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Probing the Standard Model with Mu3e

Mu3e is a high-precision experiment at PSI, Switzerland
e p—eeein SM including neutrino mixing (L — eee /
= BR (u—eee) < 10 L=t

= beyond observable levels

New physics might enhance BR by several orders T
Current limit: €
N -12
BR (M gee) <10 (SIN.I?RUM, 1988) S GV -
e Aimed single-event sensitivity: ut Vi Ve ot

BR (u—eee) < 2-107"° (Phase 1)

Standard Model decay via neutrino
BR (u—eee) < 1076 (Phase 2) /

mixing
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/3
Experimental challenges

e High rates (= 108 u* decays per second)

: ; . 15
e Low-momentum pamdes Mu3e Phase | Simulation 10 mugn stops
M d i t 102 at 10° muons/s -
@) uons dadecay at res :
Y U — eeevv EF/I?(???eaI o, ————at 10 12
o Electron/Positron momenta < 53 MeV/c ' S

-

e Signal-to-background discrimination

o u—eeevv (main background channel)
o Limited by multiple-Coulomb scattering
o Accidental background

Events / 0.2 MeV/c?

= |Jow material budget

= fast detectors 100 105 110
2

= high granularity Mree (MeV/c7]

Invariant mass of signal decay, radiative decay and
accidental background (Bhaba+Michel) [Mu3e TDR]
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https://arxiv.org/pdf/2009.11690.pdf

Low material budget

Detector ladders:

High-density interconnect (HDI) + HV-MAPS Ladder

)
o X/X,=1.15 %o per tracking layer
e =80 um laminates (HDI)
1 1 1 2
e 50 um thin pixel chips (2 x 2.3 cm? area) Q Module
Layer
Composition of a Mu3e vertex detector layer
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Low material budget

Detector ladders:

e High-density interconnect (HDI) + HV-MAPS
o X/X,=1.15 %o per tracking layer

=== glue
150 Al % Xo
_ = glue
polyimide > HDI Al
100 , 1 , :
polyimide HDI
50 0.5
0 0
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Low material budget

Cooling:

e HDls:
o serve as support

o host lines for LV, HV, chip configuration and signals
e only missing: infrastructure for cooling
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Low material budget

Cooling:

e HDIs:

o serve as support
o host lines for LV, HV, chip configuration and signals

e only missing: infrastructure for cooling
Concept:

e gaseous cooling = little material
e flow channels confined by tracking layers themselves = no additional material
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Low material budget

Cooling gas:

e Air: 3.3 %o-XOIm
e Helium: 0.18 %o-XO/m

Track length up to 1 m

Recurl pixel layers

RERRRERENEREEENRRRE NN REEREREEERERNNRNEENEE

Scintillator tiles Inner pixel layers

p Beam Target “

Vi

YYYYY

|

Scintillating fibres

3\ /

Outer pixel layers

10cm
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Low material budget

Cooling gas:

Atr-0-33-%—X fm ke corresponds to around 3 tracking layers
e Helium: 0.018 %X /m

Recurl pixel layers

RERRRERENEREEENRRRE NN REEREREEERERNNRNEENEE

Scintillator tiles Inner pixel layers

p Beam Target “

Vi

YYYYY

|

Scintillating fibres

3\ /

Outer pixel layers

10cm
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Gaseous helium cooling

Air Ny Ne ! He _i H, unit
density | 1.29 1.25 090 1018 | 0.09 kg/m?
Xo  3.0x10* 33x10* 35x10*157x10°1 7.5 x 10° cm
X/X, 0.33 0.30 0.29 : 0.018 : 0.013 % (for X = 1m)
Thermal conductivity | A 0.241 0.24 0.46 1 1.43 1 1.71 mW /(cm-K)
C, 1.01 1.04 1.03 523 I 14.32 kJ/(kg-K)
volumetric heat = 1.30 1.30 093 ;094 V129 1)/ (° K)
capacity L—
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Gaseous helium cooling

high thermal conductivity
average heat capacity
e despite low density

= Gaseous helium offers not only a high radiation length but also acts as an
good coolant!

Specs:

° TChip < 70°C for an inlet temperature of ~ 0°C

e (glass transition temperature of adhesives used
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Mu3e vertex detector

inner two tracking layers
e Layer0 (Dﬂfatﬂiif‘:;m";‘?é’aﬂﬁd)
o 8 ladders (48 MuPix chips) — '
o r=23.3mm
e Layer1
o 10 ladders (60 MuPix chips)
o r=29.8mm
e 2 helium flow channels
o between LO/L1
o around L1, confined by Mylar foil
e estimated heat dissipation 215 m\W/cm?
system designed to cool up to 350 mW/cm? petector mount— &

Electrical connections

Pixel ladders
carrying sensor chips

Endring
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Cooling tests

e thermal-mechanical mock-up (mechanical copy of final detector)
e silicon heater chips of final dimensions
o 3 Q heating loop
o ~1.2 kQ resistive thermometer
e spTAB connection to HDI

RAS

el gr——

spTAB connection HDI for heater chips Silibon heater chip

L NS
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Cooling tests

thermal-mechanical mock-up
e silicon heater chips of final dimensions
o 3 Q heating loop
o ~1.2 kQ resistive thermometer
e spTAB connection to HDI

mock-up modules:

o perfect matching of geometry and
material

o mounted in mini-cage with gaseous
helium supply

e simulate heat loads:
o 215 mW/cm? (expected)
o 350 mW/cm? (conservative limit)

Forum on Tracking Detector Mechanics, Thomas Rudzki — Universitat Heidelberg 14
Frascati 2022



Cooling setup

e Total helium flow of 2 g/s 1Vemuri
tube
e Power silicon heaters with constant' heat load ‘ ‘
e Readout of on-chip thermometers ‘J oresoure sensor
° i
Measurements: ——
valve
e transient behaviour

heat
exchanger

e temperature maps
e temperature-to-power relation

[1] heat dissipation depends on chip temperature, corrections to study uniform heating applied

turbo
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Cooling setup
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Cooling setup
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—~

= Ssilicon heater mock-up
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Measurement results

Numbering scheme for temperature maps (next slide)

Ladder IDs: 2 Chip IDs:

////\X;yem Us 0\1\2\3\4\5\DS

\ [ [ [/ [ [ )

Layer 0
\ Y el Helium flow
U 4
2 5
6 5
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Measurement results
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Transient behaviour (start-up):

temperature increase described%
by 2 time constants T,and T, ;5_)
T,0f1t03s ?05:
1,0f20t0 60 s %

90 % of equilibrium temperature g
reached in lessthan 5 s
Cooling needs to run at full
speed when powering detector

Tem

Temp. of Layer 0 Ladder 1 at 295 mW/cm?

40

30+

N
o

10

0_

Chip temperature of 1 ladder in Layer 0.
Coldest chip at gas inlet, hottest chip at outlet

0

10

20
Time [s]
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30

40

/43

- ATchips =43.7 K

Chip5: 19=2.3s, 11=52.0s

- ATchipa =41.0K

Chip4: 19=2.0s, 11=63.0s

- ATchips =35.1K

Chip3: 1p=18s, 11 =18.7s

- ATehipy =27.9K

Chip2: 1o=17s, 11=495s

- ATchipr =20.4K

Chipl: 1p=14s, 11=16.35s

- ATchipo = 13.8K

Chip0: 1p=1.5s, 11=24.35s

19



/3
Measurement results

Transient behaviour (turning off): Temp. of Layer 0 Ladder 1 after turning off 182 mW/cm?

—— Chip5: 19=2.7s, 1:1=313s
—— Chip4: 19=2.65s, T11=46.35
—— Chip3: 19=2.0s, 11=16.4+s
—— Chip2: 10=2.0s, 11=449s
—— Chipl: 19=17s, 11=32.65
Chip0: t1p=1.4s, 1:=32.65

e Simulated emergency shutdown of 201

pixel power
e Similar time constants as for start-up
T<5°Cinlessthan5s

151

10+

Temperature Difference [K]

5 4
0 Frammm e m b ST TRNN PR S REHEN N A S0 0 000 -
0 5 10 15 20 25 30 35 40
Time [s]
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Measurement results

Temperature maps

nominal - 215 mW/cm?2

Ladder ID

Forum on Tracking Detector Mechanics,

Frascati 2022

Chip ID

Layer 0

Ladder ID

nominal - 350 mW/cm?2

Chip ID

Disclaimer:
8 chips not actively heated (damaged)

Layer 1

nominal - 215 mW/cm?2

16 chips not read out, values
approximated
details in back-up slides

3 4
Chip ID
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Ladder ID

© 00 N o u B~ W N

Chip ID

/43

nominal - 350 mW/cm?

N w H ul
o o o o

temperature difference [K]

=
o
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Measurement results

Temperature maps

nominal - 215 mW/cm?2

Ladder ID
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2 3
Chip ID

Layer 0

4

5

Ladder ID

nominal - 350 mW/cm?2

/3

Layer 1

nominal - 215 mW/cm?2
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Measurement results

Temperature maps

nominal - 215 mW/cm?2

Ladder ID
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Chip ID

Layer 0

Ladder ID

nominal - 350 mW/cm?2

Layer 1

nominal - 215 mW/cm?2
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Measurement results

Temperature maps A

all temperatures < 70°C
e hot area due to flow non-uniformities
studied uniform heating
o  chip periphery of MuPix sensors will dissipate more
heat than active matrix

o  20°C higher temperatures locally expected
o justat limit of 70°C

e 2 g/s helium cooling sufficient for Mu3e vertex
detector ¥
e at 350 m\W/cm? at the edge of specifications 20.66 mMm

active matrix

23.14 mm
20.00 mm

A
/
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Operation of helium-cooled demonstrator

e Mu3e DAQ tests (“integration run”)
e Simplified PCB-based demonstrator
o PCB ladders instead of HDIs
o  Full-scale MuPix10 chips

o wire bonded chips
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Operation of helium-cooled demonstrator

e Mu3e DAQ tests (“integration run”)
e Simplified PCB-based demonstrator
o PCB ladders instead of HDIs
o  Full-scale MuPix10 chips

o wire bonded chips
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Operation of helium-cooled demonstrator

e Mu3e DAQ tests (“integration run”) Phase I: |

e Simplified PCB-based demonstrator

—>  Helium flow —>
. Silicon layers
o PCB ladders instead of HDIs y z
o  Full-scale MuPix10 chips : I
O Wire bonded Chips g Silicon layers g‘
. . . . . . —>  Helium flow —>
e Simplified helium distribution i
Integration Run:
Polymide foil
] —>  Helium flow —> [ ]
Silicon layers
Beam pipe Target Beam pipe
Silicon layers
— = —
Polymide foil
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Operation of helium-cooled demonstrator

e full detector operated Mu3e target with magnetic field  double disc target without magnetic field
e ~ 100 W heat load cooled away
with gaseous helium cooling

(2 g/s)
e successful correlation analysis
between Layer 0 and Layer 1
e Figures on the right:
o correlating pixel hits (column
address) in LO and L1 within the
same time frame (128 ns)

o recognize geometrical features of
different target configurations

Layer 1 (chiplID)
Layer 1 (chiplID)

o N W A UWJO H N W H U

102

100 100

Layer 0 (chipID) Layer O (chipID)
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Summary & Outlook

Cooling concept verified using a detailed thermal-mechanical mock-up
Successful long-term operation with prototype helium plant (2 g/s)
e First successful demonstration of operating a helium gas cooled pixel detector

Thermal tests of Mu3e outer pixel layers scheduled for late 2022
3x 16 g/s helium systems in production

Gaseous helium as coolant for tracking detectors aiming to minimize material:

e Material budget of ~ 0.1% per tracking layer possible when using monolithic chips and
no additional support for flow channels

e (Good thermal properties of helium open the possibility to use fast detectors without
integrated liquid cooling systems

Forum on Tracking Detector Mechanics, Thomas Rudzki — Universitat Heidelberg
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Backup



Helium distribution

Layer 1 = Layer O; Layer 2 = Layer 1, distribution for final detector

Ducts on beam pipes

Forum on Tracking Detector Mechanics, Thomas Rudzki — Universitat Heidelberg
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Helium distribution

simplified helium channels for demonstrator

F,.
= R — - -
A \ { \ ! ‘ ; . .
e \\ - 2
experimental s
cage

data cable
(pixels)

o cabes
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Target configurations - demonstrator

target configurations for the obtained correlation diagrams

y [em]

Mu3e target with magnetic field

6
\\. \ d
o {7
) /
2_
0- =
N
_—
—24
"particle tracks"
e pixel hits
=] pixel layers
e Mu3e target
S P A 3 /5 ; |
-5.0 =25 0.0 2.5 5.0
z [cm]
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MSR target

=
-
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V-
z

- ® pixel hits /‘

A
‘\\\‘l‘{.\’(\"“

e

pixel layers / ,
MSR target

°
7 am— 7 740 5 1
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Universitat Heidelberg
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Target configurations - demonstrator

target configurations for the obtained correlation diagrams (Mu3e target zoomed-in)

Mu3e target with magnetic field MSR target

201 < A ° \M \ “‘ //
N NN U1/

101 ')““ N\ AR /

(VA S
I SR~ == < AV = NNk
L e S E— o -

"particle tracks"

-

- i "particle tracks"

\ e pixel hits - ® pixel hits
-15F¢ pixel layers =4 pixel layers

- e Mu3e target £ e USR target
— 20 T T T T T _67 S A— S /. A 7 28 \ \

-5.0 =25 0.0 2.5 5.0 -5.0 =25 0.0 2.5 5.0
z [cm] z [cm]
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not heated //36

Measurement results no readout

Ladder ID

Temperature maps (raw data)

nominal - 182 mW/cm?

Chip ID

Forum on Tracking Detector Mechanics,
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Layer 0

nominal - 295 mW/cm?

Ladder ID

Layer 1

nominal - 182 mW/cm? nominal - 295 mW/cm?2
0 0

U
o

=
=

X

50 2 2 40y
£ 3 3 o
4038 Q0 e g
5 gt 54 30 5
g3 3 v
305 TS5 ©5 =
g - - 2

E 6 6 200
20 © gi
“é.’ 7 7 €

[

103 ) 8 10 =

9 9
0
0 1 2 3 4 5
Chip ID Chip ID
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not heated //Be

Measurement results

Temperature maps (raw data)

Layer 0

nominal - 182 mW/cm?

Ladder ID

Chip ID

Forum on Tracking Detector Mechanics,
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nominal - 295 mW/cm?2

A W ON R

Ladder ID

[6,]

Layer 1
nominal - 182 mW/cm? nominal - 295 mW/cm?
0 0
50
1 1
¥
2 2 409
¥ 3 3 <
g 8 o kg
5 54 57 305
(] o] e
£ o5 o5 v
T © © 5
[} — — -+
5 6 6 200
8 S
“é 7 7 €
[]
8 8 8 10
9 9 0
0 1 2 3 4 5
Chip ID Chip ID
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Measurement results

2nd order polynomial approximation of missing temperature readings:

Temperatures on Layer 0 Ladder 0 Temperatures on Layer 0 Ladder 1 Temperatures on Layer 0 Ladder 2 Temperatures on Layer 1 Ladder 1 Temperatures on Layer 1 Ladder 2 Temperatures on Layer 1 Ladder 3
30
40 40 . 30 >
z z g2 £ ¢
=20 20 = =20
9 < <10 “
0
— 182 mWim* — 182 mWim* — 182 mW/cm* —_— 182 mWem* —_— 182 mWem' 10 —_— 182 mW/om?
— 295 mWim* — 295 mWim! — 295 mW/cm? — 295 mWiemt — 295 mWim* — 295 mW/om*
0 0 o 0 0
B 7 3 4 & 5 1 2z 3 4 3 5 1 2 3 & 5 "5 1 3 3 7 5 "% 1 3 35 7 % T 1 3 3 & %
Chip ID Chip 1D Chip ID Chip ID Chip ID Chip ID
Temperatures on Layer 0 Ladder 3 Temperatures on Layer 0 Ladder 4 Temperatures on Layer 0 Ladder 5 Temperatures on Layer 1 Ladder 4 Temperatures on Layer 1 Ladder 5 Temperatures on Layer 1 Ladder 6
40 40 a 30
40 40 40
g g g 4 g g ; g2 s
- - =20 - - 20 -
<20 <20 < <20 < i <30
.
— 182 mwien — 182 mwier — 182 mW/em — 182 mWem — 182 mWiem? — 182 mWem?
— 295 mWkem? — 295 mWkm? — 295 mW/cm? — 295 mWiem? — 295 mWkem? — 295 mW/em?
o 1T 2.3 4 £ %% T 2.3 3 & YO 4 Z B & & Y5 i 3.3 & & Y8 1 3.3 a & %@ 1 7.3 4 &
Chip ID Chip 1D Chip ID ChipID Chip ID Chip ID
Temperatures on Layer 0 Ladder 6 Temperatures on Layer 0 Ladder 7 Temperatures on Layer 1 Ladder 0 Temperatures on Layer 1 Ladder 7 Temperatures on Layer 1 Ladder 8 Temperatures on Layer 1 Ladder 9
d T
” 30 . 30 3 30 20
- 20
250 220 220 220 g 2 Z |; o o2 R
- - - - L - =10
< < < < - <30 4 /—’_—_0\‘\!
10 10 10 10
— 182 mWiem — 182 mWien — 182 mW/em 5 — 182 mWem? — 182 mWiem? — 182 mWem?
— 295 mWkem? — 295 mWiem? — 295 mW/cm? — 295 mWim? — 295 miiem? — 295 mWjem*
0 0
g 0 1 2 3 4 5 0 0 1 2 3 4 5 9 0 1 2 3 4 5 0 0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Chip ID Chip ID Chip ID Chip ID Chip ID Chip ID
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Measurement results

Ladder ID

Temperature maps (translated to nominal heat dissipation)

Layer 0

nominal - 215 mW/cm?2

Chip ID

Forum on Tracking Detector Mechanics,

Frascati 2022

nominal - 350 mW/cm?2
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Measurement results

e Translation to different heat dissipation

Linearity of temperature-to-power relation
Temperature to power relation for Layer 0 Ladder 1

—— CO0: 0.042%*P - 0.3 CO: red. x> = 0.22
601 — C1:0.066*P - 0.3 Cl:red. Y2 = 0.17
—— (€2: 0.093*P - 0.2 C2:red. x> = 0.19
¥ 501 — C3: 0.106*P + 0.2 C3:red. 2 = 3.15
v —— C4: 0.123*P + 0.1 Cd:red. y? = 0.91
§ 401 — (C5: 0.132*%P- 0.2 C5: red. x2 =0.32
£
el
2 30
2
o
Q
a 20
£
()]
}_
101
0<

200 300 400

Heat load [mW/cm?]

0 100
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Temperature difference [K]
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Temperature to power relation for Layer 1 Ladder 7

—— C0: 0.047*P- 0.2 C0: red. x* = 0.07
—— (C1: 0.037*P- 0.2 Cl:red. x* = 0.12
40f —— C2:0.056*P- 0.2 C2: red. x> = 0.03
—— (C3:0.061*P + 0.1 C3: red. x* = 0.42
—— C4:0.076*P + 0.1 C4: red. y? = 0.67
301 — C5: 0.103*P- 0.0 C5: red. X2 = 0.08

20

150 200 250 300 350 400

Heat load [mW/cm?]

100
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