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Abstract

The A polarization inv, charged current interactions has been measured in the NOMAD ex-
periment. The event sample (8087 reconstructes) 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 alongWhboson direction which is enhanced
in the target fragmentation regiorPx (xp < 0) = —0.21 £ 0.04(stat)£ 0.02(sys). In the cur-
rent fragmentation region we fin@#, (xp > 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 ta tre-
duction plane) has been observed for the first time in a neutrino experimgnt —0.22 £
0.03(stat)+ 0.01(sys). The dependence of the absolute valuePpofon the A transverse mo-
mentum with respect to the hadronic jet direction is in qualitative agreement with the re-
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1. Introduction
1.1. The NOMAD experiment

The main goal of the NOMAD experiment [1] is the searchifpr— v, 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 identifgharged 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 18 52 10° v, CC interactions)
devoted to the study of thd hyperon polarizatiorin neutrino deep inelastic scattering
(DIS) is presented in this article. This study relies on an efficient and rofbodstperon
identification algorithm.A hyperons are identified via their decayls— pz~ which
appear in the detector as two charged tracks with opposite charges emerging from a
common vertex separated from the primary interaction veit@xlike signature).

The A polarization is measured by tlesymmetryin the angular distribution of the
protons in the parity violating decay proceds— pn~. In the A rest frame the decay
protons are distributed as:

1dv 1

i a———— | P.k 1

N 4o 471( +apP-k), 1)
Table 1

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

Neutrino Flux CC interactions in NOMAD
flavours (E)) [GeV] Rel. abund. (E)) [GeV] Rel. abund.
vy 23.5 1 43.8 1
Uy 19.2 0.0612 42.8 0.0255
Ve 37.1 0.0094 58.3 0.0148

Ve 31.3 0.0024 54.5 0.0016




RAPID COMMUNICATION

6 NOMAD Collaboration / Nuclear Physics B 588 (2000) 3—-36

whereP is the A polarization vectorg 4 = 0.642+ 0.013 [10] is the decay asymmetry
parameter anH is the unit vector along the decay proton direction.

For the A 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 df lmaterial
(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 volunfegg@m®.

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 Gg¥). 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, secohdary,
etc.). Alead-glass electromagnetic calorimeter [12—14] located downstream of the tracking
region provides an energy resolution 02%/./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 Gext.

Thelarge statistics of these datanmbined with theyood quality of event reconstruction
in the NOMAD detector allows a detailed study of tiepolarization 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
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Fig. 1. A sideview of the NOMAD detector.
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the method and final results of the? 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

Y =Au+Ad+As=027+0.04, atQ?=10GeV (2)

(whereAg is the polarized quark structure function in the nucleon) is substantially smaller
than expected. Theoretical expectations vary fr@m= 1 in the static quark model to

X ~ 0.6, where the last value is based on experimental measurements of axial matrix
elements in hyperof 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 hyper®rdecays provide an estimate of the different
quark contributions to the nucleon spin, under the assumption of zero contribution from
gluons:

Au=0.82+£0.03 Ad = —0.44+0.03, As =-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 glubn
anomaly can be a source of a non-zero gluon contributiGnto the nucleon spin [19-21].
It suggests that every polarized quark structure functigrshould be corrected asg —
Aq — 5= AG.

Today it is believed that the nucleon spin is distributed among quarks (valence and sea),
gluons, and their orbital momenta andL, for quarks and gluons, respectively) [22]:

1

1
Se=5Z + Lo+ AG+Ly=13. 4)

2

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 & hyperon in the final state can shed light on the
last two questionsA hyperons are unique among baryons due to their relatively large
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production rate and because of their parity violating weak detay px—. Different
physical mechanisms are responsible for thpolarization in differentk r regions fr =

2p; /W). Inthe target fragmentation regiang < 0) the origin of theA 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 £ > 0) the polarized struck quark transfers its polarization

to the A hyperon. Since a large fraction of's is produced via the decays of heavier
baryons and resonances, this effect should be taken into account in any theoretical attempt
to explain theA polarization results. Below we consider in more detail the different
theoretical approaches suggested to explainAhgolarization 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 ol hyperons produced in lepton—nucleon DIS by the asymmetry in the
angular distribution of protons in the parity violating— pz~— decay (see Eq. (1)). The
authors of Refs. [25,26] advocate a model with negatively polarized intrinsicsseairs
in the nucleon. This model is based on two observations:

— The pseudo-scalar mesons, likés, K's andn’s, are light on the typical hadronic
mass scale. This can be interpreted as the reflection of a strong effective quark—
antiquark attraction in thé” = 0~ state.

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

(0liiu|0) ~ (0|dd|0) ~ (250 MeV)3,  (0|5s5]0) ~ (0.8 £ 0.1)(0|G¢|0),

whereq =u,d.

As originally stated in Refs. [25,26] the polarization of tfepair is anticorrelated to
the spin of thearget nucleonthus the model predicts opposite signs for the longitudinal
A polarization invn (negative) andp (positive) DIS. On the other hand it is possible to
reformulate this model in such a way that the polarization of heasr is anticorrelated to
the spin of thestruck quark In this case the model [25,26] predicts negative longitudinal
polarization in bothvn and vp DIS (as shown in Fig. 2). Thus, measurements of the
longitudinal A polarization in (anti)neutrino DIS on both neutron and proton targets could
resolve this ambiguity.

Negatively polarized intrinsic se& airs in the nucleon can manifest themselves in a
negative longitudinapolarization ofA 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 s pair as well as on the quark spin content of thayperon.

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
abaryon £°, =, *) which in turn can transfer its polarization tatshyperon into which
it decays. Therefore a theoretical interpretation of thpolarization measurements in the
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Fig. 2. Dominant diagram fon 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 thfé= %+ octet is determined by the
three valence quarks, while polarized lepton—nucleon scattering dat&3y 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 shpolarization is an ideal tool to
test different spin transfer mechanisms. In the static quark model gpn is determined
by the strange quark only. DIS data together witt(3) flavour symmetry in hyperon
decay suggest that thequark carries only about 60% of thé spin, whilex andd
quarks contribute about20% 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 setuys produced directly are often indistinguishable
from those which are decay products of heavier hyperons. These hyperons can also be
polarized and transfer their polarization 13s 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# produced inete~ annihilation at thez® pole.
Unfortunately existing data provide only a poor constraint to the models (see [34—38]).

Measurements of the longitudinal (along the current directiopplarization 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
coefficientC/* = AD/!(z)/D2(z), where D/A(z) and AD/ (z) are the unpolarized and
polarized fragmentation functions respectively (here and in what follgyvand yp are
the standard Bjorken variables describing the DIS procesg @&nthe fraction of the total
hadronic energy carried away by tiein the laboratory frame):
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ADA(z)

Py~ PgD _—
A 8D (yB) DAG)

= PsD(yp)C, )
where Pg is the beam polarization, and(yp) 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 facRyD(yp) ~ 0.3 statistical errors in

the measurements @f, will translate into errors orC/' 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 flavoum 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 produced'’s in v,N — u~ AX is determined by the following
expression:

d(xp)AD;}(2) — (1~ yp)%i(xp) ADS (2)
d(xp)Di(2) + (1 = yp)?i(xp) DE (2)

(6)

Pa(xB,yB,2) =—

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 the quark, and due to the suppression factor- yz)?,

a measurement of the polarization inv, N — u~AX DIS provides a measurement of

CA with the same statistical erroas the one affecting thel polarization itself. In an
experiment with sufficient statistics of and A in v, CC and ini,, CC, it is possible to
provide a clean separation of unpolarized and polarized fragmentation functions of a quark
into A and A for both light-flavour and strange (anti)quarks [43,44].

Fig. 3. Dominant diagram fort production in the current fragmentation region due to scattering on
a valencel quark.



RAPID COMMUNICATION

NOMAD Collaboration / Nuclear Physics B 588 (2000) 3—-36 11
1.3. Review of experimental data

Several neutrino experiments have reported measurementstfibkarization [45—49]
but the experimental situation in this field is still confused.

A negativelongitudinal polarization ofA’s with respect to thé¥-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 (seeP, component in Table 2). The effect is enhanced in the target fragmen-
tation region {r < 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 ghiediced background.

The transverse(orthogonal to the production plane) polarization ofhyperons 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 transvgrsiar-
ization (with opposite signs in different experiments: #gecomponentin Table 3). These
results have not been confirmed by later measurement(se@mponent in Table 2).

We point out that all the previous measurements ofAhgolarization in (anti)neutrino
experiments performed with bubble chambers suffered fromaestatisticsof the A
samples.

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

Table 2

The A polarization measured in previous neutrino experiments. The results are given in the “J”
system, with the axes defined in therest frame as followsny = ey, ny = ey x ér/lew x erl,

n; =Ny x Ny, whereey is a unit vector in the curren® boson) direction andy is a unit vector

in the direction of the target nucleon (assumed to be initially at rest in the laboratéky))is the
average (anti)neutrino energy of the charged current event sample

Reaction (Ey)

Experiment [GeV] Selection Ny Py Py P;
vy —p 51 Full sample 289 —-0.10+0.14 —0.02+0.16 012+0.15
WA21 [45] xp <0 203 -0.29+0.18 -0.09+0.19 019+0.18
xp >0 86 053+0.30 008+0.28 004+0.29
Vy—p 40 Full sample 267 —-0.24+0.17 -0.05+0.16 -0.20+0.17
WA21 [45] xp <0 210 -0.38+0.18 002+0.18 -0.17+0.18

xp>0 57 032+035 -0.38+0.34 -0.30+0.36

vy — Ne 40 Full sample 469 —0.56+0.13 —0.02+0.13 008+0.13
WAS9 [46] xp <0 403 —-0.63+0.13 -0.02+0.14 012+0.14
xp>0 66 —-0.11+045 -0.06+£040 -0.01+044

vy — Ne 150 Full sample 258 —0.38+0.16 —-0.04+0.17 -0.17+0.18
E632 [47] xp <0 190 -043+0.20 -0.06+0.19 -0.45+0.19
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Table 3

The transversei polarization measured in previous neutrino experiments. The results are given in
the reference system in which the axes are defined as follops: €4, Ny =€ x €, /]€4 X €y,

ny =ny x Nz, whereé, is a unit vector in the incoming (anti)neutrino direction aiydis a unit
vector in the direction of motion of tha hyperon.(E,) is the average (anti)neutrino energy of the
charged current event sample

Reaction (Ey)

Experiment [GeV] Selection Ny Py, Pr Py
vy, —Ne
E180 [48] 43 Fullsample 187 —0.15+0.20 -0.12+0.19 034+0.18
vy —d 43 Full sample 181 - - —0.32+0.20
WA25 [49] xp <03 136 - - —0.574+0.22
vy, —d 55 Full sample 234 - - 0.06+0.18
WA25 [49] xp <03 166 - - —0.06+0.21

polarization of the intrinsic strange component of the nucleon and measuring polarized
fragmentation functions in, N — = AX as well as inv, N — u~AX and v, N —
uwt AX (both statistically limited).

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

2. Event selection andv? 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 finadample. Special efforts
are needed to suppress as much as posgibédated 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 of, CC events

The following quality cutsare imposed to select a clean sampleofCC interactions
both in data and Monte Carlo events:
— Presence of an identified muon at the primary vertex
— Both primary andv? vertices in the fiducial volumeéX, Y| < 120 cm, 5 cm< Z
<395cm.
— Reconstructed neutrino enerdy, < 450 GeV.
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For the incoming neutrino energy calculation we use the total visible energy defined as:

Ev = E;/. + ZE( + ZEnv

where E,, is the energy of the identified muor}, E. 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)_ E, 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. VO selection

The decays K— n*7n~, A — pr~—, A — px* and photon conversions — e*e~
appear in the detector dg° 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 criterishave been applied to the reconstrucktcandidates:

x2 probability of theV? vertex reconstruction larger thah01.

Transverse componemii’,"" of the total momentum of the two outgoing charged
tracks with respect to the line connecting the primary arfivertices smaller than
100 MeV/c. This cut rejecty’ %’s with momentum not pointing to the primary vertex
and alsoV%’s which do not come from two-body decays (e.g., neutron interactions).
Transverse componep)t}1t of the momentum of one of the outgoing charged tracks
with respect to theV® momentum greater tha®0 MeV/c. This cut is crucial to
eliminate a large fraction of photon conversions.

Measured proper decay timeconsistent with the tested hypothesis 6 7,,0(PDG),
wherety,0(PDG) is the lifetime as given in Ref. [10].

Fig. 4. A reconstructed data event containing 2vertices identified ast and A decays by the
identification procedure (see below). The scale on this plot is given by the size of the vertex boxes
(3 x 3cnA).
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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, afyidentification procedure should rely
on the kinematic properties ofi&® decay:

— The positive and negative track momeng& J and related kinematic variables shown

in Fig. 5, e.g.,piT”t, and the longitudinal momentum asymmetry between the positive
and negative tracks, = (p] — p;)/(p; + py).

— Invariant mass, proper decay time, etc. calculated with the appropriate mass

assignment of the outgoing particles for the given decaying pargrky, A).
The study of differentV© hypotheses based on the distributions of kinematic variables
leads toidentifiedV®’s of two types:

— Uniquelyidentified Vs which populate kinematic regions corresponding to differ-

ent values of the discriminating variables.

— Ambiguouslydentified V?’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 thepolarization. Additional sources of
systematic errors could come from an incorrect MC simulation of the rel&tfgields.

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’? identification using kinematic variables have been
developed.

The first method is based on a preliminary selection of uniquely identifiéd 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 of© 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 hypothes@s:—>Kn+n*, A — pr~,

A — prt and for the hypothesis of a photon conversions ¢*e™ [55]. The treatment of
ambiguities is motivated by the need of selecting the correspodlmgcays with highest
efficiency and lowest background contamination from otfi€rtypes. The output of the
kinematic fits applied to a given® vertex consists of foug 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—dimensioy@éj) space populated by particles identified
asA’s, Kg’s, and A’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 identifi€dsample and well
understood background contamination is the aim of our identification strategy which
consists of two steps:

(1) We select a subsample of uniquely identifie®ls with high purity (98% for K's,

97% for A’s, 90% for A’s) requiring the fraction of the uniquely identifiéd’s in
the final sample to be more than 90%.

(2) Then we add a subsample of ambiguously identifi@s resolving the ambiguities
betweenA/Kg and /K/Kg in favour of maximal efficiency and maximal purity of
eachV 9 category.

To illustrate the quality of the identification procedure Fig. 6 shows reconstructed invariant
mass distributions for identified’s and K's.

Fig. 7 shows thqﬂTnt vs « plot before and after application of tHe® selection and
identification procedures. Three regions corresponding(s’teeKn“Ln—, A — pr~ and
A — prnt decays are clearly visible. From this plot one can conclude that the main
background for thet and A identification is due to K's in both methods.

The identification procedures described above have the common feature of producing a
distortion in the decay phase space of identified (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 theample.

In addition, an original identification method (theasymmetry method, described
in [50]) has been developed. The Kkample is expected to be symmetric with respect

0.07 |
- MC: mean =1115.8 sigma =4.0 (MeV/cz) L MC: mean =497.2 sigma =10.9 (MeV/cz)
0.06 ~ DATA: mean=11158 sigma =4.4 (MeV/c) 0.06 | DATA: mean=4979 |3 sigma = 11.2 (MeVId)
0.05 0.05
& g
I3 =
x0.04 =0.04
) )
I
§ §
So.03 So.03
B £
5 5
0.02 0.02 |
0.01 0.01 |
0 YR ST -t ek 5 % S ot
1.09 1.1 11 112 1.13 1.14 2 .42 0.44 046 048 0.5 052 054 0.56 058
M, GeV/c My GeV/e

Fig. 6. Normalized invariant mass distribution for identifiad(left) and K(s’ (right): comparison of
data (points with error bars) and MC simulation (histogram).
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Fig. 8. Normalized distributions af for A’s identified with the help of the kinematic fit selection
(left) and thex-asymmetry method (right). Both simulated events (histogram) and data (points with
error bars) are shown. The plot corresponding tootkeesymmetry method shows reconstructed true
A’s in simulated events (solid line) and’s identified by thex-asymmetry method both in MC

(dashed line) and data (points with error bars).

to the parametex, while the A and A samples are expected to be strongly asymmetric.

This can be seen in Fig. 7, where 5 different boxes are defined. The exact symmetry for
K(s’ is proven by subtracting box IIl from box IV (which are both populated @ydﬁly).
Subtracting box | from box Il, the gcomponent is exactly compensatetls populate

only box Il. They are about 10 times more abundant th2s) 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 puresample. 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 ta’s, rather than K’s as in the case of the kinematic
fit approach. This technique can be safely applied to the regiamnof 0 sinceA’s are
mainly produced in the current fragmentation region. For these reasonsatgmmetry
method, which gives results similar to the ones obtained with the kinematic fit selection,
adds confidence in the final measurement of th@olarization. However, this method
cannot be used for © 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. VO identification results

We define reconstructiorg(), selection §;) and identification §;) efficiencies for
simulatedv %’s in the following way:

Number of reconstructedV® — h*h~ decays
Number of simulated V0 — hth— decays ’

€& =

Number of selected V° — h*h~ decays
Number of reconstructedV° — h+h~ decays
Number of identified V°— h+h~ decays of the correct type
Number of selected VO — h+h~ decays

€5 =

i =

These efficiencies are calculated using a large samplg @fC 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
(e) is given by:e = ¢, x €; x ¢;. The purity for a given sample is defined as:

_ Number of identified V0 — nth~ decays of the correct type
Number of identified V0 — hth— 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 theolarization (see Tables 2 and 3). The global
efficiency is>~ 20% while the purity is quite high: the final sample consists of 95.9%
true A’s, 2.3% misidentified B's, 0.2% misidentified,’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 sel\éetsdmple

(see text for details). Numbers of identified neutral strange particles in the data are also shown in the
last column

Vo er (%) €5 (%) € (%) € (%) P (%) Data
K9 307 788 913 221+0.1 97.2+0.1 15074
A 248 790 834 164+0.1 959+ 0.1 8087
A 375 763 652 186405 897+0.7 649

3. Polarization analysis
3.1. Reference system

Having identifiedA’s produced inv,, 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: exchangéd#f-boson directiondy ), direction of the target
nucleon &), incoming neutrino directiorg(), and the vector orthogonal to the production
plane (defined below). There is some freedom in choosing the corresponding coordinate
system, where the-axis can be a unit vector alog, ér or ¢,. These frames are known
as “J”, “T", and “v” 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 the A rest frame):

— Then, axis is chosen along the reconstruct#eboson directiondyy ).

— Then, axis is orthogonal to thel production plane (defined as the plane containing

both the target nucleon and tiiié-boson vectors):

ny :EW X ET/|EW X ET|
— Then, axis is chosen to form a right-handed coordinate system:
n; =Ny X Ny.

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

w w w
px =—px. py =-py. py=E,—py.  Ew=E,—E,

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 co8; = n; - k, wherek is the unit vector in the direction of the decay proton.
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Fig. 10. Thexr~ momentum distribution in generated (solid line) and reconstructed (crogses)
decays (left). The reconstruction efficiencyof— pz~ 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 the A 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 theA reconstruction and identification efficiencies (see Section 2.4).

In our MC simulationA hyperons are not polarized.

3.2. Standard method of polarization measurement

The method most frequently used to extract theolarization (taking into account the
detector acceptance) consists of histogramming the one-dimenstonabktructedc0ss;
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 the
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 parameterssforulatedevents, i.e., we associate
an appropriate polarization weight to eadhhyperon. 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

|
|

S
“
B

0.5

o 0 IR T R
0 1 0 1 -1 0 1

Corrected cos ©, Corrected cos @y Corrected cos O

(=

'
~ [TTTTTTT
'
~

Fig. 11. Top: normalized raw distributions of apsfor A’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 functionaf advocated in [57]:

XZ(P) —2. Z[(NjMC _ Nidata) + quata|n(NlQata/NiMC)]’ (7)
i
where NM© = K f;(P) is the renormalized MC content of thiéh bin, K = N9a8/ yMC
is the global normalization factoy; (P) = W; (P) + Nibg is the sum of the polarization
weight and the background contamination in ttiebin predicted by MC simulation. The
polarization weight for theéth bin is calculated as follows:
NAQL+aaP- (K5M))
1+asP- (ksimy ~

Wi(P) =

where(kS™); and (kM) represent theimulatedvectorkS™ averaged over thih bin and
over the totak space, respectively.

We have performed the polarization analysis using two different types of binning:

— Three-dimensional (3D) binning on the surface of the sphere definkd £yl.

— 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, betwegpand P;, 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 byJkmesons which, being spinless, should not
exhibit “polarization” along any direction. We have analyzed t@esb(mple by fitting the
angular distributions of the decay™ in exactly the same manner as for tiés (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 @1e+l<n+n* decay is
symmetric and its reconstruction is not biased by the loss of low energy negative pions (as
is the case il — pzr~ 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” ofﬁﬂmh&ple 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. Ah@olarization
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 asfor Kg‘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

The A polarization measurementsiy CC events (statistical errors only)

A Polarization

Selection Entries Py P,
full sample 8087 —0.15+0.03 —0.22+0.03 —0.04+0.03
x2INDF 134/9 9.8/9 118/9

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 aegativepolarization along th& -boson direction £, ) and in the direction
orthogonal to the production plan@,(). This is the first time that a neutrino experiment
has observed a non-zero transverse polarization

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
onx g and on the square of the transverse momenl;u%) (ith 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 initiatlistributions
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of both A’s and IQ’S, which are mainly produced in the target and in the central
fragmentation regions, respectively, are distorted by the detector acceptance. The smearing
in xp distribution for A’s could cause a migration of events from the regign< 0 to

the regionyr > 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 oa

As discussed in Section 1.2 different physical mechanisms are responsible far the
polarization in the target and in the current fragmentation regions. Imposing cuts e
obtain the results presented in Table 6. The absolute value of the longitudinal polarization
P, is larger in the target fragmentation region-(< 0) than in the current fragmentation
region (cr > 0).

Fig. 15 shows the behaviour of both the longitudinal and transverse polarization as a
function of x 7. We note that the absolute value of the transverse polariz&iplike P,
is larger in the target fragmentation region than in the current fragmentation region.

We have also studied the dependence of thel polarization (wherez = E(A)/E
(all hadrong is the fraction of the total hadronic energy carried away by th& the
laboratory system) as well as itg dependence in the current fragmentation region (see
Table 7). This study is motivated by differentdependences of the polarization being
predicted in various theoretical models of the spin transfer mechanism. As already stated in
Section 1.2.2, the measurement of th@olarization in the regiomz — 1 could provide a

Table 6
Dependence of tha polarization onxr in v, CC events (statistical errors only)

A Polarization

Selection Entries (xp) Py Py P;
full sample 8087 -0.18 —0.15+0.03 —0.22+0.03 —0.04+0.03
xp <0 5608 —0.36 —0.21+0.04 —0.26+0.04 —0.08+0.04
xgp >0 2479 021 —0.09+0.06 —0.10+0.06 002+ 0.06
0 0
& <
-0.05 -0.05
-0.1 -0.1
-0.15 -0.15
-0.2 I -0.2
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Fig. 15. Dependence of longitudinal (left) and transverse (right) polarizationilofperons onxg.
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Table 7
The A polarization measurements i, CC events in the current fragmentation region (statistical
errors only)

A Polarization

Selection Entries (z) Py Py P,
7 <042 1221 0.30 —0.16+0.08 —0.04+0.09 006+ 0.09
z> 042 1258 0.57 —0.01+0.08 —0.17+0.09 —0.03+0.09
yg < 0.47 1228 0.49 —0.07+£0.08 —0.134+0.09 —0.13£0.09
yg > 0.47 1251 0.39 —0.10+£0.08 —0.07+0.09 0154+ 0.09

direct measurement of the spin transfer coeﬁic'@ﬁt: AD;‘ (z)/D,j‘ (z) (for A’s which

are produced directly and from the decay of heavier baryons). However Table 7 shows
that theyp dependence of the polarization is weak, which agrees with the smallness
of the i contribution with respect to the one of the quark (see Eq. (6)). Thus we

can interpret our measurement of the longitudinapolarization as an estimate of the
spin transfer coefficien€! = — P, = 0.09 + 0.06(stat). The effect of the smearing
(discussed in Section 4.1) on the polarization measurement is smaller than the statistical
error.

4.3. Dependence of the polarization o, W2, 02

We have also studied the dependence of the polarization on other kinematic variables,
such ascg, W2, Q? (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 polarizatiomgpdue to the contribution from
sea (anti)quarks to th& production at smalt 3. Contrary to some previous measurements

Table 8
Dependence of the polarization e, W2 and 02 in v, CC events (statistical errors only)

A Polarization

Selection Entries Py Py P,

xp <0.2 3508 —0.15+0.05 —0.17+£0.05 —0.11+0.05

xp>02 4579 —0.15+0.04 —0.26+0.04 0004+ 0.05
W2(GeV?) < 15 2755 —0.34+0.06 —0.25+0.06 —0.08+0.06
W2(GeV?) > 15 5332 —0.060.04 —0.21+0.04 —0.03+£0.04
02(GeV?) <5 3429 —0.21+0.05 —0.20+£0.05 —0.0840.05

02(GeV?) > 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 polarizationxgn

Some enhancement of the longitudinal polarization is observed atWéw(w?2 <
15 Ge\?) and at lowQ? (Q? < 5 Ge\?), 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 pairs in the nucleon: at low/2(Q?) there is
a higher chance that thequark which was originally in the target nucleon will become a
valence quark of thet, while at highw?(Q?) thes quark in theA is likely to be created
in the fragmentation process.

4.4. Dependence of the polarization pp

We wish to emphasize another important feature of the results presented here: the
presence of the negative transversepolarization. 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
A with respect to the hadronic jet directiops(). On the contrary, a strong dependence
of the transverse polarization on the transverse momentum efith respect to the
incoming beam direction has been firmly established in hadron—hadron experiments
(see Fig. 16).

The transversepolarization of A 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 with (see Fig. 16 taken from [58]
as an example) andr. Some theoretical models (see [59,60] and references therein)
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Fig. 16. The measured dependence of the tranBig. 17. The dependence of the transverse
verse A polarization onpy in hadron—hadron polarization onpy observed in the NOMAD
experiments. experiment.
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Table 9
Dependence of the polarization onp7 in v, CC events (statistical errors only)

Selection Entries  (pr) A Polarization
(P2 in (GeV/c)?) GeV/c Py Py P,

p% <0.06 1629 0.16 —0.25+0.08 —-0.02+0.08 —0.06+0.08
0.06 < p% <0.15 1712 0.32 —-0.35+£0.07 -0.19+0.07 —-0.02+0.07
0.15< p% <0.28 1669 0.46 0.0+0.07 -0.30+0.07 —0.00+0.07
0.28 < p% <0.55 1746 0.62 —0.01+£0.07 -0.31+0.06 —0.06+0.07

0.55< p% 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 increasipg of the A 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 observedinDIS formally has an opposite direction
compared to hadron—hadron experiments given the difference in the definitionyefthe
in these two cases. Indeed, by convention, the axis orthogonal to the production plane
is defined in hadron-hadron experimentsngs= épeam % €4, While the “J” reference
system used in neutrino experiments assumes the following construction efakis:

n, = eéw x er whichis equivalenttm, = ¢4 x éw (orton, =e, x ¢, in the “v” reference
system). As one can see, the direction of gkexis is opposite in these two cases. However,
the results presented in Fig. 16 correspond to the regios 0, while the NOMAD data
(Fig. 17) correspond mainly to the regiag < 0. Thus taking into account the opposite
directions of motion ofA’s in the W boson—nucleon and in the hadron—hadron centre-
of-mass systems, thghysical 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 ismtneaseof the
slope of the transverse polarization dependence;oat larger absolute values of [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 behaviouP{sgéependence
onxr 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
pr values, it vanishes in the region where the transverse polarization reaches a plateau and
increases again at largey values.

The behaviour of thet polarization vector in thexy} plane of the “J” reference system
in different py intervals can be seen in Fig. 18.
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Fig. 18. The behaviour of thet polarization vector in the Xy} plane in different py 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 tiiepolarization 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 chargas: of all the outgoing tracks at the
primary neutrino interaction vertex.

We selectvp events by requiringDiot > 1. The corresponding sample of proton-like
events contains about 76% of tru@ interactions. Thevn events are selected by the
requiremeniyot < 0. The purity of the corresponding neutron-like sample is about 85%.

The results of theA 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
the A 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 thd production mechanisms wp andvn DIS.

Indeed, according to the LUND model predictiGnfor the conditions of the NOMAD
experiment, the fraction of prompit’'s produced irn DIS is about 55%, while the fraction
of prompt A’s produced invp DIS is about 29% with major additional contributions
coming fromX** resonance (about 36%) aatf 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 thé polarization on the type of target nucleon

A Polarization

Target Entries Py Py P;
“proton” 3472 —0.2640.05 —0.0940.05 —0.074+0.05

xp <0 2407 —0.294-0.06 —0.104+0.06 —0.0940.06

xp>0 1065 —0.234+-0.09 —0.064+0.09 —-0.024+0.10
“neutron” 4615 —0.09+0.04 —0.30+0.04 —0.034+0.05

xp <0 3201 —0.16+0.05 —0.37+0.05 —0.074+0.05

xp>0 1414 001+0.08 —0.114+0.08 004+ 0.09

Table 11

The origin of A’s as predicted by the LUND model

Fraction ofA’s, %

Target prompt >0 ks >*0 Dokt
p 28.6 15.6 35.8 11.0 0.2
n 54.6 13.0 3 9] 10.8 7.3

Therefore, the longitudinal polarization it DIS is more sensitive to the intrinsic
nucleon strangeness discussed in Section 1.2.1, while iDIS a considerable fraction
of the A polarization is inherited from the decay of heavier baryons. The most important
contribution to theA polarization invp DIS is due to thex** resonance because of the
following reasons:

— Theuu pair from the target proton carries spin equal to 1 aligned in the opposite

direction to the spin of the struekquark.

— The X** polarization is defined mainly by the polarization of the pair inside the
>** hyperon.

— The polarization ofA’s which are decay products &** resonances is the same as
that of thex** [33].

— Finally, the fraction ofA’s coming from theX** decay is quite sizeable, even taking
into account a possible difference of t&*+ 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 ourt polarization measurements. However, we can state that the
measured longitudinal 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 transversel 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
different A production mechanisms discussed above. Although the physical origin of the
transverseA polarization is not well understood, one can assume it to be related to the
fragmentation process of thequark into theA. If this is indeed the case, this effect is
more significant for prompt’s, than for those coming from the decay of heavier baryons,
because only a small fraction of the originajuark polarization is carried on by the

4.6. Results for thé& sample

The Kg mesons, being spinless and having the same decay topology Ad@erons,
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 sele€tedriple.

Table 12
The Kg “polarization” for different kinematic selections (statistical errors only)

K2 “Polarization”

Selection Entries Py Py P,
full sample 15074 —0.0440.02 —0.0240.02 —0.0240.02
xp <0 3252 —0.044+0.03 —0.014+0.03 003+ 0.04
xp >0 11822 —0.04+0.02 —0.02+£0.02 —0.02+£0.02
xp <0.2 7575 —0.05+0.02 —0.02+£0.02 0004+ 0.02
xp>0.2 7499 —0.04+0.02 —0.01+£0.02 —0.04+0.02
W2(GeV?) < 15 2787 —0.05+0.04 0014 0.04 0024 0.04
W2(GeV?) > 15 12287 —0.04+0.02 —0.02+£0.02 —0.03+£0.02
0%(GeV?) <5 5350 —0.05+0.03 —0.05+0.03 000+ 0.03
02(GeV?) > 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 reconstructéd-boson direction and, thus, lead to a poor definition
of the main reference system (“J” system) in which theolarization 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 thery distribution.

— Possible effects related to background contamination froneutral 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,
Myatt* approach (originally proposed in [63] and discussed in [64]) and double &ngle
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 selected¢andidates 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 identifi€dnd fakeV °-like vertices
(random track associations, neutron interactions, etc) in specific kinematic regions. Using
this approach it has been found tH&? yields in the data exceed the MC predictions by
the following factors: 1.1 for g 2.0 fory, and 2.1 for fakeV%’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
background’® samples, increased by the factors given above.

Table 13
Summary of systematic errors on the three components of thelarization vector
P; v energy V0 induced Variation Spin Total
reconstruction background of cuts precession
Py 34x10°8 35x10°3 1.7x 1072 14x10°3 1.8x 1072
Py 8.5x 103 49x10°3 38x10°3 7.2%x107° 11x 1072
P, 1.2x 1072 7.8x 1073 1.2x 1072 8.6 x 1074 1.9x 1072

4 The incoming neutrino energy is computed&s= p}' + pad. pk/phad wherepl* (phad) and p!: (ph2
are the longitudinal and transverse momenta of the muon (all the detected hadrons) with respect to the incoming
neutrino direction.

5The incoming neutrino energy is computed according to the following formiyla= E,, (siny 4+ sing +
sin(y 4+ 6))/2siny, whereE,, is the energy of the muon artdy) is the muon (hadronic jet) polar angle with
respect to the neutrino direction.
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To check the stability of the results we have varied the selection criteria in the following
range: piMt from 0.01 to 0.03 GeYc, pd™ from 0.075 to 0.125 Gejt and W2 up to
2.5 Ge\2. 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 positiohX, Y| < 110 cm and 50 cnx 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 theA spin precession in the NOMAD magnetic field has been calculated
to be very small (thet 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 measuremenixgflead to a migration ofA’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
the xr distribution for A’s (see Fig. 13) and due to the fact that the absolute value of the
polarization is larger in the < 0 region. We estimate the error related to this effect as

Number ofA’s from xr < O migrated tocy > 0

— x Polarization ofA’s in xp < 0.
Number ofA’sin xp >0

The systematic errors due to the 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 fraRC events (with a
hadron decaying into a muon) in the sample of selectex] have also been studied.

We have analyzed a large sampleigf NC MC events with the criteria used in this
analysis. Normalizing to the expected numbepr ®fC events in our data sample we obtain

~ 2030 events which are randomly distributed in the angular regions of interest. Thus,
the contamination fronw NC events is less than 0.5% in the sample of selectisdand
represents a negligible background for the analysis oftthp®larization presented here.

Using the MC, it has been checked that the presence of Fermi motion does not affect the
A 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 identifietfs. 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 conservativé 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 cutsiéhihduced 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 betweegher ande, vectors.

The following coordinate systems have been defined (inithest frame):

— “T” system:

n, = —er, ny =éw X er, n; =Ny X Ny.

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

n,=ée,, ny=é, x er, n; =N, x Ny.

It was found that because of a strong correlation betweeWtt®son and the incoming
neutrino directions, the “J” (“T”) andy” systems have on average a commeoaxis, 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 the polarization on the choice of the reference system (statistical errors only)

Reference A Polarization

frame Py Py P; | Prot|
“J" system —0.154+0.03 —0.224+0.03 —0.0440.03 0274+0.03
“T” system —0.174+0.03 —0.224+0.03 0084 0.03 0294+0.03
“v” system —0.104+0.03 —0.1940.03 —0.144-0.03 0264+0.03

6. Summary and conclusion

The full sample ofv, 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 inthaentification procedure. The method
used to extract the three components of theolarization 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 the&®>, component of the polarization is always consistent with zero.
We observenegativepolarization along thé¥-boson direction £,) and in the direction
orthogonal to the production plan@,(). This is thefirst time that a neutrino experiment
has observed a non-zero transverse polarization

The longitudinal polarization is enhanced in the target fragmentation regjor: Q):

Py = —0.214 0.04(statt 0.02(sys), while in the current fragmentation regiafp (> 0)
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the longitudinal polarization is found to i = —0.09+ 0.06(stat- 0.03(sys). A similar
dependence onr 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 coeffidght= — P, = 0.09+ 0.06(staty-
0.03(sys) at(z) = 0.44.

There is an enhancement of the longitudinal polarization in both ¥otv (W2 <
15 Ge\?) and low 0? (Q? < 5 Ge\?) regions, whileP, does not seem to depend on
these selections. For example, = —0.34 4 0.06(stat)+ 0.02(sys) atW? < 15 Ge\~.
No statistically significant dependence of the longitudinal polarization ugohas been
found.

Both P, and P, depend strongly on thgr of the A with respect to the hadronic jet
direction. The maximum values obtained are:

P, = —0.354 0.07(stat}+ 0.05(sys) at 06 < p7 < 0.15(GeV?),
Py = —0.31+ 0.06(staty+ 0.04(sys) at @8 < p7 < 0.55(Ge\?).

The dependence of the absolute value of the transverse polarizatigrnr da 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 toA’s coming from the decay o£** 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 mo'stare 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 secondatys originating from the decay&* — An, £9 — Ay
and & — Ax where the polarization of the secondarys is inherited from the
polarization of the parent particles and is different from the polarization of the directly
producedA’s.
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