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Standard	
  Model	
  CalculaIon	
  

•  At	
  ~	
  ppm	
  level	
  all	
  standard	
  model	
  parIcles	
  
contribute	
  to	
  the	
  magneIc	
  moment	
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ContribuIons	
  to	
  g-­‐2	
  

CHAPTER 2 43

2.5.4 Summary of the Standard-Model Value and Comparison
with Experiment

We determine the SM value using the new QED calculation from Aoyama [70]; the elec-
troweak from Ref. [79], the hadronic light-by-light contribution from the “Glasgow Consen-
sus” [61]; and lowest-order hadronic contribution from Davier, et al., [47], or Hagawara et
al., [48], and the higher-order hadronic from Ref. [48] A summary of these values is given in
Table 2.3.

Table 2.3: Summary of the Standard-Model contributions to the muon anomaly. Two val-
ues are quoted because of the two recent evaluations of the lowest-order hadronic vacuum
polarization.

Value (⇥ 10�11) units

QED (� + `) 116 584 718.951± 0.009± 0.019± 0.007± 0.077↵
HVP(lo) [47] 6 923± 42
HVP(lo) [48] 6 949± 43
HVP(ho) [48] �98.4± 0.7
HLbL [61] 105± 26
EW [54] 153.6± 1.0
Total SM [47] 116 591 802± 42H-LO ± 26H-HO ± 2other (±49tot)
Total SM [48] 116 591 828± 43H-LO ± 26H-HO ± 2other (±45tot)

This SM value is to be compared with the combined a+µ and a�µ values from E821 [6]
corrected for the revised value of � as mentioned above:

aE821µ = (116 592 089± 63)⇥ 10�11 (0.54 ppm), (2.24)

which give a di↵erence of

�aµ(E821� SM) = (287± 80)⇥ 10�11 [47] (2.25)

= (261± 80)⇥ 10�11 [48] (2.26)

depending on which evaluation of the lowest-order hadronic contribution that is used [47, 48].
This comparison between the experimental values and the present Standard-Model value is
shown graphically in Fig. 2.1.

This di↵erence of 3.3 to 3.6 standard deviations is tantalizing, but we emphasize that
whatever the final agreement between the measured and SM value turns out to be, it will
have significant implications on the interpretation of new phenomena that might be found
at the LHC and elsewhere. This point is discussed in detail below.

The present theoretical error is dominated by the uncertainty on the lowest-order hadronic
contribution and uncertainty on the hadronic light-by-light contribution (see Table 2.3). The
lowest-order hadronic contribution could be reduced to 25 ⇥ 10�11 based on the analysis
of existing data and on the data sets expected from future e↵orts, e.g. VEPP-2000 in
Novosibirsk, BES-III and a possible upgrade in energy of DA�NE [94]. When combined
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Status	
  of	
  Muon	
  g-­‐2	
  measurement	
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Figure 2.1: Measurements of aµ from CERN and BNL E821. The vertical band is the SM
value using the hadronic contribution from Ref. [47] (see Table 2.3).

2.5.1 Introduction

The magnetic moment of the muon (or electron), which is aligned with its spin, is given by

~µ = g
Qe

2mµ,e
~s , g = 2| {z }

Dirac

(1 + aµ) ; (2.13)

where the quantity g is exactly 2 in the Dirac theory, Q = ±1 with e a positive number.
The small number a, the anomaly, arises from quantum fluctuations, with the largest con-
tribution coming from the single loop diagram in Fig. 2.2(a). This contribution was first
calculated by Schwinger [14], who obtained a = (↵/2⇡) = 0.00116 · · ·. These calculations
have been extended to higher powers in ↵/⇡, with the fourth- (↵/⇡)2 and sixth-order (↵/⇡)3

contributions having been carried out analytically.
The electron anomaly is relatively insensitive to heavier physics, so in principle the

0.03 ppb measurement of the electron anomaly [71] should provide a test of QED, but the
0.6 ppb precision of the independent measurement of ↵ limits this comparison. Alternately,
one can accept that QED is valid and use the electron anomaly to determine the most precise
measurement of ↵ [72].

The muon anomaly is an entirely di↵erent case. The relative contribution to the muon
anomaly of heavier virtual particles goes as (mµ/me)2 ' 43000, so with much less precision
when compared with the electron, the muon anomaly is sensitive to mass scales in the
several hundred GeV region. This not only includes the expected contribution of the W and
Z bosons, but perhaps contributions from new, as yet undiscovered, particles such as the
supersymmetric partners of the electro-weak gauge bosons (see Fig. 2.2(c)).
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New	
  	
  muon	
  g-­‐2	
  experiment	
  	
  

•  Goal	
  reduce	
  total	
  uncertainty	
  (staIsIcal	
  and	
  systemaIc	
  
combined)	
  4-­‐fold	
  to	
  <	
  0.14	
  ppm	
  

•  If	
  the	
  present	
  discrepancy	
  is	
  a	
  staIsIcal	
  fluctuaIon,	
  and	
  
the	
  measurement	
  is	
  consistent	
  with	
  the	
  standard	
  model,	
  
a	
  variety	
  of	
  BSM	
  physics	
  is	
  ruled	
  out.	
  

•  If	
  the	
  discrepancy	
  persists	
  with	
  the	
  reduced	
  uncertainty,	
  
then	
  new	
  physics,	
  and	
  somewhat	
  constrained	
  

Repeat	
  BNL	
  experiment	
  with	
  more	
  staIsIcs	
  and	
  reduced	
  systemaIcs	
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Create	
  a	
  beam	
  of	
  polarized	
  muons	
  

•  ProducIon:	
  
π	
   µ	
  p	
  

97% polarization 

Muons from are polarized 

spin direction 

•  Inject	
  the	
  polarized	
  muons	
  into	
  uniform	
  magneIc	
  field	
  –	
  a	
  
storage	
  ring	
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Muons	
  circulate	
  in	
  the	
  B-­‐field	
  

Muon cyclotron frequency for 
particle of charge “e” in a B field 

Muon spin 
precession rate 

Larmor 
precession 

Thomas 
precession 
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Muons	
  circulate	
  and	
  decay	
  to	
  positrons	
  

Highest energy positrons emitted 
along muon’s spin direction (in 
Muon center of mass frame) 

spin direction 

Energy	
  of	
  decay	
  electrons	
  is	
  correlated	
  with	
  spin	
  of	
  muons	
  
The	
  number	
  of	
  high	
  energy	
  decay	
  electrons	
  will	
  oscillate	
  with	
  frequency	
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Measurement	
  of	
  	
  

High	
  energy	
  positrons	
  vs	
  Ime	
  for	
  700	
  us	
  run	
  

72 OVERVIEW OF THE EXPERIMENTAL TECHNIQUE

where N is the total number of electrons, and A is the asymmetry, in the given data sample.
For a fixed magnetic field and muon momentum, the statistical figure of merit is NA2, the
quantity to be maximized in order to minimize the statistical uncertainty.

The energy dependencies of the numbers and asymmetries used in Equations 3.15 and
3.16, along with the figures of merit NA2, are plotted in Figures 3.5 and 3.6 for the case
of E821. The statistical power is greatest for electrons at 2.6 GeV (Figure 3.5). When a fit
is made to all electrons above some energy threshold, the optimal threshold energy is about
1.7-1.8 GeV (Figure 3.6).

The resulting arrival-time spectrum of electrons with energy greater than 1.8 GeV from
the final E821 data run is shown in Fig. 3.7. While this plot clearly exhibits the expected
features of the five-parameter function, a least-square fit to these 3.6 billion events gives
an unacceptably large chi-square. A number of small e↵ects must be taken into account to
obtain a reasonable fit, which will be discussed in Chapter 5.
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Figure 3.7: Histogram, modulo 100 µ s, of the number of detected electrons above 1.8 GeV
for the 2001 data set as a function of time, summed over detectors, with a least-squares fit
to the spectrum superimposed. Total number of electrons is 3.6⇥ 109. The data are in blue,
the fit in green.
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Precision	
  B-­‐field	
  

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.

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

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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072003-8

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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E821: ppm
uniformity 
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Sextupole	
  

~1	
  year	
  to	
  shim	
  to	
  
0.07	
  ppm	
  uniformity	
  

14	
  October	
  2013	
   InternaIonal	
  Symposium	
  on	
  Lepton	
  Hadron	
  
Physics	
  

Storage	
  volume	
  
	
  10	
  cm	
  diameter	
  

14	
  



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
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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

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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Figure 4.2: (a) The layout of the storage ring. (b)The tune plane, showing the three operating
points used during our three years of E821 running.

The presence of the CBO was first discovered in E821 from a plot that showed an az-
imuthal variation in the value of aµ shown in Fig. 4.4(a). When the CBO is included, this
azimuthal dependence disappears. Because the CBO wavelength is only slightly greater
than the circumference, its e↵ect almost washes out when all detectors are added together.
Adding all detectors together was one of the techniques used in E821 to eliminate CBO
e↵ect. However, the four-fold symmetry of the ring was broken by the kicker plates that
covered one section of the ring, so the cancellation was not perfect, but good enough. This
will most likely not be true in E989, so it is important to minimize the CBO e↵ects. See
Chapter 14 for further discussion. Since some detectors saw more injection flash than others,
this meant that data at times earlier than around 40 µs was discarded in those analyses.
Other analyzers included the CBO and were able to use data from the “quiet” detectors at
earlier times.

The principal frequency will be the “Coherent Betatron Frequency,”

fCBO = fC � fx = (1�
p
1� n)fC ' 470 kHZ, (4.8)

which is the frequency at which a single fixed detector sees the beam coherently moving
back and forth radially. This CBO frequency is close to the second harmonic of the (g � 2)
frequency, fa = !a/2⇡ ' 228 Hz.

An alternative way of thinking about the CBO motion is to view the ring as a spec-
trometer where the inflector exit is imaged at each successive betatron wavelength, ��x . In
principle, an inverted image appears at half a betatron wavelength; but the radial image is
spoiled by the ±0.3% momentum dispersion of the ring. A given detector will see the beam
move radially with the CBO frequency, which is also the frequency at which the horizontal
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VerIcal	
  focusing	
  
In	
  a	
  perfectly	
  uniform	
  B-­‐field,	
  there	
  is	
  no	
  stable	
  orbit.	
  ParIcles	
  stray	
  from	
  the	
  plane	
  of	
  	
  
the	
  orbit.	
  In	
  order	
  for	
  parIcles	
  to	
  circulate	
  for	
  4500	
  turns	
  require	
  focusing	
  
•  MagneIc	
  focusing	
  is	
  precluded	
  as	
  the	
  field	
  would	
  no	
  longer	
  be	
  uniform	
  and	
  it	
  

would	
  be	
  difficult	
  to	
  extract	
  	
  aμ	
  	
  
•  ?	
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  focusing?	
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  =	
  29.3	
  and	
  	
  pμ	
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  3.09GeV/c,	
  	
  no	
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  on	
  	
  ωa	
  	
  =>	
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  momentum	
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  m	
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  quadrupoles	
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  muons	
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Moving	
  the	
  ring	
  from	
  Brookhaven	
  to	
  Fermilab	
  
The hard part is moving  
the three superconducting 
coils 
 
Continuously wound coils,  
can’t break into pieces - 
can’t flex > 3mm 
 
They’re big!  
50 ft diameter 
(takes up ~ 4 lanes on  
the highway). Not terribly 
heavy at 15 tons 
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`Recycler	
  Ring’	
  
	
  
Splits	
  each	
  Booster	
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  4	
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  batches	
  8-­‐12	
  msec	
  	
  
apart,	
  each	
  100	
  nsec	
  wide.	
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  rate)	
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  Acceptance	
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  Accumulator	
  and	
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  decay	
  line	
  
Time-­‐of-­‐flight	
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background	
  protons.	
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112 ACCELERATOR AND MUON DELIVERY

The Antiproton Accumulator will no longer be in use, and many of its components will be
reused for the new and redesigned Muon beamlines. Stochastic cooling components and other
infrastructure no longer needed in the Debuncher ring will be removed in order to improve the
aperture, proton abort functionality will be added, and the ring will be renamed the Delivery
Ring (DR). The former AP1, AP2, and AP3 beamlines will be modified and renamed M1,
M2, and M3. The DR Accelerator Improvement Project (AIP) will provide upgrades to the
Delivery Ring. The Beam Transport AIP will provide aperture improvements to the P1, P2,
and M1 lines needed for future muon experiments using 8 GeV protons, including (g � 2).
The layout of the beamlines is shown in Fig. 7.1.

Figure 7.1: Path of the beam to (g � 2). Protons (black) are accelerated in the Linac and
Booster, are re-bunched in the Recycler, and then travel through the P1, P2, and M1 lines
to the AP0 target hall. Secondary beam (red) then travels through the M2 and M3 lines,
around the Delivery Ring, and then through the M4 and M5 lines to the muon storage ring.

The Proton Improvement Plan [1], currently underway, will allow the Booster to run at
15 Hz, at intensities of 4⇥ 1012 protons per Booster batch. Following the completion of the
Accelerator and NuMI Upgrades (ANU) subproject at Fermilab to prepare for the NO⌫A
experiment [2], the Main Injector (MI) will run with a 1.333 s cycle time for its neutrino
program, with twelve batches of beam from the Booster being accumulated in the Recycler
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Segments of Beam Path from 
Beam Line to Storage Ring

(1) hole in back leg, (2) storage ring fringe field, (3) inflector channel

(1) (2)
(3)

3From W. Meng, June 2008 collaboration meeting

14	
  October	
  2013	
   InternaIonal	
  Symposium	
  on	
  Lepton	
  Hadron	
  
Physics	
  

How	
  do	
  twiss	
  parameters	
  propagate	
  through	
  iron,	
  cryostat,	
  inflector	
  into	
  ring	
  

Beam	
  through	
  inflector	
  is	
  tangent	
  to	
  magic	
  radius	
  
	
  displaced	
  77	
  mm	
  from	
  the	
  center	
  of	
  the	
  storage	
  region	
  
	
  
Internally	
  Inflector	
  cancels	
  main	
  dipole	
  field	
  

27	
  



Muon	
  storage	
  ring	
  

ElectrostaIc	
  quadrupole	
  in	
  
vacuum	
  chamber	
  14	
  October	
  2013	
   InternaIonal	
  Symposium	
  on	
  Lepton	
  Hadron	
  

Physics	
  

82 BEAM DYNAMICS AND BEAM RELATED SYSTEMATIC ERRORS

1
2

3

4

5

6

7

8

9

10

11

12
13

14

15

16

17

18

19

20

21

22

23

24

1
2 C

1
2 C

1
2 C

1
2 C

1
2

180  Fiber
monitor

garage
Trolley

chambers
Traceback

270  Fiber
monitor

K1

K2

K3

Q1

Q3

Q2

C

C

Inflector
C

Calibration
NMR probe

Q4

C

(a)

n = 0.100

x
y

2ν  = 1y

3
ν
  
−
 2

ν
  
=
 2

x

y

ν  − 2ν  = 0

x
y

3
ν
  +

ν
  =

 3

x
y

4
ν

  +
 ν

  =
 4

x
y

ν
  =

 1
x

5ν  = 2y

3ν  = 1y

ν  − 3ν  = 0

x
y

2ν  −
 3ν  =

 1

x

y

x
y

ν  + 3ν  = 2

x

y

2ν  + 3ν  = 3 2ν
  −

 2
ν 

 =
 1

x

y

x 2
y

ν
  +

 ν
  =

 1
2

0.90 0.95 1.000.85

0.25

0.80

0.50

0.30

0.35

0.40

0.45

ν

νx

y

n = 0.142
n = 0.148

n = 0.126

n = 0.137

n = 0.111
n = 0.122

ν  − 4ν  = −1

(b)

Figure 4.2: (a) The layout of the storage ring. (b)The tune plane, showing the three operating
points used during our three years of E821 running.

The presence of the CBO was first discovered in E821 from a plot that showed an az-
imuthal variation in the value of aµ shown in Fig. 4.4(a). When the CBO is included, this
azimuthal dependence disappears. Because the CBO wavelength is only slightly greater
than the circumference, its e↵ect almost washes out when all detectors are added together.
Adding all detectors together was one of the techniques used in E821 to eliminate CBO
e↵ect. However, the four-fold symmetry of the ring was broken by the kicker plates that
covered one section of the ring, so the cancellation was not perfect, but good enough. This
will most likely not be true in E989, so it is important to minimize the CBO e↵ects. See
Chapter 14 for further discussion. Since some detectors saw more injection flash than others,
this meant that data at times earlier than around 40 µs was discarded in those analyses.
Other analyzers included the CBO and were able to use data from the “quiet” detectors at
earlier times.

The principal frequency will be the “Coherent Betatron Frequency,”

fCBO = fC � fx = (1�
p
1� n)fC ' 470 kHZ, (4.8)

which is the frequency at which a single fixed detector sees the beam coherently moving
back and forth radially. This CBO frequency is close to the second harmonic of the (g � 2)
frequency, fa = !a/2⇡ ' 228 Hz.

An alternative way of thinking about the CBO motion is to view the ring as a spec-
trometer where the inflector exit is imaged at each successive betatron wavelength, ��x . In
principle, an inverted image appears at half a betatron wavelength; but the radial image is
spoiled by the ±0.3% momentum dispersion of the ring. A given detector will see the beam
move radially with the CBO frequency, which is also the frequency at which the horizontal
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Storage	
  Ring	
  Kicker	
  
Kickers	
  steer	
  injected	
  muons	
  onto	
  
the	
  ring	
  closed	
  orbit	
  
	
  
Requirements:	
  
	
  
Kick	
  angle	
  	
  	
  	
  	
  	
  	
  ~	
  	
  14	
  mrad	
  
Kicker	
  B-­‐field	
  	
  ~	
  280	
  Gauss	
  
Integrated	
  B-­‐field	
  ~	
  1.4	
  kG-­‐m	
  
	
  
Pulse	
  width(τ)	
  	
  	
  

	
  	
  	
  80ns	
  <	
  τ	
  <	
  149ns	
  
	
  
RepeIIon	
  rate	
  ~100	
  Hz	
  
	
  
Field	
  uniformity	
  over	
  storage	
  volume	
  ΔB/B	
  
<	
  10%	
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72 OVERVIEW OF THE EXPERIMENTAL TECHNIQUE

where N is the total number of electrons, and A is the asymmetry, in the given data sample.
For a fixed magnetic field and muon momentum, the statistical figure of merit is NA2, the
quantity to be maximized in order to minimize the statistical uncertainty.

The energy dependencies of the numbers and asymmetries used in Equations 3.15 and
3.16, along with the figures of merit NA2, are plotted in Figures 3.5 and 3.6 for the case
of E821. The statistical power is greatest for electrons at 2.6 GeV (Figure 3.5). When a fit
is made to all electrons above some energy threshold, the optimal threshold energy is about
1.7-1.8 GeV (Figure 3.6).

The resulting arrival-time spectrum of electrons with energy greater than 1.8 GeV from
the final E821 data run is shown in Fig. 3.7. While this plot clearly exhibits the expected
features of the five-parameter function, a least-square fit to these 3.6 billion events gives
an unacceptably large chi-square. A number of small e↵ects must be taken into account to
obtain a reasonable fit, which will be discussed in Chapter 5.

0 20 40 60 80 100

C
o

u
n

ts
 p

er
 1

50
 n

s

10
2

10
3

10
4

10
5

10
6

Time (µs) modulo 100 µs

Figure 3.7: Histogram, modulo 100 µ s, of the number of detected electrons above 1.8 GeV
for the 2001 data set as a function of time, summed over detectors, with a least-squares fit
to the spectrum superimposed. Total number of electrons is 3.6⇥ 109. The data are in blue,
the fit in green.
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66 OVERVIEW OF THE EXPERIMENTAL TECHNIQUE

5. The kicker pulse should be shorter than the cyclotron period of 149 ns.
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Figure 3.3: (a) The inflector exit showing the incident beam center 77 mm from the center of
the storage region. The incident muon beam channel is highlighted in red. (b) The geometry
of the necessary kick. The incident beam is the red circle, and the kick e↵ectively moves the
red circle over to the blue one.

3.3 The Spin Equations
Measurements of magnetic and electric dipole moments make use of the torque on a dipole
in an external field:

�� = �µ ⇥ �B + �d ⇥ �E , (3.3)

where we include the possibility of an electric dipole moment ( �d ). Except for the original
Nevis spin rotation experiment, the muon magnetic dipole moment experiments inject a
beam of polarized muons into a magnetic field and measure the rate at which the spin turns
relative to the momentum, �� a = �� S � �� C , where S and C stand for spin and cyclotron,
respectively. These two frequencies, in the absence of any other external fields, are given by

� S = �g
Qe
2m

B � (1� � )
Qe
� m

B ; (3.4)

� C = � Qe
m �

B ; (3.5)

� a = � S � � C = �
� g � 2

2

� Qe
m

B = �a µ
Qe
m

B (3.6)

(where e > 0 and Q = ±1). There are two important features of � a :

• It only depends on the anomaly rather than on the full magnetic moment.

• It depends linearly on the applied magnetic field.
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SystemaIcs	
  

•  Coherent	
  betatron	
  oscillaIons	
  
–  Horizontal	
  oscillaIons	
  modulate	
  acceptance	
  of	
  positron	
  detectors	
  

•  Electric	
  field	
  –	
  not	
  all	
  muons	
  are	
  at	
  precisely	
  the	
  magic	
  momentum	
  
•  Pitch	
  –	
  verIcal	
  betatron	
  moIon	
  –	
  velocity	
  is	
  not	
  perpendicular	
  to	
  B-­‐field	
  
•  DifferenIal	
  decay	
  –	
  pions	
  decay	
  in	
  a	
  bend	
  so	
  that	
  muon	
  spin	
  is	
  correlated	
  

with	
  energy	
  	
  
•  Spin	
  momentum	
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  due	
  to	
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  fields	
  in	
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  ring	
  
•  Lost	
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•  Pile	
  up	
  in	
  detectors	
  (two	
  positrons	
  hit	
  at	
  nearly	
  the	
  same	
  Ime	
  confusing	
  

energy	
  measurement)	
  
•  Dri�	
  of	
  detector	
  gain	
  early	
  to	
  late	
  in	
  fill	
  
•  MagneIc	
  field	
  uniformity	
  =>	
  0.07	
  ppm	
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Status	
  and	
  Imeline	
  
Just passed DOE CD-1 Review! 

Muon g-2 Collaboration 
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