurements
Higgs Boson mass near 125 GeV
Relic density of Dark Matter ΩDMh2

Direct searches of stop squark t̃ at the LHC

6 Conclusion
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)

Squark sector
{t̃L, t̃R} ⇒ Two stop states {t̃1, t̃2}, . . .

Slepton sector
{τ̃L, τ̃R} ⇒ Two staus states {τ̃1, τ̃2}, . . .

Higgs sector (s = 0)

Scalar sector
{Re(H0

U), Re(H0
D)} ⇒ Two scalar Higgses
{h, H}

Pseudoscalar sector
{Im(H0

U), Im(H0
D)} ⇒ One pseudoscalar

Higgs {A0}
Charged sector

{H+
U , (H−

D )†} ⇒ One charged Higgs {H±}
Fermions & gauginos sector (s = 1/2)

Neutralino sector
{i B̃, iW̃ 3, H̃0

U , H̃0
D} ⇒ Four neutralinos

{χ̃0
1, χ̃0

2, χ̃0
3, χ̃0

4}

Chargino sector
{H̃+

U , W̃+} ⇒ Two charginos
{χ̃±

1 , χ̃
±
2 }

One
gluino g̃
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SUSY as solution of hierarchy & naturality problem

Analysing the one-loop contributions on mh in the Standard Model:

Contributions proportional to Λ2 (Λ=Cut-off)
No symmetry protects the mass of the scalars in the SM!

Hierarchy & naturality problems

Hierarchy problem
If Λ ≈ mp = 1019 GeV: mh ∼ 1017 GeV!

Naturality problem
Need to fine-tune counterterms for mh ≈ 125 GeV

In SUSY: New contributions from the scalars SUSY partners

Dangerous contributions cancel out!
SUSY protect the scalar sector

Contributions proportional to log Λ or
suppressed by an intermediate energy scale
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MSSM analysis strategy

MSSM: Complicated to analyse high dimensional parameters space

Couplings from W , SUSY Breaking terms V��SUSY , VEVS, ...

More than 100 parameters!

How to analyse such models in a top-down strategy?...

Constrained models:

cMSSM
(5 parameters)

Hypothesis:

Universality assumptions at MGUT

No new sources of CP-violation

No Flavour Changing Neutral Current (FCNC)

pMSSM
(19 parameters)

Hypothesis:

Universality of first & second generation

No new sources of CP-violation

No Flavour Changing Neutral Current (FCNC)

Other strategy:
bottom-up = Analysing a simplified model & reinterpret the results in cMSSM, pMSSM, ...
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1 Introduction

2 Quick review of N = 1 Supersymmetry and N = 1 Supergravity
N = 1 Supersymmetry
N = 1 Supergravity

3 Supersymmetry Breaking
General aspects of SUSY Breaking
Mechanisms of SUSY Breaking
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5 Constraints from experimental measurements
Higgs Boson mass near 125 GeV
Relic density of Dark Matter ΩDMh2

Direct searches of stop squark t̃ at the LHC
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Constraints from experimental measurements

SUSY & SUGRA models constrain by a lot of measurements

(non-exhaustive...)

Higgs boson in the Standard model

Direct detection on colliders

Relic density of Dark matter ΩDMh2

DM detection rates (σSI , σSD)

Muon anomal magnetic moment aµ

Flavor physics

Cannot talk about all these subjects... ⇒ Only choose some for this discussion

IPHC Seminar (R. Ducrocq) Constraints from experimental measurements 25 / 40



Constraints from experimental measurements

SUSY & SUGRA models constrain by a lot of measurements (non-exhaustive...)

Higgs boson in the Standard model

Direct detection on colliders

Relic density of Dark matter ΩDMh2

DM detection rates (σSI , σSD)

Muon anomal magnetic moment aµ

Flavor physics

Cannot talk about all these subjects... ⇒ Only choose some for this discussion

IPHC Seminar (R. Ducrocq) Constraints from experimental measurements 25 / 40



Constraints from experimental measurements

SUSY & SUGRA models constrain by a lot of measurements (non-exhaustive...)

Higgs boson in the Standard model

Direct detection on colliders

Relic density of Dark matter ΩDMh2

DM detection rates (σSI , σSD)

Muon anomal magnetic moment aµ

Flavor physics

Cannot talk about all these subjects... ⇒ Only choose some for this discussion

IPHC Seminar (R. Ducrocq) Constraints from experimental measurements 25 / 40



Higgs boson mass near 125 GeV in the MSSM

In the MSSM:

Two Higgs doublets HU = (H0
U ,H

+
U )

T & HD = (H−
D ,H0

D)
T ⇒ lead to two scalar particle h (SM-like), H

Analysing the tree-level contributions:

m2
h < M2

Z cos2 2β with tanβ =
⟨H0

U⟩
⟨H0

D⟩
Without loop contributions, mh is limited by MZ !...

How we obtain mh = 125 GeV in the MSSM?

With loop-contributions (mostly from stop squark t̃)
Need to push mh to 125 GeV with stop contributions

(little fine-tuning)

m2
h < M2

Z

∣∣ cos2 2β∣∣+∆t̃

More & more difficult to get mh = 125 GeV in the MSSM (but not impossible...)

A more natural solution: NMSSM
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Higgs boson mass near 125 GeV in the NMSSM

A possible solution: NMSSM

Idea:

Introducing a new singlet superfield Ŝ = (S , S̃ ,FS) (⟨S⟩ ̸= 0)

WNMSSM = λŜĤU · ĤD + yUQ̂ · ĤU Û − yDQ̂ · ĤDD̂ − yE L̂ · ĤD Ê

Spectrum ̸= MSSM
Three mass states h1, h2, h3, Two mass states A1,A2, χ̃0

i (i = 1, . . . , 5)

Analysing the tree-level contributions:

m2
h < M2

Z

(
cos2 2β +

λ2

g2
sin2 2β

)
New tree-level contributions from S

less fine-tuning from stop loop contributions ∆t̃

Singlet superfield S also helps to resolve another issue: Dark matter

C. Hugonie, U. Ellwanger, MPLA, 2007
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Dark Matter candidate

In R-Parity conservation (RPC):

Lightest neutralino χ̃0
1 is stable (LSP: Lightest SUSY Particle) → natural candidate for dark matter

Several observables can be calculated:

Relic density of dark matter Ωh2
DM

Direct detection rates σDD

Indirect detection rates σID

In MSSM (Higgsinos, Wino, Bino):
difficulties to pass the Exp. constraints...

Preferred scenarios in the NMSSM (pure singlino S̃)
Z or h exchange mh ≈ 2mS̃ or mZ ≈ 2mS̃

Fine-tuning ∆BG : Tools for searching natural configurations

In Supergravity with GMSB: Gravitino ψµ is naturally the LSP & natural candidate for DM!

Computation of Ω3/2h
2 more complex (several contributions)

C. Hugonie, U. Ellwanger, EPJC, 2018
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Solution of DM & Higgs boson mass near 125 GeV at the same time?

Difficulties to get SUSY models which resolve DM problem, mh = 125 GeV , ... without fine-tuning

In the NMSSM:
Tuning the parameters for mh ≈ 125 GeV Tuning the parameters for ΩDMh

2 = 0.1187± 10%
In general: We must choose between one of them... Or fine-tune our model

Possible improvements?

Several Singlets Sp (N2MSSM) R. Ducrocq
[PhD. Thesis]

Adding a second singlet superfield {S1, S2}
S1: for mh = 125 GeV

S2: for Ωh2

Tree-level contributions:

m2
h < M2

Z

(
cos2 2β +

λ2
1 + λ2

2

g 2
sin2 2β

)
Use of the calculation grid

New solutions in Gravity-Mediated SUSY
Breaking R. Ducrocq. À parâıtre dans les

proceedings de SciPost Phys. (2023)

Naturally introduce two ”hybrid” fields {S ′1, S ′2}
VSOFT + VHARD : New effects at tree & loop level

Qi,p
pϕiϕ†

i S
pS†

p: Close the S-loop

Φ Φ†

S S†

Φ

S

⇒

IPHC Seminar (R. Ducrocq) Constraints from experimental measurements Relic density of Dark Matter ΩDMh2 29 / 40

https://arxiv.org/abs/2212.06798
https://arxiv.org/abs/2212.06798
https://arxiv.org/abs/2212.07051
https://arxiv.org/abs/2212.07051


Solution of DM & Higgs boson mass near 125 GeV at the same time?

Difficulties to get SUSY models which resolve DM problem, mh = 125 GeV , ... without fine-tuning

In the NMSSM:
Tuning the parameters for mh ≈ 125 GeV Tuning the parameters for ΩDMh

2 = 0.1187± 10%
In general: We must choose between one of them... Or fine-tune our model

Possible improvements?

Several Singlets Sp (N2MSSM) R. Ducrocq
[PhD. Thesis]

Adding a second singlet superfield {S1, S2}
S1: for mh = 125 GeV

S2: for Ωh2

Tree-level contributions:

m2
h < M2

Z

(
cos2 2β +

λ2
1 + λ2

2

g 2
sin2 2β

)
Use of the calculation grid

New solutions in Gravity-Mediated SUSY
Breaking R. Ducrocq. À parâıtre dans les
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Direct searches of stop squark t̃ at the LHC

Why stop squark?
High coupling on the Standard Model through Higgs boson

LHC: hadronic colliders: t̃ is studied a lot in plenty of scenarios

Usually searched in the processes pp → t̃ t̃ with t̃ → tχ̃0
1 or t̃ → tψµ

Three differents topologies

Prompt searches
top quark produced close to the

primary interaction
→ prompt top quark

Long-lived Particle (LLP)
decaying in the detector

top quark produced in the detector
but far from primary interaction

→ displaced top quark

Heavy Stable Charged Particle
(HSCP)

top quark produced outside the
detector
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Direct searches of stop squark t̃ at the LHC

Analysis in simplified models ≈ Generic SUSY models...

No evidence of stop squark (or SUSY) at the LHC...
Can only apply limits on masses or couplings

Example (CMS-SUS-19-010): mt̃ < 1300 GeV are excluded for low mχ̃0
1

However...
How to interpret such results in cMSSM, pMSSM, ...?

Reinterpretation: Not an easy task (Utilisation of Tools such as
SModels or MadAnalysis)

Other possible study: Proposing benchmarks with interesting signatures
Analysis of a LLP stop squark t̃ → tψµ (J. Andrea et. al., EPJC, 2023):

Benchmark points (mt̃ ,m3/2) with stop squark decaying in a specific
part of the detector

Analysis of the relevant selections to apply to highlight signal /
background
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Conclusion

N = 1 Supersymmetry & Supergravity

Natural extension of the Standard Model with fermion/boson symmetry ⇒ New particles
Must be broken for mSUSY > mSM ⇒ Naturally broken in Supergravity

Naturally solve the hierarchy & naturality problems

Simple extensions of the Standard Model: MSSM & NMSSM

SUSY contributions help to recover experimental measurements:
Higgs boson mass, Dark matter relic density ΩDMh2, ...

Constrained by direct searches...

Two approaches: top-down & bottom-up (usually used at collider experiments)

SUSY searches continue... (LHC, BelleII) and will continue (HL-LHC & FCC project)
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Conclusion

Disclaimer

This was not a complete review of N = 1 SUSY & SUGRA models
A lot of subjects have not been mentioned:

Cosmological implications

Specific solutions in SUGRA (No-Scale, ...)

Impact of SUSY in flavor physics

...

Goal:

Present the basis of N = 1 D = 4 Supersymmetry & Supergravity and discuss some phenomenological and
experimental subjects in this context

We can discuss on such subjects after this presentation

IPHC Seminar (R. Ducrocq) Conclusion 34 / 40



BACK-UP
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Construction of a N = 1 supersymmetric model: Interactions

L =

∫
d2θd2θ̄Φ†

i e
−2gVΦi +

(
1

16g 2

∫
d2θWaαWb

αδab +

∫
d2θW (Φ) + h.c.

)

Elimination of the auxiliary fields {F i ,Da}: leads to the scalar potential:

V = F iF †
i +

1

2
DaDa

=
∂W (ϕ)

∂ϕi

∂W (ϕ†)

∂ϕ†
i

+
1

2
g2(ϕ†T aϕ)(ϕ†T bϕ)δab

Scalar potential is positively defined: V ≥ 0!

ϕ− χ interactions terms from the Superpotential:

Lint. = −1

2

∂2W (ϕ)

∂ϕi∂ϕj
χi · χj + h.c.

= −1

2

(
λijkϕ

kχi · χj + βijχ
i · χj + h.c.

)
Can reproduce the yukawa couplings equivalent to the Standard Model!
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Mechanisms of SUSY Breaking: Gravity-Mediated

Need to choose W & K such as lim
mp→∞

LSUGRA → LSUSY + L��SUSY :


W (Φ, ζ) =

N∑
n=0

mn
pWn(Φ, ζ)

K(Φ,Φ†, ζ, ζ†) =
M∑
n=0

mn
pKn(Φ,Φ

†, ζ, ζ†)

Requirement

At least one field from Hidden sector with
〈
z
〉
∼ O(mp) and

〈
Φ
〉
≪ mp

Visible sector fields interactions only present in V as m−n
p with n ≥ 0

V = eK/m2
p

(
DiW (K−1)i j∗Dj∗W̄ − 3

m2
p

∣∣W |2
)

Simple case: Found two solutions:

Soni-Weldon solution (known since the 80’s)

K(z , z†,Φ,Φ†) = m2
pz

iz†i +ΦaΦ†
a

W (z ,Φ) = m2
pW2(z) +mpW1(z) +W0(z ,Φ)

New solutions (new field sector S)

K(z , z†,Φ,Φ†) = m2
pz

iz†i +ΦaΦ†
a + SpS†

p

W (z ,Φ) = mpW1(z , S) +W0(z , S ,Φ) with

{
W1(z ,Φ) = W1,0(z) +W1,p(z)µ

∗
pS

p

W0(z ,Φ) = W0,p(z)S
p +W0(z ,U ,Φ)

}
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Mechanisms of SUSY Breaking: Gravity-Mediated

Soni-Weldon solution (known since the 80’s)

K(z , z†,Φ,Φ†) = m2
pz

iz†i +ΦaΦ†
a

W (z ,Φ) = m2
pW2(z) +mpW1(z) +W0(z ,Φ)

Assuming superpotential W0(z ,Φ) = αi (z)Φ
i + 1

2
βij(z)Φ

iΦj + 1
6
λijk(z)Φ

iΦjΦk

At low energy:

V = VSUSY + VSOFT + Λm2
p

VSOFT = CiΦ
i +

1

2
Bijϕ

iϕj +
1

6
Aijkϕ

iϕjϕk +m2
ϕiϕ

iϕ†
i

”SOFT”: Good properties of renormalisation (logarithmic corrections log Λ)

Relation between superpotential and SOFT-SUSY Breaking terms:

W (Φ) VSOFT

αi → Ci

βij → Bij

λijk → Aijk

All actual studies based on these solutions!
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Non-Soni-Weldon solutions

New solutions

K(z , z†,Φ,Φ†) = m2
pz

iz†i +ΦaΦ†
a + SpS†

p

W (z ,Φ, S) = mpW1(z , S) +W0(z , S ,Φ) with

{
W1(z ,Φ) = W1,0(z) +W1,p(z)µ

∗
pS

p

W0(z ,Φ) = W0,p(z)S
p +W0(z ,U ,Φ)

}

Hybrid Field S
Hidden Sector z
Coupling with
mp in W

Matter field Φ
with definition
à la Soni Weldon

Properties of S field:

S Singlet under visible sector gauge group

Direct coupling Matter fields Φ / Hybrid fields S through U = µ1S2 − µ2S1 with µp also present in W

S and Φ: Matter Sector ⇒
〈
S
〉
and

〈
Φ
〉
≪ mp
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Hard & Soft SUSY Breaking terms

Topologies of SUSY-breaking terms:

New solutions

At low energy: V = VSUSY + VSOFT + VHARD + Λm2
p

VHARD =
((

Dp
i ϕ

i +
1

2
E p
ij ϕ

iϕj +
1

6
F p
ijkϕ

iϕjϕk)S†
p + Gijk

lϕiϕjϕkϕ†
l + Hijp

lϕiϕjSpϕ†
l + h.c.

)
+Qi,p

qϕiϕ†
i S

pS†q + Ti,p
qSpS†

pS
rS†q

”HARD”: At first glance, problematic properties of renormalisation (quadratic corrections Λ2)... BUT:
Parametrically suppressed by an intermediate energy scale M < mp

Correspondance SOFT/HARD Breaking terms (”gravitino-rule”):

VSOFT VHARD

Ci → Dp
i

Bij → E p
ij

Aijk → F p
ijk
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SUSY searches at LHC

SUSY is widely searched at the LHC

Searches of SUSY at LHC
(MSSM & extensions)

Strong production in
RPC/RPV

Long-Lived particles

Higgs sector searches Stable particle (Dark Matter)Invisible decays

... ...

No detection... only limits on masses & couplings (usually model dependant...)

Too many searches area ⇒ Only focus on some searches: stop squark t̃
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Direct searches of stop squark t̃ at the LHC

No evidence in “classic” searches at all colliders experiments: Need to analyse more exotic signatures...

Long-Lived particles (LLP) appear as interesting for BSM searches

Depending on the process:
Several topologies of signatures

Example: displaced top quarks

In SUSY or SUGRA:

MSSM with GMSB: pp → t̃1t̃1 (t̃1 → ψµt)

MSSM RPV: pp → t̃1t̃
1
→ ttχ̃0

1χ̃
0
1 (χ̃0

1 → RPV decay)
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Direct searches of stop squark t̃ at the LHC

MSSM RPC with Gauge-Mediated SUSY Breaking:

Gravitino ψµ is naturally the Lightest SUSY Particle (LSP): m3/2 =
M2

SUSY
mp

(Planck-suppressed!)

Gravitino-matter couplings naturally Planck-suppressed: Long-lived with NLSP (Next-To-Lightest SUSY Particle)
If stop t̃1=NLSP: �E T source from gravitinos & secondary vertices with top production

Definition of benchmarks (mt̃ ,m3/2)
Generation & analysis of processes with several softwares

(MadGraph, Pythia, ...)

Case of RPV scenarios
High multiplicity on jets or
leptons in the final state
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Direct searches of stop squark t̃ at the LHC

What if the stop quark decay outside the detector?
HSCP: Heavy Stable Charged Particle

No secondary vertices:
Use energy-loss in the layers of detection (Specific signatures not present in SM)
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Conclusion
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CMS-PAS-EXO-19-009 (pp + , pp + )pp + Z/ + X 0.6 1.6 TeV  37 fb 1
1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2

top × BR( 2 ) > = 0.03(0.04) 0.108 0.34 TeV  137 fb 1
1911.04968 (3 , 4 )tt + , pseudoscalar (scalar), g2

top × BR( 2 ) > = 0.03(0.004) 0.015 0.075 TeV  137 fb 1
1911.03947 (2j)Scalar Diquark 0.5 7.5 TeV  137 fb 1

1911.03947 (2j)Color Octect Scalar, k2
s = 1/2 0.5 3.7 TeV  137 fb 1

1808.01257 (1j + 1 )Higgs  resonance 0.72 3.25 TeV  36 fb 1
2106.10509 (1j + 1 )W  resonance 1.5 8 TeV  137 fb 1

1712.03143 (2 + 1 ; 2e + 1 ; 2j + 1 )Z  resonance 0.35 4 TeV  36 fb 1
1911.03947 (2j)String resonance 0.5 7.9 TeV  137 fb 1

CMS preliminary
Overview of CMS EXO results

March 2023

Selection of observed exclusion limits at 95% C.L. (theory uncertainties are not included).
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2001.04521 (2 + 2j)Excited Lepton Contact Interaction 0.2 5.7 TeV  77 fb 1
2001.04521 (2e + 2j)Excited Lepton Contact Interaction 0.2 5.6 TeV  77 fb 1

2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <36 TeV  140 fb 1
2103.02708 (2 )quark compositeness ( ), LL/RR = 1 <24 TeV  140 fb 1
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CMS-PAS-EXO-21-012 (1 + 2j + pmiss
T , 2 + pmiss

T )dark Higgs model, gq = 0.25, gDM = 1, = 0.01, m = 200 GeV, mZ ′ = 700 GeV 0.16 0.352 TeV  137 fb 1
CMS-PAS-EXO-20-010 (2 displaced + pmiss

T )inelastic dark matter model, y = 10 7, D = 0.1 0.02 0.08 TeV  137 fb 1
CMS-PAS-EXO-20-010 (2 displaced + pmiss

T )inelastic dark matter model, y = 10 6, D = 0.1 0.003 0.08 TeV  137 fb 1
CMS-PAS-EXO-21-007 (pp + )axion-like particle, f 1 = 1.2 TeV 1 0.5 2 TeV  103 fb 1

1811.10151 (1 + 1j + pmiss
T )Leptoquark mediator, = 1, B = 0.1, X, DM = 0.1, 800 < MLQ < 1500 GeV 0.3 0.6 TeV  77 fb 1

1908.01713 (h + pmiss
T )Z′ 2HDM, gZ′ = 0.8, gDM = 1, tan = 1, m = 100 GeV 0.5 3.1 TeV  36 fb 1

2112.11125 (2j + pmiss
T )Z′ mediator (dark QCD), mdark = 20 GeV, rinv = 0.3, dark = peak

dark 1.5 5.1 TeV  138 fb 1
1908.01713 (h + pmiss

T )Baryonic Z′, gq = 0.25, gDM = 1, m = 1 GeV <1.6 TeV  36 fb 1
1810.10069 (4j)complex sc. med. (dark QCD), m DK = 5 GeV, c XDK = 25 mm <1.54 TeV  16 fb 1

2107.10892 (0, 1 + 2j + pmiss
T )pseudoscalar mediator (tt), gq = 1, gDM = 1, m = 1 GeV 0.05 0.42 TeV  137 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )pseudoscalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.3 TeV  36 fb 1

2107.13021 ( 1j + pmiss
T )pseudoscalar mediator (+j/V), gq = 1, gDM = 1, m = 1 GeV <0.47 TeV  101 fb 1

2107.13021 ( 1j + pmiss
T )scalar mediator (fermion portal), u = 1, m = 1 GeV <1.5 TeV  101 fb 1

2107.10892 (0, 1 + 2j + pmiss
T )scalar mediator (tt), gq = 1, gDM = 1, m = 1 GeV 0.05 0.4 TeV  137 fb 1

1901.01553 (0, 1 + 2j + pmiss
T )scalar mediator (+t/tt), gq = 1, gDM = 1, m = 1 GeV <0.29 TeV  36 fb 1

2103.02708 (2e, 2 )(axial)-vector mediator ( ), gq = 0.1, gDM = 1, g = 0.1, m > mmed/2 0.2 4.64 TeV  140 fb 1
2107.13021 ( 1j + pmiss

T )(axial-)vector mediator ( ), gq = 0.25, gDM = 1, m = 1 GeV <1.95 TeV  101 fb 1
1911.03947 (2j)(axial-)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.5 2.8 TeV  137 fb 1

2103.02708 (2e, 2 )vector mediator ( ), gq = 0.1, gDM = 1, g = 0.01, m > 1 TeV 0.2 1.92 TeV  140 fb 1
1911.03761 ( 3j)vector mediator (qq), gq = 0.25, gDM = 1, m = 1 GeV 0.35 0.7 TeV  18 fb 1
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1810.10092 (6j)RPV gluinos to 3 quarks <1.5 TeV  36 fb 1
1806.01058 (2j)RPV gluino to 4 quarks 0.1 1.41 TeV  38 fb 1

1806.01058 (2j)RPV squark to 4 quarks 0.1 0.72 TeV  38 fb 1
1808.03124 (2j; 4j)RPV stop to 4 quarks 0.08 0.52 TeV  36 fb 1
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2202.06075 ( + pmiss
T )split-UED, 2 TeV 0.4 2.8 TeV  137 fb 1

2201.02140 (2j)3-brane WED gKK( + g ggg), ggrav = 6, ggKK = 3, = 0.5, m( )/m(gKK) = 0.1 2 4.3 TeV  137 fb 1
1805.06013 ( 7j( , ))non-rotating BH, MD = 4 TeV, nED = 6 <9.7 TeV  36 fb 1

CMS-PAS-EXO-20-012 ( + j)RS QBH ( j), nED = 1 2 5.2 TeV  137 fb 1
1803.08030 (2j)RS QBH (jj), nED = 1 <5.9 TeV  36 fb 1

1911.03947 (2j)RS GKK(qq, gg), k/MPl = 0.1 0.5 2.6 TeV  137 fb 1
1809.00327 (2 )RS GKK( ), k/MPl = 0.1 <4.1 TeV  36 fb 1

2103.02708 (2 )RS GKK( ), k/MPl = 0.1 <4.78 TeV  140 fb 1
CMS-PAS-EXO-20-012 ( + j)ADD QBH ( j), nED = 6 2 7.5 TeV  137 fb 1

2205.06709 ( )ADD QBH ( ), nED = 4 <5 TeV  137 fb 1
2205.06709 (e )ADD QBH (e ), nED = 4 <5.2 TeV  137 fb 1

2205.06709 (e )ADD QBH (e ), nED = 4 <5.6 TeV  137 fb 1
1803.08030 (2j)ADD QBH (jj), nED = 6 <8.2 TeV  36 fb 1

2107.13021 ( 1j + pmiss
T )ADD GKK emission, nED = 2 <10.8 TeV  101 fb 1

1812.10443 (2 , 2 )ADD ( , ) HLZ, nED = 3 <9.1 TeV  36 fb 1
1803.08030 (2j)ADD (jj) HLZ, nED = 3 <12 TeV  36 fb 1
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1811.03052 ( + 2 )excited muon, fS = f = f ′ = 1, = m * 0.25 3.8 TeV  36 fb 1
1811.03052 ( + 2e)excited electron, fS = f = f ′ = 1, = m *

e 0.25 3.9 TeV  36 fb 1
CMS-PAS-EXO-20-012 ( + j)excited b quark, fS = f = f ′ = 1, = m *

q 1 2.2 TeV  137 fb 1
CMS-PAS-EXO-20-012 ( + j)excited light quark (q ), fS = f = f ′ = 1, = m *

q 1 6 TeV  137 fb 1
1911.03947 (2j)excited light quark (qg), = m *

q 0.5 6.3 TeV  137 fb 1
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2202.08676 (3 , 4 , 1 + 3 , 2 + 2 , 3 + 1 , 1 + 2 , 2 + 1 )Vector like taus,  Singlet 0.125 0.15 TeV  137 fb 1
2202.08676 (3 , 4 , 1 + 3 , 2 + 2 , 3 + 1 , 1 + 2 , 2 + 1 )Vector like taus,  Doublet 0.1 1.045 TeV  137 fb 1

2202.08676 (3 , 4 , 1 + 3 , 2 + 2 , 3 + 1 , 1 + 2 , 2 + 1 )Type-III seesaw heavy fermions, Flavor-democratic 0.1 0.98 TeV  137 fb 1
1806.10905 ( 1j + + e)MSM, |VeNV*

N|2/(|VeN|2 + |V N|2) = 1.0 0.02 1.6 TeV  36 fb 1
1802.02965; 1806.10905 (3e; 1j + 2e)MSM, |VeN|2 = 1.0,  |V N|2 = 1.0 0.001 1.43 TeV  36 fb 1

1802.02965; 1806.10905 (3 ; 1j + 2 )MSM, |VeN|2 = 1.0,  |V N|2 = 1.0 0.001 1.24 TeV  36 fb 1
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1911.03947 (2j)Axigluon, Coloron, cot = 1 0.5 6.6 TeV  137 fb 1
1811.00806 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <3.5 TeV  36 fb 1

2112.03949 (2e + 2j)LRSM WR(eNR), MNR = 0.5MWR <4.7 TeV  36 fb 1
2212.12604 ( + pmiss

T )SSM W′( ) 0.6 4.8 TeV  137 fb 1
2112.03949 (2 + 2j)LRSM WR( NR), MNR = 0.5MWR <5 TeV  36 fb 1

1911.03947 (2j)SSM W′(qq) 0.5 3.6 TeV  137 fb 1
1909.04114 (2j)Leptophobic Z′ 0.05 0.45 TeV  78 fb 1

2202.06075 ( + pmiss
T )SSM W′( ) 0.4 5.7 TeV  137 fb 1

2205.06709 ( )LFV Z′, BR( ) = 10% 0.2 4.1 TeV  137 fb 1
2205.06709 (e )LFV Z′, BR(e ) = 10% 0.2 4.3 TeV  137 fb 1

2205.06709 (e )LFV Z′, BR(e ) = 10% 0.2 5 TeV  137 fb 1
2103.02708 (2e, 2 )Superstring Z′ 0.2 4.6 TeV  140 fb 1

1905.10331 (1j, 1 )Z′(qq) 0.01 0.125 TeV  36 fb 1
1911.03947 (2j)SSM Z′(qq) 0.5 2.9 TeV  137 fb 1

2103.02708 (2e, 2 )SSM Z′( ) 0.2 5.15 TeV  140 fb 1
CMS-PAS-EXO-21-005 (2 )ZD, narrow resonance, 2 = 3 × 10 6  (90% C.L.) 0.0042 0.0079 TeV  97 fb 1

CMS-PAS-EXO-21-005 (2 )ZD, narrow resonance, 2 = 7 × 10 7 (90% C.L.) 0.0011 0.0026 TeV  97 fb 1
1912.04776 (2 )ZD, narrow resonance, 2 = 4 × 10 5 (90% C.L.) 0.11 0.2 TeV  137 fb 1

1912.04776 (2 )ZD, narrow resonance, 2 = 8 × 10 6 (90% C.L.) 0.0115 0.075 TeV  137 fb 1
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What about the futur?

SUSY will also be constrained from futur colliders experiments
HL-LHC project

Goal: 300 fb−1 → 3000 fb−1

More data: seek higher mass and allow precision
measurements

FCC project
FCC-ee, FCC-eh, FCC-hh

High luminosity, high-energy collider FCC-ee

e+e− collisions at Z mass
√
s = mZ

e+e− collisions at h mass
√
s = mh

. . .

Energy-frontier collider FCC-hh

Collisions at
√
s = 100 TeV with 20 ab−1 of data

Deep-inelastic scattering (DIS) in FCC-eh

Energy frontier in DIS
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