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The role of the low energy precision physics

The Standard Model of particle physics: A great triumph of the modern physics but not the ultimate theory
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Low energy precision physics: Rare/forbidden decay searches, symmetry tests, precision measurements very sensitive tool for
unvelling new physics and probing very high energy scale



Charged lepton flavour violation search: Motivation

Neutrino oscillations: Evidence of physics Behind Standard Model (BSM). Neutral lepton flavour violation
Charged lepton flavour violation: NOT yet observed

An experimental evidence of cLFV at the current sensitivities will be a clear signature of New Physics

e SM with massive neutrinos (Dirac) BsM
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MUuEDM dedicated search: Motivations

 Baryogenesis, the creation of more matter over anti-matter, requires additional CP violation (CPV) beyond the SM (BSM)

 EDMSs of fundamental particles are intimately connected to the violation of time invariance T and, through the CPT Theorem, the combined symmetry of
charge and parity CP

* These additional CPV underlying interactions would also result in Electric Dipole Moments (EDMs) of fundamental particles at the current experimental
sensitivity, well above the SM predictions

A permanent EDM requires T violation,
equivalently CP violation by the CPT Theorem.

Current upper limits on B; ¥
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Muon beams worldwide
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Muon beams

Dedicated beam lines for high precision and high sensitive SM test/BSM probe at the world’s highest beam
intensities, proper (DC or pulsed) time structure, w/o polarization, optimal phase space

~

R oo ws DC or Pulsed S
\ \bea‘:ﬂ,t‘:‘,qs—’:\/// S0 s
« DC beam for coincidence « Pulse beam for non-
experiments coincidence experiments
e U—eY, u—eee « [L-& conversion
@ JPARC,
@ PS| FERMILAB

~20 ns 1-2 ps



PSI's muon beams

— Conventional muon beamline —

proton beam

Ex. J-Parc MUSE
1000 kW proton beam
20mmt graphite target

capture magnet

graphite
cal o _[ . r\bend (7 selection)
TN
Proton beam decay volume
loss ~ 5%

bend (1 selection)

to neutron facility

 Thin target (~ 20mmt)
 Small solid angle

* Separate pion and muon momentum selection
(obtain highly polarized muon beam)

u+/-

cloud muons
pion decay-in-flight

Spin vector

A protons

u+

surface muons
stopped pion decay

V

Momentum vector

Muon beams: secondary beam lines

Low-energy muon beam lines typically tuned
to surface-pt at ~ 28 MeV/c

Note: surface-py —> polarised positively
charged muons (spin antiparallel to the
momentum)

Contribution from cloud muons at similar
momentum about 100x smaller

Negative muons only available as cloud muons
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PSI's muon beams

— Conventional muon beamline —

proton beam

Ex. J-Parc MUSE
1000 kW proton beam
20mmt graphite target

arvamihfte capture magnet

target

| bend (m selection)

B 8

Proton beam
loss ~ 5%

to neutron facility

decay volume

bend (p selection)

muon

 Thin target (~ 20mmt)

 Small solid angle

* Separate pion and muon momentum selection
(obtain highly polarized muon beam)

e PS| delivers the most intense continuous (DC) low momentum (surface) muon beam
in the world up to few x 108 mu/s (28 MeV/c, polarised beam (Intensity Frontiers)
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How the beam intensity can be increased...

3. “at the beam line” =
| |

e == Neutron spallation |\ |
* source SINQ
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experimental hall

— ectorl'
724 leV

SN

sl |

"‘|'|, Secondary
% beamlines

4-* cyclotron
590 MeV

: Q r‘W
Muon & Pion J
experimental hall =

| Ultra cold neutron
source UCN

Proscan — —

cancer the

rapy

at the source” 2 at the target production”

12



The HIMB (High Intensity Muon Beam) project at PSI

Graphite Graphite

Aim: O(101° muon/s); Surface (positive) muon beam (p = 28 MeV/c); DC beam New Target Old Target
Target: alternate materials (B4C and Be>C show 10-15% gain) and/or geometry
(up to 60% of gain: Graphite Slanted target)
Beam line: high capture efficiency and large phase space acceptance transport  otons
channel
Slanted target test successfully done and installed as “default” target since 2020
Increase surface muon rates (30-60% increase depending of the beamline) TQE 1.2 x 101 ut/s Source 1.3 x 10" u+/s ‘ TQM*
Increase safety margin for “missing” target with the proton beam -
PSI Long shut-down: 2027-28. HIMB from end of 2028 7.2x10° ut/s 3.4 x 1010 /s %
C ~ 6% Captre & _26%

Existing uE Pr?pos.gd
beamline | EO eml).'
| Gain due to high capture eamline

and transmission efficiency

Fi; 5x 108 u+/s 1.3 x 1010 |J+/S =
L T~7% Transmission T ~40% f
Total ~ 0.4% Total ~10%
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The muCool project at PSI

Aim: low energy high-brightness muon beam

Phase space reduction based on: dissipative energy loss in matter (He gas) and position dependent drift of muon swarm
ncrease in brightness by a factor 1019 with an efficiency of 10-4

_ongitudinal and transverse compression (1st stage + 2nd stage): experimentally proved

Next Step: Extraction into vacuum

Detector 2

15t stage 2" stage In gas: collisions ik 3

with frequency fcol Transverse 13
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J-PARC muon beams

- Bunched 8 GeV protons

extracted from the Main Ring and
H-Line, delivered to the pion target
| High Momentum MuSEUM and production inside a capture
. Muon Beam Line :
A B 10° muons/s| . o/epm @ MUSE solenoid

S-Line, :
SurfaceMuon |

[ are charged and
momentum selected using curved

Beam Line /—tr—
" superconducting solenoids
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Fermilab’s muon beams

A dedicated accelerator facility to provide beams to muon g-2 and MuZ2e experiments has been designed and constructed at
Fermilalb

Muon g-2 precedes Mu2e (that will follow). The delivered muon beam is free of protons and pions, which created a major
background in the BNL experiment

. ;.72 — 7= k’.,._*

S T
S v
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— AP0 Target Hal  —
— M2 Line Protons separate . 4/ " convert to p*
— g‘;’_“”e " and are removed \ W-"l'l |
o— ivery Ring \ . [ arget Hal
s Ddivery Ring Abort Li ne \ - Nl Vectol
m M4 line Delvery Ring \
. M5 Line Abort Line Y
= MC-1 Experimert d Hall |
v MuZe Target H dl v/ ' Muon 9-2
= MuZe Detector Hall /4
APD M2 W . 2 —_— Experimental I8 ‘, ‘
- Booster provides 8 GeV " M3 s 4 Hall
protons to the Recycler Ml : T MISLine; . A= &
- Recycler stacks protons into }s N e, R
4 pbunches F2 e
takes 1 out of €=
every 4 bunches from the 3.1 GeV/c Ut are extracted and
Recycler 8.89 GeV/c p secondaries (rt*, transferred into the e =
' - : enter the g-
- MuZ2e slow extracts protons Y R W', p, €') travel storage ring via M4, . —
every 1695 ns the target along M2 & M3 M5 storage ring .
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CLFV searches with muons: Status and prospects

[ — eee [ — ey

uN — eN’

- In the near future iImpressive sensitivities via the so called “golden™ muon channels
- Strong complementarities among channels: The only way to reveal the mechanism responsible for cLFV

Current upper limit Future sensitivity
W — ey (MEGI) 4.2 x 10-13 ~06x 1014
U — €eee 1.0x 1012 ~1.0x 1016
uN — eN’ 7.0x 1013 few x 10-17
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Crivellin, Davidson, Pruna, Signer, JHEP 05 117 (2017)
18




CLFV searches with muons: Status and prospects

In the near future impressive sensitivities via the so called “golden™ muon channels
Strong complementarities among channels: The only way to reveal the mechanism responsible for cLFV
Probing energy scale otherwise unreachable at the energy frontiers

Note: T ideal probe for NP w. r. t. py (Smaller GIM suppression, stronger coupling, many decays). 4 most sensitive probe due to huge statistics (= muon campus)

Energy frontier
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The MEGII experiment at PS

e Best upper limit on the BR (u+ = e+ V) set by the MEG experiment (4.2 10-13 @90% C.L.)
e Searching for p+ = ety with a sensitivity of ~ 6 10-14

* Five observables (Eg, Ee, teg, Feg, deg) to identify p+ = et y events

Signature

ut

PO

Backgrounds
+ @V
et u e’

New electronics:

Wavedream

x2 Resolution
everywhere

Updated and
new Calibration
methods

COBRA

=

Radiative decay counter
(RDQ)

supercTuctmg magnet »«::\ ASRIRIRS

Liquid xenon photon detector
(LXe)

2
“““‘ D

e T, P WP

,,,,,,,

iie
""
AR REREESL
......

Pixelated timing counter
(pTC)
Muon stopping target

Cylindrical drift chamber
(CDCH)

x2 Beam Intensity
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https://arxiv.org/pdf/2504.15711

MEGII status: New Physics Results and data taking

MEGII started data taking in 2021 and is expected to run until 2026

A new Physics Result has recently been released based on the data 2021+2022
Data 2021+2022: Opening the signal region

Accumulated topped muons on target s BT T
x10" s o7
E. . 0.4 J,__ L 1 L] 1 T L [ 1 ] 1 I 1 1 ] 1 1 L 1 1 1 I ] 1 ] 1 :l: LL]P\ 56 l
3 - 2023 -
0.35  Last run: 593885 () — N
— e 2021 T, : 2.88¢+06 s . 54
2 C . 2022T, :7.76e+06 s ~ " 0
= 03¢ 2023 T, .: 9.60e+06 s —
= C - 2024 7T, :1.77e+06 s - 52 *
g 0.25F --®-- 2025T, :0.00e+00 s . 51k 1,
3] - = 50
< nl _- -
< 0‘2: = 49
0.15F — 82 535 2
- B E,. [MeV]
A=  Published 2021 Data 24_ 2 ik | | | 1
. analysns _— S f
0.05: - 0.4F
+ 1 1 1 1 L 1 | L /1 1 : :\\\
O»May 02/Jul 31/Aug 31/Oct R 1
Apr 16 19:00:47 2025 Date L 0.0
- —/”, 0O O 1.
Y i B 44
MEGII 202142022 result (NEW): e i
Upper Limit (90% CL) on BR =1.5 x 10-13 adE :
1T 09998 0999  -09991 2 21
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The Mu3e experiment at PS

e [he Mu3e experiment aims to search for p+ = e+ et e with a sensitivity of ~10-1° (Phase I) up to down ~10-16 (Phase ll).
Previous upper limit BR(u+ = etete ) <1 x 10-12@90 C.L. by SINDRUM experiment)

e Observables (Ee, te, vertex) to characterize y— eee events

Tile detector

' Superconducting
Slgnature —+ solenoid Magnet

€
. @

Fibre hodoscope

e u
& —
Q\

MIDAS DAQ and Slow Control
Backgrounds

Muon Beam and
target
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Mu3e: Latest news and currents status

Full analysis performed on

oy oints: Simulated data
ey points:

3

T 1 llllllI

Mu3e Phase | 10® muon stops/s
13.0% signal efficiency

First integration Run 2021

Inner MuPix layer
- SciFi ribbons

- Sub-detector services

SINDRUM 1988

BR(u — eee)
3

1072

T TTTT

95% C.L.

l

W
m
)

10k
- Full beam line commissioning 2022 and fine tuning 2023 52 e 90% C L —
- Very successful: TDR promised values matched! Ik SN -
L S T T T N TN TR ST SR AN SANY S S SO NN SO SR SR S S S
- 2.49e108 mu/s @2.4 mA (at the collimator): The highest beam rate 70 100 200 300 400
in pie5 at the collimator Data taking days
1.02e108 mu/s @2.4 mA (Mu3e magnet): Several beam Beam commissioning
configurations studied, some of them connected with possible Pill rate
Mu3e magnetic field intensity optimisation
5 mm Profile - High threshold
Time line phase | (exploiting current beam-line intensity) — |
Engineering run: 2025 (10°/ mA protons)g_os‘;l
0.0L

First physics run: 2026

Phase Il: It requires 10° mu/s —> HIMB

2.49e108 mu/s @2.4 mA
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- N — e~ N experiments: general concept

+ Signal of mu-e conversion is single mono-energetic electron
- Stop a lot of muons! O(1018)
- Backgrounds:
- Beam related, Muon Decay in orbit, Cosmic rays
- Use timing to reject beam backgrounds (extinction factor 10-19)
- Pulsed proton beam 1.7 ps between pulses
- Pions decay with 26 ns lifetime
- Muons capture on Aluminum target with 864 ns lifetime
»+ Good energy resolution and Particle ID to defeat muon decay in orbit
» Veto Counters to tag Cosmic Rays

Signature

1S Orbit b
Lifetime = 864ns

1,62 — (B.E.), — E\

“.Nuclear Recoil

Ee =

11
104.96 MeV 3

L
0k
L

......

L~ N — e|'1701/#,N

~ 1018 p stopped in the Mu2e
R(DIO)
R(stopped-u)

~ 39%

ae @ the endpoint
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10-13 { .
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006 — u” arrival time ( x 400 )
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0.04 E L

= Data acquisition gate
0.03 =

— 0
002 Selection Window :
0.01 . §

___________________________ §
0 el B L 1 L PR S IR i i wla il aedl el el el el | A
0] 200 400 600 800 1000 1200 1400 1600 1800

Time (ns)
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MuZ2e: Detector installation ongoing

The Mu2e experiment aims to search for p- N— e~ N with a final sensitivity of ~10-17

- Previous upper limit BR(u-N—= e N) < 7 x 10-13@90 C.L. by SINDRUM experiment)

* Tracker:
% ~20k straw tubes arranged in planes on

stations, the tracker has 18 stations
% Expected momentum resolution < 200 keV/c

e Proton absorber:

“* made of high-density polyethylene
% designed in order to reduce proton flux on the tracker

and minimize energy loss

anunnuluuv':ao

_- Proton Beam

X ., A
Production Solenoid (2.5 T

A

. — ——
e—

ttttttt

Calorimeter

Production Target

Muon Tracker
Stopping Target
. | * Calorimeter:
b % 2 disks composed of undoped Csl crystals

* Targets:

% 34 Al foils; Aluminum was selected mainly for the muon
lifetime 1n capture events (864 ns) that matches nicely the
need of prompt separation in the Mu2e beam structure. % mmde of several cylindens of diffsrent

materials: stainless steel and polyethylene

* Muon beam stop:

Outlook:
- Data taking: Before 2028
25




COMET: Preparation in view of the Physics run

The COMET experiment aims to search for y- N— e- N with a final sensitivity of ~10-17 with a Stage phase approach: Phase | and Phase
Previous upper limit BR(u-N— e N) < 7 x 10-13@90 C.L. by SINDRUM experiment)

COMET phase | COMET phase I

Pion Capture Section

| Asoclion 10 capture pions with a large
soid angle under a high solenodal
magnetic field by superconducting
mage!

ARRAR
thu
[==]

ey

 dbAiBiT]
T
ot

Detecior Section

A dotecior 10 search for
MUON-10-GIOCION COMVer-
SO0 PrOCesSses

i

- Mucns

=" Swppng

Stopping —
Target ‘}/}’I,’, M Target
o
cylindrical S

ek ctor for T TR N

C LFV Pion-Decay and

Muon-Transport Section

measurement A secion 0 coliect muons from

docay of plong under a 30lenok
dal magnotic Seild

Cm

Phase-II prototype for
(111  background characterisation
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Outlook:
- Data taking: By 2026




MUEDM dedicated search at PSI: Current status and Motivations

The different EDM searches are sensitive to different, specific combinations of underlying CPV sources
Muon unique feature: the only currently direct accessible EDM of a naked fundamental particle

1E-18 ' )" : ! ' !
1E-19 5 3 Kol
*

1E-20 Bennett et al.,,PRD80(2009)052008
il o8 Quite poor current
G 1E-22 S ®TIF . o
L Cs O oTIF direct limit
2 1E-23 &
Q & 0 -19
O). 1E-24 CSXO G)O o QHg d” <1.5X10 ecm (CL
_ e

: ©

O 1E-25 ©0 04 hg 90%)
=t Cs 0 O
£ 1E-26 & electron TIO - S
- © neutron OT -

18274 | @ proton T ©vbr

1E-28 O muon OTho

mercury
1E-29 E  xenon <o
1E-30 f | | ' I . |
1960 1980 2000 2020

Year of publication
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Complementarity of EDM searches

< eV keV MeV GeV TeV 27
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neutron 0
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MuEDM direct search: Why now?"

Neutron
log(d) /ecm

-18
-20
-22
-24
206k
-28
-30
-32
-34
-36
-38

i)

- Impressive limits on the electron EDM deduced from measurements
using atoms or molecules, e.g., thorium oxide molecules de<

Electron Muon
log(d) /ecm log(d) /ecm 1.1x10-2° ecm (CI_ 90%) lead to d,b<2.3><10-27ecm (CI_ 90%), which s
many orders of magnitude better than the direct limit dy
-18 -1 8§ | | - -
90 70 - mu/me. Naive rescaling assumes minimal flavor violation (MFV),
99 5 that is a model dependent assumption
-24 -24 , . . _ 91 :
i my 5 FNAL/JPARC g-2 experiments aims at d,, ~ O(10-21) ecm (via g-2)
— Me _ap 8 —
-28 J L /Z8 L ' WwEDM search at PSI in stages:
-30 -30 ‘
-32 -32 * Precursors: dy < 3x10-21 ecm
341 10° -34
-36 -36 Final:. dy < 6x10-23 ecm
-38 -38

*  Proof-of-principle of a complet f echnique that can

pave the way to other EDM searches-

29



EDM search: From the “frequency” approach...

cb’:i aé—(al
m

- l.e. FNAL: The decay positrons are recorded
using calorimeters and straw tube trackers
Inside the storage ring

-+ The sensitivity to a muon EDM is limited by the
resolution of the vertical amplitude, proportional
to ¢, of the oscillation in the tilted precession

plane

- l.e. J-PARC: even if the technique is different
the sensitivity to an EDM is limited by the
resolution of the vertical amplitude
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...to the frozen-spin technique

- _ 9
w__
m

- The frozen-spin technique uses an Electric field

perpendicular to the moving particle and magnetic field,
fulfilling the condition:

v:i—1) ¢
- Without EDM, w = 0O, the spin follows the momentum

vector as for an ideal Dirac spin-1/2 particle, while with an
EDM it will result in a precession of the spin with we Il E

aﬁz(a_

-+ The sensitivity to a muon EDM is given by the asymmetry
up/down of the positron from the muon decay



Signal: asymmetry up/down positron tracks

Positron are emitted predominantly along the muon spin direction
The sensitivity to muon EDM is extracted from the asymmetry up/down of the positron from the muon decay, averaged over the

muon decay time distribution (lifetime = }/TM)

Upper detector *g T Po = initial muon polarisation
e |
. g T = = electric field in the lab frame
0.5—
Yi\ / i N = number of observed decays
-
~So b, (% 5 ,/ T, =muon lifetime
// \ : o = mean decay asymmetry (~ 0.3)
: t B
1 V g ! a = anomalous magnetic moment
- L Y = gamma factor of the muon
Lower detector B b o %
N; (t) — N, (t) 2P,Eald,] dld,| _
A(t) = — et ——o(A) ~

Nt (t) + Ny (¢t) ahy?




The general experimental idea

Muons enter the uniform magnetic field region via SC injection lines. Correction coils are used to increased the storage

efficiency

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

Radial electric field “freezes” the spin so that the precession due to the magnetic dipole moment is cancelled

Top View

Correction
PSC solenoid CONS /

Decay positron B

Ground shell
/

Front View

Scintillating fibers . (mirrored, zoomed)

—B":./l R0/ o

'
= ’

e

Cryo shield
(S0K)

Cryocooler
(5K)

Y

// ; 

\
Muon end Magnetic pulse . Entrance trigg

detector coil
. ' HV electrode

—+ SC shield

Scintillating fibers

Muon mBnitor
and start detector
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https://arxiv.org/html/2501.18979v1
Where muEDM Is: Integration phase

- Proof-of-principle of the frozen-spin technique and start of data taking by the end of 2026

M i ater cooled
agnetic orrecting coils

Kicker

SciFi
racker

150 um-thick

1
L/ A ' -
& Q I ﬁ ' q ' ’ . CF twill wrapping

; B detector R e e
| electrode g | c b
focusing coil' — mw 1L

steel tubes

~ ”~ ™ A" M aA 1




Muonium physics

* Mu is the simplest atomic species:. M +e- atom

—  Purely leptonic hydrogen species!

« Rich structure and phenomenology
- Readily formed

- Spectrum understood
- Forms molecules!

- Decays with free muon lifetime
« 1s-2s transition frequency predicted in QED to 0.6 ppb

- Minimal hadronic contributions!

« Similar story for 1s hyperfine splitting
e« Mu-MASS at PSI

- Improve 1S-2S measurement three orders of magnitude

— Improves muon mass determination to 1ppb

« MuSEUM at J-PARC

- Improve hyperfine measurement one order of magnitude — 1ppb

« The combination will determine the Rydberg constant to 4ppt!

22P3/2

; < }74 T
2 —
2 Sl /2 =1 / 10922 MHz
AN T o
558 MHz \ }047 MHz
F=0 e k=1
S 187 MHz
A= 244nm 22P =0
1/2
2 455 THz
A= 244nm
—F=1
i Y s A
9 4463 MH
1 S1 /2 \ Z
F=0
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L EMING at PSI: Muonium gravity

Measurement of gravitational acceleration of muonium, and next generation laser spectroscopy, testing the weak
equivalence with and elementary, second generation (anti)lepton

trackers » et

lllllll

—  Muonium source and mirror G1 G2

llllllll

- Mach-Zehnder interferometer ;
SFHe | 0
e 100nm! mirror 7/ 18
- Muonium decay trigger detectors , ! §
7 | I :
- Signofgin 1 day at 100kHz ' @ : : o
- ~month to precision comparison T - : 1 : ) ¢ Nr. of atoms
Ax
| SFHe T “i.._.--“no gravity”
Timeline T
——— S—— Vg > “<I " with gravity
Dev. Demo ConstructionData taking v >

t

| 2025 | 2026 | 2027 | 2028 | E Courtesy: A. Soter
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Summary

e Astonishing sensitivities iIn muon precision physics at intensity frontiers are ongoing and

foreseen for the incoming future

- Rare/forbidden decay searches and symmetry tests remain among the most
exciting places where to search for new physics complementary to the energy

frontier research program

* Achieving such remarkable sensitivity requires both advanced beamlines —operating in

either continuous or pulsed mode—and the developmen

The emergence of next-generation beamlines at PSI, Fer

milab, and J-

- of new detector technologies.

PARC underscores

the growing importance and global commitment to this research area and stimulates new

orojects

Thanks a lot for your att

ention !!!
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Muon beams worldwide summary

Laboratory Beam Line DC rate (u/sec) Pulsed rate (pu/sec)
PSI (CH) nE4, TE5 2+ 4 x10°% (ut)

(590 MeV, 1.3 MW) HiMB at EH O(10'?) (u*) (>2018)

J-PARC (Japan) MUSE D-Line 3x 107 (ut)

(3 GeV, 210 kW) MUSE U-Line 6.4 x 10" (™)

(8 GeV, 56 kW) COMET 1 x 10" (17)(2020)
FNAL (USA)

(8 GeV, 25 kW) Mu2e 5 x 10" (™)(2020)
TRIUMF (Canada)

(500 MeV, 75 kW) M13, M15, M20 1.8 +2 x 10°(u™)

RAL-ISIS (UK) EC/RIKEN-RAL 7 x10%(u")

(800 MeV, 160 kW) 6 x 10° (™)

KEK (Tsukuba, Japan)

(500 MeV, 25 kW) Dai Omega 4 x 10°(p)(2020)
RCNP (Osaka, Japan) MuSIC 10% () = 10° (™)

(400 MeV, 400 W) 107 (™) = 10%(p™)(>2018)

JINR (Dubna, Russia) Phasotron

(660 MeV, 1.6 kW) 10°(u™)

RISP (Korea) RAON

(600 MeV, 0.6 MW) 2 x 10%(u")(>2020)

CSNS (China) HEPEA

(1.6 6eV, 4 kW) 1 x 10%(u)(>2020)




Muonium production

« Stop (nearly!) a positive muon beam in a target in vacuum; some of the muonium
will be ejected into the vacuum space

« J-PARC g-2 plans to utilize laser ablated silica aerogel

— nis yields of order 1% muonium in vacuum, with thermal momentum distribution

- nermal Mu requires cooling for beam formation

« PSI and Fermilab muonium experiments plan to use layers of superfluid helium
on target surfaces

- "Hydrogen” is immiscible in superfluid helium — stopped Mu ejected from the surface with a very
narrow momentum spread (chemical potential)

Mu from SFHe -

g _

thermal Mu -
(300 K)

— Naturally cooled and emitted at 6,300 m/s normal to surface

- A superfluid layer can also be used as a slow Mu mirror

Nr. of Mu atoms [a. u.]

0 2 4 6 8 10 12 14 16 18

Velocity [km/s]
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Precision Muonium physics

Muon g-2
FNAL

= hadronic contribution
= hadronic Ibl contribution

> New Physics

MUSEUM Mu-MASS
AVygs, n=1 AVis.as
—
W, ==
o —>  QED corrections
—  QED corrections —>  Rydberg
> weak contribution




MukEDM schedule

Phase | (precursor)
—>

Phase |l (final)

+-—p

Simulations general

Simulations '“Str““r;‘aeg”;:t?:zzfg
Conc:ept.lon/DeS|gn g Magnetic pulse
Prototyping 3| SC shielded channel
Acquisition/Assembly £ High voltage
Tests/Measurements Detectors

Data acquisition
EDM measurement

Simulations general
Dedicated Magnet
Magnetic pulse

SC shielded channel
High voltage

Muon detectors
Positron tracker
Data acquisition
Commissioning
EDM measurement

1 Full proposal for both phases to CHRISP committee
2/la Magnet call for tender / precursor design fix

b Precursor ready for assembly/commissioning

3/c Technical design report / frozen spin demonstration
d First data for precursor muEDM

4 Magnet delivered, characterized and accepted

5 Successful commissioning / start of data taking

6 End of data acquistion for mueDM

Dedicated Instrument

HIPA LS
>
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Signal: asymmetry up/down positron tracks

Positron are emitted predominantly along the muon spin direction

The sensitivity to muon EDM is extracted from the asymmetry up/down of the positron from the muon decay, averaged over the
muon decay time distribution (lifetime = }/TM)

Final muEDM Experiment Sensitivity

uE1 Beamline Flux 2 x 10%u™/s ahy

Momenta y = 1.55 O-(dﬂ) =
Polarisation Py, = 0.95 2P0Ef\/NT,uA
Av. Decay Asymmetry A = 0.3 ~ 6 X 10_236 cm

Electric Field E = 2MV/m (with N = 200 days)
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Sensitivity vs B and Momentum

125 MeV/c

h
- d,) = |
3 o(dy) 2PyBcBvV NyT,6
>
s
—
(7))
-
QD
)
10743
r=0.11m r=021m ~s
A ' A ' A : A "
1 2 3 4 B A 7 8

Magnetic field strength / T

500

450

400

350

300

Momenta / MeV/c
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DeeMe experiment

Pulsed proton beams from 3 GeV RCS (fast extraction) e sy
Muon production target = stopping target ssof st
SES ~ 10-13(Carbon target, 1 year) | m

Detector commissioning in Jun-2022 |
Momentum reconstruction successful & More beam-time expected later this year 150 f J

UUU

200 ** Silion, 8

100 |
_ _ Signal: delayed monoenergetic e | # ¢
s~ production target with 105 MeV/C 50 | { *#
=g -decay & u -transport section 2 "N — e N | d % f
= u stopping target Nucleus 6 H v *“""‘""‘"‘?"46 5060 %o

Target 1019 muonic atoms/s with RCS 1 MW
Pulsed proton beam /7 .

: . f ? Momentum (MeV/c)
in DeeMe experiment < i

Tracking detectors e
(four MWPCs)

Low momentum background

1. s production
2. decay-in-flight into u”
3. Muonic atom formation

Secondary beamline H-Line
to transport electrons near 105 MeV/c Magnet

PACMAN




MuSIC’s muon beams

Aim: O(108 muon/s); Surface (positive) muon beam (p = 28 MeV/c); DC beam

MuSIC beamline

muon proton beam | i~ MuSIC

Ring
ol w M1 Beam line ~ | Cyclotron
Ex. MuSIC o~ ' ’ ~392MeV
0.4 kW proton beam ; ) MUSE@ J-PARC (variable)
200 mmt graphite target 4 ¥ Pulsed muon source 1.1UA
Transpo rt j:-"'; proton,
_ o (0.4kW)
solenoid % 7: MuSIC @ RCNP

DC muon source

Capture solenoid

Collect m/ n
with 3.5T solenoidal field

to dump

e Thick target ( 200mmt )

* Large solid angle, good collection efficiency

* No muon spin selection ( no selection of pion/
muon momentum ) - proton beam energy is only 100 MeV above pion production threshold (~2m,)

- muon source with low proton power (1.1 uA ~0.4kW, 5 uA in future) 46



from P. Paradisi’s talk

Few scalings model-independent predictions

° BR(E,' — Ej"y) VS. (g = 2)#

Q

BR(u — ey)

~13 Aa, ; Oep :
bl (3><1O—9> (10—5

&l BAay NF B}
10 (3x10—9) (10—2)
o EDMs assuming “Naive scaling” d, /d,; = me, /m,

~ Aau —28 gPV
" = (3><1O—9>10 (10—4 o

Aa, _22 ,CPV
(3><1O—9)2X10 L ecm.

BR(7 — )

Q

dy.

2

e Main messages:

>~ Aa, ~ (3£ 1) x 10~ requires a nearly flavor and CP conserving NP
Large effects in the muon EDM d,, ~ 10~%? e cm are still allowed .
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D. Tagqu, PRL 97 (2006) 194801

The muCool project at PSI

Aim: low energy high-brightness muon beam
Phase space reduction based on: dissipative energy loss in matter (He gas) and position dependent drift of muon swarm
Increase in brightness by a factor 1010 with an efficiency of O(10-4)

1st stage 2nd stage

i muCool/tertiary i+ beamn 4
o o< 1mm |
$° E<eV »
¥ o Tagged . ‘_

" 'Stén-c-jlavrd/ée-cnd/ary' Q+ beam §
e o =10 mMm ;
1. E=4Mev

g Contnuous

y’ —> Transforms a standard u ¥ beam into
> X a high-brightness low-energy u * beam
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PhD |. Belosevic

Trajectories in E and B field

I
s
X
v&

In gas: collisions
with frequency fcol
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Working principle: 1st Stage

|. Belosevic

12 K:

=)
3

ari{+ duechon :
\wu

¢

2
=

K:
7
/ln‘(-r Airhun’ WP
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Summary: The muCool project at PSI

Aim: low energy high-brightness muon beam

Phase space reduction based on: dissipative energy loss in matter (He gas) and position dependent drift of muon swarm
Increase in brightness by a factor 1010 with an efficiency of O(10-4)

Longitudinal and transverse compression (1st stage + 2nd stage): experimentally proved
Next Step: Extraction into vacuum

Current activity: abundant MC simulations in order to define the detailed experimental setup for the beam extraction in vacuum and eventually the beam re-acceleration

Detector 2 -
. = 15p | + 4+ 4d
1%t stage 2nd stage In gas: collisions ik 3 o o ——~ smm;“
with frequency feol i3 3
Transverse : =
, o =l :
Compression
: Detector 1 ¢
-10-
S e T G(T) ~ 7000 2000 3000 4000

x [mm] time [ns]

5 g
|
5;?
o

| | :
Longitudinal L e ﬁg#ﬁ I
. § geoo ﬁfﬁ .
Compression S I I
=
l 3 400 /
100 mm =
N
*QCM aResgiaca e IEaNpe:
05500 1000 1500 2000 2500 3000 3500
time [ns]
Longitudinal+ 2 uF
T el |
Transverse -
8 o

Compression .+

eril b e —
0 1000 2000 3000 4000 5000 6000 7000 8000
Time [ns]



Summary: The HIMB (High Intensity Muon Beam) project at PSI

Standard

//

Aim: O(1019 muon/s); Surface (positive) muon beam (p = 28 MeV/c); DC
beam

Target: alternate materials (B4C and Be2C show 10-15% gain) and/or
geometry (up to 60% of gain: Graphite Slanted target)

Beam line: high capture efficiency and large phase space acceptance
transport channel

Slanted target test (“towards the new M-target”) successfully done (2019)
and installed as “default” target since 2020

Increase surface muon rates for all connected beam lines (30-60% increase
depending of the beamline): Confirmed

Increase safety margin for “missing” target with the proton beam: Confirmed

Slanted target final place: Current “M” target

PSI Long shut-down: 2017-18. HIMB from 2018

Grooved Trapezoidal Forked Slanted
“ x1.5

X1 2x1.1 a7 X1.4
V7 /A 44

/ note: Each geometry was required to preserve, as best as
S ¢ possible, the proton beam characteristics down-stream of
" the target station (spallation neutron source requirement)

7V Oy

New Target

Existing uE
beamline |

Graphite Graphite

Old Target

Protons

1.2 x 10" p+/s 1.3 x 10" p+/s ‘ TgM*

Proposed
solenoid
'beamline

52

Source

7.2 x 109 ut/s
C ~6%

3.4 x 1010 pyt/s

Capture C ~ 6%

Gain due to high capture
and transmission efficiency

5 x 108 ut/s 1.3 x 1010 ut/s
T ~7% Transmission T~ 40%
Total ~ 0.4% Total ~ 10%



