Cosmological aspects of
the next-to-minimal
supersymmetric standard
model




Supersymmetry (SUSY)

Fermion Boson

SM particles €<= superpartners

® Hierarchy problem

® Coupling constant unification




Abstract

® We discuss cosmological aspects of the next-to-
minimal supersymmetric standard model

(NMSSM):

NMSSM =

Minimal Supersymmetric Standard Model (MSSM)



NMSSM as a solution to the 1 -problem

Renormalizable superpotential of the MSSM
Wassm = pHyHa + A HaL;ES + X, HqQ; DS — A\\. H,Q; U

h 1, 7,k =1, 2, 3:family indices

® /i-problem: Why u ~ Mguysy rather than pu ~ Mgut or Mp; !

® |ntroduce a gauge singlet S and replace the p-term
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® Need to forbid any dimensionful parameters like

pwH Hg, p'?S, and p"S?

® |mpose a Z3 symmetry

o = (L, IO R R S IO S B S) : every chiral supermultiplets of the NMSSM




Phase dependent terms in the scalar potential

1 3 1 2
Vohase = 3\/§/<;A,ivs cos (3¢s) QA/fvuvdvs cos (Qy + Pg — 205)
1 . . .
— E)\AAvuvdvs COS (¢u —+ qbd —+ qbs) (Hy) = \/iivue“b“, (Hq) = %vdewd, (S) = %vsews
;= 4m/3
Vphase : 2 il
: b; = 27/3




Domain wall problem and its solution

® Energy density of domain walls

_ Press, Ryden, Spergel, Ap] 347, 590 (1989)

Owall :surface mass density of domain walls [energy/area]
alie —4

It decays slower than pmatter X @™ ° and Pradiation X @

® Walls come to overclose the universe (domain wall problem)
Zel'dovich, Kobzarev, Okun, JETP 40, | (1975)

° Th|s problem can be av0|ded by mtroducmg an epr|C|t
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Gravitational waves from domain walls

Hiramatsu, Kawasaki, KS, JCAP02(2014)03 |

e Simulation of scalar fields in 3D lattice with 5123 and 10243

107 107
physical wavenumber k/a

o Amplitude | Qgwh*(to) ~1.7x 107" ( 2l

1TeV?

) (

tdec
0.01sec

;

® Peak frequency | f,..(to) =

a(tdec)

a(to)

i) =102 (

0.01sec

dec

>1/2

® Decay before BBN: tgec < 0.01sec — f > 107"Hz

cf. pulsar timing Qg wh®~107% at f~ 107 — 10" °Hz

8/12



Decoupling limit

® Vs > Uy, Vq is possible if A <1

1 1 1 1
cf. n= EA/US ~ O(Msusy)  [(9)] = Nk [{(Hu)| = 7l [(Ha)| = ik

® |n this limit, the potential can be approximated as

sl o Ve FATERRCE a2 8m3
V ~ k2|S[* + m2|S| +[3AKS +h.c.} - v~ <1+\/1_ A2>

KR

AR N R AT ) § 6 I @ W N P ) W F PR N o0 Yooy ) 10 Ry é! Q
- o o v e 1 . Q ¢ 5,. &0 AT - s S s oy o ]
2 e s ‘:\; 3 t"‘ JA 4 f'.‘ \.," ".\r_,\‘ ‘\‘-: '?'n?--,‘-‘-‘-':‘i o S £ -;.‘-‘:. -.;",".5:’ _',\..‘\ lt".‘ ‘\E "‘: ."f_.:;\“';' J\..'i!o;'{'zi. .v“



O
O
N
™
<
-)
|

»)

)

g
.

for. b <l

642
tdec

L4

2)\—6

)
dec X K

2726
(Vhe?

ngh2 X K




Ay = 150GeV
A, = —150GeV
tan 8 =5

1= 200GeV
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Conclusions

® NMSSM predicts the formation of domain walls due to the

spontaneous breaking of the discrete Z3 symmetry

® Such domain walls can produce gravitational wave background

® Amplitude of gravitational waves is large in the decoupling limit







(L -problem of the MSSM

Renormalizable superpotential of the MSSM
Wassm = pHyHa + X;HaLi E§ + A); HiQ:D§ — N\ HuQiUs

J

h 2,7, k = 1,2, 3:family indices

® // cannot vanish
|/J'| = Mlightest chargino = O(lOOGeV)

from chargino (mixtures of winos and charged higgsinos) mass
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Scalar potential

V = R2|S|* o N Hy Hol? 4 iy, |l iy, [Ha? +m3 ISP + XIS (|Hul + |Hal?)

P 2
+ 222 (HUJ? = |Hal?)’ + [5A.S" — AnS™H, Hy — M\H,HyS + bic

Vphase
g1, 392 :U(l)y and SU(2)L gauge couplings

imp, |, Imu, |, [ms|, |Ax|, |Ax| ~ O(Msusy) : soft SUSY breaking parameters
Hereafter H, = H), Hy; = H)




Properties of domain walls

~ 12|S|* + m2|S]2+ |2 A, + hee.

= —v.e"? y,~ |2 £

® Width of the wall A




Numerical estimation

® Solve static field equations with boundary conditions

dQCI)Z' oV (%)

= 957 $;(z =00) = 7 P;(z = —o0) = —=e

A=0.05

xk = 0.02

Ay = 150GeV

A, = —150GeV
tan 8 = v, /vg =5

@ = 200GeV

- - 0 2
z[102GeV ] z [10°GeV]

Vw GF |K’AF{,U§|7 5w R |’€Amvs|_1/27 L o |Ah:/l£|

® The behavior in the decoupling limit is confirmed

Owall "~ 11”0:2 fors A



Domain wall problem

® Friction force from the thermal plasma becomes irrelevant
for T < O(0.1 — 1)GeV  abel, sarkar White, Nucl. Phys. B454, 663 (1995)

=" After that tension force dominates
Walls are stretched up to the Hubble radius

® Scaling solution Press, Ryden, Spergel, Ap) 347, 590 (1989)

® (O(1) wall(s) per Hubble radius




Collapse of domain walls

Approximate discrete symmetry (bias)
Vilenkin, PRD23, 852 (1981)

AV ~ A4 A KL,

) Degenerate vacua are lifted

" Domain walls are annihilated
due to the pressure py ~ AV
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Annihilation occurs when

9 P Uwall/R : tension

R :curvature radius of walls

—



Gravitational waves from domain walls

® Continuously produced during the scaling regime
— |t terminates at ¢ ~ f4e.

® Magnitude of gravitational waves

® Quadrupole formula

LN LB J
wh iy b o . h v 2L -] wAg e J T A
L+ KR R TN e e BT R A M G S T W D APl A Y Ny >
O D L O TR S S s
5% e A O O (i W T . e Y
T Sk ',‘ Nk S R e P = Navg ,;\Q, Sty

2 2
~J : Power [energy / time
M: 1/t [energy / time]

RO AR LRy T o B R s S A SN S N e
k- o o % X Sl Al 4a L { - 3
A s At SR S AR oy SIS SR i e,

PO PP i Rl e 15
+ % "“ ” N *-;"»553‘“_' T




Magnitude of gravitational waves

Hiramatsu, Kawasaki, KS, JCAP02(2014)03 |
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wall
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0psini G ot eotist,

€ow = 0.7

during the scaling regime



Estimation of the present density

® Assume that the production of gravitational waves
terminated at ¢ = t4ec

® Peak amplitude

1 S @ 1
) i g . wall H(tdec) =
p(tdec ) peak 3H (tdec ) 2tdec
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Cosmological constraints

® Gravitational waves

nghz = 0(10_8) from pulsar timing observations

ooy K/Ug 0=, /V2 =~ O(100GeV)
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Origin of the bias term

e Non-renormalizable operators such as AV ~ S°/Mp,
cannot be the bias since it radiatively induces a

2
large tadpole operator AV ~ M&qyv Mpi(S + S*)
which destabilizes S Abel, Sarkar, White, Nucl. Phys. B454, 663 (1995)

® The action (including non-renormalizable terms)
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Table 1. Three bench mark points and estimated surface mass density of domain walls, peak am-
plitude of gravitational waves, and its frequency. Here we used g, = 10.75 for tgec = 10~ 2sec and

gs = 68.8 for tqe. = 107 %sec [30] to estimate Qg h?(t0)peak-

I

11

11

tan 3

L4

tdec

5 x 1074
2 x 1074
150GeV
—150GeV
_

)

200GeV
10— 2sec

5x 1073
2 x 1072
150GeV
—150GeV
_

)

200GeV
10— 2sec

5x 1075
2 x 107°
150GeV
—150GeV
_

)

200GeV
10~ %sec

Owall
Q gw hz (tO ) peak
¢f<t0)peak

1.96 x 10* TeV?
4.66 x 1077
1.02 x 10~YHz

1.96 x 10% TeV>
4.66 x 107
1.02 x 10~ ?Hz

1.96 x 10% TeV®
2.51 x 10~
1.02 x 10~ "Hz




Calculation of GWV spectrum

® |inearized theory
ds® = —dt* + a*(8;j + hij)dz'dz?

g : V2 167G
hi; + 3Hh;; — a—2hz’j = TJ?;T Paw(t) =

1
327G

(hij(t, x)hi;(t, x))v

® “Green function” method | butaux,etal, PrD76, 123517 2007)
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Spectrum in small k

® Correlation function of the anisotropic stress tensor
o (1)Ti; " (7,k) = (pe + pe)Lij (7, k)

> (I (r1, k)T (2, k) = (2m)363) (k — KII(k, 71, 72)

) Pcs Pc :energy density & pressure of the background fluids

® Requirement from causality

H(|x x|,7'1,7'2)—0 for |x X'|>l
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