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Abstract. We consider the cosmology and phenomenology of a dark photon portal to a simple
dark sector consisting of a single, light, fermionic dark matter particle species with mass in
the MeV range. We entertain three possible kinetic mixing structures of a new Abelian gauge
group U(1)4,,4 with the visible sector through U(1), ., U(1)y and T[SU(2)1]. We assume
the dark photon to be massive and around the MeV scale, thus close to the mass scale of
the dark matter candidate. We compute the dark matter relic density via freeze-out and
freeze-in, entertaining the additional possibility of a late inflationary period that could dilute
the dark matter yield of heavy candidates, and (ii) additional production modes, for models
with under-abundant thermal production. We explore the parameter space compatible with
a variety of experimental and astrophysical bounds, and discuss prospects for discovery with
new CMB probes and MeV gamma-ray telescopes.
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1 Introduction

The presence of dark matter (DM) has been established in numerous ways with cosmological
and astrophysical observations throughout the past eighty years; it is now commonly agreed
upon that the DM contributes around 24% of the Universe critical density at late times [1].
It is additionally agreed upon that this DM does not fit in the Standard Model (SM) of
particle physics [2], and that it consists of a new particle species (or some heavy composite
or compact object) [3].

The origin and production modes of the cosmological DM remain as mysterious as
its particle nature. However, one paradigm has gained significant traction: that the DM
consists of a thermal relic. In the thermal relic paradigm at early times the DM was in
thermal equilibrium with the hot primordial plasma, where it interacted with other particles;
upon “freezing out” of thermal equilibrium, while possibly non-relativistic, the DM would
then free-stream and eventually collapse in the halos observed in the late universe, triggering
the formation of structure in the universe. Such cold dark matter (CDM) paradigm is able to
reproduce statistical properties of the large scale structure (LSS) of the Universe, and predicts



galaxy formations patterns consistent with observation [4]. A prototypical CDM candidate
is a weakly interacting (being able to decouple with the measured relic abundance) massive
(hence non-relativistic at the moment of decoupling) particle, or WIMP [5]. While the search
for WIMPs via direct and indirect detection has produced no conclusive positive results, the
possibility that the DM interact with the visible, Standard Model (SM) sector via some
“portal” remains extremely well motivated [6-8].

Here we consider a “portal” to a minimal dark sector, consisting of a Dirac fermion
DM candidate, blind to all known interactions leaving aside gravity, but charged under a
new “dark” force, whose quantized nature is represented by a “Dark Photon” (DP) [9]. The
latter is (weakly) coupled to charges in the SM, via kinetic mixing. Here, we will consider
the following three possible kinetic mixing structures: U(1)gark X U(1)em., U(1)dark X U(1)y
and U(1)garx X T[SU(2),] mixing (where “T” stands for “maximal torus” of a given group).

The structure of our study is as follows. In the following section 2 we present our choice
of kinetic mixing theories, describe their structure, and derive all couplings needed. This
is explicitly done by rotating back the initial Lagrangian to the mass eigenstates where the
kinetic terms are diagonal. The guiding idea is to introduce the minimum number of extra
gauge bosons, in this case only one, the DP; for this additional gauge boson to interact with
SM fields, one can only couple it with another neutral gauge boson within the SM, hence
our choice of using the electromagnetic field A, the hypercharge field B, and the SU(2);, —
Cartan subalgebra generator WE

The following section 3 discusses DM production from the primordial plasma: DPs are
unstable particles and as such they may or may not be present at the beginning of DM
production depending on whether they are still in equilibrium or have already decoupled and
decayed. Here, we discuss these possibilities in detail, and find that the presence of DPs plays
an important role in the solution to the relevant Boltzmann equations in the two production
mechanisms discussed in the next section. We outline there the region where one may not
assume ny # 0 at the moment of ignition of DM production (n 4 being the number density
of the DP).

Section 3 entertains two “thermal” DM production mechanisms, freeze-out and freeze-in,
for DM candidates of mass 10 MeV and 100 MeV. We derive contour plots outlining the theory
parameters combinations that yield the right amount of DM, and the regions where, for the
100 MeV candidate, a late-time inflationary period dilutes the standard DM abundance and
opens up otherwise excluded parameter space. Finally we consider the freeze-in mechanism,
where the DM is produced out of equilibrium starting from a null initial population. In
this paradigm, DM is a “feebly” interacting massive particle (FIMP), for it is required not to
reach thermal equilibrium throughout the entire thermal history of the early Universe [10-13].
In this case, the presence of DPs in the thermal bath will play a critical role in shaping the
open parameter space and the ensuing observational and experimental bounds. In fact, when
DPs are absent at early times, the only channel left for DM production is an s-wave process
with DP exchange between SM particles and DM. In this case, the relevant interactions

scale as I' ~ (gDDf/[f (gSDﬁ)2 T, while the Hubble rate H ~ T?/Mp, where Mp is Planck’s
mass, meaning that the leading contributes are those of lower temperatures, i.e. DM will be
independent from UV a priori unknown physics.

In section 4 we briefly review direct and indirect DM searches, as well as constraints on
DM from CMB measurements in light of upcoming experiments such as NA64"T", the MeV
telescope GECCO and the Simons Array. The final section 5 concludes.

We collect relevant analytical results in the appendices.



2 The dark photon

In this section, we present a concise description of three different channels that may lead
to the production of a new massive gauge boson that kinetically mixes with an Abelian SM
gauge group. In particular, we give the terms one needs to add to the SM Lagrangian to
obtain the operators stemming from the DP mixing.

2.1 Kinetic mixing theories

Kinetic mixing is a well-known mechanism to introduce DPs as portals between the SM and
a dark sector assumed to contain the DM candidate. Here we explicitly derive all the needed
couplings between the DS and the SM starting from the Lagrangian density where the mixing
is explicit. Moreover, we address some of the differences between the theories presented in
the next section, where phenomenological predictions will be made.

We start by looking at a U(1)em. X U(1)gark theory. The Lagrangian density under
consideration is

L= —7F SR — ZF,’WF’W QFWF’W +eJ AP + gpJ; A", (2.1)
where ¢ is the kinetic mixing parameter while e and gp are the electric and “dark” charges.
J = x’yux is the “dark current”, x the DM candidate and J,, is the usual electromagnetic
current F;w and F/  are the field strengths respectively associated to the gauge fields A
and AL. Rotation into mass eigenstates is given in appendix B.

Another well motivated possibility, relevant to extending the model before the elec-
troweak phase transition, is to make use of the other two neutral gauge bosons within the
SM gauge group, namely the hypercharge boson B,, and Wi’ We indicate the former as the
U(1)yx U(1)gark theory, obtained by rotating

1 1
L= 1 By, B" — EW;?VW&W - 4%1/@/“” - %Buvalw
1 _ _ _
+ (D) (D'®) + §m2/aLa'“ +iLPL + ilg Pl +iQDPQ (22)
+ iurPur + idg Pdr + iXDy

into the mass eigenstates. Notice that in this case, we have to introduce a massive boson
a,, which will be rotated into a new DP after symmetry breaking (see appendix C). In what
follows, we will refer to the dark photon mass as m 4+, distinguishing it from m, (see m 4/ (my/)
below). Also notice that the resulting Z 1 boson inherits the kinetic mixing residual as a slight
modification of the SM Z,, due to its mass, see again appendix C for details.

The T[SU(2)1] x U(1)gark case is obtained similarly by substituting the kinetic mix-
ing term

Lonix = QWSV (2.3)

in place of the B,-mixing in (2.2).

Before proceeding, we point out that all vertices containing a DP are of order O(e);
moreover in the two theories describing physics prior to the electroweak phase transition,
the vertices comprising the Zu boson correct SM interactions by terms of order O(e?). In
these latter theories, neutrinos are the only “anomalous” particles interacting with DPs, with
couplings of order O(e6), where § = (ma/mz)?.



2.2 Thermal equilibrium

We now examine the question of whether dynamically tracking the dark photon abundance
in computing the dark matter relic density is necessary. First, we point out that DP-SM
interactions (such as ff +— A’A') fA" «+— fA and vf <— A’f) are greatly suppressed
compared to dark sector processes. As a result, A’ is in thermal equilibrium when the rates I’
for dark sector processes satisfy I'yyara//H > 1 and ' g a1y /JH > 1, or Tary a0 /JH > 1
or both simultaneously. If one of the first two conditions is violated, the third one will prevent
the decay, but when both are violated, then the particle is no longer in equilibrium. Notice
also that we must require annihilation and production to be in equilibrium simultaneously:
if one of the two is violated, then both are to be considered no longer available interactions
to keep A’ in equilibrium. Finally if the interactions are slower than the decay rate, then A’
will decay, regardless of the equilibrium argument given above.

We computed the temperature at which A’ starts decaying (Tp) and compared it with
the temperatures of freeze-out T\ ¢, and freeze-in T r;, whichever appropriate: if, for ex-
ample, Tp > Ty 1o, DPs decouple before the beginning of DM production (through the
freeze-out mechanism in this case) and hence they may be considered already decayed away.
On the other hand if Tp < T 1, then DPs have still to decouple, being therefore present at
the moment DM starts being produced. We performed this analysis in the (ms,e2) space,
by checking the temperatures conditions outlined above for each parameter configuration,
thus obtaining a parameter subspace where DP may still be present due to thermal equi-
librium. We labelled the corresponding region in parameter space with n4 # 0 and this
region of parameter space the DP-DM Boltzmann equations must be solved as coupled dif-
ferential equations. It’s worth mentioning that if one was to simplify the coupled equations
by assuming DP to have an equilibrium distribution, then their presence in the primordial
plasma would have kept DM in equilibrium for a much longer time (due to “dark strong”
interactions) hence producing no compatible freeze-out abundance. In the freeze-in scenario
on the other hand, if one was to assume a non-negligible presence of DP during the initial
thermal history, their interactions would have immediately overproduced DM leading again
to wrong predictions.

We conclude this section illustrating the interplay of rates discussed above, normalized
to the Hubble rate and to the DP decay rate as a function of temperature for a few choices of
DM and DP masses. In figure 1 we consider DM masses m, = 10 MeV and m, = 100 MeV,
with mgq = 2MeV, my = 10MeV, my = 100MeV and my = 1GeV in the dark x
electromagnetic theory. In the figure we show four ratios: T'yaryyar/H, T'yar—yar/Tar,
Iyy—arar/H and I'yy 474/ /T 4. Notice that when the ratios I'/H are greater than unity,
interactions are rapid enough to keep the DP in equilibrium as long as in the meantime
the condition I'/T'4» > 1 is also satisfied. For example, in the m, = 100 MeV and my =
1 GeV section, even though A’ could be in equilibrium thanks to elastic scatterings and
inelastic interactions (continuous lines), the decay amplitude takes control and brings it to
decay (dashed lines): leading interactions are always the ones we refer to, hence the dashed
interactions “decouple” at higher temperatures i.e. a little sooner in the thermal history of
the plasma. More precisely in the considered case we see that the “decoupling” temperature
is about 1 GeV while the DM decoupling temperature is 7' ~ m, /20 ~ 5MeV; as a result,
we are allowed to assume no DP is present at the moment of DM decoupling. Vice-versa, in
the upper left plot, we see that the DM decouples at T' ~ 5 x 10~* GeV, when the DPs are
still present in the plasma. In this case, the DPs abundance must be tracked to compute the
final DM abundance.



gp =1, m, =100 MeV, mp = 10 MeV

gp = 1, my =100 MeV, my =1 GeV
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Figure 1. Considering the electromagnetic x dark theory we plot pair-production and elastic scat-
tering rates, relative to the Hubble rate (solid lines) or to the A’ boson decay rate (dashed lines), as
a function of temperature for by gp = 1, m, = 10 MeV and m, = 100 MeV, for some representative
values of m 4.. When the solid curves are below the horizontal dotted line, interactions are decoupled.
When the dashed curves are below the horizontal dotted line, decay is fast enough to guarantee dis-
appearance of the DP.

The freeze-out condition is shown in figure 2, where the light blue region indicates the
subspace where n 4 < 1 cannot be assumed. In the case of freeze-in, instead, one must dis-
tinguish among the different scenarios, as they are relevant at different cosmological times,
prior or subsequent to Electroweak Symmetry Breaking (EWSB); in the dark x electromag-
netic theory, since DM may be produced from the very beginning of the thermal history of
the universe, but the model is only valid up to EWSB, T} ¢; ~ Trwsp (which is very high)
and we get that the presence of DP in this case can never be neglected. The last argument
applies also to Y x dark and L x dark mixing theories, although in these we considered a
generic post-inflationary high temperature T' ~ 200 GeV (the precise value of the tempera-
ture is irrelevant, as we discuss below). Lastly, no matter which theory one considers, DP
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Figure 2. The relevant parameter space for the freeze-out production mechanism, for the theories
dark x electromagnetic (above) and dark x Y/L (below). The plots show constraints from the
E137, E141 and E774 beam dump experiments at SLAC (green coloured region) [16], the U70 beam
dump experiment (purple) [17], the fixed target experiments MAMI [18] and APEX (brown) [19], the
electron-positron collider experiments BaBar [20, 21] and KLOE (dark gray) [22]. Finally, constraints
from the CMB assuming s-wave annihilation (orange) [23] and SN-cooling (red) [24]. The cyan region
shows the parameters’ configurations which may lead to a non-decoupled A’ boson during freeze-
out and hence depicting a region in parameter space where the approximation of negligible number
density for A’ is not valid. Red solid lines show the model’s parameters where the DM relic density
matches the cosmological value Qh? = 0.12; acceptable DM candidates are found where A’A’ — yx
interactions dominate and the model gets independent from €2. Finally, in the third frame we added
a blue solid line, which shows that the region where Qh? = 0.12 in the dark x Y model is basically
coincides with the region for the dark x Y/L model.
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processes xy «— A’A’ (and yA' «+— xA’) are always very significant in the “strong dark”
regime we consider below, one where the coupling gp < O(1).

3 Production

We consider a standard homogeneous and isotropic FLRW universe, where the collisional
Boltzmann equations take the form

dT ~  sHT

dY; g i &
Y, g ((21)3 ;Cinel[fi;...]>, (3.1)

where Y; = n;/s is the i-th species abundance, s = (272/45)g,sT? is total entropy density [14],
H the Hubble rate, g; the degrees of freedom (d.o.f.) of i, Cine the inelastic Collisional
operator and f; the phase space distribution function of i. § = (1 + T'dlog g«s/dT) ~ 1 for
gxs only changes when a d.o.f. becomes non-relativistic in the plasma.

Integrating (3.1) we get the current value of Y, o which we use for estimating the relic
abundance

9 My S0

Qh pcrit,O/hf2

known to be close to 0.12 from Planck data.

YXaO(mX7mA’7€7gD)7 (32)

3.1 Freeze-out

Producing DM through a freeze-out scenario requires it to be in equilibrium with the plasma
at the moment of decoupling, so we may take Yy =Y with n$% = (g;/27*)m; T Ko(m;/T) [15],
where K5 is the modified Bessel function of the second kind.

In the electromagnetic kinetic mixing scenario we have the following system of equations:

nj‘q)2<0”ffaxx> - ni(‘”’xxﬁfﬁ + 1 (VA A—x)

dT sHT

dY, 1 [(

2
— Ny (vax—>A’A’> +2na T a5y

v . (3.3)
A/
T~ sHT [(n?q)2<‘7vff—>A’A’> — o {ovarao ) + N0V A

2 €q eq
- nA’<UUA’A’—>)oc> — nA/FA/%Xx + Tlf n§q<avf,y_>f14/) — nf nA’<0”UfA’—>f»y>

whilst in the hypercharge and W3-mixing theories more terms are needed to account for
processes where Z participate to the interactions (see appendix C for its definition). On
the other hand, as mentioned in the previous section, Z is quite heavy if compared to DP
and its presence may be neglected in a first approximation. We thus take n4s to be zero
at the moment of DM freeze-out, in such a way we are allowed to solve the first equation
independently of the second one:

ay, 1

Id relic 1
ﬁ :ﬁ«jvann, tot> <Y2 - Y2 ) ORI 7<0'Uann, tot>Y2 (34)

X eq,Xx HT X’



where we take Y;o = Yy (Tto.) = Yeq,x(Tto.) (1 4+ 6) with 6 = 1.5. In this way, the present-
day relic abundance can be computed as

Yio
Y — M '7X
A T

T Tf.o. g*s
T=\/ My /T ar \/gj(avann, ot (3.6)

We have the following situation for the three theories under consideration:

(3.5)

with

dark X e.m. : (0ann, tot) ~ (TVyy—ete—) T (TV s a747)

dark X Y :  (0Uann, tot) ~ <UUXX_>6282> + <UUXX_>6J§6E> + Z > (O Xy vy ) T (OV x> A127)
=e,u, T

dark x L: (0Uann, tot) ~ <0"UXX_>52—€Z> + <onX_>e;e§> + Z <U’UXX_>WLWL> + (OVy A7 A7) -

t=e,p,T

Notice that we only considered O(e) processes consisting of electron-positron pairs. This has

been numerically checked and it turned out that the total contribution of particles heavier

than electrons sums up to around 1% of the integral Z, and were neglected in what follows.
Finally, the theoretical abundance parameter Qh? can be computed as (3.2).

3.1.1 10MeV DM

We start by considering a m, = 10 MeV DM candidate. Results are presented starting from
figure 2 as contour plots of Qh? = 0.12.

The filled regions are constrained by experimental bounds, including beam dump ex-
periments at SLAC such as E137 and E141, E774 at Fermilab [16], NA64 at CERN, beam
dump U70 experiment [17], fixed target experiments like MAMI [18] and APEX [19], eTe™
collider experiments such as BaBar [20, 21] and KLOE [22]. Finally, we show astrophysical
constraints from CMB assuming s-wave annihilation [23] and SN-cooling [24]. The light blue
region refers to the region where n4 # 0 and DP are still in equilibrium after DM decoupled.

First, let us comment on how DM interactions play an important role in defining the
correct value of the relic abundance. For simplicity we’ll be referring our general discussion
to the dark x electromagnetic theory, adjusting the argument whenever needed to include
the other theories.

When m,, < myr, the leading interactions are yx — ete™ ~ ecgp and the weak scale is
reached in the coupling constants product for the abundance to be produced correctly. On
the other hand, when m, 2 my4s channels ¢t and u open up, making the annihilation into two
DPs xx — A’A’ ~ g% the leading interaction. In our gp range, the latter is too strong to
reach the weak scale, hence DM stays in equilibrium much longer than before, leading to its
final relic abundance being extremely small due to Boltzmann suppression.

A very finely-tuned parameters configuration is obtained in the neighborhood of m, ~
mys in the e2(my/)-plane: for dark x electromagnetic, 2 < 10714 when (m4 = 26.6 MeV,
gp = 1), (ma = 22.5MeV,gp = 107!) whilst for dark x Y, 2 < 10718 when (ma =
21.6MeV, gp = 1) and €2 < 10717 when (ma = 22.1MeV, gp = 1071).

As mentioned in section 3, the difference between dark x Y and dark x L is of order
O(£?): we therefore show, in the third plot in figure 2 both predictions, but in what follows
we will make use only of dark x Y theory as representative of both.
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Figure 3. Parameter space for the freeze-out mechanism, for the dark x electromagnetic theory (left)
and dark x Y (right) (which has similar results to the L kinetic mixing theory). The plots show the
CMB constraints (orange) and the region where the abundance of A’ is negligible (cyan); see figure 2
for detailed explanation. The red solid line shows the parameters configuration where the observed
values of the relic abundance Qh% = 0.12 is matched.

Another interesting aspect of these results is the behaviour of Qh? = 0.12 upon changes
in gp: while on the right part of the plot the product greegp decreases, requiring the DP to
take up lighter and lighter masses, on the left side the singular behaviour moves slightly to
the left, indicating an e-independent configuration. This can clearly be seen in figure 3, where
we specifically focus on that slice of parameter sub-space. When m, 2 mas on-shell DPs
production is the leading interaction for greater gp, bringing the annihilation cross section
close to threshold value from CMB s-wave. Notice that in this case, when considering the
dark x Y theory, we get two regions where CMB bounds are effective: this may be understood
looking at this gp(mas) plane as the €2 = 107!® section of the previous £2(m /) plane for
the same theory. Finally, the relic density requirement forces a gp ~ const for ma < m,,
interestingly already excluded by CMB bounds. However, for larger masses, the relic density
forces larger values of gp, in a region we indicate as “dark strong” interacting DM.

3.1.2 Inflated DM

Here we entertain the possibility that the dark matter candidate be heavier, m, = 100 MeV,
and that a late entropy injection episode occurs between the dark matter freeze-out tem-
perature and Big Bang Nucleosynthesis (BBN) so that a larger-than-expected thermal relic
density can be reconciled with observations.

The freeze-out temperature for a m, = 100 MeV Dirac fermion, which decouples as a
cold relic is approximately given by z¢, ~ 15+ 3log(m,/GeV) ~ 8 hence T, ~ 13MeV.
Here, we consider a period of “Late Inflation”, by which we mean a model where an entropy
dilution episode occurs at times close, but preceding, Big Bang Nucleosynthesis (BBN), i.e.
TN ~ 1 MeV. Such episode would dilute the DM relic abundance, and offset its late-time
asymptotic value.

As concrete example we consider the model outlined in ref. [25] which comprises a real
scalar, coupled to fermions as well as self coupled through a suitable potential (bounded from



below as a result of a Zy symmetry)

L= 50,00"0 — V1o — s + Y usf o (37)
f

Requiring the DM to have frozen-out before the late-time “inflationary period”, by which we
indicate the period when ¢ decays out of equilibrium increasing the total entropy density of
the Universe, leads to a DM relic abundance which is diluted by a factor A which may be
very large, depending on the couplings y. As a result, the thermal relic abundance is related
to its value in absence of the ¢ decay by

2 (20 betore
(Qh )after = A .

(3.8)
For this to hold, however, one must ascertain that the DM species decouple before ¢’s decay,
thus one needs to consider DM with mass at least m, 2 20 MeV; as a concrete example, here
we pick m, = 100 MeV.

We show slices of the relevant parameter space in figures 4 and 5. The two top panels
focus on the dark x electromagnetic case, while in the bottom panels we consider the dark
X Y /L case. The plots show predictions for a DM candidate of m, = 100 MeV in a standard
cosmology (A = 1, red continuous line) and for two dilution factors, A = 10? (magenta) and
A = 10% (purple). Notice that the latter two open up new regions of parameter space as the
DM yield must be over-abundance to get diluted into the right amount. In turn, this forces
the interaction rates (in this region, dominantly yx — e*e™) to be suppressed, with respect
to the A =1 case, for the DM to decouple sooner from the primordial plasma and hence to
get overproduced by the right amount that later gets diluted away.

In figure 5 we focus on a single value for €, and continue to consider m, = 100 MeV.
Here, even a small A allows to evade the CMB constraints, and opens up the parameter
space at small dark photon masses m4 < m,. For ms > m, the non-trivial dependence of
gp(mar) sets in again. We conclude that as long as T, > Tgpn, dilution factors generically
enable consideration of a significantly wider portion of the theory parameter space.

3.2 Freeze-in

Let’s now turn to the freeze-in mechanism. Here one assumes the DM to be absent from the
early Universe thermal bath, and DM production to result from out-of-equilibrium processes
instead, with the DM remains permanently out of equilibrium. In this case, we define an
“initial” temperature of freeze-in production to be the highest temperature compatible with
our model, i.e. T;; = Tgwsp for the dark x electromagnetic model and a generic post-
inflationary temperature, which we fix to Tt; = 200 GeV for the dark x Y /L models. Even
though in principle one should consider new physics to uniquely determine such temperatures,
we will argue below that the dependence on this T%; value is extremely suppressed and only
extremely strong interactions may produce non-negligible production at high temperatures.
In a nutshell though, it is sufficient to notice that relevant interactions are faster than the
Hubble rate. As mentioned in the introduction, this happens when temperatures are low,
from where we deduce that thermal freeze-in is an IR-dominated mechanism. For complete
analytical expressions of interaction rates we refer the reader to appendix A.

Note that if we assumed DPs to be present during DM freeze-in, due to strong interac-
tions gp > ¢, they would bring DM to equilibrium at least within the DS plasma, resulting
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Figure 4. Results for the freeze-out mechanism with dilution, for the dark x electromagnetic (top
panels) and dark x Y (bottom panels) models. The plots refer m, = 100 MeV. Experimental con-
straints are notes as in figure 2. The solid lines (red to purple) show the parameters configuration for
which the relic abundance of DM matches the observational value Qh? = 0.12, for different dilution
factors A.

in production via freeze-out as discussed above. Assuming then ny = 0, the Boltzmann
equation for DM reads:

,/ “Mp Jrs y;q H{TUprod)s (3.9)

where
dark x em. :  (0Uprod) ~ (OVete—yy) (3.10)
dark x Y : <0’Uprod> <Jve+eL —*XX> + <Jve+e RTXX + z J,UVZLVZL—WX> (3'11)
—6 n, T
dark x L <UvPr0d> <O-,Ue+eL—>X)C> + < ve+e —>XX> + Z <0-/UV£LVZL_>XX> . (312)
EZC,M,T
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m, =100 MeV, €2 = 108 | dark x e.m. m, =100 MeV, &2 = 108 | dark x Y/L

23]
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Figure 5. Freeze-out prediction for m, = 100MeV, in the dulution case. Orange regions are CMB
s-wave constraints while light blue regions are configurations for which the A’ abundance is not
negligible (and therefore a complete solution of the evolution equations is required). Solid (red and
magenta) lines show parameters configurations for which the DM abundances matches the observed
value Qh? = 0.12, for two different values of the dilution parameter A.

Another possible complication arises in connection with the presence of light quarks partic-
ipating in DM production (and hence dividing the integration domain into (Tgwsg, Aqcp)
and (Aqcp, To)); however, we find that the quark contribution, even after summing over all
possible light degrees of freedom, is on the order of 1% of the total relic density. In fact, light
quarks only contribute between (Tgwss, Aqcp), i-e. when the high temperature suppression
is still active. Electrons on the other hand contribute during the entire thermal history of the
early Universe, resulting as the leading production initial states. Hadronic states contribu-
tions may come from light hadrons such as pions producing DM in the final state, but these
would be inevitably strongly Boltzmann-suppressed due to the hadron masses. We note that
an exception might consist of purely hadrophilic DM, where it has been shown pions can in
fact give a substantial contribute in the case of a scalar mediator [26].

In figure 6 we analyze DM candidates with masses m, = 10MeV (magenta lines) and
m, = 100 MeV (violet lines) for coupling constants gp = 1 and gp = 0.1 in a normal freeze-in
production, as well as in a situation where a more complex dark sector may be present (dashed
lines). In particular, for the latter we assume that not all the DM contributing to Qh? results
from freeze-in, but only a fraction 7(Qh?)iot of it. We find that values of 7 < 1 bring us far
away from experimental sensitivities, which are already too weak to constraint a full thermal
production mechanics, making non-entirely thermal mechanisms harder to verify considering
only thermal signatures. The parameter n may also be used to quantify the overproduction
that arises from the same freeze-in mechanics when considering stronger interactions — i.e.
increasing values of €2. Taking the candidate m, = 100MeV as an example, we coloured
in purple the region where an overproduction of relic density is expected, due to greater
values of coupling cegp. Interestingly, these overproduced abundances are the only ones, up
to now, compatible with experimental constraints such as SN cooling and collider searches.
Finally, we bounded DM overproduction (OP) with a threshold value of 7, above which we
found thermal equilibrium is reached during freeze-in production, leading DM to a freeze-out
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Figure 6. Freeze-in predictions for gp = 1, gp = 0.1 and DM mass m, = 10 MeV (magenta lines),
my = 100MeV (purple lines); the top panels show the predictions for a dark x electromagnetic
model, while the bottom panels those for a dark x Y/L model, both including an 7 parameter to
account for additional, non-freeze-in DM production. Specifically, n = 1 (solid lines) refers to a fully
thermal model where DM is produced by a freeze-in mechanism; = 107 (dashed lines) represent
a case where thermal mechanisms are responsible only for a small fraction of the total relic density,
hence requiring weaker interaction to fulfill the cosmological requirement. Finally, the n > 1 regions
(magenta and purple areas for m, = 10MeV and 100 MeV, respectively) illustrate the parameters’
configurations for which the relic abundance is overproduced up to ny, (dot-dashed lines) when thermal
equilibrium is reached. Freeze-out overproduction is instead represented by grey regions (light grey
for m, = 10 MeV and dark grey for m, = 100 MeV). Experimental data such as those from SN cooling
and beam dump experiments are currently unable to constraint freeze-in DM with QA% = 0.12, and
are even less sensitive to non-fully thermal models.
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controlled paradigm instead (dark grey regions). As a marginal note, we point out that for the
sake of clarity we omitted references to over-produced DM during the freeze-out discussion,
to better analyze them in the following subsection.

SN events may produce sufficiently light particles like axions or DPs, in our case possibly
emitted through channels p+p — p+p+ A’ and p+n — p+n+ A’ via both bremsstrahlung
and pion emission. The emission of new physics light degrees of freedom generically al-
ters the supernova energy loss rate. The maximum energy loss allowed by observations of
SN1987A [27] reads

L 19 €18
€= U~ 10 g,

where M is the supernova mass and L its luminosity. This yields a lower limit to €; however,
for large values of € “trapping” is possible, due to the fact that sufficiently strongly interacting
DPs may not be able to escape the supernova before decaying again. Trapping then gives
an upper limit on e. If not all of the DM is produced via freeze-in, and thus n < 1, then
SN cooling and beam dumps experiments will play a more negligible role due to smaller
interactions between the visible and dark sector.

(3.13)

4 Future searches

In the scenario discussed here, WIMP-like DM candidates and portal DPs lie around the
MeV scale. The direct detection of MeV dark matter is challenging, since the recoil energy
is well below the threshold sensitivity of most current detectors. In the region m4 > 1MeV,
probes of the model under consideration include experiments at colliders and beam dumps.
In both cases, a resonance is searched for over a smooth background, with a prompt or
slightly displaced vertex with respect to the beam interaction point, in case of a collider,
while greatly displaced in the case of beam dump experiments.

As far as colliders experiments are concerned, we have already discussed annihilation
processes such as et + e~ — v + A’ testable with experiments such as BaBar, but also
Bremsstrahlung (e~ 4+ Z — e~ 4+ Z + A’) and pion decays (10 — vA’) at KLOE. Beam dump
experiments, instead, make use of protons or electrons beams with fixed targets to produce
dark photons through Bremsstrahlung and meson production. Examples of these are E141,
E137 at SLAC and E774 at Fermilab. Improvements in these directions will be taken up by
NAG62 and NA64(e)™ " at SPS, CERN [28], FASER and FASER2 at LHC, CERN [29], HPS
at Jefferson Laboratory [30], SeaQuest at Fermilab [31], MAGIX detector for Bremsstrahlung
productions [32] and MESA accelerator [33]. It is finally worth noticing the effort towards the
measurement of millicharged particles below 10 MeV at CERN and SLAC with the proposed
LDMX experiment [34-36].

Turning to indirect detection, the annihilation of MeV-scale dark matter might yield a
signature at telescopes sensitive to the relevant energy range. Such signatures consist of often
unmistakable features in the electromagnetic spectrum. Gamma rays from WIMPs in the 0.5—
250 MeV mass range would lie predominantly in the range O(0.1-100 MeV), which includes
the 70 — ~v decay peak centered at roughly 70 MeV. This energy domain was last searched
for by EGRET [37] and COMPTEL [38]; future telescopes include proposed experiments such
as GAMMA-400 [39], Advanced Compton Telescope (ACT) [40], Advanced Energetic Pair
Telescope (AdEPT) [41], PANGU [42], GRAMS [43], MAST [44], AMEGO [45], All-Sky-
ASTROGAM [46] and GECCO (Galactic Explorer with a Coded Aperture Mask Compton
Telescope) [47, 48], which encapsulates at once the principles of a Compton telescope and of
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a coded-aperture mask telescope. Performance of the latter in MeV dark matter detection
has already been studied closely and we will refer to those studies in what follows.

Future CMB surveys will additionally offer constraining power; thermally produced
dark matter can, in principle, annihilate (or decay) into electrons and photons, re-ionizing an
amount of the neutral baryonic gas during the Dark Age. Free electrons may enlarge the CMB
last scattering surface, allowing for measurable imprints on the temperature and polarization
anisotropy spectra of CMB. The “annihilation parameter” pann, = feg(ov)/m, encapsulates
all the needed information, taking into account the efficiency of ionization injection through
annihilation (or decay) with a redshift-independent parameter feg. Operating and upcoming
experiments that will improve Planck data are BICEP3/KECK Array [49] and South Pole
Telescope-3G [50] in Antarctica, Advanced Atacama Cosmology Telescope Polarimeter (Ad-
vACTPol) [51], Cosmology Large Angular Scale Surveyor (CLASS) [52], Simons Array [53]
and Simons Observatory [54].

We conclude by comparing the sensitivity reach of three future experimental avenues. In
particular we considered NA64™ projections for direct detection experiments, GECCO for
indirect detection and the Simons Arrays for CMB precision measurements. Predictions are
shown in figure 7 with, respectively, blue, dark green and light green lines, for a representative
slice of parameter space with gp = 1, m,, = 10 MeV in the dark x electromagnetic theory.
NA647+ becomes increasingly important in the high A’ mass region, where, however, Qh?
predictions are already ruled out by Planck. GECCO and the Simons Array will play a
fundamental role in extending the current parameter space sensitivity down to smaller values
of €2 (roughly by three orders of magnitudes) in the finely-tuned region approximately around
mar ~ 2m,, where DM candidates are currently unconstrained.

5 Conclusions

Previous studies on dark photon portal dark matter models analyzed massless force carriers
obtained after symmetry breaking from kinetic mixing operators involving the hypercharge
boson [55]. The generalization to massive gauge fields was fully studied in ref. [56], and visu-
ally portrayed with a suggestive “Mesa” phase diagram: in it, the authors studied different
(and sometimes rather contrived) mechanisms for producing DM while varying the model
parameters. The result is a “phase diagram” where the “phases” represent different produc-
tion mechanisms. Moreover, in the literature, scalar mediator fields (like the Higgs portal)
have also been entertained (upon which there are already stringent bounds [57]) as well as
fermions like the right handed neutrino in the hypothesis of non-thermal DM production.

Here, we focused on a particular configuration within the mentioned “Mesa” diagram,
where the DM is assumed to be in equilibrium, allowing freeze-out to take place. We discussed
the presence of DPs in the thermal bath, treating their thermalization independently and
deriving constraints on the resulting Boltzmann equations. Moreover, we considered, to our
knowledge for the first time, strongly interacting Dark Sectors, which yield novel results for
thermal freeze-out.

We considered the most significant experimental constraints, and additionally consid-
ered non-standard cosmological setups such as a late-time inflationary period to broaden the
relevant region of parameter space under consideration. We also investigated freeze-in pro-
duction, again taking into account the presence of DPs and their possibly strong interactions
with DM. Again to entertain a broader range of possible parameters, we assumed that only
part of the DM be produced by freeze-in.
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Figure 7. In a specific my, = 10MeV freeze-out scenario, we show predictions for the sensitivity
of the future direct detection experiment NA64T" [28], and for indirect searches for DM with the
GECCO telescopes [47, 48] and with precision CMB measurements by the Simons Array [53].

Our main conclusions are that the general setup accommodates the observed relic abun-
dance for highly constrained configurations in parameter space: m, ~ my in the e2(mar)-
plane, for dark x electromagnetic, €2 < 107 when (my = 26.6MeV,gp = 1), (mya =
22.5MeV, gp = 1071) whilst for dark x Y, 2 < 10718 when (ma = 21.6MeV,gp = 1)
and €2 < 10717 when (ma = 22.1MeV, gp = 107!). In the case of freeze-out scenario, two
regions emerged: the first corresponds to when m 4 < m, and DM production is driven by
the interaction yy — A’A’ and manifestly appears to be independent by mixing parameter
£2; a second one when my > m, and the process xx — ff dominates. In particular, when
myr < my for both cases m, = 10MeV and m, = 100 MeV, we get a sharp prediction for gp
independent of 2. We then turned to considering a heavier candidate my = 100 MeV that
allowed us also to introduce a new phenomenological parameter, a “dilution parameter” A
stemming from a hypothetical late inflationary period, possibly driven by a classical scalar
field. For this new class of models we derived the same predictions relating £2(m4/) and
gp(mys) and highlighted some interesting differences between these models and those with
a lighter DM mass; in particular we found a non trivial intersection between our density
parameter contour plot and the n4 # 0 region which excluded DM candidates around the
singular behaviour of QAh2. In summary, in the case of freeze-out production we find that an
important subspace region corresponds to a “strong” dark force — gp 2 1, where experi-
mental bounds are generally weak, while small regions of interest are still present for small
values of gp, especially considering late time inflation.
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In the freeze-in case, we considered both the presence and absence of DPs in connection
with DM production and found out that equilibrium is almost immediately reached if the DPs
are present. Assuming ny = 0 we solved simplified Boltzmann equations obtaining again
contour plots in the £2(m4s)-plane, noting that the DM is mainly produced by electron-
positron pairs with light quarks contributing at most ~ 1% to Qh%. We found that SN
cooling bounds are the closest to constrain model predictions, but are still unable to reach
the preferred region of parameter space due to the extremely small kinetic mixing parameter.

Finally we reviewed direct, indirect and CMB measurements future experiments in a
particular (and representative) slide of parameters space. We saw that indirect and CMB
measures will play an important role in constraining our models in the m, ~ m4 region,
where the dependency on ¢? disappears. Future MeV gamma-ray telescopes and precision
CMB surveys will significantly extend the discovery potential of the MeV DM/DP models
we considered here.
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A Thermal averaged cross section

Fundamental ingredient in Boltzmann equations (3.1) are thermal averaged cross sections
whose general expression is
(oon) = J @Pp1dps f(p1) f(p2)ovm (A1)
S d3p1d®pa f(p1)f(p2)
If we ignore quantum corrections to phase space distributions i.e. assume Maxwell-Boltzmann
distributions f(p) = exp(—F/T), we may manipulate (A.1) up to the point where we’re forced
to specify ovy.

o Foraag, g)+2a(p,,E) — Dk w) T Pkews) Process (e.g. xx — ff) we perform a change
of variables ¢ such that

E, =E + B
¢ O E_ = El - E2
s = Qm% + 2F1Ey — 2p1ps cos v

transforming volume element and boundaries as
d3p1 d3p2 = 87T2E1p1E2p2 dE1 dE2 dcos v i 27T2E1E2 dE+ dFE_ ds

E12m% 5247”%
Ey > m? — Ey > /s

|cos| <1 \E—|S\/—74%%/Ei—s
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obtaining
272 T g2

<UUMa+a—>b+b> = (/ ds \[Kl \[/T) (3 - 4m1) Oaa—bb (AQ)

o Foraag, p)+bk w) = &(ps,Ez) TD(ksws) PrOCESS (0.8 xA" — xA’), change of variables
¢ is in the form
ELi=E 4w
gf) O E_ = E1 — W1
s = m% + m% + 2F w1 — 2p1ky cos v

hence
d3py 3y = 8T Eiprwiky dEy dwy dcosd L 2n2 Byw, dE, dE- ds

By >m? s > (m1 +mo)?
wlzm% i> E, > /s

|cos | <1 |E_ — Ey| </E? — 3\/1 _ 2+m2 2m§m38—2m‘11—m3

and

o 2772Tgagb o s5+/3 S
<O-UMa+b~>a+b> = (27T) ( eQ)( Q) /(m1+m2)2d \[Kl(\[/T)

Ty,

(A.3)

2mZm2 — m* — mé
2 2 1Ma 1 2
X (s —2(mi +m3) — . Oab_sab

We now have to turn to o, recalling that

2
dUaa—)bb _ 1 1 - 4ZL2 |M7|2
dcost  327s 4m? aa—bb
Vi-—+
dUab—)ab 1 — )
= M
dcosV 327s [Maba|

where we assume azimuthal symmetry and integrate over cos® € [—1, 1] for distinguishable
final states, while over cos ¥ € [0, 1] for indistinguishable final states.

A.1 s-channel (electromagnetic)
The amplitude in this case is just

M = Myx—ar—yf

as we represented in figure 8. Hence

_ 4m2 4m 2 4Am? Am?
[M|? = 4 (ceqpgp)” [1+ . e . L + cos 19( - (1-

82

(52 —m3%)° +m3 T,

(eqrgpe)? 2m7 2my \ 1= s
e T Rl B e

X

S
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Figure 8. DM annihilating through s-channel into a pair of fermions via the kinetic mixed electro-

magnetic theory.

Figure 9. DM annihilating through s-channel into a pair of fermions via the kinetic mixed Y /L
theory. This situation requires the sum of two amplitudes coming from the presence of couplings
between dark sector and the modified Z boson.

A.2 s-channel (Y/L)

Referring to figure 9 we now got to consider the interference between the two process:

M= Myxsarspr ¥ M Loy

(52 + 4S(m§c + mi)) + cos? (s — 4m?c)(s —4m2)

(s — m%)2 + mA, T3 ][(s — m2)? + m2r2)]

< [(g7)2 (982 (s = m%)? + mT%) — 297 g g7 g7
X (5 — A0 (s — ) — marmaTaT ) + (e (s — ) + 3T )

S 1_3

g =
I (s — m3 )2 + mA TR [(s — m2)? + m2T2] [k

2mj 2m3 A2/ ANN2 242 272 A A2 2
X l—i—T 1+? {(gf)(gx)[(s_mZ) +m2PZ]+29f9ngg

% [(s = m%)(s — m2) —mamyTal 5] + (97)2(97)21(s — m%)? + m3T%]}
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Figure 10. Scattering between DM and DP must take into account the indistinguishability of the
initial and final DPs.

A.3 DM-DP scattering

Consider now the DM-DP scattering process in figure 10, the squared amplitude reads

_ 2 k,k K K. I
’M’Q_gD< 771/,3+ B) (_nua+ M2 5 -
6 mA/ mA/ (mA, + 2pk)

n 11 n 111 n v
(m2, + 2pk) (m%, — 2pk’) ~ (m%, — 2pk’) (m?%, + 2pk) (m?%, — 2pk!)?

where

I=tr[(f + my) (Y By + 2v°D7) (p + my) (k™ + 29p")]

IT = te[(ff + my) (VK" + 29°P°) (p + my) (" Hy" + 29p"))]
IIT = tr[(f + my) (= Ky + 297 ™) (p + my) (v By + 29#p")]
IV = tr[(f + my) (= Hy™ + 297 p™) (p + my ) (=" H'v" + 29"p")] .

Using FeynCalc [58] for contractions we get

_ 9h { 2s(s — mi)(s2 - 3m§1< - mi(ﬁs —4m%)) + 8mY, — 4m?,s)
Ox A —xA = )2

247s(s — m? mi —2m2(m?, + s) + (s — m%,)?

X

s(s —m? —2m?,)

x 1
Og{smi — (my —muar)?

st(m? +m?,)(13m2 + m?,) + m2(m2 —m?,)*(m2 + 2m?%,) + mis®

s(m2 +2m3, — s)(m} —m2(s +2m%,) + m},)

— S?’(SOm?< + 24m;l<m124, + 13mimj14/ + 4mb,) — s(mf< - m124/)2(3mf< - 2mf<m2A,

- 8mimj14/ —2mb,) + 82(18m§3< + 4m§<m?4/ - 19mim§‘, - Smimg/ + 11m§4,)} .
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Figure 11. DM annihilation in the ¢t and u channels can be immediately derived by means of crossing
symmetry from the results obtained before.

A.4 t and u channels

For the processes in figure 11, we obtained immediately, by means of crossing symmetry
n (A.4):
p—p, P —=-p k= -k K =k (A.5)

being careful of substituting

4m?2 4m?2,
« t=m3+my —3 (1—\/1—3\/1— -2

1)(0&)2 - m124/)a

e adjusting for the degrees of freedom we're averaging with,

) in place of t = (k—k')? = 2(cos ¥ —

« multiplying for (—1) to fix the sign altered by the transformation (A.5).
We get:

4m?
A
g}‘f) 1 3 2(s — mi)

Oxx—A’A = 327rs(8 — 4m?<)2 \/1 B % \/s — 4m2 \/s . 4m?4
s X !
X {—Smi + mi(4m?4/ — 65) + 8mh, — 4m%s + 82}

(s —2m?%)2(s — 2m?, — \/s - 4m§<\/s —4m?,)

xlog
4 {mj, +m2(s — 4m124,)} (s —2m?, + \/3 - 4m§<\/s —4m?))
4
—2(s — mi)Q(me< +m?,)?

\/s - 4m§<\/s —4m?%,(s — 2m?%))

(s —2m?)) n 1

- \/s _ 4mi\/s — 4m?4, {mj, + mi(s — 4m124,)} {mi, + mi(s — 4m?4,)}

1
2

s — 4m?2 \/s —4m?, (s — mi) - mi(Qmi, + 7s) — 2mYy, — 6m%s — s
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B Electromagnetic mixing

Starting from Lagrangian density given in (2.1), rotate into the mass eigenstates:

8- (729 () o
(A“ \/15_? 1 s ¢ A,

where ¢, s = cosJ, sin?), we diagonalize the kinetic terms, while by setting ¢ — 1, s — 0 we
obtain the following currents:

Lt “S1 gp Il AP 4 e, (A + AV) (B.2)

Here A, is the classical SM photon, while AL is the brand new DP, whose mass acquiring
mechanism won’t be addressed here, but may be obtained gauge-invariantly through a new
Higgs sector or a Stueckelberg Lagrangian [59].

We may notice that this model comprises of a SM photon and a DP coupling directly
to DM through gp and to SM charged fermions through ce: in other words, DM is totally
blind to known interactions, except for gravity, and it can only be seen by means of the
new force carrier DP. Notice we used the fact that |¢|?> < 1 which is known to be true for
instance from the “milli-charged” DM phenomenology, which is by the way obtainable within
the same construction depicted above setting s— —e, c— V1 — &2

Lo = (et el ) A a4

le|?«1
~Y

(B.3)
(9ped, + e, ) A* + gpJ, A™.

Notice how in this case, we're dealing with a electrically charged DM which directly interacts
with the SM whilst the DP plays no role (at tree level, at least) and it gets secluded to the
sole DS.

C Hypercharge mixing

Here we start from Lagrangian (2.2), first by recalling all the present covariant derivatives

<I>:<8M—z 92W3O' — 4= ng><I>
1 1
Oy —isgaWio® —iz ngM>L
2 2
D, tr = (0, +ig1Bu) Ir
D,Q= (0, —iz 9203W3—26ng>Q

3

<8u —z2ng )
1
(8# +Z3ng )dR

D,x = (8# + igpa )

excluding charged boson within SU(2)y, for simplicity.

- 29 —



We perform the first transformation to diagonalize the kinetic sector:

By By,
WEL’ = Gy(&‘) V[{3#
/ /
ay @y
with
[
10 -7—=
Gy(E) =101 0
1
00 Vi1

Let now the Higgs acquire a VEV (ignoring ¢, ¢~ and ¢V):

1 v+ H
<I>—>ﬂ< O)

and substitute the former transformation in the mass term of (2.2):

, [ 9 —nge —gie B
1/~ ~. _\v 9 -~k
Lmass = B (BM W3, aL) 7| e 9 g192€ w3,
9 9 9 4m3,(1+82) o
—9i€ 9192€ gi€" + — 7 —

Finally define the mass eigenstates through orthogonal transformation P such that:

By, Ay
w3, | =P Z,
a, AL
where we defined P to be:
1 0 0 costhy sindyw 0
P&, 9w) = Ri(§)R2(Vw) = [0 cosé siné | [ —sindw cosdw O
0 —sin€& cosé 0 0 1

where £ = (1/2) arctan (%), § =m2 /m%, mz ~ 91.2 GeV and costy ~ 0.88. Notice

that we distinguished Z from Z due to a O(e?) difference between their masses, discrepancy
which is well known in the literature to be a signature of kinetic mixing effects. From these
transformations we can read out the eigenvalues from the diagonal mass matrix. Define

r=1/(1-4),3=1/2(6 — 1)
mi:()

m?% ~ mg {1+ e%[1 — siy(1+ 5+ 36%)]}

m22 ~ m(1 + stye’l)
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and applying Gy ()P (&, 9w) ™! to the currents we find the interacting part of our Lagrangian

1 S DN | R SO |
L= B P — 2 20 2" — JF ™+ om3 2,20+ Smiy A A™

+iL(gp A+ g A + g7 )L+ ilr(gp A + gl A + of. D)t

+ QUi A+ 9o A + 95 2)Q + ur(git A+ g A + g7 Zyur (C.1)
+dr(gf A+ g A+ g5 D)dr + 9y 55 HZ, 2" + gy 3y 55 HH 2,20

+gpaa HALAY + gypan HHALAY + gy 5 HZAY + gy HH Z, A

with couplings,

Al ee
gI/L = —E<1 - F)
’ ee
g = _E(l —T' +2Icy)
A ec
geR — —a(l — S%VF)
A ec 1 T 2 %V
guL o 2CW 3 CW 3
A ee
Ja,, = E(S%\/F -1)
/ 2 ee
A
Gup, = —ga(s%vr -1)
/ 1 ee
A
g = ga(s%,\,r -1)
, 1
92 =gp {1 + &2 (2 - 3%&/3)]
2
2 e ec” tan Yy 1
- _ -I
9y, Sewsw + B ( )
2
4 e ec
T = Sy W )y ltan w3 - T) = 2swen]
Z 652 2
9i, = —€ tan dw + E[SWO - F) - CWJ]
) 1 271 4
o, = 5 (3t —cotvng) = 5 [Ltanvw(1-1) - Gowew]]
R 1 272 1
gfL = g (3 tan tyw + cot 19W> - % |:3CW3W:| + 3 tan Jw (3 — F)]

5 2 2
ng — §€ tan Oy — gesz[tan dw(d—=T) — swewd]
ng = —56 ‘tan’l?w + §€€ [tan Q?W( - F) — SWCwW ]

gy = gpeswl’
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JHA A = %(F —1)%
JHHA' AT = Zi%j(r —1)?
Iyas = _Q;NQ(ZW(F -1
IaHAZ 4:;;\] I'—1)
Inzz = 48%;% + ;2%2 (T — 1)
Innz2 862628%\[ Zi%j r-1)

D Isospin mixing

The mathematics for this model is almost the same one used in [C]. We just need to substitute
Gvy with

10 0
00 11_€2

After diagonalizing the mass matrix and applying G1(£)P(£, 9w) ™! to the currents terms we
get the followings eigenvalues and couplings:

m%4 =0
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