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Supersymmetry (SUSY)

• Dark matter candidates can be proposed with SUSY :

Fermions ↔ Bosons

• Change of spin → space-time symmetry

• Define a superspace : enlarge xµ with 2 + 2 Grassman variables θα, θ̄α̇
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Supersymmetry (SUSY)

• Superfields in superspace (yµ, θα, θ̄α̇) with yµ = xµ + iθσµθ̄ :

- Chiral : Φ(y, θ) = ϕ(y) +
√
2ψ(y)θ + F (y)θ2, D̄α̇Φ = 0.

- Vector : V (y, θ, θ̄) = θσµθ̄vµ(y) + iθ2θ̄λ̄(y)− iθθ̄2λ(y) + 1
2θ

2θ̄2(D(y)− i∂µv
µ(y)).

✳ ϕ : scalar field
✳ ψα, λα : spinors
✳ vµ : vector field
✳ F , D : auxiliary fields
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Supersymmetric extensions of the Standard Model (SM)

• Minimal Supersymmetric Standard Model (MSSM) :

• Next to Minimal Supersymmetric Standard Model (NMSSM) : MSSM + N̂ superfield
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Quarks/Squarks
{

Leptons/Sleptons
{

Higgs/Higgsinos
{

Gauge/Gauginos
{



Goals

Build a new model where dark matter is produced in a hidden supersymmetric
sector

Give first constraints and an estimation of the dark matter relic density in this
context
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The model

Idea : Construct a model with 3 decoupled sectors

• Visible sector : SM/MSSM/NMSSM
• Dark sector : glueballs and gluinoballs
• SUSY breaking mediation sector

→ SUSY must be broken at low energy (no superpartners observed)
→ Give mass to particles
→ Constraints on those masses given by the LHC (> 10 TeV)

Interactions between the different sectors through mediators
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The model
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I. Dark sector : Super Yang Mills (SYM) and the effective theory of
Veneziano-Yankeliowicz

• Super Yang Mills : gluons (vµ) and gluinos (λ) dynamics, SU(N) gauge group
• Super field strength : Wα = −1

4D̄D̄
(
e−VDαe

V
)

• Lagrangian :

LSYM =
1

32π
Im

(
τ

∫
d2θTrWαWα

)
= Tr

[
−1

4
FµνF

µν − iλσµDµλ̄+
1

2
D2

]
+
θSYM

32π2
g2TrFµνF̃

µν ,

(1)

✳ τ = θSYM
2π + 4πi

g2
✳ Dµλ̄ = ∂µλ− ig[vµ, λ]

✳ Fµν = ∂µvν − ∂νvµ − ig[vµ, vν ] ✳ F̃µν = 1
2ε
µνρσFρσ
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✳ Dα = ∂α + iσµ

αβ̇
θ̄β̇∂µ



I. Dark sector : Super Yang Mills (SYM) and the effective theory of
Veneziano-Yankeliowicz

• Low energy : uncoloured bound states made of gluons and gluinos → glueballs
(vµvµ) and gluinoballs (λλ)

• Suitable dark matter candidates :
✓Electrically neutral ✓Uncoloured
✓Weakly interacting ✓Stable

Difficulties to describe those bound states from SYM → Veneziano-Yankeliowicz
effective theory
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I. Dark sector : Super Yang Mills (SYM) and the effective theory of
Veneziano-Yankeliowicz

• Veneziano et Yankeliowicz idea : introduction of a chiral superfield S such as

S = ϕ(y) +
√
2θψ(y) + (θθ)F (y), (2)

ϕ(y) ≡ β(g)

2g
λαλα,

√
2ψα(y) ≡ −β(g)

2g
(−iλαD + (σµνλ)αFµν) , (3)

F (y) ≡ −β(g)
g

(
−1

4
FµνF

µν − i

2
λ̄σ̄∇̄λ+

1

2
D2 − i

4
FµνF̃

µν +
i

2
∂µJ

µ5

)
. (4)

W. Isnard SUSY Glueball Dark Matter 10/22/2022 9/25



I. Dark sector : Super Yang Mills (SYM) and the effective theory of
Veneziano-Yankeliowicz

• Veneziano-Yankeliowicz Lagrangian :

LNVY =
9N2

α
(S†S)

1
3

∣∣∣∣
D

+

[
2N

3
S

(
log

(
S

Λ3

)N
−N

)∣∣∣∣∣
F

+ h.c.

]
, (5)

• (S†S)
1
3

∣∣∣
D
=
∫
d2θd2θ̄(S†S)

1
3

(
S log S

Λ3 − S
)∣∣
F
=
∫
d2θS log S

Λ3 − S

✳ Λ : dynamical energy scale

Issue : glueballs appear in the auxiliary field
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I. Dark sector : Super Yang Mills (SYM) and the effective theory of
Veneziano-Yankeliowicz

• Idea : add a glueball chiral superfield χ :
χ = ϕχ +

√
2θψχ + θ2Fχ [χ] = 0 (6)

• Generalization of LNVY :

LNgVY =
9N2

α
(S†S)

1
3

(
1 + γχχ†

)∣∣∣∣
D

+
2N

3
S

(
log

(
S

Λ3

)N
−N −N ln

(
−e χ

N
lnχN

))∣∣∣∣∣
F

+ h.c.

(7)

Developing this Lagrangian gives the interactions between the scalar parts of the
glueballs (ϕχ) and the gluinoballs (ϕ).
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[
Merlatti 04

]

✳ γ : parameter



II. Interactions

Dark ↔ ����SUSY : Gravity mediation

• Messenger : chiral superfield X such as ⟨FX⟩ ≠ 0

• Interaction with the dark sector :

L ⊃
∫

d2θ

(
s

MP
XWα

aW
a
α + h.c.

)
. (8)

• Dark gluino mass :

mλ,1 ∼
⟨FX⟩
MP

. (9)
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II. Interactions

Visible ↔ ����SUSY : Gauge mediation

• SUSY breaking parameter : spurion X with ⟨X⟩ =M + θ2⟨FX⟩
• Messengers : chiral superfields Φ, Φ̃
• Interaction : ∫

d2θXΦΦ̃. (10)

• Visible sector gluino mass :
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mλ,2 ∼
g2

16π2
⟨FX⟩
M

(11)



II. Interactions

Order of magnitudes

• We want :

✳ Trh : reheating temperature,
✳ ΛgVY : confinement scale of gluons/gluinos into glueballs/gluinoballs

→ ⟨FX⟩ ∼ 1015 GeV2, M ∼ 109 GeV. (12)
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II. Interactions

Visible ↔ Dark Interactions

• Consider heavy chiral superfields Q, Q̃ and N̂ in the NMSSM :

L ⊃
∫

d2θd2θ̄
(
Q̄e2gVQ+ ¯̃Qe2gV Q̃

)
+

∫
d2θ αN N̂QQ̃. (13)

• Integrate out Q et Q̃ at low energy :

✳ MN : energy scale
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L ⊃ LSYM

(
1 +

1

M2
N

N̂N̂ † + ...

)
. (14)



III. Constraints and viability of the model

Dark matter scattering

• Bullet cluster : with v ≈ 1000 km.s−1 the velocity of incident particles

σDM

mDM
≤ 2 cm2.g−1 (15)

W. Isnard SUSY Glueball Dark Matter 10/22/2022 16/25

[
Robertson 16
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III. Constraints and viability of the model

Dark matter particles mass depending on γ with α = N = 1

→ mDM ≥ 50 MeV for γ ≥ 1
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σDM

mDM
≤ 2 cm2.g−1 σDM

mDM
≤ 2 cm2.g−1



III. Constraints and viability of the model

Dark matter production

• Production in the dark sector before the confinement of gluons/gluinos
• Operator allowing the production of dark gluons/gluinos from N̂ :

L ⊃ 1

32πM2
N

Im

(
τ

∫
d2θWαWαN̂N̂

†
)

N̂ = N + ψNθ + FNθ
2. (16)

• Thermally decoupled sectors and non-renormalizable operator → UV freeze-in
mechanism
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III. Constraints and viability of the model

Freeze-in mechanism

• Hypotheses :

- Dark and visible sectors are never at thermal equilibrium
- Inflaton decays in the visible sector → dark sector not reheated
- Confinement energy of gluons/gluinos in glueballs/gluinoballs is negligible
- Gluon nv and gluinos nλ number densities are initially negligible

• Interval for the value of DM relic density ΩDM = ρDM/ρc with 99% confidence and
10% theoretical uncertainty :

0.068 < ΩDMh
2 < 0.155. (17)
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[
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III. Constraints and viability of the model

Production of dark gluons/gluinos
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III. Constraints and viability of the model

• Boltzmann equations (simplified) for nv,λ = nv + nλ :
dnv,λ
dt

+ 3Hnv,λ ≃ T

512π5

∫ ∞

0
ds|M|2

√
sK1(

√
s/T ). (18)

• With :
|M|2 =2

(
|MNN̄→vv|

2 +
∣∣MN̄ψN→vλ

∣∣2 + ∣∣MNψ̄N→vλ̄

∣∣2
+ |MNN̄→λλ̄|

2 +
∣∣MψN ψ̄N→λλ̄

∣∣2) (19)

✳ K1 : Bessel function of 2nd kind
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III. Constraints and viability of the model

• Compute glueballs/gluinoballs yield YS,χ = nS,χ/s ≃ nv,λ/s :
dYS,χ
dT

= − 1

sH

105T 7

8π5M4
N

. (20)

• Where s and H are given by :

s =
2π2gs∗T

3

45
and H =

1.66
√
gρ∗T

2

MP
, (21)

→ YS,χ ≃ 1575MPT
3
rh

16π71.66gs∗
√
gρ∗M

4
N

, ✳ gs∗/g
ρ
∗ : number of effective degrees of freedom

(22)
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III. Constraints and viability of the model

• glueballs/gluinoballs relic density ΩDM :

ΩDM =
mS,χYS,χs0

ρc
, (23)

✳ s0 = 2970 cm−3 : entropic density at T0 = 2.75 K
✳ ρc = 1.1× 10−5h2 GeV.cm−3

→ ΩDMh
2 ≃ 0.125× 1023

T 3
rhmS,χ

M4
N

(24)

• For mS,χ ≃ 10−2 GeV and ΩDMh
2 ≃ 0.1, we can have MN depending on Trh :

Trh (GeV) 105 1010 1016

MN (GeV) 109 1013 1017
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III. Constraints and viability of the model
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Conclusion

• Proposition of a new dark matter model :
- Dark matter : gluons and gluinos bound states in a hidden supersymmetric sector called

glueballs and gluinoballs
- Constraints on the DM mass using Bullet Cluster data
- DM production through N̂ superfield of the NMSSM
- Decoupled sectors → Freeze-in

• Ideas to further develop the model :
- Phase transition gluons/gluinos → glueballs/gluinoballs
- Elaborating on SUSY breaking mechanism
- Origins of glueball superfield χ ?
- Signatures visible at the LHC? Other cosmological implications ?
- Possibility to construct the same kind of model using a different SUSY theory

W. Isnard SUSY Glueball Dark Matter 10/22/2022 25/25


