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Inflation with axion(s)

¢ Cosmic inflation:
* best known framework to explain early universe

* slowly rolling single real scalar field, inflaton

. m(zl, ~ Ny Hl-znf, “hierarchy problem” for inflaton

~ 1072 The Physics of Inflation (Baumann)

+*»* Natural inflation: inflaton as Goldstone boson of global symmetry Freese et al. (1990)

- V(g) =V, (1 — COS %) no dynamical scale = Mp;

. o Kallosh et al. (1995); Banks, Seiberg (2011);
* but requires [ = Mp,;! no fund. global symmetries in QG Harlow, Ooguri (2018)
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Inflation with multiple axions

’:’ Bi-axion inflation: Kim, Nilles, Peloso (2005)

* two Goldstone bosons (¢4, d5)

V((]ﬁl, (Ph) inflationary

trajectory

* multiple sources of explicit breaking below Mp;

Y (a) = 0P (1 - cos®2)

B

+ VO(Z) [1 — COS ((ﬁj + Nfd;B)] S

* hierarchical mass eigenstates (¢, ¢;) 00010

V{gn), ¢ = Vo (1 s 2 )

feff
s ferr = Nf > Mp; with f < Mp,

Ben-Dayan, Pedro, Westphal (2014)
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4D accidental Goldstone bosons from
5D gauge symmetry

. . . . . _ Arkani-Hamed et al. (2003);
%° BI_aXIOn EXtranatural |nﬂat|0n. Bai et al. (2015), de la Fuente et al. (2015)

e axions from 5D gauge bosons

L L _
¢A = fO A5 dx5 ) ¢B — fO B5 dx5 Charges u(%(?igllj(g%k)x U(1)g:

I—A—\
* integrating out charged matter loops in the bulk... Ql’ QZ

1
Verr(Pa, dp) = VO( )(1 — COS %)

B

+ VO(Z) [1 — COS ((]lj: + Nf(/;B)] Bﬂ ’ B,

-mlL
ysloop e™™ 1

Can this picture be supersymmetrized?
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SUSY during inflation

** Motivation:

» compatibility of high-scale inflation with low-scale SUSY solution to EW hierarchy
problem

* role of SUSY in fine-tuning (EW, CC, and inflation)

* new cosmological observables (extra fields in super-multiplets)

s* SUSY by itself can’t make inflaton light enough during inflation!

broken during inflation, still need Goldstone boson shift symmetry for @, -, K(® + D)
Kawasaki et al. (2000)

*** Charged matter loops cancel with SUSY!

tree

but, can get V¢ ¢ (As) from non-trivial boundary VEVs of charged matter
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SUSY bi-axion inflation model

KD, Sundrum (2019)



First for single axion...

Hypermultiplet 3 Q SUSY boundary

\
(H) =v' H H¢ (Hy=v

J d?0 8(xs) A (H—v)? + -

Integrating out H, H®
SUSY constraints: dy ycW = 0

N
vV,
1 J—
\ Lyers(@) = [ d*6 — (@ + ®)?
: gL gL
Gauge muIt|.pIet 3 Ay p2 =L eﬁq’ 4 pr2emlL e_‘/_iq) _2up’
¢35 s +[d?0| Wo + 2 —7 7L +h
eMle V2. 4 e~ml V2




Bi-axion generalization

P K= (P B+ (@ + D)W = Wo + Wi(9g + Nbp) + Wy(5)
|

contributions from charged
matter (1, N), (0,1)

* Changing basis: &, = ®p + %CDA, D, =Py — %CI)B
®
> W(dy, ®p) = W (NP, L) = Werp (€M) (Ve (9)) = Very (cos T

ferfr > Mp;

3|W|2 o; K
W

Pl

o« Veycra = eX/Mpi [|D¢AW|2 + |D¢BW|2 ] ; Dp W = 0o W 42

- consistent with EFT, possibly missing only Mp; suppressed terms, e.g. K 3 (® + ®)*



Inflationary history e ot ooy

(bflcalar = \/1— (Mg + idg)
: 2
* Inflation end @ SusY vacuum (Do W = 0) with ~zero CC (W = 0) ¢, = inflaton

/

. . 3Hmf Mp, d1\| . v:  _omL

* Inflationary trajectory: Verr(dy) = (1 — COS f) ; Hing ~ o € m
Nz
My My, ~ Hing eszT ; My, 2 O(Hing) ‘\
heavy fields
. ] ] ] order parameter for stabilized
* SUSY breaking during inflation: f SUSY breaking
<D<D1W>mf N(Dq,hW)mf , Goldstino « (Dq)iW) Xi; = heavy axino

= heavy sector: dominant source of super-Higgsing during inflation!
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Fine-tunings

AWO Vtoday -

+ CC = =3 Lol

~ meV*

Pl
/ \ consider gravity mediation to SM

AWO ~ 0(172)

* Thet = Tew X Tec
vZ, M3 v meV*
Vsusy Vsusy
\ Y /
prefers SUSY at: low-scale
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today

X Ty,
i/rfw Mpj
X 2
v
high-scale J

: 2

—

net preference to

low-scale SUSY!
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Primordial non-Gaussianities from sinflaton

Chen, Wang (2010), ...

need my = Hyy,y, tree-level contributions, X (0¢)* coupling = Rl 0
¢ sinflaton (1;):
o2\ 1/2
. : ~ _ Pl _ _
Mass: m,, = V6 Hiy (1 + Az‘)/_> from K5 3 8(x5) 5 (P4 + B)*(Pp + Pp)?

c

gzNz

e Coupling with inflaton:
Ks 3 5(955)%((1),4 + P )* = Ly 3 ﬁ’?lz(aff)l)z
4
= fur ~107°(¥21) ~ 0(1072) with A ~ Mg ~ 0.1 My,
~ ~01)  withA ~ V.t 1072 My,

3-point correlation function
of curvature perturbations
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> with g < 0.1

Pl

observable at future
21-cm or possibly
even LSS surveys!
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Periodic modulations in CMB e e Foonte ot al (2015

* Generic heavy hypermultiplet: mass M, charges (ny, ng)

1% _
~ ng e*™ e ML ¢os [(NnB —114) il
Ving Y } feff

S\

 Observational constraint:
Choi, Kim (2016)

: “higher harmonics”

S 10_5 (also depending upon the frequency)

Vins

SIS

* Charged matter with M = EASD lies within sensitivity! ; Asp = —

Q



Tension with Planck data and a way out...

Planck (2018)

f,=050f, 6=2r/3 fo=050f, 6=2m/3

S e T \ TT,TE,EE+lowE+lensing 0.25 T T 3.0 T
o - IEQIEL{EE-HD\NE—lﬂnS"nE B=0.30 Natural [nflation
TEeET ; B=0.35 2.5+ ® Horizon crossing for f/M, |.

5 (BKIETBAD N 0,20 | B—0.40 [T7]25e
= | B Matural inflation - )
N ilito ; — Natural Inflation 20t
‘g’ o attractors 0,15 ." =
z — - Power-law inflation & -,
3 % 1| == R?*inflation L { -:‘: 1.5}
g = 1:_1'0'-"“‘ 0.10 t
8 — 1_ o gt/ 1.0+
g — Vo 5.0 B=0.30
B _— VP L 10.Gy

= —  Low scale SB SUSY 0.05 05 B=0.35

N,=50 0
; N =0 . o500 50.G B=0.40
0.00 1 O.D L 1 1 1 1
2 093 094 095 096 097 098 099 1.00 0 1 2 3 4
S 0.94 0.96 0.08 1.00 n, (=) [ T

Primordial tilt (n,)

Multi-natural inflation
Czerny, Takahashi (2014)

But...

generically 3 higher harmonics multiple cosine terms with comparable size,
in axionic inflation! plausibly no fine-tuning of parameters

(work in progress)
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Conclusions

* Axionic inflation: one of the simplest, natural models of high-scale
inflation.

- satisfies current CMB constraints

* Compatible with low-scale SUSY solution to EW hierarchy problem

- fine-tuning considerations also prefer low SUSY breaking scale

* Observable signals
- primordial NG: sinflaton, boundary-localized gauge singlets

- CMIB periodic modulations: charged matter close to 5D EFT cutoff
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