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MUON G-2 COLLABORATION

ABSTRACT: The Muon (g-2) Experiment (E821) at Brookhaven National Laboratory
(BNL) started data taking in 1997. The latest result a,+ = 11659202(14)(6) x 10,
based on statistics of about 1 billion decays collected in 1999, is in good agreement with
the previous measurement. With the precision of 1.3 ppm, the result, compared with
the Standard Model evaluation a,(SM) = 11659159.6(6.7) x 1071, shows a difference of
a,(exp) — a,(SM) = 43(16) x 10710,
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1. Introduction

The magnetic moment of a particle is related to its spin as fi = g (e/2mc) S. According
to Dirac’s theory, the gyromagnetic factor g is equal to 2 for point-like particles, such and
electron or muon. In the quantum fied theory it slightly deviates from 2, g = 2 (1+a), where
a is the anomalous magnetic moment. All existing fundamental interactions contribute to
the anomaly, with different strength.

The electron’s anomalous magnetic moment is the most precisely measured with an
accuracy of 4 parts per billion (ppb) [1]. Even at this level, only the QED contribution is
significant. As a result, a. currently provides the best determination of the fine structure
constant, under the assumption of the validity of QED.

The muon’s anomalous magnetic moment is measured with an accuracy of 1.3 ppm [2]
in the experiment described by this paper. Compared to the electron, the muon g value
is more sensitive to non-QED contributions, typically by a factor of (m,/m.)?. Therefore,
although measured about 350 times less precisely than the electron, the muon anomaly is
much more sensitive to the physics beyond the standard model.

2. Experimental setup

The experimental principle in the Brookhaven experiment is similar to that of the final
CERN experiment [§]. Highly (=~ 96%) polarized pu* of 3.09 GeV/c from a secondary
beamline are injected through a superconducting inflector into a storage ring 14.2 m in
diameter with an effective circular aperture of 9 cm in diameter. A pulsed magnetic kicker
gives a 10 mrad deflection which places muons onto stored orbits. The superferric storage
ring [4] has a homogeneous magnetic field of 1.45 T. In the lab frame, the spin of the stored
muons precess relative to the momentum vector with the angular frequency
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At the “magic” momentum of muons p, = 3.09 GeV/c (7 = 29.3), the second term cancels
out. As a result, the precession frequency does not depend on the electric field, which
allows us to use the electrostatic quadrupole field for vertical beam focusing.

The precession frequency w, and the magnetic field B are measured simultaneously,
and then a, is calculated according to (2.1). Since the precession frequency is proportional
to a, itself, not g, such an approach allows to achieve higher precision via the direct
measurement of the anomaly. The magnetic field is determined using the NMR technique
that measures the free proton precession frequency w, in the same magnetic field seen by
the muons. The anomaly is then extracted through the relation

Wa/wWp

= iy~ aly 22
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where the only external input is the ratio of muon to proton magnetic moments, p,, /1, =
3.18334539(10) [6]. There is a natural separation of the measurement into two independent
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analyses, one of the field and one of the spin precession frequency. Experimenter bias is
eliminated by maintaining secret offsets between the two analysis groups. Omnce both
analyses are complete, the results are frozen, the offsets are revealed and only then is the
value of a, determined.

3. Measurement of the magnetic field

The magnetic field is measured

v . P Source of errors Size [ppm]
Wi ] various systems O_ PTOBES- A bsolute calibration of standard 0.05
Inside the storage region, seventeen probe
NMR probes are used, m‘ounted 1 Calibration of trolley probes 0.20
an array on a trolley, which moves Trolley measurements of By 0.10
ona ﬁxed track inside ‘the muon stor- Interpolation with fixed probes 0.15
age ring vacuum. Typically, the trol- Inflector fringe field 0.20
ley measure‘ments are done e‘very 5 Uncertainty from muon distribution 0.12
4 days during the data taking pe- Others 1 0.15
riods. Interpolation of the field in Total systematic error on w, 04

the periods between the trolley mea- - - -

. . 1 higher multipoles, trolley temperature and its
surements is based on the readings
of about 150 fixed NMR probes, dis-

tributed around the ring in the top

power supply voltage response, and eddy currents
from the kicker.

and bottom walls of the vacuum cham- Table 1: Systematic errors for the w, analysis

ber. In addition, the average read-

ing of a subset of 36 uniformly distributed fixed probes is maintained to 0.1 ppm by feedback
to the main magnet power supply. Before and after the data taking periods, the trolley
probes are calibrated with respect to a spherical HoO probe [@], that serves as an absolute
reference, to an accuracy of 0.2 ppm.

The magnetic field B in (2.1) is the average magnetic field seen by stored muons. As
was shown with the tracking of 4000 simulated muons, it agrees to 0.05 ppm with the field
(B), taken at the beam center and averaged over the azimuth. The latter was used for the
a,, measurement.

Two largely independent analyses of the magnetic field data were made, using different
selections of NMR, probes. Their results agree to within 0.03 ppm. The final value for the
average magnetic field (expressed in the terms of NMR frequency of the free proton) is
wp/2m = 61791256 £ 25 Hz (0.4 ppm), with the list of the contributing systematic errors
shown in Table 1.

4. Measurement of the spin precession frequency

The spin precession frequency is obtained from the muon decay time spectrum. In the

muon rest frame, the parity violating nature of the weak decay u™ — e™

VeV, causes the
positrons to be emitted preferentially along the muon spin direction. When boosted into

the lab frame, this results in a strong correlation between the positron energy and the angle
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between the muon spin and momentum vectors. The count rate of positrons observed with
energy above E; is modulated by the muon spin precession as

N(t) = NO(Et)e_t/W [1 + A(E)cos(wat + ¢o(Er))] (4.1)

where y7 ~ 64.4 us is the dilated muon lifetime.

The decay positrons are detected by 24 lead /scintillating fiber calorimeters placed sym-
metrically along the inner wall of the vacuum chamber. The photomultiplier signals, with
typical FWHM of 5 ns, are sampled every 2.5 ns by a 8-bit waveform digitizers (WFD). The
time and the energy of the positron are extracted from the fit of the corresponding WFD
trace to an average pulse shape, measured for each calorimeter. Two completely indepen-
dent software packages, implementing slightly different versions of the pulse reconstruction
algorithm, were developed and the whole data set was processed with each one.

The observed spectrum is distorted by the apparatus and, therefore, is slightly different
from the ideal one, described by (4.1). The additional effects, including pileup, coherent
betatron oscillations, muon losses, bunched beam, gain shifts, were either taken into ac-
count by modifying the fitting function, or were eliminated from the data by modifying the
time spectrum. All effects combined change an early part of the time spectrum by about

1%.

Four independent w, analyses were Source of erTors Size [ppm]
made, based on two independent data :

i Pileup 0.13
productions. Three analyses were based AGS background 0.10
on the fit of time spectrum itself with .
diff ¢ troat ts of bil ) Lost muons 0.10

i e.ren r(;a men ? of pi eIup7 f;ﬂfn cor}—l Timing shifts 0.10
I‘GC’EIOI{S an muon oss'es. n the ourt' E field and vertical betatron os- 0.08
analysis, the initial time spectrum is A

dified hat ; 1d be fit with cillation
m(; ! i. 50 ; atl 1t3cou et b wit Binning and fitting procedure 0.07
2 unzlzn (; on};l parame e;s. War | Coherent betatron oscillation 0.05
¢, and A. In such an approach some Bunched beam 0.04
of the effects are suppressed. All four Gain changes 0.02
analyses produced internally-consistent Total systematic error on w, 03

results and produced an acceptable x2.
The results from the four analyses Table 2: Systematic errors for the w, analysis
were found to agree within 0.3 ppm,
consistent with statistical variation of 0.4 ppm, expected from the use of slightly different
subsets of data. The value of w, obtained from the fit was corrected by +0.81 4+ 0.08 ppm
for the residual effect of the § x E term in (2.1 and for the effect of non-zero instantaneous
angle between the spin and momentum vector due to vertical betatron oscillations. The
final value for the muon spin precession frequency is w, /27 = 229072.8 4+ 0.3 Hz (1.3 ppm),
with the list of the contributing systematic errors shown in Table 2.
Using the measured values of the w, and w,, the value of the anomalous magnetic
moment of muon was derived following (2.2):

a,+ = 11659202 (14) (6) x 107'° (1.3ppm) (4.2)
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5. Results and discussion

The new result dominates the new world average a,(exp)= 11659203(15) x 10710 (1.3 ppm),
obtained as the weighted mean of the new and all previous measurements. The difference
between the a,(exp) and the theoretical value from the standard model a,(SM) is

a,(exp) — a,,(SM) = 43(16) x 1019, (5.1)

The standard model calculation [7] takes into account the contributions from the quantum
electrodynamics a,(QED) = 11658470.56(0.29) x 1071° (0.025 ppm), the weak a,,(weak) =
15.1(0.4) x 1071 (0.03 ppm) and the strong interactions a,(had) = 673.9(6.7) x 10710 (0.57
ppm). Independent theoretical evaluations performed after publication of the new a,(exp)
value, generally agree with [ii]. A lot of effort has been put into improving the evaluation
of the hadronic contribution a,(had), which dominates the uncertainty of the theoretical
value. Further significant improvement is expected when new data on e™e~ — hadrons
from Novosibirsk, Beijing and ongoing experiments at DAPHNE and B-factories will be
included in the calculations. The topic is reviewed in a number of recent publications
8, B, id).

In 2000, approximately 4 times more data were collected than in 1999. Analysis of that
data is in progress, and a factor of two improvement in the precision of a,(exp) is expected.
In 2001, another three times the data volume compared to 1999 was collected, this time
with negative muons. New developments from both the experimental and theoretical sides
may soon show whether the current discrepancy (b.1) is a sign of physics beyond the
standard model.
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