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Why Higgs Inflation? 

                 SM of particle physics:


• The Standard Model is complete: the last particle - 
Higgs boson, predicted by the SM, has been found 


• No significant deviations from the SM have been 
observed 


• With experimental values of the masses of the top 
quark and of the Higgs boson the SM is a self-
consistent effective field theory all the way up to the 
quantum gravity Planck scale                     
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• Though the SM is not the final theory, its drawbacks on the 
experimental and cosmological  front (neutrino masses, dark 
matter and baryon asymmetry of the Universe) can be cured 
in a minimal way by adding 3 Majorana fermions - “Heavy 
Neutral Leptons (HNLs)” with masses below the Fermi scale


• As the Higgs boson in the Standard Model is described by a  
fundamental scalar field, the most economic (not necessarily 
right!) picture of the particle theory arises if the Higgs inflates 
the Universe.  
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Phenomenology of Higgs 
Inflation

Starting point: the Standard Model and gravity Lagrangian


should contain a non-minimal coupling of the Higgs field h to gravity, with arbitrary 
parameter 𝜉, to be fixed (as any other parameter of the SM) by observations.


• Interesting physics: gravity strength as well as particle masses are determined by the 
Higgs field, if 


• the theory is scale invariant in this limit, leading to flat potential for the Higgs field, 
exactly what is needed for inflation!


Importance of non-minimal coupling for inflation: Spokoiny; Salopek, Bond, Bardeen;…    
Higgs inflation: Bezrukov, MS; derivative coupling of Higgs to gravity: Germani, Kehagias

SG = ∫ d4x −g (−
M2

P

2
R −

ξh2

2
R)

ξh2 ≫ M2
P
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• Higgs potential in the Einstein frame, with 𝜒 
being canonically normalised scalar field related 
to the Higgs field :
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λ v4/4

0 v

Standard Model
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Stage 1
Initial condition for inflation - chaotic (Linde):


• Field configurations with “large”               , 


corresponding to the plateau of the effective potential 
enter eventually into inflationary regime


• Field configurations with “small”            are not 
inflating 


• Inflationary regime is “generic” and “natural”


see also Linde; Gorbunov, Panin

h <
MP

ξ

h >
MP

ξ
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Stage 2
Slow roll of the Higgs field 


• Makes the Universe flat, homogeneous and isotropic 


• Produces fluctuations leading to structure formation: clusters of 
galaxies, etc 

0
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inflation

h >
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ξ
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• Cobe normalisation: 𝜉 = 49000 √𝜆 , numerically large 𝜉


• Gaussian perturbations


• Prediction for inflationary observables:  


                              ns = 0.97, r = 0.0033 


0.95 0.96 0.97 0.98 0.99 1.00

ns

0.00

0.05

0.10

0.15

0.20

0.25

r 0
.0

02

Higgs infaltion

Planck TT+lowP

Planck TT+lowP+BKP

+lensing+ext

Predictions

!9



Stage 3
• Heating of the Universe : energy stored in the 

Higgs field goes into the particles of the Standard 
Model - Higgs makes the Big Bang
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• The process of reheating is computable, as the Higgs couplings to the 
particles of the SM are known!


• first analysis: reheating temperature is high, Tr ≃ (3.3 − 8.3) × 1013 GeV, 
Bezrukov, Gobunov, MS; Garcia-Bellido, Figueroa, Rubio 


• important observation: longitudinal W and Z bosons are copiously produced, 
making the reheating temperature even higher, ~ 5 × 1015 GeV, Higgs field 
makes almost no oscillations: instantaneous preheating. DeCross, Kaiser,  
Prabhu, Prescod-Weinstein, Sfakianakis; Ema, Jinno, Mukaida, Nakayama  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FIG. 15: Reheat temperature in units of MPl as a function of the nonminimal coupling ⇠. The

discontinuity at ⇠ ' 103 occurs due to the instantaneous preheating to gauge fields. The light red

region represents the uncertainty of the exact threshold of instantaneous preheating to gauge

fields. The black-dotted line corresponds to the unitarity scale constraint. The blue-dashed line

shows the reheat temperature due entirely to Higgs self-resonance, assuming gauge boson

production above the unitarity scale is suppressed due to unknown UV physics.

scatterings inside the plasma. Since complete reheating means that the inflaton condensate will

have completely decayed, the unitarity scale is kUV,2 ⌘ MPl/⇠. The typical particle momenta are

below the unitarity scale for 3T < kUV,2. As shown in Fig. 15, for ⇠ . 103, the resulting plasma

has a low enough temperature to avoid processes that exceed the unitarity scale, at least neglecting

the tail of the thermal spectrum. For ⇠ & 103, the unitarity scale kUV,2 will be exceeded by the

typical wavenumbers in the system. Even if one constructs a model that suppresses gauge field

excitations with k > kUV,2, Higgs self-resonance will preheat the universe within 3 e-folds, leading

to Treh ⇠ 5⇥ 10�4MPl, which is larger than the unitarity scale for ⇠ & 103.

The number of matter-dominated e-folds of post-inflationary expansion is a non-monotonic

function of the nonminimal coupling. For ⇠ & 103, instantaneous reheating leads to a universe

filled with gauge field modes of high wave-numbers, hence the universe transitions immediately to

radiation domination (assuming no UV suppression). We must note that the decay of the inflaton

condensate makes the gauge fields light, hence relativistic. For small values of the nonminimal

coupling ⇠ = O(10), the background evolves as w ⇡ 1/3, hence the evolution of the universe is that

of radiation domination soon after the end of inflaton, even if preheating is not e�cient. Hence

Sfakianakis  and van de Vis ’18
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Stage 4

• Radiation dominated stage of the Universe 
expansion starts, and later baryon asymmetry of 
the Universe and Dark Matter are created. In the 
framework of 𝝂MSM, BAU generation occurs  
around the electroweak cross-over and sphaleron 
freeze-out, T ≃ 130 GeV  and sterile neutrino DM 
creation around the QCD cross-over T ≃ 100-300 
MeV.
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Challenges in Higgs inflation

1.  Classical theory of the Higgs inflation should be 
promoted to the quantum theory of Higgs inflation. Any 
theory of inflation involves gravity which is non-
renormalisable. An approach to every type of inflation 
(and HI in particular) should be formulated if the 
framework of some effective theory and be self-
consistent.


2.  The SM parameters are measured at small energies ~ 
100 GeV,  whereas inflation takes place at high energies: 
radiative corrections and RG running must be accounted 
for. What happens if the SM vacuum is metastable? 
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Challenge 1: Higher dimensional operators

Important: the energy domain of perturbative validity of the 
scalar-gravity theory with non-minimal coupling


Take some background field h, and consider all sorts of 
scattering reactions at energy E. Define the “cut-off” scale E =  𝛬  
at which the perturbative expansion breaks down. For zero h 
background


due to kinetic mixing of the Higgs and the metric (Burgess, Lee, 
Trott ; Barbon and Espinosa). This may be  dangerous for the 
Higgs inflation, as the typical scale of it is                  , 

SG = ∫ d4x −g (−
M2

P

2
R −

ξh2

2
R +

1
2

(∂h)2 −
λ
4

h4)

Λ ∼
MP

ξ

MP / ξ ≫ Λ ξ ≫ 1.
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Several ways to proceed: 


• Add new physics (new fields) and construct a theory in 
such a way that for  zero Higgs and other fields 
backgrounds  the inflation occurs in a weak coupling 
regime (Giudice, Lee, and many generalisations, e.g. 
for Higgs-Starobinsky inflation: Bezrukov, Gorbunov, 
Shepherd, Tokareva) 


• Go beyond naive power counting: a refined effective 
field theory of Higgs Inflation
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In fact, the cutoff is background dependent (Bezrukov, Magnin, M.S., 
Sibiryakov; see also Ferrara, Kallosh, Linde, A. Marrani, Van Proeyen).


Dynamical cutoff

Computation for the Higgs-gravity part of the SM:

Λ(h) ≃

⎧

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎩

MP

ξ
, for h ! MP

ξ
,

h2ξ
MP

, for MP

ξ
! h ! MP√

ξ
,

√
ξh , for h " MP√

ξ
.

London, 20 May 2015 – p. 49

MP/ξ

MP

MP/ξ MP/√ξ log(φ)

log(Λ)

Weak coupling

ξφ2/MP

√ξ φ

Strong coupling

Cutoff  is higher than the relevant dynamical scales throughout the the 
inflationary epoch. The Higgs-inflation occurs in the weakly coupled regime. 
The same statement may be also valid for reheating stage: self healing of the 
amplitudes: Calmet and  Casadio  

!16

Beyond naive power counting: effective 
field theory of Higgs Inflation

Jordan frame
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Behaviour of the scalar self-coupling λ: depending on the top quark 
Yukawa coupling, λ may cross zero at energies as small as 1011  GeV (for 
larger mt) or never cross it (for smaller mt). For all admissible SM parameters, 
|λ| ~ 0.01 in inflationary region, much smaller than at low energies
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This behaviour may change the form of the Higgs potential at large h

Challenge 2: possible  vacuum 
metastability
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• Marginal evidence (less than 2σ) for the SM vacuum metastability given uncertainties 
in relation between Monte-Carlo top mass and the top quark Yukawa coupling 


Time evolution of SM  
vacuum metastability

2015

Stability Criticality Metastability

V(h) V(h) V(h)

h h
h

0 0

0

Naive RG: V(h)=λ(h)h4



Radiative corrections in Higgs Inflation
The minimal setup, working for renormalisable theories: add to the 
Lagrangian all counter-terms necessary to make the theory finite. The 
theory is predictable: everything is expressed via few parameters.


The HI theory is not renormalisable - how to deal with radiative 
corrections? The minimal approach: add to the Lagrangian all 
counter-terms necessary to make the theory finite. The theory is not 
predictable for all energy scales, as the number of appearing 
structures - counter-terms is infinite. However, if the energy scale is 
well below the dynamical cutoff Λ(h), the reliable computations can be 
done and ignorance of UV completion can be parametrised by the 
unknown coefficients - finite part of counter-terms (Bezrukov, Magnin, 
MS, Sibiryakov; Burgess, Patil, Trott …). RG evolution of coupling 
constants from the Fermi  to inflation scale is possible. Studies of RG 
evolution: Simone, Hertzberg, Wilczek; Barvinsky, Kamenshchik, 
Kiefer, Starobinsky, Steinwachs…
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Summary  of the outcome of this program:


• The inflationary Higgs potential is well defined for              and is 
expressed via low energy SM parameters


• The inflationary Higgs potential is well defined for              and is 
expressed via SM low energy parameters and unknown matching 
coefficients for all coupling constants describing the “jumps” of 
couplings  at the field value 


• The predictions of HI for ns = 0.97 and r=0.0033 remain the same 
almost for all parameters (for a detailed study of the parameter space 
see Enckell, Enkvist, Nurmi; Bezrukov, Pauly, Rubio) except for one 
very specific point corresponding to the “critical” Higgs inflation. 
Studies of radiative corrections:  Fumagalli, Mooij, Postma,…


• For some choice of these matching coefficients HI can be realised 
even for metastable vacuum

!20

h ≲
MP

ξ

h ≳
MP

ξ

h ≃
MP

ξ
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Higgs inflation does not work

V

χvEW µ0 MP

ξ
MP

Stavanger, 15 July, 2016 – p. 34

Higgs inflation may work

V

χvEW µ0 MP

ξ
MP

Stavanger, 15 July, 2016 – p. 35

Higgs inflation does not work 
if the potential has this form

Higgs inflation still works if the potential 
has this form, as reheating brings the 
Higgs field to the origin.

Bezrukov, Rubio, MS
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Critical Higgs Inflation

!22

V′�(h0) = V′�′�(h0) = 0

For a very particular choice of top and Higgs masses, and of the 
matching coefficients the Higgs potential can develop an 
inflection point:

Small x – critical HI

URG improved(c) =
l (µ)

4
M4

P

x 2
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interesting “features” in the
potential (“critical inflation”,
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However – tend to get both
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Loop corrections change
result – harder to control

Bezrukov, Pauly, Rubio’17
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Hamada,  Kawai, Oda, Park; Bezrukov, MS; Bezrukov, Pauly, 
Rubio, …


Primordial Black Holes?  Garcia-Bellido; Rubio,… 


  

CORE sensitivity



Symmetries of UV completion?
• The successful  models of inflation (Starobinsky, Higgs, 𝛂 - attractors) all share the 

same feature: constant potential in the Einstein frame at large values of the 
canonically normalised scalar field:


•  The theory has a shift symmetry, 𝜙    𝜙+const. In the Jordan frame the action is 
scale-invariant,


• Perhaps, the Nature is scale-invariant? The scale-invariant Higgs-dilaton inflation 
(scale invariance is broken spontaneously) requires dynamical generation of the 
Planck scale and is based on the action


 


For cosmology of scale-invariant theory see Garcia-Bellido, Rubio, MS, Zenhausern;  
Trashorras, Nesseris, Garcia-Bellido;  Ferreira, Hill, Ross,…
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S = ∫ d4x −g (−
M2

P

2
R +

1
2

(∂ϕ)2 −
λ
4

M4
P)

S = ∫ d4x −g (−
ξh2

2
R +

1
2

(∂h)2 −
λ
4

h4)
   ➝   

S = ∫ d4x −g (−
ξhh2 + ξχ χ2

2
R +

1
2

(∂h)2 +
1
2

(∂χ)2 −
λ
4

h4)



Perhaps, its success, together with the measurements 
of inflationary parameters is telling us that the Higgs 
boson  
• is responsible for the EW symmetry breaking  
• inflated the Universe 
• produced density perturbations leading to structure 

formation, and  
• is the origin of the hot Big Bang 

Conclusions 

The Standard Model is a natural  
theory and is in the great shape.
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To distinguish experimentally Higgs inflation from 
Starobinsky or 𝛂-attractors we should know better ns and r! 

!!
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Parameter LiteBIRD, TEB LiteCORE-80, TEBP CORE-M5, TEBP COrE+, TEBP
⌦bh

2
0.02214 ± 0.00011 0.022140 ± 0.000060 0.022140 ± 0.000043 0.022140 ± 0.000038

⌦ch
2

0.12057 ± 0.00047 0.12058 ± 0.00033 0.12058 ± 0.00027 0.12059 ± 0.00026

100✓MC 1.03922 ± 0.00028 1.039223 ± 0.000099 1.039224 ± 0.000077 1.039222 ± 0.000073

⌧ 0.0583 ± 0.0021 0.0582 ± 0.0020 0.0582 ± 0.0020 0.0582 ± 0.0019

ns 0.9625 ± 0.0037 0.9625 ± 0.0017 0.9625 ± 0.0016 0.9625 ± 0.0015

dns/d ln k �0.0007 ± 0.0059 �0.0007 ± 0.0030 �0.0007 ± 0.0024 �0.0007 ± 0.0023

ln(10
10

As) 3.0532 ± 0.0045 3.0532 ± 0.0037 3.0532 ± 0.0035 3.0532 ± 0.0035

r 0.0043 ± 0.0006 0.0042 ± 0.0004 0.00421 ± 0.00028 0.00421 ± 0.00026

H0 66.91 ± 0.25 66.90 ± 0.15 66.89 ± 0.11 66.89 ± 0.11

�8 0.8283 ± 0.0025 0.8283 ± 0.0014 0.8283 ± 0.0011 0.8283 ± 0.0010

Table 8: Forecast 68% CL constraints on the primary and derived cosmological parameters when r and
the running of the spectral index are allowed to vary for the LiteBIRD, LiteCORE-80, and CORE-M5
configurations. These forecasts assume r = 0.0042 and dns/d ln k = �0.0007 as the fiducial values.
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Figure 9: Forecast 68% and 95% CL 2D marginalized regions for (ns, r) (left panel), (ns, dns/d ln k) (middle
panel) and (r, dns/d ln k) (right panel) for CORE-M5 (blue) and LiteBIRD (red) obtained by allowing the tensor-
to-scalar ratio and the running to vary. These forecasts assume r = 0.0042 and dns/d ln k = �0.0007 as the
fiducial values. The green contours show the 68% and 95% CL for Planck 2015 data combined with the BKP joint
cross-correlation [5] are shown for comparison. Note that the Planck 2015 contours are based on real data whose
best fit is different from the fiducial cosmology used in this paper.

We now study the dependence of the constraint on (ns , r) with respect to uncertainties in
the neutrino physics. See the companion paper on cosmological parameters [9] for an extensive
study of how CORE-M5 could improve our current knowledge of neutrino physics. We consider
as an example the case in which the number of neutrino species Ne↵ is allowed to vary around the
standard value 3.046. It is known that the damping tail of the power spectra of CMB anisotropies
is very sensitive to the number of neutrino species and therefore partially degenerate with the
scalar spectral index. The impact of the degeneracy of a varying Ne↵ with ns on establishing the
statistical significance of the departure from scale invariance and on the combined constraints on
(ns, r) has been studied for thePlanck data [3, 5]. When Ne↵ is allowed to vary simultaneously with
the tensor amplitude, the following constraints are obtained using the Planck 2015 temperature
and polarization data [5]: ns = 0.964 ± 0.010, Ne↵ = 3.02+0.20

�0.21
at 68% CL. The constraint on r is

– 29 –
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Figure 10. Forecast of CMB-S4 constraints in the ns–r plane for a fiducial model with r = 0.01.
Constraints on r are derived from the expected CMB-S4 sensitivity to the B-mode power spectrum as
described in Section 2.3. Constraints on ns are derived from expected CMB-S4 sensitivity to temperature
and E-mode power spectra as described in Section 8.10.2. Also shown are the current best constraints from a
combination of the BICEP2/Keck Array experiments and Planck [8]. Chaotic inflation with V (�) = µ4�p�p

for p = 2/3, 1, 2 are shown as blue lines for 47 < N? < 57 (with smaller N? predicting lower values of ns).
The Starobinsky model and Higgs inflation are shown as small and large filled orange circles, respectively.
The lines show the classes of models discussed in Section 2.5. The green band shows the predictions for
quartic hilltop models, and the gray band shows the prediction of a sub-class of ↵-attractor models [60].

2.5 Implications of an improved upper limit on r

As detailed in previous sections, a detection of primordial gravitational waves would have profound implica-
tions. However, even excluding the presence of gravitational waves at a level observable by CMB-S4 would
have important consequences for the theory of inflation. Current constraints already strongly disfavor models
that were plausible candidates, such as chaotic inflation with a quadratic potential [7, 66, 8]. Upper limits
from CMB-S4 would rule out large classes of inflationary models. In particular, all models that explain the
observed value of ns naturally (in the sense detailed below), with a scale of the characteristic variation of
the potential exceeding the Planck scale would be excluded.

We present a version of an argument for the implications of an upper limit on r, developed in Refs. [67, 68, 69],
which does not rely on the microscopic details of inflationary models. In the limit where the slow-roll
parameter ✏ ⌧ 1, Eqs. (2.6) and (2.8) lead to a di↵erential equation

d ln ✏

dN
� (ns(N ) � 1) � 2✏ = 0 , (2.19)

where N is the number of e-folds until the end of inflation, and ns(N )�1 denotes the spectral index evaluated
at the wavenumber of the mode that exits the horizon N e-folds before the end of inflation. Note that ✏ is
small (but positive) during inflation and ✏ ⇠ 1 when inflation ends. If ✏ is a monotonic function of N this
implies ns(N ) � 1  0, in agreement with observations.

CMB-S4 Science Book

CORE

CMB-S4


