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• steep increase towards smaller Q2 with 1/Q4

• forever rising?
• not for scattering off atoms / molecules:

that’s what 
we are 
interested in

that’s what 
mainly 

happens

atomic scale 
a-2 ~ 10-11 GeV2
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sum up the single energy 

losses: Landau distribution
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µ

p
e-• near ionization threshold: binding important 

• higher energies: scattering off quasi-free electrons
• at the end of the full TPC setup: 

• 2% of muons accompaigned by an electron >10 MeV
• 0.3% with electron >50 MeV

• secondary processes need to be accounted for
• overlap with proton recoils
• fake recoil signals 
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µ100 GeV

• precise determination of the momentum transfer Q2 depends 
on energy calibration of the TPC signal 

• possibly known from Mainz setup
• may not account e.g. for variations in time
• calibration in situ by measurement of elastic mu-e scattering
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µ100 GeV

• measurement of only the angles of muon and electron allows to 
determine the beam energy

• vertex can be constrained to narrow structures (windows, 
readout planes, detectors)

• kinematics e.g. for Ee=0.1Ebeam=10 GeV: qµ=1mrad, qe=10mrad
• sensitivity DEbeam/Dqµ=1GeV/5µrad, DEbeam/Dqe=1GeV/50µrad
• good statistics, similar to elastic mu-p events (a few per sec)
• goal of the precision, assuming alignment precise to 0.1µrad: 

DEbeam ~100 MeV 
• i.e. DQ2

shift/ Q2 ~ 2•10-4

NB. π-e scattering?
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µ

p
g

• emission of photons strongly forward peaked
• energy spectrum ~1/Eg
• measure forward photons with calorimeter?
• correction in the order 1%, uncertainty ~10-3
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Bremsstrahlung emission angle, E=100GeV
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COMPASS Bremsstrahlung:	real-photon	emission	
along	the	muon-proton	scattering
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• Bremsstrahlung is emitted along the elastic process
• photon energy Eg exhibits roughly spectrum 1/Eg (‘infrared divergence‘)
• angular spectrum strongly focussed to approximately cone around

lepton direction (relativistic case, opening angle 1/g [Lorentz factor])
• Probability of Bremsstrahung emission for 100GeV beam and photon

energies between 50MeV and 5GeV, relative to elastic cross section at 
qµ =0.3mrad (Q2=0.001): 5e-4
• cross-checked with N. Kaiser on 20-30% level, differences to be

settled
• For targeted 7e7 elastic events in Q2=0.001…0.04 GeV2/c2 the number

of Bremsstrahlung events is in the order of 38000 events
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low−material tube (He, vacuum)

BMS COMPASS spectrometer

~10m

beam muon

recoil proton
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µ

p

• the muon-proton elastic scattering experiment at COMPASS 
aims at a determination of the proton electric form factor in the 
range Q2<0.04 GeV2 with a point-to-point precision of 10-3

• allows determination of the proton radius with a precision <1%
• for a sufficient statistical precision, 70 million events
• model / extrapolation / fitting uncertainty: cf. Thomas’ talk
• further systematics

• calibration of the kinetic energy of the recoil proton (i.e. Q2) 
with a precision <0.2%

• Q2-dependence of radiative corrections, <0.1%
• Monte-Carlo simulation of acceptance / efficiency 

correction <0.5%
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real-photon	energy	spectrum		
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impact	on	Q2	reconstruction		
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real-photon emission distorts the kinematics, correlation of reconstruction 
from muon and recoil proton becomes blurred 
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photon	angular	spectrum		
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qg is ‚out-of-plane‘ angle qg = 0 is the muon scattering plane
fg = 0 is forward kinematics (emission along incoming muon direction)
fg = p is backward kinematics
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qg is ‚out-of-plane‘ angle qg = 0 is the muon scattering plane
fg = 0 is forward kinematics (emission along incoming muon direction)
fg = p is backward kinematics
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photon	angular	spectrum		
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One ECAL2 cell (3.9cm/30m) corresponds to 1.3 mrad, so the
majority of photons lies in the innermost ca. 100 cells

usage of ECAL2 is interesting to control the radiative corrections
for the Proton Radius Measurement
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COMPASS Summary	table	– beam	requirements
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COMPASS QCD	facility	– future	fixed	target	experiment	at	M2
Spectrometer	upgrades
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from	the	PBC-QCD	convener’s	summary
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Proton	Radius	Measurement:	Proposed	Setup
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SF2
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low−material tube (He, vacuum)

BMS COMPASS spectrometer

~10m

SF1 SF3

• muon scattering angles 0.3 (Q2=0.001GeV2) … 2 mrad (Q2=0.04GeV2) 
(100 GeV beam, minimal kinematic range, better larger)

• side kick over 5m base line: 1.5 … 10 mm
• sufficiently large, high-resolution Si detectors, Dx<=10µm, x>=50mm

• pressurized active high-purity H2 target
• corresponding track lengths a few cm
• TPC readout on two sides

• beam intensity >= 2e6 muons/second, one year of running
• precision on proton radius <= 0.013 fm (no full simulation yet)
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Test setup during 2018 DY run 
downstream COMPASS, check
• TPC operation in muon beam ✅
• vertex reconstruction with silicon 

telescopes ✅
• coincidence detection of scattered 

muon and recoiling proton ✅



COMPASS New	ideas	for	silicon	detectors	ready	for	continuous	
readout	–Igor	and	team
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• COMPASS++ / AMBER is getting on track as a future QCD facility 
at the CERN M2 beam line with a broad physics program

• tests in 2018 for a proton radius measurement with a high-energy 
muon beam promising

• preparations for the measurement in 2021/22 take up momentum 

stay connected: nqf-m2.web.cern.ch  -- new ideas & collaborators welcome!



COMPASS
Thank you for your attention!
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COMPASS Proton	Radius	measurement
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Physics case: determine the proton radius in high-energy 
muon-proton scattering

• elastic µp scattering at low Q2

• key advantages over ep
• measure electric form factor GE, 

essentially no contribution from 
magnetic one GM (high E)

• much smaller QED rad. corr. 
(muon mass)

• remains: theory uncertainty from fitting 
the form factor slope

• 100 GeV SPS M2 muon beam
• high-pressure hydrogen TPC active-

target cell (PNPI development)
• measure cross-section shape over 

broad Q2 range 10-4…10-1

• fit from 10-3 … 2x10-2 the proton 
radius (slope of electric form factor)
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COMPASS Charge	radius:	definition	and	model	
dependence		
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28.2.2019 Jan Friedrich 33



COMPASS
Measurement	of	the	Proton	Radius	in	ep-Scattering
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1956 at SLAC
Measurement of elastic e-p 
scattering shows first structure 
effect, <rp>	≈ 0.8 fm

R. Hofstadter
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Theory	of	the	time	– 1958ff

28.2.2019 Jan Friedrich 35

This is the first version of a vector-meson 
dominance (VMD) model for the nucleon 
form factors, including only the rho. Later
• 1974 Höhler
• 1995 Mergell, Meißner, Drechsel
• 2014 Lorenz, Meißner



COMPASS Models	for	the	Nucleon	Form	Factors	employing	
Dispersion	Relations
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accurate values from a few-parameter fit to all-Q2 data

2
low-Q2 experimental of-the-time value discussed 


