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Why axial couplings?

LA′ = −1

4
F ′µνF

′µν − m2
A′

2
A′µA

′µ + A′µ
∑

f

f̄
(
c fV γ

µ + c fAγ
µγ5
)
f ,

Rare pseudoscalar decays: π0 → e+e−

• Loop and helicity suppressed in the SM

•
{
Br(π0 → e+e−)meas = 7.48± 0.38× 10−8

Br(π0 → e+e−)SM ' 6.20− 6.35× 10−8

• Axially coupled A′ contributes at tree level [Kahn et al 0712.0007]:2

vector meson dominance, and a non-local constituent
quark model. All results agree with each other within
the quoted uncertainties.

The excess of Bmeas over BSM suggests that non-SM
processes may be contributing to this rare decay. If the U
boson couples to quarks as well as electrons, the lowest-
order contribution to π0 → e+e− would come from the
tree-level process π0 → U⋆ → e+e−. The smallness of
this contribution would be explained by very small values
of the coupling constants, which are, in fact, natural in
the light dark matter model [1, 9].

The U boson coupling to quarks and electrons can be
written in terms of vector and axial-vector components,

L ⊃ Uµ

{
ūγµ (gu

V + γ5g
u
A)u + d̄γµ

(
gd

V + γ5g
d
A

)
d

+ēγµ (ge
V + γ5g

e
A) e} (1)

where u and d are the up and down quark fields, and e
is the electron field. It is not necessary to have family-
universal couplings, and in fact we will assume that cou-
plings to the second and third generations are suppressed.
To respect the unitary bound in the ultra-violet, the U
should correspond to a local U(1)U symmetry, which is
spontaneously broken. One might worry that the pres-
ence of axial vector couplings implies that the Yukawa
interactions between u, d, and e and the Higgs respon-
sible for generating fermion masses are not symmetric
under U(1)U . However, given the tiny u, d, and e masses
compared to the electroweak scale, it is easy to accom-
modate them from effective higher dimensional operators
induced by high mass states.

At tree level, the contribution to π0 → e+e− is medi-
ated by an off-shell U boson, as depicted in Fig. 1. The
U boson contribution to the matrix element is given by

MU =
(gd

A − gu
A)ge

Afπ

m2
U

[ūγµγ5v]pµ (2)

where me, and mU are the electron, and U -boson masses,
fπ is the pion decay constant, and pµ is the π0 four-
momentum, p2 = m2

π. (See the Appendix for details).
To obtain the full amplitude for π0 → e+e−, the U

boson matrix element is combined with the Standard
Model amplitude for π0 → e+e− [8] and summed over
the outgoing electron and positron spins. The partial
width π0 → e+e− is computed from the expression for
the two-body decay,

Γ =
|p⃗|

8πm2
π

|MSM + MU |2 (3)

where |p⃗| is the three-momentum of one of the outgoing
particles, and is equal to approximately mπ/2, neglecting
the electron mass.

III. BOUNDS ON U -QUARK COUPLINGS

We interpret the positive difference Bmeas − BSM =
(1.3 ± 0.4) × 10−8 as the contribution of MU in Eq. (3).

U∗
π0

{

ū, d̄

u, d

e−

e+

gu
A − gd

A
ge

A

FIG. 1: Feynman diagram for π0 → e+e−.

Taking the known pion and electron masses, fπ0 = 130±
5 MeV and τπ0 = (84 ± 6) × 10−18 s [10], we find

(gu
A − gd

A)ge
A

m2
U

= (4.0 ± 1.8) × 10−10 MeV−2. (4)

In order to make contact with other constraints on this
model, we assume, as an illustration, that the electron
coupling and the difference in quark couplings are equal,
i.e., gu

A − gd
A = ge

A ≡ gA. This choice is arbitrary, but
one might naturally expect such a relation to hold within
an order of magnitude; a more precise relation requires
a specific model for the fermion charges under U(1)U ,
which is beyond the scope of this Letter. With this as-
sumption,

gA = 2.0+0.4
−0.5 × 10−4 ×

( mU

10 MeV

)
(5)

where the asymmetric error bars come from taking the
square root of Eq. (4). Fig. 2 shows this constraint as
a thick line labeled “π0”. If a given model specifies a
different relation between gu

A − gd
A and ge

A, then this line
will move vertically in the plot.

Fayet has derived other bounds on the coupling of
U bosons to quarks and leptons from a variety of pro-
cesses [9], and some of these are shown in Fig. 2. The
dashed line labeled “(g−2)e” indicates his constraints on
the axial coupling of U to electrons derived from mea-
surements of the anomalous magnetic moment of the
electron; the region above this line is excluded. Con-
straints from kaon decays, as well as (g − 2)µ [9], can
be evaded if we assume that couplings to second and
third generation fermions are suppressed. Neutrino-
electron scattering can provide a relatively severe con-
straint [9], but may be evaded if the coupling to electrons
is largely right-handed. Finally, the three solid lines la-
beled “1 MeV,” etc., show constraints on the total U − e
coupling ftot =

√
(fe

V )2 + (fe
A)2 from the dark matter

relic density [9], assuming Cχ = 1, for three hypotheti-
cal values of the χ mass. The regions above these lines
correspond to smaller values of Cχ.

The curves in Fig. 2 show that our values for the
couplings of the U -boson to light quarks and leptons
are interesting in the context of the light dark matter
model, falling in the same order-of-magnitude as other
constraints. Since MU depends on a set of coupling
constants different from the other constraints, the rare
decay π0 → e+e− provides a different view of the phe-
nomenology of the light U boson.
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Standard U(1)D Lkin ⊃ −1
4
B̂µνB̂µν + ε

2cW
B̂µν F̂ ′

µν − 1
4
F̂ ′µν F̂ ′

µν

1. Diagonalize away the kinetic mixing by shifting the U(1)Y field

2. Rotate into the mass basis {Z ,A′} with mixing angle ζ.

Coupling to SM currents





eÂµJ
µ
EM = e[Aµ + ε(− sin ζZµ + cos ζA′µ)]JµEM

gZ ẐµJ
µ
NC = gZ [(cos ζ + εtW sin ζ)Zµ + (sin ζ − εtW cos ζ)︸ ︷︷ ︸

≡AA′

A′µ]JµNC

2



Standard U(1)D Lint = −(ε cos ζeJµEM +AA′gZJ
µ
NC)A′

µ

Coupling to SM neutral current

AA′ = sin ζ − εtW cos ζ

10−3 10−1 101 103

m′A [GeV]

10−15

10−11

10−7

10−3

101

|A
A
′ | ≈ εtW

m2
A′

m2
Z

≈ εtW

A′-JNC coupling

ε
10−2

10−3

10−4

3



IR constraints LA′,int = A′
µ

∑
f f̄
(
c fVγ

µ + c fAγ
µγ5
)
f

• Pseudoscalar decays:

MA′ ∼ ceA(cuA − cdA)

η
→
μ

+ μ
-η

→
e
+ e

-

π
0 →
e
+ e

-

Fa
vo
re
d

1 10 102
10-6

10-5

10-4

10-3

10-2

mA' [MeV]
|c
Ae
|

IR Parameters

cA
u = 10-3, cA

d = 10-4, cA
e = cA

μ , cV
μ
= 8×10-4, cV

e = 2×10-4
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IR constraints LA′,int = A′
µ

∑
f f̄
(
c fVγ

µ + c fAγ
µγ5
)
f

• (g − 2)e,µ:

δa ∼ (c`V )2 − m2
A′

m2
`

(c`A)2
(g-2)e

(g-2)μ
Favored

η
→
μ

+ μ
-η

→
e
+ e

-

π
0 →
e
+ e

-

Fa
vo
re
d

1 10 102
10-6

10-5

10-4

10-3

10-2

mA' [MeV]
|c
Ae
|

IR Parameters

cA
u = 10-3, cA

d = 10-4, cA
e = cA

μ , cV
μ
= 8×10-4, cV

e = 2×10-4
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IR constraints LA′,int = A′
µ

∑
f f̄
(
c fVγ

µ + c fAγ
µγ5
)
f

• Moller: APV ≡ σL−σR

σL+σR
∼ ceV c

e
A

(g-2)e

(g-2)μ
Favored

η
→
μ

+ μ
-η

→
e
+ e

-

π
0 →
e
+ e

-

Fa
vo
re
d

Moller

1 10 102
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|c
Ae
|

IR Parameters

cA
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d = 10-4, cA
e = cA

μ , cV
μ
= 8×10-4, cV

e = 2×10-4
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IR constraints LA′,int = A′
µ

∑
f f̄
(
c fVγ

µ + c fAγ
µγ5
)
f

• Colliders and beam dumps:

e+e− → γA′,A′ → e+e−

MA′ ∼ (ceA)2 + (ceV )2

• Other

• Atomic parity violation: cqV c
e
A

• Electron-neutrino scattering:

cνceA,V

BaBar
e+e-→ γA'

(g-2)e

(g-2)μ
Favored

η
→
μ

+ μ
-η

→
e
+ e

-

π
0 →
e
+ e

-

Fa
vo
re
d

Beam
Dumps

Moller

1 10 102
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|c
Ae
|

IR Parameters

cA
u = 10-3, cA

d = 10-4, cA
e = cA

μ , cV
μ
= 8×10-4, cV

e = 2×10-4

7



IR constraints: future prospects

Future experiments will robustly sample the IR axial-couplings space.

BaBar
e+e-→ γA'

(g-2)e

(g-2)μ
Favored

η
→
μ
+ μ

-

Beam
Dumps

Moller

DarkLight

MESA

VEPP-3

APEX

HPS

Belle II

π
0 →
e

+ e

-

Fa
vo
re
d

1 10 102
10-6

10-5

10-4

10-3

mA' [MeV]

|c
A
e |

IR Parameters, Projections

cA
u = 10-3, cAd = 10-4, cAe = cA

μ , cV
μ = 8×10-4, cVe = 2×10-4
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UV considerations

Require gauge− invariant SM Yukawas

Fermion vector and axial currents:

{
JµV ≡ f̄ γµf = f †L σ̄

µfL − f c†σ̄µf c

JµA ≡ f̄ γµγ5f = f †L σ̄
µfL + f c†σ̄µf c

corresponding to vector (c fV ) and axial (c fA) couplings to the A′:

{
c fV ≡ 1

2gD(qfL − qf c )

c fA ≡ 1
2gD(qfL + qf c )

9



Single Higgs doublet

Ly ,SM = yuHQu
c + ydH

†Qdc + yeH
†Lec + h.c .

Gauge-invariant charge assignments

cdA = ceA = −cuA =
1

2
gDqH

︸ ︷︷ ︸
c fA=−gDqHT 3

f

(before EWSB)

After mass-mixing + rotating into physical basis

c fA → c fA + ∆c fA = 0 +O(g3
D) +O(m̂2

A′/m̂2
Z ) (EWSB)

10



Two Higgs doublets (Type-II 2HDM)

LY,2HDM = yuHuQu
c + ydHdQd

c + yeHdLe
c + h.c.

cuA = −1

2
gDqHu , cdA = ceA = −1

2
gDqHd

(before EWSB)

1. As before, Higgs vevs (〈Hu〉 = 1√
2

(0, vu) and 〈Hd〉 = 1√
2

(vd , 0))

contribute to mass mixing,

1

2
(Ẑµ Â′

µ)

(
m̂2

Z −gD(qHuv
2
u − qHd v

2
d )m̂Z/v

−gD(qHuv
2
u − qHd v

2
d )m̂Z/v g 2

D(q
2
Hu
v 2
u + q2

Hd
v 2
d ) + m̂2

A′

)(
Ẑµ

Â′
µ

)

11



Two Higgs doublets (Type-II 2HDM)

2. Rotate to mass basis (mixing angle θD):

sin θD ' θD '
gD(qHuv

2
u − qHd

v2
d )

m̂Zv
=

2gD(qHuv
2
u − qHd

v2
d )

gZv2
≡ 2gD

gZ
θ̃D

Ẑ − Â′ mixing after rotating into the mass basis:

ẐµJ
µ
NC = (cos θDZµ + sin θDA

′
µ)JµNC '

(
Zµ +

2gD
gZ

θ̃DA
′
µ

)
JµNC

cuA = −1

2
gDqHu +

1

2
gD θ̃D , cdA = ceA = −1

2
gDqHd

− 1

2
gD θ̃D (EWSB)
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Anomalons and charge assignments

L = LY,2HDM + yUH
′
u UU c + yDH

′
dDDc + yEH

′
dEEc + h.c.

• LHC heavy-fermion

searches: mψ & 1 TeV

• Perturbativity: yψ . 4π

• Dark Higgs: mA′ & gDqHv
′

⇓

mA′ & 80 MeV ×
(gDqH

10−3

)
×
(

4π

yψ

)

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 0
u 1 1 0 �qHu

H 0
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.

interesting IR implications, because both the A0 and anomalon masses receive contributions from

the dark Higgs VEV v0 and perturbativity requires the Yukawa interactions of Eq. (3.24), generically

denoted by y , to satisfy y . 4⇡.8 Since the dark Higgs will also contribute to the A0 mass, we

have mA0 & gDqHv0, leading to the constraint

mA0 & 80 MeV ⇥
⇣gDqH

10�3

⌘
⇥
✓

4⇡

y 

◆
, (3.25)

implying that very light axially-coupled A0s 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

8A 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.

– 14 –
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2HDM: additional ingredients

• U(1)κ(Lµ−Lτ ): generation dependent vector couplings

• Kinetic mixing ε between U(1)D and U(1)Y

{gD , qHu , qHd
, θ̃D , ε, κ},

SM lepton e µ, ⌧

c`V
1
2gDqHd

� ✏e + gD✓̃D(�1
2 + 2s2

W ) gD(1
2qHd

± ) � ✏e + gD✓̃D(�1
2 + 2s2

W )

c`A �1
2gDqHd

� 1
2gD✓̃D �1

2gDqHd
� 1

2gD✓̃D

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

cq
V

1
2gDqHu + 2

3✏e + gD✓̃D(1
2 � 4

3s2
W ) 1

2gDqHd
� 1

3✏e + gD✓̃D(�1
2 + 2

3s2
W )

cq
A �1

2gDqHu + 1
2gD✓̃D �1

2gDqHd
� 1

2gD✓̃D

SM neutrino ⌫e ⌫µ ⌫⌧

c⌫ ⌘ c⌫V = c⌫A
1
2gD✓̃D

1
2gD(✓̃D + ) 1

2gD(✓̃D � )

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+(Lµ�L⌧ ) (3.32)

where  is a real parameter characterizing the relative importance of Lµ � L⌧ .
9

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

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

mixing parameter ✏; all instances of O(✏) couplings arise from A0 mixing with the SM photon and

only a↵ect the vector couplings between A0 and charged fermions.

All together, we consider models parameterized by six quantities,

{gD, qHu , qHd
, ✓̃D, ✏, }, (3.33)

where the overall scale of the couplings is set by gD; the charges qHu , qHd
and mass mixing ✓̃D

control the axial couplings; ✏ controls the relative size of the vector couplings; and  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 0 which are SM singlets are much less constrained since their

interaction with the SM generically goes through the A0, and this coupling can be weak for small

9Other permutations of lepton number, U(1)e�µ and U(1)e�⌧ , 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.

– 16 –
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2HDM: constraints

Turn on cqV

BaBar
e+e-→ γA'

NA48/2
π0 → γA '

(g-
2)e

(g-2)μ favo
red

η →
μ
+ μ

-
η →

e+ e
-

π
0→

e+ e
-

Fav
ore
d
Beam
Dumps

Moller

Bor
exin

o

TEX
ON

O

CHARM-IIAno
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lon
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APV

1 10 102
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10-5

10-4
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c Ae
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-
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
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2HDM: constraints

Turn off cqV

BaBar
e+e-→ γA'

(g-
2)e (g-2)μ

favored
η
→

μ
+ μ

-

η
→
e
+ e

-

π
0 →

e+
e-

fav
ou
red

Beam
Dumps

Moller

An
om
alo
n

Bo
rex
ino

TE
XO
NO

CHARM-II

1 10 102
10-5

10-4

10-3

10-2

mA' [MeV]

g D

2HDM Scenario

cV
q = 0, ϵ = 0, κ = 3, qHu = 0.1
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Non-renormalizable SM Yukawas

• SM Higgs uncharged under U(1)D – yuHQu
c not allowed

• Generate SM Yukawas through mixing with new vector-like fermions:

L = −MQ Qc
i Qi − y H ′Qc

i Qi − HQ y ′ uc

Integrating out vector-like quarks:

yeff = y y ′
v ′

MQ

Bound from needing to realize top Yukawa:

|c tA| . 10−3 ×
(

y y ′

(4π)2

)
×
( mA′

10 MeV

)
×
(

1 TeV
MQ

)

17



Generation-dependent couplings

• Charge only RH gen-1 fermions under U(1)D

• Assume flavour violating effects cancel in physical basis

ceV = −1

2
gDqe − εe, ceA =

1

2
gDqe ,

cuV = −1

2
gDqu +

2

3
εe, cuA =

1

2
gDqu,

cdV = −1

2
gDqd −

1

3
εe, cdA =

1

2
gDqd .

• Extra dark Higgses contribute to Anomalon bound:

mA′ & gD

√
q2
u + q2

d + q2
e ×

(
4π

yψ

)

18



Generation-dependent couplings

B
aB
ar

e+
e-

→
γ
A
'

(g-2)e
Allowed

(g-2)μ favored

η
→
e
+ e

-

π
0 →
e

+ e
-

Fa
vo
re
d

Beam
Dumps

M
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r

A
n
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1 10 102
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10-3

10-2
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Ae
|

Family Non-Universal Couplings, cVe = 10-3
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Conclusions

• We have examined constraints on MeV-scale, axially-coupled dark

force carriers from a low-energy experimental perspective

• Non-trivial relationship with UV physics imposes interesting

contraints on axial couplings which robustly excludes parameter

space consistent with π0 → e+e− and (g − 2)µ

• Scenarios where SM Yukawas are generated by integrating out new

messenger states remain constrained

20



Questions?
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Backup: U(1)D Lkin ⊃ −1
4
B̂µνB̂µν + ε

2cW
B̂µν F̂ ′

µν − 1
4
F̂ ′µν F̂ ′

µν

1. Diagonalize away the kinetic mixing by shifting the U(1)Y field

B̂µ → B̂µ +
ε

cW
Â′µ =⇒





Âµ → Âµ + εÂ′µ

Ẑµ → Ẑµ − εtW Â′µ

A′µ → A′µ︸ ︷︷ ︸
IR eigenstates

{
eÂµJ

µ
EM → e(Âµ + εÂ′µ)JµEM

gZ ẐµJ
µ
NC → gZ (Ẑµ − εtW Â′µ)JµNC



Backup: U(1)D Lkin ⊃ −1
4
B̂µνB̂µν + ε

2cW
B̂µν F̂ ′

µν − 1
4
F̂ ′µν F̂ ′

µν

2. Induces mass mixing between Ẑ and Â′. Diagonalize into the mass

basis {Z ,A′}:
{
Ẑµ = cos ζZµ + sin ζA′µ

Â′µ = − sin ζZµ + cos ζA′µ

with sin ζ ' εtW gZ
(

1− ε2t2
W −

m̂2
A′

m̂2
Z

)
for m̂A′ � m̂Z .

Coupling to SM currents





eÂµJ
µ
EM = e[Aµ + ε(− sin ζZµ + cos ζA′µ)]JµEM

gZ ẐµJ
µ
NC = gZ [(cos ζ + εtW sin ζ)Zµ + (sin ζ − εtW cos ζ)︸ ︷︷ ︸

≡AA′

A′µ]JµNC



Backup: U(1)D Lint = −(ε cos ζeJµEM +AA′gZJ
µ
NC)A′

µ

Coupling to SM neutral current

AA′ = sin ζ − εtW cos ζ
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Backup: U(1)D

Regularly invoked to explain anomalies hinting at new physics:

• PAMELA/AMS positron excess

• (g − 2)µ deviation

• ATOMKI Be-8 anomaly
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FIG. 4: Sensitivity to A0 for exclusive experiments seeking visible decay modes A0 ! `+`�. Left:

Experiments capable of delivering results over the next 5 years to 2021. Shaded regions show

existing bounds. Green band shows 2� region in which an A0 can explain the discrepancy between

the calculated and measured value for the muon g � 2. Right: Longer term prospects beyond

2021 for experimental sensitivity. All projections on left plot are repeated in gray here. Note that

LHCb and Belle-II can probe to higher masses than 2 GeV and SHIP can probe to lower values of

✏ than indicated.

F. Summary of ongoing and proposed experiments

The experimental community for dedicated dark sector searches has grown substantially
in the last eight years and as the list above illustrates, the experiments, whether ongoing or
proposed, have expanded to cover a wide range of production modes and detection strate-
gies. Experiments like APEX, A1, HPS, and DarkLight, that take advantage of explicit
final state reconstruction, push deep into the "2 parameter range, with sensitivity in mA0

up to a few hundred MeV. In the coming years, experiments like VEPP3, PADME, and
MMAPS will address a more limited parameter range, but as missing mass experiments,
eliminating aspects of model dependence by being fully agnostic as to the final state. Col-
lider experiments allow probes to much higher masses than can be reached in fixed-target
experiments. Some, like Belle-II and LHCb, will have trigger schemes specifically optimized
for dark sector searches. Taken together, the set of existing and planned experiments form
a suite of balanced and complementary approaches, well-suited to the search for new phe-
nomena whose physical characteristics and potential manifestations cannot be predicted in
detail ahead of time.
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Backup: Single Higgs doublet

Ly ,SM = yuHQu
c + ydH

†Qdc + yeH
†Lec + h.c .

Gauge-invariant charge assignments

cdA = ceA = −cuA =
1

2
gDqH

︸ ︷︷ ︸
c fA=−gDqHT 3

f

(before EWSB)

1. Higgs carries non-zero U(1)D charge – contributes to mass mixing

L =
1

2
(Ẑµ Â′µ)

(
m̂2

Z −gDqHvm̂Z

−gDqHvm̂Z g2
Dq

2
Hv

2 + m̂2
A′

)(
Ẑµ
Â′µ

)



Backup: Single Higgs doublet

2. Diagonalize into physical basis:

(
Ẑµ
Â′µ

)
=

(
cos η sin η

− sin η cos η

)(
Zµ
A′µ

)

sin η ' gDqHv

m̂Z
+O(g3

D) +O(m̂2
A′/m̂2

Z )

Mixing-induced axial coupling:

ẐµJ
µ
NC = (cos η Zµ + sin η A′µ)JµNC︸ ︷︷ ︸

∆c fA = sin η c fA,SM ' +gDqHT 3
f

c fA → c fA + ∆c fA = 0 +O(g3
D) +O(m̂2

A′/m̂2
Z ) (EWSB)



Backup: Mixing with new vector-like Fermions

• SM fermions uncharged under U(1)D

• Mix with A′ through new vector-like fermions charged under U(1)D

L = −MQ Qc
i Qi −MU U c

i Ui − yL H ′ Qc
i Qi − yR H ′ Uiuci

• MFV: generation-independent MQ,U , yL,R

• Mixing for LH and RH up-quarks:

θL ∼
yL v ′

MQ
, θR ∼

yR v ′

MU



Backup: Mixing with new vector-like Fermions

cuV = −1

2
agD

(
θ2
L + θ2

R

)
, cuA = −1

2
agD

(
θ2
L − θ2

R

)

Natural size of couplings

• Lower bounds on MQ,U & 1 TeV

• Perturbativity of Yukawas: yL,R . 4π

• Dark Higgs: mA′ & gDqHv
′

cV , cA ∼
10−8

agD
×
( y

4π

)2

×
( mA′

10 MeV

)2

×
(

1 TeV

M

)2
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