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The goal:
The muon anomalous magnetic 
moment (aµ) to 0.14 ppm via spin precession

aµ =
g � 2

2

~µ = g
q

2m
~S

Dirac, relativistic QM (ie, tree level): g = 2

Loop corrections: aµ > 0

�⇤
`+ `+

`+ `+

`+ `+

+
aµ receives contributions

 from all SM particles
 from Beyond SM particles

+ ...



The status of aµ:

aµ = 11 659 208.0(5.4)(3.3) x 10-10    [0.54 ppm] 
Bennet et al, PRD 73072003 (2006)

290

240

190

140140

190

240

290

1979
CERN

1997

µ+

1998

µ+

1999

µ+

2000

µ+

2001

µ−

Average

a µ ×
 1

010
 −

 1
16

59
00

0
An

om
al
ou

s
M
ag

ne
tic

M
om

en
t

BNL Running Year

SLAC Experimental Seminar, 18 Oct 2011 1

Bringing Muon g-2 to FermilabBringing Muon g-2 to Fermilab

Chris Polly, FermilabChris Polly, Fermilab



X

X
`+R `+L `+R `+L

Why improve aµ

...when ae = 1159652180.73(28) x 10−12 (0.3 ppb)?
Hanneke, Fogwell, and Gabrielse, PRL 100, 120801 (2008)

Magnetic moment: interaction flips helicity

→aℓ𝓁 sensitivity scales like (mℓ𝓁/mX)2

→(mµ/me)2 → 40,000x increase in sensitivity
• must know SM corrections   )-:
• Beyond SM sensitivity!

compensates for 1000x reduced precision  (-:



The spin on aµ

Standard Model Evaluation of aµ

• QED:  aµ(QED) = 11 658 471.8951(80) x 10-10

• O([α∕π]5) Aoyama, Hayakawa, Kinoshita and Nio, PRL 109, 111808 

• 12,000+ diagrams!
• far better than we need

• Electroweak:  aµ(EW) = 15.4(2) x 10-10

• probing EW was E821’s goal
• to 2 loops

W+

⌫

W+

µ+ µ+

Z

µ+ µ+

and...



...hadronic contributions

Hadronic Vacuum polarization (LO and NLO)
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+ analyticity
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⇣↵mµ
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)

measured (low s) or 
pQCD (high s) 

Slowly varying:
0.63 → 1

heavily weights
to low ECM

Fig. 22. Experimental results for Rhad
γ (s) in the range 1 GeV < E =

√
s < 13 GeV, obtained at the various e+e− storage rings.

The perturbative quark–antiquark production cross–section is also displayed (pQCD). Parameters: αs(MZ ) = 0.118 ± 0.003,
Mc = 1.6 ± 0.15 GeV, Mb = 4.75 ± 0.2 GeV and the MS scale varied in the range µ ∈ (

√
s/2, 2

√
s).

once more reveals large (in comparison with the claimed experimental errors) discrepancies with respect to
previous results. The integrated result yields a shift δahad

µ (ππ) ! +13.5 × 10−10 and seems to be in much
better agreement with corresponding results obtained from the τ spectral–functions (see below), however,
the spectrum is much steeper (-10% at 0.5 GeV up to +10% at 1 GeV) than the one from ALEPH, for
example. The new e+e−–based result agrees better (at ± 5% level) with the more recent Belle τ results. We
will say more about the possibility to use τ data for the calculation of ahad

µ , below.
For the e+e−–based result (113), the size of contributions and squared errors from different energy regions

are illustrated in Fig. 23.
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Fig. 23. The distribution of contributions (left) and errors (right) in % for a(4)
µ (vap, had) from different energy regions. The

error of a contribution i shown is δ2i tot/
∑

i
δ2i tot in %. The total error combines statistical and systematic errors in quadrature.

Some other recent evaluations are collected in Table 4. Differences in errors come about mainly by utilizing
more “theory–driven” concepts : use of selected data sets only, extended use of perturbative QCD in place
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Hadronic Vacuum Polarization (LO and NLO)
many new and anticipated inputs:

VEPP-2000

CMD3

SND2000

KLOE12 result compared to KLOE10: !

...hadronic contributions

Typical result:
aµ(HVP,LO) = 685.8(4.6) x 10-10

aµ(HVP,NLO) = -9.98(10) x 10-10

Benayouna, Davida, DelBuonoa, Jegerlehner, EPJ C72, 1848 (2012)

e+

e�
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...hadronic contributions
Hadronic light by light
• nonperturbative, but higher order

• estimated via modeling + e.g., 
          2-photon data

• will soon be dominant uncertainty

• KLOE-2 will constrain with new γ*γ* data
                                       at low Q2 

µ+ µ+

⇡0

µ+ µ+

•  A reasonable improvement on aµ !
•   !

aµ(HLxL) = 11.6(4.0) x 10-10

Prades, de Rafael, Vainshtein

• size ~ NLO HVP
• lattice calculations under 

way (10% in ’17 feasible)



• experiment vs SM

• deviation remains > 3.5 σ
• Δaµ > 2 • aµEW!

• If new physics, why 
haven’t we seen it?

• aµ sensitive to ratio

   coupling / mass scale

Combining it all...
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incl. ISR
DHMZ10 (e+

e
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[3.6 σ]
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[2.4 σ]
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[3.4 σ]
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[4.1 σ]

experiment
BNL-E821 (world average)
208.9 ± 6.3

aµ×1010-11659000

Figure 13: A set of recent estimates of the muon anomalous magnetic moment aµ together with
the BNL average value [1, 2]. These are extracted from [14] (DHMZ10), [16] (JS11), [115]
(HLMNT11) and [13] (DHea09). Our own results are figured by A and B for respectively
solutions A and B. The statistical significance of the difference between the estimated and
measured values of aµ is displayed on the right side of the Figure for each of the reported
analyses.

97

Good agreement among 
various aµSM assessments
Benayouna, Davida, DelBuonoa, Jegerlehner, EPJ C72, 1848 (2012)

Δaµ ~ (33 - 38) ± 8.3 

Coupling ≪ GF

(hidden sectors)
Masses ≫ MZ

Outlook (5.1 → 3) x 10-10 
on prediction circa 2017

No ρ-γ mixing correction
in τ data



Beyond Standard Model
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
Stockinger

!



LHC and g-2
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Figure 1: Left: The value of the lightest stau mass needed to obtain a given �(h ! ��) for di↵erent

values of µ tan� (denoted by the color code shown in the figure). The points are obtained through a

scan as described in eq. (8). The contour lines of µ tan� in TeV are obtained from the approximate

expression in eq. (7), which can be trusted only in the region corresponding to large enhancements

of �(h ! ��). Vacuum stability bound at tree-level imply |µ tan�| <⇠ 40TeV. Right: Correlation

between the supersymmetric contributions to the muon g � 2 and to �(h ! ��). The bands show

the regions favored by present experimental data. Green (red) dots correspond to a ⌧̃ heavier than

100 (80)GeV, and black dots correspond to a lighter ⌧̃ , which is experimentally allowed only if it is

quasi-degenerate to a neutralino. All points satisfy the metastability bound.

A Higgs-stau-stau trilinear coupling enhanced by such a large µ tan � can lead to an

instability of the physical vacuum. In order to understand the origin of the problem, let us

consider the relevant terms in the scalar potential

V = m2

Hu
|H0

u

|2 + |µH0

u

� y⌧ ⌧̃L⌧̃R|2 + . . . , (9)

where y⌧ is the tau Yukawa coupling and ⌧̃L,R are the stau fields. The second term in

eq. (9) corresponds to the supersymmetric part |FHd
|2, and so it is positive-definite and, by

itself, cannot lead to any instability. The instability for large µ comes from the fine-tuning

required to achieve EW symmetry breaking. Indeed, for large tan �, one generally imposes

m2

Hu
= �µ2 �M2

Z/2, and so the first term in eq. (9) becomes large and negative, triggering

a deeper minimum at hH
u

i ⇡ h⌧̃L,Ri ⇡ µ/y⌧ . A tree-level analysis of vacuum meta-stability

implies the bound [10]

|µ tan �| <⇠ 39(
p
mL +

p
mR)

2 � 10TeV. (10)

4

Giudice, Paradisi, Strumia 2012
(SUSY w/ light staus)

Contributions affect both aµ and h→ γγ

?µ+ µ+ h ?

Split spectra, large Higgsino Mass, …

➡ consistent w/ LHC, large aµ contrib’s
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FIG. 2: Numerical results for a1Lµ as a function of µ (left) and M2 = ML (right). The other parameters
are set to the values of BM1–BM3 (left) and BM4 (right). The total one-loop contribution is drawn solid,
the chargino/neutralino contributions are drawn dashed/dotted, respectively. The benchmark points are
indicated as red diamonds.

region.
Our benchmark points are deliberately not

optimized to give a particular value for aµ but
to represent characteristic regions of parameter
space, for the following reasons. First, the re-
sult for aµ can be adjusted easily to the value
of Eq. (1) or any future measurement by tuning
the values of tan β and the SUSY masses, with-
out changing the characteristic of the parameter
point. Second, our later two-loop results will
hold in larger regions of parameter space repre-
sented by the benchmark points.
The SUSY two-loop contributions can be

grouped into two classes [30]: In class 2L(a) a
pure SUSY loop (of either charginos, neutrali-
nos, or sfermions) is inserted into a SM-like
diagram; these contributions have been evalu-
ated exactly in Ref. [34, 35]. They can be large
in certain regions of parameter space, but they
become small as the masses of SUSY parti-
cles and/or heavy Higgs bosons become large.
Diagrams of class 2L(b) involve a loop cor-

rection to a SUSY one-loop diagram. Their
results are not completely known, but leading
QED-logarithms [36], the full QED-corrections
[37], and (tanβ)2-enhanced corrections [38]
have been computed. Further computations of
selected diagrams of classes 2L(a) and 2L(b)
have been carried out in Refs. [39–42]. All
known contributions of class 2L(b) can be sig-
nificant corrections to the SUSY one-loop con-
tributions.
We close the section by listing our stan-

dard values for the additional parameters that
become relevant at the two-loop level, the ad-
ditional squark and slepton mass parameters
MU,D,Q,U3,D3,Q3 and ME3,L3 and the CP-odd
Higgs-boson mass MA. Where not stated oth-
erwise, we set, like Ref. [19],

MU,D,Q,U3,D3,Q3 = 7 TeV,
ME3,L3 = 3 TeV, (2)

MA = 1.5 TeV.

3

γ

µ µµ̃, ν̃µ

χ̃0,−
i

γ

µ µµ̃, ν̃µ

χ̃0,−
j χ̃0,−

i

f, f ′

f̃

FIG. 1: SUSY one-loop diagrams and two-loop diagrams with fermion/sfermion-loop insertion. The photon
can couple to each charged particle.

BM1 BM2 BM3 BM4

µ[GeV] 350 1300 4000 −160

tanβ 40 40 40 50
M1[GeV] 150 150 150 140
M2[GeV] 300 300 300 2000
ME[GeV] 400 400 400 200
ML[GeV] 400 400 400 2000
a1Lµ [10−10] 44.02 26.95 46.78 15.98

TABLE I: Definition of the benchmark points.

parameter dependence, as shown on an ana-
lytic level in Refs. [30–33]. We illustrate this
variety of possibilities at the one-loop level
by Fig. 2 and define representative benchmark
parameter points in Tab. I. The points are
similar to the scenarios studied in Ref. [19],
where it was also shown that such parameter
choices, together with the squark masses
defined below, are compatible with current
LHC data. We use a notation similar to Ref.
[30]; M1,2 are the gaugino masses, and the
squark and slepton doublets and singlets are
denoted as MQi, MUi, MDi, MLi, MEi, for
each generation i ∈ {1, 2, 3}. For simplicity
we choose generation-independent masses for
the first two generations, ME1 = ME2 ≡ ME ,
ML1 = ML2 ≡ ML, etc., and we set all trilinear
soft SUSY breaking A parameters to zero.
Fig. 2(left) shows the one-loop results a1Lµ as

a function of µ (the remaining parameters are
chosen as in BM1–BM3). There are clearly
three characteristic regions for µ, represented by
the three benchmark points BM1–BM3. In the
small-µ region (BM1), µ and all other masses
are similar. In terms of mass-insertion diagrams
(see e.g. Refs. [30, 31]), the dominant contri-
bution is the diagram with Higgsino–wino and
sneutrino exchange. The result drops with in-
creasing µ because of the Higgsino propagator.
For intermediate µ there is a minimum (BM2),
and the chargino and neutralino contributions
become similar. For large µ the one-loop results
increase linearly in µ (BM3). In this large-µ
region of parameter space all contributions in-
volving Higgsinos are suppressed, but the mass-
insertion diagram with pure bino exchange and
µ̃R-µ̃L-transition in the smuon line is linear in µ
and contributes significantly.

Fig. 2(right) shows the one-loop results as
a function of ML (where M2 = ML and the
remaining parameters are chosen as in BM4).
Again, for smallML all masses are similar and
the equal-mass approximation applies. For large
ML all contributions involving µ̃L or a sneu-
trino are suppressed, but the mass-insertion dia-
gram with a purely right-handed smuon µ̃R and
Higgsino–bino exchange is large. This contri-
bution has the opposite sign, so µ is chosen neg-
ative to allow a positive contribution to aµ. The
benchmark point BM4 represents this largeML-

Fargnoli et al, 1309.0980
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Taking the muon for a spin

Fermilab E989 “Muon g - 2”
Goal: 

aµ to < 0.14 ppm

BNL E821 stat’s limited
bring collaboration
+ its experience
+ its ring to FNAL

Deliver 21x the µ’s
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The principles:  motion in B field,  V-A
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• spin precession:

!C = B
e

mµc

1

�

!s = B
gµ
2

e

mµc
+B

e

mµc

✓
1

�
� 1

◆

ThomasLarmor

g = 2 g ≠ 2

e+

µ+

νe

νµ
_

⇒

⇒⇒ ⇒

Taking the muon for a spin



The principles:  motion in B field,  V-A

• cyclotron:

• spin precession:

!C = B
e

mµc

1

�

!s = B
gµ
2

e

mµc
+B

e

mµc

✓
1

�
� 1

◆

ThomasLarmor

g = 2 g ≠ 2

e+

µ+

νe

νµ
_

⇒

⇒⇒ ⇒

Taking the muon for a spin



The principles:  motion in B field,  V-A

• cyclotron:
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• relative precession:
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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.
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Producing 21x the muons:  

Taking the muon for a spin

parameter BNL FNAL gain factor FNAL/BNL

Yº pion/p into channel acceptance º 2.7E-5 º 1.1E-5 0.4

L decay channel length 88 m 900 m 2

decay angle in lab system 3.8 ± 0.5 mr forward 3

±pº/pº pion momentum band ±0.5% ±2% 1.33

FODO lattice spacing 6.2 m 3.25 m 1.8

inflector closed end open end 2

total 11.5

TABLE X: Parameters for E821 and the New g°2 Experiment beamline and their relative eÆect on

the stored muons per proton fraction. Pion yield Yº given for pion momentum bin pº= 3.11 GeV/c

± 0.5%.

75

~12x µ / proton yield
~3x repetition rate:

⇒ only ~3-5x BNL instantaneous 
rate and ~1 year of protons



Producing 21x the muons:  

Taking the muon for a spin

parameter BNL FNAL gain factor FNAL/BNL

Yº pion/p into channel acceptance º 2.7E-5 º 1.1E-5 0.4
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± 0.5%.

75

~12x µ / proton yield
~3x repetition rate:

⇒ only ~3-5x BNL instantaneous 
rate and ~1 year of protons

from the resulting fits are immune to a large number of
possible systematic errors.

The !a analyses all rely on nonlinear !2 minimization
using a fitting function F!t; ~"", having a range of free
parameters ~" that depends on the specific fitting and
data-preparation strategy of the analyzer. The reduced
chi-squared, !2=dof (dof # degree of freedom), is used
to judge the goodness of fit with the condition that
!2=dof $ 1 with a variance of

!!!!!!!!!!!!!
2=dof

p
, a property of the

!2 distribution. For the typically 4000 degrees of freedom
in the fits described here, an acceptable reduced chi-
squared is 1% 0:022, which is minimized by varying the
free parameters. In the limit of a large number of events in
each bin (e.g., Nk > 30) the variance becomes Gaussian.
The fit range in the different analyses is always truncated
well before the number of counts in the last bin is fewer
than this limit. In the sections that follow, we describe the
data preparation and fitting procedures.

1. Data preparation and pulse-fitting procedure

Figure 30 depicts a schematic fill as recorded by the
waveform digitizer for one calorimeter station near the
inflector. Prior to injection, the calorimeters are gated off
and a triangular-shaped marker pulse is conveyed to each
WFD to establish correct phasing of the two independent
200 MHz digitizers. The calorimeters are gated on 2&
27 #s after the muon bunch is injected. A time-dependent
pedestal remains from the prompt hadronic flash. For
detectors immediately downstream of the inflector, the
pedestal can be well above the WFD trigger threshold for
tens of microseconds, thus initiating a continuous digitiza-
tion of the analog signals. The slowly decaying pedestal
gives rise to an effective time change of the hardware
threshold. True electron pulses ride on top of this back-
ground and must be identified and characterized as !E; t"
pairs. The function of the pulse-finding algorithms is to
identify such events within the roughly 700 #s measuring
interval. This task is particulary challenging because the
initial instantaneous rate of a few MHz implies a pileup

rate above 1%. The rate falls by a factor of 104 over the
measurement interval. Because background and electron
pileup can introduce a time dependence in the average
phase, they can also bias the measurement of !a.

The data are reconstructed by two different programs,
g2Off and G2Too. Their pulse-processing algorithms are
conceptually similar but the programs share no code. The
two algorithms were developed concurrently and the re-
sults obtained from the two were compared. A Monte Carlo
waveform generator was used to check that each was
immune to the difficulties outlined above. The fraction of
pulses that are found by only one of the two algorithms is
small. Slightly different fill-acceptance criteria, together
with intrinsic differences in the time and energy resolution
of each method, lead to a 1–2% difference in the recon-
structed events. This difference is accounted for in the
comparison of !a results because it affects the statistical
fluctuations.

The pulse-processing algorithm uses a standard pulse
shape—determined independently for each calorimeter—
as a template to extract the time and energy of the electron
signals from the raw waveform samples. These shapes are
largely independent of electron energy, which is propor-
tional to the signal amplitude. The algorithm finds this
amplitude, along with the time of the true maximum and
the pedestal.

The average pulse shapes are built from sample pulses
taken at times long after injection, when the pedestal is
constant, and background and pileup are small. The sample
pulses are aligned with respect to the time of the true
maximum, tm. A pseudotime is defined as

$ $ !2:5 ns"'imax ( !2=%"tan&1xp); (27)

where

xp $ Simax
& Simax&1

Simax
& Simax(1

;

and imax is the index of the maximum sample and Si is the
value of the ith sample. Here xp is a measure of where the
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FIG. 30. Schematic representation of a WFD record obtained from a single calorimeter in one fill of the storage ring. The dark gray
flat band represents an internal baseline added in hardware to prevent underflows. The open triangle marker pulse is inserted externally
to establish the phase relation between the digitizers. The light gray decaying pedestal corresponds to a flash-induced background in
the calorimeters. The narrow spikes, see expansion, represent the individual electron pulses of interest.
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Side benefit:
reduced hadronic flash = improved 
systematics!



Taking the ring for a spin

!

6” clearance!

15 m diameter 
1 mm vertical flex tolerance



The precision B field
~1 year to shim, independently,

- dipole
- quadrupole
- sextupole

D. Muon storage-ring magnet

The muon storage ring [18] is a superferric ‘‘C’’-shaped
magnet, 7.112 m in central orbit radius, and open on the
inside to permit the decay electrons to curl inward to the
detectors (Fig. 6). A 5 V power supply drives a 5177 A
current in the three NbTi/Cu superconducting coils.
Feedback to the power supply from the NMR field mea-
surements maintains the field stability to several ppm. The
field is designed to be vertical and uniform at a central
value of 1.4513 T. High-quality steel, having a maximum
of 0.08% carbon, is used in the yoke. Low-carbon steel is
used for the poles primarily because the fabrication process
of continuous cast steel greatly minimizes impurities such
as inclusions of ferritic or other extraneous material and air
bubbles. An air gap between the yoke and the higher
quality pole pieces decouples the field in the storage region
from nonuniformities in the yoke. Steel wedge shims are
placed in the air gap. Eighty low-current surface-correction
coils go around the ring on the pole-piece faces for active
trimming of the field. The opening between the pole faces
is 180 mm and the storage region is 90 mm in diameter. A
vertical cross section of the storage-ring illustrating some
of these key features is shown in Fig. 7. Selected storage-
ring parameters are listed in Table VI.

Attaining high field uniformity requires a series of pas-
sive shimming adjustments, starting far from and then
proceeding towards the storage region. First the 12 upper-
and lower-yoke adjustment plates are shimmed by placing

precision spacers between them and the yoke steel, mod-
ifying the air gap. Next the 1000 wedge shims in the yoke
pole-piece air gap are adjusted. With a wedge angle of
50 mrad, adjusting the wedge position radially by 1 mm
changes the thickness of iron at the center of the storage
aperture by 50 !m. The wedge angle is set to compensate
the quadrupole component, and radial adjustments of the
wedge and other changes to the air gap are used to shim the
local dipole field. The local sextupole field is minimized by
changing the thickness of the 144 edge shims, which sit on
the inner and outer radial edges of the pole faces. Higher
moments, largely uniform around the ring, are reduced by
adjusting the 240 surface-correction coils, which run azi-
muthally for 360 deg along the surface of the pole faces.
They are controlled through 16 programmable current
elements. With adjustments made, the azimuthally aver-
aged magnetic field in the storage volume had a uniformity
of ’ 1 ppm during data-taking runs.

The main temporal variation in the magnetic-field uni-
formity is associated with radial field changes from sea-
sonal and diurnal drift in the iron temperature. Because of
the C magnet geometry, increasing (or decreasing) the
outside yoke temperature can tilt the pole faces together
(or apart), creating a radial gradient. The yoke steel was
insulated prior to the R98 run with 150 mm of fiberglass to
reduce the magnetic-field variation with external tempera-
ture changes to a negligible level.
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FIG. 8. The (g! 2) storage-ring layout. The 24 numbers rep-
resent the locations of the calorimeters immediately downstream
of the scalloped vacuum chamber subsections. Inside the vacuum
are four quadrupole sections (Q1–Q4), three kicker plates (K1–
K3) and full-aperture (C) and half-aperture ( 1

2 C) collimators.
The traceback chambers follow a truncated scalloped vacuum
chamber subsection.

TABLE VI. Selected muon storage-ring parameters.

Parameter Value

Nominal magnetic field 1.4513 T
Nominal current 5200 A
Equilibrium orbit radius 7.112 m
Muon storage region diameter 90 mm
Magnet gap 180 mm
Stored energy 6 MJ

Shim plateThrough bolt

Iron yoke

slot
Outer coil

Spacer Plates

1570 mm

544 mm

Inner upper coil

Poles

Inner lower coil

To ring center

Muon beam

Upper push−rod

1394 mm

360 mm

FIG. 7. Cross sectional view of the C magnet.
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the trolley passes, and from the readings of a pair of
potentiometers whose resistances were set by the drums
that wind and unwind the trolley cables. In the final R01
running period, the use of an optical encoder system fur-
ther improved the trolley position measurement.

The trolley probe measurements are averaged over azi-
muth and a multipole expansion including terms up to 4th
order for a two-dimensional field without an azimuthal
component is made following

B!r;!" # B0 $
X4

n#1

!
r
r0

"
n
%an cos!n!" $ bn sin!n!"&: (23)

Here x and y are the radial and vertical directions and the
corresponding cylindrical coordinates are !r; !" with r # 0
at the center of the storage region and ! # 0 defined to
point radially outward. The multipoles ai (normal) and bi
(skew) are normalized at r0 # 45 mm; the contour plot
obtained from one trolley run is shown in Fig. 25(b), which
corresponds to the multipole content in the right-hand list
of Table IX.

The trolley measures the magnetic field in the muon
storage region up to a radius of 35 mm. The magnetic field
beyond 35 mm radius is obtained by extrapolating the
measured moments up to and including the decupoles.
Data obtained in 1998 with a special shimming trolley—
having 25 NMR probes positioned to measure the field up
to 45 mm radius—determined the field in the outer region
and the higher multipoles. The shimming trolley ran along
the pole pieces and could only be used with the vacuum
chamber removed. The multipole expansions of the shim-
ming trolley data at six azimuthal positions, both at the
pole edge and at the pole center, all give less than 8 ppm at
45 mm for multipoles higher than the decupoles. By as-

suming an 8 ppm multipole at 45 mm and by multiplying
its radial dependence by the falling muon distribution, a
maximum uncertainty of 0.03 ppm is implied on the aver-
age field seen by the muons, a negligibly small error.

The overall position uncertainty of the trolley, combined
with the field inhomogeneity, contribute to the error on the
average field B0. The short-range jitter in azimuth is not
correlated to the field inhomogeneity and its effect, aver-
aged out over many trolley runs, is estimated to be smaller
than 0.005 ppm. By contrast, the long-range position error
can be a systematic deviation. Combining this uncertainty
with the field inhomogeneity gives a 0.10 ppm uncertainty
in the worst case for runs prior to 2001. Improved longi-
tudinal position measurements reduced this uncertainty to
0.05 ppm for 2001. Both the normal and skew quadrupoles
vary from '0:5 to $0:5 ppm=mm over the azimuth. The
vertical and radial position of the trolley, over most parts of
the ring are constrained within (0:5 mm with respect to
the center of the storage region. The transverse position
uncertainty should not be correlated with the multipoles
and hence there is no effect on average field due to vertical
and horizontal position uncertainties. There are some gaps,
about 100 mm in total, where the position uncertainty
could be as large as 3 mm and where the field inhomoge-
neity could be as large as 1:3 ppm=mm. The contribution
to the average field uncertainty from such an extreme case
is 0.01 ppm, which is negligible. Reverse direction trolley
runs are also used in the analysis, which are important to
confirm the forward direction runs.

The NMR measurements provide only absolute field

magnitudes, j ~Bj #
#############################
B2
x $ B2

y $ B2
z

q
, where Bx, By and Bz

are the radial, vertical and longitudinal components, re-
spectively. The quantity j ~Bj is used, rather than By to
calculate a". This introduces an error

j ~Bj' jByj #
#############################
B2
x $ B2

y $ B2
z

q
' jByj ’

B2
x $ B2

z

2jByj
;

for Bx ) By; Bz ) By:
(24)

The radial field Bx is measured [39] in some locations in
the storage ring; By and Bz are both estimated using
Maxwell’s equations. The difference between By and j ~Bj
is less than 0.01 ppm.

4. Field tracking with the fixed probes

The fixed probes are used to track the magnetic field
during data taking—the time between the direct measure-
ments made by the NMR trolley. Of the 378 fixed probes,
which are placed in grooves in the walls of the vacuum
chamber, about half are useful for the analysis. Some
probes are simply too noisy. Other probes, located in
regions where the magnetic-field gradients are large,
have very short FID times and therefore make measure-
ments of limited precision. Still other probes failed during

FIG. 26 (color online). The NMR frequency measured with the
center trolley probe relative to a 61.74 MHz reference versus the
azimuthal position in the storage ring for one of the measure-
ments with the field trolley during the R01 period. The continu-
ous vertical lines mark the boundaries of the 12 yoke pieces of
the storage ring. The dashed vertical lines indicate the bounda-
ries of the pole pieces. The inset focuses in on the measurements
over an interval of two degrees. The point-to-point scatter in the
measurements is seen to be small.
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Measurement + calibration of B:

• Pulsed NMR with free-induction 
decay yields proton Larmor 
precession ωp in same B field

• Muon hyperfine normalizes (30 ppb)

Absolute calibration:
spherical water sample

366 Fixed probes

Electronics, 
Computer &  
Communication 

Position of 
NMR Probes 

17-probe trolley Improvement highlights
• Extensive Opera modeling of B
• Improved building temp. control (±1°C)
• Improved shimming: 

• ½ BNL gradient
• Improved uniformity

• Improved magnet insulation
• Improved absolute calibration process
• More fixed probes
• Improved trolley position accuracy

The precision B field

0.17 ppm → 0.07 ppm
uncertainty



Measuring ωa
24 Calorimetry stations (E and t)

• 9x6 (2.5x2.5) cm PbF2 array (X0 = 0.93 cm)

• Silicon Photomultipliers

• 500 MSPS waveform digitizers

Improvements over E821

• Improved gain control and laser monitoring

• Pileup suppression via segmentation

• entire µ fill digitized, transferred to DAQ

• opens new analysis methods 

• better gain systematic control 

• reduced pion “flash”

FIG.40:Planviewofnewcalorimetersandexistingscallopedvacuumchamberregion.

design,theW/SciFiisasinglemonolithicarray,whichcanbereadoutonthedownstream

sidebyanysegmentationofopticalcouplers.Thechoiceof20or35readouts(4£5array

or5£7array)isanoptimizationtobedeterminedbasedonthefinalreadoutsolution.We

areexploringsiliconphotomultiplier(SiPM)arraysandwillperformtestsinthecoming

yearwithnewlyprocuredsamples.Atthetimeofthisproposal,severallargeSiPMarrays

arebeingproduced,whichwouldnicelymatchthe35-segmentedmodelmentionedabove.

However,aconservativesolutionwillbetousePMTslocatedoutsideofthefieldregion.It

isasolutionthatwehaveconsiderableexperienceinimplementingbasedonE821.

AppendixCincludesamoredetaileddescriptionofatungsten/scintillatingfiber(W-

SciFi)samplingcalorimeterthatmeetsthesedemands.Inanticipationofthisproposal,

webuilta4£6cm
2

prototypemodulemadeof0.5-mmpitchlayersoffiberribbonsand

puretungstenplates.MeasurementsweremadeatPSIandatFermilabandresultshave

beenreported[14].Wehavealsorecentlycompleteda15£15cm
2

prototypeinnear-final

geometryandareinstrumentingitforatest-beamruninMayof2010.

C.Position-SensitiveDetectors

InE821,five-fold,verticallysegmentedscintillatorhodoscopesweremountedontheup-

streamsideofeachcalorimeter.Toprovideimpactpositioninformationforshowerrecon-

structionandtoobtainabetterhorizontalandverticalprofile,weproposetouseasystem

ofstrawdetectorsinfrontofeachstation.Thesecanberelativelysimpledetectorsystems

withstandardmulti-hitTDCdigitizedreadout.Thetime-startforthestrawswillbederived

fromasummedsignalfromthecalorimeters.Thestrawsysteminfrontofeachcalorimeter

willprovideinformationforshowerimpact,pileupidentification,andmuonlossmonitor-

100
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PbF2 crystals with SiPM 
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D. Muon storage-ring magnet

The muon storage ring [18] is a superferric ‘‘C’’-shaped
magnet, 7.112 m in central orbit radius, and open on the
inside to permit the decay electrons to curl inward to the
detectors (Fig. 6). A 5 V power supply drives a 5177 A
current in the three NbTi/Cu superconducting coils.
Feedback to the power supply from the NMR field mea-
surements maintains the field stability to several ppm. The
field is designed to be vertical and uniform at a central
value of 1.4513 T. High-quality steel, having a maximum
of 0.08% carbon, is used in the yoke. Low-carbon steel is
used for the poles primarily because the fabrication process
of continuous cast steel greatly minimizes impurities such
as inclusions of ferritic or other extraneous material and air
bubbles. An air gap between the yoke and the higher
quality pole pieces decouples the field in the storage region
from nonuniformities in the yoke. Steel wedge shims are
placed in the air gap. Eighty low-current surface-correction
coils go around the ring on the pole-piece faces for active
trimming of the field. The opening between the pole faces
is 180 mm and the storage region is 90 mm in diameter. A
vertical cross section of the storage-ring illustrating some
of these key features is shown in Fig. 7. Selected storage-
ring parameters are listed in Table VI.

Attaining high field uniformity requires a series of pas-
sive shimming adjustments, starting far from and then
proceeding towards the storage region. First the 12 upper-
and lower-yoke adjustment plates are shimmed by placing

precision spacers between them and the yoke steel, mod-
ifying the air gap. Next the 1000 wedge shims in the yoke
pole-piece air gap are adjusted. With a wedge angle of
50 mrad, adjusting the wedge position radially by 1 mm
changes the thickness of iron at the center of the storage
aperture by 50 !m. The wedge angle is set to compensate
the quadrupole component, and radial adjustments of the
wedge and other changes to the air gap are used to shim the
local dipole field. The local sextupole field is minimized by
changing the thickness of the 144 edge shims, which sit on
the inner and outer radial edges of the pole faces. Higher
moments, largely uniform around the ring, are reduced by
adjusting the 240 surface-correction coils, which run azi-
muthally for 360 deg along the surface of the pole faces.
They are controlled through 16 programmable current
elements. With adjustments made, the azimuthally aver-
aged magnetic field in the storage volume had a uniformity
of ’ 1 ppm during data-taking runs.

The main temporal variation in the magnetic-field uni-
formity is associated with radial field changes from sea-
sonal and diurnal drift in the iron temperature. Because of
the C magnet geometry, increasing (or decreasing) the
outside yoke temperature can tilt the pole faces together
(or apart), creating a radial gradient. The yoke steel was
insulated prior to the R98 run with 150 mm of fiberglass to
reduce the magnetic-field variation with external tempera-
ture changes to a negligible level.
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FIG. 8. The (g! 2) storage-ring layout. The 24 numbers rep-
resent the locations of the calorimeters immediately downstream
of the scalloped vacuum chamber subsections. Inside the vacuum
are four quadrupole sections (Q1–Q4), three kicker plates (K1–
K3) and full-aperture (C) and half-aperture ( 1

2 C) collimators.
The traceback chambers follow a truncated scalloped vacuum
chamber subsection.

TABLE VI. Selected muon storage-ring parameters.

Parameter Value

Nominal magnetic field 1.4513 T
Nominal current 5200 A
Equilibrium orbit radius 7.112 m
Muon storage region diameter 90 mm
Magnet gap 180 mm
Stored energy 6 MJ

Shim plateThrough bolt
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FIG. 7. Cross sectional view of the C magnet.
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ωa systematics:
0.18 → 0.07 ppm



Tracking
Straw tubes in vacuum in front of 2 PbF2 arrays

• stereo angle:  ±7.5º fom vertical

• Improved diagnostics

• identify pileup sample

• identify lost muon sample

• E/p calibration

• muon EDM measurement (tips precession 
plane)

• dµ<1.8x10-19 e-cm → few 10-21
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Summary / Status
Expected beam + incremental measurement 
improvements:
➡ aµ to ± 0.1(stat) ± 0.07 (ωp) ± 0.07 (ωa)

Detector funding in hand
- NSF Major Research Instrumentation for calo+daq
- DOE Early Career for straw chambers

Ring has been transferred BNL → Fermilab

DOE Critical Decision - 1 review next week
- proceed to technical design
- technically-driven schedule: beam in 2016
- funding-driven schedule: beam in 2017-2018 (?)


