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Motivation / Introduction
MUSE Experiment
MUSE activities and outlook

THE PROTON RADIUS PUZZLE (2010)

Muonic and electronic measurements give different proton charge radii

Analysis of world
electron-scattering

Sick (2003) b ° - i data
CODATA:2006 (2008) ;_.__4\ ~_ | —
Pohl (2010) . A T~ Analysis of hydrogen
Bernauer (201 —e— |~ spectroscopy data
\ Committee on Data for
0.82 0.84 0.86 0.88 0.90 0.92 Science and

Technology (CODATA)
rp = 0.8768(69) fm

Muonic-hydrogen spectroscopy result Proton Charge Radius (fm)

Ten times more precise, but 4% smaller
than previously accepted value

ro = 0.84184(67) fm

Analysis of MAMI
electron-scattering
In 2010, the discrepancy between muonic and electronic measurements of the proton experiment
charge radius was a 50 effect and grew to a 7o effect in 2013.

1. Sick, PLB 576, 62 (2003); P.J. Mohr et al., Rev. Mod. Phys. 80, 633 (2008); J.C Bernauer et al., PRL 105, 242001 (2010); R. Pohl et al., Nature 466, 213 (2010)
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RECENT SITUATION
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Newer electronic measurements tend to show a smaller radius
Today some tension between experiments persists...
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DISAGREEMENT OF DIFFERENT DATA

Lot T T ‘ ‘ T ‘ T e PRad data
9 highest Q°PRAD points —— PRad fit

—— Mainz data
=== Mainz fit
mmmm Mainz fit uncertainty
77777 Mainz fit, forced r,, = 0.841 fm
wvmeee - Arrington 07
s Alareén 19 rp = 0841 fm

MUSE (P, diplin) w/ Mainz input
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1,5% disagreement between PRAD highest Q2 and Mainz form factor values
leads to 3,0% discrepancy in cross-sections. According to Dominguez,
Alarcon and Weiss dispersion + effective field theory calculations (radius is
treated as a free parameter): these discrepancy leads to ~0,04 fm
divergence in extraction of the radius.
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THE MUON PROTON SCATTERING EXPERIMENT

- ~63 MUSE collaborators from 24 institutions in 5 countries
- Located at the Paul Scherrer Institut in Villigen, Switzerland
- PiM1 beamline: secondary beam with e+-, p+- and n+- at few MHz flux

Particle species are separated by timing relative to beam RF

Paul Scherrer Institut
Villigen, Switzerland
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MUON SCATTERING EXPERIMENT MUSE

Direct comparison of ep and pp scatterings at sub-percent level
precision at 3 different beam momenta: 115 MeV/c, 160 MeV/c,
210 MeV/c in #M1 area at PSI:

@ Higher (similar) precision for muons (electrons) than previously
@ Low @ kinematics for sensitivity to the proton charge radius

© Simultaneous cross-section measurements for e*p and = p elastic
scattering reactions

© Independent and combined determination of charge form factor and
Proton Charge Radius in e*p and n*p elastic scatterings tests lepton
universality

@ With u*, 1~ and e, e~ — study Two-Photon Exchange (TPE)
mechanisms

@ Tests of initial-state radiative corrections
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Data Analysis

DETECTOR SETUP

Scattered Particle | | Calorimeter
intillator (SPS) s
am
Quantity Coverage \

Beam momenta 115, 160, 210 MeV/c
Scattering angle 20 - 100 degrees

Q2 range for e 0.0016 - 0.0820 GeV2/c*

Q2 range for p 0.0016 - 0.0799 GeV2/c*

RF of All Planes, p = 160.32 MeV/c
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MUSE TRIGGER

BH GEMs Veto
Target TCPVeto
/ Calo
Incident beam '~ [D
/
r\ T L+ V), b Scattering
. . Particle
. Trajectory of / .
Trajectory of Scintillator

beam particles scattered particles

Beam Particle ID
determined by time between RF-pulse and BH

Trigger Logic: TRB3 FPGA-based:
accept e*, ut, reject

(e OR p) AND (no i) AND (scatter) AND (no veto)
\ )

T
PID is the Hardest Part
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ANALYSIS TRAJECTORY

Blinding
MIDAS adl Channel mapped root data [ IS 7 H.'t g
Reconstruction
Geant4 Simulation [Ead Digitization ladll Simulated Raw Data

»I

Survey of MUSE System

lmdll Physics Analysis

- 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

- High-level: Physics analysis
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DATA BLINDING

- Fraction of scattered tracks at each angle are stored and hidden for blinding data
- Whether or not a track is blinded is calculated by:

3-6
P=sXx BN where s = 0.2(A + 0.3cos(B X 6)),andA=025—->1,B=025->1

- If P > R, where R 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
25%

Blinding Probability ———
20% |-
5
3
3
=
o 15%
2
g
£
2 10% E
g
&
5% -
0% . . .
0 45° 90° 135°

Scattered Track Angle

Chance of blinding a track for A = 0.75 and B = 4.2 as a function of STT angle.
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GEM AS INCIDENT-PARTICLE TRACKER

- Incoming beam is tracked by the GEM detectors
- Tracking using “GenFit”; Require hits in at least 2 out of 3 GEM planes
- Particle distribution of the PiM1 beam is well understood

Comparison of G4beamline simulations and data at the MUSE target

10° e Distribution in x 10° e Distribution iny
2 20F 4 3 2 5
€ 13F E c 16F -
3 16E - - G4BL Full E 3 1uE - - G4BL Full E
© 1uf  ..omL E O 12F  ..o4BL :
11% 3 — Data 3 12 — Data
8k - - -
43 ; 6
3 ) 4F 3
2F E 2F E
08640 =36 0 20 40 60 0654055 0 20 40 60
x (mm) y (mm)

E. Cline et. al., Phys. Rev. C 105, 055201
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VETO DETECTOR

Data Analysis

@ Annular 4-element, with double PMT
read-out, VETO detector, surrounding
target entrance window

@ Eliminates upstream scattering and
beam decays, reduces trigger rate from
background events by ~ 30%

@ 07 <200ps (1ns); €>99.0%
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MUSE Experiment

MUSE activities and outlook

STT TRACKING

Data Analysis

Track X on STT Front Plane

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

2] E
§ F P=-115MeV/c, Carbon
Q
o — Data
— g4PSI

STT front plane dimension:
~ 600 mm x 600 mm

e L

-400 300 200 -100 O

Counts

300 400 500

Track X (mm)

*In STT local coordinates

Dr. Tigran A
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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

2500

2000
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1000

500

%00 -400 -300 -200 -100 O

STT, based on PANDA STT-design, 2 chambers, 5 planes each in x and y; in total 2850 Straws

Track Y on STT Front Plane

P =-115 MeV/c, Carbon
— Data

—g4Ps|

STT front plane dimension:
~ 600 mm x 600 mm

100 200 300 400
Track Y (mm)

The MUSE experiment
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VERTEX RECONSTRUCTION: CARBON

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

Carbon Target, -115 MeV/c

X v z vertex with cuts on 20 - 100 degrees, Data y v x vertex, 20 - 100 degrees, target region

100

X (mm)
Y (mm)

5

8

100 300 -

400
Z (mm)

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

- Shown is an example of carbon target reconstruction for p = -115 MeV/c
- In circles: beam tracks hitting circular window aperture and exiting tracks hitting the chamber exit posts

- TCPV detector built to online veto tracks hitting target chamber exit posts
x v z vertex with cuts on 20 - 100 degrees, Data

220

100
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)

L L A B B BB

-50

Entrance : .
aperture . ~ Exit Posts

L n L il
-100 0 100 200

—1 | |,
o© 0! 200
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8

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

MUSE Experiment Data Analysis

MUSE activities and outlook

VERTEX RECONSTRUCTION: CARBON

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

- Cuts on beam tracks hitting circular window aperture and exiting tracks hitting chamber exit posts

- Preliminary simulation shows similar vertex distributions

Carbon Target, -115 MeV/c

z vertex with cuts on 20 - 100 degrees

x v z vertex with cuts on 20 - 100 degrees, Data
100 16
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P =115 Mevic, Carbon
|- — Data

— g4psi

0

o(Data) = 10.3 mm
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* cuts: electron events, vertex DOCA < 10 mm, STT track - SPS DOCA < 15 mm, GEM track - BH DOCA < 30 mm
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VERTEX RECONSTRUCTION: LH2

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

- After applying target chamber wall cuts and subtracting the empty cell events, LH2 target is cleanly separated

Hydrogen Target, -115 MeV/c

X v z vertex with cuts on 20 - 100 degrees Z vertex with cuts on 70 - 100 degrees

€ £ F

E 300 € 70p = 115 Mevie, Carbon
= 8 £
x E

O g of —rurcan
250 E
F — Empty Cell

s0f-
200 F
“F
150 F
30
100 2f
10F

10800200 300 -200 300 400 500
Z (mm)

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

- RF time: time of particles in BH planes relative to accelerator
50.6 MHz RF signal

g8 83
M12
RF of All Planes, p = -115.29 MeV/c s
£ st
a3 —
3 - o
10°
s

o Moans BHC)

- e Flight path = 22.76 m
i\ TOFem76ns  amstso e
/ \ TOF, up to = 103 ns
Mo TOFrup to = 118 ns et

ASMtt

18
Time (ns)

Proton beam RF 50.6 MHz — pulses every 19.75 ns —Bﬂ‘m_wr
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REACTION IDENTIFICATION

Data Analysis

Reaction is identified from the TOF (SPS - BH) and the
path length between BH and SPS

From the track reconstruction, we can get the path length

Knowing the incoming particle momentum and the TOF,

we can find Bincoming and Boutgoing

Simulation of outgoing Beta vs Scattered Path Length

ciocions 115 vevic

Electrons

R oI R e0 w0 o iz
Dist(em) Dist em)

a0 000 o
Dist(em)
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REACTION IDENTIFICATION

Motivation / Introduction
MUSE Experiment
MUSE activities and outlook

Data Analysis

out Beta vs. Scattered Path Length Electron (identified by BH)

$o0 55060050 700750 800 B0 800
Momentum of uy from m—> p + v,
p =115, 160, 210 MeV/c

u's from 1t deé:ay have range‘of B’s,
slightly smaller than r’s
they decay from

decay p

Angle ()

Dr. Tigran Armand Rostomyan

Muon (identified by BH)

Pion (identified by BH)

odf

.| Calculated.-
Bu~074 :

S50 600 60 700 70

Carbon Target, -115 MeV/c

Br and Most probable Baecay

[ 115 MeV/c 160 MeV/c 210 MeV/c

B0 80 900

S50 500 650 700 750 800 850 900

- e is normalised to 1, By is faster than
calculated value and Br is even faster
- Might be due to the time walk;

0,75 0,83 dE\dx(r) > dE/dx(p) > dE/dx(e)
- With better walk correction, we will be
072 082 able to achieve 100 ps / 5 ns ~ 2% for B
The MUSE experiment 20/26
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MUSE PSEUDO-DATA FOR CROSS SECTION RATIOS
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1.025 1015 2 E! 2
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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

- Take away message: on average we will be able to reach 1% uncertainties

- More work to be done
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OUTLOOK

Proton form factor + radius + 2y +
lepton universality measurement at
PSI with elastic scattering of et, p*
from hydrogen

Fall 2022: Scattering data

= Took data in all experiment kinematics on H, C,
empty cell

= Second veto detector, inside the target
chamber, used to reduce background

Upgrades since Fall 2022

Target
Chamber
] e

= Progress in analysis, improving coding,
debugging, geometry, noise suppression,
corrections, tracking, reconstructed time and
position resolutions

2023: Successful review at BVR54

GEM
Detectors

= 5 ths beam time and
= Reviewed 2022 operations at spring 2023 Eea"rmme ~
llab i ing, for 2023 i / m
planning y/
= 2024 and 2025: Similar beam times /
expected e/tr/p at p = 115-210 MeV/c
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THANK YOU FOR YOUR ATTENTION!
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MUSE will be the first muon scattering measurement with the required
precision to address the Proton Radius Puzzle!

MUSE publications:
@ P. Roy et al., NIM A 949 (2020) 162874

@ T. Rostomyan et al., NIM A 986 (2021) 164801
@ E. Cline et al., SciPost Phys. Proc. 5, 023 (2021)
@ E. Cline et al., Physical Review C 105 (2022) 055201
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https://www.sciencedirect.com/science/article/pii/S0168900220311980
https://scipost.org/SciPostPhysProc.5.023/pdf
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.105.055201?ft=1
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LIQUID HYDROGEN TARGET

Condenser --- level sensor
~ H, cas inlet ino 00

condenser

Cooldown
start

—— Condenser temp 1
Condenser temp 2

— Target temp
tiquid———
hits end
cap

Target | 125 =

_________ “full” &
100 &
i
50

o o5 05

E
S
B ~,

C Target.
Empty Space'

—— Condenser temp 1
—— Target temp

@ 280 ml LH2 target
@ Target T = 20.67 K, stable at 0, = 0.01 K level

@ Density = 0.070 g/cm?, stable at 0.02% level
@ Safety review passed (PSI; Aug.2018)
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Pe

E. Cline et al., Physical Review C 105 (2022) 055201
Characterization of 1 and e beams in the PSI PiM1 channel:

@ Average momentum of particles passing through the channel agrees
with the central set momentum to within 0.03%

@ The positions of the different particle species were observed to be
consistent at roughly 2 mm level, indicating their momenta are
consistent to within approximately 0.02%

@ RF time measurements of particles propagating through the channel
showed approximately 0.1% agreement with the set momentum

@ Muon and electron beams have quite similar properties to the pion
beam and to each other: knowing p~ or p, means we know pe quite
precisely
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