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tIn
lusive doubly di�erential 
ross se
tions d2�pA=dxFdp2T as a fun
tion of Feynman-x (xF ) and transversemomentum (pT ) for the produ
tion of K0S, � and �� in proton-nu
leus intera
tions at 920GeV are presented. Themeasurements were performed by HERA-B in the negative xF range (�0:12 < xF < 0:0) and for transversemomenta up to pT = 1:6GeV=
. Results for three target materials: 
arbon, titanium and tungsten are given. Theratios of produ
tion 
ross se
tions are presented and dis
ussed. The Cronin e�e
t is 
learly observed for all threeV 0 spe
ies. The atomi
 number dependen
e is parameterized as �pA = �pN �A� where �pN is the proton-nu
leon
ross se
tion. The measured values of � are all near one. The results are 
ompared with EPOS1.67 andPYTHIA6.3. EPOS reprodu
es the data to within � 20% ex
ept at very low transverse momentum.PACS 13.85.Hd, 14.20.Jn, 14.40.Aq
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1 Introdu
tionThe study of strange parti
le produ
tion in proton in-du
ed rea
tions has a long history, starting from thedis
overy of strange parti
les in 
osmi
 rays in the1950s. Numerous studies have been made (see [1-20,and referen
es therein℄) in
luding �xed-target experi-ments at Center-of-Mass (CM) energies up to 40GeV,mainly with bubble 
hambers, as well as at CERN's In-terse
ting Storage Ring in the 1970s and early 1980s (see [21{24℄) and later at the SPS Collider [25℄. Morere
ently, studies of strangeness produ
tion at a CM en-ergy of 200GeV in both proton-proton and deuteron-gold 
ollisions at RHIC have been published [26, 27℄.A detailed understanding of the underlying produ
-tion me
hanism, parti
ularly in proton-nu
leus inter-a
tions, is la
king. Further work, both experimentaland theoreti
al, is needed both to improve the model-ing of atmospheri
 
osmi
 ray showers, and to serve asa referen
e for strangeness produ
tion studies in heavyion 
ollisions. The study presented in this paper wasperformed at the highest available �xed-target energyand bene�ts from a large sample size.We present the doubly di�erential 
ross se
tionsfor K0S , �, and �� produ
tion in proton 
ollisions with
arbon, titanium and tungsten targets at a CM en-ergy of ps = 41:6GeV as a fun
tion of the squaredtransverse momentum range (pT ) in the range (0 <p2T < 2:5(GeV=
)2) and Feynman-x (xF ) in the range(�0:12 < xF < 0:0). The 
ross se
tions and derivedquantities are 
ompared to predi
tions obtained fromPYTHIA 6.3 [28℄ and the EPOS 1.67 event genera-tor [29℄. PYTHIA is not designed to model proton-nu
leus intera
tions, but the 
omparison is nonethelessinstru
tive. EPOS is an event model 
urrently underdevelopment whi
h has re
ently been shown to a

u-rately a

ount for many features of proton-proton [26℄and deuteron-gold 
ollisions at RHIC [29℄. The EPOSmodel is based on parton-parton intera
tions in whi
h
as
ades of usually o�-shell partons (\parton ladders")are produ
ed whi
h eventually hadronize into the ob-served �nal state hadrons. More than one partonladder is generally produ
ed. In the 
ase of proton-nu
leus 
ollisions, the partons representing the ladderrungs 
an \res
atter" with other target nu
leons viaelasti
 or inelasti
 intera
tions. This leads to in
reaseds
reening and also pT broadening with in
reasing tar-get mass number.In the following se
tions we brie
y des
ribe the de-te
tor, the analysis and �nally present the results. Thestudy presented here supersedes the previously pub-lished HERA-B study [30℄ whose results are in
onsis-tent with those presented herein largely due to errorsin the dete
tor des
ription used for the previous study.

2 HERA-B experiment anddata sampleHERA-B was a �xed target experiment at the protonstorage ring of HERA at DESY [31℄. Collisions wereprodu
ed by inserting one or more wire targets intothe halo of the 920GeV/
 proton beam. The 
enter-of-mass energy in the proton-nu
leon system wasps =41:6GeV.The dete
tor was designed and built as a mag-neti
 spe
trometer with a forward a

eptan
e of 15-220 mrad in the bending (horizontal) and 15-160 mradin the non-bending (verti
al) plane. The target sys-tem [32℄ 
onsisted of two stations separated by about5 
m with four wires ea
h. The wires were posi-tioned above, below, and on either side of the beamand were made of various materials in
luding 
arbon,titanium and tungsten. The vertex dete
tor system(VDS) [33℄ was a planar mi
ro-strip vertex dete
torproviding a pre
ise measurement of primary and se
-ondary verti
es. The VDS 
onsisted of 8 stations (with4 stereo views ea
h) of double-sided sili
on strip dete
-tors mounted in movable Roman Pots whi
h allowedoperation as near as 10 mm from the beam and pro-vided for retra
tion during beam manipulations. Theva
uum vessel housing the dete
tor was an integralpart of the HERA proton ring. The VDS was fol-lowed by a large aperture dipole magnet with a �eldintegral of 2:13Tm, and a set of tra
king 
hambers(OTR) [34℄ 
onsisting of �95,000 
hannels of honey-
omb drift 
ells. Parti
le identi�
ation was performedby a Ring Imaging Cherenkov dete
tor [35℄, an ele
-tromagneti
 
alorimeter [36℄ and a muon system [37℄.This analysis is based on about 107 intera
tions onea
h of 
arbon, titanium and tungsten targets. Thedata set is a subsample of the full minimum bias dataset (2�108 events) whi
h was taken over a three-day pe-riod from a single �lling of protons in the HERA pro-ton ring to minimize systemati
 un
ertainties. Onlyone of the three target wires was in use at a time.All data were re
orded with an intera
tion rate of1.5 MHz, 
orresponding to about one inelasti
 intera
-tion per six bun
h 
rossings. Non-empty events weresele
ted using an intera
tion trigger whi
h required atleast 20 hits in the RICH dete
tor (
ompared to an av-erage of 33 for a full ring from a � = 1 parti
le [35℄) oran energy deposit of at least 1 GeV in the ele
tromag-neti
 
alorimeter. The trigger was sensitive to morethan 97% of the total inelasti
 
ross se
tion �inel [39℄.The data sample also in
ludes about 5 � 105 eventsper target sele
ted at random, with no trigger require-ment, whi
h were taken at a 10 Hz rate throughout thedata taking period. These \random" events were usedfor luminosity determination and systemati
 studies.3



The entire V 0 
andidate re
onstru
tion 
hain wasbased ex
lusively on information from the VDS andOTR. All events were re
onstru
ted with the standardHERA-B analysis pa
kage [40℄.3 Data analysisTheK0S, � and �� parti
les are re
onstru
ted from theirtwo parti
le de
ays K0S ! �+��, � ! p�� and �� !�p�+, respe
tively.For this analysis, a tra
k 
onsists of mat
hed re-
onstru
ted OTR and VDS tra
k segments. A sear
hfor a primary vertex is performed using them and, ifsu

essful, the intera
tion point is taken to be the lo
a-tion of the found vertex. If unsu

essful, the positionof the target wire together with the average positionof intera
tions along the wire are used. In ea
h event,a full 
ombinatorial sear
h for V 0 
andidates is thenperformed.V 0 
andidates are sele
ted from all pairs of op-positely 
harged tra
ks whi
h form a se
ondary ver-tex downstream of the intera
tion point. The min-imum distan
e between the two tra
ks of a pair isrequired to be less then 0.14 
m. The �+��, p��and �p�+ mass hypotheses are assigned in turn. Ifthe �+�� invariant mass hypothesis lies in the re-gion 0:44 < M�+�� < 0:56GeV=
2 or either the p��or �p�+ invariant mass hypothesis lie in the region1:09 < Mp��=�p�+ < 1:14GeV=
2, the pair is a

eptedfor further analysis. To redu
e 
ross-
ontaminationof K0S 's and �/�� samples, pairs with �+�� invariantmass in the range 0:476 < M�+�� < 0:515GeV=
2are ex
luded from the � and �� analyses, and pairswith p�� and �p�+ mass hypotheses in the range1:109 < Mp��=�p�+ < 1:121GeV=
2 are ex
luded fromthe K0S analysis.Finally, a 
ut on the produ
t of the transversemomenta of the de
ay produ
ts relative to the 
ightdire
tion of the V 0 
andidate and the proper de
aylength of the V 0, ~pT � 
� > 0:05 GeV=
 � 
m, is ap-plied. This requirement reje
ts short-lived 
ombina-torial ba
kground from the target region and also re-du
es ba
kground from 
 ! e+e� 
onversions.The �nal invariant mass distributions for sele
tedK0S , �, and �� 
andidates from the 
arbon target sam-ple are shown in Fig. 1. Distributions from the othersamples are similar. The signals are 
learly seen abovea smooth ba
kground. The yields of V 0 are 
al
ulatedfrom the number of entries in ea
h bin of the signalregion within a �4� window around the peak positionminus the ba
kground, whi
h is taken from the leftand right sidebands with a width of 4� ea
h. A �t to

Table 1: The number of inelasti
 events (Nevt), num-ber of re
onstru
ted V 0 (NV 0) and the integrated lu-minosities [39℄ LA in mb�1 for the indi
ated targets.C Ti WNevt 9350000 9790000 10900000NK0S 152260� 550 210780� 780 265800� 860N� 30800� 270 45170� 350 65170� 440N�� 15220� 240 20990� 310 28840� 430LA 40900:� 1600: 14880:� 520: 6110:� 200:the mass spe
tra using two Gaussians with a 
ommonmean to des
ribe the signal and a �rst order poly-nomial to des
ribe the ba
kground gives 
entral massvalues of 497.0MeV, 1115.3MeV and 1115.9MeV forK0S , �, and ��, respe
tively; all well within 1MeV ofthe 
urrent PDG values [38℄.The number of inelasti
 events, the signal yieldsobtained from the sele
tion des
ribed above, and theluminosity values [39℄ are summarized in Table 1 forea
h target material.4 A

eptan
e and visible kine-mati
 regionThe re
onstru
tion eÆ
ien
ies for K0S , � and �� in thesele
ted de
ay 
hannels are determined from MonteCarlo (MC) using the FRITIOF 7.02 pa
kage [42℄for event generation. FRITIOF is a proton-proton,proton-nu
leus and nu
leus-nu
leus 
ollision genera-tor based on a model in whi
h hadrons are treated asstrings. The generated events are propagated throughthe dete
tor using the GEANT 3.21 pa
kage [43℄. Re-alisti
 dete
tor eÆ
ien
ies, ele
troni
 noise and dead
hannel maps are in
luded in the simulation. The MCevents are pro
essed through the same re
onstru
tion
hain as the data. The sizes of the MC samples usedfor the eÆ
ien
y 
al
ulations are about the same asthose of the data. The un
ertainties due to MC statis-ti
s are added in quadrature with the statisti
al un-
ertainties of the data.The total eÆ
ien
y whi
h in
ludes geometri
 a
-
eptan
e, tra
k re
onstru
tion eÆ
ien
y, and the ef-�
ien
y of sele
tion 
uts, depends on the kinemati
variables and is, on average, 9% for K0S, and 5%for � and �� inside the \visible region", de�ned as�0:12 < xF < 0:0 and p2T < 2:5GeV2=
2, for all V 04
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(
)Figure 1: The invariant mass distributions for oppositely 
harged parti
le pairs, assuming a) �+��, b) p��and 
) �p�+ mass assignments for the 
arbon target sample after appli
ation of the sele
tion 
riteria des
ribedin the text.types. The eÆ
ien
ies are determined on a grid in xFand p2T with 6 equal bins in xF and 10 equal bins inp2T over the range given above, for a total of 60 bins.The grid-based a

eptan
e 
orre
tion has the advan-tage of minimizing any biases due to ina

ura
ies inthe generated kinemati
 distributions.ForK0S mesons, the low pT bins of the lowest xF re-gions are poorly populated due to low a

eptan
e, andare therefore ex
luded. Spe
i�
ally, for a bin to be 
on-sidered, we require that it 
ontain at least 10 eventsin both MC and data samples. For K0S mesons, thexF =p2T interval [�0:12;�0:08℄ / [0:0; 0:5℄ GeV=
2 forall samples and in addition the interval [�0:12;�0:10℄/ [0:5; 0:75℄ GeV=
2 for the titanium sample are ex-
luded. For the total 
ross se
tion, A-dependen
e,and produ
tion-ratio studies, the data are summedeither in sli
es of xF or p2T . The results are lim-ited to the kinemati
 range over whi
h all bins arepopulated. Thus, for the K0S , only the xF interval�0:08 < xF < 0:0 is 
onsidered for su
h studies.Based on a MC study, a small 
orre
tion is appliedto a

ount for those V 0 parti
les whi
h are produ
edin intera
tions with the dete
tor material. The 
orre
-tions obtained redu
e the a

eptan
e by 0:9%{1:2% forK0S , 1:0%{1:4% for � and 0:3% for ��, depending ontarget material.

5 Experimental resultsThe main results of this paper, the doubly di�eren-tial 
ross se
tions, are dis
ussed in the following se
-tion. The subsequent se
tions are devoted to dis
us-sions of quantities derived from these numbers, su
has A-dependen
e and produ
tion ratios.5.1 Doubly di�erential 
ross se
tionsThe doubly di�erential 
ross se
tion for the state V 0in the (i; j)th bin of (xF ; p2T ) is 
omputed from thefollowing formula:d2�V 0pA(i; j)dxF dp2T = NV 0i;jBr(V 0) � LA � �V 0i;j ��xF ��p2T ; (1)where Br(V 0) [38℄ is the bran
hing ratio of the de-te
ted de
ay and LA is the integrated luminosity of thedata set for the spe
i�ed target material (see Table 1).NV 0i;j is the ba
kground-subtra
ted number of re
on-stru
ted V 0 
andidates in the (i; j)th bin of (xF ; p2T )and �V 0i;j is the 
orresponding eÆ
ien
y 
al
ulated fromthe MC as des
ribed in Se
t. 4. The bin widths are0.02 in xF and 0:25GeV=
2 in pT .The values of the in
lusive doubly di�erential 
rossse
tions, d2�=dxF dp2T for the full visible region are re-ported in Tables 6, 7 and 8 for all three target materialsand illustrated in Fig. 2. The measurement resolutionsin xF and p2T are small 
ompared to the bin width. Adis
ussion of systemati
 un
ertainties 
an be found in5
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lusive doubly di�erential 
ross se
tion d2�pA=dxF dp2T vs. p2T in 6 xF sli
es forK0S , � , and �� produ
tion on 
arbon, titanium and tungsten targets. The error bars indi
ate the statisti
alun
ertainties only. For display purposes, the 
ross se
tions in ea
h xF sli
e have been multiplied by the followingnumbers (the letters 
orrespond to those on the right of ea
h 
urve): a) 5000, b) 1000, 
) 200, d) 40, e) 8, f) 1.The xF ranges for ea
h 
urve 
orrespond to those given in Tables 6, 7 and 8: a) -0.02 { 0, b) -0.04 { -0.02,
) -0.06 { -0.04, d) -0.08 { -0.06, e) -0.10 { -0.08, f) -0.12 { -0.10. The parameterizations dis
ussed in the textare shown as dark solid lines. The light solid lines show the results of PYTHIA normalized to the (xF ; p2T ) bin(-0.01, 0.125 (GeV=
)2) (separately for ea
h plot). EPOS results are indi
ated by dashed lines.
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Table 2: Results of the 
ombined power-law �ts (Eq. 2) for the doubly di�erential 
ross se
tions d2�pA=dxF dp2T .Data were �tted in the a

eptan
e region (�0:12 < xF < 0:0 and 0:0 < p2T < 2:5GeV2=
2). Systemati
un
ertainties were not in
luded in the �t and empty 
ells were ex
luded.C0 [mb=(GeV=
)2℄ � A; [GeV2=
2℄ B; [GeV2=
2℄ n �2=DOFp+A! K0S +XC 4893:� 79: 3:93� 0:09 0:53� 0:02 3:57� 0:32 22:85� 0:64 81:=51T i 16650:� 270: 3:69� 0:08 0:50� 0:02 2:89� 0:32 20:71� 0:70 40:=50W 56980:� 770: 3:53� 0:06 0:48� 0:01 3:12� 0:28 19:53� 0:58 91:=51p+A! �+XC 425:� 21: 6:90� 0:96 2:33� 0:43 2:4� 1:4 8:64� 0:67 91:=55T i 1402:� 52: 6:40� 0:87 2:33� 0:41 0 6:62� 0:35 59:=54W 6040:� 260: 3:98� 0:31 1:19� 0:15 2:34� 0:63 7:57� 0:56 62:=55p+A! �� +XC 259:� 19: 9:9� 2:6 3:4� 1:2 3:8� 3:2 11:3� 1:0 72:=54T i 1121:� 82: 11:0� 3:2 3:8� 1:6 7:0� 4:6 14:2� 1:2 63:=52W 3860:� 270: 4:86� 0:59 1:40� 0:26 4:4� 1:4 12:6� 1:0 59:=55Se
t. 6. For the ex
luded bins (see Se
t. 4), the valuesreported in the tables were extrapolated using the �tsdes
ribed below.The measured 
ross se
tion distributions have thesame general behavior for all V 0 parti
les and 
an bedes
ribed by the following parameterization:d2�dxF dp2T = C0 � (1� jxF j)n � �1 + p2TA+B � jxF j��� :(2)The power law parameterization in xF is often used,parti
ularly in the fragmention region where the mea-sured power has been used to distinguish fragmenta-tion models [44℄. While the parametrization has notheoreti
al underpinning in the xF range of the presentmeasurement, it nonetheless gives a good representa-tion of the data. The parameterization of the pT de-penden
e is also often seen in the literature, ex
eptthat we have found it ne
essary to introdu
e a linearterm in jxF j into the fa
tor dividing p2T sin
e the dis-tributions tend to 
atten with de
reasing xF . This isthe well-known \sea-gull" e�e
t [45℄ �rst observed [46℄in bubble 
hamber experiments. The �tted 
urves areshown as dark solid lines in Fig. 2 and the �t param-eters together with the �t �2s are summarized in Ta-ble 2. The fun
tions are in agreement with the data atthe level of 5% or better in the high statisti
s bins andotherwise 
ompatible with the data within statisti
alerrors.The reported values for the parameter n are forthe most part 
onsiderably larger than either thoseexpe
ted by the 
ounting rules given in [44℄ or themeasurements summarized in the same paper. How-ever, as noted above, the model of [44℄ applies only

for xF values outside the measured xF range. BothPythia and EPOS indi
ate that n is a strong fun
tionof xF with n 
lose to the numbers reported in Table 2for jxF j . 0:1 but de
reasing to values similar to thosegiven in [44℄ for jxF j � 0:5. The �tted fun
tions havebeen used to 
al
ulate the values of the doubly di�er-ential 
ross se
tion in the unmeasured bins of the grid.These values are presented in Table 6, 7 and 8 (markedby asterisks).The results of PYTHIA and EPOS are indi
ated inFig. 2 by light solid lines and dotted lines, respe
tively.The PYTHIA results are for proton-proton 
ollisionsatps = 41:6GeV (with default settings) and thereforethe total 
al
ulated 
ross se
tions do not 
orrespondto the measured pA 
ross se
tions. Thus, to fa
ilitatethe 
omparison of shapes, the normalizations are arbi-trarily adjusted su
h that the PYTHIA results agreewith the data in the highest xF and lowest p2T bin ofea
h plot separately. In 
ontrast, EPOS provides the
ross se
tion relative to the total inelasti
 
ross se
tionfor ea
h target. The inelasti
 
ross se
tions are takenfrom [39℄.As expe
ted, the EPOS 
al
ulations generally givea better des
ription of the data than the (arbitrar-ily normalized) PYTHIA 
urves although PYTHIA isremarkably good at des
ribing the K0S data for thelighter target materials. Sin
e the PYTHIA 
al
ula-tions are for proton-proton intera
tions, they 
an beexpe
ted to give a progressively poorer des
ription ofthe data with in
reasing A, at least in part due to theCronin e�e
t [47℄: the 
attening of the pT distributionwith in
reasing atomi
 mass number. In general, theEPOS 
urves give a quite satisfa
tory des
ription of7
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Figure 3: The average transverse momentum, hpT i,of K0S, �, and �� as a fun
tion of xF from the tungstentarget sample (points) together with the EPOS data(lines). Error bars are statisti
al only.the data (to better than � 20% for most of the mea-sured range) although there is a pronoun
ed tenden
yto overestimate the 
ross se
tion at low-pT , parti
u-larly for the lighter targets.
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Figure 4: Atomi
 mass number dependen
es of the V 0integrated in
lusive 
ross se
tions �vispA . The solid linesrepresent �ts to the parameterization (Eq. 4). Theun
ertainties in
lude both statisti
al and systemati

ontributions.The average transverse momentum in a spe
i�
(xFi) sli
e 
an be 
al
ulated using the formula:hpTii = Pnj=1hpT ii;j � �i;jPnj=1 �i;j ; (3)where the average pT in the (i; j)'th bin, hpTi;j i, is 
al-
ulated from the parameterization (Eq. 2), �i;j is the

Table 3: The integrated in
lusive di�erential produ
-tion 
ross se
tions �vispA in the a

eptan
e of the mea-surement. The un
ertainties are statisti
al. The a
-
eptan
e boundaries of the measurement in xF andp2T are given in the 3rd and 4th 
olumns, respe
tively.xF interval p2T range, [GeV2=
2℄ �vispA , [mb℄p+A! K0S +XC 38:5� 0:4T i -0:08 { 0:0 0:0 { 2:5 141:8� 1:9W 523:9� 5:4p+A! �+XC 13:1� 0:2T i -0:12 { 0:0 0:0 { 2:5 50:5� 0:7W 201:7� 2:1p+A! �� +XC 6:7� 0:2T i -0:12 { 0:0 0:0 { 2:5 26:7� 0:6W 95:7� 1:9value of the 
ross se
tion in the same bin, and n isthe number of (p2T ) bins. This quantity is plotted inFig. 3 as a fun
tion of xF for K0S, � , and �� for thetungsten target sample together with the 
orrespond-ing EPOS predi
tions. The EPOS predi
tions showthe same trend of in
reasing hpT i with de
reasing xFas the data and also the same ordering with hpT i: hpT iof � slightly higher than the hpT i of �� whi
h is higherthan the hpT i ofK0S , although the averages are slightlyunderestimated. The average pT from 
arbon and ti-tanium samples behave similarly (not shown).5.2 Integrated 
ross se
tion and atomi
mass number dependen
eThe in
lusive produ
tion 
ross se
tion in the visibleregion is 
omputed by summing the di�erential 
rossse
tions over all bins. The results, �vispA , are listed inTable 3. A

ording to the �tted fun
tional forms, themeasured 
ross se
tions 
orrespond to more than 98%of the total 
ross se
tion in the visible xF interval forall targets and all V 0 parti
les.The dependen
e of the measured 
ross se
tions �vispAon the atomi
 mass of the target material (A) 
an bedes
ribed by a power-law:�vispA / A�vis ; (4)where, in this 
ase, �vis 
hara
terizes the averageatomi
 mass number dependen
e of the visible 
ross8



]2/c2 [GeV2
T

p
0 0.5 1 1.5 2 2.5

α

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08 °,    __        HERA-B

    ---        EPOS

(a) K0S ]2/c2 [GeV2
T

p
0 0.5 1 1.5 2 2.5

α

0.9

1

1.1

1.2

1.3
,    __        HERA-B

    ---        EPOS

(b) � ]2/c2 [GeV2
T

p
0 0.5 1 1.5 2 2.5

α

0.85

0.9

0.95

1

1.05

1.1

1.15 ,∆    __        HERA-B

    ---        EPOS

(
) ��

Fx
-0.08 -0.06 -0.04 -0.02 0

α

0.9

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08
°  ,    __        HERA-B

    ---        EPOS

(d) K0S Fx
-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0

α

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08
,    __        HERA-B

    ---        EPOS

(e) � Fx
-0.12 -0.1 -0.08 -0.06 -0.04 -0.02 0

α

0.9

0.95

1

1.05

1.1 ,∆    __        HERA-B

   ---        EPOS

(f) ��Figure 5: The dependen
e of � for K0S, � and �� produ
tion on p2T (top plots) and xF (bottom plots). Thepoints show the measured values and the solid lines are the results of straight-line �ts to the data. EPOS
al
ulations are shown as dotted lines. The un
ertainties in
lude both statisti
al and systemati
 
ontributions.se
tion. The systemati
 un
ertainties on the indi-vidual 
ross se
tion measurements are highly 
orre-lated between the target materials, therefore the least-squares likelihood fun
tion used to extra
t �pA and �uses the full error matrix of the measurements. Thevisible 
ross se
tions, together with the �tted 
urvesare shown in Fig. 4. The �t results and �2s are givenin Table 4.The dependen
es of � on p2T and on xF are shownon Fig. 5. The solid lines are from straight-line �tswhose parameters are given in Table 4 and the dashedlines are the EPOS predi
tions. The Cronin e�e
tmanifests itself as an in
rease of � with in
reasing pT .The EPOS 
urves reprodu
e the pT dependen
e ratherwell ex
ept for the �rst pT bins where EPOS underes-timates �. Sin
e the main 
ontributions to the 
rossse
tions are at low pT , the EPOS predi
tions lie wellunder the data points in the � vs. xF plots althoughthe trends with xF is the same within errors.The total 
ross se
tions (also given in Table 4) arefound be dividing the visible 
ross se
tions by the fra
-

tion of the total 
ross se
tion in the visible region. Thisfra
tion was estimated using an average of EPOS re-sults for the fra
tions of all V 0s produ
ed in proton-proton and proton-neutron intera
tions in the mea-sured xF interval (34.7%, 17.5% and 35.4% for K0S ,� and ��, respe
tively). The alternative of separately
orre
ting ea
h proton-nu
leus 
ross se
tion before ex-trapolation to A = 1 was reje
ted sin
e it relies moreheavily on the Monte Carlo.5.3 Parti
le ratiosThe ratio of the �� 
ross se
tion to that of the � isplotted in Fig. 6 as fun
tions of xF and p2T for thethree targets. For Fig. 6a, the data have been summedover the full measured p2T range, and for Fig. 6b, overthe full xF range. The EPOS 
al
ulations are alsoshown. The PYTHIA result indi
ated in Fig. 6b, iswell above the data. The PYTHIA result vs. xF iswell above the upper plot boundary in Fig. 6a, startingat � 0:8 at xF � �0:1, and in
reasing smoothly to9
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-  - .p+p, PYTHIA (b) ��=� vs. pTFigure 6: The ratios of ��=�: a) vs. xF and b) vs. p2T .The points show the measured values and the variouslines indi
ate the predi
tions of PYTHIA (part b only)and EPOS. The PYTHIA predi
tion 
orresponding topart (a) is well above the upper plot boundary (seetext). The error bars show statisti
al un
ertaintiesonly.

Table 4: The integrated V 0 produ
tion 
ross se
tionsper nu
leon �vispN in millibarns in the visible region andthe values of � from the �t of the 
ross se
tions pernu
leus to Eq. 4. The un
ertainties in
lude both sta-tisti
al and systemati
 
ontributions. The results of�ts to the data points in Fig. 5 are also given.K0S � ���vispN [mb℄ 3:56� 0:33 1:07� 0:11 0:594� 0:080�totpN [mb℄ 10:33� 0:90 6:13� 0:61 1:68� 0:21�vis 0:957� 0:013 1:004� 0:016 0:975� 0:021�2 0:4 0:9 0:5Fits of Figs. 5a,b,
 to � = �pT0 + �pT1 � pT�2=DOF 8:4=8 7:8=8 10:=8�pT0 0:941� 0:011 0:975� 0:015 0:938� 0:018�pT1 0:052� 0:005 0:052� 0:007 0:052� 0:011Fits of Figs. 5d,e,f to � = �xF0 + �xF1 � xF�2=DOF 0:5=2 1:5=4 3:6=4�xF0 0:911� 0:021 0:986� 0:017 0:962� 0:025�xF1 �1:43� 0:54 �0:346� 0:007 �0:072� 0:011
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Figure 7: The ratios of �=K0S vs. p2T at y � 0. Theopen points show the measured values and the solidpoints show the results from STAR and UA1 
ollabo-rations. The various lines indi
ate the predi
tions ofPYTHIA and EPOS. The error bars in
lude only sta-tisti
al 
ontributions.10



� 0:92 at xF � 0. The EPOS result is in reasonableagreement with the data in Fig. 6a, where it is also seento reprodu
e the A-dependen
e fairly well, despite thefa
t that the EPOS 
al
ulation of average � is wellbelow the data for both � and �� (see Figs. 5b and5
). As illustrated in Fig. 6b, the EPOS 
urve is alsoin reasonable agreement with the data over most of thep2T range but the data shows a tenden
y to de
reasewith p2T while EPOS suggests a 
at p2T dependen
e.The ratio of � to K0S 
ross se
tions is shown inFig. 7 for the three target materials. The STAR mea-surements [26℄ in pp intera
tions at ps = 200GeV andUA1 [25℄ in pp intera
tions at ps = 630GeV are alsoshown. The ratio shows no appre
iable dependen
e on
enter-of-mass energy, atomi
 number or the type of
olliding parti
les over the measured range. The EPOSresults agree well with the data at low pT but tend tounderestimate the data at higher pT . Nonetheless, asindi
ated in the �gure, the EPOS 
al
ulation lies far
loser to the data than the PYTHIA result over thefull measured range.5.4 Comparison with existing dataOnly two experiments [21, 23℄ have measured V 0 pro-du
tion at a similar energy and in kinemati
 rangeswhi
h overlap with the present measurement. The�rst of these measurements, by B�usser et al., givesthe average invariant 
ross se
tion as a fun
tion of pTof three separate measurements at ps = 30:6, 44:8,and 52:7GeV (an average energy of 44GeV) in proton-proton 
ollisions and in a 
enter-of-mass rapidity (y)interval of about 2 units 
entered at 0 and for pT largerthan 1.2GeV/
(K0S) and 0.8GeV/
 (� and ��). Themeasurements are shown in Fig. 8. The se
ond report,by Drijard et al. [23℄ gives invariant 
ross se
tions forK0S , �, and �� over a wide range in rapidity and pT inproton-proton 
ollisions at ps = 63GeV. The relevantpoints are also shown in Fig. 8. The HERA-B mea-surements are indi
ated in Fig. 8 by 
urves whi
h arederived from the parameterization given by (Eq. 3).The �t parameters are �xed to those of the 
arbontarget (Table 2) and the resulting values are extrapo-lated to A = 1 assuming the straight line �ts to the �vs. pT points shown in Fig. 5.While the K0S 
ross se
tions of [21℄ are in rathergood agreement with the HERA-B results, the HERA-B � and �� measurements are somewhat higher. B�usseret al. also extrapolate their measurements to pT =0 and report (d�dy )y=0 = 0:43 � 0:05mb (�) and0:27 � 0:04mb (��). The 
orresponding numbers forthe present measurement, (d�dy )y=0 = 0:77 � 0:05mb(�) and (0:47� 0:04mb (��) are nearly a fa
tor of two
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Figure 8: The average invariant 
ross se
tion in thejyj . 1 interval for K0S, �, and �� multiplied by the fol-lowing s
ale fa
tors: a) 600, b) 30, 
) 1. The points arefrom [21℄ and [50℄. The 
urves 
orrespond to param-eterizations of the present measurements as explainedin the text.
higher. As shown in Fig. 8, the y = 0 measurementsof [50℄ are also about a fa
tor of two higher thanthe present measurement. This is, at least in part,explained by the substantially higher 
enter-of-massenergy of the Drijard et al. measurements, howeverpossible problems with theK0S measurements reportedin [23℄ have been noted [30℄ elsewhere.Finally, in Fig. 9, we show the HERA-B results to-gether with previously published values of the totalproton-nu
leon 
ross se
tion as a fun
tion of squaredCM energy (s). The HERA-B results �t with the gen-eral trend of the data. Two notable ex
eptions arethe two points at s = 2800GeV and 3800GeV indi-
ated by squares (�)and triangles (��) from Erhan etal. [22℄ for � and �� produ
tion. We note howeverthat these points depend sensitively on the extrap-olations of B�usser et al. [21℄ and that a multipli
a-tive fa
tor of two is missing from the transformationgiven in [22℄ of the B�usser et al. points from d�=dyto d�=djxF j [51℄. If our own measurements are sub-stituted for the B�usser et al. extrapolations, we esti-mate that the total 
ross se
tion values of Erhan et al.would in
rease by about a fa
tor of two and a moresatisfa
tory agreement among the di�erent measure-ments would result, as indi
ated by the re
al
ulatedpoints in the �gure.11
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ompilation of total 
ross se
tion measure-ments from referen
es [6-24℄ and HERA-B for a) K0Sand b) � and �� produ
tion vs. squared CM energy(s). The re
al
ulated data from Erhan et al. [22℄ areindi
ated by diamonds and stars.

Table 5: Summary of systemati
 un
ertainties. Thevalues are shown separately for ea
h parti
le and ea
htarget material.For the luminosity, the total and un-
orrelated errors are quoted. K0S � ��signal 
ounting 3:2% 3:3% 4:5%
ut variation 0:4% 3:9% 5:2%tra
king eÆ
ien
y 3:0% 3:0% 3:0%bran
hing ratio 0:05% 0:5% 0:5%MC model 3:3% 3:7% 5:7%total (w/o luminosity) 5:5% 7:0% 9:4%C Ti Wluminosity (tot) 5:0% 5:2% 4:2%luminosity (un
orrelated) 3:9% 4:2% 2:9%6 Systemati
 un
ertainties and
he
ksThe following possible sour
es of systemati
 un
er-tainty have been 
onsidered:� A bin-based method is used for estimating thenumber of produ
ed V 0 
andidates. An alterna-tive �t-based method in whi
h the invariant massdistributions are �t to a double Gaussian for thesignal and a �rst-order Legendre polynomial forthe ba
kground results in 
hanges to the 
rossse
tions of 3.2% for K0S, 3.3% for � and 4.5% for��.� From varying the most powerful 
ut, namely the
ut on ~pT � 
� , within reasonable limits, we esti-mate a systemati
 un
ertainty of about 3.9% for�, 5.2% for �� and 0.4% for K0S mesons.� The eÆ
ien
ies for re
onstru
tion of tra
k seg-ments in the VDS and in the OTR were measuredindependently by exploiting �+�� de
ays [49℄ ofthe K0S . One of the two de
ay pions was re
on-stru
ted using RICH and ECAL information in-stead of either the OTR hits or the VDS hitsand a sear
h was made among the re
onstru
tedtra
ks for a mat
h. Based on a 
omparison ofthis method applied to data and to Monte Carlo,a systemati
 un
ertainty on tra
k re
onstru
tionand mat
hing eÆ
ien
y of 1.5% per tra
k is esti-mated.� The in
uen
e of the tra
k multipli
ity on the re-
onstru
tion eÆ
ien
y is found to give a negligi-ble 
ontribution to the systemati
 un
ertainty.12



� The systemati
 un
ertainties on the bran
hing ra-tios [38℄ are 0.05% for K0S ! �+�� and 0.5% for�! p�� and ��! �p�+ de
ays, respe
tively.� The total systemati
 un
ertainties due to the lu-minosity 
al
ulations [39℄ are 5.0%, 5.2% and4.2% for 
arbon, titanium and tungsten targets,respe
tively. The un
ertainties are 
orrelatedbetween target materials with 
orrelation 
oef-�
ients varying between 0.90 and 0.92. For theA-dependen
e and pN 
ross se
tion results, theseun
ertainties and their 
orrelations are taken intoa

ount.� A 
he
k for a possible left-right bias in the spe
-trometer a

eptan
e was made by deriving thevisible K0S 
ross se
tion with subsets of the datawith opposite signs of de
ay asymmetry (p+z �p�z )=(p+z + p�z ), where p+z and p�z are the 
om-ponents of momentum along the beam dire
tionof �+ and ��, respe
tively). The maximum dif-feren
e between the values of 
ross se
tions forthe negative and positive asymmetry samples is0:7%.� The fa
t that the eÆ
ien
y 
orre
tion was doneon a grid of xF and pT bins 
onsiderably redu
esthe dependen
e of the 
orre
tion on the shapeof the kinemati
 distributions produ
ed by theMC 
ompared to separate one-dimensional 
or-re
tions. The remaining un
ertainty was studiedby varying xF - and pT -dependent weighting fa
-tors applied to the MC events. The di�eren
ebetween the average eÆ
ien
y 
omputed with aweight of unity and a weighting map whi
h for
esFRITIOF-generated distributions to 
onform tothe 
orre
ted data is taken as the systemati
 un-
ertainty on the MC produ
tion model. Thenumbers are given in Table 5.� In [52℄, we reported eviden
e for a positive polar-ization of �'s relative to the normal to the � pro-du
tion plane in the visible region. Nonethelessthe a

eptan
e 
al
ulations done for the presentmeasurement assume unpolarized produ
tion of�'s. It is however also shown in [53℄ that thea

eptan
e is insensitive to polarization e�e
ts.� The proper lifetimes of K0S, � and �� extra
tedfrom the data sample are 2:65� 0:04 
m, 8:70�0:47 
m and 8:26 � 0:68 
m, respe
tively (statis-ti
al errors only). The K0S and �� lifetimes arewithin 1� of the PDG values [38℄ while the mea-sured � lifetime is 1:7� higher than the PDGvalue. The level of agreement is thus a

eptable.The systemati
 un
ertainty estimates resultingfrom these 
onsiderations are 
olle
ted in Table 5. Thesystemati
 un
ertainties on the di�erential 
ross se
-tion measurements are quadrati
 sums of luminosity-

dependent and V 0-type dependent terms and arelargely 
orrelated over the measured range and 
on-stant to within about 20%. Sin
e the un
ertaintiesare for the most part 
orrelated and 
onstant, theyappear as un
ertainties in the overall s
ale dependingonly on target material and V 0 type and are quotedin Tables 6, 7 and 8.7 SummaryWe have studied the produ
tion 
ross se
tions for K0S ,�, and �� in the 
entral region (�0:12 < xF < 0:0)in proton intera
tions on nu
lear targets (
arbon, ti-tanium and tungsten) at a 
enter-of-mass energy ofps = 41:6GeV. The main results, the doubly dif-ferential 
ross se
tions are presented in Tables 6, 7,and 8. Several derived quantities: parti
le ratios, theA-dependen
e parameter �, and the total produ
tion
ross se
tions are presented and dis
ussed. The resultsare 
ompared to PYTHIA and EPOS 
al
ulations. Forthe most part, the EPOS 
al
ulations agree with thedata at the 20% level. PYTHIA is not designed tohandle proton nu
leus intera
tions and, as expe
ted,produ
es pT distributions whi
h are steeper than thedata. PYTHIA also fails to des
ribe the ratio of �to ��, and, as previously pointed out in [26℄, the ratioof � to K0S. The failure 
annot be attributed to A-dependen
e. The results are also 
ompared to existingmeasurements and possible reasons for some dis
rep-an
ies are dis
ussed.A
knowledgmentsWe express our gratitude to the DESY laboratory fortheir strong support in the installation of running ofthe experiment and the subsequent data analysis. Weare also indebted to the DESY a

elerator group fortheir 
ontinuous e�orts to provide the best possiblebeam 
onditions. The HERA-B experiment would nothave been possible without the enormous e�ort and
ommitment of our te
hni
al and administrative sta�.It is a pleasure to thank all of them. We thank KlausWerner for providing EPOS predi
tions and also formaking the EPOS 
ode available to us.Referen
es[1℄ N. N. Biswas et al., Nu
l. Phys. B 167, 41 (1980)[2℄ S. Miko
ki et al., Phys. Rev. D 34, 42 (1986)[3℄ D. Ljung et al., Phys. Rev. 15, 3163 (1977)13



Table 6: The in
lusive doubly di�erential 
ross se
tion d2�pA=dxF dp2T for the produ
tion of K0S mesons on theindi
ated targets in the given xF and pT bins. The un
ertainties given for ea
h bin are statisti
al. The valuesmarked with asterisks are extrapolated. Additional s
ale un
ertainties (see Se
t. 6) are quoted in the headersof ea
h sub-table. The sums over the kinemati
 bins in ea
h 
olumn (row) is given in the last 
olumn (row).The 
orresponding 
ross se
tion for the 
olumn (row) is the sum multiplied by the appropriate bin width.d2�pA=dxF dp2T ; [mb=(GeV=
)2℄p+ C ! K0S +X (s
ale un
ertainty: �7:4%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 219:� 12:� 352:� 14:� 715:� 70: 829:� 24: 1354:� 15: 1973:� 15: 5443:� 79:0:25� 0:5 92:8� 3:2� 140:8� 3:4� 210:� 11: 297:6� 7:1 425:5� 6:6 554:8� 7:2 1722:� 17:0:5� 0:75 39:� 16: 55:5� 5:8 92:8� 4:6 131:8� 4:1 179:7� 4:2 207:9� 4:4 707:� 19:0:75� 1:0 28:6� 5:2 31:3� 3:1 49:9� 3:2 64:9� 2:9 90:6� 3:2 99:7� 3:2 365:1� 8:71:0� 1:25 22:8� 5:1 19:8� 2:1 25:2� 1:9 38:1� 2:2 50:0� 2:5 60:9� 2:9 216:8� 7:41:25� 1:5 8:6� 2:0 10:9� 1:5 16:7� 1:7 19:3� 1:4 29:3� 2:1 31:1� 2:1 115:9� 4:41:5� 1:75 4:9� 1:3 8:9� 1:5 11:9� 1:6 15:7� 1:6 15:7� 1:4 19:3� 1:7 76:4� 3:71:75� 2:0 4:5� 1:3 7:8� 1:6 9:7� 1:6 11:0� 1:5 11:2� 1:3 9:9� 1:1 54:2� 3:42:0� 2:25 3:1� 0:7 2:8� 0:7 6:6� 1:3 6:9� 1:0 11:5� 2:2 8:7� 1:3 39:6� 3:22:25� 2:5 3:5� 0:9 4:6� 1:5 4:2� 0:9 4:2� 0:9 5:0� 0:9 5:9� 1:1 27:4� 2:6sum 427:� 21: 635:� 16: 1143:� 71: 1418:� 25: 2173:� 17: 2971:� 18: 8767:� 84:p+ T i! K0S +X (s
ale un
ertainty: �7:6%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 936:� 54:� 1439:� 63:� 2760:� 330: 3404:� 120: 4750:� 61: 6950:� 52: 20240� 370:0:25� 0:5 386:� 15:� 562:� 15:� 745:� 41: 1124:� 29: 1523:� 23: 1989:� 25: 6328:� 64:0:5� 0:75 189:5� 5:5� 283:� 31: 348:� 19: 471:� 16: 640:� 14: 795:� 16: 2727:� 45:0:75� 1:0 185:� 38: 157:� 19: 222:� 16: 249:� 11: 324:� 11: 397:� 12: 1533:� 49:1:0� 0:25 57:� 13: 73:� 11: 119:� 11: 139:0� 8:2 169:3� 8:0 212:� 10: 770:� 25:1:25� 1:5 37:0� 8:7 54:2� 8:1 69:4� 6:9 104:2� 8:3 112:4� 7:4 127:� 8: 504:� 20:1:5� 1:75 33:8� 8:3 33:4� 7:2 48:6� 6:6 64:8� 6:8 62:3� 5:1 71:0� 6:1 314:� 17:1:75� 2:0 15:8� 5:5 22:6� 4:4 33:0� 5:2 40:0� 4:8 45:0� 4:9 51:8� 5:8 208:� 13:2:0� 2:25 15:8� 5:6 19:3� 6:2 22:6� 4:4 23:1� 3:5 38:2� 5:9 30:4� 4:4 149:� 12:2:25� 2:5 9:8� 4:5 14:3� 4:1 12:9� 3:4 19:7� 3:9 20:8� 3:9 27:4� 4:8 105:� 10:sum 1865:� 70: 2658:� 76: 4380:� 340: 5640:� 130: 7685:� 69: 10651:� 62: 32880:� 390:p+W ! K0S +X (s
ale un
ertainty: �6:9%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 3750:� 180:� 5610:� 200:� 10940:� 980: 12420:� 340: 17460:� 180: 24040:� 150: 74220:� 1100:0:25� 0:5 1614:� 50:� 2284:� 49:� 2890:� 130: 4105:� 87: 5758:� 71: 7019:� 72: 23670:� 200:0:5� 0:75 688:� 205: 879:� 84: 1409:� 58: 1985:� 48: 2441:� 43: 2862:� 46: 10270:� 240:0:75� 1:0 478:� 79: 625:� 47: 822:� 39: 1080:� 35: 1285:� 33: 1471:� 36: 5760:� 120:1:0� 0:25 246:� 40: 289:� 26: 485:� 30: 611:� 27: 729:� 26: 797:� 27: 3157:� 73:1:25� 1:5 159:� 26: 243:� 25: 310:� 24: 382:� 21: 389:� 19: 458:� 22: 1940:� 56:1:5� 1:75 142:� 23: 177:� 20: 225:� 22: 287:� 21: 287:� 18: 321:� 20: 1439:� 50:1:75� 2:0 84:� 16: 113:� 16: 143:� 17: 181:� 17: 196:� 17: 214:� 19: 930:� 42:2:0� 2:25 78:� 15: 82:� 13: 84:� 12: 103:� 12: 111:� 12: 152:� 16: 610:� 33:2:25� 2:5 43:� 11: 59:� 12: 66:� 10: 87:� 13: 87:� 11: 86:� 12: 428:� 28:sum 7280:� 300: 10360:� 240: 17370:� 990: 21240:� 360: 28740:� 200: 37420:� 180: 122420:� 1150:
14



Table 7: The in
lusive doubly di�erential 
ross se
tion d2�pA=dxF dp2T for the produ
tion of � baryons on theindi
ated targets in the given xF and pT bins. The un
ertainties given for ea
h bin are statisti
al. The valuesmarked with asterisks are extrapolated. Additional s
ale un
ertainties (see Se
t. 6) are quoted in the headersof ea
h sub-table. The sums over the kinemati
 bins in ea
h 
olumn (row) is given in the last 
olumn (row).The 
orresponding 
ross se
tion for the 
olumn (row) is the sum multiplied by the appropriate bin width.d2�pA=dxF dp2T ; [mb=(GeV=
)2℄p+ C ! � +X (s
ale un
ertainty: �8:6%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 123:8� 8:5 154:0� 8:7 171:7� 8:1 192:3� 8:4 261:� 12: 229:� 22: 1132:� 30:0:25� 0:5 55:4� 4:1 62:6� 4:0 90:2� 4:2 99:0� 4:2 125:3� 5:0 150:9� 7:8 583:� 12:0:5� 0:75 35:3� 3:6 47:0� 3:6 45:0� 3:0 55:7� 3:3 60:0� 3:2 79:3� 4:8 322:3� 8:90:75� 1:0 23:6� 3:2 27:8� 3:2 30:2� 2:8 32:1� 2:7 41:1� 3:1 47:2� 3:8 201:9� 7:71:0� 0:25 16:7� 2:8 15:3� 2:2 22:3� 3:2 31:2� 4:0 26:4� 2:8 29:2� 3:3 141:1� 7:61:25� 1:5 13:8� 4:0 10:2� 2:2 15:3� 3:2 14:5� 2:2 14:8� 2:2 16:4� 2:2 85:0� 6:81:5� 1:75 11:4� 3:6 10:2� 2:4 6:0� 1:2 9:5� 1:7 13:4� 3:2 11:4� 2:0 61:9� 6:11:75� 2:0 3:7� 1:0 5:5� 1:8 3:1� 0:8 6:1� 1:4 6:7� 1:4 5:5� 1:2 30:7� 3:22:0� 2:25 4:3� 1:3 5:8� 3:1 7:0� 4:8 6:0� 2:0 3:5� 1:0 3:8� 1:2 30:3� 6:42:25� 2:5 5:9� 4:7 2:4� 1:0 1:2� 0:4 5:9� 3:1 2:1� 0:6 5:1� 1:8 22:7� 6:0sum 294:� 13: 341:� 12: 392:� 12: 452:� 12: 555:� 15: 578:� 24: 2612:� 38:p+ T i! �+X (s
ale un
ertainty: �8:7%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 478:� 32: 533:� 30: 654:� 30: 738:� 30: 837:� 37: 1181:� 86: 4420:� 110:0:25� 0:5 243:� 17: 274:� 15: 358:� 16: 395:� 16: 440:� 17: 463:� 23: 2172:� 43:0:5� 0:75 195:� 21: 166:� 12: 195:� 12: 220:� 12: 268:� 14: 274:� 16: 1318:� 36:0:75� 1:0 90:� 14: 87:4� 8:4 113:� 10: 125:� 10: 151:� 10: 193:� 16: 759:� 29:1:0� 0:25 53:� 10: 76:� 11: 82:� 10: 94:� 10: 92:7� 9:2 105:� 11: 502:� 25:1:25� 1:5 57:� 14: 36:8� 5:9 43:9� 6:7 49:0� 6:2 72:1� 9:5 70:4� 8:8 329:� 22:1:5� 1:75 27:9� 7:5 62:� 23: 27:4� 4:8 39:3� 6:9 40:6� 7:7 63:� 13: 260:� 30:1:75� 2:0 11:6� 3:8 14:9� 3:0 34:� 14: 24:1� 4:6 35:7� 9:0 27:2� 6:0 147:� 19:2:0� 2:25 16:8� 8:1 12:0� 0:7� 30:� 14: 14:9� 4:3 27:1� 7:4 24:7� 6:4 126:� 19:2:25� 2:5 5:9� 2:9 5:8� 2:2 17:7� 8:0 7:0� 2:0 13:7� 5:0 16:2� 8:7 66:� 14:sum 1177:� 48: 1268:� 45: 1555:� 45: 1705:� 40: 1977:� 48: 2417:� 94: 10100:� 140:p+W ! �+X (s
ale un
ertainty: �8:2%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 1910:� 110: 2075:� 93: 2584:� 92: 2900:� 93: 3452:� 119: 4080:� 260: 17000:� 340:0:25� 0:5 1053:� 58: 1194:� 53: 1260:� 44: 1517:� 47: 1708:� 50: 2012:� 80: 8740:� 140:0:5� 0:75 641:� 43: 736:� 40: 849:� 40: 820:� 33: 949:� 37: 1096:� 49: 5091:� 99:0:75� 1:0 379:� 35: 405:� 33: 482:� 31: 585:� 33: 631:� 32: 687:� 39: 3168:� 83:1:0� 0:25 276:� 31: 289:� 27: 323:� 28: 387:� 30: 411:� 31: 384:� 27: 2069:� 71:1:25� 1:5 128:� 20: 190:� 23: 237:� 27: 270:� 31: 302:� 31: 271:� 26: 1398:� 64:1:5� 1:75 171:� 33: 175:� 30: 199:� 32: 136:� 16: 177:� 23: 180:� 22: 1038:� 65:1:75� 2:0 94:� 25: 124:� 25: 122:� 21: 136:� 24: 127:� 21: 135:� 23: 739:� 57:2:0� 2:25 42:� 11: 144:� 47: 126:� 40: 131:� 39: 111:� 30: 87:� 17: 640:� 81:2:25� 2:5 38:� 17: 93:� 44: 82:� 30: 70:� 19: 96:� 24: 65:� 15: 443:� 65:sum 4730:� 150: 5430:� 150: 6270:� 140: 6950:� 130: 7960:� 150: 9000:� 280: 40330:� 430:
15



Table 8: The in
lusive doubly di�erential 
ross se
tion d2�pA=dxF dp2T for the produ
tion of �� baryons on theindi
ated targets in the given xF and pT bins. The un
ertainties given for ea
h bin are statisti
al. The valuesmarked with asterisks are extrapolated. Additional s
ale un
ertainties (see Se
t. 6) are quoted in the headersof ea
h sub-table. The sums over the kinemati
 bins in ea
h 
olumn (row) is given in the last 
olumn (row).The 
orresponding 
ross se
tion for the 
olumn (row) is the sum multiplied by the appropriate bin width.d2�pA=dxF dp2T ; [mb=(GeV=
)2℄p+ C ! �� +X (s
ale un
ertainty: �10:6%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 58:5� 9:2 72:6� 8:3 83:0� 7:0 109:4� 7:5 134:7� 9:6 123:� 21: 581:� 28:0:25� 0:5 26:2� 3:7 31:0� 3:2 43:8� 3:3 67:2� 3:8 68:3� 3:7 81:2� 5:6 317:7� 9:70:5� 0:75 15:2� 2:6 16:6� 2:2 22:6� 2:1 32:2� 2:6 44:7� 2:9 42:3� 3:1 173:5� 6:40:75� 1:0 10:9� 1:9 8:7� 1:4 16:7� 2:4 21:9� 2:3 22:7� 2:3 21:5� 2:3 102:4� 5:21:0� 0:25 4:5� 1:7 7:4� 1:4 9:0� 1:6 14:0� 2:1 12:9� 2:1 16:1� 1:9 63:7� 4:41:25� 1:5 6:6� 2:2 3:1� 0:8 5:7� 1:3 5:5� 1:1 5:2� 1:1 7:8� 1:3 33:9� 3:41:5� 1:75 1:6� 0:7 3:2� 1:0 5:0� 1:6 5:1� 1:3 5:9� 2:0 5:1� 1:1 25:9� 3:31:75� 2:0 1:4� 0:6 2:0� 0:8 1:7� 0:7 6:3� 2:4 3:3� 1:3 4:8� 1:7 19:5� 3:52:0� 2:25 0:7� 0:5 1:1� 0:8 1:7� 1:2 4:6� 2:1 2:3� 0:8 1:3� 0:6 11:7� 2:82:25� 2:5 0:8� 0:5 2:7� 1:2 0:7� 0:4 1:0� 0:1� 1:4� 1:0 2:3� 1:6 9:0� 2:3sum 126:� 11: 148:� 10: 189:9� 8:9 267:� 10: 301:� 12: 305:� 22: 1338:� 32:p+ T i! �� +X (s
ale un
ertainty: �10:7%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 160:� 32: 190:� 29: 320:� 28: 445:� 28: 513:� 35: 689:� 83: 2320::� 110:0:25� 0:5 82:� 15: 109:� 12: 151:� 11: 216:� 12: 278:� 14: 358:� 22: 1193:� 37:0:5� 0:75 72:� 19: 81:� 11: 119:� 12: 121:0� 8:6 175:� 12: 182:� 14: 750:� 32:0:75� 1:0 25:6� 7:2 39:2� 7:0 51:1� 6:3 73:7� 7:7 98:1� 9:6 83:0� 7:9 371:� 19:1:0� 0:25 56:� 31: 23:8� 4:6 39:5� 6:6 42:7� 6:2 45:1� 5:3 68:� 10: 274:� 34:1:25� 1:5 12:5� 4:6 32:� 11: 22:3� 4:6 28:9� 5:1 30:2� 5:9 41:6� 7:3 167:� 16:1:5� 1:75 14:6� 6:9 7:7� 2:0 18:1� 5:8 14:8� 3:4 24:8� 5:2 21:9� 5:0 102:� 12:1:75� 2:0 2:1� 1:3 6:3� 0:5� 16:5� 6:5 11:2� 3:6 37:� 18: 10:6� 3:0 84:� 20:2:0� 2:25 3:0� 1:6 4:1� 0:4� 8:4� 4:1 11:3� 3:8 8:7� 3:5 21:4� 9:9 57:� 12:2:25� 2:5 2:2� 0:3� 1:9� 0:9 2:4� 0:8 4:8� 2:1 8:6� 3:8 6:2� 3:3 26:1� 5:6sum 431:� 52: 494:� 36: 748:� 35: 968:� 35: 1219:� 45: 1481:� 89: 5340:� 130:p+W ! �� +X (s
ale un
ertainty: �10:3%)�p2T =�xF -0:12 { -0:10 -0:10 { -0:08 -0:08 { -0:06 -0:06 { -0:04 -0:04 { -0:02 -0:02 { 0:0 sum0:0� 0:25 850:� 100: 876:� 87: 1093:� 84: 1534:� 89: 1950:� 110: 2160:� 270: 8460:� 350:0:25� 0:5 426:� 48: 425:� 37: 546:� 37: 702:� 35: 920:� 40: 1122:� 61: 4140:� 110:0:5� 0:75 245:� 32: 327:� 30: 331:� 25: 427:� 25: 523:� 29: 593:� 34: 2446:� 72:0:75� 1:0 110:� 19: 145:� 18: 222:� 23: 318:� 24: 305:� 21: 338:� 26: 1438:� 54:1:0� 0:25 74:� 16: 135:� 20: 121:� 14: 158:� 18: 200:� 19: 193:� 19: 880:� 44:1:25� 1:5 109:� 29: 76:� 15: 131:� 22: 135:� 20: 115:� 15: 154:� 18: 720:� 50:1:5� 1:75 47:� 15: 65:� 16: 62:� 11: 57:� 10: 68:� 11: 93:� 16: 391:� 33:1:75� 2:0 34:� 11: 43:� 13: 50:� 13: 76:� 18: 68:� 15: 53:� 12: 323:� 34:2:0� 2:25 25:� 11: 26:9� 8:0 28:4� 8:0 47:� 20: 54:� 15: 32:4� 7:6 214:� 30:2:25� 2:5 17:0� 6:0 10:4� 5:6 20:4� 7:4 21:5� 7:3 24:0� 9:2 36:� 13: 129:� 21sum 1930:� 130: 2130:� 110: 2600:� 100: 3480:� 110: 4770:� 290: 4770:� 290: 19140:� 390:
16



[4℄ D. Bogert et al., Phys. Rev. D 16, 2098 (1977)[5℄ R. T. Edwards et al., Phys.Rev. D 18, 76 (1978)[6℄ B. Y. Oh et al., Nu
l. Phys. B 49, 13 (1972)[7℄ V. Blobel et al., Nu
l. Phys. B 69, 454 (1974)[8℄ K. Jaeger et al., Phys. Rev. D 11, 1756 (1975)[9℄ H. B�ggild et al., Nu
l. Phys. B 57, 77 (1973)[10℄ M. Alston-Garnjost et al., Phys. Rev. Lett. 35,142 (1975)[11℄ J. W. Chapman et al., Phys. Lett. B 47, 465(1973)[12℄ K. Jaeger et al., Phys. Rev. D 11, 2405 (1975)[13℄ A. Sheng et al., Phys. Rev. D 11, 1733 (1975)[14℄ K. Heller et al., Phys. Rev. D 16, 2737 (1977)[15℄ P. Skubi
 et al., Phys. Rev. D 18, 3115 (1978)[16℄ F. T. Dao et al., Phys. Rev. Lett. 30, 1151 (1973)[17℄ M. Asai et al., Z. Phys. C27, 11 (1985)[18℄ H. Ki
himi et al., Phys. Rev. D 20, 37 (1979)[19℄ A. Aleev et al., Yad. Fiz. 44 661, (1986);Sov. J. Nu
l. Phys. 44(3) 429, (1986)[20℄ M. I. Adamovi
h et al., Eur. J. Phys. C 26, 357(2003)[21℄ F. W. B�usser et al., Phys. Lett. B 61, 309 (1976)[22℄ S. Erhan et al., Phys. Lett. B 85, 447 (1979)[23℄ D. Drijard et al., Z. Phys. C 9, 293 (1981)[24℄ D. Drijard et al., Z. Phys. C 12, 217 (1982)[25℄ G. Bo
quet et al., Phys. Lett. B 366, 441 (1996)[26℄ B.I. Adelev et al., Phys. Rev. C 75, 064901 (2007)[27℄ H. Jiang and X. Cai, A
ta Phys. Hung. A 25, 313(2006)[28℄ T. Sjostrand et al., Comp. Phys. Commun. 135,238 (2001)[29℄ K. Werner et al., Phys. Rev. C 74, 044902 (2006)[30℄ I. Abt et al., Eur.Phys.J. C 29, 181 (2003)[31℄ E Hartouni. et al., HERA-B Design Report,DESY-PRC 95/01, (1995)[32℄ K. Ehret et al., Nu
l Instr. Meth. A 446, 190(2000)[33℄ C. Bauer et al., Nu
l. Instr. Meth. A 501, 39(2003)[34℄ H. Albre
ht et al., Nu
l. Instr. Meth. A 555, 319(2005); H. Albre
ht et al., Nu
l. Instr. Meth. A 541,610 (2005)[35℄ I. Ari~no et al., Nu
l. Instr. Meth. A 516, 445(2004)[36℄ G. Avoni et al., Nu
l. Instr. Meth A 580, 1209(2007)

[37℄ V. Eiges et al., Nu
l. Instr. Meth A 461, 104(2001)[38℄ C. Amsler et al., Phys. Lett. B 667, 1 (2008)[39℄ I. Abt et al., Nu
l. Instr. Meth. A 582, 401 (2007)[40℄ I. Abt et al., Nu
l. Instr. Meth. A 490, 546 (2002)[41℄ J. Podolansky and R. Armenteros, Fhil. Mag. 45,13 (1954)[42℄ H. Pi, Comp. Phys. Comm. 71, 173 (1992)[43℄ R. Brun et al., GEANT3, CERN-DD-EE-84-1(1987)[44℄ S. Brodsky and J. Gunion, Phys. Rev. D 17, 848,(1978)[45℄ G.W. van Apeldoorn et al., Nu
l. Phys. B 91, 1(1975)[46℄ M. Bardadin-Otwinowska et al., Phys Lett 21,351 (1966)[47℄ J. Cronin et al., Phys. Rev. Lett. 38, 670 (1977)[48℄ W.M. Geist, Nu
l. Phys. A 525, 149 (1991)[49℄ R. Perna
k, PhD thesis, University of Rosto
k(2004)[50℄ HEPData DB, Durham,http://durpdg.dur.a
.uk/
gi-hepdata/heprea
/851590.[51℄ S. Erhan, Priv. Comm.[52℄ I. Abt et al., Phys. Lett. B 638, 415, 2006[53℄ E. Klinkby, Masters thesis, University of Copen-hagen (2004).

17


	Introduction
	HERA-B experiment and data sample
	Data analysis
	Acceptance and visible kinematic region
	Experimental results
	Doubly differential cross sections 
	Integrated cross section and atomic mass number dependence
	Particle ratios
	Comparison with existing data

	Systematic uncertainties and checks
	Summary

