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E» CLFV

With neutrino mass, we know that
lepton flavor is not conserved

The SM CLFV process would be
strongly suppressed:

3o Am3, 54
B(p— en )_fm Y URU, 7 < 10
i=2,3

U/

Any observation of CLFV would be new physics
Beyond the Standard Model (BSM)!
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&P Muon CLFV history
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INFN

Current best limits:

BR(u—ey) <4.2x 10-13MEG2016
BR(u—3e) <1 x 1072 SINDRUM 1988
Rue < 6.1 x 10-13 SINDRUM-II 2006
Rue <8 x 10-17 Mu2e goal
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Why muon conversion

iIs unique?

Most promising CLFV are based on muons:

- clean topologies & large rates

- the SM contribution is negligible: no SM background

U-e conversion covers the BSM on very broad range of models
- Three stars signals discovery potential
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&P Muon CLFV-BSM (v

Heavy Neutrinos Second Higgs Doublet  Supersymmetry
2 13 - =4 - =15 .
ol  IUmUel?~8x10” o(H,.) ~ 10%g(H,,) rate ~ 10 Models which
@) : o
¢ N e f }'-%K ) can be
T S ~ @@ —e probed also by
< 2
q =] a o g ‘ q 5 ] U—ey searches
c A H??EZ i Compositeness Leptoquark . .
5 | Anomal. £ Loupling Mg = Direct coupling
| M, =3000 Tevic? Az = 3000 Tev 3000 (Auaheo) TEVIC2  hatween quarks
8 u . & 0 ~_ /E' M ' d and |epT0nS,
C V2T e L better accessed
O i |
Q q : q a- ~q J o & by uN—eN

also see Flavour physics of lepfons and dipole moments, arXiv:0801.1826;
Marciano, Mori, and Roney, Ann. Rev. Nucl. Sci. 58, doi:10.1146/annurev.nucl.58.110707.171126

Probe mass scales A 2000~10000 TeV,

significantly above the direct reach of LHC
® R.Donghia, The Mu2e experiment 25/09/19 @6




@ Why muon conversion

iIs unique?

e K = - 7
Leury = (= + 1)A2 5 BRO e F* m!tLTnEL(?LLT”?LL +dry*dr)

Loop dominated Contact dominated

All Limits are at 90% CL

Muon conversion is an unique probe for
BSM:

« Broad discovery sensitivity across all
models

« Sensitivity to A (mass scale) up to

thousands of TeV e

« Clear experimental signature
Neutrinoless and mono-energetic Buoey)<d 21013
electron Excluded (u—ey)

Ec = 104.97 MeV MEG

Scaling factor between .

contact and loop interaction 10 o 1 1O1> K “
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\\ Rye (uN—eN on Au)<7x10713
\\\Excluded (uN—eN on Au)
\  SINDRUM-II

er arXiv\: 1303.4907




MuZ2e goal CINFR

« Measure the ratio of u-e conversions fo conventional muon captures
u-e conversion in the presence of a nucleus

L+ N(A,Z) s e +N(A,Z)
\

Nuclear captures of muonic Al atoms

Rue —

« And set an upper limit:
Re <8 X107 (@ 90% CL, with ~ 10'8 stopped muons in 3 years of running)

» Discovery sensitivity: all R ¢ > few x 10714
Covers broad range of new physics theories

@«-

Al
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@ Measurement technique (INFN

1. Low momentum p beam (< 100 MeV/c)

2. Stop muons on Al target = trapped in orbit around the nucleus
3. Look for an excess around 104.97 MeV/c in the electron spectrum

Szafron and Czarnecki, arXiv:1505.05237
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@ Measurement technique (NFN

1. Low momentum p beam (< 100 MeV/c)

2. Stop muons on Al target = trapped in orbit around the nucleus
3. Look for an excess around 104.97 MeV/c in the electron spectrum

Szafron and Czarnecki, arXiv:1505.05237
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The keys to AR

MuZe success

High intensity pulsed proton beam
« Narrow proton pulses (< = 125 ns)
*  Very few out-of-time protons (< 10-19)
+ 3x107 proton/pulse
o ~20,000 muons per bunch e

~

1695 ns

L 4

u arriving at :Dlstribul:iom are not in mhi
Stopping Target

Decay time of muonic Al

o 10 muons/second |
o 10 GHz muons stopping rate __
. EUU 1000 1200 400 1600 18§00 2000
ime (ns)
Beam hits -
target N Next

High efficiency in transporting muon to Al target Prompt bg bunch
« Need of a sophisticated magnet with gradient fields Mainly Decay in

Orbit background

Excellent detector for 100 MeV electrons

- Excellent momentum resolution (< 200 keV core)

- Calorimeter for PID, triggering and track seeding

- High Cosmic Ray Veto (CRV) efficiency (>99.99%)
- Thin anti-proton annihilation window(s)
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Accelerator scheme
> for muon beam

o Booster: batch of 4x10'? protons every 1/15t
second (8 GeV, 8 kW)

o Booster “batch” injected into the Recycler
ring and re-bunched into 4 bunches

o These are extracted one at a time to the
Delivery ring (ex De-buncher)

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

Bunches of ~3x107 protons each, separated by
1.7 ﬁs (delivery ring period) and
then sent to the Mu2e PT

It runs together with neutrino beam for
NOVA

It cannot run together with Muon g-2

® R.Donghia, The Mu2e experiment

Recycler Ring
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Campus and
Mu2e hall <G

Detector Hall Building f’ Inside Mu2e Building
o Broke Ground (April 2015) s * =

o Building Acceptance (March 2017) 3 o (R i |
Infrastructure installation (on going)
o LCW pipes, Bus bar, Cable Trays
o Interlocks, Networking, DAQ

o Cryo Distribution box ...

- Tﬁ-a
[ )

bl
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Production Solenoid / Target
« Protons hitting target and producing mostly m

« Solenoid reflects slow forward u/m and Transport Solenoid

contains backward p/m « Selects and transports low

momentum p-

Proton Beam

Iy
L mo s |
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Calarimeter

Tracker

A
v

25 m

Detector Solenoid: stopping target and detectors
« Stops yu-on Al foils (decay tfime ~ 864 ns)
« Eventsreconstructed by detectors, optimized for 105 MeV momentum

® R.Donghia, The Mu2e experiment 25/09/19 @14



Conversion electron
trajectory

calorimeter

straw tracker

proton absorber
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No hits
M,
Some
s hifs
0 | 50 100
Electron Energy (MeV)
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MuZ2e solenoids

Superconductor

« PS, DS are being built by General Atomics (USA)
« TS is being built by ASG (Italy)

« Conductor production is complete

I o e
4 13 11

Length (m)

Diameter (m)

Field @ start (T)

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

Cold mass (tons)
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1,7 0,4 1,9
4,6 25 2,0
2,5 2,0 1,0
3 52 1
14 44 17
10 3 6
80 20 30
11 26 8

i 24 7

Cross-section of Extruded TS Conductor
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Status of PS/DS
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Status of TS

"N _LJJE‘S*.'E‘ - 4 I"-,1nr1uIP T
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Module 12

Overall TS modules

construction better
than 1/3 of total!
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First half of TSU completed.
Progress on second half moving
forward at a good pace.




Detector requirements:

O

O

O

Small amount of Xq
o, < 180 keV @ 105 MeV
Good rate capability:

Low mass straw drift tubes design:

5 mm diameter, 33 - 117 cm length
15 mm Mylar wall, 25 mm Au-plated W wire

80:20 Ar:CO, @ 1 atm

20 kHz/cm?in live window
Beam flash of 3 MHz/cm?
dE/dx capability to distinguish e”/p
Operate inB=1T, 104 Torr vacuum

4’

Maximize/minimize acceptance for CE/DIO
® R.Donghia, The Mu2e experiment

Dual-ended readout with timing (2D/plane)
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&P Tracker performance (v

8-channel profotype test with cosmic rays:

anl . . . 0 lZ'tS:
5 "I'Longitudinal G = 4241 mm 5 jransverse
g | resolution Ij Gdata = 43:-1 mm 20 ::-5-res°|Uﬁon Odata = 0.133 + 0.022 mm
£ ) M7, Owmc = B ", oyc =0.102 £ 0.001 mm
= 0 I
< < 0.04| f 3 s B-Straw Prototype
_- ‘ t4  — 8-Straw Prototype Fit
sal yoal ' g — G4 + Straw Simulation
| j L‘ B ----G4 + Straw Simulation Fit
"3":_ 0.01
ot L ‘:N‘" ............... L M e R a | I S T TR T N SR S T T
300 0 104 200 00| D5 0 05 1 1.5
Longitudinal Position Residual (mm) Drift Radius Residual (mm)
T magHer 1017
" . BMS 0.3394
L . . " |Core width=115 keV/c Underflow 4
X Well within physics requirements High tail slope=179 keV/c/} Overfiow 0
High tail fraction=2.9% | & o il e

Prob 0.1626
Morm 5419+ 11.3
%0 -0.04433 = 0.00306
sigma 0.1147 £ 0.0027
n 3.615 £+ 0.332
alpha 0.9598 + 0.0463
tailtrac 0.02894 + 0.00273
taillambda 0.1786 £+ 0.0091

=<

Robust against increases in rate

X Inefficiency dominated by geometric
acceptance

Full simulation of tracker resolution

||]4|}| J|||'I||||

4

4 3

Reconstructed - true momentum [MeV/c]
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&>

« Straw Procurement completed (30k straws)

« Straw production well progressed
- Complete fixtures in May 2020

Panels
« Design Complete
» Production assembly fixtures being fabricated
 UMN Panel Factory & QC Station set up
-2>Pre-production panel #12 completed
—>Production will start soon after

Plane
* Plane assembly tooling fixture design nearly complete

e ————
——

Electronics

« Incorporation of rad
hard FPGA in progress

Panel. Straw [Astallation
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Requirements
-> PID to distinguish e/mu

- Seed for track pattern recognition

| > Tracking independent trigger

. ~> Workin 1T field and 10“Torr vacuum

| > RadHard up to 100 krad, 10 '2n/cm?/year

- High acceptance for CE signal @ 100 MeV:
Energy resolution < 10% (@ 100 MeV)
Timing resolution < 0.5 ns
Spatial resolution <1 cm
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Module-0: 51 crystals, 102 SiPM/FEE channels
Test @ BTF in Frascati using e- beam [60MeV,120MeV]

i

> 5.4 % (7.3%) energy resolution @ 100 MeV for 0° (50°) A A ey
impact angles. Excellent data-MC agreement : Mp—— :

= Timing resolution < 150 ps with one sensor

= Mu2e requirements satisfied!

® R.Donghia,

E [MeV]
The Mu2e experiment
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# Crystals

700

800

500

400

300

200

100

o Custom SiPM array (w Homamatsu), FEE, Readout electronic
o Radiation hardness test of FEE and DIRAC done

o 1100 out f 1450 crystals produced and tested
o 4000/4000 SiPMs produced and tested

o Vertical slice test done

o Mechanics under construction in Italy

QA of crystal production

—— Expected delivery for each vendor
SICCAS delivered

S1.Gobain delivered
s S} Gobain rejected
_______ Updated delivery plans
,,,,,,, SGB conservative delivery plan

I

=]

2 4 6 8 10 12 14 16 18 20
Manths since Feb-2018
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&P Cosmic Ray Veto

Cosmic ray muons will produce one fake signal event per day without a CRV.

Composed of 4 layers of extruded plastic scintillators

(a coincidence of 3 out of 4 is used)

2 WLS fibers (1.4 mm diameter) + (2x2) mm?2 SiPM readout

Placed around DS and part of TS area
Required efficiency: 0.9999

TS-hole

5 cm x 2 cm counters Al cover Outer absorbers

\ Di-counter 10 cm
\ 3 A~ B Inner absorber ——"
-a-o"o-o---cso".-o---n-t"o----oaoollf* - /‘ ||

acaa][0scaliscso]osealigeoso]osesligeosa oseaigsosoos ./ - g. offe=
oo o][@s  ole o« o] 0= = <[ o » o]| 0= » s[E = o = o] @= © aE= o = 0| -fﬁ-o- offoe
N . o N '=
@ o <[+ o = o][0= o <= o = 9 | CXESIEET [0 o «s o = 9 fos e sEme o = 9 J[es o s o = o] 0% » s @)= o = o] o= o s@Do o » o

Front-end board enclosure Front-end board enclosure
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Cryo-hole

CRV module and electronics design completed:
« 4 pilot production modules fabricated
« QA test meet the requirements
« Electronics production underway
~30% of the SiPM tested
FEE-boards produced @ Kansas State Univ
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Signal window INFN

Signal electron, together with all the other hits/tracks occurring simultaneously,
integrated over 500-1695 ns window

Tracker Calorimeter

straws with hits
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@ Three years run
Expectation by full Simulation CNFN

Mu2e simulation
3.6 x 10%° POT

m Conversion R, = 2 X 10-16

| —+ Total background (stat+syst)
‘ 1 m DIO background

Other backgrounds

o o o o
S N oo ©

=
ot

o o
W =~

Events per 0.05 MeV /c

o o
=\

|

| |
i s e B N M |

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

Discovery sensitivity (7.5 events) accomplished with three years of running and
suppressing backgrounds to < 0.4 event total (50% cosmics, 35% DIOs)
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Project schedule (v

Il

Solenoid Connections, @

1

1

1

1

1

1 1 1 1
| |

1 |

1 |

: ; Checkout and Commissiohing

1 1

Project
@—|Closeout !

1 1 1 I
I 1 ! I 1 1 (@]
: : PS Fabr|cation and QA PS Installation : : T
: l T . : : <
1 1 1 =
Fabricate and QA TS Modules, Assemble TS : TS Installation : ,@,
T T (@]
| i . i BE
= = 1 !
S DS Fabrication and QA DS Ingtallation :
1
1
1
1
1
1
1
1

Accelerator and Beamline Construction

L3 £ L3

-

. 10 months of float
Tracker Construction and Installation |

T T T T
| 1 | 1

Calorimeter Construction and Installation

T 1 T I
| 1 1 1

Cosmic Ray Veto Construction

-
1 1 1

TDAQ

-

1

1

1

1

|

|

|

1

1

1

1

l

1
‘Project Complgte

1
|
|
1
1

A

1
Cosmic Ray Systerrll Test

b e e e e e = e e e e e e = e e e = = e = = = =

FY17 FY18 FY1S FY20

FY21 FY22

| Installation 2020-2021, Commissioning 2021-2022, Running 2023 |
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Summary and (R

conclusion

The Mu2e experiment will exploit the highest intensity muon beams
of the Fermilab complex to search for CFLV

» look for NP BSM with high complementarity to other programs while
increasing reach and diversification in model testing

« Improves sensifivity on conversion exp. by a factor of 104 and probe
mass scales up to thousands of TeV

« Physics running from 2023, installation will begin next year

« Start discussing about Mu2e phase-2, planned to increase (x 10)
Intensity and sensitivity!
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Thanks!

Raffaella Donghia
LNF-INFN

On behalf of the Mu2e collaboration

Gran Sasso Science Institute, L'Aquila, 23-27 Settembre 2019
105° Congresso Nazionale della Societa Italiana di Fisica

<R fFermilab MUSE.

Laboratori Nazionali di Frascati
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Installation of beam magnets well along:

vacuum system

insfrumentation upstream of the diagnostic absorber in
progress
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Production target

Target design being finalized in the fall
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d Construction (T galﬁ@:nStttlf u@ t&f@;ﬁrconductmg

(Genoa)
[ Overall TS modules construction better than 1/3 of total

[ Second test unit (M5/M6) assembled on warm bore. Mated together
perfectly.

Alienment ongoine.

TS cold mass manufacturing process
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Signal window
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background

Prompt bkg: almost all protons, unstopped muons,
stopped and unstopped pions will arrive at the detector
before observation window
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Let’s party! Higher rates, background
must decrease to measure

Change the target to study
the underlying NP

Upgrade proton source and Upgrade proton source and
detector to achieve precision | | detector to improve sensitivity
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CRV module and electronics design complefed
Modules ?
o Extrusion fabrication completed i
o Di-counter fabrication at UVA @ 50% :
o 6% of Module fabrication
Electronics
o Pre-production FEE Boards completed
Installation tests underway at ANL
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