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® This precession is only due to the magnetic dipole moment

e What if it has an EDM?
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MDM And EDM
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The Frozen-Spin Technique
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(J=» The Frozen-Spin Technique

Muon’s rest frame:

%
I qn | - - Lorentz boosted B field
Wpg=—— | — + B" B - > -
2 C ‘E'B =y c BxB

Bigiel[E=aBcB

For the experiment:
e B=3T
e p: 0(100 MeV/c)
e E:O(1MV/m)
e E0O(1GV/m)
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The Experiment - The Muons

Former Injector 1 Area Phase 1:
® Negative helicity (95%)
p=28 MeV/c

o
® Flux: O(10° u*/s)
e Sensitivity/year < 3x10?' e-cm

4 < Neutron
Cavity Test
Generator
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MuE4

PiM1
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f N" > Phase 2:
e Positive helicity (95%)

e
A% e p=125MeV/c
> o  Flux: O(10® u*/s)

® Sensitivity/year < 6x10%% e-cm

|
- |

Proton Beam Line
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(I-{}» The Experiment - Storage Parameters

WEELGYE
Correction coils focusing coil Electrode HV

|

Injection
tubes

1000 mm ¢

Ad \I h
HJ HH‘H

T T

PSC solenoid / \

Muon track Electrode
Ground

bore

e Using G4beamline and surrogate models, we optimized the storage efficiency of muons
up to ~0.4 %.
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(J=» The Experiment - Parts

SC injection
tube

| Bl

Grounded

J

Tricger \ cylinde
.gg‘ . Magnetic Weakly

scintillator HV cylinder kicker focusing coil

S

Diego Alejandro Sanz-Becerra 7.3.2024 Pagel2



()= Injection Channels

SC injection
tube
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Injection Channels - High Fields

A 6.59

\ | <]
107 W0.0235

-0.5

~—

(@4

e Shield muons during the transport to the
magnet’s bore (B 2 0.8 T) with SC materials.

e SCchannels inside cryostat.

e Simulating different concepts and SC
materials.

* Expected prototype tests this year.

Unshielded and shielded magnetic field intensity (T)

{

0.26 0.28 03 0.32 0.34 036 038 0.4 0.42
z-coordinate (m)
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Injection Channels - Low Fields

Calculator Expressions Plot 2 Maxwell3DDesign1 Ansys
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swodareshold HEE .29 <dlr EnEEn
= 0.75T
&
9
2
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1
1
1 . .
.  Limit of low fields for 3 T (at least
] 1
| 40 cm of SC tubes)
1
]
0.0001 —rm— - ——————————————— :
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* Use magnetic steel to prolong the SC tubes outside cryostat to the beamline window.
e Shield the injected muons to below ~100 mT.
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Trigger
scintillator
S

Trigger Scintillators
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(I{j=» Trigger Scintillators - R&D

piE1, InjR = 40 mm

g 60— ! }En(ries = 31329 B
- 18 b b TAX -373.7
> L ey ool —
15 Std Dev y s
40— —
Ideal muon r
trajectory 20
E i
5 1Y
% —201—
g i
Z i
—40—
Active aperture Sor . A e .
-460 -440 -420 -400 -380 -360 -340 -320
Z [mm]

Thin entrance detector in anti-coincidence with veto-detectors
Meshed array of scintillator strips determine the trajectory of the storable-muons
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(I{Jm Trigger Scintillators - Fast Electronics R&D

15ns
Entrance Detector S 60 ns 20ns
(scintillator) A
switc AV A .
: (Pulse generator) \,__\ Pillse-Goile
Active Aperture Trans. Line . N
(scintillator) Magnetic-kicker
vacuum vacuum

* The trigger signal has to reach the Magnetic kicker within O(100 ns)

e Custom electronics with 3 ns discriminator and 2 ns
pre-amplifiers and splitter.
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Trigger Scintillators

Magnetic
kicker
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o [{J=» Magnetic Kicker R&D

* Magnetic kick generated by Anti-Helmholtz coils.
* Segmented into quadrants to reduce inductance:
— Lower driving voltage.
— Faster pulse.

P téype
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(IF{}j» The Measurements - The Signal

Upper detector

¥? [ nai 133.1/147

éﬂ 1,_ Prob 0.7877 Nu - Nd
% | P,=100% N=50x10° A, 0.1666 = 0.0010 =
;:» I d, =1.8x10" ecm 0.1896 = 0.0011 NU + Nd
340.5— \ 5 -0.006392 = 0.004494

0 \ / = Ao = 20w
2 o) =——| =a

X& el 11 O¥ Ot Iy,
// \ S | h 1
< 05 04, =
— 3 £ [ # 2cBBaP yr 4N
I R R I P: Initial polarization

Lower detector E,": BBy (Boosted B)

{
{
® N: Detected positrons
® T: Muon life-time

{

_ _ a: Analysis parameter
 Asymmetry precession due to EDM is too slow.

* The change of asymmetry with respect to time is relevant.
* The sensitivity is optimized by maximizing avN: (Figure-of-merit)

Diego Alejandro Sanz-Becerra 7.3.2024 Page22



PAUL SCHERRER INSTITUT
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u
Fractional positron energy E/Emax

Counts oscillate between the red curve and the blue curve.

Counts above a threshold would give the g-2 oscillation signal.

Increase the electric field until the g-2 oscillations “freeze”

per ru*d

uoissadaud g-3 01 anp 9|3uy

(= The Measurements - Freezing The Spin

BO
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R Bl A o e Rttt (A x N)
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Angle due to EDM precession

Low sensitivity working point: Negative helicity.
High sensitivity working point: Positive helicity.
— The configuration for phase 1.
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(5= The Measurements - Measuring The EDM
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(J» The Measurements - Sensitivity

We studied three methods with different complex’j)ty:

1. Simple: Use all measured events. d,=———A
2cfBaP
2. T-Method: Count events only over a threshold that maximizes the FOM. d,= ———— A,
2cpBaP
Threshold
31 — N (uo) :fulo N(u)du
1.5 = A(uo) = (OvA)u,
— 10 x AVN
2 82
§ 1.0 1 5
& £
< 0.5 < 1 A
00 3
T T T T T T 0 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Boosted fractional energy E/FEyax
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(J» The Measurements - Sensitivity

3. W-Method: Weight the measured events for each voxel in energy and direction.

1 -
7r B =0.256 0.10
=7 V=0 . = .4/ .
L :Tl():Lg =10;Ls = 10 WI = NI
V(0 Ai)? x Ni= 0.281
0.08
0.7
< -
2 -0.06
e0
Z 057 W=
= -0.04
=
0.25 7 1
A 2
0.0 . —l .
d, = >
- 2cBBP W,
T T T T T T 0.00
0.0 0.2 0.4 0.6 0.8 1.0

Positron energy, E/Eyax
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(= The Measurements - Sensitivity

Phase I Phase Il

Method
FoM FoM
Simple 0.17 0.17
T-method 0.22 0.18
W-method (20x20x20birs) 0.29 0.28

The T-method is considered good enough for phase 1, but not for phase 2.
The W-method is considered for phase 2.
— Strong requirements for the detectors (momentum resolution, and good tracking)
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LATEST PROGRESS
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Test Beam-Monitor detector.

Test Entrance detectors.

Test the injection of 28 MeV/c muons
at low B fields.

Test control of the momentum under
external changes.

Upstream
— Systematic effect detector

module

PS5 Latest Progress - Test Beam 2023

Tubes holder

Dummy tubes

PSC Magnet

Downstream
detector
module

Tubes holder

Beam PSC Magnet
vacuum Injection tubes sliding base
window

Fixed rails base Dummy tubes
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(5] Latest Progress - Beam-Monitor

e Obijective:
— Align the beam with the injection channel.
— Monitor the stability of the beam (e.g. during

change of B-field direction).

* Tests:
— Performance of different detector geometries.
— Stability under external changes (e.g. position)
— Sensitivity to beam displacement.

188 mm i «63mminx

uuuuuu

2 2 38 38 2 2 65 65

2 2 2 n2n2n 32 2

Displaced beam position

uuuuuuu
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Latest Progress - Entrance Detector

deltaTimeHist_min

1400—_ Entries 21350
C Mean 1.04e-10
1200/— Std Dev 4.846e-10
- ¥2 / ndf 822.2/38
1000[— Constant 1291+ 17.9
eoo: Mean 1.19e-10 + 3.11e-12
- | |Sigma 3.1e-10 + 3.0e-12
600
400—
200/—
0 - Lovvs by v by vy X10_9
A -1.5 -1 -0.5 0.5 1 1.5 2
TOF [s]

. n
O Detettor o

23747013

5

* Benchmarked different scintillators for future use as trigger for the magnetic kick.
e Obtained timing resolution on individual muons of ~300 ps.
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* False EDM-like precession (QQo<c3xE) due to
non-zero longitudinal electric field (E ):

1
_(ZPEZ = —i (CL— —)69E27

mc ~v2 -1

* One of the criteria to cancel the false signal:
— Momentum distribution for clockwise
(CW)and anticlockwise (CCW) injection
should be “equal”.
— CW and CCW injections achieved by
inverting the B field.

jeX

~—

[(J5{Jm Detectors Tests - Injection And Systematic Study

10~2
107° 4 Momentu

{.difference |
10—4 .
10—5 .

po = 28 MeV/c

1 |Ap=0.5%

106 E
107 1072 10 10°

OFY — OV, rad
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(-F{J» Detectors Tests - Injection And Systematic Study

ToF histogram DS: 100 um US: 50 um

@ O 102
L% - ;_ —-750 mT
3+ = ( 4
- ——+750 mT 107° § Momentu
i 1 difference
10° = e j Sy P VTITH BRRP
i K
- \N 10—4 -
i &3]
1025—
- 1075 -
10 ] po = 28 MeV/c
- ‘ ‘ ’ 1 |Ap=0.5%
1—— 1076 4 |
WILT, 10-3 102 10-! 10°
16

8 30 32 cw __ FHecw
Time of flight, ns PG — P57, rad

» Agreement of the ToF spectra for positive/negative B field configurations within 0.2%.
« Momentum control better than 0.5%: Necessary condition to avoid false signal from EZ¢O
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(= Outlook

Study possible effects of magnetic kick on the
positron detection.

Characterize muons trajectory.
Test cryogenics and SC tubes.
Precise mapping of the magnet’s B field.

Stop muons in orbit with magnetic kicker.
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Backup
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(15}~ MDM And EDM

(@
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H=9 S d=n s
2m,cC

¥ d S B —dS-E _,US'B

parity |+ |+|+]| - |[+[(++-) =—|(+++) =

time |+ |+ - (+=+)=—[(+-—) =

charge| - | - |+ - (—+)=+[(—+-) =

charge & parity|- |- |+ (—++)=-|(-+-) =
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A(T,® =1 7)
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B

> center of curvature

(longitudinal) A

oY
\
\
\

A

(azimuthal)

(radial)
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Emission angle 6, rad
O

[(ZJ» Minimize The Uncertainty - Sensitivity

171 0.10
0.08 Wi = o N;
0.75
[ 0.06 |3
057
W= Z:Wi2 = Zaiz Ni
0,04
i i
0.25 7 -
0.02 ,
Aj
ho X Wi
(o dﬂ = 5
0.00 2cBBP W,

0.0 0.2 0.4 0.6 0.8 1.0
Positron energy, E/Eyax

Binning in energy and direction.
The W-method is preferred, which imposes strong requirements for tracking and
momentum discrimination of the detectors.
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0.75 7

0.5 7 1

Emission angle 8, rad

0.25 7 A

£ =0.764
=0 ¥v=0
L, = 200; L = 200; Ly = 200

\/W:I 0.290

0.010

0.008

- 0.006

-0.004

0.0 0.2 0.4 0.6 0.8 1.0
Positron energy, E/FEyax

0.002

0.000
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L e e A
8 = 0.256
=7 T=0
Lu = 200; Ls = 200; Ly = 200
\/Ei(a‘yA.i)z X [\I'i: 0.290
0.75 7 A
]
&
-
-
2
=
g 057
=
S
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o2
g
=
0.25 7+
0 7 -

0.007

0.006

- 0.005
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- 0.003
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E [ — Shielding [1] vs. Distance [meter]

6 ﬂ
5
4
e 3
e}
o
=
7]
2
1
0 \
0.2 0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1

Distance [meter]

e Operate magnet at a field high enough without saturating the injection tubes
e Shield the injected muons to below ~100 mT
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Z [mm]

(HJ=» Optimize The Experiment - Numerical Methods

150
Trajectories along the magnet’s
100 axis for different injection
positions
50
—— mZ = -434.5 mm
—— mZ =-434.6 mm
0 mZ = -434.7 mm
—— mZ = -434.8 mm
—— mZ = -434.9 mm
_50 —— mZ = -435.0 mm |
—— mZ =-435.1 mm
— mZ = -435.2 mm
A mZ = -435.3 mm 100] ottt et
mZ - _4354 AT - .-o‘.:-‘:‘ LSRR T ol h el ot _.'.::‘
mZ = -435.5 mm 5 £
-150— . . . : , . , 1501 3
0 250 500 750 1000 1250 1500 1750 i
t [ns] 145
* Highly restrictive parameter space for successful injection of 140 BRSNS
Seore .'”'.'.g L TN g
muons. 135/ ¥% ..',.-.is_ 2
* Need for efficient methods to sample the parameter space 130/ *
. . 0 500 1000 1500 2000 2500
and generate estimations. Sobol Dist
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True values of the fractional success rate

Optimize The Experiment - Preliminary Result
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0.0035

0.0030

0.0025

0.0020

0.0015

o
o
o
et
o

0.0005

0.0000

PCE prediction

Perfect prediction, x=y

i
.g‘a.“o .
ness
oy
2

o™
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o =

e
7
)
o

0.0000

0.0005 0.0010

0.0020 0.0025 0.0030 0.0035 0.0040
Predicted values of the fractional success rate

(@4

6" degree polynomial-chaos-expansion surrogate model performs well for predicting the

efficiency.

Using optimization based in Genetic-Algorithm, found experiment parameters for storing

0.4 % of the injected muons (0.47% with G4beamline)
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15ns

(= Fast Electronics Deve

Entrance Detector

(scintillator)

Active Aperture
(scintillator)

vacuum
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< 60ns

HV switch
(Pulse generator)

Pulse Coils

Trans. Line

Magnetic-kicker

vacuum

= 47F
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Of——¢— sHON# FE 4 38010SG
¥ .89%
5 VIN sw :. 3883
CTT615IS5#TRPBF n
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g
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w1

RMS Angle [deg]

5/ T T
1
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0:100 ~— 0.1mm
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0.010
0.005

0 20 40 60 80 100
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o= ] e
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<]

Radial Field B, [ T/A]

dp, _ epdB
dz 2 dz

> € , =
p(t) — }/_mp X Bpu]se(t)

° e g A
= p(1) = y_mp(ﬁBpulse(t) P
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(= Magnetic Kicker R&D

PULSE(O S 80n 5n 5n 245n 20u 10)
model sw sw(Vt=0.3)

R30
{RLTRA}
CoaxLineB1 l °
= T
LTRAT Cd1 [T LTRA3 H
I w13 fea] e 200 | ;
{RLTRA} RLTRA} ra1|  {RLTRA} :
{Rd 1
1
1
v ~ e — 150 I 1
< i
Jtran 1p 25u 0 10n ° . . 1
‘param'Cap 205 Ideal-Switch Capacitor Inside o i
g gt v P = .
= casn, Charging Circuit Solenoid ¢ o !
aram haitbore 08" ‘ l I ’ . Quadrants 2 & 3 . ~—~ 100 i
.param Cc 0.2n (simplified ion of pulse g b= I
.param Rc 40 (=
‘param Cc2 0.4n for prehmmary testing of load response) (7] !
“param Rc2 80 = i
“pacorn BLTRATIG R27 Vp4 PULSE(O 5 80n 5n 5n 2810 20u10)  g3s =) H
+ | R40 [&] 50 1
{RLTRA} | {RLTRA} = !
PowerLined % BRAka CoaxLineB4 o0 1
Lpowerd R22 &) ‘ A H
5 Y 1
1o LTRAT 7k s o [Cmaz Co4 [ LTRA3 {Lauad}; L !
va R28 (cel 1cdi R36 . !
: {Re2) - Coil Quadrant 04
v {RLTRA} R26 AA rda| (RLTRA} !
Rser=1 {Rc} RLTRA} {Rdj T
-FCcz) LYz 0 100 200 300 400 500
< ' o time [ns]
.model LTRA1 LTRA(R=0.01,C=95p,L=27 1n,len=2) Da mping Capacitance of
oI G S S St e s
L Sial parallel plates

e 200A-35ns FWHM pulse.
* Prototype under development for testing in summer.
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(5] Latest Progress - Test Beam 2023
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(= Status And Outlook

» Study possible effects of magnetic kick on the
positron detection.
» Stop 200 MeV/c pions inside 3 T field.
— Uniform distribution of positrons from
muons at rest.
— Hexagonal-tiling scintillating detectors
before and after the stopping target.
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