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The production and subsequent rescattering of secondary pions produced in proton beam dumps provide
additional opportunities for the production of light new particles such as dark photons. This new
mechanism has been overlooked in the past but can extend the mass reach of the SpinQuest experiment and
its proposed DarkQuest upgrade. We use chiral perturbation theory to calculate the production of
kinetically mixed dark photons through bremsstrahlung off secondary charged pions. We find that the reach
of SpinQuest/DarkQuest can be pushed further into the multi-GeV mass range compared to estimates based
only on primary dark photon production through meson decay or proton bremsstrahlung. Our analysis can
be regarded as the first of several steps to include secondary pion contributions. In an upcoming analysis we
will extend our calculation into the high-momentum-transfer regime through the use of pion parton
distribution functions and including hadronic resonances, which will further increase the estimated mass
reach.
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I. INTRODUCTION

A simple, renormalizable extension to the Standard
Model (SM) is a new massive U(1) gauge boson A0,
dubbed a dark photon [1–5]. The dark photon can kineti-
cally mix with the SM photon with strength ϵ ≪ 1, after
which particles with charge Q under electromagnetism,
even if neutral under the new U(1), can acquire small
couplings ϵQ to the dark photon. This observation has
opened a large number of experimental avenues to pursue
the dark photon (which may mediate dark matter inter-
actions, or which may itself be the dark matter) in the
laboratory; see Ref. [6] for a review.
While dark photons may be produced at colliders,

“intensity frontier” experiments such as beam dumps have
emerged as a promising search strategy for relatively low-
mass dark photons, largely due to their enormous lumi-
nosity [7,8]. To date, the dominant production mechanisms
which have been considered are neutral meson decay [9],
for example, π0 → γA0, where the dark photon replaces an
ordinary photon from the SM process π0 → γγ, or brems-
strahlung [10], where the primary charged-particle beam

radiates an A0 instead of a SM photon. So far, electron and
proton beam dump experiments have only been able to
constrain the dark photon parameter space up to masses of a
few hundred mega-electron volts. Many experiments have
proposed future searches to search for dark photons up to
larger masses mA0 ≳ 1 GeV through the mechanisms pre-
viously listed; see Refs. [7,8] and references therein for a
comprehensive comparison of different approaches.
In this paper, we point out a previously overlooked

mechanism for dark photon production at beam dump
experiments that takes advantage of the copious flux of
secondary charged particles from hadron beams. Since any
charged particle is in principle a source for kinetically
mixed dark photons, we propose searching for dark
photons through secondary charged pion bremsstrahlung
during pion-nuclear scattering in the beam dump.1 Pions
are the most common secondary particle produced by
hadronic interactions, but they are lighter than the proton,
which enhances the reach to heavy A0s. Specifically,
the cross section for massive dark photon production peaks
when the A0 takes all of the available energy from the
initial state, so long as the A0 is heavier than the emitting
particle [10]. This phenomenon was first noticed in the
context of lepton beam experiments, but we find that
the same phenomenology holds when we use the chiralPublished by the American Physical Society under the terms of
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1We note that this process was recently considered in the
astrophysical context of supernovae [11].
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Lagrangian to model pion-nucleus interactions. We show
that the large flux of pions implies that secondary dark
photon production through this mechanism is the dominant
source of dark photons for mA0 ≳ 1.5 GeV. The large A0
energies give a long lab-frame decay length and an
enhanced probability of decay in the instrumented region
of the detector, beyond the beam dump.
This additional source of A0s can extend the search for

dark photons at current and proposed beam dump experi-
ments to larger dark photon masses and smaller values of ϵ.
Primary dark photon searches can be performed at long-
lived particle experiments at the LargeHadronCollider [12],
but in those cases it is not obvious that dark photon
production through secondary pion interactions signifi-
cantly increases reach. MATHUSLA [13] suffers from the
fact that significantly produced GeV-scale dark photons
have decay lengths much smaller than the distance from the
collision point to the detector, and this issue persists for
secondary production from pion bremsstrahlung in the main
detector material; CODEX-b [14] could produce dark
photons through secondary pion interactions in the shield
separating it from the LHCb interaction point, but its smaller
size and luminosity make minimal dark photon searches
challenging2; and while FASER [15] is better suited to
search for low-massminimal dark photons, forward charged
pions produced in LHC collisions are deflected by the
magnets and do not point at FASER once they undergo
scattering in material. By contrast, the SpinQuest 120 GeV
proton fixed-target experiment at Fermilab [16] (and its
proposed DarkQuest upgrade [17]) has the near-optimal
geometry to take advantage of secondary pion-induced
processes, and thus we focus our analysis on this setup.
This paper is organized as follows. In Sec. II, we review

the kinetically mixed dark photon model, calculate the A0
production cross section from pion-nuclear scattering, and
estimate the expected number of visibly decaying dark
photons as a function of the experimental geometry. In
Sec. III, we illustrate how this production mechanism
extends the sensitivity of SpinQuest and DarkQuest to
dark photons of mA0 ∼ 2 GeV and ϵ ∼ 10−7. We conclude
in Sec. IV with a discussion of the prospects for the
currently operating SpinQuest experiment and future
DarkQuest upgrades.

II. PRODUCTION AND DECAY
OF DARK PHOTONS

A. Dark photon model

The kinetically mixed dark photon model (see Ref. [6]
for a review) is defined by two parameters, the

dimensionless kinetic mixing ϵ and the dark photon mass
mA0 , through the Lagrangian

L⊃−
1

4
FμνFμν−

1

4
F0
μνF0μνþ ϵ

2
FμνF0μνþ1

2
m2

A0A0
μA0μ; ð1Þ

where Fμν ¼ ∂μAν − ∂νAμ is the electromagnetic field
strength and F0

μν ¼ ∂μA0
ν − ∂νA0

μ is the dark photon field
strength. The value of ϵ is arbitrary but numerous collider
searches and precision measurements of the electron
magnetic moment constrain ϵ≲ 10−3 for mA0 in the
MeV–GeV range [6]. We can perform a field redefinition
of the SM photon,

Aμ → Aμ − ϵA0
μ; ð2Þ

which diagonalizes the kinetic terms toOðϵÞ by eliminating
the mixing term. In this basis, where A0 is a propagating
mass eigenstate, the Lagrangian picks up an additional
current L ⊃ −ϵJμA0μ, which couples electromagnetic cur-
rents Jμ to the dark photon. Therefore, any particle with
charge Q interacts with a dark photon with strength ϵQ. In
this paper, we focus on charged pions π� and protons.

B. Dark photon production cross section

Charged pions may emit dark photons through brems-
strahlung during nuclear scattering, π�N → π�NA0, as
shown in Fig. 1. As we discuss in Sec. III below, there
are Oð10Þ pions produced per primary proton, which
effectively increases the luminosity of a proton fixed-target
experiment through this scattering channel. The pion-
nucleon scattering could occur through either photon
exchange or the strong interaction. The cross section for
both of these processes will be suppressed by ϵ2 compared
to ordinary bremsstrahlung of a SM photon. However, the
QED process has an additional suppression compared to
the strong interaction because the t-channel exchange of a
massless photon yields a cross section that peaks at zero
momentum transfer, while production of a massive dark
photon is maximized with a momentum transfer on the
order ofm0

A. By contrast, the short-range strong interactions
have typical momentum transfer on the order of the pion
decay constant, fπ ≃ 93 MeV, which is well matched to
heavy dark photons. In Appendix B we provide more detail

FIG. 1. Charged pion scattering off a nucleus N and radiating a
dark photon A0.

2Including quark-level production from high-momentum-
transfer collisions may change the picture for MATHUSLA
and CODEX-b, but we leave this for future investigation.
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on the QED cross section, but for what follows we will
focus exclusively on the strong interaction process.
At momentum transfers well below 4πfπ ≃ 1.2 GeV,

pion-nuclear scattering is well-described by chiral pertur-
bation theory. However, dark photons heavier than 1.2 GeV
can be produced with momentum transfers exceeding the
effective field theory cutoff, and thus a full calculation of
the production rate would require a quark-level description.
As a conservative estimate for the A0 production cross
section, we will work exclusively within chiral perturbation
theory, cutting off all momentum integrals at 4πfπ . This
artificially suppresses the dark photon production rate at
large masses. However, we expect the sensitivity to dark
photons to continue to improve at larger mA0 from comput-
ing the scattering rate using the pion parton distribution
functions (PDFs) at the appropriate energy scale [18].
Incorporating the pion PDFs into this calculation will
allow us to probe the pion substructure which become
relevant at momentum transfers t≳ ð4πfπÞ2. We leave this
study to future work.

1. Chiral perturbation theory

To leading order in derivatives, the two-flavor isospin-
symmetric chiral Lagrangian is

Lχ ¼
f2π
4
TrðDμU†DμUÞ þ 1

4
m2

πf2πTrðU þU† − 2Þ; ð3Þ

where

UðxÞ ¼ exp

�
i
fπ

πaðxÞσa
�

ð4Þ

is an SU(2) matrix containing the pion fields π0 ¼ π3 and
π� ¼ 1ffiffi

2
p ðπ1 ∓ iπ2Þ, and σa (a ¼ 1, 2, 3) are the Pauli

matrices. We define the QED covariant derivative by

DμU ¼ ∂μU − ivμU þ iUvμ; ð5Þ
where vμ ¼ −eAμσ

3=2 provides the QED coupling.

To add pion-nucleon interactions, we follow the formal-
ism of Refs. [11,19–22], which introduces an axial vector
field, uμ, and a connection, Γμ, defined as

uμ ¼ −iu†ðDμUÞu†; ð6Þ

Γμ ≡ 1

2
½uð∂μ − ivμÞu† þ u†ð∂μ − ivμÞu�; ð7Þ

where u2 ¼ UðxÞ. The connection couples to the nucleons
through the chiral covariant derivative

DμN ¼ ð∂μ þ Γμ − ivðsÞμ ÞN ; ð8Þ
whereN ¼ ðpnÞ is the nucleon isodoublet (p is a proton and

n is a neutron) and vðsÞμ ¼ −eAμI=2. The axial vector field
uμ couples to the nucleon doublet through the Lagrangian
term

L ⊃
gA
2
N̄ γμγ5uμN ; ð9Þ

where the axial coupling gA ¼ 1.27 is determined from
neutron beta decay [23]. The nucleon covariant derivative
yields pion-nucleon vertices with even numbers of pions
while the axial term contains vertices with odd numbers
of pions.
Combining the pion and nucleon terms, our Lagrangian

including nuclear and gauge interactions to lowest order in
derivatives is

L ¼ f2π
4
TrðDμU†DμUÞ þ 1

4
m2

πf2πTrðU þ U† − 2Þ

þ N̄
�
iγμDμ þ

gA
2
γμγ5uμ −M

�
N ; ð10Þ

where M is the nucleon mass. By performing the field
redefinition in Eq. (2), we obtain the dark photon couplings
to pions and nucleons by replacing the photon field Aμ

with −ϵA0
μ.

The complete Lagrangian terms with pion-nucleon
interactions are

LπN ⊃
gA
2fπ

ðp̄γμγ5p∂μπ0 − n̄γμγ5n∂μπ0 þ
ffiffiffi
2

p
p̄γμγ5n∂μπþ þ

ffiffiffi
2

p
n̄γμγ5p∂μπ−Þ

þ i
4f2π

ðp̄γμpðπþ∂μπ− − π−∂μπ
þÞ þ n̄γμnðπ−∂μπþ − πþ∂μπ−Þ

þ
ffiffiffi
2

p
n̄γμpðπ−∂μπ0 − π0∂μπ

−Þ þ
ffiffiffi
2

p
p̄γμnðπ0∂μπþ − πþ∂μπ0ÞÞ; ð11Þ

while the Lagrangian terms with pion-nucleon-dark photon interactions are

LπNA0 ⊃ ieϵA0ðπ−∂μπþ − πþ∂μπ−Þ þ e2ϵ2A0
μA0μπþπ− þ eϵA0

μp̄γμpþ ieϵgAffiffiffi
2

p
fπ

A0
μðn̄γμγ5pπ− − p̄γμγ5nπþÞ

þ eϵ
2f2π

A0
μ

�
n̄γμnπþπ− − p̄γμpπþπ− þ 1ffiffiffi

2
p n̄γμpπ0π− þ 1ffiffiffi

2
p p̄γμnπ0πþ

�
: ð12Þ
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The leading-order Feynman diagrams that yield dark
photon bremsstrahlung for pion-proton scattering are
shown in Fig. 2, with an analogous set of diagrams
appropriate for neutron scattering. Since the A0 couples
to the conserved QED current of pions and protons, we
generate the expected 3-point ππA0 andNNA0 interactions
as well as the πNNA0 4-point and ππNNA0 5-point
contact terms. We checked that the Ward identity was
satisfied for these amplitudes; this ensures that we are using
the complete set of diagrams for our scattering process. We
neglect the Δ resonance, whose contributions increase the
scattering amplitude by ∼15%–25% [24], as well as low-
lying vector resonances such as the ρ. We will study these
contributions in future work as they will likely further
increase the A0 production rate.

2. Kinematics of nuclear scattering

For fixed-target scattering experiments, the nucleons are
typically embedded in a large nucleus, and thus connecting
the nucleon-level chiral perturbation theory calculation to
the kinematics of scattering off a heavy nucleus requires
some assumptions about the distribution of nucleons inside
the nucleus. While there are many nuclear theory models
for these distributions, which are crucial for an accurate
treatment of, e.g., neutrino-nucleus scattering [25], the
primary effect in our setup is purely kinematical: the
maximum energy taken by the dark photon depends on
the physical mass of the target MT . Specifically, as shown
in Appendix A, the dark photon energy fraction x≡
EA0=Eπ is at most

xmax ¼
2EπMT −m2

A0 − 2MTmπ

2EπðMT þmπÞ
: ð13Þ

For example, with mA0 ¼ 1 GeV and Eπ ¼ 30 GeV,
xmax ¼ 0.85 for MT ¼ M, the nucleon mass (these

kinematics correspond to the impulse approximation of
quasielastic nuclear scattering), but xmax ¼ 0.99 for MT ¼
56M as would be the case for an iron nucleus.
As alluded to in the Introduction and as we will

demonstrate further below, the matrix element for mA0 >
mπ peaks at x ≈ 1, while the overall magnitude of the cross
section is largely independent of MT . Thus, accessing the
dominant region of phase space would require that some
nucleons be off-shell and effectively carry most of the mass
of the nucleus. Rather than attempting to model this effect
directly, in what follows we will present our results for
nucleons of mass MT varying between M and MN (the
latter being the full mass of the nucleus) in order to
illustrate the size of the uncertainty.3

3. Pion-nucleus scattering

Following Ref. [26], we computed the cross section
for πN → πNA0 in a form suitable for deterministic
numerical integration, which facilitates calculating differ-
ential cross sections. The total 2 → 3 cross section for an
incoming pion with 4-momentum ðEπ;pπÞ scattering from
a nucleus of atomic number Z and mass number A is
modeled as incoherent quasielastic scattering off each
individual nucleon of massMT , weighting the proton cross
section by the Z and the neutron cross section by A − Z.
The cross section is given in terms of a 3-body phase space
integral,

σ¼ 1

1024π4M2
T

Z
tmax

tmin

dt
Z

1

cosθmax

dcosθ
Z

2π

0

dϕq

×
Z

xmax

xmin

dx
jkj
jVjðZhjM

ðpÞ
2→3j2iþðA−ZÞhjMðnÞ

2→3j2iÞ; ð14Þ

FIG. 2. Leading-order Feynman diagrams for A0 bremsstrahlung in charged pion-proton scattering. These s-channel diagrams
correspond specifically to π−-proton scattering, but a similar set of t-channel diagrams exists for πþ-proton scattering. Likewise, a
similar set of diagrams describes pion-neutron scattering, but in that case the A0 can only be emitted from an internal proton line or the
external pion lines. The pion-nucleus cross section is obtained by summing incoherently over the proton and neutron contributions,
Eq. (14). The left set of diagrams corresponds to scattering from the axial vector term (9) in the chiral Lagrangian, where each pion-
nucleon vertex has an odd number of pion lines, while the right set of diagrams correspond to the polar vector term (8) with an even
number of pions. The 4- and 5-point contact interactions involving the A0 are necessary to satisfy the Ward identity.

3Note that no such uncertainties would arise in directly using
the nuclear quark PDFs to compute parton-level scattering rates.
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where the dark photon 3-momentum is k¼
ð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxEπÞ2−m2

A0

q
cosθ;0;

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxEπÞ2−m2

A0

q
sinθÞ, V¼k−pπ ,

hjMðp;nÞ
2→3 j2i is the spin-averaged squared matrix element

for π�pðnÞ → π�pðnÞA0,4 and the integration variables are
the squared momentum transfer to the nucleus t, the
azimuthal angle of the momentum transfer ϕq, the dark
photon emission angle θ, and the dark photon energy
fraction x ¼ EA0=Eπ . Note that unlike dark photon processes
initiated by electromagnetic scattering, it is not obvious that
a Weizsäcker-Williams approximation [26,27] can be used
to reduce the cross section to a simpler 2 → 2 process, since
the scattering occurs entirely through contact interactions or
exchanges of massive nucleons.
As mentioned above, since we are working in the regime

of chiral perturbation theory, we cut off the t integral at
tmax ¼ ð4πfπÞ2. As shown in Appendix A, cos θmax is
determined by the experimental geometry, the limits on x
only depend on Eπ andmA0 , and tmin depends on both x and
θ. In practice, imposing t ≤ ð4πfπÞ2 further restricts the
emission angle to the forward direction.
Figure 3 (left) shows the energy fraction distribution of

the A0 produced in charged pion bremsstrahlung, with a
broad peak at x ≃ 0.5 for mA0 ≃mπ but with a sharper peak
at x ≈ 1 for mA0 ≫ mπ. This is the same phenomenology
previously observed in massive dark photon emission from
lepton beams. Figure 3 (center) plots the cross section as a
function of x for fixed mA0 but various pion energies Eπ ,
showing the change in xmin at threshold and the suppression

of the cross section at small x due to the restriction of the
angular integral to the experimental geometry. Finally,
Fig. 3 (right) shows the total cross section for A0 production
as a function of pion energy. Above threshold, the cross
section is quite flat and relatively insensitive to mA0 . In all
cases the effect of changing the target mass is at the 20%
level except near the kinematic boundary xmax, which can
affect the total cross section at the Oð1Þ level.
We can understand the order of magnitude of the cross

section in Fig. 3 from a dimensional analysis argument, as
follows. From the Lagrangian in Eqs. (11) and (12), each
diagram scales as ϵe=f2π . The squared matrix element picks
up factors of MT from the external nucleon spinors, and
with Oð10Þ diagrams adding incoherently, summing inco-
herently over the A ¼ 56 nucleons in an iron nucleus gives
jM2→3j2 ∼ 600ϵ2e2M2

T=f
4
π . Since the cross section peaks

sharply at cos θ ¼ 1 (see Fig. 8 in Appendix A), we can
approximate the matrix element as being proportional to a
delta function δðcos θ − 1Þ, such that integrating over phase
space with tmax ¼ ð4πfπÞ2 gives

σFe ∼
600ϵ2e2M2

T=f
4
π

1024π4M2
T

ð2πÞð4πfπÞ2 ð15Þ

∼
75αϵ2

f2π
¼ 2.4 × 10−4 pb

�
ϵ

10−7

�
2

: ð16Þ

Comparing to Fig. 3 (right), this overestimates the cross sec-
tion by 1 or 2 orders of magnitude, due to the combina-
torical factors and interference terms in the many diagrams
as well as the kinematic boundaries for larger mA0.
Regardless, comparing to the A0 cross section from inelastic
proton bremsstrahlung [16],

FIG. 3. Left: Differential cross section for the energy fraction taken by the A0 from a pion beam of energy Eπ ¼ 30 GeV. As in the case
of emission from lepton beams, the distribution peaks at x ¼ 1 for mA0 ≫ mπ. Dashed lines correspond to MT ¼ M, and solid lines
correspond to MT ¼ MN . Apart from the kinematic cutoff due to the different xmax, the effect of varying the target mass is only at the
20% level. Center: Differential cross sections for A0 production with mA0 ¼ 1 GeV and ϵ ¼ 10−7, for various pion beam energies. Each
Eπ has a different kinematically allowed A0 energy range, as shown by the differing minimum/maximum values of x, with differences
between the dashed (MT ¼ M) and solid (MT ¼ MN) curves most apparent near xmax. The shape of the curves is also dictated by the
chosen angular acceptance. The suppression of the cross section at lower x is due to restricting the emission angle to θ < 0.05 radians as
determined by the experimental geometry. See Sec. III for more details on the experimental acceptance. Right: Total cross section as a
function of the incoming pion beam energy for different A0 masses and ϵ ¼ 10−7. Well above threshold, the cross section is relatively
insensitive to Eπ . The differences between the solid and dashed lines illustrate the effect of varying MT between M and MN , with the
larger cross sections corresponding to MT ¼ MN from integrating over the region near x ¼ 1.

4The chiral Lagrangian also allows isospin-exchange proc-
esses, such as πþn → π0pA0, which we neglect for simplicity;
such processes would only increase the total A0 production rate.
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σp−brem ∼ Aαϵ2σpp ∼ 2.0 × 10−4 pb

�
ϵ

10−7

�
2

; ð17Þ

we see that pion bremsstrahlung production is parametri-
cally of the same order (indeed, the inelastic proton cross
section σpp is essentially the same as the pion cross section
1=f2π) but can leverage the large multiplicity of secon-
dary pions.

C. Dark photon flux

Using (14), we can calculate the total flux dark photons
produced through charged pion bremsstrahlung. The num-
ber of dark photons is given by

NA0 ¼ nTLðNπþσπþ þ Nπ−σπ−Þ; ð18Þ

where nT is the density of the target material, L is the total
length of the target, Nπ� is the number of positive or
negative secondary pions produced from the primary
proton beam, and σπ� is the cross section for A0 production
from the correspondingly charged pion as discussed in
Sec. II B. For a given mA0 and ϵ, the cross section also
depends on the dark photon’s energy, EA0 , and the pion’s
energy, EπðlÞ, which is a function of the position l in the
target. As the pion scatters through the material, it loses
energy as EπðlÞ ¼ E0

π expð−l=lπÞ, where E0
π is the initial

pion energy and lπ is the pion interaction length. Following
Ref. [16], we use a sample of pions generated in a PYTHIA

8.2 simulation using a 120 GeV proton beam incident on an
iron target, from which the distribution of E0

π is shown in
Fig. 4. For an iron target, lπ ∼ 20 cm [28]. The total pion
multiplicity is Nπþ þ Nπ− ∼ 6.5 protons on target (POT).
We can thus write the number of dark photons pro-

duced as

NA0 ¼ nT

Z
L

0

dl
Z

xmax

xmin

dx

�
Nπþ

dσπþ

dx
þ Nπ−

dσπ−

dx

�
; ð19Þ

where we changed variables to x ¼ EA0
EπðlÞ. Here, for a fixed

mA0 and ϵ, the differential cross section dσ=dx is only a
function of x and EπðlÞ (and is in general slightly different
for πþ and π−). Here we have implicitly integrated over the
A0 emission angle θ corresponding to the acceptance of the
beam dump experiment’s geometry; see Sec. III for more
details.
Figure 5 shows the number of A0s produced from

secondary charged pion bremsstrahlung in iron (Z ¼ 26,
A ¼ 56) compared to the previously considered channels of
π0 and η decay, as well as primary proton bremsstrahlung.
As anticipated in Eqs. (16) and (17), production from
charged pion bremsstrahlung is comparable to proton
bremsstrahlung except for the region around the ρ reso-
nance (which we have neglected in our analysis), and
dominates over proton bremsstrahlung at low dark photon

masses due to the pion multiplicity. Even with the
momentum cutoff at 4πfπ , secondary dark photon pro-
duction falls off much less rapidly at high masses than
either of the production processes from the primary proton
beam, making this channel especially useful for dark
photon searches above 1.5 GeV where it is the dominant
process even accounting for nuclear modeling uncertain-
ties. For mA0 < mπ, charged pion bremsstrahlung suffers a
3-body phase space penalty compared to the decays

FIG. 4. The energy distribution of charged pions from a
PYTHIA 8.2 simulation of a 120 GeV proton beam on an iron
dump. The pions are created in the first thin slice of the iron
dump. The distribution was adapted from the analysis of [16].

FIG. 5. The number of dark photons expected at SpinQuest
with 1.44 × 1018 POT for ϵ ¼ 10−6. We compare dark photon
production from charged pion bremsstrahlung (blue, solid line
has MT ¼ MN and dashed line has MT ¼ M) to production from
pseudoscalar meson decay, π0 → γA0 (orange line) and η → γA0
(green line), as well as proton bremsstrahlung (pink line) and
Drell-Yan production (purple line). The curves for meson decay,
proton bremsstrahlung, and Drell-Yan production were adapted
from Ref. [16].
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π0; η → γA0. Moreover, at these low masses the kinematics
of charged pion bremsstrahlung approaches that of ordinary
QED bremsstrahlung, with dσ=dx peaking near x ¼ 0, as
opposed to the highly boosted A0s from π0 decay.

D. Dark photon decays

Once a dark photon is produced, it may be detected
through its decay into charged leptons or hadrons [29]. The
decay rate to charged leptons for ml ≪ mA0 is

ΓðA0 → lþl−Þ ¼ αϵ2mA0

3
: ð20Þ

For the decay rate to hadrons, we use

ΓðA0 → hadronsÞ ¼ ΓðA0 → μþμ−ÞRðm2
A0 Þ; ð21Þ

where RðsÞ ¼ σðeþe− → hadronsÞ=σðeþe− → μþμ−Þ; see
[28]. For dark photon massesmA0 ≲ 0.6 GeV, electrons and
muons are the majority of the decay products, while for
larger masses, hadrons are the dominant decay chan-
nel [29].
To be detected at a beam dump experiment, the dark

photon must decay within the fiducial decay region of the
detector. Equations (20) and (21) yield the lab-frame decay
length for a dark photon:

LA0 ≡ γcτA0 ≈ 10 m

�
EA0

5 GeV

��
1 GeV
mA0

��
10−7

ϵ

�
2

: ð22Þ

From this estimate, combined with the flux of dark photons
from Fig. 5, we can see that dark photons with ϵ ∼ 10−7

produced from GeV-energy pions could reasonably decay
within the length of a beam dump experiment such as
SpinQuest. For long-lived particle detectors at the LHC
which are Oð100 mÞ from the interaction point, probing
dark photons at this mass and coupling requires more
energetic pions and suffers a corresponding flux penalty.
At a given experiment with sensitivity to a final-state

particle X, the number of signal events given by dark
photons decaying to X is

Nsig ¼ NA0 × BRðA0 → XXÞ × Pdecay; ð23Þ

where Pdecay is the probability that A0 decays within the
fiducial decay region. In the following section, we will
define Pdecay according to specific experimental geometry
and use (23) to determine the sensitivity of the SpinQuest
experiment at Fermilab to the additional source of dark
photons we have described.

III. SIGNAL EVENTS AT SPINQUEST/
DARKQUEST

A. SpinQuest/DarkQuest setup
and signal acceptance

The SpinQuest spectrometer was originally designed to
study di-muon production in Drell-Yan processes from the
proton beam collisions on nuclear targets [30]. Currently,
SpinQuest is operating at Fermilab with a 120 GeV proton
beam on an iron target and is expected to achieve an
integrated luminosity of 1.44 × 1018 POT by the end of
2024. The SpinQuest spectrometer spans ∼25 m. The first
5 m is comprised of a magnetized iron dump (“FMAG”).
The FMAG’s magnetic field imparts a kick of ΔpT ≃
2.9 GeV to sweep away soft particles. Additionally, 9 m
down the beam line, a 3 m magnet (“KMAG”) is placed
between the first two tracking detectors. The KMAG
imparts a kick of ΔpT ≃ 0.4 GeV to further remove soft
particles and aid in momentum reconstruction. An absorber
20 m down the beam line stops all SM particles other than
muons, which pass to a muon ID station; three tracking
stations are also placed between the magnets and the
absorber in order to accurately reconstruct the muon
momentum. The proposed DarkQuest upgrade will add
an electromagnetic calorimeter (ECAL) after tracking
station 3, in order to identify electrons, photons, and
charged pions and expand the search for dark sector
physics [17]. In this analysis, we focus on decays to
leptons only, though including the channel A0 → πþπ−
may increase the sensitivity considerably for heavy A0.5

To model DarkQuest’s experimental acceptance, we will
follow the analysis laid out in [16]. For A0 decays to
electrons or muons, we only include events in which the
leptons are captured by station 3 and detected by at least
one other tracking station. The dark photon can then decay
in two fiducial decay regions:
(1) 5–6 m: After FMAG and before station 1.
(2) 5–12 m: After FMAG and before end of KMAG.

The location of the A0 decay determines how well the
lepton decay products can be tracked in DarkQuest. The
momentum and vertex of the leptons created in Region 1 can
be accurately reconstructed since the leptons travel through
all tracking stations. Therefore, estimating the sensitivity
based only on the 5–6 m fiducial decay region is the
most conservative and is currently the basis for the analysis
strategy in SpinQuest. For electrons created in Region 2, the
ECAL can determine the electrons’ energies which partially
mitigates the reduced tracking and vertexing capabilities.
With sufficiently low backgrounds, the ECAL allows us to

5There have been some preliminary studies of e=π discrimi-
nation at DarkQuest [17], but for our purposes, no such
discrimination is required so long as the invariant mass can be
reconstructed because our signal is an inclusive decay rate. We
thank Nhan Tran for clarification on this point.
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expand our analysis to the larger fiducial decay region,
increasing the sensitivity.
To determine if the dark photon decays within the fiducial

decay region and its decay products meet DarkQuest’s
geometric acceptance, we define the probability of decay
as in [16]

Pdecay ¼
1

NMC

X
events∈ geom

Z
zmax

zmin

dzΓ
e−zðm=pzÞΓ

pz=m
; ð24Þ

where zmin and zmax are the boundaries of the fiducial decay
regions,NMC is the number of simulatedMonte Carlo decay
events, and m, Γ, and pz are the mass, decay width, and
momentum of the dark photon. Pdecay factorizes into

Pdecay ∝ G × e−ltar=ðγcτA0 Þ × ð1 − e−ldec=ðγcτA0 ÞÞ; ð25Þ

which is the decay probability normally cited in the literature
with an added factor of G to account for the experiment’s
geometry. However, Eq. (24) automatically takes into
account the geometric acceptance of the SpinQuest experi-
ment. Sincewe only accept signal events that reach station 3,
we only consider the dark photons that decay within
angles sin θ ≲ 0.05.
The main background for A0 → eþe− comes from semi-

leptonic K0
L decays, K0

L → π�l∓νl, with the pion faking
an electron. This background is small enough to neglect for
the 5–6 m fiducial decay region, but may be significant for
the 5–12 m region [16]. The main backgrounds for μþμ are
likely combinatoric from secondary muons produced in the
dump, with a rate that is difficult to estimate without
dedicated studies [31]. Following Ref. [16] in order to
compare with previous analyses, we will assume that the
signal-to-background is sufficiently large for a signal rate
of 10 events, and just consider the most conservative
decay region for the current SpinQuest operations, with
1.44 × 1018 POT. For future projections, where DarkQuest
is proposed to have 1020 POT, we will assume the same
10-event sensitivity.

B. Monte Carlo setup

To estimate the sensitivity of SpinQuest/DarkQuest to
dark photons, we use a Monte Carlo simulation to calculate
(19), (23), and (24). The simulation consists of three parts:
(1) the generation of secondary charged pions; (2) the
production of dark photons in the FMAG, accounting for
the energy loss of pions as they traverse the dump; and
(3) the decay of dark photons in the fiducial decay
region(s).
The total number of secondary charged pions can be

written as an integral over the energy spectrum of charged
pions at the instant the pions are produced:

Nπ ¼
Z

dE0
π
dNπ

dE0
π
: ð26Þ

To simplify the analysis, we assume that all secondary
particles were created at the front end of KMAG, closest to
the beam source, and that isospin symmetry holds,
Nπþ ¼ Nπ− ¼ Nπ=2.

6 Figure 4 shows that the majority
of pions are low-energy compared to the beam,
E0
π ∼ 1–10 GeV. However, as previously emphasized, the

multiplicity of the secondaries is large, Nπ ∼ 6.5 POT.
To simulate dark photon production, we sampleN0 pions

from the binned energy spectrum in Fig. 4. For
i ¼ 1;…; N0, we denote E0

π;i as the initial energy of the
charged pion. We assume all pions are produced purely in
the forward direction and have negligible deflection due to
multiple scattering. The energy of each pion as it steps a
length Δl through the beam dump is then

Eπ;iðljÞ ¼ E0
π;i expð−lj=lπÞ; ð27Þ

where lj ¼ jΔl for j ¼ 1;…; ðL=ΔlÞ and lπ is the pion
interaction length, equal to 20.41 cm in iron. For each dark
photon produced from the pion with differential cross
section dσ=dx, where x ¼ EA0=Eπ;iðljÞ is the A0 energy
fraction, we bin x into m bins with left end points xk,
k ¼ 1;…; m. Then the number of dark photons produced is

NA0 ðmA0 ; ϵÞ ¼ Nπ

N0

XN0

i¼1

XL=Δl
j¼1

Xm
k¼1

Δl

×
Z

xkþ1

xk

dx
dσ
dx

ðmA0 ; ϵ; x; Eπ;iðljÞÞ: ð28Þ

The result is a distribution of dark photons labeled by
energies EA0 and the location lA0 it was produced in the
FMAG. Recall that we have already integrated over the
emission angle θ of the dark photon, conservatively assum-
ing that all dark photons are produced at lj ¼ 0 where the
geometric acceptance of the experiment is the smallest.
Finally, we use (23) to calculate the number of dark

photons that decay within the fiducial decay region. We
consider the total decay width into muons for the current
SpinQuest setup and electrons and muons for the
DarkQuest upgrade. The dark photons must survive the
length of the beam dump and decay in the fiducial decay
region. We require that the leptons must reach station 3, so
we apply a momentum cut of pmin ¼ 10 GeV to the dark
photon to ensure that it is sufficiently boosted. We then
isotropically decay the dark photons in the A0 rest frame
within the fiducial decay region, boost back to the lab
frame, and apply a kick of ΔpT ≃ 0.4 GeV × ðΔz=3 mÞ
from the KMAG. Only the decay products that are still

6We find that this is also a good approximation for the chiral
perturbation theory cross sections; σπþ ≈ σπ− for iron.
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within the angular resolution of station 3 are considered
signal events.

C. Estimated sensitivity to dark photons

We now present our estimates of the sensitivity of
SpinQuest/DarkQuest to the leptonic decay of dark photons
produced from secondary charged pion bremsstrahlung. In
Fig. 6 (left), we show the 10-event sensitivity to A0 → μþμ−
for the 5–6 m decay region with the expected SpinQuest
luminosity. The parameter space already ruled out by
previous beam dump experiments [32–39] and supernova
1987A [40] is shown in shaded gray. Remarkably, even
accounting for nuclear modeling uncertainty, dark photon
production exclusively from charged pion bremsstrahlung
allows SpinQuest to probe new parameter space even prior
to the DarkQuest upgrade.
To explore the prospects of DarkQuest, we show the

sensitivity to A0 → eþe−; μþμ− in purple in Fig. 6 (right).
To directly compare to previous work, we also show the
projected sensitivity curves from Ref. [16] for DarkQuest
from the meson decay and primary proton production
channels (blue dot-dashed line), which correspond to 10
signal events for the upgraded proton beam luminosity. The
secondary charged pion channel alone yields comparable
sensitivity to the projected reach of FASER (black dot-
dashed line), and depending on a full treatment of the
nucleon distributions in the nucleus, it could extend
the reach of DarkQuest out to mA0 ∼ 2 GeV. Indeed, the

enhancement in the number of dark photons produced with
larger POT is more pronounced at large masses, and the
reach can extend to larger masses because the signal is no
longer event-rate limited. The projected mass reach of the
charged pion bremsstrahlung channel also exceeds the
NA62þþ projections (green dot-dashed line); to our
knowledge, no other experiment (other than the proposed
SHiP [41]) would have sensitivity to dark photons in this
mass and coupling range. While there is an extension of
mass reach, naively Fig. 6 (right) might imply that the
impact of dark photon bremsstrahlung by secondary pions
has only a very minor impact, especially if the correct
kinematics for nuclear scattering makes the effective target
mass closer to that of a nucleon than the whole nucleus.
However, our calculation must be viewed as the motivating
first step in obtaining the full dark photon signal contri-
bution of secondary pions; we discuss next steps in the
Conclusion below.

IV. CONCLUSION

In this paper, we have shown that a previously neglected
production channel for dark photons, bremsstrahlung from
secondary charged pions produced from a primary proton
beam, can extend the sensitivity of proton beam dump
experiments to kinetically mixed dark photons. Our analy-
sis shows that the expected SpinQuest dataset should have
sensitivity to dark photons beyond existing constraints,
even allowing for the fact that only the muon decay mode is

FIG. 6. Left: The sensitivity of SpinQuest to A0 from charged pion bremsstrahlung. The red contours (solid forMT ¼ MN, dashed for
MT ¼ M) correspond to 10 muon signal events for the 5–6 m fiducial decay region in SpinQuest with 1.44 × 1018 POT, with the width
of the shaded region representing the modeling uncertainty for the nucleon distribution in the iron nucleus. The gray shaded region
displays the parameter space that has been ruled out by previous beam dump experiments. Right: The sensitivity of SpinQuest to charged
pion bremsstrahlung for A0 → eþe−; μþμ− decays. The red contours (solid forMT ¼ MN, dashed forMT ¼ M) correspond to 10 lepton
signal events for the 5–12 m fiducial decay region for the proposed DarkQuest upgrade with 1020 POT. We compare this curve to the
projected sensitivity of DarkQuest to A0 from proton bremsstrahlung and neutral meson decays with corresponding lepton signal events
(blue dot-dashed line) [16]. We have also included projected sensitivity contours from NA62þþ (green dot-dashed line) and FASER
(black dot-dashed line) [17].
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visible. Over the next decade, the DarkQuest upgrade will
allow more decay channels and higher luminosity, pushing
sensitivity into the multi-GeV regime.
We have made a number of simplifying assumptions that

underestimate the true reach; most importantly, we have
neglected the ρ resonance in pion-nucleon scattering as
well as dark photons produced from quark-level scattering
at momentum transfers exceeding the cutoff of the chiral
Lagrangian. As Fig. 5 demonstrates for proton bremsstrah-
lung vs Drell-Yan type processes, quark-level processes
become dominant for dark photon masses in the GeV range
and beyond. Therefore, the fact that the dark photon
production rate from pion bremsstrahlung dominates over
proton bremsstrahlung above ∼ GeV regardless of the
assumed nuclear kinematics implies that pion-initiated
quark-level processes will, in fact, significantly increase
the dark photon mass reach compared to our current
estimates. We will study these processes in an upcoming
analysis in order to find out just how far in large mA0 the
reach can go.
We can already get some intuition for the expected

rate increase from quark-level scattering by comparing the
estimated proton-initiated Drell-Yan rate to the full
rate including proton PDFs in Fig. 5. In Ref. [16], the
Drell-Yan cross section was parametrically estimated as
σDY ∼ αϵ2=m2

A0 , which would lead to Oð1Þ dark photon
with mA0 ¼ 1 GeV and ϵ ¼ 10−6 for 1018 POT. However,
incorporating the full proton PDFs yielded a rate orders of
magnitude larger, as can be seen from Fig. 5. For pion-
initiated Drell-Yan, one obvious advantage is that the
(valence) antiquark parton distribution functions in the
pions are Oð1Þ at xq̄ ∼ 0.5 at the momentum transfers in
question [42], unlike the case of the proton where antiquark
PDFs are from sea quarks and peak at xq̄ ≪ 1. If pion-
initiated Drell-Yan processes scale similarly to the proton-
initiated process, then it is reasonable to expect great
enhancements in the resulting dark photon mass reach at
DarkQuest.
Our work has profound consequences for the detector

and analysis upgrade path from SpinQuest to DarkQuest.
Without including dark photon production from secondary
pions, dark photon masses significantly beyond a GeV are
essentially inaccessible, owing to the sharp dropoff in
proton bremsstrahlung production past the proton mass.
We have argued that dark photon production from secon-
dary pion interactions exceeds other channels for
mA0 ≳ GeV, opening up the multi-GeV dark photon regime.
Dark photons with such masses decay dominantly to
hadrons, meaning that sensitivity could be further enhanced
by including hadronic A0 decays in the dark photon search
at DarkQuest. We therefore call for an urgent investigation
into possible optimizations of the proposed DarkQuest
upgrade of SeaQuest in light of this new information, to
ensure that hadronic long-lived particle decays could be
discovered with sufficiently low background and obvious

possibilities for the discovery of new physics are not
missed.
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APPENDIX A: 2 → 3 PHASE SPACE
AND KINEMATIC LIMITS

Here we present the derivation of the required 3-body
phase space integral in a form convenient for obtaining
differential cross sections in the lab frame, following the
procedure in [26]. This is an elementary calculation, but we
show it here for pedagogical purposes and to correct some
typos in the literature.
The Lorentz-invariant 3-body phase space measure for

πðpÞNðpiÞ → πðp0ÞNðpfÞA0ðkÞ is

dΠ3¼
1

28π5
d3p0d3pfd3k

E0EfEk
δ4ðpþpi−pf−p0−kÞ; ðA1Þ

where we define 4-momenta as follows: p ¼ ðEπ;pπÞ,
p0 ¼ðE0;p0Þ, pi¼ðEi;piÞ, pf¼ðEf;pfÞ, and k ¼ ðEk;kÞ.
As discussed in the main text, we take the mass of N to be
MT , which can vary between M and MN depending on the
(unmodeled) distribution of nucleons in the nucleus.
We can collapse the delta function over the 3-momenta

by doing the integral over p0. This sets

p0 ¼ pπ þ pi − pf − k: ðA2Þ

We work in the lab frame where pi ¼ 0. Following the
conventions of Ref. [26], we also define q ¼ −pf as the
(negative of the) momentum transfer to the nucleus, and let

V ¼ k − pπ ¼ q − p0: ðA3Þ

Then we can set the energy of the outgoing pion to
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ðE0Þ2 ¼ m2
π þ jq − Vj2

¼ m2
π þ jqj2 þ jVj2 − 2jqjjVj cos θq; ðA4Þ

where θq is the angle between q and V. Changing variables
from pf to q, and letting ϕq be the azimuthal angle of q
with respect to V, the phase space measure is now

dΠ3 ¼
1

28π5
d3k

E0EfEk
jqj2djqjd cos θqdϕq

× δðEπ þMT − Ef − E0 − EkÞ: ðA5Þ

To integrate the remaining energy delta function,7 we treat
the argument of the delta function as a function of θq:

fðcos θqÞ ¼ Eπ þMT − Ef − Ek

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

π þ jqj2 þ jVj2 − 2jqjjVj cos θq
q

; ðA6Þ

with Jacobian f0ðcos θqÞ ¼ jqjjVj=E0. The E0 cancels the
E0 in the phase space measure, and upon integrating over
cos θq we obtain

dΠ3 ¼
1

28π5
jqjdjqjdϕq

EfEkjVj
jkj2djkjd cos θdϕ; ðA7Þ

where we have switched to spherical coordinates for the A0
momentum, with θ and ϕ the polar and azimuthal angles of
k with respect to the incoming pion.
We now want to change variables from jkj to energy

fraction x≡ Ek=Eπ . To do this we use

Ek ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jkj2 þm2

A0

q
¼ xEπ ⇒ djkj ¼ EkEπ

jkj dx: ðA8Þ

Plugging this into the phase space integral and exploiting
the azimuthal symmetry of the problem to perform the
integral over ϕ, we have

dΠ3 ¼
1

27π4
Eπjkjjqj
EfjVj

dq dϕq dx d cos θ: ðA9Þ

Finally, we change variables from jqj8 to

t ¼ −ðpi − pfÞ2 ¼ −2M2
T þ 2MT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

T þ jqj2
q

; ðA10Þ

where the minus sign ensures that t is positive definite. The
Jacobian is

djqj ¼ Ef

2MT jqj
dt: ðA11Þ

Then the final phase space measure involves four integra-
tion variables:

dΠ3 ¼
1

28π4
Eπjkj
MT jVj

dt dϕq dx d cos θ; ðA12Þ

where

jkj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxEπÞ2 −m2

A0

q
; ðA13Þ

jVj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1 − cos θ2Þjkj2 þ

�
jkj cos θ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
π −m2

π

q �
2

r
:

ðA14Þ

Note that no further analytic progress is possible because
the matrix element is in general a nontrivial function of t,
ϕq, x, and cos θ. Including the matrix element and the
appropriate flux factor for the cross section in the lab frame,

dσ ¼ 1

4EπMT
Mðp;nÞ

2→3 dΠ3; ðA15Þ

yields Eq. (14) in the main text after summing incoherently
over protons and neutrons in the nucleus.
We now consider the bounds on the phase space

integration variables. First, the minimum energy of the
A0 is when it is at rest in the lab frame, EA0 ¼ mA0 , so the
lower limit of x is

xmin ¼
mA0

Eπ
: ðA16Þ

We can likewise find the upper bound of x by considering
the case where the A0 is collinear with the incoming pion
and takes all of its kinetic energy, with the target nucleus
remaining at rest. The initial 4-momentum of the system is

Pi¼ðEπþMT;0;0;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
π−m2

A0

q
Þ, and the final 4-momentum

is Pf ¼ ðmπ þMT þ EA0 ; 0; 0;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
A0 −m2

A0

q
Þ. Conservation

of 4-momentum yields

xmax ¼
2EπMT −m2

A0 − 2MTmπ

2EπðMT þmπÞ
: ðA17Þ

To determine the remaining integration bounds, we first
find the bounds on jqj using energy conservation. For fixed
jqj and jVj, the minimum outgoing pion energy E0

− is
obtained when cos θq ¼ 1 and must satisfy

E0
− ≤ Eπ þMT − Ef − Ek: ðA18Þ

7At this step there is a typo in [26], which states that the delta
function is used to integrate out Q, but is actually used to
integrate out cos θq.

8Another typo in [26], where the change of variables should be
from jqj to t rather than cos θq to t.
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This implies

m2
πþjqj2þjVj2−2jqjjVj≤ðEπþMT−Ef−EkÞ2; ðA19Þ

where Ef ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

T þ jqj2
p

. After simplifying, Eq. (A19)
reduces to a quadratic equation for jqj, with two roots jqj�.
Then the bounds on t are

t� ¼ 2MTð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

T þ jqj2�
q

−MTÞ: ðA20Þ

The lower limit of the t integral is thus tmin ¼ t−. Figure 7
shows a contour plot of

ffiffiffiffiffiffiffi
tmin

p
as a function of x andmA0 for

Eπ ¼ 20 GeV. As discussed in the main text, to ensure
the validity of chiral perturbation theory, we set the upper
limit at

tmax ¼ minfð4πfπÞ2; tþg: ðA21Þ

Finally, when the discriminant of the jqj equation vanishes,
we have tþ ¼ t−, and the phase space integral also vanishes
since the bounds of the integral are degenerate. This implies
a maximum value for θ as a function of x,

cosθþ ¼ 2xEπðEπþMTÞ−2MTðEπ −mπÞ−m2
A0

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðE2

π −m2
πÞððxEπÞ2−m2

A0 Þ
q ; ðA22Þ

where larger x implies smaller θþ and hence more collinear
emission. In practice, the angular emission is cut off by the
chiral cutoff. At small values of θþ, tmin becomes larger
than ð4πfπÞ2, prohibiting any dark photons to be emitted at

large angles under chiral perturbation theory. In the
parameter space relevant to SpinQuest, we take θmax ¼
minfθχ ; 0.05 radg such that the angular integral is deter-
mined by either the experimental geometry or the allowed
phase space. However, the cross section is insensitive to the
large-angle limit of integration because it is sharply peaked
at θ ¼ 0, as shown in Fig. 8. We have verified that with the
unrestricted limits t� and θþ, the 3-body phase space
volume reproduces the standard result in the center-of-mass
frame [28].

APPENDIX B: SUPPRESSION OF THE QED
SCATTERING PROCESS

As secondary charged pions traverse the FMAG, they
scatter with atomic nuclei through both the electromagnetic
and the strong force. In addition to the chiral perturbation
theory calculation, one can consider dark photons produced
through electromagnetic scattering via exchange of a
t-channel photon. However, the QED process is highly
suppressed for the relevant kinematics, such that it can be
neglected compared to the strong-force scattering.
The suppression comes about because there is a kin-

ematic mismatch between the forward-scattering singular-
ity of QED and the large momentum transfers required to
produce massive dark photons. The QED cross section for
π�N → π�NA0 is parametrically

σQED ∼
ϵ2α3

tmin
; ðB1Þ

where tmin is the smallest kinematically allowed squared
momentum transfer, defined in Eq. (A20). As shown in
Fig. 7, for the GeV scale boosted A0s with x≳ 0.5 (which
are likely to result in detectable signals), tmin is on the order

FIG. 7. The minimum momentum transfer,
ffiffiffiffiffiffiffi
tmin

p
, as a function

of dark photon mass and energy fraction for a beam energy of
Eπ ¼ 20 GeV and MT ¼ M. The momentum transfer is mini-
mized at mA0 ¼ 0 and x ¼ 0, which is the SM photon limit. Since
the cross section is proportional to the inverse of tmin, the cross
section is maximized in the SM photon limit, suppressing the
QED process of dark photon bremsstrahlung. We also show the
contour corresponding to the scale,

ffiffi
t

p ¼ fπ , in black.

FIG. 8. The differential cross section as a function of cos θ at
fixed x ¼ xmax for a beam energy of Eπ ¼ 30 GeV and a dark
photon with mA0 ¼ 1 GeV and ϵ ¼ 10−7.
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of ð50 MeVÞ2. On the other hand, as shown in Eq. (16), the
chiral perturbation theory cross section is parametrically

σχPT ∼
αϵ2

f2π
; ðB2Þ

where there is no forward singularity at t ¼ 0 but rather
contact interactions at the scale fπ . Since tmin is on the same
order as fπ , the ratio of the cross sections is parametrically

σQED
σχPT

∼ α2 ≈ 10−4; ðB3Þ

which justifies neglecting the QED contribution. The QED
cross section can be significant for mA0 ≲mπ when tmin is
smaller, but it is still suppressed compared to the dominant
π0 → γA0 production mode by 3-body phase space and an
additional factor of α.
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