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/@@ Overview

=« The Question:
W . .
e Can we observe charged lepton flavour violation?

« .« The Challenge:
Finding one in 10" muon decays

- The Mu3e Detector:
Minimum Material, Maximum Precision
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ne hunt for
charged lepton flavour violation
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//3@ The Standard Model of Elementary Particles

All there, works
beautifully, but...

+ Why three generations?

- Why the mixing patterns
between generations?

. |s there more to it?
(the dark universe..)
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Lepton Bookkeepin
/3@ P Ping

Normal Muon Decay:
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Lepton Bookkeepin
/3@ P Ping

Normal Muon Decay: e
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Lepton Bookkeepin
/@@ P Ping

Normal Muon Decay: e
Flectron number 1
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e > 9

M & Muon number 1
Muon number 1 V.
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Cooked books?
/3@

<9 = @
V. v,
Flectron number 1 Muon number 1
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Cooked books?
/3@

How about charged leptons (Muons)?
e-l—

. Electron number -1
< .

> 9 Flectron number 1
oy e* )

Muon number -1 Electron number -1

After:
Before:
Muons O
Muons -1
Flectrons -1

Electrons O
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NIS
(charged lepton flavour violation)
has never been seen

and not because we have not looked
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o History of LFV experiments
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Ann.Rev.Nucl.Part.Sci. 58, 315
(2008))
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/3@ LFV Muon Decays: Experimental Situation

/ \y
. u'>ey uN->eN €v

MEG (PSI) SINDRUM 11 (PSI)  SINDRUM (PS|)
B(u* > e'y)<57-10" B(uAu > eAu)< 710" B(u* > e'ee’)<1.0-10"
(2013) (2006) (1988)

rurming
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/3@ LFV Muon Decays: Standard Model
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LFV Muon Decays: Susy Loops
/3@ )4 )4 P

/” 13+

f! 2 ‘.; — A -+ / \ -
/" \ e S / \< e~ M ; , e
Suppressed by extra

vertex wrt. g > ey
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S LFV Muon Decays: Susy Loops

SUSY - like many BSM models - naturally induces LFV
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S LFV Muon Decays: Susy Loops

SUSY - like many BSM models - naturally induces LFV

LFVin y* > ey implies LFV also in yN > e'N and
u"->e'ee’
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LFV Muon Decays: Tree diagrams
/a@ )4 g

/” 13+

UN>eN €7
]
Not allowed e.g. Leptoquarks e.g. extra Z, LFV Higgs etc.
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/3@ LFV Muon Decays: Experimental signatures

._ /]) 13+

<)
J/W >ety uN->eN € y>e'ee &

Kinematics Kinematics Kinematics
+ 2-body decay + Quasi 2-body decay + 3-body decay
- Monoenergetic e*, y - Monoenergetic e - Invariant mass constraint
+ Back-to-back + Single particle detected - 2p =0
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/3@ LFV Muon Decays: Experimental signatures

._ /]) 13+

<)
J/W >ety uN->eN € y>e'ee &

Kinematics Kinematics Kinematics
+ 2-body decay + Quasi 2-body decay + 3-body decay
- Monoenergetic e*, y - Monoenergetic e - Invariant mass constraint
+ Back-to-back + Single particle detected - 2p =0
Background Background Background
- Accidental background . Decay in orbit - Radiative decay
- Antiprotons, pions + Accidental background
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//3@ LFV Muon Decays: Experimental signatures

/

/ \ !
. u'>ety  uN->eN €5 s etee @f

13+ - ..
- A 4 s e”

Kinematics Kinematics Kinematics
+ 2-body decay Q/%(Q . Quasi 2-body dfé\ + 3-body decay @fb®
: /\/\onoenergz«ﬂ*\}c_jb , - I\/\onoenerg{b@’b - Invariant macc_:b .aint
+ Back-to-F \}O . Single p7 &Y .etected - 2p =0 \}O\}
Backgror & Backgro’&‘—)@ Backgror &
: /AC/OQ .l background Y orbit : PC/O(\ - decay
- Al protons, pions . Ac gental background
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New physics
/e@ phy

N
/'—i%_.; — :‘—%

Loop diagrams
- Supersymmetry
- Little Higgs models
. Seesaw models
. GUT models (leptoquarks)

. and much more...

nu"->e'ee’

Tree diagrams
. Higgs triplet model
. Extra heavy vector bosons (Z)

. Extra dimensions (Kaluza-Klein tower)
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Searching for
u" > e'ee at the 107" level
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The Mu3e experiment at PSI
/@@ P

Search for p* > e*ee’

_ Aim for sensitivity
R s . 10" in phase |
S - 10"®in phase |l

Project approved in January 2013
just passed first review

Niklaus Berger — DESY, February 2014 - Slide 24



1]

/%

The Mu3e Collaboration

’ﬂ UNIVERSITE
’ DE GENEVE

o®

ZIiL

PAUL SCHERRER INSTITUT

==

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich

- DPNC, Geneva University
+ Physics Institute, Heidelberg University

. KIP, Heidelberg University

ZITI Mannheim, Heidelberg University

. Paul Scherrer Institute
+ Physics Institute, Zurrich University

+ Institute for Particle Physics, ETH Zrich

Niklaus Berger — DESY, February 2014 - Slide 25



o The Goal: 101

- We want to find or exclude pu - eee
at the 107'¢ level

+ 4 orders of magnitude over previous
experiment (SINDRUM 1988)
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= The Challenges

+ Observe more than 10" muon
decays:
2 Billion muons per second

10° T T T
a A + Suppress backgrounds by more than
102 I 16 orders of magnitude
A &

104 F . _
° = [ ) M " .
S ol b, | - Be sensitive for the signal
3
: %
o\o 108 * 7]
& W opu—ey i -

1070 . u— 3e A. ‘. A ]

A uN—eN .AA A LR M.EG
107 @ 1T—wy o A T
A T— 3 SINDRUM  SINDRUM II
i MEG plan
107 ]- _
Mu3e Phase | ()
10715 |- Mu3e Phase I(]
. . . (Updated from W.J. Marciano, T. Mori and .M. Roney,
1940 1960 1980 2000 2020 Ann Rev.Nucl.Part.Sci. 58, 315 (2008))
Year

Niklaus Berger — DESY, February 2014 - Slide 27






Muons from PS|

DC muon beams at PS:

- mE5 beamline:  ~ 10 muons/s

(MEG experiment, Mu3e phase I)
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o Muons from PS|

DC muon beams at PSI:

- mE5 beamline:  ~ 10 muons/s

(MEG experiment, Mu3e phase I)

+ SINQ (spallation neutron source) target
could even provide
~ 5 x 10" muons/s
High intensity muon beamline (HIMB)
proposal

+ The p — eee experiment (final stage)
requires 2 x 10” muons/s focused and
collimated on a ~2 cm spot

. These are slow muons (292 MeV/c)
Stop and wait for decay
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/3@ The High-Intensity Muon Beamline (HIMB)

+ Muon rates in excess of
10'%s in acceptance

- 2:10°/s needed for
u->eeeat 10

. Not before 2017
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/3@ The signal
- U >e'ee’

e+ - Two positrons, one electron
. From same vertex
. Same time

e+ » Sum of 4-momenta corresponds to muon
at rest

- Maximum momentum: ¥4 m, = 53 MeV/c
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Accidental Backoround
/3@ g

. Combination of positrons from ordinary

muon decay with electrons from:
- photon conversion,

- Bhabha scattering,

- Mis-reconstruction

. Need very good timing, vertex and

momentum resolution
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.~ Internal conversion background

. Allowed radiative decay with internal

T v, conversion:
S "\
i - + A~~~ INT
~ e \ Miss ot > eeeVV
; S
W \\ ./”/7/ L e
R . Only distinguishing feature:
T + . . . .
e X Missing momentum carried by neutrinos
< e
V* /\/7 /é,/"/
S E._, 0 107 I * E
S DU N B R ot
~. @ (@) ; ;
\ E 10_142 """"" 3
O = 3
R[] . T . S T— .
o - 3
+ Need excellent 1010 ——/ :
momentum resolution 107k /o .
10780 [ 5
10-195. R A | i HE
o 1 2 3 4 5 6
(R. M. Djilkibaev, R. V. Konoplich, m, - E. (MeV)

Phys.Rev. D79 (2009) 073004)
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/3@ Momentum measurement
+ 1T magnetic field

+ Resolution dominated by multiple
scattering

. Momentum resolution to first order:

Op/ p ~ eMs/ )

+ Precision requires large lever arm
(large bending angle Q) and
low multiple scattering 0, .
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Fast and thin sensors: HV-MAPS
/e@

High voltage monolithic active pixel
SENSOrs

- Implement logic directly in N-well in the
pixel - smart diode array

. Use a high voltage commercial
process (automotive industry)

. Small active region, fast charge
collection via drift

- Can be thinned down to < 50 pm

(1.Peric, P. Fischer et al, NIM A 582 (2007) 876)
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The MUPIX chips
/@@ P

MUPIX2

36 x 42 pixels

30 x 39 pum pixel size
1.8 mm? active area

MUPIX3 and 4

40 x 32 pixels

80 x 92 um pixel size
94 mm? active area

MUPIXé
submitted

For Mu3e:
256 x 256 pixels
80 x 80 um pixel size

4 cm? area, 95% active

JURNEEREBRAE EEEEHE

AT TR EEELE,

CIVITRILVOVIREOOE

)

"4TRTI§FITITIEIRTIRTNY

HV-MAPS chips: AMS 180 nm HV-CMOS

. MUPIX2:
Characterization during 2012
Single pixel Time-Over-Threshold
Binary pixel matrix

. MUPIX3 and 4:
Tested extensively during 2013 and
right now here at Testbeam 22
Column logic with address generation
(#3 had configuration problems,
#4 works nicely, address problems in half
the columns)
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MUPIX4 Results

99% efhcient - some room for
— ' ' ' ' ' ' ' improvement through individual pixel
S~~~
> 1.00} - . 1] tuning
c NEg| N o Lig_
S 0.991I r -III-I-IIIH-I I'I'ITITH
.HL__) 0.98¢ I
y—
G) | | | | | | | I I HI 1.00
i _FE | @0.95
_ ﬁ | [ 0.90
,_l_.'_'H 0.85 —
— i _T? 1 F40.80 .
O
> - 1 [ Jo.75 €
o T~ v
— I ot _ 10.70.2
o ry =
_ 10.65 ©
N '_|'|_| ]
— T 410.60
| |
il 40.55
=
= L= 11 0.50
0 5 10 15 20 25 30 0.980.991.00
column /1 efficiency / 1
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//3@ Pixel structure
Data folded to four by four pixels

- Some loss at edges through
charge sharing

+ Guard ring at wrong potential
| (fixed in MUPIX 6)

“oided _eff_fine_cr

Encries 103143 - Half the pixels without row
Mean = 0.3085

Meany 1501 address (fixed in MUPIX6)

RMS . 0.2544
RIMZ v 1155

‘.

0.9

AER ""I"'H"" RN RRRELY RRRN

[Illllllllllllllllll 08
n.5 2 25 3 3.5
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/43@ Spatial resolution

+ Binary readout:
Given by pixel size plus telescope
contribution
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/3@ Signal-to-Noise
- Signal calibrated with Strontium source

. Noise from fit to S-curve (width of
threshold) with a fixed injection signal

+ Signal/Noise above 30

Temperature: 70°C

HV: -70V
00 - BL: 0.79V
SNR: 36.79
MSQART,
Modell erfSQRTZ (User)
80 4 a*erf({1/(sqri2)"b) | (xe-x) )+
Gleichung ¥ TSNV D) G0)
Chi-Quadr 6924589
Reduziert
60 -
— Kor. R-Cuadra 0.99646
o Wert Standardfehler
e 1+ 1.00263 1.61603E4
fy = 40 - 0.00578 212187E4
I Hits 4956733 0.44927
49 66121 0.43005
20 -
ﬂ -
1 | | T 1

L Ll LI . L I LI L LI
0.97 0.98 0.99 1.00 1.01 1.02 1.03 1.04
Threshold [V]
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Temperature stabilit
/3@ P Y

Latency [ns]

260
250
240
230
220
210
200
190
180

Laten Cy measurem ent

. LED pulse to pixel discriminator output

- Setup in oven, 20-70°C

. Temperature dependence within

resolution of setup

Temperature dependence of MuPix4 signal latency

20

30

40 50
Temperature [°C]

60

70
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/3

3000
2500
2000
1500
1000

500

Time measurement

Timestamp difference to trigger

+ External Gray-counter (100 MHz)
registered on hit

+ 17 ns time resolution, with significant
contribution from setup

tsdiff

B Entries 94666
- Mean 2.729
L RMS 24.79
L c? / ndf 1332 /99
— po 2328 +36.5
= p1 -4.702 + 0.024
~ p2 1.662 + 0.023
B p3 299.9 + 1.8
: n J H\Lﬂmﬂ -

—— L = = ‘-|_,_I T T I N ey N R Ty T

1 | 1 1 1 | | 1 1 1 | 1 1 1 | 1 1 1

Time resolution, bins of 10 ns
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Y Thinned sensors

Single dies thinned to < 90 um

R e e e AN

NN+ . Tested in lab and PSI test beam

7 B (193 MeV 1)

. No significant difference in pulse shape

7 TS

~ ToT_ ~ ToT_

E:i 1 Entries 92399 E:I - Eniries S0983

L Mean 2288 L Mean 2018
af | Reference [ = 51/ <90um i
* b 4t R :I
mﬂ.ﬁ_ _".-l e mﬂ.ﬁ_ g ——

L 13 B0V F 3 B0V

i *h drov i g [lrov
06 ,E_x“' 06 9 Ex“'

£ I [ W = [Jeav

[ | L_L_‘ .
0.4 5 04—

0.2 | W 027 L
I % I B,
T T
uL"l TR PR B - = I B Ui—:l_.l_L_l._L_J_L..]_L Ligop-y
4] 2000 4000 &000 8OO0 10000 12000 4] 2000 4000 &000 8OO0 10000 12000

ToT [ns] TaT [ns]
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Mechanics

50 pm silicon

25 um Kapton™ flexprint with aluminium
traces

25 um Kapton™ frame as support

Less than 1%o. of a radiation length per
layer
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/3@ Cooling
. Add no material:

Cool with gaseous Helium
« ~ 150 mW/cm? - total 2 kW
. Helium has 16 times mobility of air

. Simulations: Need ~ 1 m/s flow
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/3@ Cooling simulation

Configuration:

Main helium flux: v = 0.5m/s
Flux in Nozzle: v =5 m/s
3142 ml/s per nozzle
6.786 L/s for 3. Layer
Results:

Tmax = 42°C

Tmax close to end of tube

T raises at last third of tube
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/3@ Cooling test results

. Ohmic heating, 150 mW/cm?
560 W for two layers

. AT < 60° C for sufficient air flow

- No problems with foil vibrations

80 4 « TOP
P/A =150 mW/cm?® =+ SIDE
: + BOTTOM
75 A
o0 —F— Next: Tests with Helium
o T 3
"% 65- e
|_E -
< $ _
L
60 —1 v “n—i—
56 -

2.4 26 2,8 3,0 3.2 3.4 36 38 40
v [m/s]
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/3@ Momentum measurement
+ 1T magnetic field

+ Resolution dominated by multiple
scattering

. Momentum resolution to first order:

Op/ p ~ eMs/ )

+ Precision requires large lever arm
(large bending angle Q) and
low multiple scattering 0, .
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/3@ Precision vs. Acceptance

50 MeV/c 25 MeV/c 12 MeV/c

' 33cm !
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/3@ Precision vs. Acceptance

50 MeV/c 25 MeV/c
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/3@ Precision vs. Acceptance

50 MeV/c 25 MeV/c 12 MeV/c
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/3@ Precision vs. Acceptance

50 MeV/c 25 MeV/c
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50 MeV/c

Precision vs. Acceptance

25 MeV/c
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/3@ Detector Design

Niklaus Berger — DESY, February 2014 - Slide 65



= Detector Design

Inner pixel layers

—_—
—— uBeam Target
—_—
A
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/3@ Detector Design
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/43@ Detector Design
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/@@ Detector Design

Recurl pixel layers

Inner pixel layers : :

_ >
—_ >
———> uBeam Target é
_—
/A
Scintillating fibres ﬁ

Outer pixel layers
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= Detector Design

Recurl pixel layers

Scintillator tiles Inner pixel layers

—_—
—————F uBeam Target
—_—
]

Scintillating fibres

Outer pixel layers
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Timing Detector: Scintillating Fibres
/z@ g g

. 3 layers of round 250 um scintillating
fibres or 2 layers of square 250 pm fibres

. Read-out by silicon photomultipliers
(SiPMs) and custom ASIC
(STiC from KIP Heidelberg)

. Timing resolution < 1 ns







Timing Detector: Scintillating Fibres
/3@ g g

+ Single fibre readout
(Geneva, Zurich, ETHZ)

[ N o 1 R T T Tt S Bl e

= i EREHE T
€00 C00L00T000000l 0Bl T
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Counts [ channal

Timing Detector: Scintillating Fibres
/@@ g g

Si-PM1 Si-PM2
[ [
o Near Mid
o n [\ﬂ Relative Efficiency in the Second detector as a
\ function of the source position
THLS —
100.0 L L i é
s e * % .
| ¢ o S
om0 | % 0 ——@ - N S
;’r 98.5 = & :
"._.'EL: 98.0 - _
o ) threshold
7.0 = > 2 ph. el.
965 7 T T T T T T T 1
2 3 4 5 b 7 8 9 10 11 12
Number of ph.e. in the opposite detector (Sl—PMZ)
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(A

Timing Detector: Scintillating Fibres
/@@ g g

0.85

0.80

At = TSi-PM’I o TSi-F’M2 T

» e
=
—a—2
A g @
4l
i ®
B 5, o .
yaY ™~
B Far, Time diff. 5
., m e
A Mear, Time diff. ¢ & -
®Mid, Time diff. A
3 4 5 6 ri o] 9 10 11

Least Number of photons detected at both ends
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/3@ Timing
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Timing Detector: Scintillating tiles
/z@ g g

+ 7.5x8.5x 5.0 mm’ scintillating tiles

E + 2304 tiles per station
=t . Read-out by silicon photomultipliers
E (SiPMs) and custom ASIC
\ - (STiC, KIP Heidleberg)
£ 12 Modules + Timing resolution (100 ps)
S 12 Sub-modules
! 16 Tiles

Scintillator Tiles

SiPM

Readout
Electronics
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Tile Array




Tiles in the testbeam

STiC Board

teoeeeee
I

. @ a @ @ ﬂrlall.lt

.-..._..H
5 L

Tl w

Detector Array

Tile Array

Flex Cable



/3@ Tile results
+ 70 ps time resolution

. Dominated by tile geometry: 40 ps
possible with smaller tiles matched to

SiPMs
+ Efficiency > 99.5%
¥ ndl 36.45/ 36
ni 62.57 = 17.26
#1um _I [ 1T 1T T [ | T 171 T T 11 | meani -ﬂ.ﬂ‘?ﬂﬁi + u.m?
- sigmal sazz 031 |—» 150 PS
B n2 931.6 + 22.1 | 20
B mean2 0.002849 + 0032942 S
Eﬂﬂ_— sigma2 1.811 = 0,034 |—» 64 pS p
600 — _
400 -
200 — —
_' bbb ] q i T R N N R B 1 P ISR '_
% "G5 G0 5 0 5 10 15 20

Time Diff. [TDC Bins]
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/3@ Data Acquisition

1116 Pixel Sensors

—

up to 45 | L P
800 Mbit/s links =] - A
FPGA FPGA | 38FPGAs | FPGA
1 6.4 Gbit/s
link each
RO Pixel DAQ
Boards | 2 RO Boards
12 6.4 Gbit/s
links per
RO Board |
GPU GPU GPU
4lnputs | pe pc | 12pPcs | P
each
Gbit Ethernet |
Data Mass
Collection Storage
Server

280 Million pixels (+ fibres and tiles)
No trigger

~ 1 Thit/s

FPGA-based switching network

Place-sorted to time-sorted

O(50) PCs with GPUs
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ata Acquisition

Central Pixels

Layer 0/1 Layer 2 Layer 3
Upstream Downstream Upstream Downstream Upstream Downstream
AJ[A[AJA][A][A] [A][A][A][A][A][A D|[D|[D][D][D][D D|[D|[DJ[D][D][D D|[D|[D][D][D|[DJ[D] [DID[D][D]
[ =
it 5
19 Inputs 19 Inputs 19 Inputs 19 Inputs 19 Inputs 19 Inputs 19 Inputs 19 Inputs
Upstream Upstream Upstream Upstream Downstream Downstream Downstream Downstream
A B C D A B C D
i T
O |[— || [ [ (v [0 |~ |0 |[o [|<C [|e0 O (| |[ev [ || |[w [[© |[~~ [[o0 [|o || < [|@ O || [[N | [ [[v (o |[~ || ||o |[< [|eo O |[— || [ [ (v [0 |~ |0 |[o [|<C ||
VL[|V |V (Y |V IV Y [V Y[V |Y VIV V[V (Y IV IV |V [V Y[V (Y V[V V[V VYV V[V IV V(Y V[V [V |V (Y |V IV Y [V Y[V |Y
Pl Pl | = = = ==l = = = = =l = = = - = == = = = = = O == = = - = = = = = = =l O 1= = = = = = = = = = |
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Online filter farm
/a@

Online software filter farm

. Continuous front-end readout

(no trigger)
. ~ 1 Thit/s

+ PCs with FPGAs and Graphics Processing
Units (GPUs)

- Online track and event reconstruction
- 107 3D track fits/s achieved

+ Data reduction by factor ~1000

. Data to tape < 100 Mbyte/s

Niklaus Berger — DESY, February 2014 - Slide 86



Optical links
/3@ P

et i o g e £ T

Bit error rate < 10°¢ at 6.4 Gbit/s
(Mezzanine card)

Tests at 8 Gbit/s ongoing
(Mezzanine card)

Bit error rate < 10" at 4 x 11.3 Gbit/s
(On-board QSFP transceiver)

ek

More than sufficient for phase la and Ib
(Mezzanine cards)

More than sufficient for phase 2
(QSFP)

Also: 3.2 Gbyte/s DMA from FPGA to PC
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Simulated Performance
/e@

+ 3D multiple scattering track fit

. + Simulation results:
10°F RMS: 0.28 MeV/c 280 keV single track momentum
' 520 keV total mass resolution

1035—
10°F

10F

RMS: 0.52 MeV/c?
. 0.31 MeV/c?

c,: 0.71 MeV/c?
G, 0.37 MeV/c?

1_....|....|....|....|....|....
-3 -2 -1 0 1 2 3

Rec. Momentum - Gen. Momentum [MeV/c]

e Lo o L

Q02 103 104 105 106 107 108 109 110
Reconstructed Mass [MeV/c?]
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Simulated Performance
/a@

...... u— eeevv generated
u— eeevv simulated
——— Signal BF 1072
------ Signal BF 10°7'°
------------ Signal BF 107
SEETEY Signal BF 10°"°
—— Signal BF 107'°

- —h

OI i
—_ -
—_ o

IIIII|T|| IIII|'|T|] I IIII[HF

[RE O —
o 9
—t
w N

>

)

=

S

O

c

@© _

%, 10714 = ) — Signal BF 1077

O 15[

810 7E

c 10" i

— -18 :_ ..........

3107 F

n 1n-19LC

-E 10 ?—

> 10_20? | | | L |

LIJ | | | | | | | | | | [ L | | | | L d L L
101 102 103 104 105 106

Reconstructed Mass [MeV/c?]
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S -
) (D - | Phase IA
10_12 B SINDRUM (90 % CL)
Sensitivity ot Phose B
10—14 ;_ . Phase |l
15 [
10 =
- —— Mu3e (90% CL)
VS Mu3e continued
10 E_ ---------- Sensitivity Mu3e
10_17 i 1 1 l l 1 1 1

1 1 1 1 1
o 100 [0 100 200 300 [ O 100 200 300 400

running days

Inner pixel layers

—_—
—=
———> pBeam Target ¢
_—=

Outer pixel layers

Phase IA: Starting 2015
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/3 g 10
) M
512 SINDRUM (90 % CL)
Sensitivity s Phose B
oM Phase ||
—15
10
——  Mu3e (90% CL)
e " Mu3e continued
LS Sensitivity Mu3e
10_17 1 1 II 1 1 1 l 1 1 1 1
o 100 [0 100 200 300 [ 0 100 200 300 400

running days
Recurl pixel layers

A S B
CITT T I T T T

Scintillator tiles Inner pixel layers

—_—
———> uBeam Target
—

Scintillating fibres

Outer pixel layers

Phase IB: 2016+
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/3 &10
3 M
e SINDRUM (90 % CL)
Sensitivity s Phose B
oM Phase ||
~15
10
——  Mu3e (90% CL)
e " Mu3e continued
LS Sensitivity Mu3e
10_17 1 1 II 1 1 1 l 1 1 1 1
o 100 [0 100 200 300 [ O 100 200 300 400

running days
Recurl pixel layers

Scintillator tiles

Inner pixel layers

.
e
———% uBeam Target é
B

Scintillating fibres /

Phase II: 2017+
New Beam Line

Outer pixel layers
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/@@ Conclusion

+ Mu3e aims for @ > eee at the 107'¢ level

vvvvv

uuuuuuuuuuuuuuuuu

‘‘‘‘‘‘‘‘‘‘‘‘

“—=—=—="% . Firstlarge scale use of HV-MAPS

- Build detector layers thinner than a hair

- Timing at the 100 ps level

. Reconstruct 2 billion tracks/s in 1 Thit/s on ~50 GPUs

. Start data taking in 2016

. 2 billion muons/s from HIMB after 2017
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The Mupix

Telescope




The MuPix Telescope
/z@ P

.
y
z

X

|dea: Use Mu3e components to build a . O (200 pm) pointing resolution for
beam telescope 50 MeV/c electrons
+ Scintillating tiles for trigger and timing . Few MHz track rates
reference + |deal for PSI beam tests
. l;l'?:ilr;:ed MuPix 4 (or 6) chips on thinned .+ First tests this week very promising

- Fast readout, online tracking
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Backup Material
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/3

The chip works, particles are measured when the chip is in the beam: Output of the amplifier

1.8+

—
[=J]
L 1

1.4

1.2+

Output voltage [V]

—
=
1

0,5

Radiation Hardness

T T T T T T T T T T T T T T T T T 1
039 040 041 042 043 044 045 048 047 048

Input voltage [V]

- Requirements not as strict as at LHC

Comparator characteristics.

(Courtesy Ivan Peri¢, RESMDD 2012)

Lt

rradiation at PS
. After 380 MRad (8x10™ neq/cm2)
+ Chip still working
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MUPIX electronics
/3@

Pixel

Sensor

CSA source —(

-

Injgc?tion

integrate
charge

e

VN
VVNFB
VVNLoad

amplification

~

N follower
_

Periphery .

] }fBLRes

VNFoll

drive high C
of signal line

Readout
VPDAC “ g
Comparator
tune ThRes
DAC _ﬂ{ [
threshold
AC coupling digital output
via CR filter (ToT)
/ﬂ\\xh ifx\\h JL

set individual

threshold
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/3@ A general effective Lagrangian

/w;—é.
X

| e’
i

Tensor terms (dipole) e.g. supersymmetry
Lp_)eee= 2 GF(mHARﬁR ot e FHV + mHALpL ot e, FHV

Four-fermion terms e.g. /

T g] <pR eL> <§R eL> T 82 <pL eR> <§L eR>

scalar
+ g, (Fy'ey) € yie)  +g, (Fy'e)Eye)
+g. (Hy'e) (€ y'e) +g, (g y'e)Eye) +HC)

vector

1 /. (Y. Kuno, Y. Okada,
_ Rev.Mod.Phys. 73 (2001) 151)
/ <
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mass scale A (TeV)

Comparison with u* > e
/@@ P i > ey

m
= Vv -.1
f‘“"*j%;e sy (|<+1)/\2AR He O €L F (k+TA ;HLyHe e y'e) L

e /' «

+ One loop term and one contact term

. Ratio k between them

o
I
o
S

. Common mass scale A

. Allows for sensitivity comparisons
between u — eee and u — ey

o
(&N

+ In case of dominating dipole
couplings (k = 0):

B(u — eee)
B(n — ey)

= 0.006 (essentially a_ )
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MUPIX 2 Results
/3@

- Measurements with *°Fe source

1e

55
Fe peak . Good energy measurement

. Very good signal to noise

30

2sE . - Details in theses:

00 ™ A K. Perrevoort: Characterization of HV-MAPS
15 for Mu3e (Master thesis, 2012)

10 H. Augustin: Charakterisierung von HV-MAPS
s Signal to Noise (Bachelor thesis, 2012)

07082 084 086 088 09 092 available from www.psi.ch/mu3e

Threshold [V]
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MUPIX 2 Results
/3@

N
N
.I
; ..... "= ....
0 20 40 60 80
HV [V]
n
N
., mE Eg
" u
n
N
n
\ Lo L P L1 m
0 20 40 60 80
HV [V]

. Measurements with LED pulses
. High-Voltage important for fast signal

. Amplification above ~70 V

Details in theses:

A K. Perrevoort: Characterization of HV-MAPS
for Mu3e (Master thesis, 2012)

H. Augustin: Charakterisierung von HV-MAPS

(Bachelor thesis, 2012)
available from www.psi.ch/mu3e
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MUPIX 2 results
/3@

18

. Test beam at CERN SPS (170 GeV/c pions)

Resolution for 30 x 40 m ioixels X
17 _—

. Timepix telescope

m
=
(@)}

______ %JF]L + 2 hours data taking

=
Ul
T

+ Mostly single pixel clusters

. Resolution as expected (pixel size/\/12)

single hit resolution / u
=
LN

13
12r ]
. | - More test beam data under study
1~~~ t-m e ;
I
10 x x x x x
0.85 0.90 0.95 1.00 1.05 1.10

pixel threshold / V
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