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Particle Physics:
W hat are the fundamental constituents of matter
and how do they interact?



//3@/ The Standard Model of Elementary Particles
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Hugely successful
/@@ gely

Magnetic moment of the electron:

- Theory:

co®
d . g =-2002 319 304 363 56 (154)
(Aoyama et al, PRL 109, 111807 (2012))
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- Experiment:
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g =-2.002319304 36153 (53)

(Hanneke et al. PRL 100, 120801 (2008))
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Open Questions?
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/3@ Matter-Antimatter Asymmetry
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Antimatter




/3@ Matter-Antimatter Asymmetry

Radiation
Us
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Gravity




//3@ The Structure of the Standard Model

e ®
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/3@ The Structure of the Standard Model

Neutrinos
l Vl \4

1 ueV TmeV 1eV 1 KeV 1 MeV 1 GeV 1 TeV
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= The Structure of the Standard Model

. e |d H
Neutrinos I Planck-Scale
] l l (Gravity)
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= The Structure of the Standard Model
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/3@ The Structure of the Standard Mode|

1 MeV 1 GeV 1 TeV 103TeV 10°TeV 10°TeV 10 TeV

LHC /2 ?
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/3@ Direct production

N__-
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/3@ Indirect effects in quantum loops

. X\
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/3@ Indirect effects in quantum loops

Large discovery reach if:

- Many incoming particles

+ Long lifetime

. Little Standard Model background
v \
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/3@/ L ook at muons

U C ,é + Many incoming particles (10%s)

+ Long lifetime (2.2 ps)
0{ 5 b 3 + Little Standard Model background

Large discovery reach if:

Leptons A/
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= Lepton Flavour
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Lepton Flavour
/4 P
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Lepton Flavour Violation!
/@@ P
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Charged Lepton Flavour Violation?
/@@ g P

Q‘/‘



Charged Lepton Flavour Violation?
/3@ g P

Heavily suppressed in the SM Q7
by (Am */m %)’

Branching fraction < 10~



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

10°

1072

10

10°°

1078

90% -CL bound

101

10—12

10—14

10—16
(Updated from W,J. Marciano,

T. Mori and J.M. Roney, 1940

Ann.Rev.Nucl.Part.Sci. 58, 315
(2008))
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New physics
/@@ 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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/3@ New physics in u* > e*e'e’
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Muon decays at the 107" level sensitive to new physics
at (1000 TeV) scale for (1) couplings!
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/3@ New physics in u* > e*e'e’
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X
Muon decays at the 107" level sensitive to new physics

at (1000 TeV) scale for (1) couplings!

1 MeV 1 GeV 1 TeV 10°TeV 10°TeV 10°TeV 10 TeV

LHC
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Searching for
U > e*ee at the 107'¢ level
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o The Goal: 101

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

10" in phase | (existing beamline)

10° T T T
A : .
ol |« 10"%in phase Il (new beamline)
A &
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The Challenges
/a@ g

. Observe more than 10" muon
decays:

2 Billion muons per second

+ Suppress backgrounds by more than

. 16 orders of magnitude
e -

R W

“‘ + Be sensitive for the signal
!
&
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o Muons from PSI

Paul Scherrer Institute in Villigen, Switzerland
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Muons from PS|
/@@

Paul Scherrer Institute in Villigen, Switzerland

World's most intensive proton beam
2.2 mA at 590 MeV: 1.3 MW of beam power
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/3@ Pion production

- Rotating carbon wheel as target
+ Hit with proton beam

+ Produce pions
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Pion deca
/@@ Y

+ Pions decay to muons
+ 2-body decay: Fixed muon momentum

+ Currently: 10° muons/s, more possible
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Building the
Mu3e Experiment
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Stop muons, let them deca
/3@ P ) Y

muon peam
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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

e+

. 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
. conversion:

/B 2 g
M U > e‘ee'W

. Only distinguishing feature:
Missing momentum carried by neutrinos
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(A

/3@ Momentum measurement

. Apply magnetic field (e.g. 1 Tesla)
» Measure curvature of particles in field

+ Limited by detector resolution and
scattering in detector
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/3@ Momentum measurement

+ Limited by detector resolution and
scattering in detector

~ 13.6 MeV
Bep

Ao 2 7/ X0 [1 +0.038In(x/X0)
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2 Billion Muon Decays/s
/s@ Y

50 ns, 1 Tesla field




Detector Technolo
/s@ 294

- High granularity

(occupancy)

+ Close to target

(vertex resolution)

- 3D space points

(reconstruction)

- Minimum material

(momenta below 53 MeV/c)
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Fast and thin sensors: HV-MAPS
/e@

High voltage monolithic active pixel
sensors - lvan Peri¢

. Use a high voltage commercial
process (automotive industry)
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Fast and thin sensors: HV-MAPS
/@@

High voltage monolithic active pixel
sensors - lvan Peri¢

. Use a high voltage commercial
process (automotive industry)

. Small active region, fast charge
collection via drift

Particle
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Fast and thin sensors: HV-MAPS
/@@

- Implement logic directly in N-well in the

High voltage monolithic active pixel pixel - smart diode array

sensors - lvan Peric . Can be thinned down to < 50 ym

. Use a high voltage commercial

ive i | Peri¢, P. Fischer et al, NIM A 582 (2007) 876
process (automotive industry) (1Peri¢, P. Fischer et a (2007) 876)

. Small active region, fast charge
collection via drift

Particle
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Beam tests

j Tests done at

- CERN 250 GeV pions

.- DESY 5 GeV electrons

- PSI 250 MeV pions

- Mainz 1.5 GeV electrons

+ Thanks for all the beam time and support!
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/3@ Ffhciency
Hit efficiency above 99% without tuning
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/3@ Time resolution

Hits per 10 ns bin

3000

2500

2000

1500

1000

500

Timestamp frequency 100 MHz

Hit timestamp resolution better than
17 ns

(significant setup contribution in the
measurement)

0=16.6 ns

-400

-200 0 200 400
Difference between trigger and timestamp [ns]
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Building a detector thinner than a hair
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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
(low scattering, high mobility)

. ~ 150 mW/cm? - total 2 kW

Full scale heatable prototype built

36 cm active length

No visible vibrations

Can add local cooling

. Simulations: Need ~ several m/s flow
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Cooling tests
/3@ g

P/A = 150 mW/cm”"2
o5 _ ¥ Vobal = 3mls
r R V. ~ 20 mis
£ = Global cooling
20 5 . » Global + local cooling
O 154
- .
=7
10 - - - * . Global helium stream
S .
— T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40

Position [cm]

Local helium stream
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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 '

Niklaus Berger — Heidelberg, May 2015 - Slide 70



/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

muon peam
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= Detector Design

muon beam
- (7"\\__% rget
\%%MMJMJE
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= Detector Design
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= Detector Design
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= Detector Design

recur| pixel

|

recur| pixel

\\"“ ——

W 77 777 :‘
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/3@ Performance Simulations: Mass reconstruction

Mu3e Phase Ib; 3 recurling tracks

70000%— Efficiency 13.44 %
60000 RMS 0.91 MeV/c?
50000 © 0.56 MeV/c?
40000}
30000; Work in progress
20000}
10000/
OE eI TR T N

96 98 100 102 104 106 108 110
Reconstructed Mass [MeV/c?]
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/3@
Need suppression of accidental background:

Timing
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/3@ Timing measurements

Scintillating fibres O(1 ns);
Scintillating tiles O(100 ps)
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= Detector Design

scintillating
fibres
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= Detector Design

____ &cintillating
o tiles
recur| pixel
layers

outer pixel layers

P ——
S tantend

A B

layers

——

Niklaus Berger — Heidelberg, May 2015 - Slide 84



//3@ Timing Detector: Scintillating Fibres
+ 3-5 layers of 250 pm scintillating fibres

£

secsd ‘eewuéunﬁnmnuwwm&g&

tTePorecrReoTEEYY e B e

K bbehcrkbarko o8 - Read-out by silicon photomultipliers
SRSRRSEcFisecessoescasecosaten) (SiPMs) and custom ASIC (STiC)

+ Timing resolution (1 ns)
(measured with sodium source)

T 700—
= Efficiency > 98%
g E (> 2 photons)
S s00f—
400 —
e Single photon
zonf—
1003—
04~ E TV VRSV B | R | R VR,V B ks et 500

ADC channels
Niklaus Berger — Heidelberg, May 2015 - Slide 85



Timing Detector: Scintillating tiles
/@@ g g

+ ~ 0.5 cm’ scintillating tiles

+ Read-out by silicon photomultipliers
(SiPMs) and custom ASIC (STiC)

+ KIP Heidelberg

=12cm

Scintillator Tiles

SiPM

Readout
Electronics
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Timing Detector: Scintillating tiles
/@@ g g

10000 |-
8000 _ 0=79.2ps

6000 [

4000 |-

2000 [~

_ I L1 1 L1 1 M
-950 -500 -250 0 250 500 750
Time Difference [ps]

Back

. Test beam with tiles, SiPMs and readout
ASIC

+ Timing resolution ~ 80 ps
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/3@ Performance Simulations: Signal & Background

Mu3e Phase Ib; 1- 10" u on Target; 10° u/s

N
§ —+” Internal Conversion Background
e """h'
g 10E = o 2 ﬁ —eee at 1072
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/3@ Performance Simulations: Signal & Background

Mu3e Phase Ib; 1-10'® u on Target; 10° u/s

NLJ 5 _*Q Internal Conversion Background
Boe'® ooy
% 10 = ° +%'+.¢., ¢ ﬁ u—eee at 107?
X - (P "#bty +* f+
o | *e
o 10 = *”’o’q. n—eee at 10
: - K
8_ 1 = . -14
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E ] —
o107
= F
oldWll™ T e
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Reconstructed Mass [MeV/c?]

Niklaus Berger — Heidelberg, May 2015 - Slide 89



Data Acquisition
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/3@ Data Acquisition

— | = . 280 Million pixels (+ fibres and tiles)

- No trigger
. ~ 1 Thit/s
. Need to find and fit billions of tracks/s
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Online filter farm
/e@

+ PCs with 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
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10 E_ ---------- Sensitivity Mu3e
’“0_17 i 1 1 / 1 l 1 1 1

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

running days

Inner pixel layers

-
—
——— uBeam Target ¢
—

Outer pixel layers

Phase |A: Starting 2017
2107 /s
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/@@ Conclusion

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

vvvvv

uuuuuuuuuuuuuuuuu
MMMMMMM

‘‘‘‘

“—=—=—="% . 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 2017

. 2 billion muons/s not before 2020
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Backup Material

Niklaus Berger — Heidelberg, May 2015 - Slide 97



/3

Radiation Hardness

- Requirements not as strict as at LHC

Lt

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

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]

Comparator characteristics.

(Courtesy Ivan Peri¢, RESMDD 2012)

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

Pixel Periphery .
Sensor CSA source ——
[ ‘ ‘ Nfollower[ ] }*BLRES
__‘ ‘ % Readmﬂ
\V
- VNFB | /PDAC
VNLoad  VNFoll Comparator
Injgc?tion gﬂg ThR—ei{[
threshold
amplification AC coupling digital output
, via CR filter (ToT)
integrate drive high C |" |'
charge I."\ of signal line ) I\
setindividual
threshold

Niklaus Berger — Heidelberg, May 2015 - Slide 99



A oeneral effective Lagrangian
/@@ g grang

o

e
13

+ r lE"
PAMPS —

T

Tensor terms (dipole) e.g. supersymmetry
=2 G ( m, A, T, 0" e FHV +m A H oe, FHv

U — eee

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,
S~ L .= ——A e F “e) e ) !
vﬂ{_f’e LFV (|<+1)/\2 2 Mg mﬂy (& v'e)

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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= Detector Design

scintillating /f:?:i
fibres |-
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1]

ne hunt for
charged lepton flavour violation in p-decays
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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(LAu->eAu)<7 10"  B(u'>e'ee’)<1.0-10"
(2013) (2006) (1988)
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/3@ LFV Muon Decays: Experimental Situation

e

S w N & e
LA

<)
J/W >ety uN->eN € y>e'ee &

MEG (PSI) SINDRUM 11 (PSI)  SINDRUM (PS|)
B(u* > e'y)<57-10" B(LAu->eAu)<7 10"  B(u'>e'ee’)<1.0-10"
(2013) (2006) (1988)

upgrading Mu2e/Comet Mu3e
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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, cosmics - 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 , - Monoenerge & + Invariant macc_:b .aint
+ Back-to-F \}O + Single p~ b% <tected - 2p =0 Q\>
Q < QO
Backgror <\&\ Backgro’&‘—) Backgror &
: /AC/O .l background Y orbit : PC/O(\ - decay
- Al protons, pions . Ac gental background
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Muons from PS|

DC muon beams at PSI:

- mE5 beamline:  ~ 10 muons/s

(MEG experiment, Mu3e phase I)

- Surface muons, p = 29.7 MeV/c
Stopped in < 1 mm of plastic
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- Muons from PS|

DC muon beams at PSI:

- mE5 beamline:  ~ 10 muons/s

(MEG experiment, Mu3e phase I)

- Surface muons, p = 29.7 MeV/c
Stopped in < 1 mm of plastic

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

DC muon beams at PSI:

mE5 beamline:  ~ 108 muons/s

(MEG experiment, Mu3e phase I)

Surface muons, p = 29.7 MeV/c
Stopped in < 1 mm of plastic

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

More than ~ 10" muons/s are produced;
bring magnetic elements closer to cap-
ture them:

High intensity muon beamline (HiMB)
study currently ongoing
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/3@ Performance Simulations: Background

Events

per 100 keV/c?
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‘of |

Internal Conversion Background

Work in progress
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u—eee at 1072
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Reconstructed Mass [MeV/c?]

Niklaus Berger — Heidelberg, May 2015 - Slide 113



/3@ Performance Simulations: Background

Mu3e Phase la; 1- 10" w on Target; 10° /s

Internal Conversion Background

u—eee.at 102
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Events
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