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From theoretical Update on the Cosmic run.
motivation to construction of First physics run.

experimental design. each subdetector.
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Physics of Mu3e: Lepton Flavour Violation

Charged Lepton Flavour Violation (cLFV):
* Neutrinos (v) oscillate...

* Consequently, lepton flavour violated...

* Need to adapt the Standard Model (SM) to account for
this 2 vSM.

* |mplications:

* cLFV possible through higher order processes but
highly supressed

e Still, cLFV impossible at tree level in v SM.



Physics of Mu3e: Lepton Flavour Violation

Opens “box of Pandora” for

Charged Lepton Flavour Violation (cLFV): e
physicists...

* Neutrinos (v) oscillate...
Ut — e‘ete (Mu3e @ PSI)

N — e'y. (MEG @ PSI)

M+N —> e+ N (Mu2e @
Fermilab, COMET
@ JParc)

Tt —>e*/uty (Belle 2 @ KEK)

™ S ptuty (LHC @ CERN)

* Consequently, lepton flavour violated...

* Need to adapt the Standard Model (SM) to account for
this 2 vSM.

* |mplications:

* cLFV possible through higher order processes but
highly supressed

e Still, cLFV impossible at tree level in v SM.

Further infos: A. El-Khadra Talk I
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Physics of Mu3e: pu* > e'e*e’

Mu3e aims to look for the Charged Lepton
Flavour Violation decay: y* >e*e*e-

* py*>e*e’e ... Technically allowed in the vSM but highly
supressed (0°9)

* Anysignof y* > e*e*e” would imply physics Beyond the
Standard Model (BSM) as decay is strongly supressed in
SM.

* Possible mechanism: Supersymmetric particles etc...

Further infos: S. Middleton Tal

Further infos: A. El-Khadra Talk e

Further infos: T. Menzo Talk



https://indico.fnal.gov/event/63406/contributions/297294/
https://indico.fnal.gov/event/63406/contributions/297293/
https://indico.fnal.gov/event/63406/contributions/297922/attachments/181805/249440/Menzo_NuFact24_LightNP%40MuonFactories.pdf

Previous attempts to measure p* > e*e’e"

* Processes like :
* Ut —oety,
e "N e N,
s y* —>ete et
- not observed!

* Best limits on LFV come from
PSI muon experiments
« u* > ete et
BR <1 x 1072(SINDRUM, 1988)
s J"Au— e~ Au

BR <7 x 1073 (SINDRUM II, 2006

s Pt ety
BR < 3.1 x 103 (MEG II, 2024)

Branching ratio upper limit

See latest results from MEG 2 here

10~ $Dcosmlcrays ................................
10—2 ............ ................ . .......... ‘ M — e Y ......................

107 g N s @ N e

10— ............................. ... ................................
105 B o o‘ﬁ% _________ mheam 1. A w—eee |

16 ml —— S P A p N [T

107 B — T
BNy CENUE S S TN I S NN S SO S

T il S S S S— % Q ........ uhﬁgns .............................................................
6 SELJ A SR SR S XV S ST TT TS SO RO RIS SUVOOROTROs TR

i a'“ ....... il S ® NOW! _
10 AD @ ® MEG
[ = R IRt SIS SRR At g e j---MEc; [
10718 B . A expected
10—14 O .......

. : : : : COMETIexpected u Mu3e
10_15 """""""" ''''''''''''''''''''''''''''''''' 4 expected
N W h iCS ranae? | | ‘MuZ2e, COMETII A

O eF  Newphysicsrange? e, COMET!L 4
1017IIIIlllllllllllllllllllllllIlllllllIIlIlII

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030

Year
Callibbi and Signorelli, Riv. Nuovo Cimento, Vol. 41 (2018) 71 (updated by MDG)
7


https://indico.fnal.gov/event/63406/contributions/297167/attachments/181716/249271/degerone_nufact_First_MEGII_results.pdf

Current and future CLFV searches

H—2>ey <4.21073 (MEG) ~ 1014

u>eee <1.0 1012 (SINDRUM) ~10-16 (Mu3e)

HAD eA <7103 (SINDRUM II) ~ 10716 (COMET, Mu2e)
T2 ly 3.3 108 (Babar) 109 (Belle 2)

Limits reached by beam rate capabilities and high rates of irreducible background!




Complementarity between “golden” channels

Challenge lies in plenty of operators (90 + with EFT).

* Eur.Phys.J.C82(2022)9,836 describes the three muon processes through
6 terms only...

* Each term contributes to the three channels through certain physics.

1
0L = [C’D (m, 80P Ppp)Fup + Cs(€Pru)(EPre) + Cy (8" Prpt) (€Yo Pre)

A2
ALFV

+ OVL (E’YOZPL/L) (EVQPLG) + CAlightOAlight -+ CAheavy_L OAheavyL}

ALV = heavy mass scale term, S = Scalar, V = Vector, D = Dipole



Complementarity between “golden” channels

APV = heavy mass scale term, S = Scalar, V = Vector, D = Dipole

1
0L = —— [C’D(mMEJO‘BPR/L)Faﬁ + Cs(ePru)(ePre) + Cyr(ey® Pru)(€va Pre)

2
ALFV

+ CVL (E’YQPLM) (E/YOzPLe) + CAlightOAlz'ght =+ CAheavyJ_OAheavyJ_]

Dipole term:
 Mediatespy 2> ey
 Contributestopy > eeeandpA—-> e A

Heavy Neutrinos

2 Higgs Doublets

|UnUey | ~8x 10713

AT SUSY (u* — e*y)
SO(10) SUSY € ﬁ
t G + e

Rate ~ 1015 g(Hye)~10"*g(Hy,) H — 10

See Eur.Phys.J.C82(2022)9,836 for further details on theory. Feynman diagram credits [S. Middleton Talk, NuFact 2024 ]



Complementarity between “golden” channels

APV = heavy mass scale term, S = Scalar, V = Vector, D = Dipole

1

2
ALFV

oL =

[CD(mMEOO‘B Prp)Fog + Cs(ePrp)(€Pre) + Cv r(ey® Pru)(evaPre)
|

+ CVL (E’Y(XPLM) (E/YOzPLe) + CAlightOAlight =+ CAheavyJ_OAheavyJ_]

\4

Contact scalar term. Contact scalar term.
Leading order contribution to p = eee. Leading order contribution to p = eee.
Heavily suppressed for the others. Heavily suppressed for the others.

See Eur.Phys.J.C82(2022)9,836 for further details on theory. Feynman diagram credits [S. Middleton Talk, NuFact 2024 ]

e§

#4
Z!
e 11
ei




Complementarity between “golden” channels

APV = heavy mass scale term, S = Scalar, V = Vector, D = Dipole

1

2
ALFV

oL =

[CD(mMEOO‘B Prp)Fog + Cs(ePrp)(€Pre) + Cv r(ey® Prp)(evaPre)

+ CVL (E’YQPLM) (E/YOzPLe) + CAlz'ghtOAlz'ght =+ CAheavyJ_OAheavyJ_]

'

Quark contact term

Leading order contributiontop A> e A
Heavily suppressed for y = eee.

Leptoquarks

1
My = 3000(4,42eq)2 TeV/c?
[ - d

" v
L
L]

[imwmﬂ?nme

See Eur.Phys.J.C82(2022)9,836 for further details on theory. Feynman diagram credits [S. Middleton Talk, NuFact 2024 ]

New Bosons Compositeness
M, = 3000 TeV/c? A, ~3000TeV
U ® e . "

» 2,2y

q - q
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Complementarity between “golden” channels

H =My H =My

T T T T T T T 1 1 1 1 1 1 1 1
CZ;RR | | | : : : | == MEG (Br<4.2-10"%) CZ;RR = MEG (Br<4.2:10"%)
2 : : : : : | == MEG (Br<4-107) 1 2[| == MEG (Br<4-107)
| = SINDRUM (Br<10"") — SINDRUM (Br<10""?)
| == Mu3e (Br<5-107%) == Mu3e (Br<5-107%) : : :
SINDRUM Il (Br<7-107%%) [{10° 3 SINDRUM 11 (Br<7-1073) [ | [~ o R 110
: COMET (Br<10"'%) COMET (Br<10') : - ;

https://arxiv.org/abs/2204.00001

Wilson coefficients: CYER, c3.LL,CP

V vector type, S scalar type interaction
CP dypole interaction contributes to all

13



Complementarity between “golden” channels

All channels are sensitive to several new physics models.
Rates are going to be model dependent, therefore experiments can rule out
certain physics models.

MSSM Loop Loop ~6x103 10—3-107
Type | Seesaw Loop Loop 3x103-0.3 0.1-10
Type Il Seesaw Tree Loop (0.1-3)x10° 102
Type lll Seesaw Tree Tree ~103 103

LFV Higgs Loop Loop 107 0.1
Composite Higgs Loop Loop 0.05-0.5 2-20

14
Slide adapted from S. Middleton’s talk at NuFact 2024


https://indico.fnal.gov/event/63406/contributions/297294/attachments/181791/249477/NuFact_muon_plenary.pdf

Design Construction Mu3e physics

From theoretical Update on the Potential physics
motivation to construction of directions with Mu3e.
experimental design. each subdetector.




Prerequisites fora p™ =2 e*e’e experiment

Physics goals of Mu3e:
* Phase 1 goal: B(p = eee ~1019)
* Phase 2 goal: B(p = eee < 10716)

»
£ 4

Need ~ 10" muon decays for i

A3
2

p h a S e 1 . K y nES Channel

Only one option:
* World’s highest intensity continuous muon
beam (TE5 @ PSI)
* Phase 1: ~10% muon stops/sec
* Phase 2: >10% muon stops /sec

* Muons stopped on hollow target where they
decay.

e £ i 1 ]
muon rates of 1.4 x 108 u / s achieved in the past




The mE5 beam at PSI

The High Intensity Proton
Accelerator Complex (HIPA):

* 1.4 MW power

).
MEG/Mu3e ; Native nE5 elements
> € >
Shared elements

[

l

inlet II: iplet I:
Triplet II: Separator Triplet

QSK41,42,43 QSB41,42,43 N
SML/Collimator

| {:\ Split Triplet:

* Continuous beam (i.e. lower
instantaneous rate)

Mu3e/CMBL

wE5 muon beam:

QS041,05042,Q5M
e Compact design

* Average muon momentum: 28
MeV/c

* Placed rightin front of the Mu3e
magnet.

muon rates of 1.4 x 108 u / s achieved in the past



Signal and Backgrounds

Common vertex

>p=0
ZEiz mp
Yteee= 0 (in time)

The signal of

interest

Internal
conversion

Common vertex

2Pi# 0
>E<m,
> teee= 0 (in time)

Need good

momentum
resolution

ﬁ
\',A.
v, \e’L
2

Combinatorial
backgrounds

 No common vertex

* 2pi#0
« JEiFm,
¢ Yt.e ¥ 0 (out of time)

Need very good

timing, vertex and
momentum resolution [




Detection thresholds for Mu3e

* Acceptance defined as the fraction of y =2 eee decays where all
decay product have momentum higher than p;

* Highest energy decay product for different models.

—— dipole&vector (A,g3,g4, no intf.)
— dipole&vector (A,g3,94, constr. intf.)

)
O 1
% — dipole&vector (A,g3,94, destr. intf.)
° ——— dipole&vector (A,g5,96, no intf.)
8 ——— dipole&vector (A,g5,96, constr. intf.) : 10°g '
5] B _ e ) LlJE = —dipole&vector (A,g3,g4, no intf.) J
< dipole&vector (A,g5,96, destr. intf.) e - —dipole&vector (A,g3,94, constr. intf.)
- % F ——dipole&vector (A,g3,94, destr. intf.)
-3
0.5~ 107
L _E ’
—dipole (A) S
-5
- — scalar (91,92) 10 EE ——dipole (A) ——dipole&vector (A,g5,96, no intf.)
--- vector (g5,96) _E ——scalar (g1,92) —dipole&vector (A,g5,g6, constr. intf.
B E ——vector (g5,96) dipole&vector (A,g5,96, destr. intf.)
0 [ T S| L L1 77|||J 10—7_....I....I....|n||||||||||||I||||I||||||||
0 10 20 30 [MeV/éﬁO 10 15 20 25 30 35 40 45 50
pT,min EnaxlMeV]
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https://arxiv.org/abs/2204.00001



Design Construction Mu3e physics

From theoretical Update on the Potential physics
motivation to construction of directions with Mu3e.
experimental design. each subdetector.




Mu3e — General Detector Requirements

General technical requirements:
 Many muon decays needed (Phase 1+2): 10"/
* Timing resolution: Better than 500 ps
* Momentum resolution: < 0.5 MeV/c

Spatial resolution: ~ pym

L. ~ 1.5 m length
* Fast data acquisition: 108 Hz rates ~0.15 m diameter
* Low material budget A
{ Recurl Outer Central Outer Pixel Tracker \
Pixel Tracker Scintillating Fibre Detector

Beam pipe

Inner Pixel Tracker

Stopping
Target

Scintillating 21
Tile Detector



Mu3e - Particle Detection Principle

Particle’s direction through detector:
* Muons decay at rest in target
* Electrons and positrons start propagating in magnetic field

* Place fine grained detector (pixel) for tracking and scintillation detectors
for timing.

Recurl pixel layers

Scintillator tiles

Inner pixel layers

—_—>
—————F uBeam Target
—_—
/

Scintillating fibres
CTTTTITITTTI T I I ] J / (TTTTTITIT I T I I ]

\ /
Outer pixel layers
22




How to make a low momentum resolution detector?

With a fine grained detector Mu3e is in the

* Two factors to improve resolution:
* Large radius T Ons

multiple scattering (MS) dominated regime.

 Low scattering angle p Y/

Detector

resolution Detecto

resolution

Multiple
scattering
uncertainty

Multiple
scattering
uncertainty

Detector layer

Particle track Detector layer

MS dominated

Particle track

Spatial dominated

MS effects cancel to first order after a half a turn.

23



How to make a low momentum resolution detector?

With a fine grained detector Mu3e is in the
multiple scattering (MS) dominated regime.
* Two factors to improve resolution:
* Large radius T Ons
 Low scattering angle p Y/

Detector

resolution Detecto

resolution

MS effects cancel to first order after a half a turn.

Multiple
scattering
uncertainty

Multiple
scattering
uncertainty

'Q' Catch the particle after half a turn!

Detector layer

Detector layer

Particle track Particle track

Spatial dominated MS dominated 24



Make a compact detector, long enough to cath the particles

after half a turn.

Inner pixel layers \ /
AN
Target ¢
/
Scintillating fibres /
A\ /

\/ Outer pixel layers

25



Make a compact detector, long enough to cath the particles

after half a turn.

Recurl pixel layers

BERREEEREREREERE EERREEEREEEREERE
Scintillator tiles Inner pixel layers
\
> U Beam Target ¢
/
T T ccntillating fibres TTTTTTTTTTTTITTT

Ay 7

\/ Outer pixel layers

26



The target of the Mu3e detector

Challenge: optimise stopping power while minimising
material...
e Several shapes studied

* Target a la Sindrum ( see more here)
\

Final design:
* Double cone made of Mylar
* 95.5 % of muons reaching target are stopped 7


https://arxiv.org/pdf/2009.11690

Mu3e — Subdetector roles - Pixel

Detectors:

* Pixel detectors for tracking: vertex, outer-central, and recurl

* Thin Scintillating Fibers for timing: central
* Scintillating Tiles for timing: recurl

Recurl pixel layers

EEEEEEEEEEEENE NN
Scintillator tiles Inner pixel layers

—_—

—_—
—————3% uBeam Target
B ————

v

Scintillating fibres

' Outer pixel layers

28



Silicon pixel detector HV-MAPS

Pixel tracker — High Voltage Monolitic Active Pixel Sensors (HV-MAPS) - MuPix

* Hits matched between two inner layers and two outer layers
* Cooled with helium gas

Acceptance increased with recurl stations

50 pm thickness (vertex), 70 um (recurl)

Active area 20 x 20 mm? (23 mm including readout area)
Operated withupto 70V ‘ ‘

readout logic and amplifiers

embedded in the pixel n-well
thin active region (10 um) >
fast charge collection via drift

of 4 ladders

(< }arge
Half-shells /

4or5IW

29



Helium cooling

MuPix dissipates 215 mW/cm? - Needs cooling
* Liquid cooling = High material budget

* Gas cooling
 Air = High material budget: 1 m of air ~ 0.33 % X,.
* Helium 1 m ~0.018 % X,

Recurl pixel layers \

pd
P
CTTTTITITTITIT I I (TTTTITTITT I AT T T]
Scintillator tiles Inner pixel layers

—_—
—_—
————> uBeam Target ¢
I

/
Scintillating fibres
(TTTTTTITTITTTTT] : /\
\ / \'/

v Outer pixel layers

1 metre of track length
[TT 1]

Turbo compressor providing 16 g/s
helium (from Fischer)

30




Pixel tracker - Status

11 year R&D period over 50 um thick silicon wafer

Inner pixels installation in progress

Helium gas cooling installed

~23 um spatial resolution, efficiency 99%%*, < 20 ns time
resolution

Two layer vertex detector to be installed by November

easily achievable with 70 us, a bit more challenging with 50 ys



Mu3e — Subdetector roles - SciFi

Detectors:
* Pixel detectors for tracking: vertex, outer, and recurl
* Thin Scintillating Fibers (SciFi) for timing: central
* Scintillating Tiles for timing: recurl

Recurl pixel layers

LIt LIt
Scintillator tiles Inner pixel layers
_ >
S
——> uBeam Target¢
S
/
Scintillating fibres
LI % LIt
A} 7

\/ Outer pixel layers
32




Timing at centre: Scintillating Fibre (SciFi) detector

* SciFi basics:
* 3layers of 250 um staggered fibres
12 long fibre ribbons covering4 «

1 ribbon =720 pm thick, 0.2 %
radiation length

300 ps time resolution

 Liquid cooling (SilOil, -20°) through Gintotay 4
the Cooling Ring (CR). g
SciFi super-module . — NV i . H i

""""""""

ooooo
_

-
oooooo
|

SiPM array
Particles produce photons which propagate towards the ends
 Eachribbon has SiPM arrays at its ends
e 256 channels perribbon, 3072 for SciFi. 33

SciFi ribbon

SciFi cooling ring L-bracket support



Timing at centre: Scintillating Fibre (SciFi) detector

Performance of the SciFi detector

8 0.5 ph.e., > 2 hit, IATI < 50, X 100 X 100 b
E & SCSF-78, 3L, black § %*% &>,= e f
S 240 —ii- SCSF-78, 4L, black g 98— —+— g 98— 4
& NOL-11, 3L, TiO, = l =
4 NOL-11, 4L, TiO, k w
2201 3 layers 96— 96—
0.5 ph.e., 2 2 hit, IATI < 50'T 1.5 ph.e., 2 1 hit, IATI < ScT
4 layers —&- SCSF-78, 3L, black ~@ SCSF-78, 3L, black
2001 SCSF-78 %+% 94| & SCSF-78, 4L, black 94 & SCSF-78, 4L, black
& NOL-11, 3L, TiO, & NOL-11,3L, TiO,
NOL 4 NOL-11, 4L, TiO, 4 NOL-11, 4L, TiO,
18011||111|u||l||||1|111|1||11|111 92'"'l'"'l'"'l""lll"l""lll"l"" 92II\'lllllll'lll"'llIlllllxllll“llIIII
e 16 18 20 22 24 26 28 30 190 200 210 220 230 240 250 260 270 19 200 210 220 20 240 250 260 270
Most Probable Value (# p.e.) owmr[ps] owmr[ps]

NOL (1.1 ns) — shorter decay time than SCSF-78 (2.8 ns) | 3 layer SCSF-78 scintillator
Not a great impact on the time resolution radiation length X/X, ~0.2%
- Photon number is the dominant contribution. —> Final design

34

l—] AX~ 255 um



Defining quality control methods for mass production

A dark-count photon can produce cluster

both on the left or the right of the ribbon. Ribbon scan with source

Used to check:
 Dead/noisy channels

* General data quality
from one ribbon.

SciFi super-module
(6 in total)

(7p] (7))
@ Mean 1: -2.201 E 1201 ]
SiPM array -IE 8000 S|gma 1: 0.297 ® B 1 —150000
LU 7000 Mean 2: 2.355 -9 1001 ]
Double peak plot used to check: ol |__Sigma 2: 0.303 e M | {40000
« Good overal optical N W - .
o 601 —

properties
* Width 2 expected
resolution ~300 ps -
* Allignmentat0-> Good ,

time sync between left s A oo s RN i e
and right. ' T Right side hits
Time (ns)

4000 B
40 20000
3000 B

20

C \ 10000
0 1 1 Il ‘ Il ! Il J 1 d 1 | 1 ! 1 | 1 L | ) 1 0

1 1
0 20 40 60 an 100 120

o
=T
&42
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Beam test results — SciFi qualification with MuTRIG ASICs

PositionY

Mainz (MAMI)
electron beam

--------'>

Pixel module
B -I T T I T -l -I T | T T T T I T FI“MAPI T
- - - - - Entries 89078
| o . - b R Mean x 142.8
| Preliminary plot . |Meany 212
zoo L o ey e
150|— ]
100|— - ]
oL R | Ll L
0 50 100 150 200 250
Position X

Pixel

SciFi

Pixel

@120 _
< T Preliminary plot | :
O 100— —
T L ]
n B i
e o ]
Q20 - .
oo -
s~ ‘ —
i3 ‘hi
oL | | |

SciFi module

o

20

40

60

80

100 120

Left side hits



Beam test results — SciFi qualification with MuTRIG ASICs

Gaussian 1: N - ]
" 0| Mean:0.823 — QL eol—- — —
2 sigma: 0.381 Preliminary plot += - Preliminary plot .
ar Gaussian 2: LIC.I - _
C  50[ Mean: set to mean1 50— ]
L sigma: 0.833 u ]
40— 40— -
305— 30|— -
20?— 20— -
10:_ 10} —
C " |
- S S S | 1 T 0' L L -1 ! L L
05 ~10 5 0 5 10 15 0 500 1000 1500 2000
Time difference between coincidences at two ribbons (ns) Time correlation between Pixel and SciFi (ns)
Excellent Mean Time resolution maintained Preliminary plot: Correlation between final
for two ribbon coincidences: ~ 381 ps. version of both pixel detectors and SciFi.
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SciFi detector - Status

* 6 modules produced
* To be installed by November
* Liquid cooling system installed

cc Niklaus Berger — Flickr Mu3e



https://www.flickr.com/photos/nberger/

Mu3e — Subdetector roles - SciTile

Detectors:
* Pixel detectors for tracking: vertex, outer, and recurl
* Thin Scintillating Fibers for timing: central
* Scintillating Tiles (SciTi) for timing: recurl

Recurl pixel layers

Inner pixel layers \

Scintillator tiles

—_—
—_—
——> uBeam Target ¢
B
/

I Cnatng fbres / ]

\ /
\/ Outer pixel layers
39




Mu3e — Subdetector roles - SciTile

No tight material limitation on Detector volume > “Thick” detector
Highly segmented in ~6k tiles
Very compact design

*Tiles from fast Ej-228 plastic scintillator (6 x 6 x 5 mm?3)
*Individually wrapped in ESR foil - Minimize crosstalk
*Coupled to Hamamatsu SiPMs read out by Mutrig ASIC
(S13360-3050VE @ -10°C, Silicon oil cooling)

*Efficiency > 99%, single-channel time resolution ~ 40 ps
*Performance validated in Demonstrator Modules

*First final modules produced

Resolution[ps]

W
=

(23
N

—III|III|III|III|III|II[|III]IIIlIIII
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Mu3e — Data Acquisition

* Trigger-less conitnuous
readout: 100 GB/s data
rate

* Hits collected by FPGAs
(inside the magnet)

* Optical transmission to
switching boards

* Decaysreconstructed
and interesting events
are stored.

up to 36 x 1.25 Gbit/s
LVDS links per FEB

1 X 6.25 Gbit/s optical
link per Switching Board

2-8 10 Gbit/s links
per Switching Board

16 inputs per Farm
FPGA

Gbit Ethernet

Front-end (inside magnet)

6272 Tiles

Switching Board

Switching Board

Switching Board

Switching Board

‘ | Il [ 7l

Counting house

More info in M. Koeppel’s talk


https://indico.cern.ch/event/1109460/contributions/4893262/attachments/2489268/4274969/main.pdf

Mu3e — Plans for 2024 and further

Achievements so far: Aims for rest of the year:
 DAQ operational with different detector * Cosmic run
types « Complete experimental chain
* Cooling for detectors » Detector installation
* Pixel, SciFi, SciTile = First modules installed * Data taking
Cosmic run with Full detector Physics

inner pixel and SciFi commissioning data taking
Nov/Dec 2024 2025 2026

42



Design Construction Mu3e physics

From theoretical Update on the Potential physics
motivation to construction of directions with Mu3e.
experimental design. each subdetector.




Physics reach with current design

e ut > ete'e

e ut>e*X

e u*—> e+ Longlived particles

 The search for e+e-resonancesin y* 2 e*e*e” v, \bar{v,}

* Precision muon decay measurement and improvements on the weak
interactions.

44



Mu3e Phase | Simulation 10'° muon stops

2 108 ns/
Ng 10 - at 10° muons/s u — eee
abha . -12
= +Michel =" at10
= y “. 13
ol o, & at 10
o .
> at 10"
g
o at10™"
W 10" %
+
-* +++
.. °. ‘z *
107 L L m e *ﬁ |
105 110
M, [MeV/c?]

Expected vertex mass based on full offline selection

https://arxiv.org/abs/2204.00001

o E Mu3e Phase | 10® muon stops/s
O u . .
1 i 13.0% signal efficiency
310—12 _________________________________________________________________________
% SINDRUM 1988
107°
: 95% C.L.
1o+ SES
- N 90% C.L.
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ut—2>e* X

Mu3e can also look for decays of the type u* =2 e* X, where X is a neutral light particle.
* Limits set by TRIUMF in 7986 (Highly polarized muon beam — details here and here)
* Mass of Xisimposed by detectors acceptance.

* Forminimum 10 MeV for positron energy, max Mx ~ 95 MeV

 Onetrack does not pass selection conditions =2 need way around it.
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.34.1967
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.34.1967
https://arxiv.org/abs/1409.0638

Dark photon e*e” resonances in u* 2 e'e’e v, v,

Mu3e can look for dark photons using the standard three track data set.
Dark photons can decay into e*e" pairs.
Masses probed up to 80 MeV.

g Mu3e Phase I Simulation . . https://arxiv.org/abs/2204.00001
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Back to Earth: Precise measurement of SM

Michel decay of muon: u* 2 e+ v, v,

Standard model decay process described by four parameters (link to PDG)

* pand n measured with limited statistics by Twist (link to publication)
* Twist constraints: pz> 14 MeV/c, pt > 10 MeV/c

4

. Fs(@)=z(1—2)+3pM@a® =3z —25) +n-20 (1 - )

. The contribution to n becomes imporatnt at lower
2 energies (x).
o C 0
o = s o - nan 1 T B | =TS g
0.2 et et R R AR L S e B _
- #Lﬁp A T i_ o Mu3e will be able to access lower momentum ranges and
040 & g - . B e = il . . L.
o 5_':ﬁ';'-- W L DT e O -2 also will have much better statistics.
o 54 gy
DL D e iy One limitation: DAQ optimized for three track processes.
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https://pdg.lbl.gov/2024/reviews/rpp2024-rev-muon-decay-params.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.092013

|s this the end?

Three track topology of muon decay is very appealing for theorists...
See for example this study on “New Physics in multi electron muon

decays”.
W /y et Mu5e, Mu7e, Mu(Nx2-1)e???
¢ . Let’s not get greedy!

https://arxiv.org/pdf/2306.15631
49


https://arxiv.org/abs/2306.15631

Mu3e gallery ( Nik Berger)

Thank you
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Backups

Lagrangian proposed by Kuno and Okada

A4GF —w o
£u—>eee — _ﬁ [muAR ,U'RO'“ eLFp,V + m,uAL ,U‘LO'“ eRFp,V

+ 91 (Brer) (erer) + g2 (BLer) (eLer)
+ g3 (WrY"er) (€rVuer) + 94 (BzY"er) (€L VueL)
+ g5 (ErY"er) (€Lvuer) + g6 (GLY'eL) (ERYueR) + H.c. |

g1,2 describing scalar-type and g3-6 vector-type interactions.
Wilson coefficients CY. 'R (equivalent to g3 in eq. 2.1), CSEL (equivalent to g; in eq. 2.1), and
CP (equivalent to Ag in eq. 2.1).
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