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Abstract: <p>Recently a new solution to the hierarchy problem was proposed which makes use of the cosmological evolution of alight scalar field,
a scanner, instead of symmetry or anthropic arguments to select a small Higgs mass. In the original proposal this scanner field could be the QCD
axion and thus such class of solution became known as " relaxion&€™&€E™. Two central features required of the relaxion are a reason for why a
small Higgs mass is specia from the scanner&€™s viewpoint and a mechanism fo the scanner to dissipate its energy in order to stop in a value
associated with small Higgs mass. In this talk we propose a novel mechanism that achieves both goals and opens new possibilities for the relaxion.
We show that particle production can create an effective friction force for the relaxion and show how it can be used to " "select&€™8&E™ the TeV
scale as a special energy scale from reasonable initial conditions. This allows for the scanning to happen much faster than in previous relaxion
models, which usually require very large amounts of inflation, and also allows for the scanning to take place after inflation has ended.</p>
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Why is the Higgs mass small?

m; ~ A* ?
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Symmetry
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Symmetry

Where are
you?
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Why is the Higgs mass small?

mj, — mj,(9)
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Multiverse
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Multiverse

Why do we
live in such a
spccial point?
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"Relaxion”

P. W. Graham, D. E. Kaplan, and S. Rajendran, Phys. Rev. Lett. 115, 221801 (2015), 1504.07551
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Relaxion

P. W. Graham, D. E. Kaplan, and S. Rajendran, Phys. Rev. Lett. 115, 221801 (2015), 1504.07551

£ —(A2 — e(b)\h\z — Ve(ep) — A%CD<iz‘> cos(¢/ f)
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Relaxion

£ —(A2 — e(b)\h\z — Ve(ep) — A%CD<iz‘> cos(¢/ f)
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Relaxion

£ —(A2 — e(b)\h\z — Ve(ep) — A%CD<iz‘> cos(¢/ f)
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Relaxion

V()

» Stopping mechanism
cos() potential

W » Dissipation
Hubble friction
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Relaxion: Slow roll regime

- [‘;rﬂ < H‘Z}

%+ 3H =V’
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Relaxion: requires many e-fold]_ngs

V(g) Slow Roll
cﬁ ~ €e\? /H
A(/)| 1 e-fold ™ 61\2/}12
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Relaxion: requires many e-fold]_ngs

V(g) Slow Roll
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Relaxion: requires many e-ioldmgs

Vi) ANC — _52/62

To actually stop:
* ~ (eA?/H)? S Ay
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Relaxion

» Stopping mechanism: barrier depends on Higgs vev
» Tension with strong CP problem
» Non-trivial to have barrier height larger than v

» Dissipation mechanism: Hubble
» Requires many e-foldings
» Scanning must happen during inflation
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Particle production: kil 2 birds with 1 stone

Stopping mechanism

Friction
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Outline

» Basic mechanism
» Implementing particle production relaxion in the SM
» Relaxing with particle production:

» During inflation

» After inflation
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K(r(*,p me honest shde

Relaxion models

» The good
» Technically natural (hope for natural UV)
» Non-anthropic "multiverse” type solution
» Relatively unexplored idea

» The bad
» Introduces new small numbers

» Tall order for inflationary models
» Aesthetics

>
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Basic Mechanism

» Toy Model: Abelian Higgs + relaxion (static universe)

LD (A* —ed)|h|* + (eA*p + ...) — pi cos (%) + %Fﬁ
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Basic Mechanism

» Toy Model: Abelian Higgs + relaxion (static universe)

LD (A* —ed)|h|* + (eA*p + ...) — pi cos (%) + %Fﬁ

mi = —(A° — eg) < 0

¥

ma~ gA ~ A
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Basic Mechanism

» Toy Model: Abelian Higgs + relaxion (static universe)

LD (A* —ed)|h|* + (eA*p + ...) — pi cos (%) + %Fﬁ

» EOM for gauge fields

As + (k2 + m'f.l == k?) Ar =0
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Basic Mechanism

5 k
=k%+ms — —f
)
. ¢ -
» Tachyonic modes for 7 > My
(j)
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Basic Mechanism

LD (A* —€p)|h]? + (eA%¢ + ...) — 2 cos (%) it %—Fﬁ'

W ¢ > ﬂ*g
$ /mwmmmm ma ~ (h) ~ A
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Basic Mechanism

LD (A% —ed)|h|* + (eA®¢ + ...) — ps cos (}Z,) aE %FF

» Scans until

\/V\A/\/\\ (h) < A
g /\/\/\W » When
W\, i

2 (h) ~ O(100 GeV)

i
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Finite T(‘.I’ll|1)(‘.I"2ll.l.l re

Relaxion kinetic energy transferred to gauge fields

el

» Gauge symmetry restoration
ma ~ 0

» Plasma effects (screening)

mp ~ 1
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Finite T(‘.I’llIJ)(‘.I"E-ll.l.I re

,  kd {
w® — k% + —;/) =TI, (w, k) = m%5 F(w/k)

We are interested in the regime

w=1, [ <K<k<g<mp
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Finite T(‘.I’llIJ)(‘.I"E-ll.l.I re

k .
w® — k% + —;/) =TI, (w, k) = m%5 F(w/k)

We are interested in the regime
w=1, [ <K<k<g<mp
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Quick Summary

» LD (A = ed)|B” + (eA*p + ..) — g cos (%) 53 %lﬂ]}

selects v

» Tachyonic mode for A: Q ~ ¢/f <

creates friction

» Temperature dilutes tachyon time-scale:

_(@/f)
T2

2
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Can it work in the real world?

Pirsa: 17030012 Page 32/48



Particle Production relaxion imn SM

LD (A —ed)|h|* + (epA® + ...) — ul cos (}_/5’) + 1(—/} ((n;Bf? — (}f[r{_-"I—’{..--’I..i'?)
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Particle Production relaxion imn SM

¢

LD (A% — ed)|h]* + (epA® + ...) — pg cos (—’) + 1(—/)[ ((ﬂ"Bf? - (}fm.vI—-'i--"l-i'?)

» Relaxion does not couple to the photon!
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Relaxion setup

LD (A% —ep)|h|* + (e + ...) — pl cos ﬁ + (—f) ay BB — ayWW
| SRR T

» Sub planckian: € > A*/Mp
» Many minima: p: > eA*f’

» Fine scanning: ef’ < v”
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Relaxion setup

RIS e 2
ps < ¢ ~ const S A

V()

\A/W\/\m
/\/\/M/\/\ » "Self-tune” to Weak Scale
/

b/ f ~v =246 GeV

» Need to ensure energy loss is efficient
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Energy Loss

» Not overshooting v

K 3 o-1 1 o/ f -
(57711%1 — 6(5¢ (SIL S2 (/j) ( r[? )
e
Impyg ~ —(bét
v
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Energy Loss

» Not overshooting v
dmy; = ed¢

'. eT? 3
dmp ~ §—¢5t ~ /

y <V
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Initial Conditions

» Take this inflationary initial conditions

vV

\/W\WA/\ /\/M\M

¢
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Initial Conditions

» Take this inflationary initial conditions

N &
H >
Me Wiy,
. 2 s W\
QS > l 1’ S \/\A/\M/\/
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I’l(‘.laxing du |-'i|-lg mflation

- [eA2 H\’
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|’1(>|a,...\ing du |-'ing mflation

. [eA2 H\?
A

—2 < €< U5 IJJ:}
€
Mp T8

A° < v°MpAN.
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|’1(>|a,...\ing du |-'ing mflation

. [eA2 H\"

A2 e ’(,?5/.L§

— < €

Mp T3
AN, ~ 100

AS < VMpAN, ey A <10° GeV

Al H PR I e A
Values in GeV|[10°[10~°[107%]10%(3 x 10°[107[1.5 x 107
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Inflation too brief

2

H
(—) > N,
€

» Can the scanning continue after inflation ends?
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Inflation too brief

2

H
(—) > N,
€

» Can the scanning continue after inflation ends?

Yes!

*but before SM reheats
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Scanning after inflation

Hubble decreases » ¢ increases
¢~ eN*/H

» Scanning very fast once: H < ¢

¢ ~ A2

Pirsa: 17030012 Page 46/48



Scanning after inflation

A [ v°
Mp - ° TS

A~ g A <40 TeV

Values in GeV[107[10~™[10%[10™]10°
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Conlusions

v

Particle production is an efficient mechanism to both

dissipate energy and to select small Higgs mass

v

Qualitatively new approach to relaxion

v

It can work without super planckian field excursions

and with normal amounts of inflation

v

The scanning can happen after inflation
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