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PERSPECTIVES OF SCALAR- AND VECTOR-MESONPRODUCTION IN HADRON�NUCLEUSREACTIONS� ��W. CassingyInstitut für Theoretis
he Physik, Universität GiessenD-35392 Giessen, Germany(Re
eived July 10, 2000)The produ
tion and de
ay of ve
tor mesons (�; !) in pA rea
tions atCOSY energies is studied with parti
ular emphasis on their in-mediumspe
tral fun
tions. It is explored within transport 
al
ulations, if hadroni
in-medium de
ays like �+�� or �0
 might provide 
omplementary infor-mation to their dilepton (e+e�) de
ays. Whereas the �+�� signal fromthe �-meson is found to be strongly distorted by pion res
attering, the !-meson Dalitz de
ay to �0
 appears promising even for more heavy nu
lei.The perspe
tives of s
alar meson (f0; a0) produ
tion in pp rea
tions areinvestigated within a boson-ex
hange model indi
ating that the f0-mesonmight hardly be dete
ted in these 
ollisions in theK �K or �� de
ay 
hannelswhereas the ex
lusive 
hannel pp! da+0 looks very promising.PACS numbers: 13.25.�k, 13.60.Le, 13.75.�n1. Introdu
tionThe modi�
ation of the ve
tor meson properties [1�7℄ in nu
lear mat-ter has be
ome a 
hallenging subje
t in dilepton physi
s from ��A, pAand AA 
ollisions. Here the dilepton (e+e�) radiation from �'s and !'spropagating in �nite density nu
lear matter is dire
tly proportional to theirspe
tral fun
tion whi
h be
omes distorted in the medium due to the inter-a
tions with nu
leons [8�13℄. Apart from the va
uum width � 0V (V = �; !)these modi�
ations are des
ribed by the real and imaginary part of the re-tarded self energies �V , where the real part Re�V yields a shift of the� Presented at the Meson 2000, Sixth International Workshop on Produ
tion, Proper-ties and Intera
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2178 W. Cassingmeson mass pole and the additional imaginary part Im�V (half) the 
olli-sional broadening of the ve
tor meson in the medium. We re
all that themeson self energy in the t � � approximation is proportional to the 
om-plex forward V N s
attering amplitude fV N (P; 0) and the nu
lear density�(X), i.e. �V (P;X) = �4��(X)fV N (P; 0). The s
attering amplitude it-self, furthermore, obeys dispersion relations between the real and imaginaryparts [14�16℄ while the imaginary part 
an be determined from the totalV N 
ross se
tion a

ording to the opti
al theorem. Thus the ve
tor mesonspe
tral fun
tionAV (X;P )= �V (X;P )(P 2�M2V�Re�V (X;P ))2+�V (X;P )2=4 ; (1)where �V (X;P )=�2Im�V (X;P ), 
an be 
onstru
ted on
e the V N elasti
and inelasti
 
ross se
tions are known. Note that in (1) all quantities dependon spa
e-time X and four-momentum P .2. Produ
tion and de
ay of ve
tor mesons at �nite densityAs mentioned before, the in-medium ve
tor meson spe
tral fun
tions 
anbe measured dire
tly by the leptoni
 de
ay V!e+e� or the Dalitz de
ay!!�0
, respe
tively. The ve
tor meson produ
tion in pA 
ollisions 
an be
onsidered as a natural way [17℄ to study the �- and !-properties at normalnu
lear density under rather well 
ontrolled 
onditions. This also holds forthe photo-produ
tion of ve
tor mesons on nu
lei [18℄.The following 
al
ulations have been performed for p+A 
ollisions at2.4�2.5 GeV by introdu
ing a real and imaginary part of the ve
tor mesonself energy as UV = Re�V2M0 'M0 � �(X)�0 (2)and width � � = Im�V2M0 ' � 0V+�
oll�(X)�0 (3)in the t��-approximation. Here M0 and � 0V denote the bare mass andwidth of the ve
tor meson in va
uum while �(X) is the lo
al baryon densityand �0=0.16 fm�3. The parameter �'�0.16 was adopted from the modelsin Refs. [1�7℄. The predi
tions for the !-meson 
ollisional width �
oll atdensity �0 range from 20 to 50 MeV [1, 2, 19℄ � depending on the numberof !N �nal 
hannels taken into a

ount � while the 
ollisional width of the�-meson should be about 100�120 MeV at �0 due to the strong 
oupling tobaryon resonan
es (
f. Fig. 6 of Ref. [16℄).



Perspe
tives of S
alar- and Ve
tor-Meson Produ
tion : : : 21792.1. �0-mesonsIn Ref. [20℄ the �+�� de
ays of �0-mesons produ
ed in pA rea
tions hasbeen investigated with the aim of testing the in-medium �0-spe
tral fun
tionat normal nu
lear matter density.

Fig. 1. (l.h.s.) The invariant mass distribution of two pions from p+ 12C 
ollisionsat 2.5 GeV using the bare spe
tral fun
tion of the �-meson for pz � 2 GeV/
 andpT � 0:8 GeV/
. Displayed are the total �+�� invariant mass spe
trum (all), the� signal after subtra
tion of the 
ombinatorial ba
kground (dashed line) as well asa Breit�Wigner distribution with the bare �-meson properties normalized to thetotal �-produ
tion 
ross se
tion from the transport approa
h (see text).(r.h.s.) The invariant mass distribution of two pions from p + 12C at 2.5 GeV(pz � 2 GeV/
 and pT � 0:8 GeV/
) employing the in-medium modi�
ation ofthe �-meson a

ording to Eq. (2) for � = �0:16. In (b) the solid histogram showsthe �-meson signal from (a); the dashed line is a statisti
al �t while the hat
hedhistogram is the di�eren
e between the � signal and the statisti
al �t, whi
h 
anbe des
ribed again by a Breit�Wigner fun
tion (solid line) with M�0 = 708 MeVand � = 270 MeV (see text).Some results of the transport model studies from Ref. [20℄ are displayedin Fig. 1 for the rea
tion p+12C at 2.5 GeV. The l.h.s. displays the in-variant mass distribution of two pions using the bare spe
tral fun
tion ofthe �-meson for pz � 2 GeV/
 and pT � 0:8 GeV/
. In (a) the solid his-togram shows the total �+�� invariant mass spe
trum while the dashedhistogram indi
ates the � signal after subtra
tion of the 
ombinatorial ba
k-ground. The solid line is a Breit�Wigner distribution with the bare �-mesonproperties normalized to the total �-produ
tion 
ross se
tion from the trans-



2180 W. Cassingport approa
h as expe
ted in 
ase of no �nal state intera
tions. In (b) thehistogram shows the �-meson signal from (a) while the dotted line is the�statisti
al spe
trum�; the dashed line is a Breit�Wigner fun
tion with the�-meson properties M0 = 766:9 MeV and �0 = 173 MeV while the solid lineshows the sum. The dashed histogram in the r.h.s. of Fig. 1(a) representsthe �-signal as obtained by ba
kground subtra
tion from un
orrelated ����pairs in 
ase of the in-medium modi�
ation (2) with � = �0:16. It is seenthat not only the shape of the mass spe
tra, but also the absolute normal-ization are di�erent from the 
al
ulations with the bare �-properties (l.h.s.).The �-meson signal is shown again in Fig. 1(b) (r.h.s.) in terms of the solidhistogram, whi
h at �rst glan
e is quite 
ompli
ated to analyze in order toextra
t in-medium properties of the �-meson. To this aim we have �ttedthe spe
trum with a statisti
al distribution [20℄ as shown in Fig. 1(b) by thedashed line. The hat
hed histogram in Fig. 1(b) then shows the di�eren
ebetween the �-mass spe
trum and the statisti
al distribution; it 
an be �ttedby a Breit�Wigner distribution with M�0 = 708 MeV and � = 270 MeV.In 
omparison with the l.h.s. of Fig. 1(b) a dropping of the �-meson massthus might be extra
ted from the invariant mass distribution of two pionsfor light nu
lei su
h as 12C. However, the analysis is partly model dependentand the experiment requires large area dete
tors.2.2. !-mesonsThe situation 
hanges for the in-medium !-meson Dalitz de
ay sin
ehere only a single pion might res
atter whereas the photon es
apes pra
ti-
ally without reintera
tion. Again the 
al
ulations are performed within thetransport model used before for �0 and K� studies [15, 20℄ by taking intoa

ount both the dire
t pN!!pN , pN!!pN� and se
ondary pN!�NN ,�N!!N produ
tion me
hanisms employing the 
ross se
tions from Ref. [21℄as well as !N elasti
 and inelasti
 intera
tions in the target nu
leus (with
ross se
tions from Ref. [19℄) and a

ounting for �0N res
attering. Here the! propagation is des
ribed by the Hamilton's equation of motion and itsDalitz de
ay to �0
 by Monte Carlo a

ording to the survival probabilityP!(t�t0)= exp(�� 0V (t�t0)) in the rest frame of the meson that was 
reatedat time t0.We �rst present the results without employing any medium modi�
ationsfor the !-meson. The l.h.s. of Fig. 2 shows the resulting �0
 invariant massspe
trum for p+C and p+Cu 
ollisions at a beam energy of 2.4 GeV. Thesolid histogram displays the spe
tral fun
tion of !'s, whi
h de
ay outside thenu
leus at densities ��0:05 fm�3; the distribution from the !!�0
 de
ayfor �>0:05 fm�3 for events without �0-res
attering is shown by the lighthat
hed areas while events that involve �0N elasti
 or inelasti
 s
attering
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Fig. 2. (l.h.s.) The �0
 invariant mass spe
tra from p+C and p+Cu 
ollisionsat a beam energy of 2.4 GeV 
al
ulated without in-medium modi�
ations of the!-meson. The di�erent 
ontributions are explained in the text. (r.h.s.) The �0
invariant mass spe
tra from p+Cu 
ollisions at 2.4 GeV 
al
ulated for �
oll = 20and 50 MeV (open histograms) when employing the potential (2) for � = �0:16.The hat
hed histograms indi
ate the 
ontributions from !-mesons, that de
ay at�nite density and in
lude �0 res
attering, while the solid lines show the !-spe
tralfun
tion in va
uum for 
omparison.are displayed in terms of the dark areas. The solid lines show the Breit�Wigner distribution determined by the pole mass and width for the free!-meson. As 
an be seen from Fig. 2 (l.h.s.) most of the !-mesons fromthe 12C target de
ay in the va
uum (92%) and 
onsequently ! de
ays inthe medium as well as �0 res
attering are rather s
ar
e. The situation
hanges for a Cu target where �0
 
oin
iden
es from �nite density are morefrequent (19% !'s de
ay inside the target), however, also �0 res
atteringgives a substantial ba
kground whi
h in the invariant mass range of interest
an approximately be des
ribed by an exponential tail in ps = M!. Note,that experimentally the in-medium ! spe
tral fun
tion 
an only be observedby the �0
 invariant mass distribution from !-mesons de
aying inside thenu
leus without �0-res
attering.Now we examine the feasibility of a dire
t dete
tion of an in-mediummodi�
ation of the !-spe
tral fun
tion via the �0
 invariant mass spe
trum.The solid histograms in Fig. 2 (r.h.s.) show the 
al
ulated �0
 invariant massspe
tra from p+Cu 
ollisions at 2.4 GeV 
al
ulated with �
oll = 20MeV (up-per part) and �
oll = 50 MeV (lower part) while employing the potential (2)with � = �0:16. The results are shown for an `experimental' mass resolutionof 10 MeV. The solid lines indi
ate the Breit�Wigner distribution given by



2182 W. Cassingthe mass and width for the va
uum !-meson for 
omparison. The resultsindi
ate a substantial enhan
ement of the low mass �0
 spe
tra due to the
ontribution from !-mesons de
aying inside the nu
leus while feeling the at-tra
tive potential (2). Apparently, there is no substantial di�eren
e betweenthe �0
 spe
tra 
al
ulated with �
oll = 20 and 50 MeV sin
e the shape ofthe low invariant mass spe
trum is dominated by the (density dependent)in-medium shift of the !-pole. Only above the va
uum !-pole mass one 
ansee a slightly enhan
ed yield in 
ase of the higher 
ollisional broadening.Moreover, the 
ontribution from `distorted' !-mesons (due to �0 res
atter-ing), whi
h is shown in Fig. 2 by the dark hat
hed histograms, is small andrepresents an approximately exponential ba
kground in the available �0
energy.As demonstrated in Ref. [22℄ !-meson mass shifts 
omparable to Fig. 2(r.h.s.) may also be observed for targets as light as 12C or heavy as 208Pb.Su
h experiments might be 
arried out at COSY with neutral parti
le de-te
tors looking for the 3
 invariant mass distribution and gating on eventswhere 2 
's yield the invariant mass of a �0. This program is 
omplemen-tary to dilepton studies in pA rea
tions with the HADES dete
tor at GSIDarmstadt [23℄. 3. S
alar meson produ
tionThe s
alar meson se
tor plays a very important role in the physi
s ofhadrons. Nevertheless, the stru
ture of the lightest s
alar mesons a0(980)and f0(980) is not yet understood and is one of the most important topi
sof hadroni
 physi
s ( [24, 25℄ and referen
es therein). It has been dis
ussedthat they 
ould be either �q�q states�, �Four-quark 
ryptoexoti
 states�, K �Kmole
ules or va
uum s
alars ( [24℄). Nowadays, theory gives some preferen
eto the Unitarized Quark Model (UQM) proposed by Tornqvist [26℄, however,other options 
annot be ruled out experimentally. Moreover, there is a strongmixing between the un
harged a0(980) and the f0(980) due to a 
oupling toK �K intermediate states. It is, therefore, important to study independentlythe un
harged and 
harged 
omponents of the a0(980) be
ause the latter arenot mixed with the f0(980) and preserve their original quark 
ontent.3.1. The rea
tion NN!f0NNThe produ
tion of s
alar mesons (f0; a0) in pp rea
tions is investigatedwithin a meson-ex
hange approximation. The relevant diagrams for theNN!f0NN!K �KNN rea
tion are those involving pion emission from thenu
leons with s-
hannel produ
tion of the f0-meson and its subsequent de-
ay to K �K or �� (for details the reader is referred to Ref. [27℄). The 
ou-pling 
onstant at the ��f0 vertex is determined from a �t to the rea
tion
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tion : : : 2183��p ! f0n ! nK+K� [27℄. A form fa
tor at the f0�� vertex has to bein
orporated sin
e both pions are o� their mass-shell; we use the formFf0��(q21 ; q22) = F�NN (q21)F�NN (q22); (4)where the �NN form fa
tor is taken as F (t) = (�2 �m2�)=(�2 � t) with a
ut-o� parameter �=1.05 GeV. The form fa
tor (4) is normalized to unity atq21 = m2� and q22 = m2�, whi
h is 
onsistent with the kinemati
al 
onditionsfor the determination of the f0�� 
oupling 
onstant.
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 [GeV]Fig. 3. (l.h.s.) The pp!f0pp!K0 �K0pp 
ross se
tion 
al
ulated with 
oupling
onstants from set A with (dotted line) and without form fa
tor (solid line) atthe f0�� vertex. The experimental data for the pp!K0 �K0pp rea
tion are takenfrom Ref. [29℄, while the dashed line shows the 
orresponding 
al
ulation withinthe one-boson ex
hange model from Ref. [30℄. (r.h.s.) The K+K� invariant massdistribution from pp 
ollisions at 2.85 GeV. The solid line shows the 
al
ulated
ontribution from the � de
ays and K+K� ba
kground a

ording to Ref. [30℄.The dashed line shows the 
ontribution from the pp!f0pp!K+K�pp rea
tion
al
ulated with 
onstants from set A (lower), while the dotted (upper) line showsthe result obtained with set B (see text).The dotted line in Fig. 3 (l.h.s.) shows the pp!f0pp!K0 �K0pp 
ross se
-tion 
al
ulated with the 
oupling 
onstants gf0�� = 1.49 GeV and gf0KK =0:82 GeV (set A) and with the form fa
tor (4) in 
omparison to the ex-perimental data [29℄ for the pp!K0 �K0pp rea
tion. The dashed line showsthe 
al
ulations within the pion and kaon ex
hange model from Ref. [30℄ forK �K produ
tion. To estimate the maximal f0 produ
tion 
ross se
tion wenegle
t the form fa
tor at the f0�� vertex and show the result in terms ofthe solid line in Fig. 3 (l.h.s.). A
tually, the 
ontribution from f0 produ
tionto the total pp!K0 �K0pp 
ross se
tion is almost negligible at high energies.However, a possible way for f0 observation is due to the low energy part ofthe K �K invariant mass spe
trum.



2184 W. CassingWe thus 
al
ulate the K+K� invariant mass spe
trum from the pp!K+K�pp rea
tion at a beam energy of 2.85 GeV, whi
h 
orresponds tothe kinemati
al 
onditions for the DISTO experiment at SATURNE [28℄.Sin
e at this energy the �-meson produ
tion be
omes possible we in
ludeits 
ontribution to the K+K� spe
trum. The pp!�pp total 
ross se
tionwas taken from Ref. [31℄ and the K+K� invariant mass was distributeda

ording to the Breit�Wigner resonan
e pres
ription with a full �-mesonwidth �� = 4.43 MeV and a bran
hing ratio Br(�! K+K�) = 49:1%.The solid line in Fig. 3 (r.h.s.) shows the K+K� invariant mass spe
-trum for the pp!�pp rea
tion as well as the ba
kground spe
trum from thepp!K+K�pp rea
tion, whi
h was 
al
ulated as in Ref. [30℄ on the basis ofpion and kaon ex
hange diagrams. The dashed line indi
ates the K+K�spe
trum 
al
ulated with the 
oupling 
onstants from set A and withoutform fa
tor at the f0�� vertex. For these 
oupling 
onstants it is quiteobvious that the f0-meson 
annot be dire
tly dete
ted in pp 
ollisions byusing the K+K�-mode. Note, that when introdu
ing a form fa
tor (4) atthe f0�� vertex the 
ontribution from pp!f0pp!K+K�pp be
omes evensmaller.To test the sensitivity of the model to the f0 parameters we also per-formed a 
al
ulation with gf0�� = 3.05 GeV and gf0KK = 4.3 GeV (set B)[27℄ and show the result in terms of the dotted line in Fig. 3 (r.h.s.). Indeed,in this 
ase the f0 
ontribution is very strong at low K+K� invariant mass,however, the experimental data from DISTO [32℄ ex
lude this possibility.3.2. The rea
tion pp! da+0The missing mass spe
trum in the rea
tion pp! d(MM)+ for deuteronsprodu
ed at 0Æ in the laboratory and in
ident momenta of 3.8, 4.5 and 6.3GeV/
 has been measured at LBL (Berkeley) [33℄. It is interesting that apartfrom the peaks 
orresponding to � and � produ
tion, there is a distin
tivestru
ture in the missing mass spe
trum at 0.95 GeV2 whi
h was identi�edas a0 produ
tion.In order to estimate the 
ross se
tion of the rea
tion pp! da+0 at lowermomenta � whi
h are available at COSY � the two-step model (TSM)des
ribed by the triangle diagram is used ( [34,35℄). For the deuteron wavefun
tion we take the parameterization from Ref. [36℄ and negle
t the D-wavepart whi
h gives only a small 
ontribution 
ompared to the S-wave term.The amplitudes taken into a

ount are: (i) the a0 
oupling to twonu
leons through the f1(1285) and �-meson ex
hanges; (ii) the a0 
ou-pling through �- and �-meson ex
hanges; (iii) the produ
tion of a0-mesonsthrough pion ex
hange with s- and u-
hannel nu
leon 
urrents. The 
oupling
onstants and 
ut-o� parameters �i for �- and �-meson ex
hanges are taken
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alar- and Ve
tor-Meson Produ
tion : : : 2185from the Bonn potential model; for the a0- and f1(1285)-mesons the valuesfrom Ref. [37℄ are employed while the 
ut-o� � at the nu
leon ex
hangevertex was 
onsidered as a free parameter within the interval 1.2�1.3 GeV.Within this model the me
hanisms (i) and (ii) are of minor importan
e andthe dominant 
ontribution 
omes from the nu
leon u-
hannel ex
hange.The results of the 
al
ulations for the forward di�erential 
ross se
tionat various beam momenta [35℄ mat
h with the data from [33℄ for a 
ut-o�� = 1:3 GeV and indi
ate that 
ross se
tions of 50�100 nb/sr should berea
hed at a bombarding energy of 2.6 GeV, whi
h provides very promisingperspe
tives for exploring the a0 properties and dynami
s at COSY.4. SummaryIn this 
ontribution the produ
tion and de
ay of ve
tor mesons (�; !) inpA rea
tions at COSY energies has been studied with parti
ular emphasison their in-medium spe
tral fun
tions. It is found within transport 
al
u-lations, that hadroni
 in-medium de
ays like �+�� or �0
 might provide
omplementary information to their dilepton (e+e�) de
ays. However, the�+�� signal from the �-meson is strongly distorted by pion res
atteringon nu
leons even for light nu
lei like 12C. On the other hand, the !-mesonDalitz de
ay to �0
 appears promising even for more heavy nu
lei sin
e onlythe neutral pion may res
atter and 3-photon events (�0 ! 

) have a verysmall ba
kground at high invariant mass.Furthermore, the perspe
tives of s
alar meson (f0; a0) produ
tion in pprea
tions have investigated within a boson-ex
hange model indi
ating thatthe f0-meson might hardly be dete
ted in the K �K or �� de
ay 
hannels inthese 
ollisions whereas the ex
lusive 
hannel pp! da+0 looks very promisingwhen dete
ting the deuteron and analyzing the missing mass spe
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