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We show that next generation Cosmic Microwave Background (CMB) experiments will be capable of
the first ever measurement of the inflaton coupling to other particles, opening a new window to probe the
connection between cosmic inflation and particle physics. This sensitivity is based on the impact that the
reheating phase after cosmic inflation has on the redshifting of cosmic perturbations. For our analysis we
introduce a simple analytic method to estimate the sensitivity of future CMB observations to the reheating
temperature and the inflaton coupling. Applying our method to LiteBIRD and CMB-S4 we find that, within
a given model of inflation, these missions have the potential to impose both an upper and a lower bound on
the inflaton coupling. Further improvement can be achieved if CMB data are combined with optical and
21 cm surveys. Our results demonstrate the potential of future observations to constrain microphysical
parameters that can provide an important clue to understand how a given model of inflation may be

embedded in a more fundamental theory of nature.
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Introduction.—The current concordance model of cos-
mology, known as the ACDM model, can explain almost all
properties of the observable Universe at an astonishing
accuracy with only a handful of free parameters [1-3].
Leaving aside the composition of the dark matter (DM), the
model is firmly based on the standard model (SM) of
particle physics and the theory of general relativity (GR),
implying that the most fundamental laws of nature that we
know from Earth [5] hold in the most distant regions of the
observable Universe [6].

However, to date it is unknown what mechanism set the
initial conditions for the hot big bang, including the initial
overall geometry of the observable Universe and the
temperature 7. of the primordial plasma at the onset of
the radiation dominated epoch [8]. The former—in par-
ticular overall homogeneity, isotropy, and spacial flatness
reflected in the Cosmic Microwave Background (CMB)—
is amongst the most compelling mysteries of modern
cosmology. Cosmic inflation [10-12] offers an elegant
solution for these problems and can in addition explain the
observed correlations amongst the small perturbations in
the CMB. However, very little is known about the
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mechanism that may have driven the exponential growth
of the scale factor a. A wide range of theoretical models of
inflation exist (see, e.g., [13] for a partial list), but the
observational evidence is not conclusive enough to clearly
single out one of them. Moreover, even less is known about
the embedding of cosmic inflation into a more fundamental
theory of nature and its connection to theories of particle
physics beyond the SM. In the next decade the observa-
tional situation will change drastically. Upgrades at the
South Pole Observatory [14] and the Simmons Observatory
[15] aim at pushing the uncertainty in the scalar-to-tensor
ratio » down to 6r~3x 1072, In the 2030s JAXA’s
LiteBIRD satellite [16] and the ground-based CBM-S4
program [17] are expected to further reduce this to
or < 1073 for r = 0.

In the present work we for the first time quantify the ability
of these missions to probe the connection between inflation
and particle physics. We utilize the impact of cosmic reheat-
ing [18-24] after inflation on the expansion history, i.e., the
dissipative transfer of energy from the inflationary sector to
other degrees of freedom that filled the Universe with particles
and determined 7T',.. While the only known direct messenger
from the reheating epoch would be gravitational waves
(cf. [25,26]), it can be studied indirectly with CMB observ-
ables [31-33] due to the impact of the modified equation of
state w during reheating [34,35] on the postinflationary
expansion history. This has motivated studies in various
models [36]. Reheating is inherently sensitive to the inflaton
couplings to other fields, i.e., microphysical parameters that
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connect inflation to particle physics [67-69], as these
interactions mediated the energy transfer. However, past
studies have almost exclusively focused on T, ignoring
the possibility to constrain microphysical (particle physics)
parameters. The fundamental limitations on the possibility of
constraining the microphysical coupling constant g associ-
ated with the interaction through which the Universe was
primarily reheated were laid out in [69], where it was
estimated that such a measurement may be within reach of
next-generation instruments. However, neither there nor in
any of the few phenomenological works addressing the
relation to microphysical parameters [52,55,60] was a sys-
tematic study performed to quantify the feasibility of such a
measurement with realistic instrumental sensitivities. In the
present work we introduce a simple analytic method to
quantify the sensitivity of observations to g for given
instrumental sensitivities to the amplitude of the scalar
perturbations in the CMB A, the spectral index n, and the
tensor-to-scalar ratio 7 [70]. We apply this method to show for
the first time that upcoming observations will be capable of
the first ever measurement of both g and 7',., where we define
a measurement as the ability to impose both an upper and a
lower bound on the respective quantity. In this Letter we
present the main results of our research; a more detailed
analysis is presented in [71].

Imprint of reheating in the CMB.—The primary goal of
this work is to quantify constraints on the inflaton coupling
g and the reheating temperature 7, from current and future
CMB data. We consider inflationary models that can
effectively be described by a single field ® and assume
that the effective single field description holds throughout
both, inflation and the reheating epoch [72]. Defining
@ = (@) as the quantum statistical expectation value of
& = ¢ + ¢ with fluctuations ¢ and ¢4 as its value at the
end of inflation, the energy density at the end of inflation
Pend =3V (Pend) =3 Vena and the spectrum of primordial
perturbations are fixed by the effective potential V(¢) [73].
Assuming a standard cosmic history after reheating (and
leaving aside foreground effects), the observable spectrum
of CMB perturbations can be predicted from V(¢) once the
expansion history during reheating is known. The latter
requires knowledge of the duration of the reheating epoch
N, interms of expansion e-folds N (defined as the logarithm
of the scale factor growth) and the average equation of state
during reheating Wy, = (1/Ny) [o w(N)dN. Since the
total energy density of the Universe p is still dominated
by the energy density p, of ¢ during reheating, wy, is
determined by specification of V(¢), and N, is the only
relevant quantity that is not fixed by the choice of V(¢), i.e.,
is sensitive to g. Within a given model of inflation one can
obtain information about N, by comparing the observed
CMB spectrum to the model’s prediction. Using the general
redshifting relation p « exp[—3N(1 + w)], this can then be
translated into a constraint on the energy density at the end
of reheating py. = pPena €Xp[—3N;e(1 + We)] [77], often

expressed in terms of an effective reheating temperature
defined as (72g,/30)T% = p,. with g, the effective number
of relativistic degrees of freedom,

N 40V 0q | 174
re q. 7[2 .

In order to further translate knowledge on N, into knowl-
edge on microphysical parameters, we utilize the fact that
reheating ends when H =T, where I' is an effective
dissipation rate for ¢ and H = a/a is the Hubble rate.
Together with the Friedmann equation H> = p/(3M) this

yields [55,67]

3(14+w
T.. = exp {_ ( :wm)

1 1/2 )
F|F=H — M_pl <p21d> =31+ )N /2 (2)
with M, = 2.435 x 10'® GeV the reduced Planck mass. The
rhs of (1) and (2) only contain quantities that are either
calculable for given V(¢) or can be obtained from CMB
observations; we summarize the relations to CMB observ-
ables in the Appendix. Meanwhile I" on the lhs depends on
microphysical parameters of the particle physics model in
which V(g) is realized.

Measuring the inflaton coupling in the CMB.—We
classify microphysical parameters in three categories. A
model of inflation is defined by specifying the effective
potential V(¢). Ignoring quantum corrections to the ¢-
trajectory, this is equivalent to fixing the set of coefficients
{v;} of all operators in the action that can be constructed
from @ alone, e.g., by Taylor expanding the inflaton
potential around its minimum as V(p) =>_;(v;/j!)
(/N = %méq)z + (94/30)¢> + (44/4)p* + - - -. The
set of inflaton couplings {g;} comprises coupling constants
(or Wilson coefficients) associated with operators that are
constructed from @ and other fields. A complete particle
physics model contains a much larger set of parameters
than the combined set {v;} U {g;}, including the masses of
the particles produced during reheating as well as their
interactions amongst each other and with all other fields.
We refer to the set of all parameters in the action that are not
contained in {v;} U {g;} as {a;}. This set, e.g., contains
the parameters of the SM.

I' in (2) necessarily depends on the {g;} and {v;}. For
instance, for reheating through elementary particle decays,
one typically finds I' = g?m,/c, with g€ {g;} a coupling
constant, m, € {V;} the inflaton mass, and ¢ a numerical
factor. However, in general feedback effects from produced
particles on the ongoing reheating process introduce a
dependence of I" on a large subset of {a;}, making it
impossible to determine g from the CMB in a model-
independent way, i.e., without having to specify the details
of the underlying particle physics model and the values of
the parameters {@;} [76]. The conditions under which g can
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be constrained model independently have been studied in
detail in [69]; a conservative estimate is

j—* 4-D
9 < (m"’) zmin(‘ [ R [ e )<ﬂ> (3)
Pend Mpl Pend A
.5 .
) () (2)
VARSS min — — 4
| | ((pend Mpl Pend A ( )

with D the mass dimension of the interaction term under
consideration, j the power at which ® appears in that
operator, and A a scale that can be identified with m,, for
D < 4 and represents a UV cutoft of the effective theory for
D > 4. The conditions (3) and (4) ensure that the production
of particles proceeds slow enough that redshifting spreads
their momenta over a sufficiently broad phase space volume
for the occupation numbers in each mode to remain low
enough to avoid sizeable feedback effects, such as a
parametric resonance. The condition (4) practically restricts
the possibility to constrain g model independently to
scenarios where the ¢ oscillations occur in a mildly non-
linear regime.

Application to specific models.—In the following we
apply the previous considerations to two models of
inflation, namely radion gauge inflation (RGI) [87,88]
and a-attractor T models (a-T) [§9-92], with the potentials

((p/lupl)2
a+ ((p/Mpl)2

RGI: V(p) = M* (5)

a—T: V() = M*tanh?" (ﬁ%) . (6)

The scale M can be expressed in terms of other parameters
with the help of (A4):

32 M2\ 1/4
RGI: M = M, [irAs<1 +a—§‘)} )
2 0

3”2 >1/4 n< Or >
a—T: M=My(ZAr) b2} (8
(3 i) ©

and condition (4) implies n = 1. Within these families of

S ; _ 43272
models (A6) implies the relations a@ = BT A=) =)
and a = ar for the RGI and «-T models,

3(1=n,)(4(1=ny)~r)

respectively. This defines a line in the n, — r plane, the
position along which is given by N, (and hence Q);
cf. Fig. 1. Condition (4) implies ¢ > 2.4 in (5) and a >
1/4 in (6). For our analysis we pick a = 19 in (5) and
a = 6 in (6). When conditions (3) and (4) are fulfilled we
may parameterize I = g*m,/c [69] with (g.c)=
(9/my.8xz) for a scalar coupling g®y* [93], (g.c) =
(v,8x) for a Yukawa coupling y®yy [82], and (g, c) =
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FIG. 1. The diagonal line represents values of n, and r
predicted by the RGI model (upper panel) and a-T model (lower
panel) for fixed a, with the inflaton coupling varying along the
curve. The black discs indicate the predictions for specific values
of a Yukawa coupling y, with (log;,y, log;oT,./GeV) given in the
legend. Conditions (3) and (4) are fulfilled in the green part; the
gray parts are ruled out by the conditions N, >0 and
T,. < Tgpn. Ellipses indicate current constraints and future
sensitivities to n, and r, Ny is the number of e-folds between
the horizon crossing of a perturbation with wave number k and
the end of inflation (A2).

(omy/A.,4r) for an axionlike coupling (o/A)®F,,F*
[94], where we neglected the produced particles’ rest
masses. We shall assume a Yukawa coupling y in the
following; bounds on other interactions can be obtained by
simple rescaling according to ¢ [71].

CMB constraints on the inflaton coupling.—With the
above considerations and the relations given in the
Appendix, n; and r in a given model of inflation are
simple functions of x = log,,g. Prior to any measurement
of (A, ng, r) it is known that N;, > 0 and that there is a
lower bound T, > Tggy to allow for successful big
bang nucleosynthesis (BBN). When (3) and (4) are fulfilled
one can use the standard estimate T, =~ ./I'My x

[90/(#%g,)]'/* to obtain a lower bound on the coupling

g> gi/ 4\/ETBBN //myMy, which for plateau models
translates into g > /c(Tgpn/My) x (g./A;r)"/* [69].
Hence, we use the prior probability density function

P(x) = C\0[Te(x) = Tapnly(x)0[Nee(x)].  (9)
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with € the Heaviside function, and y a function that allows
for a reweighting of the prior P(x). The constant C can be
fixed from the requirement [ dxP(x) = 1. We now quan-
tify the gain in knowledge about x that can be obtained
from data D. This gain can be quantified by the posterior
distribution P(x|D) = P(D|x)P(x)/P(D) with P(D) =
J dxP(Dl|x)P(x). Current constraints from the data D
obtained by Planck and BICEP/Keck [2] can be approxi-
mated by the likelihood function

P(Dlx) = CoN (ny. rliy. 0,3 7. 0,)0(r)7(x).  (10)

with N (ny, r|iig,0, :7.0,) a two-dimensional Gaussian
[95] and 7 another weighting function. The constant C,
is fixed by normalizing P(D|x) to unity. We fix the fiducial
values to iy, = 0.967, ¥ =0.01 and estimate the errors
0, = 0.005, 6, = 0.018 based on Fig. 5 in [2]. The result
is shown in Fig. 2. While it is known that present data
already provide information about the reheating epoch [96],

log1o(Tre/GeV)

04 -5 -3 -1 1 3 5 7 9 1 13 15 17 19 21

prior
Planck+BK18 : feedback
CMB S4/LiteBIRD | -, effects

A

CMB S4+EUCLID ;

0.3

0.2

0.1

0.0 .
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 O 2 4 6
log1o(y)
log1o(Tre/GeV)
-5 -3 -1 1 3 5 7 9 M 13 15 17 19 21
0.5 -
) 3
prior i
= feedback
0.4 Planck+BK18 : S Horis
CMB S4/LiteBIRD A

03 CMB S4+EUCLID G
0.2

0.1

0.0

-20 -18 -16 -14 -12 =10 -8 -6 -4 -2 0 2 4 6
log1o(y)

FIG. 2. Prior P(x) and posteriors P(x|D) for x = log;( g with
the different choices of i1y, 7, 6, , and 6, in the RGI model (upper
panel) and a-T model (lower panel). We assumed y = 7 = 1, but
checked that the conclusions remain unchanged when using
y = Nj or 7 = (2 + r?)"/2, with ’ indicating a derivative with
respect to x.

current CMB observations do not provide a significant
information gain on x with respect to P(x).

The scalar-to-tensor ratio will be constrained with much
higher accuracy in the future [97]. To quantify the expected
information gain on x we repeat the analysis for 7 = 0.02
with 6, =0.002 and o, =0.0012, which reflects the
sensitivity anticipated by LiteBIRD [16] or CMB-S4 [98].
Figure 2 shows that in both models future data can rule out
previously allowed values of 7T'.. In the o — T model the
posterior peaks in a region where condition (3) is violated,
implying that I' depends on a potentially large number of
model parameters {@;}, and it is impossible to translate a
constraint on N, into a model-independent constraint on g.
This is a result of the fact that the currently allowed region
in Fig. 1 is very close to the N, =0 line. One can
nevertheless obtain constraints logy(7,./GeV) = 13.1 £
1.4 and 0.00515 < M/M,; < 0.00526 [the latter from
(A4)]. In the RGI model, on the other hand, the posterior
peaks in a region where condition (3) is fulfilled, so that
future CMB data will permit measuring g independently
of the {a;}. For the fiducial parameters chosen here, the
mean values and variances for the posteriors read as
log,gy =—6.5+2.2, logy(T./GeV)=84+2.1 and
M/M, = 0.00529 + 0.00007. Finally, we estimate the
improvement that can be made with data from the
EUCLID satellite [99] and Square Kilometre Array
[100] by using 6, = 0.00085 [101]. The resulting poste-
riors in Fig. 2 for the chosen values of 71, and 7 give
logo(Tw/GeV) = 13.5+ 1.1 in the a-T model and
logo(T/GeV) = 8.3 + 1.4 in the RGI model. The latter
corresponds to log;gy = —6.6 £ 1.4.

Conclusions.—We introduced a simple analytic method
to quantify the information gain on the inflaton coupling
g and the reheating temperature 7', from observational
constraints on ng and r. When applying it to future CMB
observations with LiteBIRD and CMB-S4 we showed for
the first time that these missions will be capable of perform-
ing the first ever measurement of 7, in both models
considered here. For the chosen fiducial values this can
directly be translated into a measurement of g in the RGI
model, while in the a-T model such a translation would
require a specification of further parameters {a,}. Adding
information from optical and 21 cm surveys can further
reduce the error bar on g, and may help to constrain @ and g
simultaneously from data by including observational knowl-
edge on quantities not considered here, such as non-
Gaussianities or the running of ng. The inflaton coupling
gdid not only crucially shape the evolution of the observable
Universe through its impact on T, but it is also a key
parameter that connects models of inflation to theories of
particle physics. Measuring this microphysical parameter,
even with large error bars, will open up a new window to
probe the connection between cosmology and fundamental
physics. Hence, our findings add a qualitatively new
dimension to the physics cases of future observatories.
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Appendix: Relation to observables.—In this Appendix
we give the relations between the rths of (2) and
observables. A detailed derivation can be found in [52]
and has been adapted to our notation in [55]. N, can be
obtained from

N, = 4 Ny +1n k + 1ln 40
T 3w, — 1| K aTy) 4 \#g.
1. /11 1 [/m*M2rA,
o))
3 43 2 2v/Vend
with g, = ¢g., ag and Ty = 2.725 K the scale factor and

the temperature of the CMB at the present time,
respectively, and

en Hd 1
Nk:m(aend):/lﬂ dlﬁ—z/wkd¢i.
ag @ @ Mpl pos Oy

The subscript notation Hy, ¢;, etc. indicates the value of
the quantities H, ¢, etc. at the moment when a pivot-
scale k crosses the horizon. ¢, can be expressed in
terms of n; and r by solving the relations

(A1)

(A2)

ng = 1 —6¢;, + 2my, r = 16¢; (A3)

with the slow roll parameters e = (9,V/V)*M},/2 and
n= Mglag,w V. In the slow roll regime, we find

H2 V(gw) — M2 ﬂ

k= 1
3M7, P2

(A4)

with A; = 107193943 [1]. T,. can be expressed in terms
of the observables (ng,A,, r) by plugging (Al) with
(A2) into (1); ¢y is found by solving (A3) for ¢, and
Vend» and @e,q can be determined by solving ¢ =1 for
@. From (A3) we obtain

r _ng—1+3r/8

1_6 5 Mk 2 ’ (AS)

€ =

from which we find

oV (9)
V(p)

_ng—1+3r/8
2My

(A6)

Pk

o r
= 5
Pk 8]WPl

by using the definitions of ¢ and 7. Together with (A4)
this provides three equations that can be used to relate
the effective potential and its derivatives to the
observables (ng, A, r). That is sufficient to express w,,
and N, in (Al) in terms of observables, which is all
that is needed to determine the rhs of (2).
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