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Natural inflation? .
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® Explains horizon, homogeneity, flatness, relics, and structures.

® Natural inflation and Higgs(R?) inflation are motivated most
and compatible with CMB.



Higgs inflation -

® Higgs non-minimal coupling to gravity is necessary for

renormalization on curved background.
[Bezrukov, Shaposhnikov (2007)]

£ = v=g(yR+EIHPR)- D HP A (HP ~2/2))

1 3¢? oy L > |V
> Lp =/ gE (QR(QE) a3 (OulHI7) = SIDpH[” — @)
Juv — (- gE,MV? =1+ 2§’H‘2
10— e
: |' f — O ."x ;_\}\l
0.8 i . - .
.' LT Field-dependent Planck scale drive
0.6 ," VX nflation | Higgs potential flat at large fields!
V(h) 'l ]
04 |
ﬁ ] 4 A H|* AH — =X
N 1 /IH| i — = ~——|1—e V6
- ) EW vacuum §# 0 Vo (L 2efHF)E 48 ( )

005" 1y s s



Troubles with large coupling

® CMB needs a large non-minimal coupling unless tuned.

wi(h) - LW, [Burgess, HML, Trott (2009,2010); Barbon,
i(h) E> My o Espinosa (2009); Hertzberg (2010)]
£N104 == o F_5X1O4
. ] M .
i) S RS " w
A g J Perturbative unitarity g < Mp Mp
M —swiw; ~ Ve is violated at low scale. K3
® Unitarity scale is larger during inflation.  [F Bezrukov etal,2010]
21,2 2
L2 gh L2 Mp
for saturated W, Z masses: myy = 11+ en2/aiz) = 49 :
o~ ' £=10,000
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® But, preheating violates unitarity. o] 1

kmax ~ &Hend ~ VAMp , /\A/\/\A
[e.g. E. Sfakianakis, 2019] 1\ /. L1
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[Giudice, HML, Espinosa et al (2012)]
® Higgs mass needs a small quartic coupling: m3F = 202\ y.

Ar(mu) =0.13 sl SM vacuum would be unstable.

® Higgs mixing with singlet scalar: larger Higgs quartic coupling.
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Hybrid inflation

® Slow-roll condition is violated by another field.

_5_

1 1 1 :
Vg, o) = §mg2b¢2 4 §>\¢a€b202 4 Z}\U(Uz . vz)z [A. Linde (1994)]
inflaton waterfall
C : 1 1
Inflaton potential is sub-dominant: imé& < 1%04

Effective mass for waterfall:
= Apod? — _A > m o5 > 0:  inflation
m?2 . = 0: end of inflation

ma eff —

® Waterfall field coupling to inflaton could spoil inflation.

1 M?
AVigop = 2mZ g M7 — m g In —= M, : cutoff scale
642 |7 7 T m2
Noo 120 Ao S M2 Sizable corrections
32m2 " 6472 Ao §? to inflaton potential




Higgs inflation in sigma models



Riggs in induced gravity

® [ntegrating in the sigma field with “non-compact”
field space, o2 —¢? =¢; !, [Giudice,HML (2010)]

_6_

| ~ 2
<+—> Induce gravity L= \/?g [&)OQR — 5(8,u0')2 _ )\(0'2 _ (/52 — 50_1) ]

/ Dip iS@0) — i f d'ay=g(MER+-)  [Zee, Smolin (1979)]

>
1) SO(4)—SO(1,5)/SO(5)
‘/’ 2) Higgs inflation-like.
...... T 3) Heavy sigma saves
S ! "I~|o|4 GeV vacuum instability.
SO(1,5)/S0(5)
0 ldg’l m2 = ANH? ~ (10" GeV)?



Higgs in conformal frame

® Frame-independent Lagrangian for Higgs inflation.

1 PO | A )
L=+V-§ [ - 5(1 +&¢7)R + 59“”‘7;1@-:'01/@-:' — Z(q&f)zl

_7_

Conformal mode: §u = €’ g
Field redefinition: ¢; = e?¢; and ® = /6 ¥

® Fix the gauge for conformal mode: ¢ = /6

2

== £~ 5] - 5(1- g6 - 5o )R+ 5080 + 500) - 3V
3
3

Non-linear sigma model with (o+ ‘/76) +3<§+ %) =0

[Y.Ema et al (2020)]

Promote the constraint to a dynamical field with perturbativity

== Unitarizing Higgs inflation in conformal frame.



Starobinsky in conformal frame

_8_
® |agrangian for Starobinsky model + Higgs inflation:

A 1 T2\ 1 1 on 54 3
Lry = \/—9[— 5(1 +&67)R + 59’1 0, 0i0, di — —(cb )% + 0321

Scalar-dual:; OzRZ = —QOOA(R—OOA(

Conformal transform: guw = Q%qu , ¢i=Q¢ and ¥ = D%

2
[Y.Ema et al (2020)] 02 — (1 N L)
V6
== identical to linear sigma model: “dynamical scalar 0”
Lra _ 1 _1,.2_1.2) 1 D O
7= —aR(1- 561 57°) + 30000 + 50 — ox” - 39
. . 11 V6~ 1N
{constramt equation,  dax = — 3 (0 + 7) — (5 + E)qbi,
. . . 1
sigma quartic coupling, k= e



Generalization to F(R)

® General higher curvature terms + Higgs inflation

2(—

1)k+1 ,

2

k

k+1

A Lagrange multiplier per each term
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k k+1
—> 875 ka

k+1

[HML, Menkara (2021)]

Conformal transform: G = Q294 , ¢ = Q¢; and 1 = L xx

General sigma-model Lagrangian:

Lgcn
vV—Y

1 1 , 1, 1 1 9 A
— 3R (1- 561 — £0°) + 5(0:0)° + 5(0u8)° - 7!

6 6

0,2 2k 1+1
_ —Zt E
2.0 (k+ 1) X

conformal-invariant

| 1 1 V6
El/(il) Z—iOLXk 5 + = 3 ( g+ 7)

\ Lagrange multipler
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F(R) on vacuum manifold
_'IO_
® Use equations of motion for X & y¥. [HML, Menkara (2021)]

—0 » Xp=2"Q" "y, k=1,2,--- N
OXk
0L gen 1 1 .
—_ 4 1., 'y = — — — S— “
51 =0 » Zk:OkXA 5 3<0+2) (€+ )cb

— Y 4oy ok (2k—2 4

é

y : the solution to the N-th order algebraic equation.

® General sigma-model potential: a function of o & ¢;

2 2k 1++ 2k +2k ok_2 :
Ulo, ¢:) ZQ (A+1)akxk * :Ek:<k+1)0’k(9(0))“k *(y(o, ¢;))F

B_U_() » y=20: (a+?)L+3(£+%)¢?—g=0

“Identical” vacuum manifold as for Starobinsky



Higgs-Starobinsky inflation
® Higgs-Starobinsky Lagrangian in Einstein frame o

Lg = \/%{ - %R(QE) + 2;2,4 Kl - %0 )(a h)? + (1 - %h"’) (0,0)* + %ha@,h@“o] -V (o, h.)}

V(o,h) = ( ,Al 22 [lm (0(0 +v6) + 3(5 + %) h'z)z T %Ahdl

1— 1n2— 152)7[4
: . . _ Y o P2
Sigma quartic coupling:  m1 =5~ S 0(1)  +— @
1 2
Effective Higgs quartic coupling: At = A+ 9K1 (S + g) S 0(1)

® [Effective theory for inflation: [HML, Menkara (2021)]

_0»
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_gE — R gE) 2(1 — 0_-3/6)2 Veff( ) :

Vog(0) = 9\ K107 !/\(0 —6)% + K1 (0 - 3(§ - l) (o0 — \/6))2]_1



Limits of Higgs inflation

® (Canonical inflaton: 0:_\/_'(311}]( /_)

Ve (x) = &(1 — e"zx'/‘/r’). [1 + — B\ (65 + € “"/‘/E) ] 1

_]2_

WVE) 9kig? < A, Starobinsky-like

2IVE) 9k > A Higgs-like

® Similar predictions as in Higgs or Starobinsky models.

. . : )\ gh 2 >
CMB normalization: VA+ 9K1€ —1.5x 10°
\/ﬁlA
: . 29 3Kp (A + 120 + 18K €2(1 + 6€))
SPeCtraI IndeX. ng —1— N o 21\“2 + 1\;’2 (2)\+3h1€(1 +6£))3
T - 19 small corrections (x1£% < 1)
ensor-to-scalar: r = A2

Reheating: Efficient for large & — S.Aoki’s Talk!



Higgs inflation in Weyl gravity



Unitarizing with gauge field

® Non-canonical Higgs kinetic terms = Weyl 13-
current-current interactions

Luer 384 (0uH")* 1 K,K*
V-9 Mp Q@  48Mp 0

K, = 0,Ky with Ky = 12y |H|*

® |[ntroduce a Weyl gauge field in Jordan frame.

L 1 , 1. 1 . 1 . ; . o 2 &
= ——w wh? + 5771‘;3:“’#“’# — §g.w'u.?#K“ + §gi,'w#w“[\'H ’ 7Tl-,i, = 692 J[f;

w

2 m2 + g2 Ky

» [:J’Cff = ! ]{“ K¥ ‘CE',off o 1 .[{[.t KH
T 48ME Q * vV—9g  48Mp

cancels non-canonical Higgs
kinetic terms!

Integrate out Weyl gauge field with w, =

2




Riggs in Weyl gravity
® Weyl geometry 14~

Voguw =0 Tf, =Th, + gu (5{1wu + 0wy — gu,,wp) in Weyl gravity

—> V9w = 290Wpgur in Einstein gravity

® Weyl invariant Lagrangian [D. Ghilencea, H. M. Lee (2018)]
Local scale transf: 9. —€¢*gw. ¢é—e™6,  H—e™H  w %uy—giué‘ o
L L oo . 2\ D(T 2 2
Nerin —5(&s0” + 26u|H[")R(T) + 38476 (Dpu¢)” + 667w | Dy H|
1
4u#,,u —V(H,9) Du¢i = (Op — guwy) @i

® Gauge-fixed Lagrangian: (4% = M2/¢;, [S.Aoki, H. M. Lee (2022)]

1 . . . 1
£ _5(3’11% +2¢u|H|*)R + |0,H|* — V(H) — 7 X X my, = 6139, Mp
Ky = 12rgéy|H|?

VI 1 1, 1 1

Lo wH 1w G 2."“’”
——wy, w" + —m, w,w" — —g,w, K* + —g, w,w" Ky

el Nl i




Unitarity in Weyl gravity

® Higgs kinetic terms in Einstein frame -15-
Licin _ |('“)#H|2 3¢h (aulHP)? 9aTH K, K"
—JE N 6,£H(.rH —1) () 4 M3 ()2 80 m2 + g2ruKpy
=1 Higgs non;'minimal Weyl gauge field
coupling
Lyin __ . 2 1 3reéy — 3(Em + é)Q — & + %)|H|2/ﬂ'f§> . 22
T=n % i ro + 26 + )|H[?/M2 (OulHT)
1
= [0, H " + 55 (Ou|HIP)" + - [S.Aoki, H. M. Lee (2022)]
High cutoff: A= e - mem> A~ Mp
‘EH(’%H +1)(1 - i) - 1‘21‘r¢ re = 1

_ A Mp (1 + Mp )_2 _AgMp (1 N Ex?

—2
L4 o V _ ~ ‘ : . .
Inflation: V& 72 e 7e) R ) , X : canonical inflaton

But, Inflation would work only for small ¢z and Ax.



General Weyl gravity

® Extend with a pair of metrics and Weyl gauge fields: 16
£ = Y V| - AR — quiunt| + AL
i=1,2
AL = Z V—9i (—3&a:9;7) (le‘ul’l,u + Hztgwg'wz,#)g
i—=1,2
Weyl symmetry: giw — € 0w, ¢ —e Ndi,  wip — Wiy - gi Ouci

® Effective Weyl gravity: giuw = 0200 = 0, d1=02=10

Lo — J=a g[_ %&b ézé(f)_%u‘,wu,w_ i XWXW] [S.Aoki, H. M. Lee(2022)

rp p | 5P SPan P — 1 2 2
F#V P;u/ + Guw (O# Wy + Ol/u'# gl“/u" , Juw = 5\/gw1 + g'w'z’

Two linear combinations of Weyl fields:

Wy = (Guy Wiy + GuwuWou)/\/9%, + 95, X, : orthogonal.

)



Riggs in general VWeyl grawty

® |[ntroduce an extra covariant kinetic term for Higgs:

£ ¢ ¢ — /T ]- v v / y '
2 _ —§(£¢¢2+2£H|H|2)R(F)—z“ww“ 2 X X" 4 |DLH* ~ V(H, 6)

vV —9g
We)'I S)’mmetl")’: Guv — e2ag;u/: b — e Yo, H— e “H,
1
! ' u = — — 0, X, =X, — —C7
D,H = (Op — gxXu)H C Gw < ax o

Gauge-fixed Lagrangian: m2 = 6¢2M3, K, =12¢40,/H|?

L. 1 , . . 1 .
— = T = —5(Mp+ 2| HP)R+ |DLHP — V(H) — 3 X X"
—l'w w4+ lmzu! wh — lg w, K" + l92 wywh K
. Lg M3, D,H> V(H) 1 .
Decoupled Weyl photon w: = = —— R+ o~~~ XwX

<« Palatini formulation, but differ by light Weyl photon X.



Metric to Palatini Higgs

® General Weyl-invariant Lagrangian: 18-

L 1 | ~ .
é = —5(&6" + &n|HI*) R+ 3&o(rs —1)(Du6)” + 6u(ru — 1)| D H|
1

) 1 v / ' :
_Eu’yuu"m — EX;WX“ + (1 - 65}{(7’}{ - 1))|DuH|2 _ V(H Cb)

Mp

Cutoff scale: A =

1/2

[S. Aoki, H. M. Lee (2022)]

® Higgs inflation can be :

rg — 0
interpolated from tos ’
metric to Palatini cases. "
ey N =50
eg.for O<ry=rg<1 = '
1078
High cutoff scale 1010
T"H — 11
» very small r 1005568 0960 0088 0970 0975  0.980

Ng



Higgs inflation in supergravity



Higgs inflation in supergravity
® Non-minimal couplings in Jordan supergravity. 19
L;=X"X°Q(z,2)|p + (X)W (2)|r +h.c.,

Frame function: Q(z,z) = =3+ 2/ 2" + J(2) + J(2) = —3e K/3

Superpotential: W(z) = a;2! + mrszlz? +drjgztz’ 2%

e NMSSM: Higgs sector —— :*={S H,, Hy}
[D.R.T. Jones et al (2009);

‘ 3
0 =_-3+ |S|2 4+ |Hu|2 1 |Hd|2 + (5/\HU - Hg + h.c.) Ferrara et al (2010);
- HML (2010)]

Non-minimal coupling
P a3
W =ASH,-Hq+ 35 mp Uy = )\2|H, Hy|

Higgs potential




Higgs-Starobinsky in supergravity

, -20-
® Frame function:
2 2 2 3
Q =-34+|S|"+ |Hu|" + |Ha|" + (EXH“ - Hg + h.c.)
+|CP>P=(T+T) NMSSM
Dual scalars [Aoki, HML, Menkara (2021)]

® Superpotential:

P o3 1
= ASH,-H;+ =S5 | ke

NMSSM Dual scalars




Jordan frame

_2‘]_
® Jordan-frame Lagrangian: X°=1 [Aoki, HML, Menkara (2021)]
1 N |
Li/\/—g= —EQR —050,2'0"7 + QA% —V;, 2 ={S H,, Hy,C}

Vi = (x0)" 69wl + (WidT0;Wr — 3WrW +cc) — (2 - 670.0;) [Wrl?]
1 1

- £1/V=5 {5~ §ISP ~ GIHP ~ GIH — IO + (~xH- Ha+he.) +3ReT | R
NMSSM conformal symmetry, unitarity not manifest

- |6#S|2 - |a;u['lu|2 - |3qu|2 - |6uC|2 + Q-Ai — Vi

1
Vy =M Ha+pS[ 4+ X2 ISP (IHf* + | Hal?) + —[TI?

% U
+ 5\*—@(50 +5C)(|Hu|* + |Hal*) dual-scalar mass

1 3
+ =|C)? {3+ s
83

9
QX(HU - Hg + C'C-) + Z)(Q(ll'l«ul2 + |Hd|2) — QRGT}



Sigma-model frame

® Linear sigma model Lagrangian: [Aoki, HML, Menkara (2021)]

2= X% T=(X%T, 2 ={SH,H,;C}
1 27 |2 1 2 0 1

1 | N 1, - 1, - 1. - 1
» Lrs/V—9=5 (1 - §|S|2 - §|Hu|2 - §|Ha!|2 - §|C|2 - 502> R

conformal-invariant, unitarity

¢ - ‘ 2 ‘ ) - = 1 -
o |d#S|2 o |d;1Hu|2 o |()#I_Id|2 o |()#C|2 - 5(0#0)2 + QA?, o VLS’

X°PQ(, 27) =

DN | —

Vis =|A\Hy - Hq+ pS?|* + NS (| Hu|?* + |Ha|?)

1 3 .~ ?
" Ia (" + V6o - (§XHU Hat h'°>) UV sigma potential

1 . 3 ‘A 2

1 . 3 9 - ;
+ E|C|2 {3 + 260 + 502 + ZXQ(|Hu|2 + |Hd|2)}




Stability of inflation

® |nflationary trajectory: o

HS = Eh cos/3 ewl, Hg — Eh sinf3 102 £ 0, |
ReT’ # 0, others =0 wr 15000

==l “non-SUSY” Higgs-Starobinsky
inflation is recovered;

Effective non-minimal coupling, ¢=—

. . [Aoki, HML,
® All the scalar directions are decoupled; Menkara (2021)]

S & C' fields are tachyonic but they are stabilized with
AS) = _<s|S‘4 o <c|6—1|4 o CSC|S|2|C|Q ) C87 Cc Z Csc



SUSY breaking »

e SUSY is restored at the minimum after inflation: 2! =0

® Dual superfields could lead to SUSY breaking/mediation.

a) Higher curvature terms: @ = -3+ (T+7T)+|C]"—%(C+C)—¢lC|’
(C),(T) # 0 » mgpe ~ Mp/y/a. > 10 GeV
Fo, Fr #0 High-scale SUSY
b) O’Raifeartaigh model: @ [Aoki, HML, Menkara (2021)]
Q = 3-(T+T)+|C]"+|2]" W = ——TC+r®+gdC
\/a

Fq,:/'i'-

Low-scale SUSY



Visible soft masses

_25_
® Effective Higgsino mass: Weg = nH,Hy
Naturalness measure ) im;, — my | ) ) )
my; = — —my, —my, — 2|y
for EVWSB: \/ 1 — sin?(23)
3 1

[HML (2010); Aoki, HML,

— MS) 4+ Z vimae — —vEKE]
p= M)+ g AT3/2 QXAIF Menkara (2021)]

NMSSM “Non-minimal coupling” contributes
via Giudice-Masiero mechanism.

® Frame function must be extended by contact terms.

QO=-3-(T+T)+CC+ ®P + z°2° =l m2, =0
hidden visible

i 2 2
{ Qoontact = Cd(BXfXZ;ZB + C.C) X =09, » Map ~ QB‘FX|
soft masses




Natural hybrid inflation



Natural hybrid inflation

® |[nflaton is regarded as a pseudo Goldstone boson.

_26_

V(¢) = A" cos (?) : protected by shift symmetry
O — @+ 2mf

Waterfall coupling respects shift symmetry:

1 1 O\ o [K. Deshpande, S. Kumar, R.
Viw = Vo + 5 My X2+ - A WX SH sm(2 f) Sundrum(2021);J.-O. Gong,
K.S. Jeong(2021)]

»J Hybrid inflation condition: A* < Vj

. Effective waterfall mass: m2 4 =m2 — p*sin (%)

® But, the loop corrections are UV sensitive:

1 M? 1

——_ |2m2 s M2 —m? 4] ~ 22'(£)
= [ My o My — My off Hmi,eﬂc 352 M M sin 27

AVioop —




Inflation with twin waterfalls
_27_
® Twin waterfall fields with Z; parity: ¢ — —¢, xi¢—x2

' . . 1
Vw =W ——# sin (;})( 1—X3) + 51 *(XT +x3) — a’xaxe
1 s o - Z> invariant dark quarks
+-)\ + 4+ =\ 22 e.g. L2 g
4 (X1 +x2) 9 AN in dark QCD

One combination of waterfalls becomes tachyonic!

.2 { . ' ‘2 L 4 ‘- 2 ( @‘ ) .4 2 | —_— y 2 2 ‘. 2 ( 0' ) n4
mi(@) = my (*sm” ( — | + a“, : = N — ,
(9) Y \/,L 27 . m5(@) m,, + \/,u sin 27 + a

® [nflaton potential is less sensitive to UV physics.

& R ¢ BN 1 o M?
. X1 v + ) :- — — ‘ ,4, 4‘i12(—>

“s~._:l—¢"' “‘*.>_<_2_¢', A‘/Ioop 6“1:71-2 !772X + /J, o 2f + a rrli

(=) (+) [K. Deshpande, S. Kumar, R. Sundrum(2021);

H.M. Lee, A. Menkara(2022)]

Natural hierarchy of scales: /Img| < Hr < p~my < V8TA L f



Effective inflaton mass
|m¢|/H

0.30f
0.25]
0.20}
0.15}

0.10t

12

Inflationary predictions

® CMB-compatible parameter space: [H.M.Lee,A Menkara(2022)]

a = 0, cos(¢,/f)=0.95

_28_

a =0, pmy=17,cos(¢./f)=0.95

................................ = 0
g 10
C 1014
8 10"
Planck 10 - &
' -GU) 8 10
c ¥ 10°
é_) 10°®
_ . 107
N =40 — 60 e f~6.4x10°H,
10°
10% ks E
RN IR, _ S, 1073030' 1 10 10%210*10*10°10°10710%10%10"°
10 12 14 16 18 20 22 24
uim, Waterfall coupling Imel(GeV) Effective inflaton mass
142 ’Vl—lm?ﬁ)| cos(¢./f), |m3 _A . 7 Vo
n 1= oo cos(n/f), |m3) = r=32x 107~ < 0.036
t y B
COS(QS*/f) In ( an(¢c/( f)) ), [Planck 95%]
17| tan(o./(2f))
i_ 4 y 13
2.9 % 107 |, tan(@,/f)|, sin (j—f) _ Ve —> H; <4.6 x 107 GeV
7




Reheating

® Higgs-portal coupling to twin waterfalls: d
Ln = —r1(X] + x3)|HI* — kaxaxo| HI
® Perturbative reheating by waterfall:
Waterfall decays ——— Reheating temperature:
after inflation
R T R

® Number of efoldings is sensitive to waterfall mass and Trn.

i 1 Hj IrH
N =513+ -1 —l
R (1 6 x 1010 GeV) (1014 Gev>

f$100CeV, k2 < A, = Hy~m; $1.6x107 GeV,
Tr < 1014 GeV




Conclusions

_30_

® Higgs inflation can be regarded as a non-linear sigma
model in non-gravity theory or effective gravity theory
with Weyl currents.

® We proposed a UV completion for Higgs inflation in
linear sigma models and their supergravity embedding
as well as in Weyl gravity.

® We also revisited natural hybrid inflation with twin
waterfall fields, which is free from UV sensitivity and
belongs to a different class of inflation.



