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While we focus on MeV - 10 GeV scale physics, much
heavier particles can be searched for by energy frontier
experiments such as the LHC experiments; much lighter
ones may be observed by the cosmic frontier observations
such as stellar cooling and supernovae.

The exact nature of the axion-photon-dark photon cou-
pling is model dependent and the predictions may change
depending on other related couplings (such as the axion-
photon-photon and axion-dark photon-dark photon cou-
plings), but we will treat it in a model-independent way
by taking the limit where only axion-photon-dark photon
coupling is relevant.

In Sec. II, we briefly discuss the dark axion portal ver-
tex, and elaborate on our parameterization. In Sec. III,
we discuss the search channels and constraints for the
dark axion portal from the BaBar and Belle-II exper-
iments. In Sec. IV, we discuss the contributions to the
electron and muon g�2 from the new axion-photon-dark
photon vertex and obtain constraints from current mea-
surements. In Sec. V, we study the ability of the LSND
and MiniBooNE fixed target neutrino facilities to con-
strain the dark axion portal. In Sec. VI, we place limits
on the dark axion portal parameter space with two anal-
yses at the CHARM experiment, and make a few com-
ments on electron beam dumps. In Sec. VII, we provide
a summary of our study and future directions.

II. DARK AXION PORTAL

The axion portal and the dark axion portal terms [18]
can be written as following.

Laxion portal =
Gagg

4
aGµ⌫G̃

µ⌫ +
Ga��

4
aFµ⌫ F̃

µ⌫ + · · · (1)

Ldark axion portal =
Ga�0�0

4
aZ

0
µ⌫Z̃

0µ⌫ +
Ga��0

2
aFµ⌫Z̃

0µ⌫(2)

The dark axion and the axion portal are constructed
using the anomaly triangle and the actual couplings de-
pend on the details of the model. For instance, in the
dark KSVZ axion model introduced in Ref. [18], the por-
tal couplings are given as
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where NC = 3 is the color factor. e (e0) and Q (D )
are the electric (dark) coupling constant and charge of
the exotic quarks in the anomaly triangle. fa/PQ� is
the mass scale of the exotic quarks. z = mu/md ' 0.56
is the mass ratio of the u and d quarks. " is the vector
portal coupling which we take to be 0 in our study.

While one can consider the coupling in the context of
a specific model that can decide the couplings in terms

e+

e�

� 0

a

�
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FIG. 1. Electron-positron annihilation to on-shell a and �0.
Observable at B factories as a monophoton produced through
subsequent decay �0 ! �a.

of the model parameters and provide connections among
them, we focus on the limit where a model independent
treatment makes sense and consider only the Ga��0 cou-
pling. Specifically, we take ma ⌧ m�0 and also take the
view the model-specific part of the Ga�� such as the elec-
tric charge contribution are arranged to make Ga�� small
enough to neglect its e↵ect in the analysis we perform in
this paper.
We do not claim that the a should be the QCD axion,

but take it to an axion-like particle with a mass much
smaller than that of the �

0. The Ga�0�0 is nonzero, but
the on-shell decay process a ! �

0
�
0 is kinematically for-

bidden, while the o↵-shell process would be negligibly
small. While the decay a ! �� is allowed, by consider-
ing a very small ma, the aforementioned arrangement to
minimize Ga�� would ensure the the a is su�ciently long-
lived to escape the B-factory detectors before its decay
and its e↵ect on the lepton g � 2 is suppressed, making
the e↵ect of the Ga�� negligible in our analysis. More
general cases and their implications will be studied in
subsequent works.

III. B FACTORIES

A. BaBar

BaBar [28] is an asymmetric electron-positron collider
with a 9GeV electron beam and a 3.1GeV positron beam
for a center of mass energy of 10.5GeV. The experiment
collected an integrated luminosity of over 500 fb�1 [29]
between 1999 and 2008, but the monophoton trigger was
only implemented for its final running period.

Low-Cut High-Cut

E⇤
� [2.2, 3.7]GeV [3.2, 5.5]GeV

cos ✓⇤� [�0.46, 0.46] [�0.31, 0.6]

Luminosity 19 fb�1 28 fb�1

E�ciency 55% 30%

TABLE I. Kinematic cuts on the BaBar Low-Cut and High-
Cut samples. E⇤

� is the center of mass energy of the detected
photon and ✓⇤� is the angle of the photon relative to the beam
axis in the center of mass frame.
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ℒvector portal =
ϵ
2

FμνF′�μν

The effective phenomenological Lagrangian 
 for vector portal is:
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where      is the kinetic mixing parameter  between the two U(1) gauge symmetries,               and  

            are the strength tensors of SM electromagnetic and DM dark gauge (dark photon)  

fields, respectively.

✏
F 0
µ⌫

Fµ⌫

By shift SM photon field we can remove kinetic mixing term

Aµ ! Aµ � ✏A0
µ

then, rescale the dark photon field

A0
µ ! A0

µ(1� ✏2)1/2 ℒA′�−ψ
mix = e ϵA A′�μ ψ̄ γμ TQ ψ
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If new particles are gauged by a new U(I)  then their electromagnetic charges may be shifted by a calculable amount.  

Suppose a theory has just one U(1) gauge factor 
and consider two fermions with charges in an integer 
ratio. This charge ratio will be a property of the effec- 
tive theory at any scale, since a Ward identity ensures 
that renormalization of charge only arises from the 
wave function renormalization of the gauge field. But 
a theory which has two or more U(1) gauge factors 
can have nondiagonal wave function renormalization 
in the space of U(1) gauge fields. As we will see, this 
implies that charges which are integer multiples at one 
scale need not be integer multiples in the effective the- 
ory at another scale. Charges can be shifted by some 
amount e. 

We note that the physics which is responsible for e 
charge shifts may be occurring at arbitrarily high ener- 
gy scales, since we are discussing a property of the re- 
normalizable part of the effective theory. But we will 
fred that e charge shifts with respect to a massless 
U(1) will persist down to arbitrarily low energies only 
if two U(1) gauge fields remain massless. 

We consider two abelian gauge symmetries, U1 (1) 
and U2(1). Fermions will carry subscripts 1, 2, 12, and 
0 depending on whether they carry only charge 1, only 
charge 2, both charges or neither charge respectively. 
For example, if we want to associate the photon with 
UI(1) then all known fermions are either of type fl or 
f0. But f12 fermions can contribute to the off-diagonal 
vacuum polarization diagram in fig. 1. We will illustrate 
how a nonvanishing contribution arises due to mass 
splittings among f12 fermions. The result is an effective 
interaction between an fl and an f2. Intuitively, virtual 
f12 pairs around an fl fermion induce an effective "2" 
charge, and vice versa. In the end we will see that the 

Fig. 1. 

abelian fields can always be redefined such that e 
charge shifts occur with respect to just one of the 
U(1)'s. 

Consider a toy model with four fermions fl, f2, f12, 
f12 having charges (el, 0), (0, e2), (el, e2), (el, -e2)  
under a vector U 1 (1) X U2(1) gauge symmetry. As- 
sume that m12' > m12 > ml ~ m2. From the first in. 
equality and the charge assignments the diagram in 
fig. 1 with f12 and f12 contributions is nonvanishing 
and finite. To study its effect we can define the theory 
to have conventional gauge field kinetic terms at some 
scale A' > m12'. Then we can consider the effective 
theory at some scale A, ml,2 < A < m12, in terms of 
the same fields. The gauge field kinetic terms take the 
form 

--4Lkin(A ) = xI(Ff~) 2 + x2(F~V) 2 + 2xFfVF2/~v. (1) 

For illustration we can arrange the couplings and mass 
scales so that the lowest order result in the couplings 
el and e2 approximates well the small deviations from 
Lkin(A'). Xl -- 1 and ×2 - 1 are the usual diagonal vac- 
uum polarizations involving logs of ratios of A', A, 
m12', and m12, while 

× = ( e l e2 /6~ )  ln(ml2'/ml2). (2) 

We can define new gauge fields A~ u andA~ u to re- 
gain diagonal kinetic terms with conventional normali- 
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ℒvector portal =
ϵ
2

FμνF′�μν

ℒdark axion portal =
gaγDγD

4
aF′�μν F̃ ′�μν +

gaγγD

2
aFμν F̃ ′ �μν

The effective phenomenological Lagrangian 
 for vector portal is:

 For dark axion portal we have:

ℒ ⊃ ℒ dark axion portal + χ̄(γμi∂μ − gDγμA′�μ + mχ)χ,

+ dark fermions:

 the  minimal dark ALP portal scenario

Alexey Zhevlakov (BLTP JINR)  20/07/22
Dubna - QFTHEPC



�5

ℒvector portal =
ϵ
2

FμνF′�μν

The effective phenomenological Lagrangian 
 for vector portal is:

ℒ ⊃ ℒdark axion portal + χ̄(γμi∂μ − gDγμA′�μ + mχ)χ + ∑
ψ

aψ̄(gs
ψ + igp

ψγ5)ψ

And

ℒdark axion portal =
gaγDγD

4
aF′�μν F̃ ′�μν +

gaγγD

2
aFμν F̃ ′ �μν

 For dark axion portal we have:

ℒ ⊃ ℒ dark axion portal + χ̄(γμi∂μ − gDγμA′�μ + mχ)χ,

+ dark fermions:

 the  minimal dark ALP portal 
scenario
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boundary from EDM

dψ =
egs

ψgp
ψ

8π2mψ
gi(y)

g1(y) = ∫
1

0
dx

x2

x2 + y2(1 − x)

For leptons:

For neutron:

g2(y) = kn ∫
1

0
dx

(1 − x)(1 − x2)
(1 − x)2 + y2x

y = ma /mN

y = ma /mψ

ℒ /CP ⊃ ∑
ψ

ψ̄a(gs
ψ + igp

ψγ5)ψ

ALP Lagrangian of 
interaction with matter:

Bounds  on  |g^n_s g^n_p| from neutron 
EDM for light mass  of ALPs are 
proportional to   , parameter of $CP$-
violation of vacuum in the quantum  
chromodynamics (QCD)  which typical 
value is ~

✓̄

10�10

Dubna - QFTHEPC



�7

ΓγD→aγ =
g2

aγγD

96π
m3

γD (1 −
m2

a

m2
γD

)
3

ΓγD→χ̄χ =
g2

D

12π
mγD (1 +

2m2
χ

m2
γD

) (1 −
4m2

χ

m2
γD

)
1/2

Nsign ≃ LOT ⋅
ρNA

A
LT

xmax

∫
xmin

dx
dσ(El)

dx
Br(γD → χχ̄)

The dark photon can decay through the 
different channels in the dark ALP portal 
scenario. 

and

We estimate the number of missing energy 
events for the lepton beam at fixed target as 
follows

We focus on the process of invisible 
channel.   In our analysis throughout 
the paper we keep the  
ALP mass m_a  well below m�D

Alexey Zhevlakov (BLTP JINR)  20/07/22
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 the  minimal dark ALP portal scenario
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Nsign ≃ LOT ⋅
ρNA

A
LT

xmax

∫
xmin

dx
dσ(El)

dx
Br(γD → χχ̄)

We estimate the number of missing energy 
events for the lepton beam at fixed target as 
follows
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 the  minimal dark ALP portal scenario
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FIG. 5. Two-loop diagram providing the leading contribu-
tion to lepton anomalous magnetic moment including a-�-�0

vertices.

assuming c = 0, as non-zero values of c will only mag-
nify the e↵ect of the dark axion portal contribution and
correspondingly improve the limits. The current best
measurements of the anomalous magnetic moment of the
muon come from a muon storage ring at Brookhaven Na-
tional Laboratory [42–45]. Their measurement exceeds
the theoretically predicted value by 3.5� [3],

�aµ = aµ(exp)� aµ(SM) = (26.8± 7.6)⇥ 10�10
. (13)

The dark axion portal unfortunately exacerbates this dis-
agreement. We place a limit where the SM+dark axion
portal increases �aµ by 15.2 ⇥ 10�10, a 5.5� disagree-
ment. In the future, the E989 collaboration at FNAL
intends to improve on the precision of the current exper-
imental measurement by a factor of three [46].

The electron anomalous magnetic moment has been
determined most accurately through one-electron quan-
tum cyclotron experiments and measurements of the
ratio between the Planck constant and the mass of
Rubidium-87 [47–49]. The theory prediction [50] exceeds
experimental measurements by approximately 1� [51],

�ae = ae(exp)�ae(SM) = �(1.06±0.82)⇥10�12
. (14)

The dark axion portal can reduce the disagreement be-
tween theory and experiment of the electron anomalous
magnetic moment. We place a limit where the dark axion
portal contribution overcorrects the di↵erence between
the SM and experiment, and ae disagrees with the ex-
perimentally measured value by more than 2�. Both this
contour and that derived for muon g � 2 are shown in
Fig. 4.

While the two-loop contribution from the dark axion
portal cannot resolve the muon g � 2 discrepancy (be-
cause of the wrong sign), the situation could become
nontrivial if we allow for the model-dependent contri-
butions from a-fermion-fermion Yukawa couplings or a-
�-� coupling (Ga��). As studied in Ref. [52], the com-
bined e↵ect of Bar-Zee one-loop diagrams and light-by-
light and vacuum polarization two-loop diagrams might
resolve the muon g � 2 discrepancy if su�ciently large

⇡0, ⌘

�

a

� 0

�

Ga��0

FIG. 6. Decay of the pseudoscalar mesons ⇡0 and ⌘ to �a�0

used in the analysis of LSND, MiniBooNE and CHARM. The
o↵-shell internal photon and three body final state suppress
the branching ratio.

coupling strengths are allowed. We will study this more
general situation in subsequent works.

V. FIXED TARGET NEUTRINO
EXPERIMENTS

Fixed target neutrino experiments (FTNEs) impact
high intensity proton beams onto thick targets to produce
charged mesons, primarily pions and kaons, the decays of
which produce neutrinos. FTNEs deliver in excess of 1020

protons on target (POT) over the life of their running
time. While the objective of FTNEs is to study neutrino
oscillations, their high intensity and low Standard Model
backgrounds are also well suited to searching for hidden
sector states with sub-GeV masses [53, 54]. This section
will consider the sensitivity of LSND and MiniBooNE to
the dark axion portal by repurposing published analyses
of neutral current elastic scattering. All cross sections in
this section were calculated with the assistance of Feyn-
Calc [30, 31].

Alongside the charged mesons, FTNEs also produce
the neutral pseudoscalar mesons ⇡

0 and ⌘. The ⇡
0 is

produced in quantities similar to those of the ⇡
+ and

⇡
�, while the ⌘ is produced at a rate suppressed by a

factor of 20 to 30 [55, 56]. The a and the �
0 could be

produced in radiative decays of the pseudoscalar mesons
through the diagram shown in Fig. 6. The partial decay
width of the decay ⇡

0
! a��

0 is given by

d
2�

dm
2
12dm

2
23

=
1

(2⇡)3
1

32m3
⇡0

|M|2, (15)

where m
2
ij = (pi + pj)2 for i, j = 1, 2, 3, where particle 1

corresponds to the �, particle 2 is the a and particle 3 is

4
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1
)
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Muon g-2
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Belle-II 20 fb-1

Belle-II 50 ab-1

LSND

MiniBooNE

CHARM

FIG. 4. Limits placed on Ga��0 for the hierarchical mass scenario with ma ⌧ m�0 . The BaBar line refers to searches for
monophotons produced through e+e� ! a�0 followed by the decay �0 ! a�. Also shown are projected sensitivities for a similar
search in Phase-II and III of the Belle-II experiment. The LSND and MiniBooNE lines reflect a search for excess neutral current
elastic scattering events in the LSND and MiniBooNE detectors. The CHARM constraint is the result of a search for �0 ! a�
decays in the CHARM fine-grain detector. The electron and muon g-2 constraints represent parameter space for which the
scenario is excluded due to changes in the lepton anomalous magnetic moment that are incompatible with current experimental
measurements.

B. Belle-II

The Belle-II experiment [38] is the successor to the
Belle and BaBar experiments, and has recently begun
taking data as part of Phase II of its operations. Phase
II aims to record 20 fb�1 of integrated luminosity with a
partially completed detector, while Phase III of the ex-
periment will take 50 ab�1 of data with the completed
detector and the SuperKEKB particle accelerator. Un-
like BaBar, Belle-II will run with a monophoton trigger
for the entirety of its run. To estimate the sensitivity of
Belle-II to the a-�-�0 vertex, samples of 106 e+e� ! ��

0
a

events were generated with CalcHEP 3.6.27 [35, 36] for 48
values of m�0 chosen so as to smoothly render all features
of the contour. Photons were generated through the de-
cay of the �

0 and the number satisfying the preliminary
cuts shown in Ref. [39] were recorded. This preliminary
analysis predicted that 300 background events would sur-
vive these cuts for 20 fb�1 of data, and we scale this to
7.5⇥ 105 background events for 50 ab�1.

We show contours for the expected Phase-II and
Phase-III luminosities, with 2

p
300 events for the 20 fb�1

contour, and scale up these backgrounds to 2
p
7.5⇥ 105

events for the 50 ab�1 contour for ma ⌧ m�0 in Fig.
4. Thanks to a combination of greater luminosity and
generous angular cuts, Belle-II is capable of probing far
smaller values of Ga��0 than BaBar.

IV. LEPTON g � 2

The dark axion model introduces the new two-loop
contribution to the lepton anomalous magnetic moment
shown in Fig. 5. The change to lepton a` = (g � 2)/2 is
given by [40, 41]:

�a` =
↵

⇡

Z 1

0
dx(1� x)⇧R(sx)�

↵

3⇡
cm

2
`G

2
a��0 , (9)

where c is a positive free parameter introduced during
the renormalization of the a-�-�0 vertex (see App. A for
further details),

sx ⌘ �
x
2

1� x
m

2
` , (10)

and

⇧R(q
2) = ⇧(q2)�⇧(0)� q

2⇧0(0) (11)

=

Z 1

0
dx

"
log

 
xm

2
a + (1� x)m2

�0

xm2
a + (1� x)m2

�0 � x(1� x)q2

!

⇥(xm2
a + (1� x)m2

�0 � x(1� x)q2)�
q
2

6

#
. (12)

While the free parameter c makes the theory unpredic-
tive, both terms that contribute to �a are always nega-
tive, and conservative limits can be placed on Ga��0 by

Phys. Rev. D 98, 115011 (2018)
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 the  hadrophilic dark ALP portal scenario

σl Z→lZγD
=∫dx dq2

⊥γl(xγ, q2
⊥)∫ dt

dσγZ→ZγD

dt

γl(xγ, q2
⊥) ≃

α
2π

1 + (1 − xγ)2

xγ

q2
⊥

(q2
⊥ + x2

γ m2
l )2

Where the photons following a 
distribution

dσγZ→ZγD

dt
= A

1
4 ∑

pol
|MγN |2

16πλ(s, m2
N,0)

,

|MγN |2 ≃
g2

aγγD

2
(t − m2

γD
)2

(t − m2
a)2

m2
N × [g2

s − g2
p + (g2

s + g2
p)

E2N

mN ]
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13

FIG. 14. Bounds on combination of couplings ALPs with gauge fields ga��D and ALP couplings with nucleons gs = gp = gN
for hadrophilic channel from current and proposal statistics of the experiments NA64e, NA64µ, LDMX and M3. We set here
Br(�D ! ��̄) ' 1 and ma=10 keV.

FIG. 15. Bounds for the combination of ALP couplings with leptons gpl and with gauge fields ga��D for the leptophilic
scenario from current and proposal statistics of the NA64e, NA64µ, LDMX and M3 experiments. We set here ma=10 keV and
Br(�D ! ��̄) ' 1.

We have also discussed in detail the probing the dark
ALP portal scenario through the dark photon decaying
predominantly to the DM particles, Br(�D ! ��̄) ' 1.
In the present paper we refer the relevant benchmark
model as minimal dark ALP portal scenario (see bounds

for ga��D coupling in Fig. 9). This scenario implies that
dark photon is UD(1) gauge field and serves the media-
tor between DM and SM particles through the dark ax-
ion portal. In this scenario we imply that ma ⌧ m�D ,
therefore the visible decay a ! ��D is kinematically for-

Dubna - QFTHEPC
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dσ2→3

d xd cos θγD

≃
αχ

32π2
E2

l βγD
(gp

l )2g2
aγγD

x3 [xU − m2
γD

(1 − x)]
[xU − (1 − x)(m2

γD
− m2

a)]
2

U ≡ − ũ ≃ E2
l θ2

γD
x + m2

γD
(1 − x)/x + m2

l x

χ(t) = ∫
tmax

tmin

t − tmin

t2 (Gel
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FIG. 14. Bounds on combination of couplings ALPs with gauge fields ga��D and ALP couplings with nucleons gs = gp = gN
for hadrophilic channel from current and proposal statistics of the experiments NA64e, NA64µ, LDMX and M3. We set here
Br(�D ! ��̄) ' 1 and ma=10 keV.

FIG. 15. Bounds for the combination of ALP couplings with leptons gpl and with gauge fields ga��D for the leptophilic
scenario from current and proposal statistics of the NA64e, NA64µ, LDMX and M3 experiments. We set here ma=10 keV and
Br(�D ! ��̄) ' 1.

We have also discussed in detail the probing the dark
ALP portal scenario through the dark photon decaying
predominantly to the DM particles, Br(�D ! ��̄) ' 1.
In the present paper we refer the relevant benchmark
model as minimal dark ALP portal scenario (see bounds

for ga��D coupling in Fig. 9). This scenario implies that
dark photon is UD(1) gauge field and serves the media-
tor between DM and SM particles through the dark ax-
ion portal. In this scenario we imply that ma ⌧ m�D ,
therefore the visible decay a ! ��D is kinematically for-
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1. Dark axion portal is a one of possible mechanisms of dark 
photon production in case where    mixing parameter is very 
suppressed 

3.  We considered dark axion portal and obtain bounds to 
invisible mode in different scenarios. 
 
3.  Visible mode of dark axion portal is next step.

Outlook:

ϵ
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Thank you for attention
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