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The R?-Higgs inflation is one of the simplest yet best-fit models consistent with Planck data. The higher
spectral index n recently reported by the combined cosmic microwave background (CMB) data from the
Atacama Cosmology Telescope (ACT), South Pole Telescope (SPT), and Planck, along with baryonic
acoustic oscillation data from the Dark Energy Spectroscopic Instrument (DESI), disfavors the single-field-
like regime of R*>-Higgs inflation at approximately 2. Following a doubly covariant formalism, we show
that the R?>-Higgs inflation, when modified by a dimension-six R term, can account for the high n,
reported by CMB + BAO. In this regard, we find that preheating may play a pivotal role. We also show that
if the nonminimal coupling between the Ricci scalar R and the Higgs field is O(10), then preheating via the

production of Higgs quanta may help explain the reported observations.

DOI: 10.1103/srpt-jd6s

I. INTRODUCTION

The cosmic inflation [1-3] offers an elegant solution to
the so-called flatness, horizon, and exotic relic problems.
The quantum fluctuations generated during inflation later
transformed into density perturbations, which subsequently
formed the large-scale structures such as the CMB anisot-
ropies. The features predicted by the inflationary paradigm,
such as the acoustic peaks in the CMB and the nearly scale-
invariant adiabatic primordial power spectrum, are in
excellent agreement with the WMAP [4] and Planck [5]
data. While several predictions of the inflationary paradigm
are in good agreement, the “last missing piece” of cosmic
inflation, i.e., the primordial gravitational waves generated
during inflation, is yet to be discovered. Ongoing experi-
ments [6,7] are actively searching for this last missing piece
which are believed to be engraved in the CMB B-mode
polarization, with future missions proposed [8].

The spectral index n, also provides a powerful test for
inflationary dynamics. Indeed, several inflationary models
have been ruled out based on their predicted values of n;
when compared to the observed 1o and 2¢ contours in the
ng vs r plane (r being the tensor-to-scalar ratio) of the
Planck 2018 data [5]. Among other inflationary models,
the Starobinsky or R? inflation [1,9-12] was one of the
best-fit models and lay within the ~1¢ range in the ng vs r
plane of the Planck data [5]. The marginalized n; from the
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ACT [13], SPT [14], and the combined Planck + ACT +
SPT (CMB-SPA) data [14] are still consistent with each
other and found to be still on the lower side in the ACDM
model." However, the n, is shifted toward a higher value
in the ACDM model if one combines CMB with the
BAO data from the DESI-DR2 collaboration [15]. This
higher n; is separately reported by both the ACT [13] and
SPT [14] collaborations; the ACT collaboration found n, =
0.9752 £ 0.0030 by combining the CMB data from ACT,
Planck (with lensing), and BAO data from DESI-DR2
(denoted as P-ACT-LB2) [13], whereas the SPT collabo-
ration reported n, = 0.9728 £ 0.0027 by combining data
from SPT, ACT, Planck, and DESI-DR?2 (denoted as CMB-
SPA + DESI) [14]. This high n; from CMB + BAO
excludes pure R? inflation at >2¢ [13,14].

The R? inflation model, while successful in many
aspects, is not fully realistic. Following the discovery of
the Higgs boson at the Large Hadron Collider, incorpo-
rating the Higgs field into inflationary dynamics
has become essential. This model, i.e., the baseline
Starobinsky model extended with the Higgs field and a

"The marginalized n, values within the ACDM model from
different CMB experiments and their combinations are as
follows: Planck: 0.9657 £ 0.0040; SPT-3G D1: 0.951 £0.011;
ACT DR6: 0.9682 +0.0069; SPT + ACT: 0.9671 £ 0.0058;
SPT + Planck: 0.9636 4 0.0035; and combination of Planck +
SPT + ACT i.e. CMB-SPA: 0.9684 £ 0.0030, respectively [14].
Note that all of these experiments considered both 7, E
polarization data and lensing reconstruction and, the prior of
Treio 18 taken to be the same as in Planck PR4. The n, from the
joint SPT-3G D1 + DESI is 0.949 £ 0.012, which is actually
much lower than both P-ACT-LB2 ny, = 0.9752 4 0.0030 [13]
and from CMB-SPA+DESI n, = 0.9728 4+ 0.0027 [14].
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coupling between R and the Higgs field, dubbed the
R?-Higgs inflation [16-27] (see also Refs. [28-31]), has
similar inflationary predictions as R? inflation and is also a
best-fit model to Planck data [5]. Like R? inflation, the
R?-Higgs inflation is also a best-fit model to Planck data
[5], but is now in tension with the measured high n, from
CMB + BAO [13,14], at least for the majority of the
single-fieldlike regime. Several attempts have already been
made to reconcile both R? inflation, Higgs inflation, and
R>-Higgs inflation with the observed high n; [32-49].

The inflationary observables, such as n, and r, can
receive significant modifications if one adds a dimension-
six R? term to the action of R?-Higgs inflation [50,51].
Such curvature modifications are motivated not only by
f(R) theories of gravity but also from a purely phenom-
enological point of view [52-64] (see also Refs. [65-67]).
In this paper, we study the implications of the R? term in
R?-Higgs inflation to account for the observed high 7, (see
Refs. [38,40] for a similar discussion). We show that the R3
term can indeed account for the observed n;, as well as the
amplitude of the scalar power spectrum, as reported by the
ACT [13] and SPT [14] collaborations. We adopt a doubly
covariant formalism for our analysis, which is well suited
for the two-field model under consideration. We derive all
equations of motion (EoMs) for the background and
perturbations without any assumptions other than the
linearized approximation for perturbations from the metric
and scalar sectors of the model. Our analysis stands in stark
contrast to most existing studies in the literature, which
predominantly follow the slow-roll approximation. We
provide a comparison between the slow-roll approximated
values of the amplitude of the power spectrum of curvature
perturbations and ng, and their corresponding values
estimated by directly solving the EoMs. This is of particular
importance, given that both observables are measured with
high precision.

A precise understanding of the postinflationary reheating
epoch is essential to match between the CMB scale, where
the ACDM parameters such as n, are measured and, the
scale where inflation took place. In this regard, it has been
shown that the reheating temperature is by far the most
important parameter to account for the observed high n;
[33,39]. Practically all studies conducted so far that aim to
account for the high n; in the R*-Higgs inflation (or R?
inflation for that matter) treated the reheating temperature
as a free parameter. However, a thorough analysis is still
lacking to determine whether the parameter space yielding
a high n, leads to perturbative reheating or whether
thermalization proceeds via preheating. E.g., it has been
shown that the presence of &y ~ 10, where &y is the
nonminimal coupling between Higgs to Ricci scalar,
may preheat the Universe via production of Higgs particles
[68]. In our work, we study the impact of preheating in the
R modified R>-Higgs inflation and its connection in
matching the inflationary and the CMB scale. We construct

gauge-invariant scalar perturbations considering all linear
perturbations from scalar sector as well as those from the
metric and compute the EoMs utilizing covariant formal-
ism. The EoMs are then solved to determine the corre-
sponding preheating temperature to match the scales. We
show that the presence of the R* term may lead to faster
preheating via Higgs production than that of R>-Higgs
inflation without it. Our study illustrates that the R* term
not only helps account for high n,, it also impacts on the
scale matching by inducing faster preheating.

The paper is organized as follows. In Sec. II, we
summarize the details of the model and derive the relevant
EoMs, followed by details of the inflationary dynamics in
Sec. III. The preheating dynamics, along with the estima-
tion of the preheating temperature and its impact on
matching the CMB reference scale, is discussed in Sec. IV.
We summarize our findings with an outlook in Sec. V.

II. THE ACTION

The action of the R?>-Higgs inflation with the dimension
six R? term in the Jordan frame is

SJ:/d4x =4y

x [MT%f(RJ, @) - ¢ (9,®)79,0 - V(1) |, (2.1)

where

SR 1 28y
R2 R3 =i
o 3mge N

f(R;,®) =R, + | R,
(2.2)

V(0,07 = 2@

4 (2.3)

and, Mp = /1/(87G) ~2.4 x 10! GeV is the reduced
Planck mass with G being Newton’s gravitational con-
stant.> The chosen metric convention is (=1,+1,4+1,+1)
and /=g, denotes the determinant of the metric and R} is
the space-time Ricci scalar. The @ is the Higgs field with
hypercharge +1. Note that here we ignored the mass
term in the Higgs potential since it does not have any
significant impact on the inflationary dynamics under
consideration.

It is in general more convenient to study the dynamics
of R?-Higgs inflation in the Einstein frame. To transform
the generic f(R;,®) theory action in Eq. (2.1) to the
scalar-tensor theory we first introduce an auxiliary field ¥

*Note that, in references such as [38,50,60] a different para-

metrization of f(R) is followed f(R) = (R + 5z R* + 36‘5];,4 RY).

2

Here parameters M and 85 are related to &g and &, as M? = %‘:
4

and 63 = 55—
373,
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and perform a Legendre transformation. The action is
rewritten as

of (¥, @)

S,z/d“x —g,[MT%’ <f(lP,<I>)+ gy (R,—\p))

-4/ (0,®)70,® - V(®, (D"')] . (2.4)

The Legendre transformation is well defined as long as
f(R,®) is convex [60]. This leads to constrained relation-
ship W > —IM3EEg. Tt is customary to introduce a
physical degree of freedom

of (¥, @)

G):
70 S

(2.5)

and rewrite the action in Eq. (2.4) as

SJ—/d4x —q;

M2
X {#’@RJ -U(0,9) - ¢ (0,®)'0,® - V(D, qﬁ)} .
(2.6)

Note that Eq. (2.5) has two solutions and we have chosen

1

Y= —QM%SC(éR -{(6,0)) (2.7)
where,
£(0,®) = §2+i<®—1—w> (2.8)
R e Mg )

The convexity condition here is satisfied during inflation if
E. >0 for & > &y, The potential U(O,®) with two
degrees of freedom ® and @ takes the form

U®,o) = MT% (PO — f(¥,D)]
=M [ c0,9))

X (& + Ex(0,0) - 20(0,0P)|.  (29)
|

. 4 £2
VE(¢I) = 6_2\/% B h* + {Mpéc [(Er —

48
L 4 n?
with (¢, h) = \/§§+£—C<®—1—‘§1"’4% )

For the other solution of Eq. (2.5), we remark that
convexity is possible for £. < 0; however, negative &,
may lead to unbounded U(®,®) from below. After
performing the Weyl rescaling of the metric ¢ = Ody ,
we get the Einstein frame action

SE:/d4x -

M3 3M3
x {7" Rp — TP ¢79,(In®)9,(InO)

1 . .
- %9’2 (aﬂqD)'a,,d) - Vg (2.10)
with

Vg= é [V(®,0") + U(0,d)], (2.11)

R;=0© [RE +30;0 — % ¢%0,(In®)a, (In @)] . (212

We have ignored the surface term [z = ¢4/ 9,0, in the
action S;. With a field redefinition

3
¢:Mp\£1n®,

and decomposing the Higgs field in the unitary gauge

e-5()

the action Eq. (2.10) takes the form

(2.13)

(2.14)

2

M 1 1
SE:/d“x\/—gE |:2PRE_2GIJ EDﬂ¢IDD¢J_VE(¢1)>’
(2.15)

where

Z@mm&+@a¢m—iwww@}

(2.16)

The Gy, is the 2 x 2 metric for the field space manifold ¢’ € {¢, h} which has only two nonzero elements G, = 1

/20
and th =e \/3MP.
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III. INFLATIONARY DYNAMICS

A. Background and perturbation
In order to study the inflationary dynamics, we first need
to find the equation of motion (EoM) of the scalar fields
¢' € {¢,h}, which is obtained from varying the action
Eq. (2.15),

D¢K + Fflg(ll{yDa¢1Db¢J - GKMVE,M = O’ (31)
where I'K, are the Christoffel symbols for the field-space
metric. Due to the multifield nature of the action and
presence of noncanonical kinetic terms, we closely follow
the covariant formalism as detailed in Refs. [69-71] at the
linear order in perturbation. The fields ¢! (x*) are decom-
posed into homogeneous background part (¢') and pertur-
bation (6¢") as

P (&) = ! (1) + 5" (x*), (3.2)

where ¢ is the cosmic time. We denote background fields
@' (1) = {o(t), ho(1)}, ie., the {@(t) and hy(t) are the
background fields for ¢(x*) and ¢ (x*) respectively. The
linear order perturbed Friedmann-Robertson-Walker
(FRW) metric is given as [72-74]

ds> = —(1 +2A)dt> + 2a(t)(9;8)dx'dt

where A, B, y, and £ are the metric scalar perturbations and
a(t) is scale factor. Throughout this work we consider the
longitudinal gauge where the scalar perturbations £ and B
vanish.

At the linear order of perturbation, one can simply find
the EoMs of the background fields from Eq. (3.1)

D" +3H¢"' + GV ,(9') =0, (3.4)

where D, and D; field space covariant derivatives [69—71]

DAl = Al + T ¢ AKX, (3.5)

(€ =1, £p = 2x10°%)

(€ =10, £g = 2.3x10%)

DAl = 9,AT + T AK. (3.6)
The Hubble parameter is defined as
= (2) =53 (36009 + Vo)) 3
=\z) =3.2\570u 0 , :
a 3M3 \2
’ 1 1)
H = _W(GU(0 @’). (3.8)
P

The slow-roll parameter ¢ and the number of e-foldings N
are expressed as

: (3.9)

where .4 is the corresponding cosmic time when the
inflation ends and a(t.,4) is the scale factor at the end of
inflation. We denote the end of inflation when
€(t = teng) = 1. In what follows we shall use the 7 and
N interchangeably. The energy density associated with
background fields is

1 Ly,
Pint =5 G@' ¢’ + V(o). (3.10)

2

where Gy, is evaluated at the background field order.
Before moving to the perturbation dynamics let us first
understand the impact of the £.. Our primary aim is to
investigate whether the single fieldlike regime of R>-Higgs
inflation could still be a viable parameter space to account
high n; after adding the R term. The single fieldlike
regime can be obtained by the so-called valley approxi-
mation by solving ddLh = 0 for & in terms of ¢ and, inserting
the solution back to V¢ [51]. We denote this effective single
field potential as W (). In the valley approximation, for
suitable values of &g, &y, and &, the Wy () acts as
effective inflaton potential and ¢ plays the role of inflaton.
In Fig. 1, we plot Wi (¢) for different &y, &g, and &,.. The
parameter A is kept at a fixed value 1072 throughout this
paper for simplicity. It is clear that if £. becomes large
the potential becomes more flat i.e. akin to the case of pure

(£ =100, £5 = 2.5%10°)

1.2x 10710 L.x 10°10

:g;, 1.x 10710 — £ =107 2 g x10-1 — £ =102 § 8.x 10711 — g =107
-11

= 8x10 go=107" Z 6x10-1 £ =107 = 6.x10™ £ =107
S 6.x107" : ) } )
= 4.x 10~ — g=10"" £ 4.x1071 — g =10"" % 4.x 1011 — g =10
§" . e =10 §‘ . 10-1 §’ = . 1015

2.x 1071 fe= 2.x 10711 fe= 2.x 10 g =

0 0 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12 o 2 4 6 8 10 12
¢ [Mp] ¢ [Mp] ¢ [Mp]

FIG. 1. The effective potential Weg(¢p) vs ¢ plots for (&g =1, & =2 x 107), (& = 10, & = 2.3 x 10%), and (&5 = 100,

r = 2.5 x 10°) for different values of &,.
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TABLE 1. Two benchmark points for our analysis. Scales are
given in units of the Planck mass Mp. See text for details.

BP Er En ¢ @(tin) [Mp]  ho(tiy) [Mp]
a 212x10° 1.5 7x107" 5.32 9.8 x 1075
b 2.3 % 10° 10 8x 10715 5.35 3x 1077

R>-Higgs inflation. For smaller &., the Wg(¢) does not
remain asymptotically flat for large ¢. This is expected,
since in the R® term &, sits in the denominator [see
Eq. (2.3)]; hence a smaller £. impacts more in changing
the shape of W g (¢). In the following we shall see that
&, ~ 10713 — 107 is sufficient to induce large 1, to match
the reported value of CMB + BAO.

We utilize the valley approximation as a guideline to
identify a couple of single-fieldlike benchmark points
(BPs) as given in Table I. In what follows, we take these
BPs as reference and solve the coupled EoMs in Eq. (3.4)
directly with the full potential V(¢'). The initial time
for the numerical analysis is set to f;,, = 0. Note that
Eq. (3.7) is solved simultaneously taking In(a) as a
variable with initial condition In(a(#,)) = 0. For con-
sistency, we have checked the H estimated from Eq. (3.8)
matches with the one taking time derivative of Eq. (3.7)
within second decimal place. We remark here that the
exact solution of the EoMs is required, rather than the
slow-roll approximation, due to the high precision of
current measurements of parameters such as n,. In Fig. 2,
we plot the field evolution and Hubble parameter for BPa
for illustration. Note that we solved the Eq. (3.4) numeri-
cally with initial conditions ¢(t;,,) as summarized in
Table I and ¢(t;,) = 0.

B. Dynamics of the perturbations

The cosmological perturbations generated from the field
fluctuations 8¢ (x*) can account for the observed nearly
scale invariant adiabatic curvature perturbation. In general
5¢p' (x*) are gauge-dependent quantities but one can con-
veniently construct the covariant field fluctuations Q7 (x*)
which relate the ¢/ (x*) to corresponding ¢’ (¢) via a unique
geodesic in the field-space where ¢’ is expressed as
[69,75]

5¢I — QI —%FﬂKQKQJ

1
+ o Mk = Tk Q¥Q7QY + ..

o (3.11)

At the linear order Q' = ¢’ and the gauge-independent
Mukhanov-Sasaki variables are [73,76,77]

1

4
.

. (3.12)

T

0= + Ly —sp +
H

Note that is Q' s are doubly covariant with respect both the

space-time and field-space transformations. In the field-

space manifold ¢’ and Q' transform like vectors. We may

now insert Egs. (3.12) and (3.3) into Eq. (3.1) to find EoMs

for Q's at linear order as

2
D}Q' +3HD,Q' - ;Q’ +MiQ7 =0,  (3.13)

with

1 a’
ME=GY(D;D,Vg) =Ry, ¢’ oK ———=D, | —¢' ¢, |,
L (D.D;VE) JKLY" P M%a3 t H‘/’ PL

(3.14)

where the R/, is the field-space Riemann tensor which is
evaluated, along with M!, at the background order.

The two independent perturbations Q% and Q" can be
decomposed into adiabatic and isocurvature perturbations;
however, we first need two unit vectors 6/ and &'. The
former is defined as

(3.15)

(3.16)

where o' is called “turning vector” defined as o' = D,6!
and the magnitude o = |0’| = /G ;0'@’. Tt should be

8x10°°

6x1078

4x%1078

H/Mp

2x107°

AAATA

NS g

6 0.004
5
0.003
4
A
a 0.002
s ° =
<. ~
S 2 < 0.001
1
0.000
0 vllv A
-1 -0.001
0 5.0x10° 1.0x107 1.5x107 0 5.0 % 10°

t

1.0x107

t

1.0x10° 1.5x10’

t

1.5x107 0 5.0 10°

FIG. 2. The evolution of ¢, hj, and H with respect to cosmological time ¢ for BPa.

115006-5



TANMOY MODAK

PHYS. REV. D 112, 115006 (2025)

noted that w;6' = 0. We can now decompose the curvature
perturbations and isocurvature perturbations as

Qo’ - 6Ile Qs = 6,{\)IQI' (317)

The gauge invariant curvature (adiabatic) and isocurvature
perturbations are

H
:fQo"
o

H

R S=-0, (3.18)
O

The dimensionless power spectra for the adiabatic and
entropy perturbations are [73,74,78]

k3
Pr(tsk) = Y IR|% (3.19)

k3

One can now readily evaluate the power spectrum from
Egs. (3.19) and (3.20) for a given Fourier mode k. The
power spectrum for curvature perturbation freeze after it
exits horizon. Therefore we simply evaluate Py, for differ-
ent modes at the end of inflation. The power spectrum of
the isocurvature mode Pg(7;k) on the other hand may
change in the superhorizon scales. This is primarily due to
the small but nonvanishing off-diagonal elements of M/
which induces mild power transfer from adiabatic to
isocurvature mode. As we expect Pr to be orders of
magnitude larger during inflation compared to Ps(; k), a
small power transfer from Py shall induce large change in
Ps(t; k). Finally, the spectral index n; is given as

2.13x10°
2.12x10°°

25 3.0 3.5

105 x k [Mp]

4.0

2.1036x107°

2.10355x10°

Pr(K)

2.1035x107°

2.10345x10°°

1.383 1.384

10* x k [Mp]

1.385

FIG. 3.

1.386

ng, = Ty (3.21)

The measured values of inflationary parameters are
[6,14]

log(101°A4,,) = 3.0574 +0.0094,  (3.22)
nt = 0.9728 + 0.0027, (3.23)
r, $0.036 at 95% CL, (3.24)

where * denotes the respective parameters are measured at
a reference scale k,; = 0.05 Mpc™! and A,, is amplitude
of the power spectrum of the curvature perturbation
evaluated at k.;. Here we have considered CMB-SPA+
DESI from Ref. [14] which includes all CMB measure-
ments as well as BAO data from DESIL

In Fig. 3 we show the Py, and n; as a function of Fourier
modes k evaluated from Eqs. (3.19) and (3.21). The
reference mode ks = 0.05 Mpc™' today corresponds to
amode k, = a(t,)H(t,) which exits the horizon at time ¢,
before the end of inflation such that the corresponding
power spectrum Pr(t,;k,) = A, and n; evaluated at
k =k, is equal to n;. From Fig. 3, we find that the
k, = 3.4624 x 107>(1.3843 x 10™*)Mp, for BPa (BPb),
which corresponds to ¢, = 2.784 x 10°(5.3037 x 10°)
and Pr(k,) =2.102x107(2.104 x 10°) and n} =
0.9714(0.9733). The tensor-to-scalar ratio is estimated
simply by utilizing single-field approximation
r~16¢e(t,). It is justified since the observable is not
measured and only the upper limit exists. We find r, =
3.75 x 1073(3.45 x 1073) for the respective BPs.

0.970

0.965
i

n

0.960

0.955

3.0
10° x k [Mp]

3.5 4.0

0.975

0.970
» 0.965
<

0.960

0.955
1.3830 1.3835 1.3840 1.3845 1.3850 1.3855
10* x k [Mp]

The Pg (k) and n, vs k for both the BPs. Here the n is evaluated directly utilizing Eq. (3.21) and Py (k) via Eq. (3.19).
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log o[ s (k)]

log o[ x(k.)]
I

-25

-30

BT o s0 -2 -1o 0
N

-5
................. loglPrkl ... ]
= -10
=
= -15
& _20
S
o0 —25
2
-30 log [P s (k)]
-35
-50 -40 -30 -20 -10 0
N

FIG. 4. The evolution of Pg(k,) and Ps(k,) after horizon exit for both the BPs.

To generate Fig. 3, we note that the EoMs in Eq. (3.13)
are solved for each Fourier modes k using initial
condition [79]

Q' (tin) = (3.25)

H . k ik
o (1 am)
with all relevant modes initialized at t = f;, to ensure they
are well within the horizon. In Fig. 4, we plot the evolution
of Pr(k,) and Pg(k,) as a function of cosmic time. For
both BPs, as expected, Pg is orders of magnitude lower
than that of Px during inflation for the reference mode «,.
Moreover, as explained above, Pr (k,) remains frozen but,
Ps(k,) changes during inflation, albeit its magnitude is still
much smaller than the former. The number of e-folding
when the reference mode exits horizon before the end
of inflation is AN, = N|,_,, = N,_, . which is 53.66 and
54.51 for BPb and BPc, respectively. At this point it is
useful to compare the A, and ng, values obtained above to
the ones from slow-roll approximation. In slow-roll
approximation

V(1)

Ay (1) :Wée(t)’

(3.26)

AN, =In (%) - (%

() v

where T, and T = 2.7K are the temperature at the end of
preheating and today. The number of relativistic degrees
of freedom at the end of preheating and today are
Gpre = 106.75 and gy = 43/11 respectively and N =
In (a(tpre)/a(tenq)) is the number of e-folding elapsed from
the end of inflation to the end of preheating. Note here that
while finding Eq. (3.29) we have assumed that the thermal-
ization after is completed within one Hubble time as in
Ref. [25]. We may now express all dimensionful quantities

ng(t) & 1 — 6¢(t) + 2n(1). (3.27)

Once evaluated at r = ¢, these expressions translate to n; =
0.9652 (0.9746) and A, = 2.068 x 107 (2.0465 x 1077)
for BPa (BPb). This emphasizes that the slow-roll approxi-
mation is perhaps not ideal given the high precision recent
cosmological measurements.

The task now is to match the reference mode &, in units
of Mp to CMB reference mode k.;/a, = 0.05 Mpc~'. The
ket 1s connected to k, via the relationship

a(t*) a(tend) a(tpre>
a(tend> a(tpre) ao

kref = k* = a(t*)H(t*) = aOH(t*)’

(3.28)

where a(t,.) is the corresponding scale factor when
preheating is completed. Here we simply assumed that
the radiation dominated era has immediately started after
the end of preheating. The explicit details of the preheating
epoch for the BPa and BPb is discussed shortly. One can
reexpress Eq. (3.28) as [25]

) +1In (%::;) +1n (%lf)
()"}

(3.29)

|

in Mp units and match the right-hand side of Eq. (3.29) i.e.
AN, to the left-hand side. While AN, was already found
above, parameters pre and T’ are yet to be estimated. A
detailed discussion on them is deferred to Sec. IV.

IV. PREHATING

In order to find preheating we write the second order
action for the fluctuations Q' (with I={1,2}) as
[69,70,80,81]
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1, 1
SEZQ)) _/d3xdta3 |:—§glg G]JD”QID,,QJ—EM[]QIQJ .
(4.1)

where @ = (—1,a*(t),a*(t),a*(t)) is the spatially flat
unperturbed FLRW metric and M;; and G;; are computed
at the background order. However, it is more convenient to
quantize the fields for preheating in conformal time 7 with
invariant ds* = a*(t)1,,dx"dx". The second order action
in conformal time with transformation d, — d,/a and field
rescaling X! (x*) = a(1)Q'(x*) is given as

1 1
Sty = / Pxdr [—Enﬂ”G,,(D”X’)(’DDXJ)—E//ZUXIXJ :
(4.2)

with g = (=1,1,1,1).

"

1 6
%IJZGZ(MIJ_EGIJRE>7 with RE: a3, (43)

a

where we have used the shorthand notation (") conformal
time derivative. The EoMs of the scalar field fluctuations
X! (x*) can now readily be derived from either Eq. (4.2) or
from Eq. (3.13),

D2x! {vz & (M’, - éREG’,ﬂX’ —0, (44)

where we have used the diagonality of M’. The energy
momentum tensor for doubly covariant conformally
rescaled field fluctuations X’ s is

T,%) =G, (D,X")(D,X')
1 1
+ N {—EﬂaﬁGU(DaXI)(DﬂXJ) - E//fuxlxj .
(4.5)

We transform the second order action in Eq. (4.2) to
momentum space [68,70,80-82]

dk
S(X)—/d’L',C(X)—/d’t’<2ﬂ:).5

| B 1 -
x [§|a,x'|2—§wg,)(f, k)|X’2] (4.6)

(4.7)

where we have denoted

1 LT .
m%,(z) = GU)J(DU)DJ Vi), m%.(]) = _R(nz(l)(/’f(ﬂl(’

1 a R
2 _ _ DL (D), 2 — _ E
m3 ) M2 (H @ ‘p(l)) ’ my 6’
(4.8)

and the field-space indices (/) are not summed over. In
Fig. 5 the mgfﬂ(l)(r) as a function of A is plotted

for illustration. We see that in both the BPs mgff!( p(7) 18

tachyonic but becomes positive after the end of inflation. In
contrast m?, ((7) is positive before the end of inflation

while it oscillates around zero after the end of inflation. We
postpone a discussion regarding consequences of them for
a later part of this section.

The canonical momentum is defined as

S

#(e.k) = 0,X'(¢.k),

with [X'(2.k), % (r.q)] = i27)3676D) (k +q). (4.9)

where we have elevated the classical field fluctuations X’ to
. . . . a7
their respective quantized versions X . We now decompose

. . 2 Sh.
the quantized fluctuations X” and X" in momentum space
as [70,80]

X" = [(vs(2)e! (1) (K) + vp(2)€4 () (K))
+ (v(2)e! (1)l (=K) + w3 (2)el (2)al (k).
(4.10)

Sh

X" = [(yix(r)el(2)a, (k) + yu(2)eh(z

)i (k))
+ (ie(0)et ()2 (-k) + yy()eh (z

)5 (—k))l,
(4.11)

a,,(k) and aj,(—=k) (with me1, 2) are annihilation and
creation operators which follow the commutator relation-
ships

[

D>

w(k). 2, ()] = (a3, (K). &i(q)] = 0,

[ (k). &5(q)] = (22)*5,,6 (k ~ q). (4.12)
with
a,,(k)|0) =0, (0] aj, (k) = 0. (4.13)
The field space vielbeins follow the relationship
smel (r)eh(r) = GY(z), and D,e? =0, (4.14)

for all m and J.
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As our focus of interest is the single fieldlike regime, the
off dlagonal elements are M? ~ 0 and M ~ 0 and, hence

~0, e1 ~ (0 [68,81]. Therefore, Eq. (4. 5) becomes two
decoupled source-free EoMs as

U/l/k + w%{]ﬁ)l)]k ~ 0, (415)
y/2/k + w%h)ka ~ O, (416)

with a)< ) given by Eq. (4.7). We solve the EoMs Egs. (4.15)
and (4.16) utilizing the Bunch-Davis (BD) initial condition

rlir_n vir(k, 1) = tlir_n yo(k,t) =

lim Ulk(k t) = hm )’2k(k t)

t—>—00

(4.17)

ik
——\/=€e a,
aly?2

where the relevant modes under consideration are initial-
ized about N~ =3 ie. 3e-foldings before the end of
inflation to ensure they are well within the horizon.

The combined vacuum averaged comoving energy
densities for the inflaton and Higgs fluctuations is [68,82]

&’k n
o= [ ol +ol) s

(#) ()

where p,”’ and p, ’ are the respective fluctuations per mode
defined as
3x 10710
s 2x1071°
&
5

NE 1x 10710

N
—1x 10710k

0 5.0x10°%1.0x 1071.5x 1072.0 x 107
t

3x10710
2x10°1°

1x1071°

Mty (p)

—_—)

—-1x107'°
0 1x 107

2x 107 3x107 4x107

t

FIG. 5.

1
P = 3 Gl + 0y loul?)el el

1
ZE(MHQ + @iy lvil?), (4.19a)
1
P =5 Gl + o P ehel
1
E(‘y/zdz + af, [yul). (4.19b)

The physical energy densities of the fluctuation of ¢ is

1 Pk )
Plp) = /(zﬂ)3pk

k2
::/“&WM+@H@WWWM}

(4.20)

and a similar expression can be found for 42 The vacuum
subtracted quantum energy densities are given as [68]

k3

ypl (4.21)

. 1
oy =pw ot it o= [ ak s

where plal)) is the associated BD vacuum energy densities

for respective field.

The momentum upper limit in Egs. (4.20) and (4.21)
are obtained by finding the mode for which the relative
error between p; and pBP is about 10% with p; > pEP
each time step. For illustration, we have plotted the
spectrum in Fig. 6 for different A/. The momentum upper
limit is identified as the k value where the blue or red
curves stop respectively slightly above the orange dotted
BD spectrum (within 10% of each other with p; > pPP)

2x107°
1.5x 107°
1x107°
5x 10710
0
-5x1071°

meff,(h)

0 5.0x10°%1.0x1071.5x 1072.0 x 107
t

1.5x 1078
1x10°8
5x107° L\L

0 e

-5x107°

Mt (n)

2x 107 3x107 4x10’

t

0 1x 107

The evolution of mgff_( N () as a function of N. See text for details.
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N =0.426352
o1 - k2/(4n2a2)p;(¢)
T Kiana®y 7
= jgors
E 10"
\__" -
1076f -7
107
1077 10°¢ 107 107*  0.001
k [Mp]
N =0.699934
o1 - k2/(4n2a2)p;(¢)
= o0ep K3i4r?a?)
)
= 10~ TS
& S
10716 \__—:— -=cT
10—21 o
10°¢ 10°° 1074 0.001
k [Mp]

at N =0.426352

0.1 — kzl(47r2a2)p§(h)
el Kiarn?at)y 7]
= It
= 1om
10—16/
107
1077 1076 1075 107*  0.001
k [Mp]
N =0.699934
0.1 — kzl(4rr2a2)p§(h)
st 0 k31(4rr2a4)
¥
= 10
10-“’/"/—‘
10—21 o
107 107 1074 0.001
k [Mp]

FIG.6. The spectrum for inflaton fluctuations (k2/ (472a*)p\”’) and the BD vacuum (k* / (47%a*)) are plotted in the left panels for both

the BPs in solid blue and dotted orange respectively. In the right panels the corresponding spectrum of Higgs (k*/ (4772612)/);(

h))

fluctuations are plotted in solid against the BD vacuum in dotted orange. Note that these spectra are essentially the integrand of
Egs. (4.20) and (4.21) for the respective fluctuations and BD vacuum.

for specific N [68]. Modes larger than this k do not leave
the vacuum in the respective time steps. The lower limit
on the other hand is found by considering all subhorizon
modes at a particular time step, since only these sub-
horizon modes take part in thermalization process in
our single-fieldlike scenario. In practice, we follow an
adaptive numerical framework where we consider all
subhorizon modes at a particular time while the upper
limit is obtained from the above-mentioned method. We
redirect readers to Ref. [68] for details of this numerical
approach.

We plot p<q ) (blue), p(qh) (red), and p;,; (black) in Fig. 7

for illustration. It is clear that pz’(/)) is orders of magnitude
lower than p;,; for both BPa and BPb. This is primarily

2 . q : :
because Mo () < 0; as a result, Py Teceives a tachyonic

(exponential) amplification before the end of inflation for
both BPs. However, after the end of inflation, mgff’( # > 0,
and therefore pE’ ) experiences neither tachyonic growth nor
parametric resonance. In contrast, mesz.<h> > (O before the
end of inflation, but oscillates around the minimum after
the end of inflation; as a result, pz’m experiences para-
metric resonance. We now denote the completion of
preheating as the time when pj,¢ = ppre = pg()) (with X
being either ¢ or h), at a time A'pre [70]. It is clear from
Fig. 7 that pE’(m cannot provide successful preheating for

any of the BPs, but preheating is possible for BPb via pE’h).

This is primarily due to the smaller £ in BPa. We find
that for BPb, p’(fh) ~ pine at N~ 1.8. As discussed above,

we assume that thermalization is complete immediately
after preheating is completed [68]. It is clear that preheating
via the production of Higgs quanta is not possible for
BPa; however, there is a subtlety, which we shall return to
shortly.

We are now equipped with all quantities needed to
evaluate the right side of Eq. (3.29). The preheating
temperature T, is evaluated equating p. to the energy
density of the thermal bath

2
Gpre T
pinf|]\/=,/\/'pre = Ppre = 30 Tgreﬁ

(4.22)

with all relevant quantities summarized in Table II. We
find that T ~ 4.9 x 10" GeV for BPb. This leads to an
e-folding value of 55.39 for the right-hand side of
Eq. (3.29). In contrast, as discussed above, the left-hand
side yields 54.51e-foldings. This simply means that the
matching is very close but not exact. Indeed, one can
slightly readjust the model parameters &g, &y, and &,
along with ¢(#,) and hy(t;,), to achieve exact matching;
however, we refrain from such adjustments here. This is
primarily because we have not considered the decay of the
inflaton and Higgs condensates, as well as the production
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FIG.7. The vacuum subtracted quantum energy densities pE’ M) and pE’h) for BPa (upper panel) and BPb (lower panel) respectively along

with p;,s for comparison.

of inflaton and Higgs quanta. Such decays will reduce pp,
leading to a lower T,,.. We leave a detailed study for
future work.

Although the preheating for BPa via ¢ and h particle
production is incomplete, the associated longitudinal
gauge bosons (or, conversely, Goldstone bosons) may
complete preheating even for BPa [68]. It has been found
that for pure R?-Higgs inflation (i.e., without the R? term),
with similar parameter values and &y ~ 1, the Goldstone
bosons can preheat the Universe within N ~3 with a
Tpe ® 5 X 10 GeV [68]. Inserting these numbers, we
find that the left- and right-hand sides of Eq. (3.29) give
53.66 and 54.16, respectively. As discussed before, one
can readjust the model parameters to achieve exact
matching. A proper estimation of preheating for both
BPa and BPb, including contributions from Goldstone
and gauge bosons, would require decomposing the Higgs
field @ in the Coulomb gauge instead of the unitary gauge
adopted here, as the latter becomes ill-defined during zero
crossings of the Higgs condensate after the end of
inflation [68,70]. This is deferred to a more detailed
future publication.

TABLE II. The details of preheating for both the benchmark
points chosen for our analysis.

BP  Preheating field(s) N . Ppre[M})] T e [GeV]
a . e . ..

b h 1.9 59x 107 49x 10"

V. SUMMARY AND OUTLOOK

In this paper, we discussed how the addition of an R’
term to R%>-Higgs inflation may account for the observed
high n; in the latest CMB + BAO data within the ACDM
model [13,14]. Considering two representative benchmark
parameter sets, we found that &, ~ 10713 — 107!* is suffi-
cient to explain the observed ny, A, and r in the single-
fieldlike regime. We show that Higgs preheating plays a
pivotal role in matching the reference CMB scale to the
inflationary scale with £ = 10. Smaller values, £y ~ 1, can
indeed provide successful preheating, however, via the
production of Goldstone bosons [68], which is not con-
sidered here. In addition, we have not considered the decay
of the inflaton and Higgs condensate, nor the decay of the
produced quanta and their backreaction on the background
dynamics. This induces some uncertainties in our result, but
the model parameters can be readjusted to achieve exact
matching of scales easily. We also note that, in general, a
negative value of £, can account for the observed value of
n,, as discussed in Ref. [38]. In the case of R’-Higgs
inflation, the presence of the Higgs boson introduces an
additional field direction in the potential V. Consequently,
a positive &, can also reproduce the observed n; if one
departs from the exact single-field regime, as shown above.
In this first attempt, we have simply assumed &. > 0 and
leave a more detailed analysis for future work.

We also identify further limitations here. It has been
found that gauge boson production may play a vital role in
R?-Higgs inflation for &, > 1 [68,70]. However, to con-
sider both Goldstone and gauge preheating, one must
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abandon the unitary gauge adopted here. This is primarily
because the unitary gauge becomes ill-defined at each zero
crossing of the Higgs condensate /i [68,70]. Moreover, the
produced gauge bosons may decay leptonically and inhibit
the completion of gauge preheating [68,70]. These factors
introduce further uncertainties into our results. To the best
of our knowledge, such effects have not been considered in
the literature for R>-Higgs inflation following the ACT and
SPT data.

At this point it is also useful to understand the role of
BAO data within the ACDM model. Note that the BAO data
does not directly constraint the n; but, once they are
combined with the CMB data correlated uncertainties shift
the n, to a higher value. Indeed, the CMB data from ACT,
SPT, and Planck are consistent with each other and the
combination of all CMB data i.e. the CMB-SPA measure-
ment found n; = 0.9684 £+ 0.0030 in the ACDM model.
This is consistent with Planck 2018 within 1o and pure
Starobinsky, Higgs, and R?>-Higgs models are still best fit
models to the data. It has been shown that the higher n; is
due to the discrepancy between the CMB and BAO data
and the discrepancy between BAO parameters and 7, in the
CMB data within the ACDM model. While this apparent

tension between CMB and BAO may well be artifact of
unknown systematics, it could well be an indication of new
physics beyond ACDM [47]. Nonetheless, additional
independent measurements of the CMB and BAO are
required to resolve this tension. On the CMB side, the
Simons Observatory is expected to achieve a precision of
o(ng) ~0.002 [83]. BAO data from the Dark Energy
Survey [84], and the improved sensitivity of Euclid in
measuring BAO [85], may also contribute significantly.
While we await more precise measurements, within the
ACDM model, this high n; may indicate the presence of an
R? term in R?-Higgs inflation. If confirmed in the future
data, along with detection of r, this may offer exquisite
information about quantum gravity.
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