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We propose a modification to the standard hybrid inflation model [A.D. Linde, Hybrid inflation,
Phys. Rev. D 49, 748 (1994).], that connects a successful hybrid inflation scenario to the standard model
Higgs sector, via the electroweak vacuum stability. The proposed model results in an effective inflation
potential of a hilltop type, with both the trans-Planckian and sub-Planckian inflation regimes consistent
with the recent Planck/BICEP combined results. Reheating via the inflation sector decays to right-handed
neutrinos is considered. An upper bound on the reheating temperature T < 2 x 10'1(1 x 10'3) GeV, for
large (small) field inflation, will suppress contributions from one-loop quantum corrections to the inflation
potential. This may push the neutrino Yukawa couplings to be O(1) and affect the vacuum stability. We
show that the couplings of the SM Higgs field to the inflation sector can guarantee the electroweak vacuum
stability up to the Planck scale. The so-called hybrid Higgs-inflaton model leads to a positive correction for
the Higgs quartic coupling at a threshold scale, which is shown to have a very significant effect in
stabilizing the electroweak vacuum. We find that even with O(1) neutrino Yukawa couplings, threshold

corrections leave the SM vacuum stability intact.
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I. INTRODUCTION

The Standard Model of cosmology (SMC), and the
Standard Model of particle physics (SM) are extremely
successful in describing the observations of the Cosmic
Microwave Background (CMB), and the low-energy exper-
imental results of particle colliders, respectively. It turns out
that elementary scalar particles play an important role in
both particle physics and the early universe. In fact, the
detection of the SM Higgs boson in 2012 [1,2] was the first
successful signature of an elementary scalar playing a
crucial role in particle physics. However, this discovery
left unanswered questions, indicating that the SM is not
the ultimate theory, such as the hierarchy problem and the
problem of stability of the electroweak (EW) vacuum.
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On the other hand, a scalar field (the inflaton ¢) is
believed to play another pivotal role in the early universe,
where it may be responsible for the cosmic inflation.
The latter resolves the problems of flatness and horizon
of the SMC, and the absence of early phase transition
remnants can be justified. It is tempting to investigate
possible connections between the two sectors of inflation
and particle physics as well as impacts on both high- and
low-energy physics. One portal to such a connection is
the reheating process after the end of inflation, where the
inflaton oscillates around its true minimum and decays
into the SM particles when the Hubble parameter and the
inflaton decay are of the same order, H ~I"y. In non-
oscillatory models [3-5], where the inflaton keeps rolling
in a runway direction, reheating after inflation is achieved
via different mechanisms such as gravitational reheating,
instant preheating, or curvaton reheating for example.
Other connections between the two sectors can be achieved
via a messenger that interacts with both sectors and
influences physics in both of them as studied in [6-10].

The SM Higgs vacuum stability is one of the issues that
raises concerns in both beyond standard model particle
physics and cosmology of the early universe. The EW
vacuum is stable up to an instability scale A; ~ 10'!, where
for higher scales the SM Higgs quartic coupling is driven to
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negative values by the dominant contribution of the top
quark Yukawa coupling to the RGEs. As a matter of fact,
the EW vacuum stability is very sensitive to the precision
measurements of the top quark mass m, and less sensitive
to the strong coupling a [11-13]. According to these
uncertainties, the instability scale lies between 10° < A;<
10'? GeV. However, in the presence of a deeper minimum
of the Higgs potential, at much larger field value [14,15],
the EW vacuum may be metastable if its lifetime is larger
than the age of the universe. The current measurements
of the top quark mass m, and the Higgs mass m;,, support
the hypothesis that the EW vacuum is metastable [11,16].
However, this situation may be subject to change for more
precise measurements of m,, and even considering new
physics that explains the neutrino masses. Accordingly,
the EW vacuum may move to the instability region.
Moreover, quantum fluctuations may push the Higgs
potential over its barrier causing destabilization of the
Higgs vacuum during inflation [17-19]. If typical momen-
tum, which is of the same order as the hubble scale during
inflation k ~ H™™, is greater than the potential barrier, then
the EW vacuum can decay. Therefore, considering the
inflation sector may even worsen the situation of the EW
vacuum stability/metastability. These problems can be
avoided if new physics arises at the instability scale A;
or by defining a direct coupling between the inflaton and
the Higgs boson [10,17,20,21].

The hybrid inflation model (HI) [22] combines the
inflation potential with a spontaneous symmetry breaking
potential, where the inflation ends by a waterfall phase
triggered by the inflaton ¢. In its simplest form, this class
of models predicts a large spectral index ns ~ 1 and very
small tensor-to-scalar ratio r if the field variations are
taken to be as small as sub-Planckian values [22,23]. On the
other hand, if field variations are super-Planckian, we have
r > 0.1. Both limits of the model are ruled out by Planck
observations [24,25]. In Ref. [23], it was indicated that
including one-loop quantum corrections to HI tree-level
potential can improve the n; and r values. It was assumed
that the inflation scalars interact with right-handed neu-
trinos (RHN), that acquire large masses through the water-
fall scalar vev. In this case, the neutrino Yukawa coupling
with SM Higgs field can be ~O(1), which worsens the EW
vacuum stability [12] and may even be dangerous for the
metastability.

In this paper, we propose a connection between the SM
Higgs sector and the hybrid inflation sector. We introduce
a new scalar field y that is interacting with the hybrid
inflation sector to improve the inflation observables for a
tree-level scalar potential on one hand, and on the other
hand, stabilizes the EW vacuum up to the Planck scale. We
will make use of the threshold modifications to the running
of the SM Higgs coupling due to the inflation sector fields.

The paper is organized as follows. In Sec. II, we provide
the details of the modified hybrid inflation model as well as

the inflation dynamics and the effective inflation potential.
In Sec. III, we study the parameter space and the observ-
ables predictions of the model. Then we explore constraints
from reheating, neutrino masses, and quantum corrections
in Sec. IV. Section V is devoted to investigate the low-
energy consequences such as the stability of the SM Higgs
vacuum. Finally, we give our conclusions in Sec. VI.

II. MODIFIED HYBRID INFLATION MODEL

We propose a modified version of the hybrid inflation
model [22] (MHI). It consists of three SM singlet real
scalars, the inflaton ¢, and the waterfall field y as well as an
extra scalar field y, with full scalar potential of the form

v2\2  m?
V(. w.x) = Ay <l//2 - %) + 7(,252 + 2/14,.,,¢2W2

2

1)2 1)2
Zul-3)(7-3)

where m, v,, v, are mass dimensionful scales while
Ays Ays A Ay Ay 1€ dimensionless couplings. The first
three terms correspond to the known hybrid inflation
model [22]. The last three terms give the modification
on the HL.' The negative coefficient in the fourth term
of (2.1) can be justified in the context of the inverted hybrid
inflation (IHI) [27] and may be obtained in some contexts
such as supersymmetry [27].> We will work in Planck units
where the reduced Planck mass Mp = 1. The global
minimum of the potential (2.1) is located at

2.2 2 ”;2( 2
_2/1(/7)(¢)( +/1){<}( ——>

(2.1)

(2.2)

at which V = 0. Since the inflaton ¢ acquires a zero vev, it
does not mix with the other two fields y, y in the mass
matrix and it is separated with a squared mass

mgy = m* + 224,05, — 22y, v5. (2.3)

On the other hand, the mass matrix in the basis (y,y) is
given by

'Similar modifications on chaotic inflation were also proposed in
[9,26], based on shift symmetry arguments.

In fact, we do not consider supersymmetry in this paper, and
we focus on linking our modified hybrid inflation model to the
EW vacuum stability in a non-SUSY case. However, if super-
symmetry is considered as a UV completion to the SM, with
a very large breaking scale, the EW vacuum stability is still
questionable.

035023-2



MODIFIED HYBRID INFLATION, REHEATING, AND ...

PHYS. REV. D 107, 035023 (2023)

lw”w

Ayy Uy ¥
M, =4 e (2.4)
A A,y

with the following squared masses:

wy Vw Uy

mi = 2[&,,115, + 4,02 £ \/(/1,,,1)3, — Av2)? + 42 ”w”x}
(2.5)

It is clear that in the absence of the mixing 4,,, between y
and y, the squared masses are given by my, = 4&,,11,,,,
mf( = 4/1)(1)}2(.

The inflationary trajectory is obtained by minimizing the
MHI potential (2.1) with respect to the y and y fields. It
turns out that during inflation, y is frozen at the origin
while y is shifted to a nonzero value on the trajectory

(w.x) = (0, \/aﬂqbz ;‘f 2 +1 2). (2.6)
X

Using the field-dependent squared mass matrix, a critical
value ¢, that triggers the waterfall phase has the form

Ay _/11%/)( (4 —=0) Dy ’111/

¢c ==
V2 Ay + Mgy V2 ’1451//

(2.7)

In that respect, the inflation effective potential takes the
form

V() = Vo + ad® — pop*. (2.8)
with the following parameters:
v 2 m? A
Vo=~ (a —ﬂ>, a=——1l <v2+ "’*v2>,
4 (74 /1){ 2 4 X /1}( v
12
B = 4 (2.9)
Ay

Here, the vacuum energy V|, should be positive, hence
Ayhy > /15,1. The latter condition is consistent with the
requirement of having a real value for ¢,.. Since the
coefficient f is positive, with the negative sign term in
(2.8), there is a possibility that the inflaton rolls down from
a hilltop close to ¢p = 0, if a is negative as well. This case
will be similar to the inverted hybrid inflation [27].
However, the system, in this case, is unstable as ¢ should
be larger than ¢, in order for the mass squared of y to be
positive during the inflation. Therefore, the only possibility
is that o being positive, such that the potential shape is as
illustrated in Fig. 1 by the (blue) solid curve. Accordingly,
the inflaton will roll down from large value close to the

V(¢)

Vint

FIG. 1. The solid (blue) curve represents the MHI inflation
potential (2.8), while the dashed (yellow) curve represents the
standard hybrid inflation potential.

maximum, ¢,,, towards the origin. This introduces a
hilltop-type inflation [28,29].°

It turns out that the potential curvature is negative around
the maximum, hence the slow-roll parameter n will be
negative. This will alleviate the usual problem of large
spectral index n, that is associated with hybrid inflation
models. On the other hand, the tensor to scalar ratio r
will not be so small as the usual situation in the ordinary
hybrid inflation.

It is customary to write the inflation potential in terms
of the dimensionless parametrized field ¢ = \/@g{), as
follows:

VI (@) = Vo(1 + ¢ —rd"). (2.10)
where the dimensionful parameter #, and the dimensionless
parameter y are

2a 4B

== y = 2.11
Vo ’70V0 ( )

7 2oV
2/1451//”3/ + 10 \/(/1,,,1)3, —4Vy)rVy

(2.12)

In Sec. III, we use the following set of independent
parameters: 4, /1¢U,,/1¢1, vy, v, and Vg, 19,7, after solving

(2.9) and (2.1 1) for 4, 4, and m in terms of V, ny, and y.

’In Ref. [23], it was indicated that one-loop quantum correc-
tions to the hybrid inflation potential results in a hilltop-type
potential. The dominant contribution comes from the RHN sector.
This may be dangerous from the point of view of vacuum
stability, which may become worse for large neutrino Yukawa
couplings.
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FIG. 2. The logarithm of the ratios of the field-dependent masses of the heavy fields m;: my, (red dotted), m, (blue solid), and m,,
(green dashed) to the Hubble scale H™ versus the inflaton field ¢ during inflation, for both the trans-Planckian BP1 (left panel) and the

sub-Planckian BP2 (right panel) of Tables I and III.

The Hubble scale during inflation is given by

nf( T\ Vinf(q'g)
H () = || =5

(2.13)

Now, we move to discuss the stability of the inflation
trajectory (2.6). In Sec. V, we couple the SM Higgs field, 4,
to the inflation sector as indicated in Eq. (5.1). Therefore,
minimizing the total potential with respect to the SM Higgs
field /4 as well implies that 2 will be frozen at the origin
during inflation with very large mass my(¢) compared
to the Hubble scale as shown in Fig. 2. We demonstrate
that only the direction of the inflaton field ¢ is light,
whereas the other three fields y, y, and, & are heavy during
inflation. Figure 2, depicts the logarithm of the ratios of the

TABLE L

field-dependent masses m;(¢) of the heavy fields to the
Hubble scale H™ (¢) versus the inflaton field ¢, during
inflation, for two benchmark points (BP1 and BP2 of
Tables I and II). Since the ratios are greater than 1, v, y, and
h will not perturb the single field inflation dynamics in the
¢ direction, that is realized by the potential (2.13).

We conclude this section by discussing the end of
inflation. When ¢ = ¢,., the waterfall phase starts, hence
ending the inflation, and all fields stabilize at their true
minimum values [22]. This assumption is valid if the
waterfall phase happens in a short time Ar ~ H~!, starting
from the time .. at which ¢ = ¢... In this case, ¢ rolls to the
origin within a time duration much smaller than H~!.
It turns out that this is the case in our setup as well.
We solve the equations of motion of the scalar fields

BPs of the MHI model which produce the observables in Table II. (a) Benchmark points (BPs) for dimensionless

couplings of the MHI potential (2.1) which produce the observables in Table II. (b) BPs for dimensionful parameters (in Mp) of the MHI
potential (2.1) which in addition to (Table I(a)), produce the observables in Table II. (c) BPs of the effective inflation potential (2.13)
corresponding to parameters’ values in Tables I(a) and I(b) which produce the observables in Table II.

Par Ay Ay Aoy Aoy Ay
BPI 1.00 x 1073 7.15x 1078 9.80 x 10710 1.5 x 10711 3.48 x 1077
BP2 3.75 x 1077 3.30 x 1072 3.75 x 1078 1.60 x 1077 1.11 x 1074
BP3 1.60 x 107 5.89 x 1073 3.41 x 1072 1.80 x 107 2.66 x 1075
Par m Uy Uy b b
BPI 224 x 107 1.862 x 102 1.30 x 1077 17.0596 12.8191
4.16 x 1078
BP2 248 x 1073 7.52 x 107! 5.00 x 10~ 0.97000 0.11403
1.70 x 10~10
BP3 9.67 x 1077 3.16 x 107© 3.53 x 10710 19.4091 6.75 x 1073
Par Vo(M3) 1o(Mp?) % b. b.
BP1 3.00 x 1071 1.65 x 107! 1.54 x 1072 4.90 3.682
BP2 1.40 x 10710 4.67 x 1072 10.15 1.48 x 107! 1.74 x 1072
BP3 3.70 x 107% 2.5 x 100 9.5 x 10720 2.17 x 10° 7.547 x 10*
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TABLE II. Inflation observables and scalar masses (in GeV) corresponding to the parameters values given in Table I.
Obs N, n r mg m, m,
BP1 59.6 0.9688 0.0165 1.98 x 1077 5.80 x 10'2 2.86 x 1013 1.41 x 108
5.25 x 107
BP2 52.3 0.9669 0.0049 1.97 x 107° 4,97 x 104 2.21 x 10 2.97 x 108
1.07 x 107
BP3 162.2 0.9664 0.0030 2.10 x 10~ 2.34 x 10'2 1.94 x 1010 125.06
TABLE III.  Effective thresholds’ free parameters boundary values used in Fig. 5.
Par Aaigla, Aoy la, Migla,, gy |ny, A3l ay, e
BP1 7.45 x 1073 6.82 x 1078 9.21 x 1078 -1.30 x 101 8.00 x 1071 1.60 x 107*
7.55 x 107 3.70 x 1078 3.19 x 107 —1.24 x 10711 8.00 x 10~ 1.00 x 107°
BP? 5.70 x 1072 3.40 x 1072 1.00 x 1073 —1.60 x 1077 7.00 x 1073 1.60 x 107°
1.83 x 1073 1.02 x 1072 1.07 x 1072 —3.00 x 1077 3.16 x 10710 3.16 x 107°
Sl+3HSl+alVMHI:0 (214) 7 ] 7 3 2
where §; denote all scalar fields in the inflation sector, T ¢~ v,
) . . . ~ ~
H= \/——M 23°i 8 + Vg is the Hubble scale, o, is the A vinhv(1+ b2 -9 (3.5)
s N

derivative with respect to the scalars S;, and we used the
parameter values in Tables I and III. We found that the time
duration spent by the inflaton ¢ from 7, to reach its
minimum is < H~!. Therefore, inflation ends once ¢
reaches ¢..

III. INFLATION OBSERVABLES

In this section, we explore the parameter space that
provides consistent inflation observables. The slow roll
parameters of inflation are given by

inf\ 2 inf_
4 Vlnf ’ 2 me :

and the number of e-foldings is given by

i
Vi Ji. fe()

(3.2)

where ¢, and ¢, = ¢, are the field values at the time of
horizon exit, and the end of inflation, respectively. The
spectral index n;, the tensor to scalar ratio r, and the scalar
amplitude A, are given respectively as

ny, =1-—6¢, + 21,
67/243*6 - 57/(7)*4 + 2(1 + 37/)(5*2 -
(1 + 4';*2 - yq3*4>2

1
=1-2n . (33)

24n’e,  24xPno(d. - 2rd> )
where the subscript “*” means that all quantities are
calculated at horizon exit time.

As advocated in the previous section, in order to have

successful inflation, the condition ¢, < ¢, < ¢, = \/LZ;,

should be fulfilled. Hence we differentiate between two
cases: when ¢, > 1, (corresponding to y < 1), and ¢, < 1,
(corresponding to y > 1), where ¢, value is close to ¢,
value. It turns out that the field excursion during inflation
occurs mostly in the negative curvature part of the potential
(with negative ), before the inflaton reaches the inflection
point of the potential, which reduces n;.

A. Case I: Large (f)* regime (trans-Planckian)

We expand for large ¢, after expressing y in terms of ¢,

that is close to ¢,. Therefore, the slow-roll parameters can
be approximated as

16 - 4 20 ~
€= ¢ZO (¢m_¢*)27 ’Iﬁ_g‘i‘ ¢::I0 (¢ ¢*)’
(3.6)
hence, we have
8 40nq , ~ ~ 256n, , ~ ~
nv—l_izo—i_#(qu_d)*)’ - "4’70 (¢m_¢*)2
(3.7)
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FIG. 3.
small field inflation (right panel).

In this case, it is estimated that 0.05 <ny <31, for
changing y € [107*,0.25]. In this regard, a correlation
between y and 7, is shown in the left panel of Fig. 3,
where the intersection region between the four curves is
allowed by the observational constraint on n; and r.
In the latter figure, the contours correspond to different
values of n, and r, where (]3* values were chosen to be
close to ¢, = ﬁ This case represents large field
inflation, where ¢, values are trans-Planckian as indi-
cated by the region below the red dotted curve that
corresponds to ¢, = SMp.

Figure 3 (left panel) implies that y decreases as 7
increases. For very small values of y, 1, becomes very large
hence ¢, is very large. We may control the value of v, in
order to reduce m, < A, and make use of the threshold
effect and stabilize the EW vacuum. We may consider the y
being the SM-like Higgs boson if v, ~ 107'® as in BP3 of
Table I. Accordingly, the SM-like Higgs boson with
squared mass eigenvalue is given as

12
m; ~ 4v? <AX - %) . (3.8)

178

However, we need to reduce m,, ~ A;, with threshold
correction given by ’Iﬂ % 0.1 [16], hence 4, > 0.1 guar-

antees real ¢. and m,. In this case, V is very small and
insufficient for accounting for the inflation energy scale
and A, limits. However, trans-Planckian values of ¢, can
account for the inflation obesrvables and the inflation
scale is fixed by m as indicated by the benchmark point
BP3 in Tables I and II. In fact, the only problem of this
scenario is that the inflation will not end after 60e-folds
since ¢, is always small, constrained by the value of
mw ~ A[.

b, <1

100¢
50¢

1t §
107* 0.001 0.010 0.100 1 10

No

Contours in the 7, — y plane corresponding to different values of n, and r, for both cases of large field inflation (left panel) and

B. Case II: Small (f)* regime (sub-Planckian)

If y > 0.5, then ¢, < 1. Expanding for small ¢,, the
slow-roll parameters ¢ and # can be approximated as

exnod?,  neang—(6y+ Dned2,  (3.9)

hence n, and r have the following approximated forms:

ng =14 25y — 43y + 2)ned?2, r~16n,¢*.  (3.10)
This case corresponds to sub-Planckian values of ¢, as
shown in Fig. 3, right panel, for the region above the red
dotted curve. In Tables I and II, we give one benchmark
point (BP2) that accounts for this case. It turns out that v, is
not constrained, so we have chosen it such that m, ~ A;
hence it can modify the SM RGEs rendering the EW
vacuum stable.

In Fig. 4, we present the predictions of our model for
both cases of large and small field regimes, versus the
observed constraints on ng and r by [24]. The cyan patch
presents the large field inflation predictions. We scanned
over y € [0.001,0.1], 5, € [0.18,0.21] and ¢, € [5,6].
The black curves correspond to fixed 7, ¢, and number of
e-folds for each, namely, N, = 50,7, = 0.18 43* =5.25
and N, = 60,15, = 0.21, ¢, = 5.4, while y changes along
each curve. On the other hand, the orange patch represents
the small-field inflation predictions. We scanned here over
y € [5,100], 5y € [0.01,0.1], and ¢, € [0.090,0.099]. The
black lines correspond to fixed 7y, ¢, and number of
e-folds for each, with N, = 50,7, = 0.04 ¢, = 0.098 and
N, = 60,59 = 0.2, ¢, = 0.0945, while y changes along
each line. The observed value of the scalar amplitude A ~
2.1 x 107 fixes Vy ~ 107! — 107!% in both cases of large
and small field inflation. The solid (black) dot and square

035023-6
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0.08
Planck TT,TE,EE+1owE +lensing S
+BK18+BAO f
0.061 °
~ 00471
0.021
=60
=50
0.00 : =
0.955 0.960 0.965 0.970 0.975 0.980
HS

FIG. 4. Predictions of the MHI model in the (ng, r) plane are
given by the cyan patch (trans-Planckian) and the orange patch
(sub-Planckian). The blue contours are the observed constraints
extracted from Planck 2018, and they correspond to the observed
68% and 95% C.L. constraints in (n,,r) plane when adding
BICEP/Keck and BAO data [24,25]. The two BPs indicated by
the solid dot and square are BP1 and BP2 presented in Table L.

correspond to parameters’ values and obervables given in
Tables I and II for BP1 and BP2, respectively.

IV. REHEATING AND QUANTUM CORRECTIONS

In this section, we discuss the reheating where the
inflation decays into RH neutrinos N and possible quantum
corrections that may modify the inflation effective poten-
tial. The complete Lagrangian that is responsible for
neutrino masses and reheating contains the SM-like
Higgs field 4 and left-handed neutrinos v; and has the form

L, =Y,ho N +Y4pNN + Y, wNN + Y, yNN + myNN
(4.1)
where my is a mass scale that is constrained by reheating

and the seesaw mechanism of generating the neutrino
masses. Accordingly, the tiny neutrino masses are given by

Y202
My’

(4.2)

m, =

where My = my + Y, v, +Y,v,. The reheating temper-
ature is given by [30-36]

(4.3)

40 \ /4
TR — ( 2> \/FMP

gsT

where g, is the effective number of light degrees of freedom
in a thermal bath at temperature 7' and I" is the total decay
width of the inflation sector fields that is given by

I'= Z 1ﬂl—»NN

where i runs over S; = ¢b,y,y and the decay I';_yy is
kinematically allowed if m; > 2M . Our model is non-
SUSY, so gravitino overproduction constraints on Ty, are
not applicable here.* We will consider T < 2 x 10'! GeV.
In case of large field inflation (BP1 in Table I), kinemat-
ically allowed decays for reheating implies Y,<
477x107%, Y, <1.9%x10™ and Y, <1. Accordingly,
My ~my +2.7 x 10" GeV, hence m, ~0.1 eV implies
that Y, ~0.03, if my is subdominant. There is no worry
regarding reducing the SM EW instability scale A;, as the
contribution to the beta function of the SM Higgs quartic
coupling is proportional to Yi ~ 107°, which is negligible
compared to the top quark Yukawa coupling contribution.
Decay kinematics constrains my <10 GeV. If my is
dominant, then Y, can be O(1). In this case, m, should
be reduced to m, < A~ 10° GeV. In that case, one
solution is to reduce my such that ¥, < 1 with negligible
effects on the RGEs.

On the other hand, for small field inflation (BP2 in
Table I), a reheating temperature Tx <1 x 10'3 GeV,
implies Y, <1.5%x10™, Y, <5x107 and Y, <1
Accordingly, My ~my + 3.8 x 10* GeV, and seesaw
mechanism fixes Y, ~ O(1). This will affect the instability
scale A; ~ 10° GeV. Therefore, we need to reduce
m,, < A;. In both cases, if Ty is reduced sufficiently, then
the value of Y, will be reduced with negligible contribu-
tions to the RGEs. However, the case of sizable values of Y,
may be interesting, from the point of view of low-energy
phenomenology signatures.

Z Yim i (4.4)

i=1

A. Quantum corrections

The Lagrangian (4.1) implies an additional contribution
to the inflation potential via the one-loop corrections [14].
Following Ref. [23], the inflation potential (2.13) will
have the following form, after including the quantum
correction:

(1+¢% —7").

V() = Vo (4.5)

where 7 =7y +5; nz T6rZ log( ) An upper bound on the

reheating temperature T <2 x 10" (1 x 10'3) GeV, for
large (small) field inflation, results in tiny contributions
from quantum corrections to the inflation potential and
the inflation observables will not alter. Beyond these
constraints, quantum corrections have substantial contri-
butions. In this case, inflation observables discussed
in the previous section will not hold. However, adjusting

*See Ref. [37] and other references therein.
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no can take us back to the observables given in the
previous section.

V. HIGGS VACUUM STABILITY

The SM Higgs doublet couples to the singlet scalar
fields of the MHI potential (2.1) to give the full scalar
potential5

1?2
V(H7 ¢’ W’)() = VMHI(¢’ W’)() + /1h (h2 - ?)

P 2 2 Y
+ 2| b7 = | |Ang®” + Apy |\ ¥ — -
2 2

2
)

A. Matching conditions

(5.1)

Following the procedure of Ref. [16], at high scale
~O(GUT), the superheavy field y is integrated out via its
equation of motion and considering that it is a background
static and homogeneous field by neglecting its kinetic term
(% = 0), the field y is given in terms of the other fields #,

x> and ¢

@(l,z_’M 2_@;,2
Ay A Ay

2

2
(%
=Y_ 5.2
=5 (5.2)

W W

At a lower energy scale, the potential can be read off by
substituting Eq. (5.2) into the full potential (5.1). We find
that the effective 3-field potential of &, ¢, and y contains
the following quartic terms which are relevant to the EW
vacuum stability:

Viete (h. b, 1) D Aaph® + A3 pp* + A3t + 202 [y 50°

+ Aangd*] 4 2034, 0727 (5.3)

where the numerical values of the running couplings
are matched to their corresponding ones in the full
potential at the heavy mass m,, scale threshold at the y
integration out boundary via the following matching con-
ditions (MCs)

2

Mas =Ads— =L S=hy (5.4)
/11/,
As,yts,
/135152 :/15152 _%’ Sl :h’¢7 S2:¢9I’
/g
Sy # S, (5.5)
In Sec. V, each 4,, must be replaced with —4,, for the

negative sign convention of the MHI potential (2.1).

where each 4, must be replaced with —4,, as mentioned in
footnote 5.° After that, at the lower scale my < my, the
second heaviest field ¢ is integrated out by considering that
a‘g—j;ff = (0, where we find

m2 13;[(/) l(/)
PP =2 -2 -2 5.6
41345 1345 /13(/, ( )
and the effective 2-field potential of h, y includes the
following quartic terms:
Vaete(h. ) D Aoyh* + /12;()(4 =+ Zﬂzhxhzﬂ(z- (5.7)

The matching conditions of the couplings at the m,
threshold are

s,
log = Azg — /IS/), S=h,y, (5.8)
3¢
A3nghs
Aoty = A3y — 7;345 %, (5.9)

Finally, the remaining y field is integrated out at the SM
instability scale ~m, ~ O(10*) GeV and the SM Higgs
quartic coupling is modified at this scale as in the following
matching condition:

/12
AE/ISM:AZ,,—%. (5.10)
2y

Generally, when a field S = ¢, w,y = (S,,5,,53) is inte-
grated out, the parameters of the remaining fields S, ¢, S, =
(h,¢,y,x) have the following MCs at the my scale:

2o i
his = Aip1g— 55 S #S,

(5.1 1)
}“H—l,S‘

®It is worth noticing that due to the ¢ — y interaction in (2.1),
when y is integrated out at m,, an effective self-interaction
quartic term /13¢¢4 is generated at a low scale below m,, due to the
form of the y-integration out solution of Eq. (5.2). This ¢* term
was avoided in the inflation potential (5.1) in order not to spoil
the inflation as mentioned above after (2.1). Since 444 =4y =0,
we see from Eqé (5.4) that the MC of the ¢ field quartic coupling

2 . . ..
reads A3, = —*. Despite the fact that this condition cannot be
v

verified for real values of parameters, with ’134”’11// >0 as

demanded by the boundedness from the below conditions of

the potential at different scales, we should not worry about it,

since the running of 434 is only up to m,,, while 4,4, and 4, run
2

starting only from m

.. p;
y» and the boundary condition 434 = — —j"” at
Y

. . . Vs .
m,, is either verified for tiny values of 43, ~ j’ ~0 or A3, is

discontinuous at the As; threshold for 134 2 0 and 4, () = 0 for
t =logyo (Q/GeV) > Ajz; and this does not affect the running of
the Higgs coupling at all scales and the EW vacuum stability, as
clarified below.
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/1i+1,Sl S)“HI,SZS"

Ais,s, = Aix1.5,8, — ) (5.12)

Ai+l,3

where each 4,, must be replaced with —4,, as mentioned in
footnote 5.

B. Renormalization group equations

The relevant one-loop renormalization group equations
(RGESs) of the Higgs and S;’s quartic coupling take the form

(for S,Sl,Sz = ¢,[l/7)(’i = 2’ 3’ 4)
1672 dﬂ” -
fog(10) @1~ P =AM AL (513)
167° dxl, "
log(10) d = = = Pus = s + s, (5.14)
1672 di;
log( 0) d 5 — ﬁzS’ (515)
167[ dﬂ.ls S,
log( O) d ﬁzS Sy (516)
where
2741 99195 | 993 g1
SM <91 192 79 of91, 2),
h (lzh) 200 +—5n 20 + 3 9 5 + 95 /1111
+ 2423, + 12,,Y7 — 6Y7, (5.17)
A
BN (Ains) = 1’3( —9¢% — 4562 + 1202, + 8045
+ 804;5 + 60Y?), (5.18)

where all the couplings Ay, A4ps, Ass, Aas,s, are identified
with their corresponding full potential couplings 4;,, 4,5, As,
As,s, and the beta functions f,s = fis, Pas = Ps, Pas,s, =
Ps,s, while B, = p, = 0. The interaction beta functions
B (Ans)s Biys(Ans, As,s,)s and fs s, s, (Ans, As. 4s,s,) are given
explicitly in each case below.

For r=log;y(Q/GeV) ~[16,20], where the energy
scale Q is in GeV, the beta functions of the Higgs quartic
coupling 4, where the full potential of Eq. (5.1) is

considered are (for S, S1,S, = ¢, v, y)
B = PM () + 42y + 23, + 23,) (5.19)
Bus = P (As) + 4(Aps, Ass, + Ans,Ass, )

SISy #S, S #S,, (5.20)
Bs = 835 + 2003 +4(A%5, +Ag),  S1.S, #S. (5.21)

Bs,s, = 8(Ans, Ans, + As,s,(As,s, +4s, + 4s,)) + 4gs, Ass,

S17SZ #S, (522)
where each 14, must be replaced with —4,, as mentioned

in footnote 5.
Also, the beta functions of the effective 3-field model of

Eq. (5.3) for t ~ [12,16] (for S, S;, S, = ¢, ) read as
B = P (G) + 45 + 23, (5.23)
Bans = Py (Aans) + 4daps, Aass,,  S1 # S, (5.24)
Pas = 823, + 20434 + 4/1355 , S1 #S, (5.25)

Ps,s, = 8(Asns, Aans, + A3s,s,(A3s,s, + A3s, + 43s,))s

S, S, #S. (5.26)

Finally, the beta function of the effective 2-field model of
Eq. (5.7) for t ~ [8, 12] reads as

Bon = By (Aan) + 443, (5.27)
Bony = B (Aany ), (5.28)
Py = 8o, * + 203, (5.29)

Generally, for an i-field case with S;’s fields of (¢, y, ) =

(S],Sz,S3) and S = S], ""Si’ = 1, ,S 3 read as
Bin = B (Zan) + 42&115, (5.30)
Bins = P (Ains) + 42/11‘;:51/11'55,’ (5.31)
$1#S
Bis = 8425 +204% +4) " . (5.32)

NES

Pis,;s, = 8
+ 42iss, Aiss, »

(Ains, Ains, + Ais,s, (Ais,s, + Ais, + Ais, )

S1,8, #8, (5.33)
where each 4, must be replaced with —4,, as mentioned in
footnote 5.

The solutions of the RGEs of Egs. (5.19), (5.23), and
(5.27) with the boundary conditions of Egs. (5.4), (5.5),
(5.8), (5.9), and (5.10) are shown in Fig. 5 for BPI
presented in Tables I and III. It is worth mentioning that
this BP is shown by the black solid point in the heart of
MHI Planck patch in Fig. 4.

We notice from Eq. (5.17) and from the general
Eq. (5.30) of all cases [Eqgs. (5.19), (5.23), (5.27)] that
the coupling of the SM Higgs field to the scalars from the
beyond SM (BSM) of the MHI helps the SM Higgs
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FIG. 5.

log,((Q /GeV)

Running of the Higgs quartic coupling versus the renormalization scale ¢ = log;, (Q/GeV) for the trans-Planckian BP1 of

Tables I and III without/with the inclusion of RHN (left/right). Blue: SM. Orange, green, red: SM + MHI at different scales and
thresholds. Dotted: thresholds’ effects. Similar figures for the sub-Planckian BP2 and the minimal model BP3 can be produced.

potential to continue more stable up to a scale at which the
SM is assumed valid. This comes by the addition of the
positive contribution g =4 "¢ 2, ¢ to the SM contribu-
tion of (5.17) which is dominated by the negative Y,
contribution loops. At a certain threshold of the initial
parameter values, this BSM contribution dominates the SM
Y, up to the Planck scale as in Fig. 5. Below the parameter
threshold, the SM Y, dominates again making the SM
vacuum stable only up to O(GUT) scale or even earlier
depending on the initial jump of the parameters. Moreover,
we notice that this behavior is easily achievable at high
scales where the contribution comes from the Higgs
coupling to more fields and hence the positive contribution
in Eq. (5.30) will be due to many parameters. Not only
this but also the decreasing running of the Y, to lower
values relaxes its negative contribution domination at the
EW to the A; scale. It is also clear from Eq. (5.32) that the
inflation parameters Ag run always increasingly in all cases
[Egs. (5.21), (5.25), (5.29)] in Eq. (5.15) as their beta
functions are always positive ;¢ > 0. Finally, the form of
the RGEs Eqgs. (5.14) and (5.16) and the beta functions
(5.18), the interaction beta function it = 43 5,25 hins, diss,
in (5.31) and (5.33) with the negative sign of the ¢ — y
interaction term in the MHI potential (2.1), all alter
domination of terms at different scales according to
their initial values and the running of the parameters A
and Ag g, in all cases [Egs. (5.20), (5.24), (5.28) and
Egs. (5.22) and (5.26)].

Numerically, in the 2-field model of V,. (4, y), the two
parameters 1,,, 4,;, have free initial boundary values at the
instability scale log;y A; ~ 8. The Higgs quartic coupling
Ay, boundary value at A; is matched to the SM Higgs
quartic coupling according to the inverted relation of
Eq. (5.10) as
A /12)(

@] (5.34)

Ay

Janla, = [ASM + ;
A

where Agy(A;) ~ 0 and Ay, represents the first coupling

jump at A; in Fig. 5 as determined by the values given in
Table III. Similarly, from Eq. (5.8)

23
Ay = |:/12h + —ﬂ

A
3h Ty

(5.35)

Ay

where log;y A,; ~ 12 is the instability scale of the effective
2-field model V,u(h,y) and the fraction in Eq. (5.36)
represents the second coupling jump in Fig. 5 at Ay; ~ 12.
Finally, the third jump at the instability scale log;yA3; ~ 16
of the 3-field Vsu(h,¢,y) model is determined by
Eq. (5.4) as follows:

(5.36)

Nevertheless, we see that the 4,, coupling contribution
stabilizes the EW Higgs vacuum up to the GUT scale and
even beyond, and that the behavior is safe as the contri-
bution from A3, and 4, improve the situation. Suitable
numerical values of the free parameters can be set so that
Aspony coincide at high scales so that the left figure of
Fig. 5 appears in the right one.

The contribution of the RHN coupling Y, of (4.1)
modifies the SM top-Yukawa coupling Y, and Higgs
quartic coupling 4, one-loop f,- and f,-functions by
B =Y,Y2 and B, = 2Y2(4A, — Y?), respectively. Also
the Y, RGE is

1672 dY 5 9 3
log(10) dr 2 ”(2 o +3Yi -0 4gl>

(5.37)
As mentioned in Sec. IV, the contribution of the Y, ($,, > 0

and By, < 0) in the instability of the SM Higgs vacuum
are negligible, compared to their SM counterparts, as long
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as Y, <0.3, as dictated by the sub-Planckian case of
inflation. Moreover, if Y, < 0.6, this would bring the
SM instability scale A; to about O(10°) GeV, and the
stability of the potential is insured by the Higgs couplings
to the inflation sector fields as in Fig. 5 (right panel). In
either case, the Y, RGE (5.37) clarifies that Y, is increasing
and contributions from the V5 ; model (5.3) at the A,
scale, and maybe the full V model (5.1) at the Aj; scale,
should be included as in Fig. 5 (right panel) to ensure the
vacuum stability up to the Planck scale. For Y, < 0.6, a
lower limit is set from Eq. (4.2) on the RHN mass is
set My = Y202 /m, ~ 10'° GeV.

At this point, we mention the effect of the SM Higgs
mixing with the MHI scalars on the SM Higgs mass and
interactions. As a very good approximation, we consider
the effective 2-field model V. (h,y). In this case, the
2 x 2 mass matrix of & and y is

Aoy VU, >
Aoy vy

12]1 1)2

M3, = 2( (5.38)

Azh}(’l}’lj

with exact squared masses

mi% = Jo* + A vy F \/ (Ao v? = A, v7)? +4’12th o
(5.39)

and the couplings were substituted at the EW scale such
that Ay, |gw ~ 5.79 x 107> and Ay, |gw ~ 6.51 x 1078 con-
sistent with Table III, where the EW scale at the top-quark
mass m, 172.69 GeV. As discussed in Ref. [16], for
my, 2 mg 3> o, vy > Jy,v°, the masses squared eigenval-
ues are expanded to the first order of v?/v2 vy and the
“seesaw-like" corrected masses at the EW scale are

/12
m? ~ 202 {12,1 - ﬂ] , (5.40)
2% 1 lEw
2, 12
m2 ~ 202 {/121 + ﬂv—z] . (5.41)
Aoy Uyl lEw

Accordingly, for the SM Higgs mass m;, = 125.25 GeV,
we have the following boundary constraint for the SM
effective Higgs quartic coupling:

~0.12.
EW

/12
Aett = |:/12h - %} (5.42)

4

That is, the SM MC relation (5.34) holds at the EW scale
too for the BPs in Table III: for BP1 with (43, 42, )|gw =
(5.68 x 1075, 6.50 x 10~8), while for fixing my, Aoy |pw ~
1.79 x 10! consistent with (5.42). Also, for BP2 with
(Aanys Aoy |ew = (4.07 x 1072,3.05 x 1072) and for fixing

My, Aop|pw ~ 1.84 x 107! consistent with (5.42). Also, the
mixing angle

2/12,71

}“2)( X

tan 26, = ~0(1077),  (5.43)

/12h U7 |Ew

and this preserves the SM Higgs physics up to the Planck
scale for the BPs in Tables I and III as checked for the
running of the mixing angle (5.43).

Now we discuss Higgs quantum fluctuations during
inflation; the EW vacuum may be destabilized during
inflation by quantum fluctuations of the Higgs field if
H™ > A, [10,20,21,38,39]. In fact, our model is safe
against this kind of destabilization, since the effective
Higgs mass during inflation m,,(¢) > H™™ (¢) as indicated
in Fig. 2 in both cases of large and small field inflation.
In that case, the quantum fluctuations are suppressed.
In addition, quantum fluctuations may destabilize the
EW vacuum after inflation if the Higgs inflaton coupling
>3 x 1078 for typical Higgs quartic coupling 4, = —1072
as indicated in Ref. [10]. However, in our model Higgs
quartic coupling 4, is positive up to the Planck scale.
Therefore, again we expect that our model is safe against
quantum fluctuations after inflation ends.

A final comment is in order. As the Higgs interactions
with the other inflation fields is exploited to maintain the
Higgs vacuum stability, conversely, the effect of the running
couplings on the inflation observables is also considered.
The running couplings initial values were taken such that
they give rise to consistent inflation observables, and thus
ensured the validity of the observables values.

VI. CONCLUSIONS

We studied the connection of a modified hybrid inflation
model to the standard model electroweak vacuum stability.
We have extended the inflation sector with an extra scalar y,
which is, as well as ¢ and y, a SM singlet. The scalar y may
be an extra U(1) Higgs field and y can be assigned as a
GUT gauge group Higgs field while the inflaton ¢ is singlet
under all gauge groups. The complete discussion of a more
general model with a specific gauge group extending the
SM one, and its phenomenology will be provided in a
future work.

The modification results in an inflation potential in
which the inflaton rolls down near a hilltop in the valley
of the other hybrid fields which are stabilized at their false
vacua during the inflation. The usual hybrid inflation
problem of large spectral tilt is then resolved since the
inflation occurs mostly in the negative curvature part of the
potential, before the inflection point.

The parameter space was analyzed and the inflation
observables were calculated in both trans-Planckian and
sub-Planckian cases in consistency with the recent Planck/
BICEP observations. We have provided the couplings of
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the SM Higgs with the inflation singlet in order to stabilize
the electroweak vacuum up to the Planck scale. We have
studied the decays of the inflation to right-handed neu-
trinos, that allow for reheating the universe. Moreover,
quantum corrections to the inflation potential were taken
into account. We found that an upper bound on the
reheating temperature will suppress the contributions of
quantum corrections to inflation effective potential. We
found that the neutrino Yukawa coupling can be of order
O(1), which reduces the instability scale of the EW

vacuum. We have shown that the threshold corrections
will stabilize the EW vacuum even in this case.
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