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I. Abt et al.: K�0 and � Meson Produ
tion in Proton-Nu
leus Intera
tions at ps = 41:6GeV 3Abstra
t The in
lusive produ
tion 
ross se
tions of the strange ve
tor mesons K�0, K�0,and � have been measured in intera
tions of 920GeV protons with C, Ti, and W targets withthe HERA-B dete
tor at the HERA storage ring. Di�erential 
ross se
tions as a fun
tion ofrapidity and transverse momentum have been measured in the 
entral rapidity region and fortransverse momenta up to pT = 3:5GeV=
. The atomi
 number dependen
e is parametrisedas �pA = �pN � A�, where �pN is the proton-nu
leon 
ross se
tion. Within the phase spa
ea

essible, �(K�0) = 0:86 � 0:03, �( �K�0) = 0:87 � 0:03, and �(�) = 0:96 � 0:02. The totalproton-nu
leon 
ross se
tions, determined by extrapolating the di�erential measurementsto full phase spa
e, are �pN!K�0 = (5:06 � 0:54)mb, �pN! �K�0 = (4:02 � 0:45) mb, and�pN!� = (1:17 � 0:11) mb. For all resonan
es the Cronin e�e
t is observed; 
ompared tothe measurements of Cronin et al. for K� mesons, the measured values of � for � mesons
oin
ide with those of K+ mesons for all transverse momenta, while the enhan
ement forK�0/K�0 mesons is smaller.Key words. Proton nu
leus 
ollision, hadroni
 intera
tion, ve
tor meson produ
tion, Cronine�e
t, atomi
 number dependen
e1 Introdu
tionThe sear
h for a de
on�ned state of quarks and gluons in relativisti
 heavy ion 
ollisions is asubje
t whi
h has re
eived mu
h attention in re
ent years [1, 2℄. It is a 
hallenging task to �nda signal that enables the dis
rimination of the short-lived lo
ally de
on�ned state of quarks andgluons from a gas of 
on�ned hadrons. An enhan
ement of the strange quark fra
tion has beenargued to appear in the quark gluon plasma [3℄; hen
e one expe
ts an in
rease of strange hadronprodu
tion in these pro
esses.The rate of strange parti
le produ
tion depends on the temperature at whi
h the hadroni-sation step takes pla
e, and on the 
hemi
al potential. Hadroni
 intera
tions 
an in
uen
e themeasurable strange parti
le rate in a two-fold way [4, 5℄: they 
an indu
e transitions to otherstates, and, in the 
ase of hadrons with a short lifetime, res
attering of the �nal state parti
les
an take pla
e, a�e
ting the re
onstru
ted invariant mass signal [6,7℄. Sin
e the strength of these�nal state intera
tions depends strongly on the lifetime, K�0 and � mesons { where the lifetimesdi�er by a fa
tor of about 10 { have been proposed as a versatile tool to study these e�e
ts inrelativisti
 heavy ion rea
tions.Consequently, several new measurements of strange ve
tor meson produ
tion have been pub-lished re
ently by RHIC experiments. Both for K�0 [8, 9℄ and � [10{16℄ mesons the in
uen
e ofthe very dense nu
lear matter on the transverse momentum distributions and the line shape ofthe resonan
es have been studied in detail. In 
ontrast to this, only limited information on �produ
tion in proton-nu
leus intera
tions exists up to now. The A-dependen
e of � produ
tionin proton-nu
leus intera
tions is studied in [17℄, while data in dAu 
ollisions are available fromthe STAR and PHENIX 
ollaborations [14, 18, 19℄. No data are available on K�0 produ
tion.Moreover, the study of the pT dependen
e of the in
lusive produ
tion rate of K�0 and �mesons in proton-nu
leus (pA) intera
tions is of interest in its own right. Cronin et al. [20, 21℄observed a nu
lear enhan
ement of high-pT parti
les in pA as 
ompared to pp intera
tions forstable parti
les. In this paper we report the observation of the \Cronin e�e
t" for the resonan
esK�0, K�0, and �. The e�e
t has been as
ribed by many models to a broadening of the intrinsi
transverse momentum of the primary partons in a hard s
attering pro
ess [22℄. The free param-eters are �xed by �tting the predi
tions to hard pp intera
tions. The high pT meson spe
tra forproton-nu
leus intera
tions are reasonably well des
ribed by this ansatz, whi
h however fails toreprodu
e the measured high pT baryon spe
tra [23℄. On the other hand, the di�eren
es betweenmeson- and baryon-produ
tion in proton-nu
leus rea
tions 
an be explained by a �nal-state re-
ombination model [24℄. Re
ently B.Z. Kopeliovi
h et al. [25℄ have formulated a parameter freeCorresponden
e to: Christopher.van.Eldik�mpi-hd.mpg.de
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(b)Figure 1. Invariant mass distributions for a) K+�� and b) K+K� mass 
ombinations on the 
arbon targetafter appli
ation of the 
uts des
ribed in the text. The distributions were �t by a Gaussian-smeared relativisti
Breit-Wigner fun
tion and a ba
kground term (see text).des
ription of the pro
ess. It explains the Cronin e�e
t as a result of a 
onvolution of the initialparton distribution a�e
ted by initial state intera
tions, followed by the hard s
attering pro
essand the fragmentation of the s
attered partons. From this ansatz, it follows that the steeper thepT dependen
e of the 
ross se
tion, the larger the Cronin e�e
t should be, i.e. its strength shoulddepend on the 
avor 
omposition of the s
attering partons via its stru
ture- and fragmentationfun
tions dependen
e. Moreover, a weak energy dependen
e of the Cronin e�e
t is expe
ted [25℄in agreement with the observation of [21℄ for high-pT K� mesons produ
ed in proton-nu
leusintera
tions in the energy range 200 GeV to 400 GeV.None of these models expli
itly address the issue of the dependen
e of the Cronin e�e
ton the 
avor or mass of the produ
ed hadron. The measurement presented here should moti-vate and aid further theoreti
al e�orts to understand the Cronin e�e
t and thereby lead to adeeper understanding of nu
lear e�e
ts in pA 
ollisions, parti
ularly in the area of strangenessprodu
tion.2 Data a
quisition and event re
onstru
tionThe data were 
olle
ted with the HERA-B dete
tor operated at the proton ring of the HERAstorage ring 
omplex. The pN 
enter-of-mass energy was ps = 41:6GeV. The K�0/K�0 data
over the rapidity interval �0:8 � y � 0:3 (in the 
entre-of-mass system) and a transversemomentum range of 0 � p2T � 12GeV2=
2. The � results were obtained for �0:7 � y � 0:25and 0:3 � p2T � 12GeV2=
2. Here the la
k of data for p2T < 0:3GeV2=
2 is due to the small
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tion in Proton-Nu
leus Intera
tions at ps = 41:6GeV 5opening angle of the � de
ay in the lab system that makes the de
ay produ
ts es
ape throughthe beam-pipe.The HERA-B dete
tor is a forward magneti
 spe
trometer with a large a

eptan
e forparti
les produ
ed in the 
entral region. The most important 
omponents of the dete
tor forthis analysis are a wire target [26℄ inserted into the halo of the 920GeV proton beam, a vertexdete
tor [27℄ followed by a magneti
 dipole �eld of 2.13 Tm, a tra
king system [28℄ using drifttube 
hambers, a Ring Imaging Cherenkov dete
tor (RICH) [29℄ whi
h enables the identi�
ationof K� mesons above a threshold of 9.6GeV/
, and an ele
tromagneti
 
alorimeter [30℄. A moredetailed overview of the HERA-B dete
tor 
an be found elsewhere [31℄.The analysis is based on data re
orded in the run period 2002/03. From a total of 200 � 106events 
olle
ted with three di�erent target materials a sub-sample of 132 � 106 events taken ina 2-weeks period in De
ember 2002 was sele
ted to minimise systemati
 un
ertainties. About58 � 106 events were re
orded with a 
arbon (C) wire target, 21 � 106 events with a titanium(Ti) target, and 53 � 106 events with a tungsten (W) target. As the data were re
orded at amoderate intera
tion rate of 1:5� 106 s�1, 
ompared to an average rate of �lled proton bun
hesof 8:5 � 106 s�1 at the target, only about 18% of all bun
h 
rossings with the target produ
ean inelasti
 intera
tion. To reje
t empty bun
h 
rossings an intera
tion trigger a

epted onlythose events, where either the number of hits in the RICH was > 20 (for a � = 1 parti
le 32photons are dete
ted on average), or a 
luster with an energy > 1GeV was dete
ted in the innerpart of the ele
tromagneti
 
alorimeter. The eÆ
ien
y of the trigger was larger than 99% [32℄.In parallel to the intera
tion trigger, events were sele
ted in a random manner, regardless ofwhether or not they 
ontained an inelasti
 intera
tion. These random events were used to studypossible biases of the intera
tion trigger [32℄.The events were re
onstru
ted with the standard HERA-B analysis pa
kage [33℄, based oninformation from the vertex dete
tor and the tra
king system. Charged parti
les were identi�edby mat
hing the tra
ks with rings re
onstru
ted in the RICH. Using the tra
k momentuminformation, the likelihood probability for 
harged kaons, protons, light parti
les (e, �, ��), anda ba
kground hypothesis were 
al
ulated [29℄.The integrated luminosity was determined from the intera
tion rate at the target monitoredby various devi
es and from the total inelasti
 
ross se
tion [32℄.3 Data analysis3.1 K� meson identi�
ation and K�0 (�) optimisationTo identifyK�0/K�0 and �, the de
ay 
hannelsK�0 ! K+�� , K�0 ! K��+ , and �! K+K�were investigated. For all events with at least two oppositely 
harged tra
ks the invariant massminv of the pair was separately 
al
ulated for the K+��, K��+, and K+K� mass assumption.For the further analysis mass 
ombinations were a

epted if0:63GeV=
2 � minv � 1:6GeV=
2for the K���, and 0:988GeV=
2 � minv � 1:198GeV=
2for the K+K� 
ombinations, respe
tively. In order to redu
e the 
ombinatori
 ba
kground,K� mesons were identi�ed by the RICH. For the K�0(K�0) 
andidates, the kaon identi�
ationwas demanded for the positive (negative) tra
k, while for the � 
andidates kaon identi�
ationwas applied for both tra
ks. Only K� 
andidates with a momentum pK � 9:7GeV=
 were
onsidered, slightly above the kaon threshold of the RICH. While for the determination of the



6 I. Abt et al.: K�0 and � Meson Produ
tion in Proton-Nu
leus Intera
tions at ps = 41:6GeV� signal a soft likelihood probability 
ut of LK � 0:3 eÆ
iently suppressed the ba
kground, aharder 
ut of LK � 0:95 was required for the K�0 to redu
e the 
ombinatori
 ba
kground. Thenon-existen
e of mass re
e
tions has been 
he
ked by experimental data and by the Monte-Carlo(MC) simulation des
ribed in 
hapter 3.3.For momenta pK < 40GeV=
 the eÆ
ien
y for identi�
ation ofK� mesons is high, amountingto about 90% [29℄. For higher momenta the dis
rimination power drops and the misidenti�
ationprobability in
reases, sin
e for su
h momenta the Cherenkov angles for � and K mesons be
omeindistinguishable. The K meson identi�
ation eÆ
ien
y as a fun
tion of K momentum has beendetermined by MC. It was 
he
ked with �! K+K� data [34℄ by identifying either one or bothkaons and re
onstru
ting the � resonan
e. The di�eren
e in eÆ
ien
y between data and MC of5% per identi�ed kaon was 
orre
ted for, and a residual systemati
 error of 2% was estimated(see 
hapter 3.4). A large fra
tion of the produ
ed K�0 and � 
andidates were reje
ted by themomentum 
ut pK � 9:7GeV=
. The total eÆ
ien
y for K mesons from K�0 and � resonan
ede
ays to survive the RICH identi�
ation and the momentum 
ut was about 15%.The signi�
an
e of the signal was improved further by applying soft tra
k quality 
uts. In
ase of the vertex dete
tor at least 6 hits per tra
k were demanded. In the tra
king systema 
ut of at least 15 hits per tra
k was used to enhan
e the signi�
an
e of the K�0 (�) signalwithout redu
ing the eÆ
ien
y. On average, a tra
k 
omprised 12 hits in the vertex dete
tor and40 hits in the tra
king system, respe
tively. The K�0 signal signi�
an
e was improved furtherby applying a 
ut of p� � 2GeV=
 to pion tra
k 
andidates [35℄. The 
uts were optimised forsigni�
an
e using signal MC and real data ba
kground events.3.2 Signal determinationTypi
al invariant mass distributions for the K+�� and K+K� 
ombinations are shown in Fig.1, after appli
ation of the 
uts mentioned above. To fa
ilitate the extra
tion of the signal, theresonan
e was des
ribed by a relativisti
 P -wave Breit-Wigner [36℄:BW (m) = m �m0 � � (m)(m20 �m2)2 + (m0 � � (m))2 (1)� (m) = �0 � � qq0�2l+1 � m0m ; (2)with �0 = � (m0) the natural widthq(m)jK�0 = p(m2 � (mK +m�)2)(m2 � (mK �m�)2)2mq(m)j� = qm2 � 4m2K2q0 = q(m0)l = 1:q(m) is the momentum of the de
ay produ
ts in the rest frame of the mother parti
le, and l isthe angular momentum transferred. To take into a

ount e�e
ts of the dete
tor resolution theBreit-Wigner distribution was numeri
ally folded with a Gaussian of width �m in the �ts ofthe measured mass spe
tra. It has been 
he
ked that the mass resolutions in experimental dataand MC are 
onsistent within errors. The mass m0 of the resonan
e and the width �m werefree parameters of the �t, while the natural width �0 of the resonan
e was �xed to its PDG
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tion in Proton-Nu
leus Intera
tions at ps = 41:6GeV 7Table 1. Number of inelasti
 events (Nia ), number of K�0, K�0, and � 
andidates (NVM ) after analysis 
uts,re
onstru
ted mass (mre
), and experimental mass resolution (�m) for ea
h target material. Errors are statisti
alonly. Nia NVM mre
 [MeV/
2℄ �m [MeV/
2℄pA! K�0XC 58 � 106 187574 � 1726 890:5 � 0:2 5:1� 0:2Ti 21 � 106 83231 � 1237 890:7 � 0:4 5:0� 0:3W 53 � 106 262356 � 2420 890:8 � 0:2 5:3� 0:3pA! �K�0XC 58 � 106 149721 � 1622 890:8 � 0:2 4:6� 0:1Ti 21 � 106 65823 � 1147 890:7 � 0:4 5:1� 0:4W 53 � 106 195373 � 2225 891:5 � 0:3 4:8� 0:2pA! �XC 58 � 106 15379 � 204 1019:2 � 0:1 2:6� 0:1Ti 21 � 106 7580 � 142 1019:2 � 0:1 2:7� 0:1W 53 � 106 26971 � 295 1019:3 � 0:1 2:6� 0:1Table 2. Summary of systemati
 errors for the integrated and total produ
tion 
ross se
tion measurements. Seetext for a more detailed explanation. Numbers are grouped target material wise. The last two errors are due tothe phase spa
e extrapolation and have been applied only to the total 
ross se
tions. Numbers are given in %.C Ti WK�0 K�0 � K�0 K�0 � K�0 K�0 �MC statisti
s 1.0 1.3 1.6 1.0 1.3 1.1 1.0 1.3 0.7Bg. parametrisation 2.2 1.9 - 1.7 2.3 - 2.5 2.3 -Cut variation 2.8 2.8 6.2 2.8 2.8 7.0 2.8 2.8 7.1BR 0.1 0.1 1.22 0.1 0.1 1.22 0.1 0.1 1.22Luminosity 4:8 5:0 3:8Luminosity s
aling 2:0 2:0 2:0Tra
k eÆ
ien
y 3.0 3.0 3.0p2T -extr. - - 6.6 - - 8.8 - - 8.2y-extr. 2.6 4.1 6.3 2.6 4.5 6.0 2.6 4.5 4.9value [37℄. The number of resonan
e de
ays was estimated by integrating the �tted signal inthe interval �3�0 around the resonan
e mass m0. A variation of the �t interval by �0 
hangedthe yield up to 5%. The same was observed for the MC used for a

eptan
e 
orre
tion, thus
ompensating the e�e
t seen in data.The ba
kground was parametrised by expressions whi
h have been applied su

essfully inother experiments. For the K�0/K�0 the parametrisation of [38℄ was adopted:BGK�0(m) = p0 � � qm�p1 � e�p2q � p3q2 ; (3)where p0 : : : p3 are free parameters and q is the momentum transfer introdu
ed above. For the� meson the ba
kground was des
ribed by a parametrisation proposed in [39℄:BG�(m) = p0 �mp1rel � e�p2m � p3m2 ; (4)where mrel = m � 2mK and p0 : : : p3 again are free parameters of the �t. As shown in Fig. 1,these 
ombinations of signal and ba
kground fun
tions des
ribe the data properly.It has been shown [34,35℄ that both the �tted masses and the dete
tor resolution �m derivedfrom the data were stable for the whole data taking period and independent of the target
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tion in Proton-Nu
leus Intera
tions at ps = 41:6GeVmaterial. Also the resonan
e yields, normalized to the integrated luminosity, were stable duringthe whole data taking period. Table 1 summarises the K�0, K�0 and � statisti
s obtained after
uts, the re
onstru
ted mass positions, and the experimental mass resolutions.The bin size for the p2T - and rapidity (y-) distributions were 
hosen to be broader than theresolution determined from MC simulation. From MC we �nd that in ea
h bin more than 80%of the re
onstru
ted ve
tor mesons were generated in the same bin.3.3 A

eptan
e 
orre
tionA

eptan
e 
orre
tion fun
tions were determined from MC events using FRITIOF 7.02 [40℄. Thedete
tor simulation was based on GEANT 3.21 [41℄ and in
ludes the measured hit resolutions,mapping of ineÆ
ient 
hannels, and ele
troni
 noise. The simulated events were pro
essed by thesame re
onstru
tion 
hain as the data. Sin
e the FRITIOF generator uses an approximation forthe generation of hard parton-parton s
attering, the MC p2T distributions show a steeper slopethan observed in the data. To make sure that the re
onstru
tion eÆ
ien
ies and the in
uen
eof the analysis 
uts are 
orre
tly des
ribed by the simulation, the MC events were reweightedin p2T a

ording to the data for both the K�0/K�0 and the � meson. It was 
he
ked that afterreweighting both the rapidity and azimuthal MC distributions mat
h those of the data.The total eÆ
ien
y for ea
h p2T - and y-bin was determined with the help of the reweightedMC events by 
omparing the number of re
onstru
ted and produ
ed K�0/� mesons in ea
h bin.The number of re
onstru
ted mesons was obtained similar to data by a �t to the re
onstru
tedinvariant mass spe
tra. Typi
al eÆ
ien
ies vary between 5% and 30% [34, 35℄. Studies of sys-temati
 un
ertainties due to signal extra
tion and ba
kground estimation show that they arenegligible 
ompared to the statisti
al error in the 
orresponding interval. Note that for ea
hrapidity bin the eÆ
ien
ies are determined by integrating over the measured p2T -range and vi
eversa.3.4 Systemati
 errorsPossible sour
es of systemati
 un
ertainties have been studied in detail: Sin
e espe
ially theK�0/K�0 invariant mass distributions are a�e
ted by a large 
ombinatorial ba
kground peaking
lose to the resonan
e signal, an alternative ba
kground parametrisation to (3) was used, whi
hwas proven to be su

essful in studies of K�0 produ
tion in e+e�-
ollisions [42℄:BG(m) = p0 �1�� 1m+ p1�p2� � (1 + p3m) ; (5)where p0 : : : p3 are free parameters. The signal yields obtained in most p2T - and y-intervals agreefor the two analyses within their statisti
al un
ertainty. The absolute di�eren
e of the yields, de-rived using the two ba
kground parametrisations, is 
onsidered as a systemati
 error. It amountsto about 2% for the integrated 
ross se
tions. For the � meson a 
orresponding study [34℄ pro-vided mu
h smaller deviations, and their 
ontribution to the systemati
 error 
an be safelynegle
ted.The variation of the analysis 
uts, in
luding the un
ertainties in the kaon identi�
ationeÆ
ien
y (2.0% per identi�ed parti
le), resulted in a systemati
 un
ertainty of 2.8% for theK�0/K�0 and 6.2-7.1% for the � analysis (depending on the target material). The systemati
error of the luminosity 
onsists of an overall s
aling error of 2% and a target material dependentpart of 3.8-5.0%, and the systemati
 error of the bran
hing ratios [37℄ amounts to 0.1% and1.22% for K�0 ! K+��/K�0 ! K��+ and � ! K+K�, respe
tively. A systemati
 error on
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(b)Figure 2. Measured in
lusive di�erential 
ross se
tions d�=dy as a fun
tion of rapidity for a) K�0 and b) K�0meson produ
tion in the range 0 � p2T � 12GeV2=
2. Horizontal bars indi
ate the widths of the individual bins,while verti
al errors bars represent the un
ertainties due to statisti
s. Note that for most bins the error is smallerthan the size of the symbols. The dashed lines show the (s
aled) results of the FRITIOF MC.the tra
k eÆ
ien
y of 1.5% per tra
k was estimated using K0s ! �+�� de
ays [43℄. A summaryof all systemati
 errors is given in Table 2.4 Experimental results4.1 Di�erential 
ross se
tionsDue to limited statisti
s, we did not 
al
ulate the double-di�erential 
ross se
tion, but ratherdetermined the one-dimensional rates dN=dp2T and dN=dy, whi
h were integrated over the mea-sured y and p2T range, respe
tively. Given the 
orresponding one-dimensional eÆ
ien
ies�a

(p2T ) and �a

(y), the di�erential 
ross se
tions 
an be written as:d�dx = 1BR � L dNdx 1�a

(x) ; (6)where x = �y; p2T	. BR and L denote the bran
hing ratio of the de
ay and the integrated lumi-nosity of the data set, respe
tively. The a

eptan
e boundaries of the measurement in rapidityand transverse momentum squared are given in Table 4.The measured 
ross se
tions for the K�0 and the K�0 mesons as a fun
tion of rapidity areshown in Fig. 2. The 
ross se
tions are rather 
at as expe
ted in the 
entral rapidity region [44℄.The K�0 
ross se
tions are suppressed in 
omparison to the K�0 
ross se
tions by about 20%,in agreement with the results of the FRITIOF MC. The rapidity distributions for � mesons
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leus Intera
tions at ps = 41:6GeVprodu
ed on C, Ti, and W targets are shown in Fig. 4. Again the 
ross se
tion in the 
entralregion is 
at.Transverse momentum spe
tra are shown in Fig. 3 for the K�0 and K�0. The spe
tra deviatefrom a simple exponential shape at large transverse momenta, whi
h 
an be tra
ed ba
k to hardparton-parton s
attering [45℄. Common exponential parametrisations liked�dp2T = C2 e�ap2T ; (7)or d�dp2T = C3 e�bmT ; mT =qm20 + p2T (8)only �t the data for p2T . 1GeV2=
2.On the 
ontrary, as is shown in Fig. 3, a power-law parametrisation,d�dp2T = C1�1 + p2Tp20 ��� ; (9)des
ribes the spe
tra over the full p2T range of the measurements. The p2T -spe
trum of K�0mesons, whi
h have no valen
e quarks in 
ommon with nu
leons, is steeper than the K�0 mesonspe
trum. Similar observations have been made in hard pp 
ollions forK� mesons in 
omparisontoK+ mesons [45,46℄. In the latter 
ase this observation has been tra
ed ba
k to the fa
t thatK�mesons are, for the kinemati
 
ondition of the experiment, dominantly gluon fragments [45,47℄.QCD 
al
ulations [48℄ show that for a �xed value of xT = 2 pT =ps the relative 
ontribution ofgluon fragments to K� (K�0) produ
tion de
reases while the sea quark share is enhan
ed whenthe CMS energy is in
reased.The same parametrisation (9) su

essfully �ts the transverse momentum distributions forthe �, shown in Fig. 5. The suppression of � mesons as 
ompared to K�0mesons by a fa
tor of3 to 4 is 
ompatible with the known strangeness suppression in fragmentation pro
esses [42℄.No simple qualitative explanation exists for the observation that the K�0pT spe
trum is steeperthan that of � meson.The �t parameters for all parti
les are 
olle
ted in Table 3. Note that the �2 of the tungsten�ts is 
onsiderably worse than those of the other target materials. This is likely 
aused by anenhan
ement of ba
kground due to the large multipli
ity of the pW intera
tions. The �2 improveshowever 
onsiderably when leaving out the bin of largest p2T in the �ts. The di�erential 
rossse
tions d�=dy and d�=dp2T for K�0, K�0, and � produ
tion are summarised in Tables 6 and 7.4.2 Integrated in
lusive and total 
ross se
tionsThe integrated 
ross se
tions in the a

eptan
e region of the HERA-B dete
tor are 
al
ulatedby �tting the shape of the MC distributions to the di�erential 
ross se
tions d�=dy. The resultsof the �ts are shown as dashed lines in Figs. 2 and 4. The integrated 
ross se
tions �vis in thephase spa
e a

essible to the HERA-B experiment are listed in Table 4. Note that integratingthe p2T di�erential distributions yields 
onsistent 
ross se
tions.The good agreement of the K�0 and K�0 transverse momentum spe
tra with the power-lawparametrisation (9) for small pT suggests that this is true also for the � di�erential 
ross se
tions,where only data with p2T � 0:3GeV2=
2 are available. Hen
e we have used this parametrisationto extrapolate the � di�erential 
ross se
tion to 0 � p2T � 0:3GeV2=
2 when 
al
ulating the total
ross se
tion. The extrapolation fa
tors are summarised in Table 4. The systemati
 un
ertainty
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(b)Figure 3. Measured in
lusive di�erential 
ross se
tions d�=dp2T as a fun
tion of p2T for a) K�0 and b) K�0produ
tion. The verti
al error bars re
e
t statisti
al errors only. Fits to the parametrisation (9) are superimposed.
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ross se
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tion of rapidity for � meson produ
tion inthe range 0:3GeV2=
2 � p2T � 12GeV2=
2. The verti
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e
t the un
ertainties due to statisti
s. Thedashed lines show the (s
aled) results of the FRITIOF MC.
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Figure 5. Measured in
lusive di�erential 
ross se
tions d�=dp2T as a fun
tion of p2T for � meson produ
tion. Theverti
al error bars represent the un
ertainties due to statisti
s. Fits to the parametrisation (9) are superimposed.Table 3. Results of the power-law �ts (9) for the di�erential 
ross se
tions d�=dp2T . Fits were performed withinthe full p2T -range of the measurements and in the rapidity interval a

essible by the experiment (�0:8 � y � 0:3for K�0/K�0, �0:7 � y � 0:25 for �). The last 
olumn gives the mean pT of the 
ross se
tions, 
al
ulated fromthe �t parameters. C1 [mb=GeV2℄ � p20 [GeV2=
2℄ �2=n.d.f. hpT i [GeV=
℄pA! K�0XC 28:5� 1:1 4:17 � 0:12 1:36 � 0:08 9.1/8 0:66 � 0:07Ti 87:1� 5:2 3:89 � 0:14 1:30 � 0:11 8.3/8 0:69 � 0:09W 268:5 � 10:9 3:75 � 0:10 1:32 � 0:08 24.5/8 0:72 � 0:07pA! �K�0XC 24:4� 1:0 4:67 � 0:16 1:52 � 0:11 14.2/8 0:64 � 0:07Ti 71:9� 4:4 4:39 � 0:21 1:51 � 0:14 13.0/8 0:67 � 0:11W 230:5 � 10:2 4:51 � 0:16 1:68 � 0:12 36.9/8 0:69 � 0:08pA! �XC 7:6� 0:8 4:04 � 0:15 1:26 � 0:13 12.6/12 0:66 � 0:09Ti 31:9� 5:0 3:81 � 0:21 1:15 � 0:17 10.5/12 0:66 � 0:14W 73:9� 6:1 4:20 � 0:14 1:65 � 0:14 28.4/12 0:72 � 0:09of the extrapolations is estimated by using parametrisation (7) as an alternative and takingthe di�eren
e between the two approa
hes. Leaving out the bin of largest p2T in the power-law�t in
reases the extrapolated � 
ross se
tion by about 6%, whi
h is fully 
ompatible with thissystemati
 un
ertainty.Taking into a

ount the limited rapidity 
overage of the dete
tor, the integrated 
ross se
tionsare then extrapolated to full phase spa
e using target-spe
i�
 
orre
tion fa
tors ��vis . Thesefa
tors are derived from the MC simulators FRITIOF [40℄ and HIJING [49℄, and the averageof both was taken for extrapolation. The systemati
 error was estimated by taking half the
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tions at ps = 41:6GeV 13Table 4. Extrapolated total 
ross se
tions �pA, and integrated in
lusive di�erential produ
tion 
ross se
tions �viswithin the a

essible phase spa
e of the measurement. The errors denote the statisti
al error and the 
ombinedsystemati
 error, respe
tively. The rapidity and p2T 
overage of the measurements are given in 
olumns 3 and4. For the � meson, Rextrp2T denotes the fa
tor used for extrapolation of the integrated 
ross se
tions to p2T = 0.��vis is the fra
tion of the total 
ross se
tion within the rapidity 
overage of the measurement, based on theFRITIOF [40℄ and HIJING [49℄ Monte-Carlo generators. Note that for these numbers the p2T -extrapolation forthe � 
ross se
tions was applied beforehand.�pA [mb℄ �vis [mb℄ rapidity interval p2T range [GeV2=
2℄ Rextrp2T ��vis [%℄pA! K�0XC 43:9� 0:6� 3:3 12:1� 0:2� 0:9 -0.8 { +0.3 0.0 { 12.0 1 27:4� 0:7Ti 141:2 � 2:6� 10:6 38:5� 0:7� 2:7 1 27:3� 0:7W 465:9 � 6:4� 32:7 127:5 � 1:7 � 8:3 1 27:4� 0:7pA! �K�0XC 36:0� 0:6� 2:9 10:0� 0:2� 0:7 -0.8 { +0.3 0.0 { 12.0 1 27:7� 1:1Ti 111:5 � 2:5 � 9:7 31:1� 0:7� 2:3 1 27:9� 1:3W 388:8 � 6:9� 30:8 107:6 � 1:9 � 7:0 1 27:7� 1:3pA! �XC 11:0� 0:2� 1:4 1:60 � 0:03 � 0:14 -0.7 { +0.25 0.3 { 12.0 1:94 � 0:13 28:3� 1:8Ti 44:7� 1:0� 6:0 6:4� 0:1� 0:6 1:97 � 0:17 28:3� 1:7W 135:1 � 1:6� 17:0 21:9� 0:3� 2:0 1:72 � 0:14 27:9� 1:4Table 5. Atomi
 mass number dependen
e of the integrated and total produ
tion 
ross se
tions, and extrapolatedprodu
tion 
ross se
tions in proton-nu
leon rea
tions. The errors of � re
e
t the statisti
al errors and all target-material dependent systemati
 errors. For �pN , full errors due to statisti
s and systemati
s are given. Errors wereadded in quadrature. pN ! K�0X pN ! �K�0X pN ! �X�vis 0:86 � 0:03 0:87 � 0:03 0:96 � 0:02�pA 0:87 � 0:03 0:87 � 0:03 0:91 � 0:02�pN [mb℄ 5:06 � 0:54 4:02 � 0:45 1:17 � 0:11di�eren
e between the FRITIOF and the HIJING results. As quanti�ed in Table 4 about 28%of the total 
ross se
tion is a

essible to the experiment. Corre
ting the limited phase spa
e
overage leads to the total in
lusive 
ross se
tions�pA = Rextrp2T � �vis��vis (10)for K�0, K�0, and � produ
tion in pC-, pTi-, and pW-intera
tions (
olle
ted in Table 4). Thesystemati
 error of the 
ross se
tion extrapolation in total amounts to about 2.6% for the K�0,4.5% for the K�0, and 10.0% for the � total produ
tion 
ross se
tions (Table 2).4.3 Atomi
 mass number dependen
e of the integrated and total 
ross se
tionsFig. 7 shows the atomi
 mass number dependen
e of the integrated 
ross se
tions �vis for theprodu
tion of K�0, K�0, and � mesons in pA-intera
tions. The atomi
 number dependen
e iswell-des
ribed by a power-law �vis = �vis;0 � A�vis ; (11)where �vis;0 is the visible proton-nu
leon 
ross se
tion. The results for the exponent �vis are
olle
ted in Table 5. Comparing the values with those for inelasti
 pA 
ross se
tions, �inel =
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 Xφ →pA (b)Figure 6. a) Comparison of K�0/K�0 and K�� meson total produ
tion 
ross se
tions at various 
entre-of-massenergies [38,51{57℄. The results of this analysis have been slightly displa
ed from ea
h other for better visibility. b)same as a) but for � meson produ
tion [17,38,54,58{63℄. Results of the pBe measurements have been extrapolatedto A = 1 using � = 0:91 � 0:02 from [17℄.0:71� 0:01 [50℄, it follows that strange ve
tor meson produ
tion shows a stronger A-dependen
ethan the total inelasti
 
ross se
tion. While the latter s
ales roughly with the 
ross-se
tionalarea of the nu
leus, the K�0 and � produ
tion 
ross se
tions show a tenden
y towards s
alingwith the volume.The same parametrisation 
an be used to des
ribe the A-dependen
e of the 
ross se
tionsextrapolated to the full phase spa
e, �pA = �pN �A�pA : (12)�pN is an estimate of the total 
ross se
tion for strange ve
tor meson produ
tion in proton-nu
leon rea
tions. The �tted values for �pA and �pN are in
luded in Table 5, and the results for�pN are 
ompared to those measured at other energies in pp and pA rea
tions (Fig. 6). Re
ently,the NA60 
ollaboration measured the produ
tion of � mesons in 
ollisions of 400 GeV protonswith various nu
lei [17℄. Fitting their data to eq. 12, they obtain � = 0:91 � 0:02, whi
h is ingood agreement with our measurements. Consequently, the pBe data displayed in Fig. 6 b) wereres
aled using this result.4.4 Cronin e�e
tThe A-dependen
e of the di�erential 
ross se
tions d�=dy and d�=dp2T themselves is also ofinterest. Fig. 8 demonstrates that, for the di�erential 
ross se
tions integrated over p2T , theexponent � is in good approximation independent of rapidity in the range of the measurement.Note that mainly soft intera
tions with p2T � 1GeV2=
2 
ontribute to the 
ross se
tion.In 
ontrast, � depends on the transverse momentum. With in
reasing p2T , � 
onstantly in-
reases, as shown in Fig. 9. Cronin et al. [21℄ have observed this e�e
t for the produ
tion ofstable parti
les (�, K, p). In this analysis we report an observation of the Cronin e�e
t for theprodu
tion of ve
tor mesons 
ontaining strange quarks. Note however, that the exponent forK�0 and K�0 produ
tion is smaller than that for K+ and K� mesons. Only at the highest pTvalues do the distributions get 
lose to ea
h other, while the exponents � for � and K+ mesons
oin
ide for all transverse momenta.Qualitatively the observations shown in Fig. 9 are in agreement with the model of [25℄ whi
hpredi
ts a de
rease of � with in
reasing CMS energy; this is indeed observed for the K�0 (K�0)
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tion.data 
olle
ted at a beam energy of 920 GeV when 
ompared to the K+ (K�) results of Cronin etal. measured at 400 GeV. On the other hand �� produ
ed at a beam energy of 920 GeV 
oin
ideswith that of K+ mesons 
olle
ted at 400 GeV; this might indi
ate a di�erent 
avor 
ompositionof the initially s
attered partons fragmenting to � mesons as 
ompared to K�0 (K�0) mesons.5 Con
lusionThe 
ross se
tions of K�0, K�0, and � meson produ
tion in the 
entral rapidity region havebeen measured for the �rst time in pC-, pTi-, and pW-intera
tions. The 
ross se
tions showa power-law dependen
e � / A� with an exponent of � � 0:8 � 1:1 depending both on theprodu
ed ve
tor meson and the transverse momentum. The exponent � is found to be largerthan the 
orresponding value for the total inelasti
 
ross se
tion. The measurements of �(p2T )
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for the � ve
tor meson agree with the values determined by Cronin et al. [21℄ for K+ mesons.For the K�0/K�0 mesons, �(p2T ) is systemati
ally smaller.
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tion 
ross se
tions d�=dy in the a

essible phase spa
e of themeasurement. The errors re
e
t the statisti
al and full systemati
 errors, respe
tively.�y d�=dy [mb℄C Ti WK�0 -0.8 { -0.6 12:5 � 0:4� 0:9 38:6� 2:2� 2:9 128:3 � 4:6� 8:6-0.6 { -0.5 12:3 � 0:5� 0:9 41:6� 2:2� 3:2 131:6 � 5:4� 9:0-0.5 { -0.4 10:8 � 0:4� 0:8 34:0� 1:8� 2:5 112:9 � 3:7� 7:3-0.4 { -0.3 12:2 � 0:3� 0:9 39:7� 1:7� 2:9 120:6 � 3:4� 7:7-0.3 { -0.2 11:1 � 0:3� 0:8 34:4� 1:7� 2:4 114:3 � 3:0� 7:1-0.2 { -0.1 10:6 � 0:3� 0:7 33:5� 1:4� 2:3 112:8 � 3:0� 7:0-0.1 { 0.0 10:7 � 0:3� 0:7 34:6� 1:4� 2:4 115:2 � 2:9� 7:10.0 { +0.1 11:1 � 0:3� 0:8 33:5� 1:5� 2:4 121:2 � 3:3� 7:6+0.1 { +0.2 10:1 � 0:3� 0:7 32:4� 1:5� 2:4 110:3 � 3:6� 7:2+0.2 { +0.3 10:0 � 0:4� 0:8 37:0� 2:3� 2:8 109:0 � 3:9� 7:5K�0 -0.8 { -0.6 8:5 � 0:4 � 0:7 28:7� 1:7� 2:3 96:8 � 4:1 � 7:1-0.6 { -0.5 9:9 � 0:5 � 0:8 30:0� 2:1� 2:5 114:0 � 4:9� 8:6-0.5 { -0.4 9:2 � 0:4 � 0:7 31:5� 1:8� 2:5 97:7 � 4:3 � 6:9-0.4 { -0.3 8:8 � 0:4 � 0:7 26:6� 1:6� 2:1 102:9 � 4:0� 7:4-0.3 { -0.2 9:4 � 0:3 � 0:7 31:1� 1:5� 2:3 102:8 � 3:4� 6:7-0.2 { -0.1 9:3 � 0:3 � 0:7 31:5� 1:8� 2:4 105:6 � 3:5� 7:0-0.1 { 0.0 9:5 � 0:3 � 0:7 28:4� 1:5� 2:1 91:7 � 3:3 � 6:10.0 { +0.1 8:7 � 0:3 � 0:6 26:0� 1:3� 1:9 88:8 � 3:4 � 5:6+0.1 { +0.2 8:9 � 0:3 � 0:7 25:1� 1:6� 2:0 97:3 � 3:2 � 7:2+0.2 { +0.3 8:1 � 0:4 � 0:7 25:9� 1:8� 2:2 92:3 � 4:0 � 7:1� -0.70 { -0.55 1:77 � 0:10 � 0:18 7:2� 0:6� 0:8 23:1 � 0:9 � 2:1-0.55 { -0.40 1:81 � 0:06 � 0:17 7:0� 0:4� 0:7 24:0 � 0:6 � 2:1-0.40 { -0.30 1:80 � 0:06 � 0:21 7:2� 0:3� 0:7 24:7 � 0:7 � 2:2-0.30 { -0.20 1:60 � 0:05 � 0:14 6:8� 0:3� 0:7 23:0 � 0:5 � 2:0-0.20 { -0.10 1:71 � 0:05 � 0:14 6:7� 0:3� 0:6 21:7 � 0:5 � 1:9-0.10 { 0.00 1:64 � 0:05 � 0:14 6:4� 0:3� 0:6 22:7 � 0:6 � 2:00.00 { +0.10 1:84 � 0:07 � 0:16 7:3� 0:4� 0:7 23:6 � 0:8 � 2:1+0.10 { +0.25 1:45 � 0:10 � 0:14 6:1� 0:5� 0:6 26:5 � 1:1 � 2:548. V.V. Abramov et al., Sov. J. Nu
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tions at ps = 41:6GeV 19Table 7. Compilation of the di�erential produ
tion 
ross se
tions d�=dp2T in the a

essible phase spa
e of themeasurement. The errors re
e
t the statisti
al and full systemati
 errors, respe
tively. The right 
olumn lists theresults of the A� �ts shown in Figs. 9. The errors given are the 
ombined statisti
al and target-material dependentsystemati
 errors, added in quadrature.�(p2T ) [GeV2=
2℄ d�=dp2T [mb=(GeV=
)2℄C Ti W �K�0 0.0 { 0.2 22:2� 0:5� 1:5 69:4� 4:3� 4:9 224:3 � 5:8� 14:0 0:85 � 0:030.2 { 0.4 12:2� 0:4� 0:8 38:9� 1:6� 2:7 119:4 � 4:2� 7:4 0:84 � 0:030.4 { 0.6 7:4� 0:2� 0:5 25:5� 1:3� 1:8 76:0 � 2:7� 4:9 0:85 � 0:030.6 { 0.8 4:7� 0:2� 0:3 14:5� 0:8� 1:1 50:5 � 2:0� 3:3 0:87 � 0:030.8 { 1.0 3:5� 0:1� 0:3 10:6� 0:7� 0:8 37:9 � 1:3� 2:5 0:88 � 0:031.0 { 1.5 1:92 � 0:04 � 0:13 6:4� 0:2� 0:4 21:8 � 0:5� 1:3 0:89 � 0:021.5 { 2.0 0:91 � 0:03 � 0:07 3:1� 0:2� 0:2 11:9 � 0:3� 0:8 0:95 � 0:032.0 { 3.0 0:37 � 0:01 � 0:03 1:45 � 0:06 � 0:11 5:0 � 0:1 � 0:3 0:95 � 0:033.0 { 4.0 0:157 � 0:006 � 0:013 0:56 � 0:04 � 0:05 2:20 � 0:08 � 0:16 0:97 � 0:044.0 { 7.0 0:035 � 0:001 � 0:003 0:142 � 0:008 � 0:011 0:64 � 0:02 � 0:04 1:08 � 0:037.0 { 12.0 0:0044 � 0:0003 � 0:0004 0:021 � 0:002 � 0:002 0:084 � 0:004 � 0:007 1:08 � 0:05K�0 0.0 { 0.2 19:3� 0:5� 1:4 59:2� 3:4� 4:3 201:8 � 5:5� 13:0 0:86 � 0:030.2 { 0.4 10:1� 0:3� 0:7 31:0� 1:5� 2:2 101:3 � 3:7� 6:5 0:85 � 0:030.4 { 0.6 6:2� 0:2� 0:4 19:1� 1:1� 1:4 65:0 � 2:9� 4:3 0:86 � 0:030.6 { 0.8 4:0� 0:2� 0:3 13:9� 0:9� 1:1 46:2 � 2:3� 3:2 0:90 � 0:040.8 { 1.0 2:8� 0:1� 0:2 10:1� 0:7� 0:8 34:5 � 1:7� 2:5 0:93 � 0:041.0 { 1.5 1:55 � 0:04 � 0:12 5:1� 0:3� 0:4 19:0 � 0:7� 1:3 0:92 � 0:031.5 { 2.0 0:68 � 0:02 � 0:05 2:6� 0:1� 0:2 8:7 � 0:3 � 0:6 0:93 � 0:032.0 { 3.0 0:264 � 0:010 � 0:022 0:88 � 0:05 � 0:07 3:9 � 0:1 � 0:3 1:00 � 0:043.0 { 4.0 0:102 � 0:006 � 0:011 0:45 � 0:03 � 0:04 1:78 � 0:08 � 0:16 1:05 � 0:054.0 { 7.0 0:024 � 0:001 � 0:002 0:097 � 0:008 � 0:009 0:42 � 0:02 � 0:03 1:06 � 0:057.0 { 12.0 0:0018 � 0:0002 � 0:0002 0:010 � 0:002 � 0:001 0:035 � 0:003 � 0:003 1:07 � 0:07� 0.3 { 0.4 2:8� 0:3� 0:2 9:4� 1:7� 1:2 34:9 � 4:1� 3:8 0:92 � 0:070.4 { 0.5 2:3� 0:2� 0:3 9:2� 1:3� 1:1 31:2 � 2:5� 3:1 0:95 � 0:060.5 { 0.7 1:70 � 0:09 � 0:16 7:0� 0:6� 0:7 23:0 � 1:1� 2:1 0:95 � 0:030.7 { 0.9 1:09 � 0:05 � 0:09 4:5� 0:3� 0:5 14:2 � 0:6� 1:3 0:94 � 0:030.9 { 1.1 0:73 � 0:03 � 0:07 2:8� 0:2� 0:3 10:1 � 0:4� 0:9 0:96 � 0:031.1 { 1.3 0:46 � 0:02 � 0:04 2:0� 0:1� 0:2 6:6 � 0:2 � 0:6 0:97 � 0:031.3 { 1.5 0:35 � 0:02 � 0:03 1:57 � 0:09 � 0:16 5:2 � 0:2 � 0:5 0:98 � 0:031.5 { 1.8 0:266 � 0:010 � 0:024 1:02 � 0:06 � 0:10 4:0 � 0:1 � 0:4 1:00 � 0:031.8 { 2.2 0:163 � 0:006 � 0:015 0:62 � 0:03 � 0:06 2:59 � 0:07 � 0:23 1:02 � 0:032.2 { 2.7 0:098 � 0:001 � 0:009 0:43 � 0:02 � 0:04 1:57 � 0:04 � 0:14 1:01 � 0:022.7 { 3.3 0:058 � 0:002 � 0:005 0:24 � 0:01 � 0:02 0:99 � 0:03 � 0:09 1:04 � 0:033.3 { 4.1 0:031 � 0:001 � 0:003 0:145 � 0:009 � 0:014 0:57 � 0:02 � 0:05 1:06 � 0:034.1 { 5.3 0:0157 � 0:0008 � 0:0014 0:065 � 0:005 � 0:007 0:268 � 0:010 � 0:024 1:04 � 0:035.3 { 7.6 0:0049 � 0:0003 � 0:0005 0:021 � 0:002 � 0:002 0:095 � 0:004 � 0:009 1:09 � 0:047.6 { 12.0 0:0010 � 0:0001 � 0:0001 0:0063 � 0:0010 � 0:0009 0:0183 � 0:0008 � 0:0020 1:06 � 0:06
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