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We introduce a new class of Uð1ÞX symmetries where all Standard Model fermions are “chiral,” i.e., the
left- and right-handed components have different charges under the Uð1ÞX symmetry. Gauge anomaly
cancellation is achieved by introducing three Standard Model gauge singlet dark fermions (fi; i ¼ 1, 2, 3)
charged under this symmetry. We systematically present chiral solutions for cases in which (a) one, (b) two,
or (c) all three generations of Standard Model fermions are charged under the Uð1ÞX symmetry. The Uð1ÞX
charges of these dark fermions are uniquely determined by anomaly cancellation conditions. These new
fermions belong to the dark sector, with the lightest of them being a good dark matter candidate.
Additionally, the Z0 gauge boson mediates interactions between the dark and visible sectors, and we call
this Uð1ÞX symmetry as the “dark hypercharge” symmetry. Using a benchmark model, we explore
phenomenological implications in the heavy Z0 case (MZ0 > MZ), analyzing collider constraints and
examining the lightest dark fermion’s viability as dark matter. Our analysis shows that it satisfies all current
dark matter constraints over a wide range of dark matter mass.
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I. INTRODUCTION

The Standard Model (SM) is a highly successful theory,
withmost of its predictions verified by experiments. Despite
its ability to explain most observable phenomena, the SM
cannot be considered the final theory of nature. An ever-
increasing number of observations, such as the discovery of
neutrino oscillations [1,2] and the existence of dark matter
(DM) at cosmic scales [3–6], highlight issues that cannot be
resolved within the framework of the SM. Thus, the SM
needs to be extended by some beyond Standard Model
(BSM) physics which can explain these shortcomings. One
of the most popular approaches is to extend the SM gauge
symmetries by addition of new gauge symmetries. Among
these extensions, the simplest and highly motivated one is
an extra Uð1ÞX gauge symmetry, a selected few works on
such extensions can be found in Refs. [7–21].
The introduction of new gauge symmetries, particularly

Uð1ÞX, requires careful consideration as it can lead to the
emergence of gauge anomalies [22–27]. Ensuring gauge
anomaly cancellation is essential for maintaining unitarity
and renormalizability in gauge theories. These gauge

anomalies are related with the representation of fermions
under gauge symmetry. If a fermion is vectorlike, i.e., both
its left- and right-handed components share the same
representation under the gauge symmetry, then it will
not contribute to gauge anomalies in the theory.
Conversely, if a fermion is chiral, i.e., its left- and right-
handed components have different representations under
the gauge symmetry, then it can introduce gauge anomalies.
These anomalies must cancel out in a consistent gauge
theory when considering contributions from multiple chiral
fermions. Hence, anomaly cancellation imposes constraints
on the possible charges of chiral fermions.
The SM is also a chiral theory, with quarks and leptons

being chiral under both SUð2ÞL and hypercharge Uð1ÞY
gauge symmetries. As hypercharge is an Abelian gauge
symmetry, this implies that the gauge anomalies in the SM
need to be canceled carefully. The conditions for anomaly
cancellation in the SM can be expressed in terms of the
hypercharges of the SM fermions. These hypercharges add
up in such a way that the anomalies cancel out. However, as
we discussed at length in later sections, anomaly cancella-
tion conditions alone are not sufficient to determine the
hypercharge assignments of SM fermions uniquely.
Additional constraints come from the requirement that
weak isospin and hypercharge combine to yield the correct
electric charge. Also, chiral SM fermions must also gen-
erate masses through Yukawa couplings with the Higgs
boson. These two conditions, alongside gauge anomaly
cancellation conditions, uniquely determine the hyper-
charges in the SM.
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The introduction of newUð1ÞX gauge symmetries places
additional constraints on the possible charge assignments
for both SM and BSM fermions. Moreover, if SM fermions
are chiral under this Uð1ÞX symmetry, then their mass and
mixing generation mechanism may impose further con-
straints on the BSM charge assignments of these fermions.
In the context of BSM physics, where new Uð1ÞX sym-
metries are introduced, it is commonly assumed that all
fermions are vector under the Uð1ÞX symmetry. This
assumption drastically simplifies the anomaly cancellation
conditions and allows one to find viable anomaly-free
models easily. Furthermore, vector charge assignment
typically leaves most of the SM Yukawa coupling invariant
under Uð1ÞX, thereby allowing the generation of SM
fermion masses via the Higgs mechanism.1 Such vector
solutions have been extensively studied. Some notable
examples are B − L;B − 3Li; Bi − 3Lj; Li − Lj, as well
as their linear combinations, where i, j ¼ 1, 2, 3 denote the
generation index [7–9,11–14,16,17,19,21]. In addition in
Sec. III A we have briefly discussed the possibility of new
vector solutions Bi − Bj; i, j ¼ 1, 2, 3 are quark generation
indices, which to the best of our knowledge is not yet
discussed in the literature.
Apart from vector solutions, one can have another class

of solutions, namely the chiral solutions, where the charges
of left- and right-handed fermions differ from each other
under the Uð1ÞX symmetry. For chiral solutions, the Uð1ÞX
charges can be chosen in such a way that the overall
anomalies cancel out. The hypercharge in the SM serves as
an example of such a chiral solution. The chiral charge
assignment offers a wide range of possible solutions, but
only a few of them have been explored in the literature
[9,10,12,15,18].
In this study, we systematically investigate potential

chiral solutions and introduce entirely new classes of
solutions for (a) one, (b) two, and (c) three generations
of SM fermions that are charged under the Uð1ÞX sym-
metry. The anomaly cancellation conditions for such
solutions require the addition of new fermions, which
are SM gauge singlets. The Uð1ÞX charges of these
BSM fermions are also fixed by the anomaly cancellation
conditions. We show that these BSM fermions belong to
the dark sector and the lightest of them is a good DM
candidate. Thus, the Z0 gauge boson associated with these
chiral Uð1ÞX symmetries provides the connection between
the dark sector and the visible sector. Hence, we refer to
these chiral Uð1ÞX symmetries as dark hypercharge (DHC)
symmetries.
The paper is organized as follows: in Sec. II, we discuss

gauge anomaly cancellation conditions within the SM and
examine the uniqueness of hypercharge assignments.

Section III then explores the conditions required for gauge
anomaly cancellation in Uð1ÞX extensions of the SM. This
section also provides an in-depth analysis of various vector
and chiral solutions designed to achieve gauge anomaly
cancellation. In Sec. IV, we introduce a new class of chiral
solutions, termed DHC symmetries. Section V then
presents a generalized framework for the generation of
the Z0 boson mass, achieved by incorporating SM singlet
scalars χi, and includes a thorough analysis of the ρ
parameter. In Sec. VI, we examine Z0 boson production
and decay channels for a benchmark DHC symmetry,
evaluating the constraints imposed on this symmetry by
LHC Z0 searches. In Sec. VII we show that the lightest dark
sector fermion can indeed be a good dark matter candidate.
We summarize and discuss our main conclusions in
Sec. VIII. We also present some key details of this work
in the Appendixes. Appendix A details the partial decay
width of the Z0 boson, relevant to discussions in this paper,
while Appendix B provides Feynman diagrams contribut-
ing to DM relic density and direct detection.

II. ANOMALY CANCELLATION IN SM:
UNIQUENESS OF HYPERCHARGE

Let us begin with a discussion of how anomalies cancel
in SM. This will help us set up the problem and notation for
the rest of the paper. Before discussing the anomalies of
SM, let us first introduce a crucial nomenclature for
fermions:

(i) Vector fermions: We call a fermion (ψ) a vector
fermion under a given gauge symmetry if its left-
ðψLÞ and right-handed ðψRÞ components are in the
same representation under the symmetry. In such
cases, the invariant Dirac mass term for the fermions,
i.e., mψ̄LψR þ H:c: is allowed by the gauge sym-
metry. If there are multiple gauge symmetries, then
such a mass term is allowed only if a fermion is a
vector under all the symmetries. Vector fermions do
not induce anomalies related with the gauge sym-
metry under which they are vector.

(ii) Chiral fermions: A fermion (ψ ) is called a chiral
fermion under a given symmetry if its left- ðψLÞ and
right-handed ðψRÞ components are in different
representations under the symmetry. It is not pos-
sible to write the gauge invariant mass term for chiral
fermions, and their masses are generated through the
Yukawa coupling after the spontaneous breaking of
the gauge symmetry. In case the gauge symmetry
under which ψ is chiral remains unbroken, then ψ
mass cannot be generated. Chiral fermions induce
anomalies which need to be canceled for the gauge
theory to be unitary and renormalizable.

Coming back to SM gauge symmetries, the quarks and
leptons are chiral under both SUð2ÞL and Uð1ÞY gauge
symmetries, and hence, the anomaly cancellation in the SM
is not automatic. In four-dimensional chiral gauge theories

1When Uð1ÞX symmetry is generation dependent then addi-
tional scalars may be needed for generating masses and mixings
of SM fermions.
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like SM, three distinct anomalies have been identified. The
first of these is a nonperturbative global anomaly, com-
monly referred to as the Witten SUð2Þ anomaly [27]. This
anomaly can occur in a SUð2Þ gauge theory if it has an odd
number of left-handed fermion doublets. However, this
anomaly does not arise in the SM as it has an even number
of SUð2ÞL fermion doublets. Second is the perturbative
triangular gauge anomaly encountered whenever a gauge
theory has chiral fermions [22–24]. In perturbation theory,
gauge anomalies manifest within triangle loop diagrams
featuring fermionic propagation and bosonic emission from
vertices, illustrated in Fig. 1. These diagrams should vanish
to avoid the breakdown of gauge invariance and renorma-
lizability of the theory. Note that vector fermions, do not
contribute to these anomalies. However, since the SM
has chiral fermions, one has to ensure that the gauge
anomalies indeed cancel in SM. The third anomaly that
we encounter is the mixed chiral gauge-gravitational
anomaly [25,26]. This is also a perturbative anomaly,
which must be canceled in order to ensure the general
covariance of the theory. Again, its cancellation in SM is
not automatic. The triangular anomaly cancellation con-
ditions for all perturbative gauge [Eqs. (1a)–(1c)] and
mixed gauge-gravitational [Eq. (1d)] anomalies for SM
symmetries are listed below:

½SUð3ÞC�2Uð1ÞY ¼
X
i

YQi −
X
j

Yqj ¼ 0; ð1aÞ

½SUð2ÞL�2Uð1ÞY ¼
X
i

YLi þ 3
X
j

YQj ¼ 0; ð1bÞ

½Uð1ÞY �3 ¼
X
i;j

ðY3
Li þ3Y3

QjÞ−
X
i;j

ðY3
li þ3Y3

qjÞ¼ 0; ð1cÞ

½G�2Uð1ÞY ¼
X
i;j

ðYLi þ3YQjÞ−
X
i;j

ðYli þ3YqjÞ¼ 0: ð1dÞ

Here, Q ¼ ðuL; dLÞT and L ¼ ðνL; eLÞT are quark and
lepton doublets, respectively, while quark and lepton

singlets are denoted by q ¼ fuR; dRg and l ¼ eR, respec-
tively. The Yψ represents the hypercharge of SM fermions,
and i, j ¼ 1, 2, 3 are generational indices. Note that there
are no equations corresponding to an odd number of
SUð3ÞC or SUð2ÞL gauge bosons emitted from the triangu-
lar loop of Fig. 1 as the tracelessness condition of
generators of these groups ensures that such diagrams
vanish identically. In the following sections, wewill discuss
thoroughly the implications of anomaly cancellation
requirements in SM and Uð1ÞX gauge extensions of
the SM.

A. One generation of SM fermions

To begin with, let us first consider only one generation of
SM fermions. In such a case, the hypercharges of SM
fermions (Yψ ) must add up in a way to cancel the
anomalies. However, Eqs. (1a)–(1d) do not fix the hyper-
charge of SM fermions uniquely. These conditions give the
following possible solutions for hypercharge [28,29]:

(i) The first solution is YuR þ YdR ¼ 0 and YL ¼
YQ ¼ YeR ¼ 0. This solution can be disregarded
as no combination of weak isospin T3 and hyper-
charge can produce correct electric charges of all
fermions.

(ii) The second solution is the standard SM chiral
hypercharge assignment, as shown in Table I.

(iii) One more solution can be found by interchanging
the hypercharges of uR and dR, i.e., YuR ¼ −2Y

3
and

YdR ¼ 4Y
3
in Table I, but again this leads to incorrect

electric charges of fermions.
Hence, the gauge anomaly alone does not uniquely
determine the hypercharge assignment of fermions.
However, the additional requirement that the hypercharge
assignment must result in the correct electric charges for
SM fermions leads to the unique assignment shown in
Table I.
Another way to fix hypercharges uniquely is to take into

consideration the mass generation mechanism of these
fermions. In SM the fermions’ mass is generated via
Yukawa interactions,

−L yukawa ⊃ YeL̄ΦeR þ YuQ̄ Φ̃ uR þ YdQ̄ΦdR þ H:c: ð2Þ

Here, Φ denotes the SM Higgs doublet, and Φ̃ corre-
sponds to iσ2Φ�, where σ2 is the second Pauli matrix. The

FIG. 1. The triangle diagram which can induce gauge anoma-
lies. The chiral fermions ψ i run in the loop with gauge bosons Ea

μ

emitted at each vertex.

TABLE I. SM particles hypercharge assignment, the normali-
zation can be fixed by defining the relationship between hyper-
charge and electric charge and then requiring that the electric
charge for the neutrino is zero. The two often used choices are
Y ¼ 1 or Y ¼ 1=2.

Q uR dR L eR Φ
Y
3

4Y
3

−2Y
3

−Y −2Y Y
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invariance of the Yukawa couplings under hypercharge
symmetry gives us the two extra conditions,

YuR ¼YQþYL−YeR ; and YdR ¼YQ−YLþYeR : ð3Þ

These extra conditions, along with the anomaly cancella-
tion conditions of (1a)–(1d), also fix the SM hypercharge
uniquely to the one listed in Table I.
In summary, for one generation of SM fermions, the

hypercharges cannot be uniquely fixed by anomaly can-
cellation requirements alone. In addition one has to also
demand that the hypercharge assignment leads to correct
electric charges of the SM fermions and/or leads to a
generation of fermions masses through their Yukawa
couplings with the SM Higgs boson.

B. Three generations of SM fermions

For three generations of SM fermions, apart from the
previously mentioned solutions, one can have additional
solutions to Eqs. (1a)–(1d). For example:

(i) One such solution is obtained when hypercharges of
all leptons are zero and the hypercharges of the three
generations of quark doublets are YQi ¼ −YQj ¼ Y;
YQk ¼ 0 where i; j; k ¼ 1; 2; 3 and i ≠ j ≠ k. In ad-
dition the hypercharges of quark singlets should be
such that YulR

¼−YumR ¼Y 0;YunR ¼0 where l; m; n ¼
1; 2; 3 and l ≠ m ≠ n and YdrR

¼ −YdsR
¼ Y 00; YdtR

¼
0 where r; s; t ¼ 1; 2; 3 and r ≠ s ≠ t. Clearly, like
before, this kind of hypercharge assignment can be
rejected as the correct electric charges of the quarks
and leptons cannot be obtained.

(ii) One specific case of the above solution arises when
i ¼ l ¼ r; j ¼ m ¼ s, and k ¼ n ¼ t. In this par-
ticular case, the hypercharge assignment is consis-
tent with the gauge anomalies cancellation as well as
mass generation, but still, the correct electric charges
cannot be obtained. Furthermore, one will not be
able to generate the correct quark mixing structure
without the addition of BSM particles.

(iii) Another anomaly-free solution can be obtained by
making all quark hypercharges to be zero and YLi ¼
−YLj ¼ Y; YLk ¼ 0 where i;j;k¼1;2;3andi≠j≠k.
In addition, the hypercharges of leptons’ singlets
should be such that YelR

¼−YemR ¼Y 0;YenR ¼0 where
l; m; n ¼ 1; 2; 3 and l ≠ m ≠ n. Again like previous
cases, correct electric charges cannot be obtained.

In summary, for the full three generations of SM
fermions, the anomaly cancellation conditions (1a)–(1d)
gives several possible solutions, some of which can even
lead to correct mass generation (but not mixing) for the
fermions. However, none of these extra solutions can be
used to correctly obtain the electric charges of all SM
fermions. Therefore, the standard SM hypercharge

assignment remains unique even with three generations
of SM fermions.
It should be noted that some of the solutions discussed

here, particularly in this subsection, can be valid solutions
in BSM models with new Uð1ÞX symmetries. This is
because, for a BSM Uð1ÞX symmetry, there is no necessity
to relate the Uð1ÞX charges of fermions with their elec-
tric charges. Thus, the charges of SM fermions under
Uð1ÞX get constraints only from gauge anomaly and their
mass generation mechanism, both of which some solutions
discussed here satisfy. Hence, one can explore these
symmetries in BSM scenarios and recover the correct
structure of Cabibbo-Kobayashi-Maskawa (CKM) matrix
by adding vectorlike fermions in a way similar to Ref. [16].
To the best of our knowledge, such models, except
Li − Lj [7], have not been explored in the literature. In
the following section, we will discuss in detail the new
Uð1ÞX gauge symmetries in BSM scenarios.

III. ANOMALY CANCELLATION FOR Uð1ÞX
GAUGE SYMMETRY

Having discussed the anomaly cancellation in SM, let us
now look at gauge anomaly conditions in the presence of a
new Uð1ÞX gauge symmetry. The new Uð1ÞX gauge
symmetry leads to additional anomalies which need to
be canceled. In most of the cases, the anomaly induced by
SM fermions needs to be canceled by some BSM fermions.
In this case, along with [Eqs. (1a)–(1d)], one must satisfy
six additional anomaly cancellation conditions given by the
following:

½SUð3ÞC�2½Uð1ÞX� ¼
X
i

XQ0i −
X
j

Xq0j ¼ 0: ð4aÞ

½SUð2ÞL�2½Uð1ÞX� ¼
X
i

XL0i þ 3
X
j

XQ0j ¼ 0: ð4bÞ

½Uð1ÞY �2½Uð1ÞX� ¼
X
i;j

ðY2
L0iXL0i þ 3Y2

Q0jXQ0jÞ

−
X
i;j

ðY2
l0iXl0i þ 3Y2

q0jXq0jÞ ¼ 0: ð4cÞ

½Uð1ÞY �½Uð1ÞX�2 ¼
X
i;j

ðYL0iX2
L0i þ 3YQ0jX2

Q0jÞ

−
X
i;j

ðYl0iX
2
l0i þ 3Yq0jX

2
q0jÞ ¼ 0: ð4dÞ

½Uð1ÞX�3¼
X
i;j

ðX3
L0iþ3X3

Q0jÞ−
X
i;j

ðX3
l0iþ3X3

q0jÞ¼0: ð4eÞ

½G�2½Uð1ÞX� ¼
X
i;j

ðXL0i þ 3XQ0jÞ −
X
i;j

ðXl0i þ 3Xq0jÞ ¼ 0:

ð4fÞ
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Here Xψ is the Uð1ÞX charge of the fermions, L0 ¼ fL;Ψg
denotes all SM (L) and BSM (Ψ) lepton SUð2ÞL doublets,
while l0 ¼ fl;ψg are SM (l) and BSM (ψ) lepton SUð2ÞL
singlets. Similarly, Q0 ¼ fQ;Ψcg denotes all SM (Q) and
BSM (Ψc) SUð2ÞL doublet fermions charged under SUð3ÞC
and q0 ¼ fq;ψcg denotes all SM (q) and BSM (ψc) SUð2ÞL
singlet fermions charged under SUð3ÞC.
In writing Eqs. (4a)–(4f), we have assumed that any new

chiral BSM fermion is either in trivial or in fundamental
representations of non-Abelian SM gauge groups, i.e.,
SUð3ÞC and SUð2ÞL. Obviously, any BSM fermion which
is vector under the SM, as well as the Uð1ÞX gauge
symmetries, will not play any role in anomaly cancellation.
In the subsections below, we discuss some of the known
solutions which lead to anomaly-free Uð1ÞX gauge sym-
metries for the case of both vector and chiral BSM
fermions.

A. Vector solutions for Uð1ÞX
In this section, we discuss the “vector solutions” to

SUð3ÞC ⊗ SUð2ÞL ⊗ Uð1ÞY ⊗ Uð1ÞX gauge anomaly can-
cellation conditions. These solutions are characterized by
vector charges of SM fermions under Uð1ÞX. Depending on
the Uð1ÞX charges of the SM fermions, we have two types of
solutions to thegauge anomalies. The first typeof solutiondoes
not require the addition of anyBSMfermions, as the anomalies
canbe canceledbyappropriately choosing theUð1ÞX chargeof
SM fermions themselves. The second type of solution requires
the addition of BSM fermions, whose Uð1ÞX charges are the
same as charges of one or another SM fermions. Typically the
popular choice is to introduce SM gauge singlet fermions
having the same Uð1ÞX charge as SM neutrinos.
First, let us discuss the solution that does not require the

addition of any BSM fermion.
(i) Bi−Bj: This solution to anomaly cancellation is

obtained when

XQi ¼ −XQj ¼ X; XQk ¼ 0; i; j; k ¼ 1; 2; 3 and i ≠ j ≠ k

XulR
¼ −XumR ¼ X; XunR ¼ 0; l; m; n ¼ 1; 2; 3 and l ≠ m ≠ n

XdrR
¼ −XdsR

¼ X; XdtR
¼ 0; r; s; t ¼ 1; 2; 3 and r ≠ s ≠ t

XLi ¼ Xlj ¼ 0; i; j ¼ 1; 2; 3 ∀ i; j:

Note that a simplifying yet viable choice will be
i ¼ l ¼ r; j ¼ m ¼ s, and k ¼ n ¼ t, in which case
the symmetry can be referred to as Bi − Bj. This is a
flavor-dependent gauge symmetry. Under this sym-
metry, anomalies induced inEqs. (4b) and (4c) by one
generation of quarks (Qi, qi) are canceled by another
generation (Qj,qj). Other anomaly equations are also
satisfied due to the vectorial nature of this symmetry,
i.e., XQi ¼ Xqi under Uð1ÞBi−Bj

. The mass of all the
fermions can be generated via Yukawa terms, with

SM Higgs uncharged under Uð1ÞBi−Bj
. However,

these charge assignments do not lead to correct quark
mixing. Hence, new BSM quarks that are vector
under both SM and Uð1ÞX gauge symmetries are
needed to achieve the correct structure of the CKM
matrix. To the best of our knowledge, these solutions
have not been explored in the literature, and we are
the first ones to point them out.

(ii) Li−Lj: This anomaly cancellation solution can be
written as follows:

XLi ¼ −XLj ¼ X; XLk ¼ 0; i; j; k ¼ 1; 2; 3 and i ≠ j ≠ k

XelR
¼ −XemR

¼ X; XenR
¼ 0; l; m; n ¼ 1; 2; 3 and l ≠ m ≠ n

XQi ¼ Xqj ¼ 0; i; j ¼ 1; 2; 3 ∀ i; j:

Again, if i ¼ l, j ¼ m, and k ¼ n then this sym-
metry reduces to the Li − Lj gauge symmetry [7].
This is again a flavor dependent symmetry acting
only on the lepton sector. Like the previous case,
here too the symmetry allows for the generation of
charged lepton masses via Yukawa couplings with
SM Higgs, but neutrinos still remain massless.

Again, correct neutrino masses and mixing can be
achieved by adding BSM fermions, which are vector
under both Uð1ÞX and SM gauge symmetries.

We now focus our attention on solutions that require
BSM fermions to cancel gauge anomalies. These sym-
metries are widely studied in the literature, with various
different solutions known to exist [21,30]. It is important to
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note that any BSM fermion pair (fL; fR) vector under both
SM and Uð1ÞX symmetries cannot help in anomaly
cancellation. Similarly, any BSM fermion pair which is
singlet under SM gauge symmetries and vector under
Uð1ÞX also does not help in anomaly cancellation.
Finally, since the Uð1ÞX charge of the SM fermions can
be chosen in many ways, the BSM fermion charges in each
case should be chosen appropriately so that they can cancel
the induced anomalies. Some of the well-known solutions
where the SM singlet fermion (taken to be right handed)
carrying the same Uð1ÞX charge as SM lepton doublet are
introduced to cancel anomalies are presented below.

(i) B−L: Under this symmetry, charges of fermions are
given as

XQi ¼ Xqj ¼ 1=3; i; j; k ¼ 1; 2; 3;

XLi ¼ Xlj ¼ Xfi ¼ −1; ∀ i; j:

This is one of the most popular flavor-independent
symmetries. Under this symmetry, the anomaly
induced by the last two equations, Eqs. (4e) and
(4f), are canceled by introducing three SM singlet
right-handed fermions (fi) with charge Xfi ¼ −1.
Equation (4a) is automatically satisfied due to
vectorial nature of quarks under Uð1ÞX. Anomaly
induced by quarks in Eq. (4b) should be canceled by
leptons, and that is the reason for the relative sign
between B and L and a factor of 3 in charges of
quarks under this symmetry. Equations (4c) and (4d)
do not induce any anomaly due to the vectorial
nature of both quarks and leptons and the structure
of B − L.

(ii) B−3Li: These are flavor-dependent symmetry,
where all generations of quarks have the same
Uð1ÞX charge, however, only one generation of
SM leptons carry the Uð1ÞX charge [8,11]. Charges
of fermions under this symmetry are given as

XQi ¼ Xqj ¼ 1=3; i; j ¼ 1; 2; 3;

XLi ¼ Xli ¼ Xf ¼ −3; XLk ¼ Xlk ¼ 0; i; k ¼ 1; 2; 3 and i ≠ k:

Under this symmetry, Eqs. (4a) and (4d) do not
induce any anomaly due to the vectorial nature of
symmetry. Compared to the B − L case, a factor of 3
in Li charge is required to cancel anomalies induced
by Eqs. (4b) and (4c), as only one generation of
leptons is charged underUð1ÞX. To cancel anomalies

induced by Eqs. (4e) and (4f), one SM singlet right-
handed fermion with charge Xf ¼ −3 is introduced.

(iii) Bi−3Lj: Here, the flavor dependency arises from
both the quark and lepton sectors. Charges of
fermions under this symmetry are given as
[16,17,19,31]

XQi ¼ Xqi ¼ 1; XQj ¼ Xqj ¼ 0; i; j ¼ 1; 2; 3 and i ≠ j;

XLj ¼ Xlj ¼ Xf ¼ −3; XLk ¼ Xlk ¼ 0; j; k ¼ 1; 2; 3 and j ≠ k:

The anomaly cancellation is similar to the B − 3Li
scenario, with the key difference being that only one
generation of quarks is charged. However, since the
charges are still vectorlike, this does not create any
issues, and the anomalies cancel out as in the
previous case with the introduction of one SM
singlet right-handed fermion with charge Xf ¼ −3.

(iv) Some other solutions,B − 2Li − Lj,B − 3
2
ðLi þ LjÞ,

and B1 − yB2 þ ðy − 3ÞB3 þ Li þ Lj [30,32–34],
for fixed i and j are also explored in the literature.

B. Chiral solutions for Uð1ÞX
Now let us look at the possible “chiral solutions,” i.e., the

solutions to anomaly cancellation where the SM or BSM
fermions are chiral under the Uð1ÞX symmetry. The chiral
nature of fermion charges complicates the anomaly

cancellation conditions. Furthermore, generating the fermion
masses and SM fermion mixings can also be challenging, as
in this case, the Uð1ÞX symmetry can forbid some of the
Yukawa couplings. Therefore, nontrivial chiral solutions that
satisfy both these requirements are relatively rare. In the
literature, some attempts have been made in this direction,
and some of the known solutions are presented below.

(i) Chiral B−L: This is an alternate solution to the
B − L gauge symmetrywhere the BSM fermions (fi)
are chiral under the symmetry [10,12–14]. Under this
symmetry, charges of fermions are given as

XQi ¼ Xqj ¼ 1=3; i; j; k ¼ 1; 2; 3;

XLi ¼ Xlj ¼ −1; ∀ i; j;

Xf1 ¼ −4; Xf2 ¼ −4; Xf3 ¼ 5: ð5Þ
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Again, Eqs. (4a)–(4d) are anomaly-free, as de-
scribed previously. The anomaly induced by the
last two equations needs to be canceled by BSM
fermions. A chiral solution, where Uð1ÞB−L charge
of fermions (taken to be right handed) are
ð−4;−4; 5Þ, can also cancel these anomalies.

(ii) New chiral B−L: Additionally, we have identified a
new solution where charges of SM gauge singlet
BSM fermions (taken to be right handed) fi; i ¼ 1,
2, 3 under Uð1ÞB−L are ð6; −17

3
; −10

3
Þ. Charges of SM

fermions under Uð1ÞB−L remain the same as before.
(iii) Gauged Uð1ÞB: It is well known that the accidental

global Uð1ÞB symmetry of SM is anomalous sym-
metry. This symmetry can be made anomaly-free by
adding fermions appropriately [35]. Charges of SM
fermions under this symmetry can be written as

XQi ¼ Xqj ¼ X; i; j; k ¼ 1; 2; 3;

XLi ¼ Xlj ¼ 0; ∀ i; j:

The anomaly is only induced by Eqs. (4b) and (4c),
other equations are all zero due to the vectorial nature
ofUð1ÞB. The anomaly induced by Eqs. (4b) and (4c)
could be eliminated by adding BSM fermions that are
nontrivially charged under SUð2ÞL and hypercharge.

(iv) Gauged Uð1ÞL: It is another accidental global Uð1Þ
symmetry of SM. Charges of SM fermions under
this symmetry are given as

XLi ¼ Xlj ¼ X; i; j; k ¼ 1; 2; 3;

XQi ¼ Xqj ¼ 0; ∀ i; j:

In this case, only Eqs. (4a) and (4d) are anomaly-
free; all other equations induce anomalies. Anoma-
lies of the last two equations can be canceled by
adding SM singlet three vectors like right-handed
fermions with Uð1ÞX charge Xfi ¼ −X. Addition-
ally, to cancel anomalies introduced by Eqs. (4b) and
(4c) we need BSM fermions that are nontrivially
charged under SUð2ÞL and hypercharge [35].

An important thing to note is that most of these solutions
are limited in their chirality, i.e., either only a small subset
of SM fermions carry Uð1ÞX charge or only the new BSM
fermions are chiral, while SM fermions are kept vector
under the Uð1ÞX symmetry. This is unlike the SM hyper-
charge under which all SM fermions are chiral. Solutions
where both SM and BSM fermions are chiral in nature are
not well explored. In literature, certain attempts have been
made in this direction, considering a linear combination of
hypercharge and B − L charge [15] or a Uð1ÞR symmetry
where only right-handed fermions are charged [18]. One
may wonder whether truly chiral Uð1ÞX solutions are
possible or not? The answer is yes. Indeed, such solutions
are possible and a few are discussed in [9]. However, as we
show, a whole class of yet unexplored solutions can be
found. Furthermore, they can be potentially related to the
existence of dark matter, with the BSM fermions needed for
anomaly cancellation belonging to the dark sector. The
lightest of the dark fermions can then be a good dark matter
candidate with the Uð1ÞX gauge boson Z0 being the
mediator connecting the dark sector to the visible sector.
For this reason we call this new class of Uð1ÞX symmetries
as DHC symmetries. In the next section, we explore such
truly chiral solutions.

IV. DARK HYPERCHARGE SOLUTIONS

In this section, we explore chiral solutions to SUð3ÞC ⊗
SUð2ÞL ⊗ Uð1ÞY ⊗ Uð1ÞX gauge anomaly cancellation
conditions. We consider SM fermions to be chiral under
DHC symmetry. To cancel the gauge anomalies induced by
these chiral SM fermions, we introduce new SM singlet
right-handed dark fermion’s (DFs). Let us look at anomaly
cancellation conditions with this setup. In the most general
case, every generation of fermions has different DHC
charges Xψ 0 . Here, ψ 0 ¼ fLi;Qi; eiR; uiR; diR; fkg, and
i ¼ 1, 2, 3 is a flavor index. New BSM fermions are
denoted by fk, while index k represents the generations
and could take any integral value. Putting these charges in
Eqs. (4a)–(4f), we get

½SUð3ÞC�2½Uð1ÞX� ¼
X3
i¼1

ð2XQi − XuiR
− XdiR

Þ ¼ 0; ð6aÞ

½SUð2ÞL�2½Uð1ÞX� ¼
X3
i¼1

ðXLi þ 3XQiÞ ¼ 0; ð6bÞ

½Uð1ÞY �2½Uð1ÞX� ¼
X3
i¼1

�
XLi þ 1

3
XQi − 2XeiR

−
8

3
XuiR

−
2

3
XdiR

�
¼ 0; ð6cÞ

½Uð1ÞY �½Uð1ÞX�2 ¼
X3
i¼1

fðXQiÞ2 − ðXLiÞ2 þ ðXeiR
Þ2 − 2ðXuiR

Þ2 þ ðXdiR
Þ2g ¼ 0; ð6dÞ
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½Uð1ÞX�3 ¼
X3
i¼1

½2ðXLiÞ3 þ 6ðXQiÞ3 − ðXeiR
Þ3 − 3fðXuiR

Þ3 þ ðXdiR
Þ3g� −

Xm
k¼1

ðXfkÞ3 ¼ 0; ð6eÞ

½G�2½Uð1ÞX� ¼
X3
i¼1

f2XLi þ 6XQi − XeiR
− 3ðXuiR

þ XdiR
Þg −

Xm
k¼1

Xfk ¼ 0: ð6fÞ

We study the “dark hypercharge” solutions of
Eqs. (6a)–(6f) under three different scenarios:

(i) One generation scenario (SI): Only one genera-
tion of SM fermions are charged under DHC
(Xψ i ≠ 0;Xψj ¼ Xψk ¼ 0; i; j; k¼ 1;2;3 and j; k ≠ i).

(ii) Two generation scenario (SII): Two generations of
SMfermions of each type share the same charge under
DHC, while one generation remains uncharged
(Xψ i ¼ Xψj , Xψk ¼ 0, i; j; k ¼ 1; 2; 3 and i; j ≠ k).

(iii) Three generation scenario (SIII): All three gener-
ations of SM fermions are charged under the new
symmetry, and charges of a given fermion type
are identical across generations (Xψ i ¼ Xψj ¼ Xψk ;
i; j; k ¼ 1, 2, 3).

The chiral nature of the SM fermions under DHC intro-
duces additional complications in their mass generation
mechanism. This is because chiral charge assignments
generally forbids the SM Yukawa couplings,

−L yukawa ⊃ Yij
e LiΦejR þ Yij

u Qi Φ̃ uRi þ Yij
d Q

iΦdjR þ H:c:

ð7Þ

In order to generate mass of SM fermions,2 we also demand
the invariance of SM Yukawas under DHC symmetry. In all
three above-mentioned scenarios, the constraints from
Yukawas to generate masses of SM fermions can be written
in terms of Higgs DHC charge XΦ as

XΦ ¼ XL − XeR ¼ XQ − XdR ¼ XuR − XQ: ð8Þ

It should be noted that, in the first two scenarios (SI and
SII), all generations of SM fermions do not have the same
DHC charge. Therefore, for these cases Eq. (8) should be
understood to be applicable only to the generations charged
under DHC symmetry. Furthermore, in both of these
scenarios even satisfying Eq. (8) is not enough to generate
the masses of all SM fermions. Consequently, in these
scenarios, the inclusion of at least one more Higgs doublet
is required alongside the SMHiggs3 to generate masses and
mixings of the SM fermions. In the third scenario (SIII), the
SM Yukawa structure [see Eq. (7)] remains preserved, and
masses as well as mixings of all SM fermions are generated

by single Higgs doublet. Using Eq. (8) we can write XuR
and XdR as

XuR ¼XQþXL−XeR ; and XdR ¼XQ−XLþXeR : ð9Þ

These are two additional conditions we have imposed
so that SM Yukawa couplings are allowed for all SM
fermions charged under DHC symmetry. We now solve
Eqs. (6a)–(6f) also taking into account these two condi-
tions. To begin with, notice that Eqs. (6a)–(6d) are
independent of the charges of the dark fermions (Xfk).
As a result, solving them using Yukawa invariance con-
ditions mentioned in Eq. (9) gives a unique solution in
terms of SM lepton DHC charges, XL and XeR :

XQ ¼ −
XL

3
; XuR ¼

2XL

3
− XeR ;

XdR ¼ −
4XL

3
þ XeR ; XΦ ¼ XL − XeR : ð10Þ

Hence, we have two free parameters, XL and XeR , along
with m DFs. The relation between them is given by
Eqs. (6e) and (6f). Solving these two equations, using
Eq. (10), gives

Xm
k¼1

ðXfkÞ3 ¼ nð2XL − XeRÞ3; ð11aÞ

Xm
k¼1

Xfk ¼ nð2XL − XeRÞ; ð11bÞ

where n ¼ 1 for SI, n ¼ 2 for SII, and n ¼ 3 for SIII. In
this work, we discuss the solutions of Eqs. (10) and (11),
considering three DFs, i.e., we take m ¼ 3. Other possible
solutions will be considered in follow-up works. The
possible solutions (for m ¼ 3) for the cases SI, SII, and
SIII are given in Tables II–IV, respectively.

TABLE II. SI (n ¼ 1) case: charges of particles under DHC
symmetry with three DFs (m ¼ 3). See text for more details.

Q uR dR L eR f1 f2 f3 Φ
−XL
3

2XL
3

− XeR
−4XL
3

þ XeR
XL XeR κ −κ 2XL − XeR XL − XeR

2Alternatively, SM fermion masses and mixing could be
generated by adding new Higgs doublets.

3For the sake of brevity, we will call Φ as SM Higgs, even
though it carries a nontrivial Uð1ÞX charge.
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In Table II, we display the solution for the first scenario
SI (n ¼ 1). Here, κ; XL, and XeR are free parameters. In this
case, charges of two of the DFs mutually cancel anomalies
induced by each other, and the third DF charge is fixed by
the anomaly cancellation condition given in Eq. (11).
In Table III, we presented two distinct solutions of

Eqs. (10) and (11) with m ¼ 3 and n ¼ 2, i.e., for the
second scenario (SII). In the first solution, anomalies
introduced by the DFs undergo mutual cancellation, and
the second solution for charges of SM fermions is analo-
gous to the solution of SI.
Table IV displays the possible solutions of Eqs. (10) and

(11) for the third scenario (SIII), which is the flavor
universal case with n ¼ 3 and three DFs (m ¼ 3). Each
row corresponds to a different solution, where XL, κ, and s
are free parameters.
The solution in the first row is a SM hyper-charge-like

solution. In this case, the new DHC symmetry can be
considered analogous to the hypercharge symmetry, with
the addition of DFs. To make the theory anomaly-free, it is
necessary for the anomalies introduced by the DFs to
undergo mutual cancellation, and hence, they have equal
and opposite charges. In the second solution, all DFs have
the same charge assignment. This solution allows to
construct a Yukawa term, L Φ̃ fi, that preserves the
DHC symmetry. Hence, in this case, the Dirac mass term
of DFs is allowed by the DHC symmetry. The well-known
B − L vector solution, wherein the charges of the DFs are
assigned as ð−1;−1;−1Þ, can be obtained from this
solution if we take XL ¼ κ ¼ −1. Notably, by replacing
the Higgs charge with XΦ and defining the charges of other
fermions in terms of the Higgs and DFs charges, the
resulting solution embodies a linear combination of hyper-
charge and B − L, as presented in Ref. [15]. The third row
corresponds to the solutions where two generations of DFs
have identical DHC charges, and one generation has

different charges. Notice that if we set s ¼ 3 and κ ¼ 1,
then it results in the chiral B − L solution, where the DFs
charges are ð−4;−4; 5Þ [10,12–14]. The last row corre-
sponds to the solution, where all DFs have distinct charges.
Both scenarios, SI and SII, are flavor-specific scenarios

where all generations of SM fermions do not carry an equal
charge. These scenarios may induce tree-level flavor-
changing neutral currents (FCNC) mediated by the Z0
boson. On the other hand, SIII represents a flavor universal
scenario, where all generations of SM fermions carry equal
charges under Uð1ÞX, and hence, this scenario does not
induce any Z0 mediated tree-level FCNC processes. The
new neutral boson (Z0) associated with Uð1ÞX symmetry
has many interesting properties. In the rest of the work, we
discuss various properties and phenomenological
signatures.

V. DARK HYPERCHARGE GAUGE BOSON

The prominent characteristic of the newly introduced
DHC gauged symmetry is the presence of a novel electri-
cally neutral gauge boson Z0. Let us first begin with the
mass generation mechanism of this boson. The masses of
the SM gauge bosons and Z0 are generated through the
spontaneous symmetry breaking (SSB) of both the hyper-
charge and DHC symmetries. However, SM Higgs doublet
Φ alone could not generate the mass of all gauge bosons,
and we need at least one more scalar charged under DHC
symmetry to generate Z0 mass. New scalars are also
essential for the mass generation of SM neutrinos and
BSM fermions. Here, as we are discussing a general
framework, we consider “i” number of new scalar fields,
represented as χi. These scalar fields are singlets of the SM
gauge symmetries but carry a charge under the DHC
symmetry. For simplicity, we also assume that there is
no kinetic mixing between the SM hypercharge and DHC

TABLE III. SII (n ¼ 2) case: charges of particles under DHC symmetry with three DFs (m ¼ 3). Each row
represents the charges of the particles for a distinct solution. See text for more details.

Q uR dR L eR f1 f2 f3 Φ
−XL
3

−4XL
3

2XL
3

XL 2XL 0 κ −κ −XL
−XL
3

2XL
3
− XeR

−4XL
3

þ XeR
XL XeR 0 2XL − XeR 2XL − XeR XL − XeR

TABLE IV. SIII (n ¼ 3) case: charges of particles under dark hypercharge symmetry with three DFs (m ¼ 3). Each row represents the
charges of the particles for a distinct solution. See text for more details.

Q uR dR L eR f1 f2 f3 Φ
−XL
3

−4XL
3

2XL
3

XL 2XL 0 κ −κ −XL

− XL
3

− 4XL
3
þ κ 2XL

3
− κ XL 2XL − κ κ κ κ κ − XL

1
s −ðκ − 4

sÞ κ − 2
s − 3

s κ − 6
s

5κ −4κ −4κ −ðκ − 3
sÞ

− XL
3

−4XL
3

− s2−κ2
8

2XL
3

þ s2−κ2
8

XL 2XL þ s2−κ2
8

1
8
ð5s2 þ 3κ2Þ −ð4s2þ3sκÞ

8
− κ3

8s
ð−4s2þ3sκÞ

8
þ κ3

8s
−ðXL þ s2−κ2

8
Þ
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symmetry. Under these conditions, the most general covar-
iant derivative is given as

Dμ ¼ ∂μþ igsTa
gGa

μþ igTa
wWa

μþ ig0
Y
2
Bμþ igxXCμ: ð12Þ

Here, g, g0, and gx denote the gauge couplings for SUð2ÞL,
Uð1ÞY , and DHC, respectively. The charges for Uð1ÞY and
DHC are represented by Y and X. The generators of
SUð3ÞC and SUð2ÞL are given by Ta

g and Ta
w. All scalar

fields, including the SM Higgs doublet and the χi’s, obtain
vacuum expectation value (VEV), which leads to the
breaking of the DHC symmetry. After the breaking of
both the electroweak and DHC symmetry, the VEVof these
scalar fields can be represented as follows:

hΦi ¼ 1ffiffiffi
2

p
�
0

v

�
; hχii ¼

viffiffiffi
2

p : ð13Þ

After SSB the mass matrix of the gauge bosons in the basis
(Bμ;Wμ

3; C
μ) is given as

M2
V ¼ v2

4

0
B@

g02 −gg0 2g0XΦgx
−gg0 g2 −2gXΦgx

2g0XΦgx −2gXΦgx 4u2g2x

1
CA; ð14Þ

where u2 ¼ X2
Φ þ u2χ=v2, and uχ is defined as

uχ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

iðX2
χiv

2
i Þ

q
. Here, Xχi represents the DHC charge

of the scalar fields χi, and XΦ denotes the DHC charge of
the SM Higgs doublet. The mass matrix in Eq. (14) can be
diagonalized by an orthogonal matrix Oðθw;αÞ, and the

diagonal mass matrix are given as Oðθw;αÞM
2
VO

†
ðθw;αÞ.

The mass (Aμ; Zμ; Z0μ) and gauge states are related with
each other as2
64
Aμ

Zμ

Z0μ

3
75 ¼

2
64

cos θw sin θw 0

− cosα sin θw cosα cos θw sinα

sinα sin θw − sinα cos θw cosα

3
75
2
64
Bμ

Wμ
3

Cμ

3
75:

ð15Þ

Following the diagonalization, one mass eigenstate is
zero and is identified with photon Aμ. The other two mass
eigenstates are given as

M2
Z ¼ v2

8

�
A0 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
0 þ C2

0

q �
;

M2
Z0 ¼ v2

8

�
A0 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2
0 þ C2

0

q �
; ð16Þ

where A0 ¼ g2 þ g02 þ 4u2g2x; B0 ¼ 4XΦgx
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g02

p
, and

C0 ¼ 4u2g2x − ðg2 þ g02Þ. The two mixing angles can be
written as

tan θw ¼ g0

g
; tan 2α ¼ B0

C0

; ð17Þ

with θw same as the SM weak mixing angle. Note that the
W boson mass remains the same as in the SM and is given
as M2

W ¼ ðgvÞ2=4.
The VEV parameter uχ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
iðX2

χiv
2
i Þ

q
can be rewritten

in terms of Z0 mass as

uχ ¼
MZ0

gx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4M2

Z0 − v2ðg2 þ g02 þ 4g2xX2
ΦÞ

4M2
Z0 − v2ðg2 þ g02Þ

s
: ð18Þ

From Eqs. (16)–(18), it is clear that the new gauge mixing
angle, αðgx;MZ0 ; XΦÞ, is a function of gauge coupling gx,
Z0 massMZ0 , and Higgs DHC charge XΦ. In Fig. 2, we have
plotted the gauge mixing angle αðgx;MZ0 ; XΦÞ vs Z0 mass
(MZ0 ), with fixed XΦ ¼ 2 and varying values of gx. It is
evident from Fig. 2 that as MZ0 → ∞, the mixing angle α
approaches zero. This behavior is characteristic of “mass
mixing,” unlike kinetic mixing, where the mixing angle
between Z and Z0 can remain large even for large MZ0

values.
This Z0 boson has several characteristic properties

that can be probed experimentally. One such electro-
weak observable is the ρ parameter, defined as,
ρ ¼ M2

W=ðMZ cos θwÞ2. This parameter is 1 at the tree
level in the SM. But in SM ⊗ Uð1ÞX theories it is typically
no longer 1 at tree level. Therefore, we can introduce a new
parameter ρ0 that is 1 at the tree level, defined as [36,37],

ρ0 ¼ ρ

cos2αþ
�
MZ0
MZ

�
2
sin2α

¼ 1: ð19Þ

Hence ρ parameter can be conveniently written as

FIG. 2. Gauge mixing angle α vs MZ0 for varying values of gx.
Higgs Uð1ÞX charge is fixed to XΦ ¼ 2.
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ρ − 1 ¼
��

MZ0

MZ

�
2

− 1

�
sin2α: ð20Þ

Since we have identified the heavier mass eigenstate as Z0,
i.e.,MZ0 ðgx; uχÞ > MZðgx; uχÞ, therefore, the mass of the Z
boson, MZðgx; uχÞ, is found to be lower than the value
predicted by the SM. Consequently, the ρ parameter
exceeds the value anticipated by the SM. In Fig. 3, we
varied MZ0 freely and showed this constraint on ρ −MZ0

plane for various gx values. The green band corresponds to
the ρ parameter’s current experimental value 1.00038�
0.00060 at 3σ [38]. It is clear from Fig. 3 that the high value
of gauge coupling at low Z0 mass is ruled out by the ρ
parameter. Thus, ρ parameter provides important constraint
on the allowed (gx;MZ0 ) values.

VI. Z0 PRODUCTION AND DECAY AT COLLIDERS

We now focus our attention on collider searches for the
Z0 gauge boson. Since the Z0 couples with both quarks and
leptons, it can be searched in high-energy colliders such as
LHC through production via the Drell-Yan process and
decay in the leptonic channels, i.e.,

pp ⟶ Z0 ↔ lþl−: ð21Þ

All the solutions discussed in Tables II–IV lead to
interesting phenomenological signatures. However, for
the sake of definiteness, we need to fix the charges of
particles, i.e., choose a benchmark model. For this purpose,
we have selected a particular benchmark solution shown in
Table V. This solution corresponds to the fourth row of
Table IV with XL ¼ 1, s ¼ 1, and κ ¼ 5. This is a flavor-
universal solution, where the Uð1ÞX charges associated
with the SM fermions bear a close resemblance to hyper-
charges, and the Uð1ÞX charges of DFs are relatively higher
than those of SM fermions. This means that the associated

Z0 gauge boson primarily decays to DFs. In the rest of this
work, we will use this benchmark model for phenomeno-
logical analysis. For the case of this benchmark model, the
mass of the Z0 gauge boson can be generated by the
addition of only one SM singlet scalar χ0 with charge
Xχ0 ¼ −6. This particular choice is motivated by the fact
that it also allows us to write the generalized Weinberg
operator LcΦΦLχ0 [39], which can generate effective
masses for the neutrinos. The various possible ultra violet
(UV) completions of this operator will be studied in follow-
up works.4

The production cross section of the Z0 boson is primarily
governed by the mass of Z0 and DHC gauge coupling
strength. In Fig. 4, we illustrate the Z0 production cross
section in pp collisions at

ffiffiffi
s

p ¼ 13 TeV for various gx
values. The solid lines denote the production cross section
for our benchmark DHC model. For comparison, we have
also plotted the analogous production cross section for the
vector B − L symmetry, shown by dashed lines. It is
important to note that the quark charges in our benchmark
DHC model are higher than those for the B − L symmetry.
Thus, for any given value of gx, the production cross
section for DHC Z0 is always higher than that of B − L, as
can be clearly observed in the plot.
Having analyzed the production of the Z0 at a hadron

collider, we now look at its decay modes. The decay modes
and branching ratios of the Z0 boson are determined by its
coupling with other particles. The analytical expressions
for partial decay widths of the Z0 boson into the relevant
final states are shown in Appendix A. For our benchmark
DHC model, the DFs have relatively higher charges
compared to the SM fermions. This results in a larger
branching fraction of the Z0 boson decaying into DFs. Since
the DFs belong to the dark sector, this leads to a large
invisible decay of the Z0 boson.
We categorize Z0 two body decays as either visible or

invisible. Visible decays are those that leave a detectable
signature on the detectors, such as charged leptons, heavy
quarks, and jets. In contrast, invisible decays are those that
exit the detector without being detected. This is typically
because they are electrically neutral and do not have any

FIG. 3. ρ parameter vs mass of Z0, MZ0 for varying gx values,
and fixed Higgs Uð1ÞX charge XΦ ¼ 2.

TABLE V. Charges of particles under Uð1ÞY and DHC sym-
metry. This solution corresponds to the fourth row of Table IV
with XL ¼ 1, s ¼ 1, and κ ¼ 5.

Uð1Þ Q uR dR L eR f1 f2 f3 Φ χ0

Uð1ÞY 1
3

4
3

−2
3

−1 −2 0 0 0 1 0
Uð1ÞX − 1

3
5
3

− 7
3

1 −1 10 −18 17 2 −6

4Note that such UV completions can have additional scalars.
This analysis remains valid as long as these scalars are heavy
enough such that the decays of Z0 to these scalars are kinemat-
ically forbidden.
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visible particle in the final state, against whose momentum
some amount of missing transverse momentum (PT) can be
reconstructed. This includes the two-body decays of Z0 into
SM neutrinos and DFs. Figure 5 illustrates the two-body
invisible decay channels of Z0. Here, Fi represents the mass
eigenstates of DFs. The solid lines correspond to the
benchmark model for DHC symmetry, while the dashed
lines depict B − L symmetry, which are plotted for the sake
of comparison. In both the cases we have shown the Z0
branching fractions for fixed DF masses of 500 GeV,
1000 GeV, and 2000 GeV. The vertical dashed lines
correspond to MZ0 ¼ 2MFi

, beyond which the decay
channels into that specific DF open up. The red line
represents the total invisible decay, encompassing both
DFs and SM neutrinos. The extreme left of the plot
represents scenarios where Z0 does not decay into DFs,
and only SM neutrinos contribute to branching fraction.

The extreme right indicates regions where the MFi
masses

are negligible compared to MZ0 , causing the branching
fraction to saturate. Due to the high Uð1ÞX charges of DFs,
the invisible branching fraction of Z0 is notably high in
DHC symmetry, reaching approximately 90% at saturation.
Conversely, under B − L symmetry, it is around 38%.
Figure 6 illustrates the visible channels of Z0 two-body

decays. As before, the solid lines correspond to the
benchmark model for DHC symmetry, while the dashed
represents B − L symmetry. As evident from Fig. 6, when
Z0 decay to all DFs is kinematically allowed, the branching
fractions of Z0 into visible channels are significantly less
compared to the B − Lmodel. Specifically, in the fermionic
decay modes, the dileptonic branching fraction at satura-
tion, which is maximum in B − L symmetry (25%), is
minimum in DHC symmetry (0.5%). In fact, in the DHC
case the branching fraction to visible channels is merely
10% compared to 62% for the B − L case.
Using the production and decay information of the Z0,

we can derive the constraints on the gx −MZ0 parameter
space for our benchmark DHCmodel as shown in Fig. 7. In
plotting Fig. 7 we have used the ATLAS search for Z0 in
dilepton resonance at pp collisions with

ffiffiffi
s

p ¼ 13 TeV and
an integrated luminosity of 139 fb−1 [40]. Additionally, we
incorporated results from CMS, from a data set of proton-
proton collisions at

ffiffiffi
s

p ¼ 13 TeV from 2016 to 2018,
corresponding to a total integrated luminosity of up
to 140 fb−1 [41].
We have presented these limits under two scenarios: one

where the decay of MZ0 to DFs is kinematically forbidden
(MFi

> MZ0=2) and another where MFi
≪ MZ0=2. In

Fig. 7, the limits obtained from ATLAS dilepton search
at

ffiffiffi
s

p ¼ 13 TeV [ATLAS13ð2lÞ] are shown in red and
blue solid lines corresponding to the first and second
scenarios, respectively. The solid green and purple lines
depict the analogous constraints obtained using CMS data.

FIG. 4. Z0 production cross section in pp collisions at
ffiffiffi
s

p ¼
13 TeV for various gx values. The solid lines represent DHC
symmetry, while dashed lines represent B − L symmetry.

FIG. 5. Z0 invisible branching fraction versus MZ0 . The solid
(dashed) lines represent DHC (B − L) symmetries. DF masses are
set at 0.5, 1, and 2 TeV. Compared to B − L case, the DHC Z0 has
a much larger invisible branching fraction.

FIG. 6. Z0 branching fraction to visible modes vs Z0 mass. The
solid lines represent DHC symmetry, while the dashed represent
B − L symmetry.
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For comparison, we have also plotted the limits for
vector B − L symmetry, represented by the corresponding
dashed lines. Note that compared to the B − L case, in our
benchmark DHC model, the Z0 has a higher production rate
but also a larger invisible branching fraction. This leads to
constraints on gx −MZ0 , which can be either more con-
strained (MFi

>MZ0=2) or more relaxed (MFi
≪ MZ0=2)

than the B − L case as shown in Fig. 7. Finally, the
horizontal red line is the constraint obtained from tree-
level perturbativity by the demand that Xf2gx ≤

ffiffiffiffiffiffi
4π

p
,

where Xf2 is the largest Uð1ÞX charge in our benchmark
DHC model, see Table V. Additional constraints on a chiral
Z0 arise from atomic parity violation [42,43] and forward-
backward asymmetry [44]. However, the bounds derived
from these observables are typically weaker than those
obtained from the resonance searches discussed here.
In summary, the Z0 in our benchmark DHC model

couples strongly with quarks and thus can be readily
produced at hadron colliders. It also has a very character-
istic decay pattern with large invisible branching fractions.
This allows one to also distinguish it from other Z0 at
collider experiments.

VII. THE DARK SECTOR

As we mentioned earlier, the new fermions fi added for
anomaly cancellation belong to the dark sector with the
lightest of them a potential DM candidate. In this section,
we look at the dark sector in detail and show that the
lightest DF can satisfy all the DM constraints. We consider
the DFs to be Majorana fermions, and their mass term, in
general, can be obtained from Yukawa terms,5

−
Yij

2
fci fjχr þ H:c:; ð22Þ

where i, j ¼ 1, 2, 3, and χr; r ¼ 1; 2;… are SM gauge
singlet scalars carrying appropriate DHC charges. After
SSB, the χr VEVs will lead to mass generation for the DFs
with the DF mass matrix given by Mij ¼ Yijhχri. After
diagonalization, we get the physical DFs,Fi: i ¼ 1, 2, 3. For
the sake of definiteness, here we consider DFs to be nearly
degenerate with the hierarchy MF1

< MF2
< MF3

. The
stable DM candidate is the lightest DF, i.e., F1. To write
the DFsmass term as shown in Eq. (22), the DHC charges of
the scalars can be assigned in various ways. One option is to
introduce three scalars, eachwith charges that are double the
DHCcharges of each correspondingDF.Alternatively, cross
terms can be introduced between different DFs by assigning
scalars a DHC charge equal to the sum of the DHC charges
of the two different DFs. Clearly, depending on a given
model there are several combinations of scalars with
appropriate DHC charges that can be used.
For the benchmark model under discussion, for further

analysis, we take one such choice and add three scalars with
DHC charges ð−20; 8; 1Þ. To avoid a massless Goldstone
mode, we further add a scalar with Uð1ÞX charge 2. Note
that other choices of scalars with appropriate DHC charges
are equally viable. Since, the scalar sector has several
options, in order to be as model independent as possible, we
assume that the additional scalars are quite heavy and/or
couple very weakly to the SUð2ÞL doublet scalar Φ. This
ensures that the DM phenomenology is dominated by the
DF’s gauge coupling to Z0. This makes our analysis in this
section somewhat model independent as the Z0 interaction
to DM is dictated solely by the DHC symmetry. It has the
added advantage that the lightest CP-even scalar, H1, can
be identified as the 125 GeV scalar. It will be primarily
composed of the neutral component of Φ with a very small
admixture from other scalars and can thus trivially satisfy
the LHC bounds on its couplings. Hence, the only free
parameters relevant for DM phenomenology are gx and
MZ0 . We varied them within the ranges gx ¼ ½10−4–1� and
MZ0 ¼ ½300–1000� GeV. All the relevant Feynman dia-
grams are shown in the Appendix B.
In Fig. 8, we show the relic density vs DM mass. The

prominent dip occurring around 45.5 GeV, corresponds to
MF1

≈MZ=2. Cyan points are ruled out by the ρ parameter
limits. From Fig. 9, it can be seen that the ρ parameter
imposes an upper bound on gx for a given MZ0 .
Consequently, the ρ parameter rules out many low relic
density points with high gx. The yellow points are ruled out
by collider constraints discussed in Sec. VI. The blue (gray)
points satisfy the above two constraints but lead to under-
abundant (overabundant) DM relic density. The magenta
points satisfy the 3σ allowed range for the cold DM derived
from the Planck satellite data, 0.1126 ≤ Ωh2 ≤ 0.1246 [6]
along with satisfying all the other constraints.We found that

FIG. 7. The constraint on (gx −MZ0 ) plane. Shaded areas
indicate regions excluded by ATLAS and CMS dilepton searches.
The solid (dashed) lines represent DHC (B − L) symmetries.

5Note that depending on the DHC charges of the DFs, for some
benchmark models, the DFs can even have gauge invariant mass
terms of the form Mij

2
fci fj.
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in the low mass range of DM (≲150 GeV), the constraints
on gx imposed by the ρ parameter and collider data do not
permit the fulfillment of relic density conditions, even at the
Z resonance. Our DM F1 satisfies the relic density con-
straints atMF1

≳ 150 GeV. It should be noted that this limit
on DMmass is obtained when the DM annihilation happens
predominantly through the gauge bosons. If the scalars are
taken light, then new DM decay channels will open up,
potentially lowering the lower limit on DM mass.

Finally, we look at the constraints from dark matter direct
detection experiments [45–47], as well as constraints from
DM search by neutrino experiments [48–50]. In our case
the Majorana DM F1 can interact with nucleons through
tree-level Z and Z0 exchanges. The relevant Feynman
diagrams are provided in Appendix B. These interactions
are spin dependent, as vector coupling of Majorana
fermions with gauge bosons is identically zero. We found
that, in our case, the IceCube [48] and the LUX-ZEPLIN
(LZ) [45] Collaborations impose the most stringent con-
straints. In Fig. 10, we show the DM-nucleon elastic
scattering cross section vs DM mass.
The color code has the same meaning as Fig. 8. The

most recent upper bound from the LZ and IceCube
Collaborations is shown by the solid and dashed red lines,
respectively. We found that all the magenta points that
satisfy the relic density and other constraints also satisfy the
constraints from LZ and IceCube. Thus, the BSM fermions
needed for anomaly cancellations can indeed be considered
as belonging to the dark sector, with the lightest of them
satisfying all DM constraints.

VIII. CONCLUSION

We have examined chiral solutions in which SM fer-
mions are charged nontrivially under the Uð1ÞX symmetry.
Gauge anomaly cancellation is achieved by introducing
new SM gauge singlet right-handed dark fermions charged
under Uð1ÞX symmetry. We systematically present chiral
solutions under three different scenarios:

(i) Only one generation of SM fermions are charged
under Uð1ÞX symmetry.

FIG. 8. DM relic density plotted against DM mass. The cyan
points are ruled out by ρ parameter constraints, whereas the
yellow points are ruled out by the collider constraints. The gray
(blue) points satisfy both ρ parameter and collider constraints but
lead to DM over (under) abundance. Magenta points satisfy all
the constraints, including the correct DM relic abundance. For
more details see the main text.

FIG. 9. Z0 mass vs its gauge coupling gx. The red-shaded region
is excluded by perturbativity constraints. The cyan (yellow)
points are ruled out by the ρ parameter (collider constraints).
Magenta points are within 3σ of Planck’s cold DM range and also
satisfy the DM-nucleons elastic scattering constraints.

FIG. 10. Spin-dependent weakly interacting massive particles-
nucleon cross section versus DM mass, following the color
scheme of Fig. 8. Points above the dashed red line are excluded
by IceCube [48], and those above the solid red line are excluded
by LZ direct detection experiment [45].
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(ii) Two generations of SM fermions of each type share
the same charge under Uð1ÞX symmetry, while one
generation remains uncharged.

(iii) All three generations of SM fermions are charged
under the new symmetry, and charges of a given
fermion type are identical across generations.

We refer to this class of chiral symmetries as “the dark
hypercharge” symmetries because the new BSM fermions
introduced for anomaly cancellation belong to the dark
sector, with the lightest among them being a good dark
matter candidate. Furthermore, the Z0 gauge boson asso-
ciated with such Uð1ÞX symmetries mediates interactions
between the SM and the dark sector.
As both leptons and quarks are charged under the Uð1ÞX

symmetry, the Z0 boson could be searched in high-energy
collider experiments. To study theviable parameter space,we
first select a benchmark model and investigate the collider
constraints on the Z0 boson in the heavy Z0 scenario
(MZ0 > MZ). In this benchmark model, the dark fermions
possess higherUð1ÞX charges than the SM fermions, leading
to a significant invisible branching fraction for the Z0. Using
the production and decays ofZ0 boson into leptonic channels,
we presented the constraints on the Z0 mass and gauge
coupling derived from hadronic collider data. Subsequently,
we explored the potential of the lightest dark fermion to be
the dark matter candidate. Our analysis indicates that the
lightest dark fermion, denoted as F1, can indeed serve as a
DM candidate satisfying all relevant DM properties, as well
as the current experimental constraints. The complementary
case mZ0 < mZ is explored in our follow-up work [51].
Our results have important implications for both model

building and phenomenology. In addition to highlighting a
largely unexplored class of Uð1ÞX extensions, our work
provides a novel connection between the visible and dark
sectors. Unlike well-known vector Uð1ÞX models, where
there are only a few options for the charges of SM fermions,
our chiral models allow for a much broader range of
possibilities. As we discussed, the ratios of Uð1ÞX charges
among quarks, leptons, and dark fermions vary across
different realizations. This flexibility makes these models
well suited for potentially addressing various unexplained
experimental anomalies, such the ATOMKI [52–55],
PADME [56,57], KTeV [58], the electron g − 2 [59],
and B → Kνν anomaly [60].
Publicly available code and packages usedWe use the

package SARAH-4.14.5 [61] to calculate vertices and mass
matrices. SPheno-4.02 [62,63] handled numerical calcula-
tions, and micrOMEGAs-5.2.13 [64,65] is used for computing
DM properties. We also used MadGraph for collider
simulations [66].
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APPENDIX A: PARTIAL DECAY WIDTHS OF
THE Z0 BOSON

The various two body decay modes of the Z0 gauge
boson associated with a given Uð1ÞX symmetry are
described below.

(i) Fermionic decay modes (Z0 ⟶ ψψ):
The interactions of Z0 with the fermions (ψL, ψR)

charged under a given Uð1ÞX symmetry can be
written as

L ψ
int ¼ −ðgψLψLγ

μψL þ gψRψRγ
μψRÞZ0

μ; ðA1Þ

where gψl and gψr are the coupling of the Z0 with left-
(right-)handed fermions and given as

gψL ¼ −ðsin α cos θwÞgT3 þ ðsin α sin θwÞ
g0YψL

2

þ XψL
gx cos α;

gψR ¼ ðsin α sin θwÞ
g0YψR

2
þ XψR

gx cos α: ðA2Þ

For the Dirac fermions, this interaction vertex can be
rewritten as

L ψ
int ¼ −

1

2
ψ̄γμðVψ − γ5AψÞψZ0

μ; ðA3Þ

where ψ ¼ ψL þ ψR, and Vψ and Aψ are the vector
and axial vector couplings defined as Vψ ¼ gψL þ gψR ,
and Aψ ¼ gψL − gψR . The partial decay width of Z0,
ΓðZ0 → ψ̄ψÞ into Dirac fermions at tree level can be
calculated from Eq. (A3), and given as

ΓðZ0 → ψ̄ψÞ ¼ nc
MZ0

48π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4M2
ψ

M2
Z0

s �
V2
ψ þ A2

ψ

þ 2ðV2
ψ − 2A2

ψÞ
M2

ψ

M2
Z0

�
; ðA4Þ

where nc is the color factor, and it is 3 for quarks and
1 for leptons. For Majorana fermions, the partial
decay width is given as

ΓðZ0 → ψpψpÞ ¼
MZ0

24π
ðgψpÞ2

�
1 −

4M2
ψp

M2
Z0

�3=2
; ðA5Þ
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where gψp is the coupling to the Majorana fermion
with chirality p, which could be left (L) or right (R).

(ii) WþW− decay modes (Z0 ⟶ WþW−):
The Z and Z0 mix through mass mixing, which

results in a vertex involving Z0, Wþ, and W−. The
partial decaywidth forZ0 ⟶ WþW− is givenby [67]

ΓðZ0 →WþW−Þ¼ ðgwÞ2MZ0

192π

�
MZ0

MW

�
4
�
1−

4M2
W

M2
Z0

�
3=2

×

�
1þ20

�
MW

MZ0

�
2

þ12

�
MW

MZ0

�
4
�
;

ðA6Þ

where gw ¼ g cos θw sinα.
(iii) ZH decay modes (Z0 ⟶ ZH):

This interaction can be written as

L Z0ZH ¼ gHZ0
μZμH: ðA7Þ

The partial decay width for Z0 ⟶ ZH is given by

ΓðZ0 →ZHÞ

¼ ðgHÞ2MZ0

192πM2
Z

�
1−

2M2
H−10M2

Z

M2
Z0

þ ðM2
H−M2

ZÞ2
M4

Z0

�

×

�
1−

2ðM2
HþM2

ZÞ
M2

Z0
þ ðM2

H−M2
ZÞ2

M4
Z0

�
1=2

: ðA8Þ

APPENDIX B: FEYNMAN DIAGRAMS FOR DM
RELIC DENSITY AND DIRECT DETECTION

The relic abundance of the DM candidate F1, under the
benchmark DHC model, is determined by the annihilation
and coannihilation diagrams shown in Fig. 11. As pre-
viously mentioned, here we have only considered the gauge
boson mediated s channel and the t channel.
In Fig. 12, we show the tree-level diagrams that

contribute to the spin-dependent DM-nucleon elastic
scattering cross section mediated by the Z boson and
Z0 boson.

FIG. 11. Feynman diagrams that contribute to the relic density of the fermionic DM, F1. Here q represents all quarks and l represents
all charged leptons.

FIG. 12. DM-nucleon scattering Feynman diagrams relevant
for DM nucleon interactions.
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