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U/N) . CLFV processes < >

Muon-to-electron conversion is a charged lepton flavor violating process (CLFV)

similar but complementary to other CLFV processes as u—-> ey and y 2> 3e.

The MuZ2e experiment searches for muon-to-electron conversion in the coulomb field of a
nucleus: y Al — e Al

CLFV processes are strongly suppressed in the Standard Model

. : : I W N T
—> In principle, not forbidden due to neutrino oscillations 5 ~ N
- In practice BR(u — ey ) ~ 10 is negligible in the SM! LS @ &
Vu Ve

New Physics could enhance CLFV rates to observable values

« Various NP models allow for it, at levels just beyond current
CLFV upper limits.

- SO(10) SUSY

- L. Calibbi et al., Phys. Rev. D 74, 116002 (2006); L. Calibbi et al., JHEP 1211, 40 (2012).

= Scalar leptoquarks
- J.M.Amold et al_, Phys. Rev D 88, 035009 (2013).

= Left-right symmetric model Observation of CLFV

- C-H.Leeetal, Phys. ReV D 88, 093010 (2013).

IS New Physics



CLFV history for muons e 4
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NN Mu2e vs MEG/MEG upgrade 3.
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INFN MuZ2e physics reach & goal P A
(g e
Supersymmetry Compositeness Leptoquark
Mg =
. rate~10"° A, ~ 3000 TeV 3000 (A,eheq)" TeVic?
L w e Ty d
waa N !
1 —g e >< i LQ
q . q q q d L e
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U Ul ~ 8x10-13 H.)~ 10“4g(H
N
" .
[t 747 4 |
q . : q
Sensitivity reach: Test of Physics BSM:
10 improvement with respect to Marciano, Mori, and Roney, Ann. Rev. Nucl. Sci. 58
previous muon to electron M. Raidal et al, Eur.Phys.J.C57:13-182,2008
conversion experiment (Sindrum-Il) A. de Gouveéa, P. Vogel, arXiv:1303.4097
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INFN Specific Example: SUSY > A
(g
SUSY GUT in an SO(10)
framework
uN — eN (tanp = 10)
1: I 1 Neuf;ino-Mc;Trix Like (PMNS)
Minimal Flavor Violation (CKM)
é 1 e current -
X o i
6 0.0t
T 0.001
=
o 1e04 |
If SUSY seen at LHC — rate ~10-15 O
Implies ~ 40-50 signal events with ::: ‘ . . . 1
negligible background in MuZ2e for b N W M @ e By W W
many SUSY models. M., (GeV)
L. Calibbi et al., hep-ph/0605139
Complementary with the LHC experiments
while providing models’ discrimination
9/3/2017 S.Miscetti @ HZDR 8



) . . . H. .
Y Muon to electron conversion is unique e

Muon to electron conversion is a unique probe for BSM:

€ Broad discovery sensitivity across all models:
- Sensitivity to the same physics of MEG/mu3e but with better mass reach
- Sensitivity to physics that MEG/mu3e are not

- If MEG/mu3e observe a signal, MU2E/COMET do it with improved statistics.
Ratio of the BR allows to pin-down physics model

- If MEG/mu3e do not observe a signal, MU2E/COMET have still a reach to do so.
In a long run, it can also improve further ( MU2E-II) with the proton
improvement plan (PIP-2)

€ Sensitivity to A (mass scale) up to thousands of TeV beyond any current
existing accelerator

9/3/2017 S.Miscetti @ HZDR 9



9/3/2017

S.Miscetti @ HZDR



INFN Experimental Technique e

O Low momentum py beam (< 100 MeV/c)

O High intensity “pulsed” rate

. - 10'%s muon stop on Al. target

. - 1.7 ysec micro-bunch

O Formation of muonic atoms that can make a:

Decay in Orbit (DIO) Muon Capture Process
(BR=61%)

(BR=39%)
o/“ﬁ"
0o°
e SsNeR\\s

Conversion Process

A|27

1S Orbit
Lifetime = 864ns

- : “..Nuclear Recoil
The conversion process results in a

clear signature of a single electron, CE,
with a mono-energetic spectrum close ‘
Ee = m,c® — (B.E.);g — Erecoil

to the muon rest mass

= 104.96 MeV

9/3/2017 S.Miscetti @ HZDR 11
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* Design goal: single-event-sensitivity of 2.4 x 10-17
= Requires about 10'® stopped muons
= Requires about 10%° protons on target
» Requires extreme suppression of backgrounds

* Expected limit: R , <6 x 10" @ 90% CL

= Factor 104 improvement

- Discovery sensitivity: all R , > few x 101
= Covers broad range of new physics theories

9/3/2017 S.Miscetti @ HZDR
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Ll_h/”: N MuZ2e bac kg rounds

* Intrinsic — scale with number of stopped muons
* u Decay-in-Orbit (DIO)
» Radiative muon capture (RMC)

 Late arriving — scale with number of late protons
= Radiative pion capture (RPC)
mN—-> yN,y— etecand m N — e‘e N’
= u and rt decay-in-flight (DIF)

* Miscellaneous

= Anti-proton induced
produce pions when they annihilate in the target ..
antiprotons are negative and they can be slow!

= Cosmic-ray induced

9/3/2017 S.Miscetti @ HZDR
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DIO background

O The DIO background
is the most difficult one.

O Electron energy
distribution from the
decay of bound muons
is a (modified) Michel
spectrum:

— Presence of atomic
nucleus and momentum
transfer create a recoil tail
with a fast falling slope
close to the endpoint

- To separate DIO
endpoint from

CE line we need a high
Resolution Spectrometer

9/3/2017
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Czarnecki et al., Phys. Rev. D 84, 013006 (2011) arXiv:

1106.4756v2
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INFN MuZ2e: Late Arriving Backgrounds

« Backgrounds arising from all the other interactions
which occur at the production target

= Overwhelmingly produce a prompt background when compared
tot =864 ns

» Eliminated by defining a signal timing window starting 700
ns after the initial proton pulse

* Must eliminate out-of-time (“late”) protons, which would
otherwise generate these backgrounds in time with the
signal window

9/3/2017 S.Miscetti @ HZDR 15
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< 1695 ns >

Stopping Target

—Di | Decay time of muonic Al

I‘— 925 ns

1800 2000
timey(ns)

800 1000 1200 1600

Beam hits  Prompt bkg Mainly Decay In Next
target like radiative Orbit background  bunch
pion capture

The trick is ... muonic atomic lifetime >> prompt background

Need a pulsed beam to wait for prompt background to reach acceptable levels!

Fermilab provides the beam we need !

9/3/2017 S.Miscetti @ HZDR 16
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INFN Out of Time proton = Extinction Method

Proton extinction between pulses = # protons out of beam/# protons in pulse

achieving 109 js hard; normally

get 102—10-3 T P o
e |Internal (momen_tum scraping) and : //’\\ /’“\\ /,/ ’f\\\ ; k.
bunch formation in Accumulator 5 "#/ ‘X/ N/ ﬁ N/ %\
e External: oscillating (AC) dipol b }‘*------------/’-{---\ ------------- [N L5 A
: g poie I Nl KA
* high frequency (300 KHz) dipole 7 |

with smaller admixture of 17th " IdEJEl = %.dD
harmonic (5.1 MHz) Momentum Scrape -, G5k max

= 3045%ns
iy = 30.45%ng ‘A

e Sweep Unwanted Beam into
collimators

o= |

00, particles por bin

Calculations based on accelerator models 0 e =
that take into account collective effects bin g
Shows that this combination gets ~ 10-12

9/3/2017 S.Miscetti @ HZDR 17



) K -_U—,:
ey Summary: keys to Mu2e Success QZ)

* Pulsed proton beam
= Narrow proton pulses (< +/- 125 ns)
= Very few out-of-time protons (< 10-10)

« Avoid trapping particles... B-field requirements
» Further mitigates beam-related backgrounds

 Excellent detector

- High CR veto efficiency (>99.99%)

- Excellent momentum resolution (< 200 keV core)
—> Calorimetry for PID and track seeding

—> Thin anti-proton annihilation window(s)
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INFN
C

Accelerator Scheme

Istituto Nazionale

diFisica

Nucleare

Booster: batch of 4x10'2 protons
every 1/15" second

Booster “batch” is injected into the
Recycler ring

Batch is re-bunched into 4
bunches

These are extracted one at a time
to the Debuncher/Delivery ring

As a bunch circulates, protons are
extracted to produce the desired
beam structure

Produces bunches of ~3x107
protons each, separated by 1.7
Ms (debuncher ring period)

9/3/2017

S.Miscetti @ HZDR

Recycler Ring

- .
o A
: 0

e

#N?

l

I

%
fo—

82’

'

Delivery Ring

/

\
\

20

4




g-2/Mu2e - rendering
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Istituto Nazionale
di Fisica Nucleare
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NN MuZ2e — experiment layout o 2

Proton Beam

Dump (a.k.a - | & .
Remote Handling Roo ., \\ne
Absorber) g — Yo\ M eall

] Detector Solenoi | Detector Train

I Proton Target
Inside Production Solenoid (PS)

9/3/2017 S.Miscetti @ HZDR 23



INFN Muon Beam-line

Production Target / Solenoid (PS)
« 8 GeV Proton beam strikes target, producing mostly pions

« Graded magnetic field contains backwards pions/muons and
reflects slow forward pions/muons

% --_ — "7_-7777./,._ '—"‘—m- “ *,’ﬁ*‘, ' y @ /
| — ’ . S — ¥ - < " " -,';‘.,“-.:’v_". : s X :
‘ i ™ ig i) -

- Heat and radiation shielding

> Tungsten target. Target, Detector and Solenoid (DS)
« Capture muons on Al target
Transport Solenoid (TS) « Measure momentum in tracker and

. energy in calorimeter
Selects low momentum, negative muons

Antiproton absorber in the mid-section * CRV to veto Cosmic Rays event

9/3/2017 S.Miscetti @ HZDR 24



(1 Production Solenoid

Protons enter opposite to outgoing muons:
This is a central idea to remove prompt background

9/3/2017 S.Miscetti @ HZDR
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Transport Solenoid

P-bar absorber

9/3/2017 S.Miscetti @ HZDR




mf,? Detector Solenoid g

Graded field “reflects” downstream a fraction of
muons conversion electrons emitted upstream

x ‘ Proton Absorber ‘ Muon Beam Stop

SR

muon stopping target
17 Al foils; Aluminum selected mainly for the T k EM Calorimeter
muon lifetime in capture events (864 ns) that racker
matches nicely the prompt separation in the Mu2e cas ~ 17
beam structure. Sensitivity goal = ~ 6 x 1017 stopped muons

3 year runs, 6 x 107 sec 2>
1010 stopped muon/sec

9/3/2017 S.Miscetti @ HZDR 27



mf:? Mu2e Solenoid Summary (1) e 4

lllllllllllll

Length (m)
Diameter (m) 1.7 0.4 1.9
Field @ start (T) 4.6 2.5 2.0
Field @ end (T) 2.5 2.0 1.0
Number of coils 3 52 11
Conductor (km) 14 44 17
Operating current (kA) 10 3 6
Stored energy (MJ) 80 20 30
Cold mass (tons) 11 26 8

« PS, DS will be built by General Atomics
* TS will be built by ASG + Fermilab

9/3/2017 S.Miscetti @ HZDR 28
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NN MuZ2e Solenoid Summary (2) £

» Designs are finalized.
« TS fabrication has begun.
« PS, DS fabrication ready to start.

Figure 7.25. TSu Cryosiat Interfaces. Top: TSu-PS interface; Bottom; TSu-TSd interface.

9/3/2017 S.Miscetti @ HZDR 29



ar/r? lllllllll The Mu2e Tracker (1) “f 4

« Tracker is made of arrays of straw drift tubes

« ~ 20000 tubes arranged in planes on stations,
 the tracker has 18 stations.

« Tracking at high radius ensures operability (beam flash produces a lot of low
momentum particles, large DIO background.)

1620 mm 3196 mm

S.Miscetti @ HZDR 30



Custom ASIC for time division:
(= 5 mm at straw center

Self-supporting “panel” consists of 96 straws, 2 layers, 48 straws/layer
6 panels assembled to make a “plane”

2 planes assembled to make a “station”

Rotation of panels and planes improves stereo information

>20 k straws total

9/3/2017 S.Miscetti @ HZDR 31



Straw Characteristics
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Straw tube
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Straw tubes

* Proven technology

Characteristics:

e 5mm diameter and 334-1174
mm length

* 25 um W sense wire (gold
plated) at the center

* 15 microns Mylar wall
* Must operate in vacuum
80/20 Ar/CO, with HV < 1500 V

* Low mass — minimize scattering (track typically sees ~ 0.25 % X,)
* Modular, connections outside tracking volume

« Challenge: straw wall thickness (15 um) never done before

9/3/2017
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9/3/2017

First Prototype Panel

Fermilab, Noverlib

S.Miscetti @ HZDR
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INFN__ 8 Channel Prototype

R o doul

Controller
:.: i H o e Parameter Value Reference
g ¥ (gl N electrons
ol e T s Bnition B T EbH < N >=2 | NIMA 301, 202(1991)
o T Energy per 39 eV NIST (27-100 eV)
> Slicusrbc il ionization electron and G4
b wf adt %@ : Avg. Straw Gain 70k Prototg;pe
- . g ! i auth | M"‘ -',“;‘D‘."Q‘I !‘4 “ Iy (PAM' Fe)
4 08 08 94 07 0 _ 02 04 06 OB 1 M e 0 -oo"_"‘_'éa'w 0 Pl’OtOty e
Drift Radius Residual (mm) Longudinal Positon Resolution (mm] Threshold Value 12 mV s 55pF
Transverse Resolution Longitudinal Resolution ( Spi ; S e)
(Oata ve M) (Data vs MC) Threshold Noise | 3 mV i S,
Gdats = 0.113 % 0.002 mm Tdota = 42+ 1 mm o (V. Rusu)
ome = 0.102 + 0.001 mm ome =43 +1 mm Shaping Time 22 ns Prototype (*°Fe)

* Measured gain, crosstalk, resolution, ...

9/3/2017 S.Miscetti @ HZDR 34



INFN Calorimeter System e 4

. . Two disks separated
Calorimeter requirements: by & wavelength (70 cm)

—> Particle Identification to distinguish e/mu

- Seed for track pattern recognition

- Tracking independent trigger

- Work in 1 T field and 10 Torr vacuum

- RadHard up to 100 krad, 10 2n/cm?/year
(test at EPOS)

Calorimeter choice:
High granularity crystal based calorimeter with:
- o/E of O(5%) and Time resolution < 500 ps
— Position resolution of O(1 cm)
— almost full acceptance

for CE signal @ 100 MeV

Disk geometry
* Square crystals
« Charge symmetric, can measure

wN—e*N

9/3/2017 S.Miscetti @ HZDR 35



di Fisica Nucleare

Z7)
NN Atypical MuZe event: Calo track seeding

A
|I ij'
1
)l

Search for tracking hits with time and azimuthal angle compatible with the calo
clusters ( |AT| < 50 ns ) = simpler pattern recognition + higher efficiency

9/3/2017 S.Miscetti @ HZDR 36



di Fisica Nucleare

é’f” MuZ2e Crystals: un-doped Csl

Radiation length (cm) 1.86
Moliere Radius (cm) 3.57
Refractive index 1.95
Peak luminescence (nm) 310
Decay time (ns) 26
1.05 T T T T T T ;_ “;_
| 35 ;— 3.5;—
1 - 3 £
[0)] 2-52— 2.52—
T 0,05 . 2 :F-
((’D) 15E 1,52_
< o9t - = 3
= osE- osfE-
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“6 0851 1 0 200 ° 1 2 3 4 5 6 7 B 9 10
9 os _¢ Amcrys Csl-70 ] s res e i
© L 12— @ sICCAS
3 [J] S-GCsl-45 . I ’ Amcrys
= 075 i b 25| [l Saint Gobain
£ [W s-Gcsl-60 £ .-
S 0.7F 4 C :
= : :
A SIC Csl-70 T CE
0.65 - T e 1
0.6 4 Slg CSI-71| Sl PREGRE T e 2:— °-5;_
10 10° 10° 10° 10° 10° g T NI A I
17 18 19 20 65 70 75 80 85 90 95 100 1056

Integrated Dose (rad)
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= Large area array of 6x6 mm? UV extended SiPMs

= Mixed combination of series and parallel arrangement = 2x3

= Gain > 10% PDE ~ 25% @ 315 nm, low spread btw cells in the array

= Resilience to neutron flux of up to 1.2 x 1012 n_1MeV/cm? -> Idark increase
= Need to cool them down to 0 °C

= MTTF of O(10 © hours)

Pre-production phase underway: 3 producers being selected.

9/3/2017 S.Miscetti @ HZDR 38
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Prototyping and Mockup status

S.Miscetti @ HZDR
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z - 5 %
(o Mu2e Cosmic-Ray Veto L

cccccccccc

Desired number of bkg: 0.05
Required CR veto inefficiency 10

* Veto system covers entire DS and half TS

9/3/2017 S.Miscetti @ HZDR 40



* Will use 4 overlapping layers of scintillator bars
= Each baris 5 x 2 x ~450 cm?
= 2 WLS fibers / bar
» Read-out both ends of each fiber with SiPM
» Have achieved ¢ > 99.4% (per layer) in test beam

9/3/2017 S.Miscetti @ HZDR 41



- Mu2e Neutron Shielding

« Several copious sources of neutrons
» Production target, stopping target, collimators

* Lots of neutrons and subsequent photons
(from n- capture and activation processes)

» Generate false vetoes in CRV... if rate high enough becomes a
source of significant deadtime

» Cause radiation damage to the read-out electronics (esp. SiPMs)

—> we are using (we intend to use) HZDR P-ELBE for neutron damage
characterization of our SiPMs!

- All of this started in the framework of the European Network Muse,
now HZDR is member of Mu2e collaboration!!

- Radiation damage effort will continue with g-ELBE for dose irradiation
and characterization of FEE/Digitizer electronics, SiPMs and Stopping
Target Monitor detectors (HPGE)

September 2016 D.Glenzinski, Fermilab 42



MuZ2e Neutron Shielding

 Have identified a cost
effective shielding
solution

heavy
concrete

* Non-trivial optimization
required

* Reduces rates of
neutrons and photons at
CRYV to acceptable level

Simulation and comparison between
Mars/Geant-4 (and FLUKA?!) is mandatory.
Collaboration with HZDR expertise

really welcome here




Nazionale
di Fisica Nucleare S R —

DIO Rate (Arbitrary Units)

Basic reconstruction scheme

reconstructable tracks

o o
e S

=
o
)

0.01

o s

Electron Energy (eV)

‘| no hits in tracker

some hits tracker, tracks not S
reconstructable.

beam’s-eye view of the tracker

BLIND TO Beam Flash and > 99% DIO
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INFN Simulation results on tracker

lstituto Nazionale
di Fisica Nucleare

Pattern Recognition based on
BABAR Kalman Filter algorithm

No significant contribution of
mis-reconstructed background

Momentum resolution
core o~120 keV
tail o~180 keV (2.5%)

600 400 -200 O 200 400 600

9/3/2017
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momentum resolution at start of ifaeker

10"

10°

Reco Cuts
0.577<tan{ 4)<1.000
10>700.0 nsec
nactive>=25
t0err<0.90
fitmomerr<0.250
fitcon>0.0020
fitmom=100.0
Ef=0.3631

[

» UL R ALY
«

]
N
=
23

e

—

e —
—

H MU

€

-0.1017

RAMS 0.3394
Underflow 4
Overflow 0
¥/ ndt 117.1/103
Prob 0.1626
Norm 5419+113
x0 -0.04433 + 0.00306
sigma 0.1147 £+ 0.0027
n 36151 0332
alpha 0.9598 + 0.0463
tallfrac 0.02894 + 0.00273

tallambda

0.1786 + 0.0091

Fit: Crystal Ball + exponential

.
L
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INFN DIO/CE final count with simulation

MU

g
2 F . 17
Soro Stopped p: 5. 8 x 10 “ Signal Window
S ForR=107 < »
2 0.1F ' '
e "N, =3.94: 0.03 ‘[ |
Z L Nyo =0.19 £ 0.01 i
20.08:N 019 »J M
0001 GES = (2.5 £ 0.1) x 107 * M kdu
0.0415 Errors are statistical only w& |
0.02 - i 'H#HHH **** 5
02— wtt s
: gt g ##*Wh WWM 4 EHL**& | ﬂt
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p (MeV/c)

Reconstructed e momentum
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9/3/2017

MuZ2e Expected Background

(assuming ~ 10 GHz muon stops, 6x10'7 stopped muons in 6x107 s of beam time)

Category Source Events

u Decay in Orbit

Intrinsic Radiative u Capture
Radiative  Capture
Beam electrons
u Decay in Flight

Late Arriving nt Decay in Flight
Anti-proton induced

Miscellaneous Cosmic Ray induced

Total Background

0.20
<0.01
0.02
<0.01
<0.01
<0.01
0.05
0.08
0.36

Discovery sensitivity accomplished by suppressing

backgrounds to < 0.5 event total

Upper Limit <6 x 1077 @ 90% C.L.

S.Miscetti @ HZDR
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MuZ2e Project Schedule

Detector

ommiSsioning

Beam line

N

FY21

FY20

FY19

FY18

FY17

FY16

FY15

FY14

48
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PR (WhatNext?) Mu2e - MuZ2e-I| p £
Project-X re-imagined to match
Budget constraints:

1) PIP-2 plans: V. Cirigliano, R. Kitano, Y. Okada, P. Tuzon , arXiv-0904.0957 [hep-phj
> 1 MW at LNBF at start (2025) PR 00 (SR EN02

- 2 MW at regime at LNBF
- x 10 at Mu2e

Projectx-docdb.fnal.gov/cgi-bin/ Rate /[Rate in AII /3 S L~ VZ
ShowDocument?docid=1232 :
CLVF-snowmass 2 Arxiv.1311.5278 T
Mu2e-2 = Arxiv.1307.1168v2.pdf Pl hy
| JIE 1728 5 A e Y
2) Depending on the beam iy - Doy T
. 1 Paog ' e
Structure available: . A8l -2 D
- study Z dependence = Pb S
if signal is observed =
3) If no Signal is Observed Figure & Targe li‘fx??ll)lfl‘l‘r of the i — ¢ comversion e in diffecent single-operator
Use x 10 events in Mu2e-I e e

text: D (blue), S (red), V"' (magenta), V¥ (green). The vertical lines cocrespond Lo
Z = 13{Al), Z = 22(Tt), and Z = 83 (Pb).

Minor modifications of the
detector ® BR< 6 x 1018
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The Mu2e experiment:
 Improves sensitivity by a factor of 104

* Provides discovery capability over wide range of New
Physics models

* Is complementary to LHC, heavy-flavor, dark matter, and
neutrino experiments

* Is progressing on schedule... will begin commissioning in
2020

« Start discussing about Mu2e-l|
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Mu2e Conductor R&D “CZ %

530
< 525 -
=520 -
un

2 515 -
<F 510 T
=~ 505 -
(7]

£500 -
= 495
§ 490 -
§ 485
£ 480 -
w75
g 470 —
@ 465
5 460 -
= 455
B 450
S 445

440 -

506
>03 500 500
498 497 497
i 493
. nimu extr, d WIC:) 5T K I

Length 1 - Length 1 - Length 1 - Length 1 - Length 2 - Length 2 - Length 2 - Length 2 -
Hub - Hub - Tail - Tail - Hub - Hub - Tail - Tail -
Sample1l Sample2 Sample1l Sample2 Sample1l Sample2 Sample1l Sample 2

Cross-section of Extruded PS Conductor

SuperConductor production is well along

— TS and DS conductor done, PS expected end 2016
— Need ~75 km total (incl. spares); about 100% done.

9/3/2017

S.Miscetti @ HZDR 52



Crystal Choice

Radiation Length X, [cm] 1.14 2.03 1.86
Light Yield [% NaI(T1)] 75 4/36 3.6
Decay Time[ns] 40 0.9/650 20
Photosensor APD R&D APD SiPM
Wavelength [nm] 402 220/300 310

LYSO | oR |

= Radiation hard,
not hygroscopic

= Excellent LY

» Tau =40ns

= Emits @ 420 nm,

= Easy to match to
APD.

= High cost > 40%/cc

Barium Fluoride

(BaF,)

Radiation hard, not hygroscopic
very fast (220 nm) scintillating light

Larger slow component at 300 nm.
should be suppress for high rate
capability

Photo-sensor should have extended
UV sensitivity and be “solar”-blind

Medium cost 10%/cc

aASELINETOR T

9/3/2017

S.Miscetti @ HZDR

Not too radiation
hard

= Slightly hygroscopic

= 20 ns emission time

= Emits @ 320 nm.

= Comparable LY of fast
component of BaF,.

Cheap (6-8 $/cc)

533



-
- MuZ2e Track Reconstruction

o Straw-hit rates
* From beam flash (0-300 ns): ~1000 kHz/cm?
o Need to survive this, but won'’t collect data

» |ater, near live window (>500 ns)

o Peak ~ 10 kHz/cm? (inner straws)
o Average ~ 3 kHz/cm? (over all straws)

September 2016 D.Glenzinski, Fermilab
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Interacts with Al target,
emits electron that
mimics signal

2L 1 IS
\/ N
¢

'—
i
174 I
\

£y

« This happens once per day!

«1.5740+03 ns
*1.570e+03 ns
*1.5650+03 ns
+1.561e+03 ns
+1.557e+03 ns
+1.552e+03 ns
oY, e

mu+, mu-
gamma

nD

neutlnnoes
other particles




——_—

INFN “fake” CE from CR events < >

+ 1 Db+ na

+1.0548+03 ns

1
1
N +1.0428+03 na
+ 1080 13 n
+1.0180+03 ns
& 1.0068+03 na

SimParticheg4run

=
————oo
e e L —
e

] (1]

E
W il

Run & 10288221

Tl

O A long MC production used to optimize the CRV geometry by generating the same amount
of cosmics that will cross the detector in MU2E running period.

d , passing closely enough to the target, were tracked by the
tracker and passed all reconstruction tracking criteria. They were all = = rejected due to the
combination of Calorimeter and tracking information : timing and E/p

Event #: 305674




——_—

COMET vs Mu2e EB)

O Similar capabilities in physics reach

J COMET designed to operate at 56 kW, Mu2e 8 kW
- COMET will use all JPARC beam
- Mu2e runs simultaneously with neutrino beam

O Final bend after COMET stopping target efficiently transmits
conversion e- and provides rate suppression in detector.

O It does not transmit positrons (no N —e*N)

-  COMET solenoids ~ 10 m longer than Mu2e

- Higher beam -2 higher cost (solenoid shieldling, neutron shielding)
- Longer solenoids carry “cost” in operation

Phase-1 could be useful if successful to study background rate
Phase-2 schedule ... see Kuno’s talk , for Mu2e = looking for Mu2e-lI

O Great competition/collaboration - ALCAP @ PSI



\>— Pion Production Target

N

\,
N\

<
% \.

Proton Beam

S

COMET muon beam-line :

(1~3)x10° muon/sec with 3kW
beam produced. The world
highest intensity.

Osaka Untversity

Detector Section

Collimator

Muon=-Stopping Target

Pion-Decay and
Muon-Transport Section

COMET Phase-I detector :

Cylindrical drift chamber (CDC) for p-e
conversion is used. Straw chamber
and ECAL are for beam studies.




8GeV proton beam

5T pion
capture
solenoid

3T muon transport
(curved solenoids)

muon stopping
target electron

oy .. transport

-

Ay

electron tracker
and calorimeter

Osaka University

Experimental Goal of COMET

B(p~ +Al— e + Al) =26 x 10717
B(p~+Al—se +Al) < 6x 107" (90%C.L.)

» 10" muon stops/sec for 56 kW
proton beam power.

« 2x107 running time (~1 year)
« C-shape muon beam line

« C-shape electron transport followed
by electron detection system.

« Stage-1 approved in 20089.

9/3/2017 S.Miscetti @ HZDR



Istituto Nazionale
di Fisica Nucleare

Other CLFV Predictions

<

M.Blanke, A.J.Buras, B.Duling, S.Recksiegel, C.Tarantino

Table 3: Comparison of various ratios of branching ratios in the LHT model (f = 1TeV)

ratio LHT MSSM (dipole) | MSSM (Higgs)
Br{pg~—e e’e) R -3 ~8B.10-3
e 0.02...1 6- 10 6-10
Br(r~—e ete) -2 )
et 0.04...0.4 ~1-10 ~1-10
Brie owis) | 0,04...04 ~2:10% | 0.06...01
r{T—>pvy)
L eareiaa 0.04...0.3 ~2:1073 0.02...0.04
r{T—rey)
Brit——p ete) ~1.10-2 ~1.10-2
e 0.04...0.3 1-10 1-10
Br(r——e ete) 3
e 0.8...2.0 5 0.3...05
it 0.7...16 ~ 0.2 5...10
t\
R{uTi—»eTi) -3 2 o -3
B 167,18 510 0.084.._&15/

\ ] [yd-day]zapySyS 6060:AlXe

and in the MSSM without [92)/93] and with [96,(97] significant Higgs contributions.

9/3/2017

* Relative rates are model dependent
 Measure ratios to pin-down theory details
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M

INFN Are CLFV processes relevant ?
W. Altmannshofer, ef al, arXxiv:0909.1333 [hep-ph]
AC RVV2 [ AKM | 4LL | FBMSSM | LHT RS
D°—D° *hkk | K * * * * ok k 7
€K * | hokk | kkk | K * *h [ hkk
Sve *kk | hkok | hkk | K * *kk | hkk
Sexcs *kk | Kk * | hkk | Kkk * ?
Acp (B = X7) * * * [ kkk| Kk * ?
Arg(B=K*ptu™) | % * * | hkk | hkk *k ?
A(B— K*wtp) | % ¥ * * * * ?
B — K®vi * * * * * * *
By, — ptp Kok | hkok | dokok [ kokk [ kkk * *
K* - ntuw * * * * * *okk | kkk
Ky — 7w * * * * * ok k | dkk
p— ey Kk [ dokok | hkok | kkok | hkk | dokk | kkk
T — Y Kk | hkk | k[ Khkk| Kkk [ kkk | kK
p+N—se+ N Rk | ko [ ko | ko | ekk | ek | Rokok
dy Rookok | hokk | koo [ kok * ok k * | kK
de *okk | hkk [ Kok * *kk * | kK
(9—2), Kk | hkdk | kk [ hkk | kkk * ?

Table 8 “DNA” of flavour physics effects for the most interesting observables in a selection of SUSY
and non-SUSY models % signals large effects, % visible but small effects and % implies that
the given model does not predict sizable effects in that observable.
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NN SUSY benchmark points vs LHC

TABLE XII: LFV rates for points SPS la and SPS 1b in the CKM case and in the U.3 = 0 PMNS case. The processes
that are within reach of the future experiments (MEG, SuperKEKB) have been highlighted in boldface. Those within reach of
post-LHC era planned/discussed experiments (PRISM/PRIME, Super Flavour factory) highlighted in italics.

SPS 1a SPS 1b SPS 2 SPS 3 Future
Process CKM Uea =0 CKM Uez =0 CKM Uea =0 CKM Uez =0 Sensitivity
BR(p — e7) 3.2.107** 38.107'% 4.0.107** 12.107%* 13.107'% 86.107'% 1.4.107 1.2.107** O©O@Q0™)
BR(p — eee ) 2.3.10"% 2.7.10"*® 29.10"*% B86.10"" 94.107'* 62.100'" 1.0.207'7 8.9.10"'" O©@Q@0™Y
CR(p—einTi) 2.0-10"% 2.4-10""% 26.107% 76.107% 1.0.107% 6.7.-107"% 1.0-107'% 84.107% 001079
BR(T — %) 2.3:107'% 6.0:107*® .35-.107*%* 1.7°107'% 14.107*% 48:107% 12:107¥ 41.10"% o0 "
BR(T — cee) 2.7.-10°1%  71.107%  42.100% 20.107 17.107% 57.107'7 15.107%  4.9.10716 o010~ %)
BR(T — pv) 50107 131078 rgi107 18:307% 20.0107% gigig07!% 2%i107V 6012077 o107
BR(T — ppp) 1.6:107® 34.107" 22.107* 39.107 89.107'" 241077 87.107" 19.107'% ©O@@0™Y

* These are SuSy benchmark points for which LHC has
discovery sensitivity

« Some of these will be observable by MEG/Belle-2
« All of these will be observable by Mu2e
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o f S
VLY Specific example: Leptoquarks e

55103 NOT FAVORED BY NA
4107 -

3<10""

2<10""°

1077 CR(ut—e in Al) = 6 x 1077
0 1
0 50 100 150 200
iy [TeV )
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&:'? Specific example: Higgs Triplet e LHT e 4

M. Kakizaki et al., PLB566 (2003) 210

Higgs triplet model

BR

Dependence on
neutrino mass
hierarchy and 6,

Normal hierarchy

Inverted hler'ar'chy

~_
uN—>eN\

N

A L

//

—..-.-’"‘-

% \K‘ Y/ 10 \/ Mu3e
el VAV ] ol W . |Mue
o1 0 al a 'y, a1 at
Ue3 Ue3
-16 14 12 10 -8
10}9 10 10 10 10 8
= 10710
£
° ° ° ° aj)‘ 10—12
Littlest Higgs with T-parity &
10—14
M. Blanke et al., Acta Phys.Polon.B41:657,2010
l0—111(;)‘16 1014 10712 10710 10‘130_16
BR(n — ey)

9/3/2017
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INFN

A few more models...

Higgs triplet model

Flavor violating
Yukawa couplings

Hamik Kepp Zupan 1209.1397

10'

10°
107!
102
10-*
10-4
105}
|0-6fN1u2c"

| ( projection )

[Viel

1077 _ Jo 2R
0t s £ S £
10°*10°10"“107510"*10- 10" %10 10" 10!

1¥Yeul

9/3/2017

Normal hierarchy
MEG

107,

10",

Br

2 -0 0 a1 a2

|Ug3| cosd

Left-right symmetric

CINT ) TIAA  IT Abe !
10712 SINDRUM=I Au |
;

lo—l3
21
< 1071

lo—lS

G S e s i L B
10 r

"

10 "

10 %e

10

10 LIAS

models

 Upgraded MEGY§

S.Miscetti @ HZDR
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INFN

- | 1

L.

Particles produced by proton pulse which
interact almost immediately when they

enter the detector: n, heutrons, pbars

» Radiative pion capture, 7-+A(N.Z) —y +X.

* yupto mz peak at 110 MeV: y— et+e-:ifone

electron ~ 100 MeV in the target, looks like

signal: limitation in best existing sool-| % sowes
experiment, SINDRUM II?

energy spectrum of y measured on Mg
J.A. Bistirlich, K.M. Crowe et al., Phys Rev C5, 1867 (1972)

also included internal
conversion, TN —>e'e’X

9/3/2017 S.Miscetti @ HZDR

Prompt Backgrounds @

(nbad2}x)) (0] "expi- jabadf2] SN MBI

b

1000

@ 60 80 100 120 140
Energy (MeV)
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e Final Results on
Au:
Bi < 7x107" @ 90% CL

51 MHz (20 nsec)
repetition rate,
width of pulse
~0.3 nsec

little time separation
between
signal and prompt
background

9/3/2017

“|3&=  SINDRUM-Il Results (¢

W. Bertl et al., Eur. Phys. J. C 47, 337-346 (2006)

Class 1 events: prompt forward removed

e measurement
e* measurement

MIO simulation

upe simulation

2
C
2
=
Q
@
>
Class 2 events: prompt forward
] + timing: Radiative Pi Capture higher
10 3
| fht |
T Tt H
- & ' T 100

momentum (MeV/c)
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MEG"Y sensitivity

PDF parameters Present MEG  Upgrade scenario
e’ energy (keV) 306 (core) 130

e* ¢ (mrad) 94 53

e’ ¢ (mrad) 8.7 3.7

e vertex (mm) Z/ Y(core) 24/1.2 1.6/0.7

y energy (%) (w <2cm)/(w >2cm) 24/1.7 1.1/1.0

v position (mm) «/v/w 5/5/6 26/22/5
y-e* timing (ps) 122 84
Efficiency (%)

trigger ~ 99 ~ 99

¥ 63 69

e’ 40 88

5.7 x 10713

18

Qe 450 51 52 53 64 66 56 57 58
E, (MeV)
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Mu3e at PSI

e Search forp—eee

— 1075 sensitivity in phase IA / IB o o &'
— 107'° sensitivity in phase Il R F PAUL SCHERRER [NSTITUT
¢ Project approved in January 2013 | L:j_]
— Double cone target =
— HV-MAPS ultra thin silicon detectors \
— Scintillating fibers timing counter (from phase IB) ;
P pice layers /—\ . e
SN SENSEENSESENSEEES ] ﬁ — = — OO D O T
=% uBem wé-

vw.psi.ch/mu3e 24
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['E'?w MEG vs Mu3e o A

- Mu3e decays test also values
of K larger than MEG but with l e
different (reduced) sensitivity ?
al large K with respect to
MuZ2e

- Phase 1 Mu3e at PSl aims to 101>
(approved)

— |

- Next phase aims to 1016
.. Schedule is not yet clear

. ’ N L . AN SN N WY T b 2
10 10
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) %
- MuZe Late Arriving Backgrounds QZD

« Contributions from
» Radiative m Capture
o wNz--> N7z +y
o For Al. RxC fraction: 2%
o E, extends out to ~m,
o Asymmetric y ——> e*e" pair production can yield background electron

= Beam electrons
o Originating from upstream =~ and n° decays
o Electrons scatter in stopping target to get into detector acceptance

= Muon and pion Decay-in-Flight

» Taken together these backgrounds account for ~10% of
the total background and scale linearly with the number of
out-of-time protons

9/3/2017 S.Miscetti @ HZDR 71
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INFN Extinction Monitor

Upstream Target

Extinction Extinction

Monitor _ Monitor
« ¥~ AC Dipole

3 )'/ Extinction Production M
\ - 10-6=10"7 Target .
S A

« Thin foils in the debuncher — Mu2e production target transport line (fast

feedback)
« Off-axis telescope looking at the production target (slow feedback -

rimescale of hours) .

Spectrometer based on Exit
ATLAS pixel detector collimator

Debuncher
Extinction
104-10"*

Reach a 10-10 extinction
sensitivity in an hour or so
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The Muonic Atom

muon cascades quickly to 1s grounc
state (emits X-rays)
« Bohr radius of ground state:

1 h?

4000 fm




Nuclear Capture processes

» Nuclear capture (61% of bound muons on Al)

[ N — vy,

N/




Decay In Orbit

« Decay-in-orbit (39% of bound muons on Al)
Rest of talk: DIO

u +N—Se vy, + N




The signal: Conversion Electron

« Muon to electron conversion

W+ N-—se +N

Experimental signature is a
mono-energetic electron of energy

2
My €™ — By — Precoil We know exactly
104.973 MeV  (for Al) where to look.




A

C\

NEN . Track Reconstruction and Selection

— o
, [£_1.0000 N
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04 | — - 385 0.3559 N
— 0.2532 o f
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September 2016
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Inefficiency
dominated
by
geometric
) acceptance
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A
ey MuZ2e Performance

di Fisica Nucleare

9.8

I

9.6

94

9.2:——1:—- ;% _________ .+ _________ ; ____+__

o

8.8

| SN, /A —————— el -
86— + !
84—
- | | 1 1 1| | 1
Nominal Degraded Flashx2 Protonsx2 Neutronsx2 Photonsx1.5 OOT u 22
Reco Momentum Resolution vs Effect
300 —
- Core ¢
e Tail &
200 (—
150 —
= 116 keV/c
i Il Sl Bt ol e S
100 it
so[—

| | | | | | |
g Nominal  Dearaded Flashx2  Protonsx2 Neutronsx2 Phatonsx1. 5 OOT u x2

* Robust against increases in rate

September 2016 D.Glenzinski, Fermilab 78



Typical light yield from CRV counter prototype —20 cm from RO end

m ,_] T T ] T ; T T T ! T T | T T ] T T T I gy ; T ! T T T I T ]
E hE vents: 7 5
& 2 E 220

2 1401 e <PE>, =30.3 =
o 5 B e <PE>, = 31.6 7
0 g S —— <PE>, . =619 S
120 [ ' s =

E : ujc 20k ] T T k
[~ ;s. e N

100 —_ : 6k 00 e esemse

B 'E 50 ===
80 = 5 40 i
5 Eo: 30 ]
: : :
60 B o ]
: ;' °E LGiaaidl TOTI P I i
40+ . R T TR TR TR T
2 PE,; ]
20 =
0 ".-"." | Vo 1 e ysen g f e g 4 A

0 20 40 60 80 100 120 140
Photo Electrons

» Test beam data to vet design/performance
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di Fisica Nucleare

/‘) y
(0 Stopping Monitor o 2

Stopping

Target MBS IFB ECS CRV-D

Permanent Field-of-view Spot-size HPGe
Sweeper Collimator Collimator Detector(s)
Magnet

The STM will measure a variety of well understood gamma ray
lines ... under a high-rate brehmstrahlung background
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Some CLFV Processes

Process
T2 un
T2 Wy
T 2 uup
T 2> eee
K. =2 eu
K* 2> e ut
B% > eu
B* > K*eu
u > e’y
W D> eteter
uN > eN

Most promising CLFV measurements use u

Current Limit
BR <6.5 E-8
BR < 6.8 E-8
BR <3.2E-8
BR < 3.6 E-8
BR <4.7 E-12
BR < 1.3 E-11
BR<7.8E-8
BR<9.1 E-8
BR<4.2E-13
BR<1.0 E-12
R.e<7.0E-13

S.Miscetti @ HZDR

Next Generation exp

109 - 10-1° (Belle I)

10-4 (MEG)
10-16 (PSI)
10-17 (Mu2e, COMET)
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