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STATUS OF THE MUSE EXPERIMENTUDC 539

The 5.6𝜎 difference in proton radii measured with 𝜇𝑝 atoms and with 𝑒𝑝 atoms and scattering
remains an unexplained puzzle. MUSE will measure the 𝜇𝑝 and 𝑒𝑝 elastic scatterings in the
same experiment at the same time. The experiment determines cross-sections, two-photon
effects, form-factors, and radii and allows 𝜇𝑝 and 𝑒𝑝 to be compared with reduced systematic
uncertainties. These data should provide the best test of the lepton universality in a scattering
experiment to date, about an order of magnitude improvement over previous tests, a 7𝜎 radius
determination, and improved two-photon measurements.
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1. Introduction

In 2010, a Paul Scherrer Institute (PSI) experi-
ment [1] reported that the proton charge radius
determined from muonic hydrogen level transitions
is 0.84184 ± 0.00067 fm, about 5𝜎 off from the
nearly order-of-magnitude less precise non-muonic
measurements. This “proton radius puzzle” was con-
firmed in 2013 by a second muonic hydrogen mea-
surement [2] of 0.84087 ± 0.00039 fm. Subsequent
𝑒𝑝 scattering results of 0.879 ± 0.008 fm [3] and
0.875 ± 0.010 fm [4] confirmed the puzzle. The sit-
uation has been discussed in review papers [5], in
dedicated workshops [6–8], and in many talks. It is
generally agreed that new data are needed to resolve
the puzzle.

The MUon Scattering Experiment (MUSE) col-
laboration was formed in 2012 to uniquely attempt
to resolve the “Proton radius puzzle” by simulta-
neously measuring the 𝜇𝑝 and 𝑒𝑝 elastic scattering
cross-sections at the sub-percent level. MUSE alter-
nates between positive vs. negative charged beams –
all previous measurements are with negative lep-
tons. Thus, MUSE directly compares 𝜇𝑝 to 𝑒𝑝 cross-
sections and radii, provides the first significant 𝜇𝑝
scattering radius, and measures two-photon exchange
effects (TPE) at the sub-percent level, rather than us-
ing the calculated corrections.
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2. PSI Beam Line
and 𝜋𝑀1 Experimental Area

The PSI High Intensity Proton Accelerator (HIPA)
primary protons strike the M production target
and generate secondary 𝑒±, 𝜇±, and 𝜋± beams
that are transported through the PiM1 channel to
MUSE. Particle species are identified by timing rela-
tive to beam RF (Figure 1). The beam composition
delivered to 𝜋𝑀1 is shown in the Table.

Three different beam momenta are chosen to op-
timize both 𝑒 and 𝜇 fluxes and RF time separation
and provide redundant cross-sections as a check of the
systematics. Figure 1 shows that the different parti-
cle species are 3–6 ns apart, much larger than the
intrinsic timing width of ≈ 300 ps.

3. MUSE Detector Setup

MUSE is implemented as a set of detectors and cry-
otargets mounted on a moveable platform, so that

The measured 𝜋𝑀1 beam composition

𝑃 , MeV/c Polarity 𝑒, % 𝜇, % 𝜋, %

115 + 96.7 2.1 0.9
153 + 63.0 12.0 25.0
210 + 12.1 8.0 79.9
115 – 98.5 0.9 0.6
153 – 89.9 3.2 6.8
210 – 47.0 4.0 49.0
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the PiM1 area can be shared. Figure 2 shows the ex-
periment as represented in a Geant4 [9] simulation.
The beam strikes the Beam Hodoscope (BH) detector
and three Gas Electron Multiplier (GEM) chambers,
passes through a central hole in the annular Beam
Veto detector, enters the cryotarget vacuum chamber,
strikes one of the targets (Liquid Hydrogen, Carbon,
etc.), and then exits the vacuum chamber. Unscat-
tered particles go through the Beam Monitor (BM),
while scattered particles are detected by two symmet-
ric spectrometers, each with two Straw-Tube Trackers
(STT-s) and two planes of Scattered Particle Scin-
tillators (SPS). The BH identifies particles through
the RF timing; triggering depends on the particle
type. Reaction identification (scattering vs. decays in
flight) uses GEM and STT tracking along with the
time of flight (TOF) from the BH to SPS. The BM
can also be used to suppress Moeller events. More de-
tails are below.

3.1. Beam hodoscope

Purpose:
The BH provides timing information that, along

with the RF signal, determines beam particle species
for triggering and analysis. TOF from the BH to the
SPS determines the reaction type, in particular, sepa-
rates the muon decay from the muon scattering. TOF
from the BH to the BM identifies backgrounds and
determines 𝜇 and 𝜋 momenta. The BH also measures
the particle-separated beam fluxes.
Requirements:

The most stringent time resolution requirement is
100 ps needed for the reaction identification at the
highest beam momentum; 80 ps has been achieved.
High efficiency of 99% is needed to efficiently collect
data and reject backgrounds; 99.8% has been achie-
ved. A rate capability of ≈3.3 MHz is needed to ob-
tain the adequate statistical precision; the use of mul-
tiple paddles allows rates up to 10 MHz.
Design:

Figure 3 shows a BH plane under construction. We
use BC-404 scintillator paddles that are 10 cm long
and ×2 mm thick. Six central 4 mm wide paddles
are flanked on each side by 5 outer 8-mm wide
paddles. The paddles are read out at each end by
Hamamatsu S13360-3075PE SiPMs. A 6 𝜇m gap be-
tween the paddles suppresses cross-talk. To minimize
effects on the beam and to achieve the needed per-

Fig. 1. Measured RF time spectrum for negative charge parti-
cles at 115, 153, and 210 MeV/c. The spectrum wraps around
every ≈20 ns

Fig. 2. MUSE detector setup implementation in GEANT4
simulation

formance, we use 2–4 planes of BH depending on the
beam momentum.

The BH analog signal is amplified to produce a fast
signal with a 1.2 (3.0) ns rise (fall) time and typically
a few hundred mV peak. A Mesytec CFD sends an
analog copy of the signal to a Mesytec QDC input,
and the discriminated signal to a TRB3 TDC and the
trigger, and an OR of all input signals to the Mesytec
QDC gate.

ISSN 0372-400X. Укр. фiз. журн. 2019. Т. 64, № 7 621



T. Rostomyan

Fig. 3. BH plane with SiPM readout under construction

Fig. 4. The best obtained time resolution of a BH paddle

Status:
Five BH planes are built with all paddles meet-

ing requirements. The best time resolution achieved
is shown in Fig. 4.

3.2. GEM trackers

Purpose:
The GEMs measure beam trajectories so that pre-

cise scattering angles and reaction vertices can be de-
termined. GEM chambers were chosen, as they are

low-mass detectors, ≈0.5% of radiation length, which
keeps the multiple scattering at a minimum, provide
several MHz rate capability with <100 𝜇m position
resolution and high efficiency, >98%.
Requirements:

In addition to the performance characteristics given
above, we require a read-out time <100 𝜇s for the
efficiency in obtaining data.
Detector design:

We use three 10 × 10 cm2 GEMs, which were
previously used in OLYMPUS [10]. The GEMs are
read out using FPGA-controlled frontend electronics
based on the APV-25 chip developed for CMS and
digitized with the Multi-Purpose Digitizer (MPD)
v4. There are readout strips in two directions, each
with 400 𝜇m pitch, much smaller than the amplified
charge, which is distributed in a few mm wide clus-
ter. Centroid weighting provides a resolution smaller
than the pitch.

The GEM efficiency remains high at rate densities
up to 2.5 MHz/cm2. The expected rate density for
MUSE is ≈3.3 MHz/5 cm2 = 0.66 MHz/cm2.
Current status:

The GEM system has been re-established for
MUSE. We have implemented the new INFN/JLab
DAQ readout software and VME controllers, which
improve the read out speed along with low-noise op-
eration and high efficiency reproduction. All require-
ments are now satisfed. The 𝜋M1 beam spot obtained
by the GEMs is shown in Fig. 5.

3.3. Beam Veto

Purpose and requirements:
The Beam Veto detector is used to reduce the trig-

ger rate, by vetoing some of the events that arise
from beam particle decays in flight or the scattering
upstream of a scattering chamber. The veto detector
requires a high efficiency, >99%, and a 1-ns time res-
olution – 200 ps has been achieved.
Design:

The Beam Veto detector uses the same technology
as the SPS (described in Section 3.7), with a modi-
fied geometry and only single-ended readout. Figure 6
shows the detector. The detector geometry is nearly
annular, surrounding the beam. Four trapezoidal BC-
404 scintillators are each read out with two Hama-
matsu R13435 PMTs. The inner aperture roughly
matches the target vacuum chamber entrance win-
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Fig. 5. The 𝜋M1 beam spot at the most upstream GEM
detector

dow. The outer extent of the detector, about 16 cm
radius, was determined from simulations.
Status:

The Beam Veto detector was built, installed, and
commissioned. All performance requirements have
been achieved.

3.4. Liquid hydrogen target

Purpose and requirements:
A Liquid Hydrogen (LH2) target is needed for the

𝑒𝑝 and 𝜇𝑝 scatterings. In practice this requires a tar-
get ladder that includes at least a full cell, an empty
cell for background subtractions, a solid target for
alignment, and an empty position. The LH2 density
must be stable, <0.1%, to precisely compare cross-
sections measured at different times. The geometry
of the target must be uniform at the sub-mm level
for precise background subtractions.
Design:

Detailed final construction designs and the ac-
tual construction were performed by CREARE
Inc. working with the collaboration. The target lad-
der is housed in a vacuum chamber with a 7-cm di-
ameter entrance (7.8 cm wide by 35.6 cm high exit)
window, made of 125-𝜇m thick kapton. Scattered par-
ticles with 𝜃 = 20∘–100∘ go through side windows
33.7 cm wide and 35.6 cm high, made of Mylar lami-

Fig. 6. Beam-Veto detector. The beam is pointing to us

Fig. 7. Results of the first hydrogen cooldown, covering from
2 till 78 hours. Temperature stability assures the target density
stability below the experimental requirements

nated on aramid sailcloth fabric, with an areal density
of 368 g/m2. The main target is a 280 mL LH2 cell
made of upper and lower copper end caps connected
by a side wall of 4 wraps of 25 𝜇m thick kapton. A
cryocooler cools a condenser assembly so that the re-
sulting LH2 drips into the target cell. A lifting mecha-
nism switches between ladder positions, lifting as well
the cryocooler cold head and the condenser assembly.
Current status:

Filling the cryotarget with LH2 at 20.67 K takes
about 2.5 h from the start of the cooldown. The tar-
get was operated steadily for over three days at a
pressure of 1.1 bar with temperature constant at the
0.01 K level – see Fig. 7 – consistent with the mea-
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Fig. 8. Beam Monitor: The LEMO readout connectors of two
offset planes are seen, continued with bigger BC-404 scintilla-
tors. The beam hits into the picture

surement uncertainty. This gives a target density of
0.070 g/cm3 with stability <0.02%, better than ex-
perimental requirements.

3.5. Beam monitor

Purpose:
The BM provides a high-precision time measure-

ment that determines the beam flux downstream of
the target. TOF from the BH to BM determines a
particle type and the background information for the
RF-time only determination. TOF also determines 𝜇
and 𝜋 momenta to <0.2%. The BM also detects for-
ward Moller electrons, so it can suppress this back-
ground in the scattering data.
Requirements:

The BM comprises a central scintillator hodoscope
similar to the BH of Subsection 3.1 and an outer ho-
doscope similar to the SPS of Subsection 3.7. The un-
derlying technology and requirements are the same in
both cases.
Design:

Figure 8 shows the BM. The central hodoscope of
the BM comprises two offset planes of 16 paddles. We
use 30 cm long × 12 mm wide × 3 mm thick BC-404

paddles, each read out at each end by 3 Hamamatsu
S13360-3075PE SiPMs in series. The same readout
electronics as for the BH is used. The outer hodoscope
consists of four 30 cm long ×6 cm wide ×6 cm thick
BC-404 scintillator paddles that are identical in tech-
nology to the SPS scintillators.
Status:

The BM was fully assembled, installed, and com-
missioned. Typical time resolutions of 𝜎𝑇 < 100 ps
(Best: 𝜎𝑇 = 59 ps) were achieved, with ≥99.9% effi-
ciency, exceeding performance requirements.

3.6. Straw-tube tracker

Purpose and requirements:
The STT tracks scattered particles. High resolu-

tion, <150 𝜇m, and efficiency, >99.8%, are required
for precise cross-sections.
Design:

The STT follows the PANDA straw chamber de-
sign [11] adapted to the MUSE geometry. We use
the same straws, wires, end pieces, and feed-throughs
as PANDA. Thin-walled, over-pressured straws allow
for a significantly less straw material, while provid-
ing the mechanical stability. The straw spacing is
1.01 cm, and adjacent offset straw planes are 0.87 cm
apart.

The symmetric beam left and right scattered parti-
cle detector systems include 2 chambers on each side
of the beam, each with 5 vertical and 5 horizontal
planes, to achieve a high tracking efficiency. The front
chambers have 275 60-cm long vertical straws and 300
55-cm long horizontal straws, with an active area of
60× 55 cm2. The rear chambers have 400 90-cm long
vertical straws and 450 80-cm long horizontal straws
with an active area of 90 × 80 cm2. The front (rear)
chambers are 30 (45) cm from the target. There are
2850 straws in the system. The STT uses 90% Ar
+10% CO2 at a pressure of 2 bar. Straws operate
at 1700 V. Frontend PASTTREC cards read out the
straws, and are in turn read out by TRB3 TDCs.
Status:

All 4 chambers have been assembled at PSI and un-
dergone initial performance tests. Figure 9 shows the
STT being craned into the MUSE detector setup. In
the initial tests, the straws operated reliably with ap-
proximately 90% efficiency, which yields ≈99% track-
ing efficiency for 5 planes. A preliminary analysis of
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Fig. 9. Fully assembled STT detector being craned into the
MUSE detector setup

the STT data yields a tracking resolution of approx-
imately 115 𝜇m, exceeding requirements.

3.7. Scattered particle scintillators

Purpose and requirements:
The SPS is a high-efficiency high-precision scintilla-

tor hodoscope that detects and times particles for the
triggering and reaction identification. A time resolu-
tion of ≈100 ps is needed for the reaction identifica-
tion. A uniform efficiency of >99% is needed so that
the shape of the angular distribution is not altered.
Design:

The SPS design follows the JLab CLAS12 FTOF12
design by University of South Carolina. Symmetric
left and right, front and rear hodoscope paddles are
made of an Eljen Technology EJ-204 plastic scintilla-
tor, which has a high light output and a fast rise time.
Hamamatsu R13435 PMTs are glued to each end of
the scintillator. The front wall is roughly square and

Fig. 10. SPS ADC spectra: Particles stopping or going
through the bar are in peak; particles going out the side of
the bar are in the low-energy tail

Fig. 11. MUSE Detector setup is being craned into the ex-
perimental area

covers 𝜃 ≈ 20∘–100∘. The oversized back wall ac-
counts for the multiple scattering in the front wall.
Status:

All 92 paddles are tested and installed. Average
time resolutions of 𝜎avg = 52 ps ± 4 ps for the
220-cm long rear bars and 46 ps± 4 ps for the 110-
cm long front bars were obtained. Figure 10 shows
that energy deposition in the scintillators modeled
with Geant4 simulations agrees nicely with mea-
surements.

The two-plane coincidence efficiency is well above
99.5%, except for 𝑒+ (≥99%) due to the annihila-
tion. We expect the cross-section systematic uncer-
tainty from the SPS efficiency to be <0.1%.
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3.8. Trigger, DAQ, and tracking
MUSE uses TRB3 FPGAs for the triggering. The
primary scattered particle trigger logic is:

(𝑒± OR 𝜇±) AND (no 𝜋±) AND (scatter) AND (no Veto).

The MUSE DAQ uses a mix of VME modules for
the charge determination and TRB3 TDCs for the ti-
ming. There are about 3000 TDC and 500 Q/ADC
channels. Both the trigger and DAQ along with con-
trols and basic analysis software are fully opera-
tional. The advanced analysis software development
continues.

4. Conclusions

The data taken compared to simulations prove that
MUSE is well suited to investigate the (𝑅𝑒 − 𝑅𝜇 =
= 0.034 ± 0.006 fm) 5.6𝜎 Proton Radius Puzzle. By
comparing the 𝑝 + 𝑒± and 𝑝 + 𝜇± scattering cross-
sections, we will determine the absolute radius at the
≈0.005 fm level. All detectors are constructed and
mounted on the MUSE platform. Production data
runs are planned in 2019–2021.
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СТАТУС ЕКСПЕРИМЕНТУ MUSE

Р е з ю м е

Рiзниця в 5.6𝜎 у радiусах протона, вимiряних з атомами
𝜇𝑝 i з атомами 𝑒𝑝 та в процесi розсiяння залишається не-
розв’язаною головоломкою. В проектi MUSE буде вимiрю-
ватися пружне розсiяння 𝜇𝑝 i 𝑒𝑝 в тому самому експеримен-
тi одночасно. Експеримент визначає перерiзи, двофотоннi
ефекти, форм-фактори та радiуси, i дозволяє порiвнюва-
ти результати, отриманi для 𝜇𝑝 i 𝑒𝑝 процесiв зi зменшеною
систематичною похибкою. Цi данi повиннi забезпечити най-
кращий на сьогоднiшнiй день тест унiверсальностi лептона
в процесi розсiяння, на порядок полiпшений у порiвняннi з
попереднiми тестами, дати можливiсть визначити радiус з
iнтервалом надiйностi 7𝜎 i забезпечити покращенi двофо-
тоннi вимiрювання.
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