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Introduction



Tensor-to-scalar ratio (9002)

0.20

0.15

0.10

0.05

0.00

Inflation @ Planck/Bicep .

G v TT,TE,EE+lowE+lensing
e \ TT,TE,EE+lowE+lensing
\\ L] +BK14
G TT,TE,EE+lowE+lensing
"Ce,,e E— +BK14+BAO
|| Natural inflation

Hilltop quartic model
o attractors
Power-law inflation
R? inflation

V x ¢?

V o ¢4/3

Vxo

V x ¢2/3

11l

Low scale SB SUSY
\ ® N.=50
\ ® N.=60

0.96 0.98 1.00
Primordial tilt (n.)

ro0.002

025 -

0.20 -1

;15 3

0.10 o

0.05 o

0.00

Planck TT,TE,EE+lowE+lensing
+BK18+BAO
4
A2
o
¢2
G :
Co,:"’@*
Cetx@
l RE
@

1 1 1
0.95 0.96 0.97 0.98 0.99 1.00

Inflation explains horizon, homogeneity, isotropy, flatness, etc.

Many inflation models ruled out by tensor-to-scalar ratio r:

Forecast for errors o(r) = 0.009 = 0.003

r<0.035 [Planck|8+BKI|8+BAQO]

Bicep array (2020-)
og(ng) = 0.004 = 0.002 Simon Observatory (2023-)

Higgs/R? inflation and reheating dynamics testable soon!



Higgs inflation
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® Finstein gravity + SM Higgs + non-minimal gravity coupling
[Bezrukov, Shaposhnikov (2007)]

* LE:\/TQE(

Juv = Q_lgE,,uy, =1+ 25’[‘]‘2

1
£ = v=g(R+EIHPR]- D HP A (HP ~2/2))
1 3£ 1 V
SR(9) = 57 (OulH)? — 5 IDHI = 55)
______________ Well consistent with CMB data
— due to flat Higgs potential
33

10— i

0.8
0.6

V(h)

0.4

0.2

£=0

V A |H|*

0.0

2

h

3

ns = 0.966, = 0.00

oy

CMB anisotropies

A _ 2y ] . o .
5 (1<) Large non-minimal coupling

Q02 (1+26[HP)? ~ 4¢2

lowers cutoff scale.

But, height of | ¢ - 10

B <L
§



Troubles with large coupling

® [arge non-minimal coupling violates perturbative unitarity.
[Burgess, HML, Trott (2009,2010); Barbon, Espinosa (2009); Hertzberg (2010)]

§
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' jes: 2L —4 —— =5 x 10
CMB anisotropies: — ~ 10 == Ny
¢’i . e ¢j ‘ 1) .
Lint = 3070y “off-shell” graviton
2 102
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® Unitarity scale is larger during inflation.

[F. Bezrukov et al, 2010]

2 92h2

W, Z masses are decoupled; myy = s aenr) "1 ¢

® But, preheating violates unitarity.
Particle momenta beyond cutoff scale:
kmax ~ & Hend ~ \/XMP] [e.g. E. Sfakianakis, 2019]
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Formulations of Higgs inflation

® Metric formulation: Christoffel symbol solved in ~4-
terms of Jordan-frame metric, I' =TI'(g;).
[Bezrukov, Shaposhnikov (2007)]

LJ 1 2 2
= —(1 H I - D, H|"-V(H
=== U+l HPYR(C(9.) — DL HI =V (H)
Le 1 1 63 i/ Mp ) 4

® Palatini formulation: Christoffel symbol solved in
terms of Einstein-frame metric, T' =T'(gg).

[Bauer, Dmir (2008)]
- %(1 +&u|HI*)R(T) — |D, H|* — V(H)

vV —4J
Lr 1 1 V
< —grg 2 95) 2(1 + £ 2 /M3)? n i@ (1+Epd?/M3)?

Palatini # Metric : discrete choices of constraints in EFT.



Towards UV complete models

L . . o =a
® Linearize the non-linear Higgs kinetic term.

= (5 Sy

in — = ) =, 0 iﬁ'u '
o1t e/ \ Y 1+5H¢2/M1%> 00

1 1
—  Llincar = = (0,0)% + 5(%@)2 “Linear sigma models”

2
New scalar?
® Cancel the non-linear Higgs kinetic term.

co 3 (OuHP)

non—linear — M% (1—|—2§H‘H‘2/M123)2

3 (0,HP) K, K"
ME (1+28u|H[?/ME)>  48M?2

_> £eff:

=0

“Weyl symmetry”  New gauge boson!



Scalar unitarization
of Higgs inflation



Higgs inflation in conformal frame

® Oiriginal Higgs inflation with non-minimal coupling.

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

Conformal mode: v = € g
¢; = ¥, V6e¥ = ¢+ 0 [Y.Ema et al (2020)]
® Higgs inflation = non-linear sigma model in disguise:

1 1, 1 A

= [ \/fg[ - 5(1 — g% - 50‘2)1? - %(auq'»i)? + %(@0)2 - Z(a’b?f]
¢ = \/6 2

V6 1\ ., 3
[Giudice, HML (2010)]; Y. Ema et al (2020)] (" T 7) +3(§ + 6)¢"’ -5 =0

Introduce a dynamical field exciting the vacuum.

== Frame-independent UV completion for Higgs inflation.



Higgs-Starobinsky model
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® |agrangian for Starobinsky model + Higgs inflation:

| . A )
Lr2 =+—9g { — —(1+£&¢))R+ 5@“"8“@8\,@ — Z(Qb?)z + 0432]

O | —

Scalar-dual: af%2 = —QOKXR—CUACQ

ifb:O: O=1R

Scalar-dual Lagrangian:

Ly= '@ ! %(1+4! 6+ #§P)R + %g“"%@i%ﬂ! %‘(@%)2! | 152

Extra non-minimal Extended scalar
coupling potential



Unitarity in Jordan frame

® R2term and perturbative unitarity in Jordan frame. 8"

Conformal mode in flat metric: gy = 2%

Kinetic mixing between conformal mode & scalaron:

L=3(11 1 +4"#8 1)1 "# + 33! |

I N %(! #'6), !+ ! + (rescaling)

12"
=P L1 (T S S B 1Y

Higgs-scalar interactions

i, 5 I
- » L _ 1 1: Perturbative unitarity!

I+

L4 Al
L4 A
L4 Al
L4 A
L4 Al
L4 A
Di * K

Individually large !,



Unitarity in conformal frame

_9_
® Perturbative unitarity in conformal frame.

A
)

Conformal transform: Gw = V2., , i =Q¢; and § = Q2

[Y.Ema et al (2020)] 5 o \?
(17 ° = (1 + %>

== Linear sigma model with scalar o:
1 L 5 5 A

Lry 1 1, 1 2) 0 2 0 N2 2 4
\/_—g— §R(1 g@i 50 +§(du0) +§(du¢1) X Eﬁf’z’.
1 1 6 2 #F 19
Redefined scalaron: 4" = Slog #r— $+ 5 %

o 1) U 1
—> Extra scalar potential: " >= 7# $($+ 6)+3 %+ - &  K=_—
4 6 36

2

1
' O()  Perturbativity!

= —— 1 O(1), g =! +9" #+
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Higher curvature terms

_‘IO_
® General higher curvature terms + Higgs inflation
2(—1)*+lay oo ' T k R =
; sea A k KGR _;Q(W) X

One Lagrange multiplier per each curvature term

Conformal transform: G = Q 2g4 , ¢ = Q¢; and % = L x&

General sigma-model Lagrangian: [HML, Menkara (2021)]
Lgen 1 Lo 1o\ 1. o 1. o A, op2 (26 \ itk
Linearized kinetic terms dual-scalar potential

2

| 1 1 V6 1
+ EU(Q)E 240'ka ~ 5 + 3 (0 + 7) + (f + g)@f
PR _

Lagrange multipler Constraint on vacuum manifold



F(R) on vacuum manifold
_‘I‘I_
® Solutions for dual scalars and Lagrange multipliers:

| N9 I o

I

-k

'Lgen _ 1 5\ .

'y =0 » ;amkxk _5_5((”?) _(HE)@
[HML, Menkara (2021)] - zk:mk ok 22

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

® Effective sigma-model potential with Higgs couplings:

o2 2Kk 14+ 2k+2 .
i 0 ko _‘ 2%—2 (0 (. & ))k+]
Ulo,99) = 2. o) > ( — l)akm(o)) (4y(0,6))

gg:() » y=0: (0+§)H+3<€+%)¢?—g=0

UV complete perturbations of Starobinsky model.




Higgs-Starobinsky inflation
_‘I 2_
® FEinstein frame Lagrangian for Higgs-Starobinsky:

1 1 L o\, 5 112 LooNa 2, 1, 40,
LE = \/_gE{ — §R(9E) + 20/ [(1 — 60“) (C)#h)“ + (]. — Eh“) (6#0)“ + §h0’(3ﬂh()‘10] - V(U. h)}

_ 1 SHEAPE RS P
V(o,h) = (1 th %02)2[4n1(0(o+\/5)+3(§+6)h. ) +4/\hﬂ
® FEffective theory for inflation [HML,A. Menkara (2021)]

Decoupled Higgs direction:

WV _ g e  R—_ M@+ VE(@ -3+ VE)
Oh — e Mo —V6) = 3k1(E+ ) (0 = 3(6 + 5) (0 — V6))

Leg 1 ((9#(7).‘2 B
» \/%—‘gR(gE)'l‘ 2(1—0'2/6)2 eff(a) ’




Limits of UV Higgs inflation

® Perturbative Higgs inflation

o = —+V6tanh (%)

V =~

9
Vo “ ¢ R2-i e
(]. — G_LX/\/F)) ] 9H1§2 > . 1010 g

1000

Higgs - like
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9
® As5x1010
kA
2000 3000 4000 5000 ’

® Similar predictions in Higgs or Starobinsky models.

. . B 2 9 3k1 (=X + 12X + 18K1£2(1 + 6£))
Spectral index: e =L TN TINE T NT T (9n+ 3miE(1 + 6))°
12 small corrections (1,"21 1)
e - ® ‘ — 1 .
Tensor-to-scalar: r = - to Higgs inflation
Reheating: if Higgs-like, Trn ! 10" GeV [S.Aoki, HML et al (2022)]
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Reheating and dark matter

® Two inflaton oscillations quasi-decoupled for large '  -14-

1014
1014
1014
1014
1014
1014

A=0.01, §=4000, k=1.2x107"°

.o L
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(=)

O'/Mp|, 102xh/Mp|

=
N

Mp|tx1 0—5

............

~ A=0.01, £§=4000, k=1.2x107"°

50x10%° 1.0x107 1.5x10’ 20x107
Mp|t

® Reheating & dark matter productlon by sigma/Higgs fields

Higgs condensate decay:
Tru ! 10" GeV

Inflaton/thermal scattering:

Production of conformally

coupled heavy scalar DM
~ 108 GeV



Vector unitarization
of Higgs inflation



Unitarizing with gauge field

® Non-canonical Higgs kinetic terms in Higgs -15-
inflation are of Weyl current-current type.

Luex 34 (GuHP)® 1 K,K*
vV —9E N ﬂ'f‘% ()2 N 4847\-‘1'[2, 02z

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

® |ntroduce a Weyl gauge field in Jordan frame.

L
vV —9g

Integrate out the Weyl gauge field by w. =

el

= ——w,,w'’ + 5771.;”'w

1 1, 1 1

4 MY T

i ' e 2 n 2 N/ 2
W'~ Lguw, K+ L wat Ky md = 663 M}

Gw K,
2 m2 + g2 Ky

Ljef 1 K,K* L o
vJ—g  48M% Q * —3g

E

1 K,K*
- 48ME Q2

Effective interaction in Einstein frame cancels
non-canonical Higgs kinetic terms!



Higgs inflation + Weyl photon

® Minimal extension of Higgs inflation in Weyl gravity:  -16-

L, 1 . .
L = (M3 26| HP)R+ D, HP V()
1 1 . 1 _ | -
—Zuv#,,w”' + §mi,w#'w“ — §Qu.-'wy[i“ + §g,i,'w#'w”fiy

Emin 1 ¢ 2\ T 1
* — —§(§¢¢2 + 2£H|H|2)R( ) — 4u#,,u' —V(H,9)
Local Weyl
symmetry

+|DyH |3

Weyl photon in Weyl gravity restores unitarity.

RN L4 .
1 .
’l: ss ’ . . ’ ]
X4 A L4
A J L4 j A 2 L4
A * A\ ’
A g ’ . ’
* ‘ + *
2 .
'kl"\/‘\
L4
L4
L4

.’ N
. [N A
s ! N k4 .
P - 4 A 3
P2 LS 4 -
PN N . N
. e . . .’ A .
¢z Qb] ¢@ i]



More on Weyl gravity

® Weyl geometry 17
!+! ng" =0 | |n Weyl gravn:y’ le/ = FZV + Qu (55101/ + 55'11?# o guuu;P)
—> 10 =20w' 1 Gu" in Einstein gravity.

1

Weyl transfs: 9w = 00, ¢, H—oe®H  w, > w, -0

® General Weyl invariant Lagrangian

1 | Lo -
J% — —5(&)@52 + 28 |H|*)R(T)+31, (ry ! 1)(Dy")*+6!4 (i ! 1)IDyH|?
_ iwuuww —V(H,d) [D. Ghilencea, H. M. Lee (2018)]

Covariant derivatives: DyH = (!, ! gyw)H, Du! =("p! gwwy)!
invari - 1, 1. _
Weyl invariant potential:  V(H,¢) = S\ d’[H|” + 7Ae6" + Au|H]'

Canonical Higgs kinetic term: ru =1+ ——



Spontaneous scale generation
_18_
® Spontaneous breaking of scale symmetry: (¢°) = Mp/;

L | . ‘ :
e —§(A~ff> + 2y |H*R+ 0,H>—V(H) [S.Aoki,H. M. Lee (2022)
1 1 . 1 1 .

“wanted terms kept for unitarity”

m2 = 6ryg2 M3~ Ky =12ryéy|H|* : general Weyl couplings

® Dimensionless couplings of hierarchy:

N Mb AguME :
J(H) = 28 ~
V(H) = S5+~ 1HP + Al
Img | _ 1'vw .
7= ! 1 — Small Higgs mass
P !

M
|

—%= = ! 1 —> Small cosmological constant
!



Higgs inflation in VWeyl gravity

® Higgs kinetic terms in Einstein frame -19-
L i 0,H|? 3¢ (0,|H|?)? 2 2 (K
= = (g — 1) ey 2 O TS gy Kl
Oe () Mz ()2 80 m2 + g2ruKpy
=1 Non-minimal coupling Weyl currents
Lkin o 1 3reéh —3(Eu + 5)? — &u(én + 3)|H|?/Mp 212
- "E — —Ia H| [292 T¢+2(€H+ )|H|2/J\f‘2 ( #|H| )
1
= [MuHP + 5 (ulHD)® + & [S.Aoki, H. M. Lee (2022)]

M
Cutoff-scale: ! = > | | Mp

a3 +1)(1—3) — = - o
(3 + (1= ) — 75 r =1 insensitive to 'H

But, “Hilltop-like” inflation is possible only for very small 'v,! 1.

Ay M3 (1 . M3 )—2 _ AaMp (1 N €Hx2)—2 |
463 Enh? A€, Mp

[D. Ghilencea, H. M. Lee (2018)]

E = - canonical inflaton



Double Weyl gravity

e Doubled diffeomorphism and two Weyl gauge fields: ~20-

1, ox,= 1
C — Z \/__gz[ o §£z@z2R(Fz) T —u“z-,m,u?fl/] T A‘C y

— 4
1=1,2

.20' [ — y )
D Gy — € Qi i — € i, Wiy — Wiy — — Ouyi
Weyl symmetry: g " w7 Wi = Oy

. 2
Broken dlffeom: AL = Z V —Gi (—3&'0'-1'6.53) (le’wl,p + fizigwg'w-z,u>

i=1,2

o Effective Weyl gravity: 91w = %2m = 9w, 01 =02=9

]- ' D 7T ]- v ]- v S.A I(i, H. M. L 2 22
Lcﬁ' _ /_g |: . §€¢@2R(F) L iu"/,u/u"“ _ 1‘X',’“/)(# ] [ O ee( O )]
FZU — FZV T Gu (55101’ + 55”“”# o gl“"wp) Gw = %\/g;zm + g;zﬁ‘z’

Wy = (Guy Wiy + GuuWou)/\/9%, +92, X, : orthogonal combination.

== Choose extra Weyl photon X, decoupled from dilaton.



Palatini limit of Higgs inflation

_2‘]_
® Effects of the light Weyl photon X: (ry = ry =1)
EQ 1 (2 ¢ 2\ DIT 1 137 1 v / 2 :
\/jg — _5('5(15@ + 2€H|H| )R(F) - Zu-’uvw _EXuVX + IDuH| —V(H,9)
Effective Weyl symmetry: 9w — €0, ¢ —e %,  H—e*H,
1 1
D,H = (Op — gxXu)H Y = W = Opcr, Xy = Xy — Eaﬂa’

Add the X-covariant derivative term in Higgs-VVeyl gravity:

Lo 1 . . . 1
= ——(Mp+2y|H|> )R+ |D,H|? =V (H) — =X, X*
1 . [ 1 2 oL 1 I..ry 1 2 , yl.f
—Eua W T gmw w,w — 5 GuWy K"+ 5 JupWuW" Ky

. . . ACE *'\[]% |D:1H|2 V(H) 1 v
== FEffective Lagrangian: === Rt =g~ 1 XwX

~ Palatini formulation, but differ by light VWeyl photon.



Metric to Palatini Higgs inflation

® General kinetic terms with two Weyl photons: "22°

C 1. . N |
T = 58+ &ulHP)R+-36(rs = 1)(Du)” + 66 (s — 1)| D HI'
1 1 . |
— 0" = X XM+ (1= 68 (ru — 1))| D, H|* = V(H, ).
Ly ug, Ce.HP o |D,HP
g 2~ DRt otutru - I 41— 6u(ru - 1)
= Iy .35 A=rg),. oo V(H) S WS e g
+ HQZJ\IFZ) (0”|H|2)2— QQ ‘-]:X#VX“ 4 u u'u + anuuﬂu‘#
[ ) [ ) ° ° 1 °
® Higgs inflation varies 2 ry =0 metric
. . . 107°
between metric and Palatini 4 [
1077
cases for O0<r, =ry < 1
— 105L N =50
Cutoff scale varies 10-8 .
. N \ Palatini
rom Mp/!ly to P . 10710 1, _1L
*‘WP 10-12L e
1/2 0.955 0.960 0.965 0.970 0.975 0.98!

Ng



Higgs mechanism of Weyl photon

® “X” Weyl photon is light, if it couples only to SM ~23

Higgs and light singlet s’

AL 1 . N2 D), H|?

——= =_(D's)?*" HP2+ 18"+ (1—6 1

\/jg 2( iz ) (l l 2anH ) (. gH(Ir’H D)) ()
ay

Weyl photon interactions: Lx = QH(_QXX#MH'Q+g§,XuXH|H|2)

1 , 1. .
H 3 ——gx X, 0"s* + —gx X, X"s*,
= (0,v+h)T/V2, s=vs+§ SIXAp0"S” + Sgx A AT,

—» Weyl photon mass: m% = gy (agv® + v?7)
® Higgs-singlet scalar mixing is necessary.

( h ) B ( cosf) sinf ) ( ham ) nggS precision at |O(|)%
~ — o . G;’
® sinf- cos A —)p sinf ~ (agv)/vs < 0.3(0.03)

-~

Gx ~ agvh + vsS



Interactions of Weyl photon
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® Higgs and X-Goldstone interactions:
1
Lxin = —a.HgXX,lht)“h.+§aHg§(XuX"(h2+2vh)

1 :
—ng#.AS'a‘ug + §g§(X“X“(.§2 -+ 2'US§)

Weyl photons interact with a pair of SM Higgs bosons.

. 1 . "
® + Gauge kinetic mixing  Lgmix = -5 sin ¢ X, B¥

€

—l L:EM/NC ~ e}iu JEM -+ Z#

Jg + cgxtw J’{] + XH [gx Jlf( — engM]
2sw cw

Z-boson couplings to Weyl current Jyx = —andu|H|* + 50,5

Weyl photon couplings to EM current



Conclusions
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® Higgs inflation is a non-linear sigma model or described
by the effective Weyl current-current interaction in
Einstein gravity.

® Non-linear Higgs kinetic terms can be linearized with
a massive singlet scalar field in linear sigma models or
can be cancelled by a massive Weyl photon.

® We considered a Weyl gravity theory for Higgs
inflation with one or two Weyl photons. There are
new testable predictions for inflation and/or Higgs
physics with light Weyl photon.



