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Motivation
Decoupled dark sector

® Consider a dark sector which does not (or only very feebly) interact with the SM

w Dark matter nightmare scenario
— no testable laboratory predictions

a However, a first-order phase transition could give an observable GW background

@ What kind of signal could this give?
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Dark matter model

1 A ) .
L= \DM<1>|2 — ZA;LZ,, + M2\¢|2 — Z|¢\4 +ixtDx. + ixrDPxr — yd’XIXR +h.c.

| — Ve

a Minimal dark sector with:
a Scalar field ¢: Dark Higgs
® U(1) symmetry with gauge boson Aj,
a Fermionic DM candidate x

V()
o

® Model requirements:

1. create a strong GW signal
2. obtain correct relic abundance of DM
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First-order phase transition

® Radiative corrections to (¢) summarised in Vg
® Symmetry restoration at high T

® Tunneling of background field through pot.
barrier
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First-order phase transition

T>v
o i ® Radiative corrections to (¢) summarised in Vg
s . .
s - ® Symmetry restoration at high T
0 ® Tunneling of background field through pot.
\/ I a barrier
¢ v

a Bubble nucleation, expansion and collision

® Production of gravitational waves
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Dark Higgs mechanism

® Field expansion around vev: ® = (¢ + v)e/#/F /\/2

1 1 1 s 1 .., 8
L= 3(0u0)(0"8) = 5mi(v)9? — JALA™M + Sma(V)ALAY + g2 VAL ATG + S0 AL AT

A o _ g _ Yy -
— Avg® — qu“ + Xidx — my(v)Xx + EXAVSX - Efbxx

Institute for Theoretical Particle Physics Jonas Matuszak: Dark matter and gravitational waves 27.9.2023

5/14



Dark Higgs mechanism

® Field expansion around vev: ® = (¢ + v)e/#/F /\/2

1 1 1 L1 g2
L= 3(0u0)(0"8) = 5mi(v)9? — JALA™M + Sma(V)ALAY + g2 VAL ATG + S0 AL AT
Mg = 260 4 RidT — ()T Sy - L ovx
4 X 2 V2
® Particle masses through symmetry breaking:
m¢ = \/2)\V7 mX = y/\/EV’ map = gv
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Dark Higgs mechanism

® Field expansion around vev: ® = (¢ + v)e/#/F /\/2

1 12 21//1/12 ! Al 2 A AR g22//
L= 5(8M¢)(8#¢) — §m¢(v) — ZANVAI—L + EmA(V)AMAI—L +g VAMA'l ¢ + 7¢ AU'AIL
A6t 204 DT - my()Tx Sty - Loy
4 X 2 V2
® Particle masses through symmetry breaking:
m¢ = \/2)\V7 mX = y/\/EV’ mar = gv
® Model parameters: Couplings A, g, v,
energy scale determined by v
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Dark Higgs mechanism

® Field expansion around vev: ® = (¢ + v)e/#/F /1/2

1 1 1 L1 L8
L= E(augb)(@“qb) - Emé(v)(bz — ZA;WA’“ + Emi(v)A;A’“ + g2 VAL AT + 7¢2A;A’H

A o _ g _ Yy -
—Avg® — Z¢4 + Xidx — my(v)Xx + EXAVSX — ﬁqux

g=0.0,y=0.0

® Particle masses through symmetry breaking:
m¢ =V 2)\V, mX = y/\/EV’ mar = gv

® Model parameters: Couplings A, g, v,
energy scale determined by v

¢
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Dark Higgs mechanism

® Field expansion around vev: ® = (¢ + v)e/#/F /1/2

1 1 1 L1 L8
L= E(augb)(@“qb) - Emé(v)(bz — ZA;WA’“ + Emi(v)A;A’“ + g2 VAL AT + 7¢2A;A’H

A o _ g _ Yy -
—Avg® — Z¢4 + Xidx — my(v)Xx + EXAVSX — ﬁqux

g=0.5,y=0.0

® Particle masses through symmetry breaking:
m¢ =V 2)\V, mX = y/\/EV’ mar = gv

® Model parameters: Couplings A, g, v,
energy scale determined by v

¢
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Dark Higgs mechanism

® Field expansion around vev: ® = (¢ + v)e/#/F /1/2

1 1 1 L1 L8
L= E(augb)(@“qb) - Emé(v)(bz — ZA;WA’“ + Emi(v)A;A’“ + g2 VAL AT + 7¢2A;A’H

A o _ g _ Yy -
—Avg® — Z¢4 + Xidx — my(v)Xx + EXAVSX — ﬁqux

g=0.5y=0.5

® Particle masses through symmetry breaking:

my = V2\v, my, = y/V2v, ma = gv

® Model parameters: Couplings A, g, v,
energy scale determined by v
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Dark Higgs mechanism

® Field expansion around vev: ® = (¢ + v)e/#/F /1/2

1 1 1 L1 L8
L= E(augb)(@“qb) - Emé(v)(bz — ZA;WA’“ + Emi(v)A;A’“ + g2 VAL AT + 7¢2A;A’H

A o _ g _ Yy -
—Avg® — Z¢4 + Xidx — my(v)Xx + EXAVSX — ﬁqux

g=0.5y=0.5

® Particle masses through symmetry breaking:

my = V2\v, my, = y/V2v, ma = gv

® Model parameters: Couplings A, g, v,
energy scale determined by v

® | arge potential barrier: strong PT
= Require sizable couplings: A2, g ~ 0.1 v
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GW Spectrum

® Fit signal to numerical simulations

Qsignal(f) — Qtot(aa ﬁ/Hv Tperca VW)S(f/fpeak)
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GW Spectrum

® Fit signal to numerical simulations

Qsignal(f) — Qtot(aa ﬁ/Hv Tperca VW)S(f/fpeak)

e _ 1 _ T dAVeg
® Transition strength v = (AVeg — T 9B%em) .
perc
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GW Spectrum

® Fit signal to numerical simulations

Qsignal(f) — Qtot(aa ﬁ/Hv Tperca VW)S(f/fpeak)

.. _ 1 _ T dAVeg
® Transition strength v = (AVeg — T 9B%em)

Tperc

® Transition speed B/H = T % (%)

Tperc
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GW Spectrum

® Fit signal to numerical simulations

Qsignal(f) — Qtot(aa ﬁ/Hv Tperca VW)S(f/fpeak)

iti — 1 T dAV.
® Transition strength o = — (A Vg — T dAYer) .
® Transition speed B/H = T % (i;)
Therc

® Temperature Tpec at which 30% of Universe in new phase
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GW Spectrum

® Fit signal to numerical simulations

Qsignal(f) — Qtot(aa ﬁ/Hv Tperca VW)S(f/fpeak)

L _ 1 T dAVeg
® Transition strength v = (AVeg — T 9B%em)

Tperc

® Transition speed B/H = T % (%)

Therc
® Temperature Tpec at which 30% of Universe in new phase
a Bubble wall velocity v, >~ 1

— Non-runaway, relativistic speed due to massive gauge
boson A,
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GW Spectrum

@ Here dominant contribution:

I . . . Sound waves
® Fit signal to numerical simulations

Qsignal(f) — Qtot(aa ﬁ/Hv Tperca VW)S(f/fpeak)

L _ 1 T dAVeg
® Transition strength v = (AVeg — T 9B%em)

Tperc

® Transition speed B/H = T % (%)

Therc
® Temperature Tpec at which 30% of Universe in new phase
a Bubble wall velocity v, >~ 1

— Non-runaway, relativistic speed due to massive gauge
boson A,
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GW Spectrum

Fit signal to numerical simulations

Qsignal(f) — Qtot(aa /B/Hv Tperca VW)S(f/fpeak)

1
Ptot

Transition strength o =

® Transition speed B/H = T % (%)

Bubble wall velocity v, >~ 1

— Non-runaway, relativistic speed due to massive gauge

I
boson Au

Institute for Theoretical Particle Physics

(Av,

4

Tperc

T dAVeg

dT

)

Tperc

Temperature T,ec at which 30% of Universe in new phase

@ Here dominant contribution:
Sound waves

a Peak frequency

N B/H Tperc . 1/6

fp,O—lomHZ(mo <1TeV> (100)
-——-- y=0.1 —— y=05 — y=07

10—6,

107°{ (v=1Gev] [v=1Tev| [v=1Pev

10-124 _/‘/\“' pd ,,;\.\ A

Qewh?(f)

1072 ‘ ‘ ‘
1077 107* 1071 102
f[Hz]
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Freeze-out production of DM

® Produce relic abundance via freeze-out mechanism

increase {(ov)

Yom(X)

Yeq
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Freeze-out production of DM

® Produce relic abundance via freeze-out mechanism
a Estimate: . ,
N xr 1078 GeV ™
Qpm ~ 0.1 T lom)
(GannVv) ~ coupling® /mass scale?

increase {(ov)

Yom(X)

Yeq
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Freeze-out production of DM

® Produce relic abundance via freeze-out mechanism
® Estimate: e

Qom ~ 0.1 7= ey

(GannVv) ~ coupling® /mass scale?
» Strong PT: A%, g,y ~ 0.1 = v, ~ 1 TeV

increase {(ov)

Yom(X)

Yeq
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Freeze-out production of DM

Produce relic abundance via freeze-out mechanism
a Estimate: e

Qom = 01 7= B )

(GannVv) ~ coupling® /mass scale?
Strong PT: A%, g,y ~ 0.1 = v, ~ 1 TeV

Sizable couplings required by strong FOPT lead to DM on
the electroweak scale

increase {(ov)

Yom(X)

Yeq
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Freeze-out production of DM

® Produce relic abundance via freeze-out mechanism
® Estimate: . ,
~ _xg_ 107° GeV ™" = )
QDM ~0.1 VZe {TamV) 3_;, increase (ov)
.4 2 N
(GannV) ~ coupling” /mass scale
» Strong PT: A%, g,y ~ 0.1 = v, ~ 1 TeV
Yeq
® Sizable couplings required by strong FOPT lead to DM on
the electroweak scale
X
® Peak frequency: f,o ~ 10mHz (28 ( Tec (& )1/6~mHz
q Y- Tpo = 100 1Tev ) \100
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Freeze-out production of DM

® Produce relic abundance via freeze-out mechanism
® Estimate: e

Qom ~ 0.1 7= ey

(GannVv) ~ coupling® /mass scale?
» Strong PT: A%, g,y ~ 0.1 = v, ~ 1 TeV

® Sizable couplings required by strong FOPT lead to DM on
the electroweak scale

increase {(ov)

Yom(X)

Yeq

® Peak frequency: f,o ~ 10 mHz <61/Tg) ({%‘,) (lgo*o)l/6 ~ mHz

® Freeze-out puts PT around the EW scale — LISA sensitivity range!
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Freeze-out production of DM

@ Freeze-out calculation numerically with DARKSUSY

@ Annihilation channels:
xx = AA xx = ¢¢, xx — A'¢
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https://arxiv.org/pdf/1802.03399.pdf

Freeze-out production of DM

@ Freeze-out calculation numerically with DARKSUSY

@ Annihilation channels:
xx = AA xx = ¢¢, xx — A'¢

a Freeze-out within dark sector — no need for large couplings to SM
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https://arxiv.org/pdf/1802.03399.pdf

Freeze-out production of DM

@ Freeze-out calculation numerically with DARKSUSY
® Annihilation channels:

xx — AA xx = ¢, xx — A'd
a Freeze-out within dark sector — no need for large couplings to SM

a Allows separate temperature evolution of SM and DS

Institute for Theoretical Particle Physics Jonas Matuszak: Dark matter and gravitational waves 27.9.2023 8/14


https://arxiv.org/pdf/1802.03399.pdf

Thermal evolution of the dark sector

® Assume a temperature ratio between the SM and DS before the PT
€.g. gnuc = TDS/TSh”nuc =1
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Thermal evolution of the dark sector

® Assume a temperature ratio between the SM and DS before the PT
€.g. gnuc = TDS/TSI\l|nuc =1
® PT injects energy into plasma = reheating of DS, {pere > 1
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Thermal evolution of the dark sector

® Assume a temperature ratio between the SM and DS before the PT
€.g. gnuc = TDS/TSM|nuc =1
® PT injects energy into plasma = reheating of DS, {pere > 1

160 Before PT During PT After PT 70 Before PT During PT After PT
150 60
140 broken phase| 50 — broken phase
2
% 130 o 40
o =
: 120 - iy 30 -
g 2 1 ] 2
e s
100 E g 10 2 g
(—=Ymmmetriciphase
90 i ( L_symmmetriciphase I
H
94 92 90 88 94 92 90 88
Tsm [GeV] Tsm [GeV]
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Thermal evolution of the dark sector

® Assume a temperature ratio between the SM and DS before the PT
€.g. gnuc = TDS/TSM|nuc =1
® PT injects energy into plasma = reheating of DS, {pere > 1

160 Before PT During PT After PT 70 Before PT During PT After PT
150 60
140 broken phase| 50 - broken phase
S
s 130 & 40
o =
2120 530
c = c
= 5 g | H g
110 3 %; ~ 20 H g
100 2 g 10 2 g
(—YMmmetriciphase )
90 L o L_symmmetriciphase i
94 92 90 88 94 92 90 88
Tsm [GeV] Tsm [GeV]
® Separate temperature evolution of SM and DS after PT
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Dilution

During radiation domination:
Prot X a~% and paw o< a~* = Qqw = const.

Reheating of DS: Additional, non-rel. contribution to piot

Possible period of matter-domination after PT

a Dilution factor . )
_ 3% H;
agerc gerc
a Dilution of GW signal amplitude:
1
2
ngh X D4/3
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https://arxiv.org/pdf/2109.06208.pdf

Interaction with the SM
Higgs portal coupling

m Solution to avoid dilution: thermalisation with the SM
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Interaction with the SM
Higgs portal coupling

m Solution to avoid dilution: thermalisation with the SM

a Simple possible extension: Higgs portal coupling

Looriar = |DHP + g3HH = Ay (HTH)® = Ans (HTH) (0 ®)
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Interaction with the SM
Higgs portal coupling

m Solution to avoid dilution: thermalisation with the SM

a Simple possible extension: Higgs portal coupling
Lportal = |DuH? + paHIH — Xy (HTH ) — Mg (HTH) (9 0)

® Thermalisation via decays ¢ — bb and h — ¢¢
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Interaction with the SM
Higgs portal coupling

m Solution to avoid dilution: thermalisation with the SM

a Simple possible extension: Higgs portal coupling
Lportal = |DuH? + paHIH — Xy (HTH ) — Mg (HTH) (9 0)

® Thermalisation via decays ¢ — bb and h — ¢¢
a Solve Boltzmann equation after PT

2
. m n n
Sps = —3Hsps — %r¢—>bb p (,,edfq ) = Thospsny’ (,,ei) -1
o ¢
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Thermalisation between SM and DS

: Anp = 1e-07 £=1.0 — Tps : Anp = le-08 £=1.0 — Tos
i — £=15 === Tsm H

i — £=20
|
|

T [GeV]
T [GeV]

100 2x 100 3x10° 4x10° 6 x 100
a(t)/apt a(t)/apt

= Significant dilution effect for very small portal couplings Ay < 1078
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Gravitational wave signal

L No constraint on Qpwh?
vevlGeV] 1

1074

107 / \‘\/ u

10715 4

10?

Qewh?

10~ 4

® Scan over parameter space in )\,g’_y’ v, 100 105
1 S gnuc S 2 and 10_7 S )\h¢ S 10—6 107

® Get “typical” prediction of model

10t 4

s

10-3 4

107t

Qpuh?

10-54
1072 10774
10794

10-11 4 °

1077 107 107! 102 10727 10723 107 1075 1071
FpeaklHZ] Qgwh?
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Gravitational wave signal

Tperclvev *
10°°
1074
. %
® Scan over parameter space in \, g, y, Vv, g ° oy
_ _ 10-22
1 <&ue<2and 1077 < Ay <107°
" - ” . . 0.3
® Get “typical” prediction of model
® Imposing 0.06 < Qpumh? < 0.12 .,
B 107!
= frequency restricted to LISA sensitivity range « 9x102
&ex10 °
0.1
7%x1072
6x1072
107 10t 100 10
FoeaklHZ]
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Conclusion
The LISA Miracle

- y=01 —— y=05 —— y=07

1079 (v=1Gev| [v=1Tev| [v=1PeV|

107 10-° 101 102
f[Hz]
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Conclusion
The LISA Miracle

10-6] y=01 —— y=05 —— y=07
® Freeze-out within the DS implies a PT around 10-2 1 (v=1Gev] [v=1Tev| [v=1PeV]
the EW scale <
® Frequency of the GW signal falls into the LISA RS
sensitivity range cc:%
® Feeble coupling to the SM, avoiding laboratory
constraints
@ Revival of the WIMP through GW
1072 - \ \ "
1077 1074 107! 102

f[Hz]
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Backup Slides
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Parameter Space for v = 1 TeV
a and 8/H

10°
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Parameter Space for v = 1 TeV
Tpere and peak GW signal
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1000

800

[A2D] 291
[

600

[2H] =2

400

200

107t
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Thermalization of the DS

Temperature evolution around the PT

® Energy in broken phase: Ep(Ts) = Pu(Ts)pp(Ts)

dE, Pb + Pb Pb+ Pb
——2 =P,y =4 — _ P =4 Y —
aT, ~ [ePet Fers = 3 7. bt Fees = oy 3 T.

PI
+ P_b (prad,s + Avef‘f - Pb)
b

® Solve for Tp(Ts)
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Thermal equilibrium after PT

10-10

10~

Fneq

10-12

10713

Institute for Theoretical

== Tperc
— v=1GeV

|

2 0
T = Tperc [GeV]
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Excluded parameter points

a Require that DS and SM have thermalised before freeze out, i.e. &reezeout < 1.1
® First order phase transition: A € [107*,1072], g € [1071,10°]
® Require dark matter candidate x not to be the lightest particle = myg < m,, for freeze out

® Vacuum stability: y < 0.7
— y €[0.1,0.7]
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