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 A B S T R A C T

The MUon Scattering Experiment (MUSE) was motivated by the proton radius puzzle arising from the 
discrepancy between muonic hydrogen spectroscopy and electron–proton measurements. The MUSE physics 
goals also include testing lepton universality, precisely measuring two-photon exchange contribution, and 
testing radiative corrections. MUSE addresses these physics goals through simultaneous measurement of high 
precision cross sections for electron–proton and muon–proton scattering using a mixed-species beam. The 
experiment will run at both positive and negative beam polarities. Measuring precise cross sections requires 
understanding both the incident beam energy and the radiative corrections. For this purpose, a lead-glass 
calorimeter was installed at the end of the beam line in the MUSE detector system. In this article we discuss 
the detector specifications, calibration and performance. We demonstrate that the detector performance is well 
reproduced by simulation, and meets experimental requirements.
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Fig. 1. Geant4 drawing of the MUSE system, showing the calorimeter at the down-
stream (upper right) end of the detector system.

1. Introduction

The Proton Radius Puzzle was the observation of a significantly 
smaller proton charge radius determined in muonic hydrogen spec-
troscopy than had been determined from atomic hydrogen spectroscopy 
and electron proton scattering [1,2]. This observation led to strong 
interest in the proton radius and related physics of potential new forces, 
lepton universality, and radiative corrections, including two-photon 
exchange and polarizability. Possible explanations for the puzzle gener-
ally fall into the categories of new forces, novel aspects of conventional 
physics, or issues in experimental extractions of the radius. While there 
are new electronic measurements of the radius in agreement with the 
muonic spectroscopy result, the lack of overall agreement among the 
new results suggests that there are ongoing experimental issues in 
determining the radius [3].

The MUSE experiment, motivated by a lack of high-precision muon-
scattering data that address these physics issues, is working towards a 
sub-percent level, high-precision experiment that simultaneously mea-
sures elastic electron–proton scattering and muon–proton scattering. 
MUSE is located at the Paul Scherrer Institute in Villigen, Switzerland. 
The High-Intensity Proton Accelerator facility uses a cyclotron to pro-
duce an approximately 2 mA, 590 MeV proton beam. The beam passes 
through the graphite-wheel M target to produce electrons, muons and 
pions that are transported by the PiM1 channel to MUSE. MUSE has run 
at three momentum settings, of 115 MeV/c, 160 MeV/c and 210 MeV/c, 
at selectable positive or negative beam polarity [4].

MUSE comprises beamline and scattering detectors. Fig.  1 is a 
drawing of the full detector setup. The first two detectors in the beam 
are a two-plane plastic scintillator Beam Hodoscope (BH) [5] and a 
four-plane Gas Electron Multiplier (GEM) detector. These two detectors 
provide incoming particle timing, species identification, and tracking. 
Downstream of the GEM detector are the veto scintillator detector 
(VETO) and the trapezoidal target chamber [6]. The annular VETO 
detector rejects events with beam particle trajectories that hit the target 
chamber walls, such as decays in flight and beam halo. On both sides 
of the target chamber, the Straw-Tube Tracker (STT) and Scattered 
Particle Scintillator (SPS) are responsible for scattered event tracking 
and timing. Downstream of the target chamber the Beam Monitor (BM) 

Fig. 2. Radiative corrections for ep scattering as a function of the minimum elec-
tron momentum at one MUSE kinematic setting, calculated using the ESEPP event 
generator [7]. The radiative correction factor � indicates the difference between the 
experimental and Born cross sections: �∕�0 = 1 + �. See Ref. [8] for details.

and calorimeter (CALO) help monitor the beam, measure its energy, 
and identify events with high energy forward-going photons.

Extracting precise Born cross sections and the proton radius from 
the experimental scattering cross sections requires radiative corrections 
to account for the contribution of higher-order processes to the scatter-
ing cross section. The leading-order correction with additional particles 
in the final state is the Bremsstrahlung correction, in which the charged 
leptons or protons emit real photons when accelerated. This correction 
generates a radiative tail, a continuous distribution in momentum 
for the nominally two-body elastic scattering ep ³ ep reaction. This 
correction is most significant for electrons, as it is suppressed for muons 
and pions due to their higher mass.

Most electron-scattering experiments use magnetic spectrometers, 
and the measured spectrum and limited momentum acceptance of 
the experiments allow the Bremsstrahlung correction to be calculated 
with good precision. MUSE, however, runs with a large solid angle, 
non-magnetic spectrometer. As a result, MUSE measurements integrate 
over a wide range of outgoing electron momenta, including most of 
the radiative tail, to determine the cross section. The experimental 
uncertainty is sensitive to the limits of integration over the radiative 
tail, determined by detector thresholds on particle energy loss. MUSE 
employs two strategies that allow radiative corrections to be studied 
with the experimental data, with the goal of limiting the associated 
uncertainty from these corrections. One strategy is to use a low detector 
hardware threshold along with a software energy loss cut in the anal-
ysis. This procedure allows the cut and its uncertainties to be checked 
with simulations. A second strategy is to suppress the Bremsstrahlung 
correction by removing events from the analysis with high-energy, 
forward-going photons. This limits the initial-state radiation, largely 
removing the low-energy tail of the momentum distribution, due to 
the dominance of the initial-state over the final-state Bremsstrahlung 
correction — the initial-state radiation moves the vertex to lower Q2

and thus higher cross section.
Removing events with high-energy photons is done with the lead-

glass calorimeter installed at the most downstream position of the 
experiment. Fig.  2, reproduced from Ref. [8], shows an example of 
the dependence of the radiative correction on the minimum electron 
momentum in the integration. The red curve represents the radiative 
correction for ep scattering when there is no suppression of high-
energy photons. The green curves are the radiative correction including 
calorimeter energy cuts in the data analysis. With the photon energy 
cuts, the corrections are less sensitive to the electron momentum thresh-
old in the MUSE threshold region, where integration begins. Thus, the 
sensitivity and the resulting uncertainties are reduced. In particular, 
with a photon energy cut of greater than 40% of the beam momentum, 

Nuclear Inst. and Methods in Physics Research, A 1080 (2025) 170754 

2 



W. Lin et al.

Fig. 3. Schematic drawing of a calorimeter bar, wrapping and the associated photomultiplier. Each lead-glass bar is 4 cm × 4 cm × 30 cm in dimension, covered with 0.73 mm 
thick shrinking tube and 0.1 mm thick aluminized Mylar. The PMT shown to the left is at the downstream end of the bar [9,11].

the correction is small and nearly linear in the region of the cut, limiting 
this important experimental systematic correction and uncertainty [8]. 
The variation of cross section with these radiative correction cuts is a 
strong test for MUSE that can demonstrate the quality of the applied 
radiative corrections, and that they are well understood.

The MUSE calorimeter specifications were developed based on 
Geant4 simulations with ESEPP radiative corrections [7] shown in 
Fig.  2. The cross section can be increased or decreased by offsets in 
the calorimeter light output calibration and by detector resolution, 
depending on the slope of the flux and the variation in resolution 
near threshold. With the goal of limiting changes in the absolute 
cross section from these resolution and offsets to the 0.1% level, we 
observed in the simulation that the calorimeter light output scale 
needed to be determined to approximately 2 MeV in the cut region, and 
corrections could be performed at an acceptable level for a resolution 
near threshold of approximately 5%/

√

E, with E in GeV.
In the following sections, we discuss the hardware details, calibra-

tion procedures and performance of the calorimeter. We show that 
detector simulations agree well with the experimental data.

2. Detector description

The calorimeter detector consists of an 8 × 8 array of SF5 lead-glass 
bars,9 on loan from the A2 experiment @ MAMI [9]. The radiation 
length and Molière radius of lead-glass are 1.265 cm and 2.578 cm, 
respectively [10]. Fig.  3 shows a schematic drawing of a calorimeter bar 
and the associated photomultiplier. The bars are 24 radiation lengths 
long along the beam direction. Each lead-glass bar is individually 
wrapped with aluminized Mylar foil and black shrink tubing for optical 
isolation. The detector signals are read out by Hamamatsu R1355 
photo-multiplier tubes (PMTs), which produce a negative anode signal.

When particles directly hit the center of a detector bar, that bar 
absorbs most of the particle’s kinetic energy, with a small fraction of the 
energy spreading to neighboring bars. However, particles can hit edges 
and corners of the bars, depositing significant energy in neighbors. 
Hence, most of the energy of an incoming particle is easily captured by 
summing the energy of the bar with maximum energy with the energies 
of the 8 surrounding neighbors. The energy response and analysis will 
be discussed more in Section 4.

Fig.  4 shows a schematic drawing of the readout electronics. The 
signals propagate through delay lines before entering the Mesytec 
MCFD-16 constant fraction discriminators (CFDs) [12]. Fig.  5 shows 
typical bar signals in an oscilloscope, after the delay, before being 
input to the CFDs. Data are for a 210 MeV/c negative polarity beam, 

9 The unused optical cables were used in A2 to couple in test signals for 
calibration. These unused optical cables were sealed into a light-tight box 
located on top of the bar array.

Fig. 4. Schematic drawing of the calorimeter readout.

comprised of approximately 30% e’s, 5% �’s, and 65% �’s, with e’s 
(�’s) generating the largest (smallest) signals. The CFDs generate logical 
timing signals that are digitized by TRB3 TDCs [13]. The CFDs also 
send copies of the analog signals to Mesytec MQDC-32 Charge to Digital 
Converters (QDCs) [14] for integration with 12-bit precision. While the 
QDC information is sufficient to determine light output in the detector 
for each event, the few MHz beam rate leads to light output from 
randomly coincident beam particles. The TDC information helps to 
distinguish in-time clusters from a scattering event from clusters from 
randomly coincident beam particles that are also read out in the same 
event.

Fig.  6 shows pictures of the calorimeter detector viewed from dif-
ferent directions. The front face of the calorimeter is located 138.5 cm 
from the center of the target. The detector covers an area of about 
33 cm by 33 cm, or an angular range of about ±6.8ë in horizontal and 
vertical directions, which is sufficient to capture most of the forward-
going photons. Fig.  7 shows the simulated photon distribution at the 
front face of the calorimeter. The left panel shows the full photon 
distribution. The right panel shows the distribution of photons with 
E
 < 0.4P0c. With this calorimeter design, most of the high-energy-
photon events will be removed in the analysis, while the lower energy 
photon events will be retained.

3. Calibration procedures

The goal of the calibration procedure is to convert the signal sizes in 
each detector channel, which are proportional to the light generated by 
electrons in the bars, to an energy, so that the incident electron energies 
can be determined. The calibration requires both gain matching the 
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Fig. 5. Calorimeter signals from a mixed, negatively charged particle beam at 210 MeV/c, after the 379 ns long delay. Colors represent density of the signals, with red being high 
density, and purple being the least dense.

Fig. 6. Photographs of the calorimeter from three perspectives. Top Left: Side view from the left of the incoming beam. Bottom Left: Looking downstream towards the upstream 
face of the calorimeter. Middle: Looking upstream at the full detector including the light-tight box on top of the lead-glass bars and the PMTs. Right: Mechanical drawing of the 
detector and the supporting frame.

Fig. 7. Simulated photon distribution at the front face of the calorimeter. Left: All photons. Right: Distribution of photons after applying a cut to remove photons with energy 
> 40% of electron beam energy. The photons remaining in the center of the detector are low energy photons.

calorimeter channels and determining the light output scale. Gain is the 
proportionality between the output QDC values and the particle signal 
size in the detector. We calibrate the gain for each channel to ensure 
the detector light output derived is consistent for all channels. It is 
convenient to use both cosmic rays and beam particles for this purpose. 

Cosmic rays are always available and illuminate the calorimeter bars 
more uniformly than does the beam. However, light from cosmic rays 
is not collected with the same efficiency as for beam particles due to 
the different trajectories of the particles, so determining an absolute 
light output scale is more straightforward with beam particles of known 
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Fig. 8. Semi-log graphs of QDC spectra of the central 16 channels after gain matching 
using cosmics. QDC peaks are aligned to channel 500 with software calibrations. ECnum 
(X,Y) indicates the bar number ‘‘num’’, and (x,y) position in the array.

energy. We focus on the response of the calorimeter to electrons in the 
beam, which generate similar signals in the calorimeter to photons of 
the same energy. Thus, we initially gain match with cosmics, and then 
we calibrate the absolute energy scale with beam.

The gain is calibrated in two steps. First, a hardware gain match 
adjusts PMT HV. Second, the QDC response of each bar is fine tuned 
in software. During the hardware gain matching, we adjust PMT high 
voltages to approximately match the positions of the peaks in the QDC 
spectra of each bar. The Hamamatsu R1355 PMT has 10 dynode stages. 
The relationship between applied high voltage and gain was found to 
be 
gainnew

gainold
=

(

Vold

Vnew

)k

, (1)

where k was determined empirically to be approximately 8, with 
some variation between bars. Following this relation, the high voltage 
applied to each bar of the detector is adjusted iteratively until the QDC 
peak positions of the cosmic events for each bar are roughly matched 
at around QDC channel 500. This setting optimizes the calorimeter 
performance while keeping the QDC spectra from overflowing at higher 
beam momentum settings. At the highest beam momentum setting used 
for production data, 210 MeV/c, the QDC peaks are at about channel 
3100, with a long tail reaching to channel 3840, near the end of the 
12-bit QDC range. After the hardware gain match, in the software gain 
matching step, we fine tune the gain match by fitting the QDC peak of 
the cosmic signal for each bar, determining the factor needed to scale 
the peak position to the common QDC channel of 500. An example of 
the QDC spectra of the central bars after the gain matching calibration 
is shown in Fig.  8.

Finally, to check the uniformity of the gain matching, the cluster 
energies are determined as a function of position in the calorimeter. 
Fig.  9 shows the result of this study, where the cluster light output 
sum vs. central bar location for 110 MeV/c beam data are plotted. 
From the figure, the average light output of clusters with a 9-bar sum is 
roughly the same independent of their position. To better understand 
the distribution, we compare the data to simulation. The simulation 
reproduces the behavior of the light output peak vs. bar position with 
maximum light output. More details about the calorimeter simulation 
and data digitization will be discussed in later sections.

Fig. 9. Data for position of the calorimeter QDC peak in units of QDC channels vs. the 
channel number of the bar with the maximum light output, and the percent difference 
of that peak position from the average of the 9 bar sums, at 110 MeV/c. The bar 
numbers increment across the rows of the calorimeter bars, from the top row to the 
bottom. Only bars which can be at the center of a group of 9 are shown.

4. Detector performance

For each event, the sum of light output in the calorimeter is de-
termined. First, the bar with the highest QDC value is found. Second, 
the light output of that bar and the eight surrounding neighbors are 
summed. Third, a search is performed for additional clusters away from 
the first cluster found. TDC information is checked for each cluster to 
determine if it is in-time, so that energy cuts should be applied.

Fig.  10 shows the 9-bar QDC sum for the calorimeter at 160 MeV/c
beam momentum. Data were taken with a beam particle trigger at 
approximately 180 kHz beam rate, leading to an accidental coinci-
dence rate within the 200-ns QDC gate of approximately 4%. Incident 
particle species are identified using timing information, not from the 
calorimeter, but from a different detector, the BH, with respect to the 
accelerator RF [15]. The bottom of Fig.  10 shows the TDC distribution 
of the calorimeter for events with light output greater than half of the 
beam energy. The TDC spectrum consists of two components, an in-
time peak from hits corresponding to particles triggering the readout 
of the data acquisition (DAQ) system, and random background from 
additional beam particles close in time to the triggering particle. The 
in-time peak is at approximately 40 ns and can be seen to be about 
two orders of magnitude larger than the random background. The 
background can be seen to be at a different level before vs. after the 
in-time peak. This arises from a dead-time effect. After the in-time peak, 
all additional beam particles can be recorded, except for those striking 
the same calorimeter bars close in time, due to an electronic dead time 
of about 25 ns. Earlier-in-time random particles are suppressed, as they 
would cause the DAQ system to read out, unless the system is still 
processing a previous event. Also, the 19.75 ns beam RF structure leads 
to time structure in the random background events, which is partially 
washed out by the multiple particle types at different phases of the RF 
convoluted with 10-ns FPGA clocks in the trigger.

To distinguish the photon events from the leptons and pions, the BM 
detector in front of the calorimeter is used. Photons are not expected to 
leave a signal in the thin scintillators of the BM, while electrons, muons 
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Fig. 10. Top: Distribution of calorimeter light output 9-bar sums for beam particle 
events taken at momentum of 160 MeV/c. The distributions from different particle 
types are normalized to the same peak height as the distribution for all events. Bottom:
TDC times relative to the event trigger for events with light output greater than half 
of the beam energy. The in-time peak is at H 40 ns.

and pions will deposit energy in the detector. In the following sections, 
the calorimeter detector performance will be shown using electrons, 
which generate similar signals in the calorimeter to photons of the same 
energy.

4.1. Energy response

Beam data were used to study and calibrate the calorimeter absolute 
light output response as shown in Fig.  11. The PiM1 beam line is 
designed to operate at momenta above about 100 MeV/c [4]. To map 
out the detector response in a wide range of energy, data were taken 
at beam momenta from 20 MeV/c to 230 MeV/c, and simulations were 
used to estimate the energy of the particles entering the calorimeter. 
The measured energy sums for electrons, such as shown in Fig.  10, 
were fit with Gaussians to determine the mean light output and its 
width, shown in Fig.  11. The momentum scan result shows that the 
light output in the calorimeter as a function of the beam energy is 
very close to linear. The measured light output as a function of energy 
was fit with a linear function to check linearity and to determine 
parameters to be used in the simulation to model the detector light 
output (detailed in Section 4.3). The light output resolution was fit with 
�

E
=

√

a2

E
+ b2 +

c2

E2 , which is commonly used to describe the resolution 
of calorimeters [16]. In this fit, a is the stochastic term that is governed 
by the electromagnetic shower fluctuations in the material, b is the 
systematic term that reflects the uniformity of the detector and how 
well the detector is calibrated, and c is the noise term from electronic 
readout when measuring the energies. Typical light output resolutions 
for lead glass calorimeters are about 5%∕√E∕GeV [16]. For the MUSE 
calorimeter, the parameters from the fit in Fig.  11 indicates that the 
resolution from the stochastic term is about 5.17%∕√E∕GeV. About 
6.22% resolution arises from the b calibration term, while less than 1% 
is from the electronics.

4.2. Detector timing

Light output in the calorimeter from randomly coincident beam 
particles can be identified by two techniques. The BM hodoscope 
immediately upstream of the calorimeter localizes incoming charged 
particles at the cm level in position and at the 100 ps level in time. 
The light output from these beam particles is known from the beam 
momentum. The MUSE calorimeter also reads out timing information 
for the bars to help distinguish multiple hits in the detector, from 
both charged particles and photons. Fig.  12 shows the example of 
calorimeter timing at 160 MeV/c for one of the four central bars of 
the calorimeter. The top plot shows the detector time relative to the 
accelerator RF (modulo the RF period). The distribution shows three 
distinct peaks for the three particle types in the beam. The bottom plot 
shows time of flight from the beam hodoscope to the calorimeter, over a 
flight path of approximately 2.2 m. The electron, muon and pion peaks 
are also observed. The combination of the RF time and the time of flight 
identifies the particle species independent of the BH and also suppresses 
randomly coincident beam particles.

4.3. Simulation

The MUSE setup is simulated with Geant4. The simulation records 
hits and saves the events to a ROOT output tree. The simulated data 
is digitized and run through the same analysis as experimental data to 
allow a direct comparison of simulation to data. For the calorimeter, 
the simulation records Cherenkov light production in the detector 
bars. There are two modes of simulation that can be selected: a fast 
simulation that integrates a light yield over the path in the bar for 
� > c∕n, and a more detailed simulation that creates optical photons 
at each reaction step and tracks those that reach the PMTs. The good 
agreement between data and the fast simulation, shown in Fig.  14, 
indicates that it is not necessary to run the simulation in the much more 
computationally intensive photon-counting mode. Since the number of 
photons emitted by incident particles is proportional to (1 −

1

n2�2
), for 

each reaction step in the simulation, we can find the relation for the 
number of photo-electrons read out in an event by the calorimeter as 

�N = f × �l ×

(

1 −
1

n2�2

)

, (2)

where �l is the step length, n is the index of refraction, and f is scaling 
factor tuned to match the simulation to data. Integrating �N for all 
the steps in the bar determines the total number of photo-electrons 
generated by particles in that bar.

The digitization converts the simulated light output of the calorime-
ter bar to detector QDC channels. The pedestal of each QDC spectrum is 
modeled with a Gaussian distribution with the same width as the data, 
which is found during the calibration. If the bar has energy deposited 
in it, the energy is multiplied by a factor to more precisely model the 
gain of the detector and then randomized with a Gaussian, where the 
width of the distribution is equal to 

� = E

√

�2

E
+


2

E2
. (3)

We tuned the values of parameter � (H 4.46% GeV1∕2) and 
 (H
0.066% GeV) to match simulated QDC spectra to the measured spectra. 
The parameter values are similar to the parameter a and c in the reso-
lution fit of the light output scan calibration shown in Fig.  11. Because 
the simulation has some resolution effects already when calculating the 
light output for each reaction steps in the lead-glass bar, the additional 
resolution needed at the digitization is smaller than the fit values from 
the data.

The digitized, simulated data are processed through the same anal-
ysis as the experimental data. Fig.  13 compares data and simulation for 
the spectrum of a single bar and for the 9-bar light output sum from the 
calorimeter. The data and simulation agree well, with a small mismatch 
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Fig. 11. Energy scan results for positrons. Left: Light output vs. beam energy. Right: Resolution vs. beam energy. Residuals of the fits are shown at the bottom of each plot with 
at most two energy outliers off the scale.

Fig. 12. TDC times of a central calorimeter bar at 160 MeV/c, before walk corrections.
Top: RF time, the difference in time between the calorimeter signal and the accelerator 
RF signal. Bottom: Time difference between calorimeter and BH signals, offset by an 
arbitrary constant.

at the mean value. This difference is due to a mismatch in the energy to 
QDC conversion between data and simulation for some channels, along 
with small differences in the air gap between bars.

Figs.  14 compares the 9-bar-sum light output response and reso-
lution of data and simulation at different momentum settings. Both 
data and simulation show similar linear relationships in the light 
output response, and similar light output resolution. While there is 
some disagreement at higher momenta, in the region where event cuts 
will be applied for radiative corrections (40% of the beam energy), 
the differences are small and the agreement is better than our 2-
MeV requirement. Note that the energy to QDC channel conversion 
presented here is based on a calibration at one momentum setting, 110 

MeV/c — no tuning was done to adjust the light output response of the 
simulation to match the data.

5. Reconstructed photons

Fig.  15 presents an example of the light output distribution of 
the reconstructed photons in the calorimeter for scattering data and 
preliminary simulation. The default radiative correction cut at E
 <

0.4p0c, where p0 is the beam electron momentum, is indicated by 
the dashed line. The scattering data and simulation are blinded in-
dependently based on scattering angles at the current stage of the 
analysis [17], which prevent the exact agreement between the two, 
but similar features are observed in both. The two distributions are 
similar in shape for the high energy photon events, with simulation 
being slightly narrower in width. In addition to blinding effect, the 
slight mismatch in resolution is expected as the simulation is at a 
preliminary stage with the calorimeter energy calibration based on 
one momentum setting only, and as the scattered-particle scintillator 
energy cuts have not been precisely matched in simulation and in data. 
The difference in the lower energy events is due to the difference in 
threshold setting between data and simulation. Both data and simu-
lation show a prominent peak from the high-energy photons emitted 
by some scattering electrons, as expected. The radiative correction 
cut will remove these events, reducing the experiment’s sensitivity to 
radiative corrections. The agreement between the calibrated data and 
simulation indicates that the calorimeter performance is sufficient to 
obtain the needed experimental uncertainties, discussed in Section 1 
and in relation to Fig.  14. Further tuning in the simulation calibration, 
including calibration using data taken at multiple energies and studying 
possible time dependence of the calorimeter response will improve the 
agreement to be better than requirements.

6. Summary

In order to have radiative corrections under control for the MUSE 
scattering experiment, a lead-glass calorimeter detector was built to 
capture high-energy photons from initial-state radiation. The construc-
tion of the system was described in Section 2, and calibration of the 
system was described in Section 3. Performance of the system and 
comparison to simulation was shown in Section 4. The detector has 
expected linear response to beam energy, with energy resolution of 
�

E
=
√

5.17%

E∕GeV
+ 6.22%. Figs.  14 and 15 show that the detector has a light 

Nuclear Inst. and Methods in Physics Research, A 1080 (2025) 170754 

7 



W. Lin et al.

Fig. 13. Left: Positron QDC spectra of data and simulation for a central bar. Right: Positron light output 9-bar sum for data and simulation at +110 MeV/c.

Fig. 14. Comparison between data and simulation for calorimeter light output for electrons vs. beam momentum. Left: light output sum (in units of QDC channels). Right: light 
output resolution, with one outlier from simulation off the scale at the lowest energy setting. Fits as discussed in Section 4.1 are performed to compare differences at different 
beam energies. The arrows show the differences between data and simulation for the default radiative corrections cuts for 115 MeV/c (46 MeV/c, bottom/left of the gray band) 
and 210 MeV/c (84 MeV/c, top/right of the gray band).

Fig. 15. Reconstructed photon QDC spectra of data and simulation for 160 MeV/c 
electron scattering with liquid hydrogen target. Included are the highest energy clusters 
with good in-time TDC. The black dashed line on the left indicates the default radiative 
correction cut for this momentum setting. The blue and red dashed lines indicate the 
mean position of the Gaussian fit of the high energy photon peaks.

output response and resolution sufficient to identify and remove high-
energy photon events consistent with the requirements of agreement 
better than 2 MeV, as discussed in Section 1. Thus the calorimeter 
will allow MUSE to test and control radiative corrections at the needed 
level.
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