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Phenomenological analysis oK*-meson production in proton-nucleus collisions
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Total and differential cross sections from literature, on the productiak‘ofnesons inpA interactions at
projectile energies betweeh,=0.8 and 2.9 GeV, covering the transition across the free nucleon-nucleon
threshold at 1.58 GeV, have been investigated. From the target-mass dependence of the production cross
sections no evidence for the expected change of the dominant reaction mechanism from two step to direct kaon
production was found. AT,=1.0 GeV theA dependences of the total cross sections and of the most recent
data from COSY-Jich, differential cross sections measured under forward angles, are strongly different. The
invariant K * -production cross sections show an overall exponential scaling behavior with the squared four-
momentum transfer between the beam proton and the prod{itedeson fort< —0.05 GeV?, independent of
the beam energy and emission angle. The data from COBJeveal a strongly differertt dependence in
the region oft>0 Ge\2. Further data at forward angles and different beam energies should be taken in order
to explore this region of kinematically extreme conditions.

DOI: 10.1103/PhysRevC.65.014603 PACS nunier25.40.Ve, 13.75.Cs

I. INTRODUCTION asA® with «~0.6—-0.7 at proton energies ranging from 1 to
100 GeV[13-15. For an opaque nucleus approaches 2/3
The study of subthreshold and nearthreshold protondue to absorption of the incident proton on the nuclear sur-

induced production oK* mesons in nuclei has received face. ) )
considerable interest during the last two decades. Due to the In Sec. Il a systematic analysis of tAedependence of the
rather highk * -production threshold in free nucleon-nucleon €Xisting data is presented. It is investigated whether conclu-
collisions (Tyn=21.58 GeV) and to the large mean free pathSIONS about the reaction mfchanlsms can be drawn and
of K* mesons in nuclear matter, one hopes to extract infor?hether theA dependence df “-meson production depends

mation about the intrinsic properties of the target nuclei ancgnmfgggﬁzcrfgg ;Ir?demg“n?esﬁ';ﬂerﬁ ?:euim:}nrﬁggsafeﬁeem?;;igg
the |_nmeql|ur_n prope_rt|es .Of. kaons. waously, n c_>rder toward kaon emission angles are motivated. In Sec. Ill data
obtain this information, it is essential to determine the

" . . taken at the same beam energy but for different kaon mo-
K -produciUon mechanisms. _ enta and emission angles are compared by analyzing them
Total K™ -production cross sections have been measure s a function of the four-momentum transicbetween the
at the Petersburg Nuclear Physics Institt&P) synchro-  peam proton and the produckd meson. Such cross checks
cyclotron for targets between Be and Pb and projectile enefgjj| also be necessary for the comparison and interpretation
gies T, ranging from 0.8 to 1.0 GeV1], i.e., at beam ener- of data to be obtained with ANKEas motivated in Sec. I
gies far below the free nucleon-nucleon threshold. Inclusiveand the already existing data at larger andi2s4]. The
differential cross sections have been studied at BEVALACchoice oft as the kinematical variable defining the reference
(Berkeley [2], SATURNE (Saclay, Francde[3] and CEL- system allows a convenient classification of the experimental
SIUS (Uppsala, Sweeden4]. Partial momentum spectra data: the maximum positive value ofcorresponds to the
have been obtained at different laboratory emission angles iabsoluteK " -production threshold in the coherent reaction
the range 10°-90°, at projectile energies between 1.2 and 2dA—K™ yA with formation of a hypernucleus in the final
GeV. Recently, full momentum spectra at forward emissiorstate. Smaller values dfindicate projectile fragmentation,
anglesf=12° have been measured with the ANKE spec-Whereas large negative values correspond to partial fragmen-
trometer{5] of COSY-Jilich at T,=1.0 GeV[6]. K" produc-  tation of the target nucleus.
tion has also been studied at Institute for Theoretical and
Experimental Physic§ITEP) [7,8], where kaons with fixed
momenta and an emission angle of 10.5° were identified at The first step of the analysis is to determine the exponent
projectile energies of 1.75 to 2.9 GeV. a by fitting the measurep A— K™ X cross sections for dif-
The results were discussed in terms of different modelserent target nuclei with aA* dependence. Available data on
[1,9-13, in particular, of single-step or two-step reactions,K* production in pA collisions at beam energied
the latter with the creation of an intermediate pion. It has<2.9 GeV have been analyzed with the exception of Refs.
frequently been argued that thA dependence of the [4][8] since only a single target material was used in these
K *-production cross section is sensitive to the dominant promeasurements. A similar analysis of thedependence for
duction mechanism. In a naive model for diréct produc- meson production at high energies can be found in Refs.
tion the A dependence is given by the inelastic scatterind16—18.
cross section of the incident proton that can be parameterized The A dependence can be factorized in terms of the pro-
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duction process and of the kaon propagation and distortion in 1.4 .
the nuclear medium. Kaons with relatively low momenta s | prA - KX
(pk=1.3GeV/c), are not absorbed in nuclear matter after i
their creation and thus carry the information about the pro- 12r
duction mechanism. Also quasielastic scatterind<df me- . + + ¢
sons in nuclei is substantially suppressed leading to a large I $ + . ‘
mean free path ok+=5 fm. ror ++
The A dependence for direct kaon production in collisions
of the beam proton with a single target nucleon is given by
the inelasticity of thegA interaction. This also holds for the o8l
production of other mesons, since the summation over all
possible mesonic inelastigA reaction channels is propor- 06'_
tional to the total inelastipA cross section. The dafa3,14 1
on total inelastic proton-nucleus cross sections can be well oés 0'9 0;35 o

fitted by anA® dependence witlw=0.69+0.03 for proton
beam energies between 0.84 and 2 GeV. Modifications of the
A dependence can be due to the intrinsic momenta of the F|G. 1. Dependence of the parameteon the beam energy,
participating nucleons, to Pauli blocking and other nucleakvaluated from the PNPI dafd] on total K*-production cross
effects, which essentially should not depend on the targedections. The solid line indicates the fitted average valuel.04
mass[19]. Therefore, one expects that tie"-production  +0.01.

cross section is proportional to A%’ if the kaons are domi-

nantly produced via the direct mechanism. been studied by Schnetzet al. [2] at the Lawrence Berke-

K* mesons can also be produced in two-step processésy Laboratory(LBL). The kaons were measured at emission
with intermediate pion productionp(N;— 7X) and subse- angles ofgx=15°, 35°, 60°, and 80° and for momenta in the
quent 7N,— K™ X reactions on a second target nucleon.range 0.350-0.750 GeV/c. We have fitted the mass depen-
Since two nucleons are needed in this case, a stroAger dence of the double differential cross sections by
dependence is expected. Depending on the beam eii€fgy, d2¢/dp dQ(A)=constA®* and show in Fig. 2 the parameter
production may be due to both, the direct and two-step reaca as a function of the kaon momentum and for the different
tion mechanisms. At low beam energies two-step processggoduction angles. Since no dependencexadn the kaon
are energetically favored since the intrinsic nucleon motiormomenta is observed, we fit(px) by constant values. The
can be utilized twice. results are shown in Fig. 2 by the solid lines and in Table I.

It has also been suggested that, in particular, at deep sub- The mass dependence is weak=(0.56+0.05) for 6y
threshold energieX * production is due to many-body in- =15°, and increases to larger angles=0.88+0.08 for
teractions, e.g., the formation of clusters in the target nucleug, =80°). This might be explained by the fact that the direct
[10], or is a reflection of a high degree of collectivity in the reaction mechanism dominates at forward laboratory angles
target nucleu$6]. Such effects are proportional to the num- due to the Lorentz boost of this production process. It is also
ber of target nucleons and, therefore, the cross section shoupbssible that the higher values of, observed at larger
scale as=Al. angles, are related to a higher transparency of the nucleus in

Total K" -production cross sections,, in proton-nucleus case of particle production with high perpendicular mo-
collisions atT,<1.0 GeV for Be, C, Cu, Sn, and Pb as targetmenta. This phenomenon is well established in many pro-
nuclei have been measured by Kopthal.[1] at the PNPI.  cesses and is caused by the small size of the produced par-
The threshold foK ™ production in freepN collisions isT, ticles. In this case, however, it starts at rather low momenta.
=1.58 GeV and, thus, the PNPI measurements were devotekhe dependence af on the kaon momentum does not indi-
to the study of deep-subthreshold strangeness-productiarate a transition from the direct production process to two
mechanisms. At each beam eneigy; has been fitted by a step or multistepK™ production. In the full momentum
function o(A) = constA“. Figure 1 shows the resulting pa- range, the LBL results are consistent with or close to the
rametera as a function ofT,. In the full energy range expectation for direcK "-meson production and tha de-
0.842<T,=<0.990 GeV, the data can be well described by apendence is weaker than the one of the PNPI filta
constant valuex=1.04+0.01 as indicated by the solid line Double differential cross sections gC collisions atT
and listed in the first line of Table I. The strogdepen- =1.2,1.5, and 2.5 GeV and pPb collisions afl ,=1.2 and
dence of the totaK " -production cross section has been in-1.5 GeV at a production anglég =40 ° have been obtained
terpreted 1,9,11 as an indication for the dominance of non- by Debowski et al. [3] at SATURNE. The parametew
direct K *-meson production ipA collisions at energies far evaluated from the data &,=1.2 and 1.5 GeV is shown in

T (GeV)

below the free nucleon-nucleon threshold. Fig. 3 as a function ofpx. For both beam energies, the
To obtain more detailed information about the results can be well fitted by a constant valae=0.73
strangeness-production  mechanisms,  differenti&l * - +0.04. In Table | the values far of the individual fits for

production cross sections were subsequently measured Hy2 and 1.5 GeV are given. At 1.2 GeV the large errowof
several groups. Kaon production induced by 2.1 GeV protonsloes not allow any conclusions about the reaction mecha-
(i.e., above the fredIN threshold on NaF and Pb targets has nisms. At this energy a dominance of two-step kaon produc-
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TABLE I. Values for « evaluated from the data o™ -meson production irpA collisions at various
proton-beam energi€k,, kaon momenta®y , and emission angles .

T, (GeV) px (GeVio O () @ Ref.
0.842-0.99 Total Total 1.040.01 PNPI[1]
2.1 0.35-0.75 15 0.560.05 LBL [2]
2.1 0.35-0.75 35 0.740.05 LBL [2]
2.1 0.35-0.75 60 0.840.08 LBL [2]
2.1 0.35-0.75 80 0.880.08 LBL [2]
1.2 0.5-0.7 40 0.690.3 SATURNE [3]
1.5 0.5-0.7 40 0.780.04 SATURNE[3]
1.7-2.91 1.28 10.5 0.540.02 ITEP[7]
1.0 0.171-0.507% 0-12 0.74-0.05 COSsY|[6]

aComplete momentum spectrum covered.

tion is expected3,9,11. At 1.5 GeV the relatively small tions at beam energies 0.847,<0.990GeV indicate a
value of #=0.73+0.04 is in line with the expected domi- strong,=A!, dependence. The data on differential cross sec-
nance of one-step kaon producti$9,11]. tions available for proton beam energies from 1.2 up to 2.9
Double differential cross sections f&" production with  GeV yield anA® dependence witlr varying between 0.54
Be, Al, Cu, and Ta targets were measured by Akindiabal. +0.02 and 0.88:0.08. Thus, for beam energies %Z,
[7] at the Institute for Theoretical and Experimental Physics<2.9 GeV the average value ef=0.71+0.08 is in reason-
Moscow (ITEP). For 1.65<T,<2.91GeV, kaons with an able agreement with thé& dependence expected from the
emission anglefy=10.5° and fixed momentum opg direct production mechanism.
=1.28GeV/c were detected. Below,=2.2GeV, such The inconsistency between the PNREI data and the
high-momentum kaons cannot be produced in a ftbecol-  other experiment$2,3,7] might be related to the different
lision. Thus it is justified to assign these kaons to subthreshbeam energies. Since the PNPI measurements were per-
old particle production. We have fitted th* dependence formed atT,<1.0GeV, thus substantially below the kaon
and showa as a functionl, in Fig. 4. The increase ok at  production threshold in free space, two-step mechanisms or
low beam energies is not understood, it maybe either due tmany body effects should be more pronounced. To draw final
statistical fluctuationgindicated by the dashed lin@r re-  conclusions one would like to have data on differential cross
flect that belowT ,=2.2 GeV there is a transition from direct sections at beam energies close to 1.0 GeV. The available
to two-stepK™* producnon Within the experimental uncer- data[2,3,7] indicate that theA dependence does not vary
tainties, theA dependence of the ITEP data is consistent withwith the K* momentum. There is no indication for a transi-

the LBL and SATURNE results. tion between direct strangeness production and the two-step
The fittedA dependences of kaon production are collectednechanism, which should cause a visible change.in
in Table I. The PNPI data on tot& " -production cross sec- To clarify the situation, a measurementkof -meson pro-
5 p+A > K'+X at T,=2.1 GeV 27 ptA > KX at 5,=40°
= F B = 15° O = 85° = f
15F o =056 . o =0.74 [ TP_(G&Y )
E 1.5 15

(SN DRV

[ JEK b
05 |
o i 1 1 1 1
, , 03 04 05 06 07 08
05 0.75 0.5 0.75 e (GeV/e)

px (GeV/e)
FIG. 3. « as a function ofpx evaluated from the SATURNE

FIG. 2. Exponentr as a function of the laboratotg* momen-  data[3] on differentialk * -production cross sections. The different
tum evaluated from the LBL daf&] on differentialk " -production ~ symbols corresponds to different beam enerdigss indicated in
cross sections. The solid lines show fits by constant values. the figure. The solid line shows a fit ly=0.73+0.04.
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measurements is that at ANKE tKe mesons were detected
inside the forward cone G26y=<12°, whereas at PNPI
angular-integrated spectra were obtained. One can only
speculate that at 1.0 GewWw increases towards larger
K*-emission angles. A similar behavior has been deduced
¥ from the LBL data shown in Fig. 2. However, these data
were obtained at a significantly higher beam energy where
[ kaon production in single step reactions should always domi-
0.5 + nate. It would be interesting to check with new data from
ANKE whether at 2.1 Ge\W is also significantly smaller at
I angles around 0°.
0.25T We also find that the momentum-integrated cross section
from ANKE for anglesf,<12° corresponds to roughly 10%
of the total cross sectiony,;=39 nb for pC collisions at
> 25 3 T,=0.990 GeV[1], whereas the covered solid angle corre-
T, (GeV) sponds to less than 1% ofm4[5]. This indicates a strong
forward peaking of the produced kaons in the laboratory
FIG. 4. « as a function of the beam enerdy, evaluated from  system.
the ITEP datg7] on differential K *-meson production cross sec- In contrast to previous studies at higher energies, the
tions forpx=1.28 GeV/c andh=10.5°. The solid line shows a fit ANKE experiment covers the full momentum range of the
by a constant value=0.54+0.02. The dashed line only serves to produced kaons at 1.0 G€8]. Figure 5 illustrates that the
guide the eye. data do not show a dependencenadn pi . Thus there is no
indication for a change of thA dependence due to a transi-
duction inpA collisions at a proton beam energy of 1.0 GeV tion from the direct to the two-step production mechanism.
was performed recently with the ANKE spectromef6f.  We cannot provide any conclusive explanation for this ob-
Double differential cross sections were measured at emissiaservation and for the low values af rather than that for the
angles of 0= ¢, =<12° for C, Cu, and Au targets. The ex- forward subthreshold* production the direct mechanism
periment was designed for measurements at forward anglesppears to be dominant. This is in strong contrast to results
where the transition between the two-step mechanismf model calculationg9—-12] where most of the kaons are
and direct K™ production is expected to be most pro- produced in the two-step mechanism.
nounced 11]. The results collected in Table | do not allow an unambigu-
Figure 5 shows the exponeatas a function of the labo- ous conclusion about the reaction mechanisms. There is a
ratory K™ momentum evaluated from the ANKE data. The strong disagreement between the 1.0 GeV data from ANKE
solid line indicates a fit to the data with a constant vadue [6] measured under forward angles and the total cross sec-
=0.74=0.05. A comparison with the values far obtained tions from PNPI[1] obtained at the same beam energy. Since
from the total cross sectiofd] («=1.04+0.01, see Table)l  at this energy the total cross section is dominatedKiy
shows that the ANKE data have a much weakedepen- production at large anglé90% of the kaons are produced at
dence. The only difference between the PNPI and the ANKEangles 8 >12°), a qualitative explanation of this discrep-
ancy can be obtained if one assumes that in the subthreshold
T domain the large angl&™ production is due to reactions of
the projectile protons with more than a single nucleon. Ahe
dependence of the ANKE data at small angles indicates di-
rect production oK™ mesons through the interaction of in-
cident protons with surface nucleons. There is no clear indi-
cation of two-step production as in the case of the PNPI data.
B In order to clarify the situation and to allow a comparison
I\ _L—+—i | with the data on differential cross sections obtained at higher
T 1 ‘ energies[2,3,7] it is necessary to systematically measure
T 4 kaon production at forward angles and at higher energies.
These data would also help to reconstruct the angular depen-
dences of kaon production ipA collisions at the higher
energies.

3 [ p+A - K'+X
Pr=1.28 GeV/e, 0,=10.5°

0.75

o

T L B LI
p+A > K'+X at T,=1.0 GeV
L 0°<9,<12°

1.5 7

|

0.2 0.3 0.4 0.5 Il. SYSTEMATICS OF KAON SPECTRA
px (GeV/e)

At high energies data on hadron productionpif colli-

FIG. 5. Dependence af on py evaluated from the ANKE data SIONS are generally analyz¢ti6—18 in terms of the Feyn-
[6] at T,=1.0GeV and 0% ¢<12°. The solid line shows the fit man variablexg and the transverse momentympof the pro-
by a constant valuer=0.74+0.05. duced particle. The Feynman-scaling variable is defined as
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Xg= P71/ Phax. Wherep? is the longitudinal momentum of the p+C > K'+X
produced patrticle in the center-of-mass syst@S) of the 02}

incident proton and the target nucleon, whigé_, is the
maximum CMS hadron momentum at a given beam energy.
However, one cannot apply the commonly adopte@naly-

sis of theK ™ data at energies below the fré threshold,
since apN CMS with the nucleon at rest is kinematically not
allowed. One may select an overglhA CMS [4], however
then the joint analysis of subthreshold kaon production and
the data available above tHéN threshold becomes rather
guestionable.

In order to compare kaon spectra measured at different
kinematical conditions, i.e., proton beam enerdigsas well . . . .
as the kaon momentg, and emission angleg,, we pro- 2 4 6 8
pose a more natural kinematical variable given by the T, (GeV)
squared four-momentum transférbetween the produced
kaon and the incident proton FIG. 6. Values for the maximum positiie. for pt2C—K*X

reactions as a function of the beam enefgy t, has been calcu-

t= mg+ mi_z\/(pFZH_ mg)(p§+ mi) +2p Pk COSby , lated fqr a minimum mass of the reS|dua_I systamR= mp+my ,

(3.1 neglecting binding energy of th& hyperon in the target nucleus.

t, (GeV?)

015

017

0.051

wherem,, my, p,, andpg are the_ proton and kaon masses M@= \s—my, (3.5
and laboratory momenta, respectively, while denotes the

K *-meson emission angle measured in the laboratory SySteWheremA is the A-hyperson mass. By the definition m‘;?in’

relfltiv_ely to thte tdhirectionl of th% proton be_a;n. Si"ge Iior-f e neglect the\ binding energy, .., formation of hyper-
entz invariant the analysis becomes independent of the max corresponds oK F-meson production. with

, uclei. my
choice of the reference CM$N or pA L transfer of all available collision energy to the invariant mass
A large four-momentum transfer from the incident proton

to the target(corresponding to larg@egativevalues oft) of the residual systerX leading toqy=0. The maximum
. getcorresp ng 9@eg and minimum values of are given by Eq(3.2) with mini-
induces excitation and disintegration of the target nucleus

Reactions with smallt| are those where the producéd” fium mass of the residual systeng™. The maximum posi

mesons carry away a substantial part of the momentum ar{?é ernql;?]r:rg;_?u;??Nrgﬁn;irq;;a?::;i??ﬁzgf blgitgu?g tge
b )

energy of the incident proton. For@A— K™ X reaction the
minimum and maximum values ofollow from Eq. (3.1) as showsmitrr]eTp dependence df, calculated for a carbon target

andmy. It is seen that, can be positive and has its maxi-
t¢=m§+mﬁ—2J(qﬁ+m§)(qﬁ+mi)thqu. mum at small beam energies aroufig=1.5GeV. It is of

specific interest to check whether processes with such posi-
tive values oft, are experimentally accessible.
where the sign of the last term corresponds to kaon produc- The pA— K™ X reaction amplituded is a function of the
tion in forward and backward direction relative to the proton-invariant collision energys, the squared four momentum
beam momentum in the overgdA CMS. q, andqgg are the  transfert, and the squared invariant mas§ of the residual

proton andK *-meson three momenta in tipA CMS, system. Obviously, these Mandelstam variables can be ex-
s 2 - pressed in terms of the laboratory observables as the
o (S=mp—my)“—4mymy K *-emission angl@x and momentunpy . Following Regge
Ap= 4s theory we factorize the dependence of the reaction ampli-
tude as
,  (s—mg—m3)®—4mgmg , ,
qk= s : 3.3 A(s,t,m) o f(t,mo)exp y(t)In(s/sy)], (3.6)
wherem, denotes the target mass asdhe total invariant where functionsf and y are given by the Regge pole with
energy of the beam proton wiffi, and the target qguantum numbers of a strange baryon lik& ar 3 hyperon
ands, characterizes the domain of validity of the Regge-pole
s= m§+ mi+ 2ma(my+Tp). (3.4  theory. Assuming a linedardependence of the Regge trajec-

tory one can expaneg(t) = yy+ y,t, with v, and y; being
In Eq. (3.3 my represents the invariant energy of the re-constant.
sidual final system with respect to the detected kaon. The Within the beam-energy range &0 ,<2.9 GeV, Inf/sy)

minimum and maximum values @iy are given as at s,=1 Ge\? varies between 5.14 and 5.37 and, therefore,
min the reaction amplitude can be considered as a functian of
My =M+ my andm? only. In the following, we investigate whether the
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p+NaF - K'+X at T,=2.1GeV
1F + R &‘
, A
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1] R
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g p+Pb - K'+X at T,=2.1GeV
3
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2] + * ",' 'Y
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FIG. 7. t dependence of the invariant cross section for NaF
(uppe) and Ph(lower) targets afl ,=2.1 GeV[2]. The lines show a
fit to the data by constant valuésolid) and by Eq.(3.7) (dashed
with parameters listed in Table II.
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dependence can be factorized out of both stend m% de-
pendences for theA— K * X data. According to E¢(3.6) we
describe the invariari " -production cross section as

d3o

=cgexd bpt], (3.7

with parameterg, andb to be fitted to the data. Finally, we
intend to investigate the dependence of the slopen the
beam energyl, and the kaon emission angig , which both
are related tes andmy .

Figure 7 shows the invariant cross sect®d®o/d3p for
K* production inp(NaP collisions atT,=2.1GeV[2]. The
measurements cover tarange from—0.15 to —3.6 Ge\’.

For all measured angles artgs—0.7 Ge\? the invariant
cross section can be well fitted by H8.7) with parameters

Co andbyg listed in Table Il. At—0.7<t< —0.15 the invari-

ant cross section can be reasonably fitted by a constant value
¢y, see Fig. 7 and Table Il. The exponential dependence of
the invariant production cross section is not surprising and
quite typical for hadronic reactions. However, the constant
dependence at low squared four-momentum transherall

kaon emission angle¢seems to be unusual and needs further
clarification.

The t dependence of the invariant cross section Kor
production inpPb collisions afl ,=2.1 GeV[2] is shown in
the lower spectrum of Fig. 7. Again, the data show an overall
exponential scaling behavior inand can be reasonably de-
scribed by Eq(3.7) att<—0.7 Ge\?, while they are almost
constant at smatl The slopeb, obtained from thepPb data
is close to that fitted to thp(NaF) data, see Table II.

The t dependence of the invariant cross section for
K*-meson production ipC collisions atT,=1.2, 1.5, and
2.5 GeV and inpPb collisions at beam energies of 1.2 and
1.5 GeV[3] is shown in Fig. 8. It is found that the data
clearly follow an exponential dependence. The fitted slopes

TABLE Il. t dependence evaluated from the datakdhproduction inpA collisions for different proton-

beam energies, . t, andt,, indicate the range of

the squared four-momentum transfer measured in the

individual experiments. Parametargandb, were fitted with Eq(3.7) to the data at larggt|, while c; was
evaluated by fitting with a constant value at smHll, see text.c, and c; are given in units of

(mb GeV2csr ).

Tp tmax tmin bO
(GeV) A (GeV?) (GeV?) Co (Gev?) c1 Ref.
2.1 NaF —-3.58 —-0.15 3.7#0.9 1.5-0.1 2.6:0.1 [2]
2.1 Pb —3.58 —-0.15 328 1.6-0.1 9.5-0.8 [2]
1.2 C -0.41 —0.48 (1.5£1.9) 28+3 [3]
X 107
15 c -0.59 -0.64 (9+3) 25.5+0.8 [3]
x 10
25 C -1.22 -1.65 (24 3) 7.4+0.1 [3]
X 107
1.2 Pb -041 —-0.45 (12:9) 35+2 [3]
X 10°
15 Pb —-0.58 -0.7 (55+5) 17.3+0.2 [3]
X 107
1.2 C —-1.10 —-1.25 (53:21) 6.4-0.3 [4]
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g
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FIG. 9.t dependence of the invariapC— K X cross section at
Tp,=1.2 and#=90° [4]. The line shows a fit to the data by Eq.
(3.7) with parameters listed in Table II.

p+Pb > K'+X at 04,=40°

E &o/d’p (mb GeVic’sr")

We also analyzed the data from ReéT], where theT,
dependence oK* production inpA collisions was studied
for fixed kaon momentunpy=1.28 GeV/c and production
angle §x=15°. The invariant cross section f@Be colli-
sions is shown in Fig. 10 as a function bfAn important
feature of the data is that they essentially cover positive
values of t. In principle, the measurements probe the
region around the maximum positive squared momentum
transfert , .

As discussed above, thedependence cannot be trivially
factorized from theT, dependence. For the data from Fig.
10, each experimental point corresponds to a different beam
energy T, which, for fixed px and ¢, can be calculated
with Eq. (3.1). Also t, is a function ofT,, and different for
each of the data points, which makes the analysis of the data
rather ambiguous. Thus, with the data from R&].we can-
not verify the results for the data from R¢] indicating a
constant dependence of the invariant kaon production cross
section at=0. We do not show the results of RgT] for the
rﬁ&l, Cu and Ta targets, which have similadependence as
'the data forpBe collisions.

107 ¢ () "

10%F

10°F

02 0
t (GeV?)

08 206 04

FIG. 8. t dependence of the invariant cross section [
—K™X reactions aff,=1.2, 1.5, and 2.5 GeVuppe) and pPb
—K™X reactions aff,=1.2 and 1.5 GeMlower). The data were
measured afl =40° and are taken froif8]. The lines show a fit to
the data using Eq3.7) with parameters listed in Table IlI.

by, see Table Il, substantially depend on the proton-bea
energy. At smallT, the t dependence is steeper. However
when comparing the data with those from Re&], the dif-

ferent slopes cannot completely be attributed to the variation

of T, see first and fifth line of Table II. The slopes for the ~ p+Be - K'+X
data from Ref.[2] were obtained by averaging ovét™ THOACE o g I Pem1E8GeVE
emission angle®,=15°-80°, while the data from R3] w; e, .
were measured at a fixed emission angle=40°. As can be I 10°¢ LI
seen from Fig. 7, the slopes for the individual angles can be 2 .
significantly larger than the averaged values, closer to the = 10¢ ‘
values for the data from Ref3]. Thus, the slope parameter °§ i 2
b, is not constant but dependst fixeds) on the production = ! %
angle or, equivalently, omy and the excitation energy of the I o
residual nucleus. This observation is very interesting since it 10 *
shows that in inclusivek ™ production, the functiony(t) 102k }
from Eqg.(3.6) also depends omy and/orf(t,m)z() exponen-
tially depends on. This problem needs further investigation. 107 = . :

Figure 9 shows thet dependence of the invariant 005 0 0.05 ; (Gevz)m

K *-production cross section fronpC collisions at T,
=1.2GeV andfx=90° [4]. Again, the data can be well

Table I1.
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FIG. 10.t dependence of the invariapBe— K * X cross section
fitted by an exponential function with parameters given in[7] measured apx=1.28 GeV/c anddx=10.5° at different beam

energies.
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o
n

p+C 5 K+X at 0°<9,<12° IV. SUMMARY

=1.0G .
Tr=10GeV Our analysis of the target-mass dependence of

20 | K*-production cross sections ipA collisions at T,
<2.9 GeV show that, based on the existing data3,6,7, it
1.5} T T ' % + is not possible to draw unambiguous conclusions about the

underlying reaction mechanisms. The whole set of differen-
tial data at beam energid$=1.2 GeV is in line with direct

E &o/d’p (ub GeVie’sr™

kaon production. Only the data on total cross sectiorib,at
+ =<1.0GeV indicate kaon production on more than one
* nucleon. This is in contrast to the results of the most recent
+ \ measurements dk ™ production at forward angles and,
. . . . . =1.0GeV by the ANKE collaboration. Th& dependence of
03 02 -0 0 0.1 these data is in accordance with direct kaon production. The
t (GeV?) observed discrepancy might be caused by the angular varia-
tion of theK*-production mechanism.

FIG. 11.t dependence of the invariapC— K™ X cross section The data on differential cross sections show that the pa-
[6] at beam energ¥,=1.0 GeV and kaon emission angles:@x  ameterq only weakly depends on the beam enefigyand
=12°. The lines show the fit to the data by &§.7) (dashesiand - emission anglé, and is independent of the kaon mo-
by a constant valuésolid) with the parameters from E@3.7). The mentumpy .

arrow shows the maximum possible valte, corresponding to "
kaons with the highest momenta. Note that the data are shown in a We conclude that furtheK ™ -momentum spectra Sh(_)uld
linear scale. be measured at forward angles and beam energigs
=1.2GeV. TheA dependence of such data might be sensi-
Finally. th s K+ duction i tive to a transition from one- to two-step reactions. In com-
'n%.Y’ the mosi recent result ]sn - pzo uctu;n N bination with the existing differential data obtained at larger
pC collisions atT,=1.0GeV and 0% f(<12° are shown 5qies  the new data will also allow to study the angular
in Fig. 11. It can be seen that the measurements probe thfependence of the production cross sections.

region oft=0, as well as close to, from Fig. 6. The data The invariant K" -production cross sections measured

confirm that at smallt] the invariantK *-production cross o gifferent kinematical conditions show an overall expo-
section is almost independent ofWithin the range-0.32  antial scaling behavior with the four-momentum
<t<-0.07GeV, we fit the data by a constant valwg  yransfer between the beam proton and the produced kaon for
=1.6+0.1ubGeV “csr . . t<—0.05Ge\ Thus the Regge model is applicable at large
For positive values of the dependence of the invariant hegative values of even for subthreshold kaon production
K" -production cross section changes drastically and begown toT,=1.2 GeV. The dependence bhecomes steeper
comes very steep in the ranged.031<t<0.09 Ge\f where o small beam energies and kaon emission anglesThis

0.5F

it can be fitted by Eq(3.7) with implies a significant dependence of the exponential slope on
the excitation energy or the residual nucleus. It would be
Co=1.07+0.08 ub GeV 2c3srt), interesting to check by future measurements whethett for

<—0.05GeV the exponentiat scaling is violated atdy
=0°. It can be speculated that here thdependence be-
bo=—11.1+1.7(GeV?). (3.8)  comes very strong.

At small negative values> —0.05, the invariant cross
The strong decrease of the cross section towardis not sections are almost independent,af measured at the same

surprising since this region corresponds to the formation Opeam energy‘!'p. For t>Q Fhe data ShO.W a strong faIIo_ff
hypernuclei which characteristically has very small crosdowards the k|_nemat|cal limit corresponding to the formation
sections, see, e.g., R§R0]. of hypernuclei.
Table 1l shows that all available data taken at subthreshold
energies cover only very limited rangestpmaking system-
atical analyses, e.g., the extraction of the remainiggand This work profited significantly from discussions with
0k dependences, impossible. More data are needed at diffenembers of the ANKE collaboration, in particular W. Cass-
ent proton-beam energids,, as well as kaon angles differ- ing, M. Hartmann, and V. Hejny. Financial support by BMBF
ent from the previously measured ones. According to th&WwTZ Grant No. RUS-685-99and RMS(Grant No. FNP-
reaction kinematics shown by E(B.2), the extreme values 125.03 is gratefully acknowledged by one of the authors
t., corresponding to largeintervals, are accessible at for- (V.K.). B.l. would like to thank J. Speth and A. Sibirtsev for
ward laboratory anglegx=0°. In this respect the ANKE the hospitality at the IKP of the FZJ and the A.v. Humboldt
spectrometef5] is particularly useful since it allows to mea- foundation for financial support of his visit. His work was
sure kaon production at 6€0<12°, and offers a wide supported in part by US CRDKGrant No. RP2-224y7
kaon-momentum coverage for beam energies in the rang®&TAS (Grant No. 2000-587and RFBR Grant No. 00-02
1.0sTp<2.3GeV. 17808.
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