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Muon scattering

???

ʈ-p Scattering ɀThe missing Piece
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with similar precision



ʈ-p Scattering ? 

radii

charged lepton universality
two photon exchange 

cross sections

form factors

How about ʈand e scattering
ȣ ÉÎ ÔÈÅ ÓÁÍÅ ÅØÐÅÒÉÍÅÎÔ
ʈ+   e- ʈ- and   e+  ?

Good idea !
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Measure cross sections, form factors, and radius
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This definition is 
consistent with radius 

extracted from 
spectroscopy data

Gerald A. Miller, Phys. 
Rev. C 99 (2019) 035202. 



Paul ScherrerInstitute

Where to find beam with muons and electrons 
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×Sep 2011: original idea

×2012 -2014: MUSE proposal, 
R&D funding  from NSF & DOE, 

PSI physics approval

× Sep 15th 2016: full 
construction 

funding from NSF 

× 2017: start building MUSE,

beam tests, reviews

× 2018-2019: assembly, 
commissioning, beam tests, 
start taking production data



protons

ˊ, ɛ, e

LH
2

target

Intermediate Focus

Dispersion 7cm/%

ʌM1 / MUSE beamline
Áʌ-Σȡ 100-500 MeV/c RF+TOF sep.ʌȟ ʈȟ Å
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MUSE setup
Non-magnetic spectrometer

Secondary beam

Liquid hydrogen target

Beam p = 115, 153, 210 MeV/c

ʃ = 20o - 100o

Q2 = 0.002 -0.07 (GeV/c)2

ʀ = 0.256 -0.94

Particle ID and trajectory determined

event by event

Momentum distribution determined

by calibration e/ /́ɛ
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Beam Hodoscope
Counts and times incoming beam particles

Achieved 80 ps time resolution and 
99.8%efficiency.

SiPM

16 
paddles
BC 404

10 cm

8Observed slight activation from 11C production, when beam turns off



GEMTelescope

Measures incoming trajectories

Achieved position resolution of 70 ʈÍ

Nov. 2017
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10 cm



Beam Veto Geant4 Simulation, w/o veto

Geant4 Simulation, with veto

reduces trigger rate from background events
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Liquid Hydrogen Target
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Temperature 20.67 ± 0.01 K

ï pressure of ~1.1 bar                                beam does not affect temperature 

Density 70 mg/cm3 (stable to 0.02%) 

ïonce equilibrium concentration of para (>99%) and ortho (<1%) hydrogen 

has been reached

72 hr period

Stable cryo-target operation
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Straw-Tube Tracker
tracks particles scattered from target with high 
resolution and high efficiency

consists of four chambers with 5 vertical and 5 
horizontal planes each (2864straws total)

Summer 2019 at PSI 
Preliminary analysis of chamber resolution using a 
small calibration dataset shows position resolution 
of approximately 120ʈÍ 13



Beam Monitor

counts and times outgoing beam 
particles

monitor s beam stability 

determinesparticle type
independent of RF-time

determinesmuon and pion 
momenta based on TOF

vetos Møller / Bhabhascattering 
background

30 cm
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Scattered-particle scintillators 

Example time-resolution results from 
cosmic-ray measurements

SPS provides event trigger and particle ID
Front wall: 18 bars (6 cm x 3 cm x 120 cm)
Rear wall: 28 bars (6 cm x 6 cm x 220 cm)

Scattered-particle scintillators exceed 
required time resolution:

ʎɉ&ÒÏÎÔɊ Ё 50 psȟ  ʎɉ2ÅÁÒɊ Ё 60 ps

2
2

0
 c

m

16



17



Two-photon exchange at low Q2

ÅHigh precision test of TPE for electron and muons at low Q2

ÅTPE largest theoretical uncertainty in 
low-energy proton structure

Åexpect sign change for e+ and e-

(same applies to muons)

Åprojected relative uncertainty 
in ʈ+p to ʈ-p elastic 
cross sections

Åsystematics: 0.2%
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