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BICEP: Implications for Theory

Main assumptions I make in this talk

1. The BICEP2 result is observationally and experimentally
correct.

2. The B-modes they see are cosmological and primordial and
are not due to foregrounds etc.

3. The B-modes are generated as inflationary tensor modes:
quantum fluctuations of a massless graviton during inflation.
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Basic Inflationary Scales

Slow roll parameters:

ǫ =
M2

P

2

(

V
′

V

)2

, η = M2
P

V
′′

V
.

Tensor-to-scalar ratio:
r = 16ǫ

Scale of inflation:

V 1/4 = ǫ1/4
(

6.6 × 1016GeV
)

=
( r

0.2

)1/4
2.2× 1016GeV.

Observation of r 6= 0 tells us the (high) energy scale at which
inflation occurred.
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Basic Inflationary Scales

Vinf =
(

r

0.2

)1/4
2.2 × 1016GeV is a very large scale.

It is a factor 1013 larger than the energy scales probed at the LHC
and only a factor of 100 lower than the Planck scale.

In string theory/ extra dimensional models, the string scale and
Kaluza-Klein scale are lower than the Planck scale, so Vinf is even
closer to these.

Vinf is extremely close to the traditional grand unification scale.
No obvious connection, but...
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Consequences of Vinf ∼ 1016GeV

◮ The QCD axion is essentially ruled out for fa & 1013GeV
without any assumptions on initial misalignment angle.

◮ QCD axions with high fa overproduce dark matter for generic
initial misalignment angles θi .

◮ Pre-BICEP: avoid this by keeping H small and tune θi small.

◮ BICEP implies

〈(δa)2〉 ∼

(

H

2π

)2

∼
(

1013GeV
)2

This gives a minimal contribution to θi , generating over-large
isocurvature perturbations.
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Consequences of Vinf ∼ 1016GeV

Positive vacuum energy breaks supersymmetry:

V 4
inf ∼ m2

3/2M
2
P ∼

( m3/2

30TeV

)2

(1011GeV)4.

m3/2 ∼ 1013GeV

(

Vinf

1016GeV

)2

However low-scale supersymmetry requires m3/2 . 100TeV.

This implies either no low-scale supersymmetry or a large change
in characteristic scales between the inflationary epoch and the final
vacuum.
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Consequences of Vinf ∼ 1016GeV

How to reach a stable vacuum and avoid decompactification?
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r 6= 0 and Inflationary Field Excursions

Slow-roll equations for inflaton φ as a function of efoldings N give

dφ

dN
= ±

√

2ǫ(N)MP .

While CMB scales leave horizon, ∆N ∼ 4, and we have (r = 16ǫ)

∆φ &

√

r

0.20
0.56MP .

If ǫ(N) is approximately constant throughout inflation, then

∆φ ∼

(

Nefold

60

)
√

r

0.2
9.5MP

r = 0.2 implies a transPlanckian excursion of the inflaton field.
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r 6= 0 and Inflationary Field Excursions

Why is ∆φ > MP important?

New physics at scale Λ implies operators suppressed by a cutoff Λ.

We can expand the inflaton potential in powers of φ
MP

:

V (φ) = V0 +
∑

n

λn

(

φ

MP

)n

Flatness over transPlanckian distances requires control of all terms
λn.

Involves physics suppressed by MP - hard to address outside a
theory of quantum gravity.
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r 6= 0 and Inflationary Field Excursions

r 6= 0 implies higher-dimension couplings of inflaton Φ to hidden
sector field Σ suppressed by a scale Λ > MP , e.g.

∂µΦ∂
µΦ

Σ

Λ

These higher derivative operator generate non-Gaussianities.

Limits on non-Gaussianities and r 6= 0 implies the suppression scale
Λ > MP .

Another requirement to understand a theory of the Planck scale to
understand suppression of these operators.

(1304.5226 Baumann et al)
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r 6= 0 and Inflationary Field Excursions

Note that ‘constants’ of Standard Model are expected to arise as
vevs of scalar fields.

ye = ye

(

Φ

MP

)

, αem = αem

(

Φ

M

)

, . . .

Transplanckian excursions imply the Standard Model couplings will
be very different during inflation than now.

Does this imply anything?
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Consequences for Inflationary Models

The Bonfire of the Models
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Consequences for Inflationary Models

◮ Assuming simplest BICEP interpretation as inflationary
gravitational waves, all small-field inflation models are dead.

◮ Restricts to class of large field models (chaotic inflation,
natural inflation, M-flation, N-flation, (P,Q)-inflation, axion
monodromy inflation, fibre inflation, ....)

◮ However: problem of UV embedding: generally control of
approximations/backreaction breaks down at ∆φ ∼ MP .

◮ ‘Controlled models lack a UV embedding; UV-embedded
models lack control’

◮ Personal view: all proposed large-field models have large
problems. Is something missing?
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Consequences for Dark Radiation

Pre-BICEP: ‘CMB does not favour existence of ∆Neff 6= 0’

Neff = 3.30 ± 0.27 (Planck + eCMB + BAO, Planck XVI)

Neff = 3.52 ± 0.24 (Planck + eCMB + BAO + H0, Planck XVI)

Tension of Planck ΛCDM value of H0 with that from local
measurements - how trustworthy are local measurements and are
error bars correct?

This all changes with r 6= 0.
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Consequences for Dark Radiation

From 1403.4852 Giusarma et al
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Consequences for Dark Radiation

From 1403.8049
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Consequences for Dark Radiation
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Conclusions

BICEP result has clear implications for

◮ Need for large-field inflation models

◮ Need a theory of quantum gravity to control large-field
inflation models

◮ Physics of QCD axion

◮ Physics of supersymmetry

◮ Dark radiation

◮ To be determined....
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