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2 CERN, CH-1211 Genève 23, Switzerland
3 Genoa University/INFN, Dipartimento di Fisica, I-16146 Genova, Italy
4 Grenoble ISN, F-38026 Grenoble, France
5 Heidelberg Max-Planck-Institut für Kernphysik, Postfach 103980, D-69029 Heidelberg, Germany
6 Universität Heidelberg, Physikal. Institut, D-69120 Heidelberg Germanyn

7 Universität Mainz, Institut für Kernphysik, D-55099 Mainz, Germanyn

8 Moscow Lebedev Physics Institute, 117924 Moscow, Russia

Received: 23 October 1998 / Published online: 1 March 1999

Abstract. We have investigated the elastic scattering of high energy Σ− off electrons from carbon and
copper targets using the CERN hyperon beam. Scattering events are identified using a maximum likelihood
technique exploring the kinematical relations of the scattered particles. The observed Q2–distribution of
these events suggests a mean square charge radius of the Σ− of < r2

ch > (Σ−) = 0.91 ± 0.32(stat.) ± 0.4
(syst.) fm2. This constitutes the first measurement of < r2

ch > (Σ−) and demonstrates the possibility to
also measure the charge radii of other hyperons.
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1 Introduction

Hadrons are extended objects which can be described by
a number of static properties such as the mass, magnetic
moment, strong interaction radius, and charge radius. Al-
though the basic structure of hadrons is believed to be
described by quantum chromodynamics (QCD), concrete
calculations of these quantities remain problematic. Ad-
ditionally, many of these fundamental properties are well
known only for nucleons. Some, in particular the electric
mean squared charge radius < r2

ch >, are measured only
for the nucleons [1–4], the π− [5], and the K− [6]. In this
paper we discuss the first measurement of < r2

ch > for a
strange baryon, the Σ−.

Since exact calculations based on QCD are not yet
possible, calculations of < r2

ch > of the Σ− have been
carried out in the context of a variety of models which
attempt to approximate QCD in the nonperturbative re-
gion [7–12]. The primary non-perturbative method is lat-
tice QCD [13–15]. Although tremendous progress has been
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made in the past few years, lattice QCD calculations re-
main difficult and inexact, especially when light quarks
are involved. The predicted radii vary considerably - from
as small as 0.50 fm2 in the MIT bag model, to 1.2 fm2 in a
recent Skyrme model based calculation. However, within
each of these models, the radius is predicted to be within
about 20% of that predicted for the proton, which has a
measured value of about 〈r2

ch〉=0.73 fm2. The predictions
of a number of models are summarized in Table 1.

The scattering of an electron with mass m and a spin
1/2 particle of mass M can be approximated by the rela-
tion (h̄= c = 1) [16]

dσ

dQ2 =
4πα2

Q4

(
1 − Q2

Q2
max

)
F 2(Q2) (1)

where deviations from the exact value are of the order
m2/(s−M2). For m � M the squared form factor can be
written as

F 2(Q2) =
G2

E + Q2

4M2 G2
M
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4M2

+
Q4
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Here, Q2 is the squared momentum transfer and GE(Q2)
and GM (Q2) are the electric and magnetic form factors,
respectively. These form factors are normalised to GE(0)
= −1 and GM (0) = κ − 1, κ being the anomalous mag-
netic moment (equal to −0.48 in units of µΣ where µΣ =
eh̄/(2M) denotes the Dirac magnetic moment of the Σ−).
The mean squared charge radius is defined by the relation

< r2
ch >= −6GE(0)
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∣∣∣∣
Q2=0

. (3)

Expanding the squared form factor F 2 and using the above
normalisations we can write
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The measurement of the radius does not rely on the
absolute magnitude of the cross section. Instead, a fit of
equation (4) to the shape of the measured Q2 distribu-
tion will provide the information on < r2

ch >. Since the
kinematics of an elastic scattering event is constrained by
conservation of momentum and energy, the determination
of Q2 does not in principle demand complete kinematic
information on all participating particles. However, detec-
tor resolution and the problem of radiative effects render
the extraction of the cross section distribution more dif-
ficult. The resulting uncertainties will be discussed in the
analysis section.

2 The experiment

The measurement described here is part of CERN exper-
iment WA89, a general purpose apparatus with the pri-

mary goal of studying charmed particles and their decays.
Σ− scattering events are extracted from a low multiplicity
trigger running simultaneously with the main experiment
trigger.

The experiment makes use of a negatively charged
secondary beam produced in forward direction by a 450
GeV/c proton beam impinging on a 40 cm long beryllium
target. The primary proton beam is extracted from the
SPS in a 2.5 s “spill” every cycle of 14.7 s. Typically a
spill contains 5×1010 protons. Secondary particles with
momenta of 330 ± 15 GeV/c are selected by means of a
14 m long magnetic channel defined by tungsten collima-
tors [17]. At the target of the experiment the secondary
beam has a total intensity of 7×105/spill and is composed
of π− and Σ− in the ratio of 2.3:1. Other particles, pri-
marily Ξ−and K−, constitute less than 3% of the beam.

The momentum of each beam particle is measured by
a scintillating fiber hodoscope placed between the last two
magnets of the channel, along with two sets of silicon de-
tectors at the end of the channel. The fiber hodoscope is
made from four planes of rectangular fibers (1×0.5 mm2).
Always two planes, staggered by half a fiber width (0.25
mm), are read out by one multi-anode photo multiplier.
The track finding requires hits in at least two planes and
a good extrapolation of the track to the hyperon produc-
tion target. An efficiency of about 90% is obtained. The
resulting momentum resolution is approximately 1%.

The detector set-up is shown in the upper part of
Fig. 1. The main components are

– the target region (see lower part of Fig. 1 for a more de-
tailed graph) composed of trigger scintillators, a tran-
sition radiation detector (TRD), high resolution mi-
crostrip detectors, and microstrip gas chambers (MS-
GCs),

– the decay region which is equipped with several planes
of drift chambers and multi-wire proportional cham-
bers (MWPCs),

– the Ω-spectrometer,
– a ring imaging Cherenkov detector and
– electromagnetic and hadronic calorimetry.

The beam is defined by two 3 × 3 cm2, 3 mm thick
scintillators upstream of the targets. A TRD consisting
of 10 radiator-detector pairs has been placed between the
two scintillators for beam particle identification. The TRD
has a π− rejection efficiency of about 90% at the trigger
level [18]. The incoming beam particle direction is recon-
structed by means of 7 silicon microstrip planes with 25/50
µm pitch [20]. An angular precision of about 15 µrad is
achieved.

One 3.6 g/cm2 thick copper block followed by three
0.72 g/cm2 thick pressed diamond plates (density 3.25
g/cm3), each separated by 2 cm and placed in a box
flushed with helium serve as scattering targets. Located
immediately behind the targets are 12 planes of silicon
detectors, two 5×5 cm2 scintillators with thicknesses of 3
mm and 4mm, respectively, and again 11 planes of silicon
detectors. The first 16 silicon planes have a read-out pitch
of 25 µm, the remaining seven have a 50 µm pitch. The
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Fig. 1. Setup of experiment WA89. The lower part shows an expanded view of the target area

Table 1. Measured 〈r2
ch〉 in fm2 of various hadrons along with some theoretical

predictions for p, n, and Σ−

Experiment Soliton Skyrme non-relat. Skyrme Cloudy Bag
[7] [8] quark [12] [9] [11]

p 0.74 ± 0.02 [1] 0.78 1.20 0.67 0.775 0.714
0.67 ± 0.02 [2]
0.79 ± 0.03 [3]

n -0.11 ± 0.03 [4] -0.09 -0.15 -0.308 -0.121
Σ− 0.91 ± 0.32 ±0.4 0.75 1.21 0.55 0.751 0.582
π− 0.439 ± 0.008 [5]
K− 0.34 ± 0.02 [6]

two scintillators play a central role for the event trigger
(see below).

The target region is followed by a 10 m long “decay
zone”, filled with 6 stacks of drift chambers (3 projec-
tions each) and MWPCs for the central part (4 projec-
tions each). These are used primarily for reconstruction
of Λ and K0 decays.

A magnetic spectrometer based on the large gap su-
perconducting OMEGA dipole magnet (7.2 Tm) provides
the charge and momentum information of the outgoing
particles. The detectors consist of 45 planes of MWPCs
between the pole faces of the magnet and two sets of drift
chambers with four planes each downstream of the mag-
net. Four additional MWPC planes placed close to these
drift chambers are used in the trigger for track multiplic-
ity decisions. A momentum resolution of about 10−4 ×
p2/ GeV2/c2 is achieved.

A large ring imaging Cherenkov detector (RICH) is
employed to identify high momentum particles [21]. The
geometrical acceptance of this detector is limited to par-
ticles above ≈ 15 GeV/c. The detector allows π/K/p sep-
aration in the momentum range of 20 to 80/140 GeV/c.
π/electron separation is possible only in a very small mo-
mentum interval up to about 20 GeV/c.

An electromagnetic calorimeter made out of 640 lead
glass blocks [19] is placed downstream of the RICH. Its
main purpose is the detection of γ from radiative or π0

decays and its size of 3.2 m2 enables the detection of elec-
trons with momenta above 25 GeV/c.

Located behind the lead glass array is a lead scintil-
lating fiber calorimeter of the spaghetti type [22]. It has
an energy resolution of about (30

√
E + 2.5)% and a po-

sition resolution of (3.14/
√

E+0.24)cm, where E is given
in GeV. This calorimeter plays an important role for the
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Fig. 2. Normalized pulse height distribution in one of the
two multiplicity trigger counters. Solid line: data; dashed line:
Monte Carlo results. Multiplicities below 3 were partially cut
by the trigger. In the final analysis only events with a pulse
height ≤155 were used

detection of neutrons from charm or Σ−-decays. In addi-
tion, a scintillating tile hodoscope covering the front face
allows to tag showers generated by charged hadrons [23].

The main trigger of the experiment is set up to enrich
the data sample with events containing charmed hadrons.
Downstream of the 12th silicon plane in the vertex detec-
tor, two thin scintillator counters (3 and 4mm thickness)
are used to select events with large track multiplicities
(nch ≥5). The collection of events containing scattered
target electrons is realized by an additional trigger with a
threshold corresponding to two charged particles in each
scintillator. Because of the high rate of this trigger it is
then pre-scaled by a factor 2. Due to an undetected base
line drift in one of the counters during the running phase
one counter selected only events with energy depositions
characteristic for more than 2 tracks for a large fraction of
the running time. Unfortunately this leads to a rejection
of a considerable part of the genuine 2 track scattering
events. However, because of the large Landau tail of the
energy loss distribution also a considerable fraction of the
2 prong events give a sufficiently large signal in both de-
tectors to pass the trigger decision. This can be seen by
the solid histogram in Fig. 2 which shows the pulse height
distribution of the scintillator without the base line shift.

These conditions constitute the first trigger level and
are a compromise between the constraints on the trigger
rate given by the main experimental program of WA89
and the requirements for the detection of Σ−e− scatter-
ing events. At the second level, we use the information
from the beam TRD to reduce the number of π-induced
reactions by ≈ 95% while keeping 85% of the Σ− .

The present analysis is based on about 3 × 108 inter-
actions, recorded during our 1994 beam time. Approxi-
mately 25% of these events are due to low multiplicity
events.

3 Analysis of Σ−-e scattering

3.1 Event preselection

The first step of the analysis is to isolate those events
in which exactly two negative particles are seen in the
Ω spectrometer. The simple topology of the events with
only two outgoing negatively charged particles allows us
to apply a straightforward reconstruction algorithm. The
Σ−-e scattering events can be subdivided into two main
categories: events where the Σ− passes through the spec-
trometer magnet without decaying and those in which the
Σ− decays within the apparatus to nπ−(branching ratio
for this mode : 99.85%). The distance from the silicon
strip detectors to the Ω-spectrometer is about 10 m and
is, therefore, comparable to the mean decay length βcτγ ≈
12 m for a Σ− at 330 GeV/c. Thus about half of the Σ−
decay before reaching the spectrometer. In either case, the
final state consists of two negatively charged particles plus
one neutron if the Σ− decays.

Generally, straight tracks in the vertex detector and
the decay region are independently reconstructed and then
connected to tracks found in the spectrometer. Σ− hyper-
ons which decay before the Ω-magnet are reconstructed
from the nπ− final state by using the energy of the decay
neutron determined with help of the hadronic calorime-
ter. Such neutrons are then combined with a track that
started only in the decay region. The intersection of such
tracks with a track segment in the vertex detector is taken
as the Σ− decay point. The invariant mass of such nπ−
combinations is then checked to be compatible with the
Σ− mass. For this reconstruction an accurate momentum
measurement for the π− from the Σ− decay is mandatory.
Therefore, Σ− which decayed within the Ω-spectrometer
magnet can not be used in the analysis. Finally, the Σ−
four momentum was refitted with the constraint for the
nπ− to correspond to the nominal Σ− mass. Thus a simi-
lar momentum resolution was obtained as for Σ− passing
the spectrometer.

This first part of the analysis reduces the number of
analysed events from over 300 million to about 4 million.
All further analysis is based on this selected sample.

3.2 Further event selection cuts

In order to determine the position of the scattering vertex
we perform a 3-prong vertex fit with the incoming beam
track and the two outgoing tracks. We require the χ2 of
the vertex fit to be less than 2.5 in order to reject events
with poorly reconstructed vertices. A good vertex resolu-
tion is necessary, since the amount of material crossed by
the electron determines the bremsstrahlung losses and is,
therefore, an important input to calculate the probability
distribution of the electron momentum event-by-event (see
below). Figure 3.a shows the angular correlation between
the scattered Σ− and the electron after applying this cut.
The number of remaining events is given in the figure.
The lower and upper lines in this plot mark the expected
correlations for an elastic scattering of a 330 GeV/c Σ−
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and π−, respectively. Contributions from either beam par-
ticle are clearly visible in the data. Therefore, a number
of additional event selection criteria have to be employed
to clean up the data sample.

For the evaluation of the four momentum transfer of
the beam particle to the electron from the measured quan-
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Fig. 5. Distribution of likelihood goodness Lmin for Data
(solid line) and Monte-Carlo (dashed line). The vertical line
indicates the applied cut. Both histograms were normalised to
1

tities pB (beam momentum), Θe (electron scattering an-
gle), ΘΣ (Σ− scattering angle), pe (momentum of scat-
tered electron) and pΣ (momentum of scattered Σ− ), sev-
eral possibilities exist which allow to check the kinematic
relations event-by-event. To exploit all measurement in-
formation we calculate the likelihood

L(Q2) = P1(pB)P2(Θe)P3(ΘΣ)P4(pe)P5(pΣ) (5)

and maximize it to find the best estimates for Q2 and
the beam momentum p0

B . Here, Pi(Xi) is the probabil-
ity of measuring the quantity Xi at given values of Q2

and p0
B . Shape and width of the probability functions Pi

are defined by the detection resolution and are derived on
an event by event basis from the covariance matrices of
the track parameters. Except for P4(pe) these functions
are Gaussian–distributed. The shape of P4(pe) follows a
Bethe-Heitler distribution [24], since the error on pe is
dominated by Bremsstrahlung losses in the targets and de-
tectors. An example of the probability distribution P4(pe)
for an interaction in the copper target obtained in the
GEANT detector simulation is shown in Fig. 4. Since the
electron energy loss depends on the material traversed by
the electron, the energy loss probability was parametrised
in dependence of the position of the interaction vertex.

The likelihood Q2 fit checks the complete kinematics
of an event and assigns a value Lmin = min(− log L).
Smaller values signal better agreement with the topology
of a two-body elastic scattering event. The goodness of
this likelihood fit is used as a cut criterion. In the Monte–
Carlo–simulation in 86% of the events we obtain Lmin

values below 10. In contrast, ≈ 40% of the measured pre-
selected data assume larger values (Fig. 5). Applying the
condition Lmin < 10 and the χ2 cut mentioned above con-
siderably cleans up the scattering angle spectra, as can be
seen in Fig. 3.b. In particular large Q2 π−e− scattering
events are rejected by this constraint.

This figure still exhibits a sizable yield at large Q2

(small scattering angles) which is caused by inelastic in-
teractions of higher multiplicities, where one or more low
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momentum tracks are not reconstructed in the detector.
In order to reject this kind of events we make use of the
pulse height information recorded by the trigger scintilla-
tors. The solid histogram in Fig. 2 shows the pulse height
spectrum of the scintillator without the base line shift dis-
cussed above for preselected events. A clear signal can be
seen from events with 2, 3 and more tracks traversing this
detector. For comparison the shape of the detector re-
sponse obtained in a detector simulation for pure Σ−-e
scattering event is shown by the dashed line. Good agree-
ment is obtained between Monte Carlo and data.

Fig. 3.c shows the correlation of the scattering angles
after a pulse height cut of ≤155 (cf. Fig. 2) was applied.
There still remains a visible contamination of π− in the
Σ− events, where the scattered Σ− is not identified by its
decay. This is because both event types show the same
kinematics at low Q2. To suppress the remaining π− con-
tamination, we exploit the pulse height information from
the TRD [17,18] by means of a likelihood analysis. Figure
3.d displays the correlation of the projectile and electron
scattering angles after requiring that the beam particle
was identified offline as a Σ− .

3.3 Detector simulation

To determine the apparatus acceptance and the event re-
construction efficiency a full Monte Carlo simulation was
carried out in the GEANT 3.21 framework [25]. Beam
particles were generated with the measured momentum
distribution and induced a Σ−-e−scattering event. A flat
spectrum in Q2 was chosen for the scattering kinemat-
ics in the Monte Carlo to measure the efficiency over the
full phase space. Subsequently the generated events were
passed through the same reconstruction and analysis pro-
cess as the real data.
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and dashed histograms, respectively

The detection efficiency as function of Q2/Q2
max for

scattering events surviving preselection and all analysis
cuts described above is shown in Fig. 6. Here, Q2

max de-
notes the maximum possible momentum transfer for a
given beam momentum. The efficiency was parametrised
in the variable Q2/Q2

max to reduce the influence of the
beam momentum distribution. For Σ−-e scattering at an
average beam momentum of 330 GeV/c Q2

max ≈ 0.065
GeV2/c2 .

Only electrons with momenta greater than 6 GeV/c
can be reconstructed with high efficiency in the Ω-spectro-
meter. For Σ−-e−elastic scattering this value corresponds
to a maximum electron angle of ≈12 mrad and constrains
the Q2 of detectable events to a minimum value of about
0.006 GeV2/c2. In addition, the requirement for the elec-
tron to pass the trigger hodoscope increases the minimum
electron momentum to about 10-12 GeV/c. This effect is
the main reason for the efficiency drop at Q2/Q2

max ≈ 0.2.
Towards high Q2/Q2

max the opening angle between
the scattered Σ− and the electron is decreasing. Because
of the finite double track resolution of the detectors up-
stream of the Ω-magnet, the efficiency drops again at high
Q2/Q2

max.
The quality of the Q2–determination via the likelihood

method can be judged on the basis of the pull quantities,
calculated from the difference of the fitted and the mea-
sured parameters relative to their errors. These pulls ob-
tained in Monte Carlo (dashed histograms) and real data
(solid histograms) are displayed in Fig. 7. Very good agree-
ment is obtained between the simulation and the data
and show the expected – nearly Gaussian – shape for
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pB , Θe, ΘΣ , and pΣ , and a Bethe-Heitler type shape for
pe.

By a comparison of generated and measured momen-
tum transfer in Monte Carlo events we determined the
resolution in Q2 obtained with this fit method. The dis-
tribution of ∆Q2/Q2 shows two components: one from
events where the electron has suffered no or small losses
and one with large losses. The average resolution is 5.5 %.

3.4 Determination of the mean squared charge radii

The fact that the final data fall closely onto the correla-
tion expected for Σ−e scattering (see Fig. 3.d) together
with the good agreement to the distributions expected
from the Monte Carlo simulation is a clear evidence that
these events correspond to elastic Σ−-e−scattering. In or-
der to extract the charge radius from our data we first
corrected the measured Q2 distribution shown in Fig. 8
for the finite efficiency (Fig. 6). Then, a charge radius for
Σ− can be determined by an unbinned maximum likeli-
hood fit of the differential cross section given in 2. The
detection efficiency shows a steep drop for small Q2. As
the actual shape of the acceptance and efficiency function
in this range is difficult to evaluate we rejected events be-
low Q2 = 0.01 GeV2/c2 . Due to the 1/Q4–behavior of
the cross section the bias caused by background events
becomes increasingly important towards higher Q2 . For
this reason we also did not include events with Q2 > 0.05
GeV2/c2 in the fit. The fit result for the Σ− mean squared

charge radius is 〈r2
ch〉(Σ−) = 0.89 ± 0.32 (stat.) fm2. This

value represents the weighted mean from two separate fits
to the samples with non-decayed and decayed Σ− respec-
tively.

Finally, the correction due the anomalous magnetic
moment (see 4) amounts to 0.024 fm2. Since this is small
compared to our experimental error, uncertainties of this
correction due to higher order effects have been neglected.
We thus obtain our final value of 〈r2

ch〉(Σ−) = 0.91 ± 0.32
(stat.) fm2.
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Fig. 9. 〈r2

ch〉fit result for the sample with decayed (left) and
undecayed (right) Σ−and for different cut variations. The lower
parts show the remaining sample size within the fitted Q2 range
from 0.01 to 0.05 GeV2/c2

3.5 Study of systematic uncertainties

In order to study systematical effects we varied the ap-
plied selection criteria and the Q2 range used in the fit.
However, with the limited amount of scattering events de-
tected a detailed study of systematic effects is rather dif-
ficult since some of the effects are masked by the large
statistical fluctuations when different selection criteria or
fit ranges are used in the analysis.

In the upper part of Fig. 9 we show the variation of
the Σ− radius fit results caused by variations of the cut on
the likelihood, the cut on the vertex quality and the cut
on the threshold of the multiplicity counter. Fit results
for the samples of decayed Σ− and non-decayed Σ− are
shown separately. The data points are ordered according
to the number of events which passed the cuts (shown in
the lower part of Fig. 9). Irrespective of the specific choice
of the modified cut variable a general tendency towards
smaller radii can be seen for more open cuts. This trend
can be traced back to an increasing amount of background
in the corresponding data sample and becomes even more
prominent when the fit range is enlarged towards higher
maximum Q2. In general the results obtained from de-
cayed Σ− show slightly larger values for 〈r2

ch〉 than the re-
sults obtained for non decayed Σ−. In total the fit results
vary between 0.15 fm2 and 1.47 fm2. We assign a system-
atical error of (1.47 − 0.15)/

√
12 ≈ 0.4 fm2 to our mea-

surement to account for the observed variations. Since this
error is strongly related to the limited statistics at large
Q2, future experiments with improved statistics should
be able to reduce also the systematical uncertainty sig-
nificantly. Indeed, the SELEX collaboration has recently
reported a Σ− mean squared charge radius which is based
on an event sample with more than a factor of 10 better
statistics [26]. As a consequence, their preliminary result
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of 〈r2
ch〉 =0.6±0.08±0.08 fm2 is significantly more accurate

and lies within our quoted uncertainties.

4 Conclusion

In conclusion we have made the first observation of Σ− -
electron elastic scattering in inverse kinematics. From the
scattering data a mean squared charge radius of

〈r2
ch〉(Σ− )= 0.91 ± 0.32(stat.) ± 0.4(syst.)fm2

was obtained for the Σ− . Unfortunately, a detailed com-
parison of this result with the data on the proton radius
or a comparison with the radius difference between π and
K is not possible on the basis of the present measure-
ment. Nonetheless, this analysis clearly demonstrates the
feasibility of more precise studies in the near future with
improved statistics. At the same time the experimental
method presented here demonstrates the possibility to ex-
tend such measurements to other hyperons using high-
energy secondary beams.
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