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ABSTRACT: We study implications of perturbative unitarity for quasi-single field inflation
with the inflaton and one massive scalar. Analyzing high energy scattering, we show that
non-Gaussianities with |fx1,| 2 1 cannot be realized without turning on interactions which
violate unitarity at a high energy scale. Then, we provide a relation between fyr, and the
scale of new physics that is required for UV completion. In particular we find that for the
Hubble scale H > 6 x 10? GeV, Planck suppressed operators can easily generate too large
non-Gaussanities and so it is hard to realize successful quasi-single field inflation without
introducing a mechanism to suppress quantum gravity corrections. Also we generalize the
analysis to the regime where the isocurvature mode is heavy and the inflationary dynamics
is captured by the inflaton effective theory. Requiring perturbative unitarity of the two-
scalar UV models with the inflaton and one heavy scalar, we clarify the parameter space
of the P(X, ¢) model which is UV completable by a single heavy scalar.
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1 Introduction

Perturbative unitarity plays an important role in discovering new physics. Historically, the
Higgs boson was predicted by studying unitarity of high-energy scattering of weak bosons.
In particular, its mass scale is estimated by the unitarity violation scale in a theory without
the Higgs sector [1-4]. Indeed, the Higgs boson with the mass 125 GeV was discovered,
which completed the Standard Model as a UV complete theory of particle physics [5-7].
The purpose of this paper is to apply a similar idea in the study of primordial non-
Gaussianities [8],! in light of recent studies of perturbative unitarity in the Standard Model
Effective Field Theory (SMEFT) [17-20] (see refs. [21, 22| for review articles). In SMEFT,
effects of new physics beyond the Standard Model are encoded into low-energy effective
interactions. For example, the Higgs potential in the Standard Model has two parameters
characterizing the Higgs vacuum expectation value (vev) and the Higgs mass. In particular,

!See, e.g., refs. [9-16] for application of perturbative unitarity in the inflation context, especially in the
context of Higgs inflation. Perturbative unitarity was used there to constrain the background dynamics of
inflation, whereas the present paper discusses implications for primordial non-Gaussianities.



the Higgs trilinear coupling is no more free parameter once the Higgs vev and the Higgs
mass are specified. Then, a deviation from the Standard Model value implies a new physics
at a higher energy scale, which is specified by studying perturbative unitarity [23]. Another
typical example is derivative interactions in the scalar sector, i.e., the Higgs boson and the
Nambu-Goldstone bosons that are eaten by the gauge bosons. If we focus on two-derivative
interactions, perturbative unitarity requires flatness of the field space in the UV complete
theory, which in turn specifies the scale of new physics to be the curvature scale of the
SMEFT field space [24]. In this way, recent studies in the SMEFT context have clarified
implications of perturbative unitarity for scalar field theories in particular.

In this paper, following these developments, we address two issues in the inflation
context. The first is about primordial non-Gaussianities in quasi-single field inflation [25]:
to maintain the flatness of the inflaton potential, it is natural to assume an approximate
shift symmetry of the inflaton field. A simplest realization of such a symmetry is to
embed the inflaton field as a phase direction of a complex scalar field, analogously to
the Nambu-Goldstone boson in the Higgs potential. If the radial direction has a mass
near the Hubble scale, the dynamics of primordial fluctuations is governed by the inflaton
fluctuations and the isocurvature modes with the Hubble scale mass. Then, the model
is called quasi-single field inflation. In particular, primordial non-Gaussianities in this
model accommodate interesting features which can be used to identify the particle spectra
during inflation and so they have been studied intensively in the context of “Cosmological
Collider Program” [25-28] (see also [29-83]). In this paper, we discuss implications of
perturbative unitarity for primordial non-Gaussianities in quasi-single field inflation with
the inflaton and one massive scalar (which we call the two-field quasi-single field inflation
in the following) and demonstrate that observable non-Gaussianities with the nonlinearity
parameter |fyr,| = 1 cannot be realized without turning on interactions which violate
unitarity at a high energy scale A. We also provide a relation between the scale A of new
physics and the nonlinearity parameter fr,.

On the other hand, if the isocurvature modes are heavier than the Hubble scale, an
effective theory of the inflaton is obtained by integrating out the heavy modes. A useful
template for such effective theories of single-field inflation is the so-called P(X, ¢) model,
whose Lagrangian contains an arbitrary function of the inflaton ¢ and its kinetic operator
X = —%(8,@)2 on top of the Einstein-Hilbert term. In particular, higher derivative inter-
actions can source observable non-Gaussianities [84]. Since the function P(X, ¢) contains
information of the UV theory such as masses, spins, and number of heavy fields, it is of
great interests to clarify which parameter space can be realized by which types of UV com-
pletion. By doing so, we can draw a “country map” of the EFT landscape.? Based on this
motivation, we use perturbative unitarity to clarify the parameter space scanned by two-
scalar UV models, i.e., models with the inflaton and one heavy scalar.® We demonstrate

*Following recent developments in the swampland program [85, 86], our understanding on the consistent
EFT parameter space (the EFT landscape) has been increased considerably. The next step useful for
phenomenology would be to separate the EFT landscape into several regions (countries) based on detailed
properties of the UV theory beyond the universal consistency conditions such as unitarity and causality.

3Perturbative unitarity in the EFT of inflation was discussed in refs. [87-92], where the strong cou-
pling scale within the EFT framework was estimated for example. In contrast, the present paper studies
perturbative unitarity constraints on the UV theory and the corresponding EFT of inflation realized at IR.



that cubic and higher order terms in X cannot be generated at IR unless we introduce new
physics beyond the two-scalar UV models. We also provide a relation between the size of
the X3 coupling and the scale A of new physics beyond the two-scalar UV models.

The organization of the paper is as follows. In section 2, we review quasi-single field
inflation [25] with an emphasis on typical energy scales of the model and their relations
to primordial non-Gaussianities. In section 3, we study the requirement of perturbative
unitarity on quasi-single field inflation and discuss its implication for non-Gaussianities.
In particular, we demonstrate that observable non-Gaussianities with | fxr,| 2 1 cannot be
realized without turning on interactions which require UV completion beyond quasi-single
field inflation. In section 4, we clarify the parameter space of the P(X, ¢) model scanned
by two-scalar UV models that contain the inflaton and one heavy scalar. We conclude in
section 5 with discussion of our results.

2 Quasi-single field inflation

In this section we review quasi-single field inflation [25] with an emphasis on typical energy
scales of the model and their relations to primordial non-Gaussianities. After summarizing
phenomenological aspects of the model, we demonstrate that in the two-field quasi-single
field inflation, the nonlinearity parameter fyr, is too small to observe if its main source
is renormalizable interactions. This motivates us to study implications of perturbative

unitarity in the next section.

2.1 Phenomenological aspects
The model consists of two real scalars, ¢1 and ¢o, with a flat field space metric:
_ 4 MIZ’I 1 ) oM
S=[dazy—g — B- > 5 O0ui ¢ — V(i) | - (2.1)
i=1,2

The potential, V(¢;), has an approximate U(1) symmetry under the phase shift of ¢ +i¢po,
which guarantees the flatness of the potential along the angular direction in the field space.
More explicitly, in the polar coordinates,

¢1 + i = re'? , (2.2)

the action takes the form,
4 Mg, L 5 1
S = / daoy/=g | LR = 5r20,00"0 — S0,r0"r = Va(r) = Vien(0)| . (2.3)

Here and in what follows we use V for the potential in Cartesian coordinates, (¢1, ¢2), and
V for that in the polar coordinates, (r,6). V;(r) is a U(1) symmetric potential invariant
under the constant shift of § and Vo (6) breaks the shift symmetry softly. We assume that
V. (r) has a minimum at r = ryj, # 0 away from the origin and the symmetry breaking
potential, Vg (0), is flat enough for the angular coordinate, 6, to play the role of inflaton.



Inflationary backgrounds. Consider an inflationary background,
0 =00(t), r=rot), ds*=—dt*+a(t)’dx>. (2.4)

The background equations of motion for # and r read

200 + 3Hr200 + 2ro7000 + Vg (60) = 0, (2.5)
7o + 3H7ry + VTI(T()) — 7“09% =0, (26)
where H = a/a is the Hubble parameter. The Friedmann equations are
1,5 1.
3M€>1H2 = 57”(2)98 + 57’(2) + V(7o) + Viots (60) » (2.7)
—OMEH = 2602 + 7. (2.8)

In the following we use the slow-roll approximation under which 0y and rq are approximately
constant. Then, the equation of motion for r reduces to

rofg = V;/(ro) (2.9)

which specifies how much the background trajectory, » = rg, deviates from the minimum,
T = Tmin, Of the potential, V,.(r), due to the “centrifugal force.” Also, the soft breaking of
the U(1) symmetry of V(¢;), i.e., the shift symmetry of 6, is quantified by the slow-roll
parameters as

3 2 2
= _E ~ Mpl ( S/Oft ) (210)
H2 7 205 \Vi+ Voot )
. 2 2 2
n= i ~ _ Mpl S/éft 2MP1 ( ‘/S/Oft ) (211)
He 13 Vi + Veort g \Ve+ Viots/

which are assumed to be small, ¢, |n| < 1, during inflation.

Primordial fluctuations. Next let us introduce fluctuations around the inflationary
background (2.4) as

0=60y+060, r=rog+o. (2.12)

Under the slow-roll approximation, the action of matter fluctuations in the spatially flat
gauge reads

S = / dtd3za® [ — %7‘(2) 0,60 9"560 — %8M08“0 — V(o)

— 100 [~20000 + (9,56] ~ S0 [~2080 + (8,56)’] ] L (213)

where we neglected metric fluctuations because their contributions to scalar spectra are
subdominant. Also we introduced an effective potential,

- _ _ % 2 % 2
V(o) =Vi(ro+ o) — Vi(ro) 5 (ro+ o) 50| (2.14)

which has no term linear in ¢ because of the equation of motion (2.9).



It is convenient to introduce a canonically normalized field, ¢ = 74§60, in terms of
which the action (2.13) may be reformulated as

S = / dtddza® { - %({“)M(p({?“go - %Buaaua V(o)

. 90 o 102
+ 2000 + —po? — —(9,0)? — = (0 2], 2.15
00+ 0% = (O 5 T () (215)
where the first two terms in the second line are proportional to 6y and break the Lorentz
symmetry. In particular, the Lorentz symmetry breaking sector accommodates a linear
mixing between ¢ and o. For later use, we parameterize the effective potential V (o), as

V(o) = m2r2 [; (:{))2 + % (;)3 + % (;70)4 + 0(05)] , (2.16)

where we introduced dimensionless parameters A;.

Energy scales. The model (2.15) contains (at least) three energy scales characterized
by m, 6, and rg. In this paper except for section 4, we consider the following typical
parameter regime of quasi-single field inflation:

1. Isocurvature mass m.

First, we assume that the mass of the isocurvature mode, o, is of the Hubble scale
order: m ~ H. This is why the model is called quasi-single field in comparison to
multi-field and effective single-field after integrating out heavy fields.

2. Mixing scale 6.

As a consequence of the turning background trajectory, there appears a linear mixing
between the adiabatic mode ¢, and the isocurvature mode 0. We assume that the
mixing is in a perturbative regime during inflation. In other words we assume that
the mixing scale is well below the Hubble scale 0o < H, which means that the turning
angle per e-fold is small enough. Our typical benchmark point will be y = 0.1 x H.

3. Decay constant rq of the isocurvature o.

The radius, rg, of the turning trajectory characterizes the scale of higher derivative
interactions, o(9,¢)? and 02(d,p)?. For later convenience, in eq. (2.16), we used the
same energy scale as the decay constant of o, even though there are no reasons to
assume A3 4 = O(1) at least at this moment.

Primordial spectra. Finally, we summarize the scalar power spectrum and bispectrum
of this model (we refer the readers to the original paper [25] for details). First, the power
spectrum of the curvature perturbation (, is given by

2 4

27
= (27)38% (kg + k P, Pr=——"—_——
<Ck1€k2> ( 7T) ( 1+ 2) ¢ ¢ (271.)27.80%
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Figure 1. Numerical values of g(v), h(v), and I(v).

where v = 1/% — H2 and the formulae provided in this subsection are for m < 3H i.e., for
real v. Also C(v) is a mass-dependent numerical coefficient defined by*

_ T * dxy [ dxy (1) iz 77(2) —izy
Clv)= ZRe [/0 :1;?2 /901 x%ﬂ (Hl, (x1)e"™ HyY (x2)e
—HD (21)e " H) (xg)eim)] , (2.18)

where HM(z) and H®)(z) are Hankel functions of the first and second kinds, respectively.
As we mentioned, fy/H characterizes the mixing of the adiabatic and isocurvature modes.”
The nonlinearity parameter fyi,, characterizing bispectra is defined such that

1

— 2.19
R (2:19)

(G GaGi) = (2)78%(ks + T + ko) P2 1)

in the equilateral limit k; = ko = k3. FEach cubic coupling in eq. (2.15) sources non-
Gaussianities of the magnitude [25],

9 ! 2 9 * 2 0 2
= —9()s (;) ;e = —h(v) (;) . IR =) (;) . (2.20)

Here g(v), h(v) and [(r) are mass-dependent numerical coefficients defined by (see also
figure 1 for their numerical values)

573 /m\ 2 dx
=—| =1 — 1 I I 2.21
o) =55 () o [ S et 221
5 2 [e%) —ix1
W) = 2 Im / diy S I(x1)I(z1) | (2.22)
12 7
2ixy dml —2w1 . 2
l(v)= Im dxle I(x I (1+ix1)“I(z1), (2.23)

“See ref. [93] for its analytic form in terms of special functions. See also ref. [94] for a related work.

®Note that the linear mixing term ¢o has less derivatives than the kinetic term, so that when o is
massless, it is dominant at the superhorizon regime. It leads a divergence of C(v) at v = 3/2 (see figure 2
in ref. [93]). For the same reason, g(v), h(v), and [(v) diverge at v = 3/2 as shown in figure 1.



with I(x1) being defined by

I(z1) = 22 |2Im [Hy)(xl) / dlif?H@ (@)e—iw] (2.24)
0 Tq
+iH WM (1) / 1%}152) (z9) €72 — iH?) (z1) / I@Hw () e~ 2
0 =z / 0 =x /2
2 2

2 2 .
Note that f3f and fy;” are small in the perturbative regime, 6y < H, of the linear mixing.
On the other hand, the cubic self-coupling o2, of the isocurvature mode may generate
observable non—Gaussianities with | ff\’ji\ > O(1), if A3 is large enough to compensate the
suppression by 6y/H.

2.2 Non-Gaussianities vs renormalizability

We have reviewed that in quasi-single field inflation non-Gaussianities with |fxr| > O(1)
may be sourced by the cubic self-coupling As if it is large enough. In the following we discuss
if such a large non-Gaussianity is realized consistently. To illustrate our motivation, we
end this section by providing a simple observation that large non-Gaussianities cannot be
realized if the cubic coupling is originated from a renormalizable Mexican hat potential.

In the Cartesian coordinates of the field space, the U(1) symmetric renormalizable
potential is parameterized by two parameters, A and iy, as

A
Vo) = 5(61 + 65 = ) (2.25)

and so the potential of the radial coordinate, r, is
Ao a2
Volr) = 5 0% = r2)?. (2.26)

Then, the effective potential (2.16) of the isocurvature mode o reads

2
OGO w

where we used the equation of motion (2.9) and defined the isocurvature mass m? = 4\rg.

V(o) = Vi(ro+ o) = Vi(ro) — [03(7"0 +0)? — 987"8]

mQT(%

2

Note that A3 and A4 are no longer free parameters, but rather they are specified as
A3 = Ay = 1. In particular, the nonlinearity parameter ff\’]i ~ (6o/H)*, is too small to
observe at least in the perturbative regime of the linear mixing.

This simple observation suggests that it is hard to obtain observable non-Gaussianities
in two-field quasi-single field inflation without turning on nonrenormalizable interactions.
In the following, we study perturbative unitarity of scattering amplitudes and clarify under
which conditions observable non-Gaussianities are realized in quasi-single field inflation.



3 Implications of perturbative unitarity

Based on the aforementioned motivation, we study high energy scattering of fluctuations
around inflationary backgrounds and discuss implications of perturbative unitarity. For

later convenience, we slightly generalize the model (2.15) in the previous section as®

sz/ﬁm%@ﬂ—;@mﬁ—lay@Q—vw)

2
2
o . 2 oo Ao 2
— % {—27’090(,0 + (@LQO) } — 5% [—27'000%0 + (ay(P) } (3'1)
1 1
= /dtd3xa3 l—z(au@)Q - 5(@1 )2 - V(U)
. 90 . 92 g 2 oo’ 2

+ 20ppo + Ozach — %(au ) — 5%(3%0) ) (3.2)

which reproduces eq. (2.15) for & = 1. Also we use the same parameterization (2.16) of the
isocurvature potential. In the rest of the section, we begin by a brief review of the unitarity
bound (section 3.1). Then, in section 3.2 we discuss implications of perturbative unitarity
for the model (3.2). There we demonstrate that « = A3 = Ay = 1 and so small non-
Gaussianities, |fnr| < 1, are required if we decouple gravity and assume that the model
is UV complete at the tree-level. This confirms our simple observation in the previous
section. In section 3.3 we generalize the argument to include theories with a finite cutoff
scale A. We provide a relation between the nonlinearity parameter fxr, and the scale A of
new physics beyond quasi-single field inflation which is required for UV completion.

3.1 Unitarity bound

The starting point is the S-matrix unitarity:
SST=1. (3.3)
Using the transition matrix 7 defined by
S=1+14T, (3.4)
we write eq. (3.3) as
—i(T—TH=TT". (3.5)
Next we rewrite it in term of the scattering amplitude:

(BT |A4) = (2m)*6"(pa — pp)Masp, (3.6)

SNote that derivatives of ¢ always appear in the combination, —2rofop + (0u9)?, because of the Lorentz
invariance of the original action for backgrounds. Also this form of action is determined by the symmetry
of fluctuations alone, independent of details of the background dynamics. See, e.g., ref. [27].



where |A) and |B) are the initial and final states, respectively. Also p4 is the total mo-
mentum of the initial state |A) and similarly for pp. In this language, eq. (3.5) reads

—i(2m)*6t (pa — PB)(MAB — Mp,)

3
= Z H/ ! pz )(2W)454(PA — pB)(2m)*6* (pa — pc) MM, (3.7)

where N¢ is the number of external particles in the intermediate state C' and E;(p;) is

the on-shell energy of the i-th particle with the spatial momentum p;. In particular, for
identical initial and final states, A = B, we have

d*p; 454 2
2ImMAA—ZH/ %32E 52" (a — po)l MoaP” (3.8)
Since each summand in the right-hand side is non-negative, we have
2[Maal = H/ e (27)*6*(pa — pc)|Moal® (3.9)
2m) (2m)3 2E;( pz) ’

which implies a bound on high-energy scattering with a typical energy scale F as
|Maa| < E472NA (3.10)

Substituting this bound back into eq. (3.9), we have

&p; )
H/ p )(27T)454(pA — pe)|Mcal® < EV72NA (3.11)

which implies a bound on more general high-energy scattering as
|Mcy| < BA=NathNe) (3.12)
For example, bounds on four-, five-, and six-point amplitudes read”
|Mapt| < E®, |Mspe| SE7Y, [Mops| < E72. (3.14)

If we assume weakly coupled UV completion, these bounds have to be satisfied by tree-level
amplitudes. Note that we have suppressed O(1) coefficients in the inequalities (3.10)—(3.14),
but they can be fixed in the standard manner, e.g., using angular momentum eigenstates.
We will take care of these O(1) coefficients when necessary. See appendix A for details.

3.2 Constraints from perturbative unitarity

Let us use the bounds (3.14) to constrain the model parameters «, A3, Ay in two-field
quasi-single field inflation (3.2) and discuss their implication to non-Gaussianities. In this
subsection we focus on the case where gravity is decoupled and derive conditions for the
model to be UV complete at the tree-level.

"Note that the bounds presented here are applicable in four-dimensional spacetime. Bounds in general
spacetime dimensions d are given by

|Mape| < BV, [Mape| < B> 39, [Mepe| < B2, (3.13)



o %
Figure 2. Feynman diagrams which generate E? contributions in oo — ¢ scattering.

Four-point scattering. We begin by four-point scattering. Perturbative unitarity con-
straints on general scalar field theories were nicely discussed in ref. [24]. A conclusion there
is that in spacetime four dimensions, the model is UV complete at the tree-level only when
the field space is flat.® In other words, the field space curvature gives a cutoff scale of the
theory. In our model (3.2), the field space curvature tensor at the origin o = ¢ = 0 is given
in terms of the parameter o as

11—«
Rmpmp’o.:@:[) = 7‘8 5 (315)
and similarly for other components. Then, a nontrivial constraint is available from copy
scattering:”

p3-p
Mygpp = 2(a — 1) =52 + O(EY) (3.16)

o

where we kept terms which grow up faster than E° at high energy E > m, |fp|. See
figure 2 for the corresponding Feynman diagrams. Also p; is the four-momentum (in the
all-incoming notation) of the i-th external particle ¢; in the amplitude My, 4, , and p;.p;
is the inner product of p; and p;. Then, the unitarity bound (3.14) implies

a=1. (3.17)

Five-point scattering. Next we consider five-point scattering. In our model (3.2) there
are two five-point scattering processes relevant for our purpose: ooy and ocpppp. The
unitarity bound (3.14) requires that they are bounded by O(E~1). First, we consider the
amplitude, Myooypp. Its high energy behavior reads (see figure 3 for the relevant diagrams)

2
Moacrcpcp - —S(Oé — 1) (pt?{% + O(EO)> +3 (3)\3 — Ay — 2) % + O(E_Z) , (3.18)
0 0

where the O(E?) contribution generated by the diagrams (d) and (e) cancel each other out
for o = 1 in particular (see also appendix B for field redefinition useful in the amplitude
computation). Now the unitarity bound (3.14) implies

a=1, 3\g—A=2. (3.19)

8Note that in d = 2 a nonzero internal space curvature is allowed since the unitarity bound is milder as
shown in eq. (3.13), which is consistent with the fact that 2d CFT accommodates a curved target space.

When we need to specify which particles are in the initial/final states, we call scattering process, e.g.,
as 00 — @ scattering, but otherwise we use the terminology such as oo scattering. Correspondingly,
we use, e.g., both of Msoue and Myo— e, to denote scattering amplitudes.

~10 -
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Figure 4. The leading order Feynman diagrams of opppp scattering.

Similarly, the high energy behavior of My, reads

m? . m?
Mypppp = —(a — 1)F (p2 P34 5 perms.) —(a+9X3 —10) — + O(E™%). (3.20)
0 \P4-P5 7o

See figure 4 for relevant diagrams. Then, the unitarity bound (3.14) implies
a=X=1. (3.21)

To summarize, perturbative unitarity of five-point scattering implies egs. (3.19) and (3.21),
so that we conclude that

o = )\3 = )\4 =1 (3.22)

when we decouple gravity and assume that the model is UV complete at the tree-level.
Note that this precisely reproduces the renormalizable potential (2.27).10 As we discussed
in the previous section, non-Gaussianities are too small to observe for this parameter set. In
other words, quasi-single field inflation cannot generate |fxi| 2 1 without requiring a new
physics. In the next subsection, we provide a relation between the nonlinearity parameter
fn1, and the scale A of such new physics beyond quasi-single field inflation.

10Note that one may easily show that any (9(05) term in the potential, V,, violates the unitarity bound,
so that the allowed potential is a quartic one with the conditions (3.22).

- 11 -
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Figure 5. The leading order Feynman diagrams of six-point scattering of ¢.

Six-point scattering. Before proceeding to the next subsection, let us provide six-point
scattering amplitudes of ¢ for later convenience (see figure 5 for relevant diagrams):

2
m _
Moppppp = =15 (a0 +3X3 — 4)% +O(E™?). (3.23)
We find that the O(E®) term vanishes and so the unitarity bound is satisfied under the
conditions (3.22).

3.3 Scale of new physics

In the previous subsection, we have shown that observable non-Gaussianities |fnr| 2 1
can be generated only when the perturbative unitarity is broken at some scale A. There-
fore, if we assume a weakly coupled UV completion, the observable non-Gaussianities
imply that the model has to be UV completed by a new additional particle with the mass
m < A.'' In this subsection, we consider deviations from the UV complete parameter set
a = A3 = A\q = 1 and discuss a relation between non-Gaussianities fyi, and the scale A of
new physics.

In our model (3.2), there are three types of cubic interactions, o3, 0%, and o(9,p)2.
When the mixing between ¢ and o is small at the Hubble scale (|| < H), each cubic

~

coupling contributes to the nonlinearity parameter fyr, as

; do\" ) do\" ) 6o\’
fR = —dsg(v) (;) ;RS = —ah(v) (g) . IRE =) (;) . (329

where note that an overall factor « is multiplied in the second expression compared to
eq. (2.20) since we are allowing a nonzero field space curvature (« # 1). Our task is now
to write down the cutoff scale A derived from the perturbative unitarity in terms of the
nonlinearity parameter fnr,.

Deformations of isocurvature potential. First, we consider the case when the cubic
self-coupling Az of the isocurvature mode o is the dominant source of non-Gaussianities.
For simplicity, we assume A3 # 1, but o = 1. As we discussed in the previous subsection, a
deviation of A3 from unity breaks the perturbative unitarity of the five-point and six-point
scattering amplitudes at a high-energy scale, which gives the cutoff scale of the theory. In

11 Another possibility is that the model becomes strongly coupled at the scale A and it is UV completed
in a non-perturbative manner, which typically implies a phase transition at the scale A just like QCD.
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Figure 6. Cutoff scale Ag,; vs Hubble scale H: as a benchmark point, we plot Agp, = 4 x 10°H,
2

which corresponds to the choice Z;g(v) = 100 and |fxi| = 1. The blue region corresponds to

A6pt > Mpl-

appendix A, we use unitarity of the S-wave amplitudes of Myepp,e and Mypppp, to derive
the following cutoff scales taking care of numerical coefficients:

64+/272 7“8 7“8

Aspt = : ~ 100 ——0 3.25
opt 9 m2|As—1] m2[As — 1| (3:25)
16+/273/2 2 2
Agpt = 6v2r®? 0 ~33. 0 (3.26)
V15 mAz — 112 m Az — 1[1/2

Having in mind observable non-Gaussianities |fni,| 2 1, let us assume that A3 is large
enough to compensate the suppression by the factor ]90 /H| < 1. Then, by using eq. (3.24),
the cutoff scales (3.25)—(3.26) are translated as

9\ 3/2 5 H?
Aspr ~ 4 x 108 H - (2“0> 1078 (ng(,,)> : ( ! ) : (3.27)

P 0.1 100 | AN
1/2 !
2% 107 [ HE2g(v) 1 \2
Agpe ~ 4 x 10°H - S - 3.28
o g P ( 100 <|fNL\) ’ (3.28)

where note that THn—z (v) >~ 100 for m ~ H. We find that in the regime of our interests,
unitarity of six-point amplitudes provide a stronger constraint.

Now let us take a closer look at Agpt. See figure 6 for a plot of Agp, = 4 x 10°H, taking
g—zg(y) = 100 and |fx1,| = 1 as a benchmark point. First, we find that the cutoff scale is
near the Planck scale Mp; ~ 2.4 x 10'® GeV when H ~ 6 x 108 GeV, or equivalently for
the vacuum energy V ~ (5 x 1013 GeV)4. This implies that Planck suppressed operators
can easily generate large non-Gaussanities when H > 6 x 108 GeV (V4 > 5 x 103 GeV).
In particular, for H > 6 x 10° GeV (Vl/ 4 > 2 x 10 GeV), Planck suppressed operators

generate too large non-Gaussianities | fxr,| 2 100 (assuming fi—jg(u) = 100) and so it is hard
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Figure 7. Cutoff scale Ayp; vs Hubble scale H: as a benchmark point, we plot Agpe = 6 x 103H,
which corresponds to the choice |6g/H| = 0.1, h(v) = 10, and |fn| = 1. The blue region corre-
sponds to Agpy > M.

to realize successful quasi-single field inflation without introducing a mechanism to suppress
quantum gravity corrections. Qualitatively, this is analogous to the Lyth bound [95],
beyond which a mechanism to suppress quantum gravity effects is needed to accommodate
a super-Planckian inflaton excursion. Notice however that our bound is stronger than the
Lyth bound quantitatively. On the other hand, if the inflation scale is sufficiently low,
H <6 x10%GeV (V4 < 5 x 10'% GeV), non-Gaussianities with |fxr,| > 1 require a new
physics below the Planck scale. For example, we have a cutoff scale Agpt >~ 1 x 1016 GeVv
for H ~ 3 x 106 GeV (V/* ~ 4 x 102 GeV) and |fxp| = 1.

Curved field space. Let us move on to the case with a curved field space a # 1. For
simplicity, we assume A3 = 1, but the argument is qualitatively the same even when the
cubic self-coupling of o generates non-Gaussianities comparable to the field space curvature
effects A3 ~ «. In the regime of our interests, unitarity of four-point scattering provides
the strongest condition among the constraints discussed in the previous subsection:
T T

A4pt:2\/%-m:5-m, (3.29)
where the numerical coefficient was fixed by the strong coupling scale of the S-wave scatter-
ing. See appendix A for details. Having in mind observable non-Gaussianities |fni| 2 1, let
us assume that « is large enough to compensate the suppression by the factor |90 JH| < 1.
Then, by using eq. (3.24), the cutoff scale (3.29) is translated as

9\ /2 |4 1/2 1

2 0.1 10 | L]

where note that h(v) =~ 10 for m ~ H. See figure 7 for a plot of Aspy = 6 x 103H, taking
0o/H| = 0.1, h(v) = 10 and |fxr| = 1 as a benchmark point. We find that the cutoff scale
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is near the Planck scale Mp) ~ 2.4 x 10'® GeV for H ~ 4 x 10 GeV (V/* ~ 4 x 10'0 GeV).
Notice that this scale corresponds to the tensor-to-scalar ratio r ~ 1.6 and so it is already
ruled out by observations [96]. Therefore, if the field space curvature effect « is a dominant
source of non-Gaussianities, |fnp| 2 1 requires a new physics below the Planck scale. For
example, we have Agpy >~ 1 X 106 GeV for H ~ 2 x 10'2GeV and | fxr| = 1.

To summarize, we have shown that observable non-Gaussianities with | fx1,| 2 1 require
a new physics beyond quasi-single field inflation at some UV scale A. The relation between
fyL and the cutoff scale A is summarized in eq. (3.28) and eq. (3.30). In particular, if the
Hubble scale is H > 10° GeV, a Planck suppressed o3 coupling can easily generate too large
non-Gaussianities and so some mechanism to suppress quantum gravity effects is needed

to realize a successful quasi-single field inflation.

4 Heavy mass regime

In the previous section, we focused on the case when the isocurvature mass is comparable
to the Hubble scale m ~ H, which is the mass regime of quasi-single field inflation. In
this section, on the other hand, we consider the heavy mass regime m > H and study the
effective theory after integrating out the isocurvature mode o. Our primary interest in this
section is in classifying the parameter space of the P(X, ¢) model,

2
S = /d4x\/?g []\gle—i—P(X, qﬁ)] , (4.1)

based on properties of the UV theory behind. Here ¢ is the inflaton, X = —%(8,@)2,
and P(X,¢) is a function of X and ¢. Note that the model is equivalent to the EFT of
inflation with a unitarity gauge Lagrangian of the form £ = £(5¢%,t) [97]. In general, the
Lagrangian contains higher derivative interactions, which source non-Gaussianities, and so
it is interpreted as an effective Lagrangian of the inflaton after integrating out UV degrees
of freedom. Then, the function P(X,¢) contains information of the UV theory, such as
masses, spins, and the number of heavy fields. Below, we identify the EFT parameter space
scanned by the UV theory with the inflaton and a single heavy isocurvature mode.

4.1 UV complete parameter set (. = A3 = Ay = 1)

First, we study the heavy mass regime of the UV complete parameter set « = A3 = Ay = 1.
As we discussed, this parameter set is equivalent to the quasi-single field inflation model

M3 1 1
S = /d4x\/—g [QMR — §r28u98“0 — 58#7“8“7“ —Vi(r) = Vot (0) | (4.2)
with the isocurvature potential

min

Vi(r) = g(r2 —r 2. (4.3)
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To derive the inflaton effective action, we neglect the kinetic term of r (since the isocurva-
ture mode is frozen) and complete the square with respective to 72 as

5~ [t F[ PR 20000 + o (0,60°0)° — Vien,(0)

-2 <r + o5 (0,600) — “““)2] . (4.4)

Integrating out r and defining ¢ = r,;n0 gives the following inflaton effective action:

2)\4

I'l’lll’l

2

Seft = /d4x\/jg []W;lR—l— X + X? = Vot (0 /Tmin)] , (4.5)
where X = —f( Mgb) as before. We find that for the UV complete parameter set
a = A3 = M\ = 1, there appear no O(X?) terms in the inflaton effective action after inte-
grating out the isocurvature mode. In other words, the P(X, ¢) model with non-vanishing
O(X3) terms cannot be UV completed by a single heavy scalar in the weakly coupled
regime. Note that the only approximation we have used here is that the isocurvature mode
is heavy m > H. In particular, we have not made any assumption on the size of the mixing
between the inflaton fluctuation and the isocurvature mode.

It is also useful to rephrase our observation in terms of the EFT of inflation [97]. Under
the slow-roll approximation, the effective action of the Nambu-Goldstone boson 7 is given
in the decoupling limit as

, L, @2\ &M, (m2\"
S = / dtd3za® l—ME)lH <7r2— " +ZW —27 — 7% + p . (4.6)

n=2

Here we neglected terms which contain second and higher order derivatives of 7, which is
the same assumption as the P(X, ¢) model. In this language, the effective action (4.5) is

2 r mlne2 92 4 03 4

where the Nambu-Goldstone boson 7w and the fluctuation 46 of the angular variable 6 are
related with each other as 66 = fy7 under the slow-roll approximation. In terms of ro and
m defined in eq. (2.9) and eq. (2.16) (see also section 2.2), we may also write

YN S L BV N S Y (n>3) (4.8)
P14+ = 9 2 = m2 "’ n n=z : :

4.2 General values of a, A3, \4

We have seen that the P(X) model with non-vanishing O(X?) terms cannot be UV com-
pleted by a single heavy scalar in the weakly coupled regime. A natural question to ask is
at which scale we need new physics beyond the two-field UV model (the UV model with
an inflaton and a heavy scalar) when the P(X) model contains O(X?) terms.
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To answer this question, we start with the two-field model (3.2) and assume that the
isocurvature mode o is heavy m > H. Having non-Gaussianity phenomenology in mind,
let us rewrite the action (3.2) in terms of the Nambu-Goldstone boson 7 = ¢/(rofp) as

2

)2 )2 )2
— rob2o l—er — 7?4 (aﬂr)] 9% [—27% R (a”)H . (4.9)

[ ardea®| -8 5 12 - Lo,0 -
S = [ dtd’za (Opm) 2((’%0) V(o)

a2

with the isocurvature potential

1/0\%2 Mg /o\> M\ /o\*
Vie) = m2r2 () <> () O] . 4.10
(0) er[Q o —1—2 o +8 o + O(0”) (4.10)
Assuming that cubic and higher order interactions are in the perturbative regime (its
validity is discussed at the end of the section), we may easily integrate out the isocurvature
o to obtain the effective action (4.6) with the EFT parameters (see, e,g, refs. [98, 99]),
1208

242 24
o 7 To% 4 _ To%
MPIH__Ta MQ_Wa
and similarly for M2 (n > 4). As expected, My vanishes for the UV complete parameter
set o = A3 =X\g = 1.
To discuss implications to non-Gaussianities, let us rewrite the effective action as

2 7 )2
Seft = / dtdza® [ - MeH <7’r2 _ 2o )

2 s 42
cs a

a 3¢c2

+ MEH (72 -1) <7'r(8”2r)2 - (1 + 263) 7‘r3> + (’)(7r4)] . (4.12)

where the speed of sound ¢s; and the dimensionless parameter ¢s are defined by

2ME 62

—2 2 0

=1 _=1440 4.13
s M3 H + m2’ (4.13)
o 2¢2 M# 3 _

&(c;?—1) = 51%1 3 = 1 s—a) Ae? —1)2. (4.14)

In this language, the power spectrum is given by

S\ 2
1 H* 6o HY
Pr=— — =4 |1+4| = | —. 4.15

N TR ERETTEN g (m) )] 19

Also, the nonlinearity parameter fyy, reads

85 10 3
=— (e -1 [ — <~ = 2)] . 4.16
fa == (7= 1) |57 + 55 (3 + 5% (4.16)

See figure 8 for the current observational constraints on the parameters (cs, é3) [100].
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Figure 8. The dark blue, blue, and light blue regions are the observationally allowed regions
on the c,-3(c;2 — 1) plane with the statistics of 1o, 20, and 30, respectively [100]. The orange
curve is a benchmark plot of the relation (4.20) for m = 30 H and A = 1000 H. The inside of the
orange curve corresponds to m = 30 H and A > 1000 H. The cutoff scale is determined by Agp, for
cs < cs ~0.15, whereas A = Asp¢ for ¢; > ¢ ~ 0.15.

Scale of new physics. In the previous subsection, we demonstrated that the EFT with
a nonzero ¢3 cannot be UV completed by a single heavy scalar. Now let us discuss a relation
between the value of és and the scale of new physics beyond the UV two-field model. As
in eq. (4.14), ¢ is sourced by a cubic self-coupling A3 of the heavy isocurvature mode and
a curvature « of the two-field space.

First, let us consider the case when A3 # 1, but o = 1:
~ , -9 3 -2 2.2
(e = Dl = S — (e — 1% (4.17)

Then, it can be rephrased in terms of the cutoff scales (3.25)-(3.26) as

HO(ez2 — 1)2e? (2% 1079\
~ —2 13 S S
c3(c;”—1)| ~3x 10" - . , 4.18
|e3(c; )| M5 R, 2 (4.18)
s (2x1079)\’
E3(c;2 —1)| ~2x 10'8. : ( ) : (4.19)
5 mGA%pt PC

We find that six-point scattering provides a stronger constraint for small c¢s, whereas five-
point scattering gives a stronger one for ¢s ~ 1. Then, the relation between ¢3 and the
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cutoff scale A is given by

HS(c—2 -1 1/2 1/2 2% 1079 3/2
3 x 101 (< e (2 for cg >k,

L moA P
|es(cg® —1)| ~ . N (4.20)
H 2 x10™
92 % 1018 . A2 . ( PC ) for ¢ < C;,
where the critical speed of sound ¢ for a fixed cutoff scale A is determined by'?
H* 2x107°
-1 ~ 9 . .

()" —ct~6x10 A P (4.21)

For illustration, the relation (4.20) for m = 30H and A = 1000H is provided in figure 8.
Next we consider the case when a # 1, but A3 = 1. Then, the cutoff scale is dictated
by four-point scattering as eq. (3.29), which gives

o 3 _
les(c;? = 1)| = 2o 1(cs? = 1)%c;

40 -2 -9
~1x 100 A —es (2 x 10 ) : (4.22)

m? Aipt Pr

We also find ¢,-dependence which is analogous to 6y dependence of the relation (3.30). The
relation (4.22) for m = 10 H and A = 300 H is provided in figure 9.

Perturbativity. Finally, we comment on the validity of the dictionary (4.11). In the
heavy mass regime m > H, the equation of motion of the isocurvature o is approximated
around the Hubble scale as

)2 )2
o__% [—27% 24 0m) ]

0 m2 a?
3 o\? 02 o (0;m)?
— (=) —a%= |27 — 72 . 4.23
2 3(1"0) am%‘o[ A il B (423)

where the dots stand for cubic and higher orders in perturbations. The dictionary (4.11)
was derived by assuming that the second line is smaller than the first line, which is justified
if the following conditions are satisfied:

3. 62 o (0m)?
|2/\3Tn2 [—2W—W +7

9'2 O 2
<1, ‘an; [—27% N (;7;) < 1. (4.24)

By noticing the linear order relation { ~ —H7 and the smallness of the scalar power
spectrum Py ~ 2 X 1079, these conditions imply

~ =2 2 5 1-— cf
)c?,(cs - 1)\ =3(1-) (N —a) 2| < A (4.25)

12The corresponding value & of & is given by

_ B H4 *—2_1 * -9
S o1y =4 x 108 (e Jer  (2x 10771
4
m
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Figure 9. The dark blue, blue, and light blue regions are the observationally allowed regions on
the cs-3(c; 2 — 1) plane with the statistics of 1o, 20, and 30, respectively [100]. The orange curve
is a benchmark plot of the relation (4.22) for m = 10 H and A = 300 H. The inside of the orange
curve corresponds to m = 10 H and A > 300 H.

If we estimate the size of ¢ as ¢ ~ PC1 / 2, the right hand side is O(10%) in the regime of our
interests. Therefore, the dictionary (4.11) provides a good approximation at least within
the regime allowed by the present observations.

5 Summary and discussion

In this paper we studied implications of perturbative unitarity for two-scalar inflation
models with the inflaton and one massive scalar. When the massive scalar has a Hubble
scale mass m ~ H, the model is classified into quasi-single field inflation, which is of
interests especially in the context of Cosmological Collider Program. While it has been
expected that observable non-Gaussianities with |fxr,| 2 1 are sourced by the cubic self-
coupling of the isocurvature mode, we have shown that non-Gaussianities sourced by the
cubic coupling are too small to observe when the iscovurvature potential is renormalizable.
In other words, observable non-Gaussianities with |fxi,| 2 1 require new physics at a higher
energy scale. We determined the scale of new physics as eq. (3.28) based on perturbative
unitarity. Interestingly, we found that for H > 6 x 10° GeV (V/* > 2 x 10 GeV), Planck
suppressed operators can easily generate too large non-Gaussanities and so it is hard to
realize successful quasi-single field inflation without introducing a mechanism to suppress
quantum gravity corrections. It would be interesting to explore such a UV mechanism
explicitly. On the other hand, for H < 6 x 108 GeV (V/* < 5 x 103 GeV), observable
non-Gaussianities |fnp| 2 1 (blow the present upper bound) can be generated by a new
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physics around the scale (3.28).13 Our result thus identifies the scale of the new physics that

3 sourcing observable non-Gaussianities. Besides,

generates the effective cubic interaction o
we also performed a similar analysis for non-Gaussianities sourced by the cubic coupling
associated with the field space curvature, whose results are summarized in eq. (3.30).

When the massive scalar is heavy m > H, the inflationary dynamics is captured by
the effective field theory of the inflaton. Using perturbative unitarity, we identified the
parameter space of the P(X, ¢) model scanned by two-scalar UV models. In particular,
the cubic and higher order terms in X cannot be generated at IR unless we introduced
new physics beyond the two-scalar UV model. The scale of such new physics beyond
the two-scalar model can again be identified by perturbative unitarity and the results are
summarized in egs. (4.19)-(4.22). It would be interesting to generalize our analysis to UV
models with multiple scalars and clarify which parameter space of the P(X, ¢) model can
be UV completed by scalar field theories. It would also be interesting to include heavy
spinning fields in the discussion. By pushing this direction further, we would be able to
enlarge the scope of the cosmological collider to higher energy.
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A Evaluation of cutoff scales

In this appendix, we derive the cutoff scales from unitarity of partial wave amplitudes
taking care of numerical coefficients. For this purpose, it is convenient to use a canonically
normalized basis of initial/final states which satisfy

(A|B) = (2m)*6*(pa — pB)d.as , (A1)

where A, B are discrete labels of the states. In such a basis, the unitarity bound for elastic
scattering reads

[Mgal <2, 0<ImMyg<2, —1<ReMygqa<l. (A.2)
Similarly, the bound for A # B reads

|Map| < 1. (A.3)

13Indeed, it is not difficult to embed such an effective o interaction into a model with an additional
heavy scalar ¥ with the mass M > H. For example, one can achieve this by introducing a linear mixing
0¥ and a cubic self-coupling 2 (to be precise, one needs to introduce a liner mixing through X (2roo + o)
to maintain renormalizablitiy). Note that in contrast to o3, the ¥ coupling is renormalizable by itself since
¥ has no kinetic mixing with € and o, so that there is no constraint on it at least if one allows fine-tuning.
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A.1 Four-point amplitude

We first derive the cutoff scale from unitarity of four-point scattering amplitudes, whose
partial wave expansion reads

o0
M(s,t) = 167 Y ay (E2,) (20 + 1) Py(cos0). (A.4)
n=0
Here E.. is the total energy in the center-of-mass frame, 6 is the scattering angle, and
P,(x) is the Legendre polynomial. By employing the angular momentum eigenstates as a
canonically normalized basis, the bound (A.3) for non-elastic scattering process is trans-
lated in terms of the partial wave amplitudes a,, as

1
|an(Eem)| < 3 (A.5)
where we assumed m < FEg. For elastic scattering, we may use (A.2) to derive the
following bounds:

1 1
|an(Ecm)‘ <1, 0 <Imay,(Fem) <1, D) < Rean(Eem) < 3 (A.6)

Now we apply these bounds to 2 — 2 scattering given in eq. (3.16). First, for oo — p¢
scattering, the amplitude is expanded as

EZ,
Moo gy = —(a = 1)=5* + O(EL.), (A7)
0
which gives the partial wave amplitudes,
2\ _ (o= VEZ, 2\ _
ao (EZ,) = - oz e o (B2,) =0 (n>1). (A.8)
Then, eq. (A.5) implies the following cutoff scale:
AO’U—)QOQO =2V2 ‘ 1’1/2 (Ag)
Similarly, for o — o scattering, the amplitude reads
—1)E? —1)E?
Mygre = = D (= Dl p c059) + 085, (4.10)

27“3 27“0
which gives

_(a—1EZ, 2\ (a—1EZ by
)_ng’ “1<Ecm>—_wa an(Ecm)—O (n>2).

(A.11)

Note that for this process the S-wave amplitude ag provides a stronger bound than a;.
Then, eq. (A.6) implies the following cutoff scale:

Agaa—ww' - 4[ ‘ 1‘1/2 (A12)
We conclude that the cutoff scale dictated by four—pomt scattering is

Aupy = 2V27 - (A.13)

|oé_1|1/2
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A.2 Five-point and six-point amplitudes

Let us perform a similar argument for five-point and six-point amplitudes. For simplicity,
we focus on the S-wave amplitudes and introduce the following zero angular momentum
states (see also ref. [23]):

|Pi1g116) = Co, / d'2e* [gO(@)] " [o O )] " 0) (A.14)
ne+ng &p; »
= Cnyn, 1:[ [/ QE(I%)(QW)?’] (2m)%6 <P— ;m) P1s " Prgtng) s
where the (n, +ng)-particle state [p1,--- , pn,4n,) is defined in the standard manner. Also

cp(*) is the creation operator part of ¢,

d3 1 ,
(=) — p —ip.x T
o\ (x) / on) 2E(p)6 al s (A.15)

and similarly for (7). C, oo 18 the normalization factor defined as

_ NNg! WHLG l/ @ pz ] (2m)tst (P Zp) (A.16)
Crpmo > 7 2E(p

such that the states are canonically normalized:

(P g,y | Pyng, ng) = (2m)i64 (P’ — P)on,m

7]

By, (A.17)

More explicitly, Cy,, n, for ny, +ne = 2 and ny, +n, = 3 are given by

8

|Cm,,ng|2 N 177; | for ny+n, =2, (A.18)
p-lbto-
167 47\ 2

Crena* = (Em> for g +ne =3 (4.19)

In this language, the S-wave amplitudes are read off by projecting the initial/final states
onto the zero angular momentum states (A.14).

Five-point amplitudes. Now, we are ready to evaluate the cutoff scales from S-wave
amplitudes. First, let us consider five-point scattering amplitudes. In the main text, we
considered two amplitudes Myoppp and Mypppp. While both of them break the unitarity
bound at high energy for generic EF'T parameters, high energy behavior of Mys4,, depends
not only on « and As, but also on A4, which does not source bispectra. Therefore, it is not
useful for exploring implications for the bispectrum fyr,.'* On the other hand, Moo
has no A\s-dependence and so it is useful for the study of the bispectrum. Hence, we focus

4 Besides, high energy behavior of Mysoep, is dominated by the nonrenormalizable operator o®(d,¢)?
associated with the field space curvature, which we did not include in the main text. Note that one might
wonder that Myppe, is also affected by a similar operator o@?(d,¢)?, but it is prohibited by the shift
symmetry of ¢. Moreover, high energy behavior of this operator is as mild as the non-derivative interaction
o, essentially because these two are related to each other by partial integrals and field redefinition.
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on Mypppp for the estimation of the cutoff scale in this paper. Also, in the regime of our
interests, it is easy to see that the strongest unitarity constraint on o — 1 is obtained from
four-point scattering, rather than five-point and six-point scattering, so that we set o = 1
and focus on the effect of A3 — 1 in the following discussion.

Then, let us consider the S-wave amplitude associated with M,,ppp. First, let us
consider op — pp scattering. By using eq. (3.20) and eq. (A.14), the S-wave component
of the scattering amplitude My, reads

s
Méso)—ww

5 3
d°p;
=C1,1C3p z:l_[l l/ W] (2m)*6* (p1 + p2 — P)(27m)" 6% (3 + pa + p5 + P) Mooy,

o 9 m2 (1 — )\3)
644372 re

Een +O(EL)). (A.20)
Similarly, the S-wave component of My, reads

Mcgizp_)<p¢:_ \E/{ 2m2 ()\:33—1)
6427 L)

Eem +O(EL). (A.21)

Then, the unitarity bounds |M£i)—><p<p<p| <1 and ]Méi)@_ﬂpﬂ < 1 imply the cutoff scale as

64+/272 g
9 m2]/\3 - 1‘ ’

A5pt == (A22)
Six-point scattering. Finally, let us look at six-point amplitudes, among which the
relevant one for our purpose is My,pppe given in eq. (3.23). The S-wave component for

PP — pep scattering is

M(S) 15 m2(/\3 - 1)

— 2 0
ppp—ppe — 51273 7"(% Ecm + O(Ecm) : (A23)

Then, the unitarity bound |Re Méi)cp%wpwp‘ < 1 implies the cutoff scale as

16y/27%/2 re
V15 mlag — 112

Aﬁpt = (A.24)

B Field redefinition for amplitude computation

In this appendix we summarize field redefinition useful for the computation of scattering
amplitudes. Essentially because we are interested in high-energy scattering E > m, \90|,
one may explicitly show that terms which contain y are irrelevant for evaluation of the
cutoff scale. Then, it is enough to analyze high-energy scattering in the following setup:

a—102 9

%(8%0)

2
S = /dtdsxa?’ l—; (1 + :) 00t — %8M08“0 - —-V(o)| . (B.1)
0
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To simplify the computation of scattering amplitudes, we perform the field redefinition,
(ro + 0)e?/™ = 1o + o1 + itpa, (B.2)

or in other words,

Y2
o=1/(ro+¢1)2+ @3 -1, = rgarctan . B.3
Voot +e3—r. o o (B.3)
Note that at the linear level we have 0 ~ 1 and ¢ =~ (3, so that scattering amplitudes of
o and ¢ are identical to those of ¢; and s.

Derivative interactions. We begin by the first two terms in eq. (B.1), which can be
reformulated by the field redefinition (B.2) as

1

2 1 1
2 (1 - U) Bupd'p — 0u00a = —=(9p1)” — 5 (92)*. (B.4)
2 0 2 2

1

2
Note that it is simply a canonical kinetic term without any interaction. On the other hand,
the third term in eq. (B.1) reads

a—10?
T 27 (H,0)?
2 Tg( 2
2
a1 (\/(7“0 + 1) + 3 — 1) (aurg(fél)
2 r% @2 2
(1 T (7’0+391)2)
a—1|¢? 2 | 208 + o193 s 20102 "
=3 p(amﬁz) + T—g(auw) -3 (Oup10"p2)
0 0 0

30} — i3 + 105 60302 — 20103 T3
|39 7}4 24 1925 0n)” + W(a}#plg}u@z)_‘_ @;Z% (Bu1)?
0 0 0

+ 0. (B.5)

Therefore, derivative interactions appear only when the field space curvature is nonzero. In
this expression, e.g., the O(FE?) contribution to the four-point amplitude (3.16) is sourced
only by the four-point contact vertex presented in the first term of the third line. Similar
simplification occurs when we evaluate more general amplitudes too.

Isocurvature potential. Next, let us take a look at the isocurvature potential,

V() =V (iro+ e + 3= o) (B.6)

with a parameterization

1 o2 o3 ot
V(o) = §m27“3 [rg tAs gt ol (B.7)
0 0 0
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More explicitly, we find

1 2 3 2 44 9,22 4
V(o) = §m2r§ % s ‘1;;014/?2 Lot ‘Zifz + ¥
0 0 0

As =1 oo 0t 301w | 320008 +eiph 1120105 — 5¢ip; + ¢
O3 2 rd 4 ro 8 r8
0 0 0 0

M~ 1 of Lot 1 —dptes + 3pip]
’rg [ri+2 ;52+§ ! Zrﬁ L2+ 0(¢)), (B.8)
0 0 0

from which it is obvious in particular that non-renormalizable interactions do not appear

when o = A\3 = A4 = 1 is satisfied.

In the main text, we provided Feynman diagrams before the field redefinition for

illustration. However, the expressions (B.4), (B.5), and (B.8) simplify the computation of

scattering amplitudes a lot (the results are of course invariant under field redefinition).
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