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2 What is pe Conversion? (37

muon converts to electron in the presence of a nucleus
uw N —e N

T(p~ +(A,Z) —e +(A,2))
F'p=+(A,2) - v, +(A,Z-1))

e

e Charged Lepton Flavor Violation (CLFV)
e will measure R, <6 x 107'7 @90%CL

e Related Processes:

| or z — ey, e‘ee, KL—pe, and more

R. Bernstein, FNAL 4 Mu2e PSI1 2010




T
.2

e A Single Monoenergetic
Electron

e If N=Al Ec=105. MeV

onZ

* Nucleus coherently recoils
off outgoing electron, no
breakup

R. Bernstein, FNAL

* electron energy depends

Experimental Signal (3.
uw N —e N

5,
3
o

5

Mu2e

PSI1 2010

will use this many times, so take a moment




# “Who ordered that?” 2.

— |.1. Rabi, 1936

After the u was discovered, it was logical to think the
L is just an excited electron:

* expect BR(u—ey) = 104

e Unless another v, in Intermediate Vector Boson
Loop, car S -

7, 7
ne L, Vo ¢
= same e v

1Unless we are willing to give up the 2-component
neutrino theory, we know that y —~e+v+v,

R. Bernstein, FNAL 6 Mu2e PSI1 2010

this is really the question of flavor and generations: why?



MuZ2e:

R. Bernstein, FNAL

3% Current and Planned
Lepton Flavor Violation

Searches

CLFV in SUSY
LFV with 7’s/ e* e-
MEG and u—-ey

e Strengths of muon-electron conversion

e Complementarity to other processes

7 Mu2e

g
-€

PSI1 2010

what’s going on in the world now?




3= | Fv SUSY and the LHC (3%

Access SUSY
Supersymmetry  through loops:

signal of
Terascale at LHC
..................... implies

. § . ~40 event signal /
0.4 bkg in this
experiment

R. Bernstein, FNAL 8 Mu2e PSI1 2010

let’s look at some specific models



Re

Neutrino Oscillations and CCZ
Muon-Electron Conversion

* Vv's have mass! individual lepton numbers are not
conserved

e Therefore Lepton Flavor Violation occurs in Charged
Leptons as well

~ NO STANDARD
MODEL
BACKGROUND!

3a

—— | UpUe =
i~ ety o
82m | S5, M2,

BR(p—ey) =

R. Bernstein, FNAL 9 Mu2e PSI1 2010




2L CLFVand Tau Decays (V3

Highly suppressed in Standard Model

<
m T - - o
- T Vi oV, il T Vi oV H o
—_— S o K —p— po
X 'c?) \ ] \ 1 [eo)
© = AN W+ / \\\ W+,/l B %
O3 I ol 2
S v ’ =
e U -
ol Milder =
—z SM ~ 1040 GIM SM ~ 10-14 o
= Cancellations o
Bad News:

Good News:

BSM rates are several
orders of magnitude larger
than in associated muon
decays

7's hard to produce:
~10"%t/yr vs ~10" p/sec in
fixed-target experiments
(Mu2e/COMET)

also e—r at electron-ion collider?

M. Gonderinger, M. Ramsey-Musolf, arXiv:1006.5063v1

R. Bernstein, FNAL 10 Mu2e PSI1 2010




3& Supersymmetry in Tau LFV(Z3))

L. Calibbi, A. Faccia, A. Masiero, S. Vempati hep-ph/0605139

Neutrino-Matrix Like (PMNS)  Minimal Flavor Violation(CKM)

T pyat tan i = 10
10

PAINS s
CKMecay

S = tanf =10

BR(7 — py) x 107

BR(r — p~) - 107

L a8
M () M, 5 (GeV)

L. Calibbi, A. Faccia, A. Masiero, S. Vempati, hep-ph/0605139

neutrino mass via the see--saw mechanism, analysis is
performed in an SO(10) framework

R. Bernstein, FNAL 11 Mu2e PSI1 2010




2  And Muon-Electron

Conversion

tan g = 10
Neutrino-Matrix Like (PMNS) Minimal Flavor Violation(CKM)

1 in Tiat tan 3 =10

BR(u — €) x 102w e ]
measurement e e
can distinguish —=.__ | Mu2e
between PMNS -~ RN —
and MFV — J
Project X reach M1/2. (GeV)

L. Calibbi, A. Faccia, A. Masiero, S. Vempati, hep-ph/0605139

complementarity between Lepton Flavor Violation
(LFV) and LHC experiments

R. Bernstein, FNAL 12 Mu2e PSI 2010

squarks and gluinos ~ 1 TeV should be visible at LHC and Mu-e gamma, 2-2.5 TeV perhaps
beyond LHC but effects detectable in mu-e conversion



# Contributions to pe Conversion

Supersymmetry Compositeness Leptoquark
Mg =
A, ~ 3000 TeV 3000 (A, ghq)"? TeV/c?
W & w——e—d
q q d —Q— e
Heavy Z'

Heavy Neutrinos Second Higgs Doublet _
Anomal. Z Coupling

M. = 3000 TeV/c?
e W————¢
v.2,Z'

|U nUenl? ~ 8x10-13 g(H,e) ~ 10*g(H,,.)

q q—i—q

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

R. Bernstein, FNAL 13 Mu2e PSI1 2010

note both loop processes and new particle exchange, will come back to this next slide. note article or excellent discussion



2&“Model-Independent” Form &)

LcLrpv = ﬁﬂRauueLF#ﬁ- ﬁﬂL’meL(ﬂL’)’uuL + JL%dL)
“Loops” “Contact Terms”
mass scale A
K €
k=0 < > k=1
N
Supersymmetry and Heavy
Neutrinos
Contributes to p—-ey Does not produce p—ey

Quantitative Comparison?

R. Bernstein, FNAL 14 Mu2e PSI1 2010




Je
B Le Conver3|on and u—>e’y

A (TeV) g P
- B(u— e conv in 8Tl)?_1_(_) _____

1) Mass Reach I PrOJeC X Muze
to~10¢Tev | _ g
104 F B(u— e conv in “®Ti)>107® 8
2) about x2 , % ?
beyond MEG in — .
loop-dominated — T Bloep™ g
physics I | £
=

INDRUM
K \\\‘C] klh(p( llPrB ok

PSI 2010

R. Bernstein, FNAL

generally acknowledge for experimental reasons mu e gamma will not get much better -- this
improvement is only a factor of 5 ——point to MEG/MEGA, but mu-e conversion can improve by
10,000 --SINDRUM to Mu2e. Independent of model! If supersymmetry, great —-- but if not, can
reach to 10A4 TeV for new physics. This is a unique contribution made by mu-e conversion. You
know about COMET/PRISM proposed here in Japan: different design, similar sensitivities.



F 3 -
== Overview Of Processes

- stops in thin Al foil
p stops in thin °". i in 1s state

the Bohr radius is ~ 20 fm, Al Nucleus
so the i sees the nucleus ~4 fm

' 60% capture
40% decay

muon capture, i@/"

muon “fa”S into” muon decay in orbit|
nucleus: 4 — vy | Decay in Orbit:

nuclear muon capture

normalization | .. .z -v,+@z-1 background

R. Bernstein, FNAL 16 Mu2e PSI1 2010




3=  Three Possibilities:

Normalization
muon stops X-Rays from
[ & cascade
H (occurs in psec)

r :
YAVAY,
detect these
for
normalization
Transition Energy Is
3d— 2p 66 keV
2p— 1s 356 keV

3d—1s | 423 keV
4p—1s | 446 keV

R. Bernstein, FNAL 17 Mu2e PSI1 2010




-l
¥ Normalization to Nuclear Capture

1) measure stop rate 2) calculate capture rate/stop
Kitano et al. ,Phys.Rev.D66:096002,2002, Erratum-ibid.D76:059902,2007. e-Print: hep-ph/0203110
Vi

Al(27,13) — Mg(27,12)

uN — eN

1 A1(27,13) — v, Mg(27,12)
R. Bernstein, FNAL 18 Mu2e PSI 2010

then compute R,




3=  Three Possibilities:

Signal

off to detector!

coherent recoil of nucleus

R. Bernstein, FNAL 19 Mu2e PSI 2010




Re

Three Possibilities:

Background

this electron can be background;
let's see how

R. Bernstein, FNAL 20 Mu2e PSI 2010




35 - 3.
A Decay-In-Orbit: =
Not Normally Background

e Peak and Endpoint of
Michel Spectrum is at
_m+m]

= £ =52.8 MeV
2m

e Detector will be
insensitive to
electrons at this

energy

max

e Recall signal at
105 MeV>>52.8 MeV

R. Bernstein, FNAL 21 Mu2e PSI1 2010




35 3.
Decay-In-Orbit Background

e Same process as
before

e But this time, include
electron recoil off
nucleus
Vi

e If neutrinos are at
rest, the DIO electron
can be exactly at
conversion energy
(up to neutrino mass) Ve

What happens to the
Michel Spectrum?

R. Bernstein, FNAL 22 Mu2e PSI1 2010




2L Decay-in-Orbit Shape 3

Michel spe

“I from free

1 Decay in Orbit Spectrum 2Tal

at the endpoint

— E)S

( conversion

“Ee (MeV)

L E, MV
100

R. Bernstein, FNAL

23

Mu2e PSI1 2010




3E Prompt Backgrounds

Particles produced by proton pulse which
interact almost immediately when they  [wwrrweesr |
enter the detector: =, neutrons, pbars =

Entries 17475

Edries
=]
8
T

RMS ‘2.2.7 |
e Radiative pion capture, 7-+A(N,Z) —y +X. B | ELE |
SR
* ,up to my, peak at 110 MeV; y— cte-;ifone  ™Tle  wmes| |

P4 0.6085 = 0.0417

electron ~ 100 MeV in the target, looks like skl osn-oios

signal \ 1

energy spectrum of y measured on Mg i
J.A. Bistirlich, K.M. Crowe et al., Phys Rev C5, 1867 (1972) '
200 )
i
also included internal ol
conversion, TN - e'e’X w ® w\wo i 1o
Energy (MgV)
R. Bernstein, FNAL 24 Mu2e PSI1 2010

76 MeV from relativistic kinematics



Re

SINDRUM-II

e Rye <7 x1073in Au

e Want to probe to 6 x 10'17(

e =10% improvement

R. Bernstein, FNAL

Prompt
Background

Current Best Experiment 2.

uon Decay
in Orbit
1 —

85 90

Experimental

originating in

%I\\\‘\\I\l\\\\l

Expected
Signal

t 1—>e conversion at
B.R.=4x10""

95 100 105 110 115 120
total e” energy in (MeV)

signature is 105 MeV e-
a thin Ti stopping target

25 Mu2e PSI1 2010




Re

SINDRUM-II Results &/

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

Class 1 events: prompt forward removed

* Final Results on e ;m © measurement
. E iy e measurement
Au ’ ~ ' MIO simulation
102* Hd . .
BAY < 7x107* @ 90% CL oo, [ Smuaton
@ 10 quf =
* Note events 5 . T
beyond signal £ ‘ ‘ S
. 3 80 90 100
reg |On Class 2 events: prompt forward
bt
e can't just " , Hﬂ
epesta AR
higher @ T
statistics momentum (MeV/c)

R. Bernstein, FNAL 26 Mu2e PSI1 2010




-l Oy
¥ \What Limited SINDRUM-II @

51 MHz
width ~0.3 nsec E | ENTNTITITSTR

Background : b) pion induced
I ittl e ti m e Se pa ratio n Radiative Pion Capture (RPC): 7T Au — Y+ Pt followedty Y —> €'€”
b e tWe e n Kinematic endpoint of photon spectrum around 130 MeV' ! Branching ratio of order 2%.

No way to distinguish an asymmetric e* e -pair (with little e* energy and " energy at 95 MeV) from e !

= Needs strong pion suppression : only ~ 1 pion every 5 minutes is allowed to reach gold target!
signal and prompt ’

> use degrader 8m in front of

2 tune gold target to separate u's
b a C kg r O u n d beamline to and x's by their different

positron distributions suppress high stopping power. Penetrating

i tai slow pions decay in PMC.

= BUT: Degrader is now pion ‘ ‘ ‘
copimmeroerar . \[mES J[ | \

from RPC are collected by || L

Bpyc and transported
towards the gold target
where they may scatter into

(typ. forward i
> use solid angle and

cyclotron phase
correlation to cut. [

. g o ..-”z AIA,J : [
2) T de ca y n fl Ig h t_) ev e HEP 2001 (W.Borti - SINDRUM H collaboraton )

* dafom)

Two Pion Backgrounds:
1)radiative & capture

fefem)

cosmic rays also an issue; need excellent veto, ~99.9%
R. Bernstein, FNAL 27 Mu2e

PSI1 2010

point to radiative pi capture in b), explain degrader and veto. We use a different method, beam extinction,
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.2

Review:

Two Classes of Backgrounds

Decay-In-Orbit

Prompt

Source

Intrinsic Physics

Radiative = Capture:
Mostly z’s produced

LUt in production target
Spectrometer Design: DeS'an oiivton
. : eam,
Solution |resolution and pattern

recognition

formation, transport,
and time structure

R. Bernstein, FNAL 28 Mu2e PSI1 2010




2& How Can We Do Better? ("3
Pulsed Beam Structure

>103 increase in muon intensity from SINDRUM

Requiring

Pulsed Beam with waiting period to
Eliminate radiative = capture

protons out of beam pulse/ protons in beam-pulse < 10-10
and we must measure it

R. Bernstein, FNAL 29 Mu2e PSI1 2010




T 0r.
W Advantage of Pulsed Beam@

target foils: muon converts here &8 - muons, electrons, pions
n

pulsed beam lets us
ee* wait until after prompt
— Y prompy!  backgrounds
disappear and rate
lowered

RPC:

TN—yN
y—ete in foils

delayed 105 MeV electron

R. Bernstein, FNAL 30 Mu2e PSI1 2010




# Pulsed Beam Structure @

* Tied to prompt rate and machine: FNAL “perfect”
e Want pulse duration << e , pulse separation = T,/fl

* FNAL Debuncher has circumference 1.7usec , ~x2 T,‘f‘l
» Extinction between pulses < 10° needed

= # protons out of pulse/# protons in pulse

1,694 ns

~3x107 p/bunch

e 109 based on simulation
of prompt backgrounds
700ns —  Detectoriive and beamline

| N I N Y N N Y Y N (SO O O (S |
f 900 ns |

100 ns

Inter-bunch
extinction ~10°

R. Bernstein, FNAL 31 Mu2e PSI1 2010




gt Pulsed Beam Structure )
and Radiative = Capture

7N — YN,y — ete”
[ Stopped Pions Vs Time, HARP | Entries 115209
Mean 155.3
10° il RMS 44.23
107
102
10" wait 700 nsec
10"

reduced 101"

‘ ‘260‘ ‘ ‘4$0‘ ‘ ‘630‘ ‘ ‘860‘ ‘ ‘1000‘ ‘ ‘1500
need a beam that lets us wait this long: FNAL
R. Bernstein, FNAL 32 Mu2e PSI1 2010




#Choice of Stopping Material@
rate vs wait

rate normalized to Al
e Stop muons intarget osp R R
(Z,A) Rate =

\_
/

* Physics sensitive to
Z: with signal, can 101
switch target to f".’ :
probe source of new s \ .
physics . Z

V. Cirigliano, B. Grinstéin, G Isiddfi, M.Wise Nucl.¥hys.B728121-134,2005.

« Why start with Al? S A e

shape governed by relative conversion/capture rate, form factors, ...

R. Bernstein, FNAL 33 Mu2e PSI1 2010
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.2

Prompt Background

and Choice of Z

g
-€

choose Z based on tradeoff between rate and lifetime:
longer lived reduces prompt backgrounds

R. Bernstein, FNAL

e Conversion| Fraction
Nucleus | Rue(Z) / Rue(Al) [Bound Lifetime Energy. || >700ins
104.96
Al(13,27) 1.0 864 nsec MeV 0.45
: 104.18
Ti(22,~48) 1.7 328 nsec MeV 0.16
95.56 .-
Au(79,~197) ~0.8-1.5 72.6 nsec MeV negligible
34 Mu2e PSI2010




# Extinction Scheme 2.

achieving 107 js hard; normally

get 102— 103 3 /
* Internal (momentum scraping) : znsitn sl
 External: —~
e high frequency (300 KHz) )
dipole with smaller admixture —T—
of 17th harmonic (5.1 MHz) : et
e Sweep Unwanted Beam into
collimators
e Calculations (MARS) show -
Br

this sufficient
R. Bernstein, FNAL 35 Mu2e PSI1 2010




2= Extinction Measurement (/3.

e Continuous Extinction monitoring techniques
under study

o Statistical

o Off-axis telescope looking at production
target

e Thin foils in 8 GeV transport line before
and after AC-dipole

* Proton-by-Proton count

e hard to handle dynamic range of beam-on
to beam-off

R. Bernstein, FNAL 36 Mu2e PSI1 2010




Jt
.2 Detector and Solenoid

e Tracking and Calorimeter

* Decay into muons and
transport to stopping
target

e S-curve eliminates
backgrounds and sign-selects

* Production: Magnetic bottle traps backward-going =

that can decay into accepted u’s
R. Bernstein, FNAL 37 Mu2e PSI1 2010




o
" Production Solenoid:

Protons enter opposite to outgoing muons

Protons leave
through thin
window —— &8

Target

Proton Target
Shielding

n’s are captured,
spiral around and

Pions
decay

Protons enter here |

4m x0.30 m
R. Bernstein, FNAL 38 Mu2e PSI1 2010

muons exit to right




T
.2

e Curved solenoid

eliminates
line-of-sight
transport of
photons and
neutrons

e Curvature drift

and collimators

sign and

momentum select

beam

Transport Solenoid

occasional ¢*

A

13.1 m along axis x ~0.25 m

R. Bernstein, FNAL 39 Mu2e PSI1 2010




Detector Solenoid

octagonal tracker surrounding central region:
radius of helix proportional to momentum,
p=9BR
low momentum particles and
almost all DIO background

Re

1013

1018

signal even

and produce hits
R. Bernstein, FNAL 40 Mu2e PSI1 2010

so background goes down center and signal spirals out to tracker



Re

XXX

¢ |Immersed in solenoidal
field, so electrons follow
near-helical path

e Conversion Electron born
in Stopping Target

e Tracker followed by
Calorimeter

R. Bernstein, FNAL

Tracker: (straw tubes with axes transverse
to beam)

216 sub-planes
sixty 5 mm diameter conducting straws

length from 70-130 cm
total of 13,000 channels

Calorimeter:
1024 3.5 x 3.5 x 12 cm PbWOsor LYSO
4--5% resolution

41

Mu2e

PSI1 2010




I 0y
bl Signal and Background

® Ry = 10_16
147

5— - § Y 5.5

c 10 ) s

W H Conversion Events at R, = 10
s I C
€ r 8
> aC B
g °r C DIO Events
8 [ 6
S L
T 2 r
§ °F L
[T 41—

Uy C

C 2

B -

102 102 T R [ R B

'Foz 1025 103 103.5 104 104.5 105 PR RS T R T R TR T T
Electron Energy (MeV) -ucted momentum (MeV)

energy loss in stopping target and other material shifts

electron down to ~104 MeV
R. Bernstein, FNAL 42 Mu2e PSI1 2010




2  Final Backgrounds (%!

e For Rpe = 10-15 Source Number
0.225
~40 events / 0.4 bkg ——" 2L t o
(LHC SUSY?) adiative & capture .
u decay-in-flight 0.072
e For Rye = 10-16 Scattered e- 0.035
~4 events / 0.4 bkg n decay in flight <0.0035

Il 53%: 1 decay in orbit
Il 14%: radiative n capture
[ 9%: beam electons
Il 9%: u decay in flight (tgt scatter)
< 7%: n decay in flight (no tgt scatter)
B 3%: cosmic rays
[ 1 1.4%: anti-protons
Il < 1.2%: pattern recognition errors
Il < 1.2%: radiative 1 capture
Il < 0.2%: = decay in flight
Il 0.2%: radiative & capture from late ='s

R. Bernstein, FNAL 43 Mu2e PSI 2010




2% FNAL Beam Delivery (37

¢ FNAL has unique, major strength:
Multiple Rings

* no interference with NOVA neutrino oscillation
experiment: we use beam NOVA can'’t use

e reuse existing rings with only minor modifications

* antiprotons for TeV use two rings and we will
use those

¢ we do not need access before Run Ill would
end

R. Bernstein, FNAL 44 Mu2e PSI1 2010

big strength of FNAL: can run without interference



2L Site and Building Layout (37

‘ m ;ACONVENTIONAL FACILITIES ‘ ‘

e Looking hard at
variety of options

e Technical and cost
considerations

R. Bernstein, FNAL 45 Mu2e PSI1 2010




F& Much Progres§ in Solenoi@
Design

e Starting to talk with vendors about construction
of solenoids; much interest in bids

incident proton beam pipe

R. Bernstein, FNAL 46 Mu2e PSI1 2010




2 Upgrades at Project X (037

* Project X is a concept for an

intense 8 GeV proton source that
provides beam for the Fermilab oz,
Main Injector and an 8 GeV —
physics program.

ILC-liko 8 GeV H Linac
9 mA x 1 msec x 5 Hz
Recycler

Main Injoctor
1456 cycle

» Can drive next generation
experiments in intensity frontier
physics: rare processes,
neutrinos

* Potential to upgrade
MuZ2e by x7100

10mA DC p+ source

*study new physics
eset stronger limit s
R. Bernstein, FNAL 47 Mu2e PSI 2010
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.2

R,‘
Rycy,
R,
oo
i3 /

1. Change Z of Target
to determine source of
new physics

2. Prompt Rates will go
up at higher Z, have to
redesign detector and
muon transport

R. Bernstein, FNAL

Upgrade Plans...

48

g
-e

1
w
)

1. Both Prompt and
DIO backgrounds must
drop to measure

Rue ~ 10-18

2. Detector, Muon
Transport, Cosmic Ray
Veto, Calorimeter

Mu2e PSI1 2010




Re

Cost and Schedule

e This is a technically limited schedule

e Critical Path is Superconducting Solenoids

e $200M “fully-loaded” Total Cost

Mu2e Schedule

FY2009 | 2010 2011

2012

2013 2014

2015

2016

2017

2018

R&D, Conceptual Design

R&D, Design

18 mo.

R. Bernstein, FNAL

—>
CD-1 CD-2/3a | CD-3b
—>

[Q1/Q2/Q3|Q4[Q1/Q2|Q3]| Q4]

Q1]Q2 0302 Q3/04/Q1/Q2/Q3/Q4]|Q1/Q2|Q3/Q4)

Construction

[Q1/Q2/Q3|Q4

Q1/Q2/Q3|Q4

Q1/Q2|Q3/Q4|Q1

Q2/q3|as

Data Taking

12 mo.

49

Mu2e

PSI1 2010




# uMu
¥ \What Does This Mean? @

Mu2e Schedule

FY2009 | 2010 2011 2012 2013 2014 2015 2016 2017 2018

Q1/Q2/Q3/Q4[Q1]/Q2|Q3/Q4|Q1/Q2|Q3|Q4[Q1/Q2/Q3|Q4[Q1/Q2|Q3/Q4]|Q1]/Q2|Q3|Q4|Q1/Q2/Q3|Q4[Q1/Q2|Q3/Q4]|Q1]Q2|Q3 Q3/Q4

design, prototyping, test beam...

R&D, Conceptual Design

R&D, Design

Construction
18 mo.
Data Taking

CD-1 test extinction

12 mo.

R. Bernstein, FNAL 50 Mu2e PSI1 2010




-l . qr
aF Conclusions o 8

e MuZ2e will either:

* Reduce the limit for Rue by more than four orders of
magnitude  (Rue <6x10"77 @ 90% C.L.)

* Discover unambiguous proof of Beyond Standard
Model physics and

* Provide important information either
complementing LHC results or probing up to
104 TeV mass scales

* With upgrades, we could extend the limit by up to two
orders of magnitude or study the details of new physics

R. Bernstein, FNAL 51 Mu2e PSI1 2010




& 57

And Perhaps Answer Rabi’'s Question
about the physics of flavor and generations

&

B .
Y

Who ordered that?

R. Bernstein, FNAL 52 Mu2e PSI1 2010




