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LNaturalness

Naturalness Problem
QFT: Radiative corrections generate mass

— Quantum Gravity — all masses of order Mp
Fermion masses composed left and right handed fields
— Q(v) # Q(vR) forbids mass term

— my order parameter of chiral symmetry breaking

— All mass corrections proportional to my
— my/Mp < 1 technically natural

Scalar masses built of single field
— Only shift symmetry can forbid mass term

Shift symmetry — Nambu-Goldstone
— Symmetry relating bosons and fermions

Chiral symmetry protects boson as well
— Dynamically selected mass
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L Relaxion Models

Dynamical Relaxation
Two distinct contributions to Higgs mass

— M? : All radiative corrections plus tree-level piece

Dynamical selection\of Higgs mass

— (¢ > M?/g for I to be natural

— Shift symmetry breaking — slowly relax back to minimum
— ¢ < M?/g, (H) - growing fmg({H))! (Axion mass)

£ (=M +go) [HE + 1(g0)° + [2y(H)GLgm)cos (%)
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L Relaxion Models

Insensitivity to Initial Conditions
(H) sensitive to ¢’s approach to mZ = 0

— ¢ must stop with (—M? + g¢)/M? < 1

Hubble friction makes approach to m?, = 0 similar
— & =~ Vierm (Independent of IC)

— SIOW Vierm — (—MP? + g¢)/M? < 1

(¢ ~ M?/g)

2 2 5
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LRelaxion Models

CP Violation
Axion relaxion has 0gcp ~ 1

oV

2, Ma((H))fZ
9 gM” +

(P
i sin (7> +..~0
— Non-QCD axion can have 6 ~ 1

— Radiative corrections require f ~ v
IHY e IHEY 7% cos (£
LD(mN+>\ML NN® — mN+>\ML N’ cos ;
6 still can have consequences
A2 v
~ — < — ~
mg v(Msz) N47TV<f) Osh

m,
m2 —
— 6pg — CP violation in MSSM (EDM)
— Two field models have 6 ~ 0
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LRelaxion Models

Supersymmetric Axion Relaxion
Shift/SUSY symmetry breaking in superpotential
1

Teor - woTs & v=|Rf=limsal £0
Batell, Giudice, and McCullough
SUSY breaking generates relaxion dependent Higgs soft masses
F. 2 m2 2
golH? - ShiH2 =

7M2|H‘2

a 2
M2 |HU7d‘
Supersymmetric Higgs mass sets natural realxion scale
4>

auy

a
327 f, G

v

W= /JoHqu
Instanton potential from gauge kinetic function
¢

—

S
2
/d9 CamTr(WaWa) +hC D
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LRelaxion Models

Two-Field Supersymmetric Relaxion Model
Explicit breaking of shift symmetry

m,
Wsr=-25+

2
- T
NN confine giving Higgs dependent back reaction

Two-field relaxion evolution potentlal
V¢s0(¢7 g, Hqu)

imef"a+ "o R o= (7 )
¢
Relaxion dependent Higgs mass
o m2a2
mHu,d = Cuvd

ma
- K= Ho—Cu

Det(Mf) = (i, + |uf?) (

3
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LRelaxion Models

mg [GeV]

Parameters
ms mr
=0 T =(—/—
gs f, g f(,
mr
f: f¢ = f(, s = —
5
= r _ Msusy
N= susy = —
M. = msusy ,

106
mgysy [GeV]
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LRelaxion Models

Constraint Summary

C:1078 rrs = 0.1 m=1 rsusy = 1.

Barrier too small to stop ¢

,m AvZsin(23) A3,
V=20t T r 70

S
)
S

A changes too slowly with v

oA _ oAy

ot — v ot
10° 107

msusy [GeV]
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LRelaxion Models

Constraint Summ

C = 1078 Its = 0.1 n = 1074 Isusy = 1074.

Parameters
Mmg mr
— (== r=(—"
9s f, g .
mr
= = f¢ =i e = —
3 5
B P p _ Msusy
S N=f susy = —

M. = msusy ,

mgusy [GeV]
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LReIaxion Models

Constraint Summ
¢=10"8 rmn=10"% rsusy = 1074,

Quantum spread of &

o
= =
H/ > !

Mmsysy [GeV]
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LRelaxion Models

Constraint Summ

¢C=10"" rrg=01 =1

rsusy = 1.
Parameters
ms mr
—(¢=8 gr=¢-T
gs 7, g 7
mr
f=fh=10 rms=—
s
= r _ Msusy
N=Tg Susy = 7
M. = msusy ,
05 105 100 100 100 100
mgusy [GeV]
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LNatural Low-Scale Inflation

Inflation for Relaxions
Axion+SM

— Classical rolling beats quantum spreading

2 2\ 1/3
Hy < (gM?)'/® ~ (m%f”) =6x10"° GeV <
Axion +SUSY

10° Gev ) '/
f
— Classical rolling beats quantum spreading

Hy < (mpof)'”® ~ Agep (

1/3 9 1/3
AC;CD) =2x107* GeV (10 fGeV)
Two Field +SUSY
— Classical rolling beats quantum spreading

1/3
Hy < (mmsysyfs)'/® ~ v (é) = 33 GeV ( 7
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LNatural Low-Scale Inflation

Low-Scale Natural Inflation
Power Spectrum

1 H 1
Ps)'/2= — — _ ~5x107°
( S) 27 Mp \/2>€
Difficulties of low scale inflation

H 2
=8.6x 1077’

¢=8.6x10 <1OOGeV)
Potential must be very flat

MZ (V2 2 Voo
‘=% (v) n= M=,
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LNatural Low-Scale Inflation

D-term Inflation

Inflaton couples directly to U(1) charged particles
AW =kTo p_
D-term with Fl term

. 9° 2
Vo =5 [16+] ~l¢-| ¢
Tree-level potential perfectly flat

[KT| > /9%
U(1) breaking ends inflation

¢+ =¢ Fi=0
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LNatural Low-Scale Inflation

Coleman-Weinberg Potential

One-loop potential for | T| > 1/ g¢

g*& |5 T[?
V="%" <1 +8'”[ @
Slow-roll parameters

g4 Mp 2 2
- 3274 <q§>



LNatural Low-Scale Inflation

The Generation of the CMB
CMB determined in the final 30ish e-folds

N, :/Hdt: o g2 g
cmB Ve ¢y =

The slow-roll parameters of the CMB

For small g, e small enough

PY?=5x10"° <NCMB

H,
36 100 GeV
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LNatural Low-Scale Inflation

The Spectral Tilt

Reduced N¢ys puts ngin 1 — o lines

— Spectral tilt
50
ns —1=2n=-0.02
° g (NCMB)
— Number of e-folds
102
100 . . "
1078 107¢ 107* 102

_ 1 H,
News = 35.8+ 3 In (m>
100 102 10*

H; [GeV]

1 p1/4
—In reh
t 3 <1 TeV
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LNatural Low-Scale Inflation

Cosmic Strings

U(1) breaking after inflation leads to topological strings
— Vacuum manifold S’

— Loops are non-contractible

— String tension large — effect in CMB (u—273(¢)?)

(642 =& ~ (10" Gev)

U(1) must be broken before inflation

— Inflation inflates away cosmic strings
Dynamical D-terms generate Fl-term

— Additional U(1) breaking generates FI term
— V& < Mp more natural

— Superpotential interactions tie two sectors together
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LNatural Low-Scale Inflation

Inflaton as the Second Field
The inflaton can play the roll of the amplitudon

m m 2
Wor =56+ IR Win —sllo-o-

oomg = 2.3 x 10° GeV (

H
1 GeV

Inflation and relaxation happen at very different field values

2

m 1
*:1016GV SUSY
7 © (105 GeV

) 105 GeV
Isusy ms
D-term and relaxion have very different energies

o H 1/2
Vg€ = 2.3 x 10° GeV (W)

vmro* = 10° GeV ( Msusy

06w (v

I'susy
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LNatural Low-Scale Inflation

Energy and Rolling Dominance
& Dominates energy for small o values
m2o dominates slope only for large o

H =1 GeV

ms = 107% Gev
ocu = 2.3 X 10° Gev

0. = 10" GeV




LNatural Low-Scale Inflation

Shift Symmetry Breaking of Inflaton Sector
Inflaton has relatively large shift symmetry breaking
w

=kTorp. k=102
Loop correction transmit shift symmetry breaking to Kéhler

Ko e TP

e )
V D eV |Fs| + —

SUGRA corrections to scalar potential generate mass for T
2
F
J P IFsP? s\
Kahler corrections give lower bound on mr

1672 ||

my > & |Fs| _ & msusyf
~ 47 Mp
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LNatural Low-Scale Inflation

Constraint Summary

rsusy = 1.

Parameters

m m
gs=C7 gr=(
o) o

m
fEf¢:f0- I’TsEfT

f'susy = Tisusy
f I
M. = msusy ,
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LNatural Low-Scale Inflation

Constraint Summary

rsusy = 1
Parameters
m m
s = CTS gr = CTT
o) o
= f¢ = fo’ I'rs = ﬁ
n=—

f'susy = Tisusy
f - f
M. = msusy ,
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LNatural Low-Scale Inflation

Conclusions

Dynamical relaxion gives new handle on naturalness
Relaxion naturalness scale < Mp

— Supersymmetry can UV complete naturalness
Inflation scale very low H < v

D-term inflation accommodates very low-scale inflation
— g < 1 technically natural
SUSY two field method

— Inflaton can be identified as amplitudon
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L Extra Siides

Reheating for SU(2) x U(1) Model

Inflaton decays to ¢ ¢_ kinematically forbidden
Inflaton heavy after inflation

|mr|? = ¢ ~10"° Gev
Couple right-handed neutrinos to inflaton to reheat to SM

Kij Mi;;
AW = %N,Nl aF ?UN,N/
'y > H — instantaneous reheating

— kj < 1 reheat could be lower

14 1
reh —

a7 V¢

«O0>» «FT» « >



L Extra Siides

Inflationary Constraints: Continued

Classical rolling dominates ¢, o evolution (gs¢* ~ —grox)
9]

H
H, <L H —

2
m|cf,m
”f<<gs, T fsMsusy

|gr||ms|
Stopping condition on relaxion
AV2A3

maz¢® = msm f — m—)\VZ/\2
A s¢ = MsMgysy ST p Meusy
¢ must roll sufficiently long to be natural
§o ~ 107 GeV x (T2

) fy 1077 GeV
105 GeV 105 GeV

Mms
Number e-folds constrained
_ HAg

_BHA9 H?

— 10" x Hi \? /1077 GeV 2
- ‘ — ‘ ‘ ~ |ms|2 1 GeV \m3|
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L Extra Siides

SUGRA and the Relaxion

Planck suppressed corrections to potential

KM (W2
v g (D’ wow - 35
For o, ¢ > Mp the |W|? term dominates

Relaxion process allong (ms$*)? /M3 which does work
Larger sequestered no-scale SUSY breaking

V = ek/Mp (W*’W A

Exact no-scale means K'K;

WKW +he.) +

- (WP
(K'K; — 3M3) :
1 Mg’
= 3MA.
— Break no scale a little bit

— Corrections to Flat SUSY small
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L Extra Slides

Stopping of the relaxion

Barrier beyond classical stopping point very small (See Picture)
A ~ (Gugr)v

4
Ve~ my|~gf v —

2
W2 < My
Higgs masses roughly the same for adjacent minimum

Small barrier — ¢ spread over many periods all with v ~ my

¢ make jumps order H

AT 900 2 2N 54

— Walks ¢ to stable minimum
— Barrier large, jumps cease
Inflation — patches O(1/Hp)

G rahra, kamlas, Ro sndray
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L Extra Siides

UV Completion: Clockwork Axion
N + 1 U(1) with explicit breaking to a single U(1)

Choi,Hui Im; Kaplan,Ratazzi

N N—1
Wov = Z AiSi <¢i¢_>i = fi2> +e Z <<Z_5i¢:2+1 4 ¢i¢_>/2+1>
i=0 i=0
Parameterize light superfield

i’} - _
¢i = fie ¢i = fie i
Effective superpotetial
N—1 M
Wetr = 2¢ > fiff1 cosh [—’
i=0

. 2I_|i-¢—1 ]
fi fitq
Massless mode, S, corresponding to remaining U(1)

N
i
S:CNZTI(()”/’
i=0
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L Extra Siides

UV Completion: Continued
Couple ¢ to SU(N) charged field

= S
W D) ¢QQQ — CamTr(WaWa)
When NN condense generates relaxion potential

Soft masses from coupling ¢y to additional SU(N)

Vi ~ A% cos %) 5 je_
2Nfo ON+1 fy
g’s generated from coupling in Kahler

- ~n v
ii/d“eNNz*z*Jrh.c. ~ ii/d% A3e™ NN-+h.c. ~ /d29
M2 M2

N N

iwA3, _
N SNN+h.c.
f,2NM2,
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