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LSome Basics of Inflation

» Quantum fluctuations give AT/T ~ 1075 in early universe

» Power spectrum determines size of fluctuations

(RR) = /DOARdIn k Ag = <
0]

2)

— CMB determines Ar

- Cif = [ ¥Ar(K)AZ(K)
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LTypical Inflation

» Normalization of CX¥ determine power spectrum

(AR)'2 ~5x107° < A

2.6 x 103\
1013 GeV
» ¢ related to slope of potential

€
M2 [ V,\? V,
ce— P (22 n= M,%ﬂ.
2 \V %
» Experimental constraints on e becoming marginal
— ¢ already borderline for explaining ns

r < 0.09 (95%)

- e<5x107°
» Spectral tilt requires largish slopes for either € or 7

ns—1:277—662—0.04&>451><:§>425>
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LMotivation:; for Low-Scale Inflation

—c o [(EMEEGO) IHIE| + L(g0)° + A“(H, T)cos (%) |(+mBITP)
» Three important parts: m?,,

mi, and barrier
» Classical rolling restricts size of H

1/3
Hy < (gMP)1/3 ~ (mszz) ! =6x10-° (109 GEV)VS

» Supersymmetric two-field model a little better

Hy < (msmsusyf)'/ ~ 4.6 GeV (5555)""° (

1/3
fy / ( Msysy )‘/ 3
105 GeV 105 Gev
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LMotivation:; for Low-Scale Inflation

» Breaking of U(1)pq lead to strings and domain walls

» If U(1)pq breaks before inflation strings inflate away

» During inflation, quantum fluctuations arise in axion

— If axions contribute to CDM, get isocurvature perturbations
— Low-scale inflation suppresses isocurvature perturbations

2 2
0+ H, H, Fa
27F, 27F,

2.38 11
102 Gev) < 3.6 x10
» If No isocurvature perturbations can be dark matter

Q.h* =0.18

2 H \?
Oa + <27rFa

F 1.19
a
(1012 GeV)
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LMotivations for Low-Scale Inflation

» PQ breaking before inflation with F; = 10! GeV

F,=10"'Gev
power

spectrum

restoration
of U(1)pq

<
non-Gaussianity
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LMotivation:; for Low-Scale Inflation

Axion Parameter Space

PQ breaking before inflation prefers with F, = 10'® GeV
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L
LNatural Low-Scale Inflation

M2 [V, \?2 V.
T () -

4
» Difficulties of low scale inflation

e=8.6x 102 <

H 2
105 GeV>
» For low-scale inflation we know 7

ns—1=2n—6e~2n~—-0.03

n~-15x107?
» Need potential very flat with large 2nd derivative

— For relaxion, needs to be technically natural |
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LNatural Low-Scale Inflation

» D-term with FI term

2
Vo =2 [l64] — lo-| - €

» Inflaton couples directly to U(1) charged particles

W = K,T¢+¢_
» (¢+) = 0 during inflation

KT| > \/oP¢

» Potential perfectly flat at tree level

_ 9P
Vp = 25
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LNatural Low-Scale Inflation

» During inflation ¢, massive

— integrating ¢+ generates potential for T
» Potential to one-loop for |/<;T| > /93¢

g% | IkTP
= - (1 + 8.2 In [ 2
» Slow roll parameters

2
e = -9

1
~ 16n% Nows ~~2Ncus
» For small g, e small enough

N H —9
A1/2 -5 CMB ! 7.3x10
5x 10 40 10° GeV o ( 9 >
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LNatural Low-Scale Inflation

» Ncus depends on expansion of universe after inflation
— Lower pren — decrease radiation domination

— Slower expansion during RD less e-folds needed

Present horizon scale

Lambda

|

Instantaneous reheat/low-scale inflation

3 1 H, 1 174
News = 39+§'”(m)+

Liddle, Leach

—In Pren
3. o j%o»Geé]» <
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LNatural Low-Scale Inflation

» Reduced Ngys puts ngin 1 — o lines

— Spectral tilt

ns — 1 zzn:—o.oze( 39 >
Ncus

— Number of e-folds

News

10% 10°°

H,
107* 1072 10°

1
= 39+3h (105 GeV)
10
H, [GeV]

1 1/4

+ —In p’#
3 100 GeV
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LNatural Low-Scale Inflation

» D-term generated by strongly interacting theory
— Breaks U(1) during inflation

— Breaking prevents string formation
» Energy of inflation in ¢

— ¢+ has a vev much larger than its mass
— ¢4 gives large mass to fields it couples too
» Use dynamical sector to couple ¢,

— Dynamical sector field allow coupling of ¢, with singlet
— Large vev small couplings — short lifetime of ¢
— Additional Singlet cancels (¢ ) mass contribution

AV D |1 M_¢ + koHyHg + mpRJ?
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LRelaxions and D-term inflation

» The inflaton can play the roll of the amplitudon (T = 7 + io)

Ws 1

p

_Msge mram
_28+2.

Winr = H.¢+¢f
» D-term and relaxion have very different energies

Coleman-Weinberg

Quadratic

Relaxion epoch
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LRelemons and D-term inflation

» Inflaton has relatively large shift symmetry breaking

=kTorp. k=102
» Loop correction transmit shift symmetry breaking to K&hler

2
KD L 7P

» SUGRA corrections to scalar potential generate mass for T
i~ 2
V D> eW|Fs|”+

2 |F,
I I 11 s\
» Kahler corrections give lower bound on mr

1672 I |

K |Fs| K msusyf
> L2 —
M2 4 My~ 4r Mp
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———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
LRelaxions and D-term inflation

» (=10"8

rTS:0-1

r/\:1 rSUSY:1-

» Parameters

s mr
gs = CT gr = CT
] o

f= f¢ =f, I'rs = o
N Msysy
n=—/— I = —

f SUSY f

M. = msusy ,
10° 106

107
msusy [GeV]
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———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

LRelaxions and D-term inflation

> C:‘IO*M' rs=01 rmn=1 rgsy=1.

» Parameters

s mr
gs=¢ 7, 9= ¢ A
] o
f= f¢ =f, Its = =T
S
AW Msysy
'n=— [Isusy =
f f
M. = msusy ,
10° 106
msusy [GeV]
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e

LRelaxions and D-term inflation

» CMB fluctuations relate potential slope to Hubble

» Constraints on r push us towards low-scale inflation
» Relaxion and axions prefer very low-scale inflation
» Very low-scale D-term Inflation possible

— e and 7 of correct size (from loops)
— Low-scale inflation reduces Ngyg giving correct ng
» Inflaton and amplitudon can be combined
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L
L Extra Siides

< - SR - o
» Two distinct contributions to Higgs mass
- .: All radiative corrections plus tree-level piece

- .: shift symmetry breaking field dependent Higgs mass
» g¢ = M? special dynamically
— gp>M — (H)=0

~ 9o <M?— (H)#0

— Rolling ¢ scans Higgs mass

» Shift symmetry breaking — slowly relax back to minimum
» Higgs dependent potential to _

— (H)#£0 - N*(H) #0

«O0>» «FT» « >



L
L Extra Siides

» Two distinct contribytions to Higgs mass

— : All radiative corrections plus tree-level piece

t symmetry breaking field dependent Higgs mass
» g¢ = M? special dynamically

—gp>M = (H)=0
— gb< M — (H)#0

— Rolling ¢ scans Higgs mass

» Shift symmetry breaking — slowly relax back to minimum
» Higgs dependent potential to _

— (H)#£0 - N*(H) #0
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L
L Extra Siides

» Two Mdistinct contribytions to Higgs mass

— : All radiative corrections plus tree-level piece

t symmetry breaking ffield dependent Higgs mass
» g¢ = M? special dynamically

—gp>M = (H)=0
— gb< M — (H)#0

— Rolling ¢ scans Higgs mass

» Shift symmetry breaking — slowly relax back to minimum
» Higgs dependent potential to _

— (H)#£0 - N*(H) #0
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L
L Extra Siides

» Two Mdistinct contribytions to Higgs mass

: All radiative corrections plus tree-level piece
1 symmetry breaking field dependent

» g¢ = M? special dynamically

—gp>M = (H)=0

iggs mass
— gb< M — (H)#0

— Rolling ¢ scans Higgs mass

» Shift symmetry breaking — slowly relax back to minimum
» Higgs dependent potential to _

— (H)#£0 - N*(H) #0

«O0>» «FT» « >



L Extra Siides

» (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 — (—M? + go)/M? < 1

(¢ ~ M?/g)
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L
L Extra Siides

£ (=M +go) [H2 + (96) + Naopoos (%)
» Low scale theory: SM + axion cranam, Kaplan, Rajendran

» Axion Nambu-Goldston boson of U(1)pq
» “Explicit" breaking of U(1)pq

— Gives axion dependent mass for Higgs
— Gives mass to axion — evolution

» Quark condensate further break U(1)pq

L5 y(Hye'? (@uar) + yHHY e i (GraL) = 2y (H)(GLqm) cos (

)

DA
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L Extra Siides

a. go > M?

L2 (=M +gg) |HI? + 3(g9)?
— Higgs mass positive, (H) =0
— ¢ rolling driven by (g¢)? term
— Instanton potential vanishes
b. go < M?

+NA%ep cos (2)

— (H) # 0, instanton potential grows with Higgs vev
— Instaton potential begins to affect relaxion

c. Classical movement of ¢ stops

ov

ADT 900 2 N 54

— =0
o9
G ravae, Raslas, Rojendray

— tunneling allowed t; < 1/Hp
d. Minimum stable for 1/Hj
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L
L Extra Siides

» Instanton potential stops relaxion

%:gz¢+ 2 ((H >)"sm<f)+..~0

» Relaxion stopping point

sin (f) — facp = ¢

Z ~1
f
Neutron EDM constraints

facp <1071
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L
L Extra Siides

» Inflation dominates vacuum energy

— Inflation unaffected by relaxion

H > —
>
» Relaxion classical rolls (pAt > H)

1/3
Hi < (gM?)!/3 ~ (sz,’i) " 6108 (1 ey )

» Upper bound on allowed radiative corrections to m'f, < ME,
— facp ~ 1

m2 2mg\ ° 109 Gev
< <": P) <~ 107Gev [ 1026°

1/6
f )
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L Extra Siides

» Shift symmetry breaking parameter

m2 f2
~veRf

g 107 GeV>2 <109 GeV>

—1 —27
0] GeV < v 7

» Super-Planckian relaxion excursion

2 4 4
¢NM=Mf~1O41GeV< M )( d )

g mif2 107 GeV 109 GeV

T

» Many e-folds of inflation

2 4 8 £2 8 2
Nziz /2\/12: Mf2~1o44< 7M ) ( f )
9 ~ g?Ms  mifiMs 107 GeV 109 GeV

«O0>» «F» «Z» « > = Q>




L Extra Siides

» Non-QCD axion can have 6 ~ 1

— Introduce new strongly interacting SU(N)
— N, SM singlet, coupled to Higgs

— N condensate generates stopping potential
2
LD (mN + A Ll

c 3 ¢
A ) NN® — (m,ﬁ—. N’ cos (?>
Radiative corrections constrain model
— Higgs loops generate mass correction to my
DY DN VS
Amy ~—F < — fr <v
N M.~ M. ~
— Lightest my must be smaller than A
AVt
s

«O>» «4F» «=» « >

DA



L
L Extra Siides

» Relaxion has order one mixing with Higgs
< o*V

W> )\Mfs|n(9)NV

—

A2 VA
Ot ~ AMLf mz, — mj
» Mixing leads to large coupling with SM (Choi, Im)
— LEP bounds on ete™ — Z¢ (Mixing)
— Electron/Proton EDM Bounds (Mixing/CP Violation)
— B-meson decays

[
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L
L Extra Siides

» Relaxion has order one mixing with Higgs
< o*V

N 2
6¢>8H> = AWSIH(QS') %

2 vA
— OpH ~ )\M—Lf e mj,
» Mixing leads to large coupling with SM (Choi, Im)
— LEP bounds on ete™ — Z¢
— Electron/Proton EDM Bounds
— B-meson decays

dp>10"%%e cm
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L Extra Siides

» Upper limit on M for Non-QCD axion

. £, 47 s\ 17
» UV completion needed

— Supersymmetry with mgysy ~ M
— Composite Higgs with A ~ M
» Supersymmetric UV completion

— Theory perturbative to Planck scale
— Is the source of SUSY breaking
— Relaxion naturalizes up to mgysy

— Supersymmetry naturalizes beyond mgysy

«O0>» €«F P> « > «
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L
L Extra Siides

» Shift symmetric Scalar particle

K> (S+SHh+..
» Shift symmetry/SUSY breaking in superpotential

%(gqﬁ)z S Wo §s2 & Fs=imp+0
» SUSY breaking generates relaxion dependent H|ggs soft masses
go|H[?

N /d4 (S+ 8"

2
M*2 ‘HU,d| -
» Supersymmetric Higgs mass sets natural realxion scale

M*2 |Hu d‘
21412 mg
—-M |H| — W:ﬂoHqu H =
» Instanton potential from gauge kinetic function (Axion)
¢

NG
apr ~a
2.7, ¢ C@

—

S
/c/@zcg,,16 a7, Tr(WaWa) + h.c.
«O0>» «F» «» « =

=
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L Extra Siides

» Relaxion dependent Higgs sector parameters

m22

2
My, 4 = Cud—F2—

m me¢ mP¢?
f2 ,LL:,LL()—Cp,f B,Ua:CO/J“f + Cs f2
» Det(MZ) < 0 signifies EWSB

Det(Mp) = (i, + |uf?) (i, + |ul?) = |BuP
> m¢ > po — Det(MZ) >0

(cutleul) (ca+ Icul?) — lesl* > 0
» Det(MZ) < 0 EWSB occurs

— for u~0and cycy < 3
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———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
L Extra Siides
» Relaxion stopping potential determined by QCD potential

a4
V/ = ?(,‘25-'1- ?AQCD = O
» Inflaton dominates energy — upper bound on mgysy

b > Mo Msusyf
> ~

Mp Mp
» Relaxion Classically rolls

1/3 Aacp \'/3 4 109 Gev \ /8
Hy < (mmsysyf)'/® ~ Agcop ( ) =2x 1074 GeV ( )
» Upper bound on SUSY scale (g ~ msysy)
Msysy < ("Cfi

M3 1/3
> ~ 5 x 105GeV <

109 Gev | /°
f
» Susy complicates solving strong CP problem

— Inflaton relaxion coupling constrained by holomorphy

<
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L Extra Siides

» Shift symmetry breaking parameter

/\4
~ 90 1072 Gev
f2msuysy
» Super-Planckian relaxion excursion

B~ 6. = THY — 0% Gev (300M€V
i

¢ f 2 ( Msysy
Nacp 109GeV 1

2
O5GeV)
» Many e-folds of inflation
CBHPAG L 4 (300MeV\® [ f \®/ msysy
N= >0 ( A ) <109G6V> (

1O5GeV)4
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L Extra Siides

» Two axion-like particles, i.e. K O (S + S)?

» Superpotential explicit breaks shift symmetry(

+(T+TT)?

m,
Wsr=-25+

=7+i0,S=5+i¢p)
» SUSY breaking still from Fs

» EWSB order parameter the same (Det(M?))
» Hu,q), T, S coupling to SU(N) charged N, N

Wy =

» N, N giving stopping potential
V¢7f"(¢a g, HUHd)

1
§|m8|2¢2+§|mﬂ

(¢
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L Extra Siides

- lorolls g s stuck
e 1 5o _ - A 3 (4
V= _|ms|“¢° + s |mr|“0° + | My — gs¢ — gro + —HuHy ) Ay cos
2 2 M, fy
» ¢ trapped
2, N
‘ms| (b < Kl'A(qx g, O)l

» o slow rolls

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant
«CO>» «Fr» «E» «E>» = Qe



L Extra Siides

- (R

1 1 A
V= S|msP¢? + SImr[fo® + ( my — gsé — gro + —Hqu) A} cos (ﬁ)
2 2 A f,

> ¢ rolls

|ms|? >Aj,4 0
S| (br\/ fd)‘ ((b70', )‘

» ¢ tracks o

Js C/¢>< gr do

V2dt ~ odt

Espinosa, Grolea‘n,;a»nn:‘o%’o'ma‘lrcé F:“JS"a;ES’ §erv§fjwt Da



L Extra Siides

i ocsmesngaive . stpped
¢

1 1 A
V =~ |ms|?¢® + SImrPo® + ( my — gs¢ — gro + ——HuHg ) Afcos | —
2 2 M, f

» A grows with v
oA 0Adv
ot — ov ot

» ¢ trapped again

>0

/\3
ImsPp < TflAw, o, v)|

Espinosa, Grojean, Panico, Pomarol, Pujolas, Servant
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L Extra Siides

» Shift symmetry breaking mass (x < 4M,v2/(A3 sin(23))

mP AvZsin(283) A3
V=" N
2t —am, 1 °
» Inflaton dominates vacuum energy

H > Mo Msusyls
'~ Mp Mp

» Classical rolling beats quantum spreading

H < (mmsusyf¢)1/3 ~V (é)v — 33 GeV (109 GeV) /e

» Upper bound on SUSY scale (o ~ Msysy)

9 4/3
msusy < V¥"M¥7 ~ 1.4 x 10°GeV (710 fGeV>

«O» «Fr « =

=«
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L Extra Siides

» Shift symmetry breaking parameter

vA
m

~ ~3><106GeV<
femsysy

105 GeV)2 <1o5 GeV>
Msysy
» Sub-Planckian relaxion excursion

f
A¢>¢*~1017GeV><(

Msusy ) fs 1075 GeV
105 GeV 105 GeV
» Many e-folds of inflation
- Hiag o Hf

Mms )
— 102 H, 2 11074 Gev\?
‘%ﬂ ~Tmsf 100 GeV

|ms|
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———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
L Extra Siides

1 1
V= §|””’s|2¢>2 + §|m7\202 + (mN —9gs¢—gro+ fHqu) A}, cos (
L

7)
fo

A
M,
» Relaxion minimization condition continues to evolve
— Min initially at (%) ~1

3
5" ms 6+ AHuHa sin(

3
fo
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L
L Extra Siides

1 1 A
V= §|m3|2¢2 + §|mﬂ20'2 + <mN —0gs¢ — 910 + 7Hqu) /\:,3\, cos (
L

7)
M f

» Relaxion minimization condition continues to evolve
— After o reaches min, (% <1

% ~ |msf’¢ + Max <7gsmﬁ,‘fyf¢,mN) sin (¢

t)
» Shift in minimum drastically reduces Higgs-relaxion mixing
» Relaxion SM model couplings suppressed

— Experimental constraints disappear

«O0>» €«F P> « > «
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L Extra Siides

» QCD instanton potential too small

— Aqcp sets relaxion mass
» Additional confining gauge symmetry (Ay > Aqcp)
SU(N)s | SU2)w | U(1)y
1 1
1 1
p) 1
2 -1
» Couplings T and S to confining gauge theory

~~212

222

Wy = mNNN + lgSSNN + IgTTNN + %HquNN

1 . O4 S
+ (2g§ - IW - Ca167r2f¢> Tr(WaWa)

«O0>» €«F P> « > «
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———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
L Extra Siides

» Planck suppressed corrections to potential

2 ; w2
V=M (D’WD,-W 3|M2| )
» For g, ¢ > Mp the | W|? term dominates

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

KM « L . (WP
vV =2ge"" (W Wi + M2(W "KW +hc) + (K'K — 3Mp) 77
» Exact no-scale means K'K; = 3M3.
— Break no scale a little bit
— Corrections to Flat SUSY small
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———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
L Extra Siides

» Real part of relaxion mass heavy

/d4 S+ S* Ll

f2
» Relaxion mass heavy due Iarge confining scale

2

~ /\ vA(g.)
d) <¢*7O> 4

3
sin 2/3) ~ 959
» Relaxiono mass always of order mg

_ gs\imsusy
fg o fms
» Amplitudon mass is quite light

|Fsl? )
m, = Max ( ,mr
Mzs
» Amplitudino mass is also rather light

rs
ms; =M —.m
a (Msr T)

«O» «Fr o«
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L Extra Siides

» 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 ((5/¢:2+1 + ¢i¢_>,2+1>
i=0 i=0
» Parameterize light superfield

n; - _ni
pi="fel , o¢gi="fe
» Effective superpotetial
N—1
n 2n,
Wi = 2¢ ,Z:; f.f%.; cosh [T,I - —'“]

firq
» Massless mode, S, corresponding to remaining U(1)

N
i
S:CNZZT‘O[—Ii’
i=0

«O» «Fr o«
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L Extra Siides

» Couple ¢ to SU(N) charged field

Wo ¢QQ —

S
CaMTr(WaWa)
» When NN condense generates relaxion potential

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

_ L2
Vi ~ A% cos (ﬁ) 5 A
0

ON+1 fo
» g’s generated from coupling in Kahler

- e v
ié/d“eNNz*z*Jrh.c. ~ iNL/dZO A3e™ NN-+h.c. ~ /d29
M2 M2

N N

mxf’v _
~—SNN+h.c.
f,2N2,

«O0>» €«F P> « > «
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L Extra Siides

» String formation in U(1) gauge theory
— Phase of ¢, a flat direction (¢, = v, &°

2 2
V= (1P —€) + TPl

» Vacuum manifold not simply connected
642 = 6%, + 6% = ¢

«O» «F>» <:§>Ml’_:U(ban9':v Q>



L Extra Siides

» Hidden sector breaking of U(1)
v

2 2
T (194 =€)+ ATRI642 + Cor + CTol > [Clv cos(0+ o)

» Superpotential connects phase of two sectors
VE D ATor +A_TM_|?

> M| TIPM_v, cos(h)
» Quantum fluctuations could still form strings

HS
(0%) =

o (M)
_127rm<"+”<A>f
» Quantum fluctuation at end of inflation

A 102
Heaseev (25 (197

A
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L Extra Siides

» Quantum modified moduli space

MM_ —AN2=0
» Mass terms force (M) # (M_)

W - )\+/\Z+M+ + >\_AZ_ M_
» Residual contribution to D-term after DSB

&= (IM_P” = [MiP) ~ N° ~ (10" GeV)?

» Supersymmetry breaking from DSB sector

F=+/2X\_2.N?
» Superpotential interaction couple two sectors

— Interaction constrains phase of inflaton sector fields

AW =A_Té_M, + \ To M-

«O» «Fr o«
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