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Mu2e and charged lepton flavor violation

The Mu2e experiment will study muon-to-electron conversion in the
coulomb field of a nucleus: ;N — eN

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

These reactions are strongly suppressed in the Standard Model. For
example, BR(z — ey) ~10%in the SM, effectively zerolll

New Physics could enhance CLFV rates to observable values

Observation of CLFV is New Physics

€
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“Cj_ze Already a long history...

Many people have searched for CLFV in muon decays
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Hﬁie Probing New Physics

New Physics can enhance rate to observable values, either through
loops or exchange of heavy intermediates particles
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/3 CLFVand SUSY

Probe SUSY through loops

If SUSY seen at LHC — rate ~10-15

Implies dozens of signal events with
negligible background in Mu2e for

many SUSY models.
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L. Calibbi et al., hep-ph/0605139

SUSY GUT in an SO(10) framework
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Complementary with the LHC experiments and provide model discrimination
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/“%.  Muon-to-electron conversion

Neutrinoless conversion of a muon to an electron in the field of a nucleus

uN—e N

T +N(AZ)>e +N(AZ))
“ T'(u +N(A,Z)— all muon captures)
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/“%.  Muon-to-electron conversion
Neutrinoless conversion of a muon to an electron in the field of a nucleus
uN—e N

T +N(AZ)>e +N(AZ))
“ T'(u +N(A,Z)— all muon captures)

Experimental signature:
One single mono-energetic electron
‘ For N=Al, electron energy = 105 MeV

Coherent process, the nucleus remains intact
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Main backgrounds

Muon decay in orbit (DIO)
Radiative pion capture (RPC)
7N—-yN, y—>eteeand 7 N — e*e'N’

Antiprotons: produce pions when they
annihilate in the target

Pion/muon decay in flight
Electrons from beam

Cosmic rays

Muon decay in orbit

u Decay in Orbit Spectrum for 27Al

(Econv - Ee)®

0.015
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Czarnecki et al., Phys. Rev. D 84, 013006 (2011)
arXiv:1106.4756v2

Need to suppress both DIO and prompt backgrounds
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1695 ns

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

Need a pulsed beam to wait for prompt background to reach acceptable levels!
Fermilab can provide the beam we need !
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HCZE Fermilab muon campus

Mu2e building

« Small changes to existing accelerator complex, reuse as much as possible
* Mu2e and g-2 can run this decade

* Run in parallel with Nova, no interference with neutrino program

* And you're close to the cafeteria, can't hurt in winter...
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/%,  Mu2e overview

Production Target / Solenoid (PS)
* Proton beam strikes target, producing mostly pions

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

Target, Detector and Solenoid (DS)

Transport Solenoid (TS) « Capture muons on Al target

Selects low momentum, negative muons
Antiproton absorber in the mid-section

e Measure momentum in tracker and
energy in calorimeter

e Graded field "reflects” downstream
conversion electrons emitted
upstream (isotropic process)
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Muon Beam Stop

: A._w’l”m g |

muon stopping target

Tracker EM Calorimeter

Graded field “reflects” downstream a
fraction of conversion electrons
emitted upstream (isotropic process)
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* Tracker is made of arrays of straw drift tubes
(red/blue stripes in tracker stations)

« 21600 tubes (and many more screws) arranged in
planes on stations, the tracker has 18 stations

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

Stations are rotated

Tracker station

Tracker

Bertrand Echenard - FNAL - June 2013 - p22




/%, Calorimeter
Two disks separated

Two disks composed of hexagonal LYSO crystals by 4 wavelength

« Provide independent measurement of tracker
energy / time / position

« Alfernative tracking, seed for track
finding algorithm

* Particle identification
» Independent trigger

Disk geometry I I
. Hexagonal crystals
« Charge symmetric, can measure i N — e*N 9 4
« Allow pion z* — e*v, calibration /n situ

« Use e* from RPC to estimate background from
e in signal region without opening "the box"

The 1 N — e* N’ channel can probe heavy neutrinos and leptoquarks models.
MuZ2e will greatly improve the existing limits!
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Solution: cosmic ray veto

e Three sides around the detector

« Scintillating counters read by
silicon photomultipliers

« 99.99% efficiency

« Excellent time resolution (< 5 ns)

» Resistant to neutrons

Veto-DS-T
— —
| NeutronShleld S |
VetoDs-L | | ;.| | || veto-DS-R

04 = : im
e Detector
o Solenoid

| )

i L i PP} ] A ) T te i g - " {
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Quite challenging to find the conversion electron,
good tracker performance and pattern recognition algorithm critical !l
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”556 Expected sensitivity
3 years running period with 1.2x102° protons on target per year

Reconstructed momentum
assuming conversion rate 10-1°

Background Size Uncertainty E ‘F i 7.560+17 stopped muons
Muon Decay-In-Orbit 0.22 +0.06 | ormrhan e ntee
Antiproton RPC 0.10 +0.05 § 3|  10>710.0 nsec DO integeet = 3014 0088
Cosmic Rays 0.05 +0.05 T: 25 n:;::l:::-:ﬂ Conv. integral = 24,365 + 0.335
Radiative Pion Capture 0.03 +0.007 “ fitmomerr<0.2
Muon Decay-in-Flight 0.01 +0.003 g
Pion Decay-in-Flight 0.003 +0.0015 15 DIO H
Beam Electrons 0.0006 +0.0003 E h % Sianal
Radiative Muon Capture | < 2 x 10=° — : ||1, TR g9
0 i ERE N — A | —
i il | Laoaa il syl

i ded i il s o e iy oy bl i
o 101.5 102 W0eLs 103 1035 104 104 5 108 1085 106

p MeV/c
Bottom line:
Single event sensitivity: Rue:2x1o—17
90% C.L. (if no signal) : R <6x10-17

Typical SUSY Signal:

~50 events or more for rate 10-1°
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” : Ze Mu2e schedule

The schedule is technically limited , driven by the solenoid construction
Start construction in 2014 and start taking data (cosmic rays) by ~2019.

TNIEE

[®)
[

=)
()

Calendar Year

Current status:
« (D1 granted in June 2012
« Preparing CD2/CD3 review mid-2014 (TDR + final or near-final design)

« Break ground on building fall 2014

Bertrand Echenard - FNAL - June 2013 - p.27



”Cje Mu2e possible upgrade at Project X

Have a well deserved drink!

ves Change the target to study

the underlying New Physics

No

Have a drink anyway...

V. Cirigliano et al., PRD 80 (2009) 013002 Backgr'ound mUST d@CI"@GS@
............ —— 1'0 measurle Rue 01- 10-18

Rue(Z) I Rue(Al)

I : Y VY
) Z,y penguin
el Y | Redesign muon transport and
| E:__";'i':‘ ) N 1 Dipole detector to run at Project X
:iig??ill T T S'-: I
Al Ph calar
VA
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/%, Conclusion

We will measure muon-to-electron conversion with a single event
sensitivity Rue ~2x10-7,
MuZ2e is complementary to the LHC , and will either

provide unambiguous evidence of Physics beyond the Standard Model,
and help elucidate the nature of New Physics

OR

improve the current limit on Rue by four orders of magnitude,
probing New Physics up to 10* TeV.

MuZ2e at Project X could further improve the limits by two orders of
magnitude or study the signal in detail.
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Pick your haystack...







/"% Fermilab accelerator complex

Fermilab ideally suited for MuZ2e

« Booster: batch of 4x10'2 protons

every 1/15% second | Recycler Ring
- Booster "batch” is injected into the Q 4
RCCYCICP r‘ing s Recycler to P1 connection

and Extraction Kicker

« Batch is rebunched into 4 bunches

. These are extracted one at a time to B A o U = -;I:O:Ainjecﬁon
the Debuncher ring R - T WK

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

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

Pulse structure: width « 1 (Al) with separation ~ 2 x 1 ,(Al)
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”gz e Current best result: Sindrum II

SINDRUM II at PSI

Final results on Au:
R, < 7x10"3 @ 90% CL

One candidate event past the end
of the spectrum. Pion capture,
cosmic ray?

Timing cut shows the contribution
of prompt background (0.3 ns muon
pulse separated by 20 ns)

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

[ “prompt removed"

Class 1 events: prompt forward removed
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G. Signorelli

MEG experimental method
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Easy signal selection with
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» p: stopped beam of 3 x 107 Y /sec in
a 205 pm polyethylene target

- PSI =E5 beam line: 29 MeV p*

e et detection

magnetic spectrometer composed by
solenoidal magnet and drift
chambers for momentum

plastic counters for timing

¢ y detection

Liquid Xenon detector based on the
scintillation light

- fast: 4/22 /45 ns

- high LY: ~ 0.8 * Nal

- short Xy: 2.77 cm
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