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Baryogenesis in R>-Higgs inflation: The gravitational connection
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R?-Higgs inflation stands out as one of the best-fit models of Planck data. Using a covariant formalism
for the inflationary dynamics and the production of helical gauge fields, we show that the observed baryon
asymmetry of the Universe (BAU) can be obtained when this model is supplemented by a dimension-six
CP-violating term ~(R/ A2)BWB/‘” in the hypercharge sector. At linear order, values of A ~ 2.5 x 107> M

produce, in the R*-like regime, sufficient helical hypermagnetic fields to create the observed matter-
antimatter asymmetry during the electroweak crossover. However, the Schwinger effect of fermion pair
production can play a critical role in this context, and that scale is significantly lowered when the
backreaction of the fermion fields on the gauge field production is included. In all cases, the helical field
configurations can remain robust against washout after the end of inflation.
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I. INTRODUCTION

Cosmic inflation [1-3] elegantly addresses a plethora of
observations, ranging from the flatness of the Universe,
over resolving the horizon and exotic relics problems, all
the way to seeding the primordial density perturbations
giving rise to the large-scale structure of the Universe
that we see today. In parallel, it can explain the cosmic
microwave background (CMB) anisotropies measured by
experiments such as Planck [4]. While there are several
alternatives to inflation, among these models, Starobinsky
or R? [1,5-8] inflation, where pure general relativity (GR)
is extended by an additional scalar curvature term R?, is
one of the best-fitting models of current data [4].

In the dual scalar-tensor theory, the presence of the R?
term makes the scalar degree of freedom dynamical, which
can account for cosmic inflation. After the discovery of the
Higgs boson at the Large Hadron Collider (LHC) [9,10],
the theory essentially contains two scalar degrees of
freedom. Indeed, if the Higgs field @ couples nonmini-
mally to the Ricci scalar R via a term £, R|®|?, with & as
the nonminimal coupling, the Higgs field itself can induce
inflation [11-17] (for earlier works which employed
similar mechanisms, see Refs. [18-25]). In pure Higgs
inflation, i.e., without the presence of such R? term, a scale
of unitarity violation emerges [26—-29]. This may not pose
a threat to inflationary dynamics, see Ref. [30]. However,
during the preheating stage, longitudinal gauge bosons
with momenta beyond the unitarity cutoff scale are
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violently produced [31-33]. The perturbative unitarity is
restored up to the Planck scale due to the presence of R?
term in R2-Higgs inflation [34] (see also, e.g., [35-46]).
Moreover, R2-Higgs inflation (or the Starobinsky-Higgs
inflation), which features both the R* and R|®|? terms, is
also the best-fit model for the Planck data.

Following on from these successes, it is not unreasonable
to correlate the R>-Higgs inflation to the other shortcomings
of the current microscopic theory of interactions, the
Standard Model of particle physics (SM). One such shortfall
is the observed matter-antimatter asymmetry (or the baryon
asymmetry) of the Universe, BAU. The existence of the
BAU is a strong indicator of the presence of interactions
beyond the SM. A range of particle physics experiments,
chiefly at the LHC, are searching for such interactions at the
currently largest available energy scales of O(TeV). If the
fundamental scale of the mechanism behind the BAU is tied
to a higher scale, it might be possible that tell-tale effects at
present or even future colliders could remain absent. In the
SM, the CP-violation from the CKM matrix is not sufficient
for baryogenesis [47—49]. Further, the electroweak phase
transition in the SM is a continuous crossover [50] rather
than the typically desired strong first-order transition to
drive the departure from thermal equilibrium condition as
part of Sakharov’s criteria [51]. However, even at the
crossover, the out-of-equilibrium condition can be met if
the source and washout decay rates are different and shut off
at different epochs [52,53]. If the inflaton field couples to
the CP-odd hypercharge Chern-Simons density FF, with F
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and F denoting the field-stress tensor of a U(1) gauge field
(which mixes with the hypercharge gauge field) and its dual,
respectively, helical hypermagnetic fields can be abundantly
produced at the end of inflation [54-59]. The helical
hypermagnetic fields may then create the observed baryon
asymmetry at the electroweak crossover [53,60-65].

In this article, we investigate baryogenesis in R>-Higgs
inflation from CP-violating dimension-six Chern-Simons
density ~(R/ AQ)BWB””, where R is the Ricci scalar and
B, is the field stress tensor of U(1), hypercharge in the
Jordan frame (see also Refs. [66—70] for similar discus-
sions). This term can be considered within the context
extended theories of gravity (or rather, f(R, ¢, B,) gravity),
and it elegantly connects high-scale BAU to inflationary
dynamics without requiring additional fields beyond the
SM. Adopting the covariant formalism due to the nonca-
nonical kinetic terms in R2-Higgs inflation, our linear order
analysis, with A ~ 1073 Mp, demonstrates that the pro-
duced helical hypermagnetic fields are sufficient to account
for the BAU. We take into account effects that could lead to
a washout of the helicity stored in the gauge sector (e.g., the
chiral plasma instability) alongside observational bounds
on a range of associated phenomena that prevent total
freedom of the possible field configurations.

In the presence of strong gauge fields, light fermions
charged under the gauge group are produced by the
backreaction of gauge fields that source the fermions
equation of motion [71,72]. The corresponding currents
can then, in turn, backreact on the produced gauge fields, a
phenomenon called the Schwinger effect, see e.g. Ref. [73].
The backreaction of fermion currents on the produced
gauge fields acts as a damping force during the explosive
production of helical gauge fields, and many of the
conclusions from the gauge field production should be
revised in the presence of the Schwinger effect. In par-
ticular, it has been shown that, although the amount of
gauge energy density is suppressed, which jeopardizes the
gauge preheating capabilities, there is still a window for the
baryogenesis mechanism, see Ref. [65]. Also, one possible
way out is if there are no light, charged fermion fields when
gauge fields are produced, for instance by the use of a
special Froggatt-Nielsen mechanism such that all fermion
Yukawa couplings stay large at the end of inflation, while
they relax after inflation to the measured values [74].
However, in this paper, we will stay agnostic on the
fermions effect in the plasma and provide the results with
and without the Schwinger effect.

We organize this paper as follows. We start with out-
lining the action and derive the relevant equations of
motion (EoM) for different fields in Sec. II, followed by
the inflationary dynamics in the covariant formalism in
Sec. III. The production of hypermagnetic fields and
subsequent generation of the BAU are discussed, respec-
tively, in Secs. IV and V. We summarize with some

discussion in Sec. VI. Finally, we present some technical
computational details through appendices A-E.

II. THE STAROBINSKY-HIGGS ACTION

In pure GR with a canonically coupled scalar theory,
without the presence of R?, the conformal mode of the
metric is known to have a wrong-sign kinetic term. The
Starobinsky inflation model, which extends pure GR with
an additional scalar curvature term RZ, falls within the so-
called general f(R) theory of gravity. In its dual scalar-
tensor theory, the presence of the R? term makes the scalar
degree of freedom dynamical, which can then account for
cosmic inflation. R>-Higgs inflation (or Starobinsky-Higgs
inflation), which features all possible dimension-four terms
i.e., both the R* and R|®|*> terms also provide best-fit
models of the Planck data. The model has two dynamical
scalar degrees of freedom, one appearing from the gravity
sector and one entering as part of the Higgs field ®.

We briefly discuss the action and its transformation
properties in the metric formalism assuming the affine
connection to be the Levi-Civita connection. The action in
the Jordan frame of R>-Higgs inflation, along with a
dimension-six CP-odd term coupling Ricci scalar and
U(1), gauge boson, is given by

" M
Sy= [ d'x\/=g; Tf(R.h(I)’Bﬂ)

y 1
- g’Jl (vﬂ(I))TVD(I) - V(CI), (I)T) - Zg,;pgjaB/pra

1, o o
=G Wi Wo = Zg‘}”fe,‘mvff] : (2.1)
f

and we adopt a mostly-plus convention for the metric
(=1,4+1,+1,+1). From here on, for notational simplicity,
we will remove the sum over fermions ), in the fermion
quadratic terms, which will remain implicit. The B,, and
W, are field stress tensors of the U(1)y and SU(2), gauge
groups, respectively, ® is the Higgs field, R; the Ricci scalar
in the Jordan frame, and Mp = /1/(82G) = 2.435 x
10'® GeV, where G is the Newton’s constant and Mp the
reduced Planck mass. We use the convention €% = 1
for the Levi-Civita tensor. The covariant derivatives are
defined as

1 1
V,=D,+ lg'EnyBﬂ + ig57- W, (2.2a)

1 1
Vif = (D,f, +ig 5Oy, B, +ig5 7 Wﬂ>f, (2.2b)

with Qy_ denoting the U(1), hypercharge, 7 are the Pauli
matrices, and ¢ and g are respective gauge couplings. D, is
the usual covariant derivative with respect to the space-time
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metric g, and D,f = 0, + T, is the covariant derivative of spinors, with I', as the spin affine connection. Here ej; is the

so-called vierbein and 7, is Minkowski space gamma matrices (see Appendix A for details of the formalism and the
definition of I',). The corresponding field-stress tensors for the U(1)y and SU(2), gauge fields are

3
B, =D,B,—D,B,. Wi, =D,W,—=D,Wi—g> e WiWt. (2.3)
Jok=1

The Higgs potential V(®, ®") and f(R,, ®, B,) are given as’

V(®, ) = D[, (2.4a)

&k g 2n 2 e
R, ®,B,) =R R3 ®2R ———B,,B,,R,. 2.4b
f(] ﬂ) J+2M2 +M]2>‘ | J AZM%\/——QJM pot™J ( )

The Higgs field has hypercharge 41 and is decomposed in the standard way (we will comment on our gauge choice

further below)
1 /0
b= . 2.5
V2 (h) 23)

With this choice, Eq. (2.1) becomes

/ d x\/—_gj[ F(Ry.h.B,) - ; 4D, W)D,h — V(h)

(WL —iW2) (W] + iw2)

v 1 v
d‘ 2h? ﬁ A gl aWi—gB)gW - gB,)
- ZggngfB;pra - gﬂf)gwwz Wl glfyfe,‘f?avfjf > (2'6)
with
A Sr S 2 e
V(h) =Zht, R,.h,B,) =R R> WR,——————_B,B,R,. 2.7
() 4 f( J /4) J+2M2 M2 J AZM]%\/——QJ v pot™J ( )

The dynamics of the scalar degrees of freedom are easily captured once we move from the Jordan frame to the Einstein frame
via a Weyl transformation. We first introduce an auxiliary field ¥ and rewrite the action in Eq. (2.6) as

2 Of (¥, h, B 1,
o= [ a5 (rovns,) 4+ LOE (k) - L 0,0 - Vi)
1, Wi —iW2) (WL +iW?) 1, , .
L rn! ﬁ’ P _ L hIRaW, - 45, (9W: - 8,
__g“/’gbaB B _ ‘dlﬂgwwz Wl g;yj-ezyav{/‘f] (28)

The variation with respect to ¥ gives the constraint ¥ = R, as long as 0*f(\V, h, B,)/ 0¥? # 0. We now define a physical
degree of freedom ® as

'For large configuration values of the Higgs field we can consistently neglect the mass term of the Higgs potential, which triggers
electroweak symmetry breaking.
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_ Of(¥.h.B,)
o

such that the action Eq. (2.8) can be cast into

-/ d‘w-—g,[ﬁz’@&—U(&h,B,,)—%d;”(Dﬂh)(Dym Vi) - g BB,

dw 20 Wi = iWy) (W, + WD)
V2 V2

- _dmg? /,w ;76 - .djw.fezyav{f} ’

I
— g9 (gWi - gB,) (Wi - g B.)

with the definition

M4 2 HUPC 2
=—_F @+§_Hh2_ > 2€—BﬂI/B/)O'
4ér P AM LRV}

To formulate the action in the Einstein frame, we perform the metric redefinition (Weyl transformation)

1 v v 1
g.]ﬂl/ = 69E/4p7 d} = @dg s and gy = @\/_—QE

Under this transformation, the Ricci scalar transforms as
3
RJ = @ RE + 3DE® — Eg’é Dﬂ(ln®)Dy(ln®) s
with O = ¢ D,D,. Ignoring the surface term, the action of Eq. (2.8) now becomes

2 2
e = [ oy |5 R = D, (00D, 100) - S (DD, ) -

(W) —iW2) (W) + iw2)
V2 V2

1 Lo o
— g G = B GWE = gB,) ~ LA Wi Wi — & o Fest VL |

1 1,
_Zg%pg%gBﬂqua_Egu 92h2
with

Finally, we perform the field redefinition

to arrive at the action in the form
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M3 1 ) 1,
E— / d4x\/ —9E [TP Rg — EGIM/E DM/’IDMPJ - VE(¢1) - ng ngo-Bﬂl/Bpa

(W —iW2) (W] + iw2)

_gul)guawl Wz ——6 \/;Mp.dw 2h2

V2 V2
a5k I a~
- ge Vi g2 (gW; —gB,)(gW; —gB,) — e Vg y el7,VIf|. (2.17)
The multi-field ¢’ € {¢h, h} alongside the field-space metric G,
Gyp = 1, Gyn = Giyp =0, Gy = 6_\/% (2.18)

highlight that we are working with a noncanonical kinetic term as alluded to above (see Appendix B for the corresponding
field-space Christoffel symbols). The potential V(¢'), consistently truncated at dimension-six level, reads

avis[hs  ME( e G 2 e e\
Vi) = VR o g (1= s S - Vi Vns.) |

4 4¢r
2
— Vo(#') + 2M2F(¢1) \/MPB B (2.19)
SrAA
with
B4 —2\/MP
Valg') = P, (2.200
F(p) = 1 — eV 4 ;_1% eV ﬁwmgm. (2.20b)

Note that the unmodified Starobinsky potential is recovered when the BWB”” term is absent.
We can now turn to the EoMs of the different fields in Eq. (2.17). By varying Eq. (2.17) with respect to the field ¢,

we obtain

O¢X + T8 g Dudp!' Do’ = GKMV iy + g X, = 0, (2.21)

identifying T'X, as the field-space Christoffel symbols and

1 21 —iW2) (W) +iw2) 1 _ poe Wl —iw2) (Wl + iw?
K__\/;_G \/—MPgZhZ( )( +1i ) ——e \/gMpGKzgzh( U ll>( vt 1/)

w4\ 3 M, V2 V2 2 V2 V2
1 21 5y 1 i
T3 §VPGK] \AMPhZ(gW,% —9B,)(gW; —gB,) - 1 GR%e \/;MPh(gwi ~gB,)(gW; - gB,)
+ 3 5K Vit e e F197, VL f (2.22)

Note that all the terms in Xﬁ, are quadratic in the gauge fields.
The energy-momentum tensor T, describes relevant quantities of the inflationary dynamics such as energy density or
pressure. One can derive the Einstein-Hilbert equation from the action Sy by varying it with respect to ¢

1 1 oL
RE;w - EgE;wRE M2 <‘CM9E;4D -2 gg;%)) (223)
E

and identify T
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(EM)>
T, =\Lyw9ew — 2.24)
i ( MYIEu 59}2 (
Appendix C provides the full expression of T, for the model considered in this work.
The EoM for the gauge field B, is given as
8M3
G GLDBL + 8 D (e Vi) 1 [ Lo VEig i (W~ g5,)
ErA 4
igQy, _ it -
- Vg ety f =0, (2.25)
and those for the W}, fields are found to be
a v i 3M, 1 g 3M,
GG D W, — gl e Z Wi W = gl Vs + 2 Vil gl Fety, i f =,
Jik=
. gWi, ifi=1,2
with W, = { 3 o . (2.26)
gW,—gB,, ifi=3

We define W,, Z, and A, in the usual way

2
W, —iW3 .

B Wi +iw;
vz o2
A, = sin@y W, + cos Oy B,

"
3 .
cos Oy W;, —sinOy B,

=

N
I

(2.27)

with e = gsinfy, = ¢ cos Oy, and electroweak angle Oy, .
We can express the WL and B, fields in terms of W, Z,, and
A, by inverting the above equations.

Given that we are in the broken phase, for which Ay # 0,
where A is the homogeneous background field as we shall
see shortly, we can consider the trivial solution Wl’, =0
from the mass term in Eq. (2.26) as the variation is small
compared to the background field. This means that we can
set W, =W, =0 and Z, = cosOyW; —sin0yB, =0
which implies that B, = cosfyA, and Wi = sinOyA,,.
We will therefore retain only the photon field A ,, replacing
B, with cosfyA, in the corresponding Chern-Simons
term. Put differently, the production of photon fields
proceeds unsuppressed compared to the other heavy gauge
bosons.

We now turn to some comments related to the gauge
fixing in Eq. (2.5). The Higgs doublet contains, apart from
the radial degree of freedom #h, three Goldstone bosons .
Using SU(2), gauge invariance, and fixing the corre-
sponding gauge parameter a(x) as a(x) = —y(x) (unitary
gauge), the Goldstone bosons disappear from the
Lagrangian and the Higgs doublet reduces to Eq. (2.5).
There is still the U(1) gauge invariance that can be used to
fix the Coulomb gauge for the electromagnetic field

0'A; = 0. This is done by fixing the hypercharge gauge
field B, as 0'B; = —tan6y0'W3. Moreover, in regions
where the electric charge density is zero, it turns out that
Ay =0 (the radiation gauge we use in this paper).
Therefore, the EoM for the A, field simplifies to

p
EagyE/ DaFA;w +

= ieQe Vi Fet7, 1. (2.28)

with Q, = %QY .+ T3y, where T35 is the third component
of weak isospin.

Similarly, one can find the general covariant Dirac
equation as

g et7.(VIf) = 0. (2.29)

III. INFLATIONARY DYNAMICS
IN THE COVARIANT FORMALISM

We now study the inflationary dynamics of our
two-field scenario with the noncanonical kinetic term
(i.e., with a nontrivial field-space manifold) following
the covariant formalism discussed in Refs. [33,75,76] (see
also Refs. [31,77-88]). Focussing on linear order pertur-
bations, we decompose the fields into classical back-
ground (¢') and perturbation parts (5¢) as

P () =

¢! (1) + 5¢' (x*), (3.1)
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with ¢! (1) = {@(t), hy(t)}. The space-time dynamics
can be described by the perturbed spatially flat
Friedmann-Robertson-Walker (FRW) metric, which is
expanded as [89-91]

ds? =—(1+2A)d? +2a(1)(0,8)dx'dt +a(1)*[(1-2y)5;;
+20,0,Edx'dx (3.2)

a(t) denotes the scale factor, ¢ parametrizes cosmic time,
and A, B, v, and & characterize the scalar metric
perturbations. Like the scalar fields, the space-time metric
is also considered up to first order in the perturbations. In
the following, when deriving the background and pertur-
bation equations for scalar and gauge fields, we shall
adopt the longitudinal gauge, i.e., B=E& =0.

One may define covariant field fluctuations Q' (covar-
iant with respect to the field-space metric) that connect
¢'(x*) and ¢@!(r) along the geodesic of the field-
space manifold with affine connection k. Concretely,
we can take ¢! (k = 0) = ¢, ¢! (k = «') = ¢' + 6¢' and
D@,y = dp!/dx|,._, = Q!, such that with these con-
ditions, the unique field-space vector Q' connects ¢’ and
@' [75]. Note here, that D, is the covariant derivative with
respect to the affine connection. The field fluctuations d¢’
can be expressed in a series of Q' as [75,85]

1 1
5¢'=Q! _ErgK Q'Q’ "’g (ChnT Tk _FgK,M>

xQIQ/oM 4 (3.3)
where the Christoffel symbols I, are evaluated at the
background field order. The field fluctuations 5¢! (x*) are
gauge-dependent quantities under both the field-space
transformation ¢’ — ¢'/, as well as the space-time trans-
formation x* — x’#. This is motivation to formulate gauge-
independent Mukhanov-Sasaki variables, which are a linear
combinations of space-time metric perturbation y and
covariant field fluctuations Q' as [90,92,93]

¢I

=9l + . 34
0'=0Q' + v (3.4)
We remark that, while ¢’ is not a vector of the field-space
manifold, Q/, ¢’ and Q' all transform, indeed, as vectors of
the field-space manifold. The Q! is doubly covariant with
respect to both space-time and field-space transformations
to first order in the perturbations. It is useful to define the
covariant derivative of vectors S’ and S, in the field-space as
DJSIEaJSI+F5KSK, D]S]E@JS[—FZSK. (35)
It is convenient to also define a covariant derivative with
respect to cosmic time ¢

D,S' = ¢'D,S! = 8 + T, 8ok, (3.6)
see also Refs. [83,84,94-96].

We turn to the stress-energy tensor 7, which can be
written for the homogeneous, isotropic and spatially flat
metric g, = diag(—1,a?(1), a*(1), a*(1)) as

T, =((p+p)UU,+ pgu. (3.7)
with a choice of U, = (1,0, 0, 0) for the fluid four-velocity.
For a spatially flat metric, employing Eq. (3.7) and the
Einstein equations, we get the Friedmann equations for the
background order

A% 1 . 1
L e -
H? = <a> 3M]2,p’ and H 2M123(p+p), (3.8)

where p and p are pressure and energy density, respectively.
We can compare the 00 and ij component of Eqgs. (2.24)
and (3.7) to get expressions for pressure p and energy
density p,

2 (3.9)

13
p=Ty,p= —Z Ty;.
i=1
At the considered background order, employing the explicit
expression of Eq. (C5) (see Appendix C), the (inflaton)
pressure and energy density reduce to

1.
p= EGufﬂlfP] +Volo'), (3.10a)
1 1) 1
pP= EGIJ(:O @ = Volg'), (3.10b)
yielding the equation of state
Gpl¢g’ -2V
w=L_ 2BV 20 (3.11)

p Gy’ +2Vy

Furthermore, the Hubble parameter and its derivative with
respect to cosmic time take the form

a\? 1 1 e
H? = <5> =00 (EG,Jgolq)J + VO((pI)), (3.12a)
P

1

H=———=(G,¢'¢"). 3.12b
) M% (GLg'¢') ( )
The EoMs for the background fields ¢’ and the perturba-

tions Q' at linear order can be derived utilizing Egs. (3.4)
and (2.21)

D' +3Hp! + GV, =0, (3.13a)
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kZ
D;Q' +3HD,Q' + 550’ + M{Q" =0, (3.13b)

with

. 1 a .
ML =G" (D D;Vy) =Rl ¢’ " —Wpf <E¢I¢L> ,

(3.14)

and the field-space Riemann tensor R/,. All relevant
quantities such as V,, GV, T'h,, Rl in Egs. (3.13)
are evaluated at background order. Moreover, as the
field-space metric G and M' are diagonal in this
approximation, the first-order perturbations do not mix
the different Q’. Note also that the EoMs for background
and perturbations do not depend on the gauge fields for our
linear-order considerations.

To study perturbations, we can find a set of unit vectors
that differentiate between adiabatic and entropy directions.
Firstly, we define the length of the velocity vector ¢! in
field-space defined as

6=1\/Gu'¢’ =vp+p (3.15)
and the corresponding unit vector
|
o =2 (3.16)

pt
With this, we can rewrite Eq. (3.13a) to reproduce a single-

field model with a canonically normalized kinetic term. The
slow-roll parameters € and # are

H 362

==, 3.17

CTTHE T e 1oy, (3.17a)

n = mz Moo (3.17b)
Vo

with M, = 6,6’ M}, =667 (D;D,;V,). Inflation ends
when the slow-roll parameter reaches € =1, and we
denote the corresponding cosmological time as .,y in
the following.

The field-space directions orthogonal to &' are given by

§ =Gl — 557, (3.18)

and 6/ and §'/ tensors are related by relations [31]
§Y3,=N-1, 637 =0 foreachJ. (3.19)
N =2, and I,J =1, 2 in our two-field scenario. We can

now decompose the perturbations in the directions of &'
and §/ as

0, =60, (3.20)

ost = 51,07, (3.21)
with Q,, and 8s! being referred to as adiabatic and entropy
perturbations, respectively. We also define a “turning
vector” @' as the covariant rate of change of &/,

o =D,5!. (3.22)

The turning vector is orthogonal with respect to &/,

w;6! = 0, the corresponding unit vector is
(3.23)

with @ = |0!| = /G o'w’.
With these definitions in place, we can now define the
entropy perturbations as

Q, = @;0", (3.24)
which are conveniently normalized to give
H
S=—-0, (3.25)
6

The gauge-invariant curvature (adiabatic) perturbation
R [90,91,97]

H
R =y —-——dq, 3.26
ptp ( )
with p, p as defined above, and §g given by 0,6g = —T,
evaluated at background order (cf. Appendix C) together
with Egs. (3.3) and (3.4)

1
Therefore, R takes the compact form
H 6! H
R:y/—l—?cm, (QI—O'EI//> :;Qa, (3.28)

at linear order. In the presence of entropy perturbations, the
gauge-invariant curvature perturbation does not need to be

conserved, R # 0. The nonadiabatic pressure perturbation
is given by [91,97]

2619,V
3Hé

OPnad = 6p — %5/) =- e+ 26(w;6s").  (3.29)
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with ¢, as the comoving density perturbation. For super-
horizon scales k < aH, the only source of nonadiabatic
pressure stems from Js’. This means that R # 0 will not
vanish even at the k < aH scale and w;5s’ will source Q,
and hence R.

The gauge invariant curvature perturbation is defined
as [90,97]

(R(ky)R(ky)) = (27)36) (ky + ko) P (1;k1)  (3.30)

and P (t;k) = |R|*. The dimensionless power spectrum
for the adiabatic perturbation is given by

k3
Pr(t;k) = — IR|?. (3.31)
2r
Similarly, the power spectrum for the entropy perturba-
tions is

3
Ps(t:k) = 2 |SP. (3.32)
2n

To find the power spectra of the curvature and isocurvature
(entropy) perturbations, Egs. (3.31) and (3.32), we utilize
the quantities H, € and unit vectors such as 6/, @',..., from
the solutions of the Eqgs. (3.12a) and (3.13a) while Q, and
Q, are evaluated using the solutions of mode equations
from Eq. (3.13b). For a given Fourier mode k, we calculate
the different power spectra at the ¢ = ., numerically as a
function of k as

PR(k) = PR(tend; k)v PS(k) = PS(tend; k)? (333)

where f.,q4 denotes the time when inflation ends, i.e.
when € = 1.

The spectral index n, of the power spectrum of the
curvature perturbation is defined as

—1
= ik

(3.34)

As we will discuss in the next section, although our
scenario involves scalar fields 4 and ¢, we shall primarily
focus on a scenario where the dynamics are essentially
described by single fieldlike inflation. In such a case, the
spectral index can be calculated as

ng(t,) ~1—6¢(t,) + 2n(t,), (3.35)

where ¢, denotes the time when the reference scale exited
the horizon and the tensor-to-scalar ratio is given by
r= 16e.

TABLEI. Benchmark points chosen for our analysis. Scales are
given in units of the Planck mass Mp. See text for details.

BP Er En @(tin) [Mp] ho(tin) [Mp]
a 2.35 x 10° 1073 55 2x 1074

b 2.55 x 10° 1 5.5 8.94 x 10~
c 2.2 x 10° 10 54 5.00 x 1073

We choose three benchmark points to highlight quanti-
tatively the implications of consistent inflation parameter
choices when contextualized with baryogenesis. These are
summarized in Table I alongside the required initial field
values to satisfy Planck 2018 measurements: At the pivot
scale k = k,, the amplitude of Py (k) should match the
scalar amplitude measurement of Ref. [4]

A, = (2.099 +0.014) x 10 at 68% CL.  (3.36)

As a guideline for our parameter choices and the initial
values of the background fields, we follow the valley
approximation that we discuss in Appendix D. We note
that, while finding the parameter sets, we also ensure
that the isocurvature mode remains orders of magnitude
smaller than the curvature perturbation. The background
equations are solved with initial conditions ¢(z;,) and
ho(t;,) as in Table I, with vanishing time derivatives; ;,
denotes the initial time for our numerical analysis in the
following. The perturbation equations (3.13b) are solved
with approximate initial conditions for a Fourier mode k

o' (1) z\/lz% <i + a’;) eXp{iaI;}, (3.37)

sufficiently in the past such that the Hubble parameter at #,,
remains approximately constant. In practice, we initialize
the Q and their derivatives about four e-foldings before
they exit the horizon for each mode.

In Fig. 1, we show the evolution of power spectra Pr
and Pg (for the pivot scale k = k,) and the spectral index n;
for BPa. Note, when calculating both power spectra, we
solve Egs. (3.31) and (3.32) numerically without any
assumption related to slow-roll. It is clear from Fig. 1 that
the isocurvature mode is orders of magnitude smaller than
the adiabatic mode and both power spectra freeze out once
they exit the horizon. We remark that while finding the
power spectrum we always check the orthogonality con-
ditions of Eq. (3.19) in our numerical analysis. In the
following, we interchangeably use the cosmological time ¢
and the number of e-foldings before the end of inflation
which is defined as
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The power spectra of the adiabatic and isocurvature modes and the spectral index n, for the parameter values of BPa in Table 1.
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FIG. 2. The evolution of the background fields ¢ and the A, for the parameter values of BPa in Table L.

a(r)

a(tend) ‘

N =l (3.38)

The pivot scale k, exits the horizon N/, = 57, 59.3, 54.9¢-
foldings before the end of inflation for BPa, BPb, and
BPc, respectively. For illustration, we also show the fields’
time evolution in Fig. 2 for BPa, while, the evolution of

H [107°Mp)

-30 0 2 25

-60

FIG. 3.

the Hubble parameter and the inflaton energy density
are shown in Fig. 3. It is also clear from Fig. 1 that
the spectral index n; lies within the Planck 2018 range
when the reference scale exits the horizon. The corre-
sponding values of the tensor-to-scalar ratios are
r, ~0.003, which is consistent with expected values for
R?-Higgs inflation.

1071
101
= 10
< 1078

10~

10715 [ T T T
-60-30 0 2

25 28 3 3.2

N

The Hubble function H and the inflaton energy density p as in Eq. (3.10) for the parameter values of BPa given in Table I.
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IV. GAUGE FIELD PRODUCTION
The EoM for the gauge field A, of Eq. (2.28) can be
rewritten as
8cos26'WM12,
£\

1
—_gEaa(\/_—gEgﬂ gE A;u/)

% 0,(F(@')eV ) FY!

—ieQe Vi P Fety. f = 0, (4.1)

without the presence of a torsion term F,,, = D,A,—
D,A, = d,A, —d,A,. One can identify the fermion current

S o
J= Zilee \/;Mpgg feuyaf (42)
f

that sources the Schwinger effect.

A. Neglecting the Schwinger effect

First, we consider the scenario without Schwinger
effect, i.e., when the fermion current is negligible. This
is possible if the fermion field values are small. One can
now separate the space and time component of the A, field.
The time component of Eq. (2.25) at linear order in the
perturbations is

1
_;ai(aiAO —0pA;) =0, (4.3)
which, in temporal gauge A, = 0, reduces to 9;A; = 0. The
spatial components of Eq. (2.25) are found to be

1 EH
A;+HA; - 50,04, a-Aj)—jé‘”k(ajAk_akAj):O'
(4.4)
where
. 2
H=t RSO, ((pein). ()
a ErNH

In momentum space, using the notation A = A

P’k —lkX
with |k| = k, Eq. (4.4) reads
. 2 2iEH y
A+HA+k A+ZH o iy—0. @)

The A field can be written in terms of transverse
components as

with k- &4(k) =0,

A =D AL K)E k),
ik x & (k) = A;ceﬂ(k). (4.8)

so that, using conformal time 7 (with d, = 9, = a~'9,), the
EoM for the transverse components becomes

02A* + @At = 0, (4.9)
with
w?}(z, k) = k* + 2AéHak. (4.10)

In order to quantize the gauge fields, we first integrate
Eq. (4.9) by parts to get the action quadratic in the fields

1, -~ 1 .
S :/drcl:/dfd3k[§|aTAl|2—Ewg(r,kﬂAiP :
(4.11)

As we deal with noncanonical kinetic terms, we apply the
quantization procedure detailed in Ref. [98]. The canonical
momentum of the transverse modes are

oL,
(k) = ——"——, 4.12
(k) 5(0,A%(z, —k)) (4.12)
with the commutation relation expressed as
[A*(z,K),0,A% (1,q)] = i8;y6(k +q).  (4.13)

The field operator A*(z, k) can be written as creation and
annihilation operators

A7, k) = ajut(v) + at i (z), (4.14)

and the mode equations for the gauge fields are then

2
w

it + Hitt +—% u* = 0. (4.15)
a

From these mode functions, we can compute the gauge

observables, namely the magnetic and electric fields’

energy densities, magnetic helicity and its derivative,

defined as

! /k" dk K > lut? (4.16a)
=— — ut|=, .
B qt k 47> 7

‘min

e i3

(4.16b)

043026-11



CADO, ENGLERT, MODAK, and QUIROS

PHYS. REV. D 109, 043026 (2024)

10—17

10—22 L
10727}

107%2}

pp [Mp]

10757}

107%

-3 -2 -1 0 1 2 3

10—14

10—18

10—22

H [M]]

1072

107%

FIG. 4.

1071%¢

10—23 L

10728}

pe [Mp]

1073}

10-%L

10717

10—22

1077

G [Mj]

10—32

10—37

In the upper panel we plot the energy densities pp and pg with A = 2.55 x 107> Mp for the BPa summarized in Table I. The

lower panel corresponds to the hyperhelical magnetic fields H and G for identical parameter choices.

1 [k IS
H:3/ A (=), (@160)

a kmin 277:

10H
= - 4.16d
G=3= (4.16d)
with the cutoff value given by [65,99]

k. =2|aH¢|, (4.17)

defined by the condition w?(z,k.) =0 satisfied by the
helicity A such that sign(4¢) = —1. The corresponding
U(1)y quantities are linked to the electromagnetic ones via

PE, = pECOS* Oy

Gy = Gcos?Oy,

PBy, = ppcos’Oy

Hy = Hcos*Oy, (4.18)
In general, the integration limits should cover all modes
from zero to infinity, however, not all modes are amplified
during inflation. At the time ¢, the cut-off mode k.. is found
by the solution of w; = 0; essentially this is when a mode
k = k.. crosses the horizon for the first time (at least for one
helicity). The modes k > k. are not excited during inflation
and can be neglected for the estimation of the above
observable quantities. We will discuss k,;, shortly.

In order to find pg, pg, H and G we solve Eq. (4.15)
numerically via fourth-order Runge-Kutta (RK4) method in
discrete time steps. We outline the details in Appendix E.
For the ith time step, the gauge field modes are initialized
with the Bunch-Davies (BD) initial condition as [100]

w; .
! e—lw,-t,»’

V2k

1 .
uy(k,t;) 2 ——=e ", iy ~ —i

5 (4.19)

with @; = ka='(t;). It is practically not possible to go to the
infinite past. Hence, to ensure that all modes remain well
within the horizon at the initial time step #;,, we chose k;, =
xgpa(tiy)H () with xgp = 100. On the one hand, if a mode
k remains well within the horizon, k > xgpa(t;)H(t;), we
directly assume the BD solutions for the modes instead of
applying the RK4 method for any subsequent time step. On
the other hand, all superhorizon modes are solved with the
RK4 method. For the numerical solution discussed below,
we employ 25k time steps.

In Fig. 4, we show the evolution of pg, pr, H and G for
BPa with A =2.55x 107 Mp for illustration. Similar
values are found for the other benchmark points. We remark
that we have compared our numerical results to the
analytical approximation of the magnetic and electric fields’
energy densities, magnetic helicity, and its derivative as in
Ref. [65] and find good agreement.
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B. Relevance of the Schwinger effect

We now turn to the impact of the Schwinger effect. The
fermion current of Eq. (4.2) can be expressed as

J = (pe.d) (4.20)

The current and the gauge field are related by Ohm’s law

J=0E =-0.0A, (4.21)
where the conductivity o, has been defined as a comoving
quantity. The physical conductivity oy, relates to the
comoving one via 6, = aop,. In the case of one Dirac
fermion f with mass m, and charge Q under a U(1) group
with coupling g, the comoving conductivity associated to f
can be written as [71]

. 904 a s
o} = P E\/Zpgcoth 7 P_E

m> )
f 4
xexpd ———rt—— 224 4)
{ V2pelgQsl V3 Mp

where m; = my(hy) = ms(v)hy/v and so that
- = Y NS
f ¢ q

with £ =e, u, 7; q=u,d,c,s,t,b, N. =3 being the
number of colors. Last, since we are in the broken phase,
we identify g as the electric charge g = e ~ (0.71 at the scale
in which inflation takes place.

This conductivity is to be distinguished from the
conductivity of a thermal plasma after reheating in a
radiation-dominated universe. We stress that the above
is the conductivity at the end of inflation, before the
reheating, produced by fermion pair formation from the
magnetic field. Also, this estimation is valid in the case of
collinear electric and magnetic fields, an assumption that
we have numerically checked. Finally, the electric and
magnetic fields are assumed to be slowly varying, as we
expect the hypercharge gauge field to reach a stationary
configuration, where the tachyonic instability and the
induced current balance each other. We have verified in
our numerical simulation that this is indeed the case.

In the presence of the fermion current, Eq. (4.7) becomes

(4.23)

.. 2iH
A+ (H+opA+—K+ tHe

(k xA) =0, (4.24)

which, for the transverse components in conformal time
reads as

02A* + 6.0,A" + w?A* = 0, (4.25)

which can be recast as
2% J T4 297
0:A" + a—log(A(r)) 0,A" + wjA" =0, (4.26)
T
with

A(r) = exp{ /_ oo GC(T’)dT’}.

Integrating Eq. (4.26) by parts as in the previous sub-
section, one can now define the canonical momentum for
the transverse modes as

(4.27)

5£i ~ ol
k)= — = A(0)0,AY (1,k), (428
ﬂi(T ) 5(6114/1(‘[, _k)) (T) (T ) ( )
and the commutation relation now becomes [98]
- - o1
[A%(7.k).0,A" (1.q)] = lm(su'fs(k +4q),
with, A*(7,k) = ajul(z) + a*uf(z). (4.29)

The mode equations for the gauge fields in the presence of
the Schwinger effect become

k(k
it + (H+ o.)ic* +— <— + 2/1H§) u=0, (4.30)
a\a

and the cut-off momenta k. is now modified to

2
k. = [aHe| + \/ (@t + % o+ o (B 1) |
(4.31)

At early times solution of the mode equations of Eq. (4.30)
are represented by WKB solution [33,98]

1 1 —i |7 ddw (7,
(1) = —=————c Sy dem@ (4.32)
V2 \/A(7)w, (7, k)
as long as | %% | < 1. In practice, we utilize the early-time

w;
solution for the modes

1 1

T VAVADw k)

to find relevant, observable quantities. From Eqgs. (4.30)
and (4.31), we find the energy densities for BPa and
display them in the right panel of Fig. 5.

Due to the coupling between the fermion and gauge
sectors, massless hypercharged fermions are continuously
produced during inflation. They are massless as long as the

W (7) -ike(4.33)
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Energy breakdown for & = 2.35 x 10°, £; = 1073 and A = 2 x 10~ M, at the end of inflation and the onset of reheating.

We show a comparison between the absence and the presence of the Schwinger effect for the quantities p;(N)/p(N), i = E, B, w. When
the Schwinger effect is strong, like here, the fermion energy density can dominate over the gauge density. Still, all energy shares are

reduced in the presence of the Schwinger effect.

EW symmetry remains intact and thus contribute to the
energy density of relativistic radiation as

o O [ 5 (A-E) oo [k k_zi 12

(4.34)

It has been shown in Ref. [99] that the fermion energy
density can easily dominate over the energy densities of E
and B fields at the end of inflation. This situation has been
chosen as an example in Fig. 5 where we display the
energy fraction p;(N)/p(N), i = E, B, w at the end of
inflation and the onset of reheating. We show a direct
comparison between the presence and the absence of the
Schwinger effect. While for A =4 x 1075Mp the differ-
ence is an order one factor, the Schwinger effect reduces
the amount of electromagnetic energy and helicity up to
two orders of magnitude for A ~ 2.4 x 107 My, see Fig. 7.
This is because the presence of the Schwinger effect trades
an exponential behavior in £ with a polynomial one.

When the gauge share dominates at least by 80%, the
Universe will reheat before the perturbative decay of the
inflaton [100], a phenomenon called gauge preheating. As
in Ref. [65], we found that preheating is unlikely since the
ratio is ~107° at most. However, the huge damping in both
energy and helicity does not preclude a window in the
parameter space where the BAU is achieved, as we will see
in the next section.

V. BARYOGENESIS

To generate a baryon asymmetry, the Sakharov con-
ditions [51] must be met: (i) the system must contain a
process that violates the baryon number, (ii), this process
also violates C/CP symmetries, (iii) this process occurs out
of thermal equilibrium. In the SM, the CP-violating term
from the CKM matrix phase is too small to induce a

significant baryon asymmetry at a low energy scale, hence
we included the dimension-six CP-odd term between Ricci
scalar and U(1), gauge boson. On the other hand, in the
symmetric phase of the EW plasma, the SM exhibits a
chiral anomaly that is enough to source the present-day
BAU. The anomaly expresses the fact that the B + L
anomaly, the U(1), helicity and the weak sphaleron are
connected as

g/2

ANB_ANL_Ng(ANCS—@

AHY>. (5.1)

The factor N, = 3 is the number of fermion generations
and ¢ is the U(1), gauge coupling. Under the thermal
fluctuation of the SU(2), gauge fields, the Chern-Simons
number Ncg is diffusive, resulting in the rapid washout of
both lepton N; and baryon Nz numbers. On the contrary, a
helical primordial magnetic field acts as a source, and a
net baryon asymmetry can remain after the EW phase
transition.

In Refs. [53,60], the effects of the helicity decay and
sphaleron washout balance have been studied within a
careful analysis of the transport equations for all SM species
during the EWPT. As a result, a nonzero baryon-to-entropy
ratio 7z remains in the broken phase while the trans-
formation of baryon asymmetry back into helicity is
avoided. The novelty of the mechanism lies in the intro-
duction of a time-dependent (temperature-dependent) weak
mixing angle 0y, (T) which enters an additional source of
the baryon number into the kinetic equation. When the EW
symmetry breaking occurs at 7 ~ 160 GeV, the primordial
hypermagnetic field becomes an electromagnetic field.
However, the electroweak sphaleron remains in equilibrium
until 7 ~ 130 GeV and threatens to washout the baryon
asymmetry. Therefore proper modeling of the epoch
160 GeV = T Z 130 GeV is critical to an accurate predic-
tion of the relic BAU.
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The behavior of @y, (T) is confirmed by analytic calcu-
lations [50], and numerical lattice simulations [101]. We
follow Refs. [60,61] and model it with a smooth step
function

cos?Oy, =

2 2
g 1 g’ T_Tstep

1+tanh |—— 52
g’2+gz+2g’2+gz< +tan { AT (5.2)

which, for 155 GeV < T, < 160 GeV and 5 GeV <
AT <20 GeV, describes reasonably well the analytical
and lattice results for the temperature dependence.
Consequently, it is possible to generate the observed
BAU from a maximally helical magnetic field that was
generated before the EW crossover. Indeed, including all
contributions, the Boltzmann equation for the baryon-to-
entropy ratio 7 reads

dﬂB 1]1 3 ” N s dGWHY

b — 20,) SW Y

i 3 }/Wsph’73+16ﬂ_2<g +g°) sin(20y) I s
(5.3)

where x = T/H(T), with H(T) being the Hubble rate at
temperature 7', Hy the hypermagnetic helicity that is
initially present and s the comoving entropy density of
the SM plasma given by s = (27°/45)g,T>. Furthermore,
Yweph = 60w opn/ T* is the dimensionless transport coeffi-
cient for the EW sphaleron which, for temperatures
T < 161 GeV, is found from lattice simulations to be [102]

YW sph = exp{—147.7 +107.9 (5.4)

130 Gev}'

The Boltzmann equation (5.3) has been numerically
solved in Ref. [60] and the baryon-to-entropy ratio 7z was
found to become frozen, i.e. /75 =0, at a temperature
T ~ 135 GeV. As expected, this is close to the temperature
T ~ 130 GeV at which EW sphalerons freeze out. Setting
the RHS of Eq. (5.3) to zero and solving for 5 yields

_ HY H(tend) % Trh
ng~4x10 lzfgw H3(l‘ 3 <1013 GeV —Tiﬂs . (5.5)
en 1

where the (instant) reheating temperature is

90 \ i . 90 \#
Trh:< )41/1“, T;rﬁs:(z >4 H(te). (5.6)

g, mg.

and I is the total decay width of the inflaton that reheats
the universe after inflation.

All the details on the EWPT dynamics are encoded in the
parameter f,, which is subject to significant uncertainties

oy,

dlog T|r_ 35 GeV’

fo, = —sin(20y)

5.6 x 107 < fy, $0.32. (5.7)

The bounds on f,, are given by varying T, and AT in the
ranges given below Eq. (5.2). The result Eq. (5.5) is a main
ingredient of this work as it directly relates the amount of
the final BAU to the amount of hypermagnetic helicity
available at the EWPT.

The production of hypermagnetic fields nevertheless
happens at the inflationary scale, hence one must ensure
that the helicity is preserved as the Universe cools down in
the radiation-dominated era that follows reheating. A
rough estimate is to require that the magnetic Reynolds
number R, is bigger than unity, as this implies that the
effects of magnetic induction are dominating over mag-
netic diffusion in the thermal plasma. On the other hand,
the electric Reynolds number R, determines in which
regime the plasma evolves and informs us how to calculate
the magnetic Reynolds number, see, e.g., Refs. [62,64]. In
our work, we found that we are in the viscous regime,
R, < 1, and hence we need to satisfy the constraint

RM~59x107° P88, ( Hltena) TT“ %>]
"’ ‘ }—I(l‘end)2 1013 GeV Tlrrllls s

(5.8)

where ¢p, is the hypermagnetic characteristic size
given by

27T ke k3 112
lp, = / dk4—7[2;|u 2. (5.9)

- 3
PBA Jkpin

The magnetohydrodynamics description of the plasma also
admits a CP-odd term that can induce a helicity cancellation
because of the fermion asymmetry back-transformation into
helical gauge fields with opposite sign. This is because the
energy configuration in the gauge sector is more favorable
than in the fermion sector [103], a phenomenon called chiral
plasma instability (CPI). Thus, one must ensure that all
fermion asymmetry created alongside the helical field
during inflation is erased by the action of the weak
sphaleron for 10'> GeV > T = 130 GeV. Because the weak
interaction only couples to left-handed fermions, the right-
handed fermions are protected from the washout until their
Yukawa interaction becomes relevant in thermal equilib-
rium. The right-handed electron ey is the last species to
come into chemical equilibrium, at temperatures ~10° GeV,
thus its asymmetry survives the longest. Therefore, to
efficiently erase the fermion asymmetry, while preserving
the helicity in the gauge sector, before the CPI can happen,
one must require that [62,103]
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FIG. 6. These figures display a scan of the parameter A with the first set of initial conditions, see BPa in Table I without Schwinger
effect. Top panels: magnetic and electric energy density (left) and their ratio with the inflation energy density (right). Middle panel:
baryon asymmetry 7 (left) and Reynolds numbers (right) with their corresponding constraints in red. Bottom panels: CPI temperature
with constraint in red (left) and baryogenesis parameter space (right).

TCPI ~ (4 X 10_7 GeV)

H%/ < H(tend) >3<Trh>2
H(tenq)® \ 10" GeV Tins
<10° GeV. (5.10)
In Figs. 6 and 7, we display the main results for the
baryogenesis mechanism both in the presence and absence
of the Schwinger effect. In both figures, the top panels
display the electromagnetic energy and energy ratio to the
background energy density. In the middle panels we show
the quantities 175(A, fy,, ), R,,(A) and R, (A). On the left,
the red line must be in between the two curves to meet the
constraint. On the right, the only constraint is that ‘R, is

above the red line. Finally, at the bottom, we present the
CPI temperature as a function of A and the regions where
the different constraints are met. On the bottom left panel,
the curve should be below the red line. On the right one,
we shall seek the overlapping region. In this last plot, we
add the temperature ratio Ty,/T% as a supplementary
parameter. We see that the window is larger in the presence
of the Schwinger, which also totally removes the constraint
on Tcpr. Indeed, the backreactionless mechanism tends
to overshoot the BAU, an issue addressed by the presence
of the Schwinger effect which therefore acts as a
BAU facilitator.
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FIG. 7. Similar to Fig. 6, these figures again display a scan of the parameter A with the first set of initial conditions, BPa in Table I
including the Schwinger effect. Top panels: Magnetic and electric energy density (left) and their ratio with the inflation energy density
(right). Middle panel: baryon asymmetry 7z (left) and Reynolds numbers (right) with their corresponding constraints in red. Bottom
panels: CPI temperature with constraint in red (left) and baryogenesis parameter space (right). We did not display the CPI temperature on

this last plot as the CPI is no longer a constraint.

VI. SUMMARY AND CONCLUSIONS

We have discussed baryogenesis in the context of R>-
Higgs inflation, involving the CP-violating dimension-six
term proportional to (R/A?)B,,B*. We adopt a fully
covariant formalism for both inflationary dynamics and
gauge field production. Our linear order analysis shows that
if A ~3 x 107> My, sufficient helical hypermagnetic fields
are produced, which can lead to the observed BAU during
the electroweak crossover. Smaller values of A imply an
overproduction of baryons. Once the Schwinger effect is
included, the energy densities pg and pp are suppressed, but

there is a subtlety: the Schwinger effect is exponentially

suppressed by a factor ~exp(—+/(2/3)p/Mp), which
dilutes its relevance during the inflationary epoch, but
becomes pronounced around and after the end of inflation.
The Schwinger effect can then lead to baryogenesis for
smaller values A ~ 2.2 x 107> Mp. We also find that when
the Schwinger effect is included, the radiation density p,,
can dominate over the electromagnetic densities pg and pp,
cf. Fig. 5.

We have primarily focused on the Starobinsky-
like regime in our linear order analysis. In the mixed
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R?-Higgs scenario, a smaller A may generate BAU without
the Schwinger effect. This can be understood from
Eq. (2.25) where a smaller £z and moderately large &y
(i.e. the mixed R’-Higgs like regime) can induce inflation,
while BAU can be triggered by a larger scale A. However, a
larger £ may lead to an exponential growth of isocurvature
modes (see e.g. Refs. [78,104,105]) in our backreactionless
scenario although such a mode is suppressed during
inflation. Moreover, in such a scenario, one would need
to take into account nonperturbative effects. In our analysis,
we have not considered the impact of decay and self-
resonance. Thus, the ratio T,,/7T™ is essentially a free
parameter in our analysis. We leave a more detailed
analysis of (p)reheating and particle production for future
work. It has been pointed out that the helical gauge fields
may source non-Gaussianity [106,107], which may result
in moderate constraint to the parameter space for baryo-
genesis without the Schwinger effect [64]. In the presence
of the Schwinger effect, the produced helical gauge fields
are much weaker and we expect those constraints to be
harmless. However, one needs to be careful when inter-
preting results from Refs. [106,107] as they focus on a
single field. In our multi-field model, a proper estimation of
non-Gaussianity requires considering perturbations up to
third order. This would induce several new contributions
from field-space Riemann tensor [76] and is beyond the
scope of our work.

While there are many avenues to achieve the observed
BAU, baryogenesis driven by a dimension-six CP-odd term
~(R/A*)B,,B* provides a motivated approach to address

BAU within the framework of R’-Higgs inflation. This
approach critically rests on the presence of an effective
dimension-six term, but it does not require additional
degrees of freedom beyond the SM. In parallel, such
dimension-six terms can also shed light on the UV
sensitivity of R?-Higgs inflation as discussed in, e.g.,
Refs. [108,109].
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APPENDIX A: THE VIERBEIN FIELDS

The vierbein fields ej; are defined as follows: The metric
in the Jordan frame g,,, can be related at every point to a
Minkowski tangent space #,,;, via the vierbein, which obeys
the following orthogonality conditions

esel, =8, elel, = &,
gJ/w = eﬁezéﬂab and yﬂ = ezf/a’ (Al)
where 7, are the Minkowski y-matrices. The y, satisfy
{r*.y*} =2¢)° in curved space-time. The spin-affine
connection is given by

1 1

L= oo wih o =1 (a2)
The spin-connection wa is defined as [110]

a — a B v B a

Wy, = (e,,eél"ﬂﬁ - e/baﬂeﬂ). (A3)
APPENDIX B: FIELD-SPACE METRIC
AND CHRISTOFFEL SYMBOLS

The field-space G metric is given by

GM =1, G =V, G =GMW=0. (Bl

The corresponding nonvanishing Christoffel symbols are
therefore

¢
e Vi 1
M =1 =———— B2
hh \/EMP oh he \/EMP (B2)

APPENDIX C: EINSTEIN EQUATION
AND STRESS-ENERGY TENSOR

The action Sg can be rewritten in the following way

M2
Sg = /d4x\/—9E <7PRE + EM)v (C1)

where £, is all terms in the action other than Ry. Varying
the action with respect to ¢ we get
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M3 8(\/=ggRg)  8(\/=9£L
2 5q 5q
M3 (1, 8(/=9k) ) (L) 5(v/=9k)
= [ &*x( =2 (R ,/— V=uE L b C2
J (5 (e + VTR ) 2
Utilizing (:s/;> = —% V/=IEIEw %EE) = Rpg,, and ignoring the surface term we get
1 1
R =5 965uRe = 75T (C3)
w5 JEu M2
where
6£M)
Tu: [’gv_ziv’ (C4)
which is found to be
U _ o, (Wh—iW2) (W) 4 iw2)
GuD, ' D, + gL By By, + g Wi, Wi, + = ¢ Vi 2w~ ) LV 4 T
|: 1J ¢ ¢ gE u p g u' By 2 g \/z \/z
2M3 Y1 1
e — e | 2 poB B P’ BopB s
+ éRAZ\/_—gE (¢ ) gE € vpPpo + SgE;w aff
1 _ 2o
sy VRGN, - 18,)0W: - 45,
1 2M3 .
_ -G aﬂD ID J \% I P F 1 \/_WB Baﬁ
9Euw <2 19E Da®' Dy’ + V(@) +7‘§RA2\/_—9E (¢')eVIT B,y
1 1. (WL —iw2) (W +iW3)
Q 1 3IM ﬂ ﬂ
+4ng-g§ ﬂB,DO' + g pgé' Wﬂa +—e \/ ) 2h2 \/z \/i
1 _ e, AT IO
+3e Vi 2 (gW3 - 9Ba)(gW}; — g’B/s)) + e VitiFety, Vi, (C5)
|
APPENDIX D: THE VALLEY APPROXIMATION which gives three solutions
In this section, we detail aspects of the so-called valley
approximation for V(. In this approximation, the system
X
essentially behaves as a single-field scenario. First, for \/ Vit Sip _1 §H
positivity of the potential at the inflationary scale, one h=0, and h= ¢ (D3)
requires 4/1 + R

/1+§—H>0

Dl
12, (D1)
For solving the background equations and the inflationary

dynamics we focus on the R>-like regime and the initial
condition of the valley approximation derives from

v,
—0_ D2

One may choose the trivial solution 2 = 0, or the solution
with a positive sign for convenience.

APPENDIX E: NUMERICAL SOLUTIONS
OF THE ELECTROMAGNETIC EQUATIONS

In the following, we summarize the details of solving the
mode equation of Eq. (4.15) in cosmological time ¢ using
the RK4 method

043026-19



CADO, ENGLERT, MODAK, and QUIROS

PHYS. REV. D 109, 043026 (2024)

8cos’Oy M3 ;
4“;5[\;” Boo(F(g )M«J/Mp)gk)ﬂ
R

=0. (E1)

k2
it + Hir* +< +
a?

First, as required for the RK4 method, we rewrite the above
equation as two first order equations

dt

dy* k> 8cos’Oy M3
d, & _pp_ (L 200wt
e <a2+ £eNla

x 0y(F(g")e %‘”/Mp)ﬂk> u* (E2)

The equations are essentially in the form of

du? L dy* D
— A E
ar flu,y*, 1), and 7 g(u*,y*,1),  (E3)
with
MG IERS

k> 8cos’OyM?

A A Y wp

u',y't)=—vyH—-—|—+—-—
9 ) Y (az ErNla

x 00(F((p1)e\/%"’/MP)/1k> . (E4)

Now the task is to find out u* and y for each time step
utilizing the RK4 method. This is provided by

uh = ut+— (l0 + 20 4 21, + 13),

— QN

y?+1 — yf“ + (mo + 2m1 —|— 2m2 —|— m3), (ES)

|

with

Iy = 5tf(uf,y;1,t-),
my = 6t g( ul,yl, 1),

1 1
=6t [ b ot
[ f(” +20)’l+2mo +2 >
1 1 1
my = dtg| u? +210 yl+2m0,t+25t ,
1 1 1
—6[ ly at t ’
2 f( 2 | y1+2m1 +2 >
=6t ﬂ+1l s t+1
o — -
2 g 1’yl 2m1’ 2
Iy =6tf(u} + b, y; +my. 1;),
ms = 5tg(u + 12 Vi + ms, ')7 (E6)

where ot is the time step. The Bunch-Davis initial con-
ditions for the modes u* and y are given in Eq. (4.19).

One can in principle fix the number of modes N, in each
time step within [k, k.] for the integration of Eqgs. (4.16).
However, this makes the initialization of the modes in the
next time step more involved. This is because as k.
increases in each time step, keeping N, fixed each time
would require some more involved initialization for sub-
sequent time steps. We can take a simpler route and keep
the number of k modes the same for all time steps. This
ensures that the number of modes N, and the corresponding
modes are identical at each time step. In practice, we take a
large range [kmin’ kmax} with kmax = Ca(tnumend)H(tnumend)
where #,,mend 1S the numerical end of our simulation. We
chose C = 100 to ensure that k. (fyumend) < kmax and divide
the range [k, kmax) into Ny = 200 intervals. In each time
step, we then numerically interpolate Egs. (4.16) in
[kmins kmax] and truncate the numerical integration up to
the corresponding k.. values. Increasing N, to higher values
does not significantly impact our results. For further details
of the numerical procedure, we refer the reader to Ref. [65].

In the presence of the Schwinger effect the correspond-
ing equation of motion, Eq. (4.30), is solved numerically
using similar methods as those described above.
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