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Cosmic Inflation: 
explains origin of the structures in our universe



Standard Cosmology ＋ Inflation as an initial condition: 

strongly supported by observations such as CMB 

→ precision test of inflationary models!

Planck 2015

Cosmic Microwave Backgrounds
by Planck

We are in the Era of Precision Cosmology!



energy scale of inflation: H ≲ 1014 GeV



Inflation = 10  GeV collider!14

Inflation GUT scale Planck scale
⇠ 1016GeV ⇠ 1018GeV

String scale
⇠ 1015GeVH . 1014GeV

10TeV = 104GeVLHC ～



Q. How to probe new particles?



Main messages: 

A. Inflationary scale ～ 10  GeV 
 ※ to be tested by CMB B-mode observations in 2020’s 

B. non-Gaussianities ＝ particle scattering 
 ※ analogy w/particle collider, probable energy scale, …

14
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1. Symmetry of Inflation



reality, inflation ends at some finite time, and the approximation (60) although valid at early times,
breaks down near the end of inflation. So the surface ⇥ = 0 is not the Big Bang, but the end of
inflation. The initial singularity has been pushed back arbitrarily far in conformal time ⇥ ⇤ 0, and
light cones can extend through the apparent Big Bang so that apparently disconnected points are
in causal contact. In other words, because of inflation, ‘there was more (conformal) time before
recombination than we thought’. This is summarized in the conformal diagram in Figure 9.

6 The Physics of Inflation

Inflation is a very unfamiliar physical phenomenon: within a fraction a second the universe grew
exponential at an accelerating rate. In Einstein gravity this requires a negative pressure source or
equivalently a nearly constant energy density. In this section we describe the physical conditions
under which this can arise.

6.1 Scalar Field Dynamics

reheating

Figure 10: Example of an inflaton potential. Acceleration occurs when the potential energy of
the field, V (⇤), dominates over its kinetic energy, 1

2 ⇤̇2. Inflation ends at ⇤end when the
kinetic energy has grown to become comparable to the potential energy, 1

2 ⇤̇2 ⇥ V . CMB
fluctuations are created by quantum fluctuations �⇤ about 60 e-folds before the end of
inflation. At reheating, the energy density of the inflaton is converted into radiation.

The simplest models of inflation involve a single scalar field ⇤, the inflaton. Here, we don’t
specify the physical nature of the field ⇤, but simply use it as an order parameter (or clock) to
parameterize the time-evolution of the inflationary energy density. The dynamics of a scalar field
(minimally) coupled to gravity is governed by the action

S =
⇤

d4x
⌅
�g

�
1
2
R +

1
2
gµ⇥⇧µ⇤ ⇧⇥⇤� V (⇤)

⇥
= SEH + S⇤ . (61)

The action (61) is the sum of the gravitational Einstein-Hilbert action, SEH, and the action of a
scalar field with canonical kinetic term, S⇤. The potential V (⇤) describes the self-interactions of the
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slow-roll inflation

introduce an inflaton field     with L = �1
2
�µ��µ�� V (�)�

� =
�̇

�H
� 1� = � Ḣ

H2
� 1slow-roll condition:

※ approx. de Sitter is realized by the potential V (�)

ds2 = �dt2 + a(t)2d�x2

- FRW spacetime

H(t) =
ȧ

a
- Hubble parameter:

approx. de Sitter
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slow-roll inflation
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fluctuations of cosmic history

inflaton fluctuations

�� > 0：more time evolved

�� < 0：less time evolved
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� =
�̇

�H
� 1� = � Ḣ

H2
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※ approx. de Sitter is realized by the potential V (�)



inflaton fluctuations ＝ time fluctuations 
※ look like Nambu-Goldstone bosons



- inflaton vev   　　　　　　 spontaneously breaks 

time translational (diffs.) symmetry

h�(t, ~x)i = �̄(t)

�(t, ~x) = �̄(t+ ⇡(t, ~x))

- NG boson π may be introduced as 

                                  , �� ' ˙̄
�(t)⇡(t, ~x)

in fact



quantum fluctuations during inflation

※ origin of structure (ex. CMB temp. fluctuations)

gravitational system w/time translation

⇡
NG boson

�ij
graviton

these two always exist as light dof

model-dep. (generically heavy) dof 
ex. SUSY, extra dim, GUT, string

＋



as a consequence of symmetry  

- order parameter vs size of fluctuations 

- nonlinear rep. like chiral Lagrangian



1. Symmetry of Inflation 

2. Energy Scale of Inflation 

3. non-Gaussianities = 10   GeV collider 

4. Summary and Prospects

Contents

14

✔



2. Energy Scale of Inflation



Primordial 2pt functions



primordial 2pt functions

h⇣⇣i ' H2h⇡⇡i ⇠ H2

M2
Pl✏

NG boson 2pt function

※ slow-roll parameter    is  
 order parameter of symmetry

✏

h��i ⇠ H2

M2
Pl

graviton 2pt function

※ graviton directly probes 
    the scale of inflation!



primordial 2pt functions

h⇣⇣i ' H2h⇡⇡i ⇠ H2

M2
Pl✏

NG boson 2pt function

※ slow-roll parameter    is  
 order parameter of symmetry

✏

h��i ⇠ H2

M2
Pl

graviton 2pt function

※ graviton directly probes 
    the scale of inflation!

# graviton (primordial GW) has not been detected yet

- bound on tensor-to-scalar ratio              r ⇠ h��i
h⇣⇣i

r ' 16✏ < 0.07 (95%CL) by Planck + BICEP2/KECK

H = 3⇥ 1013 ⇥
⇣ r

0.01

⌘1/2
[GeV]- bound on inflation scale：



# scale dependence of NG boson 2pt function

spectral index: ns � 1 =
d lnh⇣⇣i
d ln k

ns � 1 ' �2✏� ⌘ = �0.0333± 0.0040 (68%CL)

by Planck + BICEP2/KECK + …

- 8 σ detection of deviation from de Sitter 

- slow-roll parameters are　 

- if                          ,

O(0.01)

✏ ⇠ ⌘ ⇠ O(0.01)

r ' 16✏ ⇠ O(0.1) H ⇠ 1014GeV,

r < 0.07 (95%CL)cf. current obs. bound

primordial 2pt functions



Planck Collaboration: Constraints on Inflation
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for ns and r at k = 0.002 Mpc�1 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/d ln k = 0.

limits obtained from a ⇤CDM-plus-tensor fit. We refer the inter-
ested reader to PCI15 for a concise description of the inflationary
models studied here and we limit ourselves here to a summary
of the main results of this analysis.

– The inflationary predictions (Mukhanov & Chibisov 1981;
Starobinsky 1983) originally computed for the R2 model
(Starobinsky 1980) to lowest order,

ns � 1 ' � 2
N
, r ' 12

N2 , (48)

are in good agreement with Planck 2018 data, confirm-
ing the previous 2013 and 2015 results. The 95 % CL al-
lowed range 49 < N⇤ < 58 is compatible with the R2 ba-
sic predictions N⇤ = 54, corresponding to Treh ⇠ 109 GeV
(Bezrukov & Gorbunov 2012). A higher reheating temper-
ature Treh ⇠ 1013 GeV, as predicted in Higgs inflation
(Bezrukov & Shaposhnikov 2008), is also compatible with
the Planck data.

– Monomial potentials (Linde 1983) V(�) = �M4
Pl (�/MPl)p

with p � 2 are strongly disfavoured with respect to the
R2 model. For these values the Bayesian evidence is worse
than in 2015 because of the smaller level of tensor modes
allowed by BK14. Models with p = 1 or p = 2/3
(Silverstein & Westphal 2008; McAllister et al. 2010, 2014)
are more compatible with the data.

– There are several mechanisms which could lower the pre-
dictions for the tensor-to-scalar ratio for a given potential
V(�) in single-field inflationary models. Important exam-
ples are a subluminal inflaton speed of sound due to a non-
standard kinetic term (Garriga & Mukhanov 1999), a non-
minimal coupling to gravity (Spokoiny 1984; Lucchin et al.

1986; Salopek et al. 1989; Fakir & Unruh 1990), or an ad-
ditional damping term for the inflaton due to dissipation in
other degrees of freedom, as in warm inflation (Berera 1995;
Bastero-Gil et al. 2016). In the following we report on the
constraints for a non-minimal coupling to gravity of the type
F(�)R with F(�) = M2

Pl + ⇠�
2. To be more specific, a quartic

potential, which would be excluded at high statistical signif-
icance for a minimally-coupled scalar inflaton as seen from
Table 5, can be reconciled with Planck and BK14 data for
⇠ > 0: we obtain a 95 % CL lower limit log10 ⇠ > �1.6 with
ln B = �1.6.

– Natural inflation (Freese et al. 1990; Adams et al. 1993) is
disfavoured by the Planck 2018 plus BK14 data with a Bayes
factor ln B = �4.2.

– Within the class of hilltop inflationary models
(Boubekeur & Lyth 2005) we find that a quartic poten-
tial provides a better fit than a quadratic one. In the quartic
case we find the 95 % CL lower limit log10(µ2/MPl) > 1.1.

– D-brane inflationary models (Kachru et al. 2003; Dvali et al.
2001; Garcı́a-Bellido et al. 2002) provide a good fit to
Planck and BK14 data for a large portion of their parame-
ter space.

– For the simple one parameter class of inflationary potentials
with exponential tails (Goncharov & Linde 1984; Stewart
1995; Dvali & Tye 1999; Burgess et al. 2002; Cicoli et al.
2009) we find ln B = �1.0.

– Planck 2018 data strongly disfavour the hybrid model driven
by logarithmic quantum corrections in spontaneously broken
supersymmetric (SUSY) theories (Dvali et al. 1994), with
ln B = �5.0.

18

typical tensor-to-scalar ratios
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future of primordial GW observation



LiteBIRD satellite

# all-sky CMB polarization survey

LiteBIRD衛星(概念図) 
(C) JAXA宇宙科学研究所

- primordial GW sources CMB B-mode 

- target sensitivity: 

- planned schedule: late 2020’s

Hubble scale H 
during inflation

1015GeV 1016GeV1014GeV1013GeV

GUT scale string scaler = 0.1r = 0.001

Δr ≲ 0.001
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3. non-Gaussianities = 10  GeV collider
14



CMB temperature fluctuations are Gaussian 

→ NG fluctuations are Gaussian (weakly coupled)

�T

T
⇠ 10�5



Primordial non-Gaussianities

non-Gaussianities: 
3pt and higher point correlations

⇡

⇡⇡

# inflation ＝ 10   GeV collider (Cosmological Collider) 

   non-Gaussianities directly prove interactions during inflation 

   → probe of new particles at a very high energy scale!! 
       [Chen-Wang ’10, Baumann-Green ’12, TN-Yamaguchi-Yokoyama ’13, ArkaniHamed-Maldacena ’15, …]
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# bounds on NG boson 3pt functions
FNL =

h⇡⇡⇡i
h⇡⇡i3/2

110�310�5

gravity (GR) excluded by Planckour window!

10�7

Large Scale Structure

21cm?

- we already know that they are weakly coupled 
- at least we have gravitational interactions 
- improvements by 2~3 order are expected

Primordial non-Gaussianities



# bounds on NG boson 3pt functions
FNL =

h⇡⇡⇡i
h⇡⇡i3/2

110�310�5

gravity (GR) excluded by Planckour window!

10�7

Large Scale Structure

21cm?

- we already know that they are weakly coupled 
- at least we have gravitational interactions 
- improvements by 2~3 order are expected

Primordial non-Gaussianities

fNL =
⟨ζζζ⟩
⟨ζζ⟩2

10�3 10



non-Gaussianities & particle spectrum 
(neglect graviton effects in the following)



# Lagrangian of NG boson

non-Gaussianities & particle spectrum

order parameter

L⇡ = M2
PlḢ(@µ⇡)

2 cf. chiral Lagrangian

L = �f2
⇡

2
tr
⇥
@µU@µU †⇤ �

U = ei⇡aT
a�

※ no self-interaction at the leading order in derivatives 

※ observable non-Gaussianities are only though 
     - interactions with other sectors 
     - higher derivative terms

→ clean channel to probe new particles!



ex. interactions with a massive scalar [TN-Yamaguchi-Yokoyama ’13]

⇡

⇡

⇡(@µ⇡)
2� ⇡̇�

NG boson 3pt function

L⇡ = M2
PlḢ(@µ⇡)

2

NG bosonπ

massive scalar σ

L� = �1

2
(@µ�)

2 � m2

2
�2 � V (�)

L
mix

= g
mix

�
⇥
�2⇡̇ + (@µ⇡)

2

⇤

nonlinear realization

non-Gaussianities & particle spectrum



in the rest of my talk … 

- how to detect new particles w/non-G 

- up to which scale we may explore



new particles @ collider



new particles @ collider

1

m2 � s

light particles → resonance

- non-analyticity @ 
- factorization of amplitudes

s ⇠ m2

heavy particles → effective int.

ex. W boson was predicted 
     from Fermi interaction

s ⌧ m2



analogy with resonance?



inflationary correlation functions

future boundary 
(end of inflation)

time
⌧ = 0

late time correlators  
 = initial conditions of standard cosmology

⟨πk1
(τ)πk2

(τ)πk3
(τ)⟩τ→0

ds2 =
1

H2

−dτ2 + dx2

τ2

π

π

π

σ

σ



inflationary correlation functions

future boundary 
(end of inflation)

time
⌧ = 0

late time correlators  
 = initial conditions of standard cosmology

⟨πk1
(τ)πk2

(τ)πk3
(τ)⟩τ→0

ds2 =
1

H2

−dτ2 + dx2

τ2

- conformal symmetry on future b.d.

- inflation breaks dS symmetry 
 special conf. is spontaneously broken

dS boundary

- analytic property is similar to CFT

π

π

π

σ

σ



inflationary correlation functions

late time correlators  
 = initial conditions of standard cosmology

⟨πk1
(τ)πk2

(τ)πk3
(τ)⟩τ→0

future boundary 
(end of inflation)

time
⌧ = 0

ds2 =
1

H2

−dτ2 + dx2

τ2

π

π

π

σ

σ - functions of 3D spatial momenta 
- approximate scale invariance 
  → functions of triangle shape

k1

k2

k3



A. analogue of resonance = soft limit



new particle σ

⇥⇠ k1k1k1

NG boson 3pt functions factorize in the squeezed limit

k2 ⇠ �k3

k3

|k1| ⌧ |k3|

squeezed limit configuration
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⇡
⇡



new particle σ

⇥⇠ k1k1k1

NG boson 3pt functions factorize in the squeezed limit

⇡

⇡
⇡

⇡

⇡
⇡

generically of the following form [TN-Yamaguchi-Yokoyama ’13]

k2 ⇠ �k3

k3

|k1| ⌧ |k3|

squeezed limit config.

⟨ζk1
ζk2

ζk3
⟩′�

⟨ζk1
ζ−k1

⟩′�⟨ζk3
ζ−k3

⟩′�
∝ e−πμ Im [(k1/k3)3/2+iμ ei phase] (μ = m2

H2 − 9
4 )

mass of the new particle!



new particle σ

⇥⇠ k1k1k1

NG boson 3pt functions factorize in the squeezed limit

⇡

⇡
⇡

⇡

⇡
⇡

generically of the following form [TN-Yamaguchi-Yokoyama ’13]

k2 ⇠ �k3

k3

|k1| ⌧ |k3|

squeezed limit config.

⟨ζk1
ζk2

ζk3
⟩′�

⟨ζk1
ζ−k1

⟩′�⟨ζk3
ζ−k3

⟩′�
∝ e−πμ (k1/k3)3/2sin [ μ ln(k1/k3) +  phase]

mass of the new particle!



new particle σ

⇥⇠ k1k1k1

NG boson 3pt functions factorize in the squeezed limit

⇡

⇡
⇡

⇡

⇡
⇡

generically of the following form [TN-Yamaguchi-Yokoyama ’13]

k2 ⇠ �k3

k3

|k1| ⌧ |k3|

squeezed limit config.

0.02 0.04 0.06 0.08 0.10

-0.4

-0.2

0.2

0.4

0.6

0.8 m = 4H (blue), 10H (red)

k1/k3

⟨ζk1
ζk2

ζk3
⟩′�

⟨ζk1
ζ−k1

⟩′�⟨ζk3
ζ−k3

⟩′�
∝ e−πμ (k1/k3)3/2sin [ μ ln(k1/k3) +  phase]

Boltzmann suppression: 
non-analytic signal is highly suppressed for m ≫ H



more generally, 
spin of new particle can be read off from angular dependence 

[Arkani Hamed-Maldacena ’15]

squeezed limit configuration

k2 ⇠ �k3

k3

|k1| ⌧ |k3|✓ / Ps(cos ✓) (s: spin of new particle)



GUT scale
⇠ 1016GeV

string scale
⇠ 1015GeV

inflation scale
H . 1014GeV

probe with soft limit!



effective interactions



non-Gaussianities from heavy fields

⇡

⇡

⇡(@µ⇡)
2� ⇡̇�

⇡

⇡

⇡⇡̇(@µ⇡)
2

if the intermediate particle σ is heavy             , 

its effects are captured by effective interactions 

※ typically, the coupling is ⇠ H2

m2

m � H



we can use nonlinear representation 

to construct the effective theory 

(cf. chiral Lagrangian)



EFT of inflation [Cheung et al ’08]

L⇡ = M2
PlḢ(@µ⇡)

2 +
1X

n=2

M4
n

n!

⇥
�2⇡̇ + (@µ⇡)

2
⇤n

+ . . .

order parameter nonlinear realization

# effective Lagrangian of NG boson (time translation)

cf. inflaton Lagrangian

- NG boson vs inflaton:

ex. (@µ�)
2 = ˙̄�2@µ(t+ ⇡)@µ(t+ ⇡) = ˙̄�2

⇥
�1� 2⇡̇ + (@µ⇡)

2
⇤

�(t, ~x) = �̄(t+ ⇡(t, ~x))

- can be used to probe small non-G (generically                 )fNL < 𝒪(1)

ℒϕ = −
1
2

(∂μϕ)2 +
α

Λ4
(∂μϕ∂μϕ)2 + ⋯



up to which scale we can probe?



3pt functions from heavy fields FNL =
h⇡⇡⇡i
h⇡⇡i3/2

⇠ H2

m2

if we assume　　　　　　　　　　　　          ,H = 3⇥ 1013GeV (r = 0.01)

110�310�5

gravity (GR) excluded by Planckour window!

10�7

Large Scale Structure

21cm ??

FNL

GUTstring

H2 / r



GUT scale
⇠ 1016GeV

string scale
⇠ 1015GeV

inflation scale
H . 1014GeV

probe with soft limit!
can be probed by effective interactions 
if the inflation scale is high enough



Q. how to identify spin from effective interactions?



A. Let’s go beyond the positivity bound! 
[Kim-TN-Takeuchi-Zhou to appear on Monday]
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Abstract: Within the so-called cosmological collider program, imprints of new particles

on primordial non-Gaussianities have been studied intensively. In particular, their non-

analytic features in the soft limit provide a smoking gun for new particles at the inflation

scale. While this approach is very powerful to probe particles of the mass near the Hubble

scale, the signal is exponentially suppressed for heavy particles. In this paper, to enlarge

the scope of the cosmological collider, we explore a new approach to probing spins of

heavy particles from signs of Wilson coe�cients of the inflaton e↵ective action and the

corresponding primordial non-Gaussianities. As a first step, we focus on the regime where

the de Sitter conformal symmetry is weakly broken. It is well known that the leading

order e↵ective operator (@µ�@µ�)2 is universally positive as a consequence of unitarity. In

contrast, we find that the sign of the six derivative operator (rµ@⌫�)2(@⇢�)2 is positive for

intermediate heavy scalars, whereas it is negative for intermediate heavy spinning particles,

hence the sign can be used to probe spins of heavy states generating the e↵ective operator.

We also study phenomenology of primordial non-Gaussianities thereof.
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in [Kim-TN-Takeuchi-Zhou to appear] 

as a first step, we focused on the small non-G regime 

and studied spin vs sign in the EFT of the inflaton



Positivity of the inflaton effective interaction

# EFT of the inflaton φ (approximately shift symmetric)

ℒ = −
1
2

(∂μϕ)2 +
α

Λ4
(∂μϕ∂μϕ)2 + ⋯



Positivity of the inflaton effective interaction

# EFT of the inflaton φ (approximately shift symmetric)

g g
1

m2 + p2

�

�

�

�

�

�

�

�

�

|p2| ⌧ m2

※ α shows up, e.g., after integrating out a heavy field σ

�(@µ�)
2

ℒ = −
1
2

(∂μϕ)2 +
α

Λ4
(∂μϕ∂μϕ)2 + ⋯

the effective coupling is 
α

Λ4
=

g2

2m2
≥ 0



more generally, positivity of α follows only from  

 - unitarity of UV completion 

- analyticity & locality of forward amplitudes 
[Adams-Arkani Hamed-Dubovsky-Nicolis-Rattazzi ’06]

X
=Im � 0

2
n

n

Positivity of the inflaton effective interaction

# EFT of the inflaton φ (approximately shift symmetric)

ℒ = −
1
2

(∂μϕ)2 +
α

Λ4
(∂μϕ∂μϕ)2 + ⋯



detailed info (ex. spin) of UV particles 

is obscured at the cost of universality

universal & elegant consistency cond.!

positivity bounds are



our main massage: 

signs of interactions not constrained by positivity 

are useful to probe spins of heavy particles!



Beyond the positivity bounds

# EFT of the inflaton φ (approximately shift symmetric)

ℒ = −
1
2

(∂μϕ)2 +
α

Λ4
(∂μϕ∂μϕ)2 +

β
Λ6

(∂μϕ)2 □ (∂μϕ)2 + ⋯

M4(s, t) =
4α
Λ4 (s2 + st + t2) −

6β
Λ6 (s2t + st2) + ⋯

① IR expansion of 4pt scattering amplitudes



Beyond the positivity bounds

# EFT of the inflaton φ (approximately shift symmetric)

ℒ = −
1
2

(∂μϕ)2 +
α

Λ4
(∂μϕ∂μϕ)2 +

β
Λ6

(∂μϕ)2 □ (∂μϕ)2 + ⋯

M4(s, t) =
4α
Λ4 (s2 + st + t2) −

6β
Λ6 (s2t + st2) + ⋯

① IR expansion of 4pt scattering amplitudes

② analyticity & unitarity imply

M4(s, t) = ∑
n

g2
n Pln(1 +

2t
m2

n ) [ 1
m2

n − s
+

1
m2

n + s + t ] + α0(t) + α1(t)s

- assumed                    for large s and tiny negative t (fixed)|M4(s, t) | < s2

-      and     are mass and spin of UV state nlnmn



Beyond the positivity bounds

# EFT of the inflaton φ (approximately shift symmetric)

ℒ = −
1
2

(∂μϕ)2 +
α

Λ4
(∂μϕ∂μϕ)2 +

β
Λ6

(∂μϕ)2 □ (∂μϕ)2 + ⋯

M4(s, t) =
4α
Λ4 (s2 + st + t2) −

6β
Λ6 (s2t + st2) + ⋯

① IR expansion of 4pt scattering amplitudes

② analyticity & unitarity imply

M4(s, t) = ∑
n

g2
n Pln(1 +

2t
m2

n ) [ 1
m2

n − s
+

1
m2

n + s + t ] + α0(t) + α1(t)s

- assumed                    for large s and tiny negative t (fixed)|M4(s, t) | < s2

-      and     are mass and spin of UV state nlnmn

responsible for correct factorization 
on the complex s plane



Beyond the positivity bounds

# EFT of the inflaton φ (approximately shift symmetric)

ℒ = −
1
2

(∂μϕ)2 +
α

Λ4
(∂μϕ∂μϕ)2 +

β
Λ6

(∂μϕ)2 □ (∂μϕ)2 + ⋯

M4(s, t) =
4α
Λ4 (s2 + st + t2) −

6β
Λ6 (s2t + st2) + ⋯

① IR expansion of 4pt scattering amplitudes

② analyticity & unitarity imply

M4(s, t) = ∑
n

g2
n Pln(1 +

2t
m2

n ) [ 1
m2

n − s
+

1
m2

n + s + t ] + α0(t) + α1(t)s

- assumed                    for large s and tiny negative t (fixed)|M4(s, t) | < s2

-      and     are mass and spin of UV state nlnmn

and         cannot be determined𝒪(s0) 𝒪(s1)



Beyond the positivity bounds

# EFT of the inflaton φ (approximately shift symmetric)

ℒ = −
1
2

(∂μϕ)2 +
α

Λ4
(∂μϕ∂μϕ)2 +

β
Λ6

(∂μϕ)2 □ (∂μϕ)2 + ⋯

matching IR and UV expressions gives

α
Λ4

= ∑
n

g2
n

2m6
n

> 0

β
Λ6

= ∑
n

g2
n

6m8
n

(3 − 2ℓn − 2ℓ2
n)

← universal positivity bound (spin indep)

positive for scalars 
negative for nonzero spins←

sign of β can be used to probe spin of heavy particles!



Summary and Prospects



A. energy scale of inflation ～ 10  GeV if 

 ※ near future experiments will clarify it! 

B. non-Gaussianities ＝ 10  GeV collider

14
✏ ⇠ ⌘

14

GUT scale
⇠ 1016GeV

string scale
⇠ 1015GeV

inflation scale
H . 1014GeV

probe with soft limit!

can be probed by effective interactions 
if the inflation scale is high enough



our main massage: 

signs of interactions not constrained by positivity 

are useful to probe spins of heavy particles!



Thank you!


