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Outline

* Physics motivation and current status

* Frozen-spin muon EDM search at PSI

* Principle of the measurement
* Current status

* mMmukEDM collaboration

* Summary and outlook
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Physics Motivation for EDMs

Why are EDMs interesting to measure?
* A search for new physics which is “background-free”
* The contribution from SM’s CKM matrix is too small (de ~ 10-44 e cm)
* Many BSM models predict large EDMs
* Complementary to LHC searches when BSM are found

* Baryon Asymmetry in the Universe (BAU) requires more CPV
 EDMs are good probes of BSM CPV

* |n some BSM models, muon g-2 and EDM are connected!

* Once the muon g-2 discrepancy is confirmed, the corresponding sighal may
show up in the muon EDM searches
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Current status for muon EDM

» Standard Model prediction

« CKM contribution: d/fKM ~ 107 e . cm PRD 89 (2014) 056006

* EXxperimental bounds

. Muon: deP <1.8%x1070Pe-cm (95% C.L.) BNL Muon (g-2) collaboration, PRD 80 (2009) 052008

+ Electron: d*** < 1.1 x 107 e-cm (90% C.L.) ACME collab., Nature 562 (2018) 355

e Indirect bounds

m, - PLB 500 (2001) 161
. Minimal flavor violation: |d,| = —|d,| <2.3X 107" e - cm NPB 645 (2002) 155
H m JHEP 08 (2014) 019

€

+ Decoupled e-p sector (EFT): |d,| <0.9x 107" ¢-cm PRD 98 (2018) 113002

+ EDMs of heavy atoms: |d, | < 2 X 107 e . cm PRL 128 (2022) 131803



Muon specific 2HDM Radiative muon mass model
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BNL/Fermilab Muon EDM search

* Three approaches from BNL/FNAL experiment:

* Vertical Angle Oscillation (Tracker)

TDLI Muon Group

* Vertical Position Oscillation (Calorimeter)
Is leading these efforts

* Vertical Phase Gradient (Calorimeter)
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Can we going beyond 10-21 ¢ cm?

* How can we improve the sensitivity of the muon EDM search?
* In the parasitic approach, the tilt angle is the limiting factor

* For an EDM below 10-21 e cm, it will be very challenging to measure this
small angle (multiple scattering effect + systematics like alignment)
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The “frozen-spin” technique &) LALAET

Wa : -2 wn: EDM
 Developed in 2004 for the muon EDM search (PRL 93 (2004) 052001)

* Freeze g-2 component by applying a radial E-field of ~ aBcBy?
— NO anomalous precession In the storage plane

— EDM causes an increasing vertical polarization S,
ﬁ?tum 1 | _W |

H| m =3
0 | > 4
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Principle of the FS-EDM measurement

* Up-down asymmetry measured using upper and lower detectors

Upper detector

¥° / ndf 133.17 147

f——

—r

= ' | 2
% | P,=100%, N=5.0x10° Z,_.b 01666?)(7::) . fl}’ au
s ;-— - d,=1.8x10"" ecm o, 0.1896 + 0.0011 O-(du) -_—-— -
\\ / "3*0.5— ¢, -0.006392 = 0.004494 2 P E f\/ N ‘VT u a

o 2 P := initial polarization
g A(t) — Aegsin(wet + o) + Ef - Electric field in lab
<05 VN := number of positrons

7, := lifetime of muon
b S T TR a = Inedan decay asymmetry

Lower detector Time [us]
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Muon EDM search at PSI will commence in two phases:

Phase 1 @ 28 MeV/c

Top View Scintillator
e’ ~
PSC solenoid // Ground -~

T E g w0 coils
° Eﬁ*jﬂ/_ 4 /
7
/ :
\
/ \ |
. \ !
/ \ \ . N
- \ Entr aer \
Magnetic pulse  \ Entrance trigger Strawtubes
coil HV electrode u

d~ 3 x 1021 e cm by 2026

Phase 2 @ 125 MeV/c

&&auu LZ

d~6x10-22 e cm by 2031
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Phase 1 @ ntE1
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Projected Final Sensitivity of 10-23 e cm

Key parameters Symbols Phase 1@ Phase 2 @
yP y 28 MeV/c 125 MeV/c
After collimation _ 1.2Xx105s 1 (e=3%) | 6 x 10° 51 (£=0.5%)
After beam injection _ 2 kHz (e=1.7%) 360 kHz (¢=60%)

Electric field 0.3 MV/m > MV/m

Positron 0.5 kHz 90 kHz
detection rate
Muon decay
asymmetry
Detections (200 days) _ 8.64 x 10° 1.5 x 1012
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The general experimental idea

- Muons enter the uniform magnetic field

- A radial magnetic field pulse stops them within a weakly focusing field where
they are stored

- Radial electric field ‘freezes’ the spin so that the precession due to the g-2 is
cancelled

¢, Injection

), channel o By=3T
.I dete(jpr weaklyfgcusing field Solenoid P £

Y

—— il\ll 88 - |
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HV il LR éy
e g { Ar
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muEDM Precursor at PSI (Phase 1)

Proof-of-principle of the frozen spin technique

Top View Scintillator
e+
PSC solenoid // Ground

Develop key technologies and
design the final instrument

* Full MC model
* Full FEM model
» Analysis and DAQ

* Nested electrode system with a
minimal material budget for the
frozen-spin technique

Front View

Correction

colls

— [
— \
\ —— \
—— |\
A\ ~—— |
-\ _ |
.
‘.‘. ! \
\ \ N
\\ \ ‘\

Magnetic pulse  \ Entrance trigger Strawtubes - Pulsed magnetic field to kick
coil HV\eIectrode muons on a stable orbit

* Injection channel made of a
superconducting shield
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Muon beam injection

Vertical Phase Space
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Muon entrance trigger

Side view

20 cm

Number Detected Optical Photons for 28 MeVic Mucns (10k events)

__~ Light guide

Exit angle cf 28 MeV/ic Muons at Gate Detector (10k events)
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Pulsed Magnetic Field

Top View Scintillator-
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Positron trackers for EDM measurement

 Current considerations:

* Barrel detector made of pixelated
HV-MAPS silicon sensors

* Fast exit signal by scintillators (e.g. fibers)
to lift veto for next muon entrance
(one muon at a time measurement)

Top/bottom

Upper detector

W

— 11147
; B ro 0.7877
¥ | P,=100%, N=5.0x10° A. 01666 + 0.0010 . V4
;‘ - d"= 1.8)(10-'7 ecm . 96 1 0.0011 pOlnt Of decay

\ 0.5 .004494

| \
Ay
(t)=(N (t)-N ()/(

—
/
% AP > t
L 5 10 15 20 _' 25 'V?'T'i"»i:t-,<.. ._"____._:,:.v
Lower detector el N—— 18



Annual beam tests at PSI

« 2019

» Characterization of potential beam lines
¢ 2020

* Study multiple scattering of positrons at low momenta
« 2021

» Characterization of potential electrode material with
positrons and muons

« 2022

* Performance test of entrance/collimating channel

* Performance test of TPC muon tagger/tracker
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* Quadrupole scan technigue was used to determine phase space

Horizontal Phase Space @SciFi Vertical Phase Space @SciFi
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o Study multiple scattering of positrons at low
momenta with using 3-plane MALTA telescope

 Matrix of 512 x 512 pixels -neray specium 865 Mosess
* Pixels of 36.4 x 36.4 um?2 N
e sensor thickness: ~300 pm
¢ e+:20 — 85 MeV/c wor |

* Tested 2 configurations: b N
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Screening electrode materials (BT 2021)

» Characterization of potential
electrode material with
positrons and muons

50 MeV/c < p < 145 MeV/c

Momentum Spectrum

1000

800

600

Carbon foil 17u |

A

400

Frrrrrp e rpr Tl

200

T[]

20 40 60 80 100 120 140
Momentum (MeV/c)
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Beam time (@ PSI in 2022

Gas-tight box
(PMMA) - )

* Muon tagger/tracker (done in June!)

* Track resolution

spacers
resistors)

* Multiple scattering on gas and
windows e

(specific of readout technique: MWPC,
GEM, Micromegas, GridPix,...)

* Muon entrance detector

* Collimation efficiency

* Thickness to minimize multiple
scattering while having enough
light yield

» Specular reflections on scintillators
23



Overview uf Uhw beam profile when fucused al Z=0:

Tianqgi Hu

A

R
n&‘
-~

\A_ -

Folalpoirt Zs Oy Scanat L= 0

+) T T T T
-39 .c' % % X prenhic .
a .- . ‘. Y picfile .
-~ » -
o -4 ’.- -®
- 82 o o™
& R .
- 6d ! . .’
C L
G 3] '. '. - ‘.
= . & ., A
2:) a. .. .. .n

-3 -20 -1C 0 10 20 30

Feaitior, mm

Overview of the profile when focused at Z=216mm:

focal pcimt Z = 24(; ScanazZ2+~0

14 1

X gl e

7 J % Ypmtia e
< a

3 10 /.*\‘ .

S o~ .

ot e ’. -..

2 g * LA

- » -~ - e

? i ;’ * ...-

_;'." 4 o'. a. “a

< o » %%

-40 -30 -20 -10 0 10 2 X 4C

Fesition, mm

Noama Izad counts

Homal 28¢ couns

b’ 4

20
1%

10

- bl w R
I N

o
“

Focal poit is y Scanat L= 24

X protte e

‘.‘0:. Y profle .
& .
o -,
. '
‘.' .. '.
" s

-30 -20 -10 0 1 20 32

T

Pasiticn, mm

Focel painc Z = 24G; Scanat 2 = i40

‘p X profile -
\ Y pronle =
f = P

l’ ." l..
.
» <=
fl ’. .l:.
-.' .. '.0.

-

-40 -3 -20 -10 0 1C 20 30 <0

>
” 'f' ~ e

MNositicn, mm

ot o
levenl
Apaby changes tr al hoarde
L Con b
g . Temr PSPy el Y Quirenl
0D '8 49 mJ )

o

Lrend o— 49 W
Puley:  — & ne
229 m/
D ampryg. W) -

KkheY: 0 re
Frssie 2D suppression

"

A e il g g A A P A A A
e o At S it =
o

1
2
3
- b G Enalle rigoer eutpt
n

TP goomal sun {
Cxurvmi @A .

IO DEDED

Trigaee Patte=

i friwt <t
Gin: [+ d] AN
Mrefig Moy e Mde wﬂf ADC TeC

RadZeu enthie
GUHY AL UL TN

Thamwals taew

Hep o Irpstrmrge: |28V wev 4]

Frsshs calbnbion chxck
Comnet s te cdiD soute
Povercalb. seuxe
roveranperers

o 0 v

b % % 5 5 % 5% 55 5SS LS

~ 8
' a8
+ a
8
‘o
' B

@

lawwd ralomd
4 GEPS At 105 SRS

-
Coser A B axpivy esll
Vavelorm puaskercy: [ 1)

@ Sraw sarfwere ielers
I Luulns

T v

tackerannis- BE 1B
irpee o 0}

TshraChwans

= FFE =

RUTS: (4] X T

A d R

TSUNG-DAO LEE INSTITUTE

Designed and constructed at TDLI

Shipped to PSI (only 3 days)
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Potential systematic effects

» Systematics: all effects that lead to the real or apparent precession of
the spin mimicking EDM signal

* BNL/FNAL EDM searches provided very good guidance:

* Misalignment in fields and detectors
* Variation in detection efficiency

* New type of systematics inclusively for frozen-spin approach

* Derive specifications of all technical designs of the experiment

» Careful analysis of systematics using toyMC and Geant4 simulations

* A recent study can be found at arXiv:2211.13506

25
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Collaboration activities

Kick-off workshop for the search of a muon EDM using the frozen spin [ s d B
technique at PS ——— : CNFN
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Muonphilic dark matter

PHYSICAL REVIEW D 102, 115018 (2020)

Muon g-2 and EDM experiments as muonic dark matter detectors
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Summary and outlook
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» Exciting time ahead as many storage ring EDM experiments (like proton/
deuteron) will come online in the next few years

* Muon EDM experiments are also sensitive to muonphilic dark matter models

* We may have a better picture of the muon g-2 puzzle by then and results from
EDMs will provide complementary information about muon sector BSM physics
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