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The small cosmic microwave background (CMB) amplitude As � 10−9 (or small temper-
ature fluctuation δT/T � 10−5) typically requires an unnaturally small effective coupling
of an inflaton λφ ∼ 10−14. In models with non-minimal coupling ξ , extra suppression of
the amplitude, e.g. by the inflaton’s large field values, usually allows λφ to be much larger,
but at the price of ξ � 1. Although the difficulties have not been strictly quantified, mod-
els with λφ � 1 or ξ � 1 are harder to build. We show that the absence of new physics
signals at TeV scale can suggest a relatively small ξ � O(1–100) with λφ � O(10−4–10−8),
while constraining larger ξ with larger λφ more strongly. Above all, this is possible by a
connection between low- and high-energy physics that can be made in scenarios where the
U(1)X Higgs is an inflaton at a high scale while its renormalization running also induces
the Coleman–Weinberg mechanism for the electroweak symmetry breaking at a low scale.
The best TeV-scale signals are Z

′
resonances and Higgs signal strengths. We further find

the connection particularly useful since the Z
′
mass is upper bounded in order to produce

the correct As and the weak scale simultaenously. Utilizing the intriguing upper bounds, we
work out the prospects for LHC 13 and 100 TeV pp colliders probing the parameter space
of the small CMB amplitude in such a model.
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1. Introduction
Although slow-roll is almost an inevitable requirement of inflation, the observed small temper-
ature fluctuation in the universe (or, more precisely the small cosmic microwave background
(CMB) amplitude) is not. Slow-roll inflation could have explained homogeneity, causality, and
the quantum origin of density perturbations without predicting the small CMB amplitude.
The observed δT/T ∼ 10−5 (or As ∼ 10−9) [1,2] is typically translated to λφ ∼ 10−14 � 1 for
an effective quartic potential description V = λφφ4/4 of an inflaton φ. Such a small coupling
is seemingly unnatural even though it is not a necessary prediction of slow-roll. Why is our
universe realized so? Could this small CMB amplitude be related to other physics?

Anthropically, it has been argued that if δT/T were larger too many black holes would have
formed, while if smaller there would have been too little structure within the age of the universe
[3]. It has even been argued that smaller δT/T is more likely realized since it usually requires a
flatter inflaton potential, inducing longer inflation and exponentially more Hubble patches [4].
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Higgs inflation has shed some light in this regard. The measured Higgs boson mass (com-
bined with the top quark mass) surprisingly implies an almost vanishing Higgs potential near
the Planck scale [5–9], via the renormalization group (RG) evolution in the Standard Model
(SM). This not only made the electroweak vacuum possibly metastable, but also made the case
for the Higgs boson as an inflaton [10–13] more plausible. As the first derivative of the Higgs
potential is also expected to vanish near the same scale, some of the slow-roll conditions as well
as the small potential height are automatically satisfied. Although Higgs inflation in its minimal
form in the SM is not completely successful (so is generalized with an approximate inflection
point [14–18], or a non-minimal coupling ξ [19–28], or various other features [29–33]), it be-
came apparent that the small CMB amplitude may have some connections with other physics
at distant energy scales.

Further, attempts were made to explain this interesting coincidence between high- and low-
energy potential shapes by the multiple point principle [34–44] (i.e. why we seem to have almost
degenerate minima at the electroweak and Planck scales) or by classical conformal invariance
at the Planck scale (i.e. why the dimensionful Higgs quadratic term almost vanishes there).
These hypotheses triggered the possibility of all the dimensionful parameters in the SM being
induced by RG evolutions. In particular, electroweak symmetry breaking (EWSB) was suc-
cessfully induced even starting from a vanishing Higgs potential (all potential terms vanish
at the Planck scale) just with an additional U(1) gauge symmetry, a charged fermion, and a
symmetry-breaking scalar [45,46]. Also, it was shown that RG evolution can be used to real-
ize (saddle-point) inflation together with the spontaneous symmetry breaking of U(1)B − L at
a low scale [16–18,47]. In other words, models that can realize the Coleman–Weinberg mech-
anism with the assumption of an (almost) vanishing scalar potential at the Planck scale are
compatible with inflation because they naturally predict a flat potential at high-energy scales.

Along this line, we study whether the small CMB amplitude can have meaningful connections
or correlations with low-energy physics in the models where the φ inflaton’s renormalization
running induces both slow-roll inflation and radiative breaking of the electroweak symmetry
(the Coleman–Weinberg (CW) mechanism). These well-measured high- and low-energy physics
may induce non-trivial constraints on φ through perturbative quantum corrections (RG evo-
lutions). See also Refs. [48–50] for similar directions where the connections between inflation
predictions and low-energy (collider) observables were discussed. One of the novelties of our
study is utilizing the maximum Z

′
mass allowed by the CW mechanism (see Section 4 for the

details). In Section 2 we start by introducing our model and describing the CW mechanism,
then in Section 3 we match this model to simple inflation models, and in Section 4 we interpret
low-energy searches to the constraints on the parameter space of the inflation sector that can
explain the small CMB amplitude.

2. The Coleman–Weinberg mechanism with U(1)X

Our model consists of the CW mechanism for EWSB with vanishing dimensionful parameters
at MPl. This may represent one class of resolutions to the Planck–weak hierarchy problem.

The CW mechanism is realized with an additional U(1)X, a linear combination of U(1)B − L

and U(1)Y hypercharge, parameterized by x as

X = (B − L) − xY . (1)
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This model in our framework was worked out in Ref. [45] (including RG equations), with two
small but necessary changes discussed below. To summarize, one generation (for simplicity) of
right-handed neutrino νR and the SM-singlet scalar � with X(�) = 2 are introduced, having
Yukawa interactions

L � −yν 	̄νRH − yN (νR)cνR� (2)

and scalar potentials and the portal mixing

V = m2
H |H |2 + m2

�|�|2 + λh|H |4 + λφ|�|4 + λhφ|H |2|�|2. (3)

In this work, quadratic terms vanish at MPl: m2
H (MPl) = 0 and m2

�(MPl) = 0, and they are not
even RG induced at lower scales (since we work with a mass-independent scheme of dimen-
sional regularization) but only by spontaneous symmetry breaking, as will be discussed. We
use the unitary gauge with H = h/

√
2 and � = φ/

√
2.

The one-loop CW effective potential of φ is

V (φ) = 1
4
λφ (MPl)φ4 + φ4

64π2

(
10λ2

φ + 48g4
X − 8y4

N

)
ln

φ2

M2
Pl

+ �V. (4)

This can also be approximated in terms of the running coupling λφ(φ) as

V (φ) � 1
4

(λφ (φ) + C)φ4 + �V, (5)

with the running

λφ (φ) � λφ (MPl) + βλφ
ln

φ

MPl
. (6)

We use the MS scheme C = 0 so that λφ(MPl) directly measures the CMB amplitude
As∝λφ(MPl),1and �V will be determined soon. MPl is assumed to be the high-energy inflation
scale, for simplicity. The form in Eq. (5) is convenient in matching the potential at the inflation
scale. It is a good approximation to the correct Eq. (4) as the field-strength renormalizations,
not explicitly appearing in Eq. (4) and denoted by ··· in

(4π )2βλφ
= 20λ2

φ + 96g4
X − 16y4

N + · · · , (7)

are small: O(λφg2
X , λφy2

N ).
The potential is minimized at vφ (U(1)X spontaneously broken) when

λφ (vφ ) = −
(

βλφ

4
+ C

)
= − 1

64π2

(
20λ2

φ + 96g4
X − 16y4

N

)
(vφ ), (8)

where C = 0. This requires λφ (vφ ) ∼ g4
X , y4

N � g2
X , y2

N , and such a hierarchical structure can
be RG induced. Consequently, vφ is exponentially suppressed compared to MPl by dimensional
transmutation,

vφ � MPl e− 1
4 exp

(
− 4π2λφ (MPl)

24g4
X (MPl) − 4y4

N (MPl)

)
, (9)

resolving the hierarchy problem; this is the CW mechanism. The symmetry breaking is subse-
quently transmitted to the SM Higgs potential through the portal mixing as

m2
H (vφ ) = 1

2
λhφ (vφ )v2

φ. (10)

1In Ref. [45], focusing on the CW mechanism for the EWSB, C = − 25
12βλφ

(vφ ) was chosen by the renor-

malization condition at low energy ∂4V
∂φ4

∣∣∣
φ=vφ

= 6λφ (vφ ). C effectively only shifts the value of λφ .
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Thus, the negative λhφ(vφ) is needed to break the electroweak symmetry too; such a negative
value will also be RG induced—see Eq. (27). The electroweak vacuum expectation value vEW

≡ 〈h〉 is finally defined as

vEW =
√

−m2
H (vEW)

λh(vEW)
, (11)

which is required to be 246 GeV.
The potential at the minimum φ = vφ is

V (φ = vφ ) = v4
φ

4
(λφ (vφ ) + C) + �V = − v4

φ

16
βλφ

(vφ ) + �V, (12)

where the second equality used the minimization condition Eq. (8) and holds independently
of C. The potential is non-zero and negative (βλφ

(vφ ) > 0) without �V. Thus, we set �V =
+ v4

φ

16βλφ
(vφ ) to make it zero and avoid unnecessary dark energy. This also necessarily affects the

potential height at the inflation scale, but as discussed in the next section this is negligible at the
inflation scale.

By this mechanism, even a strict flatland scenario starting with λφ(MPl) = 0 and λhφ(MPl) =
0 can successfully induce EWSB [45,46]. λφ has to be positive before it breaks U(1)X so that
βλφ

< 0 at high scales, but λφ must become negative to break U(1)X, requiring βλφ
to flip its

sign at some intermediate scale. This flip is achieved by the fine interplay of bosonic gX and
fermionic yN contributions to the beta function,

(4π )2βλφ
� 96g4

X − 16y4
N, (13)

with their respective running

(4π )2βgX �
(

12 − 32
3

x + 41
6

x2
)

g3
X , (4π )2βyN � 6yN

(
y2

N − g2
X

)
. (14)

As a result, for almost any gX(MPl) there exists a unique solution yN(MPl) for successful EWSB.
The resulting collider phenomena depend on the value of gX(MPl). As shown in Ref. [45],
the smaller gX(MPl) is, the smaller the corresponding yN(MPl) is. And, more relevantly, MX =
2gX(vφ)vφ becomes larger and the Higgs mixing angle smaller (among many observables). But
there is no definite range of such predictions since any value of gX(MPl) can induce EWSB.
This is one crucial difference of our work.

In this paper, above all, we relax the condition λφ(MPl) = 0 in order to also explain inflation
with the inflaton φ. As will be discussed, this brings definite ranges of low-energy predictions,
leading to an intimate connection between high- and low-energy physics. Reference [47] consid-
ered such a scenario but with a different focus; Refs. [17,18] without EWSB. Later, we also relax
λhφ(MPl) = 0, mainly to explore the dependence of our conclusion on this model parameter. A
wider range of x is then allowed (see Ref. [46] for the allowed narrow range in a flatland), but
only x ∼ 1 will be considered to avoid too-large X charges; models with x = 4/5 and 2 can be
obtained from the SO(10) grand unified gauge group.

3. Inflation models for interpretation
In this section we introduce benchmark models of inflation that are simple enough to represent
a large range of models and allow simple interpretations of low-energy results. The inflaton
potential must also match the CW potential in Eq. (4) at low energy.2

2We assume here that the B − L scalar φ is the main inflaton field and that the Higgs field does not play
any roles during the inflation in order to connect the inflation and the low-energy collider observables
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We start with a quartic chaotic inflation (as a warm-up and to show some basic features):

V (φ) = λφ (μ = φ)

4
φ4 + �V, (15)

where λφ (μ = φ) is the running quartic coupling evaluated at μ = φ. This potential obviously
matches the CW potential in Eq. (5) at low energy, again up to small field-strength renormal-
izations. We first show that the effect from �V introduced in Eq. (5) and determined in Eq. (12)
is negligible. By rewriting the potential as V + �V = λφ

4 (1 + δ)M4
Pl, the fractional correction

δ ≡ �V
V (MPl)

= βλφ
(vφ )

4λφ (φI )

(
vφ

MPl

)4

� 1 (16)

is negligible for only mildly suppressed vφ � MPl because βλφ
∼ g4

X ∼ y4
N and λφ(MPl) =

10−4, −8, gX = 10−3 ∼ 10−1, are relevant in this work (see the next section).
This simple model shows that the CMB amplitude directly measures the potential height at

the inflation scale,

As = 1
24π2

V

M4
Pl

1
ε

� 5.76 × 105 λφ (MPl)
π2

, (17)

so that very small λ � 4 × 10−14 is needed to explain the observed Planck 2018 data [1,2],

As = 2.101+0.031
−0.034 × 10−9 (68% confidence level (CL)), (18)

where the CMB observables are evaluated at the pivot scale k∗ = 0.05 Mpc−1 with N = 60. But
this minimal model predicts too large a tensor-to-scalar ratio r,

r = 16ε � 16
N

, ns = 1 − 6ε + 2η � 1 − 3
N

, (19)

compared to the Planck data:

r < 0.056 (95%CL),

ns = 0.9665 ± 0.0038,
dns

d ln k
= 0.013 ± 0.024 (68% CL). (20)

3.1 Inflation with non-minimal coupling
Our main benchmark model is the quartic potential with a non-minimal coupling ξφ2R/M2

Pl

(with dimensionless ξ > 0) between inflaton and gravity [10,19–28]. This model is known to
realize successful inflation, and the single new parameter ξ allows easy interpretation of our
results.

This model works as ξ effectively suppresses the quartic potential at the inflation scale,

VE = λφ

4
φ4

�4
, �2 = 1 + ξ

(
φ

MPl

)2

> 1, (21)

where the subscript E refers to the Einstein frame; a canonical normalization of φ brings ad-
ditional modifications but this is the basic structure. Thus, ξ becomes effective for large-field
inflation φ � MPl/

√
ξ . In this limit, similarly to the conventional Higgs inflation case, the CMB

observables are

r � 12
N2

, ns � 1 − 2
N

, As � λφ (MPl)N2

72π2ξ 2
. (22)

such as the Z
′
mass. (See also Refs. [51–53] and references therein for a singlet scalar extension.) The field

(parameter) space where the Higgs field plays the role of dominant inflaton is less attractive because the
inflation prediction is not necessarily related to the symmetry-breaking sector. We will also discuss such
a field (parameter) space in a future investigation.
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Not only can r and ns be consistent with the Planck data, but we also obtain the following
relation between λφ (MPl) and ξ by the CMB amplitude As � 2.1 × 10−9 in Eq. (18):

λφ (MPl)
ξ 2

� 4.1 × 10−10
(

60
N

)2

. (23)

The larger λφ(MPl), the larger the field value at the inflation scale, and hence larger suppression
by ξ is needed.

How large or small values of ξ are natural, or most preferred? Since we do not specify a
fundamental theory that might be able to calculate the value of ξ , it is naively reasonable to
consider ξ ∼ O(1) as a natural value. If we restrict ξ � 100, for example, the required size
of λφ(MPl) � 10−6 can be significantly larger (hence, more natural or likely) than the naive
translation 10−14 mentioned in the introduction, albeit still too small to be perfectly natural. On
the other hand, there exists a lower bound on ξ . In the limit of ξ → 0, the theory asymptotes
to a pure quartic potential, which is inconsistent with observations as discussed in Eq. (19).
We have numerically checked that ξ � 0.01 in order to be consistent with CMB observations;
the above large-φ approximation starts to break down for ξ � 0.1 (or λφ(MPl) � 10−11). It
is also possible for λφ ∼ O(1) to be natural with much larger ξ ∼ 105, but usually too-strong
interactions can produce various unexpected corrections too. Thus, we will regard 0.01 � ξ �

100 (or 10−12 � λφ(MPl) � 10−6) as the most desired (natural and comfortable) parameter space
of inflation. Later, we will see that this is exactly the parameter space that is preferred by the
low-energy constraints.

Lastly, we comment on the reheating after inflation. In usual U (1)X models, the transfer of
energy from inflatons to radiation can occur through perturbative decays, φ → Z′Z′ (νRνR),
or non-perturbative particle production caused by the oscillation of φ. For λφ (MPl) � 10−3

(or ξ � 103), the qualitative behaviors of the preheating are expected to resemble those of
Higgs inflation because φ couples to Z′ (νR) in a similar way to H coupling to W, Z (νR). Thus,
the reheating can occur instantaneously and the reheat temperature TR can be high, O(ρ1/4

inf ) =
O(λ1/2

φ MPl/ξ
1/2) [54–57]. On the other hand, for λφ (MPl) � 10−3 (or ξ � 103), the U (1)X gauge

coupling gX can become much smaller than the SM gauge couplings. Such a small coupling
prevents rapid perturbative decays of Z

′
into SM fermions as well as reducing the efficiency of

parametric resonances. But some conventional studies [58,59] still predict a sufficiently large
reheat temperature,3 and Ref. [60] shows that the existence of higher-dimensional operators
such as (∂φ)4/(MPl/

√
ξ )2 can significantly alter the preheating dynamics. Thus, (p)reheating

with non-minimal couplings is model dependent, and more dedicated estimates are beyond the
scope of this paper.

3.2 α-attractor models
The α-attractor model [30–33] is another benchmark model. Its inflation predictions are uni-
versal as long as the inflaton potential is smooth around the pole φ = √

6MPl of the kinetic

3For example, Ref. [58] shows that for ξ ∼ 1(λφ ∼ 10−8) and gX ∼ 0.01, the ratio of energy densities
between Z

′
and φ is roughly given by ∼10−4(2.7) j/

√
j, where j is the number of zero crossings of φ. This

becomes O(1) for j ∼ 10, which corresponds to large radiation energy ρR ∼ ρφ ∼ λφM4
Pl/(6π2ξ 2 j2) ∼

(10−3MPl)4.
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term. The predictions are

r � 12α

N2
, ns � 1 − 9α

2N2
− 2

N
, As � V0N2

18π2αM4
Pl

, (24)

whereV0 is the height of the inflaton potential at φ = √
6MPl. In the case of the quartic potential

in Eq. (15), we have

As = λφ (MPl)N2

2π2α
, ∴

λφ (MPl)

α
� 1.2 × 10−11 ×

(
60
N

)2

, (25)

where the running of λφ (φ) is neglected. Thus, as in the non-minimal-coupling case, α is deter-
mined as a function of λφ (MPl). From the ns data in Eq. (20) α � 10 at the 2 σ level, and hence
λφ(MPl) � 10−10. Thus, the allowed values of λφ(MPl) are somewhat smaller than those of the
non-minimal-coupling case.

As for the preheating, it was found that the effective mass of φ becomes tachyonic after in-
flation [61], so that careful analysis is often necessary to estimate particle production and the
resulting reheat temperature; see, for example, Refs. [62–64] and references therein.

4. Probing the small CMB amplitude by low-energy physics
4.1 Main reason for low-energy probes of high-energy physics
The most crucial reason for the existence of this intriguing connection is that for given λφ(MPl)
�= 0 there exists a maximum MX (the strongest low-energy constraints among many observables)
consistent with successful EWSB. Consequently, a definite range of λφ(MPl), which is directly
related to the CMB observables at the inflation scale, can be probed with low-energy constraints
on MX.

The explanation begins with the existence of the minimum gX(MPl) for a given λφ(MPl) �= 0.
A smaller gX(MPl) generally induces smaller (negative) RG corrections to λhφ (λhφ(MPl) = 0) so
that a larger vφ is needed to produce a correct vEW = 246 GeV from Eqs. (10) and (11),

vEW ∼
√

− λhφ (vφ )
λh(vEW )

vφ � vφ, (26)

where the last inequality is due to |λhφ| � λh ∼ 0.1. A larger vφ needs larger 24g4
X (MPl) −

4y4
N (MPl) in the dimensional transmutation of vφ in Eq. (9). In any case, too small a gX(MPl)

would require too large a vφ � MPl to be realized in this model, hence the existence of the
minimum gX(MPl).4The existence is proved numerically in Fig. 1, where the minimum gX(MPl)
is marked with a square dot for each λφ(MPl) and for each x = 4/5 and 2. The values of the
minimum gX(MPl) depend weakly on x, as the exponential dimensional transmutation of vφ

does not strongly depend on x.
The minimum gX(MPl) leads to the maximum MX for a given λφ(MPl), because the smaller

gX(MPl) corresponds to the larger vφ, as discussed (see also Ref. [45]). Since vφ depends exponen-
tially on gX, the resulting MX = 2gX(vφ)vφ is larger (Higgs mixing smaller). Thus, the minimum
gX(MPl) is translated to the maximum MX, as also shown numerically in Fig. 1. Moreover, a
larger vφ � vEW leads to smaller Higgs mixing corrections to Higgs couplings. The values of the
maximum MX depend on λφ(MPl) and x. First, a larger λφ(MPl) typically needs a larger gX(MPl)
to RG-drive λφ negative (for symmetry breaking). This also necessarily induces a larger portal

4Note that Eq. (9) depends directly on λφ(MPl) so that this argument does not directly apply to flatland
scenarios with λφ(MPl) = 0.
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Fig. 1. MX (left) and Higgs mixing sin θ (right) predicted by solutions for correct EWSB, parameterized
by λφ(MPl) and gX(MPl) for two different choices of x = 4/5 and 2. For each λφ shown as a different
color (also marked with the ξ value for the correct CMB amplitude), the minimum gX and correspond-
ing maximum MX (and minimum sin θ ) are marked as square dots; large-gX regions of different colors
overlap. Recast collider bounds from Z

′
searches and precision Higgs coupling measurements are shown

as dashed lines. λhφ(MPl) = 0.

mixing |λhφ(vφ)|, so a smaller vφ yields a correct EW scale via Eq. (26). Thus, larger λφ(MPl) pre-
dicts smaller maximum MX (and larger Higgs mixing). Second, the x dependence arises mainly
from the running of λhφ,

(4π )2βλhφ
� 12g4

X x2. (27)

Roughly speaking, the larger x, the larger |λhφ(vφ)| at vφ, so that a smaller vφ can induce a
correct vEW, resulting in smaller maximum MX. These behaviors are shown in Fig. 1.

This is the main feature of the models where inflation and the CW mechanism of EWSB are
induced by a common particle.

4.2 Results: Collider probes of inflation
It turns out that the constraints on MX (from Z

′
collider searches) provide the strongest probe.

The current bound on the mass of Z
′
having the same interactions as the SM Z is 5.1 TeV from

LHC 13 140 fb−1 [65,66]. It is interpreted as the current bound on MX with LHC 13 140 fb−1,
and recast for high-luminosity LHC 14 with 10 ab−1 and future 100 TeV pp colliders with 1 ab−1.
The results are shown in Fig. 1 as dashed lines for each x. How we recast the MX bounds and
obtain bounds on the parameter space as shown in the figures is described in Appendix A.

Z
′
searches provide a meaningful probe of the inflation sector. For the model with x = 2 shown

in Fig. 1, a 100 TeV collider can probe λφ(MPl) � 10−7 (ξ � 10) definitely. This means first that
larger values of λφ and ξ cannot induce correct EWSB while being consistent with CMB and
Z

′
searches. But this does not mean that the whole parameter space with a smaller λφ(MPl)

can explain all CMB, EWSB, and Z
′
; rather, there exists some working parameter space, which

usually yields small gX and heavy MX. In this sense, we will say that a 100 TeV collider with
1 ab−1 has a (definite) reach down to λφ(MPl) � 10−7 and ξ ∼ 10 for x = 2; the less natural size
of ξ � 10 will be more strongly constrained by 100 TeV collider searches.

Figure 2 shows such definite bounds (using the maximum MX for the given parameters) in
a more general parameter space of x–λφ(MPl). The shaded regions are excluded by the recast
bounds on MX; for given λφ(MPl) and x within these regions, the maximum MX is lighter than
the recast bounds. Note that both recast bounds and maximum MX (dotted contours) vary
with x and λφ(MPl) as well as with the collider specification. Also overlapped are the contours
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Fig. 2. Collider constraints on the parameter space of inflation with non-minimal coupling ξ and the
Coleman–Weinberg Higgs mechanism. On each point on the plane of λφ(MPl) and x, the minimum
gX(MPl) for correct EWSB and the corresponding maximum MX (blue dashed) are used to obtain collider
constraints from Z

′
searches. The red shaded regions are definite bounds, within which no parameter

space can induce correct EWSB while being consistent with Z
′
searches. From darkest to lightest shaded

regions are the bounds from current LHC 13 140 fb−1, high-luminosity LHC 14 10 ab−1 projection, and
future 100 TeV pp collider 1 ab−1 projection. Also shown as horizontal dashed lines are the required value
of ξ for the correct CMB amplitude as in Eq. (23); the most natural range of ξ � O(1–100) is preferred.
λhφ(MPl) = 0.

of ξ (horizontal dashed) for the correct CMB amplitude. In general, ξ can be more strongly
constrained for larger x, as discussed; a pure B − L model with x = 0 is much harder to probe.
Due to this x-dependence, it is not appropriate to find a strict upper bound on ξ . But, we
conclude that a large part of λφ � O(10−4–10−6) or ξ � O(10–100) can be probed with the
current LHC 13 35 fb−1 and LHC 13 10 ab−1; and ξ � O(1–10) with a 100 TeV pp collider
at 1 ab−1. As discussed in Section 3, the allowed range of ξ may be considered most natural.
Likewise, in the α-attractor model, using Eqs. (23) and (25), we conclude that a large part of α

� 106–105 and 105–103 can be probed, respectively.
Lastly, Higgs-related physics gives weaker bounds but can still be relevant. Higgs physics is

modified by small portal mixing λhφ(vφ) = 10−9 ∼ 10−4, for gX = 0.005–0.1 respectively. The
resulting Higgs mixing angle is

sin θ � λhφ (vφ )vφvEW /m2
h ∼

√
λhφ (vφ )/2λh = 10−4∼10−1, (28)

as also shown in the right panel of Fig. 1. But these are too small to be probed with the cur-
rent LHC precision sin θ � 0.26 with 140 fb−1 [67–70], as well as with the expected precision
sin θ � 0.045 from ILC 250 S2 stage with 2 ab−1 [71,72]. In addition, φ is expected to be light,

Mφ �
√

6
11λφ (vφ )vφ = O(0.1–10) GeV for most of the parameter space, but the h → φφ decay

rate is still too small at �(h → φφ) � λhφ (vφ )2v2
EW

32πmh

√
1 − 4m2

φ

m2
h
� 10−3 MeV (or its branching ratio

� 10−3) to be probed even at ILC 250, whose expected precision on the invisible decay branch-
ing ratio is ∼0.003 [71,72]. LHCb, BaBar, and Belle are sensitive to GeV-scale dark photons
with interaction strength ε � 10−3–10−4 [73], but the φ–lepton interaction yields too small
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Fig. 3. Left: As Fig. 1, but showing variations of low-energy predictions with λhφ(MPl) > 0 (shaded
regions). The shaded regions still have definite ranges determined by the maximum positive λhφ(MPl) in
Eq. (29) that can induce correct EWSB, which yields a somewhat heavier MX for given gX(MPl). Right: An
example MX prediction as a function of λhφ(MPl) for fixed gX(MPl) = 0.02 and λφ(MPl) = 10−6. The max-
imum λhφ(MPl) consistent with EWSB is marked as a vertical dashed line. See text for more discussion.

an ε = ye
e sin θ � 9.2 × 10−6 sin θ � 10−3 in this scenario. Nevertheless, as discussed, Higgs-

related physics can be important for proper reheating.

4.3 Variation with non-zero portal mixing
We now assess the variation with λhφ(MPl) �= 0. It cannot be arbitrarily large positive for given
gX(MPl). Since λhφ(vφ) < 0 has to be negative to induce EWSB, its RG running should be large
enough,

�λhφ � βλhφ
· log

(
vφ

MPl

)
� 12g4

X x2

(4π )2
· O(10) � λhφ (MPl). (29)

Thus, for given gX(MPl) (and λφ(MPl)), there exists a maximum λhφ(MPl) inducing correct
EWSB. Importantly, this still yields a maximum MX for the given parameters because larger
positive λhφ(MPl) yields a smaller |λhφ(vφ)|, hence requiring a larger vφ, yielding heavier MX.
The maximum MX will be larger for λhφ(MPl) > 0, but the maximum still exists. In the other
limit of negative λhφ(MPl) < 0, the maximum MX is smaller, so is more strongly constrained.
These are numerically shown proved in Fig. 3; the modified maximum MX is shown in the left
panel as shaded regions, and the maximum MX as a function of λhφ(MPl) is shown in the right
panel where the maximum positive λhφ(MPl) for EWSB is marked as a vertical line. The new
maximum MX is larger by a factor of 1.5–2.0.

In Fig. 4 we show definite bounds with maximum positive λhφ(MPl) (worst constraints) as well
as with negative λhφ(MPl) with twice the magnitude (stronger constraints). Again, the shaded
regions are definite bounds, within which no parameter space can be consistent with all CMB,
EWSB, and collider searches. For the former case, current LHC 13 140 fb−1 can still probe a
large part of ξ � O(100), and future high-luminosity LHC 14 10 ab−1 and 100 TeV pp̄ with
1 ab−1 can probe a large part of ξ � 100–10. But this is for the maximum λhφ(MPl) yielding the
worst constraints; λhφ would more likely take a smaller or negative value. In such a case (right
panel), the constraints/prospects are stronger, and the majority of ξ � 1–10 can be probed
with future 100 TeV 1 ab−1, and current LHC 13 140 fb−1 can already probe a large part of
ξ � O(100). In any case, smaller ξ will be preferred by collider experiments.
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Fig. 4. As Fig. 2, but now with λhφ(MPl) �= 0: maximum positive λhφ(MPl) > 0 for EWSB as in Eq. (29) and
Fig. 3 yielding heavier maximum MX (left panel), and negative λhφ(MPl) < 0 with twice the magnitude
yielding lighter maximum MX (right panel).

5. Summary
We have shown that the existence of the upper range of MX allows the parameter space for the
small CMB amplitude to be probed by collider experiments. In the inflation model with non-
minimal coupling ξ , the absence of collider signals of Z

′
at LHC 13 and 100 TeV pp will prefer

a smaller and more natural size of ξ � 1–100 with λφ(MPl) � 10−4–10−8 even though ξ could
equally well take a much larger value to explain the CMB amplitude. For example, the models
with λφ (MPl) ∼ O(1) and ξ ∼ 105 � 1 will be strongly constrained. A similar conclusion for
an α-attractor model is obtained, albeit more weakly.

This probe was possible in models where an inflaton φ also induces EWSB via perturba-
tive quantum corrections (the CW mechanism). It was the restrictions on the φ potential from
well-measured high-energy inflation and low-energy electroweak physics that led to intimate
correlations between low-energy MX (collider observables) and high-energy λφ(MPl) (the CMB
amplitude As∝λφ(MPl)). More crucially, there exists an upper range of MX prediction for each
value of λφ(MPl), so that definite collider constraints on λφ(MPl) could be derived.

This work not only proves the interesting possibility of probing the inflation sector with low-
energy experiments, but may also relate the absence of new physics signals to the physics at
a disparate energy scale. Although this connection may not be general and it does not explain
why such a small CMB amplitude is realized in our universe, the fact that some particular high-
energy realization has consequences in low-energy physics is intriguing enough, and is worth
studying in a wider range of models and contexts.
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Appendix A. Methods
In this appendix we elaborate on our method of recasting collider constraints.

We recast narrow-resonance searches by following the Collider Reach method [74]. It is based
on the narrow-resonance invariant mass (in our case) being so powerful and simple a discrim-
inant that other kinematical and distribution observables are less important. The search be-
comes essentially characterized by a single energy scale MX (for given other collider specifi-
cations). Moreover, if the signal and background are initiated by the same partons, then the
already optimized search performance will remain similar for a range of collision energies and
resonance masses. The mass reach can then be simply rescaled by cross-section ratios or the
number of events (before cuts). In other words, the new reach on MX is where the same number
of events (before cuts) are produced.

This method is known to work well for narrow-resonance searches. If it did not, this would
have to be explained e.g. by some newly understood/added components in the analysis. Indeed,
it has been used in the theoretical community for quick estimations of collider prospects; see,
e.g., Refs. [75–77]. More details, caveats, and example calculations are provided in Ref. [74].

Our MX reaches in Figs. 1, 2, 3, and 4 are obtained in this way. They are where the same num-
ber of dilepton events are produced as the latest LHC reaches (5.1 TeV sequential Z

′
[65,66]).

This method is reasonable as the signal and dominant background processes are all qq̄-initiated,
and the resonances are narrow. No Monte Carlo is used, and more dedicated estimates are be-
yond the scope of this paper.

The bounds on the model parameter space need more elaboration. MX and its couplings to
fermions are not input parameters but rather low-energy parameters determined by the high-
energy input parameters gX(MPl) and λφ(MPl). Once we obtain them in each parameter space
(as we describe below), we calculate branching ratios to dileptons, relative fractions of uū and
dd̄ initial partons (MSTW2008NLO [78]), hence cross-section ratios to find new reaches. All
these are taken into account, and they show up as the complicated shapes of the constraints.

To obtain low-energy parameters for given gX(MPl) and λφ(MPl) inputs, we numerically solve
the renormalization group equations and find yN(MPl) and vφ producing correct EWSB from
Eqs. 8, (10), and (11). Then, we can calculate MX = 2gX(vφ)vφ, couplings to fermions, and finally
the number of dilepton events. These are used to recast MX reaches and obtain collider bounds
on the parameter space. In Figs. 3 and 4 we also vary the non-zero λhφ(MPl) input, allowing a
wider range of results.

After all this, it turns out that the successful parameter space restricts the (upper) range of
MX so that we can make some definite collider prospects. Such relations are not simply captured
by a few equations, but discussed in various levels of detail throughout Section 4 (in particular,
Section 4.1). This is the main point of this paper.
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