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The things we’ll talk about today
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What’s the big 
idea?

Muons and g-2 @ Fermilab

The journey What happens next



What is Particle Physics?
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Q: What is matter? 
     How does it work?

A: We’ve learned a lot!



The Standard Model

Is this the whole picture? 
We think there’s got to be more
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One way to look for new physics

5

Precision measurements of particle properties

Does particle behavior match Standard Model predictions?

o Mass?
o Production probabilities?
o Decay probabilities? 
o Interactions with other particles

MUONS are an excellent laboratory for precision studies



Muons are an ideal laboratory!
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Discovered in 1936 by

Carl Anderson
(Caltech)

Seth 
Neddermeyer

Studying cosmic radiation on Pikes Peak, Colorado



Why are muons ideal?
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Muons are like electrons
o Same charge
o Also seem fundamental
o Have spin like electron (more
   in a moment)

Muons are unlike electrons
o Mass is 200x heavier
o 40,000x more sensitive than 
    electrons to subtle physics
o Muons are unstable
   Decays into an electron and
      two neutrinos



The spin is the thing to study!
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Leptons and Quarks have an internal property called “spin”,
like the angular momentum of a spinning top

Not easy to think about, but the analogy works



Spin in a magnetic field
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Put a muon in a magnetic field, its 
spin will “precess” 

Just like a gyroscope or top in gravity



Spin in a magnetic field
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Put a muon in a magnetic field, its 
spin will “precess” 

Just like a gyroscope or top in gravity

The precession frequency of the muon is 
characterized by the “g-factor” for

which quantum mechanics predicts 2 (almost) 

The goal of the g-2 experiment is to
put muons in an exquisite magnetic field
and measure the precession frequency with extreme
precision



What’s with the (almost) 2 ?
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An example with a bottle of wine...
Drink the wine (be careful not to precess!)

Pump out all of the air (pretend you have a 
perfect pump)

You’d think the bottle is empty, right?

Not quite...



What’s with the (almost) 2 ?
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Quantum mechanics says that empty space
is not empty ! ! ! ! !

Particles can randomly appear and 
disappear very quickly  (called virtual particles)

Strange, but it’s true! We observe it often in 
particle physics experiments

e+
e–

e+e–

SLAC Experimental Seminar, 18 Oct 2011 7

Dirac to the rescue!

The solution to the electron g problem did not appear until 1928 when Dirac 
essentially writes down the master equation governing a spin ½ point particle.

Comparing the              term to the classical analogue

Interesting aside: soon after (1933) Stern and 
Estermann were out to measure the g-factor for the 
proton

Stern and Estermann found...

Same year, Rabi inferred gn=-3.8 from deuteron!  Proton and neutron substructure! 

gp ≈ 5.6

So, for an elementary 

particle in Dirac's theory, 

g=2!

“Don't you know the Dirac theory?  It is 

obvious that gp=2.”, Pauli to Stern

The proton has u, u, d quarks, and
lots of other stuff appearing and
disappearing. Sometimes, we hit
that stuff in collision experiments

e+e–



Quantum corrections matter!
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2 + 0.00236 + . . .
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µ

⇥
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µ
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µ

�
Julian Schwinger

“His laboratory is his ballpoint pen”

First g-2 experiments 50’s and 60’s measured it! g>2 !

The effect is to “screen” the magnetic field

Changes the precession - makes g a little bigger



But corrections can get really complicated!

14

loops yield contributions which are enhanced by large logarithms. Results for A(6)
2 have been obtained

in [138,139,141,142,143], for A(6)
3 in [140,137,144,145,120]. For the light–by–light contribution, graphs 1) to

6) of Fig. 10, the exact analytic result is known [142], but only the much simpler asymptotic expansions
have been published. At present the following series expansions are sufficient to match the requirement of
the precision needed: for electron LbL loops we have
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where here and in the following we use me/mµ as given in Eq. (44). The leading term in the (me/mµ)
expansion turns out to be surprisingly large. It has been calculated first in [154]. Prior to the exact calculation
in [142] good numerical estimates 20.9471(29) [155] and 20.9469(18) [156] have been available. For τ LbL
loops one obtains
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where L = ln(m2
τ/m2

µ), ζ2 = ζ(2) = π2/6 and ζ3 = ζ(3). The expansion given in [142] in place of the exact
formula has been extended in [143] with the result presented here.

Vacuum polarization insertions contributing to a(6) may origin from one or two internal closed fermion
loops. The vacuum polarization insertions into photon lines again yield mass dependent effects if one or
two of the µ loops of the universal contributions are replaced by an electron or a τ . Here we first give the

numerical results for the coefficients of
(

α
π

)3
[141,144,145]:

A(6)
µ (vap, e) = 1.920 455 130(33) ,

A(6)
µ (vap, τ) = −0.001 782 33(48) ,

A(6)
µ (vap, e, τ) = 0.000 527 66(17) .

$2$1
µ

γ
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a) b) c)

Fig. 14. Light–by–light scattering insertions in the electromagnetic vertex.

that closed fermion loops with three photons vanish by Furry’s theorem. Again, besides the equal mass case
mloop = mµ there are two different regimes for electron and tau loops [142,143], respectively:
• Light internal masses also in this case give rise to potentially large logarithms of mass ratios which get
singular in the limit mlight → 0
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This again is a light loop which yields an unexpectedly large contribution
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with the error from the (me/mµ) mass ratio. Historically, it was calculated first numerically by Aldins et
al. [69], after a 1.7 σ discrepancy with the CERN measurement [67] in 1968 showed up.

Again, for comparison we also consider the
• equal internal masses case, which yields a pure number
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and has been included in the universal part Eq. (51) already. The constant a4 is defined in Eq. (A.14). The
single scale QED contribution is much smaller
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but is still a substantial contributions at the required level of accuracy.
• Heavy internal masses again decouple in the limit mheavy → ∞ and thus only yield small power corrections

τ
a(6)

µ (lbl, τ) =

[
[
3

2
ζ(3) −

19

16

](
mµ

mτ

)2

+ O

(

m4
µ

m4
τ

ln2 mτ

mµ

)]
(α

π

)3
.

γ’s
µ

γ

Numerically we obtain
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µ (lbl, τ) # 0.002 142 83(69)
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This contribution could play a role for a next generation precision experiment only. The error indicated is
from the (mµ/mτ ) mass ratio.

All other corrections follow from Fig. 10 by replacing at least one muon in a loop by another lepton or
quark. The corresponding mass dependent corrections are of particular interest because the light electron
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2.5. THE STANDARD-MODEL VALUE OF Aµ 23

50, 25, 55]. The leading logs for the next-order term have been shown to be small [56]. The
weak contribution is about 1.3 ppm of the anomaly, so the experimental uncertainty on aµ
of ±0.54 ppm now probes the weak scale of the standard model.

Hadronic contribution

The hadronic contribution to aµ is about 60 ppm of the total value. The lowest-order diagram
shown in Fig. 2.4(a) dominates this contribution and its error, but the hadronic light-by-light
contribution Fig. 2.4(e) is also important. We discuss both of these contributions below.

Figure 2.4: The hadronic contribution to the muon anomaly, where the dominant contribu-
tion comes from the lowest-order diagram (a). The hadronic light-by-light contribution is
shown in (e).

The energy scale for the virtual hadrons is of order mµc2, well below the perturbative
region of QCD. Thus it must be calculated from the dispersion relation shown pictorially in
Fig. 2.5,

ahad;LOµ =
✓
↵mµ

3⇡

◆2 Z 1

4m2
⇡

ds

s2
K(s)R(s), where R ⌘ �tot(e+e� ! hadrons)

�(e+e� ! µ+µ�)
, (2.19)

using the measured cross sections for e+e� ! hadrons as input, where K(s) is a kinematic
factor ranging from 0.63 at s = 4m2

⇡ to 1 at s = 1. This dispersion relation relates the
bare cross section for e+e� annihilation into hadrons to the hadronic vacuum polarization
contribution to aµ. Because the integrand contains a factor of s�2, the values of R(s) at low
energies (the ⇢ resonance) dominate the determination of ahad;LOµ , however at the level of
precision needed, the data up to 2 GeV are very important. This is shown in Fig. 2.6, where
the left-hand chart gives the relative contribution to the integral for the di↵erent energy
regions, and the right-hand gives the contribution to the error squared on the integral. The
contribution is dominated by the two-pion final state, but other low-energy multi-hadron
cross sections are also important.

These data for e+e� annihilation to hadrons are also important as input into the deter-
mination of ↵s(MZ) and other electroweak precision measurements, including the limit on
the Higgs mass [71].

In the 1980s when E821 was being proposed at Brookhaven, the hadronic contribution was
know to about 10 ppm. It now is known to about 0.4 ppm. This improvement has come from
the hard work of many experimental and theoretical physicists. The low energy e+e� data
of the 80s have been replaced by very precise data from the CMD2 and SND collaborations

A fortunate rule:
The more extreme the 
diagram, the less it 
changes g
(whew!)

Still, muons are very 
sensitive to these 
diagrams

Theorists work really 
hard at this!

Particle theorists calculate
how all these diagrams 
(and 10,000s more) 
affect g 



The BIG question 
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�

µ

⇥

µ
???

g-2 is sensitive to unknown particles

Are there any?

The plan: 
1. Theorists calculate g-2 of the 
muon with corrections from all of the 
particles that we know about 
(Standard Model)

2. Experimentalists measure g-2 of 
the muon with great precision

If there’s a difference, maybe New 
Physics is responsible!



How do we measure g-2?
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We need a magnetic
field to make muons 
precess

We need a way to
“store” the muons to
watch them

A storage ring does 
both (the magnets 
keep muons going in 
a circle in the ring) !

Most recent experiment was 1999–2001 at 
Brookhaven National Laboratory on Long Island, NY



Schematic of the Brookhaven experiment

17



Spin direction diverges for g>2

18

s
p

(a) g 2

s
p

(b) g 2

Figure 1.6: Illustration of the muon spin and momentum vectors for a muon orbiting in a magnetic field
when (a) g 2 and (b) g 2.

National Lab (BNL) experiment described in this thesis.
In the CERN I experiment, polarized muons were injected into a 6 m long magnet. Once in the 1.5 T

magnet, muons traveled horizontally in a spiraling orbit from one end of the magnet to the other, as shown
in Figure 1.7(a). This type of motion was created by carefully shimming the magnetic field to be parabolic
in the vertical direction

B y B0 1 ay by2 (1.29)

where B0 determined the average radius of the orbit, the strength of the gradient a caused each orbit to
advance along the magnet, and a non-zero coefficient b produced a quadratic field, which provided vertical
focusing. The step size of the orbital ’walking’ was gradually increased by increasing the a coefficient along
the length of the magnet. At the magnet exit, the gradient was large enough to allow the muons to escape
from the field. As the muons exited, they were stopped in a methylene-iodide target and the polarization was
determined by measuring the asymmetry of the decay electrons. The amount the muon spin had precessed
relative to the momentum was determined by the amount of time spent in the magnetic field, or in other
words the number of orbits. The number of orbits had a natural variance depending on the exact y-position
at which the muon entered the apparatus. Rather than relying on a forward and backward detector, each with
its own efficiency and characteristics, a pulsed magnetic field was used to alternately rotate the muon spin
by 90o prior to injection. The average asymmetry versus time is plotted in Figure 1.7(b). The data from
CERN I does not visually appear to be much more precise than the Garwin data shown in Figure 1.5(a),
however the CERN I experiment measures the anomaly directly. Therefore, the precision of 3 10 3 on aµ
achieved by the CERN I experiment

aexpµ 1965 0 001 162 5 4300 ppm (1.30)

12

gµ = 2 gµ > 2

o True for any size ring and any muon momentum
o At the measured g Muons go around 29 times for one spin cycle

direction of 
travel (p)

direction of
spin (s)



Making the “wiggle” plot
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Ee

Muons circle the ring and 
decay to positrons, which 
travel inward hitting detectors

Highest energy positrons are 
aligned with muon spin

Boost to the lab frame gives E  
a boost

If anomaly exists, maximum 
E oscillates at !a
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Ee

Muons circle the ring and 
decay to positrons, which 
travel inward hitting detectors

Highest energy positrons are 
aligned with muon spin

Boost to the lab frame gives E  
a boost

If anomaly exists, maximum 
E oscillates at !a



Making the “wiggle” plot
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ratory frame (n! ! N, !! ! A) (here, Emax " 3:1 GeV
and A is the laboratory asymmetry). As discussed later,
the statistical uncertainty on the measurement of !a is
inversely proportional to the ensemble-averaged figure-
of-merit (FOM) NA2. The differential quantity NA2,
shown in the Fig. 1(b), illustrates the relative weight by
electron energy to the ensemble average FOM.

Because the stored muons are highly relativistic, the
decay angles observed in the laboratory frame are greatly
compressed into the direction of the muon momenta. The
lab energy of the relativistic electrons is given by

Elab # "$E! % #p!c cos$!& " "E!$1% cos$!&: (9)

Because the laboratory energy depends strongly on the
decay angle $!, setting a laboratory threshold Eth selects
a range of angles in the muon rest frame. Consequently, the
integrated number of electrons above Eth is modulated at
frequency !a with a threshold-dependent asymmetry. The
integrated decay electron distribution in the lab frame has
the form

Nideal$t& # N0 exp$'t="%&&(1' A cos$!at%'&); (10)

where N0, A and ' are all implicitly dependent on Eth. For
a threshold energy of 1.8 GeV (y " 0:58 in Fig. 1(b)], the
asymmetry is " 0:4 and the average FOM is maximized. A

representative electron decay time histogram is shown in
Fig. 2.

To determine a&, we divide !a by ~!p, where ~!p is the
measure of the average magnetic field seen by the muons.
The magnetic field, measured using NMR, is proportional
to the free-proton precession frequency, !p. The muon
anomaly is given by:

a& # !a

!L '!a
# !a= ~!p

!L= ~!p '!a= ~!p
# R

( 'R
; (11)

where!L is the Larmor precession frequency of the muon.
The ratio R # !a= ~!p is measured in our experiment and
the muon-to-proton magnetic moment ratio

( # !L=!p # 3:18334539$10& (12)

is determined from muonium hyperfine level structure
measurements [12,13].

The BNL experiment was commissioned in 1997 using
the same pion injection technique employed by the CERN
III experiment. Starting in 1998, muons were injected
directly into the ring, resulting in many more stored muons
with much less background. Data were obtained in typi-
cally 3– 4 month annual runs through 2001. In this paper,
we indicate the running periods by the labels R97–R01.
Some facts about each of the runs are included in Table II.

B. Beamline

Production of the muon beam begins with the extraction
of a bunch of 24 GeV=c protons from the AGS. The
protons are focused to a 1 mm spot on a 1-interaction
length target, which is designed to withstand the very
high stresses associated with the impact of up to 7*
1012 protons per bunch. The target is composed of
twenty-four 150-mm diameter nickel plates, 6.4-mm thick
and separated by 1.6 mm. To facilitate cooling, the disks
rotate at approximately 0.83 Hz through a water bath. The
axis of rotation is parallel to the beam.

Nickel is used because, as demonstrated in studies for
the Fermilab antiproton source [14], it can withstand the
shock of the instantaneous heating from the interaction of
the fast beam. The longitudinal divisions of the target
reduce the differential heating. The beam strikes the outer
radius of the large-diameter disks. The only constraint on
the target transverse size is that a mis-steered proton beam

TABLE II. Running periods, total number of electrons recorded 30 &s or more after injection having E> 1:8 GeV. Separate
systematic uncertainties are given for the field (!p) and precession (!a) final uncertainties.

Run Period Polarity Electrons [millions] Systematic !p [ppm] Systematic !a [ppm] Final Relative Precision [ppm]

R97 &% 0.8 1.4 2.5 13
R98 &% 84 0.5 0.8 5
R99 &% 950 0.4 0.3 1.3
R00 &% 4000 0.24 0.31 0.73
R01 &' 3600 0.17 0.21 0.72
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FIG. 2. Distribution of electron counts versus time for the
3:6* 109 muon decays in the R01 &' data-taking period. The
data is wrapped around modulo 100 &s.

G. W. BENNETT et al. PHYSICAL REVIEW D 73, 072003 (2006)

072003-4

Count above fixed 
threshold. Oscillation 

rate ∝ g-2 

EeEth

Muons circle the ring and 
decay to positrons, which 
travel inward hitting detectors

Highest energy positrons are 
aligned with muon spin

Boost to the lab frame gives E  
a boost

If anomaly exists, maximum 
E oscillates at !a

Thanks to Lawrence Gibbons for cool animation



Ring Fun Facts
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50 feet diameter; 
Magnets are 15,000 Gauss 
(fridge magnet is 100 G, 
 earth is ~0.5 G)

Electric current in wire coils make magnetic field
5200 Amps needed (a wall plug does 15-20A)
Coils are made from Niobium-Titanium Superconducting wire
Kept cold with Liquid Helium (5 K, – 450 F)

Muons go around the ring every 149 nano-seconds
(would go around 6.7 million times per second)
Travel at 0.99942 c - lifetime is 65 micro-seconds (>2.2)
Muon living for 100 micro-seconds makes 670 turns



Don’t put your head in the beam

21
4”



The Brookhaven Results (1999-2000)
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aµ = (g � 2)/2

aQED

µ = 0.00 116 584 718 09(15)

ahadµ = 0.00 000 006 930(49)

aEW

µ = 0.00 000 000 154(2)

aSMµ = 0.00 116 591 802(49)

aexpµ = 0.00 116 592 089(63)

aexpµ � aSMµ = 287(80)⇥ 10�11

0.54 ppm measurement

Difference is substantial, but uncertainties are too large to be certain of a 
discovery. Still, this is one of the only hints of physics beyond the Standard 
Model



A Job Well Done
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Impact of Brookhaven Results
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This result is one of the few hints that there may be physics beyond the 
Standard Model

Enormous interest over the years

Huge impact on theories being developed and proposed for 
interpretation of LHC results (Muon g-2 is complementary to the LHC)

Current Bounds & Future Dark Photon Sensitivity 
Some Assume Br(Zde+e-)=1 



Do the experiment again, but better
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Want to make the blue 
uncertainty bar more narrow

Need more muons; better beam

Need “cleaner” environment
(move ring further away from 
target)

But Brookhaven chose to invest 
in other things

So this amazing and beautiful device sat untouched, gathering dust and 
raccoons for over a decade



In the meantime at Fermilab
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The Tevatron shut down in 2011 after running nearly 30 years



Muon g-2 at Fermilab
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The Tevatron infrastructure is now available to do other things!

Recycler Ring!

Delivery Ring!

The accelerators and target that made 
anti-protons for the Tevatron can make 
muons for g-2 !!!

And MUCH improved over Brookhaven!



A new home at the Fermilab Muon Campus
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MC-1 (g-2)

Mu2e

Ring arrives summer 2013

Building complete 2014



Moving the ring from Brookhaven to Fermilab
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The hard part is moving 
the three superconducting
coils

Continuously wound coils,  
can’t break into  pieces - 
can’t flex > 3mm

They’re big! 
50 ft diameter
(takes up ~ 4 lanes on 
the highway). Not terribly 
heavy at 15 tons

They aren’t dangerous:  nonmagnetic when unpowered, not radioactive, no 
dangerous chemicals (aluminum, niobium [hypoallergenic], tin), inert

~ $2M to move. 10x more, ~$30M, if we had to build them anew!



Moving the ring from Brookhaven to Fermilab
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The ultimate road/water/road trip
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Private 54’ x 180’
barge

>4x safety factor

“We can move that”

Coils must not flex more than 3mm. Ring is 15 tons, fixture is 40 tons

Decision to avoid 
lower Mississippi 
was made 2 weeks
prior to departure

Instead, take the 
Tennessee–Tombigbee



Disassembly - summer 2011
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Photo: Leah Welty-Reiger



Disassembly - spring 2012
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Photos: Chris Polly



Disassembly - spring 2012

34Photo: Chris Polly



June 2013 - Assembling the fixture
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Photo: Brookhaven/Emmert



Removing the coils
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Rolling out of the building
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Rolling out of the building
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Photo: Brookhaven/Emmert



Rolling out of the building
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Photo: Darth Vader



It’s out !!
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The fancy trailer
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8 axels
64 tires

Auto-leveling
Height control
Independent steering
Way cool!

Photos: Brookhaven/Emmert



Wrapped up and ready to roll
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Photo: Brookhaven/Emmert



Traversing Brookhaven National Lab

43Photo: Brookhaven



Driving on the William Floyd Pkwy to port

44Photo: Brookhaven



Hoisting onto the barge
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On the barge
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Photo: Brookhaven/Emmert



Off it goes
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Photo: Brookhaven/Emmert



A 3200 mile journey 6/22 – 7/26
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GPS update 
every two hours

4 days in port at 
Norfolk ($1000/hr)

Our instrumentation
aside from GPS 
failed

Emmert’s coarse 
instrumentation ok



Making friends while in Norfolk

49Photo: Aria Soha’s sister-in-law



Arrival in Mobile, AL
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Handoff from the Trident (ocean tug) to the Miss Katie (river tug)

Photo: Darin Clifton



Up the Tenn-Tom Waterway
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Photo: Darin Clifton 



See you in St. Louis
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On the Illinois Waterway
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Photos: Fermilab



And Saturday 6/20, finally in Lemont
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Close up, from Lemont Rd bridge
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Arrival in Lemont
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Sunday morning, off the barge
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Tuesday – Friday: The land route
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Costco, 
Bollingbrook

Hidden Lake FP,
Downers Grove



Tuesday night, on Lemont Rd & 87th St

59Photos: Fermilab



Arriving at Costco in Bollingbrook
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Arriving at Costco in Bollingbrook
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Wednesday, making shopping fun
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Wed night, the biggest toll violation ever!
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Photos: Fermilab



Wed night, on I-355 to Hidden Lake FP
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Thursday night, ride-along
Hidden Lake FP to Fermilab
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“Muon Down the Road!”
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Leaving Hidden Lake FP

IL-53 to I-88 exit ramp
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Backing up 
the IL-53/I-88
exit ramp
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Backing onto I-88
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Photos: Mike
Murphy

20 mph
on I-88 !!
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IL-59 exit ramp

Turning onto Ferry Rd
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Railroad bridge on Ferry Rd



73

Turning onto Eola / Wrong siding on Eola on curb to avoid median trees
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Trying to drive onto the curb
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Removing the Fermilab Eola Rd Gate



Friday, Celebration day!
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Photo: Fermilab
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Rock star!
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http://heraldnews.suntimes.com/news/21416840-418/fermilabs-prized-supermagnet-arrives-in-lemont.html
http://heraldnews.suntimes.com/news/21416840-418/fermilabs-prized-supermagnet-arrives-in-lemont.html
http://bigstory.ap.org/article/giant-magnate-set-reach-new-home-illinois
http://bigstory.ap.org/article/giant-magnate-set-reach-new-home-illinois


What’s next?
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The ring will sit outside until the building is finished
early next year (no problem being outside)

Will take 2+ years to reassemble, test, and “shim”

Data taking starts in 2016 or 2017 for two years !

It takes a collaboration, and help from you!



Building is progressing
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The End
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More info at

Fermilab: www.fnal.gov
Muon g-2: muon-g-2.fnal.gov
The big move: muon-g-2.fnal.gov/bigmove


