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Introduction on inflation

I Solution for:
• horizon problem
• flatness problem

I Realizable with:
• scalar φ
• quasi-flat V (φ)
• i.e. slow-roll paradigm

I assumptions on L:
GUT, SUGRA, string theory, . . .
→ V (φ) → predictions

I our assumption → CSI V (φ)
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Classical scale invariance

I CSI (i.e. adimensionality) and dynamical generation of mass scales may
be the solution to the naturalness problem
(W. Bardeen, FERMILAB-CONF-95-391-T):

• Physical naturalness (A. R. et al., Mod.Phys.Lett. A29 (2014) 1450077)

• Finite naturalness (M. Farina, et al. , JHEP 1308 (2013) 022 )

• many others . . .

I CSI has many interesting applications to inflation. See for instance:
A. R. et al.: JHEP 1406 (2014) 154, JHEP 1505 (2015) 065,

A. R. et al.: JHEP 1601 (2016) 035, JHEP 1603 (2016) 190

I this talk:

i. CSI V (φ)
ii. ξφ2R

iii. loop corrections

a.k.a. non-minimal CW inflation
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Jordan Frame Lagrangian

√
−g JLJ =

√
−g J

[
−ξφφ

2 + M2
EH

2
R − Λ4 +

(∂φ)2

2
− V (φ)CW + Lextra matter

]

I CSI ⇒ Vtree(φ) =
1

4
λφ φ

4

I Lextra matter INDEPENDENT approximation: λφ(φ) = λφ(M) + β ln
φ

M

I VCW(φ) =

(
λφ(M) + β ln

φ

M

)
φ4 →


λφ(M) < 0

β > 0
⇒


vφ 6= 0

choose: M = vφ
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Jordan Frame Lagrangian

√
−g JLJ =

√
−g J

[
−ξφφ

2 + M2
EH

2
R − Λ4 +

(∂φ)2

2
− VCW(φ) + Lextra matter

]

I VCW(φ) =

(
λφ(vφ) + β ln

φ

vφ

)
φ4

Λ: NO eternal inflation → VCW(vφ) + Λ4 = Veff(vφ) = 0

after some math: Veff(φ) = Λ4

{
1 +

[
2 ln

(
φ2

v 2
φ

)
− 1

]
φ4

v 4
φ

}
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Jordan Frame Lagrangian

√
−g JLJ =

√
−g J

[
−ξφφ

2 + M2
EH

2
R−Λ4 +

(∂φ)2

2
− Veff(φ) + Lextra matter

]

I Veff(φ) = Λ4

{
1 +

[
2 ln

(
φ2

v 2
φ

)
− 1

]
φ4

v 4
φ

}

MEH : M2
P = ξφv

2
φ + M2

EH

• “natural choice”: MEH ∼ Λ

• a posteriori: Λ� MP ⇒ M2
P ' ξφv

2
φ

ε ∼ V ′

V
, η ∼ V ′′

V
⇒ r and ns only f (ξφ,N)
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Jordan Frame Lagrangian

√
−g JLJ =

√
−g J

[
−ξφφ

2 +M2
EH

2
R−Λ4 +

(∂φ)2

2
− Veff(φ) + Lextra matter

]

I Veff(φ) = Λ4

{
1 +

[
2 ln

(
ξφφ

2

M2
P

)
− 1

]
ξ2
φφ

4

M4
P

}

MEH : M2
P = ξφv

2
φ + M2

EH

• “natural choice”: MEH ∼ Λ

• a posteriori: Λ� MP ⇒ M2
P ' ξφv

2
φ

I ε ∼ V ′

V
, η ∼ V ′′

V
⇒ r and ns only f (ξφ,N)
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Einstein Frame Potential

Move to the Einstein frame where ε, η computations are easier

gE
µν = Ω(φ)2gµν , where Ω(φ)2 =

f (φ)

M2
P

=
φ2

v 2
φ

' ξφφ
2

M2
P

The Einstein frame scalar potential is

VE (φ) =
Veff(φ)

Ω(φ)4
= Λ4

{
v 4
φ

φ4
+

[
2 ln

(
φ2

v 2
φ

)
− 1

]}

Rewriting VE in terms of the canonically normalised field: φE =

√
1 + 6ξφ
ξφ

MP ln
φ

vφ

we get VE (φE ) = Λ4

(
4

√
ξφ

1 + 6ξφ

φE

MP
+ e

−4

√
ξφ

1+6ξφ

φE
MP − 1

)

Antonio Racioppi Linear inflation from quartic potential



Introduction
ξ CW inflation
Minimal model

Conclusions

Jordan Frame Lagrangian
Einstein Frame Potential
Results
Reheating

Einstein Frame Potential

� φ2

� φ

Λ ' 1016GeV

ξφ ' 0.1

VE (φE ) = Λ4

(
4

√
ξφ

1 + 6ξφ

φE

MP
+ e

−4

√
ξφ

1+6ξφ

φE
MP − 1

)
φE > 0

-10 -5 0 5 10
ϕE/MP

2
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√
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−4

√
ξφ
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Einstein Frame Potential

� φ2

� φ

Λ ' 1016GeV

ξφ ' 0.1

VE (φE ) ∼ Λ4

(
8

ξφ
1 + ξφ

φ2
E

M2
P

)(√
ξφ

1 + 6ξφ

)
φE → 0 (or ξφ → 0)
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(r , ns) vs. Planck data
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� φE < 0 � φE > 0 � φ2 � φ � 1,2σ Planck: 1502.02114

I r & ns depend only ξφ and N

I V ≈ φ for ξφ & 0.1

same as Rinaldi et al., Phys.Rev.D93, 024040 (2016) (where only ξ →∞)

another (CSI+V ∼ φ) model: Liang’s talk and Phys.Lett. B756 (2016) 390-393
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(r , ns) vs. BICEP data
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� φE < 0 � φE > 0 � φ2 � φ � 1,2σ BICEP2/Keck: 1510.09217

I r & ns depend only ξφ and N

I V ≈ φ for ξφ & 0.1

i. same as Rinaldi et al., Phys.Rev.D93, 024040 (2016) (where only ξ →∞)

ii. another (CSI+V ∼ φ) model: Liang’s talk and Phys.Lett. B756 (2016) 390-393
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More plots

10-6 10-4 10-2 1
ξϕ

5.×10-3

1.×10-2

0.05

0.10
Λ/MP

10-6 10-4 10-2 1
ξϕ

2

3

4

5
mϕE/10

13GeV

� φE > 0 � 1,2σ BICEP2/Keck: 1510.09217

I As = 2V (φN )

3π2M4
P
r

∣∣∣
E
' 2.14× 10−9 ⇒ Λ (⇒ MEH)� MP

I m2
φ =

∂2VE

∂φ2
E

∣∣∣∣
φE =0

⇒ mφ = 4

√
ξφ

1 + 6ξφ

Λ2

MP
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Reheating temperature: TRH

TRH =

(
90

g∗π2

) 1
4 √

ΓφEMP

I g∗ ∼ 100 is the nr. of relativistic d.o.f.

I ΓφE is the total decay width of the inflaton

I φ is the pseudo-Goldstone boson of the dynamically broken classical scale
invariance of the dark sector ⇒ φ is the lightest state
⇒ decays into the dark sector are kinematically forbidden

I the full Lagrangian contains also SM ⇒ decays into HH, ZZ, WW via ξφ

I we ignore any eventual BSM contribution because it is model dependent
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Decay width: Γφ

LJ
kin,h =

1

2
∂µh∂

µh → LE
kin,h =

∂µ (hEΩ) ∂µ (hEΩ)

2Ω2

⇓
expanding Ω(φ(φE )) for φE � MP

⇓

' 1

2
∂µhE∂

µhE+ 2

√
ξφ

1 + 6ξφ

hE∂µφE∂
µhE

MP
+. . .

↙

ΓφE hh '
ξφ

64π (1 + 6ξφ)

m3
φE

M2
P

⇓

Goldstone bosons contributions ⇒ ΓφEZZ =
1

2
ΓφEWW = ΓφE hh ⇒ ΓφE = 4ΓφE hh
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TRH vs. ξφ
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� 1,2σ BICEP2/Keck: 1510.09217

Antonio Racioppi Linear inflation from quartic potential



Introduction
ξ CW inflation
Minimal model

Conclusions

Jordan Frame Lagrangian
RGEs solution

Minimal model: Jordan frame Lagrangian and RGEs
√
−g JLJ =

√
−g J

[
−ξφφ

2 + M2
EH

2
R +

(∂φ)2

2
−
[

1

4
λφ φ

4 + Λ4

]
+ Lextra matter

]
LJ

extra matter = LJ(σ) =
(∂σ)2

2
− 1

4
λφσφ

2σ2 − 1

4
λσσ

4 ← CSI

The RGEs in the Jordan frame are:



16π2βλφ = 18λ2
φ +

1

2
λ2
φσ

16π2βλσ = 18λ2
σ +

1

2
λ2
φσ

16π2βλφσ = 4λ2
φσ + 6λφσ(λφ + λσ)

16π2βξφ = 6λφ

(
ξφ +

1

6

)
+

1

3
λφσ

βΛ = 0 ⇐ mtree = 0

CW + vφ 6= 0 ⇒ λφ � λφσ � λσ, βξφ � ξφ
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Minimal model: Jordan frame Lagrangian and RGEs
√
−g JLJ =

√
−g J

[
−ξφφ

2 + M2
EH

2
R +

(∂φ)2

2
−
[

1

4
λφ φ

4 + Λ4

]
+ Lextra matter

]
LJ

extra matter = LJ(σ) =
(∂σ)2

2
− 1

4
λφσφ

2σ2 − 1

4
λσσ

4 ← CSI

The RGEs in the Jordan frame are:



16π2βλφ = 18λ2
φ +

1

2
λ2
φσ

16π2βλσ = 18λ2
σ+

1

2
λ2
φσ

16π2βλφσ = 4λ2
φσ + 6λφσ(λφ + λσ)

16π2βξφ = 6λφ

(
ξφ +

1

6

)
+

1

3
λφσ

βΛ = 0 ⇐ mtree = 0

CW + vφ 6= 0 ⇒ λφ � λφσ � λσ, βξφ � ξφ
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Minimal model: RGEs solution

In the limit
λφ � λφσ � λσ, βξφ � ξφ

RGEs can be solved exactly:

λφ(µ) =
λφσ (vφ) 2

12λσ (vφ)

{
1− 3λσ (vφ)

32π2
−
[

1− 9λσ (vφ)

8π2
ln

(
µ

vφ

)]1/3
}

λφσ(µ) = λφσ (vφ)

[
1− 9λσ (vφ)

8π2
ln

(
µ

vφ

)]−1/3

λσ(µ) =
λσ (vφ)

1− 9λσ(vφ)
8π2 ln

(
µ
vφ

)
The minimal model is realized for λσ(vφ)� 1.
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Minimal model: RGEs solution

In the limit
λφ � λφσ � λσ, βξφ � ξφ

RGEs can be solved exactly:

λφ(µ) ' −λφσ (vφ) 2

128π2
+
λφσ (vφ) 2

32π2
ln

(
µ

vφ

)
= λφ(vφ) + β ln

µ

vφ

λφσ(µ) = λφσ (vφ)

λσ(µ) = λσ (vφ)

The minimal model is realized for λσ(vφ)� 1.
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Conclusions & Outlook

I We computed the inflationary predictions of CW models with
non-minimal coupling to gravity, focusing on the case ξφv

2
φ ' M2

P

I We obtained model independent results that (in the allowed region) range
from φ2 to φ inflation, being in agreement with Planck 2015 Data

I Agreement with BICEP 2015 Data allows essentially only the linear limit.

I The linear limit is obtained for small values of the non-minimal coupling
to gravity: ξφ & 0.1

I In the minimal model independent configuration the inflaton decays via
the non-minimal coupling ξφ into HH, ZZ, WW

I Agreement with BICEP 2015 data sets TRH & 108 GeV

I σ might be a SHDM candidate: arXiv:1605.xxxxx
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Planck 2015 data: 1502.02114

As = (2.14± 0.05)× 10−9

V ∝ φ only as an effective description of more complicated theories:
Quartic Hilltop: L. Boubekeur and D. Lyth, JCAP 0507 (2005) 010

Axion Monodromy: L. McAllister et al., Phys. Rev. D82 (2010) 046003

is it possible to get same resut from a simpler QFT?
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Planck 2015 data: 1502.02114

I V ∝ φ only as an effective description of more complicated theories:
• Quartic Hilltop: L. Boubekeur and D. Lyth, JCAP 0507 (2005) 010
• Axion Monodromy: L. McAllister et al., Phys. Rev. D82 (2010) 046003

I is it possible to get same resut from a simpler QFT?
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φ4 inflation

– 50 ≤ N ≤ 60

� φ4

� φ2

� φ

� R2

� 1,2σ Planck bounds

I V = λφ4 ruled out!

I As ≈ 2× 10−9 ⇒ λ ≈ 10−14

I but quite naive picture:
• no dark sector, no loop δλ . . .
• λ extremely small ⇒ δλ might be relevant

0.94 0.96 0.98 1
ns

0.05

0.10

0.15

0.20

0.25

0.30

0.35
r

ln(μ/μ0)

λ(μ)
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CW inflation

– 50 ≤ N ≤ 60

� φ4

� φ2

� φ

� R2

� 1,2σ Planck bounds

I V = λ(φ)φ4

I CW inflation: λ ≈ β ln µ
µ0

• µ < µ0 ⇒ λ < 0
• µ > µ0 ⇒ λ > 0

I in agreement with data but still improvable

0.94 0.96 0.98 1
ns

0.05

0.10

0.15

0.20

0.25

0.30

0.35
r

ln(μ/μ0)

λ(μ)
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Beyond CW inflation

I also CW inflation has still space for improvements

I a non minimal coupling to gravity can be considered: ξφφ
2R

I ξφ is always generated at loop level even if at the tree-level is zero

dξφ
d lnµ

= βξφ ≈
(
ξφ +

1

6

)
(φ couplings)

I therefore ξ CW inflation is the natural extension of CW inflation
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Effective field theory approach

Two experimental facts support the effective approach, suggesting two
possibilities where an effective field theory could be adequate:

1) the amplitude of primordial scalar perturbations is observed to be small,
PR = (2.14± 0.05)× 10−9. This suggests that inflation occurs at a
sub-Planckian energy E , where the gravitational coupling g(E) ∼ E/MP

is still small enough that no knowledge of the UV structure of quantum
gravity is needed.

2) the smallness of Mh, Mh/MP ∼ 10−16, suggests that quantum gravity
should be weakly coupled so that δloopMh is naturally small:
(A. Strumia et al., JHEP 1406 (2014) 080, JHEP 1502 (2015) 137)
Soft-gravity is the idea that the growth of the gravitational coupling g(E)
with energy could be stopped by new gravitational physics at an energy
E ∼ Mg low enough that g(E) saturates at a small enough value
g(E) . g(Mg ). Then soft-gravity can be neglected during inflation even
when Einstein gravity would become non-perturbative, extending the
domain of validity of our computations.

Both possibilities mean ignoring quantum gravity in a controllable way.
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Jordan Frame Lagrangian
√
−g JLJ =

√
−g J

[
−ξφφ

2 + M2
EH

2
R +

(∂φ)2

2
−
[

1

4
λφ φ

4 + Λ4

]
+ Lextra matter

]
Λ: NO eternal inflation → V (vφ) = 0 ⇒ 1

4
λφ(vφ) v 4

φ + Λ4 = 0

MEH : M2
P = ξφv

2
φ + M2

EH

• “natural choice”: MEH ∼ Λ

• a posteriori: Λ� MP ⇒ M2
P ' ξφv

2
φ

I MODEL INDEPENDENT approximation

λφ(φ) = λφ(vφ) + β ln
φ

vφ
+

1

2!
β2 ln2 φ

vφ
+

1

3!
β3 ln3 φ

vφ
+ . . .

I Veff(φ) = Λ4

{
1 +

[
2 ln

(
φ2

v 2
φ

)
− 1

]
φ4

v 4
φ

}
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More plots
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More on reheating

Another way to generate the trilinear vertices is from the scaling of the mass
terms of the full Lagrangian (SM or other BSM physics included). For example,
a fermion mass term in Jordan frame mψψ̄ψ in the Einstein frame becomes

mψ

Ω
ψ̄EψE =

mψ

e

√
ξφ

1+6ξφ

φE
MP

ψ̄EψE ≈

(
1−

√
ξφ

1 + 6ξφ

φE

MP

)
mψψ̄EψE

where the final result is the first order approximation and ψE is the fermion
field canonical normalized in the Einstein frame. Therefore we get a Yukawa
interaction with a coupling

yφE N̄N =

√
ξφ

1 + 6ξφ

mψ

MP

Therefore the heavier the fermion, the bigger the coupling and so the decay
width. For a decay into top quarks we would get a contribution to ΓφE which is
completely negligible compared to ΓφE hh. Heavy right-handed neutrinos could
give a more relevant contribution. A similar computation holds also for scalars.
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Big λσ case: Einstein Frame potential

� φ2

� φ

λφσ(vφ) ' 0.016

ξφ ' 20

— λσ(vφ)� 1

- - λσ(vφ) ' 1

0 2 4 6 8 10 12
ϕE/MP

2

4

6

8

10

12

VE/(10
16GeV)4
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Big λσ case: Plots
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Effective potential computation

1-loop RGE improved effective V for σ = 0 (i.e. where inflation happens)

V1loop =
λφ(µ)φ4

4
+ ∆V =

λφ(µ)φ4

4
+

1

64π2

[
2∑

i=1

m4
i

(
ln

m2
i

µ2
− 3

2

)]
⇓

λφ � λφσ � λσ

⇓

=
λ2
φσ

256π2
ln
µ2

µ2
0

φ4 +
λ2
φσ

256π2

(
ln
φ2λφσ

2µ2
− 3

2

)
φ4

=
λ2
φσ

256π2

(
ln
µ2

µ2
0

+ ln
φ2λφσ

2µ2
− 3

2

)
φ4

=

(
−3

2

λ2
φσ

256π2
+

λ2
φσ

256π2
ln
φ2λφσ

2µ2
0

)
φ4

=

(
λφ(vφ) + β ln

φ

vφ

)
φ4 ← reparametrization
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Frame equivalence of RGEs: Jordan Frame
√
−g JLJ =

√
−g J

[
−ξφφ

2+M2
EH

2
R +

(∂φ)2

2
−
[

1

4
λφ φ

4+ΛJ

]
+ Lextra matter

]
LJ

extra matter = LJ(σ) =
(∂σ)2

2
− 1

4
λφσφ

2σ2 − 1

4
λσσ

4 ← CSI

The RGEs in the Jordan frame are:



16π2βλφ = 18λ2
φ +

1

2
λ2
φσ

16π2βλσ = 18λ2
σ+

1

2
λ2
φσ

16π2βλφσ = 4λ2
φσ + 6λφσ(λφ + λσ)

16π2βξφ = 6λφ

(
ξφ +

1

6

)
+

1

3
λφσ

βΛJ = 0 ⇐ mtree = 0

assumptions: λφ � λφσ � λσ, βξφ � ξφ

MEH ,ΛJ � 1
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Frame equivalence of RGEs: Einstein Frame
√
−gELE =

√
−gE

[
−M2

P

2
R +

(∂φE )2

2
− ΛE + Lextra matter

]
LE

extra matter = LE (σ) =
(∂σE )2

2
− 1

2
m2
σσ

2
E −

1

4
λσσ

4
E + . . .

The RGEs in the Einstein frame are:


16π2βΛE =

1

2
m4
σ

16π2βλσ = 18λ2
σ

16π2βm2
σ

= 6λσ m
2
σ

Jordan frame↔ Einstein frame:


ΛE =

1

4

λφ
ξ2
φ

M4
P

m2
σ =

1

2

λφσ
ξφ

M2
P
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