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ABSTRACT: New dark sectors consisting of exotic fields that couple only very feebly to the
Standard Model (SM) have strong theoretical motivation and may be relevant to explaining
the abundance of dark matter (DM). An important question for such sectors is how they
connect to the SM. For a dark sector with a new gauge interaction, a natural connection
arises from heavy vector-like fermions charged under both the visible and dark gauge groups.
The gauge charges of such fermions imply that one or more of them is stable in the absence
of additional sources of dark symmetry breaking. A generic challenge for such connectors is
that they can produce too much dark matter or interact too strongly with nuclei if they
were ever thermalized in the early universe. In this paper we study this challenge in a simple
connector theory consisting of new vector-like electroweak doublet and singlet fermions that
also transform under the fundamental representation of a new Abelian gauge force, and we
show that these connectors in their minimal form are almost always ruled out by existing
direct DM searches. To address this challenge, we investigate two solutions. First, we
study mitigating scattering on nuclei by introducing a Majorana mass term for the singlet.
And second, we investigate a mixing with SM leptons that allows the connectors to decay
while remaining consistent with cosmological tests and searches for charged lepton flavour
violation. Both solutions rely on the presence of a dark Higgs field with a specific charge.
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Introduction

New gauge forces arise in many well-motivated extensions of the Standard Model (SM) [1-4].

These forces are said to be dark if they do not couple directly to the matter of the SM.

Dark forces may also connect to dark matter (DM) and play a crucial role in determining

its properties and abundance today [5-9].

Despite their name, dark forces are usually the most interesting when they are not

completely dark and interact with the SM [10, 11]. The most thoroughly studied realization

of a dark force involves a new U(1), Abelian gauge group with a massive dark photon that

couples to the SM through kinetic mixing with hypercharge [12, 13],
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where X,, = (9,X, — 0,X,,) is the field strength of the new vector field X, and € is
the dimensionless kinetic mixing parameter. This operator is one of three renormalizable
portals through which a new SM singlet can connect to the SM. The phenomenological and
cosmological implications of dark photons have been studied extensively over an enormous
range of masses and kinetic mixings [14, 15]. In particular, there is broad ongoing program
of accelerator-based searches for visibly or invisibly decaying dark photons with expected
(but incomplete) sensitivity for m, ~ 10 MeV-100 GeV and € > 107 [10, 11, 14-18].

While the experimental and astrophysical implications of dark phtons have been studied
in detail, less attention has been paid to the physics giving rise to the kinetic mixing
operator of eq. (1.1). The canonical origin for kinetic mixing in the range € ~ 1078-1072 is
connector matter charged under both hypercharge and the dark gauge group [8, 13, 19, 20].
If such matter breaks the dark-sector charge conjugation symmetry present in the limit
€ — 0, it generates a non-zero kinetic mixing through loops. In the absence of further
structure in the theory, we can make two definite statements about such connectors based
on dark gauge invariance. First, being charged under Abelian groups, they must come in
the form of complex scalars or Dirac fermions (for spins s < 1; higher spins come with
additional complications). And second, the lightest connector state is stable.

We argue that these general requirements for connector matter have important ob-
servational implications if the early universe was ever hot enough to produce them with
a thermal abundance. Being stable, the lightest connector state will contribute to the
total density of dark matter (DM). Assuming a standard cosmology after inflationary
reheating, this requires that the lightest connector be below several tens of TeV in mass to
avoid overclosing the universe [21], and closer to the TeV scale if the relevant annihilation
channels are perturbatively weak [22]. This implies three distinct possibilities for viable dark
sector connectors: i) they must be heavy enough to have avoided significant cosmological
production after inflationary reheating or a later dilutionary event; ii) or they must be light
enough that they are potentially observable; iii) or some additional structure is needed in
the dark sector. We focus on the second and third possibilities in this work.!

Stable relic connectors must satisfy additional requirements to be consistent with
observations. Relics charged under electromagnetism [23] or the strong force [24] tend to
be problematic and this drives us to consider connector quantum numbers that yield an
electrically neutral, colour-singlet lightest state. Since the connectors carry hypercharge by
assumption, at least some of them must also be charged under SU(2), to yield a neutral
state with 3 = —Y, and this implies that the neutral state also couples to the Z boson.
Moreover, since the relics transform under complex representations they develop very large
scattering cross sections on nuclei from the vectorial exchange of Z of X bosons [25, 26].
Such cross sections are typically strongly ruled out by direct detection searches for dark
matter (DM) [27], even if the stable relic makes up only a tiny fraction of the total DM
abundance. This presents a generic challenge for connector matter; the goal of our work is
to illustrate this challenge and examine the additional structure needed in the dark sector
to overcome it.

'Hypercharged connectors contribute to the Higgs mass parameter at two-loop order and thus electroweak
naturalness may disfavor possibility i).



Let us also point out that theories with both a dark photon and connector matter near
the weak scale have broad phenomenological motivation and have been proposed to address
various anomalies. For one, the lightest connector state itself can be a viable candidate
for DM in some cases. Other applications include dark photon connectors considered
in relation to the muon magnetic moment anomaly in ref. [28], as an explanation for
B-physics and cosmic ray anomalies in ref. [29], and as an enabling mechanism for exotic
Higgs decays in refs. [28, 30]. Dark- and SM-charged fermions arise in many proposals to
address the electroweak hierarchy problem [31-34]. Such multiplets may also be expected
in unification scenarios where the SM and U(1), gauge groups are descendants of a single
gauge group [35, 36]. We note further related studies of connector matter in refs. [37-43].

To illustrate the general relic and direct detection challenges to dark sector connectors,
and to provide a base on which to extend the dark sector itself, we focus on a specific
realization of connector matter. Specifically, we consider two exotic vector-like fermion
multiplets with charge assignments under SU(3).xSU(2)rxU(1)y xU(1), of N = (1,1,0; gz)
and P = (1,2,—1/2; q;). This allows the Higgs Yukawa coupling and mass terms

~ 25 (A\PHN +hc.) +mpPP +myNN, (1.2)

where H = iooH*. The new parameters mp, my, and X\ can all be taken to be real and
positive through field redefinitions. We also normalize the dark gauge coupling g, such
that ¢, = 1. Coupling the connectors to the SM Higgs breaks what would otherwise be
independent flavor symmetries in each multiplet that would produce two stable states. Our
specific choice of connectors is motivated by obtaining a single potentially viable neutral
relic particle, in contrast to electromagnetically or strongly charged relics. This choice can
be generalized to larger representations of SU(2), with appropriate hypercharges [44]. For
mp < my, this model approaches the limit of a pure SU(2);, multiplet connector, while
for my < mp it approximates minimal secluded dark matter [7].

After electroweak symmetry breaking, the new fermions mix to form a pair of neutral
Dirac fermions v, and o as well as a charged Dirac fermion P~. The 17 is the lightest
connector state and is stable in this minimal theory. For moderate to small A and o, = g2 /4
we find that it must be lighter than a few TeV to avoid producing too much dark matter. As
expected on general grounds, it has very large nucleon scattering cross sections through X or
Z exchange. We show that is nearly always ruled out by direct detection experiments, even
when the 1 relic density makes up only a small fraction of the total dark matter abundance.

To address this challenge we investigate two extensions of the minimal connector fermion
model, discussed previously in refs. [28, 30] but not studied there in detail. In the first
extension, we introduce an explicit dark Higgs field ® with ¢ = —2¢, that develops a
vacuum expectation value and can induce a Majorana mass for the fermions. This splits the
neutral Dirac fermion states into pseudo-Dirac pairs with only off-diagonal couplings to the
vector bosons and eliminates the leading contributions to nucleon scattering. We show that
this can be sufficient for consistency with current direct dark matter searches and that
can even be the source of dark matter. The second extension uses a dark Higgs field ¢ with
d¢ = @z to mix the connector doublet with the lepton doublets of the SM. This coupling



allows all the connector fermions to decay to SM states, but can also lead to charged lepton
flavour violation (LFV). We demonstrate that there exits a range of small couplings that
are allowed by current LFV limits and that also permit all the connector fermions to decay
early enough to avoid bounds from energy injection in the early universe [45, 46].

A common feature of both of these extensions of the minimal connector theory is the
presence of an explicit dark Higgs field with a dark charge that allows it to couple to at
least some of the connectors. In the context of the general arguments about connector
matter presented above, we see that the dark Higgs is needed to absorb the dark charge of
the lightest connector to allow it to obtain a Majorana mass or decay to SM states (that do
not carry dark charge by definition). This appears to be a general requirement that goes
beyond the specific connector example we have studied. The natural mass for such a dark
Higgs is similar to or less than the dark photon, barring a very small gauge coupling, and
this motivates direct searches for the scalar field it gives rise to [47-52]. In contrast, for a
dark photon whose mass comes from the Stueckelberg mechanism our results suggest that
the origin of kinetic mixing should be relatively heavy.

The outline of this paper is as follows. After this introduction we present in section 2
our benchmark minimal singlet-doublet theory of connector fermions and we study the
laboratory bounds on the new states that it predicts. Next, in section 3 we investigate the
thermal freezeout and dark matter signals of the stable v, fermion. In section 4 we present
a simple extension of the theory with a Majorana mass term that helps to alleviate the
strong bounds we find on the minimal theory from direct detection. In section 5 we study a
second extension of the minimal model that allows all the connector fermions to ultimately
decay down to the SM through lepton mixing and investigate the resulting implications.
Finally, section 6 is reserved for our conclusions. Some additional results are listed in an
appendix A.

2 Review of the minimal theory and laboratory bounds

We begin by studying the masses, interactions, and direct laboratory bounds on the minimal
fermionic connector theory consisting of vector-like fermions P = (1,2,—1/2; ¢,) and
N = (1,1,0; g;) charged under a new U(1), gauge invariance with massive boson X*. Our
primary focus is on lighter dark vector bosons with m, <« mz. We also normalize the dark
gauge coupling such that g, = 1 without loss of generality.

2.1 Masses and interactions

Electroweak symmetry breaking leads to mass mixing between the neutral components of
the P and N fermions. Taking H — (0,v + h/+/2) in unitary gauge, the resulting spectrum
of connector fermions consists of a charged fermion P~ with mass mp from the doublet
together with two neutral Dirac fermions 1, and s with masses

1

mi2 =g [mN+mp1F\/(mN—mp)2+4)\2v2 , (2.1)



and mixing angles
N Ca Sa (03
= 2.2
()=o) () .

2 v
mp—myN '

where

tan(2a) = (2.3)

We choose the solution for « such that m; < ma. The couplings of these states to the SM
Higgs and electroweak vector bosons are collected in ref. [30]. Given the very strong direct
bounds on light, electroweakly-charged fermions [53], we only consider parameters such
that m; > 0 corresponding to the condition \/mymp > Awv.

Our theory also contains a new U(1), vector boson X* with gauge coupling g, = /47 a.
We assume that this vector obtains a mass m, from either a dark Higgs [7, 8] or Stueckelburg
mechanism [54, 55]. In addition to its direct gauge interactions with the new fermions (all
with dark charge g, = 1 here), the new vector connects with the SM through gauge kinetic
mixing with hypercharge [12, 13],
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The mixing parameter € allows the dark vetor to decay and receives direct contributions
from loops of the new P fermions. For m; > m,, which is the scenario we focus on here,
the mediator fermions contribute an inhomogeneous term to the renormalization group
running of € from a given ultraviolet scale u down to mp of

1
Ae ~ —3—71_\/0404:5 In (,u)

mp

1/2
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This suggests a natural size of the kinetic mixing on the order of |¢| ~ 1073. Let us note,

however, that the mixing can be eliminated or made parametrically small without fine
tuning by introducing a mirror copy of the connector fermions with opposite U(1), charges
and a small breaking of the mass degeneracy between them [20, 56, 57]. As a concrete
benchmark for the dark vector in this work, we focus on m, ~ 15 GeV and |e| ~ 10741073
corresponding to a natural one-loop range.

The massive fermions also generate an effective coupling of the SM Higgs boson to dark
vectors at one-loop order. In the limit of mj < m1 2, the leading term is [30, 58]

ay N2

61 m1ms9

H'H X, X" . (2.5)
A full expression for the loop function producing this operator is given in ref. [30].

2.2 Laboratory bounds on the theory

The new particles in the theory are constrained by direct tests of the dark vector boson,
precision electroweak measurements, collider searches at LEP and the LHC, and exotic
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Figure 1. Laboratory bounds on the connector fermions in the mp—my plane for A\ = 1.0, and
a; = « (left) and a, = 10« (right). The solid black region is excluded by invisible Higgs boson
decays (h — inv), the shaded green region indicates bounds from h — X X decays, the blue region
shows exclusions from precision electroweak tests (PEW), and the red region denotes bounds from
direct searches at the LHC. The dashed lines are contours of constant 1, masses mj in GeV.

Higgs decays. We investigate the most important of these direct constraints here, updating
and expanding the earlier analysis of ref. [30]. Our results are summarized in figure 1, which
shows the exclusions we find in the mp—my plane for A = 1.0, together with a, = a (left)
and ay = 10« (right). The dashed lines in this figure indicate contours of constant
mass mj.

For our benchmark dark vector mass of m, = 15 GeV, the strongest current direct
bound on the dark vector [15] comes from the LHCb search for X* — p*pu~ of ref. [59],
implying |¢| < 1072 in this mass region. Searches for dimuon resonances at CMS also
provide a similar constraint [60]. These limits are consistent with the range of kinetic
mixings we consider.

Mixing between the singlet and doublet can modify electroweak observables. The
deviations induced are captured well by the oblique parameters S, T', and U [61, 62]. Full
expressions for the shifts in these parameters are given in ref. [30]. We apply these results
to compute S, T', and U in the theory and compare them to the experimentally obtained

2 These exclusions are

values and correlations collected in ref. [63] to derive exclusions.
shown in figure 1 for A = 1.0.

The coupling of the P and IV fermions to the Higgs field can give rise to non-standard
Higgs boson decay channels. If m; < my,/2, the invisible decay h — 1191 proceeds with

partial width

25in2(2c my ) 2
L(h — 1) = Amf)mh [1 — <2l> ] . (2.6)

*We use the Particle Data Group [63] combined value of the W mass in our evaluation that does not
include the recent, larger value obtained by the CDF collaboration [64].



Comparing to the SM Higgs width of I'y, ~ 4.1 MeV, the branching fraction of this channel
easily exceeds the recent ATLAS limit on invisible Higgs decays of BR(h — inv) < 0.145 [65]
over essentially the entire parameter space we consider (with A > 0.1). The corresponding
exclusions are shown in figure 1.

More visibly, loops of the heavy fermions give rise to h — XX decays which can
produce highly distinctive pairs of dilepton resonances. For m1 2 > my, this is described
well by the effective operator of eq. (2.5) yielding the partial width

a? 2202\ m3 2m, \2 mg \! 2m, \
Nh— XX)=% —2 11— ) +6(— 1- ). (27
(h = ) 7273 <m1m2> v? (mh) " <mh> (mh> @7
This decay channel has been searched for by ATLAS [66] and CMS [67], with the former

analysis giving the most stringent bound for m, = 15 GeV of BR(h — X X) < 2.35 x 1075.
The decay can also be mediated directly by kinetic mixing [68], but the associated branching

ratio scales like €* and is strongly subleading relative to the loop decay for the parameters
considered here. Bounds from h — X X are given in figure 1, and are particularly strong
for larger A and a,, but fall off quickly for smaller A or a, (scaling like a2\*). Loops as
well as kinetic mixing also give rise to h — X Z, but we find that the resulting constraints
are not as strong as those from h — X X.

Collider searches are sensitive to the heavier connector fermions to the extent that they
can be created efficiently. In the minimal doublet-singlet P-N model considered in this
work, the production and decay channels are analogous to a Higgsino-Bino system in the
minimal supersymmetric Standard Model [69] and the associated collider signals are very
similar [70-72]. Based on this analogy, collider bounds on the theory from LEP and the
LHC were estimated in ref. [30]. Results from LEP constrain mp 2 90-100 GeV depending
on the mass splitting between the P* and 1 states. Here, we focus on mp, my > 100 GeV
and derive updated limits from new LHC data.

Pair production of the connector fermions at the LHC occurs predominantly through
s-channel Drell-Yan processes with v/Z or W boson exchanges. The rates for these processes
therefore depend on the doublet content of the relevant states. Once created, the connector
fermions decay down to the lightest state ¢, through PT — W¥ " or 99 — h/ZFepy.
These considerations imply that up to mixing effects, the fermions are the most detectable for
the mass hierarchy my < mp. The PT and v, states are then analogous to the x{ and X8,3
states of a Higgsino-Bino system for |M;| < |u|, with LHC signatures involving significant
missing energy and the decay products of the electroweak bosons. When mp < my, the
mostly-doublet states tend to be close in mass and their decay products are soft and difficult
to detect.

Recently the ATLAS collaboration has performed a comprehensive search for the
chargino-neutralino system that targets Higgsino-Bino signals [73]. To estimate the bounds
on connector fermions implied by this search we calculate production cross sections us-
ing MadGraph5 [74] where the couplings and mass eigenstates were implemented using
FeynRules 2.3 [75]. We consider all possible decay chains of PT and v into EW and Higgs
bosons and estimate the corresponding strength of each signal in the signal regions identified
as 4Q-VV, 2B2Q-WZ, and 2B2Q-Wh in the analysis of ref. [73] using the datasets of



efficiencies and detector acceptances available from the HEPData page of the corresponding
search [73]. Using the provided SM backgrounds for each region, the combined significance
is then calculated for a given A\, mp, and my using the asymptotic approximations given
in [76]. We show the resulting 95% CL exclusion regions in the mp-my plane for A = 1.0 in
figure 1. Our results align closely with those presented in [73] for the Higgsino-Bino system
as expected.

The collected model bounds shown in figure 1 correspond to the relatively large value
A = 1.0. As X decreases, many of these bounds weaken significantly. For A = 0.1, we
find that the only remaining direct bound in the parameter space shown comes from LHC
searches and is nearly identical to the A = 1.0 case. Let us also point out that large values
of A tend to destabilize the Higgs potential by driving the Higgs quartic coupling negative
at a lower scale than in the SM. This effect was studied in ref. [30], and for the parameters
considered in this work the scenario can be treated as a self-consistent effective theory up
to energies of at least 5 TeV.

3 Dark matter in the minimal connector theory

The analysis in the previous section shows that the new connector fermions are safe from
2 100-700, GeV,

~

direct collider searches and precision electroweak tests for masses mq
depending on the specific mass spectrum and coupling strengths. Even stronger bounds
can be derived on the theory from the contribution of the lightest stable new fermion v to
the abundance of dark matter and signals in direct dark matter searches. In particular, the
vector couplings of ¥ lead to direct detection rates that are nearly always ruled out, even
when this state only makes up a small fraction of the total dark matter density.

3.1 Relic densities

Thermal reactions in the early universe would have created the exotic fermions 1, 12, and
PT with significant abundances if the temperature was ever hot enough, 7' 2 my/20. The
fermions would have then undergone thermal freezeout as the universe cooled to produce
a relic density of neutral ¢ particles. We assume that this occured with no subsequent
large injections of entropy to dilute their relic density beyond the standard expansion
of spacetime.

To compute the 17 relic abundance, we have implemented the theory in
FeynRules 2.3 [75, 77, 78] and interfaced it with MadDM v3.2 [79-81]. We show the re-
sulting 11 relic densities p; relative to the observed dark matter abundance ppy; in figure 2
as a function of the mass parameters mp and my for A = 0.1 (top) and A = 1.0 (bottom),
together with a, = « (left) and «, = 10« (right). For these coupling values, we expect
that non-perturbative enhancements of the annihilation cross section at freeze-out will
be negligible to mild [8, 82, 83]. The grey shaded regions in these plots summarize the
exclusions from direct laboratory searches as discussed in section 2.2. In the black shaded
regions the ¢ thermal relic density exceeds the observed value and is therefore ruled out.
Along the boundary of this region, shown by a white dashed line, the 1, relic makes up all
the dark matter.
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Figure 2. Fractional relic densities p;/ppm of the 9; connector fermion for A = 0.1 (top) and
A = 1.0 (bottom) with «, = « (left) and o, = 10« (right). The grey shaded regions show the
combined exclusions from direct searches while the black shaded regions indicate where 1; produces
too much thermal dark matter.

Since we focus on the limit my > m,, while direct bounds typically require m; = mz,
the 1 state always has efficient annihilations to at least some vector bosons in the parameter
regions of interest, 1 +¢1 — V +V where V = X, Z,W. When mp < my and mp > Av,
the 11 and P~ masses tend to be close to each other and coannihilation can be significant.
These features are evident in figure 2. For larger a, = 10 «, DM annihilation is dominated
by 91 +11 — X + X and the relic abundance depends mainly on m;. In contrast, for smaller
a, = « annihilations to weak vector bosons become important and we see a more efficient
depletion of the relic density when 1 is composed mainly of P® (mp < my) relative to
when it is mostly N° (my < mp). Indeed, with mp > my the 11 state is analogous to a
pure Higgsino lightest superpartner in supersymmetry with g ~ mp ~ my, and the correct
relic density is obtained for the familiar value of mp ~ 1100 GeV [84-86].

The relic densities shown in figure 2 generally grow larger as the mass mq increases.
Even for larger dark-sector couplings o, = 10 «, the )1 relic produces too much dark matter
if my 2 3 TeV. This illustrates the general argument about connector relic densities made



in the introduction, and provides a further motivation for at least some of them to not be
too heavy beyond considerations of naturalness.

3.2 Constraints from direct detection

While the lightest connector fermion 11 can have an acceptably small relic density, it is a
Dirac fermion that interacts with nuclei with an unsuppressed spin-independent interaction
mediated by the Z and X vector bosons. This can lead to very large cross sections on
nuclei that are in tension with searches from direct detection experiments, even when the
Y states makes up only a very small fraction of the total DM abundance [28, 30].

The leading spin-independent (SI) per-nucleon cross section on a target nucleus N =
(A, 7Z) is [25]

2 12
K, pr+(A_Z)fn
= 3.1
0S1 T |: A | ) ( )
where p, = mymy/(my + mq) is the DM-nucleon reduced mass, and
GF 2 2 47T ~ -2 7
fo = 7\@5&(1 — 4s%,) — m—%e\/aax —d, E +3 Zq:fg’ : (3.2)
L=k A - .
f %fa+0 9+9%;@] (3.3)

The three terms in each of these expressions correspond to Z, X, and Higgs exchange,
respectively. For the Higgs terms, the sums run over light quarks ¢ = u, d, s, the coefficients
fP are collected in ref. [26], and the couplings dp.n are given by

dy=d, = ——n 22020 (3.4)

for the Higgs mass my,.

Combining these cross sections with the relic densities above, we can estimate the
experimental bounds on the connector fermions from direct detection experiments. For
spin-independent scattering in the mass range of interest, m; = 100 GeV, the most stringent
current limits come from LUX-ZEPLIN [27]. For a given v mass, we compare the stated
limit on the per-nucleon cross section ogy to the density-weighted value (p1/ppm) ost derived
here assuming a xenon target.

In figure 3 we show contours of the density-weighted, spin-independent per nucleon
cross section ogr p1/ppm in the mp—mpy plane for A = 0.1, 1.0 (top and bottom) and
a; = a, 10« (left and right). We also fix the kinetic mixing at ¢ = —10~* for reference.
The downward hatched regions in these panels show the current exclusions from direct
detection searches [27]. As before, the filled grey regions show the combined bounds from
laboratory searches for the connector fermions while the black regions indicate where the
thermal relic density of ¥; exceeds the observed value.

Nearly the entire parameter region consistent with laboratory searches and the 1, relic
density shown in the panels of figure 3 is ruled out by direct detection searches. This
is despite the v relic density often only making up a very small fraction of the total

~10 -
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Figure 3. Contours of the density-weighted spin-independent per nucleon cross section (os1 p1/ppM)
for the minimal connector theory in the mp—my plane for A = 0.1, 1.0 (top and bottom) and
a; = «, 10« (left and right). The downward hatched regions are excluded by DM direct detection
searches, the grey shaded regions show the combined exclusions from direct searches, and the black
regions indicate where 1 produces too much thermal dark matter.

dark matter density. The strong exclusions come from the direct vector couplings of
to nucleons through the Z° and X vector bosons, which avoid the suppression by small
Yukawa couplings or loops seen in Higgs boson exchange. The only parameter region not
excluded is a very thin sliver where the various contributions to the effective SI cross section
cancel almost completely. This occurs for negative €, which we have chosen here to illustrate
the effect. We conclude from figure 3 that the minimal connector fermion scenario is all but
ruled out assuming a standard, thermal cosmological history.

4 Moderated signals from a majorana mass term
Having found that the connector fermions in the theory are nearly completely excluded

by direct dark matter searches, we turn now to ways to mitigate their impact on direct
detection. As a first approach, we expand the minimal theory with an explict dark Higgs

- 11 -



field ® with U(1), charge g3 = —2¢,. This allows the new Yukawa coupling
1 .
-ZD> in<I>NCN+h.c. (4.1)

where we have given equal masses to both Weyl components for simplicity. If & develops
a VEV, (®) = 7, the new coupling generates a Majorana mass term M = yyn for the
SM-singlet N fermion. This separates the two Weyl components of the Dirac fermion
into a pair of Majorana fermions with mass splitting Am. For Am < my such a splitting
implies primarily off-diagonal couplings to the Z and X vector bosons [87], which strongly
suppresses nuclear scattering through vector exchange for Am 2> 200keV [88, 89]. Instead,
the dominant contribution to nuclear scattering comes from Higgs exchange via the mixing
coupling A.

4.1 Majorana mass splittings

Starting from the mass eigenstate basis in the minimal theory with Dirac fermions v; and
19, it is convenient to re-express them in terms of their Weyl components as

1?1:()_(2) : ¢2=<>_<z> . (4.2)
X1 X2

The mass matrix in the basis (x1, x§, x2, x5)" is then

2
c, M mi1  SaCaM 0
mi ci M 0 SaCa M

M = 4.3
SaCaM 0 33 M mo (4.3)
0 SaCa M moy 53 M
This matrix is diagonalized by the orthogonal transformation O given by
11 9 0 .
V2 V2 1000 Cy_ 0 s, O
11
o_| v (1) (1) 010.0 0 ¢ 0 sy, , (4.4)
Ooﬁﬁ 00 20 S5y 0 ¢ 0
00_%% 0001 0 =5y 0 ¢
such that O' MO = diag(m1_, miy,,ma_,ma, ) with
—sin(2a) M
tan(2v_) = 4.5
an(27y-) mo —mq + M cos(2a)’ (4.5)
sin(2a) M
tan(2 =
an(27+) mo —my — M cos(2a)’
and mass eigenvalues
1 2 2
mi2. =g (M +mo—MF \/(m2 —m1)? + 2(mg — mq) M cos(2a) + M?| | (4.6)
1
mig, =g [ml +mo+MTF \/(mg —mq)? —2(mg — mq)M cos(2a) + M2] .
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For the specific and technically natural scenario of M < ms — my that we focus on here,
we have

Amzm1+—m1722Mci, mo —m2722M53, (4.7)

+
together with
M

4.8
——, (4.5

Y+ = FSaCa

corresponding to parametrically small Majorana mass splittings of would-be Dirac fermions.
Adding the additional mixing due to the Majorana mass to the interactions of the
minimal theory, the terms relevant to our dark matter discussion are

-Z D> —2\)\/§ sin(2a+2v_) h 1/_117"(%7 (4.9)

- g
— iy, (COS(7+ —7-) 9= X, + [cos(yy —v-) — cos(2a + y4 + )] 1 Zu> :

where Y1 = (X1, )‘(11)t are the 4-component Majorana fermions constructed from yi_

and x1,, and g =1/¢g%>+ ¢ 2. Here, we have only included Higgs terms involving t;_ alone
and dark vector couplings connecting 11_ to 11, . Importantly, we note that there are no
diagonal vector couplings between v;_ and the vector bosons. This is enforced at tree-level
by an approximate Zs symmetry present when both Weyl components of N have equal
Majorana mass terms M.> Moving away from this limit with My # Mye allows diagonal
vector couplings suppressed by at least one power of (My — Mye<)/m; < 1.

4.2 Implications for dark matter

Dark matter freezeout with a parametrically small Majorana mass term proceeds as in the
minimal Dirac theory provided Am < Ty, ~ m1/25, with approximately equal densities
of ¢1_ and %1, produced. The heavier 11, will then de-excite through decays via 11, —
Y1+ {Z*, X*} or by scattering with the cosmological bath [90, 91]. In the limit that
my, my > Am > my, the partial width to SM fermions 1, — ¢1_ + ffis

r= s (aF +b7) (Am)® (4.10)
(a% + b2) Am 5
~ (9.0 x 107 7g)"t LS ( )
(00>10778) " == | 190 Mev )

while the thermally averaged scattering cross section for ¢, + f — 91_ + f de-excitation
with my <T < Am is

(ov) (aF +b3) (Am)?, (4.11)

o
with
4reJaa
afz—LJr\/iGFsa(t:}—?QfS%v), by~ —V2GFsit}, (4.12)

2
T

3This symmetry is exact with only the connector and gauge sectors, but is broken by chiral SM matter.
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where ti’c is the weak isospin of the left-handed fermion component and Q) is the fermion
electric charge. We find that the decays are typically rapid relative to the start of primordial
nucleosynthesis (7 < 0.1s) for Am larger than a few tens of MeV, and that de-excitation
by scattering further depletes the heavier state. The resulting cosmological density of 7 _
therefore matches that of ¥, computed previously in the minimal theory for appropriate
values of M < m;.

In contrast to freezeout, direct detection of ¢ dark matter is impacted very significantly
by the Majorana mass splitting. This splitting leads to primarily off-diagonal 1 _ gauge
boson interactions involving the heavier fermions, thereby suppressing elastic vector exchange
contributions to spin-independent (SI) scattering on nuclei. Inelastic scattering through
vector exchange is still possible, but the rates for this process are very reduced or non-existent
for a standard local DM halo velocity distribution and Am 2 200-500 keV, depending on
the target [88, 92|. The leading contribution to SI scattering then comes from Higgs boson
exchange as described by the interactions of eq. (4.10). This coupling generates f, and f,
coefficients of

- (2 7 -~ (2 7
fo=—d ( + < fp) , fu=—dn ( + 2 f”) , (4.13)
p P 9 9 ; q 9 9 g q

with

s my A sin(2a +27-)

dy=d, = (4.14)

2
2v mj,

The effective SI cross section is given by eq. (3.1) with these coefficients.

In figure 4 we show the density-weighted SI per-nucleon cross section, osip1/ppm
in the extended theory of connector fermions with a Majorana mass. We assume that
mg —my > Am > 500keV over the entire mp—my plane and we set A = 0.1 (top),
A = 1.0 (bottom), and a, = « (left) and o, = 10« (right). As before, the downward
hatched regions show the exclusions from DM direct detection experiments, the solid black
regions indicate where the 1;_ relic density exceeds the observed DM density, and the grey
regions denote exclusions from direct searches. As expected, the bounds from DM direct
detection are significantly impacted by the Majorana mass. Even so, the remaining nucleon
scattering mediated by Higgs exchange is significant and largely excluded by experiment
unless the mixing between the singlet and doublet components is moderately small. This
can be achieved for A < 1, mp <« my, or my < mp, and is directly analagous to the
suppression of direct detection scattering for Higgsino-like dark matter in supersymmetry.

Beyond the exclusions shown in figure 4 from DM direct detection and the thermal
overproduction of 1_, further restrictions on the parameter space can be derived from
indirect DM searches such as gamma rays emitted from satellite galaxies [93] and the
inner galaxy [94, 95], and distortions in the power spectra of the cosmic microwave back-
ground (CMB) [96-98]. In particular, for larger a, ~ 10« and m; > m, there can be
a significant enhancement of the v;_ annihilation cross section at late times relative to
freezeout due to the Sommerfeld effect and bound state formation [8, 9]. To estimate the
enhancement relative to perturbative s-wave annihilation, we follow refs. [82, 83] and model
the non-relativistic potential from dark vector boson exchange with a Hulthen potential,
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Figure 4. Contours of the density-weighted spin-independent per nucleon cross section ogr p1/ppMm
for the Majorana extended theory in the mp—my plane for A = 0.1, 1.0 (top and bottom) and
a; = «, 10« (left and right). The downward hatched regions are excluded by DM direct detection
searches, while the red upward hatched regions are ruled out by indirect detection tests. Also,
the grey shaded regions show the combined exclusions from direct searches, and the black regions
indicate where 1, _ produces too much thermal dark matter.

which has been shown to give a good approximation for appropriate choices of parameters.
Note that since we focus on parametrically small mass splittings, Am < mg, m1, the
Majorana mass is not expected to impact this result meaningfully [83].

We compare the enhanced cross sections for late-time t; _ annihilation computed this
way to the bound on DM annihilation obtained from CMB observations by Planck [99]:
Pann(DM) = fann (00) /mpy < pim = 3.2x 1072 em®s™! GeV ™!, where fan, is an efficiency
factor that depends on the annihilation products and (ov) is evaluated during recombination.
This CMB bound is comparable to (but usually slightly weaker than) those from obtained
gamma ray measurements [93], but it is also avoids potentially large astrophysical uncertain-
ties. In evaluating pann(11_) for 1 annihilation, we use a DM velocity of v ~ \/m
to estimate the non-perturbative enhancement factor and we fix fan, = 0.2 [100, 101]. We
also rescale by the square of the fractional density of ;_ relative to dark matter and thus
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impose the requirement
li PDM 2
Pann(¥1_) < Pann (m ) : (4.15)

The exclusions derived in this way are shown by the red upward hatched regions in figure 4.
They appear only for larger dark gauge couplings «, = 10«, and they exhibit a band
structure corresponding to strong enhancement in specific regions through the formation of
bound states. The locations of these exclusion bands depend on the mediator mass relative
to the DM mass, but lie in a saturation regime that is largely insensitive to the DM velocity
used in the calculuation provided it is small enough.

Finally, we emphasize that this extended connector theory can provide a viable dark
matter candidate from the 1;_ state provided A is not too large. This is demonstrated
in the upper panels of figure 4 corresponding to A = 0.1. The dashed white lines (at the
boundaries of the parameter space excluded by the predicted relic density) indicate where
11_ would make up all the DM. In the upper panels, we see that for A = 0.1 these regions
can also be consistent with limits from direct and indirect detection as well as laboratory
tests of the theory. Depending on the relative sizes of mp and my, this candidate is
Higgsino-like (mp < my) or secluded-DM-like (mp > my).

4.3 Implications for direct searches

The Majorana mass term of eq. (4.1) requires the introduction of a new dark Higgs to the
theory and modifies the spectrum relative to the minimal theory considered in section 2.
We focus here on parametrically small mass splittings, Am ~ M = yyn < my, m1, since
they are sufficient to moderate dark matter direct detection. Given that n = m,/g,, this
corresponds to the limit of yy < g,. With this hierarchy of couplings, the effect of the new
operator need not significantly alter the non-dark matter phenomenology of the theory.

Starting with the dark Higgs itself, the new physical scalar ¢ obtained from ® —
(n+ ©/V/2) has efficient decays ¢ — X + X*) provided its mass is larger than the vector’s,
my, > mg. We note, however, that for m, < m, the dark Higgs can be long-lived
and potentially problematic for cosmology [47, 50, 102, 103]. The coupling of eq. (4.1)
will also induce a Higgs portal operator A\ge HTH ®T® with Age ~ A2y3s3,/(4m)? <
(Am/my)?a,A? /4 through fermion loops, which is safely small for the Am/m, < 1 limit
we focus on [15]. Moreover, with yy < g, the impact of the dark Higgs on 11 freezeout,
annihilation, and direct detection is negligible.

In the limit of a parametrically small Majorana mass splitting among the fermions,
the bounds from precision electroweak, Higgs decays, and direct collider searches will
be essentially the same as found previously. As the mass splitting grows, a potentially
interesting effect in collider searches is 1, — ¥1_ + X (*) at the end of decay cascades.
These could appear in the multi-purpose LHC detectors [104] or in far detectors dedicated
to long-lived particles [105-107].
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5 Decays through lepton mixing

A second approach to addressing the overabundance of relic portal fermions is to enable
them to decay quickly enough to eliminate them as cosmological relics. Such decays can
occur at the renormalizable level if there exists a dark Higgs field ¢ with dark charge ¢4 = ¢,
that develops a VEV, (¢) = 7. Such a field allows the P doublet to mix with the SM lepton
doublets through the operator

— LS5 X PrLpg+ (he.), (5.1)

where L1, = (1,2,—1/2;0) is the SM lepton doublet with flavor a = e, pu, 7. The cost of
these interactions is that they can induce lepton flavour violation (LFV). In this section we
show that the couplings of eq. (5.1) can allow 11 to decay on cosmologically short timescales
while not violating current bounds on LFV, even without imposing any particular flavour
structure on the operators.

5.1 Charged lepton mixing

The interactions of eq. (5.1) mix the SM charged leptons with the P~ fermion. Working in
a basis where the lepton Yukawa couplings are diagonal with m, = Y,(H"), the charged
lepton mass terms take the form

— & D Yr Mzy; +hee., (5.2)
where ¢, = (Pg,eRa)t, Y = (PL_,eLa)t, and
mp Ael] Aun
Me=| 0 me 0 |. (5.3)
0 0 my,

Note that we have only written two SM generations here for brevity. The generalization to
three generations is straightforward.
To diagonalize the charged mass matrix, we make the field transformations

vp =UNL',  vr=V'eg', (5-4)
with unitary matrices U and V' such that VMU' = diag(m’p, m., m},). This implies that
VMJFMQ/T = UMJFMJFUT. To linear order in the small quantities my/mp, Agn/mp < 1,

1 —Aen/mp —A;ﬂ?/mP
U= | Aen/mp 1 0 +0(%), (5.5)
Aun/mp 0 1
1 —(Aen/mp)? —(A\un/mp)?
VIi= | (Aen/mp)? 1 0 +0(%). (5.6)
(Aun/mp)? 0 1

Furthermore, the mass matrix has two zero eigenvalues for me, m, — 0 implying m], =
mq (1 + O(£2)) where ¢ denotes either m,/mp, A\gn/mp < 1, and thus the SM lepton
masses remain proportional to their Yukawa couplings to the SM Higgs. The mass of the
heavy state P~/ also remains equal to mp at this order.
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5.2 Neutral lepton mixing

The mass matrix for the neutral leptons is
— Z D YE MY + h.c (5.7)

where @Z)OR = (N%,P}%)t, ¢% = (Ng,PLO,I/Le,I/L'u)t, and

my A 0 0
M, = 5.8
0 < AU mp AN )\M17> ’ (5:8)

where again we show only the first two generations for brevity.
To find the mass eigenstates, we take

1_
Vh=O'Bly, Ul = (% ?)AW%’, (59)

where all matrices are unitary, and

—Sa Ca

ot — < Ca 3a> (5.10)

corresponds to the mixing angles defined in eq. (2.2). This choice implies that as n — 0 the
matrices AT and BT vanish and the non-zero masses are my and ms as before. These matrices
can be found from the eigenvectors of (BO)MOMg(OTBT) for BT and (A@)MgMg(éTAT)
for AT. Expanding in the small quantities &€ = \o/m1 2, we find BT =1+ O(£?) and

I Df SaAeN/m1  SaAun/mi
AT = o(e? Df = o7¢ ot : 5.11
<_D I ) * (E )7 _CaAen/mQ _CaAuTI/mQ ( )

Based on the structure of these matrices, we are guaranteed to have two massless eigenvalues
that we identify with the SM-like neutrinos. This implies that the new interaction of eq. (5.1)
does not generate neutrino masses on its own and corrections to neutrino masses (necessarily
from other sources) from the mixing are proportional to those masses. The non-zero mass
eigenvalues remain m; and my up to fractional corrections of order O(g?).

5.3 Interactions and heavy fermion decay

In appendix A, we collect the interactions between the new heavy fermions and the
scalar and vector bosons of the SM, as well as the new lepton flavour mixing interactions
between the SM fermions induced by the interaction of eq. (5.1). Expanding in powers of
e ~ {mg, Aan}/mi2 < 1, heavy-light lepton interactions arise at linear order in ¢ while
LFV light-light lepton interactions are quadratic in €. The lone exception to this comes
from the interactions with the dark Higgs boson ¢, obtained from ¢ — (7 + ¢/+/2) in
unitary gauge, which produce heavy-light fermion couplings at zeroeth order in €.

Based on the structure of these couplings and counting powers of ¢, the dominant )
decay channels would appear to be ¥ — v, + ¢, with width

2.2 2
T(1h1 — vra @) = 215: m [1 - (m“’) ] . (5.12)
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However, for my > m, the decays ¥ — vr, + X" receive a longitudinal enhancement,

142 (””)2] . (5.13)

In the limit m; > my, m;, the sum of these widths reproduces the width for ¢y —
VLa + ¢ in the U(1),-unbroken theory, as expected from the Nambu-Goldstone equivalence

\2g2 my \ 2
I = v X) = 617? my [1 - <mf>

theorem [108-110]. Relative to the decay channels involving ¢ or X*, all other modes are
suppressed by factors of at least (my/my)?, €2 < 1.
Using the decay widths above, the total lifetime of 1 is

)
7~ (6.61 x 10755) (10 9) (Tev) . (5.14)

AaSa mi

As long as the couplings are not exceedingly small, ;5. = 107!, these decays occur
before primordial nucleosynthesis and neutrino decoupling, and will generally be safe from
cosmological bounds [111, 112]. Of course, this also eliminates 11 as a relic particle and
removes the bounds from direct detection since p; — 0 today.

5.4 Lepton flavor mixing

The couplings collected in appendix A for this scenario give rise to lepton flavor viola-
tion (LFV) and modify leptonic anomalous magnetic moments Aay = ay—a3™. We compute
here the new effects of the mixing from eq. (5.1) on Aay and LFV observables [113-116].
In analogy to the decay calculation above, and counting powers of € ~ \;n/mp < 1,
(mg/mz)? < 1, the dominant new contributions to Aa, and LFV come from loop diagrams
with the dark Higgs ¢ or the dark vector X* together with internal lines involving the heavy
P~ fermion. For mp > m,, m, the two contributions are approximately equal and sum to
the result obtained by calculating in the U(1),-unbroken theory provided mg < mp.
To see this explicitly, consider the leading contribution to the amplitude for ¢,(p) —
% (p') + v(g) in the unbroken theory, corresponding to vertex and external leg diagrams
with loops containing ¢ and P~. We find
ie XAy
3272

where the omitted remainder is not relevant for Aa, or ¢, — ¢, + v transitions, and the

— iMgp > f(mp,mg) @'ic™ q,(mpPr, + mpPr)uFp + (..., (5.15)

loop function f(mp,my) is

2(1 — 2)?

5.16
z)m% + zmg5 (5.16)

1
f(mp,mg) = /0 .

_ 1 24+3r—6r24+r3+6rinr
_Gmé (1—1r4)
1
G2 (r — 00),
mp

with r = m%/ mi Note that we have self-consistently neglected lepton masses m, < mp
beyond the leading non-trivial order and that our result matches refs. [113-115]. The
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Figure 5. Charged lepton observables Aa. , and BR(x — e7v) in the lepton mixing model as a
function of A\, assuming universal (A = A\,) or MFV-inspired (A. = (m./m,)\,) couplings. For
each observable, the solid, dashed, and dotted lines correspond to mp = 100, 200, 400 GeV.

impact of mp and my is seen in the loop function, and eq. (5.16) shows that the result
is independent of my, for m% > mé as claimed. We find the same leading result in the
U(1),-broken theory for my,, m, < mp.

Using eq. (5.15), we can extract the dominant contributions to Aa, as well as rates for
Ly — Ly + ~v. For the first, we have

X mg \?
Aay, = “ <. 1
ag, +967T2 (mp) (5.17)
In turn, this can be related to the ¢, — ¢, + v LEFV rates by [115]
2
127 a [ A
BR === Aay,)? 5.18
(lu’ — 67) mlzi G%—‘ ()\u) X ( a’M) ) ( )
120 a (A )’
BR(T — ,LL’}/) =1 3 <T> X (Aa#)Q X BR(T — MVD), (519)
my, Gi \ Ay

with BR(7 — pvv) = 0.174 [63].

In this theory the rates for ¢, — ¢, +y also give a good proxy for other LE'V observables.
As an example, the amplitude for £, — 3¢, has dipole and non-dipole contributions involving
off-shell intermediate vector bosons that scale as eA;A\p, as well as box contributions that
go like >\a>\§- Since we focus on A\, < e, g, the box diagrams are subleading relative to the
off-shell vector contributions which have the same parametric dependence on the couplings
as g — 0y + . Put together, we expect BR({, — 30;) < aBR({, — fyy) [113, 114, 117].
A similar argument applies to 4 N — e N conversion. We also note that direct dark vector
contributions to Aay are negligible for the values m, = 15 GeV and |¢| < 1072 that we
focus on [10].

In figure 5 we show the lepton mixing model predictions for the observables Aa. (blue),
Aay, (green), and BR(p — ey) (red) in terms of the coupling A, for a universal scenario
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with Ae = A, (left) and a minimal flavour violation (MFV) inspired scenario with A, =
(me/my )N, (right). For all three observables, the solid lines correspond to mp = 100 GeV,
the dashed lines to mp = 200 GeV, and the dotted lines to mp = 400 GeV. The horizontal
dotted lines indicate the combined experimental central value for Aa, = (2.51 £ 0.59) x
1079 [118, 119] and the current bound on BR(u — ey) < 4.2 x 10713 [120]. We see from
the figure that LFV provides the most stringent constraint on the lepton-mixing couplings
Aa, with A, <5 x 1073 sufficent for consistency with the current experimental result in the
scenarios considered. Comparing to eq. (5.14), this implies that LFV bounds can easily be
consistent with mediator fermion decays well before the era of primordial nucleosynthesis.

5.5 Other bounds

Lepton mixing in this scenario requires the presence of a new dark Higgs scalar ¢. As in
the Majorana mass scenario of section 4, the dark Higgs can be consistent with observations
for my, > m, provided its Higgs portal coupling Az is not too large. Such a coupling will
be induced by loops with Agg ~ A?A2/(47)? and are therefore naturally small for A, < 1.

Decays of the lightest connector fermion 1 can change the collider signatures of the
theory relative to the minimal model of section 2, where it is stable and produces missing
energy. Collider events in this extension start out just like in the minimal theory, with
dominant pair production of the connector fermions through Drell-Yan processes followed
by cascade decays of the heavier states down to the lightest 1 mode. However, 11 now
decays further to the SM through the dominant channels ¢ — v, + ¢ and ¥; — v, + X.
This yields additional visible energy from the subsequent X — ff and ¢ — X X®) decays.
Similar signals have been studied in supersymmetric dark sector models where the lightest
SM superpartner decays to a lighter dark sector [8, 19, 102, 121-125].

If all the A, couplings are reasonably small, A\g5, < 10710, eq. (5.14) implies that the
1 is effectively stable with respect to standard collider detectors. Collider bounds on the
theory are then the same as those discussed in section 2 with the ¢; producing missing
energy. But in addition, the slow decays of this lightest connector fermion could potentially
be observed at dedicated far detectors [105-107].

For larger couplings, 11 can decay relatively promptly on typical collider timescales
and generate additional visible energy in the events. In the limit m, <« m; the dark
vector decay products will be at least moderately boosted and may give rise to lepton
jets [8, 19]. These have been searched for in the context of Higgs boson decays to dark sector
particles [126, 127] for both prompt [66, 67] and delayed dark particle decays [128, 129],
but we do not know of a similar experimental analysis for production through connector
fermions or supersymmetric cascades. Some insight into potential collider sensitivities can
be obtained from LHC searches for heavy vector-like leptons that decay to taus or tau
neutrinos. These produce events with Z, W, or h bosons together with additional visible
energy from taus, instead of dark photons. These searches constrain doublet-like vector-like
leptons up to masses approaching m 2> 1000 GeV [130, 131] and suggest that similar bounds
could be obtained on mp in our lepton mixing scenario. We defer a detailed collider analysis
of this scenario to a future work, as well as the impact on the sensitivity for intermediate
mixing couplings that produce moderately long-lived 17 fermions.
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6 Conclusions

In this work we have investigated the experimental and dark matter implications of matter
connectors between the SM and a dark photon giving rise to kinetic mixing with hypercharge.
Our focus was on a specific example of a dark U(1), gauge sector together with electroweak
singlet and doublet Dirac connector fermions with gauge charges N = (1,1,0;¢q,) and
P = (1,2,—1/2;¢q,) that also couple to the SM Higgs field through a new Yukawa interaction.
We expect that many of the conclusions we make for this particular theory apply to more
general dark photon connectors.

In our example theory, electroweak symmetry breaking and the Higgs Yukawa leads
to mixing between the fermions producing a lightest exotic state 1;. Without any further
structure in the theory, gauge invariance implies that this fermion is stable and therefore
contributes to the density of dark matter. We have studied the relic density 11 obtains
from thermal freezeout, as well as the signals it produces in dark matter search experiments.
An acceptable relic density can be obtained provided it is not too heavy, m; < 3 TeV for
reasonable couplings. However, being a Dirac fermion that couples to vector bosons, we
find that the v relic is nearly always ruled out by direct detection searches for dark matter,
even when it only makes up a very small fraction of the total relic density.

To address this observational challenge to connector fermions that are light enough
to have been produced thermally in the early universe, we investigated two extensions of
the minimal theory. In the first, we introduced a dark Higgs field ® with dark charge
qo = —2q, that can give rise to a gauge-invariant Majorana mass term for 11, splitting it
into pseudo-Dirac components ¢;__. This eliminates the leading contributions to nucleon
scattering from vector exchange and allows the relic to satisfy existing limits from direct
detection. In fact, for a range of small mass splittings the 1;_ state can make up all the
dark matter and be consistent with current experimental and observational bounds. In the
second extension, we added a dark Higgs field ¢ with g4 = ¢, that allows the P fermion to
mix with the SM lepton doublets. This induces decays of the lightest ¢ fermion to SM
states but can also induce charged lepton flavour violation (LFV). We showed that the
decays can be fast enough to be allowed by cosmology while also being consistent with tests
of LFV.

Even though we have considered a specific example of connector fermions, similar
considerations apply more generally to any new states carrying both SM and dark gauge
charge. The lightest of these will be stable in the absence of dark symmetry breaking,
and accidental flavor symmetries may lead to additional long-lived or stable states. When
the dark gauge sector is Abelian, minimal mass terms for the connectors require Dirac
or complex scalar representations (for s < 1 connectors), and their gauge charges lead to
vector couplings to nucleons. These tend to produce nucleon scattering cross sections that
are much larger than current limits, implying very strong constraints from direct detection
if the connectors were created in the early Universe. Let us emphasize further that bounds
on relic connectors will typically be even more stringent for other SM representations.

It is notable that the two solutions to this challenge that we have found both involve
spontaneous Higgsing of the dark gauge group and are only possible for certain, specific
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gauge representations of the connector fermions. This has significant implications for the
effective field theory describing dark photon interactions with the SM beyond the kinetic-
mixing portal itself. Specifically, these points lead to the conclusion that combining the
minimal connector theory with a Stueckelberg mechanism to generate the dark photon
mass is inconsistent with a standard (hot) cosmological history. Thus, the need to associate
the dark photon mass with the presence of a gauge symmetry informs the structure of
higher-order operators allowed at the weak scale [132, 133] as well as the expected spectrum
of states in the dark sector.
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A Interactions with lepton mixing

Relevant interactions in the minimal theory without lepton mixing are given in ref. [30].
Here, we extend these to include general lepton mixing terms of the form of eq. (5.1). The
couplings of the minimal theory can also be obtained from these results by setting A, = 0.

The gauge and mass eigenstates involving the connector fermions are now ¢% ;=
(NP2 vra), % = (NS PY), vr; = (Pr.era), ¥r; = (Pg,era), where we label
I =i,a, with a = e, u, 7 and i = (1),2. In the expressions below, we show the exact result
in terms of the full mixing matrices as well as the leading non-trivial operators in powers of
€= Aan/m; < 1.
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