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The 90-year old theory proposed by E. Fermi and further developed by 
C.F. Weizsaker and E.J. Williams can be tested by using Compton scattering of the 
quasi-real photons from atomic electrons. Currently known tests have modest 
accuracy which could be improved by at least a factor of 10. 
Electron CS was tested by PrimEx at 5GeV (PLB 797 (2019) 134884)

The proposed experiment will use H(e, e’ + er + g)  reaction with selection of the 
events with the elastic \gamma - electron scattering kinematics. The proposed 
detector system will use the existing PRad-II experimental setup, including the 
HyCal calorimeter and GEM coordinate detectors.

e(e,e’+er+g) / e(e,e’+e”)
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PRAD detector system
HyCal

Two layers, GEMs

Combined efficiency > 99.5%

High energy and coordinate resolutions
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Why is it interesting to measure?

How can LEEPP do such a measurement?

What is projected accuracy?

A quasi-real photon flux
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A quasi-real photon flux
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A quasi-real photon flux

The value of the ratio at DE/Ee ~ 0.4 is seen to in-
crease from 1.1 at 120o to 1.2 at 90o, and then to 1.6
at 40o, indicating a worsening breakdown of VPT as the
proton angle decreases
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A quasi-real photon flux

Validity of the Weizsäcker-Williams approximation and the analysis
of beam dump experiments: Production of an axion, a dark photon,

or a new axial-vector boson

Yu-Sheng Liu* and Gerald A. Miller†

Department of Physics, University of Washington, Seattle, Washington 98195-1560, USA
(Received 15 May 2017; published 10 July 2017)

Beam dump experiments have been used to search for new particles, ϕ, with null results interpreted in
terms of limits on masses mϕ and coupling constants ϵ. However these limits have been obtained by using
approximations [including the Weizsäcker-Williams (WW) approximation] or Monte Carlo simulations.
We display methods to obtain the cross section and the resulting particle production rates without using
approximations on the phase space integral or Monte Carlo simulations. In our previous work we examined
the case of the new scalar boson production; in this paper we explore all possible new spin-0 and spin-1
particles. We show that the approximations cannot be used to obtain accurate values of cross sections. The
corresponding exclusion plots differ by substantial amounts when seen on a linear scale. Furthermore, a
new region (mϕ < 2me) of parameter space can be explored without using one of the common
approximations, mϕ ≫ me. We derive new expressions for the three-photon decays of dark photon and
four-photon decays of new axial-vector bosons. As a result, the production cross section and exclusion
region of different low mass (mϕ < 2me) bosons are very different. Moreover, our method can be used as a
consistency check for Monte Carlo simulations.

DOI: 10.1103/PhysRevD.96.016004

I. INTRODUCTION

In our previous work [1], as an example, we used the
beam dump experiment E137 [2] and the production of a
new scalar boson to demonstrate our technique for analysis
of beam dump experiments. In this paper, we further
include all possible new spin-0 and spin-1 particles, which
we denote ϕ; they are pseudoscalar, vector, and axial-vector
bosons.
Beam dump experiments have been aimed at searching

for new particles, such as dark photons and axions (see,
e.g., [3] and references therein) that decay to lepton pairs
and/or photons. Electron beam dumps in particular have
received a large amount of theoretical attention in recent
years [4,5]. The typical setup of an electron beam dump
experiment is to dump an electron beam into a target, in
which the electrons are stopped. The new particles pro-
duced by the bremsstrahlunglike process pass through a
shield region and decay. These new particles can be
detected by their decay products, electron and/or photon
pairs, measured by the detector downstream of the decay
region. Previous earlier work simplified the necessary
phase space integral by using the Weizsäcker-Williams
(WW) approximation [6,7] which, also known as the
method of virtual quanta, is a semiclassical approximation.
The idea is that the electromagnetic field generated by a
fast-moving charged particle is nearly transverse which is

like a plane wave and can be approximated by a real
photon. The use of the WW approximation in bremsstrah-
lung processes was developed in Refs. [8,9] and applied to
beam dump experiments in Refs. [4,10]. The WWapproxi-
mation simplifies evaluation of the integral over phase
space and approximates the 2 particle to 3 particle (2 to 3)
cross section in terms of a 2 particle to 2 particle (2 to 2)
cross section. For the WW approximation to work in a
beam dump experiment, it needs the incoming beam energy
to be much greater than the mass of the new particle, mϕ,
and electron mass me.
The previous work [4] used the following three

approximations:
1. WW approximation;
2. a further simplification of the phase space integral

[see Eq. (28)];
3. mϕ ≫ me.

The combination of the first two approximations has been
denoted [8] the improved WW (IWW) approximation. (The
name “improved WW” might be somewhat misleading
since the procedure reduces the computational time but
does not improve accuracy.) In this paper, we will focus on
examining the validity of WW and IWW approximations
for the production of axions, dark photons and new axial-
vector bosons. The third approximation used to simplify the
calculation of amplitude, however, is not in our scope
because it is merely a special case by cutting off our results
when mϕ ≲ 2me. Nevertheless, we should point out that
without using the third approximation we can use beam
dump experiments to explore a larger parameter space.

*mestelqure@gmail.com
†miller@phys.washington.edu
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Abstract. Differential cross-sections for quasi-free Compton scattering from the proton and neutron bound
in the deuteron have been measured using the Glasgow/Mainz photon tagging spectrometer at the Mainz
MAMI accelerator together with the Mainz 48 cm Ø → 64 cm NaI(Tl) photon detector and the Göttingen
SENECA recoil detector. The data cover photon energies ranging from 200MeV to 400MeV at θLAB

γ =
136.2◦. Liquid deuterium and hydrogen targets allowed direct comparison of free and quasi-free scattering
from the proton. The neutron detection efficiency of the SENECA detector was measured via the reaction
p(γ,π+n). The ”free” proton Compton scattering cross sections extracted from the bound proton data are
in reasonable agreement with those for the free proton which gives confidence in the method to extract
the differential cross section for free scattering from quasi-free data. Differential cross-sections on the
free neutron have been extracted and the difference of the electromagnetic polarizabilities of the neutron
has been determined to be αn − βn = 9.8 ± 3.6(stat) +2.1

−1.1(syst) ± 2.2(model) in units of 10−4 fm3. In
combination with the polarizability sum αn + βn = 15.2 ± 0.5 deduced from photoabsorption data, the
neutron electric and magnetic polarizabilities, αn = 12.5 ± 1.8(stat) +1.1

−0.6(syst) ± 1.1(model) and βn =

2.7 ∓ 1.8(stat) +0.6
−1.1(syst) ∓ 1.1(model) are obtained. The backward spin polarizability of the neutron was

determined to be γ
(n)
π = (58.6± 4.0) → 10−4fm4.

PACS. 13.60.Fz Compton scattering – 14.20.Dh Protons and neutrons – 25.20.Dc Photon absorption and
scattering

1 Introduction

The electromagnetic structure of the nucleon is a fascinat-
ing field of current research. At low energies, the electro-
magnetic structure may be parametrized by amplitudes
for single-pion photoproduction [1,2] and by the invariant
amplitudes for Compton scattering [3]. Instead of using
these amplitudes in their general form, it has become cus-

# Supported by Deutsche Forschungsgemeinschaft (SFB201,
SFB443, Schwerpunktprogramm 1034 through contracts DFG-
Wi1198 and DFG-Schu222), and by the German Russian ex-
change program 436 RUS 113/510.)

a Part of the Doctoral Thesis
b Present address: Physikalisch-Technische Bundesanstalt,

Bundesallee 100, D-38116 Braunschweig
c Part of the Doctoral Thesis
d Part of the Habilitation Thesis

tomary to consider special properties of these amplitudes
which have a transparent physical interpretation. These
properties are given in terms of electromagnetic structure
constants of which the E2/M1 ratio of the p → ω tran-
sition, the electric and magnetic polarizabilities α and β,
respectively, and the spin polarizabilities γ0 and γπ, for
the forward and backward direction, respectively, are the
most prominent.

These electromagnetic structure constants have been
studied for the proton for a long time, whereas the cor-
responding investigations for the neutron are only begin-
ning. This contrasts with the fact that for their interpre-
tation it is of great interest to know whether or not the
proton and the neutron have the same or different electro-
magnetic structure constants. This is one reason to study
the electromagnetic polarizabilities of the neutron in ad-
dition to those for the proton. Since Compton scattering
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Achieving an effective luminosity in the γ∗p-collisions Lγ = 1033 cm−2 s−1 

that is far beyond the possibilities of the tagged photon method, and 
achieving yields ≈ 103 events/hour.

Nucleon polarizabilities
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A quasi-real photon flux measurement
§ Low intensity electron beam 

§ PRAD detector system: two GEMs + HyCal

§ Detection of an electron + an electron  events - Luminosity monitor

§ Detection of an electron + an electron + gamma events

§ Ratio of those rates allows us to find the quasi-real photon flux 

beam electron

atomic electron

e’

e””

gamma

Compton
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A quasi-real photon flux measurement

Event rate for e’ + er + gamma ~ 0.02 x 0.5 = 1% of Moller rate

beam electron

atomic electron

e’

er

gamma
Compton

In GeV energy range it will be done during PRAD-II


