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The Goal of the Mu3e Experimen

Current best limiton u™ - ete et
BR,,0qs< 10712 (SINDRUM 1988)
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The search for the decay u* — e e*e™ with the SINDRUM spectrometer has been con-

tinued. The result is a new upper limit for the branching ratio B, ;. = I'(p = 3e)/I'(p— e2v) <
1.0 x 10712 (90% CL).
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The Goal of the Mu3e Experiment

Current best limiton u™ - ete et
BR,,0qs< 10712 (SINDRUM 1988)

The Mu3e experiment aims
to find or exclude the
leptfon flavour violating
decay ut - ete et
at branching fractions
above 10716

£

Technical design of the Phase |

Mu3e Experiment

arXiv:2009.11690v1 [physics.ir

TDR available on arXiv
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Letter of Intent for an Experiment
to Search for the Decay p — eee



https://www.psi.ch/sites/default/files/import/mu3e/DocumentsEN/LOI_Mu3e_PSI.pdf
https://www.psi.ch/sites/default/files/import/mu3e/DocumentsEN/LOI_Mu3e_PSI.pdf
https://www.psi.ch/sites/default/files/import/mu3e/DocumentsEN/ResearchProposal.pdf
https://www.psi.ch/sites/default/files/import/mu3e/DocumentsEN/ResearchProposal.pdf
https://arxiv.org/pdf/2009.11690.pdf
https://arxiv.org/pdf/2009.11690.pdf
https://arxiv.org/pdf/2009.11690.pdf
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Why to search for u™ - eTe e™



Tensions in Lepton Physics

Muon anomalous magnetic moment

_Gu—2
Cl‘u— >

Calculated to fantastic precision
a,™ = (11659182.04 + 3.56) x 107*°

Tension i > 30

g™ = (11659209.1 5.4 + 3.3) x 10710
And measured to fantastic precision!
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.114025
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.114025

https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
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Lepton Flavour Universality Violation? 025 - m

€ ILL E Bellel7
P ( Z ) _— F ( Z ) 02— 4 Average of SM predictions
e 11 C R(D) = 0.299 +0.003

o

lIJIIIlIIIllIIIllIIIlIII

§

€ M R(D*) = 0.258 0.005 PG =27% ]
4 € — + H '0!2' — '013' — |0{4' — '0{5' .
:F(Whvw%<iﬂe)'__ erwvvw<iﬁu) =<20;—Rmﬂ::%§£igzij; -
B-meson decays that only = . LHCb
differ in final lepton content 13E > {
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R,y = _
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. BaBar
2.5 — 30 tension between >r . Belle
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https://hflav-eos.web.cern.ch/hflav-eos/semi/spring19/html/RDsDsstar/RDRDs.html
http://cds.cern.ch/record/2691414
https://cds.cern.ch/record/2668514/files/LHCb-PAPER-2019-009.pdf

/@@
Lepton Flavour Symmetry in the SM

No right-handed neutrinos

!

Neutrinos are massless

Lepton flavor is an exact symmetry and
conserved in the Standard Model

... af least that's what we thought in the early days of the SM



V!
But walit — Neutrinos mix!

Solar neutrinos Zenith angle dependence in Oscillations in reactor
Dissapearance of electron neutrinos atmospheric neutrinos anfi-neutrinos
d(v,) (relative to BPBO1) - S T
0 0.2 ().4 06 ()8 1 1.2 lu-) « Data-BG-GeoV, .
g I B | | 16 - l_— — Expectation ba.xsed on osci. parameters
SK SNO |¢[ s = (D(V ) + 0 154 (D WD O B determined by KamLAND
¢'F,S ([)CC 1.4 IE 4 r _‘ *;' C *
L ~ O ] ;'; 08
~ 7 2 © : 1 = .
o = T 3} - 060 —
o SEED BNl R |
o 44 é .,—? . i 1 z 0.4_—_—
: 2| A1 P :
s o 35 0.2:*
1 : 056303050 60 70 80 90 100
04, ] L/E_ (km/MeV)
I ) S. Abe et al. (The KomLAND Collaboration).
6 2 0 P N S N SR Phys. Rev. Lett. 100, 221803.
ov,) (107 cm s ) - 08 -06 -04 .02 0
Q. R. Ahmad et al. (SNO Collaboration) cos® \
Phys. Rev. Lett. 87, 071301 ukuda ef al. (Super-Kamiokande Collaboration
- O e e et 8o, 2644 s involV ed!
And since then: many more it of New PhysiC

precise measurements! There has 10 o
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/@@
Lepton Flavour Symmetry in the SM

No right-handed neutrinos?

!

Neutrinos are not massless

Lepton flavor is not an exact symmetry and
not conserved in the Standard Model



/@@
Charged Lepton Flavour Violation

Include neutrino mixing in the SM*
cLFV in general possible
BUT
Highly suppressed branching rafio
e.g.ut > ete et BR = 0(107°>)

Increased by many New Physics models!

* without specifying origin of neutrino mass
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Charged Lepton Flavour Violation

Include neutrino mixing in the SM*

cLFV in general possible

Increased by many New Physics models!

* without specifying origin of neutrino mass
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Fermilab Accelerator Complex /36.

Tests of cLFV

o Muons are a versatile probe for cLFV

o High intensity muon beams available
around the world (PSl, J-PARC, Fermilab)

o Search for

o Deviations from SM expectations Also at colliders (LHC, Belle II)
o Forbidden or exiremely o LVF decays of Higgs
suppressed phenomena o Leptoquark searches

o LVF decays of B-mesons
BO N eiﬂ+,BSQ - ei‘u+

o LFV decays of T
T3, T uy

SLAC FPD Seminar - 01.12.2020 Sebastian Diftmeier - Heidelberg University 12
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Golden Muon Decay Channels

e

/ R
e L \ \P“/
/ S

&
d  ut-ety u"N-»>e™ N ut - ete e’
MEG (PSI) SINDRUM II (PSI) SINDRUM (PSI)
BR<4.2x 107" BR<7x1071(Au) BR < 1x 10712

SLAC FPD Seminar - 01.12.2020 Sebastian Diftmeier - Heidelberg University 13



Timeline of Muon cLFV Searches

Searches for Charged-Lepton Flavor Violation in Experiments using Intense Muon Beams

| e Slwicn PP
Sensitivity: 10 107 107% 107
Sensitivity: 10 10" 16'16 10" or smaller
Sensitivity: 10 | 10" or smaller
2010 201 20 10
aaggllilzgglixperiments) - Proposed Future Running CERN-ESU-004
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Senstivity of Muon cLFV Searches

o Extremely high mass scales
o Model-independent

. . 107§
effective Lagrangian ool
Cs 5 Co (6 51052
o%ff:ogSMJr—sﬁ()-FZ—gﬁé)%—--- =104,
AM a A = 35

5 10 :

0¢ encodes new particles 107,
with generic mass scale A 10",
100:
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Observable CERN-ESU-004
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Complementarity

o The 3 processes have different sensitivities
to scalar, vector, tensor, ... interactions
o New Physics may enter at free or loop level

<7000 T
& 60007
< 5000
4000
3000¢
2000t
B
900
800F
700
600
500
400F N
300 SXCLUDED {905 ” \\|
NYNRNNNN \\ '\
10° 10" 1 10 10°
André de Gouvéa, Petr Vogel. K

“Lepton flavor and number conservation,
and physics beyond the standard model”.
Progress in Particle and Nuclear Physics, 71 (2013) 75-9.
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=My
CYRR | = MEG (Br<4.2.10 %)
102 ' == MEG (Br<4-1074) 1102
| == SINDRUM (Br<10 %)
i| == Mu3e (Br<5-1071°)
107 NG bbb [l e SINDRUM I (Bre7-10 1) [1107
[ == COMET (Br<10 ')
107 b N N AR e 10
10° | ,fwwiiaé--4--;----;--;--; ,,,,,,,, 0 W . -
A% s
100 L ,,,,,,,,,,,,,,,,,,,,,
IR
-10% 10" -10° -10® <107 -10® °7 10® 107 10° 10° 107 103
SLL
A. Crivellin, S. Davidson, G. M. Pruna, and A. Signer. ¢
“Renormalisation-group improved analysis of u — e processes
in a systematic effective-field-theory approach”.
JHEPO5(2017), p. 117.DOI:10.1007/JHEP05(2017)117.
arXiv:1702.03020 [hep-ph].
BR(p—eee) CR(uN—¢N)
Model H — eee ‘U,N — ¢eN BRI ey) “BR(u ey)
MSSM Loop Loop ~6x107? 1073 —1072
Type-I seesaw Loop Loop 3x1073-0.3 0.1—-10
Type-II seesaw Tree Loop (0.1 -3) x 10° o(1072)
Type-11I seesaw Tree Tree ~ 10° o(10%)
: )
LFV Higgs Loop Loop ~ 10~ 7(0.1)
Composite Higgs Loop Loop 0.05-0.5 2-20

Sebastian Diftmeier - Heidelberg University

L. Calibbi, G. Signorelli, arXiv:1709.00294
Ana M. Teixeira, PoS(NuFact2019)016
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https://arxiv.org/abs/1709.00294
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o New Physics may enter at tree or loop level ISR ﬁ
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 10—
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Bl — e)=10 g d |~ JHEPO5(2017), p. 117.D0110.1007/JHEP05(2017)117.
arXiv:1702.03020 [hep-ph].
1000
ggg BR(u—eee) CR(uN—¢N)
;(038 Model H — eee HN — eN BR(1e)) W
500+ MSSM Loop Loop ~6x107? 1073 —1072
400y Type-I seesaw Loop Loop 3x1073-0.3 0.1—-10
300 Type-II seesaw Tree Loop (0.1 -3) x 10° o(1072)
RAMNK Type-III seesaw Tree Tree ~ 10° o(10%)
102 107 1 10 102 LFV Higgs Loop Loop ~ 1072 ¢(0.1)
André de Gouvéa, Petr Vogel. K i R
“Lepton flavor and number conservation, COI‘I‘IpOSlIC nggs LOOp L()Op 0.05-0.5 2-20
and physics beyond the standard model”. — - - —
Progress in Particle and Nuclear Physics, 71 (2013) 75-9. L.Er?o“klz/\bl’T(e;i*g:?ononggl(IN—CLré(lovc.gg?;))glet
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The Experimental Concept



The Signal Decay
Muons are stopped before decay

Experimental Signature
o Common vertex
o Time coincident

o Xp=0

o YE=m,

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University




AG o /3
Lu—}eee - - TQF [muAR IJJRUN eLF,LLV <

Signal Modelling o e )
+ g2 (izer) (eLer)
+ g3 (rY"er) (ERYuER)

o Important input for the design of el e

the Mu3e experiment + 95 (TTy"er) @Rvuer) + Hoe. ]

Parametrised Lagrangian by Kuno and Okada

o Need high acceptance in all
regions of phase space

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

(

(

(

—— dipole&vector (A,g5,06, no intf.)

o Minimum energy of few MeV,
with large solid angle coverage! _

0.5

dipole&vector (A,g5,96, constr. intf
dipole&vector (A,g5,96, destr. intf.)

Acceptance

| —dipole (A)

| —scalar (g1,02)

| --- vector (g5,96)
O 1 I 1 1 | 1 1 1 1 | I L - I 1 f—
0 10 20 30 40

Pr in [MeV/c]
Acceptance for different types of intferaction
depending on the transverse momentum threshold

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 20


https://journals.aps.org/rmp/pdf/10.1103/RevModPhys.73.151

Radiafive SM decay V.. Combinatorial

+ photon conversion background e
ut - ete"etvv
Experimental Signature Experimental Signature
o Common vertex o No common vertex
o Time coincident o Not time coincident
o Xp#0 o Xp#0
o LE+my o XE#my,

SLAC FPD Seminar - 01.12.2020 Sebastian Diftmeier - Heidelberg University 21



Branching Ratio

Momentum Resolution Requirement

Phase I: Single event

S 10" e -
TE-12 o} sensitivity of 2 x 10715 -
R
2
)]
1E-14 £ g e e
S <" " — 5 sigma around signal
'§ o7 ' - -4 sigma around signal
1E-16 Int ---- 3 sigma around signal
% oLy 2 sigma around signal
8’12 -------- 1 sigma around signal
IIIIIIIIII|III|III|III|III|III|
1E-18 3 0.6 1 1.4 1.8
100 102 104 106 Mete et Reconstructed Mass Resolution [MeV/c?]

[MeV/c?]

o Distinguish signal and background: missing momentum
o Requires excellent average momenfum resolution o, < 1.0 MeV/c

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 22



Momentum Measurement

o Stopped muons
— low momentum e~ e*

o Momentum resolution limited by
multiple scattering o,,/p o« 6,5/0
o Advantageous
o Large lever arm Q
o Low multiple scattering 6,

» Material budget < 1%o0 X, per layer

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University
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/@@
Enhancing Momentum Measurement

o Allow particles to recurl intfo the detector /

o Multiple scattering uncertainty cancels
to first order for a half-turn
X

50 MeV/c 25 MeV/c

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University
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Inside 1 T magnetic field

___ &cintillating
o tiles
recur| pixel

recur| pixel!
layers

ﬂ"'ﬁf?ffz’ii:{%f/,f S
Wﬁi .

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 25
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Detector Simulation and Performance

o Geant4 based detector simulation

o Track reconstruction relying on
MS-fit (triplet fit arxiv:1606.04990)

Mu3e Phase | Simulation

Q U — eeevv '
% 1 dot: 1 event per 10'® i stops
= 10 ..
=, Michel + Bhabha

g -1 dot: 1 event per 10" U stops
Q_O . °

110
M, [MeV/c?]

105

100
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Dk‘

w
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(4]

0.5 1
A [rad]

Ratio of reconstructed long
vs short tracks

15

0.9

0.8
0.7
0.6
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0.4
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0

N
wn
1

)
T T

- Short Tracks (4 hits)

Q
C

. .30.

M A
40 50 60

P, [MeVic]

t!b,z - tfbj [ns]

3.5 0
. ) (Sp2 *.Sn;,w) / ¢ [ns]
Time information used

i1 15 2 25 3

for charge assignment

— 0.5

%0_45:_ Long Tracks (6 hits, recutflers)
I
= 04f .
L0
0.35 .
0.3 ] 2
0.25] 1 '
3 1
02 :
0.15F ;|
0t g
0.05F
L1 s L1 | L1
%10 20 30 40 50 60
[ [MeVi/c]
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https://arxiv.org/abs/1606.04990

/@@/
Expected Sensitivity Mu3e Phase |

~10 "
3 - Mu3e Phase | 10°® muon stops/s
“T’ B 14.9% signal efficiency

N
<10
o

SINDRUM 1988
m

10—13

95% C.L.

N
N
0p)

10°™

15 90% C.L.

I
N
X
RN
o

10715 — | I 1 I | 1 1 I I | I I 1 1 | I 1 1 I |
0 100 200 300 400

Data taking days
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Experimental Infrastructure



Experimental Area @ P3|

Infrastructure Removable

,t_“%B!atform I access stairway

Access

Infrastr r
walkway _ astructure
e

platform |

Controlled
access door

Detector control

’ and filter farm Existing mE5
front access
barracks
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Muon Beam @ PS|

o Most intense DC muon beam
available at Paul-Scherrer-Institut
o Phase I: 0(10% s71)

s SR TR Sy | $

o Compact Muon Beamline £ )@ Commissioned CMBL in place @ PS|

o Single event sensitivity goal: 2 x 107> s TS0

RMS, = 8.74

o Phase Il: 0(10° s71)

o High Intensity Muon Beamline

50

40

30

y (mm)

o Under investigation

20

o Sensitivity goal: 0(10716)

-20 -10 0 10 20 =
x (mm)

Expected beam spot profile at the Mu3e
SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University farget posifion 30
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The Mu3e Solenoid

o Produced by Cryogenic Ltd. and
delivered to PSIin July 2020

o Nominal magnetic field for experiment
1.0 Tesla (range 0.5-2.0 Tesla)

o Very homogeneous magnetic field
AB

— < 1073
B

o November 2020:
successully ramped up at PSl to 1 Tesla

SLAC FPD Seminar - 01.12.2020 Sebastian Diftmeier - Heidelberg University
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_____&cintillating \
tiles \

recur| pixel \ ) \

layers

\

i .
. recurl pixel |
layers

sgintillating
fibres !

The Pixel Tracking Detector
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The Mu3e Pixel Sensors — MuPix

o High-Voltage Monolithic Active Pixel Sensors
o Produced in 180 nm HV-CMOS technolog
o Fast charge collection via drift T G

i i °'R
l W/ \ \\\\\\\\\It!!f///// i [
i ¥

o Fully integrated digital readout
o Can be thinned to 50 uym ~ 0.5 %o X,

Mu3e requirements
Efficiency =299 %
Time resolution <20 ns

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 33



Selected MuPix8 Results

o Extensive lab + test beam characterization:
Efficiency, timing, rate capability, irradiation, ...

o Fullfils Mu3e requirements

Single pixel time resolution

obtained with Sr-90 source

60

entries

i
O,

50
40
30

20

S

‘-' : -u .# ‘i”-_; == ;{:—'-:_ : . 0

& T
J s

k%

1
6.506/5

- ¥2 / ndf

— scale 5817 +£7.13
- mean [bins] -1.811+£0.091
C o [bins] 0.7552 + 0.0679
- BG slope 0.003091 + 0.000832
l © = 6.042+0.544 [ns]

- Full chipo =6.5ns

C [ T T N

R : P
Time-Walk corrected Hit TS - Trigger TS [8ns]

|
[=2]

| MuPix 8 beam telescope

SLAC FPD Seminar - 01.12.2020
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*L.Huth. “A High Rate Testbeam Data Acquisition System and Characterization of High Voltage monolithic Active Pixel Sensors”. PhD Thesis, Heidelberg Univ ersity
**J. Hammerich. “Analog Characterization and Time Resolution of a large scale HV-MAPS Prototype”. Master Thesis, Heidelberg University

row / pixel

Efficiency/Noise map

1
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100
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60
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40

20 04

0
0 10 20 30 40
col / pixel

efficiency

not matched row / pixel

T
105
180 a
g
160 g
10°3
140 €
120
4 10°
100
80
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60
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0
0 10 20 30 40
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/%@/
Building the Pixel Tracking Detector

Recurl

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 35



The Vertex Detector

Detector mount
(ﬂoaﬁng,spﬁngIoaded{\\\\“*as_

Mylar foil
MuPix sensor 50 um SpTA-bonds

HDI ~100 um M
B\ /

2\ polyimide MU'?iX
25 um \ periphery

Electrical connections

V-channels for
. mechanical support
carrying sensor chips (OUTGI’ layers only)

Detector mount—"
(fixed)

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 36



High Density Interconnect

Polyimide

Glue
MuUPix

o Produced by LTU Ltd.
o Thin foils: 14 uym Aluminium per layer

o Dielectric spacing: polyimide foils

o SpTAB technology: Single point
Tape Automated Bonding

Via Sensor bond

Material budget
45 pm Polyimide
+ 28 um Aluminium
+ 10 um Glue

~ 05%0 XO

MuPix8 Insert
B crossing power bars

- 1 1 £ 1
- A 1
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3
Material Budget of Selected Pixel Detectors

_____Experiment ___| Material budget per layer

ATLAS IBL* 1.9 % X,
CMS (curren’r)* ~2.0%X,
CMS (upgrodefr ~1.1% X,
ALICE (current)* 1.1 % X,
ALICE (upgrade)* 0.3 % X,
STAR 0.4 % X,

BELLE Il 0.2 % X,
Mu3e 0.1% X,

i ATL-INDET-PROC-2015-001
[
T CERN-LHCC-2012-016 ; CMS-TDR-11 talk by G. Contin at PIXEL 2016

*arXivi1211.4494v1 A talk by C. Koffmane at PIXEL 2016
SLAC FPD Seminar - 01.12.2020 Sebastian Diftmeier - Heidelberg University 38



3
Pixel Tracker Cooling with Helium

o Cooling of sensors required (max surface power density 400 mW/cm?)

o As little material as possible
o Gaseous Helium: low density, reasonable cooling capabilities
& 4 ,V-fold layer 3 ,Gap layer 3 & SciFi

/Global V-fold layer 4 ,Gap layer 3

X / / /

- s —
- — | — —
-> n

- N ?

MuPix layer 3 : z &MUP'X layer 1
MuPix layer 4 MuPix layer 2 Target

Ga p |ayer 1 & 2 M. Deflorin. “Helium cooling of Siicon Pixel Detector for Mu3e Experiment”. Master Thesis, University of Applied Sciences and Arts Northwestern Switzerland
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Development of Tooling

Inner layer
assembly tool

SLAC FPD Seminar - 01.12.2020

Robotic gantry for
placement of MuPix chips

/3

Tool for gluing of
v-channels

on vacuum jig

Sebastian Diftmeier - Heidelberg University
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o Validate mechanical and electrical concept
o Test and optimize the cooling system

o Compare CFD simulations with
measurements

Temperature
75.0

67.5

Simulation Measurement I [
70

60.0

52.5
45.0

37.5
30.0

440
3 430

225 _ B
. 20

15.0 | B

1 -
7.5 10
0.0
[C]

0
M. Deflorin. "Helium cooling of Silicon Pixel Detector for Mu3e Experiment”. Master Thesis, Univ ersity of Applied Sciences and Arts Northwestern Switzerland
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Common Readout ASIC — MUTRIG

o Both fiming detectors use
siicon photomultipliers

o Custom designed SiPM
readout ASIC: MUTRIG

o 32-channels
o 50 ps Time-to-digital converter

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier -

Heidelberg University
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Fibre ribbon prototype

Fibre Detector

o Precise fiming suppresses
combinatorial background

o 12 fibre ribbons

o 30 cm long
o 3 staggered layers of 250 um thin fibres

o Material budget < 2%o X,
o 128 channel SiPM column arrays

SLAC FPD Seminar - 01.12.2020 Sebastian Diftmeier - Heidelberg University
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SiPM column array

Ocore 359 ps
T Opase 811ps
Ncore/Nbase 10.54

fwhm/2.35 366 ps

tierr — trignt [NS]
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448 channel
modl:lle

/3

Tile Detector

scintillator tile

o Scintillating tiles 6 x 6 x 5 mm?
o Prototype modules produced .

P

o Required time resolution < 100 ps -

silicon
photomultiplier

o Measured single channel flexprint
or =45 + 4 ps
. -+ Internal
flexprint siructure SCirt'itli(L_':tor —— External

connector

MuTRIG

cooling pipe

30 40 50

flexprint tile module
board
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The Readout System



The Mu3e Readout Concept

Electrical

links

Opfical

links

Opfical

links

2844 Pixel Sensors 3072 Fibre Readout Channels 6272 Tiles
T 1 e
up to 45 | |- |~ L= L= L~ - g g
1.25 Gb/s links | - -1 - | ol ‘ ~ < 2
FPGA FPGA | 86 FPGAs| FPGA FPGA | 12 FPGAs| FPGA FPGA |14 FPGAs | FPGA "%
16.25 Gb/s
link each
Switching Switching Switching Switching . .
ar06bs |20 Boar Bod =ad || o Trigger-less, streaming readout
links per 1 ' °
s || M e o Lero-suppression
roimpus | 6 | [ opu | Lypee | PV o Online event selection based
each PC PC PC .
on track reconstruction
Gbit Ethernet |
Data
colecton [ sioge
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The Mu3e Readout Concept

2844 Pixel Sens
The Front-end Board
NH “ “ o Sorts hits by timestamps
Electrical 5045 B o Distributes clock and reset to ASICs
FPGA |86 FPG/
Optical  inesch
links
Switching Switching
410 Gb/s Board I Board
. links per ——
OphCOl Switcr!?ing
inks sod ||| [N (T
1 ﬁei :E}:jts GPPCU GPF;U 12 PCs
Gbit Ethernet
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The Mu3e Readout Concept

2844 Pixel Sens . .

S The Switching Board
““ “ “ o Collects data of several

Electrical 04 B B

| front-end boards
links 2o/l o Merges into single data stream %g
Feoa || Froa 186FF6 o PCle40 board (LHCD)

Optical e _—
|in|<S : 1 1
“hoard | [hoard” The GPU Filter Farm
410 Gb/s I . °
Opfical Jinks per — o Online track reconstruction and
witching o
inks Board L=l [ event selection

GPU
PC

2res| o Large Arrial0 FPGA card

o High-end commercial GPU
o Triplet fit (arXiv:1606.04990)
o Vertex fit

Gbit Ethernet
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And what's beyond Phase |¢



Mu3e Phase |l

o For the ultimate sensitivity goal for BR < 1 x 1071
a muon rate of 2 x 10° s~1 is required (HIMB for Phase 1l >2025)

o Adapt detector geometry
o Fully exploit HV-MAPS time resolution 0 (1 ns)
o Investigate reduction of material by applying wafer-scale technologies

Scintillator tiles

Inner pixel layers

—
————— uBeam Target é

Thin timing detector /
N T T T O A

Quter pixel layers
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Potenftial other Physics Searches ...

o Resonance searches in

ut—-etA'(e et vy
o Light dark photons

o Kinetfic mixing

o Not background free

o LFV two-body decays

out »etX
o Monoenergetic e

SLAC FPD Seminar - 01.12.2020
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Mu3e: Work in progress
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Mu3e Phase I SIM: 2.6x10" stops
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=—f— Mu3e online reco. (ext.calib.)
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Mu3e: Work in progress
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https://arxiv.org/abs/1812.00741

Summary and Outlook



o Observation of cLFV would be
a clear sign for New Physics!

o The Mu3e experiment will push the
limits in the channel u*t - ete~e™

o Mechanical design including services available
o TDR submitted, available on arXiv
o Magnet delievered to PSI and first ramp up successful

o In preparation of a detector integration run
in first half of 2021

SLAC FPD Seminar - 01.12.2020 Sebastian Diftmeier - Heidelberg University



https://arxiv.org/pdf/2009.11690.pdf

Mu3e Collaboration

About 60 members from 12 institutes

University of Geneva Bristol

Paul Scherrer Institute Liverpool
ETH ZUrich Oxford
University Zurich UC London
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Backup
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Tensions in Lepton Physics

- e -
Muon anomalous magnetic moment ¢ = 955
= v gy =2
difference from spin-1/2 expectation for spin-1/2
due to higher order corrections q = Gu — 2
Heoo2
Calculated to fantastic precision e 1
a,™ = (11659182.04 £ 3.56) x 1070 . .
v g L
v i no M o o o o [ z o
first order QED  Vacuum polarization Hadronic Electroweak
(Schwinger) higher order QED light-by-light scattering and

vacuum polarization
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.114025
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.97.114025

Inside 1 T magnetic field

muon beam

Mylar target

Front 70 um

Back 80 um
Length 100 mm
Radius 19 mm

SLAC FPD Seminar - 01.12.2020
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Stopping target prototype

Simulation of stopping power of target
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Mu3e Phase | Simulation, all tracks
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Mu3e Phase | Simulation, = 2 recurlers
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Figure 22.5: Reconstructed muon mass for all tracks (top left), at least one recurler (top right), at least two recurlers
(bottom left) and three recurlers (bottom right). The fits are the sum of two Gaussian distributions and the quoted o
is the area-weighted mean; the main purpose of the fit is to guide the eye and highlight the non-symmetric resolution

distribution.
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Imulation: reconstructed muon mass
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Simulation: Efficiencies

Step Step efficiency  Total efficiency
Muon stops 100% 100%
Geometrical acceptance, short tracks 38.1% 38.1%
Geometrical acceptance, long tracks 63.0% 25.9%
Short track reconstruction 89.5% 34.1%
Long track reconstruction® 67.2% 17.4%
Vertex fit 09.4% 17.3%
Vertex fit x2 < 30 97.6% 16.9%
CMS momentum < 8 MeV /c 97.6% 16.5%
Timing 90.0% 14.9%

Table 22.1: Efficiency of the various reconstruction and analysis steps.
1 T . . . .
: Note that the efficiency of this step is quoted relative to the acceptance for long tracks.
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MuPix8 Readout Architecture |

Amplification Digitization Zero-suppression
X3
Dival Darinharis
Pixel Peripherybase“ne State Machine

VCO

b

readout &

sensor CSA —5 }7
g comparator 1&2 : | state PLL
, machine
7 readout >
LVDS

| LVDS MUX |_LVDS

test-pulse tune 8b/10b | |serializer VDS,
rest-p DAC encoder
Injection threshold

other pixels

amplification

integrate line driver per pixel
charge threshold
adjustment

digital output
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/@@
MuPix8 Readout Architecture |l

o Hits are tagged with an on-chip fimestamp

o Position priority based readout:

Hit chronology not strictly conserved
o Trigger-less, continuous readout

o Serial data outputs @ 1.25 Gb/s



Clock and Reset Distribution

o Phase stability requirement < 100 ps
o Precise timing measurements
o Synchronize all detectors

o Custom designed optical clock
distribution system ready
o Master clock generation
o Electrical fanout to 288 optical copies
o Connects to front-end boards
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