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LFY “I'n-nStandar d Moc

In SM (m,, = 0) Lepton Flavor is strictly conserved !

neutrino oscillations - m,, 0 & Lepton Flavor is not anymore conserved (n oscillations)
- charged LFV possible via loop diagrams, but heavily suppressed

neutrino oscillations
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Flavor Conservation in the charge lepton sector :

processeslike mMA Y e A
mY eg+
mY e e ¢ehave not been observed yet.

Many models ! however the mechanism and size of cLFV remain elusive.



Lepton Flavor Violation inmY eee

neutrino osci |

current experimental limit
BR(mY eee) <102 (90% c.l., SINDRUM 1988)

this experiment (nBe @ PSI)

BR(MY e e e ) 15 < (90%c.l. exclusion) phase | (20151 2017)
BR(MY e e e ) 16 < (9a%c.l. exclusion) phase Il (2018 7 2020)
BR(MY e e e ) 10=¢ 3(5s discovery)

explore physics up to the PeV scale
complementary to direct searches at LHC




New PhysicsinmY eee

LFV addresses issues like - origin of flavor

- neutrino mass generation

- CP violation

— <
LoopM Diagrams Tree Diagrams
Supersymmetry Higgs Triplet Models
Little Higgs Models New Heavy Vectc
Seesaw Models Extra dimensions (K-K towers)

GUT models (Leptoquarks)

many ot her model s &

several LFV models predict sizeable effects, accessible to the
next generation of experiments !




LFV mDecays : SUSY Loops
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SUSY T like many BSM models T naturally induces LFV

LFVinmY e gimpliesLFValsoinmA Y andiY e




LFV mDecays : Tree Diagrams

not allowed Leptoquarks new LFV mediator _
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Model Comparison (mY egand mY eee)
Effective charge LFV ULkKugorard®Ogadaa n ( it

L = m, dipole K A ER L = common effective
LFV L2(1+k) L 2(1 +/) S mass scale
K= Acontactodo vs
amplitude contribution
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Z - penguin

appeared in the literature in 1995 (Hisanoetal.) and #Ar edi scov
4

] 0 Ve m - -
dominatesifL >>M, BR —Z’ f( L4) (no decoupling in some models)
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Higgs Triplet Models

motivated by Left-Right symmetric models
Higgs triplet: neutrino masses generation (Kakizaki et al.)

Hierarchical case Inverted-hierarchical case
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LFV mDecays : Experimental Signatures
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Kinematics : 2-body decay quasi 2-body decay 3-body decay
monochromatic e*, g monoenergetic e coplanar, Sp; =0
back to back SE, =m,,

backgrounds : accidentals decay in orbit radiative decay

antiprotons, pions accidentals
beam : continuous beam pulsed beam continuous beam

none of these decays, however, have been yet observed experimentally

7\



LFV Searches : Current Situation
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The best limits on LFV 0
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SINDRUM @ PSI (~80s)

beam (pE3 beamline @ PSI):
53 105m/ sec
28 MeV/c surface muons

resolution:
s(p;) = 0.7 MeV/c?
vertex ~1 mm

statistics limited!
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Mu3e @ PSI: the Challenge

search for nt - e* e e* with sensitivity BR ~ 10-1° (PeV scale)
> 700 years (t,,= 2.2 ns)

L (m eee)

using the most intense DC muon beam in the world (p ~ 28 MeV/c)
suppress backgrounds below 10-16 (16 orders of magnitude !)

find or exclude nt - e* e e* atthe 1016 level
4 orders of magnitude over previous experiments (SINDRUM @ PSI)

Aim for sensitivity
10- in phase |
10-16 in phase I
(i.e. find one in 10 muon decays)

- observe ~10'" mdecays (over a reasonable time scale)
rate ~ 23 10° mdecays /s
- build a detector capable of measuring 2 3 10° mdecays / s

Lo 559 f
minimum material, maximum pl'eCISIOI’] /S =

project approved in January 2013



The Signal

nt- ete et

two positrons, one electron

e+
from same vertex
same time
Dttracks ~0
N momentum balance
S and coplanarity

Sp; =0

energy conservation
SE, =m,,

max. momentum
Yo m_ = 53 MeV/c




Accidental Backgrounds

overl ay of one or two nor mal muon d
electrons from Bhabha scattering
photon conversions
mis-reconstruction
e’ accidental backgrounds increase
with beam intensity

to suppress these backgrounds

1. precise vertex reconstruction
Dx ~ 0.1 mm

2. precise timing (ToF)
Dt ~ 100 ps

3. precise kinematics reconstruction
(p and E;q7 resolution):
s, ~1MeV/c
Dm,_, < 0.5 MeV/c?
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Irreducible Background

mradiative decay with internal conversion
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only distinguishing feature:
missing energy carried by neutrinos =~
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Irreducible Background

mradiative decay with internal conversion

p v : . : .
e e et G\E | nt- e*e e*n,n,fraction in signal region
W o N as a function of Dm,,
N T
v c
T o -11
\ﬁ.:h_‘f“«ei uE}.J 10
S = 10"
¥ - ®©
L~ £ 5107
-l tot ‘0
= 10"
&\\F' < 4015
~ ° —— S5 sigma around signal
© 10-15 . .
E 4 sigma around signal
% 11:!-” 3 sigma around signal
% 1{]-18 2 sigma around signal
T 10_19 —— 1 sigma around signal
=‘1ﬂ2ﬂ ' w N

1 IIIII|||I|||III III|III|||II|IIII
02 04 06 08 1 12 1.4 16 1.8 2
Reconstructed Mass Resolution [MeV/c?]
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Momentum Measurement

tracking resolution

F

spatial resolution dominates multiple scattering dominates

need thin and high resolution detectors
l.e. minimum material, maximum precision




Momentum Measurement (1)

MS
measure momenta in the range
p=1571 53 MeV/c

¥s  resolution dominated by multiple scattering

momentum resolution (15t order)
Sp - QMS
P W

precision requires large lever arm
(large bending angle W, not too strong B)

and low multiple scattering Qs

: | : best precision for half turns (W~ p)
Q8 | - |
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How to Find nt - - e* e e* Decays
50 nsec time frames nidSays @R & BOdbnswogsi so n ¢

challenge : isolate mY eee events

Dt ~ few 100 ps
Time of Flight ~ few 100 ps

Ay

precise vertexing ~100 nm > |
conical target



Mu3e Baseline Design

Si pixels (HV-MAPS)

~1.5m B=1T
|
[ Rem |
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Scintillator tiles Inner pixaAlayers

surface m -
p~28 MeV/c = ¢ — ~15cm

/

Scintillating fibres
\ ; o
Outer pixel layers
Phase | | \/ p

scintillating tiles scintillating fibers

acceptance ~ 70% for nt - e* e e* decay (3 tracks!)

thin, fast, high resolution detectors
(minimum material, maximum precision)

275 M HV-MAPS (Si pixels w/ embedded ampli.) channels
~ 10 k ToF channels (SciFi and Tiles)




Mu3e Collaboration
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Staged Approach

Phase 1A Y AEERN T~
rate ¢ 10’ m/ s S |
SS R only central pixel
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Acceptances

highest energy e* fromnt - e*e et
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mY eee Signal Simulations

Phase IA: ~ 23 107 nis (central pixel)

Acoplanar Momentum [MeV/c]
ra
o

foz 03~ 04

11 II 1 I. I. |:\. I 1 | I 11 1 1 I 11 11 I | - 11
105 106 107 108 109 111
Reconstructed Mass [MeV/c?]

= .”]-111 ...... i — eesvy generated
=11 n— egevy simulated
_'E_ 1']12 Signal BF 107
T s =] S Signal BF 107"
_"-'B:’ 10 . signm BF 107
B Signal BF 107" -
10 - Sig:; BF 107 BR 10' 12
> 104 “izao., == Signal BF 1077
15 L — T e
310
é 108
EN0EL| |
R s w2 o N T ST S
31[] .....
@ 100 ] | | -t T T e,
5 50 = -.._ lllllll o == I“-_-“-.“-___ h :..
EID B I T Nt R S A B RS SR B
101 102 103 104 105 106

Reconstructed Mass [MeV/c?]

Acoplanar Momentum [MeV/c]

Phase II: ~ 2 3 10° nis (full detector)

1 1 1 1 1 1 1 11 1 1 "'I N 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
102 103 104 105 106 107 108 109 110
Reconstructed Mass [MeV/c”]

-10

% 0 e o~ Beevy generated

= ”}-11 I~ BEEVY a-imulated

e e ignal

O .

& 10 —me mgnalanu-‘ﬁ BR 10

? 1014 =i Signal BF 107"

TR R

510° T

5 1018 R - S

g 10 -]
19

% 10 el i

L:ﬁ ‘|U.'2D N T R T T I l_jj_ll_:_l. J'--i-': | I-E_LJ et
101 102 103 104 105 106

Reconstructed Mass [MeV/c?|
- .L‘,.\--'

[N ]

om

1]

"‘"—H‘\



Sensitivity Projection

BR

—11
10

—16
10

—17
10

E | Phase IA
- SINDRUM (90 % CL)
B Phase IB
L Phase I
E ——  Mu3e (90% CL)
- - Mu3e continued
E e Sensitivity Mu3e
I 1 1 ,‘ 1 1 1 1 l,r 1 1 1 1
0 100 [0 100 200 300 [ O 100 200 300 400

running days




M uons @ PSI most intense DC muon beam

590 MeV/c proton cyclotron

Accelerator Facilities
C Cockcroft-Walton
12 Injector 2

PE5 beamline > 108 m/ s

N R 590 :ﬂf\q Ring Cycl
HS'E - surface muons ~ 28 MeV/c

- high intensity monochromatic beam
( P/ P < 8% FWHM)
- polarization ~ 90%
- vt (MEG exp., Mu3e phase I)

Radig#hemistry

Neutron Spallation Source
S Neutron Spallation Source SINQ
L Target-Storage Pit

I Medicine
1 Isotope Production IE

rticle Physics

ekl SINQ (spallation neutron source)
could even provide 53 101 m/ s
High-intensity Muon Beamline (HIMB)
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Mu3e i phase |

MEG and Mu3e to share same beamline Mu3e
can easily switch between the two experiments

PE5 beamline

nES Channel
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The High-intensity Muon Beamline (HIMB)

Phase Il sensitivity requires GHz muon beam I i)
HiMB i High-intensity Muon Beam Concept ﬁ AT
. . Guidin Asélenoid.‘ —3tti :
muon rates in excess of 101° m/ s possible i S
use spallation neutron source target window = selenoid 7
as a high-intensity source of surface muons .| ..\ g colecton
Vacuum chamber solenoid
muons extracted downwards opposite to X _
incoming proton beam using solenoidal I .
. . WVacuum a
channel + conventional dipole/quadrupole :
channel
. Surface Muons

Neutra Area

......

2-Year feasibility study for - . 3 i HE | Muongeam Cellr
HiMB about to start at PSI . G L G G A TN S NN NN
Not before 2017 e




Silicon Pixel Detector HFMAPS

High Voltage Monolithic Active Pixel Sensors

logic embedded in N-well inthe pixeli s mar t di

I ’—izl—‘ RC-CR  Comparator Latch Bus driver 4‘

. | CsA II: [ D
Bias res. RAM Readout bus
kY 4-hit tune DAC -
AC coupling -+~ idgs oS ios T | k€| S0V
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565 e 92020202020 %0 %0 %0 %'
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ode arrayo
< 50 nm thickness

active sensors Y s ma
standard CMOS technology (low cost)
trigerless and fast readout
smal | active
low noise

low power

radiation hard

regi on

80 3 80 nm? pixels
275 M channels




The MuPix Chips

GUNRDERNEUNGEREERS

MuPix2
36 3 42 pixels
30 3 39 mMm? pixel size
1.8 mm? active area
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MuPix3
40 3 32 pixels
80 3 92 nm? pixel size
9.4 mm? active area
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for Mu3e
256 3 256 pixels
80 3 80 mm? pixel size
4 cm? area, 95% active
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central barrel



MuPix Perfromance (prel
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T| mi ng 50ns S?@Ps_h‘,’t (‘realglolnllj;t frame) .1300 mdec.a):/s
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to suppress accidental backgrounds | WS
requires excellent timing _
< 500 ps SciFis = =

< 100 ps scint. tiles




ScrF1 Tracker - ToF

high spatial resolution (matching with silicon hits)
good time resolution < 500 ps

scintillating fibers 250 nm A (3 staggered layers)
24 Sci-Fi ribbons (16 mm 3 360 mm)

readout with Si-PMs arrays on both ends
64 channel monolithic device, ~3000 ch. total
250mm A pi tmenhcells 50
common bias voltage 53 20 cells

(individual fiber readout ?) readout ch.
« 16 mm -

~12 cm diameter
24 ribbons
16 mm wide, 36 cm long

« 1mm-

rate: several MHz / SciFi ch.
readout with the DRS waveform digitizer (custom ASIC)

occupancy and optical cross talk?




ScikiPerformance (preliminary)
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Light ingSIeliSlsimulations)

photon yield w/ P.D.E. ~ 25%

0.1F
of

0.1

# output photons

-1?.4 -0.3 -02 0.1 0 0.1 0.2 0.3 0.4
¥ hitpos [mm]

light propagation

0.40

deposited energy[MeV]
in agreement with measurements
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