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Abstract

The Universe as we know it has an asymmetry between matter and antimatter (called
‘baryon asymmetry’), a phenomenon which requires CP violation in the laws of physics. Al-
though CP violation is established in the Standard Model, the amount is insufficient to explain
the much larger observed asymmetry. As the electric dipole moments (EDMs) of fundamental
particles are a source of CP violation any non-zero measurement of the EDMs above the val-
ues predicted by the Standard Model would indicate an excess of CP violation in the Universe
which could help explain the observed baryon asymmetry. The yEDM experiment at the Paul
Scherrer Institute (PSI) aims to measure the muon’s EDM at a greater sensitivity than ever
before. The ultimate sensitivity goal, corresponding to |dy| < 6 x 10~2e.cm, would improve
upon the current direct limit of |d,| < 1.8 x 10~ "¢.cm by almost four orders of magnitude, as
well as the current indirect limit of |dy | < 2 x 10~2%¢.cm by nearly three orders of magnitude.
This thesis describes efforts to characterize the 6-dimensional phase space of the muon beam
from the uE1 beamline at PSI, Switzerland for phase 2 of the tEDM experiment. Data was
collected using a scintillating fibre array (SciFi) and a LaBr calorimeter, and the modelling
of the results was performed using CERN’s Transport simulation software, Python’s XSuite
library and G4Beamline software. These models will inform the design of phase 2 and are an
important step towards an end-to-end experimental simulation which integrates the beamline
and experimental apparatus. The results will also aid any experiments that may make use of
the uE1 beamline at PSI in the future.

1 Introduction to tEDM

The Standard Model (SM) of Particle Physics has been widely successful to date in describing the
laws that govern the Universe[|]. There are however a few anomalies that remain unexplained by
this elegant theory, such as the lack of explanation for the dark sectors of the Universe (dark matter
and dark energy[”]), the baryon asymmetry (also known as matter-antimatter asymmetry) of the
Universe[3] and the recent muon g-2 anomaly at Fermilab[4] among others. The uEDM experi-
ment at PSI[5] was proposed in order to get closer to bridging the knowledge gap for the baryon
asymmetry in the Universe by measuring the muon’s electric dipole moment (EDM) at a greater
sensitivity than ever before.

The violation of charge-parity invariance (or CP violation) was discovered in 1964 in the decay
of neutral kaons[6]. Since then, CP violation has been added into the Standard Model, and is to-
day thought to be integral in order to explain the matter-antimatter asymmetry of the Universe[3].
However, the real degree of baryon asymmetry in the Universe is far greater than that predicted
by the SM due to CP violation, and hence any evidence towards an excess of CP violation in the
Universe could help us explain the gap between the theoretical SM prediction and the real observa-
tions. One such probe to test for excess CP violation are the EDMs of fundamental particles such
as muons, since the existence of a non-zero value for the EDM of fundamental particles violates
time-reversal symmetry (T), and assuming charge-parity-time (CPT) symmetry, for which there is



yet no evidence of violation[ 7], these non-zero EDMs also violate CP symmetry (since T violation
must therefore correspondingly violate CP to satisfy CPT symmetry). The CP violation present in
the SM of particle physics predicts highly suppressed values for the EDMs of fundamental parti-
cles, much smaller than sensitivities in reach of current experiments. Any non-zero measurement
of these EDMs at a value higher than the theoretical values would lend evidence to there being
an excess of CP violation in the Universe above what is currently predicted, bringing us closer to
explaining the baryon asymmetry.

The current most sensitive direct measurement of the muon’s EDM put an experimental upper
limit of |d,| < 1.8 10~%.cm. This measurement was made by the muon g-2 experiment at
Fermilab[&], and sits about eight orders of magnitude higher than the Minimal Flavour Violation
(MFV) muon EDM limit of |dy| < 2.3 x 1072"e.cm which was obtained by scaling the electron
EDM prediction (|d,| < 1.1 x 10~2e.cm[9]) by the ratio of masses of the muon to the elec-
tron (my /me). The HEDM experiment at the Paul Scherrer Institute (PSI), Villigen, Switzer-
land aims to cut that difference in half with the final aimed sensitivity of measurement being
ldy| < 6x 10=23¢.cm for phase 2 of the experiment (aimed for 2030s), while phase 1 of the exper-
iment aims to achieve a sensitivity of |d,| < 3 x 10~2'¢e.cm in the next few years. Both of these
aimed sensitivities improve upon even the current indirect measurement of the muon EDM which
set the upper limit of |d;| < 2 x 10~2%¢.cm[10]. These measurements will be only the second fun-
damental particle EDM measurement made directly on the bare particle itself, with the first being
the current muon EDM measurement made at Fermilab, and only the 4th ever measurement of the
muon’s EDM. Thus, the tEDM experiment promises to not only provide tighter constraints for the
muon EDM but also develop new technology for fundamental physics experiments of the future.

1.1 Motivation to Characterize the uE1 beamline in Z-configuration

MuE 1 MukE 1

U-Version El Z-Version
\
[

Y /
o /
(% e |
‘ e

Figure 1: uE1 beamline at PSI: U-configuration [LEFT] ; Z-configuration [RIGHT].



This thesis is geared towards the characterization and modelling of the full 6D phase-space of the
‘UE1’ beamline at PSI[11] in its Z-configuration (see Figure 1) in order to facilitate the physics
measurement of phase 2 of the yEDM experiment which is scheduled to take data in the 2030s.
This phase-space characterization is required for phase 2 of the experiment, as it requires high
momentum muons (~125 MeV/c muons) which the uE1 beamline can provide. The muon beam
that will be input into the experiment needs to be fully understood in order to not only estimate
systematics for the final muon EDM measurement but to also have a good grasp on the input
itself which will also help better optimize the particle beam to suit the experimental needs. The
characterization will also help any future experiments that might make use of the uE1 beamline
in its Z-configuration, as characterization efforts of the beamline prior to this work have focused
primarily on the U-configuration. As can be seen in Figure 1, the difference between the U and
Z-configurations is that the last bending magnet (ASKS82), also known as a dipole, has been rotated
in the latter so as to bend the particles in the opposite direction to the former in order to reduce the
energy dispersion in the beam (discussed in later sections).

A diagram of the whole particle beam facility (HIPA) of PSI is shown in Figure 2. The protons
at PSI are produced from a hydrogen source at a frequency of 50.6 MHz which corresponds to a
phase period of about 20 ns[!2], which are initially accelerated using a Cockcroft-Walton accel-
erator as can be seen in the illustration. These protons are then accelerated further in two phases
using 2 cyclotrons, the latter of which (the Ring Cyclotron) can accelerate the protons to 590 MeV
kinetic energy and is a sector cyclotron[|3]. These accelerated protons are then then directed onto
two separate targets - a thin target (M) and a thick target (E). The uE1 beamline sources its par-
ticles from the thick target (E), hence the name y‘E’1. These particles, mainly pions (along with
muons and positrons) are then focussed using quadrupoles and then directed using a dipole (which
is thus the pion momentum selection dipole) bending magnet into an 8 metre long pion decay
solenoid. The length of this decay channel was chosen such that pion momenta selectable by the
aforementioned dipole (220 MeV/c)[! 1] would have lived for one lifetime at the end of the decay
solenoid. As the name suggests, many of the pions then decay into muons in this solenoid, and
these daughter muons (along with the other particles from the proton-on-target collision) are then
focussed using 4 quadrupoles and directed into another dipole which then selects the muon mo-
mentum bite. The selected muons are then focussed using an array of quadrupoles before being
directed onto the last dipole (ASK82) which then guides the muons onto the last 2 quadrupoles
(QSK810 and QSKS811) which apply final focussing on the muon beam and spill the beam into the
experimental area. The last dipole and 2 quadrupoles can be used such that the last (ASK82) dipole
turns the beam in the same direction as the ASK81 dipole (U-configuration) or in the opposite
direction (Z-configuration). The U-configuration generally allows for a smaller momentum bite
(thus a more mono-energetic muon beam) but lower rates and higher energy dispersion, whereas
the Z-configuration allows for higher rates and a lower energy dispersion but a larger momentum
spread[ | 1].

The HEI beamline’s 4D phase-space was successfully characterized in the U-configuration by
Dr. Mikio Sakurai in 2019 as a part of the yEDM collaboration[ | 4]. This thesis is complemen-
tary to the work of Dr. Sakurai and will shed light on the 6D phase-space of the yE1 beamline
in its Z-configuration for not only yEDM experiment but also any experiment that might use said
configuration of the beamline in the future.
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2 Theory and Background

This section will describe the basic idea behind the tEDM experiment in Subsection 2.1, which
is the ‘Frozen Spin Technique’, and how said technique is employed to measure the EDM of the
muons[5, 16, 17, 18], as well as the basic concepts of particle beam dynamics (or beam optics) in
Subsection 2.2 summarized from [19] and [ 14].

2.1 Theory of yEDM
@ <
< E B
E B | @
E B

Figure 3: Behaviour of the electric dipole moment or ‘EDM’ (d) and the magnetic dipole moment
(i) of a particle under parity (P) and time (T) reversal. CPT invariance is preserved (Image from

[20D.

The Electric Dipole Moment or ‘EDM’ (d) of a muon is given by Equation (1) whereas the mag-
netic dipole moment (fi) of a muon is given by Equation (2).

i=z (1)
2mc

=213 2

=5 )

Here, ¢ is the charge and is equal to (—e), m the mass and 5 is the spin of the muon, while c is the
speed of light, g is the muon’s g-factor (which is what is measured by muon g-2 experiments) and
‘n’ is the dimensionless EDM constant which is measured using the ‘Frozen Spin Technique’ in
the tEDM experiment.

The relative spin precession (®) of a charged particle (Figure 4) is given by:
(?) - (?)a + E)e (3)

where @, is the magnetic component and @, is the electric component:

. e = au¥ (3 =\ 3 1 ﬁxf?

wa—_E{aﬂB_m/(ﬁ'B)B_(a#+1_,y2) A }, 4
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In case of a non-zero EDM for the muon (or any other particle), the spin-precession plane tilts as
shown in Figure 4 as a result of vector addition of the magnetic and electric components.

Y

B w
— 4
Wa

»

Precession plane
Figure 4: The muon’s plane of precession tilts due to non-zero EDM (Image from [5]).

The larger the value of the EDM, the greater also is the tilt. The yEDM experiment uses this
property to study the muon’s EDM by trapping the muon in a storage ring using a strong kicker
magnet pulse such that only the transverse motion of the muon persists owing to an externally
applied solenoidal magnetic field as seen in Figure 5.

Superconducting
injection channel |
M

Solenoid 125 MeV/c

Muon tagger

B=3T i ~
T Magnetic kicker
Pixel detctor i
)
SciFi \ HV-electrode
Calorimeter Ground-electrode
<1m

Figure 5: Concept of the tEDM experiment’s setup with strength of the externally applied mag-
netic and electric fields chosen so as to freeze the muon’s spin in the storage ring [LEFT] ; Spin-
precession of the muon in the storage ring [RIGHT]. Images from [5].

At all times in the storage ring, electric and magnetic fields are applied orthogonally to the direction
of motion of the stored muons (E 1B L E) and hence:

B-E=B-B=o. (6)



Equation (3) then simplifies to:

— 1 _‘XE‘ = - E
{a”B_<a“+l——’}/2)ﬁC }-I-g{ﬁxB—f-;}

The frozen spin technique involves applying an electric field (Ey) of a strength such that the middle
term cancels out with the first term of Equation (7):

= e
d=——
m

. (7)

Ej~ ayBcfy, (8)

1 )Bng

) e ©)

a“E: (a“+ 1

Thus, Equation (3) then further simplifies to Equation (10), leaving behind only the EDM compo-
nent (1):

@:—ﬂ£<ﬁx§+§>. (10)
2m c

Hence, measuring the spin-precession of the muon in the storage ring under these conditions will
give the direct measurement of the muon EDM. A positron detector will also be installed - either
upstream or downstream - to estimate the asymmetry in the stored muons’ decay to positrons in
order to extract the asymmetry parameter [A(t)] which is given by Equation (11) and is proportional
to the muon’s EDM.

A(Z‘) o Nup — Naown

= =A sin(@,t). (11)
Nup+Nd0wn ( e)

Using this, the EDM and its statistical sensitivity can be given by:

B auhyz
d'u N 2POEfl‘0£ (12)
h
o(dy) = —27 (13)

Ho 2P0Ef\/N’L'MOC.

Here, [A(t) = atPysin (@t)] which is the measured asymmetry wherein ¢ is the analysis power of
the final polarization, and Py is the initial muon beam polarization[14]. Hence, it is clear that the
statistical uncertainty (G(d”)) of the EDM measurement is inversely related to the square root of
the statistical number of particles analysed N and the frozen-spin electric field strength E, as well
as the muon momentum which is inversely related to the Lorentz factor y. Hence, ideal conditions
for the experiment would be a muon beam with large momentum and high rates, to optimize the
UE1 beamline for which is the aim of this thesis.



2.2 Particle Beam Dynamics

A particle in any given particle beam is usually expressed in the Frenet-Serret coordinate system
which uses (x,y,l) as the base axes with ‘1’ being the direction of propagation of the beam and x and
y the transverse directions. Hence, said particle can be described by 6 phase-space coordinates - X,
x’ (or 0),y,y’ (or ), 1 and 6 (or momentum)[14].

(14)

O~ < D=

Using this phase-space for all particles in a beam, a 6 X 6 covariance matrix (also called the phase-
space matrix) ‘c’ can then be established for the whole beam[ 19, 21]:
Oxx Oxf Oxy Oxp Oxi Oyxs
Opo Opy Opy Oovi Ops

o, Oy, Oy O,

o — yy Oy Oyl Oys (15)
Opp O¢p1 Ops
Oy Op5
055

where, the diagonal elements are:
* /Oy, = Standard deviation of the horizontal beam distribution
* /Ogg = Standard deviation of the horizontal angular divergence distribution
* /Oyy = Standard deviation of the vertical beam distribution
* /Op¢ = Standard deviation of the vertical angular divergence distribution
* /0y = Longitudinal particle beam ‘bunch’ length or phase uncertainty
* /055 = Standard deviation of the momentum spread around the central beam momentum

and the off-diagonal elements represent the covariances between the diagonal phase elements. This
phase-space matrix can be acted upon by a transformation (or transfer) matrix ‘R’ which can be
constructed using the various beamline components that the particle beam passes through such as
focussing quadrupole magnets, bending dipole magnets, free drift space etc. Thus, the final phase-
space matrix given the initial matrix and a transformation matrix can be algebraically expressed as:

O final = RGim'tialRT (16)

where
R=R,R,_;..R3R,R; (17)

with R,, being the beamline component seen last by the particle beam. For a single particle with a
given phase-space of X, the transfer matrix acts upon it according to Equation (18).

Xfinal = RXGnitiar- (18)
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The full matrices for dipoles, quadrupoles and drift spaces can be found below:

* Quadrupole Matrix:

cos(Lov'k) ﬁ sin(Lov/k) 0 0 00
—Vksin(Lovk)  cos(Lov'k) 0 0 0 0
0 0 cosh(Lg+/|k])  —sinh(Lg+/]k]) O 0
RQuadrupole = \/W
0 0 |k|sinh(Lg+/|k|)  cosh(Lp+/Jk]) 0 O
0 0 0 0 10
0 0 0 0 0 1

(19)
where Lg is the length of the quadrupole and k is the focussing strength of the quadrupole
(expanded upon in Section 4.1.2). This matrix is for a quadrupole that focusses in the hor-
izontal (X) direction and defocusses in the vertical (Y) direction. Conversely, a vertically
focussing and horizontally defocussing quadrupole can be described by interchanging the
first 2 diagonal (non-zero) 2 x 2 matrices.

* Dipole Matrix:

cos rsina 0 0 0 r(l—cosa)
—% sina cos 0 0 O sino
0 0 1 roo 0 0
RDipole = 0 0 0 1 0 0 (20)
—sine  —r(l—cosax) 0 0 1 —r(o—sina)
0 0 0 0 O 1

where o is the bending angle and r is the bending radius which, along with the applied

magnetic field strength (B), selects the momentum of the beam particles (P) as |r = q% .

* Drift Space Matrix:

1 Lp 0 0 O 0
0O 1 0 0 O 0
{0 0 1 Lp O 0
0 0 0 0 1 Lp/y
0O 0 0 0 O 1

where Lp is the length of the drift space and v is the lorentz factor of the central momentum
reference particle.

The transverse or 4D phase-space of a particle beam can expressed as 2 sets of 4 Courant-Snyder
or Twiss parameters[22], namely (¢, B, ¥ and €). The description of these Twiss parameters and
how they can be measured are discussed extensively in Section 4.1.2. Comprehensive information
on particle beam optics can be found in [19] and [21].



3 Beamtime Preparation and Experimental Setup

Input from experimental data is essential in order to model a beamline, as simulation modelling
involves a number of unknown variables and relies heavily upon the input phase space. Ideally,
the phase space would be measured at the input of the beamline itself, however this is simply not
possible. To reconstruct the input phase space, the phase space at the end of the beamline must
be analysed from data and then projected backwards through the beamline to its beginning, hence
making experimental input invaluable.

proton

! “\;@‘A
Figure 6: Configuration used to characterize tE1’s muon beam in June 2024 (Courtesy: C. Cong)

The data for modelling of the uE1 beamline at PSI was collected during the first week of June 2024
by the HtEDM group of PSI over the course of a week-long beamtime at PSI. The uE1 beamline
was operated in the Z-configuration with the ASKS82 dipole rotated 20° counter-clockwise from the
straight configuration such that a 35° fringe field angle on both the entrance and exit of ASK82 is
observed with the shorter side of the horseshoe pole of the ASK82 dipole on the right side with
respect to the direction of propagation of the beam so as to induce a weak fringe field (Figure 6).
The ASK82 dipole deflects the central trajectory of the beam by 40°, while the upstream ASK81
dipole deflects the central trajectory by 60°. A schematic of the experimental setup, including the
detectors and collimators used, after ASK82 is shown in Figure 7.

)375cm

SciFi
Detector

‘ 6em |

110 cm I

85.5cm

Figure 7: Schematic of the Experimental Setup after the ASK82 dipole magnet
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To collect the data, two sets of detectors were used - a scintillating fibre (SciFi) mesh detector[23]
which recorded particle hits above a tuned threshold so as to avoid noise (Figure 11) and two
crossed plastic scintillation bars (SciCross) attached to a Lanthanum Bromide (LaBr) crystal calorime-
ter, both of which recorded waveforms, for 5-point coincidence (which is to say that the particles
that were recorded passed through the 1cm? overlap of the SciCross bars, thus entering the LaBr
through the cenrtal axis). Besides the detectors, 3 copper collimators of Scm thickness each and

4 interchangeable collimation holes of radii 4mm, 3mm, 2mm and Imm were also used to de-
crease the rate of the muons incident upon the LaBr calorimeter so as to avoid pileup (Figure 8).
The DAQ system used to acquire all the data was the WaveDAQ system[24] which is made of 16-
channel WaveDREAM boards that were developed at PSI[25].

Figure 8: Copper Collimators used during the beamtime. Each of the 3 collimators are Scm thick
and have 4 interchangeable collimation holes of radii 4mm, 3mm, 2mm and Imm.

Figure 9: WaveDAQ system: before connections [LEFT], after connections - 6 WaveDREAM
boards were connected to the 84 SiPM ends of the SciFi detector and a separate WaveDREAM
board was connected to the 4 ends of the SciCross, the LaBr and the HIPA proton current [RIGHT].

Prior to the beamtime, efforts were made to optimize the beamline using the ‘Transport’ software
developed by CERN[26], however upon setting the (E1 beamline’s magnet currents to be in ac-
cordance with the Transport optimization (shown in Figure 10), very low rates were observed. This
is most likely due to the fact that the input phase space used in the simulation was an empirical
estimate and not derived from experimental data, further highlighting the importance of this mea-
surement. Hence, the Transport optimization was abandoned in favour of manual optimization
during the beamtime which then yielded much higher rates.
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Figure 10: Pre-beamtime optimization of 100 MeV/c muons in the uE1 beamline with [P /P =3%] (Yielded very
low rates upon use and was thus NOT used). The red and blue rectangles at the top and bottom represent quadrupoles
and dipoles along the uE1 beamline respectively, the central line represents the direction of propagation (Z), the top
and bottom-half white curves represent the 10 spread of the beam in the vertical (Y) and horizontal (X) directions
respectively. The dotted white curve shows the energy dispersion along X through the beamline. The red curves
represent another optimized configuration wherein an attempt was made to minimize the beam spread in X, while the
white curves minimized the dispersion.

The following subsections will discuss the detectors and the measurements made during the beam-
time.

3.1 Scintillating Fiber (SciFi) Detector

The scintillating fiber (SciFi) detector that was used in June 2024 was a plastic scintillator mesh
detector developed at the University of Pisa based on the concept mentioned in [23]. The detector
itself comprises a 21 x 21 grid of 0.5mm thick scintillating fibers, the ends of which are connected
to silicon photomultipliers (SiPMs) which then relay the particle signal to the DAQ system. Each
grid point (where a horizontal and a vertical fiber cross each other) is taken as the centre of a
(5x5)mm? square to make up a 105mm-side square of detection area that can detect the rate of the
particles incident upon it (Figure 11).

e

L‘, /

Figure 11: Scintillating Fiber (SciFi) detector horizontally laser aligned with the beam [LEFT] ;
Position of SciFi after QSK811 magnet with 855mm of drift space [RIGHT].

12



B particles from a strontium-90 (Sr90) radioactive source were used to calibrate the SciFi detector.
The SciFi was mounted at a distance of (855 4 3)mm from the end of the QSK811 quadrupole. The
data collected at the SciFi detector was converted to MIDAS (.mid) files and saved for analysis.

3.2 Scintillation Cross (SciCross) Detector

The scintillation cross (SciCross) detector was made up of two (90 x 10 x 5)mm? plastic scintillator
bars stacked on top of each other in a cross-shape as seen in Figure 12 with their ends attached to
an SiPM each using optical cement, the output from which was connected to different channels of
a WaveDREAM board for coincident muon detection with LaBr. The SciCross DAQ stores wave-
forms, the number of which is proportional to the energy lost through ionisation of the detected
particle on its path through the material[”7]. Since the bars were not thick enough to stop the par-
ticles, the gathered data shows energy deposited in the bars rather than total energy of the particle.

Figure 12: Plastic Scintillating Cross (SciCross) Detector

The holder for the SciCross was designed using CAD Onshape software[28] by the author of this
thesis and then 3D printed for use in the experiment. To block ambient light from reaching the
SciCross, the whole cross was covered from the top and bottom using a black, optically opaque
filter sheet as seen in Figure 13. The 4 ends of the 2 bars were attached to channels 1, 2, 3, and 4
of the WaveDREAM board used for the SciCross-LaBr compound detector DAQ, and the back end
of the holder was attached onto the LaBr calorimeter as designed for use in the experiment.

Figure 13: Covered SciCross to filter light from the ambient environment out [(half) LEFT ; (final)
MIDDLE & RIGHT].
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3.3 Lanthanum-Bromide (LaBr) Detector

The lanthanum bromide detector (LaBr) is a calorimeter made up of LaBrs and has been used
extensively as a scintillator and as a calorimeter in physics[29, 30, 31, 32]. The LaBr used for
this thesis had a diameter of 82.6mm and a length of 100mm, with simulations made prior to the
beamtime confirming that all muons (100 MeV/c, 125 MeV/c and 140 MeV/c) coincident upon the
SciCross and the LaBr would stop well before the 100mm end of the LaBr and deposit all their
energy.

Figure 14: Lanthanum Bromide (LaBr) Calorimeter [LEFT] ; LaBr assembled with the SciCross
and holders in OnShape [RIGHT].

The LaBr is fitted with a photomultiplier tube (PMT) which transforms the light into an electric
pulse which is recorded by the WaveDAQ after being digitized using an ADC. During data taking,
the LaBr’s signal was fed into the channel 15 of the WaveDREAM board that was used.

The holder for the LaBr (Figure 15) was designed by the author using CAD Onshape as in the case
of the SciCross’ holder, and leverages the conical bend in the LaBr apparatus as shown in Figure 14
to fix the LaBr in between the holder and the SciCross. The holder of the LaBr was then screwed
onto the aluminium plate base which was then attached to the XYZ table so as to allow movement
of the SciCross-LaBr compound detector across the beam.

Figure 15: LaBr Holder [LEFT & MIDDLE] ; LaBr assembled with the SciCross [RIGHT].

All data from the SciCross and the LaBr were obtained and saved in the wavedream (.wd) format
for analysis. The ‘home position’, or relative (0,0,0), of the SciCross-LaBr compound on the XYZ
table as per the centre of the beam pipe was initially found to be at absolute (311,164,10), where
absolute (0,0,0) is when the XYZ table is as close to the beam pipe as possible and as far left and
low as possible. It is to be noted that it was known prior to data taking that the energy resolution
of the LaBr was degraded due to neutron exposure, and efforts were made in the analysis,
largely successful, to recover the energy and time resolutions of the LaBr.
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3.4 Measurements

The final set up with and without the LaBr mounted on the XYZ table can be seen in Figure 16.

Figure 16: SciFi setup with Tedlar layer for vacuum protection [LEFT] ; Final setup with SciCross-
LaBr mounted on the XYZ table [MIDDLE] ; LaBr aligned with the beam on XYZ table [RIGHT].

Phase space measurements were made for 173 MeV/c and 216 MeV/c momentum pions backward
decaying to muons of 100 MeV/c and 125 MeV/c momenta respectively, as well as for 127 MeV/c
pions forward decaying to 140 MeV/c muons. These measurements included quadrupole scans
of the last 2 quadrupoles after the ASKS82 dipole - namely QSK810 and QSKS811 - for 4D phase
space and LaBr scans using the XYZ table of the beam for energy and dispersion measurements,
as well as time of flight (ToF) measurements . A summary can be found in Table 1.

Pion Muon
Momentum Momentum

Beam Tune Purpose

5mm Square - Closed Slits
Cross- r Scan

muel pl25 Jun 2024 Z-Config-V1l Tunel.sp Fr quam_ R

Cross-LaBr Scans - X only

Smm Square - Closed 5
Cross-LaBr Scans - X only

4mm Sguare - Closed Slits
Cross-LaBr Z Scans - X only

127 140

Mevic MeVic

5mm can
Cross-LaBr Scans

Table 1: Summary of measurements made during the June 2024 beamtime
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Beam Tune File Name \ Purpose

muel_p100_Jun_2024_Z-Config-V1_TRANSPORT.sp
muel_p100_Jun_2024_Z-Config-V1_TRANSPORT_PrelimTune.sp
muel_p100_Jun_2024_Z-Config-V1_TRANSPORT _Tune2.sp
muel_p100_Jun_2024_Z-Config-V1_TRANSPORT _Tune3.sp
muel_p100_Jun_2024_Z-Config-V1_TRANSPORT _Tune4.sp
muel_p100_Jun_2024_Z-Config-V1_TRANSPORT _Tune5.sp

Beam tune optimization.

LaBr quadrupole scans (100MeV/c).
Also the only tune used for the low rates data when
muel_p100_Jun_2024_Z-Config-V1_TRANSPORT _Tune6.sp the upstream solenoid was hot due to lack of Helium.
SciFi quadrupole scans (100MeV/c) with all slits fully open.
Estimation of the efficiency of the SciFi for 100MeV/c.

muel_p125_Jun_2024_Z-Config-V1_Initial.sp \ Initial scaled 125MeV/c beam tune.

125MeV/c optimized beam tune. Used for SciFi
muel_p125_Jun_2024_Z-Config-V1_Tunel.sp quadrupole scans (125MeV/c), and for LaBr + SciFi
quadrupole scans (125MeV/c) X scan with Smm Y slit.

muel_Pion120-Mu125_fd_Jun_2024_Z-Config-V1_Tunel.sp
muel_Pion125_Mul25_fd_Jun_2024_Z-Config-V1_Tunel.sp
muel_Pion125_-Mu120_fd_Jun_2024_Z-Config-V1_Tunel.sp
muel_Pion125_Mul15_fd_Jun_2024_Z-Config-V1_Tunel.sp
muel_Pion125_Mu130_fd_Jun_2024_Z-Config-V1_Tunel.sp
muel_Pion125_-Mu135_fd_Jun_2024_Z-Config-V1_Tunel.sp

Time of Flight (TOF) studies for forward decay.

muel_p100_Jun_2024_Z-Config-MUSR _Initial.sp
muel_p90_Jun_2024_Z-Config-MUSR_TunePion.sp
muel_p100_Jun_2024_Z-Config-MUSR _TunePion.sp
muel_p125_Jun_2024_Z-Config-MUSR _TunePion.sp

MuSR Beamtune
The 4 beam tunes are for 4 different muon momenta, with
the currents simply scaled from the initial MuSR beam tune.

muel_p125_Jun_2024_Z-Config-MUSR _TunePion_v1.sp \ 125MeV/c (backward decay) beam tune optimization.

LaBr + SciFi quadrupole scans (125MeV/c) X
scan with Smm Y slit, SciFi quadrupole
scans (125MeV/c) with all slits fully open and to
estimate the efficiency of the SciFi for 125MeV/c.

muel_p125_Jun_2024_Z-Config-MUSR _TunePion_v3.sp

muel_pi127_mul40_Jun-2024_Z-Config-MUSR_Edgelnitial.sp
muel_pil27_mul42_Jun_2024_Z-Config-MUSR _Tunel.sp
muel_pil27_mul45_Jun_2024_Z-Config-MUSR_Tunel.sp
muel_pil27_mul50_Jun_2024_Z-Config-MUSR _Tunel.sp
muel_pil127_mul47_Jun_2024_Z-Config-MUSR_Tunel.sp

TOF studies in order to obtain 140MeV/c
muons via pion forward decay.

LaBr + SciFi quadrupole scans (140MeV/c)
X scan with 4mm Y slit.
LaBr + SciFi quadrupole scans (140MeV/c)
Y scan with 4mm X slit.
To obtain TOF measurement for 140MeV/c with
ALL slits closed to (2.5+2.5)mm
140MeV/c tests to see best approach to take measurements.
LaBr + SciFi quadrupole scans (140MeV/c).
A single copper collimator was installed
downstream of the cross-scintillators to reduce rate on LaBr.
LaBr + SciFi quadrupole scans (140MeV/c) with
upstream slits in a (5x5)mm square and downstream slits fully open.
TOF spectra measurements for 140MeV/c forward decay at
various Z positions and trigger threshold values.
TOF measurements with no collimators
(not even in between the cross and LaBr).
LaBr + SciFi Z scans (140MeV/c) -
X scan with Smm horizontal slit and Y scan with Smm vertical slit.

muel _pil27_mul40_Jun_2024_Z-Config-MUSR _Tunel.sp

Table 2: List of all the beamtunes developed and used during the June 2024 beamtime - the 4 main
beamtunes used for phase space measurments are highlighted in bold.
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The slits mentioned above refer to the 2 slit systems that the uE1 beamline was equipped with
during the June 2024 beamtime: one upstream of the ASK82 (named ‘FS81’) and one in between
the QSK811 quadrupole and the SciFi detector (named ‘FS00’). These are divided up into 4 parts
each - Left (L), Right (Right), Up (O) and Down (U) - which can range in position from Omm
(closed) to 140mm (fully open). The slits allow the rates to be constrained by excluding tails of the
beam envelope along the transverse directions which helps avoid pile-up in the WaveDAQ.

As is seen in Table 1, phase space measurements were also made for the beamtune used by the
Muon Spin Resonance ((tSR) group at PSI in order to compare the new beamtune that was man-
ually optimized during the June 2024 beamtime with the (SR beamtune to check if the former
was more or less favourable for yEDM’s phase 2 measurement than the latter. Since the magnets
in the HE1 beamline were not (at the time of measurement) equipped to be able to steer pions of
momenta greater than 220 MeV/c as required for sufficient statistics of pions backward decaying
into muons with momenta greater than 125 MeV/c, ToF studies were conducted on muons from
forward decaying pions for various combinations of pion and muon momenta. In the end, to access
muon momenta above 125 MeV/c, data was taken using forward decaying pions with a momentum
of 127 MeV/c. As mentioned earlier, the beamtunes used for the measurements were optimized
manually during the June 2024 beamtime and were stored in the ¢E1 beamline control room mon-
itoring system as well as with the author and can be made available upon request. The list of the
beamtunes and how they were used during the beamtime can be obtained from Table 2.

The measurements were taken during the first week of June 2024 which was also the first week
of beam operation at PSI in 2024. The muon beam did not have any dips due to the proton beam
periodically being redirected towards the Ultra-Cold Neutron (UCN) facility at PSI as it was not
operating during the course of the June 2024 uEDM beamtime. As mentioned in Table 2, there
was a period during the beamtime during which the pion decay solenoid of the beamline was insuf-
ficiently cooled due to lack of helium coolant, and so very low rates were observed for a few hours
during the 100 MeV/c muon momentum LaBr scans (with SciFi also active). This data was taken
as a curiosity nonetheless, however further analysis did not show anything peculiar or significantly
different from the ‘normal’ data.

The optimal current settings for the last 2 quadrupoles, QSK810 and QSKS811, around which the
quadrupole current scans were performed (by keeping 1 of the quadrupoles at the optimal current
and taking data for the currents around the optimal of the other quadrupole and vice-versa) are
summarized in the table below:

Muon Momentum | Optimal Current (A)
QSK810 QSKS8I11

100 MeV/c -87.2 123.7
125 MeV/c -109.6 155.4
125 MeV/c (uSR) | -114.8 158.2
140 MeV/c -126.2 178.5

Table 3: Optimal current configurations of QSK810 and QSKS811 quadrupoles for each beamtune
used for data
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4 Methodology

This section will expand upon the various techniques used to extract the phase space of the beam-
tunes used from the data collected during the June 2024 beamtime. In addition, efforts were made
to characterize the energy resolution of the LaBr which was known to have degraded due to neutron
exposure from prior use (see Section 3.3) in order to extract accurate results. The methodology of
this characterization will be expanded upon in Section 4.2.

Analysis of the data collected during the June 2024 beamtime was performed using ROOT (C++),
Python and PyROOT with aid of Geant4. Modifications to code developed by Dr. Diego Alejandro
Sanz Becerra were made by the author in order to read the SciFi (.mid) and SciCross-LaBr (.wd)
data files and extract ROOT (.root) files for analysis. Said code can be found on the muEDM Git-
Lab page (https://gitlab.psi.ch/muEDM) under the ‘dev-harrsh’ branch of the ‘SCIFIReader’
repository for the SciFi (.mid) file conversion, and under the ‘main’ branch of the ‘muEDMTest-
BeamTools’ repository for the SciCross-LaBr (.wd) file conversion. Instructions for conversion
of both file types, as well as for the use of the other code files on the ‘dev-harrsh’ branch of the
‘SCIFIReader’ repository, are provided on the respective ' README.md’ files . Similarly, all the
code used for the analysis of the extracted data and the modelling of the results have been uploaded
to the muEDM GitLab page in a new repository - https://gitlab.psi.ch/muEDM/analysis/
muel_z_june2024 - including appropriate README.md files. It is to be noted that access to the
GitLab repository is restricted to users approved by PSI.

4.1 Phase Space Extraction Techniques

For each muon beam setting, 5 different analytical techniques were used to obtain the most im-
portant and necessary elements of the phase space matrix mentioned in Equation (15). These
techniques and the subsequent matrix elements obtained using them are summarized in Table 4.

Technique Detector Matrix Elements Obtained
Transverse Beamspots SciFi Oyx, Oxy, Oyy
Quadrupole Scans SciFi Oxx» 039> 066> Oyy» Oyp» Opo
7. Scans** SciCross-LaBr Gy, Oxg, Ogg, Oyy, Oyp, Opg
ToF-Energy Distribution SciCross-LaBr Oj1, Ois, Oss
Position-Momentum Slicing SciCross-LaBr Oys» Oys ™

*Only available for 100 MeV/c muon momentum
**Used only for 140 MeV/c due to lack of Quadrupole Scan Data

Table 4: Various techniques used for analysis of the 6D phase space

The basic concepts behind each of the 5 techniques used for phase space extraction are expanded
upon in the subsections below.
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4.1.1 Transverse Beamspots

2D transverse beam profiles are extracted from the SciFi mesh’s hit data which can be used to
determine the beam’s spread along the horizontal (o,,) and the vertical (0yy), as well as correla-
tion (beamspot tilting - o0y,) between the 2 transverse axes.! No gaussian fits were used on the
beamspots as very large x> values were observed, and all results are from the statistics of the his-
tograms.

4.1.2 Quadrupole Scans

Quadrupole Quadrupole ;
QSK810 QSK811 EICKAD HHeIT
Py ‘Pl‘
Beam
o' I, gt lp, !

Figure 17: Quadrupole scan technique using QSK810 and QSK811 quadrupoles. Beamspots for
various current settings of the 2 quadrupoles are obtained at point P; (SciFi in case of June 2024
beamtime). This current dependence of the beamspots is used to project the beam back to before
the quadrupoles using matrix multiplication to obtain the full transverse phase space at F. Image
from [14].

Quadrupole scans are a well known and widely used technique to obtain transverse (4D) phase
spaces[ 14, 21, 33]. It involves measuring the beamspots, and thus the oy, and oy,, of a particle
beam for a range of current settings of a single quadrupole or more (ideally at least 2) around
their respective optimal current settings while keeping the other quadrupole(s)’ currents at their
optimal value if more than one quadrupole is being used. Then, the current profiles of the transverse
spreads for all the quadrupoles used are plotted and fitted simultaneously according to Equation
(31), separately for X and Y, in order to obtain 3 phase space parameters. These can be used to
extract the Courant-Snyder or Twiss parameters[” |, 22] (in case of zero dispersion) and express the
transverse phase space in the form of 2 phase space ellipses, one for the horizontal (X) and one for
the vertical (Y). An example of such a phase space ellipse is shown in Figure 18.

I'This was performed by using the ‘ReadEventsSCIFINoFit.py’ code on the GitLab repository
(https://gitlab.psi.ch/muEDM/analysis/scifireader/-/tree/dev-harrsh) which simply reads the MI-
DAS files and maps the rates observed on each fiber crossing onto a pixel in a 21x21 grid. Instructions for use are
provided in the ‘README.md’ file.
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Figure 18: Example of a transverse phase space ellipse in the horizontal (X) plane. It is expressed
using 3 phase space parameters - Oy, Oyg and Ogg. The red points represent characteristic points
- Xmax and B,,,, represent the std. dev. (1o) of the horizontal beam size and beam divergence
distribution respectively. The parameters can also be expressed in terms of the corresponding
Courant-Snyder or Twiss parameters (€, &, 3, ¥). These parameters have units of: €[m - rad],
o [dimensionless|, B [m/rad] and y[rad /m], with € being the determinant of oy and is known as
‘emittance’. Image from [14]

converging

beam waist diverging
beam

0 9 beam

Figure 19: Illustration of the physical interpretation behind the correlation between x and 0 (p,g).
Negative correlation implies that the beam is converging, positive correlation implies that the beam
is diverging and zero correlation implies that the beam is at its waist. Image adapted from [34].
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To understand the mechanism behind the quadrupole scan technique, let us focus on the horizontal
phase space of (x, 0); the vertical phase space (y,¢) can be obtained identically to the horizontal.
Given the horizontal phase space matrix[21]:

2
Oxx Oxp Xmax Px0XmaxOmax ﬁ -
X (Gxe 690) <px6xmax9max 6}/;21(1)( ) (—OC Y ) 22)

where  [\/Oxx = Xmax],  [v/006 = Omax] and pyg is the correlation between o, and Ggg. Using
Equation (22), the Twiss parameters (€, a, B, ¥) can be found from the phase space measure-
ment and vice-versa. These parameters have units of: € [m - rad|, a [dimensionless|, B [m/rad] and
Y[rad /m)], with € being the determinant of ox and is known as ‘emittance’. € is directly related to
the area of the 10 phase ellipse, Ay, as:

A
S:MMﬂzuf. (23)

Now, using the transfer matrix R, the phase space at Py and Py of Figure 17 can be equated as:

ox(P,) = Roy (Py)RT (24)

where R is the transpose of the transfer matrix R and comprises of all the beamline elements
between P and P;.
R =Rg,RuifRg; ... (25)

Ry, and Ry, are the transfer matrices for a horizontal de-focusing and horizontal focusing quadrupoles
of length Ly each respectively, and Ry, ; is the transfer matrix of free drift space of length Lp.

I L
Rarifi = (O f), (26)

B cos(LoVk) L sin(LoVk)
]%_Lﬁm@ﬁ)ﬁuway @D
R :( cosh(Lo+/Ik[) ﬁsinh(LQ\/W)) 28)
%7\ /I sinh(Lo/IK])  cosh(Lo+/[K])

Here, k is the focusing strength of the quadrupole and is dependent upon the current (/) applied
to the quadrupole (k o< I), thus dictating the relation between the transverse spread of the beam and
the quadrupole current[ !9, 14]. This focusing strength, k, of a quadrupole can be calculated using
the equation below (units of the variable involved are given in square brackets []):

Bo[T/AITIA] _ | sg0q &[T/m]

a[m] - p[GeV /c] B-E[GeV] (29)

k[m™2] = 0.2994
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where ‘By’ is the current gradient of the quadrupole, ‘g’ is the radial gradient of the magnet, ‘p’
and ‘E’ are the momentum and energy of the particles being acted upon by the quadrupole and ‘a’
is the aperture (pole-tip radius) of the quadrupole.

For the QSK quadrupole magnets used in for the measurement of this thesis, the aperture is
[a = 0.125m] and the current gradient is [By = (1.8246 x 1073)1].

Hence, using Equation (24), the first matrix element of ox can be equated to the first matrix ele-
ment of the product matrix of the RHS to give:

Ou(P1) = R} 6(Py) + 2Ry 1R 126, (Ry) + R3G90 (Po) (30)
OR
Xz%mx(Pl) = R%lx%mx(PO)+2R11R12px6xmax9max(P0) + R%Z Gr%zax(PO) (31

wherein the R matrix elements are current dependent due to focusing strength ‘k’. The parameters
Xmax(F0)s Omax(Py) and peg(Py) are then fitted on a ‘Quadrupole Current vs Spread (x2,,.(Pi))’
distribution. Since 2 quadrupoles (QSK810 and QSK811) were varied for this measurement, the
aforementioned parameters were fit simultaneously on the ‘QSK810 current vs x2,, (SciFi)’ and

‘QSKS811 current vs x2,,.(SciFi)’ distributions using the combined x? method. This hence yields
the horizontal phase space [(x,0) or ox] of the beam before the 2 quadrupoles (Py) which can
then be easily propagated via matrix multiplication to obtain the phase space at the SciFi (P).
The vertical phase space [(y,¢) or oy] can be obtained similarly. It is to be noted that the fits
seemed to improve drastically when second order effects of the quadrupoles[!9] were included
compared to just the first order, however orders higher than the second order did not show any

further improvements.

4.1.3 Z Scans

Beam Monitor 1 Beam Monitor 2
(SciFi) (SciCross-LaBr)
o B
Beam

In
Figure 20: Z scan technique using SciFi and LaBr - beamspots are obtained at the SciFi (Py)
followed by beam profile scans after some free drift space using the SciCross-LaBr compound
detector (P;). Matrix multiplication is then used similarly to the quadrupole scan technique to
obtain the transverse phase space at the SciFi (or at LaBr).
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The Z scan method follows the same matrix multiplication concept to extract the phase space as
the quadrupole scan technique, however in this case there are no quadrupoles involved but simply
beam profile scans after some free drift space. As this method requires at least a translatable beam
monitor, it remains less popular than the quad-scan method. The horizontal and vertical spreads are
measured at both the beam monitors, with the translatable beam monitor (LaBr in this case) being
moved slightly in the direction of propagation of the beam (Z) followed by beam profile cross-scans
at that location. Then, the phase space parameters (elements of oy) are fit as in the quadrupole scan
method using equation (33). The precision of the measurement increases with increasing number
of beam profile measurements along Z, as the mean of all obtained phase spaces is taken to be the
final phase space measurement. In this method, the transfer matrix R is made up of only a single
drift space matrix for each Z position used. For ‘N’ position profiles scanned:

(1 Lp,
Ri—(o 1) (32)

where i ranges from 1 to N. The equation to be fit for each Z position (using (31)) hence becomes:
xgnax (Py) = xrznax (P)+ 2Lp, px0XmaxOmax (P) "‘LIZ),- 91121ax (P) (33)

for the horizontal (X) phase space at the SciFi (Py). The vertical phase space can be similarly
obtained using the Z scan technique.

4.1.4 ToF-Energy Distribution

In this technique, the momentum (related to energy) in the form of AP/P is plotted against the
time of flight (ToF) of the muons (or other particles). The momentum or energy is obtained from
the charge deposited by each particle in the LaBr detector. The ToF is expressed in nanoseconds
(ns) and is calculated by matching the phase of the particle incident upon the detector (SciCross or
LaBr) with the 20ns long proton bunch window of the continuous beam HIPA facility of PSI[15]
and then rescaling the phase to nanoseconds. This distribution was initially extracted from the
SciCross-LaBr data for the 140 MeV/c forward decay muon momentum in order to gain insight
into the various particle species that would enter the experiment if a similar forward decay beam
were to be used for tEDM phase 2, however it was later understood that given the uE1 beamline’s
pion decay solenoid[! |], any notion of a bunch-length would be lost for the particle beams, and
that the ToF in terms of the 20ns phase of the proton current of HIPA would be the most meaningful
way to express the Sth dimension of the phase space of the particle beam. Hence, the ToF-Energy
distribution was subsequently used to obtain the length-energy phase space (0j;, 0;5, Os5) of the
beamtunes used. The aforementioned ToF-Energy distribution of the 140 MeV/c forward decay
muon setting (with energy expressed in arbitrary units and not AP/P as per the final phase space
measurement) is shown in Figure 21. It is to be noted that since it is a phase, the distribution has
right-left periodic boundary conditions.

The example describes the distinct particle species seen in the forward decay settings owing to
similar momenta of the particles produced the PoT collisions and this is discussed in depth in
Section 5.4. In case of the backward decay settings, the muons reaching the experimental area from
the pion decays have a large difference in energy when compared to the particle produced from the
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140MeV/c Muons - SciCross - Time of Flight vs Energy - Upstream (Z = 10mm)
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Figure 21: Time of Flight (ToF) vs energy distribution of the 140 MeV/c forward decay muons
with 3 particle species (explained in Section 5.4). The ToF-Energy distribution is used to find oy,
from the std. dev. of the X axis (ToF), 0,5 is found by simply calculating the covariance of the
distribution (for 1 particle species only) and ogg is found by getting the standard deviation of the
total Energy (E) and then converting to AP/P.

proton on target (PoT) collisions (unlike in the forward decay case). Hence, in those cases only a
single cluster of muons can be observed in the Tof-Energy distribution as the other particles get lost
at the dipole bends owing to different bending radii that don’t match the transmission condition.

For a single particle species, the statistics of the ToF-Energy distribution are used to find oj; from
the standard deviation of the X axis and is expressed in units of nanoseconds (ns). For the same
single particle distribution, the Y axis which is originally in terms of charge ‘Q’ (‘charge’ is the
integrated voltage, which is proportional to the energy deposited through ionisation in the detector)
is converted to ‘AP/P’ by taking the mode of the Y projection histogram as the central momentum
(125 MeV/c in case of the 125 MeV/c muon momentum beamtune for example) and then rescaling
in order to obtain o;5 by simply calculating the covariance of the ToF-A distribution. Finally,
the energy spread (o055 = AP/P = A) of the mono-particle beam is found by getting the standard
deviation of the kinetic Energy (E;) and then converting to AP/P. The equation to convert the
charge (Y axis) to AP/P is as below:

2
P \/<Q%E,Q+m) —m?+(P—P)
P P

—1 (34)

where P is the central momentum of the particle for a set beamtune in MeV/c, Q is the variable
charge deposited in the LaBr with Qys being the mode of said variable charge, m is the mass
of the particle in MeV/c?, E; is ‘corrected’” kinetic energy of the central momentum particle (in
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MeV) after energy losses incurred while passing through the SciCross and/or any other material
(aluminium cover of LaBr, teflon beam cover and SciCross in this case) and P’ is the corresponding
corrected momentum (in MeV/c) of the central momentum particle associated with the corrected
kinetic energy (E;). Similarly, the charge axis can also be rescaled to kinetic energy for an accurate
calculation of the energy spread (AP/P) using:

E = QE,Q. (35)

M

The standard deviation of this rescaled kinetic energy distribution is then obtained in % which is
converted to AP /P for the final energy spread measurement. Initially the spread was attempted to
be obtain directly from the AP/P distribution, however upon further investigation it was found that
said method would systematically overestimate the energy spread and hence would not be accurate.
Using the kinetic energy spread to determine Ogs5 was more accurate in estimating the energy
spread as it would avoid the inflation of the spread measurement as in the case of directly using the
momentum, and hence the kinetic energy was used in the end to determine the 10 fractional energy
spread of the beam.

4.1.5 Position-Momentum Slicing

The position-momentum slicing technique was developed in order to extract the horizontal and
vertical energy dispersion measurements at the monitor position, which are closely related to O,
and oy respectively, as the data taken during the June 2024 beamtime was inadequate to use the
traditional dispersion methods described in [35] and [36].
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Figure 22: Position-Momentum slicing technique for energy dispersion calculation - Cross scans
are performed to obtain beam profile data as in the case of the Z scan technique [LEFT] ; Cuts
are performed on the momentum distribution with small momentum windows plotted against each
scanned position (Note: Slices shown here are not to scale) [RIGHT].

In this method, position scans are performed using the SciCross-LaBr compound detector hori-

zontally and vertically in and around the mean position (see Figure 22) with both the slits in a
(5 x 5)mm? square configuration in order to avoid pile-up in the WaveDAQ. The momentum or
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AP/P distribution is obtained using Equation (34) on which cuts are performed such that small
momentum windows are plotted against each of the scanned positions (separately for horizontal
and vertical) so as to obtain a position-momentum distribution as shown below:

Rate Distribution of Momentum Slices - 125 MeV/c
Momentum Graphs

Counts
Momentum (MeV/c)

o
N
R T

15
X Position (mm)

-15 -10 -5 0 5 10

15
X Position (mm)

Figure 23: Example of position-momentum sliced dispersion for dispersion measurement in 1D
[LEFT] and 2D [RIGHT].

After the position-momentum sliced distribution has been obtained, the range around [AP/P = 0]
that contains meaningful particles and NOT the low momentum tail as seen in Figure 22 is retained
while the top and bottom edges of the distribution are cut out, and finally the covariance of this
final distribution is calculated, thus giving the measurement of o5 (horizontal) and 0,5 (vertical)
elements of the phase space of the particle beam. Then, the dispersion [Dy(8) and D, ()] functions
are calculated using a simple relation:

0.5 = Cov(x,8) = 035 - Dx(8), (36)
O,s

D,(8) = 37

(6) o2, (37

which is isomorphic for vertical [Dy(8)] dispersion. The tail of the momentum distribution is
removed as it represents the particles that were either only partially stopped in the LaBr, passed
through the LaBr obliquely so as to deposit only a small amount of their energy or are of a different
particle species than the one desired, and is a well known phenomenon in detector physics[37].

It is worth mentioning all the ideas that were tried, but did NOT work, to obtain the dispersion
prior to arriving at this simple yet effective solution so as to inform future work. The dispersion
was initially attempted to be calculated using equations mentioned in [35] and [19]:

x* = x§+D2(§)- 8%, (38)
x=D(8)-8 (39)

using D,(8) as a fit parameter. However, the fits were found to be extremely unstable with very
different values of dispersion being obtained for even small changes made to the distribution. At
times, the fits yielded values for D, () that when used to calculate the increase in the spread of X
due to dispersion where even exceeding the total spread in X. Fits were tried using both taking & as
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a function of x and taking x as a function of &, but neither method yielded stable results. Thus, the
fit method was abandoned in favour of the covariance method when the energy spread measurement
was made using the Tof-Energy method which then provided reliable estimates of the dispersion
function. Data was also taken for the dispersion’s dependence on the quadrupole strength, however
no significant dependence could be established. The null-hypothesis of zero dependence could not
be rejected.

4.1.6 Other Phase Space Parameters

As one may have deduced, the methods described in Table 4 only mention 12 of the 21 phase space
parameters seen in Equation (15). This is for a few different reasons:

¢ Certain parameters - namely 0,¢, Oxg and Oy - are generally 0 if the parameter oy is 0 since
x and 6 have non-zero correlation due to one being a derivative of the other as is the case
for y and ¢. Hence, in the case that x and y have no correlation (indistinguishable from the
null hypothesis), it is reasonable to assume that the 3 aforementioned elements also have null
value. This is supported by the principles of beam dynamics[38, 19, 21].

* Parameters 0y, 0g;, 0y; and 0y, do not provide significant insight for the yEDM experiment
and thus were excised from data taking as well as analysis. If one were to try to estimate
said parameters, a covariance technique similar to those used in Sections 4.1.4 and 4.1.5 can
be used by plotting the phase uncertainty (/) against the desired parameter (x, y, 0 or ¢) and
then calculating the covariance.

* Finally, parameters 0gs and 045 are usually estimated by using the ‘Dipole Current Scan’
technique which is similar to the quadrupole scan technique described in Section 4.1.2 except
that the dipoles’ current (ASK81 and ASKS82 in case of the uE1 beamline) are varied instead
of the quadrupoles’ currents[ 19]. However, due to lack of time during the June 2024 beam-
time, these measurements were unable to be made and so the 2 parameters remain elusive for
the time being.

The following subsections will describe the estimation of the rates at the SciFi and the characteri-
zation of the LaBr calorimeter using the 140 MeV/c forward decay muon ToF measurements.

4.2 Characterization of the LaBr Calorimeter

The LaBr calorimeter used during the June 2024 beamtime was graciously provided by the u — ey
2 (MEG II) collaboration at PSI. It was known at the time that prolonged exposure to neutrons
during the calibration of the MEG II apparatus (which is its primary use) had degraded the LaBr,
and thus to obtain accurate results from the data collected during the June 2024 beamtime from the
LaBr, it would need to be characterized. The broadening of the energy distribution due to the LaBr
in particular was essential to be studied in order to extract accurate values for the 6th dimension of
the phase space (AP/P).

Initially, the energy spread for the 125 MeV/c beamtunes was found to be 3.60% and that for the
100 MeV/c beamtunes was found to be 2.98%. These values were taken to be the upper limits
of the energy spread due to the aforementioned reasons, and a few methods were attempted in the
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140MeV/c Muons - LaBr - Time of Flight vs Energy - Upstream (Z = 10mm)
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Figure 24: Time of Flight (ToF) vs energy distribution of the 140 MeV/c forward decay muons at
the LaBr for 10mm Z position. The positron line that runs parallel to the Y-axis is caused due to
Bragg’s energy deposition law as the positrons deposit all of their energy in the calorimeter. The
positron line should theoretically be a delta function and thus measuring the o of the line would
provide the inherent ToF broadening of the LaBr + PoT uncertainty. Later on, it was realized that
the energy spread resolution (broadening) can easily be extracted by comparing the deconvoluted
energy spread from the ToF and measured energy spread of the direct muons (Y-axis), thus forego-
ing the need for the MC simulation.

quest to extract the real energy spreads. The first method was to try to match the time of flight (ToF)
data for the backward decay beamtunes to a Monte-Carlo (MC) setup as the spread in the ToF is
closely linked with the energy spread of the beam as faster particles have smaller ToF values and
vice-versa, however the ToF spread is also affected by a few factors other than the energy spread
such as:

* the trajectory of the particle (the further away from the centre of the beam the particle was
travelling, the larger will its ToF be due to longer path lengths). Accounted for by introducing
a small angle cosine factor into the MC simulation.

* the energy spread of the pions that decay to the muons. Estimated to be around 3%.

* the uncertainty in position of decay of the pions along the beamline (since in backward decay
mode the pions are travelling faster than their daughter muons, the later the pions decay the
shorter the ToF will be). Implemented into the MC by adding the decay probability spec-
trum of the pions of central momentum and generating positions of pion decay accordingly
between ASX81 (pion momentum bit selection dipole) and ASK81 (muon momentum bit
selection dipole) including the 8m long pion decay solenoid[ ! 1].

* the length of the proton spill onto the target (at HIPA it is about 100ps[!5]). Implemented
implicitly in the time resolution (see below).
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* the time resolution of the LaBr. Found using 140 MeV/c positrons in the 140 MeV/c forward
decay muons ToF spectrum (expanded upon below).

For the time resolution of the LaBr, the ToF spectrum of the 140 MeV/c forward decaying muons
was used as the positrons that came directly from the PoT collision onto the LaBr were of 140
MeV/c and should have thus theoretically had the same ToF except for the broadening of their ToF
due to the time resolution of the LaBr as well as the uncertainty in the PoT collision time. Hence,
measuring the width of the positron line (see Figure 24) deftly provided the broadening of the ToF
spread in the LaBr due to the PoT spill uncertainty and the inherent broadening due to the LaBr.
The time resolution broadening was found to be (347.7 4+ 1.1)ps.

140MeVie Positron Time of Flight - LaBr Time Resolution Characterisation
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Figure 25: Time resolution of the LaBr using 140 MeV/c positrons was found to be (347.741.1)ps.

Using this result as input, the MC simulation was set up such that the factors mentioned in the
bullet points above are accounted for and the muon energy spread is given as a user input (and
is shown in the title of [RIGHT] of Figure 26) in order to output the ToF spectrum of the desired
muon momentum in order to directly extract the energy spread of a particular muon momentum
without requiring the energy broadening characterization of the LaBr. The results of this method
for 100 MeV/c muons is shown below:

Time of Flight Distribution of 173 MeVic Pions Decaying to 100 MeV/c Muons (2.640%)
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Figure 26: 100 MeV/c muon momentum Monte-Carlo simulation compared to data - ToF spectrum
from data [LEFT] ; ToF spectrum generated from the MC simulation given muon momentum spread
as input (2.640% seen in the title) [RIGHT].

29



As can be seen by comparing the respective stat-boxes, the spectra resemble each other closely
which would suggest that the energy spread of the 100 MeV/c muon beam is 2.640%, and this
results wasn’t too far off from the actual value as will be seen later. However, the same method
yielded unreliable results in case of the 125 MeV/c muon beam and thus a more robust method was
sought. That is when the idea of using the direct 140 MeV/c muons from PoT production as seen
in Figure 24 was devised, as the actual energy spread of that bunch of muons could easily be esti-
mated using the time resolution result. This actual energy spread can then be used to deconvolute
the apparent energy spread of the same bunch of muons obtained by measuring the 10 of its energy
distribution in order to extract the energy broadening resolution of the LaBr calorimeter. Thus,
the actual energy spread of the 140 MeV/c direct muons was extracted using the MC simulation
method:

Time of Flight Distribution of 140 MeV/c Direct Muons (delE = 0.391 MeV)

140 MeV/c Direct Muons Time of Flight Distribution Entries 16100

Integral 1.522+04
x? / ndf 136.5/93
Constant 2557 +28
Mean 114 £0.0
0.4144 +0.0040

1.516e+04
1431 /97

0.00164
Constant 2445+26
M 2.412+0.004
Sigma 04144 %0.0038

Counts
T
Counts
@
3
3

N
o
S

1.6 18 2 22 24 26 28

e b b b b e b 1
113.2 1134 113.6 113.8 114 114.2 114.4

|

3 3.2 C |
Time of Flight [ns] L e
Time of Flight [ns]

Figure 27: Actual energy spread of the 140 MeV/c direct muons - ToF spectrum from data [LEFT]
; ToF spectrum generated from the MC simulation given muon kinetic energy spread as input
(AE, = 0.391 MeV as seen in the title) [RIGHT].

AE; = (0.391 £ 0.006) MeV was found to be the actual kinetic energy spread of the 140 MeV/c
direct muons. Next, the loss in kinetic energy of said muons had to be estimated due to traveling
through the SciCross and the covering of the LaBr had to be estimated to obtain the accurate ki-
netic energy of the muons when they reach the LaBr. This was done successfully using Geant4[39]
simulation software, and it was found that the 140 MeV/c momentum direct muons lose about 5.7
MeV of kinetic energy before reaching the LaBr.

Figure 28: Geant4 simulation of loss in kinetic energy of 140 MeV/c muons before reaching LaBr
calorimeter crystal due to SciCross and the cover of the LaBr.
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The materials passed through by the particles en route to the LaBr was 2cm of polystyrene (Sci-
Cross) and 0.5mm of Al and 0.1mm of Tedlar (LaBr Cover). Thus

(Ex—Ej)(140MeV /e ut) = SEM (140MeV /c uT) = 5.7 MeV. (40)

Given that 140 MeV/c momentum muons possess a kinetic energy of [E; = 69.7 MeV], kinetic
energy of said muons post energy loss (E)) is:

E;(140MeV/c u™) = (69.7 — 5.7) = 64.0 MeV, (41)
.Real AE;/E;(140MeV u™) = (0.61+0.01)%. (42)

This result was then used to get AE}/E} of the 140 MeV/c muon beam using its energy spectrum.

140MeV/c Direct Muons Energy Depasition - LaBr Resolution
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Figure 29: Apparent energy spread of the 140 MeV/c direct muons from kinetic energy spectrum
found to be (0.69+0.02) MeV

Apparent AEy/Ex(140MeV pu*) = (1.08+0.03)%. (43)

Thus, comparing Equations (42) and (43) in order to obtain the deconvolution factor, the equation
to find the energy broadening resolution of the LaBr used during the June 2024 for a muon
beam of post-energy loss kinetic energy ‘E;’ in accordance with the energy-resolution principles

mentioned in [40] is:
164
(0.89+0.04) [ — | %. 44)
E;

This result will remain accurate to describe the broadening of the energy spectrum of a particle
beam due to the LaBr crystal used until further degradation.

E RLaBr -
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S Analysis and Results

The following sections will describe the rates and the phase space results from the June 2024
beamtime for the various beamtunes. The systematics that have been taken into account are the
quadrupole current fluctuations (40.3A) for the quadrupole scan technique, the uncertainty in the
measured drift space (+3mm), the time and energy resolution of the LaBr described earlier, devia-
tion of the the beam from the straight trajectory and the resolution of the SciFi detector. The results
have been grouped together as per muon momenta, beamtunes, and settings used to acquire the
data, and each subsection provides all the 6D phase space measurements obtained from analysis
for that particular setting. However, this differs from the chronological order in which the results
were obtained.

5.1 Rates @SciFi

The rates of the various beamtunes used are essential pieces of information in the context of the
UEDM experiment (as it is in most particle physics measurements) as the final statistical sensitivity
of the measured EDM of the muon is directly proportional to the number of particles studied. Thus,
the measured rates need to ideally be as high as possible in order to achieve the highest sensitiv-
ity. These rates were estimated for the beamtunes used during the June 2024 beamtime by first
measuring the total rates at the SciFi, then measuring the rates at the cross-section of the SciCross
(which is a diamond with v/2cm length diagonals) summed over the whole acceptance area of the
beampipe (see Figure 30). Since the rate of particles passing through the whole acceptance area
should be the same at the SciFi and at the SciCross, comparing the two measured rates thus allows
one to extract an efficiency measurement of the SciFi detector.
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Figure 30: Efficiency measurement of the SciFi detector - black diamonds depict where the cross-
section of the SciCross was placed. The black diamonds cover exactly half the area of the SciFi.
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Thus, the efficiency of the SciFi detector, denoted by ‘ngs.ir;” was found to be:

Total Rate @SciFi
2 X Total Rate @SciCross

NsciFi = = (1.12£0.07)% (45)

where the denominator is multiplied by 2 as the area covered by the SciCross cross-section is ex-
actly half of the area of the square. Using this, the total rates for all the beamtunes were found
using the SciFi measurements, and are summarized in Figure 31 which also includes the rates from
the 2019 beamtime described in [14] for the U-configuration of the yE1 beamline.
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Figure 31: Total rates of all beamtunes used in the 2019 and June 2024 beamtime save for the 140
MeV/c beamtune. Adapted from [14]. Z-configuration points are not entirely accurate as the rates
were not mentioned

The 140 MeV/c forward decay beamtune’s muon rates are not included in this plot as it was found to
have extremely low rates with large uncertainties. Using the time of flight (ToF) data, it was found
that only 34.9% of the particles were muons which gave a total rate of (0.222 +0.013) MHz/mA
of muons for the 140 MeV/c forward decay beamtune. This extremely low rate when compared to
the backward decay beamtunes, coupled with the fact that the beam was contaminated by positrons
and pions which would introduce undesirable systematics in the physics measurement of HtEDM’s
phase 2, led to the forward decay beamtune being discarded from analyses beyond extraction of the
4D transverse phase space. This is discussed further in Section 5.4.

As can be seen from the plot, the new, manually optimized 125 MeV/c beamtune in the Z-configuration
during the June 2024 beamtime has the highest muon rate of (68.8 +4.0) MHz/mA which would be
very desirable for the experiment. It can be assumed that the new optimized 125 MeV/c beamtune
in the Z-configuration owes its higher rates when compared to the optimized 125 MeV/c beam-
tunes in the U-configuration during the 2019 beamtime to the higher degree of energy spread of
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the muons (discussed in greater detail later). This is because the large AP/P muons that would be
lost during the ASKS82 bend in the U-configuration recombine instead in the Z-configuration. An
excellent illustration of this concept is shown below by the courtesy of C. Cong:
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4 P (MeVic) ar 1 P iMeVic) 4 P (MeVic)

105 | 5 5
2} \ I 10 2 : ' 103 2 I 103
£ 3 0 E 8 w1 E 101
Sof s | S
> > | >
3 4 L oo | T8
d o7

¥ {em)

1 P (MaVic) 4 P (MeVic)

P (MaVic) 4
105 105 105
I - ! . I N | I "
L o1 E i 101 E 101

y (em
(

99

£
§- or . or ' L
—— o4 4 . . ] [ 4 [
4 4 4 2 i 2 4 4 2 3 2 4
X (em)

Figure 32: Re-convergence of a muon beam containing a large energy spread at the ASKS82 dipole
magnet in the Z-configuration of the uE1 beamline. Courtesy of C. Cong[41].

However, since large energy spreads decrease the sensitivity of the EDM measurement, further
simulation studies need to be conducted based on the results of the June 2024 beamtime in order to
determine which beamtune will be ideal for the final phase 2 muon EDM measurement.

5.2 100 MeV/c Backward Decay Muons - Phase Space
Beamtune: muel_p100_Jun_2024_Z-Config-V1_TRANSPORT _Tune6.sp

The 100 MeV/c beamtune used to collect data during the June 2024 beamtime was operated in two
settings - one with both the slit systems (FS81 and FS00) in the formation of a (5 x 5)mm2 square
shape at the center (thus with each of the slabs at 2.5mm setting) and one setting with both the slits
completely open. The following subsection will describe the results for both the aforementioned
settings.

5.2.1 Fully Open Slits

Both slits were kept completely open for the set of data that will be presented in this section.
The transverse beamspot at the SciFi is shown in Figure 33. The correlation between the two
transverse axes that is closely related to the phase matrix element oy, (covariance) was not high
enough to discard the null hypothesis of [0,, = 0]. The beamspot also provides values of /0y, and
\/Oyy 1n the form of the standard deviations. Further confirmation of these elements as well as the
measurements of the remaining elements of the 4D phase space elements can be obtained from the
quadrupole scan technique’s results as seen in Figures 34 and 35 with the Twiss parameters at the
SciFi summarized in Table 5. The total rate of this beam setting is 17.784 MHz/mA.
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muet_pl00_Jun_2024_Z-ConfigV1_TRANSPORT Tunes: QSKB10 Cument=-87.0, OSKE11 Curent=124.0

Beam_Profile

Y [mm]

40

20

-40
Correlation = -0.019

Figure 33: Beamspot of the 100 MeV/c beamtune with open slits. Correlation between X and Y
(0Oxy) is not sufficiently high to disregard null hypothesis of [Gyy, = 0]. All kurtosis shown is excess

kurtosis. Total rate of this beam setting is 17.784 MHz/mA.
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Figure 34: Phase space simultaneous fits of the quadrupole scan data for the 100 MeV/c open slits

setting - horizontal (X) [TOP] and vertical (Y) [BOTTOM].
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Figure 35: Transverse phase space ellipses of the 100 MeV/c open slits setting at the SciFi. X phase
space is in green and Y phase space is in blue.

Parameter [units] \ Horizontal (X) Vertical (Y)
al] —0.0753+0.0063 —0.8635+0.1004
B [m/rad] 0.1699+0.0086  0.9105+0.2026
Y [rad/m] 5.91904+0.0149 1.91724+0.0140
€ [mm.mrad] 927.606+23.653 213.693 +45.482

Table 5: Twiss parameters of the 100 MeV/c open slits setting at the SciFi. Note that the emittance
(€) here is the area of the ellipses.

The ToF-energy distribution for the 100 MeV/c beamtune is shown in Figure 36 yielding values of
o5 and o;5 given in Equations (46) and (47) respectively. The uncertainties of these values were
obtained purely from statistics.
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Figure 36: ToF-energy distribution for the 100 MeV/c open slits setting.
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VO = (3.194£0.005) ns, (46)
615 = (—0.035 +0.002) ns. (47)

The momentum or energy spread (AP/P) was found using the kinetic energy spread (Figure 37)
after taking broadening effects according to Equation (44) into account. Using the same Geant4
energy loss simulation as described in Figure 25, it was found that the 100 MeV/c muons initially
of kinetic energy E; = 39.8 MeV lose about 7.7 MeV of kinetic energy before reaching the LaBr,
making the corrected kinetic energy:

2000 700

Sigma 1829+ 0014

/
E; =32.1MeV, (48)
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Figure 37: Post-energy loss kinetic energy (E;) spread of the 100 MeV/c muon beamtune used to
calculate AP/P.

AP (5mm)

— =(2.5140.14)%. 49
P 100MeV /c ( )% “9)

Notice that this is the energy spread for the (5x5)mm? square slit setting as all the energy mea-
surements were made with this setting so as to avoid pile-up in the WaveDAQ used to collect data
from the SciCross and LaBr. Comparing the rates of the Smm square slit setting and the open slits
setting and then simply extrapolating the energy spread while preserving Gaussian properties, a to-
tal energy spread of (3.15+£0.17)% was obtained for the open slits. However, such an extrapolation
remains contentious but has been included here nonetheless to inform future work*.

AP (Open)

— =(3.154+0.17)% )" 50
P 100MeVv/c ( )% ?) (50)

The energy dispersion function (D(8)) was then calculated for the horizontal and vertical transverse
axes and have been described in Figure 38. The covariances (0,5 and 0,5) were calculated using
the position-momentum slicing method to be:

0.5 = (—0.057440.0039) mm, 51)

0,5 = (—0.0736 4 0.0057) mm. (52)
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The corresponding dispersion functions using Equation (37) are thus:

Dy(8) = (—91.05+£6.25) mm, (53)
D,(8) = (—116.8849.04) mm. (54)
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Figure 38: Position-momentum distribution for 100 MeV/c muon beam. Left plots show the full
distribution and right shows the part of the full distribution used for dispersion calculation post cuts
- horizontal (X) [TOP] and vertical (Y) [BOTTOM].

Hence, the final 6D phase space @SciFi for the 100 MeV/c open slits setting takes the form
(without the uncertainties due to formatting limitations):

12.552 mm? 69.74 mm.mrad 0 0 Oy —0.0574 mm
74.10? mrad® 0 0 Op| Ops
5lopen) 13.99> mm?  184.62 mm.mrad oyl —0.0736 mm
100MeV /c 20.24% mrad? Op1 s
3.194%2 ns*>  —0.044 ns
3.15%
(55)

5.2.2 Both Slits at Smm Square

All slabs of the two slit systems were set symmetrically to 2.5mm so as to form a (5 x 5)mm?
square for the beam to pass through. The 100 MeV/c and hence also the 125 MeV/c beamtunes
were manually optimized in this setting, and phase space measurements were made before it was
realized that the slits were in this closed configuration. Although recreating a phase space with a
slit acceptance after the quadrupole used in the quadrupole scans (as in the case of FS00 positioned
after QSK811) does not yield the most meaningful results as they would only yield the results
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for the conserved phase space that made it through the square slits, they have been included here
nonetheless as it did provide some insights about the energy spread that was not accounted for
during the beamtime as discussed in the previous subsection. It is to be noted that the energy
dispersion measurement is the same for both the settings as the same beamtune was used. The
beamspot at the SciFi is shown in Figure 39. The correlation between the 2 transverse axes that
is closely related to the phase matrix element o, (covariance) was not high enough to discard the
null hypothesis of [0y, = 0].

muel_p100 Jun 2024 Z-Config-V1_TRANSPORT Tune6 QSKE10 Current=-87.2. QSKE11 Current=123.7

Beam_Profile
E Mean x 3628 £0.4742
g Mean y —£303 05524
>- 40 Std Dev 9695 +0.3353
Std Devy 1.3 +0.3306
Integral 20458405
Skewness & 0.2578
20 Skewness y 0.4718
Hurtosis x 2.289
Hurtosis y
-20
-40
-40 40
Correlation = 0.004 X [mm]

Figure 39: Beamspot of the 100 MeV/c beamtune with (5 x 5)mm? slits. Correlation between X
and Y (0yy) is not sufficiently high to disregard null hypothesis of [oy, = 0]. All kurtosis shown is
excess kurtosis. Total rate of this beam setting is 11.381 MHz/mA.
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Figure 40: Horizontal (X) phase space simultaneous fits of the quadrupole scan data for the 100
MeV/c Smm square slit setting.

The beamspot provides values of /0, and /Gy, in the form of the standard deviations. Further

39



confirmation of these elements as well as the measurements of the remaining elements of the 4D
phase space elements can be obtained from the quadrupole scan technique’s results as seen in
Figures 40, 41, and 42 with the Twiss parameters at the SciFi summarized in Table 6. The total
rate of this beam setting is 11.381 MHz/mA. The 5th and 6th dimensions of this beam setting is the
same the 100 MeV/c fully open slit settings (Equations (46), (47) and (50)) except for the energy
spread, the details of which are expanded upon in Section 5.2.1.

QSK810 Scanning at QSK811 = 124.0 A QSK811 Scanning at QSK810 = -87.0 A
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Figure 41: Vertical (Y) phase space simultaneous fits of the quadrupole scan data for the 100 MeV/c
Smm square slit setting.
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Figure 42: Transverse phase space ellipses of the 100 MeV/c Smm square slit setting at the SciFi.
X phase space is in green and Y phase space is in blue.

Parameter [units] ‘ Horizontal (X) Vertical (Y)
o] 0.1752+£0.0116 —0.4627£0.0693
B [m/rad] 0.1420£0.0142 0.6564 +0.1943
Y [rad/m)] 7.2592 +0.5098 1.8498 +0.0251

€ [mm.mrad] 679.647+35.107 200.716+36.648

Table 6: Twiss parameters of the 100 MeV/c Smm square slit setting at the SciFi. Note that the
emittance (€) here is the area of the ellipses.

Hence, the final 6D phase space @SciFi for the 100 MeV/c Smm square slit setting looks thus
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(without the uncertainties due to formatting limitations):

9.70> mm?> —119.07 mm.mrad 0 0 Oy

70.24? mrad® 0 0 Co1

C 11.30> mm?  92.87 mm.mrad Oy
100MeV/c — 19.27? mrad? O1
3.1942

5.3 125 MeV/c Backward Decay Muons - Phase Space

—0.0574 mm

Ops
—0.0736 mm
G¢5
ns>  —0.035ns
2.51%
(56)

As mentioned earlier, two beamtunes of 125 MeV/c backward decay muon momentum were used to
take phase space measurements - a self-optimized ‘new’ beamtune and the SR beamtune used in

USR experiments at PSI. All slits were kept completely open for the 4D phase

Space measurements

in both cases and closed to Smm square slit setting for the energy measurement as in the case of the

100 MeV/c beamtune. Both beamtunes are described in this section.

5.3.1 New Beamtune

Beamtune: muel p125_Jun 2024 _Z-Config-V1_Tunel.sp

muel_p126_Jun_2024_Z-Conlig-V1_Tunel: QSKB10 Current=-109.6, GSK311 Current=155.4
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Figure 43: Beamspot of the 125 MeV/c new beamtune. Correlation between
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2273

X and Y (0yy) is not

sufficiently high to disregard null hypothesis of [0y, = 0]. All kurtosis shown is excess kurtosis.

Total rate of this beam setting is 68.756 MHz/mA.
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The currents of the 100 MeV/c beamtune were scaled by the momentum ratio of 1.25 and then
another round of optimization was performed to obtain this beamtune. The transverse beamspot at
the SciFi is shown in Figure 43. The correlation between the 2 transverse axes that is closely related
to the phase matrix element oy, (covariance) was not high enough to discard the null hypothesis of
[0y = 0]. Like before, the beamspot provides values of /0y, and /Oyy in the form of the standard
deviations. Further confirmation of these elements as well as the measurements of the remaining
elements of the 4D phase space elements can be obtained from the quadrupole scan technique’s
results as seen in Figures 44 and 45 with the Twiss parameters at the SciFi summarized in Table
7. The total rate of this beam setting is 68.756 MHz/mA.
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Figure 44: Phase space simultaneous fits of the quadrupole scan data for the 125 MeV/c new
beamtune - horizontal (X) [TOP] and vertical (Y) [BOTTOM].

Parameter [units] \ Horizontal (X) Vertical (Y)
o [] 0.0384+0.0029 —0.6219+0.0167
B [m/rad] 0.19204+0.0189  0.8420+£0.0444
Y [rad/m] 5.2165+0.0167 1.6470+0.0040

€ [mm.mrad] 920.336 £45.405 213.236 £8.120

Table 7: Twiss parameters of the 125 MeV/c new beamtune at the SciFi. Note that the emittance
(€) here is the area of the ellipses.

42
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Figure 45: Transverse phase space ellipses of the 125 MeV/c new beamtune at the SciFi. X phase
space is in green and Y phase space is in blue.

The ToF-energy distribution for the 125 MeV/c beamtune is shown in Figure 46 yielding values of
oy and o5 given in Equations (57) and (58) respectively. The uncertainties of these values were
obtained purely from statistics.

125 MeV/c Muans - LaBr - Time of Flight vs Energy (Z = 10 mm)
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Figure 46: ToF-energy distribution for the 125 MeV/c beamtunes.
/oy = (2.777+0.006) ns, (57)
0;5 = (—0.048 £0.003) ns. (58)

The momentum or energy spread (AP/P) was found using the kinetic energy spread (Figure 47)
after taking broadening effects according to Equation (44) into account. Using the same Geant4
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energy loss simulation as described in Figure 25, it was found that the 125 MeV/c muons initially
of kinetic energy E; = 58.0 MeV lose about 6.3 MeV of kinetic energy before reaching the LaBr,
making the corrected kinetic energy:

E,=51.7MeV, (59)
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Figure 47: Post-energy loss kinetic energy (E}) spread of the 125 MeV/c beamtune used to calculate
AP/P.

AP

P ismev/e (3.41+£0.20)%. (60)
This energy spread was also collected in the (5x5)mm? square slit setting as all the energy mea-
surements were made with this setting so as to avoid pile-up in the WaveDAQ used to collect data
from the SciCross and LaBr, however no SciFi rates data was taken for the Smm square slit setting
for 125 MeV/c beamtunes, and hence a comparison similar to the 100 MeV/c rates comparison is
difficult. The energy spread was found to be the same (within each other’s uncertainty) for the new
and uSR beamtunes, but the energy dispersion was different.

Rate Distribution of Momentum Slices - 125 MeV/c Rate Distribution of Momentum Slices - 125 MeV/c
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Figure 48: Position-momentum distribution for the 125 MeV/c new beamtune horizontal (X) direc-
tion - full distribution [LEFT] ; the part of the full distribution used for dispersion calculation post
cuts [RIGHT].
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The horizontal energy dispersion function (D,(8)) was then calculated and is described in Figure
48. Since the SciCross-LaBr scans were only made in the horizontal (X) direction and NOT in
the vertical (Y) direction, the vertical energy dispersion (0,;) is not available for 125 MeV/c
muon momentum. The covariance (0,5) was calculated using the position-momentum slicing and
so was the corresponding dispersion function using Equation (37) and are shown in Equations (61)
and (62) respectively.

0,5 = (—0.1758 £ 0.0143) mm, (61)

D,(8) = (—151.18 4 12.30) mm. (62)

Thus, the final 6D phase space @SciFi for the 125 MeV/c new beamtune (without the uncertainties
due to formatting limitations) is described in Equation (63):

13.30> mm? —35.02 mm.mrad 0 0 Oy —0.1758 mm
69.29 mrad? 0 0 Co! Cos
e _ 13.39? mm?  132.49 mm.mrad oy Oy5
125MeV/c ™ 18.742 mrad? O G5
2.777%* ns*  —0.048 ns
3.41%
(63)

5.3.2 uSR Beamtune
Beamtune: muel p125 Jun 2024 _Z-Config-MUSR _TunePion_v3.sp

muet_p125_Jun_2024_7-Conflg-MUSR_TunePlon_v3: QSKS10 Curents-1 148, OSKE11 Cument=1582
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Figure 49: Beamspot of the 125 MeV/c SR beamtune.oyy is 0, and all kurtosis shown is excess
kurtosis. Total rate of this beam setting is 43.336 MHz/mA.
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The beamtune used for the results in this subsection was obtained from the SR group at PSI[42,

] and then optimized once. The transverse beamspot at the SciFi is shown in Figure 49. Like the
other beamtunes, the correlation between the two transverse axes that is closely related to the phase
matrix element oy, (covariance) was not high enough to discard the null hypothesis of [y, = 0].
The beamspot provides values of /0y, and /Gy, in the form of the standard deviations, and the
measurements of the remaining elements of the 4D phase space elements can be obtained from the
quadrupole scan technique’s results as seen in Figures 50 and 51 with the Twiss parameters at the
SciFi summarized in Table 8. The total rate of this beam setting is 43.336 MHz/mA.
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Figure 50: Phase space simultaneous fits of the quadrupole scan data for the 125 MeV/c uSR
beamtune - horizontal (X) [TOP] and vertical (Y) [BOTTOM].

Parameter [units] | Horizontal (X) Vertical (Y)
a[] 0.1415+£0.0059 —0.56934+0.0127
B [m/rad] 0.1933 +0.0091 0.7818 £0.0342
Y [rad/m] 5.2779 £0.0240 1.6937 £0.0103
€ [mm.mrad] 860.811 +20.670 194.441 +5.865

Table 8: Twiss parameters of the 125 MeV/c uSR beamtune at the SciFi. Note that the emittance
(€) here is the area of the ellipses.
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125MeV/c MuSR Open Slits - X Phase Space @SciFi 125MeV/c MuSR Open Slits - Y Phase Space @SciFi
100

= 100

E ) E
g r g E
E 80 E 8o
= £ = |
60— //-\\ 60—
40 \ 40—
20— \ 20—
—20— H‘ -20—
—40 \ —40—
r \ £
~60 \ —60—
C e =
-801— -80—
'100:H111A111A111|||||||||||||||||||||||||x qooa Lo Lo Lo Lo Lo Lo Lo Lo a Loy
—100 -80 60 —40 -20 0 20 40 60 80 100 -100 -80 -60 40 -20 0 20 40 60 80 100
X (mm) y (mm)

Figure 51: Transverse phase space ellipses of the 125 MeV/c uSR beamtune at the SciFi. X phase
space is in green and Y phase space is in blue.

The ToF-energy distribution for the SR beamtune is the same as that of the 125 MeV/c new
beamtune, and is shown in Figure 46 yielding values of o;; and o;5 given in Equations (57) and
(58) respectively. The energy spread (AP/P) too is the same as that for the 125 MeV/c new beam-
tune and can be observed in Figure 47 with its value given in Equation (60), however the energy
dispersion was found to differ.
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Figure 52: Position-momentum distribution for the 125 MeV/c SR beamtune horizontal (X) di-
rection - full distribution [LEFT] ; the part of the full distribution used for dispersion calculation
post cuts [RIGHT].

The horizontal energy dispersion function (D,(6)) was then calculated as before (see Figure 52).
As stated earlier, the vertical energy dispersion (0,s) is not available for 125 MeV/c muon momen-
tum. The covariance (0,5) was calculated using the position-momentum slicing and so was the
corresponding dispersion function using Equation (37) and are shown in Equations (64) and (65)
respectively.

= (—0.1279 £0.0090) mm, (64)

Oys
Dx(5) = (—110.03 :t7.74) mm. (65)

Thus, the final 6D phase space @SciFi for the 125 MeV/c uSR beamtune (without the uncertain-
ties due to formatting limitations) is described in Equation (66):
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12.882 mm? —121.54 mm.mrad 0 0 Oy —0.1279 mm

67.40% mrad” 0 0 o Ops
SR 12.31> mm?  110.80 mm.mrad oyl Oy5
125MeV /e ™ 18.15% mrad? oy s
2.777* ns>  —0.048 ns
3.41%

(66)

5.4 140 MeV/c Forward Decay Muons - Phase Space
Beamtune: muel_p1127_mul40_Jun_2024_Z-Config-MUSR _Tunel.sp

The 140 MeV/c forward decay muon beamtune was manually optimized using the knowledge
gained from the ToF studies of pions forward decaying to muons. This beamtune was primar-
ily operated in four settings - fully open slits for beamspot data, (20x20)mm? square slits setting
(both slits), transverse slits for Z scan transverse profiles data and with the upstream (FS81) slit
closed to a Smm square slit and the downstream slit (FS00) fully open (referred to henceforth as
the ‘asymmetric setting’). The transverse beamspot at the SciFi for the fully open slits setting is
shown in Figure 53. Like the other beamtunes, G,y (covariance) was not high enough to discard
the null hypothesis of [0y, = 0]. The total rate of all particles at the SciFi for the open slits config-
uration was 0.605 MHz/mA. The beamspots of the other settings were also obtained but have not
been included here for brevity’s sake but can be made available upon request, and have also been
uploaded to the ‘Analysis/muE1_Z_June2024’ GitLab repository of the yEDM experiment.

muel_pi127 muldd Jun 2024 Z-Config-MUSR Tune!: QSK&10 Cument=-126.2, QSKE11 Cument=178.5

Beam Profile
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Figure 53: Beamspot of the fully open slits setting of the 140 MeV/c forward decay beamtune. Gy
is 0, and all kurtosis shown is excess kurtosis. Total rate of this beam setting is 0.605 MHz/mA.
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The Z scan technique was used instead of the quadrupole scan technique to gather the 4D phase
space data in case of the 140 MeV/c beamtune. Data from the 20mm square slits setting was used
for the 4D phase space measurement during the analysis as that data seemed to be the most coher-
ent of all with the other data frequently being interrupted by beam interruptions or simply being
incomplete or incompatible with the Z scan method. The Z scans used for the final 4D phase space
measurement took transverse beam profile data of the rates at the SciCross detector only for 23
positions of X and Y each for 3 different Z positions - [Z = 10mm], [Z = 20mm] and [Z = 30mm)].
The beam profiles obtained from these scans are shown in Figure 54, and the subsequent phase
space ellipses obtained (at the SciFi) using the Z scan method are shown in Figure 55, while the
Twiss parameters obtained for the 140 MeV/c forward decay beamtune are listed in Table 9.
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Figure 54: Transverse beam profiles obtained using the SciCross detector for the Z scan transverse
phase space measurement - horizontal (X) [LEFT] and vertical (Y) [RIGHT].
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Figure 55: Transverse phase space ellipses of the 140 MeV/c beamtune at the SciFi obtained using
the Z scan method. X phase space is in green and Y phase space is in blue.

One can notice that the uncertainties of the Twiss parameters for this beamtune has not been pro-
vided in the table. This is because the uncertainties of the Twiss parameters were estimated at a
later point in the analysis than when the parameters themselves were extracted, and since it was
determined by the time in question that the forward decay beamtunes would not be viable candi-
dates for the yEDM experiment’s phase 2 measurement for reasons that are discussed below, the
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Parameter [units] | Horizontal (X) Vertical (Y)

o] 2.1161
B [m/rad] 0.8422
Y [rad/m] 6.5043
€ [mm.mrad] 365.057

0.6746
0.5773
2.5205
99.079

Table 9: Twiss parameters of the 140 MeV/c forward decay beamtune at the SciFi.

error estimation (as well as further analysis) of the 140 MeV/c beamtune’s data was not pursued
in favour of focusing the limited time and effort available into the thorough analysis of the viable

beamtunes (100 MeV/c, 125 MeV/c and 125 MeV/c uSR).

The ToF-energy distribution for the 140 MeV/c beamtune was taken for 2 different Z positions -
[Z = 10mm] and [Z = 500mm] - to observe the change in the distribution. The SciCross and the
LaBr ToF distributions for [Z = 10mm] is shown in Figure 56, and that for [Z = 500mm] is shown

in Figure 57.
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Figure 56: ToF distributions for 140 MeV/c (Z = 10mm) - SciCross [TOP] ; LaBr [BOTTOM].
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140MeV/c Muons - SciCross - Time of Flight vs Energy - Downstream (Z = 500mm)
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Figure 57: ToF distributions for 140 MeV/c (Z = 500mm) - SciCross [TOP] ; LaBr [BOTTOM].
Much greater energy smearing can be seen in these plots when compared to the 10mm case due to
the particles losing energy to collisions with air particles.

In the ToF-energy distributions of the 140 MeV/c forward decay beamtune, 3 particle species can
be identified using the principles of Bragg’s energy deposition of particles in materials[44] from the
4 clusters. The cluster that starts at the lowest energy in the SciCross (and displays the delta-like
function in the LaBr) are positrons that have propagated through the beamline directly from the
proton on target (PoT) collision. The cluster that begins at the highest energy in the SciCross plots
are the pions from the PoT collisions. Finally, the cluster that is to the left-end of the distributions
are the muons produced directly from PoT collisions while the smeared cluster to the right-most
are the muons that were produced from pion decays after the PoT produced pions decayed within
the beamline. The last particle species, namely muons, are all that can be seen in the backward
decay beamtunes and not the other particles as the former have been selected due to the different
momentum acceptance of the beamline sections upstream and downstream of the decay channel.
Since the SciCross is not a calorimeter, the particles are NOT stopped in the SciCross and thus the
energies shown on the SciCross plots are NOT the total energies of the detected particles, while the
energies on the LaBr plot are indeed the total energies as most of the particles stop completely in
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the LaBr. It is to be noted that since the SciCross and the LaBr were connected to different Wave-
DREAM boards which had different SiPMs with non-identical light yields, the energy values are
not necessarily to scale with each other. The pions, being of the same momentum as the muons,
possess less kinetic energy than muons as they have a higher mass. Since all kinetic energy (and not
total energy) is deposited in a calorimeter, the pions deposit lesser energy compared to the muons
in the LaBr.

The fractional rates of the particles were then calculated in order to estimate the muon rate of this
forward decay beamtune. The fractional contributions to the total rate of each of the 3 particle
species mentioned were:

fu=0.349, (67)
fe =0.506, (68)
fz=0.119. (69)

This brings the total rate of muons (direct and decayed) for the 140 MeV/c forward decay beamtune
to be:
Ry = (0.605 x 0.349) = 0.211 MHz/mA. (70)

These rates turn out to be extremely low if the aimed sensitivity of gEDM phase 2 is to achieved,
especially when compared to the 125 MeV/c new beamtune, as the sensitivity of the muon EDM

measurement scales with the number of particles studied (G(du) o< \/LN (13)>. This is besides

the fact that the forward decay setting also includes other particle species of pions and positrons
- unlike the backward decay beamtunes - which could introduce a very big systematic into the
experiment which would need to be accounted for. For these reasons, it was concluded that the
140 MeV/c forward decay beamtune, and possibly forward decay beamtunes in general, would not
be ideal for the uEDM experiment. Hence, further analysis of the phase space of this beamtune
was not pursued in favour of dedicating greater time and effort into the backward decay beamtunes
(100 MeV/c, 125 MeV/c and 125 MeV/c uSR) that seem much more promising. Hence, the full
6D phase space measurement was not extracted for the 140 MeV/c forward decay beamtune.
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6 Beamline Modelling using Simulation Software

The results obtained from the June 2024 beamtime were reproduced in three different simulation
software programs - Transport[26], G4Beamline[45] and Python’s XSuite module[46] - in an at-
tempt to model the uE1 beamline’s phase space for future studies and optimizations. The 100
MeV/c new beamtune (Section 5.2), 125 MeV/c new beamtune (Section 5.3.1) and 125 MeV/c
USR beamtune (Section 5.3.2) were modelled using the aforementioned simulation software pro-
grams. The differences and similarities between the three software programs and their simulation
methods are summarized in the table below:

\ XSuite G4Beamline Transport
Method ‘ Single-Particle Tracking Monte Carlo Method Transport Matrix Multiplication
Tracks individual particles’ phase- Simulates particle behaviour, including
space trajectories, including non-linear ~ probabilistic interactions with materials and ~ Models beam dynamics using linear
Focus effects, using symplectic integration. fields, using monte carlo integration. optics and matrix multiplication.
Beam dynamics, non-linear optics, Scattering, energy loss, radiation, particle First and sometimes second-order
Physics chromaticity, resonance effects. decay, and secondary particle generation. beamline optics (no non-linearities).
No randomness unless explicitly Inherently random, driven None. Assumes ideal,
Randomness | added (e.g. scattering). by stochastic processes. deterministic conditions.
High precision. Realistic modelling of Accurate only for
Includes non-linear effects and complex physical processes linear systems or small
Accuracy individual particle trajectories. and stochastic effects. deviations from linearity.
Initial conditions (position, Initial conditions (position, momentum, Twiss parameters, transfer matrices,
Input momentum, energy) for each particle. energy) for each particle. and beam optics parameters.
Statistical distributions of
Trajectories of individual particle properties, secondary Final beam parameters
Output particles in phase space. particles, and energy deposition. (e.g. centroid, Twiss functions).

Table 10: Comparison of the 3 simulation software used - XSuite[46], G4Beamline[47] and
Transport[26].

In the following subsections, the efforts to model the results using each of the 3 software pro-
grams are described. Propagating phase space obtained in the results backwards through the whole
UE1 beamline, extracting the phase space at the start of the beamline and then simulating the whole
beamline should yield the same results at the SciFi if modelled correctly. This idea was successfully
implemented analytically for the last 2 quadrupoles in order to obtain the results in the previous
section and has been reproduced using the 3 simulation frameworks in the following subsections.
The time-reversed propagation of the phase space through the whole beamline has also been set-
up in the aforementioned programs as a starting point for future work, with the modelling of the
bending dipole magnets requiring further dedicated effort. The simulation input files have been
uploaded to the yEDM GitLab repository (under ‘Analysis/muE1_Z _June2024/Simulations’) and
the specific instructions for use have been included in the ‘README.md’ files of the respective
directories.

6.1 Simulations using Transport

Transport is a beamline simulation software developed at CERN in the 1970s, and it uses ma-
trix multiplication to propagate the phase space of a user-input beam through a customizable
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beamline[26]. Although the pre-beamtime Transport optimized beamtune did not work as expected
- most likely due to an incorrect input phase space which was not known at the time - the back-
ward decay beamtunes used in the June 2024 beamtime (100 MeV/c, 125 MeV/c new and 125
MeV/c uSR beamtunes) were modelled successfully using the Transport software for the last 2
quadrupoles (QSK810 and QSKS811), with all simulated phase space output values at the position
of the SciFi being within the uncertainties of the measured phase space values. The Transport sim-
ulations for the 3 backward decay beamtunes used are shown in Figure 58.

Figure 58: Transport simulations for beam propagation through QSK810 and QSKS811 - 100 MeV/c
beamtune [TOP] ; 125 MeV/c new beamtune [BOTTOM-LEFT] ; 125 MeV/c uSR beamtune
[BOTTOM-RIGHT]. ‘T’ symbols demarcate the position of the SciFi.

In the Transport graphics shown in Figure 58 above, the red rectangles at the top and bottom rep-
resent quadrupoles (and blue rectangles usually represent dipoles, though none are included here),
specifically QSK810 and QSKS811 in this case. The central line represents the direction of propa-
gation (Z), the white curve in the top half represents the 10 spread of the beam in the vertical ‘Y’
direction (,/0yy) and the white curve of the bottom half represents the 10 spread of the beam in the
horizontal ‘X’ direction (,/Cyy). A dotted white curve usually describes the horizontal energy dis-
persion along the beamline, however it isn’t shown here as the dispersion before the 2 quadrupoles
wasn’t extracted in the analysis (but can be done so by simply back-propagating the 6D phase space
at the SciFi through said quadrupoles). In this simulation, each gradation along the Y-axis of the
plot represents 3cm of beam spread, and each gradation along the Z direction represents 1m.

The comparison between the output and measured values at the SciFi for the 100 MeV/c beamtune
is displayed in Table 11, that for the 125 MeV/c new beamtune can be seen in Table 12 and a similar
comparison for the 125 MeV/c uSR beamtune is shown in Table 13.
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‘ Data Transport Error

VO | (12.5540.50) mm 12.80 mm 1.99%
VOoo | (74104023) mrad 7433 mrad  0.31%
P:6 (0.075+0.007) 0.092 0.85%
VO | (13.99+1.61) mm 14.25 mm 1.86%
V09 | (20.24%2.11)mrad  2042mrad  0.89%
Pyo (0.652 +0.086) 0.662 0.50%

Table 11: Comparison between the measured and Transport simulated 4D phase space parameters
at the SciFi for the 100 MeV/c beamtune.

\ Data Transport Error

N> (13.30£1.04) mm 13.68 mm 2.86%
\/Oo6 (69.29 +2.43) mrad 69.57 mrad 0.49%
Px6 (—0.038 +0.008) —0.014 1.20%
\/Oyy (13.39+£0.62) mm 13.93 mm 4.03%
VLT (18.74+0.51) mrad 19.01 mrad 1.44%
Pyo (0.528 +0.024) 0.548 1.00%

Table 12: Comparison between the measured and Transport simulated 4D phase space parameters
at the SciFi for the 125 MeV/c new beamtune.

\ Data Transport Error

(12.88+£0.48) mm  13.11mm  1.79%
(67.40+1.17) mrad 69.64 mrad 3.32%
Pxo (—0.140£0.007) —0.119 1.05%
(
(
(

12.31+0.46) mm 12.72 mm 3.33%
18.154+0.39) mrad 18.36 mrad 1.16%
0.496 +0.019) 0.513 0.85%

Q

o
g

Table 13: Comparison between the measured and Transport simulated 4D phase space parameters
at the SciFi for the 125 MeV/c uSR beamtune.

Here, the errors for the correlations (p) have been estimated by normalizing the relative differences
between the simulation and data values to the range of correlations (2). As can be seen, nearly all
simulated phase space values are within the uncertainties of the measured values with even the few
exceptions being very close to the measurements with small % errors with most of said deviations
being from correlations. Thus, one can conclude that the phase space measurement of the June
2024 beamtime has been successfully modelled using the Transport software for the 3 main back-
ward decay muon beamtunes.
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6.2 Simulations using Python XSuite

XSuite is a recently developed Python-based library designed for simulating and analysing the
dynamics of charged particle beams in accelerators[46]. It provides a modular framework for mod-
elling beam transport, tracking particles through various beamline elements, and studying beam
dynamics under various conditions. Among its core submodules, XTrack is a robust single-particle
tracking tool capable of high-precision simulations of particle trajectories through accelerator el-
ements, including dipoles, quadrupoles, and higher-order multipoles. The ability of XTrack to
handle both detailed element-by-element tracking and collective beam effects has seen it recently
become one of the most favoured software for simulating beam dynamics. Exhaustive information
on XTrack and all the other submodules of XSuite can be found in the XSuite documentation online
(https://xsuite.readthedocs.io/en/latest/index.html).
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Figure 59: Xsuite simulations for beam propagation through QSK810 and QSK811 - 100 MeV/c
beamtune [TOP] ; 125 MeV/c new beamtune [BOTTOM-LEFT] ; 125 MeV/c uSR beamtune
[BOTTOM-RIGHT]. The 4D phase space parameters obtained at the SciFi are shown in the bottom

right of the plots.

As mentioned earlier, XTrack has been employed to model the measured phase space of the uE1
beamline in the Z-configuration. Like in the case of the Transport modelling attempts, the backward
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decay beamtunes (100 MeV/c, 125 MeV/c new and 125 MeV/c uSR beamtunes) were modelled
successfully using XTrack for the last 2 quadrupoles (QSK810 and QSKS811), with all simulated
phase space output values at the position of the SciFi being well within the uncertainties of the
measured phase space values with many matching the measured values down to the last significant
figure. The XSuite-XTrack simulations for the 3 backward decay beamtunes used are shown in
Figure 59, and the comparisons between the output and measured values at the SciFi, like before,
for the 100 MeV/c, 125 MeV/c new and 125 MeV/c uSR beamtunes are displayed in Tables 14,

15, and 16 respectively.

Data XSuite Error

Oyx (12.55+£0.50) mm 12.56 mm 0.08%
\/Oo6 (74.10+£0.23) mrad 74.08 mrad 0.03%
Px6 (0.075+£0.007) 0.076 0.05%
/Oy (13.99+1.61) mm 13.96 mm 0.21%
NI (20.24+2.11) mrad 20.25 mrad 0.05%
Pyo (0.652+0.086) 0.654 0.10%

Table 14: Comparison between the measured and XSuite simulated 4D phase space parameters at
the SciFi for the 100 MeV/c beamtune.

Data XSuite Error

Oxx (13.30+1.04) m 13.30 mm 0.00%
\/Oo6 (69.29 +2.43) mrad 69.34 mrad 0.07%
Pxo (—0.038 +0.008) —0.037 0.05%
\/Oyy (13.394+0.62) mm 13.39 mm 0.00%
NI (18.74+0.51) mrad 18.74 mrad 0.00%
Pyo (0.528 £0.024) 0.529 0.05%

Table 15: Comparison between the measured and XSuite simulated 4D phase space parameters at
the SciFi for the 125 MeV/c new beamtune.

| Data XSuite Error

\/G_xx (12.88+£0.48) mm 12.90 mm 0.16%
Coo (67.40+1.17) mrad 67.41 mrad 0.01%
pw | (—0.140+0.007) —0.141 0.05%
Gy | (1231£046)mm  1231mm  0.00%
\/W (18 15+0. 39) mrad 18.12 mrad 0.17%
Pyo (0 496+0.019) 0.495 0.05%

Table 16: Comparison between the measured and XSuite simulated 4D phase space parameters at
the SciFi for the 125 MeV/c uSR beamtune.

The input parameters for the simulation were the measured phase spaces of each of the beamtunes
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before the last 2 quadrupoles, the lengths of the quadrupoles and the drift spaces, the momenta of
the muons and the currents of the ideal settings of the quadrupoles for each beamtune in the form of
the quadrupole focussing strengths. The phase spaces, given the inputs, were simulated for 10° ran-
domly generated particles and the output phase space at the SciFi were calculated from the statistics
of the output particle trajectories. It is to be noted that XTrack does not use matrix multiplication
as was the case for Transport and the method used to analyse the measured phase spaces of the
beamtunes. Instead, XTrack works on single-particle tracking and uses symplectic integration. As
can be seen, the simulated values match the measured values to a very high precision while using
a different method to calculate the output. Thus, a very strong case can be made to use XTrack (or
XSuite in general) to model the yE1 beamline in order to achieve high accuracy between simula-
tion and experiment. The code used for the simulation and instructions to use it have been uploaded
on the ytEDM GitLab page under ‘Analysis/muE1_Z_June2024/Simulations/XSuite’.

6.3 Simulations using G4BeamLine

Figure 60: G4Beamline simulations for beam propagation through QSK810 and QSKS811 - 100
MeV/c beamtune [TOP] ; 125 MeV/c new beamtune [BOTTOM-LEFT] ; 125 MeV/c uSR beam-
tune [BOTTOM-RIGHT]. Muons (u™) are displayed as light blue tracks, positrons (e™) as yellow
tracks and the quadrupoles are in red. The SciFi detector has been depicted as a green circle.

G4Beamline is a Geant4 based simulation software for simulating particle dynamics in matter-
dominated particle beams[47]. For the modelling of the June 2024 beamtime’s results, an NTuple
of the 6D phase space of particles (along with other properties[45]) was generated using a ROOT
code based on the measured phase space before the last 2 quadrupoles. This NTuple is then used as
the beam input for the G4beamline simulation. The quadrupoles are implemented using the mea-
sured field map of the QSK magnets (‘feldgsk.txt’) with the currents used for each beamtunes scaled
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by —(1/38.5). The output is then extracted as an NTuple at the SciFi. The input generator ROOT
code, the field map and the G4beamline file (.g4bl) used to run the simulation have been uploaded to
the muEDM GitLab page in the directory ‘Analysis/muE1_Z_June2024/Simulations/G4beamline/’.
The simulation outputs of the G4beamline visualizer for each of the 3 backward decay beamtunes
used are shown in Figure 60, and the comparisons between the output and measured values at the
SciFi, like before, for the 100 MeV/c, 125 MeV/c new and 125 MeV/c uSR beamtunes are dis-
played in Tables 17, 18 and 19 respectively.

‘ Data G4Beamline Error

Oyx (12.554+0.50) mm 13.75 mm 9.56%
NLTY) (74.10+£0.23) mrad 74.49 mrad 0.53%
Oyy (13.99+£1.61) mm 16.87 mm 20.59%
Cp9 (20.24 £2.11) mrad 20.45 mrad 1.04%

Table 17: Comparison between the measured and G4Beamline simulated 4D phase space parame-
ters at the SciFi for the 100 MeV/c beamtune.

\ Data G4Beamline Error

Oy (13.30:t 1.04) mm 13.97 mm 5.04%
\/Ogo (69.29:&2.43) mrad 70.13 mrad 1.21%
Oyy (13.39 + 0.62) mm 16.71 mm 24.79%
G (18.7440.51) mrad 18.40 mrad 1.81%

Table 18: Comparison between the measured and G4Beamline simulated 4D phase space parame-
ters at the SciFi for the 125 MeV/c new beamtune.

| Data G4Beamline Error

Oy (12.88+0.48) mm 13.19 mm 2.41%
\/Opo (67.40£1.17) mrad 68.63 mrad 1.82%
VO | (12314£046)mm  15.98 mm 29.81%
Coo (18.154+0.39) mrad 17.84 mrad 1.71%

Table 19: Comparison between the measured and G4Beamline simulated 4D phase space parame-
ters at the SciFi for the 125 MeV/c uSR beamtune.

As can be clearly seen, the G4beamline simulation does not match the results nearly as well as
the Transport and especially XSuite simulations. This is because G4beamline is geared more to-
wards modelling particle dynamics accurately with an inherent randomness imposed due to the
stochastic nature of Geant4. A discrepancy of 10% or 20% as seen here is a well accepted toler-
ance of G4beamline when compared to experimentally measured value. Due to this fact, it can be
concluded that the June 2024 measurements have been modelled successfully using G4beamline,
although the XSuite simulation remains the most precise and accurate, and hence the latter is recom-
mended over G4beamline or Transport for further modelling and optimization of the uE1 beamline
in the Z-configuration.
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7 Discussion

As discussed in the theory section, the sensitivity of the muon EDM measurement using the frozen
spin technique is related to number of muons analysed (G(d“) o< ﬁ) and also to the momentum

of the muons analysed (13). Thus, an ideal muon beam for the EDM measurement would possess
the highest possible rates and the highest possible muon momentum (within constraints). As can
be inferred from Figure 31, the June 2024 backward decay 125 MeV/c new beamtune in the Z-
configuration yields the highest rates even when compared to the U-configuration 2019 125 MeV/c
beamtune. Given that at present 125 MeV/c is close to the highest backward decayed muon mo-
mentum that can be accommodated in the tE1 beamline[ | |], a strong initial case can be made for
the use of the June 2024 beamtime 125 MeV/c new beamtune in phase 2 of the yEDM experiment
scheduled for 2030s. However, the ‘High-Intensity Muon Beam’ (HIMB) project at PSI[48, 49]
which aims to achieve order of magnitude ~10 GHz muon rate at PSI is also worth looking into for
UWEDM phase 2 as it would provide about 100 times more muons than the current best beamtune
on the uE1 beamline, thus potentially improving the final sensitivity of the muon EDM measure-
ment. In addition to having higher rates compared to the U-configuration, both the 125 MeV/c
Z-configuration beamtunes studied in June 2024 also possess lower emittances when compared to
the U-configuration beamtunes used in 2019[ 14]. Lower emittances increase the acceptance of the
muons from the beam in the final experiment ultimately leading to a larger number of muons be-
ing studied and thus, lower emittances are desirable. The comparison between these emittances is
summarized in Table 20.

Beamtune Emittance [mm.mrad]
125 MeV/c Muon Momentum Z U

Horizontal (X) | 920.336 +45.405 946
Vertical (Y) | 213.236+8.120 716
Horizontal (X) | 860.811 +£20.670 995
Vertical (Y) | 194.4414+5.865 331

New Beamtune

USR Beamtune

Table 20: Comparison of the emittances of the 125 MeV/c (new and uSR) beamtunes between Z
and U-configurations. U-configuration values were obtained from [14].

As can be seen, except the horizontal emittance of the 125 MeV/c new beamtune in Z-configuration
which is similar to that of its U-configuration counterpart, all the 125 MeV/c conserved emittances
in the Z-configuration were found to be smaller than their respective U-configuration counterparts.
This lends further credence to the case of the Z-configuration for use in the yEDM experiment,
however further efforts need to be made in order to determine the ideal muon beamtune for yEDM
phase 2, and using the simulations set up in this thesis, the muon beamtunes used can be further
optimized offline in order to increase the rates and decrease the emittances in order to prepare the
particle beam for the phase 2 measurement.

The use of beams that involve pions forward decaying to muons so as to receive muon momenta
higher than 125 MeV/c (e.g. 140 MeV/c beamtune) seems limited owing to low muon rates and
high contamination from other particle species. These low rates could be the result of the pion
momentum, as the pions used for the 100 MeV/c and 125 MeV/c backward decay muon beamtunes
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were of 173 MeV/c and 216 MeV/c respectively, while those used for the 140 MeV/c forward de-
cay muon momentum were of 127 MeV/c momentum. This positive correlation between the pion
momentum and observed rates in the experimental area is due to the momentum of the protons
which collide with the ‘E’ target during the PoT collisions to produce pions[50] (the pion part of
the 7E1 beamline at PSI mirrors that of the yE1 beamline as can be seen in Figure 2, and thus has
a similar pion momentum distribution). This is because given a proton beam of a particular mo-
mentum, the momenta of the pions produced during the collision of that proton beam with a target
follow a Gaussian distribution centred around a most-probable pion momentum. Hence, since the
magnets of the uE1 beamline cannot at present focus the muons produced from the forward decay
of pions of momenta greater than 200 MeV/c (as the currents of the magnets do not go that high as
of the time of this thesis), the forward decay beamtunes remain unlikely candidates for phase 2.

It was observed during the energy dispersion measurement of the 100 MeV/c beamtune that the
vertical (Y) spread of the beam had non-zero energy dispersion. This fact persists even though
the beamline does not bend vertically at any point, and the most likely explanation remains that
the vertical dispersion is an artifact of the pion decay solenoid which would lead to twisting of
the whole particle beam in the transverse directions. However, the observed correlation between
the vertical and horizontal axes in the experimental area remains zero, and thus it is likely that
beamline elements after the 8 metre-long decay solenoid (starting from QSK81) bend and focus
the beam such that the transverse correlation (0yy) is lost but the vertical energy dispersion (0ys)
remains. This hypothesis requires testing which could not be done using the data acquired in the
June 2024 beamtime, as it was assumed during data taking that the vertical dispersion would be
zero. Hence, no vertical energy dispersion measurements were made, except for the 100 MeV/c
beamtune which was made before the decision to desist was taken in the interest of time. Another
possible explanation of this non-zero vertical dispersion could be that the observed departure might
be due to partial energy deposition from the muons that do not stop in the calorimeter or from other
particle species (namely pions and positrons), however this hypothesis is hard to justify given lack
of supporting evidence for other species in the backward decay beamtunes and the 5-point coin-
cidence used in the SciCross-LaBr compound detector for the energy measurements. The vertical
energy dispersion of the uE1 beamline needs to be studied further in order to avoid unknown sys-
tematics in the final EDM measurement. Similarly, dipole scans also need to be performed at a later
date if the 0gs and Oy5 phase space parameters are to be estimated and understood for the final
EDM measurement as discussed earlier in Section 4.1.6. Another potential source of systematic
error is the hysteresis error of the beamline magnets which was not estimated during the analysis
due to lack of data.

The time-reversed propagation of the phase space observed at the SciFi detector was performed
analytically for the last 2 quadrupoles and subsequently reproduced in all 3 of the simulation soft-
ware programs used. Using this result, the full HE1 beamline can be modelled and then used for
time-reversed propagation of the phase space through the whole beamline in order to extract the
input phase space. Once performed successfully, this input phase space along with the simulation
of the full beamline can then be used to optimize the muon beam for phase 2 of the yEDM exper-
iment. These full beamline simulations have already been set-up to a large degree and uploaded
to the uEDM GitLab repository for future work with the modelling of the bending dipole magnets
remaining as one of the major hurdles to overcome, especially so in the case of the ASK82 magnet
which possesses a weak focussing fringe field component which needs to be modelled with care.
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8 Conclusion and Outlook

This thesis successfully characterized the 6D phase-space of the uE1 beamline at PSI in its Z-
configuration for 100 MeV/c and 125 MeV/c backward decay muon momenta in addition to the 4D
phase-space measurement of the 140 MeV/c forward decay muon momentum. The backward de-
cay beamtunes were modelled using 3 different simulation software programs (Transport, XSuite
and G4Beamline) and it was found that the XSuite simulation agreed with the results from data
analysis the closest.

Owing to high rates, high muon momentum and low emittances, the 125 MeV/c new beamtune
presents itself to be the best candidate for the future ytEDM phase 2 measurement. It had the
highest muon rates compared to all the other beamtunes in the Z and U-configurations of the uEI
beamline, and the 125 MeV/c momentum muons are obtained from 216 MeV/c pions which is close
to the highest possible pion momentum selectable by the uE1 beamline’s magnets (220 MeV/c pion
momentum being maximum). The beamtune can be optimized further using simulations set-up in
this thesis (Section 6) as well, however further studies need to be conducted to conclude if it is
indeed the best possible option. The use of the Z-configuration in general is supported by the fact
that lower emittance values in both the horizontal and vertical directions were observed for all
beamtunes when compared to the their U-configuration counterparts (Section 7).

It is important to note however that non-zero vertical energy dispersion was found in the 100 MeV/c
beamtune studied in this thesis which was unfortunately the only beamtune for which the vertical
energy dispersion’s data was taken. It is favourable to minimize energy dispersion (which is the
dependence of muon energy on the transverse axes) on both axes in order to attain higher accep-
tance, and thus better statistics, for uEDM experiment. The existence of a vertical dispersion in the
data is probably owing to the decay of pions to the observed muons in the decay solenoid present
upstream of the QSK81 quadrupole magnet in the gE1 beamline, however further studies need to
be conducted in order to not only confirm or rule out this hypotheses, but more importantly to also
get a better grasp on the vertical energy dispersion of the gE1 beamline in order to better estimate
systematic errors for the final phase 2 muon EDM measurement.

In conclusion, the characterization of the (E1 beamline in the Z-configuration performed in this
thesis will not only help the ytEDM experiment plan and prepare for phase 2 of the experiment,
but will also help any future experiments that seek to use the Z-configuration of the uE1 beam-
line. Going forth, the modelling of the entire HE1 beamline will be required, the bulk of which
has already been set up in the 3 simulation software programs used and uploaded to the tEDM
GitLab repository. The modelling of the two ASK bending magnets stands as the final hurdle to be
overcome in the quest to fully characterize the uE1 beamline at PSI, and efforts to do the same are
underway. The next steps of the HtEDM experiment will be to carry out the testing of the various
parts of the phase 1 apparatus of the experiment during a beamtime at the end of 2025, followed by
the muon EDM measurement at an aimed sensitivity of |d, | < 3 x 10~2'e.cm during phase 1 of the
UWEDM experiment, which will be commissioned in 2026. The precession signal from the muon
g-2 is also aimed to be measured during the 2026 EDM measurement in order to tune the electric
field central to implementing the frozen-spin technique. The results from this thesis are already
informing the ongoing planning of phase 2 of the tEDM experiment which aims to measure the
muon EDM at a sensitivity of |dy| < 6 x 10~23¢.cm in the 2030s.
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