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very efficiently probed at 
intensity frontier 

(GeV scale processes, huge statistics)

well motivated 
 (DM portal, hierarchy problem…)

rare SM processes excellent BSM probes
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the LUXE experiment

LUXE LOI 1909.00860  
LUXE CDR 2102.0232
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LUXE-NPOD: 
new physics searches with an 

optical dump at LUXE

Bai, Blackburn, Borysov, Davidi, Hartin, Heinemann, Ma, Perez, Santra, YS, Tal Hod, 2107.13554 
LUXE CDR 2102.0232
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backgrounds (based on GEANT 4 simulation): 
1. charged particles - bended by a magnetic field 
2. fake photons  
3. real photons - very hard to estimate (extrapolate from a shorter dump)  
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backgrounds (based on GEANT 4 simulation): 
1. charged particles - bended by a magnetic field 
2. fake photons  
3. real photons - very hard to estimate (extrapolate from a shorter dump)  
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tion angle bin) was obtained from the data by applying
the selection criteria described above and fitting the ex-
perimental distributions of “elasticity” and Mγγ for each
angular bin. The typical background in the event selec-
tion process was only a few percent of the real signal
events (see Fig. 2). However, the uncertainty of 1.6% in
the background extraction in this much upgraded exper-
iment still remained one of the largest contributions to
the total systematic uncertainty.
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FIG. 2: Typical distribution of reconstructed “elasticity” (left
panel) and Mγγ (right panel) for one angular bin.

The extraction of differential cross sections from the
experimental yields requires an accurate knowledge of the
total photon flux for each tagger energy bin, the number
of atoms in the target, the acceptance of the experimental
setup and the inefficiencies of the detectors. The uncer-
tainty reached in the photon flux measurement, as de-
scribed above, was at the level of 1% [17]. Different tech-
niques have been used to determine the number of atoms
in both targets with an uncertainty less than 0.1% [15].
The acceptance and detection efficiencies and their un-
certainties were calculated by a GEANT-based Monte
Carlo code that included accurate information about the
detector geometry and response of each detector element.
Other than accidental backgrounds, some physics pro-
cesses with an energetic π0 in the final state can poten-
tially contribute to the extracted yield. The ω photopro-
duction process through the ω → π0γ decay channel is
the dominant contribution to the background. The fit
of the experimental data, as described below, with the
subtracted physics background changes the extracted π0

decay width by 1.4% with an uncertainty of 0.25%.
The resulting experimental cross sections for 12C and

208Pb are shown in Figs. 3 and 4 along with the fit results
for individual contributions from the different π0 pro-
duction mechanisms. Two elementary amplitudes, the
Primakoff (one photon exchange), TPr, and the strong
(hadron exchange), TS , contribute coherently, as well as
incoherently in π0 photoproduction from nuclei at for-

ward angles. The cross section of this process can be ex-
pressed by four terms: Primakoff (Pr), nuclear coherent
(NC), interference between strong and Primakoff ampli-
tudes (Int), and nuclear incoherent (NI):

dσ

dΩ
= | TPr + eiϕTS |2 +

dσ
NI

dΩ

=
dσ

Pr

dΩ
+

dσ
NC

dΩ
+

dσ
Int

dΩ
+

dσ
NI

dΩ
,

where ϕ is the relative phase between the Primakoff and
the strong amplitudes. The Primakoff cross section is
proportional to the π0 decay width, the primary focus of
this experiment [9]:

dσ
Pr

dΩ
= Γ(π0 → γγ)

8αZ2

m3

β3E4

Q4
|FEM (Q)|2 sin2 θπ,

where Z is the atomic number; m, β, θπ are the mass,
velocity and production angle of the pion; E is the energy
of the incident photon; Q is the four-momentum transfer
to the nucleus; FEM (Q) is the nuclear electromagnetic
form factor, corrected for final state interactions (FSI)
of the outgoing pion. The FSI effects for the photopro-
duced pions, as well as the photon shadowing effect in nu-
clear matter, need to be accurately included in the cross
sections before extracting the Primakoff amplitude. To
achieve this, and to calculate the NC and NI cross sec-
tions, a full theoretical description based on the Glauber
method was developed, providing an accurate calculation
of these processes in both light and heavy nuclei [18, 19].
For the NI process, an independent method based on
the multi-collision intranuclear cascade model [20] was
also used to check the model dependence of the extracted
decay width. The uncertainty in the decay width from
model dependence and the parameters inside of the mod-
els was estimated to be 0.3%.
The Γ(π0 → γγ) decay width was extracted by fitting

the experimental results with the theoretical cross sec-
tions of the four processes mentioned above folded with
the angular resolutions (σθ

π0
= 0.6 mrad) and the mea-

sured energy spectrum of the incident photons. In the fit-
ting process, four parameters, Γ(π0 → γγ), CNC , CNI , ϕ,
were varied to calculate the magnitude of the Primakoff,
NC, NI cross sections and the phase angle, respec-
tively. Independent analyses of the experimental data
by two groups within the PrimEx collaboration yielded
the weighted averages of the extracted decay widths for
12C and 208Pb presented in Table I.
The extracted decay width combined for the two tar-

gets is Γ(π0 → γγ) = 7.82±0.14 (stat.)±0.17 (syst.) eV.
The quoted total systematic uncertainty (2.1%) is the
quadratic sum of all the estimated uncertainties in this
experiment. The systematic uncertainties were verified
by measuring the cross sections of the Compton scatter-
ing and the e+e− production processes. The extracted
cross sections for these well-known processes agree with
the theoretical predictions at the level of 1.5% and will

PrimEx - 1009.1681
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tion angle bin) was obtained from the data by applying
the selection criteria described above and fitting the ex-
perimental distributions of “elasticity” and Mγγ for each
angular bin. The typical background in the event selec-
tion process was only a few percent of the real signal
events (see Fig. 2). However, the uncertainty of 1.6% in
the background extraction in this much upgraded exper-
iment still remained one of the largest contributions to
the total systematic uncertainty.
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FIG. 2: Typical distribution of reconstructed “elasticity” (left
panel) and Mγγ (right panel) for one angular bin.

The extraction of differential cross sections from the
experimental yields requires an accurate knowledge of the
total photon flux for each tagger energy bin, the number
of atoms in the target, the acceptance of the experimental
setup and the inefficiencies of the detectors. The uncer-
tainty reached in the photon flux measurement, as de-
scribed above, was at the level of 1% [17]. Different tech-
niques have been used to determine the number of atoms
in both targets with an uncertainty less than 0.1% [15].
The acceptance and detection efficiencies and their un-
certainties were calculated by a GEANT-based Monte
Carlo code that included accurate information about the
detector geometry and response of each detector element.
Other than accidental backgrounds, some physics pro-
cesses with an energetic π0 in the final state can poten-
tially contribute to the extracted yield. The ω photopro-
duction process through the ω → π0γ decay channel is
the dominant contribution to the background. The fit
of the experimental data, as described below, with the
subtracted physics background changes the extracted π0

decay width by 1.4% with an uncertainty of 0.25%.
The resulting experimental cross sections for 12C and

208Pb are shown in Figs. 3 and 4 along with the fit results
for individual contributions from the different π0 pro-
duction mechanisms. Two elementary amplitudes, the
Primakoff (one photon exchange), TPr, and the strong
(hadron exchange), TS , contribute coherently, as well as
incoherently in π0 photoproduction from nuclei at for-

ward angles. The cross section of this process can be ex-
pressed by four terms: Primakoff (Pr), nuclear coherent
(NC), interference between strong and Primakoff ampli-
tudes (Int), and nuclear incoherent (NI):
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where ϕ is the relative phase between the Primakoff and
the strong amplitudes. The Primakoff cross section is
proportional to the π0 decay width, the primary focus of
this experiment [9]:
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where Z is the atomic number; m, β, θπ are the mass,
velocity and production angle of the pion; E is the energy
of the incident photon; Q is the four-momentum transfer
to the nucleus; FEM (Q) is the nuclear electromagnetic
form factor, corrected for final state interactions (FSI)
of the outgoing pion. The FSI effects for the photopro-
duced pions, as well as the photon shadowing effect in nu-
clear matter, need to be accurately included in the cross
sections before extracting the Primakoff amplitude. To
achieve this, and to calculate the NC and NI cross sec-
tions, a full theoretical description based on the Glauber
method was developed, providing an accurate calculation
of these processes in both light and heavy nuclei [18, 19].
For the NI process, an independent method based on
the multi-collision intranuclear cascade model [20] was
also used to check the model dependence of the extracted
decay width. The uncertainty in the decay width from
model dependence and the parameters inside of the mod-
els was estimated to be 0.3%.
The Γ(π0 → γγ) decay width was extracted by fitting

the experimental results with the theoretical cross sec-
tions of the four processes mentioned above folded with
the angular resolutions (σθ

π0
= 0.6 mrad) and the mea-

sured energy spectrum of the incident photons. In the fit-
ting process, four parameters, Γ(π0 → γγ), CNC , CNI , ϕ,
were varied to calculate the magnitude of the Primakoff,
NC, NI cross sections and the phase angle, respec-
tively. Independent analyses of the experimental data
by two groups within the PrimEx collaboration yielded
the weighted averages of the extracted decay widths for
12C and 208Pb presented in Table I.
The extracted decay width combined for the two tar-

gets is Γ(π0 → γγ) = 7.82±0.14 (stat.)±0.17 (syst.) eV.
The quoted total systematic uncertainty (2.1%) is the
quadratic sum of all the estimated uncertainties in this
experiment. The systematic uncertainties were verified
by measuring the cross sections of the Compton scatter-
ing and the e+e− production processes. The extracted
cross sections for these well-known processes agree with
the theoretical predictions at the level of 1.5% and will
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partially stripped ion beam  
(stored at the LHC ring)

laser pulse

the outgoing photon flux: 

,   Eγ ∼ 𝒪(1 − 400) MeV
dNγ

dt
≈ (1016 − 1018) sec−1

factor of  larger than present sources𝒪(107)
 Krasny et al. 1511.07794

use this huge photon flux for BSM
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that this holds to better than O(1) for ALPs throughout
this mass region.

The precision of a could be improved by including
higher-order terms in the chiral Lagrangian, and in the
future once additional data exist, by performing a de-
tailed study of excited pseudoscalar resonances. That
said, adding direct quark couplings to the ALP model
also induces O(1) changes in a. Therefore, a more natu-
ral approach is to adopt Cu, Cd, and Cs as e↵ective ALP
parameters, with the goal of experimentally exploring all
O(1) deviations from the pure ALP-gluon model.

The interactions of pseudoscalar mesons are well de-
scribed at low energies by the hidden local symmetries
framework of vector meson dominance (VMD) [34]. Due
to ALP-pseudoscalar mixing, which generates the ALP
U(3) representation, we can also employ VMD to study
ALP interactions. However, since VMD only includes
ground-state mesons, the e↵ective theory breaks down
once ma & m⌘⇤ ⇡ 1.5GeV. In Ref. [33], we showed how
e+e� ! V (⇤) data can be used to predict the hadronic
decay rates of any vector particle. While no high-purity
source of P (⇤) currents exists, with minimal assumptions
we can also use e+e� data to extend VMD-based pseu-
doscalar predictions up to 3GeV.

We begin by considering an interaction vertex with two
vectors and one pseudoscalar (V V P ). The amplitude for
the process V1(p1)!V2(p2)P (q) must be of the form

A(V1!V2P ) = ✏µ⌫↵�✏
µ
1 ✏

⇤⌫
2 p↵1 p

�
2 F

�
p21, p

2
2, q

2
�

⇥
3g2

4⇡2f⇡
hV1V2P i , (14)

where F is an unknown function, as this is the only valid
Lorentz structure. What we know about F is as follows:

F
�
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2
2, q

2
�
=

(
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1
(VMD)

/
1

m4
1

for m1 � ⇤QCD (pQCD)
, (15)

wherem2
1 = p21 andmV ⇤

1
denotes the pole mass of the first

excited vector meson with the same U(3) representation
as V1. The pQCD power-counting rule is A / m4�n

1 ,
where n is the number of partons involved in the vertex (6
for V V P ) [35]. Since for m1 . mV ⇤

1
F is approximately

independent of the ground-state meson masses, we make
the ansatz

F
�
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2
2, q

2
�
! F(m1). (16)

As shown in Ref. [33], treating e+e� ! qq̄ production
as the sum of currents with ⇢-like, !-like, and �-like
U(3) quantum numbers, rather than the sum of many
V ⇤ resonances, provides a good description of the data
for

p
s � mV ⇤ . Therefore, the F function can be ex-

tracted from data using
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FIG. 2: The function F from Eq. (14) as determined from
e+e� data [38–40]. Since we ignore resonance contributions,
each result is only approximately valid at masses where nar-
row resonance contributions are small. We define these as:
(!-like) above where the sizable !–� interference e↵ect in the
3⇡ final state becomes negligible, (⇢-like) ma & m⇢⇤ + �⇢⇤ ,
and (�-like) ma & m�⇤ + ��⇤ .

where m ⌘
p
s and �VMD

V!f (m) is the width obtained using
VMD with F = 1.
Figure 2 shows that all available e+e� ! V1 ! V2P

data is consistent with the following F function:

F(m)=

8
>><

>>:

1 for m < 1.4GeV

interpolation for 1.4 m 2GeVh
�F
m

i4
for m > 2GeV

(18)

where �F = 1.4GeV is determined from the data. Fur-
thermore, in the Supplemental Material we show that
all e+e� ! V ! PP data [36, 37] is also consistent with
Eq. (18), modulo the pQCD power-law scaling ism�3 due
to the dimensionality of the VMD-based V PP vertex.
Indeed, F is simply a smooth monotonic transition from
VMD to pQCD, and therefore, we expect this function
to be approximately valid for any 3-meson vertex where
only the decaying particle is not a ground-state meson
(corrected for vertex dimensionality if needed). We will
show below how to use Eq. (18) to extend VMD-based
calculations up to 3GeV, and validate our approach us-
ing known ⌘c decay branching fractions.
The amplitude for P ! V1V2 must have the same

Lorentz structure as Eq. (14), and by crossing symme-
try must share the same F function. Therefore, using
the standard VMD framework—but inserting F(mP )—
we can now calculate �a!V V (ma) for all masses up to
⇡ 3GeV. These calculations, which are straightforward
and follow directly from the standard VMD ones, are
provided in the Supplemental Material. In addition, we
can also calculate �⌘c!V V using the same framework
(also provided in Supplemental). Table I shows that our
⌘c ! V V predictions are consistent with the known ex-
perimental values to O(10%). Alternatively, �⌘c!V V can
be calculated using pQCD; however, this approach un-
derestimates the experimental values [41] by O(10) even
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that this holds to better than O(1) for ALPs throughout
this mass region.

The precision of a could be improved by including
higher-order terms in the chiral Lagrangian, and in the
future once additional data exist, by performing a de-
tailed study of excited pseudoscalar resonances. That
said, adding direct quark couplings to the ALP model
also induces O(1) changes in a. Therefore, a more natu-
ral approach is to adopt Cu, Cd, and Cs as e↵ective ALP
parameters, with the goal of experimentally exploring all
O(1) deviations from the pure ALP-gluon model.

The interactions of pseudoscalar mesons are well de-
scribed at low energies by the hidden local symmetries
framework of vector meson dominance (VMD) [34]. Due
to ALP-pseudoscalar mixing, which generates the ALP
U(3) representation, we can also employ VMD to study
ALP interactions. However, since VMD only includes
ground-state mesons, the e↵ective theory breaks down
once ma & m⌘⇤ ⇡ 1.5GeV. In Ref. [33], we showed how
e+e� ! V (⇤) data can be used to predict the hadronic
decay rates of any vector particle. While no high-purity
source of P (⇤) currents exists, with minimal assumptions
we can also use e+e� data to extend VMD-based pseu-
doscalar predictions up to 3GeV.

We begin by considering an interaction vertex with two
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e+e� data [38–40]. Since we ignore resonance contributions,
each result is only approximately valid at masses where nar-
row resonance contributions are small. We define these as:
(!-like) above where the sizable !–� interference e↵ect in the
3⇡ final state becomes negligible, (⇢-like) ma & m⇢⇤ + �⇢⇤ ,
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where m ⌘
p
s and �VMD

V!f (m) is the width obtained using
VMD with F = 1.
Figure 2 shows that all available e+e� ! V1 ! V2P

data is consistent with the following F function:
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where �F = 1.4GeV is determined from the data. Fur-
thermore, in the Supplemental Material we show that
all e+e� ! V ! PP data [36, 37] is also consistent with
Eq. (18), modulo the pQCD power-law scaling ism�3 due
to the dimensionality of the VMD-based V PP vertex.
Indeed, F is simply a smooth monotonic transition from
VMD to pQCD, and therefore, we expect this function
to be approximately valid for any 3-meson vertex where
only the decaying particle is not a ground-state meson
(corrected for vertex dimensionality if needed). We will
show below how to use Eq. (18) to extend VMD-based
calculations up to 3GeV, and validate our approach us-
ing known ⌘c decay branching fractions.
The amplitude for P ! V1V2 must have the same

Lorentz structure as Eq. (14), and by crossing symme-
try must share the same F function. Therefore, using
the standard VMD framework—but inserting F(mP )—
we can now calculate �a!V V (ma) for all masses up to
⇡ 3GeV. These calculations, which are straightforward
and follow directly from the standard VMD ones, are
provided in the Supplemental Material. In addition, we
can also calculate �⌘c!V V using the same framework
(also provided in Supplemental). Table I shows that our
⌘c ! V V predictions are consistent with the known ex-
perimental values to O(10%). Alternatively, �⌘c!V V can
be calculated using pQCD; however, this approach un-
derestimates the experimental values [41] by O(10) even
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This Work Experiment
VMD⇥|F(m)|2 Average SU(3)

B(⌘c ! ⇢⇢) 1.0% 1.8± 0.5% 1.10± 0.14%

B(⌘c ! !!) 0.40% 0.20± 0.10% 0.44± 0.06%

B(⌘c ! ��) 0.25% 0.28± 0.04% 0.28± 0.04%

B(⌘c ! K⇤K⇤) 0.91% 0.91± 0.26% 1.00± 0.13%

TABLE I: Validation of our results using ⌘c ! V V decays.
Our predictions are consistent with the averages of the ex-
perimental values for each decay [32]. Furthermore, we derive
more precise experimental values by averaging all ⌘c ! V V
results assuming SU(3) symmetry in these decays, and find
that our predictions are consistent with these SU(3)-averaged
experimental results to O(10%).

when including higher-twist e↵ects, which is known as
the ⌘c ! V V puzzle. Though not the focus of our
work, we can provide an explanation for this puzzle: since
F(1.4GeV) ⇡ 1 and pQCD scaling goes as m�4, we find
that F(m⌘c) ⇡ 5% implying there are non-perturbative
remnants at m⌘c , which gives B(⌘c ! V V ) values much
larger than those obtained from a purely pQCD-based
calculation (see Table I).

Given any ALP U(3) representation, e.g. as shown in
Fig. 1, and the mass-dependent vertex scaling functions,
e.g. Eq. (18), we can calculate exclusive hadronic ALP
decay widths and its total hadronic width. The detailed
calculations are provided in the Supplemental Material,
and summarized briefly here.

• �a!V V : As discussed above, we calculate a ! ⇢⇢,
a ! !!, a ! ��, and a ! K⇤K⇤ using our extended-
VMD framework. Additionally, we calculate �a!⇡⇡�

as a ! ⇢⇢ followed by ⇢–� mixing and ⇢! ⇡⇡.

• �a!V P : Since a ! ⇢⇡ violates isospin and a ! K⇤K
violates SU(3) symmetry, they are expected to be sub-
leading and di�cult to calculate, thus we do not con-
sider them here.3 Most other decays of this type in-
volving ground-state mesons violate C, so also are not
considered.

• �a!�� : At low masses, the chiral transformation gen-
erates a direct a�� coupling, while at high masses
pQCD quark-loop contributions (at two-loop order)
are important. Additionally, calculated for the first
time here using our extended-VMD approach, a !

V V ! ��, where the vector mesons mix with the pho-
tons, are the dominant contributions over most of the
mass range considered.

• �a!3⇡: These decays proceed via isospin-violating a–
⇡0 mixing, and by a–⌘(0) mixing followed by ⌘(0) ! 3⇡.

3 Specifically, determining the U(3)-violating components of a and
the kaon-loop contributions to isospin-violating final states would
be tedious.

We calculate these decay rates using the LO chiral La-
grangian, and add a k factor to account for the well-
known large final-state pion rescattering e↵ects.

• �a!PPP : In this category, we calculate a ! ⌘(0)⇡⇡
and a ! KK⇡. The amplitudes for these decays are
dominated by scalar and tensor meson exchanges. The
scalar resonance parameters and couplings are taken
from the ⌘0 ! ⌘⇡⇡ model of Ref. [33], where they
were determined by fitting all available data. We use a
similar approach to derive the f2(1270) tensor-meson
contribution. The form of the K⇡ S-wave amplitude is
taken from Ref. [34]. Unlike above, we cannot obtain
the F functions for these vertices directly from data.
Given that the dimensionality of each of these vertices
is the same as that of V V P , we also use Eq. (18) here.
This universality assumption is validated by the fact
that we accurately predict both B(⌘c ! ⌘⇡⇡) and
B(⌘(1760) ! ��) ⇥ B(⌘(1760) ! ⌘0⇡⇡) to ⇡ 20%,
and B(⌘c ! KK⇡) to ⇡ 10%. Given that a ! ⌘⇡⇡
or a ! KK⇡ has the largest branching fraction for
ma & 1GeV, the lack of more stringent data-driven
constraints here is the weakest component of our ALP
decay calculations, though these data-driven tests sug-
gest that the uncertainties are small. (These predic-
tions could be improved in the future, as a better
experimental understanding of the excited ⌘⇤ states
would make it possible to extract the F functions for
the SPP and TPP vertices from data.)

• �a!gg: The NLO pQCD calculation of Eq. (5) derived
in Ref. [20] is adopted here.

• �a (total hadronic width): We take �a = �a!gg for
ma & 1.84GeV, while for lower masses, the sum of all
exclusive modes is used for �a. At ma ' 1.84GeV we
find �a!gg ⇡

P
i=exc.

�i.

The decay widths and branching fractions are summa-
rized in Fig. 3. The unaccounted for branching fraction is
also shown in Fig. 3, and is substantial for ma & 2GeV.
This includes decays such as a ! AA, i.e. two axial-
vector mesons, which should be comparable to a ! V V
above about 2.5GeV, and many decay paths that in-
volve excited resonances, rescatterings, etc. For exam-
ple, ⇡ 20% of ⌘c decays result in a 6⇡ final state, and
we expect that the ALP will decay to many-body final
states that are not studied here at about the same rate.
Using our framework and the branching fractions in

Fig. 3, we can now evaluate the constraints on this model.
We focus on the m⇡ < ma < 3GeV region, where our
work has the biggest impact. Constraints where fa .
3f⇡ are omitted, e.g., bounds from radiative J/ decays,
since we assumed f⇡ ⌧ fa when deriving a. Details on all
calculations are provided in the Supplemental Material,
while in Fig. 4 and below we summarize the constraints.

• We recast existing limits on the a�� vertex from
LEP [19, 35] and beam-dump experiments [36, 37] us-


