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Massive particles leave imprints on primordial non-Gaussianity via couplings to the inflaton, even
despite their exponential dilution during inflation: practically, the Universe acts as a Cosmological
Collider. We present the first dedicated search for spin-zero particles using BOSS redshift-space
galaxy power spectrum and bispectrum multipoles, as well as Planck CMB non-Gaussianity data.
We demonstrate that some Cosmological Collider models are well approximated by the standard
equilateral and orthogonal parametrization; assuming negligible inflaton self-interactions, this fa-
cilitates us translating Planck non-Gaussianity constraints into bounds on Collider models. Many
models have signatures that are not degenerate with equilateral and orthogonal non-Gaussianity
and thus require dedicated searches. Here, we constrain such models using BOSS three-dimensional
redshift-space galaxy clustering data, focusing on spin-zero particles in the principal series (i.e. with
mass m > 3H/2) and constraining their couplings to the inflaton at varying speed and mass,
marginalizing over the unknown inflaton self-interactions. This is made possible through an im-
provement in Cosmological Bootstrap techniques and the combination of perturbation theory and
halo occupation distribution models for galaxy clustering. Our work sets the standard for inflation-
ary spectroscopy with cosmological observations, providing the ultimate link between physics on the

largest and smallest scales.

1. INTRODUCTION

With a Hubble scale as high as 104 GeV, inflation may be the highest-energy process observable in the Universe.
As such, the primordial signatures imprinted on the large-scale distribution of matter makes performing cosmological
observations effectively equivalent to running a particle accelerator at energies many orders of magnitude above those
of present-day experiments.

Searches for hitherto unknown massive particles are perhaps la ragione d’essere of particle accelerators. In this
instance, one proceeds by carefully measuring the cross section for the scattering of light degrees of freedom. As the
center-of-mass-energy approaches the mass of the new particle, a resonance appears in the cross section: a shape
that is not degenerate with local operators in the low-energy theory. In cosmology, the situation is morally similar:
integrating out particles with masses greater than the Hubble scale (m > H) yields self-interactions in the (light)
inflaton field, and correspondingly primordial non-Gaussianity (PNG) well described by the single-field Effective

* gcabass@irb.hr
T ohep2@cantab.ac.uk
 ivanov99@mit.edu


mailto:gcabass@irb.hr
mailto:ohep2@cantab.ac.uk
mailto:ivanov99@mit.edu

Field Theory (EFT) of Inflation [1-3]. However, such particles can also be spontaneously produced in the time-
dependent inflationary background: this leads to features in the squeezed limit of the inflaton bispectrum that cannot
be mimicked by spatially-local inflaton interactions. Though the massive particles decay exponentially fast during
inflation, they can still, at least in principle, be observed via this smoking gun in the non-Gaussianity of the initial
conditions of the primordial curvature perturbation ¢ (which is set by the inflaton fluctuations). A rich field of study
has been developed for characterizing this kind of PNG and searching for it in cosmological data, generally known as
“Cosmological Collider Physics” [4-33].

On the theory side, much effort has been devoted to developing tools to compute these PNG shapes from first
principles. This goal (amongst loftier brethren such as an understanding of Quantum Gravity in de Sitter spacetime)
is the goal of the “Cosmological Bootstrap” program [34-45]. In this framework, the PNG shapes arising from massive
particles are obtained as solution to boundary differential equations that are consequence of local time evolution in
the bulk of de Sitter spacetime, and whose singularity structure is fixed by unitarity and the choice of vacuum. A

great deal of progress has been recently made in this direction [e.g., 46-50].

Where should we search for such massive particle signatures? The two most popular options are the large-scale
structure (LSS) of the Universe (seen through the lens of galaxy clustering) and the anisotropies of the Cosmic
Microwave Background (CMB). A three-point function of ¢ leaves a direct imprint in the three-point functions of
CMB temperature and polarization; to date, these observables have been the main source of constraints on PNG [51].
However, the (primary) CMB is limited by the fact that the number of accessible Fourier modes is quickly saturating:
large scales are dominated by cosmic variance, and, for short scales, diffusion damping washes away anisotropies
and secondary effects such as Sunyaev-Zel’dovich distortions dominate [52]. Upcoming galaxy surveys will contain
orders of magnitude more cosmological information than present datasets [e.g., 53-55], and will soon surpass that
of the primary CMB anisotropies, counting the number of accessible Fourier modes (recalling that for 3D surveys
the number of modes scales with the cube of the shortest scale that can be accessed in the data). As such, LSS
promises to become the leading source of constraining power on PNG [56-61]. In galaxy clustering, the principal
effect from massive particles is to imprint a specific shape dependence in the galaxy bispectrum, which also modulates
the power spectrum through loop corrections. These effects can be constrained by a systematic analysis based on the
consistently-modeled power spectrum and bispectrum data using the effective field theory approach to perturbation
theory (PT, see e.g. [3, 32, 55, 62-144] and references therein).

In this work, we carry out the first search for inflationary massive scalars (with mass in the de Sitter principal
series m > 3H/2, H being the Hubble rate during inflation) by searching for the non-Gaussianities generated by their
coupling to the inflaton, as a function of their mass and speed of propagation. Such an approach can be used to answer
multiple different questions, with the first motivated by the following discussion. As above, the “ideal” parallel with
Earth-based collider physics would be that the “EFT low-energy background” has already been detected and we are
now hunting for resonances on top of this background, keeping in mind that large inflaton self-interactions naturally
accompany sizable Cosmological Collider non-Gaussianities [15, 31]. Unfortunately we are not yet in this scenario,
since there has not been a detection of primordial non-Gaussianity described by the equilateral and orthogonal
templates ff{iun and frtho [145]. Given that such templates have already been constrained (most notably by Planck
[51]), one can indirectly assess the coupling of the inflaton to massive particles through a translation of the public
equilateral and orthogonal bounds (making the important assumption that bona-fide inflaton self-interactions are a
subleading source of primordial non-Gaussianity).

The second approach is to carry out a full combined analysis of fE3"" fotthe and the Cosmological Collider PNG,
which has not yet been attempted in cosmological data analysis. From a particle physics point of view this allows
us to assess how degenerate the signature from massive particle exchange is with equilateral and orthogonal non-
Gaussianities in current data: we are searching for particles by looking at resonances on top of the low-energy EFT of
Inflation background. We will carry out this study using the publicly available state-of-the-art redshift clustering data

from the Baryon Oscillation Spectroscopic Survey (BOSS), marking an important step towards performing inflationary



spectroscopy with large-scale structure observations.'

An important part of this work is the development of improved Cosmological Bootstrap techniques that allow for
accurate prediction of the primordial bispectrum over the full range of scales covered by BOSS and Planck. Important
work in the context of the Cosmological Collider and Cosmological Bootstrap has been carried out in [154-160]. To
connect these to observations, we require both a theoretical model for the galaxy bispectrum [142, 161, 162] (see
also [31, 32, 71, 72, 108, 120, 121, 143, 163-170]), as well as an estimator for the spectra [171, 172] that robustly
accounts for the effects of the survey window function. These ingredients have facilitated previous ACDM constraints to
be wrought with the redshift-space bispectrum multipoles [162], and have yielded the first constraints on the Effective
Field Theory of Inflation and massless fields from galaxy clustering [151-153]. Finally, constraints on primordial
non-Gaussianity from large-scale structure are affected by the marginalization over the PT bias coefficients, encoding
the uncertainty over the short-scale dynamics. In this work we use newly-derived priors on these coefficients obtained
by matching to halo-occuptation distribution (HOD) models of galaxy formation to mitigate these uncertainties (as
described in [173], see also [174, 175]). Importantly, we do not include the loop corrections to the galaxy bispectrum
in this work. As shown in [176], the gain on constraining power on PNG is negligible (assuming broad conservative
priors), and it comes at the cost of many more free PT coefficients (necessary to absorb the UV dependence of the
bispectrum loop integrals) that make the analysis prior-dependent. We find it more robust to use the tree-level

bispectrum in combination with priors on bias coefficients motivated by galaxy formation simulations.

The remainder of this paper is structured as follows. §2 discusses the observables and “microphysical” parameters
that we wish to constrain (or hopefully one day detect) in the context of the Cosmological Collider. In §3 we translate
Planck bounds on fe™ and fgith° to constraints on the couplings of the massive particle o to the inflaton marginalizing
over the mass m and speed of propagation c¢,, under the assumption of zero inflaton self-interactions. In §4 we carry
out a full BOSS analysis using the one-loop power spectrum and tree-level bispectrum multipoles in conjunction
with galaxy-formation priors on bias parameters. We discuss the impact of marginalizing over fe™' and fgitho,
practically assessing the price paid if inflaton self-interactions are not known. We also discuss the case of the “DBI
Cosmological Collider”, where inflaton interactions and their couplings to o are constrained by a higher-dimensional
boost symmetry (see e.g. [177]). We conclude in §5. Appendix A contains a description of the improved solution of
Cosmological Bootstrap equations used to derive the PNG shapes from massive particle exchange, whilst Appendix
B contains a brief description of the connection between galaxy-formation modeling and PT bias parameters (which
is expanded upon in [173]), and Appendix C contains a Principal Component Analysis study, based on Ref. [178],
assessing the level of degeneracy between the Cosmological Collider bispectra and the equilateral and orthogonal

templates.

Note added. Shortly after publication of this paper on arXiv, the work [179] appeared, which carries out an analysis
of the Cosmological Collider templates (both for scalar particles in the principal series, but also beyond this case),
using the Planck CMB data. This is a very important work, which together with the present one represents the first
constraints on the Cosmological Collider scenario using cosmological data.

1 Constraints on parity-violating interactions with massive spinning particles from BOSS data [146—148] were derived in [149] (see also [150]

for CMB bounds), whilst constraints on single-field inflation and multi-field inflation (with negligible mass) were derived in [151-153].



2. OBSERVABLES IN THE COSMOLOGICAL COLLIDER
2.1. The Inflationary Action

At leading order in the Effective Field Theory expansion, the action for a massive scalar o and the inflaton perturbation
7 takes the form [15, 48, 49]
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where a is the scale factor. In addition, we have also the action for the graviton, with propagation speed ¢, =1
[180—-182]. Hence, in the following we consider the propagation speeds for the inflaton and massive scalar ¢, ¢, < 1.
In Eq. (1), the parameter f,, along with c¢s, sets the normalization of the power spectrum for the metric curvature
perturbation (, related to the inflaton perturbation 7 via ( = —Hm. More precisely, we have
4
M= i ®
where the amplitude Ag of the primordial power spectrum is defined by k3P (k) = Ag (k/ky)™~ L. From Planck data
we have A? ~ 4.1 x 1078, ng =~ 0.96 [183] for a pivot scale k, = 0.05 Mpc~!. The remaining terms in the action of
Eq. (1) are, respectively, the cubic self-interactions of the inflaton, the quadratic action for o, the linear mixing and
leading interactions between m and ¢.? The last term gives o a propagation speed different from 1. It arises from
the unitary-gauge operator (—a?/2)n#n”V,oV,o, where o = (2 — 1)/c2 and n” is the unit normal vector to the
constant-inflaton hypersurfaces [3].
In order to connect with the existing literature, we rescale spatial coordinates x — c,x to measure all velocities in

terms of ¢,. After canonically-normalizing o — o/,/c, we find the following action’
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2.2. Correlation Functions

The goal of cosmological observations is to measure the parameters in the action (3) (here, fr, cs, ¢35, m, ¢,, wo and
o) by measuring correlation functions of ¢. Firstly, it is customary to parameterize the bispectrum of ¢ as
18 S(k1, ko, k3)
Be(ki, ko, k3) = — fap A —5—2 4
C( 1,2, 3) 5fNL ¢ k‘%k%k‘% ; ( )
where k1, ks, k3 are the moduli of the three momenta ki, ks, ks and S is a dimensionless shape function normalized

to 1 in the equilateral configuration k1 = ko = k3. As is well known, the w77 self-interaction terms in the Lagrangian

give rise to a superposition of smooth bispectra that are well captured by the equilateral and orthogonal templates

2 Notice that the relation between the 7w mixing and the w7 interaction is dictated by the nonlinear realization of Lorentz boosts.
3 The different powers of ¢, appearing in the 7o mixing and w7o interactions are due to the fact that one of the three operators carries

spatial derivatives whilst the other two do not.



[145, 184], with amplitudes fyr, that depend on ¢ and é;. The mass and speed of o can be measured via the

bispectrum coming from the diagram

7o, o

(Vr)io

generated by the quadratic mixing between 7 and o and the two wmwo cubic vertices in (3). More precisely, the main
feature is that the shape resulting from this diagram is composed of two distinct contributions: a piece non-analytic
in momenta (the signature of spontaneous particle production) and one analytic in momenta (representing the part
of the diagram that, in the limit of a very heavy o, is degenerate with the self-interactions of 7). From the peculiar
non-analytic dependence on momenta one can, in principle, measure ¢,m and ¢s/c,, whilst the amplitude of the signal

depends on wg and wy. Notice that with only this diagram we are blind to the speed ¢, itself: this parameter can in
1—c2

principle be measured via the interactions that accompany the term —_= Ik d*za®&? in (1). These give rise to the
diagram
m T 7T
"/
; o , (6)
4
oAt o

which does not come with new EFT coefficients due to the nonlinear realization of Lorentz boosts.
Given the different goals of this paper, discussed in §1, it is worth to discuss the different contributions to “fn1,” in

more detail. First, let us discuss the bispectra arising from the diagram (5). These take the form

.2 -2 SﬁQG(k‘th,k‘;g) S(Vﬁ)zg(klvk%k?))
BE 7 (ky, ko, ks) = BT 7 =L =r=s 7
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Here we notice that, whilst we use the same symbol S as in (4) to denote the shapes, S™7 and (V™7 are not

and Bk ki, k) = B

normalized to 1 in the equilateral configuration. These functions are computed by acting with appropriate weight-
shifting operators on the seed three-point function Z(u), which obeys the differential equation [48, 49]

1 c2u/c?
2 2\ 3t 2 S o
1—u)Z" — 2u°T L= =19
u?(1 —u?) u +<u +4> T /ey’ (8)
where
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In order to have the shape function for all physical triangles the solution must be known for u between 0 and ¢, /cs,

and the boundary conditions are fixed at u = 0 [48, 49].* From Z(u) we obtain the shapes as
S(k‘l, ko, 1{33) = ngI(ulg) + 2 perms. , (10)

4 The variable u can be related to the “energy” of the exchanged particle in the trispectrum, s = |k; + ka| = |k3 + ky| in the soft limit
k‘4 — 0.



where u1s = ¢coks/(cski2), k12 = k1 + k2, and
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In appendix A we summarize the method used to solve (8). In this work we will scan over different choices of
¢s/¢r and c,m, and constrain the overall amplitudes of the PNG signals. We will focus on the range p € [0, 5],
¢s/co € {0.1,1,10}, motivated by the following behavior of S, which is present for both diagrams of Eq. (5) [48, 49]:

Sk, ka, k3) ~ (:1> cos (uln C"]’?) for ki < CiSk?, . (12)
3

Csi3 o

For ¢s > ¢, we are in the regime of the “equilateral collider” [48], where the non-analytic behavior of the shape due to
spontaneous production of ¢ can be seen also close to equilateral triangles k1 ~ ko ~ k3 and not only in the squeezed
limit k1 < ko ~ k3. On the other hand, for supersonic o, we are in the “slow-speed collider” regime [49]: for ¢5 < ¢,
the oscillatory behavior of the shape is encountered only for extremely squeezed triangles, and the main signature is
instead given by features around ki ~ csks/co.”

We are now in position to go back to the overall size of the PNG signal. Isolating the ratio of = and o speeds where
possible, we have [49]

. AGw (Wi — 4&8) ASwS
ilo _ Ss 0\*0 0 (V7r)20 3 =¢*0
B*7 = —4cd Co‘ —H6 and B = 26,45 (13)
It is useful to recast these amplitudes in terms of two parameters 5*2‘7 and ﬁ(V”)2”. We define them as
_ e vr)lo
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such that the bispectrum can be written
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where the definition of ff\}i" and flslg is manifest from comparing to Eq. (4). One can gain intuition on the meamng

of these parameters by looking at the limit of very heavy o. In this limit we effectively have o ~ —2,/¢, w37 /m? and

the two mmo couplings reduce to

3 V)2
/d4x ad % [(—80 S+ 2cwi? —2c3wd ( a;T) 7, (16)

where we have replaced c,m with H (we will come back to this choice in a moment). It is straightforward to check
that the non-Gaussianities from these two interactions have typical fn1, (evaluated by taking the ratio of the cubic
and quadratic Lagrangian at horizon crossing) scaling as ﬁ*z" and B(V”)z" respectively. Hence the parameters 5*2‘7
and B(V”)zo are defined as the effective fxr, that would result from integrating out a particle with c,m ~ H (noting

that 6(V“)2" is forced to be positive). This tells us that an order-of-magnitude bound that we can put on BﬁQU and
2
ﬁ(Vﬂ') o

57:(20' 5 105 , ﬂ(VTA’)QU S 105 . (17)

The reader can compare the constraints that we will obtain in the next sections to these bounds (keeping in mind
that the above are only a very rough estimate of the size of Cosmological Collider PNG: we refer to [158] for more
accurate theory bounds).

5 Whilst not a sign of spontaneous particle production in de Sitter spacetime, these features still cannot be captured by a finite number

of local operators in the local Lagrangian of 7 [49, 185].



Let us now turn to inflaton self-interactions. As mentioned in §1, whilst a dedicated search for both Cosmological
Collider PNG and single-field inflation PNG has not yet been performed, we can translate constraints on equilateral and
orthogonal non-Gaussianity to bounds on linear combinations of the parameters controlling the size of the primordial
bispectra, namely (1 — 1/c2)(és + 3c2/2), 1 — 1/c2 for the 73 and (V)2 interactions in (3), and 877, (V™7 for the
diagram (5). However, given that these linear combinations are model-dependent (since the equilateral and orthogonal
templates are just phenomenological templates) we prefer to proceed as follows. We will remain agnostic about the
inflaton self-interactions and the bispectra of the curvature perturbation ( they generate, and we will parametrize

equil ortho

such effects as a superposition of the equilateral and orthogonal templates with sizes fy; AL nd fRL e that are

unrelated to the same microphysical parameters entering in the 7 Lagrangian. Then, we have a contribution to B, of

the form
18 couil x4 e (K1 ko k) 18 SOTtho (K ko o)
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where we recall that [145, 184]°
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In §3 we will fix both f21™! and fgithe to zero and focus only on B**o (V™o In §4 we instead ask how well
current data can constrain the Cosmological Collider PNG amplitudes, given that the self-interactions of the inflaton
itself have not yet been pinned down. In this case, we will take both feqUlll and fortho within the perturbative regime
fnLA¢ <1, as in the analysis of [151], and marginalize over them.

2.3. The DBI Cosmological Collider

As discussed in the introduction, in our BOSS analysis we will consider the case where the interactions of 7 and its
couplings to o are protected by a higher-dimensional boost symmetry [186]. In the 7 sector, this symmetry forces
2, 145, 186]
&3 = 3(1-¢) . (22)
2
We find it worth to discuss in detail what this symmetry implies for the couplings of ¢ to the foliation, expanding
the analysis of [177] to the context of the Cosmological Collider. Working in flat spacetime (which is sufficient for

this analysis), the action of o reads

So /d4x\/ g (—g"8,00,0 — 2)+Qg/d4ac —go, (23)

where

v =N + aﬂ¢au¢ s V —g=+1+ n“yau¢au¢ . (24)

6 Note that we use the orthogonal template from Appendix B of [145], which has a physically correct suppression in the squeezed limit
k1 < ko = k3, where it goes as Sortho ¢ k1/k3. It can be contrasted with the commonly used approximate template that features an

unphysical enhancement in that limit [51].



This action is invariant under the transformation
0¢p =b"¢0d, ¢ + byt (25)
for small b* if”
do = pb*0,0 . (27)

Expanding around the Lorentz-breaking profile of ¢, i.e. ¢ = k(t + ) for some dimensionless k, we find that the

following terms in the action:

e From the kinetic term of o, using /—g = v/1 — k2 at leading order in 7, and

1
G = 00 28
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at leading order, we get
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where we have used

=g = \/1 — K2 = 227 + K2 O, O, T . (32)

Notice that in Eq. (31) we neglect the tadpole term for o: this is not justified in general, and in a cosmological
setting one must check whether it leads to o developing a v.e.v. and making inflation not single-clock. Discussing
this is far beyond the purposes of this paper and we leave it to future investigation (indeed our goal here is mainly

to show that it is possible to analyse a model where symmetries restrict the number of free parameters).

Rescaling o — /(1 — x2)1/4, we then find the terms of the S, action that are relevant for our analysis to be

1 2
Se D = /d4w (6% = (Vo)*> —m?c?) + Ki) /d4:lc 52

2 2(1 — k2
K27 K272 K2 (Vr)? (33)
+ /d4$ Qg [ 3 7+ 3 :| o
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Comparing with the second line of Eq. (1) we find
2 62 -1 . 2 .2
5(V7r) o _ ((};) BT( o and ﬂﬂ' 7>0. (34)

7 The invariance of the kinetic term has been checked in [177]. Tt is straightforward to check the invariance of the linear mixing term,
given that o is the Lie derivative £, 0 along v* = b*¢. Using 6gur = LoJuv, and §(v/—g) = %\/ —g g""0Guv, we find that

6(\/—7}0):au(v“\/fg)a+\/fgv“aua:au(v“ﬁa) , (26)

which is a total derivative.



Using the relation

N 1.04021  1.21041 T
or (o] - 7:r3 ,
foth —0.0395140 —0.175685 fiL

(V)2 85 — (35)
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between flffiuﬂ7 QGtho and ¢, &3 [145, 184], together with Eq. (22), we then find

G- vth 1
— and R = —0.0212111 x =

S CS

equil

N =0.347611 x (36)
Hence in our DBI analysis we vary only B*Q", logyo cs € [—3,0], p, and log;, of the speed ratio® such that cs/c,
remains between 0.1 and 10. Notice that we follow the Planck PNG analysis when deciding to vary the logarithm of
speeds.

3. Planck CONSTRAINTS FROM £33 AND fg;i

Whilst the main goals of this paper are to constrain the Cosmological Collider using galaxy surveys, it is interesting
to first consider the extent to which such models are already constrained by CMB observations. In particular, we
here investigate how one can indirectly constrain massive particle interactions by translating the Planck bounds on

the conventional equilateral and orthogonal bispectra to limits on the collider amplitudes discussed above.

3.1. Relating Collider Amplitudes to Template Coefficients

Let us posit that inflaton self-interactions are a subleading source of PNG, i.e. f;éVﬂ)Q ~ fﬁi ~ 0 (Ref. [179]
does not do this assumption. The authors there, instead, carry out a new analysis, similar to the Planck one
on equilateral and orthogonal non-Gaussianity, looking for the Cosmological Collider templates instead.) In this
scenario, the non-Gaussianity is generated only by the massive particle interactions, with shapes 877 and S(V™’o.
Since these bispectra have significant overlap with the canonical equilateral and orthogonal templates (despite the
different physical sources), one can recast the measured bounds on the empirical f&%uﬂ and fgthe coefficients as
constraints on 6#2” and /J’(V”)Q". Importantly, this translation requires us to ignore self-interactions, since these also
source the equilateral and orthogonal templates, thus their inclusion would yield a near-perfect degeneracy. (Simply
put, one cannot hope to measure four physical amplitudes from two fnr, observations). Since a direct search for the
collider parameters 57}2” and B(V”)ZU in CMB data has yet to be performed, this is the only way to proceed, at least
for now.

A crucial assumption in the above discussion is that the Cosmological Collider shapes, S™ and S(V”)ZU, take a
similar physical form to the standard forms, S9! and S°'*h°. The degree of similarity can be assessed via the inner
product between scale-invariant primordial shapes introduced in [145, 184] and defined as

(84188 = /dxldxg SA(x1, 20, 1)SP (21, 22,1) (37)

8 Recall that the speed ratio enters also in the Cosmological Collider shapes: this is where the degeneracy between 6*25 and c2/cZ is

broken.
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where the integral is carried out over x1, 2 in a simplex. This further motivates the definition of a cosine
(S[S°)
(Se[52)(S°|SP)

where cos(a,b) = 1 (0) indicates that shapes a and b are completely correlated (uncorrelated). If the cosines of the

cos(a,b) = , (38)

Cosmological Collider shapes with the equilateral and orthogonal templates are large, one can efficiently reconstruct
B7* and B(V™’? from the Planck fequ11 nd f*h° bounds. In contrast, if the cosines are small, this projection
is highly inefficient, and the model would greatly benefit from a dedicated collider analysis (as we do for the BOSS
survey in the remainder of this work).

Using the inner product of (37), the Cosmological Collider shapes can be written in terms of the equilateral and
orthogonal templates as

5 <S7'r2¢7 |8cquil>

.2
ST — equil + <S7T O“SOI‘thO>

<Sequi1 |Sequil> <Sortho |Sortho>
2 . 2
_ <S(V7r) U|Sequ11> Sequil <S(V7T) o |Sorth0>
<Sequil |Sequil> <Sortho |Sortho>
where AS is a residual shape, which is orthogonal to both equilateral and orthogonal PNG (such that (AS|Seauil.orthoy —

0). Inserting into the full bispectrum form via (15) and projecting onto the equilateral and orthogonal templates via

Sortho + AS‘irza , (39)

S(VTI’)ZO' Sortho + As(Vﬂ')Qa , (40)

the inner product, we can compute the effective fequll and fgithe parameters corresponding to the collider shapes:’

equ1l (VTr) 1 <S7-T2U |Sequ11> 1 <S(V7T)2U |Sequil> (Vr)2o 41

(R 1) = ST ) (Se gy G SVIRe(1,1,1)  (Seaul|geaut) NI (41)
ortho (VTr o 1 <S7'r20' |Sortho> a2 1 <S(V7r)2a |Sortho> (V)20

= — . 42

('fNL ’ ) 571'20(1’ 1, 1) <Sortho|80rth0> 'fNL + S(Vn)2o (1 1, 1) <Sorth0|80rtho> NL ( )

Here, we have noted that fg;, = S¥*(1,1,1)(B¢|S*)/(§X|S¥) (for X = equil/ortho) from (15), and additionally
assumed zero self-interactions (such that B, receives contributions only from the collider shapes). Finally, we can

write the amplitudes in terms of ﬂ’#" and B(V“)Z" using (14), which yields
o il Vr)’o il
equ11 (ﬁw 0'75(V7T)2 ) B&BW o <S "Sequ'> §cl/8(v71')20' <S( ). ‘Seq‘u > , (43)
9 Co <Sequ1l|Sequ1l> <Sequ11|Sequ1l>

-2 2 10 ¢4 <S7}20‘Sortho> 5¢ 2 <S(V7r)2<7|Sortho>
ortho ¢ Vr)o\ __ S N0 o n(Vr)o
fRithe (577, B¢ >>—(gcﬁ )<S|s> ge. ") (smmejsorty 44

This expression will be used to obtain the bounds on 5*2" and B(V”)2 below.

3.2. Fisher Forecasts

To understand the efficacy of this approach, it is instructive to perform a simplified Fisher matrix analysis, comparing
the optimal bounds on ,6’}2" and ﬁ(V”)2‘7 to those obtained from the above projection scheme. In the ideal limit of
a three-dimensional cosmic-variance-limited survey, which directly probes the ¢ bispectrum (i.e. assuming a linear

transfer function), the inverse of the Cramér-Rao covariance (the Fisher matrix) scales as

Fap o (S4|8P), (45)

9 Here, we note a technical point: whilst the official Planck analyses constrained the orthogonal template defined by Eq. (53) of Ref. [145],
in this work, we use the template defined in Appendix B of the same reference (which is that utilized in the BOSS analyses of [151, 152]).
We make this choice since calculation of the dot product between the Cosmological Collider shapes and the orthogonal shape would
otherwise depend strongly on the lower limit of 1 = k1/ks in (37), given that the Planck orthogonal shape diverges in the squeezed
limit. Since the overlap between the two shapes (which is insenstive to the minimum value of z1, see §3 of Ref. [145]) is 0.24, our

constraints are suboptimal only by the square root of this factor.



11

10: T T T T T T T T T T T T T T T T T
b .
i
H Frcconstructcd
\ H i vl 20,720
1 /]
- \ N ! i - N .
0.100F A { ! ! E ! - Frog 725
E o H ]
/ : ! ! ! H ! Frecomtru(‘ted
I \ / i i i I m)20,(V7)20
Al Al 1B 18 ! i
' /
:: \ ' ' ! :: ! ! [ (Vr)20,(Vm)20
nl o 1 1 ' n ! i 0
0.010 Eo) \ 4 \ " ! \ ! ! ! ! 1 { 0 i E det [F'reconstructed
o A / / ] ¥ \ ] — -
NN NN i ! i N | ] ml I
nponl ol o ! ' ] i\ nl N n 1 det
\ \ ] ' 1 [} iy \ 4
/ ' ' ' J | \ \ 1
\ \ \ N f / q 1\ \
' ' ' 1 " | \ \ !
\ \ \ i 1 1N 1 N
/ ' ' / I\ i ! \
\ \ \ ' 1 " 1 '
' ' | 1 i i\ \ \
\ \ \ ) L} ' LR N
' ' / ] " i N \ \ X !
\ \ \ \ H ! " i y i\
0.001 /Ny " " I i\ i\ \ i\ i i\ i\ J i E
. E \ " N i i\ i\ \ i\ i\ i i \ 3
F / / / / I\ i\ \ \ \ N \ ¥ 1 q
E \ \ \ [ / i\ 1\ [ i
/ ' ' ' I\ N \ \ \
\ \ \ / ' 1 [ iy ¥ \
/ ' ' 1 I\ i\ \ \ \ \ 1
\ \ \ | y i i i\ y i\
/ ' / ] mn N \ \ \ \ N
\ \ \ ' [} [l ' iy ¥ i\
/ ' ' ' I\ ' \ \ \ \
\ \ \ ’ ' ] [) " iy ¥ '
' ' / / "n n \ \ N \
\ \ \ ' / / Y i\ i\ ¥ i\
' ] / ] i ' \ \ \ N
\ \ \ \ ' [} i [} [} "y \
/ ' ' ' I\ N \ \ \ \ \ Y 1
\ \ \ \ ' / / [ | 1 \
A / / ' i 'n \ \ \ \ N \ ¥ 1
10—4 al il |I= N B B A 1] T ] ] i 1 1
S S S S S [}
~ ~ ~ ~ ~ —
— — —~ — — —
~ ~ ~ ~ ~ ~
S S S S S S
Il Il Il Il Il Il
ca/ 5 :a/ 5 w/ 5 w/ 5 ra/ 5 ro/ 5
Q & O & O & < & O < N} &

FIG. 1. Overlap of spin-zero massive particle non-Gaussianity with the classical equilateral and orthogonal templates. We show
three sets of results, each measuring the (idealized) fractional information loss induced by indirectly inferring a different set of
collider amplitudes from the equilateral and orthogonal bounds, instead of constraining them directly from the data. These
comprise: (1, north-east hatching) analyzing only the first collider amplitude (ﬂ’#”); (2, south-east hatching) analyzing only
the second collider amplitude (ﬁ(V”>2"); (3, full bars); jointly analyzing both collider amplitudes (ﬂ*% and ﬂ(v">2”). Values
far below unity indicate that the relevant templates are well described by the equilateral and orthogonal shapes (notice that
p = 3 is the template best described by $°1"!! and S°**h°), whilst those approaching unity indicate differences in the templates.
Results are shown for five choices of mass parameter p (indicated by color), and three choices of sound-speed ratio, ¢s/co (left
to right within each block). As p increases, the collider templates show considerable overlap with the canonical S°4"! and
S°rthe shapes (particularly joint analyses at ¢s = c», corresponding to the central solid lines in each block), since the heavy
particle can be efficiently integrated out. We additionally find that, whilst a single shape can usually be well described by the

standard templates, the combination of two cannot (except at high mass).

where A, B index the templates of interest (expressed in terms of fyr,) and we assume scale invariance in the region
of interest.'”. As such, the optimal error-bar on a parameter A from a dedicated analysis scales as ng‘/ % If instead
one computes the parameter constraints by first analyzing the equilateral and orthogonal templates, then translating
via (43) & (44), the Fisher matrix is given by
Freconstructed o Z afNLF1 6fNL x <SA|Sequil><SB|Sequil> + <SA|Sorth0><SB|Sortho>
f af <Sequi1 ‘Sequil) <Sorth0 |Sortho> ’
X,Y €{equil,ortho} NL NL

(46)

10 The proportionality factor includes the number of pixels of the survey, various collider factors and A%: these will be irrelevant for our

discussion
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simply propagating errors, with cov(f3, fa) = F );)1, The “information loss” associated with this indirect analysis
is thus given by the ratio
F;le]gonstructed <SA |Sequi1> <SB ISequil> <SA |Sortho> <SB ‘Sortho>

= - - 47
FAB <SA |SB> <Sequ11 |Sequ11> + <SA |SB> <Sortho ‘Sortho> ’ ( )

for (A, B) = (7?0, (V)%0), as before.
Given the above discussion, one can understand the projection efficiency using the following quantities:

o Frogonstructed /p, \and Fipeenstructed /B This indicates how well one can recover a single amplitude (ﬁﬁz" or
B(Y™*) from the equilateral and orthogonal observations. In terms of the cosines (38), this is simply the sum of
squares:

Ffﬁgonstructed

= cos?(A, equil) + cos?(A, ortho) . (48)
Faa

e /det Freconstructed [ det F'. This assesses how well one can jointly recover both amplitudes (37 and (V™)) from
the equilateral and orthogonal observations. Physically, this gives the (dimensionally-adjusted) of the ratio of the

posterior volumes.

Of course, these do not fully represent the information loss in any real experiment, since we have neglected binning,
covariances, transfer functions, projection onto the sky, and beyond. However, as shown in [184], the above is a good
approximation for the large-scale Planck behavior.

In Fig. 1, we plot the quantities given in the above bullets. Our first conclusion is that, if one wishes to measure a
single shape (i.e. 7 or B(V™)’9) from f;%u“ and fﬁrﬁhog measurements, the projection is very efficient, such that
Fregonstructed /By 4 close to unity. In other words, a single collider shape can be well described by a linear combination
of Seauil and S°'*h°. In contrast, the joint analysis of ﬁ*z(’ and 5(V“)2U usually suffers from significant information
loss, since both Cosmological Collider shapes project similarly onto the equilateral and orthogonal basis, thus cannot
be easily distinguished. To understand this, we consider the ratio of posterior volumes, which can be written

det Freconstructed [ cos( A, equil) cos(B, ortho) — cos(A, ortho) cos(B, equil)] ?

= 4
det F° 1 —cos?(A, B) (49)

(using the relation det(M; 4+ My) = det(M;) + det(My) + det(M;)Tr(M; ' - My) for 2 x 2 matrices M, 5). Unlike the
scenario in which we reconstruct a single shape from measurements of equilateral and orthogonal PNG (48), our ability
to reconstruct both shapes depends not only on the overlap of the shapes with the equilateral and orthogonal templates,
but also on how close cos(B, equil) and cos(B, ortho) are to cos(A, equil) and cos(A4, ortho). If the two Cosmological
Collider shapes project similarly onto the equilateral and orthogonal templates, right-hand side of Eq. (49) becomes

small, and the projection is inefficient, sourcing the close-to-unity values seen in the 1 — \/ det Frreconstructed / det, [ plot,
of Fig. 1 (and also the strong degeneracies observed in the two-dimensional contours of Fig. 4, especially for small
Cs/Cq).

Secondly, we can assess how the template overlap fares for different values of the mass p and relative sound-speed
¢s/¢y. For both single and dual parameter analyses with ¢ = ¢,, the projection becomes highly efficient at large-u
(recovering > 99% of the posterior volume by p = 3). This matches expectations, since, as the mass increases,
the bispectrum arising from the diagram of (5) can be better and better described by integrating out the massive
particle o. This is particularly true for S (Vm)o, integrating out the massive particle results in a (V)27 inflaton self-
interaction, itself notoriously well described by a superposition of equilateral and orthogonal templates [145]. For the
“equilateral collider” regime with ¢5 > ¢,, the projections are somewhat efficient, though significant differences (and
oscillatory signatures) appear at large u. For the “low-speed” Cosmological Collider (with ¢ < ¢, ), the projection is
inefficient for joint analyses with all u, with the standard templates missing at least half of the posterior volume [cf.,

158]. This motivates the need for a dedicated low-speed collider-analysis of CMB data.
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2

ﬁfr o /B(VTI’)QU
Model mean 95% lower  95% upper | 95% upper

pw=0,c/co =0.1] 2.7 x10° 1.1 x 10* 52 % 10° | 8.1 x 10*
p=0,c/co =1.0| 2.5x 10> —50x10> 7.1x10® | 3.4 x 102
u=0,c/c, =10 | =3.3 x 10> —6.6 x 10> —2.0x 10" | 6.4 x 10"

p=1,c/ce =01| 1.3x10° —54x10>° 3.5x10° | 5.5x 10*
pw=1c/co =10 —4.8x 10> —9.6x10®> —2.5x 10*| 7.8 x 102
p=1,c/ce =10 | =1.5 x 10> —-2.9x10° —54x10'| 9.6 x 10?

p=2c/ce =01 28 x10* —79x10° 82x10* | 1.1x 10*
p=2c/ce =1.0| =36 x10°> —72x10*° —9.8x10"| 2.2 x 103
p=2c/co =10 | =3.5 x 10> 2.3 x10®° 1.4x10* | 5.5 x 102

p=3,c/co =01] 22x10" —1.6x10* 7.1x10" | 6.4x10°
pw=3,c/co =10 —7.7x10>° —1.5x10" —1.5x10*| 5.2 x 10®
p=3,¢/co =10 | 1.7x10° —1.1x10®° 4.5x10* | 5.5x 102

p=4cs/co =01 1.6 x10* —41x10* 7.9x10* | 4.3 x 10
p=4c/co =1.0| —1.6 x 10* —3.2x10* —3.7x 10% | 10.0 x 10®
p=4c/ce =10 | 29x 10> —-1.8x10° 6.0x10% | 1.1 x 10®

p="51cs/co =0.1|—6.4x10* —20x10° 7.1x10* | 2.5x10®
p=>5,c/co =1.0] -2.8x10" —56x10" —7.0x10%| 1.6x 10*
w=>5,¢/co =10 | 3.5 x 10° 1.4 x 10? 7.0 x 10 | 2.0 x 10®

TABLE 1. Planck constraints on spin-zero massive particles, obtained from the published ff&“ﬂ and f"° bounds, assuming

negligible inflaton self-interactions. We display results for the microphysical collider amplitudes 5*2" and ,B<V")2", for various
choices of the mass u and relative sound-speed c¢s/c,. We show the mean and 95% CL bound for the first amplitude and the
95% CL upper limit for the second, noting that B(V“)zg > 0. These constraints are visualized in Figs. 2 & 3.

Bfrzcr /8(V7\')20' w
mean 95% lower 95% upper | 95% upper | 95% lower
-1.9x10* —-44x10* 6.7x10* | 1.3 x 10* 2.8

TABLE II. Planck constraints on the microphysical collider amplitudes ,[3*2” and B(V’T)z", fixing ¢s = ¢, and marginalizing
over the mass parameter p € [0,5]. As before, we give the mean and 95% CL bound for 6*2" and the 95% upper bound on the

positive parameter ,B(V")z", and assume negligible inflaton self-interactions in all cases.

3.3. Planck Analyses

We now proceed to compute the bounds on 377 and (V™7 from the Planck fﬁfiuu and fgithe limits from Ref. [51].

The Planck PNG posterior is well approximated by the following (Gaussian) form

(0 —60)-(R"-D-R)-(6—6)
2 )

L(0) x exp |—
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FIG. 2. Mean and 95% CL limits on the microphysical collider amplitude 5*20 (left plot) and 95% CL upper limit for the 5<V”)20
amplitude (right plot) from Planck data, assuming negligible inflaton self-interactions. We perform 18 analyses, varying both
the mass p and relative sound-speed c¢s/co, as indicated by the captions. The numerical values are given in Tab. I. Although
we find some slight preference for ﬁ’%z" < 0 for some choices of mass u (at ¢s = ¢») this is largely driven by projection effects

(due to the degenerate amplitudes), and the slight preference for Sitho £ (0 in Planck. We do not find evidence of non-zero
2
B(V‘rr) o

il . .
where 8 = (fRi™, foith°), and the mean and covariance are specified by

1
e cosa —sina
VD= | 471 1 , 6o = (—26,—38) and R= with T—a=0.06. (51)
39 sina  cos«

from [51], where we note that the empirical correlation between f;‘i“ﬂ and fgthe (encoded by sin ) is very small. By
sampling this likelihood in conjunction with the Collider-to-template relations of (43) & (44) we can obtain constraints
on the collider parameters 87 and B(Y™°?. We consider two main analyses:

1. Sampling the amplitude parameters {6*2”, ,B(V”)Q"} at fixed p,cs/co, considering 6 values of y between 0 and 5
and ¢s/¢, € {0.1,1,10}. Corresponding results are shown in Tab. I and Figs. 3 & 2.

2. Jointly sampling the amplitude and mass parameters {,8*2",B(V”)2",u}, with p € [0, 5], at fixed ¢s = ¢,. Corre-
sponding results are shown in Tab. IT and Fig. 4.

First, we discuss the analysis at fixed u,cs/c,. From the constraints given in Tab. I (visualized in Fig. 2), we find
that the CMB bounds on most parameters are relevant, i.e. they are similar to or stronger than the order-of-magnitude
expectation 87 7, 3(V™*e < 105 (17). At fixed y, the bounds on both parameters strengthen significantly as cs/co
increases (and we reach the “equilateral collider” limit). In contrast, the constraints somewhat weaken as u increases
(as is clear for ¢s/c, = 1,10), though the trends are less obvious for ¢s/c, = 0.1. Notably, these scalings encode two
phenomena: (1) the varying size of inflationary bispectra produced by unit B*Q‘T and ﬁ(v”)zf’; (2) the information
loss induced by our indirect measurement of the collider amplitudes (as discussed above). In this vein, we note that
the weakest constraints (from small 4 and low ¢/c,) correspond also to the regimes where the template projection is
least efficient.

Fig. 3 shows the two-dimensional posteriors corresponding to the above Planck collider analyses. Notably, the

correlation strength and direction between parameters varies strongly as a function of ¢s/c, and p. For small ¢s/c, and
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FIG. 3. Two-dimensional Planck constraints on the spin-zero Cosmological Collider, displayed in terms of the microphysical
amplitudes 6*2” and ﬂ(v">2". We show 95% CLs, obtained by translating the published Planck constraints on fli%uil and fgrthe
using (43) & (44), assuming negligible inflaton self-interactions. Numerical constraints are given in Tab. I, and we show results

marginalizing over u (for ¢s = ¢,) in Fig. 4.

low p, the correlation becomes exceptionally tight, implying an almost-perfect degeneracy between the parameters.
This matches the idealized conclusions from Fig. 1; low-mass and low-speed regimes are not well described by a
combination of the equilateral and orthogonal templates. At higher mass, and for ¢ > ¢, the correlations greatly
reduce, whereupon the projected analyses become close to optimal. These figures can also be used to understand a
curious feature of the Tab. I results: the 5*2" posteriors are non-zero at 20 — 30 for several parameter values. This
occurs since the Planck fEhe constraint is already 1.60 away from unity, and the joint posterior clearly suffers from

significant projection effects, particularly given the B(V”)2“ > 0 restriction.

In Tab. II and Fig. 4 we show results from the joint analysis of collider amplitudes and p at fixed ¢s = ¢,. Here,
we find no evidence for any detection, and note that the parameter space is highly non-Gaussian, due to the complex
dependence of the bispectra on . The marginalized constraint is fully consistent with zero, with constraints dominated
by large masses (matching expectations, given that we previously found stronger constraints at larger, but fixed, p).
We caution that this dependence may simply be a consequence of the incomplete projection of the collider shapes
onto the conventional templates at low-u; we will later discuss the behavior in the full parameter space obtained with
dedicated galaxy survey analysis.

The conclusion from this section is the following. In certain mass and speed regimes, the spin-zero Cosmological
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FIG. 4. 68% CL and 95% CL contours and marginalized 1D posteriors for 5*2‘7, 5<V“)2°, 1 obtained by translating Planck con-
straints on fel"! and f5h°, assuming negligible inflaton self-interactions and fixing ¢s = ¢,. We note considerable degeneracy
between ﬁ*% and ,B(V’T)%, with constraints rapidly degrading as p increases.

Collider is already tightly constrained by the Planck bounds on equilateral and orthogonal templates. However, at
small mass parameter u, and for low relative sound-speeds ¢ < ¢,, the collider shapes cannot be well-represented by
the classical templates, in which case the Planck bounds above are strongly pessimistic. In such cases, one could obtain
significantly stronger constraints on the collider formalism via a dedicated analysis, such as via more optimal templates
[cf. 158], or with Large-Scale Structure data (as we perform below). The indirect analysis has a second drawback: if,
in the future, one obtained a detection of f;%un or fRithe it would not be possible to say whether this arises from
massive particle interactions or bona fide self-interactions (i.e. from the fNﬁ]EV”)Q or fﬁi terms neglected above). To
find distinctive signatures of massive particle non-Gaussianity, one must instead jointly analyze both collider and

self-interaction signatures, allowing marginalization over the latter. We demonstrate this approach below.
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4. BOSS FULL-SHAPE CONSTRAINTS

Having whet our appetite with the CMB analyses, we now turn to the main topic of interest: constraining the spin-
zero Cosmological Collider with the BOSS galaxy dataset. Since we here perform dedicated analyses (rather than

fequil ortho

reinterpretations of old data, as in §3), we can simultaneously vary both fgi, fRT"™ and Cosmological Collider

parameters, and thus assess the possibility of massive-particle-specific signatures in the galaxy dataset. This is
additionally motivated by noting that BOSS constraints on fﬁ%Uil and fith° have already been reported in [151, 187],
and exhibit much broader constraints (and thus weaker bounds on derived Cosmological Collider parameters) than
those of Planck. To assess the degeneracy between the two sets of parameters (describing inflaton self-interactions
and the Cosmological Collider PNG) in BOSS data we have also performed a Principal Component Analysis based
on Ref. [178]: its results are collected in Appendix C and summarized below.

To analyze the galaxy dataset, we require a physical model incorporating both gravitational and primordial effects.
Here, we describe structure formation in the framework of PT, following the methodology of [120, 121, 161, 162, 188],
adapted for our particular inflationary models. For Gaussian initial conditions, our perturbative expansion is identical
to [151, 153], which was extensively validated using large-volume numerical simulations in [131] and succeeding works
[132, 142, 162, 176, 189).

PNG affects large-scale structure via three channels: initial conditions, loop corrections, and scale-dependent galaxy
bias. The implementation of these three contributions in our analysis pipeline and the estimate of their relative size
compared to the Gaussian ones follows closely that of [151]. The theory model for the redshift-space galaxy power
spectrum and bispectrum is implemented in an extension of the CLASS-PT code [190],'", which includes the non-
Gaussian corrections arising from fl'f;}duil and fithe self-interactions, computed using the FFTlog approach [191].
Given the complex structure of the primordial massive particle templates, we take a different route to computing
the Cosmological Collider corrections; we simply interpolate a precomputed table of power spectra and bispectra as
a function of momentum, p and ¢s/c,. Inclusion of this model in CLASS-PT is left to future work. Following [153],
we fix cosmology to the Planck best-fit. Up to the different PNG contributions to power spectrum and bispectrum
(detailed in §4.1), and the inclusion of the bispectrum multipoles, our analysis and priors on nuisance parameters are
identical to [151, 153, 161]. We describe the modeling and implementation in more detail in §4.1.

In this analysis we vary the following PNG amplitudes: {77, 3(V™)’e I%‘}J““, Gtho} | considering the same choices
of p and ¢s/¢, as in §3. As before, we first carry out an analysis where we scan over Collider parameters (§4.2),
and then one in which we fix ¢s/c, = 1 and marginalize over p (§4.3). Finally, §4.4 considers the DBI Cosmological
Collider discussed in §2.3, for which fgithe = fgrtho(peduily apq g(vm*e — g(Vm®e (gt e ¢ /e ) which significantly
reduces parameter degeneracies.

Amongst the various microphysical parameters in the EFT, the quadratic galaxy biases by, bg, (as defined in
§4.1) play the most important role, since they are the most degenerate with inflaton self-interactions [e.g., 192]. As
discussed in §2, Cosmological Collider signatures are degenerate with fﬁi“ﬂ and fghe in certain limiting regimes;
as such, marginalization over bs, bg, will likely affect the constraints on ﬁ’}zo and B(V”)Q". To study this, in §4.3
and §4.4 we also implement new physically-motivated priors on bs, bg,, derived from mapping the PT parameters
to state-of-the-art halo occupation distribution modeling of galaxy formation and evolution, taking into account
theoretical uncertainties. Both the priors and details on their derivation are contained in Appendix B, and further
details are presented in the companion work [173]. In addition, see the recent works [174, 175, 193-195] for calibration
of perturbation theory parameters with simulations.

In terms of observations, we consider the twelfth data release (DR12) of the BOSS survey, part of SDSS-III [196, 197].
The data is split in two redshift bins with effective redshifts z = 0.38,0.61, in each of the Northern and Southern
galactic caps (NGC and SGC). This results in four independent data chunks, with the union comprising ~ 1.2 x 106

11 The code is available at github.com/Michalychforever/CLASS-PT and custom MontePython likelihoods can be found at

github.com /oliverphilcox/full shape likelihoods.
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galaxies across a volume of 6 (h~1Gpc)3. From each data chunk we use the power spectrum multipoles (¢ = 0,2,4) for
k € [0.01,0.17) hMpc ™!, the real-space power spectrum Qg for k € [0.17,0.4) AMpc ™! [189], and the BAO parameters
extracted from the post-reconstructed power spectrum data [188], as in [161]. Moreover we include the bispectrum
monopole, quadrupole and hexadecapole [162] for each data chunk, for triangle configurations within the range of
k; € [0.01,0.08) hMpc~ ", for a total of 62 x 3 triangles. As in [151], power spectra and bispectra are measured with
the window-free estimators [171, 172]. We measure sample covariance matrices from the 2048 MultiDark-Patchy
mocks [198].

4.1. Details of the perturbation theory model

In this section, we derive the corrections to the tree-level bispectrum and one-loop power spectrum of galaxies arising
from initial conditions including massive particle interactions. For this purpose, we will require the linear and quadratic
redshift-space kernels relating the galaxy density field to the linear matter overdensity field 6(1). Following the notation
of [151, 190], we have

Z(k) = by + f(k-2)° (52)
and
b ki - ko)?
Zy(ki, ko) = 52 + bg, <(}ch:22) - 1) + by Fo(ki, ko) + f1i*Ga(ki, ko)
173
(53)
k
LI Iy ) 2 0+ ) )
2 \ ki ko
where F» and Go are the standard matter and velocity kernels [199]
5 2(ky-ko)? 1k ko (k1 ko
F>r(kq, ko) = = = — 4+ =
2llenke) =2+ 2 e T e TR ) -

ki, ko) = —=
GQ( 1, 2) + k'2+k1

3 é(kl'k2)2+}k1'k2 ki ko
T T e Yk '

In these equations f is the logarithmic growth factor, z is the line-of-sight direction unit vector, k = k/k, and

Ly = Ri - z. The correction to the bispectrum follows immediately:
Bg 111k, ko, k3) = Z1(k1)Z1(ka) Zi1 (k3) Bi1 (K1, ko, ks3) (55)
where Bj1;1 denotes the PNG bispectrum signal [200, 201], i.e.

(EWsWWY = for Bia (k. ko, k) (2m)%6 (Kaas)

56
fauBiii (ki ko, ks) = T (k)T (ko) T (ks)Be (k1 k2, ks) (56)

Here ko3 = k; + ko + kg, and the transfer function 7 is defined as T(k) = 6™V (k) /¢ (k) = (Py1(k)/Pe(k))'/?, where
(M (k)oM (k")) = Pu(k)(27r)3(5](33) (k + k') and we have suppressed the time dependence for clarity. In terms of the
Z5 kernel, the one-loop correction to the galaxy power spectrum from PNG, Pj5(k), is given by [31, 55, 81, 202]

d3q

IniPya2(k) = 2fxnZ1 (k) / WZz((Lk —a)Bi(k,q, [k —q|), (57)

These formulas hold for the Cosmological Collider contributions from both the 720 and the (V)?0 vertices: in the

final galaxy power spectrum and bispectrum they must be summed together, each multiplied by their respective fni,

f(VTr)20' . (Vn)2e

(we refer to Eq. (15) for a definition of fN*i" and fyg, in terms of 87 and fy;,"’ °, and a definition of their

respective primordial bispectra B.). From (57) we see that the PNG contribution to the power spectrum depends on
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5#20 5(V7'r)2o'
Model mean 95% lower  95% upper | 95% upper
u=0,c/co =0.1| 21 x10* —1.5x10° 2.0x10° | 2.4 x 10*

u=0,c/co =1 | 7.9x10*° —-88x10° 29x10* | 1.2 x 10°
p=0,c/co =10 | —4.7x 10> —1.3x10* 84x10*> | 1.2x 10°

p=1,c/co =01| 23x10* —11x10° 1.9x10° | 3.1 x 10*
p=1c/co =1 | =62 x 10> —25x10* 9.4x10° | 1.9 x 10°
pw=1c/co =10 | =7.1x 10° —2.0x10* 25x10% | 5.5 x 10°

p=2cs/co =0.1| 80x10* —28x10* 23x10° | 3.5x 10*
p=2cs/co =1 | =3.5x10* —9.6x10* 24 x10*° | 2.5x10*
pw=2,c/ce =10 | —1.8 x 10* —4.5x10* 2.2x10% | 1.1 x 10*

u=3,c/co =01] 1.1 x10° —72x10° 2.6x10° | 3.3 x 10"
u=3c/co =1 | =12x10° —3.2x10° 24x10° | 9.0 x 10*
pw=3,c/ce =10 | =2.1 x 10* 5.1 x10* 1.5x10* | 1.2 x 10

p=4cs/co =01| 1.6 x 10° —54x10° 3.6 x10° | 3.3 x 10*
p=4cs/co =1 | =1.9x10° —5.0x10° 3.0 x 10* | 1.3 x 10°
p=4,c/ce =10 | =2.3 x 10*  —5.6x10* 1.5x10* | 1.3 x 10*

u=>5cs/co =0.1| 24x10° —82x10° 54x10° | 2.8x 10*
pw=>5cs/co =1 | =34x10° —89x10° 49x10° | 2.2x 10°
p=>5,c/co =10 | =25 x 10"  —6.2x 10" 1.6 x10® | 1.4 x 10*

TABLE III. BOSS constraints on spin-zero massive particles for various values of mass parameter p and ratio of sound-speeds
¢s/¢o. In all cases, we marginalize over inflaton self-interactions (unlike in the CMB analyses). As in Tab. I we display results
for the microphysical collider amplitudes 6*2" and B(V")QU, displaying the mean and 95% CL bound for the first amplitude
and the 95% CL upper limit for the second (recalling that ﬁ(V”)Z" > 0). These constraints are visualized in Figs. 5 & 6.

the quadratic bias be and the tidal bias bg, (in addition to linear bias, by ), which we marginalize over in our MCMC
analyses.
The final ingredient is the scale-dependent bias. Let us focus on the PNG contribution to the power spectrum (57)

proportional to bibs. Up to irrelevant numerical factors it takes the form [153]

. (58)

_ INUACT(R) / S(k,q, |k —a))T(9)T(k —al)

Pbibz(k
Ss 9712( ) 12 @k — q|?

In the low-k limit, using (12) and multiplying and dividing by a reference momentum k., we can write this as

SuP(k) s k Pi1(q) qcs : k Pii(q) . qcs
Wk cos ulnk—i T cos ulnk—/ + sin ulnk—i /q 2 sin Mlnk—; . (59)

*

This form implies the counterterm (i.e. a scale-dependent bias)

InnPra(k) k nuPra(k) 3 kN fuPu(k) 3 k
SO cos <u In k’) + T (Lok)2 sin <,u1n ki) = TTw (Lk)2 cos <,uln k*> , (60)

for k. = Kk exp(¢/n), ¢ = arg(Ly +iLs), and L = y/L? + L3. Both L and k. are PT parameters that absorb the UV
dependence of the loop integral (note also that the non-Gaussianities coming from the 720 and (V7)20 couplings

o

(L1k)
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and orthogonal PNG produce identical scale-dependent biases that can be captured by a single counterterm, as in

[151]).*% To avoid having non-linearities in the sampling, our analysis expands Eq. (60) as

ALPia(k) s ( k) o fan P (k) ( k )3 ( k )
INLELR) p )3 In—) = T
T (k) (LR)? cos | pln k. A T(k) 0.45 Mpc ™! O\ oas Mpc™?

3
farPii(k) ( k >2 ) < k )
+bcoll 1 ,
B T(k) 0.45Mpe ') T\ 045 Mpe !

and we sample b = 1.686 x 1&(b; — 1)b!, b = 1.686 x L8(by — 1)b%"! within a Gaussian prior b5 ~ N/(1,5),
b9l ~ N(1,5). This is motlvated by the peak-background spht model [151, 205]. Note that in the analysis we
consistently include also the Py 12 contributions from equilateral and orthogonal PNG, together with the respective

(61)

counterterms. Their 1mplementat10n is the same as in Ref. [151].

In summary, the Cosmological Collider corrections to the galaxy power spectrum and bispectrum in redshift space

are
k Pui(k)
P,(k T4 FT )| s (k) + 205" 2 k( > < 1 > =
oK) D (f + A7) | Pyaz(k) G Z1(k) 045Mpc cos Hn0.45Mpc‘1 T8
k H k Py (k) (62)
+ 2681 7, (k (> ( 1 ) ,
520\ G snme ) S U S e ) T

By(ky. ko, K3) D f717 2y (k1) Z1 (ko) Z1 (ks) By (kv Ko, ) + FY ™77 2y (k1) 21 (k) Z1 (ks) BSS™ " (R, o, Kis)

where we again refer to Eq. (15) for the definition of f’T 7 and fyp, (V) . This adds to the Gaussian power spectrum
and bispectrum models that include the effects of late-time nonlinear mode coupling at one-loop and tree level
respectively [142, 206], and the contributions from equilateral and orthogonal non-Gaussianity [151]. In practice, we
compute the Legendre redshift-space multipoles P, (¢ = 0,2,4) of the galaxy power spectrum and use the bispectrum
monopole, quadrupole and hexadecapole as in [162]. We also implement IR resummation in redshift space [75, 84, 85,
97, 105, 123] (to account for long-wavelength displacement effects) and the Alcock-Paczyniski effect [207] (to account
for coordinate conversions [120]).

Asin [151, 153], we estimate the relative size of various perturbative corrections to the galaxy power spectrum using
the scaling universe approximation [67, 81]. Using the scale invariance of the PNG shapes S, and for a power-law
linear power spectrum Ppq(k) ~ (k/knp)"kyi with n ~ —1.7 for quasi-linear wavenumbers & ~ 0.15 hMpc ™', the

total dimensionless galaxy power spectrum A?(k) = k*P(k)/(27?) can be estimated as

k 1.3 k 2.6 k 3.3 k 3 k 1.95 k 2.15
20-(ne) () () +() rmadg) smead()
*) kN kN kxL kN Inuie kN InebeBe kL (63)
tree 1—loop ctr stoch NG matter loops linear PNG bias

The only difference with [151] is in the linear PNG bias, which scales as (k/kn1,)?!® instead of (k/knp)?%. As in
[151], all higher-order corrections (including higher-derivative counterterms in the linear PNG bias) are subleading
for fnr.A¢ $0.1and k $0.17 hMpc ™! typical for our analysis, thus they can be neglected. Given that these scalings
are very similar to the case of single-field inflation non-Gaussianity, we expect that the application of our pipeline on
mock catalogs generated with Gaussian initial conditions would correctly recover zero PNG, as was shown in [151],

through application to the Nseries mocks [196] considering equilateral and orthogonal PNG.

12 Notice that Eq. (60) is the leading counterterm in a derivative expansion. We refer to [203, 204] for a discussion on how to go beyond

leading order (in non-Cosmological-Collider PNG scenarios).
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FIG. 5. Mean and 95% CL limits on 6*2" (left) and 95% CL upper limit for ﬁ<v")2" (right) from BOSS data after marginalization
over inflaton self-interactions. We plot the same choices of mass p and relative sound-speed c¢s/co as in §3. The numerical
values are given in Tab. III. We find no detection of either collider amplitude in any model.

4.2. Constraints at fixed p,cs/co

In this section we start collecting the results of our MCMC analyses. We first present BOSS constraints on the
Cosmological Collider PNG amplitudes obtained from 18 analyses, each with a different value of u and ¢s/c,. This
mirrors the analysis of §3, except that we now marginalize over self-interactions (to search for massive-particle specific
shapes, given previous equilateral and orthogonal bounds).

Results are given in Tab. IIT and visualized in Figs. 5 & 6. In all cases, we find no detection, i.e. no evidence for
massive particles in inflation. Our constraints are generally weaker than those from §3; this is as expected since (a)
the BOSS data contains far fewer primordial modes than the CMB, and (b) we additionally marginalize over self-
interactions. However, given the theoretical bounds discussed in §2 — of O(10°) — they are still parametrically relevant.
From Fig. 5 we see that constraints become tighter with increasing cs/c, (as we approach the “equilateral collider”
regime), though the scaling is somewhat more muted than the Planck case, and we observe some variation with mass,
especially for B(V”)z". We see that the strongest constraints are for 4 = 0 and ¢s/c¢, = 10: this can be seen also by
the two-dimensional contours plotted in Fig. 6. We present the residuals of the bispectrum monopole with respect
to the best-fit of a zero-PNG analysis as a function of the triangle index, similarly to the plots of Refs. [151, 153],
in Fig. 7. Perhaps the most interesting outcome of this analysis is that, for ¢ = ¢, and p > 1, we find a strong
degeneracy between 877 and (V™7 with degeneracy direction 3(V™’? ~ —3%°7 /4. This is physically sourced by
the degeneracies between the collider templates, self-interactions, and hydrodynamic physics (via by and bg, ), which
are discussed in more detail below.

Whilst this fixed-u, ¢s/c, analysis certainly provides an intriguing manner through which to assess the overall
constraining power of BOSS, it is undoubtedly more interesting to carry out a “proper” particle physics search, in
which we marginalize over p and ¢s/c¢,. This allows us to avoid “look-elsewhere” effects that can otherwise lead to
false detections. We find that exploring the entire parameter space using MCMC is very difficult if both p and ¢s/c,
are varied simultaneously: for this reason we fix ¢ = ¢, in §4.3, and vary p together with the two Cosmological
Collider PNG amplitudes and fﬁ&uﬂ, Gthe We consider a varying c¢s/c, in the DBI Cosmological Collider constraints

of §4.4. In these sections we will also discuss degeneracies between PNG and quadratic bias parameters by and bg,,
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FIG. 6. Two-dimensional BOSS constraints on the spin-zero Cosmological Collider for various p and ¢s/c., displayed in terms of

(V)20 ortho

.2 .
the microphysical amplitudes 8 ¢ and . In all cases, we marginalize over fﬁciml and fXL ¢, which parametrize inflaton

self-interactions. We show 95% CLs in all cases. Numerical constraints are given in Tab. III.

and discuss the impact of priors on them.

Finally, it is interesting to fix the inflaton self-interactions to zero, and thereby compare the resulting BOSS
constraints to those obtained from Planck in 3. This is performed mainly for illustrative purposes. Instead of running
a new MCMC analysis, we obtain the relevant chains by importance sampling the Markov chains for the 18 models

analyzed in this section using a prior

equily\ 2 ortho 2
J
(I\;L)Jr(l\;L)’ (64)

equil O fortho
NL NL

—2log x? =

where oy, is taken to be 10 times smaller than the minimum between the “upper-o” and “lower-o” for the respective
fnL in the previous analysis, where the upper-o (lower-o) is defined by the absolute value of the 68% CL upper
(lower) limit minus the mean, marginalized over all remaining parameters. This width has been chosen such that the
prior is considerably tighter than the previously-obtained posteriors on fel"! and fgithe but still facilitates accurate
importance sampling. The corresponding results are shown in Figs. 8 and 9. We find a reduction in the error-bars
as expected, since we have eliminated a major source of degeneracy. In particular, we find a ~10% improvement of
the constraints on both 5*2” and B(V”)2‘7 for ¢s/c, = 0.1 for all values of u, while for ¢s/c, = 10 and p = 0 there
is an order of magnitude improvement in the constraints on ﬂ*%. The improvement of the constraints on ﬁ(v’r)%

for ¢s/c, =1 is of a factor of a few for u < 1, while it becomes of an order of magnitude at large u. For ¢s/c, = 10,
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FIG. 7. Residual variations of the galaxy bispectrum monopole w.r.t. variations of ﬂ*% (left) and 6(V”)2" (right). Black,
dark-grey and light-gray dots denote the squeezed (ks = 0.015 hMpc™"'; k1, k2 > k3), equilateral (k1 = k2 = k3), and flattened
(k2 = k3, 2ks = k1 4+ 0.015 hMpc ™) triangle configurations, respectively, as in [153].
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FIG. 8. As Fig. 5, but including a strong Gaussian prior on ™" and fgi"°, centered in (0,0) with a width 10 times tighter
than the BOSS marginalized 1o error. This emulates the Planck analyses where the self-interaction shapes were set to zero.

We observe a tightening of the constraints across all choices of p and ¢s/co. The most improvement is seen for ¢s/c, = 1, 10.

instead, the largest improvement (of around an order of magnitude) is seen for y = 0. This matches the discussion of
primordial degeneracies in 3.

4.3. Constraints marginalized over p

Let us begin this section by reviewing the results of the singular value decomposition (SVD) analysis whose details are
contained in Appendix C. Following [178] we explore the posterior on ﬂ*%, ﬁ(v’r)% and p by generating a template

bank of bispectrum multipoles (the observable that dominates the constraints on non-local-type PNG) over the ranges

{877, 807 ) € [-10°,107] x [0,10°) x [0.5] (65)
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FIG. 9. As Fig. 6, but including strong priors on inflaton self-interactions, centered on zero. We use the same plot ranges as

in Fig. 6 to facilitate comparison.

fixing ¢s/c, = 0.1,1,10 and the remaining bias parameters to the BOSS (non-PNG) best-fit values. We also fix

ﬁfiuil = fQthe — (. By performing an SVD of such template bank, we can identify which are the directions in

observable-space have largest contributions to the log-likelihood. Moreover, we can check whether these have significant
overlap with fﬁ%ml and fith° by computing their cosine (defined with respect to the BOSS covariance) with bispectrum

templates that have zero Cosmological Collider PNG and unit fe™ or f@i° (noting that the specific value of foi™!

and fgithe

Interestingly, we find that for all three choices of ¢y/c, there is a best-constrained direction that is, for all practical

is irrelevant in this context).

purposes, parallel to the best-constrained linear combination of equilateral and orthogonal PNG. The second best-
constrained direction also exhibits very significant overlap with these self-interaction templates, whilst the third is
almost entirely orthogonal. In all cases, we find a significant drop in constraining power between the first and third
best-constrained directions: the relative drop in x? is between O(107) and O(10%) for the three sound-speed ratios
considered. Due to (a) the strong degeneracy between 377 and B(Y™*7 present for ¢s/ce = 1,10, (b) marginalization
over i, (c) exclusion of the power spectrum multipoles, and (d) fixing by and bg, , this drop in x? is not straightforwardly
translatable in the improvement on marginalized constraints on these parameters observed in §4.2 once we fix ;%u“
and fghe and scan over mass. Nevertheless, this analysis confirms our conclusions from the end of §4.2: we pay
a significant price due to the fact that we can hunt for massive particles only through the signatures that are not
degenerate with the EFT of Inflation background.
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without galaxy-formation priors including galaxy-formation priors
Parameter mean 95% lower  95% upper mean 95% lower 95% upper
Sl 1.9x 102 —12x10° 14x10° | 25x10" —14x10° 1.3 x10°
fortho 54x10°  —1.2x10> 1.5x10® | 72x10> —56x10" 1.8x 103
grie —-1.6x10° —5.4x10° 3.7x10* | -1.9x10° —6.3x10° 4.7 x 10*
BY™?e - - < 1.3 % 10° - < 1.5 % 10°
w - > 1.4 - - > 1.6 -

TABLE IV. BOSS constraints on the microphysical collider amplitudes 5*2" and 5<V")2” and the self-interaction templates
cauil and fihe, fixing ¢s = ¢, and marginalizing over the mass parameter p € [0,5]. As in the previous sections we give the
mean and 95% CL bound for 5*2" and the 95% upper bound on the positive parameter B(V”)Q". The first (second) three
columns show constraints without (with) the HOD-inspired priors on quadratic bias parameters, which are summarized in

Appendix B.

We now proceed to discuss the constraints on 5*20 and B(V“)2U

marginalized over u (but at fixed ¢s/c, = 1, as
above); these are collected in the leftmost three columns of Tab. TV. We find that marginalizing over u degrades
the constraints on both Cosmological Collider amplitudes compared to the above results. Whilst in §4.2 we had
seen that some choices of p led to constraints tighter than the “perturbativity bounds” |ﬁ7'r2"\ < 10°, ﬁ(v’r)% <10,
Tab. IV shows that after ;4 marginalization this does not happen anymore, and the 95% CL intervals for both 6*2”
and 3 (Vm)*7 are of order 10°. Tab. IV also shows that the constraints on equilateral and orthogonal non-Gaussianities
are weaker than those obtained by Ref. [151] for the single-field inflation case, due to the Collider degeneracy. The
triangle plot for primordial parameters is shown in Fig. 10 (red contours). The most interesting features of this plot

are the confirmation of a very strong degeneracy between 8% and (V™)

7. There is also a degeneracy between fni,
and [, but this is not as pronounced. From the two-dimensional plots, the strongest correlation seems to be in the

B -2 - 2 2
il _ 3t%0 and fgithe — 4779 planes, and between S(Y™°7 and fgithe.

In Fig. 11 we show the two-dimensional contours describing the correlations of PNG amplitudes with quadratic
galaxy biases.'” Comparing the red contours in the rightmost plot of Fig. 11 to those of Fig. S3 of Ref. [151] (which
considered only self-interactions), we find that the degeneracy between fe™ and bg, is still present, and that the
contours involving both quadratic bias and fy1, are more non-Gaussian than before. In the red contours of the leftmost
plot we observe that the contours in the 57"2" — by and B*Z" — bg, planes exhibit strong non-Gaussianity since the
BOSS data is much more constraining in the ,8’*2" > 0 half of the parameter space. Moreover, we find that there is
not a strong degeneracy between the Collider 8 parameters and quadratic biases. Even so, the combination of the

equil

degeneracy between fy; =~ and bg, and that of fﬁf}fﬂ with ﬁ*z" implies that marginalization over galaxy biases will
affect the 87 constraints.

This is addressed by the blue contours in Figs. 10 and 11. These are obtained by imposing HOD-motivated
priors on by and bg, obtained by fitting an EFTofLSS model to HOD mock catalogs (see Appendix B for details).
Interestingly, we see that the effect of the priors is to tighten the constraints on fﬁ(iuil but somewhat weaken those
on fﬁ’ﬁho. Even more interestingly for this work, we see that the complicated (and often, as discussed, non-Gaussian)
correlations between these parameters lead to a very slight worsening of the constraints on the Cosmological Collider

PNG amplitudes.

13 We restrict to the BOSS North Galactic Cap z = 0.61 data chunk for clarity — contours for other data chunks are similar.
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FIG. 10. Marginalized constraints on parameters describing inflaton self-interactions and Cosmological Collider PNG for
¢s/co = 1, varying the mass u. The inset panel shows the two-dimensional contour in the ﬂ#” - B(VTF)Q" plane, which exhibits
a strong degeneracy. In red (blue) we show results without (with) constraining priors on b2 and bg,) obtained from HOD

analyses. The marginalized constraints are collected in Tab. IV.

4.4. Constraints on the DBI Cosmological Collider

Finally, we study the DBI Cosmological Collider. Due to the additional boost symmetries, the number of free
inflationary parameters drops from 6 to 4 (log; s, 6*2”, , logyg ¢s/¢r); moreover, ﬂ*z" is restricted to be positive.
This makes sampling the full parameter space much easier. We again restrict to p € [0, 5], but now sample log;, ¢s €
[—3,0] and log;, ¢s/co € [—1,1]. We also impose a theoretical prior log;, ¢, < 0, which does not significantly impact
the posterior, given that the bulk of the likelihood is already within the ¢ > ¢, half of parameter space.

The corresponding constraints are collected in Tab. V and Fig. 12. The most striking feature is the upper limit
on ,6’*2“, which is almost two orders of magnitude stronger than those given in §4.2 & 4.3. This is expected due to
the considerable shrinking of the available parameter space, which breaks a number of degeneracies. From the blue
contours in this figure we see that the impact of priors on quadratic galaxy biases, in this case, is to slightly tighten

the bounds on all Cosmological Collider microphysical parameters.
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FIG. 11. Two-dimensional contour plots showing the covariance between quadratic biases and Collider amplitudes (left) or
self-interaction amplitudes (right). Results without (with) priors on bs and bg, are shown in red (blue) contours. We show only
the plots for the biases describing the North Galactic Cap, z = 0.61 data chunk for simplicity: the biases of the other data
chunks show very similar correlations with 8 and fni, parameters.

without galaxy-formation priors | including galaxy-formation priors

Parameter | mean 95% lower  95% upper | mean 95% lower  95% upper
log,q s - >—14 - - >—1.3 -

g - - <23x10°| - - <2.0x10°
Iz — > 1.0 - — > 1.1 —
logg ¢s/co — > —0.1 — — > —0.1 —

TABLE V. As Tab. IV, but for the DBI Cosmological Collider. In this case, given the restricted parameter space, we are
able to marginalize also over the sound-speed ratio in addition to the mass . We do not find any detection of either inflaton
self-interactions or Cosmological Collider PNG, though find much tighter constraints than before.

5. CONCLUSIONS

This work has presented the first systematic cosmological data analysis targeting new massive particles during inflation.
More precisely, we have placed constraints on “Cosmological Collider” non-Gaussianity, by probing the couplings
between the inflaton and a massive spin-zero particle 0. More precisely, we have pursued two lines of attack:

1. Translating previously-derived Planck constraints on equilateral and orthogonal non-Gaussianity into constraints
on the Cosmological Collider primordial non-Gaussianity amplitudes, 6*2", B(V”)2U7 assuming negligible inflaton
self-interactions.

2. Assuming that inflaton self-interactions are present but unknown, and marginalizing over them in a search for
massive particles using BOSS redshift-space galaxy clustering data.

Via approach (1), we can study whether there are models (described by different choices of particle mass and its

speed of propagation relative to the inflaton) that are not well described by the standard equilateral and orthogonal
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FIG. 12. As Fig. 10, but for the DBI Cosmological Collider. We show constraints on the relevant microphysical parameters
both without (red) and with (blue) HOD-priors on the quadratic biases bs and bg,. Marginalized constraints are collected in
Tab. V. We find far tighter bounds on ﬁffz(’ than in §4.3, due to the additional symmetry assumptions.

PNG templates. We find that such models exist (mainly at low masses and speeds), and would benefit from a future
dedicated search using CMB data. This research has been carried out in the recent work [179]. That said, on theoretical
grounds it is not easy to imagine models in which large Cosmological Collider signatures are not accompanied by large
inflaton self-interactions. As such, any proper search for new particles should proceed as (2), i.e. marginalizing over
the EFT of Inflation PNG background (described by fl‘ffi“ﬂ and fthe) and hunting for “resonances” (the peculiar
non-analytic signatures in the primordial bispectrum coming from spontaneous particle production in a de Sitter
background).

Our search in (2) with BOSS data finds no evidence for novel massive particles during inflation: for many choices of
particle mass and speed the corresponding bounds on the coupling amplitudes are comparable or (slightly) better than

those from the requirement of perturbativity. The principal reasons for this are that (a) the genuine Cosmological

Collider signature is a small perturbation on top of the part of the primordial bispectrum degenerate with f;‘iuﬂ and

Gthe and (b) these parameters ( ﬁfiuﬂ especially) are degenerate with the PT bias coefficients that parameterize

our uncertainity in the physics of galaxy formation. To ameliorate these issues, we have performed analyses in which
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we fix ;%uil and fithe (essentially the approach taken in (1)), or we add priors on galaxy biases arising from HOD

modeling [173] (see also [174, 175]). We find that fixing fﬁ‘iuﬂ and fgEthe can indeed improve bounds on pte g(Vm?*e
especially in the “equilateral collider” regime of the massive particle being slower than the inflaton. Finally, we see that
due to the high level of (often non-Gaussian) degeneracy between parameters describing primordial physics, adding
priors on galaxy biases only slightly affects constraints on ﬁ’#”, 6(V“)2".

An alternative way to treat these degeneracies is by invoking additional symmetry assumptions in the inflationary
theory. This is evident if one considers the “DBI Cosmological Collider”, in which the interactions between the massive
particle and the inflaton are protected by a higher-dimensional boost symmetry. This greatly shrinks the available

V”)QU, for example — leading to very strong constraints on 5*2" that are comparable with

parameter space — fixing 3¢
those obtained at fixed fﬁfiu“ and fRith° even if both the mass and the speed of the massive particle are allowed to
vary. In this case, we see that adding priors on quadratic galaxy biases slightly improves the constraining power on
Cosmological Collider PNG, but by a very small margin with respect to the improvement due to the reduction of the
available parameter space.

Whilst in this paper we do not find evidence of massive particles, it is important to emphasize that this is just the first
step towards inflationary spectroscopy from cosmological observations. Our constraints will certainly improve with
data from future surveys such as Euclid [208], DESI [209] or Spec-5/Megamapper. Based on their volume with respect
to BOSS, we expect a reduction of error bars by a factor of O(3) with DEST and a factor O(10) with MegaMapper [210],
even without additional modeling developments [187].1* Futuristic 21cm /intensity mapping observations will map our
Universe at higher redshifts, reaping the benefits of a weaker non-Gaussianity background from nonlinear gravitational
evolution. As such, they also promise to significantly improve the constraining power [211, 212]. Importantly, there
has also been movement on the CMB side, with the recent constraints on the Cosmological Collider obtained by
Ref. [179] that, together with this work, represents the state of the art of constraints on the Cosmological Collider.

On the theory side, stronger constraints may possibly be wrought by including triangles with larger wavenumbers:
the modeling of these requires one-loop bispectrum corrections, recently derived in [176, 213, 214], though this comes
with the addition of many more nuisance parameters. In regards to the Cosmological Collider program, it will be
interesting to further develop the program of spectroscopy of the inflationary particle content, including looking for
the tower of Kaluza-Klein higher-spin states that might offer us a glimpse of string theory [14]. For massive spinning
particles, it will be interesting to see if the peculiar dependence on the angle between wavevectors of large and
small wavenumber in squeezed triangles can help in disentangling the Cosmological Collider non-Gaussianity from the
other backgrounds (both from inflaton self-interactions and late-time evolution). It will also be interesting to include
information from the recently-measured BOSS galaxy trispectrum [215] (though this would require a dedicated PT
theory extension): it is only at the level of the trispectrum that the presence of a massive spinning particle can be
truly disentangled from derivative couplings of the inflaton to massive scalars. Finally, we emphasize that while a
CMB analysis of the PNG templates discussed in this work has now been performed [179, 216], it would be extremely
interesting to apply the recently-developed techniques of [217, 218] to this problem as well.
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MCMC sampler [220, 221]. The triangle plots are generated with the getdist package'® [222].

14 Ref. [187] showed that the mode counting estimates are quite accurate for the equilateral primordial non-Gaussianity. Since its shape

is similar to the cosmological collider templates, we expect the mode counting estimates to be accurate in the collider case as well.
15 https://getdist.readthedocs.io/en/latest /.
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Appendix A: Solving for the Cosmological Collider Templates

To obtain the Cosmological Collider shapes, we must solve the boundary ODE (8)

u?(1 —u?)Z" — 2037 + ( p® + Bz- G (A1)
4 1+ csu

for uw € [0,1/cs] (here we will fix ¢, = 1 to avoid cluttering the notation). The boundary conditions are fixed in the

“squeezed limit” v = 0, in which Z is given by the sum of the solution to the homogeneous equation and a peculiar

solution, obtained as a power series in u [34, 48, 49|

03 i\ * 2 = n+1
I(u):—ggci (2/) 2Py (0, b casu )+n§::00nu : (A2)
where
1 . 1 ip 3 ip
ar =5 iy, ar =+, by 1T 5 c+ =a+ +by, (A3)
]- — Gs
%0 = TN A (a5 %) | (A4)
3 ﬁEOF(ai) (1 + sin}iﬂﬂ) c ( . )aiB (A5)
= 5 = (—1 s
(A6)
and
[m] 1(_ m—2l
o = 2 mi(—c) (A7)

T m—2) T, <(—2i+m+%)2+u2) :

A drawback of this expression for Z is that both the homogeneous and peculiar solutions diverge as In(1 — u) in the
“folded limit” w — 1, in such a way that the full solution is regular there (as it physically should be, due to the
assumption of Bunch-Davies initial conditions). To avoid having to deal with non-exact cancellation of divergences,
which turn from logarithmic to power-law once we apply weight-shifting operators to obtain the PNG shapes S from
7 as in (10), we solve (A1) as a power series in = 1 — u around x = 0. It is straightforward to see that the general

form of the solution that is free of logarithmic divergences for x — 0 is

+oo
I(x) = Z dpx™  withzx=1-—u, (A8)
n=0
where
dy = & L (4p® +1) (A9a)
1= 2CS T2 ] 0 \2H )
1 4c2 (—4(cs + 1)p? + 23¢5 + 15)
do = — | do (4p® — 23) (4> +1 5 A9b
2 256<0('u )(M+)+ (Cs+]—)2 ? ( )
— (ij_1> +dp_1 (7/12 +n(5n—9) + %5) + (n=3)(n—2)dp—3—2(n—2)(2n — 3)d,,—2

2n?
In order to determine the coefficient dy, we match to (A2) at uw = 1/2. For ¢s < 1 we still need the solution at u > 1.
We follow a different approach than [49], that allows us to maintain regularity at « = 1. We change variables to
z = 1/u, and solve the resulting ODE for z € (0,1] with boundary conditions at z = 1. It is straightforward to see
that the solution of the homogeneous equation is

3 1 1
Ihomogeneoub(z) _ CP'P7%+W(2) + CQQ7%+iu(z) with z = a s (A].O)
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where P,, and Q,, are the Legendre functions of the first and second kind, respectively. The peculiar solution can be

then written as
- z P_1yi,(2) c? z Q14,2 c2
peculiar _ ) / dz’ 7 Hip s _ ) / 4z 3 Hip s
B =) | ey e P e a1
(A11)

where w is the Wronskian. It is also straightforward to see that the peculiar solution is analytic in z = 1: hence,

given that @, (z) has a logarithmic divergence at z = 1, we can automatically take cg = 0. c¢p is instead fixed by
matching to (A8) at u = 1. Crucially, even for very high u, the integrands in (A11) are very smooth functions of 2’
for 2z’ € (0,1]: this makes this method for solving the boundary ODE very simple, fast and reliable also in the case
of very large masses of the exchanged particle, where instead the homogeneous solution oscillates very fast around

u=0.

Appendix B: HOD-derived priors on quadratic galaxy biases

In this appendix we provide a brief summary on the mapping between the HOD parameters and galaxy bias parameters.
Further details are presented in [173].

The halo occupation distribution (HOD) is a widely-used empirical model to populate galaxies given a set of dark
matter halos. It gives a probabilistic prescription for the halo-galaxy connection, instead of the ab initio modeling
of galaxy formation. The standard HOD model divides galaxies into central and satellite galaxies and specifies the

mean number of each type of galaxies as a function of only host halo mass M:

(N (M) = % [1 +orf (k)gw Ail_gloim Mmin)] ! (B1)
) = vy (Mo ) (B2)

where erf(z) is the error function, My,;, and Olog,, M controls the typical minimum mass cut and the softness of this
cut, and x, M7, and « determine the profile of the mean number of satellite galaxies. Given these mean numbers,
galaxies are populated following a Bernoulli distribution for centrals and Poisson for satellites. We consider three
different HOD models to account for model variations of HOD and the dependence of the galaxy-halo connection on
other than halo mass (i.e. assembly bias):

e Simplified HOD: Galaxies are populated only according to Bernoulli distribution with the mean (B1) for both host
and sub halos identified by Rockstar (see [131] for details). In this case we only have the two parameters; M,

and Olog,, M-
e Standard HOD: Galaxies are populated only for host halos exactly following the prescription described above.

e Standard HOD with concentration: This is based on the standard HOD procedure, but we add a dependence on

halo concentration. Details are given in [173].

We populate galaxies to Rockstar halos identified in eight independent realizations of the N-body simulation of
each 1.5 Gpc/h length and with 15363 particles, employed in [223]. For each type of the HOD models we produce
44,550 mock catalogs of galaxies, varying the HOD parameters in the following ranges:

logyg Mmin €[12.4,14.2] , (B3)

Olog, o M €[0.1,1.0] , (B4)

€[0.1,1.0] , (B5)

log,q M7 €[13.0,15.0] , (B6)
€[0.0,1.6] . (B7)

K

«
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The HOD galaxy mocks with different HOD parameter sets are generated at z = 0.38, 0.51 and 0.61, corresponding
to LOWZ, CMASS1 and CMASS2, respectively.

In order to precisely measure the galaxy bias parameters from the HOD mock galaxies, we take the cross-correlations
between the initial conditions of the simulation and the mock galaxy field, which largely cancels the sample variance
since they share the same random seed. In particular, we employ the quadratic-field method [224] to measure the
quadratic galaxy bias parameters, be and bg,. We also apply our analysis pipeline for the halo density field with
the by — bg2 bias basis and confirm that our measurement of by for the halo is in great agreement with its separate-
universe measurement in [92]. With a large suite of HOD mock catalogs we can estimate the conditional probability
distribution of the galaxy bias parameters given the HOD parameters, P(Opias|0uoD)-

The priors on the quadratic galaxy bias parameters are then obtained by marginalizing over the HOD parameters

with uniform priors on the HOD parameters;
P(Opias) = /daHOD P(Ovias|@roD) U(OHOD) - (B8)

Note that we combine all three different redshift catalogs to get this distribution. The scatter due to the HOD
parameters is much bigger than the difference caused by the different redshifts, so combining different redshifts will
have effectively no visible impact on the distribution of the biases, while allowing us to have more data points from
which to fit relationships between bias parameters. In Fig. 13, we show the 2D projected P(Opias) onto the by — by
and by — bg, plane. The different color contours correspond to the different HOD models listed above, namely the
gray one is obtained from the simplified HOD, the red is from the standard HOD and the blue is from the standard
HOD with the additional halo concentration dependence. We find the restrictive prior on bg, even when the HOD
parameters are varied a lot, while the prior on by is not as restrictive as bg,. In principle this distribution of the
galaxy bias parameters itself can be used as the priors on the galaxy bias parameters. However, it is a non-trivial task
to get a functional form of this distribution in order to generate new samples under this distribution. One method
to get around this problem is to use normalizing flows, see [174, 175]. Instead, in this work, we just obtain simple
polynomial fitting formulas for by and bg, as functions of b; for convenience, although this is not an optimal use of
the obtained probability distribution. Specifically, here we provide the mean relations between by — b2 and by — bg, as
well as the 1o deviations from these mean relations as functions of b; that approximate the distributions in the 2D

planes:

by = —0.38 — 0.15 by — 0.021 b + 0.047 b7 , (BY

o (by) = 0.06 by + 0.24 b7 — 0.02 b7 — 0.003 b , (B10
bg, = 0.22 — 0.33 by — 0.005 b7 , (B11
o(bg,) = 0.11 by — 0.012 b — 0.001 b5 . (B12

Note that the fittings provided here are obtained in b; € [1.0,4.0], focusing on BOSS-like galaxies.

Appendix C: BOSS SVD analysis

In this section we ask the following questions:
e What Cosmological Collider information is present in the (yu-marginalized) BOSS dataset?
e How degenerate is it with self-interactions?

To assess this, we perform an SVD (Singular Value Decomposition) of the Cosmological Collider galaxy bispectrum
multipoles, By(k1, ka2, k3), which will allow us to extract the most well-constrained massive-particle PNG modes, which
we can then check for degeneracies. We do not consider power spectra in this test, since the leading constraining

power on non-local PNG arises from the bispectrum, which thus dictates the degeneracy directions.



33

B simple / e
4 | HEM base e

B env L

-15F} ~
B simple AN
N
Il base
HE env
. . . . 2.0 . . . .
1 2 3 4 5 1 2 3 4 5
b1 bl

FIG. 13. The probability distribution of the galaxy bias parameters, b1, b2 and bg,, marginalized over the HOD parameters.
The grey, red and blue contours correspond to the simplified HOD model, the standard HOD model and the standard HOD
with a concentration-dependence consideration (i.e. the environmental dependence), respectively. Density levels correspond to
68% and 95% CL. The black solid lines show the best fit of b2 and bg, as a function of b1 (Egs. (B9) and (B11)) and the black
dashed lines show the similar fittings for the 1o deviation from the mean relations (Egs. (B10) and (B12)).

Following Ref. [178], we first generate a template bank of bispectrum multipoles, Blsi) (), where b indexes the bins,
multipoles, and the four BOSS data chunks, and ¢ runs over the templates. We vary the following parameters:

6= {577,871} (c1)
for three values of ¢s/¢, = 0.1,1,10. In total, we generate 51 x 51 x 21 templates with 6 in the range
{877, 8977, iy € [~10%,10% x 0,10%] x [0,5] (C2)

fixing all remaining bias parameters to the BOSS (non-PNG) best-fit values, since we are here interested only in
primordial-induced degeneracies. We additionally set fﬁciuﬂ =0= fthe and will discuss the correlations below
(i.e. drop any inflaton self-interactions).

Next, we define the inner product between two points 89 and 81), via the noise-weighted distance from the mean

By, of the template bank:

(0B, 6By =S aB"C; 1BY)  with 0By = B{"' ~ B, , (C3)
b,c

where Cgcl is the inverse bispectrum covariance measure from mocks. We then perform the linear transformation

0By(0) — X,(0)  with  Xy(8) = > C,/*(B.(6) — B.) , (C4)
c
where C%Q is the Cholesky decomposition of the covariance; this centers and whitens the bispectra. Following this
decomposition, an arbitrary rotated bispectrum can be written as linear combination of a set of Ny;, orthonormal
basis vectors Vs, i.e.

Xp(0)=> ca(Var  and  ca(0) = Xp(0)Vas - (C5)
«@ b

To compute the basis vectors we execute an SVD of our template bank. We form an Npank X Npin matrix X,
which has the SVD

Xip =Y UiaDaVas , (C6)
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where D, is a rank-Ny;, diagonal matrix of the singular values (SVs) and the matrices U and V (of dimension
Npank X Npin and Np;, X Npin) are unitary, projecting from observations to SVs, and SVs to spectra respectively. By
comparing with Eq. (C5) we see that

) = U Dy, | (CT7)

and since D,, > |cq| we can approximate every template in the bank with a finite number Ngy < Ny, of basis vectors.
By design, these are the directions which have the largest contributions to the log-likelihood.
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FIG. 14. First 20 entries of the diagonal matrix D, for three different values of ¢s/c,. We clearly observe that the data
preferentially constrains a single direction (which dominates the D matrix). This is the same regardless of speed: as shown in
Tab. VI it is essentially parallel to the the combination of equilateral and orthogonal non-Gaussianities that is best constrained
by BOSS.

In Fig. 14 we show the contributions of the first 20 SVs to the D, matrix: we observe that the first SV strongly
dominates, exhibiting the same behavior regardless of speed. Given this result, it is instructive to then study how much
the first three Cosmological Collider basis vectors (Vip, Vap, Vap) overlap with the equilateral and orthogonal templates.
For this purpose, we first compute the bispectrum multipoles at unit feolull and fgthe and zero B7°e = B(V™*0 then

16 The resulting self-interaction

orthogonalize with respect to the BOSS covariance using a Gram-Schmidt procedure.
vectors, denoted o1 and o9y, are given by

ortho

equil X N
o1 = Xf and 02p = 01p — < [01) 01b » (C8)
(o1o1)
where
cqull cqull ortho orthO
Z G *BIM TN ana X[ Z C,.\* B (C9)

subject to the inner product

(ulv) = Z UpUp (C10)

16 Note that the measured correlations will be independent of the value of fequll and fﬁrﬁho.
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1 —cos?(V, 01) — cos?(V, 02)

Model 1% Vs Vi

cs/co =0.1|7x107" 0.011  0.990
cs/co =1.0|4x 10712 0.008  0.993
cs/co =10 | 2x 1071° 0.051  0.950

TABLE VI. Overlap of the first three massive particle basis vectors with the equilateral and orthogonal templates, for various
values of ¢s/c,. This is defined as cos?(V; 01) + cos®(V; 02), where Vi1,2,335 i the Cosmological Collider basis vector of interest,
and ogy 235 are an orthogonal (and suitably normalized) representation of the equilateral and orthogonal templates. Here,
cos(V,v) = (V|v)//(VIV)(v|v). Whilst the first basis vector is almost perfectly described by the self-interaction templates,
the second template (and beyond) have reduced overlaps, suggesting that some additional information is present, though, from

Fig. 14, it is evident that the information content is dominated by the degenerate combinations.

With these definitions we can proceed to compute the cosines of the lowest-order Cosmological Collider basis vectors
(Vib, Vap, V3p) with the orthonormalized self-interaction templates 01, and og,. These are collected in Tab. VI. We find
that V7, is essentially perfectly described by a linear combination of 01, and o9, that Vs, is very well described by a
superposition of the two, and finally that it is only V3, that doesn’t show overlap with either. We show the triangle
dependence of V3, compared to 01, and o9, in Fig. 15. From Fig. 14, it is clear that the majority of constraining power
(encoded in Di/ 2) is contained within Vj;, and Vs, and thus strongly entangled with self-interaction shapes. That

said, there remains some non-trivial information in the higher-order templates, which are non-degenerate.
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FIG. 15. Plot of the third Cosmological Collider bispectrum basis vector Vi, (colored lines), alongside the self-interaction
vectors o1 (black full lines) and o2, (black dashed lines), for ¢s/c, = 0.1,1,10. We plot triangle indices up to 62, i.e. only
those corresponding to the bispectrum monopole. Since the purpose of this plot is only to show the triangle dependence we
have normalized all shapes to have unit maximum. Triangles are ordered in increasing wavenumber, compressed into one
dimension, leading to the sawtooth patterns. The magnitudes of these wavenumber satisfy k € [0.015,0.08) hMpc™*. Black,
dark-grey and light-gray dots denote the squeezed (k3 = 0.015 hMpc™; k1, k2 > k3), equilateral (k1 = k2 = k3), and flattened
(ke = k3,2ks = k1 + 0.015 hMpc™') triangle configurations, respectively, as in [153]. The triangle-dependence of the various

shapes differs considerably from the self-interaction vectors o1, and o9, as expected.
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