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@ Vev-Induced Mixing with a Vev-Flipflop
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The Vev-Flipflop (2-step PT)
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The Vev-Flipflop

Introduction

@ Add a scalar field S to the SM Lagrangian.
@ Coupled via a Higgs Portal coupling

Effective Potential
VO —pHH + \y(HH)? — 4257S + As(STS)2 + Ap(HTH)(STS)
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Introduction

@ Add a scalar field S to the SM Lagrangian.
@ Coupled via a Higgs Portal coupling

@ Include thermal effects and 1-loop contributions into effective
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The Vev-Flipflop

Introduction

@ Add a scalar field S to the SM Lagrangian.
@ Coupled via a Higgs Portal coupling

@ Include thermal effects and 1-loop contributions into effective
Potential

Effective Potential
VO —pHH + \y(HH)? — 4257S + Ag(STS)2 + Ap(HTH)(STS)
+ Vl—loop (T) + Vl—loop

Goal

Choose coefficients such that .S undergoes two phase-transitions as
thermal corrections become subdominant.

| A

A\
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The Vev-Flipflop

The Effective Potential
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The Vev-Flipflop

Evolution of Temperature Dependent Quantities

@ Thermal Evolution tracked with CosmoTransitions
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Vev-Induced Mixing
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Vev-Induced Mixing

Model Overview

Field Mass | SUB)e x SUQR)L xU()y | Zo  Zh
X O (100 GeV) (1,1,0) +1 -1
Y O (10 TeV) (1,1,0) -1 -1
S O (100 GeV) (1,1,0) -1 +1

Lint O y,SX¥ + h.c.
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Model Overview

Field Mass | SUB)e x SUQR)L xU()y | Zo  Zh
X O (100 GeV) (1,1,0) +1 -1
Y O (10 TeV) (1,1,0) -1 -1
S O (100 GeV) (1,1,0) -1 +1

Lint O y,SX¥ + h.c.

o Freeze-In Scenario
@ S vev leads to mixing between y and 1 with small mixing angle

_ USYx ~ -8
6= "~ 10
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Vev-Induced Mixing

Model Overview

Field Mass | SUB)e x SUQR)L xU()y | Zo  Zh

L
X O (100 GeV) (1,1,0) +1 -1
v 010 TeV) (1,1,0) 1 -1
S O(100 GeV) (1,1,0) —1 +1

Lint O y,SX¥ + h.c.

@ Freeze-In Scenario

@ S vev leads to mixing between y and 1 with small mixing angle
9 = U8YUx ~ 108
my X FEEEEEEEEEE —e—— X

Errm— L > x
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Freeze-In

A Lightning Fast Reminder
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Vev-Induced Mixing

Producing x from the thermal bath

T —— > X

3
(s —4m?)?

~ a4
0SSxx ~ yX
87rm5)s, /s — 4m?9
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Vev-Induced Mixing

Producing x from the thermal bath

T —— > X

3
[ o 2 2 s —4m?2)?2
e 22 mg — 4m?2 (mg — 4m3) Tssny yi(ix)‘
Sxx = Yx 8rm?, 87rmis,/s —4m?
@ Vev-dependent @ Vev-independent
@ Only while S has a vev @ Immediately after reheating

@ This suggests dependence on reheating temperature J

o Different scaling of Boltzmann Equations (Decay vs. Annihilation)
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Vev-Induced Mixing

Instananeous Yield
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Vev-Induced Mixing

Instananeous Yield
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Reheating Temperature plays important role J
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Vev-Induced Mixing

Relic Abundance
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Vev-Induced Mixing

Relic Abundance
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Get roughly an order of magnitude less DM when neglecting thermal
effects
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Vev-Induced Mixing

Parameter Space
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Vev-Induced Mixing

Parameter Space
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@ Lower mg and higher Ap4 lead to more DM from decay channel.
Apapd;

m =~y + 55
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Vev-Induced Mixing

Parameter Space
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@ Lower mg and higher Ap4 lead to more DM from decay channel.
Apajiy

2 g
o Greater ug leads to deeper minima, and therefore a later PT

mg = —p% +
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Summary

Cosmological Phasetransitions & Thermal Corrections

@ Graviational waves from 1st order PT

@ Possibly opportunities for Baryogenesis in 1st oder PT's

@ Can bring hidden sectors in contact with SM during thermal evolution
of the universe

@ Depending on the model thermal corrections can significantly alter
the predicted relic density

@ Can open and close kinematic thresholds

More fun models: arXiv:1712.039625 )
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CAUTION:
LATER IS HOTTER
THAN AVERAGE.

IN A PROFOUND SENTE wriar WE WONT

ExPLAN HERE BECAE |T DEESHT AT
THE VIBE oF A CAHUTISNARY SIGH.




Vev-Induced Mixing

Dependence on reheating Temperature

(3]
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Vev-Induced Mixing

Dependence on reheating Temperature

(3]

Qh%(S - XX)/Qh*(SS - xX)
N w »
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@ For low T up to roughly an order of magnitude more dark matter
production via decay channel
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Dark Matter Relic Density

Qxh2 _ pX7O
Pcrit,0

3
Px.0 = My Yy (T)s(T) (5((1%;)))

Equation used in this work

H\? 1
Qh% = 2L 2 — o (T) (a( ) ) —h?
Pcrit,0 Pcrit,0
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The Vev-Flipflop

The Effecitve Potential
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o Vt o T* dominates effective @ Potential symmetric at high
potential temperatures
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The Vev-Flipflop

The Effective Potential
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@ Minima in s direction have

@ Temperature falls and pot. formed

get's closer to tree-level pot. o
e PT to s minimum
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The Vev-Flipflop

The Effective Potential

100-

3
—100:
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s [GeV] h [GeV]
@ Minima in s direction persist, @ Global minimum in A direction
but universe will tunnel to has formed
global minium eventually o Potential Barrier between h
@ 1st order PT to A minimum and s minima, Supercooling
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The Vev Flip-Flop

The effective Potential
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e At 0 GeV, ) .
temperature-dependent @ Higgs minimum assumes SM
P ) 8 P . value of 246 GeV
corrections have vanished
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Computing the Dark Matter Abundance
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The Boltzmann Equation
Outline

Track number density through thermal evolution of universe
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The Boltzmann Equation

Outline

Track number density through thermal evolution of universe

@ Describe non-equilibrium dynamics = Boltzmann Equation

o Take temperature dependent masses and vevs into account

@ Depending on the process, different RHS (Collisionterm)

Boltzmann Equation

d% +3Hny =— / dITdIT, T £dIT

(2m)*6(py + px — PF — Pf)
[| My s Ffi L £ FPA £ 1)
— My ] Frfr (L £ F)(L £ £
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The Boltzmann Equation

Outline

Track number density through thermal evolution of universe

@ Describe non-equilibrium dynamics = Boltzmann Equation

o Take temperature dependent masses and vevs into account

@ Depending on the process, different RHS (Collisionterm)

Boltzmann Equation

% +3Hny =— /dHXdHXHdef fi = (exp (E;/T) + 1)—1J

(2m)*6(py + px — PF — Pf)
[| My s Ffi L £ FPA £ 1)
— My ] Frfr (L £ F)(L £ £
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The Boltzmann Equation

Derivation

Often approximations and simplifications can be made
o fr=1[r& fx=Jx

2 2
[Miposnl = My sl
Neglect Pauli-Blocking/Bose-Condensation (1 + f;) =~ 1

Depending on mass of particles and temperature f; ~ e Bi/T

Changing variables from ¢ to z =" /7 and from n to Y ="/, often
convenient
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The Boltzmann Equation

Derivation

Often approximations and simplifications can be made
fr=1r& fx=Jfx

2 2
[Miposnl = My sl
Neglect Pauli-Blocking/Bose-Condensation (1 + f;) =~ 1
—E;/T

Depending on mass of particles and temperature f; ~ e

Changing variables from ¢ to z =" /7 and from n to Y ="/, often
convenient

Simplified Form

ayy _s<0v>
de  Hzx?

Yy = (7))
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The Boltzmann Equation

Derivation

Often approximations and simplifications can be made
fr=1r& fx=Jfx

2 2
[Miposnl = My sl
Neglect Pauli-Blocking/Bose-Condensation (1 + f;) =~ 1
—E;/T

Depending on mass of particles and temperature f; ~ e

Changing variables from ¢ to z =" /7 and from n to Y ="/, often
convenient

Simplified Form

ayy _s<0v>
de  Hzx?

Yy = (7))

@ Numerically solve ODE in C or if possible integrate in Mathematica J
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Freeze-Out
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Freeze-In
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[llustration of the three Phases

Time after Big Bang (s)
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[ 2
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Temperature (GeV)
J.Kopp & M.Baker arXiv:1608.07578
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Vev-Induced Mixing

Boltzmann Equations

@ The Boltzmann Equation for the decay channel is given by:

ng( B 27r2H(1T)5(T) A1 (mST(T)> Lo (T)ms(T)?
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Vev-Induced Mixing

Boltzmann Equations

@ The Boltzmann Equation for the decay channel is given by:

ng( B 27r2H(1T)5(T) A1 (mST(T)> Lo (T)ms(T)?

@ For the Annihilation Process:

dy, 1 > Vs
7 = ST /4mS(T)2 ds(s — 4mg(T) o (s, T)v/s K, <T>
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