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Connecting Cosmic Inflation to Particle Physics
with LiteBIRD, CMB S4, EUCLID and SKA
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We show that next generation Cosmic Microwave Background 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. 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. This sensitivity is based on the impact that the reheating phase after
cosmic inflation has on the redshifting of cosmic perturbations. 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 is combined with optical and 21cm 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
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of nature.

Introduction: The current concordance model of cos-
mology, known as ACDM model, can explain almost all
properties of the observable universe at an astonishing
accuracy with only a handful of free parameters [1, 2].1
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.

However, to date it is unknown what mechanism set the
initial conditions for the hot big bang, including the tem-
perature Ty, of the primordial plasma at the onset of the
radiation dominated epoch in cosmic history. Amongst
the most compelling mysteries of modern cosmology is
the initial overall geometry of the observable universe, in
particular its overall homogeneity, isotropy and spacial
flatness reflected in the Cosmic Microwave Background
(CMB).? Cosmic inflation [7-9] offers an elegant solution
for these problems and can in addition explain the ob-
served correlations amongst the small perturbations in the
CMB. However, very little is known about the mechanism
that may have driven the exponential growth of the scale
factor a. A wide range of theoretical models of inflation
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I See [3] for a recent summary of tensions and anomalies in the
ACDM model.

2 The value of the cosmological constant also has no microscopic
explanation in the SM, but it can be regarded as a free param-
eter in GR and quantum field theory, reducing this issue to a
theoretical problem of naturalness (cf. [4]) rather than a failure
to describe data.

3 Another initial condition that cannot be explained with the SM
is the initial matter-antimatter asymmetry. cf. [6].

exist (see e.g. [10] 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 embed-
ding 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 observational situ-
ation will change drastically. Upgrades at the South Pole
Observatory [11] and the Simmons Observatory [12] aim
at pushing the uncertainty in the scalar-to-tensor ratio r
down to 67 ~ 3 x 1073, In the 2030s JAXA’s LiteBIRD
satellite [13] and the ground-based CBM-S4 program [14]
are expected to further reduce this to §r < 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 utilise the impact of
cosmic reheating [15-21] 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 T}.. While the
only known direct messenger from the reheating epoch
would be gravitational waves (cf. [22]),% it can be stud-
ied indirectly with CMB observables [27-29] due to the
impact of the modified equation of state w during reheat-
ing [30, 31] on the post-inflationary expansion history.
This has motivated studies in various models.> Reheat-
ing is inherently sensitive to the inflaton couplings to

4 The thermal graviton background [23] can in principle be used to
probe T}e [24, 25], but this is very challenging in practice [26].

5 Examples include natural inflation [32-35], power law [36-40]
and polynomial potentials [33, 41-43], Starobinski inflation [33],
Higgs inflation [33, 36, 44], hilltop type inflation [33, 36], axion
inflation [36, 45], curvaton models [46], a-attractor inflation [47—
55], tachyon inflation [56], inflection point inflation [57], fiber
inflation [58], Kéhler moduli inflation [59, 60], and other SUSY
models [36, 61].
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other fields, i.e., microphysical parameters that connect
inflation to particle physics [62-64], as these interactions
mediated the energy transfer. However, past studies have
almost exclusively focused on T, ignoring the possibil-
ity to constrain microphysical (particle physics) param-
eters. The fundamental limitations on the possibility of
constraining the microphysical coupling constant g asso-
ciated with the interaction through which the universe
is primarily reheated were laid out in [64], and 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 [47, 50, 55] a
systematic study was performed to quantify the feasibility
of such a measurement with realistic instrumental sensitiv-
ities. In the present work we introduce a simple analytic
method to quantify the sensitivity of observations to g
for given instrumental sensitivities to ns and r. 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 Ty., 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 [65].

Imprint of reheating in the CMB: The primary goal
of this work is to quantify constraints on the inflaton
coupling g and T}, 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.® Defining ¢ = (&) as the quan-
tum statistical expectation value of ® = ¢ + ¢ with
fluctuations ¢ and @enq as its value when € = 1, the spec-
trum of primordial perturbations and the energy density
at the end of inflation pepg =~ %V(g@cnd) are fixed by the
effective potential V(p). Assuming a standard cosmic
history after reheating (and leaving aside foreground ef-
fects), the observable spectrum of CMB perturbations
can be predicted from V(p) once the expansion history
during reheating is known. The latter requires knowledge
of the duration of the reheating epoch N, in terms of
expansion e-folds N (defined as the logarithm of the scale
factor growth) and the average equation of state during
reheating w,e = ﬁ fONre w(N)dN. Since the total energy
density of the universe p is still dominated by the energy
density p, of ¢ during reheating, .. is determined by
specification of V(), and N, is the only relevant quantity
that is not fixed by the choice of V(p), i.e., is sensitive
to g. Within a given model of inflation one can obtain
information about N, by comparing the observed CMB

6 See [64, 66, 67] and references therein for a discussion of effects
that limit the validity of this assumption during reheating.

spectrum to the model’s prediction. Using the general
redshifting relation p o< exp(—3N(1 + w)), this can then
be translated into a constraint on the energy density at
the end of reheating pre = pena exp(—3Nye(1 + Wye)) [68],

often expressed in terms of an effective reheating temper-
s

ature defined as T2 = pre,
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In order to further translate knowledge on N, into knowl-
edge on microphysical parameters, we utilise the fact that
reheating ends when H = I', where I is an effective dissi-
pation rate for . Together with the Friedmann equation
H? = p/(3M}) this yields [50, 62]
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with M, the reduced Planck mass. The RHS of (1)
and (2) only contain quantities that are either calculable
for given V(p) or can be obtained from CMB observa-
tions; we summarise the relations to CMB observables
in the appendix. Meanwhile I" on the LHS depends on
microphysical parameters of the particle physics model
in which V() is realised.

Measuring the inflaton coupling in the CMB: We clas-
sify microphysical parameters in three categories. A model
of inflation is defined by specifying the effective poten-
tial V(). Ignoring the effect of running couplings dur-
ing inflation, specifying V() is equivalent to specifying
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
Vip) =3, %% =imio® + Lo’ + Z—Tcp‘* +.... 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?my/c, with g € {g;}
a coupling constant, me € {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 sub-set 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 {a;}.” The conditions under
which g can be constrained model-independently have
been studied in detail in [64], a conservative estimate is
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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 mg
for D < 4 and represents a UV cutoff 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 infla-
tion, namely radion gauge inflation (RGI) [78, 79] and
a-attractor T-models (-T) [80-83], with the potentials

(o/My1)®

RGI: V(p) = M4W (5)
. _ 2n '
a—=T: V(p) = M*tanh (m> (6)

The scale M can be expressed in terms of other parameters
with the help of (14),

1/4
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and condition (4) implies n = 1. Within these
families of models (16) implies the relations o =
432r?

— CTOTEE—— —4r _______ for the
(8(1—ns)+r)2(4(1—ngs)—r) 3(1—ns)(4(1—ns)—r)

RGI and o-T models, respectively. This defines a line
in the ng-r plane, the position along which is given by
Nye (and hence g), cf. Fig. 1. Condition (4) implies
a > 24 in (5) and a« > 1/4 in (6). For our analy-

sis we pick @ = 19 in (5) and @ = 6 in (6). When

and o =

7 This tends to happen due to resonant particle production during
the so-called preheating phase (c.f. [69] for a review), but can in
principle also occur due to thermal feedback during perturbative
reheating [50, 62, 64, 70-77].

conditions (3) and (4) are fulfilled we may parameterise
I' = g’my/c [64] with (g,c) = (g/me,87) for a scalar
coupling g®x? [84], (g,c) = (y, 4n) for a Yukawa coupling
y®ynp (73], and (g,¢) = (ad/mg,4r) for an axion-like
coupling %@Fwﬁ’ nv [85], where we neglected the pro-
duced 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 ¢ [65].
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Figure 1: The diagonal line represents values of ns and r pre-
dicted by the RGI model (upper panel) and a-T model (lower
panel) for fixed «, 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, Tre/GeV)
given in the legend. Conditions (3) and (4) are fulfilled in
the green part, the gray parts are ruled out by the conditions
Nie > 0 and Tre < Tsan. Ellipses indicate current constraints
and future sensitivities to ns and r, Nk is the number of e-
folds between the horizon crossing of a perturbation with wave
number k and the end of inflation (12).

CMB constraints on the inflaton coupling: With the
above considerations and the relations given in the ap-
pendix, ng and r in a given model of inflation are sim-
ple functions of z = log;yg. Prior to any measure-
ment of (As,ns,r) it is known that N, > 0 and that
there is a lower bound T}, > Tppn to allow for success-
ful big bang nucleosynthesis (BBN). When (3) and (4)
are fulfilled one can use the standard estimate Ty, ~
/T My x (90/(7g.))'/* to obtain a lower bound on the

coupling g > gi/ 4\/ETBBN /+/ MMy, which for plateau
models translates into g > /e(Tapn/Mp) x ()14 [64].
Hence, we use the prior probability density function
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P(z) = C10(Tie(x) — Tgpn) ¥(x) 0(Nie(2)), (9)

with 6 the Heaviside function, and v a function that allows
for a re-weighting of the prior P(x). The constant C;
can be fixed from the requirement [, dzP(z) = 1. We
now quantify the gain in knowledge about x that can be
obtained from data D. This gain can be quantified by the
posterior distribution P(z|D) = P(D|x)P(z)/P(D) with
P(D) = [dzP(D|z)P(z). Current constraints from the
data D obtained by Planck and BICEP /Keck [2] can be
approximated by the likelihood function

P(D|$) = 02'/\/(”87 r‘ﬁm Ongs Ty O'T)H(’I“)’S/(l‘), (10)
with N (ng, r|fis, 0, ; 7, 0,) a two-dimensional Gaussian®
and 4 another weighting function. The constant C; is
fixed by normalising P(D|x) to unity. We fix the fiducial
values to ng = 0.967, r = 0.01 and estimate the errors
on, = 0.005, o, = 0.018 based on Fig. 5 in [2]. The
result is shown in Fig. 2. While it is known that present
data already provides information about the reheating
epoch [86], 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 [87]. To quantify the ex-
pected information gain on x we repeat the analysis for
7 = 0.02 with o,, = 0.002 and o, = 0.0012, which
reflects the sensitivity anticipated by LiteBIRD [13] or
CMB-S4 [14].° Fig. 2 shows that in both models future
data can rule out previously allowed values of Tye. In
the a—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 {a;},
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 Ny, = 0 line. One can neverthe-
less obtain constraints log, (Tye/GeV) = 13.1 £ 1.4 and
0.00515 < M/M,; < 0.00526 (the latter from (14)). In
the RGI model, on the other hand, the posterior peaks
in a region where condition (3) is fulfilled, so that fu-
ture 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

8 The parametric dependencies presented in the appendix imply
that using the full information about the data made public at
http://bicepkeck.org/ is very unlikely to change our conclusions.

9 Due to the different designs, sky coverages and foregrounds af-
fecting the ground-based CMB-S4 program and the LiteBIRD
satellite estimates of o, as a function of 7 vary for both observa-
tories. The values used here, which are based on Fig. 8 in [14]
and is roughly consistent with Fig. 44 in [13], are sufficiently
accurate for our proof of principle. A more detailed discussion
can be found in [65].
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logigy = —6.5 £ 2.2, logyg (Tre/GeV) = 8.4 + 2.1 and
M /M, = 0.00529 £ 0.00007. Finally, we estimate the im-
provement that can be made with data from the EUCLID
satellite [88] and Square Kilometre Array (SKA) [89]
by using o,, = 0.00085 [90]. The resulting posteri-
ors in Fig. 2 for the chosen values of ns and 7 give
logio (Tre/GeV) = 13.5 £ 1.1 in the T model and
logyg (Tre/GeV) = 8.3 + 1.4 in the RGI model. The latter
corresponds to log,qy = —6.6 £ 1.4.
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Figure 2: Prior P(z) and posteriors P(z|D) for z = log,, g
with the different choices of ns, 7, 0y, and o, in the RGI model
(upper panel) and a-T model (lower panel). We assumed
v =4 = 1, but checked that the conclusions remain unchanged

= — N/ ~ (2 '2\1/2 RTINS .
when using v = Ny or ¥ = (n,° +r ©)"/*, with ' indicating a
derivative with respect to x.

Conclusions: We introduced a simple analytic method
to quantify the information gain on the inflaton coupling
g and the reheating temperature 7T, 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 per-
forming 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
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information from optical and 21cm surveys can further
reduce the error bar on g, and may help to constrain
a and g simultaneously from data by including observa-
tional knowledge on quantities not considered here, such
as non-Gaussianities or the running of ns. The inflaton
coupling g did not only crucially shape the evolution of
the observable universe through its impact on Tie, but it
is also a key parameter that connects models of inflation
to theories of particle physics. Measuring this microphys-
ical parameter, even with large error bars, will open up
a new window to probe the connection between cosmol-
ogy and fundamental physics. Hence, our findings add a
qualitatively new dimension to the physics cases of future
observatories.
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Appendiz: Relation to observables: In this appendix
we give the relations between the RHS of (2) and observ-
ables. A detailed derivation can be found in [47] and has
been adapted to our notation in [50]. Ny can be obtained

from
4 k 1 40
= — [N, 1 -1 11
3wre—1{ kot n<a0T0> *1 n(ﬂ'Qg*>( )

1 11G,s 2 M2rA,
+-1In L95) 1ln . ,
3 43 2 2/ Vend

with ag and Ty = 2.725 K the scale factor and the tem-
perature of the CMB at the present time, respectively,
and

on Pend Hd 1 Pk
Vo= (%) = [T I g [ gy
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(12)
The subscript notation Hy, i 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
the spectral index ng and the tensor-to-scalar ratio r by
solving the relations

ns=1—06e, +2n,, r=16¢ (13)

with the slow roll parameters € = (@,V/V)2 M2 /2 and
n= MPQZQ%V/V. In the slow roll regime, we find

V(ew) 2y 2 TAs
= M _—
smz "M

Hj = (14)

with A; = 10710¢3-943 [1] the amplitude of the scalar per-
turbations from the CMB. T;, can be expressed in terms
of the observables (ns, As,r) by plugging (11) with (12)
into (1), ¢y is found by solving (13) for ¢k, and Veuq, and
©Yend can be determined by solving € = 1 for . From (13)
we obtain

r ns — 14 3r/8
€k 16 ) Mk 2 ) ( 5)
from which we find
0, V(p) _ r 3391/(90) _ M 1+ 37‘/§16)
V(e) o \[8MZ V(o) la IVER

by using the definitions of € and 1. Together with (14) this
provides three equations that can be used to relate the
effective potential and its derivatives to the observables
(ns, Ag, 7). That is sufficient to express wy, and Ny in (11)
in terms of observables, which is all that is needed to
determine the RHS of (2).
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