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Abstra
tA measurement of the polarization of � and � baryons produ
ed in pC and pW 
olli-sions at ps = 41:6 GeV has been performed with the HERA B spe
trometer. The measure-ments 
over the kinemati
 range of 0:6 GeV/
 < p? < 1:2 GeV/
 in transverse momentumand �0:15 < xF < 0:01 in Feynman-x. The polarization results from the two di�erent tar-gets agree within the statisti
al error. In the 
ombined data set, the largest deviation fromzero, +0:054� 0:029, is measured for xF . �0:07. Zero polarization is expe
ted at xF = 0 inthe absen
e of nu
lear e�e
ts. The polarization results for the � agree with a parametrizationof previous measurements whi
h were performed at positive xF values, where the � polarizationis negative. Results of � polarization measurements are 
onsistent with zero.1 Introdu
tionPrevious measurements (see e.g. Refs. [1, 2℄) have, 
ontrary to expe
tations, shown that�'s and other hyperons produ
ed in unpolarized hadron-hadron intera
tions are transverselypolarized. For �'s, the magnitude of the polarization is observed to depend on the kinemati
variables. For �xed-target pA intera
tions usually the � momentum transverse to the beamdire
tion, p?, and its Feynman-x, taken to be xF = 2p`=ps, are used. Here p` is the longitu-dinal momentum of the hyperon relative to beam dire
tion as measured in the 
enter of massof the beam proton and target nu
leon. The magnitude of the polarization is observed to in-
rease with p? and de
rease as jxF j approa
hes zero. No existing model adequately des
ribesthe observations. (For general introdu
tions to the topi
 of � polarization and overviews ofprevious results and models see Refs. [3, 4℄.) Additional experimental input in previously un-measured kinemati
 regions 
ould provide additional insight into the me
hanism responsiblefor the polarization.Most previous measurements were performed at positive xF , the only ex
eptions being lowstatisti
s measurements from bubble 
hamber experiments [5℄ whi
h probe the polarizationover the full phase spa
e. In this letter, we report a new measurement of � and � (hen
eforthdesignated �=�) polarizations in in
lusive 920 GeV proton-nu
leus intera
tions, predomi-nately at negative xF and in the p? range of 0:6 GeV/
 < p? < 1:2 GeV/
.The � polarization is inferred from the magnitude of the angular asymmetry of protonsresulting from the de
ay � ! p��, as observed in the � rest-frame. For ea
h event the
oordinate system is de�ned su
h that the ~nz axis 
oin
ides with the boost ve
tor from thelaboratory system to the � rest-frame. The ~nx dire
tion is the normal to the produ
tionplane as de�ned by the 
ross produ
t of the beam dire
tion as seen in the � rest framewith the ~nz axis (~pbeam � ~nz) and ~ny = ~nz � ~nx. Sin
e the �'s are produ
ed via parity-
onserving strong intera
tions, polarization 
an only o

ur transverse to the produ
tion plane[6℄, 
orresponding to the ~nx dire
tion. The polarization is measurable sin
e the �'s de
ay viaa parity-non
onserving weak pro
ess.The expe
ted intensities are:dNd 
os �x / A(
os �x)(1 + ��P� 
os �x)dNd 
os �y / A(
os �y)dNd 
os �z / A(
os �z) (1)3



where 
os �i = ~ni �~nproton for i = x; y; z. P� is the polarization, A is the dete
tor a

eptan
eand �� is the asymmetry parameter of the � de
ay. For the �; the equations are modi�ed bysubstituting: ~nproton ! ~nanti�proton and �� ! �� = ���.2 Dete
tor, Data Sample and Event Sele
tionThe data sample used for this analysis was 
olle
ted with the �xed-target HERA B spe
tro-meter operating at the 920 GeV proton storage ring of HERA, at DESY. The target 
onsistsof thin wires of various materials { for this measurement, 
arbon (C) and tungsten (W) {dynami
ally positioned in the halo of the proton beam. Parti
les produ
ed in 
ollisions aremeasured using a variety of sub-dete
tor systems, the most important for this paper beingthe sili
on vertex dete
tor (VDS) [7℄ and the outer tra
ker (OTR) [8℄. The VDS is positionedimmediately downstream of the target and 
onsists of 8 planar stations with a total of 64double-sided sili
on mi
rostrip dete
tors. The VDS is followed by a large aperture 2.13 T�mmagnet and the OTR, whi
h 
onsists of 7 planar stations of honey
omb drift 
hambers. Thespe
trometer has a large angular 
overage: 15 mrad to 220 mrad in the horizontal (bending)plane and 15 mrad to 160 mrad in the verti
al plane. A Ring Imaging Cerenkov dete
tor(RICH) and an ele
tromagneti
 
alorimeter (ECAL) 
over the full aperture and, for thepurposes of this measurement, are only used to provide a minimum bias trigger: events arerequired to have either 20 hits in the RICH (
orresponding to 60% of the expe
ted yield ofa single relativisti
 
harged parti
le) or at least one ECAL 
luster with an energy of at least1 GeV. More details on the spe
trometer 
an be found in Ref. [9℄ and referen
es therein.The data sample 
onsists of a total of 119 million events from two targets: 55 million fromthe 
arbon target sample and 64 million events from the tungsten target sample (hen
eforthreferred to as the C-target and W-target samples). The events are sele
ted from single wireruns and 
onsist mainly of single intera
tions, with approximately 10% having more than oneintera
tion.The dete
tor a

eptan
e is determined from Monte Carlo simulations (MC). Fritiof7.02 [10℄ is used as event generator, and a GEANT 3.21-based dete
tor model simulatesthe dete
tor response [11℄. The generated de
ay angle distributions are 
at in 
os(�i). Thegenerated p? and xF distributions of the �=�'s were tuned su
h that the re
onstru
tedMC distributions are in agreement with the un
orre
ted data in the kinemati
 range of themeasurement.Segments of tra
ks are re
onstru
ted in the VDS and OTR independently requiring atleast �ve and six hits, respe
tively. Segments are then 
ombined to tra
ks with the 
onstraintthat ea
h segment is only allowed in one tra
k. No parti
le identi�
ation 
uts are applied. A� 
andidate is initially identi�ed as two oppositely-
harged tra
ks forming a 
ommon vertexdownstream of the target. Using the signal, S, and ba
kground, B, from data, an optimiza-tion of the signal signi�
an
e, S=pS +B, is performed with respe
t to three dis
riminatingvariables, with the resulting 
uts:� The impa
t parameter of the � 
andidate to the 
losest primary vertex is required tobe less than 0:063 
m.� The maximal allowed distan
e of 
losest approa
h between the two de
ay tra
ks is0:15 
m.� The 
ight path of the � 
andidate times the sum of the momenta of the de
ay tra
kstransverse to the dire
tion of propagation of the � 
andidate is required to be largerthan 0.15 
m�GeV/
. 4



0

1000

2000

3000

4000

5000

6000

1.1 1.105 1.11 1.115 1.12 1.125 1.13
Mass   GeV/c2

E
n

tr
ie

s

0

500

1000

1500

2000

2500

1.1 1.105 1.11 1.115 1.12 1.125 1.13
Mass   GeV/c2

 E
n

tr
ie

s�(a) PDG value (b) PDG value�Figure 1: (a) p�� invariant mass distribution for sele
ted � 
andidates, and, (b) p�+ invariantmass distribution for sele
ted � 
andidates for the W-target sample.An e�e
t of the �rst 
ut is, a

ording to MC studies, that the fra
tion of 
as
ade �'s issuppressed by a fa
tor of approximately 10, so that only � 1% of �'s in the �nal signaloriginates from 
as
ade de
ays. The invariant mass of the � 
andidate is 
al
ulated underthe assumption that the positive tra
k is a proton and the negative tra
k is a pion. Only
andidates with masses in the mass range: [1.10; 1.13℄ GeV/
2 are 
onsidered in the analysis.� 
andidates whi
h are also 
onsistent with a K0S hypothesis are reje
ted by eliminating those
andidates whose invariant mass when 
al
ulated under the assumption that both tra
ks arepions, lies within the K0S mass window (i.e. less than 15 MeV=
2 from the nominal K0S mass).This 
ut ensures that the per
entage of misidenti�ed �'s is less than 0.3%. The analogoussear
h is made for �'s. Finally, we 
onsider only �=�'s in the range 0:6 GeV=
 < p? <1:2 GeV=
 and �0:15 < xF < 0:01. The invariant mass distributions for sele
ted p�� andp�+ 
andidates from the W-target sample are shown in Fig. 1(a) and Fig. 1(b), respe
tively.The distributions for the C-target sample are similar. A

ording to �ts using two Gaussiansto des
ribe the signal and a se
ond order polynomial to des
ribe the ba
kground, the C-targetand W-target samples 
ontain (47K/23K) and (84K/37K) �=�'s, respe
tively. Dependingon the kinemati
 range (see Se
t. 3), the ba
kground 
onstitutes � 4% of the signal, butsin
e events from the side-bins of the � mass distribution show no signi�
ant dependen
e on
os(�x), the ba
kground 
ontribution to the polarization is negligible.3 ResultsThe polarization is determined separately in three xF intervals of similar event statisti
s:[�0:15;�0:07℄; [�0:07;�0:04℄ and [�0:04; 0:01℄. For ea
h xF interval, and for both real dataand MC, the events are split into four bins of equal size in 
os(�x) and the p�� mass spe
trafor ea
h bin are �tted. The 
orre
ted 
os(�x) distribution is the ratio: dNd
os(�x) jdata= dNd
os(�x) jMCof data to MC normalized to the same total number of events. The resulting 
orre
teddistributions are plotted in Fig. 2. Sin
e the MC sample is generated 
at in 
os(�x), this ratioshould be 
at if the �=�'s are unpolarized, and otherwise be a linear fun
tion of 
os(�x)a

ording to Eq. (1). 5



�0:15 < xF < �0:07 �0:07 < xF < �0:04 �0:04 < xF < 0:01

os(�x) 
os(�x) 
os(�x)1.0-1.0 0.0-0.5 0.50.00.20.40.60.81.01.2 0.40.50.60.70.80.91.0dN d
os(� x)j data=dN d
os(� x)j MC(�) eÆ
ien
y(�) 1.0-1.0 0.0-0.5 0.50.00.20.40.60.81.01.2 0.40.50.60.70.80.91.0dN d
os(� x)j data=dN d
os(� x)j MC(�) eÆ
ien
y(�) 1.0-1.0 0.0-0.5 0.50.00.20.40.60.81.01.2 0.40.50.60.70.80.91.0dN d
os(� x)j data=dN d
os(� x)j MC(�) eÆ
ien
y(�)Figure 2: Corre
ted 
os(�x) distributions (�) and linear �t (left ordinate) and re
onstru
tioneÆ
ien
y (�) for the given xF and p? range (right ordinate) for �'s of the W-target data.The low eÆ
ien
y seen on the left plot is mainly due to the magnet whi
h tends to bend thepion traje
tories out of the dete
tor a

eptan
e for ba
kward events.The results are summarized in Tables 1 and 2 for the C-target and W-target samplesseparately. The measured �=� polarizations in C-target and W-target samples are 
onsistentin all xF intervals. We therefore follow the approa
h of previous measurements and presentresults averaged over the two data samples, see Table 4. The statisti
al un
ertainties of the� polarization measurements are larger than the 
orresponding � measurements due to thefa
tor of approximately two di�eren
e in statisti
s.� < p? > < xF > Polarization[GeV/
℄0:82 �0:099 0:046 � 0:031(stat)0:81 �0:054 0:017 � 0:031(stat)0:84 �0:020 �0:018 � 0:026(stat)� 0:81 �0:097 �0:037 � 0:051(stat)0:80 �0:054 0:032 � 0:051(stat)0:83 �0:020 �0:035 � 0:044(stat)Table 1: �=� polarization results for the C-target sample in three bins of xF : The averagep? and xF for ea
h bin are also given.The fa
t that � and � polarizations are small near xF = 0 
ompared to the maximalmeasured value of � �20% at xF � 0:5 [13℄ is not surprising for at least two reasons: �rstly,previous measurements at positive xF show that the magnitude of � polarization de
reaseswith xF [2℄, and se
ondly, in pp 
ollisions, the polarization must be an antisymmetri
 fun
tionof xF for symmetry reasons (i.e. to avoid the ambiguitywhi
h would otherwise be en
ountered,sin
e there is no a priori reason to favor the beam proton dire
tion over the target protondire
tion when de�ning the produ
tion plane at xF = 0). Any non-zero polarization nearxF = 0 in the present measurement would then ne
essarily 
ome from either a di�eren
ein �=� polarization in intera
tions with neutrons 
ompared to protons or nu
lear e�e
ts.Previous attempts to measure nu
lear e�e
ts in �=� polarization show that, in the forwardregion, any su
h e�e
ts 
an only be very weak [4℄.6



� < p? > < xF > Polarization[GeV/
℄0:83 �0:099 0:060 � 0:025(stat)0:82 �0:055 0:000 � 0:027(stat)0:84 �0:020 �0:048 � 0:024(stat)� 0:82 �0:097 �0:017 � 0:037(stat)0:82 �0:054 0:026 � 0:036(stat)0:83 �0:020 �0:019 � 0:030(stat)Table 2: �=� polarization results for the W-target sample in three bins of xF : The averagep? and xF for ea
h bin are also given.4 Systemati
 studiesWe dis
uss separately two 
ategories of possible systemati
 errors: those due to possible ina
-
ura
ies in the MC dete
tor des
ription (�a

eptan
e), and those due to the method of extra
tingthe signal (�method). An additional rather insigni�
ant 
ontribution to the systemati
 error isintrodu
ed by the un
ertainty of the de
ay asymmetry parameter ��, as obtained from thePDG [12℄. The �nal estimates for ea
h of these three sour
es is given in Table 3.�xF interval [-0.15; -0.07℄ [-0.07; -0.04℄ [-0.04; 0.01℄�a

eptan
e �0.022 �0.022 �0.022�method -0.004 0.000 +0.002�� �0.001 0.000 �0.001��a

eptan
e �0.029 �0.029 �0.029�method +0.002 +0.006 -0.003�� 0.000 �0:001 0.000Table 3: The various systemati
 errors. Note that the 
ontribution from the di�eren
e inpolarization obtained by two di�erent methods is one-sided.To establish limits on biases due to an imperfe
t MC eÆ
ien
y determination, we �rstevaluate the asymmetry in the 
os(�y) distributions for various subsamples. Any asymmetryin 
os(�y) 
ould only be due to dete
tor bias (see Se
. 1). The limits are evaluated separatelyfor � and � sin
e their de
ay produ
ts traverse rather di�erent parts of the spe
trometer dueto bending in the spe
trometer magneti
 �eld. For ea
h of three xF intervals and for ea
h ofthe two targets, the data set is divided into (approximate) halves a

ording to the dire
tionsof the produ
ed �=�'s as seen in the lab frame, e.g. up/down, left/right and at variousangles in the transverse plane. For ea
h su
h pair of subsamples, the asymmetry di�eren
e,a quantity whi
h should be 
onsistent with zero, is evaluated. The largest deviation fromzero was found between the up and down subsamples. To avoid 
orrelations, we therefore useonly the up/down subsamples as a basis for the evaluation. The data is thus divided into atotal of 12 subsamples for whi
h the asymmetry is separately evaluated. The sum, with ea
hterm weighted by the inverse square of its statisti
al error, is formed and interpreted as a �27



statisti
 for 12 degrees of freedom. The systemati
 error is estimated by dividing the obtainednumber by 1+f2 where f is determined by requiring the resulting �2 to 
orrespond to a 50%probability. The systemati
 error estimate due to possible a

eptan
e distortions is then theaverage of the statisti
al errors in the three xF bins multiplied by f . The results are givenin Table 3. Similar results were obtained in a 
ross 
he
k analysis using 
os(�x)" � 
os(�x)#rather than 
os(�y), where 
os(�x)" and 
os(�x)# refers to �'s propagating in the dire
tion ofupper/lower hemisphere in the lab frame.As a 
ross 
he
k of the systemati
 error, the apparent K0S polarization was determined usingthe same method as for �=�. Sin
e K0S is a pseudo-s
alar meson, it 
annot be polarized. Theresult for K0S is that even for f = 0, the probability for zero polarization ex
eeds 50%. Anadditional systemati
 error, �method, 
ould result from the �tting pro
edure used to extra
t thenumber of signal events in ea
h bin. An alternative to the �t pro
edure, namely 
ounting thenumber of �=� 
andidates in the signal region of the mass plot and subtra
ting ba
kground,as estimated from side-bins was 
he
ked.Estimates of the individual 
ontributions to the systemati
 error are shown in Table 3.Of the three sour
es 
onsidered, the �rst dominates. Note also that the �rst 
ontribution is
orrelated between the three xF bins sin
e the de
ay produ
ts 
orresponding to the di�erentbins traverse the same dete
tor elements. The se
ond is proportional to the measured polar-ization and the third is not 
orrelated with the �rst two. To be 
onservative, the 
orrelationsare ignored, and the total systemati
 error (see Table 4) is 
al
ulated by adding the individual
ontributions of Table 3 in quadrature.5 Dis
ussionThe present measurements are performed in three xF bins whi
h are integrated over ap? interval 
ommon to all bins. In 
ontrast, most previous measurements were performedin relatively small lab-frame angular apertures, and thus, unlike the present measurement,have strong 
orrelations between the average xF and p? values of the reported results. Conse-quently, a 
omparison is non-trivial. Furthermore, a point by point 
omparison is not possiblefor two reasons: very few publi
ations supply all the needed information (the average xF andp? values of the measured points), and, the xF region of the present measurement does notoverlap with the regions of previous measurements. Instead, we 
ompare our results to a pa-rameterization of measurements given in Ref. [13℄, whi
h des
ribes measurements from fourexperiments performed at 400 GeV proton beam energy with hydrogen and beryllium tar-gets, at various targeting angles. Those results 
over the xF range [0.1;0.5℄, and are �tted toa simple expression with fa
torized xF and p? dependen
es:Pext(xF ; p?) = (C1xF + C2x3F )(1 � e
3p2?): (2)The �tted 
oeÆ
ients are: C1 = �0:268 � 0:003, C2 = �0:338 � 0:015 and C3 = �4:5 �0:6 (GeV/
)�2.In Ref. [3℄ it is argued that the � polarization dependen
e on CM energy is weak. Assuming
omplete energy independen
e, the fun
tional form of Eq. (2) 
an be 
he
ked against morere
ent and independent 800 GeV � measurements [2℄. The 
omparison is shown in Fig. 3,where the solid 
urve 
orresponds to Eq. (2) with p? = 0.77 GeV/
, the p? equivalent obtainedby averaging (1 � e
3p2?) for the present measurement and the dashed 
urve 
orresponds toEq. (2) with in�nite p?: Ex
ept for the lowest xF point, the measurements of Ref. [2℄ are atlarger p? than the present results, and should therefore 
orrespond to a 
urve lying betweenthe two displayed 
urves. The data are 
learly 
onsistent with the parameterization. Alsoshown in Fig. 3 are the three HERA B measurements, whi
h are also 
ompatible with the8



� < p? > < xF > Polarization Pext[GeV/
℄0:82 �0:099 0:054 � 0:019(stat)� 0:022(sys) 0:0250:82 �0:055 0:007 � 0:020(stat)� 0:022(sys) 0:0140:84 �0:020 �0:034 � 0:018(stat)� 0:022(sys) 0:005� 0:82 �0:097 �0:024 � 0:030(stat)� 0:029(sys)0:81 �0:054 0:028 � 0:030(stat)� 0:029(sys)0:83 �0:020 �0:024 � 0:025(stat)� 0:029(sys)Table 4: Combined �=� polarization results for W- and C-target samples in three bins ofxF : The average p? and xF for ea
h bin are also given. Pext is the expe
ted polarizationextrapolated from previous measurements.extrapolation of the parameterization to negative xF : The values of Pext 
orresponding to theHERA B points are given in Table 4.The third dataset shown in Fig. 3 are results from NA48 [14℄1. The NA48 data, albeittaken at a similar ps and in a similar kinemati
 regime as the measurements parametrizedby Eq. (2), are not des
ribed by this parameterization and are in
onsistent with Ref. [13℄.Previous measurements of � polarization in
lude: 0:006 � 0:005 [13℄, 0:014 � 0:027 [2℄,and �0:014 � 0:037 [14℄. These numbers are average values for the spe
i�
 kinemati
 ranges
overed by ea
h experiment and are therefore not dire
tly 
omparable. Nonetheless, all resultsare 
onsistent with zero and in agreement with our measurement.
-0.4

-0.3

-0.2

-0.1

0

0.1
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� Ref. [2℄+ Ref. [14℄Æ HERA B
xF

Polarization
Figure 3: � polarization dependen
e on xF : The 
urves 
orrespond to Eq. (2) [13℄ for in�nitep? (dashed 
urve) and for the measured p? spe
trum (solid 
urve).1In Ref. [2, 14℄ xF is de�ned in the laboratory system. This gives rise to small shifts in the xF 
al
ulationas 
ompared to our de�nition. 9



6 Con
lusionA measurement of the in
lusive �=� polarization has been performed in the xF range:[-0.15; 0.01℄ and the p? interval: [0.6; 1.2℄ GeV/
 using �=�'s produ
ed in pC and pW
ollisions. As the polarization results from the two targets agree within their statisti
alun
ertainties, we see no eviden
e of nu
lear e�e
ts. The magnitude of the � polarization isless than � 6% and measurements suggest an in
rease of the polarization with an in
reaseof jxF j. When 
ombining the data from the two targets, the largest deviation from zeropolarization, +0:054 � 0:029, is measured for xF . �0:07. Zero polarization is expe
ted atxF = 0 in the absen
e of nu
lear e�e
ts. The � polarization measurements are 
onsistentwith a parameterization, Pext, of earlier measurements performed at positive xF ; where thepolarization is negative. The � polarization measurements are 
onsistent with zero.A
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