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Little hierarchy

Electroweak',"’ . New physics

Nothing found at LHC _
" | thtle hlerarchy =

246 GeV '




Many EW vacua

V(h)
There may be many vacua

/ EW is selected by \

Dynamics Anthropic principle
Relaxion Multiverse New physics
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Relaxion mechanism

Higgs mass Slope Back reaction

X
V(®, X)=(M?—eX)|®]* —reM*X + A*(|®|?) cos — + qu>\4,

|_ /
Relaxion

Higgs
M? —eX =0
7 We assume
C M = O(10TeV)
Slow-roll Q
due to inflation
X’\
5 \_

[P. W. Graham, D. E. Kaplan, S. Rajendran; "15]



Quantum tunneling

dV

The relaxion stops classically at X =0

N\ Lifetime

Lifetime

\! T> H

[P. W. Graham, D. E. Kaplan, S. Rajendran; "15]
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Timescale of tunneling

At the last tunneling, v < HSL
¢ |—Bubble nucleation rate
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\_\’\ The lifetime of each Hubble patchis T > ——
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Too large e-tolds

H* H \*
>~ 1015
Ne > Hg (1 MeV>

It is argued that a too large number of e-folds
will cause problems in inflation sector

e.qg.) [K. Choi, S. H. Im; "10] -
To avoid fine-tuning, we need N, < 10“® for slow-roll inflation

(in the context of scanning time)

(possible solution may be N. Kitajima, Y. Tada, F. Takahashi’ 19)
[H. Matsui, F. Takahashi; '18, K. Dimopoulos '18,---]

Eternal inflation is generically incompatible with
the (refined) de Sitter swampland conjecture

+ Why not multiverse?



Fast-rolling relaxion



Fast-roll

The relaxion DOES NOT stop classically at e

dV

=0

T> H




Stopping mechanism

We need another stopping mechanism

X .
¥\— ex) particle production with TFF
—~
—
\ [A. Hook, G. Marques-Tavares; '16, -]

But, we want something
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V(

No extension!

X

A
D, X) = (M? —eX)|®]* —reM*X + A*(|®]?) cos — + qu>\4,
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M?*—eX =0
( : Original non-QCD potential
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[P. W. Graham, D. E. Kaplan, S. Rajendran; "15]




HIggs homogeneous
osclllation
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“Gradual” growth of
Higgs homogeneous oscillation
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Edge solution



Equations of motion
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3H X : Relaxion homogeneous mode
m? = M? — eX(0) h : Higgs homogeneous mode



Oscillatory solution

_ 2 . 22 g2
h(t) = Asn (\/m + SA L, SmZ - 2)\)

~ Asin(m(A)t) ,

2 \/ : \ i A : Amplitude of oscillation
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Parametric resonance

o\
5t Vh — —h3 — A2 h cos wt

| |
m-(A)h

Mathieu equation

9 b~ —m-(A)h — Ajh coswt

Exponential growth of the amplitude occurs when




Edge solution
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Numerical check
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[ GeV ]

Edge solution (tull)

Hubble friction, Back reactions, ---
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Stopping
mechanism



Stopping mechanism
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The relaxion accidentally hits the bumps
: and stops HERE!




Negative Higgs mass

pPositive but small

X
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Negative Higgs mass
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Conditions for
successTtul relaxation



Conditions

Relaxion rolling Stopping mechanism
The relaxion does not slow-roll Theedge solution grows
The relaxion can go over Oscillation starts before
the cosine potential the relaxion pass through
with its terminal velocity the EW scale

e etustbemmeTTT B Gt wetemmmer T

The Higgs boson obtains
a large enough VEV
after the relaxion stops

B

Classical rolling dominates
over quantum fluctuations

B

EW vacuum

The EW vacuum is a stationary point  The stability of the EW vacuum

ST

There are enough number of vacua around the EW scale

e




Parameter space

H =10 GeV, €= 0.8 GeV, 7 = 0.002, M = 20 TeV.

300 -

250
> 200"
8 I 1 Go over bumps
= I Fast roll
“ 150 - Edge solution

I 1 Do not pass through
100 - s
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80 90 100 110 120 130 140 150
Ao = Ay, [GeV]

The lifetime of the vacuum is much longer than the age of the universe
A S RS




INnhoMmogeneous
Modades



Particle production

X
V(D, X) = (M? — eX)|®? — reM2X + A*(|®[?) cos ++ %@\4,
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Particle production

200F

_ 100+ ) . = = SE e -',
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Equations of motion

— L] dgk )
X(z,t) = X@) + ¢(x) , o(z) = TIE Prc(t)e'™
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These equations have instabilities like the Mathieu equation
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Beftore the Higgs oscillation

i~ X F (el g
fix (1)
C .t A+ 3
P = M@(t) F(t)e' Lt el —2Ht Fy and Fy are O(1) functions
@)

The exponential growth takes place only for a short time

120 , .
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Occupation number

N, =() 1/ 10
300 |10
5o /
= 200
L i
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. (maximally amplified) occupation numbers

We require

Nmax ‘ 7 N)r(nax I ‘

)

(same order as zero point fluctuation)



After the Higgs osclillation
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h[GeV ]

200 ]

—100}

—200b . ]

3007

—100;

100+

0 a T \‘\“

t[1/GeV ]

Resonances are too strong

Too many particles are produced

¢ Limit the number of oscillations
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Each oscillation has a random phase

No exponential growth of
inhomogeneous modes



f [GeV]

The number of
the HIggs osclillations

/Approximated solution of the Higgs oscillation is not reliable

(Z\,osc=
200} - Nosc
250i : the number of the Higgs oscillations
200
150 5 \ We require
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Collider constraints



Relaxion-HIggs mixing

Mass matrix

Higgs Relaxion

A2 A v
2 —F SX .
5 4. A9 .0 Large off-diagonal due to small f
AhvS AG+ARV -
f °X 2f2 OX
_ .o 2frmw? _ o
Sx = —SsIn 7 _/\g‘+/\ﬁv2 ., CX =—cosT— 1—s%,
Mixing angle
_ZfU/\%Sx

) I%\g + 02N ex — Af202 Mixing angle is not suppressead
If the masses are comparable



Collider constraints

H =10 GeV, €= 0.8 GeV, r = 0.002, M = 20 TeV.
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Existence of solutions

H =10 GeV, ¢ = 0.8 GeV, r = 0.002, M = 20 TeV.
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Relaxion as a
pseudo NGB



Compact field space

X X
V(X) = kp (rM? +|®|?) F{ cos (—) + A*(|®|?) cos (— + 6) ,
Fy I
Large structure Small structure

Origin of the slope of the relaxion

Field space is sub-Planckian

—FH]T




Difficulties

X X
V(X) = rp (rM? +|®)%) Fjcos | — | + A*(|®]*)cos [ — +4§ ) ,
FH FL

1. Two hierarchical decay constants

Fg > Fy » Clockwork mechanism

[D. E. Kaplan, R. Rattazzi, '16; K. Choi, S. H. Im, "16; G. F. Giudice, M. McCullough, '17; ---]

2. A very large explicit breaking

M2 > Fi » Clockwork mechanism

with progressively increasing VEVs



Clockwork with progressively
Increasing VEVs

Consider scalar clockwork with U(1) charges Q(¢x) =375
Increasing VEVs

N , Lo

Vselt = ’(Pk‘2_7 ' fre=d"f, (1 <a<3)
k=0

Safe connections

N-—-2
—_ 2 : 3
Vconn - Hk¢§¢k+1 + h.c. 9 K IIIS
k=0

Safe explicit breaking

Vor = Eido + E 2 1on—1 + hee., &< P, Enaa< (@)



Clockwork with progressively
Increasing VEVs

Eigenfunctions for kny_2 =0

E — E — 3_ _____ 3N —2TIN-2 MH TN —1
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They are connected as
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Lakge "enough
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3N-2) 7, 3— becomes can be identified as the relaxion




Summary

- In the original relaxion model, the tunneling phase requires an
unacceptably large number of e-folds.

. The fast-roll relaxion can easily solve this problem, but we can not use
the original stopping mechanism.

- We propose a mechanism to stop the relaxion without extending the
original model.

. The mechanism predicts a relaxion that has a mass of O(100) GeV and
mixes with the Higgs boson. It improves the testability of our mechanism.

- The relaxion can be identified as a pseudo NGB and its potential is given
by the clockwork mechanism with progressively increasing VEVs.



