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rp(fm) ep µp

Spectroscopy 0.877 +/- 0.007 0.841 +/- 0.0004

Scattering 0.875 +/- 0.006 ???
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- Extractions of form factors and the radius might be affected by higher-order Feynman diagrams


- MUSE will directly test TPE in ep and μp scattering at low Q2 in the range of ε from 0.26 - 0.94

B.S Henderson et al. (OLYMPUS Collaboration) Phys. Rev. Lett. 118, 092501
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- Extractions of form factors and the radius might be affected by higher-order Feynman diagrams


- MUSE will directly test TPE in ep and μp scattering at low Q2 in the range of ε from 0.26 - 0.94

O. Tomalak, Few-Body Systems, 59, 87 (2018)
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The Muon g - 2 Collaboration, Measurement of the Positive Muon 

Anomalous Magnetic Moment to 0.46 ppm, arXiv: 2104.03281

- MUSE will directly compare form factors determined by ep and μp scattering, a more general lepton universality 

test than just the charge radius

Lepton 
Universality?
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- Located at the Paul Scherrer Institut in Villigen, Switzerland


- PiM1 beamline: secondary beam with e+/-, μ+/- and π+/- at few MHz flux

Paul Scherrer Institut

Villigen, Switzerland

MUSE at PiM1
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Quantity Coverage

Beam momenta 115, 160, 210 MeV/c

Scattering angle 20 - 100 degrees

Q2 range for e 0.0016 - 0.0820 GeV4/c2

Q2 range for μ 0.0016 - 0.0799 GeV4/c2 
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MIDAS Channel mapped root data Detector Hit 
Reconstruction Physics Analysis

Results!Geant4 Simulation Digitization Simulated Raw Data

- Analysis done using the COOKER frame work


- ROOT based, used previously in OLYMPUS, TREK, DarkLight


- Decompose analyses into individual modules


- Low-level: Typically one per detector


- Mid-level: Tracking, TOF, blinding etc.


- High-level: Physics analysis

Track 
Reconstruction

Blinding

Survey of MUSE System
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- Fraction of scattered tracks at each angle are stored and hidden for blinding data


- Whether or not a track is blinded is calculated by: 


, where , and , 


- If , where  is a uniformly distributed random number between 0 and 1, then the track is blinded


- Can blind up to 25% of tracks at any given angle

P = s ×
3 − θ

3
s = 0.2(A + 0.3cos(B × θ)) A = 0.25 → 1 B = 0.25 → 1

P ≥ R R
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- Tracking using “GenFit”; Require at least 2 out of 3 GEM planes have hits 


- Particle distribution of the PiM1 beam is well understood

Comparison of G4beamline simulations and data at the MUSE target

e Distribution in x e Distribution in y

E. Cline et. al., Phys. Rev. C 105, 055201 
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- Data were used to tune beam distribution in simulation


- Shown is a simple model with peak simulated by a Gaussian distribution


- Larger tails of the beam at angle > 100 mr, will be removed by target fiducial cuts

Horizontal 
“angle”

Vertical 
“angle”
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- Tracking using “GenFit”; Require hits in at least 3 x-planes and at least 3 y-planes on the same side


- Good agreement between data and simulation for the track position on STT


- Beam is expected to center at about Y = 0 and positive X

X

Y

STT front plane dimension: 

~ 600 mm x 600 mm

STT front plane dimension: 

~ 600 mm x 600 mm

* In STT local coordinates
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- Shown is an example of carbon target reconstruction for p = -115 MeV/c

Entrance 
aperture Exit Posts

* cuts: electron events, vertex DOCA < 10 mm, STT track - SPS DOCA < 15 mm, GEM track - BH DOCA < 30 mm

Carbon Target, -115 MeV/c
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- Shown is an example of carbon target reconstruction for p = -115 MeV/c
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Target 
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Carbon 
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Blinded; Preliminary Blinded; Preliminary 

* cuts: electron events, vertex DOCA < 10 mm, STT track - SPS DOCA < 15 mm, GEM track - BH DOCA < 30 mm

Carbon Target, -115 MeV/c
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- Shown is an example of carbon target reconstruction for p = -115 MeV/c


- Cut on beam track passing through circular window planes, and exiting track passing through square exit windows

Blinded; Preliminary 

Entrance 
window cuts Exit window 

cuts

* cuts: electron events, vertex DOCA < 10 mm, STT track - SPS DOCA < 15 mm, GEM track - BH DOCA < 30 mm

Carbon Target, -115 MeV/c
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- Shown is an example of carbon target reconstruction for p = -115 MeV/c


- Cut on beam track passing through circular window planes, and exiting track passing through square exit windows


- Preliminary simulation shows similar vertex distributions 

Blinded; Preliminary 
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σ(Data) = 10.3 mm

σ(g4psi) = 8.4 mm

* cuts: electron events, vertex DOCA < 10 mm, STT track - SPS DOCA < 15 mm, GEM track - BH DOCA < 30 mm

Carbon Target, -115 MeV/c
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- Shown is an example of vertex reconstruction of LH2 target and empty cell data at 160 MeV/c


- After applying the target chamber wall cuts and subtracting the empty cell events, LH2 target is cleanly separated out
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- RF time: time of particle in beam line scintillator hodoscope 

relative to accelerator RF signal → flight time modulo 19.75 
ns, + arbitrary phase offset

Proton beam RF 50.6 MHz → 
pulses every 19.75 ns 

Flight path ≈ 22.76 m 
TOFe (flight time) ≈ 76 ns

TOFμ up to ≈ 103 ns

TOFπ up to ≈ 118 ns
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- Reaction is identified from the TOF (SPS - BH) and the 
path length between BH and SPS.


- Knowing the incoming particle momentum and the 
TOF, we can find βin_coming and βout_coming


- From track reconstruction, we can get the path length

60 70 80 90 100 110 120
Dist (cm)

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

ou
t

β

0
2000
4000
6000
8000
10000
12000
14000
16000
18000
20000
22000

all particles 115 MeV/c

60 70 80 90 100 110 120
Dist (cm)

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1
ou

t e
β

0
2000
4000
6000
8000
10000
12000
14000
16000
18000
20000

electrons 115 MeV/c

60 70 80 90 100 110 120
Dist (cm)

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1µ
ou

t 
β

0

1000

2000

3000

4000

5000

6000

7000
muons 115 MeV/c

60 70 80 90 100 110 120
Dist (cm)

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1π
ou

t 
β

0

1000

2000

3000

4000

5000

pions 115 MeV/c

Simulation of outgoing Beta vs Scattered Path Length

All Electrons

Muons Pions



500 550 600 650 700 750 800 850 900
mm

0

0.2

0.4

0.6

0.8

1

1.2c

0

5

10

15

20

25

out Beta vs. Scattered Path Length

500 550 600 650 700 750 800 850 900
mm

0

0.2

0.4

0.6

0.8

1

1.2c
0

1

2

3

4

5

6

7

Electron (identified by BH)

500 550 600 650 700 750 800 850 900
mm

0

0.2

0.4

0.6

0.8

1

1.2c

0

0.5

1

1.5

2

2.5

3

Muon (identified by BH)

500 550 600 650 700 750 800 850 900
mm

0

0.2

0.4

0.6

0.8

1

1.2c

0

2

4

6

8

10

12

14

16

18

20

22

Pion (identified by BH)

!*"#)$&-1%'RM#%&-3-$)&-1%

μ

μ to e

Calculated 
βμ ~ 0.74 Calculated 

βπ ~ 0.64

Carbon Target, -115 MeV/cMomentum of μ from π—> μ + νμ 

p 115 MeV/c 160 MeV/c 210 MeV/c

π 0.64 0.75 0.83

decay μ 0.60 0.72 0.82

βπ and Most probable βdecay μ  - βe is aligned to 1, βμ is faster than 
calculated and βπ is even faster


- Might be due to time walk; 

dE\dx(π) > dE/dx(μ) > dE/dx(e)


- With better walk correction, we will be 
able to achieve 100 ps / 5 ns ~ 2% for β

μ’s from π decay have range of β’s, 

slightly smaller than π’s 


they come from 

All Particles

β β β β

Blinded; Preliminary Blinded; Preliminary Blinded; Preliminary Blinded; Preliminary 



!96E&-H)&#M'>E#IM1SM)&)'31,'0456'T,1EE'5#$&-1%'")&-1E

- Projected uncertainties of one full year of scattering data taking 


- Estimated how we divided the time, with more time at the highest momentum


- Statistics is based on 2022 data set


- Estimated systematics from the current readout rate is included


- More work to be done
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- Projected uncertainties of one full year of scattering data taking 


- Estimated how we divided the time, with more time at the highest momentum


- Statistics is based on 2022 data set


- Estimated systematics from the current readout rate is included


- More work to be done
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- 2011: Ron Gilman & Michael Kohl proposed MUSE, fundraising 


- 2012 to 2017: MUSE experiment construction


- 2018 to 2020: Beam studies, technical refinements, fine tuning


- 2020 to 2021: Commissioning under COVID-19 constraints


- 2021: Obtained first high statistics scattering data set at +/- 115 MeV/c


- 2022: One month of scattering data taken, about 10% of total statistics


- 2023: MUSE has been approved for 5 months of beam time


- 2024 to 2025: Plan to continue production data taking for 6 months/year


- 2023 to 2026: Data analysis and physics publications

Data!
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