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Photoproduction of scalar mesons on protons and nuclei
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We study the photoproduction of scalar mesons close to the threshdlg{ @80) anday(980) using a
unitary chiral model. Peaks for both resonances show up in the invariant mass distributions of pairs of
pseudoscalar mesons. A discussion is made on the photoproduction of these resonances in nuclei, which can
shed light on their nature, a subject of continuous del§&@556-28139)01507-1

PACS numbses): 12.39.Fe, 13.60.Le, 25.20.Lj

[. INTRODUCTION account for the effect of higher order contributions from the
second order Lagrangian. This latter picture is technically
The understanding of the scalar sector of mesons has be#gry simple and it is the one we shall employ here.
traditionally very problematic. The low energy scalar states, Consistency of these ideas, and in any case information
like the f,(980)IS(IPC)=0"(0"") and a,(980) ¢(I°°) on the nature of these states, can be obtained by producing
=17(0*"), have been ascribed to conventioga mesons them on proton targets and also in a nuclear environment
[1.2], °G states[3.4], KK molecules[5,6], glueballs[7], which modifies the properties of the building blocks, in this

. ) . : case pseudoscalar mesons, and should have repercussions on
{ahnd hﬁb”ds[]?t]ﬁ An |r?ptorter1]nt stt)ep n thg under:'stflemwr:g of the scalar mesons. Hence, we make some suggestions on
€ hature ot Inese states has been made possIble IN erMSy,, e properties of thé,(980) anday(980) scalar reso-

chiral Lagrangiang9] by using a nonperturbative unitary nances in the nuclear medium could be investigated.
model in coupled channels based o®ép?) expansion of

the inverse of th& matrix [10], similar to the effective range |, o r5oR6LUCTION OF THE SCALAR RESONANCES
expansion in quantum mechanics. Within this method, a
good reproduction of all data on meson-meson interactions The reaction proposed is
up to 1.2 GeV is obtained, including the scalar and vector
resonances, with their position, width and partial decay rates YP—pM, @
well described. L .

A further insight into the problem is offered ja1] where whereM is glther of .the resonancég or ao. In_p.ractlce, the
an investigation of the meson-meson data up to 1.4 GeVnesonM will decay into two mesonsgm or KK in the case
using arguments based on the laMelimit of QCD is done.  Of the f5(980) orKK, a7 in the case of the(980).
This allows one to distinguish between meson resonances The fo andag areL=0 resonances. Hence we introduce
which survive in the |arge\|c limit, which are genuine QCD the basic mechanisms that will lead to gherave prOdUCtion
meson statesessentially built fromqq), and other states Of the pair of mesons. Photoproduction of pairs of mesons
which appear from multiple scattering of the mesons and@s been the subject of theoretical studis—19, particu-
which qualify as quasibound meson-meson states or scattg@'ly for 7 production. The approaches [if7,18 for 7
ing resonances. The genuing states in the scalar sector Production are meant for energies of the photon below the
(L=0) would be one octet around 1.4 GeV and a singlef 'K~ production threshold. Without going into detail in
around 1 GeV. The (500 anda,(980) appear then asamr these I.atte_r modells, we can refer to .the domlna_mt term, de-
resonance and a quasibound meson-meson state, respBi&ted in Fig. 1a), in order to see that it does not involve the
tively. Thef,(980) becomes a mixture of the genuine 1 GevProduction of the two pions irs-wave. Indeed, the upper
singlet with large components of a meson-meson quasibountertex corresponds td— wN decay, where the pion is pro-
state. This 1 GeV singlet could be associated withlth® duced in ap-wave and the lower vertex is of the ty &
state predicted around this energy in QCD inspired modelsé leading to ars-wave pion. Another term of relevance in
[12,13 and also has been advocated in phenomenologicdll7,18 is the photoproduction of th&l* (1520) resonance
analyseg14,15. The effects of the 1 GeV singlet are essen-which later decays into A= (with sandd-wavesg and theA
tially seen in then#n decay channels at energies above 1.lagain decays into @N with the pion inp-wave. Other terms
GeV, but it has no practical effect on other channels. This isontaining explicitly the production of @ meson involve
indicative of the large weight of the meson-meson moleculadirectly the pions imp-wave.
component in the,(980) resonance. For this reason it was One can think of other resonance excitation like the
possible to obtain a good reproduction of the data of theN* (1535) and its decay inttl77, but this we will show
scalar sector below 1.2 GeV in terms of multiple scatteringater on that does not lead tardn s-wave.
of the mesons alone with a “pseudopotential” provided by A different point of view can be taken by means of which
the lowest order chiral Lagrangiari6]. In addition, one the production of thes-wave pair of mesons is isolated. This
needs there a cut off to regularize the loop integrals andan be accomplished easily in the context of chiral effective
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FIG. 1. Mechanisms for two pion production considered in Rgfg—-20.

theories which are meant to work at relatively low energiesgnd [;}MBO) for meson-baryon vertices containing an odd
This is the approach which we shall follow and for this rea-number of mesons. These interaction Lagrangians are given
son we shall concentrate at energies of the photon close

the threshold production of thg,(980) anday(980) reso-

nances.

In [19] a combined analysis af7 and KK photoproduc-
tion in sswave is conducted. The study is done at higher
photon energies than in the present paggr: 4 GeV in[19]
while here we shall evaluate cross sections far,
=1.7GeV. In[19] a particular mechanism for pair produc-
tion is used, which is depicted in Fig(l. The intermediate
meson lines stand fofr, p, w. Alternatively a Regge ex-
change model is used with a strength to be adjusted to data. -B(®3,0-9,0P)]), (4)
At the high energies explored and with the model used, there
is a strongt dependence of the cross section and the pair of DiF -
pions are produced in many partial waves, out of which the (MBO) _ BB  Raounb
swave is projected out. L= (By*y*u,B)+ 2 (By*y"Bu.),

In [20] which is concerned aboit™ K ~ photoproduction, %)
other mechanisms are suggested. They are depicted in Fig.

1(c), where ans-wave resonance is produced from the pho- . i )

ton and a virtual meson or a Pomef@s in diagram @)]is  With U, up to three meson fields given by

exchanged from a vector meson produced by the photon. In
addition, the bremsstrahlung diagrams depicted in Fig®. 2 5 N
and Zb) are also suggested. It looks clear to us that at high u,=——3,0+ —3(aﬂ<p<p2—2q)auq>q>+¢2aﬂ¢>),
energies the mechanisms of production can be rather compli- f 12f

cated, as the complexity of the photoproduction model of ®)
[21], followed by — K"K~ decay, shows. Also, as shown

in [21], there are many unknown parameters in the theoryy;ith f the pion decay constant, the symbpstanding for the
The same can be said about the diagréoraind(d) of Fig.  trace of the S(B) matrices andb, B the meson and baryon
1, the strength of which is unknown. SU(3) matrices given by

Our approach is different to all of these and relies upon
the use of effective chiral Lagrangians. They provide us with

1
L= 5 (0,0 = 03,0 MY, (3

1 —
EI(MBE): i (Biy*[(®9,P—3,PD)B

Lagrangians fors-wave coupling of pairs of mesons to the p|om P, p|m,
baryons, from where the coupling of the external photon be- S ms L m S m
comes straightforward. However, we have the limitation of /< ;A S
relatively low energies for the use of these Lagrangians and " b

this is the reason why we concentrate around threshold of the
scalar mesons production.

The lowest order Lagrangians for meson-meson and ¥
meson-baryon interactions are given [I9y Y
p p Yy~ P
L= L+ LM+ LM, @ (a) (b) (c)

. ™) _ L (MEE) FIG. 2. Feynman diagrams for the procegs—pmm,: (a)
with £, for pure meson-meson interactiou for  and(b), meson pole processes) contact term required by gauge
meson-baryon vertices containing an even number of mesomsvariance.
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e
%7704-%77 t K* V=~ Coiz 200 ¥ u(p)e, . (1D
_ 1,1 0 As argued above we choose an energy of the photon around
b= ™ Y T+ % Y K ' E,iap=1.7 GeV. This allows one to produce the scalar reso-
nances close to threshold. This kinematics allows us to sim-
K- 0 2 plify Eg. (11) which becomes now in the c.m. of thg
J6 7 system and using the Coulomb gaug®=0, é-k=0,
(7 o
e i(oXQq)e
V;(K): Cw(K)W oM (12
—30+ iA =* p
V2 V6 with M the mass of the proton arfithe photon momentum.
1 1 For the case oK* K~ production, with the energy of the
B= 2" - —3% —A n . photon chosen, the kaon momenta are very small. In this
V2 V6 case, the kaon bremsstrahlung diagran®), &nd Zb), give a
2 negligible contribution(less than 5%and we shall neglect
= E° ——A them. This is not the case for the pions, which carry a larger
V6 momentum and these mechanisms become important. On the

(8) other hand, there are many mechanisms#drr~ produc-
tion around this region, as can be seen by the relative com-
Our starting point will be the meson-baryemmeson-baryon plexity of the models used to study the procesp
vertex originated from the Lagrangian of E&). We need _, .+ 7 p up toE,=1GeV in[17,18.
actually only theK”p—K™p and =~ p—7"p couplings In the case ofrr production we shall evaluate the con-
which are given by tribution from the f, resonance and we will estimate the
background from the experimental cross section. This should
1_ , give us an idea of the ratio of the signal fiyy excitation to
VW<K>:_CW<K>W”(F’ )yu(p)(k,tky), ©) the background to be found in actual experiments. On the
other hand, the near threshold cross sectionfoK ~ pro-
duction evaluated here should be rather realistic, since other
terms which can be constructed in analogy to the model of
[17] would vanish at threshold.
The next step necessary to build up the scalar meson reso-
nces is the final state interaction of the mesons. For this

wherek,k’ are the momenta of the incoming and outgoing
mesons andC,,=1, Cx,=2. As mentioned above, the con-
stantf is the pion decay constanff (=93 MeV). In the

present work theKK states are the most relevant building na

blocks of the resonances, and thus ep—K™p is the
) ; purpose we follow the approach ¢16], where the reso-
relevant ingredient. In Ref422, 24 a study of the latter nances are obtained through an iteration of the lowest order

reaction and coupled channels was done using a unitary Ché:hiral La . . o

grangian vertex considered as a potential in the
ral methc_>d. We follow here the approach [@H] where an Bethe-Salpeter equation. This is depicted in Figa), 3(b),
intermediate value of between the one of kaons and pions __ | 30)

|f: 119, rvaz Ch_?;en ;m_d thifs will be used hlergitoozfj)r this However, unlike the tree level bremsstrahlung diagrams
atter amplitude. The choice of an average valueffor[24], of Figs. 2a) and 2b), which are either negligible at thresh-

together with the choice of cut off, is an approx_imate WaYs\d of the meson pair production, or have a strong angular
FO mcor_pora_lte the ?ffects of higher o_rder Lagrangians, Wh'cmependence when the meson momenta are not small, the
is possible in th&K ™ p sector but not in other meson baryon loops considered in Figs.(@—2(g) directly contribute to
channelg22,23. . . . . swave pair production and are also required by gauge in-
For the low energies which we will consider here and,jriance. The set of diagrams in Fig. 3 build up theave
o_nly Swave of the pair of mesons, the vertex of HE) resonance production and are evaluated below.
simplifies to We have mentioned above how the main termsmim
production in[17,1§ do not produce the two pions in
s-wave. One can envisage other mechanisms forstivave
resonance production like the one corresponding to diagrams
3(a), 3(b), 3(c), where the photon couples to the nucleon
This vertex, together with the standard electromagnetic courefore of after theNNMM vertex. In this case the dominant
pling of the photon to the mesons, allows one to evaluat€omponent would vanish at threshold of resonance produc-
diagrams(a) and (b) of Fig. 2. However, gauge invariance tion since it involves the amplitude of Eq10) but with
requires the presence of the contact term of Fig),ahich  (k°—k’®) rather than k°+k’°). Smaller components from
we also need, foyw p— 7~ p andyK™ p—K™p, or analo- f/.(IZ— IZ’) from Eg. (9) would be even further suppressed,
gouslyyp— w7 p, yp—K* K™ p. The vertex is given by since at threshold of resonance production there is a cancel-

1
VW(K):_CW(K)m(kO_’_ k!O). (10)
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FIG. 3. lterated terms from the contact term and from mesonic bremsstrahlung.

lation between the diagrams where the photon couples befotee case of théN* (1440) in[17] and found to be relevant

and after theNNMM vertex. It is also easy to see that for only at threshold, but negligible at higher energies. Here we

parity reasons, terms like those in Figé)and 3g) withthe  consider photons at higher energies than[1@] and the

photon coupling to the second loop do vanish. N*(1710) has more chances to be relevant. Unfortunately
Unitarity in coupled channels for the two strongly inter- both the uncertainty in the width;=50-250 MeV, and the

acting mesons is one of the important ingredients here iranching ratio for decay inttNw= (1=0, swave, B

order to produce thé;(980) anday(980) resonances. One =10-40%, introduce large uncertainties in this contribu-

could also think of the coupling of the finBMM system to  tion. On the other hand, the helicity amplitude for this reso-

intermediateBM states. In this case one should select thenance has also large uncertainties but seems to be reasonably

case withBM in swave. The coupling ofyN to BM in  smaller than in theN* (1440) casg25].

s-wave has been worked out j@2] and diagrammatically it The second mechanism would correspond to diagrams

is depicted in Fig. @), incorporating theBM final state in- like in Fig. 1(a) with anN* instead of &\ in the intermediate

teraction. baryon. In this case we should have a1&ate to allow for
Within the set of chiral Lagrangians written in Eq8)— ans-wave pion in theN* — N7 decay. Here we would have

(5) the way to couple an extra meson on top of the intermethe N* (1535) andN* (1650) resonances. The uncertainties
diate MB state is through diagrams like those depicted inhere stem from the contact vertex gammN&* 7, which
Figs. 4b)—4(d). All these terms require the use of tﬁ@"BO) from minimal coupling from the leading constahtN* 7
Lagrangian of Eq.(5), where they*ysd,® combination vertex would be zero, and in practice should be relatively
leads to agp vertex in the nonreactivistic reduction, and small.

hence ap-wave meson, leading to terms which do not con-

tribute to the scalar meson production. -

In the particular case of the* (1535) excitation, the ar- N L N N " N o
guments above can be expressed by stating tha¥ltheith " " e
negative parity cannot decay into a nucleon and two pions in s s B Y K
swave. - < = s

If one goes beyond the chiral approach and considers
mechanisms for two pion production involving the excitation
of resonances, we find two types of diagrams which would N " N " N ¥ N
provide contribution. One of them is theN—N* process

* — *
followed byN* — N7 (I =0, swave. TheN* should be a (@) ) ©) @

1/2" state in this case, and restricting ourselves to reso-

nances below/s=2000 MeV, we find the\* (1440) and the FIG. 4. Diagrams for one and two pion production including
N*(1710). The mechanism mentioned was considered fotoupled channels.
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elements of uncertainty in the cross sections evaluated here, ? q, g
although from the arguments used above these terms do not LB~ 7o L~
seem to be large. There is still another argument that would T X, Toox Toox
favor the mechanism chosen here. Indeed, all the resonant \572’(1_; e . ;é;

P1 Sy

The presence of such mechanisms would introduce some | , ?’ »
q9.+4

terms discussed above would provide the maximum contri- 4
bution when their propagators are placed on shell in the dia- p p
grams, providing an imaginary part of the amplitude. As we

shall see later on, the mechanisms considered here lead to (@) (b) ()
peak in the real part of the amplitude when f3€980) reso-
nance is excited which can interfere with the largely real
amplitude of the wholeylN— 7rwN process, hence magnify- 1
ing the effect of the resonance. This would not be the case of Q-q= ~(Q*-M IZ),
the N* resonance excitation mechanisms which would con- 2

tribute mostly an imaginary part to the amplitude in the case
when the resonance is placed on shell and the mechanism is

most relevant. This introduces a dependence of thmatrix for the process

__ Accepting some uncertainties, the arguments given abovgy y,s angle ofs, ', but not the angle of the mesons with the
indicate that the mechanism considered here can provide

fair estimate of the strength of the scalar resonance excita- The evaluation proceeds as follows. We must evaluate the
tion, which is sufficient for the purpose of the present paper

4 L ! contribution of the three loops which we show now in Fig. 5
where an exploration of the possibilities of observation of

. . : : with the appropriate labels for the momenta of the particles.
these resonances in gamma induced reactions is made.

0 back del. the final ith - of Diagrams(b) and (c) contribute on equal amount. We
Coming back to our model, the final states with a pair Ofg | ca|| contact terniC) the one coming from diagraita)

mesons which can be produced in the reactions argny premsstrahlun(g) the one coming from diagran®)
7t mom’, KTK™ KK, 7%, Note that even if the and(c). The contribution goes agor the case of intermedi-
7070, K°K® and 7%% do not couple to the photon vertex in ate 7" 7~)

diagram(c) of Fig. 3, they can appear in the final states
through the iterated terms of diagraifis, (c)—(g) when we
sum over the intermediate statewhich can be eithefr™ 7~

FIG. 5. One loop diagrams for the procegs— pMM.

Q?=2M?-2E(P)E(p’) +2|p||p’|coss. (19

ton.

~it09=—C (B yu(p)e
212 "

orK*K™. 4
The sum of diagrims in Fig. 3 bears a close resemblance f d qL4 , 12 :
to the ¢ decay intoK K y which has been studied [26-24. (2m)" qi—pu +ie
Indeed, the vertex of Eq(9) changesk,+k; by k,—k} 1
when the two mesons are outgoing and has the same struc- X —1(9), 16
gomg (QFa-au? uitie (19

ture as the¢p—KK vertex which goes as“(¢)(kﬂ—k;).

The results 0f26—29 are very useful. Using arguments of e
gauge invariance it is found there that the sum of the loops in —it""®=C_=—u(p’) y*u(p)
Figs. 3b), 3(d), and 3e) is convergent and replaces the two 2f
meson loop of Fig. @) d*q, 1
XJ(ZTVZGQEEV(ZQL—Q)#W

o d% 1

G(P)_'f 2m® KR—m+ie Pk —mlrie 1O y 1 1 s

] (Q—au)—pu+ie (qutq)—p’+ie
y (17)
= __Qq Jl fx wheret® is the strong meson-meson amplitude. Sife
GQ.P)= (2m)? Jo dx 0 are the only vectors not integrated in E¢E5) and(17), the

(1-%) sum of the two terms has a structure of the type
—x)y
XdyQZX(l—X)—ZQ'q(l_X)y_m2+i6' ’yMEV{ag,u,V—i_bQ#Qv+Cquv+dquM+eq,u.qu}l (18)
(14

where the contact term only contributesag,,, while theB
where P is the four momentum of the two mesomg,the  term contributes to all.
mass of the meson in the loopr{ or K* in our casg and Gauge invariance of the sum of all terms requires that the
Q=p—p’. In addition,M, is the invariant mass of the pair expression of Eq(18) vanishes with the substitutioe”
of mesons and the invariant produ@t g is given here by —q"”. This implies
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TABLE I. Elements of the transitiom matrix from the statd to j (T;;=T;;). The isospinl=0, I=1
matrix elements can be found ji6].

KTK~ KOK?O ata w00 w7
_ 1 - 1 .- - 1, 1, 1,
+ =0 =1 =0 =1 1=0 1=0 1=1
KK E{tKK,KK—H:KK,KPj E{IKK,KK_tKK,KE} \/;tKE,,,, \[gtKE’W - \[E KK, 707
— 1 .- = 1,2 1,_ 1 ,-
0K 0 =0 =1 1=0 1=0 1=1
KK E{IKK,KK"'tKK,KE} \/;tKEW \@tKKm \[EtKEnoﬂ
R 2 1=0 2 1=0 0
™ ét’ﬂ T §t777T7T7T
w00 gtlzo 0
3 T, T
77077 tl,:Ji,’,To,?
ag“+bQ*(Q-q)+dg*(Q-q)=0 19 e i(oxq)e =~
| V=202 D,-+EI D\G/Ty; ., (23)
or equivalently
b=0; a=-d(Q-q). (200  whereD; is the vector(4,0,2,0,0 counting the channels in

the following order,K*K~,K°K®, 7+ 7=, 7%° «°5. The
On the other hand, in the Coulomb gauge chosen whre matrix T;; in Eq. (23) is the transitiont matrix from the
=0, é§=0 in theyp c.m. frame, the expression of E(}18) = meson statéto j. These matrix elements are easily obtained

is greatly simplified since we have that from [16] using the isospin decomposition of the states and
we find the matrix of Table I, in terms of the isosdis0,
€4Q,=— €0=—&(p—p')=—ép=¢&G=0, (21 | =1 matrix elements derived ifl6].
One should note that the matrix elements involving pions
€0, = — éG=0, (22 usea unitary normalization if16] including an extra factor

1W2 per each pair of pion states. This normalization is con-
venient to account for factors due to the identity of the par-
ticles when summing over intermediate states. The ampli-
tudes of Table | are the physical ones, where the proper

where we have assum@d=0 because we work close to the
scalar meson photoproduction threshold. Hence onlygthe
term of Eq.(18) contributes to the amplitude. The trick then - .
is to evaluate the term which goes lid€),q , to which only normalization of the states is used. .

. . = . The resonance structure of the pair of mesons comes from
the B diagrams contribute and from it via E(0) obtain the ~ i )
coefficienta which is the only one needed to evaluate theth® t€rm=,D,GTy; in Eq. (23). Hence, for the case of pion
amplitudes. Equatiofil?) is then evaluated using the Feyn- Pair production, we remove the isolated tebmin Eq. (23)
man technique and the terms proportionalgy,, are kept. which, together with other terms will Euld up the back-
For dimensional reasons the rest of the integral has two powground for this process. In the case KK production the
ers less in the loop variabtg , and hence the contribution to threshold is above thg, anda, mass and the cross section
this term is convergent and via E@O) leads to the result of does not exhibit the resonance structure, although the ampli-
Eq. (14). Further details on the integration technique can bdudes are affected by it. In this case we keep all terms since
seen in[26-28. with the amplitude of Eq(23) we are producing absolute

The work of[28] adds some new relevant ingredients to Cross sections.
the work of [26,27], since it proves that by using chiral  The functionG of Eq.(14) can be written in an analytical
Lagrangians to deal with the final state interaction of theform following [26,27. However, there are novel ingredients
mesons after the first loop which involves the photon, thenere sinceQ? can be negative, unlike the case of the
strongt matrix for meson-meson interaction factorizes ondecay, Wherem(zz, is positive. For this reason we give below

shell. This occurs because th¢M—MM amplitudes in  the analytical expressions valid in all the range of values of
lowest order have the structures+ BEipiz, which can be Q21M|23

recast intoas+ B=;m?+ B (pZ—m?), where the first two
terms account for the on-shell part. The last term in this

former expression kills one of the meson propagators in Egs. B(QAM2) = 1] 2 ¢ 1 s 1
(16) and(17) and does not provide contribution to tRgq,, Q%M = 87%|2 a—b| \b a
term.
With all these ingredients we can write the sum of the " a g } g E (24)
diagrams in Fig. 3 which leads to the amplitude a—-b|7\b alll’
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wherea=Q?/'m?, b= M,2/m2, m s the mass of the meson in 3 N
| —>pK'E
the loop andf(x) andg(x) are given by T
25 4Yp->pmm |
| | ST R/ o
(6 only Born term)
—| arcsi i for X>E A \ ok

do/dM; (ubarn/GeV)

f(x)= Z[In(n+/77_)—i7r]2 for 0<x<-—

1 g P
argsin for x<0, L
\ 42@)
r 0960 9I70 9;&0 990 1000 1010
12 ) 1 1 M, (MeV)
(4x—1)"“arcsin —= for x>-— _ .
2\/; 4 FIG. 6. Results for the cross section on protons as a function of

1 the invariant mass of the meson-meson system.
g(x)=¢ =(1—-4x)¥In(n, In_)—im] for O<x<— .
2 4 above, theK "K~ and K°K® production cross section ap-
1 pears at energies higher than that of the resonances and
\/—) for x<0, hence do not show the resonance structure. Yet, final state
2V—x interaction is very important and increases appreciably the
K*K~ production cross section for values close to threshold
ni:i[li(l_m()l/z]_ (25) with respect to the Born ap_proximaticﬁunly theD; term in
2X Eqg. (23), or diagram(a) of Fig. 3].
It is also interesting to see the shapes of the resonances

The particular structure of Eq23) allows one to obtain \hich differ appreciably from a Breit-Wigner, due to the

?nnegsiys/ formula for the invariant mass distribution of the twoOpening of theKK_channel just above the resonarias.

We would like to stress here that the invariant mass dis-
2 tributions for resonance excitation into the various pseudo-
do \ 1 1 M 1 . o . o
am| =23 2s s—MZ M. scalar channels depicted in Fig. 6 are theoretical predictions
1 (2m)* 4s s ! of a chiral unitary model, in this case the one[©6], where
X SAY(5,MZ,M2)\ YA MZ,mZ, m3) only one parameter was fitted to reproduce all the data of the
meson-meson interaction in the scalar sector.

(1—4x)1’2argsinV(

1 (1 = 2 A small variant of this reaction would be thep
XE fﬁld COSBE 2 |tJ| ' (26) —nMM. In this case théM M system has charg¢ 1 and
hencel =0 is excluded, hence, one isolates tyeproduc-
wheremj,m, are the masses of the two mesons in the finakion.
meson-meson state,is the ordinary Kéen function andSis It is interesting to notice the origin of the peak structure
a symmetry factor, 1/2 forr°#C in the final state and 1 for for 7 production. Indeed, the cross section fotr— 77 in
the other channels. I=0 exhibits a minimum at thé, energy because of the

The technique used here has been recently applied to theterference between thé, contribution and thes(500)
study of the radiativep decay,¢p— 7+ 7~ vy, which proceeds

via K*K™ loops[30]. An invariant mass distribution is pre- 022 . . . e
dicted in[30] with a clear peak for thd,(980) excitation. 02} pRR ]
Recently the measurements have been concluded at Novosi- 018 |

birsk [31] and the experimental distribution is in perfect 016 |

agreement with the predictions [80]. This finding gives us
extra confidence in the techniques used here for the photo-
production processes.

do/dM; (ubarn/GeV)

lll. RESULTS 006 |

In Fig. 6 we show the results for the 5 channels consid-
ered. We observe clear peaks for 7w, #%#° and 7% .
production around 980 MeV. The peakssfi 77~ and 7% %0 970 %0 %0 1000 010
clearly correspond to the formation of thg(980) reso- M MeV)
nance, while the one im®7 corresponds to the formation of ~ FIG. 7. Results for the cross section on protons as a function of
theay(980). Then®7° cross section is 1/2 of the™ 7~ one  the invariant mass of the meson-meson system including only the
due to the symmetry facto® in Eq. (26). As commented =« 7~ contribution on the first loop.
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broad resonance. We can see this here also by killing the 2
K*K~ first loop in the diagrams of Fig. 3. The results are 15|
shown in Fig. 7 forr* 7~ and 7% production. Very small 0

cross sections and a clear minimum around fthgosition i
can be seen in the figure. This means that the resonant struc- [

ture for 7rar production of Fig. 6 is due to thE "K™ first L0
loop which factorizes th& * K~ — 7o amplitude in the final 05 %
state interaction. This amplitude has a peak atftheosition At

but cannot be seen in the€" K~ — 7 cross section because ast

1ReTyp—>prin) ——
2ImTyp->pr'm) = b

the resonance is below threshold. A reaction like the present

one which factorizes this amplitude at energies below the it et
physical threshold can then evidence the peak, as is indeed e 970 s w0 10 10 102

visible in the figure. M; (MeV)

However, we should bear in mind that we have plotted G, 8. Real and imaginary parts of the resonant piece of the
there the contribution of thé, resonance alone. The three amplitudet? [3,D,&,T, of Eq. (23)], for the channelsr* =~ and
level contact term and bremsstrahlung diagrams, plus othe,;on. ! !
contributions which would produce a background, are not
considered there. We estimate the background from the ex- Certainly it is possible to obtain better ratios if one looks

perimental cross section forp—p7 ™7~ of [32], which is 4t angular correlations. If one looks in a frame where the two
around 45ub at E,=1.7GeV. Using Eq.(26), assuming mesons are in their c.m., the bremsstrahlung pigbesh
22|t17|2 constant and integrating over the rangehf al-  from the squared of the bremsstrahlung term as well as from
lowed, we determine that constant from the experimentainterference withs-wave term$ have a sifid dependence,
cross section and then the same E2f) gives us the back- with 6 the angle between the meson and the photon. Other
ground forda/dM, . This provides a background of around terms from[17,18 exhibit equally strong angular depen-
55 ub/GeV while the resonant peak has about 2lBGeV  dence, for what extraction of the angle independent part of
strength. This gives a ratio of 5% signal to background asthe cross section would be an interesting exercise which
suming that the background is mostly real versus an imagiwould select the part of the cross section to which the reso-
nary contribution from the resonance and hence there wouldant contribution obtained here belongs to.

be no interference. The situation with the’7® channel

should be better because the— 7°7p cross section is IV. MESON RESONANCE PRODUCTION IN NUCLEI

about eight times smaller than the one fgp—7" 7 p

[33,34. Considering that the resonant signal now is a factor NOW We turn our attention to nuclei. As mentioned in the
two smaller than thejp— =" 7 p cross section, this would introduction there is much debate about the nature of the

give a ratio of signal to background of 20%, which should peScalar meson resonances. The modification of the p_roperties
more clearly visible in the experiment. The same or everP! these resonances in nuclei should depend on their nature.
better ratios than in ther’#° case are expected far’s For instance, it would not bE modified in the same way if it
production in thea, channel, since estimates of the back-is aqq state than if it is &K molecule. Also, our scheme
ground along the lines of present models fdt#° produc-  does not rely upon any of these pictures, although it gives
tion [17,18 would provide a cross section smaller than for Some support to the quasimolecular nature of the states. In
w079 production. any case, we saw that the loop structure, with moikty in
However, there is a distinct feature about fgeesonance the loop, is what leads to thig, production. Thus, the pro-

which makes its contribution, in principle, bigger than the qyction in nuclei would be modified due to theK modifi-
estimates given above. Indeed, the is approximately a cation in a nuclear medium, but in a particular way, due to

Breit-Wigner resonance with an exira phasee_df ' _Th's the modification of theG function in a medium when the
means that the real part has a peak while the imaginary paj

changes sign around the resonance energy. This was the ceﬁ& propagators are substituted by their renormalized ones
. — . .. Inthe medium. The changes expected would certainly differ
in the KK— 77w amplitude[35] and we have the same situ- —

ation here as can be seen in Fig. 8. This means that assumi%m those expected on the base of the assumptionika

the background basically real, there would be an interferenc P'GC“'e and pgrtpularly gq state for this resonance. In .
with the f, resonance which would lead to an increase ofihis sense modifications of the resonance properties in nuclei

about 50% over the background, or a decrease by about 4094€ bound to offer us some informa@ion on the nature of ;he
(depending on the relative sigrior the =" =~ case and states, eventually reinforcing the chiral unitary approach in-
larger effects for ther®#° case. This is of course assuming terpretation of those states. The evaluation of the nuclear

weak dependence on momenta and spin of the backgrourBodifications would require the use KK self-energies in
amplitudes. In any case, due to the particular feature of théhe nuclear medium, or equivalently their optical potentials.
fo resonance discussed above, it is quite reasonable to expect The interaction ofK,K with nuclei is a subject that has
bigger signals than the estimates based on a pure incoheraitracted much attentidi36]. Interesting developments have
sum of cross sections. been done recently looking &~ N scattering from a chiral
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03 threshold is above the resonance mass. Only the fact that the

resonances have already a width terr and 77 decay, re-

spectively, allows th&K decay through the tail of the reso-

nance distribution. If th&K™ develops a large width on its

own this enlarges considerably the phase spack Kodecay

and theag, fy width should become considerably larger.

Given the interest that the modifications of meson reso-

nances in nuclei, like the [40,41], p [42,43, etc., is raising,

the study of the modifications of thigy and a, is bound to

005 | | offer us some insight into the nature of these resonances, that
K% has been so much debated, and eventually into the chiral

0 ‘ : : s approach to these resonances which we have discussed in

960 970 980 " o 990 1000 1010 this paper.

T
yn->pK K —
yn->pmwom T

0.25 -
02

0.15

do/dM; (ubarn/GeV)

01

FIG. 9. Results for the cross section on neutrons as a function of V. CONCLUSIONS

the invariant mass of the meson-meson system. ) )
In summary, we have studied the photoproduction of the

perspective, which have allowed to tackle the problem of thef o(980) anday(980) resonances for photon energies close to

K,K nucleus interaction with some novel resul&7—39. the KK production threshold using tools of chiral unitary
The issue is not yet settled since there are still importantheory. TheKK production cross sections were evaluated
discrepancies between the different results. It looks wise tand the effect of the resonances was shown to modify dras-
allow some time for the issue to get clarified before onetically the cross sections with respect to the Born approxi-
tackles the problem suggested here, which looks certainlyhation. Thef, anda, resonances led to peaks in the invari-
quite interesting. Meanwhile we can make some exploratiorant mass distributions of- and 77 production. Although
following the lines of the former sections. The first thing large backgrounds are expected, the signals could be visible
which we observe is that if one looks for a proton in the finalparticularly if angular correlations are also studied. The
state, one can have thegn—pm 7(K K% and approxi- (v,p) experiment in nuclei would also lead to thgandag

mately one would expect a cross section excitation mostly from the collision of photons with protons,
since the neutrons provided only a contribution of about an
do do do 27) order of magnitude smaller than protons fy production

—| =Z——(p)+N——(n).
dm,[, —dM, (P) dMm, (" and do not contribute to th&, production. The studies in

nuclei would provide information on thi,,a, properties in
The latter cross section can proceed through the meson chaanuclear medium, where large modifications are expected in

nelsk "K® and ™~ 7, both inl = 1. The cross sections in this yiew of present results for the modification of teproper-
case, for these two channels and in this order, are given agajfys in a nuclear medium based on chiral unitary approaches.
by means of Eqs(23) and (26), by taking in Eq.(23) the  gych experimental studies are possible with present facilities

vectorD =(1,0) and the matrix; as like TINAF and Spring8/RCNP and they would provide
=1 -1 novel tests for our understanding of the nature of the scalar
T = Lk KK KK, 77 28) resonances and about current ideas on chiral unitary theory,

lj tL:Elm -1 ) which is emerging as a powerful tool for the study of meson-

meson and meson-baryon interactions.

These cross sections are about one order of magnitude
smaller than those on the proton target, as seen in Fig. 9.

Hence, in nuclei we should expect a cross section roughly \we would like to acknowledge useful discussions with A.
Z times the one of the proton, unless the properties of therjtoy, T. Nakano, and J. K. Ahn. We are grateful to the
resonances, andf, are drastically modified in the medium, support of Monbusho which enabled E.O. to stay at RCNP to
which is, however, what one expects. One should recall thqgerform the present study. One of us, E.M., wishes to thank
the relatively small widths of thé, anda, resonances are the hospitality of the RCNP of the University of Osaka, and
due to the small coupling to thew and 77 channels respec- acknowledges financial support from the Ministerio de Edu-
tively. The resonances, however, couple very strongly to th@acim y Cultura. This work was partly supported by DGI-
KK system but the decay is largely inhibited because&kte = CYT Contract No. PB 96-07053.
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