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In these lectures I will describe our group’s recent experiments performed in the Meson
Area of Fermilab. I will begin with a discussion of the theoretical motivation for the investiga-
tion of the interactions of mesons in the nuclear Coulomb field, describe the apparatus
used in the studies and the results obtained thus far, then I will proceed to a brief description
of the physics of direct-photon production in hadronic reacticns and, finally, to our tests
of the feasibility of using a liquid-argon detector for studying such processes at Tevatron
energies.

PACS numbers: 13.85.-t

1. Introduction — electromagnetic transitions

Hadron-nuclear collisions have received a grat deal of attention during this past
decade [1]. Although, in the main, interest has focused on ir.coherent reactiors, particu-
larly on the question of the time-development of hadronic processes, there has-also been
substantial activity in the area of inelastic coherent production. Coherent reactions have
been used to study diffractive processes, interactions in the nuclear Coulomb field, and
isoscalar-exchange mechanisms. In what follows I will provide the motivation for investi-
gatirg coherent inelastic interactions of mesons in the riuclear Coulomb field in the range
of Fermilab-SPS energies.

The specific diagram I have in mind is the Primakoff process [2] indicated in Fig. 1,
in which a hadron (h) interacts via photon exchange with a rucleus of charge Z and nucleon
number A, producing a hadronic system (or particle) h*, while leaving the recoiling
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nucleus in its ground state [3]. If the cross-section for such an electromagnetic transition
can be extracted from the data, then, employing the Primakoff formadlism, it can be
used to determine the radiative width (I'y,y,) for the decay h* — hy, or to study hy
elastic Compton scattering (for the case of h* decaying irto h-y),; or to measure in an
unambiguous way h-r scattering phase shifts (if h* decays evertually into an h-r system).

*
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Fig. 1. At the right is the diagram for the Primakoff production of an excited hadron state (h*) in the
Coulomb field of a nucleus of charge Z. At the left is an energy-level diagram of the quark-antiquark states
involved in the p~ — w—y transition

In addition, and on a more speculative rote, because meson-photon incident channels
have not been investigated in great detail in the past, particularly for masses above 1 GeV,
these reactions could therefore provide surprises, such as the production of new families
of resonances that might be forbidden to decay hadronically but could be observed
electromagnetic channels.

2. SU(3) — quarkology

The radiative decay p~ — n~y can be regarded in the simple quark model as a magnetic-
-dipole transition between a 3S, and a 'S, level of a quark-antiquark system. Figure 1 dis-
plays the specific quark states relevant to the process. In the long-wavelength approxima-
tion, the M-1 operator for any such vector meson-pseudoscalar decay transition can be
written as [4}):

H:;”J;J'(Exg)’ n

where the summation is over the quarks with magnetic moments u 13 £ and k are, respecti-
vely, the-polarization and momentum vector of the emitted photon; g, are the Pauli spin

matrices.
The radiative width for the V — Py decay can be written (for non-relativistic quarks)

in terms of H as follows:
Ep E :
P H{V 2, 2
Mv) [KPe | HIV; )| )

OB

vpy =

where My is the mass of the vector, meson, and Ej is the energy of the pseudoscalar in the

rest frame of V; the sum is over all final states and an average over initial states.
Ambiguities inherer:t in the derivation of Eq. (2) make the absolute predictions for

radiative widths somewhat suspect [S]. Nevertheless, when the same kind of quarks are
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involved, the ratios of predicted widths would be expected to be far more reliable. The
calculations should be particularly trustworthy in the case of a comparison between
I'(©° — n°y) and I'(p — my) because the kinematics in both decays are essentially the same
and, for the case of ideal mixing, the w° meson can be described by an equal superposition
of uu and dd quarks. Using Eq. (2), the ratio of I'y,/I oy is expected to be 85 keV/780 keV,
or ~ 0.11. (The same result for the ratio can also be obtained simply from SU(3) Clebsch-
-Gordan coefficierits, assuming that the photon is the U = 0 member of the vector-meson
octet.) The experimentally determired ratio, prior to our measurements, was 0.045+0.013
— a result quite inconsistent with expectation. Because the experimental value of I,
agreed reasonably well with the theoretical prediction, it was natural (particularly for
theorists!) to view the previous value [6] of I'y,, with some suspicion.

b4
7° h h
P wo’.”-o,A:’.“
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Fig. 2. The diagram used in the calculation of Iy via the vector meson dominance hypothesis is shown
at the left. Strong-exchange contributions to ccherent production of h*, on a nucleus of nucleon number
A, are given at right

An independent calculation [S] of I',,,, based on the vector-dominance hypothesis
in n° — yy decay (see Fig. 2), also suggested that I',,, should be ~ 70 keV rather than
the old 35+ 10 keV value [6]. This theoretical difficulty prompted our attempt for a second-
-generation measurement of the p~ — n~y decay.

3. Primakoff process

At first glance, one might be tempted to try to measure the p~ — n~y branching
width through a comparison of this decay mode with the more favoured p~ — n~n°.
Unfortunately, tlie ratio I'y,/Io is expected to be < 10-3; consequently, p~ —
— n-yy decays in which one of the photons escapes detection (and this occurs, typically,
at the = 10-2 level) can feed through to the p~ — n~y candidates and cause insurmount-
able background problems. (Comparing p° — ntn~ with p® — n% will not help because
of the large n°n® backgrounds that usually prevail in any suitable p®-production reaction;
for example, the cross-section for m+p — A4(1232)++p° is comparable to ntp — 4(1232)*++nn°,
where the two n%’s are either in the 7 = 0 or 2 state.)

Another possibility for measuring I'y,, is, for example\, through the extraction of the
strength of the pry vertex in p* photoproduction on a hydrogen target. This involves the
isolation of the n-exchange contribution to the cross-section and delicate, but ultimately
unreliable, extrapolations of the coupling to the pion pole.
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As in the previous experiment [6], we decided to utilize the nuclear Coulomb field
as a source of photons to measure the inverse process m~y — p~. The cross-section for the
production of any object h* in the Coulomb field of a nucleus can be written as [2]:

do; Z%a o (M*) t—t

=IFP == o FOP, 3)

where « is the fine-structure constant, M* is the mass of h* and M the mass of h, ¢, (M*)
is the cross-section for the reaction yh — h* at \/E = M* for yh, ¢, is the square of the
minimum momentum transfer required to produce M*, and Fpp(?) is the electromagnetic
form factor of the nucleus. When h* is a resonance that decays into some particular chan-
nel, e.g. h* — hn, then we can write for ¢,(M*), the cross-section for hy — hm, as follows:

22 QJ¥+1) ML (M*)I (M*)
> QT+1)  (M*— MY+ MTHM™),’

o (M*) = @
where J and J* are the spins of h and h¥*, M, is the mass of h* on resonance; I't, I',,
and I', are the mass-dependent total, radiative (h* — hy) and partial (h* — hn) decay
widths of h*, The cross-section for producing h* is therefore proportioral to I',. It is also
proportional to Z? and has the characteristic 1~ behaviour of the photon propagator.
The cross-section must vanish at 0° (¢t = t,) and it peaks at 2¢,. For M* ~ 1 GeV and for
incident momenta of ~ 200 GeV/e, t, is ~ 5% 10-¢ GeV?, which corresponds to impact
parameters of ~ 50 fm. Because the cross-section in Eq. (3) is steeply peaked at such small
t values, the calculation is insensitive to the detailed form of Fpp(2).

As the incident momentum (p) increases, the value of ., at.fixed M*, decreases as p~2.
This opens up a new region of phase space for the Primakoff process and the total Cross-
-section therefore increases with energy; although asymptotically this growth is only
logarithmic in p, for high values of M* (or for small values of p) the p-dependence is far
stronger. Background contributions that involve particle exchanges (see Fig. 2) fall rapidly
with energy and, consequently, the measurement of a radiative width via photon exchange
is greatly facilitated by performing such an experiment at high encrgies where electro-
magnetic production dominates over any strong-exchange contributions.

4. Interference from strong production

The cross-section for coherent production of h* through isoscalar exchange (e.g. @°
in Fig. 2) can be parametrized as follows [2]:

‘%gt“ = IF's‘z = Az(t_’o)cleH(t)lzs (5)

where C,, determined by production on a nucleon target, contains the energy dependence
(~ p~Y), and [Fy(1) |? is the nuclear form factor. Because distances of the order of several

fm are involved, the calculations based on Eq. (5) are far more sensitive to details of the
nuclear-shape parameters than is the case for Eq. (3).
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For coherent p— production, either through y-exchange and through 'w-exchange,
the p~ is produced with helicity projections of +1 along the exchange direction (Gott-
fried-Jackson frame). Thus, when the p~ decays into a na~n® system, the angular distribu-
tion will be of a sin?0 - sin? ¢ form. Consequently, the electromagnetic and the strong
contributions to p~ production have to be extracted through an analysis of the dependence
of the data on 7, 4 and, to a lesser extent, on p. Our procedure is to integrate the data (and
the theoretical expressions) over a certain range of M* values and then fit the data to the
following theoretical expression:

L~ IR F e )P, ©
where F, and F; are the electromagnetic and strong amplitudes (integrated over some
finite mass interval), and ¢ is the phase of the strong amplitude relative to the Coulomb
term. (The Coulomb phase is included in F,.) Because of the uncertainty in the formula
we employ for strong exchanges, we allow C, to 'vary freely, but check that it is reasonably
consistent with what might be expected from production on hydrogen. Consequently, in
our fits we have three parameters: C;, ¢, and I',. (When the fits warrant it and backgrounds
are large enough, we introduce an additional incoherent term of the form D exp Et into
Eq. (6).) The fits to the data are very sensitive to the experimental resolution, and the
theoretical expressions for F, and F, are therefore corrected for resolution smearing in
the comparison with data.

At the energies of our experiment we are insensitive to strong-exchange contributions
that involve I # 0. These cross-sections fall more rapidly with increasing energy and scale
as the neutron-proton difference in a nucleus [7].

5. The experimental set-up for E272

Experiment E272 was performed in the M-1 beam of Fermilab. The first run was taken
in a negative beam at two energies: 156 GeV/c and 260 GeV/c [8]. The set-up is illustrated
schematically in Fig. 3. The basic elements consisted of: i) A target box that was surrounded
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Fig. 3. Experimental layout for E272
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with lead/scintillator-sandwich veto counters, used to suppress interactions that involved
nuclear break-up or multiple-particle production. #) A drift wire chamber (DWC) system
(D1, D2, D3, and D4) used to measure charged-particle traiectories. iif) Multiwire propor-
tional chamber (MWPC) plares, used for beam tagging (J1 and J2) and for triggering pur-
poses (P1 and P2). iv) A liquid-argon calorimeter (LAC), used for measuring the deposition
of electromagnetic energy.

The evacuated decay region downstream of the target was used for obtaining a clean
sample of beam K- decays that served to normalize our cross-sections and to check our
experimental resolution.

The positions of various scintillation tirgger and veto counters in the experiment are
shown in Fig. 4. All the A; and V; were used in veto. The AM elemerits formed the limiting
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Fig. 4. Scintillation counters used in E272

aperture on the front face of the analysing magnet (BM109). In the p~ type of trigger
(one minimally ionizing particle exiting the target, as inferred via a discriminator setting
on the output pulse of the 1.6 mm thick S-counter) a small veto counter (BA) was used
to veto events that had a charged track in the beam region at the position of the LAC.
This eliminated from consideration most of the non-interacting beam tracks (which, clearly,
satisfy all the veto requirements) and small-angle elastic scatters. The BH counter was
a scintillator that had a hole the size of the beam spot (~ 1 cm); this was used to veto
incident tracks in the beam-halo region. The B; counters, in conjunction with BH, were
used to define acceptable beam. Three Cerenkov counters located in the beam between
B0 and B2 enabled us to distinguish incident n—, K, and p components.
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Figure 5 shows the geometry of the LAC construction. Once all cells were assembled,
‘the detector was immersed into a vacuum-walled dewar, filled with liquid argon, and kept
cool through a liquid nitrogen heat-exchangir g loop located at the top of the dewar (above
the level of the liquid argon). The LAC was divided into equal front and back halves.
All the x channels (and y chanrnels) in front and in back, that were at the same distance
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Fig. 5. Sketch of x-y read-out boards and assembly of LAC

from the beam axis, were ganged together and read out on low impedance cables through
a cover on the top of the dewar. Here the signals were amplified and eventually digitized
using a novel sample and hold system [9].

The lead plates on the LAC were set typically to about — 1500 V relative to the copper
strips. Under normal conditions, an electron or photon that entered the LAC initiated
an electromagnetic cascade in the lead that produced a large number of electrons. These
electrons then ionized the argon atoms, causing current to flow between the lead plates
and the copper strips near the position of the cascade. This current pulse was detected
and analysed using the read-out circuitry.

A hole was drilled through the lead -plates and the G-10 boards in the region of the
beam to minimize interactions of beam particles within the LAC. Nevertheless, a suffi-
ciently large number of hadrons iuteracted in the LAC so that special measures had to
be taken to reduce the trigger rate for p—-like events.

6. The p~ trigger

A o~ trigger could in principle be defined through a beam-track requirement, an S coun-
ter minimum-ionizing signal and an energy deposition in the LAC. Unfortunately, 2 102
of all beam tracks (all outside of the BH-veto region) would pass such weak constraints.
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This is because even though the LAC had a beam hole, just outside of this hole any incident
hadrons could interact (~ 0.7 interaction lengths of material) and produce =®’s that could
deposit substantial energy in the’ LAC. Thus, without additional protection, elastically
scattered beam tracks could often simulate p~ triggers, and because the ratio of the p~
cross-section to elastic scattering on a copper target, for example, is 5 10-3, even a minus-
cule feedthrough of elastic scatters at the trigger stage could have greatly compromised
the experiment. This is because experiments tend to be limited by the number of events
that can be written on tape — in our case this was about 40/s. If our trigger rate were
limited by elastic scatters to~ 10-2 of the beam rate, then we would have been able to
utilize only ~ 4x 10 beam/s for producing p~ events, instead of the ~ 4x 10° beam/s
that we eventually used, after we tightered up the trigger requirements.

To tighten requirements on the p~ trigger we utilized the fact that, for real electro-
magnetically-produced p~ events, the n~ and n® decay products are emitted in opposite
vertical directions relative to the beam line. Thus, electromagnetic energy in the upper
part of the LAC must be correlated with the presence of a charged particle in the lower
part of the LAC and vice versa. By requiring in the trigger that the up/down scintillation
counters (U;/D; at front of the LAC) be correlated with energy in this particular way
greatly suppressed the major background from events in which a lone charged hadron
interacted in the LAC, simulating the presence of an electromagnetic shower.

Two other precautions were taken to further reduce background-p— triggers. First,
the P1 and P2 chambers were interrogated [10] to check that the charged-track multi-
plicity in front and downstream of the magnet was consistent with that for a p~ event.
Second, a matrix was set up between wires in J1, J2, and P1 to ascertain that the triggers
were due to interactions in the target. That is, using the slope of the beam trajectory obtained
from J1 and J2, the track position was extrapolated to wires in the P1 chamber. If these
Pl wires had signals, it was assumed that the beam track interacted somewhere down-
stream of the target and the event could therefore be rejected at the trigger stage. Using
all the above criteria, the p~ trigger rate was eventually reduced to ~ 10-° of the beam,
essentially without biasing the true p~ signal.

7. Studies of K- decays

Decays of the type K~ — n—n° or K- — n%-v have the same topology as the p~ — n=n°
events. These decays were collected simultancously with the normal p- triggers and were
used to fine-tune the parameters in the Monte-Carlo acceptance program for the experi-
ment.

Figure 6 illustrates how the resolution in ¢ degrades with target material and with
increasing beam momentum. The steepest distribution is for K., decays that occured in
the vacuum pipe when there was no target in the target box. If our resolution were perfect,
then all the events would be located at z = 0. But because of measuring error the sum of
the n~ and n° vector momenta is not equal to that measured for the incident K=. When
a Pb target (~ 0.2 radiation length of material) is introduced into the target box the inci-
dent K- undergoes multiple-Coulomb scattering which smears the measurement of the
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incident angle, thereby worsening the resolution in ¢ (given essentially by p - 60). When,
in addition, the beam momentum is increased, the 7 resolution is observed to broaden
further. The tails to the simple exponential fall-offs in Fig. 6 are mainly due to small
backgrounds from K,;; or K,; decays of the K-.

Figure 7 displays the electron momentum distribution and the location of the decay
point in the vacuum pipe downstream of the target for the K3 events. The smooth curves
are the expectations from the Monte Carlo program, which was based mainly on studies
of the K, decays. The agreement is clearly quite good. Other detailed studies of this
kind have given us confidence that we understand the resolution and acceptance of the
entire spectrometer.

8. Check of the Primakoff formalism

To check the validity of our analysis and of the Primakoff formalism, we used data
available for the reaction yp — pn® near the region of the A(1232) [11], in conjunction
with Eq. (3), to predict the rate for A(1232) production for proton interactions in the
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Fig. 8. Comparison of the T(1232)+ signal observed on a Pb target with expectations from Primakoft
produciion

nuclear Coulomb field. Because the p flux in the negative beam was too small, we therefore
ran a short'time at 156 GeV/c in a positive beam. These data were used to check that the
cross-section for the reaction p+Pb — pn®+Pb agreed with expectations.

Figure 8 displays the data for pn® production on Pb at small ¢, where Coulomb pro-
duction should dominate. The overall acceptance is rather poor (primarily because the
7%’s are of low momentum and their decay products miss the LAC). The observed cross-
-section as a function of pa® mass is in agreement with the prediction (smooth curve),
particularly at low masses. At higher masses, diffractive N*(1400) production becomes
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important and the data consequently deviate from the prediction that is based solely
on Eq. (3). The angular decay distribution of the proton in the A(1232) rest frame (Gottfried-
-Jackson) is in agreement with the 143/, sin? 6 form expected from the interaction of
a transversely polarized photon with a proton in the J = 3/, state.

Hence, to ~ 20 9; accuracy, limited by a combination of statistics, uncertainty in resolu-
tion, and uncertainty in the cross-section for yp — pn®, the predictions are in agreement
with our observations for A(1232) preduction in the nuclear Coulomb field.

9. Radiative width of the p~

Distributions in the reconstructed vertex positions for 156 GeV/c and 260 GeV/c
data for the reaction:

n-Pb — n-nPb Q)

are shown in Fig. 9. The data are completely consistent with the smooth curves, which
represent what is expected from the resolution of the spectrometer. (The target thickness
is orly ~ 1.5 mm: hence. the widths of these distributions are entirely due to experimental
resolution).
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Fig. 9. Distribution in the reconstructed interaction vertexes near the target for reaction (7). The smooth
curves are expectations based on Monte Carlo calculations

Distributions in the total energy of n~n° systems for candidate events for reaction (7),
and for similar data on a carbon target, are shown in Fig. 10. The cross-hatched regions
correspond to events with ¢ < 0.002 GeV2. The low-energy tail, particularly evident in
the carbon sample, stems from A; background, in which the coherently-produced Ay
events decay into w~nn® systems and one of the n®’s either misses the LAC or has too
little energy to be properly reconstructed. This sort of background provides artificial p—~
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events that have large apparent 7-values. The arrows in the figure indicate the cuts on the
range of energies used for defining acceptable events. (The widths of the peaks are due
partially to experimental resolption and partially to the inherent ~19 spreads in the
beam momenta.) l

The urcorrected mass spectra for n-n° systems produced on several nuclear targets
are shown in Fig. 11. The data appear to be dominated by the p— peak. The decay angular
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Fig. 10. Energy of nx® systems produced in reacticn (7) that have vertexes within the arrow-beunds
shown in Fig. 9. The cross-hatched regions are for ¢+ 0.002 GeV?
Fig. 11. Mass distributions for n~r° systems prcduced in reacticn (7), that Lave acceptable vertex and
" energy bounds

distribution of the p—, for events having ¢ < 0.002 GeV?, where background from A[ pro-
duction is negligible, is consister:t with the expected sin? 0 -sin? ¢ form. This is demonstrat-
ed in Fig. 12, where the smooth curves represent the sin? 8 depernderce, corrected for
acceptar.ce and resolution. (The ¢ depender.ce at small ¢ is dominated by the resolution.
At larger ¢, as in carbon, for example, there is a clear irdication of a sin®¢ behaviour.)

The cross-section for reaction (7) as a furction of n~n® mass, corrected for all cuts,
resolution and acceptarce, is givén in Fig. 13 [12]. [The curves on the data represent different
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parametrizations-of the p~ line shape using Eqgs. (3) and (4).] Also in Fig. 13, there appear
two typical fits of Eq. (6) to the data, integrated over n~n° mass. The cross-sectiors at small
values of ¢ scale essentially as Z2, while at larger ¢, where w° excharge becomes more
significant, the fits and data develop a weaker A-dependerce.

a) {56 GeV/c b) 260 GeV/c
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Fig. 12. Angular decays of g~ mesons produced on a Pb target at ¢ < 0.002 GeV2, The smooth curves
correspond to the expected forms for Coulomb-produced p~, corrected for acceptance and resolution of the
equipment. The points in parts ¢) and d) show the raiio of the acceptance-correcied p~ data to the cor-
responding K~ — 1-n° decays. The values of ¥2 indicate that wedo not have 6-dependent losses of p~ ~ wn®
relative to K~ — n~n® events. (This is a stringent check of our normalization procedure)

Fits of the kind shown in Fig. 13 were used to extract from the data the three param-
eters of interest, namely, C,, ¢, and I'y,, [12]. The target-to-target variatiors in these
parameters were found to be within the systematic and statistical uncertainty of the data.
The results from the high-Z targets (Cu arn.d Pb) were esser.tially insensitive to C, orto ¢.
The strong-irteraction cortribution in the carbon data at 156 GeV/e, was significant and,
consequerntly, because of the urcertairties in the parametrization of Fy(t), the result for
the width might be regarded with greater suspicion. (I'y,, from the carbon sample was,
in fact, somewhat lower that for the other ruclei). Our published [12] value of I, is
67+ 7 keV, a result in far better agreement with SU(3) symmetry than the previous mea-
suremer.t.

Although at face value our result for I'y,, disagrees strorgly with that of the first-
-generation experiment [6], I believe that this disagreement is r.et so much in the actual
data as in the analysis used in the older work. In that analysis a unique result for I
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Fig. 13. Mass and ¢ distribution for reaction (7). The smooth curves on the n— data represent fits used
to extract the radiative width of the g~. The #-spectra for K*(890)~ production on Pb appear in the lower
right-hand side of the figure
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could be obtained only if C, were fixed to the same value for all nuclear targets. This is,
nominally, an acceptable procedure if the parametrization of the strong-exchange contribu-
tion is given solely by the I = 0 exchange term of Eq. (5). However, at low energies, I # 0
exchanges are thought to be important [7], and therefore the coherent p~ production
cross-section could have an additional contribution proportional to (4—2Z). If such an
I = 1 exchange term exists, then it is improper to fix the parameter C; to a unique A4-inde-
pendent value. In fact, if this additional constraint is removed in the older data analysis,
that experiment can only be used to set limits on I'y,, of between 30+ 10 keV and 80410 keV
[6]. This is, of course, consistent with our measurement. (Unfortunately, the older data
are not available for checking the presence of such an I = 1 contribution to p~ coherent
production, and at our energies 7 = | exchange is too small to be observed in our experi-
ment.)

10. Radiative width of the K*(890)~

The K- flux in our negative beam was large enough so that we could obtain a first
estimate of the radiative decay of the K*(890)~. Here we had the advantage of having
two independent decays of the K*(890) in the final state, namely, K~n° (as in the p~ mea-
surement, but with the requirement that the beam particle for the trigger was a K- identified
by our Cerenkov counters) and K2n~. (The latter decay mode was collected simultanéously
with the p~ type of triggers, This “V-trigger” had the requirement that one charged track
left the target and more than two exited the magnet aperture.) The two sets of data have
quite different biases and, consequently, the agreement we obtained for I'ks-g-,, using
these two decay channels [13], is comforting, particularly in light of the poor statistics
of our data samples.

Figure 13 shows the z-dependence of the cross-section for K*(890)~ production on
a Pb target at 156 GeV/c. Through a comparison of the individual cross-sections (integrated
over mass and t) with the integrated expressions for Eq. (5), a radiative width of 62+ 14 keV
was extracted from data on several nuclear targets. Again, the results were rather insensitive
to C, and ¢. Our measurement of I'x.-x -, is consistent with a previously obtained upper
limit for K*¥+ — Kty of 80 keV [14].

The absolute value expected for this radiative width, on the basis of quark models,
is about 50 keV [15]. The ratio of the previous measurement [16] of the width for K *(890)°
— K% to our result: I'gs-g-,/I'ks-x-y, = 1.2£0.7, is inconsistent with the simple SU(3)
prediction of four. However, if we assume that syminetry breakir.g in these decays is similar
to that observed in the case of the magnetic moments of baryons [17], then this ratio would
equal [(ug+ pe)/(1u+ us)1* =~ 1.6, which is in agreement with the above ratio of the transi-
tion moments.

11. Coherent production of the A,
Figure 14 displays the cross-section as a function of ¢ for the reaction:
T-A - norin—A. ®)

The data are for (n~n*n~) masses below 1.8 GeV, which includes essentially all the events.
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(Here, again, the data were collected coi.currently with the p~ and V samples. The require-
ment on the A, trigger was that three charged tracks had to be detected in the S counter
and in the proportional chamber P2.) Instead of plotting the results in terms of ¢, I have
displayed the data as a function of a geometrically scaled 7, namely, 7 = (A/App)*"? 1, and

lo4 T T T [y ’ } [} « b l 1 (] 1
i
'.. T AeeTT~TT*T™A
. 3 156 Gev/C
lO _:. . Pb -
_::> %. o Cu
S 4 o Al
e o“’“‘ x C
bls 02 = ". -
Fo¥s 4y
o ot
£l EMAET
~ O o0, ¢ }
o ¢ * ¢ * * * + f i
¢ t I
t
1 . { 1 i 1 ! : L ] i ! 1
005 010 (Gev?)
2/3
(._é_) t
App
Fig. 14. Distribution in a scaled f-variable for the coherent production of three-pion systenis on nuclear
targets

have plotted the cross-section multiplied by (Apy/A)*®. This kind of scaling would be
expected if the nucleus could be represented as a black absorbing disk (do/dt
~ R*exp (10 R%1), with R ~ 4'?). To avoid confusion, only several sample points are
given for the small-A4 nuclei at low 7. The dip-bump structure in 7 appears to be quite
similar for all the nuclei; and although the scaling of the cross-sectigns for 7 < 0.003 GeV?
seems quite good, it appears that at larger 7 the cross-section for lead exceeds substantially
that for the smaller nuclei. ‘
These data are now being analysed for the purpose of extracting the spin-parity content
of the n—n+n- system. We have evidence for the Primakoff production in addition to the

diffractive production of the A, but must await the results of this sophisticated analysis
prior to making any quantitative statements.

12. Data with positive beam

I have thus far described our progress.in analysis of data from a negative-beam run
of the experiment. Because the statistics on the K*- width were rather poor, we decided
that a second run of the experiment, using a 200 GeV/c positive beam, might be advanta-
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geous for improving our results. We changed the magnet polarities and placed a beryllium
absorber in the positive-particle beam so as to selectively filter out the prbtons (and, to
a lesser extent, the m+ component). Figure 15 shows the particle composition of the beam
as a function of the beryllium absorber [18]. We ran typically with ~ 150 cm of Be (placed

100%, : , , .

0%

+200 GeV/c
36 mrad

BEAM FRACTION
AT PRODUCTION TARGET

K% 1 ]
50 100 B0 260 (om)
BERYLIUM ABSORBER LENGTH

Fig. 15. Particle composition at the target position, as a function of Be absorber upstream in the beam line

at a focus point in the beam so as not to spoil the quality of the optics through the multiple
scattering of the surviving particles). This mode of operation, although somewhat wasteful
of beam flux, improved our kaon yield by over an order of magnitude relative to that
attained in the negative beam.

13. The new data and summary of E272

The run in the positive beam provided us with over a factor of 20 increase in the
kaon yield and a factor of 2-3 in the pion yield (the latter, primarily because of improve-
ments, some in the hardware and some in the trigger, achieved during a one year shutdown,
the “Mesopause”, at the Meson Laboratory). The general quality of the data is best indi-
cated by the Ko+ and K+r° mass distributions for a Pb target (see Fig. 16). In addition
to the K*(890) signals there are now also evident sizeable K*#(1430) peaks in the data.
In fact, the #-distributions of the K*(1430) are exceedingly steep, as expected from electro-
magnetic roduction ; the decay angles (Fig, 16) also suggest that the Primakoff mechanism
is dominating. These new data are now being processed through our analysis system and
preliminary indications are that I'kesg+, Will be ~55keV and Ig+y+y ~ 70keV, both
consistent with the previous results from our work in the negative beam.

Clear evidence for the electromagnetic production of the B(1235) meson in the new
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Fig. 17. Evidence for the electromagnetic production of the B(1235)* meson at 200 GeV/c

data is shown in Fig. 17. Again, the steep fall-off of the cross-scction with increasing
t[~ exp (1200 ¢) on Pb] can only be explained through the dominance of the Primakoff
process in B production. We also observe a clear signal in both the n*n and K+K? modes
for A production in the nuclear Coulomb field. Some of this evidence is presented in the
mass spectra of Fig. 18. Table . summarizes our most recent measurements and compares
these with simple quark-model predictions. In essence, it appears that the discrepancies
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at the present time are rather small and these can probably be understood on the basis
of anomalous (QCD) contributions to quark moments [20].

Except for the p~, we have been first to clearly observe the radiative transitions of the
states listed in Table I. Now that production in the nuclear Coulomb field has attained
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Fig. 18. Coherent production of A'z" mesons on nuclear targets at 200 GeV/c
maturity, we anticipate that, in the future, the study of 7y and Ky collisions will.contribute

not only to the elucidation -of the properties of the known low-lying states but will also
serve -as-a valuable exploratory ‘tool in meson spectroscopy.
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TABLE 1
Summary of results from E272 — Radiative decays via Primakoff method
N r Quark model®
Transition' (keV) (keV)
g~ >yt 677 85
K* - K¢ 62+14 50
Al = nty 30080 350
K**+ - Kty 280+ 80 310
B+(1235) —» nty Few hundred 100-500 y Depends
A - nty Observed 300—3600} on S/D
Qh - Kty < 500 400-3900) ratio
Ratio Experiment SU@G) ’ Broken SU@3)

Tony/ Ty 11.8+1.8 9 —
Tksogoye/Tke-K-y 1.2+0.7 4 1.6

2 All but the g~ and K*-rates are preliminary. ® Babcock-Rosner, see Ref. [15]. © Ref. [12]. ¢ Ref.
[13]. ¢ Ref. [16].

14. The production of direct photons at large pr

The discovery [21] of the production of direct single photons in pp collisions at large
transverse momenta had a highly stimulating effect on our group. We were fascinated
by the possibility of studying the kinds of processes depicted in Fig. 19, and we were, of
course, quite experienced in detecting photons. We decided that a serious investigation
of single-photon production, using n*, n~, and proton beams, was not of great interest at
present Fermilab energies, but quite the contrary for Teva{*tron‘_cnergies. This is because
QCD calculations become reliable only at large pr, and a factor of two increase in incident
momentum could increase yields by several orders of magnitude in the.region of pr
(27 GeV/c) where data might be interpretable in terms of the simple constxtuent-scattermg
graphs of Fig. 19. Consequently, our long-term programme was to study this proceess
for 500-1000 GeV/c incident momenta and extract from the data the gluon structure
functions of the incident hadrons and gluon fragmentation distributions. (The latter would
be obtained by examining properties of hadronic jets recoiling from direct. photons).
But, because the cross-sections for direct-y production are small and the backgrounds
from n® and ° decays large, we felt it was necessary to do a test experiment prior to embark-
ing on the Tevatron effort. We needed to know whether a LAC type of detector could
be used in the kind of high interaction-rate (210°/s) environment that was required to
challenge the small cross-sections. Also, we had to find out the detailed nature of the
backgrounds we would have in such an experiment and how a LAC would function ‘under
such “battle” conditions. Could we extract a single-photon signal under the anticipated
running conditions? Consequently, we proposed and executed a short test experiment
(E629) to answer these questions and then to decide how to approach the experiment
envisioned for the Tevatron stage [22].



1150

Figure 20 shows a schematic diagram of the set-up for E629. The LAC was positioned
with its centre about 1 m from the beam line. Special modules designed for the LAC output
signals provided us with a global large-py trigger (p¥°™"). This entailed forming a sum
over all energies deposited in the individual channels in the front of the LAC, weighted

q Y
"COMPTON"
PROCESS
g q
q g
ANNIHILATION
PROCESS
q Y
g'\“‘-& q g
3 FOUR- QUARK

BOX DIAGRAM

/7

Y

Fig. 19. Leading QCD graphs that contribute to the production of diréct photons at large transverse
momenta in hadronic collisions

(via a resistor chain) by the distance of any channel strip from beam centre. In addition,
a local py requirement, over any three contiguous strips, of p£=*' > /5 p§°™' was available
for study. The latter was particularly valuable in suppressing triggers due to coherent noise
(over the entire LAC) and due to contributions from events that had many low-pn®
showers in the LAC.

Because of our interest in high data rates, we digitized, for off-line use, the times
of arrival of the energy pulses in each of the channels in the front of the LAC. This informa-
tion was invaluable for analysing our data. Another very important tool was the directiona-
lity of the LAC: the transverse position of an electromagnetic shower in the LAC, can
be measured to a precision of <1 mm in the front and somewhat worse in the back. These
two points along the direction of the shower cascade can be used to check whether the
particle that initiated the shower originated from the target or from a different point
in space.
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Fig. 21. The two-photon mass distribution for events that had only two reconstructed photons in the LAC
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Fig. 22. The pt distribution for single-photon events before and after timing and directionality cuts were
applied to the showers
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Figure 21 displays the two-photon mass distribution for py > 2.5 GeV/e, for triggers
that contained orly two recorstructed y’s in the LAC. Aside from the p; cut-off on the
two-photon systems, we demanded that the energies deposited in the LAC were within
420 ns of the expected time of arrival of the signals, and that the shower sum point to the
target. The n° peak is essentially free of background, and the background at the n° mass
is ~10%, of the signal.

The pr distribution observed for triggers on a carbon target that had sirgle photons
in the LAC is shown in Fig. 22. Requiring that the LAC signals are in time with the trigger
counters and that the showers point to the target reduced the background level at large
pr by over an order of magnitude. (After the imposition of the directionality and timing
cuts, the shape of the single-y spectrum is very similar to that observed for the n° yield.)

SINGLE ¥y EVENTS
‘500 L] ¥ T 1 T
o) P 2-3 Gevke
1000 .
O~ ©nsec ez with directonglity cut
500+ .
QO le— / i 1 :
T T T
.b) p 3-4 GeV/c
100} . T —

EVENTS /4 nms

_ Véto wail
protection

—]

O 1
-80 -40 (¢] 40 80 120 160
PHOTON TIME {(nsec)

Fig. 23. The time of arrival of the energy pulses from the LAC, relative to the trigger counters (¢ = 0),
as a function of the pr of the single-y

The times of arrival of the energy pulses for the single-shower data are showr: ir. Fig. 23
as a function of the py of the shower. At low p’s most of the eve: ts are i time ard they
point to the target (cross-hatched region). At higher py, as indicated in Fig. 22, most of the
photons are out of time and do not point to the target. (In fact, the out-of-time showers,
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which appear to display the ~19 ns RF structure of the accelerator beam, originate well
upstream of the target region. Additioral shielding placed upstream around the beam
region would probably have drastically reduced this source of triggers.)

The observed y/n° ratio for in-time events that point.to the carbon target is shown
in Fig. 24. The level of the single-y signal at 53 GeV/c is essentially what we expect from
7° and n° background, and this background should fali somewhat with increasing pr.

B Mo
Y =

I} single-photon events

7r° =All two-photon events
30}k 77° mass cut |

" h.?.o- + N
7t

O

30 35 40 45 50
p, (GeVit)

Fig. 24. The observed y/n° ratio for single- and double-photon triggers

To conclude, we have observed a clean n° and n° signal under running conditions
of ~ 108 interactions/s using a LAC. The decays of the 7°s and 1°’s account for most, if
not all, of the single-photon events. Thus, we believe that we have proved that the technique
used in this test, namely, employing a LAC for measuring v, n°, and n° production at large
P, is viable for use in a similar Tevatron experiment. We would have liked to have added
methare to our LAC to see if the drift-time in the liquid argon would speed up by about
a factor of 2-3, without causing excessive loss of pulse height, but our running priority
was, ur.fortunately, not high enough at Fermilab for us to obtain the additional several
days of beam time. (We did perform such a study in a small test calorimeter and got favour-
able results.)

The success of E629 prompted us to design and submit a more comprehensive experi-
mer t (E695) for the Tevatron stage. In Fig. 25 I display some of the special features of
our proposed LAC that will undoubtedly provide us with the best photon detector at
Fermilab (if the experiment is approved!).



1155

60 conceniric__ 180 - strips
e : . ng octant __4':}:‘.—-

octant representative .
center lines for «—===""

-

concentric stri;’ss
{note focusing

R il

FTTT REAR
- SECTION

FRONT SECTION 7]

(12.5 rod lengths) \L

—
(a) END VIEW (b) SIDE VIEW
t
- iem
P I R 1
fm

{c}) FOUR ¢p STRIPS

Fig. 25. Proposed design for LAC channels for E695
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