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1 Introduction – Standard Model and the reality of the Universe

2 Higgs inflation – tree level (generic case)

3 Higgs inflation – Quantum corrections and special case
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Standard Model – describes nearly everything

L
e
ft

L
e
ft

R
ig
h
t

L
e
ft

R
ig
h
t

L
e
ft

L
e
ft

R
ig
h
t

L
e
ft

L
e
ft

R
ig
h
t

L
e
ft

R
ig
h
t

L
e
ft

R
ig
h
t

L
e
ft

R
ig
h
t

L
e
ft

R
ig
h
t

L
e
ft

R
ig
h
tu

up

2.4 MeV

⅔ c
charm

1.27 GeV

⅔ t
top

171.2 GeV 

⅔

d
down

4.8 MeV

-⅓ s
strange

104 MeV

-⅓ b
bottom

4.2 GeV

-⅓

νe
electron
neutrino

0 eV

0 νμ
muon

neutrino

0 eV

0 ντ
tau

neutrino

0 eV 

0

e
electron

0.511 MeV

-1 μ
muon

105.7 MeV

-1 τ
tau

1.777 GeV

-1

g
gluon

0 

0

γ
photon

0

0

Z
091.2 GeV

0

weak
force

W
±

80.4 GeV

± 1

weak
force

mass→

charge→

Q
ua

rk
s

Le
pt

on
s

Three Generations 
of Matter (Fermions) spin ½

B
os

on
s 

(F
or

ce
s)

 s
pi

n 
1

I II III

name→

H
>114 GeV 

0

0
Higgs
boson

spin 0

+
Einstein
gravity

Describes
all laboratory experiments –
electromagnetism, nuclear
processes, etc.
all processes in the evolution
of the Universe after the Big
Bang Nucleosynthesis
(T < 1 MeV, t > 1sec)

Experimental
problems:

Laboratory
? Neutrino

oscillations
 (km/MeV)

ei
/E0L

20 30 40 50 60 70 80 90 100

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0

0.2

0.4

0.6

0.8

1
eiData - BG - Geo 

Expectation based on osci. parameters
determined by KamLAND

Cosmology
? Baryon asymmetry

of the Universe
? Dark Matter

? Inflation

? Dark Energy

Fedor Bezrukov (CERN&UCONN&RBRC) Higgs inflation and large r QUARKS-2014 3 / 19



Minimal extensions of the SM to account for everything
Should explain everything

Neutrino oscillations  νMSMDark Matter
Baryon asymmetry of the Universe

} this talk – with Higgs
next talk – light inflatonInflation

in a minimal way
Introduce minimal amount of new particle/parameters

I Simple
I Predictive

No new scales up to gravity/inflation
I With scale invariance – alleviates hierarchy problem
I Allows to make relations between inflation and particle physics
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Inflation evidence – horizon problem

Microwave sky

Temperature
fluctuations
δT/T ∼ 10−5

Universe is uniform!
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Perturbations at inflation are observable in CMB
Temperature fluctuations
(PLANCK)

B-mode Polarization (BICEP2)

BICEP2: E signal
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Inflationary parameters from CMB
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Chaotic inflation–a scalar field

H 2 ' 1
3M2

P

(
V (φ) + φ̇

2/2
)
, φ̈ + 3H φ̇ + V ′(φ) = 0

φ

V
λ (20MP )4

4

3MP 20MP

λ

4 φ4

Slow roll inflation

δT/T ∼ 10−5 normalization

quartic coupling: λ ∼ 10−13 (or mass: m ∼ 1013 GeV)

Can not be the SM Higgs field?
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Non-minimal coupling to gravity solves the problem
Quite an old idea
For a scalar field coupling to the Ricci curvature is possible (actually
required by renormalization)

A.Zee’78, L.Smolin’79, B.Spokoiny’84

D.Salopek J.Bond J.Bardeen’89

Scalar part of the (Jordan frame) action

SJ =
∫

d4x
√−g

{
−M2

P
2

R−ξ
h2

2
R + gµν

∂ µh∂ νh
2

− λ

4
(h2−v2)2

}

h is the Higgs field; MP ≡ 1√
8πGN

= 2.4×1018GeV

SM higgs vev v �MP/
√

ξ – can be neglected in the early
Universe
At h�MP/

√
ξ all masses are proportional to h – scale invariant

spectrum!
[FB, Shaposhnikov’08]
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Conformal transformation – nice way to calculate

It is possible to get rid of the non-minimal coupling by the conformal
transformation (change of variables)

ĝµν = Ω2gµν , Ω2 ≡ 1 +
ξh2

M2
P

Redefinition of the Higgs field to get canonical kinetic term

dχ

dh
=

√
Ω2 + 6ξ 2h2/M2

P
Ω4 =⇒

{
h ' χ for h < MP/ξ

Ω2 ' exp
(

2χ√
6MP

)
for h > MP/ξ

Resulting action (Einstein frame action)

SE =
∫

d4x
√
−ĝ

{
−M2

P
2

R̂ +
∂µ χ∂ µ χ

2
− λ

4
h(χ)4

Ω(χ)4

}
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Potential – different stages of the Universe
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CMB parameters are predicted

Higgs inflation

Predictions of 
inflationary models:

spectral index n ' 1− 8(4N+9)
(4N+3)2 ' 0.97

tensor/scalar ratio r ' 192
(4N+3)2 ' 0.0033

δT/T ∼ 10−5 =⇒ ξ√
λ
' 47000
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RG improved potential for Higgs inflation

URG improved(χ) =
λ (µ)

4
M4

P
ξ 2

(
1−e

− 2χ√
6MP

)2

with

µ
2 = α

2m2
t (χ) = α

2 y2
t (µ)

2
M2

P
ξ

(
1−e

− 2χ√
6MP

)

Large λ – slow (logarithmic) running, no noticeable change
compared to tree level potential
Small λ – may give interesting “features” in the potential

Strictly speaking ξ is also running – not relevant for the current
discussion for a set of reasons, especially in the region of small λ

[FB, Magnin, Shaposhnikov’09]
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RG running indicates small λ at Planck scale
Renormalization evolution of the Higgs self coupling λ

λ ' λ0 + b ln2 µ

q

b ' 0.000023
λ0 – small
q of the order Mp

}
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RG running indicates small λ at Planck scale
Potentials in different regimes

λ ' λ0 + b ln2 µ

q

b ' 0.000023
λ0 – small
q of the order Mp

}
depend on M∗h , m∗t

µ

λ

q
λ0

U(χ)' λ (µ)M4
P

4ξ 2

(
1−e

− 2χ√
6MP

)2

µ
2 = α

2 yt (µ)2

2
M2

P
ξ

(
1−e

− 2χ√
6MP

)
0 1 2 3 4 5

0

1.´10-8

2.´10-8

3.´10-8

4.´10-8

5.´10-8

Many coincidences (q ∼MP , U(q)∼ Uinfl)

Fedor Bezrukov (CERN&UCONN&RBRC) Higgs inflation and large r QUARKS-2014 14 / 19



Interesting inflation near to the critical point
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[Hamada, Kawai, Oda„ Park’14, FB, Shaposhnikov’14]
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Connection with the low energy physics
Inflationary “masses” m∗t , M∗h differ from physical mt , Mh
Let us analyse counterterms generated by

Lt =
yt√
2

ψ̄tψtF (χ), F (χ) =
h(χ)

Ω(h(χ))

Low energy F ′(0) = 1, at inflation F ′(∞) = 0

t

yF ′

t

yF ′ yF ′

δ χ yt → yt +
y3

t
16π2

( 9
4ε

+ Ct
)

F ′2

m∗t = mt

(
1− y2

t Ct
16π2

)
δ χ δ χ

δ χδ χ

λ → λ − y4
t

16π2

(3
ε
−Cλ

)
F ′4

M∗h = Mh

(
1− y4

t Cλ

16π2
v2

M2
h

)
Inflation-particle mass difference m∗−m of several GeV for C ∼ 1
[FB, Magnin, Shaposhnikov„ Sibiryakov’11, FB, Shaposhnikov’14]
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Cosmological parameters for critical point HI
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12 Planck Collaboration: Constraints on inflation

4.3. Running spectral index

We have shown that the single parameter Harrison-Zeldovich
spectrum does not fit the data, and that at least the first two terms,
As and ns, in the expansion of the primordial power spectrum in
powers of ln(k) given in Eq. 10 are needed. Here we consider
whether the data require the next term known as the running of
the spectral index (Kosowsky & Turner, 1995), defined as the
derivative of the spectral index with respect to ln k, dns ,t/d ln k
for scalar or tensor fluctuations. In slow-roll single-field infla-
tion, the running is second order in the Hubble slow-roll param-
eters, for scalar and for tensor perturbations (see Eqs. 17 and
18, respectively) (Leach et al., 2002), and thus is typically sup-
pressed with respect to, e.g., ns � 1 and nt, which are first order.
If the slow-roll approximation holds and the inflaton has reached
its attractor solution, dns/d ln k and dnt/d ln k are related to the
potential slow-roll parameters as in Eqs. 17 and 18. Given the
tight constraints on the first two slow-roll parameters ✏V and ⌘V
(✏1 and ✏2) from the present data, typical values of the running to
which Planck is sensitive (Pahud et al., 2007) would generically
be dominated by the contribution from the third derivative of the
potential, encoded in |⇠2

V | (or ✏3).
While it is easy to see that the running is invariant under a

change in pivot scale, the same does not hold true for the spectral
index and the amplitude of the primordial power spectrum. It is
convenient to choose k⇤ such that dns/d ln k and ns are decorre-
lated (Cortês et al., 2007). This approach minimizes the inferred
variance of ns and facilitates comparison with constraints on ns
in the power law models. Note however that the decorrelation
pivot scale kdec

⇤ depends both on the model and data set consid-
ered in the analysis.

We consider a model parameterizing the power spectrum us-
ing As(k⇤) , ns(k⇤), and dns/d ln k, where k⇤ = 0.05 Mpc�1. The
joint constraints on ns and dns/d ln k at the decorrelation scale
of kdec

⇤ = 0.04 Mpc�1 are shown in Fig. 4. The Planck+WP con-
straints on the running do not change significantly when com-
plementary data sets such as Planck lensing, CMB high-`, and
BAO data are included. We find

dns/d ln k = �0.013 ± 0.009 (68% CL, Planck+WP) , (45)

which is negative at the 1.5� level. This reduces the the uncer-
tainty compared to previous CMB results. Error bars are reduced
by 60% compared to the WMAP 9-year results (Hinshaw et al.,
2012a), and by 20-30% compared to WMAP supplemented by
SPT and ACT data (Hou et al., 2012; Sievers et al., 2013). Planck
finds a smaller scalar running than SPT+WMAP7 (Hou et al.,
2012), and larger then ACT+WMAP7 (Sievers et al., 2013). The
best-fit likelihood improves by only ��2

e↵ ⇡ 1.5 (3 when high-`
data are included) with respect to the minimal case in which ns is
scale independent, indicating that the deviation from scale inde-
pendence is not very significant. The constraint for the spectral
index in this case is 0.9630 ± 0.0065 at 68% CL at the decor-
relation pivot scale k⇤ = 0.038 Mpc�1. This result implies that
the third derivative of the potential is small, i.e., |⇠2

V | ⇠ 0.007,
but compatible with zero at 95% CL, for inflation at low energy
(i.e., with ✏V ⇡ 0).

We also test the possibility that the running depends on the
wavelength so that d2ns/d ln k2 is nonzero. With Planck+WP
data, we find d2ns/d ln k2 = 0.020+0.016

�0.015. This result is stable
with respect to the addition of complementary data sets. When
d2ns/d ln k2 is allowed in the fit, we find a value for the running
dns/d ln k consistent with zero.

Finally we allow a non-zero primordial gravitational wave
spectrum together with the running. The tensor spectral in-
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Fig. 2. Marginalized joint 68% and 95% CL for (dns/d ln k , ns)
using Planck+WP+BAO, either marginalizing over r or fixing
r = 0 at k⇤ = 0.038 Mpc�1. The purple strip shows the prediction
for single monomial chaotic inflationary models with 50 < N⇤ <
60 for comparison.

dex and its running are set by the slow-roll consistency re-
lations to second order, with nt = �r(2 � r/8 � ns)/8 and
dnt/d ln k = r(r/8 + ns � 1)/8. Planck measures the running to
be dns/d ln k = �0.016 ± 0.010 when tensors are included (see
Table 5 and Fig. 4). The constraints on the tensor-to-scalar ra-
tio are relaxed compared to the case with no running, due to an
anti-correlation between r and dns/d ln k, as shown in Fig. 4 for
Planck+WP+BAO.

Varying both tensors and running, Planck+WP implications
for slow-roll parameters are ✏V < 0.015 at 95% CL, ⌘V =
�0.014+0.015

�0.011, |⇠2
V | = 0.009 ± 0.006.

In summary, the Planck data prefer a negative running for
the scalar spectral index of order dns/d ln k ⇡ �0.015 at the
1.5� significance level, alone and in combination with other
astrophysical data sets. Weak statistical evidence for non-zero
negative values of dns/d ln k has been claimed in several previ-
ous investigations with the WMAP data and smaller scale CMB
data (e.g., Spergel et al., 2003; Peiris et al., 2003; Dunkley et al.,
2011; Hinshaw et al., 2012a; Hou et al., 2012).

If primordial, negative values for dns/d ln k of order 10�2,
would be interesting for the physics of inflation. The running of
the scalar spectral index is a key prediction for inflationary mod-
els. It is strictly zero for power law inflation, whose fit to Planck
was shown to be quite poor in the previous section. Chaotic
monomial models with V(�) / �n predict dns/d ln k ⇡ �8(n +
2)/(4N+n)2 ⇡ (ns�1)2, and the same order of magnitude (10�3)
is quite typical for many slow-roll inflationary models, such as
natural inflation or hilltop inflation, to name a few. It was pointed
out that a large negative running of dns/d ln k . �10�2 would
make it difficult to support the N⇤ ⇡ 50 e-foldings required from
inflation (Easther & Peiris, 2006), but this holds only without
nonzero derivatives higher than the third order in the inflation-
ary potential. Designing inflationary models that predict a neg-
ative running of O(10�2) with an acceptable ns and number of
e-folds is not impossible, as the case with modulated oscilla-
tions in the inflationary potential demonstrates (Kobayashi &
Takahashi, 2011). This occurs, for instance, in the axion mon-
odromy model when the instanton contribution is taken into ac-
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Electroweak vacuum should be stable
2σ compatible with the observations
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t = 0.9268 + 0.0057×
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]
[FB, Kalmykov, Kniehl„ Shaposhnikov’12,
Buttazzo, Degrassi, Giardino, Giudice, Sala, et al.’13], Pikelner’QUARKS 14
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Conclusions
Higgs inflation as the minimal inflationary model:

Large ξ regime
I Cosmology: ns ' 0.97, r ' 0.0033
I Particle physics: rather generic

Small ξ regime
I Cosmology:

F any ns, r
F predicts positive dns/d lnk ,. . .

I Particle physics:
F Higgs and top masses correspond to absolute vacuum stability
F High (inflationary) and low (particle physics) scale coupling constants

are rather close when matched over the h ∼MP/ξ region

Is any of this true?
Measure MS top quark Yukawa – lepton collider, better theoretical
analysis on hardon collider
Measure CMB properties (especially r )
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Foreground guesses for BICEP2 signal
BICEP2 foreground modelsDETECTION OF B-MODES BY BICEP2 13
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FIG. 6.— Polarized dust foreground projections for our field using vari-
ous models available in the literature, and two new ones formulated using
publically available information from Planck. Dashed lines show autospec-
tra of the models, while solid lines show cross spectra between the models
and the BICEP2 maps. The cross spectra are consistent with zero, and the
DDM2 auto spectrum (at least) is noise biased high (and is hence truncated
to � < 200). The BICEP2 auto spectrum from Figure 2 is also shown with the
lensed-⇤CDM+r = 0.2 spectrum.
stant emissivity value of 1.6 and a constant temperature of
19.6 K. In our field these values agree both with the mean val-
ues shown by the Planck Collaboration in dust polarization31,
and with the median values of the recently delivered Planck
dust model (Planck Collaboration et al. 2013a). A uniform
5% sky polarization fraction is assumed in agreement with the
first all-sky images of dust polarization shown by the Planck
Collaboration32. The polarization angles are taken from the
PSM.
DDM2: “Data Driven Model 2” (DDM2) constructed us-
ing all publicly available information from Planck. Uses the
same dust model temperature map as DDM1, with polariza-
tion fractions and angles matching those shown by the Planck
Collaboration32.

All of the the models except FDS make explicit predictions
of the actual polarized dust pattern in our field — presumably
with varying probabilities of success. We can therefore search
for a correlation between the models and our signal by taking
cross spectra against the BICEP2 maps. Figure 6 shows the
resulting BB auto and cross spectra — note that the autospec-
tra are all well below the level of our observed signal and that
the cross spectra are consistent with zero33. We also note that
the DDM2 model auto spectrum (which is the highest) con-
tains uncorrected noise bias from the polarization fraction and
angle maps (which is why this curve in Figure 6 is truncated
to ⌅ < 200).

9.2. Synchrotron
In our field and at angular scales of ⌅ > 30 the WMAP K-

band (23 GHz) maps are noise dominated. Extrapolating them

31http://www.rssd.esa.int/SA/PLANCK/docs/eslab47/
Session09_Data_Processing/47ESLAB_April_04_10_30_
Aumont.pdf

32http://www.rssd.esa.int/SA/PLANCK/docs/eslab47/
Session07_Galactic_Science/47ESLAB_April_04_11_25_
Bernard.pdf

33 The cross spectra between each model and real data are consistent with
the cross spectra between that model and (uncorrelated) lensed-LCDM+noise
simulations.

to our observing frequency using a spectral index of � = �3.3
derived from WMAP foreground products results in an upper
limit to synchrotron contamination equivalent to r = 0.003.
Taking the cross spectrum against our observed map indicates
that the true value is lower.

9.3. Point Sources
Extragalactic point sources might also potentially be a con-

cern. Using the 143 GHz fluxes for the sources in our field
from the Planck catalog (Planck Collaboration et al. 2013b),
together with polarization information from ATCA (Massardi
et al. 2011) we find that the contribution to the BB spectrum is
equivalent to r ⇥ 0.001. This is consistent with the projections
of Battye et al. (2011).

10. CROSS SPECTRA

10.1. Cross Spectra with BICEP1
BICEP1 observed essentially the same field as BICEP2 from

2006 to 2008. While a very similar instrument in many ways
the focal plane technology of BICEP1 was entirely different,
employing horn fed PSBs read out via neutron transmutation-
doped (NTD) germanium thermistors (see T10 for details).
The high-impedance NTD devices and readouts have differ-
ent susceptibility to microphonic pickup and magnetic fields,
and the shielding of unwanted RFI/EMI was significantly dif-
ferent from that of BICEP2. The beam systematics were also
quite different with a more conservative edge taper and a more
complex pattern of observed pair centroid offsets. BICEP1
had detectors at both 100 and 150 GHz.

Figure 7 compares the BICEP2 EE and BB auto spectra
with cross spectra taken against the 100 and 150 GHz maps
from BICEP1. For EE the correlation is extremely strong,
which simply confirms that the mechanics of the process are
working as expected. For BB the signal-to-noise is of course
much lower, but there appear to be positive correlations. To
test the compatibility of the BB auto and cross spectra we
take the differences and compare to the differences of lensed-
�CDM+noise+r = 0.2 simulations (which share common in-
put skies)34. Using bandpowers 1–5 the ⇤2 and ⇤ PTEs are
mid-range indicating that the spectra are compatible to within
the noise. (This is also true for EE.)

Calculating the BB ⇤2 and ⇤ statistics against the lensed-
�CDM model the BICEP2�BICEP1150 spectrum has PTEs
of 0.37 and 0.05 respectively. However, BICEP2�BICEP1100
has PTEs of 0.005 and 0.001 corresponding to ⇥ 3⇥ detec-
tion of power in the cross spectrum. While it may seem
surprising that one cross spectrum shows a stronger detec-
tion than the other, it turns out not to be unusual in lensed-
�CDM+noise+r = 0.2 simulations.

10.2. Spectral Index Constraint
We can use the BICEP2 auto and BICEP2�BICEP1100 spec-

tra shown in Figure 7 to constrain the frequency dependence
of the nominal signal. If the signal at 150 GHz were due to
synchrotron we would expect the frequency cross spectrum to
be much larger in amplitude than the BICEP2 auto spectrum.
Conversely if the 150 GHz power were due to polarized dust
emission we would not expect to see a significant correlation
with the 100 GHz sky pattern.

34For all spectral difference tests we compare against lensed-
⇤CDM+noise+r = 0.2 simulations as the cross terms between signal and
noise increase the variance even for perfectly common sky coverage.

BICEP’s foreground models

Raphael Flauger’s estimates of foregrounds

Conclusions
• BICEP has provided us with the deepest maps of any patch of 

the sky at 150 GHz and has detected degree scale B-modes

• According to all estimates, foregrounds may be small enough to 
detect a (large) primordial signal at 150 GHz without 
foreground subtraction, but the uncertainty on foregrounds is 
large and measurements at other frequencies (especially above 
150 GHz e.g. from Planck) seem important for a definitive 
measurement 

preliminary

BICEP2

BICEP2xKeck

BICEP2

BICEP2xKeck

BICEP2

BICEP2xKeck
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Consistency

Up to now we assumed that the model is a full model, and anything
beyond it does not spoil the story.

Is this really the case?
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Cut off scale today

Let us work in the Einstein frame for simplicty

Change of variables: dχ

dh =
MP
√

M2
P+(ξ +6ξ 2)h2

M2
P+ξh2 leads to the higher order

terms in the potential (expanded in a power law series)

V (χ) = λ
h4

4Ω4 ' λ
h4

4
' λ

χ4

4
+ #

χ6

(MP/ξ )2 + · · ·

Unitarity is violated at tree level
in scattering processes (eg. 2→ 4) with energy above the "cut-off"

E > Λ0 ∼
MP

ξ

Hubble scale at inflation is H ∼ λ 1/2 MP
ξ

– not much smaller than the
today cut-off Λ0 :(
[Burgess, Lee, Trott’09, Barbon, Espinosa’09, Hertzberg’10]
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"Cut off" is background dependent!

χ(x , t) = χ̄(t) + δ χ(x , t)

Classical background Quantum perturbations

leads to background dependent suppression of operators of dim n > 4
O(n)(δ χ)

[Λ(n)(χ̄)]n−4

Example

Potential in the inflationary region χ > MP : U(χ) =
λM4

P
4ξ 2

(
1−e

− 2χ√
6MP

)2

leads to operators of the form: O(n)(δ χ)

[Λ(n)(χ̄)]n−4 =
λM4

P
ξ 2 e

− 2χ̄√
6MP

(δ χ)n

Mn
P

Leading at high n to the "cut-off"
Λ∼MP
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Cut-off grows with the field background
Jordan frame

MP/ξ

MP

MP/ξ MP/√ξ h

E

Weak coupling

Strong coupling

ΛPlanck
Λg-s = √ξh

Λgauge = h

Relation between cut-offs in
different frames:

ΛJordan = ΛEinsteinΩ

Einstein frame

MP/ξ

MP/√ξ

MP

MP/ξ MP/√ξ h

E

Weak coupling

Strong coupling

ΛPlanck

Λg-s = MP

Λgauge = MP/√ξ

Relevant scales
Hubble scale H ∼ λ 1/2 MP

ξ

Energy density at inflation
V 1/4 ∼ λ 1/4 MP√

ξ

Reheating temperature MP/ξ < Treheating < MP/
√

ξ

[FB, Gorbunov, Shaposhnikov’11, FB, Magnin, Shaposhnikov„ Sibiryakov’11]
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RG improved effective potential

U(φ) =
λ (µ)

4
φ

4 +∑
i

m4
i (φ)

64π2

(
ln

m2
i (φ)

µ2 + consti

)
+ · · ·

with mi(φ) = gφ , y√
2

φ , so that m4
i ∝ φ4

U should be independent on non-physical parameter µ – leads to
RG equation for λ

∂λ

∂ ln µ
= βλ

At the same time, one can choose µ 'm(φ)' ytφ to minimize the
logarithms

URG improved '
λ (µ(φ))

4
φ

4

µ
2 ' α

2 yt

2
φ

2

α is of order one
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Shift symmetric UV completion allows to have a form
of effective theory during inflation

L =
(∂µ χ)2

2
−U0

(
1 +∑une−n·χ/M

)
=

(∂µ χ)2

2
−U0

(
1 +∑ 1

k !

[
δ χ

M

]k

∑nkune−n·χ̄/M

)

Effective action (from quantum corrections of loops of δ χ)

Leff = f (1)(χ)
(∂µ χ)2

2
−U(χ) + f (2)(χ)

(∂ 2χ)2

M2 + f (3)(χ)
(∂ χ)4

M4 + · · ·

All the divergences are absorbed in un and in f (n) ∼ ∑ fle−nχ/M

UV completion requirement
Shift symmetry (or scale symmetry in the Jordan frame) is respected

χ 7→ χ + const
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Connection of inflationary and low energy physics
requires more assumptions on the UV theory

λU(χ̄ + δ χ) = λ

(
U(χ̄) +

1
2

U ′′(χ̄)(δ χ)2 +
1
3!

U ′′′(χ̄)(δ χ)3 + · · ·
)

in one loop: λU ′′(χ̄)Λ̄2, λ
2(U ′′(χ̄))2 log Λ̄ ,

in two loops: λU(IV )(χ̄)Λ̄4, λ
2(U ′′′)2Λ̄2, λ

3U(IV )(U ′′)2(log Λ̄)2 ,

If no power law divergences are generated

then the loop corrections are arranged in a series in λ

U(χ) = λU1(χ) + λ
2U2(χ) + λ

3U3(χ) + · · ·

A rule to fix the finite parts of the counterterm functions Ui(χ)

Example – dimensional regularisation + MS
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Summary on radiative corrections

The tree level calculations can be ok, as far as the cut-off is
background dependent
Underlying theory respects shift (scale) invariance – effective
(order by order) analysis of the inflationary potential is possible
Underlying theory respects scale invariance and does not
generates any quadratic contributions – calculations are fully
possible provided the action and the subtraction rules are
specified.
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Higgs decouples from all fields during inflation

Action for the gauge fields and fermions is invariant under conformal
transformations (Aµ 7→ Aµ , ψ 7→ Ω3/2ψ) except for the mass terms

L J
A = g2h2AµAµ 7→ L E

A = g2 h2

Ω2 AµAµ = g2 M2
P

ξ

(
1−e

− 2χ√
6MP

)
AµAµ

L J
Y = yhψ̄ψ 7→ L E

Y = y
h
Ω

ψ̄ψ = y
MP√

ξ

(
1−e

− 2χ√
6MP

)1/2

ψ̄ψ

In inflationary region h > MP/
√

ξ :
Ω2 ≡ 1 + ξh2

M2
P
' exp

(
2χ√
6MP

)
Exponentially weak coupling of χ to other matter
Non-minimal coupling made the Higgs potential flat and at the same
time took care of the corrections from the other fields
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Contributions form Scalar and Tensor modes��� ȽɅȺȼȺ ��� ∗ɉɈɅəɊɂɁȺɐɂə ɊȿɅɂɄɌɈȼɈȽɈ ɂɁɅɍɑȿɇɂə

Ɋɢɫ� ����� ɉɪɢɦɟɪ ɫɩɟɤɬɪɨɜ ɚɧɢɡɨɬɪɨɩɢɢ ɢ ɩɨɥɹɪɢɡɚɰɢɢ ɪɟɥɢɤɬɨɜɨɝɨ ɢɡɥɭɱɟɧɢɹ >��@� ɇɚ
ɥɟɜɨɣ ɱɚɫɬɢ ɪɢɫɭɧɤɚ ɩɪɟɞɫɬɚɜɥɟɧɵ ɩɪɟɞɫɤɚɡɚɧɢɹ ɞɥɹ ɫɩɟɤɬɪɨɜ ɫ ɭɱɺɬɨɦ ɥɢɲɶ ɚɞɢɚɛɚɬɢɱɟ�
ɫɤɢɯ ɫɤɚɥɹɪɧɵɯ ɜɨɡɦɭɳɟɧɢɣ� ɚ ɧɚ ɩɪɚɜɨɣ ɱɚɫɬɢ� ɧɚɨɛɨɪɨɬ� ɩɪɟɞɫɬɚɜɥɟɧ ɜɤɥɚɞ ɬɟɧɡɨɪɧɵɯ
ɦɨɞ� ɂɫɩɨɥɶɡɨɜɚɧɧɵɟ ɜɟɥɢɱɢɧɵ ɤɨɫɦɨɥɨɝɢɱɟɫɤɢɯ ɩɚɪɚɦɟɬɪɨɜ ɩɪɢɦɟɪɧɨ ɫɨɨɬɜɟɬɫɬɜɭɸɬ
ɩɪɢɧɹɬɵɦ ɜ ɷɬɨɣ ɤɧɢɝɟ� ɧɟɫɤɨɥɶɤɨ ɡɚɜɵɲɟɧɵ ɨɬɧɨɲɟɧɢɟ ɦɨɳɧɨɫɬɟɣ ɬɟɧɡɨɪɧɵɯ ɢ ɫɤɚɥɹɪ�
ɧɵɯ ɦɨɞ� ɜɵɛɪɚɧɧɨɟ ɪɚɜɧɵɦ r = 0.38� ɢ ɨɩɬɢɱɟɫɤɚɹ ɬɨɥɳɚ ɷɩɨɯɢ ɜɬɨɪɢɱɧɨɣ ɢɨɧɢɡɚɰɢɢ�
ɜɵɛɪɚɧɧɚɹ ɪɚɜɧɨɣ τrei = 0.17�

����� Ƚɟɧɟɪɚɰɢɹ ɩɨɥɹɪɢɡɚɰɢɢ ɪɟɥɢɤɬɨɜɨɝɨ ɢɡɥɭɱɟɧɢɹ
ɇɚɲɚ ɨɫɧɨɜɧɚɹ ɰɟɥɶ ɜ ɷɬɨɦ ɪɚɡɞɟɥɟ ��� ɩɨɥɭɱɢɬɶ ɨɰɟɧɨɱɧɵɟ ɮɨɪɦɭɥɵ ɞɥɹ ɩɨɥɹɪɢɡɚɰɢɢ
ɪɟɥɢɤɬɨɜɨɝɨ ɢɡɥɭɱɟɧɢɹ� ɜɨɡɧɢɤɲɟɣ ɜ ɩɪɨɰɟɫɫɟ ɨɬɳɟɩɥɟɧɢɹ ɮɨɬɨɧɨɜ ɜ ɯɨɞɟ ɪɟɤɨɦɛɢɧɚ�
ɰɢɢ� ɉɪɢ ɷɬɨɦ ɦɵ ɛɭɞɟɦ ɩɨɥɶɡɨɜɚɬɶɫɹ ɩɪɢɛɥɢɠɟɧɢɟɦ� ɜ ɤɨɬɨɪɨɦ ɩɨɥɹɪɢɡɚɰɢɹ ɩɨɹɜɥɹɟɬɫɹ
ɜ ɩɨɫɥɟɞɧɟɦ ɩɪɨɰɟɫɫɟ ɪɚɫɫɟɹɧɢɹ� ɚ ɞɨ ɷɬɨɝɨ ɢɡɥɭɱɟɧɢɟ ɫɱɢɬɚɟɬɫɹ ɧɟɩɨɥɹɪɢɡɨɜɚɧɧɵɦ� ɫɦ�
ɪɚɡɞɟɥ �����

������� Ɉɛɳɟɟ ɪɚɫɫɦɨɬɪɟɧɢɟ
ɇɚɱɧɺɦ ɫ ɬɨɝɨ� ɱɬɨ ɪɚɫɫɦɨɬɪɢɦ ɧɟɩɨɥɹɪɢɡɨɜɚɧɧɨɟ ɢɡɥɭɱɟɧɢɟ� ɩɪɢɯɨɞɹɳɟɟ ɤ ɦɟɫɬɭ ɩɨ�
ɫɥɟɞɧɟɝɨ ɪɚɫɫɟɹɧɢɹ ɜɞɨɥɶ ɧɚɩɪɚɜɥɟɧɢɹ Q′ ɢ ɪɚɫɫɟɹɧɧɨɟ ɜ ɧɚɩɪɚɜɥɟɧɢɢ ɧɚ ɧɚɛɥɸɞɚɬɟɥɹ
Q� Ⱦɥɹ ɬɚɤɨɝɨ ɢɡɥɭɱɟɧɢɹ ɫɩɪɚɜɟɞɥɢɜɚ ɮɨɪɦɭɥɚ ������� ȼɵɛɟɪɟɦ ɧɚ ɧɟɛɟɫɧɨɣ ɫɮɟɪɟ �ɢɥɢ�
ɱɬɨ ɬɨ ɠɟ ɫɚɦɨɟ� ɧɚ ɫɮɟɪɟ ɩɨɫɥɟɞɧɟɝɨ ɪɚɫɫɟɹɧɢɹ� ɛɚɡɢɫ� ɫɨɫɬɨɹɳɢɣ ɢɡ ɜɟɤɬɨɪɨɜ Ha� ɢ ɡɚ�
ɩɢɲɟɦ ɫɨɨɬɧɨɲɟɧɢɟ ������ ɜ ɜɢɞɟ Ea = C Ha(′� ɝɞɟ C ��� ɤɨɧɫɬɚɧɬɚ� ɧɟ ɡɚɜɢɫɹɳɚɹ ɨɬ ɧɚ�
ɩɪɚɜɥɟɧɢɹ ɜɟɤɬɨɪɚ Q′� Ea ��� ɤɨɦɩɨɧɟɧɬɵ ɷɥɟɤɬɪɢɱɟɫɤɨɝɨ ɩɨɥɹ ɪɚɫɫɟɹɧɧɨɝɨ ɢɡɥɭɱɟɧɢɹ� ɚ
(′ ��� ɷɥɟɤɬɪɢɱɟɫɤɨɟ ɩɨɥɟ ɩɚɞɚɸɳɟɝɨ ɢɡɥɭɱɟɧɢɹ� Ⱦɥɹ ɧɟɩɨɥɹɪɢɡɨɜɚɧɧɨɝɨ ɩɚɞɚɸɳɟɝɨ ɢɡ�
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