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Muon beams at PSI

590MeV proton cyclotron 2.4 mA, 1.4 MW

Muons produced from pion decay on two
graphite target wheels provide to different
muon experiments (MEG-II, Mu3e,
MuEDM, MuSE, pSR,...)

World’s highest intensity (> 1x108 y/s) DC
beam of surface muons (~29 MeV) beam

High Intensity Muon Beam (HIMB)
upgrade (27/28):

New target station and large aperture
solenoids to deliver up to 1x1079 y/s to
future muon experiments.
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The mu3e experiment at PSI
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Charged Lepton Flavour Violation in Muon decays

Heavily suppressed in the SM due to low neutrino mass.

| | 3a Am
Br(p — ey) = o Z UliUei——

=23

Any observation of CLFV is evidence of NP.

Charged lepton flavour violation can appear naturally in NP theories.
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p~ DECAY MODES

CLVF up-decay status

Mode

CLFV muon decays, thanks to simple SM decay modes and
long lifetime, offer a sensitive probe for new physics.

If charged lepton flavour is violated, we can see the muon decays:
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MEG-II (PSI) SINDRUM I1 (PSI) SINDRUM (PSI)
BR < 1.5x10°13 BR(i Au — e Au) < 7.0x1013 | BR < 1.0x1012

New experiments will push the sensitivity for these branchings ratio

by up to four orders of magnitude over the next 5-10 years.

Reach for NP up to O(PeV) mass scales.
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The search for the u1 — eee decay

Experiment requirements:

Signal events

3 co-incident tracks from a single vertex (ete*e™)
* Xp=0,YE=m,
Backgrounds:

Michel decay with internal conversion
Sl BR(ut — etete Vi) = 3.4x10°
—>YXE<m,

Accidental backgrounds:
dominated by a Michel e™ and an
ete™ pair from a Bhabha

scattering second Michel e
—>XE#+m,
— not co-incident & )

— no single vertex <«
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High intensity muon beam (1x108 —

2x10° p/s)

High rate capable detectors

Branching Ratio as a function of cut on m - E..

-

=
-
X}

u—) eeevv back: ound
R V Konopllch
PRD7 (2009);

=
e

i)

o

o 13
£
=

2

E1

m

m, - E,,, (MeV)

Excellent momentum resolution for low
momentum electrons (1022 MeV) — o(E) < 1
MeV

DC muon beam
Excellent vertex and timing resolution
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Mu3e shares the me5 beamline with MEG-I| =y . K

getE

Inside the 1T magnet up to 2x10° y/s are stopped on thin mylar target. [

Split Triplet

Recurl pixel layers

T ITTTTTITITITI I

Outer pixel layers

Electrons and positrons are tracked through the inner, outer and recurl layers of the HV-MAPS MuPix tracker
Ultra low mass tracker with ~0.1%X, per layer. (50-70 ym sensors, low mass supports, cooled with gaseous Helium)

Electron and positron timing is measured
with the scintillating fiber and tile detectors, both with SiPM readout.
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Mu3e status

Construction of the mu3e experiment is ongoing.
Cosmic and beam runs with a partial detector have
taken place in 2024 and 2025.
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Mu3e Schedule Tentative S

Mu3e Schedule 5

= [

Minimal Configuration (commissioning) T

Phase-0 run 2026 Production Outer Pixel Central ;
First Mu3e physics operation in 2026. e o e T e 5
. . Phase 0 data taking =
- Full central detector + one tile station Production Outer Pixel Recurl -

Consolidation (HW & SW)
Phase | data taking

- Substantial improvement on Sindrum limit (10-12)
based on weeks of data.

Recurlpiellayers | Mu3e Phase 9 10° muon stops/s
Phase-1 run 2028-2030 T ——
Complete phase 1 detector with recurl SPRONTES
pixel layers and tiles Sy A—— o5% C.L.
Sensitivity to BR(u—eee) ~ 2x10-1° \ /%= Mu3e phase-0

60 80 100

Phase-2 (>2031) experiment Data taking days

- 2x10° y/s after PSI HIMB upgrade

- Upgraded detector with extended acceptance and fast silicon to
control higher combinatoric backgrounds

- Sensitivity to BR(u—eee) ~10-16
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The MuEDM experiment at PSI

PSI Proposal No. R-21-02.1
Measurement of the Muon Electric Dipole Moment

tzerland

ted Kingdom

is, T. Teubner, G. Venanzoni,

F. Trillaud
UNAM: Universidad Nacional Autonma de M

B. M
TUM: Technical Univ

F. Rer C
and INFN of Roma,

A. Adel
W. Erdmann
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====- d, and d, limits extracted from d, under
Minimal Flavour Violation assumption.

Motivation

Fundamental particle electric dipole moments

« SM EDM value is small and out of reach of current
experiments.

* non-zero EDM is direct evidence of NP (violation of
CP)

_d, limit from higher order loop
contribution to d, (without MFV
assumption)

EDM Limits (e*cm)

Why muons?

* Precision at which electron, proton and neutron
EDMs have been studied is hard to reach, but a big
improvement is possible and will cover substantial
NP phase space.

e Non-zero muon EDM is evidence NP and violates
both CP and flavour universality

 In EFT the electric dipole moment and an NP
contribution to the anomalous magnetic moment
are linked via the same Wilson coefficient.
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Results / projections from g-2 experiments
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electron
neutron
proton
muon
mercury
Xenon

arXiv:2102.08838

®TF o

1980 2000
Year of publication

e BNL g-2 experiment: |d,|< 1.9 x 10*°e.cm (95% C.L.)

FNAL g-2 experiment: [d,[ <1 X 10%°e.cm (95% C.L.)

JPARC-E34 g-2 experiment: [d,| < 1.5 x 107?* e-cm (95% C.L.)

PSI muEDM experiment (Phase 1): [d,[ <4 x 10?1e-cm (95% C.L.)
PSI muEDM experiment (Phase 2): |d,[ < 6 x 107 e-cm (95% C.L.)

Indirect muon edm limit from electron edm limits (without assuming minimal flavour violation!)
(Muon EDM induces electron EDM via higher order loop diagrams)
Idu[ < few x 10?°e-cm (depending on the calculation and e electron edm data used)
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Muon electric dipole moment in g-2 experiments

General expression for the spin precession (Thomas-BMT equation):

. -2

Anomalous Magnetic Moment term (a = gT)
. . nqh
Electric Dipole Moment (d = i

In g-2 experiments:

« BIBLE (B.B=B.E=0)

R

To measure the muon EDM

» The g-2 precession causes the spin to rotate in the plane of the muon orbit.

i 2d,fem’
¢ = atan

» Al non-zero EDM causes an additional spin rotation out of the orbital plane. ¢

« The combination of the two rotations causes tilt in the precession axis at a fixed (very
small) angle with respect to the g-2 precession axis of the orbital plane.

A large enough tilt leads to an observable up-down fluctuation with frequency ~w, (and phase shifted by 90°) in the rate
of emitted positrons from the anti-muon decay. d, can be extracted from the amplitude of this asymmetry.
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Muon e.d.m with the frozen spin method

=l

BLBLE (B.B=gB.E=0)

With a radial electric field (E =aBcfy?)jthe g-2 precession

can be removed, so spin stays alighed with the momentum
(frozen spin)

This leaves only the EDM spin rotation out of the orbital
plane. This now continues to build up over the entire
lifetime of the muon.

P, =100%, N =5.0x10°
d, =1.8x10" ecm

Note that for d, less than current limits
We will see no oscillation, only a slow rise.
(figure shows effect for d, =1.8x10" e.cm)

 Asymmetry A()=(N, (N ()N, ()+N ()
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The muon storage and detection cycle

. _ o Xperiment concept Front Vie
» ke Top View ront View
Phase 1 experiment f s PV _ Scintillating fibers (mirrored, zoomed)
G Correction
PSC solenoid  / coils ~~ - Decay positron -

. Water cooled _ : ; _~ Ground shell —__
Magnetic correcting coils ’ ’ -

Kicker = _Cryoshield /
1 [ (50K)
,—+ Cryocooler
(5K)
—t SCshield —\_

electrode | S / | Muon end Magnetic pulse', Entrance trigger Scintillating fibers

.. Muon monitor
HV electrode and start detector

focusing coil | . detector coill

Storage and detection cycle

 Muons enter magnet through clockwise or anti-clockwise SC channel.

* Entrance trigger selects 23 MeV muons and triggers ..

Kicker coils, remove longitudinal momentum

Correction and focussing coils ensure muon is stored in central orbit
Positron detectors measure in/fout (AMM) and up/down (EDM) asymmetry
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Development and construction
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Experiment programme

Phase 1 (2025-2026) 23 MeV muons, B~25T,  |EEEEUEETE

= - hours days
=2 = — Initial mounting and alignement 48
g. ﬁ/ |O_| ﬁ|_+1 Beam tuning i 12 III
asure spirz 72 L[]
2025 MUEDM teStbeam I'r‘rmiwF--r:'frlal'cr:-lr1-.n1|~=‘-'|r;r1 ===
. . Modification to musR stopping target ..-
« Commission entrance detectors and demonstrate [ ]
Measure musR spin orientation ..=
Modification to magnetic pulse ..
muon storage Measure stopping eficiency T
. . madify to SciFi tests
» Verify positron detector performance Measrue Scifi performance !!!
Unmounting

2026 physics Run total days

* Frozen spin demonstration: measure g-2 and demonstrate it can be
switched off with the appropriate electric field

- Possible first d, measurement with sensitivity o(d,) ~ 3 x 10-?’ e.cm

Phase 2: Dedicated high sensitivity experiment after PS| HIMB upgrade (>2030).
125 MeV muons, B ~ 5TeV, E ~ 8MV/m, 3./ |3| |§|=-1
Upgrade of Phase 1 experiment based on R&D work and lessons from phase 1

A key limiting factor is the electric field (>8MV/m challenging in segmented thin electrodes)
Target sensitivity: o(du) ~ 6 x 1023 e.cm
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Optimizing the measurement

Scintillating fibre positron tracker measures the positron angle and momentum.

g-2 precession: optimization of the positron sample best use to tudy g-2 (and
demonstrate the froze spin effect). number asymmetry depends on poritron
momentum.

g-2 precession: A
number variation /"
Vs positron /

Demonstration frozen spin effect: exploit variation of rate as a
function of positron momentum and angle to measure (and then
remove) g-2 precession.

momentum

Phase 1

f=-0.256, 5(t = 0)=[0, 0, 1]

d, measurement: optimization of

momentum and angle selection to

maximize the slope of the up-down
asymmetry.

{6;) [rads]

z
g
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s
2

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8

Fraction of EDM oscillation period Encgl Fractional Lab Frame Energy (A)
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Summary

Looking forward to the start of physic operation in 2026 for both the Mu3e and
MuEDM experiments.

First physics results expected from 2026 operation.

Both will reach their full targeted sensitivities in the first half of the 2030’s with
sensitivity on the Muon EDM and the search for the CLVF decay u — eee will be
improved in steps with ultimate improvements of around four orders of magnitude
compared to today’s limits.
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Summary

Exciting muon precision physics programme. | discussed only g-2, EDM and lepton flavour violation
(there is more).

Sensitivity on the Muon EDM will be improved in steps with ultimate improvement of nearly four
orders of magnitude possible from a dedicated experiment.

Current experiments and experiments under construction will improve sensitivity to charged lepton
flavour violation in muon decays by up to four orders of magnitude.
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