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Coupling vs mass plot
In 2012-2013 LHC experiments discovered a new particle (Higgs boson) and a new 
force (Yukawa force). What do we know about forces in nature ? 
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Let us classify possible connections between Dark sector and SM
H+H (l S2 + A S) Higgs-singlet scalar interactions (scalar portal)
BµnVµn “Kinetic mixing” with additional U(1)’ group
(becomes a specific example of Jµ

i Aµ extension)
LH N neutrino Yukawa coupling, N – RH neutrino  
Jµ

i Aµ requires gauge invariance and anomaly cancellation
It is very likely that the observed neutrino masses indicate that 

Nature may have used the LHN portal… 
Dim>4
Jµ

A  ¶µ a /f      axionic portal
……….

Neutral “portals” to the SM



The Higgs portal idea

§ The Higgs field is the simplest realization of mass generation for 
gauge fields and fermions of the SM.                                               
The lowest fully gauge invariant dimension operator that you can 
build out the Higgs field is 2 :   

H+H = v2+2vh+h2

Recall that dim≤4 operators do not require extra UV physics (i.e. no 
extra particles required, self-consistent)

“Standard WIMP” (Silveira, Zee++) in form of a scalar S can be 
obtained from the d=4 operator

S2 H+H =S2 (v2+2vh+h2)
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DM classification
At some early cosmological epoch of hot Universe, with temperature      
T >> DM mass, the abundance of these particles relative to a species of 
SM (e.g. photons) was

Normal: Sizable interaction rates ensure thermal equilibrium,        NDM/Ng =1. 
Stability of particles on the scale tUniverse is required. Freeze-out calculation gives the 
required annihilation cross section for DM --> SM of order ~ 1 pbn, which points 
towards weak scale. These are WIMPs. Asymmetric DM is also in this category.

Very small: Very tiny interaction rates (e.g. 10-10 couplings from WIMPs). Never in 
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate 
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other 
“feeble” creatures – call them superweakly interacting MPs] 

Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers 
of lowest momentum states, e.g.  NDM/Ng ~1010. “Super-cool DM”. Must be bosonic. 
Axions, or other very light scalar fields – call them super-cold DM. 
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(Light) Higgs-like particle through the 
super-renormalizable portal

Example: new particle admixed with a Higgs. (I keep the lowest dim op.)

After (Higgs Field = vev + fluctuation h), the actual Higgs boson mixes 
with S. 

Mixing angle:

The model is technically natural as long as A is not much larger than 
mS (corrections go as DmS

2 ~ A2 * log )
Low energy:  new particle with Higgs couplings multiplied by q. Mixing 

angle and mass can span many orders of magnitude.
New effects in Kaon and B-decays, 5th force etc. 
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Scalar DM through super-renormalizable portal

• Piazza, MP, 2010: There is a unique portal in the SM 

Sub-eV scalar dark matter through the super-renormalizable Higgs portal
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The Higgs portal of the Standard Model provides the opportunity for coupling to a very light
scalar field � via the super-renormalizable operator �(H†H). This allows for the existence of a very
light scalar dark matter that has coherent interaction with the Standard Model particles and yet has
its mass protected against radiative corrections. We analyze ensuing constraints from the fifth-force
measurements, along with the cosmological requirements. We find that the detectable level of the
fifth-force can be achieved in models with low inflationary scales, and certain amount of fine-tuning
in the initial deviation of � from its minimum.

I. INTRODUCTION

About 95% of the energy budget of the Universe con-
sists of ”dark” – and unknown – components. This is
a strong motivation for considering and studying hidden
sectors beyond the Standard Model (SM). Gravitational
e⇥ects of dark matter cannot reveal the mass of its con-
stitutents, and indeed a wide variety of mass ranges, from
the inverse galactic size to the super-Planckian scales, is
conceivable. While many models that possess stable par-
ticles with masses comparable to the SM energy scales
have been a subject of incessant theoretical and experi-
mental activity, models with light sub-eV mass scale dark
matter received far less attention.

Below the eV mass scale the dark matter would have
to be of integer spin, and be produced non-thermally.
The only chance of detecting such dark matter non-
gravitationally would occur if such particles are converted
into electromagnetic radiation in the external fields or
they modify the interaction stength of SM particles. But
if light dark matter interacts with the SM, then immedi-
ately its lightness comes to question as the quantum loops
with SM particle may easily destabilize the mass scale. A
prominent particle in this category is the QCD axion [1]
that interacts with the SM currents derivatively, jµ⇧µa,
and has its tiny mass generated by the non-perturbative
QCD e⇥ects protected at any loop level. Because of the
pseudoscalar nature of a and its derivative couplings, it
does not generate a long-range attractive force.

A very natural question to ask is whether SM allows
for couplings to other types of sub-eV dark matter fields
that lead to additional observable e⇥ects. For a recent
review of the light sector phenomenology see, e.g. [2].
Real scalar field ⇥ and the vector field Vµ provide such
opportunities with their couplings to the SM fields via
the so-called Higgs and vector portals:

(A⇥+ �⇥2)H†H Higgs portal (1)

�
Electronic address: fpiazza@perimeterinstitute.ca

†
Electronic address: mpospelov@perimeterinstitute.ca

JµVµ; ⇧µJµ = 0 Vector portal,

where H is the Higgs doublet, A and � are parameters
and Jµ is some locally conserved SM current, such as
hypercharge of baryon current. If there is some initial
value for ⇥ or Vµ fields with respect to their zero energy
configurations, one can source part/all of the Universe’s
energy density from the coherent oscillations around the
minimum.
The perils of low mass scale stabilization are immedi-

ately apparent in Eq. (1). Indeed, any loops of the SM
fields would tend to induce the correction to the mass
of ⇥ field ⇥ ��2

UV , where �UV is the highest energy
scale in the problem serving as the ultra-violet cuto⇥.
Therefore, � should be taken to incredibly small values,
making this portal irrelevant for the phenomenology of
sub-eV dark matter. In contrast, the vector portals and
the super-renormalizable Higgs portal, A⇥H†H, allow to
avoid problems with technical naturallness. In the lat-
ter case loop corrections scale only as A2 log�UV , while
the quadratic divergences a⇥ect only the term linear in
⇥, which can typically be absorbed in an overall field
shift. In this paper we examine generic consequences of
this coupling for the sub-eV scalar dark matter, leaving
vector dark matter to future studies.

II. SUPER-RENORMALIZABLE PORTAL TO
THE SCALAR DARK MATTER

The specific case of a singlet scalar ⇥ coupled via
a super-renormalizable term of the type ⇥H†H, (see
e.g. [3–8] and references therein), has been mostly stud-
ied in connection with electroweak and GeV-scale phe-
nomenology, with a notable exception of [6, 9], where
a possibility of super-weakly interacting Higgs-coupled
dark matter was pointed out. The scalar potential in the
model of interest reads as:

V = �m2
h

2
H†H + �(H†H)2 +AH†H⇥+

m2
⇥

2
⇥2 . (2)

This model is explicitly renormalizable and does not re-
quire any additional UV completion (if one is willing to
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• There is no runaway direction if 

• After integrating out the Higgs, the theory becomes very similar to 
Brans-Dicke – but better because of UV completeness our theory.  

• Main consequence of such model is a new scalar force mediated by a 
scalar – that can be dark matter.
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tolerate the usual fine-tuning problem with m2
h itself).

We chose to redifine away possible linear terms in ⌥ by
shifting the field, and absorbing A�⌥ into m2

h.
After spontaneous symmetry breaking, the two fields

acquire a vacuum expectation value,  H†H⌦ = v2/2,
 ⌥⌦ = ⌥0, where

v2 =
m2

h

2⇤ � A2/m2
⌅

, ⌥0 = � Av2

2m2
⌅

(3)

and v = 246 GeV. The potential (2) has a stable mini-
mum only ifA2/m2

⌅ < 2⇤, which is what we assume in the
following; otherwise, it develops a runaway direction in
the (⌥, H†H) plane unless additional nonlinear ⌥4 terms
are introduced. The low energy dynamics is encoded in
the two physical fields h and �, defined as

H =
1↵
2

⇤
0

v + h

⌅
, ⌥ = ⌥0 + � (4)

and with Lagrangian

L =
(�h)2

2
+

(��)2

2
� m2

h

2
h2 �

m2
⌅

2
�2 (5)

�(Av)h� � A

2
h2�+ . . . (6)

As already noted, Higgs loops give only logarithmically
divergent corrections to m⌅. Therefore, the requirement
of technical naturalness bounds the scale of m⌅ from be-
low by the coupling A. In summary, by defining the
dimensionless ratio x ⇥ A/m⌅, we assume x � 1 and
x <

↵
2⇤, although also values x ⌅ 1 will be considered.

III. FIFTH FORCE AND EQUIVALENCE
PRINCIPLE VIOLATION

The singlet � couples to SM particles through the mix-
ing with the Higgs field. Depending on the mass m⌅ and
coupling A, the �-mediated attractive force can produce
testable deviations from 1/r2-gravitational force as well
as composition dependence, thus violating the Equiva-
lence Principle (EP). The leading contributions to �-
couplings mediated by the �-Higgs propagator is shown
in Fig. 1. As a rule of thumb, the �-couplings are sup-
pressed with respect to the Higgs couplings by a factor
of Av/m2

h:

g⌅xx =
Av

m2
h

ghxx, (7)

where ghxx is the e⇥ective dimensionless coupling of
the Higgs to x-particle at very low momentum tranfer.
Therefore, the e⇥ective Lagrangian describing the inter-
actions with the SM gauge and fermion fields takes the
following form:

Le� =
Av

m2
h

�
ghff f̄f +

gh��
v

Fµ⇤F
µ⇤ + . . .

⇥
� . (8)

In the above, ghff are the Yukawa couplings to
fermions. Those can either be fundamental, as the SM
couplings to quarks and leptons, ghqq = mq/v, ghll =
ml/v where mq (ml) is the mass of the quark (lepton)
under consideration, or e⇥ective, as in the case of the
nucleons. The latter includes the contributions from all
heavy quarks contributing to the coupling to gluons ghgg
that provide a dominant contribution in the chiral limit
[10]. Below the QCD scale, the estimate of the e⇥ective
Yukawa coupling of the Higgs to nucleons is rather un-
certain due to a poorly known strangeness content of the
nucleon in the 0+ channel:

ghNN ⌃ 200 � 500MeV

v
⇤ O(10�3). (9)

This is much larger than the naive contribution of up and
down quarks.
The violation of EP is evident from the fact that the

electrons and nucleons have couplings to the � field that
do not scale exactly with masses,

ghee
me

⌥= ghNN

mnuc
. (10)

The e⇥ective coupling of the Higgs to the electromag-
netic field, gh�� , is obtained by integrating out heavy
charged particles, and the question of which one is
“heavy” depends on the characteristic q2 of (virtual) pho-
tons. The coupling gh�� can be written in the following
form (see, e.g. [12]):

gh�� =
�EM

6⇧

⇧
3
⌥

q

Q2
q +

⌥

l

Q2
l � 21

4

⌃
, (11)

where summation goes over the quark and lepton fields
with charges Qq and Ql, and the last term is due to
the the W -bosons. For the purpose of calculating the
� ⇧ ⇥⇥ decay, one has to sum over e, µ, ⌃ and c, b, t.
Corrections coming from the light quark sector are sub-
dominant, because in the chiral limit they contribute at
two-loops. In practice, their contribution would amount

Figure 1: The mixing with the Higgs Av mediates the cou-
pling of � to SM particles.
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h

ghxx, (7)
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Le� =
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m2
h

�
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gh��
v

Fµ⇤F
µ⇤ + . . .

⇥
� . (8)

In the above, ghff are the Yukawa couplings to
fermions. Those can either be fundamental, as the SM
couplings to quarks and leptons, ghqq = mq/v, ghll =
ml/v where mq (ml) is the mass of the quark (lepton)
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v
⇤ O(10�3). (9)

This is much larger than the naive contribution of up and
down quarks.
The violation of EP is evident from the fact that the

electrons and nucleons have couplings to the � field that
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ghee
me

⌥= ghNN

mnuc
. (10)

The e⇥ective coupling of the Higgs to the electromag-
netic field, gh�� , is obtained by integrating out heavy
charged particles, and the question of which one is
“heavy” depends on the characteristic q2 of (virtual) pho-
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�EM
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⇧
3
⌥

q

Q2
q +

⌥

l

Q2
l � 21

4

⌃
, (11)

where summation goes over the quark and lepton fields
with charges Qq and Ql, and the last term is due to
the the W -bosons. For the purpose of calculating the
� ⇧ ⇥⇥ decay, one has to sum over e, µ, ⌃ and c, b, t.
Corrections coming from the light quark sector are sub-
dominant, because in the chiral limit they contribute at
two-loops. In practice, their contribution would amount

Figure 1: The mixing with the Higgs Av mediates the cou-
pling of � to SM particles.
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5th force from Dark Matter exchange
• The main observational consequence of this model: possibility to 

have an observable 5th force   (x= A/mass)

• For the traditional parametrization, 

we can derive the strength of coupling

(! the second bracket = 0.83)

3

to at most 10% correction. Including these fermion con-
tributions gives gh��(q2 = m2

⇥) ⌅ �EM/(8⇥). For the
purpose of calculating the coupling of ⌅ to nuclei when
the EM fraction of energy is taken into account, electrons
should not be included in the sum, and muon contribu-
tion should include a form-factor. We are not going to
pursue this calculation, because it turns out that gh��
provides a subleading contribution to the EP violation.

Field ⌅ mediates a fifth force of range ⇥ m�1
⇥ . More

precisely, at the Newtonian level of approximation, the
total e⇥ective gravitational potential between two bodies
A and B at relative distance r, presents a Yukawa con-
tribution due to the interaction of the long range field
⌅,

V (r) = �G
mAmB

r
(1 + �A�B e�m'r) . (12)

The scalar couplings � can be expressed in terms of the
log-derivative of the masses as

�A⌥
2MP

=
d lnmA(⌅)

d⌅
, (13)

where MP is the reduced Planck mass and mA(⌅) in-
cludes terms in the Lagrangian that are bilinear in the
fields and couple to ⌅, such as those in eq. (8). When
calculating �A, one should consider the leading univer-
sal contribution from the nucleons and all the corrections
that are specific to the element A (See e.g. [13]). The
main, species-independent part of the nuclear mass is
given by mnuc(NA+ZA), and the universal coupling � is
obtained from eqs. (8), (9) and (13):

� = ghNN

⌥
2MP

mnuc

Av

m2
h

(14)

⌅ 10�3
� mh

115GeV

⇥�2 A

10�8eV
.

In the limit of a very long range force, the value of
� is bounded by post-Newtonian tests of General Rela-
tivity to �2 � 10�5 [14]. However, one can easily see
that for mass range of m⇥ below 10�12 eV, the rela-
tive strength of the ⇤-induced force drops below 10�14

from the gravitational field strength, which would make
it extremely challenging for experimental detection and
immune to the Solar System tests. Thus, it is more in-
teresting to consider intermediate-range forces. Tests of
gravitational inverse-square law limit the Yukawa com-
ponent of the gravitational potential [15, 16]. By means
of equation (14), such tests give a bound on A. This
is shown in Fig. 2. The two panels are elaborations of
plots taken from Refs. [15] and [16]. A force with similar
values of m⇥ and A (x ⌅ 1) is excluded in the range of
masses m⇥ ⌅ 10�8eV � 10�3 eV.

The calculations of the EP-violating part of the scalar
exchange is a far more delicate excercise. One should rec-
ognize that the equivalence principle is violated already
at the level of nucleons, that is ghnn/mn ⇧= ghpp/mp. As
is well-known, the neutron and proton mass di⇥erence

Figure 2: We plot the constraints on the mass m' and cou-
pling A = xm' coming from fifth force experiments, and tak-
ing ghNN to the maximum of its allowed range. The range
of the force is just ⇥ = m�1

' . The coupling � is obtained
in eq. (14) by assuming mh ' 120 GeV. For two di�erent
mass ranges, the lines corresponding to x = 1, x = 10�2 and
x = 10�4 are superimposed on the plots of references [15]
(upper panel) and [16] (lower panel).

comes about because of the unequal quark masses, and
electromagnetic contribution to the nucleon mass. One
can estimate (mn � mp)|mu ⇥=md ⌅ 2.1 MeV and (mn �
mp)|EM ⌅ �0.8 MeV, so that together both contributions
combine to the observable mass di⇥erence �mnp = 1.3
MeV. The ⌅-dependence of both pieces is completely dif-
ferent. Because of the loop smallness of gh�� the electro-
magnetic fraction of nucleon mass is far less dependent on
⌅: �(mn�mp)|EM/�h ⇤ �(mn�mp)|mu ⇥=md/�h. There-
fore, when we estimate the mass of an atom, we add to
the universal term proportional to the baryon number a
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One can expect a “natural” 5th force from DM in 10 micron – 100 m range



“Robust” model for Higgs-mediated DM

§ Fermionic dark matter talking to the SM via a “dark scalar” 
that mixes with the Higgs. With mDM > mmediator.

§ (Bird, Kowalewski, MP, 2006)
After EW symmetry breaking S mixes with physical h, and can be 
light and weakly coupled provided that coupling A is small. 

In the early Universe, the annihilation proceed via
Chi+ chi à S + S à decay to SM. Unconstrained by Higgs decay
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Constraints on Higgs-like mediators
From Krnjaic
2015 (certain 
curves need to 
be revised)

New regions of 
sensitivty can be 
covered using 
new fancy beam 
dump projects 
(SHiP)

NA62



12

Constraints on Higgs-like mediators

From Krnjaic
2015 (certain 
curves need to 
be revised)

New regions of 
sensitivty can be 
covered using 
new fancy beam 
dump projects 
(SHiP)

NA62

What about constraints in this direction ?

Cosmology! 
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What if a new particle is extremely 
weakly coupled

Let us study ~ a few MeV mass new particle V with coupling ek ~ 10-18

to electrons so that aeff ~ a k 2 ~ 10-38 !!!!
NB: mp

2/MPl
2 ~ 10-38

Production cross section for the                               process is 
……………   

cm2

It is hard to believe: 

Cosmological Constraints on Very Dark Photons

Anthony Fradette,1 Maxim Pospelov,2 Josef Pradler,3 and Adam Ritz3
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We explore the cosmological consequence of 1-100 MeV scale massive dark photons with an
e�ective electromagnetic coupling as small as 10�38. We calculate the freeze-in abundance of these
particles in the early Universe and explore the consequences of late decays during the BBN and
CMB epoques. We derive the limits on the parameter space of the model, and make a forecast for
the sensitivity of the upcoming high-precision CMB experiments.

1. INTRODUCTION

Neutral hidden sectors, weakly coupled to the Stan-
dard Model (SM), are an intriguing possibility for new
physics. They are motivated on various fronts, e.g. in
the form of right-handed neutrinos allowing for neutrino
oscillations, or by the need for non-baryonic dark mat-
ter. While the simplest hidden sectors in each case may
consist of a single state, various extensions have been
explored in recent years, motivated by specific experi-
mental anomalies. In particular, these extensions allow
for models of dark matter with enhanced or suppressed
interaction rates or sub-weak scale masses.

From a general perspective, we would expect leading
couplings to a neutral hidden sector to arise through rel-
evant and marginal interactions. There are only three
such ‘portals’ in the SM: the relevant interaction of the
Higgs with a scalar operator OSH†H; the right-handed
neutrino coupling LHNR; and kinetic mixing of a new
U(1) vector Vµ with hypercharge Bµ⇥V µ⇥ . Of these, the
latter vector portal is of particular interest as it leads to
bilinear mixing with the photon and thus is experimen-
tally testable, and at the same time allows for a vector
which is naturally light. This portal has been actively
studied in recent years, particularly in the ‘dark force’
regime in which the vector is a loop factor lighter than
the weak scale, mV ⇤ MeV–GeV.

The model for this hidden sector is particularly sim-
ple. Besides the usual kinetic and mass terms for V , the
coupling to the SM is given by

LV = �⇤

2
Fµ⇥V

µ⇥ = e⇤VµJ
µ
em. (1)

Thus, all phenomenological consequences in this model,
including the production and decay of new vectors, is reg-
ulated by just two parameters, ⇤ and mV , which makes
this model a very simple benchmark for all searches of
light and very weakly interacting particles. There are,
however, options with regard to the origin of the mass of
V : a new Higgs mechanism can be responsible for it, or
mV can be a fundamental parameter - so-called ”Stuck-
elberg mass”. In this paper, we will concentrate on this
latter option for simplicity.

The decay channels of V are all very well known: even
in the mass range where hadronic decays, and hence the

non-perturbative QCD, are important, one can use the
direct experimental information on virtual time-like pho-
ton physics to determine �V and all branching ratios. In
the wide mass range from ⇤ 1 to 220 MeV, the vectors
decay only tio electron-positron pairs and their lifetime
is given by

⌃V ⇧ 3

�e�mV
= 0.6 mln yr⇥ 10MeV

mV
⇥ 10�35

�e�
(2)

where we have introduced the e⇥ective electromagnetic
coupling between electrons and dark vectors V , �e� =
�⇤2.
The normalization of di⇥erent quantities in Eq. (2)

identifies our region of interest (ROI) in the {⇤,mV } pa-
rameter space for this paper: we will explore the cosmo-
logical consequences of these hidden U(1) vectors with
masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe at the post-BBN times, and
during the CMB decoupling. Such states have paramet-
rically small coupling to the electromagnetic current, and
extremely small prodcution cross sections in e+e� ⌅ V ⇥,

�e� ⇤ 10�38 � 10�24, (3)

⇧prod ⇤ ⌅��e�

E2
c.m.

⇤ 10�66 � 10�52 cm2,

where we took Ec.m. ⇤ 200 MeV. Such small couplings
render these states completely undetectable in the ter-
restrial particle physics experiments, and because of that
we refer to such vector particles as ‘very dark photons’
(VDP). Due to the relation to lifetime, Eq. (2), the lower
range for �e� is relevant for the CMB physics, and the
upper range is important for the BBN.
The production cross section looks prohibitively small,

but in the early Universe at T ⇤ mV every particle in
the primordial plasma has the right energy to emit V .
The cummulative e⇥ect of the production in the early
Universe at these temperatures with subsequent decay at
t ⇤ ⌃V may release a detectable amount of electromag-
netic energy. Without going through a detailed calcula-
tion, and omitting O(1) factors, one can give a paremet-
ric estimate for the electromagnetic energy release per
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studied in recent years, particularly in the ‘dark force’
regime in which the vector is a loop factor lighter than
the weak scale, mV ⇤ MeV–GeV.

The model for this hidden sector is particularly sim-
ple. Besides the usual kinetic and mass terms for V , the
coupling to the SM is given by

LV = �⇤

2
Fµ⇥V

µ⇥ = e⇤VµJ
µ
em. (1)

Thus, all phenomenological consequences in this model,
including the production and decay of new vectors, is reg-
ulated by just two parameters, ⇤ and mV , which makes
this model a very simple benchmark for all searches of
light and very weakly interacting particles. There are,
however, options with regard to the origin of the mass of
V : a new Higgs mechanism can be responsible for it, or
mV can be a fundamental parameter - so-called ”Stuck-
elberg mass”. In this paper, we will concentrate on this
latter option for simplicity.

The decay channels of V are all very well known: even
in the mass range where hadronic decays, and hence the

non-perturbative QCD, are important, one can use the
direct experimental information on virtual time-like pho-
ton physics to determine �V and all branching ratios. In
the wide mass range from ⇤ 1 to 220 MeV, the vectors
decay only tio electron-positron pairs and their lifetime
is given by

⌃V ⇧ 3

�e�mV
= 0.6 mln yr⇥ 10MeV

mV
⇥ 10�35

�e�
(2)

where we have introduced the e⇥ective electromagnetic
coupling between electrons and dark vectors V , �e� =
�⇤2.
The normalization of di⇥erent quantities in Eq. (2)

identifies our region of interest (ROI) in the {⇤,mV } pa-
rameter space for this paper: we will explore the cosmo-
logical consequences of these hidden U(1) vectors with
masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe at the post-BBN times, and
during the CMB decoupling. Such states have paramet-
rically small coupling to the electromagnetic current, and
extremely small prodcution cross sections in e+e� ⌅ V ⇥,

�e� ⇤ 10�38 � 10�24, (3)

⇧prod ⇤ ⌅��e�

E2
c.m.

⇤ 10�66 � 10�52 cm2,

where we took Ec.m. ⇤ 200 MeV. Such small couplings
render these states completely undetectable in the ter-
restrial particle physics experiments, and because of that
we refer to such vector particles as ‘very dark photons’
(VDP). Due to the relation to lifetime, Eq. (2), the lower
range for �e� is relevant for the CMB physics, and the
upper range is important for the BBN.
The production cross section looks prohibitively small,

but in the early Universe at T ⇤ mV every particle in
the primordial plasma has the right energy to emit V .
The cummulative e⇥ect of the production in the early
Universe at these temperatures with subsequent decay at
t ⇤ ⌃V may release a detectable amount of electromag-
netic energy. Without going through a detailed calcula-
tion, and omitting O(1) factors, one can give a paremet-
ric estimate for the electromagnetic energy release per

But ….. Not only such a model can be tested – as it turns out it can 
be excluded by the data !!! Constraints from “freeze-in” 
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Constraints on very dark photons
§ The production cross section is ridiculously small, but in the 

early Universe at T > mV , in fact, every colliding pair of 
particles can produce such V, and there is a lot of time available 
for this.

§ Once produced such particles live for a very long time, and 
decay in the “quiet” Universe, depositing non-thermal amounts 
of energy and changing physics of primordial matter after 
recombination.

§ Precision determination of optical depth during the CMB, 
position of Doppler peaks and the slope of the Silk diffusion tale 
provide tight restrictions on the amount of energy injected. 

§ Due to BBN we also have a pretty good evidence that the 
Universe in fact once was at least T ~ a few MeV hot…..

§ Fradette, Pradler, MP, Ritz, arxiv:1407.0993, constraints on 
”very dark photons”
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Filling out details…. 
§ Lifetime against the decay of V to electron-positron pairs

§ e+e-àV in the early Universe leads to the energy stored per 
baryon 

for
§ Planck mass in numerator, and 1/hb ~ 109 provide huge 

enhancement. 
§ Once injected back to the medium via Vàe+e- ~ 1/3 of the stored 

energy leads to ionization. E.g. 1 eV per baryon recreates Xe ~ 
few 10-2 – which would be in gross conflict with CMB physics.
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We explore the cosmological consequence of 1-100 MeV scale massive dark photons with an
e�ective electromagnetic coupling as small as 10�38. We calculate the freeze-in abundance of these
particles in the early Universe and explore the consequences of late decays during the BBN and
CMB epoques. We derive the limits on the parameter space of the model, and make a forecast for
the sensitivity of the upcoming high-precision CMB experiments.

1. INTRODUCTION

Neutral hidden sectors, weakly coupled to the Stan-
dard Model (SM), are an intriguing possibility for new
physics. They are motivated on various fronts, e.g. in
the form of right-handed neutrinos allowing for neutrino
oscillations, or by the need for non-baryonic dark mat-
ter. While the simplest hidden sectors in each case may
consist of a single state, various extensions have been
explored in recent years, motivated by specific experi-
mental anomalies. In particular, these extensions allow
for models of dark matter with enhanced or suppressed
interaction rates or sub-weak scale masses.

From a general perspective, we would expect leading
couplings to a neutral hidden sector to arise through rel-
evant and marginal interactions. There are only three
such ‘portals’ in the SM: the relevant interaction of the
Higgs with a scalar operator OSH†H; the right-handed
neutrino coupling LHNR; and kinetic mixing of a new
U(1) vector Vµ with hypercharge Bµ⇥V µ⇥ . Of these, the
latter vector portal is of particular interest as it leads to
bilinear mixing with the photon and thus is experimen-
tally testable, and at the same time allows for a vector
which is naturally light. This portal has been actively
studied in recent years, particularly in the ‘dark force’
regime in which the vector is a loop factor lighter than
the weak scale, mV ⇤ MeV–GeV.

The model for this hidden sector is particularly sim-
ple. Besides the usual kinetic and mass terms for V , the
coupling to the SM is given by

LV = �⇤

2
Fµ⇥V

µ⇥ = e⇤VµJ
µ
em. (1)

Thus, all phenomenological consequences in this model,
including the production and decay of new vectors, is reg-
ulated by just two parameters, ⇤ and mV , which makes
this model a very simple benchmark for all searches of
light and very weakly interacting particles. There are,
however, options with regard to the origin of the mass of
V : a new Higgs mechanism can be responsible for it, or
mV can be a fundamental parameter - so-called ”Stuck-
elberg mass”. In this paper, we will concentrate on this
latter option for simplicity.

The decay channels of V are all very well known: even
in the mass range where hadronic decays, and hence the

non-perturbative QCD, are important, one can use the
direct experimental information on virtual time-like pho-
ton physics to determine �V and all branching ratios. In
the wide mass range from ⇤ 1 to 220 MeV, the vectors
decay only tio electron-positron pairs and their lifetime
is given by

⌃V ⇧ 3

�e�mV
= 0.6 mln yr⇥ 10MeV

mV
⇥ 10�35

�e�
(2)

where we have introduced the e⇥ective electromagnetic
coupling between electrons and dark vectors V , �e� =
�⇤2.
The normalization of di⇥erent quantities in Eq. (2)

identifies our region of interest (ROI) in the {⇤,mV } pa-
rameter space for this paper: we will explore the cosmo-
logical consequences of these hidden U(1) vectors with
masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe at the post-BBN times, and
during the CMB decoupling. Such states have paramet-
rically small coupling to the electromagnetic current, and
extremely small prodcution cross sections in e+e� ⌅ V ⇥,

�e� ⇤ 10�38 � 10�24, (3)

⇧prod ⇤ ⌅��e�

E2
c.m.

⇤ 10�66 � 10�52 cm2,

where we took Ec.m. ⇤ 200 MeV. Such small couplings
render these states completely undetectable in the ter-
restrial particle physics experiments, and because of that
we refer to such vector particles as ‘very dark photons’
(VDP). Due to the relation to lifetime, Eq. (2), the lower
range for �e� is relevant for the CMB physics, and the
upper range is important for the BBN.
The production cross section looks prohibitively small,

but in the early Universe at T ⇤ mV every particle in
the primordial plasma has the right energy to emit V .
The cummulative e⇥ect of the production in the early
Universe at these temperatures with subsequent decay at
t ⇤ ⌃V may release a detectable amount of electromag-
netic energy. Without going through a detailed calcula-
tion, and omitting O(1) factors, one can give a paremet-
ric estimate for the electromagnetic energy release per

2

baryon

Ep.b. ⇧
mV �prodH

�1
T=mV

nb,T=mV

⇧ 0.1�e�MPl

⇤b
⇧ �e� ⇥1036 eV,

(4)
where we took the production rate per volume �prod to
be given by the product of the typical number density
of particles in the primordial plasma and the V decay
rate, ⌃�1

V n�,T=mV . The production rate is active within

one Hubble time, H�1
T=mV

, which leads to the appearence
of the Planck mass in (4), along with another very large
factor, the ratio of photon to baryon number densities,
⇤�1
b = 1.6 ⇥ 109. One can see that the combination of
these two factors is capable of overcoming an extreme
smallness of �e� . Given that BBN could be sensitive to
energy release of as little as O(MeV) per baryon, and
the CMB inosotropies allow probing sub-eV scale energy
injection, one arrives to the conclusion that the early Uni-
verse can be an e⇥ective probe of VDP! The cosmological
signatures of the decaying VDP were partially explored
in Refs. [2, 3], but the CMB constraints were never de-
rived for this model.

In this paper, we intend to improve the calculations of
the ”freeze-in” abundances in the Early Universe (also us-
ing recent insights on the in-medium production of dark
vectors [4, 5]). We explore the BBN constraints in more
details, including a speculative possibility that currently
observed over-abundance of lithium can be reduced via
the VDP decays. The next section contains the details
of the ‘freeze-in’ calculation. in Section 3 we consider
the impact on BBN, and then in Section 4 consider the
impact of even later decays on the CMB anisotropies. A
summary of the constraints we obtain in shown in Fig. 1,
and more detailed plots of the parameter space are shown
in Sections 3 and 4. We finish with some concluding re-
marks in Section 5.

FIG. 1. [TO BE ADDED] An overview of the constraints
on the plane of vector mass versus mixing, showing the re-
gions excluded by due to their impact on BBN and CMB
anisotropies. These excluded regions are shown in more de-
tail in later sections.

2. FREEZE-IN ABUNDANCE OF VDP

The cosmological abundance of long-lived very dark
photons is determined by the freeze-in mechanism. While
in principle there are several production channels, the
simplest and the most dominant one is the inverse decay
process. When quark (or more generally hadronic) con-
tributions can be neglected, the inverse decay proceeds
via coalessence of e± and µ±, ll̄ ⌥ V , shown in Fig. 2.
MP: we need to add one figure with the electron-positron
going into a wavy line, then cross, then dashed line. We

might have it in previous papers. The Boltzmann equa-
tion for the total number density of V takes the form

ṅV + 3HnV =
⌃

i=l,l̄,V

⌥ ⇥
d3pi

(2⇧)32Ei

⇤
NlNl̄ (5)

(2⇧)4⇥(4)(pl + pl̄ � pV )
⇧

|Mll̄|2,

where the right hand side assumes the rate is sub-
Hubble so that V never achieves an equilibrium density.
The product of Fermi-Dirac (FD) occupation numbers,
Nl(l̄) = [1 + exp(�El(l̄)/T )]

�1, is usually considered in

the Maxwell-Boltzmann (MB) limit, NlNl̄ ⌥ e(El+El̄)/T .
Athough parametrically not justified, numerically the
FD⌥MB substitution is reasonably accurate, because as
it turns out the peak in the production rate per entropy
is at T < mV [2].
The matrix element

⌅
|Mll̄|2 is summed over both

initial and final spin degrees of freedom. It should in-
clude thermal-bath-modified photon propagator, and the
fermion wave functions. Among these modifications the
most important ones are those that lead to the resonant
production of the dark photon states. The resonant pro-
duction occurs at much earlier times [2], at temperatures
T 2
r ⌅ 3m2

V /(2⇧�) � (8mV )
2. It turns out that the res-

onant production is parametrically suppressed relative
to the bulk production, and the details of correspond-
ing calculation are included in Appendix A. The bulk of
the production corresponds to temperatures of mV and
below where T -dependence of

⌅
|Mll̄|2 can be safely ne-

glected. In our model it is given by

⇧
|Mll̄|2 = 16⇧�e�m

2
V

⇥
1 + 2

m2
l

m2
V

⇤
. (6)

The same matrix element determines the decay width,

�V⇤ll̄ =
�e�

3
mV

⇥
1 + 2

m2
l

m2
V

⇤ 

1� 4
m2

l

m2
V

. (7)

The right hand side of (5), that can be understood as the
number of V particles emitted per unit volume per unit
time, in the MB approximation can be reduced to

1

(2⇧)3
1

4

⌥

Eq. 9
dEldEl̄e

�El+El̄
T

⇧
|Mll̄|2 (8)

where the integration region is given by

����
m2

V

2
�m2

l � ElEl̄

���� ⇤
�

E2
l �m2

l

�
E2

l̄
�m2

l . (9)

In the approximation when only electrons are allowed to
coalesce and their mass can be neglected, ml ⌃ mV <
2mµ, (9) reduces to ElEl̄ ⌅ m2

V /4 and the integration
leads to a modified Bessel function,

sẎV = ṅV + 3HnV =
3

2⇧2
�V⇤ll̄m

2
V TK1(mV /T ) (10)

3

where Y = n/s is the number density normalized by the
total entropy density, and �V⌅ll̄ = �e�mV /3 is used for
consistency . The final freeze-in abundance from a given
lepton pair is given by

Y l
V,f =

� ⇧

0
dT

Ẏ l
V

H(T )T
. (11)

The integrals are evaluated numerically using

H(T ) ⇧ 1.66
⇥

g⇥(T )
T 2

Mpl
; s(T ) =

2⌅2

45
g⇥(T )T

3

(12)
where g⇥(T ) is the e⇥ective number of relativistic degrees
of freedom. It is or is taken from [22].

For the simplest case of the MB distribution, and only
the relativistic electrons and positrons contributing, away
from the particle thresholds that change g⇥(T ), the final
integral can be evaluated analytically, and we have

Y e
V,f =

9

4⌅

m3
V �V⌅eē

(Hs)T=mV

= 0.72
m3

V �V⌅eē

(Hs)T=mV

(13)

This number reduces somewhat if the FD statistics is
used, 0.72MB ⌅ 0.54FD, but receives a ⇤ 20% upward
correction from the transverse resonance (Appendix A).
Our numerical integration routine includes both the cor-
rect statistics and the addition of resonant production.

While the treatment of the leptonic production of VDP
might be tedious but straightforward, the hadronic pro-
duction in the early universe is not calculable in principle,
as one cannot simply extrapolate measured rates for the
conversion of virtual photons to hadrons above tempera-
tures of the QCD and/or chiral phase transitions. While
generic scaling captured by Eq. 13 holds, one need to
make additional assumptions on how to treat the pri-
mordial gas of hadrons. It seems reasonable that at high
temperatures, when all light quarks are deconfined the
individual quark contribution Y q

V,f can be added by im-
posing a lower cuto⇥ at the confinement scale Tc in the
integral (11) and multiplying the matrix element (6) by
the square of the quark electric charge Q2

q. Below Tc one
is permitted to use free pion gas as an approximation to
the hadronic state, and the inverse pion decay ⌅+⌅� ⌅ V
is included using the same equations by adding the upper
bound Tc on the integral (11).

The VDPs are produced as semi-relativistic, and the
subsequent expansion of the Universe quickly cools them
so that at the time of their decay EV = mV . The decay
deposits this energy into e±, µ± and ⌅± pairs, and more
complicated hadronic final states at mV above the ⇧-
resonance. Thus, the energy stored per baryon (before
the characteristic decay time) is given by

Ep.b. = mV YV,f
s0
nb,0

, (14)

where nb,0/s0 = 0.9⇥10�10 is the entropy-to-baryon ratio
today. Ep.b. is shown in two separate pannels in figure 2.

Top panel (MP: Anthony, please, add this one!) shows
it as function of mV at fixed �e� , and the lower pannel
fixes the VDP lifetime to ⌃V = 1014s. We demonstrate
the contributions from the di⇥erent production channels.
To explore the variation of the hadronic production on
our assumptions we use a wide range of the phase tran-
sition temperatures, from Tc = 150 MeV to Tc = ⌃ re-
spectively for the quarks and pions contributions. Using
the calculated VDP energy reservoir we are now ready to
explore its consequences for the BBN and the CMB.
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FIG. 2. Total energy stored per baryons along the leptonic
and maximal hadronic contributions for ��1

V = 1014s. The
quark and pion curves are for Tc = 150 MeV and Tc = 1
respectively.

3. IMPACT ON BBN

MP: In addition with what Josef ’s doing in this sec-
tion, we got to investigate the following: the impact of
a massive particle with mass in excess of a di-nucleon
threshold and lifetime of 103 seconds. It can be impor-
tant for Li7 abundance, as we know. At the end of this
section, I am including some observations/estimates for
discussion purposes, to be removed/modified later.
MeV-scale vector masses with kinetic mixing

paramters ⇥ � 10�10 make for a prototype model
of electromagnetic energy injection during primoridal
nucleosynthesis (BBN) because the only kinematically
accessible decay mode is V ⌅ e+e�. After the decay, the
electron-positron pair is instantly thermalized via rapid
inverse Compton scattering on background photons,
injecting a total of Einj = mV � 2me of kinetic energy.
The resulting electromagnetic cascade which forms in
subsequent interactions of photons and electrons gives
rise to a non-equilibrium destruction (and creation) of
light elements.
The most important feature of the injected photon

energy spectrum f�(E�) is a sharp cut-o⇥ for energies
above the e± pair-creation threshold on ambient photons,
Epair ⇧ m2

e/22T . High-energy photons are e⌅ciently
dissipated before they can interact with nuclei, so that
to good approximation f�(E�) = 0 for E� > Epair. In
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Dark photon changes ionization history
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FIG. 3. Total energy stored per baryons for �e� = 10�35 and
��1
V = 1014s.

3. IMPACT ON BBN

Late decays of dark photons a�ect the epoch of pri-
mordial nucleosynthesis with cosmic time t & 1 s in a
variety of ways. The resulting constraints are governed
by a combination of lifetime and abundance, and both
have complementary trends with respect to mV ; ⌅V (YV )
decreases (increases) with growing mass. Therefore we
generally expect constraints to be well bounded as local-
ized islands in parameter space with suitable combination
of mV and YV with BBN sensitivity.

Prior to decay, V contribute to the matter content sub-
stantially, YV . 108 for ⌅V < 1 s. Whereas the mod-
ification of the Hubble rate is generally small, the de-
cays of V imply the injection of electrons, muons, pions,
etc., in numbers larger than that of baryons. The e�ects
on BBN are best described by partitioning the decay into
electromagnetic and hadronic energy injection and in the
following we provide a lightning review of those modes
separately.

MeV-scale vector masses mV < 2m⇥ make for a pro-
totype model of electromagnetic energy injection be-
cause the dominant kinematically accessible decay modes
are V ⌅ e+e�, µ+µ�. Muons decay before interacting
weakly, and electron-positron pairs are instantly thermal-
ized via rapid inverse Compton scattering on background
photons. An electromagnetic cascade forms in energy de-
grading interactions of photons and electrons. The large
number of photons created gives rise to a non-equilibrium
destruction and creation of light elements.

The most important feature of the injected photon
energy spectrum f�(E�) is a sharp cut-o� for energies

above the e± pair-creation threshold on ambient photons,
Epair ⇧ m2

e/22T . High-energy photons are e⇤ciently
dissipated before they can interact with nuclei, so that
to good approximation f�(E�) = 0 for E� > Epair. In
contrast, lower energetic photons below the pair-creation
threshold can interact with the light elements. Equating
Epair against the thresholds for dissociation of the vari-
ous light elements informs us about the temperature and
hence cosmic time tph when to expect the scenario to be
constrained:

tph ⇧

�
⇤

⇥

2� 104s, 7Be + � ⌅ 3He + 4He (1.59MeV),
5� 104s, D+ � ⌅ n+ p (2.22MeV),
4� 106s, 4He + � ⌅ 3He/T+ n/p (20MeV),

where the binding energy of the nucleus against destruc-
tion has been given in brackets. Finally, we also note
that we find that neutrino injection from muon decay
does not yield observable changes in the light element
abundances—a facinating story in itself [3].

Once mV > 2m⇥ the hadronic channels open in the
decay of V and the e�ects on BBN become more di⇤cult
to model. A major simplification is that only long-lived
mesons ⇤±, K±, and KL with lifetime ⌅ ⇤ 10�8 s and
(anti-)nucleons have a chance to undergo a strong in-
teraction reaction with ambient protons and nuclei. The
ample reactions are charge exchange, e.g. ⇤�+p ⌅ ⇤0+n,
and absorption with subsequent destruction of light el-
ements, e.g. ⇤� + 4He ⌅ T + n. Prior to the end of
the deuterium bottleneck at T ⇧ 100 keV only the for-
mer reactions are possible. They change the n/p ratio
that determines the primordial 4He value. Later, once
elements have formed, the charge exchange creates “ex-
tra neutrons” on top of the residual and declining neu-
tron abundance. Moreover, spallations of 4He with non-
equilibrium production of mass-3 elements and secon-
daries, e.g. through T + 4Hebg ⌅ 6Li + n are impor-
tant. We model all such reactions in great detail, in-
clude secondary populations of pions from kaon decays,
and various hyperon producing channels from reactions
of kaons on nucleons and nuclei. A detailed exposition of
the hadronic part along with a discussion of all included
reactions can be found in our previous work [3]. More
details are provided when discussing our findings below
as well as in the appendix.

We now proceed reviewing light element observations
that form the basis of our adopted limits. Probably the
most notable recent development in the determination
of light element abundances are two precision measure-
ments of D/H from high-z QSO absorption systems [6, 7].
Both have error bars that are by a factor ⇤ 5 smaller
than the handful of previously available determinations.
Taken together, the mean observationally inferred pri-
mordial D/H value now reads [7],

D/H = (2.53± 0.04)� 10�5. (15)

Yet, systematically higher levels of primordial D/H are
nevertheless conceivable, despite what the error bar sug-
gests. For example, D may be astrated or absorbed on

7

Ref [30] provides transfer functions T (zinj , zdep, E) giv-
ing the fractional amount of energy deposited at zdep for
an energy injection E at zinj for both ⇥ and e+e� final
states. With this information, we can numerically solve
for the deposition e⌅ciency of the injected energy from
decaying particles with [30]

f(z) =
dE
dz

��
dep

(z)
dE
dz

��
inj

(z)
(27)

= H(z)

⇥

species

⇤ ⇤

z

d ln(1 + zin)

H(zin)

⇤
T (zin, z, E)E

dÑ

dE
dE

⇥

species

⇤
E
dÑ

dE
dE

,

(28)

where dÑ
dE is the normalized energy distribution of the

e+e� or ⇥ in the decaying particle rest frame. This
strategy has been used by Ref [20, 31] to analyze dark
matter annihilation and decay to standard model par-
ticles for m� > 1 GeV. An e⇥ective deposition e⌅-
ciency fe� is found by averaging f(z) over the range
800 < z < 1000. We compute fe� for VDP in the
mass range 1-500 MeV where the decay channels are
V ⇤ {e+e�, µ+µ�,⌃+⌃�} [17]. We show fe�(mV ) along
with each decay channel contributions and their branch-
ing ratios in figure 6 for ��1

V = 1014s. The small e⌅ciency
of µ± and ⌃± is due to the neutrinos radiating away a
large fraction of the energy. For e± with E � 100 MeV,
the longer cooling time lowers the e⌅ciency [30], which

is clearly seen in the fe±

e� curve.
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Using the result (14) with fe� in (26), we find that our
CMB constraints on �� ⇤ lead to the excluded region of
parameter space shown in Fig. 7. This is rather remark-
able sensitivity to an e⇥ective electromagnetic coupling
�e� ⇥ 10�37 � 10�38.
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FIG. 7. CMB constraints on VDP. The lifetime in seconds
and relative number density of dark photons to baryons prior
to their decay is included.

5. CONCLUDING REMARKS

[TO DO .....] The analysis in this paper assumed the
vector mass was above the electron threshold. For lower
masses, V naturally has a lifetime well in excess of the
age of the universe and can play the role of dark matter
[1, 2]. In this regime its relic abundance is fixed instead
by Thomson-like scattering, e+⇥ ⇤ e+V . As discussed
in [1], for mV ⇥ 100 keV, indirect constraints still allow
this cosmological abundance with ⌅ ⇥ 10�11, but photo-
electric absorption in dark matter detectors would leave
a detectable ionization signal. Recent electronic back-
ground data from XENON100 in the 1-100 keV range
[23] shows now signal and thus appears to close this win-
dow, as discussed in more detail in [24].
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APPENDIX A

Our evaluation of the number of relativistic degrees of
freedom needed in the Hubble rate and entropy density
follows the technique used in [34], updated to more recent
QCD theoretical developments.
The Wuppertal-Budapest lattice QCD group pro-

vides [35] a fitting function for the trace anomaly, from
which we can extract the energy and entropy density.
Their function incorporates the hadron resonance gas
model below the pseudo-critical temperature Tc and nf =

Excluded!

3

l

l̄

Aµ Vµ



time

FIG. 2. Illustration of the coalescence production of the dark
photon through an o�-shell photon.

production of the dark photon states. The resonant pro-
duction occurs at much earlier times [2], at temperatures
T 2
r ⌅ 3m2

V /(2⇤�) � (8mV )2. It turns out that the res-
onant production is parametrically suppressed relative
to the bulk production, and the details of correspond-
ing calculation are included in Appendix A. The bulk of
the production corresponds to temperatures of mV and
below where T -dependence of

⌅
|Mll̄|2 can be safely ne-

glected. In our model it is given by

⇧
|Mll̄|2 = 16⇤�e�m

2
V

⇥
1 + 2

m2
l

m2
V

⇤
. (6)

The same matrix element determines the decay width,

�V⌅ll̄ =
�e�

3
mV

⇥
1 + 2

m2
l

m2
V

⇤ 

1� 4
m2

l

m2
V

. (7)

The right hand side of (5), that can be understood as the
number of V particles emitted per unit volume per unit
time, in the MB approximation can be reduced to

1

(2⇤)3
1

4

⌃

Eq. 9
dEldEl̄e

�El+El̄
T

⇧
|Mll̄|2 (8)

where the integration region is given by

����
m2

V

2
�m2

l � ElEl̄

���� ⇤
�

E2
l �m2

l

�
E2

l̄
�m2

l . (9)

In the approximation when only electrons are allowed to
coalesce and their mass can be neglected, ml ⌃ mV <
2mµ, (9) reduces to ElEl̄ ⌅ m2

V /4 and the integration
leads to a modified Bessel function,

sẎV = ṅV + 3HnV =
3

2⇤2
�V⌅ll̄m

2
V TK1(mV /T ) (10)

where Y = n/s is the number density normalized by the
total entropy density, and �V⌅ll̄ = �e�mV /3 is used for
consistency . The final freeze-in abundance from a given
lepton pair is given by

Y l
V,f =

⌃ ⇧

0
dT

Ẏ l
V

H(T )T
. (11)

The integrals are evaluated numerically using

H(T ) � 1.66
⌥
g⇥(T )

T 2

Mpl
; s(T ) =

2⇤2

45
g⇥(T )T

3

(12)
where g⇥(T ) is the e⇥ective number of relativistic degrees
of freedom, evaluated with the most recent lattice and
perturbative QCD results (see Appendix A for details).

For the simplest case of the MB distribution, and only
the relativistic electrons and positrons contributing, away
from the particle thresholds that change g⇥(T ), the final
integral can be evaluated analytically, and we have

Y e
V,f =

9

4⇤

m3
V �V⌅eē

(Hs)T=mV

= 0.72
m3

V �V⌅eē

(Hs)T=mV

(13)

This number reduces somewhat if the FD statistics is
used, 0.72MB ⌥ 0.54FD, but receives a ⇧ 20% upward
correction from the transverse resonance (Appendix B).
Our numerical integration routine includes both the cor-
rect statistics and the addition of resonant production.

While the treatment of the leptonic production of VDP
might be tedious but straightforward, the hadronic pro-
duction in the early universe is not calculable in principle,
as one cannot simply extrapolate measured rates for the
conversion of virtual photons to hadrons above tempera-
tures of the QCD and/or chiral phase transitions. While
generic scaling captured by Eq. 13 holds, one need to
make additional assumptions on how to treat the pri-
mordial gas of hadrons. It seems reasonable that at high
temperatures, when all light quarks are deconfined the
individual quark contribution Y q

V,f can be added by im-
posing a lower cuto⇥ at the confinement scale Tc in the
integral (11) and multiplying the matrix element (6) by
the square of the quark electric charge Q2

q. Below Tc one
is permitted to use free pion gas as an approximation to
the hadronic state, and the inverse pion decay ⇤+⇤� ⌥ V
is included using scalar QED rules (Appendix C).

The VDPs are produced as semi-relativistic, and the
subsequent expansion of the Universe quickly cools them
so that at the time of their decay EV = mV . The decay
deposits this energy into e±, µ± and ⇤± pairs, and more
complicated hadronic final states at mV above the ⌅-
resonance. Thus, the energy stored per baryon (before
the characteristic decay time) is given by

Ep.b. = mV YV,f
s0
nb,0

, (14)

where nb,0/s0 = 0.9⇥10�10 is the entropy-to-baryon ratio
today. Ep.b. is shown in two separate panels in figure 3.
Top panel shows it as function of mV at fixed �e� , and
the lower panel fixes the VDP lifetime to ⇧V = 1014s. We
demonstrate the contributions from the di⇥erent produc-
tion channels. Using the calculated VDP energy reservoir
we are now ready to explore its consequences for the BBN
and the CMB.
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Constraints on dark photons2

omitting O(1) factors, one can give a parametric estimate
for the electromagnetic energy release per baryon

Ep.b. ⇤
mV �prodH

�1
T=mV

nb,T=mV

⇤ 0.1�e�MPl

⇤b
⇤ �e� ⇥1036 eV,

(4)
where we took the production rate per volume �prod to
be given by the product of the typical number density of
particles in the primordial plasma and the V decay rate,
⌃�1
V n�,T=mV . The production rate is active within one
Hubble time, H�1

T=mV
, which leads to the appearance of

the Planck mass in (4), along with another very large
factor, the ratio of photon to baryon number densities,
⇤�1
b = 1.6 ⇥ 109. One can see that the combination of
these two factors is capable of overcoming an extreme
smallness of �e� . Given that BBN could be sensitive to
energy release of as little as O(MeV) per baryon, and
the CMB anisotropies allow probing sub-eV scale energy
injection, one arrives to the conclusion that the early Uni-
verse can be an e⇥ective probe of VDP! The cosmological
signatures of the decaying VDP were partially explored
in Refs. [2, 3], but the CMB constraints were never de-
rived for this model.

In this paper, we intend to improve the calculations of
the ”freeze-in” abundances in the Early Universe (also us-
ing recent insights on the in-medium production of dark
vectors [4, 5]). We explore the BBN constraints in more
details, including a speculative possibility that currently
observed over-abundance of lithium can be reduced via
the VDP decays. The next section contains the details
of the ‘freeze-in’ calculation. in Section 3 we consider
the impact on BBN, and then in Section 4 consider the
impact of even later decays on the CMB anisotropies. A
summary of the constraints we obtain in shown in Fig. 1,
and more detailed plots of the parameter space are shown
in Sections 3 and 4. We finish with some concluding re-
marks in Section 5.

2. FREEZE-IN ABUNDANCE OF VDP

The cosmological abundance of long-lived very dark
photons is determined by the freeze-in mechanism. While
in principle there are several production channels, the
simplest and the most dominant one is the inverse decay
process. When quark (or more generally hadronic) con-
tributions can be neglected, the inverse decay proceeds
via coalescence of e± and µ±, ll̄ ⌅ V , shown in figure 2.

The Boltzmann equation for the total number density
of V takes the form

ṅV + 3HnV =
⇧

i=l,l̄,V

⌃ �
d3pi

(2⇧)32Ei

⇥
NlNl̄ (5)

(2⇧)4⇥(4)(pl + pl̄ � pV )
⌅

|Mll̄|2,

where the right hand side assumes the rate is sub-
Hubble so that V never achieves an equilibrium density.
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FIG. 1. An overview of the constraints on the plane of vector
mass versus mixing, showing the regions excluded by due to
their impact on BBN and CMB anisotropies. These excluded
regions are shown in more detail in later sections.

The product of Fermi-Dirac (FD) occupation numbers,
Nl(l̄) = [1 + exp(�El(l̄)/T )]

�1, is usually considered in

the Maxwell-Boltzmann (MB) limit, NlNl̄ ⌅ e(El+El̄)/T .
Although parametrically not justified, numerically the
FD⌅MB substitution is reasonably accurate, because as
it turns out the peak in the production rate per entropy
is at T < mV [2].

The matrix element
⇤

|Mll̄|2 is summed over both
initial and final spin degrees of freedom. It should in-
clude thermal-bath-modified photon propagator, and the
fermion wave functions. Among these modifications the
most important ones are those that lead to the resonant

• We rule out significant fraction of dark 
photon parameter space.

• These new limits are inevitable: only rely 
on thermal production and require that 
the Universe was T~ 0.3 mV hot. 

• Non-thermal component of < Vµ > (so-
called “vacuum misalignment”) will only 
make limits stronger. Existence of “dark 
Higgs” can only make limits stronger.

• After 2014, limits/sensitivity can be 
further improved with Planck 
polarization data. 

• (Fradette, MP, Pradler, Ritz, 2014)
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Generalization to Higgs-mixed scalars

• Basic idea is the same: freeze-in production in the very early 
Universe, T > mS.

• Late decays via mixing with the Higgs

• Because of the Higgs portal, the production peaks at T close EW 
scale. 

• The sensitivity is enhanced compared to dark photons: small mass 
dark photons decouple, but small mass S scalars do not. Production 
due to e.g. top Yukawa, decay due to e.g. electron Yukawa. Expect 
more sensitivity!

• (Fradette, MP, Pradler, Ritz, 2017, to appear)
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Freeze-in yield

Freeze-in yield is given by 3*10-9 q2 with ~50% accuracy. Big 
improvements over earlier works (that were ok up to factor of ~30)
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Emissivities around EW transition need to 
be treated carefully

• Neither the approximation of mSM(v)= mSM((v(T)) nor 
approximation of thermal masses is adequate if one aims at 
“precise” calculation. 

5
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S tR
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H

FIG. 4. S-producing interactions in the electroweak symmet-
ric phase. Left : Yukawa annihilations. Center : Gauge
boson scatterings. Right : Compton-like scatterings. [AF: I
can optimize this graphic for the 2-column format.]

as in (17) and treating all SM masses as vev-dependent
variables

mSM (T ) = m0
SM ⇥ v(T )

v0
, (25)

thus dropping the T 2 term in Eq. (14). For mh(T ), the
T 2 term is retained for consistency in the definition of
v(T ) and to make sure ✓(T ) does not have an unphysical
divergence for small mS (thermal screening forbids mS '
mh(T ) for mS ⌧ m0

h). As we will see in Sec. III B,
we expect this approximation to hold until v(T ) & gT ,
before the thermal masses are dominated by the plasma
contributions.

In the symmetric phase, we retain the quark masses in
the cross sections and promote them to the thermal mass
acquired from the QCD plasma [22]

m2
q(T ) =

g2sCF

8
T 2 =

g2s
6
T 2, (26)

which a↵ects the kinematic phase space available for in-
teractions. The Higgs doublet components all obtain the
Higgs thermal mass (16). We neglect the gauge boson
transverse mass. From a finite-temperature point of view,
the magnetic thermal mass of a non-abelian SU(N) at
one-loop is 0 [26]. A non-vanishing value is generated at
higher order as a non-perturbative quantity of the order
m2

T ⇠ (g/3⇡)gT [27, 28], which is sub-leading compared
to the other masses.

In the intermediate regime where a full finite-
temperature calculation is needed v(T )

g . T  Tc, we ex-
trapolate our two regions to obtain an uncertainty band
for our model. In either case, we obtain a relic density
uncertainty within a factor of 2, which is reasonable for
the problem at hand.

Retaining the top quark Yukawa coupling yt, the elec-
troweak couplings g, g0 and the Higgs self-coupling �H as
the only non-zero coupling constants, the yield from each
non-vanishing production channel in the mS ⌧ mh limit
are compiled in Table I. Their respective emissivity as a
function of temperature are shown in Figs. 5 and 6. We
use FeynCalc [29, 30] to compute the cross sections.
The QCD cross sections are expressed in Sec. III A and
the large s limit of the other channels are listed in App. A.

Production Channel i Y v�0

i Y
v&0

i Y sym

i Y tot

i [1010✓2]

tt̄ ! gS 2.11 0.93
0 6.29 - 8.11

tg ! tS (⇥2) 4.17 0.90

tt̄ ! hS 0.41 0.08
0.03 - 0.05 1.72 - 2.01tt̄ ! ZS 0.44 0.11

tb̄ ! W+S (⇥2) 0.82 0.11

th ! tS (⇥2) 0.38 0.13

0.14 - 0.21 14.40 - 17.77tZ ! tS (⇥2) 1.46 0.77

tW ! bS (⇥2) 3.66 1.43

bW ! tS (⇥2) 8.70 1.11

Zh ! ZS 0.26 0.10

0.01 - 0.02 8.68 - 10.93

ZZ ! hS 0.33 0.17

WW ! hS 0.57 0.25

WW ! ZS 3.47 0.89

Wh ! WS (⇥2) 0.46 0.16

WZ ! WS (⇥2) 3.57 0.69

hh ! hS 0.01 < 0.01 0

Total 30.81 7.84 0.19 - 0.28 31.1 - 38.8

TABLE I. S freeze-in yield for each production channels in
units of 1010✓2, separated in their near-vacuum contribution

Y v�0

i and additional yield Y
v&0

i if extrapolated to the phase
transition. The yield from each production category in the
symmetric phase is shown as Y sym

cat

with the range displaying
the total yield for T above Tc or extrapolated down to T &
gv(T ).
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FIG. 5. Total S freeze-in emissivity and the contribution from
each production channel category as a function of tempera-
ture for ✓ = 10�5.

A. QCD production

The cross sections for a gluon interaction with the top
quark to produce a S (in the mS ! 0 limit) are
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Naïve mixing angle is not a good 
approximation

• Naively, coupling of S to gauge bosons, such as Z, occurs via 
mixing with the Higgs, ~ gW

2 [A*v(T)]2/(mS
2-mH(T)2)

• If one takes v(T)à0, and mH(T)àthermal H mass, S-Z-Z vertex 
naively vanishes. 

• Correction to vertex will give scaling qeff ~ (A/T), not à0 at 
v(T)à0.

4

Zµ

Z⌫

S

v ! 0

Zµ

Z⌫

S

+ · · ·+ Zµ

Z⌫

S

FIG. 3. Survival of the ZZS vertex at higher order in the
symmetric phase.[AF: I can optimize this graphic for the 2-
column format.]

vertices with Feynman rules proportional to v are not al-
lowed in the electroweak symmetric phase. This is only
true at the tree-level and the surviving diagrams are gen-
erated at higher order in A expansion. The first terms in
the higher order expansion are shown in Fig. 3.

As a representative behaviour, we can look at the first
thermal correction, with one loop in Goldstone bosons.
Taking the soft S limit such that Matsubara sum of the
Golsdstone boson loop is easily tractable, we find the
T > 0 of the first vertex correction to be

�µ⌫
ZZS,T>0 ⇠ Ag2

4
gµ⌫

Z
d3p

(2⇡)3
�!e�! + e�! � 1

!3 (1� e�!)2
, (19)

where � = 1/T and ! is the energy of the boson in
the loop. For a massless boson, this integral is infrared
divergent, a well-known behaviour of finite-temperature
corrections [22]. Expanding the integrand in low !, the
divergence has the form

�µ⌫
ZZS,T>0 ⇠ Ag2 gµ⌫

1

(loop)

Z
d!

�!2
. (20)

The bosons are however screened by the plasma with
the e↵ective thermal mass m2

h,T = chT
2. The regulated

corrections gives

�µ⌫
ZZS,T>0 ⇠ Ag2 gµ⌫

1

(loop)

1p
ch

, (21)

which is a loop factor smaller than the tree-level. The
vertex therefore does not vanish, but is suppressed over
the vacuum value.

III. COSMOLOGICAL PRODUCTION VIA
FREEZE-IN

The cosmological production of a new species S from
2 ! 2 interactions is given by the Boltzmann equation

s̃Ẏ =

Z 4Y

i=1

✓
d3pi

2Ei(2⇡)3

◆
⇤(f1, f2, f3, f4)|M|2 ⇥

⇥ (2⇡)4�4(p1 + p2 � p3 � p4), (22)

where s̃ is the entropy density (to be distinguished from
the Mandelstam variable s), Y ⌘ nS/s̃, ⇤ = f1f2(1 ±
f3)(1 ± f4) represents the thermal distribution of each

species and |M|2 is the spin-summed squared amplitude.
In the Maxwell-Boltzmann (MB) approximation of the

freeze-in mechanism, ⇤ ! fMB
1 fMB

2 = e�
(E1+E2)

T , and
for 4 di↵erent species, Eq. (22) takes the form [23]

s̃Ẏ12!3S =
g1g2
8⇡4

T

Z 1

smin

ds p212
p
s�K1

✓p
s

T

◆
, (23)

p212 =
s

4

✓
1� (m1 �m2)2

s

◆✓
1� (m1 +m2)2

s

◆
,

smin = Max
h
(m1 +m2)

2
, (m3 +m4)

2
i
,

while � = �12!3S is the standard cross section averaged
over initial particles degrees of freedom.
The total S is yield is found by summing all 12 ! 3S

possible interactions where 1, 2 and 3 are SM particles.
Production channels of the form 12 ! SS are suppressed
by an extra factor of ✓ and are neglected. Since the S par-
ticle preferably interacts with massive particles, we an-
ticipate a large number of possible production channels
around the electroweak scale. We classify the di↵erent
channels by their asymptotic behaviour in the EW un-
broken phase. According to the Goldstone Boson Equiva-

lence Principle [24, 25], in v2/s ! 0 limit, the behaviour
has to be the same as simple Goldstone bosons inter-
actions. Expanding the Higgs doublet with 4 massless
bosons

H =

✓
�+

(h+ i�0)/
p
2

◆
, (24)

we find that the only S-producing interactions in the
symmetric phase will be the 2 ! 2 scattering tRQL !
HS, V H ! HS (V is a SU(2)/U(1) gauge boson) and
tRH ! QLS, shown in Fig. 4. As such, we categorizes
the S-producing interactions in 4 di↵erent types:

• QCD production, which includes all diagrams with
gluons.

• Yukawa annihilation, which includes the 4 reactions
contributing to tRQL ! HS.

• Compton-like scattering, which includes reactions
with a quark scattering on a boson in the form of
tRH ! QLS.

• Gauge boson scattering, which includes the reac-
tions purely with bosons.

We segment the production calculation in two regimes,
first for T ⌧ Tc with near-vacuum cross sections. Then,
for T > Tc, the vacuum expectation value is negligi-
ble and the dimensionful SM couplings proportional to
v vanish. In all instances, we compute the cross sections
at tree-level, with a few phenomenological improvements
we justify below.
In the broken phase, we incorporate the the first correc-

tion of thermal e↵ects by explicitly varying the EW vev
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Cosmological constraints on Higgs-mixed 
scalar over entire range of mixing angles

aNP
µ = aexperiment

µ � aSM theory
µ (32)
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A. Fradette + MP have improved existing cosmological constraints 
on the Higgs-mixed scalar via CMB, BBN. To appear. 
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Constraints significantly constrain technically 
natural corner
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A < O(1-to-10)*mS is what you expect for not having additional 
tuning issues in mS. q< O(1-to-10)*mS/(100 GeV).
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Constraints significantly constrain technically 
natural corner
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Coupling of a new state S to electron here is ~ 10-22. 
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Higgs portal and light scalars at the LHC

§ Will consider lS sizeable and A parameter (mixing) to be small. 

§ If quadratic and linear coupling co-exist, then the LHC offers nice 
ways of probing this sector for light-ish S: At the LHC, we will be 
concerned with Hà S+S, followed by S decay. 

§ Hà2 S followed by [displaced] S decay analysis is not done. 
However, to a certain degree it can be recast from Hà 2 dark 
photons, followed by dark photon decay (ATLAS). It’ll be a much 
nicer to do a dedicated search.

§ What if S are so long-lived that they decay at really macroscopic 
distance away? 

2

cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).

II. THE MINIMAL HIGGS PORTAL MODEL

We consider the simplest extension of the SM by a singlet scalar field S. A new singlet scalar S can have two
interaction terms with the Standard Model (SM) at the renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the singlet sector (including the SM) generically takes the form

LH/S = µ2H†H � �H

�
H†H

�
2 � V (S)�ASH†H � �SS

2H†H + kin. terms. (1)

The Higgs expectation value v = 246 GeV is assumed to correspond to a global minimum. The self-interaction
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S4 +�
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S3 + m2
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2

S2 can be redefined in such a way that the linear term is absent. It is important
that the A, �

3

! 0 and hSi = 0 limit would correspond to the case of stable S particles. To simplify the discussion
without sacrificing much generality, we take �

3,4 ! 0 and assume Av ⌧ m2
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, �Sv2.

The physical mass of S receives a contribution from the electroweak symmetry breaking, mS =
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The �S term arises because the S field develops a small A-controlled vacuum expectation value. The mixing parameter
✓ leads, via the A coupling constant, to the decay of S particles, which can be readily derived from

L
decay

= S ⇥ ✓
X

SM

Oh, (3)

where Oh is the set of the standard Higgs interaction terms, with the Higgs field removed: e.g. Oh = (mf/v)f̄f for
an elementary SM fermion f .

This Yukawa-type coupling to the SM has been tested in rare meson decays [12–16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large mixing angles ✓ & 10�4�10�2 over the mS ⇠ MeV - 5 GeV
mass range. The proposed experiment SHiP could potential improve current sensitivity down to ✓ ⇠ 10�6 for
mS ⇠ few GeV [17].

In the limit of ✓ ! 0, S is stable and could be the dark matter [18–20]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see Refs. [21, 22] for recent reviews), but �S is generically bounded
from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
invisible branching ratio of Higgs decay to SS final state is

�h!SS =
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2
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where in the last line we assumed Br(h ! SS) ⌧ 1 and mS ⌧ mh. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S

�S . 0.007
⇣
1� 4m2

S

m2

h

⌘
1/4

. (6)

If S is to be stable, such small couplings would lead to an excessive abundance of S, which invalidates the Z
2

symmetric
case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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MATHUSLA proposal. 

Industrial size O(200 m) hollow 
detector to be put on the surface, 
near the forward region of a particle 
detector at the LHC, e.g. CMS.

Time correlation between events 
at the LHC and decay vertex 
inside a large detector can 
drastically cut the number of 
background cosmic events
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§ MATHUSLA proposal. 

It is important to know, how much a new particle is allowed to 
travel before decaying. Impossible to know in general. Within 
Higgs à scalars, scalar decay idea – possible to constrain the 
lifetime and maximum distance using cosmology. 
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Application for the LHC
§ New ideas to build a “cheap” detector for a dedicated search of long 

lived particles in coincidence with hard collisions at the LHC: Chou, 
Curtin, Lubatti, 1606.06298. MATHUSLA proposal. 

§ Signal ~ probability to produce * probability to decay

§ BBN may or may not provide a strong cutoff to lifetime.

§ Special investigation is warranted: Fradette, Pospelov, PRD 2016 (= 
“BBN contract” for MATHUSLA)
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BBN abundances at hCMB
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Last 5yr developments (Planck etc)
• Planck re-measures most of the cosmological parameters, but there is 

no drastic change in h compared to WMAP/SPT/ACT.

• Planck determines helium abundance Yp. Accuracy approaches 10%.

• Cooke et al (2013) claim better accuracy and less scatter for the re-
evaluated observational abundance of D/H. Perfect agreement, it 
seems!

• With latest results, no evidence of 6Li in the stellar atmospheres.

• Only 7Li remains a problem. 

10 Cooke et al.

Fig. 5.— Values of D/H for the Precision Sample of DLA measurements analyzed in this paper. The orange point represents the new case reported here
(J1358+6522). The left and right panels show respectively the D/H measures as a function of the DLA oxygen abundance and H i column density. The dark
and light green bands are the 1σ and 2σ determinations of Ωb,0 h2 from the analysis of the CMB temperature fluctuations recorded by the Planck satellite
(Planck Collaboration 2013) assuming the standard model of physics. The conversion from D/H to Ωb,0 h2 is given by eqs. 5 and 6.

TABLE 2
The Precision Sample of D/HMeasurements in QSO Absorption Line Systems

Literature This work
QSO zem zabs [O/H]a logN(H i) log (D/H) logN(H i) log (D/H) Ref.b

(cm−2) (cm−2)
HS 0105+1619 2.652 2.53651 −1.77 19.42 ± 0.01 −4.60 ± 0.04 19.426 ± 0.006 −4.589 ± 0.026 1, 2
Q0913+072 2.785 2.61829 −2.40 20.34 ± 0.04 −4.56 ± 0.04 20.312 ± 0.008 −4.597 ± 0.018 1, 3, 4
SDSS J1358+6522 3.173 3.06726 −2.33 . . . . . . 20.495 ± 0.008 −4.588 ± 0.012 1
SDSS J1419+0829 3.030 3.04973 −1.92 20.391 ± 0.008 −4.596 ± 0.009 20.392 ± 0.003 −4.601 ± 0.009 1, 5, 6
SDSS J1558−0031 2.823 2.70242 −1.55 20.67 ± 0.05 −4.48 ± 0.06 20.75 ± 0.03 −4.619 ± 0.026 1, 7
aWe adopt the solar value log(O/H)⊙ + 12 = 8.69 (Asplund et al. 2009).
bReferences – (1) This work, (2) O’Meara et al. (2001), (3) Pettini et al. (2008a), (4) Pettini et al. (2008b),
(5) Pettini & Cooke (2012), (6) Cooke et al. (2011), (7) O’Meara et al. (2006).

the literature systems that did not meet our selection criteria
(see Section 2.2.1) have larger uncertainties, and thus their
contribution to the weighted mean value of D /H is relatively
low.

4.1. The Cosmic Density of Baryons
Using the most up-to-date calculations of the network of

nuclear reactions involved in BBN, the primordial abundance
of deuterium is related to the cosmic density of baryons (in
units of the critical density), Ωb,0, via the following relations
(Steigman 2012; G. Steigman 2013, private communication):

(D /H)p = 2.55 × 10−5 (6/ηD)1.6 × (1 ± 0.03) (5)
ηD = η10 − 6(S − 1) + 5ξ/4 (6)

where η10 = 273.9Ωb,0 h2, S = [1 + 7(Neff − 3.046)/43]1/2 is
the expansion factor and ξ is the neutrino degeneracy param-
eter (related to the lepton asymmetry by Equation 14 from
Steigman 2012). The rightmost term in eq. 5 represents the
current 3% uncertainty in the conversion of (D /H)p to ηD due
to the uncertainties in the relevant nuclear reactions rates (see
Section 4.2). For the standard model, Neff ≃ 3.046 and ξ = 0.
In this case, the Precision Sample of D/H measurements im-
plies a cosmic density of baryons:

100Ωb,0 h2(BBN) = 2.202±0.020 (random) ±0.041 (systematic)
(7)

where we have decoupled the error terms from our measure-
ment (i.e. the random error term) and the systematic uncer-
tainty in converting the D abundance into the baryon density
parameter.
As can be seen from Figure 5, this value of Ωb,0 h2 is in ex-

cellent agreement with that derived from the analysis of the
CMB temperature fluctuations measured by the Planck satel-
lite (Planck Collaboration 2013):

100Ωb,0 h2(CMB) = 2.205 ± 0.028. (8)
4.2. The Current Limitation

In the era of high-precision cosmology, we feel that it is
important to highlight the main limitations affecting the use
of (D /H)p in the estimation of cosmological parameters. As
can be seen from eq. 7, the main source of error is in the
conversion of (D /H)p to the baryon density parameter (ηD,
and hence Ωb,0 h2). In large part, this systematic uncertainty
is due to the relative paucity of experimental measures for
several nuclear cross-sections that are important in the net-
work of BBN reactions, particularly deuteron–deuteron re-
actions and the d(p, γ)3He reaction rate at the relevant en-
ergies (Fiorentini et al. 1998; Nollett & Burles 2000; Cyburt
2004; Serpico et al. 2004). Since these studies, estimates for
the deuteron–deuteron reaction cross-sections (Leonard et al.
2006) have improved and their contribution to the error budget
has been reduced. Themain lingering concern involves the re-
action rate d(p, γ)3He, for which only a single reliable dataset
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Fig. 6.— The 1σ and 2σ confidence contours (dark and light shades respectively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance (blue),
the CMB (green), and the combined confidence contours (red). The left panel illustrates the current situation, while the right panel shows the effect of reducing
the uncertainty in the conversion from (D /H)p to Ωb,0 h2 by a factor of two (see discussion in Section 4.2). Dashed and dotted lines indicate the hidden contour
lines for BBN and CMB bounds respectively.

Fig. 7.— The 1σ and 2σ confidence contours (dark and light shades respec-
tively) for Neff and Ωb,0 h2 derived from the primordial deuterium abundance
(blue), the primordial He mass fraction (green), and the combined confidence
contours (red). Dashed and dotted lines indicate the hidden contour lines for
(D /H)p and YP bounds respectively.

recently as a probe of the effective number of neutrino fam-
ilies (Cyburt 2004; Nollett & Holder 2011; Pettini & Cooke
2012, see also Section 5.1). Here, we demonstrate that precise
measures of the primordial deuterium abundance (in combi-
nation with the CMB) can also be used to estimate the neu-
trino degeneracy parameter, ξ, which is related to the lepton
asymmetry by Equation 14 from Steigman (2012).
Steigman (2012) recently suggested that combined esti-

mates for (D /H)p, YP, and a measure of Neff from the CMB,
can provide interesting limits on the neutrino degeneracy pa-
rameter (ξ ≤ 0.079, 2σ; see also, Serpico & Raffelt 2005;
Popa & Vasile 2008; and Simha & Steigman 2008). By com-
bining (D /H)p and YP, this approach effectively removes the
dependence on Ωb,0 h2. Using the conversion relations for
(D /H)p and YP (eqs. 5–6 and 13–14) and the current best de-
termination of YP (0.253±0.003; Izotov, Stasinska, & Guseva
2013), in addition to the Planck+WP+highL19 constraint on
Neff and the precise determination of (D /H)p reported here,
we derive a 2σ upper limit on the neutrino degeneracy param-
eter, |ξ| ≤ 0.064, based on the approach by Steigman (2012).
We propose that an equally powerful technique for estimat-
19 We used the base cosmology set with Neff and YP added as free param-

eters (see Section 6.4.5 of Planck Collaboration 2013).

ing ξ does not involve removing the dependence on Ωb,0 h2
by combining (D /H)p and YP, as in Steigman (2012). In-
stead, one can obtain a measure of both Ωb,0 h2 and Neff from
the CMB, and use either (D /H)p or YP to obtain two sepa-
rate measures of ξ. This has the clear advantage of decou-
pling (D /H)p and YP; any systematic biases in either of these
two values could potentially bias the measure of ξ. Separating
(D /H)p and YP also allows one to check that the two estimates
agree with one another.
Our calculation involved aMonte Carlo technique, whereby

we generated random values from the Gaussian-distributed
primordial D/H abundance measurements, whilst simultane-
ously drawing random values from the (correlated) distribu-
tion between Ωb,0 h2 and Neff from the Planck+WP+highL
CMB data (Planck Collaboration 2013)20. Using Equation 19
from Steigman (2012, equivalent to eq. 6 here), we find
ξD = +0.05 ± 0.13 for (D /H)p, leading to a 2σ upper limit
of |ξD| ≤ 0.31.
With the technique outlined above, we have also computed

the neutrino degeneracy parameter from the current observa-
tional bound on YP. For this calculation, we have used the
MCMC chains from the Planck+WP+highL CMB base cos-
mology with Neff and YP added as free parameters. In this
case, the CMB distribution was weighted by the observational
bound on YP (YP = 0.253±0.003; Izotov, Stasinska, & Guseva
2013). Using Equations 19–20 from Steigman (2012, equiv-
alent to eqs. 6 and 14 here), we find ξD = +0.04 ± 0.15 for
(D /H)p and ξHe = −0.010 ± 0.027 for YP. These values
translate into corresponding 2σ upper limits |ξD| ≤ 0.34 and
|ξHe| ≤ 0.064. Combining these two constraints then gives
ξ = −0.008 ± 0.027, or |ξ| ≤ 0.062 (2σ).
Alternatively, if we assume that the effective number of

neutrino species is consistent with three standard model neu-
trinos (i.e. Neff ≃ 3.046), we obtain the following BBN-only
bound on the neutrino degeneracy parameter by combining
(D /H)p and YP, ξ = −0.026 ± 0.015, or |ξ| ≤ 0.056 (2σ). We
therefore conclude that all current estimates of the neutrino
degeneracy parameter, and hence the lepton asymmetry, are
consistent with the standard model value, ξ = 0.
20 Rather than drawing values of Ωb,0 h2 and Neff from the appropriate

distribution, we instead used the Markov-Chain Monte Carlo chains provided
by the Planck science team, which are available at:
http://www.sciops.esa.int/wikiSI/planckpla/index.php?
title=Cosmological Parameters&instance=Planck Public PLA
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Higgs portal and light scalars
§ At the LHC, we will be concerned with Hà S+S, followed by S 

decay. 
§ Consider “an almost” Z2 symmetric case to maximize the depletion 

of S in the early universe, and minimize its decay: 

2

cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).

II. THE MINIMAL HIGGS PORTAL MODEL

We consider the simplest extension of the SM by a singlet scalar field S. A new singlet scalar S can have two
interaction terms with the Standard Model (SM) at the renormalizable level, in addition to trilinear and quartic
self-interactions. In this scenario, the Lagrangian of the singlet sector (including the SM) generically takes the form

LH/S = µ2H†H � �H

�
H†H

�
2 � V (S)�ASH†H � �SS

2H†H + kin. terms. (1)

The Higgs expectation value v = 246 GeV is assumed to correspond to a global minimum. The self-interaction

potential V (S) = �
4

S4 +�
3

S3 + m2

S0

2

S2 can be redefined in such a way that the linear term is absent. It is important
that the A, �

3

! 0 and hSi = 0 limit would correspond to the case of stable S particles. To simplify the discussion
without sacrificing much generality, we take �

3,4 ! 0 and assume Av ⌧ m2

S0

, �Sv2.

The physical mass of S receives a contribution from the electroweak symmetry breaking, mS =
p
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+ �Sv2. At
linear order in A, the mixing angle ✓ between physical excitations S and h is
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The �S term arises because the S field develops a small A-controlled vacuum expectation value. The mixing parameter
✓ leads, via the A coupling constant, to the decay of S particles, which can be readily derived from

L
decay

= S ⇥ ✓
X

SM

Oh, (3)

where Oh is the set of the standard Higgs interaction terms, with the Higgs field removed: e.g. Oh = (mf/v)f̄f for
an elementary SM fermion f .

This Yukawa-type coupling to the SM has been tested in rare meson decays [12–16] and in proton fixed-target
experiments [17]. The model is mostly ruled out for large mixing angles ✓ & 10�4�10�2 over the mS ⇠ MeV - 5 GeV
mass range. The proposed experiment SHiP could potential improve current sensitivity down to ✓ ⇠ 10�6 for
mS ⇠ few GeV [17].

In the limit of ✓ ! 0, S is stable and could be the dark matter [18–20]. Various limits arise from searches in direct
and indirect detection if the particle is stable (see Refs. [21, 22] for recent reviews), but �S is generically bounded
from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
invisible branching ratio of Higgs decay to SS final state is

�h!SS =
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Sv
2

8⇡mh

s
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h

, (4)

Br(h ! SS) =
�S

�S + �SM
' 10�2

✓
�S

0.0015

◆
2

, (5)

where in the last line we assumed Br(h ! SS) ⌧ 1 and mS ⌧ mh. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S

�S . 0.007
⇣
1� 4m2

S

m2

h

⌘
1/4

. (6)

If S is to be stable, such small couplings would lead to an excessive abundance of S, which invalidates the Z
2

symmetric
case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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cosmological history of S (section II); derive the impact on the BBN (section III); present our results (section IV),
and provide related discussion (section V).

II. THE MINIMAL HIGGS PORTAL MODEL
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from the constraints on invisible Higgs decay, independently of the direct detection limits. The Standard Model Higgs
has a well-predicted decay rate into SM particles of �SM = 4.07 MeV. So far, the properties of 125 GeV resonance
are remarkably consistent with the SM Higgs, and therefore there is little doubt that its width is close to �SM . The
invisible branching ratio of Higgs decay to SS final state is

�h!SS =
�2

Sv
2

8⇡mh

s

1� 4m2

S

m2

h

, (4)

Br(h ! SS) =
�S

�S + �SM
' 10�2

✓
�S

0.0015

◆
2

, (5)

where in the last line we assumed Br(h ! SS) ⌧ 1 and mS ⌧ mh. The experimental upper bound on the invisible
branching ratio of a SM Higgs is 0.19 (at 2�) [23], which translates into an upper bound on �S

�S . 0.007
⇣
1� 4m2

S

m2

h

⌘
1/4

. (6)

If S is to be stable, such small couplings would lead to an excessive abundance of S, which invalidates the Z
2

symmetric
case, and forces us to include the decay term. From now on, we will consider ✓ 6= 0, or in other words the case of
unstable S particles. Since our analysis is motivated by the LHC physics, we will use Br(h ! SS) as an input
parameter, and substitute �S everywhere employing (4) and (5).
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FIG. 1. Left : Branching ratios of the scalar S in our baseline decay model. See text for details. Right : Scalar S lifetime of our
baseline model and the spectator model for the mixing angle ✓ = 10�6.

B. Cosmological metastable abundance

After the temperature drops below mS , the interaction of SS pairs with the SM shifts towards the annihilation,
resulting in an intermediate (metastable) population of S bosons. In the mass range that we consider, the S annihi-
lation is dominated by the s-channel reactions SS ! h⇤ ! XX, where on the receiving end are the pairs of the SM
states XX created by a Higgs-mediation process. The annihilation cross section �v generically takes the form

�v(s) =
8�2

Sv
2

(s�m2

h)
2 +m2

h�
2

SM+S

�mh!
p
s

SMp
s

, h�vi =
R1
4m2

S
ds �v(s) s

p
s� 4m2

SK1

⇣p
s

T

⌘

16Tm4

SK
2

2

�
mS

T

� . (12)

This formula recast the rate in terms of a Higgs width �mh!
p
s

SM

with a fictitious mass of
p
s. This form encompasses

both perturbative and non-perturbative channels in the h⇤ decay rate (with the substitution m⇤
h ! p

s), which we
have described above. In the standard WIMP freeze out paradigm, a DM particle freezes out at T

f.o. ⇠ mDM/20,
h�vi is simply the nonrelativistic limit �v(

p
s = 2mDM ) and the relic density can be conveniently approximated as

⌦DMh2 ⇠ 0.11⇥ 1pb/h�vi. This result emerges as a solution to the Boltzmann equation1 [38]

dY

dx
=

sh�vi
Hx


1 +

1

3

d(lnh
e↵

)

d(lnT )

� �
Y 2

eq

� Y 2

�
, (13)

when the freeze out occurs in the exponentially falling region of the equilibrium density Y
eq

(T ). For a much smaller
annihilation cross section, h�vi ⌧ 1 pb, Y departs from the equilibrium value earlier, possibly near the relativistic
plateau Y

eq

= n
eq

/s ! 45⇣(3)/2⇡4h
e↵

(T ) for x ⌧ 1. Since the nonrelativistic annihilation cross section in the
minimal Higgs portal model ranges from 10�3 to 10�14 pb for mS ⇠ 1 MeV�60 GeV and Br(h ! SS) ⇠ 0.1� 0.001,
we numerically integrate equation (13) to determine the metastable S abundance. The results are shown in Fig. 2,
normalized to the baryon number density for a more intuitive interpretation of its impact on BBN in the following
section.

For mS ' mh/2, the �v cross section evaluated at s = 4m2

S is a poor approximation, as it fails to capture the strong
energy dependence of the cross section near the resonance at

p
s = mh/2 [39]. The sharp drop in the abundance above

mS ⇠ 45 GeV is due to the resonant contribution to the thermally averaged cross section, leading to a delayed freeze
out and drastic decrease in metastable S abundance. Our numerical results agree with the semi-analytic treatment
of Ref. [21]. For very light mS , one can see that the freeze out abundances are large, and the relative spread between
di↵erent input values of Br(h ! SS) gets smaller, as the annihilation cross section becomes very small and the
freeze out happens in the semi-relativistic regime x

f.o. ⇠ O(1) and asymptote to the Y
eq

relativistic plateau for
small mS . The only di↵erence at the lightest masses is from Y rel

eq

/ 1/h
e↵

(T ). Since h
e↵

is a monotonic function

1 We use the standard variable definitions, where Y = nS/s is the S abundance normalized on the entropy density s, x = m/T is
the dimensionless inverse temperature, H is the Hubble rate, he↵ is number of entropic relativistic degrees of freedom and Yeq is the
normalized thermal equilibrium S number density.

Defines lifetime Defines H decay and S abundance
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Cosmological  metastable abundance
§ In the early Universe, the number density is depleted as for the usual 

WIMP: 
§ However, because Higgs mediation is relatively inefficient, the 

abundance you are stuck with is large. [The smaller HàSS 
branching is, the MORE of these particles survive in the early U]5
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FIG. 2. Left : Temperature evolution (x = m/T ) of the YS intermediate abundance for mS = 5 MeV and 500 MeV for the three
benchmark higgs branching ratios. Right : Metastable abundance of S prior to its decay normalized over the baryon density.
Values shown for Br(h ! SS) = 10�1, 10�2 and 10�3. The dashed lines correspond to the perturbative spectator model.

of temperature, weaker annihilation cross sections freeze out earlier, at a higher temperature, thus yielding smaller
abundances (as seen in the mS = 5 MeV curves in Fig. 2). This is in contrast with the standard freeze out in the
non-relativistic regime, with final abundances inversely proportional to the cross section. We note in passing that the
strong-interaction-related uncertainty “propagates” outside the mS ⇠ 2m⇡ � 2mc window. For example, because of
the relativistic freeze out, for mS smaller 2m⇡ the hadronic channels may turn out to be important.

III. BIG BANG NUCLEOSYNTHESIS

The formation of light nuclei is one of the earliest probes of NP in cosmology along with far less certain constraints
imposed by the inflationary framework. BBN is well-understood within SM physics, and its outcome agrees with
observational data for 4He and D. 7Li has an outstanding factor of ⇠ 2 � 3 discrepancy between theory and obser-
vations [9], with the caveat that the observed abundances may have been a↵ected by stellar evolution. Nevertheless,
the overall success over a wide range of abundances can be used to constrain various types of NP [11].

The initial BBN stage is the neutron-proton ratio n/p freeze out. Maintained in equilibrium by electroweak
interactions at high temperatures, the neutron abundance follows n/p ⇠ e�Q/T , where Q = mn � mp � me '
1.293 MeV, until the epoch when the weak processes decouple around temperatures of 0.7 MeV. The outcome,
n/p ' 1/6, is quasi-stable, decreasing to n/p ' 1/7 at the end of the “deuterium bottleneck”. The latter terminology
is used to indicate a much delayed onset of nuclear reactions controlled by a relatively shallow n� p binding energy.
Once the Universe runs out of photons that can e�ciently dissociate deuterium, the bulk of the nucleosynthetic
reactions occurs at t

deut

⇠ 200 seconds. 4He has a large binding energy per nucleon, and the reactions leading
to it are less Coulomb-suppressed than for heavier elements. Consequently, most neutrons end up in the final 4He
abundance (expressed in mass fraction from the total baryon mass) Yp ' 2(n/p)/ (1 + n/p) ' 0.25.

Traces of neutrons and incomplete nuclear burning of A = 2, 3 nuclei light nuclei result in the left-over abundances
of 3He and D. Beyond the 4He atomic number, the deepest bound nucleus is 12C, but its formation is completely
suppressed since it would need to be produced by a triple 4He collision. The 2 ! 2 reactions p + 4He and 4He +
4He are also ine↵ective at producing heavier nuclei as the A = 5 and A = 8 elements are all unstable. The only
remaining possibilities are 4He + 3He ! 7Be + � followed by a � decay to yield 7Li/H ⇠ O(10�10) and 6Li formed at
the 6Li/H ⇠ O(10�14) via 4He-D fusion. For the problem at hand - the determination of the upper limit on the S
lifetime - few of these details matter. This is because of relatively large metastable abundances a↵ecting the earliest
stages of nucleosynthesis, primarily via the n/p ratio.

A. Neutron Enrichment

Ample abundances of S particles (nS ⇠ 102 � 109 ⇥ nb) flood the Universe with final state mesons and nucleons
that in turn could spoil the final light nuclei abundances. For example, at temperatures T ⇠ 0.5 MeV, the protons are
⇠ 6 times more abundant than neutrons, but this ratio can be easily changed due to meson-induced charge exchange
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Constraints on lifetime come mostly from n/p 
enrichment

§ Decay products (nucleons, kaons, pions) induce extra pàn
transitions and quite generically increase n/p. This is very 
constrained. 

§ For a ~ GeV scale particle, and energy of 200 GeV (broadly 
consistent with being a decay of the Higgs at 13 or 14 TeV energy), 
the minimum probability to decay in 100m hangar is ~ 10-6. If the 
branching of HàSS is sizeable, then it is a detectable signal. 
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FIG. 6. Left : Lifetime constraint as a function of the S mass for three h ! SS branching ratios. The lettered regions represent
di↵erent assumptions or physics and are described in the text. The dotted lines correspond to the perturbative spectator model.
Right : Same as left, except transposed in the decay length of S, assuming it is boosted to ES = 200 GeV.

• Region B m⇡ < mS < 2m⇡ : This region is dominated by the SS annihilation to ⇡+⇡�. We also derived the
same constraint as region A from N

e↵

up to mS = 2mµ, in addition to the raised N
e↵

from decays into muons
in the 2mµ < mS < 2m⇡ and the Yp constraints from S decaying into muons. They all yield weaker bounds, of
⌧S > 0.3 sec or longer.

• Region C 2m⇡ < mS < 2mK : The abundance YS weighted by the pion branching ratio constrains the region
via direct charged pion decays. We assume 2/3 go into charged pions and 1/3 is radiated away in ⇡0.

• Region D 2mK < mS < 1.4 GeV : The abundance YS weighted by the kaon branching ratio constrains the
region via direct charged kaons decays. We assume 1/2 go into charged kaons and 1/2 into K0K̄0. Only half of
the neutral kaons survive as KL, creating similar in numbers metastable populations of KL, K+ and K�.

• Region E 1.4 GeV < mS < 2mD : By strangeness conservation, we assume that all s-quarks yield a kaon,
half charged and half neutral. Since we do not have model-independent branching ratios of S in this mass
regime, we vary the description according to the assumptions in each decay model. For the baseline model, we
assume that 100% decays to the kaons and apply our kaon injection constraints. For the perturbative spectator
model, the kaon branching ratio is given by (11), with non-negligible contributions from decays to pions, muons
and eta mesons, resulting in weaker bounds until the c-quark threshold. At mS = mc the hadronic modelling
dependence largely goes away.

• Region F 2mD < mS < 2mb : We utilize the branching fractions of cc̄ from e+e� at
p
s = 10.5 GeV into

D-mesons from Ref. [56] and weight each channel by its inclusive K± branching ratios to find a hadronization
yield of 0.63 K+K� pair per S decay into c-quarks. Rescaled by Br(S ! cc̄), same constraints from kaon
injection apply. Above the 2m

⇤c threshold, a cc̄ typically forms a c-baryon with a 0.06 probability [56], which
then hadronizes to p or n. We find this constraint weaker than the kaons injection and use the K+K� result
across this entire range.

• Region G mS > 2mb : The main decay channel here are pairs of bb̄ quarks. The charged pion, charged
kaons and proton multiplicities in the bb̄ decay of a Z boson are measured to be 18.44 ± 0.63, 2.63 ± 0.14 and
1.00 ± 0.08 respectively by the ALEPH collaboration [57]. We assume the ratio holds in the hadronization of
lower centre-of-mass decays into bb̄ and scale by the mean charge multiplicity fit [58]

Nch(s) = �0.577 + 0.394 ln(s/s
0

) + 0.213 ln2(s/s
0

) + 0.005(s/s
0

)0.55, (49)

where s
0

= 1 GeV2. This fit agrees well in both e+e� and pp̄ collisions between
p
s ⇠ 2 GeV�2 TeV. This gives

us an estimate for the baryon injection of the bb̄ branching fraction of S. We further assume 50% smaller injection
of n(n̄) to utilize our baryon injection constraints. The accompanying pions and kaons also independently yield
comparable constraints, not shown in the figure.
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Conclusions

1. Cosmological constraints are derived on the entire mass-mixing 
plane for scalars coupled through the super-renormalizable portals. 

2. Constraints are derived on the lifetime of the Higgs portal scalars 
from BBN, relevant for rare Higgs decay searches. Lifetime is 
generically < 0.1 sec. Good news for a Mathusla-style project

3. LHC experiments should analyze Hà2S, followed by S decay, as it 
is the most minimal extension of the SM. 


