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Abstract

TheΛ polarization inνµ charged current interactions has been measured in the NOMAD ex-
periment. The event sample (8087 reconstructedΛ’s) is more than an order of magnitude larger
than that of previous bubble chamber experiments, while the quality of event reconstruction is
comparable. We observe negative polarization along theW -boson direction which is enhanced
in the target fragmentation region:Px(xF < 0) = −0.21± 0.04(stat)± 0.02(sys). In the cur-
rent fragmentation region we findPx(xF > 0) = −0.09± 0.06(stat)± 0.03(sys). These results
provide a test of different models describing the nucleon spin composition and the spin trans-
fer mechanisms. A significant transverse polarization (in the direction orthogonal to theΛ pro-
duction plane) has been observed for the first time in a neutrino experiment:Py = −0.22±
0.03(stat)± 0.01(sys). The dependence of the absolute value ofPy on theΛ transverse mo-
mentum with respect to the hadronic jet direction is in qualitative agreement with the re-
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sults from unpolarized hadron–hadron experiments. 2000 Elsevier Science B.V. All rights re-
served.
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1. Introduction

1.1. The NOMAD experiment

The main goal of the NOMAD experiment [1] is the search forνµ→ ντ oscillations in
the wide-band neutrino beam from the CERN SPS. The main characteristics of the beam
are given in Table 1. This search uses kinematic criteria to identifyντ charged current
(CC) interactions [2,3] and requires a very good quality of event reconstruction similar
to that of bubble chamber experiments. This has indeed been achieved by the NOMAD
detector, and, moreover, the large data sample collected during four years of data taking
(1995–1998) allows for a detailed study of neutrino interactions. The data are compared to
the results of a Monte Carlo (MC) simulation based on LEPTO 6.1 [4,5] and JETSET 7.4
[6–8] generators for neutrino interactions and on a GEANT [9] based program for the
detector response.

An analysis of the full data sample (corresponding to 1.3× 106 νµ CC interactions)
devoted to the study of theΛ hyperon polarizationin neutrino deep inelastic scattering
(DIS) is presented in this article. This study relies on an efficient and robustΛ hyperon
identification algorithm.Λ hyperons are identified via their decaysΛ→ pπ− which
appear in the detector as two charged tracks with opposite charges emerging from a
common vertex separated from the primary interaction vertex (V 0-like signature).

TheΛ polarization is measured by theasymmetryin the angular distribution of the
protons in the parity violating decay processΛ→ pπ−. In theΛ rest frame the decay
protons are distributed as:

1

N

dN

dΩ
= 1

4π
(1+ αΛP · k), (1)

Table 1
The CERN SPS neutrino beam composition (as predicted by the beam simulation program)

Neutrino Flux CC interactions in NOMAD

flavours 〈Eν〉 [GeV] Rel. abund. 〈Eν〉 [GeV] Rel. abund.

νµ 23.5 1 43.8 1

ν̄µ 19.2 0.0612 42.8 0.0255

νe 37.1 0.0094 58.3 0.0148

ν̄e 31.3 0.0024 54.5 0.0016
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whereP is theΛ polarization vector,αΛ = 0.642± 0.013 [10] is the decay asymmetry
parameter andk is the unit vector along the decay proton direction.

For theΛ polarization measurement the tracking capabilities of a detector are of para-
mount importance. The NOMAD detector (see Fig. 1) is especially well suited to this aim.
It consists of an active target of 44 drift chambers, with a total fiducial mass of 2.7 tons, lo-
cated in a 0.4 Tesla dipole magnetic field. The drift chambers [11], made of lowZ material
(mainly Carbon) serve the double role of a (nearly isoscalar) target for neutrino interactions
and of the tracking medium. The average density of the drift chamber volume is 0.1 g/cm3.
These drift chambers provide an overall efficiency for charged track reconstruction of better
than 95% and a momentum resolution of approximately 3.5% in the momentum range of
interest (less than 10 GeV/c). Reconstructed tracks are used to determine the event topol-
ogy (the assignment of tracks to vertices), to reconstruct the vertex position and the track
parameters at each vertex and, finally, to identify the vertex type (primary, secondary,V 0,
etc.). A lead-glass electromagnetic calorimeter [12–14] located downstream of the tracking
region provides an energy resolution of 3.2%/

√
E[GeV]⊕ 1% for electromagnetic show-

ers and is essential to measure the total energy flow in neutrino interactions. In addition, an
iron absorber and a set of muon chambers located after the electromagnetic calorimeter are
used for muon identification, providing a muon detection efficiency of 97% for momenta
greater than 5 GeV/c.

Thelarge statistics of these datacombined with thegood quality of event reconstruction
in the NOMAD detector allows a detailed study of theΛ polarization as a function of
different kinematic variables.

The article is organized as follows. Section 1.2 gives a theoretical introduction, while
in Section 1.3 the current experimental situation is reviewed. In Section 2 we describe

Fig. 1. A sideview of the NOMAD detector.
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the method and final results of theV 0 identification procedure. The polarization analysis
is described in Section 3. Results are presented in Section 4, while Section 5 gives our
estimate of systematic errors from different sources. Finally, Section 6 is devoted to a
summary and conclusions.

1.2. Theoretical considerations

Renewed interest in spin phenomena in high energy physics has arisen after the
European Muon Collaboration (EMC) discovered [15,16], and later the Spin Muon
Collaboration (SMC) confirmed [17,18], that the quark contribution to the proton spin

Σ =1u+1d +1s = 0.27± 0.04, atQ2= 10 GeV2 (2)

(where1q is the polarized quark structure function in the nucleon) is substantially smaller
than expected. Theoretical expectations vary fromΣ = 1 in the static quark model to
Σ ≈ 0.6, where the last value is based on experimental measurements of axial matrix
elements in hyperonβ decays under the assumption of negligible contribution from strange
quarks.

If in addition exactSU(3) flavour symmetry is assumed, then the SMC results in Eq. (2)
combined with measurements of hyperonβ decays provide an estimate of the different
quark contributions to the nucleon spin, under the assumption of zero contribution from
gluons:

1u= 0.82± 0.03, 1d =−0.44± 0.03, 1s =−0.11± 0.03. (3)

This result indicates a non-negligible contribution from strange sea quarks, though the
interpretation strongly depends on the gluon part of the nucleon spin. The gluonU(1)
anomaly can be a source of a non-zero gluon contribution1G to the nucleon spin [19–21].
It suggests that every polarized quark structure function1q should be corrected as1q −→
1q − αs

2π 1G.
Today it is believed that the nucleon spin is distributed among quarks (valence and sea),

gluons, and their orbital momenta (Lq andLg for quarks and gluons, respectively) [22]:

Sz = 1

2
Σ +Lq +1G+Lg = 1

2
. (4)

It is possible that both gluons and sea quarks contribute significantly to the nucleon
spin. There are dedicated experiments, e.g., E143 [23] at SLAC and HERMES [24] at
DESY, investigating the nucleon spin content via deep inelastic scattering of longitudinally
polarized electrons (positrons) from polarized targets.

However, some important questions are still challenging theoretical and experimental
investigations, namely:
− What is the origin of the gluon polarization inside the nucleon?
− Are strange quarks polarized inside the nucleon?
− What is the spin content of other baryons?
Polarized lepton nucleon DIS with aΛ hyperon in the final state can shed light on the

last two questions.Λ hyperons are unique among baryons due to their relatively large
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production rate and because of their parity violating weak decayΛ→ pπ−. Different
physical mechanisms are responsible for theΛ polarization in differentxF regions (xF =
2p∗L/W ). In the target fragmentation region (xF < 0) the origin of theΛ polarization could
be either polarized strange quarks from the target nucleon, or the polarization transfer from
the polarized di-quark which is left behind after the lepton nucleon DIS, or both. In the
current fragmentation region (xF > 0) the polarized struck quark transfers its polarization
to theΛ hyperon. Since a large fraction ofΛ’s is produced via the decays of heavier
baryons and resonances, this effect should be taken into account in any theoretical attempt
to explain theΛ polarization results. Below we consider in more detail the different
theoretical approaches suggested to explain theΛ polarization in the target and current
fragmentation regions.

1.2.1. Target fragmentation region
The polarized intrinsic strange content of the nucleon can be tested via polarization

measurements ofΛ hyperons produced in lepton–nucleon DIS by the asymmetry in the
angular distribution of protons in the parity violatingΛ→ pπ− decay (see Eq. (1)). The
authors of Refs. [25,26] advocate a model with negatively polarized intrinsic sea ss̄ pairs
in the nucleon. This model is based on two observations:
− The pseudo-scalar mesons, likeπ ’s, K ’s andη’s, are light on the typical hadronic

mass scale. This can be interpreted as the reflection of a strong effective quark–
antiquark attraction in theJP = 0− state.

− The density of quark–antiquark pairs in the non-perturbative vacuum is quite
high [27–30]:

〈0|ūu|0〉 ≈ 〈0|d̄d|0〉 ≈ (250 MeV)3, 〈0|s̄s|0〉 ≈ (0.8± 0.1)〈0|q̄q|0〉,
whereq = u,d .

As originally stated in Refs. [25,26] the polarization of the ss̄ pair is anticorrelated to
the spin of thetarget nucleon, thus the model predicts opposite signs for the longitudinal
Λ polarization inνn (negative) andνp (positive) DIS. On the other hand it is possible to
reformulate this model in such a way that the polarization of the ss̄ pair is anticorrelated to
the spin of thestruck quark. In this case the model [25,26] predicts negative longitudinal
polarization in bothνn and νp DIS (as shown in Fig. 2). Thus, measurements of the
longitudinalΛ polarization in (anti)neutrino DIS on both neutron and proton targets could
resolve this ambiguity.

Negatively polarized intrinsic sea ss̄ pairs in the nucleon can manifest themselves in a
negative longitudinalpolarization ofΛ hyperons produced in (anti)neutrino–nucleon DIS
in the target fragmentation region (see Fig. 2). Any quantitative prediction in the framework
of this model depends strongly on the spin correlation function between the struck quark
and the s̄s pair as well as on the quark spin content of theΛ hyperon.

As first pointed out by Bigi [31], the remnant di-quark which is left behind during
polarized lepton–nucleon DIS can also be polarized and can transfer its polarization to
a baryon (Σ0,Ξ ,Σ?) which in turn can transfer its polarization to aΛ hyperon into which
it decays. Therefore a theoretical interpretation of theΛ polarization measurements in the
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Fig. 2. Dominant diagram forΛ production in the target fragmentation region due to scattering on a
valenced quark in a neutron.

target fragmentation region relies on the baryon spin content as well as on the relative
production rates of each species.

1.2.2. Current fragmentation region
There exist two different schemes for the baryon spin content. According to the static

quark model, the spin of a baryon belonging to theJP = 1
2
+

octet is determined by the
three valence quarks, while polarized lepton–nucleon scattering data andSU(3) flavour
symmetry in hyperon decay imply that the total spin carried by the valence quarks is only
part of the spin of a baryon. The measurement of theΛ polarization is an ideal tool to
test different spin transfer mechanisms. In the static quark model theΛ spin is determined
by the strange quark only. DIS data together withSU(3) flavour symmetry in hyperon
decay suggest that thes quark carries only about 60% of theΛ spin, whileu and d
quarks contribute about−20% each (the BJ model [32]). An experiment with a source
of polarized quarks could determine which of these two schemes is effective in nature.
However, in a given experimental setupΛ’s produced directly are often indistinguishable
from those which are decay products of heavier hyperons. These hyperons can also be
polarized and transfer their polarization toΛ’s in the decay processes. The static quark
model which takes into account polarization transfer from other hyperons is known as the
BGH model [31,33].

There are several possibilities to measure the polarized fragmentation functions in
different processes. One promising method from a theoretical point of view is based on
the measurement of the polarization ofΛ’s produced ine+e− annihilation at theZ0 pole.
Unfortunately existing data provide only a poor constraint to the models (see [34–38]).

Measurements of the longitudinal (along the current direction)Λ polarization in charged
lepton–nucleon DIS have also been analyzed and discussed [39]. Under the assumption of
u quark dominance in charged lepton–nucleon DIS it is possible to extract the spin transfer
coefficientCΛu = 1DΛu (z)/DΛu (z), whereDΛu (z) and1DΛu (z) are the unpolarized and
polarized fragmentation functions respectively (here and in what followsxB andyB are
the standard Bjorken variables describing the DIS process andz is the fraction of the total
hadronic energy carried away by theΛ in the laboratory frame):
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PΛ ≈ PBD(yB)1D
Λ
u (z)

DΛu (z)
= PBD(yB)CΛu , (5)

wherePB is the beam polarization, andD(yB) is the longitudinal depolarization factor of
a virtual photon. Such processes are under study both theoretically (see, e.g., Ref. [36])
and experimentally at HERMES [40], E665 [41] and the forthcoming COMPASS
project [42]. However, because of the typical factorPBD(yB) ≈ 0.3 statistical errors in
the measurements ofPΛ will translate into errors onCΛu which are larger by a factor of
three. Current data are still not precise enough to draw final conclusions on the spin transfer
mechanism.

Among other sources of polarized beams, neutrinos and antineutrinos can play an
exceptional role. The (anti)neutrino in deep inelastic scattering from a nucleon interacts
with a polarized quark of specific flavourin the nucleon (see Fig. 3), and this particular
property makes (anti)neutrino DIS processes an ideal experimental tool to study flavour
dependent quark fragmentation functions, testing different spin transfer mechanisms. The
polarization of directly producedΛ’s in νµN → µ−ΛX is determined by the following
expression:

PΛ(xB, yB, z)=−
d(xB)1D

Λ
u (z)− (1− yB)2ū(xB)1DΛd̄ (z)

d(xB)DΛu (z)+ (1− yB)2ū(xB)DΛd̄ (z)
, (6)

where for the sake of simplicity the Cabibbo suppressed processes and the contribution
from strange quarks inside the target are neglected. It is easy to see from Eq. (6) that due
to the smaller contribution from thēu quark, and due to the suppression factor(1− yB)2,
a measurement of theΛ polarization inνµN → µ−ΛX DIS provides a measurement of
CΛu with the same statistical erroras the one affecting theΛ polarization itself. In an
experiment with sufficient statistics ofΛ andΛ̄ in νµ CC and inν̄µ CC, it is possible to
provide a clean separation of unpolarized and polarized fragmentation functions of a quark
intoΛ andΛ̄ for both light-flavour and strange (anti)quarks [43,44].

Fig. 3. Dominant diagram forΛ production in the current fragmentation region due to scattering on
a valenced quark.
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1.3. Review of experimental data

Several neutrino experiments have reported measurements of theΛ polarization [45–49]
but the experimental situation in this field is still confused.

A negativelongitudinalpolarization ofΛ’s with respect to theW -boson direction has
been observed in several (anti)neutrino experiments, while the absolute value of the po-
larization varied over a wide range from 0.1 to 0.56 with a statistical error in the range
0.13÷0.17 (seePx component in Table 2). The effect is enhanced in the target fragmen-
tation region (xF < 0). Estimates of the systematic uncertainties on these results vary in
different studies from 0.02 up to the size of the statistical errors. According to the authors,
the largest contribution to the systematic bias comes from the K0

s induced background.
The transverse(orthogonal to the production plane) polarization ofΛ hyperons pro-

duced in (anti)neutrino–nucleon interactions has also been studied. Two early antineutrino
experiments [48,49] have reported, within large errors, indications of a transverseΛ polar-
ization (with opposite signs in different experiments: seePN component in Table 3). These
results have not been confirmed by later measurements (seePy component in Table 2).

We point out that all the previous measurements of theΛ polarization in (anti)neutrino
experiments performed with bubble chambers suffered from thelow statisticsof theΛ
samples.

The NOMAD experiment can study theΛ polarization in both target fragmentation and
current fragmentation regions simultaneously, thus achieving two goals: looking for the

Table 2
TheΛ polarization measured in previous neutrino experiments. The results are given in the “J”
system, with the axes defined in theΛ rest frame as follows:nx = EeW , ny = EeW × EeT /|EeW × EeT |,
nz = nx × ny , whereEeW is a unit vector in the current (W boson) direction andEeT is a unit vector
in the direction of the target nucleon (assumed to be initially at rest in the laboratory).〈Eν〉 is the
average (anti)neutrino energy of the charged current event sample

Reaction 〈Eν〉
Experiment [GeV] Selection NΛ Px Py Pz

νµ − p 51 Full sample 289 −0.10± 0.14 −0.02± 0.16 0.12± 0.15

WA21 [45] xF < 0 203 −0.29± 0.18 −0.09± 0.19 0.19± 0.18

xF > 0 86 0.53± 0.30 0.08± 0.28 0.04± 0.29

ν̄µ − p 40 Full sample 267 −0.24± 0.17 −0.05± 0.16 −0.20± 0.17

WA21 [45] xF < 0 210 −0.38± 0.18 0.02± 0.18 −0.17± 0.18

xF > 0 57 0.32± 0.35 −0.38± 0.34 −0.30± 0.36

ν̄µ −Ne 40 Full sample 469 −0.56± 0.13 −0.02± 0.13 0.08± 0.13

WA59 [46] xF < 0 403 −0.63± 0.13 −0.02± 0.14 0.12± 0.14

xF > 0 66 −0.11± 0.45 −0.06± 0.40 −0.01± 0.44

νµ −Ne 150 Full sample 258 −0.38± 0.16 −0.04± 0.17 −0.17± 0.18

E632 [47] xF < 0 190 −0.43± 0.20 −0.06± 0.19 −0.45± 0.19
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Table 3
The transverseΛ polarization measured in previous neutrino experiments. The results are given in
the reference system in which the axes are defined as follows:nL = EeΛ, nN = EeΛ × Eeν/|EeΛ × Eeν |,
nT = nN × nL, whereEeν is a unit vector in the incoming (anti)neutrino direction andEeΛ is a unit
vector in the direction of motion of theΛ hyperon.〈Eν〉 is the average (anti)neutrino energy of the
charged current event sample

Reaction 〈Eν〉
Experiment [GeV] Selection NΛ PL PT PN

ν̄µ −Ne

E180 [48] 43 Full sample 187 −0.15± 0.20 −0.12± 0.19 0.34± 0.18

ν̄µ − d 43 Full sample 181 − − −0.32± 0.20

WA25 [49] xB < 0.3 136 − − −0.57± 0.22

νµ − d 55 Full sample 234 − − 0.06± 0.18

WA25 [49] xB < 0.3 166 − − −0.06± 0.21

polarization of the intrinsic strange component of the nucleon and measuring polarized
fragmentation functions inνµN → µ−ΛX as well as inνµN → µ−Λ̄X and ν̄µN →
µ+ΛX (both statistically limited).

This paper is limited to the measurement of theΛ polarization inνµ CC DIS. The
NOMAD data provide more than an order of magnitude increase in statistics, thus allowing
a detailed study of both longitudinal and transverseΛ polarizations as a function of
different kinematic variables.

2. Event selection andV 0 identification procedure

The first step in the polarization analysis consists of building a robust and efficient
neutral strange particle identification procedure. To minimize the statistical errors and
to eliminate any background-related systematic bias, our identification procedure should
optimize both the selection efficiency and the purity of the finalΛ sample. Special efforts
are needed to suppress as much as possibleγ -related background (photon conversions) and
contamination from other neutral strange particle decays. Moreover, the event kinematics
of the neutrino interaction must be properly reconstructed.

2.1. Selection ofνµ CC events

The followingquality cutsare imposed to select a clean sample ofνµ CC interactions
both in data and Monte Carlo events:
− Presence of an identified muon at the primary vertex.
− Both primary andV 0 vertices in the fiducial volume: |X,Y | < 120 cm, 5 cm< Z
< 395 cm.

− Reconstructed neutrino energyEν < 450 GeV.
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For the incoming neutrino energy calculation we use the total visible energy defined as:

Eν =Eµ +∑Ec +∑En,
whereEµ is the energy of the identified muon,

∑
Ec is the sum of the energy of

reconstructed charged tracks (assuming the mass of the pion if the particle type is not
explicitly identified) and

∑
En contains identified decays of neutral particles, photon

conversions, secondary vertices corresponding to interactions of neutral particles and the
energy of photons measured by the electromagnetic calorimeter.

2.2. V 0 selection

The decays K0s→ π+π−, Λ→ pπ−, Λ̄→ p̄π+ and photon conversionsγ → e+e−
appear in the detector asV 0 type vertices: two charged tracks with opposite charges
emerging from a common vertex separated from the primary neutrino interaction vertex
(see Fig. 4 as an example).

The followingselection criteriahave been applied to the reconstructedV 0 candidates:
− χ2 probability of theV 0 vertex reconstruction larger than0.01.
− Transverse componentpdirv

T of the total momentum of the two outgoing charged
tracks with respect to the line connecting the primary andV 0 vertices smaller than
100 MeV/c. This cut rejectsV 0’s with momentum not pointing to the primary vertex
and alsoV 0’s which do not come from two-body decays (e.g., neutron interactions).

− Transverse componentpint
T of the momentum of one of the outgoing charged tracks

with respect to theV 0 momentum greater than20 MeV/c. This cut is crucial to
eliminate a large fraction of photon conversions.

− Measured proper decay timeτ consistent with the tested hypothesisτ < 6τV 0(PDG),
whereτV 0(PDG) is the lifetime as given in Ref. [10].

Fig. 4. A reconstructed data event containing 2V 0 vertices identified asΛ and Λ̄ decays by the
identification procedure (see below). The scale on this plot is given by the size of the vertex boxes
(3× 3 cm2).
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2.3. Neutral strange particle identification

Since the NOMAD detector is unable to distinguish protons from pions in the
momentum range relevant to this analysis, anyV 0 identification procedure should rely
on the kinematic properties of aV 0 decay:
− The positive and negative track momenta (p±) and related kinematic variables shown

in Fig. 5, e.g.,pint
T , and the longitudinal momentum asymmetry between the positive

and negative tracks,α = (p+L − p−L )/(p+L + p−L ).
− Invariant mass, proper decay time, etc. calculated with the appropriate mass

assignment of the outgoing particles for the given decaying parent (Λ, K0
s, Λ̄).

The study of differentV 0 hypotheses based on the distributions of kinematic variables
leads toidentifiedV 0’s of two types:
− UniquelyidentifiedV 0’s which populate kinematic regions corresponding to differ-

ent values of the discriminating variables.
− AmbiguouslyidentifiedV 0’s due to overlapping kinematic regions from the decay of

different particles.
Wrong assignments of events and inadequate evaluation of background would lead

to systematic errors in the measurement of theΛ polarization. Additional sources of
systematic errors could come from an incorrect MC simulation of the relativeV 0 yields.
It is therefore clear that any identification procedure based on kinematic selections should
minimize such effects and allow an evaluation of the systematic errors associated to them.

Two different methods ofV 0 identification using kinematic variables have been
developed.

The first method is based on a preliminary selection of uniquely identifiedV 0’s and
on a treatment of the ambiguous ones (passing the cuts for two hypotheses) by the use
of the likelihood ratios which take into account the correlations between the discriminant
variables chosen for this analysis [50].

The second method ofV 0 identification is based on a kinematic fit with energy and
momentum conservation constraints (details of the kinematic fit can be found in [51–54]).
This fit has been performed for three decay hypotheses: K0

s → π+π−, Λ → pπ−,
Λ̄→ p̄π+ and for the hypothesis of a photon conversionγ → e+e− [55]. The treatment of
ambiguities is motivated by the need of selecting the correspondingV 0 decays with highest
efficiency and lowest background contamination from otherV 0 types. The output of the
kinematic fits applied to a givenV 0 vertex consists of fourχ2

V 0. Using these variables the

Fig. 5. Schematic definition of kinematic variables used for the neutral strange particle identification.
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corresponding regions in the four-dimensionalχ2
V 0 space populated by particles identified

asΛ’s, K0
s’s, andΛ̄’s have been selected. These regions can be subdivided into uniquely

and ambiguously identified subsamples. The ambiguous part of the identified sample
adds more statistics but with a significant background contamination. The latter must
be well under control in case of possible differences between data and MC predictions.
An optimum compromise between high statistics of the identifiedV 0 sample and well
understood background contamination is the aim of our identification strategy which
consists of two steps:

(1) We select a subsample of uniquely identifiedV 0’s with high purity (98% for K0
s’s,

97% forΛ’s, 90% forΛ̄’s) requiring the fraction of the uniquely identifiedV 0’s in
the final sample to be more than 90%.

(2) Then we add a subsample of ambiguously identifiedV 0’s resolving the ambiguities
betweenΛ/K0

s andΛ̄/K0
s in favour of maximal efficiency and maximal purity of

eachV 0 category.
To illustrate the quality of the identification procedure Fig. 6 shows reconstructed invariant
mass distributions for identifiedΛ’s and K0

s’s.
Fig. 7 shows thepint

T vs α plot before and after application of theV 0 selection and
identification procedures. Three regions corresponding to K0

s→ π+π−, Λ→ pπ− and
Λ̄→ p̄π+ decays are clearly visible. From this plot one can conclude that the main
background for theΛ andΛ̄ identification is due to K0s’s in both methods.

The identification procedures described above have the common feature of producing a
distortion in the decay phase space of identifiedΛ’s (see Fig. 8, left). This effect is well
reproduced by comparing data and reconstructed Monte Carlo events. The distortion is due
to the method adopted to maximize the purity of theΛ sample.

In addition, an original identification method (theα-asymmetry method, described
in [50]) has been developed. The K0

s sample is expected to be symmetric with respect

Fig. 6. Normalized invariant mass distribution for identifiedΛ (left) and K0
s (right): comparison of

data (points with error bars) and MC simulation (histogram).
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Fig. 7. pint
T vs α plot for V 0’s in data events before (left) and after (right) theV 0 selection and

identification procedures.̄Λ’s andΛ’s populate boxes I and II, respectively. The K0
s sample being

symmetric is the content of all the other boxes except box V. Photon conversions populate the small
pint
T region.

Fig. 8. Normalized distributions ofα for Λ’s identified with the help of the kinematic fit selection
(left) and theα-asymmetry method (right). Both simulated events (histogram) and data (points with
error bars) are shown. The plot corresponding to theα-asymmetry method shows reconstructed true
Λ’s in simulated events (solid line) andΛ’s identified by theα-asymmetry method both in MC
(dashed line) and data (points with error bars).

to the parameterα, while theΛ andΛ̄ samples are expected to be strongly asymmetric.
This can be seen in Fig. 7, where 5 different boxes are defined. The exact symmetry for
K0

s is proven by subtracting box III from box IV (which are both populated by K0
s only).

Subtracting box I from box II, the K0s component is exactly compensated.Λ’s populate
only box II. They are about 10 times more abundant thanΛ̄’s, which populate only box I.
Thus, the subtraction procedure extracts a sample of events representing about 90% of the
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original sample with the kinematic properties of a pureΛ sample. This approach is free
from the problem of distortion in the decay phase space (see Fig. 8, right). In this method
the background is mainly due tōΛ’s, rather than K0s’s as in the case of the kinematic
fit approach. This technique can be safely applied to the region ofxF < 0 sinceΛ̄’s are
mainly produced in the current fragmentation region. For these reasons theα-asymmetry
method, which gives results similar to the ones obtained with the kinematic fit selection,
adds confidence in the final measurement of theΛ polarization. However, this method
cannot be used forV 0 identification on an event by event basis.

Similar results have been obtained using all these approaches with respect to both the
quality of the neutral strange particle selection and the polarization measurements. The
kinematic fit method is used in the analysis presented here.

2.4. V 0 identification results

We define reconstruction (εr ), selection (εs ) and identification (εi ) efficiencies for
simulatedV 0’s in the following way:

εr = Number of reconstructedV 0→ h+h− decays

Number of simulated V 0→ h+h− decays
,

εs = Number of selected V 0→ h+h− decays

Number of reconstructedV 0→ h+h− decays
,

εi = Number of identified V 0→ h+h− decays of the correct type

Number of selected V 0→ h+h− decays
.

These efficiencies are calculated using a large sample ofνµ CC MC interactions in the
detector fiducial volume.

The reconstruction efficiency reflects the quality of the NOMAD detector and of the
corresponding reconstruction algorithms, while the identification efficiency shows our
capability to identify a preselected neutral strange particle decay. The global efficiency
(ε) is given by:ε = εr × εs × εi . The purity for a given sample is defined as:

P = Number of identified V 0→ h+h− decays of the correct type

Number of identified V 0→ h+h− decays
.

Results are summarized in Table 4 which also gives the number of neutral strange
particles selected in the data by our identification procedure.

From Table 4 one can conclude that the number of identified neutral strange particles
in the NOMAD experiment is∼ 20 times larger than in any previous neutrino experiment
which has reported a measurement of theΛ polarization (see Tables 2 and 3). The global
efficiency is' 20% while the purity is quite high: the finalΛ sample consists of 95.9%
trueΛ’s, 2.3% misidentified K0s’s, 0.2% misidentifiedγ ’s and 1.6% other backgrounds
including random track associations.
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Table 4
Efficiencies (reconstruction, selection, identification, global) and purity of each selectedV 0 sample
(see text for details). Numbers of identified neutral strange particles in the data are also shown in the
last column

V 0 εr (%) εs (%) εi (%) ε (%) P (%) Data

K0
s 30.7 78.8 91.3 22.1± 0.1 97.2± 0.1 15074

Λ 24.8 79.0 83.4 16.4± 0.1 95.9± 0.1 8087

Λ̄ 37.5 76.3 65.2 18.6± 0.5 89.7± 0.7 649

3. Polarization analysis

3.1. Reference system

Having identifiedΛ’s produced inνµ CC DIS one can try to extract their preferential
spin orientation with respect to the physical vectors of the event. One may choose one
of the following unit vectors: exchangedW -boson direction (EeW ), direction of the target
nucleon (EeT ), incoming neutrino direction (Eeν), and the vector orthogonal to the production
plane (defined below). There is some freedom in choosing the corresponding coordinate
system, where thex-axis can be a unit vector alongEeW , EeT or Eeν . These frames are known
as “J”, “T”, and “ν” coordinate systems, respectively, and self consistent measurements of
the polarization vector can be made in all these systems (see Section 5). For the polarization
analysis described below we use the “J” reference system, where axes are defined as
follows (in theΛ rest frame):
− Thenx axis is chosen along the reconstructedW -boson direction (EeW ).
− Theny axis is orthogonal to theΛ production plane (defined as the plane containing

both the target nucleon and theW -boson vectors):

ny = EeW × EeT /|EeW × EeT |.
− Thenz axis is chosen to form a right-handed coordinate system:

nz = nx × ny .

The correct determination of theW -boson 4-vector is crucial for the definition of the “J”
reference system. To compute theW -boson 4-vector we have used the well-defined muon
information:

pWX =−pµX, pWY =−pµY , pWZ =Eν − pµZ, EW =Eν −Eµ,
where Z axis is along the neutrino beam direction and the major uncertainty is due to the
incoming neutrino energy estimated as described in Section 2.1.

Moreover, it is important to demonstrate the ability of our detector to reconstruct
correctly the direction of the outgoing decay proton in the “J” reference system defined
above. Fig. 9 shows obvious correlations between reconstructed and simulated angular
variables cosθi = ni · k, wherek is the unit vector in the direction of the decay proton.
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Fig. 9. Correlations between generated and reconstructed angular variables for identifiedΛ’s in νµ
CC MC events.

Fig. 10. Theπ− momentum distribution in generated (solid line) and reconstructed (crosses)Λ

decays (left). The reconstruction efficiency ofΛ→ pπ− decays as a function of the pion momentum
(right).

A fit of the raw angular distributions of the decay protons in the data can only be
performed after correction for detector acceptance. One of the most important contributions
to theΛ reconstruction inefficiency comes from the loss of low energy pions (see Fig. 10).
If this effect is not properly accounted for, it could induce a fake asymmetry in the angular
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distributions and thus cause a fake “polarization”. The full MC simulation of neutrino
interactions in the NOMAD detector has been used to take this effect into account and to
compute theΛ reconstruction and identification efficiencies (see Section 2.4).

In our MC simulationΛ hyperons are not polarized.

3.2. Standard method of polarization measurement

The method most frequently used to extract theΛ polarization (taking into account the
detector acceptance) consists of histogramming the one-dimensionalreconstructedcosθi
distributions both for simulated events and data and by doing a least squares fit to their
bin-by-bin ratio using a linear function (as illustrated in Fig. 11). We stress that in this
method each component of the polarization vector is extracted independently of the others.
Moreover, smearing effects in the angular distributions due to reconstruction errors have
to be taken into account, though the corresponding corrections are expected to be rather
small (see Fig. 9).

3.3. Alternative method of polarization measurement

A method which allows the simultaneous extraction of all three components of theΛ

polarization vector, taking into account differences between generated and reconstructed
angular variables has been developed [55]. The essence of this method is the following. We
introduce a “polarization” as three free parameters forsimulatedevents, i.e., we associate
an appropriate polarization weight to eachΛ hyperon. We then try to fit the “polarized”
MC angular distribution distorted by the detector acceptance to the angular distribution
observed in the data. This is done varying all three components of the polarization vector

Fig. 11. Top: normalized raw distributions of cosθi for Λ’s in reconstructed Monte Carlo events
(histogram) and in the data (points with error bars). Bottom: angular distributions in the data after
correction for detector acceptance; the polarization is given by the slope of the corresponding linear
fit.
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P at the same time. The fit is performed by a MINUIT [56] based program with a
minimization functional2 advocated in [57]:

χ2(P)= 2 ·
∑
i

[(
NMC
i −Ndata

i

)+Ndata
i ln

(
Ndata
i /NMC

i

)]
, (7)

whereNMC
i = Kfi(P) is the renormalized MC content of theith bin,K = Ndata/NMC

is the global normalization factor,fi(P) = Wi(P) + Nbgi is the sum of the polarization
weight and the background contamination in theith bin predicted by MC simulation. The
polarization weight for theith bin is calculated as follows:

Wi(P)= N
Λ
i (1+ αΛP · 〈ksim〉i )
1+ αΛP · 〈ksim〉 ,

where〈ksim〉i and〈ksim〉 represent thesimulatedvectorksim averaged over theith bin and
over the totalk space, respectively.

We have performed the polarization analysis using two different types of binning:
− Three-dimensional (3D) binning on the surface of the sphere defined byk2= 1.
− One-dimensional (1D) binning for each projection independently.

We have verified that the correlations between different projections in the 3D case are
small (the largest correlation, betweenPx andPz, is found to be less than 8%). The results
obtained by the 3D and the 1D methods are similar.

In what follows we will present the results obtained using the 1D option of this method
because of its better applicability to low statistics samples as is the case in the study of the
polarization dependence on different kinematic variables.

3.4. Control sample

A useful control sample is provided by K0
s mesons which, being spinless, should not

exhibit “polarization” along any direction. We have analyzed the K0
s sample by fitting the

angular distributions of the decayπ+ in exactly the same manner as for theΛ’s (while
setting the decay asymmetry parameter to 1, see Fig. 12). Nevertheless, one should keep
in mind that this check is necessary but not sufficient since the K0

s→ π+π− decay is
symmetric and its reconstruction is not biased by the loss of low energy negative pions (as
is the case inΛ→ pπ− decay, see Section 3.1) due to the larger average momenta of the
decay pions.

At each step of our analysis we have checked that the “polarization” of the K0
s sample is

consistent with zero (see results reported in Section 4.6).

4. Results and discussion

In this section we present the main results of our analysis. TheΛ polarization
measurement for the full data set is given in Table 5 together with the information

2 Other minimization functionals have been also used for cross-checks.
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Fig. 12. Top: normalized raw distributions of cosθi for K0
s’s in reconstructed Monte Carlo events

(histogram) and in the data (points with error bars). Bottom: angular distributions in the data after
correction for detector acceptance.

Table 5
TheΛ polarization measurements inνµ CC events (statistical errors only)

Λ Polarization

Selection Entries Px Py Pz

full sample 8087 −0.15± 0.03 −0.22± 0.03 −0.04± 0.03

χ2/NDF 13.4/9 9.8/9 11.8/9

on the quality of the fit. In what follows we omit this information but it has always
been checked that the fitting procedure gives reasonable values for the normalized
chi-squared.

We observe anegativepolarization along theW -boson direction (Px ) and in the direction
orthogonal to the production plane (Py ). This is the first time that a neutrino experiment
has observed a non-zero transverse polarizationPy .

4.1. Dependence on kinematic variables

The large statistics of our experimental data set allows the dependence of the polarization
on several kinematic variables to be studied. We study the dependence of the polarization
onxF and on the square of the transverse momentum (p2

T ) with respect to the hadronic jet
direction.

Figs. 13 and 14 show a comparison of data and simulated events for these kinematic
variables after the reconstruction and identification procedures. There is a general
agreement between MC and data for these distributions. The initialxF distributions
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Fig. 13. NormalizedxF distribution for reconstructedΛ (left) and K0
s (right): comparison of data

(points with error bars) and MC with full detector simulation (histogram).

Fig. 14. Normalizedp2
T distribution for reconstructedΛ (left) and K0

s (right): comparison of
data (points with error bars) and MC with full detector simulation (histogram). An approximately
exponential fall is evident in these distributions below 0.5 (GeV/c)2.

of both Λ’s and K0
s’s, which are mainly produced in the target and in the central

fragmentation regions, respectively, are distorted by the detector acceptance. The smearing
in xF distribution forΛ’s could cause a migration of events from the regionxF < 0 to
the regionxF > 0 and vice versa. In the MC simulation we find that the number of events
coming from the other region is 12% (3%) of the total number of events in the current
(target) fragmentation region.
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4.2. Dependence of the polarization onxF

As discussed in Section 1.2 different physical mechanisms are responsible for theΛ

polarization in the target and in the current fragmentation regions. Imposing cuts onxF , we
obtain the results presented in Table 6. The absolute value of the longitudinal polarization
Px is larger in the target fragmentation region (xF < 0) than in the current fragmentation
region (xF > 0).

Fig. 15 shows the behaviour of both the longitudinal and transverse polarization as a
function ofxF . We note that the absolute value of the transverse polarizationPy , like Px ,
is larger in the target fragmentation region than in the current fragmentation region.

We have also studied thez dependence of theΛ polarization (wherez = E(Λ)/E
(all hadrons) is the fraction of the total hadronic energy carried away by theΛ in the
laboratory system) as well as itsyB dependence in the current fragmentation region (see
Table 7). This study is motivated by differentz-dependences of theΛ polarization being
predicted in various theoretical models of the spin transfer mechanism. As already stated in
Section 1.2.2, the measurement of theΛ polarization in the regionyB→ 1 could provide a

Table 6
Dependence of theΛ polarization onxF in νµ CC events (statistical errors only)

Λ Polarization

Selection Entries 〈xF 〉 Px Py Pz

full sample 8087 −0.18 −0.15± 0.03 −0.22± 0.03 −0.04± 0.03

xF < 0 5608 −0.36 −0.21± 0.04 −0.26± 0.04 −0.08± 0.04

xF > 0 2479 0.21 −0.09± 0.06 −0.10± 0.06 0.02± 0.06

Fig. 15. Dependence of longitudinal (left) and transverse (right) polarization ofΛ-hyperons onxF .
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Table 7
TheΛ polarization measurements inνµ CC events in the current fragmentation region (statistical
errors only)

Λ Polarization

Selection Entries 〈z〉 Px Py Pz

z < 0.42 1221 0.30 −0.16± 0.08 −0.04± 0.09 0.06± 0.09

z > 0.42 1258 0.57 −0.01± 0.08 −0.17± 0.09 −0.03± 0.09

yB < 0.47 1228 0.49 −0.07± 0.08 −0.13± 0.09 −0.13± 0.09

yB > 0.47 1251 0.39 −0.10± 0.08 −0.07± 0.09 0.15± 0.09

direct measurement of the spin transfer coefficientCΛu =1DΛu (z)/DΛu (z) (for Λ’s which
are produced directly and from the decay of heavier baryons). However Table 7 shows
that theyB dependence of the polarization is weak, which agrees with the smallness
of the ū contribution with respect to the one of thed quark (see Eq. (6)). Thus we
can interpret our measurement of the longitudinalΛ polarization as an estimate of the
spin transfer coefficientCΛu = −Px = 0.09± 0.06(stat). The effect of thexF smearing
(discussed in Section 4.1) on the polarization measurement is smaller than the statistical
error.

4.3. Dependence of the polarization onxB ,W2,Q2

We have also studied the dependence of the polarization on other kinematic variables,
such asxB , W2, Q2 (see Table 8). The idea here is to try to find a kinematic region in
which the polarization is enhanced.

One could expect a dependence of the polarization onxB due to the contribution from
sea (anti)quarks to theΛ production at smallxB . Contrary to some previous measurements

Table 8
Dependence of the polarization onxB ,W2 andQ2 in νµ CC events (statistical errors only)

Λ Polarization

Selection Entries Px Py Pz

xB < 0.2 3508 −0.15± 0.05 −0.17± 0.05 −0.11± 0.05

xB > 0.2 4579 −0.15± 0.04 −0.26± 0.04 0.00± 0.05

W2(GeV2) < 15 2755 −0.34± 0.06 −0.25± 0.06 −0.08± 0.06

W2(GeV2) > 15 5332 −0.06± 0.04 −0.21± 0.04 −0.03± 0.04

Q2(GeV2) < 5 3429 −0.21± 0.05 −0.20± 0.05 −0.08± 0.05

Q2(GeV2) > 5 4658 −0.11± 0.04 −0.24± 0.04 −0.02± 0.04
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performed with bubble chambers [45], we have not found any statistically significant
dependence of the longitudinal polarization onxB .

Some enhancement of the longitudinal polarization is observed at lowW2 (W2 <

15 GeV2) and at lowQ2 (Q2< 5 GeV2), while the transverse polarization does not seem
to depend significantly on these variables. This effect could have a simple interpretation in
the framework of the model of polarized ss̄ pairs in the nucleon: at lowW2(Q2) there is
a higher chance that thes quark which was originally in the target nucleon will become a
valence quark of theΛ, while at highW2(Q2) thes quark in theΛ is likely to be created
in the fragmentation process.

4.4. Dependence of the polarization onpT

We wish to emphasize another important feature of the results presented here: the
presence of the negative transverseΛ polarization. As was pointed out in the review
of experimental data (Section 1.3), previous neutrino experiments had not reported any
statistically significant dependence of the polarization on the transverse momentum of the
Λ with respect to the hadronic jet direction (pT ). On the contrary, a strong dependence
of the transverse polarization on the transverse momentum ofΛ with respect to the
incoming beam direction has been firmly established in hadron–hadron experiments
(see Fig. 16).

The transversepolarization ofΛ hyperons produced in inclusive interactions of
unpolarized protons with unpolarized targets over a wide range of energies and production
angles has been studied over the last decades. The absolute value of the polarization
has been found to grow approximately linearly withpT (see Fig. 16 taken from [58]
as an example) andxF . Some theoretical models (see [59,60] and references therein)

Fig. 16. The measured dependence of the trans-
verseΛ polarization onpT in hadron–hadron
experiments.

Fig. 17. The dependence of the transverseΛ
polarization onpT observed in the NOMAD
experiment.
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Table 9
Dependence of theΛ polarization onpT in νµ CC events (statistical errors only)

Selection Entries 〈pT 〉 Λ Polarization

(p2
T in (GeV/c)2) GeV/c Px Py Pz

p2
T < 0.06 1629 0.16 −0.25± 0.08 −0.02± 0.08 −0.06± 0.08

0.06<p2
T < 0.15 1712 0.32 −0.35± 0.07 −0.19± 0.07 −0.02± 0.07

0.15<p2
T
< 0.28 1669 0.46 0.01± 0.07 −0.30± 0.07 −0.00± 0.07

0.28<p2
T < 0.55 1746 0.62 −0.01± 0.07 −0.31± 0.06 −0.06± 0.07

0.55<p2
T

1332 0.95 −0.25± 0.08 −0.25± 0.08 −0.11± 0.08

attempt to describe the transverse polarization but the polarization mechanism is still not
understood.

We have performed a similar study of the transverse polarization, obtaining the results
presented in Table 9 and shown in Fig. 17. The absolute value of the measured transverse
polarization increases with increasingpT of theΛ with respect to the hadronic jet. This is
the first observation of such an effect with small statistical errors in neutrino experiments
and it is in qualitative agreement with hadron–hadron measurements.

The transverse polarization observed inν DIS formally has an opposite direction
compared to hadron–hadronexperiments given the difference in the definition of they-axis
in these two cases. Indeed, by convention, the axis orthogonal to the production plane
is defined in hadron–hadron experiments asny = Eebeam× EeΛ, while the “J” reference
system used in neutrino experiments assumes the following construction of they-axis:
ny = EeW ×EeT which is equivalent tony = EeΛ×EeW (or tony = EeΛ×Eeν in the “ν” reference
system). As one can see, the direction of they-axis is opposite in these two cases. However,
the results presented in Fig. 16 correspond to the regionxF > 0, while the NOMAD data
(Fig. 17) correspond mainly to the regionxF < 0. Thus taking into account the opposite
directions of motion ofΛ’s in theW boson–nucleon and in the hadron–hadron centre-
of-mass systems, thephysical vectors of the transverse polarization point in the same
direction for both the NOMAD and hadron–hadron experiments.

Another firmly established result of hadron–hadron experiments is theincreaseof the
slope of the transverse polarization dependence onpT at larger absolute values ofxF [60].
Our data do not allow for a detailed study of this effect. However, we can state that the
mean value of the transverse polarization shows a similar behaviour (seePy dependence
onxF in Fig. 15).

The behaviour of the absolute value of the longitudinal polarization is also interesting
(see Table 9). Contrary to the transverse polarization, the longitudinal one is large at low
pT values, it vanishes in the region where the transverse polarization reaches a plateau and
increases again at largerpT values.

The behaviour of theΛ polarization vector in the {xy} plane of the “J” reference system
in differentpT intervals can be seen in Fig. 18.
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Fig. 18. The behaviour of theΛ polarization vector in the {xy} plane in differentpT intervals:
notations (1)–(5) correspond to the order of selection in Table 9.

4.5. Dependence of the polarization on the type of target nucleon

A possible way to investigate the origin of theΛ polarization is to study its dependence
on the type of target nucleon. In NOMAD it is possible to separate neutrino interactions on
neutrons and protons by using the sum of charges (Qtot) of all the outgoing tracks at the
primary neutrino interaction vertex.

We selectνp events by requiringQtot > 1. The corresponding sample of proton-like
events contains about 76% of trueνp interactions. Theνn events are selected by the
requirementQtot6 0. The purity of the corresponding neutron-like sample is about 85%.

The results of theΛ polarization measurements in the proton-like and neutron-like
samples are summarized in Table 10. One can conclude that there is a strong dependence of
theΛ polarization on the type of target nucleon: while negative longitudinal polarization
is observed in both cases, the absolute value of the longitudinal polarization is smaller
for neutron-like than for proton-like events. Such a dependence could be attributed to the
difference between theΛ production mechanisms inνp andνn DIS.

Indeed, according to the LUND model predictions3 for the conditions of the NOMAD
experiment, the fraction of promptΛ’s produced inνnDIS is about 55%, while the fraction
of promptΛ’s produced inνp DIS is about 29% with major additional contributions
coming fromΣ?+ resonance (about 36%) andΣ0 decay (about 16%). More details can be
found in Table 11.

3 With default JETSET parameters used in our MC simulation.
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Table 10
The dependence of theΛ polarization on the type of target nucleon

Λ Polarization

Target Entries Px Py Pz

“proton” 3472 −0.26± 0.05 −0.09± 0.05 −0.07± 0.05

xF < 0 2407 −0.29± 0.06 −0.10± 0.06 −0.09± 0.06

xF > 0 1065 −0.23± 0.09 −0.06± 0.09 −0.02± 0.10

“neutron” 4615 −0.09± 0.04 −0.30± 0.04 −0.03± 0.05

xF < 0 3201 −0.16± 0.05 −0.37± 0.05 −0.07± 0.05

xF > 0 1414 0.01± 0.08 −0.11± 0.08 0.04± 0.09

Table 11
The origin ofΛ’s as predicted by the LUND model

Fraction ofΛ’s, %

Target prompt Σ0 Σ?+ Σ?0 Σ?−

p 28.6 15.6 35.8 11.0 0.2
n 54.6 13.0 8.0 10.8 7.3

Therefore, the longitudinal polarization inνn DIS is more sensitive to the intrinsic
nucleon strangeness discussed in Section 1.2.1, while inνp DIS a considerable fraction
of theΛ polarization is inherited from the decay of heavier baryons. The most important
contribution to theΛ polarization inνp DIS is due to theΣ?+ resonance because of the
following reasons:
− The uu pair from the target proton carries spin equal to 1 aligned in the opposite

direction to the spin of the struckd quark.
− TheΣ?+ polarization is defined mainly by the polarization of theuu pair inside the
Σ?+ hyperon.

− The polarization ofΛ’s which are decay products ofΣ?+ resonances is the same as
that of theΣ?+ [33].

− Finally, the fraction ofΛ’s coming from theΣ?+ decay is quite sizeable, even taking
into account a possible difference of theΣ?+ production between data and MC
predictions.

One should stress that detailed theoretical calculations in the framework of different
models of baryon spin content, together with experimental measurements of yields of rel-
evant resonances and heavier baryons (see discussion in [61,62] for example) are required
for the interpretation of ourΛ polarization measurements. However, we can state that the
measured longitudinalΛ polarization in the neutron-like sample is more directly related
to the polarized strange content of the nucleon than the one measured in the proton-like
sample.
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Another very interesting observation, which follows from Table 10, is the dependence
of the transverseΛ polarization on the type of target nucleon. It is opposite to that of
the longitudinal polarization: the absolute value of the transverse polarization is larger in
the neutron-like than in the proton-like sample. This feature can also be attributed to the
differentΛ production mechanisms discussed above. Although the physical origin of the
transverseΛ polarization is not well understood, one can assume it to be related to the
fragmentation process of thes quark into theΛ. If this is indeed the case, this effect is
more significant for promptΛ’s, than for those coming from the decay of heavier baryons,
because only a small fraction of the originals quark polarization is carried on by theΛ.

4.6. Results for theK0
s sample

The K0
s mesons, being spinless and having the same decay topology as theΛ hyperons,

provide a good way to verify that the polarization analysis is free of obvious biases. As a
cross-check we give in Table 12 the results obtained for the selected K0

s sample.

Table 12
The K0

s “polarization” for different kinematic selections (statistical errors only)

K0
s “Polarization”

Selection Entries Px Py Pz

full sample 15074 −0.04± 0.02 −0.02± 0.02 −0.02± 0.02

xF < 0 3252 −0.04± 0.03 −0.01± 0.03 0.03± 0.04

xF > 0 11822 −0.04± 0.02 −0.02± 0.02 −0.02± 0.02

xB < 0.2 7575 −0.05± 0.02 −0.02± 0.02 0.00± 0.02

xB > 0.2 7499 −0.04± 0.02 −0.01± 0.02 −0.04± 0.02

W2(GeV2) < 15 2787 −0.05± 0.04 0.01± 0.04 0.02± 0.04

W2(GeV2) > 15 12287 −0.04± 0.02 −0.02± 0.02 −0.03± 0.02

Q2(GeV2) < 5 5350 −0.05± 0.03 −0.05± 0.03 0.00± 0.03

Q2(GeV2) > 5 9724 −0.04± 0.02 −0.00± 0.02 −0.03± 0.02

5. Systematic errors and checks

The following potential sources of systematic errors have been studied in the present
analysis:
− Uncertainty in the incoming neutrino energy determination, which could result in an

uncertainty in the reconstructedW -boson direction and, thus, lead to a poor definition
of the main reference system (“J” system) in which theΛ polarization is measured.
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− Poor knowledge of relative background rates caused by possible differences between
simulated events and data.

− Potential dependence of final results on the selection criteria.
− Spin precession for a particle travelling through a magnetic field.
− Smearing of thexF distribution.
− Possible effects related to background contamination fromν neutral current (NC)

interactions.
The uncertainty in the evaluation of the incoming neutrino energy affects the definition

of the axes and thus essentially the polarization direction, but also slightly the magnitude
of the polarization itself. To obtain an estimate of the systematic uncertainty which should
be attributed to the knowledge of the incoming neutrino energy we have repeated the
analysis using three different methods of neutrino energy calculation: total visible energy,
Myatt4 approach (originally proposed in [63] and discussed in [64]) and double angle5

method [65]. The results are very similar and the corresponding systematic uncertainties
are given in the first column of Table 13. Here and in what follows, we estimate the
systematic uncertainty as the largest deviation obtained with respect to the reference result.

The background fraction in the sample of selectedΛ candidates is not constant as a
function of the angular variables, thus a possible difference in the background contribution
between data and MC predictions can lead to a fake “polarization”. It is possible to
estimate this difference by comparing yields of both identifiedV 0 and fakeV 0-like vertices
(random track associations, neutron interactions, etc) in specific kinematic regions. Using
this approach it has been found thatV 0 yields in the data exceed the MC predictions by
the following factors: 1.1 for K0s, 2.0 for γ , and 2.1 for fakeV 0’s [50]. The systematic
uncertainty due to background contamination (see the second column of Table 13) has
been evaluated using the method described in Section 3.3 with Monte Carlo predicted
backgroundV 0 samples, increased by the factors given above.

Table 13
Summary of systematic errors on the three components of theΛ polarization vector

Pi ν energy V 0 induced Variation Spin Total
reconstruction background of cuts precession

Px 3.4× 10−3 3.5× 10−3 1.7× 10−2 1.4× 10−3 1.8× 10−2

Py 8.5× 10−3 4.9× 10−3 3.8× 10−3 7.2× 10−5 1.1× 10−2

Pz 1.2× 10−2 7.8× 10−3 1.2× 10−2 8.6× 10−4 1.9× 10−2

4 The incoming neutrino energy is computed asEν = pµL + phad
L
· pµ
T
/phad
T

, wherepµ
L

(phad
L

) andpµ
T

(phad
T

)
are the longitudinal and transverse momenta of the muon (all the detected hadrons) with respect to the incoming
neutrino direction.

5 The incoming neutrino energy is computed according to the following formulaEν = Eµ(sinγ + sinθ +
sin(γ + θ))/2sinγ , whereEµ is the energy of the muon andθ(γ ) is the muon (hadronic jet) polar angle with
respect to the neutrino direction.



32

RAPID COMMUNICATION

NOMAD Collaboration / Nuclear Physics B 588 (2000) 3–36

To check the stability of the results we have varied the selection criteria in the following
range:pint

T from 0.01 to 0.03 GeV/c, pdirv
T from 0.075 to 0.125 GeV/c andW2 up to

2.5 GeV2. We have also checked the stability of the polarization results with respect to
changes of the fiducial volume (for example, the analysis has been performed with a cut on
the primary vertex position|X,Y |< 110 cm and 50 cm<Z < 395 cm and no difference
has been found within statistics). The importance of these effects on the final result can be
found in the third column of Table 13.

The effect of theΛ spin precession in the NOMAD magnetic field has been calculated
to be very small (theΛ spin is rotated by∼ 1.7◦ on average). Our estimate of this source
of systematic error can be found in the fourth column of Table 13.

Smearing effects in the measurement ofxF lead to a migration ofΛ’s from the target
to the current fragmentation region (and vice versa). This effect is more important for the
polarization measurement in the current fragmentation region because of the asymmetry in
thexF distribution forΛ’s (see Fig. 13) and due to the fact that the absolute value of the
polarization is larger in thexF < 0 region. We estimate the error related to this effect as

Number ofΛ’s from xF < 0 migrated toxF > 0

Number ofΛ’s in xF > 0
×Polarization ofΛ’s in xF < 0.

The systematic errors due to thexF smearing effect are: 0.025 for the current fragmentation
region and 0.005 for the target fragmentation region.

Systematic errors introduced by a possible contamination fromν NC events (with a
hadron decaying into a muon) in the sample of selectedΛ’s have also been studied.
We have analyzed a large sample ofνµ NC MC events with the criteria used in this
analysis. Normalizing to the expected number ofν NC events in our data sample we obtain
∼ 20÷30 events which are randomly distributed in the angular regions of interest. Thus,
the contamination fromν NC events is less than 0.5% in the sample of selectedΛ’s and
represents a negligible background for the analysis of theΛ polarization presented here.

Using the MC, it has been checked that the presence of Fermi motion does not affect the
Λ polarization measurements.

By comparing the results obtained for different periods of data taking, one can get an
estimate of the systematic uncertainty due to the detector calibration (mainly the alignment
quality of the drift chambers and the stability of the electromagnetic calorimeter response).
The results of the polarization analysis for each year of data taking agree within statistics.

It is important to note that the polarization analysis has been repeated with the event
sample containing only uniquely identifiedΛ’s. The corresponding measurements are in
good agreement with the reference results.

A summary of all the systematic errors is given in Table 13 for the full sample.
A conservative6 estimate of the systematic error is obtained by adding all the contributions
in quadrature. The systematic error has been calculated in the same way for all the
kinematic selections used in this study. The value of the systematic error can reach 0.05 in
some kinematic regions.

6 Neglecting possible correlations between variation of cuts andV 0 induced background estimates.
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An additional check has been made considering alternative coordinate systems and
comparing the absolute value of the total polarization vector measured in different systems.
We have verified that there is a strong correlation between theEeW , EeT andEeν vectors.

The following coordinate systems have been defined (in theΛ rest frame):
− “T” system:

nx =−EeT , ny = EeW × EeT , nz = nx × ny .

− “ν” system (note that this system is free from uncertainties in the incoming neutrino
energy determination):

nx = Eeν, ny = Eeν × EeT , nz = nx × ny .

It was found that because of a strong correlation between theW -boson and the incoming
neutrino directions, the “J” (“T”) and “ν” systems have on average a commony-axis, that
is, one system can be obtained from the other one by a simple rotation around this common
y-axis. The determination of the absolute value and the direction of the total polarization
vector gives consistent results in all three systems (see Table 14). This can be considered
as another independent check of the results of this analysis.

Table 14
Dependence of theΛ polarization on the choice of the reference system (statistical errors only)

Reference Λ Polarization

frame Px Py Pz |Ptot|

“J” system −0.15± 0.03 −0.22± 0.03 −0.04± 0.03 0.27± 0.03

“T” system −0.17± 0.03 −0.22± 0.03 0.08± 0.03 0.29± 0.03

“ν” system −0.10± 0.03 −0.19± 0.03 −0.14± 0.03 0.26± 0.03

6. Summary and conclusion

The full sample ofνµ CC data of the NOMAD experiment has been analyzed.
A kinematic fit has been used for the identification of neutral strange particles. The results
obtained are stable with respect to changes in theV 0 identification procedure. The method
used to extract the three components of theΛ polarization vector automatically accounts
for the smearing of the angular variables.

Results of the analysis are given in the “J” reference system, which is found to be the
only system in which thePz component of the polarization is always consistent with zero.
We observenegativepolarization along theW -boson direction (Px ) and in the direction
orthogonal to the production plane (Py ). This is thefirst time that a neutrino experiment
has observed a non-zero transverse polarizationPy .

The longitudinal polarization is enhanced in the target fragmentation region (xF < 0):
Px =−0.21± 0.04(stat)± 0.02(sys), while in the current fragmentation region (xF > 0)
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the longitudinal polarization is found to bePx =−0.09±0.06(stat)±0.03(sys). A similar
dependence onxF is observed for the transverse polarization.

The result obtained for the longitudinal polarization in the current fragmentation region
provides a measurement of the spin transfer coefficientCΛu =−Px = 0.09± 0.06(stat)±
0.03(sys) at〈z〉 = 0.44.

There is an enhancement of the longitudinal polarization in both lowW2 (W2 <

15 GeV2) and lowQ2 (Q2 < 5 GeV2) regions, whilePy does not seem to depend on
these selections. For example,Px = −0.34± 0.06(stat)± 0.02(sys) atW2 < 15 GeV2.
No statistically significant dependence of the longitudinal polarization uponxB has been
found.

Both Px andPy depend strongly on thepT of theΛ with respect to the hadronic jet
direction. The maximum values obtained are:

Px =−0.35± 0.07(stat)± 0.05(sys) at 0.06<p2
T < 0.15(GeV2),

Py =−0.31± 0.06(stat)± 0.04(sys) at 0.28<p2
T < 0.55(GeV2).

The dependence of the absolute value of the transverse polarization onpT is in
qualitative agreement with the results of unpolarized hadron–hadron experiments (see
Figs. 16 and 17).

The dependence of the polarization vector on the type of target nucleon (proton or
neutron) has also been studied. The longitudinal polarization in the proton-like sample is
negative and is enhanced in comparison with the total event sample. This can be interpreted
as due toΛ’s coming from the decay ofΣ?+ and other heavier baryons. The measured
longitudinal polarization in the neutron-like sample is also negative and probably more
directly related to the polarized strange content of the nucleon. The transverse polarization
is more evident in the neutron-like sample, where mostΛ’s are produced promptly, and
therefore the properties of the strange quark originating from the nucleon are likely to be
conserved.

The theoretical interpretation of the results reported in this article should take into
account the effects of secondaryΛ’s originating from the decaysΣ?→Λπ , Σ0→ Λγ

and Ξ → Λπ where the polarization of the secondaryΛ’s is inherited from the
polarization of the parent particles and is different from the polarization of the directly
producedΛ’s.
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