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PROPOSAL TO THE NATIONAL ACCELERATOR LABORATORY
for
Study of Photons and Leptons Produced in Meson-Nucleon Collisions in
the Deep Scattering Region; Search fqr Intermediate Bosons, Heavy Leptons,

Anomalous Hadronic Processes and Study of Multi-Gamma-Ray Final States

ABSTRACT

We propose to observe gamma rays and leptons carrying high transversé
momentum, in pairs or singles, emerging from meson-mucleon collisions at
high energies. These meson-nucleon collisions probe the constituent
structure of nucleons and reveal anomalous hadronic interaction processes
et small distances. We will search for structure in the effective mass
continuum of various (wide angle) pair combinations and in the transverse
momentwnspectracﬂ‘éinglesandpéirs- An experimental sensitivity corresponding
tozzcrosssectiontimesbrapchingrathoof'v10-57-10'58cm2 is provided’
for the production of intermediate bosons, Lee-Wick heavy photons and
sequential heavy leptons from meson-nucleon collisions. With a 300 GeV/c
meson beam the mass range up to ~ 22 GeV will be explored with good
resolution. The forward (small angle) production of multi-gamms-ray
final states will be studied systematically with a mass resolution of
< 2%, to search for massivé bosons and to reveal dynamical properties

of multi-gamma-ray states.




I. INTRODUCTION

We have reworked our original meson physics experimental proposal,
16L4-I, to include a method of probing the constituent structure of nucleons
in the déep scattering region by detecting photons and leptons emerging
from meson-nucleon collisions. Also, we propose to make a first generation
search at NAL for intermediate bosons W, Lee-Wick heavy photons B, and
sequential heavy leptons L, from m-N scattering processes.

If the nucleon is a composite system with constituents that exhibit
point-like coupling to photons, then certain predictable similarities
should exist between hadron-hadron collisions and electron-nucleon
scattering in the deep inelastic kinematical region. That ;s, for hadrons
in the deep scattering region of large s and t, at short characteristic
distances, the same constiﬁﬁent interactions should prevail once the
effect of coherent hadronic exchange mechanisms has subsided. In this
framework,.long range strong forces are provided by mesonic exchanges at
small momentum transfers. Short range forces at the core of hadrons are
provided by the interaction of constituents at large momentum transfers.

We are facing some deep and fascinating gquestions. Some of these
are: Are there more fundamental constituents that make up hadrons? What
are these constituents--partons, quarks or fragments or other things?

Do these have form factors or are these really point-like objects when
coupled to photons? Could these exhibit point Fermi interactions? Could
these ever exist as free states? These are some of the fundamental
questions which we hope fo approach experimentally.

As an experimental probe we choose a meson beam of the highest
possible energy and intensity: 150-300 GeV and 108-—109 T/pulse. This
choice is made simpiy because mesons by definition should be composed of

parton-antiparton bairs, whereas nucleons should be composed of partons



predominantly. In particular to study hadron-hadron short range forces of
constituents, the choice of a meson beam provides an initial meson-
nucleon state in which the parton-antiparton ingredient is enhanced with
respect to what may be expected in an initial nucleon-nucleon state.

Also, on the average, the quantity x, the fractional momentum of con-
stituents, is higher for mesons (qq) than it is for nucleons (qqq). There-
fore, at NAL we expect to find more copious and energetic qi geperated
products in meson-nucleon collisions than in nucleon-nucleon collisions.

If we were to find the reverse, there would immediately be an anomaly.

From collisions in both initial states, the detection of high transverse
momentum gamma-rays and leptons, in pairs or singles, particularly is
interesting because these are the likely by-products of any qq annihilation
mechanism. At least, the relative comparison of high transverse momentum

yields, from meson-nucleon and nucleon-nucleon initial states, will pro-

vide several valuable clues to construct theories.

We believe that the study of deep inelastic leptons and gamma-rays
from pion-nucleon collisions should be made in conjunction with a similar
study for proton-nucleon collisions at NAL. The possibility of anomalous
effects in hadronic processes, primarily due to leptonic and electro-
magnetic interaction of constituents, and the unknown behavior at large
transverse momenta, are of sufficiently fundamental interests to support
the study at the same time of both pion and proton induced collisions.
The pion experiment at NAL is unique because at present, the highest

energy meson beams can be made available only at NAL.




With a high intensity pion beam, we propose to make wide angle
investigations in order to observe the high transverse momentum inclusive
spectra of produced ei, pi and v from pion-nucleon collisions. Also, we

propose to use a large acceptance spectrometer configuration, designed
+

- to record in coincidence the production of large angle e+e-, p+p-, e ;:,
ei§, in and yy pairs. The effective mass of these pairs will be measured
with an accuracy of better than 1%. The transverse momentum spectra of
pairs end singles will . be examined to search for structure above the
continuum, indicating the production of intermediate bosons, heavy leptons,
or Lee-Wick éeavy photouns.

We have designed a high quality 300 GeV electron/pion beam in which
the acceptance is 9.5 uster. % Ap/p (FW) and the momentum bite is + 2%. We
calculate the negative pion intensity of this beam and find that in the
range of 100 - 300 GeV, 105~ 107 17 /pulse are obtained for 102 inter-
acting prdtons of 400-500 GeV. With high energy and high intensity, the
main other advantage of this beam is that at the fourth focus.a spot size
of + omm is obtained, without any loss of beam intensity. At the experi-
mental target, this small spot size allows the use of an efficient and
economical spectrometér configuration, with large acceptance and excellent
Vresolution. Therefore, under these conditions the pion-nucleon experiment
will have event rates which are competitive with those from other proton-
nucleon experiments at NAL. A 7 beam intensity of 18- 10° m/pulse and
our detector geometrical acceptance of 10 -20% will provide the equivalent
event rate and cover about the same kinematical region as in the proposal

of E~-70. That particular proton experiment is expected to have a geometrical

10 11
acceptence of 0.3, using the external proton beam at 107"- 10 p/pulse.




There are reasons to believe that our experiment can withstand a
possible lowering of pion beam intensities. It is expected that in the
deep scattering region, the added enhancement of qq constituents of the
pion-nucleon system would produce higher yields. For example, theoretical
estimates predict that deep scattering semileptonic processes in pion-
nucleon collisions are two orders of magnitude more probable than in
equivalent proton-nucleon collisions. 8Similarly, deep scattering electro-
magnetic processes in 7-N colligions are about one order of magnitude
more probable than in p-N collisions. These considerations are based on
the amount of overlapping energetic parton-antiparton pairs which are
found in the 7-N vs. the p-N initisl states. On the other hand, finding
the opposite of these expectations immediately would have a dramatic
impact on current thinking. Thus, the relative comparison of results from this 7-N
experiinent and other p-N experiments shpuld provide informative sources of new knowledge.

We also propose to study the forward production of multi-gamma-ray
final states from high enérgy pion-nucleon collisions. In a separate
configuration using an accurate, large acceptance and highly efficient
multi-gamma-ray spectrometer, we propose to search for the existence of
massive bosons with a mass resolution of < 2%. A systematic search of
new particles will be made up to mass values of about 5 GeV.

While the scope of this experiment has been enlarged, we believe we
have done this efficiently and economically, using basically phe same set
of detectors planned for this experiment and our electron scattering

experiment. The major changes are the following:
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a) The spectrometer analyzing magnet-is redesigned to have super-
conducting coils at 20 kgauss. The magnet is 15 feet long and
the useful eperture is 3 feet wide with a 1 foot gap. The
cost of this magnet is estimated to be $L50K. We have the
technical capability, manpower and equipmeﬁt, to build this
magnet at HEPL for NAL. This magnet initially used in our pion
and electron experiments, would be available at NAL for other
purposes .

b) Several multi-wire proportional chamber planes are added in
spectrometer configurations, in some cases to provide redundant

. information on track orbits of large angle scattered electrons
or muons.

e¢) A second spectrometer module, composed of large NalI(T1)/MWPC
combination, is incorporated in a configuration especially
optimized to make coincidence measurement of large angle
leptonic pairs and also large angle gamma-ray pairs.

d) Muon identifiers are added to the large NaI(Tl)/MNPC‘spectrometer
modules, to include the efficient detection of muons together
with electrons and gamma-rays.

We wish to emphasize that our NAL pion and electron experiments are
intimately connected not only in the commonality of beams, spectrometers
and other experimental facilities but also, most importanﬁly, in the
physics. The scaling behavior of nucleon structure functions, so far
established only from electron deep scattering experiments, is assumed
to prevail in hadron-hadron deep scattering processes, both for electro-

megnetic or leptonic final states. At NAL we propose to test and establish




the scaling prope?ties in pion-nucleon deeﬁ scéttering processes from our
pion experiment and we alsc propose to observe and discover ény new
scaling behavior in electron-nucleon deep scattering processes in our
electron experiment. In both cases these experiments will be made at
kinematical regions which are unexplored up to the éresent time. Experi-
mentally, it is by such an efficient comparison that we expect to acquire

new knowledge covering the main features of the nucleon constituents.




II. EXPERIMENTAL PROGRAM

1. Meson-Nucleon Collisions in the Deep Scattering Region

We proposé to use a high energy and high intensity pion beam at NAL
in the energy range of 150-300 GeV and with intensities of 108 - 109 n/pulse,
to observe large transverse momentum gamma rays, electrons and muons, emerg-
ing from meson-nucleon collisions.

The following inclusive processes will be studied, using a large accep-

tance and high resolution spectrometer configuration:

TN — y + hadrons (1)
- +

T N —e~ + hadrons (2)
- t

m™N — u + hadrons (3)

Because a negative hadron beam at NAL contains also about 2% of K and
antiproton components, we ﬁropose to tag the beam with two threshold and

one differential Cerenkov counters. Therefore, K and p initiated pro-

cesses in the deep scattering region will be observed:

v V4
- ut . T
KN— e + hadrons () |, PN —e 4+ hadrons (5)
+ +
1 7

The study of these reactions is designed to reveal new knowledge on the
constituent nature of nucleons. This experimeﬁt will also provide valuable
clues concerning the nature of interactions among the‘constituents of
hadronic matter. At NAL the potential meson beam energy and intensity

are such that we will be able to observe the onset of three or more inter-
action rggions. We plan to look for structufe in the transverse momentum

spectra of the above reaction.




The first break should occur when hadronic exchange processes have
subsided and the electromagnetic interaction becomes apparent in the
deep scattering region. At NAL, it is in this region where the scaling
behavior in w-N collisions will be established or a new phenomenon will
be found. We remark that scale invariance in deep hadron-hadron collisions
is inferred only from studies made in electron-nucleon collisions. This
assumption must be tested both with w~N and p-N deep scattering colli-
sions. This is done best by observing the behavior of time-like photons
induced in hadron-hadron collisions. Breakdown of scale invariance would
cause a complete rethinking in the nucleon constituent models,

The second break should occur when the above electromagnetic inter-
actions among constituents, in turn, hav; subsided and the semi-weak
interaction becomes apparent in the 7w-N deep scattering region. We
argue that these semi-weak processes among hadronic constituents could
become apparent more readily in meson-nucleon collisions than in proton-
nucleon scattering processes. The first signature of these semi-weak
interactions is found in the observation of yields. 1In this case, the
yield of these very large transverse momentum events would grow linearly
with S, provided that these interactions have not yet been saturated by

a new anomalous effect.

The invariant cross section of the above processes is given(l) by:
g & 1 a% . Fno%p) ©)
Nl = Ts ax,ax,. L T
p2 dpdq = 7s dx2 (P )
4
“ 2,
where x, is the fractional momentum transfer, x, = Q°/s

2
and x, 1s the fractional energy, x; = E/Eo.

2
X = P s .
%2 T 5y /
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In this representation, the function F(xl, x2) has an especial sig-
nificance. This function is the probability measure of finding a parton
in one of the hadrons, and an antiparton in the other hadron, such that
by the process of their annihilation a byproduct is obtained with the
kinematical variable amounts of Xy and X,

Equation (6) applies for the case of electromagnetic interactions
among constituents. In the case of semi-weak processes between partons
the factor hﬂd2/Plé' is replaced by (G 2)° where G is the "universal"
weak constant: G ~ 10-5/Mp2 .
' Interaction diagrams, depicting the constituent annihilation process
in hadron-hadron deep scattering collisions, are shown in Fig; 1(a) and
_l(b). Also shown are the transverse momentum spectra [Fig. 1(c)] of gamma-
rays and electrons which are expected from this theoretical model.

At NAL, there are proposed experiments (see for example, E-T0) for
the stﬁdy of large transverse momentum produétion of gamma-rays and
electrons from proton-nucleon collisions:

PN — 7 + hadrons A7)
+

pN — e + hadrons ' (8)
Although the external proton beam intensity is several orders of magnitude
higher than the intensity of our proposed pion beam, we show that in our
experiment counting rates are about the same for reactions (1) and (2) as
for reactions (7) and (8) in E-70. There are two remarkable advantages
supporting this expectation. One is experimental, and it has to do with

our geometrical acceptance (10-20%) and pion beam intensity (108-109 n7ﬁ012

protons ) versus the experimentally usable proton intensity (1010-1011) and
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the geometrical acceptances in other proton experiments (0.3%). The
second is theoretical, which we discuss because of its instructive
relevance to both pion and proton experiments. This discussion follows
the trend of a recent CERN ISR experiment.

Observation of reaction (7) at the ISR indicate a dramatic behavior.
At large and fixed transverse momentum values of the "x°", the invariant
cross section of

o ‘ V
PP — T or y + hadrons (9)
rises as a function of $. Also, at large P ("1°") values, and fixed S,
L

the shape of the invariant cross section behaves according to a known
(1)

predictable(l) fashion, given by eq. (6) and the calculated form

factor of this reaction. This experimental result(Q) is shown in Fig. 2.
Although the shape of this spectrum is predictable, the experimental cross
sections are about a factor of 100 times higher than expected. It is as
if & in eq.(6) should have a value of between 0.1 and 1.0, instead of
being 1/137. It should be remarked that in the ISR éxperiment detectors
‘were used where space resolution could not distinguish between the pro-
duction of single gamma rays and the production of x° decay gamma-ray
pairs at high energies.

Recent theoretical developments which explain the above behavior are
based on new notions. There should be a transition between the Feyrmman
scaling rggion(3) at low Py values and the deep scattering region of in£er-
acting constituents(l) at very large gl'values. The new types of assumed
interactions(h) are 1) the interchange of hadronic constituents coupled by

the emission of virtual photons and 2) the hadron's bremsstrahlung which

is emission of mesonic radiation. In this framework, the power law fall-off
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in gl.is defined by the electromagnetic form factors of interacting hadrons.

Thus, the measured nucleon structure functions from e - N deep scattering
collisions define the behavior of hadron-hadron interactions. 1In the deep

scattering region the cross sections scale as a function of P //E and in

: 4
the transition zone they behave as:
E d°% 1 ‘
G = —=— F(P, //5) (10)
2dpdQ
p-°F @)l 1L

L
A value of N = 8 is predicted

(&)

for reaction (9) which is found to
be in excellent agreement with the ISR‘results(a). The same theory pre-~
dicts a much slower fall-off of yields for our reactions (N ~ 6), initiated
with pions. The meson-nucleon cross sections at large El;vaiues are much
higher than the nucleon-nucleon cross sections due to the differences in
the electromagnetic form factors of pions and nucleons.

Therefore, a comparison of pion beam experiments and proton beam ex-
periments at NAL, for large gl'and large %L/JE values, is crucial to
the fundamental understanding of hadronic interaction mechanisms. For
example, if tﬁe constituent picture is correct, the 7-N yields of
reactions (1-3) are much higher; they are not suppressed b& the additional
form-factor fall-off present in the p-N collisions of reactions (7-8).
Finding the opposite of this expectation will bé at least very instructive,
indicating possibly new anomalous phenomena in hadronic processes for the |
very large transverse momentum regions.

We emphasize that in this proposed experiment, oﬁr multi-gamma~-ray
spectrometer system will have large acceptance, good space resolution and
energy resolution. Hence, at NAL we will have a gamma-ray pair resolution

vhich is restricted only by the natural shower core widths. At high
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energies these are typically about 3 cm wide. With great certainty we will
be able to distinguish single gamma-rays from 7° decay pairs of gamma-rays,
thus resolving the ambiguity in reaction (9).

There is hardly anthing known about the other reactions (2-5) of our
proposal, as well as about the proton initiated reaction (8).

We propose to observe pairs of leptons and gamma-rays emerging from
n~N deep scattering collisions. The following pair producing reactions

will be studied by coincidence measurements with our two-arm spectrometer

system: 7N >e'e” + hadrons (11)

- + -

TN —py p + hadrons (12)
S

m™N —e up + hadrons - (13)

TN 7,7, + hadrons (1k)
- t

T N —e 7 + hadrons 13)
- +

™ N —u~y + hadrons (16)

Only reaction (11) has a counterpart with proposed proton beam ex-
periments: .
~ pN — efe + anything . a7)
We propose to measure the leptom pair cross sections as a function of
dilepton mass (Mil' = Q2) and as a function of S in n~-N deep scatter=-
ing collisions. Present knowledge extends only to the dilepton mass region

of less than 6 GeV from the study(S) of

p+ U258 —+u+u- + anything : (18)

collisions. This study has provided indirect information about dilepton
production initiated in p-N collisions and in fact, it cannot be told

whether incident protons or secondary pions induced the deep scattering
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process in reaction (18). The experiment concerning reaction (18) pro-
duced no evidence for structure in the dilepton mass continuum, indicating
that the mass of any neutral spinl boson which can couple directly like
photons, must be greater than 6 GeV. Significant theoretical progress(6)
was made however, by explaining the dilepton continuum spectrum of reac-
tion (18) in terms of the nucleon structure functions obtained by
e N —+ e + hadrons (19)

In the parton-annihilation process of Fig. 1(b), a parton with momen-

tum X.P, from one of the hadrons, annihilates with an antiparton, having

171
momentum X2P2 from the other hadron. The deep scattering process is
governed by F(QE/S), the probability function of finding the above parton-
antiparton pair with fractional momenta X1 and Xg.

Thus, the dilepton spectrum from hadron-hadron collisions in the deep

scattéringkregion is given by:

do hwu? 2
S F(Q%/s) , (20)
a? =" |

where

F(Q,e/s)d-—*{}i‘e(xl, hadron, parton); F,(x,, hadron, antiparton )}

is the overlap of two structure functions.

We propose to test the scaling behavior predicted by equation (20)
for hadron-hadron collisions. Up until the present, the scaling in.reac-
tions (17) or (18) has not been established. At NAL, it will be possible
to test in a straightforward manner the central idea of hadron comstituent
theories, only if experiments are made, at the same time, on reactions
(11-12) with pions (this proposal) and on reaction (17) with protons (the

prdposél of E~70). Scaling can be established or new ﬁhenomena discovered
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by examining the behavior of the functions Fwﬂ(Q%%) and FPN(Qg/s)

Briefly, these functions can be measured by the observed lepton pair
spectra from both experiments, using eq-(20)-However, more than this can
be made available by the proposed comparison of results from pion and pro-
ton beam experiments. A remarkable and instructive test is made available
by measuring the parton distribution fumetions of‘pions and nucleons. The
test is made by observigg fhe folded parton distribution among the 7-N
and p-N collisions. The double differential cross sections as a
function of dilepton mass énd their momentum transfer provide the follow-

ing measurement:

aQcat A, 12 <
o L, (21)
t = (Q - Pl) :: Q» - xes
Qz = Mﬁke = 2 E+E_{l>- cos(9++ 67 )1 ~ X X8

< .
whereby, the scaling variable Q2/s and the fractional momentum transfer
between lepton pairs and incident particle, t/s, define the fractional
momentum of pértons and antipartons, Xy and X,- Therefore, the measured
quantity on the left hand side of Eq.(2ltan be examined as a function of
X; and X, for the case of n-N and p-N collisions.: (We can only wish that

there would be sufficient antiproton intensity in our beam to allow us to

measure in a limited kinematical region, the very exciting reactions:

P -N— e + anything (22)
5 - N — u'u” + anything (23)
(6)

These would make unnecessary the assumption that the parton distri-

bution in protons is the same as the antiparton distribution in antiprotons.
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We would be able to measure these fundamental distributions and test
the assumptions.)

In the above tests, we propose to investigate the symmetry property
of =« - N collisions producing large mass lepton pairs. The measured
double differential cross sections of qu(21) must be asymmetrical under

the interchange of Xl with Xé because there should certainly be more an-

tipartons in the 5 - N sy#tem as compared with the p - N initial state.
By the same reasoning, we expect to find higher crosé sections for the
pion induced reactions (11-12) than the proton reaction (17), especially
at large Qzls values. This would also be helpful in compensating for the
difference of pion and proton beam intensities at NAL, although our ex-
periment is designed to handle this situation adequately, independent of
this expectation.

2. Search for Intermediate Vector Bosons, Lee~Wick Heavy Photons

and Heavy Leptons in Meson-Nucleon Collisions.

We propose to search for the production of intermediate vector bosons

+,
1.

nucleon collisions. The heavy leptons can be produced in pairs by the

-’0, and Lee-Wick heavy photons Bo, in pion-

W, ’ , heavy leptons Lt

~electromagnetic interaction in deep =« - N collisions.

Reactions (11), (12) and (13) are the best candidates for the produc-

tion of heavy leptons in pairs:

TN — L'L” + anything

+ +- +- :
L' ~e v u v (24)

L™ — e v.V ; u v.v
A AP S A
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Theoretical calculations of the various decay branching ratios of heavy
leptons show that the above decay modes are prominant. Typically, the
decay modes with electrons and muons constitute two thirds of the total
decay rate. The branching ratios of heavy leptons are calculated as a

function of assumed lepton mass values. This is given in Table I, from

(8), in Fig. 3.
LA
The transverse momentum spectra of large angle lepton pairs e ., B will

one calculation(7), and also from an independent calculation

be examined especially to search for structure in the single spectrum of
+ + + - :

- -t e i
e. or p.. The transverse momentum spectrum of these e @  pairs in

each case, will also be examined to ascertain that these pairs are not

-

. -+ : . .
correlated. The observation of correlated e u  pairs is a clear signal

for the production of a neutral heavy 1epton(8j, decaying in the mode:

-

o + -
E — eypu xh
(25)

=0 -+
E — e v
- 2
We propose to search for structure in the 1eptoh pair mass spectra of
reactions (11-12). Correlated e+e- and u+u- lepton pairs from the decay

(9)

of Lee-Wick heavy photons would exhibit prominant structure in the dilep-
ton effective mass spectra. These peaks would be found over the continuum
of the dilepton mass distributions; due to the electromagnetic interaction

rocesses roducin
P 2

N = B° + anything
(26)

B0 —*e+e-; u+n-
in the form of-"heavy photon bremsstrahlung'.

We plan to search for the production of intermediate vector bosons

produced in deep = - N collisions via the semi-weak interaction processes.
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: TABLE 1 .
Partial and total decay rates of { for various values of M,. Decay rate (10'° sec™)=([/h)=1/7.
M, (GeV). 0.6 0.8  0.938 1.2 1.8 3.0 6.0
Decay modeA _ ’ )
==y 4y, te 0.266 1.12 246 8.5 64.8 831 26 600
Y+ Vyth 0.2 0.96 2.21 7.97 63 823 26533
T+ 1.02 2.57 4.17 8.0 30 143 1145
K+y; 0.0092 0.09 0.2 0.55 2.3 11,7 938
p+¥y 0 0.21 3.8 19 %6 436 3900
K*+y, 0 0 0.03 0.96 6.3 33 280
Ag+y o 0 ) 06 337 364 1550
Q+¥ o - 0 0 0 047 15.2 133
v; +hadren continuum 0 [ 0 0.5 27 737 25900
4 = v +hadrons 1.03 2.87 8.2 29.6 195 1790 330086
Total rate 15 4.95 12.8 46.1 323 3444 85538
Decay length in em at E; =5 GeV 16.5 3.13 1.2 0.26 0.024 sen sed
Decay length in ¢cm at £, =50 GeV 167 37.7 12,2 2.7 0.257 0.0145 s
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+
TN — wl“' + anything

W1+ — e+ve 5 u+¥h (27)
W, VY s u v
Wi - e ve HE m

This reaction would produce single leptons having'anomalously large

transverse momentum values. The transverse momentum spectra of final
' + o+
state single leptons, (e , p ) would show a sharp upper cutoff, at a
+ + '

[y

value corresponding to the mass M, at gl.(ef or p ) = Mw/2.

It is in this important search where the use of pion beams could
excel overfprotons. If indeed, comstituents of hadrons do exhibit also‘
point Fermi interactions, the production of W's is enhanced further with
n - N collisions than in p - N collisions. This is because pions have

more antipartoﬁs which carry also a higher fraction x of the available
V (10)

momenta. In pions, it is expected that the fractional momentum dis~

tribution of partons is ~ {1 - x), whereas in protons these are distrib-
uted like (1 - x)3 near X ~ 1. This is indicated by the behavior of
nuc leon structure functions measured from deep e - p collisions. 1In the

)

case of (1 - x) parton distribution it is demonstrated(ll that the

point Fermi interactions of parton-antiparton pairs,

qq — v
is enhanced by two orders of magnitude, as compared to the case of parton
distribution in protons. Therefore, we could expect to find that the
yield of reaction (27) is two orders of magnitude higher than the equiva-
lent'Semi-leptonic'interaction yield from p - N collisions:

+
P+ N — wl' + anything (28)
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In Fig. L the semi-leptonic interaction diagram is depicted,
characterizing the =x - N collisions of reaction (27). Also shown on
this figure is the production cross section of préton~ initiatedcollisions,
as a function of the assumed mass of intermediate vector bosons. This calf
culation(l) is based on the point Fermi interaction of partons in reac-

tion (28). Other calculations(le’ 13)

give similar results, where
also the production cross sections of B° and heavy leptons are presented,
always for proton initiated collisiomns.

We also propose to search for structure in the mass comﬁination of

(ei ¥) and (ui y)  from the coincidence measurements of reactions
(15) and (16). Structure could be found in these lepton-gamma-ray pair
ﬁass distributions due to the production of heavy excited leptons.

In Table 11 we summarize the search program of this experiment. We
give the available ﬁass limits, cross section estimates at these mass
limits, the additional enhancement factor of pion initiated collisions
which should multiply the given cross sections, and the various combina-
tions in singles or in pairs. We show that the experimental sensitivity
-56c

to produce any 100 sought events is o + B = 10 m25

so that, the limiting sensitivity in our experiment, in case of negative
result, is ~ 10“38 cm2.

We streés that between our pion beam exberiment and the associated
‘electron beam experiment proposals, a viable, advantageous and imaginative
search program is envisaged at NAL. This program is designed to take
advantage of the hadronic, electromagnetic and semi-weak interaction

processesoccuring in - N and e - N deep scattering collisions, more inone than

+ 4
in the other as the case may be, to produce the B°, W, L7, E° and E* massive
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TABLE II

PRODUCTION OF MASSIVE OBJECTS IN 150-300 GeV T N COLLISIONS AT NAL

ESTIMATED ¢
MASSIVE PROPOSED ESTIMATED ¢ P-P COLLISIONS
: : ENHANCEMENT FACTOR MASS LIMITS (GeV)
OBJE.CT SEARCH SAMPLE AT MASS LIMITS FOR 7-- N COLLISIONS
° é+e', u+u- mass of pairs ~ 1077 5-10 21
+ Tt ' 3L
W e, u” singles large B, ~ 1077 50-100 17
+ - t ¥ =35
LL e 1 uncorrelated pairs, ~ 10 5=-10 8
large P.L
0,20 iz -35
E(E) e u correlated pairs ~ 10 5-10 8
+ + 5
E e 7 mass of pairs ~ 10 Z 5-10 8
* u -35 ’
M u 7 mass of pairs ~ 10 5-10 8
Time-like e+e-, u+ﬂ- mass of pairs ~ ].O"56 5-10 20
Photons {continuum)

Experimental sensitivity for lng/pulse, in a given search of 100 hr (105 pulses) with 10% beam interacting in target,

203 geometrical efficiency and for the observation of 100 sought events:

(o-B)x 107 x 0.10 x 10° x 0.20/(20 x 10721)

g:B = 10—56cm2.

100 events

(Production cross section x Branching Ratio)

ne
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objects. 1If the masses are within reach of NAL energies then we are
confident of positive results. Otherwise, our experiments, and especially
the electron beam experiment, are designed to provide meaningful and re-

liable mass limits. The information arrived at by these experiments is

(1)

essential and timely in the planning and design of new high energy

physics installations.

3. Study of Forward Produced Multi-Gamma-Ray Final States from

it_~"N Collisions.

Several unique processes are involved in the production of multi-gamma-
fay final states. Theése are from x - N hadronic collisions at relatively
small transverse momenta. The physics interest of forward produced multi-
gamma-ray reactions is presented in great detail in our -original proposal
164-1. We refer the reader to this document for further de;ails. Briefly,
we propose to make a systematic study at NAL energies of the éxclusive
reactions

W'+N—+N+n7;n=i,2,5andh , (29)
and the inclusive |
7 4+ N — ny + anything . (30)

We will search for the production of new massive bosons, up to 5 GeV
mass values, aﬁd observe the multi-gamma-ray méss‘Spectra in several
well defined mass combinations. In general, the quality of this new work
will compare directly with the physics obtained from a large acceptance
multi-charged-particle spectrometer system, such as the MPS at BNL and the
OMEGA at CERN. The reactions in (29-30) have not yet been explored with
sufficient care and accuracy. This is because up until recently, difficulties

existed with producing multi-gamma-ray detectors. We have proposed a way
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to overcome this restriction by devising a new multi-gamma-ray spéctro-
meter system having the following properfies: 1) large acceptance,

2) excellent enérgy resolution in the measurement of total enmergy of a
multi-gamma-ray State, 3) good space resolution in the measurement of
individual gamma-ray coordinates, k&) a gamma-ray pair resolution limited
only by the natural width of high enérgy showers (~ 3 cm), 5) coarse
resolution in the measurement of individual gamma;fay enérgies and

6) a detector data acquisition rate limited only by the electronics and
on-line computer system. We have shown that with the above properties
(2~4), multi-gamma-ray mass combinations are defined with an accuracy
of Aﬁ/M % 2%. The momentum transfer resolution is about 5 times better
than in aﬂy other similar experiment or proposal known to us.

Recently, two related experiments were made. One studied the reaction
in (29) at CERN energies?15) and the other was concerned with K° — 7°7°
measurements(lé) also at CERN. At NAL energies our method compares favorably
with both of these cases.

Finally, ﬁe discuss a new theoretical development which makes the
study of:

‘ 7 N - 7y + hadrons « (31)
at high energies, and at kl? < 20 MeV, | a very attractive
source of new information (kl? is the transverse momentum of gamma-rays ).

In Fig. 5 the equivalent reaction from p - p collisions measured at the

(17) (18)

1SR is shown. Basically, the process is examined as being the

bremsstrahlung by hadrons, producing low transverse momentum energetic

(18a)

gamma rays. It is found that this process provides directly a

measure of the average charge multiplicity in hadron-hadron collisions.
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Thus, we propose to measure the average charge multiplicity < nch)
in x -~ N collisions, using this method and the measurements of reaction

(31). We will compare our determination of ( B ? with say, bubble

h

chamber measurements at NAL. The difference between both measurements
is very significant and would be due to charged pair correlations in

multiplicities.

IIT. HIGH ENERGY PION BEAM AT NAL

We have designed?go) a high quality 300 GeV electron beam for NAL.
Initially this design work was begun for the benefit of our associated
electron experiment. Details of the beam design and descriptions of
the qualities are presented in Appendix I of our electron proposal.

It is clear that this beam can also be used as an>exce11ent 300 GeV
pion facility at NAL. It will provide a beam of pions at NAL which is
higher in energy and intensity than any other presently installed
secondary beam. The changeover from electrons to pions and back is per-
formed easily. A lead radiator is removed and a set of initial steering
magnets are turned off. However, a different proton beam‘dump is re-
quired. |

The beam delivered at the experimentalvtarget is very clean. A
final spot size of + 2 mm is obtained without ény‘loss in intensities.
We have calculated ﬁhe yield of negative pions using a multiperipheral
model(zl) of p-p collisions. The model successfuliy fits with yield
measurements at BNL and CERN. In Fig. 6, the result of this calculation
is displayed for the cases of LOO GeV and 500 GeV incident protons. The

yield of pions in this beam is high. This is due to the large acceptance

of the beam (9.5 ust % A p/p FW, and A p/p o1 2% ) and the high energies
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of the incident protons. At the Proton Laboratory, 400 - 500 GeV
external proton beams can be made available. Therefore, we propose
to use this beam for pions in the energy range of 150 - 300 GeV and

intensities of 108 - 109

x / 1012 protons. There may be other reasons
at this time that restrict the use or construction of this beam as a
300 GeV electron/pion facility. We are not aware of these considera-
tions. Should this be the case, we propose to use initially for this
experiment, the 2.5 mrad beam branch at the Meson Labofatory and to

start the experiment at lower energies and intensities: Lo - 140 GeV,

. 105 - 106 n / 1012 protons.

IV. EXPERIMENTAL METHOD

1. 20 kgauss Superconducting Dipole Magnet

For both our proposed pion and electron experiments at NAL, a
20 kgauss analyzing dipole magnet is required. The magnet will have
a length of 15 ft and a useful aperture of 3 ft in width and 1 ft gap.
The analyzing magnet discussed in our‘original proposal No. 164 has
now been redesigned and modified so that it will have superconducting
coils. Following our feasibility studies we present a preliminary de-
sign of this magnet. An equivélent 18 kgauss magnet with conventional
copper coils will consume 1.07 Mwatt power and is estimated to cost
$ 180 XK. The cost estimate of this superconducting 20 kgauss magnet
is about ¢ 150 K, exclusive of the cryogenic refrigerator system.

Among recent advances in the manufacture of superconductors, a search

was made to select a superconductor configuration provi&ing reliable and
safe operation. Presently, we favor the following available super-

conductor: a continuous copper ribbon, 1/16" thick and 2" wide with
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embeded Niobium-Tin superconducting strips. This material conducts
adequately 1000 A in a magnet at 30 kgadss«

The dipole\magnet design is shown in Fig. 7. Superconducting coils
with mechanical supporting ribs are shown inside a helium dewar. This
is a'500 liter dewar and is heat shielded by layers of super-insulation,
a nitrogen shield, again super-insulation and vacuum. The dewar fits
inside a window frame iron magnet. The fotal amper-turns are 722,000 AT.
A current demnsity of 20,000 Az’cm2 is made available in a coil cross sec-
tion area of 50 cme. In each turn a current of 1000 A will be conducted,
for a total of 722 turns in each coil. The weight of this magnet is 140
tons. The magnet“will.be built in sections which will make it easier to
assemble or dismantle for shipment to NAL. For the final coil configura-
tion we intend to make calculations with available computer programs, to
gradate the current density in the coils and thus achieve a2 high magnetic
field uniformity inside the useful aperture.

We propose to build this magnet for NAL, using our own facilities at
HEPL. We havé the manpower and equipment to complete this important
task. We are presently building an iron magnet approximately eight times
as massive as the one described above.

2. Experimental Configurations and Acceptances of the

Spectrometer System.

The makeup of our spectrometer system is simple and modular. Briefly,
the central idea is this. With a pion or electron beam, a target and a
beam monitor, an analyzing magnet is used together with two large accep-
tance spectrometer arms to do coincidence measurements. One of these
arms is always used to trigger candidate eveﬁts. This arm will make

measurements in singles, on inclusive reactions. The second arm is placed
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essentially at three different locations to provide coincidence measure-
ments selectively.

Using these as building blocks, we have devised specific spectrometer
configurations which favor in each case the observation of a few processes
among several ongoing reactions. In our original proposal 164, the de-
sign principles, the function of individual components and the qualities
of spectrometer modules were described in detail. We have modified the
composition of spectrometer modules to include muon identifiers. Thus,

a modified and improved spectrometer is now obtained which has the capa-
bility of observing multi-gamma~ray or multi-lepton final states,

In Fig. 8 the first configuration is shown. This is designed for the
purpose of observing the processes mentioned therein. In this and other
configurations, the experimental targeﬁ is placed inside the magnet. 1t
is desired 1) to achieve a large acceptance in production angles and in
momenta and also 2) to provide good resolution in the measurements of
angles and momenta. ihesa economical and‘efficient spectrometer features
are made possible only by having an iﬁcident beam spot size of dimensions
no greater than + 2 mm. This spot size quality is achieved with the beam
in our design. 1In the bending plane, the transverse coordinate of track
origins is anchored by the beam spot size definition. Three other cooxd-
inates are measured on charged particle tracks by multiwire proportional
chambers. The orbit of tracks is defined with a long lever arm, as shown
in this figure.

In Configuration (I) the beam line and target position are displaced
vertically inside the magnet (for example, the magnet is lowered by about
6 ‘inches ). To observe efficiently the production of large angle and high

momentum particles, the spectrometer module is placed in the forward direction,
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below beam line. Thus, the observation of high energy and large angle
+ +

emerging e , u-, and y, singles is enhanced; and low energy or for-
ward produced pérticles are not seen by the forward spectrometer arm.
These features are demonstrated in Fig. 8 and seen in Table III.

We have used a Monte Carlo program to map out extensively the accep-
tance regions of the spectrometer system and to define those regions which
are of interest to the physics considerations., In terms of the correlated
quantities p and § (momentum and production angle of produced particles )
the acceptance calculations are given in bins of p and é. The percentage
of azimuthal éngle accepted in a cell defined by Ap and A8 1is stated.

This and the following tables are generated for the case of an incident
pion beam of 150 GeV/c.

In Table III (a) the acceptance of the forward spectrometer is depicted
for positively chérged particles, emerging at large angles and with high
energies from the target. Table III (b) is the same for negatively charged
particles. It is seen that both posiﬁively and negatively charged par~
ticles, emerging only at large angles and also with high energies, are
accepted symmetrically and equally as well. The Monte Carlo calculation
of Table III is made with the target placed just at the entrance of the
analyzing magnet. The forward spectrometer is assumed to be set 5 meters
away from the magnet exit. It is clear that larger angles and higher
momenta can be accepted by moving the target position forward and/or mov-
ing the forward spectrometer arm further away.

In Table IV the results of Monte Carlo acceptance calculations are shown
for two other spectrometer module locations. In these cases, the beam line
and target position are centered vertically inside the analyzing magnet.

In Table IV (a) the target is from the entrance side 2 meters inside the
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magnet and the spectrometer is 3 meters away from the exit side. The case
in Table IV (b) is with the target plaéed at the entrance of the analyzing
magnet and the spectrometer set 5 meters away from the exit. The spectro-
meter module is displaced by about 0.5 meter from the straight ahead beam
line. It is evident that by changing the target position inside the analyz-
ing magnet and by setting the spectrometer modules at various locations
several acceptance regions are defined selectively, for the purpese of
observing particles in singles or in pairs.

Configuration II is designed to observe in pairs the production of
wide angle leptons and gamma-rays. This is shown in Fig. 9. The beam
and also forward_produced charged or neutral particles are not observed
by the spectrometer modules. Thus, a very favorable configuration is ob-
tained which accepts the production of large angle and high energy
charged particles or gamma~rays. The spectrometer modules are placed
symmetrically, as it is seen in Fig. 9. The reactions to be studied by
this configuration are also stated in this figure.

In Fig. 1b, the spectrometer system for the studies of forward pro-
duced multi-gamma~-ray final states is shown.

Thus, a versatile facility is provided at NAL by our modular spectro-
meter configurations. Both large angle and small angle emerging et, uf,
and y particles can be observed in coincidences or in singles.

3. Detection of Showers Induced by Electrons and Gamma-Rays.

The spectrometer modules, in both our pion and eiectron experiments, are -
designed a) to observe several individual showers induced by electrons anﬁ
gamma-rays, b) to provide a high rejection factor for hadrons and c) to
observe and idéntify muons. Briefly, the defection system is based on the

addition of multi-wire-proportional chambers (MWPC), having unique encoding
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and readout properties, to large NaI(Tl) crystals which are segmented in
an especial arrangement. -

We demonstréte the results of our recent tests and continuing develop-
ment éffort on MWPC's with electromagnetic delay line readout. Multi-
tapped delay lines are used with fixed (5-10 nsec delay per tap) time delays

between each chamber wire pairs. An intercepted shower induces signals over

several wires. The overall sum signal of a shower propagates to the end
of the delay line with a chosen and fixed speed (20-40 nsec/cm). These
signals describe the shape of intercepted showers. They contain infor-

mation on the space location of showers and shower electron multiplicities.

In Fig. 11 the shgpe of 10 GeV electron induced showers is shown at
several shower depth positions. In Fig. 11 (a,b,c) the individual

signals are induced by electron showers generated by 1’Xo (radiation
length) of lead. The statistical fluctuations in shower multiplicities
are evident in these representative samples. At 10 GeV, the showers reach
the maximum electron multiplicities in lead at about 5 Xo. These are de-
picted in Fig..ll (d,e,f). A shower signal with 6 X Pb is shown in

Fig. 11 (g) and those with 4 X Pb are in Fig. 11 (h,i). Several thousands
of individual showers were observed in recent tests at SLAC. These sig=-
nals are encoded with an electronics system which measures both the po-

sition of the center-of-charge and the amount of total charge. Both

analog and digital information are made available by the electronics.
The regions of individual shower signals are defined By time~over-

threshold discriminator gates. These are also shown above in Fig. 11.

These results make it convincing that our continuing development effort
will be successful in producing a working system for the observation of

multngamma~ray and multi-lepton final states at NAL. The pair resolution
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of induced signals, up to 10-12X<)shower depths, is limited only by the
natural widths of showers. At NAL energies these widths are narrowing
(2-3 cm) and the electron multiplicities in showers are increasing (sev-
eral hundreds of electrons at shower maxima). Therefore, the task of ob-
serving multi-gamma-ray and multi-lepton final states in a single large
detector becomes easier at NAL than in the above tests carried out at SLAC.

L. Muon Identifiers

Muon identifiers will be included in our spectrometer modules. These
are necessary in both of our electron and pion experiments., A simple
muon identification method will be used, based on the total absorption
of hadrons and electromagnetic showers: 30 radiation length of NaI(Ti)
crystals and about 10 pion collision length of iron. The attenuation
length of pions in iron is measured(gl) to be 21 cm, so that a 2 meter
iron absorber is sufficient to attenuate hadrons down (together with abouﬁ
4 collision length in NaI(Tl)) to a level of below 10-6. Muons are trans-
mitted through the ovgrall spectrometer module thickness and suffer ioniza-
tion energy loss., Their trajectories ére displaced by Coulomb multiple
scattering. The energy loss ismé.T GeV and the rms displacement of
trajectories is about 0.4 em for 50 GeV muons. The source of muon pro-
duction is well defined by the small target volume and the small spot size
of the incident beam.

Multi-wire proportional chambers’are placed before and after the iron
absorber. A 2 inch thick scintillator element is the last detector in the
spectrometer modules. This is used to observe the overall ionization
energy loss signal of transmitted particles. Thus, muons are identified
and their trajectory is measured by the muon identifier elements shown

in the figures of the experiment configurations.




5 Errors.

Well known formalisms and precise computations are used to arrive at
the measurement uncertainties in our spectrometer configurations. The
total errors are estimated for the determination of momentum p and pro-
duction angle § of §roduced‘charged particles. These errors are due to
space coordinate measuring accuracy and Coulomb mﬁltiple scattering. In
space coordinate measurements, conservatively a 0.5 mm uncertainty is
assumed for each of the MWPC planes. The dominant effect dug to beam
spot sizes is also investigated. These are very relevant to our experi-
ments for the spectrometer configurations we have discussed.

We demonstrate the improvement obtained with small beam spot size, in
the accuracy of p and § measurements. 1In Fig. 12 the total uncertainty
in momentum measurement is shown, as a function of p, using the tQ mm
spot size of our proposed beam. Also shown is the result with a 12 mm
beam spot size which is representative of another beam. The measurement
method is pictorially demonstrated in the insert of this figure. Similarly,
in Fig. 13, the total uncertainty in scattering angle measurements is
shown, as a function of p. Both p and f# measurements and errors are
correlated. 1In this figure, the improvement derived from a small beam

spot size definition is evident.

We argue that improvements in errors are made possible because
additional information is available in our experimental spectrometer
configurations. The new information comes from the precise energy de-
termination in the case of electrons {(and also gamma-rays ). The infor-
mation is obtained from the observed pulse heights from signals induced
in the NaI(Tl) crystals of our spectrometer moduleé. During the analysis

phase of our experiments, produced charged particles are grouped in
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selected momentum bins. Momentum bin sizes are set by the above uncer-
tainties for Ap/p. For each momentum bin, the spectrum of pulse heights
from the NaI(Tl) crystals is examined. As we already know, each spectrum
will show a clear and separated electron peak. Thus, electrons are
identified. Moreover, a precise energy measurement is now available

from the observed pulse height values. Using this precise energy measure-
ment of identified electrons we will improve the errérs in 8 by means of
the well known (E,0 ) correlations. This improvement is demonstrated in
Fig. 14. Therefore, in the case of observed electrons in our spectrometer
modules, the final error in 8 , will be Ag ~ O.1 mrad. The same error
values also apply for gamma-rays. In this case there are no (p,§ ) correla-

tions and the 67 errors are determined only by space coordinate uncertainties.
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SUMMARY OF PROPOSAL REQUIREMENTS

This expefiment requires no more than an external proton beam
of 1012 protons/pulse incident on a secondary beam Be target.
1100 hours of running time are required to complete the physics
for this proposal. An additional 150 hours of equivalent beam
time is estimated, for the purposeé of experiment setup and
equipment checkout during a period of 2 months.

To accomplish the proposed goals, the group of experimenters
making this proposal will be augmented by three postdoctoral
physicists and several graduate students. Other interested
physicists are invited to join the group as collaborators.

The experimental equipment designated in this proposal requires
a development and preparation time of a minimum of 20-22 months.
Due to the commonality of experimental equipment in both the
proposed electron and pion experiments, this preparation time
will suffice for both proposals.

Other desired requirements to implement this experiment are
discussed in the proposal. These are connected with beams

at NAL and the cryogenic system for our térgets and a super-

conducting magnet.
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