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Precision cosmology provides a sensitive probe of extremely weakly coupled states due to thermal freeze-
in production, with subsequent decays impacting physics during well-tested cosmological epochs. We
explore the cosmological implications of the freeze-in production of a new scalar S via the super-
renormalizable Higgs portal. If the mass of S is at or below the electroweak scale, peak freeze-in production
occurs during the electroweak epoch. We improve the calculation of the freeze-in abundance by including all
relevant QCD and electroweak production channels. The resulting abundance and subsequent decay of S is
constrained by a combination of x-ray data, cosmic microwave background anisotropies and spectral
distortions, N, and the consistency of big bang nucleosynthesis with observations. These probes constrain
technically natural couplings for such scalars from mg ~ 10 keV all the way to mg ~ 100 GeV. The ensuing
constraints are similar in spirit to typical beam dump limits, but extend to much smaller couplings, down to
mixing angles as small as €, ~ 107'°, and to masses all the way to the electroweak scale.
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I. INTRODUCTION

A pragmatic approach to searching for new physics is to
focus on generic interactions that have the potential to be
detected experimentally with current or upcoming technol-
ogy. Classifying the interactions of new neutral states with
the Standard Model (SM) according to the dimensionality
of the couplings, there are only three “portal” operators that
are unsuppressed by a new energy scale. The so-called
scalar, vector, and neutrino portals could provide the
leading connection to a hidden or dark sector, motivated
by considerations of neutrino mass and dark matter, but
possibly comprising a rich structure of yet-unseen particles
and forces [1].

The three portals have recently been under intense
experimental scrutiny (see, e.g., Refs. [2,3]), with a forth-
coming program to increase sensitivity into unexplored
regions of the parameter space. While collider and beam-
dump experiments provide sensitivity to relatively large
portal couplings, astrophysical phenomena and cosmology
can provide complementary reach to much weaker
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couplings. Constraints generically arise as follows: thermal
production of new states in the very early universe can
occur with a sub-Hubble rate (a process often called
“freeze-in”’), which necessarily leads to a small but non-
negligible abundance of such particles in the thermal bath.
If the lifetime of these particles is large, they may survive to
later epochs and decay during or after big bang nucleo-
synthesis (BBN) altering the light element yield. Longer
lifetimes may lead to decays during or after the formation
of the cosmic microwave background (CMB), potentially
altering the detailed features observed in precision CMB
experiments.

The origin of these cosmological constraints is reminis-
cent of the detection strategy behind a generic particle
beam-dump experiment. Typically, very energetic particles
in the beam initiate the production of exotic states in the
target, which then propagate through a rock or dirt filter,
and decay/scatter in a relatively background-free environ-
ment inside the detector, thus generating a signal of
anomalous energy deposition. In the cosmological setting,
the analogue of the initial beam on target is the stage of the
very early hot universe, and the analogue of propagation
through a dirt filter is the long stage of subsequent
expansion and cooling, as the Universe evolves into a
well-understood stage associated with BBN or the CMB,
which is then a direct analogue of the calorimeter-type
detector that measures abnormal energy deposition.
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Therefore, it is appropriate to name this method of
studying rare long lived particles the cosmological beam
dump.

Cosmological constraints of this kind were first applied
to the heavy neutral lepton (HNL) portal and were
considered in a number of publications [4—6], resulting
in stringent constraints on sterile neutrino degrees of
freedom (d.o.f.) N. Cosmological constraints on the ultra-
weak regime of the dark photon parameter space (a new
particle A;, that has an eF,, F,, coupling to photons) were
explored in Ref. [7] (see also Ref. [8]). For the very small
coupling constants relevant for cosmological probes, dark
photons never thermalize and the abundance is determined
by freeze-in production via inverse decay reactions.
Subsequent energy injection from dark photon decays
can alter the path of BBN and the CMB, and agreement
with precision observations excludes certain disconnected
regions in the parameter space. Unlike the case of HNL,
thermal production of dark photons may not exhaust all
channels, as bosonic states can also be copiously produced
during inflation. This extra production channel has, how-
ever, a wide range of possible outcomes depending on the
Hubble scale during inflation. In that sense, the limits
presented in [7] are conservative.

A similar study can be carried out for the scalar portal.
Unlike the cases of HNL and dark photons where the
leading portal operator is of dimension four, the neutral
scalar S can have a dimension three coupling to the Higgs
bilinear, SH"H. This represents the only superrenormaliz-
able portal that exists between the SM and any potential
dark sector. Moreover, the radiative corrections to the scalar
mass created by such an interaction can naturally be under
control [9], ensuring technical naturalness of a small mg.
There has been significant attention paid to this interaction
over the past few years, due, for example, to the idea of
cosmological self-tuning of the Higgs mass through scan-
ning via the small SH'H interaction [10].

With the SHTH interaction alone, S is guaranteed to be
produced in the early universe, and its subsequent decay
may occur during cosmological epochs that are sensitive to
energy injection, as was pointed out in Ref. [11] in an
application to BBN. It is therefore interesting in our search
for new physics to investigate the phenomenology of this
interaction in the superweak regime, in which the abun-
dance is determined by the freeze-in mechanism. The
electroweak era can be identified as the main contributor
to the freeze-in abundance of §, at temperatures where
t(7), W, Z, h are thermally excited, due to the preferential
coupling of the SM Higgs to heavy particles. This was first
recognized in [12] in the context of the quadratic S°’H™H
interaction for mg > 1 MeV, but the same conclusion holds
for the SH H interaction. This is markedly different from N
and A’ freeze-in production [13,14], where the peak occurs
at noticeably different temperatures 7, (for kinematically
accessible particles):

Tmax(A/> X my,
Tomax (N) & O(100 MeV),
Tmax(S> & MW' (1)

The goal of the present work is to determine the
cosmological constraints on S, due to its Higgs portal
coupling. This requires a computation of the cosmological
S abundance Y¢ = ng/5 due to freeze-in production, where
ng is the S number density and § the entropy density.
Existing estimates of S freeze-in have considered QCD
production via top quarks, leading to Yy ~ 1.6 x 10126 [8],
where 6 is the mixing angle between S and the SM Higgs,
and also a lower bound Y = 2.9 x 10°6? on the abundance
from Primakoff and Compton processes at low temper-
atures T < 20 GeV, in the context of relaxion-Higgs
mixing [15]. (Further in-depth considerations of the
freeze-in production due to quadratic and linear couplings
of S were performed very recently in [16] and in a more
generic setting in [17].) Our analysis of the S abundance
and decays indicates that QCD and electroweak processes
are both significant, and the conclusions are summarized
below:

(1) Freeze-in yield: The tree-level freeze-in production
of § is computed for all electroweak and QCD
channels, with a T-dependent electroweak vacuum
expectation value (VEV) o(T) used as the first
approximation of the relevant thermal effects and
to provide an estimate of the precision of the
calculation. Solving the Boltzmann equation nu-
merically and incorporating a full set of QCD cross
sections result in a reduction of the total QCD yield
relative to the channel analyzed in [8]. We also
assess the accuracy of the Maxwell-Boltzmann
approximation in the production calculation, leading
to the following result for the abundance from QCD
and electroweak processes for the mg << My, case:

Ys~28—52x10162, (2)

This estimate becomes more uncertain for masses
mg ~ 100 GeV, i.e., for masses close in value to the
temperature/energy scale of the electroweak phase
transition.

(i1) Decay rate: We find that there is a sizable uncer-
tainty in the constraints for mg in the QCD range,
due to the poorly known S decay rate to pions and
kaons. We show two decay profiles in this case.
Additionally, we improve the calculation of the
S — yy decay rate, which is important for
mg < 1 MeV, by incorporating the light quark
contribution via mesonic loops, thus decreasing
(or increasing) the decay rate by a factor of 4 over
the rate used when u, d, s are assumed to be massive
(or are neglected).
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(iii) Early decays: Reference [8] performed a thorough
analysis of the BBN constraints, but noted that their
analysis of early decays for mg < 2m, did not
consider energy density considerations due to the
large stored energy in the S bath. We include a
treatment of early decays, transitioning from the
freeze-in abundance to the thermalized freeze-out
relic, and consider the impact on the relative
neutrino and electromagnetic energy baths.

In what follows, we first review the model and describe
its features in Sec. II. The freeze-in abundance calculation
is described in Sec. IV, including details of several subtle-
ties. We provide a complete scan of the S parameter space at
small mixing angles in Sec. V, with details of the cosmo-
logical constraints updated in this work. The results are
summarized in Fig. 1, which shows that precision cosmol-
ogy provides an efficient probe of the parameter space of
the model many orders of magnitude inside the region
where it is “technically natural” (i.e., not plagued by the
issue of fine-tuning). Finally, we conclude the paper with a
general discussion of the robustness of these results and
final conclusions in Sec VI. Several technical results are
relegated to appendixes.

II. THE SUPERRENORMALIZABLE HIGGS
PORTAL MODEL

We consider a subset of the minimal Higgs portal model,
the superrenormalizable Higgs portal. The scalar part
of the SM Lagrangian involving the Higgs doublet H is

augmented by a mass term for the singlet S and a dimension
three interaction:

1 .
Lys D u*H'H —Ay(H H)? — 5m§S2 —ASH'H. (3)

The A term induces a small mixing angle 6 between the
physical excitations S and h. At linear order in A, the
mixing angle is given by

A
9:%, (4)
mj — mg

and leads to Yukawa interactions between S and SM
particles, equivalent to the SM Higgs boson interactions
rescaled by the suppression factor 6. In the unitary gauge
for the broken electroweak phase, after diagonalizing to
find the physical states 4 and S, we have the scalar potential

2 2
i
Vigs = S + 58 + qol + 20 (5)
A
+ (5 - 39@) 1S — 0IR°S, (6)

which exhibits the #AS and hhhS contact interactions.
The S sector could include additional self-interactions,
e.g., A3 S3. Such self-interactions would combine with the A
term and contribute to the S freeze-in production via Higgs
boson decays h — SS. Large self-interactions can also
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An overview of the excluded parameter space for the superrenormalizable Higgs portal scalar, including the updated

constraints from this work due to the diffuse x-ray background (XRay), CMB anisotropies, spectral distortions, Nz, and BBN.
Constraints from new short-range forces (Force) [18-21] and stellar cooling (Stellar) [22] from other authors are also shown. We also
display the projected SHiP sensitivity [2] and an estimate of supernova (SN) constraints [23]. Note that the primary uncertainties
impacting the limits are for the S decay rate for mg ~ GeV (see Fig. 2), and the cosmological S abundance for mg = my,. See the text for

further details.
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influence the S metastable abundance after freeze-in by
maintaining thermalization of the dark sector prior to
subsequent decays [24,25]. We will neglect this type of
interaction and focus on the pure freeze-in regime of
Lagrangian (3).

A. S decay rate

The S decay rate has well-known theoretical uncertain-
ties associated with mesonic decay channels in the mass
range 2m, < mg < 4 GeV [26]. We follow Ref. [27] and
use two different decay models to demonstrate the magni-
tude of the theoretical uncertainty in the final S freeze-in
parameter space. The baseline decay model matches low-
energy theorems near the pion threshold to a zz phase-shift
analysis above 600 MeV by the CERN-Munich group [28]
up to mg < 1.4 GeV, and interpolates to mg < 2.5 GeV
where analytical results are expected to be valid [29]. For
comparison, the spectator model uses perturbative results
up to the c-quark threshold. In this case, the decay rate into
pions is given by low-energy theorems and the kaon or #
meson contributions are estimated by rescaling the muon
branching ratio appropriately [2,30,31]. The S lifetime in
this mass range for the two decay models is shown in Fig. 2.
(See also the recent work [32-34].)

Below the electron threshold, a Higgs-like particle
decays to two photons through a loop of heavy particles.
The leading order decay rate is found by summing over the
massive charged particles entering the loop [35],

2,23
_ 0“a‘myg P (7)
2567 v?

(S = yy)

where C is a loop function, given explicitly in Appendix A.
In this prescription, the light quark d.o.f. are incorporated
through their explicit breaking of chiral symmetry, and the
associated mass of pions, kaons, and eta mesons [36], i.e.,
through virtual loops of pions and kaons [37]. Adding the
contributions from all SM particles, for mg <« 2m, we find
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FIG. 2. The S lifetime as a function of mg for 8 = 107°
(reproduced from Ref. [27]).

11/3 ~3.67 for 0 + 6 quarks

c- 989/522 ~1.89 for2 + 4 quarks )
50/27~1.85  for3 + 3 quarks’
1=1 for 0 + 3 quarks

where different scenarios of (alight) + (bheavy) quarks
are shown. For the case of 2 (3) light flavors the pion (pion
and kaon) loops are taken into account, while for 0 light
flavors they are neglected. The true physical value should
be close to the 3 4 3 or 2 + 4 scenarios. Since the differ-
ence in decay rate between the two cases, O(4%), is
negligible for the analysis of new physics, we simply
choose C = 50/27.

III. SCALAR MIXING IN THE COSMOLOGICAL
THERMAL BATH

In vacuum, the relevant SM masses are generated via the
Higgs mechanism and are proportional to the electroweak
VEV . In the cosmological thermal bath, and in particular
near the electroweak symmetry restoration temperature,
long-range interactions are screened by the plasma.
Particles effectively develop a thermal mass as a repre-
sentation of this screening. The mass of a particle at a given
temperature 7 can generally be written as [38]

m*(T) = m(v(T)) + m7(T), ©)

where my is the zero-temperature mass that depends on the
VEV and my is the thermal mass. Note that the VEV
depends on T, so that m also has a temperature depend-
ence. A simple analytic formulation of the high-7" Higgs
thermal mass parameter in the effective potential is given
by [39]

my (T) = ¢, T?, (10)
where
1
ch =E(81H+4y?+3g%+g?)- (11)

Inserting the additional term % 72A? into the Lagrangian (3)
to generate the equivalent thermal mass, we can solve for

v(T),
c, T?
o) =13 =2 (12

which predicts an electroweak symmetry restoration at the
critical temperature 7. ~ 140 GeV.' The Higgs thermal

"This value is O(10%) smaller than the full SM value of

TSM ~ 160 GeV from lattice simulations [40,41].
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mass (10) applies to the SM eigenstate prior to mass
diagonalization.2 After this diagonalization of 4 — § mix-
ing, we obtain a temperature-dependent mixing angle,

o0 = ) "

which incorporates the leading dependence on temperature
for small mg. However, this expression also signals the
presence of a thermal resonance when mg ~ m;,(T), which
can arise on scanning 7 for my,(T) i, < ms < my, . Lattice
results indicate the Higgs thermal mass drops to
my,(T)min ~ 15 GeV at the electroweak crossover [41].

The apparent divergence in (13) at mg = m,(T) is
resolved by thermal broadening, which amounts to replacing
the factor of 1/(m? — m%) with a Breit-Wigner propagator
for the intermediate metastable Higgs in the rest frame of the
thermal bath. This is conveniently derived by considering the
thermal rate I'g at which S approaches equilibrium, given by
I's = —Imllg/E where E is the particle energy. I's in turn is
related to the S production rate I',q by a Boltzmann factor,
Tg = Tprod — Dgest = (€57 = 1)l . The S self-energy
takes the form

1
k? — mi(v) — I, (k)

Mg(k) = Av(T) x x Ao(T), (14)

where I}, is the Higgs self-energy. Computing the imaginary
part in the on-shell limit, and with Rell, = m%l’T, leads to

Iy= egff(T)Fh
Iy
(ms — mj(T))* + (ET,)*’

= A%p(T)?

(15)

allowing us to read off the thermally broadened mixing angle,

A%0(T)?

agff(T) = (m% — mh(T)2)2 + (EFh)z’ (16)

where I, is the Higgs width, or more generically, damping
rate. The zero temperature width I', o = 4.07 MeV gives a
reasonable approximation for the decay rate, since for the
parameter regime of interest here, these decays occur late in
the cosmological evolution when the temperature is low.
Notice, however, that at temperatures around the electroweak
scale, the damping rate (set by interactions with top quarks
and weak gauge bosons) is expected to scale as I',(T) o T,
and T, (T ~ my) > T o. The effect of thermal broadening at
high temperatures can be relevant for the epoch of freeze-in

As we are considering very small mixing, the effect of S on
the SM thermal masses is negligible. Similarly, the S thermal
mass will be m(T) ~ 0*>T? and thus can be neglected for this
study.

production. A density plot of O.¢(7) from (16) is shown in
Fig. 3. As T — T, simulations suggest that m,(T) drops
rapidly near 7. to 15-20 GeV [41], potentially allowing a
resonance for any mg > 15 GeV, an effect that is not well
captured by our v(T)-scaling model. The potential impor-
tance of the thermal resonance will be considered in more
detail in the next section.

We conclude this section by noting an apparent dis-
continuity in the behavior of the mixing angle at zero
temperature and at temperatures close to the phase tran-
sition, assuming for simplicity that mg is a small parameter.
From (4), it follows that 6 < A/(Agv), while at finite
temperature Oz (T), from (16), scales quite differently as
et (T) o Av(T)/(couplings x T?). As v(T) approaches
zero, these two formulas have completely different behav-
ior. Taken at face value, this suggests that vertices with
Feynman rules proportional to »(7) will not contribute at
all in the electroweak symmetric phase. However, this is
only true at tree level, and the surviving diagrams are
generated at higher order in perturbation theory and do not
vanish in the limit of »(T) — 0. These higher order
corrections are discussed further in Appendix B, and
example diagrams in the higher order expansion are shown
in Fig. 14. Therefore, very near the phase transition, the
thermally corrected mixing angle (16) will not provide an

160F T T T T T T T T T T T T T T T

mg [GeV]

1 1
0 50 100 150

T [GeV]

FIG. 3. A density plot of the thermal mixing angle 0. (7) from
(16), showing the location of the thermal resonance for
T < 140 GeV. The peak of the resonance defines the resonance
temperature T, as a function of mg. The behavior of m,(T)
follows (9) with the naive v(7) model, but with an additional 7-
dependent contribution added to ensure that m,,(T) tracks down
to the minimum value of m;,(T),;, ~ 15 GeV near the crossover
transition, as suggested by lattice simulations [41]. A finite Higgs
damping rate of 0.057 was also added for illustration.
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adequate description of thermal effects, and a complete
treatment of thermal loops would be necessary.

IV. COSMOLOGICAL PRODUCTION
VIA FREEZE-IN

The cosmological production rate of a new species S, due
to 2 — 2 interactions, is given by the Boltzmann equation

. 4 d’ip
5Y = /ZH(W)A(flvfz,f3»f4)|M|2
i=1 i

x (22)*6*(p1 + P2 = P3 — P4, (17)
where § is the entropy density, ¥ = ng/3, while A =
f1f2(1 £ f3)(1 £ f4) represents the thermal distribution
of each species and |M|? is the spin-summed squared

amplitude. In the Maxwell-Boltzmann (MB) approxima-
tion for the freeze-in mechanism A — f}1B fMB = e

The sum goes over various multiplicity factors, such as
spin and color. For four different species Eq. (17) takes the
form [42]

: 99 . [® Vs
§Y 12535 = S T/ dspiyV/s615-35K (T) (18)
S

min

where sy, = Max|[(m; + m»)?, (m3 + my)?] and

pﬁzi(l_M) (1—@) (19)

while ¢ = 61,_35 1s the standard cross section averaged
over initial state d.o.f., while g,(,) are the spin and color
multiplicity factors for initial particles.

The total S yield is found by summing all possible
12 — 3§ interactions where 1, 2, and 3 are SM particles.
Production channels of the form 12 — SS are suppressed

by an extra factor of 6 and are neglected. Since S
preferentially interacts with massive particles, we anticipate
a large number of possible production channels around the
electroweak scale. We classify the different channels by
their asymptotic behavior in the electroweak unbroken
phase. According to the Goldstone boson equivalence
theorem [43,44], in the /s — O limit the behavior must
be determined by the corresponding Goldstone bosons
interactions. Expanding the Higgs doublet in the form

"= <<h+f;>/ﬁ>’

we find that the only interactions producing S in the
symmetric phase will be 2 — 2 scattering channels,
trQ; — HS,VH — HS [V isaSU(2)/U(1) gauge boson],
and tzH — Q. S, shown in Fig. 4. We can therefore
categorize the S-producing interactions as follows:
(1) QCD production, which includes all diagrams with
gluons and top quarks such as rg — 5.
(i) Yukawa annihilation, which includes the four re-
actions contributing to 1, Q; — HS.
(iii) Compton-like scattering, which includes reactions
with a quark scattering off a boson in the form of
trH — O, S.
(iv) Gauge boson scattering, which includes the reac-
tions purely with electroweak bosons and Higgses.
We segment the production calculation into two regimes,
first for T < T. with v/(v—o(T)) > 1, and then for
T > T, where the vacuum expectation value is negligible
and the dimensionful SM couplings proportional to v
vanish. T close to T, can be treated by continuity. In all
instances, we compute the cross sections at tree level, with
a few phenomenological improvements justified below.
In the broken phase, we incorporate the first thermal
corrections by explicitly varying the electroweak VEV as in
(12), treating all SM masses as VEV-dependent variables

(20)

H , S
N 7
X e
N H 7
e ¢
A
\
N
N
SU(2)/U(1) H
+
tp //S
/// H____"—___—I'---_----S lr T Qr
H 7 | |
- — - — | |
> _<\ | I H
| |
\\ | |
\ NANNNANS - - == ---- 1} e i I R
Qr H  SU@©)/U) H

FIG. 4. S-producing interactions in the electroweak symmetric phase. Left: Yukawa annihilations. Center: Gauge boson scatterings.

Right: Compton-like scatterings.
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msw(T) = mgy x 1)1(}:) , (21)

and dropping the 72 term in Eq. (9). As we will see in
Sec. IVA, we expect this approximation to hold for
v(T) Z gT, i.e., until the temperature is high enough that
the thermal masses become dominated by plasma contri-
butions. For m,,(T), the T? term is retained for consistency
in the definition of »(7') and to make sure 6(7) does not
have an unphysical divergence for small mg.

In the symmetric phase, we retain the quark masses in the
cross sections and promote them to thermal masses
acquired from the QCD plasma [45]

ZC g2
27y = B5F o _ s 2 2
mi(1) =& B2 22)

which affects the kinematic phase space available for inter-
actions. The Higgs doublet components all obtain the Higgs
thermal mass (10). We neglect the gauge boson transverse
mass. From a finite-temperature point of view, the magnetic
thermal mass of a non-Abelian SU(N) gauge boson vanishes
at one loop [46]. A nonvanishing value is generated at higher
order as a nonperturbative quantity m2 ~ (g/3x)gT [47,48],
which is subleading compared to the other masses.

In the intermediate regime where a full finite-temper-
ature calculation is needed 2 ST L T,., we extrapolate
from the two limiting regimes to obtain an uncertainty band
for the model. In either case, we obtain results for the relic
density that are consistent to within a factor of 2, which is
acceptable for the problem at hand.

Retaining the top quark Yukawa coupling y,, the
electroweak couplings ¢, ¢, and the Higgs self-coupling
Ay as the only nonzero coupling constants, the yields from
each nonvanishing production channel in the mg < m,,
limit are compiled in Table I. In total, on including the v(7T')
model, we obtain the following result for the abundance
from QCD and electroweak processes,

Y s|m approx ~ 3-1 = 3.8 x 101162, (23)

for mg well below the thermal resonance region. The
quoted uncertainty band corresponds to whether we cut
off the production at T < v/g, ~ 121 GeV or we push the
extrapolation to T < T. ~ 140 GeV. Later in this section,
we will also make an estimate of the precision of the
Maxwell-Boltzmann approximation, which will enlarge the

precision band somewhat [see Eq. (43)]. Note that the total

yield from QCD reactions is found to be YgQCD)z

(6.3 —8.2) x 10'°¢2, a factor of approximately 20 smaller
than the value quoted by Berger et al. [8].° As listed in

*We also point out a disagreement with one of the QCD cross
sections quoted by [8], with correct expressions given in
Appendix C.

TABLE I. S freeze-in yields for small mg. For each production
channel, the yield is given in units of 10'°9?, separated into the
near-vacuum contribution Y**>° and the additional yield Yfio if
extrapolated to the phase transition. The yield from each
production category in the symmetric phase is shown as Y3
with the range displaying the total yield for 7 above T, or
extrapolated down to 7 2 gv(T).

Production

channel i y>0  yi=0 ym Y [101062]
tt - gS 2.11 093

tg — 1S (x2) 417 090 9 6.29-8.11
1t — hS 041  0.08

1t~ 7§ 044 011  0.03-005  1.72-2.01
th—>W+S (x2) 082 0.1

th — tS (x2) 038 0.13

1Z — 1§ (x2) 146  0.77

W = bS (x2) 166 143 014021 14.40-17.77
bW — 1S (x2) 870  1.11

Zh — ZS 026  0.10

ZZ — hS 033 0.17

WW — hS 0.57 025

WW = ZS 347 089 0017002 g6 1003
Wh—WS (x2) 046 0.16

WZ—>WS (x2) 357  0.69

hh — hS 0.01 <001 0

Total 30.81 7.84  0.19-0.28  31.1-38.8

Table I, we also find many other channels with electroweak
gauge bosons that contribute at or above the level of these
QCD-induced reactions. We use FEYNCALC [49,50] to
compute the relevant cross sections, and they are listed for
completeness in Appendix C, primarily in the limit of large
Mandelstam s. The respective emissivity as a function of
temperature is shown in Figs. 5 and 6.

100 £ T ——TT 3
E I ! ! ! I otal —— 3
o QCb — 1
- /" Annihilation ——
B Compton 1
101 & Gauge — _|
E . SymTotal 3
5l ]
9 02 3 -
> 107 ¢ ' E
© E ! =
i | ]
| ]
\

108 | { =
= ) |
F ';‘ 3

10-4 | 1 | 1 | ; | |

30 50 100 200 300
T [GeV]
FIG. 5. Total S freeze-in emissivity and the contribution from

each production channel category as a function of temperature
for @ = 1075,
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o QCD Production
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3 ZZ->hS
H WW->hS ——
A WW->ZS —— _|

| Wh>WS (2x) —— 1

§ W2Z->WS (2x) 1
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— 102
= >
oo
=0
o
108
1041 f -
105 L A B : 1 ]
30 50 100 200 300
T [GeV]

FIG. 6. The S abundance yield from each production channel category with § = 107>. Top left: QCD production. Top right: Compton-
like scattering. Bottom left: Gauge boson scattering. Bottom right: Yukawa annihilation.

Thus far, we have discussed the parameter range where
mg is parametrically smaller than the weak scale. In this
regime, with production occurring mostly at weak scale
temperatures, the prediction for Y is approximately
independent of mg. However, this will change once mg
is increased to a scale comparable to the thermal masses of
particles in the SM bath. In Fig. 7, we plot the resulting
value of Yg(my) that follows from generalizing the 2 — 2
production mechanisms discussed above to finite mg. We
note that once mg reaches a few tens of GeV, the 2 — 2
production channels may no longer be dominant, and other
processes such as resonant oscillations (1 — 1 production),
and inverse decays (2 — 1 production), may also contribute
significantly to Yg. We discuss such contributions in
separate subsections below.

A. Infrared divergences

When calculating various 2 — 2 production processes
using the simplified »(T) approach, we encounter

108 T

T —T
8 =10710

(2]
>
10°°
! el 1 Lo 1yl | |
1 10 30 50 100 200 300 1000
mg [GeV]
FIG. 7. The total S abundance yield from nonresonant 2 — 2

production channels as a function of mg (with @ = 107'%). The
mass region where S is resonant with the Higgs boson is excluded,
and we note that for mg above a few tens of GeV, other production
channels may also be significant. (See the text for details.)
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additional complications due to the infrared sensitivity of
the production cross sections. There are two types of
infrared divergences in the interactions that require special
care, both present in the channel with the largest yield
contribution, bW — ¢S, schematically shown in Fig. 8.

At lower temperatures, where the vacuum cross sections
are clearly applicable, the emission of a soft S is enhanced
by the near-on-shell # and W mediators. Removing the S
emission, the inverse decay process bW — ¢ is kinemati-
cally allowed. Since we are considering an arbitrarily light
scalar, mg < my,, m,, the 2 — 2 reactions creating the S
have a kinematic cutoff s > (m, + mg)?, which approaches
the propagator singularity 1/(s — m?) as mg — 0. This type
of divergence is regulated by the finite width of the
propagator. For this channel, we promote the denominator
of the ¢t quark and W boson propagators to their Breit-
Wigner equivalent

1 1

- - . (24)
pP=myy  p*=myw(T)* = ilyw(T)E,w

where I[;(T) = T x % is consistent with our »(7) model
throughout the calculation and the SM values are I'? =
1.4 GeV and F(v)v = 2.1 GeV [51]. The resonances are
further broadened by thermal effects. Multiple schemes
for calculating cross sections with unstable particles have
been proposed beyond the simple substitution (24). The
basic Breit-Wigner is technically incompatible with gauge
invariance and Ward identities [52—54], a problem that can
lead to dramatic inconsistencies in the small-angle scatter-
ing away from the resonance [52]. Explicitly comparing the

100 3 T T T T T T T 3
F bW -> 1S :
1071 |- E
= -7
= B 1
ke
= & 102 =
o = E 3
103 |- E
1 -4 1 | 1 | 1 1 TR |
0 10 30 50 100

T [GeV]

FIG. 8. The emissivity of the production channel bW — ¢S
showing the two types of IR divergences present in the calcu-
lation. The soft S emission is physical and unique to this
production channel. The Coulomb-like enhancement is present
in all reactions with a 7 or u-channel spin-1 mediator, is
unphysical, and signifies the breakdown of our calculations.
(See the text for details.)

cross section with and without the substitution (24) away
from the resonance, we find

BW 2 2
o s>mpmy, m r
M — " Parctan—~ = 0.9998,  (25)
Ohw—1s Tw w

which justifies the use of Breit-Wigner propagators in this
reaction near the singular point.

The second class of infrared divergences appear near 7',
where v — 0. The exchange of a massless spin-1 particle in
the 7(u) channel generates a well-known collinear diver-
gence in forward (backward) scattering [55]. Therefore,
with the approximation mj, = ;¢*v*(T), when the mass of
myy approaches zero, all the #-channel exchange diagrams
are necessarily enhanced. Once again, thermal effects will
come to the rescue and stabilize these divergences.

In the context of § freeze-in production, the total cross
sections with the #- or u-channel gauge boson propagators
do not fall off as 1/s in the high energy limit (see
Appendix C for expressions). For the example shown in
Fig. 8, we have

Zm%v 9292
Opwt—is = 1220* + O(l/s) - 48702 + O(]/S).

At low temperatures, this asymptotic behavior does not
matter as large values of s are exponentially suppressed by
the energy available in the initial particle distributions,
which clearly diverges as v(T) — 0. Conceptually, this IR
divergence should be regularized in the same fashion as the
scalar QED example. In particular, g>v*(T)/4 will receive
an additional m}, ;(T)  g*T? temperature-dependent cor-
rection. Thus the Coulomb-like enhancement near 7 — T
obtained from a simple extrapolation of the vacuum cross
sections, with VEV-dependent masses [as in Eq. (21)],
signifies the breakdown of our calculation as thermal
effects are not incorporated. The formal strategy to deal
with collinear IR divergences in thermal field theory has
been laid out by Braaten and Yuan [56] in the weak
coupling limit g << 1. We will not perform this full
calculation, but simply use the limit g7 < v(T) as the
boundary of validity for our tree-level cross sections.

B. Resonant S production

As seen in Fig. 3, the mixing angle has a physical
resonance when m,,(T) ~ mg. Near resonance, the h — S
oscillation may become efficient and contribute to the
overall yield Yg(myg). Below, we are going to show that
the contribution of the resonance is not important for the
production of very light S particles, while it can contribute
significantly, starting at mg in the range of a few tens of
GeV. In practice, there is a significant uncertainty in the
behavior of m,,(T), and the lowest value m, (T can acquire
as a function of temperature. Recent lattice simulations
suggest that near T, the thermal Higgs mass m,,(T) drops
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rapidly to 15-20 GeV, in a manner reminiscent of a second-
order phase transition. In principle, this allows the reso-
nance to arise for any mg above this scale. Physically, the
resonance arises when the virtual Higgs that rotates into S is
allowed to go on-shell, and the corresponding mixing angle
develops a Breit-Wigner form (16) associated with the
Higgs thermal width.

Although our primary interest is in lower values of my,
where the resonance is not present, it is interesting to
consider the enhancement associated with the thermal
resonance. Since I, < m;, even after accounting for
thermal broadening, we can use the narrow-width approxi-
mation (NWA) to estimate the S yield from the resonance.
Taking the NWA in (16), we obtain

2 — A2 1}2 (Tres>”
NV 2mGET ) (Tres) ), (Tres)|

egff -0 5(T - Tres)’ (26)

where m) (T,,) is the temperature derivative of m(7T)
evaluated at resonance. Substituting into (18), we find the
simplified integral

YS ~ / dnh (Ev Tres) nAZUZ(Tres)
e S(Tres)H(Tres)Tres mSE|mlh (Tres)

. (27)

where dn;, (T, E) is the Bose-Einstein distribution for the
Higgs boson. Notice that the overall damping rate I', for the
Higgs boson drops out of this formula, and its main
uncertainty is encapsulated in the value for T, and
m)(Trs). Evaluating the remaining integral (and using
simplified Maxwell-Boltzmann statistics in the process),
we arrive at an analytic estimate for the 4 — S oscillation-
induced abundance,

”Q%ac (m%l,vac - m%)zv(T)zKl (mS/T)
227 W*H(T)s(T)|m}(T))|

YS,res = ’ (28)

where all thermal quantities are to be evaluated at
T =Ty, mh(Tres) = mg.

The simplicity of (28) is deceiving. Depending on the
assumed behavior of m,,(T), the results can vary substan-
tially. It is possible, however, to conclude that if one takes
the most extreme behavior, m,(T) = (v(T)/v) X My, yac,
which should conservatively overestimate the resonant
contribution, the result is still quite small for small mg.
In particular, we find

YS.res(mS < zmb) < 101962, (29)

On the other hand, for m; ~ 100 GeV, our results indicate
that Y s can reach ~4 x 10''6? and become comparable
to or even larger than the nonresonant contributions.
Interestingly, for mg as high as 100 GeV, the uncertainty
in the resonant contribution becomes smaller, due to the

fact that the resonance occurs at temperatures significantly
lower than the crossover temperature.)

Another interesting observation is that for mg ~ m,, the
actual cosmological constraints are weaker than for
mg # my. In that limit, Eq. (28) is not applicable, and
one has to retain the proper thermal damping rate for the
production calculation. The point is that all constraints are
very asensitive to the lifetime of S, and the effect of close-
to-resonance mixing on the decay rate is very pronounced,
leading to significant shortening of the lifetime and
relaxation of the bounds despite enhanced production.

To ensure that our constraints are conservative, we focus
on mg below the weak scale and do not include the resonant
contribution to Y.

C. Production via inverse decays at large mg

We have concentrated on 2 — 2 and resonant production
modes of the S scalar, which are dominant for mg below the
weak scale. However, at much larger values of mg, there is
also an inverse decay, or 2 — 1 type production channel,
that we comment on briefly in this subsection.

The treatment is simplest when the mass of § is
asymptotically larger than the weak scale. The decay is
then predominantly to longitudinal WW, ZZ and to hh
pairs, or equivalently into four pairs of real scalars. The
total width is

AT Pmi

e = =
s 8zmg 8w’

(30)

mg>m,,

Production is governed by the very same width, and
appropriately modifying previous results for dark photons
[7], we obtain the corresponding estimate for the yield,

3 Cgms
YS:—XismS

4z~ (Hs) ’ (31)

T=mg

Parametrically, this result scales as 6>Mpmg/v> or
MpA%/m3, where Mp is the Planck mass, while numeri-
cally we find

YS,ID(mS =1 TeV) ~2.5x 10]292. (32)

Notice the slightly larger overall numerical coefficient,
which results from less phase space suppression for the
inverse decay process compared to 2 — 2 processes.

Jumping forward to consider potential cosmological
sensitivity in this high mg regime, we note that the best
chance of constraining the model is provided by BBN (as
the lifetime is too short for other probes). Normalizing the
decay width to the most sensitive lifetime window,
'y =1/(1000 s), we have
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r 1 TeV\?2
Yo = 1.3x 10718 x _SS X ¢
' 10~ Hz mg

= m5YS =13x 10_15 GeV|mS=1 TeV: (33)

In spite of the large abundance, this falls about 1 order of
magnitude short of the current best sensitivity [57]. In
practice, the sensitivity to singlet scalars is enhanced below
their decay threshold to weak bosons, mg < 2my,, where
the decay width is set by the Yukawa coupling of b quarks.
Correspondingly, the same lifetime is achieved through a
parametrically larger value of 6, which also translates into a
larger abundance, and as a consequence, tighter BBN
constraints.

For mg ~ 100 GeV, the inverse decay processes are
subject to significant uncertainties. In particular, it is not
entirely clear what the true kinematic threshold is for
WW,ZZ,hh — S production via the 2 — 1 mechanism.
For example, the thermal mass of longitudinal W’s is
expected to be of order my ; ~ (0.5 —0.6) x T at temper-
atures around the electroweak scale. Thus, for
mg ~ 100 GeV, it is difficult to determine for how long
the WW — § process is kinematically accessible, which
renders predictions for the inverse decay processes very
uncertain, and sensitive to the details of thermal physics
near the electroweak crossover.

Bearing these uncertainties in mind, and given our focus
on the low mg range, to be conservative we will retain only
the 2 — 2 production channels in analyzing the constraints
below. Note that an in-depth analysis would be required to
achieve a higher precision calculation of the resonant and
inverse decay production channels of O(100 GeV) singlet
scalar bosons.

D. Thermalization of the S sector with the SM

The freeze-in abundance of § applies for mixing angles
sufficiently small that the production rate remains below
the Hubble rate,

[prod = ni{ov) o35 < H(T). (34)

Summing all the production channels, we find that the
freeze-in relic abundance obtained with Eq. (18) is valid for

0= cherm ~107°. (35)

Larger mixing angles ensure complete thermalization
with the SM bath before S decouples and the relic
abundance is simply given by the standard freeze-out
paradigm. In this case, Y is maintained at its relativistic
equilibrium value

45¢(3) 028
4 2m2g,(T) ~ g.(T)’

(36)

until mg becomes nonrelativistic, 7 < myg, or the coannihi-
lation rate becomes inefficient and S decouples with its
freeze-out abundance. Since S interacts dominantly with
heavy particles, S remains relativistic while the coannihilat-
ing partners become nonrelativistic and the annihilation
efficiency is exponentially lowered by the phase-space
suppression of the other particles. Thus, S freezes out
according to Eq. (36) and the abundance depends only on
the number of relativistic d.o.f. g, at the decoupling temper-
ature. Above the QCD confinement scale Tocp ~ 200 MeV,
g, varies by at most a factor of 2, in the range of
g, ~205/4-427/4. A conservative estimate for the ther-
malized S relic abundance is therefore

Yo~ — . (37)

E. Validity of the Maxwell-Boltzmann approximation

In the classic case of weakly interacting massive particle
freeze-out, the decoupling temperature of the species is
typically in the nonrelativistic regime T gecoupt ~ 12/20. The
statistical ensemble of particle energies is well described by
the MB distribution, which allows for an analytical sim-
plification of the phase-space integrals in the Boltzmann
equation. In the freeze-in scenario considered here, this
simplification is not necessarily justified, and we must
verify its validity. We derive in Appendix D the analytical
three-dimensional expression to be numerically integrated
for the S abundance including the correct statistical dis-
tribution for all particles.

Instead of proceeding with the full treatment, we can
verify the MB approximation with a simpler integration.
Keeping the exact statistical distributions in the Boltzmann
equation, we obtain [42]

sY

© E*
/dspij\/Eo/ dE+/ dE_f1f2(1 £ f3)
Vs E-

(38)

|m? —m3|E EZ —s
Ei: :%izp” +s s (39)

where the initial energies were rewritten in terms of
E,=FE +E,, E_=|E —E,|, f; is the Fermi-Dirac
(FD) or Bose-Einstein (BE) distribution of species i, and
the + (=) is chosen for bosons (fermions) in the last term.
The MB approximation (18) arises as an analytic solution
in the MB limit f,, = e ©2/T and (1+f3) > 1. We
should stress that Eq. (39) is not mathematically correct as
E5 should have been included in the cross section phase-
space integration over the end products. This integration is
in general nontrivial and includes an additional angular
dependence with s (see Appendix D). Nonetheless, we can

= 324

with

075004-11



FRADETTE, POSPELOV, PRADLER, and RITZ

PHYS. REV. D 99, 075004 (2019)

use Eq. (39) as an estimate to the full result. To obtain the
first correction beyond the MB approximation, we can
expand

1

:mze_E'/T(l :F e_Ei/T+ "')- (40)

fi
It is important to notice that the first order correction for the
initial particles is equal to the MB limit of the (1 & f) term.
At first order in e £/T we have

f1f2(1 + f3) ~ €_E+/T(1 + Kle—(E++E,)/2T
+K26—(E+—E_)/2T + K36_E3/T), (41)

where x; = +1, with 4+ (=) for bosons (fermions). As
expected, the bosonic distribution enhances the overall
yield, while the fermionic distribution decreases it. In
principle, Ej3 is a function of /s and the angular kinematics
for the final state particles. As mentioned, the 1 4 f5 factor
should be included in the annihilation cross section,
modifying 6. However, we know by conservation of energy
that £, + E, = E3 + E,4, with the following bounds on E3

ms SE3 SE+ (42)

To estimate the range of possible yield values from the first
correction to the full quantum distribution, we can integrate
Eq. (39) with Eq. (41) for each of the E; extremum values.
The potential spread in total emissivity is shown in Fig. 9
with an estimated range,

2.8 x 109> < Yy <52 x10'16%. (43)

The total error for the MB approximation is thus expected
to be within a factor of 2. The first order correction band in

ITotal
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FIG. 9. The total S emissivity as a function of temperature,
including the estimated error range from adopting the MB
approximation compared to the correct emissivity with quantum
distributions of particles 1, 2, and 3.

the symmetric phase lies completely below the MB value,
because the top quark thermal masses in the QCD plasma
dominate and suppress the available Fermi-Dirac distribu-
tion phase space.

V. COSMOLOGICAL CONSTRAINTS

Having determined the freeze-in abundance for small
mixing angles, we can now place the minimal set of bounds
on the S parameter space with 8 < Qe ~ 107, We update
and improve the cosmological constraints partially pre-
sented in both Ref. [8] and Ref. [15], and the final results
for the low-6 parameter space are shown in Fig. 1. The
cosmological constraints that depend on Y are discussed in
the following subsections. Below mg <5 keV, the strong-
est constraint on S comes from stellar energy loss [22], and
even lighter scalars in the sub-eV range are constrained by
fifth force experiments [18-21] (as discussed in [9]). We
also show the projected sensitivity from the SHiP beam-
dump experiment [2] and an order-of-magnitude estimate
of supernova energy loss [23] (which should be modified to
account for in-medium effects [22]). Above the pion
threshold, we find strong sensitivity to the S decay model.
The colored exclusion regions presented in Fig. 1 utilize the
baseline decay model, which has a decay width that is
larger than or equal to that in the spectator model. The
baseline model therefore provides more conservative
results due to the reduced abundance for a fixed lifetime.

A. Diffuse x-ray background

Many present-day satellites observe the galactic and
extragalactic photon spectrum in various wavelength bands
and provide upper bounds on the luminosity of x-ray or
Gamma-ray emission. These bounds apply, for example, to
photons from decaying or annihilating dark matter. Below
mg = 2m, and at s small mixing angle, the lifetime of § is
longer than the age of the Universe, and therefore the model
is constrained by these observations. In particular, Ref. [58]
derived the lifetime constraint on scalar dark matter
particles decaying into two photons in the 4 keV < mg <
10 GeV mass range assuming g >> Tyniverse- WE directly
rescale their constraint from the HEAO-1 [59] and
INTEGRAL [60] satellites to obtain an exclusion band
for 4 keV < mg < 1 MeV with 10'® s <75 < 10% s dis-
played as x-Ray in Fig. 1.

B. CMB anisotropies

Precision measurements of the temperature and polari-
zation anisotropies in the CMB by the WMAP [61] and
Planck [62] satellites provide strong constraints on energy
injection that can ionize cosmic neutral hydrogen after
recombination [63-68]. The raised ionization fraction at
lower redshifts allows for delayed photon interactions,
which modifies the visibility function that weighs the
probability of last scattering for a given CMB photon at
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a specific time. This effectively damps the high-/ tail of the
temperature anisotropy (TT) power spectrum and increases
the low-/ E-mode polarization [63,64].

Atredshift z4p, the efficiency of energy deposition in the
cosmic plasma by an energetic electron-positron pair or
photons injected at an earlier redshift zj,; > z4, has been
determined in Ref. [69] and updated in Ref. [70]. This
update provides the energy fractions that go into ionization,
excitations, heating, and emission of low-energy photons.
Given the process-dependent and z-dependent ionization
efficiency, comparing the modified power spectra to the
CMB data is computationally intensive. In practice, prin-
cipal component analysis of modified recombination his-
tories shows that a decaying particle is well described by a
constant deposition efficiency taken at z4., = 300 [70,71].
We can then simply utilize the derived constraints for
decaying particles in Ref. [7] and translate to the current
model with

mgYgs
(= for——0, (44)

m],n,,,o

where f.; = f(z =300) is the ratio of energy absorbed
leading to ionization over energy emitted at zq4,, = 300. In
the mass range where S — "y~ is the main decay channel,
we solve for f; by integrating over the electron from muon
decay, which decreases the ionization efficiency by a factor
of 3 due to neutrinos radiating away energy. We repeat the
procedure for the decay chains S - z#77~ — "~ r, S -
72°7° - yyyy and find that it is well approximated by
evaluating the decay products at their average energy from
the decay. We evaluate the efficiency of kaons by weighting
the main branching ratios and the decay products by their
average energy, percolating down to their final e* —y —v
spectra. Above the dicharm threshold, the light quarks,
charm quark, and gluon all have similar deposition effi-
ciencies that lie somewhere between those of electrons and
muons [68]. In general, for mg < 10 GeV, the efficiency
tends to approach the muonic case [72]. We adopt the same
ionization efficiency as muons for conservative results. The
overall f for S with g = 10'* s is shown in Fig. 10 for
both the baseline and spectator decay models.

We will not extrapolate the CMB constraints down to
lifetimes 75 < 10'3 s because f is not numerically stable
for decays before recombination [70] and the on-the-spot
approximation at zg,, = 300 fails to represent the correct
physics for short lifetimes [71]. The excluded band is
shown in orange within Fig. 11 for the baseline model, with
the would-be exclusion region for the spectator decay
model delimited by a thin gray line.

C. CMB spectral distortions

While energy injection after recombination may be
observed in the CMB as variations in the anisotropies,
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FIG. 10. Effective fraction of energy deposited leading to
ionization of the cosmic plasma at z = 300 for 'y = 10'4 s,
for the baseline and spectator decay models.

earlier energy injection can induce spectral distortion of the
blackbody distribution (see Ref. [74] for a recent review)
and can be used as probes of decaying particles [75,76].

Cosmological thermalization is very efficient at arbitrar-
ily early times, and the photon plasma becomes susceptible
to incomplete reequilibration of its spectrum for energy
injected at z <z, ~2 x 10°. The CMB photons are still
efficient at redistributing their energy across the energy
spectrum, but double-Compton scattering and bremsstrah-
lung interactions that adjust the number of photons become
inefficient. The bath thus develops a nonzero chemical
potential in its high-energy tail resulting in the y distortion.

Neff
y-type
H-type
CMB

106 f-

108
10710
[en]
10712 .
10714
-16
10 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 Ll 1111l
100 10! 102 108 104
mg [MeV]
FIG. 11. Detailed cosmological constraints on S in the MeV—

GeV mass range, excluding BBN (see Fig. 13). The solid lines
and shaded areas represent the parameters excluded in the
baseline decay model. Dashed lines refer to the projected
sensitivity to spectral distortions of a PIXIE-like detector [73]
and the thin gray line exhibits the would-be PIXIE sensitivity in
the spectator S decay model.
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At lower redshifts, z < z,, =5 X 10*, Compton scattering
between electrons and photons fails to maintain both
species at a common temperature. The photon bath inherits
a reduced temperature at low energies while high frequen-
cies receive a relative gain in temperature, a phenomenon
called the Compton y distortion [74].

Distortion due to arbitrary energy injection can be
approximated by [77]

. Zpy (Q/py) 2
y= 4/Zm s (45)
u_1.401/°°e @A) i )
z dz

Hy

where z,.. = 1000 and the normalized injected electromag-
netic energy is

d(Q/p,) _ 1 dE 1
dz p,dtdV" "H(1+7)

(47)

In this expression, - T dV is the total energy injected and Br,,
is the branching ratio to electromagnetic end products. In a
radiation-dominated universe, the y distortion can be
evaluated analytically,

y Nﬁ Ysmsso
8 povIsto

with the current entropy density s, = 2891 cm™, the
current photon energy density p,o = 0.26 eV cm™, a time

normalization of #, = 2.4 x 10" s and where the integral
Z(T) is defined as

BrenZ(I), (48)

2
\/_ r’orec e_é \/_dé

{ , 1f 1078 <I'xs<10719,
%
0, if T<107Bs! or I'>>10"10g1,

()=

(49)

The measured bounds from COBE/FIRAS [78] and the
projected sensitivity from a primordial inflation explorer
(PIXIE)-like detector [73] are

COBE/FIRAS: |y| <1.5x 1075, |u|<9x1075,  (50)

PIXIE: |y| <2x107%, |u|<1x1078.  (51)

We approximate the electromagnetic branching ratio by
weighting the average energy carried by end products from
initial decays at rest with their respective branching ratios
from S. Since the averaged energy carried away by the
electron in a muon decay is (E,)/m, = 0.35 [11], we have

Syt . . .
Brgm #H# —=0.35.The electromagnetic fractions for heavier

decay products can be found from the corresponding
fractions of their lighter decay products. We find the
following electromagnetic energy injection ratios:

Ein~035xE;:,  Ef~02TxEq, (52)

Ef =100x Eyn,  EX ~029x Eg:,  (53)

em_049xEKo em_048><EK0 (54)

where we neglected the kaon decay channels that contribute
less than 10% of the kaon decay width. The total electro-
magnetic branching ratios for the S decay channels are

Bris"'" =035, Brizm™ =051, (55)

BI"S_)KK

039,  Bran®% =045 (56)

where 2/3 (1/3) of pions are charged (neutral), 1/2
(1/4 +1/4) of kaons are charged (neutral short + long),
and we assume the electromagnetic yield of high energy
quarks and gluons of 0.45 is maintained for ¢ quarks. The
total Br,, as a function of mg is shown for the baseline and
the spectator decay models in Fig. 12. The excluded regions
from COBE/FIRAS are shown in Fig. 11, with a robust
conservative overlap between all probes in the 1 MeV <
mg < 2m, mass range. A PIXIE-like detector would not
change the constraints in the mg < 2m,, mass range, but has
the potential to increase the sensmVlty range to
mg < 8 GeV, with a sensitivity band that somewhat
depends on the S decay model.

T T T T T LI I T . T
) S Baseline
\ Spectator
|
0.8 — ! -
|
|
: |
& 06 : —
|
| K-/\
04 |- ! , \,—l —
—
0.2 1 1 1 1 1 11 1 I 1 1 1
100 1000 5000

mg [MeV]

FIG. 12. Fraction of S rest energy decaying into electro-
magnetic energy as a function of its mass for the baseline and
spectator decay models.
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D. Relativistic d.o.f. (V)

The total relativistic energy density in the Universe at
decoupling is well constrained by the CMB. The temper-
ature of the photon bath determines its contribution to the
total radiation energy density. Any additional component is
parametrized in N, the effective number of neutrinos with
a temperature T, = (4/11)'/3T,. The Planck Collaboration
measurement of N = 3.04 4 0.33 [62] at 20 is in agree-
ment with the SM predicted value of 3.046 [79].

The constraints on early injection zg <1s of S —
{eTe ,yy} or S — utu~ have been derived in Ref. [27]
including neutrino decoupling effects, which we apply
using the freeze-out abundance from Eq. (37) in the mass
range 10 MeV < mg < 2m,. For lower masses, the S
lifetime at the border of the exclusion band is longer than
g = 100 s, the maximal range derived in Ref. [27]. For
longer lifetimes, we simply compare the energy density of
the § sector with the SM energy densities in the neutrino
and EM baths prior to the energy release (at t = xzg) and
assume an instantaneous decay. N can then be estimated
by comparing the relative energy density in the neutrino
and EM baths

(57)

8 (Q)“”p?ﬂ)f
7

fo:_ s
¢ 4) P +p;

Wherepf = Brem/)S<t = xTS)’ pf = (1 - Brem)/)S(t = XTS)
and the electromagnetic/neutrino energy partition of the
end products Br, is taken from Fig. 12. We choose x =
1/10 to match the constraints for ¢ < 100 s. This choice of
x =1/10 is conservative. The nonrelativistic S energy
density decreases less with time than the relativistic SM
energy density, and larger values of x would yield stronger
constraints. Using the 26 range for N = 3.04 4+ 0.33, we
find the constraints labeled N in Figs. 1 and 11.

E. Big bang nucleosynthesis

The synthesis of light nuclei during BBN is well
understood, with the final abundance of stable light
elements in good agreement with predicted values (see,
for example, [80—82] for recent overviews and discussions
of the discrepancy with 7Li). The concordance between
predicted and observed abundances of “He, *He, and D can
be used to constrain electromagnetic and hadronic energy
injection (see Refs. [57,83,84] for reviews).

The impact of decaying particles in the BBN era depends
on the ability of the decay products to efficiently interact
with light nuclei, which varies as the BBN reaction network
evolves and the universe cools down. Early meson decays
were thoroughly discussed in Ref. [27], effectively increas-
ing the n/ p ratio before they freeze out, thus raising the “He
yield above its observational limit. After most neutrons
have converted to “He, the negatively charged mesons, 7~
and K~, can dissociate the copious “He, producing lighter

He, T, D, n, and p that are fed back into the reaction
network [11]. This mechanism was suggested to decrease
the 'Li prediction by reducing the amount of "Be and
resolving the discrepancy with observations [11], but
incidentally also raising the D/H ratio above 3 x 1073
from inefficient D burning, which is now excluded by
observations [85,86]. Beyond 7g 2 10* s, the mesonic
interaction rate with ambient nuclei is suppressed
below the decay rate by the dilution due to expansion.
The mesons instead have enough survival time to
decay away in a shower of electromagnetic energy.
Photodissociation of nuclei becomes efficient when pho-
tons have cascaded down below the ete™ thermal pair
creation energy Ey = m2/22T. These y rays can photo-
dissociate D with a binding energy of EX™ = 2.2 MeV at
1 ~5x10* s and similarly for “He with E57¢ = 19.8 MeV

at t~4x10° s [87].

We implement mesonic decays of § — zz and § - KK
(charged and neutral) by weighting the freeze-in abundance
by their respective ratios. We can then apply the constraint
on early decays from Ref. [27], constraining the S param-
eter space by an overproduction of “He shown in blue in
Fig. 13. Moreover, we use the D/H < 3 x 107> limit from
Ref. [11], utilizing their stopped pion and kaon analysis for
conservative results, displayed as the orange region on the S
parameter space. Longer lifetimes with electromagnetic
shower constraints are shown in green. We weight the S
abundance by the electromagnetic branching ratio from
Fig. 12 and compare the value with the electromagnetic
injection limit from Ref. [57]. The upper protruding band is
from a decreased D/H ratio while the lower green region is
from an increased *He/D ratio. We have assumed 100%

107

108

100
10710
101 R
10712

10181 -

10714
0.3

FIG. 13. BBN constraints above the di-pion threshold. Solid
lines and shaded areas are ruled out if S follows the baseline
decay model. Thin gray lines show the region for the spectator
decay model instead. For comparison, dashed lines represent
the future spectral distortion sensitivity from a PIXIE-like
detector [73].
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decays to kaons in the uncertain region, from mg ~
1.4 GeV to the dicharm threshold. Note that the BBN
constraint on S from mesonic decays has large uncertainties
due to the unknown decay spectrum. This is illustrated by
the rather different exclusion region if the spectator decay
model is assumed instead, as shown by the thin gray line
in Fig. 13.

Above the dicharm threshold, the S decay products are
well understood and the model allows for more accurate
predictions. BBN is sensitive to the total energy injected via
quark pairs, with a negligible dependence on the quark
flavor [57]. The sensitivity is mostly dominated by the
number of hadrons produced in the hadronic shower, with a
mY3 dependence on the total energy input (assuming a
nonrelativistic §). Constraints from quark injection there-
fore increase with a smaller mg [57]. We use the bb limits
from a 30 GeV initial particle from Ref. [57] for c¢ and bb
injections, both rescaled by their respective branching
ratios. The resulting exclusion is shown in red in
Fig. 13, with the upper 6 range constrained by “He
overabundance and the lower € values excluded by a D
overproduction.

Electromagnetic injection below the pion threshold will
also affect the BBN network, through decays to muons and
electrons with a nontrivial dependence on the S mass [8].
However, the S decay rate is much weaker and requires
values close to S thermalization in order to decay during the
active BBN epoch. In similar regions of parameter space,
there are also significant constraints from the limits on N,
derived in Sec. VD, along with the spectral distortion
results from Sec. V C. These already exclude the parameter
space with 7g5~0.1-10" s for 2m, < mg <2m,. We
therefore do not need to perform a detailed analysis of
the BBN constraints below the di-pion threshold and, by
the same token, the potential solution to the "Li problem
tagged in Ref. [8] is also ruled out.

VI. DISCUSSION AND CONCLUSIONS

Interacting light scalar bosons are usually associated
with a familiar technical naturalness problem, mi, . ~
(couplings) x Ayy, resulting in the dilemma of justifying
fine-tuning. The superrenormalizable portal offers an
exception: the mass of the scalar can be natural at both
tree and loop levels, as long as myg is larger than the
trilinear coupling A, or in terms of the mixing angle,
mg > 0 x (100 GeV). Only a very few particle physics
experiments (notably flavor changing decays b — s,
s — dS [88]) and the fifth force experiments [9] can probe
the parameter space with natural values of couplings.
In contrast, cosmology within the ACDM framework
provides a sensitive probe of this model, with couplings
reaching down to & ~ 10~'°, which in terms of the coupling
to electrons translates to gs, = 6 x (m,/v) x 10721,
(Incidentally, gravitons have approximately the same

coupling strength to nonrelativistic electrons.) In this paper,
we have attempted to take full advantage of the available
cosmological sensitivity, by improving the calculations of
metastable S abundance produced through the unique
superrenormalizable portal the SM has to offer: ASH™H.

We have revisited the calculation of freeze-in production
of the Higgs portal scalar and shown that electroweak
gauge bosons and the t — b quarks have non-negligible
contributions to the total yield. We find the largest yield
from top quark coalescence with a soft S emission,
regulated by the finite top quark width. Even for
mg << my, the favored interactions with heavy particles
push the bulk of the production just below the electroweak
phase transition, in the 10 GeV < T < T, temperature
range. Improvements in the precision of the calculation
require the full finite-temperature quantum field theory
machinery that models the phase transition and includes
plasma screening effects. This incremental effort is sub-
stantial and not necessarily justified for new physics
searches, especially because we estimate the current level
of precision to be a factor of ~2.

Control of the abundance calculation has allowed us to
provide a full parameter space scan of the low mixing angle
constraints, from sub-eV masses to 100 GeV. The cosmo-
logical constraints that depend on the primordial S abun-
dance appear for mg > 10 keV. The Higgs portal scalar has
well-defined decay products below the pion threshold. It
allows for rigorous constraints in the 10 keV < mg < 2m,
range that fully cover 6 to 10 orders of magnitude in the
mixing angle. The low @ boundary is probed by the late
decays seen in the diffuse x-ray background and the CMB.
In both cases, the lifetimes exceed the sensitive injection
time window. This means that the number of decaying
particles scales as dN/dt « YsI's  8*. We note at this
point that the dependence on (coupling)* is a familiar one:
it appears in any beam-dump experiment searching for a
decay within a detector in the limit where the decay length
is much larger than the size of the experiment. It also
appears in the “cosmological beam-dump” constraints
considered here, for the case of extremely long-lived
particles. The change in S abundance by a factor of 2
would change the 6 sensitivity by a factor of 2!/4, which
would not be visible on the scale of the final log-log plot.
For this reason, improvements in the calculation of Yj
would provide a minimal gain in precision and our
approximate framework with near-vacuum cross sections
is justified, at least for mg < 2m,. Similarly, the upper
boundary for large @ is set by the freeze-out relic abun-
dance, rather than the freeze-in abundance. Early cosmo-
logical energy injection has a logarithmic dependence on
the S primordial metastable abundance [27]. This log
dependence renders the exclusion region robust to varia-
tions of a few in Yg‘o, confirming the accuracy of our
conservative estimate, Eq. (37), without the need for a
relativistic freeze-out computation.
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Above the pion threshold, in the 2m, < mg < 2m, mass
range, we have derived the CMB anisotropy, spectral
distortion (plus the forecast for a PIXIE-like detector),
and BBN constraints for two different decay models, with
significant differences in the exclusion bands. Especially
near the kaon resonance, mg ~ 1 GeV, the sensitivity of
each probe can vary by an order of magnitude in 6.
Given this poorly defined feature, we stress that improve-
ments in the determination of the S mesonic decay width
are needed before finite-temperature abundance calcula-
tions are warranted to improve the accuracy of cosmologi-
cal probes.

For higher masses, where S predominantly decays to
quarks, the large @ sensitivity boundary diverges sharply for
short lifetimes in the mg¢Yg vs zg plane [57]. Thus the 0
constraint is insensitive to minor changes in Yg. For
7o > 10* s, however, the required energy stored in the
dark sector, mgY g, is almost flat as a function of increasing
lifetimes. Changes in the freeze-in yield by a factor of 2 can
thus be compensated by a factor of 2!/4 in the mixing angle.
We therefore conclude that cosmological constraints
on § are robust to variations of Y by a factor of a few,
except where S decays primarily to mesons, where the
determination of the decay width results in a larger
uncertainty.

The derived constraints are relatively conservative with
respect to the structure of the dark sector provided that a
quartic interaction AgS>H'H does not thermalize the dark
sector. The only additional requirement for the existence of
these constraints is that S decays visibly and not into some
additional stable dark state. In this case, the freeze-in
production mechanism provides the minimal metastable
abundance S can have for a given lifetime. Any additional
interactions with other states will increase its population,
until it thermalizes with the SM. Large self-interactions
can potentially dilute Y before it decays, which would
reduce the S abundance by a factor of In(a, /a;_;) [24].
Given that the freeze-in relic abundance is set at
Ti_; ~ 10 GeV, this is a negligible factor of a few for
early decays probed by BBN or N, but can potentially be
more than an order of magnitude in Yy for lifetimes
relevant to the CMB and x-ray measurements. Large
self-interactions could therefore reduce the low 6 sensi-
tivity by a factor of a few.
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APPENDIX A: SCALAR DECAYS BELOW
THE ELECTRON THRESHOLD

As summarized in Sec. IT A, below the electron mass
threshold a Higgs-like particle decays to two photons at
leading order through a loop of heavy particles [35],

>a’m}

_ 2
25671302 cr, (A1)

I'(S —yy)

where

C= S NG A (x)) + Aylry).  (A2)
2

in terms of loop functions A, and Ay which are functions
of tx = m3/4m%. Note that the W contribution has the
opposite interference sign, and the functions are given by

2
Ap(7) = S lr+ (@ = Df ()] > 4/3. (A3)
Ay(r) = ;—21 272 + 37+ 32t — 1) f(7)] —2 - 7, (A4)
with
arcsin? \/7 t<1,
Je) = { -1 {lnill:/‘/g - iﬂ]2 7> 1 (A5)

In this prescription, the inclusion of light quarks u, d, and s
is rather ambiguous. Their masses are not physical rest
masses since m, 5 ; < Agep =~ 350 MeV. Instead, they are
determined as chiral symmetry breaking variables in QCD
which generate the nonzero mass of the Goldstone bosons
of the approximate symmetry, the pions, kaons, and eta
mesons [36]. A more appropriate interpretation of their
contribution to S — yy is through virtual loops of pions and
kaons [37]. Adding the contributions from all SM particles,
for mg < 2m, we find

11/3 ~3.67 for 0 4 6 quarks,

989/522 ~1.89 for 2 + 4 quarks,
C= (A6)
50/27 ~ 1.85 for 3 + 3 quarks,

1=1 for 0 + 3 quarks,

where different scenarios of (alight) + (bheavy) quarks
are shown. For the case of 2(3) light flavors the pion (pion
and kaon) loops are taken into account, while for 0 light
flavors they are neglected. The true physical value should
be close to the 3 43 or 2 4 4 scenarios.
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APPENDIX B: HIGHER ORDER CORRECTIONS
TO THE THERMAL MIXING ANGLE

As discussed in Sec. III, for small mg the mixing
angle @ scales quite differently at zero temperature and
at temperatures close to the phase transition. From Eq. (4),
we find 6 «xA/(Ayv), while at finite temperature
O.(T), given by Eq. (16), scales quite differently as
Ocit(T) xAv(T)/(couplings x T?), particularly as v(7)—0
at the phase transition. The resolution is that there are
additional diagrams which contribute to these vertices at
higher order in perturbation theory and survive in the limit
of v(T) —» 0. Example diagrams in the higher order
expansion are shown in Fig. 14.

The tree-level coupling between Z and S is proportional
to g?Av*(T)/m3(T) and vanishes in the limit v(7) — 0.
However, it is clear that the thermal average of the full
Higgs including VEV and fluctuations, ((v + h)?(T)), does
not vanish. This follows from the first thermal correction,
with one thermal loop of Goldstone and Higgs bosons.
Taking the soft S limit so that the Matsubara sum of the
Goldstone boson loop is tractable, we find that at finite 7
the first vertex correction is

AQZ ) d3p ﬁa)e/)’w + e/iu) -1
U225~ 9" /( (B1)

27)3 @ (1 —elfv)?

where f = 1/T and w is the energy of the boson in the
loop. For a massless boson, this integral is infrared
divergent o f Z)—‘;’, a well-known feature of finite-temper-
ature corrections [45]. However, accounting for screening

with the effective thermal mass m}, . = ¢, T2, the regulated

corrections scale as follows: I%,q, o (Ag?/\/c;)g".
Notice that despite the associated loop suppression, this
thermal loop correction is finite in the limit »(7) — 0.
Therefore, near the phase transition, a more complete
treatment of thermal loops would be necessary.

APPENDIX C: S PRODUCTION
CROSS SECTIONS

In this appendix, we exhibit the production cross sections
used in the calculation of the S freeze-in abundance, in the
limit of small mg. As a couple of primary examples of QCD

zv

production, the cross sections for a gluon scattering with a
top quark to produce a S (in the mg — O limit) are

4m?
C_am |, e (14125
Oi—sgS — Oy - < n am?
-y /12
8 2
L. (C1)
sy/1 4':"
_a0%y7 [2s(s 4 3m7)? s
Org—15s = 73 {5
: 96s (s —my) ;
m? my mb  mb
- (3422120 -6 +—L )],
(1—%)3< e 52 SR
(C2)

where y, = v/2m,/v and a is the strong coupling constant,
evaluated at the cosmic temperature a, = a,(T).

The cross sections in other channels are quite lengthy, so
we collect here just the large s limits to simplify the
presentation. Note, however, that full expressions are used
in the numerical computation. For the Yukawa-type anni-
hilation, we have

4
y/0 < s )
Crpg = ——|(In—-21, (C3)
RS T 19275 \ U m2

2 s
Oii~25 7 S7p 3 [6"%2(2’":2 + (1 4 ¢3)m3) an
t

+ m3((1+ c2)m3 = 24ni3)|, (C4)

0 20,2 2 § 2
3m;(m; + 2my,) an + 2my,
t

Cth=W'S 7 Heg it

- 12m2m3, — 3m4 , (C3)

where ¢, = I — 2Qsin? @y, in terms of the eigenvalues
of charge Q and isospin /3 for the relevant fermion.
The leading forms for the Compton-like scattering cross
sections are

Zl/ ZI/
v—=0 e )
AL > AL - + AL e Vi -+
1 \ ~-4
/ A\
S ¢ N

A\ A
A A

S S

FIG. 14. Survival of the ZZS vertex at higher order in the symmetric phase.
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Oipts = % (2 lnmi% n 5), (C6)
1715 = % (I+¢3)+ OG) (C7)
ethio) @
Opw+—is = fzz—?j‘/t +0 <%>, (C9)

and the bosonic scattering cross sections are
Ozh—zs — 192221524 (C10)
0zz~hs = %, (C11)
Ow+w-—hs = %» (C12)
Ow+w--z8 — sz%iéinj;z,; m%) ) (C13)
Ow=h—w*s — g::jjp (C14)
Cwizawis = 92(20"1%“3;;;;} T% 1) (cis)
Ohh—hs — 989722 . (Cl16)

APPENDIX D: NUMERICAL INTEGRATION
WITH QUANTUM STATISTICS

We use an integration strategy based on Ref. [89] in which
the authors reduced the collision integral in the context of
neutrino decoupling from nine dimensions to two dimen-
sions retaining the quantum distributions of particles. The
heavy mediator limit was assumed in this reference, which is
not appropriate here, but we present a strategy to reduce the
number of integrals requiring numerical treatment.

We wish to integrate

4 3.
SY:/E(%)Mfﬁfz,fmﬂ)
X [M*(27)*8*(p1 + p2 — p3 — P4)- (D1)

where A represents the thermal distribution of each species
and | M |? is the spin-summed squared amplitude. Working

in a reference frame where species 1 travels in the X
direction, we define the four vectors as

P1= (El,PhO’ 0)’ (D2)
P> = (E5,pacosa, pysinasinf,p, sinacos ), (D3)
pr = (E3,p3¢c0860,0,p;38in6), (D4)
P4 = P1+ P2— D3 (D5)

where p; = |p;|; the angle between p; and p, is
a and between p; and ps is 6. Both p, and p; have
an azimuthal angle with p,, but there is an overall
azimuthal symmetry and only the difference between
the two azimuthal angles matters, denoted by u. We
have used the azimuthal symmetry to fix the p;
azimuthal angle to 0. Then we have d’p,d’p,d’p; =
p1EdE dQ,p,E>dE,d(cos a)dfpsEsdE;d(cos 0)du, and
our overall integral reduces to

- 20272 (4 &
Sy_—8E228/H(p,»dEi)fl?d(cosa)dﬂd(ws@)
i=1

XA(f1.f2.f3.f4)IM]*8*(p1+ p2—p3—pa),  (DO)

on performing the trivial integrals over ©; and u. We

recall that the three-dimensional integral d°p, comes
from ‘5—544 = d*p,s5(p5 —m3)O(pY), and we can use the

four-dimensional & function to perform the d*p, integral,

. 1 3
sY = W/ E(pidE,»)d(cos a)dfid(cos 6)

X A(f1, f2. f3, fa)IMPP8(pi — m3)0(p}), (D7)
which fixes pj=pi+p3+p3+2(p1-P2=pi P3=P2 P3)
from now on. The dot products can be evaluated via our
angle definitions (p; - p; = p;;)

P12 = E\Ey —pipycosa, (D8)
P23 = E;,E3 — pops(cosacos + sinasin cos f3),

P13 = E1E5 —pip3cos 6, (D9)
Pau = m3 + p1 = pas, (D10)
P =mi+pi=pi3 (D11)
P3a = —m; + pi3 + pas. (D12)

The argument of the last delta function can be expressed as
a function of g,
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f(p) = pi—m;
= @ + 2(p,p3 cos acos @ + p,p; sinasin 6 cos

— p1P2 cos @), (D13)

where

= Q+2(E\Ey - E\E; — EyE3 + pyp3 cos 0)
with Q = m? +m3 +m} —m3. The p integral can be
evaluated using f'(f) = —2p,p; sinasin@sin g, forcing

p — po, where

@ ~+ 2(p,p3 cos acos O — pp, Cos @)
2p,p3 sinasin @

cos fy = (D14)

is found by solving f(f;) = 0. There are actually two f,

solutions given by sinf, = 41/1 — cos® f3,. Since every-
thing is symmetric in f (all dot products are cosp
dependent and the Of/0f factor that appears in the
dominator is an absolute value), we can simply use the
positive root and multiply by 2. Hence, we get

3
57 =gy | LI dcosadlcoson . 12151

" |IM|?O(p})O(4p3p3sin’asin’dsin®fy)
2p,p; sinasinsin B '

(D15)

The extra step function arises via an obligation to maintain
Py in the physical phase space

cos?fy <0 <> (2p,p; sinasinPsin By)? > 0
orp
o

We can now focus on the angular integrations.

> 0. (D16)

<> ‘

. 1
sY = _6/dEldEsz3P1P2P3A(f1,fz,f3,f4) xZ
2(2x)
MPPO(p)O(| 2L
I:/d(cose)d(cosa)| e 32 (2, ) (D17)
| 55 |
Expanding f’ as
2
'a—f =acos’a+bcosa+c (D18)
o
a = —4p3(p{ + p3 — 2pip; cos 0) (D19)

b = 4p,(p; — p3cos)w (D20)

¢ = 4p3p3sin’ 0 — w?, (D21)

the step function ensures that the denominator is real,

I= /d(cos 0) /Cosa+ d(cos )

" |IM|*O(p3)O(acos’ a+ bcosa + c)

Vacos?a+ bcosa+ ¢

(D22)

Since |M|* only consists of simple functions of cosa,
the cos a integration can be performed straightforwardly for
each process. Since a <0, the integration bounds are
set by the real-valued criterion, between which the quad-
ratic function is positive. Given the roots cosa. =
(=b F Vb* —4ac)/(2a), notice that we always have —1 <
cosa_ and cosa, < 1. The € integral can be performed in a
similar fashion. Requiring cosa. to be real implies the
condition b* — 4ac > 0, and

_O+2p3+2r F 200/ O +pT+PHPE Y

cosf. =
- 2pip;

where we use the shorthand y = E|E, — E|E5 — E,E5 and
we have

min(1,cos 6, ) cosay
I= / d(cos 9)/ d(cosa)

max(—1,cos0_) N
" |IM?0(pY)O(acos’a + beosa + c)

Vacos’a + bcosa + ¢

(D23)

These two integrals can be carried out analytically for each
reaction. The final integral to be performed numerically for
the emissivity is three dimensional, and a step function
guarantees that the phase space is physical and cos a.. is
real valued,

1

sY = 2(2ﬂ)6/dEldEsz3P1p2P3A(f1’f27f31f4)

X I xO(Q +pi+p;+p3+2).

min(1,cos6,)
I= / d(cos 9)

max(—1,cos6_)

(D24)

cosa. M 2
X / ’ d(cosa) M .
cosa. Vacos?a + bcosa + ¢

(D25)
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