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All Silicon Pixel Tracker for p* - e*y
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Positron Tracker (incl. Vertex Detector)
> high rate tolerance (+++)

~ good vertex resolution (+++)
Ultra-Fast Silicon Pixel Detector (UFSPD)
> thin HYMAPS possible (+++)

> time resolution <100 ps very challenging (---)

Converted Photon Tracker
> high spatial resolution (+++)

~ good directional resolution (+++)
- low efficiency (---)

Active Muon Stopping Target
- precise decay vertex (+++)

> technologically challenging (---)
— Concept allows for high muon-stopping rates (R;) - high single event sensitivity (SES)
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All Silicon Pixel Tracker for p* - e*y
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Ongoing Detector R&D in Heidelberg:

e Positron measurement
* thin HYMAPS vertex layer

e Ultra-Fast Silicon Pixel Detector (- timing)

* Photon measurement
* Development of thick HYMAPS converter
* Measurement of in-situ ionisation loss in silicon

* Overall Design
* Mu3e-Gamma Concept
* Positron momentum resolution

Very Challenging Detector Design!
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High Voltage Active Monolithic Pixel Sensors

High Voltage-Monolithic Active Pixel Sensor
(HV-MAPS)

transistor logic embedded in N-well
(“smart diode array”)

sensor: 20 x 20 mm?  pixel: 80 x 80 ym?

ddepletionOC v Ubias p

|.Peric et al., NIM A 582 (2007) 876

Pixel Matrix

20mm

* fully monolithic: hit detection + digitisation + readout
* 180nm HV-CMOS process

* “low” cost
 capable of high hit rates and fast readout

e can be thinned to ~50 pm (~ 0.0005 X))

Pixel Periphery

Readout
nf Bias Block(s)

VDACs

egulators, Power-on Rese
: EE

[DATA] Powe ]

3mm

foll | Regulators, Powe Reset
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& @/ HVMAPS Tracking Detector (Mu3e)

Ultra-thin pixel sensor modules (X/X, = 1.15 per mille )

Overlap Gaseous He-Cooling System

MuPix chips, 20 x 23 mm? HDI

Temperature

Interposer g °'°
47.0

421
37.3
32.4

. 275
226
- 17.8
12.8
I 8.0
. 3.2

Flexprint (]
Endpiece

High Density Interconnect
d <100 pm (LTU, Ukraine)

MuPix (HV-MAPS)

BT T0odoiev

Mu3e Inner Vertex Layer

Monolithic pixel sensor in
180 nm HV-CMOS connectivity: spTAB method
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Silicon Pixel Vertex Detector
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extrapolation

p. > 1 Gevic e* uncertainty

limited hit
resolution regime

p, =53 MeVic

multiple scattering

: vertex position is crucial  'v3
regime .

for G)eY measurement 2

we can make the pixels sufficiently small
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Thin HVYMAPS Vertex Layers

Pixel sensors MIMOSA DEPFET ALPIDE HV-MAPS
TRACKING DETECTOR STAR PXL BELLEIIPXD ALICEITS Mu3ePTD
radiation length per layer in X, 0.5% 0.2-0.5% 0.3-0.8% 0.11%

. 2
Accidental Background scales as: Bacc oC O (@ey> oC X/XO

p.=53 MeVic:
*50umSi = o(0,) = 6.0 mrad
*30um Si = o(0,) = 4.6 mrad

50 mu wafer -
L

(neglecting multiple scattering
in the stopping target)

Drift Chambers
MEG Il TDR MEG MEG II
Remark:
ALICE is also investigating sensors with gﬁoie (keV) 306 130
thickness <50 um for ITS IIl upgrade
crl;'fﬂ (mrad) 9.4 5.3
cr;i’j;ﬁ (mrad) 8.7 3.7
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Single Hit Efficiency of thin HYMAPS

Depleted region scales with bias voltage

AXbias ot VUp

* Thinner sensor provides smaller signal!
* Goal is to achieve a single hit eff. > 99.5%

y

1.010

Iclenc

eff

1.005

1.000

0.995

0.990

0.985

0.980

 MuPix10

UL

__endpoints ..
noise limited

T'III[IIII]TIII[IIIIIIIIIII'IIII

'"["'l"'l"'l'"t"'l i "I’"]’"T"'["'|"'l

w l'"l"'i"'l"“l"'1“""'}"1’"'{” }"'l"'r"'l"'l"'l” I"'I'"i"'l"'T"

-=o== tuned, VPDAC = 0x6

== @== untuned, VPDAC = 0x0

-=-a==- untuned, VPDAC = 0x6

2 - 6 8

A. Schoning, Heidelberg

10

12 14 16 18
threshold [Isb (7-8mV)]

SSaUXOIY} JOSUaS

T- § 1 _,_; " « -100V, VNFEPIX=Oxic
. [3)] 2 - == -20V, VNFBPix = Ox1e
Metal & Si02 5 = : - -5V, VNFBPix = 0x5
@ i == -10V, VNFBPIx = 0x5
Lo : -20V, VNFBPix = 0x5
- I'C 0.8 : ; 5% N : - -60V, VNFBPix = 0x5
43 L : ; ““'-“g ¥ NV «=d==_ -100V, VNFBPix = 0x5
: .. .“‘ % : u:‘ :Q' : - T
Q B ‘;;':\ ! .
Depletion R 0.6{— i o LY S |
/ a - AN
. . 2 2 5V OLR K
Detection Diode | & - A Y
~ 04— R U TR S
- LI
! i ey
" Mupix11 100pm ;O
L1 I L1 I - I | l Ll 1 1 i Ll 1 | l L Ll ; L1 l L

1 1 1 1
50 100 150 200 250 300 350 400
threshold / mV

* 50 pm sensor - Xpias ~ 30 pm - eff. ~ 99.9%
* 30 UM Sensor — Xpias ~ 10 pm - eff. ~ 97-98%

lower threshold possible?
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R&D for thin HYMAPS

S - Xbias " Xbias

Detection efficiency depends on signal over noise ratio: ~ A
N C,pixel Apixel
Idea 1:
* make pixel size smaller: 80 x 80 ym? - 40 x 40 pm?
« efficiency can be fully restored! — higher power density
Idea 2: g
2 .
« use design with internal gain layer 15 pm?-< Metal & SIO2 | .
_ _ - S internal gain layer

« factor 25 internal gain w/o additional power - Deepnwell /

15 Hm2< | n+

¢ p-substrate P+

Plan:

We will test both ideas using the 180nm HVCMOS process from XFAB. First submission
planned for 2024
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Ultra Fast Silicon Pixel Detector (UFSPD)
Motivation

Recurl pixel layers

[IIT I IIITIIIITT]
Scintillator tiles Inner pixel layers
——— uBeam Target ¢ Mu3e Phase I Detector:
Scintillating fibres
CITTTTTITTITITITTIT] CITTTTTTITTITTITITITT]

\
\/ Outer pixel layers

Mu3e Phase | Sinctillating Fibres:
 time resolution ~ 250 ps

 rate limit 108 p-stops/s (occupancy & irradiation)
e cannot be used at HIMB rates

Mu3e Phase Il

* high beam rate of several 10° p-stops/s

* better time resolution required to suppress acc. BG

> need ultra fast HYMAPS (UFSPD) with time resolution of 100 ps or better
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Sensor without Internal Gain Layer

e [HP 130nm SiGe BICMOS process

* high cut off frequency (350 GHz)

 use (fast) bipolar transistors for amplifiers
and serial drivers

MONOLITH prototype (2022) - no gain layer

Zambito et al. arXiv:2301.12244
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UFSPD Concepts

Sensor with Internal Gain Layer

e [HP 130nm SiGe BICMOS process (option)

 use internal gain layer for fast timing and
power saving (ampl. factor ~25)

PicoAD proof-of-concept prototype (2022)

MilaneSiO et al' E E CERN SPS Téstbeam:i180 Ge\éﬂc pions
NIMA 1046 (2023) 167807 5 45° pouer_27wiom?; V= 125V:v, —amv
2 F :
é 355 l :
N = SR
. ; ] =3+ a i E i ! I — g
PicoAD sensor || R
(Geneva, Roma) e s e L e e
A A A Sl NS O IO
. - : 0O 10 20 30 40 50 60
BeSt tlme reSOIFItlon Distance from pixel center [um]
~ 17ps (unpublished)
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/3@/ Preliminary UFSPD Specification
Requirements Mu3e Phase i

Dimensions
Lengths: 40 cm
Radius: 6 cm
Area: 1500 cm?

Rate Assumptions (input)
Myon stopping rate: 2-10°%/s
Total hit rate in UFSPD: 6-10°/s  (estimated)

Requirements

Mean hit rate: 4 -10°/cm?/s Time resolution: 100 ps
Maximum hit rate: 8 - 10° /cm?/s  (estimated) Max. heat dissipation: 400 mW /cm?
Max fraction of dead time: 107

dead time of pixel ~300 ns (my personal best guess)
Pixel size: 200 pm x 200 pm

-~ Common Mu3e Phase Il R&D Project between Geneva, Heidelberg and KIT
— Also interesting development for an All-Silicon p* - e*y detector

A. Schoning on behalf of Mu3e 12 9. December 2022



All Silicon Pixel Tracker for p* - e*y

N
N
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>

>

* Converted Photon Tracker
-~ high spatial resolution (+++)
~ good directional resolution (+++)

\4

low efficiency (---)

A. Schoning, Heidelberg
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e e- Track Reconstruction with 2 Pixel Layers

Master Thesis H.Leuschner, Heidelberg, 2019
GEANT4 simulation

timing converter
detectors

Main results of the study:
* high momentum resolution due to small pixels Converter

: : e 0.1mm gold |
* two layer tracking of curling tracks works .~ 3% X 20 om
« proof of concept °
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Photon Energy Resolution

Reconstruction Photon Energy:
e+
E)/ — pele + ppos T Eloss,ele + E

loss , pos d

Photon Energy Resolution:

O(E;y) — U(pele) + U(ppos) + U<Eloss,ele) + U(Eloss,pos>

energy
dominant loss
Energy loss (lonisation+Brems) in converter is largest contribution! ¢
%‘ 05 x’/ndf60.56 / 10
Ansatz: o*(E) = 2 o(track) + ad + 3 d Zoss A0 0BBIGE-02 05482602
&'\ % 0.4 A2 0.9309 + 0.3384
T T % §0.35 - |d /
tracking stat. conversion position = 5 g0
negligible uncertaint S0.25
(neglig )¥ y o 00
éu_/ 50.15 —
energy loss is dominant © %m < 10%
Idea: go'oz ;I« | | \ | \ ¢ |

0.05 0.1 0.15 0.2 0.25 0.3 0.35
gold thickness (mm)

Master thesis H.Leuschner, Heidelberg, 2019
A. Schoning, Heidelberg 15 Meeting on Future MEG, 2. October 2024

> use an Active Silicon Converter (note E.i. ~ 40 MeV)



/3@/ Thick Active HYMAPS Converter Concept

. e
Metal & SiO2 15 ym Si et
~ Deeprwel
// \\ 600 pm Si
p-substrate / \ 600 pm Si
\ 600 pm Si
d - ocy U,
depletion bias p > 500 - 600 um Si photon z=1.8mm . 204 X0
* Measure actual energy loss and conversion point
in thick HYMAPS
e Caveat: only small radiation length possible is possible
j Challenges:
metallisation * have to deal with high voltages
| * metallisation
Example: e special guard ring structures needed
550 mu=+/1000V -3000Q cm « first design in 2025 planned
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Motivation:

(bachelor thesis L.Bees 2024)

* Energy loss of e* / e particles in silicon sensors is small ~ 390 keV/mm

* For sensor characterisation studies precise reference measurement of
actual energy loss in DUT is required - ~ 10-20 keV

magnetic feld 1

neodymium magnets M~ 15T

& in to the page

(%) out of the page
O origin

G particle gun position

-

Se1Ns0r l&‘l}'l‘l':—-’:

B®  first momentum measurement
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Double Arm Spectrometer Project
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Momentum Resolution

Standard spectrometer: “Half turn” spectrometer:
MS s
/ multiple-scattering ,/
______ angle
eMS

QB

O O

O, Oy o O .

= ® (linearised) ?P ~ O<®MS>
~ requires large lever arm ~ best precision for half turn tracks
~ large bending angle Q -~ measure recurlers
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GEANT4 Simulation Results

(bachelor thesis L.Bees 2024)

Electron beam with p=53 MeVIc

primaries
% 2000 Entries 5715
@ Mean 5297
2 Std Dev 0.03521
2 1800 — 2/ndi 2434/ 2
o Mean 52.67 +0.00
2 1800 Sigma _0.01409 + 0.00021
[ all combinations
= Entries 5940
1400 mean 52,97
Std Dev 0.03927
¥ [ ndf 28.16/2
L Mean 52.97 +0.00
Sigma 0.01427 + 0.00021
1000 | pimaries
all combinations
800 — fit (primaries)
—— fit (all combination)
600 f'
Irst arm
400
200

%

52.2

52.4

Construction of
setup Is planned

for 2025
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number of events

e

1400

1200

1000
800
600
400

200

0—1

momentum resolution in
single arm is about

‘ o(p) = 14 keV/c

DUT: 600 mu Si

53 53.2
p [MeVi/c]
primaries
Entries 5715
Mean 0.2334
Std Dev 0.1017
%2/ ndf 12.56/2
Mean 0.1939 £ 0.0005
Sigma 0.02466 + 0.00045
all combinations
Entries 5940
. Mean 0.2388
Std Dev 0.1147
1/ ndf 12.94/2
Mean 0.1939 £ 0.0005
Sigma 0.02475 = 0.00046
| pimaries

all combinations
| — fit (primaries)
fit (all combination)

momentum loss

in DUT

19

primaries
n [ Entries 5715 )
S Mean 52.73 14
> Std Dev 0.104
o 800 2/ ndf 2164/ 4 |
S  Mean 52.78 +0.00 I
Pl Sigma 0.02242 £ 0.00042
2 700 all combinations u‘
E Entries 5940 I |
g Mean 52.73 i
600 — St Dev 0.1184 T-
%%/ ndf 57.18/5 I
Mean 52.78 £0.00 ,
500 Sigma 0.02517 = 0.00042 }
[ pimaries ]
all combinations
400 fit (primaries) |
—— fit (all combination) L
300 T ‘}
m
x- Second arm
100 Vlf
|t B e ot = I
%2 52.2 52.4 52.6 52.8

momentum loss resolution of
double arm setup is about

o(p) = 20 keV/c

Measurement of
Landau tail is possible
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/3@/ Mu3e-Gamma

Question:
can one combine two experiments Mu3e (Phase Il) and search for p* -e*y ?

A. Schoning on behalf of Mu3e 20 9. December 2022



h@/Design Optimisations for Mu3e Phase I

Phase | Design

four fermion coupling: radii:
35 MeV/c SZsimm
« 30 mm
* 74 mm
tensor coupling: - =3 P 1035 Mevic ¢ 86 mm
53 MeV/c
B=1T
et momentum resolution MeV/c MeVic e* momentum resolution
@ 0 | 05 10
> - A=0.0
S o ' A=0.4
E 0 | A=0.8
5
S - 0.4 1
£
r 10 0.2 1
()]
T T T T T 0 0. T
-1.0 0.5 0.0 05 10 H
elevation angle A e+ momentum (MeV/c)

Note: momentum resolution is calculated
with multiple scattering model
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Design Optimisations for Mu3e Phase I

e* momentum resolution MeV/c MeV/c e* momentum resolution
— 05 10
(@)
S A=0.0
g 0.4 0.6 A=0.4 B=1T
g 03 06 - A=0.8
= Phase |
) 02 0.4 -
5
_|E_ 01 0.2 1
o
T T T T T 0.0 0.0 T
1.0 —0.5 0.0 0.5 10 0
elevation angle A e+ momentum (MeV/c)
B=2.0 Tesla o L B=2.0 Tesla [0.015, 0.02,0.025! 0.06, 0.07]
. . / —— lambda=0.0
—— lambda=0.3
04 087 <« €extralayer —— lambda=0.5

0.6 1
large acceptance!

0.2 0.4 1
0.1 0.2 1
0.0 0.0

momentum (Mewv/c)
momentum resolution (MeV/c)

T T T
-1.0 —0.5 0.0 0.5 10 0

elevation angle (rad) p I[MEWC‘J
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Optimised Solution for y* -e*y

B = 2.6 Tesla (- helps also for the p-stop rate)

tracking with
4 layers

R=7cm (pT =50 MeVIc)

N

/ Phase |
geometry
R=~8cm
e* momentum resolution MeVic
O 50 0.5
>
g 40 A 0.4
% 30 - 0.3
1=
GE) 20 - 0.2
@]
E 10 1 0.1
o
' ! T T T 0.0
=-1.0 -0.5 0.0 0.5 10
elevation angle A
A. Schoning, Heidelberg
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Momentum resolution for half-circles:
e ~12 keVIc from finite pixel size (80 um MuPix)

» about 60 keVI/c from scattering in helium gas
(assuming B=2.6T)

« multiple scattering in detector (0.1% X)) - plot

A momentum resolution of about <80 keVI/c is
expected for p=53 MeV/c positrons in the central
region -0.5 < A < 0.5 by measuring one curl

e* momentum resolution

05

A=0.0 53 MeVic
041 A=0.3
A=0.5

0.3 -

02 - <
1% [ S S S S
.-""’"—.’—.’—FF

75 30 15 40 45 50 55

MeV/c

0o
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Study Optimal Mu3e-Gamma Geometry

B=2.3 Tesla os o B=2.3 Tesla [0.015, 0.02, 0.03, 0.07, 0.1]
50 I'. ' II . . —— lambda=0.0
:“-:'_ —— lambda=0.3
= 40 - 0.4 E 0.8 1 —— lambda=0.5
g 2
£ . 0.3 E 0.6 - B=2.3T
30 4 5 2
E radii: 2
g 204 ° 15 mm 0.2 E 0.4
£ e 20 mm 2
10 4 30 mm . 0.1 £ 021
e 7/0mm ' g
* 100 mm
T T T T T 0.0 00 T T T T T
-1.0 —-0.5 0.0 0.5 1.0 0 10 20 mu
elevation angle (rad) p (Mev/c)
B=2.0 Tesla B=2.0 Tesla [0.015, 0.02,0.025} 0.06, 0.07]
- : 0.5 1.0
50 A1 / —— lambda=0.0
;*-_*_ —— lambda=0.3
- %01 04 ] 0.8 1 < extralayer — lambda=0.5
B
[iF] c
L. 0.3 2 0.6 | :
i \ =
c - 2 arge acceptance! B=2.0T
= radii: o
g 20 - ° 15 mm 0.2 g 0.4_
2 e 20 mm 2
qQ
0l ° 25mm 0.1 E 021
* 60 mm £
e 70 mm
T T T T T 0.0 O.G T T T T
-1.0 -0.5 0.0 0.5 1.0 0 10 20 30 40 50

elevation angle (rad) p (Mev/c)
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Summary

Several R&D studies for Mu3e-Gamma performed in Heidelberg
* Vertexing (also relevant for Mu3e Phase ll) :
- development of thin HYMAPS (30 mu)
~ mechanical stability and handling
* Ultra Fast Silicon Pixel Detector (crucial for Mu3e Phase Il)
~ focus on concept with internal gain layer (- save power)

 Active HYMAPS Converter

~ requires very thick sensors and high voltage
» Construction of Double Arm Spectrometer for characterisation studies

* Design Studies for Mu3e-Gamma:

- aiming for optimum momentum resolution in large momentum range
> and in particularly for p=53 MeV/c.
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