The Mu3e experiment

Searching for the Charged Lepton Flavour Violating decay p*—e*e*e

Frederik Wauters on behalf of the Mu3e collaboration
Johannes Gutenberg University Mainz

/3



CLFV & p'—e'e’e

Why searching for Charged Lepton Flavour Violation?

Not a fondamental Standard Model cymmetry

Lepton flavour
Baryon number "
Lepton Number

Electric charge
Color charge
Lorentz invariance

— Qutstanding (B)SM puzzles can be finked to CLFI/
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Survival Probability

CLFV & p'—e'e’e

Why searching for Charged Lepton Flavour Violation?

Not a fondamental Standard Model cymmetry
We have Neutral (FV:v occillatione + favovr anomalies
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CLFV & p'—e'e’e

Why searching for Charged Lepton Flavour Violation?

Not a fondamental Standard Model cymmetry
We have Neutral (FV:v occillatione + favovr anomalies
For Py < mpoy - EFT approach

The EFT formulation we tend to use in rare
muon decays: https://arxiv.org/abs/1702.03020
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CLFV & p'—e'e’e

Why searching for Charged Lepton Flavour Violation?

How to search for CLFV,i.e. looking for small BSM couplings?
=¥ Intensity Frontier Measurement

=¥ Processes with a low Standard Model Background

Muons are great!

> They are leptons with 100% leptonic decay modes very well described in the SM
> BSM contributions can be described by EFT arxiv:1702.03020 as m <A
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CLFV & p'—e'e’e

Why searching for Charged Lepton Flavour Violation?

How to search for CLFV,i.e. looking for small BSM couplings?
=¥ Intensity Frontier Measurement
=¥ Processes with a low Standard Model Background

Muons are great!
They are leptons with 100% leptonic decay modes very well described in the SM

BSM contributions can be described by EFT arXiv:1702.03020 as m < A,
SM background free

We can make a lot of them at p-accelerator facilities

YYVYVYY

They live long enough to production — experiment

Sweet spot between censitivity and availability

Three golden channels

e H o pToely MEG < 410" ® MEGII < 510"
"
§ w0 nevt! d  pN—oeN SUNDRUMII <710 = DeeMee, Mu2e, COMET < 107
Ar O  p'—oe'e’e SINDRUM < |-107'2 2 Mu3e <2:10"® ( 1-10'%in a second phase) 6



CLFV & p'—e'e’e
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Three golden channels
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d  pN—oeN SUNDRUMII <710 = DeeMee, Mu2e, COMET < 107
d  p'—oe'e’e SINDRUM < 1-10"2 2 Mu3e <2:107"° (1:10'%in a second phase) 7

Figure adapted from W.J. Marciano, T. Mori and J.M. Roney, Ann.Rev.Nucl.Part.Sci. 58, 315 (2008)



CLFV & p'—e'e’e

Why (look at all) three golden channels?
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CLFV & p'—e'e’e

Why (look at all) three golden channels?
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Renormalisation-group improved analysis of y—e processes in a systematic effective-field-theory approach. arXiv:1702.03020v3



CLFV & p'—e'e’e

Why (look at all) three golden channels?

O pi—e’y — Only one single signal
d  pN-oeN — Some differentiation via N
O up'—oe'e’e — Full 3-body decay kinematics

Phase space decay (Dalitz plot

acceptance of
some detector

0 2 4 6 8 10 122103 > 8 10 122103
m3,[MeV?] m2[MeV?]
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Figures from PhD Thesis A.-K. Perrevoort, operators from Rev.Mod.Phys.73:151-202,2001



CLFV & p'—e'e’e

Why (look at all) three golden channels?

O p'—e'y — Only one single signal
d  pN-oeN — Some differentiation via N
O up'—oe'e’e — Full 3-body decay kinematics

Phase space decay (Dalitz plot

acceptance of
some detector
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Figures from PhD Thesis A.-K. Perrevoort, operators from Rev.Mod.Phys.73:151-202,2001

Dipole operator ( 05"

x10
—12

c 10°
%10 ;
£

8
10
6

6 8 10 12,40
mZ[MeV?]

Four Fermion ( #4Y)

1ox10°

mZ,[MeV?]
=

10 123 10°
m2[MeV?]

11



Experimental concept

How to look for p*—e’e’e?

3 particle decay af rest

— gt
- 5 €

!
&

Common vertex
Time coincident
YE= m,

2 p=0

Y bl
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Experimental concept

How to look for p*—e’e’e?

3 particle decay af rest

—

“«
e
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Common vertex
Time coincident
YE= m,

2 p=0

Y bl

2 particle decay af rest, Only one particle in final ctafe

very clear cignal -
-

/ kS

ot

/ \

A’ e

- Mono-energetice*andy = Mono-energetic e
->  back-back coincidence -> No coincidence
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Experimental concept

How to look for p*—e’e’e?

DC muons DC muons
3 particle decay af rest 2 particle decay af rest,

Pulsed moon beam
Only one particle in final stafe

very clear cignal
S =3 Q'-k

N / pe
> = S

| N

o J e

o
=> Common vertex ->  Mono-energetic e and y => Mono-energetic e
=> Time coincident =>  back-back coincidence => No coincidence
> D>E= m,
> 2p=0

PAUL SCHERRER INSTITUT Muze @ #Fermilab

Mu3e & MEG @ L]—__—

“ba
COMET @ % ,amc
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Liquid xenon photon detector

LR 4 LXe
COBRA . FoApdittnsemm, (LXe)
superconducting magnet M:\‘~ sty

\ AR, .

Pixelated timing counter
(pTC)
Muon stopping target

Cylindrical drift chamber

Radiative decay counter (CDCH)
(RDO)

MEGII design: https://arxiv.org/abs/1801.04688




Mu2e and COMET

Mu2e and COMET are under construction

at FermilLab and J-PARC.

Proton Beam
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Experimental concept

How to look for p*—e’e’e?

Internal convercion

DC muons
3 particle decay af rest

E

\\/

@ ./
Common vertex
Time coincident

ZEm

-1
|

Y bl

High rate capability

YYVYY

Large acceptance

Accidental backgrovnd

Michel decay positrons +
electron from:
(A Bhabha scattering
(d  Photon conversion
[d  Misreconstruction

e*ete mass
>p=0
Our detector needs:
Excellent momentum resolution
Good time and vertex resolution
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Fully differential NLO predictions for the rare muon decay arXiv:1611.03617



Experimental concept

A Step |:Stop muons

_—
———— uBeam Target 6
—_— >

18



Experimental concept

Step |: Stop muons
Step 2:Two layer vertex detector
Step 3:A IT magnetic field and add 2 more Si pixel layers and start tracking ( see our dedicated fast track fitter: https:/arxiv.org/abs/ |606.04990 )

[

Inner pixel layers

———————F nBeam Target

]

/

A\ /
Outer pixel layers
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Experimental concept

Step |:Stop muons

Step 2:Two layer vertex detector

Step 3:A IT magnetic field and add 2 more Si pixel layers and start tracking ( see our dedicated fast track fitter: https:/arxiv.org/abs/ |606.04990 )
Step 4:Add Scintillating Fibre detectors to differentiate electrons and positrons

oo

Inner pixel layers : :
N\

————— MBeam Target

7

Scintillating fibres :

\ /.

Outer pixel layers
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Experimental concept

Step |:Stop muons

Step 2:Two layer vertex detector

Step 3:A IT magnetic field and add 2 more Si pixel layers and start tracking ( see our dedicated fast track fitter: https:/arxiv.org/abs/ |606.04990 )
Step 4:Add Scintillating Fibre detectors to differentiate electrons and positrons

Step 5:Add recurl tracking stations to get the optimal momentum resolution

Step 6:Add Scintillating Tiles to get the optimal timing resolution

oo oodd

Recurl pixel layers

_ 8 O

Scintillator tiles

Inner pixel layers

£
cL; —————> uBeam Target
N

Scintillating fibres

\ 7
Outer pixel layers

=
Hery 40 cm
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Experimental concept

Step |: Stop muons

Step 2:Two layer vertex detector

Step 3:A IT magnetic field and add 2 more Si pixel layers and start tracking ( see our dedicated fast track fitter: https:/arxiv.org/abs/ |606.04990 )
Step 4:Add Scintillating Fibre detectors to differentiate electrons and positrons

Step 5:Add recurl tracking stations to get the optimal momentum resolution

Step 6:Add Scintillating Tiles to get the optimal timing resolution

oo dodd

In the MS dominated regime, a
half-turn spectrometer provides
optimal momentum resolution

ol L L L L
10 20 30 40 50

P [MeV/c]
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oo dodd

Experimental concept

Step |: Stop muons

Step 2:Two layer vertex detector

Step 3:A IT magnetic field and add 2 more Si pixel layers and start tracking ( see our dedicated fast track fitter: https:/arxiv.org/abs/ |606.04990 )
Step 4:Add Scintillating Fibre detectors to differentiate electrons and positrons

Step 5:Add recurl tracking stations to get the optimal momentum resolution

Step 6:Add Scintillating Tiles to get the optimal timing resolution

In the MS dominated regime, a
half-turn spectrometer provides
optimal momentum resolution
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Lightweight pixel tracker build from
High-Voltage Monolithic Active Pixel Sensors (HV-MAPS) called MuPix A decade of detector

development and test beams

Commercial HV-CMOS process
Fast Charge collection
Integrated analogue and digital RO

Can be thinned to 50 pm
256x250 pixels / 2 x 2 cm

pkotafypihg MuPX...—9
e

oo odd

Pixel Periphery Sasaing mState Machine
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follower 2" amplifier 5 > readout &
£ | state PLL
: 2 machine | -
’ readout |
lesIbpuls tune parator 8b/10b J‘senalizer‘» wos
e DAC encoder | |
mjcction | threshold
amplification AC coupling dlgnta'l output \_/
| viaCR filter 1|
integrate N\ line driver per pixel AN
charge AN threshold N\
e adjustment e ==
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https://arxiv.org/abs/1603.08751, https://arxiv.org/abs/2002.07253, 10.1016/j.nima.2007.07.115




Lightweight pixel tracker build from

High-Voltage Monolithic Active Pixel Sensors (HV-MAPS) called MuPix

=» MuPix| | as a fast, efficient, thin, and large HV-MAPS sensor

21 mm

> 99.5 % efficient
< |5ns time resolution
Threshold/mask pixel by pixel
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Mude detector

uuuuuuuuuuuuuuuuuuu

nnnnnnnnnnnnnnnnn

—— Recurl pixel tracker
— Tiles

Target

L Vertex pixel tracker

Fibres

Central pixel tracker

26



Mude detector

Lightweight pixel tracker build from MuPIX sensors

“% Xo :
& == glue

Ladders from 50-70 pm of Si, ”1 a

25 pm of Alu/Kapton flex, and R ol Vertex tracker
25 pum of kapton support. 05

— ca. 0.1% of a radiation length! Pl e Y
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.
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Mylar foil

Electrical connections

The is & com
large pixel 7

2 vertex layers

3 x 2 outer layers

174 ladders

2844 2x2 cm? MuPiX chips
182 016 000 pixels

3060 1.25 Gb/s data links
50 g/s, |0m/s 5kW gaseous helium cooling

Pixel ladders
carrying sensor chips

Detector mount—" Endring
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Mude detector

Timing detectors
A 12 ribbon - 3 layer scintillating fibre detector surrounding the vertex detector
[ Highly granular tile detector under the recurl stations

=
3
3

B N e e AR

SCSF-78, 3L, black ___ Data Distribution
FWHM/2.35 = 456 ps|
Double Gauss
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o All fibre and pixel modules are spring
Cooling ring loaded to compensate for thermal
expansions.
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Both detectors use a custom

readout chip called MuTrig™
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Sl

6272 tiles with plenty of light SR =
give us ca. 70 ps time :
resolution

MuTRIG" ASIC

28
*H. Chen et al 2017 JINST 12 C01043

Development of the Scintillating Fiber Timing Detector for the Mu3e Experiment arXiv:2208.09906



e+

e+
Recurl pixel layers
I T B
Scintillator tiles Inner pixel layers
—
——————% uBeam Target
p—
Scintillating fibres
I A A I T A A
Outer pixel layers
e-
- e’
e i

i bl

Reminder: the Mu3e event topology does not allow for a RO
trigger, every e* track could potentially be part of a
p*—e*e’e event. Only the kinematics of the combined final
state positrons/electron gives us an event selection criteria.

Mu3e = lightweight and Fast Michel electron tracker + high
throughput online reconstruction & celection DAQ system

Common vertex
Time coincident

YE= m,
2 p=0
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e+

e+
Recurl pixel layers
A I T B
Scintillator tiles Inner pixel layers
———> uBeam Target ¢
Scintillating fibres
I A A I T A A
Outer pixel layers
e-
2844 Pixel Sensors 96 MuTRIG ASICs from Fibre 182 MuTRIG

=

Fr

W

Reminder: the Mu3e event topology does not allow for a RO
trigger, every e* track could potentially be part of a
p*—e*e’e event. Only the kinematics of the combined final
state positrons/electron gives us an event selection criteria.

Mu3e = lightweight and Fast Michel electron tracker + high
throughput online reconstruction & celection DAQ system

ASICs from Tiles

(3ubew apisul)
pua-qu0.4

up to 45 2
1.25Gbit/slinks -] -
4
FPGA FPGA | 88FPGAs | FPGA FPGA | 12FPGAs | FPGA FPGA | 14FPGAs | FPGA
One 6 Ghit/s
link each |
Switching Switching Switching Switching|
Board Board Board Board
2-810 Ghit/s
links per I ] T |
Switching | |
Board =l =l
61 GPU GPU GPU |
6lnputs | pe PC 12pCs | PC
each |
| | | -
Gbit Ethemet I
Data Mass
Collection Storage

Server

Streaming DAQ
Network of FPGA's and optical connections
Collect time slices of the full detector on a single PC
Online reconstruction and event selection on a GPUs
Write selected events to disk at max 100 MB/s (up to
100x reduction)
30



e+

e+
Recurl pixel layers
CTTTTLL I T CCTTLI I TTT :
—— , Reminder: the Mu3e event topology does not allow for a RO
Inner pixel layers
trigger, every e* track could potentially be part of a
———pitem g # p*—e*e’e event. Only the kinematics of the combined final
Sl fbres state positrons/electron gives us an event selection criteria.
EESNEEEE RSN OO I
Quteriphzelayers Mu3e = lightweight and Fast Michel electron tracker + high
Custom FPGA board : ) )
e- throughput online reconstruction & celection DAQ system
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1= = arXiv:2010.15648v2
8_. o
o3
2 . .
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Based on full Monte Carlo simulation of the experiment, an analytical track fitter, and a lot of
detector R&D, we claim that:

The Mu3e Phase | detector can achieve a 2:10°'° SES on p*—e’e'e

Mu3e Phase | Simulation

Events / 0.2 MeV/c?

S
8

10°

M > eeevv
[

107
95

10" muon stops
at 10® muons/s
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+ e

-
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«— at10

-
-

- 4 at 101?

Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165679

Contents lists available at ScienceDirect
Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Technical design of the phase I Mu3e experiment

K. Arndt®', H. Augustin”, P. Baesso®, N. Berger !, F. Berg C. Betancourt, D. Bortoletto?,
. Buonaura ¢, F. Cadoux¢, C. Chavez Barajas‘,

A. Bravar?, K. Brlggl“ D. vom Bruch‘
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Building Mu3e

First we need muons, a beamline and a magnet v/

590 MeV c.w. proton beam with
currents of up to 2.4 mA,i.e. | .4
MW beam power.

@ 2.3 mA 600 MeV proton beam from HIPA at PSI
a  10® p*/s (DC) at the TE5 area
(A  Stopped on a thin Mylar target

CMBL commissioning rates comparison

Rate [u'/s] @ 2.2mA
Year | Collimator | QSM41 Mu3e
2021 1.94 108 1.10 10® | 4.40 107
2022 2.26 103 1.66 108 | 6.89 107
2023 2.38 108 1.88 10® | 7.50 107*

Towards MEGII @ PIE5



Building Mu3e

First we need muons, a beamline and a magnet v/

Target E

The Compact Muon Beamline

. Im

2.3 mA 600 MeV proton beam from HIPA at PSI
10® u*/s (DC) at the ES5 area |
Stopped on a thin Mylar target |

3
3
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CMBL commissioning rates comparison

Rate [u'/s] @ 2.2mA

Year | Collimator | QSM41 Mu3e
2021 1.94 108 1.10 10® | 4.40 107
2022 2.26 103 1.66 108 | 6.89 107
2023 2.38 108 1.88 10® | 7.50 107*

Towards MEGII @ PIE5 T4



Building Mu3e

Vertex, Scintillating Fibre & Tile detector under construction ...

... but first a demonstrator/prototype

Vertex detector module with MuPIX10 chips
SciFi Module

Crate with Front-End Boards

Detector Cage

2g/s Helium cooling

oo odd
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Building Mu3e

Vertex, Scintillating Fibre & Tile detector under construction ...

... but first a demonstrator/prototype
Vertex detector module with MuPIX10 chips
SciFi Module

Crate with Front-End Boards
Detector Cage

2g/s Helium cooling

oo odd
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Building Mu3e

Vertex, Scintillating Fibre & Tile detector under construction ...

+ support
& connections Integrate

MuPix chip — Ladder — Module — Detector

+ Flex

Now producing
A Vertex pixel ladders —
A SiPM arrays and readout board
A Tile Matrix and readout board

Tile Matrix

SciFi ribbon

SciFi cooling rings
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Building Mu3e

Vertex, Scintillating Fibre & Tile detector under construction ...

+
. Eln support

First detector installation at PSI later this summer

(1 Tile Matrix and readout hoard |

Outer pixel detector will follow soon

Install Central pixel tracker in 2024
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Building Mu3e

Zone outside of the tracker is active detector area
— All services run along the beam pipe

Active area

— ;\b\ s
Liquid cooling =

Signal and power cables

Active area
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Building Mu3e

Zone outside of the tracker is active detector area
— All services run along the beam pipe

Active area

E Liquid cooling \/\ :r—ll

Signal and power cables

Active area

Mu3e detector services

Micro-twisted pair cable for each ASIC (LVDYS)

HV & LV channel for each detector module

-15 °C liquid cooling for the MuTRIG ASIC and SiPMs

Up to 5kW power to and from Frontend Boards and DC-DC
Up to 5kW from and to the pixel detector

(I I Wy Wy

Custom HV

Custom DC-DC




Building Mu3e

Zone outside of the tracker is active detector area
— All services run along the beam pipe

Active area

‘ N\

Signal and power cables

Active area

Mu3e detector services P
Micro-twisted pair cable for each ASIC (LVDYS) MvaF ol
HV & LV channel for each detector module
-15 °C liquid cooling for the MuTRIG ASIC and SiPMs
Up to 5kW power to and from Frontend Boards and DC-DC
Up to 5kW from and to the pixel detector

a  200-400 mW/cm?

A No pipes, no liquids, ...

Electrical connections

(I I Wy Wy

Pixel ladders
carrying sensor chips

. . . . Endring
A Helium has almost the same volumetric heat capacity as air! fsagtor mount =~

1 50 g/s gaseous helium cooling system for the Mu3e pixel detector

% Xo : :
i

Al
polyimide HDI

. Compact turbo compressors with gas bearing for the
circulation and compression of Helium.
a High throughput

d  Low compression ratio Cntire Ssten
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Venturi tube

5 pae,

Mude Cooling system
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Mude Cooling system

; 16 g/s
— Venturi tube N 12
~-
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Vertex detector

Successful cooling of a pixel tracker using gaseous helium
arXiv:2301.13813
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Mude Cooling system

— Venturi tube "
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Vertex detector

Successful cooling of a pixel tracker using gaseous helium
arXiv:2301.13813
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Mude Cooling system

Venturi tube

5 pae,

,~ compressor
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Vertex detector

Successful cooling of a pixel tracker using gaseous helium
arXiv:2301.13813
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Mude Cooling system

Detector mount
(floating, spring Ioaded)\ D
7y

pixel ladders 16 9/s ens
carrying sensor chips 12'
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Upper infrastructure platform

Mude Cooling system
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Use this template to plan your

Algemeines/Topos.

Cabling Exercise in HD

Dokumentation in PartsDB
PLANNED

ROADMAP

Simon am PSI

PLANNED

'

Technischer Support fir Einbau
aus HD.

Transport von HD nach Ps|

sLANNED
ROADMA
1< 09
“New
April 2024  weekts
suN MoN

14 15

A Infrastructure Roadmap (Tuesday - 9am)

imap and man:

jour releases more efficiently.

Elektronik (Dirk/Frank)

DC/DC backplane
N PROGRESS
TaSK 4

1) URGENT

DC/DC Boards
INPROGRESS
TASKA

1) URGENT

DC/DC STPs (TP Adapter PCBs
fiir Sensing)

NOTSTARTED
TASKA
1) URGENT

1

DABs
INPROGRESS
TASKA

1

FEB backplanes

FEB Tests
1N PROGRESS
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TUE

pies Areal
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D
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1) URGeNT
110

® Anschiuss-Panel am
Expansion Volume

* Ehiller Position
NOTSTARTED

Vay o1

21

® Magnetschiauche auf P2vs,
Podest

NOTSTARTED
TasK 4

2) IMPORTANT

© Montage Warmetauscher-
Racks am Magneten

0

Muge Heldelberg Werkstatt
9-10am

Muge Integration & Comissioning Md
10~ 11am

ics and Software Mee
11am, https://ucl.zoom.us/}/92

Mu3e Phy;

DAQ Developer Meeting
3-5pm

SciFl Meeting
3- 5pr

https://cem.
/my/cmartinper

Building Mu3e

Bereich

@ Mechanischer Support:
Leitungen am Flansch

PLANNED

Optische Fasern (Schutzhiile)
NOTSTARTED
TASK 4

2)IMPORTANT

i Schwenkarm
PLANNED

TASK 4
2)IMPORTANT

Mayor

Kohischiauche Elektronik +
Detektor ins CAD

NOTSTARTED

+New

THY

18

Weekly Vertex Construction Meeting|
10-11:3

Mu3e and beyond Simulations
2-3pm

Helium augien ]

Druckabfall Messungen - 16 g/s Connections to the flange
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NoT sTARTED I PROGRESS
TaSK 4 TasK 4 ThsK 4
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une 30 1 =@2.0
1o
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Aufbau Hellum Rack N PROGRESS n PROGRESS

Platform 2 connections
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TASK4
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%
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wagnes
TASK A 1) URGENT 1) URGENT RLESERER
1) URGENT Es1-20 E-om2 —
pe- o
200 e Kavertetungam i
Filter System SRS
R Finales Manifold
ot stARED —
1) URGENT " i
Plpg S CA ntegaton
Fltle Heum Scuche bl
@ antest 2024
i Tk
-
:
ot
Varmeia
o ® Off site activities
TASK A o
® Work in and around the, no nES ess require
1 » Vertex detector ready
Today ! fir i b
BVR sy
[ the MuSe debectos choe =
Q1 Q2 b Q3 Q4 y Q1
2024 —> 2025 —>
. Vertex detector
2 g/s - Bg/s rack upgrade
first Scifi & Tile modules
Helium plant production
Helium plant comm 1
QA @O B week
FRI Hiavrol 3 t !
stall beampipe
Scifi Cooling ring testing
rcult develo and testing

Mu3e Management Meeting & DC-DC crate cooling tes
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:C L CTN0 COORNGTeSt

Flange production

Bi-weekly Outer Pixel QC Meeting
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Building Mu3e

Tue, Mar 12 Villige
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Mude phase I

Run at the mE5 CMBL

Reach 2 x 107> S.E.S in 400 days

First detector installation in 2023
Infrastructure installation in next 1.5 years
Commissioning in 2024-2025

First physics data taking in 2025-2026

_A
2

BR(u — eee)
=

10713

107"

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

SINDRUM 1988

95% C.L.

£ " 90% C.L.
F2 x 10

10715

o e b e e by
0 100 200 300 400

Data taking days
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Mude phase I

Run at the mE5 CMBL
Reach 2 x 107> S.E.S in 400 days
First detector installation in 2023

Infrastructure installation in next 1.5 years

Commissioning in 2024-2025
First physics data taking in 2025-2026

107"
Mu3e Phase | 10® muon stops/s

13.0% signal efficiency

SINDRUM 1988

BR(u — eee)
3

10713

T T T

95% C.L.

(9]
m
(7))

107"

90% C.L.

T
N
X
-y
S
o

10 v v L e e L
0 100 200 300 400

Data taking days

When you are at PST pay us a vigit!

M3 ondary Beamlines
Muon & Pion Experiments;

B

Technical design of the phase | Mu3e experiment: arXiv:2009.11690
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Mude phase 11

10" T T T
] A ROARINC 208
Mu3e Phase | experiment: 1o ]
3 Run at the TE5 CMBL . B
_I5 . 2 ‘e Mﬁ
A Reach 2 x 107" S.E.S in 400 days 3 1o ‘a Po
v} I & N
& 10°F .A.
. 8 elle
Phase |, so there is a phase II? ol MES ‘e ot
16 + +_ + 2 ”r 3eN “ Ae. A
A Reach 107'° S.E.SS.on p"—e’e’e el M Y
.. . . SINDRUM  SINDRUM Il E .
A Can not run at the existing beamline, o 0 s
Need 10° u*/s on target 7 -
1076 Mu3e Phase 10
-) HIMB Comet/Mu2e /\
1940 1 9‘60 1 9’80 20‘00 ZOIZO
— m l < - Repace target M with
[y \ N el _ . . .
Mu3e onhe of the main Ph)’SiCS \\¥ \ ‘5 ,’1 = = a captur’e SOlenOld ConflguraUOn
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Science Case for the new High-Intensity gy, > (N » ) l
Muon Beams HIMB at PSI Wy 1 N~
Edited by A. Knecht, F. Meier Aeschbacher, T. Prokscha, S. Ritt, A. Signer \;:‘
. >N
arXiv:2111.05788 HIMB, »
+ https://www.psi.ch/en/impact Lk S : )
+ Thursday afternoon at this conference . - A [ny
& 2 e , >
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Mude phase 11

Internal convercion Accidental backgrovnd
Mu3e Phase | experiment: M ?f % rj\ e
A Run at the mE5 CMBL . Ve \ f /\e& -
O Reach 2 x 105 SES in 400 days \ i}in /:f “ . \\ \v &

Phase |, so there is a phase II?

O Reach 1078 S.ES.on pt—e'e’e

A Can not run at the existing beamline,
Need 10° u*/s on target
-> HIMB

Mu3e Phase Il Challenges:

(A Internal conversion goes with #muons Recurl pixel layers —
—

— Thinner (total material budget) Fibre Bretectar seindliator iles I e

Q  Accidental goes with #muons? S
Ultra-Fast Silicon Pixgl Detector (UFSPD)

— Faster (silicon sensors)

Outer pixel layers

— Smaller (silicon pixels)

— Larger (target) = Most of the Phase | detector needs a redesign
A As does the combinatorics of track finding = \We need new, fast the active pixel detector
— Smarter (online filtering) e SiGe CMOS?

d  Large phase space of the beam
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Mu3e Phase | experiment:

a
a

Phase |, so there is a phase II?

a
a

Mu3e Phase Il Challenges:

a

a

Mude phase 11

Internal convercion Accidental backgrovnd

Run at the mE5 CMBL
Reach 2 x 107> S.E.S in 400 days

Reach 10°'¢ S.ES.on p*—e'ee

Can not run at the existing beamline,
Need 10 p*/s on target

= HIMB

i =\
; :/I‘A‘&\J

\\;}{; \
N

Internal conversion goes with #muons Recurl pixel layers i
— Thinner (total material budget) Fibre Detectar_ einlor tles Inner pixel layers

Accidental goes with #muons? =gt a7
Ultra-Fast Silicon Pixgl Detector (UFSPD)

— Faster (silicon sensors

—_ Sma Outer pixel layers
— Largills Sy = Most of the Phase | detector needs a redesign
As does ‘ , - . .

— Sma

|_1+—)e+y—)e+e+e-
with y-conversion layer
Mu3e beyond p*—e’e’e’
4 pH'—e’ + exotic particle

With Phace I&IL detector
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KLOE 2013

% 1 E Al tracks: mec™
= E — m, =20 MeV
- — m, =45 MeV
2 — m,, =70 MeV
10k
o
107
Mu3e: Work in progress E
adapted from 1705.04265
N 1 Ll Lol L1 | ‘
) 1 1" NI S ERES | YR ..
10 107" 1 . [Gev] 10 0% ""20 20 60 120
A m,, [MeV]

Other Exotic Physics with Mu3e

Familons

® Search for ™ — et X° decays

| Ex: Familon

(Goldstone boson from spontaneously broken
flavour symmetry, Wilczek, PRL 49 (1982) 1549)

BSM
poreX o x./SH
P»euu
o
p )

m Challenge: single-e events are not saved

® Histogramming on filter farm
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SKIT

Karlsruhe Institute of Technology

Slide A. PerreVoort

Mu3e Phase I SIM: 2.6x10"l stops
—t— TWIST 2014

=—f—Mu3e online reco. (ext.calib.)
== Mu3e online reco. (sim. calib.)

- Mu3e: Work in progress
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Mu3e (B=1 Tesla) Mu3e-gamma (B=2 Tesla)

timing converter
detectors

20 cm
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Table 22.1

Efficiency of the various reconstruction and analysis steps.

Step Step efficiency Total efficiency

Muon stops 100% 100%

Geometrical acceptance, short tracks 38.1% 38.1%

Geometrical acceptance, long tracks 68.0% 25.9%

Short track reconstruction 89.5% 34.1%

Long track reconstruction® 67.2% 17.4%
Parameter Symbol  Air  Helium Unit Condition Ref
Density P 1205 01663 kg/m’ 20 °C, 1013 mbar [pdg]
Specific heat capacity G 1.006 5.193 kJ/(kgK) 25°C,1bar [CRCHandbookChemPhys]
Volumetric heat capacity 1212 0.864 kJ/(m*K) 25°C,1bar calc
Dynamic viscosity 7 18.2 18.6 wPas [wikipediaVisko]
Mean free path A 60 174 nm [wikipediaVisko]
Speed of sound ¢ 331 981 m/s 0°C, 1bar [CRCHandbookChemPhys]
Radiation length Xo 36.6 94.3 g/ cm? [pdg]

304 5670 m 20 °C, 1013 mbar calc
line).

Layer 1 2 3 4

number of modules 2 2 6 7

number of ladders 8 10 24 28

number of MuPix sensors per ladder 6 6 17 18

instrumented length [mm] 124.7 124.7 351.9 372.6

minimum radius [mm] 23.3 29.8 73.9 86.3




Parameter Symbol  Air  Helium Unit Condition Ref
Density P 1205 01663 kg/m’ 20 °C, 1013 mbar [pdg]
Specific heat capacity G 1.006 5.193 kJ/(kgK)  25°C,1bar [CRCHandbookChemPhys]
Volumetric heat capacity 21z 0.864 kJ/(m*K) 25°C,1bar calc
Dynamic viscosity 7 18.2 18.6 uPas [wikipediaVisko]
Mean free path A 60 174 nm [wikipediaVisko]
Speed of sound ¢ 331 981 m/s 0°C, 1bar [CRCHandbookChemPhys]
Radiation length Xo 36.6 943 g/cm? [pdg]

304 5670 m 20 °C, 1013 mbar calc
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DMA Transfer

DMA Transfer

GPU

Triplet ft

Y

Matching and f tting layer 4

positive tracks ¢ ¢ negative tracks
Track combinations
Vertex selection
Selection decision

Selected frames

MIDAS data collection
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High Rate & Continuous Readout

MuPix ‘
Pixel eachpixel } Periphery .~ eachpixel  State Machine Maximum readout rate is
sensor CSA . 2= VCO 33 Mhits/s per link
| ' g——; readout &
' | | | x £ : | state PLL
[T 1] ol - | ——linkA
= =L E I —link B
s E —{ 2:(/: l?jI;r — serializer I link C
injection ’ tune ~. e
) threshold ~ DACs s
¢ MUX |——-1j
amplification : link D
Lnt::?ézte /[\ line driveé f;;zg;'d ASK ’ ’_glig tal output . . .
: S serial link 1.25 -1.6 Gbit/s
MuPix8 . :
sensor periphery & SM eye diagram

MuPix series is the first monolithic pixel sensor with continuous sampling and readout!
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Inner pixel layers Outer pixel layers Scintillating fibres Scintillating tiles

125Gbit/s
LVDS fink

IDeeaoudmov
board

125Gbit/s
L\VDS Bk

] Detector adapior
board

Up to 12 SensarASICS
F m
&
Up to 36 SensarASICS
&
8TDCASICs

I
£
3
2

55345 |« [FeGA < - < o
|>.. m i

Backplane

78 Front-end boards
12 Front-end boards
14 Front-end boards
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Clock & ResetBox
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~~~~~~~~~ 125 Mz System Clock
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Monitaring data
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