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Correlators as Particle Detectors
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Figure 5: The four-point exchange diagram of ' mediated by a massive scalar.

It is noteworthy that, for physical values of energies (namely {ka, s} ⇢ R+), F�� and F+� are

given by the complex conjugates of F++ and F�+. Moreover, dilatation symmetry implies that

the correlators of ' scale as

h'(�k1) . . . '(�kn)i0 =
1

�2n�3
h'(k1) . . . '(kn)i0 . (3.19)

As a result, F±± and F±⌥ can be expressed as

F±±(ka; s) =
1

s
F̂±±(u, v) , F⌥±(ka; s) =

1

s
F̂±⌥(u, v) , (3.20)

from which it follows that

F =
1

s
F̂ (u, v) , F̂ = F̂++ + F̂�� + F̂+� + F̂�+ . (3.21)

where we have defined the energy ratios

u ⌘
s

k1 + k2
, v ⌘

s

k3 + k4
. (3.22)

For physical configurations, the triangle inequality implies that

0  u  1 , 0  v  1 , physical configurations. (3.23)

However, relating our diagrams to F will incorporate the analytic continuation of F as a function

of ka(a = 1, . . . , 4) and s (or equivalently F̂ as a function of u and v) in a domain that should at

least cover all the real and positive values of u and v (especially the region defined by u > 1 and

v > 1).

The single-exchange diagrams of ⇡ can be related to the soft limit of the quantity F defined above

by means of appropriate weight-shifting operators. Using the relationships (3.14) and (3.11) we

infer that

• using (3.14) inside the in-in expressions of all diagrams, the quadratic vertex

⌘�3@⌘⇡
±
c (k, ⌘)�±(k, ⌘)
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• EFT and particle production in de Sitter

Fixed by dS isometries and analyticity

Arkani-Hamed et al 2018

Massless field



Correlators as Particle Detectors

• EFT and particle production in de Sitter
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o Corresponds to the EFT expansion   

o Unlike the 2-to-2 amplitude, the 
    expansion in          is asymptotic 
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T

II 
o Encodes non-perturbative pp in dS

Bunch-Davies 
vacuum
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• Characteristic oscillations in the bispectrum

• We are interested in the impact of these interactions on 
the correlators of the curvature perturbation
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non-Gaussian shape
Arkani-Hamed, Maldacen 2014
Lee, Baumann, Pimentel 2016

curvature perturbations



• Characteristic oscillations in the bispectrum
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de Sitter invariant collider

(local) EFT signalparticle 
production signal

(non-local) EFT signalparticle 
production signal

Low speed collider
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kL/kS

Figure 2: In de Sitter invariant and more generally equal speed setups (left schematic plot), heavy

particles induce a non-Gaussian signal that around equilateral configurations (i.e. kL/kS ⇠ 1) can

be captured by a local EFT description, while they leave characteristic oscillatory imprints in the

squeezed limit of the bispectrum (i.e. kL/kS ⌧ 1). In the low speed collider signal (right plot), a

supersonic particle lighter than H/cs manifests itself as a resonance in the extended equilateral

configurations (defined by O(1)cs
m

H
. kL/kS 6 1, while the associated particle production e↵ect

dominates the signal in the ultra-squeezed limit (i.e. kL/kS ⌧ 2cs). Unless the mass is close

to the Hubble scale, the resonance signal can be reproduced by adding an enough number of

non-local EFT operators of the type discussed in Section 6.

by four spatial momenta ka (a = 1, . . . 4) can be expressed in terms of a function of the ratios

u = |k1 + k2|/(k1 + k2) and v = |k1 + k2|/(k3 + k4), both of which are smaller than unity due

to the triangle inequality. Transforming to the bispectrum of external ⇣ fields with momenta

ka (a = 1, . . . , 3) forces us to re-scale the external size of the four-point momenta by cs while

leaving the intermediate momentum |k1 + k2| intact. This procedure is meaningful only if we

think of the seed four-point correlator as a function of the ratios above, analytically continued

beyond the respective unit disks (i.e. beyond u  1, v  1). Even with a known convergent series

for the seed four-point inside the aforementioned unit disks, finding the analytical continuation

outside is very challenging. In this paper, we bootstrap this seed four-point function directly in

the region of interest by leveraging locality, unitarity and analyticity. In more detail, locality will

be manifested as a set of boundary partial di↵erential equations that the seed four-point function

must satisfy.3 The unitarity of the time evolution, encoded in an infinite set of algebraic equa-

tions for the wavefunctions coe�cients which are called cosmological cutting rules [82–86], will be

employed in this work in order to partially fix the homogeneous solution that can be added to the

boundary PDE’s we alluded to above. The remaining freedom in adding further homogeneous

solutions will be removed by asking regularity of the four-point function in the collinear limit.

3Here by locality we mean the properties that the boundary correlators inherit from the local equations of

motion of the bulk fields, in particular the exchanged massive field. See also [74] for locality constraints on the

wavefunction coe�cients of massless fields.
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Figure 2: In de Sitter invariant and more generally equal speed setups (left schematic plot), heavy

particles induce a non-Gaussian signal that around equilateral configurations (i.e. kL/kS ⇠ 1) can

be captured by a local EFT description, while they leave characteristic oscillatory imprints in the

squeezed limit of the bispectrum (i.e. kL/kS ⌧ 1). In the low speed collider signal (right plot), a

supersonic particle lighter than H/cs manifests itself as a resonance in the extended equilateral

configurations (defined by O(1)cs
m

H
. kL/kS 6 1, while the associated particle production e↵ect

dominates the signal in the ultra-squeezed limit (i.e. kL/kS ⌧ 2cs). Unless the mass is close

to the Hubble scale, the resonance signal can be reproduced by adding an enough number of

non-local EFT operators of the type discussed in Section 6.

by four spatial momenta ka (a = 1, . . . 4) can be expressed in terms of a function of the ratios

u = |k1 + k2|/(k1 + k2) and v = |k1 + k2|/(k3 + k4), both of which are smaller than unity due

to the triangle inequality. Transforming to the bispectrum of external ⇣ fields with momenta

ka (a = 1, . . . , 3) forces us to re-scale the external size of the four-point momenta by cs while

leaving the intermediate momentum |k1 + k2| intact. This procedure is meaningful only if we

think of the seed four-point correlator as a function of the ratios above, analytically continued

beyond the respective unit disks (i.e. beyond u  1, v  1). Even with a known convergent series

for the seed four-point inside the aforementioned unit disks, finding the analytical continuation

outside is very challenging. In this paper, we bootstrap this seed four-point function directly in

the region of interest by leveraging locality, unitarity and analyticity. In more detail, locality will

be manifested as a set of boundary partial di↵erential equations that the seed four-point function

must satisfy.3 The unitarity of the time evolution, encoded in an infinite set of algebraic equa-

tions for the wavefunctions coe�cients which are called cosmological cutting rules [82–86], will be

employed in this work in order to partially fix the homogeneous solution that can be added to the

boundary PDE’s we alluded to above. The remaining freedom in adding further homogeneous

solutions will be removed by asking regularity of the four-point function in the collinear limit.

3Here by locality we mean the properties that the boundary correlators inherit from the local equations of

motion of the bulk fields, in particular the exchanged massive field. See also [74] for locality constraints on the

wavefunction coe�cients of massless fields.
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The result (6.20) agrees with equation (6.142) in [55], with the Legendre polynomial indicating

that we are exchanging a massive spin-2 particle.32

7 Comments on Phenomenology

Figure 10 shows the cross section for e+e� ! hadrons as a function of the center-of-mass energy.

The di↵erent resonance peaks, such as the famous Z resonance near 100 GeV, prove the existence

of new particles and determines their properties. For example, the position of a peak measures

the mass of the particle, while its height and width probe the lifetime of the particle and hence

its couplings to lighter degrees of freedom in the Standard Model. The angular dependence of

the decay products puts constraints on the spin of the intermediate particle. In this section,

we will discuss how similar spectroscopic information is encoded in the structure of inflationary

correlators. We will also present a new physically-motivated basis of shapes for inflationary

three-point functions with weakly broken conformal symmetry.

Figure 10: Plot of R ⌘ �(e+e� ! hadrons)/�(e+e� ! µ+µ�) as a function of the center-of-mass energy
(figure adapted from [108]).

7.1 Cosmological Collider Physics

The right panel in Figure 11 displays our solution for the exchange of a massive scalar particle,

F̂ (u, v), for fixed v = 0.5. We see that the signal in the collapsed limit, u ! 0, oscillates with

a frequency that is set by the mass of the exchange particle. Measuring these oscillations is

the analog of measuring the position of a resonance peak in collider physics. It would prove

32An extra factor of µ2+ 1

4
in (6.21) compared to (6.144) in [55] is due to the fact that we have used the solution

with a higher-derivative source term as the input function. Again, the di↵erence is given by a contact term, and

the extra prefactor can simply be absorbed in the coupling constant.
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Figure 2: In de Sitter invariant and more generally equal speed setups (left schematic plot), heavy

particles induce a non-Gaussian signal that around equilateral configurations (i.e. kL/kS ⇠ 1) can

be captured by a local EFT description, while they leave characteristic oscillatory imprints in the

squeezed limit of the bispectrum (i.e. kL/kS ⌧ 1). In the low speed collider signal (right plot), a

supersonic particle lighter than H/cs manifests itself as a resonance in the extended equilateral

configurations (defined by O(1)cs
m

H
. kL/kS 6 1, while the associated particle production e↵ect

dominates the signal in the ultra-squeezed limit (i.e. kL/kS ⌧ 2cs). Unless the mass is close

to the Hubble scale, the resonance signal can be reproduced by adding an enough number of

non-local EFT operators of the type discussed in Section 6.

by four spatial momenta ka (a = 1, . . . 4) can be expressed in terms of a function of the ratios

u = |k1 + k2|/(k1 + k2) and v = |k1 + k2|/(k3 + k4), both of which are smaller than unity due

to the triangle inequality. Transforming to the bispectrum of external ⇣ fields with momenta

ka (a = 1, . . . , 3) forces us to re-scale the external size of the four-point momenta by cs while

leaving the intermediate momentum |k1 + k2| intact. This procedure is meaningful only if we

think of the seed four-point correlator as a function of the ratios above, analytically continued

beyond the respective unit disks (i.e. beyond u  1, v  1). Even with a known convergent series

for the seed four-point inside the aforementioned unit disks, finding the analytical continuation

outside is very challenging. In this paper, we bootstrap this seed four-point function directly in

the region of interest by leveraging locality, unitarity and analyticity. In more detail, locality will

be manifested as a set of boundary partial di↵erential equations that the seed four-point function

must satisfy.3 The unitarity of the time evolution, encoded in an infinite set of algebraic equa-

tions for the wavefunctions coe�cients which are called cosmological cutting rules [82–86], will be

employed in this work in order to partially fix the homogeneous solution that can be added to the

boundary PDE’s we alluded to above. The remaining freedom in adding further homogeneous

solutions will be removed by asking regularity of the four-point function in the collinear limit.

3Here by locality we mean the properties that the boundary correlators inherit from the local equations of

motion of the bulk fields, in particular the exchanged massive field. See also [74] for locality constraints on the

wavefunction coe�cients of massless fields.
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Cosmological Phonon Collider
• During inflation time translation symmetry is spontaneously broken. The 

long wavelength fluctuations of the system can be described with the 
associated Goldstone boson

Systematic, powerful and 
direct link with observations

Formulation of theories 
straight at the level of fluctuations

Source of inflation 

motivates informs Guaranteed: Goldstone boson
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Effective Field Theory of  Inflationary Fluctuations

Cheung et al 2007
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• During inflation time translation symmetry is spontaneously broken. The 

long wavelength fluctuations of the system can be described with the 
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• Colliding phonons



• Colliding phonons

linear mixingCubic coupling fixed by 
non-linearly realized diffsCubic coupling with free coef.



• Colliding phonons

linear mixingCubic coupling fixed by 
non-linearly realized diffsCubic coupling with free coef.



• All single-exchange diagrams can be mapped onto a seed four-point 
through bespoke weight-shifting operators and appropriate soft limits 
SJ, Renaux-Petel 2022
Arkani-Hamed, Baumann, Lee, Pimentel, 2018
Baumann, Duaso Pueyo, Joyce, Pimentel 2019 

See Wang, Pimentel 2022 for a different approach

k1

'

k2

'

k3

'

k4

'

s = |k1 + k2|

5

Figure 5: The four-point exchange diagram of ' mediated by a massive scalar.

It is noteworthy that, for physical values of energies (namely {ka, s} ⇢ R+), F�� and F+� are

given by the complex conjugates of F++ and F�+. Moreover, dilatation symmetry implies that

the correlators of ' scale as

h'(�k1) . . . '(�kn)i0 =
1

�2n�3
h'(k1) . . . '(kn)i0 . (3.19)

As a result, F±± and F±⌥ can be expressed as

F±±(ka; s) =
1

s
F̂±±(u, v) , F⌥±(ka; s) =

1

s
F̂±⌥(u, v) , (3.20)

from which it follows that

F =
1

s
F̂ (u, v) , F̂ = F̂++ + F̂�� + F̂+� + F̂�+ . (3.21)

where we have defined the energy ratios

u ⌘
s

k1 + k2
, v ⌘

s

k3 + k4
. (3.22)

For physical configurations, the triangle inequality implies that

0  u  1 , 0  v  1 , physical configurations. (3.23)

However, relating our diagrams to F will incorporate the analytic continuation of F as a function

of ka(a = 1, . . . , 4) and s (or equivalently F̂ as a function of u and v) in a domain that should at

least cover all the real and positive values of u and v (especially the region defined by u > 1 and

v > 1).

The single-exchange diagrams of ⇡ can be related to the soft limit of the quantity F defined above

by means of appropriate weight-shifting operators. Using the relationships (3.14) and (3.11) we

infer that

• using (3.14) inside the in-in expressions of all diagrams, the quadratic vertex

⌘�3@⌘⇡
±
c (k, ⌘)�±(k, ⌘)
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Double-exchange diagram. The double-exchange diagram is related to the double-

exchange six-point function F2 by the relation
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Triple-exchange diagram. The triple-exchange diagram is related to the seed function

F3 after taking suitable soft limits. It is given by
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The seed function F1 with cs = 1, corresponding to the de Sitter-invariant four-point

function, was first analytically computed in [45], where the solution is given in terms of a

power series representation. Its extension to the case of a reduced sound speed was obtained

in [35], which allowed to bootstrap correlators arising from interactions that strongly break

boosts. As a result, more general correlators can be obtained after deformation of the four-

point function, see [33] for an alternative approach. Determining a closed-form solution

for F2,3 in the full two-field theory requires more sophisticated tools and is beyond the

scope of this paper. However, when the heavy field is integrated out, the seed functions

F2,3 collapse into contact interactions that can be easily computed.

4.1.2 EFT Seed Integrals and Correlators

The non-local single-field EFT at leading-order in the time-derivative expansion (3.6) has

a remarkable property: the two- and three-point correlators can be derived out of a single

EFT seed integral by applying a set of bespoke weight-shifting operators. Exploiting this

feature, in this section, we give closed form expressions for the power spectrum correction

and all three-point correlators.

24
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Figure 5: The four-point exchange diagram of ' mediated by a massive scalar.

It is noteworthy that, for physical values of energies (namely {ka, s} ⇢ R+), F�� and F+� are

given by the complex conjugates of F++ and F�+. Moreover, dilatation symmetry implies that

the correlators of ' scale as

h'(�k1) . . . '(�kn)i0 =
1

�2n�3
h'(k1) . . . '(kn)i0 . (3.19)

As a result, F±± and F±⌥ can be expressed as

F±±(ka; s) =
1

s
F̂±±(u, v) , F⌥±(ka; s) =

1

s
F̂±⌥(u, v) , (3.20)

from which it follows that

F =
1

s
F̂ (u, v) , F̂ = F̂++ + F̂�� + F̂+� + F̂�+ . (3.21)

where we have defined the energy ratios

u ⌘
s

k1 + k2
, v ⌘

s

k3 + k4
. (3.22)

For physical configurations, the triangle inequality implies that

0  u  1 , 0  v  1 , physical configurations. (3.23)

However, relating our diagrams to F will incorporate the analytic continuation of F as a function

of ka(a = 1, . . . , 4) and s (or equivalently F̂ as a function of u and v) in a domain that should at

least cover all the real and positive values of u and v (especially the region defined by u > 1 and

v > 1).

The single-exchange diagrams of ⇡ can be related to the soft limit of the quantity F defined above

by means of appropriate weight-shifting operators. Using the relationships (3.14) and (3.11) we

infer that

• using (3.14) inside the in-in expressions of all diagrams, the quadratic vertex

⌘�3@⌘⇡
±
c (k, ⌘)�±(k, ⌘)
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• Despite breaking boosts this four-point function can be derived from the 
analytical continuation of the de Sitter four-point outside the unit disk
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k3

cs(k1 + k2)
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singularity

Figure 7: The analytical structure of F̂++ as a function of complex u. Motivated by the fact that

in the bispectra formulae (3.34) we set v = 1/cs, we have taken v to be a positive and bigger

than 1 parameter. Moreover, in contrast with the ordinary case of cs = 1, these equations also

imply that u = k3/cs(k1 + k2) is allowed to lie outside the unit disk. The shaded region is the

annulus where the expression (4.20) is valid. There are three branch points, located on the real

axis at u = 0 (due to the particle production e↵ect discussed in Section 4.5), at u = �1 (due to

the partial energy singularity (3.50)) and finally at u = �v (due to the total energy singularity

(3.49)). The four-point function should have no divergence near the collinear limit (u = 1), see

Section 4.3.

Here we outline the direct derivation of these boundary equations based on locality, without any

reference to the dS boost symmetry—in this case, locality is synonymous of the fact that the

four-point function is induced by the propagation of � in the bulk of spacetime. Therefore, we

begin with the bulk di↵erential equations that govern the bulk-to-bulk propagators in the in-in

formalism [48], i.e.

@2

⌘ �
2

⌘
@⌘ + k2 +

m2

⌘2H2

�
G±±(s, ⌘, ⌘0) = (⌘0H)2�(⌘ � ⌘0) , (3.53)


@2

⌘ �
2

⌘
@⌘ + k2 +

m2

⌘2H2

�
G±⌥(s, ⌘, ⌘0) = 0 ,

where s is the energy of the exchanged field. These bulk equations can be converted into boundary

equations for F by trading the derivatives with respect to time for the derivative with respect to

momentum, when acted on the plane wave exp(icsk⌘), namely

⌘@⌘ exp(ics k⌘) = k@k exp(icsk⌘) . (3.54)

After performing a number of integration by parts one arrives at

O(u, @u) F̂±±(u, v) = g2 u v

2(u + v)
, (3.55)

O(u, @u) F̂±⌥(u, v) = 0 , (3.56)

plus the same copies of equations with operator O(v, @v) substituted on the left-hand side. It

follows from the above equations that the full correlator F̂ will satisfy the same equation as the
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kL/kS

Figure 2: In de Sitter invariant and more generally equal speed setups (left schematic plot), heavy

particles induce a non-Gaussian signal that around equilateral configurations (i.e. kL/kS ⇠ 1) can

be captured by a local EFT description, while they leave characteristic oscillatory imprints in the

squeezed limit of the bispectrum (i.e. kL/kS ⌧ 1). In the low speed collider signal (right plot), a

supersonic particle lighter than H/cs manifests itself as a resonance in the extended equilateral

configurations (defined by O(1)cs
m

H
. kL/kS 6 1, while the associated particle production e↵ect

dominates the signal in the ultra-squeezed limit (i.e. kL/kS ⌧ 2cs). Unless the mass is close

to the Hubble scale, the resonance signal can be reproduced by adding an enough number of

non-local EFT operators of the type discussed in Section 6.

by four spatial momenta ka (a = 1, . . . 4) can be expressed in terms of a function of the ratios

u = |k1 + k2|/(k1 + k2) and v = |k1 + k2|/(k3 + k4), both of which are smaller than unity due

to the triangle inequality. Transforming to the bispectrum of external ⇣ fields with momenta

ka (a = 1, . . . , 3) forces us to re-scale the external size of the four-point momenta by cs while

leaving the intermediate momentum |k1 + k2| intact. This procedure is meaningful only if we

think of the seed four-point correlator as a function of the ratios above, analytically continued

beyond the respective unit disks (i.e. beyond u  1, v  1). Even with a known convergent series

for the seed four-point inside the aforementioned unit disks, finding the analytical continuation

outside is very challenging. In this paper, we bootstrap this seed four-point function directly in

the region of interest by leveraging locality, unitarity and analyticity. In more detail, locality will

be manifested as a set of boundary partial di↵erential equations that the seed four-point function

must satisfy.3 The unitarity of the time evolution, encoded in an infinite set of algebraic equa-

tions for the wavefunctions coe�cients which are called cosmological cutting rules [82–86], will be

employed in this work in order to partially fix the homogeneous solution that can be added to the

boundary PDE’s we alluded to above. The remaining freedom in adding further homogeneous

solutions will be removed by asking regularity of the four-point function in the collinear limit.

3Here by locality we mean the properties that the boundary correlators inherit from the local equations of

motion of the bulk fields, in particular the exchanged massive field. See also [74] for locality constraints on the

wavefunction coe�cients of massless fields.
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3H/2 < m < H/cs
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Non-Local Effective Field Theory

• In this limit, the time derivative of the off-shell heavy fields are small 
compared to its gradient
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• When                  , the following hierarchy of scales emerges 
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• A simple illustration of this limit: consider a toy model in flat space and 
the associated 2-to-2 scattering of phonons through the single-exchange 
process

• For generic momentum configurations we can approximate this 
amplitude by 
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in mildly-soft (internal) kinematic configurations of cosmological correlators, signalling the

presence of a massive particle lighter than H/cs. This regime covers the entire parameter

space if the additional field is lighter than the strong coupling scale ⇤?. In analogy with

terrestrial collider experiments in which massive particles leave resonant signatures in the

cross section of lighter particles’ collisions when the center of mass energy coincides with the

particle masses
p

s ⇠ m, the low-speed collider resonance is located at kL/kS ⇠ csm/H,

where kL and kS are the long and short modes. After the detection of equilateral-type

non-Gaussianities and hence the measurement of cs, we would enter an era of precision

measurements, analogous to electroweak precision physics in colliders. Measuring the

low-speed collider peak would reveal the existence of an additional field coupled to the

Goldstone boson and would give indications about its mass, which could be later confirmed

by the measurement of the conventional cosmological collider signal in ultra-soft limits, see

Fig. 1.

As we will see, a strong breaking of de Sitter boosts uncovers a concealed elegance within

the analytical structure of cosmological correlators. In de Sitter spacetime, dealing with

massive fields even in perturbation theory is notoriously challenging. Indeed, as a conse-

quence of the inflationary background altering the free propagation of fields, their mode

functions take the form of complicated special functions rather than simple plane waves.

Consequently, except for certain soft limits of correlators, fully analytical predictions are

very rare in the literature (see e.g. [33, 35–38, 45–47] for recent heroic computations).

However, the picture drastically simplifies when ⇡ has a reduced speed of sound cs ⌧ 1.

To better appreciate the underlying physics behind this simplicity, let us imagine the two-

to-two scattering of Goldstone bosons at the energy scale ! and consider a particle with

mass m . !/cs mediating a force between them. In this exchange process, the energy

and the momentum of the o↵-shell particle are of order ! and !/cs, respectively, implied

by energy and momentum conservation. As a result, similar to the low-speed limit of the

Yukawa theory, the massive field propagator can be simplified as

1

!2 � k2 � m2
⇠

�1

k2 + m2
. (1.1)

This approximation corresponds to replacing the real-space Feynman propagator of the

massive field DF by a Yukawa potential

DF(x, t;y, t
0) ! �(t � t

0)
e

�m|x�y|

4⇡|x � y|
, (1.2)

reflecting the instantaneous propagation of the massive field.3 Similarly, for the computa-

tion of cosmological correlators, we show that the relativistic heavy field can be integrated

3Notice that the local EFT limit is recovered from the non-local one when the massive field is
heavier than the transferred momentum m & !/cs. In this limit, the real-space propagator becomes
DF(x, t;y, t0) ! m�2�(t � t0) �(3)(x � y).

5

• In this regime, the heavy field can be solved as an auxillary field, resulting in a 
non-local effective action for the phonons
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• Similar simplification occurs for cosmological correlators induced by the 
exchange of the heavy field 

h'k1 . . . 'k6i
0
(3) =

k1 k2 k3 k4 k5 k6

= g
3
1g3
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s56

s12

◆
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where sij = |ki+kj|, kij = ki+kj, and ⌧0 marks the end of inflation surface. Having defined

these seed functions, we now derive correlators of the Goldstone boson by introducing a

set of weight-shifting operators that map diagrams with external fields ⇡c to those with

external fields '. The reason why this procedure is universal, regardless of the form of the

considered interactions, is because the mode functions of both fields can be easily related

by simple di↵erential operators. Importantly, as the weight-shifting operators only act on

external fields of a specific diagram, they are valid for any bulk theory, i.e. be it the full

two-field picture or within the e↵ective single-field theory. To avoid clutter, we leave their

precise derivation in Appendix A.

Power spectrum correction. The e↵ect of the quadratic mixing ⇡̇c� can be obtained

from the cubic interaction '
2
� after taking a suitable soft limit on the external field. From

this, one obtains the leading correction to the two-point correlator of ⇡c as

⇡̇c� ⇡̇c�

k1 k2

=
⇢

2

2c2
s

1

k
3
1

F1(cs, cs) . (4.4)

The corresponding weight-shifting operator simply consists in taking the soft limit of two

external legs k2 and k3 while keeping the diagram connected.

Single-exchange diagrams. Both single-exchange diagrams arising from the interac-

tions ⇡̇
2
c
� and (@i⇡c)2

� can be obtained from the same seed function F1 [35]. They read

(@i⇡c)2� ⇡̇c�

k1 k2 k3

= �
⇢

2c3
s

H

⇤1

1

(k1k2k3)2

k1 · k2

k1k2
(4.5a)
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,
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k1k2

(k1k2k3)2

@
2

@k
2
12

F1

✓
csk12

k3
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◆
. (4.5b)

Double-exchange diagram. The double-exchange diagram is related to the double-

exchange six-point function F2 by the relation

⇡̇c� ⇡̇c�⇡̇c�2

k1 k2 k3

= ��
⇢

2

c3
s

1

k
4
1k2k3

F2

✓
cs,

csk2

k1
,
csk3

k1
,
k3

k1

◆
. (4.6)

Triple-exchange diagram. The triple-exchange diagram is related to the seed function

F3 after taking suitable soft limits. It is given by

⇡̇c� ⇡̇c��3

⇡̇c�

k1 k2 k3

= �µ
⇢

3

c3
s

1

k
4
1k2k3

F3

✓
cs,

csk2

k1
,
csk3

k1
,
k2

k1
,
k3

k1

◆
. (4.7)

The seed function F1 with cs = 1, corresponding to the de Sitter-invariant four-point

function, was first analytically computed in [45], where the solution is given in terms of a

power series representation. Its extension to the case of a reduced sound speed was obtained

in [35], which allowed to bootstrap correlators arising from interactions that strongly break

boosts. As a result, more general correlators can be obtained after deformation of the four-

point function, see [33] for an alternative approach. Determining a closed-form solution

for F2,3 in the full two-field theory requires more sophisticated tools and is beyond the

scope of this paper. However, when the heavy field is integrated out, the seed functions

F2,3 collapse into contact interactions that can be easily computed.

4.1.2 EFT Seed Integrals and Correlators

The non-local single-field EFT at leading-order in the time-derivative expansion (3.6) has

a remarkable property: the two- and three-point correlators can be derived out of a single

EFT seed integral by applying a set of bespoke weight-shifting operators. Exploiting this

feature, in this section, we give closed form expressions for the power spectrum correction

and all three-point correlators.
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• Retardation effects can be treated perturbatively by adding operators with 
higher order time derivatives
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Correlators from the Non-Local EFT



üFull analysis of the bispectrum shape 
and its size (single-, double- and 
triple- exchange diagrams) 

üNon-perturbative treatment of the 
linear mixing

üFactorized template for the low-speed 
collider signal as a function of

   

üAnalysis of the full bispectrum shape 
including the contamination with the 
standard  equilateral non-Gaussianity 
induced by
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Figure 18: Shapes S(k1, k1, k3) of the bispectra for isosceles triangles, normalized to unity in

equilateral configurations, for diagrams B1 (left) and B2 (right), and for (µ = 1, cs = 0.1) (top)

and (µ = 5, cs = 0.01) (bottom). The black curve is the exact bootstrap result and the red curve

corresponds to the leading-order non-local EFT predictions (6.38a)-(6.38b).
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FIG. 1. The contact diagram from the non-local interaction
generating a parity-odd trispectrum. The black dot labeled
by D�1

PO
indicates that the interaction is local in time but

non-local in space.

Schwinger-Keldysh formalism (see Fig. 1),
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where f
 !
@⌧ g ⌘ f@⌧g � g@⌧f . K

+
a ⌘ uka(0)u⇤

ka
(⌧) is the

bulk-to-boundary propagator of the Goldstone with the
mode function

uka(⌧) =
Hp
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s
k3
a

(1 + icska⌧)e�icska⌧ , (29)

with a = 1, · · · , 4. A prime on a correlator indicates
that we have dropped the momentum conserving delta
function (2⇡)3�3(k1 + · · · + k4). Notice that the inte-
grand in Eq. (28) is analytic in the entire ⌧ -complex
plane except at the root of the denominator
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This singularity in the upper left half complex plane lies
at

⌧c ⌘
1

s

 
�



H
+

im

H

r
1�

2

m2

!
. (31)

In the limit /H ! 0, this pole is purely imaginary. As
a result, the e↵ect of the chemical potential is to shift
the location of this pole away from the imaginary axis,
as shown in Fig. 2. At LO, ⌧c is a simple pole of the
integrand while it is a double pole for the NLO term.
In App. A, we also show that all higher-order terms in
the non-local EFT (21) share the same pole location at
⌧c, except that these poles are of increasing orders. As

mentioned before, this essential singularity at ⌧c is the
manifestation of emergent non-locality in the IR theory.

Implementing the i✏-prescription, we now perform a
Wick rotation on the upper half ⌧ -complex plane, ⌧ =
�e

�i(
⇡
2
�✏)

x with x > 0, while taking into account the
residue at ⌧c. This procedure is illustrated in Fig. 2.
The arc at infinity vanishes due to the exponential decay
of the integrand. It is easy to check that the various
ingredients transform as follows under the Wick rotation

Z
0

�1
d⌧ ! �i

Z 1

0

dx 2 iR ,

@⌧ ! �i@x 2 i ,

a(⌧)! a(ix) =
i

Hx
2 iR ,

Ka(⌧)! Ka(ix) =
H

2

2c3
s
k3
a
(1 + cskax)e�cskax 2 R .

(32)

Interestingly, the Wick rotated integral is purely real

FIG. 2. Representation of the ⌧ -complex plane and the Wick
rotation in the non-local EFT. The blue contour is the orig-
inal integration path specified by the i✏-prescription. After
Wick-rotating it to the red contour, one needs to pick up the
pole at ⌧c. The contour integral along the imaginary axis is
purely real and drops out of the result. The only non-zero
contribution to the parity-odd trispectrum emerges from the
residue at the pole ⌧ = ⌧c.

and therefore vanishes from h⇡4
c
i
0
s,PO

. The only remain-
ing contribution comes from the residue at the singular-
ity ⌧c, which reads
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bulk-to-boundary propagator
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• An interesting application: parity violation in the scalar trispectrum

3

translation symmetry can be introduced after perform-
ing a spacetime-dependent time di↵eomorphism t !

t + ⇡(x, t), restoring full di↵eomorphism invariance to
all order of the theory. Typically, the resulting action is
intricate as it mixes metric fluctuations with the Gold-
stone mode. However, for most applications of interest,
metric fluctuations can be neglected by taking the so-
called decoupling limit MPl ! 1 and Ḣ ! 0 while
keeping the product M

2

Pl
Ḣ fixed. In this regime, one

can evaluate the Goldstone boson action in the un-
perturbed metric, and the transformation reduces to
�g

00
! �2⇡̇� ⇡̇

2 + (@i⇡)2/a2. The action (1) becomes1

S⇡ =

Z
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#
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(2)

where ⇡c = c
�3/2

s f
2
⇡
⇡ is the canonically normalized

Goldstone boson, f
4
⇡

⌘ 2csM2

pl
|Ḣ| is the symmetry-

breaking scale and c
�2
s

= 1 � 2M4
2
/M

2

Pl
|Ḣ| is the speed

of sound of ⇡c. The scale f⇡ is related to the mea-
sured amplitude of the dimensionless power spectrum
(2⇡)2�2

⇣
= (H/f⇡)4 and the comoving curvature per-

turbation ⇣ is linked to the Goldstone boson by ⇣ =

�Hc
3/2

s f
�2
⇡

⇡c+O(⇡2
c
). Importantly, as a consequence of

the Goldstone boson non-linearly realizing Lorentz sym-
metry, a reduced speed of sound cs ⌧ 1 generates large
parity-even non-Gaussianities fNL ⇠ 1/c2

s
and ⌧NL ⇠

1/c4
s
. Therefore, looking at parity-violating contribu-

tions to non-Gaussianities is free from self-interaction
signals.

B. Spin-1 Chemical Potential

Let us now introduce a massive vector field �µ with
a chemical potential that breaks parity, hence leaving
distinctive signatures in the parity-odd trispectrum.

Unitary gauge. In the unitary gauge, we take the
action for the spin-1 massive field to be of Proca type
supplemented by a Chern-Simons term

S� =

Z
d4

x
p

�g


�

1

4
F

2

µ⌫
�

m
2

2
�

2

µ
+

t

4
Fµ⌫ F̃

µ⌫

�
,

(3)

where F̃
µ⌫ = E

µ⌫↵�
F↵� with E

µ⌫↵� = ✏
µ⌫↵�
p
�g

being the

Levi-Civita tensor density, and  is the chemical poten-

1
We have only depicted operators that are fixed by the speed of

sound to highlight the importance of symmetries, and therefore

we have omitted additional self-interactions coming e.g. from

(�g
00

)
3
.

tial. It is clear that all the terms in the action are invari-
ant under spatial di↵eomorphisms. After reintroducing
the Goldstone boson, that transforms as ⇡ ! ⇡�⇠

0(x, t)
under a time-di↵eomorphism t ! t + ⇠

0(x, t), the spe-
cific coupling of �µ to the time foliation of spacetime
prevents the last term in (3) from being a total deriva-
tive. This term respects the shift symmetry for the
Goldstone boson.

From a model-building perspective, the chemical po-
tential naturally arises from the dimension-5 coupling
�FF̃ between the inflaton field � and the spin-1 field
�µ [46–50]. This coupling respects the shift symme-
try of the scalar field � ! � + c, since the constant
c contributes to a total derivative. With the inflaton
acquiring its slowly rolling vacuum expectation value,
i.e. � = �0 + �̇0t + · · · , the chemical potential term
is identified as  = �̇0/⇤ where ⇤ is some higher-
energy cuto↵. Higher-order terms are slow-roll sup-
pressed. From an EFT point of view, the chemical po-
tential is a direct consequence of broken time di↵eomor-
phism invariance by the background inflaton field.

Equation of motion. Varying the action (3) yields
the equation of motion

⇤�
⌫

� rµr
⌫
�
µ

� m
2
�
⌫

� E
0⌫↵�

F↵� = 0 , (4)

where ⇤ ⌘ g
µ⌫

rµr⌫ = �@
2
t

� 3H@t + @
2

i
/a

2 denotes
the d’Alembert operator on four-dimensional de Sitter
spacetime. The time-like component of the field �µ is
solved in terms of the spatial components using the con-
straint equation r

µ
�µ = 0, which is found after taking

the divergence of the equation of motion. Substituting
the constraint back into (4) gives the following on-shell
equation of motion

⇥
⇤ � (m2 + 3H2)

⇤
�
⌫ = 2E

0⌫↵�
r↵�� . (5)

Being massive, the field �µ has three degrees of freedom,
a longitudinal mode and two transverse modes. Decom-
posing the spatial components in 3-dimensional Fourier
space �i(x, ⌧) =

R
d
3
k

(2⇡)3
e
ik·x

�i,k(⌧) into helicity eigen-
states, one can write

�i,k(⌧) =
X

�=0,±
"
�

i

h
��,k(⌧) a�k + �

⇤
�,k

(⌧) a�†�k

i
, (6)

where we have used conformal time ⌧ defined as d⌧ ⌘

dt/a, and where ��,k(⌧) are the helicity eigenstates,
with � = 0 being the longitudinal mode and � = ±

denoting the transverse modes. In terms of these mode
functions, the equations of motion for di↵erent helici-
ties decouple from each other. As we are interested in
parity violation, and the chemical potential only a↵ects
the transverse modes, we only consider the transverse
modes equation of motion that reads

�
00
±,k

+
⇥
k

2
± 2ak + a

2
m

2
⇤
�±,k = 0 , (7)

Partial 
UV Completion

Parity violating term

4

where a prime denotes a derivative with respect to con-
formal time ⌧ .

Dynamics of transverse modes. The mode func-
tions of each helicity eigenstate ��,k(⌧) can be solved
analytically in terms of Whittaker W -functions, see
App. B. However, concentrating on transverse modes, it
is more instructive to directly read the physics from the
equation of motion (7). In particular, in the flat-space
limit H ! 0, neglecting Hubble friction for simplicity,
the equation of motion can be solved with plane waves,
leading to the following dispersion relation

!
2

±(kp) = (kp ± )2 + m
2

� 
2
, (8)

where kp = k/a is the physical momentum. The e↵ect of
the chemical potential appears as a constant shift of kp,
or equivalently as a time-dependent mass term owing
to the redshift of the physical momentum. This phe-
nomenon assists the spontaneous particle production of
�± by the exponentially expanding spacetime, enhanc-
ing the cosmological collider signal [34, 36]. However,
the latter e↵ect does not manifest itself in the single-
field EFT treatment of interest in this work. Instead,
what is of direct relevance for our purpose is simply
the asymmetry between the di↵erent helicities, as it is
this parity violation that gets imprinted in the four-
point correlator of the Goldstone boson. Considering
 > 0 without loss of generality, the dispersion relation
(8) shows that for  > m, each �� mode experiences a
transient tachyonic instability in the time interval with
!

2
�(kp) < 0. The energy carried by these modes can

lead to a strong backreaction on the inflationary back-
ground and, in what follows, we restrict our analysis to
the situation with   m. In this regime, the behav-
ior of each helicity mode is qualitatively similar, with
modes beginning to decay around the mass-shell hori-
zon kp/H = |k⌧ | ⇠ m/H. Nonetheless, the chemical
potential does a↵ect di↵erently the two helicities, with
important consequences as we will see.

C. Mixing Interactions

Let us now construct the leading couplings between
the spin-1 field �µ and the Goldstone boson ⇡.

In the unitary gauge, Lorentz invariant operators
constructed out of the spin-1 field, e.g. �µ�

µ, are of
course invariant under all di↵eomorphisms and there-
fore are invariant under spatial ones. However, they
do not lead to mixing interactions with the Goldstone
boson. The time-like component �

0 is a scalar under
spatial di↵eomorphisms, hence it constitutes a building
block to construct mixing interactions. Performing a
spacetime-dependent time di↵eomorphism, reintroduc-

ing the Goldstone boson, leads to

�
0(x, t) ! �̃

0(x̃, t̃) = @µ(t + ⇡)�µ(x, t)

=
⇥
�
0

µ
+ @µ⇡

⇤
�
µ(x, t) .

(9)

In order to generate a parity-odd trispectrum via the
(single) exchange of �µ, one needs to determine mixing
interactions of the schematic form ⇠ ⇡

2
�, compatible

with the symmetry and with an odd number of spa-
tial derivatives. There are two ways to generate such
interactions: (i) couple the time-like component �

0 to
index-free building blocks invariant under spatial di↵eo-
morphisms, and (ii) couple �µ with building blocks car-
rying a free (spacetime) index. Up to dimension seven,
the corresponding lowest-dimension cubic interactions
are therefore given by the following operators
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where !1,2,3 are constant mass-dimension couplings, and
�K

⌫

µ
= Kµ⌫ � a

2
Hhµ⌫ with hµ⌫ the induced spatial

metric. Reintroducing the Goldstone boson leads to

S⇡� =

Z
dtd3

xa
3

"
⇢a

�2
@i⇡c�i �

a
�2

⇤̃
⇡̇c@i⇡c�i

+
a
�4

⇤3
@j ⇡̇c@i@j⇡c�i +

a
�2

⇤̄3
⇡̈c@i⇡̇c�i

#
,

(11)

where the couplings are defined by ⇢ ⌘ 2c3/2s !
3
1
/f

2
⇡
,

⇤̃�1
⌘ c

3/2

s ⇢/f
2
⇡
, ⇤�3

⌘ 2c3
s
!2/f

4
⇡
, and ⇤̄�3

⌘

4c3
s
!3/f

4
⇡
. Here we have kept cubic terms in the fields

relevant for the parity-odd trispectrum. Note that the
size of the cubic interaction ⇡̇c@i⇡c�i is completely fixed
by the size of the quadratic mixing @i⇡c�i. This is a con-
sequence of the Goldstone boson non-linearly realizing
time di↵eomorphism, as both interactions are governed
by the same coupling !1.2 We will see later that the two
operators with coupling proportional to !1 are tightly
constrained by mixing perturbativity, leading to unde-
tectably small parity-violating non-Gaussianities. How-
ever, the two dimension-7 operators originating from !2

and !3 can lead to sizable signals. Note that by putting
the Goldstone boson on shell, namely using its equation
of motion, and observing that @i(⇡̇2

c
) does not couple

2
Notice that we could have considered manifestly parity-

violating interactions by contracting spatial derivatives with

✏ijk. The leading operator in this case would be a dimension-8

operator and the corresponding exchange diagram would typ-

ically give a smaller signal compared to the one we compute

using parity-even vertices only.

cubic mixing



Future Outlook

Maximus: “Whatever comes out of these gates, 
we've got a better chance of survival if we work together.”

Gladiator 2000



Future Outlook

• Cosmological Collider Physics: beyond weakly coupled massive fields? 
What is the appropriate EFT? 

• Non-local EFT: integrating out at one-loop level. Relevance: e.g. 
fermionic fields. Same low-speed collider signal?

• Constructing non-local EFT from bottom up? 


