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. Introduction — Higgs inflation —
2. Problem in Higgs inflation and 1ts UV extension
3. Higgs inflation in Palatini and Einstein-Cartan formalism

4. UV extension of the Higgs inflation in EC formalism
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Introduction — Higgs inflation —
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Inflation: key Ingredient In modern cosmology
- Accelerating expansion of the Universe in the primordial Universe.

- Solution to the horizon, flatness, and monopole problems.
- Origin of the large-scale structure of the present Universe.
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Inflation: key Ingredient in modern cosmology

- Accelerating expansion of the Universe in the primordial Universe.
- Solution to the horizon, flatness, and monopole problems.
- Origin of the large-scale structure of the present Universe.

A - It I1s often the case to Introduce a scalar

3 field whose potential energy drives inflation.

#B+3Hp+V' =0,
&
3H2M§1 = §,¢2 + Pinf
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Inflation: key Ingredient In modern cosmology
- Accelerating expansion of the Universe in the primordial Universe.

- Solution to the horizon, flatness, and monopole problems.
- Origin of the large-scale structure of the present Universe.

A - It I1Is often the case to introduce a scalar
% field whose potential energy drives inflation.
A a 14 79
Pin - What is “Inflaton™?
\4 > &

F+3HG+V' =0, Requirement: Flat potential, Graceful exit,: -

9
SH* My = §,¢2 + Pinf
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Inflation: key Ingredient In modern cosmology
- Accelerating expansion of the Universe in the primordial Universe.

- Solution to the horizon, flatness, and monopole problems.
- Origin of the large-scale structure of the present Universe.

A - It I1s often the case to introduce a scalar
% field whose potential energy drives inflation.
A . 1 7
Pin - What i1s “Inflaton™?
\/ > &
Fr3HG+ V' =0 Requirement: Flat potential, Graceful exit,--
3H2 M = %ﬁz For Can the SM Higgs be inflaton?
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Can Higgs potential drive accelerating expansion of the Universe ) 7

= :
N /d4:1:\/—g iy D, H|? — M(|H|? — v*)?

New inflation is impossible &>,

because the slow-roll parameter

V \ !/
1= My cannot be small.
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Can Higgs potential drive accelerating expansion of the Universe ) 7

= :
N /d4:1:\/—g iy D, H|? — M(|H|? — v*)?

V1 Chaotic inflation is possible for |h| > M, B

vt
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Can Higgs potential drive accelerating expansion of the Universe ) 7

_M .
E— /d4$ /_g _le_ ‘DMfH‘Q T )\(|rH|2 — 02)2

Chaotic inflation is possible for |h| > My, =&

v 1
But the density perturbation
generated In this case,

P~ 10° )\

2. is much larger than the one in

the real Universe, pbs ~ 2.18 x 10~°

for )\Higgs ~ 0(1) <
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(Non-minimal) Higgs Inflation (in the metric formalism)

(95 Cerventas-Cota & Dehnen, '08 Bezrukov & Shaposhnikov)

= e Mgl | 2 - oh™ 4
S= [ d*z\/—g FEH|* | R— |DJH|* — A|H| w/ (> 1

2

Conformal transformation

h2
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(Non-minimal) Higgs Inflation (in the metric formalism)

(95 Cerventas-Cota & Dehnen, '08 Bezrukov & Shaposhnikov)

= e Mgl | 2 - oh™ 4
S= [ d*z\/—g FEH|* | R— |DJH|* — A|H| w/ (> 1

2

Conformal transformation

h2
T g (O,h/\/i) QEV = QQQ/Wa (Foaee ] 342
pl
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(Non-minimal) Higgs Inflation (in the metric formalism)

(95 Cerventas-Cota & Dehnen, '08 Bezrukov & Shaposhnikov)
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ng and r at k = 0.002 Mpc~! from Planck alone and in combination with
BK14 or BK14 plus BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized
joint 68 % and 95 % CL regions assume dns/dInk = 0.

E/NY2 ~ 4 x10% > 1

ng ~0.97 r~0.0033

Simplest model of inflation driven by the SM Higgs, which fits the CMB data very well &.
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Problems In Higgs inflation and 1ts UV extension
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Unitarity bound in Higgs inflation @
M
Cutoff scale of the theory (at the vacuum): A ~ — e L( ™ + ims )
, . , | S VD=l T - 17
(‘09 Barbon&Espinosa, '10 Burgess, Lee, &Trott, '10 Hertzberg)
e MR £ 2592 ' _ conformal 3 ¢2 ; -
. S e e T e T :
ordan Trame: Mplm % Einstein frame: LT 2M§17T,L (Or;)
o &
: T T M§1 T,
7Y :graviton
iy . m )
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Unitarity bound in Higgs inflation
M,

Cutoff scale of the theory (at the vacuum): A ~ 2 — L( ™5 + ims )
. g \/5 h‘|—7T()—|—17T1
(‘09 Barbon&Espinosa, '10 Burgess, Lee, &Trott, '10 Hertzberg)
5 - ' _ conformal 3 ¢2
Jordan frame: {[H["R> ——n;0%y Finstein frame: - S 72(r;)?
My trans. 2 M?Z,
o &
i iy T, M§1 T,
7Y :graviton
7Tj .
Wi 4 4y
: . | . A4 M
Typical energy scale during inflation : s ~ NG 2> Ao~ %
Is the predictions in Higgs inflation unreliable®
== — = —
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Unitarity bound in Higgs inflation @
M
Cutoff scale of the theory (at the vacuum): A ~ — e L( ™ + ims )
: _ , | g \/§ h + mg + 171
(‘09 Barbon&Espinosa, '10 Burgess, Lee, &Trott, '10 Hertzberg)
e MR y 2592 ' _ conformal 3 ¢2 ; -
: 9— i > s R ¥ o .
ordan Trame Mplw % Einstein frame T 2M§17T,L (Or;)
o &
i i T, M§1 T,
Y :graviton
7Tj .
0y 779’ Uy

. : : : M/4AM
Typical energy scale during inflation : s/ = Y L Rl

Is the predictions in Higgs inflation unreliable®

Perhaps OK during inflation, since the cutoff scale during inflation is larger &.

('11 Bezrukov, Gorbunov, & Shaposhnikov)
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Unitarity violation in this Higgs Inflation &

Longitudinal mode of the weak gauge bosons (or the NG mode)
recelves mass with spiky feature at the reheating/oscillation phase,

('15 DeCross, Kaiser, Prabhu, Prescod-Weistein, Sfakianakis, '16 Ema, Jinno, Mukaida, Nakayama)

2

Mg SD9 5
001, Mg =AM 2
e 1 VR 1262 [H? ) oo G T 28| H|
AP = (VAMy1) ™! it R R M,
.\
10| D
O g s f(l —|—6€)h
R\ | | . eff =/
0 5x10° 10°  1.5%105  2x10° Mgl ol f(l = 6f)h2
('16 Ema, Jinno, Mukaida, Nakayama)
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Unitarity violation in this Higgs Inflation

Longitudinal mode of the weak gauge bosons (or the NG mode)
recelves mass with spiky feature at the reheating/oscillation phase,

('15 DeCross, Kaiser, Prabhu, Prescod-Weistein, Sfakianakis, '16 Ema, Jinno, Mukaida, Nakayama)

2

et Sp2 5 E

0.01 1 Mg = )\Mpl Strong coupling

I N
107 APP = (\(AMy)
107 T N . Me

5 Agaug
1078

10719+ jUUK
- Mp/E Weak coupling
-V | ‘ -~ IE : :
0 5x10° 10 1.5x10°  2x10° Mp/E Mp/E h
(16 Ema, Jinno, Mukaida, Nakayama) ('11 Bezrukov, Gorbunov, & Shaposhnikov)

which leads to the violent excitation of gauge boson with &~ v,
=> Unitarity violation &
— B = —
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. 5—22 7 7Tj
UV-extension by R* term N TN e S
Once we add the R“ term in the theory, " ~ W/af e N\
-~ B :
Sz/d‘lwfg ( 2p1 : 57#) R 12]\1;2}22 — | D H|? = AH|?

CUtOﬁ SCale IS DUShed Up tO the Plaan SCale (17 Ema, 18 Gorbunov&Tokareva/ '18 He, Jinno, KK+)
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n 6—2 7 7Tj
UV-extension by R* term TN T W\\__éfi_<
Once we add the R“ term in the theory, " ~ W/af s N\
-~ B :
Sz/d‘lwfg ( 2"1 : 57#) R 12]\1;2}22 — | D H|? = AH|?

CUtOﬁ SCale IS DUShed Up T.O the Plaan SCale (17 Ema, '18 Gorbunov&Tokareva/ '18 He, Jinno, KK+)

R? term gives rise to a new scalar

degree of freedom, scalaron, with m, = M
and the inflation becomes a two-field model
(iIn the Einstein frame).

Co0s MM Cosmological predictions are unchanged.

6 _0_10 '20 He, Jinno, KK, Starobinsky, Yokoyama
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UV-extension by R* term N TN e S
Once we add the R“ term in the theory, " ~ W/af e N\
-~ B :
Sz/d‘*wfg ( Qpl : 57#) 2. 12]\312}22 — | D H|? = AH|?

CUtOﬂ: SCale IS DUShed Up T.O the Plaan SCale (17 Ema, 18 Gorbunov&Tokareva/ '18 He, Jinno, KK+)
Indeed, this is natural appearance from the quantum correction

of the scalar sector at the leading order In the large-N analysis

_ - (‘15 Salvio & Mazumdar, '19 Ema, '20 Ema, Mukaida, van de Vis)
/ D 9
~ T 0 ~ O LN 4 ~9
X = det = —1 R
e T B R il 6M§1‘g“”’ Gpuv| 8 (v ~ N§)
~ < — 7
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UV-extension by R* term NI TN e S

Once we add the R* term in the theory, g T N

s 1/ — Mgl' H|* | RA M§1 R? — |D,H|? — M\H|*

CUtOﬁ SCale IS DUShed Up T.O the Plaan SCale (17 Ema, 18 Gorbunov&Tokareva/ '18 He, Jinno, KK+)
Indeed, this is natural appearance from the quantum correction

of the scalar sector at the leading order In the large-N analysis

('15 Salvio & Mazumdar, '19 Ema, '20 Ema, Mukaida, van de Vis)

e N . @2 P ¢ ~
R (8)\ @ R Juv = 62 Juv; det[g,w/] S :> OCRZ (Oz ~ Nf)
N\ // pl

where the scalaron i1s non-perturbatively induced from the resummation
of the dominant one-loop correction in the theory with contformal mode.
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UV-extension by R* term NN /wj
Once we add the R* term in the theory, " 3 //324 e
i M2 M e
— /d4x\/jg ( 2P1 | €H2) R A 12]\13412R2 ‘DMH‘Q _)\‘7_”4

CUtOﬁ SCale IS DUShed Up T.O the Plaan SCale (17 Ema, 18 Gorbunov&Tokareva/ '18 He, Jinno, KK+)
Indeed, this is natural appearance from the quantum correction

of the scalar sector at the leading order In the large-N analysis

(15 Salvio & Mazumdar, 19 Ema, '20 Ema, Mukaida, van de Vis)

Practically, an auxiliary field 7 in the conformal factor () becomes dynamical.

E 2
o2 - 1 2, /()2 | 2, /)2
i 4 B ~,LL1/ d ® B . - Py B r 2
S /d 0y R+ — 59 ((% 50, Pg 6M§1 (%gbﬁ,,gb) ( 6M§1 ) V(o) — ary

: : - X,
(I; = ln|92’8 ln}QQ‘ , Qe L 12 (2(1)2 20¢ @)
== _ —— = —
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UV-extension by R* term NI TN e S

Once we add the R* term in the theory, g T N

s 1/ — Mgl' H|* | RA M§1 R? — |D,H|? — M\H|*

CUtOﬁ SCale IS DUShed Up T.O the Plaan SCale (17 Ema, 18 Gorbunov&Tokareva/ '18 He, Jinno, KK+)
Indeed, this is natural appearance from the quantum correction

of the scalar sector at the leading order In the large-N analysis

('15 Salvio & Mazumdar, '19 Ema, '20 Ema, Mukaida, van de Vis)

e N . @2 P ¢ ~
R (8)\ @ R Juv = 62 Juv; det[g,w/] S :> OCRZ (Oz ~ Nf)
N\ // pl

where the scalaron i1s non-perturbatively induced from the resummation
of the dominant one-loop correction in the theory with contformal mode.
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UV-extension by R* term TN \ / h
Once we add the R“ term in the theory, ' '

St /— Mgl' H|* | RA Mpl R* — |D,H|* — M\H|*
L g 9 '€| ‘ '1()7\”’2 ‘ M ‘ ‘ |

('15 Salvio & Mazumdar, '19 Ema, '20 Ema, Mukaida, van de Vis)

cutoff scs R|H|*, R* RFY R,y 18 He, Jinno, KK-+)
Indeed, tr jon
NLSM (2.10) '+ LSM (3.3) : :
of the sc: . . 31S
| | | .
! ! ? lu 0 Ema, Mukaida, van de Vis)
Mp/¢ < Mp 9
20 Ema, Mukaida, van de Vis) T (. ~ NE)
< b |

where the scalaron i1s non-perturbatively induced from the resummation
of the dominant one-loop correction in the theory with contformal mode.
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UV-extension by R* term N
. Uy
Once we add the R* term in the theory,
5 | (M8 o) v o |
e 4 e 2 , 2 2 4
S= [ doy=g || 22 +euP | R+ =2 R — D, H - AH]
('15 Salvio & Mazumdar, '19 Ema, '20 Ema, Mukaida, van de Vis)
cutoff sc: R|H|?, R? RFY Ry
Indeed, tr 5 5
NLSM (2.10) '+ LSM(3.3)
of the sc: . .
| | > U
Mpl¢ < Mp

~N v
~ ‘ //

P1

(20 Ema, Mukaida, van de Vis) {

'18 He, Jinno, KK+)

10N

SIS

‘0 Ema, Mukaida, van de Vis)

(@ ~ N¢)

where the scalaron i1s non-perturbatively induced from the resummation

of the dominant one-loop correction in the theory with contformal mode.
But fine-tuning Is needed for small Higgs mass and cosmological constant::-

Q

-
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Higgs Inflation in Palatini and Einstein-Cartan formalism
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Higgs inflation with R? UV extension is reasonable
and free from Unitarity problem.
But 1t still has a naturalness problem.

How Is the situation In 1ts variants 97

=y —
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Higgs Inflation in Palatini formalism
We studied Higgs inflation in metric formalism => connection = Levi-Clivita.

R 1 >
L =L = 59[) (Ou9gvo + Ovgou — Opguv)

— —— = ==
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Higgs Inflation in Palatini formalism

We studied Higgs inflation in metric formalism => connection = Levi-Civita.

1

fﬁu ~ Ffw 5 §gpa(8ugwf Tt 81/90# - PQMV)

How about in the Palatini formalism?
ffw and Juv are a priori Independent while keeping torsionless.

GR 1s reproduced by solving the EOM with E-H action.

— = =
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Higgs Inflation in Palatini formalism
We studied Higgs inflation in metric formalism => connection = Levi-Civita.

1

fﬁu =1, = 59" (Ougve + Ovgop — Opguv)

2

How about in the Palatini formalism?
ffw and Juv are a priori Independent while keeping torsionless.

GR 1s reproduced by solving the EOM with E-H action.

S= /d%\/?g

g
( 5 Sl

Fits CMB data well with ¢ ~ 10'°)

_ : conformal
) R(g,T) — | D, H|? — AJH|*
trans.
= ) 41 , |
S == 097 P2 10 (08 Bauer & Demir)
E—— —

9. _
! V(X) _*°  metric
I Palatini
-’ ]\4191/‘@:1/2 Mpl >§

—
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Unitarity issues of Higgs inflation in Palatini formalism

=> Much different from that in metric formalism

M, My

>
\/E £ T Pauct 2 Derig
- Violent preheating of the NG mode/gauge bosons is absent

and no unitarity problem during inflation and reheating. o ruwo s mwomserg

- Cutoft scale of the theory (at the vacuum): A ~

- Introduction of R*term does not induce scalaron
but leads to P(h, (0Rr)*) theory. .scue,

- Extended theory with conformal mode does not lead to UV-extension.

(21 Mikura & Tada)

— e =
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Unitarity issues of Higgs inflation in Palatini formalism

=> Much different from that in metric formalism

M, My

>
\/E £ T Pauct 2 Derig
- Violent preheating of the NG mode/gauge bosons is absent

and no unitarity problem during inflation and reheating. o ruwo s mwomserg

- Cutoft scale of the theory (at the vacuum): A ~

- Introduction of R*term does not induce scalaron
but leads to P(h, (0Rr)*) theory. .scue,

- Extended theory with conformal mode does not lead to UV-extension.

(21 Mikura & Tada)
How can we understand these differences?

Are there any "natural® models of Higgs inflation?
— = — = —
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Einstein-Cartan connects metric to Palatini

ffw and Yuv are a priori independent with existence of torsion.
GR is reproduced by solving the EOM with E-H action. ¢ =17, - 17,

— —— = — =
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Einstein-Cartan connects metric to Palatini

fﬁy and Yuv are a priori independent with existence of torsion.
GR is reproduced by solving the EOM with E-H action. ¢ =17, - 17,

Higgs inflation in E-C gravity with Nieh-Yan term is a generalization of
metrlC and Palatlnl nggs lnflathn ('20 Shaposhnikov, Shkerin, Timiryasov, & Zell)

S = / d'z/=g (Aél =§|H2) R(g,T) = [DuH|* = Al if / d* 2¢O (V—=9gE""""T)po)

Integrating out torsion and other non-dynamical DoF

j> ( &, =¢ -> metric Higgs inflation
& =0 -> Palatini Higgs inflation
—_— _-=:1—3->, —
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Einstein-Cartan connects metric to Palatini

ffw and _Yduv are a priori iIndependent with existence of torsion.
GR is r In E-C Higgs inflation, ol

U

- How cutoff changes from metric to Palatini [Imit?

ngg§ | - How guantum correction induces scalaron? ization of
metric - How R? term UV-extends the theory?
- Are there a “natural” value of r =§,/§ ? o
S:/d\ e o n/ B A

ELitas / l T

Integrating out torsion and other non-dynamical DoF

j> < &, =¢ -> metric Higgs inflation
& =0 -> Palatini Higgs inflation
e _c—;3-_->_ —
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Unitarity analysis in Einstein-Cartan Higgs inflation

Extended theory with conformal mode (23 He, KK, Mukaida
r®2 1 . (1)2 4 1 ~(I) (I)Z 1 d
£ 4 J 5, & ~uv AL LA J v J J |52 * &2
; fde12R+2g (a“q)]avq)] O GV(P’) (6M§1) aes o2 Dy 18 (T 16S)J

Eid ot
+[d4x— R+ Ap+rAnvl, i3
| 59 ( R N-Y) o

~ . b = prvap Ll

Z 2 J —s
e )+2VMT“+4T“0uln|CDI‘—6—(DI | AN_Y=§vusﬂ+s“auln\q>J|

— - =
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Unitarity analysis in Einstein-Cartan Higgs inflation

Extended theory with conformal mode

S:fd4x

D2 1 D2 /2
e ~ LV E 0
— R+ =-6"10,®r0,D
PR A ) 6M2,
(DZ

—rzfgﬂvauln\ggmvlnm

0,pi0yd’

ol |

(‘23 He, KK, Mukaida)
2

D2/ Q2
E 0 V((P)

2
6M5,

12
-1 L ¢
(DE—QO(D]) QO:I_I_G&a

:

-
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Unitarity analysis in Einstein-Cartan Higgs inflation

Extended theory with conformal mode
D /QF

-
S:fd4x %}?+1§W
127 2

(DZ
—rzfgﬂvauln\ggmvlnm

w/ field space metric

2
6M,

ol |

0,pi0yd’

o S o, 6rid”
glfsSEs d(I)E | 5 - 5] W= v ;
6MP1+£¢ MP1+€</5
— e

(‘23 He, KK, Mukaida)
2

D2/ Q2
E 0
= V(o))
6MI2,1 P
) P
(DEEQO(D]; QOEI+6€@
J

<Pi¢j) dep’ dep’

-_—_
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Unitarity analysis in Einstein-Cartan Higgs inflation

Extended theory with conformal mode (23 He, KK, Mukaida)

P2 D2 /02 \ (@2/02)°

S= | d*x|—=R+-g" 0,00, E— 3 5,,0;0,0" | = = =0SEus
f o e e S M2 uPi0ve 6M2, &
(DZ ~ LV 2 | (ﬁz

= ?g 0uIn | |6VIH|QO‘J | Dg =Dy, ngl+6€a

w/ field space metric
i gl Ta L SEREr R,
4 6 M2 +Ep2 | ME +Ep2TT

The 2-to-2 scattering amplitude can be evaluated as
2

MrjokL = 3 s1gRikrnys + sikRrnyx + sitRiuL|
(16 Alonso+; '19 Nagai+; 21 Cohen+,:-*)
> A~ |R|7Y?
—— —-=1'39f —

Slide Background Courtesy: H. Oide



16/20

— e —
Unitarity analysis in Einstein-Cartan Higgs inflation

(‘23 He, KK, Mukaida)

Extended theory with conformal mode

-2
S:fd4x %R+1g‘W
L D R

(DZ

—r ?g‘wd In|Qg|a, In|Qg| | .

w/ field space metric

0, Pg0, g

6’,252

2

D /QF
Vig)

. D=/ Q=

0 i E 0

0,pi0,p" | —
5 JuPitv

6 M,

2
6M5,

72
O = Qp Py, Q%El+6€%

il 2
Mz, + ¢

<Pi¢j) dep’ dep’

The 2-to-2 scattering amplitude can be evaluated as

2

MrjokrL = 3 [SIJRI(KL)J =5 SIKRI(JL)K - SILRI(JK)L] ,

3
It Is frame iIndependent!

(16 Alonso+; '19 Nagai+; 21 Cohen+,:-*)

A pudil !/

— - ——
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Unitarity analysis in Einstein-Cartan Higgs inflation

Extended theory with conformal mode

(‘23 He, KK, Mukaida)

D2 T D2 /2 . ®2/02\°
S= | d*x| 2R+ =g"" |0, @0y P — ——-0,pi0v' | - | ———| V
,PF , ’ b
_ 2 ?g 0,1n|Qg|0,In|Qg]| | - Op=Q®@;, Qf=1+6{=
w/ fleld space metric
ds? = —d®? + - O L bipj |de'dep’
T Mg e M My e e Y

Cutoff scale of (tree-level) E-C Higgs inflation at the vacuum

-

n
MPl 1
— for —=<r<1,
Ap_c =IRnITM? = VM ~ Arj ve
1+128(1+3r28) |22 for 0<sr< L, _¢ A
v ( ) 7 Sz < “Palatini limit
— N —— .

A ——
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UV extension of the Higgs inflation in EC formalism
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Quantum correction generates scalaron s e« s

/)\\
Uy

R+AR+TAN_y®>: X é—|—AR—|‘7°AN—Y > Oé(R-I—AR—I-TAN—Y)Z, OW\’N§2

.
\</

leading contribution in the large N and § :
R? term w/ contributions from torsion and Nieh-Yan term

— —— = — =
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Quantum correction generates scalaron s e« s

/)\\
Uy

R+ Ag+rAn v® R R+ Ap+rAn_y

(A
<« -

> Oé(R—I-AR—FT‘AN_Y)Z, Qo N€2

leading contribution in the large N and § :
R? term w/ contributions from torsion and Nieh-Yan term

o

S:/d4x

2 2

(aﬂq>anq>E

2(1)—%~“”81 02| 6, In |Q?
L9, (0] 9, 1n |2

—

6.2

6.3

Y
Sl mw) ? (‘I’%/ ”) V(g) - ar?
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Quantum correction generates scalaron s e« s

/)\\
Uy

é%—AR—I—rAN_Y@: X é—|—AR‘|—TAN—Y > Oé(R—I-AR—I-TAN—Y)Z, CVNN€2

.
\</

leading contribution in the large N and § :
R? term w/ contributions from torsion and Nieh-Yan term

o . M3
Scalaron is induced with a mass m?Z = —"
12ar
_ V6r
Cutoff scale Agc=IRnssI V%= Mp
VI1-1?]

Mass term and cosmological constants are also induced:-:

— — = — —
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Quar. 100: I [ T 1T 1T T1I I [ 1T 1T 1T TTI I I T 1T 1T TTI I 1 1T 1T TTI I I IIIIII§
P 107! & = f
= 107 =
- — -
- § : 1 term
5 10_3§ =
= : =
S< e e C T e e —
- 10 & =
- — A\ 0 -
10-5 ; Ainf — Ainf :
CI § 6:\?&, §
10—6 L I L1 1T 1111l I R I I EEEEE I I EEEEE .‘f‘I,IIIIIII
10 104 102 102 10! 10Y
M r (23 He, KK, Mukaida)
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Quar. IOOE I. I T T T 1Tl I I IIIIII. I I I T T 1Tl I I T 1T T 111 I R —
Palatini [Iimit | -
= U - f|> UV extension ; &
No UV extension NS S
= 107 =
= ) - 1 term
5 10_3§ =
= : e T . ___EC-
S n. 10_4: """" _
Seal 5 Scalaron appears
waeTon FO5S I Ainf == Ajng below the cutoff )
not make sense. E S - 2
10—6_” I [ 1 1 1111l I | 1 1 11111 I L 1 1 1111l I [ [ 1 11111 .‘f‘I,IIIIIII_
10-5 104 103 102 10-! 10°
I\/I 7: (23 He, KK, Mukaida)
— B — —
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Summary
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Summary

- Higgs inflation (HI) in the metric formalism is one of the well-motivated models
of inflation, which have some unitarity issues.

- R? term can be induced by quantum correction w/ scalaron and UV-extends
the theory to resolve the unitairity issues.

- Hl In the Palatini formalism is also a good model, with less unitarity issues,
but R?term does not UV-extends the theory

- Hl in the Einstein-Cartan gravity w/ Nieh-Yan term connects HI in the metric
and Palatini formalism.

- The theory becomes “Palatini limit” at r ~ 1/\/5 below which UV-extension
by the R? term/scalaron does not work.

- Above the region, the model looks fine, but still has the naturalness problem.
— - — = L=
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Comment on the frame independence of the cutoff scale
2308.15420

For the scalar theory with non-trivial kinetic term,

1
/ d4aj§g“”Gab (W)@uﬁaayﬂ'b

— B — =
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Comment on the frame independence of the cutoff scale

2308.15420
For the scalar theory with non-trivial kinetic term,
1 .
/d4;v§g“”Gab(7T)3M7raay7rb Grg ~ (82G1J)7T2 ~ R7T2

the 2-to-2 scattering amplitude (with = =e,7* ) can be evaluated as

g

MrjokL = 3 [SIJRI(KL)J B SIKRI(JL)K 5= SILRI(JK)L] 7

(16 Alonso+; 19 Nagai+; 21 Cohen+,:-)
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Comment on the frame independence of the cutoff scale

2308.15420
For the scalar theory with non-trivial kinetic term,
1 .
/d4;v§g“”Gab(7T)3M7raay7rb Grg ~ (82G1J)7T2 ~ R7T2

the 2-to-2 scattering amplitude (with = =e,7* ) can be evaluated as

g

Mirjokrn = 3 [SIJRI(KL)J s SIKRI(JL)K = SILRI(JK)L]

(16 Alonso+; '19 Nagai+; 21 Cohen+,--+)

C e B/

— - =
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Comment on the frame independence of the cutoff scale

2308.15420
For the scalar theory with non-trivial kinetic term,
1 .
/d4;v§g“”Gab(7T)@u7ra@V7rb Grg ~ (82G1J)7T2 ~ R7T2

the 2-to-2 scattering amplitude (with = =e,7* ) can be evaluated as

g

Mirjokrn = 3 [SIJRI(KL)J s SIKRI(JL)K = SILRI(JK)L]

(16 Alonso+; '19 Nagai+; 21 Cohen+,--+)

C e B/

't is unchanged under field redefinition ==

T %WA(TF )

— B — =
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Comment on the frame independence of the cutoff scale

23038.15420

For the scalar theory with non-minimal coupling to gravity,

S = /d‘lx\/fg

(

Mgl -+ 57'('22

2

z »
) R -5 5(9”71&-2

no scattering?

—
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Comment on the frame independence of the cutoff scale

_ Lo _ : 2308.15420
For the scalar theory with non-minimal coupling to gravity,

(M + & g |
8=/d4w-g ( = )R 5 Ou; no scattering?

We have scattering
from the non-minimal coupling.

— . — =
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Comment on the frame independence of the cutoff scale

| L _ : 2308.15420
For the scalar theory with non-minimal coupling to gravity,

(M3 +én} 1% N (M | 6£2 1, Iy
s= fatevms | () oo o o forevmm (M) - i (54 555 ) o

pl ] 2
T Mo
Y :graviton

scattering appears as the contact term in the Einstein frame,
but the frame independence Is not clear even It we use

£
M,

the geometrical technique (?)

— e —
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Comment on the frame independence of the cutoff scale

_ 2308.15420
Extract the contformal mode from graviton,
2 .
Juv = 6M21 Juv, det[gw/] — L. 3 ;
4 PR ((I)Ja 7TJ)
j > S= [d ‘592}? I (0.)0,0%0, ¢}
— 19 9 ab ©J ,UJQOJ VSOJ ) Pt _QQ —f(I)Jﬂ'j/Mgl
(Gan) = (fq’ﬂ /M, 6%}51%’ )
— = e —
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Comment on the frame independence of the cutoff scale

_ 2308.15420
Extract the contformal mode from graviton,
P2 .
Juv = 6M21 Juv, det[gw/] = 3 ;
4 PR ((I)J? 7TJ)
j > S= [d (592}? I (0.)0,0%0, ¢}

— 19 9 ab ©J ,USOJ VSOJ ) Pt _QQ —§(I)J7Tj/M§1

(Gan) = (fq’ﬂ /M, 6%}51%’ )

Geometrical technigue gives

AT R |12 ]‘?’
- No scattering amplitude that involve the conformal mode ¢

- Conformal transtformation is now the field redefinition for &

; for mm — 7w

and frame independence IS now a manifest w.

— B — ——
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Comment on the frame independence of the cutoff scale

_ 2308.15420
Extract the contformal mode from graviton,

P2 3
6M2

(I)Z - g,ul/ 2
::> D= /d433 (1_592R 5 ng(SOJ)auSOJﬁuS@g)a

Geometrical technigue gives

AT R |12 ]‘?’
- No scattering amplitude that involve the conformal mode ¢

- Conformal transtformation is now the field redefinition for &

; for mm — 7w

and frame Independence IS how a manifest .

Extraction of the conformal mode Is also useful to see the quantum effect.
— = — = —
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