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Mu3e Physics

*Mu3e aims to observe the decay: u™ - ete® e~

- : - Mu3e Phase | Simulati
=If not exclude a branching ratio of > 1071 (Phase Il) ude Phase | Simulation

at a 90% confidence interval. S ’ s e S e e
o 10l s o o
. : . =2, % Michel + Bhabh
*We exploit the kinematic feature below: 2 e T e
Q-O
Xp=0 and X E=m,
=By reconstructing the tracks and deducing their ‘5% . M > eee
. . . . 90%
momenta will be used to identify signal events. 80%
=For this an excellent mass (and therefore oL S _
. . . . . 1 1 11
momentum) resolution is required to discriminate R ® m [MeV/c2]0
ec

signal events from background.
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Charged Lepton Flavour Violation
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Experimental Design

Outer pixel layers rd

Varley piel layers

r
Beam pipe
H beam % $3lnppmg target

Shi““”“‘" tiles (SciTie Scintillating fibre's { SciFi) S — " [ P
..\_\‘-\-I__ -

= This shows a basic view of the phase-I Mu3e detector.
= Muons are deposited on the surface of the stopping target.
= After decay, the products are driven into helices by the magnet that sits around the detector.
= A series of layers of pixel detectors take measurements of the position of the decay products in flight.
= A layer of scintillating fibres in the central station and scintillating tiles in the recurl stations provide temporal
information on the tracks.
" Precise measurements of the track position and momentum are required; the task is to reduce the material
budget and therefore the multiple scattering.
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Pixel Quality Control

= |n the clean room, we have two
setups that will complete pixel and
module quality control tests for the
outer tracking layers.

= We have set up and done some
initial tests with the QC teststand
(probecard and single-chip card).

= | put together the ADC readout for
the QC tests and the cooling for the
FEB.
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Tracking in the Mu3e Experiment

"The Mu3e experiment is sat in a homogenous magnetic field and therefore the decay products trajectory
are described by a helix.

*The base unit for the fitting is a triplet of hits. The fitting is factorised into a circle fit in the plane transverse
to the magnetic field and a straight line fit in the longitudinal plane. The deflection angles due to multiple
scattering and the hit position resolution are treated as the sources of uncertainty in the fitting.

"The task is to find a three-dimensional curvature whereby the below equation is minimised:
Pus,(:6) | AOus j(D;5)?
O'I%/Is,j(p) 0'1%45,]'(1’)

2(. Y _ wnhit -3 : 24 nhit —1 T /-1 %
* x2(p;6) = Yiheli=osin(d)) + Xhit k=0 Ok Vk Ok \

)

hit shifts impact
up to three triplets

-

X




& LIVERPOOL /3,

Tracking: Calculating Hit Efficiency

Silicon Hit Efficiency

oy
I

Phi

=Initially, an algorithm was designed to detect inefficiencies in
the silicon tracking layers. This was completed using an

adaptation to the Mu3e tracking algorithm.
Tracks: Hit Found

Total Tracks

Efficiency =

=A ‘dead’ layer is introduced by ignoring the hits from a given
silicon layer in the detector. Tracks were then reconstructed
with n-1 hits.

|
!
|
1 ‘
! ey
|
!

g WA o WY
20 40

= The layer was then switched back on and hits were added to
the tracks if they fell within the trajectory of the track.

= Assuming 100% purity of the tracks, if a hit was not readded, it can
be assumed the track passed through an inefficient or ‘dead’ area.

Folded (Missing Hits)

03[

phi [rad]

02—

01—

= By studying the effect purity has on the efficiency calculation, this is

used as a systematic uncertainty. From a 75% efficiency, the total

=The ratio of the number of tracks that showed an inefficiency Nt efficiency was calculated to"F

against the number of tracks that had hits readded was used to P& 74.1 +/- 0.84%. (Uncertai”ty'oz;'l
calculate the hit efficiency of a given layer. from statistics) -
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Tracking: Recovering Detector Efficiency

=|n this alternative tracking algorithm, triplets are generated
from every layer, not just the first. They are also found pointing
both inwards and outwards.

=Combinations of triplets are then connected based on common
hits to form sequential tracks.

=If an inefficiency is present, unique combinations of triplets will
reveal the inefficient layer, and subsequent action can be made
to look for additional hits.

=Using this method, track reconstruction efficiency can be
recovered in the event of broken or noisy sensors.

*The task became assessing if n-1 hit tracks have an acceptable
resolution and the effect that including the new set would have
on the momentum and mass resolution.
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Tracking: Recovering Detector Efficiency

Momentum Resolution

="An excellent mass resolution is required to suppress internal

. : . = 0.7
conversion events and combinatorial background. S | 6 Hit Tracks +
=
=To achieve the required mass resolution; an excellent ¢ *®| __ g Hit Tracks i I * l
momentum resolution is required (< 1 MeV/ /c). 055 i } | *
: : : : : f { by
=In the nominal tracking algorithm, 4 hit tracks are disregarded ol | } '
for this reason. They quickly exceed this limit as momentum is ) . { * | "l
increased. - B g R
; 1 T

=*Whilst there is a reduction in the precision of the momentum .. | e h

measurement and therefore the vertex analysis, there is a S "

significant increase in track reconstruction efficiency in the 0.4C- e

presence of detector inefficiencies. -
‘ L | | [ 14

L1 ! [ L 11 ! | O L | [ [
0 15 20 25 30 35 40 45 50 55
Momentum [MeV/c]
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Tracking: Recovering Detector Efficiency

. . . Momentum Resolution
=To achieve the required mass resolution; an excellent

. . . — 0.8
momentum resolution is required (< 1 MeV /c). S 5HitTracks (Layer 0)
é 0.7 —=— 5 Hit Tracks (Layer 1) | ‘
“Preliminary results show the 5 hit tracks to have a resolution ¢ | e P
that follows a distribution similar to 6 and 8 hit tracks. 05 EeREE R
=*Whilst there is a reduction in the precision of the momentum 0.5 Ly + b b
measurement and therefore the vertex analysis, there is a oab + { ' * : o
significant increase in track reconstruction efficiency. - * 1 UL
t +og ot
0.3j t t 1 + + : !
*The plot on the right shows the distribution of 5 hit track - ; * SEER SRRR
resolution, whereby layer ‘X’ refers to the layer missing a hit. 02 ! by '
- L
*"From here, the effect including this new set of tracks had on the 0.1
mass reso'Ution Was StUdied' 7\ L1 L 11 | L 11 ‘ | | ‘ L1 | L1011 L 111 ‘ L 11 | | L1 ‘
% 15 20 25 30 35 40 45 50 55

Momentum [MeV/c]
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Vass Resolution

boi_ el iddaialid hs_mmassresol 003

Entries a7 [ Enties 11217

mﬁ;- RMS = (0.868 + 0.007) MgWlc? 105:_ RMS = (0.948 + 0.006) Ma¥/7c2
‘ u = (-0.372 + 0.009) MESAE2 = dN £ Verti w = (-0.429 + 0.009) MEYZE2 >
_ _ , o=(057+003)Mevic2 | Increased No. or Vertices o = (0.589 + 0.008) MeV/c?
= Asseen here, by including 5 hit [ Reconstructed: i
tracks, we reconstruct a greater : 8728 — 11217 (+29%) _
number of signal vertices (=29%) 4L

10°F
at the expense of mass z

resolution whereby the o of the 102;— Worse Mass Resolution gl
fit increases. g o:
0.57 = 0.589 (+3%) 10}
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\Y{ Resolution
Decreased No. of Vertices Reconstructed: Worse Mass Resolution o:
— 0, '
20~ se00 (-15%) () 057 058 (+3%)

: o o sem 5L RMS = (0.919 + 0.007) Mgt7c? ™
1[}5 L RMS = [OSEB + DDGT} M W'ﬂz — 05T RMS = (0867 + 0018) Me %2 e 0 E w= E'0486 + 0.01 0)) Mngﬂ,z 08182
- B : W = (-0.372 £ 0.009) MESAEZ = 10°F i = (-0.37 + 0.02) MeWE=_ o = (0.582 + 0.018) MeV/c?
Y o = (0.57 + 0.03) MeV/c? - o =(0.49 £ 0.06) MeV/c o ' -
decreasi NE 10k Decreased No. of - Decreased No. of 0
the - Vertices Reconstructed: 10°%F Vertices Reconstructed:
[ 8728 — 1109 (—88%) - 1109 = 8600 (+775%) 3 I
efficiency, %y ) | )
we further | 102k i
cause the 10?%f 7 ; 1 F ’
F i . -
Mmass . [ ; 10k H. i r
resolution '0f # 5 10F
; [ . -
to worsen. [ i m [ ﬁ*
1 * 1F =
S S | 1 A )| T A Eyooo o P L T e 1E||||+|| ||11+LL|||JJ

=20 =10 0 10 20 =20 -10 0 10 20 -20 -10 0 10 20
Myge - M, [MeV/c?] [MeV/c?]

. Mrec = Mgp LV rec Mgy MY/
Nominal Nominal — 50% efficiency layer 1 Alternative — 50% eff%@r%cy?\fa‘i/z(]er 1
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Current/Future/Final Work

“WRITING!....

=Continue the work in the lab to extract some results and analysis from the QC tests.

*"From the alternative tracking briefly study the tails of the reconstructed vertex mass
distributions to understand the effect the efficiency has on the signal to background ratio.

=Take questions/comments.
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Overlap of Mass Distribution
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Alternative

Overlap of Mass Distributions
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Alternative - Layer 1 — 50% Efficiency

Overlap of Mass Distributions
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Charged Lepton Flavour Violation

*The Standard Model in its most basic form describes lepton flavour as a conserved
qguantity and the neutrino as massless.

*This has been proven wrong with the evidence of a massive neutrino and lepton
flavour violation in the neutral sector (neutrino oscillations).

*Charged Lepton Flavour Violation is forbidden at the tree level and is only accessed
through neutrino oscillations at higher order diagram or through slepton mixing in
SUSY models.

=These processes are heavily suppressed, with a branching ratio of < 107°%. //eﬁ

=Evidence of a branching ratio higher than this is evidence of physics beyond the
Standard Model
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Background
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Background
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Mu3e Phase | 10® muon stops/s
13.0% signal efficiency
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Vertexing in Mu3e

= The purpose of the algorithm is both to find and fit a given
vertex. y

= Every ++- combination in a 64ns frame is considered. v

= The vertex finding is achieved by taking the trajectories of the /
three tracks and propagating back from a reference surface

(the first pixel layer) back to the stopping target. ¥ s

..'i:;{!y,zaqf’:Auk}V

= The average of these three propagations is the first guess.

= By using the errors associated with the tracking (hit resolution, \ /

multiple scattering and energy loss), a least squares fitting
algorithm can be applied to fit a vertex and further minimise
the y? value.
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Muon Beam and Stopping Target

= The experiment is based at PSI using the CMBL.

= This will deliver a muon rate ~ 108u™/s.

= These are deposited on the stopping target to bring
them to rest.

= The target is a double cone with an opening angle of
23.8". The material is ® 90um Mylar.

= The aim is to reduce the material budget and
therefore the radiation length. A double cone at a low
angle increases the stopping power in the beam
direction but not in the decay direction. It also
spreads out the decay vertices across itself.

= Mylar is a low-Z material, further reducing the
multiple scattering.

= Approximately 95.5% of the muons are stopped on
the target.
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Magnet

= To experiment sits in a homogenous, solenoidal 1T magnet.
This forces the decay products into characteristic helices.

= Accurate measurements of the momentum (% = 0.01) of

the particles are required to suppress the physical
background. A 1T magnet increases the lever arm and
drives the decay products into the recurl stations.

= With a 1T magnet, particles with a momentum < 10MeV
are rejected.

= The magnet must have a stability 28/ < 10™* over 100
data-taking days. Inhomogeneities are required to be <
1073 in a 60cm radius around the magnet centre.
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Pixel Detector

= The pixel detectors provide positional information on the
tracks as they pass through the detector.

= This is achieved using a HV-CMOS sensor comprising of
256 x 200 pixels of pitch 80 x 80um?.

= To reduce the material budget, the sensors are back-
thinned such that the total depth is 50um. This results in a

radiation length %/ = 0.115% per tracking layer. sensor dimensions [mm?] < 21 x 23
sensor size (active) [mm?] ~ 20 x 20

thickness [pm] < 50

" The spatial resolution of these sensors should be < 30um. spatial resolution pm < 30
time resolution [ns] < 20

hit efficiency [%] > 99

- i Pt ; ic > 0 #LVDS links (inner layers) 1(3)
The hit efficiency of MuPix11 is = 99%. Famdwidth per link [Cbit /4 > 123
power density of sensors [mW /em?] < 350

operation temperature range [°C] 0 to 70
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HV-MAPS and MuPix11

= This technology should collect charge via drift, with a
~ 5ns time resolution.

= The pixel detectors used are constructed with a CMOS
complimentary metal-oxide semiconductor) fabrication
process. Described as complimentary due to the use of
both P and N-channel transistors, also referred to as

23.14 mm
20.00 mm

MUX 4+—— link D

‘floating logic’. 20.66 mm
per pixel per pixel per submatrix
* The advantage of using this design allows for an excellent % PErPNErY s e
fill-factor, can be very radiation hardened, and a high bias HMH >_[T “ E}Qmwm £ e [
voltage can be applied to increase the size of the T r% = — ] ik
depletion zone thus increasing the hit efficiency to > sy mei — ‘ S sl e a—

9 9 % . amplification [

Lr:::;gr:te \L line driver E’:’%EE":N \& \illaloutput
= CMOS devices also allow readout circuitry to be buried in

the N-well. The circuitry for MuPix can be seen here.
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Ladders and Modules

= The individual sensors are placed next to each other as a
‘ladder’.

* These ladders are then placed in parallel next to each
other in groups of 4 as a module.

= A layer is series of modules sat parallel to each other as
shown to the right.

= Each layer is cooled with a 50g/s, 5kW helium cooling
system.

= The radiation length of a given layer is * /x =~ 0.1%

Layer 1 2 3 4
number of modules 2 2 6 7
number of ladders 8 10 24 28
number of MuPw sensors per ladder 5] (i 17 18
instrumented length [mm] 124.7 1247 351.9 3726
minimum radius [mm] 23.3 2908 73.9 86.3

Layer
'




24 UNIVERSITY OF

& LIVERPOOL

Timing Detectors

» Combinatorial background is the coincidence of multiple
decays overlapping in the same frame. Suppression of this is
achieved with excellent timing resolution and good
vertexing. The additional suppression due to timing with
different sub-detectors is shown here.

= This timing is achieved with scintillating fibres-in_the central
station and scintillating tiles in the recurl stations. Bo re
arranged as a cylindrical layer such as the pixel detectors.
The efficiency of these detectors is 95 — 100%.

= The fibres produce a time resolution of < 0.5ns and the
tiles produce a resolution = 100ps. 59% of the decay

products reach the tile detectors.

= The radiation length of the fibres is < 0.3%.

scintillator tile

scenario suppression
a) only tile 0(10)

b) only fibres | O(30)

¢) combination | Q(100)

silicon

photomultiplier flexprint
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Data Acquisition

= The detector has no hardware trigger and

therefore SendS Zero_suppressed h|t information 2844 Pixel Sensors 3072 Fibre Readout Channels 5824 Tiles
continuously. ““ ““ ”“ ““ ”“ ““ ““ 2
. Upt045i s lin A A A g rd [ r g3
= Frontend FPGA’s take data from the MuPix and """ ] 1 3=
o o FPGA FPGA | 8BFPGAs | FPGA FPGA | 12FPGAs | FPGA FPGA 14 FPGAs | FPGA =
MuTrig sensors and package it.
One 6 Ghit/s
link each
= This is passed through to the switching boards o B Corvrre :itlching Sunchmg
. . Board Board Board oar
which acts as a switch between the FPGAs and ;e o
. . links per E— I T
filter farm, allowing the latter to see the full swins ‘
Board =l (=l
detector. ompus S | S| zee | G
i erne | | |
= The switching PCs are equipped with a =™ o o
. . ollection orage
combination of FPGA’s and GPUs to complete Server o

online selection.
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