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N
Introduction : Dark Matter in SUSY formalism

¢ DM candidate in the MSSM : Lightest SUSY particle (LSP), neutralino or gravitino :

— No signals detected, strong constraints on MSSM parameter space

® Alternative to LSP : hidden sector, exact SUSY at the DM mass scale

— Hierarchy between the SUSY breaking scales in the visible and hidden sectors
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N
[. The model

Visible sector Feeble interactions Hidden

(N)MSSM Dark sector

Gauge Mediation Gravity Mediation
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R
[. SUSY breaking mediation : Gravity mediation

e Messenger : chiral superfield X such as (Fx) #0

® Interaction with the dark sector :

Lo /d29 (]\;PXWIE;SWHS ot h.c.> . (1)

e SUSY breaking scale in the hidden sector :
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R
[. SUSY breaking mediation : Gauge mediation

SUSY breaking parameter : spurion X with (X) = Mg + 60%(Fx)

Messengers : chiral superfields ®, ®

Interaction :

/ d20X 0. (3)

SUSY Breaking scale in the visible sector :

)
2
< > 9 (Fx)
~ —_—. 4
A A VS ~ 1675 Mo (4)
P
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R
[. SUSY breaking mediation : order of magnitudes

® Assumptions : mpym > 100 keV, gg ~ 1,

MHS mys Tin
i % % +— Energy
100 keV 1 TeV

—  (Fx) <10 GeV?, Mg <10 GeV.
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R
[1. Example of Dark sector : Super Yang Mills (SYM)

¢ Super Yang Mills : gluons (v*) and gluinos (A) dynamics, SU(N,) gauge group
® Lagrangian :

1
Lsym = —Im (7 / 2OTTW W,
327

1 - 1 0 ~
= TI' |:—4FMVF'W/ — Z')\O"LLDM)\ + 2.D2:| + SYMQQTI'FMVF“V

3272
* 7= 46‘52\7?\/[ + % * DpX = 9\ — iglog, A
* Fu = 0,0, — 8,vy — iglv, v ¥ Frv — Lilpe g
* D : Auxiliary field

W. Isnard SUSY Glueball Dark Matter 24/01/2024 7/22



R
[1. Example of Dark sector : Super Yang Mills (SYM)

® SYM is expected to confine at a scale A : uncoloured bound states made of gluons and
gluinos — glueballs (vFv,) and gluinoballs (AX)

e Suitable dark matter candidates :

v Electrically neutral v'Uncoloured
v Weakly interacting v Stable

[ Image credit : TU Wien]
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R
II. Dark Matter production : defining the feeble interactions

e Simplest mediator fields : heavy chiral superfields F; and F; in conjugate
representation of SU(N,)

1. If the visible sector is the MSSM, we can add 2 sets of F fields :

i=Q, Fg is a SU(2)y doublet, i1 =U, Fy is a up-type singlet
Lo / @0 | My (FoFo + FoFu) + MiHuFoFu | +he. (6)
Integrating out the heavy fields, we get a dim 6 operator :
Lame > — [ a2 |1 (TTeWW,,) |+ HH + (7)
dim6 391 mi71ir a A%W uldly,
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R
II.Dark Matter production : defining the feeble interactions

2. If the visible sector is the NMSSM :

Lo / 420 [Mfff + AMNfﬂ +he (8)
Leading dim 5 operator :
1 2 « 1 7 Val
£d1m5 D — d-0 Im(TTI‘W Wa) 1+7(N+N )+ (9)
327 Ay

® Both cases : Aj; determines the production rate in the dark sector

1 AM

Ay dnMr
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II. Dark Matter production

® Thermally decoupled sectors and non-renormalizable operator — UV freeze-in
mechanism

® Dark Matter production before confinement in the hidden sector

® Hypotheses for a UV freeze-in mechanism : [ Elahi, Kolda, Unwin 2015]

- Gluon n, and gluinos n) number densities are initially negligible
- Dark and visible sectors are never at thermal equilibrium

- Confinement energy of gluons/gluinos in glueballs/gluinoballs is negligible
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II. Dark Matter production

‘ * K : Bessel function of 2nd kind ‘

¢ Boltzmann equations (simplified) :

S s = s [ dSIMPVSELS/T). (1)
e Amplitudes for both cases :
Ne Ne
| Mdims | A2 s and | Mdims|? X 2 (12)
M M
v I:I“\ 1%
N-mmmeee-
v i, v

W. Isnard Glueball Dark Matter 24/01/2024 12/22



II. Dark Matter production

e DM relic density Qpy = mem¥puso .

pe

Qqimsh? =~ 0.134 x 102! NcTrle%

100
1016_

Ay (GeV)

1012_
100t

1016_
10"}

Dim-5
Mpm > Tin
\ J
mpy < 0.4 keV |

10 10° 10 107 108 10° 10%

T (GeV)

and

Ay (GeV)

3
Quimeh? ~ 0.185 x 1021 N, Lm7on
AM

10"}

109t

Dim-6

mpwm < 0.4 keV

10* 105 10° 107 10® 10° 1
T (GeV)
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[IT. Low energy Dynamics : Veneziano-Yankeliowicz effective theory

e Difficulty to describe the confined theory with SYM [ Veneziano, Yankeliowicz 1982]

® Veneziano and Yankeliowicz idea : introduction of a chiral superfield S such as

S =¢(y) + V20u(y) + 0°F(y),  yu =z, +i00,0.

o) = 520N VE0a() = =52 (~DdaD + ("N,

1 .
F(y) = _B) (—FWF’“’ NGV + 2D2 — ZF JFP 4 ;(%J“S) .

W. Isnard SUSY Glueball Dark Matter 24/01/2024

(13)

(14)

(15)

14/22



[IT. Low energy Dynamics : Veneziano-Yankeliowicz effective theory

® Veneziano-Yankeliowicz Lagrangian :

9N? 2N, g\ Ne
LY = —=(s19)3| + S | log <3> ~N.|| +he (16)
Q D 3 A p
* A : dynamical energy scale * « : order 1 parameter ‘

Issue : glueballs appear in the auxiliary field
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[IT. Low energy Dynamics : Veneziano-Yankeliowicz effective theory

® [dea : add a glueball chiral superfield x :

X — ¢X + \/§9¢X —|— OZFX [X] = O [Merlatti, Sannino 200/1} (17)

® Generalization of /J\A/f{( :

’ * v : fixed parameter ‘

9]\762 1
LYy = (575)3 (1 + vxxT)
« D
- SN ) (18)
c = N X nUN
+ 3 S<10g<A3> N, Ncln< eNclnX >> F—i—h.c.
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N
[1I. Bound on Dark Matter mass

e Use bounds on self-scattering interactions from Bullet clusters :

ODM —
S 2 cim. 1 Robertson, Massey, Eke 2016 19
g ]

mpm

[ Image credit : Chandra 200/’1}

SUSY Glueball Dark Matter 24/01/2024 17/22



[1I. Bound on Dark Matter mass

¢ Diagonalize scalar potential to get mass eigenstates ¢y, (light) and ¢ (heavy) :

2.0

1.5+

mrg = o pr (). (20)

0.5+

0.0 0.5 1.0 1.5 2.0
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[1I. Bound on Dark Matter mass

® Terms in the Lagrangian allowing scattering of the light eigenstate :

LD Cai (3ol +he) + Co 03 (0])? +my <C21 w2l + h-C->

(22)
+my (Cfﬂ 2ol + el prelol + h-&) :

) /¢T é T T T
L L L/¢L ¢L/¢L ¢L/¢L
L P

’ N / ogs1 / ¢L / ¢H/
=< S mm - - <
oL | &) oL | ¢ i i
L L L/¢L d’L/d)L ¢L/¢L
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[1I. Bound on Dark Matter mass

® DM cross section :

T 2 9
iy _ N Alerer = f)] _ \— Mlerer = f) ’s
(prer) Z 1287 m? » olprer) Z 1287 m2 ) (23)
5.x1078 [
4.x1076 |
T
o 310° N0 I o(prey) +olprer)
s 2 24)
T | o® AP (
PLPL ~
1.x10°6 ] N4 1287TmL
07‘ 1 L I I
0.0 0.5 1.0 1.5 2.0
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[1I. Bound on Dark Matter mass

Allowed by
Bullet cluster

m; (MeV)

0.2
11 acp
0.8 »template
2m; 0.6}
my 04f
0.2+

Stable
o

0.0 0.5 1.0 1.5 2.0
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Conclusion

e SUSY hidden sectors offer new possibilities for Dark Matter

e Example with a SYM hidden sectors where predictions can be made :

- Dark matter are gluons and gluinos bound states called glueballs and gluinoballs
- DM production through UV Freeze-in
- Constraints on the DM mass using Bullet Cluster data

® Outlooks :

- Constraints from Domain Walls in SYM theory 7
- Possibility to construct the same kind of model using different SUSY theories
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Why Supersymmetry (SUSY) ?

e SUSY is the natural extension of Poincaré algebra, attractive formalism
® Superfields in superspace (y,, 0, 0s) with y, = x, + 00,0 :

- Chiral : ®(y,0) = ¢(y) + V2¢(y)0 + F(y)6?, Ds® = 0.

- Vector : V(y,0,0) = 05"0v,(y) + i0*0X(y) — i06*A(y) + 3626%(D(y) — 00" (y)).

* ¢ : scalar field

* Yq, A\ : spinors

* o : vector field

* F, D : auxiliary fields
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N
Dark Matter in SUSY formalism

¢ Minimal Supersymmetric Standard Model (MSSM) :

Superfield | SU(3) | SU(2.) | U(1)y Particles
’ Q 3 2 1/6 | (ur,dr), (4r,dr)
Quarks/Squarks { Ue 3 1 -2/3 g, W
De 3 1 1/3 dg, i
Leptons/Sleptons { L 1 2 -1/2 (VLzef)v (7L, L)
Ee 1 1 1 R, €
. — A, 1 2 1/2 (Hy, hy)
Higgs /Higgsinos N T
iggs/Higgsinos { i, . 5 1) (Hy )
Ge 8 1 0 G*, g
Gauge/Gauginos { Wi 1 3 0 WH, i
B 1 1 0 B*, b

e Next to Minimal Supersymmetric Standard Model (NMSSM) : MSSM + N superfield
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Dark Matter production

* Comoving number density (yield) Yug = “I :

45MpN., T 1485MpN., Til

Yaims = 128771.6695\/gf Ais and - Yaimg = 1024771.66g5+/g? MYy (25)
g3 /gL : number of effective degrees of freedom
e DM relic density Qpy = mDMpiYDMO :
Ouimsh? =~ 0.134 x 1021NCT‘"}£;M and  Qqimeh? ~ 0.185 x 1021NCT%\”;;M. (26)
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Scalar potential

® Developing the gVY Lagrangian gives the interactions between the scalar parts of the
glueballs (¢,) and the gluinoballs (¢) :

4N2 ¢ 2 14 vy by |logdy +1°
V(6,6 6y, 2) = (66)5 Ulog <—A3d>xlog¢x> 1608 [l +
log ¢, + 1 é log ¢y, + 1 &
+ 3log ¢ log <_6A3q§x log ¢X> + 3log ¢y, log <_6A3¢X log ¢X>] :
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Bound on Dark Matter mass

3 3 3

e Amplitudes for the different scattering processes at 0 velocity, ¢ = m% / m%{ :

¢ We note :

. ad [ 20 1

iA(oLe} = oLe}) = 5 |4Fn + o f3 + 4 + 4D (1 - , (28)
NE L 3 4¢—1

, ol T 20 1

ZA(<PL90TL — orpr) = N2 _6F31 + §f221 + 215 f11 (2 T lﬂ ; (29)

iAlprel = olel) = iAlprel = erer), (30)

, ol T 20 1

iAlprpr = prer) = 5 [4Fa+ o3 — 4(f3)? +8(f1)?| (31)
NZ | 3 -1

iAlprer — prel) = iAlpLel = ereL). (32)
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