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INFN CLFV processes < >
(G =

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 / ~ N
> In practice BR(u — ey ) ~ 10-% is negligible in the SM! LN G |
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



A

INFN CLFV histor
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R. H. Bernstemn and P. S. Cooper, Phys. Rept. 532 (2013) 27

1
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INFN Mu2e vs MEG/MEG upgrade 2.

L/dlﬂolu"ucbm
L mp. — v K _ _ “ J by
CLFV (n+1)A2MR0pueL = (1+n)A2“L’Y"eL(uL7 wr, +dry*dr)
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INFN MuZ2e physics reach & goal

(L e
Supersymmetry Compositeness Leptoquark

Mg =
 rate~10"5 A, ~ 3000 TeV 3000 (A, (Aey)'? TeV/c?
70 . _ .

T >-< u TLQ d
q % q q q d ‘ e
Heavy Neutrinos Second Higgs Doublet Heavy Z

Anomal. Z Coupling
M,. = 3000 TeV/c?

®

9(Hye) ~ 10*g(H,,)

W e

2,2

¢-—

q

Sensitivity reach:

10% improvement with respect to

previous muon to electron

conversion experiment (Sindrum-Il)

M MU2
e

Test of Physics BSM:

M. Raidal et al, Eur.Phys.J.C57:13-182,2008
A. de Gouvéa, P. Vogel, arXiv:1303.4097

Marciano, Mori, and Roney, Ann. Rev. Nucl. Sci. 58

8/6/2015
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INFN Specific Example: SUSY o 4

If SUSY seen at LHC — rate ~10-15

Implies ~ 40-50 signal events with
negligible background in MuZ2e for

many SUSY models.

CR(u— €) x 1012

SUSY GUT in an SO(10)
framework

uN — eN (tanp = 10)

1000 -
100 - Neutrino-Matrix Like (PMNS)
Minimal Flavor Violation (CKM)
10 "

current -

Y.
¥

°
b

001

L. Calibbi et al., hep-ph/0605139

Complementary with the LHC experiments
while providing models’ discrimination

8/6/2015 Stefano Miscetti - Universita' La Sapienza 7
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Other CLFV Predictions

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

ratio LHT MSSM (dipole) | MSSM (Higgs)
Br(p~—e eve) ~B.10-3 ~R.10-3
b 0.02...1 6-10 6- 10
Br(r——e ete) -2 -2
e 0.04...0.4 ~1-10 ~1-10
S e 0.04...0.4 ~2.10°3 0.06...0.1
(T py)
Bricewti) | 004...0.3 ~2.10% | 0.02...004
r(T—+ey)
Br(r——p ete) ~1.102 ~1.10-2
T 0.04...0.3 1-10 1-10
Br(r— —e ete)
Brir —e ptp) 0.8...2.0 ~ 5 0.3...0.5
T ) 0.7...1.6 ~ 0.2 5...10
B 1) 10-3...10? ~5-10% | 0.08...015
rp—rey)

[yd-day]zapySyS 6060:AlXe

Stefano Miscetti - Universita' La Sapienza

Table 3: Comparison of various ratios of branching ratios in the LHT model (f = 1TeV)
and in the MSSM without [92, 93] and with [96,97] significant Higgs contributions.

* Relative rates are model dependent
 Measure ratios to pin-down theory details
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[NEN Summary: why MuZ2e is unique?

Muon to electron conversion is a unique probe for BSM:

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

- If MEG observes a signal, MU2E does it with improved statistics.
Ratio of the BR allows to pin-down physics model

- If MEG does not observe a signal, MU2E has still a reach to do so.
In a long run, it can also improve further with the proton
improvement plan (PIP-2) .. instead of Project-X

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

8/6/2015 Stefano Miscetti - Universita' La Sapienza 9
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INFN Experimental Technique (Zz

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

O High intensity “pulsed” rate

. - 10'9%s muon stop on Al. target

. - 1.7 ysec micro-bunch

U Formation of muonic atoms that can make a:

Decay in Orbit (DIO) Muon Capture Process
(BR=61%)
(BR=39%)
o/“"' .
o6 Conversion Process
>0

| ",A‘ ”7
‘;yl Al
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 \
“ 9 - -
I:J(- — lllll('-’ - (B-b.)ls - hl'('('()i]

to the muon rest mass

= 104.96 MeV

8/6/2015 Stefano Miscetti - Universita' La Sapienza 11
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The Muonic Atom

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

4000 fm




Nuclear Capture processes

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

(L N—=v,+N /




Decay In Orbit

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

p- +N —=e vy, + N




The signal: Conversion Electron

 Muon to electron conversion

u- +N —e  + N

Experimental signature is a
mono-energetic electron of energy

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




////////




INFN List of Backgrounds to fight

 Muon decay in orbit (DIO)

- Radiative pion capture (RPC)
mN— yN,y—-efeeand MmN — e‘e N’

« Antiprotons: produce pions when they
annihilate in the target .. antiprotons are
negative and they can be slow!

* Pion/muon decay in flight
* Electrons from beam

« Cosmic rays

8/6/2015 Stefano Miscetti - Universita' La Sapienza

17



di Fisica Nucleare

af,? DIO background

 The DIO background o
is the most difficult one. —~_—— "

Bound S
O Electron energy Michel
. . . Spectrum
distribution from the u Decay in Orbit Spectrum for 27Al
decay of bound muons
is a (modified) Michel T 0035
spectrum: = - Ee)°
p %T% (Econv - Ee)
: ~|=
—> Presence of atomic [ o0z 103 ZE e
nucleus and momentum
. . 10-15
transfer create a recoil tail 0.015 L -
with a fast falling slope o b Teml" Ta;' I
close to the endpoint 0,005 Michel Peak Y EEEPa—
| |
- To separate DIO 20 40 60 80 100
endpoint from - I\;"‘(‘/e"’
CE line we need a high e (MeV)
Resolution Spectrometer Czarnecki et al., Phys. Rev. D 84, 013006 (2011) arXiv:
1106.4756v2
18
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INFN Beam structure - prompt background C 3.

<« 1695 ns >

Stopping Target

E— Decay time of muonic Al

1800 2000
time}(ns)

800 1000 1200\ 1400 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 !

8/6/2015 Stefano Miscetti - Universita' La Sapienza
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INFN Out of Time proton = Extinction Method

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

achieving 1079 js hard; normally
get 10-2 o 10-3 n= 6325 Ve = 150keW t= 10598ms

* |nternal (momentum scraping) and e I S T 7N ]
I I :g / \ / \ '/ 3 \ / \g{;

bunch formation in Accumulator 3 / N of / N7 N

- - - g ”\ )(\\ \ SN /

o External: oscillating (AC) dipole £ e S S e g 7

T / ' \\.,/ d \\// \\_,// | '—
* high frequency (300 KHz) dipole f

with smaller admixture of 17th o | 7 Y
harmonic (5.1 MHz) Momentum Scrape -, [EJE] = Ximax/D

mp = 30.45%ns '

 Sweep Unwanted Beam into
collimators

o, particles per bin

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

8/6/2015 Stefano Miscetti - Universita' La Sapienza 20
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Booster: batch of 4x10'2 protons every
1/15t 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 ps
(debuncher ring period)

8/6/2015

Accelerator Scheme

Stefano Miscetti - Universita' La Sapienza
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INEN Muon Beam-line o 2

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

Go) ) protons () (1m)
== g ’ \ 3 )’ g

- 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

8/6/2015 Stefano Miscetti - Universita' La Sapienza 24



- Production Solenoid y £

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

Proton Target

8/6/2015 Stefano Miscetti - Universita' La Sapienza 25



Transport Solenoid

P=bar absorber

8/6/2015 Stefano Miscetti - Universita' La Sapienza




mfp Detector Solenoid @

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

x . Proton Absorber . Muon Beam Stop

muon stopping target

I
17 Al foils; Aluminum selected mainly for the Tracker EM Calor meter

muon lifetime in capture events (864 ns) that

matches nicely the prompt separation in the Mu2e
beam structure.

For the sensitivity goal 2 ~ 6 x 107 stopped muons

For 3 year run, 6 x 107 sec 2 10'° stopped muon/sec

8/6/2015 Stefano Miscetti - Universita' La Sapienza 27



INFN Tracker system

« Tracker is made of arrays of straw drift tubes
(red/blue stripes in tracker stations)

« ~ 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. Most of this background miss the

tracker.)

Planes rotated

Tracker Plane

Tracker

8/6/2015 Stefano Miscetti - Universita' La Sapienza 28
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INFN Straw Characteristics :
Straw tube
/[ ) | Characteristics:
/ /,
[ + 5mm diameter and 334-1174
/ / / mm length
./ / /“I [ .
\ - "{' / s 25 um W sense wire (gO'd
‘ - plated) at the center
\' / * 15 microns Mylar wall
1 brass pin « Must operate in vacuum

Straw tubes

* Proven technology

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

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

8/6/2015 Stefano Miscetti - Universita' La Sapienza 29
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INEN Tracker: first panel prototype CZe

Fermilab, Novembe

Electrical and
vacuum test
in progress

8/6/2015 Stefano Miscetti - Universita' La Sapienza 30
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Calorimeter System

Calorimeter requirements:

—> 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 30 krad, 10 2 n/cm?/year

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 N — e*N

Stefano Miscetti - Universita' La Sapienza

Two disks separated
by 4 wavelength (70 cm)

=
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+ B0 ns around conversion electron

H_\ — 3 ."’,." L , :
g e i
—_—— .'x"’ Y

O Search for tracking hits with time and azimuthal angle compatible with the
calorimeter clusters ( |AT| < 50 ns ) = simplification of pattern recognition

( Add search of an Helix passing through cluster and selected hits +
use calorimeter time to calculate tracking Hit drift times.
- Reduce the wrong drift sign assignments i.e. smaller positive momentum tail

8/6/2015 Stefano Miscetti - Universita' La Sapienza 32



+1.574e+03 ns
+1.570e+03 ns
+1.565e+03 ns
| +1.561e+03 ns

+1.557e+03 ns

Interacts with Al target, +1.5520403 ns.
emits electron that i

gamma

mimics signal no

neutrinos
other particles

« This happens once per day!




) . g
NN Cosmic Ray Veto Cze

di Fisica Nucleare

* Four layers of extruded plastic scintillator
* Fiber/SiPM readout (neutron damage is an issue)
Al and concrete shielding

21y
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Ty,

lllllllll

450
77777777

1338197

Correlated hits are a concern

Desired number of bkg: 0.05
Required CR veto inefficiency 104

8/6/2015 Stefano Miscetti - Universita' La Sapienza 34



INFN Basic reconstruction scheme

DIO Rate (Arbitrary Units)

reconstructable tracks

o
o
@

o
o
N

0.01

Electron Energy (eV)

‘| no hits in tracker

some hits tracker, tracks not e
reconstructable.

beam’s-eye view of the tracker

8/6/2015 Stefano Miscetti - Universita' La Sapienza 35
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Simulation results on tracker

Pattern Recognition based on
BABAR Kalman Filter algorithm

No significant contribution of
mis-reconstructed background

Momentum resolution

core o~120 keV
tail o~175 keV (2.5%)

600 _j g - :
400;

200;

.2oo>

w00

hea3

-600 -400 -200 0 200 400 600

8/6/2015

P EE BT ES IS

M MUZ
e

momentum resolution at start of taoker

RMS
Underflow
Overflow
x2 / ndf
Prob
Norm

x0

sigma

n

alpha
tailfrac
taillambda

-0.1351

0.3749

64

0

625.1/134

0

1.306e+04 + 5.385e+01
-0.05747 + 0.00061
0.1184 + 0.0005
2.708 + 0.042
1.059 £ 0.009
0.02431 + 0.00048
0.1748 + 0.0016

:
b b v b by by Lyl

1ot Reco Cuts
0.577<tan(1)<1.000
, t0>700.0 nsec
10
trkqual>0.3
Eff=0.5570
10° 2
10 I
s
&

-3 -2 -1

- -
R

Stefano Miscetti - Universita' La Sapienza
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(NP DIO/CE final count with simulation
L u
> [ - L]
20.16{— Signal Window
X — For: 103.75 < p < 105.00 MeV/c
S0.14—  3.6e20 POT ¢
5 ..F 6.7e17 u- stops 5 s
%120 R _=1le16
z ue
01— |
— Signal yield = 3.5 evt
0.08— DIOvyield =0.20 evt
0.06 —
0.04—
0.02—
O ;H”ﬂ++f+1++++*+*++h+++++‘f+++h-++++++1++4H“"’++Hﬁ+++*++++H+++H++++++H++#++++++mﬂ++*+}
B | | ] | ‘ | | | | | | | ] | ‘ | | | | | | | | | | ] | | |
100 101 102 103 104 105 106
p (MeV/c)
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INFN “fake” CE from CR events <>

3 1

Ui+ L]
Ik 1}

1 1 L

- } %

+1.10cH XA n

A

s P’

# | ¥ bt

1. 006+ 0

‘ |||H|| H” “““ | |m,:;!u!e!amiq

Run & 10288221

Event #: 395674

U 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



-
(NN MuZ2e Expected Background
(assuming ~ 10 GHz muon stops, 6x10'7 stopped muons in 6x107 s of beam time)
Category Background process Estimated yield
(events)
Intrinsic Muon decay-in-orbit (DIO) 0.199 + 0.092
Muon capture (RMC) 0.000 “o0
Late Arriving Pion capture (RPC) 0.023 + 0.006
Muon decay-in-flight (u-DIF) <0.003
Pion decay-in-flight (-DIF) 0.001 = <0.001
Beam electrons 0.003 = 0.001
Miscellaneous Antiproton induced 0.047 + 0.024
Cosmic ray induced 0.092 + 0.020
Total 0.37 =0.10

Discovery sensitivity accomplished by suppressing

8/6/2015

backgrounds to < 0.5 event total

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

Stefano Miscetti - Universita' La Sapienza

39



8/6/2015

Stefano Miscetti - Universita' La Sapienza

=
Z
‘;cg\
®

40



) |
INFN Mu2e Collaboration % 4

Mu2e Collaboration 2013

~185 Collaborators, 32 Institutions, 3 +2 Countries

Still growing. Discussion with several USA university groups.

« 2 UK groups joining: UCL(M.Lancaster), Liverpool(T.Bowcock)
« HZDR Dresda joining (A.Ferrari)

Dresda groups joined @ April CM, UK in 2016

8/6/2015 Stefano Miscetti - Universita' La Sapienza 41
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Mu2e Technical Design - T Stopping

Target

Report

Production

Fermilab

ENERGY .o INFN
© K

0

http://mu2e.fnal.gov/

TDR available at http://arxiv.org/abs/
1501.05241

8/6/2015 Stefano Miscetti - Universita' La Sapienza 42
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INFN MuZ2e Schedule and plans L

« CD2 for detectors (baseline/TDR) obtained on the 51" of March 2015
 CD3b for Civil Construction and start for TS Bid obtained on same date.

Final signatures from DOE done:

- Procurement of Superconducting cables in progress
- Bid for DS/PS assigned to General Atomics

- Bid for TS completed. Expected output on May 2015

—> Civil Construction started: Ground Breaking Cerimony Apr. 18.

= CD3 for detectors planned
for spring 2016

= Overall DOE budget
secured, 274 M$.

8/6/2015 Stefano Miscetti - Universita' La Sapienza 43
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Status of Magnetic System

- ST S

.-

|
4
-

. coil magnetic axeSHs

‘S o

O The Super Conducting magnets are the heart of MU2E Apparatus
O PS and DS bid is over. They will be built by General Atomics, USA

O TS prototype manufactured by ASG Superconductors, Genova

O TS proto @ FNAL since December 2014, under test now

TS BID in progress = expect to know the final choice in 1 month

Stefano Miscetti - Universita' La Sapienza
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MuZ2e project schedule

CD-2/3b

CD-3c

Fabricate and QA Superconductor

Solenoid Design/Prototypes l

wm
2 L
D
>
o,
o
M
Q
O
=
(@)
Q
.
o
>
Q
>
o

Project Complete

KPPs Satisfied

i
1
1
i
1
] y
1 T
1
1
i
1
1
i

Running/

Commissioning

Solenoid
Installation and

Commissioning

Detector Pre-Production Prototypes and Construction I

Cosmic Ra\: System Test
1

Accelerator and Beamline Construction

Accelerator

Commissioning

(off Project)

8/6/2015

FY15

FY17

FY19

}
1
1

Stefano Miscetti - Universita' La Sapienza
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éﬁ"'" (WhatNext?) Mu2e - MuZ2e-2 y &

Project-X re-imagined to match
Budget constraints:

1) PIP-2 plans: V_Cirigliano. R. Kitano, Y. Okada, P._Tuzon , arXiv-0904.0957 [hep-ph
> 1 MW at LNBF at start (2025) Frisiod gLl

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

Projectx-docdb.fnal.gov/cgi-bin/ Rate [Rate |nAII /Y OV |~ \/Z

ShowDocument?docid=1232
CLVF-snowmass =2 Arxiv.1311.5278 3 T

Mu2e-2 - Arxiv.1307.1168v2.pdf ‘ VAN
_ : R bl \/y
2) Depending on the beam L N
] 1 x:o:‘: ! " - _—
Structure available: L AR -7 D
- study Z dependence - Pb S
if signal is observed
. . Z
3) If no Slgnal IS Observed Figure & Target dependence of the g — ¢ comversion mate in differemt single-operator
. dominance models, We plot the conversion rates normaliazed to the rate in Aluminum
Use X 10 events In Muze-z ZZ[ = 13) '-:Ifills the :av'.u:lm: number Z[:’.nr '.I{-i‘ fl.il[:' theoretical models l,ll)élfi.hull .nl llh-.
text: D (blue), S (red), V' (magenta), V¥ (green). The vertical lines cocrespond to

Z = 13(Al), Z = 22(Ti), and Z = 83 (Pb).

Minor modifications of the
detector ® BR< 6 x 1018

8/6/2015 Stefano Miscetti - Universita' La Sapienza 47
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INN__ Mu2e & INFN .

Strong involvement of INFN group in two items:

(1) Calorimeter system: project leadership, design

& construction of proto, FEE and mechanics, Laser system.
(2) Construction of prototypes for the TS magnet done

by INFN Genova (via ASG superconducting). Test of

Superconducting cables.

INFN group size extrapolated to 2017
— 30 people, O( 20 FTE)

INFN financial contribution so far:

500 kEuro for construction of TS proto
d 400 kEuro R&D calorimeter and I-tracker

Expected Core contribution O( 3 MEuro )

Next steps =2 INFN CTS

8/6/2015 Stefano Miscetti - Universita' La Sapienza 49



INFN Calorimeter Layout

The Calorimeter consists of two disks with
1650 square crystals (30x30x200) mm?3

R,y =351 mm, Rgyr=660 mm
Depth =10 X, (200 mm)

O Each crystal readout by two APDs (9x9 mm?)
(3300 total) for redundancy and NCE x-check

O Analog FEE and digital electronics located
in near-by electronics crates

J Radioactive source and laser systems provide
absolute calibration as well as fast and reliable
monitoring capability.
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) : ‘
INFN Crystal Choice }Z

Radiation Length X, [cm] 1.14 2.03 1.86
Light Yield [% NaI(Tl)] 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

Not too radiation
hard
= Slightly hygroscopic

LYSO |<®® | | Barium Fluoride -
= Radiation hard, (BaFZ)

not hygroscopic
= Excellent LY

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

= Tau =40ns = 20 ns emission time
_ = Larger slow component at 300 nm. _
" Emits @ 420 nm, should be suppress for high rate " Emits @ 320 nm.
= Easy to match to capability = Comparable LY of fast
APD. = Photo-sensor should have extended component of BaF..

= High cost > 40%/cc UV sensitivity and be “solar”-blind
= Medium cost 10$/cc

Cheap (6-8 $/cc)
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Istituto Nazionale
di Fisica Nucleare

0-5_ 1T T TT T TT T TT T TT T TT I T TT I T T I T TT T 1T I: — 9 I . . . . I . . . . I . . . .

- = X F =
0455 r —— Matrix _E I_.% 8: PhOton bea m @ —— Data - centroid cut _:
0.4F a/\E —é— Central crystal = u® 0 MAMI - MAINZ | Dpata-nocentroid cut -
- »2 / ndf 29.64 /17 —#— In situ . B 7 —— Sfm”'a‘fm‘ - centroid C_“t —
035:_ a 0.0512+0.0008 —¥— MIP* = E —H— Slmulelmon - no lcentr0|d cut E
0.3 = —— Data fit E 6 — —_— D-ata fit : cerl1tr0|d cut- E
O _ - = Simulation fit - centroid cut .
- ] 5__ —]
0.25( ] = - .
0ok e beam @ | 1 aF- =
F BTF Frascati | - = E
0.15- = 35 ]
0.1 = 2 a\E®b =
- ¢ —] 1 F|a 0.7261=0.05351 a 0.6521+0.1238 | I
0.05: E - b 2.445:0.1629 | | b 3.663:+0.2448 |
:I 11| I | I 1111 I | I 1111 I | I L1l I 1111 I | I 111 I: C 1 1 1 I 1 1 1 1 I L L L L I L L L L I L L L L I L L L L

O0 0.05 0.1 0.15 0.2 0.25 0.3 035 04_045 0.5 00 0.05 0.1 0.15 0.2 0.25 0.3
*Time resolution with MIPs from Mu2e DocDB 4409 Edep [GeV] Edep [GeV]

Energy resolution as a function of the energy deposition fitted
with the function:

o, =51 ps/sqrt(E/GeV) ;
compare with KLOE 4% @ 100 MeV %E = % ®5 e

E
~ 55 ps/sqrt(E/GeV)

Noise term b considered negligible (~0.1% in quadrature).
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INEN Photosensors Choice

Istituto Nazionale
di Fisica Nucleare

K MU2
e

A Caltech/JPL/RMD consortium formed to develop a Large area RMD APD into a
super-lattice APD with high Q.E. @ 220 nm incorporating also an Atomic Layer
Deposition antireflection filter to reduce efficiency for wavelength > 300 nm.

v capacitance ~ 60 pF
(1/5 of Ham S8664)

v HV ~ 1800V

v' Operation Gain ~ 500

v’ Decay time ~ 25 ns.

I(l(‘lt;ldopvd APD from R.\lDl

RMD 9x9mm

8/6/2015

0.0

0.5

W 0.4

v' 60% QE @ 220 nm T 03
v ~0.1% QE @ 300 nm % oo

o
[uny

—eo—o—o—o
0 —e—¢—o—o o+

200 210 220 230 240 250 260 270 280 290 300 310 320 330 340 350

Wavelength (nm)
—®—5 layer SL-APD —®—3 |ayer SL-APD —®—Uncoated SL-APD —®—Standard APD

1.2

1
0.8
0.6
0.4
0.2

0

-0.2
0 20 40 60 80 100 120 140 160 180 200

Time (nsec)
9mm SL-APD = = =9mm Standard APD 3mm SL-APD = = =3mm Standard APD
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A

INEN R&D on Csl(pure) crystals

« 4+7 crystals from Kharkov (ISMA) + 2 from Optomaterial (Italy) received in April.
* Improved transmittance and uniformity w.r.t. first SICCAS (China) production
* Measurement of time resolution done (from 1 to 5 ns WF sampling) - 420 ps/MIP (22 MeV)
« 10 MPPC new generation TSV received.
300 - - -
> C : : :
() r H H H
E_r
q 250_ ............................................... _ .............................
o - : : ;
= C e ) ) ) ) ) .
200_ ............................................... .............................
3 s
.g 150: s : ; . .......... . ................ . ................ ; ................ . ...........
£ —— Csl ltaliano C : : :
§ —— Csl Russo TOO Optomaterial 01
= —— Csl Riferim C
DO ........ —4— Grease
E i i : i | —+— No Grease
%46 8 10 12 1416
Distance from PMT [cm]
300 350 400 450 500 550 600 650 700 ” - ]
o 60? Entri 391 B
o L ntries a
S ]
N C x2/ ndf 16.64/11
; 50; Prob 01191
_d:> 40F Constant  56.56 +3.79 ]|
- - Mean 0400400289 -
w30 Sigma 05173200228 —
p4 C ]
20- :
—— %
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PDE (%)

Test beam done @ BTF with 3x3 Csl matrix

and 9 new UV extended TSV Hamamatsu MPPC

-> 7% energy resolution

-> 260 ps resolution obtained at 50 ° incidence angle.
Concluding the radiation hardness program for Csl crystals

and MPPC with neutrons at FNG.

Radiation hardness with TID OK (-20/30% at 90 krad)
Technology Choice Review set for end of July.
- BaF, vs Csl to freeze the engineering design
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w] MPPC $10362-33-50C

STD

STD Hamamatsu
STD-TPB
UVE-SIRESIN
UVE-SPL

e d oy [
450 500
Wavelength (nm)

i 300

St =282 ps

250}
2005
1505
1005

sof-

...............

.......

1 1.5 2

Tsum — Tstart (ns)
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(NP Conclusions e

 The Mu2e experiment is a CLVF first-class experiment looking for physics BSM with
high complementarity to other programs while increasing reach and diversification in
models testing.

MUZ2E will improve previous conversion experiment of 4 orders of magnitude and
probe mass scales up to hundreds of TeV.

« <10 years Timeline for completion of first phase.

* Mu2e has completed the CD-2 and CD3 for the long lead items
- Construction of the solenoids will start next year.
- Detector Review at end of 2015 to freeze detector with CD3 in 2016
-> INFN mainly involved on calorimeter construction and follow up of TS construction.
- INFN CTS review will be done during this year
—> Construction period 2016-2018 followed by installation in 2019

A longer term plan is being discussed.
a Mu2e-2 phase being planned for a (x 10) increase in intensity and sensitivity!
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COMET vs MuZ2e

O Similar capabilities as physics reach

 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 wN—e*N)

-  COMET solenoids ~ 10 m longer than Mu2e

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

Phase-1 could be useful if successful to study background rate
—> Path to Phase-2 is still difficult.
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Osaka Untversity

Detector Section

Pion Production Target

™

Collimator

) L
%\

Proton Beam ")

Muon-Stopping Target

Pion-Decay and
Muon-Transport Section

COMET muon beam-line : COMET Phase-I| detector :

(1~3)x102 muon/sec with 3kW Cylindrical drift chamber (CDC) for p-e
beam produced. The world conversion is used. Straw chamber
highest intensity. and ECAL are for beam studies.




Osaka University

.8GeV proton beam _ .
= _ ST pion Experimental Goal of COMET
; capture

solenoid

B(p~+Al— e + Al) =26 x 10717
Blp~+Al—se +Al) < 6x 1077 (90%C.L.)
3T muon transport

(curved solenoids) « 10" muon stops/sec for 56 kW

proton beam power.
muon stopping « 2x107 running time (~1 year)

; target electron « C-shape muon beam line
/4 ... transport

W WA, i1, « C-shape electron transport followed
| by electron detection system.

% = « Stage-1 approved in 2009.

electron tracker
and calorimeter
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Z
INFN -
- MuZ2e-2

* MuZ2e can simultaneously see electrons and positrons
from the stopping target

= Access to additional physics mode:
u N(ZA) — e* N(Z-2,A)
o (AL=2 transition — charged analog of e
neutrinoless double beta decay) : N AR /

= High energy positrons are an additional
handle on radiative backgrounds with
converted photons
* MuZ2e is the fastest, cheapest path to broad discovery
sensitivity in CLFV sector.

Target foils
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Z L % 7
. Critical Current Measurements . A

@ FNAL awarded a contract to Hitachi for three lengths of TS
conductor (1000 m)

€@ INFN Genova received six samples (head and tail of production)

@ Critical currents of five sample were measured. Except a case (bad
soft soldering of the sample) four runs went well.

€@ Measured critical currents compare very well with the ones
performed at Fermilab on extracted strands

€ After these results Fermilab is asking INFN Genova to test all 60
cables involved in Mu2e solenoids.

16000
A Llength1-TOP
W Llength 2 - TAIL
X Length 3 -TOP
¢ Llength3-TAIL

14000

—&—L1_Top_S1_FNAL - 0.1uV/em
w2 Top_S1_FNAL - 0.1uV/cm
w=®=13_Top_S1_FNAL - 0.1uV/cm

Critical Current (A)




N INFN Calo R&D (2013-2014) (U3¢

« Simulation/reconstruction of clusters + calorimeter based seed for tracking
Design and construction of 2 LYSO + APD calorimeter prototypes

Control stations for characterization of crystals and photosensors
Design/construction/operation of 50 FEE amplifiers/\VVoltage regulator

+ 5 ARM based controller ( SEA LNF) + 5 WF prototype (lllinois/Pisa)

1 Laser prototype (green light + distribution system)

Completion of mechanical drawings for CD-2

2 NIMs in writing, 6 contributions to Detector conferences this year

Change on technology and R&D due to sudden LYSO cost increase
(x 3) in 2012-2013.

12000

10000

8000 |

8000 +

2000

(uenp) gy asaulyd

2000 +

0 iy

.................

N ~ A
& O D & N
- —\.Q £ S Q’. —-.Q 2

R ~ " N V ,." $ n 1:\ £
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INFN Are CLFV processes relevant ?

Istituto Nazionale
di Fisica Nucleare

W. Altmannshofer, ef al, arXxiv:0909.1333 [hep-ph]

AC RVV2 | AKM | 4LL | FBMSSM | LHT RS
D°-D° *kk | K * * * * %k ?
€K * | hokok | kkk | X * *k | kkk
Sve *kok | kokok | kkk | Kk * *kok | kkk
Sek s *kk [ Kk * [ dokok | kK * ?
Ace (B — Xs7) * * * | k| kkk * ?
A7s(B— K*p*p™) | % * * [ dokok | kK *k ?
Ag(B = K*p*p™) * * * * * * ?
B — K®vi * * * * * * *
By — ptp” Kkok [ dedkok | okok [ kkok [ kkk * *
K* - ntup * * * * * *kk [ dokk
Ky, — 7°v * * * * * *kk [ kokk
B — ey Fokok | deokok [ dkokok [ koo [ kkok [ kokok [ kokk
T = B *kok [ dkk | k[ kkok [ kkk | dokok | hokok
p+N—se+ N Fokok | dedkok [ dedeok [ ko [ deokk [ ek [ kokk
dn Kok | dokok | kokok | kk * ok * |k
de *kok | kokk | kk * * ok * | hkok
(9-2), *kok | dkokok | ok | kkok | 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, Y% 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 Ues =0 CKM Ues =0 CKM Uez =0 CKM Uesz =0 Sensitivity
BR(gz — e7) 32.10 38.10" 40.1200* 12.12002 13.100*" 86.-100" 14.100" 12.100" o000
BR(ug — eee) 23.100 27.100" 29.100*° 86.100'" 94.100" 62.100"7 1.0-100Y7 89.100Y7 00
CR(pu—einTi) 2.0-107" 24-.107"% 26-107% 76.107% 1.0.107"% 6.7.-107"% 1.0-107'% 8.4.107"% ©Q107'%)
BR(T — e~) 23.100" 6.0.100"% 35.107*2% 1.7.100'2 14.100" 48.100"™ 1.2.107"% 41.107% (10 %)
BR(T — ece) 27107 71.107%  42.107"  20.107 17.100%  57.107'7  15.107%  4.9.10716 O(10~%)
BR(T — p7v) 50.107""  11.107% 73.107'" 13.107% 29.1077 78.107"% 27.107"% 60.107"" OO0
BR(T — ppp) 1.6.100  34.100" 22.100% 39.100'" 89.100**" 24.100" 87-1000" 19.100% 010"

* 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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/j " H MU2
INFN Specific example: Leptoquarks > 2

NOT FAVORED BY NA

— —— e — e— .—
_— — — — —
_ — =
—

O 50 100 150 200

iy [ TeV]

Leptoquarks
Presenza di leptoquarks alla scala del TeV potreb

indurre processi CLFYV con una costante di

accoppiamento A.

o Rosso: MEG-11
o Blu: Mu2e
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&Q Specific example: Higgs Triplet e LHT “CZ

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

Normal hierarchy Inverted hler'ar'chy

Higgs triplet model o \ /

BR
=
2
!
D
e
‘.\-
=

Dependence on

, . i ‘.: ‘ _
heutrino mass 10 \ . 0 \ !:,5 /
hierarchy and 63 . I AN Mu3e

N N\NX /) \
AV | Mu2e
Ry ol 0 Qal a2 0 ol 0 a1 a2
Ue3 Ue3
10-9 1078

10—10

10—12

Littlest Higgs with T-parity

10—14

M. Blanke et al., Acta Phys.Polon.B41:657,2010

10—16 0-16
10716 10714 10712 10710 10‘13

BR(n — ey)
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INFN A few more models...

Nazionale
di Fisica Nucleare

Higgs triplet model

Flavor violating
Yukawa couplings

Hamik Kopp Zupan 1209.1397

10'
100
107!
10-2
101
10-4
103
10-6
1077
TRLIRORY ,
10-*10-710-410~510-410~ 1010~
1 Yeul

Ve

Mue
{ ( projection )»
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INFN

Istituto Nazionale
di Fisica Nucleare
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=
;ﬁ
o

MSSM- mSugra

BR(p—ey)

220

140

120

L]

1 1
C.E. Yaguma >0

u<0

tanf3

Yaguna, hep-ph/0502014v2
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A . 7 %
- Next Generation Proton Source e

lllllllllll

* Proton Improvement Plan (PIP)
— Improve beam power to meet NOvVA requirements
— Essentially complete.

* PIP-II design underway
— Project-X reimagined to match funding constraints
— 1+ MW to LBNE at startup (2025)

— Flexible design to allow future realization of the full potential of the

FNAL accelerator complex

*+ ~2 MW to LBNE
* 10x the protons to Mu2e
* MW-class, high duty factor beams for rare process experiments
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L I i
DE Prompt Backgrounds @

Particles produced by proton pulse which
Interact almost immediately when they ————————

enter the detector: m, neutrons, pbars it

T

17475
wo| |

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

%
~
H

i 2388725
1000
I 1500 = 0.0

* yup tomg peak at 110 MeV: y— ete-:ifone e

electron ~ 100 MeV in the target, looks like _
signal: limitation in best existing 600

experiment, SINDRUM II? T~

energy spectrum of y measured on Mg i
J.A. Bistirlich, K.M. Crowe et al., Phys Rev C5, 1867 (1972) 200

1 T 7T
% ¥ R =%

also included internal ol Al
40 60 80 100 120 140

conversion, TN > e'e’ X Energy (MeV)
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e Final Results on
Au:

8/6/2015

By < 7x107'% @ 90% CL

10 7 3

51 MHz (20 nsec) 3 10 4
repetition rate, g
width of pulse g
~0.3 nsec 3
little time separation o
between f
signal and prompt 1
background |

1021

“/4&  SINDRUM-Il Results (£33

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

Class 1 events: prompt forward removed

+ +++ €~ measurement
{:’{:JC}{;. et measurement
—"™,  MIO simulation
Fon ~ 1 e simulation
] e, "
v
i
8|0 ' I ' I 9IO I ' ' I 1(')0
Class 2 events: prompt forward
- tir;qing Radiative Pi Capture higher
th |
9'0 o ' I : I

100
momentum (MeV/c)
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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/ ¥(core) 24/1.2 1.6/0.7

y energy (%) (w <2cm)f(w >2cm) 2.4/ 1.7 1.1/1.0

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

trigger ~ 99 ~ 99

y 63 69

et 40 88

STRTHIRTRIRTRTAIRTRINTRTATRTACRTRINTRTAIRTRINTIN
48 45 S0 S1 S2 83 S84 85 86 57 Se
E, (MeV)
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! MEG"F sensitivity

Se

49 S0 S1 82 53 54 55 86 S7

€, (MeV)
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MEGYY sensitivity

e Ultimate sensitivity at the few x 10-'# level

* Engineering run 2015

e Data taking 2016-2018
A. Baldini et al., MEG Upgrade Proposal, arXiv:1301.7225 [physics.ins-det] |

k factor
= SES (x10'2)
50
2 ! T T Ty l T L I T
E Mo €L MEG 3pii | — 50 Discovery
37.5 ;g "l |t Discovery
3 10122 — - —N% C.L.Ex.dmlon:
= [60% £L MEG213 |1 i ]
25 A S S S
12.5 i :
108
0
2009 2010 2011 2012+2013 —— o
n: B PR 7 < T > lfpg.a.;n‘mm‘c; InJyeun ]
et Will be used for ~ Porade JY) I I I N
the final result 0 20 40 60 80 100
weeks
2013 2014 2015 2016 2017 2018 2019
“WW:“I:“:“ 19
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INF Mu3e at PSI )

* Search forp—eee

- 107" sensitivity in phase IA / IB e . “'
_ - = . ' ‘\
- 107° sensitivity in phase Il | / PAUL SCHERRER [NSTITUT
* Project approved in January 2013 | | - | —

— Double cone target
— HV-MAPS ultra thin silicon detectors

- Scintillating fibers timing counter (from phase IB) \/l /
Recur pixed layers ,/_\, 1/\

O D T

EESNEmESEESEESEEEEEEE [T —_—

—fuem T
OO OO Ty Sotiletig fres OO OO

Vi

vw.psi.ch/mu3e 24
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INFN
ruuu | | LA I
g 6000}
< 5000}

- Mu3e decays test also values 40002::::::::::::; .... . Blu — eee)<10" |
of K larger than MEG but with 2000. [
different (reduced) sensitivity
al large K with respect to — ", Blu—~ex)=10" |

MuZ2e

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

- Next phase aims to 10716
.. Not yet clear
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MEG vs Mu3e

-

300
1

N\

\ \;\\\\\}m:\:ws»:\ \ » “:
AW

10
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Extinction Monitor

Debuncher
Extinction
104=10%

Upstream
Extinction
Monitor
'l‘/'v’ AC Dipole

Target
Extinction
Monitor

%« } Extinction Production M
\ gl 10-6=10-7 Target >
—— ap

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

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

timescale of hours)

Spectrometer based on Exit

ATLAS pixel detector collimator

Reach a 10-10 extinction
sensitivity in an hour or so
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am Tracking vs CaloTrack

o
o = - B _of
E ouz E Entries 450643 || Entries 396918
E -~ C Mean -0.1078 || Mean -0.1077
C s . RMS 0.5848 || RMS 0.4508
et 10° - Underflow 3273 || Underflow 2042
103_F oouets + 000112 E Overflow 2589 || Overflow 1024
E osesa 00187 u Integral 4.474e+05 || Integral . 3.949e+05
E o+ 0izs S 2.045 || Skewness 0.7605
- % 10
102 - S =
E 224 [~
E i -
— 4.162e+04
F 107 "
3.791e-19 E. t [
10— T ! i/
X 1
0.1061= 0.001 {*
1.011+0.022
KR 10 i
— i
1
q e
P
-5 -4 -3 -2 -1 0 1 i

) ) ' 0 ' 2

2 3 4 5
AP = Ptrack = PMC [MeV/C] AP Ptrack - pMC [MEV/C]

pdio

1 1 Entries 450643 g 04
1 signal window 1 Mean 102.4 2 [ N(protons) :3.60e+20
! ¢———p' RMS 0.3256 0.35 Y .
' Underflow 1.636e-10 8 ::Zmppe;d“) : 6'248";7
Overflow 0 =] - - e : 1.0e-1 ’
' integral 2133610 208 e from Pasha’s talk
' Skewness 1774 E signal :4.51e+00 *
’TJ’T 4 T e 0.25F_ DIO :2.11e-01 docdb-5386
4, “ﬂ T t Entries 396918 F SES .0.006.17
1y Mean 102.3 F
f } ﬁf RMS 0.3034 0.21—
Y Underflow 1.534e-10 -
t Overflow 0 015
t ’ integral  2.012e-10 s
: T . Skewness 1.411 E
1 T‘ T 01—
.: ‘ ‘ 0.051— i
- #
:* T:l s t s T N DN I ,,‘ﬂ'.’.#x P e
105 106 07 108 09 Qo1 7015 102 1025 108 1035 104 1045 105 1085 106
P Ptrack [MeV/ C] Momentum, MeV/c

= Reduction of DIO background in signal window (x 3)
= Sensitivity improves of 19% w.r.t. TDR, 10% w.r.t to last study
= SES=2.2x10Yw.r.t. Mu2e benchmark of 2.5 x 10/
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