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ABSTRACT: We consider the Higgs inflation in the extension of the Standard Model with
two Higgs doublets coupled to gravity non-minimally. In the presence of an approximate
global U(1) symmetry in the Higgs sector, both radial and angular modes of neutral Higgs
bosons drive inflation where large non-Gaussianity is possible from appropriate initial con-
ditions on the angular mode. We also discuss the case with single-field inflation for which
the U(1) symmetry is broken to a Z subgroup. We show that inflationary constraints,
perturbativity and stability conditions restrict the parameter space of the Higgs quartic
couplings at low energy in both multi- and single-field cases. Focusing on the inert doublet
models where Zs symmetry remains unbroken at low energy, we show that the extra neutral
Higgs boson can be a dark matter candidate consistent with the inflationary constraints.
The doublet dark matter is always heavy in multi-field inflation while it can be light due
to the suppression of the co-annihilation in single-field inflation. The implication of the
extra quartic couplings on the vacuum stability bound is also discussed in the light of the
recent LHC limits on the Higgs mass.
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1 Introduction

Cosmic inflation [1-3] in the very early universe is currently regarded as the leading can-
didate to resolve a number of cosmological problems, such as the horizon and flatness
problems, and to give rise to the initial conditions for the subsequent hot big bang evo-
lution of the universe. Furthermore, one crucial prediction is that during inflation the
quantum fluctuations of one or more inflaton fields are stretched to cosmic scales, later
becoming the seed of the temperature anisotropies in the cosmic microwave background
(CMB) and large scale structure of the universe [4-6]. These primordial perturbations
have nearly scale invariant power spectrum with almost perfect Gaussian statistics. Most



recent observations are consistent with these predictions, strongly supporting inflation in
the early universe [7].

Implementing inflation in the context of particle physics is, however, a non-trivial task.
The only scalar field in the Standard Model (SM) is the Higgs boson, but it cannot support
inflation alone. Thus we usually resort to the theories beyond SM, where generically
a number of scalar fields exists. The merit of the Higgs inflation [8, 9] consists in the
minimality that we introduce only one additional parameter, the non-minimal coupling of
the Higgs doublet to gravity & [10-12]. However, to match the amplitude of the power
spectrum we require & = O(10%). Such a large value of the non-minimal coupling leads to
the problem of unitarity around mp;/¢ ~ 10 GeV, breaking the perturbative expansion
in the vacuum [13-16]. Therefore, unitarity should be restored by introducing an extra
dynamical degree of freedom at the unitarity scale [17]. Furthermore, the recent LHC
data [18, 19] set the upper limit on the Higgs mass to mj; < 127 GeV, which hints that
the SM vacuum becomes unstable after renormalization group running at the scale of
10° — 10'° GeV up to theoretical uncertainties in higher order corrections [20-22]. Since
the scale of vacuum instability is smaller than the unitarity scale in the Higgs inflation,
the running Higgs quartic coupling would have become already negative even before the
non-minimal coupling becomes dominant or unitarity starts being violated. In this regard,
it seems necessary that the original, simplest Higgs inflation should be extended to a non-
minimal setup.

In this paper, we consider a slow-roll inflation with non-minimal gravity couplings in
the extension of SM with two Higgs doublets.! The pseudo-scalar boson of the additional
Higgs doublet and the modulus of the Higgs boson lead to multi-field inflation, in the limit
of an approximate U(1)y symmetry in the extended Higgs potential. The Higgs modulus
dominates the inflaton dynamics and it takes a similar inflaton potential to the one in the
original Higgs inflation. This multi-Higgs inflation is a concrete realization of the toy model
with a complex scalar field that has been proposed by two of the authors [26]. The modulus
of the Higgs boson dominates the slow-roll dynamics while the pseudo-scalar boson can lead
to large non-Gaussianity by making a significant change in the inflaton component during
the inflation. On the other hand, when U(1)y is broken to a Zs parity, there is no multi-
field inflation: the mixture of two Higgs moduli drives single-field inflation as in the Higgs
portal inflation [27-29], where a real singlet scalar is added to the SM.

We focus on the inert doublet models [31-38] to discuss the consequences of the infla-
tionary conditions to the Higgs physics at low energy. First, in the multi-Higgs inflation,
the VEVs of two Higgs doublets must be non-zero to generate the potential of the second
inflaton, the pseudo-scalar boson, so there is the possibility that the effective quartic cou-
pling of the Higgs modulus can be small for the Minimal Supersymmetric Standard Model
(MSSM)-like boundary conditions on the Higgs quartic couplings during inflation. This
allows for O(1) non-minimal couplings without conflicting the Higgs mass at low energy
such that there is no unitarity violation below the Planck scale. If the effective inflaton
quartic coupling is of O(1), large non-minimal couplings are necessary so unitarity is vi-

!See ref. [23-25] for review.



olated below the Planck scale as in the original Higgs inflation. In this case, we should
rely on the UV completion of the two Higgs doublet models as in the Higgs portal infla-
tion [17, 27]. Second, the single-Higgs inflation may be driven by either pure SM Higgs,
pure inert Higgs or mixed Higgs. The stability conditions on the orthogonal direction to
the inflaton restrict the parameter space of the Higgs quartic couplings. Furthermore, in
both multi-Higgs and single-Higgs inflation cases, there is a parameter space for the extra
Higgs quartic couplings that is consistent with both the inflationary conditions and the
recent LHC limit on the Higgs mass.

We also discuss the low energy constraints on the inert doublet models together with
the inflationary ones. In these models, the lightest neutral scalar of the second Higgs
doublet can be a dark matter candidate [31-38]. In the multi-Higgs inflation, due to an
approximate U(1)y symmetry, there is a small mass splitting between dark matter Higgs
and pseudo-scalar, resulting in too large co-annihilation through gauge interactions. Thus,
in this case, only heavy dark matter with mass around 600 GeV is possible. On the other
hand, in the single-Higgs inflation, the U(1)y symmetry is broken so the co-annihilation
channel is suppressed. Thus, in this case, dark matter of mass smaller than 100 GeV is
possible through the extra quartic couplings between two Higgs doublets. Focusing on
the pure SM Higgs inflation, we show how the inflationary constraints further reduce the
parameter space allowed by collider and dark matter constraints.

The paper is organized as follows. In section 2, we provide the explicit setup of
the two Higgs doublet model for inflation. In section 3, based on the setup built in the
previous section, we address the inflationary dynamics and the resulting constraints on
the model parameters. Very interestingly, depending on the value of the Higgs quartic
couplings, inflation may be driven by one or more inflaton fields. In section 4, we discuss
the low energy phenomenology and present further constraints on the parameter space.
Especially, we show that the inflationary constraints reduce significantly the parameter
space consistent with collider and electroweak precision test data. Finally we conclude in
section 5. Some technical details are relegated to appendices.

2 Two Higgs doublet model for inflation
The Jordan frame action for the general two Higgs doublet model is the following,
L R
el 5+ (811@1 Pl @o 4 €301 @ 4.0 ) R D1~ Do~V (@1, @2) , (2.1)

where the general renormalizable potential is [23-25, 40]

Vi(@1,®2) = 1012 + 3]s — (30} + c.c.) (2.2)
1 1
AP SRl A1 (Dol + Ay (cb{%) (@5@1)
Ly (019,) f f i f
+ 5% <<1>1<1>2) + X (@1@1) (<I>1<I>2> + M7 (¢2<1>2) (q>1q>2) tee.

Here, we have set mp; = 1 but it will be restored whenever necessary. As compared to
the minimally coupled two Higgs doublet models, we have introduced the non-minimal



couplings, & (1 = 1,2, 3), that are assumed to be all positive to avoid a potential instability
at large field values. When the non-minimal coupling &3, the mass parameter pus and
the quartic couplings A\¢ and A; are zero, there is a Z> symmetry under which the Higgs
doublets transform as ®; — ®; and ®3 — — P9 while the SM fermions are neutral. If this
Zo symmetry is exact, the Higgs doublet ®5 would not couple to the SM fermions so that
there is no additional flavor violation. If A5 = 0 on top of us = A\g = A7 = 0, the symmetry
is enhanced to the U(1)y symmetry. Henceforth we take a simple choice of dimensionless
parameters as {3 = 0 and A\¢ = A7 = 0 by imposing the Z5 symmetry, and assume all the
parameters to be real.
First, by making a Weyl transformation of the metric gl‘{y = gfy /Q? with

0 =14 26|01]” + 26D, (2.3)

we obtain the Einstein frame action as

Lg R 3 2 NE 10,91]* + |8, P2
== —219,log (1 + 2&|® 26, |® —
—95 2 4[6M 08 (14 261|1[" + 263/l )} 1+ 261 [@1[? 4 2&2| Do
— Vp(®q, ®9), (2.4)
vV
Vi (91, ®y) = J (2.5)

(1+2& |92 + 2§2|‘I>2|2)2 ‘

Here we have dropped the gauge interactions.
To discuss the inflationary dynamics, we take the solutions for two Higgs doublets as

1 0 1 0
0 (0). men(0) »

Then, (2.4) and (2.5) become

Lg _E_3 2 ey 1? (Guhn)? 4 (9uho)® + h3(9,0)?
ST 1[0ntog (1-+ &0 + 213) | (11 E112 + Goh2)
- VE(h17h2719) ) (27)

1 1
Vi (hi,ha,9) = (1 + &1hT + &h3) 2 [21@71% + 5#3’13 — p3hiha cos ¥
1 4, 1 4, 1 9,2 1 2,2
+ gAlhl + g)\QhQ + 1()\3 + )\4)h1h2 + ZAShIhZ COS(219) . (28)
The unbounded from below conditions are
A >0, A>0, A3+ M+A5+ VA A >0. (2.9)

Ignoring the mass terms in the potential, (2.7) and (2.8) with ¢! = {hy,he,V} are

rewritten as r Rl
S = o~ G0 e — Vie(e'), (2.10)
—gE 2 2




where

) 6¢3h] 6616mhy
e e 1+anl+on
1 2‘21}11;‘52 2 +€1 1 ‘5622 2
Gry = 3 5 6818271 ho 68573 (2.11)
1 0|
trafreh | Thamven T Tran +an
0 0 h3
Ahi+ Aah3 + 2 h3h3 + 2\5h?h3 cos(2
VE(¢I) _ A + A2h5 + (A3 4+ A\g) 1hs + 2Xshih3 cos(299) ‘ (2.12)

8 (14 &1h2 + &h2)*

Now, taking a large field limit £1h2 + &h2 > 1 and making the following field redef-
initions,

3
= \/glog(l +&hT + &h3), (2.13)
h
T:E? (2.14)

we find the action in the form [27]

Lo R (1R o 1 (@G
—9r 2 2 (1 6 &or? +§1> (Oue) V6 (E272 +§1)2(8N¢)(8HT) (215)

1 &ri+&f o 1 0? —2¢/\/6 2
etrap O " agErg () G0 Vi),

4 2 2 9
VE(QD, r ) = AL+ Aor® + 2217 + 2);57‘ cos(29) (1 B 672(’0/\/6> 7
8 (§2r2 + &1)

(2.16)

with A\;, = A3+ A4. The stabilization of the Higgs ratio r will be considered later depending
on whether the pseudo-scalar potential is smaller than that of . From now on we omit
the subscript F.

3 Inflation driven by the Higgs fields

We divide our discussion into two parts for the multi-Higgs and single-Higgs inflation,
depending on the size of the U(1)y breaking A5 coupling. We analyze how the inflationary
conditions restrict the parameter space of the Higgs quartic couplings at low energy in each
type of inflation.

3.1 Multi-Higgs inflation

Suppose that A5 < A1, A2, A3, Ag, which is the case with an approximate U(1)y symmetry.
In this case, the potential term for ¥ does not affect the stabilization of the orthogonal
mode r much but it gives rise to a small tilt for both ¢ and . Then, the part of the
potential independent of ¢ and ¥ becomes

Voo - A+ )\2’/“4 + 2)\L’I"2
p,¥-indep 8 (51 I 627‘2)2

(3.1)



After stabilizing r at the minimum 7 as in appendix A, from (2.12), we find the potential
for one of the neutral Higgses and the pseudo-scalar Higgs as

)\eff
eff

where 6 = As72/Aeft, Cor = &1 + Eord and Ao = ()\1 + Aorg + 2)\Lr§) /2, with the finite
value of r¢ given by

(1 - 6_2"“/6)2 [1+ 0 cos(29)] , (3.2)

Ao — A&y
A1 — Arée
In this case, the effective non-minimal coupling and the effective quartic coupling are

ré = (3.3)

_ MA2 — A2 \1€2 + Nal? — 206169

Aeff , (3.4)
‘ 2 (A&t — Ar&)?
MES + Xabf — 2201616
_ 3.5
Seft A2é1 — ALée (3:5)
Then, the inflationary vacuum energy becomes
AMA2 — A2 (3.6)

Vo = .
O 8 (& + Ml? — 200616)

For the above minimum with finite ry to be present, we need to impose the following

conditions,
M —Ap& >0, (3.7)
A1 — Apée >0,
AMA2 — A2 >0. (3.9)

The last condition is required for the absence of deep minima which make the electroweak
vacuum metastable and for a positive vacuum energy during inflation as well. We note
that if (3.7) and (3.8) are not satisfied, ro = 0 or ry = oo, so a single neutral Higgs boson
drives inflation.

Here, we find that since A\; > 0 and A2 > 0, for Ay > 0, the third condition (3.9)
comes out automatically. In this case, in particular for the inert doublet model, the first
condition (3.7) becomes stronger than the vacuum stability bound on the SM Higgs quartic
coupling. Then, the unbounded from below conditions (2.9) give no further constraint. On
the other hand, for A\, < 0, (3.7) and (3.8) are trivially satisfied and the third condition (3.9)
is the only constraint. Thus, for a small A5, the third condition is approximately the same as
the unbounded from below conditions (2.9). That is, (2.9) guarantees the positive vacuum
energy during inflation. We note that in order to make the SM Higgs boson below the
recent LHC limits (my, < 127 GeV) compatible with vacuum stability, Az, < 0 is preferred.
This is different from the single-Higgs inflation, as we will see shortly.

For most of the parameter space, Aeg is not small so the CMB normalization of density
perturbations requires &g to be of O(10%) as will be shown in next sections. Therefore,
unitarity is violated at py ~ mpy/Eer, which is much below the Planck scale. But, it is



possible to maintain the inflationary conditions (3.7), (3.8) and (3.9) in the unitarization
process of introducing a heavy real scalar as in Higgs portal inflation [17, 27].

We remark that the effective self-coupling of the inflaton, A.g, does not have to be
necessarily of O(1) to satisfy the Higgs mass constraint, unlike the SM Higgs inflation. In
particular, the quartic couplings in MSSM are given by A\; = Ay = (92 + g’2)/4, A3 =
(92 — g’2)/4, A = —g%/2 and A5 = \¢ = A7 = 0. Then, MSSM would lead to A\; Xy = )\%
such that Aeg = 0. Even for split supersymmetry [41, 42] in which gauginos and Higgsinos
have weak-scale masses while the other superpartners are very heavy, the MSSM relations
between the quartic couplings are still RG invariant. But, when a heavy singlet or an
SU(2) triplet couples to the Higgs doublets, the threshold correction could lead to a small
deviation from the MSSM relations between the quartic couplings [43]. On the other
hand, in the NMSSM, a light SM singlet leads to a deviation in the A3 coupling from
the MSSM value such that the Higgs potential becomes positive at large Higgs values
with tan 8 = 1 [44-47]. However, in the supersymmetric models for the non-minimal
gravity couplings, the U(1)y preserving couplings, £; and &», are fixed to —1/6, because
they are related to the Higgs kinetic terms in Jordan frame. Instead, the U(1)g-breaking
coupling &3 appears as a (anti-)holomorphic term in Jordan frame supergravity and it
can be arbitrary. Therefore, there is no counterpart of our multi-field inflation with large
positive non-minimal couplings, &; and &2, in the supersymmetric models.

In multi-Higgs inflation, the effective action of the canonical inflaton fields becomes,
at large field values &;1]h1| > 1 and &a|ha| > 1,

1

5= [dov=a |5 - 5@ - 5D O0? - Wie] (3.10)

where ¢2(#) = 1—¢=2¢/V6_ Here, the potential is of the product form W (¢, x) = U(¢)V ()
with

U(yp) = 422 (1 - e*%/\/@)Q , (3.11)
V(x) =1+ dcos (2\/gx> , (3.12)

where x = V/VE, € = &g/r2 and A = Aegg/73. So, in terms of the effective couplings,
A, € and 4, (3.10) in two Higgs doublet models coincides with the one in a toy model for
inflation with a complex scalar field in which a small violation of the U(1) global symmetry
was taken [26].

In our model, we obtain the slow-roll parameters as € = €¥ + €X, where

e—4e/V6
(1 - 6*2%0/\/6>2 ,

X 1 2662 sin? (21/€x)
1 —e2¢/V6 [1+ 6cos (2\/5)()]2 ’

(3.13)

4
p_=
<73

(3.14)



and

_ 9p—2¢/V6
nee = — %e—%o/\/6 1—2e 5, (3.15)
(1 - 6*290/\/6>
4€6 2
X = — 1 § COS( \/EX) (3.16)

1 — ¢—20/V6 1+ 6cos (2\/5)() '

Then, the radial mode ¢ dominates the slow-roll condition and ends inflation as in the
SM Higgs inflation, while the angular mode  keeps slow-rolling and takes a sub-dominant
fraction in the slow-roll parameter €. Since the number of e-folds N for a product potential

is given by
* U * V
we obtain 3 9
N =2 290*/\/6_ 2906/\/6_7 « — Ve 1
’ [ e (=) (3.18)

where the subscripts * and e respectively denote the moment when the scale of our interest
exits the horizon and the end of slow-roll inflation. The slow-roll condition is violated
mainly by ¢ when e=20e/V6 0.464, so, for N = 60, we need e20+/V6 ~ 80.5. On the other
hand, from the second equality in (3.17), the background evolution of x is fixed by

‘tan (\/gxe) ~ ‘tan (ﬂx*) ‘ 18N (3.19)

Thus, we can determine the final fraction for a given initial fraction in the e parameter.

Defining
cos? 0 = ej , (3.20)
sin? 9 :6: , (3.21)
we can find
0o ~ /erel®Ng, . (3.22)

Depending on the values of £ and ¢, we can naturally have 6, = O(100)0,.

3.1.1 Constraints from multi-Higgs inflation

Now we consider the constraints on the dimensionless parameters of two Higgs doublets
coming from the inflationary dynamics, focusing on the multi-Higgs inflation.

Unitarity in the vacuum would be violated at the scale uy = min(1/&;,1/&;), lower
than the Planck scale, for large non-minimal couplings of the Higgs doublets. Thus, we
impose inflationary conditions, perturbativity and stability at unitarity scale puy. A UV
completion of the model may keep the constraints unchanged [27], apart from that we
imposed those conditions at the scale a bit lower than the scale of inflation, O(1/&qg).
Perturbativity and stability conditions for the Higgs potential at the unitarity scale are

|| <, (3.23)
A1, A2 >0. (3.24)



The additional condition for vacuum stability as shown in (2.9) is imposed as well. These
conditions are to be satisfied in the single-Higgs inflation too.

We apply the constraints from the observations on the scalar power spectrum P, its
index n¢ and the non-linear parameter fyxr,. We can compute these quantities using the
JN formalism [48-52], which is conformally invariant [53]. They are given by

H\? 1 oxcostle 5 4
=|=—) — —_— t O, +t 0 3.25
Pe (27r) 26*6 sin? 6, (A anc O o tan 6) ’ ( )
-2 0
ne—1=— 2, —4e2X i

cos? 0, (A% tan? 0, + tan 6,) 6*

cos? 0, (.A tan2 6, — tan? 06)2
12 A2tan?6, + tané,
2Atan? 6, — tan® 6, 2 (A% tan? 0,nf* + tan 6n)X)

8 Asin? 6, tan2 6,
€
A2 tan? 6, + tant6, *

<172 + 262) €4 +

2 2
— 0, t 0 , (3.26
cos U tan Ue A2tan? 6, + tan? 6, o A2tan? 6, + tant 6, ( )
6f B e X A3 tan 0, o tan® 6, o
57N T (A2 tan26, + tan’ 6,)2 cos?0. " cos?,
4 9eX si1122 0, A3tan?6, + tan6, et X si1122 0, A%tan?6,tan®6, L
cos® O (A2 tan? 0, + tant4,) cos” O (A2 tan? 0, + tantd,)
Atan? 6, — tan26,)>
+ 2tan® 6, ( * e) 5
(A2 tan? 0, + tan6,)
1
X {né‘x cos? 0, + sin® 6, {nf‘p — € (4 cos® 0, + 3 sin? Heﬂ } , (3.27)

where X = 2b, — 2b,, € = €%, )b = —4e2¢/V6e% and A = e=X [1 + (1 — eX) tan? 96}.
According to the most recent WMAPT observations [7], P¢, n¢e and fxi, are con-
strained by

P = (2.430 +0.091) x 1077, (3.28)
ne = 0.968 £ 0.012, (3.29)
10 < fxi < 74, (3.30)

respectively. Here, the quoted errors are 1o for P and n¢, while 20 for fyi,. Among these
observations, from V ~ \/ (452), the constraint on P essentially enables us to replace §
with A. This gives, using the central value of P,

B VA
/2472 X de, x 2.430 x 109

¢ ~5x 10*VA. (3.31)

Then, we are left with A and 0, or Aeg and A5 which are more directly relevant for the
Higgs. From now on we work with Aeg and As.

Now we turn to the constraints from n; and fyr,. In figure 1 we show the allowed region
of Aer and A5 from the observations on n¢ and fnr,. We can understand this qualitatively
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Figure 1. Allowed parameter region of Aeg and A\5. We have considered two cases, (left) 6, = 107°

and (right) 6, = 10~%. We have also chosen different values of 7: From the top to bottom, rq = 1,

10 and 100, respectively. We can see the tendency that the closer to the hilltop x starts initially,
the larger we have parameter region consistent with observations.

by considering the simple case? A?tan#? < tan* 6., where we can approximate

10 | 2¢52 2£52 >
~ . 3.32
Iy 3101 |/ sin2 6. (sin2 0. — 1 (3:32)

Then, with the coefficients of nf¥ and 7" not abruptly small, and with the typical value
nf? = 0(0.01), using || ~ [niax| ~ 4€|6] from n¢ we find

€8] £ 0.01 +— \/A;_ <2x1077. (3.33)
eff

From fnr,, essentially we have two constraints. First, we demand that it is real so that

in% 6, 5 A2
£6% > sm2 ¢ 7' 3?2 > 1075 sin? 6, . (3.34)
)‘eﬁ

Note that in this case we always have fxi, < 0. Another constraint is that |fxr,| < 10, from
which given that the square root gives O(1),

] S 10— == F <107 3sin?4, . (3.35)
This constraint may be either stronger or weaker than (3.33). But too small 6. would
require more finely tuned initial condition for x,. Combining these constraints (3.33), (3.34)
and (3.35), we can see that the allowed parameter region of A\eg and A5 is bounded.

2In this case, large non-Gaussianity is possible. See ref. [26] for a more complete analysis on the conditions
for large non-Gaussianity in the same toy model.
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Figure 2. Parameter space consistent with multi-Higgs inflation. \; are given at the scale my,
while @ = £ /& is a high energy input. Shaded area satisfies the LHC limit on the Higgs mass
while the LEP bound on the Higgs mass is automatically satisfied. mj = 126 GeV is assumed in
the lower row.

For &g = O(1), we need v/ Aogg ~ 1072 so that |A\5] < 10712 if we take (3.33). In this
case, small Aog can be due to a small deviation from the MSSM boundary condition at
high scale, while small A5 can be attributed to small breaking of the U(1)y symmetry in
the Higgs sector. In the other extreme limit &g = O(10%), we need Aoy = O(1). Further,
as seen in appendix B, we find ro < /g ~ 100, for the heavy Higgs modes of the mass
squared, m? > H?. Therefore, the effective quartic coupling Aoy may lie in the wide range
between O (1071%) and O(1). On the other hand, the U(1)p-breaking quartic coupling,
|A5|, remains very small for all the range of Acg.

In figure 2, by numerically solving the renormalization group equations for the Higgs
quartic couplings given in appendix C from the unitarity scale [27-29, 54-57], we show the
parameter space of the low energy quartic couplings in the U(1)y symmetry limit,® being
consistent with the high scale constraints (3.7), (3.8), (3.9), (3.23), (3.24) at the unitarity
scale and the unbounded from below constraints (2.9) at low energy. In particular, we
find that there is a small parameter space where the vacuum stability is guaranteed until
unitarity scale due to A3 and A couplings contributing positively to the beta function of
the SM Higgs quartic coupling. The parameter space consistent with the Higgs mass bound

*We note that A5 should not be exactly zero for dark matter detection as discussed in the later section, but
the size of A5 relevant for multi-field inflation is too small to affect the running of the other quartic couplings.
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Figure 3. SM Higgs quartic coupling versus t = log(u/my ) for Ay = 0.26, 0.25, 0.24 and 0.23
(which corresponds to my, = 125, 123, 120 and 118 GeV, respectively) at u = m; from top to
bottom. At the unitarity scale, ty = log(uy/m:) = 26.

is small, because the other coupling between the two Higgs bosons, As, is very small. The
running of the SM Higgs quartic coupling to low energy is shown explicitly in figure 3 for
the SM Higgs quartic couplings compatible with the LHC limits on the Higgs mass in a
certain parameter region.

We end this subsection with a remark on the constraint on the U(1) g-breaking dimen-
sionless parameters. If £3, A\g and A7 are non-zero, we would have additional terms in the
inflaton potential as follows,

SV (y) ~ iﬁ (Nero + Arrd) — 253;0] cos (V/ex) - (3.36)

Thus, for ne and fyr, to be consistent with WMAPT, we need

1 2
’?ZO S (Asro + A7rg) S 0'01% : (3.37)

Consequently, for ro = O(1), we find |[£3] < 0.01 and additional constraints on A\g and
A7 similar to (3.33). As discussed earlier, we can set {5 = A\¢ = Ay = 0 by imposing the
Zy discrete symmetry while A5 survives. The loop corrections to all the U(1)y breaking
dimensionless couplings are suppressed if small U(1)y breaking at tree level is imposed. In
particular, since A5 is very small during inflation, it remains small at low energy, becoming
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negligible for Higgs physics. On the other hand, the mass parameter, us, would lead to a
soft breaking of both the U(1)y symmetry and the Zs symmetry but it is not constrained
by the inflationary constraints.

3.2 Single-Higgs inflation

When \j is not small enough, i.e. [A5] > 1077, there is no slow-roll along the pseudo-scalar
Higgs but rather it is stabilized. In this case, single field inflation is driven by one of
the CP-even Higgs bosons so the inflationary conditions are different from those in multi-
field inflation. Moreover, since the U(1)-breaking A5 coupling is sizable, it can affect the
running of the other quartic couplings to low energy.

From the Higgs potential (2.16), after ¢ is stabilized, the ¢-independent part of the
potential becomes
Voo A A1+ /\27‘4 + QXLT2

TR 8 (Gt er?)?

with A\, = \f, — |A5|. After stabilizing the Higgs ratio at the minimum as in the previous

: (3.38)

section, we find that the potential for the single-Higgs inflation as

A 2

e (1 - €_2wa> : (3.39)
4§eff

where &g = & + 527"% and \eg = ()\1 + )\27"3 + 2XL7“(2))/2. In this case, the inflationary

predictions are the same as those in the original Higgs inflation. That is, for the number

of e-folds, N = 60, we obtain the spectral index and the tensor-to-scalar ratio as

ne = 0.966, ra3x107°, (3.40)

3.2.1 Mixed Higgs inflation

For a finite rg, the inflaton is a mixture of two CP-even Higgs bosons. The inflationary
vacuum that we obtained is similar to the multi-Higgs inflation with the pseudo-scalar
boson being frozen. The same formulas (3.3)—(3.9) with Az being replaced by Ay are
applied in this case. In the limit of a small A5, the inflationary conditions are the same as
in multi-Higgs inflation. Otherwise, a sizable A5 would shift the allowed parameter space
of A\, = A3 + A4 by a positive value.

For large non-minimal couplings, unitarity can be restored while the counterpart of
inflationary conditions (3.7), (3.8) and (3.9) with A, being replaced by A7, is maintained [27]
as in the multi-Higgs inflation.

3.2.2 Pure Higgs inflation

For rg = 0 or rg = oo, only one of CP-even Higgs bosons plays the role of the inflaton.
From appendix A, we obtain the vacuum energy and the inflationary conditions: for rq = 0,

M\ 90/ G\ 2
Va L (1—e20/V0) 3.41

8¢2 (1-e ) (3-41)

Ao —AL&r <0, A& —Ap&e >0 (3.42)
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Figure 4. Parameter space consistent with the pure SM Higgs inflation. Shaded area satisfies both
the LEP and LHC limits on the Higgs mass. mj = 126 GeV is assumed in the lower row.

for ro = oo,
A2 N A%
Vo 2t (1 —e 29/ : 3.43
8¢2 ( ¢ ) ’ (3.43)
A& — A& >0, X — A& <0. (3.44)

We note that as compared to the multi-Higgs inflation, the minimum conditions for the
inflationary vacuum for the single-Higgs inflation are different. In particular, due to the
first condition in (3.42) or the second condition in (3.44), a positive value of Ay, is preferred
in the single-Higgs inflation, unlike the multi-Higgs inflation.

In figure 4, we depict the parameter space of the quartic couplings in the pure SM
Higgs inflation consistent with the high scale constraints (3.23), (3.24) and (3.42), and
the unbounded from below constraints (2.9) at low energy. Moreover, in figure 5, some
examples of the running quartic couplings consistent with the LHC limits on the Higgs
mass are shown. We note that the vacuum stability requires at least one of the couplings
between the two Higgs bosons to be sizable in order for it to contribute to a positive running
of the SM Higgs quartic coupling. There is more parameter space being compatible with
the Higgs mass bound as compared to the multi-Higgs inflation.

We remark on unitarity in the pure single-Higgs inflation. In the pure new Higgs
inflation, as the extra quartic coupling can be unconstrained from below by experiments as
in the inert doublet models, we can choose the extra quartic coupling Ay to be very small
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Figure 5. (Upper row) Higgs quartic couplings versus ¢ = log(u/mw ) for Ay = 0.262 (correspond-
ing to my, = 126 GeV), Ay = 0.3 and \s = —0.3, —0.2, —0.1 and 0 at g = m; from top to bottom.
At the unitarity scale, ty = log(uy /m¢) = 26. In the lower row, the parameters are the same except
Ao = 0.5.

during inflation such that the non-minimal coupling &> is not large. On the other hand, in
the pure SM Higgs inflation, we need to take a large non-minimal coupling &£; because of
the LEP bound on the Higgs mass. In this case as well as in the pure new Higgs inflation
with large non-minimal couplings, unitarity violation is avoidable below the Planck scale,
so the unitarization procedure along the line of ref. [17] may be taken. Then, while the
scale of inflation becomes dependent on the unknown couplings of a new heavy scalar, the
inflationary conditions given by (3.42) can be unaltered [27] as in the mixed Higgs inflation.

3.3 Field-dependent cutoff and validity of the model

As mentioned in the previous subsections, unitarity cutoff in the vacuum is given by
min(mpy; /&1, mp1/€2). So, from that point of view, unitarity problem should better be
solved before the field values reach the unitarity cutoff [13-16]. However, it has been
noted [9] that the unitarity cutoff depends on the background field value in Higgs inflation.
In this section, we comment on the validity of our inflation model with the renormalizable
potential for two Higgs doublets.

As shown in (2.16), at large field values, the Higgs interaction terms in the potential
are Planck-suppressed. Thus, we turn to the gauge interactions in a specific gauge (the
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analogue of unitary gauge in SM) by taking the solution for two Higgs doublets during
inflation as in (2.6). The gauge interactions in Einstein frame are

E auge 1
N [g A+ (00 = 94, hg]
1 1 _
= s e eg (L) [P A A 00 - 94,0 (3.45)

where we have used the field redefinitions (2.13) and (2.14) at large field values satisfying
£1h? 4+ &h3 > 1. Thus, due to the suppressed Higgs-gauge interactions, we find that the
gauge boson mass leads to the unitarity cutoff during inflation as

mpi

Avy = ——BL__
v V& + 126

On the other hand, the field values during inflation are |hi| > Ayy, so higher order terms

(3.46)

such as ¢,|®1|42" /A% might be problematic for slow-roll inflation. For self-consistency
of our model, we assume that the coefficients ¢, are set to small values at the scale Ayy
such that higher order terms are unimportant for inflation. But, in a UV complete model
along the line of a linear sigma model [17], higher order terms would be suppressed by the
Planck scale, so the renormalizable potential of two Higgs doublet models could be valid
at large Higgs field values without unitarity problem. In the previous subsections, we have
performed the RG analysis with renormalizable Higgs quartic couplings until the unitarity
scale of the vacuum because we can use the SM RG equations. The RG evolution above
unitarity scale may depend on the UV completion [30].

4 Inert doublet models and low energy constraints

Phenomenology of the two Higgs doublet models depends on whether the extra Higgs
doublet mixes with the SM Higgs doublet and how it interacts with the SM fermions.
There are two representative models with two Higgs doublets for minimal flavor violation,
Type-I and Type-II 2HDMs. In Type-I models, the second Higgs doublet is odd under
the Z, parity so that it does not couple to the SM fermions [39]. So, the second Higgs
can couple to the SM fermions through the mixing with the SM Higgs. In Type-II Higgs
doublets models, one Higgs doublet couples to up-type quarks and the other Higgs doublet
couples to down-type quarks and charged leptons, as in MSSM.

In this section, in order to consider the low energy constraints on the quartic couplings,
we focus on the Type-1 2HDM with inert Higgs doublet where pu3 = 0 so Zs parity is an exact
symmetry. In this case, the second Higgs doublet does not obtain a VEV so the neutral
scalar of the inert Higgs becomes a dark matter candidate [31-38]. Furthermore, the SM
Higgs boson may decay invisibly into an inert Higgs pair when kinematically allowed. In
this case, it is possible to constrain the quartic couplings mixing two Higgs doublets by the
interplay between WMAP and LHC limits on the mass of the SM-like Higgs.

In the case where only the SM Higgs h1 obtains a non-zero VEV, we have v? = —2u% /)
and need p3 = 0. So, the Zs symmetry is respected even by dimensionful parameters. Then,
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the masses of the CP-even, CP-odd and the charged scalars are

2o = Apo?, (1.1)
Mo =1+ 5O + A, (4.2)
m%o = u3 + %()\L — \s)v?, (4.3)
M2 =3+ %)\37)2. (4.4)

In the inert Higgs models in which the second Higgs doublet does not couple to the SM
fermions, the lightest neutral scalar of the second Higgs doublet becomes a dark matter
candidate. The condition for the Higgs dark matter is then A\ — A3 — |A5| < 0. We take
HY to be dark matter for \5 < 0.

4.1 Low energy constraints

We first enumerate the relevant low energy constraints on the inert doublet models, includ-
ing accelerator bounds, electroweak precision data, dark matter constraints and the invisi-
ble Higgs decay at the LHC. In our numerical analysis, we have adopted the micrOMEGASs
code [58-61] to our model in order to compute the thermal WIMP relic abundance and the
direct detection cross section.

4.1.1 Accelerator bounds

The mass of the charged scalar, m g+, is constrained to be larger than 70 —90 GeV [62] and
Mo + m 40 must be larger than my to be compatible with Z%width measurements. The
regions with myo < 80GeV, m 4o < 100 GeV and m 0 — mpyo > 8 GeV in the parameter
space (mpgo, myo) are excluded by LEP II data [63].

4.1.2 Electroweak precision data

An important constraint on the inert doublet model comes from electroweak precision data
such as S and T'. The inert Higgs doublet gives a small contribution to S. Its contribution
to T is given by

1
AT = 6200 [F (mp=,myo) + F (my+,mpo) — F(mAO7mHQ)i| , (4.5)
where L, )
F(mlamQ) = 5 (ml + m2) — m log mig . (46)

On the other hand, the SM Higgs affects T by

Ty ~ mh) . (4.7)

0
8 cos? Oy 8 (mZ

The electroweak precision constraint is

—0.1<AT+T, <0.2. (4.8)
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4.1.3 Dark matter constraints

The extra neutral Higgs boson can be a dark matter candidate. There are two kinds of
interactions responsible for dark matter annihilations: one is the standard gauge interac-
tions and the other is the extra couplings to the SM Higgs boson from the scalar potential.
When the mass of dark matter satisfies mpyo < myy, annihilations through quartic cou-
plings and/or co-annihilations through gauge interactions into the SM fermion-antifermion
pair are dominant. On the other hand, for mgo > my and/or mgo > my, we need to
consider additional channels including a pair of weak gauge bosons and/or the SM Higgs
bosons in the final states.

From the Higgs quartic couplings, we obtain the annihilation cross section times ve-
locity as

(1 - m}{/m%{())g/a

(430 — m3)”

1
(o)7v) = - (AL + As)*mF , (4.9)

where my is the SM fermion mass. Then, from (ov) = a + bv?, the relic density is given by
2.09 x 108 GeV ™!

mp1/ges(zr) (a/zr + 3b/x%) ’

where the freeze-out temperature gives xrp = myo/Tp ~ 20 and g.s(zr) = 45.75. In the

Qpoh?® = (4.10)

case of multi-Higgs inflation, for a small A5, H" and A° masses are almost degenerate so the
co-annihilation channels can be also important. Thus, due to a substantial number of A" at
the time of freeze-out, the co-annihilation with Z boson exchange can be important. If A5
is sizable enough such that the splitting between mgo and m 4o is larger than the freeze-out
temperature T, the co-annihilation channel is suppressed so that the annihilation through
the Higgs quartic couplings becomes the main channel for myo < myy. However, as mgo
gets close to and go beyond myy, additional channels including weak gauge bosons open
up, becoming dominant in determining the relic density. We note that the relic density
should be 0.094 < Qgoh? < 0.136 to be consistent with WMAP [7] after taking into
account theoretical and experimental systematic uncertainties. But we also show later the
parameter space leading to Qgo < 0.136 , having in mind that if the Higgs dark matter is
not enough for giving the total dark matter relic abundance, other dark matter candidates
such as the axion can constitute the rest.

For direct detection of dark matter, there are two leading diagrams to the spin-
independent processes, H'¢ — A% with Z boson exchange and H% — H% with the
SM Higgs exchange. Experiments have reached the sensitivity to exclude the Z boson
exchange so we need |mgo — m 40| = |As5|v?/(2mpyo) = 100keV to forbid the first process
kinematically. For mpyo ~ 100GeV, we need A5 > 1076, If A5 is too small, a large co-
annihilation cross section for dark matter would prevent us from obtaining a correct relic
density in any case.

From the scattering process with the SM Higgs exchange, the spin-independent cross
section for dark matter with nuclei is at tree level given by

sn _ (Ar+ Xs)2 my R
HO-N 4rmi  (mygo +my)

-, (4.11)
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where mpy is the nucleon mass and fny ~ 0.3 parametrizes the Higgs-nucleon coupling.
There exist different estimations of the Higgs-nucleon coupling: the lattice result fy =
0.326 [64] and the MILC results with the minimal value fy = 0.260 and the maximal
value fny = 0.629 [65]. Thus, when we constrain the parameter space of our model by
direct detection at XENON100 [66], we take into account those uncertainties and take the
limit on the spin-independent cross section to be o) < 5 x 1078 pb or 6D < 1078 pb.
When the Higgs quartic couplings dominate the annihilation, they also determine the cross
section and are constrained by direct detection experiments.

4.1.4 Invisible Higgs decay at the LHC

If the SM Higgs mass satisfies my, > 2mpgo, it can decay into a dark matter pair so the
branching fractions of the SM Higgs decay are changed. The invisible decay rate is given by

O+ )22 [ am?,

dmrmy, m%l

inv _

h—HOHO —

(4.12)

We note that the same coupling A, + A5 could determine not only dark matter relic abun-
dance and direct detection but also invisible decay rate. Thus, the dark matter constraints
could lead to the bound on the invisible decay rate and vice versa [27, 67-69].

4.2 Implications from multi-Higgs inflation

In the multi-Higgs inflation, we required the quartic coupling A5 to be very small during
inflation. The other U(1)y breaking quartic couplings A¢ and A7 must be equally small
during inflation. A5 remains small under the running effects from the inflation scale to
low energy because of the approximate U(1)y symmetry. Since A5 < 1077 in most of the
parameter space, a light dark matter lighter than 100 GeV is not possible because of too
large co-annihilation, and is not compatible with direct detection experiments. However,
when dark matter and pseudo-scalar Higgs are as heavy as 600 GeV, it is possible to accom-
modate the dark matter relic density being compatible with direct detection. Because of a
small splitting between H® and A° masses, electroweak precision constraints are satisfied
even for the heavy extra Higgs bosons and other collider limits are satisfied as well.

4.3 Implications from single-Higgs inflation

In the single-Higgs inflation, A5 is sizable, reducing the co-annihilation channel for dark
matter. Thus, a light dark matter lighter than 100 GeV is possible. In the left panel of
figure 6, we show the parameter space (mgo, A\, +\s5) for m;, = 126 GeV, which is consistent
with collider/electroweak precision data and the WMAP band on the relic density.
Focusing on the pure SM Higgs inflation, we find that the inflationary conditions
restrict the modulus of the dark matter coupling to a small value less than 0.4. Direct
detection constraint is stronger than the inflationary constraints, requiring the modulus of
the dark matter coupling to be smaller than 0.1 — 0.2. When dark matter mass is between
65 GeV and 80 GeV, the dark matter relic density depends on the sign of A;, + A5 because
the cancellation in the annihilation amplitude for HOH? — WW® ZZ® can happen.
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Figure 6. (Blue) parameter space (mpgo, Ar, + A5) consistent with collider/electroweak precision
constraints, 0.094 < Qpyh? < 0.136 and direct detection: (dotted line) ¢V < 5 x 10~%pb and
(solid line) oD < 10~8pb. Further constrained parameter space allowed by the pure SM Higgs
inflation is shown in red. In the left (right) panel, we set Ay = 0.262 (A, = 0.372), which corresponds
to my, = 126 GeV (my, = 150 GeV).

The case with a higher SM Higgs mass mj = 150 GeV is as shown in the right panel of
figure 6 for comparison. In both cases, the invisible Higgs decay into a dark matter pair
can be sizable such that the recent LHC limit on the heavier Higgs mass would not be
applied and we need more sensitivity to discover the Higgs at the LHC [67—69].

In figure 7, the parameter space (m 40, mgo) is shown both for m;, = 126 GeV and m;, =
150 GeV, being consistent with dark matter relic density, collider /electroweak precision and
direct detection. We find that the inflationary conditions eliminate a significant fraction of
the parameter space such that the light dark matter region is 50 GeV < mpo < 80 GeV and
100 GeV < m o < 180GeV for ¢8) < 1078 pb. In figure 8, we show how the inflationary
conditions influence the parameter space (A5, A1) at low energy. For oD < 1078 pb, the
allowed parameter space becomes 0 < A\;, < 0.4 and —0.5 < A5 < —0.05. Note that for
the heavier SM Higgs, there is a smaller parameter space satisfying the direct detection
and the inflationary condition (3.42), but the distinction between the light and heavy SM

Higgs is not significant given a smaller upper limit on oD,

5 Conclusion

We have considered the inflationary scenario in two Higgs doublet models with non-minimal
gravity couplings and discussed the interplay between the inflationary conditions and the
low energy experimental constraints in restricting the parameter space of the extra quartic
couplings. For the phenomenology of two Higgs doublet models, we have taken the inert
doublet models. The extra Higgs quartic couplings contribute to the positive running of the
SM Higgs quartic coupling such that the vacuum stability is guaranteed until the unitarity
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Figure 7. Left: parameter region (m 4o, mpo) consistent with collider/electroweak precision con-
straints and dark matter relic density. Middle: left + direct detection with o) < 5 x 10~8pb.
Right: left + direct detection with ¢(°) < 10~8pb. In each panel, the parameter space satisfying
(0.094 <)Qpph? < 0.136 is in blue (green) and the region allowed by the pure SM Higgs inflation
in addition to 0.094 < Qpumh? < 0.136 is in red. In the upper (lower) row, we set A\; = 0.262
(A1 = 0.372), which corresponds to my, = 126 GeV (mj, = 150 GeV).

scale in the extended Higgs inflation. Therefore, a sizable coupling between the SM Higgs
and extra Higgs bosons is necessary.

Depending on whether the global U(1)y symmetry in the extended Higgs potential
is approximate or not, there are two possibilities of the slow-roll inflation: one is the
multi-Higgs inflation in the limit of an approximate U(1)y symmetry, and the other is the
single-Higgs inflation in the case that U(1)py is broken to a Zs parity. In the multi-Higgs
inflation, large non-Gaussianity is possible for appropriate initial conditions on the pseudo-
scalar Higgs during inflation and a negligible U(1) g-breaking coupling A5 implies that the
dark matter Higgs boson must be as heavy as 600 GeV.

In the single-Higgs inflation, there are three possibilities depending on the inflaton
direction along the CP-even neutral Higgs bosons: the mixed Higgs inflation, the pure
SM Higgs inflation and the pure new Higgs inflation. In this case, a sizable A5 coupling
allows for light dark matter below 100 GeV by suppressing the co-annihilation of dark
matter. The stability condition for the single-Higgs inflation to occur gives rise to the
additional conditions on the Higgs quartic couplings at the inflationary scale in addition
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Figure 8. Left: parameter region (A5, A1) consistent with collider /electroweak precision constraints
and 0.094 < QA% < 0.136. Middle: left + direct detection with o) < 5 x 10~%pb. Right: left
+ direct detection with o) < 10~8pb. In each panel, the parameter space allowed by the pure
SM Higgs inflation in addition is in red. In the upper (lower) row, we set A\; = 0.262 (\; = 0.372),
which corresponds to my, = 126 GeV (my, = 150 GeV).

to the usual perturbativity and vacuum stability conditions. We have found that the
inflationary conditions reduce the parameter space of the mass and couplings of dark matter
at a level that the detection at future dark matter experiments is possible and/or a sizable
invisible Higgs decay influences the current Higgs search at the LHC. It will be interesting
to look at the consequences of the inflationary conditions for the other two Higgs doublet
models than the inert doublet models. We leave the study on this in a future work.
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Table 1. Stability condition and vacuum energy for inflation.

A Minimization of the potential during inflation

We consider the minimization of the potential (3.1) with respect to r. The extremum
condition for r is

oV r(ar? —b)
o2& +&r)’

where a = A\2&1 — A\p& and b = A\ & — Ar&;. Thus, there are three extrema at 7“8 =0, o0

(A1)

and b/a. The double derivative of the potential is

0271/ _ (3@7“8 - b) (51 + fgr%) — 66912 (ar% - b) (A.2)
O lparg 2 (62 +&rd)’ | |

The conditions for a stable minimum and the vacuum energy V| for each case are given
in table 1.

For rg = 0 or rg = oo, one of the CP-even neutral Higgs bosons drives inflation but
there is no potential for the pseudo-scalar Higgs. For r% = b/a, for a positive vacuum
energy, we need an additional condition, A\; A2 — A2 > 0.

B Kinetic mixing and decoupling of heavy state

In the presence of the kinetic mixing, it is important to identify the heavy state to obtain the
effective theory for the light inflaton by integrating out the heavy mode consistently [70-73].
For simplicity, we first consider the effect of the kinetic mixing for & = 0. In this case, the
kinetic term in (2.15) becomes

Lign 1 (1 n 1
V=g 2 681
where hy = hir = re¥/ ‘/6/ V&1. Therefore, the kinetic mixing term is absent, though the
kinetic terms for ho and ¢ are still non-canonical. But, during the slow-roll motion of the

) @2 - e [Oun + 13007). (B)

inflaton ¢ at non-zero value, the coefficient of the kinetic terms for hy and ¥ are almost
constant. Then, the r-dependent part of the potential (3.1) can be written as

1

Vr—dep ~ 851

(Al g2 e/ VopL | 2>\L§16_2“0/‘/6h%) . (B.2)
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From the minimization condition for hs, we obtain h3 = r%eQW \/6/51 with 73 = —A\p/Xs.
This minimum with positive vacuum energy exists only for —v/A1As < A < 0. Conse-
quently, we obtain the mass of the heavy Higgs as

2
2 _ 20/V6 87‘/ — _)‘i B.3

Mp, € ah% 51 : ( : )
Therefore, for |A\p| < O(1), the mass of the heavy Higgs is of O(1/y/£1). On the other
hand, H = O(vAerr/&1) with Aeg = (A — A7/X2)/2. Thus, for & = 1, the mass of the

heavy Higgs is mp, 2 H, so the heavy state quickly settles to a minimum. Then, the

remaining fields, ¢ and 1, play the role of the inflaton.

For a non-zero &, we could not find new variables to get rid of the kinetic mixing
term for arbitrary field values. However, we can still prove that the heavy Higgs state
can be safely integrated out as follows. Suppose that the field ratio r has been fixed at a
finite value as discussed in the previous section. Then, from (2.15), the kinetic terms for
¢ and the perturbation 7 (from r = 79 + 7) can be written as Ly, = —Kijﬁugbi@“d)j/l
where the components of K;; are K,, ~ 1, K, = Ky, = o and Kz = 3. Then, the
kinetic terms can be diagonalized by choosing the new variables, ¢/ = cos© ¢ + sin©O 7
and 7 = —sin© ¢ + cos O F, with tan©® = 2a/[1 — B+ /(1 — 8)? +4a?]|. In this case,
the eigenvalues of the kinetic terms are Ay = [1+ 8+ +/(1 — 8)? + 4a?] /2. On the other
hand, the r-dependent part of the potential (3.1) is expanded around the minimum as
V ~ Vo + Ar? with A = (A& — Ar&e)/(&ard +€1)3 > 0. So, the potential can be expanded
in terms of new field variables as

2
VA Vy+A(sin0p+cos07) . (B.4)

By rescaling the field variables with = /A1 and 7 = /A_#, the kinetic terms are
canonically normalized, while the mass matrix for ¢ and 7 have the components, M %5 =
Asin?©/\,, Ms%? = Mq%ﬁ = Asin©®cos O/y/A;A_ and M2 = Acos®? ©/A_. Therefore, we
find that the mass eigenvalues are
c 2 2
9 sin“®  cos® ©
=A B.5
ma < N + N > ) (B.5)
m? =0. (B.6)

Then, the ¢-dependent part of the potential in (2.15) gives rise to a slow-roll potential
for the massless mode, but the changes to the minimum value of » and the mass of the
heavy state are exponentially suppressed. Consequently, for large non-minimal couplings,
we obtain A ~ X\o/&%, © ~ 1/&s < 1, A\ ~ 1 and A\_ ~ 79/&s, so the mass of the
heavy state becomes m2 ~ Xo/(ro&e), which is much larger than the Hubble parameter,
H? ~ /\eff/gsﬁ. Even for &g ~ 1, the heavy state obtains mass of O(H), so we can safely
integrate out the heavy state.

C Renormalization group equations for the inert doublet model

The RG equations for p; are defined by dp;/0t = B, with t = log(u/mw ), where B, is
the corresponding beta function. In the inert doublet model, setting &3 = A\g = A7 =
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0, the beta functions of the remaining quartic couplings for two Higgs doublets are the
following [40, 74],

3 2

16728y, = 1202 + 4X2 4+ 4hg)hy + 2X% + 2A§+Z [2g4+ <92+g’2> } —12hf =647 A1y1, (C.1)
3 2

16726y, = 1203 + 43 + 4\3\g + 207 + 2)2 + 1 [294 - (g2 + g'2> } — 6472 Ngvy2,  (C.2)

3 2
167283, =200 + o) (38X + M) + 403 +20] + 208 + 5 [294 + (92~ 97) }

— 321 XA3(71 + 72) (C.3)
16728y, = 2A4(A1 + Az + 4As + 2X0g) 4+ 8AZ + 3297 — 3272 A4 (71 + 72) (C.4)
16726y, = 225( A1 + Ao 4+ 4A3 + 6Xq) — 3272 X\5(71 + 72) (C.5)

where the anomalous dimensions of the two Higgs doublets are

2
= (992 +3¢g7 - 12ht2) , (C.6)
1 2
V2= s <992 + 3¢’ ) : (C.7)
The beta functions of the Yukawa couplings and the gauge couplings are
9 9 17 o
167 By, = hy <2h$ — 893 — 192 -39 > : (C.8)
16728, =g, (C.9)
16728, = — 3¢, (C.10)
16728y, = — Tgs . (C.11)

On the other hand, the beta functions for the mass parameters are [75]

1628, =64t A1 + 2415(203 + Aa) — 3207 y1 411 (C.12)
16728, = 6p5A2 + 2417 (203 + Aa) — 32772415 - (C.13)

The bare non-minimal coupling &, is written in terms of the renormalized one £ and the

mass renormalization Z,, as i = (& + Op1/6) 2K — 9i5/6. Thus, the RG equation for

maij
the non-minimal coupling is [76]

0

1 K
Dlog i §ij = <§kl + 65k1> Vmij ¢ (C.14)

where 3,2 = W%’ijmgb. Consequently, using (C.12) and (C.13), the beta functions of the
ij
non-minimal couplings for two Higgs doublets are

167T25§1 = (51 + é) (6)\1 — 327T2’Y1) + (52 + é) (4X3 +2)\4), (C.15)
167‘(‘2552 = (52 + é) (6)\2 — 327‘&'2’}/2) + <fl + é) (4)\3 + 2)\4) . (C.lﬁ)
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