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New Measurement of the Anomalous Magnetic Moment of the Positive Muon
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The muon anomalous magnetic moment has been measured in a new experiment at Brookhaven.
Polarized muons were stored in a superferric ring, and the angular frequency diffegendetween
the spin precession and orbital frequencies was determined by measuring the time distribution of high-
energy decay positrons. The rat® of o, to the Larmor precession frequency of free protons,
w,, in the storage-ring magnetic field was measured. We fingt 3.707220(48) X 1073, With
Mu/ 1, = 3.18334547(47) this givesa,+ = 1165925(15) X 10~° (%13 ppm), in good agreement
with the previous CERN measurements foi and w~ and of approximately the same precision.
[S0031-9007(99)08503-8]

PACS numbers: 13.40.Em, 14.60.Ef

We report on a new measurement of the anomalouand also speculative theories beyond the standard model
g valuea, of the u™ from the Brookhaven Alternating which might contribute ta,,. Indeed, the high sensitivity
Gradient Synchrotron (AGS) experiment E821. This re-of a, to contributions from models such as supersymme-
sult comes from data collected during 1997 in our firsttry or compositeness is a central reason for the interest in
run. The anomaloug value is related to the gyromagnetic a high-precision measurement [1].
ratio bya,, = Q Our experiment has been designed to achieve a frac-

The theoretical value of,, has been calculated to high tional error 0f0.35 parts perl0° (ppm), i.e., an error im,,
precision and the comparison with experiment provide®f 4 X 107'%, which would be an improvement of a factor
an important test of the standard model (SM) [1]. Indeedf 20 compared to previous measurements [2,3]. The gen-
the agreement ofi, (expt) from previous CERN experi- eral method is the same, but it incorporates several major
ments [2,3] witha, (SM) has confirmegk-¢ universality —new features and advances which are described below.
and the expected modification of the photon propagator For polarized muons moving in a uniform magnetic field
associated with virtual hadrons. A higher precision valueB, which is perpendicular to the muon spin direction and
for a,(expt) will test the electroweak contribution tg,  to the plane of the orbit, and with an electric quadrupole
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field E for vertical focusing [2], the angular frequency The AGS operated a24 GeV/c and provided eight
difference,w,, between the spin precession frequeagy proton bunches per 2.6-s cycle, each wittf X 10'?

and the cyclotron frequenay,, is given by protons and asr of 27 ns. The proton bunches were
. ) 1 R R individually kicked out of the AGS at intervals of 33 ms
Wy = ——— [aﬂB - <aﬂ - 271>,8 X E} (1) and directed onto a nickel target of one interaction length.
mc Yc =

A 3.1-GeV/c beam of positive secondaries with0®
The dependence ab, on the electric field is eliminated particles per bunch was transported along a 116-m beam
by storing muons with the “magicy = 29.3, which cor- line to a hole in the back of the yoke of the muon storage
responds to a muon momentym= 3.09 GeV/c. Hence, ring, at which point approximatelp0% of the beam
measurement ofv, and of B determinesa,. At the wasz .
magic gamma, the muon lifetime in the storage ring is A superconducting inflector magnet [7], 1.7 m in length
v = 64.4 us, the(g — 2) precession period .37 us, placed between the hole in the back of the yoke and the
and, for the central orbit radius of 7.11 m, the cyclotronedge of the muon storage region, substantially cancels the
period is 149 ns. 1.45-T storage-ring field and delivers the beam approxi-
The storage ring magnet is a superferric 700-tonmately parallel to the central orbit but 77 mm farther out
14-m-diameter circular “C” magnet, with the opening in radius.
facing inwards toward the ring center. The field is excited The positive beam, with momentufn5% higher than
by three 14-m-diameter superconducting coils which carrghe central-orbit (magic) muon momentum, exits the
5.2 kA from a low voltage power supply to produce the inflector magnet into the storage ring. About 25 ppm
1.45-T magnetic field [4]. The short term field stability of the = produce decay muons which are captured
over several AGS cycles was better than 0.1 ppm, and thieto stable orbits in the ring. The polarization of these
long term instability of up to 100 ppm was primarily due stored muons is abod7%. However, most of the beam
to thermal expansion in the magnet yoke. interacts with material outside of the storage region within
A number of features are available for shimming theone turn, producing a large background (flash) for the
magnet. These include iron wedges in the air gap betweettetectors. The electric quadrupoles, which provide the
the yoke and pole pieces (each of which cover§ it  vertical focusing, are initially powered asymmetrically to
azimuth), edge shims, and current loops on the pole piecexrape the muon beam on a set of circular collimators and
running 360 around the storage ring with a radial spacingthus reduce muon losses during the measurement time.
of 0.25 cm. The current loops were used only for studiesAbout 1000 muons were stored per proton bunch.
in the 1997 run. For the data reported here, the field Positrons from the in-flight decay™ — e*v. 7, are
averaged over azimuth around the ring had a uniformitydetected with Pb-scintillating fiber calorimeters placed
over the 9-cm-diameter storage region of 25 ppm. symmetrically at 24 positions around the inside of the
The field was monitored by 366 fixed NMR probes storage ring [8]. The decay positron time spectrum is
placed above and below the beam vacuum chamber [5]2,3]
Periodically the field in the storage region was mapped Noe "/7"{1 + A(E)codw,t + ¢(E)]}. 2
in 1-cm steps by an NMR trolley, with 17 NMR probes, The normalization constant, and the parity violating
which operates in vacuum inside the beam vacuumasymmetry parametet(E) depend on the energy thresh-
chamber. In 1997, the relative monitoring of the field wasold placed on the positrons. The fractional statistical
done at the 0.4-ppm level, and the absolute calibratioerror onw, is proportional toA‘lNe‘l/z, whereN, is the
relative to the free proton [6] was good to 0.5-ppm. number of decay positrons detected above some energy
The magnetic field which enters in Eq. (1) is thethreshold. For an energy threshold of 1.8 GeV we mea-
average field seen by the muon distribution. The use ofureA to be 0.4, equal to its theoretical value [3], which
pion injection (discussed below) to store muons in the ringve attribute to the good calorimeter energy resolution
fills the phase space of the storage ring uniformly. ThiSo/E = 10% at 1 GeV) and a scalloped vacuum cham-
was verified for the radial distribution by measuring theber which minimizes preshowering before the positrons
positron time spectrum and taking the Fourier transformreach the calorimeters.
thereby obtaining the distribution of rotation frequencies The photomultiplier tubes of the calorimeter were gated
in the ring. This frequency distribution matched thatoff before injection, and when gated on, they recovered to
expected if the radial phase space was uniformly filled90% pulse height in=400 ns and reached full operating
The vertical distribution of muons in the storage ringgain in severaus. The flash following injection induced
was studied by using current loops to add a small radiabackground which varied around the ring, and it was
magnetic field, which moved the beam vertically thusnecessary to set individually the time after injection when
changing the efficiency for muon storage in the ring.each calorimeter was gated on, which varied from 12 to
It was found that the center of the distribution was120 us after injection. Twentyus after injection the
about 1 mm above the center of the storage volume, iflash was observed to fall approximately as® (1.2 <
agreement with a beam dynamics calculation which used < 2.0). Data were accumulated for 8.8 muon lifetimes
the measured radial magnetic field. following injection.
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The calorimeter pulses were continuously sampled by 10000

custom 400-MHz waveform digitizers (WFDs), which & $999 0.83 M positrons
provided both timing and energy information for the £ 7000 - Eneray> 1.8 Gev
positrons. Both the NMR and WFD clocks were phase £ 5000 =
locked to the same LORAN-C frequency signal [9]. The & 3990 &
waveforms were zero suppressed and stored in memory in 2000 £
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the WFD until the end of the AGS cycle. Between AGS ) s

acceleration cycles the WFD data were written to tape for
off-line analysis, as were the calorimeter calibration data&FIG. 1. A portion of an eight-parameter fit to one of the data
and the magnetic field data. sets [see Eg. (3)]. The fit extended440 us. The solid line
Shtoamitti ; ; : is the fit, and the data points are given with their error bars.
A laser/LED (Ilght emitting dlode)_callbratlon system The y2/d.o.f. was 1.028 for 803 d.o.f.
was used to monitor calorimeter time and gain shifts

during the data-collection period. Early-to-late timing . .
shifts over the firs200 us were, on average, less than include a time-dependent pa#t, 7, as well as the constant

20 ps. Phototube gain shifts were less thaif, termA,. An example of an eight-parameter fit to one set

For the off-line analysis, the detector response (Wave(-)f the data is given in Fig. 1. .
It was necessary to make two corrections to the

form shape) to positrons was determined from our data fo requency obtained from the fitting. For muons with the

each calorimeter. These shapes were then fit to all puls S a0ic momentu is not affected by the electric field
in the data to determine a time, an amplitude, and a widt 9 M@ . y : s
or the ensemble of muons in our storage ring there is

parameter for each pulse. small electric field correction of-0.69 ppm to
In addition to positron pulses, the data containea‘;nceB /» = +0.5% for our rin Thére izpalso aw?fch
narrow pulses (1 or 2 WFD channels e8-ns total prp == =U.07% 9- ; P
correction of+0.4 ppm because of the vertical betatron

width), which are probably due tg rays from neutron g : . )
capture producing a background near the photomuItipliel(’)SC'”."’ltIons [2.'3]' Systematic errors are listed in T.able g
This experiment measures the frequency rakic=

tubes. This background could be distinguished from .Jw,, where w, is the free proton NMR frequency

fgj:égg tguellsr?sgIti)gibltgﬁe\?;sgsﬁ_lci):‘epulse shape and we}ﬁ our magnetic field. Including the pitch and electric

; ) . field corrections we obtainR = 3.707220(47) (11) X
Time histograms were formed for each detector, Wh'Ch10‘3, where the first error is statistical and the second

were further divided into different running periods de- . . . :
pending on the time when the phototubes were gate ystematic. Adding these two errors in quadrature gives a
3-ppm relative error. We obtain,+ from

on. This made for 39 independent sets of data whic
were analyzed separately and were in agreemehts = Aus = g = 1165925(15) X 107° ()]

46/39). On average, the start time for fitting the data to;, \/nich A = M _/M — 3.18334547(47) [10]. This
wlip : :

obtainw, was75 us, with the earliest bein@2 us. This o\ result is in good agreement with the mean of the
time was determined by taking the earliest time for which=ErN measurements far. - and a..- [3,10] of a, =
I3 M J s

the eight-parameter function [see Eq. (3)] adequately dej |45 923(8.4) X 10™° (+7.2 ;

. ; N ; . +7.2 ppm). Assuming CPT
;;crlbfeﬂ thf_e data as determined tla/y?acrléerl_on d?nd stab6ll- symmetry, the weighted mean of the three mea-
|tyo_ the fit _parameters. In total we obtainédl.8 >< 10 surements gives a new world average af, =
positrons with energy greater than 1.8 GeV during a dataI 165923.5(7.3) X 107% (6.3 ppm)

collection time of 160 h. The theoretical value of,, in the standard model has

Becg‘_“?? .Of an unf?rtﬁne\l}ﬁ:gizad_just?ent olz_the rT“hm'lts dominant contribution from quantum electrodynam-
mum digitizing time of the uring data taking with ;¢ 1t the strong and weak interactions contribute as

high AGS proton intensity, a distortion of the positron ell 1. The OED contribution is 11 ED) —
time spectrum was produced. This could be accounted fovy [ Q ibution is [11}a,(QED)

with an eight-p_arameter function which contained a time-rag| g |. Systematic errors in ppm. In several cases the
dependent efficiency and decay asymmetry. The datdumber reported is an upper limit.
were fit by minimizingy? to

—(t/y) Systematic effect € (ppm)
Ny B —[1 + (A1t + Ay)codw,t + ¢)] + B, 1. Magnetic fieldB 1.0
(1 = 1) 2. Muon distribution andB) 0.9
(3) 3. WFD time dependent efficiency 15
where 1, = 5 us after injection andB is a constant ;" #'i‘r{:i?] 'Osr?i‘fats 00-12
background term. The parameter is necessary since -’ Radi ? sf_ IZ itch . :
the flash introduces a changing pedestal which whe6' adialE field, pitch correction 0.05
ging p ’ 7 Fitting start time 2.0

combined with the WFD setup problem, resulted in ag Binning effects 0.2
time-dependent energy threshold. Since the observeld i

. . otal systematic error 2.9
asymmetry parameter changed with time, we needed ta
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