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An insightful way of presenting the LHC limits on dijet resonances is the coupling-mass plot for a Z0

boson that has flavor-independent quark interactions. This also illustrates the comparison of low-mass LHC
sensitivity with constraints on the flavor-independent Z0 boson from electroweak and quarkonium
measurements. To derive these constraints, we compute the Z0 mixing with the Z, the photon, and
the ϒ meson, emphasizing the logarithmic dependence on the masses of the new electroweak-charged
fermions (“anomalons”) required to cancel the gauge anomalies. We update the coupling-mass plot,
extending it for Z0 masses from 5 GeV to 5 TeV.
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I. INTRODUCTION

In the past few years, significant efforts have proven
successful at advancing hadron collider sensitivity to
electroweak scale dijet resonances. At the end of run 1
of the Large Hadron Collider (LHC), in 2014, the ATLAS
and CMS experiments had leading experimental sensitivity
to OðTeVÞ dijet resonances, but previous hadron collider
experiments such as UA2 and CDF still provided the
leading constraint for resonances below a few hundred
GeV [1–4]. The situation has now changed, with the advent
of advanced triggering techniques to overcome the intrinsic
large quantum chromodynamic (QCD) background at low
dijet masses as well as dedicated efforts to probe reso-
nances in associated production modes [5–17]. These more
specialized searches are complemented by the high-mass
analyses [18–22], which have been impressively extended
to dijet resonances as heavy as several TeV.
Searches for dijet resonances are powerful probes of

many theories beyond the Standard Model (SM), because
any particle produced in the s channel can decay back into
two partons which then hadronize. In models with an
additional Uð1Þ gauge symmetry, such as gauged baryon
number [23–33], the phenomenology of the associated
Z0 boson is mainly characterized by two parameters, the
Z0 mass and its gauge coupling. Searches spanning differ-
ent collider environments can then most easily be inter-
preted in the coupling-versus-mass plane [3], highlighting

opportunities for further collider searches to cover possible
gaps in sensitivity.
Here, we reiterate that Z0 models generically include

additional new particles and analyze how parameters
associated with those particles impact the Z0 properties.
The new particles include at least one scalar associated with
the Uð1Þ symmetry-breaking sector and some fermions
(“anomalons”) charged under both the Uð1Þ and the SM
gauge groups, required to cancel the gauge anomalies. Even
when the Z0 boson cannot decay into non-SM particles, its
mixing with the SM spin-1 fields are impacted at one-loop
level by the masses and couplings of the anomalons.
Nevertheless, the hadron collider limits are adequately

captured by the gauge coupling versus Z0 mass plot.
Comparing the limits from hadron colliders with the
electroweak data and other low-energy constraints, how-
ever, needs a detailed analysis. We perform this analysis
and extend the coupling-versus-mass plot from 5 GeV to
5 TeV, with exemplary choices of the anomalon parameters
controlling the mixing-induced constraints. It turns out that
the dependence on those parameters affects only the low-
energy constraints and in a limited fashion.
In Sec. II, we provide an update of the current status for

weakly coupled, qq̄, color-neutral vector resonances and
discuss associated phenomenology that can further the
experimental sensitivity in coming years. After introducing
a minimal anomalon sector for gauged baryon number, in
Sec. III we focus on the kinetic mixing operators between
the new Z0

B boson and the Z and γ bosons of the SM
induced by the anomalon content. The finite kinetic mixing
effects from the UV completion of gauged baryon number
are also important for the phenomenology of Z0

B bosons
lighter than the Z boson. We reevaluate the constraints in
the coupling-mass plane from mixing with the Z boson, ϒ
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meson, direct qq̄ resonance limits from colliders, LEP
limits on charged anomalon, and the anomaly-induced
Z → Z0

Bγ exotic decay in Sec. IV. We conclude in
Sec. V, and a detailed discussion of our kinetic mixing
calculation is presented in the Appendix.

II. DIJET RESONANCE LIMITS IN THE
COUPLING-MASS PLANE

A color-singlet, electrically neutral spin-1 particle, usu-
ally referred to as a Z0 boson, may have renormalizable
couplings to the SM quarks. As we are interested in bosons
of a wide range of masses, including at or below the
electroweak scale, the simplest set of couplings is flavor
diagonal and universal, as described by the following
Lagrangian terms:

gB
2
Z0
Bμ

X
q

�
1

3
q̄LγμqL þ 1

3
q̄RγμqR

�
: ð2:1Þ

The overall coupling gB is typically of the order of one or
smaller. Its normalization (the factor of 1=2) is chosen to be
similar to the SM Z coupling (if the hypercharge coupling
is ignored). The factor of 1=3 is included to highlight that
these couplings are proportional to the baryon number,
which is 1=3 for both left- and right-handed quarks.
Furthermore, we consider a leptophobic Z0, so its tree-
level couplings to leptons are also proportional to the
baryon number, which is 0 for leptons. We use the label Z0

B
for the Z0 boson that has the couplings proportional to the
baryon number.
We emphasize, though, that baryon number does not

play any significant role in this section. The flavor-
independent couplings (2.1) are considered here because
they are convenient for comparing the many existing
hadron collider limits without having to analyze constraints
from flavor-changing processes. Furthermore, the collider
limits on Z0

B discussed later in this section depend mostly
on the couplings to the u and d quarks, because the parton-
distribution functions (PDFs) of the other quarks are much
smaller. Adapting these collider limits on Z0

B to Z0 bosons
that have different couplings to the u and d quarks is also
relatively straightforward, by a rescaling of the u=d PDF
ratio.
The theory that includes Z0

B, which is a massive spin-1
particle, is well behaved at high energies only if Z0

B is a
gauge boson or a bound state. Either way, additional fields
must be present. Here, we will assume that any such fields
that couple to Z0

B are sufficiently heavy (usually above
MZ0=2), so that the only tree-level two-body decays of the
Z0
B boson are induced by Eq. (2.1).
To be more specific, we will focus on the case where Z0

B
is the gauge boson associated with a Uð1ÞB symmetry.
Since Z0

B is massive, there must be a Uð1ÞB symmetry-
breaking sector. The simplest choice is a complex scalar ϕ

that is a SM gauge singlet and carries Uð1ÞB charge. In
addition, there must be some set of new fermions (anom-
alons) charged under SUð2ÞW ×Uð1ÞY ×Uð1ÞB such that
all gauge anomalies cancel [3,29,31,32]. Thus, the full
Lagrangian of the renormalizable model discussed here
comprises, besides the SM, the following sectors: the
kinetic terms for Z0 [which includes the interaction terms
(2.1)], ϕ, and each anomalon, the potential for ϕ that
spontaneously breaks Uð1ÞB, as well as Yukawa inter-
actions of two anomalons with ϕ and of one anomalon and
one SM fermion with the SM Higgs doublet.
We assume that the anomalon masses, which are mostly

induced by ϕ, are heavier than MZ0=2. The opposite case,
where the anomalon masses are lighter than MZ0=2, has a
highly model-dependent phenomenology due to the cas-
cade decays of Z0

B via pairs of anomalons [33]. Besides
decays to anomalons, a Z0 boson could, in principle, decay
into additional particles beyond the SM, as studied, for
example, in [34]; we will not consider that possibility in
this work.
There are two types of Z0

B decay modes at tree level: into
two jets and into tt̄ if MZ0 > 2mt. The branching fraction
into two jets is given at leading order by

BðZ0
B→ jjÞ¼

�
1þ1

5

�
1þ2m2

t

M2
Z0

��
1−

4m2
t

M2
Z0

�
1=2

�−1
: ð2:2Þ

This branching fraction1 approaches 5=6 for MZ0 ≫ 2mt
and 1 forMZ0 ≲ 2mt. The ratio between the total width and
mass of the Z0

B boson is ΓZ0=MZ0 ≈ g2B=ð24πÞ for MZ0 ≫
2mt and is 5=6 of that for MZ0 ≲ 2mt.
The properties of Z0

B primarily depend on two param-
eters: the mass MZ0 and the coupling gB. It is natural,
therefore, to present the collider limits in the ðMZ0 ; gBÞ
plane [3]. The s-channel production cross section of Z0

B at
hadron colliders is proportional to g2B and quickly decreases
with MZ0 . At leading order, Z0

B production proceeds from
quark-antiquark initial states. At next-to-leading order
(NLO) in QCD, there are also contributions from quark-
gluon initial states. We have computed the Z0

B NLO produc-
tion cross section at the LHC using the MadGraph_aMC@NLO

code [35], with model files generated by FeynRules [36]
(which uses the FeynArts package [37] for NLO corrections),
and the PDF set NNPDF3.1 NLO [38] with αsðMZÞ ¼
0.118. The MadGraph_aMC@NLO default dynamical factori-
zation and renormalization scale (which is determined by
the pT of the decay products) was used, so that αs is
evaluated at a scale that is event dependent.
The resulting cross sections are shown in Fig. 1 for a Z0

gauge coupling fixed at gB ¼ 0.3. This value has been
chosen for illustrative purposes; note that gB is a free
parameter of the order of one or smaller and that the Z0

1The mt=MZ0 dependence here corrects a typo from Eq. (7)
in Ref. [3].
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production cross sections scale as g2B. The cross sections
shown in Fig. 1 are computed for center of mass energies of
13.6 (the current one in run 3 of the LHC), 13 (used in run
2), and 8 TeV (used in run 1). The cross section is larger atffiffiffi
s

p ¼ 13.6 TeV than at
ffiffiffi
s

p ¼ 13 TeV by a factor that
grows from 5% at MZ0 ¼ 0.1 TeV to 9% at MZ0 ¼ 1 TeV
and 36% at MZ0 ¼ 4 TeV.
The most stringent collider limits on the coupling for

MZ0 < 450 GeV are set by LHC searches for a dijet
resonance produced in association with an initial state jet,
photon, or a leptonically decayingW boson. The production
cross sections for Z0

Bj and Z0
Bγ at the 13.6 TeV LHC,

computed at NLOwith MadGraph_aMC@NLO, are shown in the
left-hand panel in Fig. 2 for two choices of the pT cut on the
initial state radiation (ISR). The Z0

BW production cross
section times the W branching fraction into leptonic final
states (excluding τν) is given in the right-hand panel in Fig. 2
by the dashed gray line.

We point out that additional processes that can be used in
future searches at low dijet mass involve initial state
radiation of a W or Z boson decaying hadronically. The
cross section for Z0

B production in association with an
electroweak boson that decays into jets is shown by the
solid red line in the right-hand panel in Fig. 2. Note that at
low mass this rate is larger by a factor of about 5 than the
Z0
Bj rate with pTj > 350 GeV, so searches for associated

Z0
BW=Z production appear promising. The Z0

BZ production
cross section times the sum of Z branching fractions into
eþe− and μþμ− is also given in the right-hand panel in
Fig. 2 (see the dotted blue line). The low background for
events with a leptonically decaying Z and a jj resonance
would allow the use of Z0

BZ production to improve the
sensitivity to lower dijet masses.
Using an ISR jet as a trigger for light dijet resonances has

been a key aspect for the current search sensitivity at low
masses [7–9]. As a practical matter, however, the large
boost to the Z0

B resonance necessitates the use of jet
substructure techniques to both remove contamination from
pileup and distinguish the Z0

B peak signal from the over-
whelming QCD background. The pT requirement from the
ISR jet [7–9] thus leads to a sculpted invariant mass
distribution, necessitating the use of novel experimental
techniques to decorrelate the pT of the ISR jet from the
differential mass distribution [39].
The current coupling-mass limits are shown in Fig. 3 and

are derived from various types of hadron collider searches,
depending on the resonance mass. Only searches that set
the most stringent limits for some mass range are included
there [6,7,11,13–15,19,21,22]. Earlier limits that have been
superseded can be found in [3].
For MZ0 > 1.5 TeV, the most stringent limits on gB are

set by dijet resonance searches at
ffiffiffi
s

p ¼ 13 TeV. The CMS
search [22] is based on the full run 2 luminosity, totaling
137 fb−1 of data (which supersedes the earlier high-mass
results [19,20]). The ATLAS search [21] is also based on
the full run 2 luminosity, totaling 139 fb−1 of data.
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FIG. 1. Cross section for production of a Z0
B boson in

proton-proton collisions at
ffiffiffi
s

p ¼ 13.6 (solid black line), 13
(dashed purple line), and 8 TeV (green dash-dotted line). The
coupling is fixed here at gB ¼ 0.3; the cross section scales as g2B.
Next-to-leading-order QCD corrections are included through
MadGraph_aMC@NLO.

FIG. 2. Next-to-leading-order cross section for a Z0
B boson produced at the 13.6 TeV LHC in association with a jet (solid blue lines) or

photon (dashed purple lines) of transverse momentum above a certain limit (left panel) or with a weak boson decaying to jets or leptons
(right panel). The coupling used here is gB ¼ 0.3; all cross sections scale as g2B.
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These limits assume that the dijet signal is given by the
Z0
B production cross section times the branching fraction

BðZ0
B → jjÞ given in Eq. (2.2). In practice, for MZ0 ≫ 2mt

there is an additional contribution from Z0
B → tt̄, because

each top quark is highly boosted and may appear as a jet.
This effect is weaker in the case of ATLAS searches, where
the jet cone size is R ¼ 0.5, significantly smaller than the
one used in CMS dijet searches, R ¼ 1.1. The tt̄ invariant
mass distribution matches the dijet one only when both top
quarks decay hadronically; otherwise, the neutrinos shift
the invariant mass below MZ0. Thus, the effective dijet
branching fraction of Z0

B is slightly higher than 5=6,
reaching 5=6þ BðW → jjÞ2=6 ≈ 0.91 at very high masses.
Consequently, the limits on gB may be up to 5% tighter than
those shown in Fig. 3.
For 450 GeV < MZ0 < 1.5 TeV, there is competition

between four searches. The CMS method in that mass
range, called “scouting,” uses dijets reconstructed from
calorimeter information in the trigger. The latest CMS search
of this type uses 27 fb−1 of 13 TeV data (the low-mass result
of [19]) and sets a competitive limit especially in the
0.9–1 TeV mass range, while the search with 18.8 fb−1

of 8 TeV data [6] still sets the most stringent limit in the
500–700 GeVmass range. The similar ATLAS “trigger-level
analysis” (TLA) used 29.3 fb−1 of 13 TeV data [11], setting
the most stringent limit in the 700–900 GeVand 1–1.5 TeV
mass ranges; a version of that search [11] with a different
event selection and only 3.4 fb−1 sets the most stringent limit
in the 450–500 GeV mass range.

In the 237–450 GeV mass range, the best limits are set by
the ATLAS searches with ISR of a jet or a photon (79.8 fb−1

at 13 TeV [13]) and b-tagged jets. The ATLAS 139 fb−1

search using an ISRW boson giving a high-pT lepton for the
trigger [40] gives a slightly weaker bound.
Finally, for 50–237 GeV, the limit is set for most Z0

B
masses by the CMS search for a dijet resonance plus an
ISR jet with 35.9 fb−1 accumulated in 2016 [15], where the
dijet system is boosted and merged into a single jet with
substructure. In the relatively narrow 100–135 GeV mass
range, the strongest limit is set by the similar CMS search
with the 2015 data of 2.7 fb−1 [7]. From 10–50 GeV, the
CMS analysis with an ISR photon with 35.9 fb−1 [14] gives
the leading direct constraint on dijet resonances.
The coupling-mass plot in Fig. 3 shows that there is a gap

in sensitivity for MZ0 roughly in the 200–500 GeV range.
Improved techniques will be required to fill that gap. By
contrast, the high-mass region will continue to be covered
by existing analyses applied to larger datasets. Higher-
energy proton-proton colliders will substantially increase
the reach at high MZ0 [41].
At the other end of the plot, masses below 100 GeV are

also constrained by electroweak precision and quarkonium
measurements. We will next derive these constraints by
calculating the mixing of the Z0 with SM states.

III. Z0
B MIXING WITH THE Z AND THE PHOTON

Besides the limits from hadron collider searches dis-
cussed in the previous section, there are constraints on the
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FIG. 3. Limits on the Z0
B boson in the coupling-mass plane, based on the ATLAS and CMS searches [6,7,11,13–15,19,21,22]

described in the text. The yellow shaded region is excluded at the 95% confidence level. The normalization of the gB coupling used here
is given in Eq. (2.1).
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Z0
B boson from measurements of the Z boson properties.

The mixing between the SM Z boson (labeled here ZSM)
and the Z0

B boson may modify the branching fractions of
the observed Z boson compared to the SM predictions at a
level incompatible with existing measurements. Further-
more, the Z0

B − ZSM mixing as well as the kinetic mixing
between the Z0

B and the photon lead to Z0
B decays into pairs

of leptons [33], which are constrained by searches for
dilepton resonances.
A kinetic mixing between the SM hypercharge gauge

boson and the Z0
B may, in principle, be present at tree level.

If, however, the Uð1ÞY or the Uð1ÞB gauge groups are
embedded in a non-Abelian structure at some high scale
(which is generically expected as they are not asymptoti-
cally free), then the tree-level kinetic mixing vanishes.
Nevertheless, a Z0

B − ZSM mixing will be generated
by loops involving fields that couple to both bosons. To
compute the one-loop Z0

B − ZSM mixing, we first need to
specify all the fields that carry electroweak charges and
also couple to Z0

B.

A. Kinetic mixing

Let us consider in what follows the theory where Z0
B is

the gauge boson associated with a Uð1ÞB gauge symmetry,
so that Z0

B does not couple to leptons while its couplings
given in Eq. (2.1) arise when all SM quarks carry the same
Uð1ÞB charge, chosen to be 1=3. The gauge theory with
these quark charges is not self-consistent unless certain new
fermions, called anomalons, are present to cancel the gauge
anomalies. If some of these have masses belowMZ0=2, then
the Z0

B can decay into anomalon pairs, leading to interesting
collider signatures [32].
We focus on sets of anomalons which together with the

SM quarks satisfy the orthogonality condition TrðYBÞ ¼ 0,
where the trace is over all fields, Y is the hypercharge, and
B is the Uð1ÞB charge. More explicitly, the condition is

X
f¼quarks;anom

NfðYf
LB

f
L þ Yf

RB
f
RÞ ¼ 0; ð3:1Þ

where the sum is over the fermions f, which are all the
anomalons and the SM quarks in the gauge eigenstate basis,
Yf
L and Bf

L are the hypercharge and Uð1ÞB charge, respec-
tively, of the left-handed f fermion, and Yf

R and Bf
R are the

corresponding charges of the right-handed fermions. The
color factor is Nf ¼ 3 when f is a quark and Nf ¼ 1 when
f is a color-singlet fermion. When the above equation is
satisfied, the leading one-loop contribution to the kinetic
mixing between the SM hypercharge gauge boson and
the Z0

B vanishes, so the constraint from Z measurements
is weak.
Kinetic mixing operators are still generated at one loop

due to the mass differences between anomalons and SM

quarks. The leading operators of this type [33] have
dimension six and involve the SM Higgs doublet H or
the Uð1ÞB-breaking scalar ϕ:

ϕ†ϕZ0
BμνB

μν; H†HZ0
BμνB

μν; H†τaHZ0
BμνW

aμν;

ð3:2Þ

where Bμν and Waμν are the hypercharge and SUð2ÞW field
strengths, respectively.
There are also mass mixing operators, which arise at

dimension six:

H†ðDμHÞϕðDμϕ
†Þ þ H:c:; H†ðDμHÞϕ†ðDμϕÞ þ H:c:

ð3:3Þ

These may arise at one loop, depending on the anomalon
charges. Once a Higgs doublet and a ϕ scalar are replaced
by their vacuum expectation values (VEVs), a Z0

B − ZSM
mass mixing is induced.
As the masses of the Z0

B and the anomalons may be at or
below the weak scale, it is appropriate to compute the
mixings of Z0

B with the ZSM and the photon rather than
the ones involving the SUð2ÞW ×Uð1ÞY gauge bosons. The
Lagrangian terms for these can be written as

1

2
Z0μν
B ðκZZSMμν − κγFμνÞ þ ΔM2

Z0ZZ
0μ
BZSMμ; ð3:4Þ

where the coefficients κZ and κγ are dimensionless and real
andΔM2

Z0Z is a mass-squared parameter. The field strengths
for Z0

B, ZSM, and the photon are canonically normalized;
i.e., the tree-level kinetic terms are ð−1=4ÞðZ0μν

B Z0
Bμνþ

Zμν
SMZSMμν þ FμνFμνÞ.
The real part of the Z0

B − ZSM mixing amplitude contains
two pieces: a kinetic mixing and a mass mixing. The Z0

B −
ZSM mixing amplitude can be written as ϵμðZ0

BÞϵνðZÞAμν
Z0Z,

with ϵμðZ0
BÞ and ϵνðZÞ being the polarization vectors of the

two gauge bosons. The real part of Aμν
Z0Z is

ReAμν
Z0Z ¼ κZðgμνp2 − pμpνÞ þ ΔM2

Z0Zg
μν; ð3:5Þ

where pμ is the 4-momentum of the Z0
B or ZSM bosons.

The sine and cosine of the weak mixing angle are labeled
in what follows by sW and cW , while the SUð2ÞW gauge
coupling is g ¼ e=sW , where e is the electromagnetic gauge
coupling. Expressing the ZSM couplings of the left- and
right-handed fermion f (without the g=cW prefactor) in
terms of their T3 value and hypercharge,

gfL;R ¼ c2WT
3
L;R − s2WY

f
L;R; ð3:6Þ
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we find that the sum of the ZSM couplings over the fermions
belonging to an SUð2ÞW multiplet of size n is proportional
to the hypercharge Yf of that representation:

X
f∈ n

gfL;R ¼ −ns2WY
f
L;R: ð3:7Þ

From Eq. (3.1) then follows an important sum rule:

X
f¼quarks; anom

Nf

�
gfLB

f
L þ gfRB

f
R

� ¼ 0: ð3:8Þ

If all the SM quarks and anomalons had the same mass,
then Eq. (3.8) would have implied that the Z0

B − ZSM
kinetic mixing vanishes at one loop. As the top quark is
much heavier than the other SM quarks, the kinetic mixing
receives a significant contribution from the SM. The
anomalons also contribute to the kinetic mixing, with an
amount sensitive to the anomalon masses and also to the
anomalon charges. The dependence of the kinetic mixing
on the anomalon set has not been recognized in previous
work [24,26,27,31,42]. Similarly, the fact that the loop-
induced kinetic mixing is finite has been mostly overlooked
(an exception is [33]).
To be concrete, we analyze a renormalizable Lagrangian

that includes the SM plus the canonical kinetic terms for the
Uð1ÞB gauge boson, for a complex scalar ϕ of Uð1ÞB
chargeþ3, and for a minimal set of anomalons that satisfies
the trace condition (3.8), as well as a ϕ potential and
Yukawa couplings. There are no tree-level kinetic or mass
mixings involving the fields beyond the SM. Fermion loops
will generate kinetic mixing but no independent ΔM2

Z0Z
mass mixing, because the anomalons are vectorlike with
respect to the SM gauge group.
In the Appendix, we compute the mixing between ZSM

and any Z0 induced at one loop by any fermions that satisfy
an orthogonality relation like (3.8). In this section, we are
primarily interested in the case where the 4-momentum of
the gauge bosons satisfies p2 ¼ M2

Z, so that we can extract
limits on the Z0 from measurements at the Z pole. The one-
loop computations of the mixings are simplified when the
anomalon couplings to the Higgs doublet are negligible;
i.e., the anomalon masses come entirely from Yukawa
couplings to the scalar ϕ responsible for spontaneously
breaking Uð1ÞB. In that situation, there are no one-loop
contributions to ΔM2

Z0Z, because the operators (3.3) cannot
be generated either by SM quarks (which do not couple
to ϕ) or by anomalons (which do not couple toH). This can
also be seen from (A6), which gives ΔM2

Z0Z after setting

zqL ¼ zqR for the SM quarks and gfL ¼ gfR for the anomalons.
The expansion in (A10) shows that the loops involving

the SM quarks other than the top quark have contributions
to the kinetic mixing which are of the order of ðmq=MZÞ2,
where mq are the SM quark masses, and, thus, can be

neglected. Hence, the kinetic mixing, given, in general,
in (A9), becomes a sum over the top quark and anomalon
contributions:

κZ ≃
gBg

48π2cW

��
1

2
−
4

3
s2W

�
F ðm2

t =M2
ZÞ

þ
X

f¼anom

Nf

�
gfLB

f
L þ gfRB

f
R

�
F
�
m2

f=M
2
Z

��
: ð3:9Þ

The function F is given in Eq. (A8) in the Appendix and
for mf ≳MZ is well approximated by

F ðm2
f=M

2
ZÞ ≃ 2 ln

�
mf

MZ

�
þ 5

3
−

M2
Z

5m2
f

: ð3:10Þ

For mf in the interval 100–400 GeV, F ðm2
f=M

2
ZÞ contin-

uously grows from 1.67 to 4.61.
As mentioned in Sec. II, we will focus here on the case

where all the anomalons are color singlets (Nf ¼ 1) and
heavier than MZ0=2, where MZ0 is the mass of the physical
particle Z0. The collider constraints on the anomalons are
weak in this case: Pair production at LEP II sets a lower
limit on the anomalon mass of about 90 GeV, depending on
the anomalon decay modes [31]. Using (3.7) and replacing
the known quantities in Eq. (3.9) by their numerical values,
we find the following expression for the Z0

B − ZSM kinetic
mixing at one loop:

κZ ≃ 8.70 × 10−4gB

�
1 − 0.417

X
f¼anom

Yf

×
�
Bf
L þ Bf

R

�
F ðm2

f=M
2
ZÞ
�
: ð3:11Þ

The same computation detailed in the Appendix, but with
the Z couplings replaced by the photon ones, gives the
following expression for the kinetic mixing of the Z0

B with
the SM photon, defined in (3.4):

κγ ≃
−gBe
48π2

�
4

3
F
�
m2

t =M2
Z0
�

þ
X

f¼anom

Qf
�
Bf
L þ Bf

R

�
F
�
m2

f=M
2
Z0
��
: ð3:12Þ

A minimal set of anomalons which includes only color
singlets, cancels all gauge anomalies, and satisfies the trace
condition is given by the following SUð2ÞW ×Uð1ÞY ×
Uð1ÞB representations [29,31,32]:

LLð2;−1=2;−1Þ; LRð2;−1=2; 2Þ;
ELð1;−1; 2Þ; ERð1;−1;−1Þ
NLð1; 0; 2Þ; NRð1; 0;−1Þ: ð3:13Þ
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The SM gauge singlet fermions NL and NR are required to
cancel the Uð1ÞB and ½Uð1ÞB�3 anomalies but do not
contribute to the kinetic mixing. The anomalons acquire
mass from the scalar ϕ, with Uð1ÞB charge þ3 and whose
VEV hϕi ¼ vϕ breaks the Uð1ÞB symmetry. The corre-
sponding Yukawa interactions

−yLL̄Lϕ
�LR − yEĒLϕER − yNN̄LϕNR þ H:c: ð3:14Þ

set the anomalon masses to be yLvϕ, yEvϕ, and yNvϕ. We
assume the dominant mass generation arises from Uð1ÞB
breaking and neglect the possible Yukawa interactions to
the SM Higgs doublet. We remark that small Yukawa
interactions to the SM Higgs doublet, which are needed to
ensure the charged anomalons can decay to SM fermions,
are still allowed by h → γγ constraints [43]. These and
other Higgs observables also exclude some of the original
models for local baryon number [24,25]. If all anomalons
have the same mass, mf ≳ 90 GeV, then the anomalon-
dependent factor in (3.11) becomes

X
f¼anom

YfðBf
L þ Bf

RÞF ðm2
f=M

2
ZÞ ¼ −2F ðm2

f=M
2
ZÞ; ð3:15Þ

and we obtain that this anomalon set gives κZ=gB ≃ 2.08 ×
10−3 for mf ¼ 100 GeV and κZ=gB ≃ 3.19 × 10−3 for
mf ¼ 200 GeV. Under the same assumptions, the photon
kinetic mixing in (3.12) with MZ0 ≈MZ gives κγ=gB ≃
−3.32 × 10−4 for mf ¼ 100 GeV and κγ=gB ≃ 1.69 × 10−3

for mf ¼ 200 GeV. The values for κγ and κZ are roughly
comparable, because both originate from a single kinetic
mixing of the hypercharge gauge field with the Z0

B field.

B. Couplings of the physical bosons

We now diagonalize the kinetic terms for the ZSM, Z0
B

bosons, and the photon, including the mixing terms
from (3.4). Given that the kinetic mixing with the photon
has only a subdominant impact on phenomenology (due to
the tree-level couplings of Z0

B to quarks), it is convenient
to work in the leading order in κγ ≪ 1. It is then sufficient
to redefine ZSM and Z0

B first to absorb the kinetic mixing κZ,
where the nonunitary nature of the field redefinition
induces mass mixing between the two heavy bosons.
The induced mass mixing is symmetric and requires one
rotation angle to obtain diagonal mass eigenstates. The
kinetic mixing with the photon is absorbed by a redefinition
of the photon field by κγZ0

B, which leads to Z0
B couplings

to the electromagnetic current proportional to κγ and no
further mass mixing, as studied in Ref. [33]. A more
general diagonalization of the kinetic mixing between ZSM,
Z0
B, and the photon can be found in Ref. [44].
Combining the field redefinition of ZSM and Z0

B and
mass diagonalization attributed to κZ, we find that the mass
eigenstate bosons, labeled by Z and Z0, are

Zμ ¼ cos θZμ
SM þ

	
sin θ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − κ2Z

q
− κZ cos θ



Z0μ
B ;

Z0μ ¼
	
cos θ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − κ2Z

q
þ κZ sin θ



Z0μ
B − sin θZμ

SM; ð3:16Þ

where −π=4 < θ < π=4 and

tan 2θ ¼ 2κZ
1 − 2κ2Z −M2

Z0
B
=M2

ZSM

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − κ2Z

q
: ð3:17Þ

The squared masses of the two physical states are

M2
Z;Z0 ¼ 1

2ð1 − κ2ZÞ
	
M2

ZSM
þM2

Z0
B

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
M2

ZSM
−M2

Z0
B

�
2 þ 4κ2ZM

2
ZSM

M2
Z0
B

q 

; ð3:18Þ

where the þ sign corresponds to M2
Z only when MZSM

≥
MZ0

B
. Since κZ ≪ 1, in what follows we drop the terms of

the order of κ2Z from Eq. (3.16) and from the prefactor in
Eq. (3.18). As the Z0

B mass may be close toMZSM
, we do not

yet expand the denominator in Eq. (3.17) or the last term
in Eq. (3.18).
As a consequence of mixing, the couplings of the

physical Z boson to quarks and leptons are changed
compared to the SM ones, given in Eq. (3.6), as follows:

gqL;R → ĝqL;R ¼ ðcos θ þ κZ sin θÞgqL;R þ sin θ
gBcW
6g

;

glL;R → ĝlL;R ¼ ðcos θ þ κZ sin θÞ glL;R: ð3:19Þ

The couplings of the physical Z0 boson to quarks are
modified compared to those of Z0

B gauge boson shown in
Eq. (2.1), by a charge- and chirality-dependent factor:

cos θ þ ð− sin θ þ κZ cos θÞ 6g
gBcW

gqL;R: ð3:20Þ

In addition, the Z0
B − ZSM kinetic mixing induces couplings

of Z0 to leptons:

Z0
μ
g
cW

ð− sin θ þ κZ cos θÞ
X
l

�
glLlLγ

μlL þ glRlRγ
μlR

�
:

ð3:21Þ

The kinetic mixing between Z0
B and the photon, κγ ,

which is given in (3.12), also contributes to the Z0 couplings
to leptons, as studied in Ref. [33]. Note, however, that
the couplings of Z0 to leptons are both loop suppressed
and proportional to gB, so that the branching fractions of the
Z0 into leptons are at the subpercent level and would
become relevant only after the Z0 discovery via the quark-
antiquark modes.
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C. Limits from electroweak measurements

Let us focus first on the typical case, where the relative
mass splitting of the two gauge bosons is large compared to
the kinetic mixing: jMZ0

B
−MZSM

j ≫ κZMZSM
. In that case,

Eq. (3.17) implies sin θ ≪ 1 and, to leading order in κ2Z,

sin θ ≃
κZ

1 −M2
Z0=M2

Z
: ð3:22Þ

Furthermore, the mass difference between the two physical
particles in this case is approximately equal to the
mass difference of the two gauge bosons: MZ0 −MZ ≃
MZ0

B
−MZSM

up to corrections of the order of ðκZMZSM
Þ2=

ðMZ0
B
−MZSM

Þ2. The constraints from Z pole measure-
ments depend on the size of the MZ0 −MZ mass splitting
compared to the measured Z width, ΓZ ≈ 2.5 GeV.
When jMZ0 −MZj ≳ ΓZ, the contribution from Z0

exchange to the Z pole observables can be neglected. In
that case, the main effect of the Z0

B − ZSM kinetic mixing is
a relative change in the hadronic Z width compared to the
SM prediction:

ΔΓhadðZÞ
ΓSM
hadðZÞ

¼ 3½ðĝdLÞ2 þ ðĝdRÞ2� þ 2½ðĝuLÞ2 þ ðĝuRÞ2�
3½ðgdLÞ2 þ ðgdRÞ2� þ 2½ðguLÞ2 þ ðguRÞ2�

− 1

≃ −
A1gBκZ

1 −M2
Z0=M2

Z
; ð3:23Þ

where the coefficient A1 is a function of the weak mixing
angle:

A1 ¼
�
cW
6g

�
1þ 4s2W=3

5=4 − 7s2W=3þ 22s4W=9
≈ 0.349: ð3:24Þ

Note that the correction to the leptonic Z width is of the
order of sin2 θ and can be neglected here. For the anomalon
set (3.13), with a common mass fixed at mf ¼ 100 GeV,
the constraint becomes

ΔΓhadðZÞ
ΓSM
hadðZÞ

≃ −7.25 × 10−4
g2B

1 −M2
Z0=M2

Z
: ð3:25Þ

The value for the hadronic Z width obtained from a fit [45]
to the LEP I and SLC data is ΓhadðZÞ ¼ 1.7444�
0.0020 GeV, while the SM prediction is ΓSM

hadðZÞ ¼
1.7411� 0.0008 GeV. The allowed interval for the relative
change in the hadronic Z width, at the 95% CL, is

−5.30 × 10−4 <
ΔΓhadðZÞ
ΓSM
hadðZÞ

< 4.30 × 10−3: ð3:26Þ

Comparing this interval with Eq. (3.25) leads to the
following upper limit on the Uð1ÞB gauge coupling:

gB <

8>><
>>:

0.855
	
1−

M2

Z0
M2

Z



1=2

; for MZ0 ≲MZ − ΓZ;

2.44
	
M2

Z0
M2

Z
− 1



1=2

; for MZ0 ≳MZ þΓZ;
ð3:27Þ

assuming the anomalon set (3.13) with a common anom-
alon mass mf ¼ 100 GeV. For mf ¼ 200 GeV, the limit
on gB is multiplied by 0.808. For other anomalon charges or
masses, the right-hand side of (3.27) is multiplied by
ð2.08 × 10−3gB=κZÞ1=2, where κZ is given in Eq. (3.11).
When the Z0 mass is approximately within one Z width

from the Z mass, i.e., in the interval 88.7 GeV≲
MZ0 ≲ 93.7 GeV, Z0 exchange also contributes to processes
such as eþe− → hadrons near the Z pole. In that case, the
interference between the Z and Z0 exchange amplitudes
leads to corrections of the cross section for eþe− →
hadrons near the Z pole, σhad, which are not limited to
just ΓhadðZÞ. The relative change of σhad compared to the
SM prediction is approximately given by

Δσhad
σSMhad

≃ −
A1gBκZ

1 −M2
Z0=M2

Z

�
1 −

ΓZΓZ0

4ðMZ −MZ0 Þ2 þ Γ2
Z0

�
:

ð3:28Þ

To derive this, we took the energy of the eþe− collision to
be

ffiffiffi
s

p ¼ MZ. The last term in the parentheses is due to
interference and depends on the total width of the Z0 boson:
ΓZ0 ≃ ð5=6Þg2BMZ0=ð24πÞ to leading order in sin θ. The fit
to the LEP I and SLD data gives σhad ¼ 41.541�
0.037 nb, which is 1.6σ higher than the SM prediction,
σSMhad ¼ 41.481� 0.008 nb [45]. As a consequence, the
lower limit on σhad is particularly tight at the 95% CL:

−3.42 × 10−4 <
Δσhad
σSMhad

< 3.24 × 10−3: ð3:29Þ

Comparing this interval with Eq. (3.28) gives a nonlinear
constraint on gB as a function of MZ0 , which applies to the
MZ − ΓZ ≲MZ0 ≲MZ þ ΓZ range except for a very narrow
region centered around MZ:

g2B −
��

1 −MZ0=MZ

8.70 × 10−3g2B

�
2

þ 0.404

�
−1

<

8><
>:

0.944
	
1 − MZ0

MZ



; for κZ ≲ 1 − MZ0

MZ
≲ ΓZ

MZ
;

8.93
	
MZ0
MZ

− 1


; for κZ ≲ MZ0

MZ
− 1≲ ΓZ

MZ
:

ð3:30Þ

Here, we used the anomalon set (3.13) with a common
mass fixed at mf ¼ 100 GeV. We will use the above con-
straint as well as Eq. (3.27) when we extend the coupling-
mass plot at low masses in Sec. IV. Formf ¼ 200 GeV, the
right-hand side of (3.30) must be multiplied by a factor
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of 0.652, while for other anomalon masses or charges the
factor is 2.08 × 10−3gB=κZ.
For jMZ0 −MZj≲ κZMZ, the one-loop mixing between

Z0
B and ZSM in Eq. (3.17) is large, sin θ ≈ 1=

ffiffiffi
2

p
, as also

discussed in Ref. [44]. Because the diagonalization to the
mass basis considers only the pole terms in the one-loop
wave function correction, the evaluation of the one-loop
diagrams cannot be neglected in scattering cross sections.
The mass shift of the ZSM boson from a Z0 close in mass
was used before as the constraint on κZ [46], but that result
needs to be revisited for the very narrow region where the
relative mass difference is below κZ. In particular, the one-
loop interference in scattering processes with jMZ0 −
MZj≲ κZMZ leads to interesting new phenomenology akin
to neutral meson mixing, which we reserve for future study.

IV. LOW-MASS CONSTRAINTS
IN THE MINIMAL Z0

B MODEL

The coupling-mass plot is very useful for displaying the
LHC dijet resonance limits. Its linear-linear version (see
Fig. 3), however, does not clearly show the limits for new
bosons at or below the electroweak scale.
By contrast, the log-log version of the coupling-mass

plot, shown in Fig. 4, clearly displays the low-mass region.
The yellow-shaded region is excluded at the 95% confi-
dence level by dijet resonance searches at the LHC (and is

identical to the shaded region from Fig. 3). The gray-
shaded region labeled “Z width” is ruled out by measure-
ments of the hadronic Z width, which would be modified
by the Z–Z0

B mixing induced at one loop by the SM quarks
and also by the anomalons. The boundary of that region is
the limit on the Z0

B coupling, gB, given in (3.27) for a
common anomalon mass of 100 GeV. For other anomalon
masses, the limit changes as described after (3.27), and the
bound for a common anomalon mass of 200 GeV is shown
as a dotted line for concreteness. The limit is more
complicated [see (3.30) and the text after that] when
jMZ0 −MZj≲ ΓZ, due to interference effects in the cross
section for eþe− → hadrons.
The gray-shaded region labeled “ϒ → jj” in Fig. 4 is

excluded by the search for nonelectromagnetic decays of
ϒ into a jet pair performed by the ARGUS Collabo-
ration [47]. This constraint is related to the ratio Rϒ ¼
Γðϒ → hadronsÞ=Γðϒ → μþμ−Þ. To evaluate Rϒ in the
SM, we must include the three-gluon final state in the
hadronic width as well as photon and Z-mediated dijet and
dimuon production [48,49]. Since the Z-mediated inter-
ference and contribution to the dimuon width is anOð10−3Þ
correction to the QED contribution, we treat the dimuon
width as a purely QED calculation for both the SM
and baryon-number calculation of Rϒ. Consequently,
the jΔRϒj ¼ jRϒ − RSM

ϒ j absolute difference cancels the
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FIG. 4. Limits on the Z0
B boson in the log-log coupling-mass plane. The yellow-shaded region is excluded at the 95% confidence level

by dijet resonance searches at the LHC (see Fig. 3). The gray-shaded regions (which are particularly strong near 91.2 and 9.5 GeV) are
excluded by measurements of the Z hadronic width at LEP I (the upper dot-dashed line corresponds to an anomalon mass mf ¼
100 GeV and the lower dotted line to mf ¼ 200 GeV) and by the ARGUS search for nonelectromagnetic ϒ decay into a jet pair. The
blue-shaded region (above the solid straight line) is ruled out by the lower limit on anomalon masses in conjunction with the theoretical
upper limit on Yukawa couplings, and the dotted straight line indicates the possible exclusion if the anomalon mass constraint is
increased to 200 GeV. The pink-shaded region labeled Z → ðjjÞγ is excluded by the L3 search for Z → Z0γ → ðjjÞγ.
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three-gluon contribution to the hadronic width, so the modification of the dijet width provides the leading sensitivity to the
parameters gB and MZ0 . The ARGUS constraint on the nonelectromagnetic dijet decays of ϒ gives jΔRϒj < 2.1.
Thus, we calculate

ΔRϒ ¼
P

qðjMγðqq̄Þ þMZðqq̄Þ þMZ0 ðqq̄Þj2 − jMγðqq̄Þ þMZSM
ðqq̄Þj2Þ

jMγðμþμ−Þj2
; ð4:1Þ

where MZðqq̄Þ uses the modified Z couplings, Eq. (3.19).
In the limit that the ϒ decay products are massless and
Z0
B − ZSM kinetic mixing is neglected, we obtain

ΔRϒ ¼ g2BM
2
ϒ

3e2ðM2
Z0 −M2

ϒÞ
�
1þ g2BM

2
ϒ

4e2ðM2
Z0 −M2

ϒÞ

þ M2
ϒð3 − 4s2WÞ

4c2WðM2
Z −M2

ϒÞ
�
: ð4:2Þ

If we also neglect the last term from Z − Z0 interference,
this expression agrees with Ref. [24]. The corresponding
constraint on gB is then

gB <
ffiffiffi
2

p
e

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3jΔRϒj þ 1

p ����1 −M2
Z0

M2
ϒ

����þ
�
1 −

M2
Z0

M2
ϒ

��
1=2

;

ð4:3Þ

as shown in the low-mass gray-shaded region in Fig. 4. We
have verified numerically that the precise constraint on gB
with finite final state masses and kinetic mixing from
Eq. (3.11) gives a correction to Eq. (4.3) of less than 1%.
Although our plot displays only masses above 5 GeV in
Fig. 4, the constraint fromϒ → jj can be extended to lower
MZ0 values. For MZ0 ∼ 3 GeV the constraint from J=ψ
decay [31] is stringent, and below ∼1 GeV additional
experimental constraints become dominant [50].
In addition to limits from direct dijet resonance searches

aimed at the Z0
B boson and indirect constraints from Z–Z0

B
mixing and ϒ decays, we also have constraints on the
anomalons, which are required for self-consistency of the
theory. One could introduce anomalons which replicate
an entire generation of SM fermions but assign the new
quarks Uð1ÞB charge −1. The new fermions cancel the
½SUð2ÞW �2 ×Uð1ÞB and ½Uð1ÞY �2 ×Uð1ÞB anomalies,
which are linear in the Uð1ÞB charges, and also avoid
generating new Uð1ÞB-gravity or ½Uð1ÞB�3 anomalies [51].
Phenomenologically, however, this solution is ruled out by
the observed SM-like behavior of the 125 GeV Higgs boson,
because the anomalons behave as a fourth generation of
chiral fermions, which exhibit nondecoupling behavior in
loop-induced Higgs processes. While additional states can,
in principle, cancel these contributions [52], the nondecou-
pling nature of the anomalons in Higgs physics combined
with the direct production probes for new quarks essentially
excludes this solution. This discussion generalizes to any

solution where the anomalons are chiral under the SM
gauge group.
A better option is to make the anomalons vector-

like under the SM gauge group and chiral under Uð1ÞB.
Because the only mixed anomalies from SM fields are
½SUð2ÞW �2Uð1ÞB and ½Uð1ÞY �2Uð1ÞB, the new anomalons
do not have to carry color [28–30,53–56], which signifi-
cantly weakens their direct production rates at the LHC.
Conversely, the anomalons do carry electric charge and,
hence, mediate a nondecoupling diphoton partial width for
the scalar associated with Uð1ÞB breaking, which we will
explore in a further publication.
An extra feature for hadronic Z0

B gauge bosons is the
possible one-loop vanishing of Z − Z0

B mixing at the
anomalon mass scale, which amounts to a trace condition
of all fermions charged under both groups, TrðzBYÞ ¼ 0,
with zB being the charges under Uð1ÞB. At energy scales
below the anomalon masses, Z − Z0

B mixing is reintroduced
logarithmically.
Direct searches for the minimal model anomalons, in

conjunction with a theoretical upper limit on the Yukawa
couplings, rule out an additional region in the Z0 mass-
coupling plane [31]. Recall that the anomalon masses are
generated by the Yukawa interactions (3.14) and the VEV
vϕ ¼ 2MZ0=ð3gBÞ. The perturbativity bound on the anom-
alon Yukawa couplings is roughly given by yL; yE; yN≲
4π=3, so that the anomalon masses satisfy mf ≲
ð8π=9ÞMZ0=gB. Thus, an experimental lower limit on the
anomalon masses translates into an upper limit on the
gauge coupling gB < ð8π=9ÞMZ0=mf. The LEP constraint
that the anomalons must be heavier than about 90 GeV
rules out the blue-shaded region in Fig. 4.
Stronger lower limits on the anomalon masses could be

imposed by searches at the LHC, but these are highly model
dependent. For small mass splittings between the charged
and neutral anomalons, their collider phenomenology is
similar to charged and neutral Higgsino collider searches at
the LHC [57–59], which are searched for using multilepton
distributions and also metastable charged track signatures.
For illustration, if an mf > 200 GeV constraint is derived,
then only the region below the straight dashed line in Fig. 4
is allowed by the perturbativity bound discussed above. It
turns out, however, that there are regions in the parameter
space where the mass limits on anomalons from the LHC
are weaker than the one from LEP.
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As an example, consider values for the Yukawa cou-
plings in (3.14) that, after ϕ is replaced by its VEV, give the
following anomalon mass terms:mfL̄LþðmfþδmfÞĒEþ
ðmf−δmfÞN̄N. Yukawa couplings of the anomalons to the
Higgs doublet of the type y1L̄EH þ y2N̄LH lead through
mass mixing to the decays of the charged anomalons to the
neutral anomalons via off-shell W bosons, where the final
state SM decay product is a charged pion (or a lepton and
a neutrino, with a much smaller branching fraction). If
y1; y2 ≈ δmf=mf, then the decay width of a charged
anomalon to a charged pion and a neutral anomalon is
of the order of ðG2

F=πÞf2πðδmÞ3
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −m2

π=ðδmÞ2
p

, whereGF
is the Fermi decay constant and fπ ≈ 130.4 MeV is the
pion decay constant [60]. In our case, for δm ¼ 1 GeV, the
charged anomalon decay length is of the order of 10−2 mm
in its rest frame and is prompt on collider length scales.
Additional hadronic or leptonic decays become important
as δm increases, which also increases the total decay
width and shortens the charged anomalon lifetime.
While Ref. [60] and subsequent collider phenomenology
studies [61–66] and experimental searches [67,68] have
focused on the metastable signature of charged winos and
Higgsinos, the very difficult prompt decay signature into
pions or charged leptons has also been emphasized [64].
Pair production of anomalons has the largest cross

section when it is mediated by an off-shell W boson.

This cross section is σðLþL0Þ ≈ 8 pb for mf ¼ 100 GeV
and δmf ≪ mf for

ffiffiffi
s

p ¼ 13 TeV LHC [69] and is not large
enough to allow events with highly boosted pions. Hence,
the leading collider searches focus on the leptonic signa-
tures, where the heavier neutral anomalon decays to the
lighter neutral anomalon via an off-shell Z boson, giving a
multilepton signature tested by ATLAS and CMS [57–59].
Such searches have significantly weakening sensitivity as
δm becomes smaller than 5 GeV, where only the LEP
exclusion limit survives when δm≲ 1.5 GeV. Moreover,
the anomalon Drell-Yan cross section is about half of the
Higgsino Drell-Yan cross section of 16.8 pb [70,71] for
fully degenerate 100 GeV Higgsinos at the 13 TeV LHC,
since we have only one SUð2Þ doublet. Thus, the leptonic
signals from the anomalons are also too weak to be seen by
the LHC experiments thus far, and we adopt only the LEP
constraint in our study.
As discussed in [72] and emphasized recently

in [43,73–77], the Z boson can decay to Z0 and a photon
via a Wess-Zumino-Witten interaction from the nonzero
anomaly induced by the nondecoupling effects of the
anomalons as they become heavy. The full calculation of
the partial width is found in Ref. [43], where the physics of
the anomalons and the matching to the Wess-Zumino-
Witten term is manifest.
From Ref. [43], the decay width of Z → Z0

Bγ is

ΓðZ → Z0
BγÞ ¼

αEMααB
384π2c2W

m02
Z

mZ

�
1 −

m4
Z0

m4
Z

������ −
X
f∈SM

T3ðfÞQe
f

�
m2

Z

m2
Z −m2

Z0
ðB0ðm2

Z;mfÞ − B0ðm2
Z0 ; mfÞÞ þ 2m2

fC0ðmfÞ
�

þ 3

�
m2

Z

m2
Z −m2

Z0
ðB0ðm2

Z;MÞ − B0ðm2
Z0 ;MÞÞ þ 2M2

m2
Z

m2
Z0
C0ðMÞ

������
2

; ð4:4Þ

where T3ðfÞ ¼ þ1 for up-type quarks and −1 for down-type quarks,M is the mass of the anomalons and assumed to arise
only from Uð1ÞB breaking, and C0 and B0 are the usual Passarino-Veltman three-point and two-point scalar integrals,
following the conventions of Package-X [78,79]:

B0ðm2
V;mÞ≡ B0ðm2

V;m;mÞ; C0ðmÞ≡ C0ð0; m2
Z;m

02
Z ;m;m;mÞ: ð4:5Þ

We can construct an approximate expression for Eq. (4.4) by taking the first five SM quarks to be massless while the top
quark and anomalons are taken to infinity. Note this expression is still valid only when the anomalon masses are solely
generated from Uð1ÞB breaking. The approximate partial width is then

ΓðZ → Z0
BγÞ ≈

αEMααB
384π2c2W

m2
Z0

mZ

�
1 −

m4
Z0

m4
Z

����� 3m
2
Z
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−
2

3
−
7

3

m2
Z

m2
Z −m2

Z0
log

�
m2

Z

m2
Z0

�����
2

: ð4:6Þ

The pink region in Fig. 4 shows the limit calculated using Eq. (4.4) from the search of the L3 experiment for the exotic Z
decay, Z → Z0γ, Z0 → jj [80], also taken from Ref. [43], where anomalon masses are fixed with Yukawa couplings 4π=3
and arise solely from Uð1ÞB breaking. The exotic decay constraint by L3 is competitive with the 35.9 fb−1 ISR γ search by
CMS [14], although the indirect bound for charged anomalons still provides the dominant constraint [31].
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V. CONCLUSIONS

We have analyzed the current state of the experimental
collider searches for dijet resonances and compared them
with the electroweak constraints on a Z0 boson. Notably, the
LHC experiments now provide the leading constraints not
only at masses of several TeV, but also on electroweak scale
dijet resonances, thanks to the advent of new trigger
pathways and advanced data reconstruction methods.
In addition, the ATLAS and CMS experiments are also

placing direct dijet bounds on resonances below 100 GeV,
where legacy measurements from LEP experiments, con-
straints fromϒmeson measurements, and indirect limits on
charged anomalons compete for the strongest sensitivity.
We have emphasized that, in gauged Uð1ÞB models where
the fermion sector obeys the orthogonality condition in
Eq. (3.1), the kinetic mixing between SM and Z0 gauge
bosons is finite and only logarithmically sensitive to the
anomalon masses. Moreover, the contribution of the
anomalons to the exotic decay Z → Z0

Bγ also follows
nondecoupling behavior of chiral fermions, reducing the
sensitivity on their mass scale. Thus, the coupling-mass
plot, which is an insightful way of presenting the collider
limits on dijet resonances, also allows a meaningful
comparison with the low-energy data. Our summary of
collider constraints, shown in Fig. 4, also includes the
competing bounds from modifications to the properties of
the Z andϒ due to the Z0

B, as well as the indirect limits from
the Yukawa couplings of the anomalons.
We have also emphasized that, like the SM, the under-

lying chiral structure of the Uð1ÞB symmetry is charac-
terized by a single VEV, and, hence, the Z0

B and anomalon
masses cannot be arbitrarily decoupled from each other
without violating perturbative unitarity. In the coupling-
versus-mass plane, the improving constraints continue to
probe higher scales of Uð1Þ symmetry breaking, as evident
from the diagonal lines corresponding to constant mf

anomalon masses in Fig. 4. The possible sensitivity
improvements from collider searches for anomalons as
well as signals of the symmetry-breaking sector (see, e.g.,
Ref. [81]) are left for future work.
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APPENDIX: Z0 −Z MIXING

In this appendix, we compute the kinetic and mass
mixings of the gauge eigenstate Z0

ge boson with the ZSM

boson, for general couplings (zf) of Z0
ge to the fermions that

satisfy the orthogonality relation TrðYzÞ ¼ 0, where Y is
the hypercharge.
The one-loop amplitude for Z0

ge − ZSM mixing induced
by fermions is given by ϵμϵνAμν, where ϵμ and ϵν are the
polarization vectors of the two gauge bosons and

Aμν ¼ i
gBg
cW

μ4−D
Z

dDk
ð2πÞD

X
f

Nf

½ðpþ kÞ2 −m2
f�ðk2 −m2

fÞ
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�
m2

f

�
gfLz

f
R þ gfRz

f
L

�
gμν þ �

gfLz
f
L þ gfRz

f
R

�
× ½pμkν þ kμpν þ 2kμkν − gμνðpþ kÞ · k�: ðA1Þ

Here, p is the 4-momentum of the Z0
ge and ZSM bosons, and

we used dimensional regularization with D ¼ 4 − ε and a
scale μ. The above sum is over the fermions f, which have a
color factor Nf. Their right- and left-handed components

(fR and fL) carry Z0
ge charges z

f
R and zfL, respectively, and

also have couplings (gfR and gfL) to the ZSM boson. After
combining the denominators, we get

Aμν ¼ i
gBg
cW

Z
1

0

dx
X
f

Nf

�
m2

f

�
gfLz

f
R þ gfRz

f
L

�
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f
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f
R

��
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× ðgμνp2 − 2pμpνÞIf0
�
; ðA2Þ

where If0 and If1 are the following integrals:

�
If0 ; I

f
1

 ¼ μ4−D
Z

dDk
ð2πÞD

1

½k2 −m2
f þ xð1 − xÞp2�2

×

�
1; k2

�
2

D
− 1

��
: ðA3Þ

The orthogonality relation TrðYzÞ ¼ 0 implies that the
fermion charges satisfy

X
f

Nf

�
gfLz

f
L þ gfRz

f
R

� ¼ 0: ðA4Þ

Consequently, the apparent quadratic divergence of If1 in
the D ¼ 4 limit vanishes after the sum over fermions is
performed. The usual ε expansion and the MS scheme lead
to the following expressions for the integrals:

If0 ¼ −i
ð4πÞ2 ln

�
m2

f

μ2
− xð1 − xÞp

2

μ2
− iϵ0

�
;

If1 ¼ −ðm2
f − xð1 − xÞp2ÞIf0 ; ðA5Þ

where iϵ0 is the prescription for the complex logarithm
when m2

f < xð1 − xÞp2.
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The real part of the Z0
ge − ZSM mixing amplitude con-

tains two pieces, as shown in Eq. (3.5): a kinetic mixing
(with dimensionless coefficient κZ) and a mass mixing
ΔM2

Z0Z (the off-diagonal entry in the mass-squared matrix
for the two gauge bosons). From Eq. (A2) and the second
Eq. (A5) follows that

κZ ¼ 2
gBg
cW

X
f

Nf

�
gfLz

f
L þ gfRz

f
R

�
Rei

Z
1

0

dxxð1− xÞIf0 ;
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gBg
cW

X
f

Nfm2
f

�
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��
zfL − zfR

�
Rei

Z
1

0

dxIf0 :

ðA6Þ

Integrating over x, we find

Z
1

0

dxxð1 − xÞIf0 ¼
−i

6ð4πÞ2
�
ln

�
p2
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�
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5

3
þ F ðm2
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f=p
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The functions introduced here are GðyÞ ¼ θð1 − 4yÞ×
ð1þ 2yÞ ffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − 4y
p

, where θ is the step function, and

F ðyÞ ¼ ln y − 4yþ ð1þ 2yÞj4y − 1j1=2

×

8<
:

ln
	
1þ ffiffiffiffiffiffiffiffi
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for y ≤ 1

4
;

2 arctan ½ð4y − 1Þ−1=2� for y > 1
4
:

ðA8Þ

We emphasize that the sum over fermion loops removes
not only the quadratic divergence from If1 , but also
the logarithmically divergent part of each fermion loop,
which is shown in (A7). Thus, the coefficient for
kinetic mixing of any Z0

ge and ZSM of 4-momentum p is
finite and can be written as the following sum over the
fermion loops:

κZ ≃
gBg

48π2cW

X
f

Nf

�
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f
L þ gfRz

f
R

�
F ðm2

f=p
2Þ: ðA9Þ

This result is used in Sec. III. The expansion of the function
F ðyÞ for y ≪ 1=4 is

F ðyÞ ≃ −6yþ 6y2 ln yþOðy2Þ; ðA10Þ

while for y ≫ 1=4

F ðyÞ ≃ ln yþ 5

3
−

1

5y
þOðð4yÞ−2Þ: ðA11Þ
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