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We investigate a scale-invariant B — L scenario where the Standard Model (SM) is supplemented with a
dark scalar ¢» which has gauge and Yukawa interactions, with the couplings gp; and y, respectively, leading
to radiative plateau inflation at scale ¢y = M in the ultraviolet (UV), while dynamically generating the
electroweak and seesaw scales d la Coleman-Weinberg in the infrared (IR). This is particularly achieved by
implementing threshold corrections at an energy scale 7 arising due to the presence of vectorlike fermions.
We show that implementing the inflationary observables makes the couplings solely dependent on the
plateau scale M, leaving us with only two independent parameters M and uy. Within the theoretically
consistent parameter space defined by m,,, > 850 GeV, from the assumption of independent evolution of
the dark sector couplings from the SM couplings and M < 5.67 Mp required for the realization of
inflationary plateaulike behavior of the potential around ¢ = M, where Mp = 2.4 x 10'® GeV is the
reduced Planck mass, we identify the parameter space that is excluded by the current LHC results from the
search for the heavy Zp; boson. For typical benchmark points in the viable parameter regions, we estimate
the reheating temperature to be O(TeV) thus consistent with the standard big bang nucleosynthesis (BBN)
constraints. For typical benchmark points (M = 5.67,1,0.1 Mp) we predict the scales of inflation to be

Hine = 2.79 x 10'2 GeV, 1.53 x 10! GeV, and 1.53 x 107 GeV, respectively.

DOI: 10.1103/PhysRevD.106.055024

I. INTRODUCTION

Grand unified theories (GUTs) formed the basis of the
original proposal for the cosmic inflation, an accelerated
expansion at the beginning of the universe, which can solve
the horizon and the flatness problems as well as provide
initial seed of density fluctuations to grow into our
inhomogeneous universe as we see today [1-3], and later
on, inflation was studied in the context of gravity effective
theories like the Starobinsky scenario [4,5]. Although the
former turned out to be unsuccessful, the quantum gen-
eration of the primordial fluctuations seeding the large scale
structure (LSS) of the Universe was a successful scenario.
Irrespective of the origin of inflationary cosmology being
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of particle physics or not, the quite rapidly increasing data
from cosmological precision measurements, particle phys-
ics experiments, and astrophysical observations lead us to
the quest of a coherent picture of the early Universe based
on particle physics to begin with.

Although inflation can be achieved by scalar fields,
particularly, slow-roll inflation by a single scalar field (¢),
simple potentials like quadratic m?*®* or quartic A4
inflation scenarios which predict too large tensor-to-scalar
ratio have been ruled out by the observations of CMB
power spectrum [6]. Possibilities to rescue such models and
make them consistent with the observations have been
studied extensively in the literature. Whereas a possibility
is to introduce nonminimal coupling of the inflaton to
gravity (£¢*R) [7-15] to flatten A4¢* potential during
inflation, the same purpose can also be achieved through
renormalization group (RG)-improved /14,(154 potential. The
quantum corrections generate a plateau shaped potential,
whose flatness near the plateau (inflection point) makes the
CMB constraints being satisfied. Particularly, employing
bosonic and fermionic quantum corrections to achieve
inflection-point inflation were studied in Refs. [16-32].

Published by the American Physical Society
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In this setup giving precise predictions in the CMB as well
as long-lived particle searches [29,33-42] have been
studied. In this paper we will investigate such a particle
physics motivated scenario for inflation.

Any fundamental scalar field in quantum field theory
(QFT) suffers from what is known as the hierarchy
problem,1 although the Large Hadron Collider (LHC)
was able to shed light on the origin of electroweak
symmetry breaking (EWSB) confirming the existence of
a Brout-Englert-Higgs scalar doublet (commonly known as
the Higgs doublet). In the SM, a nonzero vacuum expect-
ation value (vev) of the Higgs doublet originates from a
negative mass squared term in the Higgs potential at the tree
level, which is the only mass term allowed by the
symmetries of the SM. Quantum corrections to the mass
of the SM Higgs doublet turn out to be UV sensitive, so that
the effective Higgs mass is naturally be of the order of the
Planck scale or the cutoff scale for the theory.

An elegant solution to this problem is to assume scale
invariance,” and that all scales we observe be generated
dynamically. One such attractive possibility was proposed
long ago by Coleman and Weinberg, where a gauge
symmetry breaking is dynamically (radiatively) generated
via quantum corrections. However appealing as it may be,
this mechanism fails within the Standard Model to generate
the Higgs mass (the electroweak scale) because of the
contributions of W and Z boson loops and from top quark
loops. The original Coleman-Weinberg prediction was that
the mass of the gauge bosons is greater than that of the
Higgs boson, myy > my [54,55]. In BSM scenarios, a
picture that no scale is fundamental in nature and all mass
scales are generated dynamically, has been explored exten-
sively in the literature [56—61]. In context of nonminimally
coupling to gravity, such scenarios provide naturally flat
inflaton potentials [58,62—-68] and dark matter candidates
[65,69-73], and also leads to very strong first-order phase
transitions via supercooling in early universe and therefore
the possibility of high amplitude detectable gravitational
wave (GW) signals mainly due to dominance of thermal
corrections in absence of tree-level mass terms [74-81].
Scale invariant scenarios have always been seen as direc-
tion of model-building for the hierarchy problem in the
Standard Model of particle physics [55,58,59,65,69,71,82—
87]. See Refs. [88—101] for other studies of conformal
invariance and dimensional transmutation of energy scales
[102-109].

'Recently in higher-derivative nonlocal QFT scenarios, this
problem can be relaxed, and conformal invariance can be
dynamically achieved without introducing any new particles in
the physical mass spectrum, see Refs. [43—48] with predictions
and interesting 51gnals in LHC phenomenology [49, 50]

*We will use “scale-invariance” and “conformal invariance”
interchangeably in this paper, as they are known to be classically
equivalent for any four-dimensional unitary and renormalizable
field theory perspectives [51-53].

Sticking to the scale-invariant BSM framework, we
consider a B— L extended SM, in which the B—L
symmetry is broken by the Coleman-Weinberg mechanism,
subsequently triggering the EW symmetry breaking. The
B — L extended SM [110-115] have been well studied
which accounts for matter-antimatter asymmetry and the
origin of the SM neutrino masses via type-I seesaw
mechanism. Now as we go from UV to IR, quantum
corrections from the B — L gauge boson drives the running
quartic coupling (4,) of the B — L Higgs (¢) negative in the
IR. What happens is that, once the condition 4, <0 is

reached, ¢ develops a VEV ¢ = vg; /v/2 and the mixing
quartic term —A,|H|*|¢[* with the SM Higgs doublet (H)
effectively generates a negative mass squared, —m?|H|?
with m? lingv 5. and hence the EW symmetry is
broken. Moreover, we consider a possibility that the
B — L Higgs is also responsible for the plateau inflation.

However, using the B — L Higgs with conformal invari-
ance as the inflaton for the radiative plateau inflation is
highly nontrivial. Let us see in details why. In order for
B — L Higgs to drive the successful plateau inflation, the
running of 44(¢) should exhibit a minima A, (¢ = M) ~ 0,
whichmeans f; < 0,4, =0andf; > 0for¢ <M, =
M and ¢ > M, respectively, around ¢ = M. On the other
hand, the CW mechanism requires 4, to be positive at high
energies and fall to negative values at a low energy
(¢p ~ vpr/V2). Therefore, in order for the B — L Higgs
to play the dual role of the inflaton for the radiative plateau
inflation and for breaking the B — L symmetry by CW
mechanism, f; ’ changes its sign twice from the UV to IR. It

is nontrivial to realize such a behavior of f5; in gauge

theories.

In this paper, we propose a way to realize the dual role of
the B — L Higgs field, where threshold corrections from
Majorana ferrmons at some intermediate scale play a
crucial role.?

Our basic idea the following. At UV, to realize the
successful plateau inflation, Ay(¢p = M) ~0 and its beta
function is symbolically expressed as f; ~ ng‘gL—

ny4 ~ 0, where C, are numerical factors, and y is the
Yukawa coupling of a fermion with a mass mpg. Setting
gp. and y suitably, we can realize f3, (¢ <M) <0,

ﬁ,%(qb =M) =0 and ﬂl’p((]b > M) > 0, for generating the
radiative plateau potential at ¢ = M. Moving toward the

IR, the fermion decouples at ¢p = mp, and therefore, for
¢ < mpg, the beta function changes its sign to ﬂl«» > 0.

The mass of the fermions explicitly breaks the scale-invari-
ance, but in this paper we do not go into details on the origin of
the mass scale. However, we introduce such explicitly breaking
terms only in the fermionic sector, so that no new hierarchy
problem is created. See Refs. [116,117] for such theories
achieving electroweak symmetry breaking via radiative correc-
tions.
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Moving to low energies further, 1,(¢) eventually becomes
negative and the B — L symmetry by is broken by the CW
mechanism.

The paper is arranged as follows: in Sec. II we discuss
inflation analysis of this work. In Secs. I A-IIC, we
discuss on the basics of plateau inflation, the model and
on obtaining plateau inflation with the model. In Sec. Il we
move to the Coleman-Weinberg part of this work. In
Secs. III A-IIID, we discuss the basics of Coleman-
Weinberg mechanism, difficulty of achieving plateau infla-
tion and Coleman-Weinberg in the same model, way out of
this difficulty and theoretical conditions for this analysis to
work, respectively. We discuss the reheating analysis of this
model in Sec. I'V. We discuss the possible searches for Zz_;
particle and present the parameter space compatible with
current experimental results in Sec. V. In Sec. VI, we
discuss the main findings of our paper and its implications.

II. INFLATION

In this section we will describe how to generate the
inflationary plateaulike behavior from U(1),_, Higgs
quartic potential, expanded around an inflection-point,
driven purely due to radiative corrections.

A. Basics of inflection-point inflation

Quickly recapping the slow-roll parameters of infla-
tionary observables,

) ="E(V). - (),

V/v///
E(h) =M (1)
where we have the reduced Planck mass Mp =

Mp/\/87 = 2.43 x 10'8 GeV, V is the inflaton potential,
and the prime denotes its derivative with respect to the
inflaton ¢.

In this notation,
given by

the curvature perturbation P% is

p_ 1 1V
R 2412 M} €

(2)

b
ko

the value of which should be P% = 2.189 x 10~ from the
Planck 2018 results [6] at pivot scale k, = 0.05 Mpc™'.
The number of e-folds is given by,

1 /r/nV
N=— "L ag, (3)
M} Jg, V'

where ¢; is the value of inflaton during horizon exit of the
scale kg, and ¢b; is the value of inflaton value when the slow-
roll condition is violated, i.e., €(¢pg) = 1. The slow-roll

approximation holds whenever ¢ <1, || <1, and
_—an

The inflationary predictions of the scalar and tensor
perturbations are given by,
ng=1-6¢+2n,

r=16e, a=16en—24e>-2c%, (4)

where n, and r and a = ;l” © are the scalar spectral index,
the tensor-to-scalar ratio and the running of the spectral
index, respectively, at ¢ = ¢;. Planck 2018 results give an
upper bound on r < 0.067, bound for the spectral index (n)
and the running of spectral index (@) to be 0.9691 + 0.0041
and 0.0023 £ 0.0063, respectively [6]. A combination of
Planck with BICEP/Keck 2018 and baryon acoustic oscil-
lations data tightens the upper bound of tensor-to-scalar
ratio to r < 0.032 [118].*

The inflaton potential for inflection-point inflation,
expanding around an inflection point near ¢p = M value
of the field is given by [29]:

V(g) ~ V0+Z

where V= V(M) is constant, V, =d"V/d¢p"|,_,, are
derivatives evaluated at ¢» = M, and the inflection-point
¢ = M is the field value at the pivot scale k, = 0.05 Mpc~!
of the Planck 2018 measurements [6]. If the values of V
and V, are tiny enough, inflection-point can be realized.
Rewriting Egs. (1) in terms of parameters of Eq. (5),

Vil —M)" (5)

M (Vi (V2

€(M)—7<V—O> s I’](M)_MP(V—O>,

(M) = My, (©
0

where we have used the approximation V(M) =~ V.
Similarly, the power-spectrum A% is expressed as

, 11V

RE D Me VT )

Using the observational constraint, P% = 2.189 x 107,
and a fixed n, value, we obtain

Vi Vo 3/2
~ 1963 .
=) (i)

Vs 1 —n M\2(V,
720545 x 102 ) () (o), (8
M- x (1 —O.9691> <MP) <M4> ®)

“As we will see later, the highest r value that maybe achievable
in this model is for a benchmark point M = 5.67 Mp, which
corresponds to r = 0.00012.
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using V(M) =~ V. For the remainder of the analysis we set
n, = 0.9691 (the central value from the Planck 2018 results
[6]). Then V53 becomes

14 60\2 [ V§/?
Va L6983 x 107 () (Vo). 9)
M N) \MMp

Using Egs. (4), (6), (8), and (9), the tensor-to-scalar
ratio (r) is given by

4

r—3.082 x 107 <ﬁ> (10)
Mp

and, the running of the spectral index («)
2 3 (60\?
a~=2¢*(M) ==2.741 x 10 ~) (11)

It is interesting to note that the running is independent of
the V, and M terms in the inflation potential.

This prediction is consistent with the current experimen-
tal bound, a = 0.0023 £ 0.0063 [6]. Precision measure-
ment of the running of the spectral index in future
experiments can reduce the error to +0.002 [119,120].
Hence, the predictions can be tested in the future.

B. The B - L extended model

We start with the minimal extension of the SM model
where the SM gauge group is supplemented with a
U(1)g_; local symmetry. In this B — L sector, there are
two vectorlike fermions yw; and wp, three right-handed
neutrinos N, as well as the complex scalar field ¢. Tables I
and II show all the details about the gauge sector and the
new scalars and fermions in the model. The vectorlike
fermions y;, yg and N% are charged under U(1),_,. In
addition to the usual canonical kinetic energy terms, the
B — L Higgs interacts with right-handed neutrinos (N%)

|

d 4
1672 5? - <12 +§>g§%,

dy®”
16ﬂ2¢—d;5 = 695, Y% + Y%°W<

N =
N

N =

dy
167[2¢d—¢§ =693,y + V1 <

J

TABLE I. New gauge sector of the model.

Field Group Coupling
Zpr U(1)p_t 9BL
TABLE II. New scalars and fermions in the model.

Field Spin U1y
¢ 0 2
VLR % -1
N : -1

and vectorlike fermions (y; and wpg) through Yukawa
interaction terms,

19 —= 1 — 1 _
LD —5; Y£_0W¢NSQCN;Q —Eyuﬁ‘//fl//L —Qym//,%//,e +H.c.,

(12)
and with SM Higgs through,
V(H.¢) = dulH* = 2ug HP Q] + Agl@l*. (13)

The choice of negative sign before the mixing term
Aug|H|?|¢|* will be explained in Sec. III A. For the analysis
in this work we assume that the contribution of 14, to be

diy .
7 e

84714 < 964, - This simplifying assumption lets us study

negligible with respect to that of gp, in f;, = ¢

the running of the couplings in the dark sector and that of
the SM sector independently of each other. This condition
will be discussed in more details in Sec. III D. For this
assumption, the couplings of the dark sector follow the RG
equations,

D Y+ y%) - 1293, + Yi-‘)“),
J

(Zﬂ-"“ +37 +)’12e) ~ 12g3, +y%>,

dy 1
167r2¢d—$ = 693,k + & (5 (ZY}"“ +)7 + y%) ~ 1293, + y?a)
J
di,
167’ — (Z = 2043 + 9644, — (ZY}OW“ +yi + yi) + 24 (2ZY}°W2 +2y? +2y% — 489§L>. (14)
J J
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For simplicity, we consider degenerate Yukawa couplings,
yr=yr=y and YP¥ =YP¥ = YV = YoV throughout
this work. We also choose Y% < y; » and Y% < g,
for simplicity and ignore the Y!°" terms in the next section.
It is worth mentioning that, although the right-handed
neutrinos N% and the couplings Y% do not affect the
analysis in this work due to their assumed smallness, after
the breaking of the B — L symmetry they naturally obtain
mass myi ~ Y'%vp, , vp;, being the B — L vev. Hence the
seesaw scale is dynamically generated.

C. Achieving inflection-point in the UV in the model

For achieving the radiative plateau in the U(1),_, Higgs
potential Viee = (1/4)A)_weep*, we go to the RGE-
improved effective potential,

1

(@) (15)

Vi) =

where 4,(¢) is the solution to the RGE, as in Egs. (14),
which involves gp;, y, and 4,. The coefficients in the
expansion of Eq. (5) in term of the model parameters is
given as,

Vi

1
v, 1

272 = 3 (1240 + 7B, + MB) ),

Vi 1

2 = (244, + 268, + 10MB,, + MB},),  (16)

where the prime denotes differentiation with respect
to the field ¢, i.e., d/d¢. For the condition of inflection-
point, using V,/M?*~0 and V,/M?~0, we obtain
V3/M ~1644(M), which in turn when compared to
Eq. (9), gives,

2 4
z¢(M)z4.762x1o—16<MﬂP> <?V—O> o

where we have approximated V ~ (1/4)4,(M)M*. Since
A¢(M) is extremely small, we can approximate £; (M) ~0
at one-loop level,6 leading to,

:See Refs. [29] for detailed derivation.

In perturbation theory, two loop contributions to the beta
functions are is subdominant than one loop contributions. So,
once we make sure that the one-loop corrections corresponding to
the most dominant contributions cancel out, the deviation from
this cancellation becomes less and less severe when we take into
account the higher-loop contributions. So, our results obtained by
the requirement of cancellation at one-loop level are not signifi-
cantly altered by the higher order corrections.

59

10

-
8
S 057k
s
>
1056
1055 1 1 L L L L
0 50x10"7  1.0x10" 15x10"® 20x10"® 25x10" 30x10"
¢ [GeV]
FIG. 1. RGE-improved inflaton quartic potential plotted against

¢. M=Mp =243 x10'® GeV.

o) = (3) gm0, (18)

This equation implies that, to realize a successful inflection-
point inflation, we need a fixed ratio between the mass
of the vectorlike fermions and the gauge boson mass.’
Using V,/M?*~0 and Eq. (18), we find A4(M) ~5.27x
10395, (M)S. Then using Eq. (17), gg. (M) can be
written as

M\ 1/3

Finally, from Eqgs. (10) and (17), the tensor-to-scalar ratio (r)
is given by

6
r3.670 x 10-9 <£> , (20)
Mp
which is extremely small, as expected for the single field
inflationary scenario where the potential is flat at the
pivot scale.

It is important to mention that the theoretical consistency
of this analysis depends on the fact that V5 is dominant over
any V, for all other n values in Eq. (5) to realize the
plateaulike behavior. This condition, to be precise,
V3 > V,, leads to the upper limit [29]:

M < 5.67 Mp. (21)

Just to show an example, for the choice of M = Mp, we
get from the analysis done earlier in this section,

"We again emphasize that, to realise a successful inflection
point inflation, the tuning of the parameters is necessary. This is a
general problem for inflection point inflation scenarios. However
we want to point out the interesting property that, this cancella-
tion leads to a relation between otherwise unrelated couplings.
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gpr = 6.701 x 1073, y = 0.0176, A5 = 4.76 x 107'® dur-
ing inflation, the potential for this choice of parameters is
shown in Fig. 1.

We note a crucial point at the end of this section to carry
forward to the next section: that the inflection-point and the
inflationary plateaulike behavior necessarily leads to 4, ~ 0
and f5; ~0at M (UV scale) which means that in our model
due to the presence of the Yukawa coupling y, 4,
monotonically grows in the IR from UV. In the next
section, we will see that for the requirement of radiative
symmetry breaking via CW mechanism, we will also need
positive contribution in f; to dominate in order to have

negative 4, in the IR.

III. COLEMAN-WEINBERG IN THE IR

In this section we present the Coleman-Weinberg path-
way to generate the EW and seesaw scales in the IR. Such a
scenario demands as we will show to be difficult to achieve
the inflationary-plateau behavior as described in the last
section. We will present a possible resolution to the
problem by implementing energy threshold correction
and derive the full sets of conditions on the parameters
of the model that lead to the whole picture to be consistent.

A. Dynamical generation of EW and B — L seesaw scales

As discussed in Sec. II B, we work with gauge group
U(1)y x SU(2);, x SU(3), x U(1)g_y, namely the SM
gauge group with an extra U(1)z_,. At low energy, we
have dynamical symmetry breaking down to U(1),, x
SU(3), gauge group. However, as we do not have any
dimensionful parameter in the Lagrangian, we depend on
dynamical generation of scales through running of cou-
plings. To discuss the basics of this dynamical generation,

we consider g, in Eq. (14). If there is no fermionic
contribution, we get,
dA 1
¢
As a consequence, when there is no negative Yukawa
contribution, 4, is positive definite and the gp;, term makes
A4 negative at low energy, leading to dynamically generated
vev of ¢, vpy.
The effective scalar potential at one loop order can be

approximated by inserting a running 4, in the tree-level
potential of Eq. (15):

1 1
V(o) 21/1(/;454 ﬁzﬁ@ In(¢/¢.)¢", (23)

where ¢, is the critical scale below which 4, becomes
negative. The potential attains a minima as 4,, is negative at
small energy scales, as discussed latter in Sec. IV. Once ¢
attains a vev, the mixing —Ayy|H[*|¢|* works as the

symmetry breaking term of SM Higgs, the mass matrix
analysis of the system will be discussed latter in Sec. IV.

Effectively we can say that ¢ acts as “the Higgs of the
B — L Higgs” and as “the Higgs of seesaw scale.”
Furthermore, the “Higgs of the ¢” is ¢ itself, i.e., the
EW scale and the seesaw scale are dynamically generated
via dimensional transmutation when U(1),_, symmetry is
broken radiatively, i.e., 4, <O0.

B. Difficulty with inflection-point conditions

However, as discussed in Sec. II, at the scale of plateau
inflation ¢ = M, j e = 0 due to cancellation of the bosonic
and fermionic contributions, i.e., §;, ~96gy, —2y* =0,
considering the dominant contributions in Eq. (14). As the
inflaton field ¢ rolls down the potential to scales below the
scale of the inflationary plateau around M, the fermionic
contributions ~y* becomes dominant and S, , < 0. So, it
seems impossible to make 4, negative in the IR again just
using radiative corrections.

C. Achieving the inflationary plateau via threshold
correction

One possible resolution to achieve the inflection-point at
UV and 4, <0 at IR simultaneously in a model maybe
possible through threshold energy corrections, i.e., going
from UV to IR, if at some scale, say ur, a fermionic
contribution 2y* to j3, , vanishes, the bosonic contribution
9644, again dominates, making f3, , > 0 again in the IR.
This makes it possible for 4, < 0 and forces the U(1)z_;
symmetry breaking, d la CW mechanism.

We lay out the prescription for this mechanism in the
model II B: in our model the additional B — L Higgs ¢ as
the inflaton interacts with right-handed neutrinos (N%) and
vectorlike fermions (y g) through Yukawa interaction
terms, Y}Ow,yL and yp respectively, as per Eq. (12) in
the UV but stop affecting the RGE-improved potential in
the IR due to threshold correction, at a scale y7; RGE below
the threshold energy scale 4 = uy becomes [eliminating the
contribution of y; and yp in Eq. (14)],

di 1
e _ 2 4 E low 4
¢ d¢ 1677 (201"5 9005~ 2 Y]
J

+ 2 <2ZY}°M - 489%,L> ) . (24)
J

Besides the scale of inflection-point M, we have the
threshold scale p7 as the only free parameter in our model.
We shall see later that y has a lower bound depending on
gpr, hence M, it we assume that RGEs of dark sector and
SM sector evolve independently. If Y'Y <y, p and
Yo% <« gg;, the value of Ay suddenly drops to negative
value below p7 (as shown in Fig. 2). The sudden drop is due
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10° 108 10" 10" 10"
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FIG. 2. Left panel: RG running of all the couplings for the benchmark point M = 1 Mp, uy = 44.85 TeV) against p. Right panel: RG
running of 4, against p. Note the abrupt drop of 4, to negative value at the threshold. We have chosen negligible Y low — 1073y

for this work.

to the fact that —484, g%, is negligibly small with respect to
9644, [see Eq. (24)]. If the difference between the con-
tributions —481,¢%, and 964y, is smaller, we may achieve
a smooth transition of 4, from positive to negatlve values.
For the choice of parameters pur = 44.85 TeV,! M = Mp
and choosing negligible Y = 1073y, the evolution of the
couplings are shown in Fig. 2.

In summary, to start with we had six parameters in our
model, namely the scale of inflationary plateau M, the
threshold scale uy, and the couplings A4, g, Y, ylow,
Among them we choose Y% <« y and Y% < g, , such
that they do not affect the RGE-improved inflationary
potential V(¢) thus leaving us with five parameters. Fixing
the observed values of the inflationary parameters P%z, ng
and a chosen value of e-foldings N makes the couplings 4,
gpr, ¥ at ¢ = M dependent only on M, therefore reducing
the system to only two independent parameters M and uy in
totality in our model.

D. Conditions for theoretical consistencies

In order to simplify our model we assume that RGEs of
the dark sector and SM sector evolve independently of each
other, as previously mentioned in Sec. II B. To satisfy this
assumption we require that the positive contribution of 1%, "
in j3; , o be negligible with respect to the contribution from

$This choice of ur corresponds to the intersection of ATLAS
final result constraint on gg; vs my, plane and the line
corresponding to M = Mp, as discussed later and shown in
Fig. 4. In general we choose yr as the maximum of ur values
corresponding to the intersection point described above and the
intersection of lower bound of my,, (for theoretical consistency)
with the line of constant M.

gauge coupling g4, in Eq. (14), i.e., 8/111(/) < 9643, . In the
other extreme of this assumption, i.e., for 8)&{ 0> 96g‘l§L,
the inflection point is achieved via cancellation of con-
tributions from 7, and y* in f; , however we do not
discuss this scenario in this work (see [121] for such an
example). Now, the term —Ay,|H|*¢* in the scalar poten-
tial, when ¢ = (¢p) = vp; /v/2, works as —m?|H|* (where
m = m,/\/2 = 88 GeV, m;, = 125 GeV being the mass of
SM Higgs) to provide spontaneous symmetry breaking of
SM Higgs, so we get mj = Ay,v3, . As for our case py ~
v/ V2 (due to the sharp drop of Ay at ur), we get a lower
limit of ur, ie.,

pr 2 2B = . (25)
V2 m 2fg 12

This condition also gives us a lower limit on my,, ,

2v2ggLm 2

My, =2gpOpL > — =y = =17 m =133 GeV
T avag) 3

(26)

In terms of order-of-magnitude estimate, this will be
truly valid for 87, < 9643, , setting 827, to be <1043, ,
requiring mz > 3 X 133 GeV. This we chose to be our
lower bound on m, . This condition translated to M as the
lower bound for some chosen value of puz, along with
the upper bound condition from Eq. (21) will assure us the
theoretical consistency of our analysis and results.

Along with this bound of m > 3 x 133 GeV, we have
a stronger bound on my, from the theoretical consistency
of our analysis, as will be discussed in the Sec. IV. This
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bound comes from the calculation of masses of the scalar
mass eigenstates. The constraint we use in this work is,

my,, % 850 GeV. (27)

IV. REHEATING THE VISIBLE UNIVERSE

Now let us turn toward the reheating dynamics to
connect our model with the standard big bang cosmology.
This occurs when inflation has terminated and the inflaton
oscillates around the minima of its potential, interpreted as
a collection of particles at rest and decays perturbatively.
The reheating temperature T, is then given by,’

100

1/4
Tl’h ~ .55 <—> 1/ FlﬂMP; (28)

Gx

where T',, is the decay rate of the redefined inflaton ¢ =

V/2Re(¢) and g, is the number of SM degrees of freedom.

To calculate I',,, we first calculate the mass of the inflaton

m,, from the numerically calculated second derivative of the

RGE improved potential at the minima wvg; /V/2,
V'(§)l gy, vz = My = 2m,. For our benchmark point
of M=Mp and u; =44.85TeV, we have vy =
49.1 TeV as shown in Fig. 3, and m,, = 0.85 GeV.

We now note that the SM Higgs boson mass
(mj;, = 125 GeV) is given by,

m%l = Auy UJZBL ) (29)

where vy = 246 GeV is the Higgs doublet VEV.
The mass matrix of the Higgs bosons, ¢ and 4, is given by,

1 m2 Ay Vg U h
£D—§[h o] h HpUBL H:||:

2
/1H¢UBL U n, @

] . (30)

°If the inflaton couples to other fields with sizable couplings, it
may indeed give rise to significant energy transfer to those sectors
via preheating. However, it is difficult for preheating to transfer
the total energy from the inflaton to the radiation, and some
energy density is left in the inflaton field. In our scenario, the
inflaton potential around the minimum behaves as a quadratic
potential, and the leftover energy density stored in the inflaton
arising due to oscillation around the minimum, behaves like the
equation for state for matter. Thus, the radiation energy density
produced during preheating dilutes away with respect to the
inflaton energy density, unless the inflaton decays right after
preheating. So, we think it reasonable to estimate the reheating
temperature by the perturbative decay rate of the inflaton.
Moreover, in our case, the main reheating process is via fermion
production from the inflaton, since the gauge boson Z’ is heavier
than inflaton. We expect the parametric resonance to be further
suppressed via Pauli blocking.

12

-2x10"¢

-4x107t

-6x10"¢

V(¢) [GeV*]

-8x107}

-1x108}

30000 40000 50000

¢ [GeV]

10000 20000

FIG. 3. Plot of V(¢) for the benchmark point M =1 Mp,
ur = 44.85 TeV) near the threshold scale and minima of the
potential in IR. Note that due to the sharp drop in potential to the
minima near ¢ = puy, we can use the approximation

UBL/\/EN/‘T

Diagonalizing the mass matrix by

A IV | A

where / and § are the mass eigenstates, and the mixing
angle @ determined by

ZUBLUH/,{H(]ﬁ = (m% — m(%,) tan 29, (32)

- 2 2
we find, for my, < mj, and /IH,/, <1,

Uy
0~—. 33
. (33)

The mass eigenvalues are then given by

2
2 2 2 5y SN0 2
mg = my, + (mg, — mj,) [ oeig = Mo = m; 6,
sin%0

For the parameter values we are interested in, we find
mgj, ~my; and ¢, h =~ ¢, h. We noted that, for this mass
eigenstate approximations to make sense numerically, i.e.,

to really get mgjj; ~m,,, Wwe require approximately

mz,, 2850 GeV." So, for notational simplicity, we will

""This approximate relation comes from the fact that we
require m3, > mi6* = mi(t’%)z to get m; ~m,. We observed

that, keeping m,, = 2gp,v5;, > 850 GeV resolves this issue by
having to large value of vp; in the denominator of 6, hence
making € small enough for theoretical consistency.

055024-8



RADIATIVE PLATEAU INFLATION WITH CONFORMAL ...

PHYS. REV. D 106, 055024 (2022)

refer to the mass eigenstates without using tildes in the rest
of this work.

Coming back to our benchmark point of M = Mp and
ur = 44.85 TeV, the inflaton decays into SM particles
through mixing with SM Higgs, with the mixing angle

~ U _ 246 :
il TR The dominant decay channel of the

inflaton with mass m, = 0.85 GeV is into strange quark or
muon pairs. This decay rate of the inflaton is then given by,

, 3 m? 1 m2 )
I, =Tysin?0~ (ggm(,, + @v_gm‘”> sin?0,  (35)

where I'y; is the SM Higgs decay rate into pairs of
SM particles with mass < m,,/2 and m; ~ 96 MeV, m,, ~
105 MeV denotes mass of strange quark and muon
particles respectively. This decay leads to the reheating
temperature of 7'y, ~ 635 GeV

For the benchmark points M =5.67 and 0.1 Mp,
respectively pp = 48.53 and 96.63 TeV, we get vy, =
52.73 and 106.06 TeV, my = 2.93 GeV (dominant decay
channel into charm quark pair) and 0.39 GeV (dominant
decay channel into strange quark and muon pairs).
Following the same prescription given in this section
earlier, we get Ty, ~ 12.3 TeV and 198.02 GeV respec-
tively. So, all three benchmark points have 7, > 1 MeV
(scale of BBN).

It is important to mention that to calculate a more
realistic reheating temperature we need to solve the field
dynamics after inflation in ¢ — H plane. This is because
whenever the field trajectory has a component in the SM
Higgs direction, which is indeed the case near the minima
of the potential, we get a sudden suppression in the energy
density in the fields due to high decay rate of the SM Higgs,
hence helping the reheating cause. However calculating this
dynamics is complex in our case due to sudden sharp edges
of the potential near the threshold scale y7, and we omit this
analysis in this work. Keeping this in mind, we state that the
T,, estimates we have done are more conservative, hence
having this conservative estimates well over the BBN scale
is enough for our benchmark points to be consistent with
the standard big bang cosmology.

We also mention that the reheating temperature 7,
is far smaller than the inflationary Hubble scale,

Hin :\/—3%%’ V($)|p—p- For the benchmark points

M =567 Mp, pr—4853TeV), M=1 M,
yp = 44.85 TeV) and (M = 0.1 Mp, py = 96.63 TeV),
scales of inflation are 7, = 2.79 x 10'2 GeV, 1.53 x
10" GeV and 1.53 x 107 GeV respectively, in contrast
to Ty, in the TeV scale.

V. MODEL CONSTRAINTS FROM LHC

In this section we will discuss the constraints on our
model parameters that come from the gauge boson search

in hadron colliders, via the s-channel process p + p —
Z > ete /utu.

For computing cross section for LHC processes,
gpr, 1s already constrained to be small, and we interpret the
7' search to be equivalent to Zg; search. The cross section
for the process o(pp — Zg; — ete /utpu~)~o(pp —
Zpr)BR(Zg; —» eTe /utu™) in  the narrow-width
approximation,

olop = 2w) =23, [ dx [ dy ,(x.0f315. 0056,

(36)

with

where f, and f; represent the parton distribution functions
for a quark and an antiquark, § = xys represent the invariant
squared mass of the quarks in collision. In our LHC Run-2
analysis we will follow Ref. [122] which is for the
c.om /s = 13 TeV.

Current experimental constraints in the myz, Vs gp
parameter space corresponding to B — L vector boson (as
shown in left panel of Fig. 4), with mass my,, = 2gp; vpy,
can be mapped to M/Mp vs up parameter space
of our model using Eq. (19) and the expression
mz, = 29pLVpL ~2v2gpipir. Constraints from these
experiments mentioned before into M /M p vs uy parameter
space is shown in the right panel of Fig. 4.

As one can see from Fig. 2, gg; and y and Y,,, remains
almost constant throughout the RGE evolution. When the
U(1)p_, symmetry is broken, the Z' boson becomes
massive with its M, = 2gp; vp,. Figure 4 benchmark
points (M = 0.1 Mp, M = Mp, 5.67 Mp) on the mz,, —
ggr(Mp) plane, computed at the U(1),_, breaking scale
4= =uvg/v2. The plots clearly indicate for gg; ~
O(1072) the mass Zg; boson can be of O(TeV) to satisfy
all constraints. For lower gg; values even lighter Zp; mass
is allowed, up to ~850 GeV.

In terms of the free parameters of the model, namely
ur and M, it can be seen from right panel of Fig. 4 that
ur <50 TeV is excluded by LHC run-2 data. Note that the
analysis is only consistent within the open region limited by
M < 5.67 Mp and the curve corresponding to the con-
dition my, > 850 GeV.

"Note due to the abrupt change in value of 4, as shown in
right panel of Fig. 2, we may use yy ~ vpy.
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FIG. 4. Left panel: the horizontal lines correspond to the inflection-point scale M = 5.67 M p (dashed), M p (dotted), and 0.1 M p (dot-
dashed) respectively (Theoretical upper bound from validity of the inflationary calculations as per Eq. (21).). This corresponds to m,,
lower bounds to be 1.64 TeV, 850 GeV, and 360 GeV respectively, when taken into account B — L gauge coupling limit from ATLAS
dilepton result, as mentioned later. The vertical solid line and the vertical thick dashed line correspond to mz,, = 3 x 133 and 850 GeV,
respectively, the lower limit for theoretical consistency as discussed in the text. The jagged blue solid line is the upper bound on the
B — L gauge coupling as a function of Zg; mass from the ATLAS dilepton final result (ATLAS-CONF-2019-001) [123]. We also
explicitly show the other current constraints (dashed region): Green corresponds to LEP-II [124], magenta and red are bounds obtained
from ATLAS13 (2j) [125], CMS13 (2j) [126]. Cyan ATLAS-TDR (21) [127]. Brown solid, dashed, dotted are for future e+e- colliders
with /s = 250, 500, and 1000 GeV. The LEP and the future e+e- collider bounds were obtained using contact interaction strategy in the
Refs. [128,129]. Right panel: plot of M/Mp versus pur (TeV). Using the relation mz,, = 2gp; v, ~ 2\/§gBL/47, it has been mapped to
M /M p vs uy parameter space via Eq. (19). The open parameter region bound from right by M = 5.67 M p, from bottom by the ATLAS
final result and from left by the thick dashed curve corresponding to my, = 850 GeV is allowed within our theoretical framework and
experimental constraints.

VI. DISCUSSION AND CONCLUSION the symmetry breaking occurs, ¢ obtains VEV vp;
and a term similar to —m?/H|*> comes into
play, mimicking the SM Higgs mechanism d la
Coleman-Weinberg. The condition for the SM
Higgs mass generation determines the combination
Anghy as mj, = Apyvp ~ 2Apgu. Therefore, Ay, is
fixed from Higgs VEV (246 GeV), once ur is
fixed.

(iv) Considering Zp; searches in LHC, particularly

We investigated in a minimal B — L conformal extension
of the SM the possibility of the B — L Higgs driving
inflation in the UV (without any coupling to gravity). In
this model, starting from the UV, we explicitly derived the
conditions in order to mimic the SM Higgs mass generating
mechanism dynamically via perturbative quantum correc-
tions, d la Coleman-Weinberg in the IR. The main findings
of the paper are as follows:

(i) Cosmic inflation happens due to the flatness of the upper limits from ATLAS, we get p ~ vp../ V2 <
U(1),_, Higgs potential achieved through bosonic 0(80) TeV is exc.luded (see Fig. 4). '
and fermionic quantum corrections. Once the in- (v) The model predicts mz, >2 TeV with gg; ~
flection-point scale M is fixed, the values of the free O(1072) to be consistent with the inflationary
parameters of the model, namely, A, gz, y are fixed cosmology, dynamical generation of EW and seesaw
at the scale M, and its running via RGE determines scales as well as allowed by LHC searches. Such a
its value at the lower EW scale. region will be within the reach of future experiments.

(ii) Due the nature of the running of 1, near the (vi) For the benchmark points (M =5.67 Mp,
threshold correction energy scale 7, the seesaw pr = 48.53 TeV), M =1 Mp, up = 44.85 TeV),

scale vg;/ V2~pupis a good approximation (see and (M = 0.1 Mp o HT = 96.63 TeY) considered in
Figs. 2 and 3). the model we estimated the reheating temperature

Ty ~12.3 TeV, 635 GeV, and 198.0 GeV respec-
tively and the scales of inflation to be
Hins = 2.79 x 10'2 GeV, 1.53 x 10'° GeV, and

(iii) Besides M, the only free parameter in the model is
the threshold energy scale y; (~vg/ V2), ie., the
scale at which U(1),_; symmetry is broken. Once
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1.53 x 107 GeV respectively, thus being consistent

with BBN limits.
Conformal invariance dictates no scales are fundamental in
nature. We showed here that the dynamical scale generation
of electroweak physics (EW), heavy neutrino physics
(seesaw scale), and the phenomena of inflation can be
achieved together purely via quantum corrections in
particle theory of fundamental interactions and put
constraints and predicted signatures in collider physics.
To derive the Coleman-Weinberg potential, we only
considered 1-loop fluctuations due to the bosonic and
fermionic degrees of freedom. Since our model is mini-
mally coupled to gravity, we do not expect the picture to
change due to quantum corrections from the gravity sector.
Finally, this work can be extended by a full two-field study
of inflation and its effect on primordial non-Gaussianities

BSimilar work was considered but in context to nonminimally
coupled scalars in Ref. [130].

(see, e.g., Ref. [131] for a review) or other observables like
primordial black holes (PBH) (see e.g., Ref. [132]) and
secondary gravitational waves predictions (see e.g.,
Ref. [133]).

We envisage that our studies concerning the conformal
invariance at the classical level, the interplay of dynamical
mass scale generation in the IR and cosmic inflation in
UV will open up a new direction in future to unified
model-buildings in BSM theories, having to explain the
dark matter, matter-antimatter asymmetry, inflation, Strong
CP and the EW-Planck scales hierarchy problems,
under one umbrella, with or without gravity, and have
testable laboratory, astrophysical or cosmic observable
predictions.
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