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based on work together with Aleksandr Chatrchyan

arXiv: 2210.01148 & 2211.15694


https://arxiv.org/abs/2210.01148

What if the weak scale is selected by cosmological
dynamics, not symmetries?

Special point in parameter space:

m2|.| = 0 not related to a symmetry

Instead, related to early-universe dynamics.



Relaxion idea: = Higgs mass parameter is field-dependent

from a dynamical interplay between H and ¢ UV cutoff
miy (¢) must settle
/\/ close to ®c
¢
P

mu naturally stabilized due to back-reaction of the
Higgs field after EW symmetry breaking !



Relaxion mechanism

[GKR: Graham, Kaplan, Rajendran ’18
inspired by Abbott's attempt to solve the Cosmological Constant problem, ‘85

[for a recent update see

¢: relaxion, classically evolving pNGB.

Dynamical Higgs mass, controlled by vev of ¢:

2
Hh ~ A% 2 —_ (88GeV)2

2 2 A2 ® . l
uy, = B (@) = A* — gAg
! @
A: cutoff of the Higgs effective theory symmetric phase | | | symmetry broken

uip =0



Relaxion mechanism

potential: U(¢) = —gA%0 + A (vp)[1 = cos(¢/ f)]

Rolling Higgs-vev-dependent barriers
potential

stopping mechanism:

UI

Slow-roll dynamics during inflation Psrp = 3H,

Relaxion stops near the first minimum

0="V"(¢g) = —gA® + A;’lifbo) sin(%). > A% ~ gABf




Relaxion mechanism

[GKR: Graham, Kaplan, Rajendran ’18

inspired by Abbott's attempt to solve the Cosmological Constant problem, ‘85

[for a recent update see

¢: relaxion, classically evolving pNGB.

Higgs-relaxion potential

A: cutoff of the Higgs effective theory

V(¢,h) = —gA’¢+ %({P — g'A@)R® + Ay(R)[L — cos(¢/ )]+ ...

V() m4,
m%l ~ A2

Hubble friction:
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back-reaction term

[figure credit: E. Morgante



The QCD and non-QCD models

The QCD relaxion model
* Higgs-dependent barriers from the QCD anomaly,

* Problem: the relaxion no longer solves the strong CP problem!

focp ~ O(1)

The nonQCD relaxion model
* Higgs-dependent barriers from a hidden gauge group

Ap(vp) < VAmoy, (stability of the potential)




The classical non-QCD relaxion window

NonQCD relaxion

1) Vacuum energy 10-2
. L~ f SS VLT 1Mo
The change of relaxion energy much less 108 4 S
compared to the energy scale of inflation
10—14 .
4 2072
=102
o
=
2, 10726
2) Classical beats quantum 3
© 10—32 -
The slow-roll (¢p = gA3/3H;) per unit Hubble
time dominates over the random walk (A¢ ~ H;) 107%% 4
quantum beats classical
H; < (QAS)l/a 10—44 1
10—50
103 10% 10° 10° 107 108 10° 1010
A2 Cut-off scale: A [GeV]
1)+2) mmmp | < [, < g'/3A
Mpy

; /7
A < 4x 10 GeV(\/—Uh)



The classical QCD relaxion window

\\\ Today
Local minima are not CP conserving | e
0=U"'(0) = —gA®+ AT;’L sinf — 0= arcsin(%) E% ‘\\\
Field: ¢

Solution: the slope of the potential drops after inflation to reduce CP violation

g=~E&gr, £<10710 0 =&0; < 10710,

QCD relaxion with a change of slope after inflation

f < 10°GeV

7 10-1

Coupling: ¢
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The classical relaxion windows

QCD relaxion with a change of slope after inflation NonQCD relaxion
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Role of quantum fluctuations

during inflation:
The Stochastic Relaxion

The relaxion stops near the first local minimum, unless the Hubble
parameter during inflation is large enough so that the random walk
prevents it from getting trapped.



CP is less violated if the relaxion stops at a
much deeper minimum

Field: ¢

Can fluctuations during inflation modify the stopping condition?



Potential: U

Different approaches to the QCD relaxion

(a)
I\\% Today
M. === During inflation
“"-..
N\

Graham et. al., 1504.07551

Y
.

Field: ¢

1077Ay < Hy < 1073A,

(b)

Nelson et. al., 1708.00010

Today

=== During inflation

Field: ¢

3GeV < H; < 100GeV

Az (0,h)
1+(T'/Aqep)™

AZL(T, h) ~

Wrong stopping condition
used, A} (¢;Tr) ~ gA3 f

Chatrchyan et al., 2210.01148

Field: ¢

H] ~ Ab ~ ToMeV



- We revisit the original relaxion mechanism
including the stochastic behavior of the relaxion

- Important consequences even in the “classical-
beats-quantum” regime

- We explore the regime“quantum-beats-classical”
- Large new region of parameter space

- Relaxion can naturally be dark matter



What if the
“Classical-beats-Quantum”

(of.]0)
condition is dropped

The relaxion stops near the first local minimum, unless the Hubble
parameter during inflation is large enough so that the random walk
prevents it from getting trapped.



The Fokker-Planck formalism

Dynamics of quantum fluctuations of a light scalar field, m « H|, in de
Sitter spacetime can be described in terms a Fokker-Planck equation:

dp _|_1 0(pdsV) || Hy 9°p
t SH 9]0, | 872 02
/ Drift term Diffusion term
p(¢) - probability distribution d;sc,(‘:,:'_?c',?,g

of the relaxion having its average
field value inside the Hubble

patch equal to ¢ at time t Random kicks from low-k superhorizon fluctuations

¢ — <(p($)>\x\<(aHI)_l ~ fk<aH; Cp(k)

e.g. 9407016 [Starobinsky-
Yokoyamal]

equivalent to a Langevin equation, describing the Brownian motion of a particle.



Stochastic dynamics of the relaxion

In the relaxion potential, each local minimum is followed by a deeper one.
Diffusion effects + slope of the potential —> nonzero flux for the distribution function.

Backwards flux of probability from the lower minimum is generated as well
but is smaller due to the larger barriers in the backwards direction.

Diffusion generates a flux of probability to a lower minimum

AN — k3N, + ks No

Hawking-Moss

o .
\/V”|V”| _ 872AV, < | instanton
~ 0 Vb 3H?
k ~ e 1
6mH PLB 110 (1982) 35.
broadening of the distribution o(t) =/ =t



Relaxion velocity: (q&) / bsr

Stochastic dynamics of the relaxion

Modified stopping condition:
The relaxion is trapped at the minimum whose lifetime
is longer than the duration of inflation.

Stopping of the relaxion for different values of d = 3 H}/(gA*f) strength of diffusion

p—t
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— d=1/4 ||:
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Barrier height at ¢ = (¢): A} ((¢))/(gA>f)



Real-time numerical simulation of the FP equation
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Real-time numerical simulation of the FP equation

0.1
0.08
0.06
0.04
0.02

50

-50
-100
-150
-200
-250
-300
-350

Probability distribution: p(¢)

| —| Potential: U(¢) h

Wiggles appear

up =0

First minimum,

AL(§) ~ g f

50 100 150 200
Field value

The relaxion slows down after

872 AV,

s <1

The new stopping condition,

SH?)

A} ~ max(gA?
, ~ max(gA”f, o2




Real-time numerical simulation of the FP equation
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Real-time numerical simulation of the FP equation
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Real-time numerical simulation of the FP equation
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Can the Relaxion be a QCD axion/solve

the strong CP problem

former discussion: A. Nelson and C. Prescod-Weinstein, 1708.00010.



QCD Relaxion parameter space

Strong CP problem solved if
H] ~ Ab ~ dMeV

and

gA3f < 107104

QCD relaxion

OQCD ~ arcsin (

gA3f)
Hf

Hubble scale: H;

t.

Oocp =arcsin (
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b
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Eternal Inflation

« The minimum number of e-folds of inflation required to relax the Higgs
mass from up ~ A to up = 0 is given by

3H? _ N
NI — HItI > Nreq — gQ—AIQ L0-21 QCD relaxion, Hy ~ A,
02 M2 L f < 10°GeV
° If NI > NC ~ 7?1)- HPQ)I ) inflatiOn 10=2 - + Eternaj j;-ﬂatioﬂ¢
is eternal. ! ol

0802.1067 -
Oo 1=+
* Eternal inflation has associated 1015 4
measure problems. -
102

103 10% 10° 106 107 108 10° 1010
Cut-off scale: A [GeV]

 Possible solution: using scale factor cut-off measure. Nelson et. al., 1708.00010



Non-QCD Relaxion



Dropping the Classical-beats-Quantum

condition for the non-QCD relaxion

Hubble scale: H; NonQCD relaxion
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# Uy - precision of mass scanning
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Interactions of the relaxion

2 2
- - n - n - L] - 7 h
The relaxion interacts via its mixing with the Higgs sin(26,,) = - 2 ¢ —.
2 2
10°
QbC II. Ay ~ H; Meson decays
10-5 @—— QbCL Ay ~ gA3f ' 1
— CbQ, Aj ~ gA*f
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Light and stable in most of the parameter space:
Can the relaxion be Dark Matter?



Relaxion Dark Matter

from
Stochastic Misalignment




Relaxion Dark Matter

. . . 3H;
Typical displacement of ¢ from the minimum: Jq% — 8W2ﬂ2

2
b

Can the relaxion explain dark matter?

I”

“Classical beats quantum” regime (GKR): “Quantum beats classica

Small relic density x ¥ 4

regime:

1
Qg0 <26 % 10712 (2)°

Tre

1—3w
) 2(1+w) }
osc

unless a high reheating temperature
See Banerjee et. al., 1810.01889




Relaxion dark matter window
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Brown: low reheating temperature, stochastic misalighment

Grey: high reheating temperature, misalighment from roll-on after reheating  Banerjee et. al., 1810.01889

Black: high reheating temperature, stochastic misalighment



Relaxion dark matter window
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Relaxion dark matter window

Coupling: ¢
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Summary Non-QCD relaxion: A rich spectrum of possibilities

“Classical beats Quantum”
CbQ, Trh < Tb
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QCD Relaxion Dark Matter window
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Fluctuations are important

even in the ‘Classical-
beats-Quantum’ regime




Classical-beats-quantum regime

The relaxion does not stop at the first
minimum!

(a)

(b)

classical
rolling .




The relaxion does not stop at the first
minimum but at the 102 th !
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Implications for the

“Runaway relaxion from finite density”

[Balkin, Serra, Springmann, Stelzl, Weiler, 2106.11320]

Knowing in which minimum the relaxion ends up is crucial to study the
stability of that local minimum after inflation.

In particular: the behavior of the relaxion in dense environments, such as
stars.

Height of barriers depends on Higgs vev which depends on the density of
fermion fields coupled to the Higgs, including baryons.

—_—>

Finite density effects can modify the effective relaxion potential and
suppress the height of its barriers.



Implications for the

“Runaway relaxion from finite density”

[Balkin, Serra, Springmann, Stelzl, Weiler, 2106.11320]

Require that no relaxion bubbles of lower local minima can form in neutron
stars, white dwarfs and sun-like stars.

condition for barrier to average

disappear inside the baryonic 17, > 3 x 10 °MeV?
core of the star: density

condition for bubble o A2
overcoming the pressure and radius if object > gA3

expanding outwards:



f=10°GeV: I =1 f=10"GeV: [ =1 F=100GeV: [ = 1

10—11
> 10—24
10—37
10—50
10° 108 10° 108 10° 108
A [GeV] A [GeV] A [GeV]
f=10°GeV: B ~1 f=10"GeV: B~ 1 f=10"GeV: B~ 1

10° 108 10° 108 10° 108
A [GeV] A [GeV] A [GeV]

Almost no dangerous runaway-relaxion region.



- We explored the stochastic window for the relaxion.
- We derived a new stopping condition.

- We determined precisely the stopping minimum
(very far from the first one even in the Classical-
beats-Quantum regime —> no runaway from
high-density effects)

- We explore the regime“Quantum-beats-Classical”

- Full determination of the viable regions of
parameter space (H,, f, g, A)

- Relaxion can naturally be dark matter



O A new approach to the hierarchy problem based on intertwined
cosmological history of Higgs and axion-like states.
Connects Higgs physics with inflation & (DM) axions.

@ An existence proof that technical naturalness does not require new
physics at the weak scale

A< (M) =3 % 109 GeV
e Change of paradigm:

no signature at the LHC , new physics are weakly coupled
light states which couple to the Standard Model through
their tiny mixing with the Higgs.

e Experimental tests from cosmological overabundances, late decays,
Big Bang Nucleosynthesis, Gamma-rays, Cosmic Microwave Background...
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Full parameter space
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Fate of the relaxion after inflation

1. Reheating: the relaxion can be destabilized if T, > T,

) T, < vy, is the barrier
Require Trh < Tb reappearance temperature

I m
2. Onset of oscillations: H ;. = T"’

3. Relaxion decay: . 9
Fqb — sin“ f x Fh(m(;s)

If Ty, < 10'7s™7, relaxion oscillations behave as dark matter.

4. Typical displacement from the minimum,

2 3H
9] p—

0 Sm2m?2




Axion abundance from stochastic misalignment

e If H,., > H,., the onset of oscillations in the radiation

dominated era.

3 3
~ Qosc ~ miqbz To gs,0
IO¢7O ~ p¢?OSC ao ~ 2 Tosc Js,osc

If H,., < H,., the onset of oscillations is before reheating. The
fractional energy density today depends on the equation of state

before reheating
. 3 a 3 mi¢2 Hop 2/(1+w) T 3 9e0
10¢70 ~ qu?OSC(ﬁ) (ﬁ) ~ 2 (Hosc> (E) (gs,’rh)

Combining the two cases:

3/2 4
(6,00 ~ eV H : H, 2(T+w)
oo~ 20 (m_¢) (100@%\/) mm{l, (Hoshc)}



The case of high reheat temperature
Ten> Tb

* The displacement after inflation

€b+ 275925 g\’ +C(T )f4 Sm(f) =0

Where for simplicity we take C'(T'(t)) = 0('T3,/T'(t) — 1)
* The total displacement of the field
Ap ~ I8

4H2

» The field gets re-trapped if A¢ < ¢p — ¢g

 Additional constraints on the parameter region.

* DM from roll-on was studied in Banerjee et. al., 1810.01889
* DM from stochastic misalighment

(i) () <5 <o (48) ) (52
TeV f eV 100 100GeV A




Relaxion dark matter

In which local minimum does 107 -
the relaxion end up? H; > 100GV
i@l .
ST AV,
SHT 1024 i

Stopping condition

ot

T
o]
1

The barriers disappear at T' > T,
(T’ is at most the weak scale)

— gy = 1/3

e s — A CEY, =10

= P — EEV, =0
T = 10MeV, w =0

Hubble scale during inflation: Hj [GeV]
H
] g

« Additional displacement for T ,.;, > T'p,
H; < A%/Mp, for A > TeV

1021 10—17 10—13 1079 1y 101 103 107
Relaxion mass: my [eV]

o : . Hjp 7 ¢ Qpm
Bounds on isocurvature fluctuations: aov < 0.3 X 10" prrgey ( Qo0 )



The case of low reheat temperature

10%

Hr > 100GeV

The classical beats quantum (CbQ) regime

-

H3? < gA3
The relaxion is always under-abundant

—
o
—

.

“
.
‘O
.

—
I
b

Hubble scale during inflation: Hj [GeV]|
p—
I

107" 1 Aﬁ
L/
e ) = 1/3
10—11_ CI)Q > Trh:102 GGV,’U):O
= T =1GeV, w=0

Ty, = 10MeV, w =0

H; < A%/Mp, for A > TeV

H

3
—
s

11 [ g 1= = 1071 10° 1i*

Relaxion mass: my [eV]



The case of low reheat temperature

H; > 100GeV

The classical beats quantum (CbQ) regime

H3? < gA3 ;: 101
The relaxion is always under-abundant =
g 165
_%;
b;o 10—5 4
The quantum beats classical (QbC) regime | = %
H3 > gA3 g 107 NN \>> pe |
, , = NN I it
The lower bounds is to avoid eternal = 10-1 5 ChQ —<= T =102GeV, w =0
inflation . & f—-= Ty =1GeV,w=0
: 212 M3, 10-14 Hy < A2/Mp for A>TeV [ Lm0 VeV e
]f Nmin = NC = 3 H% 10—21 = i W™ 1 - 103 107

Relaxion mass: mg [eV]

1_ 1-3w

16 4 (1+w) ¢ rh)\1] 2
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Barriers for Non-QCD relaxion

V=—(\%—-g'APp)H? + AH* + gA3¢ + A;(H) COS?

New strong dynamics gives wiggles

Lerr = myNN +myLL + yHNL + yH*LN + ?G’ZT'

f
ﬁ v =205 2 o5 2
my f

(my, > Ag > my)




Volume-weighting

« Volume-weighted Fokker-Planck equation

ap _ 1 O(P 9, V) | H? O°P | 4m V _ _3(H(¢)—Hj)t
dt — 3Hj O¢ - 8m2 092 T M2, HIP P(o,t) =e (o)

 Does the relaxion climb up during inflation?
NO, if NI < NC

¢peak (t) — éSRt \(

volume effect
—> backward
velocity the field

subdominant
if Nl <Nc

* The fate of “wrong” Hubble patches (11, ~ A) after inflation

The field slow-rolls down to the region with a small
Higgs vev. Gupta, 1805.09316



Maximal values of | for the QCD relaxion in the QbC Il regime, with eternal inflation

log1o(l )

IMax 42
10726 - - 36
- 10—34 N I 30
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1 —42 ™1
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