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1 Introduction

Dark sectors have been studied extensively in recent years [1–5]. Such sectors consist of

new states that interact only very weakly with the Standard Model (SM). This allows the

new physics in the dark sector to be relatively light, with characteristic mass well below

the electroweak scale, while still being consistent with current experimental tests. Dark

sectors may also be related to (or comprise) the dark matter in the universe [6–9].
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While the range of possibilities for dark sectors is enormous, particular attention has

been given to those that connect to the SM through a set of portal operators:

Vector Portal :
ε

2
BµνX

µν (1.1)

Higgs Portal : (Aφ+ κφ2)|H|2 (1.2)

Neutrino Portal : yN L̄H̃N (1.3)

First, in the vector portal, a new Abelian vector boson X couples to the SM through

kinetic mixing with hypercharge [10, 11]. Second, in the Higgs portal [12, 13], a new scalar

connects with the SM Higgs field. And third, in the neutrino portal a new gauge singlet

fermion N connects to the SM lepton and Higgs doublets. These portals represent the three

ways in which a new field with no SM charges can couple to the SM at the renormalizable

level. As such, these interactions are non-decoupling, and the most sensitive searches for

light new physics connecting to us through these interactions are typically lower-energy

experiments with very high intensity or precision [4].

The portal interactions of eqs. (1.1), (1.2), (1.3) can be generated by integrating out

massive mediator states that couple directly to both the visible and dark sectors. Such

mediators can give rise to new and unusual signals at high-energy colliders such as the

Large Hadron Collider (LHC), either through their direct production or by providing a

new avenue to populate the light states in the dark sector [14–16]. Discovering mediator

particles or measuring their decoupling effects would also provide new insight into the

structure and dynamics of the light states in the dark sector.

In this paper we investigate a very simple theory of mediators to a dark sector consisting

of a U(1)x vector boson X, first presented in ref. [17]. The mediators are an electroweak

singlet N and doublet P of Dirac fermions with hypercharges Y = 0, −1/2 and equal dark

charge qx. These quantum numbers allow for vector-like fermion masses and a coupling to

the SM Higgs boson of the form

−L ⊃ λPH̃N + (h.c.) , (1.4)

where H̃ = iσ2H
∗. After electroweak symmetry breaking, the singlet and doublet mix to

form a pair of neutral Dirac fermions ψ1 and ψ2, and a charged fermion P−. We assume as

well that the dark vector boson develops a mass mx, either through a dark sector Higgs or

Stueckelberg mechanism [18, 19]. The interaction of eq. (1.4) is analogous to the neutrino

portal, but it involves the new U(1)x charged mediators instead of the SM leptons; we

call it the vectorized lepton portal. In addition to this portal interaction, loops of the new

fermions also contribute to a vector portal coupling between the U(1)x vector boson and

hypercharge.

This general structure appears in a broad range of proposed extensions of the SM.

The new fermions in the theory have the same SM quantum numbers as some of the

models of vector-like leptons (without dark charges) considered in refs. [20, 21]. In theories

with supersymmetry, superpotential couplings of the form of eq. (1.4) are the origin of

general renormalizable Higgs portal interactions via scalar F -terms, and they have been
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invoked to connect the Higgs to gauge mediator supermultiplets [22, 23] and to increase

the mass of the SM-like Higgs boson [24–26]. Closely related structures with non-Abelian

dark gauge groups also emerge in some theories of neutral naturalness such as folded

supersymmetry [27] and quirky little Higgs [28], and in relaxion constructions [29–32].

Realizations of the vectorized lepton portal with an Abelian dark group were studied in

refs. [17, 33–35], and with a non-Abelian group in refs. [36, 37].

The vectorized lepton portal can induce a wide range of new experimental signals, both

from the light dark vector and the heavier mediator fermions. The new signals of primary

interest in this work are exotic decays of the SM Higgs boson. Loops of the vector-like

fermions give rise to h → XX and h → XZ decay channels. We show that the resulting

branching fractions can be much larger than from kinetic mixing alone. Furthermore, we

also demonstrate that these decays are potentially observable at the LHC (and beyond)

while being consistent with current bounds from precision electroweak tests and direct

collider searches. Relative to the closely related previous works of refs. [17, 33], we compute

the Higgs decay widths and the direct constraints due to the new fermions in more detail,

and we show that current direct limits allow for observable Higgs signals at the LHC.

Following this introduction, we present a simple vectorized lepton portal model in more

detail in section 2. Next, we calculate the Higgs boson decay widths to dark vectors through

mediator fermion loops and discuss their observability at the LHC and beyond in section 3.

Constraints on the mediators from precision electroweak measurements, direct searches at

the LHC, and stability of the Higgs potential are discussed in section 4. In section 5 we

study the implications of the theory for dark matter and cosmology, and we discuss some

potential extensions of the minimal theory motivated by them. Further extensions of the

minimal theory to non-Abelian dark gauge groups are discussed in section 6. Finally, we

reserve section 7 for our conclusions.

2 Fields, masses, and interactions

We consider a theory with two new vector-like fermion multiplets with charge assignments

under SU(3)c×SU(2)L×U(1)Y ×U(1)x of N = (1, 1, 0; qx) and P = (1, 2,−1/2; qx). This

allows the Yukawa coupling and masses:

−L ⊃
(
λPH̃N + h.c.

)
+mPPP +mNNN , (2.1)

where H̃ = iσ2H
∗. Note that mP , mN , and λ can all be taken to be real and positive

through field redefinitions. We also normalize the dark gauge coupling gx such that either

qx = 1 or qx = −1. The set of fermion charges in our theory is minimal in that there is

only one new (Dirac) field with SM gauge charges. Let us also mention that the Yukawa

interaction of eq. (2.1) can be generalized to a chiral form with two independent Yukawa

couplings that allows for CP violation [38–41]; we focus on the parity-preserving form of

eq. (2.1) for simplicity.

2.1 Minimal masses and interactions

Expanding the Higgs about its vacuum expectation value (VEV) in unitary gauge, H →
(v+h/

√
2), with v = 174 GeV, and writing the SU(2)L components of the doublet explicitly

– 3 –
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as P = (P 0, P−)T , the fermion terms become

−L ⊃ −mPP
−
P− +

(
N,P

0
)(mN λ v

λ v mP

)(
N

P 0

)
+

λ√
2
h
(
NP 0 + P

0
N
)
. (2.2)

The physical states are therefore a charged fermion P− with mass mP together with two

SM-neutral Dirac fermions ψ1,2 with masses

m1,2 =
1

2

[
(mN +mP )∓

√
(mN −mP )2 + 4λ2v2

]
. (2.3)

We only consider solutions with positive m1 > 0 in this work, corresponding to the condi-

tion
√
mNmP > λv, since the m1 < 0 solution has |m1| ≤ λ v and is strongly constrained

by direct searches. The neutral gauge eigenstates are related to the mass eigenstates by(
N

P 0

)
=

(
cα sα
−sα cα

)(
ψ1

ψ2

)
. (2.4)

with the mixing angle given by

tan(2α) =
2λv

mP −mN
. (2.5)

We choose the solution for α such that m1 < m2.

Rewriting the Yukawa interaction in terms of the mass eigenstates, we find

−L ⊃ λ√
2
h
[
2sαcα (−ψ1ψ1 + ψ2ψ2) + (c2

α − s2
α) (ψ1ψ2 + ψ2ψ1)

]
. (2.6)

Note that the charged P− state does not couple to the Higgs boson. The relevant vector

boson couplings are

−L ⊃ ḡ

(
− 1

2
+ s2

W

)
Zµ P

−
γµP− − eAµ P

−
γµP−

+
g√
2

[
W+
µ P

−
γµ(−sαψ1 + cαψ2) + (h.c.)

]
(2.7)

+
1

2
ḡZµ

[
s2
αψ1γ

µψ1 + c2
αψ2γ

µψ2 − sαcα(ψ1γ
µψ2 + ψ2γ

µψ1)
]

+gxXµ

[
ψ1γµψ1 + ψ2γµψ2 + P

−
γµP

−
]
,

where ḡ = g/cW =
√
g2 + g′2.

Beyond the Yukawa and gauge couplings above, the dark sector also couples to the SM

through gauge kinetic mixing [10, 11],

−L ⊃ ε

2cW
BµνX

µν . (2.8)

This interaction can be treated as in refs. [2, 3, 42], with the main effect for mx � mZ

being kinetic mixing with the photon with strength ε. It allows the dark vector to decay

to lighter SM final states.

– 4 –
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We take ε to be an independent parameter, but it should be noted that it is generated

by P loops. The log-enhanced running contribution to ε from these loops between scale µ

and mP is [43, 44]

∆ε ' − qx
3π

√
αxα ln

(
µ

mP

)
(2.9)

' −qx (3× 10−3)
( αx

10α

)1/2
ln

(
µ

mP

)
,

where αx = g2
x/4π. Values much smaller than this are expected to require some degree of

tuning, or additional structure in the theory such as an approximately conserved charge

conjugation symmetry in the dark sector [34].

2.2 Additional interactions

Several other interactions can be added to the minimal set discussed above if the dark

sector contains a scalar φ with dark charge Qx, such as a dark Higgs boson responsible for

generating the dark vector mass [17, 33]. For any Qx, the scalar can connect to the SM

Higgs field through the Higgs portal,

−L ⊃ κ|φ|2|H|2 . (2.10)

This will induce Higgs mixing if φ develops a VEV. Such an interaction is generated at

two-loop order through the gauge and Yukawa couplings of the theory with size

∆κ ∼ Q2
x

(4π)2
λ2α2

x (2.11)

= (4× 10−5)
( αx

10α

)2
λ2Q2

x .

As for ε, we take this as a lower limit on the natural size of κ. It is parametrically smaller

than the sizes of the effects we consider.

Other gauge invariant operators are possible for special values of the charge Qx of

φ [17, 33]. For Qx = ±qx, a direct lepton mixing is allowed,

−L ⊃ yLφPRLL + (h.c.) , (2.12)

where LL is the SM lepton doublet. This operator can contribute to lepton masses and

flavor violation, but current bounds can typically be satisfied for couplings below |yL| .
10−3 [17]. With Qx = −2qx we can write

−L ⊃ yNφN cN + (h.c.) , (2.13)

which induces a Majorana mass for N (and a one-loop contribution to κ) for non-zero 〈φ〉.

– 5 –
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3 Higgs boson decays to dark vectors

Decays of the Higgs boson to one or more dark vectors are generated by the portal coupling

of eq. (1.4). These arise at one-loop order from UV-finite triangle diagrams, in direct

analogy to the contributions to the SM Higgs decay modes h→ γγ and h→ gg from loops

of the top quark. In our minimal vectorized lepton portal scenario, the new decay channels

are h→ XX and h→ XZ. We investigate these decays in this section.

Before proceeding, let us also mention that the mediator fermions typically do not

modify the Higgs branching fractions to SM final states in a significant way. There is no

direct one-loop contribution to h→ gg since the mediators are uncolored, and the absence

of a tree-level coupling of the charged P− mode to the Higgs implies the same for h→ γγ

and h→ γX. The primary exception to this occurs when the new fermions are light enough

that h→ ψ1ψ1 is allowed. For λ of order unity, this channel can easily dominate the Higgs

width. Since our focus is on decays of the Higgs to dark vectors, which require larger λ to

be relevant, we concentrate on fermion masses greater than m1 > mh/2.

3.1 Higgs branching fractions

The vectorized lepton portal can induce both h → XX and h → XZ decays at a similar

level. We collect in appendix A the loop functions relevant for the decay. The asymptotic

form of the h → XX decay in the limit m1,2 � mh and mx → 0 can be obtained as a

low-energy Higgs theorem [45]. The result is

Leff ⊃ −
1

4

αx
4π

(
2∑
i=1

∆bi
2

mi

∂mi

∂v

)(
h√
2

)
XµνX

µν (3.1)

= −αx
3π

λ2v

m1m2

(
h√
2

)
XµνX

µν , (3.2)

where ∆bi = −4/3, and corresponds to the gauge invariant effective operator

Leff ⊃ −
αx
6π

λ2

m1m2
H†HXµνX

µν . (3.3)

We find the same result from the appropriate limit of the full loop calculation.1 The ex-

pression of eq. (3.3) shows that in the heavy fermion limit, the h→ XX decay amplitude

depends quadratically on the lepton portal Yukawa coupling λ and the dark gauge cou-

pling gx, and decouples if either of the neutral modes becomes very heavy. Both features

arise from the non-diagonal Higgs coupling to the P and N fields. A similar low-energy

calculation can be performed for the h → XZ mode, but the result is less illuminating

and does not correspond to a single gauge-invariant operator. However, the result scales

approximately quadratically in λ and linearly in gx.

In figure 1 we show the range of Higgs branching fractions for h → XX (left) and

h → XZ (right) in the mP -mN plane due to fermion loops for λ = 1, αx = 10α, and

mx = 15 GeV. The solid (dashed) lines in the figure indicate contours of constant ψ1 (ψ2)

1Our result is smaller by a factor of two than the related calculation of ref. [36].
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Figure 1. Branching ratios for h→ XX (left) and h→ XZ (right) decays due to mediator fermion

loops in the mP -mN plane for λ = 1, αx = 10α, and mx = 15 GeV. The solid (dashed) black

contours indicate m1 (m2) masses, while the solid red line shows the sensitivity of the most sensitive

current LHC searches [46].

masses. For the h → XX channel, the branching fractions are symmetric in mP and mN

since both states couple equally to the dark vector. The decay fractions for h → XZ

tend to be somewhat lower than for h → XX, due to weaker effective couplings in the

amplitudes for large αx. In particular, the coupling of either fermion to the Z is at most

ḡ/2 <
√

10αx and is maximal for a doublet-like fermion, while the Higgs coupling relies on

mixing between the P 0 and N gauge eigenstates.

These exotic Higgs decay channels to one or more dark vectors also arise from the

standard vector and Higgs portal couplings [47, 48]. With only a vector portal, the main

new decay is h→ XZ through the SM h→ ZZ vertex with one of the Z legs mixing into

the dark vector X [49, 50]. The corresponding decay width is suppressed by both ε2 and

(mx/mZ)2, and tends to have a very small branching fraction once other direct constraints

on ε are taken into account [50]. The Higgs portal interaction can lead to h→ XX decays

with a significant rate [47, 48, 50]. We have not included the effects of these couplings in

the results above. For minimal natural values of these parameters in our theory, we find

that their contributions to the Higgs decay amplitudes are much smaller than those from

direct fermion loops over the range of masses shown in the figure.

3.2 Experimental signals

Prospects for observing Higgs boson decays to one or more light dark vector bosons were

studied in refs. [33, 47–55]. If the X vector boson is the lightest state in the hidden sector,

it decays exclusively to SM final states through its vector portal mixing with hypercharge.

These decays can have a significant branching fraction to charged leptons [50], typically

larger than that of the Z boson, and are prompt for natural values of the kinetic mixing ε.

The most recent experimental analysis of rare Higgs decays to dark vectors is the

ATLAS study of ref. [46], based on about 20.5 fb−1 of data at
√
s = 8 TeV. This search

– 7 –
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uses four-lepton final states with two opposite-sign same-flavor (OSSF) pairs, and covers the

dark vector mass range 15 GeV ≤ mx ≤ mh/2. For the h→ XZ(∗) channel, the combined

invariant mass is required to reconstruct the Higgs mass to within about 10 GeV, and a

bump search is performed on the OSSF lepton pair with the lowest invariant mass. Their

result can be translated into a limit on the branching ratio BR(h→ XZ) . 0.5− 5× 10−3

over the dark vector mass range covered by the search. In the h → XX channel, events

with two OSSF pairs are also selected and grouped such that the resulting pair of two-body

invariant masses are as close as possible. The exclusion derived corresponds to BR(h →
XX) . 3× 10−4 over the vector mass range studied.

Comparing these LHC exclusions to the branching fractions found above due to the

mediator fermions of the vectorized lepton portal, figure 1, we find that current data puts

a significant limit on the new fermion masses for λ = 1 and αx = 10α. Dedicated analyses

with the full current and expected LHC data sets will have sensitivity to even larger fermion

masses in both the h→ XX and h→ XZ channels. Let us also point out that the search

of ref. [46] concentrated on the dark vector mass range of 15 GeV ≤ mx ≤ mh/2. This

range is only weakly constrained by direct searches for dark vectors, with the strongest

current bounds coming from precision electroweak tests that limit ε . 0.02 [56]. The

collider sensitivity to smaller dark vector masses is limited by backgrounds from heavy

flavor resonances appearing at masses below about 11 GeV, and from the tendency of the

leptons from a lighter vector boson to be collimated [57, 58]. Note, however, that existing

direct limits on light dark vectors are much stronger for mx . 11 GeV and constrain

ε . 10−3 [5], of the same size as the natural range for this coupling in our minimal theory.

Our analysis shows that exotic Higgs decays to dark vectors from loops of heavy medi-

ator fermions are potentially observable in future Higgs searches at the LHC and beyond.

In the sections to follow, we investigate other constraints on the theory from precision

electroweak tests, direct collider searches, Higgs stability, and dark matter considerations.

In doing so, we set λ = 1, αx = 10α, and mx = 15 GeV as fiducial parameters against

which to compare. For these parameters, we find that searches for exotic Higgs decay can

provide comparable or greater sensitivity to the theory than other experimental probes.

4 Precision electroweak and collider constraints

The vectorized lepton portal can induce significant decay fractions for h → XX and h →
XZ provided λ and αx are relatively large and the vector-like fermions ψ1 and ψ2 are not

too heavy. In this section we investigate the bounds imposed on the theory from precision

electroweak measurements, direct collider searches, and Higgs stability.

4.1 Electroweak constraints

The new ψ1, ψ2, and P− fermions couple directly to the electroweak vector bosons, and

therefore induce oblique corrections to precision electroweak observables [59, 60]. In ad-

dition, the gauge kinetic mixing of U(1)x with hypercharge leads to mixing between the

physical X, Z, and γ vector bosons, further modifying these observables [50, 56, 61–63].

However, for natural ranges of the kinetic mixing parameter ε . 10−2 with mx . 30 GeV,

– 8 –



J
H
E
P
0
6
(
2
0
1
7
)
1
3
8

Figure 2. Precision electroweak and collider constraints on the minimal vectorized lepton portal

for λ = 1. The dark grey line shows the combined exclusion from precision electroweak tests, the

cyan (LEP) and blue (LHC) indicate bounds from direct collider searches, and the green line shows

the limit from the non-observation of invisible Higgs decays. The coloured contours indicate the

shifts in the oblique ∆T parameter due to the heavy fermions.

the effects of vector boson mixing are much smaller than current limits [50, 56], and thus

we focus exclusively on the effects of the heavy fermions.

Oblique corrections due to the new fermions are captured effectively by the Peskin-

Takeuchi S, T , and U parameters. These have been computed for vector-like fermions with

the same SM quantum numbers as those considered here in refs. [20, 64]. Full expressions

for the corrections to S, T , and U are collected in appendix B.

To derive an exclusion on the theory from current electroweak data, we use the central

values, uncertainties, and correlations among the S, T , and U parameters obtained in the

fit of ref. [65] with mt = 173 GeV and mh = 125 GeV. The corresponding 95% c.l. excluded

region in the mP -mN plane for λ = 1 lies to the left of the solid black line in figure 2. We

find that the corrections to S and U from the new fermions are typically very small, and

the primary effect of the fermions is to shift the T parameter, related to the mass splitting

of the components of the electroweak doublet P from mixing with N . Contours of ∆T

are also shown in figure 2, and the excluded region is approximated well by the condition

∆T . 0.14.

4.2 Collider bounds

Collider searches for the charginos and neutralinos of supersymmetry can be applied to the

vector-like fermions we are considering. In particular, our system consists of an electroweak

doublet and singlet, and is similar in its collider phenomenology to a Higgsino-Bino sys-

tem [41]. The lightest new fermion in the theory is ψ1, which is stable and contributes to

missing energy in analogy to the lightest χ0
1 neutralino. We estimate here the limits on the

ψ1, ψ2, and P− massive fermions by reinterpreting searches for electroweak superpartners

at LEP II and the LHC.

– 9 –
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For mP � mN , the lighter ψ1 and P− states both come mainly from the electroweak

doublet and tend to be fairly close in mass, similar to a set of light Higgsinos (µ�M1, M2).

In contrast to light Higgsinos, however, the neutral state is a single Dirac fermion ψ1 instead

of a pair of Marjorana χ1 and χ2 modes. The charged P− state is similar to the lightest

chargino χ+
1 in its production, with decays through P− → W−(∗)ψ1. The heaviest state

ψ2 is mostly singlet, and will therefore have suppressed production through electroweak

vector bosons. With mP � mN , it decays in a roughly 2:1 :1 proportion via ψ2 →W+P−,

ψ2 → Zψ1, and ψ2 → hψ1 [66].

In the opposite limit, mP � mN , the lightest state ψ1 is mostly singlet while the

heavier P− and ψ2 particles are Higgsino-like. They decay via P− → W−ψ1, along with

ψ2 → Zψ1 and ψ2 → hψ1 in a roughly 1 : 1 ratio [66]. This system is similar to the

electroweakino sector of a supersymmetric theory with M1 � µ�M2, msfermion.

Searches for superpartners at LEP II are summarized in ref. [67]. The most relevant

channels for our scenario are the chargino modes e+e− → χ+
1 χ
−
1 with χ+

1 → χ0
1W

+(∗) [68].

These can be applied directly to P+P− production. For λ = 1 and mN . 2 TeV, the

chargino limits translate into

mP > 103 GeV . (4.1)

This value of λ (and the condition
√
mNmP > λv mentioned in section 2) also implies that

(m1 +m2) is always larger than the maximal LEP II center-of-mass energy, so no bounds

are obtained from searches for χ0
1χ

0
2 production in this case. Searches for neutralino LSPs

with initial-state photon radiation can also be applied to e+e− → ψ1ψ1γ [69], but we find

production cross sections well below the limit from ref. [70].

More recently, the LHC collaborations have extended the constraints on electroweak

superpartners to masses beyond the reach of LEP II. The new fermions in our theory can

be produced by electroweak Drell-Yan channels, through an off-shell Higgs boson [71–73],

and via an s-channel dark vector. Whenever the production cross section is large enough to

be potentially observable, we find that it is dominated by standard Drell-Yan (for fiducial

values of λ = 1 and ε = 10−3). Decays of the heavier fermions to the stable ψ1 produce

signals with jets, leptons, and missing energy in direct analogy to supersymmetric cascades.

Radiation of dark vectors by these fermions can produce additional visible objects in the

events [14–16]. We do not expect such radiation to have a significant qualitative effect on

the searches considered here that rely mainly on leptons that reconstruct a Z boson, but

they could open new search channels at the LHC.

The most constraining LHC search for our theory appears to be the CMS opposite-sign

same-flavor (OSSF) dilepton analysis of ref. [74]. This search was based on 35.9 fb−1 of data

at a center-of-mass energy of
√
s = 13 TeV. The channels in the analysis relevant for our

theory were those designed for χ0
2 χ
±
1 production followed by χ0

2 → χ0
1 Z and χ±1 → χ0

1W
±.

These channels required exactly two isolated light-flavor OSSF leptons with 86 GeV <

m`` < 96 GeV, at least two jets with pT > 35 GeV and mjj < 110 GeV, and missing

energy /ET > 100 GeV. Vetoes on additional leptons and b-tagged jets were also applied.

These channels will receive contributions from ψ2 P
− and ψ2 ψ2 production with one on-

shell ψ2 → Zψ1 decay.
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To estimate exclusion limits from this search, we use MadGraph5 aMC@NLO [75] with

a model implemented in FeynRules [76] to compute the relevant LHC production cross

sections at
√
s = 13 TeV. We then compare to the cross section limits obtained in ref. [74]

for a Wino-like χ0
2χ
±
1 simplified model in which the two electroweakino states are degenerate

and assumed to decay exclusively to a stable χ0
1 state through the weak vector bosons. In

making the comparison, we include P−ψ2, P+ψ2, and ψ2ψ2 production, and we rescale

their cross sections by the branching fraction for ψ2 → Zψ1. The main simplification

we make in deriving our exclusions is the assumption that the detection efficiencies are

approximately the same in our theory as for the simplified electroweakino model. We

also take the exclusion cross section to be σtot < 0.01 pb. Both assumptions are somewhat

agressive, and thus we expect our result to represent an upper limit on the exclusion derived

from a full recasting of the CMS search. Our result is shown in figure 2.

Other potentially relevant LHC searches are the trilepton analysis of ref. [77] and the

mass-degenerate dilepton analysis of ref. [78]. Comparing their excluded cross sections to

those of our theory, we do not find any limits beyond the dilepton analysis described above.

4.3 Higgs stability

New fermions with large Yukawa couplings to the Higgs field can destabilize the Higgs

potential. They do so by modifying the renormalization group (RG) evolution of the Higgs

self coupling λH , and tend to drive it negative at a lower scale than in the SM [79–82].

Without additional new physics near the scale at which this occurs, the tunnelling rate

from the standard electroweak vacuum to the unstable region at large Higgs field values

tends to be shorter than the age of the universe [83, 84]. At best, this instability can be

taken to be an upper cutoff for the consistency of the theory.

To investigate these effects, we evolve the couplings of the theory to higher scales using

the one-loop RG equations for the system. These are listed in appendix C, and generalize

the results of refs. [85–87]. As inputs, we use the MS values for the relevant SM parameters

derived in ref. [88] defined at scale µt = 173.34 GeV:

g1 =
√

5/3 (0.3585) , g2 = 0.6476 , g3 = 1.1667 ,

yt = 0.9369 , λH = 0.12597 .
(4.2)

These inputs are evolved up to the fiducial massive fermion scale µF = 500 GeV as in the

SM, and then from µF to higher scales in the full theory with heavy fermions and the dark

vector boson.

As expected, we find that the new Yukawa coupling λ drives the Higgs quartic coupling

λH negative more quickly than in the SM. The condition we apply for the metastability of

the standard electroweak vacuum follows ref. [82], which is based on ref. [83],

λH(ΛH) = −0.065 [1− 0.02 ln(λH/µt)] . (4.3)

This relation defines ΛH , the maximum scale at which new physics that stabilizes the Higgs

potential must emerge. Numerically, ΛH tends to be one or two orders of magnitude larger

than the scale at which the Higgs quartic coupling λH runs negative [84].
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For the inputs listed in eq. (4.2) together with λ = 1 and αx = 10α at µt, we find a

Higgs instability cutoff scale of ΛH ' 4.6 × 104 GeV, with the quartic coupling running

negative at µ ' 1.0 × 104 GeV. There is also a Landau pole in the new gauge coupling

at scale µ ' 1011 GeV for αx(µt) = 10α. Reducing αx(µt) quickly pushes up the scale at

which the Landau pole occurs, but has only a mild (lowering) effect on ΛH . The Higgs

instability scale for λ = 1 is relatively low, but is still high enough to justify our treatment

of the heavy fermions provided we interpret the theory as an effective one with a cutoff

near 5 TeV. Even so, we note that λ = 1 is close to the upper limit of what is possible for

the consistency of our previous analyses.2

5 Connections to dark matter

In the minimal realization of the vectorized lepton portal, the lightest exotic fermion ψ1

is stable and contributes to the density of dark matter (DM). This state is also a Dirac

fermion with direct couplings to the Z0 and X vector bosons, implying that it can have a

large spin-independent scattering cross section with nuclei. We investigate these features in

this section and show that they impose strong constraints on the model assuming standard

thermal production of ψ1 in the early universe. These constraints can be evaded in scenarios

with low effective reheating temperatures or by going beyond the minimal realization of

the theory.

5.1 Relic densities

The relic density of ψ1 particles from thermal freeze-out is determined by its dominant

annihilation cross sections to dark vectors, electroweak vectors, and Higgs final states.

Annihilation to pairs of dark vector bosons in our scenario is identical to minimal models

of secluded dark matter [8], with leading cross section

〈σv〉XX '
πα2

x

m2
1

√
1−

(
mx

m1

)2

. (5.1)

The complete expression can be found in ref. [89]. Since both the N and P states couple

in the same way to the dark vector, this cross section is independent of their mixing, and

depends only on the gauge coupling αx and the mass m1.3

For direct annihilation to SM final states, the most important modes are typically

ψ1ψ1 → ZZ, WW, hh. These cross sections depend sensitively on the mixing between the

P 0 and N gauge eigenstates that combine to make up ψ1 and ψ2. The s-wave amplitude for

the WW channel is facilitated by a t-channel P− exchange and scales proportionally to s2
α,

while the analogous ZZ process involves t-channel ψ1 or ψ2 exchange and is proportional

2There is a significant sensitivity of these results to the SM input parameter values for small λ � 1

reflecting a theoretical uncertainty on our one-loop treatment. However, for λ ∼ 1, the new Yukawa

coupling dominates and the dependence on the SM inputs becomes modest.
3A light dark vector coupled to heavier dark matter can also enhance the annihilation cross section (in

all channels) by the Sommerfeld effect [90–92]. We find that this enhancement is very mild for αx ≤ 10α

and mx = 15 GeV.
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Figure 3. Regions in the mP -mN where the thermal ψ1 relic density exceeds the observed value.

The plot on the left has λ = 1, while the plot on the right corresponds to λ = 0.1. The different

shadings show the exclusions for αx = 0.1α, α, 3α. Also shown are contours of the ψ1 mass m1.

to s4
α or s2

αc
2
α respectively. In the event of small mixing angles, p-wave processes involving

an s-channel Higgs can be significant. These amplitudes scale as λsαcα, and include WW ,

ZZ, or hh final states.

In figure 3 we show regions in the mP−mN plane where the ψ1 relic density exceeds the

observed value. In this figure, we set λ = 1 (left) and λ = 0.1 (right), with mx = 11 GeV

and several values of αx = 0.1α, α, 3α. Setting αx = 10α, the annihilation to dark vectors

becomes very efficient and the entire parameter region shown yields an acceptable relic

density. Also shown are contours of the ψ1 mass m1.

5.2 Direct detection

Direct searches for DM scattering put strong bounds on spin-independent DM-nucleon

effective cross sections, on the order of σSI . 10−46 cm2 formDM ∼ 100 GeV. This is orders

or magnitude larger than the effective per-nucleon cross section of a stable Dirac fermion

with electroweak charge, σSI ' 10−39 cm−2 [93]. As a result, current direct detection

bounds are sensitive to Dirac fermion relics that make up only a tiny fraction of the full

dark matter density [94].

The spin-independent nucleon cross section of the ψ1 state receives contributions from

Z, X, and Higgs exchange. The corresponding effective operators have the same non-

relativistic limit and interfere with each other. Together, they imply an effective per-

nucleon cross section of [93]

σSI =
µ2
n

π

[
fpZ + fn(A− Z)

A

]2

, (5.2)

where µn is the DM-nucleon reduced mass, A and Z describe the target nucleus, and

fp =
GF√

2
s2
α(1− 4s2

W ) − 4π

m2
x

ε qx
√
ααx + d̃p

[
2

9
+
∑
q

fpT,q

]
, (5.3)

fn = −GF√
2
s2
α + 0 + d̃n

[
2

9
+
∑
q

fnT,q

]
. (5.4)
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In both expressions above, the first term is due to Z exchange, the second to X exchange,

and the third to Higgs exchange. The X exchange terms depend on the sign of the dark

charge of ψ1 and assume mx & 100 MeV. For the Higgs exchange terms, the quantity d̃p,n
is given by

d̃p,n =
mp,n

v

λ sαcα
m2
h

, (5.5)

where the sums run over q = u, d, s, and the coefficients fNT,q can be found in refs. [95–97].

Combining these expressions with the relic densities calculated previously, we find

density-weighted per-nucleon cross sections, (Ω1/ΩDM )σSI , that are typically much larger

than the current constraints from PandaX [98] and LUX [99]. This applies even for αx =

10α when the ψ1 relic density is significantly smaller than the total dark matter density.

Dark photon exchange dominates for smaller mx and natural one-loop values of the kinetic

mixing ε. Even with this contribution suppressed by ε → 0, the scattering due to Z

exchange still tends to be too large.

Two potential loopholes to these bounds exist. The first requires a very small ε → 0

to suppress dark photon exchange together with a lighter singlet-like ψ1 state to reduce

the Z and Higgs contributions to nucleon scattering. A large value of αx is also needed

to yield a small ψ1 relic density. While these parameter values can give acceptably small

density-weighted cross sections, they correspond to sα ∼ λv/mP � 1 and imply a strong

suppression of Higgs decays to dark photons. This is illustrated in the left panel of figure 4,

where we show the parameter regions excluded by LUX [99] for λ = 0.1, 0.3, ε → 0, and

αx = 10α. The unshaded regions at the lower right are allowed.

The second loophole arises when there is a strong cancellation between the dark photon

and Z boson contributions to the cross section. Suppression of the cross section from such

a cancellation is limited by the mixture of isotopes present in natural xenon to about

2× 10−4 relative to fp = fn. Moreover, the optimal suppression for xenon is different from

that for other materials such as the germanium used in CDMS-II [100]. The allowed region

of parameter space in this context for λ = 1, ε = 10−4, mx = 10 GeV, and αx = 10α is

illustrated in the right panel of figure 4, where we show contours of the density weighted

spin-independent cross section relative to the bound from LUX [99], (Ω1/ΩDM )σSI/σLUX .

The region between the solid red lines is consistent with current limits.

5.3 Beyond the minimal scenario

Our analysis shows that the lightest ψ1 fermion is very strongly constrained by dark matter

direct detection, particularly when the Higgs branching fraction to dark vectors is signif-

icant. A similar conclusion was obtained in ref. [17]. These constraints can be avoided if

there is non-thermal cosmological evolution or additional structure in the theory.

The relic densities used in making the estimates above assumed thermal cosmological

evolution during and after the freezeout of the stable ψ1 state. Much smaller relic densities

can arise from non-thermal evolution. For example, late reheating following a period of

inflation or matter domination with a reheating temperature below the freeze-out tem-

perature of ψ1 can yield a relic density that is orders of magnitude below the thermal
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Figure 4. Two examples of how a thermal ψ1 relic density with αx = 10α can be consistent

with the current LUX bounds on spin-independent dark matter scattering [99]. The plot on the

left illustrates the small λ scenario, in which ε → 0, the lighter ψ1 state is very singlet-like with

suppressed mixing with the doublet. The unshaded regions at the lower right for λ = 0.1, 0.3

where the ψ1 state is mostly singlet are allowed by current bounds. The right panel illustrates

the scenario where the contributions to nucleon scattering from the dark photon and the Z boson

cancel against each other. This plot shows contours of (Ω1/ΩDM )σSI/σLUX for λ = 1, ε = 10−4,

and mx = 10 GeV. The allowed region between the solid red lines.

value [101]. Even so, the tiny remaining abundance of ψ1 could still be observable in direct

detection experiments due to its large spin-dependent scattering cross section [94].

Constraints on the ψ1 abundance from direct detection can also be reduced if it obtains

a small Majorana mass or is able to decay [17]. A Majorana mass for ψ1 can arise from the

dark Higgs coupling listed in eq. (2.13). Such a mass term will split the four-component

ψ1 Dirac fermion into a pair of Majorana fermions, and thereby remove the dominant

contribution to spin-independent elastic scattering from vector boson exchange [102]. The

residual vector-mediated inelastic scattering is highly suppressed for mass splitting above

about ∆m1 > 200 keV. We find that the remaining spin-independent scattering due to

Higgs excange can still be significant for λ = 1, but it can lie below current limits for

the subleading ψ1 relic densities that occur for αx = 10α. Alternatively, the operator

of eq. (2.12) allows the ψ1 state to decay to SM fermions through an electroweak vector

boson, in which case the limits from dark matter searches are not relevant. While the

coupling of eq. (2.12) is constrained by searches for lepton flavor violation, it is not difficult

to avoid these limits while ensuring that ψ1 decays occur before the onset of primordial

nucleosynthesis.

6 Comments on the non-Abelian case

The vectorized lepton portal can also connect the SM to non-Abelian dark gauge groups.

This arises in some theories addressing electroweak naturalness [27, 28], typically with a

dark gauge group of Gx = SU(3), but the general structure can emerge more broadly [36,

103–106]. These more general groups can produce important changes in experimental
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observables compared to Gx = U(1)x. While many of these effects have been discussed

in other contexts, we review them briefly here and point out a few particular features of

our minimal construction. To be concrete, we focus here on Gx = SU(Nx) with P and N

transforming in a complex representation r, as discussed in refs. [36, 104].

6.1 Higgs decays to dark glueballs

Instead of dark photons, the new vector bosons will be analagous to gluons. If there

is no symmetry breaking in the dark sector and no other matter fields, the dark gluons

will confine to form dark glueballs at the scale Λx. Here and for the rest of this section,

we assume Λx � mh so that the direct effects of the new fermions can be treated in

perturbation theory, and we define αx to be the running dark coupling at scale µ = mh.

The dark confinement scale is approximately

Λx ' mh exp

(
− 6π

11Nxαx

)
. (6.1)

This falls very quickly with decreasing αx: for Nx = 3 we find (αx,Λx) ' (15α, 1 GeV),

(10α, 75 MeV), (6.2α, 1 MeV), and (α, 10−27 MeV).

The lightest dark glueball has quantum numbers JPC = 0++ and mass (for Nx = 3)

m0 ' 6.8Λx [107, 108], but several other metastable glueballs arise as well. The effective

Higgs interaction induced by the N and P fermions can be obtained by generalizing the

calculation of section 3:

−Leff ⊃
αx T2(r)

6π

λ2

m1m2
H†HXa

µνX
aµν . (6.2)

After confinement and electroweak symmetry breaking, this operator induces a Higgs portal

coupling between the 0++ glueball and the SM Higgs boson, allowing it to decay with

width [36]

Γ0++ '
[
T2(r)

6π

λ2

m1m2

]2
∣∣∣∣∣

√
2v FS

m2
0 −m2

h − iΓhmh

∣∣∣∣∣
2

Γh(m0) , (6.3)

where FS ' (Nx/3)2.3m3
0 is a glueball matrix element determined on the lattice [108, 109],

and Γh(m0) is the decay width the SM Higgs would have if its mass were equal to m0. Like

the confinement scale, the glueball decay width varies extremely rapidly with the value of

the running dark gauge coupling at mh. Setting λ = 1 and
√
m1m2 = 500 GeV, we find a

lifetime of τ ' 1 s for αx(mh) = 12α, and a decay length of cτ = 1 mm for αx(mh) = 23α.4

Higgs decays to dark glueballs also proceed through the operator of eq. (6.2) [110, 111].

For light glueball masses, m0 � mh/2, the inclusive glueball branching fraction follows that

for decays to dark photons up to a simple rescaling:

BR(h→ glueballs) ' BR(h→ XX)× T 2
2 (r)(N2

x − 1)

q4
x

. (6.4)

4Fermion loops also yield dimension-eight operators connecting the dark gluons to SM vector bosons,

but these yield much smaller decay widths for the parameter ranges of interest [103, 104].
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When m0 approaches mh/2, resonances in the final state can modify the branching fraction

in important ways [110, 111]. Note as well that there is no h→ (Z+glueballs) decay channel

in the absence of gauge symmetry breaking in the dark sector. The glueball final states

from Higgs decays tend to be long-lived and appear as simple missing energy unless αx(mh)

is much larger than α. For moderate αx(mh), dedicated far detectors at the LHC could

be sensitive to very late glueball decays [112]. Very large values of αx(mh) can give rise

to displaced decays within ATLAS or CMS [110, 111], or produce emerging or semivisible

jets [113, 114].

Other dark vector decay modes can arise when there is symmetry breaking in the dark

sector above the confinement scale. For example, an adjoint dark Higgs field with a Yukawa

coupling ξ to the N or P fermions gives rise to the operator

O ∼
√
αxα ξ T2(r)

4π

1

m
ΦaXa

µνB
µν , (6.5)

where mψ ∼ m1, m2. This produces a kinetic mixing interaction for Φa → 〈Φa〉, and could

allow more rapid decays of (some of) the dark vector bosons [9, 115–117].

6.2 Constraints

Bounds from precision electroweak tests and Higgs stability are mostly independent of the

low-energy dynamics of the dark sector. The shifts in the oblique parameters discussed

in section 4.1 are enhanced by a factor of d(r), the dimension of the Gx representation

of N and P . For Gx = SU(3) with r = 3 and λ = 1, this leads to an exclusion of

mP & 1000− 400 GeV for mN = 0− 1500 GeV.

The renormalization group equations relevant for a Higgs stability analysis with a

general non-Abelian group Gx and fermion representation r are collected in appendix C.

For a given value of λ, the bound from Higgs stability rapidly becomes more stringent as

the dimension of the fermion representation increases. With Gx = SU(3), r = 3, λ = 1,

and αx = 10α, the Higgs stability cutoff approaches ΛH ' 3 TeV, only slightly above

the range of explicit fermion masses we are considering. This situation can be improved

somewhat by lowering the new Yukawa coupling modestly; reducing to λ = 0.8 increases

the stability cutoff scale to well over 10 TeV. The corresponding reduction in the Higgs

branching fraction to dark vectors can be compensated by the color factors in eq. (6.4)

and an increased dark gauge coupling. Note as well that in theories with non-Abelian

dark (SU(3)) gauge groups motivated by electroweak naturalness, new physics is typically

expected at scales below about 10 TeV [27, 28, 110].

Direct collider searches for the massive fermions in the theory can be modified in more

radical ways by an unbroken non-Abelian dark gauge group with Λx � m1, m2 [118–120].

Even so, we argue that our previous collider limits derived for the Abelian scenario can be

applied here in many cases up to a rescaling by the fermion multiplicity d(r). The first

stages of fermion production and decay proceed much like in the Abelian case. Strong Gx
dynamics does not have a significant effect on fermion production (away from threshold),

with the fermions created in pairs primarily by Drell-Yan processes. Next, the heavier ψ2

and P− states decay down to the lightest ψ1 mode. For non-degenerate fermion masses,

this typically occurs before the non-perturbative Gx dynamics sets in.
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The immediate remnants of fermion production and electroweak cascade decays are

therefore a ψ1ψ1 pair. In contrast to the Abelian theory where they would leave the

detector as missing energy, the fermions are now quirks and remain bound by a string

of Gx flux [118–120]. This string eventually pulls the fermions back together, causing

them to oscillate until they annihilate [120]. Since the ψ1 fermions do not carry colour

or electromagnetic charge, they do not interact significantly with the material in collider

detectors and they are not expected to be trapped. Their eventual annihilation products

are dark glueballs, SM fermions, Higgs bosons, and W and Z vector bosons [120–125]. For

Λx & 1 MeV, the dark glueball final states are the dominant decay products.

Our previous collider limits on the new fermions can be applied to the non-Abelian

scenario as well when the dark glueballs are the dominant annihilation product and are

long-lived. When these two conditions are met, the production modes and visible decay

products are the nearly same as in the Abelian case up to an increased fermion multiplicity

factor of d(r). For Λx . 1 MeV, visible annihilation final states of the ψ1ψ1 pair would

provide an additional search channel [123, 125]. With larger Λx & 1 GeV, displaced decays

of the dark glueballs could be visible [125].

6.3 Dark matter considerations

Thermal freezeout of ψ1 proceeds similarly to the Abelian case, and can be treated in per-

turbation theory for Λx � m1. If the annihilation is dominated by ψψ1 → XX processes,

the relic yield after freezeout is approximately

m1Y1 = m1

(n1

s

)
∼ (10−11 GeV)

( m1

500 GeV

)2
(

10α

αx

)2

. (6.6)

As the early universe cools to below T . Λx after freezeout, the dark flux connections

among the relic ψ1 and ψ1 states become important. These induce a second stage of ψ1ψ1

annihilation to dark glueballs and SM final states [120, 126, 127].

For Λx & 100 MeV, this secondary annhilation is expected to occur before the onset of

primordial nucleosynthesis (BBN). However, smaller Λx produces a later stage of secondary

annihilation, and the annihilation products can disrupt light element abundances [128, 129]

or the cosmic microwave background radiation [130, 131]. We defer a full study of these

effects to a future work, but we note that these considerations suggest that larger values of

Λx & 100 MeV are preferred if the new fermions and glueballs were ever thermalized in the

early universe.5 Note that these constraints differ significantly from theories with quirks

that carry QCD color, in which a second stage of QCD annihilation reduces the quirk relic

densities to acceptable levels [120, 126, 127].

Cosmological constraints on relic fermions and glueballs can also be avoided if their

pre-decay relic yield is significantly below the thermal estimate of eq. (6.6). This can occur

in scenarios with low reheating temperatures [101], or even from the heavy ψ1 fermions

themselves if they come to dominate the energy density of the universe before they de-

cay [134].

5Related considerations of relic glueball decays also tend to prefer larger Λx values [105, 106, 132, 133].
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7 Conclusions

In this work we have studied the phenomenological consequences of the vectorized lepton

portal, consisting of two or more new fermions that are charged under both the SM and

a dark gauge force and that connect to the Higgs boson through a Yukawa coupling. The

minimal realization consists of electroweak singlet and doublet fermions and an Abelian

U(1)x dark gauge group. These fermions act as mediators between the visible and dark

sectors, and they induce a gauge kinetic mixing of the U(1)x vector with hypercharge.

An important consequence of the mediator fermions is new exotic decay channels of

the Higgs boson. In particular, fermion loops induce h → XX and h → XZ decays.

The decay fractions of these modes are potentially observable at the LHC for larger values

of the new Yukawa coupling λ and the dark gauge coupling αx. We find that existing

LHC searches for h → XX constrain the product of the new neutral fermion masses to

be at least
√
m1m2 & 850 GeV for λ = 1, αx = 10α, and mx = 15 GeV. This sensitivity

to exotic Higgs decays can be significantly greater than direct limits on the new fermions

from precision electroweak tests, collider searches, and Higgs stability considerations. Dark

matter searches further constrain the new fermions, but the bounds depend on the evolution

history of the cosmos. As a result, searches for exotic Higgs decays with future data from

the LHC and beyond are a key discovery channel for scenarios of this type.

The minimal vectorized lepton portal studied here can also be extended in a number

of ways. Expanding the new Yukawa coupling to a more general chiral form allows for

CP violation in Higgs decays to dark vectors [17, 135]. If the dark sector has spontaneous

symmetry breaking, the new fermions can potentially mix with SM leptons, leading to the

violation of (charged) lepton flavor and introducing new interactios among neutrinos. The

Abelian dark gauge group we have concentrated on can also be extended to non-Abelian

groups with interesting consequences.
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A Higgs loop functions

Higgs boson decays to h→ XX and h→ XZ are generated by loops of ψ1 and ψ2 fermions.

All the relevant one-loop diagrams take the general form shown in figure 5, which connects

the SM Higgs to a pair of vectors X and Y with internal fermion states a, b, and c. It

corresponds to a contribution to the amplitude of

−i (∆M) = gachgcbY gbaX I
µνε∗µ(k1, λ1)ε∗ν(k2, λ2) (A.1)
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p
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Figure 5. Loop diagram for h→ XY decay due to the fermion loop {abc}.

with

Iµν = −
∫

ddq

(2π)d
tr [(\q +mc)γ

ν(\q + \k1 +mb)γ
µ(\q + \p+ma)]

(q2 −m2
c + iε)[(q + k1 −mb)2 + iε)][(q + p−ma)2 + iε)]

. (A.2)

For each such diagram, there is a second independent diagram with the fermion arrows in

figure 5 reversed of the form

IIµν = Iµν(a↔ c, k1 ↔ k2, µ↔ ν) . (A.3)

Computing the diagram with dimensional regularization in d = (4− ε), we find

Iµν =
4 i

(4π)2

∫ 1

0
dx

∫ 1−x

0
dy

(
1

∆
(mambmc η

µν +maA
µν +mbB

µν +mcC
µν) (A.4)

−ηµν
[
(ma +mc −mb) + (2mb −ma −mc)

(
2

ε
+ . . .

)])
,

where

Aµν =
[
− x2m2

h + (x+ y − 2xy − y2)m2
Y + (x− 2xy) (k1 ·k2)

]
ηµν (A.5)

+(−x+ 2x2 + 2xy) kν1k
µ
2

Bµν =
[
(−x+ x2)m2

h + (−y + 2xy + y2)m2
Y + (−y + 2xy) (k1 ·k2)

]
ηµν (A.6)

+y kν1k
µ
2

Cµν =
[
(x− x2)m2

h + (−1 + x+ 2y − 2xy − y2)m2
Y (A.7)

+(−1 + x+ y − 2xy) (k1 ·k2)
]
ηµν + (1− 3x− y + 2x2 + 2xy) kν1k

µ
2

as well as

∆ = ∆abc = xm2
a + ym2

b + z m2
c (A.8)

+(−x+ x2)m2
h + (−y + 2xy + y2)m2

Y + 2xy (k1 ·k2) .

The second loop IIµν can be obtained from this result by exchanging a↔ c everywhere.
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For h → XX, the loops are {abc} = {111}, {222}. With ma = mb = mc, we have

Iµν(aaa) = IIµν(aaa) and the would-be divergent parts in eq. (A.4) cancel independently

in each. The relevant coupling products are

g11h g11X g11X = (−
√

2λ sαcα)g2
x (A.9)

g22h g22X g22X = (+
√

2λ sαcα)g2
x . (A.10)

Note the relative sign.

In the case of h → XZ, the loops are {abc} = {111}, {222}, {112}, {221}, and the

relevant coupling products are

g11h g11X g11Z = (−
√

2λ sαcα)(gxqx)(ḡs2
α/2) (A.11)

g22h g22X g22Z = (+
√

2λ sαcα)(gxqx)(ḡc2
α/2) (A.12)

g21h g11X g12Z = [λ(c2
α − s2

α)/
√

2](gxqx)(−ḡsαcα/2) (A.13)

g12h g22X g21Z = g21h g11X g12Z , (A.14)

where ḡ =
√
g2 + g′2. For {111} and {222}, the would-be divergent terms in eq. (A.4)

cancel independently, while for {112} and {221} they cancel when the two contributions

to the amplitude are summed.

B Electroweak self-energies

The relevant loop functions in d = (4− ε) dimensions are

4π2Lab(p
2) =

[
1

2
(ma −mb)

2 − 1

3
p2

] [
2

ε
− γE + ln(4π)− ln

(
p2

µ2

)]
(B.1)

+
[
(mamb −m2

a) b̃0 + (m2
a −m2

b + 2p2) b̃1 − 2p2 b̃2

]
,

where µ is the renormalization scale and

b̃0(p,ma,mb) =
∑
i=±

[
ln(1− xi)− xi ln

(
1− 1

xi

)
− 1

]
(B.2)

2 b̃1(p,ma,mb) =
∑
i=±

[
ln(1− xi)− x2

i ln

(
1− 1

xi

)
− xi −

1

2

]
(B.3)

3 b̃2(p,ma,mb) =
∑
i=±

[
ln(1− xi)− x3

i ln

(
1− 1

xi

)
− x2

i −
xi
2
− 1

3

]
(B.4)

in which the index i labels

x± =
1

2p2

[
(p2 +m2

a −m2
b)±

√
(p2 +m2

a −m2
b)

2 − 4p2(m2
a − iε)

]
, (B.5)

and the iε defines the proper branch of the logarithms when their arguments become

negative or complex. These loop functions are closely related to (the finite parts) of the
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Passarino-Veltman functions [136]. For p2 → 0, the result simplifies to

4π2Lab(p
2) =

1

2
(ma −mb)

2

[
2

ε
− γE + ln(4π)− ln

(
mamb

µ2

)
+

1

2

]
(B.6)

−1

2
mamb −

1

4(m2
a −m2

b)
ln

(
m2
a

m2
b

)(
m4
a − 2m3

amb − 2mam
3
b +m4

b

)
.

In terms of these loop functions, the shifts in the oblique parameters S, T , and U due

to the vector-like fermions are [59, 60]

∆S =
4π

m2
Z

(
−
[
L−−(m2

Z)− L−−(0)
]

(B.7)

+ s4
α

[
L11(m2

Z)− L11(0)
]

+ 2c2
αs

2
α [12] + c4

α[22]
)

∆S + ∆U =
8π

c2
Wm

2
Z

(
s2
α

[
L1−(m2

W )− L1−(0)
]

+ c2
α

[
L2−(m2

W )− L2−(0)
]

(B.8)

− c2
W

[
L−−(m2

Z)− L−−(0)
] )

∆T =
2π

s2
W c

2
W m2

Z

[
s2
αL1−(0) + c2

αL2−(0)− s2
αc

2
αL12(0)

]
. (B.9)

These expressions are independent of 1/ε and the renormalization scale µ.

C Renormalization group equations

We collect here the one-loop renormalization group (RG) equations relevant for the Higgs

stability analysis of section 4.3. In these equations, the only the SM Yukawa coupling we

keep is that of the top quark, and we use the SU(5) normalization for the hypercharge

coupling, g1 =
√

5/3 g′. Our normalization for the Higgs self coupling is V (H) ⊃ λH |H|4

so that λH ' m2
h/2v

2 with v ' 174 GeV. To allow for generalization beyond the mini-

mal Abelian vectorized lepton portal theory, we write the RG equations for general dark

gauge group Gx under which P and N transform under the representation rx with dimen-

sion d(rx).

With these assumptions, the RG equations for the system above the heavy fermion

threshold can be adapted from the general results of refs. [85–87] as in refs. [79–82]. We find

(4π)2dλH
dt

= 24λ2
H + 4λH [3y2

t + 2d(rx)λ2]− 2[3y4
t + 2d(rx)λ4] (C.1)

−3λH

(
3g2

2 +
3

5
g2

1

)
+

3

8

[
2g4

2 +

(
g2

2 +
3

5
g2

1

)2
]

(4π)2dyt
dt

=
9

2
y3
t + 2d(rx)ytλ

2 − yt
(

8g2
3 +

9

4
g2

2 +
17

20
g2

1

)
(C.2)

(4π)2dλ

dt
=

[
3 + 4d(rx)

2

]
λ3 + 3λy2

t − λ
[

9

4
g2

2 +
9

20
g2

1 + 6C2(rx)g2
x

]
, (C.3)
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together with

(4π)2dg2

dt
=

[
−19

6
+

2

3
d(rx)

]
g3

2 (C.4)

(4π)2dg1

dt
=

[
41

10
+

2

5
d(rx)

]
g3

1 (C.5)

(4π)2dgx
dt

=

[
−11

3
C2(Gx) + 4S2(rx)

]
g3
x , (C.6)

where t = ln(µ/µ0) defines the renormalization scale, and S2(rx) and C2(rx) refer to the

trace and Casimir invariants of the representation rx of N and P under Gx.

For Gx = U(1)x with Nf copies of the N and P fields of charge qx, we have

C2(rx) = q2
x , S2(rx) = q2

xNf , d(rx) = Nf , C2(Gx) = 0 . (C.7)

This case also allows for kinetic mixing between hypercharge and U(1)x. The corresponding

evolution equation for the mixing parameter ε̃ = ε/cW above the heavy fermion mass

threshold is [43, 44]

(4π)2dε̃

dt
= 4Nf ε̃ (gxqx)2 +

(
41

10
+

2

5
Nf

)
ε̃ g2

1 −
8

3

√
3

5
Nf g1(gxqx) . (C.8)

Below the heavy fermion masses, the remaining evolution is homogeneous in ε̃. There is

also a small correction to the running of g1 and gx proportional to ε̃ that we do not include.
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