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Because of this instrumental asymmetry, it was
decided to perform a second experiment with a
pair of cadmium plates, where it was hoped that
lesser asymmetry would be encountered. Be-
cause the absorption cross section for Cd is much
larger than that for LiF, a much thinner plate is
needed to attain the optimum e~ ' transmission.
This in turn means that the intrinsic phase angle
introduced by passage of neutrons through the Cd
plate is reduced to 132°, about 35 times smaller
than that encountered with the LiF plates. It fol-
lows that less control of the thickness equivalence
of two plates is called for in minimizing intrinsic
phase differences. Accordingly, a thin sheet of
cadmium was cold rolled to the desired thickness
(0.086 mm) and various sections were studied by
neutron transmission. Selected sections were
then cut and mounted on picture-frame holders
for use in the interferometer. Plates A and B
gave transmission values of 0.378 55 and 0.378 94,
respectively, with an uncertainty of 0.00043.

A package of interferometer data was then ob-
tained with the Cd plates in the same manner as
in the LiF experiment, again with plate inter-
change, and the results are summarized in the
lower section of Table I. The results for Cd in-
dicate that the intrinsic plate asymmetry is now
much reduced from that encountered in the first
experiment and also that the Shimony phase angle
A is again less than 1 standard deviation. Inter-
preting the results of the Cd-attenuator experi-
ment in terms of Eq. (3), we obtain

b=(+2.3+2.9)x10" % V.

Combining the results of the two experiments,

we obtain
b(total data) =(+1.1+£2.3)x10" " eV,

This establishes an upper limit on the magnitude
of the nonlinear term in Eq. (1) (Ref. 4) which is
about three orders of magnitude smaller than the
upper limit value of 4X107'° eV implied by the
Lamb-shift experiments. It may be noted that the
sensitivity attained in the present experiment im-
plies that the interferometer technique can be ex-
ploited to measure very small energy modifica-
tions of a neutron beam on the order of 10™'® eV.
We should like to express our appreciation to
Professor A. Shimony and Professor D. M. Green-
burger for many helpful conversations during the
course of the experiment and to A. D’Addario for
his skilled craftsmanship in constructing the inter-
ferometer assembly. This work was supported
by the National Science Foundation and the U. S.
Department of Energy.

(@)permanent address: Stonehill College, North
Easton, Mass. 02356.

!A. Shimony, Phys. Rev. A 20, 394 (1979).

%1, Bialynicki-Birula and J. Mycielski, Ann. Phys.
(N.Y.) 100, 62 (1976).

3A. Zeilinger, C. G. Shull, M. A. Horne, and G. L.
Squires, in Proceedings of the Intevnational Confevence,
Grenoble, 1978, edited by U. Bonse and H. Rauch
(Oxford Univ. Press, Oxford, England, 1980).

‘From the data obtained we are unable to make any
interesting statements about limits on the magnitude
of a general nonlinear term F(/3|%)y, unless the form
of the function F is specified and unless the absolute
magnitude of |¢|? is known.
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Quark models of hadron production in the beam-fragmentation region are extended to
production off nuclei by taking into account quark attenuation in nuclear matter. Simple
expressions are derived for the A dependence of the production of beam fragments, They
reproduce well the experimental data on hadron-nucleus and virtual-photon—nucleus col-
lisions.

Recent experimental studies of interactions of
high-energy leptons! and hadrons® with nuclear
targets have confirmed previous observations®
of a nuclear attenuation in nondiffractive produc-
tion of hadrons with large x and small p ;.

In this Letter we include quark attenuation in

nuclear matter in the standard quark models* of
hadron production and derive simple expressions
for the A dependence® of hadron production at
large x and small p,. The expressions are inde-
pendent of the details of the hadronization mech-
anism, have no free parameter, and describe re-
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FIG. 1. Quark diagrams for large-x and small-p,
production of (a), (b) mesons, (c)—(e) baryons, and
(f) antibaryons in baryon-nucleus collisions, of mesons
in meson-nucleus collisions, and of mesons in virtual-
photon~ (or intermediate weak boson) nucleus collisions,
The broken lines with arrow at the top of each diagram
[(a)=(h)] stand for (I) in case of combination and for (II)
in case of fragmentation.

markably well the observed nuclear attenuation.®
We adopt the following quark picture of produc-
tion of hadrons with large x and small p,: During
the collision, valence quarks of the projectile ei-
ther collide with target nucleons and are stripped
off the projectile, or escape such collisions and
retain their original fraction x of the incident mo-
mentum.” Quark(s) with large x that escape col-
lisions, which we call leading quark(s), can had-
ronize by recombining with slow quark(s) (x ~0)
either newly produced -or already present in the

target or in the beam, as in the recombination
models. They can also emit a slow fragment and
then recombine, as in the quark fragmentation/
cascade models.® In both cases a hadron is pro-
duced with approximately the same x as that of
the leading quark(s). These mechanisms are illus-
trated by the quark diagrams in Figs. 1(a)-1(h).

We first argue that their A and x dependences
factorize. Different x dependence for different
targets can come from A-dependent momentum
distributions of the quarks that recombine with
the leading quarks to form the large-x hadrons.
However, if we denote by x, and x, the x of the
partons (quarks, antiquarks, diquarks, etc.) in
the projectile and in the target, respectively,
that recombine into a hadron of mass m with x
=x; =%, (0<x,< 1), then

x;=[(= D + (6® +dm®/SM)V?)/ 2,

(x +x,)x,=m%/s,

(1)

where s is the square of the c.m. energy of the
colliding particles. For large positive x values
and high energies (m?/s—~0), Eq. (1) requires
that x,—~ 0, and thus x =x, and the x distribution
of the hadrons produced via a particular diagram
in Fig. 1 depends only on the projectile.

Since free quarks do not seem to exist, leading
quarks must hadronize before leaving the inter-
action region, and the sum of the probabilities of
all the possible recombinations must be 1. If the
relative abundance of quark flavors around x =0
is A independent, then the individual recombina-
tion probabilities are A independent. Hence the
A dependence of the quark diagrams results only
from the stripping probabilities. It can be calcu-
lated using standard “nuclear optics” techniques.®
Let S,4(q,,...,q,) denote the cross section for
stripping the valence quarks q,,...,q; from the
projectile when it passes through the target nu-
cleus A. Let o, be the quark-nucleon total cross
section (¢ =u, #, d, d, s, §, etc.) and let T'(b) be
the nuclear thickness at impact parameter b along
the incident z direction [T (®)=["., p® +Z)dz,
where [p(r)d® =A]. With the aid of the optical
relation,

0ea= [{1=[1-0,T(®)/A1*}d?
= [, 11— expl-0,,T(®)]}d%, @)

and the additive-quark-model relations,*

~ 1 ~ L
0,= 07 = 20p= 50y,
L (3)
0= 05 = 0gp— 20
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it is easy to derive relations like (g=u or d) oy*(h —h') is the contribution to the nucleon cross
- section from a quark diagram with a final hadron
51@)=Sua@) = 0ra =g, h' that contains the leading quark(s) # and the
S:4@q) =20,4 =044, summation over j, extends over all such dia-

grams. For production of 4’ that contains only a

single leading quark, e.g., p-r, K, n, p, w, ¢,

Skal@)=Sg,@)=0gs— 044, @) K*,...,orn—-K, 7, 1m,p, w, », K*,...,N, Z,
ALE, ..., Eq. (5) leads, respectively, to

Skals)=Sga(®) =0, - Oaas

SKA(SE) =SKA((]§) =054 t0,4=0ka4,

- =947 094 —-— . 6
Spa(d)=5S,400) = 0pp = O, -~ oalp=m,..) =T ox(p=m,...), (6a)
S, uu)=%S,,d) =204 = 0,4 —0C -
AT A e o m~K,.. )= %A 6 (oK ). (6b)
Syaluud)=0,,+30,4 — 30,4. Omp = Ogp
The invariant cross section o ,( ~ ') = Ed%c(hA Equations (6) predict an A dependence which does
—~h'X)/dp® at large x and small p, can now be not change with x.
written as Production of baryons that can contain two lead-
ing quarks like p~#n, A,>°,... can proceed via

oy | 20 5Sna(dn)
alh =)= | S8 S )

Jongz —-n'). (5) recombination of a single or two leading quarks,
| as indicated in Figs. 1(c)—1(e), and give rise to
two terms with different A and x dependences,

Opa—0 O, —0
GA(p-—A,...)=E'=‘L-:—O—ﬁ oN"’(p-A,...)+_’é_:6££ oyi(p =A,...). (7)

24 ’lTP 24 ap

Equation (7) can also be written as

Opp =0 20,4 =0, =0
oA(p——A,...)=—O¢’*‘—’I‘30N(p-A,...)+—-M——-—1’A———"ﬁo,,,1(p——./\,...). (8)
2~ Omp Opp = Oop

The second term on the right-hand side of Eq. (7) increases with A faster than the first term. Howev-
er since the x distribution of a single valence quark is much steeper than that of a diquark, the rela-
tive importance of the second term increases when x decreases. This leads to a decreasing nuclear
attenuation for smaller x values.

Nuclear attenuation of quarks can also be included in the quark-parton picture of deep-inelastic lep-
toproduction: The target quark that absorbs the virtual boson can either hadronize directly via recom-
bination with target quarks, or first emit hadron fragments and then recombine. In both cases, if the
observed hadron has a large fraction of the momentum of the virtual photon, the leading quark had to
escape hard inelastic collisions with target nucleons. Nuclear matter is approximately transparent to
photons and intermediate weak bosons, and their probability of striking a nuclear quark at (b,z) is pro-
portional to the nuclear density p(b,z). The probability of a quark struck at (b,z) escaping along the z
direction is exp{- 0le p(b,z)dz } and thus

oaly=h,...)=oxly~h,...) [d®b [~ p(b,z)exp{-o0, f:p(b,z’)dz'}dz=(oqA/(qu)cN(y-—h,. ). 9)

Equation (9) predicts an A dependence which does |
not change with x.

dicted by (9) with o obtained from electroproduc-

Experimental results on production from nu- tion of charged hadrons (2*) by virtual photons!
clear targets are often parametrized as [0.35<¢g%< 5 (GeV/c)? and 7< s < 31 GeV?] on D,
A, UA’ @=b) [A,\eGwn Be, C, Cu, and Sn targets. (Here, —g¢® is the
R, <74—> = c—zmm< .71_> (10) square of the invariant mass of the virtual pho-
L 41 ! ton y,, and s is the square of the total energy in
In our calculation of R and o, we used measured the vy, N c.m. system). The upper and lower lines
values'! of 0,, and 0,4. 0,4, was calculated from in Fig. 2(a) are our predictions for Cu/D and Sn/
Eq. (2) with 0,=13 mb and nuclear density func- D, respectively. They are in good agreement
tions that were determined by low-energy elec- with experiment. In Fig. 2(b) we compare o as
tron scattering.” In Fig. 2(a) we compare o pre- predicted by (6a) with a obtained from experimen-
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model predictions of a(x, 0) as defined in Eq. (10).

(a) @ from electroproduction of charged hadrons by
virtual photons (Ref. 1). The upper and lower lines are,
respectively, the predictions for Cu/D and for Pb/D.
(b) @ from 7*, K* production at 6 =17 mrad by 19~ and
24-GeV/c protons (Ref, 8) and from Kg production at

0° by 300-GeV/c protons (Ref. 2e). The line is the pre~
diction for Pb/Be. The shaded area indicates the range
of variation of the prediction for the different choices
of Ay and 4,. (c) a(x, 0) from A production by 300~
GeV /c protons (Ref. 2b) and from » production by 400~
GeV /c protons (Ref, 2¢) at § <2 mrad. The data points
and the predictions are for Pb/Be.

tal data on 7*, K* production from Be, C, Al, Cu,
and Pb targets at 6= 17 mrad by 19- and 24-GeV/
¢ proton beams® and from data on K¢ production
at 6= 0° from Be, Cu, and Pb targets by a 300-
GeV/c proton beam.*® The line is our prediction
for Pb/Be. The shaded area indicates the do-
main of variation of the predicted o for the dif-
ferent combinations of 4, and 4,. The predictions
are in-good agreement with the experimental da-
ta. In Fig. 2(c) we compare a calculated from

(8) with o obtained from experimental data on
small-angle production of A by 300-GeV/¢ pro-
tons®® and of # by 400-GeV/c protons®® from Be
and Pb targets. In our calculations, we used

ox*(p = A or n)=[0.73 mb/ (GeV?/c*)llu, k) +d, )]
with u,(x) = 2.1875(1 —x)*/Vx and d,(x)=1.2305(1
-x)*/Vx, and we assumed that 0. (p ~A,n,...)

= (0ppe —Trpe)On(p =~ A,m,...)/0,. Figure 2(c)
demonstrates excellent agreement between theory
and experiment,

We conclude that the quark picture of hadron
and lepton collisions when it takes into account
quark attenuation in nuclear matter provides a
simple and accurate description of the A depen-
dence of inclusive production of hadrons at medi-
um and large x and small p .
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It is suggested that dynamical (Bose-Fermi) supersymmetries may be present in the
spectra of complex nuclei. A concrete example in which a supersymmetric structure is
experimentally observed is shown. In this example the supersymmetry is generated by
L =0 and L = 2 bosons together with j =2 fermions.

In recent years, it has been pointed out by sev-
eral authors that there may exist in nature exam-
ples of supersymmetric structures in which bo-
sonic and fermionic degrees of freedom are linked
together in a single theoretical framework.! How-
ever, no concrete example in which a supersym-
metric structure is experimentally observed has
been reported so far. In this Letter, I suggest
that dynamical supersymmetries may be present
in complex nuclear spectra and I show one con-
crete example where the supersymmetric struc-
ture is experimentally observed.

By analogy with an ordinary dynamical symme-
try (which applies to a system either of bosons
or of fermions separately), one can define a dy-
namical supersymmetry as that situation in
which (i) the states of the combined system of
bosons and fermions can be simultaneously clas-
sified with a complete set of group-theoretical
labels; (ii) these states are split but not mixed
by the Hamiltonian, H, and (iii) the same expres-
sion for the eigenvalues of the system in terms
of the complete set of group-theoretical labels
described botk bosonic and fermionic spectra.

The investigation of this problem was stimu-

772

lated in part by the fact that similar attempts
have been made in elementary-particle physics
and in part by the known occurrence of several
ordinary dynamical symmetries in the spectra of
complex nuclei.? In particular, the spectra of the
platinum nuclei with an even number of protons
and neutrons have been shown to display a dy-
namical symmetry associated with the group
0O(6).® The states of these nuclei have then been
classified by the set of labels related to the group
chain® U(6) D O(6) D O(5) D0O(3) D 0O(2), denoted by
N, 0, 7, vp, L, and M. The group U(6) and its
subgroups are generated by L =0 and L =2 bo-
sons. In terms of these labels, the expectation
value of the most general Hamiltonian which
splits but does not mix the states can be written
as?

E(N, 0, Ty Va, L, M)

=-3A0(©+4)+3B1(T+3)+ CL(L +1), (1)

where, in comparison with Eq. (12) of Ref. 4, the
constant AN (N + 4) has been removed, since it
does not contribute to the excitation energies.

An ordinary symmetry associated with the group
chain O(6) DO(5) D O(3) is then present whenever
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