The Mu2e and g-2 Experiments

A precision window into physics
beyond the standard model
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Mu2e and g-2 will probe new physics, new

models and new energy scales through precision
measurements and ultra rare searches
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Why look for Ultra-Rare Processes?

e We want to access beyond standard model physics
— This means access to High and Ultra-High Energy interactions
— We get to these energies through loops, and this means rare effects

* |deally we start with processes that are forbidden or highly
suppressed in the standard model

— Any observation becomes proof of non-SM physics
e Flavor Changing Neutral Curre
— FCNC in quark sector

. B—>,up,b—>s'y,K—> 2% _} . e

+ Allowed but HIGHLY suppresfeddn Standard Model

e Can receive LARGE enhancemep#g in SUSY and other beyond-SM physics
— FCNC in lepton sector

e u—evy,u—eee,uu N— e {Lepton Flavor Violating)

* No SM amplitudes (except via vddops)

e Permitted in beyond-SM ve extreme reach in energy



Lepton Mixing in the Standard Model

e We have three generations of leptons:

€ 1 T No SM couplings between
Ve Vy v generation!

In the standard model Lagrangian there is no explicit
mixing between generations

e But we have explicitly observed neutrino oscillations, and
this means that leptons DO mix.

e Charged leptons must mix through neutrino loops
4 ZE V*V
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e But the mixing is so small, it’s effectively forbidden




The Three LFV Processes

e There are three basic e New physics for all can
channels to search for cLFV come from loop level
. W
it E ety
pt — eFetet
g N—=e N

 Where if dipole like
interactions dominate we
expect a ratio of rates:
389to2.3to1
Note: u —eyand u —eee have

experimental limitations from e ForuN — e Nand u — eee
resolution and overlap with accidentals. we also have contact terms

Limits the overall Br()~1014



Beyond the Standard Model

 The LFV process can manifest in the uN—eN
channel in many models:
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General LFV Lagrangian

e Recharacterize as a model independent

frame work:
Loops
me — .
Lery = (THISFP'RUW‘?LFW Contact Interactions

BN on Alj>107 18

«—_
+ ey ALeer (Ary ur +drytdn)

B2 on Alp=10718

— Splits LFV sensitivity into Loops terms
and Contact terms

— Allows us to look as the energy scale A in
terms of the dominant interaction process

— The balance in energy reach shifts between
favoring uN—eN and y—ey measurements .

— For contact term dominated interaction
(large k) the energy the sensitivity in A
reaches upwards of 10*TeV for the

A [TeV)

1

conversion process
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Sensitivity to SUSY

e Rates are not small because
they are set by the SUSY

mass scale R S
E_.: Experimental bound
-13
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- Access to ultra high mass scales via 00 250 300

" — quantum corrections. (GeV)
mean observatic can access possibly access vg and other m

~((40) evel processes at scales 1012-10%* GeV/c?

55”

Hisano et al. 1997
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We Need Both uN—eN and u—e~y

e Knowing both mu2e
and mu2e gamma gives
us knowledge about the

structure of SUSY

Littiest Higgs (Bianke et ai.)
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uN — eN & SUSY Models

e Assuming we see a signal:

By changing target, we gain
sensitivity to the scalar,
vector or dipole nature of the
interaction

Need to go to high Z

Hard because 7small for large
Z (74, =72n5s)

But DIO backgrounds are
suppressed and
Conversion/OMC ratio scales
as Z

 Thisis a unique feature of
the uN —eN measurements
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A Brief History of u-LFV

| . #wl I Iu-L\IIF Bnlmrglgliﬁgdf&‘aetibns |
2e00 . pH—saN M2 FNAL _
’ Futurz pN—N iN-aN < 1071 Ay
First Mea I
6x102in [ Mu2e Energy Reach is
Effective I 1000’s of TeV
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The uN—eN measurement

(in a nutshell)

e Stop ~(O(10%8) 1~ on a target (Al, Ti, Au)
e Wait 700ns (to let prompt backgrounds clear)

e ook for the coherent conversion of a muon to a
mono-energetic electron:

Ee =M, — Nyecoit — (B.E.),°> = 104.96 MeV (on " Al)
 Report the rate relative to nuclear capture

R — F(u_N—ne_l\D
- I'N(p=N%—vy,N%-1)

e |f we see a signal, it’s compelling evidence for
physics beyond the standard model!
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We use the cascade of muonic x-rays and
the well known spectrum to normalize the

/ experiment.
Muonic Atom 1S Muonic Aluminum

* Start with a series of target foils ] 1 Decay in Orbit Spectrum 7 Al
* For Mu2E these are Al or Ti

al time)

* Bring in the low energy muon beam
* We stop ~ 50% of i ‘s
* Stopped muons fall into the atomic
tential
potentia ) Conversion & DIO
¢ As they do they emit x-rays Endpoint 104.96MeV
* Muons fall down to the 1S state and
a captured in the orbit
* Muonic Bohr Radius Michelle Peak
I T S \ L
{r,) = ez~ 19.6fm (for Al . Falls as §°
* Nuclear Size e
B=124Y3fm _36fm (forAl) (%)
D . Recoil Tail

* Provides large overlap in the muon’s - ' -
wavefunction with the nucleous’s .

100 101 102 103

Target

e For Z> 25 the muon is “inside” the o 00 um, circular foils (7Al)
adius tapers from 10 cm to 6.5

nucleous
. e \
*Once captured 3 things can happen 5cm spacing between foils

* Decayin Orbit: pu— — e v OV / /
¢

Lifetime: 864ns
DIO Fraction: 39.3%
Capture Fraction: 60.7%

v



Muonic Atom Ordinary Muon Capture (OMC)

e Start with a series of target foils
* We stop ~ 50% of i ‘s

* Bring in the low energy muon beam
* We stop ~ 50%

* Stopped muons Problem
potential These protons and neutrons
¢ As they do they

constitute the largest source of
* Muons fall down to )
a captured in the orb rate in the detector (~ 1.2 per p)

* Muonic Bohr Ra

(r) = -7z = The energy spectra for these
* Nuclear Size
B =12A41/3

ejected particles is not well known.

Nuclear Breakup w/

ProtdARNéUgn Ejection

* Provides large overlap in the muon’s
wavefunction with the nucleous’s

* For Z> 25 the muon is “inside” the
nucleous

*Once captured 3 things can happen
* Decay in Orbit: =~ — e w¥/ vo
* Nuclear Capture: =~ NZ — pNZ~1 /
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Capture is a contact like
interaction, scales as:

|¢u (O) | 2 Nprotons ~ Z*

Lifetime: 864ns
DIO Fraction: 39.3%
Capture Fraction: 60.7%



Muonic Atom

e Start with a series of target foils
* We stop ~ 50% of i ‘s

* Bring in the low energy muon beam
* We stop ~ 50% of i ‘s

* Stopped muons fall into the atomic
potential

* As they do they emit x-rays
* Muons fall down to the 1S state and
a captured in the orbit
* Muonic Bohr Radius
{r,) = "5 ~ 19.6fm (for Al)

pac
g ze?

* Nuclear Size

B=124Y3fm _36fm (forAl)
* Provides large overlap in the muon’s
wavefunction with the nucleous’s

* For Z> 25 the muon is “inside” the
nucleous

*Once captured 3 things can happen
e Decay in Orbit: p~ — e v
* Nuclear Capture: = NZ — pNZ—1
* New Physics! i.e.uN—eN

E, ~ 105 MeV

S xo
@\)o &

Coherent Conversion (n—e)

Nucleous Is Left Unchanged

N

Coherent Conversion to the
ground state scales as ~ Z°.

Rates: (WUN—eN)/(OMC)

rises as Z. Moving to high Z

buys you sensitivity
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Mu2E & NOVA/NuMI

beam accelerated to 8 GeVic

e How do we deliver (O(1018)

Mu2e

bunched p's? peector ol

Booster

Recycler
I‘“l‘llmﬂlln

33, . 303 . 11 . 11 ) S 1. .
&

ToNUMl s ccumulator (8 Giev)

] Debuncher (8 Gey) Linac

P - [ } Booster
A:EI

Tey Exbraction
Target  Collider Aborts

8 GeY
Inj

Main [hgchor
150 Gy

Use NuMI cycles in the Main injector

Héecaygﬁr to slow spill to Mu2e.
pavo . p - £ No Impact on NOVA
l‘h‘ah”u ,-*’f
U %
\F;*xn Tevalron Results in:
1 Tey 6 batches x 4x1012/1.33 s x 2x107 s/yr

— 20
FNAL Users Meeting 2009 — 3.6 x10 protons/yr 17



Beam Structure

e u’sare accompanied by “prompt” e, 7, ....
 These cause real background
e Must limit our beam extinction, and detector live window

,I I:Beam Pulse

Extinction of 107{-7}
demonstrated at BNL AGS

Muons Arrive
at Target

Live Window : /\

Must allow Prompts to die out

N

L L i 1
1000 1500 2000 2500 3000 3500
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Backgrounds

Background Evts (2x10Y7
e DIO, RMC, RPC 2 ( )
) k d i Decay in Orbit (DIO) Tail 0.225
°
Dom Inant Bac grou nas i Decay in flight w/ scatter 0.036
o Pr9mpt back_grognds Beam Electrons 0.036
drive the extinction Cosmic Ray 0.016
—In .parthUlar’ Rad 7I Cap' K Decay in flight (no scatter) <0.027
drives the extinction ,
. Anti-proton 0.006
requirement |
. Radiative u capture <0.002
— Estimates are for an S 0.001
extinction of 102 adiative mt capture :
.. D in flight <0.001
— Monte Carlo limited on " VT8
estimates Pat. Recognition Errors <0.002
Total 0.415
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Signal to All Backgrounds

e Signal significance

— If we assume SUSY like the LHC will see:
e Mu2E will see ~(O(40) events
 On 0.5 event background °

4.5
— Even at 10-15 4 RM6=10—16
2 3.5
e MuZ2E sees ~ 5 events g s :

e on 0.5 event background

— This is a Strong Signature

5.5 0 0 O e, i G S
- /B ) 103 1035 104 1045 105

reconstructed momentum (MeV)

Conversion peak
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The Mu2e Detector in Detail
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Production Solenoid

Magnetic

Mirror Effect
8GeV Incident Proton Flux

51
o
.4 Field
3x107 p/pulse (34ns width) - olenoid 3 /

Primary  production
off gold target

m decays to w

L is captured into the transport

solenoid and proceeds to the
stopping targets

FNAL Users Meeting 2009 22



Transport Solenoid

* Designed to sign select
the muon beam
— Colimator blocks the

positives after the first
bend

— Negatives are brought
back on axis by the
second bend

e Gradient along solenoid
prevents particles
getting “trapped” to
reduce long transit time
trajectories

Sign Selecting
Collimator
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The Detector

Electromagnetic

Calorimeter -

Tracker Stopping %
Target

 The detector is specifically design to look for the helical
trajectories of 105 MeV electrons

 Each component is optimized for maximizing signal
detection and suppressing Decay in Orbit Backgrounds

FNAL Users Meeting 2009 24



Straw Tracker

* Longitudinal Tracker
Features:
— 2800 straw tubes in vacuum
— Utilize 17,000 pad readouts

— 50% Geometric acceptance
to signal (90° + 30°)

— Intrinsict resolution 200keV

wnnoep

— Virtually Immune to DIO
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Straw Tracker
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project

Crystal Calorimeter

Original Design:

5% energy measure for trigger decision
(1Hz rate)

Timing edge for event reconstruction
Provide PID verification (E/P)

Spatial match to tracker trajectory
Immune to DIO rates

T=+10C
T=25C

Resolution
Material A2 [
Readout

Blocks

egmentation

=1.86 %@ 1 GeV

energy resolution o/E /%

5

?||||||E|||

8.05 015 02 025 03 035 04 045 05
9' incident energy / GeV

Trigger Rate

FNAL Users M®ting 20 Light yield

»* DIO Radius

5%

PbWO,

Dual APD

500 per fin, 4 fins
30x30%x120mm3
1kHz
20-30p.e./MeV




Cost and Schedule

Total Project Cost Est. $200M (fully loaded, escalated,
appropriate contingencies)

Received Stage-1 Approval and CD-0 anticipated shortly

Technically Driven Schedule (magnet wholely magnet driven)

results in 2016 start of data taking

Signification R&D, Auxiliary Measurements and Test Beam

work proceed in parallel to construction

Mu2e Experiment Technically Driven Schedule

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

Ql1{Q2|Q3|a4
ag. CDR

ailaz|as|as

ailaz2|as|as

a1laz|aslas

ailaz|as|as

a1laz|as|as

a1laz2|aslas

a1laz2|as|as

a1laz2|as|as

a1laz2|asfa4)
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G-2 AT FNAL



Intro & Theory

* | owe you a good theory slide



e g-2is extremely
sensitive to SUSY
through the same
dipole like
interactions that cLFV
channels are

BR(t—=pny)x10

1 15 20 2 30 3Im 40
exp: YD Aa,x10"

e These are amplified
by tanP} and can be
used with LFV results o
to constrain many
models

FNAL Users Meeting 2009

g-2 and SUSY

43 50

BR{p—ey)x10"

50

W15 20 25 30 35 4D 45
exp: GZZZZF7 Aa x10"

Snowmass Points & Slopes w/ g-2

SPS 4
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Expt

SPS 1a®
L]

" Future
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[ ]

E |
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The g-2 Measurement

The muon is self analyzing, and the
precession frequency is directly obtained

0 -
c C A A
o i
Te} B J "w‘l
—  Momentum Z 106 =a ,(Da
510 E
— Spin % i
— 9 Sl
w“ ma:pB 8 %
4
10 =/
N Wa
10 E’ \ " VAVEVYAVAY ',:’\' AAXNA A & =
v 2 -_‘\‘!: \“lst'.';";\&}‘;‘l‘vuf’f\yy,}i'}yrm\'r\‘ ."’;“\\'ﬁ‘ "p N /" ‘r\- , ' ¥ V¥ -.\."‘ ‘\/ \‘ ‘f;:j_ ! »'\\ Fi
. . L . g }" \:‘,‘ M .h. \ﬂ" “
This method requires extremely 10 3 vy \.Yf L,‘ \-‘ q\/"‘v, \yf‘
precise knowledge of the B field S N S B
0 20 40 60 so

1OC
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10

High Rep Rate
84 fills/1.4s — 60Hz — 14.5x BNL
20 the statistics in one year of running!
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upgrade

e Magnetic Field is improved

BNL Storage Ring Flies to Chicago!
Ll through shimming and calibration

9 —oTe B o = ; .
\ = - Sl = -

—_—

e FNAL beams offer more \mu
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Coherent \mu N \rightarrow e N

e |nitial State is a target nucleous N

e First Stop a low energy \mu - beam in the
material

* The muon sees the nucleous and cascades
down to the 1S orbital with a Bohr Radius and

nuclear size: (r.) = ;21 = 19.6fm (for Al)
R~ 1. 2A1/3fm = 3.6fm (forAl)

¢
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