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Naturalness of the

relaxion mechanism

Background: hierarchy problem etc

Relaxion model (appears to solve it)

Methodology of evaluating plausibility of models
Findings: compare relaxion vs. SM
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axation with an

The relaxion: a clever new idea...

. "TT’s A VERY, VERY CLEVER IDEA"” - Raman
Sundrum

. "TT's DEFINITELY CLEVER"” - Nima
Arkani-Hamed

See also Abbot (1985), Dvali
et a (2004, 2000) For
reloted ideas
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Hierarchy problem

® Known since 1970s (Wison (unpublished), Gildener (976), susskind etc)

No symmetries to protect scalar-field mass in SM from quantum
corrections

High-scale/Planck-scale loop corrections

SM generic prediction WEAK SCALE ~ PLANCK SCALE

Our observation WEAK SCALE <<< PLANCK SCALE

Of course, we could fine-tune s.t. everything agrees with

observation
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Relaxion model

e Special interplay between (axion-like) scalar-field called
relaxion and SM Higgs o (et
Periodic barrier <M quar‘ﬁc

V = (4 — w(a)¢) h* — my(h) cos (?) —m?(a)¢ + \h*,

Field-dependent mass f Linear slope

Backreaction to VEVI

A. Fowlie (Monash) J



Realistic?

® Periodic term is axion-like - in QCD, generated from instanton
dynamics

® Written coefficient as VEV of spurion that breaks shift symmetry
(this could be very small)

® All other masses are unprotected and should all be close to the
Planck scale

® Doubts about UV completion of this model (cannot be string
inspired, underlying broken gauge symmetry, large field excursion)

® Agnostic/pragmatic: investigate minimal model and see if it works
A. Fowlie (Monash)



Relaxion 1ingredients

Periodic component of potential:
many minima, including minima
with weak scale << Planck scale
Backreaction: backreaction to
EWSB affects shape of potential
Dynanm:lﬂaasrnassz Higgs mass is
a function of relaxion field
Dissipates energy due to Hubble

friction
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Relaxion story

Beﬂinninﬁ: relaxion large field

Relaxion
potential

value. EW unbroken m* > O. Bartiersdown

Middle: relaxion rolls down linear

potential, eventually triggering y
o;; .
EWSB ' "-.’;.' Reéz:ltéon

:",“H "
. . . . EWsSB, rﬁhﬁ'ﬁ'ﬂiﬁwiu.
End: backreaction raises periodic <O barriers up My

barriers, trapping relaxion in a
minima “close” to EWSB, i.e. at

weak scale <<< Planck scale
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No more pictures, now calculating

stuff. ..

e So far calculations in literature hand-wavy (which is fine for describing
general idea)
Expressions for weak scale and theta QCD involve squiggles
We minimize potential for Higgs and relaxion fields to find transcendental
equation (where h is a function of phi):
. fr{a) (m?/k+ (h)°
SlIl((;b/f) - m3 ( (h) ) :

b

@ This is OK (admittedly it would be better if we evolved the fields from
some initial conditions with the EOM)
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Solving transcendental by graphing

e Solution LHS = RHS ¢ : - :

! T
swa (COLTECE |6QCD| < 10-10E

a t red S t ar ol E E ...... Critical value of relaxion: field m3 (¢) < 0
. . I : : Sln(l;b/f)
e Simple analytic 4 E E ) (s

expression (brown
hexagon - green
diamond)

e Narrow enough for
my calculations

e  Lower limit from quadrafic root when sin(¢/ f) = 1, (¢)min | ]

*  Pirst solution, (¢)
¢ Upper limit from next 51'n(¢'/f) = L {})max

® Assume relaxion . ; . Soln. \ o
. . =3 =27 - 0 T 2m > LRS 4
StOpS 1n fl I"St ¢/ f shifted by arbitrary amount
minimum 10

Fig. I N arXiv:102-.03889
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Solving transcendental by graphing

e Find analytic approximations for weak scale. Confirm literature

approximations in phenomenologically viable regimes:
m*(a)
3

(h’)min ~ f mb

® Solve for theta QCD in a similar manner: 7T/2 — 2+ -
Literature (seems to) overlook complications about theta QCD

But nevertheless is correct, theta QCD ~ 1 (in fact always about

I /2) Derwa’rlor"us in
sec. 3. in

arXivil:02.03889
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Inflation

i -inflati
® Require >~ 50 e-folds of Example 9a+i9-(:ac+ory potential pre |n. amen
dynamics

inflation after relaxation or@habﬁgxecwxwﬁﬂ02858 14x102¢]

® Need H <<< MP to avoid ruining -

barriers in potential q

® Add general renormalizable
single-field inflation

® Begin at origin (pre-inflation
dynamics)

® Predict r, n_s etc as measured

by Planck/BICEP
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Built minimal model. Does it solve

fine-tuning problem?

Built it to solve hierarchy problem. Less fine-tuned than SM?
RELAXION BETTER THAN SM + SCALAR-FIELD INFLATION?

What does BETTER THAN mean?

I will take BETTER to mean MORE PLAVSIBLE

Calculate plausibility with BAYesiaw stanistics! IF.YOU ONLY KNEW, THE
., POWER OF
First modern discussion 7
Jelfreys, Theory of Proboability

. T . wees
(1939) reissued ouP. Animated
discussion Jaynes, Proloalailﬁy

f «
A 1))

] . o . Vs

Theory: The LO@IC of science, BAYESIAN s-l-n-l-'sllllcs i

(2004) cuP
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p(model | data) = p(data | model) * p(model)

® logical framework for assigning belief
to theories

e BRefore data: Assign belief to theory
(prior)

° Bayes’ theorem: Update prior with data

o Alter dota: Find most plausible model
(posterior)

® Prior updated with so-called

BAYESIAN-EVIDENCE = P(DATA | MODEL)
A. Fowlie (Monash)

P(AJB)-

Thoma$ Ba yes
I‘UL,‘-L:S ' theovem — %v
P(B/A P(A)
0

Bayes, An Essay towards solving a
Problem in the Doctrine of Chances
(7G3)
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Bayesian evidence

® The non-trivial calculation is BAYESIAN-EVIDENCE

p(data | model) = / p(data | model, z) - p(z | model) dx

f A N Prior | ik log

Evidence Likelihood: prriors
Planck/BICEP, MZ etc

® No tricks, just not much time to explain all details

e Difficult integral! Use MC integration (nested sampling algorithm)

skiling et ol (alaor'iﬂwm)
A. Fowlie (Monash) Feroz et al (MultNest) 19



Automatic Occam’s razor

® Automatic penalty for fine-tuning/naturalness/Occam’s razor
Nothing added by hand or in priors. No tricks. Just not time for details
Formalizes fine-tuning/naturalness - correct ideas that lacked
logical framework

e A model that makes a wrong generic prediction is implausible
(compared to another model)

e SM generic prediction WEAK SCALE ~ PLANCK SCALE This is a result

of aPPlyil’\a
Bayes. Not an
extra principle



Bayesian version of Occam’s razor

Evidence is a pdf as function of data
Total prob. = areas of plots =1
Good model spends probability mass at
observation

Bad model squanders probability mass
away from observed data

That’s it. Fine-tuning/naturalness etc.

Nothing added ad hoc

DiFferent people mean diffFerent things
loy Occam's razor. This doesn't jus’riPy
most of that stuff
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“"Naturalness” or Occam’s razor

| = Complicated model

—— Good simple model
—— Bad simple model

pLD A1)

Evidence, Z

| mass thinlw

Bad simple model:
probability mass
wasted here.

Good simple model:
concentrated

probability mass
at observed data.

OK complicated model:
spreads probability

Observed data, Dy
o 1 Data



Finally: test relaxion model vs.

with Bayes

SM



Looking only at Z mass 1.e. weak scale

1.0 : : 1.0
SM Pr'ealicﬁon R elaxion Pr‘edicﬁon
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Ioa MZ. on x-axis

Relaxion prediction
for Z mass broader
(more complicated
model)

But higher
probability density
at correct scale!
SM is simple model
But simple
prediction is
wrong! 19



Considering Z mass alone, relaxion model
solves hierarchy problem. Favoured by big
Bayes-factor. But adding other things...



Is relaxion natural?

We found, all data considered, relaxion much worse than sMl

Our Bayesian-evidences reveal that relaxion favored by weak scale

But preference destroyed by fine-tuned inflation Egziﬁpgfitxgiﬁf
And constraints on Hubble parameter during relaxation probem

Final result: SM + scalar-field inflation 1E25 times more

plausible than relaxion model (after seeing all data)!

e Hierarchies introduce enormous factors in Bayes-factors

See also Jaeckel et al I508.0332],
Raidal et dl 5102858 for further
discussions of FT in relaxion models
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Summary: minimal relaxion models not

natural

1. Simple analytic formulae for relaxion model
(which claims to solve fine-tuning problem)

2. First statistical analysis of relaxion model

3. Bayesian statistics includes automatic penalties
for fine-tuning/naturalness

4. Found that, all told, relaxion models were much
worse than SM + single-field inflation

5. Problems with unusual cosmology
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