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Physics Opportunities with PILAC

Robert E. Chrien

Brookhaven National Laboratory, Upton, New York, 11973

I. General

In the Long Range Plan prepared in 1989 for nuclear science in the 1990's, this
nation's ability to maintain nuclear science at the "intellectual cutting edge" was
addressed. In this document a number of facilities designed to do this were cited,
including the CEBAF electron accelerator and the RHIC heavy ion accelerator.
Beyond these facilities the Report noted the scientific opportunities available with a
high intensity hadron facility and emphasized the importance of studies of the
strong force which determines nuclear dynamics.

My object in this brief survey is to discuss the physics research available in
this area based on a relatively modest~at least by current standards-upgrade of the
Los Alamos Meson Physics Facility, which will provide an important new tool for
hadronic studies: that is PILAC, a source of pions with momenta in excess of 1
GeV/c. With PILAC a host of new opportunities for physics with pions free of the
dominance of the P33 resonance is available.

Indeed, this was the conclusion of the so-called Moniz report on new
opportunities for Los Alamos, which was presented about one year ago. A key
statement of that panel is as follows: "The Committee feels that LANL and LAMPF
should aggressively and simultaneously pursue two prongs of a coherent
development program advancing research capabilities in both strong and
electroweak physics specifically the PILAC and the PSR upgrade".

This report refers to several areas of research with intense beams of 1 GeV/c
pions. The centerpiece of the new research is the area of "flavor physics" in nuclei;
i.e., the study of nuclear systems which incorporate nucleons containing one or
more "heavy quarks" (s,c,b,t). Other areas are specifically cited here, including the
study of baryon resonances, decay processes of light mesons such as the eta, and high
energy pion nuclear interactions.

This work was performed under the auspices of the U.S. Department of Energy
under Contract No. DE-ACO2-76CHO0016.



A number of these topics have been examined over the past year by a group
formed of LAMPF users, under the title "PILAC Users Group", and organized into
five general areas: hypernuclei, baryon resonances, elementary processes (hyperon-
nucleon interaction and light meson decay), high energy pion scattering, and
facilities.

The latter group, directed by Arch Thiessen, has been most active and has
produced a reference design for PILAC. Briefly, PILAC is a facility consisting of a
pion source, high resolution beam line, and spectrometer optimized to provide 109

pions on target and 200 keV resolution for the (re+,K+) reaction. A beam sharing
system allows simultaneous delivery to an achromatic beam line providing positive
and negative pions in the energy range 0.4 to 1.07 GeV with independent energy
control.

II. Hypernuclei

The usefulness of PILAC for flavor physics is based on the existence of a
maximum in the forward angle differential cross section for the (7t+,K+) reaction
near pK = 1.05 GeV/c as shown in Fig. 1. Thus the (JI,K) reaction provides a high
momentum transfer alternative to the more familiar (K",n-) strangeness exchange
reaction;

K" + n -» A + TC

which has a Fermi-averaged cross section of about 4 mb/sr near 800 MeV, an order
of magnitude larger than the (w+,K+) cross section shown on the figure.

Why the interest in producing hyperons in nuclei? At the hadronic level, the
A is distinct from a nucleon and becomes an effective probe for many body
spectroscopy with dynamical symmetries available which are forbidden to ordinary
nucleons. A good example of the relaxation of the Pauli Principle is shown in Fig. 2
for the case of 89Y, produced by the (rc+,K+) reaction at the BNL AGS, with the
relatively poor resolution (as compared to PILAC) of about 3 MeV. Here we can see
the single particle spectrum of A states, in the s, p, d, f, and g shells, coupled to the
dominant g9/2 neutron hole remaining after conversion to the A. The spectrum
results from the ability of the A to access any nuclear orbit, whether filled or
unfilled. One might wonder whether the partial indistinguishability of the A at the



quark level might not have some influence on these binding energies. One must
have high resolution data to pursue such studies.

Very little is known about the elementary A-N interaction; it must be quite
different from the N-N interaction since it cannot be mediated by single pion
exchange; the A has isospin zero. Many of the low-resolution (K,7t) experiments
have been devoted to a study of the interaction in the nuclear medium.
Considerable information is available from a study of configurations mixing in p-
shell hypernudei; for example, the distortion of the spectrum of nuclear core states
due to the presence of the A.

The potential improvement offered by PILAC can be gauged by examining the
mass spectrum of A C produced by (jt+,K+). The BNL spectrum is shown in Fig. 3;
the n C core has the bulk of the neutron hole strength concentrated in the 3/2-

ground state and the 1/2" 2 MeV and 3/2* 4.8 MeV excited states, shown at the
positions of the arrows. The excited states have about 1/3 of the strength; this is
barely seen in the existing experiment. A simulated PILAC spectrum as shown in
Fig. 4 would easily show those states and give precise quantification of the position
and cross sections for their production, and thereby a measure of the intrinsic spin
dependence of the interaction.

It has been known from previous K,K strangeness exchange reactions that the
hypernuclear spin-orbit splitting is very small. In contrast to the 6 MeV observed
for the nuclear p-shell, no measurable hypernuclear splitting is seen. Recently,
Jennings and his collaborators have used Dirac phenomenology to predict the size of
this splitting. A direct measurement would be useful in validating their approach
which involves coupling a and to mesons to quarks and not to nucleons. In the case
of ^3C P3/2 and pi/2 states can be seen directly. In strangeness transfer reactions the
maximum cross sections occur at different reaction angles and momentum transfer.
For pi/2 state population, a AL=0 transition at 0° will populate this state, while the
AL=2 transition will populate the P3/2 state optimally at 8 = 15°. A measurement of
the p3/2"Pl/2 splitting would require a comparison of these two angles. At PILAC, at
10°, the large beam intensities and the non-negligible spin-flip amplitude suggests
that a direct measurement of this splitting can be made. A simulated PILAC
spectrum is shown in Fig. 5, calculated for the standard interaction of Auerbach et
al., which indicates a spin orbit splitting of about 0.5 MeV. No (K,JI) experiment, or
(Kiry) experiment has yet confirmed this splitting.



Other important topics which PILAC could address in hypernudear physics
include such topics as the study of the weak decay process, few body systems, and
collective states. Furthermore, it is clear that the (it+,K+) reaction, due to its sizable
spin-flip, can produce hypernudei in polarized states. Another area, pointed out by
Jen-Chieh Peng, is the use of the (Jt',K°) reaction to excite mirror hypernuclear pairs
with a view to establish charge-symmetry breaking effects. It is clear that such
applications, and indeed the use of (n+,K+y) reactions for spectroscopic studies for
hypernuclei will require careful planning and in; crumentation efforts for pion and
y-ray detection.

Before leaving this subject, I would like to point out a possible avenue of
research which has not been mentioned; namely the production of hypernuclei by
double charge exchange reactions, that is of the type

n- + p -» n° + n
7t° + p-»A + K+

or pp(jr,K+) nA

A similar mechanism was suggested by Dover in connection with the
production of A hypernuclei by the (K;n+) reaction. Recently, experiments at BNL
have identified the production of the (Ann) system from the 2-step reaction:

3He (K-,n+) Ann

in connection with a dibaryon search which focussed attention on the missing mass
region below the Z-threshold. The contribution from this process to the Krn+

spectrum is shown in Fig. 6. The two-step process can be estimated from the data of
Fig. 6 to be only of the order of 1/1000 of the single-step process, but since it was
observable with the modest kaon intensities at the AGS, dare we not hope that
nanobarn cross sections to discrete states will be observable with PILAC?

Before leaving the area of flavor physics, it should be emphasized how little is
known of the elementary A-Nudeon interaction which underlies all this physics.
What little we do know comes from ancient bubble-chamber experiments and is
limited to differential and total cross sections. The A's are produced by the
elementary reaction and their subsequent interaction with a second proton of the
target is signaled by the proton recoil.



A similar approach is being contemplated for PILAC. A ten centimeter liquid
hydrogen target in a field of 0.8 Tesla is envisioned. In the reaction H(jr,K°)A at
PILAC energy (1050 MeV/c) A's are produced ranging from 400 to 900 MeV/c. The
A's are scattered and subsequently decay, and the event is thus described by tracking
5 charged particles—two from A decay, two from K° decay, and the recoil proton.
Since the A is produced with a large measure of intrinsic polarization, a number of
the spin transfer parameters of the A-P interaction can be measured. The main
experimental problem is the large ratio of unscattered A's to scattered (namely, about
1000 to 1), which makes the detector of the recoil proton essential.

In the area of pion-nuclear physics, PILAC opens up a new region above the
(3,3) resonance. This region will, among other things, allow a more tractable attack
on the study of medium modifications of the elementary hadronic interaction. In
the (3,3) resonance region, the character of the physics is dominated by the short
mean-free path; i.e., pion studies are largely confined to the nuclear surface. Above
the resonance region, the strength of the pion-nucleon interaction decreases
dramatically, and penetration increases. The depth of penetration for pions into
nuclear matter is shown schematically in Fig. 7, as compared to an 800 MeV/c
positive kaon.

Recent experiments at the AGS have shown how useful a penetrating probe
can be. The K+ is the most weakly interacting, and therefore the most penetrating
probe, of any of the strongly interacting probes. For weakly interacting probes, the
multiple scattering becomes rapidly convergent and nuclear medium effects can be
readily corrected for. Figure 8 shows a recently published ratio of the cross sections
per nucleon for carbon and deuterium, measured for the K+ probe. The point of
these measurements was to isolate alterations in the elementary K+N interaction
from the known medium modifications, such as nuclear binding, and look for
novel effects. Here the intent was to isolate nucleon swelling which might be
associated with quark deconfinement in nuclei. The relevance to PILAC is that for
pion energies near 700 MeV, the pions are the second-most penetrating probe, after
the K+. The weakness of the pion-nucleon two-body amplitude, and its lack of
drastic energy dependence, will greatly simplify the interpretation of pion-nuclear
interactions.



Another effect of freedom from the (3,3) resonance domination is on the
isospin dependence of the interaction. The 9/1 ratio of (rc+p)/(n+n) cross sections
changes to 1/2 near 700 MeV. The smooth isospin dependence, at high energies, for
the two-body amplitude will aid in extracting reliable nuclear structure information.
Quasi-free pion scattering becomes much more interesting at PILAC energies, where
the momentum transfer to the nucleon exceeds the Fermi-momentum over a wide
range of scattering angles. With PILAC the quasi-free production of deltas and etas
become possible.

The inelastic scattering of pions to discrete states and the single-charge
exchange to the analog state are all areas which benefit from the sharpened
convergence of multiple scattering theory. Finally, the area of double pion
exchange, a unique probe of nucleon-nucleon probes through a double scattering
process, may benefit most of all. Here it is most important to separate the
conventional medium corrections which result from uncorrelated sequential
scattering from the effects of the short-range nucleon-nucleon correlations. At
PILAC energies, there is hope that this separation may be feasible.

Eta meson production, through the reaction rc-p -» p , where the T\ is detected
through its two-body photon decay, will be readily accessible with PILAC. Eta
production occurs through the (1535) S\\ isobar, excited with a PILAC momentum of
800 MeV/c. Quasi-free delta and eta production reactions will be vigorously
pursued at PILAC; the clean and simple resonance reaction might be expected to
make a clear quasi-free peak relative to the continuum, since other JIN resonances
near 1535 do not decay to etas. At PILAC energies, the excitation of a bound nucleon
to a delta will be a prominent feature of inclusive reactions. The goal of these
studies is the effect of a nuclear environment on the elementary process.

PILAC greatly extends the range of possible light meson decay experiments at
Los Alamos through its energy and intensity capabilities. The clean beam with its
well-defined phase space and its low contamination can reduce systematic
uncertainties and provide increased sensitivity.

This is illustrated in a suggestion to use PILAC to improve our knowledge of
the pion decay rate,

7t+ -> ir° e+ ve,



which is predicted by the Standard Model (SM), to be,

R = 0.3999 ±0.0005 sec"1.

This decay process may be termed the beta decay of the pion, and its value was
predicted from the super-allowed Fermi nuclear beta decays using the conserved
vector current hypothesis (CVC). Within the Standard Model this rate is related tc
the first element, Vud, of the Cabibbo-Kobayashi-Maskawa matrix.

Recent analyses of nuclear beta decay rates have reported a possible difference
from unitarity for the CKM matrix:

Vu
2= IV u d l 2+ IVUSI2+ I Vum^zr 0.9960 ±0.0013

and have prompted an examination of each of these terms (the I Vu s I is derived
f-om kaon and hyperon decays, while the I Vub I is derived from B-meson decays).
Iii the case of nuclear decay, some of the corrections involved in the extraction of Ft
values are Z-dependent; in the case of pion decay there are fewer corrections, and
none that depend on Z, since the daughter has Z=0.

An in-flight experiment at PILAC has been analyzed by McFarlane, based on
LAMPF Experiment 32, which measured this decay rate to an accuracy of about 4%.
Since the probability of pion-beta decay is low (at 1050 MeV/c it is only about 10"9 per
meter), it follows that an intense beam, long decay region, and good acceptance are
required for a high statistics experiment.

In order for such an experiment to be interesting, its precision would have to
be comparable, or better, than the 0.5% size of the systematic corrections for nuclear
beta decay. A major problem with the earlier LAMPF measurement was beam
contamination with protons, electrons, and muons; PILAC removes protons and
electrons. After consideration of several sources of systematic errors, McFarlane
concludes that a measurement at the 0.1% level is possible, and a meaningful CKM
unitarity test would ensue.

With its ability to produce a copious supply of eta mesons, PILAC offers
opportunities to explore physics beyond the minimal Standard Model. It has been
estimated that on the order of 1010 etas could be produced per day, leading to
sensitivities in branching ratios on the order of 10"10. Many extensions of the



Standard Model contain interactions which break the conservation of lepton family
numbers, such as the LFNV reaction,

r\ -» yr e+,

for which there is no direct experimental information at present. Another reaction
which could be studied at PILAC is

n -» e+ e"

which has a lower limit for its branching ratio of B = 1.75xlO*9. An experiment to
measure the ratio at an accuracy of 10% appears feasible; a lower value for the ratio
would be indicative of physics beyond the Standard Model.

An interesting observable in the eta decay to two muons is the muon
longitudinal polarization

The muons can have a longitudinal polarization only in the presence of a CP-
violating quark-lepton neutral current interaction; this polarization is unobservably
small in the minimal Standard Model. For a total of 200,000 TJ -» u+ u~ events, and a
line of 6X106 sec or 1500 hours, a muon polarization accuracy of 5% is estimated.

In the range contemplated for PILAC there are nine S=0, 1=1/2, or N*,
resonances attainable; i.e., they have masses below 1730 MeV/c2 and they are listed
in the particle tables as 3 or 4-star resonances. Six of these cluster near 1700 MeV/c2.
In addition, there are 3 A resonances (S=0, 1=3/2) which are 3 or 4-star. These
established resonances are complemented by the 1-star N(1540), the 1-star A(1550),
and the 2-star A (1600). The present LAMPF limit lies at the N(1440) or Roper
resonance, for which a complete data base includes differential cross sections,
polarization asymmetries, and spin rotation parameters. PILAC would cover the
low-lying D13 and Sn resonances and the cluster of N* resonances near 1.6 GeV; and
precise data are sorely needed to untangle this complex sec of overlapping
resonances. These N* and A resonances, and their confidence levels, are indicated
in Figs. 9a and 9b.

Our knowledge of the masses and widths of these resonances comes basically
from the partial wave analysis of TIN (pion nucleon) scattering data. Various



models have been invoked to predict these masses and widths, including quark,
Skyrmion, hybrid, and other QCD-based models. Some of these models exhibit
remarkable agreement with the known resonances, but more resonances are
predicted than are known to exist. But even the experimental situation is not clear;
there is a dearth of experimental data. There are four goals for PILAC, based on the
observation of clusters of baryon resonances and the need to understand the nature
of three of the lowest-lying states.

1) To establish (or disestablish) the existence of the lowest 1-star resonances, P13
and P31.

2) To study the fine structure within the cluster.

3) To determine the Sn resonance branching ratios to the TJ and other channels.

4) To determine the extent of parity-doubling of states. Parity doubling is
predicted to occur naturally in collective models of baryon resonances and
would be a decisive test of those models.

This brief summary does not do full justice to the breadth and depth of the
physics research possibilities encompassed by PILAC. A preliminary document
expanding on the points mentioned and more is being distributed. The physics
justification for PILAC is, however, an ever-growing and evolving story. May each
of you contribute to it.

In closing, I wish to quote once more from the Long Range Plan presented by

the DOE/NSF Nuclear Science Advisory Committee. In referring to the major new

facilities recommended by the report (CEBAF, RHIC, and KAON), the NSAC states:

"Opportunities range across almost all subject areas discussed in this
report. Indeed, the wide range of nuclear phenomena and the unity of
the underlying understanding, from the phenomenology of nuclei
through collective, nudeon and meson degrees of freedom, and finally
to quarks and gluons, is an essential feature of modern nuclear science".

I hope that I have convinced you that PILAC can contribute to the "wide

range of nuclear phenomenon" that is the essential feature of modern nuclear

science.
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Figure Captions

Fig. 1 The free space differential cross section for m++n-»K++A in the lab frame.
The factor a results from the transformation from the two-body to the nuclear
system.

Q O

Fig. 2 The AY excitation spectrum, as measured by a BNL AGS (rt+,K+)
experiment. The A shell structure is clearly visible.

Fig. 3 The A C excitation spectrum, as measured at the AGS with a resolution of
2.6 MeV, FWHM. The arrows show the expected positions of the known 1" hole
states of n C

12
Fig. 4 A PILAC simulation for the A C spectrum.

Fig. 5 A direct measurement of the l/2~'3/2~ doublets in . C. A separation of 500

keV is assumed. The PILAC spectrum is calculated at 10° and a FWHM of 200 keV.

Fig. 6 The 3He (K",7t+) spectrum as measured at the AGS. The large peak (off scale)
is the quasi-free L production, while the small peak is indicative of A production by
the 2-step process. The dashed histogram is an overlay of the 3He (Kr,ir) spectrum
measured in a separate experiment and normalized to the (Kr,n+) spectrum. The
incident kaon momentum is 870 MeV/c, and the spectrometer is set at 730 MeV/c
and 0 = 20°. The missing mass scale is calculated for the system (Dg + neutron),
where Ds is a presumed singlet dibaryon.

Fig. 7 The profile function of several nuclides and indicated penetration depths

for n+ of various energies and for K+ at a kinetic energy of 446 MeV.

Fig. 8 The ratios of total cross sections per nudeon, for 12C and 2H, as a function of

K+ momentum. The band shows the expected ratios, after conventional nuclear

matter corrections.

Fig. 9 The positions of N* resonances (9a) and Delta resonances (9b) and their
confidence levels. The graphs show the evidence for clustering and indicate the
positions of the poorly-established P13, P31, and P33 resonances.
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