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Abstract The MUSE experiment at the Paul Scherrer Insti-
tute is measuring elastic lepton-proton scattering cross sec-
tions in a four-momentum transfer range from Q? of approx-
imately 0.002-0.08 GeV? using positively and negatively
charged electrons and muons. The extraction of the Born
cross sections from the experimental data requires radiative
corrections. Estimates of the instrumental uncertainties in
those corrections have been made using the ESEPP event
generator. The results depend in particular on the minimum
lepton momentum that contributes to the experimental cross
section and the fraction of events with hard initial-state radia-
tion that is detected in the MUSE calorimeter and is excluded
from the data. These results show that the angular-dependent
instrumental uncertainties in radiative corrections to the elec-
tron cross section are less than 0.4% and are negligible for
the muon cross section.

1 Introduction
The MUon Scattering Experiment (MUSE) at the Paul Scher-

rer Institute (PSI) [1,2] has been developed to measure elastic
electron-proton and muon-proton scattering cross sections

4 e-mail: strauch@sc.edu (corresponding author)

of positively and negatively charged leptons. Measurements
are done at beam momenta pg of 115 MeV/c, 161 MeV/c,
and 210 MeV/c and over a wide range of scattering angles
6 between 20° and 100°. MUSE covers four-momentum-
transfers from Q2 of approximately 0.002—0.08 GeV?2. Each
of the four data sets, e* p and u™ p, allows the extraction of
the proton charge radius. In combination, the data test possi-
ble differences between the electron and muon interactions
and two-photon exchange effects.

For each beam momentum, electron and muon scattering
cross sections, (do/d$2¢)exp, Will be obtained as a function
of the lepton scattering angle. The extraction of the electro-
magnetic form factors from the measured cross sections will
use an iterative approach to match simulated and measured
count rates. Radiative effects can be quantified by a correc-
tion factor (1 + §), which is defined in the relation between
the measured experimental cross section and the Born cross
section [3]

do do
(m)w N (d—m>30m (9. M
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The radiative correction accounts for higher-order processes,
such as the dominant first-order bremsstrahlung process
¢p — {'py, the vacuum polarization correction, the ver-
tex corrections, and the two-photon-exchange corrections.
It is estimated from model calculations of the Born and
bremsstrahlung, doprems, Cross sections in the kinematic set-
tings of the experiment. Monte-Carlo simulations are used to
carry out the integration of the bremsstrahlung cross section

(ia)e= 1, 1

where pé is the momentum of the scattered lepton, and €2,
and €2,, are the solid angles of the incident lepton and final-
state photon, respectively. The limits in the integration reflect
the experimental conditions. The kinematics, event selec-
tion, lepton, and photon angular and momentum acceptances,
detector resolutions, and functional behavior of the form fac-
tors will thus affect the size of the radiative corrections.
Dedicated calculations of radiative corrections for MUSE
have been performed by Afanasev and collaborators [4—6],
by Myhrer and collaborators in the framework of the Heavy
Baryon Chiral Perturbation Theory [7,8], and within the
McMule framework using the higher-order QED calculations
[9,10]. Second-order radiative corrections have also been cal-
culated for MUSE in Ref. [11]. Two-photon exchange effects
in MUSE kinematical region were studied by Tomalak and
Vanderhaeghen [12—-15] in the dispersion relation approach,
by Weiss and collaborators [16] in the framework of Disper-
sively Improved Chiral Effective Field Theory, and by Paz
and collaborators [17] using QED-NRQED effective field
theory. However, the simulations to perform the integral in
Eq. (2) require a suitable event generator, which, in the case of
MUSE, must fulfill several requirements. First, the event gen-
erator needs to include the emission of a hard radiated photon
in the initial and final state, which is beyond the soft-photon
approximation. MUSE includes a large fraction of the radia-
tive tail in the momentum acceptance. The hard photon needs
to be propagated in the full Monte Carlo simulation. Second,
the event generator needs to include the mass of the leptons
to avoid the Q% >> m? approximation in the calculation.
The Elastic Scattering of Electrons and Positrons on Protons
(ESEPP) event generator [3] takes into account the first-order
radiative corrections of elastic scattering of charged leptons
(e* and ) on protons and fulfills these requirements. We
have used ESEPP with the Kelly parametrization of the pro-
ton form factors [18] for the present studies. Other generators
that are viable for MUSE include those discussed in Refs.
[19,20], and were found to give results in good agreement
with those from ESEPP when run under similar conditions.
This paper presents a study of how the instrumental char-
acteristics of the MUSE experiment impact the determination
of radiative corrections. The details of the Monte Carlo sim-

doprems

_Sobems 400 dp). 2
d2d$,dp, @
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ulation and the properties of detectors related to the radiative
corrections will be presented. Results of the radiative correc-
tions and their uncertainties from preliminary instrumental
input to the model calculations will be discussed.

2 Experiment
2.1 Setup

Figure 1 shows a schematic layout of the experimental setup
of MUSE in the wM1 sary beamline [21] at PSI.

The particle beam contains a mix of electrons, muons,
and pions with a beam flux up to 3.5 MHz in the experi-
ment. These particles go through the Beam Hodoscope (BH)
detector for timing and particle identification [22]. The BH
also measures the beam fluxes. Three Gas Electron Multiplier
(GEM) chambers [23] determine the incident particle track.
A veto detector suppresses triggers from off-axis particles.
The target chamber contains a ladder with liquid-hydrogen,
empty-cell, and solid targets, in addition to a non-target posi-
tion [24]. Scattered particles are detected by two symmet-
ric spectrometers, each with two Straw-Tube Tracker (STT)
chambers and two planes of fast Scattered Particle Scintil-
lators (SPS). The combined information from the GEM and
STT trackers allow for the reconstruction of the vertex and
scattering angle for the ep or up reaction. The scattering-
angular resolution for one event is dominated by multiple
scattering and is smaller than 20 mrad. Systematic uncer-
tainties of the scattering angle reconstruction are expected to
be below 0y = 1 mrad. The two SPS planes (front-wall and
rear-wall) provide the scattered-particle event trigger which
requires a hit in each scintillator wall. The unscattered parti-
cles pass the Beam Monitor (BM). The time-of-flight (TOF)
from the BH to the SPS determines the reaction type (muon
scattering vs. muon decay in flight). The TOF from the BH
to the BM determines 1 and 7 beam momenta. Channel
beam momenta have been verified with those measurements
to within o,/ po = 0.2 % [21]. The BM can also be used
to suppress background from Mgller and Bhabha scattering.
The most downstream beamline detector is the calorimeter.
It consists of 64 lead-glass blocks in a square arrangement
139 cm downstream of the target. The blocks have a size of
4cm x 4cm x 30 cm. The calorimeter is used to detect
photons in the beam direction.

Particularly important for the determination of the radia-
tive corrections are the lepton-detection threshold in the SPS
detectors and the hard photon detection in the calorimeter.

2.2 Event selection

The magnitude of the momentum of the final-state lepton is
not directly measured in MUSE. Instead, all scattered lep-
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Fig. 1 Sketch of the MUSE experimental setup at the 7 M1 beamline
at PSI as implemented in the MUSE Geant4 simulation
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Fig. 2 Geant4 simulation of the electron detection threshold of the
MUSE SPS detector. The efficiency of particle detection is shown as
a function of momentum for various scattering angles and low (full
symbols) and high (open symbols) light-output thresholds. The light-
output thresholds Ey, are given for the front and rear-walls separately

tons, from the threshold, pé’min, to the elastic endpoint are
included in the experimental yield. The threshold momentum
depends on the scintillator light output and the discrimina-
tion thresholds set in the front- and rear-wall detectors of
the SPS.! A Geant4 simulation of the electron detection effi-
ciency, €(p,), is shown in Fig. 2.

! The electron light-output function of the SPS plastic scintillators is
very nearly linear, and has been calibrated with photon sources follow-
ing the method of Ref. [25]. The light output is reported in units of MeV
electron equivalent (MeV,,).

The full symbols are for light output thresholds of
1.5 MeVe for each of the front and rear walls. The open
symbols are for higher threshold values of 2.5 MeV,. and
5.0 MeVe. in the two walls, respectively. Particles with a
scattering angle of about 60° traverse the walls approxi-
mately perpendicularly. Smaller or larger scattering angles
result in higher momentum thresholds, as shown in Fig. 2,
due to the larger path length in the scintillation material and
related larger energy losses in the front wall. At very low
momenta the lepton stops in the front wall, or deposits insuffi-
cient energy for the light output to be above the discriminator
threshold.

The effective minimum momentum threshold, p;nin, was
determined to be the momentum value for which the inte-
gral of the bremsstrahlung cross section over the detection
range from p/ . to the endpoint, p; .., matches the efficiency
weighted integral over all momenta

doprems

Pinax
——— 2 dQ,dp,
/p;nm dQedQydp, 7"

Plnax dObrems
= ) —————dQ,dp). 3
/0 e(pe)szdedpz yap, (3)

We have evaluated Eq. (3) using € ( pé) from Fig. 2 and the
ESEPP event generator for oprems. The momentum threshold
is a function of the discriminator thresholds in the SPS, the
lepton scattering angle, and details of the event selection,
e.g., cuts on the bremsstrahlung photons. For electrons and
detection thresholds of 2.0 MeV,, in both walls, it is about
Phin = 14 MeV/e, and for muons about p/ . = 84 MeV/c.
We estimate the uncertainty of the threshold values to be
oy = 2 MeV/c.

Photon production is often ignored in the experimental
yield in electron-scattering experiments, and the bremsstrah-
lung cross section is integrated over the full solid angle of
the real photons in the evaluation of radiative corrections.
However, as shown below in Sect. 4, uncertainties in the
radiative corrections in MUSE can be reduced when hard
photons in the forward direction are excluded in the cross
section. As an example of the anticipated MUSE calorimeter
response, Fig. 3 shows the reconstructed photon momentum
distribution for the scattering of 161 MeV/c electrons at 60°
as a red histogram. The simulation is based on the ESEPP
event generator. It includes the geometrical acceptance of the
8 x 8 calorimeter blocks, and the energy-dependent detec-
tor resolution. The parameterization of the resolution was
tuned to experimental data with electron-beam momenta in
the range from 20 MeV/c to 230 MeV/c. When the calorime-
ter is used to suppress initial-state radiation, only events with
areconstructed photon energy less than a specified energy cut
are used in the subsequent analysis. For example, the green
histograms in Fig. 3 display the accepted data with photon
energies less than 80 %, 40 %, and 20 % of the beam energy.

@ Springer
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Fig. 3 Simulation of the reconstructed photon momentum in the
MUSE calorimeter (red histogram) for scattering of 161 MeV/c elec-
trons at 60°

Preliminary commissioning data show a relative energy reso-
lution of the calorimeter of 20 %, at the energy corresponding
to about half the beam momentum of 210 MeV/c, up to 25 %
for 115 MeV/c. We assume the uncertainty of the mean of the
reconstructed photon-energy to be better than o, = 5 MeV.

3 Simulations of the lepton-scattering cross section

Figure 4 shows histograms from ESEPP simulations of the
electron (red) and muon (blue) scattering cross sections at a
kinematic setting with an incident beam momentum of pg =
161 MeV/c and scattering angle 6 of 60°. This setting is at the
center of the momentum and angular range of the experiment.

In the experiment, all scattered particles above the
momentum detection threshold p; . contribute to the exper-
imental yield. The momentum ranges are indicated by the
horizontal lines. Each histogram shows the elastic peak at
high momentum and its radiative tail. The muon elastic peak
is slightly offset from the electron peak due to the larger
proton recoil energy in wup scattering. The apparent gap
between the elastic peak and the tail is an artifact of the
ESEPP calculation. The event generator includes explicitly
hard bremsstrahlung photons in the tail region with energies
as low as the cut-off energy E )C,“‘. The contribution to the cross
section from photons with E,, < E;™ is integrated over all
photon directions and energies and is included in the elastic
peak [3]. Due to their small mass, the cross section in the
radiative tail is much larger for electrons than muons. In this
kinematic setting, the cross section for ep at the e detection
threshold is about 200 times larger than for up at the u thresh-
old. The £p — ¢’ py cross section vanishes for both lepton
species as the scattered-lepton momentum reaches zero. The
local maximum in the electron radiative tail at low final-state
electron momenta is caused by the increase of the ep scat-
tering cross section after initial-state photon emission from

@ Springer
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Fig. 4 ESEPP calculations of the electron (red) and muon (blue) scat-
tering cross sections for an incident beam momentum of 161 MeV/c
and a scattering angle of 60°. The cross sections are integrated over all
final-state photon directions. The horizontal lines indicate the lepton-
momentum acceptance of MUSE

the electron in the beam direction and the subsequent reduc-
tion of the electron momentum and momentum transfer in
the scattering process [7].

4 Radiative corrections

We have used the ESEPP event generator in a simplified sim-
ulation of MUSE and studied the radiative corrections ¢ in
a variety of experimental conditions. The simulation is sim-
plified in that it is not a full simulation of the MUSE appa-
ratus but assumes the nominal beam momentum, scattering
angle, momentum-detection threshold, and photon calorime-
ter geometrical acceptance and energy reconstruction. Pro-
cesses accompanying the passage of incident and outgoing
particles through the upstream detector and target materials
have not yet fully been considered. Initial tests with a more
comprehensive simulation show that this simple approach
encompasses all relevant effects and the two approaches
give quantitatively similar results. Uncertainties in the beam
momentum and scattering angle are so small that they do not
significantly contribute to the uncertainty in the radiative cor-
rections. The uncertainty in the minimum lepton momentum
pl’nin, however, contributes strongly to radiative corrections
in electron scattering but not in muon scattering.

This result is exemplified in the values for § that are shown
in Fig. 5 as a function of p; . for electron (top panel) and
muon (bottom panel) beams of a momentum of 161 MeV/c
and for a mid-range scattering angle of 60°. The correction
parameter § is negative when the scattering cross section is
smaller than the Born cross section at high values of p/ . .

The red curves show the results for all scattering events,
regardless of the emission of photons. For ep, the full result
shows a strong dependence on p; . with a steep slope
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Fig. 5 Results of radiative corrections for MUSE with a beam momen-
tum of 161 MeV/c and a scattering angle of 60°. The top panel shows the
results for electron scattering, the bottom panel the results for muons.
The curves show the results without (red) and with increasingly strong
cuts on initial-state radiation using the calorimeter (green). Those dis-
tributions all overlap in the muon case

(08/9p,;, > 1% per 1 MeV/c) close to the SPS detection
threshold of about 14 MeV/c. If uncontrolled, the instru-
mental uncertainty in p; . would generate a considerable
uncertainty in &.

As discussed in Sect. 3, the increase in § with a decrease
in p; . is linked to the increase of the ep cross section with
reduced beam momentum after the emission of high-energy
initial-state radiation. The initial-state radiation is strongly
forward peaked, and the MUSE calorimeter in the beam-
line downstream of the target is capable of detecting these
bremsstrahlung photons. The various green curves in Fig. 5
show the results for § after vetoing an increasing fraction of
events with forward going hard photons. The lower the cho-
sen photon-energy cut to suppress the initial-state radiation,
the smaller are the radiative corrections and their dependence
on p ;nin'

However, as seen in Fig. 3, a sizable fraction of the
initial-state-radiation momentum distribution is at low pho-
ton momenta. Selecting the photon-energy cut in that region
increases the uncertainty in the experimental cross section
and in the corresponding radiative corrections due to uncer-
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Fig. 6 Total uncertainties of radiative corrections o for ep scattering
and various beam momenta and scattering angles in MUSE as a function
of the photon-energy cut E }C,”t

tainties in the reconstructed photon momentum. To determine
the optimum event selection with the smallest overall uncer-
tainty for the radiative corrections for ep, we repeated the
simulations, systematically increasing the upper limit of the
energies of the accepted hard-photons in the forward direc-
tion from O to 100 % of the beam momentum.

The results are shown in Fig. 6. We found a shallow min-
imum of the total uncertainty with a photon energy cut of
E, < 0.4pgc. Radiative corrections for muons are much
smaller than for electrons and nearly independent on p| . ,
as shown in the bottom panel of Fig. 5. Because there are
not many photons emitted in the forward direction in the up
scattering process, the calorimeter cut does not significantly
affect the data, and the results of all calculation variations
overlap.

Table 1 summarises the radiative-correction values at the
three MUSE beam momenta and for three scattering angles.
The table also indicates the minimum lepton momentum that
was used in the determination of the corrections for each
scattering angle. The statistical uncertainties in the correc-
tions are of the order 1073, Suppressing hard initial-state
radiation using the photon calorimeter reduces the ep radia-
tive corrections to the Born cross section by a factor of 2.5
to 6, depending on the kinematic setting, to values below
0.1. The corrections for up scattering are at most 0.01 and
independent of the calorimeter response.

The impact of the instrumental uncertainties in the key
input parameters x; of the calculation — the beam momen-
tum, scattering angle, minimum final-state lepton momen-
tum, and the photon-energy cut for forward going photons —
was studied by varying that input to determine 94/dx; and
propagate the experimental uncertainties into the uncertainty
of the radiative corrections. The preliminary results for a
calorimeter threshold of E, < 0.4pgc are given in Table 2
for ep scattering.

@ Springer
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Table 1 Radiative corrections § for MUSE. Values are given for ep
and up scattering at various kinematic settings and for fully integrated
final-state bremsstrahlung photons (full data) and after suppression of

photons in the beam direction with the calorimeter (E,, < 0.4poc). The
statistical uncertainties in the corrections are of the order 1073

po (MeV/c) 115 115 115 161 161 161 210 210 210
0 25° 60° 95° 25° 60° 95° 25° 60° 95°
ep

Pl min MeV/c) 14.8 13.0 14.4 14.8 13.0 14.4 14.8 13.0 14.4
8, (full data) 0.091 0.119 0.119 0.130 0.173 0.172 0.173 0.239 0.235
8¢ (E, < 0.4poc) 0.026 0.042 0.049 0.028 0.049 0.060 0.030 0.056 0.070
mp

Pl min (MeV/c) 84.2 82.4 85.8 84.2 82.4 85.8 84.2 82.4 85.8
8,, (full data) 0.001 0.005 0.003 0.004 0.009 0.008 0.006 0.010 0.010
8, (Ey < 0.4poc) 0.001 0.005 0.003 0.004 0.009 0.008 0.006 0.010 0.010

Table 2 Uncertainties of radiative corrections o for ep scattering
in MUSE, including the various contributions from the experimental
uncertainties in the model input parameters po, 6, py;,, and E,,. The

values assume a cut on hard photons with E,, > 0.4pgc in the MUSE
calorimeter. The total uncertainty does not include model uncertainties
in ESEPP

po (MeV/c) 115 115 115 161 161 161 210 210 210

0 25° 60° 95° 25° 60° 95° 25° 60° 95°

[(38./0p0)0p, | 0.01% 0.01% 0.00 % 0.01 % 0.00 % 0.00 % 0.00 % 0.03 % 0.01 %
[(38e/06,)00, | 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 % 0.00 %
|(886/8pI’mn)aprr“m| 0.05% 0.18% 0.30% 0.03 % 0.16 % 0.31% 0.02% 0.13% 0.31%
[(08¢/0Ey)oE, | 0.32% 0.33% 0.33% 0.25% 0.26 % 0.26 % 0.20% 0.22% 0.22%
lh) 0.32% 0.38% 0.45 % 0.25% 0.30% 0.40 % 0.20% 0.26 % 0.38%

e

Experimental uncertainties in the beam momentum and
scattering angle are too small to affect the radiative correc-
tions significantly. Contributions to the uncertainty budget
from the photon-energy cut in the calorimeter are indepen-
dent of the scattering angle and decrease from about 0.33—
0.22 % with increasing beam momentum. Those uncertain-
ties do contribute to the absolute cross section normalization
uncertainty but do not contribute to the uncertainty of the
extraction of the proton charge radius which relies on the
analysis of the slope of the cross section. Uncertainties in
the knowledge of the electron detection threshold, and thus
the lower bound in the integration of Eq. (2), affect the cross
section angular distribution. The contribution to the uncer-
tainty in the radioactive correction is small at forward angles
and about 0.3 % at backward angles. For up scattering, there
are no significant contributions to the uncertainty of radia-
tive corrections from experimental input parameters to the
model calculations. The estimated uncertainties of the radia-
tive corrections for e (u™) scattering is similar to e~ (™)
within the statistical precision of our simulations. The results
in Table 2 are based on the Kelly parametrization of the pro-
ton form factors. Simulations with the Dipole form factor
lead to identical results in the estimated uncertainties. Other
model uncertainties for ep and pup scattering, like higher-
order corrections to the cross sections, are estimated to have
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minimal effect on the assessment of the instrumental uncer-
tainties in the radiative corrections and are not included in
this study. Work is underway to improve the detector calibra-
tions and simulations for the SPS and calorimeter detectors
to help reducing instrumental uncertainties in p; . and E,,
and to minimize MUSE systematic uncertainties.

5 Summary

MUSE is a high-precision experiment to measure the proton
charge radius, study possible two-photon exchange mech-
anisms, and have a direct /e comparison of the elastic
cross sections. Without a magnetic spectrometer, MUSE does
include a wide range of the final-state lepton momenta in the
experimental yield. A dedicated downstream photon detector
helps to suppress initial-state radiation effects, and, in turn,
reduce instrumental uncertainties to the radiative corrections.
Simplified Monte Carlo simulations with the ESEPP event
generator show that the radiative corrections 6 to the Born
cross section are below 0.1 for ep and 0.01 for up scatter-
ing. The total uncertainties of the radiative corrections from
the uncertainties in the experimental inputs for electron scat-
tering are smaller than 0.5 %, including angular dependent
contributions that are related to the proton radius extraction,
of up to about 0.3 %. The total uncertainties of the radiative
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corrections from the uncertainties in the experimental input
for muons are negligible.
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