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Any neutral boson such as a dark photon or dark Higgs that is part of a non-standard sector
of particles can mix with its standard model counterpart.
Standard Model, these particles are produced in the early Universe via the freeze-in mechanism and
subsequently decay back to standard model particles. In this work, we place constraints on such
mediator decays by considering bounds from Big Bang nucleognthesis and the cosmic microwave
background radiation. We nd both nucleosynthesis and CMB ¢ an constrain dark photons with
-10 to -17 for masses between 1 MeV and 100 GeV.
with the Standard Model Higgs is constrained between
log -6 to -15. Dramatic improvement on the bounds from CMB spectr al distortions can be
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INTRODUCTION

Wh en very weakly mixed with the

SLAC-PUB-16533

Cosmological evidence indicates that the majority of matter in the wiverse is non-baryonic dark matter. Given
its cosmological importance, there is little reason to believe that dak matter is part of some simple, inert sector.
The interactions of the dark sector could be as complex as those aur own visible sector. Bosons that mediate
dark matter self-interactions could also form a portal by which the SM can interact weakly with dark matter. In



such a scenario, a neutral gauge/scalar boson meditor mixes withhe SM counterpart photon-Z/Higgs systems.
The neutral gauge boson particles are referred to as dark photts [1{5] (even though they also mix in part with
the Z boson), while the neutral scalar boson particles are referred to adark Higgs [6{21]. These interactions
could well dominate the interaction between the dark and visible seatrs as they are among the only possible
renormalizable interactions of a dark sector with the SM.

As such, portal interactions have been studied extensively| [22{42 Much of the focus has been on the re-
gion of relatively large mixing, wherein the mediator itself is in thermal equilibrium with the SM bath in the early
universe before rapidly decaying wherH < . Constraints on mediators in such scenarios arise from a combinabn
of laboratory experiments such as beam dumps and lepton collidersas well as astrophysical constraints from
supernovae for lighter mediators|[43{69]. Their direct e ect on cosnology is negligible since they decay well before
the epochs we can study observationally, i.e. Big Bang Nucleosynttsis (BBN) and recombination. On the other
hand, for smaller mixing angles, the mediator can be su ciently long lived to decay during or after one of these
events, opening the door for a new set of constraints that restct mediator parameter space at small mixing
angles.

In order for the mediators to have a signicant e ect, they must b e produced in non-neglible quantities.
This is however the case, since even under the pessimistic assumptithat no mediators were present in the very
early universe, such as the period just after in aton decay, a su cient abundance will be \frozen-in" by mixing with
the SM bosons so as to constrain much of the parameter space. Ehprocess of mediator freeze-in could also lead to
the generation of a signi cant abundance of dark matter, thoughwe leave the study of such an e ect to future work.

In this work we characterize the e ect of the mediator decays on micleosynthesis and the CMB. We show,
even in the limit where the mediators have a small coupling with the Stamlard Model, large regions of parameter
space are excluded. We note, however, that our constraints dovaporate in case these dark mediators decay into
lighter stable dark sector particles before decaying into standardmodel particles. Constraints on weakly mixed

dark photons with Stueckelberg masses were published previously iRef. [70]. Our analysis signifcantly improves

on their study by correcting some errors and negligence in their BBNtreatment.

The remainder of this paper is structured as follows. In Section ]I, we review the dark photon and dark
Higgs models. Subsequently, we study the production and decay ohediators in Sections[IIl and[IVl We then
present constraints on both models in SectionsV an@VI. Finally, we onclude in Section VI

Il.  MEDIATOR MODELS

We consider a generic scenario where the Standard Model (SM) gga group is extended by an additionalU(1)p
which we refer to as dark hypercharge. A dark Higgs is introducedd spontaneously breakU(1)p and give mass
to the corresponding dark photon.

A. Dark Higgs Mixing and Couplings

In the minimal model, an additional scalar boson charged under a nav U(1)p gauge group is introduced. The
scalar boson gets a vacuum expectation value that breakd (1)p, giving mass to the dark Higgs. We parametrize
the Higgs elds as

1 0 1
H:p_i v+ h = p—§u+ : (1.1)

neglecting the Goldstone modes which get eaten. While we shortly caider potential kinetic mixing between the
U(1)p and U(1)y gauge bosons, we rst consider mixing between and the SM Higgs eld H. The most general
scalar potential after symmetry breaking can be written as

2 2 2 2 2
V:1HyHV7+2y u74.3|-|y|-|v7 y o= (1.2)



The 3 coupling mixes the visible and dark Higgs sectors. The physical Higgs asses are

2 2 5 2 2 5 V2
mig=2 vo 1 + me=2 Lu® 1+ ——=5—+::: 1.3
" ! 412 2 4 2u (11.3)

where my, is the SM Higgs mass and is xed to 125 GeV.[71]m is the dark Higgs mass. The Higgses will mix as

0 .
h0 _ cos sin h ; (11.2)

sin  cos
where the primes denote the mass eigenstates. For brevity goingfward, we refer to both the mass eigenstates
without primes. The mixing angle is given by

3uv
tan2 = ———— 1.5
Y-RT: (1.5)
In the limit where suv 1v2; ,u?, which is the limit considered in this work, the mixing angle can be written
as

tan2 =

(11.6)

2 3uv
m2 m2°
Fm

Given equation ([L.4), the SM fermion coupling to the mass eigensta¢ dark Higgs is simply a rescaling of the SM
coupling,

__ igmy

Yt 2mw

sin : (1.7)

There are enough free parameters to treat the dark Higgs massnad mixing parameters as independent parameters
and we do so in this work. The corresponding coupling between the SMiiggs and the SM fermions is proportional
to cos . Because we are interested in the regime of parameter space wkesin is very small, constraints on SM
Higgs couplings from the LHC are not applicable![72, 73].

Note that there are actually 3 new parameters in this model, which wecan take to be either ,, 3 andu, or more

conveniently m , , and 3. While most of the dark Higgs couplings to the SM depends only on and kinematics
depends only onm , the 2h? coupling depends directly on 3. We can consistently take the limit 3! 0, holding
xed by simultaneously taking u ! 1 . In this work, we adopt such a limit, which is the most conservative

option: deviation from this limit would enhance dark Higgs production, while keeping the lifetime xed. The extra
dark Higgs abundance can only enhance constraints.

B. Dark Photon Mixing and Couplings

The dark Higgs also generates a mass for the dark photon. In thisestion, we focus on the properties of this
massive gauge boson. For concreteness, we tag = 2 for the dark Higgs, though this choice is arbitary up to a
rescaling of the dark gauge coupling. The gauge sector lagrangian is

Lowge= 38 B F0 B0 B Fo (11.8)

where is the coupling of the kinetic term and links the dark and visible U(1)y gauge sectors. Because of
this coupling, any SM particle with non-zero hypercharge will then aquire a dark charge. Because thdJ(1)p
gauge boson mixes with hypercharge, the dark photon will have chal couplings to the SM fermions. The axial
component, however, is suppressed in the limit thatm o mz, as we see explicitly below. Without loss of
generality, we parametrize this coupling as = sin [5]. The kinetic terms can be diagonalized by de ning new
elds B and A° such that

= (1.9)
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where the hatted elds are the elds before diagonalizing the kinetic mixing. After this rotation, equation (IL8)]
is diagonalized. However, a mixing is induced in the mass matrix for the guge bosons. After doing the standard
Weinberg angle diagonalization, we have

iD Hj*+jD j? %m% Z2+ %m20A°2+ m2zA° (11.10)
where
mZ = %vz o+ g (1.11)
m?, = %vzgf tan? +4 u?g®seé (11.12)
m? = %vz glq o+ g5tan : (11.13)
We can diagonalize the mass term by introducing a mass mixing angle de ned by
tan2 = m%Lgmzo sin w tan : (1n.14)

In the limit of small kinetic mixing, the mass eigenstates are approximaely the charge eigenstate mass terms given
in equations (IL11) and ([LI2). The coupling between the SM fermims, f , and the dark photon is

Gt o= 1 U+ s (11.15)

!
¢, m2  m? T m2, 0 T m2,
3 =el3gs—F——>~
aw (M2 m?2) 20w (M2 m?) % 20w (M2 m?2)

where

o= e Q (1.16)
Here cw is the cosine of the Weinberg angle withci, ~ 0:775. Thus, for the SM fermion, f , the only unknown
parameter is the kinetic mixing parameterization. In the limit m o mz, this is proportional to the photon
couplings tof :

o ow eQ g2 O (11.17)
As in the Higgs case, there are enough free parameters to treahé dark photon mass and mixing as independent
parameters.

I1l.  FREEZE-IN PRODUCTION OF MEDIATORS

As emphasized above, we are considering scenarios in which the mixirgetween the mediator and the SM is
very small. Thus, the rate at which the mediator interacts with the SM is much less than the Hubble rate at all
times over the vast majority of parameter spacé. Even if the mediator never equilibrates with the SM, it can be
produced non-thermally and have observable e ects on cosmologit evolution. In the limit of such small mixing,
the mediators can be produced via two mechanisms: decay of hegvgon-standard particles and freeze-in. We
adopt a conservative approach and assume only a negligible amounff onediator particles are produced by early
decays of non-standard particles, including any in atons. The abwndance is then entirely determined by freeze-in
production mediated by SM particles [74]. In this section, we determir the freeze-in abundance of both dark
photons and dark Higgs.

Provided the coupling of the mediator to light particles is similar to the coupling of the mediator to heavy
particles, then mediator production will be dominated by inverse deay processes. Processes with a higher number
of initial states are phase space suppressed. This criterion is in fasatis ed in the case of the dark photon, where
the coupling between all standard model particles and the mediatorare comparable. In the case of the dark
Higgs, however, the coupling to particles is proportional to their mass. We nd that the additional phase space
suppression of 2 2 processes is more than overcome by the larger coupling to heavyagicles and production is
dominated by top quark annihilation and inelastic scattering.

1 For some portions of the dark Higgs parameter space consider ed in this work, the mediator production becomes large and eq uilibrium
is reached. However, we do not attempt to further study such p ortions of parameter space.
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FIG. 1: The relativisitic degrees of freedomg(T) as a function of temperature T in GeV.

A. Dark Photon Freeze-In Production

The dominant production of dark photons comes from inverse decaof charged species. We assume thah o <
2my, so that the decays are to charged fermions: quarks and leptonsThe decay rate of the dark photon to
species ; can be written as

2 2 1=2
(%1 )= wa%m o1 dmi (11.1)

: m o

where N, is the number of colors for species. The freeze-in production of the dark photon is most easily computd
by the principle of detailed balance, i.e. the thermal rate for inversedecay production equals that of the decay rate
of the dark photon with a putative equilibrium distribution

dno_zldspofeg 0_
dt 5, (2 )3E o=mo’

(I11.2)

where
eq _ go
f% = m (|||.3)
is the gdark photon equilibrium distribution with g o = 3 the dark photon number of degrees of freedom and where
o= . j is the total width of the dark photon.

This e;<pression may be used to compute the asymptotic dark-phatn-to-entropy ratio Y o = n o=s, produced by

inverse decay of fermions in the early Universe at temperature3 > m o
go a0 0 .
gmo) “H(m o)’

Y(!l ) (111.4)
where H (T) is the Hubble scale at temperatureT. The largest contribution to the dark photon abundance comes
from temperatures of order the dark photon mass. The dark phton abundanceY increases as 2T2 before reaching
amaximumat T m o. Eq. (IL4) is only correct up to a factor of order unity. This is mostly due to an assumed
constancy of the relativisitic degrees of freedom during the nal fhases of freeze-in. As may be seen from Figl. 1 the
relativistic degrees of freedom change drastically particularly durirg the QCD epoch. Results given below include
are exact as Eq. [lI.2) is numerically integrated for the analysis.

B. Dark Higgs Freeze-In Production

The determination of the dark Higgs abundance involves the 2 2 processes of top quark annihilation and inelastic
scattering as shown in Figure[2. These processes freeze-in at tparatures T . m¢. Assuming that m my,



FIG. 2: Dominant diagrams for the production of dark Higgs bosons Both processes have an
additional u-channel process that is not illustrated.

the dark Higgs mass can be neglected. These processes only turn after the electrweak phase transition, but
nevertheless dominate production. The total cross-sections fahese processes are then given by

pP—— P ———
2 2 sm2[ s(s 4mP)(s® 12m2s+8mf) 2(s* 7s’mZ+8mfs 16mParctan 1 4m?=g

tt! =
( 9) 9mz, (m2 s)s?(s 4m?)sz,
(111.5)
and
Lo 2 smZ[2s?3m?Z+ s)2log(m?=s) (s mZ)(m?+3s)(m{  8m?s  s?)]
(tg! t)= 2amz 252 (s M) (111.6)
respectively. Thermally averaging and solving the Boltzmann equation numerically, we nd
2 sm®m?
Y(t!l (11.7)

) (0:27+0:42)8 3H(m )s(m )mxz/vs\zlv;

where the rst number denotes the contribution from annihilation a nd the second denotes the contribution from
inelastic scattering oft and t. Note that this result depends only on the mixing angle in the limit that m my.
Numerically, we nd

Y(t!'l ) 1.6 102 2 (111.8)

IV. MEDIATOR DECAYS

Once the universe has cooled such that H, the mediator will decay rapidly. The consequences of this decay
depend both on when the decay occurs and on wha the dominant dag products are. The Hubble rate during the
period of BBN and during recombination are well-known within standard cosmology, so given a determination of
the decay rate, we can determine the parameter space that cangtentially be covered by the analysis in this work.
We now present our determination of both the total decay width and the branching fractions of the mediators.

A. Dark Photon Decays

The dark photon decays to any charged particles withm < m o=2. Decays to color neutral particles, which
is to say leptons in the part of parameter space considered hereye straightforwardly determined using ([IL.1).
The hadronic width and branching fractions are somewhat more invéved. Since the dark photon couples to
the electromagnetic current, hadronic decays can be related tohe hadron-to-muon cross-section ratio ine* e
interactions via

( % hadrons)= R(Ecy = mo)( %1 * ). (IV.1)

2 In doing so, we neglect backreaction terms for stimulated em ission and fermi blocking. Such terms are expected to have at most an
O(1) e ect in the relevant regime.
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FIG. 3: Lifetime and branching fraction of a dark photon. The lifetim e becomes short when resonant
hadronic decay occurs, as for example at 750 MeV, the approximate mass of the! -resonance.

For m o & 2 GeV, the ratio R can be accurately determined in perturbative QCD via

[ | —
X (Mm%, +2m?2) m?, 4m?
R(mo)=3 Q? g

f G——— 1+ 2+0( ) : (IV.2)
f (m?,+2m2) m?, 4m?

The exclusive number of each type of quasi-stable hadron has beeatetermined usingPYTHIA §75] to simulate a
parton shower and hadronization ine* e collisions atEcy = m o.

For m o. 2 GeV, we use data-driven methods to determine botlR and the fragmentation into exclusive nal
states. The ratio has been determined by summing the various exchive nal states in several experiments at low
energies and a combination of these has been presented by the Bale Data Group [76, [77]. We then determine
the fragmentation into quasi-stable hadrons using the measured tanching fractions of the few resonances that
contribute to R at low energies.

The resulting total decay width and branching fractions are shownin Figure 3l

B. Dark Higgs Decays

The dark Higgs decays with couplings that are proportional to thoe of the SM Higgs. Form & 2 GeV, we
once more turn to a perturbative determination of the dark Higgs decay width and inclusive branching fractions.
Unlike in the dark photon case, decays to pairs of gauge bosons (meely gluons and photons) are allowed and can
be signi cant in certain parts of parameter space. The partial widths to fermions are deterimed at leading order

by

., Gim? 4m? =
For decays to quarks, an NLO correction factor of [[78]
1+5:67—+ O( 2) (IV.4)

is applied. The decays to gluons and photons (including a NLO corredtn for the gluon casel[79]) are given by

2
Gi Zmsd X 215
I =sin? S _ £~ s 2
( ! gg=sin W . Fi=2( q) 1+ 12 +0( 3) (IV.5)
and
2
., G ?m3 X 215
(1 )=sin? Zpe T NerQfFio( )+ Fa(w) 1+ 52-2+0( ) (v.6)

f
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FIG. 4: Lifetime and branching fraction of a dark Higgs. Note that t he branching ratio to two
photons is eceedingly small and therefore not seen in the gure.
respectively, with 4m?=m2. F; are well-known loop functions, given explicitly in [80] for example. The
exclusive fragmentation into quasi-stable hadrons is once again detmined using PYTHIA 75]. In this case, we
simulate e e ! h production at Ecy = m .

Form . 2 GeV, there is no purely data-driven method for determining the decay width and branching fractions
as the SM Higgs is far too heavy and weakly coupled to be seen in low-ergye* e collisions. There is some degree
of controversy surrounding such decays, with several methodgresenting vastly di erent results. In this work, for
masses below 1 GeV, we use a determination based on low energy thexms, while we continue to use a perturbative
calculation down to around 1 GeV, where the two methods overlap. t is worth noting that light scalar resonances
can distort these results.

Low energy theorems predict decay widths of [81], 82]

—_ 1m? 11m2, 21 4mZ =m?)1?2
L MM)= g 1t o e L), V.7
( ) 81m?2 2 m? (1 4m2=m?)3=2 ( ) (IV.7)
where MM are all isospin combinations (2 * , © 0, 2 KK, and 2K*K being the relevant ones for our

study| is too heavy to contribute before we switch to a perturbative calcuation). The resulting decay width
and branching fractions are shown in Figure 4.

V. NUCLEOSYNTHESIS CONSTRAINTS

It is well known that quasi-stable particles with decay times > 0:1seconds may signi cantly perturb the
primordial light element nucleosynthesis occuring approximately betveen 1 and 1000 seconds after the birth of
the universe [77]. Comparing the observationally inferred primordialabundances with the predicted ones, we are
able to derive limits on the abundance and lifetimes of these putative elic particles. In the previous sections, we
have derived the frozen-in abundances for dark Higgses and dargyhotons for a generic model. In this section, we
consider the constraints on the model parameter space from Big &g nucleosynthesis (BBN).

When the quasi-stable mediators decay, their energetic decay pducts can perturb BBN by either hadronic or
electromagnetic interactions with the particles in the baryon-photon plasma. In particular, the injection of mesons
between 0:1-10 seconds may alter the neutron-to-proton ratio via charge xchange reactions, and thereby
elevate the primordial helium mass fraction Y, beyond its observational upper limit. The injection of energetic
nucleons at > 100 seconds produces a cascade of secondary and tertiary egetic nucleons which are capable of
spalling “He, thereby producing neutrons,?H, 3H, and *He. The resulting neutrons may form?H via non-thermal
fusion of protons. Energetic3H and *He may fuse on“He to form °Li to generate an abundance orders of
magnitude larger than what predicted in standard BBN. Injection of energetic electromagnetically interacting
particles, on the other hand, produce a cascade on the cosmic mmwvave background (CMB) radiation, with the
resulting gamma-rays capable of photo-disintegrating’H for > 10° seconds and*He for > 3 1P seconds.
Altogether, there are O(100) hadronic and electromagnetic interactions that are important. See [83] for additional
details.
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FIG. 5: Constraints on the dark photon mixing -massm o parameter space from Big Bang
nucleosynthesis. Colored shaded regions are ruled out. Shadedegn and red areas are ruled out
from “He and ?H overproduction, respectively. In shaded blue areagH is underproduced. In the
light grey areas a substantial®Li abundance is produced (i.e.bLi/ “Li > 0:1), whereas in the dark
shaded areas the'Li abundance is reduced to a observationally favoredLi/H < 2.5 10 0. The

solid line shows how much the red area ruled out due téH overproduction would increase if a more
stringent, less conservative?H/H < 3 10 ® (versus 4 10 ° limit) would be imposed. This
indicates that solutions to the cosmological’Li problem only exist in models which predict 2H/H
> 3 10 5. Finally, in the region within the dotted line a mild increase of the *He/?H ratio occurs.
The ratio nevertheless does not surpass either one or the obsational limit of 1 :5.

In the following analysis, we adopt the following observational infered constraints on primordial light-element
abundances:

H=H< 4 10° (V.1)
from quasar absorption systems at high redshift [84{86]. In additia,
2H=H> 2 10 °; (V.2)

from deuterium abundances in the local interstellar medium |[[87]. Heret is noted that a recent determination
of the primordial deuterium abundance of 253 0:04 10 ° [86] in a number of damped Lyman- systems
would substantially increase the parameter space which is ruled outHowever, we do not use these very stringent
limits as it has not been established that prior determinations of2H/H in lower column density quasar absorption
systems going to values as large as:® 10 ° [84,/85] (at two sigma) may be awed. We feel that the recent
determination could actually be biased to demonstrate concordane between the standard BBN prediction at
a precisely inferred baryon density from observations of the cosim microwave background radiation (hereafter,
CMBR) and observations. Though this concordance generally exist, the presented new analysis does not provide
signi cant observational improvements to warrant such a large reduction of observational error bars. It has been
shown that 3He/?H is an important diagnostic [88] and we adopt

3He=?H < 1:5; (V.3)

from the deuterium and He abundance in the presolar nebula [89]. The upper limit on the helium mss fraction
Y, is taken to be

Yp < 0:26; (V.4)
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