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STATUS OF THE NEW MUON (g —2) EXPERIMENT
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The new muon (g — 2) experiment at Brookhaven will finish construction soon, and muons will be stored in the
storage ring in early 1997. This experiment will measure the anomalous magnetic moment of the muon to a
fractional precision of 0.35 x 10~%, which will provide the first measurement of the contribution to (g — 2) by
virtual W and Z gauge bosons, as well as placing new constraints on physics beyond the standard model. The
physics motivation, the technique and the status of this experiment are reviewed.

1 Introduction

The measurement of g factors began in 1922 with
the experiments of Stern and Gerlach. In the sub-
sequent years we have learned much about the
structure of particles, and the forces which affect
them, from more refined measurements of their
magnetic moments. The measurement of the elec-
tron anomalous moment,

adi (1'2—2)- (1)

to a precision of a few parts per billion' represents
a technical tour de force, and the good agreement
with the QED calculatior® represents one of the
most spectacular examples of agreement between
theory and experiment in all of physics. To a mea-
surable level, the anomalous moment of the elec-

tron arises entirely from virtual electrons and pho-
tons.

For the muon, the relative contribution of
heavier objects to its anomalous moment scales
as (m,/m.)?, and the accuracy of the most re-
cent CERN experiment® was adequate to observe
contributions from virtual hadrons.

Since October of 1988, a new experiment to
measure the muon anomaly at least a factor of 20
more precisely, and thereby observe the contribu-
tions of virtnual W and Z gauge bosons, has been
under construction at Brookhaven National Lab-
oratory. A 14m diameter superferric storage ring
has been constructed to store muons and precess
their spins. The ring is a continuous “C” magnet
with the open side facing inward. The continuous
magnet yoke is made up of 30° sectors. We were
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Table 1: Some Properties of

the (g — 2) Storage Ring

Parameter Value Comments
(g-2) Frequency fa ~0.23x 105/s Wa.=2%Ta
Ta=1/f, =4.3Tus
Muon Lifetime ¥7 = 64.4us
Muon kinematics Pu = 3.094Gev/c The Central Momentum
Yu = 29.3 = The Magic Momentum
Cyclotron Period Teye = 149ns
Central Radius p=T112mm (280")
Magnetic Field B=14513T
Storage Aperture 9.0cm circle
Stored p/fill 2,445 7t injection
(6.3 x 10'?pot) 26,040 pt injection
Initial Rate in ~ 0.45 x 10° w injection
One Detector ~ 5.6 x 108 4 injection
In one lifetime: | 432 revolutions around ring
14.7 (g-2) periods

able to keep the space between sectors to less than
0.5 mm, and to even less than that between the
pole pieces, each of which covers 10°. The field is
excited by three superconducting coils. The outer
coil (p = 7.412m) has 48 turns. The superconduc-
tor is NiTi with ultra-pure aluminum as stabilizer
(Topaz conductor) and carries 5,200 A current to
reach the 1.45 T central field. Some properties of
our storage ring are given in Table 1.

A pion or muon beam is injected into the
storage ring through a hole in the backleg of the
magnet yoke. It then enters a superconducting,
iron-free, truncated double-cosine theta inflector
magnet! which permits the beam to arrive at the
edge of the storage region.

Two injection schemes will be employed in the
experiment. Initially we will inject a pion beam
and use the 7 — pr decay to provide the kick
needed to place the muons on stable orbits. This
has an injection efficiency of 26 x 10~ per in-
jected pion. After some initial running we will
commission a fast muon kicker, which is antici-
pated to have an injection efficiency of 7% per in-
jected muon. As is shown in Table 1, the number
of muons stored is an order of magnitude greater
with direct muon injection. The kicker field, and
its associated eddy currents will be measured by
the Faraday effect, and the field from the eddy
currents is expected to be less than 0.1 ppm at 20
ps after the kicker fires.

The principle of our measurement is the same
as the third CERN experiment?® Polarized muons
are stored in a uniform dipole magnetic field with
electrostatic quadrupoles providing the (weak)
vertical focussing. The muon spin precesses rel-
ative to the momentum vector with the frequency

e - 1 - =
h?a:“";l- [EI.FB— (a”—F—_—l)BXE]. {2)

With the appropriate choice of 7, the electric
field does not change the relative orientation be-
tween the muon’s spin and its momentum, hence
the name “magic gamma”. Thus the magnetic
field can be a uniform dipole field, and the spin-
precession frequency w, depends only on the av-
erage magnetic field (over the muon distribution)
and the anomalous moment. In practice there is
a small electric field correction since only muons
with the central momentum are at the magic
gamma.

The ring functions as a weak-focussing stor-
age ring with a field index of 0.135. The magnetic
field after full shimming will be uniform to 1x 10~
when integrated over azimuth. We will strive to
make the absolute uniformity as close to the ppm
level as possible, but the weak focussing nature of
the ring makes us primarily sensitive to the inte-
gral, rather than the differential nonuniformities.
The field is monitored by 300 fixed NMR probes,
and each pole piece has a dipole correction coil



behind it, which can be used to adjust the local
dipole field in a feedback manner.

Iron wedges 10 cm wide in azimuth are placed
in the air gap behind the pole pieces. The an-
gle of the wedge compensates for the inherent
quadrupole in a “C” magnet, and the dipole field
can be adjusted over a modest range (+90 ppm)
by moving the wedge radially. Pole face bumps
(sometimes called Rose shims) adjust the higher
multipoles. Finally, the average value of the higher
multipoles will be adjusted with current windings
on the pole pieces which go the full 360° around
the ring with a 2.5 mm radial separation. The field
can be mapped when desired by an NMR trolley
containing a matrix of 25 probes, which travels
through the vacuum chamber (in vacuum). Dur-
ing data collection, it is parked out of the way of
the beam in a garage. Plunging NMR probes are
used to cross calibrate with the trolley probes, as
well as to make quick measurements of the field at
a few points inside of the storage region.

Pb-scintillating-fiber calorimeters are placed
symmetrically at 24 positions around the inside of
the storage ring to detect the decay electrons from
p — ev, .. Because of the weak decay, the highest
energy electrons are preferentially along the muon
spin direction, and the integral asymmetry for an
energy threshold of 1.8 GeV is ~ 0.4. Both the
pulse-height (energy) and the arrival time of the
decay electron are recorded for later analysis. In
the time spectrum of the decay electrons, one ob-
serves the expected exponential muon decay, mod-
ulated by the (g — 2) frequency.

To control the systematic error from rate de-
pendent effects during a single fill of the ring, the
photomultiplier tubes, bases, and readout elec-
tronics have been developed to withstand a large
dynamic range of rates, and to exhibit rate depen-
dent shifts less than 10 ps, for rates from 5 MHz
to 0 MHz.

2 Theory of a,

Recently there has been substantial theoreti-
cal interest in the muon anomalous moment.
Within the framework of the standard model
are effects such as second order weak correc-
tions with fermionic loops?'® second order weak
bosonic corrections’ and the hadronic light-on-
light contribution '€ Non-standard model calcu-
lations include such theories as supersymmetry’
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Figure 1: The Lowest Order Radiative Contribution to ay.
The x indicates the virtual photon from the magnetic field.

M
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Figure 2: (a)The Lowest Order Hadronic Contribution to
ay. (b) The Hadronic Light-on-Light Contribution. The x
indicates the virtual photon from the magnetic field.

or leptoguarks, and there are two non-standard
model papers at this conference, presented by
Krawczyk'! (two Higgs doublet models) and
Nath'? (supergravity).

Pointlike fermions have g factors different
from 2 because of virtual radiative corrections.
The lowest order contribution to the anomalous
moment is illustrated in Figure 1, and is equal to
7. These calculations have now been extended to
tenth order by Kinoshita?

The large mass of the muon makes it pos-
sible for virtual hadrons to contribute through
vacuum polarization at a measurable level to the
muon anomaly. The lowest order hadronic con-
tribution is shown in Figure 2(a). This hadronic
contribution cannot be calculated from first princi-
ples but can be calculated using dispersion theory
and data from ete~ — hadrons (“R” measure-
ments). The total hadronic contribution is glad
= 6882(154) x 10~!! (~ 60 ppm of a, ), where the
uncertainty comes from the errors on the experi-
mental data which go into the dispersion integral.
The two recent evaluations'"'* agree that the cur-
rent error from this contribution is ~ +1.3 ppm.
The latter authors estimate that this error can be
reduced to (~ £59 x 1071) or ~ +0.5 ppm after
CMD2, the new Novosibirsk experiment, has fin-
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Figure 3: Weak Contributions to the Muon Anomalous
Magnetic Moment. Single-loop contributions from (a) vir-
tual W and (b) virtual Z gauge bosons. These two contri-
butions enter with opposite sign, and there is a partial can-
cellation. The two-loop contributions fall into three cate-
gories. An example of each category is given. (c) Fermionic
loops which involve the coupling of the gauge bosons to
quarks; (d) Bosonic loops which appear as corrections to
the one-loop diagrams; and (e) A new class of diagrams
where G is the longitudinal component of the gauge bosons.
See Czarnecki, et al® for details. The x indicates the vir-
tual photon from the magnetic field.

ished the analysis of their data. For comparison,
the goal of an error of +0.35 ppm in a, translates
to +£40 x 10~11,

Data collection for CMD2 should be com-
pleted in the next year, and the analysis of these
data should become available over the next three
years. At least a portion of these measurements
will be repeated at the phi factory at Frascati. We
learned at this conference'® that the Beijing collab-
oration plans to carry out new measurements of R
in the J/¥ region, both above and below, going
as low as /s = 2.6 GeV.

The theoretical limit seems to be set by the
contribution from hadronic “light on light” (lol)
scattering,”® illustrated in Figure 2(b), af7*?(lol)
= —52 (18) x10~!!, which contributes an uncer-
tainty of +0.15 ppm to a,. This contribution
cannot be estimated from data, but might be im-
proved by a lattice QCD calculation!?

While calculations of the contribution to ay
from single W and Z loops have been available for
some time, (see Figure 3(a-b)) higher order cal-
culations which include both fermioni®'°(see Fig-
ure 3(c)) and bosoni¢’ two-loop contributions, (see
Figure 3(d-e)) obtain a higher order correction

which turns out to be surprisingly large. The first
order weak contribution of 195(4) x 10~ js re-
duced to 151(4) x 10~'! (1.3 ppm of a,,) when the
second order terms are included. Since the ability
to calculate loop diagrams is intimately tied to the
renormalizability of the theory, this measurement
will provide an important test of the renormaliza-
tion prescription.

The total theoretical prediction is aﬁ"""’" =
116 591 739 (154) x10~'! where the theoretical
error of +1.3 ppm is dominated by the current
uncertainty on the hadronic vacuum polarization.
As mentioned above, this uncertainty will improve
substantially when the new data from CMD?2 are
analyzed, and should improve further with the an-
ticipated data from Beijing.

A number of nonstandard model contributions
to (g — 2) are possible. The muon anomalous mo-
ment is very sensitive to W and substructuref
leptoquarks,” as well as supersymmetry’ especially
those models with large tan 5. Muon substructure
and W boson substructure are two non-standard
model effects for which this experiment is most
sensitive'®?? For example, for muon substruc-
ture Aa, ~ mZ/A?, where A is the length scale
for substructure. The projected error on a, of
oy, = +40 x 10711, gives A a5 TeV.

If the final result agrees with the standard
model, it will place significant new limits on
physics beyond the standard model.

We will measure both the x* and x~ magnetic
moments which will provide a test of CPT (the
CERN experiment® obtained values for these two
which differed by over one .) We will also look for
an up-down time variation in the decay electron
spectrum, which would be the signal of an electric
dipole moment contribution to the spin motion.
We expect to improve the limit on the edm by an
order of magnitude.

3 Progress on the Experiment

In 1996 many milestones were reached on the
experiment. The primary proton line and the
secondary pion/muon line were commissioned in
spring 1996. The storage ring has reached full
field and the first round of magnetic-field shim-
ming will be completed in November 1996. The
inflector magnet has been tested at full field and
is being installed in the storage ring. The vac-
uum chamber installation will begin in November




or early December, and the kicker assembly and
installation will come next year. The detectors
are built and many have been calibrated in the
BNL test beam. The electronics are ready and
have been shown to meet the stringent rate shift
requirements listed above. The response of the de-
tectors to beam injected into the storage ring was
studied in May 1996.

We will store muons for the first time in March
1997, and will have a dedicated time for data col-
lection in the late spring.
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