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• Muon g-2 experiments: theme and variations
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g for fermions: instructive!  
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spin ½!Uhl
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Stern and Estermann (1933)…

• gp ≈ 5.6 ! 

• Rabi: deuteron infers gn ≈ -3.8
•  

g for fermions: instructive!  
Dirac

Dirac Eqn:  framework beautifully 
incorporates g = 2

Pauli to Stern on g for proton: 
“If you enjoy doing difficult experiments, you can do them, but it is a waste of 

time and effort because the result is already known.” (Ridgen)

“Don't you know the Dirac theory? It is obvious from Dirac's equation that 

[gp=2]”  (Tomonaga)

Stern
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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
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• ge = 2.00229±0.000081947 : inspires Schwinger
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Kusch and Foley (enabled by WWII radar technology)

• ge = 2.00229±0.000081947 : inspires Schwinger
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Anomalous magnetic moment:
a ≡ (g − 2) / 2
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Much more happens than just virtual photon exchange

Higher order
QED

Strong, Weak
Contributions

Something
New??!!

Contributions:

δaℓ ∼ q2 × ( mℓ

Λ )
2



The current spin on ae, aµ
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Standard Model Calculations (units 10−12)
ae                                        aµ

QED        1 159 652 180.03                      1 165 847 188.6  
to 10th order           (0.06)8(0.04)10(0.77)                                  (0.09)mass(0.19)8(0.07)10(0.30)

Kinoshita

αae
αRb(2011)

Aoyama, Hayakawa, Kinoshita and Nio, 
PRL 109, 111807 & 111808 (2012)        

12,672 diagrams
at 10th order!
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Weak (to 2 loops)      0.03(0)                              1 536(11)
αae

αRb(2011)

Gnendiger, Stöckinger, H. Stöckinger-Kim, PRD 88, 053005 (2013)
Czarnecki, Marciano, Vainshtein, PRD 67, 073006, erratum 73.119901 (2006)

αweak

4π ( me

MW )
2

∼ 10−13 αweak

4π (
mμ

MW )
2

∼ 4 × 10−9
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F. Jegerlehner, arXiv:1711.06089 [hep-ph]  
(representative)

µ+ µ+
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Hanneke, Fogwell, and Gabrielse, 
PRL 100, 120801 (2008)

G. W. Bennett et al. ,
 Phys. Rev. D 73 (2006) 072003. 
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Δ > 3.7 σ!!!
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Hadronic Vacuum polarization (QCDI)

γ *

γ *

µ +

e- 

e+

σ(e+ e− → hadrons)R =
σ(e+ e− → μ+ μ−)

aμ(HVP) = ( αmμ

3π )
2

∫m2π

ds
R(s)K̂(s)

s2

Epiphany18Proc printed on May 1, 2018 5

where K̂(s) is a known kernel function growing form 0.39, 0.63 · · · at the
m2

⇡0 , 4m2
⇡ thresholds to 1 as s ! 1. The integral is dominated by the

⇡+⇡� ! ⇢ resonance peak shown in Fig. 2. The R(s)–data are displayed
in Fig. 3. I apply pQCD from 5.2 GeV to 9.46 GeV and above 11.5 GeV.

Fig. 2. A compilation of the modulus square of the pion form factor in the ⇢
meson region, which contributes about 75% to ahadµ . The corresponding R(s) is

R(s) = 1

4
�3

⇡ |F
(0)

⇡ (s)|2 , �⇡ =
p

1 = 4m2
⇡/s is the pion velocity.

The experimental errors imply the dominating theoretical uncertainties. As
a result I obtain [6, 7]

ahadµ = (688.07± 4.14)[688.77± 3.38] 10�10 ; e+e� � data based [incl. ⌧ ] .
(6)

Figure 4 shows the distribution of contributions and errors between dif-
ferent energy ranges. One of the main issues is R(s) in the region from
1.2 GeV to 2.0 GeV (see Fig. 5), where more than 30 exclusive channels
must be measured and although it contributes about 14% only of the to-
tal it contributes about 42% of the uncertainty. In the low energy re-
gion, which is particularly important for the dispersive evaluation of the
hadronic contribution to the muon g � 2, data have improved dramati-
cally in the past decade for the dominant e+e� ! ⇡+⇡� channel (CMD-
2 [8], SND/Novosibirsk [9], KLOE/Frascati [10–14], BaBar/SLAC [15],

Fig. 3. The compilation of R(s) –data utilized.

Lattice QCD efforts maturing. 
• HVP: optimally combining LQCD 

and R methods can provide best 
precision

• HL×L: LQCD crucial to eliminate 
models.  Verified that HL×L 
estimates not responsible for 
discrepancy

 160 150 140 130 120  170  180  190  200  210  220
(aμ

SM x 1010)−11659000

DHMZ10

JS11

HLMNT11

FJ17

DHMZ17

KNT18

RBC/UKQCD 18 

RBC/UKQCD 18 

HPQCD 17 

Mainz 17 

BMWc 17 

BNL 3.7σ

⎫
⎪
⎪
⎬ R
⎪
⎪
⎭

⎫
⎪
⎬ LQCD
⎪
⎭

 R + LQCD



• experiment vs SM prediction

• deviation > 3.7 σ!

• Δaµ > 2 • aµ(Weak)!

The current spin on ae, aµ
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Δaµ ~ (271 - 306) ± 73  x 10-11

Is it real?  Remeasure!
Fermilab - running: goal 540 ppb 
BNL precision → 140 ppb
J-PARC (Japan) - proposing new 
technique: goal 460 ppb



Beyond Standard Model
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Very different contributions to a

generally: a N P C m
M

2
C m N P

m

classify new physics: C very model-dependent

1 radiative muon mass generation . . .
[Czarnecki,Marciano ’01]

supersymmetry (tan ), unparticles
[Cheung, Keung, Yuan ’07]

4 extra dim. (ADD/RS) (nc). . .
[Davioudasl, Hewett, Rizzo ’00]
[Graesser,’00][Park et al ’01][Kim et al ’01]

4 Z ,W , UED, Littlest Higgs (LHT). . .

Dominik Stöckinger Magnetic moment g 2 and new physics

StockingerM [GeV]

µL µRµL µR



Theme and Variations

Measurement of aµ
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192 Members, 35 Institutions

92 Members, 40 Institutions

Fermilab Muon g-2 J-PARC Muon g-2
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• cyclotron frequency (    )

• spin precession frequency (    )  

~� ? ~B

!C = B
e

mµc

1

�

!s = B
gµ
2

e

mµc
+B

e

mµc

✓
1

�
� 1

◆

Larmor Thomas



Measurement of aµ
Theme

 17

Motion in a B field 
     (         , E⃗ = 0 )  (Jackson Ch. 11.11)

• cyclotron frequency (    )

• spin precession frequency (    )  

~� ? ~B

!C = B
e

mµc

1

�

!s = B
gµ
2

e

mµc
+B

e

mµc

✓
1

�
� 1

◆

g = 2:  ωs = ωC



Measurement of aµ
Theme

 18

Motion in a B field 
     (         , E⃗ = 0 )  (Jackson Ch. 11.11)

• cyclotron frequency

• spin precession frequency 

~� ? ~B

!C = B
e

mµc

1

�

!s = B
gµ
2

e

mµc
+B

e

mµc

✓
1

�
� 1

◆

g ≠ 2: relative precession !s � !C = B
e

mµc

⇣gµ
2

� 1
⌘



Measurement of aµ
Theme

 18

Motion in a B field 
     (         , E⃗ = 0 )  (Jackson Ch. 11.11)

• cyclotron frequency

• spin precession frequency 

~� ? ~B

!C = B
e

mµc

1

�

!s = B
gµ
2

e

mµc
+B

e

mµc

✓
1

�
� 1

◆

g ≠ 2: relative precession !s � !C = B
e

mµc

⇣gµ
2

� 1
⌘



Measurement of aµ
Theme

 18

Motion in a B field 
     (         , E⃗ = 0 )  (Jackson Ch. 11.11)

• cyclotron frequency

• spin precession frequency 

~� ? ~B

!C = B
e

mµc

1

�

!s = B
gµ
2

e

mµc
+B

e

mµc

✓
1

�
� 1

◆

g ≠ 2: relative precession !s � !C = B
e

mµc

⇣gµ
2

� 1
⌘

aµ!ωa



Measurement of aµ
Theme

 19

Most energetic e+ from µ+ decay 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Most energetic e+ from µ+ decay 
    

e+

µ+νe

νµ

_ ⇒⇒
⇒

⇒
aligned with µ+ spin direction!

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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M
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ev
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49
.2

 n
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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.
Rate oscillation 
rate ∝ gµ-2 

EeEth
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Theme

Polarized µ+ production: Parity Violation!!

µ+
π+

νµ
⇒⇒

s)µTime (0 1 2 3 4 5 6 7 8 9

Ev
en

ts

0

10

20

30

40

50
Vacuum Region 
10 < z < 40 (mm)

Fermilab: first hour of (low rate) data J-PARC: TRIUMF  muonium test beam data

 21



Measurement of aµ
and Variations

~!a ⌘ ~!s � ~!c = � q

m

"
aµ ~B �

✓
aµ � 1

�2 � 1

◆ ~� ⇥ ~E

c

#
Measure

Relativistic µ beam
- high rate, polarization
- vertical focusing (E⃗ ≠ 0) required
- choose
- O(ppm) correction for pµ spread
- CERN, BNL, now FNAL approach
- Goal: 140 ppb (21×BNL statistics)

γ2
μ = 1 + 1/aμ

 22

Ultracold µ beam
- no transverse momentum ↔ no 

strong focusing (E⃗ = 0)
- challenging production
- lower polarization
- new J-PARC approach
- Goal (Phase 1): 460 ppb

(β⃗ ⊥ B⃗)
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per batch

Main Injector
rebunch to 4 
batches of 1012

→12 Hz rep. 
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µ+ / proton
11.5 × BNL

Variation 1:  
relativistic µ
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Variation 1:  
relativistic µ

µ+
π+ ⇒⇒νµ

Select π+, p, … at 
“magic momentum” 
(~3.1 GeV)

95% polarized at 
storage ring

≳

Measurement of aµ
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Measurement of aµ
Variation 1:  
relativistic µ
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August, 2017

24 Calorimeter stations around the ring

NMR probes and electronics around the ring

µ+ beam



Watching the spin spin (at ωa)
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PbF2 Crysta
l Array

800 MHz 12 bit

digitiz
ers

e+

SiPM gluing onto crystals: NOA vs Zeiss

12

NOA 164. The CMS glue. 
UV cured. 
Stains crystals,  
because of Sulphur. 

Zeiss OK 2030.  
Certified Sulphur free.  
Repairable. 
The winner. 
40 crystals per day.

9x6 array PbF2 crystals

(2.5x2.5) cm

(Čerenkov radiation)

Fast SiPM 

photodetectors

4
Pileup:
- distorts precession phase
- φ(t) ~ φ0 + αt + … 

Fast SiPM + fast digitizers = pileup id 
(much) better than 5 ns



Measurement of aµ
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Variation 2:  
ultracold µ
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Variation 2:  
ultracold µ

Production target
(20 mm)

3 GeV proton beam
( 333 uA)

Surface muon beam 
(28 MeV/c)

Muonium Production 
(300 K ~ 25 meV⇒2.3 keV/c)

Silicon
Traker

66 cm

Super Precision Storage Magnet
(3T, ~1ppm local precision)

Resonant Laser Ionization of Muonium (~106 µ+/s)
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Variation 2:  
ultracold µ

Mu production experiment at TRIUMF 
(June-July, 2017)
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Variation 2:  
ultracold µ

Production target
(20 mm)

3 GeV proton beam
( 333 uA)

Surface muon beam 
(28 MeV/c)

Muonium Production 
(300 K ~ 25 meV⇒2.3 keV/c)

Silicon
Traker

66 cm

Super Precision Storage Magnet
(3T, ~1ppm local precision)

Resonant Laser Ionization of Muonium (~106 µ+/s)
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Variation 2:  
ultracold µ



Measurement of aµ
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Variation 2:  
ultracold µ

Radial B⃗ compresses spiral
- 33.3 cm storage radius
- pulsed kicker centers 

orbit in storage 
volume



Measurement of aµ
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Variation 2:  
ultracold µ

First functional test module

Silicon strip tracking modules
- detect e+ from µ+ decay
- inside stored µ+ orbit
-

µ+



Measurement of aµ
What about B⃗?

~!a ⌘ ~!s � ~!c = � q

m

"
aµ ~B �

✓
aµ � 1

�2 � 1

◆ ~� ⇥ ~E

c

#
Measure
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(β⃗ ⊥ B⃗)

Measure B⃗ using pulsed NMR: 
• ωp: proton Larmor frequency in pulsed NMR free induction decay
• two approaches to extract aµ from measured 

aµ(expt) =
ge
2

!a

e!p

mµ

me

µp

µe

0.26 ppt

22 ppb
3 ppb

aμ(expt) =
ωa/ω̃p

μμ/μp − ωa/ω̃p

LANL: 120 ppb
J-PARC MuSEUM: 10 ppb goal

ωa/ω̃p



6” clearance!

FNAL: Reuse BNL solenoid
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15 m diameter coils
1 mm vertical flex 
tolerance
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1) Align the pole faces only
• painstaking and iterative!

• red: before and during shimming
• blue: E821 after all shimming

Creating the precision 1.45 T B field

Nov 2015                                                                        Sep 2016

Date →
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2) Adjust Top Hats and  Wedges

Creating the precision 1.45 T B field
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3) Move beyond E821: iron laminations
- adjust effective µ locally via foil 

patchwork
Azimuthal uniformity
- meets Muon g-2 design spec
- significant improvement over E821

Creating the precision 1.45 T B field



 40Nov 2015                                                                        Sep 2016

Date →

3) Move beyond E821: iron laminations
- adjust effective µ locally via foil 

patchwork
Azimuthal uniformity
- meets Muon g-2 design spec
- significant improvement over E821

Creating the precision 1.45 T B field



 40Nov 2015                                                                        Sep 2016

Date →

3) Move beyond E821: iron laminations
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J-PARC: 3T MRI-style
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Must shim for
• uniform B⃗ for µ+ 

storage
• radial (fringe) B⃗ 

for spiral injection 
scheme

Learning to shim 
with MuSEUM 1.7 T 
solenoid



Measurement of aµ
What about B⃗?
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After shimming #3�
2015/05/19!

!  Measured by single probe system 
!  Spheroid : r=100 mm, z=300 mm�

22!

J-PARC “practice”
0.4 ppm

-0.5 ppm

Fermilab

15 cm radius (expt: 33 cm)
cf. beam sigma ~ 10 cm

Ve
rt

ic
al

 p
os

iti
on

 (
cm

)

Horizontal position (cm)



Measurement of aµ
What about B⃗?
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Fermilab + J-PARC Absolute Cross calibration

Fermilab 
probe

J-PARC 
probe

• Two experiments cross-
calibrating absolute NMR 
probes using FNAL g-2 MRI 
magnet at ANL

• First round:  agreement to 
21 ppb

• Second round of testing 
completed March, 2018, 
analysis proceeds



Fermilab g-2 status

 44

2018 run: expect ~ 2.3 × BNL 
stats

Many lessons learned: 
- summer tune-up begins 7/7

0 10 20 30 40 50 60 70 80 90
sµtime modulo 100 

1−10

1

10
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310

410

510

610

710

810
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t /
 1

49
 n

s

Fermilab Muon g-2 Collaboration
Production Run 1, 22-25 Apr 2018

PRELIMINARY, no quality cut

data
fit

Analysis underway!

See talk by Nandita Raha, Saturday 



Summary
Muon g-2 Standard Model prediction rock solid!

• precision continues to improve

• already reached precision goal estimated for FNAL g-2 
Technical Design Report (TDR)

Fermilab Muon g-2 experiment underway

• Very informative first year of running, ~2x BNL dataset 
in hand

• on track for 140 ppb measurement!

J-PARC Muon g-2 TDR in progress

• Complementary technique at 460 ppb in phase 1

• many critical steps have been achieved
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Thanks!
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