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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
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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

Experimental deviations

(muon anomal magnetic < However... Still a lots of grey area

——> Description of dark matter

moment a,,, ...) (Conceptual & Experimental issues)
Hierarchy & naturality Incompatibility with
problems 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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© Quick review of N = 1 Supersymmetry and N = 1 Supergravity
@ N =1 Supersymmetry
o N =1 Supergravity
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N =1 Supersymmetry

Special relativity & electromagnetism

4D Minkowski space (x*) (space-time

Euclidean space (X) and time ——> \
symmetries)
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N = 1 Supersymmetry

Special relativity & electromagnetism

4D Minkowski space (x*) (space-time

Euclidean space (X) and time ——> \
symmetries)

Can we naturally extend the symmetries of our theory?
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N = 1 Supersymmetry

Special relativity & electromagnetism

4D Minkowski space (x*) (space-time

Euclidean space (X) and 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 ~ “y/translation in space-time”

Minkowskilspaces () Superspace: (x“,Q,ég (Fermionic
extension
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N = 1 Supersymmetry

Special relativity & electromagnetism

4D Minkowski space (x*) (space-time

Euclidean space (X) and 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 ~ “y/translation in space-time”

Minkowski space: (x*) Superspace: (x“,Q,G; (Fermionic
extension

“N = 1" Supersymmetry: only one set of generators @
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N = 1 Supersymmetry

In Special relativity: scalar ¢, spinor 1, vector A,
In N =1 supersymmetry: two main objects...
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N = 1 Supersymmetry

In Special relativity: scalar ¢, spinor 1, vector A,
In N =1 supersymmetry: two main objects...
Chiral superfield ®' = (¢', X', F')
(x,0,0) = ¢'(x) + V20 - x' + %9 - OF
o ¢': complex scalar field (s = 0)

@ x': left-handed Weyl spinor (s = 1/2)

e F': complex auxiliary field (contribution to V)

Example:
(¢: selectron, x: electron), (¢: squark, x: quark),
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N = 1 Supersymmetry

In Special relativity: scalar ¢, spinor 1, vector A,
In N =1 supersymmetry: two main objects...
Vector superfield V7 = (A%, \?, D?)

n

Chiral superfield ®' = (¢', X', F') B B 1 o
S o _ V(x,6,0) = 05"BAu(x) + 500D + (1080 - A+ h.c.)
@/(x,0,0) = '(x) + V20 -x' + ;0-0F' 4
' o Aj: real vector field (s = 1)
@ ¢': complex scalar field (s = 0)
@ x': left-handed Weyl spinor (s = 1/2)

e F': complex auxiliary field (contribution to V)

@ \?: Majorana spinor (s = 1/2)

e D?: real auxiliary field (contribution to V)

Example:
Example: (Au: Gluon, X: Gluino), ...
. selectron, x: electron), (¢: squark, x: quark),
(¢ X ) (¢: sq X ) Construction of an equivalent to F;,:
spinor superfield W,
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Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model

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



Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model
1) Define the internal symmetries (gauge group G)
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Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model
1) Define the internal symmetries (gauge group G)
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Construction of a N = 1 supersymmetric model

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

2) Chiral superfields with good quantum numbers: Matter Fields
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Construction of a N = 1 supersymmetric model

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

2) Chiral superfields with good quantum numbers: Matter Fields
3) Introducing interactions between the chiral superfields: gauge invariant superpotential

1 o 1 S
W(o) = 6)\,-jk¢’<l>f<l>k + 56,—,—¢’<I>J + a'®’  (generates Yukawa couplings & scalar potential)
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Construction of a N = 1 supersymmetric model

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

2) Chiral superfields with good quantum numbers: Matter Fields
3) Introducing interactions between the chiral superfields: gauge invariant superpotential

1 o 1 S
W(o) = 6)\,-jk¢’<l>f<l>k + 56,—,—¢’<I>J + a'®’  (generates Yukawa couplings & scalar potential)

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

L= / d’0d’0die Vo' + < +/ d29W(¢)+h.c.>
Kinetic terms for quarks, Higgs L Interactions
boson, ... coupled to gauge L
field tri " Kinetic terms for gauge
lelds + supersymmetric part- ,C — Ekin—d) + + Eint o V bosons & gauginos

ners
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Construction of a N = 1 supersymmetric model

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

2) Chiral superfields with good quantum numbers: Matter Fields
3) Introducing interactions between the chiral superfields: gauge invariant superpotential

W(e) = ,JkCD ‘»pk + 5U¢ ‘& + o'®’  (generates Yukawa couplings & scalar potential)

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

L= / d’0d’0die Vo' + < +/ d29W(¢)+h.c.>
Kinetic terms for quarks, Higgs v Interactions
?ols;n;... courled tot g'auget Kinetic terms for gauge
lelas supersymmetric part- a
el persy p E — Ekin @ + + Eint -V bosons & gauginos
1 oW () OW(o")

V=FF+2 DD,

R YN, i
20 o8 + gauge part  Lin = z(kumx X+ Bix >d+h-c.)
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Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model: MSSM
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Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model: MSSM
1) Gauge group: G = SU(3) x SU(2) x U(1)
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Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model: MSSM
1) Gauge group: G = SU(3) x SU(2) x U(1)
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Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model: MSSM
1) Gauge group: G = SU(3) x SU(2) x U(1)

2) Matter Fields: Hy = (Hy, Au), Ap = (HD., Hp), @ = (@,ql), U, = (kT ulc), D, = (dLt, dle),
L= (7.6, 6 = (et
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Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model: MSSM

1) Gauge group: G = SU(3) x SU(2) x U(1)
= (Hp, Ap), @ = (qL a1), Uy = (', uf®), Dy = (dk, d[°),
(71, 60), E = (4, e})

3) Superpotentlal
W = yuHy - QU - ypHp - QD — yeHp - LE + uHy - Ap

2) Matter Fields: Ay = (Huy, I:IU) Ap
L=

N = 1 Supersymmetry

Quick review of N = 1 Supersymmetry and N = 1 Supergravity
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Construction of a N = 1 supersymmetric model

Recipe for a supersymmetric model: MSSM
1) Gauge group: G = SU(3) x SU(2) x U(1)

A A

2) Matter Fields: Hy = (Hy, Au), Ap = (Hp. HD) Q = (qL al), Uy = (akt, ul€), Dy = (dkt, dle),
L= (T1,01), B = (&', el%)

3) Superpotentlal
W = yuHy - QU - ypHp - QD — yeHp - LE + uHy - Ap

+§/\/JK£/£JEK -+ 5/\;JK[IQJDK + EAQQKZIQJDK -+ /I;Z//:/U

Violate conservation of Baryonic or Leptonic number = Impose aditionnal symmetry (R-parity)
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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=FF +1D°D,
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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:

— T

O’Raifertaigh: (F') # 0 Fayet-lliopoulous: (D?) # 0

V=FF +1D°D,
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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:

/ = \
O’Raifertaigh: (F') # 0 Fayet-lliopoulous: (D?) # 0

. —

Spectrum not coherent with observation...

V=FF+1ipD

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



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:

/ = \
O’Raifertaigh: (F') # 0 Fayet-lliopoulous: (D?) # 0

. —

Spectrum not coherent with observation...

V=FF+1ipD

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)
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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)

Equivalence Principle (Einstein’s experimental elevator): VM = EMyvM
< > V™ (R curved) Gravitational effects (SUGRA)
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N =1 Supergravity

No evidence of SUSY particles with equivalent mass as SM particles... n
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)

Equivalence Principle (Einstein’s experimental elevator): vM = gM,,vM
< > V™ (R curved) Gravitational effects (SUGRA)

2D Fiat Tangeant Space at the point A

Emergence of the gravity multiplet (ez", 5, b, M)
- e graviton, Yt gravitino, b, & M: real vector & complex scalar auxiliary fields
Chiral (¢',x', F') & Vector (v;, A%, D?) superfields can be extended to curved superspace:

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



Construction of a N = 1 supergravity model

How to construct a supergravity model from a supersymmetric one?
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Construction of a N = 1 supergravity model

How to construct a supergravity model from a supersymmetric one?

SUSY model
1) Gauge group G

2) Chiral superfields ¢
3) Superpotential W ()
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Construction of a N = 1 supergravity model

How to construct a supergravity model from a supersymmetric one?

SUSY model
1) Gauge group G

2) Chiral superfields ¢
3) Superpotential W ()

Kahler potential K(®, ®7)
Real function of Chiral Superfields ¢
Control kinetic terms of ®
Canonical case: K(®,dT) = oo

Gauge kinetic function h,,(®)
Holomorphic function of Chiral Superfields
[0}

Control kinetic terms of gauge sector
Canonical case: h,p(P) = d.p
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Construction of a N = 1 supergravity model

How to construct a supergravity model from a supersymmetric one?

SUSY model
1) Gauge group G

2) Chiral superfields ¢
3) Superpotential W ()

Kahler potential K(®, ®7)
Real function of Chiral Superfields ¢
Control kinetic terms of ®
Canonical case: K(®,dT) = oo

+ = SUGRA model

Gauge kinetic function h,,(®)
Holomorphic function of Chiral Superfields
[0)

Control kinetic terms of gauge sector
Canonical case: h,p(P) = d.p
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N =1 Supergravity

From SUSY lagrangian to SUGRA lagrangian
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https://arxiv.org/abs/2104.06671
https://arxiv.org/abs/2104.06671

N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian
N =1 Supersymmetry:

Lsysy = / d0d*G]e 28V o' + ( / d2OW WS, + / d29W(¢)—|—h.c.>

16g2
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N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian
N =1 Supersymmetry:

Lsysy = / d0d*G]e 28V o' + ( / d2OW WS, + / d29W(¢)—|—h.c.>

16g2

4
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https://arxiv.org/abs/2104.06671
https://arxiv.org/abs/2104.06671

N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian
N =1 Supersymmetry:

Lsysy = / d0d*G]e 28V o' + ( / d2OW WS, + / d29W(¢)—|—h.c.>

16g2

4

N = 1 Supergravity:
3 - i
Lsucra = /d92<€ {8( _ 8R)e—%K(¢§e 2V o) i

@hab(v)waawg + W(¢)} +h.c.

© = 0: introduce to facilitate calculation in curved superspace, £: Chiral density (Jacobian), R: chiral superfield
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N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

N =1 Supersymmetry:
1
16g2

4

N = 1 Supergravity:

3 1 fo—2eV g 1 .
— 2 =~ _ —*K((I)i e 8V @) i aaypab
Lsucra /de £ {8( 8R)e € T hap (@ )YW2WE + W(¢)} +h.c.

Lsysy = / d*0d? 0] e 26V ol + / d2OWWESp + / d20W(®) + h.c.

© = 0: introduce to facilitate calculation in curved superspace, £: Chiral density (Jacobian), R: chiral superfield

When gravity is neglected: mliLnoc Lsucra = Lsusy + Epure supergravitation
p

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
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N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

oW(g) OW(¢")
99" gl

2 LN PR 3
Vsusy = + gauge part = Vsygra = /™ (D,-W(K D W‘@’WF) + gauge part
p
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N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

oW(g) OW(¢")
99" gl

2 LN PR 3
Vsusy = + gauge part = Vsygra = /™ (D,-W(K D W‘@’WF) + gauge part
p

Minimum (V) can be positive, negative or null # SUSY
Key point in cosmology for a vanishing cosmological constant (V) =0
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N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

oW(g) OW(¢")
99" gl

2 LN PR 3
Vsusy = + gauge part = Vsygra = /™ (D,-W(K D W‘@’WF) + gauge part
p

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
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N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

oW(g) OW(¢")
99" gl

2 LN PR 3
Vsusy = + gauge part = Vsyera = "/ "(DiW(K D W‘@’WF) + gauge part
p

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

BEH mechanism

¢

Goldstone boson

4
Massive Z & W bosons
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N = 1 Supergravity

From SUSY lagrangian to SUGRA lagrangian

oW(g) OW(¢")
99" gl

2 LN PR 3
Vsusy = + gauge part = Vsyera = "/ "(DiW(K D W‘@’WF) + gauge part
p

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

BEH mechanism Super-BEH mechanism
4 4
Goldstone boson Goldstino
4 4 )
Massive Z & W bosons Massive gravitino ms,, = migeK/(Zmp)<W>
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e Supersymmetry Breaking
@ General aspects of SUSY Breaking
@ Mechanisms of SUSY Breaking
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General aspects of SUSY Breaking

SUSY Breaking

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

Breaking mechanisms in SUSY not phenomenologically acceptable! = Supergravity & Hidden Sector
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General aspects of SUSY Breaking

SUSY Breaking

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

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

Supergravity
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General aspects of SUSY Breaking

SUSY Breaking

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

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

Supergravity

Hidden Sector {z'} < —> Matter Sector {®i}
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General aspects of SUSY Breaking

SUSY Breaking

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

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

Supergravity

Hidden Sector {z'} < —> Matter Sector {®i}

SUGRA with (z') #0
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General aspects of SUSY Breaking

SUSY Breaking

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

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

Supergravity

Hidden Sector {z'} < —> Matter Sector {®i}

SUGRA with (z') #0

lim  Lsuera — Lpure gravity = Lsusy + Lsusy
mp—00
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General aspects of SUSY Breaking

SUSY Breaking

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

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

Supergravity

Hidden Sector {z'} < —> Matter Sector {®i}

SUGRA with (z') #0

lim  Lsuera — Lpure gravity = Lsusy + Lsusy
mp—00

In most of all phenomenological/experimental analysis
Add SUSY breaking terms L sysy without specifying the breaking mechanism
Introduce in an ad-hoc way in the lagrangian

IPHC Seminar (R. Ducrocq) Supersymmetry Breaking General aspects of SUSY Breaking 16 / 40



General aspects of SUSY Breaking

SUSY Breaking

In most of all phenomenological/experimental analysis
Add SUSY breaking terms L sysy without specifying the breaking mechanism
Introduce in an ad-hoc way in the lagrangian

Example: MSSM
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General aspects of SUSY Breaking

SUSY Breaking

In most of all phenomenological/experimental analysis
Add SUSY breaking terms L sysy without specifying the breaking mechanism
Introduce in an ad-hoc way in the lagrangian

Example: MSSM

Assume R-parity conserved:

w :)/U":/U . CA?U*}/D":’D : @5*)/5% : ZE_+/U9U : I:ID

IPHC Seminar (R. Ducrocq) Supersymmetry Breaking General aspects of SUSY Breaking



General aspects of SUSY Breaking

SUSY Breaking

In most of all phenomenological/experimental analysis
Add SUSY breaking terms L sysy without specifying the breaking mechanism
Introduce in an ad-hoc way in the lagrangian

Example: MSSM

Assume R-parity conserved:

w :)/U":/U . CA?U*}/D":’D : @5*)/5% : ZE_+/U9U : I:ID

For simple phenomenological analysis, we assume:

V = Vsusy + Vsysy
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General aspects of SUSY Breaking

SUSY Breaking

In most of all phenomenological/experimental analysis
Add SUSY breaking terms L sysy without specifying the breaking mechanism
Introduce in an ad-hoc way in the lagrangian

Example: MSSM

Assume R-parity conserved:

w :)/U":/U . CA?U*}/D":’D : @5*)/5% : ZE_+/U9U : I:ID

For simple phenomenological analysis, we assume:

V = Vsusy + Vsysy

Vsysy = gauginos mass terms (ex: Mzg - g)
Jr
+terms related to W (ex: ayHy - Qﬁ;)
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General aspects of SUSY Breaking

SUSY Breaking

In most of all phenomenological/experimental analysis
Add SUSY breaking terms L sysy without specifying the breaking mechanism
Introduce in an ad-hoc way in the lagrangian

Example: MSSM

Assume R-parity conserved:

w :)/U/:’U . CA?U*}/D":’D : QB*YEHD : ZE_+/U9U : I:ID

For simple phenomenological analysis, we assume:

V = Vsusy + Vsysy Vsysy = Vsorr
Good renormalisation properties
Vsysy = gauginos mass terms (ex: Mzg - g)

Jr
+terms related to W (ex: ayHy - Qﬁ;)
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Mechanisms of SUSY Breaking: Gravity-Mediated

Interactions between the Hidden & Matter sector = gravitationnal interactions
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Mechanisms of SUSY Breaking: Gravity-Mediated

Interactions between the Hidden & Matter sector = gravitationnal interactions

Key objects: Kihler potential K(®, ', z, zT) & Superpotential W(®, 2)
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Mechanisms of SUSY Breaking: Gravity-Mediated

Interactions between the Hidden & Matter sector = gravitationnal interactions
Key objects: Kihler potential K(®, ', z, zT) & Superpotential W(®, 2)

WARNING: Hidden sector at Planck scale: Can highly perturbate the matter sector!
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Mechanisms of SUSY Breaking: Gravity-Mediated

Interactions between the Hidden & Matter sector = gravitationnal interactions
Key objects: Kihler potential K(®, ', z, zT) & Superpotential W(®, 2)
WARNING: Hidden sector at Planck scale: Can highly perturbate the matter sector!
(usual) Soni-Weldon solutions (1983)

Hidden Sector Matter Sector

NS

Interactions

SOFT: Good Cornerstone of.aII
o Phenomenological
renormalisation Vsorr . .
. studies since the
properties

80's
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Mechanisms of SUSY Breaking: Gravity-Mediated

Interactions between the Hidden & Matter sector = gravitationnal interactions
Key objects: Kihler potential K(®, ', z, zT) & Superpotential W(®, 2)
WARNING: Hidden sector at Planck scale: Can highly perturbate the matter sector!
(usual) Soni-Weldon solutions (1983) Non Soni-Weldon solutions (2016)

Hidden Sector Matter Sector Hidden Sector Hybrid Sector S? Matter Sector

NS |

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

Y
SOFT: Good I(D:ErnerstoneI of.aIII HARD: ‘
renormalisation V. enomenologica 1 # properties
SOFT studies since the from Vsorr Vsorr + Vharp

roperties
properti 80's
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Mechanisms of SUSY Breaking: Gravity-Mediated

Interactions between the Hidden & Matter sector = gravitationnal interactions
Key objects: Kihler potential K(®, ', z, zT) & Superpotential W(®, 2)
WARNING: Hidden sector at Planck scale: Can highly perturbate the matter sector!
(usual) Soni-Weldon solutions (1983) Non Soni-Weldon solutions (2016)

Hidden Sector Matter Sector Hidden Sector Hybrid Sector S? Matter Sector

NS |

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

Current analysis...

Cornerstone of all \ :
SOFT: Good . arafl
hae y Phenomenological HARD: # properties R. Ducrocq. A pérmtre
renormalisation SOFT . . Vsorr + Vuarp dans les proceedings de
. studies since the from Vsorr .
properties 80's SciPost Phys. (2023)
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Mechanisms of SUSY Breaking: Gauge-Mediated

Interactions between the Hidden & Matter sector = gauge interactions

IPHC Seminar (R. Ducrocq) Supersymmetry Breaking Mechanisms of SUSY Breaking 19 / 40



Mechanisms of SUSY Breaking: Gauge-Mediated

Interactions between the Hidden & Matter sector = gauge interactions

Messenger superfields S = (S, xs, Fs), ST = (5T, xs, F;r) in, e.g., SU(5)
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Interactions between the Hidden & Matter sector = gauge interactions
Messenger superfields S = (S, xs, Fs), ST = (5T, xs, F;r) in, e.g., SU(5)

V sysy generated through loop contributions
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Mechanisms of SUSY Breaking: Gauge-Mediated

Interactions between the Hidden & Matter sector = gauge interactions
Messenger superfields S = (S, xs, Fs), ST = (5T, xs, F;r) in, e.g., SU(5)

V sysy generated through loop contributions

Phenomenological implication:

2
Gravitino mass: mz/, ~ Msusy — Gravitino is the LSP (Lightest Supersymmetric Particle)

mp

Dark matter candidate
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Mechanisms of SUSY Breaking: Gauge-Mediated

Interactions between the Hidden & Matter sector = gauge interactions
Messenger superfields S = (S, xs, Fs), ST = (5T, xs, F;r) in, e.g., SU(5)

V sysy generated through loop contributions

Phenomenological implication:

2
Gravitino mass: mz/, ~ Msusy — Gravitino is the LSP (Lightest Supersymmetric Particle)

mp

Dark matter candidate

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

IPHC Seminar (R. Ducrocq) Supersymmetry Breaking Mechanisms of SUSY Breaking
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@ Phenomenology of the MSSM
o Particle spectrum of the MSSM
@ SUSY as solution of hierarchy & naturality problem
@ MSSM analysis strategy
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Spectrum of MSSM

Particle spectrum of MSSM
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)

IPHC Seminar (R. Ducrocq) Phenomenology of the MSSM Particle spectrum of the MSSM 21/ 40



Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)

Squark sector
{t,,tr} = Two stop states {f1, o}, ...
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)

Squark sector Slepton sector
{t,,tr} = Two stop states {1, to}, ... {F1,7r} = Two staus states {71, 72}, ...
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)

Squark sector Slepton sector
{t,,tr} = Two stop states {1, to}, ... {F1,7r} = Two staus states {71, 72}, ...

Higgs sector (s = 0)
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)

Squark sector Slepton sector
{t,,tr} = Two stop states {1, to}, ... {F1,7r} = Two staus states {71, 72}, ...

Higgs sector (s = 0)

Scalar sector
{Re(HY), Re(HD)} = Two scalar Higgses
{h, H}
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)

Squark sector Slepton sector
{t,,tr} = Two stop states {1, to}, ... {F1,7r} = Two staus states {71, 72}, ...

Higgs sector (s = 0)

Scalar sector Pseudoscalar sector
{Re(HY), Re(HZ)} = Two scalar Higgses  {Jm(HY), Jm(H2)} = One pseudoscalar
{h, H} Higgs {Ao}
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)
Squark sector Slepton sector
{t,,tr} = Two stop states {1, to}, ... {F1,7r} = Two staus states {71, 72}, ...
Higgs sector (s = 0)
Scalar sector Pseudoscalar sector
{Re(HY), Re(HZ)} = Two scalar Higgses  {Jm(HY), Jm(H2)} = One pseudoscalar

{h, H} Higgs {Ao}
Charged sector

{H/;, (Hp)'} = One charged Higgs {H*}
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)

Squark sector Slepton sector
{t,,tr} = Two stop states {1, to}, ... {F1,7r} = Two staus states {71, 72}, ...
Higgs sector (s = 0)
Scalar sector Pseudoscalar sector
{Re(HY), Re(HZ)} = Two scalar Higgses  {Jm(HY), Jm(H2)} = One pseudoscalar

{h, H} Higgs {Ao}
Charged sector
{H/;, (Hp)!} = One charged Higgs {H*}

Fermions & gauginos sector (s = 1/2)
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)
Squark sector Slepton sector
{t,,tr} = Two stop states {1, to}, ... {F1,7r} = Two staus states {71, 72}, ...
Higgs sector (s = 0)
Scalar sector Pseudoscalar sector
{Re(HY), Re(HZ)} = Two scalar Higgses  {Jm(HY), Jm(H2)} = One pseudoscalar

{h, H} Higgs {Ao}
Charged sector

{H/;, (Hp)!} = One charged Higgs {H*}

Fermions & gauginos sector (s = 1/2)
{ié, iWs, /:Ig, I:IOD} = Four neutralinos

{13, % 18, @)
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)

Squark sector Slepton sector
{t,,tr} = Two stop states {1, to}, ... {F1,7r} = Two staus states {71, 72}, ...
Higgs sector (s = 0)
Scalar sector Pseudoscalar sector
{Re(HY), Re(HZ)} = Two scalar Higgses  {Jm(HY), Jm(H2)} = One pseudoscalar

{h, H} Higgs {Ao}
Charged sector

{H/;, (Hp)!} = One charged Higgs {H*}
Fermions & gauginos sector (s = 1/2)

o I a _ Chargino sector
{iB, iW3, HY, H2} = Four neutralinos  {H/,, W*} = Two charginos
<0 <0 <0 < ot ot
{11, & 18, & {152}
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Spectrum of MSSM

Particle spectrum of MSSM

SFermion sector (s = 0)

Squark sector Slepton sector
{t,,tr} = Two stop states {1, to}, ... {F1,7r} = Two staus states {71, 72}, ...
Higgs sector (s = 0)
Scalar sector Pseudoscalar sector
{Re(HY), Re(HZ)} = Two scalar Higgses  {Jm(HY), Jm(H2)} = One pseudoscalar

{h, H} Higgs {Ao}
Charged sector

{H/;, (Hp)!} = One charged Higgs {H*}
Fermions & gauginos sector (s = 1/2)

o I a _ Chargino sector
{iB, iW3, HY, H2} = Four neutralinos  {H/,, W*} = Two charginos -
~ ~ ~ ~ o
{11, & 18, & {152} g
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SUSY as solution of hierarchy & naturality problem

Analysing the one-loop contributions on my, in the Standard Model:

‘\,’ |
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SUSY as solution of hierarchy & naturality problem

Analysing the one-loop contributions on my, in the Standard Model:

‘\,’ |

Contributions proportional to A2 (A=Cut-off)

Hierarchy & naturality problems
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SUSY as solution of hierarchy & naturality problem

Analysing the one-loop contributions on my, in the Standard Model:

L Contributions proportional to A2 (A=Cut-off)
H [\ H
’ Hierarchy & naturality problems
Hierarchy problem
If A ~ m, =10'° GeV: mj, ~ 10'" GeV!

Naturality problem
Need to fine-tune counterterms for m;, ~ 125 GeV
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SUSY as solution of hierarchy & naturality problem

Analysing the one-loop contributions on my, in the Standard Model:

L Contributions proportional to A2 (A=Cut-off)
H [\ H
’ Hierarchy & naturality problems
Hierarchy problem
If A ~ m, =10'° GeV: mj, ~ 10'" GeV!

Naturality problem
Need to fine-tune counterterms for m;, ~ 125 GeV

In SUSY: New contributions from the scalars SUSY partners
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SUSY as solution of hierarchy & naturality problem

Analysing the one-loop contributions on my, in the Standard Model:

L Contributions proportional to A2 (A=Cut-off)
H [\ H

’ Hierarchy & naturality problems
Naturality problem

Hierarchy problem
Need to fine-tune counterterms for m;, ~ 125 GeV

If A ~ m, =10'° GeV: mj, ~ 10'" GeV!

In SUSY: New contributions from the scalars SUSY partners

ot N
i A
\ / , N
H H-d e
g ‘
/
SUSY as solution of hierarchy & naturality problem 22 /40

IPHC Seminar (R. Ducrocq) Phenomenology of the MSSM



SUSY as solution of hierarchy & naturality problem

Analysing the one-loop contributions on my, in the Standard Model:

L Contributions proportional to A2 (A=Cut-off)
H [\ H

’ Hierarchy & naturality problems
Naturality problem

Hierarchy problem
Need to fine-tune counterterms for m;, ~ 125 GeV

If A ~ m, =10'° GeV: mj, ~ 10'" GeV!

In SUSY: New contributions from the scalars SUSY partners

Dangerous contributions cancel out! T i

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

MSSM: Complicated to analyse high dimensional parameters space

Couplings from W, , VEVS, ...
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More than 100 parameters!
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MSSM analysis strategy

MSSM: Complicated to analyse high dimensional parameters space
Couplings from W, , VEVS, ...
More than 100 parameters!

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

IPHC Seminar (R. Ducrocq) Phenomenology of the MSSM MSSM analysis strategy 23 /40



MSSM analysis strategy

MSSM: Complicated to analyse high dimensional parameters space
Couplings from W, , VEVS, ...
More than 100 parameters!
How to analyse such models in a top-down strategy?...

Constrained models:
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MSSM analysis strategy

MSSM: Complicated to analyse high dimensional parameters space
Couplings from W, , VEVS, ...
More than 100 parameters!
How to analyse such models in a top-down strategy?...

Constrained models:

cMSSM
(5 parameters)
Hypothesis:

@ Universality assumptions at Mgyt
@ No new sources of CP-violation
@ No Flavour Changing Neutral Current (FCNC)
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MSSM analysis strategy

MSSM: Complicated to analyse high dimensional parameters space
Couplings from W, , VEVS, ...
More than 100 parameters!
How to analyse such models in a top-down strategy?...

Constrained models:

cMSSM pMSSM
(5 parameters) (19 parameters)
Hypothesis: Hypothesis:
@ Universality assumptions at Mgyt @ Universality of first & second generation
@ No new sources of CP-violation @ No new sources of CP-violation
@ No Flavour Changing Neutral Current (FCNC) @ No Flavour Changing Neutral Current (FCNC)
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MSSM analysis strategy

MSSM: Complicated to analyse high dimensional parameters space
Couplings from W, , VEVS, ...
More than 100 parameters!
How to analyse such models in a top-down strategy?...

Constrained models:

cMSSM pMSSM
(5 parameters) (19 parameters)
Hypothesis: Hypothesis:
@ Universality assumptions at Mgyt @ Universality of first & second generation
@ No new sources of CP-violation @ No new sources of CP-violation
@ No Flavour Changing Neutral Current (FCNC) @ No Flavour Changing Neutral Current (FCNC)

Other strategy:
bottom-up = Analysing a simplified model & reinterpret the results in cMSSM, pMSSM, ...
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© Constraints from experimental measurements
o Higgs Boson mass near 125 GeV
o Relic density of Dark Matter Qpph?
@ Direct searches of stop squark f at the LHC
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Constraints from experimental measurements

SUSY & SUGRA models constrain by a lot of measurements
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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 Relic density of Dark matter Qomh?

q DM

Muon anomal magnetic moment a,
A
N H

P

Direct detection on colliders

P q DM
‘i

//// % //,

. ﬁ'ﬂm‘ DM detection rates (osi, osp)
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Constraints from experimental measurements

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

i i Relic density of Dark matter Qpuh? .
Higgs boson in the Standard model y DM Muon anomal magnetic moment a,,
q DM

oo A
Heeeeemeinet H

i

Direct detection on colliders
P q DM
‘i

} yg:ﬁ@'wm DM detection rates (os;, osp)
N b "
i

i X X P
%W/ 7 ’0’*5% /,//

Nsﬁ*\‘;/ ,\,99999/ N
s I oo N A A

Cannot talk about all these subjects... = Only choose some for this discussion
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Higgs boson mass near 125 GeV in the MSSM

In the MSSM:
Two Higgs doublets Hy = (HY), H})™ & Hp = (Hp, H})T = lead to two scalar particle h (SM-like), H
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Higgs boson mass near 125 GeV in the MSSM

In the MSSM:
Two Higgs doublets Hy = (HY), H})™ & Hp = (Hp, H})T = lead to two scalar particle h (SM-like), H

Analysing the tree-level contributions:
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Higgs boson mass near 125 GeV in the MSSM

In the MSSM:

Two Higgs doublets Hy = (HY), H})™ & Hp = (Hp, H})T = lead to two scalar particle h (SM-like), H
Analysing the tree-level contributions:
(HY)
(Hp)

Without loop contributions, my, is limited by M!...

m? < M%cos?23 with tan 8 =
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Higgs boson mass near 125 GeV in the MSSM

In the MSSM:

Two Higgs doublets Hy = (HY), H})™ & Hp = (Hp, H})T = lead to two scalar particle h (SM-like), H
Analysing the tree-level contributions:
(HY)
(Hp)
How we obtain m;, = 125 GeV in the MSSM?

m? < M2cos?28 with tan 3 = Without loop contributions, my, is limited by M!...
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Higgs boson mass near 125 GeV in the MSSM

In the MSSM:

Two Higgs doublets Hy = (HY), H})™ & Hp = (Hp, H})T = lead to two scalar particle h (SM-like), H
Analysing the tree-level contributions:
(HY)
(Hp)
How we obtain m;, = 125 GeV in the MSSM?

Without loop contributions, my, is limited by M!...

m? < M%cos?23 with tan 8 =

m? < M%‘ cos? 28| + A¢
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Higgs boson mass near 125 GeV in the MSSM

In the MSSM:

Two Higgs doublets Hy = (HY), H})™ & Hp = (Hp, H})T = lead to two scalar particle h (SM-like), H
Analysing the tree-level contributions:
(HY)
(Hp)
How we obtain m;, = 125 GeV in the MSSM?

m? < M2cos?28 with tan 3 = Without loop contributions, my, is limited by M!...

With loop-contributions (mostly from stop squark ) m? < M2 ‘ cos? 25‘ + A
. . . h V4 t
Need to push my to 125 GeV with stop contributions
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Higgs boson mass near 125 GeV in the MSSM

In the MSSM:

Two Higgs doublets Hy = (HY), H})™ & Hp = (Hp, H})T = lead to two scalar particle h (SM-like), H
Analysing the tree-level contributions:
(HY)
(Hp)
How we obtain m;, = 125 GeV in the MSSM?

Without loop contributions, my, is limited by M!...

m? < M%cos?23 with tan 8 =

With loop-contributions (mostly from stop squark ) m? < M2 ‘ cos? 25‘ + A
. . . h V4 t
Need to push my to 125 GeV with stop contributions

More & more difficult to get m, = 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 $ = (S, 5, Fs) ((S) # 0)

Wimssv = ASHy - Ap + yuQ - A0 — ypQ - ApD — yel - ApE
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Higgs boson mass near 125 GeV in the NMSSM

A possible solution: NMSSM
Idea:
Introducing a new singlet superfield $ = (S, 5, Fs) ((S) # 0)
Wimssm = ASHu - Hp + yu Q@ - AuU — ypQ - ApD — yel - ApE

Spectrum # MSSM
Three mass states h', h*, h®, Two mass states A, A%,
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Higgs boson mass near 125 GeV in the NMSSM

A possible solution: NMSSM
C. Hugonie, U. Ellwanger, MPLA, 2007

Idea: 142 T T T T T T T ]
140 - -
Introducing a new singlet superfield 5 = (S, 5, Fs) ((S) # 0) 1f e

Wimssv = ASHy - Ap + yuQ - A0 — ypQ - ApD — yel - ApE

Spectrum # MSSM Moy g [ 3
GeV 7
Three mass states h', h*, h®, Two mass states A, A%, 16V 26 1 - .
124 ’ emmmemmm
. . . s ___,,—f-’ i
Analysing the tree-level contributions: 122 B 7
120 F .
2 18 ;S -
/ ; ]
116 | i ‘/ N
mh<l\/lz(cos 26+g sin 25) T 31 Y SRR
Figure 1: Upper bound on the lightest Higgs mass in the NMSSM for my, 178 GeV
. . (thick full line: m, arbitrary, thick dotted line: m, = 1 TeV) and my,, 1.4 GeV
New tree-level COI"ItI’IbUtIOnS from s (thin fall line m‘ wxl)vr‘ hick dotted line: m, = 1 TeV) and in the MSSM (with
2V (thick dashed line) and my,, Ge ed

ained \\nh NMHDECAV as a function of tand. Squark and gluino m:
Aup =25

less fine-tuning from stop loop contributions A;
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Higgs boson mass near 125 GeV in the NMSSM

A possible solution: NMSSM
Idea:
Introducing a new singlet superfield $ = (S, 5, Fs) ((S) # 0)
Wimssm = ASHu - Hp + yu Q@ - AuU — ypQ - ApD — yel - ApE

Spectrum # MSSM
Three mass states h', h*, h®, Two mass states A, A%,

Analysing the tree-level contributions:

)2
m? < I\/lz(cos 26+ o2 5 sin 2/3)

New tree-level contributions from S
less fine-tuning from stop loop contributions A;

C. Hugonie, U. Ellwanger, MPLA, 2007

142 T T T T T L
140 -

116 | s

114

|
1 2 3 4 5 6 7 8 9

178 GeV
(thiek full s 1y abite \* and g,y = 1714 GeV
(thin full line: m, arbitra and in the V\k\l (with

my = 1 TeV) for iy, :
line) as obtained \\nh NMHDECAV as a function of tand. Squark and gluino mass
1 TeV and Ay, = 2.5 TeV.

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

171.4 GeV (thin dashed

ses are
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Dark Matter candidate

In R-Parity conservation (RPC):
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Dark Matter candidate

In R-Parity conservation (RPC):
Lightest neutralino % is stable (LSP: Lightest SUSY Particle) — natural candidate for dark matter
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Dark Matter candidate

In R-Parity conservation (RPC):
Lightest neutralino % is stable (LSP: Lightest SUSY Particle) — natural candidate for dark matter

Several observables can be calculated:
o Relic density of dark matter Qh%,,
@ Direct detection rates opp

@ Indirect detection rates ojp
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Dark Matter candidate

In R-Parity conservation (RPC):
Lightest neutralino % is stable (LSP: Lightest SUSY Particle) — natural candidate for dark matter

Several observables can be calculated:
o Relic density of dark matter Qh%,,
@ Direct detection rates opp

@ Indirect detection rates ojp

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

In R-Parity conservation (RPC):
Lightest neutralino % is stable (LSP: Lightest SUSY Particle) — natural candidate for dark matter

Several observables can be calculated:
o Relic density of dark matter Qh%,,
@ Direct detection rates opp

@ Indirect detection rates op

In MSSM (Higgsinos, Wino, Bino):
difficulties to pass the Exp. constraints...
Preferred scenarios in the NMSSM (pure singlino 5)
Z or h exchange my = 2mg or mz ~ 2mg
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Dark Matter candidate

In R-Parity conservation (RPC):
Lightest neutralino % is stable (LSP: Lightest SUSY Particle) — natural candidate for dark matter

300 10°

Several observables can be calculated:

250

o Relic density of dark matter Qh%,, 10°

@ Direct detection rates opp 200

@ Indirect detection rates op

...
L
fine tuning

In MSSM (Higgsinos, Wino, Bino):
difficulties to pass the Exp. constraints...
Preferred scenarios in the NMSSM (pure singlino 5) N s
Z or h exchange my = 2mg or mz ~ 2mg -

10?
Fine-tuning Apgg: Tools for searching natural configurations e
% ¢

C. Hugonie, U. Ellwanger, EPJC, 2018

Relic density of Dark Matter Qppsh°
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Dark Matter candidate

In R-Parity conservation (RPC):
Lightest neutralino % is stable (LSP: Lightest SUSY Particle) — natural candidate for dark matter

300 10°

Several observables can be calculated:
o Relic density of dark matter Qh%,, =0 -

@ Direct detection rates opp 200

@ Indirect detection rates op

...
L
fine tuning

In MSSM (Higgsinos, Wino, Bino):
difficulties to pass the Exp. constraints...
Preferred scenarios in the NMSSM (pure singlino 5)
Z or h exchange my = 2mg or mz ~ 2mg

i ) 10?
Fine-tuning Apgg: Tools for searching natural configurations

Ml; [GeV]

C. Hugonie, U. Ellwanger, EPJC, 2018
In Supergravity with GMSB: Gravitino v, is naturally the LSP & natural candidate for DM!

Computation of Q3/,h* more complex (several contributions)
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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, m, = 125 GeV, ... without fine-tuning
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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, m, = 125 GeV, ... without fine-tuning

In the NMSSM:
Tuning the parameters for my ~ 125 GeV | Tuning the parameters for Qpmh? = 0.1187 + 10%
In general: We must choose between one of them... Or fine-tune our model
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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, m, = 125 GeV, ... without fine-tuning
In the NMSSM:

Tuning the parameters for my ~ 125 GeV | Tuning the parameters for Qpmh? = 0.1187 + 10%
In general: We must choose between one of them... Or fine-tune our model

Possible improvements?

Several Singlets 5° (N2MSSM) R. Ducrocq
[PhD. Thesis]

Adding a second singlet superfield {S*, 52}
o St for my = 125 GeV
o 5% for QR?

Tree-level contributions:

A+ A3
g2

ms < M%(cos2 26 + sin? Zﬂ)

Use of the calculation grid
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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, m, = 125 GeV, ... without fine-tuning
In the NMSSM:

Tuning the parameters for my ~ 125 GeV | Tuning the parameters for Qpmh? = 0.1187 + 10%
In general: We must choose between one of them... Or fine-tune our model

Possible improvements?

Several Singlets 57 (N2MSSM) R. Ducrocq New solutions in Gravity-Mediated SUSY
[PhD. Thesis] Breaking R. Ducrocq. A paraitre dans les

dings de SciPost Phys. (2023
Adding a second singlet superfield {S*, S?} proceedings de SciPost Phys. ( )

o S for my = 125 GeV Naturally introduce two " hybrid” fields {S"*, 5"}
Vsorr + Vharp: New effects at tree & loop level

e 5% for QR
. . P gt .
Tree-level contributions: Qi p ¢ 9, : Close the
A4+ ) ‘
m,2,<M§(cosz2ﬁ+ 1+2 2sm22ﬂ) S s B

g X\ 7 // g \\

e I : \

Use of the calculation grid //X\\ = " K
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Direct searches of stop squark t at the LHC

High coupling on the Standard Model through Higgs boson
LHC: hadronic colliders: f is studied a lot in plenty of scenarios

Why stop squark?
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Direct searches of stop squark t at the LHC

High coupling on the Standard Model through Higgs boson
LHC: hadronic colliders: f is studied a lot in plenty of scenarios

Why stop squark?
Usually searched in the processes pp — ff with £ — %% or £ — t1),

. . q
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Direct searches of stop squark t at the LHC

High coupling on the Standard Model through Higgs boson
LHC: hadronic colliders: f is studied a lot in plenty of scenarios

Why stop squark?

Usually searched in the processes pp — ff with £ — %% or £ — t1),

’
‘i -t
e Vs
’ . q

%% %zm //// .
S q t
M \0999999991 \

Three differents topologies

Long-lived Particle (LLP)

Prompt searches ..
P decaying in the detector

Heavy Stable Charged Particle

t k produced close to th .
Op quark prodliced clase o the top quark produced in the detector (HSCP) .
primary interaction . . . top quark produced outside the
but far from primary interaction
— prompt top quark detector

— displaced top quark
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Direct searches of stop squark t 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
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Direct searches of stop squark t at the LHC

100 CMS 137.0 0" (13 TeV)
= pp > TLTt7
(5 900| Approx. NNLO+NNLL exclusion
= =Observed + 10y,
{Expected 1,20,
700 it
600F-
500F
400F-
300(
200F-
100[4
|47 S | T
200 400 600 800 1000 1200 1400
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m; [GeV]

| S

10 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): my < 1300 GeV are excluded for low myo

5
95% CL upper limit on cross section [pb]
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Direct searches of stop squark t at the LHC

Observed + 16y,
Expected + 1,2 6

experiment

CMS 137.0 b (13 TeV) .. . . .
S P 10° Analysis in simplified models ~ Generic SUSY models...
& 900| Approx. NNLO+NNLL exciusion

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

<

Example (CMS-SUS-19-010): my < 1300 GeV are excluded for low myo

ST |
<

However...

5

95% CL upper limit on cross section [pb]

| S

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

S
1

y I | L
200 400 600 800 1000 1200 1400

m; [GeV]
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Direct searches of stop squark t at the LHC

Observed + 16y,
Expected + 1,2 6

experiment

CMS 137.0 b (13 TeV) .. . . .
S P 10° Analysis in simplified models ~ Generic SUSY models...
& 900| Approx. NNLO+NNLL exciusion

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

<

Example (CMS-SUS-19-010): my < 1300 GeV are excluded for low myo

ST |
<

However...

5

95% CL upper limit on cross section [pb]

| S

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

S
1

y I | L
200 400 600 800 1000 1200 1400
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Direct searches of stop squark t at the LHC

CMs

137.0 b (13 TeV) o

pp > TLTt7

900[ Approx. NNLO+NNLL exclusion
=Observed + 10y,
ZiZExpected £ 1,2 O, periment

| 47 I | (L
200 400 600 800 1000 1200 1400

m; [GeV]

3

a0

95% CL upper limit oAn cross section [pb]

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): my < 1300 GeV are excluded for low myo

However...

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 t — t1,, (J. Andrea et. al., EPJC, 2023):
@ Benchmark points (m;, ms,,) 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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Direct searches of stop squark t at the LHC

CMS 137.0 0" (13 TeV)
pp > TLTt7

900| Approx. NNLO+NNLL exclusion

=Observed + 10y,
“iExpected £ 1,20,

2

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): m; < 1300 GeV are excluded for low mgo

However...

95% CL upper limit (;n cross section [pb]

Reinterpretation: Not an easy task (Utilisation of Tools such as

vé . .. TN ) [ | R
200 400 600 800 1000 1200 1400 SModels or MadAnaIySIS)
m; [GeV]

Other possible study: Proposing benchmarks with interesting signatures
Analysis of a LLP stop squark t — t1,, (J. Andrea et. al., EPJC, 2023):
@ Benchmark points (m;, ms,,) with stop squark decaying in a specific
part of the detector

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

6
0 400 600 800 1000 1200 1400 1600 1800 2000
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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 msysy > msy = 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 Qpuh?, ...

Constrained by direct searches...
Two approaches: top-down & bottom-up (usually used at collider experiments)

SUSY searches continue... (LHC, Bellell) 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, ...)
o Impact of SUSY in flavor physics

o ...
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
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Construction of a N = 1 supersymmetric model: Interactions

L= /d29d2§¢je*2qu>’+ <161g2 /d26W3“W§5ab+/d29W(¢)+h.c.>
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Construction of a N = 1 supersymmetric model: Interactions

L= /d29d2§¢je*2gv¢"+ <161g2 /d29W3“W§5ab+/d26W(¢)+h.c.>
Elimination of the auxiliary fields {F', D?}: leads to the scalar potential:
V=FF +Xpp
= T+ > A

W) W) 1
T T og &M + 58 (@' T2¢) (D" T¢)dab

Scalar potential is positively defined: V > 0!

IPHC Seminar (R. Ducrocq) Conclusion 36 / 40



Construction of a N = 1 supersymmetric model: Interactions

L= /d29d2§¢je*2gv¢"+ <161g2 /d29W3“W§5ab+/d26W(¢)+h.c.>

Elimination of the auxiliary fields {F', D?}: leads to the scalar potential:

: 1
V=FF + 507D,

W) W) 1
T T og &M + 58 (@' T2¢) (D" T¢)dab

Scalar potential is positively defined: V > 0!
¢ — x interactions terms from the Superpotential:

1PW()
int. — — & - ~y h.c.
Lint. = =5 Ggigg X X The
1 o o
= =5 (A X+ B X+ he)

Can reproduce the yukawa couplings equivalent to the Standard Model!
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Mechanisms of SUSY Breaking: Gravity-Mediated
W(e,q) = Z mpyWa(®, ()

Need to choose W & K such as lim Lsycra — Lsusy + Lsusy :
mp—>oo

Requirement

At least one field from Hidden sector with (z and (®
Visible sector fields interactions
V = e/ (D WK~ ). D" W — i}WF)

Simple case: Found two solutions:

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

K(z,zT,(D,d)T) = mpz zJr + P!
W(z,®) = myWa(z) + mWi(z) + Wo(z, ®)
New solutions (new field sector S)
K(z,z!, &, 01) = miz'z| + o] + 5°S!
Wi(z,®) = W1 o(z )+pW1,p(Z)l~L25p

W(z,®) = myWi(z,S) + Wo(z, S, d) with
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Mechanisms of SUSY Breaking: Gravity-Mediated

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

K(z,z' o, 0") = miz'z| + o°0]
W(z,®) = mf, Wa(z) + mpWi(z2) + Wo(z, ®)
Assuming superpotential Wo(z, ®) = a;(z)®' + 18;(z)®'® + Lhju(z)d ¢/ o
At low energy:
V = Vsusy + Vsort + /\mf,

i 1 i 1 ij i
Vsorr = GO’ + EBU¢ ¢J + aAuk¢ ¢J¢k + mi,qb ¢}L

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

W(®) Vsorr
Qj — G
Relation between superpotential and SOFT-SUSY Breaking terms: Bi = By
)\ijk — A;jk

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

New solutions
K(z, zt o, ¢T) = miz"zl.T + &) + SPSQ,L

_ . W1(27¢) = W]”o(Z) —|— lep(Z),U,;Sp
W(z,®,S) = m,Wi(z,S) + Wo(z, S, ®) with { Wo(z. ) = Wop(2)S” + Wo(z, L/, )

Hidden Sector z Matter field ¢
Coupling with Hybrid Field S with definition
mp in W a la Soni Weldon

Properties of S field:
@ S Singlet under visible sector gauge group
@ Direct coupling Matter fields ® / Hybrid fields S through ! u?
@ S and ®: Matter Sector = (S) and (®) < m,

with p” also present in W
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Hard & Soft SUSY Breaking terms

Topologies of SUSY-breaking terms:
New solutions

At low energy: V = Vsysy + Vsorr + VHarp + /\ITIIZJ
% _(D”’ LErgiel + LFp 61669V ST + Gu'd' 6] + Hyp' 6/ SP0! + h
warp = ( (D¢ +3 U¢¢J+6 50 P D)S) + G ¢' ¢ ") + Hipp ¢'¢/ SPh] + hc.
+Qip 0 ¢ISPS1q + T pSPS) S Siq

"HARD”: At first glance, problematic properties of renormalisation (quadratic corrections /\2)... BUT:
Parametrically suppressed by an intermediate energy scale M < m,

VsorT VharD
C,' — Dlp
. " e " B,‘j — E?
Correspondance SOFT/HARD Breaking terms (" gravitino-rule”): u
A,'jk — Fij')k
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SUSY searches at LHC

SUSY is widely searched at the LHC

Searches of SUSY at LHC
(MSSM & extensions)

IPHC Seminar (R. Ducrocq) Conclusion 41 / 40



SUSY searches at LHC

SUSY is widely searched at the LHC

Strong production in Searches of SUSY at LHC Lone-Lived particles
RPC/RPV (MSSM & extensions) € P
Invisible decays Higgs sector searches Stable particle (Dark Matter)
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SUSY searches at LHC

SUSY is widely searched at the LHC

Strong production in Searches of SUSY at LHC Lone-Lived particles
RPC/RPV (MSSM & extensions) € P
Invisible decays Higgs sector searches Stable particle (Dark Matter)

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

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

No evidence in “classic” searches at all colliders experiments: Need to analyse more exotic signatures...
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Direct searches of stop squark t 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
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Direct searches of stop squark t 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

----- neutral displaced WBSM
m—— charged HSCP dilepton M lepton
=~ any charge W quark
. hoton
Depending on the process: .gnylhing
Several topologies of signatures disuppearing displaced
track lepton
S
displaced > displaced
dijet : *e photon

displaced
IPHC Seminar (R. Ducrocq)

not pictured:
v displaced
vertex

out-of-time decays
conversion
Conclusion




Direct searches of stop squark t 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 — fify (f1 — ¥,t)
MSSM RPV: pp — BF — t700%0 (0 — RPV decay)

IPHC Seminar (R. Ducrocq) Conclusion

----- neutral displaced EmBSM

m—— charged HSCP dilepton M lepton

=~ any charge W quark
photon

W anything
disappearing displaced
track lepton
S TS

displaced ; ‘. .’z. displaced
dijet ’~,A photon

v not pictured:

displaced out-of-time decays
conversion

displaced \4
vertex
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Direct searches of stop squark t at the LHC

MSSM RPC with Gauge-Mediated SUSY Breaking:
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Direct searches of stop squark t at the LHC

MSSM RPC with Gauge-Mediated SUSY Breaking:
2
Gravitino 1), is naturally the Lightest SUSY Particle (LSP): m3,, = MSU;Y (Planck-suppressed!)

Gravitino-matter couplings naturally Planck-suppressed: Long-lived with NLSP (Next-To-Lightest SUSY Particle)
If stop fi=NLSP: £t source from gravitinos & secondary vertices with top production
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Direct searches of stop squark t at the LHC

MSSM RPC with Gauge-Mediated SUSY Breaking:
2
Gravitino 1), is naturally the Lightest SUSY Particle (LSP): m3,, = MS‘fY (Planck-suppressed!)

m
Gravitino-matter couplings naturally Planck-suppressed: Long-lived with NLSP (Next-To-Lightest SUSY Particle)
If stop £1=NLSP: E't source from gravitinos & secondary vertices with top production

.
10200 400 600 800 1000 1200 1400 1600 1800 2000
m([GeV]

Definition of benchmarks (m;z, ms»)
Generation & analysis of processes with several softwares
(MadGraph, Pythia, ...)
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Direct searches of stop squark t at the LHC

MSSM RPC with Gauge-Mediated SUSY Breaking:
2
Gravitino 1), is naturally the Lightest SUSY Particle (LSP): m3,, = MS‘fY (Planck-suppressed!)

m
Gravitino-matter couplings naturally Planck-suppressed: Long-lived with NLSP (Next-To-Lightest SUSY Particle)
If stop £1=NLSP: E't source from gravitinos & secondary vertices with top production

Case of RPV scenarios
High multiplicity on jets or
v A leptons in the final state

RPC-RPV Combination: T-7.(~tbs) / T-bs, m(7;)=200 GeV, bino-lke 72
T T

B = 24007 : \ 3
i & 2200F ATLAS Preliminary - ©- Expected E
0l = E (s=13Tev —e— Observed E
& 20005 __ gpc stop oL 6.1 ) 95% CL limits E
E  1g800E — RPCstop 1L (36.1 1) E
E RPV 1L (36.1 1) HE
16005 —— pijet (37 1), TLA (32 b £
1400F — Diet pairs (36.7 o)
10500 400 600 800 1000 1200 1400 1600 1800 2000 12008
m; [GeV] 1000F-
800}
Definition of benchmarks (m;z, ms») 600E-
Generation & analysis of processes with several softwares 400%5c 02

(MadGraph, Pythia, ...)
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Direct searches of stop squark t 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)

12.9 6 (13 TeV) 12.9 b (13 TeV)
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Figure 3: Cross section upper limits at 95% CL on various signal models for the tracker-only

analysis (left column) and tracker+TOF analysis (right column) at /s = 13 TeV. In the legend,
’CS’ stands for charged suppressed interaction model.
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Conclusion

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary
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Conclusion

Overview of CMS EXO results
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What about the futur?

SUSY will also be constrained from futur colliders experiments

HL-LHC project
Goal: 300 fb~! — 3000 fb~?

T T T T
[~ Summary of CMS SUSY Projections with SMS
[~ Preliminary

I so discovery: 14 Tev, 3000 it
[ 5o discovery: 14 Tev, 300 b

- [ 95% CL limits: 8 Tev
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Probe *up to* the quoted mass

More data: seek higher mass and allow precision
measurements
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FCC project
FCC-ee, FCC-eh, FCC-hh

High luminosity, high-energy collider FCC-ee

e"e™ collisions at Z mass /s = mz

ete™ collisions at h mass /s = my,

Energy-frontier collider FCC-hh
Collisions at /s = 100 TeV with 20 ab™! of data
Deep-inelastic scattering (DIS) in FCC-eh

Energy frontier in DIS
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