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Searching for the ut — ete et Decay

In the Standard Model (m, = 0) Lepton Flavor is conserved absolutely
(not by principle but by structure!)

and LFV processes like u— e +y or un— e e e have not been observed yet

-

Mu3e: search for the rare u decay u* —> ete e a-\ J P e

ya

with sensitivity BR ~ 10-1°to 1016 (PeV scale) \

T(u > eee) > 1000 years (t, = 2.2 pus) \;4

using the world’s most intense continuous surface muon beam at PSI

— observe ~ 101° - 10'7 n decays (over a reasonable time)
= rate up to 2 x 10° u decays /s

— suppress all backgrounds below 10-16

= build a detector capable of measuring up to 2 x 10° u decays /s
minimum material, maximum precision



Signal and Backgrounds

signal backgrounds
internal conversion accidental
o et . et ) .
el ;s+/ et it /0 i it \
0*—0 —Q) 0—Q
\ \ \
Q % (. N\ V7
£ = ee )
BR (u* —> et e etvey,) =35x 105 ’
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Oy < 300 um
rejecting the background requires o, <0.5MeVic —
c, < 0.250 ns

minimize
multiple scattering



4D reconstruction

to suppress accidental backgrounds
requires excellent timing

< 250 ps SciFi’s X
< 100 ps scint. Tiles £y ’

also determine the sense of roation,
i.e. the charge of the leptons \

additional ToF information < 250 ps



Mu3e Baseline Design

Si pixels (HV-MAPS)

~1.2m
. - - . l -
| RecufFpixel layers Y i _
Scintillator tiles Inner pix;yers \ : & '. )
surface p* T

D ~ 28 MeV/c — = MBem oot ——

108 u/s

.|'

Scmtlllatlng fibres ;

’Duter PI)(El Ia Ny ) P j
scmtlllatlng tiles \ scmtlllatlng fibers .

acceptance ~ 25% for u* — e e~ et decay (3 tracks!)

Thin, fast, high resolution detectors
175 M HV-MAPS channels (Si pixels w/ embedded amplifiers)

~ 3 k SciFi and ~ 7 k Tile ToF channels

Very limited space in central region — very compact design of SciFi detector
5



SciFi Detector Design Parameters

Requirements
thickness x/x, < 0.3% (< 1 mm)
time resolution < 250 ps
efficiency > 95%
limited space
handle very high rates (> 108 u decays / s)
high occupancy up to 250 kHz/ch.

SciFi arrays
(12 in total)

-

=

B

12 SciFi ribbons at ~ 6 cm radius
32.5 mm x 300 mm
3 staggered layers
250 um ¢ fibers
SCSF-78MJ
very thin ~ 0.2% X, (< 800um)

SiPM arrays
(24 in total

Si-PM readout at both ends
128 ch SiPM array (LHCb design)
250 um pitch

Readout
MuTRIG ASIC
~ 3000 readout channels




SciFi Detector Mechanics

SciFi ribbons
longitudinally staggered to minimize dead space between ribbons

e SiPM spring loaded support

SciFi module support structure
: / (2 ribbons per module)

3D printed Al cooling block
it supports the SciFi modules
with embedded piping

SciFi — SIPM coupling
+ spring loaded SiPM support
+ Front End board

L-bracket support SiPM  End-pieces

Spring loaded
pistons ~—sa & <
SciFi ribbon

fixations to beam pipe J

HV connection

8
—— SMB flex
cooling pipes '"tefpm/'/ \ - >~ smB3.1
// SiPM PCB
MuTRIGV3 (x4)

(electronlcs + S|PM,S LV connections

Stiffener  (part of SMB3.1)



SciFi Ribbon Production

U channel

—— lLayer 1, AX =2557 £5.2

—— layer2, AX =255.4 +4.7

Layer 3, AX =255.3 £6.2

Layer 4, AX = 255.0 £ 5.2

i

1 | |
240 250 260 270 280 290
Fiber distance, same layer [um]

ribbon metrology 4

32.5 mm

thickness ~ 700 um (i.e. < 0.2% X,)
for 3 staggered SciFi layers




Test Beam Setup

Vertical scintillator
85 x 10 x 6 mm?

SiPM Array

Left Horizontal scintillator

125 x 6 x 6 mm?

SiPM Array
Left

SiPM Array
Left

SiPM Array
Left

SIPM Array
Right

SiPM Array
Right
PMT 1

SiPM Array
Right

SiPM Array

Horizontal scintillator

125 x 12 x 6 mm? ot Waveforms
% 1= :
g B,QE— i Q integration .. ,, P
4 SciFi ribbons read out at both sides £ oo 2 "
For these studies e N T
SiPMs readout with fast hybrid amplifiers ol b ool
and 5 GHz waveform digitizer ST T s N B

based on the DRS4 ASIC o
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Time [ns]



Fiber Selection (Light Yield)

commercially available 250 um ¢ fibers

criteria: cm) (ns)
: : : type att. A (cm 5 ns
high light yield i
_ Kuraray SCSF-78 > 400 2.8
best time performance o, = Kuraray SCSF-81 > 350 2.4
Kuraray NOL-11 > 250 1.0
: : Bicron BCF-12 270 3.2
light yield @ 30 cm
[thickness ~ 2 fiber ¢ ] attenuation
_ SCSF-78 _ SCSF-81 o SCSF-78 ) SCSF-81
t. LY (n)-136  fof (n)~5.8y | 3., ,  rT3s4sem o A ~255cm
“““““““““““ SR o B S oo Sres o " St
NOL-11 . BCF-12 NOL-11 BCF-12
(ny~12.1 | (n)~38y | T+ A~230cm | ¢ o % ~ 40 cm
Owoooo— | j.; i é i;
Sm: = ;: 2 2;: M {»‘,,,_+
D e TETTESET e e BT S S o

A. B. and Y. Demets, JINST17(22)P12020 10



Tieft = Tright (AT Time Resolution)

Measure intrinsic resolution of SciFi detector,
however cannot determine the crossing time

Entr

1es

SCSF-78, 3L, black

c ~450 ps

“large” tails driven by
decay time of the fiber

Data Distribution

FWHM/2.35 = 456 ps

Gauss
G = 495 ps

Double Gauss

— Oge = 446 ps

Oy = 747 ps
Laplace * Gauss

" o . = 506 ps

equiv

| RN S

-PLIII‘\\Ill\

2 3 &
= Tignt [Ns]

T

left

NOL-11, 4L, TiO2

c ~400 ps

Data Distribution

FWHM/2.35 = 395 ps

Gauss
G = 428 ps

Double Gauss
Ocore = 388 ps

Gy = 612 ps

Laplace * Gauss

Cequiv = 443 ps

LLII\|I\I|III|I\I|\II|III|II\|I\I|\II‘III|III

=

2 3 4

Tor~ T,

left  “right [ns]

AT along the SciFi ribbon

(o]
]

slope 8.2+ 0.6 [cm/ns]

Distance in z-direction [cm]
|
=) o =

|
N
[=3

-30

III|IIIIIIIIIIIIIIIIIIIIIIII|IIII
_40-4 -3 -2 -1 0 1 2 3

resolution does not change A Tns]
with impact position (no edge effects)

can determine effective speed of light
propagation in the fiber > ~0.5c(<c/n)
(effective path is longer because of
Internal reflections)
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Correlated Dark Counts

Mean 1: -1.916

. . E sigma 1: 0.293
When a SiPM cell discharges, £ T memzony |
it generates light that can escape the SiPM, zwoo:""“”’s’-m h
be captured and transported to the other end, B + AT AT ~ 4 ns
and trigger a discharge at the opposite end. A i —>v~05c
Probability for such correlated events ~ 104, -
15000
adding a weak Sr source in the center ik J \ l
N AT
£ mnl e R e R R
2 4ip S ﬂ\‘ o ~ 430 ps : : i
S L~ cluster size > 2 or higher threshold
000 gl R e
e c ~ 290 ps g sigm; 0468 the correlated
AG noise const: 283.190 Me:?;;?:':anslgam dal‘k COuntS
= 2000
3000[— - are gone
20003_ 1500:—
10002— 1000:_
plius 1w il | P RN (TN IR RS N
-10 -8 -6 -4 -2 2 4 6 8 10 L
Time (ns) 500__

B 10
Time(niz



Entries

Mean Time

Combine measurements from both SciFi ribbon’s ends: MT =

Naively expect oy =% 0,1

TLeft B TRight

2

40000

T [ns] 0.371
Gcore [nS] 0258 50000

Entries

3L SCSF-78 " 4L NOL-11

35000

7 [ns] 0.223
Ocore [NS] 0.218

30000
40000

25000

30000

~15% in tail 20000

20000

15000

<10% in tail

10000
10000

5000

'h,IH“I‘I‘l““l‘l““l‘l‘l

o) R RSN RN PO~ o S AN AL

T AT ® > S A
+ right. T+ i
left _ ng [ns] left ng

our Significantly affected by the tpe,,.

2 1 0 T

IS
%

i

- Ttng

[ns]

MT along the fiber

slope 0.00 + 0.01 [ns/cm]

Data is well described by the EMG dist. % e
E oob
MT does not depend on the hit position % 04—
oyt ~ constant along the fiber § 02: }
No edge effects (light is channeled in the fibers!)_zi
MT is a good observable for time measurements'z:;:
A. B. et al., NIMA1058(23)168766 Sy

| I Il 1 1 1
-5 0 5 10 15
Distance in z-direction [cm]



Detection Efficiency

Issues:

limited material budget of 3 SciFi staggered layers
SciFi ribbon’s geometry

— some events with very low light yield
— very low thresholds of 0.5 or 1.5 ph.e. & small clusters

require left / right matched clusters — timing cut AT < n o,

— Inefficiency eff. vs ph.e. thr. & cluster size

1 hi 2 hits
eff. VS Vias SR B 3 I A
oy 100 . - - :
L a9 T + T T T -f. g 95_— --------------------------------------------- : ' -------
) .t_ o r :
§ 98 o 90: o
% 97 w - *
96 Vioreakdown ~ 925 V YA N NSRS WIS SN SE W, SN S
95 o z
94 B[
| SCSF-78, 3L, black
93 . - == No AT cut
VOperatlon 55'5 V 75— —— |AT| < 56, S SUUUSUURIUURS OPUORRSUROR SOOI SRR DS SO
92 AR ENE S TR S N |
91 700 i i i i i i i a
90 10 15 20 25 phe. 05 10 15 20phe.

7 7 . . . . H
MBS B M bas vty Have identified 2 viable working points:

1) 0.5 ph.e. thr. & clusters > 2 — ~ 97% efft.
A. B. et al., NIMA1058(23)168766 2) 1.5 ph.e. thr. & cluster > 1 — ~ 98 % eff. 14



Outlook

We developed a SciFi timing tracker with SIPM readout at both ends
for the Mu3e experiment
3 staggered layers of 250 um ¢ fibers SCSF-78 (Kuraray)
thickness ~700 um, < 0.2 % X,
time resolution < 250 ps (mean time)
efficiency > 97 % (matched clusters with timing cut)
spatial resolution ~100 um

In conjunction with HV-MPAS Si-pixels — full 4D track reconstruction
Limiting factor: material budget (3 staggered SciFi layers)
— low light yield
— not perfect (i.e. 100%) efficiency and limited time resolution

Readout based on the mixed mode MuTRIG ASIC (w/ Gigabit link)
no time to discuss this ASIC, sorry ®

SciFi sub-detector ready for installation and commissioning in Mu3e
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Si-PM Arrays

128 ch SiPM array from Hamamatsu (LHCDb type) S13552HRQ
250 um pitch

32.5 mm (two 64 ch. dies)

pixel size 57.5 um x 62.5 um

4 x 16 pixels per column

230 um x 1625 um column area
Vireak ~92.5 V (+ 0.3 V same array)

high quenching resistor

1nA]
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q
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107"

Vbreakdown

|
100 120
Channel ID
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