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SUMMARY
In the present experiment we plan to measure prompt neutrino production as

a function of proton beam energy and atomic number of target. With the apparatus
. to be described below we will be able to measure the angular distribution of
prompt neutrinos to about 25 mr and the energy distribution for these neutrinos.
In order to insure that we are indeed seeing prompt neutrinos, data must be
collected at various target demsities and (depending on the setup) intensities

on target for constant bean line intensity. Assuming runs at 3 proton energies,
3 values of A, 3 densities and 3 intensities we need about 9 runs, requiring a
total of n 1-2 x 1017 protons on a target located 100-200 ft from the detector.
This short target-detector separation permitting a high event rate for modest

Peam and dotootay nmass, and nermitting a large solid angle acceptance is a

crucial fecouo.oos this oroposal.

The detector we will usa is a lead-scintillator calorimeter followed by
an iron toroidal muon specﬁrome&er. PWC planes with * 1 cm resolution will be
placed between calorimeter modules and behind the magnets for track definition.
Most of the equipment needed exists now. We need a beam intensity of about
lﬂlippp. With this intensity we will get an event with visible energy greater
than 20 GeV every 10-15 pulses using the CERN prompt meutrino results and the
cesults of a preliminary experiment we have done in spring 1978. (This
corresponds to N pair n 30-60 uyb depending on the model. At WlOlzppp we can
vary the A of the target up to tungsten, something difficult to do in experiments

vequiring higher beam intensity.



" INTRODUCTION

We propose a-beam dump experiment at Fermilab to study the production
of prompt neutrinos. We have been stimulated by the CERN beam dump results,
by the interesting observations on direct muon production by E379, EA36,
and E439 at Fermilab, and by the so-far negative results of charmed meson
searches in hadron production experiments.

In the present experiment we plan to measure prompt neutrino production
as a function of proton beam energy and atomic number of target. With the
apparatus to be described below we will be able to measure the angular distri-
bution of prompt neutrinos to > 40 mr and the energy distribution and lepton
number for these neutrinos. In order to insure that we are indeed seeing
prompt neutrinos, data must be collected at various target densities and
(depending on the setup) intensities on target for constant beam line intensity.
Assuming runs at 3 proton energies, 3 values of A, 3 densities and 3 intensities
we need about 9 runs requiring a total of.& 1-2 x 1017 protons on target.

As a consequence of the earlier resultsv mentioned above, the Miéhigan
members of this group mounted a modest test in the M2 beam‘line parasitic to
E439. The analysis of this short run is now complete; there is a small but
positive signal for neutrino-induced events in this test, and the interpretation
of these data together with the CERN data reinforces the interpretation that the
observed neutrinos are from a prompt process characterized by large P - The
report is included as Appendix A of this proposal. We believe that the
experience gained in this test is a valuable asset.in designing a more
significant experiment, both in estimating event rates and in anticipating

pitfalls and problems.



The detector we will use is a lead-scintillator calorimeter followed by
an iron toroidal muonAspectrometer. Most of the equipment needed exists now.
We reed a beém intensity of about 1012ppp. With this intensity we will get
an event with visible energy greater than 20 GeV every 10 pulses using the CERN
results and the results of our preliminary exjeriment. (This corresponds to
o, pair ~ 30-60 b depending on the model). At &lolzppp we can vary the A
of the ‘target up to tungsten, something difficult to do in experiments requiring
nigher beam intensity. |

There are several problems with which a prompt neutrino experiment must
cope. The prompt muon flux from a beam dump target is very high, even throﬁgh
10 m of steel. 1t is essential that the magnetization of iron in or beyond the
beam dump be parallel to the major transverse dimension of the detector, as
the muon flux is seen to increase dramatically off the median plane (defined
to inclade B). In this context a dump térget followed by a solid iron magnetic
spectrometer with B horizontal as in E439 is quite suitable.

I our preliminary experiment wé noted a neutrino event background of the
order of 1/2 the prompt neutrino signal due to upstream neutrino sources in M2.
¥or the proposed exéeriment we must reduce the background to a very low level.
It is dmportant therefore tﬁat the beam incident on the dumb target be very
clean, with care paid to collimator scraping, beam line vacuum, and halo effects.
It is also important to study such background with direct measurements of
beam line-generated muons and other background.

o order to appraise the ratio of beam dump prompt neutrinos to w/K

nevtrines, it would be desirable to vary the target density keeping A constant

{f{or erample with an accordian target as in prompt muon production experiments).



Cosmic ray-induced energetic events may mimic neutrino events on the basis
of pulse height alone. Position and direction information on each event as well
as good timigg data will improve cosmic ray rejection; nevertheless shielding
and anticoincidence counters will be employed to as great an extent as feasible.

EXPERIMENTAL APPARATUS AND BEAM

a. Detector. We propose using the lead-scintillator shower detectors

built for E-310 as the calorimeter. This detector canm be rearranged to

give a 5' x 10" cross-section detector which is 3000 gm/cm2 thick. This
detector will be placed off center as showﬁ in'Figure 1. It is composed

of a lead plate-liquid scintillator sandwich. The details of the response of
one module of this detector as measured by E-310 are given in Appendix B.
Planes of proportional tubes will be inserted between each of the 30 modules

to give position information on the shower. This will also allow us to measure
the direction of the shower and will be a powerful aid in reducing nonfbeaﬁ
background. The apparatus will have an ability to measure relative rates of

vn, 5u and (ve + Ge) charged current events. The electro-magnetic component

of the showars w3ll dis -u

I8
o

nich more quickly than the hadronic., (The

cm while the nuclear interaction length is 18.5 cm.)

<

[¥al

radiation length in Pp is C.3
Individual muons above abouﬁ 4 GeV will be seen by their peﬁetration in the
detector. PWC planes would be placed between each pair of detector
modules so as to give muon track coordinates as well as Hadron and EM
cascade positions. The required resolution is modest, and proportional
chamber planes made of extruded aluminum stock with rectangular apertures
1/2 x 3/4 inches will be used. The track information thus available will

permit identification of incident muons and hence aid in the anticoincidence

rejection. Although the measurement of the prompt neutrinos can be



accomplished with the calorimeter alone, the experiment is enhanced by the
addition of a solid iron muon spectrometer., Measurement of the sign of the
muon will allow separation of vu events from ;U events. The momentum measurement
will increase the energy resolution for muon-charged current events.

The spectrometer would consist of two solid iron-magnets each 1.2 m in
length and about 4 m in transverse dimensions. Based on our experience
with the similar magnets used in E1A, and E439 we estimate a field strength
> 1.8T. Four planes of proportional tubes si@ilar to those installed inthe
calorimeter would be used to measure the trajectory. The accuracy for point

measurement would be ~ +]1 cm. The ratio of pl(ms) to pl(bend) is 15%.

b. Anti~coincidence. A plane of anti-coincidencé counters will
cover the front face of the detector. We will be careful to limit their extent
in the vertical direction. This will be discussed in detail in the background
gsection. The calorimeter should be shielded by a concrete house.

¢. Target and beam dump. In our preliminary experiment (report enclosed)

the beam dump had 5.5.m of 2.1 T field. As we discuss in the background

z o

section we ozed about S m oof 2.1 T horizontel £

ield for this experiment giving

ap, of 5 GeV/c. This can be a solid iron magnet of modest dimensions. An

area of 12"(h) x 15"(v) would be sufficient for the region of high field

There should be a total of at least av13 m length of iron or equivalent in

the dump. (The last 1 or 2 m of iron equivalent could be shielding blocks.)
nb. The beam dumb design is a crucial part of this experiment. BHowever,

we expect that there may well be a series of beam dump experiments especially

as the accelerator energy increases.



The target-design must also be carefully engineered. There must be
a mechanism for moving different targets into place and accomodating long
targets of low density. The target will be about 100-200 £t from the
calorimeter. This will be negociable depending on the area.

We would expect to work together with Fermilab personnrel in.developing
plans for the construction of the beam dump and target facilities.

d. Beam Line. Special care must be taken to avoid scraping. 'Neck

down regions" of small diameter vacuum pipes are to be avoided. Shielding

must be placed between potential trouble spots-and the calorimeter as close

as possible.to the problem spots (to. avoid meson decay). Various detectors would
be used to monitor backgrounds.

e. Area. .This experiment could go into any of several places.. In the
meson lab, ML, or M2 could be used. In the proton area p- center is an
attractive site depending on details of scheduling. We will be discussing
placement possibilities with lab personnel shortly.

EVENT RATES

We assume a 400 GeV proton beam of 1012pp on a tungsten target and for the
moment neglect dead time. From the results of our preliminary experiment we
then estimate 1 event every 10 pulses resulting in > 20 GeV deposited in the
detector. Using the CERN BEBC rate we estimate 1 per 15 pulses.

1If there are 5000 pulses on an average day then this is 500 events/day.

To make 9 runs with ~ 1000 events/run for high E and high A is then 20
days with no dead time. We therefore request 1 - 2 x 1017 protons on target.
If we were in, for example, the Ml beam, we could get a clean pion beam of

10
n10" " w/pulse. Then,(with a sharp bend of ~ 20 mr just before the target) we



might be able to compare and p and T production of prompt neutrinos.

BACKGROUND AND DISCUSSION

The prévious experiment enabled us to get a realistic idea of the back-
ground and problems facing us.

In that experiment dead time was a very serious problem. In fact the
live time on the data runs was only 227 for a beam intemsity of 1.5 x 1011ppp
on target. The proposed apparatus subtends about the same solid angle as in
the previous experiment. We believe, however, that the problem can be
significantly reduced for the present experimént.

Figure 2 illustrates the radiation level measured at different
positions around the calorimeter in the preliminary experiment. (Appendix
A) Comparison with thg measured flux of through going muons indicates that the
background is predominately muons. The most important thing to note is the
large vertical variation. The dump magnet has provided a strong vertical
minimum at the center of the calorimeter. The distance between the target
and detector (50 m) is arranged so that the calorimeter subtends about the

same angle wortizaliy as

o

i
;‘;
et
o
i}

reliminary experiment. Unfortunately, in
the preliminary expétiment it was mnecessary to extend counters down to the
floor and up an eQual amouﬂt. As can be seen this increaséd the veto
counting rate by close to an order of magnitude., The present design will
protect the calorimeter with counters but not over extend them in the
vertical direction.

A further factor is gained by increasing the pijgiven to muons by the
dump magnet from the value used in the preliminary experiment. From the steep

vertical flux variation it is seen that the background is a sharp function



of the amount of bénding in the dump. A 250 GeV muon will be bent by about 1
meter before reaching the calorimeter with the new arrangement. The two
improvements together should reduce the dead time to a tolerable.value.
Finally, we would segment the veto counter and thus further reduce the dead
time if it were necessary. In summary, it is clear that an improved dump

is needed but, as indicated above, we believe it would be used in several
experiments and be a cost effective facility.

In our preliminary experiment we found we were able to reduce the total
background to about one-half the signal level. 1In the present design the
ability to distinguish position and direction of the shower is expected to
reduce the background substantially. We believe that by careful beam design
to reduce scraping, shielding trouble spots, having a better anti—systém and
shielding around the calorimeter we can reduce the background to quite low
levels. We expect to measure the cross-section for the production of prompt

neutrinos to a precision of 10-20%.
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location is determined detailed cost estimates can be prepared.
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ABSTRACT

A test has been made to explore the possibility
of beam dump neutrino experiments with short
target-detector separations and modest detectors.
Results have given a positive neutrino signal
which is interpreted in the context of various
charmea—meson production models. A limit to the
lifetime and mass of the axion is also a byproduct

of this test.

*Supported by the U.S. National Science Foundation
and the Department of Energy



x. INTRODUCTION

A test experiment has been performed parasitically
in thé M2 diffracted protoh beam of the meson lab at
Feimiléb. A dimuon experiment,_E439,1 targeted protons
on a thick tungsten target with was followed by a 5.5 m
solid iron magnet assembly magnetized to 2.1 T (B horizontal).
The neutrino detector was a 4-ton iron calorimeter2 located
22 m from the tungsten target behind an additional 5.4 m
of steel, as indicated in Figure i.

Results from beam dump experiments at CERN3 have
indicated a source of prompt neutrinos, and D-pair production
~has been suggested as the mechanism. If the area of the
neutrino beam is,bémparable | to the detector area and
the target-to-detector distance is fixed (as is the case
in standard neutrino experiments), neutrino detection rates
are related only to total detectof fiducial mass. However
if prompt neutrinos exist and are produced with a rather
large charaéte;istic P, (e.g. 3 1 GeV/c) but short targetF
to—-detector distances are used, then the event rate will be
proportional to detector mass per unit area times solid angle,
or mass divided by target-detector separation squared. In
this experiment a.4 ton detector 22 m from the target
subtended + 14 mr from the target (corres. to a 35 GeV
v of p, v 0.5 GeV/c) whereas the CERN detectors were about

800 m from the target, and subtended + 2 mr. Not only is
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a larger fraction of direét neutrinos thus sampled,.but the
background due to # and k decay neutrinos (which fall into
a narrower solid angle) is effectively éuppressed.

This experiment was implemented toward the end of E439.
running so that the running time'corresponded to only about

2 x lO15

protons on target, and this was further significantly
reduced by deadtime. Nevertheless a positive signal was

obtained.



IY. EXPERIMENTAL DETAIL

Even behind the 10.9 m of iron the muon flux was very
high; a 30 x 30 cm2 scintillator telescope straddling the
calorimeter on the beam axis recorded 5000y per 1011
protons on target.4 As about 0.2% of energetic u's produ-:ed
an interaction in the calorimeter corresponding to R 20 Gev
energy reiease, it was necessary to shield the front face
of the calorimeter with anticoincidence counters. Another
source of false signal could be césmic fay events - hadrons
or air showers-from above. One 60 x 120 cm2 anticoincidence
scintillator was accordingly put on top of the calorimeter.
The experiment was located at the end of.the Meson Detector
Building with no overhead shielding. 1In order to reduce
the calorimeter albedo from desired events from triggering

this top counter, 5 cm of borated polyethylene were placed

between the calorimeter and this counter.

The calorimeter consisted to 30 steel plates each 61 cm
square and-3.9 cnm thick with 0.64 cm scintillator between.
The scintillator light was piped to four phototubes (Figure 2)
which permitted left-right and front-back signal comparisons.
Calibration in a test beam gave a caiorimeter resolution ¢ =
(73/7E)% for hadrons of 20-40 GeV. Cherenkov pulses from

the phototube light pipes were a possible source of concern;



anticoincidence shielding and the requirement of comparable
pulses from phototubes on opposite sides should have effectively
reduced this problemn.

The outputs from the seven_anticoincidence counters
were fed to LeCroy 621AL discriminators, run in the
burst-guard mode, and the discriminators' outputs summed
together. Their rate was about 5 x 106 per pulse during the
longest data run. During this period the system live time
(i.e. fraction of the beam pulse éate not vetoed by the
anticoincidence system) was only 22%. The calorimeter
threshold was set at about 3.5 times the most probable
muon pulse height, or about 10 GeV, based on earlier
calibrations. With the anﬁicoincidence requirement, the
"event" rate was about one trigger ?er 2 x lOl2 protons
on target, still about 20 to 50 times the expected neutrino
event rate. With a 20 GeV cut on the data, most events still
appeared spurious. A variety of strategies were used to
reduce this rate to permit extraction of meaningful data.
These are enumerated below:

A. Right-left signals: since the scintillators alternate,
pulse heights from the right and left side phototubes should
be comparable. Reasonable bounds of *2¢ were set for the
limits of the right:left pulse height ratio. These bounds
corresponded to a variation in the pulse height ratio of
2.92/VE (GeV), and agreed with scatter~-plot distributions

from runs with the anti-coincidence counters off, i.e.



muon initiated events. Muons travelling along the light
pipes could minimic an energetic hadron cascade except

for this criterion.

B. Event Timing: the accelerator r.f. signal was timed
with muons through the system ar.l the arrival time of the
pulses in each of the four calorimeter phototubes was
digitized relative to the r.f. Good neutrino candidates
were then required to have the same time coincidence |
with the r.f. as muon-initiated éascades of comparable
energy, which were observed to lie within a band of 4 ns
width.

C. Time difference between left and right calorimeter
phototubes: ﬁhe time differences between phototubes vs.

the summed output of those two tubes, studied separately

for the front and back halves of the calorimeter prdvided

an additional timing constraint. This difference was required
to 1lz within bounds of 6 ns {low E) to 4 ns (high E)

for <he muon runs., This time spread was further narrowed

by plotting thé fight—left time difference vs.{pulse ht
(right)-pulse ht.(left) }/{pulse ht(right) + pulse ht (left). }
D. The analogue signals from the anti-counters were
digitized: this permitted ex-post-facte examination of

the anticoincidence efficiency. From muon and anti-coincidence-

off runs, pulse height distributions corresponding to minimum



jonizing particles in each counter were determined. The
maximum permitted pulse height was about 1/5 - 1/10 the
mean muon signal.

The ADC system digitized pulse area within the determined
gate, whereas the anticoincidence discriminator respondec
to pulse height. It is thus possible for the long tail of
a previous large pulse to be recorded as a large ADC pulse
height while not triggering the anticoincidence discriminator.
The conservative approach is to get rigid maximum allowable
ADC levels for each of the seven veto counters; these
result in one set of values in Tables I, II, and III.
An upper limit on the true neutrino signal is cbtained by
ignoring the veto ADC signals and assuming that the
electronics functioned ideally. These values are also
noted in the tables.

The fiducial volume of the calorimeter is not certain;
it is probable that vertices within 2 inches of the side
edges of the calorimeter are recorded at signifigantly lower
efficiences, hence we take the area to be 2500 cm2(50 x 50 cm).
The depth will be less than the 900 g/cm2 again because cascades
close to the back of the calorimeter will be detected
inefficiently; Some measure of this effect may be learned
from the ratio of events detected in the front alone to
those detected in the back alone on muon (no anticoincidence)

runs. From such data it appears that, of 64 events,



25 appear in the front, 31 in the back, and 8 with comparable
signals in both front and back. The front includes
360 g/cm2 and the back 540 g/cm2 of iron. If the "front"
plus "front plus back" events represent muon events with
vertices in the front 360 g/cmz; then the effective mass
of the "back" is{31/33) x 360 or 340 g/cmz. This suggests
an effective total fiducial thickness for the calorimeter
of ~ 700 g/cmz. The overall effective mass would then be
about 1.75 metric tons. |

Because of the anticoincidence counter which lay over
the calorimeter to veto cosmic ray air showers, there was
some probability that a neutrino event in the calorimeter
would produce a scattered particle into this counter and veto
itself. This was evaluated by looking both at the fraction
of muon initiated events in which this counter fired, and by
operating the system in a parasitic hadron beam and observing
the fraction of events in which this counter fired.
This fraction ranged from 32% for 20 GeV events to 44%
for 40 GeV hadrons. A value of 30% was obtained from the
muon-initiated events (peaked at lower energy). The hadron
data for this fraction fit an empirical function

fi = 0.32 + 0.006 (Ei - 20),
so that a corrected number of events can be obtained by

scaling with a factor

1



IIX. RESULTS

Data were taken under four conditions: (1) high
intensity on E-439 (data run), with about 1.5 x lOll
protons per pulse (runs 54 and 58); (2) low intensity on
E-439 target, at about 10% the data run intensity, or about:
1.3 x lOlo protons per pulse (runs 69 and 71); (3) very
low intensity, less than 109 protons per pulse (runs 74
through 79); and (4) cosmic rays (accelerator off;run
104). During (1), (2), and (3) the beam on the Meson
area target was similar; about 2 xlolz-per pulse.

The primary data from the high intensity run (1)
contained 8 events of over 20 GeV if all cuts are applied,
or 14 events if the digitized veto counter leveis are

ignored. The energies of these events are tallied in

Table I.

The data could be normalized in different ways; either
to protons on target or to upstream background, as monitored
by a scintillaticn counter on the mezzanine of the Meson
Detector Building. The cosmic ray rate provides a reasonably
certain (and statistically sound) background which may be
subtracted from each of the data sets. It corresponds to

about 10% of the high-intensity event rate.

The two lower-intensity runs provide somewhat contradiétory
data, although the statistics are sufficiently modest to
render an apparent contradiction rather insignificant.

The low intensity runs may be used either to represent
the background due to protons on the meson target (i.e.,

invariant per unit of time or per pulse) or to the effect



of upstream beam scraping and collimation in the M2 beam
line, as measured by the mezzanine scintillation counter.

The latter seems both more plausible and more self consistent.
In either case, a background of .n- and k-decay neutrinos is
shown to be present. The measured muon f£lux per pulse was
actually about 1 1/2 times greater during the low intensity
runs 69 and 71 than during the data runs 54'and 58,

although the muon rates correlated rather well with rates

in the mezzanine counter. On the'other hand, there were

over twice as many neutrino events per muon in the data

runs as in the low intensity runs. Thus most of the observed
muons as well as ~40% of the neutrino events may be

from upstream beam scrapping. The proton beam direction

at the Meson Area target is 27 mr displaced from the. line

of sight distance from our detector. However the first

bends in the M2 beam line would effectively channel some
+ L .

7 and ¥ zlong trmdactories directed more nearly toward
our detector.,

From Table II it is seen that 8 events survive all cut
criteria from the high-intensity data run; if the ADC
data from the veto counter are ignored, 14 events survive.
In Table III the effective number of beam dump events,
either including or discounting the veto ADC data, are
corrected for cosmic ray events and then for background
assuming either that the mezzanine counter represents the
true background rate or that the number of pulses (proportional

to protons on the meson area target) represents. appropriate

background. On grounds of both plausibility and self
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consistancy, it was subjéctively decided to weight the
corrected number of events 3:1 in favor of the mezzanine-
corrected results. When averagedover both sets of lower-
inteﬂsity runs and corrected for the self-veto effect, a
pair of best-guessed net numbers of beam dump neutrino
events are obtained: 6.2 (including vetoc ADC's) and

13.8 (ignoring veto ADC's). With the obvious uncertainties

reflected by the diverse entries in Table III, we will

taken 10 + 5 as the best estimate of true neutrino events.
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Iv. ERRORS

The scattered entries in Table IIT represent the
uncertainties in background and true beam-dump neutrino
event rate, and emphasize both the need for careful beam
preparation {(to avoid upstream sources of - and k-decay
neutrinos) and of careful measurements to appraise it. The
best we can say from Table III is that our true signal
appears to be 10 + 5 events. Various sources of error
besides the background subtractioﬁ and veto ADC uncertainty
{both adequately reflected.in Table III) remain.

The fiducial mass of the calorimeter is uncertain to

4

100 g cm—z, or + 14% in depth, and + 2.5 cm in radius, or

+

22% in area (although this is less significant in rates
due to the radial fall-off in neutrino flux). Overall,

the effective, radially-weighted fiducial mass is uncertain

e o+ on 30%,
The abscluts calibration of the calorimeter is uncertain
by + ~ 15%, due to uncertainty of the muon energy and. lack
of a capability for hadron calibration at the time. In
view of the fall off in event numbers with energy (4
events out of 14 with E = 20 or 21 GeV) this reflects as
a * 30% uncertainty in rate.
The various timing cuts are more certain, and very few

events failed inclusion due to a "near miss" on timing.

Likewise the cut on the ratio of pulse heights from the
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two halves of the calorimeter. Nevertheless, there is no
less than a * 15% uncertainty due to the cumulative uncertainty
of these criteria. |

All of these effects taken,K together add up to a 45%
uncertainty in the results of Table III. They do not,

however, modify the evidence for a positive beam-dump signal.
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V. INTERPRETATION

The number of detected neutrino events Nv may be
expressed in terms of the number of incident protons Np
and the appropriate cross sections, solid angles, and
efficiency factors as:

N = { GV(NN)

o= | Sy Fov,w ) pﬁLc(E)G(E)}.{ pa(M.C.)} (1)

In order to interpret direct neutrino production in
terms of a specific model, it was assumed that all neutrinos
come from D-decay, and that the branching ratio for semi-

leptonic D-decay is 20%,5 so that
Uv(NN) = 0.40D(NN) (2)

where GD(NN) is the production cross section for D pairs

in nucleon-nucleon collisions. (If D's are always produced
singly, the appropriate D production cross section is

twice UD(NN) defined here.)

Since the E-439% target is Heavimet (tungsten), it is
necessary to interpret production processes in W in terms
of elemental NN processes. As it appears that production
of y's, direct u's, and large p, mesons is proportional
to &Al'o, it is reasonable to make the same assumption for
direct neutrino production. It is shown in Ref. 4 that

o (NW) . A o (NN) o (NN)

v _ v
UI(NW) oI(NW) OI(NN)
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where cl's ére NN and NW inelastic cross sections. For

W the factor in brackets is 3.6. Because nucleons suffering
inelastic interactions may be only somewhat degraded and
may make subseguent nuclear interactions in the beam dump
target there is a further enhancement due to cascading ol
n12%. Thus overall, a factor of 4 enhancement in the

neutrino production is realized over that for a thin,
hydrogen target. The factorF(N,W)is therefore taken as

4 in Eg. 1. The 12% enhancement factor is based on Drell-
Yan processes with m > 7 GeV, and does not include processes
initiated by secondary pions. To the extent that the more
copious lower energy pions are important in D production,
F{N,W) = 4 is an underestimate, and our deduced cross

sections are corresponding overestimates.

The value for pg for the 700 g cm™? (fiducial length)

.
-~ had
czlorimset

ot
()]
+
o
wn
By
N
b
et
oo
Q
2

o{E) is the neutrino

rnreracticn oroess section taken as
g {E) = 0.6 E(GeV) x 10738 cmz,
0=(E) = 0.25 E(CeV) x 10738cm?,

where equal numbers of neutrinos and antineutrinos are
assumed. The interaction cross section was further scaled
by 1.32 to include neutral current events, so that o¢(E)

was taken as 0.55E x 10“38cm2, with E in GeV. The function
G(E} is the probability of detecting a v or v of enerqy

E in the calorimeter with a threshold set to 20 GeV. This

is derived by folding the calorimeter resoclution function

with the calculated hadronic plus electro-magnetic products
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of the neutrino interactions (assuming equal numbers of
v and v). This distribution is sketched in Figure 3-for
40 GeV neutrinos. For this example, G(4O)g 0.7.

Tﬁe fraction AQ(M.C.) of produced neutrinos which fall
into the solid angle subtended by the calorimeter, assumed
to be Sg x 50 cm2, was calculated rssuming that all came
from D decays: D =+ K + 2 + v or R*¥ + & + v using the observed
% spectrum. A sample of 30,000 events was run through a Monte
Carlo program for each of several assumed D production models.
The results of these calculations are tabulated in Table IV.
From the observed neutrino events, the resulting calculated
D-production cross sections are also tabulated for the different
production models. We have also compared our results with the
CERN BEBC 0 mr and 15 mr observations, considering only the
electron neutrino events. The CERN beam dump target was copper,

for which the factor Ac = 2.54. 1Including 12% for cascading,

xn/ Ona
a factor of 2.8 is applied to the CERN 0 mr data to determine
the cross section values of Table IV. The corresponding

figure for the 15 mr data where a Be target was used is

1.67. The assumptions of the various D-production models

are spelled out below.

Model I
~bm
p , dependence « e dp’,
2 _ 2, .2
T e

Yem chosen uniform from “Y1im to tY1im®

Model IIBa
~1.75p,
p, dependence « e ap, ,
- - : P cm
% dependence « e llel dx, x = *JL______ .

Py max___|
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Thig model has been used by Lauterbach6. He argues this

is a fit to y production. Using this form and examining

muon polarization data,7 he sets a limit of lyb on D production

by 400 GeV p.

. Since most experimenters find a different p, dependence
. =-1.75p
than that used by Lauterbach (~e
=-1.75p, :
e dpi) we have tried the x dependence of his model and
-1.75p, N
e ap}

'Ldp_L rather than

for transverse momentum. This is Model IIb.

Results for ITa and IIb are shown in Table IV.

Model IIIa7’8

3 o
E d g =g (1 "IXI)4 e l.6p_‘_’
dp

This model is the result of fits to J/¢y production as
indicated by experimenters of Refs. 7 and 8. We have tried
modifying this by using e—2'2pl (Model IITIb). Results for
Models IIIa and IITb are shown in Table III also.

Model IV9

=%
4%¢g . =8 Tn - 2.2p,
272 €

dxdp, r X = p1ab/pbeam°

This model is the result of another J/y experiment.
The results are again shown in Table IV.

The most sensitive published search for D's from
hadronic interactions by Ditzler et al.lO determined

+ (K+ﬂ-)
-1.6p

95% c.l. upper limit cross sections for K n

1

production at the D° mass. With do/dp% < e , they

determined B do/dy < 360 nb f290nb) at y = -0.4 for

p°® » K rt (p® - K+w~). If D production is flat in do/dy

over -1.5 <y < +1.5 (equivalent to a bastardization of our
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models Ib and IIIa), these resulﬁs scale to an upper limit
for Bo three times the wvalues quofed. If furthexr, the
now~known branching ratio for p° » K~n+ of 1.8 + 0.5%

is included, we have c(DO) < 4SLGQ b per nucleon. If
¢(0°) = o(B°) = o(d7) = ¢(D7), and all contribute equally
to neutrinos as observed in this and the BEBC experiment,
the limits correspond to an u?per limit for D-pair production
of about 100 pb, comfortably compatible with most of the

values of Table IV (except the 15 mr BEBC result).

As can be seen in Table IV, our limits vary enormously
depending on the model. If Lauterbach's polarization argue-
ment is correct, the CERN observations are probably not due
to D production, but are somé new phenomeﬁon. Our upper

limits are usually within a factor of two of the CERN 0 mr

cbservations, sometimes higher and sometimes lower, depending

on the model.
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VI . AXIONS

The results of this experiment may also be interpreted
to set limits on axion lifetimes and hence mass. The observed
number of axions also follows from a relationship such as
Eg. 1, although axion production may be expected to go as
oI(NW), [=Te) tﬁat F(NW) of Eg. 1 would be replaced by 1.12,
not 4. Therc is also a factor for the decay of the axion,
exp(-~7.3 x 10"8/YT) over our 22 m target-detector separation.
If E(axion) = 40 GeV, the exponent is unity for 1/m =

12

1.8 x 10~ (for m in MeV). The observed number of axion

interactions'NA is then given by

O5n (W) '
N, = Np{ PA_ " x C }{ o2 oIA} { AQA(M-C-)} o (2)
P e

where UPA(W) and o are axion production (per tungsten

IA

nucleus) and interaction (per nucleon) cross sections

respectively, and C is a correction factor for intra—farget

cascading, taken as unity. If A depends on A in the same

°p
way as the total inelastic cross section, the ratio

oPA(W)/cI(NW) may . be reinterpreted as UPA(N)/OI(NN). The
acceptance solid angle, AQA(M.C.) was determined (from a
2

= e—GH&,with m=0.1m

Monte Carlo calculation using dg/dydp T

and a uniform distribution in y over -2.5 <y < -2.5,
From this, A2,(M.C.) = 0.09. The resulting number of

"detected axions" is then:
v 65
NA = 5 x 10 GPAOIA.

If our 10 events are all axions, our results would yield

0.. 0 = 2 x 10 cm .
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This may be compared with the prediction by Ellis and Gaillardll

of

; -66 4
s
UPA Ora 9 x 10 cm,

so that our results do not rule out axions. On the other
hand, .f most of our events are neutrinos, or if the theory
1limit is low, a lack of a positive axion signal in our data

would suggest an axion mass greater than ~25 MeV, as the stated

. . . . . 12
axion lifetime is given as

-10 10

T = 10 sec®s  or 10719 csc?e (sec) .

The factor C in Eg. (2) may in fact be somewhat greater than
unity. If secondary protons and pions produce axions with
cross sections in proportion to pion production, the overall

thick target enhancement factor C may be 2-4. This would

correspondingly reduce the product o to below 10—65 cm4,

pa%1a

and thus significantly constrain possible axion production.
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CONCLUSION

A positive signal for direct neutrino production is
observed, although the background is ~1/3 - 1/2 of the signal,
and the statistical and systematic uncertainties are
considerable. The data are consistent with the CERN BEBC
results assuming Al production dependence and a transverse
momentum distribution as expected for a source of neutrinos
from D-meson decays. The cross sections deduced are consistent
with upper limits set by an_earlier negative counter
experiment. If the CERN beam—dump neutrinos were from
7 or K decay the lateral distribution would be narrow and the
total number would be much less than we observed in our

larger angular aperture detector.
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E(GeV)

ns

54,58
692,71
74-79
104

Energies of prompt neutrino candidates from high intensity

beam dump.

20 21

20% 21*

24 26*

26 27

FERMILAB-Proposal-0613

Table 1

29 34%

33 39%

46

98%*

*pccompanied by anomalous veto pulses (see text)

Table ITI
Protons Total Pulsesa
per pulse targeted
protons?
4
1.2x107t  4.28x10* 2029
1.3x10°%  2.73x10%° 2001
el
2y 2.3 x10%% 12,052
————— 225,000

a. Corrected for dead time

b. Equivalent pulses

Mezzaninea Muon Eventsc
counts telescope
counts@
6 . 6
16 x10 19.3x10 8(14)
19.4x10° 29.3x10°  6(9)
14.5%10° 6(7)
74(103)

¢. Total events without anticoincidence ADC cut in parentheses.
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Appendix/A'~ Performancé of the Lead-Scintillator Shower Counters.

HWe have tested one module of the lead-scintillator calorimeter in the
M5 meson area beam. A drawing of one such shower counter is given in Fig. 1.
Each module consists of five optically separate sgrips, 27 cm wide and
365 cm long, with 2" éhototubes (RCA 6655 for tﬁese tests) mounted on each.
end._.Within each strip fhere are 12 4" thick teflon coated lead plates
(fotal of 13.6 radiation lengths) with %" gaps between plates fiiled with
iiquid scintillator (NE235A). The lead sheets extend to within 30 cm of
the edge of the counter. The'remaining space is taken up by reflectors
to collect and channel light to the phototubgs. |

Tests were performed to determing the responée of ﬁhe counter to min-
inum fonizing particles and electrons. Electrons in the M5 beam (V4% of
the particles) were identified by a threshold Ce£enkov countér. Two over—
lapping scintillation counters immediately upstream of the test module,
in coincldence with'beamline counters, defined the beam.v LeCroy 2249A
ADC's were used to record anode and inverted dynode signals‘from the pho-
tomultipliers, Data were recorﬁed on magnetic tape and extensively anal-
yzed on-line using a modified version of the E-310 data acquisition pro-

gram resident in the Detector Development PDP 11/20 computer.

1) Respénse to Minimum Ionizing Particles

Tn order to test thé response to ninimum jonizing particles, Gne
strip of the module was centered; vertically and horizontally, on the beam
center line. The right (R) and left (L) phototube voltages were then
edjusted to yield equal response from each tube. A typical.distribution of
the sﬂm of the right and left pulse heightg is shown in Fig. 2. Minimum

ionizing particles are clearly visible with good efficlency.



The uniformity of response along the horizontal direction was also
determined. Thé sum of the right and left tubes a£ the center of the
counter is shown in Fig. 3 for various horizontal positions. The total |
pulse height increases by 80% at 120 cm and grows rapidly thereafter as
the edge of the lead sheets (150 cm) is approached. Since a reasonable
fiducial cut would be ~ 120 cm, the observed response will be sufficiently
unierm.

The reéponse ﬁo movement of the beam in the vertical direction is
shown in Fig. 4 for two different horizontal positions -~ center of the
counter (X = 0) and x = 120 cm. The light output shows no variation with
Qertical position.

We have also determined the horizontal attenuation length in the
. counter. In Fig. 5 we plot the ratio of the right to left pulse heights
(R/L) as a function of horizontal posifion. . The observed ratios clearly
suggest an exponential fall-off in light intensity for each tube with an

attenuation length of 1.1 m.

ii) Response to Elzctrons

| We hawv- measursz:d ¢he respoase of the test module to 10, 20, 30 and
39.3 Gev electrons. The.distribution for 30 Gev electroﬁé is shown in
Fig. 6a.‘ In Fig..7 we plot the measured electronlenergy vs the beanm
monmentum assuning tﬁat the electrén shower is totally containéd in the
counter at 10 Gev. A deviation from linear dependence is evident at 30
and 39.3 Gev, indicative of energj leakage from the counter.

The positional dependence of the light ouéput for electrons is the

same in the horizontal direction as for minimum ionizing particles and



differ in the vertical direction only in the vicinity of the spacer bar
between strips. This inactive region causes an apparent loss of energy
as shown in Fig. 8 where we plot the energy response vs vertical position.

The shower energy resolution at 10, 20, 30 and 39.3 Gev was also
determined. The full-width-at-half maxi;um (TWHM) at each energy was
determined by doubling the half-w:dth on the higher energy side of the
showgr peak. Thils was made necessary by a conslderable radiative taill
as a result of material in the M5 beam as may be seen in the logarithmic
plot of Fig. 6b. Furthermore, the intrinsic momentum spread for
gelectrons in the M5 is known to be larger than the calculated + 1Z. We
.therefore believe our measurements to be uppef boggds on the electro-
magnetic energy resoclution of ; single calorimeter modﬁle.

The measured resolutions (FWHM) are plotted in Fig. 9. They varf

from 23% at 10 Gev to 10% at 30 and 39.3 Gev.

jii) Summary

- The teéts described above have demonstraﬁed that the lead-scintil-
lation calorimeters respond with good efficiency to minimum ionizing
parﬁicles with feasonable uniformity over the_useful area of the counter.
‘These counters should also be able to identify and measure electromagnetic

showers with adequate resolution,
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Appendix,ﬁ'— Performancé of the Lead-Scintillator Shower Counterﬁ.

We have tested one module of the lead-scintillator calorimeter in the
M5 meson area beam. A drawing of one such shower counter is given in Fig. 1.
Each module consists of five optically separate sgrips, 27 cm wide and
365 cm long, with 2" ﬁhototubes (rCA 6655.for these tests) mounted on each-
end. Within each strip ihefe are 12 %" thick teflon coated lead plates
(total of 13.6 radiation lengths) with %" gaps between piates fiiled with
liquid scintillator (NE235A). The lead sheets extend to within 30 cm of
the edge of the counter. The.remaining space is taken up by reflectors
to collect and channel light to the phototubes. |

Tests were perforﬁed to determing the response of the counter to miﬁ—
imuﬁ fonizing particles and electrons. Electrons in the M5 beam (V4% of
the particles) were identified by a threshold Cerenkov countér. Two over-
lapping scintillation counters immediately upstream of the test module,
in coincidence with feamiine counters, defined the beam. LeCroy 2249A
ADC's were used'to record anode and inverted dynode signals.from the pho-
tomultipliers, Data were recoraed on magnetic tape and exteansively anal-
yzed on-iize using 3 modiiied version of the E-310 data acquisition pro-

gram resident in the Detector Development PDP 11/20 computer.

1) Respénse to Minimum Tonizing Particles

In oxder to test thé response to ninimum ionizing particles, one
strip of the module was centered,.vertically and horizontally, on the beam
center line. The right (R) and left (L) phototube voltages were then
adjusted to yield equal response from each tube. A typical distribution of
the sum of the right and left pulse height§ is shown in Fig. 2. Minimum

Jonizing particles are clearly visible with good efficlency.



The uniformity of response along the horlzontal direction was also
determined. The sum of the right and left tubes at the center of the
counter is shown in Fig. 3 for various horizontal positions; The total
pulse height increases by 80% at 120 cm and. grows rapidly thereafter as
the edge of the lead sheets (150 cm) is approached. Since a reasonable
fiduclal cut would be ~ 120 cu, the observed response willl be sufficiently
uniforn. .

The reéponse to movement of the beam in the vertical direction is
shown in Flg. 4 for two different horizontal gositions - center of the
caunter.(x = () and x = 120 cm. The light output shows no variation with.
vﬁrtical position. |

Wa have also determined the horizontal attenuation length in the
- eounter. In Fig. 5 ﬁe plot the ratio of the right to left pulse heights
{R/L) as a function of horizontal posifion. . The observed ratios clearly
suggest an exponentisl fall-off In light intensity for each tube with an

attenuation leugth of 1.1 m.

i1i) Response to Electrons

| We have measu;ed the response of the test module to 10, 20, 30 and
39.3 Gev electrons. The'distribution for 30 Gev electroﬁé is shown in
Fig. Ga.. In Fig..7 we plot the measured electron energy vs the beam
nomentim assumning tﬁat the electron shower 1s totally containéd in the
counter at 10 Gev. A deviation from linear dependence is evident at 30
and 39.3 Gev, indicative of energy leakage from the counter.

The positicnal dependence of the light output for electrons is the

~same in the horizontal direction as for minimum fonizing particles and



differ ig the vertical direction only in the vicinity of the spacer bar
between strips. This inactive region causes an apparent loss of energy
as shown in Fig. 8 where we plot the energy response vs vertical position.

The shower energy resolution at 10, 20, 30 and 39.3 Gev was also
. determined. The full-width-at-half maximum (FWHM) at eaéh energy was
determined by doubling the hélf—width on the higher energylside of the
;hower peak. This was.made necessary by a considerable radiative tail
as a result of material in the M5 beam as may be seen in the logarithmic
plot of Fig. 6b. Furthermore, the intrinsic momentum spread for
electrons in the M5 is known to be larger than the calculated + 1%Z. We
.therefore believe our measurements to be upper boygds on the electro-
magnetic energy resolution of a.single calorimeter modﬁle.

The measured resolutions (FWHM) are plotted in Fig. 9. They vary

from 23% at 10 Gev to 10%Z at 30 and 39.3 Gev.

$4i) Summary

. The tests desaribed zbove have demonstrated that the lead-scintil-
lation calorimeters respond with good efficiency to minimum jonizing
'paréicles with feasonable wiformity over the.useful area of the counter.
These counters should also be able to identify and measure electromagnetic

showers with adequate resolution.
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