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Multiphase critical Higgs boson at colliders
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The recently proposed multiphase criticality principle in Coleman-Weinberg models can provide a new
explanation for the hierarchy between the electroweak and new physics scales. When applied to the
Standard Model, a Higgs boson as light as the pseudo-Goldstone boson of broken-scale invariance occurs.
The suppressed mixing between the two light fields still carries information about the large scale of
symmetry breaking, albeit up to logarithmic corrections. In this work we probe this scenario with the
present LHC data and assess the impact of future lepton and hadron colliders. Our results show that the
multiphase criticality can easily explain the apparent absence of new physics at the energy scales tested in

current experiments .
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I. INTRODUCTION

Proposed solutions to the hierarchy problem, such as
supersymmetry [1,2], predict a plethora of new particles at
electroweak scale with couplings that cancel quadratic
divergencies to the Higgs boson mass [3,4]. However, the
absence of these particles at energies below 5-7 TeV was
indicated already by the large electron positron collider
precision data [5,6], thereby creating the little hierarchy
problem.

This triggered a significant theoretical effort aimed at
pushing the solution to the hierarchy problem to some higher
scale while keeping the Higgs boson naturally light.
Frameworks like “the little Higgs” [7-9] or “the twin
Higgs” [10] were developed, which rely on different sets
of new particles to cancel the quadratically divergent con-
tributions to the Higgs mass at one-loop level only, creating a
mass gap for the little hierarchy. Unfortunately, the accu-
mulated experimental results from the LHC have shown that
no new particles with couplings of order unity to the Standard
Model (SM) exist, pushing the scale of any such a framework
above several TeV, where they cannot be considered natural.

It was recently proposed [11] that the lightness of Higgs
boson and the apparent absence of any associated new
particle can simultaneously be explained by multiphase
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criticality in dynamical symmetry breaking a la Coleman
and Weinberg [12]. In the proximity of the critical point,
which smoothly connects two different symmetry-breaking
phases, the Higgs boson mass is suppressed by loop factors
similarly to that of the dilaton—the pseudo-Goldstone
boson of broken-scale invariance. The Higgs and dilaton
masses are independent, suppressed by different f func-
tions, and their mixing is also suppressed. The effect can be
understood as a consequence of a little misalignment that
quantum corrections induce between the particular tree-
level flat direction, indicated by the Gildener-Weinberg
method [13], and the actual direction of the minimum
generated by radiative corrections, which lies in a different
but smoothly connected phase of the theory.

At the electroweak scale, only the Higgs boson and the
weakly mixed dilaton appear, while the new physics
inducing the dynamical symmetry breaking decouples.
The generated hierarchy depends on unknown scalar quartic
couplings which, unlike in the case of supersymmetry, can
have arbitrary values. The existing experimental information
indicates that the magnitude of scalar quartic couplings can
be vastly different. For instance, the Higgs boson quartic Ay
is large at low energies, but runs to very small values at high-
energy scales of the order of 101012 GeV [14,15]." At the

'"The term “criticality” is often used to indicate the possible
appearance of additional degenerate minima in the Higgs potential
at large values of the renormalization scale [16], customarily
identified with the field value itself. In the present contest, criticality
is used to denote the region where two phases of the system coexist
and, in particular, our construction does not presuppose the
appearance of additional minima in the scalar potential.
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same time, the inflaton [17] must have a self-coupling
smaller than 10~'3 [18] in order to comply with the Cosmic
Microwave Background measurements [19]. As we will
show, the proposed multiphase criticality framework can
easily produce hierarchies relevant for the little hierarchy
problem by simply using the range of quartic couplings
seemingly allowed by nature.

The aim of this work is to formulate the effective low-
energy theory supported by the multiphase criticality
scenario applied to the SM and to work out its phenom-
enology at lepton and hadron colliders. We show that the
low-energy observables—the Higgs boson mass, the dila-
ton mass, and their mixing angle—can determine the scale
A of new physics, identified with the vacuum expectation
value (VEV) of the singlet scalar s which triggers the
dynamical symmetry breaking, up to a model-dependent
logarithmic correction In R. This correction measures the
deviation of the location of the true minimum from the
Gildener-Weinberg approximation and is predicted to be
small in any weakly coupled realization of the mechanism.
After proposing an effective model of the multiphase
critical Higgs boson, we derive the bounds that present
and future collider experiments give on the parameter space
of the associated dilaton. We then use these constraints to
infer a lower bound on the large scale where the symmetry-
breaking dynamics takes place, corresponding to the scale
where the decoupled new degrees of freedom should
appear.

II. LOW-ENERGY EFFECTIVE MODEL FOR
MULTIPHASE CRITICAL HIGGS

In order to study the collider phenomenology of the
multiphase critical Higgs boson we first formulate the
minimal effective low-energy model. This allows us to
study the predictions of the framework and to determine the
scale of new physics independently of the high-energy
dynamics driving the Coleman-Weinberg symmetry break-
ing. Under the assumption of classical scale invariance, a
light Higgs boson arises at the intersection of two phases, in
one of which SU(2), must be spontaneously broken.

Consider a minimal model with two scalar fields: the
Higgs doublet H = (0, h/+/2) and a neutral singlet scalar s,
with the biquadratic potential
§4

4
_4 h4+1/1 h2s2+1/1 st (1)
4 H 4 HS 4 AL

2
s
V = 2yH|* + /1HS|H|2§+/1$

The couplings Ay, Ays, As depend on the RG scale j
according to the § functions fy =dX /dt with t = In(*/fi3)/
(47)?. As we formulate the effective theory, we leave the f3
functions generic.

The possible phases of dynamical symmetry breaking
depend on which field acquires a VEV:

(s) s# 0 and h = 0 arises when the critical boundary
Ag =0 (2)

is crossed, while Ayzg > 0 gives a tree-level positive
squared mass to the Higgs boson and consequently the
two scalars do not mix. Dynamical symmetry breaking
happens if ,; > 0.

(h) h#0 and s =0 arises when 1z =0 and Ayg > 0.
Similarly to the previous case, the two scalars do not
mix as only one of them acquires a nonvanishing VEV.
This is the scenario originally considered by Coleman
and Weinberg, now excluded by the Higgs mass
measurement that implies 15 ~ 0.13.

(sh) s, h # 0 appears when the critical boundary,

2\/ AHAS + lHS - 0, (3)

is crossed, while Ayg <0 and Ay g >0. The flat
direction is given by s/h = (1y/4s)"/*. Dynamical
symmetry breaking happens if

Perie = AsBa, + Aubrg — Aushi, /2 >0 (4)

along the critical boundary. In this phase the two mass
eigenstates are superpositions of the original scalar
fields.

The phases &) and s) are not smoothly connected and the
potential has two disjoint local minima with /2 # 0 and with
s # 0, corresponding to a first-order phase transition with
no extralight scalars [11].

On the other hand, the phases s) and sh) are smoothly
connected, so the flat direction along the field s can be
deformed to yield a minimum in the sh) phase. As the
squared Higgs boson mass changes sign across the
phases s) and sh), the Higgs boson is necessarily light near
the multiphase criticality point at their intersection.
Furthermore, as the Higgs boson does not acquire a VEV
in the phase s), the scalar mixing is also naturally suppressed
in proximity of the critical boundary. The two conditions in
Egs. (2) and (3) intersect at

As(i) = Ays() =0, (5)

which trivially implies a massless Higgs boson.

We summarize the usual Gildener-Weinberg computa-
tion for the phase sh) as it provides an example of how
dynamical symmetry breaking can be approximated using
the RG-improved tree-level potential alone. For the sake of
generality, we leave all the model-dependent one-loop
contribution to the f functions implicit.

The masses and mixings of scalars in this scenario can be
obtained from the one-loop potential

V=v0 4y, (6)
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with the tree-level part V(©) given in Eq. (1) and having
omitted terms involving other possible heavier scalar fields.
The one-loop contribution, V{1, is given by

M3 3 M} 5

where ji indicates the RG scale introduced by dimensional
regularization in the MS scheme. The parameters in the
tree-level part of the effective potential run as dictated by
the Callan-Symanzik equation. Their dependence on j thus
cancels that of the one-loop contribution, making the
effective potential independent of the arbitrary renormal-
ization scale up to higher-loop orders and wave-function
renormalization. The symbols Mgy denote the usual
field-dependent masses of generic scalars, fermions, and
vectors, respectively. For example, M3, = gih*> + g2s* is
the mass of the U(1) gauge boson in a model where / and s
have corresponding gauge charges g, and g;.

Along the tree-level flat direction, the potential can be
approximated by expanding the tree-level term at the first
order in the f functions:

2
da) = (o) + A 50) + B (o) s in'r . (9
0

where s is a typical scale (e.g., the flat direction scale) and
s> = 5% + h? is the distance in field space. This approxi-
mation is appropriate along the flat direction, rather than in
all field space. Because our tree-level flat direction is along
the s axis, we choose s’ = s. The finite corrections AZ;(s;)
arise from a Taylor expansion of the one-loop term V() in
powers of h?. We stress that taking them into account—
whereby going beyond the usual Gildener-Weinberg
approximation—is crucial in order to obtain the correct
values for the Higgs VEV and mass in the minimum.

In fact, accounting for quantum corrections, the cou-
plings involved in Eq. (5) cease to obey this condition and
the system is therefore forced to a different phase smoothly
connected to the critical boundary. In order to quantify the
departure from the multiphase critical regime, we define the
scales where Ag(s) and Agg(s) cross zero by sg and sy,
respectively. They can be obtained from

1 5%
OZAS—’—AAS—F[}/{,—IH—S, (9)
S (4n)* " s
0= s + Adgs + . — 1 1nhs (10)
= AHs HS T Doy 77z In—5,
S (4n)* s

where all the quantities are given at the scale sy. The two
scales obtained can be used to define the parameter

R=e1253/s%, (11)

which quantifies the deviation from the tree-level Gildener-
Weinberg solution obtained for In R = —1/2. The precise
order-one value of the R parameter depends on the specific
quantum corrections received by the coupling and, there-
fore, can be computed only within a concrete framework.
Deviations from the Gildener-Weinberg prediction,
InR = —1/2, signal that the actual minimum of the scalar
potential falls in proximity of the critical boundary given by
Eq. (5), thereby allowing for the emergence of nonvanish-
ing Higgs boson mass and VEV.

By using the computation of Eq. (7) presented in
Ref. [11], which uses simplifications appropriate around
the multiphase critical point, we are able to give simple
analytic expressions for the resulting mixing, VEVs, and
masses of the involved light particles. In more detail,
assuming that the 8 functions of Ag and 1y are comparable
and much smaller than A, the potential has a minimum at
nonvanishing s and £,

—1/4 —f, InR
~e /4 hal 08 Aizs 12
s~ e Vs, e YP (12)

provided that —f,, InR > 0; otherwise, only s acquires a
VEV. The resulting mass eigenvalues are both loop sup-
pressed,

2S2/))AS
(4m)*

_s2ﬁ/1HS lnR
(47)?

m? ~ mi =~ =2yh*, ~ (13)

and the mixing angle is also loop suppressed, barring
degenerate scalar masses:

> InR 1 +InR
0|~ i . (14)
2y 4n(2B,, + B, InR)

Possible mutual dependencies between the parameters
my,, mg, @ can only be specified within the context of a
complete model for the proposed mechanism.

To summarize, the low-energy effective model discussed
above can be embedded in the SM by extending the particle
content with one extralight scalar, the dilaton. The dilaton is
weakly mixed with the Higgs boson and does not have
other interactions with the remaining SM degrees of free-
dom. The parameters which can be measured at colliders
are the masses of the two scalars and their mixing angle,
given by Eq. (13) and Eq. (14), respectively. The VEVs of
the fields are determined by Eq. (12). On the other hand,
there are four parameters describing the multiphase criti-
cality scenario, s, Ag, dys and In R, in addition to the
already known Higgs boson parameters i = 246.2 GeV
and Ay = 0.13 (or, equivalently, m;, = 125.1 GeV). We
observe that when connecting the low-energy observables
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to the parameters of the model, one quantity remains
necessarily undetermined as the relevant equations all
depend on the combination f;, In R. Therefore, the scale
of new physics, A = s, can be model-independently deter-
mined from the low-energy measurements only up to
the logarithmic correction In R. The Gildener-Weinberg
approximation predicts InR = —1/2 and deviations from
this value, although model dependent, are expected to be
small for perturbative values of couplings. For example, in
the three-scalar model considered in Ref. [11], a precise
computation gives In R = —3/8. In the following we shall
use In R = —1/2 as the reference value, but model-depen-
dent corrections of order O(1) are possible.

Before discussing the collider phenomenology of the
scenario, we briefly remark on aspects pertaining to the
naturalness of the proposed mechanism. Once embedded in
a concrete framework, the multiphase criticality construc-
tion explains how two vastly different scales (s and /) result
from a misalignment that quantum corrections induce
between the actual minimum of the potential and the
Gildener-Weinberg solution. Whereas the mechanism can
naturally explain the observed properties of the Higgs
boson, its implementation presupposes the existence of an
additional scalar degree of freedom associated with a tree-
level flat direction in the scalar potential. On top of that, the
multiphase criticality condition in Eq. (5) requires that the
coupling connecting the involved scalar fields vanishes
at scales close to that of the flat direction. Whether or not
this construction does force a tuning of parameters in the
proposed solution, it could raise the problem of its
naturalness within concrete implementations.

III. COLLIDER PHENOMENOLOGY

In this section we present in detail the collider analysis of
the present scenario in the context of both hadron and
lepton colliders. For the numerical computation, the model
was implemented in FeynRules [20-22]. The events were
generated by using MadGraphS [23,24] and the subsequent
showering was done using PYTHIAS [25]. The detector
simulation was performed with DELPHES3 [26,27]. The jets
are reconstructed with anti-kt algorithm [28] by FastJet [29].

A. LHC constraints

The mass of the dilaton and its mixing angle with the
125-GeV Higgs are constrained from the LHC search in
various final states [30,31]. In the present scenario, the
small mixing angle suppresses the production cross
section of the new scalar; hence, a light scalar is
still allowed if the mixing angle is small enough. We
observed that the most stringent constraint comes from the
combined 95% confidence-level limit targeting the pro-
duction cross section times branching ratio (BR) for the
process o(gg — s) x BR(s — hh). The combined final
states include WWWW, WWyy, bl_ayy, bbbb, and bbrt

) 104§ T T T T T
= ; LHC, 13 TeV 1
= sin =0.2 —— -
< 103 sind = 0.3 —— 3
d sin6 = 0.4 ]
<
m
X
w
T
o
o C
B 100 | | | | 1 | |
300 400 500 600 700 800 900 1000
mg (GeV)
FIG. 1. The impact of the LHC direct searches on the dilaton

parameter space for different choices of the mixing angle
sinf = 0.2, 0.3, and 0.4. The experimental exclusion line is
obtained from 13-TeV run of the LHC [30].

[30]. In Fig. 1 we show the impact of this result on our
parameter space.

Clearly, m; <1000 GeV is ruled out for sind = 0.4
except for a small region of parameter space where m, is
close to the kinematic threshold for the decay s — hh. For
sin€ = 0.3, m, < 820 GeV is ruled out except the region
250 GeV < my <340 GeV since here BR(s — hh) is not
large enough to produce enough yield for the signal events.
In these regions s — VV, where V = W, Z are the most
dominant decay modes. Smaller mixing angles such as
sin@ = 0.2 cannot be probed with the existing data.

We then explore the following signal region in the
context of 14 TeV LHC.

(1) SR1: The dilaton is produced through gluon-gluon
fusion and decays into two SM Higgs bosons. The
two SM Higgs bosons decay into bb and yy,
respectively, giving rise to a 2b-jets + 2y + E final
state.

1. High-luminosity LHC results for SR1

The benchmark points we choose for this analysis are
BP1 (m;=600GeV, sinf =0.2) and BP2 (m, = 800 GeV,
sin@ = 0.2). Since the higher mixing-angle values are
mostly ruled out, we focus on probing smaller mixing
angle. The dominant background channels we studied in
this context are ffyy, bbyy, tth(h — yy), bbh(h — yy),
vy +jets, and Zh(h — yy). We implement the following
cuts to reduce the number of background events in order to
increase our signal sensitivity.

(1) C11: The final state must consist of two b jets with

pr > 25 GeV and two photons with py > 20 GeV.
We veto all events containing charged leptons
with pr > 20 GeV.

(i) C12: Unlike some of the background channels, the
signal events do not have any direct source of
missing energy. Hence, we restrict the transverse
missing energy to £ < 80 GeV.
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TABLE L

Results of cut-based analysis for the sample benchmark points BP1 (m, = 600 GeV, sind =0.2) and BP2

(my = 800 GeV, sinf = 0.2) corresponding to the signal region SR1 and the dominant background channels. The center-of-mass
energy is taken to be /s = 14 TeV. The signal events are produced via gluon-gluon fusion.

Cross section (fb)

Channels Cl11 Cl12 C13 Cl4 Cl15 C16 C17
Signal (BP1) 0.023 0.022 0.016 0.013 0.013 0.012 0.010
Signal (BP2) 0.006 0.005 0.0041 0.0038 0.0037 0.0035 0.0033
thyy 7.016 4.868 1.081 0.302 0.010 0.005

bbyy 33.68 33.36 7.922 0.154
tth (h = yy) 0.068 0.052 0.013 0.006 0.006 0.003 0.003
bbh (h — yy) 0.015 0.015 0.003 0.001 0.001

vy + jets 32.13 31.68 6.458 0.812 0.041

Zh (h = yy) 0.010 0.010 0.002

(iii) C13: The two b jets are obtained from the SM Higgs
decay; thus, we restrict their invariant mass to
90 GeV < mib“g < 135 GeV.

(iv) Cl14: The effective mass of the final state has to
satisfy the requirement m; >500GeV. Here, mq =
> P + X pf+ X PE + Er

(v) C15: The two photons also arise from the decay of
the SM Higgs and for the corresponding invariant
mass we thus require 120 GeV < mly‘;,v < 130 GeV.

(vi) C16: The b-jet pair and the photon pair in the signal
events are expected to be well separated. We restrict
their angular separation to A¢,j ., > 2.0.

(vii) C17: Finally, we impose the following py criteria on
the photons in the final state, rﬁi > (0.33 and

"

72
Pr_ > 0.25. Here, y, and y, indicate the hardest
m

144

and second-hardest photons in the final state, re-
spectively.

Table I presents the cut-flow table for the SR1 analysis.

The luminosities required to obtain a 3¢ statistical
significance for BP1 and BP2 in SR1 are ~1200 and
~5200 fb~!, respectively. Clearly, BP2 cannot be probed to
its discovery significance at the LHC, but it is possible to
obtain a 2¢ indication at a luminosity of ~2300 fb~!. For
mg 2 1 TeV, the parameter space cannot be probed with
good sensitivity even for sin€ = 0.3.

The available parameter space just above m; = 250 GeV
cannot be probed at the 14-TeV LHC since the signal cross
section is suppressed by small branching ratio and smaller
cut efficiencies. In the next section, we show that this
parameter space can be explored with better efficiency at a
lepton collider.

B. Future lepton collider

In the context of a lepton collider, we explore the
expected phenomenology with two different center-of-
mass energies: 500 GeV and 1 TeV. At /s = 500 GeV,
the dilaton production cross section is most dominant in

ZH and vector boson fusion (VBF) modes and the cross

sections are comparable [32]. Above this center-of-mass

energy, VBF dominates over the other production cross

sections. Hence, in this work we concentrate only on the

VBF production of the dilaton. We explore two different

signal regions delineated by the possible decay patterns.

(i) SR2: The dilaton is produced along with two
neutrinos and subsequently decays into two W
bosons. We consider the two W bosons decaying
leptonically and hadronically giving rise to a signal:
1£ + 2jets + F. This channel is explored at /s =
500 GeV.
(i) SR3: After being produced via VBF, the dilaton

decays into two SM Higgs states. These then decay
into a bb pair and a WW?* pair, resulting in a
2bjets + 2fat jets + F final state. The two fat jets
originate from the two gauge boson decays. This
channel is investigated at /s = 1 TeV. We remark
that leptonic decay(s) of the gauge boson(s) in
the present signal region lead to a signal cross
section too small to be observed even at feasible
luminosities.

1. Lepton collider results for SR2

This analysis considers a center-of-mass energy of
/s =500 GeV. The benchmark point (BP3) we choose
to study this signal region is specified by m, = 250 GeV
and sin @ = 0.3. The s scalar decays dominantly into WW
with a corresponding branching ratio of ~70% for
sinf = 0.25. Smaller mixing angles result in too small
cross sections. For larger values as sin€ = 0.3, 0.4,
BR(s — WW) decreases and again the signal cross section
drops. Hence, sin@ ~ 0.3 is the optimum value for which
the best sensitivity is obtained considering m, = 250 GeV.
The dominant background channels for the 1Z + 2jets + F
final state are VV, VVV, and Zh, where V = W, Z, which
we suppress through the following kinematical cuts.

(i) C21: The signal region must have only one lepton

with p;y > 15 GeV and || < 2.3. The two jets must
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TABLE II. Results of cut-based analysis for the sample bench-
mark point BP3 (m, = 250 GeV, sind = 0.3) corresponding to
the signal region SR2 and the dominant background channels.
The center-of-mass energy is taken to be /s = 500 GeV. The
signal events are produced via VBE.

TABLE III. Results of cut-based analysis for the sample
benchmark point BP4 (m; = 500 GeV, sin @ = 0.2) correspond-
ing to the signal region SR3 and the dominant background
channels. The center-of-mass energy is taken to be /s = 1 TeV.
The signal events are produced via VBEF.

Cross section (fb)

Cross section (fb)

Channels C21 C22  C23 C24 (C25 C26 Channels C31 C32 C33 C34 C35
Signal (BP3) 0.077 0.055 0.048 0.034 0.031 0.024 Signal (BP4) 0.020  0.019  0.011  0.009 0.008
wWwZz 1.73  0.643 0.414 0.149 0.112 0.080 1t 4.73 0.171 0.036  0.007 0.001
777 0.011 0.004 0.002 0.001 0.001 WwZzZ 0.395 0.046  0.005 0.001 0.0003
zZ 3.89 2076 0.742 0.004 ... 777 0.017 0.002  0.001  0.0005  0.0001
Zh 0.173 0.058 0.049 0.014 0.009 0.001 Zh 0.006 <10~

have pr > 30 GeV and || < 4.7. The p; of the
final-state lepton and jets are further restricted to

5 <120GeV, pjt < 100 GeV, and p7 < 60 GeV.

(i) C22: The invariant mass of the two jets should peak
around the W boson mass. Hence, 70GeV<Mij‘}V <
90GeV.

(iii) C23: The separation between two jets in the
final state must be small since they are both
originating from one single W boson. Hence, 1.0 <
AR;; <2.0.

(iv) C24: The missing energy of the final state should be
large: 280 GeV < F < 400 GeV.

(v) C25: The energy of the W candidate decaying into
two jets must obey 100 GeV < Ey, < 160 GeV.

(vi) C26: The angular separation between the charged
lepton and missing energy vector is in the range
A, ¢ < 2.0.

Table Il represents the cut-flow table for the SR2 analysis.
The luminosity required to obtain a 3¢ statistical
significance for BP2 in SR2 is ~2050 fb~!.

2. Lepton collider results for SR3

This analysis is performed with a center-of-mass
energy of v/s = 1 TeV. The benchmark points we choose,
BP4 and BP5, have m,; = 500 GeV, sinf® = 0.2 and
m; = 600 GeV, sin = 0.2, respectively. In this case s —
hh is the most dominant decay mode, with a branching
ratio of ~81 and ~94%, respectively, for BP4 and BP5.
The dominant background channels for the 2b-jets +
2fat jets + £ final state are 7 + jets, VVV, and Zh. The
following kinematical cuts are imposed in order to reduce
the background contribution.

(i) C31: The signal region must have two b jets with
pr > 30 GeV and || < 4.7. The signal region also
must consist of exactly two fat jets (constructed with
R parameter = 1.0) with py > 30 GeV and
|7] < 4.7. We impose a veto on leptons in the final
state with p% > 15 GeV and |n|” < 2.3.

(ii) C32: The missing energy is 400GeV < £ <700GeV.

(iii) C33: The invariant mass of the fat-jet pair is
restricted to 90GeV < mlY < 130GeV since they
originate from the 125-GeV Higgs in the signal
events.

(iv) C34: The b-jet pair must be close to each other,
AR,j, <2.5,and so should the fat-jet pair, AR ;; <2.5.

(v) C35: The invariant mass of the b-jet pair must peak
at the Higgs mass; hence, we restrict the parameter
to 90 GeV < mg‘g’ < 130GeV.

Table III represents the cut-flow table for the SR3
analysis.

Evidently, the cuts are quite efficient in suppressing the
background events and, even though the signal cross
section is not very large, it is possible to obtain a good
sensitivity. The luminosities required to reach the 3o
statistical significance for BP4 and BP5 in SR3 are
~1330 and ~1550 fb~!, respectively.

3. Impact of polarization

One advantage of a lepton-lepton collider is the possibil-
ity of polarizing the incoming beams to enhance the signal
cross section. For example, as per the compact linear collider
(CLIC) design, the electron beams can be polarized up to
4+80%. The positron beam can also be polarized at a lower
level. In our case, the electron-positron polarization of
—80%: + 30% enhances the e"e™ — Hup cross section
by a factor of ~2.34 [32], owing to the two vertices in the
VBF diagram involving an electron, a W-boson, and a
neutrino. However, the cross sections of some of the back-
ground channels are also similarly enhanced. We checked
that the cross sections of the background channels WW and
WWZ increase by a factor of ~2.3. Among the other
channels, the cross sections of tf, ZZ, and ZZZ increase
by a factor of ~1.8, while the cross section of Zh channel
increases by a factor of ~1.5. In Table IV we present an
estimate of how much the signal sensitivity may increase by
exploiting the beam polarization.

As we can see, the polarization effect improves the
sensitivity quite significantly. The results suggest that the
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TABLE IV. Luminosity in tb~! required for obtaining a 3¢
statistical significance for BP3, BP4, and BP5 in signal regions
SR2 and SR3, respectively with nonpolarized and polarized
lepton beams. The electron and positron polarizations are taken to
be —80%: + 30%.

Benchmark Required luminosity fb™!

SR2 SR3
Points Nonpolarized Polarized Nonpolarized Polarized
BP3 ~2050 ~850
BP4 ~1330 ~550
BP5 ~1550 ~640

required luminosity decreases by a factor of ~2.4 when
using polarized beams.

C. Sensitivity of future experiments

In this section we show which part of the dilaton
parameter space can be probed at the 14-TeV LHC and at
a 1-TeV lepton collider. To this purpose, we employ the best
setups identified in our previous analysis, corresponding to
SR1, for the case of LHC, and SR3 for the lepton collider.
In both cases, we use the maximum possible luminosity of
3000 fb~! and bound the parameters of the model at a 3¢
statistical significance. For the lepton collider case, we have
considered the polarized beam option mentioned in the
previous section as it provides a better sensitivity. The results
obtained are presented in Fig. 2, which shows the exclusion
region in m—sin @ plane for 3o significance, along with the
current bound due to the 13-TeV LHC data [30].

Clearly, for the kinematical cuts used in this study, the
region 400 GeV < m, < 800 GeV can be probed with the
most sensitivity at the 14-TeV LHC. The lepton collider
presents a smaller reach in mass because of the center-of-

0.5 T T

T T T T
0.45 - LHC Constraint, 13 TeV
’ LHC, 14 TeV
04 Lepton Collider, 1 TeV B
0.35 =
03 =
0.25 K o
02 a

0.15 - n
I I I I I I

0.1
300 400 500 600 700 800 900 1000
mg (GeV)

sin®

FIG. 2. The contours correspond to the exclusion bounds
obtained at a 3¢ statistical significance in the context of the
14-TeV LHC run and 1-TeV future lepton collider, respectively
for the signal regions SR1 (violet line) and SR3 (blue line). Both
cases assume 3000 fb~! of luminosity. The black line represents
the current 13-TeV LHC exclusion limit derived from the
36.1—fb~! luminosity results.

mass energy, but it allows to probe smaller mixing angles,
sin@ ~ 0.15, for dilaton masses below m, ~ 600 GeV.
The values of mixing angle that can be probed for
my 2900 GeV and my 2 800 GeV in SRI1 and SR3,
respectively, are already excluded by the current LHC data.

D. Implications for the scale of symmetry breaking

The results obtained for the power of current and future
collider experiments can be used to infer alower bound on the
scale where the dynamics of symmetry breaking takes place.

In Fig. 3 we show the lower bound on the expected new
physics scale, A ~ s, obtained by inverting Eqs. (13) and
(14) for the range of dilaton masses and corresponding
maximal mixing angle allowed shown in Fig. 2. As the
collider observables can only determine the parameters of
the theory up to the (model-dependent) logarithmic cor-
rection In R, we show with different colors the solutions
obtained by varying the parameter around the Gildener-
Weinberg value In R = —1/2. In each case, the dashed lines
use the projections obtained for the maximal mixing angle
allowed by future lepton colliders (blue line in Fig. 2),
whereas the solid lines use the current and projected LHC
data (the lowest between the purple and black lines of
Fig. 2). The shaded area shows the region of parameter
space where m, > s, indicating through Eq. (13) the
potential loss of perturbative unitarity of the involved
quartic coupling. This exercise is repeated in Fig. 4 for a
fixed value of the mixing angle sin@ = 0.15, with the
borderline sensitivity expected for future colliders.

As we can see, the sensitivity of the considered collider
experiment to the mixing angle is too low to result in a
lower bound on the scale of new physics that significantly
differs from the scale of the light scalar sector. In particular,
the smallest value of mixing angle testable, sin@ = 0.15,

Maximal allowed sin6

1000 ,\-_-h:] R=1/8---.___
500} s=m;
/

& [T INR=-3/8__
B 400k TUInR=-1/2—ttae._

50f

10 : : :

400 600 800 1000
mg/GeV
FIG. 3. The inferred scale of new physics probed at current and

future collider experiments as a function of the dilaton mass. The
colors indicate the solutions obtained for the indicated value of
In R using the maximal value allowed by the 36 bound achievable
at the LHC (solid lines), or the projection for the reach of a future
lepton collider (dashed lines). The shaded area indicates a region
of the parameter space where perturbative unitarity cannot be
guaranteed.
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sind =0.15
InR=1/8
1000
500f S=mg

>
[
g )ﬁ
% 100¢ InR=-1/. InR=-3/8 E

50} —

10
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mg/GeV

FIG. 4. The inferred scale of new physics for a fixed value of
the mixing angle, sin @ = (.15, as a function of the dilaton mass
and the model-dependent correction, In R, to the Gildener-
Weinberg solution. The shaded region denotes a part of the
parameter space where perturbative unitarity of quartic couplings
cannot be guaranteed.

results only in a constraint that is, at most, one order of
magnitude larger than the dilaton mass scale. We therefore
conclude that collider experiments can constrain the sce-
nario only marginally, including the case of a 1-TeV lepton
collider that has the largest sensitivity to the parameter.

IV. CONCLUSIONS

In this work we studied the sensitivity of hadron and
lepton colliders to the scale of new physics in models where

the lightness of the SM Higgs boson is explained by the
multiphase criticality phenomenon. In these models, which
build on classical scale invariance, the dynamical sym-
metry-breaking scale can be inferred from the mixing
between the two light scalar degrees of freedom—the
Higgs boson and the dilaton. Our results on the new
physics scale are derived from studies of the latter at
present and future colliders.

The results are collected in Fig. 2, which shows that
present and future collider experiments are only sensitive to
relatively large values of the mixing angle between the
Higgs boson and the dilaton. As shown in Figs. 3 and 4, this
causes a loss of sensitivity to the scale of new physics
where symmetry breaking takes place, leading to a lower
bound that does not significantly constrain the scenario. We
therefore conclude that a high-luminosity lepton collider
such as CLIC [33] or high-luminosity hadron collider such
as 100-TeV FCC [34-36] is needed to fully test our
scenario.
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