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This talk is based on 
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• An EFT model based on the SM Higgs field & Gravity with 
 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. 


•  With the RG running effects, the model looks natural (  
during inflation) and perturbatively unitary with a high cutoff scale 

  thanks to the scalaron  associated with . 


• 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.


• 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.

R + ξH†HR + R2 + ⋯

λ/ξ2 ∼ 10−10

Λ ∼ 𝒪 (M2
P /ξ2m2

s ) MP > MP s R2

Higgs-R2 model



The Higgs in the SM

H ∼ ( G+

(v+h+G0)/ 2)vev

Goldstone

Goldstonephysical

( ) 1,2, 1
2

SU(3) × SU(2) × U(1)
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An elementary scalar uniquely observed in nature   



The potential 

VHiggs = λ( |H |2 − v2/2)2
|H |2 =

(v + h)2

2

=
λ
4

h4 + λvh3 + λv2h2
λhhh

The most general, gauge invariant, renormalizable potential
includes two free parameters (λ, v)
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In unitary gaugeH ∼ ( G+

(v+h+G0)/ 2)

v = 1/ 2G = 246.22 GeV

λ =
m2

h

2v2
=

1252

2 × 2462
≈

1
8



The SM Higgs potential

VHiggs ≃
1
32

h4 +
246 GeV

8
h3 +

1
2

(125 GeV)2h2

MeasuredPredictedPredicted
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a linear relation 
mψ, mZ ∝ ⟨H⟩

Beautifully confirmed 
by the LHC!

The Higgs is responsible for

-masses of elementary particles
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Global shape of Higgs potential

• Taking RG running of , and 
also higher order operators, 




• 1 : the unique EW vacuum


• 2” : inflection point


• 2, 2’ : 2nd dS vacuum at UV


• 3 : 2nd vacuum with AdS

λ
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Festina-Lente bound

• To check the consistency of the 
theory, it is useful to consider 
the decay of charged BH in dS 
space


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


• By Hawking radiation/ 
Schwinger process, BH decays 
and remains naked singularity 
unless  for a 
charged particle in the theory. 


m4
q > 8παq2V

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

Q =
G (gQr)

4πℓdS

M =
GMr

ℓ2
dS

“lukewarm line”
Q = M

rh = ℓdS

Schwarzschild-dS 

neutral Nariai

cold

ultracold

RNdS

de Sitter
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Higgs + gravity + c.c. (1)




• The EW vacuum (where we 
reside in) is consistent with FL 
bound with a tiny CC


• FL bound:  




• well consistent with the 
observed value 

S = ∫ d4x −g [ M2
P

2
(R+2Λcc)+ℒHiggs]

Λcc ≤
Gm4

e

α
∼ 10−90M2

P

Λobs
cc ≃ 2.8 × 10−122M2

P
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Higgs + gravity + c.c. (1’)
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• In SM,  therefore, 
we can learn about  
taking the electron mass into 
account! 



S.M.Lee, D.Y.Cheong, S.C.Hyun, SCP, M.-S.Seo  


2111.04010, JHEP accepted


mq = yq⟨H⟩
V(H)



Higgs + gravity + c.c. (2)




• Note  ,  


• 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 . 


• Higher order terms e.g.  are often neglected but 
could be important when we consider high scale physics

S = ∫ d4x −g [ M2
P+2ξH†H

2
(R + 2Λcc)+

M2
P

12M2
R2 + ℒHiggs]

[ξH†H] = Mass2 [R2] = Mass4

ξ′￼H†H(GB)

R3 + R4 + ⋯
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NM-inflation

slow-roll inflation with nm-coupling in Jordan frame

In Einstein frame:

SCP,  S. Yamaguchi (2007)

Condition for large field inflation:
∂ϕK > 0, ∂ϕV > 0

non-minimal coupling

Weyl transformation:
R → e−2ω(RE − 2(D − 1)∇2ω − (D − 2)(D − 1)(∂ω)2)
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NM-inflation with monomial functions, 
V ∼ h2m, K ∼ hm

1 2 3 4

0.5

1.0

1.5

2.0

m = 1

m = 2

m = 3

m = 4
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SCP, Yamaguchi (2007)

: Higgs inflation
Bezrukov-Shaposhnikov(2007)



Predictions of NM-inflation
SCP-Yamaguchi (2007)
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'Best fit model’ of the  Planck data 

Y. Akrami et.al [Planck Collaboration] (2018)
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 with nm couplingR2 ↔ λϕ4

SStarobinski = ∫ d4x −g
1
2 (M2

PR +
ξ2

4λ
R2)

SHiggs = ∫ d4x −g [ 1
2 (M2

P + ξϕ2) R +
1
2

(∂ϕ)2 −
λ
4

ϕ4]
unimportant during slow-roll

δϕ : ξϕR − λϕ3 = 0 ⇒ ϕ2 =
ξR
λ

Starobinsky (1980) 

Equivalence of Starobinsky & Higgs
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In general, 

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

The theory  is equivalent 


to a scalar + gravity theory


   

S = ∫ d4x −g f(R)

S = ∫ d4x −g [f(ϕ) + f′￼(ϕ)(R − ϕ)]
δϕ : f′￼′￼(ϕ)(R − ϕ) = 0 R = ϕ

V(ϕ) = f′￼(ϕ)ϕ − f(ϕ)

K(ϕ) = f′￼(ϕ)
f(R)
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see Masahide’s talk yesterday

note: 

potential
nm term

‘Trick’ for f(R)



A fine tuning problem ?

λ
4ξ2

∼ 10−10

To fit δT
T

∼
U3/2

HU′￼

∼ 10−5

Q. Why so small?

or 
U
ϵ

∼ (0.027MP)4 (COBE)

we need
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RG running of  λ

dλ
d log μ

=

< 0 ==> weaker at higher energies!!

Simone, Hertzberg, Wilczek ( PLB 2009), Hamada, Kawai, Oda, SCP ( PRL 2014)
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RG running of λ
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Higgs Self Coupling Running

Mt = 171.2� 173.2GeV
<latexit sha1_base64="3/HS8pmuF8fqEv6QQKZ3EzsWHSo=">AAACHnicbVDJSgNBEO1xjXEb9eilMQgeNMxEIV6EoAe9CBHMAkkIPZ1K0qRnobtGDEOufocf4FU/wZt41S/wN+wsB5P4oOnHe1VU1fMiKTQ6zre1sLi0vLKaWkuvb2xubds7u2UdxopDiYcyVFWPaZAigBIKlFCNFDDfk1DxeldDv/IASoswuMd+BA2fdQLRFpyhkZo2vW0ivaBu3s3m6In5T7O5+jGtIzxicg3lQdPOOFlnBDpP3AnJkAmKTfun3gp57EOAXDKta64TYSNhCgWXMEjXYw0R4z3WgZqhAfNBN5LRJQN6aJQWbYfKvADpSP3bkTBf677vmUqfYVfPekPxP68WY/u8kYggihECPh7UjiXFkA5joS2hgKPsG8K4EmZXyrtMMY4mvKkp2hzVhdYgbZJxZ3OYJ+Vc1jWZ3p1lCpeTjFJknxyQI+KSPCmQG1IkJcLJE3khr+TNerberQ/rc1y6YE169sgUrK9faAGfiQ==</latexit>

βλ

Higgs Criticality!

λ ≈ 0 ≈ λ′￼

Hamada, Kawai, Oda, SCP ( PRL 2014)
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Near criticality 
λ(μcrit) ≪ λ(μEW) ∼

1
8

λ
ξ2

μcrit

≪
λ
ξ2

μEW

 
fits the data!

ξ ∼ 𝒪(10 − 100), λ(μcrit) ∼ 𝒪(10−8 − 10−6)

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-TOP-19-007 ; CERN-EP-2019-189

consistent 
with the

critical 
Higgs
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Clockwork
SCP, C.S Shin EPJC (2019)

SJ = ∫ d4x −g ( M2
P

2
(1 + K(ϕ))R −

1
2 ∑

i

(∂ϕi)2 − VCW − Vinf)
K =

N+1

∑
i=1

ξiϕ2
i VCW =

N

∑
i=1

m2

2
(ϕi+1 − qϕi)2

ξi ∼ 1 q ∼ 1no fine-tuning here

Vinf =
λ
4

ϕ4
1

this breaks the CW shift symmetry
δϕi : ϕi+1 ∼ qϕi ⇒ ϕN+1 ∼ qϕN ∼ q2ϕN1

⋯ ∼ qNϕ1

λeff ∼
λ

q4N
∼

λ
1010

≪ 1

ϕ1 ∼
1

qN
ϕ(0)zero mode as inflaton

CW structure:
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close look at the action 

S = ∫ d4x −g [ M2
P+2ξH†H

2
(R + 2Λcc)+

M2
P

12M2
R2 + ℒHiggs]

The model is   type equivalent to  a  theory!  f(R, h) (R, h, s)



(h, R) ∼ (h, χ)

‘Trick’ for f(R)

New NM coupling

New scalar potential
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 in Einstein frame(h, χ) ∼ (h, s)
New NM coupling

s: scalaron

Weyl

(Higgs- ) is equivalent to (Higgs-Scalaron)! R2
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Perturbative cutoff of Higgs-R2

expand

around (0,0)

Λ ∼ 𝒪 ( M2
P

ξ2m2
s ) MP

28

cutoff scale of 

Higgs-  theoryR2



more explicitly…

Λ ∼ 𝒪 ( M2
P

ξ2m2
s ) MP
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scalaron  unitarize the theory

(Just as the Higgs does for the SM)

(s)

Λ ∼ 𝒪 ( M2
P

ξ2m2
s ) MP > MP

MP /ξ > ms

Therefore, we take Higgs-R2 theory as a natural setup

to UV complete the Higgs inflation model.
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MODEL: Higgs-R2 

3 parameters: (M, ξ, λ)
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Running Parameters (M, ξ, λ)
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�

Higgs Self Coupling - Scalaron Running

Mt = 171.3GeV,M = 2⇥ 10�4, ⇠ = 1100
<latexit sha1_base64="1/IW3tXuee/TUXoRUT5iUtqfCAQ="></latexit>

�� =
1

16⇡2

2⇠2 (1 + 6⇠)2

M4
P

M4

<latexit sha1_base64="RiLPjQpXgukS7bOjrKIQgvY5XqI="></latexit>

�
<latexit sha1_base64="wEVhhUzaPpcfiD3diCJRq+6Q9VI=">AAACAnicbVDLSsNAFL2pr1pfVZdugkVwVZIq6EoKblxWsA9oQ5lMbtqxk0mYmQgldOcHuNVPcCdu/RG/wN9w2mZhWw9cOJxzL/fe4yecKe0431ZhbX1jc6u4XdrZ3ds/KB8etVScSopNGvNYdnyikDOBTc00x04ikUQ+x7Y/up367SeUisXiQY8T9CIyECxklGgjtXoBck365YpTdWawV4mbkwrkaPTLP70gpmmEQlNOlOq6TqK9jEjNKMdJqZcqTAgdkQF2DRUkQuVls2sn9plRAjuMpSmh7Zn6dyIjkVLjyDedEdFDtexNxf+8bqrDay9jIkk1CjpfFKbc1rE9fd0OmESq+dgQQiUzt9p0SCSh2gS0sEWZp4YYTEomGXc5h1XSqlXdi2rt/rJSv8kzKsIJnMI5uHAFdbiDBjSBwiO8wCu8Wc/Wu/Vhfc5bC1Y+cwwLsL5+AY0wl/U=</latexit>

D.Gorbunov, A.Tokareva
Phys.Lett. B788 (2019) 37-41

α =
M2

P

12M2

NM coupling

Higgs self coupling

32

scalaron mass



Inflaton potential

Benchmark Parameters 

0 2 4 6 8
0.0

0.2

0.4

0.6

0.8

1.0
Critical Higgs - R2 Inflation

s
<latexit sha1_base64="9TN3/Brm71Mylzo/zfgGh7slO0I=">AAAB/XicbVDJSgNBEK2JW4xb1KOXxiB4CjMu6DHoxWMCZoFkCD09NUmTnoXuHiEMwQ/wqp/gTbz6LX6Bv2EnmYNJfFDweK+KqnpeIrjStv1tFdbWNza3itulnd29/YPy4VFLxalk2GSxiGXHowoFj7CpuRbYSSTS0BPY9kb3U7/9hFLxOHrU4wTdkA4iHnBGtZEaql+u2FV7BrJKnJxUIEe9X/7p+TFLQ4w0E1SprmMn2s2o1JwJnJR6qcKEshEdYNfQiIao3Gx26IScGcUnQSxNRZrM1L8TGQ2VGoee6QypHqplbyr+53VTHdy6GY+SVGPE5ouCVBAdk+nXxOcSmRZjQyiT3NxK2JBKyrTJZmGLMk8N0Z+UTDLOcg6rpHVRdS6r142rSu0uz6gIJ3AK5+DADdTgAerQBAYIL/AKb9az9W59WJ/z1oKVzxzDAqyvX7Mbldc=</latexit>

h
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M = 4.2⇥ 10�5MP , ⇠ = 79, �min = 4.10514⇥ 10�6, �2 = 0.5, hmin = 0.15
<latexit sha1_base64="Uh7JlHEC8mI3bOvQ2ZbPBdc+tFM="></latexit>

Two plateaus!

33

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



PBH DM

Figure from 1807.11495

Windows for PBH

Q. Can we have PBH here?
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Critical Higgs-  inflation 
R2

1. Near Inflection Point 

(Effective single field, USR)


2. Tachyonic instability

(Multi-field, negative )
m2

s

U(s, h) = e−2 2
3

s
MP

3
4

M2
PM2 (e

2
3

s
MP − 1 −

ξh2

M2
P )

2

+
λ(h)

4
h4

Enhanced Curvature Perturbation at small scales

GW & PBH Production?

35
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1. Near-Inflection Point

• Valley structure :  Inflaton rolls along the “minimum”  throughout inflation.


• 2nd plateau from the saddle point 


• Ultra-slow-roll phase for about  efolds.

DhU = 0

ΔNUSR ∼ O(10)

0 10 20 30 40 50 60
0

2

4

6

8

Fi
el
d
V
al
ue
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hmin = 0.15MP
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1. Near-Inflection Point
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USR phase induced by 


Growing mode in  

λ(h)

ℛk

Distinctive USR growth 


𝒫ℛ ∝ k4

Small Scale Pert. produce PBHs and GWs! 

Induced by the running of .λ37
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1. Near-Inflection Point

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

PBHs compatible for a suitable 
amount of DM.


Slight tension due to the 
prolonged USR.

Preliminary
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Tachyonic Instability

Apparently, this is not the end of the 
phenomenology the critical Higgs-  
inflation can exhibit. 


Critical Higgs-  inflation can exhibit 
turns in the trajectory.


Inflaton climbs the hill at , leading 
to tachyonic perturbation growth!

R2

R2

s = 0
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Perturbed action in second order
Perturbed action up to second order in the comoving gauge S(2) = ∫ dtd3xℒ(2)

ℒ(2) = a3 [M2
Pϵ ( ·ℛ2 −

(∂ℛ)2

a2 ) + 2 ·ση⊥
·ℛQiso +

1
2 ( ·Q2

iso −
(∂Qs)2

a2
− m2

isoQ
2
iso)]

Slow roll parameters : , ,  , ϵ ≡ −
·H

H2
=

·σ2

2M2
PH2

η∥ ≡ −
··σ

H ·σ
η⊥ ≡

Uiso
·σH

·θ = Hη⊥ .

Unit vectors : , , . ea
σ ≡ ·ϕa/ ·σ ea

iso ⊥ ea
σ

·σ2 ≡ (Gab
·ϕa ·ϕb)

Isocurvature mass : 


with  and  being the Ricci scalar of the field space metric 

m2
iso = Uss − ·θ2 + ϵH2M2

PℝabGab

Uss ≡ ea
isoe

b
iso ∇a ∇bU ℝab
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Perturbation equations
Redefining , the perturbation equations yieldℛ =

H
·σ

Qσ , S =
H
·σ

Qiso

··Qσ + 3H ·Qσ + ( k2

a2
+ m2

σ) Qσ = ·(2Hη⊥Qiso) − (
·H

H
+

Uσ

U ) 2Hη⊥Qiso

··Qiso + 3H ·Qiso + ( k2

a2
+ m2

iso) Qiso = − 2 ·ση⊥
·ℛ

 leads to tachyonic growth of  , then gets sourced to  through turns 
in the trajectory. 
m2

iso < 0 Qiso Qσ

Negative  at the “hill” of the potential at , m2
iso s = 0 m2

iso ≃ − 3M2
PM2ξ (1 − e− 2

3
s

MP )
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Trajectory

Valley structure
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Perturbations

Temporal  stage


Turn rates transfer perturbations

m2
iso < 0

Tachyonic growth in both 
isocurvature and curvature 
perturbations.
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Perturbations and GWs, an Example
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𝒫ℛ

Rapid growth in the curvature power 
spectrum compared to USR cases

 GeV,  GeV

, 

mt = 171.061 mh = 125.38
ξ = 3.298 M = 1.45 × 10−5MP

Compatible 
parameters with 
current CMB, LHC
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Perturbations and GWs, an Example
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 GeV,  GeVmt = 171.061 mh = 125.38

Distinctive features in the 
stochastic GW background unique 
to the tachyonic growth case, 

Preliminary


NG(2020)

h2ΩGW
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• Higgs-  (or equivalently Higgs-Scalaron) with  is a unitary theory 

up to 


• provides successful inflation with 


• The potential  allows 


inflection point for USR near criticality ( )


valley + hill for Tachyonic instabilty ( )


note  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.

R2 ms < MP /ξ

Λ ∼ 𝒪 ( M2
P

ξ2m2
s ) MP

ns ≃ 0.962, r ∼ 0.003

V(s, h)

ξ ≳ O(10)

ξ ∼ O(1)

λ(μi) ≪ λ(μEW)

Summary
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