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Don't get the impression we understand 
everything ... or even very much at all!

We have theories 
which we think can 
describe “everything”, 
but we don't 
understand all the 
“whats” or “whys”.

● Why is the universe 14Gyrs 
old?

● What is the dark energy?
● Why is there dark matter?
● Why is there life?
● Why do proteins fold as they 

do?
● How do we design 

stronger/faster/lighter materials?
● Why does the neutron weigh 

more than the proton?
● Why are there multiple 

generations of particles?
● Why are there so many forces?
● Why do particles have mass?
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There are no experiments in “conflict” with 
the Standard Model

From the very 
largest structures 
known...

... to the very smallest.
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But all is not well: The flavor problem
Or: why are things heavy?

We have a descriptive, but not explanatory, solution: 
the Higgs Boson
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Why did we think this 
thing exists?

The data told us so!



To directly find the Higgs, we built the 
Large Hadron Collider
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There are lots of other issues, such as 
“Where's the rest of the universe?”

96% of the universe 
is not the matter 
I've told you about!

And we have 
absolutely no 
idea what that 
stuff actually is!
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Measured Cosmological Constant

¤CDM = 10¡47GeV4

¤QFT = 10167GeV4

Predicted Cosmological Constant

Some of that stuff - aka the 
dark energy -  controls the 
ultimate fate of the universe!



There are lots of different proposed solutions to 
these problems - “new physics”

● Supersymmetry
● MSSM, CMSSM, NMSSM, CNMSSM, ...

● Extra dimensions
● Small Extra Dimensions, Large Extra Dimensions

● Dynamical Higgs sectors
● Technicolor, Topcolor, Hypercolor, Supercolor

● Little Higgs models

None of these scenarios (yet) 
provide a complete solution ... and 

never will, in the absence of 
experimental data.
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On the energy frontier, we discover new 
particles by looking for them directly ...

... in heaping big piles of data!



On the Intensity Frontier, we do things a 
little differently...
● Precision Measurements

● Measure particular values better than anyone else 
ever has

● Rare Event Searches
● We look for “forbidden” or “unexpected” events to 

show themselves.



How far is it to Central Park?

?
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with fluorescent blue hair?



What's the natural frequency of people born 
with fluorescent blue hair?

Oh, and, make 
sure you aren’t 
fooled by people 
who dye their hair 
blue … and then 
lie about it!
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Precision 
Measurements

Rare Event 
Searches
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There's a “small” complication in a real 
experiment ...

... we don't know where 
the bullseye is!

These issues are particularly 
complicated on the Intensity Frontier



72

Muon physics holds a prominent place 
in the near term US HEP program

2014 P5 Report 
Recommendation 22: 

Complete the Mu2e and 
Muon g-2 projects.

Why this emphasis?
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In the particle zoo, muons are unique

GF

¹º¹

ºe

¹+ e+

Muons live (nearly) forever in 
particle physics terms – 2.2μs

GN

¹¡

º¹
p

n

Muons are easily created, live “forever”, 
are easy to manipulate, are easy to 
measure, and are easy to calculate.
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In the Standard Model, charged lepton 
flavor is (nearly) conserved

That is, lepton numbers are unchanged in any 
interaction: eg the number of muon like particles must 
remain the same

This is allowed This is forbidden
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violation

Although it has never been observed, we know 
that cLFV must occur, even in the Standard 
Model, through neutrino loop effects.
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Mu2e is a search for charged lepton flavor 
violation

However, the predicted SM 
rates are unobservably small:

Although it has never been observed, we know 
that cLFV must occur, even in the Standard 
Model, through neutrino loop effects.
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This is a good news/bad news story

First, the bad 
news: we’ll never 

observe this!

Now, the good news: we’ll never 
observe this!

Any signal of CLFV is unambiguous 
evidence for physics beyond the 

Standard Model!
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There are three powerful signatures of CLFV in 
the muon sector

Two-body

Two-body



99

Mu2e joins a long line of experiments designed 
to understand the mystery of lepton flavor

Lo
g 

S
ca

le
!



100

Mu2e joins a long line of experiments designed 
to understand the mystery of lepton flavor

¹ 6= e¤

º¹ 6= ºe

Lo
g 

S
ca

le
!



101

Mu2e joins a long line of experiments designed 
to understand the mystery of lepton flavor

¹ 6= e¤

º¹ 6= ºe

Lo
g 

S
ca

le
!



102

Mu2e joins a long line of experiments designed 
to understand the mystery of lepton flavor

¹ 6= e¤

º¹ 6= ºe

Lo
g 

S
ca

le
!

R¹e » 10¡15

Why now?
New physics at the weak scale 
generically implies cLFV rates
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Ordinary muon decay provides the primary 
background for these searches

¹§ ! e§°

¹§ ! e§e+e¡
MEG at PSI

Mu3e at PSI

Three body 
final state

These signals are buried under 
an avalanche of background
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Negative muons are “just” heavy electrons, so 
they also do everything electrons do!

-μ

Energy 
Loss and  

Thermalization

Atomic 

Capture 

Cascade

Muonic 

AtomEnergy 
Loss

e-

Nuclear Capture

Decay In Orbit

Different 
Nucleus

p
n

n

ν

Same 
Nucleus

e

ν

ν

e

Same 
Nucleus

Muon Conversion
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Ordinary muon decay-in-orbit is also the primary 
background for conversion searches

Four body 
final state
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This is our advantage: conversion is 
kinematically distinct from the background

Ee (MeV)

¹¡A(Z;N) ! e¡A(Z;N)

Our signal is a mono-
energetic electron at 
105 MeV, above the 
background tail!
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Current conversion limits come from 
SINDRUM II at PSI

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

Final results on Au: 

Rμe < 7x10-13 @ 90% CL

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

Why bother improving on this?  
Recall, we’re looking to improve 
by a factor of 10,000!
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In terms of energy reach, what does 104 
sensitivity improvement gain us?

We set their relative strength with a 
dimensionless interpolating factor·

1

·+ 1

·

·+ 1
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In terms of energy reach, what does 104 
sensitivity improvement gain us?

Improving the rate 
measurement by four 
orders of magnitude 
extends our reach in 
energy by an order of 
magnitudeMu2e

L
og

 S
ca

le
!

A. de Gouvêa and P. Vogel,
Prog. Part. Nucl. Phys. 71, 75 (2013).
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We want to measure an extremely tiny branching 
ratio

R¹e =
¡ (¹¡A! e¡A)

¡ (¹¡A! º¹A0)

Events in
signal window

Acceptance for 
signal events

Total number
of stopped muons

Well known nuclear
capture ratio
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Electron energy resolution is critical to 
optimizing conversion counting

We need a low mass detector design to 
minimize energy loss and resolution smearing!

Lo
g

 S
ca

le
!
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While backgrounds must be minimized to 
eliminate events that could fake a conversion

● Radiative pion capture
● Muon decay in flight
● Cosmic induced electrons
● Antiproton induced events
● …... 
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To put the experiment in perspective

To reach our single event sensitivity goal of 
2.5 x 10-17, we will need:

● 1018 stopped muons
● And we have to count them to 10%!

● 1020 protons on target 
● Must be fewer than one background event in the 
signal window
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Prompt backgrounds can be reduced with a 
pulsed beam structure

Adjust the live window to “wait 
out” the prompt backgrounds 
from pions and beam particles

Muon occupancy in 
the stopping target

Primary proton 
beam pulse

Arrival time distribution 
for secondary beam at 
the muon stopping target
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We can get this beam structure from the Fermilab 
accelerator complex

Muon(Campus(

Recycler Ring 

Delivery Ring

Mu2e

g-2

Mu2e

g-2

Delivery
Ring
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one NovA cycle
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8 Gev

120 Gev

NOvA batches are transferred 
to the Main Injector for 

acceleration to 120 GeV
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The neutrino program drives proton 
economics for the 8GeV program

8 Gev

120 Gev

The 2.5 MHz Mu2e 
Recycler RF system ramps 
up to rebatch from 2 to 8 

bunches...
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booster batches are loaded 

into Recycler for Mu2e
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Beam manipulations

The 2.5 MHz Mu2e 
Recycler RF system ramps 
up to rebatch from 2 to 8 

bunches
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Beam manipulations

Each of these bunches is 
individually transferred to 

the Delivery Ring 
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Beam manipulations
Resonant 

extraction slow 
spills protons from 
the DR and sends 
them to the Mu2e 
Production Target
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The production solenoid produces a backward 
beam to further reduce prompt backgrounds

BronzePieces
Water

Vacuum Liner

OuterS.S shell

Proton beam pipe

Production Target

Protons

To Beam 
Stop

To Extinction 
Monitor

The tungsten 
production target 
is about the size of 
a pencil

To Transport 
Solenoid

4.5T 2.5T

The graded field acts as 
a “mirror” for charged 
particles, increasing the 
flux of muons into the TS
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DIO background drives the design of the primary 
detector systems

Escape
thru center
of Tracker

Fully
fiducial

DIO

Si
gn

al

A detector with a hole down the middle can eliminate 
both beam flash backgrounds and the vast bulk of 
DIO events!

There are 
at least 1013 
of these … 

… for every 
one of these
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The Mu2e apparatus separates the production of 
muons and our observations of their decays

4.5T
2.5T

2T
1T

1T

Production Solenoid

Transport Solenoid

Detector Solenoid

~25m
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The transport solenoid sign selects charged 
particles

The curved transport 
solenoid separates charged 
particles in the non-bend 
direction.

Collimators in the 
central straight section 
reject most wrong sign 
particles, and can be 
rotated to change sign 
for calibration runs.
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The detector solenoid forms the heart of the 
experiment

2.0T
1.0T

Graded to reflect electrons toward the tracker

1.0T
Uniform to 
simplify tracking

Muon Beam
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The detector solenoid forms the heart of the 
experiment

The remnant muon beam and 
most DIO electrons pass 
through the central openings, 
and are caught by a beam stop.

The stopping target is a series 
of Al foils to intercept and stop 
the secondary beam.

Muon Beam
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The detector solenoid forms the heart of the 
experiment

The electron tracker is a 
low mass straw tube 
design with 18 planes of 
tubes transverse to the 
secondary beam

3196 mm1620  mm

Muon Beam
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The detector solenoid forms the heart of the 
experiment

Muon Beam

The calorimeter is a two 
layer, annular crystal 
calorimeter
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What will our detectors actually see during 
a beam pulse?

Straw Tracker Crystal CalorimeterStopping Target
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Timing information and sophisticated pattern 
recognition algorithms will extract signal tracks

signal e-
DIO e-

knock-out protons

straws with hits
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Of course, you actually have to put this thing 
somewhere

And that somewhere is a new, 
dedicated hall – part of the new 
Fermilab Muon Campus
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Of course, you actually have to put this thing 
somewhere

M4 Beamline

Proton Target
Inside Production Solenoid (PS)

Proton Beam 
Dump (a.k.a 
Absorber)

Remote Handling Room

Detector Solenoid Detector Train
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Primary target + 
production solenoid

Beam stop
Filter Pixel detector

Beam Extinction Monitor

Additional critical detectors live outside the 
solenoids, including a CRV, a capture rate 
monitor, and a beam extinction monitor

Cosmic Ray Veto
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Cosmic Ray Veto
Without an active veto, cosmics interacting with the 
muon stopping target produce one conversion-like 
electron per day

The CRV is a modular, 
four-layer scintillating 
plastic detector 
surrounding the DS, 
designed to reject 
99.99% of cosmic 
induced events
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Extinction Monitor

Extinction Monitor 
Detectors

Extinction Monitor 
Filter

Proton Absorber

Proton beam extinction 
during the 
measurement window 
must exceed 1010
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The stopping target monitor measures the 
absolute rate of muon stops

The STM will measure a variety of well understood gamma ray 
lines … under a high-rate brehmstrahlung background
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If there is new weak scale physics, Mu2e is in an 
excellent position to observe cLFV
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If there is new weak scale physics, Mu2e is in an 
excellent position to observe cLFV

For a 3 year run with 3.6x1020 POT, we expect a 
nearly background free signal:

The single event sensitivity goal is 2.5 x 10-17; our 
current estimate is 2.9 x 10-17

We'll see a signal of 50 or more events for models 
that predict conversion at the 10-15 level
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The Mu2e beamline enclosure and detector 
building have been completed
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We’re making significant progress on 
detector construction … 
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… and infrastructure installation is 
proceeding at a furious pace!
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Mu2e has a technically limited schedule that will 
lead to data early in the 2020s

Detector
Commissioning

CD-1 CD-3a CD-2/3b Project Complete

Detector 
Hall Design

Detector 
Hall Design

Superconductor 
R&D

Superconductor 
R&D

Detector ConstructionDetector Construction

Accelerator and Beamline Accelerator and Beamline 

Solenoid InfrastructureSolenoid Infrastructure

Solenoid 
Installation and 
Commissioning

Solenoid 
Installation and 
Commissioning

KPPs satisfied

Solenoid DesignSolenoid Design

FY14                 FY15                 FY16                 FY17                  FY18                 FY19                 FY20             FY21
Produced: February 2015

Site 
Work

Site 
Work

Cosmic
Tests

Cosmic
Tests

CD-3c

Solenoid Fabrication and QASolenoid Fabrication and QA

Detector Hall 
Construction

Detector Hall 
Construction

Fabricate and  QA SuperconductorFabricate and  QA Superconductor

Beam line
Commissioning
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There is clear future value in conversion 
experiments, whether they see a signal or not

The PIP-II program at Fermilab will bring 
significantly upgraded beam power to a Mu2e-II

If we do see a signal
● CLFV will be 
unambiguously confirmed
● Different target materials 
can be used to determined 
the structure of the new 
amplitudes

If we see no signal
● Significant model space 
will be ruled out
● Significant background 
reductions will be needed 
to strengthen exclusion 
limits

In either case, all detector and beam transport 
systems will need upgrades to handle the 
higher rates.
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In summary

Mu2e is on track to either unambiguously 
discover CLFV or push the limit on muon 
conversion by four orders of magnitude in 
the next decade.

For more information
●Mu2e Homepage: http://mu2e.fnal.gov
●Technical Design Report: http://arxiv.org/abs/1501.05241

http://mu2e.fnal.gov/
http://arxiv.org/abs/1501.05241

