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ABSTRACT

Predictions of gauge theories, which hold forth the tantalizing prospect
of a unified, renormalizable picture of weak and electromagnetic interactions,
must be comprehensively tested. Neutral heavy leptons, present in most gauge
theories, are prime candidates for search. New information about them is
expected from no existing or planned experiment anywhere. We propose here
a definitive search for neutral heavy muons in the mass range 2-10 GeV.:

The apparatus, consisting mainly of magnetized iron slabs and proportional
chambers, is to occupy the downstream portion of the NAL Muon laboratory. The
experiment requires lO12 200 GeV muons, which may concurrently illuminate
the Muon Scattering Facility target upstream. Strong features of the pro-

posed spectrometer make possible additional new measurements.
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- I, INTRODUCTION
A, Predictions of Gauge Theories
The recently-developed spontaneously-broken gauge theories of weak inter-

(1)

actions have by now generated intense interest, and widespread theoretical
and experimental activity. The idea of spontaneously broken gauge symmetry
leads to unified theories of electromagnetic and weak interactions, which
avold the high-energy divergence of the Fermi theory. If supported by experi-
ment, gauge theories represent the most important advance in understanding of
weak interactions since the V-A hypothesis was put forth more than fifteen
years ago.

So far, most of the pertinent experimental effort has focussed on neutral
currents which couple to neutrinos, as predicted by the original Weinberg

(2)

model, The experimental situation at the time of the NAL-Chicago Con-

(3)

Taken at face value, the :2 e »e v

ference is summarized by Perkins. A

and VN- vN n° experiments together rule out that model. Difficulties
in executing and interpreting these experiments appear to mitigate that con-
clusion, although in any case the possible range of the Weinberg model's
parameter has been severely restricted. A definitive test awaits the com-
pletion this year of the CERN-Gargamelle (33 e - (33 e~ exposure.

In general, gauge theories avold divergent amplitudes by introducing
cancelling diagrams, involving neutral currents, or heavy leptons, or both.
Without neutral currents, one must have heavy leptons. Some divergent dia-
grams involve exchange of a neutrino. To cancel these amplitudes without
neutral currents, one must have neutral heavy leptons. Bjorken and Llewellyn
Smith(u) have catalogued the varieties of.neutral currents and heavy leptons,
and thelr couplings, found in six simple gauge theories. Table 1 contains

. the subset of that information which is most pertinent to this discussion.
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0Of the five éimplest theories which contain heavy leptons, four contain neutral
heavy leptons with (V + A) coupling. Three theories contain charged heavy
leptons which couple to conventional neutrinos. An even larger fraction of
more complicated gauge theories, with more heavy leptons, make provision for
neutral heavy leptons.

Experiments searching.for heavy leptons or weak bosons predicted by gauge
theories can yield mainly positive information. That is to say, with few

(7)

exceptions, existing experimental and theoretical information cannot
guarantee that the weakon and lepton masses lie in an experimentally accessible
range. One simply hopes that available beam energies are adequate. In this
optimistic framework, search for a neutral heavy lepton, having nonzero V + A
coupling, has a special appeal. While "equally" likely to exist from the
gauge-theoretical viewpoint, such particles do not arise from simple-minded
ex@rapolations of the e, Vo 3 Ko, vu sequence. Discovery of massive neu-

tral leptons would be compelling evidence in support of spontaneously-broken

gauge theories.

B. General Experimental Considerations ~
Neutral heavy leptons can be created only through weak production or
decay. Mass limits ¥ 0.5 GeV are imposed by the unobserved decays K+ -> e+ Eo,
K+ > u+ M°. o existing or already-proposed experiment, at any laboratory,
can improve these limits. A corresponding lower bound of 0.9 GeV (95% conf.) on the
mass of the short-lived charged heavy lepton, obtained at Frascati, was reported
by Zichichi at the WAL-Chicago Conference.

Since cross-sections of electromagnetic background processes are much smaller

for muons than for electrons, we concentrate here on the reaction

-



L

(Left-handed) uIN - MO X | | (1)
| e
M
bl Y 93 V“
- + e v
M Ve

»_u+ + hadrons .
With mass exceeding 1 GeV, the M° has a short lifetime (< lO_ll sec), and is
revealed only through its decay products. The u+ u :L final state has a
clear signature of apparent muon nonconservation. Bjorken and Llewellyn

(4)

" Smith have estimated the hadronic branching ratio to be 50%; in later

calculatibns, we take the u' u” su branching ratio to be>25%. The u' e~ :2
final state is scarcely distinguishable from u+ - e scattering, and the
hadronic final state from u+ - N scattering.

A u+ beam obtained from forward n+ decay has largely left-handed polar-
ization. This is a traditional objection to studying muon-induced weak .
interactions at proton synchrotrons. However, the theories enumerated in
Table 1 which contain the ﬁp, predict it to have a weak V + A coupling at
least equal to, and often much larger than its V - A coupling. In the
s >->-M§[0 1limit, Table 1 shows that the cross-section for reaction (1) is of
the order of, or greater than, the total v - N cross-section.

The impbrtance of searching for heavy neutral leptons résts on the fact
that they are new and different hypothetical particles. If they exist,
charged and neutral heavy leptons differ in mass, and in modes of production
and decay. For example, in the Georgi-Glashow theory (VI), with Mw = 37 GeV,

(7)

Primack and Quinn have found that muon-anomalous-magnetic-moment measure-
ment sets an upper limit MM+ < 6 GeV. TFor the same conditions, the neutral
heavy muon is lighter (MMo S U4 GeV), and is produced with twice the v - N
total cross-section in the high-energy limit,.

Except for the argument that searching for heavy neutral leptons is of

independent interest, one might think that assumed experimental advantages

make it sufficient, initially, to search only for charged heavy leptons. But
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these assumed experimental advantages do not exist. The following is a brief

general comparison between muoproducing an Mo, and photoproducing an M+ M

pair, as in NAL Experiment #37

1.

(8)

Kinematic limit on heavy lepton mass. The muon produces only one

heavy leptdn, while the photon must create two. One needs a 1600 GeV
accelerator to achieve the same absolute limit on photoproduced M+ or
M mass, a&s can be reached with 400 GeV protons using M° muoproduction.

Production cross-section. Charged heavy leptons are produced electro-

magnetically, whereaé neutral heavy leptons are produced weakly.
However, the photoproduction diagram'is suppressed by a (lepton
mass)-lL factor. In addition,‘attenuation in photon beam energy
limits the target thickness to ~ 0.5 radiation lengths. A 200 GeV
muion, on the other hand, loses only 1/8 of its energy in passing
through 30 ft of steel. (In Part II we introduce a muon spectrom-
eter with this target thickness.) Multiplying the production cross-
section by the number of target particles per cm2 gives the prob-
ability, per beam particle, for heavy lepton production. We have
used the photoproduction cross-sections qalculated for Be by Kim

(9)

and Tsai , along with a muoproduction calculation of our own which
gives essentially the same result as that of Ref., k. (This calcula-
tion is described in Appendix A.) The results are shown as a function
of heavy lepton mass in Fig. 1. The muoproduction probability lies
above the photoproduction probability for masses exceeding 1.l GeV.

At Y4 GeV heavy lepton mass, the muoproduction probability is greater
by two orders of magnitude; at 8 GeV mass, by more than four orders

of magnitude.

Available beam intensity. It is too early to compare the intensity
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of fhe NAL photon beam, which has not been tested, to that of the

NAL muon beam, which is being designed. It will be shown below that
a total of lO12 200 GeV muons is needed for the heavy neutral muon
search. This is 60% of the integrated flux recently envisaged by
Experiment 93 (lO). The same 200 GeV muons could be used by both
experiments. We argue in Appendix C that delivery of 1012 muons to an

‘experiment represents a practical and reasonable NAL goal.

k., Recognition of the heavy lepton. The photoproduction experiment

makes use of the decay modes

M - Vo Ve et (~ 20%) or VoV ut (~ ho%) ;

M - Gu ;u u- (~ L0%) or :L :2 e (~20%) .
(Ref. b estimates the v % branching ratio to be negligible for heavy
lepton masses above 3 GeV.) Also, both charged leptons are required
to appear on the same side of the beam. The full coincidence occurs
less than ~ 10% of the time. The use of these modes requires the
M (M”) to couple to v, (Cu), making the experiment insenéitive to
heavy leptons with only right-handed coupling, as in Theory V (see
Table 1). On the other hamd, in the muoproduction experiment . the
decay ° - AT Gu has a branching ratio of ~ 25%. Of the seven
particles in the initial and final state of the photoproduction
experiment, five are unseen neutrals. Of the four leptons in the
muoproduction experiment, only one is unseen.
Charged heavy muons also can be produced at NAL by the reaction(ll)

v“ N - M+ X3 M+ - v“ v“ u+ or v X .

The experiment is analagous to the one put ferth here, except that the momen-

tum of at most one charged particle can be measured.



II. EXPERIMENTAL PLAN

We plan to search for neutral heavy muons, using the production and decay

modes
(left-handed) u' W - M° X;
4 o -
M- v, (~ 25%).

The prodﬁction cross-section, multiplied by the number of nucleons/cm2 in a

30-ft Fe target, is shown as a function of M° mass in Fig. 1.

A. High-Tuminosity Muon Spectrometer

The experiment'is intended to occupy the north portion of the Muon Labora-
tory, downstream of the Muon Scattering Facility(lo) (Fig. 2). It is designed
to make use of the same 200 GeV muons which impinge on that experiment's tar-
get.

The main elements of the muon spectrometer are 25 slabs of magnetized
iron, and 26 multiwire proportional chambers (Fig. 3). The apparatus has
the following special features:

1. A massive target consists of the 15 iron slabs which comprise the

upstream 60% of the spectrometer; each slab is 2 ft thick. This
is about one order of magnitude more nucleons/cm2 than is usable
in muon experiments without a distributed target. At 107 muons /L
sec, for example, the effective luminosity of the experiment is
1032/cm2—sec --equal to the design figure for SPEAR or PEP. A
200 GeV muon loses an average of 12% of its energy in this target,
which is 2% of a muon radiation length.

2. Fine-grained measurement of the muon trajectory is made by multi-
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wire proportional chambeis distributed every 27 in within the
target. Dispérsion of the final-state muon transverse momentas is
thereby due to multiple Coulomb scattering occurring only in a

small fraction of the target thickness. The proportional chambers
will tolerate beam and halo intensities up to 10 MHz. Beam muons

of known energy will be used as a continuous monitor of the momentum
reconstruction.

The uniform cross-section of the spectrometer consists of the inner

3 x 4 ft portion of the iron slabs, magnetized vertically to 18.5
kG (Fig. 4). The field pattern is that of an ordinary filament-
transformer core. This uniformity gives three benefits. First,

no minimum production angle is required of the final-state muons,
thereby enhancing the acceptance. Second, since both beam and halo
pass through the chambers, therg is no stringent requirement on the
halo/beam ratio. Finally, there is no hole through which the beam
is required to pass. Consequently, the experiment can operate even
when the beam is focussed on the Muon Scattering Facility target,
and deflected by the Chicago Cyclotron mégnet. The latter effect
makes it necessary to offset the muon spectrometer by ~ 2 fthwith
respect to the nominal beam line. If the cyclotron magnet is off,
the dipoles in Enclosure 104 can be trimmed to achieve the same
offset. The transverse momentum (8 GeV) of the magnetized iron
slabs can be used tb bend the muon beam into the berm downstream;
or, if preferable, the spectrométer can be rotated 90o and the beam
pitched into the ground.

A continuous iron medium is present, in which the event must develop.
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Mﬁon identification is thereby simple. Pions are maximally con-
strained to interact before decaying into muons. The latter fea-
ture is crucial to suppression of background, as seen below.

An event trlgger w1ll be formed by requlrlng (1) ev1dence of muon energy
-transfer to partlcles whlch shower, and (2)'éﬁ;§§?éhce w1th1n the spectrometer
of an additional muon. The energy transfer is measured by pulse-height analysis
in (42) 1.5 ft x 1.5 ft scintillation counters distributed every 1 ft through
the. upstream 4/5 of the spectrometer and centered on the beam. A crack (not
crossed by field lines!) will be left in each 2-ft-thick magnet to accomodate
the odd counters. For an energy transfer of 80 GeV (typical for MMO = L4 gev),
» theré will be an average of ~ 120 hadron-shower-particle traversals of the
four counters just downstream of the vertex. We plan to set a threshold of
~ 20 traversals., In addition, the pulse heights will be recorded for off-line
analysis. We estimaté that fluctuations in energy transfer and in shower
statistics will cause good events to be rejected by this pulse-height require-
ment at a level ranging from 7% at small M° mass to 20% at highest mass.

Evidence for production of an additional muon will come from 8 "picket-
fence" hodoscopes of ~ 5 counters each, distributed through the middle 3/5
of the spectrometer. Two counts will be required in the one of these hodo-
scopes which lies an average of 12 ft of Fe downstream of the vertex. The
hodoscopes upstream of the vertex are required to register only one count.

In addition, to prevent interference by showers from coincident muon brems-
strahlung, the shower scintillators near the hodoscope registering two muons
will be required to have a pulse height corresponding to feﬁer than ~ 5
particles.

Using this configuration, we have estimated the trigger rates due to
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(1) u-N scattering with soft =« ; u decay, (2) u-trident production with muon
‘bremsstrahlung, and (3) double muon Bremsstrahlung. Each has an effective
cross-section less than 1 nb (4 * lO6 triggers). A somewhat larger trigger
rate will arise from accidentals, if maximum (10 MHz) beam intensity is used.
To minimizefhisrate, an additional hodoscope upstreém of the spectrometer
must veto events having two muons incident within the 10-nsec coincidence
width of the system. With a veto efficiency of 99%, we estimate the acciden-
tal trigger rate to be ¥ 150 Hz (75/0.5 sec pulse) with 10 MHz beam intensity.
Altogether, the trigger rate should not exceed 125/pulse, and the total num-
ber of triggers should be less than 25 * 106.

" The use of proportional chambers, which can be interrogated at a rate
much higher than the trigger rate, permits two major simplifications of the
triggering scheme. First, after the phototube discriminator outputs are
latched, all the logic can be performed by low-cost TTL. Second, as a safety
f;ctor or means of further reducing the data rate, the on-line computer
can make additional cuts on events before they are put on tape.

‘To sum up, the same iron slabs are used in this apparatus as (i) target,
(ii) "prompt" hadron absorber, (iii) muon identifier, (iv) shower medium,
(v) analyzing magnet. Functions (iii) and (v) presently are used by NAL

5(12)

Experiment 2 , and functions (i), (ii), (iii), and (iv) by Experiment

21.(13)

B. ©Simulated Spectrometer Performance
A full Monte-Carlo simulation of the experiment was performed. The pro-
cedure for simulating production and decay of the M° is detailed in Appendix
A. In the s >> Mﬁo limit, the differential cross-section for M° production

was taken to be that for vu N->u Xina spin - 1/2 parton model. Since,



typically, a Q2 éf only 35 (GeV/c)2 is transferred to the target nucleon, this
parton model was uséd not far beyond the range in which it is known to agree
with experiment. The principal effect of finite M° mass was to restrict avail-
able phase space. In decaying, the M° was assumed to couple to the u+ via a
(V + A) current, in agreement with the theories described in Table 1. In the
limit of negligible muon mass the resulting distribution in the u+ or u— energy
and angle; for example, is the same as that of the e  in polarized muon decay.
In general, the feasibility of the experiment does not depend on these details.
After creation within an 8 by 10-in beam area, the muon pair was propa-
gated through ten magnets of the apparatué in Fig. 3. Multiple and single
Coulomb scattering in the iron dispersed the muon transverse momenta; u -~ e
scattering and muon bremsstrahlung caused energy-loss straggling. An event
was rejected if either muon failed to pass inside the 3 x L-ft aperture of
the six magnets Jjust downstream of the vertex:; or if either muon energy was
below 2 GeV at the end of the sixth magnet. We made the worst-case assumption
that the hadron shower accompanying M° production would obliterate the muon
track in proportional chambers upstream of the second of these six magnets.
Thereby, a minimum of five measurements was possible on the muon trajectory.
The simulated event was reconstructed using a fitting procedure which
made optimal use of the proportional-chamber information. This procedure is
fully described in Appendix B. Briefly, a simultaneous least-squares fit was
made to the longitudinal vertex position; the projected momentum and both
direction tangents of each muon; and both projections of the multiple Coulomb
scattering angle of each muon, in each of ten magnets. Iterative correction
was made for muon energy loss. Because the measuring error is dominated by

Coulomb scattering, proportional-chamber wire spacing of 5 mm could be used
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with only ~ 20% deterioration in resolution, compared to the ideal case.
Results of the Monte-Carlo study were:
1. The acceptance of the spectrometer is 50% + 5% over the full range

of heavy lepton mass, from 0.5 to 10 GeV. Inefficiency is about

equally attributable to effects of soft-muon range and spectrometer

aperture.

2. The resolution, for a typical heavy lepton mass of 4 GeV, is
+ 10.5% on the individual muon momenta, and * 160 MeV/c on the
vertical and horizontal transverse momenta of each muon. A kine-
matic distribution most sensitive to spectrometer resolution is
the invariant mass spectrum of the two muons. Figure 5 shows the
theoretical and reconstructed spectra. The resolution clearly is

more than adeguate.

C. Cost of Spectrometer
The major spectrometer components are the magnetized iron slabs, the
proportional chambers, and the proportional-chamber electronics. In each

case & substantial effort is made to minimize cost.

Magnets. The magnets depicted in Fig. 4 should be less costly than
other solid iron magnets which have recently been constructed. Such mag-
nets for NAL experiments have cost ~ $100/ton. A conservative estimate
for the total cost of the magnet is then $67K. Aprendix E contains a

discussion of construction technigues.
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After the narrow slots are filled with iron, NAL can re-use the iron slabs
to harden the passive muon shield, needed for higher-energy neutrino experi-
ments. Alternatively, the magnets can be deployed as a more effective muon
shield if used as a dispersive lens, similar to that designed by Kang et al.(lh)

The 8 GeV/c transverse momentum imparted to a 500 GeV muon displaces it 45 £t

from the beam axis at the bubble chamber.

Proportional chambers. To improve proportional-chamber time resolution,

it may be desirable to halve the wire spacing to 2.5 mm, reading out pairs
of wires. We have built proportional chambers of similar wire spacing and

(15)

span as early as three years ago. Recently, the group constructing the
External Muon Identifier(l6) at NAL has used techniques which can reduce sub-
stantially the cost per plane. Printed strips on laminated outer planes sense
the positive signals induced by avalanche at the inner wires, thereby tripling
the number of planes per chamber. Figure 6 depicts proportional chambers of

this type having the desired size. Tentatively, we estimate the cost (without

electronics) as $1K per chamber -- a total of $26K.

Proportional-chamber electronics. To achieve S 100 nsec time resolution

with large track multiplicity, it will be necessary to use individual-wire

electronics. At 5 mm wire spacing, a chamber of the type shown in Fig. 6
requires 720 electronics channels (for example, 15 L48-channel circuit boards).
An electronics system costing only $2.50 per channel is being constructed for

(17)

use at the Cornell electron synchrotron. Also, we have prototyped a more

compact circuit (Appendix D) which can be produced at comparable cost. At

$2.50 per channel, the total cost of proportional-chamber électronics will be $L7K.
To sum up, the main elements of the spectrometer require a capital invest-

ment of $1LOK. OFf this, $67K is needed for iron re-usable by NAL, and $73K

for proportional chambers and electronics.
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D. Backgrounds
The most important background is

+ + -
g N->pu n X3

T o-u v .
L

The cuts which attenuate the effective cross-section for this process are

first tabulated, then discussed:

‘Process and cut Theoretical Cross-section
(cuts are cumulative) cross-section for simulated
(pb) accepted and
reconstructed
data (pb)
Background:
+
(1) ¢ N- 4" x; E' <100 Gev 2.3 * 10° -
2 2 : )
(2) qQ > 3.7 (cev/e) 7.7 * 1o3 -
(3) X=1n + X3 1 - CH - (> 20 GeV) 1.1 % 1071 1.1 x 107t
(1) p (W7) > 1.h Gev/e 1.5 % 1073 3 % 1073
Data: M , = L Gev
— M
+ —0
(5) w N>M X 21.1 -
6) M - ut u” S, 22.7%1070 z1.2 %107t
E' (u¥) <100 GeV; E' (1) > 20 GeV;
(7) ) apparent Q2 > 3.7 (GeV/c)E; 2 9.1 * 1072 2 Lh.5* 1072

pl (k™) > 1.4 GeV/e

Background cross-section (2) was calculated assuming scaling and the

(18) of W, which was taken (pessimistically)
L

as constant above w = 20. The main suppression factor of 7 ¥ 10"  occurs

Bloom-Gilman paramaterization

between cross-section (2) and cross-section (3), which in addition requires
a . to decay, within iron, to a u  of energy > 20 GeV. The input for

obtaining this suppression factor is a Monte-Carlo calculation of
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(19) | _
Riddell, £n. which pions are produced by 200 GeV protons according to the

Trilling formula, and decay into muons while cascading within solid copper.
Let x be the ratio of muon energy to proton energy, and dN the number of

muons in interval dx, per incident proton. Riddell found that:

dN -
—d§<6.l+*10

3 exp (- 18 x)

for x > 0.1. We have used this result without change for incident virtual
photons with energy between 100 and 200 GeV, and for pions cascading within
the iron spectrometer.

A rough check on this suppression factor can be made by working back-
wards. Assume (in agreement with Riddell) that the effect of the
hadron cascade is to multiply the muon flux by ~ 2; and assume that muons with
ehergy larger than 20 GeV come from pions which average 30 GeV in energy.
The probability for 30 GeV pion decay within one interaction length (6 in)
of.iron is lO-u. Therefore, adaptation of the Riddell result to this
background problem is equivalent to setting the probability that a ~ 150
GeV virtual photon produces a n between (say) 25 and L0 GeV, equal to

L

1/(2% 7% 10" * lo_h)or .07. This does not seem unreasonably small.

The final cross-section (4), requiring that the u~ have a momentum
transverse to the beam greater than 1.4 GeV/c, is smaller by an additional
factor of 30. In ﬁhis calculation, the n~ is given a (generous) distribution
e_3pl? dpLg in momentum transverse to the virtwal photon direction., The
attenuation factor is half of that which would hold for an ideal apparatus.

The effect of these cuts on heavy lepton events at a typical lepton mass
of ﬁ GeV is shown in cross-section (7). About 40% of the reconstructed data

survive. The inequalities reflect the possibility (Table 1) that the w°

. 2
production cross-section exceeds the W total cross-section, for s >> M Mo
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Thg result isvreasonably model-independent. The u+ has large apparent Q2
;ﬁd the u~ has large Pl because the M° is massive and is produced weakly,
without a photon propagator. The u+ energy usually lies below 100 GeV, and
the u~ energy above 20 GeV, because the M° energy is shared by its three
daughters. We expect more sophisticated cuts, likelihood analyses, etc. to
improve this survival rate in the final data analysis.

The result of this study is that - u :L background is expected to
comprise < 7% of the ¥M° = 4 GeV signal (comparing cross-sections (4) and
(7), right-hand column). The signal/noise is even more favorable at higher
heavy lepton masses, since the n - wo ;u suppression factor grows more
rapidly than the event rate falls. The pion-decay background sets the
lower limit on the range of M° mass to which the experiment is sensitive.
This lower limit is conservatively estimated to be 2 GeV.

We turn attention to other backgrounds. If every at % pair produced

by a virtual photon were a p, the p - u+ L~ contribution to the background
would be a fraction of that from n~ decay. Also, K decay contributes less
than the major background, for K/ﬂ ratios smaller than 0.5.

The effective cross-section for muon tridehts, a smaller background
than u+ - N scattering with = - u~ Gu decay, has been roughly estimateé.
In an early experiment, Camac(go) found that 230-MeV electron bombardment of
a 0.0045-in Cu foil resulted in an equal flux of 180-MeV positrons from direct-
and photo-pair production. Half this thickness, corrected slightly for the
case of 200 GeV incident muons (y &~ 2000 instead of Yy =~ 500), corresponds
to an "equivalent radiator for muon-trident production" of .00k radiation

lengths. In u-trident diagrams 1like this,



17

a Weizsacker-Williams flux of .003 > 100-GeV virtuél photohs per 200 GeV
muon is thereby a&ailable for Bethe-Heitler-like production of muon pairs.
The cross-section for the latter process is less than that for muon-pair
production by real photons, as calculated by Kim and Tsai.(9) A numerical
integration of the Kim-Tsai results for 200 GeV photons on Be yields a total

34

muon-pair-production cross-section of 10~ cmg/nucleon, for u~ transverse
moﬁenta exceeding 1 GeV,., Using a factor-of-3 enhancement for coherence in
Fe vs. Be, one obtains a total p-trident cross-section ¥ 1 pb/nucleon in Fe,
with the above restrictions on p~ transverse momentum and u+ energy loss.
For the trident to mock a pair, one u+ must not be detected. The prob-
ability of either u+ being softer than the minimum-detectable 5 GeV is only
7%. To allow for instrumental effects, we double that inefficiency. The
resulting effective cross-section is < .1k pb, about twice the signal.
Finally, the u-trident background is suppressed by two additional large

(21)

factors. First, as Tannenbaum has pointed out’,

in all u-trident diagrams
two propagators can be forced far off-fhell by requiring large u-pair mass;
and large momentum of the pair and the u+, transverse to the beam direction.
Enforcement of these requirements at the 1-GeV/c transverse-momentum level

introduces an extra suppression factor of at most (2m“/gl)2 ~ ,05. ©Second,
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p-trident pfoduction involveé negligible energy transfer to hadrons and elec-
trons. In contrast, 4-GeV M° production typically is accompanied by an 80-GeV
hadron shower, satisfying the trigger requirement, whereas essentially all
u-trident data will be suspiciously clean. Evidently, u-trident background
can be made negligible, by at least 2 orders of magnitude.

In analyzing the data, the effect of cuts on background processes will be

determined experimentally. Here one uses the fact that u+u— events of the

major background types have u+uf analogues. Evidence for existence of the Mo,
if any, would consist of a large excess of u+u- events over u+u+ events, after
background cuts. In the case of a null result, Monte Carlo calculations of
the (ieasonably model-independent) effect of these cuts will determine the
experiment's sensitivity.

Finally, we mention aécidentals. The potentially most bothersome effect
is a three-fold accident involving (1) two unresolved beam muons (probability
< 10-3); (2) scattering of one muon with Q2 > 3.7 (GeV/c)2 and v > 100 GeV
(probability = 3 * 10_5); (3) mismeasurement of a 200 GeV vt as a " of less
than 100 GeV (probability S 1o’h). The combined accidental rate is smaller
than the event rate by more than 3 orders of magnitude. N

To sum up, background suppression is not difficult, except for the major
effect, u+ - N scattering with = - u :L decay. To cut out this process with
an adequate margin of safety, one needs to produce and detect the final-state

particles within continuous dense material, in order to force the pions to

interact before decaying.
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E. Event Rates and Conclusion

The following table gives the number of detected M° events per

12
200 GeV muons), for various M° masses. Allowance has been

experiment (10
+ -
made for M° -+ y'y v, branching ratio (25%), apparatus acceptance (50%),

and survival rate after background cuts (40% at M o = L Gev).
M

M° mass (GeV) Events Remarks
2 2 1207 Depends on background subtraction.
L > 200 Full calculation.
6 2 190
Full calculation except for
8 > 120 estimate of 'survival rate
after background cuts.
10 ' 2 60

The inequalities become equalities if

o(u+ (L.H.) 0 » M%) = o(uN » p°X)

in the limit s >> MQO, as is roughly true in the least optimistic gauge
M
theories (Table 1).

After allowance for contingencies and backgrounds, we conclude that this
experiment can unequivocally establish the existence or non-existence
of neutral heavy muons predicted by gauge theories, having mass between

2 and 10 GeV.
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III. OTHER EXPERIMENTS

The possibilities for measurements concurrent with the M° search
are especially rich. In no other type of beam can one measure nucleon
chﬁrge structure, test QED, and explore weak processes at once.

A detailed discussion of the most interesting and feasible of these
experiments will be submitted as an addendum to this proposal. At this
point, we shall only mention properties of the proposed spectrometer
which make possible the achievement of new experimental goals. These
properties are:

1. A massive target -- 30 ft of Fe -- has ~ one order of magnitude

more nucleons/cm? than can be used in other muon experiments.
For a 1012-muon run, the sensitivity of thé expériment to rare
processes, before efficiencies are folded in, is L4000 events per
picobarn.

2. Large angular acceptance (>50 msr) is achieved by distributing

the measuring planes through the target. More important, there

is no minimum scattering angle required for acceptance: the

good time resolution of the proportional chambers makes it
unnecessary to deaden their sensitivity in the beam area. The

latter feature is crucial to the ability to detect all the muons

in a multi-muon final state.

3. Flexible tolerance on beam quality is another benefit derived

from use of proportional chambers. In Ealculations, we have

assumed an 8 by 10-in beam area, and have required only that the
beam and the halo outside that region have intensity ¥ 10 MHz.

This flexibility makes it reasénable to envision substantial periods

of compatible data-taking downstream of the Muon Scattering Facility.
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With thése benefits, the froposed spectrometer has resolution and
ease of triggering sufficient for a number of applications. For muons
arising from M° decay, averaging 50 GeV in energy, the energy resolution
is 1;0.5%, typical of iron-magnet spectrometers. This figure improves if
the information in the two proportional chambers just downstream of the
vertex is not masked by a hadron shower; or if the muon penetrates more
than 7-9 magnets while remaining within the active area of the magnets and
chambers. Because the measuring planes are distributed through the target,
the muon is detected after Coulomb scattering in only a small fraction of
the target thickness. For muons produced forward, the resolution in
projected transverse momentum at the production point is +150 MeV/c.

For muons produced with transverse momentum exceeding 2 GeV/c, the uncertainty
in transverse momentum is dominated by the energy resolution.

As for triggering, the large thickness of iron in the spectrometer
éakes it feasible to use the shbwer developed there to identify a muon
interaction with appreciable energy transfer to hadrons. The trigger rate
is reduced to a manageable level by requiring, in addition,t(l) a multiple
muon signel downstream, and/or (2) a minimum muon scattering angle,
depending on the reaction being studied.r

To conclude, we expect that the strengths of the spectrometer pro-
posed here make possible a number of new ﬁeasurements of significant inter-
est, which, in particular, are truly complementary to the program of the

Muon Scattering Facility.
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APPENDIX A

Production and Decay of the M°
1. Production
In the limit of negligible muon mass, invariance to isospin rotation

gives

o (W (LH)N-v X) =0y N>u X), (1)

if N is an average of proton and neutron. Also, for negligible m° mass, A

- o) 2,2 -
o (b (LH)N-M X) = (g /&) o (b (L.H)N=v X), (2)
 where gLE/gg is the ratio of the left-handed weak coupling strengths for MO ‘

and vu. Finally,
o (W (LH) N =B 0) = (g /e,) o (W7 (LE) N4 0),  (3)

where gRE/ng is the ratio of abnormal-helicity to normal-helicity weak
coupling strength of the M°. The latter equality is the result of two

changes in the sign of the vector-axial vector interference term: one from

the lepton - antilepton transition, and one from the transition from normal

to abnormal helicity. Combining (1), (2), and (3), we have, except for effects

of finite lepton mass,
+ 2,2 -
o (W (L.1.) N =¥ X) = (g, /&) ¢ (v, N~ u" X).

2,2
The factor g /g has a value > 1 for the gauge theories enumerated in
Table 1.
The cross-section for v N - £ X may be written without neglecting

the lepton mass as (11)
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@
=
=

=

djﬁ.{z =% 7 {yz (1 + 4/2) Fj/ow + [1 -y -z (1 +2/z) (/2 E)] F, |

'
<
—
|_l
!

y/2 (1 + z/z)] F3/w +y4 (L + 4/2) Fh/w -4 F5 } R

where /
v = energy transferred to hadrons,
E = incident lepton énergy,
Q2 = (momentum transfer)2 to hadrons,
M = nucleon mass,
m = heavy lepton mass,
y = V/E,
L = m?/s,
®w = 2MV/Q2,
z = Q?/S:

and Fl through F_ are the nucleon structure functions. The well-satisfied

>

Callan-Gross relation sets 2Fl/w = F_, and the observation(3) that c;/c; ~ 1/3

2)

suggests that F3/w = - F,. Because F) and F_ are multiplied by the lepton

>

mass, they contribute negligibly to the vu N-pu X cross-section, so have

not been measured. We have set Fh and F_ to zero (a speculation not in

p

disagreement with spin-1/2 parton models), thereby introducing uncertainty

in the cross-section at the factor-of-2 level.

With these choices, the M° production cross-section becomes

o (W (1.15.) T - 1 %) gR‘2 GCEME, (0

dy dz g2 T y

()

where M has been neglected relative to E. This expression is independent
of lepton mass, except for kinematic restriction of the allowed area in the

Q2 - v plane (Fig. Al). Another feature of (4) is a flat v/E distribution,
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after integration over Q?,in the case of negligible lepton mass. In com-

putations we have set
Fg(VN)(w) =1 vWE(YN)(w)

(18)

For .hWE(YP) we have assumed scaling and used the Bloom-Gilman para-
materization; vWé(Yn) has been equated to vwg(YP) [l - 3/(huﬂ].

A Monte Carlo routine, using the above information, has reproduced
the expected Q2 - v plane distribution for vu N - - X. Numerical inte-

38

gration has given the usual 0.8 * 10~ cm? * E (GeV) total cross-section.
The calculated relative cross-section at non-negligible lepton mass 1s
superimposed, in Fig, A2, on the same quantity calculated by Bjorken and
Llewellyn Smith.(h) In view of the approximations, the agreement is good.

It is worth commenting on the extent to which the usual notion of
scaling is extrapolated in order to obtain these cross-section

éstimates. We have remarked that, at MMo = L GeV, an average 92 of only

35 (Gev/c)®

is transferred to the target nucleon; thus, the extrapolation
of "pointlike" nucleon structure is reasonably short. If there should
exist a W propagator which significantly attenuates the

assumed linear rise to 200-GeV v energy of the v - N cross-section, the

W would be much less massive than in all gauge theories except for the
Georgi-Glashow version. In the latter case, however, the decrease in the
v - N cross-section would be more than compensated by the J/MW2 dependence

2,2
of gp /g .
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2. . Decay
The differential. decay rate for

+
where the M° couples to the u  with a (V + A) current, was obtained by analogy

(22)

with the general expression for the differential decay rate for

A->pe Ve

In both decays the masses of the final-state particles were set to zero. To
obtain the desired (V + A) coupling, the general expression for the A decay

rate was specialized to the case of a hadronic weak current with gA = + gv

as the only nonzero couplings. The result is

d5 r (° - u+ u ;u)
d_x‘u_ d.xv dQ\) dcp\)u_

= X (1 - Xv) (1 + P cos Bv) s (5)

where

X =2 pC.M./MMO ’

Gv and 9, pertain to the C.M. ;u direction relative to the M° direction,
evu’ and P- pertain to the C.M. u~ direction relative to the ;u direction,
and P is the M° polarization along its direction of motion. The decay rate,
differential in these variables, depends only on the C.M. energy and direc-
tion of the neutrino, which is the final-state particle of unlike helicity.>
As a check, notice that the rate for an M° with P ~ 1 decaying into a for-

ward neutrino near maximum energy, is suppressed by two factors which are

nearly zero. This is expected because the total spin component in the M°
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direction of motion would differ; between the initial and final state, by
“two units.

A Monte Carlo routine, based on Eq. (5), was checked by integrating
over the neutrino variables. The resulting energy-angle distribution of
the u~ was the same as the usual expression for the e in polarized u~
decay. If, as one might expect, the M° carries the left-handed polarization
of the incident u+, the muons are emitted preferentially forward and with
high C.M. energy. The corresponding laboratory muon energy averages L0%
of the total. For this choice of M° polarization, apparatus acceptance
and background rejection are maximized. In the simulations, we instead
ha&e assumed that the M° has right-handed polarization. This reduces the

average muon energy by 25%, and amounts to a worst-case assumption.
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APPENDIX B

Reconstruction of Simulated Events

We first describe a general procedure for reconstructing single muon
tracks in magnetized iron. Then we discuss its extension to the case of two
muons in the final state, originating at a common vertex.

To make optimal use of the available information, one can make a simul-
taneous least~squares fit to the free parameters describing the muon track.
In the bending plane, these are the transverse position Yo and direction
tangent S, of the muon at the coordinate along the beam axis of the inter-
action point, and the muon momentum.po = l/po, projected in that plane.

An immediate complication arises in attempting to assign a standard deviation
o to the n transverse position measurements Yi’ interspersed between N
regions of magnetized iron. The problem is that a sizable component of the
meésuring error is due to multiple Coulomb scattering in the iron, giving
correlated shifts in the measured positions. Our approach to this difficulty
was to introduce N additional free parameters dj’ equal to the projected
transverse momentum impulse due to multiple Coulomb scattering in each of

the N magnet segments. Correspondingly, one had N additional "measurements"
dj =0 = ej, where ej is the rms value of dj appropriate to the thickness

of the iron segment. With introduction of these new parameters, the Oi
became the deviations due only to intrinsic chamber measuring error.

Each magnet was taken to impart an impulse <%.of transverse momentum
to the muon. This was iteratively corrected for departure from normal muon
incidence. Also, the measured transverse_coordinate Yi was given an iterative
correction AYi for the effect of muon energy loss, or gain Apj in inverse

- momentum, in each magnet. To summarize, the full chi-square became
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~ 2
n [yi - (Yi + AYi)] N
X = N 5 +

i=1 cri J

where

N

L=yt c+ % (z,-w) (q p +dp)
VpT Vot S n B (z; - w;) (g5 Py +d5 05) 5
w.<z,
J 1

zg and wj are the coordinates along the beam axis, relative to the vertex,

E—.

of the measuring planes and magnet segment midpoints; and Apj and pj = po

+ Apj are determined from the value of P obtained in the previous itera-~
tion. The best fit to the free parameters y_, s,» P,» and (dl, ---:dN)

was obtained by solving the (N + 3) simultaneous linear equations

3 _a _af _»f
EV - aso B 3p, - od, - - adN

This procedure for reconstructing a single muon track in the bending
plane was generalized to 3-dimensional reconstruction of the two muon
daughters of the ﬁo, in the following way. Initially, a hypothetical
vertex coordinate z, along the beam direction was chosen, and the transverse
vertex position determined by the intersection of the primary muon track
with the z = z,, plane. Each secondary muon track was required to intersect
this vertex point. For each of the secondary tracks, the bending-plane

reconstruction procedure described above was applied. Subsequent recon-

-
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struction in.the orthogonal plane proceeded in a similar way, except that pO
was fixed by the bending-plane reconstruction, and the(gj became zero. An
overall X? corresponding to the particular choice of zZ, was computed. Then,
z - was varied, and the procedure repeated to obtain new *@ values for
different choices of longitudinal vertex coordinate. A best-fit z, was
obtained using a combination of a binary search, and a polynomial fit to
the X2 for vertex coordinates near the optimum. For this best-~fit Z the
reconstruction procedure was repeated a final time, to obtain the best-fit
parameters of the event.

As implemented on the Princeton 360/91 for the spectrometer described
in Part II, the algorithm required ~ 100 msec of CPU time per event. The
routine was checked in two ways, using simulated events generated by a
completely independent Monte Carlo program. In the first check, "perfect”
Monte Carlo events, with all dispersive mechanisms turned off, were recon-
structed essentially exactly. In the second check, the program reconstructed
similated events with all non-Gaussian dispersive mechanisms (u bremsstrahlung,
energy loss straggling from u - e scattering, Moliére scattering) turned
off. A chi-square distribution was obtained which matched the standard

prediction for the appropriate number of degrees of freedom.
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APPENDIX C

Muon Beam.Intensity

(23)

At muon energy/proton energy of 100 GeV/200 GeV, NAL has achieved
a peak muon/pfoton yield of 0.6 * 10-8. This is 20% of the yield predicted
by the first realistic simulation(2h) of the NAL muon beam. It is assumed
that, if the beam components were to remain unchanged, adiabatic improvements
in proton beam emittance, extraction stability, and alignment of various
elements in the neutrino target hall would raise the average yield at least

to this peak value.

In addition, the following minor beam improvements can be contemplated:

Improvement Estimated gain in intensity
Encl. 101 aperture: 2 x 3 in - 4 x L in x 3.0
Encl. 104 aperture: 2 x U4 in - Lk x 4 in x 1.5
Pu£ 3Q8L4's in Encl. 100 | x 1.8
Improved vertical trimming and alignment
downstream of absorber x 1.2
Total X iO

It has long been known that the existing "trainload", which momentum-
selects hadrons for the dichromatic neutrino beam, produces a beam spot which
is badly matched to the muon beam aperture. A simple doublet or triplet
lens with aspect ratio near unity would increase the muon intensity by a
factor of at least 7, by our calculation. Depending on the needs of the
neutrino program, such a lens could be folded into a dichromatic arrangement,
or used in a horn bypass.

.Finally, by our estimate, doubling the muon/proton energies to 200 GeV/

LOO GeV will at least double the muon yield. -
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A1l told, it is evident that a yield of ~ 10'6 200 GeV muons/L00 GeV

proton can be achieved with no new construction or major financial commit-
ment by NAL, although it will be necessary for the laboratory to develop

: 2
the beam. With this yield, the required lOl muons correspond to lO18 protons.

At 2 * 1013 protons/6 sec on target, the integrated muon flux required by

this experiment could be produced in 80 hours.
Because of trigger-rate limitations, however, this experiment is de-
signed for a maximum p intensity of 10 MHz. With 0.5 sec effective spill

length, this means that the 1012 muons would be delivered with at most

6 .
5%*10 " /pulse, over at least 330 hours.
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APPENDIX D

.Proportional‘Chamber Electronics

We are proposing to build 18726 channels of single-wire proportional-cham-
ber readout, costing $ 2.50 per channel. An electrohics design will be final-
ized as the experiment moves from proposal to construction stage. At this
point, we want to outline the design considerations, with emphasis on 1deas
which make the low cost possible.

Because of low cost, TTL logic must be used., We begin with the back
end of the circuit and work forward. Experience with single-wire spark-cham-
ber readout(25) has established the parallel-in serial-out 8-bit shift-reg-
ister as the optimum information stérage element, at £ 20¢/bit. Browman(l7)
has devised a pre-latching arrangment using 1/b of a 7h08, which makes it
possible to vary the coincidence width without changing components. The
deiay before coincidence must be created by a one-shot, rather than by a
more expensive passive element. To reduce consumption of power and funds,
the usual TTL one-shot may be replaced with a cruder circuit. Browman has
used another 1/4 of a T4O8, which requires individual trimming. Alterna-
tively, one can introduce capacitively-coupled positive feedback around the
amplifier section. In either case, the one-shot width can be made sensitive
to variation in input pulse height, in a way which partly cancels the time-
slewing dve to that variation.

At present there is no completely satisfactof& amplifier circuit.
Browman's amplifier has 15 discrete componenfs. Alternatively, the cheapest
integrated circuit with adequate gain bandwidth is the 72810, expensive at
50¢. To obtain additional sensitivity (~'1/3 mV) for pickup of induced

pulses, we have tested a gain-of-20 preamplifier which uses 1/6 of a ThLLOL

inverter.
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Figure D1 is the schematic éf a circuit we have prototyped, which
incorporates the TU4LOM preamplifier, 72810 aéplifier/one-shot, and shift-
register coincidence and readout. It has fixed coincidence width. Figure
D2 is a layout of L8 of these circuits for an application requiring min-
imum circuit board width per channel. The relaxed spatial constraints in
this experiment will make it possible to eliminate the long input leads.
We expect that a combination of this and Browman's design will meet the

cost and performance criteria.
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APPENDIX E

MagnetkConstruction

The precision required of the iron slabs is such that shaping by flame
cutting is adequate. The requirements on the magnetic properties would allow
them to be fabricated from reject low-carbon steel plate, available from mills
"near NAL. The winding slots, as well as the outside edges are flame-cut, and
then the plates tack-welded into.slabs 2 ft thick. After all 25 slabs are
arranged in the Muon Laboratory, a single coil is wound through all the slots.
There are thus only two places where the coil is transverse to the beam,
resulting in a large reduction in the total length of the winding.

For a B field in the iron of 18.5 kG, H is about 200 Oersteds. With the
dimensions shown in Fig. L4 this field is reached with 90,000 ampere turns.
Since the width of a coll window adds little to the amount of iron, it seems
natural to choose aluminum conductors. A possible choice would be rectangular
aluminum bars, 3/4 in high by 1-1/2 in wide, with a 1/2-in diameter water
cooling hole. The wihding slots would then accomodate 41 turns in a single
stack with the result that the current could be 2200 amperes. The total
resistance would be 72 milliohms and the power 33OAkW. The total weight of
conductor, with these dimensions, is 5900 1lbs. Without good figures on unit
costs, one cannot estimate closely, but this choice of dimensions appears to
glve a reasonable balance between the cost of the coil and the cost of the
power supply. Of course, these preliminary conductor dimensions can be
adjusted to properly match available power éupplies, or to optimize the total
cost of power supplies and windings.

We imagine that the coll bars would be insulated with epoxy impregnated

glass sleeving cured in advance of winding, and that the bars would then be
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inserted into the slots. The wéter connections would be aluminum hose bibs
weided on in advance. The cross-connections at the ends could either be welded
in the field or clamped. The soft aluminum bars with these dimensions would

be easily bent after installation to provide space to make the connections.

It should be noted that the magnetic forces on the conductors are negligible

in a magnet such as this without airgap. There is nothing to be gained by
compact end connections. Insulation of the cross-connections at the ends

of the spectrometer can be easily and adequately done in the field.
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APPENDIX F

Equipment
Detectors. We anticipate that the multiwire proportional chambers, multiwire
proportional chamber electronics, and scintillation counters would be designed
and constructed at Princeton. The total cost of multiwire proportional chambers
and electronics is estimated at $73K. Most of the ;'lOO scintillation counters
can use inexpensive phototubes. We have not yet determined the level of new
expenditure which these counters represent. We would expect fast logic for
these counters to be supplied by PREP,

Assuming that the level of funding of the Princeton AEC research contract
does not significantly change, it shoﬁld be possible to construct these
detectors without supplemental funds. This is made possible by the fact that
the three experiments to which the group presently is committed have nearly

all of their required apparatus completed and installed.

On-line Computer. Use of a PDP-11 or similar small computer is essential.

Tt is possible that a Princeton computer will become available.

Magnets. The magnets are estimated to cost $67K. Without supplemental
allocation for this purpose, the cost of magnet construction and installation
cannot be borne by Princeton. However, we are prepared to assume full respon-

sibility for all aspects of the magnet design.
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Scientific Personnel

The proponents of this experiment are:

Cyrus M, Hoffman, Assistant Professor

(presently involved in BNL-AGS Experiment 548)
Rosanna Cester Regge, Visiting Associate Professor

(presently involved in CERN-PS Experiment P9)
Frank C, Shoemaker, Professor

(presently involved in BNL-AGS Experiment 548)
Mark Strovink, Assistant Professor

(presently involved in NAL Experiment 26)

A1l of tﬁe above-named experiments are in the data-taking or analysis stage.
The group expects to add to its strength by attracting additional Princeton
collaborators.

At various times, responsibility for communication with NAL will fall
upon one or another of the group members. At present, the éorrespondent is

M. Strovink. -
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ABSTRACT

While conducfing our heavy neutral muon search, we plan to study
deep-inelastic virtual Compton scattering, where the incident spacelike
photon is radiated by a muon, and the outgoing timelike photon decays
int§ two muons. This process is of fundamental importance as a prbbe of
hadron structure by two photons. A recent experiment has yielded the
intriguing result that Compton cross-sections at high momentum transfer
abpear to be much larger than even the parton-model estimates. This result
can be checked in our experiment with improved statistics, and the study
of the Compton procesé can be extended to a much wider range of kinematic

variables.
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INTRODUCTION

The_strikingly large continuum electron-proton cross—-sections observed
1 . . .
at SLAC( ) have stimulated intense interest in the charge structure manifested
by hadrons at large momentum transfer. In the familiar notation of Drell

and Walecka,(g)

the proton's inelastic structure function vW2(Q2,v) appears
to behave’és a function only of the scale-invariant quotient of these
variables. The absence of scale in the cross-section suggests, in turn,
the existence of pointlike hadron constituents.

-As speculations on these phenomena soar, it becomes essential to
broéden the base of pertinent experimental work. With the advent of
higher energies at NAL, the obvious extensions of inclusive-lepton-
scattering measurements to higher Q2 are proceeding apace, with variety
in the type of probe (muon and neutrino) and in the type of group. We
assume for the present that the combination of these efforfs will yield
a clear result. Equally naturally, one needs to investigate companion
processeé which are not the same as the reaction which parton and light-
cone phenomenologies are designed to explain. Examples are the pp - £+2‘ X
measurements of the Lederman group at BNL, ISR, and NAL. However, inter-
preting processes in which hadrons probe hadrons creates the need to assume

mechanisms (e.g. annihilation) of parton-parton interaction. For the inel-

astic Compton reaction with which we are concerned, yvN +-va,

~
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ability to restrict attention to the photon-hadron vertex'and to sum
over hadron states is preserved, while the kinematic variables can be
brought into the deep-inelastic range. The nature of the photon-hadron
interaction, however, is more complex here than for lepton inelastic
scattering, which is dominated by the gyépgétion of a single photon. For
the Compton process in which & photon is scattered, two photons probe the
hadron structure and bilocal effects can play an important role.

In 1969 Bjorken and Paschos,(3)

using a simple parton model,
computed a differential cross-section for inelastic Compton scattering of
real photons which is simply related to that for inelastic lepton scatter-

(%)

ing. This computation was extended to the cﬁse of a timelike final-
state photon, decaying into muons. Brodsky and Roy‘S) observed that the
BJorken-Paschos model enjoyed field-theoretic Justification only for
instantaneous two—photoﬁ,interaction with partons, which may dominate
only in a region of small energy transfer to hadrons. Comparison of theory
and experiment outside this region could clarify the issue: does point-
like constituent behavior oceur vhenever the momentum transfer is large, or
must additional requirements be met? Lastly, Iliopoulos and Paschos(é)
found a kinematic region of virtual Compton scattering to which light-
cone ideas may apply, but which, unfortunately, appears to lie beyond
near~term experimental reach.

| Our interest in deep-inelastic Compton scattering has been intensified
by a spectacular result obtained recently at Cornell.(7) Real photoproduc-

tion of low-mass muon pairs was measured for the first time in the scaling

region, t > 1.7 (GeV/c)z. Observed cross-sections exceeded the Bjorken-
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Paschos prediction (and the Bethe-Heitler background) by one order of magni-
tude! That the Bjorken-Paschos model should not be confirmed perhabs is not
surprising, in view of the theoretical uncertainties, and the possibility
that photons, like hadrons, scatter almost exclusively at low t.
That their parton model should underestimate the Compton cross-section by
a factor of ten, on the other hand, is astounding, and must be investigéted
further.

"Before our proposed measurement is discussed in more deﬁail, other
related experimental work should be mentioned.' Elastic feal Compton

(8) 2

scattering has been measured at SLAC up to t = 1.1 (GeV/c)“. We

are not aware: of a correspondingly unambiguous measurement of inelastic

(9)

real Comptén scattering. Prospective users of the NAL electron-

photon facility have proposed to look at deep-inelastic real Compton scatter-
2
)

ing above t = 1 (GeV/c This kind of experiment ‘in the past has been

plagued by y-ray background from no decay, which, in view of the recent ISR
results,(lo) may be more copious at lérge t than these proponents have
assumed. Despite this background and the rate advantage'of the experiment
proposed here, we feel that the strongest argument in favor of measuring

- virtual Compton scattering is the ability to vary the mass of the virtual
photons. In particular, the timelike phbton mass can be fixed at values

(v 0.3 GeV) appropriate for the urgently needed check of the Cornell

measurement, and can be swept to higher levels for further explcration.
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EXPERIMENTAL TECHNIQUE

Virtual Compton scattering, with the final-state photon decaying into
two muons, has a differential cross-section in the Bjorken-Paschos model
which is smailer than that for inelastic lepton scattering by a factor
somewhat less than a. In addition, if the incident virtual photons are
radiated by muons, a Weisz;cker—Williams factor of similiar magnitude
further depresses the event rate. Since the virtusl photon flux carried
by a muon has Q2 sharply peaked near the muon mass-squared, rate considera-
tions demand that incident photons be used which are nearly real. At
this point one may ask: Why not perform this experiment in a photop beam,
‘rather than in a muon beam? The answer rests on the ability of energetic
muons and their associaﬁed virtual photon flux to pass through an enormous
target thickness without significant attenuation. The target for the
Compton measurement proposed Here is the same 30 ft of Fe which would be
used in ou? neutral heavy muon search. While amounting to only 2% of
a muon-radiation length, it has 1200X ﬁore nucleons/cm2 than one electron-

(11)

radiation length of liquid hydrogen. Integrating the Hand flux of

virtual photons

a’r 2 o LS N 22 . Z2E(E-k)
aq®ax ong? B Q° K°

over Q2 and an appropriate range of photon energy k, one obtains L x 1073

photons with average energy 100 GeV, per 200-GeV muon. Fclding in the ratio
of target thicknesses mentioned above, a beam of 106 muons per pulse, inci-
dent on our spectrometer, becomes the equivalent of 5 x 106 tagged photons

per pulse, of known variable mass and energy.
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We plan to measure the virtual Compton process atlthé samé timé and
using exactly the same apparatus with which we havé proposed to séarch
for heavy neutral muons. The Compton signaturé, oné muon in and thréé
muons out, is like that for muon tridents, with thé important différénce
that significant energy is transférred to hadrons. Thé latter propérty
insures that, unliké tridents, thé Compton evénts cen satisfy thé samé
trigger requirement used for heavy neutral muons: at least two muons in
the final state, with a measurable hadron shower. Tﬁe-energy and difection
of the incident and thrée final muons are determined by tﬁé iron-magnet
proportional-chamber spectrometer. Thereby, thé énergy and moméntﬁm
transfer to hadrons are specified independent of assumptions concérning the
relative contributions of various Feynman graphs. For thé héavy néutral.
muon experiment, the calculated geometric detection efficiency averages
50%, with about half the inefficiency due each to spéctrometer apérturé
and to soft-muon range. Since thé Compton procéss générally‘involvés
smaller transverse momenta, the aperture effects are expectéd to be even-
less important. 1In calculation of backgrounds and rates, we have réquired
that at least 25 GeV bte transferred to hadrons, in ordér to satisfy
trigger and background-suppression reguirements. Also, t@é énergy of the
final-state muon pair has been required to exceed 25 GeV,‘in ordér to
avoid inefficiency due to muon range. After these cuts are made, wé

expect the Compton detection efficiency to lie near unity.
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BACKGROUNDS AND RATES

Backgrounds to the Compton amplitude are of importance in certain
kinematic regions, which should be identified prior to discussion of
event rates. Therefore, wé consider backggounds first.

The lowest-order diagrams giving rise to three muons in the final state,
along with our nofation, are reproduced in Fig. 1. The Cémpton graph is the
only one which offers new information on hadron charge structure, since
nuciear absorption of the single photon in the othér graphs 1is described
by the same structure functions measured in inelastic lepton scattering. In
addition to the spacelike absorbed photon, these background dlagrams
‘have an internal photon and a muon propagator. We have attached the
labels "Bethe-Heitler" and "bremsstrahlung" to the graphs having, respec-
tively, spacelike and timelike internal photons. These graphs are the
same as those giving rise to muon tridents, excépt that our insistence
on large energy eand momentum transfer to hadrons requires the nuclear form-
factors to be evaluated for the continuum, rather than resonance, elastic,
or coherent-nuclear regions. The total muon-trident cross-~section is about

32 (12) while cross-sections of interest

2 x 10° cm2/nucleoh in Fe at 200 GeV,
here are smaller by ~5 orders of magnitude. The necessary rejection

of non-continuum background can be achieved as follows:

(1) Evidence of a hadron shower must be present both in the
scintillation counters at time of triggering, and in the proportional-
chambers at time of analysis. Such a shower could be simulated by multiple

h)_

(2) 'The event reconstruction must-show (typically) t > 2 (GeV/c)g.

Y -
bremsstrahlung of the final-state muons (probability < 10

Spectrometer resolution on projected transverse momentum of a single muon
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is +#150 MeV/c. For three muons carrying half the incidegt energy, this
corresponds to a mean noise in t due to spectrometer resolution of .
0.27 (GeV/c)g. Accordingly, the minimum t requirement appears defeatable
only by an unusual fluctuation in precision of reconstruction, occurring
with probability at most ~ 1072, |

(3) Additional requirements on minimum and maximum combined
energy of the final muons, and on concentration of events in kinematic
regions favored by the continuum processes, should yield additional

rejection of at least 1-2 factors of ten.

Therefore, rejection of non-continuum processes. appears to be at least
.adequate.

Attention is turned to the problem of finding phase-space regions
in which the Compton amplitude may be large relative to continuum Bethe-
Heitler and bremsstrahiung amplitudes. The background graphs contain the
same number of photon vertices, but one additional muon propagator.
In these graphs, the propagator associated with the nuclear photon Y;
is t—z, which is small if we require large t. In the Compton graph, t
may be large without forcing any propagator to become small. If K is
nearly collinear with E, the Y, propagator in both the Compton and Bethe-
Heitler graphs can be as large as u_2. Also, if E* is nearly collinear
Withfﬁ in the Bethe-Heitler graph, the p* propagator in that diagram can be
of the same order. In contrast? the Y, and u¥ propagators in the
bremsstrahlung graphs can each be no lérger than ~n m—2, where m 1is the mass
of the muon pair. As a consequence, when m is appreciably greater than u ,
we expect the bremsstrahlung amplitude to contribute a far smaller background

than does the Bethe-Heitler. At smallest m; the bremsstrahlung graph still
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appears not to be a serious background, since it contains an extra lepton
propagator, and a photon propagator which is necessarily small at large t.
In order to simplify the computations, we have assumed that the.problem
of separating Bethe—Heitler and Compton processes for slightly virtual
incident photons is not much different than for real incident photons. The
heuristic Jjustification is that Q2, peaked at ~ u2, is small with respect
to the other masses-squared (mz,t) in the diagrams. Numerical computations
have been performed of the cross-section differential in Zn(mz), t, and v
for both processes with 100-GeV real photons incident. Fof the Compton
process we have used the Bjorken-Paschos result. For the Bethe-Heitler
(2)

process, we have used the Drell-Walecka cross-section differential in

the final muon vector momenta. In both cases a scale-invariant extrapolation

(1)

has been made of nucleon structure functions measured at SLAC. Transfor-
mation to a Bethe-Heitler cross-section differential in the desired var-
iables was effected by rumerically evaluating the Jacobian, and numerically
integrating over remaining orientational vafiaﬁles. Finally, both differ-
ential cross-sections were numerically integrated over v, between limits
discussed in the previous section, and over.t aﬁove a minimum value tmin'

Since suchcomputations are tedious and subject to inadvertent error,

ours were checked by redundant efforts, inverse computations, and hand

calculations where practical. )
The resulting cross-sections do/d(¢n m2) with t > tmin are plotted
vs. m2, with tmin as parameter, for both processes in Fig. 2. It is seen that

the Compton process is enhanced relative to the Bethe-Heitler at small

m2. This is a consequence of the fact that large m2 makes the y& propagator
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Figure 2

do/dan(mQ) vs. m? (muon pair mass-squared) for Compton scattering (Bjorken-Paschos -
parton model) and continuum Bethe-Heitler scattering of 100 GeV real photons

on an average of proton and neutron target. The curves are computed for L
minimum values of t (momentum-transfer-squared to hadrons): tpin= 1,2,4 and 8
(GeV/c)z. Of course, the largest cross-sections correspond to the smallest
tmin- The irregular quality of the Compton curves is caused by our restricticn
25 GeV < (energy transfer to hadrons) < 75 GeV.
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small in the Compton graph. For m2 = 0.1 GeV2 and t > 2 GeV, correspond-

ing roughly to the Cornell experiment, the Bethe-Heitler eross-section is

smaller than the Bjorken-Paschos Compton cross-section by a factor of 6.

At larger m2, the two cross-sections are of comparable size. Iliopoulos

and Paschos have remarked that symmetric detection of the u+ and u_ Y,

decay products, as would occur in our spectrometer,‘causes the_Cdmpton

and Bethe-Heitler amplitudes to combine incoherently. If the bremsstfahlung

diagrams can be neglected, as appears to be case for all but-smallest m?,

there would be no need for periodic reversal of muon beam polarity to elim-

inaté interference terms between Compton and background amplitudes. |
Additional tricks may be useful in suppressing Bethe-Heitler background.

Two have occurred to us. First, when ﬁ, K, and ;* are nearly collinear in

the Bethe-Heitler diagram, as is the case when the Yo and u¥ propagators are

near maximum, one has the approximate relation

Second, believing for the moment the Bjorken-Paschos model for Compton
scattering, one finds a large contribution to thé cross-section when v
is near the maximum allowed valueSIBeutting out the first small region of
phase space, or all but the second, may further suppress coﬁsiderably the

background processes relative to the reaction of interest.

The cross-sections in Fig. 2 for 100-GeV photons incident were con-
verted to event rates for 200-GeV muons incident, in the following way.
First, the aforementioned Hand flux factor of .00k photons/muon was applied.

This procedure is made plausible by the fact that it gives correct cross-
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sections for inelastic lepton scattering, and that, for most of the

photon flux, the departure from Q2 = 0 is too small to affect the cross-—
section. Next, we have assumed that the number of events obtained using a
photon spectrum of mean energy 100 GeV, is equal to that obtained using
the same number of 100-GeV photons. Finally, we have multiplied by the

6

sensitivity (L4000 events/lo—3 cme) of our experiment, which requires

1012 200-GeV muons. With the previously mentioned restrictions on minimum
energy transfer to hadrons:and minimum muon pair energy, event rates
computed in this way are believed to be corrected for the principal
sources of triggering and detection inefficiency, but do not reflect
allowance for contingencies.

The res&lting event rates for deep-inelastic virtual Compton scattering
and for Bethe-Heitler background are presented in Table l,-for various
regions of t and m2. In the bin roughly corresponding in these variables
to the Cornell experiment, t > 2 and .0k < m? < ,2, we expect 50 Bethe-
Heitler and 220 Compton events in the Bjorken-Paschos model. The Cornell
experimenters expected 15 Bethe-Heitler and 43 Compton events using the
samé model, but observed 630. Also by way of comparison, the Santa Cruz
group, again using the Bjorken-Paschos model, have proposed(g) to collect
200 Compton events which may be relatively background-free, for t > 1
and m? = 0. Our corresponding sample would be 3200 Compton events with
t > l;énd .0h < m2 < 20, of which ~ 500 would be relatively free of Bethe-
Heitler background. If, as is indicated by the Cornell data, experimental
Compton cross-sections are one order of magnitude higher than the Bjorken-

Paschos results, our experiment could collect more than 1000 Compton events,

with negligible Bethe-Heitler background, for t > 8 and m2 >5, In



TABLE 1

O < m® < .2 2 <me <1 1<m® <5 5 < m® < 20
(GeV/ce)2
t > 1 (Gev/c)2 460 1330 1190 230
(180) (1090) (1300) (320)
t > 2 220 390 760 220
( 50) (L00) (790) (310)
t >k ©110 140 330 200
( 15) (130) (380) (280)
£t > 8 50 65 100 135
( 3) (35) (130) (190)
Anticipated number of deep-inelastic virtual Compton events, per lO12 200 GeV

muons, calculated according to the Bjorken-Paschos parton model. The numbers

in parentheses are Bethe-Heitler background. The expected event sample

has been divided into ranges in t (momentum—transfer—squared to hadrons)

and in m2

(mass-squared of the muon pair).

Only events with muon pair

energy > 25 GeV and energy transfer to hadrons > 25 GeV have been included.

A recent Cornell experiment indicates that the Compton rate may be higher

than calculated here by at least one order of magnitude.
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any case, the need for additional experimental work in this area is ﬁrgent,
and the experimental procedure clear: any measured departure from the
fully calculable rates for one-photon processes, which survives the

necessary scrutiny, can be interpreted as arising from the Compton diagram.
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I. INTRODUCTION

Now that the Fermilab muon beam has exceeded design inten-
sity and provided significant illuminations to both first-
stage muon scattering experiments, the program requires expe-
rimental apparatus which would realize a broader range of
muon physics objectives. High acceptance over the full length
of a distributed iron target-spectrometer can provide the
necessary sensitivity to rare processes. Nearly continuous
iron can suppress T+uv decay background and provide the medium
for calorimetric determination of energy transfer to hadrons.
Fast detectors can tolerate further increases in beam inten-
sity while maintaining acceptance for multiple final-state
muons even within the beam area.

We first proposed to build such a spectrometer two years
ago. The purpose of this Addendum is to consolidate the ex-
perimental groups who would participate in the experi -
men t, to present further information on its design and
implementation, and to update our physics objectives. 1In
addition, we describe the capabilities of the experiment which

(1)

have direct relevance to recent discoveries of new particles
and evidence of direct muon production(z). The first two
topics are addressed in section II and the Appendices; the
initial experimental objectives are enumerated below and
described in greater detail in part III. Longer-range plans

are described in part IV.

The initial physics objectives are mutually compatible.
They are:

(1) Search for heavy neutral muons predicted by gauge
theories in the mass range 2 - 10 GeV, and other
new particles decaying into one muon. The sensiti-

vity for analyzed events is 1 - 2 x 109 events/ub.

(2) Measurement of deep-inelastic virtual Compton
scattering and search for other deep-inelasticu+u_
pair creation.



(3) Measurement of the deep-inelastic muon scattering
structure function at very high momentum trans-
fers. For example, 8200 events exceeding 02 = 160
(GeV/c)? will be obtained. '

(4) Collection of 2 - 3 x 104 [ e “+“_ decays and data
at higher dimuon masses. The Ypp coupling will be
measured in the range -15 (GeV/c)2 < q2< 0 with 7%

statistics at q2 = —mwz.
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II. THE SPECTROMETER

The design of the magnetized iron spectrometer, shown in
Figure 1, is substantially the same as that described in the
original proposal. We will discuss here only those features
which have changed.

The total length of iron in the spectrometer has been de-
creased from 50 ft to 30 ft, and the cross-section of the active
area has been increased to 3.5 x 6 ft (from 3 x 4 ft). These
changes reduce the tonnage of iron by 31% from the original pro-
posal. Compensating improvements in acceptance and in detector
information will minimize the effect of this change on the yield
of events passing final cuts. The decreased length makes possible
a finer granularity in the detector system, giving more andhigher

quality information for each event.

The details of one module of the spectrometer are shown in
Figure 2. The apparatus consists of 18 such units. Each module
consists of 5 magnetized iron plates; 4 inches thick. Between
each plate is a calorimeter counter similar to those described
in Proposal 307, Appendix C. These provide a measurement of the
hadron energy with accuracy ¢ (E)= 0.9E % . In addition, the
calorimeter counters locate the interaction vertex for "noisy"
events and are used in the trigger logic to detect showers and
to veto unscattered muons. Three independent triggers, using
the same counter hodoscopes, will be used in parallel. A
thorough discussion of trigger efficiencies and rates appears in

Appendix 4.

At the downstream end of each module there is a fifth calo-
rimeter counter and a proportional counter-drift chamber system
to locate precisely secondary muon tracks as well as the incident
track upstream of the interaction. Alternate banks also contain
a trigger hodoscope for the single and multiple muon triggers.

An exploded view of the trigger-detector system is shown in

-

Figure 3.



The use of proportional chambers, as originally proposed,
provides the good time resolution and multitrack efficiency
necessary to take data at instantaneous beam fluxes up to 107/
sec. We have added a drift chamber to each detector to achieve
high spatial resolution in the bending plane. This results in.
a significant improvement in momentum resolution, which ranges
from 7% to 11%. '

The engineering group at LBL has made an independent c¢on-
servative cost estimate of the muon spectrometer. This study
(Appendix 1) indicates that the total cost of the magnet will be
less than $240 K. The cost of instrumentation (Appendix 2) is
less than $210 K.

The time scale for construction, assuming approval is
received at the March.meeting of the PAC, is shown in Fig. 5.
Installation of the spectrometer can begin in February 1976. The
critical path is determined by the delivery time for the steel.
An informal quote from a supplier is 5 months. If distressed
steel is available, the time scale can be accelerated by several

months.

As indicated in Appendix 3, the responsibility for the
construction and installation of the apparatus will be shared by
all of the collaboratbrs. There are 11 Ph.D. physicists for )
whom this experiment will be the major research commitment. We
will have 5.5 FTE Ph.D.'s, 2 FTE technicians, at at least 2 FTE
graduate students in residence at Fermilab during the instal-

lation and operation phases of the experiment.

The spectrometer will be oriented with its'magnetic field
vertical. This allows data to be taken concurrently with
operation of the'Chicago CYclotroh Magnet upstream, bending
the beam toward the East. This assumes that at beam energies
less than the maximum, the CCM field is scaled accordingly, as

has been the practice of the E98 group (3. T

he spectrometer will
be placed so that the beam is centered in the spectrometer with the
CCM on. If the CCM is off, the beam can also be centered usihg

magnets in Enclosure 104.



In addition to data-taking, we require test running at
lower muon beam energy for calibration of the magnetic field
in the spectrometer. We also need test runs with a hadron beam
at several energies for calibration of the calorimeter and

measurement of hadron punch-through probabilities.

III. DISCUSSION OF EXPERIMENTAL OBJECTIVES AND TECHNIQUE

A. Search for heavy neutral muons predicted by gauge

theories, and for new particles giving rise to a two-muon final

state.

A discussion of the theoretical motivation for searching
1
for M° s and a close examination of their possible experimental

properties are contained in the original proposal. Briefly, the
ﬁo's could be produced by deep-inelastic interactions of u+‘s
with nucleons via wh exchange, and would quickly decay to u+u~ GU
(B.R.::ZS%). The signature is one muon in, two out. The dis-

(4)

increases confidence in the

Weinberg-Salam model (which contains no M°). At the same time,

covery of weak neutral currents

it imparts greater urgency to experiments which can test other
predictions of gauge theories. For example, theories (III) and

(5)

(V) catalogued by Bjorken and Llewellyn Smith include neutral .

currents, require no M+ coupled to neutrinos (in agreement with
experiment (6) ) and also predict the existence of ﬁo‘s.

The trigger for ﬁo‘s and other inelastic multimuon pro-
cesses is conceptually the same as that originally described.
A coincidence is formed between a hadron shower signal from calo-
rimeter counters upstream, and evidence of two muons in hodoscopes
downstream of the shower. A quantitativé description of the
trigger and background rejection appears in Appendix 4. The

trigger rate, dominated by inelastic scattering at low Q of one



muon in coincidence with an unvetoed muon in the same RF bucket,
is less than 2 x 1076

(per incident muon) at 10 MHz instantaneous
rate. |

1]
The number of triggered and analyzed M° S, using the same

cross-section and branching ratio assumptions as on p. 19 of the
original proposal, is:

M° mass Events/lO12 muons
2 GeV/c2 466
4 445
10 121

To suppress background from m + u Vv, decay, the original pro-
posal described a set of kinematic cuts which removed about 1/2
of the signal as well. We expect that the higher density of
information in the current version of the spectrometer will make
such severe cuts unncessary. For example, the better calorimeter
will allow us to reconstruct and cut on the missing (neutrino)
energy.

It is important to emphasize the general nature of the par-
ticle search we will conduct. Apparent muon nonconservation can
result from the weak decay of any new particle whose stronger )
decays are suppressed by old or new selection rules. Accordingly
the capabilities of this experiment are restated in more general
terms. With 225 GeV muons incident on Fe, the integrated lumi-
nosity is 3 x 1039 cm—z. For example, this corresponds to lO8
deep-inelastic muon interactions with v > 50 and Q2 > 2. Com-
pared to ordinary hadron reactions, each of these interactions
is unusually violent, representing a prime source of new particle
production. The excellent acceptance and trigger efficiency of
the proposed spectrometer make it possible to detect most of the
subset of these 168 interactions which contain one or more "di-
rectly produced" muons with energy S 20 GeV, in addition to the
scattered muon. These are identified with high efficiency and
reconstructed with negligible kinematic bias. The principal

backgrounds are (1) m =+ pv decay, 0ccurring at the 10—4 level,



and (2) inelastic p tridents with one muon undetected. The iden-~
tification and subtraction of these backgrounds is discussed in

detail in the original proposal.

B. Measurement of Deep-Inelastic Virtual Compton Scattering

Since we discussed this measurement in Addendum I, new re-

(7) (8)

and.- Rochester groups
1(9) :

sults from the U.C. Santa Barbara
have confirmed the anomaly originally observed at Cornel
Inelastic processes involving two hadronic photons occur at rates
typically one order of magnitude in excess of the parton-model
predictions. Almost no related information exists in the much
larger kinematic range accessible to this experiment at the
Fermilab.

The trigger for Compton scattering is the same as for the M°
search. Evolution of the spectrometer design (part II) produces
rate estimates approximately 70% of those in Addendum I, with

considerably improved information on the final state.

Again, we emphasize that the virtual Compton scattering pro-
cess [YV (spacelike) N ~+ Yo (timelike) X ; Yv (timelike) - u+u-]
is just one member of a general class of possible mechanisms for
inelastic production of dimuons. For example, the timelike photon
may be replaced by conventional or unconventional vectoxr mesons.

Detection of diffractive rather than deep-inelastic virtual photo-

production of massive dimuon states is discussed in some detail

in a separate section (part D).

C. Deep Inelastic Muon Scattering

The spectrometer is well suited to a study of deep inelastic
muon scattering, especially the behavior of the structure function
sz as a function of Q2 and Vv in the region Qz> 150 (GeV/c)z.

The trigger has been designed to favor the high-—Q2 region

by requiring an appreciable scattering displacement in the non-



bending (vertical) direction. Referring to Figs. 1l and 3, the
trigger will require one or more counts from each of any two
successive hodoscope banks, with no count in either of the
associated beam-veto counters. In order to avoid biases in
detection efficiency dependent on hadron energy, the trigger
does not require a detected hadronic shower. Monte Carlo simu-
lations give a total rate for this trigger of 2.6 x 10_6 trig-
gers/incident muon, of which more than 80% are from real events.
We have made conservative estimates of the background rates:;

the calculations are described in Appendix 4. None of the back-

grounds presents a problem.

The reconstructed events will be characterized by o(1/E')
between 7 and 11%. Coulomb scattering contributes 100-150 MeV/c
uncertainty to the transverse momentum in the nonbending plane.
The expected yield of triggered and analyzed events vs. Q2 for

1012 muons at 225 GeV is shown in the table below:

2 2

o Q 2 Even?s above Q 5 Even?s agoveA
(Gev/c) this Q2 (Gev/c) this Q

40 7.8 x 10° 160 8.2 x 103

60 3.6 x 10° 180 3.3 x 103

80 1.7 x 10° 200 1.3 x 103

100 8.8 x 107 220 450 :
120 4.1 x 10? 240 152

140 1.9 x 104 260 : 48

D. Exploration of The Properties of ¢, ', and Other
Massive Dimuon States

A quantitative calculation of ¥ yields has been carried out.
For conservatism, only transverse virtual photons having the
usual p muoproduction flux and diffractive scattering from Fe

., t . _,and
in min
t effects, with all masses finite. The E87 dimuon cross-

max 2 - (11)
section of 24.nb/Be nucleus at Q° = 0, v = 150 was used for all v

: . . . 2
were considered. Exact kinematics were used for Q m



together with tmin restrictions on phase space. The cross-—

2/3

section and t slope parameter for Fe were scaled by A from

the Be’values (10). A | propagator = 1/(1 + Q2/m‘p2)2 was
used. For 225 GeV muons incident, the following cross-sections
were obtained for Y-like dimuon states. In each case we
assume the same form for the propagator and the same value for

the photon coupling constant.

e Decays in Target

OuM Assumed Effective with 3 u's
per UL B. R. UM per penetrating
Mass Nucleon Relative to ¥ Nucleon Total 7 modules
(¢) 3.1 11 pb. 1 11 pb 3 x 10 2 x 10
(v')3.7 4 0.1 .4 1x 10° 700
6 .2 0.1 .02 50 35
9 . 005 0.1 5 x 1074 1.3 1

The Q° - v distribution of P's is shown in Fig. 6. The total
number of ¥ + UM decays occurring in the spectrometer target is

3 x 104, with ~100 having @2 > 10.

Because of tmi effects, the calculated cross-sections are

n
lower than one might naively expect. Even with the exception-
ally high luminosity and acceptance in the proposed spectro-
meter, this method of search for higher mass Yy-like objects

is limifed. Higher energy muons would of course help, but
e+e_ rings (also of higher energies) would seem to be the best

way of studying higher mass states.

Figure 6 illustrates two unique capabilities of this { expe-
riment. The large sample (2 - 3 x 104) of collected events per-
mit a definitive (1%) measurement of gA/gv in Yup coupling, if
the beam helicity can be alternated. Unfortunately, this is a

future development. Of immediate interest is the Yy production

- 9 -



rate at high |q2|: a bin with median qz = - mw has = 300
events. The q —dependence of the Yuu coupling (presumably

Y-y coupling) therefore is measurable for -15 < q2 < 0 as well
as for q2 = 0 (E87) and q2 = 9.6 (SPEAR). A dramatic g2-depen-
dence of the type proposed in the "color" scheme of Bars and

(12)

Peccei would be easily detected.

A trigger for diffractive ¢ production should not require
the scattered muon either to be soft or to emerge at small
angles. The former restriction removes most of the sample
(cf. Fig. 6) and the latter deletes the high —Qz events. A pro-
mising trigger concept designed to suppress u trident background
is described in Appendix 4. The calculations required to

specify the trigger acceptance and rate are not yet complete.

The ¢ dimuons will be detected with chamber acceptance
averaging 64% and mass resolution ranging from 6% in the best
case to 10% for topologies with "minimal" information. The
chief analysis background is expected to be incoherent muon tri-

dents at the same low level as in E 87.

IVv. FUTURE PLANS

The detector proposed here is well suited to the study of
additional new physics when parameters of the Fermilab muon
beam are extended. The most obvious parameter is muon energy.
Weak interaction effects generally increase with energy, and
the gain is especially dramatic when kinematic thresholds are
involved. The dependence of M° production on M° mass and muon
energy is discussed in the original Proposal 203. The deep-
inelastic scattering data also.will benefit from higher energy.
In the proposed run, for example, raising E fxom 225 to 300
GeV would increase the number of events w1th Q > 260 (GeV/c)
from 50 to 1000. For diffractive muoproduction of vector par-
ticles (e.g., ¥'s) the gain with increasing energy is dramatic,

especially for exploration of higher mass states. Both tmin

and threshold effects contribute to the improvement.

- 10 -



Control of muon helicity is a development with equally
attractive possibilities for new measurements, particularly
in the study of weak neutral currents. The implications for
the muon-nucleon scattering cross-sections have been studied by
Berman and Primack (13), Derman (14) and Suzuki(ls). Both the
charge and helicity asymmetries increase as Q2 and are of the
order of a few percent at Q2 = 100 (GeV/c)z. The spectrometer
we have proposed is particularly well suited to these measure-
ments because of its high luminosity and acceptance, and sym-
metric detection of u+ and u .

Another interesting problem is the search for an axial
vector coupling in the muoproduction of y's. Present experi-
mental limits on an axial component of the yYup coupling are
very weak. From e+e_-+1f1f asymmetry measurements, we know
only that (gA/gV)2 < 0.1. 1In a broad view, such an interaction
may be characterized without making specific assumptions about
the Q2 dependence of propagators and form factors. We empha-
size that for gA/ng<<l, the search for Ip is better carried
out with helicity rather than charge asymmetry measurements,
because the former vary linearly with gA/gv, while the latter
vary quadratically. In a comparison of cross-sections with
well defined muon helicities at the presently proposed luminosity,
the limit that can be set is in the range gA/gV < 10—2, corres-—
ponding to a limit on the muon charge asymmetry in y-decay at

the level of 10-4!

Improvements to the muon beam of the types considered above
in part‘can be made by increasing the accelerator energy. Con-
tinued improvements to the muon beam and its parent hadron
beam are also needed. In particular, we note that 1) the mo-
mentum range of the muon_beam channel and its intensity can be
increased without significant cost by the use of iron-focusing
elements. 2) the range and selectivity of the parent
hadron beam should also be improved to increase the muon inten-
sity at high momentum and to provide for the control of muon-
helicity.

- 11 -



‘Members of this group will continue their participation
in the development of reasonable plans for effecting these

essential improvements.

- 12 -
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MAGNET COST ESTIMATES

© LAWRINCE RADIATION LANORAIGH . NIVEKSIIY OF LALIFORNIA Lout LT A 1Y
ENGINEERING NOTE AADT03 M4782 C lor 3
AUTHOR DEPARTMENT LUCATION DATE
J. Gunn Mechanical Engineering Berkeley December 2, 1974

PROGRAM — PROJECT — JOB

MECHANICAL ENGINEERING

COSTS, TIME STUDIES, ESTIMATING

TITLE

SECOND PARTIAL COST ESTIMATE FOR NAL EXP. P203

"A" Rev. 12/3/74 - DFR
"B" Rev. 2/7/75 - DFR
“C" Rev. 2/14/75 - DFR

This cost estimate covers only the iron-target iron magnet assembly,
as discussed with A. R. Clark on January 28, 1975 for NAL Experiment

P203. First proposal is on EN M4782.

magnet module.

MAGNET STEEL PLATES - AISI 1020

See UCLBL Dwg. 17L1934 for

Informal quote - Lukens Steel Company, Coatsville, Pennsyivania

17.8¢/1b, 5 month delivery (subject to

Estimated freight to Chicago: 2¢/1b

90 plates @ 10,633 1b/plate x 19.8¢/1b . . . .

MAGNET MODULE ASSEMBLY (18) COSTS

Labor to flame cut 180 holes (6" x 54"

coils and inserts: 367 hr @ $15/hr .
Press insert into holes of each plate:

escalation)

. . . . $189,480

e e e e s . 5,505

90 hr @ $T5/hr & « o & « 4 b v b e e e e e e e e 1,350
Weld up module: 244 hr @ $15/hr . . . . . ... .. 3,660
Lifting beam for module assembly . . . . . . . . . R . 500
Estimated freight Chicago to NAL @ 1¢/1b . . . - . . . 9,569

$ 20,584

ALUMINUM CONDUCTORS

Extruded alioy 1060F - 61% AICS conductivity
1.165 x 0.92 with 0.6 diam. hole x 60 ft straight _ -

section :
‘Weight/ft = 0.954#
42 turns @ 120 ft/turn
Add 10% for spoilage

on

5,040 ft
480

5,520 ft (5,266 #)




U TTLAWRENCE RADIATION LABORATORY - UMIVERSITY OF .:‘ALu"‘#'én'N'i.A T feowe T RERII ' “GEAA—T
- ENGINEERING NOTE AAD103 Ma782 ¢ |2 ,, 3
UTHGR DEPARTMENT . LOCATTON DATE .

J. Gunn Mechanical Engineering Berkeley December 2, 1974

Quote from New Jersey Aluminum Company, Elizabeth, N J
Tooling charge:  $450 '
Setup charge: 140 ‘ $ 590

Plus $1.035/1b x 5,266 1b . . . . . « v v v v v v v o . 5,450
Plus estimated shipping to NAL @ 3¢/1b . . . . . . . . 158
Conductor cost: $ 6,198

COIlL. FABRICATION

Aluminum hose barbs

4/turn x 42 turns = 168 required @ $1.05ea . . . § 176

Labor to weld to conductors
C'bore: 56 hrs

Weld: 56 hrs | |
112 hrs @ $15/hr . . . . . . . .. . 1,680

Wrap conductors with heat shrinkable PVC tub1ng '

Material costs (9 rolls) . . . . . . . . . .. 540

Installation 120 hr @ $15/hr . . . . . . . . . 1,800
Thermal switches .

4 required @ $35 ea (installed) . . . . . e 140
rlow Switches .

1 required @ $200 ea (installed) . . . . . . . 200
‘Hoses - 84 required @ 1.5 ft long @ 50¢/ft . . . 63

Plus 84 hose clamps @ 75¢ ea . . . . . . . . . 63

Plus installation: 32 hr @ $15/hr . . . . . . 480

Large supply hoses: 80 ft @ $2/ft . . . . . . 160

- Manifolds - 2 required :
Materials . . . . . .. e e e e e e e e e 100 -
Labor; 30 hr @ $15/hr . . . . . . . e e 450

Coil fabrication cost: §$ 5,852

MAGNET ASSEMBLY COSTS

Stack steel module: 100 man-hdurs
Install coil: 80 "
Pressure and flow check 20 "

200 man-hours @ $15/hr ‘$ 3,000

Material

. 1x21/2x80 ft stl bar = 0.25 x 680 ft . . . . 170
: 3/8 x 3 stl bar

Magnet assembly cost  § 3,374

....... e e e e e e e e 204
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T TLAWRENCE RADIATION LABOGRATORY - UMIVERSITY OF LALIFORNIA SEHIAL PAGE
ENGINEERING NGTE MR0103 M4782 C |3 . 3
AUTHOR DEPARTMENT LOCATION DATE
J. Gunn Mechanical Engineering Berkeley December 2, 1974

NON MAGNETIC ABSORBER COSTS

Cast with wedged sides so as to fit into steeT
plates (90 plates)

11,332 # cast @ 80¢/1b

ENGINEERING DESIGN AND DRAFTING

160 hr @ $20/hr

SUPPORT (BASE) FOR MAGNET

Pour two concrete piers, 56 ft long

Inflation should be provided for at about 1% per month,

priate time.

JG/DR:mp

TOTAL

Contingency 15%

. GRAND TOTAL

$ 8,985
$ 3,200

$ 2,500

$240,173
36,026

$276,199

for the appro-
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APPENDIX 2 - INSTRUMENTATION COST ESTIMATE

Note: These cost estimates do not include institutional overhead costs.. ‘These

have not been included because the method of calculation for overhead varies
markedly fram cne institution to another making comparison difficult. .Currently:
37% overhead is applied to materials and salary at IBL and 88 overhead is applie_d
only to salary at Princeton. The estimates include shop labor charges for fabri-
cation, assembly, and checkout wherever appropriate.

Calorimeter Counters (75 total)

Material
Scintillator an hand at IBL

Photamultipliers & bases on hand at IBL

Light pipes, Al foil, etc. $1425
Labor $4135
TOTAL ' '$5560

Trigger Counters (64 total)

Material

Scintillator
Photomultipliers & bases
Light pipes, Al foil, etc.
Labor
TOTAL

Multiwire Proporticnal Chambers (20 total

Material ( Al plate, G10, Wire, etc)

Labor
Electrical Shop
Mechanical Shop
Carpenter Shop
TOTAL

A2 -1

on hand at 1EL
on hand at IBL

$ 512

- $4557
+°$5069

- 3 planes each)
$22,521

$ 7,276
$ 7y741

"$ 565

+.$38,103



Drift Chambers (20 total - 1 plane each)

Material (Gl0, wire, etc.) $ 12,560
Labor (estimate) - 20,000
TOTAL 0:$:32,560

MAPC Electronics (4096 channels on hand; 8864 channels (+10% spares)

to be constructed)

Sense planes

4096 channels on hand at LEL

Additional 1952 channels

+ 10% spares @ 7.65 | $ 16,426

Delay cable for above on hand at Princeton (on loan

to Fermilab Exp. 26)

Induced Planes

6912 channels +10%

spares @ 8.75 ~'$ 66,528
TOTAL - $:82,954

Drift Chamber Electronics

320 channels @ $100 $ 32,000

‘Beam Telescope Counters and MWPC System . (partially on hand at Princeton)
‘ $ 2,000
Fast PDP-15 Camac Interface (estimate) $ 5,000

Engineering and Drafting for Magnet Design '$ ' ‘3,200

GRAND TOTAL .. $206,446
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APPENDIX 3 - RESPONSIBILITIES AND PERSONNEL

I. Responsibilities for Design and Construction of the

Spectrometer

a, Magnet

The cost of construction and installation of the magnet
will be borne by the Fermilab. The engineering design, pre-
paration of working drawings and supervision of fabrication
and installation will be the responsibility of the experi-
menters. The design and drafting will be done at LBL, and the
supervision of construction and installation will be performed

by the Princeton and Fermilab contingents.

B. Instrumentation

The design and construction of the MWPC system, calofi-
meter, and trigger counters will be the responsibility of the
LBL group. The drift chamber system, halo veto and beam
telescope counters and small MWPC's will be the responsibi-
lity of the Princeton group. Interfacing the existing muon
beam proportional chambers upstream of the muon lab (part of
the muon scattering facility) to our system will be

the responsibility of our Fermilab collaborator.

Standard fast-logic modules, photomultiplier power
supplies, CAMAC crates, etc., will be supplied.by PREP. For’
on-line use, a PDP-15 computer (48K core, 2 tapes) now at

Princeton will probably be available. We are also considering

the use of a standard BISON PDP-11 computer supplied by

Fermilab.

A3-1



II. RESPONSIBILITIES FOR OPERATTION

The usual incidental supplies and expense (e.g., MAPC gas, travel,
maintenance, etc.) will be the joint responsibility of the experimental groups.
During installation, testing, and data collection the groups will maintain

the following full-time equivalent manpower in residence at the Fermilab:

From 1BL 3.5 FTE Ph.D. Physicits
2.0 FTE Technicians

> 2.0 FTE Graduate Ph.D. Thesis Students

From Princeton 1.5 FTE Ph.D. Physicits

0 or 1 FTE Graduate Ph.D. Thesis Student
Fram Fermilab .5 FTE Ph.D, Physicists
TOTALS 5.5 FIE Ph.D. Physicists

2.0 FTE Technicians

2 - 3 Graduate Students

ITI. RESPONSIBILITIES FOR DATA ANALYSIS
Analysis of the data will be the joint fesponsibility of the experimenters.
Preliminary tape campression will be performed on the Princeton PDP15 when it is
not in on-line service, A large part of the event reconstruction will be done by
| the LBL 7600. Analysis of summary data will be performed at each institution.

Iv. OCOMMITMENTS TO OTHER EXPERIMENTS BY PARTICIPANTS IN THIS PROPOSAL

LEL

A.R. Clark Bevalac Exp. 209H (Complete CY75)

E.S. Groves ISR (Letter of intent for experiment in FY77)

L.T. Kerth Bevalac Exp. 209H (Cawmplete CY75)

S.C. Loken - Fermilab Exp. 26 (Complete mid-year CY75) )
M. Strovink Fermilab Exp, 26 (Camplete mid-yeai: CY75)

W. Wenzel ISR (Letter of intent for experiment in FY77)
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PRINCETON
R, Cester BNL Exp. 661 (CY75)
Permilab Exp. 302*
BNL Exp. 646 (CY77)
F,C, Shoemaker No other research cammitments
M.S. Withérell ENI, Exp. 661 (CY75)

Fermilab Exp. 302%*

P. Surko No other research commitments
FERMILAB
R.P. Johnson Fermilab Exp. (Camplete CY75)

*Fermilab E302 has first priority on the research activities of R. Cester and
M.S. Witherell. If construction of the E302 p beam occurs on a schedule which
results in an overlap between installation of E302 and operation of this
experiment, the Princeton group intends to maintain its strength by bringing
other scientific persannel into the experihrent..
V. COMMUNICATION WITH THE FERMILAB

At present, the spokesman for the experiment is M. Strovink., During the
canstruction .phase of the experiment, the spokesman will be L.T. Kerth. During
installation and operation of the experiment, cammnication with the laboratory
will be the responsibility of one or more of the experimenters who are in residence

at the Femmilab.
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APPENDIX 4 ~ TRIGGER LOGIC AND BEAM REOUIREMENTS

A. General Considerations

Figures 1-3 indicate the calorimeter counters and hodoscopes
which will be used for all trigger logic. We shall describe how
the counter system can be used to study the various processes
discussed in the proposal. Features which are common to all these
conditions, the muon beam and associated muon halo, will be con-

sidered here.
1) Muon Beam:

The beam logic requires that the incident muon pass through
the last bend in the muon beam (enclosure 104) without hitting
the magnets. A beam hodoscope at 104 allows determination of muon
angle. A fine grained hodoscope (10 X 10 counters) at the front
of the spectrometer completes this angle measurement. In addition,
requiring one and only one count in- the hodoscope will eliminate
all but 2% of the R.F. buckets containing two beam muons (see dis-
cussion of two muon trigger). To suppress further the background
trigger rate from two muons in the same R.F. bucket, a third beam
hodoscope at the downstream end of the spectrometer measures de-
flection perpendicular to the bend plane of the magnet. This is
used to veto beam muons which are not scattered by more than multi-
ple Coulomb scattering in the magnet. These two measures result in

a suppression of 10—3 or better for two simultaneous beam muons.

2) Halo Veto:

A large counter.array in front of the spectrometer (see Fig-
ure 1) is used to veto.possible triggers from accidental beam
halo coincidences. In order to construct a highly efficient counter
with good time resolution we use the knowledge about the spatial
distribution of halo muons gained from previous muon running. By
using small counters close to the muon beam with larger ones out-
side (with less stringent requirements), we expect to obtain a halo

suppression of 10-4.
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B. Two Muon Trigger

The trigger for M® events uses calorimeter counters Cl-C75
and trigger hodoscopes Tl1-T8. A trigger signifying a hadron inter-
action will usé the fact that a typical hadron shower is spread
through at least one entire module (5 iron slabs and counters)
whereas an electromagnetic shower loses essentially all its energy
in one slab (6 rl). A multi-muon final state requires two or more
separate counts in a given bank of trigger hodoscopes. A coinci-
dence from three sequential hodoscopes, separated by a total of 60
radiation lengths, is used to suppress trigger background from
multiple showers. To suppress triggers from penetrating hadronic
showers, the vertex location from the calorimeter counters is used
to deaden hodoscopes immediately downstream of the vertex. On
average, 3200 g/cm2 of iron protect the hodoscope coincidence from
remnants of the upstream shower. A Monte Carlo simulation of this
trigger system yields a detection efficiency which varies from
45% at a M° mass of 2 GeV/czto 56% for M°'s of 10 GeV/cz.

Background Triggers:

The most serious source of background triggers is associated
with two beam muons in the same RF bucket. One of the muons inter-
acts giving the required hadronic shower and the two muons are de-
tected downstream. This rate is easily estimated.

Probability of two muons in
the same RF bucket (at 10 MHz) 0.2

Probability of not vetoing two
muon bucket (see previous dis-

cussion.) <10-3
Interaction probability (deep

inelastic scattering with -2
v > 15 GeV) 1.2 x 10
Trigger Rate 2.4 x 107°

Triggers from the remnants of hadronic showers are eliminated
by requiring a separation of seven modules (12 ft of iron) between
the vertex and the last hodoscope in the coincidence. The rate

-

can be estimated:
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Probability of interaction

with v > 25 GeV | 6.5 x 107>
Probability of 12 ft pene- -4
tration* 10

Trigger Rate 6.5 % 10'7

A third background trigger comes from multiple showers. The
requirement that three hodoscopes in sequence detect more than one
particle will eliminate this problem since the banks are separated
by a total of 60 RL. For the case of multiple electromagnetic

showers we get

Probability of interaction

v > 15 GeV 1.2 x 10'-2
Probability of three inde-

pendent electromagnetic -2 3
showers (3 x 10 %)
Trigger Rate 3 x 10'7

For the case of two hadron interactions, one of which pene-

trates four modules and triggers the hodoscopes the rate is lower.

Interaction Probability

v > 15 GeV | 1.2 x 1072
Probability of a hadron

shower penetrating four -5
modules _ 10

Trigger Rate 1.2 x 10"7

RF buckets which have a halo muon and a beam muon will be
vetoed (see previous discussion). Any inefficiency in this veto

will cause accidental triggers.

Probability of interaction

v > 15 GeV 1.2 x 1072
Probability of halo in the

same RF bucket < .2
Veto inefficiency 10-'4
Trigger Rate 2.4 x 10"7

* 0, Fackler (private communication)
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C. Deep Inelastic Muon Scattering Trigger

" Real Rate

The trigger rate for real events from inelastic muon scat-
tering is based on a Monte Carlo calculation with the following

assumptions:

Beam: Eo = 225 GeV; size -~ 6" high x 8" wide; beam is
incident on the face of the spectrometer centered

horizontally and 6" below the median plane.

Cross Section: sz is taken from a parameterization
of the SLAC data.

Spectrometer: As described in Section II above.
Trigger: Scattered mu is required to pass through two
successive trigger banks outside of the beam-

veto region,

The beam muon and the scattered muon have been propagated through
the iron by the simulation program, including the effects of single-
and multiple-Coulomb scattering, u-e scattering and muon bremsstrah-

lung.

Rate for real triggers 2.2 x 107°

Background Rates:

The most important backgrounds come from two step processes
where the incident muon suffers a large energy loss and is deflect-
ed out of the spectrometer without triggering, and a scattered
muon is faked by either an accidental halo muon or by long range
*punch-through" from a hadronic shower.

We have made conservétive estimates of these various triqger
rates. Muon losses from u-e scattering, bremsstrahlung, and low
Qz, high-v inelastic scattering were studied with Monte Carlo pro-
grams. Data on punch-through was obtained from Fermilab experiment
E-104*; an instantaneous beam rate of 107/sec and a halo veto
inefficiency of 10-4 were assumed. The resulting rates are shown

below:

* 0. Fackler (private communication)
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a) Beam loss rate from coulomb and p-e scattering and

muon bremmsstrahlung - 5.5 x 10-4
Probability of halo accidental 0.2
Halo veto inefficiency 1074

' 7

Total Rate 0.11 x 10

b) Rate for 1ow—Q2 high v inelastic scatter with scattéred
muon lost from beam veto; the scattered muon signature
is completed by hadron punch through. This is calculated
by folding together the depth-dependent muon loss rate
and the probability of punch-through beyond that point.
The minimum punch-~through rate used was 2 x 10-%

Total Rate 0.4 x 10-6

c) Same as b) except that the trigger is completed by a halo
accidental.

Rate for loss of scattered muon from beam

veto 1.1 x 10'-4

Probability of halo accidental 0.2

Halo veto inefficiency 1074

Total Rate | 0.02 x 107/
Total rate - real + background 2.61 x 10-'6

D. Three Muon Trigger

Three~muon final states not associated with a hadron shower
at the interaction vetex do not satisfy the multimuon-shower
trigger described in (B) above. For this case a shower-independent
trigger will be used, which requires at least three counts in each
of three successive trigger hodoscopes. Background triggers from
hadron showers [ see (B)] are suppressed by requiring at least
two of the banks to have exactly three counts. With this require-
ment, accidental counts from soft electromagnetic showers in the
iron upstream of each counter will create a negligible inefficiency.

More serious trigger background is caused by muon tridents
which have large (~1 pub/nucleus) production cross section. The
most common tridents have small pair energy and opening angle.
These are suppressed by requiring one of the three counts in each

hodoscope to be separated from the beam area by ~6" in the vertical
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(nonbending) plane. The soft pair muons are bent out of the

spectrometer active area before their vertical Coulomb scattering

displacement exceeds =2". Fortunately, the mean vertical dis-

placement at the exit from the active area varies only with the

fourth root of the muon energy. The detailed muon-trident simu-
lations which will set the limit on this background trigger rate

are not yet complete.
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