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The photoproduction of & on *°C is investigated by using the recently developed Saclay-Lyon amplitudes
for the yp—K™ A reaction and the single-particle wave functions from a relativistic mean-field model of
nuclei andA hypernuclei. With the nuclear transition matrix elements taken from a shell-model calculation, the
predicted bound\ production cross sections are close to 1@7,K*)}\ZB reaction data. The dependence of
the predictions on the model gfp— K™ A amplitudes has been investigated. The cross sections of quasifree
processes leading to an unboundare also calculated in a simple three-body model. The predicted cross
sections of the inclusiv&C(y,K ") reaction reproduce the energy dependence of the data up to 1.1 GeV, but
overestimate the magnitude by a factor of about 2.2. We discuss the extent to which this overestimation can be
understood in terms of medium effects on the propagation of the outgdily and A.
[S0556-28188)05109-1

PACS numbgs): 21.80+a, 24.10-i, 25.20.Lj, 27.20+n

[. INTRODUCTION Table. The main objective of this work is to see the extent to
which data of Ref[2] can be understood by using these two
It has been well recognizefil] that electromagnetic theoretical inputs.
probes are complementary to hadronic probes in investigat- The data[2] on the>C(y,K ") reaction has two compo-
ing the structure of hypernuclei. With the recent develop-nents. The first one is due to the boufdsroduction leading
ments at several GeV electron facilities, data on the phototo bound }?B states. The second component is due to the
production and electroproduction of hypernuclei will soon beproduction of aK ™ associated with an unbound hyperon. In
very extensive. To make progress, it is necessary to undethis work, we will focus on the predictions for the bound-
stand the reaction mechanisms of these electromagnetic prproduction mainly because the needed nuclear transition ma-
cesses. In this work, we make an attempt in this directionrix elements are available from a shell-model calculation
with a theoretical interpretation of receMC(y,K*) reac-  [11,12. Furthermore, the distortion effects on the outgoing
tion data[2]. kaons in the 1p-shell region are foupd] mainly to reduce
Most of the previous theoretical investigatiof-6] of  the magnitudes by about 30% but not to modify significantly
(7,K) reactions on nuclei were carried out using an ap-the shapes of the angular distributions for all of the strongly
proach similar to that developed in the study(gfm) reac-  excited states. For the still rather qualitative data we are con-
tions[7,8]. The transition amplitude of the reaction is calcu- sidering here, it is therefore sufficient to perform calculations
lated from a kaon photoproduction operator on the nucleoivithout including kaon distortions. In comparing with the
and the wave functions of the initial nuclear and the finaldata, we can simply scale the predictions by about 30%.
hypernuclear systems. The outgoing kaon wave functions are On the contrary, a calculation for the production of an
calculated by using either an optical potential or the eikonaknboundA is more difficult. For investigating the inclusive
approximation. No data forptshell and heavier nuclei were data of Ref[2], one can follow either the response function
available for testing these earlier theoretical predictions. ~ formulation[13] that is well developed ing(e’) studies or
Motivated by the recent?C(y,K™) reaction dat42], we  the distorted-wave approach of REf4]. In either approach,
test the validity of the theoretical scheme developed in Refsone needs to know not only the kaon-nucleus potential but
[3-6] by taking the advantage of two recent developmentsalso theA-nucleus potential. While the former one has been
First, a model of kaon photoproduction and electroproducstudied to some extefiL5], our knowledge of the\-nucleus
tion amplitudes has been developed recently by a Saclaypotential is still very limited. We therefore will only carry
Lyon Collaboration[9]. It is parametrized in terms of low- out a quasifree calculation based on a simple three-body
order Feynman amplitudes involving all identified modelin which the distortion effects on the outgokg and
resonances in the, u andt channels. The parameters are A are neglected. The differences between our predictions and
determined by a global fit to all existing data of kaon photo_the data will indicate the importance of medium effects on
production and electroproduction on the nucleon. It waghe propagation of outgoing hadrons.
found that only 2 nucleonic, 4 hyperonic, and 2 kaonic reso- In Sec. I, we define the photoproduction operator in
nances out of a total of 25 resonances contribute significantl{erms of Saclay-Lyon amplitudes and present the formula for
to the reaction mechanism. Second, a relativistic mean-fieldalculating cross sections for thEC(y,K*)3?B reaction.
model of hypernuclei has been develogéd] to reproduce The three-body model for calculating the production of an
the binding energies of hypernuclei throughout the Periodizinbound A in the inclusive 12C(y,K™) reaction will be
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given in Sec. lll. The results are presented and discussed im the above expressions, we have used the simplicity of the

Sec. IV. chosen factorization approximation that theés frozen in the
nuclear center-of-mass frame. Thus we have in the A-CM

Il. FORMULATION FOR '2C(y,K*)?B REACTION frame the following expressions of the relative momenta:
Following the previous |nvest|gat|or_[§—6]_, we assume ~ EA(py)K—Ex(R)p,

that the ¢,K) reaction can be described in terms of the c - -

elementaryyN— KA amplitudes. As is well knowr16— Ex(K)+E (py)

19], there are some ambiguities in implementing this impulse

approximation into practical calculations within the multiple- . En(PN)G— 9PN

scattering theoryf20]. In this work, we are guided by the Qc:m, (4)

formulation developed in they,7) study of Ref[8]. In order
to indicate clearly the dynamical content of our calculationynere
and also to define notations for later discussion, we will

present in this section the explicit formula used in this work. . K
The formulation presented below is based on the factor- PA=— A’
ization approximation that neglects the dependence onthe
momentum (apart from the overalls function for three- S =Kkt p.—a )
momentum conservatiorand uses the findk * A energy to Pn Pa—a,
evaluate theyN— KA amplitude in nuclei. This simplifica- (A—1) . .
tion (and also the other possible forms of the factorization Y k—q.

approximation discussed in the literaty6—-19,8) allows

the separation of the transition amplitude into a structure pafne factorT in Eq. (2) is due to the transformation of the

and a reaction part. The transition amplitude for thek() elementary amplitude from the 2-CM to the A-CM frame
reaction in they-nucleus center-of-mass fram@-CM) is  ang is of the following form:

then determined by the following production operator:

> = - 1/2
- > EK(kc)EA(kc)EN(qc)qc
A(K.G,2) E (K,G.2,0,)ei(@ 07 ) I'(k,K¢,9,d¢ Z[ - - - )
= ' Exk(K)EA(PA)En(PN)D
The invariant masdV, and the scattering angle. in the

whereq andk are, respectively, the momenta of the initial 2-CM frame are defined by the fin&IA subsystem
photon and the final kaor, is the photon polarization vec-

tor, o; is the Pauli operator, and is the position vector of W, =Eg (ko) +Ex(Ko),

theith nucleon. The interaction dynamics is contained in

, cos f.=K.- . 7

O(k,q,&,0)=T'(k,Kq &ﬁc)Z Fi(W,,60.)0i(dc.ke,e,0), By using Egs.(2)—(6), the Saclay-Lyon amplitudes can be
used directly in our calculations. These equations define one
@ of the possible off-shell extrapolatiold6—19 which are

where F;(W,,6,) are the Chew-Goldberger-Low-Nambu needed in any multiple-scattering calculation of
(CGLN) Iamp;l'itljdes defined in theN and KA center-of- intermediate-energy nuclear calculations. Here we are guided

mass fram@2-CM), and by the formulation developed in the, ) stud_y_ c_)f Ref.[8].
To account for the shell structure of the initial nuclei and
l(qC!kC!‘; o)=0-8, final hypernuclei, it is more convenient to cast Ef) into

the following second quantization form:

02(qc.Ke,8,0)=i(aXqc &), L
o i 0=3 FLf(ka.a)lb]; (Ahl, NIV, (8)

Q)
x>
o
™ >

O3(QC vkc ,8 0')
o o whereb" andh' are, respectively, the creation operators for
04(9¢,Ke,e,0)=0-kck,- €. (3)  A-particle and nucleon-hole states, and

I 2j,+1 .
Fap(ka.e)= > 3 T(kke,d.q0) 2|+1 oLt (VPN (N1 8o ke 2)
1 ) ..
X[ g lal T Y505 | r2arRE, OR(G—RINR, (1), ©

whereé,=1, §1=5, andR;j(r) is the radial wave function. All angle dependence of the reaction is absorbed in
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Nim(n=1J,c ke ,8) =F1(W¢,0) Tum(e, Y (1) = Fa(We, 0) Tm (ke X (Ac X 8), Y, (1) + Fa(We, o) (ke ) Tum (e, Yo (1))
+F (W, 00) (ke &) Tum(ke, Y (D), (10)

and
NLm(n=0J,Gc ke ,8) =F (W, 8c)[ike- (X 8)]Ym(D) 8L, (12)

wheref=ﬁ—|2 and the angular tensor is defined, in the convention of Rdfl, by
Tun(VYi(@)= 2 (LM[2Im,my)Vag, Yim (D).
URML|

By using the above definition®)—(11), the differential cross section of the boundsroduction that leads to a bound state
of 22B with spinJ can be written as

do|  (2m)* EA(Q)KEK(K)Ea_14(K) L
(d_a)f e B 3 S GBI, (Dh], (NP FRa | L (12

®

whereEA(q) andE,_1 (k) are, respectively, the energies of the inifiZC and the final’B states, andE =q+E(q). If the

kaon distortion is included, Eq9) needs to be modified and the calculations become more involved. In this work, we are
guided by Ref[4] and will use the above expressions in our calculations. In comparing with the data, we need to scale the
predicted magnitudes by about 30%.

lll. UNBOUND- A PRODUCTION IN 2C(y,K*)X REACTION

We assume that the production of an unbound due to a quasifree mechanism in which the final state is a three-body
system with two plane-wave states #rand A and a one proton-hole state HC. Explicitly, we define

[Wo=agb} o (A)[¥a-1)a, (13
/ Sp

wherea' is the creation operator for kaons, ahHA_l>a=hZ(p)|120>gls_. The differential cross section for quasifree pro-
duction can then be written as

d 2 4E kmax
do_( ) A(Q)f e
dQ E 0
PAEA(PA)EA-2(d—K=Py) 1 .
x [0, DEMPNEETE RNy S S KPR 09
[Ea-1(q—K=pa) +EA(PA)(1=2px- (q—K)/py)] 2 A=51 Jamj, s, S
with
A c o ; 1 o fo=M (Rp Np
i mg (K= 2 2 {Jamy Lz My Mo )Y1 m (PWRj (PN)(— D) Mu(kpme [tOW)| GNPy ), (15)
@ A a'lll, sy @
|
wherekpay andp, are restricted by amplitude(kp,ms [t(W)|qpyms, ) exactly from the Saclay-
N - . s s Lyon amplitude by using the A-CM to 2-CM transformation
q+Ma=Ex(K) +EA(PA) +Ea-1(d—k=pa), (180 gefined in Ref[8]. No frozenA approximation, such as that
and defined by EqJ(5), is assumed. This is important since the

outgoingA in the quasifree production is unbound.

Pn=pPat+k—q,
IV. RESULTS AND DISCUSSIONS
W=Eg(K)+Ex(pa)- (17) The most essential input to our calculations is the set of
yp— KA amplitudes defined by Eq$2) and (3). In this
In Eg. (15), R ; (pn) is the nucleon single-particle wave work, we use the amplitudes developed by the Saclay-Lyon
function in momentum space. We evaluate thd— KA group[9]. The accuracy of this model in the energy region
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FIG. 2. The single-particle wave functions for the, (S) and

FIG. 1. Theyp—K™ A cross sections predicted by using the Opg, (P) states int?C and}fB calculated from the relativistic mean-
Saclay-Lyon amplitudeg9] are compared with the data. field model of Ref[10].

considered here is illustrated in Fig. 1. We see thatytpe functions are not changed much if we adjust the parameters
—K*A data can be described very well. of the mean-field calculation to give a slightly larger binding
energy for the @4,, as suggested by Rdfl2]. We neglect
such possible corrections and use the wave functions dis-
played in Fig. 2. The small differences between tipg,£and

The *?C(y,K*) data considered in this work were ob- Op,, wave functions are also neglected. These simplifica-
tained from an experiment limited to measuring cross sections should be reasonable for investigating the still very
tions in the kinematic range where the outgoing kaons argualitative data of Ref.2]. For the same reason, we also do
within 10°< ¢, <40° with respect to the incident photons. not consider other possible phenomenological methods, such
By investigating the dependence of the averaged cross segs adjusting the Wood-Saxon potential to reproduce the em-
tions on the missing mass, the bou/i';ﬁ$ states with total pirical single-particle energies, in generating the single-
energies in the range of 1EM,<11.4 GeV were identi- particle wave functions.
fied. However the data are not accurate enough for identify- In Fig. 3, we present the predicted cross sectiong at
ing individual states. The total bountd-production cross =1.1 GeV and scattering angle=10° in the center-of-mass
section of these unresolved bound hypernuclear states wiimme. As expected, this reaction, which involves a large

estimated to be 05=0.21+0.05ub/sr in the E, momentum transfer|k—qg|~400 MeV), gives the largest
=1.0-1.1 GeV energy region. We will first investigate cross sections for the stretchébighest spin (27); and
whether the calculation based on E¢®—(12) can explain  (3"), states formed from converting @8, proton to aA in
this data. either the @, or the (pg, state. To test our predictions in
To proceed, we need the reduced matrix elements,
(¥B)lIlbshz17**C(g.s.) in Eq. (12), for nuclear transi- — T I N
tions. Fortunately, this information can be obtained from the or E - 14GeV 7
shell-model calculations of Ref§11,12. The calculations ye;wo
were performed within a model space spanned by the con- whk |
figurations that involve active nucleons ing£,,0p,,) and a @),
A in (0s4/5,0p3,0p4/0) orbitals. For comparing with the re-
action data, we follow the suggestion of Rlf2] to normal-
ize the predicted energies of negative-parity states to the ex-
perimental value of the A binding energy, R
=11.37 MeV, for the T ground state identified from emul- 2or 7
sion data[22]. The energies of the positive-parity states are
normalized to the first 2 state with an energy 9.86 MeV
above the ground statén '%C), as suggested in R4R23]. ) .
For single-particle wave functions, we use those of the \ <2<2 ;@ )1\\
mean-field calculation of Ref10]. The predicted\ single- L L T T T L
particle energies are-10.8 MeV and—0.036 MeV for the 12 8 * B e 4 8
0s,,, and oy, States, respectively. These values are in good "
agreement with experimental data, as discussed in[R@ef. FIG. 3. The calculated differential cross sections for the
The corresponding single-particle wave functions are showC(y,K*)}?B reaction at photon enerdy,=1.1 GeV and scatter-
in Fig. 2. We see that;;, A is barely bound. These wave ing angle#=10° in the center-of-mass frame.

A. Exclusive ?C(y,K*)?B cross sections

30— @), —

do/dQ {nb/sr)
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FIG. 4. The cross sections, averaged over a range of scattering
angles 10% 6, <40°, predicted by three models for thep 0 30 60 90 120 150 180
—K*A amplitudes are compared. The model SL is from Ref, 0 (deg)
WJC is from Ref[23], and AS is from Ref[24]. The upper half is _ _ ) _
for the exclusive proces¥C(y,K")3?B, and the lower half is for FIG. 5. The differential cross sections gp—K™* A predicted

the inclusive proces¥C(y,K *)X. See text for the explanation. by the models of SL[9], AS [24], and WJIC[23] are compared at
three energieg€,=1.0, 1.1, and 1.2 GeV.

iei?géﬁyp;igj? dn $::Zl;r; n:,rec?rtnvgg]hlcihn %nn?;ggerizcr)tnoréug to the kaon distprtio[m], our prediction is~ 0.13Mb/sr.

: ' o e B This result can be increased by a few percent if we use a
pared with the sum of contributions from aII_ bour slightly more boundA wave function for the @ orbitals, as
states. Furthermore, an average over scatt.erlng angle 1%ggested by Ref12]. Thus our prediction of the bountl-
= 0. <40° should also be taken. Below we will present only o o q,,ction is close to the experimental value 0.21
these averaged cross sections.

Before we compare our predictions with the data, it is — — T
interesting to examine the dependence of our predictions on
the inputyp— K™ A amplitudes. In addition to the Saclay-
Lyon (SL) model, we also consider the models in Re4|
(WJO) and Ref.[25] (AS). The predicted*?C(y,K*)3?B
cross sections are compared in the upper part of Fig. 4. We
see that the differences between the three models are very
large, while their predictions on the proton target are com-
parable, as shown in Fig. 5. This is not surprising, since the 0.4 + s
contribution from each CGLN amplitud&;’s in Eq. (2), to
the transition amplitude is weighted by different nuclear ma-
trix elements. This can be seen easily in E@.and (10).
Thus, the large differences seen in the upper half of Fig. 4
are due to the fact that thi€'s predicted by the three consid-
ered models are very different. This is illustrated in Fig. 6. 0 40 80 120 1600 40 80 120 160

To compare with the bound- production data,op 6 (deg)
=0.21+ O.QS,ub/sr, of Ref.[2], we calculate the sum of the 15 6 The absolute magnitudes of the CGLN amplitudes of
cross sections for all bourdB states and take an average of Eq. (2) calculated aE =1 GeV from the models of S[9] (solid
the results over the energy range<B,<1.1 GeV and the curve, AS [24] (dashed curve and WJC[23] (dotted curvg are
angle range 10% 6 <40°. Our result is 0.1ub/sr for the  compared. Differences in phases are also significant but are not
Saclay-Lyon model. Taking into accounta30% reduction shown here.

eyl
'l
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25 L B ' LA I factor R=2.2 are consistent with the energy dependence of
the data. As expected, the quasifrdeproduction (long-
dashed cunjeis much larger than the bountl production
(short-dashed curye

The reduction factoR~2.2 must be mainly due to the
medium effects on the incoming photons and outgoing had-
rons. We can estimate the reduction factor due to the distor-
tion effects on photons and kaons by using the experimental
1 cross sections'y and oyy and the eikonal approximation.
This was done in Ref[2] with R=Z/Z.;;~1.6, whereZ
=6 is the proton number if°C andZ.¢ is the effective
proton number. Their value is much smaller than the value
2.2 needed here to reproduce the data. We therefore re-
examine the eikonal approximation estimate by using the
refined formula developed in Ref26]. In this approxima-
tion, the effective proton number is

10°<0 < 40°

20

-
(4]

do/dQ (ub/sr)

-
(=3

0.5

T EyGev)

FIG. 7. The calculated cross sections, averaged ovexh)° B - (+), 2020 (=), 22
<40°, are compared with the dafa]. The short-dashed curve is Zeff—f drpp(r)b{«/ (O] x+ (D2, (19
the calculated cross section of the exclusive pro¢&8éy,K ") 3°B
reduced by 30% according to R¢#]. The long-dashed curve is \yhere
obtained by dividing the contribution from the quasifree
12C(y,K*)X process by a factor of 2.2. The solid curve is the sum olot

of these two contributions. X(y+)(F)=exr{ici-F— fz Tpr(F)dF}, (20

+0.05ub/sr of Ref.[2]. From the upper half of Fig. 4, it is = o

clear that the predictions from the WJC and AS models are X&Z)(F)=exr{ —ik-r— —Np(F)dF
z

5 . (21
well below the experimental value.

In above equation$gp(F) is the proton density normalized to

L . : : Z=6, andp(r) is the total density normalized ta=N+Z
To compare our predictions with the total inclusive cross_ 12, By using the procedure of ReR6] to evaluate Eq.

section data in the entire energy region up B, ' .
=1.1 GeV, we need to include the cross section for producglg)’ we find that the effective proton number fof%g den-

ing an unbound\. This part of cross sectiofcalled quasi- sity defined in terms of harmonlc oscillator wave functions
o : . . _can be calculated analytically
free cross sectignis calculated by using the expressions in
Egs. (14)—(17). In the lower half of Fig. 4, the quasifree tot, _tot
H i i s (o (o
cross sections predicted by the considered three models of Zeff:E f de(x)ex;{— N K+NT(X)

B. Inclusive ’C(y,K*)X cross sections

yp—K*A amplitudes are compared. It is seen that their 2 (22
differences are much smaller than for the exclusive
12C(y,K 7)1%B reaction displayed in the upper half of Fig. 4. with
This can be understood since HE44) can be cast qualita-
tively into the following form: T(50) = 4 29 4 X 03
_ 0=z 3T 302): 23
d fd* ()| &2 By, (19
dQ PpEPN d0 yHpoKFA Pn): Here, the oscillator length=1.64 fm is chosen to reproduce

. the charge mean-square-radius extracted from elastic elec-
where do/dQ)(py) is the spin-averaged elementary crosstron scattering from?C. With the valueStrEyO,\tpO.Z mb and

section evaluated at a momentyry, andp(py) is the mo-  oyciy~12.0 mb, Eq(21) yields Ze;~4.10. Thus our value
mentum distribution of protons if’C. The results seen in of R=2Z/Z4;is only ~1.46 which is close to the value 1.6
the lower half of Fig. 4 simply reflect the fact that the con- of the eikonal calculation of Ref2]. It is much smaller than
sidered three models are comparable in reproducing the elhe value~2.2 needed here to reproduce the data. This sug-
ementary cross sectiofisee Fig. 5. The large differences in gests that the medium effect da* propagation is signifi-
the elementary amplituddss illustrated in Fig. 6, which are cant, but is not the whole mechanism for understanding the
crucial in understanding the results in the upper part of Figreduction factorR~2.2. One obvious possibility is to also
4, do not play a role in Eq18). consider the medium effect on the outgoirg A full
With the Saclay-Lyonyp—K™*A amplitude, the sum of distorted-wave approach similar to that developed in the
the boundA production and the quasifree-production cross (e,e’ wN) study of Ref.[14] is perhaps needed to make
sections is found to be about a factor of 2.2 larger than th@rogress in this direction. This can be pursued only when a
data. As seen in Fig. 7, our results divided by a reductiorgood A optical potential is well developed. The recent
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Bruckner-Hartree-Fock calculatig@7] of mean fields of hy- photons and outgoing kaons. Our results suggest that the
perons in nuclear matter is certainly an important step towardnedium effects on thé propagation need to be included in
this direction. future investigations.

In conclusion, we have investigated the€(y,K ™) reac-
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