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Measure cross sections to reconstruct Measure correlations to reconstruct
fundamental particle physics fundamental inflationary physics
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[see hep-th/0506236 for review]



For QFT on dS: Schwinger-Keldysh may be useful,
but not essential*

*since in-in = | in-out |?, i.e. in<0>in — I in<O‘UT‘n>out <n‘OU’O>1n
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Wavefunction coefficients are "in-out amplitudes” with field eigenstates
[see 1406.5490 and 1709.02813, 1811.02515, 1812.07571, 2009.02898, 2009.07874, ...]
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For EFT on dS: Schwinger-Keldysh may be essential




- The need for in-in EFTs on de Sitter
- An in-in EFT for the cosmological collider

- Constraints from causality/unitarity/locality



The need for SK: Particle production
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The need for SK: Particle production
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[ Unlike Minkowski, |0) does not evolve into |0) J

Particles are produced: Q= in<O‘UT &T& U|O>in ~ 6—27w/H

where = +/m2 — d2H2/4 is effective mass

and 27T = H is effective “temperature”



The need for SK: Particle production
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Particles are produced:

where = \/m2 — d2H2/4 is effective mass

and 27T = H is effective “temperature”
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The need for SK: Composite operators are gapless



The need for SK: Composite operators are gapless

mq
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On Mink, Myjn, = My + m,

= Integrating out heavy fields (E > m; or m,) also removes composites

On dS, Mpin = 0 (“No mass gap”)

= Two heavy fields can combine into mode of arbitrarily low energy

Integrating out heavy fields will produce a non-unitary in-out EFT h
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Goal: develop in-in EFT for cosmological collider signal
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Suppressed by ¢ weak coupling
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Need EFT for propagation of
massive scalar ¢ on de Sitter
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On Mink, analogous in-out problem: out <Q|T¢1¢2|Q>in — /DQbDX eis[¢’X] P192

Unitary, local (LI) system
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(Used for Higgs propagation in colliders)
e.g. 1903.07725



On Mink, analogous in-out problem: out <Q|T¢1¢2|Q>in — /DQbDX eis[¢’X] P192

Unitary, local (LI) system + causality for y

4
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(Used for Higgs propagation in colliders)
e.g. 1903.07725

+ positivity bounds on ¢,
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Co, C1 are mass,
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on ds: <Q|T¢1¢2|Q /DQS:I:DX:E €+’LS[¢+,X+] —ZS[¢ ' X ]¢+¢+

Closed, unitary, local (dSl) system
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SEFT [¢i] = Z Cn Cba[ln¢r + i’Yn %¢amn¢a
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Can be used for cosmo collider pheno
[Lee, SM 2512.20706]
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Closed, unitary, local (dSI) system + causality for y
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\% Open, unitary, local (dSI) EFT + positivity bounds on g, = ¢, + fn (V)
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Can be used for cosmo collider pheno 0+ 0O (e—ﬂA/H) when A > H
[Lee, SM 2512.20706] ¢ ) 5 Frs
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Proof of positivity bounds



Proof of positivity bounds

+(r T
On Mink: out<T¢(331)¢( 2)> :/ f (_;)f_( 2) +

PG e Qe g

Causality = E(p):/ dm p(m)
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Unitarity = p=Im> >0

Local interactions =  X(p) = cop® + e3p® + ... atlow p?

> dm p(m)

22 are positive moments (= bounded)

Altogether, these imply cn:/
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Proof of positivity bounds

On dS: in(Tp(x1)d / f;{ (1) Vk (x2) G(v) + o el x ) (g0

1 —a, oy
e > 0 IR T

p('u) [Vaziri et al, 2107.13871, 2306.00090]
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When does EFT break down?



When does EFT break down?

On Minkowski, the hierarchy p/A controls both convergence and truncation error:

oo 2N
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n

On dS, two hierarchies: v/A (controls convergence) and v/H (controls truncation)
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When does EFT break down?
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When does EFT break down?
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When does EFT break down?

U
Example: Im?> = Z%ll/anLl from @ ind=2
n
A
T A=2u As H — 0, series is dominated by terms at n —» o
VT H
EFT series converges to:  [mY. ~ e—7rv/
1T H
l but cannot be truncated at any finite order




Landscape vs Swampland 1.0
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Satisfying positivity is g 0.6
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for a causal UV completion 92

0.4

0.2

0.0

93/92



Cosmo collider signal (exchange of massive ¢)
can be described by in-in EFT:

SEFT [Cfﬁi] — Z Cn gbaDn¢r + Z"Yn %¢a‘:,n¢a

n

with causal (unitary/local/dSl) UV completion
only if various positivity bounds are satisfied:

0+ O (e—ﬂA/H) when A > H
C
eg. —%’YO+O(A2/H2) when A < H



Cosmo collider signal (exchange of massive ¢)
can be described by in-in EFT:

SEFT [Qb:t] — Z Cn Cba‘:ln¢r + Z"Yn %¢a‘:,n¢a
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only if various positivity bounds are satisfied:
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Questions

for non-cosmologists

(i) how would you describe this EFT? Is it open / unitary / local?

(ii) when is SK necessary? On Mink, can capture these effects with boundary terms

[Salcedo, Lee, SM, Pajer 2212.08009]
for cosmologists

(iii) extension to spinning ¢?

(iv) extension to higher-point interactions?
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Any (causal) y physics gives ... but is no longer gapped

0 p(m?) p is a positive
r(v?) = dm? — density of states 2 A
(unitarity) A

[Vaziri et al, 2107.13871, 2306.00090] _/ guv
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Matching is unaffected by curvature, Need additional EFT coefficients y,, to
find same EFT coefficients c,, as Mink: capture curvature (dissipation) effects:
L=Ynl ¢V2n¢ L=Yn [ ¢+v2n¢+

+0(e~A"/H) ] +ivn 94V (P + ¢-) +coc]
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If “hot”, can expand density at low energies: p = (Yo + Yiv2 4 )y
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Measure these bound these
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If “hot”, can expand density at low energies: p = (Yo + Yiv2 4 )y
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Measure these bound these
gJn are bounded moments: 010
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e.g. positivity g, >0, g3 > 0,
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