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What is B-mode polarization?

CMB=picture of the Universe  
at age  ~380.000 years:

a hot Universe with small inhomogeneities



The CMB light is polarized!
The polarization plane is related to the gradients of  CMB temperature

“E modes”: 	


parallel/orthogonal 	


to such direction	



(curl-free)

“B modes”: 	


at 45o	



to such direction	


(divergence-free)

associated to 	


temperature gradients	


(Thomson scattering)

cannot be associated 	


to any scalar quantity	



in the CMB	


⇓	



TENSORS

What is B-mode polarization?



Maps from BICEP2…



…and the <BB> power spectrum

BICEP points

Theoretical curve

l



Flauger, Hill and Spergel 14
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FIG. 4: Comparison of several predictions for the 150 GHz signal versus the reported Bicep2 ⇥ Bicep2 and the preliminary
Bicep2 ⇥ Keck measurements. The predictions are a combination of the dust polarization signal and the predicted lensing
signal for standard cosmological parameters. Panel (a) is based on DDM-P1, which assumes that the dust polarization signal
is proportional to the dust intensity (extrapolated from 353 GHz) times the mean polarization fraction (based on our CIB-
corrected map; see section III). The band represents the 1� countours derived from a set of 48 DDM-P1 models. Panel (b) shows
DDM-P2, with polarization fractions from our CIB-corrected map, and polarization direction based on starlight measurements,
the PSM, or [33]. Panel (c) uses the column density of neutral hydrogen in the Bicep2 region inferred from the optical depth
at 353 GHz to estimate the dust foreground. In this panel, the band reflects the uncertainty in the extrapolation of the scaling
relation to low column densities as well as the uncertainty in the rescaling from 353 GHz to 150 GHz.

this region has been selected by the Bicep2 team for its low dust extinction, few starlight polarization data have
been collected within the field. However, we found seven significant detections (P/�P > 1) along sightlines to stars
at least 100 pc above the Galactic plane. Two of them are for the same star, but observed by di↵erent teams, with
both observations above 5�. The polarization angle of the dust emission derived from the latter is 154.5�. The mean
and median angles derived from all significant detections in the region are respectively 171.1� and 160.4�, in good
agreement with that derived from the 5� detections. In a first class of models, we thus take the polarization angle
to be constant across the patch, and explore a range of values consistent with starlight polarization data, taking the
average dust emission polarization angle to be 160�, and explore the e↵ect of varying this angle by 10�.
In a second class of models, we again take the polarization angle to be constant across the patch, but use the

average polarization angle from the PSM. We consider a third class of models, in which we use polarization angles
derived from the PSM after smoothing the maps to 1 or 5 degrees. Finally, we consider models based on [33] and
vary the zero levels of the polarization and intensity maps within errors of the calibration.
The first two panels of Fig. 4 show the range of dust B-mode amplitudes compatible with each model added to the

lensed E-mode signal. The DDM-P1/DDM-P2 envelopes correspond to the 1� contours based on a suite of forty-eight
DDM-P1/DDM-P2 models that di↵er by their choice of polarization angles and map zero-levels, as discussed above.
DDM-P1 and DDM-P2 lead to consistent predictions, and the uncertainty envelope on each estimate encompasses
the Bicep2 and Bicep2 ⇥ Keck data points in the five bins used in the Bicep2 analysis.

B. Estimate from HI Column Density

The Planck collaboration has reported a strong correlation between Hi column density and the amplitude of the
dust polarization signal along a given line of sight [21]. We use this relationship to estimate the polarization signal
in the Bicep2 region. Hi column density can be inferred from the Planck 353 GHz dust opacity map according to
NHI = 1.41⇥ 1026 cm�2 ⌧353 [28]. Using this relation, we find NHI = (1.50± 0.07)⇥ 1020 cm�2 in the Bicep2 region.4

Inserting this value into the relation between NHI and dust polarization amplitude and using the appropriate modified
blackbody SED [19], at 150 GHz we obtain polarized dust emission power estimates at ` = 100 of 0.021 ± 0.014µK2

for `(`+ 1)CEE
` /2⇡ and 0.015 ± 0.010µK2 for `(`+ 1)CBB

` /2⇡.

4 While Ref. [21] was based on an older version of the Planck dust model, we consistently work with version 1.20.

Is it primordial?
Estimating of effect of foregrounds… 	


(note the errorbar on the errorbar)

In the rest of talk talk I will assume 	


that the signal is primordial





Where do these tensor modes come from?



Inflation: 
accelerated expansion

•  counters Jeans instability and produces a large, 
homogeneous and spatially flat Universe	



• pulls quantum fluctuations out of vacuum (cf. Schwinger 
effect): at least two forms of “particles” are created: 

scalar modes (quanta of inflaton) Observed, studied in detail

tensor modes (quanta of gravity) This is what we care about here

r=amplitude of tensors over scalars



BICEP2

Amplitude of scalar perturbations well measured by COBE

r ⟺ V during inflation

2

Sitter inflationary expansion (namely that P

t

⇠ V/M

4

p

,

where P
t

is the tensor power spectrum, V 1/4 is the energy
scale of inflation, and M

p

' 2.4⇥1018 GeV is the reduced
Planck mass) - it allows us, for the first time, to determine
the energy scale of inflation. From the parametrization
r ⌘ P

t

/P

s

, and from the measured value of the scalar
power spectrum, P

s

' 2.45 ⇥ 10�9, one obtains the well
known relation

V

1/4 ' 2.25 · 1016 GeV
⇣

r

0.2

⌘
1/4

. (1)

Therefore, if the B-mode signal observed by BICEP2 is
due to inflationary vacuum modes, we have now learnt
that inflation took place at the GUT scale.

Taken at face value, the BICEP2 value is in strong
tension with the 2� limit r < 0.11 obtained by the
Planck inflation analysis [2]. Such a limit however re-
lies on the scaling of the temperature anisotropy data
(supplemented by the WMAP large-scale polarization
likelihood), and not on the direct measurement of the
B-mode polarization. The r < 0.11 limit appears ro-
bust under the inclusion of several datasets (such as the
ACT+SPT temperature data, BAO, and the Planck lens-
ing [2]). However, it crucially relies in the assumption of
a constant spectral tilt n

s

.
Specifically, it is obtained from the

Planck+ACT+SPT temperature data (with the Planck
data supplemented by the WMAP large-scale polar-
ization likelihood), under the assumption of constant
spectral tilt n

s

= 0.960 ± 0.007 [2]. As discussed in [2],
a more relaxed limit is obtained if n

s

is allowed to vary
with scale k. Specifically, it is customary to parametrize
the scalar power spectrum as

P

⇣

(k) ⌘ P (k
0

)
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k0

(2)

where k

0

= 0.05 Mpc�1, is the a chosen pivot scale (this
is the scale at which also r is defined) and the parameter
↵

s

denotes the running of the scalar spectral tilt [3] with
↵

s

= d ns
d ln k

.
If ↵

s

6= 0, the r < 0.11 limit is relaxed to r

<⇠ 0.25.
From Figure 5 of [2] we infer that a value ↵

s

⇠ �0.02 is
required to reconcile the temperature data with r = 0.2.
Such a large value of |↵

s

| is not a generic prediction of
slow roll inflationary models. Indeed, in terms of the slow
roll parameters
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where V denotes the potential of the inflaton � and
comma denotes a derivative, we have the well known slow
roll relations

r = 16 ✏ , n

s

� 1 = 2⌘ � 6✏ ,

↵

s

= �2⇠2 +
r

2
(n

s

� 1) +
3

32
r

2 ' �2⇠2 � 0.00025 ,

(4)

where n

s

= 0.96, r = 0.2 has been used in the final
numerical estimate. This is typically much smaller than
the required value, since, as evident in (4), the running
is generically of second order in slow roll.
In principle, models can be constructed in which the

third derivative term ⇠

2 is “anomalously large”. How-
ever, besides being hard to motivate, it is di�cult to
maintain a large third derivative, while the first two
derivatives are small, for a su�ciently long duration of in-
flation, [4, 5], so that the models in which a large running
is achieved have potentials with some bump-like feature
or superimposed oscillations [4, 6–9], or possess some pe-
culiar aspects beyond standard scenarios [10–14].
In summary, it appears that r = 0.2 can be recon-

ciled with the limits from the temperature anisotropies
through a negative running, which is however of substan-
tially larger magnitude than the generic slow roll predic-
tion. It is possible that the value of r from the polariza-
tion will shift towards r ⇠ 0.1, in which case the tension
with the temperature data can be relaxed (or disappear
altogether). This can happen factoring in both the sta-
tistical uncertainty in the BICEP2 r = 0.2+0.07

�0.05

result,
and the decrease of r that appears in most of the model-
dependent dust corrections [1].
Remarkably, r close to 0.15 appears as a prediction of

the simplest models of inflation, such as chaotic infla-
tion [15] and natural inflation [16]. Even if UV complete
theories typically leads to a lower inflationary scale, it
is possible to construct models that can evade the fun-
damental constraints which typically make high-scale in-
flation di�cult to realize [17–20] and still display such
simple potentials.
However, from a theoretical point of view, it is inter-

esting to understand the implications that a large mea-
sured value for r from polarization would have for infla-
tionary model building. In this work we do not explore
the possibility of a large running besides the comment
that we have already made. We rather discuss two other
(admittedly, more speculative) possible ways to suppress
the large scale temperature signal in presence of a large
r ' 0.2.
The first mechanism relies on the presence of a

large scale suppression in the scalar power, that we
parametrize with a step function. A similar idea was
already explored in [21], in order to address the sup-
pressed power of the temperature anisotropies at the
largest scales. The best fit to the first year WMAP
data was obtained if the power drops to zero at scales
k

<⇠ 5⇥ 10�4 Mpc�1 [22]. Such a strong suppression can
for example occur if the universe is closed, with a cur-
vature radius comparable to the horizon at the onset of
inflation [23], or if the inflaton was in fast roll at the be-
ginning of the last ⇠ 60 e-folds of inflation [21]. In this
case, one also expects a suppression of the tensor signal
at large scales, although this suppression is milder than
that of the scalar power [24]. Here, for simplicity, we
only consider a simple model for suppression in order to
explore the viability of such a model in explaining the

High scale (GUT!) inflation!

…more properties?



The Lyth bound

r related to excursion of inflaton during inflation

�� ⇠ MP

r
r

0.01

Planckian excursions of inflaton!



To sum up, if BICEP2 result is true:
• It means that we “saw” gravitational waves	



• Direct test of canonical quantization of gravity (on a time-
dependent background!)	



• Rules out a bunch of alternatives to inflation (that have no 
tensors)	



• Strongly supports existence of nontrivial physics at a new, 
close to GUT, scale	



• In simple (and not so simple) models proves planckian 
excursions of scalar fields

NOTA BENE: none of these statements is a theorem!



Implications for model building?



A possible concern?

“Graviton loops” effects generate terms 

/ M4
P

✓
�

MP

◆n

in V(φ), that are uncontrollable corrections for φ>MP

�� & MP

Not really…



(Quantum) gravity interacts with energy, not with φ!

Smolin 80

Indeed: for potential V(φ),  perturbative quantum gravity effects are

O(1) V(φ)2/MP4     and    O(1) V’’(φ) V(φ)/MP2 

negligible during inflation

V(φ) breaks softly the shift symmetry φ→φ+const.	


that protects V(φ) against gradients

Linde 88

�� & MP



Perturbatively dangerous operators are those that break shift 
symmetry in a hard way (e.g., sufficiently large Yukawas)

Solution:

Assume an exact shift symmetry (so Yukawas are forbidden)…	


…then break the symmetry a bit and generate a potential 	



[Pseudo-Nambu-Goldstone-Boson]

�� & MP

Prototypical example: Natural Inflation Freese et al 90

BICEP requires	


f>10 MP

2

axion [9, 10], which is the Goldstone boson of a sponta-
neously broken global U(1) symmetry. At temperatures
below the QCD phase transition, QCD instantons lead to
a potential and stabilise the axion at the CP -conserving
value of ✓ = 0. The potential takes the form [12]

V (�) = ⇤4(1 � cos �/fa) . (5)

The canonically normalised field is � = fa✓, where fa is
the axion decay constant and gives the scale at which the
PQ symmetry is broken. Oscillations about this potential
minimum lead to the production of axion DM [13–19]2.
Axions are also generic to string theory [24–26], where
they and similar particles come under the heading ‘axion-
like particles’ (e.g. Ref. [27]). Along with the QCD axion
we will also consider constraints on other axions coming
from a measurement of r.

Just as the graviton is massless during inflation, lead-
ing to the production of the tensor modes, if the axion is
massless during inflation (and the PQ symmetry is bro-
ken) it acquires isocurvature perturbations [28, 29]

p
h��2i =

HI

2⇡
. (6)

Thus high-scale inflation as required in the simplest sce-
nario giving rise to r implies large amplitude isocurvature
perturbations and constrains axion [30].

The spectrum of initial axion isocurvature density per-
turbations generated by Eq. (6) is

h�2

ai = 4

*✓
��

�

◆
2

+
=

(HI/Mpl)2

⇡2(�i/Mpl)2
. (7)

Given that axions may comprise but a fraction ⌦a/⌦d of
the total DM, the isocurvature amplitude is given by

AI =

✓
⌦a

⌦d

◆
2 (HI/Mpl)2

⇡2(�i/Mpl)2
. (8)

The ratio of power in isocurvature to adiabatic modes is
given by:

AI

As
=

✓
⌦a

⌦d

◆
2 8✏

(�i/Mpl)2
. (9)

These isocurvature modes are uncorrelated with the
adiabatic mode. The QCD axion is indistinguishable
from CDM on cosmological scales, and Planck [6] con-
strain uncorrelated CDM isocurvature to contribute a
fraction

AI

As
< 0.04 . (10)

2 For more details see e.g. Refs. [20–23].

Given certain assumptions, in particular that the PQ
symmetry is broken during inflation and that the QCD
axion makes up all of the DM, this implies the limit

HI  2.4 ⇥ 109 GeV

✓
fa

1016 GeV

◆
0.408

, (11)

which is clearly inconsistent by many orders of magnitude
with the value of Eq. (3) implied by the detection of r.
The QCD Axion: We now discuss the well known im-

plications of a measurement of r as applied to the QCD
axion (e.g. [31–34]), deriving the level of fine-tuning im-
plied.

The homogeneous component of the field � evolves ac-
cording to the Klein-Gordon equation in the expanding
universe

�̈ + 3H�̇ + V,� = 0 . (12)

Once Hubble friction is overcome, the field oscillates in
its potential minimum, with the energy density scaling
as matter, and provides a source of DM in this ‘vacuum
realignment’ production. There are now various possibil-
ities to set the axion relic density, depending on whether
the PQ symmetry is broken or not during inflation.

For the QCD axion the decay constant is known to be
in the window

109 GeV . fa . 1017 GeV , (13)

where the lower bound comes from stellar cooling [35] and
the lesser known upper bound from the spins of stellar
mass black holes [36], and we have allowed arbitrary fine
tuning of ✓i (see below).

If the PQ symmetry is broken during inflation3, fa >
HI , then the axion field initial condition, ✓i, is uniform
over our horizon. In this case the relic density from a
QCD axion is given by

⌦ah2 ⇠ 2 ⇥ 104

✓
fa

1016 GeV

◆
7/6

✓2

i � , (14)

where 0 < � < 1 is a dilution factor if entropy is produced
sometime after the QCD phase transition and before nu-
cleosynthesis (for example by decay of a weakly coupled
modulus)4, and we have dropped the factor f(✓2

i ) ac-
counting for anharmonic e↵ects for simplicity. Note that

3 More rigorously the condition is [32] fa > Max{TGH,Tmax}
where TGH is the Gibbons-Hawking temperature of de Sitter
space during inflation, TGH = HI/2⇡ [37, 38] and Tmax is the
maximum thermalisation temperature after inflation, Tmax =
�e↵EI (�e↵ is an e�ciency parameter).

4 We note that for 1015 GeV . fa . 1017 GeV there is no exactly
known expression for ⌦a since the formulae of e.g. Ref. [31] have
no overlapping region of validity when oscillations begin during
the QCD phase transition. Also, in order for large entropy pro-
duction to be possible oscillations must begin in a matter domi-
nated era, giving another slightly di↵erent expression (which can
be absorbed into �) [51].



…what about UV-complete theories?
(e.g., string theory)

An example of a way out…

String Theory appears to require f<MP

Banks, Dine, Fox and Gorbatov 03

A problem…

Arkani-Hamed, Motl, Nicolis and Vafa 06

[φ=angle, with periodicity determined by size of internal space>1/MP]

[instanton corrections unsuppressed for f>MP]



The potential is not a single valued function of the inflaton!

Silverstein and Westphal 08	


Kaloper, LS 08	



Kaloper, Lawrence, LS 11

Monodromy

2
φ

E

n = 0
n = −1

n = 1

n = −2

µe /

Figure 1: A map of the possible energies as a function of φ, for the potential
V = 1

2(µφ+q)2. The picture repeats itself (except for the labeling of the lines)
each time one shifts φ→ φ+ |e|/m ≡ φ+ fφ.

At leading order in 1/N and at strong ’t Hooft coupling λ = g2YMN , Witten has shown
that h(x) = Ax2, which leads to precisely the scenario discussed above. If we promote the
theta angle to a propagating field, θ = φ/fφ, this is another realization of axion monodromy
inflation.7

As it has been pointed out in [25, 29], the four-form theory can be used as the effec-
tive action for the coupled axion-gauge theory dynamics. The Chern-Simons 3-form C ∝
tr
(

AdA− 2
3A

3
)

behaves as a massless 3-form field, with field strength F = dC = trG ∧ G.
The physics above is reproduced by the Lagrangian L = θF + K(F ) where K is some un-
known function. The strong coupling result in [15] is consistent with a simple kinetic term
K(F ) = F 2, thus realizing our original model (2).

2.2 Membrane nucleation and level crossing

For monodromy inflation to work, transitions between branches of Fig. 1 should be sup-
pressed. Monodromy inflation will be safe if the lifetime for such transitions is long compared
to the time scale of inflation. That is also necessary in order to avoid too large density per-
turbations, which could be ∼ O(1) if the bubble nucleation rate is high. Since the nucleation
processes are exponentially suppressed, we think that this is not too difficult to achieve. We
will discuss some of the issues here, leaving a detailed analysis for future work.

Consider bubble nucleation in the flat space limit (valid if bubbles are smaller that H−1

in size). In the thin wall limit, the lifetime is proportional to [30–32]:

P = λ exp

(

−27π2

2

σ4

(∆V )3

)

, (8)

where σ is the domain wall tension, ∆V is the energy difference between the energy densities
of the vacua separated by the bubble wall, and λ is some scale arising from the fluctuation

7One still needs to check if the theory in [15] will work for high-scale inflation. E.g., this is a dimensionally
reduced 5d theory with a Kaluza-Klein scale of order the dynamical scale of the 4d gauge theory.

5

e/μ

possible tunneling between branches	


⇓	



interesting phenomenology



How about high scale inflation?

BICEP2⇒  H~1014 GeV

☛ In string th, moduli better be stabilized 
during inflation (decompactification!)

Need to stabilize moduli at high scale	


(above usual SUSY breaking scale 1011 GeV)



Bottom line…
From an Effective Field Theory approach 
Planckian excursions are not a problem

Even in more constrained setups,  
like string theory, there are ways out

More implications for particle physics? 



How about high scale inflation?

BICEP2⇒  H~1014 GeV

☛ Axion dark matter

DM isocurvature perturbations!

If axion exists during inflation, 	


gets fluctuations δa≃HI/2π

2

axion [9, 10], which is the Goldstone boson of a sponta-
neously broken global U(1) symmetry. At temperatures
below the QCD phase transition, QCD instantons lead to
a potential and stabilise the axion at the CP -conserving
value of ✓ = 0. The potential takes the form [12]

V (�) = ⇤4(1 � cos �/fa) . (5)

The canonically normalised field is � = fa✓, where fa is
the axion decay constant and gives the scale at which the
PQ symmetry is broken. Oscillations about this potential
minimum lead to the production of axion DM [13–19]2.
Axions are also generic to string theory [24–26], where
they and similar particles come under the heading ‘axion-
like particles’ (e.g. Ref. [27]). Along with the QCD axion
we will also consider constraints on other axions coming
from a measurement of r.

Just as the graviton is massless during inflation, lead-
ing to the production of the tensor modes, if the axion is
massless during inflation (and the PQ symmetry is bro-
ken) it acquires isocurvature perturbations [28, 29]

p
h��2i =

HI

2⇡
. (6)

Thus high-scale inflation as required in the simplest sce-
nario giving rise to r implies large amplitude isocurvature
perturbations and constrains axion [30].

The spectrum of initial axion isocurvature density per-
turbations generated by Eq. (6) is

h�2

ai = 4

*✓
��

�

◆
2

+
=

(HI/Mpl)2

⇡2(�i/Mpl)2
. (7)

Given that axions may comprise but a fraction ⌦a/⌦d of
the total DM, the isocurvature amplitude is given by

AI =

✓
⌦a

⌦d

◆
2 (HI/Mpl)2

⇡2(�i/Mpl)2
. (8)

The ratio of power in isocurvature to adiabatic modes is
given by:

AI

As
=

✓
⌦a

⌦d

◆
2 8✏

(�i/Mpl)2
. (9)

These isocurvature modes are uncorrelated with the
adiabatic mode. The QCD axion is indistinguishable
from CDM on cosmological scales, and Planck [6] con-
strain uncorrelated CDM isocurvature to contribute a
fraction

AI

As
< 0.04 . (10)

2 For more details see e.g. Refs. [20–23].

Given certain assumptions, in particular that the PQ
symmetry is broken during inflation and that the QCD
axion makes up all of the DM, this implies the limit

HI  2.4 ⇥ 109 GeV

✓
fa

1016 GeV

◆
0.408

, (11)

which is clearly inconsistent by many orders of magnitude
with the value of Eq. (3) implied by the detection of r.
The QCD Axion: We now discuss the well known im-

plications of a measurement of r as applied to the QCD
axion (e.g. [31–34]), deriving the level of fine-tuning im-
plied.

The homogeneous component of the field � evolves ac-
cording to the Klein-Gordon equation in the expanding
universe

�̈ + 3H�̇ + V,� = 0 . (12)

Once Hubble friction is overcome, the field oscillates in
its potential minimum, with the energy density scaling
as matter, and provides a source of DM in this ‘vacuum
realignment’ production. There are now various possibil-
ities to set the axion relic density, depending on whether
the PQ symmetry is broken or not during inflation.

For the QCD axion the decay constant is known to be
in the window

109 GeV . fa . 1017 GeV , (13)

where the lower bound comes from stellar cooling [35] and
the lesser known upper bound from the spins of stellar
mass black holes [36], and we have allowed arbitrary fine
tuning of ✓i (see below).

If the PQ symmetry is broken during inflation3, fa >
HI , then the axion field initial condition, ✓i, is uniform
over our horizon. In this case the relic density from a
QCD axion is given by

⌦ah2 ⇠ 2 ⇥ 104

✓
fa

1016 GeV

◆
7/6

✓2

i � , (14)

where 0 < � < 1 is a dilution factor if entropy is produced
sometime after the QCD phase transition and before nu-
cleosynthesis (for example by decay of a weakly coupled
modulus)4, and we have dropped the factor f(✓2

i ) ac-
counting for anharmonic e↵ects for simplicity. Note that

3 More rigorously the condition is [32] fa > Max{TGH,Tmax}
where TGH is the Gibbons-Hawking temperature of de Sitter
space during inflation, TGH = HI/2⇡ [37, 38] and Tmax is the
maximum thermalisation temperature after inflation, Tmax =
�e↵EI (�e↵ is an e�ciency parameter).

4 We note that for 1015 GeV . fa . 1017 GeV there is no exactly
known expression for ⌦a since the formulae of e.g. Ref. [31] have
no overlapping region of validity when oscillations begin during
the QCD phase transition. Also, in order for large entropy pro-
duction to be possible oscillations must begin in a matter domi-
nated era, giving another slightly di↵erent expression (which can
be absorbed into �) [51].

Planck requires

Ways out exist



How about high scale inflation?

BICEP2⇒  H~1014 GeV

☛ Metastable EW vacuum

Ways out exist

MP
h

�MP
4

V�h⇥

�4
�

h

V�h⇥

Figure 1: A schematic view of the Higgs potential (⇤ ⇠ 1010 GeV ⌧ MPl).

instability such that all the remaining regions would have the Higgs field around the origin in

field space. However, as shown in [13], those regions that survive (large–field) inflation would

only allow for small curvature perturbations and the probability of generating the right amount

of perturbations is exponentially small.

One may also declare that the Higgs field was prepared in a special state by unknown pre–

inflationary dynamics, but this simply begs the question. Possible thermal e↵ects would not do

the job since at large h the fields which couple to the Higgs are heavy and not expected to be

in thermal equilibrium.

It is worth noticing that the problem disappears altogether if one allows for physics beyond

the Standard Model. For example, a tiny coupling of the Higgs to the hidden sector can stabilize

the potential [14] and allow for “Higgs–portal” inflation [15]. We will however take a conservative

view and assume that the SM, with the addition of an inflaton, is valid up to the Planck scale.

The Higgs itself cannot play the role of an inflaton [16, 17, 18, 19] if the electroweak vacuum is

metastable and the extra degree of freedom is necessary.

In this work, we show that the above problems can be resolved if there is a Higgs–inflaton

coupling which drives the Higgs field to small values during inflation. Suppose the full scalar

potential is given by

V = VHiggs(h) + Vcross(h,�) + Vinfl(�) , (3)

where � is the inflaton. Then, the Higgs field evolves to the electroweak vacuum after inflation

3

(From Lebedev and Westphal 12)

Quantum fluctuations bring 	


Higgs into region 	



unbounded from below!



• If BICEP2 results hold true (and we will know within 
months!) this is a huge result: (new) evidence for GWs, for 
quantization of gravity, for inflation, for a new scale in physics 	



• No real problem with large inflaton excursions…	



• …provided one does not forget about (approximate) shift 
symmetries	



• Implications for particle physics. Nothing that cannot be 
evaded, but at what price?

Conclusions



An intriguing 
discrepancy…



BICEP:  .15<r<.27 @ 68% 

Planck:  r<.11 @ 95% 

Probably this will go away with more data.	


But what if…?



How does Planck measure r?

Planck measures δT~ζ+h

(cf. BICEP2 measures B~h)

scalar metric perturbations tensor metric perturbations

h�T �T i ⇠ h⇣ ⇣i+ hhhi
(assuming no tensor-scalar correlation)

How to disentangle the scalar and the tensor contribution?

From their different scale dependence!



How does Planck measure r?

How to disentangle the scalar and the tensor contribution?

From their different scale dependence!

from Melchiorri, Vittorio 96Contributions to <TT> power spectrum:



How does Planck measure r?
How to disentangle the scalar and the tensor contribution?

From their different scale dependence!

1- Compute spectrum of < ζζ > at  small scales 	


where effect of <hh> is negligible

III- Infer limits on <hh>

II- Extrapolate spectrum of < ζζ > to large scales 
[assuming k3 <ζ(k)ζ(-k)>∝kn -1, ns=constant]s



One possible solution
Change the way you extrapolate. 	



I.e., relax assumption of constant spectral index!

Already discussed	


in Planck…

…and now in BICEP



Both Planck and BICEP assume constant running of ns:

↵s ⌘
dns

d log k
= constant

Best fit: 	


!

αs≃-.02

very large wrt prediction from inflation αs≃O(.0001)

One possible solution



More options?

Assume step in primordial spectrum

Contaldi, Peloso, LS 14

k3h⇣(k) ⇣(�k)i = �s Akns�1

�s = 1 , k > k⇤
�s < 1 , k < k⇤

k3h⇣(k) ⇣(�k)i

k



Assume step in primordial spectrum
Data like this!

More options?



Assume step in primordial spectrum

k3h⇣(k) ⇣(�k)i = �s Akns�1

�s = 1 , k > k⇤
�s < 1 , k < k⇤

More options?



Assume step in primordial spectrum
And there are models that can do it…

Contaldi et al 03

More options?

sudden change in the slope of the potential

Park, LS 12 sudden change in the speed of sound

D’Amico et al 13 particle production

… …



• If BICEP2 results hold true (and we will know within 
months!) this is a huge result: (new) evidence for GWs, for 
quantization of gravity, for inflation, for a new scale in physics 	



• No real problem with large inflaton excursions…	



• …provided one does not forget about (approximate) shift 
symmetries	



• Implications for particle physics. Nothing that cannot be 
evaded, but at what price?	



• Hints of anomalies exist

Conclusions


