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g = 

External Magnetic Field 

g = 2( 1 + a )

µ = magnetic moment
S = spin
g = g-factor
q = charge
m = mass

muon anomalous magnetic moment 



3/27/2018 Walton | Aspen 20184

!"#$% = '. ''''''')*+'

!"#,% = '. ''--)./01-/*.-
!",2 = '. ''''''''-.0

!"34 = '. '' --) .*- /'5 (0*)

!",8 = '. '' --) .*5 '/* ()+)

!",89 − !"34 = '. ''''''''5/1 /' > +<

!",89 − !"34 = !"=>? 9@ABCDB

!"34 = E( F − 5 )
5 = !#,% + !,2 + !#$%



3/27/2018 Walton | Aspen 20185

!"#$ = &( ( − * )
* = !,-. + !-0 + !,1.

Place to reduce the uncertainty

Motivation Current Status

New Contributions from Lattice

From talk by C. Lehner at Lattice 2017

Significant e↵ort to
compute contributions to
aµ from HVP (see left)
and hadronic
light-by-light (Blum et al.
2017) on the lattice.

HVP uncertainties
comparable to those from
experiments.

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

https://arxiv.org/pdf/1710.06874.pdf

Lattice Calculation

Dispersion Relation Based on data from e3e4 → hadrons
Both

Theory talk by Aida El-Khadra, “The Muon g-2 Theory Initiative” on March 26, 2018

https://arxiv.org/pdf/1710.06874.pdf
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BNL E821

Theory

3.6 s

x10-11

Future Goals

> 7 σ for unchanged central values

New Physics!

Uncertainty Source δa& Status 2015
[ppb]

Projected after FNAL [ppb] 

Total Theory 420 310

HVP 360 215 

HLbL 225 225 

Total Exp. 540 140 

Theory uncertainty remains the same, both the theoretical 
and experimental central values are unchanged, but the 
experimental uncertainty is reduced.

5 σ discrepancy
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Lyon - Muon g-2 - UMN - 2016-04

The storage ring

35

Brookhaven Muon g-2 ExperimentBrookhaven Muon g-2 Experiment

Lyon - Muon g-2 - UMN - 2016-04

The ultimate road/water/road trip

55

“We can move that”

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

3200 Mile Journey
6/22/13 – 7/26/13

Lyon - Muon g-2 - UMN - 2016-04 63

Photo: Fermilab

BNL experiment was statistically limited.

Need more muons!

Lets move to Fermilab! 

Reduce the 480 ppb statistical uncertainty to 100 ppb! → 10 x BNL data
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Technical Design Report 

Production uptime 75% 



Fundamental Principles of  Measuring Muon g-2

3/27/2018 Walton | Aspen 20189



3/27/2018 Walton | Aspen 201810

!" #" momentumspin
$#

3.1 GeV/c

3.09 GeV/cin-flight pion decay
select the highest energy (forward moving) muons

97% polarization
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!" #" momentumspin
$#

3.1 GeV/c

3.09 GeV/c

Muon Storage Ring with Magnetic field (B) = 1.45 Telsa

#"

7.11m

Cyclotron frequency  (momentum rotates)
%& =

()
*+&,

Spin precession frequency (spin rotates) %- =
.+()
/*+&

+ 1 − , ()
*+&,

Precession Rate for g = 2
Spin and momentum are 
rotating at the same rate.

Precession Rate for g > 2
Spin is rotating faster than 
the momentum. 

!" = 2 !" > 2



3/27/2018 Walton | Aspen 201812

!" #" momentumspin
$#

3.1 GeV/c

3.09 GeV/c

Muon Storage Ring with Magnetic field (B) = 1.45 Telsa

#"

7.11m

Cyclotron frequency  (momentum rotates)
%& =

()
*+&,

Spin precession frequency (spin rotates) %- =
.+()
/*+&

+ 1 − , ()
*+&,

%3 = %- − %& =
.+ − /
/

()
*+&

= 3+
()
*+&

The difference between the frequencies gives the precession rate. 

measurements needed to extract muon g-2
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-2.002 319 304 361 53(53)  [0.26 ppt]
Electron g-2 + QED

206.768 2843(52)   [25 ppb]

-.001519270384(12) [8 ppb]

-! is measured from the muons and .-& is measured from the magnetic 
field.

-! = !"
01
/"2
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bottom yoke three superconducting NbTi/Cu coils top yoke

Magnetic Field = 1.4513 T
Current = 5176 A
3 x 15 m
700 tons
12 Yokes: C shaped flux

Detectors

FNAL
BNLResults of Shimming the Magnet
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protons precess at a rate proportional 
to the vertical magnetic field  

Digitizes the waveforms, 
calibrates, and reconstructs  
the average magnetic field.

Total Systematic Uncertainty
BNL to FNAL

170 ppb  to 70 ppb

When there is no 
beam, a trolley 
pulls 17 proton NMR 
probes azimuthal 
over the storage 
ring .
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Small Gradients

The shape of the free induction decay (FID) provides 
information about the size of the magnetic field gradients.

Large Gradients
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muons

24 calorimeters around the ring

Digtizers

Power 

supplies

PbF2
xtals
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"0 → 2"32++0
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Decay positron showers 
into the calorimeters.

4/11/2017,(OleMiss(Colloquium Wanwei(Wu 47

Experiment,Technique Calorimeters

• Calorimeters$(24)$are$constructed$using$an$array$of$PbF2 crystals$
readout$by$SiPMs$and$measure$the$positron$energy$and$time.$

Calibrates and reconstructs the 
energy. 

Fit the time spectrum of 
the acceptance and 
resolution corrected 
energy distribution.

Total Systematic Uncertainty
BNL to FNAL

180 ppb  to 70 ppb
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"0 → 2"32++0

Preliminary 
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!" $%&' ≈ -!
1& ⨂3(4)

Corrections are applied to-! , those corrections are related to the dynamics of the beam. 

To measure the magnetic field as seen by the muons ( .-& ), we need to measure the spatial 
distribution of the muon beam. 
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!" #$%& ≈ (!
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Tracking detectors measure the muon beam.

muons

B-field = 1.45 T
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!" #$%& ≈ (!
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Tracking detectors measure the muon beam.

B-field = 1.45 T

Decay positron track
"/ → 1"2133/
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!" #$%& ≈ (!
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Tracking detectors measure the muon beam.

B-field = 1.45 T

"/ → 1"2133/
Muon decay position
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x

y

reconstructed decay position

r=45mm

!" #$%& ≈ (!
)% ⨂+(-)

Not storing the beam 
on the ideal orbit!x

y

Preliminary 

Preliminary 



As you know, there are always new challenges when an experiment 
begins the physics run!

Detangling the dynamics of the beam : Investigating a possible problem
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!"

4/11/2017,(OleMiss(Colloquium Wanwei(Wu 44

• Kicker$magnets$direct$muons$onto$
the$closed$orbit$ring
- kicker pulse should be shorter than 
149 ns (cyclotron period)

Experiment,Technique Kicker

Kicker$plate$and$the$B$field$map
g/2$Kicker

Inflector magnet safely guides the beam into muon storage ring.

The beam enters the muon storage ring at a displaced position from the ideal orbit.

Blumlein Kicker Magnet 
kicks the beam onto the 
storage ring ideal orbit.7.11m

1 turn around the ring = 149 ns
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• Kicker$magnets$direct$muons$onto$
the$closed$orbit$ring
- kicker pulse should be shorter than 
149 ns (cyclotron period)

Experiment,Technique Kicker

Kicker$plate$and$the$B$field$map
g/2$Kicker

Inflectorring

Phase Space Distributions

Due to the efficiency 
and acceptance of the 
kick, the beam is 
sensitive to differences 
between the infector and 
storage ring  in radial 
phase space.

Insensitive to 
differences between 
the infector and 
storage ring in 
vertical phase space.

The inflector magnet and the muon storage ring have 
different beam phase space distributions!

Creates coherent 
betatron
oscillations in the 
radial direction!
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Radial Coherent Betatron Oscillations (CBO):
• Mismatch between inflector and ring phase space
• Under kicking the beam on the storage ring orbitCHAPTER 4 91

Figure 4.3: A cartoon of the coherent betatron motion (CBO). The radial CBO oscillation
is shown in blue for 3 successive betatron wavelengths, the cyclotron wavelength (the cir-
cumference) is marked by the black vertical lines. One detector location is shown. Since the
radial betatron wavelength is larger than the circumference, the detector sees the bunched
beam slowly move closer and then further away. The frequency that the beam appears to
move in and out is fCBO .
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(b) CBO in Fit

Figure 4.4: The dependence of the extracted value of aµ vs. detector number. (a)With no
CBO in the fit function. (b) With CBO included in the fit function.

waist precesses around the ring. The vertical waist betatron wavelength is only 2.7 turns,
and disappears rather quickly. A number of frequencies in the ring are tabulated in Table 4.1

The CBO frequency and its sidebands are clearly visible in the Fourier transform to the
residuals from a fit to the five-parameter fitting function Equation 3.16, and are shown in
Figure 4.5. The vertical waist frequency is barely visible. In 2000, the quadrupole voltage
was set such that the CBO frequency was uncomfortably close to the second harmonic of
fa, thus placing the di↵erence frequency f� = fCBO � fa next to fa. This nearby sideband
forced us to work very hard to understand the CBO and how its related phenomena a↵ect
the value of !a obtained from fits to the data. In 2001, we carefully set fCBO at two di↵erent
values, one well above, the other well below 2fa, which greatly reduced this problem.

Cyclotron 
Wavelength

Betatron 
Wavelength

For the Brookhaven Muon g-2 experiment (PREVIOUS EXPERIMENT) :
• The CBO wavelength = 14.1 × 149 ns 
• The CBO lifetime is about 100 – 140 microseconds

The CBO is an unwanted signal!! It is problematic because the CBO affects the detector acceptance 
and extraction of the spin precession frequency if ω#$% = Nω( ∶ (ω( = 4.37 µs) .
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Measuring the Radial Coherent Betatron Oscillations

Digtizers

Power 

supplies

PbF2
xtals

Results using the calorimeters

Preliminary 

Cartoon (not to scale)
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Measuring the Radial Coherent Betatron Oscillations

Results using the tracking detectors
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Measuring the Radial Coherent Betatron Oscillations

Results using the destructive detectors 
in the muon storage ring.

Fiber Harps

Preliminary 

time (µs)
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Measuring the Radial Coherent Betatron Oscillations
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For the Brookhaven Muon g-2 experiment, the CBO :
• lifetime is about 100 − 140 µs

Preliminary Preliminary 

Preliminary 

While commissioning the
experiment, the FNAL detectors are
seeing a much larger CBO 
amplitude and longer lifetime 
compared with the final 
measurements from BNL.

CBO Systematic Uncertainty
BNL to FNAL

70 ppb  to >30 ppb
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• Kicker$magnets$direct$muons$onto$
the$closed$orbit$ring
- kicker pulse should be shorter than 
149 ns (cyclotron period)

Experiment,Technique Kicker

Kicker$plate$and$the$B$field$map
g/2$Kicker

• Take advantage of the simulations.

• Let’s play with the kicker strength.

• Reduce the applied magnetic field.
• 260 G (nominal) to 180 G

Inflector magnet safely guides the beam into muon storage ring.

The beam enters the muon storage ring at a displaced position from the ideal orbit.

Blumlein Kicker Magnet 
kicks the beam onto the 
storage ring ideal orbit.
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!" #$%& ≈ (!
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Muon Storage Ring with Magnetic field (B) = 1.45 Telsa

/0

7.11m

• An inefficient kick is part of the problem.
• To determine if it is the only and primary source, we still need to run 

additional tests and studies.

Tracking detectors 

Preliminary 
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• Muon g-2 experiment is operational, running, and taking physics data. 

• The experiment is working hard to understand the dynamics of the beam. 

• Unlike the Brookhaven Muon g-2 experiment, there are highly developed tracking 
detectors and simulation tools which will help us quickly solve the problems and 
control the systematic uncertainties. 

• Look forward to the first results of !" from Fermilab Muon g-2 experiment.

3/27/2018 Walton | Aspen 201835
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8 Countries, 35 Institutions, 190 Collaborators

Fermilab Muon g-2 Collaboration

Thank you!
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The deviations for particular energy range 
between BABAR and KLOE make it difficult 
for performing various data combinations.



3/27/2018 Walton | Aspen 201839

https://arxiv.org/pdf/1710.06874.pdf

https://arxiv.org/pdf/1710.06874.pdf
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Z’, W’, UED, Littlest Higgs (assumes typical weak coupling) 2 ( 4
56
)

Radiative muon mass generation 2 ( 1) in supersymmetry
Extra Dimension Models, SUSY  (tan < = 5 to 50) 2 ( 4

56
..) 

!" '='> ≅ /@A " BCD×BDFBB G!AH ( IBDDJ+K
LM)

N

aO SUSY contributions arise from sleptons and charginos and 
LHC is sensitive to squarks and gluinos.

Results from Muon g-2 experiment will be complementary to the 
physics at the Large Hadron Collider (LHC).

D. Hertzog, Ann. Phys (Berlin) 2015., courtesy D. Stockinger
Motivation BSM Contributions

SUSY

aµ(SUSY ) ⇡ (sgn(µ)130⇥ 10�11tan(�)(100GeVm̃ )2)

Complimentary to direct searches at the

LHC

Sensitive to sgnµ and tan�.

g-2 contributions arrise primarily

from charginos and sleptons.

LHC is most sensitive to squarks

and gluinos.

D. Hertzog, Ann.Phys.2015 (image D. Stöckinger)

The grey band shows SUSY models for

tan� ⇡ 5� 50.

The green line indicates radiative muon

mass generation.

The red line shows Z, W, universal extra

dimensions, or Littlest Higgs models.

W. Gohn (U. Kentucky) The Muon g-2 Experiment at Fermilab Dubna, 31.8.17 12 / 48

S!"
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future

current



Intensity profile is 120 ns wide 
with “W” shape ( Model )

Delivers !"!# 8-GeV proton batches 
to the Main Injector Recycler.

Batches are split into four  bunches.

Each bunch collides with a fixed 
target.

3.1 GeV pions are selected and 
focused to the delivery ring.

Pion decay into muon while turning 
around the delivery ring.

Muons are focused and injected into 
the Muon g-2 storage ring.

41
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Since the beam is non-monoenergetic, the beam motion in the electric field contributes to 
the frequency. 
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For + = ,0. 2 → 4& = 2. 50 678/'
The coefficient vanishes and giving the magic momentum of 3.09 GeV/c!
To satisfy the magic momentum condition, the orbit radius is 7.112 meters.
Assume the beam is moving perpendicular to the magnetic field. 

The injected beam has a vertical motion and the electromagnetic restoring force induces a 
magnetic motion. 
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Systematic Sources for .-& Systematic Sources for -!
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88 BEAM DYNAMICS AND BEAM RELATED SYSTEMATIC ERRORS

with a uniform vertical dipole magnetic field and a uniform quadrupole field that provides
vertical focusing covering the full azimuth, the stored particles undergo simple harmonic
motion called betatron oscillations, in both the radial and vertical dimensions.

The horizontal and vertical motion are given by

x = xe + Ax cos(⌫x
s

R0
+ �x) and y = Ay cos(⌫y

s

R0
+ �y), (4.2)

where s is the arc length along the trajectory. The horizontal and vertical tunes are given
by

⌫x =
p
1� n and ⌫y =

p
n. (4.3)

Several n - values were used in E821 for data acquisition: n = 0.137, 0.142 and 0.122. The
horizontal and vertical betatron frequencies are given by

fx = fC
p
1� n ' 0.929fC and fy = fC

p
n ' 0.37fC , (4.4)

where fC is the cyclotron frequency and the numerical values assume that n = 0.137. The
corresponding betatron wavelengths are ��x

= 1.08(2⇡R0) and ��y
= 2.7(2⇡R0). It is

important that the betatron wavelengths are not simple multiples of the circumference,
as this minimizes the ability of ring imperfections and higher multipoles to drive resonances
that would result in particle losses from the ring.

Table 4.1: Frequencies in the (g � 2) storage ring, assuming that the quadrupole field is
uniform in azimuth and that n = 0.137.

Quantity Expression Frequency [MHz] Period [µs]

fa
e

2⇡mcaµB 0.228 4.37
fC

v
⇡R0

6.7 0.149

fx
p
1� nfc 6.23 0.160

fy
p
nfc 2.48 0.402

fCBO fc � fx 0.477 2.10
fVW fc � 2fy 1.74 0.574

As a reminder, the muon frequency, !a is determined by the average magnetic field
weighted by the muon distribution and the magnetic anomaly:

~!a = �Qe

m

2

4aµ ~B �
0

@aµ �
 
mc

p

!2
1

A
~� ⇥ ~E

c

3

5 . (4.5)

The field index also determines the angular acceptance of the ring. The maximum hori-
zontal and vertical angles of the muon momentum are given by

✓xmax =
xmax

p
1� n

R0
, and ✓ymax =

ymax
p
n

R0
, (4.6)

where xmax, ymax = 45 mm is the radius of the storage aperture. For a betatron amplitude
Ax or Ay less than 45 mm, the maximum angle is reduced, as can be seen from the above
equations.



3/27/2018 Walton | Aspen 201845

x

y

reconstructed decay position

r=45mm

!" #$%& ≈ (!
)% ⨂+(-)


