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We present the first measurement of the form factor ratios g1�f1 (direct axial vector to vector), g2�f1

(second class current), and f2�f1 (weak magnetism) for the decay J0 ! S1e2ne using the KTeV
(E799) beam line and detector at Fermilab. From the S1 polarization measured with the decay S1 !
pp0 and the e2 2 n correlation, we measure g1�f1 to be 1.32 6

0.21
0.17 �stat� 6 0.05�syst�, assuming the

SU�3�f (flavor) values for g2�f1 and f2�f1. Our results are all consistent with exact SU�3�f symmetry.

DOI: 10.1103/PhysRevLett.87.132001 PACS numbers: 13.30.Ce, 14.20.Jn
The study of hyperon beta decay plays a fundamental
role in discerning the structure of hadrons. The decay
J0 ! S1e2ne is identical to the well measured decay
n ! pe2ne except that the valence d quarks are replaced
by s quarks in the initial and final state baryons. In the limit
of exact SU�3�f (flavor) symmetry the only differences
between these processes arise from the different baryon
masses and Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements. Modifications to the strong interaction dynamics
due to the difference between the d and s quark masses
can modify the form factors from their SU�3�f values.
Different models for SU�3�f symmetry breaking, using
experimental data from other hyperon beta decays, predict
different values for the form factors of the decay J0 !
S1e2ne [1,2].

The general transition amplitude for the semileptonic
decay of a spin 1�2 baryon (B ! be2ne) is

M � GFVCKM
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qa � �pe 1 pn�a � �pB 2 pb�a .

Here GF is the Fermi coupling constant, VCKM is the ap-
propriate CKM matrix element, and MB is the mass of the
initial baryon.

When f3 and g3 appear in the transition amplitude, they
are always multiplied by the electron mass divided by MB.
We therefore neglect them. For J0 ! S1e2ne the predic-
tions from exact SU�3�f symmetry (the Cabibbo model) [3]
are f1 � 1.0, g1 � 1.27 (from n ! pe2ne), f2 � 2.6,
g2 � 0 (no second class current). Deviations from exact
SU�3�f symmetry arising from the differences in the quark
masses can modify the values of the axial-vector form fac-
tors [1,2] by up to 20%.
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The KTeV (Fermilab E799) experiment reported the first
observation [4] of the decay J0 ! S1e2ne. The data
presented here were collected during a later four week
period of running in 1997 using an improved trigger.

The KTeV neutral beam is produced by an 800 GeV�c
proton beam hitting a 30 cm BeO target at an angle of
4.8 mrad. Collimators define two square 0.35 msr sec-
ondary beams. Photons in the beams are converted by
a 7.6 cm lead absorber, and charged particles are swept
out of the beam by a series of magnets. The sweeping
magnets also serve to precess the polarization of the J0 to
the vertical direction. The polarity of the final sweeping
magnet is regularly flipped so as to have equal amounts of
J0 polarized in opposite directions, making the ensemble
average of the J0 polarization negligible. An evacuated
decay volume extends from 94 to 159 m downstream of
the target. Downstream of the decay volume is a charged
particle spectrometer consisting of an analysis magnet and
four drift chambers, two upstream and two downstream of
the magnet, followed by a CsI electromagnetic calorimeter.
The neutral beams pass through two holes in the calorime-
ter. Other components of the KTeV detector used here are
the photon vetoes and the system of transition radiation de-
tectors (TRD). Details of the detector and trigger system
can be found elsewhere [4].

The decay chain observed here is J0 ! S1e2ne, with
S1 ! pp0 and p0 ! gg. The final state consists of five
particles: a high momentum proton which travels through
one of the calorimeter beam holes, a neutrino which is un-
observed, an electron and two photons which are required
to hit the calorimeter.

The trigger selects events with a high momentum posi-
tively charged track (proton) traveling through one of the
beam holes, an opposite charged track (electron) in the CsI
calorimeter, and two energy clusters (p0) not associated
with charged tracks.

The decay is reconstructed by finding the longitudinal
position of the p0 decay (zp0) from the energies and posi-
tions of the photon clusters in the calorimeter using the p0

mass as a constraint. The photon energies are required to
be at least 3 GeV and their positions to be at least 1.5 cm
away from the edge of either beam hole. The momentum
of the p0 is determined from the extrapolated position of
the proton at zp0 . Then the proton and p0 momenta are
added to give the momentum of the S1. Finally, the S1

trajectory is traced back to its closest approach to the elec-
tron track, forming the J0 vertex.

To reduce background from kaon decays, the proton mo-
mentum is required to be both between 120 and 400 GeV�c
and greater than 3.6 times the electron momentum. For
electron identification (p2 rejection), we accept only those
events in which the energy of the calorimeter cluster asso-
ciated with the negative track is within 10% of the track
momentum. Also, we require a p2 probability of less than
0.1 for the TRD signal associated with the negative track.

To remove KL ! p0p1e2n decays, we require that the
p0p1e2 invariant mass is greater than 0.5 GeV�c2, or
132001-2
that zp0 is at least 3 m downstream of the J0 vertex.
KL ! p1p2p0 events are suppressed by selecting events
with a p1p2p0 invariant mass greater than 0.57 GeV�c2.
Photon conversions in the drift chambers upstream of the
analyzing magnet are reduced by rejecting events with an
extra in-time hit in the horizontal views of these chambers.
To reduce background from KL ! p1e2ng, we reject
events with an electron track upstream segment projected
to the CsI calorimeter within 2 cm of a neutral cluster. For
J0 ! S1e2ne events the S1 vertex is always at or down-
stream of J0 vertex within the 1 m measurement error, but
for kaon background events there is no relation between
the longitudinal positions of the observed false S1 and J0

vertices. Thus the longitudinal position of the S1 vertex
is required to be no more than 6 m upstream of the J0 ver-
tex, and no more than 40 m downstream of the J0 vertex.

We calculate the transverse momentum of the J0 vertex
( �p�) by taking the component of the total observed mo-
mentum transverse to the line connecting the target to the
J0 vertex. Events where the magnitude of �p� is larger
than the energy of the neutrino in the J0 frame do not
have a physical solution for the neutrino momentum and
are therefore removed.

Signal events are identified by having a proton-p0 mass
within 15 MeV�c2 of the nominal S1 mass (Fig. 1) [5].
After the application of all selection criteria, we have 494
events in the signal region. We estimate 7.4 6 3.7 back-
ground events under the mass peak. These events are
almost entirely due to KL ! p1e2ng decays with an
accidental photon in the detector (3.4 events), and KL !

p1e2n decays with two accidental photons in the detector
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FIG. 1. The S1 ! pp0 mass peak, after all selection criteria
have been applied. The background to the left of the peak is
due to J0 ! Lp0 decays (followed by L ! pp2 or L !
pe2ne). Since J0 ! S1e2ne is the only source of S1 in the
beam (J0 ! S1p2 is kinematically forbidden), signal events
are identified by having a proton-p0 mass within 15 MeV�c2

of the nominal S1 mass.
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(2.0 events). We estimate 0.7 background events come
from J0 ! Lp0 with L ! pp2 and p0 ! e1e2g,
0.6 events from KL ! p0p1e2n, and 0.7 events from
other sources.

Since the average J0 polarization in our data sample is
negligible, only four kinematic variables are needed to de-
scribe the signal completely. The process J0 ! S1e2ne

can be described by the energy of the electron in the S1

frame and the angle between the electron and neutrino in
the J0 frame. The polarization of the S1 can be described
by the angle between the proton and the electron, and the
angle between the proton and the neutrino in the S1 frame.
The usefulness of the final state polarization is greatly en-
hanced by the large asymmetry of the decay S1 ! pp0

(a � 20.98).
Since the neutrino is unobserved, we cannot unambigu-

ously reconstruct the directions in the center of mass.
However, assuming the observed �p� is equal and oppo-
site to the transverse momentum of the neutrino, we can
obtain unambiguous angular variables transverse to the di-
rection of the J0 momentum. Following Dworkin [6], we
consider the decay sequence

J0 ! Q 1 ne, Q ! S1 1 e2, (3)

where we have introduced the fictitious particle Q. We
then construct angular variables out of these transverse
quantities. Denoting quantities in the Q rest frame with an
asterisk, we have the transverse momenta of the electron,
proton, and neutrino in the Q frame: �p�

e�, �p�
p�, and �p�

n�

which is approximately equal to �pn� since the J0 and Q
momenta are nearly parallel.

The magnitudes of the momenta in the Q frame are
calculated to obtain the unambiguous kinematic quantities:

xpn� �
�p�

p� ? �pn�

j �p�
p jE�

n

, xen� �
�p�

e� ? �pn�

E�
eE�

n

, (4)

which correspond to the polarization of the S1 along the
neutrino direction, and the electron-neutrino correlations,
respectively. The kinematic quantity corresponding to the
proton-electron correlation is xpe, the cosine of the angle
between the proton and the electron in the S1 frame. The
one dimensional distributions for xpe, xen�, and xpn� are
shown in Fig. 2.

To determine g1�f1, rather than calculate the asymme-
tries individually, we perform a maximum likelihood fit
for g1�f1 using xpe, xpn�, and xen�. We create a 10 3
10 3 10 histogram for data, and create corresponding his-
tograms for different Monte Carlo (MC) values of g1�f1.
Simulated events are reconstructed in the same manner
as data events, and different MC values of g1�f1 are ob-
tained by reweighting the reconstructed MC events accord-
ing to the differential decay rate [7,8] using the generated
MC kinematic variables. We then calculate the log like-
lihood for each g1�f1. The central value is the value of
g1�f1 which maximizes the total log likelihood (L ), with
the standard errors being determined by change in g1�f1
which changes L by 1�2 (Fig. 3). After correcting for
132001-3
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FIG. 2. The three variables used to fit g1�f1 and g2�f1, and
the energy spectrum of the electron in the S1 frame (used to
determine f2�f1). The points are data and the histogram is our
Monte Carlo simulation with g1�f1 � 1.27 and g2�f1 � 0.

background, our final value for g1�f1 is 1.32 6
0.21
0.17�stat�.

As a check of our Monte Carlo simulation, we measure
the two body asymmetry product aJaL with a sample
of 70 000 J0 ! Lp0 events. We measure aJaL to be
20.286 6 0.008�stat� 6 0.015�syst� which is consistent
with its value of 20.264 6 0.013 [9].

The dominant contribution to the systematic error is due
to the uncertainty in the background. Other systematic er-
rors are estimated by changing quantities in our detector
commensurate with their observed deviations from the data
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FIG. 3. Maximum likelihood fit to g1�f1. The black bands
indicate the range of the g1�f1 theoretical predictions found in
[1,2]. The vertical line is the exact SU�3�f value.
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TABLE I. Systematic error for g1�f1.

Source of uncertainty Error on g1�f1

Background 0.039
Beam shape 0.015
MC statistics 0.020
dc alignment 0.020
J0 Lifetime (65%) 0.009
CsI energy scale (60.3%) 0.009
Error on aS1 (60.017

0.015) 0.013

Total systematic error 0.054

(Table I). The systematic error on g1�f1 due to the mass
shift is found to be negligible by comparing MC simula-
tions with J0 masses of 1.3149 and 1.3155 GeV�c2.

Radiative corrections have been explicitly determined
not to affect the final state polarization and electron-
neutrino correlation in hyperon beta decays [10]. The
standard q2 dependence of f1 and g1 is used [10], neglect-
ing the q2 dependence of f1 and g1 changes the measured
value for g1�f1 by 0.007.

If we relax the requirement that g2 � 0, and fit the dis-
tributions to g1�f1 and g2�f1 simultaneously, we see no
evidence for a nonzero second class current term (Fig. 4),
measuring g1�f1 � 1.17 6 0.28�stat� 6 0.05�syst� and
g2�f1 � 21.7 6

2.1
2.0�stat� 6 0.5�syst�.

Using our measured g1�f1, and assuming g2�f1 � 0,
we then determine the value for f2�f1 using the electron
energy spectrum in the S1 frame (Fig. 2). The beta spec-
trum is the only kinematic quantity that depends on f2�f1
to lowest order in �MJ0 2 MS1 ��MJ0 . For the f2�f1 mea-
surement, we do not discard events where the magnitude
of �p� is greater than the energy of the neutrino in the J0

frame. Using a maximum likelihood method, we find the
value for f2�f1 is 2.0 6 1.2�stat� 6 0.5�syst�.
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FIG. 4. Maximum likelihood fit to g2�f1 and g1�f1.
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The systematic errors for g2�f1 and f2�f1 are deter-
mined in a similar manner as those for g1�f1; however, a
0.6 MeV�c2 shift in the J0 mass changes f2�f1 by 0.25,
and there is also an additional error of 0.3 on f2�f1 due to
the statistical error of g1�f1.

In conclusion, we have made the first measurement
of g1�f1 for the decay J0 ! S1e2ne, and found that
g1�f1 � 1.32 6

0.21
0.17�stat� 6 0.05�syst� assuming both that

no second class current is present and that the weak mag-
netism term has the exact SU�3�f value. By using the
electron-neutrino correlation and the final state polariza-
tion of the S1 via its two body decay S1 ! pp0, we
are able to determine both the sign and the magnitude
of g1�f1. Our result agrees well with the exact SU�3�f

prediction. It therefore favors SU�3�f breaking schemes
that predict small corrections to g1�f1. Furthermore, if we
relax the constraint that g2 � 0, and simultaneously fit for
g1�f1 and g2�f1, we see no evidence for a second class
current term but the uncertainties are large. Our analysis
of the electron energy spectrum in the S1 frame gives a
value for f2�f1 that is consistent with the conserved vector
current prediction.
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