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Hot big bang
- Universe started from a hot and dense state then cooled down by expansion


- BBN & CMB (observationally confirmed)
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Initial conditions 
 for Hot big bang

-Flat, homogeneous &  isotropic Universe

-No exotics such as monopoles


-Need seed for structures
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Inflation
-The period of Exponential expansion 


-(size after inflation) /(size before inflation)  ∼ e60
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• FRW Metric  


• Scale factor determines Physical length 


•  for expanding universe


• Friedmann eq. :     


•  a local patch with larger 
energy density grows faster and becomes larger

ds2 = − dt2 + a(t)2d ⃗x 2

Δℓ = a(t)Δr

·a > 0

H(t)2 = (
·a
a )

2

=
8πG

3
ρ

ρ1 > ρ2 → H1 > H2 → ℓ1 > ℓ2

Expanding Universe
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Chaotic inflation [Linde, 1983] 
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Money earns more money…11



•    : Friedmann equation


•  ,   => sol.   


•    “60-efolds” for successful inflation

H(t)2 = (
·a
a )

2

=
8πG

3
ρ

ρ = const H = const a(t) = a(t0)eH(t−t0)

a(tend)
a(tini)

= eH(t−t0) ∼ e60

Exponential Expansion 
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• A scalar field (=inflaton) having a flat potential 


•  ρ =
1
2

·ϕ2 + V(ϕ) ≈ V(ϕ) ≈ const .

Particle Physics modeling

observables e.g. ns, r, fNL, ⋯cosmological perturbation 
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• old


• new


• chaotic


• natural


• blah


• blah blah


• Higgs-  inflationR2

Many models
Guth, Linde, Sato, Starobinsky

n 1980

n 2020
≫

n 1980

“inflation in theory space”
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• The only observed scalar (probably elementary but composite is not ruled out)


•     


• Her properties have been well measured (only 2 parameters in potential)


 


,  

H ∼ ( G+

(v+h+G0)/ 2) (1SU(3) ⊗ 2SU(2)L)1
2

V(H) ≈ λ (H†H − v2/2)2

v = 1/ 2GF = 246.22 GeV λ =
m2

h

2v2
=

1252

2 × 2462
≈

1
8

A special choice: Higgs inflation
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The SM Higgs potential

VHiggs ≃
1
32

h4 +
246 GeV

8
h3 +

1
2

(125 GeV)2h2

MeasuredPredictedPredicted
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(Future colliders)



a linear relation

mψ, mZ ∝ ⟨H⟩

Beautifully confirmed 
by the LHC!

The Higgs is responsible for

-masses of elementary particles
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coupling

The SM Higgs potential



'Best fit model’ of the  Planck data 

Y. Akrami et.al [Planck Collaboration] (2018)
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Higgs inflation



well motivated & observationally 
preferred

certainly worth looking into details!
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Higgs inflation
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Non-minimal coupling ( )∋ Higgs inflation
SCP,  S. Yamaguchi (2007)

non-minimal coupling (general Kahler)
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-Jordan frame action is not canonically normalized

-  

e.g. 


or  or many possibilities

[K(ϕ)] = Mass2

K(ϕ) = M2
P(ϕ/MP)2+n

K(ϕ) = M2(1 − cos(ϕ/M))



Weyl transformation : 

Jordan frame -> Einstein frame

The potential in Einstein frame

SCP,  S. Yamaguchi (2007)

Condition for 'flat' potential: ∂ϕK > 0, ∂ϕV > 0

Weyl:

R → e−2ω(RE − 2(D − 1)∇2ω − (D − 2)(D − 1)(∂ω)2)
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V ∼ ϕ2m, K ∼ ϕm
ex) 



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



Predictions of NM-inflation
SCP-Yamaguchi (2007)
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Well consistent with Planck data!

Higgs

Planck + BICEP/KECK



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) 
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Starobinsky & nm theory are equivalent

EOM for auxiliary field

n=2

 for Planck normalization    
ξ2

λ
∼ 1010 δT/T ∼ 10−5

**will discuss this issue later



'Best fit model’ of the  Planck data 

Y. Akrami et.al [Planck Collaboration] (2018)
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Higgs inflation

 for Planck normalization    
ξ2

λ
∼ 1010 δT/T ∼ 10−5

**will discuss this issue later



some useful tricks 
for f(R)

(ex) Starobinsky:  f(R) = R + βR2
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Before going into further details, I want to introduce  



Claim#1 : A   gravity theory is equivalent to a non-minimally coupled 
gravity + non-dynamical scalar theory. 

f(R)

(proof) Explicitly,  


 . 


“Trick” : Take  as an auxiliary field. Eq. of motion by varying  is
. It leads 

to the original action. (Q.E.D.) 


(NOTE)


  where .

S =
1
2 ∫ d4x −g f(R) ∼

1
2 ∫ d4x −g [f(ϕ) + f′￼(ϕ)(R − ϕ)]

ϕ δϕ
δℒ = f′￼δϕ + f′￼′￼(ϕ)(R − ϕ)δϕ − f′￼(ϕ)δϕ ∝ − f′￼′￼(ϕ)(R − ϕ) = 0 ∴ R = ϕ

S ≡ ∫ d4x −g [ 1
2

Ω2(ϕ)R − V(ϕ)] Ω2(ϕ) = f′￼(ϕ), V(ϕ) =
1
2 (ϕf′￼(ϕ) − f(ϕ))
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The theory looks



Claim #2 A non-minimally coupled gravity + scalar theory is equivalent to 
Einstein gravity + scalar theory

(proof)


   is Weyl-transformed 

 to  


with      dynamical field = scalaron


Potential in Einstein frame: 

S = ∫ d4x −g [ 1
2

Ω2(ϕ)R − V(ϕ)]
gEμν = Ω2(ϕ)gμν SE = ∫ d4 −gE [ 1

2
RE− 1

2 gμν
E ∂μs∂νs − VE(s)]

s ≡
3
2

ln Ω2 =
3
2

ln f′￼(ϕ)
ϕ=ϕ(s)

VE(s) =
V(ϕ(s))
Ω4(ϕ(s))

=
ϕf′￼− f
2( f′￼)2

ϕ=ϕ(s)
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Claim #1 + Claim #2

=>  equivalent to (Einstein+ scalar)f(R)




  and  

S =
1
2 ∫ d4x −g f(R) ∼ SE = ∫ d4 −gE [ 1

2
RE− 1

2 gμν
E ∂μs∂νs − VE(s)]

s ≡
3
2

ln Ω2 =
3
2

ln f′￼(ϕ)
ϕ=ϕ(s)

VE(s) =
V(ϕ(s))
Ω4(ϕ(s))

=
ϕf′￼− f
2( f′￼)2

ϕ=ϕ(s)
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(ex)  f(R) = R +
β
2

R2




 and set   

(scalaron mass)


 

or 


MP ≡
1

8πG
= 1

[R] ∼ L−2 ∼ M2 β
2

=
1

6m2
s

s =
3
2

ln f′￼(ϕ)
ϕ=ϕ(s)

=
3
2

ln(1 + βϕ)

ϕ =
1
β [e 2/3s − 1]

VE(s) =
V(ϕ(s))
Ω4(ϕ(s))

=
ϕf′￼− f
2( f′￼)2

ϕ=ϕ(s)

=
βϕ2(s)

4 (1 + βϕ(s))2 =
1

4β (1 − e− 2/3s)
2

Starobinsky (1980)

1
4β

=
3m2

S

2M2
P

∼ 10−10
[COBE]

ms ∼ 10−5MP
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(ex) , f(R) = R +
β
2

R2 +
γ
3

R3 γ ≪ 1

With a small , the potential is 
modified as





where 

 is 

for  with 

γ

VE(s) = V0(s)[1 −
2
3

γ
β ( σ(s) − 1

β ) + ⋯]

V0(s) =
1

4β (1 −
1

σ(s) )
2

γ = 0 σ(s) = e 2/3s

δ = γ/β2

D. Y. Cheong, H. M. Lee and SCP, 
2002.07981 (PLB)

<- large positive δ

large negative  ->δ
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The gauge invariant action for the Higgs 

inflation here

50 100 150 200 250 300 350

2×108

4×108

6×108

8×108

EWSB here

Bezrukov-Shaposhnikov(2007)
SCP, Yamaguchi (2007)

SHiggs = ∫ d4x −g [ 1
2 (M2

P + 2ξ |H |2 ) R + |DμH |2 − λH( |H |2 − v2/2)2]

33

V ∼
λ
4

M4
P(1 − ⋯)

V ∼ λ( |H |2 − v2/2)2



Planck normalization 

λ
4ξ2

∼ 10−10

Q. Why so small?

1. : Bezrukov & Shaposhnikov (2007) not realistic & theoretically problematic


2.  :  Hamada, Kawai, Oda, SCP PRL (2014) critical Higgs 

ξ ≫ 1,λ ∼ 1

ξ ∼ 1, λ ≪ 1

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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Higgs criticality! 

consistent with the current particle physics measurements

λ ≈ 0 ≈ λ′￼

10-14 10-11 10-8 10-5 10-2

0.00

0.05

0.10

Higgs field value inMp

se
lf
co
up
lin
g

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
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see A. Strumia’s talk



Near criticality 

λ(μcrit) ≪ λ(μEW) ∼
1
8

λ
ξ2

μcrit

≪
λ
ξ2

μEW

fits the Planck data!

Y. Hamada, H. Kawai, K.-y. Oda, SCP PRL (2014), PRD(2015)
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∼ 10−10



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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Finally,  Higgs + R2




•  ,  : both terms are 
consistent with the gauge symmetries and Lorentz 
symmetry therefore natural in EFT 


•  radiatively induced at loop levels


• cut-off  > Planck! with 


(details later..) 

S = ∫ d4x −g [ M2
P+2ξH†H

2
(R + 2Λcc)+

M2
P

12m2
S

R2 + ℒHiggs]
[ξH†H] = Mass2 [R2] = Mass4

ΛHiggs+R2 ∼ 𝒪 ( M2
P

ξ2m2
s ) MP ms < MP /ξ
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(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)

ΛHiggs+R2 ∼ 𝒪 ( M2
P

ξ2m2
s ) MP
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more explicitly…

Λ ∼ 𝒪 ( M2
P

ξ2m2
s ) MP
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scalaron  unitarizes 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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(cf) Without s,     => problematic when ΛHiggs ∼
MP

ξ
or

MP

ξ
ξ ≫ 1

Espinosa (2009), Burgess (2010) 



Running Parameters (M, ξ, λ)

10-14 10-11 10-8 10-5 10-2

0.00

0.02

0.04

0.06

0.08

0.10

0.12

MP

λ

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

45

scalaron mass



Phenomenology of 
Higgs-  inflationR2

Q. theory is given, what do you want to know? 
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Evolution in Higgs-  inflation R2

1. Near Inflection Point 

(Effective single field, USR)


2. Tachyonic instability

(Multi-field, negative )
m2

s

Enhanced Curvature Perturbation at small scales

GW & PBH Production 


==> see Dhong Yeon Cheong’s talk 
47

D. Y. Cheong, S. M. Lee, SCP JCAP 01 (2021) 032 D. Y. Cheong, K. Kohri, SCP 2205.14813 

https://arxiv.org/abs/2205.14813


PBH as whole Dark Matter

D. Y. Cheong, S. M. Lee, SCP JCAP 01 (2021) 032
D. Y. Cheong, K. Kohri, SCP 2205.14813 

+GWs
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window here! (no BSM?)

https://arxiv.org/abs/2205.14813


• Potential is given => dynamical evolution of inflation => (tachyonic 
instability + oscillation + Higgs decay) ==> reheating




• Palatini formulation (Levi-Civita connection) gives different predictions

unlike other models, reheating is built-in in Higgs-  inflationR2

Reheating

He, Jinno, Kamada, SCP, Starobinsky, Yokoyama, PLB 791 (2019)   1812.10099

Cheong, Lee, SCP, JCAP 02 (2022) 2111.00825
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Lee, Oda, SCP JHEP 03 (2021) , 2010.07563

Leptogenesis

Lepton number violation

Rapid moving at

the end of inflation


(spontaneous CPT violation)

==> Spontaneous Leptogenesis50

https://arxiv.org/abs/2010.07563


• An EFT model based on the SM Higgs field & Gravity 
 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 is natural (  
during inflation) and unitary with a high cutoff scale 

  thanks to the scalaron  associated 
with . 


• PBH dark matter, GW, leptogenesis, reheating … 
phenomenological studies are actively on-going


• 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.

ℒ/ g ∋ R + ξH†HR + R2 − λ(H†H)2 + ⋯

λ/ξ2 ∼ 10−10

Λ ∼ 𝒪 (M2
P /ξ2m2

s ) MP > MP s
R2

Conclusion
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