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Therefore hidden fields still interact with the visible sector,
but with highly (Planck) suppressed interactions.

No realistic prospects for direct detection or collider
signatures*.

*Unless the scale at which strong gravitational effects become
relevant is lowered (e.g. large/warped extra dimensions).

The ‘strength’ of gravity itself is affected by the presence of
hidden fields.

Has consequences for inferring certain quantities from
cosmological observables e.g. the scale of inflation from CMB
anisotropies. (Pt 1)

In ‘large’ numbers, can consistently generate distinct

signatures whose absence can bound the hidden field content
of the Universe. (Pt II)
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For any given momentum transfer, gravitational interactions have The Effective

a strength set by a characteristic scale M, .

Strength of Gravity

Antoniadis, Patil, arXiv:1410.8845; arXiv:1510.06759

>

Inferred from amplitudes calculated in an effective theory with
a strong coupling scale M.

> M # M 7 Mp
Consider a particle w/ mass M .

Scatter a test particle off a very heavy point mass; when
Ax ~ M~1, virtual pairs of these particles are created.

Positive/negative energy solution attracted/ repulsed from
source, effectively anti-screening it. Gravity appears to have
gotten ‘stronger’.

N.B. There are many subtleties and caveat emptors when

dealing with running quantities in EFT of gravity.
(Cf. Anber, Donoghue, arXiv:1111.2875; Bjerrum-Bohr et al, arXiv:1505.04974 )
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» On a Minkowski background: Dvali, Redi, arXiv:0710.4344
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> In the limit p? > M? |, theory becomes conformal,

2
(T(=P)T(P)) ~ 15z p*log s

> c:=N = 3Ny + 8Ny + 16Ny Duff, Nucl. Phys. B 125, 334 (1977)
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The Strong Coupling Scale

More concretely, every massive species contributes to lowering the
scale at which strong gravitational effects become important.

N V4
\ / ..~ h N\
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> My ~ My /VN

» On a Minkowski background: Dvali, Redi, arXiv:0710.4344
11 o 1
,\T:IPT<T( P)T(P)>p2
> In the limit p? > M? |, theory becomes conformal,
2
(T(=P)T(P)) ~ 15z p*log s
> c:=N = 3Ny + 8Ny + 16Ny Duff, Nucl. Phys. B 125, 334 (1977)
» Comparison with the free propagator 1/(p*>M?)) implies that

the perturbative expansion fails at p = M... where M, ~ % .
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The Strong Coupling Scale

Generalized to curved backgrounds, places bounds on maximum
allowed curvature.

2
> S="0 [d'x/=gR+ [ d*xy"g [a1R? + R R + ...

> ¢, is a weigthed index counting spins and the numbers of
species cj,co ~ N

> Expansion breaks down when R ~ M3 /N or when p* ~ M2 /N

> e.g. During inflation, lets say we tried to calculate graviton
2-pt function; h., = gu — g2,

» From leading term:

M2 .
S = 22 [ d*xv/=g" [hyhy — % 0ch;0khs]

» ... but also get contributions from higher curvature terms s.t.

H?
M2, — M2, (1 + <z + )
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The Strong Coupling Scale

Generalized to curved backgrounds, places bounds on maximum
allowed curvature.

>
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2
S=" [d'x/=g R+ [ d*xy/=g [c1R? + R™ Ry + ..
a,c is a weigthed index counting spins and the numbers of
species cj,co ~ N

Expansion breaks down when R ~ M2, /N or when p? ~ M2 /N

> e.g. During inflation, lets say we tried to calculate graviton

2-pt function; hyu, = g — g9,

From leading term:

M2 .
S = 22 [ d*xv/=g" [hyhy — % 0ch;0khs]

... but also get contributions from higher curvature terms s.t.

H?
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The Strong Coupling Scale

Generalized to curved backgrounds, places bounds on maximum
allowed curvature.

>

>

2
S=" [d'x/=g R+ [ d*xy/=g [c1R? + R™ Ry + ..
a,c is a weigthed index counting spins and the numbers of
species cj,co ~ N

Expansion breaks down when R ~ M2, /N or when p? ~ M2 /N

> e.g. During inflation, lets say we tried to calculate graviton

2-pt function; hyu, = g — g9,
From leading term:

M2 .
S = 22 [ d*xv/=g" [hyhy — % 0ch;0khs]

... but also get contributions from higher curvature terms s.t.

H2
M2, — M2, (1 + <z + )
Expansion breaks down when H> ~ M2, /N .

Corollary: it is not possible to consistently infer a scale of
inflation H greater than M, /VN .
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The Stength of Gravity

The strength of gravity M. is an independent quantity®. Provided
we are below M., , any universally coupled species will also affect
the effective strength of gravity depending on the process in
question (equivalence principle, in general violated).

» KK gravitons do so universally for all conserved sources.

1Can be M, all the way up M. cf. Gasperini, arXiv:1508.06100
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» Anything that couples to the trace of the energy momentum
tensor (e.g. non-minimally coupled scalars and U(1) vectors)
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The Stength of Gravity

The strength of gravity M. is an independent quantity®. Provided
we are below M., , any universally coupled species will also affect
the effective strength of gravity depending on the process in
question (equivalence principle, in general violated).

» KK gravitons do so universally for all conserved sources.

y

» Anything that couples to the trace of the energy momentum
tensor (e.g. non-minimally coupled scalars and U(1) vectors)

does so process dependently.
> MZ=M?/N., N. counts the number of species with masses
below the momentum transfer of the process in question.

1Can be M, all the way up M. cf. Gasperini, arXiv:1508.06100
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» For KK gravitons with mass M, we have tree level exchange:
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+ n
M2 2 Ms/(p2+M2)



The Stength of Gravity
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» For KK gravitons with mass M, we have tree level exchange:
N S
W2 W *
> In the regime M? < p? < M2 /N , strength of gravity is
modified immediately above p = M as:

n
M2, (p?+M2)

1 n n+1
35 T o — 2,2
MoiP MP/P2(1+M2/P2) MeiP
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» For KK gravitons with mass M , we have tree level exchange
1 n

w2 M2 2 T W )

In the regime M? <« p? « Mg,/N , strength of gravity is
modified immediately above p = M as

ﬁ + m - ﬁlz
» Universally coupled species, e.g. nggs (W/ D= 6 mteractlons)
Lt
AL ~ a1 I\/IZ a,u‘Pa‘u‘PJFCZ I\/l2 Hepip ~ €{1,2} Mz T[LL
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» For KK gravitons with mass M , we have tree level exchange:
WiE W G
In the regime M? <« p? « Mg,/N , strength of gravity is
modified immediately above p = M as:
W t AR AZ%
» Universally coupled species, e.g. nggs (W/ D= 6 mteractlons)
Aleg ~ a1 Ml Bupdo + c2 Mz A9y ~ e Bt TH
» Will couple to the trace of the EM tensor ALeg ~ C"ATg Th .

1

. 2_ 2 2
M2/p2_>M2 2+M2(p+m) & CV/M
p
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» For KK gravitons with mass M, we have tree level exchange:
1 n
w2 M2 2 T W )
In the regime M? <« p? « Mg,/N , strength of gravity is
modified immediately above p = M as:
ﬁ + m - ,\Z%lz
» Universally coupled species, e.g. nggs (W/ D= 6 mteractlons)
HTH
ALeg ~ Mﬁ, H oot + Mz Hpdp ~ 1.2y Mz AT
» Will couple to the trace of the EM tensor ALeg ~ c,M—QT[; )
pl

_1 __ &
M2, 22 - Mz 7 + M2(p ey )
» Non-minimal couplmgs do the same. M. = My /N, , N, a

(process dependent) weighted index.

g2 =c v2/M2



The Stength of Gravity and the Scale of Inflation

It is widely understood that any detection of primordial tensor
modes in the CMB determines the scale of inflation. Or does it?
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Amplitude fixed by observations.
» Similarly for tensor perturbations:
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It is widely understood that any detection of primordial tensor
modes in the CMB determines the scale of inflation. Or does it?
» In foliation were inflaton fluctuations are gauged away
(comoving/ unitary gauge):
hij(t,x) = a2(t)e2R(t’X)lA7,-j; lA7,-j =explyil, Oivij=7i=0
» Can compute two point correlators of R,~; . Useful quantity
is the so called dimensionless power spectrum
21283 (K + §)Pr (k) := k*(0|RgR4]0)|in in

HZ
_ *
- 87‘r2M£se*

Pr : = Ax10710; ¢ = —H,/H?

Amplitude fixed by observations.
» Similarly for tensor perturbations:

H? P. M2
=2k =5 =1 55
’P’Y "zMir' * PR Bex Mir

> Any positive detection (i.e. determination of r, ) implies

1/4 M 2 1/4
V*/ = \/% (3;1'6416*> ;o N N(1+N;7<—K)(1+Ns)

> e.g. r.=0.1implies Vi/* =7.6 x 10-3M,,/\/N, . Uncertain up
to unknown N, .
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The inferred energy scale of inflation depends on the hidden field
content of the universe.
» Extra species from compactification below the scale of
inflation can complicate inference of its scale.
» For putatively low scale inflationary models, extra species can
bring down the scale of inflation even further. Collider
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The Stength of Gravity and the Scale of Inflation
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The inferred energy scale of inflation depends on the hidden field
content of the universe.
» Extra species from compactification below the scale of
inflation can complicate inference of its scale.
» For putatively low scale inflationary models, extra species can
bring down the scale of inflation even further. Collider
constraints?

» Given M, < M,, and that M., = M,;/N , N being total no of

. . M2
species, can infer the absolute bound N < 9# x 107 (M—;”)
* *T



A Maximally Boring Universe?
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Lets say as per the standard picture M, = M, all the way up
to M., . LHC Run Il turns up nothing new. DM is
completely non-interacting. We see nothing beyond what is
consistent with Gaussian, scale invariant perturbations...



Nothing still tells us something

We may also convert the non-observation of primordial
non-Gaussianity in to constraints on the hidden field content of
the universe. In preparation, w/ 1. Antoniadis and R.Durrer

» During inflation, all fields with masses less than H will be
QM'’ly excited.
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» Even if they do not couple directly to the inflaton (i.e. only
interaction is via gravity), they still have an effect on the
interactions (after renormalizing the background).
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» Even if they do not couple directly to the inflaton (i.e. only
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> If there are a large number of them, can overcome Planck

suppression of interactions, and generate a non-trivial 3-pt
function if one were very subleading in the first place...



Nothing still tells us something
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We may also convert the non-observation of primordial

non-Gaussianity in to constraints on the hidden field content of Crectve ot
. Effective 3-p

the universe. In preparation, w/ l.Antoniadis and R.Durrer [EEEEES

» During inflation, all fields with masses less than H will be
QM'’ly excited.

» Even if they do not couple directly to the inflaton (i.e. only
interaction is via gravity), they still have an effect on the
interactions (after renormalizing the background).

> If there are a large number of them, can overcome Planck
suppression of interactions, and generate a non-trivial 3-pt
function if one were very subleading in the first place...

» ... the non-observation of which could bound the field
content of the hidden universe.



Hidden sector bounds

Starting with the action of gravity + the inflaton + N light
scalars:
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Hidden sector bounds

Starting with the action of gravity + the inflaton + N light
scalars:

> S= @ [ d*x/—gR — %fd“x /=g [0,00" b + 2V (¢)]
- ZQ’:I % f d*x —8 [8;0(88“)(2 + miXaXa]
» ADM decompose the metric:
ds? = —N2dt? + hj(dx’ + N'dt)(dx/ + N dt)

Subodh P. Patil

The Effective
Strength of Gravity

Effective 3-pt
interactions



Hidden sector bounds

Starting with the action of gravity + the inflaton + N light
scalars:

> S= P [ d'x/=gR — } [ d*xy/=E[0.60" 6 +2V(9)]
=30 3 [ d*xV/=8 [0uxa0" X + mixax’]
» ADM decompose the metric:
ds? = —N2dt? + h;(dx’ + N'dt)(dx/ + N/ dt)
» Gauge fix to ‘comoving’ gauge, focus on scalar perturbations:
o(t,x) = ¢o(t), hy(t,x) = a(t)e*R ()5
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» ADM decompose the metric:
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» ADM decompose the metric:
ds? = —N2dt? + h;(dx’ + N'dt)(dx/ + N/ dt)
» Gauge fix to ‘comoving’ gauge, focus on scalar perturbations:
o(t,x) = ¢o(t), hy(t,x) = a(t)e*R ()5
> Sr =M [d*xae[R? — (OR)?]
> So =3 [d*xa® [Xix* — Bixadix® + mixax?]

> Ssr=M? [ dxa [627172'2 + @R(IR)? — 2¢R’ 0RO
+ G RIR2 + §ORO WO + §PR(9)?]

a
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» ADM decompose the metric:
ds? = —N2dt? + h;(dx’ + N'dt)(dx/ + N/ dt)
» Gauge fix to ‘comoving’ gauge, focus on scalar perturbations:
¢(t7X) = ¢0(t)7 hij(tvx) = aQ(t)ezR(t’X)afj
> Syr =M [d*xa?e[R? — (9R)?]
> So =3 [d*xa® [Xix* — Bixadix® + mixax?]
> Ssr=M? [ dxa [627172'2 + @R(IR)? — 2¢R’ 0RO
+ G RIR2 + §ORO WO + §PR(9)?]
= G-
>
S3rx = [ d'xa%e [% (XX + dixadix® + mixax?®) — Xéaixaaia_zR/]



The in-in formalism in one slide

Subodh P. Patil
Work in the in-in formalism to compute corrections to finite time
correlation functions. Primarily interested in computing the late
(finite) time correlator
S . . L 3520 DA
> (;R,kl (T)szz (’7;)72,(3_)(7‘)) = (27T) & (k123)8(k1, ko, k3) where S
k123 = kl + k2 + k3 . interactions
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Work in the in-in formalism to compute corrections to finite time

correlation functions. Primarily interested in computing the late
(finite) time correlator

>
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(R, (7 )sz( TR, (1) = (2)26 (k123)B(ky, ko, ks) where et 3o
k123 =ki+k +ks . interactions
U(r,m0) = Texp (—if:l; H,(T’)dT’)

Denoting T as anti time ordering—

(O(r)) = (Ol T [exp (i J7, Hi(r)d ') | O() T [exp (=i [T, Hi(r')d7") ]| 10ia)
Equivalently: (O(7)) = (0in| Tc [exp (=i § Hi(7")d7") O(7)] |0n)

oX ) —_—
- ‘0
o
3 .

where we have to distinguish fields on the different contours.
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Work in the in-in formalism to compute corrections to finite time

correlation functions. Primarily interested in computing the late
(finite) time correlator

>
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(R, (7 )sz( TR, (1) = (2)26 (k123)B(ky, ko, ks) where et 3o
k123 =ki+k +ks . interactions
U(r,m0) = Texp (—if:l; H,(T’)dT’)

Denoting T as anti time ordering—

(O(r)) = (Ol T [exp (i J7, Hi(r)d ') | O() T [exp (=i [T, Hi(r')d7") ]| 10ia)
Equivalently: (O(7)) = (0in| Tc [exp (=i § Hi(7")d7") O(7)] |0n)

oX ) —_—
- ‘0
o
3 .

where we have to distinguish fields on the different contours.

Or equivalently in terms of the original operator basis:
(O(m) = X020 i" [y dn [ dTo1... [77 d7i[Hi (1), [Hi(72), .. [Hi (), O(7)]...]])
Weinberg arXiv:hep- th/0506236



Hidden sector bounds

(very loosely— lots of cancellations between fields on different
contours in the diagrammatic version of the in-in formalism)
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Hidden sector bounds

Subodh P. Patil
Last diagram— need to compute relevant fifth order vertex:

2 2 ’ ” The Effective
M IR 3IR'R R
Sy = _pl / d*xa? { —c(ORPR + a2 [ — — + [6i8j913f3j91 _ (3291)2] Strength of Gravity
2 2 H H2

+

R/ R'3 .
2 _ = . 5:019:9:0, — 82052 2572 _ 152555.0.5. 1620, — Effective 3-pt
24 (3R ” ) [a,ajela,ajez 9%610 92} +9¢R°R 122°R0;019; RO 01 — 6 R !

14

’
2 2 2 2 2 2R 2 R
6220010/ ROK010x R — 4328020, RO%01 — 428,010, RO%0y + 43> — 8,0,0, R0, + 2¢
H

2 ’ 2 . la ’ a ’

IR 3R'R R xlx 8jx R
+ o3 (2m/ +47—L2> | B o ) 2 X d T gy (s =
2 H 2 Mgl Mgl H

’ a a a 2 ’
18 Bix20;x 9:x20:x? [R2 RR
_ 29%8/‘92 + 326,'9161'91# = ERE (22 .

M

2 2
2 M2 M2 2 H
ap = =L O] _Xa0 5 50 ;R +28;010;0, R — 80010201 + 8;1 8, 8;07 + 8, RO20
A - G 1019; 9k k10701 + 01 8y 0;01 + Iy 1
pi

a2 L[, a, ! ay _a 8 2 2 2 2, 12
6y = = |Xax? + 5 0ixT9x | + S ROTR — —(9R)" +(9701)° — 940,010,9,6,
4H M2 a2 a2 a2

+ 4R0%0; — 6cR? — 20y [6H? + 2A] — 12Ha,ela,-72}



Large N renormalization

Integrating out a large number of fields renormalizes everything.

Have to make sure large N 's don't cancel. The propagator for
R gets renormalized at one loop as® —

11
> ;7§+CN

2More complicated topologies subleading in large N limit.
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R

> g =¢€p [1 — GBNC]
» In fact, interaction vertices get renormalized to ez because of
the shift in the tadpole cancellation condition, so that:

2More complicated topologies subleading in large N limit.
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Integrating out a large number of fields renormalizes everything.
Have to make sure large N 's don't cancel. The propagator for
R gets renormalized at one loop as® —
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» L — i +cN + (cN)2eg + (cN)3e% + ...

R

> g =¢€p [1 — GBNC]
» In fact, interaction vertices get renormalized to ez because of
the shift in the tadpole cancellation condition, so that:

B <k = N 162
> fNLyRNp‘ZD Na(lchéR)%NS 2 167

2More complicated topologies subleading in large N limit.
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Each of these diagrams contribute to the same order. One finds TnGEsun
that these generate a contribution to the three point function,
such that

> Afy ~ 2N/(167?)
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» If £obs can start to compete w/ ¢ (e.g. at small scales), then
bonds start to get very interesting...
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AfNL ~ €2N/(167T2)
Exact cancellations of these contributions in the limit
ki — 0 (single field consistency relation)
obs
N < 1672
If fobs can start to compete w/ ¢ (e.g. at small scales), then
bonds start to get very interesting...

For massless fermions, vectors, conformal invariance kills
some of these vertices (no relative cancellations against scalar
loops).
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Each of these diagrams contribute to the same order. One finds
that these generate a contribution to the three point function,
such that

>

>

AfNL ~ €2N/(167T2)
Exact cancellations of these contributions in the limit
ki — 0 (single field consistency relation)

obs
N < 1672
If fobs can start to compete w/ ¢ (e.g. at small scales), then
bonds start to get very interesting...

For massless fermions, vectors, conformal invariance kills
some of these vertices (no relative cancellations against scalar
loops).

Possible to derive an ‘index’ theorem for the sky.

Nothing is something!
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