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Introductions



1. Why do we use muons to probe the Standard 

Model? How?

2. What details matter for precision experiments?

3. Where might we see the next cracks in the SM?

Goals for this talk



What details matter: Example from yesterday @ LEP 

• LEP's energy measurement is sensitive to the orbit of the 

moon, the level of water in Lac Leman, and the departure of 

the TGV from Geneva station.



Overview

Muons as a 

SM Probe

SM/BSM:

Muon g-2 

BSM I: EDMS 

BSM II: Mu2e

Conclusion



Exceptionally Useful Probe

Heavy, 2nd Generation Particle

High Sensitivity to New Physics

Produced and Decay via Weak Int

• V-A structure in pion decay

• Muon Decay

Can produce hydrogen-like atoms

Muon lifetime is “just right” 2.2 ms

Precision Muon Physics: Why Muons?
• We have studied the muon since its discovery 80 years ago

• What useful properties do you know about muons?



Global Precision Muon Physics Experiments

PSI

Lifetime – Fermi constant (MuLan, FAST)

Muon Capture – (Mucap, MuSun, AlCap)

Proton Radius – (mp/d Lamb Shift, CREMA, MuSE)

CLFV  - (MEG, MEG-II, mu3e)

Materials – muSR

Techniques – LE Beams, HI beams

TRIUMF

Decay Parameters

- TWIST

Materials - muSR

Fermilab

Muon g-2 (E989)

Muon eDM (E989)

CLFV – mu2e

JPARC

Muon g-2 

(E34)

CLFV –

COMET, 

DeeMee

Muonium

Spectroscopy 

- MUSEUM

Past Present Future

RCNP

HI Beams 

Facility –

MUSIC

Theoretical work also very widespread

RIKEN-RAL

Materials – muSR

Techniques – LE beams



Precision Muon Physics to Establish the SM

• SM Electroweak Physics involves three parameters
Two gauge coupling constants: g, g’

Higgs vacuum expectation value: v

• Values fixed experimentally via precise determination of:
Fine structure constant a, known to 32 ppb

Z boson mass, known to 23 ppm                  

Fermi Coupling constant, GF , known to 9 ppm  (Giovanetti, 1984)

0.14 ppm contribution from 

radiative corrections (Pak 

& Czarnecki)

0.09 ppm contribution
18 ppm contribution 

dominated uncertainty



1. Prepare “radioactive 

source” of muons in a 

thin stopping target

• Avoid “early-to-late” systematics

– Gain Changes, Pileup

2. Detect decay 

positron

m+ beam

MuLan Experimental Technique

0.5 ppm!



The Muon Lifetime: An Important Input to MuCap

m-

p 1. Observe muons form 

Muonic Hydrogen Atoms in 

an ultra-pure protium TPC

2. Use Similar Technique: Measure m-

disappearance rate

3. Compare m- disappearance (via 

menn) to m+ lifetime

4. Extract very different physics

  %16.0  mm




MuCap: Extracting the proton’s pseudoscalar coupling, gP

Sensitive to the nuclear environment

gP(Chiral Pert. theory) = 8.26 ± 0.23

gP(MuCap) = 8.14 ± 0.55

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.91.055502



Aside: Precision Measurements
• Goal:  ~10 ppm precision on muon disappearance rate

• Disappearance rate (decay) ~455,000 s-1

• Capture rate on proton         ~       700 s-1

• Capture rate on deuteron     ~       400 s-1

• “Good” muon stop 

• md diffusion (cm / tm )

• Finds a “high” Z 

material

Stopping m forms md atom w/ ~45 eV

Ramsauer-Townsend minimum

m-

Z

• Capture rate on Aluminum   ~705,000 s-1



Simplest process on 

compound nucleus 

Clean channel to 

determine Low 

Energy Constant in 

Effective Field 

Theories

This LEC directly relates 

to astrophysical and 

neutrino scattering 

processes

MuSun: ProtiumDeuterium, Different Physics Goal



Proton Radius Puzzle

e-

m-

Muonic Hydrogen

• Muons probe the proton significantly deeper 

than electrons

• Improve precision of the proton charge radius



Muonic Hydrogen Lamb Shift Technique

1. Form Muonic Hydrogen

2. About 1% of muons cascade 

to meta-stable 2S state

3. Use laser to induce 2S-2P

4. Measure 1.9 keV x-ray in 2P-

1S transition



Muonic Hydrogen Lamb Shift Differs from Electronic 

Experiments

• Hard to build

• Easy to interpret

• md Lamb shift confirms 

observation

See: R. Pohl et al. Nature 466 (2010) 213.



Recent (2017,2018) Measurements Maintain the Tension

• Diversify e spectroscopy

• Pursue the missing quadrant 

(MUSE experiment)



SM So Far

Precision measurements using the well-established 

muon as a probe continue to validate critical Standard 

Model parameters and sometimes reveal Puzzles

• MuLan  GF – SM Electroweak Observable

• MuCap  gp – Nucleon pseudoscalar coupling (ChPT predicts)

• MuSun  dR – Low-energy Constants of EFT

• CREMA  rp – Proton-radius 



Muon g-2: The Basics

m  = g 
q

2m
S

g =         2               +

am
SM = (gm

SM-2)/2 = am
QED + am

EW + am
QCD

g = ++ +

O(10-7)QCDO(10-3)QED+ O(10-9)EW  +



SM determination of am



A Tour de force Standard Model Calc

• g + leptons

• 12,762 5-loop 

diagrams!

• Kinoshita & 

independent 

cross-checks



SM determination of am



The Muon Theory Initiative

Great Progress with Lattice QCD

HVP: Improvements from e+e- data

Dispersion relations

Lattice QCD

Hybrid calculations

HLbL: Evaluation on parts on lattice

Dispersive approach 

becoming possible



Theory and Experiment Disagree

New Physics or missing 

systematics/statistics?

am
EXPam

SM

am [ 10-11]

am
EXP – am

SM = am
New Physics

Many Possible Models

Dark Photons

SUSY (many variations) 

?

Many Possible Models

Dark Photons (most var)

SUSY (many variations) 



More precise comparison of SM and experimental 

values of g-2 needed to reveal new physics

≳3.3σ

7σ?

[Blum et al.,arXiv:1311.2198 ]

Uncertainty 

Source dam

Status 

2015

[ppb]

Projected after 

E989 [ppb] 

Total Theory 420 310

HVP 360 215 

HLbL 225 225 

Uncertainty 

Source dam

Status 

2015

[ppb]

Projected after 

E989 [ppb] 

Total Theory 420 240?

HVP 360 215 

HLbL 225 100?

Total Exp. 540 140 

• Combined updates expected 

as output of summer work

• Results expected in 2018

http://arxiv.org/abs/arXiv:1311.2198


Creating the Muon 

Beam for g-2

• 8 GeV p batch into 

Recycler

• Split into 4 bunches

• Extract each bunch 

to strike target

• Long FODO channel 

to collect p  mn

• p/p/m beam enters 

DR; protons kicked 

out; p decay away

• ~10,000 m stored in 

ring per pulse (goal)

Intensity profile is 120 

ns wide with “W” 

shape



Experiment Basics: Muons in a storage ring

momentum

spin

p+
m+nm



Experiment Basics: Muons in a storage ring

g = 2

B

momentum

spin

p+
m+nm



Experiment Basics: Muons in a storage ring

momentum

spin

g > 2

B

p+
m+nm



Muon g-2 Measurements

B via NMR  wp proton 

precession frequency, 



Muon g-2 Measurements

B via NMR  wp proton 

precession frequency, 

𝑎𝜇 𝐸𝑥𝑝𝑡 ≈
𝝎𝒂

𝝎𝒑⨂𝝆(𝒓)



Muon spin precession frequency

Self-Analyzing Decay

• Energy Direction 

Correlation

e+ne

nm

m+

R
e

la
ti
v
e

 P
ro

b
a

b
ili

ty

Decay 

positron

Decay positron

Trackers



Muon spin precession frequency

E989 data: e+ with E > 1.8 GeV 

Decay 

positron

Decay positron

Trackers



Proton Precession Frequency: How We Measure

• Nuclear Magnetic Resonance (NMR)
Extremely Precise (~10 ppb)

Measures Total Field
Proton-rich 

sample

RF Coils tip 

magnetization

Induced EMF

• Turn on  

magnetic field

H

RF

Digitize to 

extract wp

V
o
lt
a
g
e
 (

V
)

Time (ms)



Measurement principle for the magnetic field

• Map the storage field regularly during beam off periods with trolley

• Monitor the field with 400 fixed NMR probes around the ring

trolley

Fixed NMR probes 



Field: Production Trolley Runs

• Moments all < 0.28 ppm! 

Goal was < 0.5 ppm

• Variation of field +/-1ppm 

over storage region

• BNL +/-2 ppm

• Dipole RMS =14.2 ppm

• BNL RMS = 29 to 39 ppm 

100 ppm



Aside: Precision Measurements

< 10 cm



Aside: Precision Measurements  Calculate or Measure!

~2 ppm 



Tracking detectors measure the muon beam.

muons

B-field = 1.45 T

Slide From T. Walton

𝑎𝜇 𝐸𝑥𝑝𝑡 ≈
𝝎𝒂

𝝎𝒑⨂𝝆(𝒓)



Detector: Offline+OnlineTrackers e+ momentum

dist

m+

Location around 

the ring 

Plots from J. Mott



Performance

• Commissioning Nov  Feb

• Started full running w/ all systems installed Mar 22 2017

• Accumulated 1.85e10 raw decay positrons!

– BNL 0.939e10 total w/ quality cuts  [raw e+ now ~2x BNL]



g-2 Summary 𝐚𝛍 𝐄𝐱𝐩𝐭 ≈
𝛚𝐚

𝝎𝐩 ⨂𝝆(𝒓)

• The Muon g-2 Experiment @ FNAL is underway

– Collected raw stats ~2x BNL

– Analyses are well underway

– Projected first results in 2019

• We are very excited to hear updates on the theory progress

– Great progress on lattice

– Improvements in dispersive approach for both HVP and HLbL



Baryon Asymmetry of Universe 

• Observed asymmetry: 

• Existing CP-Violation insufficient to 

explain observation

• Assuming asymmetry not present at 

the Big Bang, looking for New 

sources of CP-Violation
neutrinos, permanent EDMs, etc…



EDM Basics

• Permanent Electric Dipole Moments are good 
candidates
– T- & P-Violating 

–  CP-Violating (Assuming CPT)

• Types of EDMs
– Nucleon EDM (n,p)

– Bare lepton (e, m)

– Paramagnetic Atoms/Molecules  Electron EDM, 
nuclear-spin independent coupling

– Diamagnetic Atoms  Nuclear Shiff moment, nucleon 
EDM, or nuclear-spin-dependent electron-nucleon 
interaction

• ANY detection of an EDM would be very significant
– So far, experiments have set impressive limits

Ref: Theory: Engel, Musolf arXiv:1303.2371.      

Exp: Chupp, Fierlinger, Musolf, Singh https://arxiv.org/abs/1710.02504

Theory must 

interpret



Typical EDM Technique

1. Set up constant magnetic field

2. Bring neutral particle into the field

3. Rotate particle so that it precesses
about the B-field

4. Add Electric field Parallel to field 
(alternate aligned/anti-aligned)

5. A permanent intrinsic EDM will 
manifest as a difference in the 
Larmor precession frequencies

6. Steps 6-100: Systematic variations 
of all of the knobs



Neutron EDM projections as of Dec 2017

Component demo



EDMs of Paramagnetic Polar Molecules

• Schiff Enhancement  Amplify external E field  Extreme 

internal fields

e.g YbF

O-

Th+

For ThO: Eext ~ 10 V/cm  Eeff ~ 80 GV/cm !



ACME Experiment

Impressive new limit

(90 % CL )

Models constrained

10x improvement (or 

detection??) in preparation 



A Muon EDM modifies the muon precession

𝝎𝑡𝑜𝑡 = 𝝎𝑎 +𝝎𝜂 =
𝑒

𝑚𝑐
𝑎𝜇𝑩 − 𝑎𝜇 −

1

𝛾2 − 1
𝜷 × 𝑬 + 𝜂

𝑒

2𝑚

𝑬

𝑐
+ 𝜷 × 𝑩

• An EDM tips the spin 

precession plane, modifies 𝝎𝑡𝑜𝑡

𝛽

𝜷

𝑺

• With just MDM in uniform 
B field, the spin 
precesses around B field

𝑑𝜇 =
𝜂

2

𝑒 ℏ

2𝑚𝜇𝑐
𝑆

𝜷

x

y

z

x

y

z

Choose  g = 29.3 

coefficient vanishes
Electrostatic quads 

vertically contain m



Muon EDM Signal

• Muon polarization has 

vertical component 𝑆𝑦
Maximized when 𝜷 ∙ 𝑺 = 0

𝜷

EDM signal: an oscillation with in

the average vertical angle of the

e+ that:

• has frequency wtot (~ wa)

• is 90o out of phase with g−2

oscillation

• has amplitude ∝ EDM magnitude

x

y

z



Experimental Summary of muon EDM bounds
SM pred ~10^-36 e-cm

SM EDM scales with lepton mass

Source dm Limit (e-cm) Note

CERN III < 1.05 x 10^-18 Bailey (1978)

BNL < 1.8 x 10^-19 Bennett (2009)

FNAL < ~10^-21 Projection

JPARC < ~10^-21 Projection

eEDM < 1.8 x 10^-26 Naïve SM scaling* from 

Baron (2014) ACME

eEDM < ~1.8 x 10^-27 ACME update (Projection 

assuming limit)

Muons are curious particles  Keep looking for clues



The Evolution of Precision: EDM limits

From: W. Heil, Xe EDM



Fermilab Muon Campus: The Stage for Mu2e

Recycler

M2

M3

M4



The Evolution of Precision: CLFV

R. Bernstein, P. Cooper , arXiv:1307.5787v3



Mu2e conversion

• What else is wrong with this process? 

μ-
e- νe νm

– Energy + Momentum Conservation (mm != me)

μ-
e-Al Al

• Having a nucleus to recoil against allows for conservation of E and p

• Charged Lepton Flavor Conservation

– Processes that start with “electron-ness”, end with 

“electron-ness”

– Empirically observed, but no known conservation 

“Law” yet



The Search for Mu2e

• Mu2e searches for charged lepton flavor violation (CLFV) in muons:

• The Standard Model (with neutrino masses) predicts fewer than 1 in 

1050 muons to convert

• An observed signal means unambiguous new physics.

• The experimental signature?       Electron with 105 MeV!



• Muon-to-electron conversion allowed via loop diagrams or contact terms.

– cf: µeγ happens via loops.

• Muon-to-electron conversion enables discovery sensitivity over broad swath 
of BSM parameter space.

Lo
o

p
s

Supersymmetry Heavy Neutrinos Two Higgs Doublets

C
o

n
ta

ct
 T

e
rm

s

LeptoquarksCompositeness New Heavy Bosons /
Anomalous Couplings

Lots of Possibilities for New Physics



Mu2e apparatus

4.6T
2.5T

2.0T

1.0T

Transport Solenoid (TS) Detector Solenoid (DS)Production Solenoid (PS)

~25 meters



Mu2e apparatus

Particles produced

from tungsten target

8-GeV protons
(pulse every 1695 ns)

4.6T
2.5T

2.0T

1.0T

Transport Solenoid (TS) Detector Solenoid (DS)Production Solenoid (PS)



Mu2e apparatus

S-shaped solenoid:

• collimator selects negatively-charged particles

• transports particles to detector area, and 

• allows remaining pions to decay to muons

8-GeV protons
(pulse every 1695 ns)

4.6T
2.5T

2.0T

1.0T

Transport Solenoid (TS) Detector Solenoid (DS)Production Solenoid (PS)



Mu2e apparatus

Muons stop on Al target,

which emits an electron 

isotropically

8-GeV protons
(pulse every 1695 ns)

m

4.6T
2.5T

2.0T

1.0T

Transport Solenoid (TS) Detector Solenoid (DS)Production Solenoid (PS)



Mu2e apparatus

Straw tracker/crystal 

calorimeter detect

electron signature

8-GeV protons
(pulse every 1695 ns)

m
e

4.6T
2.5T

2.0T

1.0T

Transport Solenoid (TS) Detector Solenoid (DS)Production Solenoid (PS)



Mu2e apparatus

8-GeV protons
(pulse every 1695 ns)

Factor of 10,000 improvement due to:

1) Pulsed beam, with protons delivered every 1695 ns

2) Solenoids used to efficiently create secondary muon beam

4.6T
2.5T

2.0T

1.0T

Transport Solenoid (TS) Detector Solenoid (DS)Production Solenoid (PS)



Mu2e Tracker

• Inner 38 cm is purposefully un-

instrumented

• Blind to beam flash

• Blind to >99% of Decay In Orbit 

(DIO) spectrum

Escape
thru center
of Tracker

Fully
fiducial

si
gn

al

20k Straw tubes 
transverse to beam 
High efficiency, 
excellent resolution

• Momentum 
resolution 120 
keV/c core for 105 
MeV electrons



Decay-In-Orbit (DIO)

Michel (free muon 

decay)

• Peak and Endpoint of free 

muon decay ~ 52.8 MeV

• Detector blind to these 

electrons

• Conversion signal at 105 

MeV >> 52.8 MeV



Decay-In-Orbit (DIO) Background

• Consider the recoil off 

the nucleus

• When neutrinos are at 

rest, the DIO electron 

can be at the 

conversion energy 

(minus the tiny 

neutrino mass)





Expected backgrounds



Single Event Sensitivity

• Designed for SES of ~3 x 10-17

• Online in ~2021

• Detection would usher in new 

era of precision measurements

• Setting 10,000x improved limit 

would be tremendous too

• Upgrades  10-18 underway



What’s Next?



1. Why do we use muons to probe the Standard 

Model? How?

Muons have very useful properties

We design clean, precision experiments to carefully 

expose cracks (Muon g-2, EDM, Mu2e, etc...)

2. What details matter for precision experiments?

Until you have calculated/simulated/measured, everything 

you can think of. And probably some things you didn’t!

3. Where might we see the next cracks in the SM?

I can’t answer your contest question for you, but I hope I left 

a few clues about my opinions 

Goals for this talk



Suggested Readings

Precision Muon Physics

o “Low-energy precision tests of the standard model: a snapshot” D. Hertzog. Ann. Phys. 
(Berlin), 1–8 (2015) / DOI 10.1002

o Gorringe, Hertzog. Precision Muon Physics. Prog. Part. Nucl. Phys. 84 p.73-123 
(2015).

o Kammel, Kubodera, Precision Muon Capture. Ann. Rev. Nucl. Part. Sci. 60 p.327-353 
(2010).

EDMs

o Engel, Ramsey-Musolf, van Kolck, Electric dipole moments of nucleons,nuclei, and 
atoms: The Standard Model and Beyond. Prog. Part. Nucl. Phys. 71 p.21-74 (2013).

o Chupp, Ramsey-Musolf, Electric dipole moments: A global analysis. Phys. Rev. C 91 
035502 (2015).

o Chupp, Fierlinger, Musolf, Singh. Electric Dipole Moments of the Atoms, Molecules, 
Nuclei and Particles. Rev. Mod. Physics https://arxiv.org/abs/1710.02504

o Baron et al. Order of Magnitude Smaller Limit on the Electric Dipole Moment of the 
Electron Science 343 p.269-272 (2014).



Acknowledgments

Many thanks to the folks who aided in conversation and in 

providing plots:

o Muon g-2: Alex Keshavarzi, Tammy Walton, James Mott, Chris Polly, 

Dave Hertzog, Kim-Siang Khaw, Erik Swanson, Peter Winter, Ran Hong, 

David Flay, and more

o EDM: Saskia Charity, Adam Ritz, Gerry Gabrielse, Tim Chupp

o Proton Radius: Jan Bernauer, Randolph Pohl

o Mu2e: Doug Glenzinski, Bob Bernstein





Great Progress with Lattice QCD
• 2016-17: physical pions, 

u,d,s,c connected loops
2% Precision (Models 0.7%)

3.5s from lattice alone!

• Dec 2015: 

disconnected loops

– Small contribution

– First calculation

disconnected diagram

(gluons not shown)

Blum et al, 

http://arxiv.org/pdf/1512.09054.pdf

QCD Box in a QED 

Box to manage finite 

volume effects

• Nov 2015: hadronic light-

by-light

– Needed to avoid 

becoming dominant 

theory uncertainty

Jin et al,

http://arxiv.org/pdf/1511.05198v1.pdf

M ot ivat ion Current Stat us

New Contributions from Lattice

From talk by C. Lehner at Latt ice 2017

Significant e↵ort to

compute contributions to

aµ from HVP (see left)

and hadronic

light-by-light (Blum et al.

2017) on the latt ice.

HVP uncertainties

comparable to those from

experiments.

W. Gohn (U. Kentucky) The M uon g-2 Experiment at Fermilab Dubna, 31.8.17 8 / 48

https://arxiv.org/pdf/1710
.06874.pdf

Lattice Calculation

Dispersion Relation

Both

http://arxiv.org/pdf/1512.09054.pdf
http://arxiv.org/pdf/1511.05198v1.pdf
https://arxiv.org/pdf/1710.06874.pdf


Superb Intrinsic 

Shim Kit

Added iron 

laminations for x3 

improvement in 

field uniformity

Muon g-2 Field

6/7/17 B. Kiburg Muon Experiments | Fermilab 50th Symposium76

BNL FINAL  FNAL Shimming Effort



CY18 CY19 CY20 CY21

1st publication 
( >1 x BNL 
statistics)

2nd publication 
( 5-10 x BNL 
statistics)

3rd publication 
( >20 x BNL 
statistics)

Muon g-2 Running Outlook

• Will need FY2020 running

• Running about 50% of design rate, making great progress

• Started summer shutdown to upgrade various components



Courtesy:  A. Ritz

Significant 

experimental 

progress in last 

few  years

Measurement  ------>  EDM Implication

Experimental Summary of EDM bounds



Next-Generation Muon MDM+EDM Experiments

Fermilab (E989) J-PARC (E34)

•High-rate 3.09 GeV/c muon beam

•Highly polarized (97%)

•1.45 Tesla, 7-meter-radius storage ring

•Surface muon beam  muonium 0.3 GeV/c muon 

beam

•Polarization  ~ 50%

•3 Tesla, 0.33-meter-radius storage ring



Pulsed proton beam, ~250 ns wide , ~1695 ns apart

Delay live gate ~700 ns 

Suppress prompt backgrounds (beam electrons and pion 

interactions)

Novel Beamline Design

6/7/17 B. Kiburg Muon Experiments | Fermilab 50th Symposium80

Signal window

1695 ns


