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ABSTRACT 

Limits on the mass squared difference of neutrino mass eigenstates o2 = 

Im~ - m~ j, have been determined in a fine grained calorimeter exposed to the 

dichromatic beam at Fermilab. The fine grained calorimeter is located at a 

distance of 1.3 Km from the neutrino source making it suitable for oscillations 

studies. The interaction of a vr(Vr) with nucleons resulting in r: production 

is considered. In this interaction, it is assumed that a vr(vr) interacts quasi­

elastically and that the produced r: decays into the two leptonic channels 

+ + 
µ-+vr(vr)+vµ(vµ) ore- +vr(vr)+ve(ve)· The capability of this calorimeter 

to distinguish electron from hadron showers and its capability to measure 

muon energy is exploited to determine the limits on o2 . 
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I.TJlE OSCILLATION AMONG NEUTRINO SPECIE8_ 

The possibility of massive neutrinos is an open question both in terms of 

experiment and theory. For massive neutrinos, it is possible that they mix 

to some level. Such mixing Hypotheses date back to ig57(1). At present, 

the Weinberg-Salam(2) theory has succesfully described many of the weak-

interaction properties and in particular, it has passed a crucial test in predict-

ing the mass of the Wand Z with the measured Bw.(3 •37 , 4z) on the other 

hand, the theory has no predictive power for lepton (or quark) masses and 

there are no hints regarding the possibility of mixing among members of the 

lepton sector in analogy with the Cabbibo mixing of the quark sector. In 

general a mixing matrix for the lepton sector can be introduced. For the 

three neutrino species case, the mixing is accomplished by adding a term to 

the Weinberg -Salam Lagrangian of the form: 

I.I 

TR 

Where e, µ, r stand for Fermi fields and L, R are the right and left 

handed components, and m is,some mixing matrix. The physical neutrinos 

will then turn out to be Jinear combinations of the Dirac massive fields: 

l.2 
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The U is a matrix similar to the Kobayashi-Maskawa matrix. In this experi-

ment, only the mixing between Vµ. and Vr neutrinos is considered. In this 

case the mixing matrix is just: 

(
v,_,,) = ( co~ 0 sin O)(v1) 
VT - Slil 0 cos B V2 

/.3 

In the standard treatment( 4,s, 38), it is supposed that we have a beam 

of neutrinos all having a common, fixed momentum Pv. It is also usually 

assumed that all the masses mn are much smaller than Pv· In this beam, the 
2 

mass eigenstates Vn will have energy En(Pv) =yip~+ m~ ~ Pv + (2m" ). If 
p., 

a neutrino in this beam is born with definite flavor f = µ, r at time t = 0, 

then at time t = 0 its wave function will be: 

lv1(x, t = 0) >= L UfnVneip.,:r. /.4 
n 

After a time t this will evolve into: 

lv1(x, t) >= L UfnVneipv:r.e-iE;t /.5 
n 

Since this neutrino is highly relativistic, if it was born at x = 0, then at time 

t it will be at x ~ t. At that point the above function is: 

2 

lv1(t, t) > ~ L UJnVne_,·( ;',,~. )t 
\-

l.6 
n 

If we start with a pure flavor f, sayµ, the probability P of finding the neutrino 

to have a flavor f = r at a distance x = L from its source is given by: 

P(vµ-+ Vr) = I< Vr(L, t = L)jvµ(O, 0) > J
2 

g 

/.7 



Where: 

lvµ.(O, 0) > = cos Olv1 > +sin Blv2 > /.8 

Taking the product < vT(L, t = L)lvµ.(O, 0) > and then its magnitude 

squared gives: 

/.11 

Substituting for E1 and E2 gives: 

/.12 

where 62 = lmi - m~j in eV2
, Lin Km and Ev in GeV. The purpose of this 

experiment will be to search for vT events in order to set upper limits on the 

mass squared difference as a function of tile mixing angle (}. 
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II.EXPERIMENTAL SETUP 

In this chapter, a short description of this experiment is given with a 

description of the interactions searched for. The experiment uses a proton 

beam from the 400 GeV proton synchrotron of the Fermi National Accelerator 

Laboratory in Batavia, Illinois. The accelerator, a proton synchrotron, is 

schematically shown in figure 1. 

The protons are produced by ionizing hydrogen gas. The protons are 

accelerated to s:::::1750 KeV by a Cockcroft-Walton, accelerated then to 200 

Me V by a linac and then to a few Ge V by a booster synchroton. After 

the booster synchrotron, the protons are injected into the main ring where 

energies of up to 400 Ge V were achieved. 

The protons are extracted from the main ring and distributed to several 

laboratories so that more than one type of experiment could be carried out 

simultaneously. In particular, the proton beam was sent to the Neutrino 

Laboratory where ~eutrinos are produced and distributed to different fixed 

target neutrino experiments. This experiment is located at the end of the 

neutrino line at Lab C. 

To produce neutrinos, the 400 Gev proton beam is steered towards a BeO 

target where during coHision with the target nucleons, rr::: and K~ mesons 

are predominantly produced. The rr:'.: and K ~ each have major two body 
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decay modes µ:_ + vµ(vµ); the branching ratios B.R.are ~100%and R:j 65% 

respectively( 16). For a given 7r or K energy the two body decay kinematics 

is particulary simple; the neutrino energy spectra is fiat ranging from: 

E m2 
v µ. O< <l--9--

E1r,K M;,K 
1/.1 

In addition, because of the two body kinematics, there is a one to one 

relationship between energy and angle of neutrino for a given parent 7r or 

K momentum, making possible an energy selected beam. There will also be 

three body decays of K -t 7r + µ + v,_,, and K -t e + rr +Ve. These two decay 

modes give rise to neutrinos without the energy angle correlation mentioned 

above which are an unwanted background filL-x for most experiments. The 

B.R. for these decays are small (~ 5%) and thus contamination of v,_,, and 

Ve from three body decays is small. With the beam configuration for this 

experiment, the ratio of 3 body Vµ and Ve with respect to the tr-decay v,_,, 

neutrinos is .47%and .88%respectively. In addition to rr~ and K~, other 

heavier charmed mesons like D:_ and F~ can be produced. Because of their 

large mass, these mesons are expected to decay "promptly" into neutrinos . 

The lifetimes for these heavy mesons are r ~ io- 12 sec compared to the rr~ 

and K:_ lifetimes T ::=:::::::: 2.6 X 10-8sec and T ~ 1.24 X 10-8sec respectively. 

Since this experiment is fundamentally a search for Vr interactions, the 

prompt Vr would also be detected in principle in this study. Jn what follows, 

a crude estimate is given on the number of Vr events that look like charge 
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current events in the detector based on experimental results from beam dump 

st udies(6 ,i 18Jl). 

At the time of writing, these experiments are still subject to interpretation(lS) 

and their results are su.bject to change; so caution is in order. In the CHARM 

Prompt neutrino experiment, a ratio of 11"'!"e = .48! .12 prom pt neutrinos v,. v,. 

is reported(lo). These authors also quote a prompt v,_,, + vµ, rate of 0.176 

Tonle;:~~~o.T . (P.O.T. is a standard term that stands for protons on tar­

get) . In this experiment, we have 1.5 X 1018 P.O.T., 130 tons of fiducial 

+ + 
volume. We assume that all the Ve + fle come from D- -+ e- + ve(fle) + 

X with a measured B.R. = .2(11 •12 ). Assume that the ratio of F produc-

tion to D production is 0.1. (This is a conservative estimate and the measured 

hadronic F production w!ll likely be smaller(1 3l) Assuming that the mass 

of the vT < 250 MeV, then the decay chain F -+ r + vT and r -+ vT + 

X is the primary vT source. This sequence of events gives as much as 

a factor of 2 in the vT yield. The B.R. for F-+ vT+r is estimated to be .03.(14) 

Since we are concerned with events that look like vµ. charged current events 

in the detector, we must include the B.R.=.18 (measured(16 •17)) for r-+ µ + 

v14 +vT. Finally putting a threshold factor of~! for the r production yields: 

0.176 1 1 
1011 x .48 x ~ x 0.1 x 2 x 0.03 x 0.18 x 2 

X 1.5 X 1018 X 130 = .44 events 

The software efficiency to detect these events will further reduce the chance 

14 



to see them at all. Thus it is assumed that the vT prompt production can 

be ignored in the rest of this experiment. 

In order to prnduce a Dichromatic Beam (also known as a Narrow Band 

Beam) the produced hadrons (ie. the 7r and K) are momentum selected before 

they decay.(See figure 2 ). The selection is accomplished by requiring that 

the initial proton beam, point sufficiently away from the neutrino detectors. 

In this way, only the momentum selected hadron beam is steered towards 

the detector. After the momentum selection, the hadron beam is allowed 

to decay in the decay tunnel. Following the decay tunnel, a massive shield 

absorbs the hadrons or muons left at the end of the decay pipe . The neutrino 

energy at the detector is given as a function of the parent moment um and 

decay angle by: 

.. 2 
Ev = "Ip ----- -

I + "{2 sin 2 0 L 

//.2 

where p* is the CM momentum of the decay neutrino, "I is the Lorentz 

Factor for decaying meson 1 = ~.,.,x and BL is the laboratory decay angle . .,.,K 

The above neutrino energy can be writen in terms of the quantities 

defined in figure 2 : .· 

m 2 1 
Ev= Err,K(l ~ M 2 )[ E.,. l( 

0 
• '> ] 

w,K 1 + ( -·-M )- sm- OL 
//.3 

and the de('.ay ang\e can be written as: 

r 

sin 0 L = -r-__ L_+_:i~ ?__ ll.4 
. /1 + (-t-)2 V L+:tLD 
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where Lis the distance from the end of the decay tunnel to the detector, Lo 

is the decay pipe length, r is the radius from the beam center at the detector, 

x is related to an exponentially distributed variable defining the decay point 

of the parent particles, E",K is the energy of rr, K parent particles, Mrr,K 

parent particle mass, mis the decay lepton mass. This gives rise to a Lorentz-

Shaped curve in a E vs r plot at the detector as shown in figures 3 and 4. The 

neutrino energy spread at a given r is mainly due to the momentum spread 

and angular divergence of the hadron beam after momentum selection and 

the decay positions of the produced hadrons. The two bands correspond to 

the 11" and K decays. The events between the bands are in part due to the 

thr<:' " body deni.yf' of these mesons. Figures 5 and 6 show th<' E vs r plot for 
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these decays. 

The Dichromatic Beam, is instrumented with ion chambers, an R.F. 

cavity and a Cherenkov counter to monitor the secondary flux and composi-

tion. Pressure curves are taken with the Cerenkov counter to measure the 

K - 71' band ratio while the R.F.cavity and the ion chambers measured the 

flux of secondary particles. The primary proton flux was also measured with 

a beam toroid. These measurements are used to compute neutrino cross 

sections. 

Having produced v,_,. neutrinos in quantities, the hypothesis that a vµ. 

oscillates into a Vr neutrino can be studied in this detector with the assump-

tion that the Vr interact5 quasi elastically. This will be explained shortly but 
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before doing so, we will define the kinematics pertinent to this experiment. 
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Referring to figure 6.a, k is the four vector for the incoming lepton, k' 

is the four vector of the outgoing lepton, P is the four vector of the initial 

nucleon state and P' is the four vector for the outgoing excited state. Thus 

by four vector conservation: 

k + p = k' + P' 

Scaling variables are defined by: 

Q2 
x=--

2Mv 
p.q 

v=-
M 

l' 
y=-

Ev 

Where in terms of the lepton angle 0 in the lab frame: 

-Q2 = q2 = (k - k1
)
2 = m 2 

- 4EvE~ sin2 ~ 

V = (Ev - ED = (Eh - M) 

'J.lr2 = p 12 = (q + P)2 = m 2 - 2M Ey(x - 1) 

The x and y variables are kinematically bounded by: 

m2 

Xmin = 2M(EvT - m) Xma:z = 1 

(1- o (1+2c5 ))+((1- 6r)2 _ m
2 ).5 

max r :z n · - :z E2 

Ymin = 2(0nX + 1) 

JJ.5 

11.6 

//.7 

//.8 

//.10 

where Oi = 2 ;::-f;-,,-, M is the nucleon mass, m is the lepton mass, Ev is the 

incoming neutrino energy, E~ is the outgoing lepton L' energy and Eh is the 

excited hadron energy. 
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III.QUASI ELASTIC INTERACTION 

In this interaction a vT + n--+ p + r- or vT + p --+ n + r+. The kinematics 

of this interaction follows from relations II.5 throught II.8 by setting w2 = 

M 2 - 2M Ey(x - 1) = M'2. It then follows that x=l and the entire event 

is described by two independent variables namely y and Ev. 

The calculation of the cross section for this interaction involves the 

calculation of the hadronic vertex described by an amplitude of the form: 

Wµv =LL< NIJtlI > < IIJvlN > o(q + P- P') III.O 
epin I 

This can be evaluated in terms of six measurable form factors. The details 

can be found in references 18 and 19. Here the result is quoted: 

duv,v = M2Q2cos20c(A' 2) B( 2)(s-~ C( 2)(s-u)2) Ill.I 
dq2 87rE~ lq + q M 2 + q M 4 

Where s = (k + P)2 , u = (k - P')2 are the Mandelstam variables; A(q2 ), 

B(q2 ) and C(q2 ) are linear combinations of the form factors. The various 

Hypotheses about the weak interaction, restricts the form factors as follows: 

I) T invariance --+ All form factors are real. 

2) TC invariance --+ F},A = 0 

3) eve __..., F} = o 

From experimental evidence on muon capture, Fp has been determined to 

be small. We will assume FP = 0. Under these assumptions the A(q2 ), B(q2 ) 
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and C(q2 ) can be written as: 

( 
2 2) 2 2 2 2 

A(q2 )= m -q 1((4-L)IFAl2 -(4+!L-)\F1v\ 2 -_!LleF}l2 (1+-q-) 
4M2 M2 I M 2 M 2 4M2 

The B(q2 ) term is given by: 

2 2 2 

B(q2
) = - ! 2 F'A(F~ + ~F~) - : 2 (Fl,r + 41t2 ~F} )F} I I /.3 

And the C(q2 ) term is: 

2 

FA(q2
) = -1.23(1- ;~ )-2 ///.5 

2 2 

F'v(q2) = (1- 41t2 )-1(G~(q2) - 4~2 crr(q2)) ///.6 

The G'a are described experimentally to within 10%by( 18): 

G~(q2) = 1 , 
(1 - r_)2 

. 71 

av (q2) = 1 + ~ 
M (1 - r_)2 

.71 

///.8 

{ = µP - µn = 3. 71 is the difference between the magnetic moment of the 

proton µP and the magnetic moment of the neutron µn. That leaves the 

parameter MA to be found from experiment. The experimental results on 
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this parameter are consistent with a value of MA = 1.0 Ge y(zo). This is the 

quasi elastic cross section for Vµ. and IJ w From now on, it will be assumed 

to be a correct description for vT interactions. \Vith this cross section, the 

distribution of the produced T lepton can be predicted up to its polarization. 

But the polarization of the r a.t these energies is of order PL( T~) ~=!:: 1 + 
z 

O(Y,) with El= energy of the outgoing r. Therefore, the r is produced with 
I 

strong longitudinal polarization. 

The produced r has a short lifetime(21 l Tr = 2.3 X 10-13 sec. The mean 

free path for such a short lifetime is of the order of 470µm at 10 Ge V. This 

means that in this calorimeter (described later), a direct observation of the 

r is not possible. However, the decay products of the r will have properties 

that will distinguish such events from other processes. The distribution, in 

its rest frame, of the final state charged lepton l from the decay of the r -+ 

l + Vt + Vr is given by:(22) 

dO 1 + h(x) 4 m (1 - x) 
dW = K-( m (12(1 - x) + -p(8x - 6) + 24~ 17) + 

41r 1 + 4n_:: 3 mr x 
mr 

~cos0(4(1- x) + ib"(Bx - 6) + ~g(x2 )))x 2 dx lll.9 
' 3 21r x 

Where x = PP,._ and h( x) and g( x) are radiative corrections. The best 
ma2" f 

experimental values for the Michel parameters(23 •24 lare consistent wjth p = 

a 
4' 17 = 0, inserting these values, the above expression becomes simply: 

..IH! 1 _ '>,,. 
-d·~ = K(l - ~cosll)(- -·· ))x~2(3- 2x)dx 

H 3-2X 
I 11.10 
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With € = -1 for T- and € = +1 for r+. This means that the e+, µ+ 

prefer to be emitted along the direction of the r+ spin and e-, µ- prefer to 

be emitted opposite to the direction of the r- spin( 3
Q,

44 ). The momentum 

distribution of the final state muon is shown in figure 7 for the ideal case of 

a T beam in the lab at a fixed momentum of 20 GeV. Figure 8 shows the 

momentum distribution of the final state muon in the C.M. system. 

The fact that there is a substantial amount of energy carried out by the 

two neutrinos in the T decay will be the key feature in trying to identify Vr 

' interactions in this experiment . The experimental details will be described 

in the sections MUON ANALISIS and ELECTRON ANALISIS. 
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IV.D.EM2RJEIION OE_TJIE llETECTOR 

TILE CALORIMETER 

In order to study neutrino-induced interactions, and in particular neutral 

current interactions, it is desirable to have a massive detector capable of 

measuring the energy and angle of the reaction products. To measure these 

quantities, we have constructed a fine grained calorimeter backed up with 

a muon spectrometer. (25 ,45 ,47 ) See figure 9. The calorimeter is based on 

polypropylene flash chambers and proportional tube chambers. These cham­

bers provide a very high degree of segmentation. The calorimeter is 19 metres 

long and has a 3.6 X 3.6 mts2 cross section with a mass of ~ 340 metric 

tons. The flash chambers are used for pattern recognition to determine the 

type of interaction as well as to determine the average angle and energy 

flow of the reaction products. The proportional tubes provide the trigger 

to the flash chambers and they also provide a measurement of the energy 

flow. There are a total of 608 flash chambers, 37 proportional tubes, 304 

target planes of steel shot, 304 target planes of sand and 7 planes of liquid 

scintillators. The construction of the calorimeter is modular. Each module 

is made up of four 4" X 4" wide iron beams with 4 flash chambers mounted 

on each in the sequence U-X-Y-X, where U-X-Y stand for fl.ash chambers 

with cells running at 100° - o0 
- 80° degrees relative to the horizontal plane 
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respectively. See figure 9. Between the flash chambers, steel shot planes 

and sand planes are alternated. To complete the modules, one proportional 

tube plane is placed upstream of the assembly just described. The next 

module has the same structure except that the proportional plane has wires 

running perpendicular to that in the previous module. This construction 

with the choice of sand and steel shot is a good practical solution to get 

good angular resolutions, energy resolutions and neutrino event rate simul-

taneously. With this geometry, the flash chambers sample every 22%of a 

radiation length(radlen=l.1 cm)and 3.1 %of an absortion length ( abslen=97 

cm) and the proportional tubes sample every 340%of a radiation length and 

19%of an absortion length(25). 
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The flash chambers are constructed from polypropylene extrusions with 

5. mm X 5.8 mm rectangular cells. A mixture of 90%-10%Ne-He gas flows 

througth the cells. After a charged particle traverse_s a flash chamber, if a 

high voltage (9 kvolts) is applied to it, a plasma discharge will occur in the 

traversed cell. This plasma propagates down the cell towards the edge of 

the chamber. At one end, copper strips are laid along the flash chamber cells 

and connected to ground. See figure 11. These copper strips form a set of 

capacitors to ground whose capacitance changes during the plasma discharge. 

This change in capacitance induces a current pulse along the copper strip 

which in turn is picked up by a magnetostrictive wand. The pulses from 

the magnetotrisctive wand are clocked. The clock frequency is set to 2 clock 

counts per cell with a novel scheme that avoids synchronization problems 

and ambiguities caused by variations in cell separation(25). 

The digital information from the cells is stored on tape with a PDP-11 

via CAMAC crates. This information is used to determine the shower energy 

as well as the direction of energy flow. These two quantities are of crucial 

importance in trying to study neutral current induced interactions. 

The proportional tubes in the detector are made up of 12' long aluminum 

extrusions with eight 1" X 1" ceJls in each extrusion. Eighteen of these ex­

trussions are stacked edge to edge to make a proportional tube plane. Each 

cell is strung with a 50µm gold plated tungsten anode wire. A gas mixture 

of 90%argon and 10%methane flows through the cells. On each plane j 
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there is a total of 36 charge amplifiers, i=l. .. 36, each of them connected to 

4 wires. Each of the 38 charge amplifiers provide a fast out analog signal 

called FO;,.. This FOij is split into two equal components. See figure 12. 

One of the components is added with the corresponding output of the rest 

of the 36 amplifiers to make a fast out signal for the whole plane called 

"sum out"= l:i = 2:~
6 

1 FO,.,·. The other component of the FOii is dis­

criminated within each plane j and it is used in the development of several 

triggers . A brief description of the proportional tube information follows: 

l)Sum out I:; = 2:;~ 1 FOii· This signal is added for all planes into 

EE = I:r 1 (l:i). It is a fast trigger and it is a measure of the total 

energy deposited in the calorimeter. 

2)Single (S;): This signal is a logical "or" of all discriminated FOi; within 

plane j. The Threshold of each plane for each channel j could be easily 

changed to suit a specific trigger requirement. 

3)Analog Multiplicity AMi: As the name implies, it is an analog signal 

whose amplitude is proportional to the number of FOij i = 1. .. 36 channels 

above discriminator level within plane j. 

4)Analog Multiplicity Multiplicity N>i> j: It is a multiplicity condition 

on the AMi condition for all J=l. .. 37 planes in the calorimeter. 

5)M : Analog signal made by the requirement that the 2:; on two or 

more planes be above a fixed threshold. 

The high voltage applied to the wires in the calorimeter planes is 1650 
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Volts corresponding to a gas gain of 3000. With this setup, the 230 ion pairs 

produced by a minimum ionizing particle give rise to an average FOi; pulse 

height of ~ 90 mV into a 500 termination. The above proportional tube 

information is used to develop different types of triggers. The specific trigger 

used in the Dichromatic Beam in connection with this experiment, will be 

discussed later in the "MUON CHANNEL ANALYSIS" and "ELECTRON 

CHANNEL ANALYSIS" sections. 

Besides the fast out information described so far, the signal from the 

input integrating amplifier is delayed and sampled by a track and hold circuit 

(this signal is called" slow out" SOji· The charge stored in the track and hold 

capacitors is read out by a scanner. This scanner is connected to a CAMAC 

crate that transmits the digitized information from the scan to a PDP-11 

where the information is stored on tapes. The proportional tube gains were 

calibrated with Cd109 sources placed on each cell of the proportional planes. 

Calibration events are logged between acceierator spills recording the pulse 

heights of the Cd1og x-ray sources mounted on each proportional tube. 

Apart from providing the trigger, the proportional tubes also give infor­

mation on the total energy deposited in the calorimeter. This information is 

added to the information from' the flash chamber hits in the final calculation 

of the shower energy. 

QA_LORIMETER RESPONSE: The calorimeter response is studied 

with test calibration beams of known energy and incoming angle during the 
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1982 run. Three test beams are used: a hadron beam, an electron beam and 

a muon beam. The determination of the calorimeter response (resolutions) 

follows : 

ANGLE RESOLUTIONS: The calorimeter is calibrated with a test 

hadron beam of known energies in the range of 20 to 100 GeV. The hadron 

calibration beam impinged on the detector under a fixed angle. The results 

of the survey of the beam (26 ) result in: 

X view Oz= 0 

Yo view Oy0 = 68.9:!' .2 mrad 

Wbere the y0 view is measured in the U and Y flash chamber views and 

is related by : 

1 
tan Oy 0 = 

8 
(tan Bu+ tan By) 

2 cos 
IV.I 

Where 0 is the angle between the fl.ash chamber cells and the x axis (B = 10°). 

The angle of the shower is measured from the calorimeter flash chamber 

hits. Two algorithms have been developed to find the shower angle: Hadflow 

and Shang. Hadflo\V fits the shower axis by a minimum x2 method which 

treats all three flash chamber views simultaneously with the primary vertex 
f 

position fixed. The calculation of the x 2 depends on weigths determined in 

each iteration from the la.tera[ distribution of hits . Shang determines the 

angle of a shower by means of an angular rustogram. The shower hits N 

arc binned into angular cells (Ji emanating from tbe fixed vertex. For each 
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cell Oi, the number of hits ni is counted. The angle in a given fl.ash chamber 

view is calculated from: 
N 

'""' n ·O · e,,iew = L..J _. _. 
. I ni a= 

These two angle finders have been shown to grve the same results. 

JV.2 

The 

angle resolutions have been found as follows: for each event, the angle in the 

U,X, Y views and the Yo view is determined and entered in a histogram. The 

resulting distribution is fitted by a gaussian. The sigma of the distribution 

is used as the resolution at a particular energy in the sample. The process is 

repeated as a function of energy. The obtained O'o(Eh) are fitted as a function 

of energy. The result is: 

1008 
ue,,, (Eh) = (7 .3 + Eh ) 

1054 
ue 110 (Eh) = (11.0 + Eh ) 

IV.3 

IV.4 

Where Oz and Oy are the projected polar angles in mrad in the x and y :flash 

chamber views respectively and Eh is the shower energy in Ge V. Figure 13 

shows the data points and the fit to the combined polar angle Op. 

The same algorithm is used to determine the electron angle resolutions. 

Calibration electrons in the range 5 to 35 GeV are taken. The resolutions 

have been found in the same manner as in the hadron case. The result is for 

electron showers: 

( ) ( 
<Jl.9 

u Op = 6.92 + Ee ) 1 v .l> 
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where ()P is the shower polar angle in mrad and Ee is the electron energy in 

GeV. See figure 14. 

ENERGY RESPONSE: The test data are used both to calibrate 

and measure the energy resolution of the calorimeter. The energy of a shower 

can be measured by counting the total number of flash chamber hits. The 

relation between total number of hit cells and the energy of the shower is 

nonlinear because of the saturation of flash chamber cells in the shower core. 
\-

Thus, the energy resolutions will depend on the nonlinear behaviour of the 

calorimeter and fluctuations in the total visible energy. Such effects are 

empiricalJy corrected for in the algoritm used to measure the shower energy. 

To find the energy resolution as a function of energy, a histogram is filled with 
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the calculated energies for each event at a fixed test energy. The resulting 

distribution is fitted with a gaussian and the sigma is used as the energy 

resolution. The resulting sigmas C1(Eh) are fitted as a function of energy. 

The result is: 

0.519 
cr(Eh) = (0.052 + --)Eh 

VEh 
IV.6 

MUON ANGLE RESOLUTION: The muon angle resolution is found 

from a least squares fit to the flash chamber hits left by a muon track. 

Calibration muons with known incoming angles are used to determine the 

resolution. The process is similar to the shower angle resolution determina-

tion. The result is: 

cr(Oµ,) = (1.59 + 9
;·

1
) 

µ, 
IV.7 

where Oµ, is the muon polar angle in mrad and Pµ, is the muon momentum in 

GeV. 

MUON SPECTROMETER 

The Muon Spectrometer(27 ) in this detector consists of three 24' and four 

12' diameter magnetized iron toroids colocated dowstream of the calorimeter 

as shown in figure g. The direction of the average magnetic field in these 

toroids is shown in figure 15. r The field magnitude has been measured as a 

function of radial distance r. A fit t.o the data, in agreement with calculated 

field values,O is given for the 24' toroids by: 

0.1998 
eB(r 1 z) = .001122 + D 
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D = (r + 77.2) cm with 30.5cm < r< 366cm IV.9 

For the 12' toroids, the fields are parametrized by: 

2.083 
eB(r, z) = 0.1998 + ----z> 

D = (r - 41.6)r + 1871 with 15.2cm_::r< 183cm 

IV.IO 

IV.11 

Where the units are such that with e = .3 X 10-3 KCf!J;'m. and r in cm, B(r,z) 

will be in [( G. 

The gaps between the toroids are instrumented with proportional cham-

hers. Each gap is instrumented with two double layer chambers with half 

cell offsets between these two layers, providing two measurements along the 

horizontal direction and two measurements along the vertical direction. A 

total of 3456 wires are instrumented. 
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Each proportional chamber is made up of a stack of double layered 

aluminum extrusions placed edge to edge. Each extrusion consists of two 

layers of eight cells with ~ cell displacement as shown in figure 16. The 

cell cross section is .840" X .910" rectangle. Three cell lengths are used 

in the spectrometer: 24',16' and 12'. Each cell is strung with a 50 µm 

·diameter gold-plated tungsten wire. A mixture of 90%Argon 10%Methane 

flows througth these cells. A d.c. high voltage of 1950 volts is applied between 

the wire (anode) and the aluminum walls (cathode). With this high voltage, 

the ~230 ion pairs produced in the gas by a minimum ionizing particle are 

amplified by a factor of~ 30000. The electronic configuration of the charge 

amplifiers is the same as in the calorimeter planes. Figure 12 shows the basic 

configuration of these amplifiers. The fast out signal FOij is similar to the 

calorimeter planes except that its amplitude is ~ 1 Volt into 500. 

The FOi,j are added for all 36 channels in plane j into the sum out 

signal Ej = E~
6 

1 FOij· This fast out sum Ej is used for triggering in 

conjuction with the calorimeter planes as well as for self triggering the track 

and hold circuitry of plane j. The 600 nsec delayed pulse is sampled during 

300 nsec by the track and hold circuitry. This information will be used to 

determine which wire was hit in plane j. A qualitative description of how 

the hit wire is reconstructed follows:(figure 17) 

The charge deposited on a wire due to a charged particle passing througth 
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the gas, will be split at the resistive lattice junction into dq; and dq;+i during 

some time dt small compared to the risetime of the pulse. The current pulses 

associated with dq; and dq;+i will have faster or slower risetimes in propor-

tion to the number of resistors that these charges had to travel througth 

along the resistor lattice. After amplification and delay, this difference in 

rise time is kept essentially intact. Therefore the amount of sampled charge 

Q; and Q;+1 will differ in proportion to the number of resistors travelled 

by the original charge q. Thus by constructing the quantity .6 = ~~::~~~, 

the struck wire can be identified. A range in A will correspond to a par-

ticular wire being hit within amplifiers j and j + 1. See figure 18. 

The hit wires determine the muon trajectory as it traveis down the 
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spectrometer. The flash chamber hits in the calorimeter and the toroid 

chamber hits are used to determine the muon momentum. A maximun 

likelyhood fit to the measured intercepts is found by appoximately linearizing 

the equaitions of motion and then iterating the fit. Ionization energy loss 

and multiple coulomb scattering are taken into account. 

The spectrometer resolutions are found from calibration muons (ie. form 

muons with a-priority known momentum). Data was taken at muon momen-

turns in the range 20 GeV to '110 GcV during the 1982 calibration run. For 

each event an entry is done on a histogram. The R.M.S of the resulting dis-

tribution is used to determine the resolution as a function of muon momen-

tum. A fit to the R.M.S. of the distribution gives: 
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[u~,.,.)]2 = (0.1108)2 + (1.49 X 10-3 P,.,.)2 
µ. 

where P,.,_ is the muon momentum in GeV. See figure 19. 
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V.MUON CHANNEL -ANALYSIS-

It is assumed that a v-r(vr)+N-+ r~+N• where N• denotes a nucleon or 

a mildly excited nucleon, and that the produced T~ decays intoµ~+ v,.,.(v,.,.) + 

v-r(vr)· The signature of these events in the calorimeter is a single muon 

with a small energy deposition around the vertex of the interaction. Only 

events recorded by use of a special trigger during the +165 GeV and -165 

GeV train energy exposures are considered. The trigger required that: 1) a 

particular muon reached the back chambers of the muon spectrometer and 

2) its pulse height from the proportional tubes in the calorimeter correspond 

to an energy deposition less than ~ 10 Ge V (it is relevant here to point out 

that a muon deposits on the average ~5 GeV traversing the calorimeter). 

The electronic efficiency of this trigger is found to be 86% from the muon 

calibration data. 

The events are found with pattern recognition programs analysing the 

hit patterns left in the flash chambers by an event. In this case, a search 

is done for a muon track leaving the end of the calorimeter. A sequence 

of least squares fits are done on the muon hits within adjustable roads. At 

each fit, the road is narrowed and centered about the fit coordinates. The 

process stops with a road of 2: 10 clock counts, ~5 cm, where the angular 

resolutions are found to be optimal. The longitudinal vertex coordinate is 
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found by an upstream search of muon hits inside the ~ 10 clock counts road 

starting from the end of the calorimeter. The search stops when no hits 

are found. This determines the longitudinal coordinate of the vertex. The 

transverse coordinate is the least squres fit coordinate at the longitudinal 

vertex coordinate. The number of flash chamber hits in a 50cm radius 

around the vertex is added. It is required that this number be < 30 hits. 

The selected events with the above criteria will not be a pure sample of 

vµ. + N ---+ µ- + P or Ilµ. + P ---+ N + µ+. This algorithm will also select 

single particle production events like Vµ. + N ---+ ti+ + µ- and deep inelastic 

events Vµ. + N ---+ µ- + X with very low y = Ev. The relevant measurable 

quantities describing such events are expected to be similar to quasi-elastic 

events. Thus, for the purpose of this experiment, the sample of events le~ 

should be well described by the Quasi-Elastic cross section. 

Once an event has been selected, the muon momentum is fitted using 

the hits that the muon left in passing throught the proportional planes in 

the muon spectrometer . Figure 20 shows the E(R) vs . R correlation plot 

for the selected events during the +165 GeV and -165 GeV run. The rr-

band is visible in the plot. From the discussion given in the Quasi-elastic 

section, events with very low energy are potential vT interactions . With this 

in mind, in order to define the signal region, the quantity Yuis = E.,(Rl-E{(R) 
E.,(R 

is reconstructed where Ev(R) is the average neutrino energy at a distance 

R from the beam center calculated from the Monte Carlo simulation of the 
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Dichromatic Beam and Eµ.(R) is the measured muon momentum. The YviB 

distribution is reconstructed with data and with Monte Carlo events. The 

Monte Carlo simulation of quasi-elastic events is done using the Monte Carlo 

simulation of the beam(45 ) and the cross section given by equation 111.1 for 

Vµ. or vT quasi-elastic interactions. In the vT quasi-elastic interaction, the 

produced T is allowed to decay into µ- +IIµ. + Vr with the distribution of 

the outgoing µ dictated by equation lll.9. Once the events are generated, 

they are propagated througth the detector. These events are then analyzed 

with the same software used to analyze data events. Figure 21 shows the 

distributions of data and Monte Carlo events. 

It apparent that the data agrees quite well with Monte Carlo simulation 
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under the hypothesis that the Beam is all Vµ. Figure 22 shows the same 

Yvis distribution vs. Monte Carlo under the Vr hypothesis. The distributions 

are in clear disagreement. As expected, the Yvis distribution for Vr events is 

shifted towards positive values. Therefore the region of high y 11 i 8 will be the 

region where Vr events are more likely to be found. The signal and ;r-band 

will be defined as the regions where y > .6 and -1. < y < .6 respectively. 

The signal region is not free of backgrounds. The backgrounds con-

sidered in the signal region ar~: 

i) Quasi elastic events with y > .6 

ii) Wide band background from decays of 7r - K before momentum 

selection 
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iii) Inverse muon decay. This decay is due to the interaction of Vµ. + e- -4 

µ-ve. It is a background for the Vµ. exposure only. 

In order to estimate the ratio R of vT to Vµ, events that interact in this 

channel (ie. vT + N -4 N• + r with r -4 µ. + v,., + vT and vµ. + N -4 1v• + vµ) 

the following quantities are defined. 

,, eventB in signal region /or µ, T from Monte Car lo 
lµ.,T events in fiducial volume for µ.,T 

b events in the 1r-band region [or µ,T from Monte Carlo 
Eµ,,T events in fiducial volume for µ,T 

N,, =number of events found in the signal region 

Nb = number of events found in the 7r - band region 

Nt 
R=ift 

Q 

Wbere N~ and N~ are the number of vT quasi elastic events and vµ 

quasi elastic events after acceptance correction. 

No explicit mention of the wide band beam background or the mverse 

muon background is made in the above expressions but these are both in-

eluded in the final determination of R. In order to set an upper limit on the 

estimate of the ratio R, we will reconstruct the distribution P(R) = ~~ us-

ing Poisson distributions for N,, and Nb and the above equations. A family 

of distribution~ ~ff, for particular R' are generated. Then the particular 

distribution that meets the requirement .10 = J~::, ff{,dR' is found. The 

average of this particular distribution is the upper limit on the estimated 
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R0 , called Rgo%. Figure 23 shows the distribution we obtained for the I1 

exposure at -165 Ge V train energy. 

WIDB_JJ .4.N_D BACl(GROUND 

There is some fraction of the rr's and K's produced at the target region 

that decay before they are momentum selected. The neutrinos from these 

decays will not show a dichromatic E vs R correlation. See figure 24. These 

neutrinos show a large energy spread in the E vs R plot and thus they can 

populate the signal and the 7r - band regions as previously defined. It is clear 

then that these neutrinos can produce some background to the Vr signal 

which must be subtracted to get our best estimate for the r signal. To 

estimate this background, an iron plug was placed in the beam just before 

the momentum selecting magnets and a sample of events were recorded on 

tape. With this information, this background can be estimated as follows: 

1) The total number of triggers was found to be 307 4 5 during the + 165 

GeV exposure.The protons on target corresponding to the above number of 

events was P.0.T.=l.51 X 1018 . 

2) The total number of triggers with beam monitor data while the iron 

plug was placed in front of the beam was 2717 with a corresponding number 

of protons on target of 1.88 X 1017 

3) Only one event passed the quasi-elastic criteria while the plug was in 

the beam . 

With the above information, one can estimate the background over the 

45 



figure 23 

ri ! 

, , 
I ! 
; i 
ij 

J n 
:1 
: : 
: ; I 
. : I 

'. ~ 1 
....; 1 1 

I ! I 

! - ' 

ii 
i'. 

I 
i 
~ 

~ 
I 
L 

C. 2 

lOOr-------------~ 

'" 

•eo 

•7!1 ·. 

.· . • : ·. . ,, .... · . 
. :·· : :'"· ··'.: ·-1..' 

~ .. . ·. • •• ! . •. : '\.. 
•OO 

.. 

0 o~-.~,-+.~-~7s,--~1~00-1~2s-~1s_o_1~1s---1•~ 

••w[t-;U VS. /:••• 

figure 24 

151X1018 

entire E vs R space to 1:88 x 10 11 X 1 ~ 8 events. Normalizing to the number 

of events that passed the quasi-elastic event criteria in the -165 Gev sample 

gives ~ 1.9%. The error is estimated from a 68%confidence interval with 

Poisson stadistics. This gives 1.9~~6g %. Clearly the statistical error is large 

so a better estimate is taken from the Monte Carlo beam simulations. The 

beam Monte Carlo estimate is l.44%which is in agreement with this and other 

experiments. In order to determine the signal and background efficiencies, 

the spectrum of this events is simulated from the Beam Monte Carlo. Quasi-

elastic events are generated and analysed to find £~bb = .25% and €~bb -

.89%. 

The same analysis Is done in the + 165 Gev exposure. In this case the 
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background estimate from this data is .46%::~i% and the beam Monte Carlo 

estimate is .97%. The signal and rr-band efficiencies are found to be l~bb = 

.17% and €~bb = .60% This background is negligible in both the +165 

Gev and -165 Gev exposures but it is included in the calculation of R for 

completness. 

INVERSE MUON BACKGROUND from vµ. + e ~ Ve + µ 

Because of the dynamics of the interaction Vµ. +e --+ µ+ve, the muon from 

these events are predominantly at low energy and thus they can populate the 

y > .6 signal region. These events are identified with a cut on Eµ.B! < 3 

MeV and are subtracted from the signal region(28). 

The next table, is a summary of the rest of the numbers needed to 

determine the upper limit on R 

BEAM rr- BAND SIGNAL REGION 

(vµ.) DATA: 407events DAT A : 2events 

-165 GeV fs = o.825 lQ = 0.0019 

€~ = 0.245 €~ = 0.119 

(vµ.) DATA: 330 DATA: 3 

+165 GeV €~ = 0.830 €(> = 0.004 

lb= 0.238 
T €~ = 0.119 

Finally, all the above numbers are combined to calculate the 90%cofidence 

level upper limit on R called Rpo<;;,. The results are given in the next table 

where Ro = Rlob•erued· 
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(vµ.) -0.0030 0.04B 

v,_, 0.0166 0.086 

Having found the ratio R 90 3 the upper limit on 82 can be found from: 

V.1 

Where d~:~;2 is the quasi elastic cross section for r, µrespectively, <I>(Ev) 

is the neutrino flux, P(vv -+ VT) is the oscillation probability previously 

given and B.R. is the branching ratio = .18 for the leptonic decay of r -+ 

µ + Vµ. + VT. (H,) 

The above expression is solved numerically in terms of the mixing angle 

0 and the mass squared difference 82 at the experimentally found Rriocv . The 
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result is shown in figures 25 and 26 for the anti-neutrino run vµ. at -165 GeV 

train energy and for the neutrino run v,.,_ at +165 Gev. The upper limit on 

the mass squared difference in this channel is 800 3 = 15 e V2 and 6~03 = 

20 eV2 for Tlµ --+ Vr and Vµ --+ Vr respectively at full mixing angle, 8 = ~· 

SENSITIVITY OF Rr;rn"b 

The sensitivity of the Roo% to the measured and calculated quantities is given 

here. The following table shows the dependence of Roo% to the number of 

observed data events keeping the rest of the quantities fixed: 

0.046 2 

0.072 3 

0.100 4 

Keeping the number of observed events at N,,=2 and changing the EQ results 

m: 
Rgo3 (. 

Q 

0.046 0.0019 

N.=2 0.066 0.000 

0.032 0.0038 

Changing E~ yields: 
Rrrn% E• r 

0.046 0.119 

N.=2 0.036 0.155 

0.072 0.083 

The upper limit on 6~ 0% will change proportion::illy with the .JR,,10c-;,. Thus 
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if the observed number of events was 4 instead of 2 the 6903 upper limit for 

Vµ. -+VT will change from 13 eV2 to 19 eV2 at full mixing angle . 
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VI.ELECTRON CHANNEL -ANALYSIS-

In this analysis, all ev-ents recorded that pass a special trigger condition 

during the 1982 run at -165 GeV, +165 GeV, 200 GeV, 250 GeV are con­

sidered. The trigger condition was PT H = M > 2 planes© 2: 2::: ©N > 

1 channel > 1 chamber© (muon veto). The components of this trigger 

have been defined in the calorimeter section. This trigger was measured to 

be~ 100% efficient down to shower energies Eh ~ 5 Ge V for both charged 

and neutral current events. 

Among the events that passed the PT H trigger condition, the interaction 

of a Vr + N -+ T + N•, where N• describes a nucleon or a low energy excited 

state of the nucleon (similar to the N• in the Muon Channel section), with 

the produced r decaying into e + Vr + Ve is searched for. The signature of 

this interaction in the calorimeter is a single electromagnetic shower of low 

energy and low transverse momentum. Because of the large neutral current 

background, energy and transverse momentum cuts are not sufficient to 

isolate this events. A filter to discriminate neutral current hadron showers 

from electromagnetic showers is needed. From scans of electron showers and 

hadron showers, it is found that. the electron showers are thin, dense and do 

not have visible tracks around them. These features are quantified with the 

following definitions: 
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n 
p = -, with a = wl 

a 

VI.I 

VI.2 

Wbere "w" is the width of a showers "p" is the densitity of a shower and 

"a" is the area of a shower; l is the length of the shower, defined as the 

distance downstream of the vertex of the interaction corresponding to a 

shower containment of ~ 98%, 01 and 82 are angles measured with respect 

to the neutrino direction adjusted so that 70%of the total shower hits n is 

contained inside the cone formed by 81 , 82 and the length I of the shower. 

See figure 27. 

The vertex of the shower is found from the flash chamber hits with 

pattern recognition programs. The longitudinal vertex coordinate is found 

by a downstream search of fl.ash chamber hits within an adjustable window. 

(This window normally narrows as the vertex is approached). The search 

stops when no hits are found. This condition determines the longitudinal 

coordinate of the vertex. The perpendicular coordinate on each flash chamber 

view is a result of a fit to the last 32 downstream chambers using the centroids 

of the hits weighted by the a 2 of the hits within the window. 

The width w and the density p are calculated the X-Y-U flash chamber 

views and the average density p = p.,,+P
3
w+P,. and the average width w = 

ui..-+~"+tt>., is calculated. The third quantity used in the electromagnetic filter 

is the number of tracks around the shower "nbox". This quantity is defined 
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Dirtc!ion of Enegy 
flow along the 

l-Y itw 

z 

x figure 27 

via the following procedure: 

y 

l)The shower is enclosed in a region of area A=l X d where I is the length 

of the shower and d is perpendicular to I. d is not shown in figure 27. It is 

a line of a fixed length chosen to contain all of the shower hits. 

2)All the hits that have near neighbors (ie. all the hits in the shower 

core) are removed. 

3)All of the hits left inside the area A after removing the shower core 

are added. 

4)The same process is repeated for each flash chamber view and the total 

hits for each of the flash chamber views are added. 

The number of hits left is a measure of the extent to which the shower 
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is accompanied by a halo of single tracks. 

This filter is tested with electron and hadron calibration data. Figures 

28 and 29 are scatter plots of w vs. p for electron calibration events at 10 GeV 

and hadron calibration events at 35 Ge V. We see from these plots that as 

expected electron showers are denser and thinner than hadronic showers . We 

set the cuts at w=50 (arbitrary units) and p =.98 (arbitrary units). With 

these cuts, the number of hadron events left N t:ft as a function of energy is 

summarized in the following table: 
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E Ntotal Nf!ft RATIO= Nf!ic 
Ntotal 

10 GeV 223 8 0.04 

20 265 9 0.03 

35 157 3 0.02 

50 418 1 0.002 

75 146 1 0.0068 

100 204 0 0.00 

. 120 175 0 0.00 

The number of electron events left Nf ef t as a function of energy is sum-

marized: 
E Ntotal Nieft 

RATIO= Nfett 
Ntotal 

5 GeV 79 79 0.96 

7.5 155 156 0.99 

10 277 277 1.0 

15 277 277 1.0 

20 207 207 1.0 

35 63 63 1.0 
The next step is to run this filter on all the data. Since the filter is not 

100%efficient to reject hadron showers at all energies, it is necessary to make 

a background subtraction. After this subtraction, the number of events left 

will determine whether or not we have a signal. This number is given by: 

ne = nc - J(cc) Vl.3 

Where nc is the number of muonless events, cc is the number of events with a 
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muon and f is the ratio of neutral to charge current events without the filter 

requirement. 

The presence of the muon and its associated hits in the charged current 

events will bias this subtraction therefore the muon hits must be eliminated 

before the filter selection. The following steps are taken to find an unbiased 

algorithm to remove muon hits: 

STEPl: Find the muon track in a particular charged current event. 

Count the hits corresponding to this muon track inside a road of ~5 cm from 

the end of the shower to the exit point of the muon in the calorimeter. Store 

these hits. 

STEP2: Find a sample of neutral current events with energies in the 

range 5GeV <Eh <20GeV. This region is considered to be the region where 

the muon hits can severely bias the filter measurements. Predict the angle 

at which a muon would have emerged if the event was a charged current 

event. This can be calculated in the Dichromatic Beam Exposure from the 

knowledge of the average beam energy, shower angle and shower energy. 

STEP3: Superimpose the hits on the neutral current event from the 

vertex up to the exit point of the muon track in the calorimeter. 

With these fake charged current events, the filter bias (if any) as a 

function of how the muon hits are removed, can be tested. But first, the 

muon multiplicities (to be defined shortly) arc looked at in the regions where 

the shower hits overlap with the muon hits and also in the region away from 
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figure 30 

the shower hits. The region of overlap is called "inside" the shower. It is 

the region between the vertex of the interaction and the end of the shower 

determined by its length l. The region "outside" of the shower is defined 

as the region from the end of the shower til the point in the calorimeter 

where the muon exits. A road of !20 clock counts ~ 10 cm wide is placed 

along the muon track. The hits of each chamber are projected along this 

road into a one dimensional histogram. These distributions are called muon 

multiplicities. 

The resu\ting histogram is shown in figure 30 for the region inside the 

shower along the X flash chamber view. Also superimposed in the figure 

1s the muon multiplicity for real charged current events. One can see that 
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figure 32 

the two distributions are in agreement. The muon multiplicities are also in 

agreement in the region outside of the shower but this is not relevant here 

since nothing was done to the muon hits in this region during superposition of 

the events and all of the muon hits are removed during the filtering process. 

These events are analysed and the algorithm to remove the muon and 

calculate the shower length is adjusted till the distributions of ~l = lnc -

lfake, ~w = Wnc - Wfake and ~p = Pnc - Plake are all consistent with zero. 

This insures that there is no bias. Figures 31,32,33 show distributions of 

these~ variables. Also shown in figures 34,35,36,37 are comparizons of nbox, 

p, l, of nc events and real cc events after muon removal. 

After filtering the data, kinematical cuts are imposed on the sample. lt 
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is required that the visible energy of the shower be Eh > 10 Ge V to remove 

trigger bias effects on the number of charged currents events versus neutral 

current events. It is also required that the transverse momentum of the 

showers with respect to the neutrino direction Pt , be less than 2 Ge V and 

that y = Ev be less than .8. It is found from Monte Carlo simulation of a 

vT' + n -+ T + n with the T -+ e + vT' + Ve that these two latter cuts retain 

98%of the events while further reducing the neutral current background. The 

sample obtained upon imposition of the above mentioned cuts are outlined 

below. With cut.<J on E1i, > 10 GeV, radius < 120 cm, y < .8: 
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Train Energy cc events nc even ta 1-1 = nc 
cc 

-165Gev 3295 1283 2.57!.08 

+165GeV 4861 1562 3.11!.og 

+200GeV 2740 722 3.25!.14 

+250GeV 2345 722 3.25!.14 

After imposing the selection criteria and the requirement that Pt< 2 Ge V the 

number of events left from the above sample is : 

Train Energy cc events nc events 

-165Gev 63 24 

+165GeV 56 26 

+200GeV 39 12 

+250GeV 23 g 

An estimate of the ratio R of vT to Vµ.. events in this channel can be 

found from the above samples througth the relation: 

Vl.4 

Where n~ is the number of events that passed the quasi-elastic criteria in the 

muon channel section corrected for electronic efficiency and acceptance, Ee is 

the Monte Carlo efficiency for finding an electron produced from the decay 

of the r in a quasi-elastic vT interaction, nT is the number of vT events in this 

channel. Equating this expression with equation VI.4 one gets: 

61 

Tr r ,.. 

" ' , I) 



-

The distribution of R, P(R) can statistically be reconstructed and the upper 

limit can be found from the condition .10 = f~:O P(R)dR in analogy with the 

MUON CHANNEL analysis but it is found that in this case, the distribution 

P(R) is well appoximated by a gaussian; therefore, an accurate and convinient 

expression is given here. First propagate errors: 

1 
6R = -t (6(nc) - f 6(cc)) 

f.enq 
Vl.6 

Square and take the mean of the above: 

Vl.7 ... 

Using the fact that (6nc)2 = nc and (6cc) 2 =cc and defining f/R = J(6R) 2 

gives: 

Vl.B 

The confidence level upper limit on R can be found from the following 

relation: 

Vl.9 

The abo-ve relation is graphically shown in figure 38 where Ro is the particular 

R evaluated at the observed quantities Ro = - 1- 1 (nc - f cc)lobBerved· 
~ .. nq 

The following table is a summary of the final quantities needed in the 

determination of Rrrnr-ri: 
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figure 38 
nt TRAIN ENERGY fe q 

-165GeV 482 0.625 

+165GeV 392 0.625 

+200GeV 191 0.644 

+250GeV 212 0.666 

If we interpret the above results as due to neutrino oscillations, we can get a 

limit on the probality P(vµ. ~ vT) througth: 

VI.IO 

Where: <I>(Ev) = ne\ltrino flux, P(vµ ~ ET) = sin2 20 sin2 1.21!21
, 62 = 

lmi - m~ I, ;;:~;2 is the quasi- elastic cross section for T and µ respectively 

and B.R. is the branching ratio for the decay of the r ~ e + vT +Ve. 
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The above quantity can be calculated numerically in terms of the mixing 

angle 0 and the mass squared difference 62 . The results are shown in figures 

39, 40, 41, 42. The following table is a summary of the results: 

TRAIN ENERGY Ro Rgo% 0 ~03(0 = i) 

-165 GeV -0.00171 0.0258 10 eV2 

+165 GeV 0.0326 0.0555 17 eV2 

+200 GeV -0.00035 0.0481 13 eV2 

+250 GeV 0.0149 0.0552 15 eV2 

SENSITIVITY of Rgo% 

The sensitivity of the Rg 03 to the measured and calculated quantities that 

enter in the calculation of Rgo% is studied here. The following table il­

lustrates the dependence of R 90 r;;o to the number of observed events nc after 

all cuts keeping the rest of the quantities fixed: 

nc Rgo3 

24 0.0258 

26 0,0331 

28 0.0404 

30 0.0478 

40 0.0841 

50 0.120 

The dependence on the efficiency determined from the Monte Carlo is given 

in the next table keeping nc = 24 and cc = 63: 

65 



fe Roo% 

0.625 0.0258 

0.500 0.0368 

0.400 0.0460 

0.300 0.0613 

0.200 0.09120 

The upper limit 8~03 will change proportionally with the VR<Jo%. Thus if 

the number of nc events was 40 instead of 24, the upper limit on 6~03 would 

change from ~IO eV2 to ~18 eV2 
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VII.GQMP.AR/SON WITH OTHER EXPERIMENTS 

From the derivation on neutrino oscillation, one sees that neutrino os­

cillations can take place if: 1) the weak eigenstates are linear combinations 

of mass eigenstates, (which implies that lepton number is not strictly con­

served) and 2) at least two eigenstates have different masses. We find that 

the probability distributions for the case of two mass eigenstates are given 

by: 

1) P(v0 -+ v0 ) = 1 - sin2 20 sin2(I.27 6;:) 

and 

2) P(v0 -+ vp) = sin2 28sin2 (I.27 6;:) 

where Va and vp are any two neutrino flavors. The rest of the quantities 

have been defined in section ... 

The two solutions, correspond to two very different kinds of experiments. 

Solution I) corresponds to inclusive (or disappereance) experiments; solution 

2) corresponds to exclusive ( appearence) experiments . 

EXCLUSIVE OSCILLATION LIMITS 

In the exclusive (or appearence) search, an experiment searchs for an 

anomalous number of some neutrino type Va in a relative pure neutrino source 

of another type vp. From the number of observed excess events relative to 

the number predicted events, different experiments can set limits on P(va -+ 
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vp). 

The sensitivity of these type of experiments are determined by: 

l)Background rate of expected events. 

2)0bserved rate of excess events. 

3) f., large but with a reasonable number of events left in the sample. 

(As the number of events goes down, the posible restrictions on the mixing 

angle are lowered) 

The best limits at this time on this type of experiment on vµ.(v1i) -+ 

vr(vr) oscillations are: (see also reference 31) 

6~0% at 

sin2 28 = 1 

Vµ. -+ VT 3 eV2 

(IIµ)-+ VT 2.2 eV2 

Vµ. -+ Vr 17 eV2 

vp.--+ Vr 10 eV2 

EXPERIMENT 

E532 - F N AL(z9 ) 

!TEP- F1VAL- MICH( 3o) 

THIS EXPERIMENT 

THIS EXPERIMENT 

/__N_(JLUSIVE OSCILLATION LIMITS 

In order to do this type of experiment, the change in the number of a 

given type of neutrinos Voe with energy Ev or distance L must be measured. 

' Measurements of neutrino rates as a function of energy Ev can in prin-

ciple yield the same results as measurements made at different distances 

frome the production source L. However, an experiment that attempts 

to measure the oscillation distribution as a function of energy is subject 
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to the uncertainties in the measurements of the absolute source rate and 

spectrum at the detector. To circumvent this problem, two experiments: 

one at Fermilab(32) and one at CERN pg! 33 ) have been designed to measure 

neutrino rates at two different lengths L1 and L2 from the neutrino source. 

Figures 37 and 38 show the results of these two experiments. CCFR experi­

ment excludes to the 90% C.L. oscillations of muon neutrinos into any other 

type of neutrino in the range of 30<82 <900 eV2 for sin2 (20)>0.03-0.015. 

The CDHS CERN PS experiment excludes a range .3< 82 <90 eV2 . This 

}attest result significantly improves the Vµ, ~ Vr oscillation limit 82 < 3 e V2 

in the exclusive type experiment . 

c5~o% Ev L1 Li EXPERIMENT 

sin2 20 =I (GeV) (mts) (mts) 

Vµ, ~ Vz 30 eV2 30 to 230 885 1286 CCFR(32 ) 

Vµ, -+- Vz .3eV2 
<Ev>~ 3GeV 130 880 CDHS(33 ) 

,. 
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VIII.CONCLUSIONS 

Experiments after the report of a positive result on neutrino oscilla­

tions by the Savannah River reactor(34
) group, have failed to confirm such 

result. At present1 th~re is no conclusive evidence for neutrino oscillations. 

Accelerator experiments have excluded mixing angle and neutrino mass regions 

but there remains still iarger regions to be explored. Our experiment, us­

ing experimental methods independent of previous experiments, sets an up­

per limit confidence level of 8~03 = 10.eV2 at full mixing in a - 165 Gev 

v,_.. exposure. This confirms the results of other exclusive type experiments. 

Future experiments, should be planned to be sensitive to masses and mix­

ings about an order of magnitude below the present limits of exclusive and 

inclusive type experiments. In particular, the very stringent limits from 

CERN CDHS(33 ) should at least be reconfirmed in different experimental 

setups where systematics and acceptances are different. 

It is also noted that, at present, there is no strong theory on the very 

basic problem of lepton masses and also on the possibility that they mix. 

Setting the scale of these measurements and mixing is a problem with little 

theoretical guidance and ther~fore measurements should continue probing 

even further into the unexplored regions. 
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