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Summary of Proposal 

1. 	 Detector The Fermilab 15 foot Bubble chamber filled with heavy 

neon (60 to 65% atomic neon + hydrogen) 

2. 	 Beam A new beam dump neutrino beam with the beam dump located 

200 to 250 meters from the bubble chamber. 

183. 	 Running Time 2 x 10 protons in dump at Tevatron energies 

(800 	to 1000 GeV). This could be packaged as 100»000 pictures with 
13 13

2 x 10 protons per pulse or 200,000 pictures with 1 x 10 protons 

per pulse. 
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Summary of Event Rates Expected 

18For 2 x 10 1000 GeV protons interacting in the dump at 200 meters from 

the 15' Be filled with heavy neon, we expect the following nos. of events: 

v + Ne -l" '\l + ·.. 6000 
'\l 

- +
V 

'\l 
+ Ne -l" '\l + ·.. 2400 

V + Ne -+ e + ·.. 4000 
e 

- +-v + Ne -l" e + ·.. 1600 
e 

-
V + Ne -l" ,. + ·.. 850 . 

L 

- ,.+ 
V + Ne -+ + ·.. 350 

L 

V + Ne all hadrons 4800-l" 

(-) (-) 
V + e -+ V" + e 5 

e e 

events with visible L decays 75 

G 




., 

- 4 ­

Summary of Physics Goals 

1. 	 Search for the v 
T 


a) Events with visible inflight T-
+ 

decays 

(-) 
 + 
v + neon -+ T- + hadrons

T 

~ visible inflight decay 


. ~ 75 events with visible decays expected 


b) 	 Via events with unusual kinematics using~ 1200 v and v inter­
T T 

actions in the bubble chamber 

c) 	 Rough measurement of the T-
+ 

lifetime 

d) 	 Search for v decays (in case the V has a finite mass)
T 	 T 

2. 	 Study of v and v Interactions e e 

a) Neutral current/charged current ratio for v + v 


(-) (-) e e 

-b) 	 Study of v + e -+v + e e e 


c) Search for electron type heavy leptons E-+ 


v + neon -+ E-
+ 

+ hadrons 

e 


d) Universality tests in charged current interactions 


3. 	 Study of charm and F F production in beam dump with- IVlO)OOO "prompt 

neutrino" events. 

4. 	 Search for new, unexpected phenomena. 

-------------------... -~....---....--~.~----. 



1. Introduction and Physics Hotivation. 

One of the most important development of the last few years has 

been the discovery of a new heavy lepton, the T±, by PerIl) et al. at 

SLAC. The following question then arises naturally: is the T a member 

of a new family, associated with a new distinct neutrino, the tau-neutrino 

V
T 

' or does it couple preferentially to one of the already known neutrinos. 

From the characteristics of tau pair production in e+e- collisions it can 
• 2) - ­be 1nferred that the T does not couple strongly to the V or the V • 

. ~ j
From neutrino scattering data in the Fermilab 15 foot bubble chamber 3 

we know that the f
+ 

does not couple strongly to the V , since the process 
~ 

V + Neon -+ T-
+ 

+ hadrons was not observed. The possibility however that 
~ 

the T couples strongly to the V still remains. 
e 

It is therefore of some inportance to experimentally verify the 

existence of the V and show that it is distinct from the V. This is
T e 


the main goal of <the, experiment we are proposing. The verification of 


the existence of the V would consist of showing the existence of a 
T 

neutral penetrating particle (produced in a beam dump and penetrating 

- ~ 75 meters of steel) that interacts in the bubble chamber and produces 
+ + + 

a T- and other hadrons, but no additional direct ~- or e-. The ability 

of the heavy neon chamber to detect the presence or absence of a ~-
+ 

or 
+ + 

an e- is by now well recognized. The f-would be detected by actually 

observing its decay inflight, i.e. a short charged track that decays 

either into a visible e-
+ 

or ~-
+ 

or one or more visible charged hadrons. 

This is made possible by the fine grain visibility of the interaction 

vertex in the bubble chamber ( examples of ~ecays of charmed particles 

with track lengths before decay of 0.5 to 2 em have been observed in 

the 15 foot chamber) and the high energies available at the Tevatron. 

Typical V energies will be ~ 100 BeV, producing typically 50 BeV taus,
T 


with time dilation factors of y'\'-30. The lifetime of the T is expected 


to b",,,, - ·3 x 10-13 g1v1ng. . decay 1 th 0 f 0 3 cm. Thus a= .~ sec a mean eng • ' 

sizeable fraction of the taus would travel longer than 0.5 cm and thus 

be observable in the 15 foot chamber with its present optics. Improved 

optics, as discussed in section V, would improve things further. We 

expect a sample of 75 events with a visible decay. With such a sample 

a crude measurement of the T lifetime should be possible, which is an 
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important measurement in its own right. As will be discussed in section 

III, backgrounds due to hadron interactions or charm decays are expected 

to be less then one event (in any case cha~ed particles are made by 

neutrinos predominantly by the charged current interactions, and thus 
+ 	 + 

would be accompanied by a ~- or e-, while T decays would not be accompa­

nied by other ~'s or e's in the event). 

Confirmation that the observed short decaying tracks are taus 

would come from the consistency with the expected lifetime and consistency 
. +­with the decay modes and branching ratios measured for the T 1n e e 

interactions. Additional evidence, although circumstantial, for the 

presence of V interactions would come from the distinctive kinematics 
T + + _ + 

of events where the T- decays into ~- vv and e- VV. The study of the 

hadrons accompanying the T in v .interactions (i.e. strange particle
T 

content, multiplicity, etc.) would also be possible in the bubble chamber 

and would be of some interest. 

Another interesting possibility is the search of V decays. If 
T 

the V mass were not zero but as large as a few MeV, then it might be 
T , -v:r - e. -+ .... e.- -+- \J.t, ) 

unstable. A probable decay mode would beAobservable in the neon chamber 

as an unassociated energetic e+e- pair. We know from our previous work 

on V + e + V + e scattering that the background of unassociated e + e ­
~ ~ 

pa1rs 	is very small, so that a sensitive search should be possible. 

It should also be possible in this experiment to show that the v
T 

is distinct from the v since we expect a V flux from charm decays in 
e e 

the dump which is about an order of magnitude larger then the V flux. 
T 

Thus if the T coupled to the V full strength, we should see a largee 
signal of T'S produced by V 

e 

V + Neon + T + 
e 

We should be able to set a limit on the V - T coupling, similar to the e 3)
limit we set on the V~ - T coupling in our previous wideband v~ experiment 

Just as the best source of high energy v~ are IT ,and K meson decays, 

the best source of a V beam are the decays of the yet to be discoverd 
T 

(but sure to exist) F mesons produced by the primary protons in the 

beam dump_ 

p + dump + F + F + __ • 

F + T 	 + VT(l), T + V (2) + •••
T
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Each F decay will give two V ' a softer one directly from the decay,
T 

v (1), and a more energetic one, v (2), from the decay of the T. Both
T T 

of these V are of interest in this experiment. Both the F and the T
T 

lifetimes are expected to be short enough that the particles will decay 

before they are absorbed in the dump (thus producing "prompt neutrinos"). 

The background of V and V from TI and K decays will be greatly suppressed
11 11 

since 'IT's and K's will typically be absorbed in the dump before they 

decay. The main background, a roughly equal flux of v , v , v , and V
11 11 e e, 

will be due to decays of charmed particles produced in the dump (these 

however will be useful in other aspects of the experiment). 

To obtain a useful flux o! tau neutrinos, the beam dump must be 

moved closer to the detectors then the present 1400 m from neutrino 

target to the 15 foot chamber. The v flux should increase like (not
T 

quite, but almost) one over the distance squared. We are therefore 

proposing a new beam dump located 200 to 250 meters from the 15 foot 

chamber in the neutrino area. A possible layout is shown in Fig. 1. 

The dump would be located N 100 meters upstream of the end of the 

existing earth berm. This location would also be very advantageous 

to the other neutrino detectors in the neutrino area interested in beam 

dump experiments. The main technical problem of having the dump so close 

to the detectors is that there is no longer enough room for a full range. 

passive shield to stop muons up to 1000,BeV by energy loss. We believe 

however that we have a design for a magnetized iron shield, consisting 

of 75m of iron of which the first 25 m is magnetized to 20 kgauss, 

that will reduce the 11 flux through the bubble chamber to below the 

tolerable level of~ 100 11's per pulse. This design is discussed in 

detail in the Appendix to this proposal. 

Since the detection of short tracks is of central importance in 

this experiment it is worth considering improving the optics of the 15 

foot chamber. At the present the bubble size is ~ 500 11 in space, and 

is essentially due to the size of the diffraction pattern on the film 

due to the f 17 lenses used. We believe that the bubble size on film 

can be reduced by a factor of 3 by going to f 5.6 lenses. This would 

improve the resolution near the vertex from the present 150 11 in space 

by a factor of 2 or 3, which would obviously be a great advantage. The 

proposed improvements in the optics is discussed in detail in section IV 

---------------------..-~-----
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of this proposal. 


The second aim of the proposed experiment is the study of V and 

e 


v interactions. The electron neutrino fluxes from charm decays in a
e 
beam dump beam with the dump 200 meters from the detector are comparable 

to the fluxes that can be obtained in a ve beam using ~ decays. The 

expected sample of I\J 4000 charged current and t'.J 1600 neutral current 

Ve and ve interactions in the neon bubble chamber with good electron 

and hadron detection make such a study quite interesting. Some of the 

topics that'we foresee to be of interest are; 

a) Measurement of the neutral current to charged current ratio 

for inclusive v and v interactions. No decent measurement of this 
e e 

fundamentally important ratio has been done before. Since V induced 
e 

neutral current events can not be, distinguished experimentally from V 
_ 11 

induced neutral current events, the number of (v + v ) induced N.C. 
e e 

events will be obtained by taking the total number of neutral current 

events and subtracting the number of (V + V ) induced N.C. event~ 
11 11
 

(which can be deduced from the known N.C./C.C. ratios for v and V 

11 11 

multiplied by the number of v and V charged current events (events 
+ 11 11 

with 11 and 11 ~ respectively) measured in the experiment). Events 

induced by v interaction will lead to a small but not negligible
T 

correction here since a large fraction of the charged current v inter-
T 

actions will look like neutral current events. However~ the T branching 
+ -,

ratios are measured well enough in e e experiments to allow us to make 

this small correction. 

b) A crude measurement of the cross section for the very rare 
(-) 

processes ve + e ~. ve + e • These cross sections are very small and 

we expect only 5 such events. This would allow a rough measurement of 

this cross section~ which is however of some value since these processes 

are of fundamental importance and there exists no measurement of their 

cross sections at high energies. 

c) Search for heavy leptons E with the quantum numbers of the e-
+ 

(-) , 

via the processes V + Neon + E + ••• , similar to the search we have 
e 

done for muon type heavy leptons in the wideband v experiment 3).11 _ 

d) Tests of universality in the charged current v and V inter-e e 
actions by comparing x,y, etc. distributions, strange particle content 

I 

i 

I 

\ 
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(.,..) 

and other features of the hadrons, in this sizeable V sample with those 


(-) e 


in V interactions.

11 

Another topic that may be of some interest is the study of the 

production of charm (D mesons, and hopefully F mesons) by protons in the 

beam dump with the sizeable sample of ~ 10,000 prompt neutrino inter­

actions in the bubble chamber. For this purpose we might want to do some 

short runs with different proton beam energies and different incident 

proton beam angles. 

An additional non-negligible reason for doing this experiment is 

that something new and unexpected could show up. This is always an 

important consideration when entering a new energy domain, as with the. 

Tevatron. Because of the closeness of the dump to the detector and the 

increased energies available at the Tevatron, this experiment represents 

a two order of magnitude increase in sensitivity over previous experiments 

(~lO,OOO prompt neutrino interactions compared to 61 in BEBC in the 

CERN beam dump experiments). 

The V physics discussed is especially appropriate, if not unique, 
,. + - ­

at the Tevatron. Colliding beam machines (e e , p p, p p) are unlikely 

to shed any light on these questions, and the higher energy of the 

Tevatron in this particular case is a very large advantage over lower 

energy fixed target accelerators since the factor of~ 2 in energy 

comes in cubed or to the fourth power in the relative merits of this 

experiment (inclusive F production increases, the V,. production angles 

shrink and thus a larger fraction of the V,. hit the detector, the V,. 

interaction cross section increase with energy, and the,. decay lengths 

increase due to the larger y's of the ,.'s). 

It is likely that the large electronic counter neutrino detectors i 
at Fermilab will also participate in beam dump neutrino running. lole 

believe that the 15 foot bubble chamber with a heavy neon fill comple­ Iments these detectors. While the electronic detectors will have much 

larger event rates, the chamber has some unique features as a neutrino 

detector. The observation of events with a visible ,. decay without 
± + I

additional e or 11- will greatly strengthen the case for the verification 
l-of the existence of the V. The rough measurement of thet" lifetime will,. i 

not be possible in other detectors. And the ability of the chamber to 
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identify electrons in a complicated final state, as is necessary in the 

study of inelastic V and V interactions, is unique to the neon chamber. e e 
In addition, the ability to see details of hadrons and detect strange 

particles and study final state effective mass distributions may turn 

out to be important. We therefore believe that the neon chamber should 

play an important role in beam dump neutrino experiments at the Tevatron. 

II. Calculation of Neutrino Fluxes and Event Rates. 

Our estimates of the event rates in this experiment are based on 

an extrapolation from the measured number of prompt neutrino induced 

events in the CERN bubble chamber BEBC filled with heavy neon in two beam 

dump runs at the CERN SPS. It'is now generally accepted that the domi­

nant source of these prompt neu trinos is charm decays ,.(D, i5, etc.• ) in the 
17beam dump. We use the sum of the 1977 run (3.5 x 10 protons) and the 1979 

17 1018full density dump run (8.0 x 10 protons) with a total of 1.15 x 

400 GeV protons in the dump at the CERN SPS. The distance from the 

dump to BEBC was 820 meters in both runs. The numbers of events observed 4) 

in these runs with Evis > 10 GeV were as follows: 
I From From 

Event Type Total Seen TI, K Decay Prompt V 

Charged curr!:nt 
(Sum of V , V , V , V ) 148 87 61 

11 j.I e e 

Neutral current 33 . 16 17 

The total number of charged current events from prompt V ~ N (prompt CC), 

that we expect at the Tevatron with 1000 GeV protons and a beam dump to 

bubble chamber distance of 200 meters is (the fiducial mass in the 15 

foot is similar to BEBC) : 

NC (prompt CC) = 61 x R(protons) x R(D prod) x R(n) x R(OV) 

where R(protons) is the ratio of the total nos. of protons' incident QV\.. 

the dump. 

R(D prod) is the increase in inclusive D production from 400 to 

1000 GeV. 

R(n) is the increase in the solid angle subtended by the 

detector. 

R(OV) 	 is the increase in event rate due to the larger inter­

action cross section for the higher energy neutrinos at 

the Tevatron. 
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We would expect the inclusive charm production to increase linearly 

with incident proton energy. We use the estimate from the Bourquin & 

Gaillard 5) model of charm production, which predicts a factor of 2.1 

increase from 400 to 1000 GeV. 

R (D prod) = 2.1 

The other two factors might be expected to be R(n) = (1000/400)2 x 

(820/200)2 = 6.25 x 16.8 = 105, where the first factor is due to the 

fact that the neutrinos are emitted at smaller angles at the Tevatron s 

and the second factor is due to the smaller dump to detector distance; 

and R(O\) ::::: (1000/400) = 2.5 if the average V energy scales with incident 

proton energy. 

To make a more careful astimate of these last two factors we have 

written a Monte Carlo program to calculate V fluxes from the beam dump. 

We generate D and F mesons in the dump, let then decay via the modes 

D -+ K].lV, D -+ Kev, F -+ T + v..... followed by T -')0 V + e + V ~ and propagate
• T e 

the v's to the detector. The calculation is very straight forward; the 

only uncertainty is' the xF and PT distribution of the D and F production. 

To check the sensitivity on the details of charm production, we have 

used three fairly different models; a) the Bourquin--Gaillard model, 

b) assuming that D's are made with the same x and PT distribution asF 
TI'S and K' s, and c) using the best fit to charm production by t-lachsmuth. 

N -bpet a1.., (1 ~ x ) e T, with N = 3 and. b = 2 (we also varied N and b).F

We found that the ratios R (n) and R(O\) needed for extrapolating from 

the CERN SPS to the Tevatron are quite insensitive to these charm pro­

duction models, and are therefore fairly reliable. We obtain from 

these calculations 

R(n) = 3.8 x 11 = 42 

where again the first factor is due to the increased energy and the 

second to the smaller dump to detector di~tance~ and 

R(O\}) =- 1.2. 

Our best estimate for the number of prompt neutrino induced charged 

current events (sum of V , V , V , and V ) is then 
].l ].l e 18 e . 

.) 61 2.0 x 10N (prompt CC = x 18 x 2.1 x 
1.15 x 10 

This is almost a factor of 200 improvement over 

experiment. 

42 x 1.2 = llSOOO 
1 
! 

the CERN BEBC beam dump 

I 
{ 

t 
i 
I· 
I 
I. 
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The expected numbers of events of the various categories are listed 

in Table I. We have assumed equal fluxes of the four kinds of neutrinos 

as is expected from D and D decays. We have also used the numbers of 

events from ~ and K decays in BEBC and extrpolated them to our case, 

noting that the ~ and K decay background relative to the prompt neutrinos 

are smaller at higher energies because the TI and R's are less likely to 

decay before they are absorbed. 

We estimate the V flux from the prompt neutrino flux extrapolated
T 

from BEBC. and the ratio 

F production 2 x B. R. (F-+ T 4- V )
T 

:;: x 
prompt V flux D produ'ction B.R. (D -+ e + ••• ) + B.R. (D -+ V •• ) 

The prompt V flux is the sum of V and V so we use the sum of the ~ 
V e' 

and e D branching ratios in the denominator. The factor of 2 in the 

numerator is there because we get two VT for each F decay. The F branching 

ratio has been estimated theoretically to be 

B.R. (F+ T +v ) = 0.03 
T 

and the D semileptonic branching ratios have been measured to beN 8%. 

The F to D production ratio is analogous to the K to TI ratio, since both 

the F and the K require an additional s s loop relative to D or TI pro­

duction. However the F 1S close to the D 1n mass while the K is much 

heavier then the 1T, so we expect the F to D ratio to be larger then the 

K to TI ratio, which is 0.10 to 0.15. We therefore take the F to D 

production ratio to be 0.3, which is not likely to be wrong by more then 

a factor of two either way. We thus have 

V flux 2 x .03 
T = 0.3 x ----------- 0.11 


prompt V flux (.08 + .08) 


and we expect the sum of V and V interactions to be 
T T 

v + v interactions = (0.11) x 111 000 prompt V interactions !T T 

= 1200 events. I 
This leads to the number of V and V interactions shown in Table I,

T T - Iassuming that at these high energies the V and V have the same inter-
T T i 

1­action cross sections as the Vv and Vv 
! 
I 
! 
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As a consistency check on the extrapolation of the prompt neutrino 

event rate from BEBC data, we have calculated the neutrino fluxes from 

charm decay in the beam dump using the Monte Carlo program discussed 

above, and the measured charm production cross section of 17 ~barns at 

400 GeV, using either the Bourquin-Gaillard x and Pt charm distributions 

or (1 - x )3 e-2PT. We get numbers of events 
F 
which are consistent withF

those of Table 1. We have also compared ~Yith calculations by S. Mori 

and J.K. Walker, Fermilab T.M 953, and find good agreement. 

The energy spectra for the various kinds of neutrinos from the 

beam dump, as calculated by the Monte Carlo program discussed above, 

are shown in Fig. 2. Again we find good agreement with the calculation 

by S. Mori and J.K. Walker. 

III. Discussion of the Data Analysis - Efficiencies. Backgrounds etc. 

1. Search for the V • 
1: 

a) Events with visible inflight 1: decays • 

The llfetime of the 1: is expected to be 3 x 10-13 sec, 

assuming that it has the same strength of weak interactions as the muon. 

For time dilation factors of y- '\130 for the taus available at the Teva­

tron the lifetime in the lab is- ~10-11 sec~ or a mean decay length of 

0.3 cm. We have in the past observed visible charmed particle decays 

in the 15 foot chamber with decay lengths between 0.5 cm and 2 cm. We 

can thus expect to see a non-negligible fraction of the 1: decays, 

~e have written a Monte Carlo program to calculate the efficiency 

of observing 1: decays. We start with the V1: spectrum calculated for 

F decays in the beam dump. Both V and V are then allowed to interact 
1: 1: + 

in the neon, and the momenta and angles of the 1:- produced are calculated 

assuming that the V and V have the same interaction cross sections 
L L 

and x and y distributions as the v~ and v~. The energy distribution of 

the 1200 interacting tau neutrinos is shown in Fig. 3, and the momentum 

distribution of the 1:-
+ 

produced in these events is shown in Fig. 4. 

The 1:'S are then allowed to decay randomly with a lifetime of 3 x 10-13 

sec. The distribution in the 1: decay length for these 1200 events is 
+

shown in Fig. 5. The curve in Fig. 6 shows the fraction of the 1:­

decays beyond a distance ~ from the V interaction vertex. We find that 
1: 

----------------- -- .----_.­

i 
I 

- . I . 
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19% of the l decays (230 events) occur at decay distances greater than 

0.5 cm. Unfortunately not all of these decays will be detectable, partly 

because of the small decay angles in the lab. We expect that the 

detection efficiency will be different for the different l decay modes. 

Table II lists the various l decay modes, the measured branching ratios 2) 

for these modes and thus the numbers we expect for them. We now discuss 

the efficiencies for the different decay modes in turn: 

i) Decays into a single charged prong. 

If the decay angle in the lab (i.e. the angle between the land 

the single charged decay product) is too small the decay will be hard to 

detect even if the l track is 0.5 cm or longer. For a decay product 

with a momentum Pcm in the l center of mass~ and making the approxima­

tion that 6 I\.. 1 for the decay product, the lab momenta of the decay 

product are 
* = Y p (1 + cos 6 ) 

em 


= p sin 6* 
em 

where 6* is the center of mass decay angle and y E /m. The lab 

angle then is6lab 

pJ. 1 sin 6* 


61 b~ - = -ya Pit 1 + cos e* 

Fig. 7 shows 6lab vs. case* for a 50 GeV T + e + V + V decay (this also 

applies for other decay products since p approximately cancels out).em 
We believe from past experience with the 15 foot chamber that a lab decay 

I 
angle of 50 or larger is clearly detectable. We see from Fig. 7 that iI I

only backward decays with cos e * between - 0.7 and - 1.0~ or about 15% r' 
oof the decays, will give lab angles larger then 5. Thus the fraction 

E of the single charged prong decays with both decay length over 0.5 em I 
50 1·Sand decay ang1e over i 

I 

E- 1\..0.19 x 0.15"- 3% 

(we can mUltiply the two probabilities since they are independent). 

This is for a typical l momentum of 50 GeV/c (see Fig. 4). We 

feel that the efficiency for other momenta should be similar since the 

decay length goes like y, the decay angle like l/y, and in some sense 

the efficiency depends on their product which is independent of ~. 
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In fact, one could discuss the detection efficiency in terms of a distance 

of closesst approach 0 of the decay prong to the v interaction vertex, 

0- I\J d a
lab 

where d is the decay length. The mean decay length is d 1\ B y i: c, so o* *I sin a sin ao t\1B y L c x- * "I.i1' c B----­
o y 1 + cos e 0 1 + cos e 

which is independent of the l' momentum once B ~ 1. 

Our resolution at the present 1n the 15 foot chamber with heavy 

neon 1S l50~. With the improved optics, with the bubble size reduced 

by a factor of 3, we expect this resolution to improve by at least 

a factor of 2 (we are here concerned about the local resolution in the. 
vicinity of the vertex. Many effects such as uncertainties in the 

optical constants that affect:· the resolution relevant" when measuring the 

momentum of a long high energy muon, for example~ are irrelevant here). 

We therefore believe that we can detect a decay where the decay product 

misses the vertex by more then 500~. This checks with our previous 

visibility criteria of decay length '> 0.5 cm, alab > 50. 

To obtain a more quantitative estimate of the efficiency, we use 

the Monte Carlo program mentioned above in which 1'-
+ 

are generated in 

tau neutrino interactions. The 1'-
+ 

are then allowed to decay via 

l± + e± V (v) , assuming that the decay in the l' center of mass is like 
e e 

11 decay (p value = 0.75, etc.). The e-
+ 

are then transformed into the 

lab and the distance of closest approach to the V interaction vertex 

for each event is calculated. The number of decays in which the closest 

approach is larger then some value 0 is plotted vs. 0 in Fig. 8. We 

see that 3% have a closest approach larger then 500 11, which is in 

agreement with the 3% efficiency from the qualitative discussion above. 

We further reduce this estimate of the efficiency to take into 

account losses due to obscuration by other tracks etc. to 2~ %. 

ii) Efficiency for l decays into 3 or more charged prongs. We 

believe that decays into 3 charged prongs are much easier to detect 

then decays with a single charged prong. This is partly due to the 

fact that out of 3 charged tracks at least one is more likely to be 

backwards in the center of mass and therefore leave at a larger angle in 

the lab, and partly because we have other handles such as change of 

---------~----~---- .... -~~ ..._----­

11 

I 
I 

1 
1 
t 
l 
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ionization bubble density and track width when a single tLack decays 

into 3 tracks. Our estimate of the detection efficiency is thus the 

19% that have decay length over 0.5 cm, reduced by losses due to ob­

scuration due to other tracks, etc. to 15%. 

Using these efficiencies and the numbers of T decays in Table II 

we expect to be able to detect 75 visible inf1ight L decays. 

b) We now discuss the backgrounds to the sample of 75 visible 

L decays. We have considered backgrounds due to strange and charmed 

particle decays and the close in secondary interactions of charged 

hadrons produced in the v interactions. The main discrimination against 

all of these backgrounds comes from the observation that the T is the 

leading particle in the V inteFactions and therefore will be very
T 

energetic (see Fig. 4). Furthermore the low energy T are unlikely to 

have long decay paths and are thus less likely to be visible decays. 

In Fig. 9 we show the distribution in the momentum of the Ttg with 

decay path longer then 0.5 cm. On the other hand hadrons produced in 

neutrino interactions tend to have relatively low energies. Fig. 10 

shows the distribution in the momentum of hadrons produced in the wide­

band V experiment in the 15 foot Be. From these two figures we see 
II 

that essentially all of the visible T decays will have momenta above 

20 GeV while less then a few percent of the hadrons are above 20 GeV/c, 

We therefore will make a cut on the total energy visible in the l' decays < 

around 20 GeV, with every little loss in the number of visible decays. 

An estimate of the remaining backgrounds is the following: 

i) Strange particle decays. We expect about 500 K-
+ 

produced in the 

4800 neutral current (v , V , V , and v ) interactions ~n the experiment.
+ll II e . e 

The probability of a K- decaying between 0.5 and 2.0 em of the vertex 

(with an average y of 4 or so) is 

1.5 1.5
P = = SYT c 4 x 371 

o 

or a total of 0.5 events. The 20 BeV cut will reduce this by at least 

a factor of 20 (using the KO momentum distributions from the wideband V 

runs) so that the remaining background of 0.025 events is negligible. 

ii) We expect 10% charm production, half of which is charged, in the 

13000 charged current ( V + V +V .f' \i ) interactions in the experiment
e eII II 

--------------------~~--~~~'.-••••~.'.~~......... '.< 
 " .' 

• 
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(see Table I) or a total of- "-050 charged charmed particles. We estimate 


that less then 10% of these, or < 65 events, will be above 20 BeV/c. 


The mean decay path of these particles is A = S Y l C = 15 x 5 x 10-13 


10 	 -13 0 
x 3 x 10 ~ 0.23 cmusing 5 x 10 sec for the lifetime and an average 

y of 15 (since we are now duscussing only those above 20 BeV/c). The 
. h 'II h d h 1 h 0 5 ' -(0.5/0.23)f ract10n t at W1 ave a ecay pat onger t en • cm 1S e 

- ~1/l0, so we expect to see < 6~ visible charm decays. However we recall 

that charm particles in neutrino interactions are made only via the 

charged currents (we know that associated charm production in neutral 

current events is very small) so that these few visible charm decays will 

have a ~-
+ 

or an e-
+ 

with them in the event, while the l decays will not 

have another charged lepton in 'the event. Since the ~ and e detection 

efficiency in the heavy neon chamber is very good, visible charm decays 

will not be a background to the l decays. 

iii) Close in hadron interactions. With a charged hadron multiplicity 

of 5, the 4800 neutral current events will have ,\, 25000 charged hadrons 

in them. With an interaction length of 125 cm in the heavy neon f the 

number of charged hadrons interacting between 0.5 and 2.0 cm will be 

25000 x = 300 interactions.i;; 
We use the measured momentum distribution of the charged hadrons in(s~ ~~~, \o~) 


E-546 (since the neutrino energies in the quad-triplet beam used in E-546 


1S similar.to theV energies we expect from the prompt neutrino events 


in this experiment) to es timate that less then 4% of the hadrons will be 


above 20 BeV/c. Furthermore the total charge from f
+ 

decays must be 


±l, while our experience in heavy neon indicates that less then half 

of the secondary interactions have a net charge of ±l (~+ P and ~- p 

have 2 and 0, and there are also recoil stubs). A final cut could be 

that ~ >'100 , where 9 is the azimuthal angle around the V direction bet­

ween the PT of the decaying track and the PT of the vector sum of the 

other hadrons in the event. This is essentially no loss to the l signal 

since the l will be on the opposite side of the hadrons, while only 10% 

of the energetic hadrons are on the other side of the rest of the hadrons(t.uI='\SlOb) I 

We thus have a remaining background of 

300 x O.OR x 0.5 x O.~ = 0.6 

or less then one event in the sample of 75 visible 

" 

I 
I 
i· 

l decays. 	 ! 

i 
I 

I 
I 

l· 

http:similar.to
http:0.5/0.23


- 14 ­

c) Search for' the V using event kinematics. Tau neutrino 
T 

interactions in which the tau decays purely 1eptonica11y, 

+ + + 


T- + (~- or e-) + V + Vwill look like V or V induced charged current 
~ e 

events in that they have a single charged lepton in the final state. 

Albright, Shrock, and Smith 6)' have pointed out however that the kine­

matics of the v induced events will be different from the others since
T 


the observed lepton carries only part of the T energy, causing a shift 


down in the x. distribution 
Vl.S 

and a shift upward in the y. distribution. Furthermore a relatively
Vl.S 

large amount of momentum is carried off by the two neutrinos which 

appears as a large PT missing in the V events, and this missing momentum,
T 

coming from the T decay, tends' to be in the opposite direction from the 

PT of the hadrons, or peaking near 1800 in A</> (rotH) where A</> (m,H) is 

the azimuthal angle between PT missing and p~ of the hadrons. The 

expected distributions from Albright et aL ) are shown in Figs. 11 and 

12. The background charged current events also have an apparent missing 

momentum due to undetected neutral hadrons and measurement errors, but 

for these events A</> (m,H) is small. The selection criteria for V inter­
1:' 

actions is thus 

A</> (m,H) > 1200 

PT . :;> 1 BeV/c or so. 
ml.SS 

We expect 440 tau neutrino events with purely 1eptonic tau decay in a 

background'of 13000 charged current mu or electron neutrino events. We 

find from a sample of charged current events measured in the 15 foot 

neon chamber in E-546 that- ~10% of the events have A</> (m,H) > 1200 (Fig. 13); 

thus this cut can be expected to reduce the background to 1300 events. 

Fig. 14 shdws the effect of the PT . cut 8): a factor of 5 re-
ml.SS 

duction from this cut shouldgive us a sample in which the background 

and the V signal is comparable. The x and y distributions then can 
T 

be expected to show a significant effect (as in Fig. 15). 

d) Search for V interactions using hadronic decays of the 
T 

produced tau. Since the taus are very energetic (see Fig. 4) the hadrons 

from decays like T + V +hadrons will tend to carry a lot of energy.
T 

We remarked earlier that the hadrons in the usual neutrino interactions 

tend not to be very energetic (see Fig. 10). Thus these V events will
T 
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look very unusual. In particular the branching ratios for '{ + Al + V1' 

and l' + P + V1' have been measured to be 11% and 22% respectively, so 

we expect 130 All sand 260 p'S from 1: '(decays in this experiment. For 

example, half of the AI's will decay into three pions, so the Al mass 

can be reconstructed. A signal of 65 AI's with 10, 20, or 30 GeV of 

energy should be very striking. Since the l' branching ratio into Al has 

been measured, this may well be the best way to obtain the total number 

of v1' interactions. 

e) A rough measurement of the l' lifetime, as we discussed 

above~ is of some interest, and we know of no other experiment that is 

likely to be able to do such a measurement. With 75 visible l' decays 

a fit to the decay length di~tribution will give a measurement of the 

lifetime. The precision of the measurement will most likely be limited 

by the uncertainty in the detection efficiency as a function of decay 

length. It would be a great help in this measure if a 1'+ Al + Vl' signal 

were seen. as discussed above, and would yield information on the size 

and momentum distribution of the parent sample. Otherwise we would have 

to depend on the beam Monte Carlo for the 1: momentum distribution. 

f) Search for V decays. If the V had a non-zero mass it 
l' 7) T +_

might be unstable. A likely decay mode would be V + e + e + V • 
l' e 

The signal for such a decay in the bubble chamber would be a very ener­
. +­get1c e e pair at a very small angle with the V beam direction, and 

unassociated with other events in the chamber. We know that the heavy 

neon chamber has a very good efficiency for detecting such pairs. The 

backgrounds to such a signal are,very small and can be estimated from 

the data of the wideband V run of E53a measuring the cross section for 
l.I 

V + e + V + e scattering. In a total of 106]000 charged current 
l.I l.I 

interactions a total of 22 unassociated e+e- pairs with energy over 

2 GeV were seen, 8 of which were at a small enough angle to be consistent 

with V decay (keeping in mind the experimental limit from SLAC on the 
l' 

V mass of m < 250 MeV). We thus expect a background of ~ 1 event 
l' V1' 

1n this experiment with 13000 charged current interactions. WP- should 

thus be able to see a signal of even a ,small number of decays, or set 

an upper limit events if the V is stable.ndec < 5 
l' 

To get a feeling for our sensitivity, we start from the total 

5 x 1013 .flux of Nv = tau neutr1nos traversing the chamber in the whole 
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18 run with 2 x 10 protons on target. The average path of the V in 
T 


the chamber is i = 2 m, and the distance from the beam dump to the 


chamber is L = 200 m. The no. of decays then is 

-L/A -1/A)
e (1 - e 

where A is the mean decay length of the V • 
T 

i) Long lifetime limit. In this case the number of decays depends 

on e-1/ A, and e-L/Aty 1. Thus 

(1 - e-UA) ::; 1/A == 
ndec 
Nv 

5 10-13
2 m < = 
T s x 1013 

13A > 2 x 10 meters. 

To convert this to a limit on the" V lifetime T (v), we need the 
T T 

average V energy, which is "V 75 GeV) and the mass of the V , which has 
T T 

to be above 1 MeV.£:or this decay to occur, and is experimentally known 

to be less then 250 MeV. 

Thus 
E v 

::A By T(V ) c = T(V ) C 
T m T

V m m 
V A V 2 x 1013 

T (v ) > 
T Ev c 75 1083 x 

With no observed decay signal we can thus set the limits 

T (v ) > 1000 x (in GeV) secmvT 


'> 1 sec for mv :::: 1 MeV 


> 250 sec for mv ::: 250 MeV. 

ii5 Short lifetime limit. In.this case the number of decays in the 

chamber are limited by the decay of the v sample before they reach the 
T 

detector. If no signal is observed, the limit of nd ~ 5 events givesec 
a limit on A of 

-200/A -2/A
5 ?:. 5 x 1013 e (1 - e ) 

or A ~ 7 meters. 

This gives limits on T(V ) of' 
-10 T 

T(V )~ 3 x 10 x m (in GeV) sec 

T -13 V 

~ 3 x 10 sec for m 1 MeV 

-10 v 
5 0.75 x 10 sec for m = 250 MeV. 

V 
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Thus if no decay signal is observed, we should be able to conclude, 

using the existing V mass limits~ that the V lifetime is less then 

-10 ""( ""(


0.75 x 10 sec or longer then 1 sec. Conversely, if the V""( has a 

lifetime between these values we should be able to observe their decays. 

2. Study of V and V Interactions. e e 
a) Measurement of the neutral current to charged current ratio 

fo~(V) and(v)inclusive interactions. The(v) or(v~ induced N.C. events 
e ""( e • 

can not be distinguished experimentally from the V induced N.C. events 
11 

so we 	 have to take the total number of N.C. events and subtract the V 
11 

and V induced N.C. events 
11 

(-) 	 (-) 
N.C. (v + V )' = total N.C. - N.C!..v + V ) e 	 ""( 1J 11 

We use the total number of V and V charged current events that will be 
11 1J 

measured in the experiment (see ~able I) and the knom1 Nclce ratios (we 

use here 0.30 and 0.38 for v and -V respectively) to obtail1. 
11 1J 

(-) (-) , 

N.C. 	 (V + v) = 5550 (6000 x .3 + 2400 x .38)e ""( 

2850 	 ± 100 

(We have added the ~ 750 charged current V""( events that will look like 

N.C. 	 events to the 4800 real N.C. events listed in Table I). 

A correction will have to be made for V induced events that look 
1" 

like N.C. events. Suppdse we see a signal of 65 events with an 

from'l ""( decay. From this we infer the total number of V 
""( 

interactions to be 65 x 2 x 1/(.11 ± .03) = 1200 ± 400 (without the Al 

signal we will have to use the estimate of the total V rate from the 
""( 

visible ""( decays or the analysis using the Albright, Shrock.. Smith 

kinematic selections). Using the branching ratio for ""( ~ v""( + hadrons we 

expect that of the 1200 charged current V interactions 750 ± 280 will 
""( 

look like N.C. events. We then obtain 

(-) (-) 
N.C. 	 (V + V) = (2850 ± 100) - (750 ± 280)

e 11 
== 2100 ± 300 

Thus a 15 to 20% measurement seems feasible. 

I 
I.~ 
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b) Observation of and a rough measurement of the cross section 

for the processes(v) 
e 

+ e- 7(V) 
~ 

+ e • Figure 16 shows the cross sections 

for these processes expected in the Weinberg-Salam model. Using 

sin2a = 0.23 we expect 5 events for the sum of the v e and V e induced 

processes. These events can not be distinguished experimentally from the 

process(v) + e 7(V) + e. However, the cross sections for the V induced 
II II ll 

process has been measured and is a factor of 6 smaller then the V 
e 

induced process is expected to be. We thus expect a "background" of '\ 1 

event of the type(v) + e 7(V) + e in addition to the 5 events induced 
(_) II II 

by V , and the subtraction can be made in a straigth forward way by using
e 

the total number of V and V charged current events measured in the 
II ll 

experiment. We do not expect the process V + e 7 V + e to be a 
T . T 

significant background. To obtain cross sections we can use the total 

number of V and V charged current events observed, which should be a e e 
very reliable normalization in the heavy neon chamber. 

-. 


.. 
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IV. Improved Optics for the 15 foot chamber. 

At the present the resolution in the 15 foot chamber has been limited 

by bubble size of 8 ~ diameter on film, which with an average demagni­

fication of 60 represents an effective bubble size of 500 ~ in space. 

The chamber conditions with heavy neon can easily be arranged to produce 

bubbles a factor of 3 or 4 smaller then this. The limitation comes from 

the size of the diffraction pattern on the film due to the F17 lenses 

used. The angular full width of the diffraction pattern is 

A8=­a 

where A- ~. 5000 A, and a is the lens aperture. The size of the diffraction 

pattern on the film is 

d := f 8 = -a 

where f is the focal length of the lens. At the present fla == 17, the F 

stop of the lens, giving 

d = 17 x 5000 A = 81 ~ 
which is the apparent bubble size on film. If the lenses were changed to 

F 5.6, and the chamber run with smaller bubbles, the effective bubble 

size could be reduced by a factor of 3. The grain size of the Kodak 

Microfile film presently used is about 3~. Tests would have to be made 

to see wether sufficent contrast can be achieved with 3 ~ image size on 

this (or some other) film. 

One consequence of going to an F 5.6 lens is that the depth of 

field is reduced to about ± 50 cm and the entire volume of the chamber r 
l2.)(.il-H "C1. 1(2,\,\ S 4! S \oM.. ~ \.l~.....<Uo. 

will not be in focus. The proposal is therefore to keep lhe three camera
A

ports on the 15 foot to get pictures as we at'e used to now. The chamber 

has three additional ports with cameras. These could be changed to the 

F 5.6 lenses, focusing each one for a different depth, so with the ± 50 cm 

depth of field of each lens the entire fiducial volume can be covered, so 

that any given event can be seen by at least one high resolution camera. 

Another alternate approach is possible. A new lens could be used 

with F 17 aperture but a longer focal length then the existing lenses 

to reduce the demagnification to about 20 from the present 60. The same 

81 ~ bubble size on film then would correspond to a 170 ~ bubble size 
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in space. BEBC is going to use this approach, and they have act~ally 

tested such a lens in a recent run. They have obtained beautiful pictures 

with a measured bubble size that corresponds to 200 ~ in space. The 

depth of field was measuredto·be ± 50 cm, so again 3 lenses would have 

to be used focused at different'depths. With 70 rom wide film and de­

magnification of 20 the field of view is limited to 140 cm sideways; 

with a spherical volume however this is not a very large loss in the 

number of events visible. CERN has actually obtained an estimate from 

Zeiss for designing and making such lenses. The estimate some years 

ago was $ 40.000 to design and $ 25,000 to make a set of three lenses. 

Inflation is probably not negligible and CERN is now asking for a new 

estimate. Since the 15 foot chamber camera ports are exact copies of 

those at BEBC, we might conceivably join forces with CERN and share the 

design costs. 

The detection of short tracks is likely to be important in the 

coming years, considering the short lifetimes of the T, charmed particles. 

and possibly the par~icles with band t quarks. A factor of two or three 

improvement in the resolution is then quite important and well worth the 

modest costs of the new lenses required. The improvement in optics will 

benefit other users of the 15 foot chamber as well. 

V. Analysis Effort required for the Experiment. 

The main effort in the analysis of this experiment is scanning the 

100,000 or 200,000 pictures involved and the measurement of ~ 20 3000 

events, assuming that we measure all events of all categories that occur 

in the film. From past experience with the 15 foot chamber we estimate ,
I' 

that a scanner can scan 100 frames or measure 10 events in a nominal 

8 hour shift. This means a total effort of' 4000 scanner shifts. For 

the combined groups in this collaboration this represents about a one 

year effort, which is a very reasonable time scale for the analysis of I, . 

such an experiment. The computer time necessary to analyze the measu­ I 

f 
rements is now available to these groups and therefore does not represent I 

I 

a problem. I 
I , 
I 

i-

I 

I ' 
I 
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TABLE I 


Numbers of events expected in the 15 foot chamber filled with heavy 

neon, with 2 x 1018 1000 GeV protons in the beam dump, located 200 meters 

from the chamber 

Event type Prompt From 1[, K decay Total 

\I 
].I 

+ N e 
-+].1 + ·.. 4000 2000 6000 

- +\I + N -+ + 1600 800 ' 24001l ·..].I e 


-+ e 4000 4000
\Ie + N + ·..e 

\Ie + N 
e 

-)- e 
+ 

+ ·.. 1600 1600 

Neutral current 3900 900 4800 

\I +N.-+ '[ + 850··..1:' e S50'} 
1200 

+\I 
'[ 

+ N 
e 

-+ '[ + ·.. 350 350 



TABLE II 


Numbers of visible ~ Decays expected for the various L Decay Modes (sum of L+ and L-) 


Branching Events Efficiency No. of 

Decay Mode Ratio 'expected for Visible decays Visible Decays 

(-)
+ ±"L- -+ e + V + V .18 215 21% 5 


L 


± ± (-) 

L -+ l.I + V + V .18 215 21% 5 


L l.I 


+ 

L- -+ (1 charged hadron) + V + (neutral) .33 400 21% 10 


L 

N 
,1>-,)-+ (3 charged hadrons) + V + (neutrals) .31 370 15% 55 


L 

75

Totals 1200 
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APPENDIX 

to the Tevatron Proposal: 

Search for the V and Study of V and V Interactions
Tee 

The Beam Dump Neutrino Beam and the Muon Shield 

A. Introduction and Summary. 

B. General Location and Layout of Beam. 

C. The Magnetized Muon Shield. 

D. Calculation of the Muon Background in the 15' B.C. 

1. Muon fluxes aut of the Dump 


2., Multiple and Moliere Scattering 


3. Deep Inelastic Muon Scattering 

4. Effects of the Chamber Field. 

E. Backgrounds from Proton Beam Scraping •• 

F. Skyshine Muon Fluxes. 

G. Materiel and Power Requirements of the Magnetized Shield. 



A. Introduction and Summary. 

The preceeding proposal outlined an experimental ..search for the 

~~and a study of V and V interactions using the 15 foot Bubble chamber 
e e 

and a new beam dump neutrino beam in the neutrino area. The proposed 

location of the beam dump 1S about 200 meters upstream of the 15' B.C., 

as shown 1n Fig. AI. The neutrino flux calculations, discussed in section 

II of the main proposal, indicate more then an order of magnitude higher 

flux of V 's and V 's for this beam dump location compared to a dump
T e 

located at the present hadron dump in enclosure 100, which it!! rv 1000 meters 

from the 15' B.C. This increase in flux is quite important for this 

experiment, as can be seen from Table II of the proposal. 

The main problem of having the beam dump this close to the bubble 

chamber is the background of muons coming out of the dump. In section C 

of this appendix a magnetized muon shield is described which we believe 

will reduce the muon flux through the chamber to a tolerable level by 

ranging out the low energy muons, which is the bulk of ,the flux, and 

magnetically deflecting the high energy muons. A careful calculation of 

this muon background, described in section D, predicts tens of muons per 

pulse in the chamber, while we believe that we could analyze pictures 

whith up to 100 muons per pulse. The bakcgrounds from scraping in the 

proton beam transport to the dump can be kept to a tolarable level, as, 

discussed in section E, estimating from the measured limits on the proton 

beam scraping ( < 4 x 10-6) that have been achieved in the recent beam 

dump experiments at the CERN SPS. The radiation levels due to the 

negative muons that are deflected up by the magnetized shield are tolerable, 

as discussed in section F. In section G the materiel and power requirements 

of the magnetized shield are estimated. The costs of the coils to magne"";", 

tize the iron ( ~ $ 50,000) and the power required for operation 

( "" 35 kilowatts) seem quite modest. The shield requires ~ 2000 tons 

magnetizable iron and an additional 7000 tons of passive iron. Based on 

discussions with people in the neutrino lab we assume that this iron can 

come from existing sources such as the Argonne ZGS magnets and iron 

stockpiled in the neutrino lab for purposes of improving the shield, 

and thus no actual cash outlays are required • 

.~....; 
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B. General Location and Layout of the Beam. 

The proposed beam dump would be located 100 meters upstream of the 

present end of the earth berm. The full intensity full energy proton 

beam to the dump in this location presents no problem. One possible 

solution suggested by Ray Stefanski is shown in Fig. A2. The beam ori ­

ginates in enclosure G-2, passes through Nu-hall a few feet east of the 

proton beam to the existing neutrino target, is bent some more to the 

east in enclosure 100, and is bent back toward the dump near the Wonder 

Building. The protons approach the dump at an angle of ~ 30 mrad. A 

final bending magnet just in front of the dump bends the protons towards 

the detectors. This magnet can be used to vary the angle of the proton 

beam incident on the dump so that prompt neutrino production can be 

studied from 0 to 30 mrad in the stationary detectors. 

The dump should be as dense a material as possible. For practical 

reasons copper might be a good material. A block 50 cm by 50 cm trans­

verse to the beam and 100 cm long should be sufficient since it would 

be followed immediately by the solid iron muon shield. The proton 

beam can be blown up to a few cm in diameter to reduce local heating, 

so that the full proton intensity can be incident on the dump. The 

dump will probably have to be water cooled; this is a detail to be 

worked out with the neutrino department. 

C. The Magnetized Muon Shield. 

The major problem associated with moving the beam dump so close to 

the bubble chamber is that there is no room for a full range shield to 

stop muons by energy loss. The muon shield will therefore have to be 

magnetized to deflect the higher energy muons away from the detector. 

The magnetic configuration we have chosen is a solid iron dipole with 

the field horizontal, as shown in Fig. A1c. Thus the muons from the 

dump are bent in the vertical plane, with the ~+ bent down into the 

ground and the ~ bent up onto the sky. The skyshine, or flux of negative 

• • 	 muons, is at a tolerable level from the radiation safety point of view, 

as discussed in more detail in section ~of this appendix. Figures A3a 

to d show ray traces of muons of various momenta through the shield. The 

magnetized iron part is 25 m long, followed by a drift space of 160 m to 
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<3 a.u..S'S 
the plane of the bubble chamber. With a field of 20 kilo~, which is 

near saturation of good magnet steel (such as the Argonne ZGS iron) the 

.. 	 magnet gives a perpendicular momentum kick of Ap = 15 GeV/c. Thus even 

1000 GeV/c muons get a deflection of 15 mrad and thus miss the center 

of the chamber by IV 2~ meters, as shown in Fig. A3d. 

One important design consideration has to do with the fact that 

any magnet must have a return leg where the field reverses direction. 

Yith a field strong enough to deflect 1000 GeV/c muons away from the 

detector, some low energy muons will be bent into the return leg, where 

they will be bent back toward the detector. This focusing effect at low 

energies is shown in Fig. A3a for 70 GeV/c muons. One solution to this 

problem is to make the good field region wider; but this is expensive 

and only moves the problem to lower momenta, but does not eliminate it. 

We must therefore have enough iron in the muon shield to range out the 

low energy muons that get into the return leg. For this reason we follow 

the magnetized iron by 50 meters of passive iron so that muons up to , 

. ~140 GeV/c are ranged out. The width of 2.4 meters of the good magnetic 

field was then chosen so that muons over 140 GeV/c are not bent back to­

ward the detector by the return leg (see Figs. A3b and A3c). Another 

advantage of having this much passive shielding is that by ranging out 

muons up to 140 GeV/c the number of muons we have to worry about are 

reduced by almost two orders of magnitude (see Fig. AS). 

We thus end up with magnetized iron 2.4 m wide in the non-bend 

plane and 4.8 m tall vertically in the bend plane, including the two 

return legs which are 1.2 m each. The passive iron, 3 m horizontally 

by 6 m vertically, extends out slightly beyond the magnetized iron in 

order to stop muons that emergy nearly tangent to the magnetized iron 

on the side, as the + 90 mr ray almost does on Fig. A3a. 

The ray traces of Fig. A3 show the central a mr muons and the muons 

at the limiting angles which correspond to a perpendicular muon momentum 

of p~·~6 GeV/c beyond which there should be less then one muon for 
1310 protons in the dump (see Fig. A6). The ray traces also take the. . 

energy loss of the muons in the iron into account. A study of many such 

ray tracs covering the entire kinematic range allowed for muons produced 

by 1000 GeV protons in the dump indicate that at _the present level of 

discussion, i.e. considering only magnetic deflection and energy loss, 
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the geometry and field strength of this design are sufficient to either 

range out or deflect away all muons produced in the dump down to a level 
13well below one muon in the chamber for 10 protons in the dump. However 

there are additional effects such as multiple scattering and inelastic 

muon interactions in the iron of the shield that tend to scatter muons 

back toward the detector. We have studied these problem~arefully using 

Monte Carlo programs tracing muons through the shield taking all of these 

effects into account. These calculations and their results are discussed 

in the next section. 

D. Calculation of the Muon Background in the 15 1 B.C. 

The background muon fluxes through the 15 foot bubble chamber were 

estimated using a set of Monte Carlo programs. These programs generated 

muons leaving the dump from a to 1000 GeV/c in momentum and a to 10 GeV/c 

in transverse monetum. The muons were then stepped through the magnetized 

iron, the passive iron, and then to the detector plane, taking typically 

10 steps in each region. In each step the magnetic deflection, if any, 

and the energy loss were taken into account. In each step the muon was 

allowed to undergo an inelastic interaction, and the final state muon, 

with a reduced ener~y and a changed angle was followed the rest of the 

way. In addition to the above, the probability of mUltiple scattering 

into the chamber was accumulated. The effect of the magnetic field of 

the 15 foot chamber was taken into account in the drift space before 
<1+ 

rt 

the chamber. The 1..r <, s, which are bent down, are propagated through 

earth below and beyond the iron shield all the way to the chamber, taking 

energy loss, inelastic, and multiple scattering into account. The ~-,s, 
e. 

which are bent up, were propagated through air beyong the iron shi}d. 

The energy losses used in the calculations were 1.8 GeV/meter in iron and 

0.4 GeV/meter in earth, which are the values deduced from the performance 

of the existing 500 GeV muon shield 1). One technical problem that re­

quired a great deal of thought was the problem of getting sufficient 
. . 109statistics. We start with ~ muons out of the dump and want to end 

up with less then 100 in the chamber. This problem was overcome partly 

by careful and efficient programming and partly by the use of the CERN 

CDC 7600 computer. 
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We now discuss some of the more important aspects of this calculation 

in more detail. 

1. Muon fluxes out of the Dump. 

We have taken the muon fluxes out of the dump to be the sum of 

the prompt single muon production measured in many experiments at 

Fermi1ab and the the muons expected from 7T and K decays in the dump. 

A collection of all of the available measurements 2) on the prompt 

~/7T ratio, shown in Fig. A4, is fit quite well by the expression 

independent of PI ,where x = p / p t. ..... F pro~or7T 

To this muon flux we added the muons from 7T and K decay in the dump, 

as calculated by our Monte Carlo program using the Sanford Wang 

meson production formula, and an effective 30 cm absorbtion length 

in the dump. At small x and p~ the muons from 7T and K decays are 

about twice the prompc muon flux, but fall to below the prompt muon 

flux at large x and p~, consistent with the backgrounds observed in 

the experiments measuring the ~/7T ratios. 

The resulting muon flux is shown plotted vs. the momentum p and 

the transverse momentum p~ of the muon in Figs. A5 and A6, respectively. 

These figures show the number of muons produced by 1013 protons at 

1000 Gev in the dump. We see that there is non-negligible numbers 

of muons out to beyond 900 GeV/c in p. In p~ the flux falls to 
13 ~ 

less then one muon per pulse of 10 protons beyond p~~ 6 GeV/c. 
13 + 9 +We expected a total of 3.6 x 10 7T and 6.3 x 10 ~ to be pro­

duced ~n t he dump by 1013 protons. Of t hese ~ , most are b 1 · + e ow 

140 GeV/c and will be ranged out by the 75 m of iron and the 25 m 
8 +of concrete in the muon shield. We expect 1.8 x 10 ~ above 140 GeV/c 

that penetrate the shield and have to be deflected by the magnetic 

field. 

2., MUltiple and Moliere Scattering. 

The geometry and the field strength of the muon shield as discussed 

above are sufficient to sweep the muons away from the bubble chamber 
13to a level of well below one muon in..the chamber per 10 protons in 
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the dump. However we must consider the scattering of the muons in 

the material of the shield which tend to deflect muons back toward 

the chamber. To get a feeling for the order of magnitude of the 

problem due to multiple scattering, we estimate the scattering in 

75 m of iron 

15 MeV/c 15 MeV/c 970 MeV/c G It/X =---:....... 175/.018
rms p o p p 

We can talk of this as a deviation in p~~ 

~P~rms = p Grms = 0.97 GeV/c 

This has to be compared to the transverse momentum kick of 

~p = 15 GeV/c from the magnet. Thus the typical muon has to scatter 

by more then 15 standard deviations to get into the chamber, which 

is negligible. Even the worst case of a muon produced with p~ = 
= - 6 GeV/c ends up with a PL= 9 GeV/c after the magnet, and has 

a negligible probability of scattering back in. 

We have also considered the non-gaussian tail of the scattering 

distribution, usually called the Moliere scattering tail, shown in 

Fig. A7. The Moliere scattering theory was developed around 1950 

for low energy particles; its much quoted experimental verification 

by A.O. Hansen et al., whose results are shown in Fig. A7, scatterd 

15.7 MeV electrons on 19 and 37 milligrams/cm2 gold foils. One has 

to take some care in applying this formula to 100 GeV muons in many 

meters of iron. Specifically, the leading term of the asymptotic 

form of the Moliere formula 4) for the single scattering tail is 

421T Nt e Z2
p(G) = 

04E2 

3where N is the no. of atoms/em , t is the thickness traversed, and 

Z is the nuclear charge. One recognizes this as the Rutherford 

scattering formula with the mall angle approximation 

sin4(0/2) + 1/16 04, which is as it should be since the Moliere tail 

is due to single elastic scatters off the nuclear charge Z. To get 

a feeling of the angles, or,more'relevantly the momentum transfers, 

involved in our case we have calcula~ed the scattering distribution, 

both the Gaussian and Moliere tail, for the scattering of 280 BeV/c 
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muons in 2.3 meters of iron. We plot the distribution vs. PL of the 

scattering in Fig. A8. We calculate for 2BO BeV/c muons in 2.3 m of 

iron because there is some useful experimental data from a test run 

of the European Muon Collaboration (EMC) at the CERN SPS on the in­

elastic scattering of an accumulated total of 1012 incident 

280 GeV/c muons in a 2.3 m iorn target, where they measured the 

number of scattered muons as a function of p~. Their result 5) is 

also shown on Fig. AS for comparison. The number of muons from 

elastic scattering was negligible in this measurement compared to the 

number of inelastic scatters at the values of p~plotted. 

From Fig. AB we see that at these energies the Gaussian mUltiple 

scattering extends nearly up to 1 GeV/c,in p~ , and the Moliere 

single scattering tail is dominant above 1 GeV/c. We also see that 

the blind use of the Moliere formula predicts scattering an order of 

magnitude larger then the measuremnts of Gabathuler et al. We realize 

of course that we should not have used the formula with Z2 in the 

coefficient, since we no longer have single elastic scatters off the 

iron nucleus at momentum transfers of 2 or 3 GeV/c. Thus Z2 should 

be replaced by Z x (12) multiplied by the nucleon form factors which 

for elastic scattering drop off like l/qB. We see then that the 

Moliere tail,.calculated correctly for this energy range, is com­

pletely negligible compared to the inelastic muon scattering. 

We have therefore used the sum of the Gaussian multiple scattering 

distribution and the inelastic muon scattering to treat the muon 

scattering in the shield in our calculations. Using the Monte Carlo 

program discussed above we find that the effects of multiple scattering 

are not very large - the number of muons scattered into the chamber 
13remains in the vicinity of one muon per 10 protons in the dump. 

This result is not surprising in view of the fact that the rms 

mUltiple scattering in 75 m of iron is' "'1 GeV/c in PJ. compared to 

the 8p.1.'" ""'15 GeV / c deflection of the magnet. The effects of in­

elastic muon scattering are somewhat more serious and will be dis­

cussed in the next section. 
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3. Inelastic Muon 	 Scattering. 

Inelastic muon scattering has been extensively studied experimentally 

at both Fermilab and the the CERN SPS and is now sufficiently well... 
understood for the purposes of our calculation. In the Monte Carlo 

program used to propagate the muons through the shield, the muon is 

allowed to scatter inelastically in each slice of sthe material 

(typically a few meters thick each). Both the energy and angle of the 

scattered muon are changed randomly according to the scattering cross­

section given by the formula 

2 2 2do 2.na 1 = 	 (2EE' - i ) W.z(q ,v) 
q 4 ;Z

dl dv 
2 2 2

+ (q -2m (q 	,v)
II 

) WI 

where E and E' are 	the energies of the incident and scatterd muon, 
2

respectively, and q and V are the usual inelastic scattering vari ­
2ables, q = 2EEf (1 - cos 9) and v = E - Ef, and 9 is the scattering 

angle. For the form factos W and WI we used a recent parametrization6)
2 

by Tom Kirk, which included scale breaking effects etc. (i.e. the 

latest experimental information). The scattered muon was then 

propagated through the remainder of the shield, earth, etc. including 

further energy loss and multiple scattering. 

To check the absolute normalization and general correctness of 

this program (i.e. that we not forget a 4n or~/c etc.) we used the 

same program to calculate the inelastic scattering of 280 GeV/c muons 

in 2.3 meters of iron, and compared with the experimental data of 

Gabathuler et ala from the CERN SPS. The experimental data were 

taken with a q2 cut around 3 GeV/c2 and requiring visible hadron 

energy over 40 GeV/or~. We made the same cuts for this comparison, 

which is shown l.n Fig, A9. The agreement at low P.1.. is very good, 

while our program is somewhat higher then the data at the higher 

values of P.l.' The discrepancy may be due to the slightlY different 
. 2 dcuts 1n q an V which we do not know precisely for the data, In 

any case we feel safe since the program if anything overestimates 

the scattering probability. 
'"­

----------------------_.._--_.. - ­
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When all of the effects discussed so far are included in the cal~ 
· . h +cu1at10n 1.e. t e ~ fluxes from the dump, the magnetic deflection, 

energy loss, mUltiple scattering and inelastic muon scattering, we 

find the following : 

a) There is a large flux (thousands) of very soft (a few 

GeV) muons emerging from the shield. These can be eliminated by a 

local shield just in front of the 15 foot chamber (see Fig. AI). This 

shield can not be iron because of the fringe field of the chamber; 

a concrete shield 25 m thick would stop muons up to 10 GeV/c, which 

is sufficient to eliminate the soft muon flux. This local shield 

will not itself produce new soft muons since there are very few 

energetic muons hitting it (the energetic muons are bent away from 

the chamber and this local shield). There is sufficient room for 

such a local concrete shield immediately in front of the chamber and 

no problems are foreseen in installing it. 

b) The calculation predicts a flux of ~ 30 muons hitting 

the 15 foot chamber with enough energy to penetrate the local concrete 

shield. In previous experiments with the 15 foot chamber we have 

analyzed pictures with one or two dozen background muons in the cham­

ber. We feel that the pictures would be analyzable with up to 100 

straight through muons. The muon background from the 200 m beam 

dump therefore appears to be quite tolarable. 

One can understand why inelastic scattering does not have a larger 

effect by looking at Fig. A9. Most of the scatters change the p~ 

of the muon by less then 1 or 2 GeV/c. But the original muon has 

typically 15 GeV/c of p~ away from the chamber due to the magnetized 

iron and thus a change of I or 2 GeV/c is not sufficient to deflect 

it into the chamber. Large p~ scatters on the other hand are very 
12 rare. There are ~ 104 scatters beyond a p~ of 6 GeV out of 10

incident muons for the experiment shown on Fig. A9, or a probability 
-8of 10 per muon. With IV 

82 x 10 muons traversing the chield this 

is not a problem. 

~-----~-~~-
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4. 	 Effects of the Chamber Field. 

We have also considered the possibility that the fringe field of 

the bubble chamber magnet might bend soft muons into the chamber. 

We have put the fringe field of the chamber into some versions of 

the Monte Carlo program used to calculate the muon background fluxes 

and find that there is no significant increase in the muon background. 

We can understand this result qualitatively by thinking about the 

geometry of the chamber fringe field, sketched in Fig. AlO. The 

main component of the chamber field is vertical, so that the field 

region 	where muons would be bent toward the chamber is mainly on the 

sides of the chamber. However the magnetized muon shield bends the 

muons vertically so that most of the muon flux is above and below 

the chamber, where the field is mostly ~n the vertical direction so 

that the muons are deflected side ways and not toward the chamber. 

E. Backgrounds from Proton Beam Scraping. 

The proton beam from Nuhall to the beam dump is shown in Fig. A2. 

If there is any scraping of this beam along the way, i.e. some small 

fraction of the protons in teract in the vacuum pipe walls or magnet pole 
~ 

tips, TIand K mesons are produced which can then decay and produce back­

ground neutrinos or muons. The experience at CERN in the 1979 beam dump 

run was that with some care the scraping can be kept at a very low level. 

Careful measurements using radiation monitors indicated that the scraping 

I ess t hen x 10-6 0 t he proton eam ~ntens~ty 7) • t t h' eve I t hwas 4 f b" A ~s 1 e 

neutrino background from this source is completely negligible. 

However in the beam we are proposing at the Tevatron we do have to 

worry about the muon background in the bubble chamber from beam scraping, 

since the more energetic muons from this source can penetrate the earth 

shielding and reach the detectors. The most troublesome place for 

scraping along the proton beam line would be the large horizontal bend 

near the wonder building where the protons are bent back toward the beam 

dump. There must be a point along this bend where the proton beam aims • 
directly at the chamber. This bend is about 500 m from the chamber, 

and there is about 340 m of earth between this bend and the chamber so 

that muons up to~ 140 BeV/c are stopped;QY energy loss. To estimate 



- 11 ­

the size of the muon background from scraping at this bend we used the 

Monte Carlo program described in the previous section. For this calculation 

we made the assumption that the sraped proton interacts in some solid 

material, and thus the mesons that are produced will also interact in the 

material and the muons came from their decay before being absorbed i.e. 

one gets the same muon spectrum as in the beam dump. The number and mo­

mentum spectrum of the muons that would hit the 15 foot chamber 500 m 

away are shown in Fig. All. The three curves correspond to the cases where 

the scraping protons are aimed directly at the chamber ( 0 mr curve), 

or are aimed at 10 and 20 mr from the chamber. From the first curve 
8 

we expect 1.4 x 10 muons with p > 140 GeV/c that can £netrate the earth 
13 ' berm for 10 protons scraping at 0 mr, i.e. aimed at the chamber. If the 

total scraping around the bend is kept to 10-6, and 10% of the scraped 

protons are aimed within a few milliradians of the chamber (the total 

bend is about 50 mrad) we expect a background of the order of 10 ~'s 

hitting the B.C. However this number could increase if the pions produced 

by the scraped protons were not absorbed immediately but had some longer 

decay path. This latter possibility can be eliminated by placing lead 

shielding in the appropriate places along the beam. 

A much safer solution to the scraping problem would be to incline 

the beam vertically during this large bend by about 20 mr, and then bend 

it back down to the dump. In this way there would be no point along the 

proton beam line where the beam points toward the detectors to within 

20 mrad. Looking at the spectrum of muons with the protons aimed 20 mr 

away from the detector, the curve labelled 20 mr on Fig. All, we see that 

the number of muons above 140 GeV/c that could penetrate the earth berm 

and reach the detectors is negligible. Discussions with Ray Stefanski 

indicate that there is no great difficulty in arranging the beam to 

have such a vertical incline at the large horizontal bend. 

Another problem we have considered is scraping along the last leg 

of the proton beam line after the large horizontal bend, as the beam 

approaches the dump. At this leg the protons are at 30 mr with respect 

to the line toward the chamber so that muons from this scraping would not 

go into the chamber. However this halo of muons around the proton beam 

which would be one ot two meters in diameter would hit the face of the 
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muon shield and some of them might be deflected by the magnetized iron 

into the chamber. This is not a serious probem for two reasons : 

a) These muons would have to penetrate- ~230 m of earth and 

the 75 m of the iron shield, and thus only those with p ~ 230 GeV could 

reach the chamber. From Fig. All we see that the number of rls with 
7 13 ­

p :> 230 GeV is ...... 2 x 10 for 10 scraped protons, or about 20 fA. IS for 

6 


a scraping of 10- of the beam, which is not a very large number. 

b) The bending in the magnetized iron is in the vertical 

direction, so that the muon halo hitting the shield would be bent up or 

down, but would continue at ~ 30 mrad in the horizontal plane, and would 

thus miss the chamber, which is another 180 meters down the line, by more 

then 5 meters. 

F. Skyshine Muon Fluxes. 

The magnetic field in the magnetized muon shield has been arranged 

to be in the horizontal direction partly to reduce the radiation safety 

problems due to the muons which are deflected by the magnet. The ~ + 

are bent into the ground and are not a problem. The ~ are bent up into 

the sky; we have calculated the flux of these muons (the skyshine) in 

the Monte Carlo program used to trace the muons through the shield. The 

muon fluxes at an altitude of 100 meters directly above the beam center­

line are shown in Fig. A12 as a function of the horizontal distance from 

the dump. We find that the maximum flux is ~ 6 x 105 ~Is/m2 for 1013 

protons at a distance of 1000 m from the dump. With a 60 sec cycle time 

this corresponds to 

2
Max ~ flux = 1 ~ / cm / sec 

This flux is within an order of magnitude of the cosmic ray flux of all 

particles, and should thus be not a problem. 

G. Materiel and Power Requirements for the Magnetized Shield. 

The muon shield consists of 2.4 m x 4.8 m x 25 m or 2300 tons of 

magnetized steel and 3 m x 6 m x 50 m or 7000 of passive iron shield. 

The iron for the magnetized part could b~ part of the Argone ZGS magnet 

iron which used to run up to 22.5 kgauss so we should have no trouble 
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running it at 20 kgauss in the muon shield. The iron for the passive 

part could come from the available iron stockpi\~~ in the neutrino lab, 

so that no new iron needs to be purchased (and thus no money has to be 

spent) for this shield. 

To get a feeling for what is involved in magnetizing the shield we 

present one possible design; a more optimum one may well be found by the 

engineers when the time aomes. 

We assume a permeability of 1000 for the iron so we need 20 oersteds 

to produce 20 kgauss. In the size we are discussing this requires 16,000 
2ampere turns. We assume we can put a current of 200 amps/cm through the 

• 2 
copper conductor without water cooling, so we need a co.1 of 80 cm 

crossectiona1 area. The length of the conductor has to be 25 m + 25 m + 
2 3+ 10 m for ends or 60 m total, so we need 60 m x 80 cm = 0.48 m of 

copper, or 10,000 1bs of copper. At $5 a 1b (?) this is $50,000. 

The resistance of the coil, if we make it 16 turns with 1000 amps 
2(5 cm crossectiona1 area) each is 

L -2 = 3.5 x 10 ohms.R = =A 

The voltage required is 

v = iR = 1000 x 3.5 x 10-2 = 35 volts 

with a power consumption of 

p = V i = 35 kilowatts. 

Thus neither the cost of the coils nor the power consumption seem to be 

excessive. 

The local shield in front of the 15 foot chamber, 8 m wide by 6 m 

high by 25 m long, can be stacked concrete blocks in the clear space 

immediately in front of the chamber. The concrete blocks are available 

at the lab; in fact Dennis Therriot remarked that he has been looking 

for a place to store some concrete blocks, and the parking lot in front 

of the chamber is as good a place as any. 
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FJG. 3. Angular distribution of elcctrons frorn thick and thin 
~')!d foils frorn 0° to 30·. The solid line rC[Jrescnts the theory of 
'l,,!icre c:ttrapolalcd through the region where his small and large
~~~Ic 1l11pro:timations give dilTerent values. The dotted lines at 
"n:d' angles represent the continuation of the gaussians of Fig. 1. 
.\t la'l.;er angles, the dottcd line represents the single scattering
contribution. ] 
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