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The magnetic moment of the Z hyperon has been obtained from measurements of fine-
structure splittixgs of x-ray transitions in Z" exotic atoms. The use of targets consist-
ing of sheets of Pb or immersed in liquid hydrogen, and of a tagging technique utiliz-
irg the m emitted in the reaction K p Z 7t, resulted in improved x-ray signal-to-
noise ratio by a factor of 15 over that in previous experiments. The present result is
p(Z-) = (1.111+0.031+0.011)p „.
PACS numbers: 14.20.Jn, 13.40.Fn, 36.10.Qv

Simple models" which combine Dirac moments
of individual quarks via SU(6) have been used in
the past with qualitative success to rel.ate the
magnetic moments for members of the spin-&
baryon octet. Currently, corrections to the mod-
els' are required to produce agreement with new
experimental values~ ' for some of these mo-
ments. Since earl. ier measurements"" of the Z
moment p. (Z ) were not of sufficient precision to
test the more recent models, we have remeas-
ured p. (Z ) with an improved version of the exotic-
atom technique. This work has resulted in a more
precise value for the fine-structure sylittings of
Z atomic x rays from which p, (Z ) may be de-
termined.

The apparatus used in the present experiment
is shown schematically in Fig. 1. Kaons of 680
MeV/c from the C4 beam at the Brookhaven Na-
tional Laboratory alternating gradient synchro-
tron (AGS) were brought to rest in a laminar tar-
get assembly which consisted of nineteen sheets
of a target metal (0.4 g/cm' Pb or W) spaced 5

mm apart in a l.iquid-hydrogen vessel. The sheets
were 15 cm long and ranged in height from 10.5

cm in the center to 6.5 cm at the sides. The Z
produced in the hydrogen by the reaction

K +P-Z +@+

were tagged by detection of the 83-MeV m+. This
reaction occurs with a branching ratio of 44/o and
generates Z with a kinetic energy of 12,4 MeV.
A large fraction of these survived decay and were
brought to rest in the adjacent target sheets.

The beam contained 10% K which were se-
lected by a Cherenkov counter and by a dE/dx
threshold on 8,. Range scintillation spectrome-
ters (7' and ttl, in Fig. 1) were placed on each
side of the target to detect the m' produced in
Reaction (1). The aluminum-degrader thickness
was adjusted to maximize m' stops in the central.
el.ement of three 46&& 46 & 2.5-cm' plastic-scintil-
l.ation counters. The stopped w' were identified
by the subsequent detection of the positron from
the decay chain w' —p,

' —e'.
X rays from Z atoms were detected in three

intrinsic reverse-electrode Ge detectors which
were housed in a singl. e cryostat located below
the target. A stopped K in coincidence with a
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FIG. 1. Experimental arrangement. S&-$& are
beam-defining scintillation counters; V

&
is a veto

counter surrounding the Cu moderator; V2, a down-
stream veto counter; II, a beam-defining hodoscope;
~L and 7tg, pion spectrometers including Al modera-
tor; and C, a Cherenkov counter to detect kaons. The
laminar target assembly is shown with three Ge detec-
tors located below. Inset: a typical K p interaction
in the region between target sheets.

Ge detector signal formed the event trigger for
"untagged" x-ray spectra. If, in addition, a m'

signature from either of the m' range spectrome-
ters accompanied the x ray, the event was labeled

tagged~
The relatively large Z yiel. d and the tagging of

its production have resulted in an enhancement of
15:1 in x-ray signal-to-noise (S/N) ratio over
that of previous experiments. ""Displayed in
Fig. 2 is a portion of the tagged and untagged
spectra obtained in the present work. These
spectra cl.early show substantial improvement in
S/N for the tagged Z Pb(12-11) x-ray peak and
the suppression of a nearby background kaonic-
atom x-ray peak. For the tagged Z Pb(11-10),
Z Pb(12-11), and Z W(11-10) data which were
used in this measurement S/N values were 3:1
or larger.

Ge-detector- calibration data w ere obtained
throughout the experiment in two modes which
exploited the AGS 2.8-s beam cycl.e. During
beam-on periods, events were accepted which
consisted of the random coincidences between
y rays from radioactive sources (positioned be-
tween target and detector) and a logic gate opened
when a beam m or IU, entered the target. These
data were used to obtain the instrumental resolu-
tion and line shape as a function of energy for
each detector under beam-on conditions. The
experimental line shape was well. represented by
a Gaussian function. Between beam pulses, his-
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FIG. 2. (a) "Tagged" x-ray spectrum, showing the

Z Pb(12-11) transition and the nearby K Pb(9-8) tran-
sition. (b) The "untagged" x-ray spectrum for the same
energy region. While the S/+ for the Z Pb(12-11) tran-
sition is better than that in earlier Z exotic-atom ex-
periments, it is substantially worse than in the tagged
mode.

tograms of two y-ray lines near the end points
of the energy spectrum were formed. These his-
tograms were written to tape every 10 min.
Least-squares fits which determined the cen-
troids of these histograms were used to form the
basis of an off-line two-point stabilization rou-
tine used in the data anal. ysis.

The fine-structure splitting of a Z atomic lev-
el with principal quantum number n, orbital. quan-
tum number l, and nuclear charge Z is given ap-
proximately by

bE„,= (g, + 2g, )(Zo)~mc'/2n'l(l+ 1),
where m is the Z -nucleus reduced mass, a is
the fine-structure constant, and g, = —1 is the
Dirac part and g, the anomalous (Pauli) part of
the magnetic moment. The magnetic moment
can be written as

P(~ ) =(gQ+gy) e~/2~r = (go+ g1)(~p/~z)P'Jy

where p.~ is the nuclear magneton and m~ and m ~
are the P and Z masses.

The rel.ative intensities of the components with-
in a fine-structure x-ray doublet have been cal.cu-
lated for a statistical population of the l + —', an-
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gular momentum states. " At high n there are
only two observabl. e l.ines and the intensity largely
arises from transitions between "circular" orbits
(those with l = n —1). These two components were
separated in energy by less than the instrumental
resolution. The observed peak was therefore a
broadened structure composed principall. y of two

singl. e Gaussians. Additionally, in the fitting
procedure, low-intensity transitions between
noncircular orbits (l ~ n —2) had to be taken into
account because, although different in energy,
they are unresolved from the transitions between
circular orbits.

Atomic cascade cal.culations were carried out
to determine the noncircular contributions to
each doublet. The initial populations of states in
the cascade calculations were constrained by our
measurements of six 4n =1 and three An =2
transitions for Pb, and five hn= 1 and two An=2
transitions for %. An optical potential" was used
to estimate the strong-interaction absorption
from each level. The initial. popul. ations and the
imaginary part of the strong-interaction scatter-
ing length were varied and the calculated intensi-
ties were compared with the data. Minimization
of X' in this procedure determined the best model
for the cascade process. The ratios of the inten-
sities of total noncircular to circular transitions
were found to be 0.022 + 0.005 for the Z Pb(11-10)
transition, 0.122+ 0.024 for the Z Pb (12-11)
transition, and 0.120+ 0.020 for the Z W(11-10)
transition.

Fits of the Z x-ray peaks in the tagged data
were made for each detector. In each fit the two
circular components, the two l = ~ —2 noncircu-
l.ar components, and a three-parameter pol.ynom-
ial background were included. Each of the four
transition components was represented by a sin-
gl.e Gaussian of the same instrumental width.
For the Z Pb(11-10) transition at 373 keV, the
strong-interaction line shape (23~ 7 eV full width
at half maximum) was convoluted with the instru-
mental line shape (typically 1100+7 eV full. width
at half maximum) ~ The relative amplitudes of
the components were fixed as discussed above.
Although Eq. (2) contains the essential features
of theg, dependence of the spl. itting, it mas not
used directly to determine g(Z ). Rather all.
level energies (circular and noncircular) were
completely calcul. ated as a function of g,. This
involved corrections" to the Dirac energies for
vacuum pol.arization, finite nuclear size, nuclear
polarization, el.ectron screening and recoil cor-
rections to the vacuum polarization, anomalous

moment, and point Coulomb energies. Uncertain-
ties in these corrections have a negligible effect
on the final result compared to that of the experi-
mental error. Consequentl. y, the separations of
al.l. components in each peak mere fixed uniquely
for a given value of g,. Least-squares fits to the
data were made for a wide range of values forg„
and the resulting X' mere plotted as a function of
p(Z ). From these y2 plots, p. (Z ) and its statis-
tical uncertainty were obtained for each transi-
tion.

Tests of this method for extracting the separa-
tion of the centroids of two, or four, Gaussians
from a single broad structure were made. A

large set of mul. tipl. e Gaussian doubl. ets for a wide
range of assumed splittings and 8/N was gen-
erated through standard computer simul. ation
techniques. These simulations were then fitted
mith the routines used in the data analysis. Fur-
ther tests using the entire x-ray spectroscopy
system mere made with radioactive sources with
pairs of known y-ray l.ines separated in energy
by 330 and 580 eV, amounts similar to that ex-
pected for the Z x-ray doublets. In both studies,

- analysis of the broadened structures yielded the
correct separation of the individual peaks.

Our results complement those from precession
experiments recentl. y reported from Fermilab. "
In the latter, polarized Z are precessed in a
magnetic fiel.d and the asymmetry in Z decay is
exploited to obtain the moment. The low value of
the Z asymmetry parameter (- 0.068+ 0.008)
makes the precession measurement for Z con-
siderably more difficul. t than for other baryons.
To determine the sign of p, (Z ) by the exotic-atom
method, it is necessary to measure the small.
difference in amplitude of the individual, Gaus-
sians' so as to determine whether the l+ 2 or the
l —2 states are higher in energy. At present,
neither experimental technique alone provides an
unambiguous choice of the sign of the magnetic
moment. However, as pointed out by Deck et al. ,'
only the negative values for p(Z ) among the three
recent experiments are statistically consistent.
Accordingly we limit the fol.lowing discussion to
the negative value obtained here.

In Fig. 3, we show the results of fits to the
tagged Z Pb(11-10), Z Pb(12-11), and Z W(11-
10) transitions for each of the three detectors.
The uncertainties shown are statistical. only and

are equal to the changes in the values of the mag-
netic moment for which X' changes by unity from
the minimum. Summed X' maps from all of the
data treated here yield a. X' minimum of 2259 for
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FIG. 3. The values for p (Z ) extracted from the
Z Pb(11-10), Z Pb(12-11), and Z W(11-10) transitions
in the tagged-data spectra. Values are shown for each
Ge detector separately and the errors are statistical
only.

23.06 degrees of freedom whereas X for zero
fine-structure splitting is 2406.

We have examined the sensitivity of the meas-
ured magnetic moment to the uncertainties in the
following: instrumental resolution of the detec-
tors, background shape in the region of fit, rela-
tive intensity of the components of the fine-struc-
ture doubl. ets, strong-interaction widths, calcu-
lated energy levels, and the intensity of the non-
circular components. An incorrect estimate of
these last four contributions affects the consis-
tency of results obtained from different transi-
tions. The good agreement among the resul. ts
presented in Fig. 3 indicates therefore that these
contributions are understood. The systematic
error due to all uncertainties is estimated to be
+0.011@,„.Hence, our combined result for all
of the data is p(Z ) =(- I.ill+ 0.031*0.011)p,„,
where the first error is statistical. onl.y.

Quark calculations of baryon magnetic moments
generally do not inct.ude effects such as configura-
tion mixing, exchange corrections, and rel.ativis-
tic corrections which are estimated" to be 10%.
Therefore, disagreements between theory and
experiment at this level cannot be used as argu-
ments against the basic val. idity of any theory.
However, the present result is difficult to recon-
cil.e with the calculations of Brown, Bho, and
lento" and of Gonzal, ez, lento, and Bho,"which
give p, (Z ) values between —0.54 p~ and —0.70 p»
and with the approach of Lipkin" which gives

p. (Z ) =- 0.81 p,„.Instead our result is in reason-
able agreement with the simple-quark-model
prediction' of p, (Z )= —1.05@„and the cloudy-bag-
model prediction' of p, (Z ) = —1.09p.„.
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