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SUMMARY

SEARCH FOR SHORT LIVED STATES DECAYING WEAKLY VIA LEPTONIC MODES

B. Barish, F. Bartlett, A. Bodek, K. Brown, D. Buchholz, F. Merrvritt, F. Sciulli,
L. Stutte (Cal., Tech). P. Dishaw, M. Faessler, A. Hall, D. Hitlin, J. Kirkby,
J. Liu, R. Piccioni, S. Wiesner, S. Wojcicki (Stanford).
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We propose to search for short lived states decaying weakly via leptonic
(or semileptonic) modes. We will perform the experiment in the new Laboratory E,
in the existing hadron beam to the 15' B.C., and use the yp toroidal spectro-
meter cutrently under construction for v studies. The haﬁron beam will strike
a speciélly constructed fine-~grained calorimeter placed upstream of the y
spectrometer, The calorimeter will act simultaneously as a target and will
gi&e an accurate (AE/E&S%) energy measurement.,

The unique features of the experiment are the detection of missing energy
(presumably carried off by neutrinos) and a very ﬁide solid angle acceptance
for muons. The contemplated triggering modes include large-energy-loss trigger,
high pT( 21.5 GeV/ec) single muon trigger, and dimuon trigger with a variable
Py éut. Thus the experiment could detect postulated charmed\hadrons, color
states, heavy leptons, and W bosons (up to W mass of about 20 GeV). Further-
more the experiment would be sensitive to any'new phenomena involving single
muon production or production of "direct" neutrinos.

We are requesting approval for 1000 hours at the highest beam energy
available and at an intensityrof 106 protons/pulse. A run of this duration
would allow us to perform an initial explorétbry experiment with all trigger
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modes and achieve a sensitivity of about 10 ~ =10
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1, Introduction

We propose an‘experiment to look for the leptonic weak decays of high
mass states which would have lifetimes of less than 10“11 sec, A plethora
of theoretical speculations can be found to motlivate such a search: charm and
color quantum numbers, heavy leptons, intermediate vector bosons, etc., etc.
However, the search for such objects is interesting independent of any
specific theoretical model.

- We propose here a generalized search for weak leptonic decays of any
such particles produced in collisions of the highest energy hadrons avail-
able at Fermilab. The sensitivity of the experiment to prompt decays
yielding muons and/or neutrinos will be at the level of %10-36 - 10_3?cm2.
Briefly, our scheme is to run the incident hadron beam into a precise target-
calorimeter and study events where a significant amount of energy is carried
off by leptons (u's and/or v's). The final state hadronic energy will be
measured in the target-calorimeter, while identification of the final state
muons will be made by penetration and their energy measured in the Lab~E
magnetic spectrometer system.

The contemplated system has a very large acceptance for muons and a
mass resolution for y pairs of the order of £250 MeV in the region of 3 GeV.
Thus simultaneously with the search for weak leptonic decays we will be
able to do a detailéd study of multi-muon production and the di-muon mass
spectrum up t§ the highest effective mass kinematically possible.

We propose to carry out the experiment in the new Lab-E, currently

under construction, and use the existing hadron beam to the 15 ft. bubble

chamber that passes through that building. That beam is capable of delivering




adequate proton flux, can reach maximum NAL energy, and can provide 7's,
K'svor protons with good Cerenkov tagging.
The experiment proposed here has many unique features:
(1) Identification of v's in final state by observing "missing
energy" in the reaction.
(2) Very large solid angle for the observation of final state muons
(entire forward 45° in the laboratory).
(3) Very large solid angle for the measurement of sign and momentum of
the final-state muon(s) (forward 15° cone in the laboratory).
{4) Energy measurement of the final-state hadronic system ’
(5) Flexible triggering arrangement

+ o+ -
(6) Provision for various incident particles (s, K, p, p).

The new Lab-E toroidal magnet system and the existing Caltech wire
chambers will be used for muon jidentification and muon energy measurement,
Furthermore, most of the electronics will be the existing Caltech electronics
used in the neutrino experiments. Thus the only 'new" major piece of

experimental equipment necessary would be the target—calorimeter.

“

2. Theory

Are there relatively heavy (5 2 GeV) particles which are forbidden to
decay strongly or electromagneticallyé We believe this to be an important
question, and one that wafrants an experimental investigation regarcdless of
what one's favorite theory says. The fact that most of the theories currently
in vogue postulate the existence of particles of this kind only reinforces

the need for an experimental search. More specifically, possible theoretical

o
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candidates that would satisfy the above criteria would be: charged charmed
~particles, low-lying color states, heavy leptons, and last but certainly not
least, the weak vector bosons., If the strong or electromagnetic decays are
forbidden, the postulated new states nmust either decay weakly or be absolutely

stable. If the former hypothesis holds true, then the leptonic decays, i.e.

-
-

+ +
X » & + v + hadrons

should form an appreciable fraction of the total decay rate.

The last few weeks have seen such a volume of theoretical pollution
on the subject of newly discovered ¢ (J) particles that it would be impossible
to extract the relevant features into a proposal of length commensurate with
thg style of our groups. Accordingly, we shall limit ourselves to some very
rough guesses as to the likely cross section levels that one would like to .
explore if charmed or color particles did indeed exist.

The apparent production céoss section for y(3105) by neutrons at NAL
~3lcm2.(1?

energies seems to be in excess of 10 We might take that to be a

representative scale for a production of a pair of charged charmed mesons,

(2)

e.g. D+ and D°. Furthermore, the conventional wisdom predicts a branching
ratio of about 10%Z into the semileptonic mode, even though thé exotic quantum
numbers of D+ and D might inhibit the purel§ hadronic mode, thus increasing
the importance of the semileptomnic decay channels. Thus 10-33cm2 would
appear to be a rough order of magnitude estimate for production of, for example,
ppr bt + D7+ anything
L}u”v + hadrons

u+v + hadrons




A hypothesis that the same kind of sensitivity is relevant for color schemes
would probably constitute as good a guess as any.

If heavy leptons exist, presumably one of the mechanisms fof their
production in an experiment of the type we are proposing is pair photoproduc-
tion by Y's from 7° decays. The kind of sensitivity required can be estimated

' (3)

from some of the recent total cross section calculations of Tsai

.
*

o {y + Be » e+e— Be) = 1.8 x lszscmzv

+ - i -34 2
6 (y + Be + £ £ + anything) = 3.3 x 10 ~cm m, = 2 Gev, pY = 100 GeV
g (y + Be » £+£- + anything) = 3.7 x lOn360m2 m, = 4 GeV, pY = 100 Gev
o (y + Be £+£" + anything) = 2.7 x 10—350m2 m, = 4 GeV, pY = 200 GeV

The branching ratio for

<1

* *
2 A VUV

(4)

can be estimated to be of the order of 10% for m,> 3 GeV if one takes

2

cognizance of the relatively high value of R observed at Frascati, CEA,
and SPEAR.

Another mechanism for heavy lepton production would be presumably via

(5)

some kind of Drell-Yan mechanism , 1.e.

pp 2+R— + hadrons,

An estimate of the importance of this kind of process can be obtained by
noting that the cross section in the MIT-Brookhaven experiment(s) for making
+ - -

e e pairs with a mass around 3 to 4 GeV is about 10 35cm2/GeV. At NAL

energies, this cross section might be 1 or 2 orders of magnitude higher,

and thus this process might actually dominate over photoproduction.




In high energy p p collisions one can also make W bosons by a process

of the form

PP + W' 4 hadrons.

+ + L/ s
The W~ are expected to decay into y v about 20% of the time. The cross
+
section for W™ production can be related via CVC to production of massive

7y

u+u~ pairs; since the present limit on W mass is already m >8 GeV, the
W signature would be a muon of a very large transverse momentum accompanied
by missing energy. The searches for directly produced W bosons by neutrinos
will probably not be sensitive to masses exceeding ~ 10 GeV/cz, Indirect
searches looking for propagator effects are potentially sensitive to higher
masses but are presently inconclusive.

The sensitivity of the proposed experiment covers the range from
10-20 GeV/cz, with the exact range being somewhat model dependent. The W M
signature should be very clear since both a peak in the transverse momentum

distribution of single muons and missing energy, charvacteristic of the

existence of a neutrino in the final state, will be observed.

An estimate(s) of the cross-sections for W-production from 400 GeV
incident protons is given below: | .
W-Mass Cross Section
9 Cev/c? 2 x 107 33cn?
15 GeVic2 10‘34cm2
20 GeV/c2 '10b35cm2




3. Apparatus

We propose to perform the experiment in the laboratory E building,
currently under construction, in the hadron beam ordinarily destined for
the 15' bubble chamber. The main advantages of this siting are the availability
of a large fraction of the necessary equipment which is heing assembled for
neutrino experiments, availability of a beam that can go to highest NAL
energy, can deliver adequate flux, and has a facility to provide mass tagging
of the incident particle by means of a Cerenkov counter.
. In keeping with the exploratory nature of this experiment we would
like to keep the experimental arrangement relatively modular and flexible,
so that one could respond relatively easily to any new findings. At present
we are still dinvestigating the optimum arrangement for the séart of the
experiment; some of the ideas we are pursuing are outlined in Appendix A.
What follows here is a description of a tentative initial setup. All of
the efficiency and rate calculations referred to subsequently are based on
this setup and thus represent miuimum results that can be achiéved. It is
vefy likely, however, that some of our present ideas, when developed further,
might lead to an improved version of the experiment. 5
The main components of the proposed apparatus starting at the upstream
end are (refer to Fig. 1):
a) a proportional chamber hodoscope, to define the position and
momentum of the incident beam particle
b) a calorimeter, functioning simultaneously as a target and a
device to measure total hadronic and electromagnetic energy
deposited

e) a large acceptance muon spectrometer consisting of the 2 11'
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diameter toroidal LAB E magnets, the present 5' diameter wonder

building magnet, and associated wire chambers.

A more detailed description of the individual elements follows.

The proportional chamber hodoscope will consist of two or more small
chambers before the dipole magnet upstream of Laboratory E and two or more
chambers after the magnet, the size of the chambers beiné determined by
the size of the beam in that region. The main purpose of this system would

allow one to localize the interaction point in the calorimeter. A momentum

measurement to a precision of 1 or 2% is sufficient.

The calorimeter we are planning to build should have the following
features:
a) large enough trangverse and longitudinal dimensions so as to
practically eliminate energy leakage
b) sufficient segmentation so that one would know if an anomalously

large amount of energy were deposited near the edges

c) high density, so as to minimize number of 7 and K decays

d) long radiation length so as to minimize Coulomb scattering

e) frequent enough sampling to obtain the best possible energy
measurement

£) ability to change the mean'density in the front end to calibrate

the number of ﬁ and K decays.

There is enough literature on the subject of calorimetry'today, both
experimental(g) and theoretical(lo) so that one can readily outline the general

design of the calorimeter. The final design will be based on some additional




tests that we hope to perférm in the near future.

We are thinking about dividing the calorimeter into three parts along
the longitudinal direction, the design of each part basically determined by
the characteristics of a hadron shower. The first part could be relatively
small in transverse dimensions (about 40 cm on each side), would have very
fine graininess (2 r.l. between each scintillater plate)a and be 4 absorption
lengths long. Furthermore, one would have the ability to telescope this
part out, so as to change the mean density. This would be accomplished by
leaving a gap of 3 absorption lengths before the second part of the calorimeter
during normal running. The mean density would be decreased by up to a
factor of 2 by spreading out the metal-scintillator sandwiches while keeping
the 1 absorption length point into the calorimeter at a fixed position. This
woﬁld ensure that on the average, the acceptance of the s&stem would be
independent of the spacing.

About 707 of the total eneérgy would be deposited in the first section
so that precise energy measurement is very important here. Since the interest-
ing events would be produced in this region, one would like to optimize the
material in this part of the calorimeter. We assume that a basic module
would consist of 2 radiation lengths of metal, followed immeéiately by an 1/8"
plastic scintillator. To decide on the metal to be used we must minimize the
absorption length and minimize the absorption length/radiation length ratio.
We clearly cannot do both, so a compromise muét be reached. Since the probability
of two 7w - uv decays goes quadratically with the absorption length, while
measurement accuracy goes only as the square root of the al.J/r.l. ratio,
we might expect that a good figure of merit for 2 y events might be a product

of the square of the first quantity times the square root of the second one.



As illustrated in the Table below, of the common materials copper is the

best, followed by iron.

Table T

’ Radiation Length of Absorp.Length Abs.Length 2

Material Length Basic Module (Incl.Scint.) "Rad.Length RAR
A
Al 9.0 cm 18.3 cm 37.82 413 2906
Fe 1.77 3.84 18.55 9.66 1069
CU 1.45 3.2 16.33 10.21 852
W 0.35 1.0 14,71 29.43 1173
Pb 0.56 1.42 23.46 33.0 3163
(11)

Since the difference in price between these two is only a factor of two or so’,
“and the amount of material is rather small, we plan to use copper slabs in the
first part of the calorimeter.

The second part of the calorimeter would be a scaled up version of the
first part: about 70 cm square, 1.5 m long, with a width of each metal slab
about 3 r.l.. The density of material is no longer so important here; the
main merit of a short absorption length is the improved acceptance of the
apparatus. Thus even though copper would be a préferred material here, iron
plates would also be satisfactory.

Just in front of thé second part of the calorimeter we plan to place
a sandwich of scintillators and iron (about 30 cm thick), about 1.8 m square
with a 70 cm square hole in the center; to identify those events with a large

amount of energy carried off by the wide angle component of the shower. 1In
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addition, the iron in the middle of the sandwich would idéntify the wide

angle muons, which other@ise would leak out undetected from the calorimeter.
The last part of the calorimeter can be rélatively coarse—gfained, as

it is designed to catch the energy in the anomolously long hadron showers.

Conceivably, the events with a large amount of energy deposited here would

be rejected in the analysis. Typical dimension; here miéht be 1 m in all

directions and the basic unit would consist of 4" thick steel plates followed

by scintillator. The total length of the 3 calorimeters is 20 absorption lengths.
The toroidal magnetic spectrometer has been described in detail previ-

ously(lz). Very briefly, it consists of wire chamber system 10' by 10' in

transverse dimensions on both sides of each toroid and two toroidal magnets,

8' long, 11.5' in diameter, with the B field varying from 21.3 kg at the center

to 17.1 kg at the edge and giving a mean field integral of 46.4 kg m. The two

big toroids are followed by the-presently existing 5' diameter toroid. The

central clearance holes for the coils are 10" in diameter. The overall

precision of the momentum measurement is determined by Coulomb scattering and

is V9% for.any two toroids.

4. Sensitivity and Resolution

We are planning on a maximum flux of 106 particles/pulse assuming
1 second long spill. This would give only a 2% loss due to 2 or more particles
in the same RF bucket. We intend to modify the wife chamber pulsing system
to be able to take up to 30 triggers per pulse. The proton total cross
section at these energies is about 42 mb, of which about 7 mb is the elastic

cross section, Thus the absorption cross section is about 35 mb. Assuming



11

4 \ X
10" pulses/day, this would give us a sensitivity per day to a cross section

~26 36
cm2 assuming 100% detection efficiency. We

of 3.5 x 1072671010 5 3.5 x 10”
lose a factor of 2 or 3 due to detection efficiency, but will regain a
comparable factor due to the existence of high energy secondaries that will
also contribute to the production of interesting évents.

We believe on the basis of the available experimen;al evidence that one
can attain a resolution in the calorimeter of the order of 4 to 5% (HWHM)
at 400 GeV. The outgoing muons will be measured in the magnetic spectrometer
to +9%. Thus, on the average we hope to measure the total energy to +20 GeV.
More important then resolution is the elimination of the low energy tails.
We plan to investigate its sources in more detail during the coming tests,
but one can briefly discuss some of the possible mechanisms and ways to combat
them:

a) off momentum beam particles. These will be eliminated by

the beam particle momentum measurement.

b) catastrophic muon collisions in the magnets. The majority of

these can be eliminated by a consistency requirement between the

two magnets. L
c) transverse or longitudinal energy leakage. This can be eliminated
by using the information on the shape of the shower as well as
information from the "wide energy catchers".
The error on Py and muu will be'dominated by the Coulomb scattering in
the low energy limit and By the momentum measurement error in the high energy
limit. Assuming that we know the transverse position of‘the interaction point

from the proportional chamber information,the error in Pp due to Coulomb

scattering will be
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Coul
8 by °ul. 15 x %00/ {3 Mev/c n 120 MeV/c

and due to momentum measurement

8 m

om
Pr = 0.09 x Py

Thus for Prp % 1 GeV/c, the error § Pp R 150 MeV/c.

For an almost symmetric decay, the effective mass squared is given by
2 2
N
My P1P, (6l + 62)

and thus the error will be

8 5
5 p Pq
oM =/14. 22+ 5 (=292 + 292 8.5%7 for Ma 3 Gev

2. _Trigger Rates and Acceptance

N

Here we would like to estimate the potential trigger rates, their

sources, and the extent to which they contribute to our background.

A. Energy Loss Trigger

The simplest trigger that might be used in this experiment is a
requirement on the eotal energy as measured in the calorimeter. A
deposited energy substantially less than the incident (300 GeV) energy
could signal, in the most unbiased way, the production of muons or

neutrinos. The spark chambers and downstream counters might then
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provide information on the existence and number of final state muons.
‘ The major limitation on sensitivity in this trigger mode is the
intrinsic resoiution of the calorimeter, and in particular any low
energy tails that may exist. For this reason, the beam must be well~
instrumented to provide information on the momentum of each incident
particle. (Low energy tails in calorimet;y tests done thus far have
generally been attributed to low energy components of the beam).
We believe on the basis of past experiences that a calorimeter
giving an on-line gaussian resolution of ¢ = 7% at 300 GeV is technically
"rather easy. We shall aim to do somewhat better than this. For
illustration, the table below gives the cross—secti;n sengitivity as

~a function of maximum energy deposition used in triggering, assuming

a 7% gaussian error on calorimetry and a total absorption cross-section

of 35 mb.
gt mn,  EeGE)  Coec
2 250 GeV .023 3.9 x 10728
3 237 1.3 x 1072 2.2 x 10729
4 216 3.1 x 1005 - 5.3 x 10730
5 195 " 2.9 x 1077 5.0 x 10733

To set the scale, we expect single muon production at a level of

-32 2

30 cm® for Py 2 1 GeV/c.

10"°Y to 10

‘B, Single Muon Trigger

The next least restrictive element to add to the energy requirement

is a trigger on at least one muon with a minimum transverse momentum.
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Since the rate for single muon production falls approximately as

e”3'5 pT, this seems the most advantageous method of controlling

trigger rate. For example; with 106 protons incident pér pulse, we
expect approximately .0l to .1 triggers/pulse with at least one muon
haviﬁg Pr >2 GeV/c, based on the observed rate of muon production.

At very low transverse momenta (pT < 1 GeV/c), backgrounds from pion and
kaon decay, vector meson decay, and pair production will likely become
dominant.

To accomplish this triggering we plan to use pie-shaped trigger

counters centered on the toroids (see sketch below).
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Fach toroid imparts a transverse momentum of P, = 1.4 GeV/c. The radial

displacement of a particle at a distance 23 downstream of the center of
. 1 _ )

the last toroid is r = > (gl +a, 23) Py (&2 + 2f3) p, Where

p = particle momentum and Py = particle transverse momentum. So the

particle crosses-over to the other half plane if

2,2+22,3

p<
T8 +2,+ &,

Pys independent of p.

By adjusting the location of this last trigger counter (&B), the
transverse momentum lower limit on a muon of the appropriate sign can

be continuously varied up to over 2 GeV/c.
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The finite size of the toroids and trigger counters creates a
region of acceptance in the Pr =~ Pp,p plane for the triggering muon.
i
This is shown schematically in Figure 2 for 10 diameter trigger elements
. min
and toroids, and P cut at 1.4 GeV/c. To set the scale, we note

that muons made in the forward cone in the center-of-mass must have

.
-

Piap 2 Y Pp-

At 300 GeV, v = 12,6. The line Piap = 12.6 P is shown for comparison.
Clearly, a very large fraction of muons will trigger the system. We
‘might add that a pair of oppositely charged muons cgnﬁot fake a high
Pq muon by a cross-over mechanism since the toroidal system focuses muons
" of one sign and defocuses those of the opposite sign. The wrong sign
(i.e. defocused) muons will give some small number of undesired

triggers (see Fig. 2b); the number of such triggers can, however, be
dréstically reduced and/or eliminated with only a small loss of

acceptance at high Pp by decreasing the diameter of the trigger counter

at 23.

c. Di-Muon Trigger

In order to search at lower Pps énd to study multi-muon states in
their own right a trigger optimized for > 2 's will be employed.
The Chicago group(lB) has measured the rate of 2u triggers produced by
a beam of incident 150 GeV x's with the requirement that each
P, > 12 GeV. Their experimental number is 33 triggers/lo6 interacting
w's. One might attempt to extrapolate from that measurement to our

situation of 2u's with P, 9 GeV, 400 GeV protons. Certainly our lower
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energy cutoff and higher incident energy would tend to increase that

rate; the nature of the projectile (proton vs. n ) would probably

decrease it.

To try to make a better estimate, we consider the various potential

mechanisms that might contribute here. For a momenf we ignore the fact

that the experimental arrangement discussed above discriminates against

- low Py u's.

a)

b)

vZ u+p~Z. The probability of a conversion to a muon pair

(3) is about 1077 for high energy y's.

vs., an electron pair
Furthermore, a 40 GeV y-ray will have about a 50% probability
of giving both u's with Pu> 9 GeV. One might guess that on

the average a 400 GeV proton will give about 1 y with energy
greater than 40 GeV, Thus, the trigger rate here is probably
about 5-10/106°protons. It is certainly easier for w's to

give high energy photons than for the protons. Thus the
contribution from this source could be comparable.

PP > ve + anything, vo » u+u'. Here V° iska vector meson,

py wy Oor ¢. These cross sections are not known at NAL energies.

The most relevant numbers are:

¢ (pp » p°+ anything) = 3.49 * 0.42 mb at 24 GeV/c(l4>
o (ﬂ+p + 0% + anything) = 6.03 + 0.71 mb at 22 GeV/c(lS)
and o (n—p -+ po + anything) = 13.5 * 3.4 mb at 205 GeV/c(lﬁ).

Thus at medium energies, per interaction w's are about 4 times

more efficient than protons in making p's. There is no -




c)
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meaningful data on inclusvie gy production in 71 nucleon

interactions, and some indication(lé)

that w production is
comparable to p0 production in pp collisions at 24 GeV/c.
Since the inclusive production tends to increase with energy,
one might guess that on the average about 0.25 p and 0.5
vector meson is produced per interactién in p~p collisions

at 400 GeV. Probably only about 50% of these are above

30 GeV, and even those have only about 507 probability of
giving both yu's with P> 9 GeV. Thus for a branching ratio

of 6.7 x 10—5, vector meson production should contribute about
8 triggers/pulse. This estimate, however, could easily be
wrong by a factor of 2 or 3 . The contribution from this
source in our situation will probably be comparable to h

150 GeV n .

wi, Ki, or Yi‘decay. Consider first the probability of 2 wpv
decays. A pessimistic assumption would be that we create

10 25 GeV charged w mesons in the primary collision. The

mean decay path length for eabh 7 is then .
Aﬂ = 7.8 x 25/0.14 = 1393 m

The mean absorption length is 16.3 cm giving a decay
probability for each pion of 1.17 x 1074, Thus the probability

of getting a u+ and u~ fromr decays is

(1.17 x 10092 x 5 x 5 = 3.4 x 107/

i.e. less than 1 trigger per pulse.



d)

e)
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The K mean decay path length at this energy into
pv is 296 m. At 750 MeV/c transverse momentum the K+fw+
ratio is about 3, while the K /¢ ratio is about 5(17).
This ratio tends to increase as we go to lower pT's. Thus
the assumption of 1 K+ and 1 5_/interaction is pessimistic
and K decays also contribute a negligigle amount to the
trigger.

Finally, among the hyperons I -nu v decay is probably
the most serious, having a branching ratio of 4.5 x 10'4.
But the minimum momentum necessary for a I to give a p of

9 GeV/c is about 25 GeV/c, giving a AT of 95 cm. Thus the

decay probability into nuv is

_ 16.3
L 95

4

x 4.5 x 10 = 7.7 x 1077

P
i.e., completely negligible.
Yy decays. Assuming 10_32cm2 cross section for y production

followed by py~ decay,(l)

we obtain about 1/3 y -+ up event/pulse
assuming 100% detection efficiency. 5
n decays. The branching rdtio for n -+ u+p~ is quoted to be

2.2 x 1072

. There is no good data on inclusive n production
although at high Py at ISR, n's appear to be produced at a
rate comparable to 71°'s. Another estimate might be able to

compare exclusive channels(18) at 24 GeV/c:

o (pp » pp p%) = 125 + 19 b

o (pp > pp n) = 32 £ ub.




£)

g)
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Thus a very érude guess might be 1/4 n/proton interaction,
giving us about 5 triggers/pulse.

K° + nuv decays. This rate is -about 1/10 of K+ -uy rate, anc
thus completely negligible.

di-muon continuum. This is very difficult to estimate, but

-

some crude guesses can be made. The number of events in the

MIT-Brookhaven‘experiment(6) of the type
+ - .
pp > e e anything 3 GeV < m, < 4 GeV
corresponds to a cross section of the order of 10"35 cmz/GeV.

Furthermore, per mass interval, that cross section appears

19 as 1/m6. Thus for m, > 1 GeV, we might have

~32

to go down
a cross section of about 10 cmz. At NAL energies, this
might go up by 1 or 2 orders of magnitude, giving about 3-30
triggers/pulsé with muu> 1 GeV. (There are some arguments<20}
that the continuum contribution for dilepton pairs should go
smoothly into dilepton contribution from vector meson

decays}). This estimate is probably on the pessimistic side
(very roughly, the rate of u pairs above l\GeV observed by

W. Y. Lee, T. O'Halloran, et al., appears to agree with a
rate of about 3 triggers/pulse for our experimental setup),

if one looks at the results of the Chicago group, but probabl -

does indicate that this will be the largest source of dimron

pairs.
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In summary, one would expect a raw trigger rate of
30-50 py's/pulse if there were no low Prp cutoff. From the
arguments above, however, we see that most of these muons
have a relatively low Py and thus our geometrical arrangement
should easily suppress those ?y at least an order of magnitude.

If one wanted to investigate the low Py dimuon pairs, a

special run could be made at about 105 protons/pulse with

the calorimeter moved upstream to improve the low Pp acceptance,

The acceptance of the entire system is illustrated in Fig. 3. For the
purpose of this calculation it is assumed that the field direction alternates
in' each successive toroid. This is the optimum polarity arrangement if one
wants to maximize 2u acceptance. A u is considered accepted if it passes
through at least 2 whole toroids. The cutoff at low Pp is due to the muon
passing through at least a part of the central hole in two or more toroids, and
can be made less severe if desired by moving the whole calorimeter further
upstream of the toroids. Coulomb scattering in both the calorimeter and the

~

toroids has been included in the calculations. .
As can be seen, the acceptance for this configuration as a function of
angle is close to 100% out to aboht 120 mr., It is essentially independent of
muon momentum, once the muon exceeds the range cutoff of A9 GeV, corresponding
to the thickness of the caloriméter and the two toroids. This acceptance
should be compared with Yél (82 mr for 300 GeV incident particle, 71 mr for

400 GeV incident particle) which corresponds to the laboratory angle for a

particle imitted at 90° in the center of mass. Thus we accept all of the
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forward hemisphere, and a 1érge fraction of the backward hemisphere. Another
meaningful scale to keep in mind is that a 750 MeV/c i in the center of mass
emitted at 90°, would have 0.75 y GeV in the Lab (9.2 GeV for 300 GeV projectile,
10.6 GeV for 400 GeV). Thus our low energy cutoff is well matched to our
angular acceptance,since we are interested in looking for muons with Py in

-

excess of 750 MeV/c -

6. Backgrounds

ﬁe address ourselves now to the question to what extent the dimuon events
discussed above as well as single high Py u's could also be deficient in
energy. There are two physical mechanisms that could bring this about: or K
decays and catastrophic coliisions in an iron toroid. We first discuss theée
phenomena from the point of view of background to the dimuon events.
a) m and K decays. Leé us first calculate the probability of
obtaining from this source a dimuon pair, each with Py > 750 MeV/c.
To do this calculation we assume e_spT forkhadrons, integrate the
fraction of hadrons above a certain Prs and then integrate over all
cm decay angles (we assume here that the transverée momentum
generated in wuv on K+pv is negiigible and compared to 0.75 GeV/c).
We find that a muon with P> 0.75 GeV/c will be produced by 2.2%
of 7w decays and 1.6% of K.decays. Combining this with the trigger
probability of 3.4 x 10—? calculated in section 5, we obtain
10

7

x (2.2 x 10_2) x 10 = 1.6 event/day due to 2y decays.

3.4 x 107

and

(1.17 x 107%x 1393/296)% x 3 x (1.6 x 1075 %= 1.2 event/day
due to 2 K decays. .
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Furthermore, the Py requirement strongly favor those decays with

a very small fraction of energy given to the neutrinos. This

background can also be easily calibrated, since a variation of

density by a factor of Z should change this background by a ,

factor of 4. The correlations betwgen high Pq particles might

conceivably increase this process by some factor.

b) energy loss by muons in the toroids. In general, these processes

will be detected because of the incompatibility of the measure-

ment in each magnet. However, one can think of 3 kinds of events

where this incompatibility would not exist i.e.:

1 -

2 -

The order

Even though the

high v, low q2 muon scattering at the beginning of lst magnet.
high v, high q2 muon scattering near the center of the first
toroid, the combination of energy loss and direction of
scattering combining to give the appearance that nothing
unusual has happened.

relatively high q2 p—e scattering, i.e. energetic § rays, at

the beginning of the lst magnet.

of magnitude of these processes can be estimated quite reliably.

. : 2
first process corresponds to values of q and vy that are not

in the scaling domain, the 0° inelastic scattering can be estimated from

QED and real photon-~nucleon cross section.

(21) The magnitude of the second

process can be extracted by using scaling to extrapolate from the measured

- ep and yp inelastic scattering. Finally, the third process corresponds to

elastic scattering of two point particles and can be calculated from QED.

For what might be considered a "typical relevant" case, i.e. a 50%

energy loss of a 40 GeV p, we obtain a combined probability/muon of the order
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4

of 3 x 10 '. Assuming one u+h- pair/pulse with each Pr 750 MeV/c, this

would give us few background everits/day. i

Finally, we would like to make several additional remarks on this point:

1 Because of the steeply falling muon spectrum with P an@ the
fact that these processes can only generate ?nergy loss, the
actual background is even less severé than estimated, since the
original muon must have had an even higher P

2) All of these processes can be measured experimentally during the
actual data taking: the first and the third by observing the
number of such events in the second magnet, the second by
observing the number of events with the right Vv and polar scatter-
ing angle, but different azimuthal angle. -

3) Empirical measurements of these mechanisms are being performed at
this time using the neutrino data from E-21.

4) These mechanisms could be eliminated almost entirely by splitting

and instrumenting the toroids (see discussion in Anpendix A).

Finally, we consider the missing energy background for\single, high
Py muons. The dominant source here will be K-uv decays. Ve have estimated
about lIJ(pT>1'5 GeV/c) from this source per‘pulse. We now want to impose
the additional requirement that the neutrine carry off a sizable fraction of
the energy. Requiring that the neutrino have at least as much energy as
the muon, would raise the Py of the K meson to 3 GeV/c. From the measured(17)
Py dependence’of hadrons, one would estimate another suppression by a factor
of about 10“3. Thus the background level would correspond to about 10 events/day.

Since the catastrophic energy loss in a toroid has a probability of

about 10—4, that background would be comparable on the basis of these conside ra=

considerations alone. However, we have an additional suppression factor due




to the fact that the initial u must have a considerably higher P initially.

This background source can thus be neglected.
7. Time Scale

It appears that Lab-E and its toroidal spectrometer system could be
operational by next fall. On the other hand, the neutrino calorimeter will
have to be modified and remounted and are not expected to be ready until
several months later. We believe that given approval in March, we could have
the spe;ial target-calorimeter for this experiment ready in the fall. It
should be noted that at least roughly the main responsibility for the calorimeter
will lie with the Stanford group and the p~spectrometer with the Caltech
groupl In that way, the main Caltech effort will be on apparatus needed for
the neutrino experiment anyway. The best arrangement for building the iron
torold system has not been settled (see Appendix A). However, the problems
are mutual for the v effort and this experiment, and no compromises to the
neutrino apparatus are envisioned.
Our specific request is for 1,000 hours of running time in a proton
beam at the highest available energy. Further, we expect to need some test
time at low intensity to understand our calofime;er and calibrate it. Tests
of trigger rates at an early stage would also be useful. It would be advantageous

for us to do as many of these tests in the final location as possible.




NAL Contributions

We are requesting Fermilab to provide:

(1)

(2)

(3)

(4)
(5)

PREP electronics for the trigger system for this experiment.
Existing v electronics will be used for pulse height analysis
and spark chamber readout.

Proportional chambers for instrumenting the heam to determine
the momentum of individual beam particles.

Mounts for the target—-calorimeter. A.flexible mounting system
(that will be non-interfering with thevv~calorimeter) and have
the ability of changing the longitudinal position (rails?)
relative to the toroidal system will be needed.

Toroidal magnet system for detection of muons (see Appendix A)

Metal plates for the calorimeter.
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Appendix A

The purpose of this appendix is to note several alternativevpossibilities
for the apparatus from those discussed in the main body of the proposal.
None of these developments, however, are necessary to conduct the proposed
initial experiment, but rather they represent improvements which we are

L]

prepared to make if this line of research proves interesting.

1. Instrumented Toroids

The present proposal uses standard "blind" toroids. There are a variety
of mechanisms where a muon might lose energy in traversing such:a system,

This problem is addressed in section 6 b) and calculations of the expected
background levels from various energy loss mechanisms are discussed.

Also, empirical measurements of energy loss of muons traversing steel
are being performed using the neutrino data from E-21. Although the calculated
level appears to be too low to be a problem in an initial experiment, it
appears that these loss mechanisms might well be the ultimate limitation of
our proposed technique. It might be pointéd out that extraneous energy loss
meéhanisms in Fe will also provide limitations for u—experiments for large
data samples. (They tend artifically to create high y-events!)

It has been apparent for some time that lumped "blind" toroids are not
the ideal instruments for the v experiment. Instead, there are many advantages
to construeting a distributed and "instrumented" toroid system. It is
inappropriate in this proposal to describe in detail the advantages ofr the
v-experiment. However, briefly there are two motivations.

1) To detect spurious energy loss mechanisms for y's traversing the

iron spectrometer (same motivation as this ﬁroposal).

2) An instrumented toroid system would provide a magnetized 400 ;qp

neutrino target and detector with the best possible acceptance for
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muons in the final state. An integrated target-magnetic ‘detector gives

the best possible solid angle for muon detection.

Anyway, for the purpose of-this proposal (and for compléteness)
Figures B1-B3 are included to illustrate how the instrumented toroids system
mgiht look. The actual physical arrangement is still being discussed but
the principle is to separate each 8" ring with & 2" gap to insert scintillators.
Position detectors (spark chambers) will be placed after every 4th ring.

A large pulse height in a given scintillator would indicate anomolous
energy loss of a muon and the event would be discarded in the proposed experi-
ment. Also, the scintillators would be used to develop the most flexible

possible trigger for this experiment. Momentum resolution remains the same

as for "blind" toroids.

1T, Air-Gap Magnet

An air core magnet after the calorimeter would allow one to measure
precisely the momentum of very forward muons. Since we are contemplating a
very large solid angle system, one could not think abbut catching all the
muons in an air-core magnet. The philosophy would be to use the air-core
magnet to measure the energy of forward, and hence most likely energetic, muons,
and the toroid magnets to measure the momentum of less energetic, wider angle
muons. One can think of several pro and con arguments regarding the inclusion
of such a magnet in this sytem. To state the arguments for inclusion:

a) precise measurement of energy of high energy, forward muons.

b) freedom from worry about large energy losses by muons in an

inelastic collision in a "blind" toroid magnet.

c) no dead spot corresponding to central 10" hole in the toroids.

And the arguments against inclusion:
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a) - Poorer overall acceptance since such a magnet system with associated
chambers would probably add about 5 m to the overall length of
the system.

b) postponment of the experiment due to additional complications.

We feel that the last argument is probably most relevant in light of
the contemplated time scale. Accordingly, we are planning to start the
experiment without such a magnet but are leaving the setup flexible enough to

be able to insert it into the system later on.

ITI. Position Detectors in the Target-Calorimeter

'The main unique feature of this experiment compared, to other hadron
experiments detecting muons in the final state is the measurement of the Ehad
for each event. 1If the physics turns out to be interesting it would be
logical to pursue this philosophy one step further.

In particular, one could measure some of the features of the final
state hadrons in events giving final state muons. We would propose to
measure eh(the directions of the hadrons), and ¢§ (the spread in the hadrons
which is proportional to the invariant mass in the hadron system). These
ideas are discussed in the documents on the Proposed Lab-E Neutrino Detector.

The problem is a lot easier here than for the neutrino experiments
because of the localization of the incident hadron beam. We intend to build
the target-calorimeter with enough flexibility so that position detectors
could be inserted near the front of the apparatus to determineEL an& ¢§. This
~equipment would be added in a future run if we decided that this was a viable

option.



