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NN The Mu2e Collaboration .

~230 Scientists from 37 Institutions
Argonne National Laboratory, Boston University, Brookhaven National Laboratory, University of California Berkeley, University of
California Irvine, California Institute of Technology, City University of New York,
Joint Institute of Nuclear Research Dubna, Duke University, Fermi National Accelerator Laboratory,
Laboratori Nazionali di Frascati, University of Houston, Helmholtz-Zentrum Dresden-Rossendorf,

University of Illinois, INFN Genova, Lawrence Berkeley National Laboratory, INFN Lecce, University Marconi Rome, Institute for High
Energy Physics Protvino, Kansas State University, Lewis University, University of Liverpool, University College London, University of
Louisville, University of Manchester, University of Minnesota, Muons Inc., Northwestern University, Institute for Nuclear Research

Moscow, Northern lllinois University, INFN Pisa, Purdue University, Novosibirsk State University/Budker Institute of Nuclear Physics, Rice
University, University of South Alabama, University of Virginia, University of Washington, Yale University
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INFN CLFV processes < >
(L el —

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

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

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

CLFV processes are forbidden in the Standard Model

. : . W VT
- Assuming neutrino oscillations they are allowed but .. / \\\}[\)
in practice BR(u — ey ) ~ 10%* .... they are negligible £ {. @ U
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
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INFN An overview of some CLFV Processes

Process Current Limit Next Generation exp
T =2 un BR<6.5E-8
T 2> Wy BR <6.8 E-8 10° - 10-19 (Belle 1)
T2 uuu BR<3.2E-8
T > eee BR < 3.6 E-8
K. =2 eu BR <4.7 E-12
K* 2> xte ut BR < 1.3 E-11
B% > eu BR<7.8 E-8
B* > K*eu BR<9.1 E-8
ut > ety | BR <4.2 E-13 | 10-'4 (MEG)
ut > e*e’e BR<1.0E-12 1016 (PSI)
uN =2 eN R,e<7.0E-13 10-17 (Mu2e, COMET)

Most promising CLFV measurements use p
-> large rates available for the beams
- no needs of hadronic corrections in final states

- Colliders/factories win when 39 generation is involved, t>uy H> tun
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INFN CLFV history for muons ”CZ e

(o
1 R. H. Bernstemn and P. S. Cooper, Phys. Rept. 532 (2013) 27
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(ME...  Diagrams for CLFV muon processes (Z

=S e O

A VU

‘ /\\Q(I/\\

[ — ey /f/\/ —e N
Loop terms Contact or 4-lepton terms

CLFV rates and ratios are sensitive probes of underlying model
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” -
M CLFV General Lagrangian

m K _
L = b fipo,er MY T 7 M dr~Hd
CLFV {(n e RO €L }r X aryuer(Gpytur + dpy*dyr)

Heavy Neutrinos Second Higgs Doublet Supersymmetry

Q| U \Ugnl2 ~ 8x10-1 g(H,0) ~ 104g(H,,.) rate ~ 101 Models which
o
o N i —o T o | WT i can be probed
. ‘ g ® o ‘i  — e g |‘ o also by p>ey
q > q o 3 q . . . searches
0 rieavy £ : Compositeness Leptoquark . .
£ [ Anomal. Z Coupling M,q = Direct coupling
S| M, =3000 Tevic? A, ~ 3000 TeV 3000 (A, Aeo)2 TeVic2  petween quarks
*g " o & " & " o d and leptons, better
I= w22 >< La accessed by uN->eN
@) i i
@) q - a a q d (o} e
Test of Physics BSM: Marciano, Mori, and Roney, Ann. Rev. Nucl. Sci. 58 MN — eN sensitive to wide

A. de Gouvéa, P. Vogel, arXiv:1303.4097
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INFN .. Lambda-k plane for CLFV in muon sector Ve

Kk <<1: LOOP DOMINATED Kk >>1: CONTACT DOMINATED

50000
all limits at 90% CL .
Mass scale discovery
A N up to ~10k TeV,
— R e A =000 significantly above the
o direct reach of LHC
10000 +
5000 Slightly better than
MEG upgrade in loop-
dominated physics
1000 If SUSY seen at LHC — rate ~10-1°
MEG N SINDRUM-II
T BRG— e N CR(N = eN) on Au Implies O(40) reconstructed signal
< 42107 AR events with negligible background in
Y MuZ2e for many SUSY models.
0.01 0.1 I \‘1'0 K 100

'~ +N(A,Z) e +N(A,2) .
h <
I'(p~ + N(A,Z) — all muon capture) — 8 x 10~ (@90%CL)
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INFN Are CLFV processes relevant ?

~ Istituto Nazionale
di Fisica Nucleare

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

AC RVV2 | AKM | 6LL | FBMSSM | LHT RS
D°-D° *okk | Kk * * * * ok k ?
€K * | hokok | kkk | X * *k | kkk
Sye *okok | dokok [ kokk [ K * *kok | kkk
Sek s *kk [ Kk * [k [ kkok * ?
Ace (B = Xs7) * * * | kkok [ kkk * ?
A7(B— K*p*p™) | % * * [ dokk [ kkk *k ?
Ag(B = K*p*p) * * * * * * ?
B — K®vi * * * * * * *
By — ptp” *kok [ dekok | kkok [ kkok | kkk * *
Kt > ntup * * * * * *kok [ Kokk
Ky, — nvp * * * * * *kk [ kokk
p— ey Fokok | dokok [ dkokok [ kokok | kokk [ kokok | kkk
T = By *okok | hokk [ k[ k| dkokk | dkokok | hokk
p+N—se+ N dokok | dedkok [ ko [ koo | ek [ kokok | kokok
dn *odok | dokok | kokok | kok * kk * [ kK
de *okok | dokk [ kk * *kk * | hokok
(9-2), *okok | ok [ ok | kokok | 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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INFN Specific Example: SUSY o 2

SUSY GUT in an SO(10)
framework

uN — eN (tanp =10)

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

current -

.

CR(u— e) x 10%?

If SUSY seen at LHC — rate ~10-15

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

many SUSY models.

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

Complementary with the LHC experiments
while providing models’ discrimination

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 11




&Q SUSY benchmark points vs LHC .

di Fisica Nucleare

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 Uez =0 Sensitivity
BR(gz — e7) 32.10" 38.10"™ 40.120"™ 12.100* 13.100*" 86.10" 14.10" 12100 o0
BR(g — eee ) 23.100"  27.100" 29.107*" 86.10°'" 94.100* 62.100'7 10-100Y7  89.10077 O
CR(p—einTi) 2.0-10""° 2.4-107"% 26-107% 76-107% 1.0-107"% 6.7-107'° 1.0-107'% 8.4-107"% ©OQ107'%
BR(T — e%) 23.100% 6.0.107*% 35.107*% 1.7.107'% 14.107" 48.100" 1.2.107% 41.107% (10 %)
BR(T —» ece) 27107 71.107%  42.107 20.107 17.1070%  57.107'7  15.107'%  49.10716 O(10~%)
BR(T — ) 50.107""  11.1070% 73.107"" 13.107% 29.107"7 78.1077% 27.107"% 60.107"" o©Q07
BR(T — ppp) 1.6.100  34.100" 22.100%  39.100' 89.100* 24.100" 87.-10" 19.100% 010"

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

« Some of these will be observable by MEG-upgrade/Belle-2

 All of these will be clearly observable by Mu2e

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 12
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Istituto Nazionale
di Fisica Nucleare

Other CLFV Predictions

ratio LHT MSSM (dipole) | MSSM (Higgs)
ﬁ
Br{u e eTe” - _
<_ ('ér;;_m-) : 0.02...1 ~6-1073 ~6-107%
Br(r— e ete) -2 -2
BT(T—)C"{) 0.04- . .0.4 ~ 1 . 10 ~ 1 . 10
Brir——op ptp) ~9.10-3
T 0.04...0.4 2.10 0.06...0.1
B ) 0.04...0.3 ~2-107% 0.02...0.04
r(T—rey)
Br(r——pete) ~1.102 ~1.10-2
BT(T‘_‘)M) 0.04...0.3 1-10 1-10
Br(r——e ete)
Brir——e ptp) 0.8...2.0 ~ 5 0.3...0.5
Bl op-ppn) 0.7...1.6 ~ 0.2 5...10
> t\
R{uTi»eTi -3 2 o -3
< BTiseT) 10-3...10 5.10 0.08...015 ]

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

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

\/ [yd-day]zArStS 6060:AIXIE

\Y

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

u M
..e

» Relative rates Conversions/MEG/mu3e are model dependent
 Measure ratios will pin-down theory details

11/10/2017
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M Specific example: Leptoquarks

510~

4<10""°
3<10"°
210"

10"

O 50 100 150 200

mip[TeV]
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Specific example: Higgs Triplet e LHT

Higgs triplet model

Dependence on
neutrino mass
hierarchy and 6,

BR

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

Littlest Higgs with T-parity

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

11/10/2017

Normal hierarchy Inverted hierarchy

10 \ /
10" MN — GN\ / — eee

N

-”u.\

101 X Mu3e
B Y.V . i Mu2e
02 o.t al a2 02 0l 0 al a2
UeS Ue3
1 -16
109
= 10710
£
%10-12
0’
10_14
16 -16
o 10716 10714 10712 10710 10‘130
BR(n — ey)
S.Miscetti @ LNF Theory Meeting - Frascati 15
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INFN__ 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-ll) with the proton
improvement plan (PIP-2)

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

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 16
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/7 . . H U2,
INFN Experimental Technique ‘3.

O Low momentum py beam (< 100 MeV/c)
O High intensity “pulsed” rate
- 10"%/s muon stop on Al. target
- 1.7 usec micro-bunch
0 Formation of muonic atoms that can make a:

Decay In Orbit (DIO)
~39%

Nuclear capture ~ 61%

1S Orbit
Lifetime = 864ns

Ee = myc? — (B.E.)c — 1\

— 104.96 MeV )

“.Nuclear Recoil

The conversion process results in a clear signature of a single electron,
CE, with a mono-energetic spectrum close to the muon rest mass

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 18



INFN o
L/F N MuZ2e Sensitivity

« Design goal: single-event-sensitivity of 3 x 10-17

= Requires about 10'® stopped muons
= Requires about 104° protons on target
» Requires extreme suppression of backgrounds

in 3 years
running

» Expected limit: R , <8 x 10" @ 90% CL

= Factor 10 improvement

- Discovery sensitivity (5 SIGMA) : allR . > 1.9 x 101

= Covers broad range of new physics theories

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 19




INFN MuZ2e backgrounds

* 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— eteeand m N — e‘e N’
= u and nt 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

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati
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di Fisica Nucleare

A
INFN DIO background

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

Bound
O Electron energy Michel
. . . Spectrum
distribution from the u Decay in Orbit Spectrum for 27Al
decay of bound muons
is a (modified) Michel %‘ 0.035
spectrum: Z - Ee)
p %T%' (Econv - Ee)
. |z 0.025 .
—> Presence of atomic CE line
nucleus and momentum
transfer create a recoil tail 0.015 I -
with a fast falling slope L ';ec"l" Ta;' |
close to the endpoint 0,005 Michel Peak PP EEEPa—
l |
- 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
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/j . H méu2
INFN MuZ2e: Late Arriving Backgrounds > 2

« 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

S.Miscetti @ LNF Theory
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< 1695 ns

A 4

Stopping Target

— 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 !

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati
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INFN Out of Time proton - Extinction Method ZZ

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

achieving 1079 js hard; normally
get 1 0-2 o 10-3 n= 6325 Ve = 150keV t= 10.598ms

e [nternal (momentum scraping) and 8 e N AN TN N ]
S . S e W W, T AR, .
bunch formation in Accumulator

Felative Energy Diffecenc
E\\
-
>
e
g
bl

o External: oscillating (AC) dipole

-0.0 : .// e’ P N o
* high frequency (300 KHz) dipole 7
with smgller admixture of 17th Momentum Scrape IAEJE] = Xpad D
harmonic (5.1 MHz) oo
e Sweep Unwanted Beam into j’; T s 04590
collimators - If .H
Calculations based on accelerator models 0 5 &

that take into account collective effects e
Shows that this combination gets ~ 1012

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 24



INFN Summary: keys to Mu2e Success

* High intensity Pulsed proton beam
= Narrow proton pulses (< +/- 125 ns)
» Delayed window to eliminate prompt background
= Very few out-of-time protons (< 10-10)

 Excellent detector

- High CR veto efficiency (>99.99%)

- Excellent momentum resolution (120 keV core)
—> Calorimetry for PID and track seeding
—> Thin anti-proton annihilation window(s)

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati

25



11/10/2017

S.Miscetti @ LNF Theory Meeting - Frascati

H MU2,
L

26



n n n u MU
- Maximizing Muon Flux (Z

X World’s hottest muon source by using low power:

- 8 GeV, 8 kW proton beam on a tungsten target
- Soft pions confined with a solenoidal B field

—> Strong gradient to increase the yield through magnetic reflection

Mu2e Predecessors:

Mu2e: Confines soft pions

T R, T

" N PP I i e .
—_— f. . - ~ e 4 n . e £ Y P - . - -
e AN e N AN e P At
¥ - o » A _— — ) . T n - -

Concept by Lobashev and
Djilkibaev
Sov.J.Nucl.Phys. 49, 384 (1989)
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A
INFN Accelerator Scheme “(Z

Mu2e will reuse much of the
Tevatron anti-proton complex
to produce muons:

» 8 GeV protons from the
Booster (4x10'2 each 1/15 s)

> Recycler divides proton ._ v 4
batches into 4 smaller bunches N
» Delivery ring gets 1 out of 4 $ ’ .\-; Q’/
bunches from recycler vV 55 s 1
L‘ Delivery Ring

EV,

» MuZ2e gets the proton beam in

bunches of 3x107 protons every
1695 ns

\
A\ >/
. {

g2'

Caest

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 28




i Fisica Nucleare

/) . MMU
(NN Muon campus: g-2/MuZe = rendering
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Istituto Nazionale
di Fisica Nucleare

- .-alt’,.’gf‘!. i

o
LRy =
v
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INEN Muon Beam-line o 4

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

S g @

-~ Heat and radiation shielding

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

. energy in calorimeter
Selects low momentum, negative muons

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

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 31



M Production Solenoid

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

oton Target

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 32



Transport Solenoid

P-bar absorber

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati




INFN Detector Solenoid
(L e
‘ Proton Absorber ‘ Muon Beam Stop
=

Graded field “reflects" downstream a fraction of
.A
.A LTI

muons conversion electrons emitted upstream
[ A A A A AorA
T P ey e St O Ly e SRR STy oy

17 Al foils; Aluminum selected mainly for the muon racker EM Calorimeter
lifetime (864 ns) that matches beam structure.

Sensitivity goal 2> ~ 6 x 1017
stopped muons

3 year runs, 6 x 107 sec 2>
1019 stopped muon/sec

1 1
20 “w 60 80 100 2
Muon momensum (Me'v'ic|

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 34



INFN Mu2e Solenoid Summary (1)

H'
@

Length (m)

Diameter (m)

Field @ start (T)

Field @ end (T)
Number of coils
Conductor (km)
Operating current (kA)
Stored energy (MJ)

Cold mass (tons)

1.7
4.6
2.5
3
14
10
80
11

0.4
2.5
2.0
52
44
3
20
26

1.9
2.0
1.0
11
17

30

* PS, DS is being built by General Atomics (USA)
« TS is being built by ASG Superconducting (ltaly) + Fermilab

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati
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X 75 km of superconducting cable procured and
tested

X Solenoid design completed

X TS fabrication has begun at ASG
Superconducting in Genova (ltaly)

X PS, DS fabrication started at General Atomic
(USA)

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 36



INFN The Mu2e Tracker (1) o 2

Detector requirements:

1. Small amount of X,

2. 0,<180 keV @ 105 MeV
3. Good rate capability:

= 20 kHz/cm? in live window

= Beam flash of 3 MHz/cm?
4. dE/dx capability to distinguish e /p
Operate in B=1T, 10-* Torr vacuum
6. Maximize/minimize acceptance for CE/DIO

o

Tracker Plane

11/10/2017

Low mass straw drift tubes design:
» = 5 mm diameter, 33 - 117 cm length
= 15 um Mylar wall, 25 um Au-plated W wire
= 80:20 Ar:CO, @ 1 atm
» Dual-ended readout

Tracker Station: Tracker:18 stations (>20k tubes)
2 rotated planes

(e /IW

3.2 meters

S.Miscetti @ LNF Theory Meeting - Frascati 37



afr? The Mu2e Tracker (2) v A

Full simulation Cosmics, 8 channel prototype
c E |
momentum resolution at start of idagker -0.1017 _8 2 3 4 8-Straw Prototype
. | RMS 0.33%4 S5 = mean = 0.004 = 0.003 — 8-Straw Prototype Fit
= Underflow 4 B s a8 "‘o..:len.;:'nu.aow G4 + Straw Simulation
. Overflow 0 N af pa-trmpar~v-mae —— G4 + Straw Simulation Fit
Core width = 115 keV/c ¥ I nat 117.1/ 103 v 3 M:‘:‘:'““"““‘“ ‘
High tail slope = 1_79 koeV/c Prob 0.1626 CI) y: S s
wo* | High tail fraction = 2.9% Nonm 5419+ 11.3 % i X
x0 -0.04433 + 0.00306 ) : Wy
> 05
sigma 0.1147 + 0.0027 o o
n 3.615 + 0.332 c Op &t 4t aaams 1 A
10 f— alpha 0.9598 + 0.0463 Ig 0 08 04020 i Radius Residu ;l'[m]‘
B tailfrac 0.02894 + 0.00273 _
- tailambda  0.1786 + 0.0091 Odata ~ 0.133 £ 0.022 mm
I | ’l oye = 0.102 £ 0.001 mm
’ f T 120~
JH Al 2 | | 4 B-Straw Prototype
4 3 2 1 0 1 2 K] 4 S,w ﬁ —— 8-Straw Prototype Fit
5 L 1 G4 + Straw Simulation
Prec — Piry (MeVic) < wf — G4 + Straw Simulation Fi

mean = 0.653 «» 1277
on&3IN A2

X Well within physics requirements

X Robust against increases in rate iy

100 0 100
Longitudinal Positon Resolution [mm)]

X Inefficiency dominated by geometric G =42 £ 1 mm
acceptance Oye =43 +1mm

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 38
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af,? The Mu2e Tracker (3)

X First pre-production prototype, with final
design, recently built and being tested

X Orders placed for final production
X FEE prototypes tested successfully

X Vertical slice test to be performed on fully
instrumented panels with entire FEE chain

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati 39
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INFN The MuZ2e Calorimeter (1)

Calorimeter provides confirmation for CE and other crucial functions:

X PID: e/u separation
Requirements: Fast (t<40 ns)

Operate in 1T and 10 Torr
o1 < 500 ps for CE Redundancy in readout
Oxy < 1cm Radiation hard: 90 krad

High acceptance for CE photons and 3x10'2 n/cm?

X EMC seeded track finder |. _/E=0(5%) forCE
X Standalone trigger

EMC Design:

X Two disks, R,;=374 mm, R, =660 mm,
10X, length, ~ 75 cm separation

X 674+674 square x-sec pure Csl crystals,
(34x34%x200) mm3

X For each crystal, two custom array (2x3 of
6x6 mm?) large area UV-extended SiPMs

X Analog FEE directly mounted on SiPM

X Calibration/Monitoring with 6 MeV
radioactive source and a laser system
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) | -
(NP The Mu2e Calorimeter (2) Z

A A
X Small prototype tested @ BTF (Frascati) I R
. . _ 2 2501
N Aprll 2015, 80-120 MeV e E— - 2/ ndf 101.6 /66 B
%2002— n 0.3457 = 0.0204 g
X 3x3 array of (30x30%200) mm? undoped 2 150 © 6.106 = 0.002 E
Csl crystals coupled to Hamamatsu E E.. 85472017 :
M PPC 100;— N 3999 + 66.7 _;
50 —
X DAQ readout: 250 Msps CAEN V1720 - AR
Wave Form Digitizer VTR0 e0 80 100 T T40
3825 A e 20'3:' I T rra—
TR e || Soas- et
- - - [ ] Neighboring crystals @ 50 deg =
75 ;_ _; 02 - A Single crystal @ 50 deg -
== = - ) Most energetic crystal @ 50 de: ]
7% g - A Al crysta:: abovey10 MeV@SOgdeg ]
6.55— - 0.15:— ia —:
6 = 0 1: ® _:
558 2 / ndf 2.866/3 - T ) 2814/ 17
- E-_28 = - =aE®b x=/n . .
5 E \E [GeV] ®b a 1.36 = 0.9258 0.05[- %t ® a 0.004904 = 0.0001544 |
4.5 b 4911+ 1.092 - - b 0.08667 +0.003319 -
b od7s s s 680095 0T o1os 505005 04 005 608 07608
Total energy [GeV] Energy [GeV]
o ~ 6.5% at 100 MeV or ~ 110 ps at 100 MeV
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INFN The Mu2e Calorimeter (3) e

X 3x24 pre-production crystals tested > QA and Rad Hard OK - Production started

X 3x50 pre-production SiPMs tested - Production started
3x35 characterized, irradiation test up to 8.5%10™ nyye,/cM?, MTTF 2 6x10° hours

X Module0 built: Large EMC prototype (51 crystals, 102 SiPMs, 102 FEE boards)
with pre-productions and mechanics cooling systems similar to the final ones
> Test of integration and assembly procedures, test beam with 60-120 MeV ¢~

Csl Light Output Module-0 . Preliminary results Eres

120 T e 1780

Mean 87.7
- Std Dev 8.128

- 0

1 00 | Overflow 3
| %2/ ndf 39.41/14

| Prob 0.0003147

| n —0.0731+0.0758
80 | c 4.466 +0.291
3 90.19 +0.26

B N 1255+ 61.7

60

40 50 60 70 80 90 100 110 120
Energy [MeV]

010{) 110 120 130 140 150 160 170 180 190 200
N,/MeV
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di Fisica Nucleare

—
- A typical Mu2e event: Calo track seeding

500 - 169

-

5 ns window

. \‘ ‘] 3 2 ' 71

Search for tracking hits with time and azimuthal angle compatible with the calo
clusters ( |AT| < 50 ns ) = simpler pattern recognition + higher efficiency
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- Mu2e Cosmic-Ray Veto (1) 3.

Desired number of bkg: 0.05
Required CR veto inefficiency 104

* Veto system covers entire DS and half TS
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Outside / Front

* 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

11/10/2017 S.Miscetti @ LNF Theory Meeting - Frascati
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A

- Mu2e Cosmic-Ray Veto (3)

Test beam results with beam centered

MC well describes test beam data
on counter 1 m from readout end

s0 ONe fibre readout

Q testbeam data "
70 i_— o simulated values %500 f_. mm’_'”?::’.,:i:z‘t s
GOE'— 1 ’ n E I 3000-:._ —
50— “ -
S B 2500—
40— —
- 3 . -
30~ ' 2000
20 -
10;_ P ® 1500:—
E - - ooo:—
ol T T T R gl?st;n;e‘[":"?l 1 g
. soo_
Both fibres readout -
g’ eo : testbeam data 0 : , , " - 2 N
e ;_ ®  simulated values 0 50 100 150 200 PZESO
120 —
B Mwa, X The single-plane requirement is € > 99.5%
S ! Y _
sof- 3 ' = yield of 66 photo-electrons at 1 m
oo from readout end
40; 4 ' .
- - » X Test beam results give 92 photo-electrons:
20._ -
| N LN safety factor of ~ 40%.
O30 -20 -10 0 10

20 30
distance [mm]
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e 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 dead-time

» Cause radiation damage to the read-out sensors and
electronics (i.e. digitizers and SiPMs)

- Using HZDR P-ELBE for neutron damage characterization of EMDSIiPMs.

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

—> Other irradiation tests at medical facility in Chicago for neutrons

—> Planned for SEU with charged hadrons ..
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DIO Rate (Arbitrary Units)

" " w
Basic reconstruction scheme .

Nazionale
di Fisica Nucleare —_— _—

reconstructable tracks

2

e
=
@

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

BLIND TO Beam Flash and > 99% DIO
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=
INFN

~ Istituto Nazionale
di Fisica Nucleare

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~180 keV (2.5%)

600 -400 -200 O 200 400 600

11/10/2017

10’

10°

s

- UL
Qé{

momentum resolution at start dt

Reco Cuts

10>700.0 nsec
nactive>=25
t0err<0.90

fitcon>0.0020
fitmom>100.0
EN=0.3631

0.577<tan{ 4)<1.000

fitmomerr<0.250

idagker
RMS

Underflow
Overflow
¥/ ndt
Prob
Norm

x0

sigma

n

alpha
tailfrac
taillambda

-0.1017

0.3394

4

0

117.1/103
0.1626

5419+ 113
-0.04433 + 0.00306
0.1147 + 0.0027
3615+ 0.332
0.9598 + 0.0463
0.02894 + 0.00273
0.1786 + 0.0091

Py

—

Y

= \————
N

Fit: Crystal Ball + exponential

FESEEEE 6
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INFN DIO/CE final count with simulation

1_ rrrrrrrrrrrnrini
0.9 ~ Mu2e Slg%ulatlon m Conversion R, =2 x 1071¢
L 3.6 x 1047 POT
08 | —+ Total background (stat-+syst)
()
= 0.7 B ‘ 1 m DIO background
ﬁ Ot Other backgrounds
Yo 06 I
O. L
< 05 Signal region
2 ol - -
> 04F
S 0.3F
3 i
0.2

0
102 103 104 105 106
Track momentum, MeV/c

Discovery sensitivity accomplished with three years of running and
suppressing backgrounds to < 0.4 event total (50% cosmics, 35% DIOs)

R, <8x107@ 90% C.L.
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MuZ2e Expected Background

Category Background Process Estimated Yield

0.144 + 0.028(stat) = 0.11(syst)
0

scale with number
of stopped muons 0.021 = 0.001(stat) = 0.002(syst)
< 0.003
0.001 = <0.001

2.1+1.0)x10%
scale with number) ( )

of late protons
P 0.209 + 0.022(stat) = 0.055(syst)

0.040 = 0.001(stat) = 0.020(syst)

0.41 = 0.1 a‘stat . sysj!
Upper Limit on Rue <8 x 10" @ 90% C.L.
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INFN

Mu2e Schedule

CD-4

PS Fabrication and QA PS Installation

I
Fabricate and QA TS Modules, Assemble TS ' - l:
|

S Installgqtion

S

I DS Fabrication and QA DS Installation '

A

e i

|

Solenoid Checkout and CommissioningE
|
|

A

Accelerator and Beamline Construction .

A

racker Construction and Installation

e Trocker Constricion and instatation |

P - -

lorimeter Construction and Installation

-l_ca—l_!_.

Cosmic Ray Veto Construction I

TDAQ .

Cosmic Ray System TestD
L

' 1

Ps S

FY17

11/10/2017

FY18

FY19 FY20 FY21
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INFN (What-Next?) Mu2e > Mu2e-I| o 2

V_Cirigliano, R. Kitano, Y. Okada, P_Tuzon., arXiv.0904.0957 [hep-p

Project-X re-imagined to match
Budget constraints:
1) PIP-2 plans:
- 1 MW at LNBF at start (2025)
- 2 MW at regime at LNBF
- It can be used to deliver

a X 10 muons at Mu2e

Snowmass 2 Arxiv.1311.5278
Mu2e-2 > Arxiv.1307.1168v2.pdf

2) Depending on the beam
Structure available:
- study Z dependence
if signal is observed
3) If no signal is observed
Use x 10 events in Mu2e-II

Some modifications of the
detector > BR< 6 x 1018

Phys.Rev. D80 (2009) 013002

Rate /Rate in Al \ A\ \yz

z ‘;i :.E:;f. ' : ’ | ‘ \/,
g - ' '
L e
LA T~ D
" Pb S
Z

Figure & Target dependence of the g — ¢ comversion rate in different single-operator
dominance models. We plot the conversion rates normaliazed to the rate In Aluminom
(Z = 13) versus the atomic number Z for the four theoretical models described In the
text: D (blue), S (red), V' (magenta), V¥ (green). The vertical lines cocrespond to
Z =13(Al), Z =22(Ti), and Z = 83 (Pb).

11/10/2017

MU2E-Il workshop at Argonne : 8 Dec 2017
EOI in preparation > PAC FNAL summer 2018
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f-) .ll *.*uée
Ll.ﬁ N S umma ry =C

The Mu2e experiment:

 Improves sensitivity on u-e conversion by a factor of 104

 Provides discovery capability over wide range of New
Physics models

* |s complementary to LHC, heavy-flavor, dark matter, and
neutrino experiments ....

* |Is progressing on schedule. It will begin commissioning at
the end of 2020

 Start discussing about Mu2e-l|
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CLFV and Tau Processes

e Advantage:

 Beyond SM rates can be orders of
magnitude higher than in the
corresponding muon channel

e Disadvantage

~ 10-14 7
e 7's hard to produce: Sl = U

e ~10M ¢/yrvs ~10" y/sec in muon
experiments

7S help pin down models; e Cheng-Sher Ansatzw/m,.mj
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o~ e ——
W. Bertl et al., Eur. Phys. J. C 47, 337-346 (2006)

SINDRUM-II Results

e Effectively constant beam BAY ~ 7. 10~ @ 90% CL
pe o

* 51 MHz (~20 nsec) B
repetition rate, ~0.3 o0 mesmrement
nsec pulse o

 Small time separation g

between signal and L |

prompt pion backgrounds % I —

Class 2 events: prompt forward

* bottom plot is first half 10

of 20 nsec, top plot is
2nd half

N momZ(:\tum (MeV/c) v
e time lowers background

11/1|0?/2§§ernstein (FNAL) NuFact 2591 7
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Choice of Z for Upgrade

e \What Sets Material Choice? Lifetime:

u(Al)= 864 ns
u(T1)= 338 ns
Tu(Au)= 74 ns

0.08 —
_ Proton pulse [ POT puise Proton pulse
0.07 = n arrival/decay time ( x 1M)
0.06 = w arrival time ( x 400 )
— Prompt background  ----- u decay/capture time ( x 400 )
0.05E
QO4;;
OJISE
0.02F

Live Window
0.01

L — - -
-

......

| U S TR [ S S T SR SR S RN S S T S s w1 PR S
600 800 1000 1200 1400 1600 1800
Time (ns)

R. Bernstein (FNAL) 34 NuFact 2017

f L i S T S 1
0 200 400



e DeeMe at J-PARC uN—eN with a
2 x 10-14 SES, x10 better than

existing

DeeMe

e production target and
conversion target are the

same: not like Mu2e or COMET S

Concept of DeeMe

v 71~ Production
Io . 2 |n‘ﬂ|ght m— u_
Proton ..°::.'..°°\.° 2 u-e Conversion

A
TN

low-P BG

high-P

3 Muonic Atom Formation

A

A

Production Signal

Target Secondary Beamline

p —>T7T— p —>e
R. Bernstein (FNAL)

=

Magnet
Spectrometer

31

800F
700F
600F
500
400F
300
200
100F

Teshima, WG4

NuFact 2017



O Similar capabilities in physics reach

COMET vs Mu2e &3

(d 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.

1 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

COMET Phase-1 could be useful if successful to study background rate
COMET Phase-2 schedule ...not yet official
Mu?2e is fully approved = now looking for Mu2e-Il (Next @ PAC 2018)

d Great competition/collaboration = ALCAP @ PSI



Osaka University

Detector Section

Pion Production Target

™

Collimator

[+ RN
,D N

Proton Beam ")\

Muon-Stopping Target

Pion-Decay and
Muon-Transport Section

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

(1~3)x10°2 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 _ .
B , ST pion Experimental Goal of COMET
; capture

solenoid

B(p~+Al— e +Al) =26 x 10717
B(pm+Al—e +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

.. transport
a ‘f’/

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

« Stage-1 approved in 2009.

/

electron tracker
and calorimeter
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e Final Results on
Au:

11/10/2017

Byt < 7x107'% @ 90% CL

1074

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 |

102':

“|3&=  SINDRUM-Il Results (032

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

Class 1 events: prompt forward removed

+ +++ € measurement
¢{:u‘.}¢ e* measurement
—" ',  MIO simulation
oo 4 pe simulation
] e, "
P L,I;:ﬁ
i
8l0 I ' I ' 9|0 ' I l I 160
Class 2 events: prompt forward
+ tirmng Radiative Pi Capture higher
fhy |
o 100

100
momentum (MeV/c)
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L]

Run & 10288221

Event #: 395674

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

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



Z ng Mon
- Mu2e: Stopping Monitor
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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mf,? MEG UPGRADE parameters

L/ B PDF parameters Present MEG  Upgrade scenario
e" energy (keV) 306 (core) 130
e* 6 (mrad) 9.4 53
e’ ¢ (mrad) 8.7 3.7
e’ vertex (mm) Z/ ¥(core) 24/1.2 1.6/0.7
y cnergy (%) (w <2cm)f(w >2cm) 2.4/ 1.7 1.1/1.0
¥ position (mm) u/v/w 5/5/6 26/2.2/5
y-e” timing (ps) 122 84
Efficiency (%)
trigger ~ 99 ~ 99
0% 63 69
e’ 40 88

%“MGI&““GO“CT“
11/10/2017 E, (MeV)



The Mu3e experiment: Schematic 3D

Tile detector

Superconducting
solenoid Magnet

Fibre hodoscope

MIDAS DAQ and Slow
Control

Muon Beam and
target

\

Mupix detector

29



MU3e: Beam line looks promising 108u/sec, Magnet - 2019
The compact beam line: Results

A dedicated compact muon beam line (CMBL) will serve Mu3e

Proof-of-Principle: Delivered 8.4 10A7 muon/s during 2016 test beam

The CMBL i,New/

|

N Y
| \\ i

: Beam at the injection Mu3e solenoid point

Simulation

(02, 0y) =

(10.6,24.3)[mm)|

y (mm)

Data

. (ow,0y) =
(10.4,25.4)[mm)]

ol s




INFN MEG vs Mu3e o 7

A?ml 1) L) lllllll L ) lllllll 1) L lllllll
3 6000

< 5000}

= Mu3e decays test also values 4000F.............. 0T . Blu — eee)<10"®
of K larger than MEG but with T e
different (reduced) sensitivity )
al large K with respect to Mu2e

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

= Next phase aims to few 1016
.. Schedule is not yet clear

A8 s .

300
1 0 1

®
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