
Beyond the (Cosmological) Standard Model?

Subodh P. Patil

CERN Theory retreat, Les Houches, November 6− 8 2013



What we know:

WMAP + PLANCK + ACT + SPT– Spectacular confirmation of the
(six parameter) phenomenological ΛCDM model.

Assuming Ωtot = 1,wΛ = −1,
∑

i mν = 0 ...

Find best fit for PR(k) ∼ kns−1,Ωb,Ωc ,ΩΛ,As , τ –

Ωbh
2 = 0.02207 ± 0.00033 ns = 0.9616 ± 0.0094

Ωch
2 = 0.1196 ± 0.0031 ln (1010As) = 3.103 ± 0.072

θMC = 0.00104 ± 0.00068 τ = 0.097 ± 0.038
PLANCK XVI, arXiv:1303.5076

Many of these parameters are not currently predicted by
fundamental theory (could they ever be?) Those that inflation
accounts for are widely accepted as confirmation of the simplest
realizations of the inflationary paradigm.

Taken literaly, on face value– a staggering statement!

∃ a single effectively light degree of freedom at ∼ ε1/41016GeV .
whose field modes began in the relevant vacuum state (BD)

whose self interactions and interactions with other fields are
sufficiently weak or irrelevant throughout inflation
which at the same time couples strongly enough to some sector that
contains the standard model so that efficient (pre)heating occurs...
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Are we done?

Are we to surmise the same situation as Michelson, quoting Lord Kelvin
in 1894: ”... the future truths of physical theory [physical cosmology] are
to be looked for in the sixth place of decimals”?

Or might there be evidence in the data for anything more than the
simplest parametrizations of inflation, treated classically?

The situation is not unlike that in particle physics:

∃ a very phenomenological paradigm that successfully accounts for
all known observations– the “Standard Model”.

With no definitive hints as to what underpins it.

It goes without saying that any signatures of primordial gravity
waves would be a great boone...

But what if all we ever get to see are the correlators of the adiabatic
mode? What could we still meaningfully hope to know? Could we
ever learn about what the inflaton is/ how it embeds itself in a UV
completion that includes Gravity?
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Beyond the standard model of cosmology

Just as phenomenologists look for ‘exotic’ processes in particle
accelerators as portals onto BSM physics...

... cosmologists can also do the same (CMB “anomalies”?)

Features (if present) play an especially privileged role.

Linear response theory– can infer new characteristic scales that
could shine a torch on what the inflaton actually is.

Characteristic of transient ‘stronger’ couplings of higher dim
operators; reduced cs → influence of heavy fields. Achucarro, Patil et al 2010-2012

Correlate with features at commensurate scales the three and higher
point correlation functions depending on the background.

(Because R can be viewed as the Goldstone boson associated with
breaking time translational invariance, its EFT expansion is tightly
constrained.) Cheung et al. arXiv:0709.0293; Callan, Coleman, Wess, Zumino, Phys.Rev. 177 (1969) 2247-2250

w/ 3d (i.e. uncompressed) info from LSS (up to kNL ∼ 0.1Mpc−1 ),
21 cm and Spectral distortion (up to k ∼ O(102)Mpc−1 ), if
present, features can be detected much more cleanly. We stand to
see much more of inflation at work.
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Relaxation to the attractor– for fundamental physics motivation see
Dudas, Kitazawa, Patil, Sagnotti, arXiv:1202.6630
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Figure : z′′
z
−

z′′0
z0

= λe−(τ−τ0)µ ; z :=
aφ′0
csH

, with λ = 5 × 10−5/(4π4), τ0 = −104 and with µ running from

2, 1, 0.5 and 0.35 in the upper left, upper right, lower left and lower right panels, respectively.



Transient drops in the speed of sound– for EFT motivation see
Achucarro, Patil et al: arXiv:1010.3693, 1201.6362, 1205.0710, 1211.5619; Burgess, Horbatsch, Patil 1209.5701
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Figure : Transient drop in cs with c2
s − c2

0 = λτ2e−(τ−τ0)2µ , with λ = 2 × 10−4/(4π4), τ0 = −30 and with µ
running from 0.01, 0.1, 1 and 5 in the upper left, upper right, lower left and lower right panels, respectively.



Disentangling theory from cosmological measurements?

What are the limits of what we might ever hope to learn about the
cosmological background if all we ever observe are adiabatic correlators?

↔ given only correlation functions in a particular field basis, can we
infer the couplings of an effective theory?

Particle physics: yes! (matching calculation)

Cosmology: not unless you invoke a host of priors (couplings are

time dependent functions), depend on ε := − Ḣ
H2 , cs ,M

4
3 , M̄

4
2 ...

There is only one clock in the universe. Metric fluctuations ↔ local
time reparametrizations of unperturbed metric.

Cannot use fluctuations in ε to clock expansion history, (unless you
introduce isocurvature modes).

Although cs is not another clock, might it be used to extract
appropriately limited information about Ḣ through its variation?

Classifying the various possibilities is a work in progress (under
certain assumptions for the inverse problem to be tractable)...
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H2 , cs ,M

4
3 , M̄

4
2 ...

There is only one clock in the universe. Metric fluctuations ↔ local
time reparametrizations of unperturbed metric.

Cannot use fluctuations in ε to clock expansion history, (unless you
introduce isocurvature modes).

Although cs is not another clock, might it be used to extract
appropriately limited information about Ḣ through its variation?
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