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Iggs-R< model

e An EFT model based on the SM Higgs field & Gravity with
R+ EH'HR + R? + --- to provide the successful cosmological inflation

(indeed the best fit model to the Planck data) in a way of keeping the
successful EWSB in the SM.

e With the RG running effects, the model looks natural (1/&2 ~ 10719
during inflation) and perturbatively unitary with a high cutoff scale
A~O (M%/ézmsz) Mp > M, thanks to the scalaron s associated with R?.

e The very specific potential of the model provides the enhanced
curvature & isocurvature perturbation, which result in sizable production
of PBH (and GW), which may explain the dark matter in the universe.

e The model links the EW scale and the inflationary scale via the common
field, Higgs, so that we can learn from both sides: particle physics@
colliders and cosmology & astrophysics.



The Higgs in the SM

An elementary scalar uniquely observed in nature

G 1
H ™~ vev (19293)
(Vv+h+ GO) / \/5 SU3) x SU(2) x U(1)
physical



The potential

The most general, gauge invariant, renormalizable potential
includes two free parameters (4, v)

v = \/ 1/1/2G = 246.22 GeV
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The SM Higgs potential
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The Higgs is responsible for 7z
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Global shape of Higgs potential

e Taking RG running of 4, and
also higher order operators,

A(h)

A2

, . C )
Ver(h) = Apg + =~ h* + 56y Skt

e 1:the unique EW vacuum
e 2" :inflection point

e 2 2':2nd dS vacuum at UV
e 3:2nd vacuum with AdS

V(h)

Figure 1: Schematic shape of the Higgs polential.



Festina-Lente bound

M. Montero, T. V. Riet, C. Vafa, G. Venken (1910.01648, 2106.07650)

o VG0
Vit s

Q ultracold
( .\) \ll.')l ,//

e To check the consistency of the
theory, it is useful to consider

the decay of charged BH in dS
space

e Charged BH in dS space has a
phase diagram of 'shark fin'
shape

/('h. Nariai
(dS, x §*)

. . r, = Cys
e By Hawking radiation/

Schwinger process, BH decays /eutra' Nariai
and remains naked singularity deSitter  Schwarzschildds  (--.0) M

unless mg > 8rag”V for a \ M,

9 £3s

charged particle in the theory.



Higgs + gravity + c.c. (1)

— | Mz
S m— Jd4x _g 7(R+2ACC)+3nggS

V(h)
e The EW vacuum (where we

Y . . 1
reside in) is consistent with FL .
bound with a tiny CC / H

e FL bound: e | i
4 ’ > |

Gm
A, <—= ~107"M3
a

e well consistent with the
observed value

A% ~ 2.8 x 1071223

Figure 1: Schematic shape of the Higgs polential.
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Higgs + gravity + c.c. (1)

In SM, m, = yq(H) therefore,
we can learn about V(H)
taking the electron mass into

accountl!
4 4,4
min mi YUy /4 > )neff(’UUV)v%V
iESM 8T BTOEM 4
4
= Aeff(vuv) < ~ O (10—22) .

87I'CVEM

S.M.Lee, D.Y.Cheong, S.C.Hyun, SCP, M.-S.Seo
2111.04010, JHEP accepted
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V(h)

Figure 1: Schematic shape of the Higgs polential,



Higgs + gravity + c.c. (2)

 M242EHTH M _
S = |d*x, /= P R4+2A )+—FL
J Ve 5 ATV,

Note [EHTH] = Mass? , [R*] = Mass*

2
2R + gHiggS

both terms are consistent with the SM gauge symmetry and
Lorentz symmetry therefore naturally appear in EFT => Indeed,
they can be radiatively induced by loop effects

GB term (~mass”™4) can be also included but does not contribute
local physics unless non-minimally coupled as in &H H(GB).

Higher order terms e.g. R? + R* + --- are often neglected but
could be important when we consider high scale physics
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NMe-inflation

slow-roll inflation with nm-coupling in Jordan frame

non-minimal coupling

/

S = fd4x\/—_g [—W—+-R+ %(3(;,)2 _

2

Weyl transformation: a.-e g, o= 2508

R — e 2(R,—2(D — 1)V?w — (D — 2)(D — 1)(0w)?)

Li'
6¢K > 0, ad,v >0

In Einstein frame: _
"r

Condition for large field inflation:  lim 25 = Const > 0.

SCP, S.Yamaguchi (2007)
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NM:-inflation with monomial functions, V ~ h?", K ~ h™

q}l)ngo % = Const > 0.

m =2 : Higgs inflation
Bezrukov-Shaposhnikov(2007)

m=1

SCP, Yamaguchi (2007)
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Predictions of NM-inflation

SCP-Yamaguchi (2007)

0010 —
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'Best fit model’ of the Planck data
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Y. Akrami et.al [Planck Collaboration] (2018)
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R? < A¢* with nm coupling

Equivalence of Starobinsky & Higgs

unimportant during slow-roll

1 2
Stigas = [d4x\/—_g [5 (M2 + E¢%) R+ . Z(/b“]

5¢ - EGR — Ap® = 0 l :¢2=57R

1 £2
SStarobinski - Jd4x\/ —8 E <M}2>R + ER2>

Starobinsky (1980)

17



In general,
f(R) <=> Non-minimally coupled scalar theory

see Masahide's talk yesterday

The theory § = J‘d4x\ /—g f(R) is equivalent

to a scalar + gravity theory Trick’ for f(R)
S = |d*x\ /=g |f($)+[(P)R - )

note: & :f(@PDR-$=0 R=¢

f( R) # V(g) = f () - f(#) potential
K@) =f(¢) nm term
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A fine tuning problem ?

32 U
ot T U 05 o =~ (0.027My)* (COBE)
T HU’ €

A

we need 4—52 ~ 10~

Q. Why so small?
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RG running of A

Simone, Hertzberg, Wilczek ( PLB 2009), Hamada, Kawai, Oda, SCP ( PRL 2014)

. Il N R4 \ ,’
\\ ” - / N - ‘\ /
\ 7 N / \ /
\ J !
\" v \ ’
N ,'\\ / \
\ \ \
’/ S s \ ’ < ’, \
J ‘\ f/ N / \\
' / N /
(d) () (f)
1 [y 3 = a2 : 2
B = (i)’ -243 N — 6y, + 5 (Qg‘ + (5 +3") ) + (—9¢" — 35" +12y7) r\]
1 -L 6 4,02 2 4 6 gla
t E (915¢° — 2899%g"* — 5594%¢" — 379¢"%) + B0syy — + 3297 + 35
‘ 39 29
+ A (——y + =+ + 5 —5¢" + 1085°g” A + 363%g™ A — 3129 X’)
4 45 85 ., .
+ y?( 1 .- q‘.q’ —A( 0+ 69’—&095-14'1823\))]- (33]

< O ==> weaker at higher energies!!
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RG running of /1

Higgs Self Coupling Running

M; =171.2 = 173.2GeV |
0.10}
) .
£
s
=
e .
< 0.05f
o L
72
| P -
0.00 —~—— " : STSNT
| =1 Higgs Criticality!
10-14 10~ 108 10-° 102 A0~ )
n n

Higgs field value in Mp

Hamada, Kawai, Oda, SCP ( PRL 2014)
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Near criticality

1
A i) << Apgw) ~ g

j ]
2| Ta

Herit HEWwW

& ~ 0(10 = 100), A(j1zy;)) ~ O(1078 — 107%)
fits the data!

Y. Hamada, H. Kawai, K.-y. Oda, SCP PRL (2014), PRD(2015)
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Running top mass

(measured for the first time in 2019)

CMS 35.9fb7 (13 TeV)
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Clockwork

SCP, C.S Shin EPJC (2019)

M; 1
S; = Jd4x\/—7g <TP(1 + K(¢)R — ) 2 (08 = Vew = Vi )

N+1 N

) A
CW structure: K= Z §¢2 Vew = Z ’7; (¢i+1 - Q¢i)2 ‘/mf — Z¢?

" T i

no fine-tuning here & ~ 1 g~ 1

this breaks the CW shift symmetry
8¢i - Piy1 ~ ah; > Pyyr ~ APy ~ Ty ~ 4y

zero mode as inflaton ¢, ~ ﬁ%)

A / ! < 1
eff q4N 1010
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close look at the action

M3+2EHH M3
I O el B P 52
S_ Jd X —g 2 (R+2ACC)+ 12M2R +°CZHiggS

The modelis f(R, h) type equivalentto a (R, A, s) theory!



(h, R) ~ (h, x)

s,_/(ﬂw—

Sy

[l\[p + £h2

R
T Tom? 12m

L \,.2 ch2

1 T < 92 s — i
— 59" uhdh — Z-g' WIEW, (h+2)* + -

/'mx\/-—g

1
29

2
" 9, hdyh — %gﬂ"l»v;w,;(h. FoR g - Dnty c] .

2 !

Trick’ for f(R)

M} M} | Eh?
r X2+( P2 A

2 T 12m?2

M
+6§£MR—U

c— Zpt

L
1 4

-New NM coupling

R —

'a,hdh — L o

. (*)

=Wt 0

_WEW (b 4+ u)E + ]

New scalar potential
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(h, y) ~ (h, s) in Einstein frame

| M2,
) = ——Q7(9),
New NM coupling (¥ 5 L (5)
‘ h? X /7 .
2 _ X _ Vi
W =ltapta =" s:scalaron

Weyl quu =’ v, YE = ng'

ps)"— 19 (A.h)* —V(h,s)+ ]

V(ha 8) = %Q Rty im%j\fp ( (1 1+ Ch”

Mz )
(Higgs—Rz) is equivalent to (Higgs-Scalaron)!
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Perturbative cutoff of Higgs-R?2

2
_ Aot 4 S22 (1 - 7 -2
V(h,s) = =Q " h> + -mgMp (1 I+ Q2

A

4 4 M2

expand
around (0,0)

V(h,s) = 3 )

k=0

. ) - k ‘ ) o . .k 2
(=2)" 2/3 skht + é'nz?‘]\fz 1—(1+ ﬁ i EDF (V23 s*
k! Mp | = a4 °0F Mp ) &= k! Mp |

Mg 38%m2 1 5, m? . ™Tm? ., y2s™s ., 3¢m? , .
. _,'-1 's,’-l - 2.. - s '..3 s ‘,-l - . sh? S 8 12.,_2
1 Tt TR T e, T oMz T V7 R
A A _ m? &4 A N £2m? hig2 4+ 31m? 6

V6Mp 66 M3, 3MZ T ML )T T 1620M3

cutoff scale of

Higgs-R* theory
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more explicitly...

i\hdsk-{-_j ~ |:

1 M3 1
3&2m2 5 Cy ). C;
1
1

Apigs ~ [

A!\sk-}-j}d ~ [

A Zk. (2)*(’}.

3 M3,

1
2
] Mp z Mp, (k+j=12,--)

T
] Mp>Mp, (k=0,1,2,---)

1

43 Ck Zj Cj m3
1
3 M3

1\83.1}4 ~ [

2) ., Cr m?

k—a
] ﬂf‘fp zﬂffp._ (k:f),ﬁ,-'-)

k+j—4
A‘IP%"}\IP (}\4—.7_4‘5‘)

where 7, = -
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scalaron (s) unitarize the theory
(Just as the Higgs does for the SM)

Mj
s T
Mp/E > m,

Therefore, we take Higgs-R2 theory as a natural setup
to UV complete the Higgs inflation model.
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MODEL: Higgs-R?

PH— _an “Vv/l(b \% ¢ _b(¢ )

RS ]

P oo |3 ‘ Eh? A(p) '
1 a) — 29(") — 2 / 2 Q(") — — N 4 3
U(6®) = e { “MEM (e ] M?»> +ht

3 parameters: (M, &, A)
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Running Parameters (M, &, 1)

scalaron mass
NM coupling

Higgs self coupling

L (1+69)° M

ﬁaz

2

2

1672 18 12M2
1 1 3 9 ,
Be = — ~ )12 vi—=¢%-=g* ).
D¢ 672 (£+6)( A+ 6y; q g).
L 262 (1 +6¢)* M*
B = Bsm — 5 Iz :
167 M3

Higgs Self Coupling — Scalaron Running

0.12},
0.10
o.osf—
< 006;
0.045-

0.02

0.00

M, =171.3GeV, M =2 x 107%,¢ = 1100 -

1 262 (1+6¢)°

5B\ = M4

1672 A1ﬁ

10-14 10-11 10~8 1072 102
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D.Gorbunov, A.Tokareva
Phys.Lett. B788 (2019) 37-41



Inflaton potential

Benchmark Parameters

M=42x10""Mp, £ =179, Amin = 4.10514 x 1076, By = 0.5, hmn = 0.15

Critical Higgs - R? Inflation

Critical Higgs - R? Inflation

Background field evolution

—
] s S
~
.
i
N
|

1.x1079

-

5.x10-10

Field value
=4
.-“f,

-‘—--

. ) 04}

L)

\
|

A
e { 4 - - l‘ -
}-‘ ______ | —— 0.2
' '

Two plateaus!

D.Y.Cheong, S. M. Lee, SCP JCAP 01 (2021) 032

33



PBH DM

PBH Mass [¢]
E g . i - . : g:: ]
:? . Kepler 5”'0‘
& 10- . éé. E
X ; ; : W
% i E 5 MACHO/ | SN
= ; : . M / : <
g 10W| PB H . EROS/OGLE =
p : : . .
[ :
Subaru HSC
1072 L : : . . . A N i : )
101 10" 10%® 10® 107 104 10" 10°

PBL Mass [M 5]

Q. Can we have PBH here? Figure from 1807.11495
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Eh? ’ A(h)
1—7) +—=h*

1. Near Inflection Point i ! 2. Tachyonic instability ~ }
(Effective single field, USR) § {f (Multi-field, negative mSZ) |

T 4

Enhanced Curvature Perturbation at small scales
GW & PBH Production?




M =42x10"Mp |
fe =19 |
i = 0.15Mp
b=2x10"°
Amin = 4.11087 x 1076}

1. Near-Inflection Point

D.Y.Cheong, S. M. Lee, SCP JCAP 01 (2021) 032

| | | | | | | | |
0 10 20 30 40 50 60

« Valley structure : Inflaton rolls along the “minimum” D, U = 0 throughout inflation.

e 2nd plateau from the saddle point

» Ultra-slow-roll phase for about ANy¢» ~ O(10) efolds.
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1. Near-Inflection Point

din H : 0.01F
T 1
l1dlne ] 1074
T=57aN ¢ N\ .
0 o 6
L i S 10_ |
| 1R
f [
Ll 108
[ 10—10,
4
I 10-12 |
! ! ! Lo ! ! i ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 10 20 30 40 50 0.001 10.000 10° 109 1013 1017
N k

D.Y. Cheong, S. M. Lee, SCP JCAP 01 (2021) 032

USR phase induced by A(/)

Distinctive USR growth

Growing mode in %, P o x k*

o 2 . .

Pert. produce PBHs and GWs!
Induced by the running of A.

Small Scale




1. Near-Inflection Point

® Npin=015 * Apy =016 ¥ Apy, =017 A Ay, =0.18

D.Y.Cheong, S. M. Lee, SCP JCAP 01 (2021) 032

1 -
A
] ]
0.100 I 107
: 1 :
[ | .
: $ |-
S 0.010 i = 10714}
any : : N —
S ¥ | B
0.001 1 < 10-16
a1 | = 10
S— 1 1 E
J 1
10~
15 i 107
[ [ | I
I 1 | |
10—5 [ | | - 0 ! ! | ! | L \ ‘ ‘
10-17 10-12 10-7 0.01 1000.00 0.94
MPBH[MG)
| — BBO
1074 7 | — CE
- | Preliminar - DECIGO
10-7 t y / — EPTA
; | — ET
O 10-10 | — HLWK
oL | — IPTA
10‘13 7 — LISA
, | — NANOGrav
10—16 : — PPTA
ﬁ / — SKA
10~4 0.01 1 100

PBHs compatible for a suitable
amount of DM.

Slight tension due to the
prolonged USR.

LISA, DECIGO, CE, ET available
to probe wider parameter range
compared to PBHs.



Tachyonic Instability

Apparently, this is not the end of the %
phenomenology the critical Higgs—R2 GINB

inflation can exhibit. THAT COULD

vyWatty Piper

with new art by

Critical Higgs-R2 inflation can exhibit
turns in the trajectory.

Inflaton climbs the hill at s = 0, leading
to tachyonic perturbation growth!
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Perturbed action in second order

Perturbed action up to second order in the comoving gauge S ) = Jdtd%ci” 2)

2 2
o misoQis0>

g Uiso ;
77” E_H_d,;/]J‘E T ,HZHﬂJ_.

Slow roll parameters : € = —

H2  2M3H?

Unit vectors : €4 = ¢%/6, e L €4, 6% = (G,,d*P").

SO

2 — P 2172 ab
Isocurvature mass : m;,, = U, — 6+ eH"M;R ,G

with U, = e e V,V,U and R, being the Ricci scalar of the field space metric
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Perturbation equations

H
Redefining £ = —0Q,, S =—0,,,, the perturbation equations yield
G G

m? < 0 leads to tachyonic growth of O

. 1SO .
In the trajectory.

then gets sourced to Q_ through turns

1SO ’

IAYY SO

Y P
Negative m? at the “hill” of the potential at s = 0, m? =~ — 3M2M2§ ]l —e \/;Mp
P
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3.2

ajectory :-=
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1

Perturbations

n

50 \/\"

40 az 44 46
N

43

20

o2

— g

~— 100Log;y &

2
He

50

52

54

43

— Pr
_PS

Temporal mfm < 0 stage

Turn rates transfer perturbations

Tachyonic growth in both
Isocurvature and curvature
perturbations.



R

£ Rapid growth in the curvature power § }
§ spectrum compared to USR cases |

Perturbations and GWs, an Example

107° |
1070
10~/
1078
1072
o0

10-11}

{m, = 171.061 GeV, m, = 125.38 GeV /\

1E=3.298, M =145%x10"M, :

0.01 100.00 106 1010 1014 1018
k(Mpc™h

P

1070



Perturbations and GWs, an Example

2 ‘
B2y Lo * |
4 jm, = 171.061 GeV, m;, = 125.38 GeV
1077 < .
1 0_7 - Distinctive features in the R
: stochastic GW background unique
] to the tachyonic growth case,
1 O— 1 O | - ]
i — BBO
i — CE |
— DECIGO
10~ 13 | — EPTA
i — ET
7 — HLVK
— IPTA
10~ 16} - : / LISA
Preliminar
: ‘ — PPTA
— SKA
1 O— 1 9 w ! \ ! ! \ ! ! ‘

10~/ 10~4 0.1 100

——— £=3.2981,M = 1.45x10"°M,  -------- § =3.298, M = 1.45x1075M,



Summary

. Higgs-R2 (or equivalently Higgs-Scalaron) with m, < M/ is a unitary theory

upto A ~ O

» provides successful inflation with n, ~ 0.962, r ~ 0.003

« The potential V(s, i) allows
* inflection point for USR near criticality (£ = O(10))
* valley + hill for Tachyonic instabilty (£ ~ O(1))

* note A(u;) << A(Ugy) due to RG running

* Both support enhancement in curvature and/or isocurvature perturbation =>
leads to PBH & GW production

 PBH can be the whole dark matter. GW can be subject to be observed in the
future experiments.
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