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Abstract: We investigate the landscape of constraints on MeV-GeV scale, hidden U(1) forces

with nonzero axial-vector couplings to Standard Model fermions. While the purely vector-coupled

dark photon, which may arise from kinetic mixing, is a well-motivated scenario, several MeV-scale

anomalies motivate a theory with axial couplings which can be UV-completed consistent with Stan-

dard Model gauge invariance. Moreover, existing constraints on dark photons depend on products

of various combinations of axial and vector couplings, making it difficult to isolate the effects of

axial couplings for particular flavors of SM fermions. We present a representative renormalizable,

UV-complete model of a dark photon with adjustable axial and vector couplings, discuss its general

features, and show how some UV constraints may be relaxed in a model with nonrenormalizable

Yukawa couplings at the expense of fine-tuning. We survey the existing parameter space and

the projected reach of planned experiments, briefly commenting on the relevance of the allowed

parameter space to low-energy anomalies in π0 and 8Be∗ decay.ar
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1. Introduction

New sub-GeV abelian gauge bosons are simple, well-motivated extensions of the Standard Model

(SM). If SM particles are singlets under the corresponding U(1)D (D for “dark”) group, the leading

SM interaction with the new gauge boson arises through kinetic mixing with the hypercharge

field strength tensor, such that the associated dark gauge boson A′ couples predominantly to the

electromagnetic current after electroweak symmetry breaking (EWSB) [1, 2]. Alternatively, if

U(1)D gauges a subset of SM quantum numbers, the new gauge boson couples directly to a current

of SM fields, which can radiatively induce a nonzero kinetic mixing as well; popular examples

include the anomaly-free combinations B − L [3–5], Li − Lj [6, 7], B − 3Li [8], and B − L + xY

[9], where x ∈ R. These abelian extensions are ubiquitous in the model-building literature and

regularly invoked to explain anomalies in dark matter detection [10–12] and resolve discrepancies

in precision physics measurements [13, 14], to name only a few applications.

However, these extensions typically induce sizable A′ interactions only with vector currents of

SM fermions, which limits their applicability in phenomenological settings that also require axial

couplings (e.g. parity violating observables). In this paper, we explore the expanded parameter

space of light, weakly-coupled abelian gauge bosons with both axial and vector couplings. We are

motivated in part by the observation in [14] that an axially-coupled vector A′ could contribute at

tree-level to the rare decay π0 → e+e−, which is loop- and helicity-suppressed in the SM, to resolve a

2−3σ discrepancy between theory [15] and experiment [16]. Recent work [17, 18] parameterizing the

amplitudes for this decay and the similar η, η′ → e+e−, µ+µ− processes has made it possible to test

hypothetical new physics contributions to these rare pseudoscalar decays against SM predictions.

Such contributions necessarily involve axial couplings to both quarks and leptons. Furthermore,

the A′ mass and couplings which resolve the π0 discrepancy are similar in magnitude to those which

could explain a recent anomaly in decays of an excited state of 8Be [13, 19, 20]. An axially-coupled

A′ could plausibly contribute to the landscape of models relevant for this observation. Other recent

work investigating MeV-scale chiral forces includes [21], which builds a light chiral dark sector and

[22], which considers muon specific interactions; this work takes a generic approach to such forces,

which can be adapted to various circumstances.

The most general Lagrangian for a massive gauge boson A′ with both vector and axial couplings

is

LA′ = −1

4
F ′µνF

′µν −
m2
A′

2
A′µA

′µ +A′µ
∑
f

f̄
(
cfV γ

µ + cfAγ
µγ5
)
f, (1.1)

where F ′µν = ∂µA
′
ν − ∂νA′µ is the field strength tensor, f is a (four-component) SM fermion and

cfV,A are its vector and axial-vector couplings. It is worth mentioning that even a conventional

kinetically-mixed A′ will also have small axial couplings suppressed by m2
A′/m

2
Z compared to its

vector coupling to the SM electromagnetic current. These are inherited from mixing with the Z,

since in the UV the A′ field strength must be mixed with unbroken hypercharge. For the remainder

of this paper we will focus on the case of comparable vector and axial couplings, in contrast with

the typically suppressed axial couplings characteristic of kinetic mixing.1

1On the other hand, mass mixing (as opposed to kinetic mixing) with the Z can generate comparable vector and

axial couplings [23–25]; this will play an important role in our models.
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If we make the further assumption that U(1)D plays no role in flavor breaking, gauge invari-

ance of the SM Yukawa sector introduces nontrivial relationships between IR and UV physics.

Maintaining unsuppressed axial couplings at low energies generically requires:

• Extended Higgs Sector: Non-vanishing axial A′ couplings and gauge invariant SM Yukawa

couplings jointly require the SM Higgs to carry nonzero U(1)D charge, so after EWSB, the

Higgs vacuum expectation value (VEV) introduces A′ − Z mass mixing. For small mixings,

the rotation angle which diagonalizes the mass terms introduces an additional correction to

the A′ axial coupling to SM fermions inherited from the Z neutral-current interaction. As

we will derive in section 3.1, if there is only one Higgs doublet in the theory, this additional

correction cancels all axial interactions to cubic order in the U(1)D gauge coupling:

cfA → cfA + ∆cfA = 0 +O(g3
D) +O(m̂2

A′/m̂
2
Z) (after EWSB). (1.2)

Thus unsuppressed axial couplings require at least an additional SM Higgs doublet.

• New Fermions: Gauging the SM under a new axially coupled U(1)D typically introduces

anomalies through U(1)3
D, U(1)2

DU(1)Y , and U(1)2
Y U(1)D triangle diagrams. Canceling these

diagrams requires new fermions with SM charges (“anomalons”) and chiral interactions, im-

plying that their masses arise from Yukawa interactions with a dark Higgs. As we will show in

section 3.2, the null results of new colored fermion searches at the LHC, which requires their

masses to satisfy & 1 TeV [26], combined with perturbative unitarity of anomalon Yukawa

couplings to dark Higgses, implies a lower limit on the A′ mass:

mA′ & 80 MeV×
( gD

10−3

)
×
(

4π

yψ

)
, (1.3)

where gD is the dark gauge coupling and yψ is the anomalon Yukawa.

The A′ may also be a mediator to the dark sector and couple to a dark matter candidate χ. If

mχ < mA′/2 and the coupling gD to the dark sector is relatively strong, the phenomenology of the

A′ changes significantly, and different bounds constrain the available parameter space (for example,

heavy pseudoscalar meson decays to γ + invisible [27]). In this paper, we will assume that a light

χ is not in the spectrum, but there may be interesting regions of parameter space where the A′

decays invisibly, or where there are sizable branching fractions to both the visible and dark sectors.

This paper is organized as follows. Section 2 outlines the types of experimental constraints

most relevant for low-energy axial couplings, in the mass range 2me < mA′ < 2mµ. Section 3

describes models where axial couplings are determined by gauge invariance of the SM Yukawa

sector. In section 3.1, we attempt to build a simple model of axial couplings using only the single

Higgs doublet of the Standard Model, and demonstrate the cancellation in Eq. (1.2) which results

in suppressed axial couplings at low energies. However, this model is useful for illustrating some

features and relations between couplings in the Lagrangian, Eq. (1.1), which generically arise in

a model where U(1)D does not participate in flavor breaking. In section 3.2, we generalize to a

two-Higgs doublet model and discuss the particle content required for anomaly cancellation, as well

as the conditions for obtaining unsuppressed axial couplings. In section 4, we survey the parameter

space of this model, showing how a tuning of parameters in the IR to avoid certain low-energy
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constraints typically requires other couplings to be present, making additional constraints relevant.

Section 5 relaxes the assumption on flavor breaking, and considers the possibilities of either mass

mixing or generation of SM Yukawa terms from U(1)D breaking. Finally, in section 6 we offer

some concluding remarks. The Appendices contain a taxonomy of the vector and axial coupling

dependence of the low-energy constraints we consider, as well as details on the calculation of the

A′ contribution to pseudoscalar decays to lepton pairs.

2. IR Constraints on Axial Couplings

The phenomenology of an A′ with both axial and vector couplings differs from the more familiar

case of kinetic mixing in several important respects. Here we survey the most relevant categories

of low-energy constraints, leaving a detailed taxonomy of the dependence on the various couplings

to appendix A. For the remainder of this paper, we focus on the mass range 2me < mA′ < 2mµ,

but in this section we will also briefly describe the constraints relevant outside this mass range.

2.1. g − 2 Constraints

New vector bosons can contribute to (g − 2)e and (g − 2)µ in analogy with QED contributions

from the SM photon. The vector couplings c`V contribute positively, while the axial couplings c`A
contribute negatively. The relative size of the axial contribution compared to the vector contribution

is proportional to m2
`/m

2
A′ . The most recent measurements show (g − 2)e is consistent with the

Standard Model to within ∼ 1σ, with the small deviation being negative. This results in a relatively

weak constraint on ceA, since the axial contribution is suppressed by m2
e/m

2
A′ compared to the vector

contribution, and the data accommodate a small negative contribution; ceV = 0 but ceA 6= 0 is allowed

for sufficiently large mA′ . In sharp contrast, (g−2)µ has a persistent 3σ positive deviation between

theory and experiment, so a large cµA is severely constrained unless accompanied by an even larger

cµV , or some other (positive) new physics contribution to (g − 2)µ.

2.2. Parity Violation Constraints

An A′ with both vector and axial couplings cA and cV can contribute to parity-violating observables,

which are proportional to cAcV . These constraints are not generally relevant for a kinetically-mixed

A′ with suppressed axial couplings. For an MeV-scale A′, observables measured at extremely low

momentum transfer Q2 � (1 GeV)2 are the most stringent since they scale as 1/m2
A′ . Constraints

measured at larger Q2 may be relevant, but are approximately independent of mA′ for m2
A′ � Q2.

• Atomic parity violation: Measurements of the weak charge of cesium constrain the product

cqV c
e
A. The agreement between experiment and theory is at the level of 10−5 [28], and the

measurement is taken at Q2 ∼ (30 MeV)2, making this observable the most sensitive probe

of electron axial couplings for a light A′. However, this constraint disappears if the A′ has

vanishing vector couplings to first-generation quarks, cu,dV = 0.

• Parity-violating Møller scattering: The most precise measurement of parity-violating

Møller (electron-electron) scattering comes from E158 at SLAC [29], at Q2 ∼ (100 MeV)2.

This constrains the product ceV c
e
A.

– 4 –



• Neutrino-electron scattering: A kinetically-mixed dark photon will have no tree-level

couplings to neutrinos, and will acquire suppressed couplings through mixing with the Z.

As we will see in the following sections, gauge invariance in the lepton sector usually ties

nonzero lepton axial couplings to neutrino couplings. Neutrino-electron scattering constrains

a complicated combination of ceV c
ν and ceAc

ν due to interference of the A′ amplitudes with

the Z amplitudes (see [30, 31] for a complete analysis). The most stringent constraints are

from Borexino [32] for νe − e and TEXONO [33] for ν̄e − e, both at Q2 ∼ (1 MeV)2, and

CHARM-II [34] for ν̄µ − e, at Q2 ∼ (100 MeV)2.

2.3. Collider and Beam Dump Constraints

Just like a kinetically-mixed dark photon, an A′ with axial couplings can be produced in electron-

positron or proton-proton colliders, as well as electron- or proton-beam fixed-target experiments

or beam dumps. The phenomenology of the axial coupling depends primarily on the production

mechanism, which may suffer an axial suppression for non-relativistic kinematics. In contrast, the

A′ partial decay width into a fermion f is proportional to the combination (cfV )2 + (cfA)2, which is

not uniquely sensitive to the axial coupling in isolation.

• Meson decay: A typical production mechanism for dark photons is pseudoscalar meson

decay, π0, η → γA′, since the A′ can replace the photon in any kinematically-allowed process,

and neutral pions are copiously produced in proton-beam experiments. In general, though,

this decay is only relevant if the conserved current associated with the A′ has a mixed anomaly

with electromagnetism and the relevant current of flavor SU(3). This is trivially true for a

kinetically-mixed dark photon, since the current is just proportional to the electromagnetic

current, but for a general group U(1)D, this decay is highly suppressed if cu,dV = 0, Thus,

an A′ with purely axial couplings to up and down quarks is not effectively constrained by

experiments like NA48/2 [35], where A′ production arises exclusively from pseudoscalars.

Similarly, the region of parameter space constrained by proton beam dumps such as U70 [36]

or neutrino experiments such as CHARM [37, 38], where the dominant production mechanism

is through pseudoscalar decay, will be smaller. KLOE [39] also probes the vector meson decay

φ→ ηA′, which may receive additional contributions from axial couplings to quarks because

the decay is s-wave [20, 40], but estimating this contribution is beyond the scope of this work.

• Annihilation or bremsstrahlung: If the A′ is produced through annihilation, e+e− → γA′,

or bremsstrahlung, e → e + A′ or p → p + A′, the cross section is generally proportional to

c2
V + c2

A for relativistic kinematics. Thus the constraints on a kinetically-mixed dark photon

are qualitatively similar to those for a dark photon, using εe→
√
c2
V + c2

A to translate between

kinetic mixing ε and axial and vector couplings.

• Other production mechanisms: A recent proposal [41] suggests exploiting the large flux

of D∗ mesons at LHCb to search for D∗ → D+A′, or more generally performing an inclusive

search using data-driven techniques to relate any process with a photon to the corresponding

dark photon process [42]. It is difficult to analyze the effect of axial couplings for such searches

in general terms, since the hadronic matrix elements may have complicated dependence on
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axial currents which are not present in the case of pure kinetic mixing. We leave an analysis

of such constraints to future work.

2.4. Above 2mµ and Below 2me

For mA′ > 2mµ, the possibility of seeing a dimuon resonance in collider experiments or rare meson

decays severely constrains the parameter space for axial couplings to quarks, cqA. For example,

vector meson decays ψ → γA′ and Υ→ γA′ proceed at tree-level and are proportional to the axial

coupling cc,bA of the heavy quarks [27]. If the A′ also couples to muons through either an axial or

vector coupling, there are stringent bounds on Br(Υ → γµ+µ−) and Br(ψ → γµ+µ−) through a

resonance. Constraints from BaBar, Belle, and the LHC only depend on the combination c2
V + c2

A,

and so as mentioned above are qualitatively similar to a kinetically-mixed dark photon with purely

vector couplings.

For mA′ < 2me, and assuming no dark sector particles lighter than 2mA′ , the A′ can only

decay into neutrinos or three photons. For a kinetically-mixed A′, both processes have extremely

small widths, and the A′ can be effectively stable on large timescales. This leads to stringent stellar

cooling bounds (see e.g. [43, 44]), where photons in the stellar plasma can convert to A′s which

carry away energy. However, an A′ with axial couplings has drastically different phenomenology,

both because it can naturally have unsuppressed couplings to neutrinos, and because the dominant

source of A′ production in stars is not necessarily through kinetic mixing. A detailed survey of the

constraints on an ultralight A′ with axial couplings requires a dedicated analysis which is beyond

the scope of this work.2

2.5. IR-Motivated Parameter Space

As a first pass through axially-coupled parameter space, consider the plots shown in figure 1.

Without regard to any constraints imposed by UV physics, we set all couplings in Eq. (1.1) to zero

except cu,d,e,µA and ce,µV . These choices are motivated by the following observations, summarizing

the discussion above:

• The decay π0 → e+e− prefers a nonzero value for the combination ceA(cuA − cdA) (see [14] and

appendix B).3

• The positive deviation of the measured (g − 2)µ compared to the SM prediction prefers

cµV � cµA.

• As noted in [27], the most constraining limits on ceA come from cesium atomic parity violation

measurements, but these vanish if cu,dV = 0. Likewise, the constraints on A′ production from

π0 → γA′, arising from experiments like NA48/2 [35], also effectively vanish in this limit.

The left panel assumes all couplings other than cu,d,eA vanish, while the right panel assumes nonzero

vector and axial couplings for both e and µ. In the left panel, where cµV = cµA = 0, the A′ does

2We note, however, that portions of this parameter space may be of great interest to direct-detection experiments

searching for keV dark matter, since an eV-scale A′ with ceA ∼ ceV can avoid in-medium effects in superconductors

which suppress scattering through a kinetically-mixed A′ [45, 46]; we discuss this case further in section 4.
3As we show in appendix B, since the A′ contribution interferes at tree-level with the SM loop contribution, there

may be two solutions for the couplings and hence two disjoint preferred regions.
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Figure 1. Parameter space for ceA as a function of mA′ , assuming cuA = 10−3 and cdA = 10−4. The left

panel assumes all other couplings vanish, while the right panel assumes ceV = 2× 10−4, cµV = 8× 10−4, and

cµA = ceA. Two regions are compatible with π0 → e+e−, but one of these is ruled out by η → µ+µ−. Note

that specifying a value for ceV changes the shape of e.g. beam dump constraint curves for ceA in the right

panel.
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Figure 2. Projected constraints from various upcoming experiments, corresponding to the parameter space

points shown in figure 1.

not contribute to (g − 2)µ and one must assume that some other new physics contribution is

responsible for the measured deviation from the SM value. Interestingly, the right panel shows a

region ostensibly compatible with both the π0 and (g−2)µ anomalies, with couplings and A′ mass of
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the same order as the 17 MeV vector which was proposed to explain the recent 8Be anomaly. figure 2

shows the landscape of projected constraints for both parameter space points. The compatibility

region around 17 MeV can be probed by several upcoming experiments including VEPP-3 [47],

DarkLight [48, 49], and MESA [50], with additional parameter space covered by Belle II [51], HPS

[52], and APEX [53].

It is worth pointing out that several experiments, including all the ones for which projected

constraints are shown, only measure
√

(ceV )2 + (ceA)2 and do not independently constrain the axial

couplings. Consequently, specifying a value for ceV in parameter space can strongly affect the shape

of the reach curve for ceA; if that value of ceV is probed with ceA = 0, then it constrains all values

of ceA at fixed ceV . Thus, many of the projections in figure 2, right (and the beam dump exclusion

curves in figure 1, right, which depend on the same combination of parameters) extend all the way

down to ceA = 0. Note that this effectively restricts the reach for beam dump experiments at high

mass, because sufficiently large vector couplings force the A′ to decay before entering the detector

region.

However, as we will see in section 4, these choices of IR-motivated couplings are in strong

tension with UV constraints. In particular, ensuring nonzero quark axial couplings with zero (or

very small) quark vector couplings requires careful tuning in parameter space. UV completions of

this model generically require relations among the parameters, either through gauge invariance of

the SM Yukawa terms, or through the U(1)D symmetry-breaking pattern which relates the A′ mass

to the new heavy fermion masses. We will show that, absent some rather severe fine-tuning, the

parameter space compatible with the π0 anomaly is robustly excluded.

3. Models with Gauge Invariant Yukawa Couplings

In this section we establish our framework and notation for models of axial forces whose charge

assignments allow gauge-invariant Yukawa couplings for the SM fermions in the presence of single

(section 3.1) or multiple (section 3.2) Higgs doublets. We begin by extending the SM to include a

new local U(1)D group with gauge boson A′ and gauge coupling gD. In four-component notation,

each SM fermion f is represented as a Dirac spinor f ≡ (fL, f
c†) where fL is a two-component

Weyl spinor transforming as an SU(2)L doublet and f c is its Dirac partner identified with the

corresponding singlet Weyl field; in our convention, all Weyl spinors are left-handed. Throughout,

we will represent quarks as u = (uL, u
c†), d = (dL, d

c†) and leptons as e = (eL, e
c†) and ν =

(νL, 0), where we have suppressed flavor indices and omitted right-handed neutrinos without loss

of generality.

Defining the vector and axial-vector currents

JµV ≡ f̄γ
µf = f †Lσ̄

µfL − f c†σ̄µf c, JµA ≡ f̄γ
µγ5f = f †Lσ̄

µfL + f c†σ̄µf c, (3.1)

for each f we have vector (cfV ) and axial-vector (cfA) couplings to the A′,

cfV ≡
1

2
gD(qfL − qfc), cfA ≡

1

2
gD(qfL + qfc), (3.2)

where qfL,fc are the charges of the appropriate Weyl spinor under U(1)D.
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3.1. Axial Cancellation for Single Higgs Models

We begin with models containing a single Higgs doublet, demonstrating that such models do not

lead to large axial-vector couplings to SM fermions when charges are assigned such that the SM

Yukawa interactions are permitted by U(1)D gauge invariance.

3.1.1. Generic Properties of an Axial U(1)

To illustrate the general features of an axially-coupled U(1) gauge extension, consider the minimal

Yukawa sector with a single Higgs doublet

Ly,SM = yuHQu
c + ydH

†Qdc + yeH
†Lec + h.c., (3.3)

where yu,d,e are 3 × 3 Yukawa matrices, H is the SM Higgs doublet, and Q = (uL, dL) and L =

(νL, eL) are respectively the quark and lepton doublets. By stipulation, the Yukawa couplings are

gauge invariant under U(1)D, so based on Eq. (3.2) we have

qfL + qfc 6= 0 → qH = −(qfL + qfc) 6= 0, (3.4)

where qf represents the U(1)D charge of f and the Higgs doublet carries a nonzero U(1)D charge

qH . These charge assignments are equivalent to U(1)αB+βL+γY , a linear combination of the two

accidental symmetries of the SM in the IR, B and L, and hypercharge Y . As is well-known, taking

α = −β gives the anomaly-free group B − L+ xY .

Prior to EWSB, the axial couplings are

cdA = ceA = −cuA =
1

2
gDqH → cfA = −gDqHT 3

f (before EWSB), (3.5)

where T 3 is the diagonal generator of SU(2)L and T 3
f is its eigenvalue for a given fermion. After

EWSB, the Higgs VEV contributes to U(1)D breaking, and the neutral gauge boson mass terms

can be written

L =
1

2
(Ẑµ Â′µ)

(
m̂2
Z −gDqHvm̂Z

−gDqHvm̂Z g2
Dq

2
Hv

2 + m̂2
A′

)(
Ẑµ
Â′µ

)
, (3.6)

where m̂Z = gv/2cW is the Z boson mass in the SM, g is the SU(2)L gauge coupling, cW ≡ cos θW ,

θW is the weak mixing angle, and for future convenience we define sW ≡ sin θW and tW ≡ tan θW .

Throughout this work, we define gauge boson interaction eigenstates as Ẑ, Â′. In Eq. (3.6) we have

also included a m̂2
A′ contribution in the lower-right entry, representing an additional hidden-sector

source for the A′ mass, e.g. from dark Higgses which are SM singlets. The phenomenology of a

“dark Z” with a general mass mixing matrix has been investigated in [9, 23–25, 54]. We diagonalize

to the mass eigenbasis (Zµ, A
′
µ),(

Ẑµ
Â′µ

)
=

(
cos η sin η

− sin η cos η

)(
Zµ
A′µ

)
, (3.7)

where the mixing angle satisfies

tan 2η =
−2gDqHvm̂Z

(g2
Dq

2
Hv

2 + m̂2
A′)− m̂2

Z

. (3.8)
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In the gDqH � 1, m̂A′ � m̂Z limit, we have

sin η ' gDqHv

m̂Z

(
1−

g2
Dq

2
Hv

2

m̂2
Z

−
m̂2
A′

m̂2
Z

)
, (3.9)

and we can write the induced coupling to fermions as

ẐµJ
µ
NC = (cos η Zµ + sin η A′µ)JµNC, (3.10)

with sin η ' gDqHv/m̂Z . Thus, the physical A′ inherits a coupling proportional to the weak neutral

current through mass mixing, which can be written

sin η A′µJ
µ
NC '

gDqHgv

m̂ZcW
A′µ

∑
i

(T 3 −Qψis
2
W )ψ†i σ̄

µψi, (3.11)

where the sum is over all 2-component SM fermions ψi = Q,L, uc, dc, ec. The axial coupling from

the SM neutral current is cfA,SM = g
2cW

T 3
f , so the axial coupling induced by mixing with the Z is

∆cfA = sin η cfA,SM '
gDqHv

m̂Z

g

2cW
T 3
f = +gDqHT

3
f . (3.12)

Adding this contribution to the UV axial coupling from Eq. (3.5), we get

cfA → cfA + ∆cfA = 0 +O(g3
D) +O(m̂2

A′/m̂
2
Z) (after EWSB),(3.13)

so the axial coupling cancels up to small corrections of order g3
D and m̂2

A′/m̂
2
Z in Eq. (3.9).

The cancellation in Eq. (1.2) is generic for any U(1) extension of the SM in which there is a

single Higgs doublet whose Yukawa couplings respect U(1)D gauge invariance; it does not depend on

any additional field content which might accompany such an extension (e.g. to cancel anomalies).

On physical grounds, this cancellation occurs for m̂A′ � m̂Z because this limit introduces a zero

eigenvalue for the mass matrix and approximately restores the U(1)D symmetry even though SM

fermions have acquired mass from the Higgs doublet after EWSB, so their axial current is no longer

invariant under U(1)D. As we will see below in section3.2, this cancellation is not guaranteed in

a two Higgs doublet model where the m̂A′ � m̂Z limit does not necessarily restore the U(1)D
symmetry; the additional electroweak doublet can now give mass to A′ even in this regime, so its

axial couplings need not vanish.

Furthermore, it is intriguing that the axial couplings in Eq. (3.5) can be sizable in the very

early universe, only to vanish in Eq. (1.2) after EWSB; they serve as an order parameter for the

electroweak phase transition. Understanding the cosmological implications of such a cancellation

is beyond the scope of this paper, but we note that this mechanism may allow otherwise dangerous

axial couplings to be sizable in the early universe, only to cancel at late times when the electroweak

symmetry is broken.

3.1.2. Kinetic Mixing

Our gauge extension also allows a renormalizable kinetic mixing between U(1)Y and U(1)D,

L ⊃ −1

4
B̂µνB̂µν +

ε

2cW
B̂µνF̂ ′µν −

1

4
F̂ ′µνF̂ ′µν , (3.14)
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where ε� 1 is the kinetic mixing parameter, and the fields are written in terms of the interaction

eigenstates B̂ and Â. We can diagonalize away the kinetic mixing by shifting the hypercharge field

B̂µ → B̂µ +
ε

cW
Â′µ, (3.15)

which eliminates the off-diagonal B̂µνF̂ ′µν term and rescales F̂ ′µν → (1 + ε2/c2
W )F̂ ′µν by a negligible,

O(ε2) amount. In terms of the IR interaction eigenstates Â, Ẑ, and Â′, the shift in Eq. (3.15) is

equivalent to

Âµ → Âµ + εÂ′µ, Ẑµ → Ẑµ − εtW Â′µ, A′µ → A′µ, (3.16)

so A′ acquires O(ε) couplings to SM fermions of the form

eÂµJ
µ
EM → e(Âµ + εÂ′µ)JµEM, gZẐµJ

µ
NC → gZ(Ẑµ − εtW Â′µ)JµNC, (3.17)

where gZ ≡ g/cW is the SM Z coupling and JEM and JNC are respectively the electromagnetic and

neutral currents. This shift in Eq. (3.15) also induces a correction to the mass terms

L ⊃ 1

2
(Ẑµ Â′µ)

(
m̂2
Z −

(
gDqH + 1

2ε tW gZ
)
vm̂Z

−
(
gDqH + 1

2ε tW gZ
)
vm̂Z

(
gDqH + 1

2εtW gZ
)2
v2 + m̂2

A′

)(
Ẑµ
Â′µ

)
,(3.18)

which is equivalent to shifting gDqH → gDqH + εtW gZ/2 in Eq. (3.6).4 This matrix has the same

structure as Eq. (3.18), so again diagonalizing with an orthogonal rotation, the mixing angle ζ

satisfies

tan 2ζ =
−2
(
gDqH + 1

2εtW gZ
)
vm̂Z(

gDqH + 1
2εtW gZ

)2
v2 + m̂2

A′ − m̂2
Z

. (3.19)

Note that in the pure kinetic mixing limit, gDqH → 0, with m̂A′ � m̂Z we have ζ � 1, so this

expression yields

sin ζ =
−
(

1
2εtW gZ

)
vm̂Z(

1
2εtW gZ

)2
v2 + m̂2

A′ − m̂2
Z

' εtW gZ
(

1− ε2t2W −
m̂2
A′

m̂2
Z

)
, (3.20)

so writing the interaction eigenstates in terms of the mass eigenstates Z,A gives

Ẑµ = cos ζZµ + sin ζA′µ, Â′µ = − sin ζZµ + cos ζA′µ. (3.21)

Thus, in the mass basis, the neutral current interaction in Eq. (3.17) becomes

gZ(Ẑµ − εtW Â′µ)JµNC ' gZ
(
Zµ + εtWA

′
µ − εtWA′µ

)
JµNC +O(ε3) +O(εm̂2

A′/m̂
2
Z), (3.22)

where we recover the familiar cancellation of the A′ neutral current coupling to O(ε); the leading

A′ − A interaction in Eq. (3.17) survives the ζ rotation, so a light, kinetically mixed gauge boson

4This agrees with the results of [9] which considered the “mini-force” model with the U(1)B−L+xY group. We

recover their results for qH = x/2, since the mass mixing phenomenology is uniquely determined by the Higgs charge

under the new U(1).
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is properly a “dark photon” and not a “dark Z” boson. We see that this well known feature of

A′ −Z mixing has the same origin as the cancellation of axial couplings presented in section 3.1.1,

where we considered the gDqH 6= 0, ε = 0 regime.

Although the minimal examples considered in this section yield only suppressed axial couplings,

they highlight the generic limits of axial U(1) models with gauge-invariant Yukawa interactions and

a single Higgs boson. Furthermore, the machinery and formalism developed in this section will prove

useful below where we consider extended Higgs sector models for which this cancellation no longer

takes place and unsuppressed axial couplings are generically present.

3.2. Scenarios with Two Higgs Doublets (2HDM)

We now construct a model which does result in unsuppressed axial couplings below the electroweak

scale. The full model contains several ingredients which control the vector and axial couplings of

SM fermions, some in a generation-dependent way. For pedagogical purposes we will build up the

model one ingredient at a time, with the full U(1)D group presented in section 3.2.3.

3.2.1. Generic Properties

Consider now a Type-II two-Higgs-doublet model (2HDM) where Hu, Hd and right-handed SM

fermions are charged under a new U(1)RH with gauge coupling gD.5 Charging the right-handed

SM fermions is a specific choice, but one which does not lead to an essential loss of generality.6

As in the single Higgs doublet model, the fermion U(1)D charges are related to the Higgs charges:

quc = −qHu and qdc = qec = −qHd . With these charge assignments, the SM Yukawa terms are

invariant under U(1)RH :

LY,2HDM = yuHuQu
c + ydHdQd

c + yeHdLe
c + h.c. (3.23)

This group is anomalous under the SM, so we add anomalons U/Uc, D/Dc, and E/Ec which are

vector-like under the SM and chiral under U(1)D to cancel gauge anomalies. Furthermore, all

anomalons considered here are electroweak singlets, so there is only minimal impact on precision

electroweak observables. Two dark Higgses H ′u and H ′d are required in order to give masses to the

anomalons:

L = LY,2HDM + yUH
′
u UUc + yDH

′
dDDc + yEH

′
dEEc + h.c. (3.24)

The field content and charge assignments for this setup (shown in table 1) are chosen to guarantee

anomaly cancellation without contributions from additional dark sector fields. If qHu = −qHd , we

recover the single Higgs doublet phenomenology discussed in section 3.1, in which axial couplings

cancel at low energies to leading order.

Before moving on to the consequences for axial and vector couplings, we note a few relevant

features of this model:

• Dangerous trilinear terms, which would generate tadpoles when the various Higgses get vac-

uum expectation values (VEVs), are forbidden from the Higgs potential by gauge invariance.

5One could also consider a “flipped” 2HDM, where the same Higgs doublet provides masses for the up-type quarks

together with the charged leptons.
6A similar charge assignment was considered in [55].
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• The dark Higgses are SM singlets and so do not contribute to electroweak symmetry breaking.

On the other hand, all four Higgses contribute to the mass of the A′.

• Mass mixing of the form mU
ijUiucj + mD

ijDidcj + mE
ijEiecj is allowed by gauge invariance and

permits the anomalons to decay into SM fermions. These mixings (which are not necessarily

proportional to the SM Yukawas) are technically natural, and can be small enough to evade

bounds on the unitarity of the CKM matrix and flavor-changing neutral currents (FCNCs),

while still allowing for prompt decays on collider scales, since the latter only requires one

mass insertion while the former requires two. Alternatively, one could impose minimal flavor

violation (MFV) on the mass mixing matrices, in which case FCNCs would be absent at

leading order.

The colored anomalon masses are typically bounded by LHC searches for fourth-generation quarks,

which require their masses to be & 1 TeV [26]. This collider constraint on the UV theory has

interesting IR implications, because both the A′ and anomalon masses receive contributions from

the dark Higgs VEV v′ and perturbativity requires the Yukawa interactions of Eq. (3.24), generically

denoted by yψ, to satisfy yψ . 4π.7 Since the dark Higgs will also contribute to the A′ mass, we

have mA′ & gDqHv
′, leading to the constraint

mA′ & 80 MeV ×
(gDqH

10−3

)
×
(

4π

yψ

)
, (3.25)

implying that very light axially-coupled A′s are required by LHC searches to be also very weakly

coupled. Note that we have restored the factor of qH in this bound compared to the rough estimate

(1.3), and that if multiple Higgses are present, this bound will be correspondingly strengthened.

3.2.2. Axial Couplings from U(1)RH

A key feature of this model is that the same Higgs doublet couples to all three generations of each

type of fermion, implying that the U(1)RH axial couplings are the same for each generation. In this

setup, there are two independent axial couplings, parameterized by the two Higgs charges qHu and

qHd . As in the single Higgs scenario above, using the definitions in Eq. (3.1) the axial couplings

before EWSB are simply related to the Higgs charges under U(1)RH :

cuA = −1

2
gDqHu , cdA = ceA = −1

2
gDqHd (before EWSB). (3.26)

After EWSB, 〈Hu〉 = 1√
2
(0, vu) and 〈Hd〉 = 1√

2
(vd, 0), with v2 = v2

u + v2
d = (246 GeV)2, so the

neutral gauge boson mass matrix is

1

2
(Ẑµ Â′µ)

(
m̂2
Z −gD(qHuv

2
u − qHdv2

d)m̂Z/v

−gD(qHuv
2
u − qHdv2

d)m̂Z/v g2
D(q2

Hu
v2
u + q2

Hd
v2
d) + m̂2

A′

)(
Ẑµ
Â′µ

)
, (3.27)

7A more stringent constraint would require that both the anomalon Yukawas and the hypercharge coupling remain

free from Landau poles below the Planck scale. We content ourselves with the requirement that the theory be self-

consistent at the TeV scale.
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Field SU(3)c SU(2)L U(1)Y U(1)RH

Hu 1 2 +1
2 +qHu

Hd 1 2 −1
2 +qHd

uc 3 1 −2
3 −qHu

dc 3 1 +1
3 −qHd

ec 1 1 +1 −qHd

U 3 1 +2
3 +qHu

Uc 3 1 −2
3 0

D 3 1 −1
3 +qHd

Dc 3 1 +1
3 0

E 1 1 −1 +qHd

Ec 1 1 +1 0

H ′u 1 1 0 −qHu
H ′d 1 1 0 −qHd

Table 1. U(1)RH charge assignments for for a type-II 2HDM scenario. The SM fields Q and L are neutral

under U(1)RH . Three generations of fermions are understood.

where for now we have neglected the effects of U(1)Y − U(1)RH kinetic mixing. This matrix is

diagonalized with a rotation angle θD, which satisfies

tan 2θD =
−2gD(qHuv

2
u − qHdv2

d)m̂Z/v

g2
D(q2

Hu
v2
u + q2

Hd
v2
d) + m̂2

A′ − m̂2
Z

. (3.28)

In the gD � 1, m̂A′ � m̂Z limit, this can be written as

sin θD ' θD '
gD(qHuv

2
u − qHdv2

d)

m̂Zv
=

2gD(qHuv
2
u − qHdv2

d)

gZv2
≡ 2gD

gZ
θ̃D, (3.29)

where we have defined θ̃D ≡ (qHuv
2
u − qHdv2

d)/v
2 for future convenience. As in section 3.1, induced

A′ neutral current interactions arise from Ẑ − Â′ mixing after rotating into the mass basis:

ẐµJ
µ
NC = (cos θDZµ + sin θDA

′
µ)JµNC '

(
Zµ +

2gD
gZ

θ̃DA
′
µ

)
JµNC. (3.30)

However, unlike the result in section 3.1, the A′ axial coupling with SM fermions does not cancel.

Since the SM axial coupling between the Z and fermion f is cfA,SM = gZ
2 T

3
f , the induced coupling

to the A′ is ∆cfA ' θDc
f
A,SM; combining this shift with the UV contribution in Eq. (3.26) the A′
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SM lepton e µ, τ

c`V
1
2gDqHd − εe+ gDθ̃D(−1

2 + 2s2
W ) gD(1

2qHd ± κ)− εe+ gDθ̃D(−1
2 + 2s2

W )

c`A −1
2gDqHd −

1
2gDθ̃D −1

2gDqHd −
1
2gDθ̃D

Table 2. Axial and vector couplings for SM charged leptons in a 2HDM scenario. In the top-right entry,

the plus sign applies to cµV and the minus sign to cτV .

SM quark u, c, t d, s, b

cqV
1
2gDqHu + 2

3εe+ gDθ̃D(1
2 −

4
3s

2
W ) 1

2gDqHd −
1
3εe+ gDθ̃D(−1

2 + 2
3s

2
W )

cqA −1
2gDqHu + 1

2gDθ̃D −1
2gDqHd −

1
2gDθ̃D

Table 3. Axial and vector couplings for SM quarks in a 2HDM scenario.

SM neutrino νe νµ ντ

cν ≡ cνV = cνA
1
2gDθ̃D

1
2gD(θ̃D + κ) 1

2gD(θ̃D − κ)

Table 4. Neutrino couplings in a 2HDM scenario.

axial couplings become

cuA = −1

2
gDqHu +

1

2
gDθ̃D, cdA = ceA = −1

2
gDqHd −

1

2
gDθ̃D (after EWSB), (3.31)

which are nonzero for generic values of vu and vd. Note that for qHu = −qHd the mixing parameter

is θ̃D = qHu and we recover the earlier cancellation from the single Higgs scenario in section 3.1;

in this regime, the two Higgs VEVs are aligned and there is only one source of EWSB (which only

gives mass to the Z boson) so m̂A′ � m̂Z limit approximately restores U(1)RH , which forbids axial

coupling to massive fermions.

3.2.3. Full U(1)D

By itself, U(1)RH leads to family-universal couplings of the SM fermions. However, the group

U(1)µ−τ is anomaly-free with respect to both the SM and U(1)RH , and the small breaking implied

by neutrino oscillations does not significantly impact the viable parameter space for the masses

considered here (in contrast to similar constructions involving the quarks). Its inclusion in the full

dark gauge group allows the consideration of generation-dependent vector couplings for SM leptons,

although their axial couplings are still fixed by U(1)RH , and thus remain generation-independent.

We are led to consider the dark gauge group

U(1)D ≡ U(1)RH+κ(Lµ−Lτ ) (3.32)

where κ is a real parameter characterizing the relative importance of Lµ − Lτ .8

We further allow for kinetic mixing between U(1)D and U(1)Y , parameterized by ε. As dis-

cussed in section 3.1.2, such a module does not influence the axial couplings to leading order in the

8Other permutations of lepton number, U(1)e−µ and U(1)e−τ , are also possible, but their inclusion is easily

mimicked with the ingredients already at hand, and so we omit them without loss of essential generality.
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mixing parameter ε; all instances of O(ε) couplings arise from A′ mixing with the SM photon and

only affect the vector couplings between A′ and charged fermions.

All together, we consider models parameterized by six quantities,

{gD, qHu , qHd , θ̃D, ε, κ}, (3.33)

where the overall scale of the couplings is set by gD; the charges qHu , qHd and mass mixing θ̃D
control the axial couplings; ε controls the relative size of the vector couplings; and κ controls the

muon vector coupling with respect to the electron. The SM fermion axial and vector couplings in

the mass basis are summarized in tables 2, 3, and 4.

3.3. Dark Higgs Bosons

We have remained somewhat agnostic about the properties of the additional Higgs bosons which are

generically present when anomalons have U(1)D charges. In a model with two SM Higgs doublets

Hu and Hd, there is rich phenomenology that is relatively well-understood from studies of the

minimal supersymmetric standard model. Constraints from both collider searches and precision

measurements generically require that these additional Higgs bosons have masses greater than

several hundred GeV. Dark Higgses H ′ which are SM singlets are much less constrained since their

interaction with the SM generically goes through the A′, and this coupling can be weak for small

gauge coupling. For mH′ > 2mA′ , the dominant decay mode of the H ′ is H ′ → A′A′, and for

mA′ < 2mµ, searches for e+e− → H ′A′ will have 3 e+e− pairs in the final state, which must

compete with a large QED background [56]. Belle [57] was able to set limits in the context of a

kinetic mixing model corresponding to ε . 8 × 10−4 for dark fine-structure constant αD = 1/137

and mH′ < 8 GeV, but only for mA′ > 100 MeV.

The presence of axial couplings to fermions implies an upper limit on the mass of any Higgs

contributing to the A′ mass – including the SM Higgs h0 as well as any dark Higgses. Perturbative

unitarity dictates that the masses of these Higgs bosons satisfy [58]:

mH,H′ .
πm2

A′

(cfA)2mf

, (3.34)

which is driven by the mass of the heaviest fermion f in the theory with axial charges under U(1)D.

By the arguments above, a nonzero axial coupling to the up quark implies that Eq. (3.34) applies

for the top quark. If the A′ gets its mass entirely from SM Higgses in e.g. the 2HDM considered

above, the bound is parametrically mH . v, which is trivially satisfied for the SM Higgs h0 but in

tension with the heavier Higgses which have not been observed below the scale v. However, since the

anomalons are generally constrained to be heavier than 1 TeV and get their mass from additional

dark Higgses, these may have tighter mass bounds than the SM Higgs, providing an appealing

target for GeV-scale dark sector searches. Indeed, the additional dark Higgs contributions to the

A′ mass relax the tension with the heavy SM Higgses in Eq. (3.34).

4. Surveying The Parameter Space

Figure 3 shows a representative point in the parameter space of the Type-II 2HDM. A nonzero

value of κ was chosen for illustration in order to preserve the (g − 2)µ favored region; with κ = 0,
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the sizable axial coupling tends to push the anomalous magnetic moment below the SM value,

turning the measured positive deviation into a constraint which excludes the majority of the dis-

played parameter space (see the discussion in section 2). The left panel plots the effective coupling√
ceA(cuA − cdA) which controls the A′ contribution to the rare pseudoscalar decays π0 → e+e−,

η → e+e−, µ+µ− (see appendix B), while the right panel plots the overall coupling strength gD. In

principle, there are two distinct regions for π0 → e+e−, arising from the fact that the SM contri-

bution is 1-loop while the A′ contribution is tree-level; see appendix B for more details. For these

particular values, there is only one region, which, interestingly, is consistent with η → µ+µ− to 2σ

for all mA′ .
9 Nonetheless, this region is in conflict with numerous constraints. At low masses, the

most stringent constraint is a measurement of the weak charge of cesium in atomic parity-violation

experiments [59, 60], and at higher masses, the A′ searches from BaBar [61] and NA48/2 [35] come

into play. Constraints from neutrino scattering are also quite severe, and are dominated by the

CHARM-II [34] νµ − e bounds above mA′ ' 20 MeV, since the large value of κ enhances the νµ
coupling with respect to νe.

10 The range of mA′ and gD (or cA) required to explain both (g − 2)µ
and the pseudoscalar decays is robustly excluded by several independent measurements, at least

for this point in parameter space.

The lines labeled “anomalons” represent the bound in Eq. (3.25). As discussed above, LHC

searches for heavy colored fermions bound their masses to be & 1 TeV. Since anomalon masses

are generated by a dark Higgs VEV which also contributes to mA′ , this bound can restricts the

parameter space in the mA′ − gD plane even more severely than constraints from (g− 2)e. Indeed,

for the parameters chosen in figure 3, the anomalon constraint excludes completely the preferred

region for π0 → e+e−, independent of any IR constraints. However, there is an interesting corner

of parameter space consistent with the anomalon bound where gD � 1 and the A′ is very light: for

example, yψ = 1, gD = 10−12, m′A ∼ 10 eV. Light dark matter charged under U(1)D can scatter

with electrons in a superconductor through the A′. Unlike in the case of purely vector coupling, an

axially-coupled A′ will not acquire a keV-scale effective mass [46], potentially enhancing the direct

detection rate by several orders of magnitude compared to the estimates of [45].

As mentioned in the Introduction, one can attempt to evade the most stringent constraints by

constructing a model where cqV = 0. However, simply choosing cV = 0 is in tension with gauge

invariance, as the models of section 3 have shown. In the Type-II 2HDM, it is possible to fine-tune

both cuV and cdV to zero, but only at the expense of reintroducing other couplings. Indeed, table 3

shows that setting cuV = cdV = 0 will fix ε and θ̃D in terms of qHu , qHd , and gD, and a nonzero value

of θ̃D necessarily implies nonzero neutrino couplings, as shown in table 4. The parameter space for

this fine-tuned scenario is shown in figure 4 for different choices of ε and κ. For ε = 0 (Fig 4, left),

the neutrino constraints from TEXONO [25] are dominant, while for nonzero epsilon and small κ

(Fig 4, right), (g − 2)e and BaBar dominate in some regions but the (g − 2)µ preferred region is

pushed even deeper into other exclusion regions. For both parameter points, although anomalon

bounds are weaker than in figure 3, the entire preferred region for π0 decay is now excluded by

several independent measurements, including η → µ+µ−.

9This result corrects the conclusion of [14], where a simplified estimate suggested that the measured π0 branching

ratio was inconsistent with measurements of η → µ+µ− for the same A′ mass and axial couplings.
10The neutrino-electron bounds here are translated from [31] by assuming ceA ∼ ceV , cνµ ∼ κcνe , which is true for a

generic point in the 2HDM parameter space and suffices to illustrate the dominance of neutrino bounds for large κ.
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Figure 3. Representative constraints on the parameter space for the 2HDM realization of axial couplings.
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for different values of κ and ε.

5. Loopholes from Flavor Breaking

We have found that theoretical considerations place interesting constraints on the couplings of a

light axially coupled gauge boson, such that the theory remains valid up to TeV-scale energies.
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One of the key assumptions which underlies these conclusions is our choice to generate axial-vector

interactions for the SM fermions while still allowing for renornalizable Standard Model Yukawa

interactions. In this section, we step away from this assumption, and consider in turn theories

in which the SM fermions are uncharged under U(1)D, but pick up small coupling to its gauge

boson through U(1)D-breaking effects; theories in which the SM Yukawa interactions are effectively

higher-dimensional operators; and theories in which U(1)D acts in a family-dependent manner.

5.1. Mixing with Vector-Like Fermions

It is possible to engineer small couplings of A′ to the SM fermions without charging them under

U(1)D, but inducing an interaction by mixing with a set of vector-like fermions, which are charged

under the new force. To avoid constraints from precision measurements, such fermions should be

in the same SU(3)c × SU(2)L × U(1)Y representations as the SM fermions with which they mix,

and should have the same charge under U(1)D as a dark Higgs H ′ which is a SM singlet. For

example, coupling to the up-type quarks can be engineered by introducing vector-like states Ui
and Qi transforming under (SU(3)c, SU(2)L, U(1)Y , U(1)D) as (3,1,+2/3, a) and (3,2,+1/6, a),

respectively, along with fields with conjugate representations Uci and Qci . The index i = 1...3

is a flavor index: following the principle of minimal flavor violation (MFV) [62], we construct

each vector-like fermion as a triplet under its corresponding SU(3) subgroup of the SU(3)5 flavor

symmetry of the SM in the limit of vanishing Yukawa interactions. MFV dictates that all breaking

of SU(3)5 be proportional to the Yukawa matrices themselves, insuring modest contributions to the

most constraining flavor-violating observables involving the first two generations. In the example

at hand, Qi and Ui are each triplets under SU(3)Q and SU(3)u, respectively.

The Lagrangian,

L = −MQ QciQi −MU Uci Ui − yL H ′ QciQi − yR H ′ Uiuci , (5.1)

includes masses for the vector-like quarks and also induces mixing with the left- and right-handed

SM up quarks. The family-universal choice of mass parameters MQ and MU and couplings yL and

yR represent the leading MFV terms. The mixing parameters for the left- and right-handed up

quarks are given by,

θL ∼
yL v

′

MQ
, θR ∼

yR v′

MU
, (5.2)

where v′ ≡ 〈H ′〉 is the VEV of the dark Higgs, which we assume is much less than either MQ or MU .

Through these mixings, the SM up-type quarks generically pick up both vector and axial-vector

couplings to A′,

cuV = −1

2
agD

(
θ2
L + θ2

R

)
, cuA = −1

2
agD

(
θ2
L − θ2

R

)
, (5.3)

which in the MFV limit are approximately family universal. One can replicate this structure,

introducing vector-like fermions D, L, and E , to arrange for couplings to the down-type quarks and

leptons as well. Note that in this scenario, the usual SM Yukawa couplings are allowed at tree level

since SM fermions are singlets under U(1)D.
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There is a limit to the size of the couplings which can be induced through this mechanism,

given the lower bound (& 1 TeV) on the masses of the Q and U states from direct searches, the

perturbative limit (. 4π) on the size of the Yukawa interactions yL and yR, and the connection

between the VEV v′ and the mass of the A′, mA′ & agDv
′. Assembling these together, the natural

size for cV and cA are:

cV , cA ∼
1

2

y2

agD

(mA′

M

)2
∼ 10−8

agD
×
( y

4π

)2
×
( mA′

10 MeV

)2
×
(

1 TeV

M

)2

, (5.4)

where y and M refer generically to the strength of the Yukawa interactions and the masses of the

vector-like fermions appropriate for the SM fermion in question. Note that for fixed mA′ , increased

coupling gD and/or charge a generically leads to a smaller effective cV and cA induced through

this mechanism. These small axial couplings are generally too feeble to be consistent with the π0

anomaly.

5.2. Non-Renormalizable SM Yukawa Couplings

An alternative construction unchains the SM Higgs charge from those of the left- and right-handed

SM fermions, by realizing the SM Yukawa interactions as non-renormalizable higher-dimensional

operators. In its most extreme limit, this allows one to induce an axial-vector coupling of A′ to

the SM fermions without any associated mass mixing coming from the charges of the electroweak

Higgs doublet(s).

For example, consider a module consisting of the SM quark doublet Q with U(1)D charge qQL ,

right-handed up quark uc with charge quR , and SM Higgs doublet with charge zero. For general

qQL and quR , the Yukawa interaction yuHQu
c is forbidden by U(1)D. It can be engineered by

introducing vector-like quark doublets Qi with charge −quR (along with conjugate states Qci ), and

a dark Higgs H ′u of charge a ≡ −qQL − quR which gets a VEV v′. These assignments allow one to

construct mixing through Lagrangian,

L = −MQ QciQi − y H ′QciQi − HQ y′ uc, (5.5)

where following MFV,Qi is constructed as a flavor triplet of SU(3)Q, MQ and y are family-universal,

and y′ is proportional to the up-type quark Yukawa matrix. Integrating out the vector-like quarks

results in an effective Yukawa interaction HQuc with magnitude given by,

yeff = y y′
v′

MQ
. (5.6)

This module is easily extended to provide masses for the down-type quarks and leptons by including

additional vector-like fermions.

There are strong constraints on the size of the axial couplings based on the need to realize

the large (∼ 1) top Yukawa interaction together with a light mass for the axial mediator. These

translate into

|ctA| ≤
1

2
yy′

mA′

MQ
∼ 10−3 ×

(
y y′

(4π)2

)
×
( mA′

10 MeV

)
×
(

1 TeV

MQ

)
. (5.7)

For perturbative Yukawa couplings (y, y′ ∼ 1), this restricts |cA| . 10−5 for mA′ ∼ 10 MeV. While

strictly speaking this bound only applies to the top quark, MFV constructions effectively impose it
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on all three generations. Again, the axial couplings generated in this model are too small to explain

the π0 anomaly unless the Yukawa couplings are at the boundary of perturbativity, y, y′ ∼ 4π.

5.3. Family Non-Universal Couplings

If one is willing to allow for fine-tuning in the masses and couplings of the vector-like quarks such

that flavor-violating effects cancel out in the mass basis, it is possible to relax these bounds. For

example, one could charge only the first generation right-handed fermions under U(1)D, which

avoids the stringent neutrino bounds discussed in section 4. Examining the SM Yukawa sector with

flavor indices restored,

Ly,SM = (yu)ijHQiu
c
j + (yd)ijH

†Qid
c
j + (ye)ijH

†Lie
c
j + h.c., (5.8)

we see that an insertion of a dark Higgs VEV is required for the i1 entries in each of the SM Yukawa

matrices, but the larger entries of the 2× 2 lower right corner (as well as the 12 and 13 entries) are

trivially U(1)D-invariant. Thus, the restrictions on cA are no longer inherited from the top quark,

leading to a relaxation of the constraint of Eq. (5.7) by several orders of magnitude.

Provided one is willing to accept this (admittedly far-fetched) tuning, the theoretical constraints

on this model are dominated by the generic anomalon bound, Eq. (3.25). In this model, there are

three dark Higgses H ′u, H
′
d, H

′
e, one for each Yukawa coupling we have to generate, with charges

equal and opposite to the corresponding right-handed fermion charges. All three of these Higgses

will contribute to the anomalon bound:

mA′ & gD

√
q2
u + q2

d + q2
e ×

(
4π

yψ

)
. (5.9)

Including kinetic mixing ε, the first-generation SM fermion couplings are

ceV = −1

2
gDqe − εe, ceA =

1

2
gDqe, (5.10)

cuV = −1

2
gDqu +

2

3
εe, cuA =

1

2
gDqu, (5.11)

cdV = −1

2
gDqd −

1

3
εe, cdA =

1

2
gDqd. (5.12)

Second- and third-generation fermions f with electric charge Qf have vector couplings cfV = εQf
and vanishing axial couplings. As discussed in section 4, the strongest experimental constraints can

be evaded by setting cqV = 0 for first-generation quarks, which in this model effectively fixes qu and

qd in terms of ε, another fine-tuning. Neutrino couplings do not get generated from mass mixing

with the Z because the SM Higgs is uncharged. In figure 5, we plot the allowed parameter space

for ceA in this model for ceV = 10−3. This model comes closest to realizing the generic IR parameter

space described in section 2.5 below mA′ = 20 MeV where BaBar loses sensitivity, albeit at the cost

of several fine-tunings. Nonetheless, we see that the region compatible with both the π0 → e+e−

and (g − 2)µ anomalies (which is also consistent with (g − 2)e) is now strongly excluded by the

anomalon bounds, highlighting the tension between UV and IR considerations. Indeed, for this

choice of ceV , the entire parameter space in ceA is ruled out by a combination of IR limits (BaBar)

and UV limits (anomalons).
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Figure 5. Constraints on couplings with non-renormalizable Yukawa couplings, in the family non-universal

case.

6. Conclusions

Dark force carriers at the MeV scale are a fascinating possibility for physics beyond the Standard

Model. They allow for a richer dark matter sector, which includes relevant interactions that offer

new opportunities in model-building and for which there may even be experimental hints. A

large body of work has focused on the case of vector interactions with the SM fermions, but it

is worthwhile to understand the space of axially-coupled particles as well. The chiral nature of

the SM implies that realizing large axial couplings is non-trivial, with the shape of the IR physics

impacted by UV physics living at the TeV scale or above.

We have examined light force carriers with axial-vector interactions from both ends of the

energy spectrum: from the low energy experimental perspective, where a rich set of constraints

from many searches provide complementary information, and also from the point of view of TeV

models, to understand how the need for gauge invariance under the full SU(3)c×SU(2)L×U(1)Y ×
U(1)D impacts the phenomena that can be realized at MeV scales. An immediate question is

how to reconcile the SM Yukawa interactions with the U(1)D symmetry. Models for which the

charge assignments allow the SM Yukawas to be realized at the renormalizable level are subject

to interesting and subtle constraints. For example, a model with a single Higgs doublet turns out

to be unable to realize large axial couplings below the electroweak scale because of a cancellation

between the couplings inherited from U(1)D and those induced by A′ mass mixing with the Z. In

contrast, models with multiple Higgs bosons can evade this cancellation and can realize large axial-

vector interactions, but mass mixing and the associated neutrino couplings are generic. Orthogonal

directions in theory space, in which the SM Yukawas are realized by integrating out messenger
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fermions, remain subject to restrictions on their parameters. And in all cases, the need for additional

matter to cancel anomalies allows searches for new particles at the LHC to shape the available

parameters at the MeV scale.

The coming years will see a host of new experiments seeking to map out the territory of

dark vector particles. Moving forward, it is important to remember that axial interactions are an

interesting dimension of that space to explore. In particular, experiments which are only sensitive

to the axial-vector coupling to SM leptons, such as improved measurements of the π0 → e+e− or

η → µ+µ− branching ratios, would be highly complementary to bremsstrahlung or beam dump

experiments which measure a combination of vector and axial-vector couplings, as well as parity-

violating observables like Møller scattering which measure products of vector and axial-vector

couplings. At the same time, new observations, such as e.g. the recently observed internal pair

conversion of excited 8Be, may benefit from new force carriers with parity-violating interactions,

and thus understanding the constraints on such theories can provide crucial information on the

viable parameter space.
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Note Added: In the final stages of preparing this article, [63] appeared which addresses some

similar issues in the context of theories with TeV-scale A′ masses.

A. Taxonomy of Constraints

In this appendix we briefly describe the relevant experimental constraints and the combinations of

axial and vector couplings they depend on. A description of pseudoscalar decays, which motivated

this study, can be found in appendix B.

• (g − 2)µ: The muon anomalous magnetic moment (g − 2)µ has had a persistent ∼ 3σ dis-

crepancy between the measured value [64, 65] and SM prediction [66–68]. It has long been

recognized that a dark photon with vector couplings can contribute to this (positive) dis-

crepancy; axial-vector couplings contribute to (g − 2)µ with the opposite sign. The total

contribution is [27]

δaµ =
(cµV )2

4π2

∫
x2(1− x)

x2 +
m2
A′

m2
µ

(1− x)
dx−

(cµA)2

4π2

m2
µ

m2
A′

∫ 2x3 + (x− x2)(4− x)
m2
A′

m2
µ

x2 +
m2
A′

m2
µ

(1− x)
dx. (A.1)
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Setting this equal to the observed deviation from the SM prediction produces a combination

of cµV and cµA favoured by measurement.

• (g−2)e : Vector and axial-vector electron couplings of dark photons contribute to the anoma-

lous magnetic moment of the electron (g − 2)e analogously to Eq. (A.1):

δae =
(ceV )2

4π2

∫
x2(1− x)

x2 +
m2
A′
m2
e

(1− x)
dx−

(ceA)2

4π2

m2
e

m2
A′

∫ 2x3 + (x− x2)(4− x)
m2
A′
m2
e

x2 +
m2
A′
m2
e

(1− x)
dx. (A.2)

We require a combination of couplings ceV and ceA such that this value is consistent with the

measured value [69] given the SM prediction [70].

• e+e− → γA′, A′ → `+`−: BaBar looked for the production of dark photons through electron-

positron annihilation (e+e− → γA′) followed by decay of the dark photon into a charged

lepton pair (A′ → `+`−, ` = e, µ) [61]. The ordinary kinetic mixing case can be reinterpreted

to constrain a combination of vector and axial electron couplings by constructing an effective

ε,

eεeff =
√

(ceV )2 + (ceA)2. (A.3)

• π0 → γA′, A′ → e+e−: The decay π0 → γA′ proceeds through a mixed anomaly of the

axial isospin current with U(1)EM × U(1)′. Relative to the ordinary kinetic mixing case, we

can compare with existing constraints from the NA48/2 experiment [35] by constructing an

effective ε,

εeff(Q2
u −Q2

d) = Quc
u
V −QdcdV . (A.4)

Note that this is also a dominant process for A′ production in proton beam dump experiments.

• Atomic parity violation in Cesium: A′ couplings to fermions induce a shift in the weak nuclear

charge. Measurements of the weak nuclear charge of Cesium [59, 60] provide bounds on a

combination of ceA, c
u
V and cdV when compared with the SM theoretical expectation. The A′

contribution to the weak charge is

∆QW = −2
√

2

GF
ceA

[
cuV (2Z +N) + cdV (Z + 2N)

m2
A′

]
K(mA′), (A.5)

where K(mA′) is an atomic form factor which accounts for the Yukawa-like potential involved

in the A′-mediated interaction between the nucleus and electrons [71].

• Parity-violating Møller scattering : A′-electron axial and vector couplings contribute to the

left-right asymmetry of electron-electron (Møller) scattering, APV ≡ σL−σR
σL+σR

.

The leading order parity violating process comes from interference between QED and A′

diagrams. For the QED amplitude with incident momenta pi and outgoing momenta ki, the

left polarized contributions from t and u channel diagrams are

ALSM =
e2

t
[ūk1γ

µPLup1][ūk2γµup2 ]− e2

u
[ūk2γ

µPLup1][ūk1γµup2 ] ≡ ALSM,t −ALSM,u, (A.6)
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and the relative minus is from Fermi statistics. Similarly the A′ exchange diagrams give

contributions from the axial terms where

ALD =
c2
A

t−m2
A′

[ūk1γ
µγ5PLup1][ūk2γµγ

5up2 ]−
c2
A

u−m2
A′

[ūk2γ
µγ5PLup1][ūk1γµγ

5up2 ] (A.7)

≡ ALD,t −ALD,u. (A.8)

The additional contribution then comes from evaluating

dσL,R
dEe

' me

32πs|~pcm|
〈ADA∗SM +A∗DASM 〉L,R (A.9)

at each polarization. The PV scattering constraint comes from the SLAC E158 measurement

of APV [29] at Q2 = 0.026 GeV2, corresponding to Ee ' 26 GeV in the lab frame. Comparing

this to SM expectation constrains the combination ceV c
e
A.

• Neutrino-electron scattering : If present, A′-neutrino couplings give rise to contributions to ν-

e− scattering involving combinations of ceV c
ν and ceAc

ν , which can be constrained by existing

measurements [30]. The Borexino [32] (νe-e
−), TEXONO [25] (ν̄e-e

−) and CHARM-II [34]

(νµ-e−) experiments provide the strongest constraints.

• Electrom beam-dump experiments: These look for A′ production through brehmsstrahlung

from electrons scattering off target nuclei, followed by their decay to leptons. Experiments

E774 [72] at Fermilab and E141 [73] at SLAC provide constraints in our parameter range

of interest for mA′ . 10 GeV. Limits on the kinetic mixing ε [74] can be translated using

eq. (A.3) to constrain the combination (ceV )2 + (ceA)2.

B. Pseudoscalar Decays Revisited

In this appendix, we revisit the calculation of [14] for the A′ contribution to π0 → e+e− in somewhat

more detail, and extend the analysis to the case of rare η decays.

B.1. π0 → e+e−

The measured branching ratio for this process is Br(π0 → e+e−)meas = 7.48(38)× 10−8 [16].11 An

earlier calculation [15] and a more recent model-independent one [17] both give SM values which

are lower by at least 2σ: Br(π0 → e+e−)SM ' 6.20−6.35×10−8. As was pointed out in [14], the A′

contribution can bring the branching ratio into agreement with the measured value for appropriate

axial couplings to quarks and leptons. However, some care is required because the SM contribution

is one loop higher than the A′ contribution, so interference effects are important.

The leading-order SM contribution to π0 → e+e− is through a loop with two virtual photons.

The matrix element can be written

iMSM (q2) = −e2fπγγ

∫
d4k

(2π)4

εµνστk
σqτ F̃π(k2, (q − k)2)

k2(q − k)2
Lµν , (B.1)

11We note that this measurement is now 10 years old and relies on extrapolating the radiative tail of the e+e−γ

final state.
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where q is the pion momentum, k and q − k are the photon loop momenta,

Lµν = ie24
√

2
me

mπ
εµναβkαqβ

1

(k − p)2 −m2
e

(B.2)

is the spin-singlet projection of the lepton half of the diagram (lepton momenta p and q − p), and

fπγγ =
1

4π2fπ
(B.3)

is the coupling to two real photons [17, 75]. This normalizes the pion transition form factor F̃π to

F̃π(0, 0) = 1. Contracting the lepton tensor, we can parameterize the amplitude for on-shell pion

decay as

iMSM(m2
π) =

√
2memπα

2

π2fπ
A(m2

π), (B.4)

where

A(q2) = 2i

∫
d4k

π2

(q2k2 − (q · k)2)F̃π(k2, (q − k)2)

q2k2(q − k)2((p− k)2 −m2
e)

(B.5)

is the loop integral calculated in [17].

We can write the tree-level contribution through a virtual A′ as

iMA′(q
2) =

(
−i(gµν − qµqν/m2

A′)

q2 −m2
A′

)
(iceAL

µ)i〈0|QcQAγ
νγ5Q|π(q)〉, (B.6)

where the lepton tensor is

Lµ = [u(p)γµγ5v(p′)]spin−0 = 2
√

2
me

mπ
qµ (B.7)

and q = p + p′. Note that axial-vector couplings are required on both sides of the diagram: the

spin-zero component of the purely vector lepton tensor uγµv vanishes. Anticipating the 3-flavor

case we will need for the η, we use Q = (u, d)T and the matrix of axial couplings cQA = diag(cuA, c
d
A).

Now, any 2×2 matrix can be written as a linear combination of Pauli matrices and the identity, so

cQA = kaτ
a (B.8)

where τ0 is the identity and τ i, i = 1, 2, 3 are the Pauli matrices. The orthogonality relation

Tr(τaτ b) = 2δab implies in particular

k3 =
1

2
Tr(cQAτ

3) =
1

2
(cuA − cdA). (B.9)

From the definition of the axial isospin current,

〈0|Qγνγ5 τ
j

2
Q|πk(q)〉 = iδjkfπq

ν , (B.10)

only the third component has overlap with the pion, and so finally

〈0|QcQAγ
νγ5Q|π(q)〉 = i(cuA − cdA)fπq

ν . (B.11)
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This gives

iMA′(m
2
π) = 2

√
2fπmemπ

ceA(cuA − cdA)

m2
A′

. (B.12)

Adding this to (B.4) and squaring, after plugging in ReA(m2
π) = 10.0 − 10.46 and ImA(m2

π) =

−17.52 from [18] one can set the branching ratio equal to the measured value and solve for the

combination ceA(cuA − cdA)/m2
A′ . Note that the A′ amplitude contributes to the real part of A(m2

π),

and that there are potentially two real solutions to this quadratic equation. Also note that the A′

could contribute either constructively or destructively; any deviation from the SM prediction can

in principle be explained by an A′ with suitable mass and coupling.

B.2. η → µ+µ−, e+e−

According to the calculations of [18], Br(η → µ+µ−)SM = (4.52 − 4.72) × 10−6, but Br(η →
µ+µ−)meas = 5.8(8) × 10−6, so in this case SM theory and experiment are consistent to about

1σ. The above framework carries over almost identically for the η, the only difference being the

replacement of the pion form factors with the appropriate singlet and octet values. In the SM

amplitude, fπ should be replaced by 1
4π2fηγγ

, where fηγγ = 2.74(5)× 10−4 MeV−1 is related to the

η → γγ branching ratio by f2
ηγγ = 64π

(4πα)2m3
η
Γ(η → γγ) [18]. The SM amplitude is

iMSM(m2
η) = 4

√
2mµmηfηγγα

2A(m2
η), (B.13)

while the A′ contribution is

iMA′(m
2
η) =

√
8

3
mµmη

1

m2
A′
cµA

(√
2(cuA + cdA + csA)f0

η + (cuA + cdA − 2csA)f8
η

)
. (B.14)

There is considerable theoretical uncertainty in the decay constants. They can be parameterized

as f0
η = −F0 sin θ0 and f8

η = F8 cos θ8, with F0 ' 115 MeV, F8 ' 120 MeV, θ0 ' 0, θ8 ' −19◦ [76].

The near-vanishing of θ0 means that we can approximate the contribution to the decay as pure

octet,

iMA′ =

√
8

3
mµmη

1

m2
A′
cµA(cuA + cdA − 2csA)F̃ (B.15)

where F̃ ' 113 MeV. As discussed in section 3.1, for a renormalizable model of A′ interactions,

gauge invariance of the SM Yukawa terms requires cdA = csA, so this decay depends on the same

combination of parameters ceA(cuA−cdA)/m2
A′ as π0 → e+e−. As before, one can plug in ReA(m2

η) =

−(0.99− 1.52) and ImA(m2
η) = −5.47 to solve for this combination.

The calculation for η → e+e− is identical, mutatis mutandis. This decay has not been observed,

and indeed the best limits on the branching ratio [77, 78] lie more than three orders of magnitude

above the SM unitarity bound of ∼ 10−9, so η → e+e− only provides a rather weak constraint.
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