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Hypernuclear physics with electron beams: Exclusive and inclusive excitations
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We discuss the importance of the 3 (e,e'K+)~A * in hypernuclear physics, comparing it with the
A (K,m )AA

* reaction and suggesting problems that can preferentially be studied with the

(e,e'K+) probe. Cross sections are given for exclusive and inclusive processes for a large range of
nuclear masses. The elementary process p(e,e'K+)A is not well known, and the coupling constants
and electromagnetic moments are discussed.

I. INTRODUCTION

Hypernuclear physics is currently an important and in-
teresting area of nuclear science. ' ' An interesting
bound nuclear system with strangeness S = —1 is the A
hypernucleus (AA), in which a A-hyperon replaces one of
the nucleons. This system is long lived (-10 ' sec) and
provides a variety of interesting nuclear phenomena. '

Most of the information on hypernuclei comes from the
A (K,n )AA reaction, studied at CERN, BNL, and
KEK. Nevertheless, this reaction has a number of disad-
vantages: (i) It excites strongly only the natural parity hy-
pernuclear states (ii) both the K and the m are
strongly absorbed in the nucleus, so that many uncertain-
ties occur when the reaction mechanism and the absorp-
tion are considered; (iii) low-spin (natural parity) states
dominate the spectrum at forward angles, and the reaction
thus emphasizes the spectroscopy of such states. A num-
ber of alternative reactions have been proposed, ' ' and
two of them have been studied in detail so far: the
(m+, K+) (Ref. 16) and the (y, K+) (Ref. 18).

In this work we focus our attention on the (e, e'K+) re-
action. Although suggested on several occasions in the
past, ' ' this reaction has not yet been deeply looked
into. In this paper we shall first discuss the importance of
this reaction, bearing in mind the attributes of the new
generation of continuous wave (with high current, and
high duty factor) electron accelerators Continuous Elec-
tron Beam Accelerator Facility (CEBAF). We then study
the (e,e'K+) reaction [thereby examining the former
(y, K+) calculations] for both exclusive and inclusive exci-
tations for a series of nuclei from He to Pb. We shall
indicate that the elementary p(e, e'K+}A process is itself
not well known, and also discuss the K+Ap vertex func-
tion (form factor). In studying the nuclear reaction we
shall employ a transition amplitude that goes beyond the
lowest-order (tr e) term u.sed in previous calculations, and
treat also non-spin-flip excitations. A preliminary presen-
tation of part of the present treatment is given in Ref. 21.

II. WHY (e,e'K+)?

The A (e,e'K+)~A reaction excites both natural and un-
natural parity hypernuclear states with comparable

strength. Since the electrons, and especially the K+
meson, are very weakly absorbed in the nucleus, the
theoretical analysis of the reaction is relatively reliable
compared with reactions involving the K meson and
pions. The weak absorption does not confine the (e,e'K+)
reaction to the nuclear surface and provides the possibility
of studying hypernuclear states with a deeply-bound A
hyperon. Unlike typical K beams, with ten times more
unwanted particles than kaons, electron beams are very
"clean" and well under control. In heavy nuclei the reac-
tion would provide the necessary tool to probe the
behavior of the A in nuclear matter. It may also be used
in such heavy nuclei as a means to study the possible
modification of the electromagnetic currents [which
might be suggested by quasi- and deep-inelastic electron
scattering and by the European Muon Collaboration
(EMC) data ]. The reaction would be extremely useful in
measuring the magnetic moment of a deeply-bound hy-

peron using the reaction Bi(e,e'K+ } ~ Pb (in order to
compare it with that of a free A), because (i) the electron
beam will have a high intensity and will be relatively very
narrow, therefore the measurement is expected to be prac-
tical (unlike the case with the very wide K beam); (ii)
one can produce a polarized electron beam, whereas no
polarized K 's can be used; (iii) the high momentum
transfer in the reaction, which is unavoidab1e under the
kinematical circumstances, helps in this case to enhance
the required direct transition from the valence proton in
2o9Bi to a ls A particle in the ~Pb hypernucleus (the
overlap of the wave functions is larger here). In addition,
the (e,e'K+) reaction on typical nuclei excites only high
isospin states (Tf T;+ —,

' ). We als——o believe that the con-
trast of (e,e'K+) with (e,,

e'm+—) (mK ~~m, and no soft-
meson theory is expected to be applicable) should be re-
vealing, and plan to study these topics successively.

The transition operator involved has a spin part, and
the reaction is thus a possible probe of spin-flip, b T= —,

states (for example, J =0+, T=O~J =1+, T= —,
' in

' C, or 0+—+0 in Zr). It is well known that spin-
isospin excitations present a number of theoretical puzzles
such as a universal, hitherto unexplained quenching of the
transition strength at low momentum transfers (observed
in numerous transitions with a variety of probes), or, at
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higher momentum transfer, expected contrast, when the
spin-longitudinal and spin-transverse responses are com-
pared. Similar quenching phenomena have surprisingly
been observed lately for isoscalar transitions (b, T =0) as
well, ' and it would be extremely interesting to look for
such effects also for b, T= —,', in addition to b.T=0, 1. It
is suggested that the (e,e'K+) reaction can be used as a
probe for this study at high momentum transfers (the
low-momentum-transfer data being obtained from com-
plementary hypernuclear reactions).

In addition to the above features, the (e, e'K+) reaction
has another (well known) advantage over the (y, K+) one.
As is well known, the information extracted from photon
reactions is limited, because the photon energy and
momentum are equal. This shortcoming is avoided if the
reaction is induced by electrons.

K K

K

(a)

FICi. l. (a) The nuclear A(e, e'K+)~A reaction with the
kinematical variables for the electrons, photon, and outgoing
kaon. (b)—(d) Feynman diagrams for the elementary reaction
(only the virtual photon is shown, and electron lines are omit-
ted).

III. THE ELEMENTARY TRANSITION OPERATOR

A. Feynman diagrams for e + p —+e' + K+ + A

The nuclear A(e, e'K+)AA* reaction is presented di-
agrammatically in Fig. 1(a) where the kinematics is de-
fined. The blob in the right vertex of Fig. 1(a) is treated
based on the three Feynman diagrams of Figs. 1(b)—(d).
They consist of Born terms in the s, t, and u channels
with the exchange of a proton, a kaon, and the two hy-
perons A and X, respectively. We have not included the
contribution of higher strange meson resonances (such as
the K*) or hyperon resonances (such as the Y"). These
are not expected to be important for medium-energy
kaons production. In fact, for threshold K+ production
the reaction is dominated by the catastrophic term, that
is, by a three-dimensional current J resulting from the
proton-pole Born term of Fig. 1(c). Hsiao and Cotanch's
find the K* contribution to be less than that of the X

pole, which turns out to be unimportant in our calcula-
tions. We note that our theory is equivalent to m. elec-
troproduction in pseudoscalar coupling.

B. The baryon current

The various vertex operators associated with the dia-
grams of Fig. 1 are given by Thorn. We calculated the
electromagnetic current J& for the elementary process us-
ing standard relativistic quantum perturbation theory
techniques, and then obtained the nonrelativistic reduced
form, keeping also important terms of order p/M. Our
present amplitude goes beyond previous calculations'
that use only the lowest-order (o"e) term. (Nevertheless,
we note that a fully relativistic formalism should probably
be used for high momentum transfers. Such a program is
currently under consideration. )

The nonrelativistic form used for the current J" is

g ape o(K q)
(M~ MN) m+ — —MN+Mp

g KApe g KApgpa'K+ (TO+My —MN)o q
q +2MNm m ++2MNLp

8 KApPA &KrOp»
(Ko+Mp —MN)cr. q- (Ko+Mxo —MN )o"q

MN —MA+m K+ —2MNKp ~N —3f 0+m —2MNEp

for p =0, and

gKwp o"(K—q) «+p(2K —q) +
(Mz —MN) —m + MN+MA q + 2MNco

q)& K g KApP p
l — —COG' +~N+~A m', +m r,

)& I[(KO+Mp —MN)co —K q]o+(o q)KJ— gKApPA
I [(TO+M~ —MN)co —K q]o+(o.q)KJ

MN —MA+ m + + —2MNEp

Krop»
t [(+0+Mxo MN )~ K'q]o'+(o"q)KI

MN —M 0+m + —2MNEp
(2)

for p= 1, 2, or 3. In Eqs. (1) and (2) the coupling con-
stants of the K meson to the Ap and the X p vertices are
denoted by gKAp and g o, respectively. The proton
charge is e=&4n/137, while the .masses are denoted by
MN, MA ——1115.6 MeV, M&0 ——1192.5 MeV, and

I

m + ——493.7 MeV for the proton, the A and X hyperons,
and the K+ strange meson, respectively. Appearing in
Eqs. (1) and (2) are the anomalous magnetic moments
@~=1.79(e/2MN), pA ———0.613(e/2MN), and the transi-
tion moment pz =Kze/2MN, where Kz will be discussed
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in the following. The current J~ is exactly gauge invari-
ant in its relativistic covariant form; gauge invariance is
maintained up to order p/M in the nonrelativistic reduc-
tion.

C. The coupling constants and magnetic moments

There is a considerable uncertainty regarding the values
of the coupling constants and the transition moment
(gK&~ and gonzo, and pz, respectively) of Eqs. (1) and (2).KX p'
While the magnetic moments are known to a very good
degree of accuracy, the rest of the required physical con-
stants are not.

The early work of Thorn and Kuo yielded values
which differ substantially from current compilations. 3

Theoretical efforts based on a quark model ' or a poten-
tial approach give results in rough agreement only with
each other. The transition moment pz- is currently deter-
mined as pz- ———1.82+0.22, where the negative sign is
extracted from the naive quark model.

A number of representative sets of values for the physi-
cal constants used in this work are presented in Table I;
the large variation in the values of these constants is clear-
ly demonstrated. We note, in particular, the large differ-
ence between the values of Thorn and the rest of Table I.
The results of Thorn have recently been employed in a
calculation by Hsiao and Cotanch. ' We shall be interest-
ed in pointing out any substantial differences in the pre-
dictions of the various sets of constants of Table I, with
the hope that comparisons with future experimental mea-
surements can judge which of these should be used.

IV. THE NUCLEAR REACTION

A. The interaction Hamiltonian

The scattering matrix for the nuclear (e, e'K+) reaction
can be expressed by means of the interaction Hamiltonian
Hf'; as

Sg; 2niHf; 5(Ey —E—; ), —
where the subscripts i and f denote the initial and final
states, while E is the total energy. The interaction Hf'; is
given in terms of the baryon current J", the electromag-
netic current j, , and the kinematical variables of Fig.
1(a) as

where

B. The reaction cross section

The differential cross section for polarized electrons
(with polarizations o' and cr) is

d cT

dQ-, dQ-dcoK
p~ K

p01

T

p,'K em,
2(2n. ) p, co —q

x ~u (p,')y„u. (p, )ivy, (',

where

z
M~@~ (f

~ g [JPei(q —K).r»
~

& )
1

dQ; is a solid angle element around the direction of a,
and the sum goes over all target protons. %'e have as-
sumed plane waves for the kaon and electrons, since these
are very weakly distorted in the nucleus.

The unpolarized cross section is given by summing over
o.' and averaging over o.. Using trace and projection tech-
niques in summing over o,o', we find,

Pe+ e
dQ-, dQ-de 4(2 )s p, (

2 2)z
pe

where

I'„=2 Re[(p,' .Mf; )(p, .Mf+; )]
—(p,

' .p, )(Mp .Mf+; ),

Jem 2 2 +o'(pe )Y +o(pe')e
co —q

with u (p,') and u (p, ) representing the outgoing and in-
coming electron Dirac spinors,

co~——Ko ——(mz++K )'2 1/2

and m, is the electron mass (in what follows, we deal with
extremely relativistic electrons; p„p,' &)m„and m, will
be neglected).

P1 ~

2coK(m, +p, )'~z(m, +p, )'~

1/2

JemJr (4)
and the four-dimensional vector products mean, e.g.,

p ro 0I e Mfi =Pe Mfi =I e Mfi Pe Mfi

TABLE I. Representative values for the coupling constants and moments used in this work. The
values of p~ and p~ are well determined and consistently taken to be 1.29 and —0.613 nm, respectively.

Set gxA| ~~4~ g„o,/~4~ py (nm}

I
II
III
IV
V

+ 2.50 (Ref. 27)
—4.13 (Ref. 31)
—4.07 (Ref. 32)
—4.56 (Ref. 30)
—3.73 (Ref. 30)

+ 2.50 (Ref. 27)
+0.82 (Ref. 31)
+ 0.26 (Ref. 32)
+ 1.00 (Ref. 30)
+ 0.95 (Ref. 30)

+ 0.6 (Ref. 27)
—1.82 (Refs. 33, 34)
—1.82
—1.82
—1.82
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We have used the extreme relativistic limit for the elec-
trons, since they have very high energies (up to 4 GeV).

C. The RAN vertex form factor

I „(Q )=[1—(go —Q )/A )], A=900 MeV, (10)

which is supposed to be valid for momentum transfers up
to

~ Q ~

=0.5 GeV/c (Ref. 31), and is very similar to a
Gaussian vertex function based on the constituent quark
model.

(ii) The phenomenological off-shell monopole form

A —mI,( ')=
A2 g2 Q2

As is well known, the finite size of the hadrons and
off-shell extrapolation of a meson-baryon vertex operator
require a vertex form factor. In the pion case one usually
adopts either a monopole or a dipole form for such a
function. In the present work, we shall test a number of
such form factor vertex functions:

(i) The dipole function suggested by Bozoian, van
Doremalen, and Weber '

where we try both a soft vertex cutoff (A=900 MeV) and
a harder one (A=1200 MeV). While the former A is
somewhat harder than that of Eq. (10), it is still soft
enough to be characteristic of quark models. The latter
cutoff is a commonly used value for the pion vertex in
phenomenological fits, but it is not as large as the cutoff
used for the p meson (A&-2—2.5 GeV). Possible form
factors for the electric charges and the magnetic mo-
ments can be absorbed in the form factors we have al-
ready introduced [Eqs. (10) and (11)].

As far as we know, previous similar works do not in-
clude any vertex functions for the KNA interaction. %"e
shall also calculate for such a case, where a local (A —+ ac)
KNA interaction is assumed. In the following sections,
we shall compare results based on the different vertex
functions discussed.

We note that there is a problem of gauge invariance
violation when the form factor vertex functions are intro-
duced, because they are different for each diagram. The
hyperon-pole diagram [Fig. 1(d)] is gauge invariant by it-
self and is not a source of problems, but its contribution is
unimportant in this particular calculation. The other two
diagrams [Figs. 1(b) and (c)] have different form factors
for both the KAp and the yNN vertices. In order to esti-
mate the form factor effects, we invoke a proton-at-rest
approximation, and factorize out a common vertex func-
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FIG. 2. Exclusive differential cross sections for ' C(e, e'K+)A B (J =1+) for (a) a substitutional state, (b) a deeply-bound A hype-
ron, and (c) a 1A-1h configuration which is the dominant one in the case of a nonstrange 1 excitation (1N-Ih regular shell-model).
The three different curves in each case correspond to different form factor vertex functions: The solid curve represents a calculation
with the form of Bozoian et al. (Ref. 31}[Eq. (10}],the dashed curve is based on using Eq. (11}with A =900 MeV, and the dashed-
dotted curve is based on a similar vertex function with A=1200 MeV. The results shown here were calculated using set II of con-
stants in Table I.
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tion form factor, maintaining gauge invariance. As we
shall see, this contributes an overall reduction factor in
the pertinent momentum region. As long as the behavior
of the true vertex functions is not dramatically different
in the two cases of Figs. 1(b} and (c},we do not expect the
contribution of the form factors to be very different from
this simple-minded calculation. This problem has not yet
been solved in the literature, and we believe its implica-
tions on the present work are quite limited.

V. EXCITATION OF
DISCRETE HYPERNUCLEAR LEVELS

A. general considerations

We calculate the four-vector amplitude Mj"; of Eq. (7)
using the shell model. Each hypernuclear level is charac-
terized by a one-particle —one-hole (lp-lh) shell model
configuration. We have exploited the harmonic-
oscillator wave functions R„i(r) as a handy means for es-
timating cross sections, despite the high momentum
transfers involved. We note that Refs. 16 and 18 find the
harmonic-oscillator results to be in surprisingly good
agreement with Woods-Saxon cross sections. Since we
only intend to have cross section estimates at this point (it

is still five to ten years until a new cw accelerator is
operative), this question of Woods-Saxon against
harmonic-oscillator wave functions is only of minor im-
portance.

The final three-body state of the nuclear reaction re-
quires a full three-dimensional relativistic kinematical
analysis. While a strong dependence of the cross section
on the azimuthal angle of the outgoing meson (P-) is not

K
expected at threshold, it will be important for higher
momenta of the outgoing kaon.

The differential cross section for the reaction
/1 (e,e'K+ )~A ' is calculated from Eqs. (8) and (9),
evaluating Mg from Eq. (7). We calculate for closed-shell
nuclei in the mass range from He to Pb, where the ini-
tial state has the quantum numbers J =0+ and T =T;.
We characterize the final state by a one-lambda-
hyperon —one-nucleon-hole state with Tf ——T; + —,', and
well defined nuclear spin and parity. (The last point
deserves a further remark, since the spin-orbit coupling is
known to be small for the A in the nucleus. ' ' 1A-1h
configurations in hypernuclei are experimentally identi-
fied, and it is completely meaningful to also specify the
J quantum numbers of the final hypernuclear lev-
els. ' ' We shall find that for some configurations cer-
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function of Eq. (9). The dotted curves, given for comparison,
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Results for higher momenta (note that we are still using
the same nonrelativistic amplitude and nuclear dynamics,
which may not be a good approximation any more) and
for excitations of both spin-flip and non-spin-fiip levels in
&K are given in Fig. 3. The latter will become measur-
able for high-enough beam energies. The results of Fig. 3
refer to deeply bound A (in the is state) and substitutional
(nlj 'nlj ) states. We calculated for a constant beam ener-

gy and varied the outgoing beam energy, keeping the an-
gles fixed. A similar calculation was also carried out for a
constant outgoing electron momentum (which is experi-
mentally less realistic) p,' =800 MeV/c, where the incom-
ing beam energy was varied. Results pertaining to spin-
flip levels for 0-, =5', 8- =5', and P- =0 are shown in

Fig. 4. The shapes of the graphs in Figs. 3 and 4 are
largely determined by the momentum transfer, as can be
seen from a comparison with Fig. 5. [Note that the x axis
in Fig. 5 is (const —p,') for the case of Fig. 3 and
(p, —const) in the case of Fig. 4.]

10

D. Heavier nuclei

In this subsection we discuss heavy nuclei because they
are important for studying the (weak) decay of A hyper-
nuclei. While mesonic decay modes are dominant in very
light hypernuclei, the nonmesonic modes (A+N —+N+N)
are dominant in heavier ones. Studies of such decays are
important for the understanding of the four fermion weak
interaction; since we anticipate such studies, we believe
it might be useful to present here results for heavy hyper-
nuclei.

Cross sections for hygernuclear level excitations in
Zr —+~ Y* and Pb~~ Tl* are shown in Figs. 6—8.

The magnitudes of the cross sections are similar to those
calculated for Ca, but more structure is revealed, as
lower values of momentum transfer are reached, especial-
ly for Zr (Figs. 6 and 7). The correspondence between
Figs. 6 and 7 is made clear through the insert in Fig. 6,
showing the momentum transfer Q vs p,' for this case.
Very high spin states are excited with large cross sections
(see Fig. 8), but those are probably not readily detectable
(experimentally) in nuclei such as 2osPb.

90 I K+)90 Y
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6) go

K-=0

VI. INCLUSIVE HYPERNUCLEAR EXCITATIONS

In this section we study the inclusive (e,e'K+) reaction,
where a sum over all final nuclear states is performed.
The inclusive process will, of course, have much higher
cross sections, and will probably be studied first when the.
reaction is performed in future experiments. It is well
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pointlike vertices) were introduced when calculating for
Fig. 10. In Fig. 10 we show results for MA ——Mz and
MA ——0.8MN. All cross sections are two to three orders
of magnitude higher than the exclusive ones. The cross
sections are mainly governed by the leading coupling con-
stant g~A~ to within +10%. We thus conclude that very
accurate calculations and measurements will be necessary
to determine the other constants of Table I. The depen-
dence on the azimuthal angle P- (out of the p,-p,' plane)K
is relatively weak (of the order of a few percent) even for
the high beam energies considered here.

These results indicate the measurability of the (e,e'K+)
reaction cross sections. Once these measurements be-
come accurate enough, they will throw new light on a

large spectrum of problems in nuclear and intermediate-
energy physics.
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sidered for the exclusive excitations, because in the inclusive
case we have summed over all possible final states and no op™
tical distortions are present (see also Refs. 40 and 26). In the
former case, it is well established that distortion effects on ' C
and other light nuclei are very small, of the order of 8—25%,
as determined by K. Amos and F. DiMarzio, Phys. Rev. C
29, 1914 (1984); P. B. Siegel, W. B. Kaufmann, and W. R.
Cxibbs, Bull. Am. Phys. Soc. 30, 766 (1985); Phys. Rev. C 30,
1256 (1984). This is, of course, a result of the relatively small
and uniform (as a function of energy) K+-N cross section,
corresponding to the mean free path of approximately 5 fm in
nuclear matter. The results for nuclei heavier than Ca are
also not expected to be very sensitive to the optical distortion
(K. Amos, private communication). In view of the crude cal-
culation presented here, we shall just estimate the effect of
distortion on heavier nuclei. This distortion can be calculated
extremely reliably in the eikonal approximation (Ref. 16). We
further assume an overall attenuation factor, whereby angular

distributions are affected by the distortion mainly in overall
magnitude and not in shape [P. B. Siegel, W. B. Kaufmann,
and W. R. Cxibbs, Phys. Rev. C 30, 1256 (1984); H. C. Chiang
and J. Hufner, Phys. Lett. 84B, 393 (1979)]. This only pro-
vides a crude estimate, and we hope to improve our results in
future works. In any case, the uncertainties of the model do
not permit an exact estimate of the cross sections, and the dis-
tortion is, after all, quite small. We use the total K+N cross
section as given in Ref. 16, that is, around 15 mb and disre-
gard the real part of the K+N scattering amplitude
[Ref + (0')]; as Dover, Ludeking, and Walker (Ref. 16) indi-

cate, cross sections are almost independent of
Ref + (0)/Imf + ( '). This indicates an attenuation of
about 50—70% in the Pb cross section from optical absorp-
tion. The Coulomb distortion of the electrons and the kaon is
probably important because of the high charge number of

Pb, and will be considered elsewhere.


