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What is g-2? 
• Magnetic moments: Fundamental property of a 

particle  
•  The spin and magnetic moment are related by:  

•  Predicted to be 2, but found experimentally to be > 2  
•  Radiative corrections 

•  Sensitive at the sub-ppm level to new physics  
•  Muons more sensitive because of mass  
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Measuring g-2  
•  Store muons in uniform field  
•  Measure the magnetic field 

using NMR probes (B) 
•  Count decay positrons to get 

precession frequency (ωa) 
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434 TRACKING DETECTORS

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.

1
2

3

4

5

6

7

8

9

10

11
1213

14

15

16

17

18

19

20

21

22

23
24

2
12

1

2
1

2
1

2
1180  Fiber

monitor

garage
Trolley

chambers
Traceback

270  Fiber
monitor

K1

K2

K3

Q1

C

C

Inflector
C

Calibration
NMR probe

C

C
C

C

Q4

C
Q2

Q3

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
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FIG. 7. Cross sectional view of the C magnet.

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

072003-8

Tracker 

Tracker 

Figure 20.2: Placement of the tracking detectors in the muon storage ring. The detectors
can be seen in front of calorimeter stations 15 and 21.

20.3 Recommended Design

The recommended design is an array of straw tubes with alternating planes oriented 7.5�

from the vertical direction We refer to the plane with negative slope as the U plane and
the plane with the positive slope as the V plane with respect to the radial-vertical plane.
The DC nature of the beam requires a tracker with multiple planes spread out over as long
a lever arm as possible. The required number of planes, along with the need to minimize
multiple scattering lead to the choice of a gas based detector. The requirement to place the
detectors in the vacuum leads to the choice of straws since the circular geometry can hold
the di↵erential pressure with minimal wall thickness.

20.3.1 Mechanical Design

The design is to have two tracking detectors placed at approximately 180 and 270 degrees
from the injection point as shown in Fig. 20.2. These locations have a clear line of sight to
the muon beam. The vacuum chambers in these locations will be modified to contain large
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Tracking in g-2  

4 

•  Deviations from uniform circular motion lead to ppm 
level corrections to the precession frequency  

•  Need a clear picture of the muon beam to correct for 
these effects 

•  Constraints: Located in vacuum, minimal impact on B 
field  
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as a function of the positron to muon momentum fraction is shown in Figure 6.  The distance from the 
calorimeter face to where the positron enters the scallop region is also shown.  This indicates that the 
optimal coverage region is approximately half a meter in front of the calorimeters.  It also indicates that 
the muon distribution can be mapped approximately 1 meter from the calorimeters removing the long 
lever arm required by the E821 geometry and allowing us to stay clear of upstream collimators. These 
calculations will be updated with simulation by my RA and I, including spreads in the initial muon 
distribution, positrons that hit any region of the calorimeter, and the non-uniform B field. 

 

Figure 6:  Left:  The distance between the calorimeter and the muon decay position for positrons that 
strike the midpoint of the calorimeter face as a function of the positron to muon momentum fraction.  
Right:  The distance between the calorimeter and the location that the positrons enter the scallop region 
of the vacuum chamber also as a function of the positron momentum fraction.  The calculations assume 
circular trajectories. 

It is highly desirable to build the system without modifying the existing vacuum chambers.  Fortunately 
there are two unused vacuum ports in the tracking volume.  One is large with an inner diameter slightly 
larger than 10 cm. This is indicated in Figure 7.  Once our baseline detector concept is chosen, we will 
use Fermilab mechanical engineering resources to design a system that can be installed, serviced, and 
maintained through these ports. 

 

Figure 7:  Top view of 1/12 of the vacuum chamber for the g-2 storage ring. The tracking volume inside 
the vacuum chamber and in front of the calorimeter stations for two tracking stations is indicated.  Also 
shown is the side view of the vacuum chamber showing the two unused vacuum ports that can be used to 
access the tracking volume. 
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g-2  Tracker Design 
•  Mylar straws metalized with Al on outside 

and Au/Al on the inside.  
•  U-V doublet planes – 7.5 degrees from 

vertical 
•  Inside the vacuum (10-6 Torr) 

5 

2013-04-03 E. Hazen - Tracker Electronics 4
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dimensions
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Tracker Test Beam  
• Al manifold, 

endpieces 
•  Electronics on 

board 
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•  Straw tracker mounted on 

motion table, could scan 
across straws 



Sanity Plots 
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Hits in both the U 
and V layers of the 
straws 

Drift times look reasonable   

U V 



Preliminary Results 
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Conclusions 
•  The ring has arrived at Fermilab and our building is almost 

complete 
•  The detector group is busy testing and finalizing designs for 

the new detectors 
 
 

9 Looking forward to presenting results in 
the near future! 



Backups 
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g-2: Theory Work 
•  Much progress has been made since the difference between 

theory and experiment was first shown by the BNL g-2 
experiment 

•  The two largest uncertainties in the theory calculation:  
•  Hadronic Vacuum Polarization  
•  Hadronic Light by Light 
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SLAC Experimental Seminar, 18 Oct 2011 33

Most difficult part of theory comes from hadronic sector

Theory error dominated by QCD piece

Common to divide hadronic loops into 3 

categories...

aμ(had,LO) = 6923 ± 42

aμ(had,HO) = -98 ± 1

aμ(had,LBL) = 105 ± 26
*Courtesy E. De Rafael, arXiv 0809.3025



g-2: Theory Work 
•  Hadronic Vacuum Polarization (LO) 

•  Current uncertainty is ~ 0.5% (from experiments) 
•  Additional data from VEPP-2000, BELLE, BES-3 

•  Development: Lattice already at 5% 
•  In 5 years, expecting to reduce this error to ~ 1-2% 
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The two-loop weak contribution, (see Figs. 9(c-e) for examples) is negative, and the total

electroweak contribution is

aEW
µ = 154(1)(2)£ 10°11 (24)

where the first error comes from hadronic eÆects in the second-order electroweak diagrams

with quark triangle loops, and the latter comes from the uncertainty on the Higgs mass [1,

17, 32–34]. The leading logs for the next-order term have been shown to be small [36]. 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.

2. Hadronic contribution

The hadronic contribution to aµ is about 60 ppm of the total value. The lowest-order

diagram shown in Fig. 10(a) dominates this contribution and its error, but the hadronic light-

by-light contribution Fig. 10(e) is also important. We discuss both of these contributions

below.
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FIG. 10: The hadronic contribution to the muon anomaly, where the dominant contribution 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 mµc
2, well below the perturbative

region of QCD. Thus it must be calculated from the dispersion relation shown pictorially in

Fig. 11,

ahad;LO
µ =

µ
Æmµ

3º

∂2 Z 1

4m2

º

ds

s2
K(s)R(s), where R ¥ ætot(e+e° ! hadrons)

æ(e+e° ! µ+µ°)
, (25)

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
º to 1 at s = 1. This dispersion relation relates the

bare cross section for e+e° annihilation into hadrons to the hadronic vacuum polarization
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contribution to aµ. Because the integrand contains a factor of s°2, the values of R(s) at low

energies (the Ω resonance) dominate the determination of ahad;LO
µ , however at the level of

precision needed, the data up to 2 GeV are quite important. This is shown in Fig. 12, where

the left-hand chart gives the relative contribution to the integral for the diÆerent 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.
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FIG. 11: (a) The “cut” hadronic vacuum polarization diagram; (b) The e+e° annihilation into

hadrons; (c) Initial state radiation accompanied by the production of hadrons.

FIG. 12: Contributions to the dispersion integral, and to the error on the dispersion integral.

Taken from T. Teubner [40]. The error graph does not reflect the new KLOE or BaBar data.

These data for e+e° annihilation to hadrons are also important as input into the determi-

nation of Æs(MZ) and other electroweak precision measurements, including the limit on the

Higgs mass [46, 48]. After the discussion of the determination of the hadronic contribution,

we will return to the implications on MH .

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

32



g-2: Theory Work 
•   Hadronic Light by Light 

•  Current uncertainty is about ~ 25% (from models) 
•  Development: Lattice initiatives targeting HLBL  

•  In 5 years, possibly reduce this uncertainty to ~ 10% 
•  Up to now, this is all theoretical work, now able to 

experimentally verify some models  
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Results from BNL E821 
Final result: BNL aµ(exp) = 116 592 080(63) x 10-11 

Total statistical uncertainty: 0.46 ppm 
Total systematic uncertiainty: 0.28 ppm 
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New idea – Storage Rings  
•  Nature allows us to exploit certain properties  

•  Can measure aµ directly using cyclotron frequency and Larmor 
precession frequency 

g = 2 
g > 2  
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Vertical confinement 
•  One problem with storage rings – How do you confine the 

muons?  
•  Apply an electric field, which modfies this equation: 

•  Great, now we have a more complicated measurement 
•  But we have another trick up our sleeves: “magic momentum”  
•  By choosing the “magic momentum”, the coefficient in front of 

the E – field vanishes  

γ =  29.3 , pµ = 3.09 GeV/c  16 



Theoretical Calculation 
•  Break the Standard Model prediction into components:  

QED Had EW 

µ	
 µ	
 µ	
 µ	
 µ	
 µ	


γ	


e 

γ	

γ	


π	


W W

ν	


17 

aµ
SM = aµ

QED + aµ
Weak + aµ

Had

SM Prediction:  aµ
SM =  116 591 802 (49) x 10-11 



Theoretical Calculation  
•  Normally the Hadronic part is broken up into 3 pieces:  

•  Hadronic Vacuum polarizations (LO) 
•  HVP (Higher order) 
•  Hadronic Light by Light  
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aµ
QED = (11 658 471.809±0.015)×10−10

aµ
had = (693.0± 4.9)×10−10

aµ
weak = (15.4±0.2)×10−10

LO vacuum polarization :  692.3 ± 4.2 
HO vacuum polarization :    -9.8 ± 0.1 
LBL                                 :    10.5 ± 2.6 



Theoretical vs Experimental  
Values 
•  aµ

exp = 116 592 089 (63) x 10-11   

•  Most recent result from BNL 
•  aµ

exp  - aµ
SM  = 287 (80) x 10-11  è >	  3σ	  

•  Note	  this	  is	  larger	  than	  the	  EW	  contribu6on!	  
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