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Measurement	of	the	Proton	Radius	in	ep-Scattering
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1956: rp	≈ 0.8 fm
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Measurement	of	the	Proton	Radius	in	ep-Scattering

status October 13, 2019

what to add?
how clarify what the true proton radius is and 
where the difference comes from?

MAMI 2010CREMA 2010

rp
elastic ep	≈ 0.88 fmrp

µp Lamb	≈ 0.84 fm



Planned,	ongoing,	recent	scattering	
experiments	of	the	proton	form	factor
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The discrepancy between the results – the proton radius puzzle - triggered 
many new proposals and experiments:

• e- scattering radiative: ISR electron scattering at MAGIX-MESA
• e- scattering at medium E with active-target TPC at MAMI
• e- scattering at higher E: PRad at Jefferson Lab

• µ+/-, e+/- scattering at low energy: MUSE / PSI

our Proposal: 
CERN-SPSC-2019-022; SPSC-P-360; nqf-m2.web.cern.ch

• µ+/- at high E at CERN (COMPASS++/AMBER)

different, in several ways favorable systematics



Kinematic	ranges
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Kinematic	ranges
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MUSE	– kinematics	of	low-energy	
elastic	muon	scattering
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our calculation (muon mass)



PRad
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from: H. Gao, ICSAC2019,
Losinj, Croatia



CERN-SPSC-2019-022;			SPSC-P-360
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• 100 GeV muons of the CERN M2 beamline
• Protons in an active-target high-pressure TPC
• Silicon detectors for precision tracking
• 200µm SciFi stations for trigger on scattered 

muons
• inner tracking and ECAL of the COMPASS 

spectrometer



Active	target:	high-pressure	TPC
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• up to 20 bar pressure
• 600mm diameter of active volume, 4-fold segmentation
• reconstruction of recoil energy 0.5-20 MeV (10-3…4x10-2 GeV2)



High-pressure	TPC	readout	structure
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• muon beam characteristics at M2 beamline
• fine segmentation of TPC readout in the beam spot region can be 

of use to disambiguate the correlation with the beam muon
• flux 2#106 /s (increased intensity would be possible if TPC allows)



Proposed	running	2022
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Alarcon 19, rp = 0.841 fm
This proposal, projected stat. errors

• program for 200 days of beam
• precision on the proton radius < 0.01 fm



Precision	in	the	context	of	the	puzzle
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Charge	radius:	definition	and	model	
dependence		
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Radiative	corrections	for	electron	and	muon	
scattering
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Shape	of	the	elastic	peak
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”danger	zone”,
exponentiation

(/resolution)

soft	1/k
control	region

hard	photon	emission,
kinematic	and	FF	effects

Eg

E’



Bremsstrahlung:	real-photon	emission	
along	the	muon-proton	scattering
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• Bremsstrahlung accompanies the elastic process
• for low-energy photons roughly 1/Eg (‘infrared divergence‘)
• angular spectrum: peaking in the relativistic case, opening angle 1/g

[Lorentz factor]
• 100 GeV beam: Eg between 50 MeV and 5 GeV emission probability at 

qµ =0.3mrad (Q2=0.001): 5 x10-4

• Bremsstrahlung events in  Q2=0.001…0.04 GeV2/c2 about 38000

SF3SF2SF1

SI04SI01 SI02 SI03S

low−material tube (He, vacuum)

BMS COMPASS spectrometer

~10m

beam muon

recoil proton

scattered muon

Bremsstrahlung photon

ECAL2



Real-photon	energy	spectrum		

06.03.20 Jan Friedrich 19

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
 [GeV]gE

210

310

410

kin  1/Eµ  rads

3- 2- 1- 0 1 2
 /GeV )
g

( E
10

log
0

100

200

300

400

500

600

700

800 ISR effect

 /GeV < 5g0.05 < E

ISR effect: if incoming muon loses much of its energy, the scattering off the 
proton under a specific scattering angle happens at lower average Q2 and 
accordingly a larger cross section
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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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Bremsstrahlung emission angle, E=100GeV
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Test	in	2018	for	Proton	Radius	measurement
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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 ✅



06.03.20 Jan Friedrich 24

Thank you!



TPC	signals		
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New	hardware:	Trigger	scheme

06.03.20 Jan Friedrich 26

• Free-running DAQ approach with continuous ‘triggerless’ 
front-end readout

• image-slicing according to detector response time
• online trigger marks images for higher-level readout



more	new	planned	hardware
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• silicon pixel detectors 
• elastic muon-scattering kinematics with SciFi detectors
• upgrades: large-area pixelGEM and MPGD
• CEDARs at high rates
• Beam Momentum Station for proton radius measurement

MuPix8 detector array thermally shielded CEDARsSciFi prototype



Schedule	2021	and	2022
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Beam time of 20 days in 2021 for pilot run
• proof-of-principle of the employed detector techniques, 

based on readiness of the subsystems in two charges at the 
beginning and towards the end of the 2021 COMPASS run

• silicon pixel detectors: currently two main options
• MUPIX10 or ATLASpix3, fast, pixel size 50-80 µm
• ALICE ALPIDE, slow (5-10µs), pixel size 28 µm  

• SciFi detectors accordingly: 200µm or 2mm ?
• test-TPC (IKAR) upon availability

• faster FADC readout
• anode structure?

Beam time in 2022: Applied for the first year of running

MuPix8 detector array thermally shielded CEDARsSciFi prototype



Summary	and	Outlook
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• COMPASS++/AMBER proposes high-energy elastic 
muon-proton scattering for the

• determination of  GE,p (10-3 < Q2 < 4 10-2) with
relative point-to-point precision < 10-3 and the

• measurement of the proton charge radius with a 
precision better than 0.01 fm and yet unexplored 
territory of systematic studies

approval by CERN on the way, stay tuned!
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fitting	with	a	truncated	series	
for	small	Q2
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n (1 + a2 Q2 + a4 Q4 + a6 Q6 + a8 Q8 +…)

• 3 free parameters n, a2, a4 (sys   0.0035, stat 0.0040 fm)

• 4 free parameters n, a2, a4, a6 (sys <0.0020, stat 0.0090 fm)

choice of higher-order terms:
• ai = 0 for i ≥ 6 or 8
• fix e.g. ai = aD for i ≥ 6 or 8 according to some 

model



Elastic	lepton-proton	cross	section
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