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CLFV & p'—e'e’e’

Search for Charged Lepton Flavour Violating C New Physics in the Lepton Sector C Beyond Standard Model Physics

>

>

-

@ precision / intensity frontier

Lepton Flavour is an accidental SM symmetry

. . L . . /
In the neutral/neutrino sector, Lepton Flavour Violation is experimentally observed — SM extended with PMNS

Many new Physics ModeIsLep%uYarkspredict CLFV,in an EFT framework sensitive many operators at a mass scale beyond LHC

Composite Higgs

For example, a systematic effective-field-theory approach presented in arXiv:1702.03020v3
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https://arxiv.org/abs/1702.03020v3

CLFV & p'—e'e’e’

Muons are great for CLFV:

> They are leptons with 100% leptonic decay modes very well described in the SM

> SM background free

> BSM contributions can be described by EFT arXiv:1702.03020 as m _ <A,
8 > We can make a lot of them at p-accelerator facilities

> They live long enough to production — experiment = ———_ _
e HIPA at

| Three golden channels

O pr—oe'y MEG < 4103 © MEGII < 5-10°'4
@ wN—eN SUNDRUMII <7 -10°7"3 = DeeMee, Mu2e, COMET < [0
A pfoe'e’e SINDRUM< [-10"2 = Mu3e <2107 ( 1:10"'%in a second phase)


https://arxiv.org/abs/1702.03020

CLFV & p'—e'e’e’

How to look for p*—e*e*e?

3 particle decay at rest

Common vertex
Time coincident
YE= m,

2p=0
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CLFV & p'—e'e’e’

How to look for p*—e*e*e?

Pulsed beam at FNAL, J-PARC
DC Beam

Ma{ ecay at rest 2 particle decay at rest, very clear cignal Only one particle in final stafe
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| WV, 1 Qg’
P
->  Common vertex = Mono-energetic e” and y ->  Mono-energetic e
=>  Time coincident =>  back-back coincidence -> No coincidence
2> >E= m,
-  >p=0



How to look for p*—e*e*e?

3 particle decay at rest
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Common vertex
Time coincident
YE= m,

2p=0
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CLFV & p'—e'e’e’

Internal convercion

Accidental Backgrovnd
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The Mu3e apparatus needs:
> Excellent momentum resolution
>  Good time and vertex resolution
> High rate capability
> large acceptance

ee’e mass



Mude detector concept
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> Stop muons on hollow cone target



Mude detector concept

IT magnetic field

Inner pixel layers : :

M1 Beam Target

YYYvy
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I Scintillating fibres :

\ 7L

Outer pixel layers

Stop muons on hollow cone target

Two layer Vertex Detector + 2 Outer Pixel layers

Two more Si Pixel layers tracking ( see our dedicated fast track fitter: https://arxiv.org/abs/1606.04990 )
Scintillating Fibre detectors to differentiate electrons and positrons
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https://arxiv.org/abs/1606.04990

Mude detector concept

; tracker 40
Compact g cm I T magnetic field

Recurling tracks to get the optimal momentum resolution
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>
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Scintillating Tiles to get the optimal time resolution T vevi 9


https://arxiv.org/abs/1606.04990

HV-MAPS pixel tracker

Lightweight pixel tracker build from MuPIX sensors”

Commercial HV-CMOS process

Fast Charge collection

Integrated analogue and digital RO, 1.25 Gb LVDS link
Can be thinned to 50 pm

256x250 pixels, 2 x 2 cm matrix

coodoo

MuPiX11 censor up
to spece™
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g e {:‘m{‘ .10V
s L A -+ -30V
5 so— s 3
[ . % o 40V
[ LY
60— -
L .
.,
40— : o
[ .
L ‘e,
20(— : R ) :
L "ol
L -,l
L .“i %
o H 00
. A P PN
50 100 150 200 250 300 350 40

50 0
threshold [mV]

*https://doi.org/10.7566/]PSCP42.01 1020

per pixel per pixel per submatrix
Pixel Periphery | . ine mState Machine
sensor CSA = vco)
S readout | | &
comparator 182 £ | state PLL
= machine
readout
T link A
8b/10b i
test-puls encoder TR .
injection! Tune
threshold ~ DACs link D

amplification

& ) l ) .
integrate A line driver per pixel digital output
threshold
chi
o . U, [T



https://doi.org/10.7566/JPSCP.42.011020

Lightweight pixel tracker build from MuPIX sensors”

oo ddoogo

HV-MAPS pixel tracker

Commercial HV-CMOS process

Fast Charge collection

Integrated analogue and digital RO, 1.25 Gb LVDS link
Can be thinned to 50 pm

256x250 pixels, 2 x 2 cm matrix

174 ladders with 2844 2x2 cm* MuPiX chips
2 Vertex layers

3 x 2 Outer Pixel layers

3060 1.25 Gb/s data links

50 gfs, 10m/s 5kWV gaseous helium cooling

% Xo
== glue
i1 Al
polyimide HDI
0.5

lfertex tracker

Detector mount
(floating, spring loaded)\ 4
G

Electrical connections

Pixel ladders

carrying sensor chips

Detector mount —""
(fixed)

QOuter Pixel Tracker

Mu3e Outer Pixel Ladder

DS End Piece
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Scintillating fibres and tiles

The Mu3e Scintillating Fiber Detector

Gentian Shatri
Scintillator fibres and tile detector readout by MuTRiG ASIC™ Central SeiFi Tracker”

Improve timing from 10-20 ns to 250 ps and 80 ps, respectively SeiFt super module
Resolve tracking ambiguities, deal with pile-up
Differentiate between e+ & e-

O o odd

Thin 3-layer SciFi ribbons at < p.e.Threshold . .
a Low mass Fibre ribbon
J Efficient

d Decent time resolution

active 230pm , inactive 20 ym
£ 4

R

Upstream and Downstream tile station pich Boym
End of a track — Scintillating cubes for
optimal time resolution

vaY)

SciFi ribbon

SciFi cooling ring L-bracket support

oo

Distribution
manifold Ug' & DS

Flexible cooling
tube (2x7) Tile Stations
Cooling pipe

(part of module)

a Custom MuTRIG readout chip** Tile Matrix
a 50 psTDC
a High rate
a .25 Gb/s readout link

Module
(x7)
Target side

Manifold 3
endring

mounting ring

v SiPM Signal

Target side

SSW side endring mount (x3)

endring

| Coml
Edgel meaure ed by TOC
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* https://doi.org/10.1016/j.nima.2023.168766 **https://iopscience.iop.org/article/10.1088/1748-0221/12/01/C01043



https://doi.org/10.1016/j.nima.2023.168766
https://doi.org/10.1016/j.nima.2023.168766
https://iopscience.iop.org/article/10.1088/1748-0221/12/01/C01043
https://indico.psi.ch/event/16492/contributions/58081/attachments/31414/62617/posterPSI2025_GentianShatri.pdf

Mude detector design

Recurl pixel layers L S
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Scintillator il Inner pixel layers  \ /
% uBeam  Target $
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Scintillating fibres ~/

/ Outer pixel layers
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— Recurl pixel tracker
— Tiles

Compact lightweight
electron-positron tracker

Target

Vertex pixel tracker

Fibres

Central pixel tracker
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Mude detector design

Compact lightweight
electron-positron tracker plus
| Power, HY, and front-end readout

Recurl pixel tracker
Tiles

services at the end-caps

a <10C liquid SiPM cooling

] Ca. 5kW gaseous helium for the
pixel detector

- Streaming >100 Gb/s steaming
DAQ + online GPU event selection

Common vertex
Time coincident
SE= m,

2p=0

vy
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R E+,,,
neonptos > < > Reminder: the Mu3e event topology does not allow for a local readout trigger, every e*" track could
> |EEEEEEEEEEEEEEE ] . _ . . .
st erpieloves N\~ potentially be part of a p*—e'e’e event. Only the kinematics of the combined final state
Sfeen o positrons/electron gives us an event selection criteria.
e e e e e L Y CETTT I
\ 7 Ouer el lyers Mu3e = lightweight and fast Michel electron tracker + high throughput online reconstroction & celection DAQ system™
~— e-
(U
a Streaming DAQ
( . .
= a Network of FPGA's and optical connections
c . . .
I > a Collect time slices of the full detector on a single PC
= a Online reconstruction and event selection on a GPUs
0 . . .
| .2 a Write selected events to disk at max 100 MB/s (up to 100x reduction)
H =2
10 Front-End Boards 78 Front-End Boards 14 Front-End Boards 12 Front-End Boards
. Ent ul Custom readout board electronics On-the-shelf solutions in the
| ( | inside the magnet counting house
Central Detector Recurl Upstream Recurl Downstream SciFi Detector ]
Switching Board Switching Board Switching Board Switching Board 3
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* https://ieeexplore.ieee.org/document/9440905/



https://ieeexplore.ieee.org/document/9440905/

The Mu3e Data Acquisition System =
Alexandr Kozlinskiy A T

. 2, Reminder: the Mu3e event topology does not allow for a local readout trigger, every e*" track could
Mu3e Online Event Selection on GPU @/?;% potentially be part of a p*—e’e’e” event. Only the kinematics of the combined final state
Chen Xie \/éoe positrons/electron gives us an event selection criteria.
5
Achieving deferminism and real-time in Mu3e Mu3e = lightweight and fast Michel electron tracker + high throughpot onfine reconstruction & celection DAQ system™
experiment u3e = lightweiq elec c ig ughput onfi c i lection Y.
Yifeng Wang
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= a Network of FPGA's and optical connections
c . . .
> a Collect time slices of the full detector on a single PC
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https://ieeexplore.ieee.org/document/9440905/
https://indico.psi.ch/event/16492/contributions/58089/attachments/31400/62618/PSI2025_poster_YifengW.pdf
https://indico.psi.ch/event/16492/contributions/58089/attachments/31400/62618/PSI2025_poster_YifengW.pdf

Mude = running experiment at PSI

|.5 year ago:
(d  Detector modules in (pre)production
@  Commissioned magnet + beamline
(d  Empty detector cage

| S~ The Mu3e Commissioning Run at PSI in 2025
S Mikio Sakurai

June 2025: successful first Mu3e A f*; |
commissioning beamtime in TE5 = i

17



https://indico.psi.ch/event/16492/contributions/58077/attachments/31283/62367/PSI2025_Mu3eCommissioningRun2025_MikioSakurai.pdf

Mude = running experiment at PSI

|.5 year ago: o DAG hard
O Detector modules in (pre)production nsta Q hardware:

@  Commissioned magnet + beamline
O Empty detector cage e  Online GPU filter farm

Fibre path diagram

Counting House

Plus combining a lot of firmware and
software achieve a complete data path

e  Service support wheels with front-end FPGA boards
e  Optical fibre network, including data merging slices of the full detector

Data merging and construct time

O

atapath on a GPU farm node
[ ] (Bt ] (Bt | e

PCle FPGA




Mude = running experiment at PSI

|.5 year ago:
(d  Detector modules in (pre)production
@  Commissioned magnet + beamline
(d  Empty detector cage

Power system with custom
DC-DC converters

Install Power and cooling plants

Power supplies, DC-DC converters, electrical wiring

Electronic cooling plant

<10C silicon oil based detector cooling ( SiPM radiation damage)
Novel gaseous helium plant

Detector mount
(lcating, 2pring onged)

Mylar foil

Electrical connections.

Upper infrastructure platform

Pixel ladders
carrying sensor chips

Detector mount — Endring
e

50 /s
.| @
™

1.

mES5 experimental area




Mude = running experiment at PSI

|.5 year ago:

. . Install Power and cooling plants
(d  Detector modules in (pre)production . . -
a o  Power supplies, DC-DC converters, electrical wiring

issi + i . .
Commissioned magnet + beamline Electronic cooling plant
<10C silicon oil based detector cooling ( SiPM radiation damage)

°
(d  Empty detector cage °
e  Novel gaseous helium plant, > [0m*/min

Detector mount
(lowing, 2prn oaded)

Mylar foil

Electrical connections.

I Power system with custom
DC-DC converters

Pixel ladders
carrying sensor chips

Detector mount — Endring
e

Compressor W2
Central 16 /5)

1.




Mude = running experiment at PSI

|.5 year ago:
Install Detector modules

e  Micro twisted-pair bundes to get data out to the periphery
e  Full MuPIXI | based Vertex vl
Q  Empty detector cage e  One SciFi and 3 Tile modules

(d  Detector modules in (pre)production
@  Commissioned magnet + beamline

SciFi Modules

Vertex detector

~
~
~
~
~
~
~
~
~
~
~
~
Pl I -~ -
Recurl pixel layers - e ~
: -

Scintillator tiles Inner pixellayers_\ / “
— > i
———— 5 |

pBeam  Targer ~< |
=————— 0 - —
rs

scintillating fibres /' Tt 7

\_/ Outer pixel layers /I/



https://indico.psi.ch/event/16492/contributions/58081/attachments/31414/62617/posterPSI2025_GentianShatri.pdf
https://indico.psi.ch/event/16492/contributions/58091/attachments/31285/62370/PSI2025_Thomas_Senger.pdf

Mude = running experiment at PSI

The flight of Mu3e

Three week long Mu3e commissioning beamtime
(A Tune and operate pixel (vertex), scintillating fibre and tile detector with beam
@  DAQ and DQM commissioning, full datapath readout system
(A  mES services commissioned
Q  Stress test system > 107 /s

(A Running online GPU selection

| Using PSI's most intense - S ‘ ¥ i p s The Mu3e Commissioning Run at PSl in 2025
| muon beams Y L . W Mikio Sakurai

| > M O wizn

22


https://www.youtube.com/watch?v=ODCV6SmKf6I
https://indico.psi.ch/event/16492/contributions/58077/attachments/31283/62367/PSI2025_Mu3eCommissioningRun2025_MikioSakurai.pdf

Mude = running experiment at PSI

The flight of Mu3e

Three week long Mu3e commissioning beamtime
Tune and operate pixel (vertex), scintillating fibre and tile detector with beam
DAQ and DQM commissioning, full datapath readout system

mE5 services commissioned

Stress test system > 107 p/s

(I W W Wy

Running online GPU selection

Using PSI's most intense = ¥ ey E The Mu3e Commissioning Run at PSl in 2025
| muon beams 0o Mikio Sakurai
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https://www.youtube.com/watch?v=ODCV6SmKf6I
https://indico.psi.ch/event/16492/contributions/58077/attachments/31283/62367/PSI2025_Mu3eCommissioningRun2025_MikioSakurai.pdf

Further steps

The flight of Mu3e
Three week long Mu3e commissioning beamtime
P (A Tune and operate pixel (vertex), scintillating fibre and tile detector with beam
L T @  DAQ and DQM commissioning, full datapath readout system
& M| mE5 services commissioned
G
e =" Q  Stress test system > 107 /s
G g O Running online GPU selection Full layer 2 hitmap
- S Mu3e Preliminary Beam Rate = 10° muons/s
¢ : o . i . i,
. ost intense ¥ i p s The Mu3e Commissioning Run at PSl in 2025 Rneen N aactr Coaiasring
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https://www.youtube.com/watch?v=ODCV6SmKf6I
https://indico.psi.ch/event/16492/contributions/58077/attachments/31283/62367/PSI2025_Mu3eCommissioningRun2025_MikioSakurai.pdf

Towards physics

From note 113
Laver 2

[ c1 | c

Layer 1

Mu3e Phase | aims for a p*—e*e*e  S.E.S. of 2:10°'> . Next steps G oo aTa] b

Ladder 2
Ladder 3

c3 | Ca|C5| 06|

Ladder 1
r 2 Ladder 4
Ladder 5
Ladder 6

Ladder 7
Ladder 8
Ladder 9
Lacd

=>  Investigate and fix all failure modes observed in 2025

->  ConstructVertex v2 = @

=>  Outer pixel production.

Gray: Disconnected HV : Link instabilities on-cage : i
'+ Link working; X: Link not working. 3

[ 6 — 18 chips per ladder

‘_\—

d 18 — 156 ladders

25



Towards physics

Mu3e Phase | aims for a p*—e*e*e  S.E.S. of 2:107"> . Next steps

-
-

Investigate and fix all failure modes observed in 2025

ConstructVertex v2 = @

Outer pixel production.
[ 6 — 18 chips per ladder
d 18 — 156 ladders

Aim for central detector = first physics
before the 2027 HIPA shutdown
Mu3e Phase Il at HIMB —

[ Need additional fast pixel layer ( + other stuff)
Q Aim for p*—e*e*e S.ES.of I-107'

From note 113

Layer 1

| c1]c2|c3|ca|cs|co|

Ladder 1

Laver 2
|ci|c2|c3|cal|Cs|Ce|

Ladder 1
Ladder 2
Ladder 3
Ladder 4
Ladder 5

L adder 6
Ladder 7
Ladder 8
Ladder 9

commissioning

First Physics data

Complete Detector

Physics runs

2025

2026

2027

2028

2029+
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Towards physics

From note 113
Laver 2

|ci|c2|c3|cal|Cs|Ce|

Layer 1

Mu3e Phase | aims for a p*—e*e*e  S.E.S. of 2:107"> . Next steps

[cl|c2|c3|ca| G5 Co|

=>  Investigate and fix all failure modes observed in 2025 : 4_
->  ConstructVertex v2 = @ — H

]
™

A (
INIFAS T
1 18 — 156 ladders

\J
I g ‘ -

=>  Aim for central detector = first physics
before the 2027 HIPA shutdown
=>  Mu3e Phase Il at HIMB —

=>  Outer pixel production.

4

[ 6 — 18 chips per ladder

[ Need additional fast pixel layer ( + other stuff)

Mu3e Phase Il @ HIMB

Q Aim for p*—e*e*e S.ES.of 1-10°'¢

commissioning Complete Detector

First Physics data Physics runs Mu3e @ HIMB

2025 2026 2027 2028 2029+ o7



Mu3e collaboration:
www.psi.ch/en/mu3e
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Mu3e Phase 0

central station only

10® muon stops/s
4% signal efficiency

B it

SINDRUM 1988

95% C.L.

60

| I |
80 100
Data taking days

BR(u — eee)
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10-—15

Mu3e Phase | 10® muon stops/s

13.0% signal efficiency

SINDRUM 1988

I T TTTTI

95% C.L.

l

2
m
0))

90% C.L.

P
0 100 200 300

1 I 1
400
Data taking days
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/ﬁ@ Precision vs. Acceptance

Rs

50 MeV/c 25 MeV/c
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Mu3e Phase | Simulation

s

* i — eeevv
== ™1 dot: 1 event per 10"® u stops

_“Michel + Bhabha
" 1 dot: 1 event per 10'® u stops

x,

U — eee

100 105 110
M. [MeV/c?]
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Scifi detector

Vertex detector

Layer 1
Layer O

Layer O
Layer 1

Sort in Time

Time synchronization

Group detectors
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Mupix11 Quad Module

o

= Module with large active sensor area for
beam monitoring and pSR detector prototype

Specifications:

= 2 X 2 grid of 50 pm Mupix11 sensors

= 25 pm Kapton foil for structural support
= Active area: 40 x 40 mm?

= Sensor spacing: 200 pm

Production:

Sensor alignment Sensor gluing

DAQ:
* Minimal, Mu3e compatible DAQ setup
= Optional scintillator input for improved timing

DAQ
Computer

‘Frontend ' pag
Board ki ()2

" (Adapter
(Mu3e) | soard) v Module

Arria 10
(FPGA)

Time (s)
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HDI
1/2 ladder
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3 particle decay at rest

20 2

e _, e

R rd

Q—(

Common vertex
Time coincident
YE= m,

2p=0

e > If we see a few events, we are sensitive to the type of NP interaction

Phase space ® Acceptance M(ﬁ Ili* )

x10°

x10°

12

>
2 10°
oF

=

)

m2[MeV?]

10 200
m[MeV?]
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Figures from PhD Thesis A.-K. Perrevoort, operators from Rev.Mod.Phys.73:151-202,2001


https://www.psi.ch/sites/default/files/import/mu3e/ThesesEN/DissertationPerrevoort.pdf

