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Abstract

We introduce the novel phenomena of CP-violating inflation in the frameworks of a 3-Higgs doublet model
where the inflaton doublets have a non-minimal coupling to gravity. We allow for this coupling to be
complex, thereby introducing CP-violation - a necessary source of the baryon asymmetry - in the inflaton
couplings. We investigate the inflationary dynamics of such a framework and the inflaton decay in the
reheating phase. We discuss how the CP-violation of the model is imprinted on the particle asymmetries.
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1. INTRODUCTION

The Standard Model (SM) of particle physics has been extensively tested and is in great agreement with experimental data, with its
last missing particle — the Higgs boson — discovered by ATLAS and CMS experiments at the CERN Large Hadron Collider (LHC)
[1,2]. Although the properties of the observed scalar are in agreement with those of the SM-Higgs boson, it may just be one member
of an extended scalar sector. Even though so far no signs of new physics have been detected, it is well understood that the SM of
particle physics is incomplete.

Cosmological and astrophysical observations imply a large dark matter (DM) component in the energy budget of the universe.
Within the particle physics setting, this would be a particle which is stable on cosmological time scales, cold, non-baryonic, neutral
and weakly interacting [3]. A particle with such characteristics does not exist in the SM. Another shortcoming of the SM is the
lack of an explanation for the origin of the observed matter-antimatter asymmetry in the universe. One of the most promising
baryogenesis scenarios is electroweak baryogenesis (EWBG) [4], which produces the baryon excess during the electroweak phase
transition (EWPT). Although the SM in principle contains all required ingredients for EWBG, it is unable to explain the observed
baryon excess due to its insufficient amount of CP-violation [5, 6, 7] and the lack of a first-order phase transition [8].

Furthermore, in its current form, the SM fails to incorporate inflation in a satisfactory manner. Inflation is a well-motivated
theory predicting a period of exponential expansion in the early universe which explains the generation of primordial density
fluctuations seeding structure formation, flatness, homogeneity and isotropy of the universe [9, 10, 11, 12]. The simplest models of
inflation in best agreement with observations are those driven by a scalar field, the inflaton, with a standard kinetic term, slowly
rolling down its smooth potential. At the end of inflation, the inflaton which naturally is assumed to have couplings with the SM-
Higgs, dumps its energy into the SM bath during the reheating process which populates the universe with SM particles.

Scalars with non-minimal couplings to gravity are well-motivated inflaton candidates since they acquire fluctuations propor-
tional to the inflationary scale and can drive the inflation process in the early universe, as in the Higgs-inflation model [13] where
the SM-Higgs plays the role of the inflaton, and s-inflation models [14, 15] where the SM is extended by a singlet scalar. Extensive
studies have been carried out in simple one singlet or one doublet scalar extensions of the SM (see e.g. [16, 17, 18, 19] and references
therein). These models, however, by construction can only partly provide a solution to the main drawbacks of the SM. For example,
to incorporate both CP-violation and DM into the model one has to go beyond simple scalar extensions of the SM [20]; see also e.g.
[21, 22,23, 24, 25, 26, 27].

It is therefore theoretically appealing to have a more coherent setting where different motivations of beyond SM (BSM) frame-
works could be simultaneously investigated. For example, in non-minimal Higgs frameworks with conserved discrete symme-
tries one can accommodate stabilised DM candidates. Moreover, the extended scalar potential could provide new sources of CP-
violation and accommodate a strong first order phase transition [28]. Collider searches can constrain these model frameworks by
excluding or discovering the existence of the spectrum of new states.

Here we introduce a model where a source of CP-violation originates from the couplings of the inflation. Through the process
of reheating this is transmitted to an asymmetry within the SM and can furthermore seed the generation of an excess of matter over
antimatter during the evolution of the early universe. We describe these dynamics in the context of a Z, symmetric 3-Higgs Doublet
Model (3HDM) with a CP-violating extended dark sector, which also provides a viable DM candidate, new sources of CP-violation
and a strong first-order EWPT [21, 20, 22, 23, 24, 25, 26, 27]. We study the inflationary dynamics of this set-up and outline its main
consequences. We point out that the inflationary potential allows for very small scalar couplings of O(10~10) in agreement with
all theoretical and experimental bounds, which consequently lead to a non-minimal coupling of ¢ ~~ 0.1. Different values of the
CP-violating angles then comfortably yield the conformal value of || = 1/6. The thorough analysis of EWBG and DM observables
as well as a phenomenological analysis towards LHC searches of the model are covered in our upcoming publication.
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2. THE SCALAR POTENTIAL
2.1. General definitions

A 3HDM scalar potential which is symmetric under a group G of phase rotations, can be written as the sum of two parts: V with
terms symmetric under any phase rotation, and V; with terms symmetric under G [29, 30]. As a result, a Z,-symmetric 3HDM can
be written as:

V = VW+Vg, (1)
Voo = —15(¢1¢1) — 13(93da) — #3(9393) + A1 (pfdr)® + A2 (p3n)* + Ass (i3 )?
FA12(@5 1) (ph2) + Aos(pl2) (@ b3) + Azt (933) (PT 1) + Aln (@ o) (921) + Aa (P3h3) (@ p2) + Aly (93 1) (9T p3),
Vz, =~ (¢lg2) + Al d2)* + Aa(@5g3)* + As(plpr)* + hec.

where the three Higgs doublets, ¢, ¢2, ¢3, transform under the Z, group, respectively, as
gz, = diag (—=1,—-1,+1). ()

The parameters of the Vj part of the potential are real by construction. We allow for the parameters of V, to be complex, using the
following notation throughout the paper

A= A% (7=1,2,3), and p, = |pd,le 2. 3)

The composition of the doublets is as follows:

Hy Hi G
<P1 = Hyi+iA ’ <P2 = Hy+iAp ’ <P3 = v+h+iG° ’ (4)
V2 V2 V2

where ¢ and ¢, are the Zy-odd inert doublets, (¢1) = (¢2) = 0, and ¢3 is the one Z,-even active doublet, which at low energy
attains a vacuum expectation value (VEV) (¢3) = v/v2 # 0. The doublet ¢3 plays the role of the SM Higgs doublet, with & being
the SM Higgs boson and G*, G° the would-be Goldstone bosons. Note that according to the Z, generator in Eq. (2) the symmetry
of the potential is respected by the vacuum (0,0, v/+2). In this paper we consider the scenario where the components of the inert
doublets act as inflation candidates and reheat the universe at the end of inflation through their interactions with the SM-Higgs
and gauge bosons. Note that at the scales relevant for inflation we can take the VEV of the active doublet to be zero, (¢3) = 0.

Furthermore, CP-violation is only introduced in the inert sector which is forbidden from mixing with the active sector by the
conservation of the Z, symmetry. As a result, the amount of CP-violation is not limited by electric dipole moments [21]. The lightest
particle amongst the CP-mixed neutral fields from the inert doublets is a viable DM candidate and stable due to the unbroken Z,
symmetry. In this paper, we focus on the inflationary dynamics of the model and shall not discuss DM implications of the model
any further.

2.2. Potential for the inflaton

We start by rewriting the doublets in the unitary gauge and ignore the charged scalars (since they do not affect the inflationary

dynamics).
oL ° e L 0 g ° ©
! \ﬁ hi + in ’ 2 \/i hy + i ’ ’ \ﬁ h3 ’

The action of the model in the Jordan frame is
Sp = / d*x\/~g { - %M?,ZR — Du¢i D1 — D3 D¥py — Dy DV 3 6)
Vi1 g2 08) ~ (Glnf + Gl + Ealgal + Ealolen) + Eilodon) )R,

where R is the Ricci scalar, M, is the reduced Planck mass and the parameters ¢; are dimensionless couplings of the scalar doublets
to gravity. Note that, in principle, &; could be a complex parameter for which we use the notation &y = |&| e/

In Eq. (6) the covariant derivative, Dy, contains couplings of the scalars with the gauge bosons. However, for the dynamics
during the inflation, the covariant derivative is reduced to the normal derivative D;, — d,,. The minus sign in the kinetic terms
follows the metric convention of (—,+, +, +).

We ignore additional Z,-symmetric terms that can be added to the potential, e.g., (¢5 1) (¢p3d3), (PFh2) (3 ¢3), (p12) (pIpr) and (] ¢p2) (P3¢p2), as they do not change
the phenomenology of the model [23].



Andromeda Proceedings BSM 2021, Online

Since we identify the two inert doublets with inflaton, we assume that the energy density of ¢;3 is sub-dominant during inflation.
Therefore, the part of the potential relevant for inflation is

= —12(¢T 1) — 3 (P1e2) + M1 (PT1)? + A2 (PI2)? + A2 (9T 1) (Ph2) + Ao (PTh2) (P21) — i (@ o) + A1 (¢l p2)* + hc. (7)

Due to local SU(2) invariance, we can rotate away one of the CP-odd fields, say 7,. Such a transformation is equivalent to taking
the 77, — 0 limit, and we assume this limit to be taken when writing the fields in terms of components in Eq. (5).

To facilitate the analysis, we apply a conformal transformation from the Jordan frame, which contains terms with scalar-gravity
quadratic couplings, to the Einstein frame with no explicit couplings to gravity [31]. Physical observables are invariant under this
frame transformation. The two frames are equivalent after the end of inflation when the transformation parameter equals unity.
The action in the Einstein frame can be written as

~ 1, 1L N
Sp = /d4x\/jg {*QM%IR — 58" Gijougidvg; — V|, ®)

where V = V /0% is the potential in the Einstein frame following the conformal transformation

2
1 3M 0020002
ey - Ly 2P
guv—Q Suv /s Gz] 02 z]+2 0Of 3 9; a(Pj, )
where @ = hy, hy, 771, and the transformation parameter
2
OF =14 L 410) + A'f;' (1ahaco, + s, (10

pl

using the shorthand notation cg, = cos 0 and sy, = sin 6 throughout the paper.
The prefactor G;; in Eq. (9) leads to mixed kinetic terms. We introduce the reparametrisation

3 90? 2 0% dA
A:\/iM log(Q? with —— =4/ — == 11

which reduces the kinetic terms to the diagonal form

0A 0A

30, a(P )By(p,a,,(p] = 0,0 +0? 0, AdyA (12)

i
Sy Gz] aﬂ(PlaI/(P] Q g;u/< y + 5=

To write the potential in the Einstein frame, we keep only terms in the potential in Eq. (7) which are quartic in & » and #;. This
reduces the potential to

Voo {)\11(712 +177)2 + Azhis + (A2 + Alp) (B + yi)h3 + 2| A4 | (C91 (h%(h% - ’7%)) + 2593’%’%'71)} (13)

where 6, is the CP-violating phase of the A parameter.

Further, we introduce the reparametrisation #; = B1 h; and hy = B, h; with By, B, as field dependent values, to rewrite the

potential as
4

V& ke [ B2+ A B+ (M) (14 B+ 20l (c0.(1 - BD) + 250,61 ) ) 3] 1)

Using this reparametrisation, one can also simplify the 0?2 parameter in Eq. (10) as

2 _ &1 2|24 , B,
0?=1+ (Mpl(l-i-ﬁl) Mz B3+ M, P2 (c94+ﬁlsg4)> hl:HMT%zhl' (15)

From Eq. (11), recall that Q%> = exp(A) using the shorthand notation A = \/g MA})I. One can then write the field h in terms of the

reparametrised field A

W= N;’Z”’ (eA - 1) . (16)

Therefore, expressing h% and O? in terms of A allows us to write the potential in Eq. (14) in the form

Vo~ (1—e4)2X(B1,Bo). 17)
3
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FIGURE 1: The inflationary potential for different values of 6; and 6, (all A; ~ 0.001).

We will be interested in the effect of the non-minimal coupling || and the associated phase 6. Therefore, we will set {1 =
& = 0 and assume that the initial field values are such that Q% > 0 is guaranteed. Therefore, with these assumptions, the potential
in Eq. (14) can be written as
M1\ A)?
V= 1—e4) X 1
7= (o) (=) xep 19

Ai(1+ )% + Az B3 + ((Aa +A5) (1 + BT) + 2|1 (co, (1 — BT) + 250, 81)) B3

4P (co, + P1 56, )? :
Following the procedure in [16, 32], to find the direction of inflation, we minimise the X (1, B2) function with respect to f1 and B,
to find the form of the X function independent of f; and B, with only 6; and 6 as variables (see [32] for detailed derivation):

2
X(01,0) = — LT M2 2V AnAn ) — 4] (20)
14 /\12+A{12+2\//\11)L2 —Z)Ll COS(91 —294) '

where

X(B1,B2) =

(19)

3. INFLATIONARY DYNAMICS

With the procedure used in the previous section, the dynamics is essentially that of a single field inflation. The full inflationary

potential in Eq. (18) can be written as
M\ A2
V= 1—e" X(601,0 21
() (=) xeu ey

Figure 1 shows the inflationary potential for different values of 8, and 6, for a given value of A; ~ 0.001. Note that the potential is
almost flat at high field values which ensures a slow roll inflation.

For the usual slow roll parameters in this case the function X is irrelevant, since it cancels in the expressions for € and 7, which
are

1, (1 df/)z_ 4 L 182V 42-eh)
3(1

=2V \vaa 76/;)2’ W_MP’VdAZ_a(leA)2

(22)

For field values A > M, (or equivalently A > 1), both parameters €, 17 < 1 which satisfies the slow roll condition. Inflation ends
when € ~ 1. To calculate the values of A at the beginning and end of inflation, A; and A f respectively, one needs to calculate the
number of e-folds N, i.e. the number of times the universe expanded by e times its own size. N, is calculated to be

1 AV

Ne=— [ =
M2 Jay V!

3r. . 44
A= Ap— A= et + o], 23)

where V' = % and A; (4;) is the value of A (A) at the beginning of inflation and A £ (A ) is the value of A (A) at the end of the
inflation. Since inflation ends when € ~ 1, one can calculate A fr which yields:

7 2 A ~ 2 A
Ar — 200 ) ~oasa7 Ap=1/2 =L ~ o767 24
e exp( 3Mpl>_ 15 = f 3M7[11_0.66. (24)

To calculate A;, one could plug in the Af value into Eq. (23) assuming N, = 60, which results in

W

o ) 2 A
2 [—Ai +eA"] ~10403=60, = A=y %/
pl

~ 4.4524 (25)

e~

4
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FIGURE 2: The~ slow roll parameters: the number of e-folds N, (left), spectral index n; (center) and tensor to scalar ratio r (right) as
a function of A with the grid-lines highlighting the 55 < N, < 65 values.

At this point we can also check the field values in terms of the original field /; using Eq. (16). This gives

1.85 x 1018 1.59 x 1019

= = .
v \/|C4|/32(094+,51594) 1 \/|C4|/32(094+,51594)

(26)

Having fixed N, to 60, and calculated the A field value at the start of inflation, we can derive the scalar power spectrum, Ps, the
tensor to scalar ratio r and the spectral index n; as follows:

~ 3 T
1 1% 1—eM)*\ X(64,0 X(6y,6
= (~)2 _ (A=) ) X 1’24) = 5.565 x (1724) 27)
12722 MS; (77 1287224 | |84 4l
r=16e = 0.00296, (28)
ns=1-6e+25 = 09678, (29)

where V' is the derivative of V with respect to A and both V and V' are calculated at the A;. Figure 2 shows the slow roll parameters
N,, ns and r with respect to A with the grid-lines highlighting the 55 < N, < 65 values. We show the inflationary parameters over
a range of N,, since there is no reason for N, to be precisely 60. The values of r and n; are well within the Plank bounds of
ns = 0.9677 £ 0.0060 at 10 level and r < 0.11 at 95% confidence level [33]. Note that the spectral index and the tensor to scalar
ratio are in agreement with the Planck bounds over the full range of N,. Figure 3 shows the 10 and 2¢ regions allowed by Planck
observations in the r-ns plane and the theoretical predictions of our framework for N, values of 55 and 65.

025
0.20F ]
015 1 Planck 10
= [ Planck 20
010} ]
[ e N,=55
005} 1 @ Ng,=65
0.00 : . —e ‘ ]
0.94 0.95 0.96 0.97 0.98 0.99

Ns

FIGURE 3: The 10 and 20 regions for n; and r from Planck observation compared to the theoretical prediction of our framework.

Observations from WMAP7 [34] constrain the scalar power spectrum which put a bound on the |&4| coupling and angles 61, 04,

X(61,04)
Cal?
In the left panel of Figure 4, we show Ps values for the fixed 6; = 7/3 angle and varying values of |¢4| and 6, up to 3¢ standard

deviation from the central value in Eq. (30). In the right panel, we fix Ps to the WMAP7 central value for fixed values of A; ~ 0.001
to get

P, = (2430 £ 0.091) x 10~° = 5.565 x (30)

|&4] = 4.785 x 10% /X (61, 64) (31)

5
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FIGURE 4: Left panel: P; values for the fixed 6; = 71/3 angle and varying values of |{4| and 6, up to 3¢ standard deviation from the
observed central value. Right panel: Contours of |&| in the 8;-64 plane which lead to P; central values (all A; ~ O(10717)).

and show contours of |,| for varying values of 6; and 6,. Note that every point in the plot yields the exact Ps central value.

This is a very important feature of our framework. To satisfy the bounds on the scalar power spectrum, the function X(61,64)
allows for a wide range of ¢4 values as shown in Figure 4. This is in contrast to the Higgs-inflation models where P; o A/&?
with A the Higgs self-coupling which is fixed to be ~ 0.12 at the electroweak scale. Thus, for Ps to agree with observations at the
inflationary scale, & will have to be very large O(10%). In our set-up, a combination of parameters Ay, A11, Az, A1, A}, appears in
the X (61, 6,) function. The only constraint limiting these parameters is the stability of the potential requiring

Aii >0, A+ AL > =20 Ak, LS [l Al 1AL i #£7=1,2,3, (32)
which allows for very small values of A; ~ O(1071%) which, in turn, allows for much smaller values of |&;| of order 0.1. Different
values of the CP-violating angles 61 and 64 could then comfortably yield the conformal value of |¢| = 1/6.

4. REHEATING AND INFLATON DECAY

At the end of inflation, the energy stored in the inflaton disperses as the inflaton decays/annihilates into the SM particles through
processes mediated by the SM-Higgs and gauge bosons in our case, during the so-called reheating phase [35]. To dissect the
reheating phase of our CP-violating inflationary dynamics, we make use of the conformal transformation and field redefinitions in
Egs. (9-15) to write

dAN? 1 1 4
(del) =x T 0N 18423 (co, + B1se,)Hi , (33)
P
or simply
dA 1+ 8(+60s) 0 o
dfll B 1+ (54};%
using the shorthand notations
- hy . . 2 A
h = M, Gs = 21C4lP2(co, + P15o,),  and A= 3M, (35)

as defined before. The exact solution to Eq.(34) after integration (whose analytical form is not particularly enlightening) is shown
in Figure 5 represented by the solid blue curve. We find it instructive to identify two distinct regions as

- iy for A < A,
Ar o (36)
log (%) forA> A,

where at the end of inflation (at low field values), the field ; and its reparametrised counterpart in the Einstein franle A are
equivalent. This behaviour is represented by the dashed red line in Figure 5. During inflation (at high field values), the A field is
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FIGURE 5: The reparametrised field A = \/g A/ My with respect to the = h/ M, field. Note that at low field values (end of

inflation) A and /; coincide as expected.

defined as log(02) as discussed in Eq. (11), which is shown by the dashed green curve in Figure 5. The low and high field regions
are separated by A, at the intersection of the dashed red and green curves where 11 = log(Qz) and is calculated to be

ACT 7 (37)

h=log (14 &4/8) ~ &R = =4
Ca
using the assumption of &; > 1.
Another important intersection is the A ~ 1 point, above which inflation occurs. In the intermediate region where 1 > A >
A, =1/ 54, the field A can be approximated as 54?1% which is represented by the dashed magenta curve in Figure 5. In this region,
which is relevant for reheating, the inflationary potential in Eq. (21) can be approximated by a quadratic potential

M2, \2
V ~ < pl) X(91,94)A2 =

M2, /X (01,64)
w? A2 with w = ol
2G4

1
2 V2|24 '

which is a simple harmonic oscillator potential in which the inflaton oscillates rapidly with frequency w which could be thought
of as the “inflaton mass”. Since the effective inflaton mass is non-zero in this region, the exponential expansion of the universe
proceeds as in the matter domination era where the Friedman equation can be written as

(38)

1; 1 w? i(t) 2
3H2(t) = ZA%(t) + fw—Az(t), where H(t) = a(t) =~ and a3, (39)
2 2 Mp,2
where ¢ is the physical time, H is the Hubble parameter, a is the scale factor and w acting as a mass parameter for this oscillatory
phase. This equation can be solved for w > H (when the change of the scale factor is small during one oscillation) as

A = Ay(t) cos(wt), (40)

where A (t) is the amplitude of the background inflaton field oscillations, which decreases with time due to particle creation and
the expansion of the universe where

Ag—yf2 00— 8lel 1 (41)
3Mpr V3My /X(601,04) ¢

The reheating phase ends at time t,, when the amplitude of the oscillations Ag crosses A, which gives us the crossing time as

fo_ 8V2 My 84Ba(co, + B1se,)  4V2 My &4
cr — \/gw — \/gw .

At later times, when A < A, the universe enters the radiation-dominated era. The potential for the inflaton field no longer
contains an essential mass parameter. The energy of the inflaton zero mode is drained by the creation of SM-Higgs and gauge
bosons through their direct coupling to the inflaton filed. These couplings are relatively large and lead to a rapid energy transfer
from the coherent oscillations of the inflaton to relativistic SM particles. If this energy conversion is instantaneous, a lower bound
on the reheating temperature is estimated to be T, > 1.5 x 103 GeV [13, 36].

(42)
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4.1. Inflaton decay

As discussed before, the inflaton decays into the W, Z and the SM-Higgs bosons through its direct couplings. In the background
approximation in Eq. (40) the inflaton field acts as an external source of these SM fields with “varying-with-time masses”. Therefore,
although these particles do not have a physical mass at this time, one can define an effective mass arising from inflaton oscillations
for them. Using the same assumption as before, where w > H and the amplitude is constant over one oscillation period, we define
effective mass terms for W, Z and the Higgs bosons. Recall that during the reheating phase, h? can be approximated as M%, A/E,
as shown in Eq. (37).

The coupling of the inflaton to W and Z bosons is % g3 h?W? and %(g% + g3) h3Z2, respectively. Written in terms of A, the
effective masses for the W and Z bosons are calculated to be:

o SM (87 +83) M3,
W_ ~
464

m2 = — A, (43)
‘ 464

where g1 and g» are the U(1) and SU(2) gauge couplings, respectively, and ¢, is defined in Eq. (35). The inflaton coupling to Higgs
is through the potential in Eq. (1) expanded in terms of all fields in Eq. (5), which allows us to define an effective mass term for the

SM-like Higgs boson, k3, as
2
2 A2z 12— Mg My i (44)

hy — 2 1= 2 64 ’

where
Moz = B5(Aos + Ag) + (1+ B1) (As1 + Aby) +2B3Aace, — 2(BF — 1)Asce, — 4B1A3se, , (45)

and 6; being the phase of the parameter A; as described in Eq. (3). Note that the masses in Eqs.(43) and (44) are not the conventional
masses obtained from spontaneous symmetry breaking. Instead they are effective masses defined based on the interactions of these
fields with the inflaton written in terms of the reparametrised field A.

Due to the large value of the weak couplings, g1 and g» of the W, Z bosons to the inflaton, they are heavy and non-relativistic.
If A1p3 is large, the Higgs boson will also be produced non-relativistically. Therefore, their production does not change the equation
of state from the non-relativistic matter domination to radiation domination. This transition occurs later on with the creation of the
relativistic secondary particles, i.e. light fermions, as a result of the decay or scattering of the heavy particles, the Higgs and W, Z
bosons.

As long as the inflaton mass, w, is smaller than the gauge/scalar bosons in Egs. (43, 44) for A > A, creation of the bosons
is possible only when the inflaton field crosses zero (when A(t) < A). During each zero crossing some gauge/scalar bosons are
created. In the beginning, when the number densities of the produced W, Z and Higgs bosons, nyy, nz and ny, respectively, is low the
creation rate is constant. As a result, the created bosons are non-relativistic and decay into light SM fermions (which are relativistic).
However, the decay rate decreases with time as the amplitude of the inflaton oscillations decreases. No significant energy transfer
from the inflaton to radiation has taken place so far. As the decay rate becomes smaller than the production rate, generation of the
particles, which is enhanced by the stochastic parametric resonance, accelerates and raises the concentration of the gauge/scalar
bosons. The energy transfer into the light SM fermions proceeds now mainly via WW/ZZ — f f annihilation (their decays become
sub-dominant channels of fermion production) while Higgs can only produce fermions through decays. The annihilation process
rapidly transfers all the energy into radiation, resulting in the transition from the matter domination expansion with a o #2/3 to the
radiation domination expansion with a o t1/2.

The production of W and Higgs bosons in the linear and resonance regions are [37, 38, 39]:

P K33 i P %33 :
d(nwa3) sawKya®, (linear), d(nhaS) Fsawk3a’, (linear),

at at (46)
2a% wQny, (resonance), 2a3wQny,, (resonance),

where P and Q are numerical factors with P ~ 0.0455 and Q ~ 0.045. The created particles are essentially non-relativistic. For
concentrations of other gauge bosons we have the obvious relations ny+ = ny-, nz = ny+/ cos? By, where 6y is the weak
mixing angle. K; and K, have dimensions of energy and are dependent on the respective mass terms with:

§ M, )
K = wmiy(t) = zi/igé Ba(co, + B1se,)\/ X (01,64) Ao(ti), (47)
4

Aoz M* .
K = wmp(t)= %62;7[ B2(co, + B15e,)\/ X(61,04) Ao(t:), (48)
i

where ¢; is the instant when the inflaton field crosses zero, i.e. A(t;) = 0. Note that the inflaton can decay into W, Z and Higgs
bosons only in the vicinity of this point, when its effective mass w, is much larger than those of the W, Z and Higgs bosons.
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5. SCALAR ASYMMETRIES

Here we briefly discuss how the CP asymmetry originating from the non-minimal coupling, is transferred to the SM degrees of
freedom. For this discussion, let’s focus on the neutral components of the ¢; doublets acquiring an initial non-vanishing expectation
value at the exit from inflaton. We write the field fluctuations around the initial conditions as

{ ¢1 = p1 —aze’” { $o = P2 — a2 { ¢3 = ¢3—as (19)

of — ¢f —apei® o3 — ¢5 —an o — 95 —a3

The phase « here is related to the CP-violating phases of inflation. Note that at the end of inflation the /1 field has taken a value
according to Eq. (26) which is dependant on the inflationary dynamics, namely 64, 81 and B which are dependant on 6;. Since h;
is the real part of the complex field ¢y, its value is what feeds the a1 cos &« component of fluctuations in Eq. (49). The imaginary part
of ¢, represented by 7, takes a value proportional to #; and feeds the a1 sin« component of the field fluctuations. Recall that one
can obtain the values of 81 and B, for any given value of 8; and 64. However, to keep the present discussion more transparent, we
retain a generic phase a here.

To discuss the consequences of this complex phase, we now assume instant reheating. Since the field ¢; is light with respect to
the inflaton degrees of freedom, we expect the latter to quickly decay to ¢3. The asymmetry arising from the values of the fields in
Eq. (49) will manifest in creation of unequal number of ¢3 and ¢3 quanta as follows.

From the potential in Eq. (1), the couplings contributing to the decays of

(Pl — (P34)3 (e 2{11}\3 €i<a+93) (P2 — 4)3(P3 (e 2112/\2 Eiéz (50)
F — PiP; o« 2a1)5 e—ilats) 7 O3 — P3P} o 2apApe 02 -

Such decay processes are CP-violating and result in unequal number of ¢3 and ¢; states. Consequently, the relative asymmetries
Alp and AZ,, in the decay rates are

Alp ~ 8aiA3sin2(a+63),  AZp ~ 8a3Ajsin26,. (51)

This asymmetry in the scalar sector is then transferred to the fermion sector through the couplings of the Higgs field (h3 contained
in the ¢3 doublet) with the fermions, as discussed in the previous section. For example, assuming the existence of right-handed
neutrinos, the Yukawa interactions between neutrinos and ¢3 will generate an asymmetry between vy and 7, which would be
further translated into baryon asymmetry by the electroweak sphalerons.

6. CONCLUSION AND OUTLOOK

Scalar fields which have non-minimal couplings to gravity are well-motivated inflaton candidates. Paradigmatic examples are the
Higgs-inflation [13] and s-inflation models [15]. In this paper we have considered a scenario where several non-minimally coupled
scalars contribute to the inflationary dynamics. In particular we investigated a model where these scalars are electroweak doublets
and therefore generalize the Higgs inflation. We focused on a setting where the dominant non-minimal coupling is allowed to be
complex and investigated the effect that this would have on CP-violation in our universe. We determined the inflationary dynamics
in the regime where the model essentially conforms to the predictions of single field inflation. The essential difference is that the
inflaton obtains a non-zero phase representing possible source of CP-violation for subsequent post-inflationary evolution. At the
end of inflation, the inflaton particle which is naturally assumed to have couplings with the SM Higgs, dumps its energy into
the SM particle bath through the process of reheating, which populates the universe with the SM particles. We sketched how the
complex value of the inflaton field leads to an asymmetry in the scalar sector decays, and how this asymmetry will further be
transmitted to the fermion sector. A more detailed analysis of our framework, including multi-field dynamics during inflation,
further details of reheating and subsequent particle decays and their effects on the generation of baryon asymmetry are covered in
our upcoming publication.

ACKNOWLEDGEMENTS

The author acknowledges financial support from Academy of Finland projects “Particle cosmology and gravitational waves” No.
320123 and “Particle cosmology beyond the Standard Model” No. 310130, and would like to thank the organisers of the BSM-2021
conference for creating the opportunity for lively scientific discussions.

References

[1] G. Aad etal. [ATLAS], Phys. Lett. B 716, 1-29 (2012) doi:10.1016/j.physletb.2012.08.020 [arXiv:1207.7214 [hep-ex]].
] S. Chatrchyan et al. [CMS], Phys. Lett. B 716, 30-61 (2012) d0i:10.1016/j.physletb.2012.08.021 [arXiv:1207.7235 [hep-ex]].
[3] P. A.R. Ade et al. [Planck], Astron. Astrophys. 594, A13 (2016) doi:10.1051/0004-6361 /201525830 [arXiv:1502.01589 [astro-ph.CO]].
] D. E. Morrissey and M. J. Ramsey-Musolf, New ]. Phys. 14, 125003 (2012) doi:10.1088/1367-2630/14 /12 /125003 [arXiv:1206.2942 [hep-ph]].
] M. B. Gavela, P. Hernandez, J. Orloff and O. Pene, Mod. Phys. Lett. A 9, 795-810 (1994) doi:10.1142/50217732394000629 [arXiv:hep-ph/9312215

[hep-ph]].



Andromeda Proceedings BSM 2021, Online

[6] P.Huet and E. Sather, Phys. Rev. D 51, 379-394 (1995) d0i:10.1103/PhysRevD.51.379 [arXiv:hep-ph/9404302 [hep-ph]].
[7] M.B. Gavela, P. Hernandez, J. Orloff, O. Pene and C. Quimbay, Nucl. Phys. B 430, 382-426 (1994) d0i:10.1016/0550-3213(94)00410-2 [arXiv:hep-
ph/9406289 [hep-ph]].
[8] K. Kajantie, M. Laine, K. Rummukainen and M. E. Shaposhnikov, Nucl. Phys. B 466, 189-258 (1996) doi:10.1016/0550-3213(96)00052-1
[arXiv:hep-lat/9510020 [hep-lat]].
1 S. W. Hawking, Phys. Lett. B 115, 295 (1982) d0i:10.1016/0370-2693(82)90373-2
] A. A. Starobinsky, Phys. Lett. B 117, 175-178 (1982) doi:10.1016/0370-2693(82)90541-X
] M. Sasaki, Prog. Theor. Phys. 76, 1036 (1986) doi:10.1143/PTP.76.1036
] V. F. Mukhanov, Sov. Phys. JETP 67, 1297-1302 (1988)
] F. L. Bezrukov and M. Shaposhnikov, Phys. Lett. B 659, 703-706 (2008) doi:10.1016/j.physletb.2007.11.072 [arXiv:0710.3755 [hep-th]].
[14] R.N. Lerner and J. McDonald, Phys. Rev. D 80, 123507 (2009) do0i:10.1103 /PhysRevD.80.123507 [arXiv:0909.0520 [hep-ph]].
] K. Enqvist, S. Nurmi, T. Tenkanen and K. Tuominen, JCAP 08, 035 (2014) d0i:10.1088/1475-7516 /2014 /08 /035 [arXiv:1407.0659 [astro-ph.CO]].
] J. O. Gong, H. M. Lee and S. K. Kang, JHEP 04, 128 (2012) doi:10.1007 /JHEP04(2012)128 [arXiv:1202.0288 [hep-ph]].
] S. Choubey and A. Kumar, JHEP 11, 080 (2017) doi:10.1007 /THEP11(2017)080 [arXiv:1707.06587 [hep-ph]].
] C. Englert, T. Plehn, D. Zerwas and P. M. Zerwas, Phys. Lett. B 703, 298-305 (2011) d0i:10.1016/j.physletb.2011.08.002 [arXiv:1106.3097 [hep-
phll.
[19] G.C. Branco, P. M. Ferreira, L. Lavoura, M. N. Rebelo, M. Sher and J. P. Silva, Phys. Rept. 516, 1-102 (2012) doi:10.1016/j.physrep.2012.02.002
[arXiv:1106.0034 [hep-ph]].
[20] V.Keus, PoS CHARGED2016, 017 (2016) d0i:10.22323/1.286.0017 [arXiv:1612.03629 [hep-ph]].
[21] A. Cordero-Cid, J. Hernidndez-Sanchez, V. Keus, S. F. King, S. Moretti, D. Rojas and D. Sokotowska, JHEP 12, 014 (2016)
doi:10.1007 /JTHEP12(2016)014 [arXiv:1608.01673 [hep-ph]].
[22] A. Cordero, J. Hernandez-Sanchez, V. Keus, S. F. King, S. Moretti D. Rojas and D. Sokolowska, JHEP 05, 030 (2018)
doi:10.1007 /JHEP05(2018)030 [arXiv:1712.09598 [hep-ph]].
[23] A. Cordero-Cid, ]J. Hernandez-Sanchez, V. Keus, S. Moretti, D. Rojas and D. Sokotowska, Eur. Phys. ]J. C 80, no.2, 135 (2020)
doi:10.1140/ epjc/s10052-020-7689-0 [arXiv:1812.00820 [hep-ph]].
[24] A. Cordero-Cid, J. Herndndez-Sanchez, V. Keus, S. Moretti, D. Rojas-Ciofalo and D. Sokolowska, Phys. Rev. D 101, no.9, 095023 (2020)
doi:10.1103 /PhysRevD.101.095023 [arXiv:2002.04616 [hep-ph]].
] V. Keus, PoS CORFU2019, 059 (2020) doi:10.22323/1.376.0059 [arXiv:2003.02141 [hep-ph]].
] V.Keus, Phys. Rev. D 101, no.7, 073007 (2020) doi:10.1103 /PhysRevD.101.073007 [arXiv:1909.09234 [hep-ph]].
[27] ]J. Hernandez-Sanchez, V. Keus, S. Moretti, D. Rojas-Ciofalo and D. Sokolowska, [arXiv:2012.11621 [hep-ph]].
1 A. Ahriche, G. Faisel, S. Y. Ho, S. Nasri and J. Tandean, Phys. Rev. D 92, no.3, 035020 (2015) doi:10.1103 /PhysRevD.92.035020 [arXiv:1501.06605
[hep-ph]].
] L P.Ivanov, V. Keus and E. Vdovin, J. Phys. A 45, 215201 (2012) doi:10.1088/1751-8113/45/21/215201 [arXiv:1112.1660 [math-ph]].
] V.Keus, S. E. King and S. Moretti, JHEP 01, 052 (2014) d0i:10.1007/JHEP01(2014)052 [arXiv:1310.8253 [hep-ph]].
] D.I Kaiser, Phys. Rev. D 81, 084044 (2010) d0i:10.1103 /PhysRevD.81.084044 [arXiv:1003.1159 [gr-qc]].
] V.Keus and K. Tuominen, [arXiv:2102.07777 [hep-ph]].
] P. A.R. Ade et al. [Planck], Astron. Astrophys. 594, A20 (2016) doi:10.1051/0004-6361 /201525898 [arXiv:1502.02114 [astro-ph.CO]].
[34] E.Komatsu et al. [WMAP], Astrophys. J. Suppl. 192, 18 (2011) doi:10.1088 /0067-0049 /192 /2 /18 [arXiv:1001.4538 [astro-ph.CO]].
] A.D. Linde, Phys. Lett. B 108, 389-393 (1982) doi:10.1016/0370-2693(82)91219-9
] F. L. Bezrukov, [arXiv:0805.2236 [hep-ph]].
] E Bezrukov, D. Gorbunov and M. Shaposhnikov, JCAP 06, 029 (2009) doi:10.1088/1475-7516/2009/06/029 [arXiv:0812.3622 [hep-ph]].
] J. Garcia-Bellido, D. G. Figueroa and J. Rubio, Phys. Rev. D 79, 063531 (2009) d0i:10.1103 /PhysRevD.79.063531 [arXiv:0812.4624 [hep-ph]].
] J. Repond and J. Rubio, JCAP 07, 043 (2016) d0i:10.1088/1475-7516/2016/07 /043 [arXiv:1604.08238 [astro-ph.CO]].

10



