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ABSTRACT
Results From the 1994 LSND Neutrino
Oscillation Searches in Both the

U, — Veand v, — v,

Channels

JimHill

Prof. A.K.Mann

The Liquid Scintillator Neutrino Detector (LSND) 1994
data for the oscillation searches v, — v, and 7,— T, yield
limits on the mixing of the two flavors. A combined treat-
ment of the two channels, and the resulting new limits are
presented, under the assumptions of 2 family mixing and
no CP violating terms in the mixing matrix. Appended
to the main work, a critique is made of the analysis that
seems to find a strong signal in the same data, and prob-

lems with that analysis are identified.
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Chapter 1

Introduction: The theory of

neutrino oscillations

The Standard Model of electro-weak interactions in parti-
cle physics is generally presented in a form with the neu-
trino masses all identically set to zero, but it accommo-
dates the input of non-zero masses for the neutral leptons.
If these masses are finite, and if the mass eigenstates are
not the same as the weak “flavor” eigenstates, the phe-

nomenon of neutrino oscillation occurs.

1.1 A general overview

Neutrino oscillation was first suggested (before the advent
of the standard model) by Pontecorvo [1] in 1957. After the

1
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discovery of the phenomenon of oscillations in the neutral
kaon system, it was proposed that the same thing could
occur in the neutral lepton sector. The states that would
oscillate in that scenario were the particle and anti-particle
(or helicity) states for a single flavor of neutrino. In the
present search, this particular mode is not addressed.
The change of basis from the (weak eigenstate) creation
and detection basis to the (mass eigenstate) propagation
basis is represented by transformation via a unitary ma-

trix, M, and one writes:

Vl M]_,e Ml,# Ml’-r Ve
) = M?,,e Mg,,‘ M?,T V# (1-1)
V3 M3’e M3,,u Mg;,- vr

where v;,4=1—3 are the mass eigenstates, and vj;,
7 € {e, u, 7} are the flavor eigenstates.

Under the assumption that the (3,e) and (3,u) elements
of M are small, (meaning physically that the veand v,states
are not strongly coupled to the v, state) the equation re-

duces to a two-state problem decoupled from a stationary

o
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state, and one can write simply:

* *
Ve e M, )
* *
Such a matrix can be parameterized as:

Te M5, cos(f)e™® —sin(f)e'

M, M3, sin(@)e”® cos(f)e~?
The one further assumption to simplify this is (mathemat-
ically) that the matrix can be made real, meaning physi-
cally that there is no CP violation in the effect.! For Dirac
neutrinos in two flavor mixing, there can be no CP vio-
lating terms, so the assumption of no CP violation here
(since 2-flavor mixing is already assumed) is equivalent to
the assumption that the neutrinos are Dirac particles. Al-
though the following steps of algebra are written out in
several books (for example: [2, 3, 4]) it is useful to retrace
them here for completeness. For the specific problem stud-

ied here, a beam of essentially pure v, is produced, and

1To see that the imaginary terms do represent CP violation, one can retrace the following
steps of algebra keeping the imaginary parts, and see that terms varying as the sine of time
appear. Since this function is odd in time, by the CPT theorem, there must also be CP

violation.
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oscillation is only detectable by the appearance of v,. The
beam momentum is tens of MeV or more, and the pre-
sumed masses (because of independent cosmological con-

straints) are at most of order tens of eV.

sin(6
In propagation, the v, beam is initially (6) , and
cos(8)
since it is not in an eigenstate of the propagation (energy)
Ept |
. et sin(f) ,
operator, it time evolves as | g, . Here, E; 4 is
¢t cos(d)

the energy of the component state 1 or 2. At the detector,

after time t, measurement corresponds to the amplitude:

0 ) Eot Eyt
X ) = cos(f) sin(f) (e *—e ‘hL)

~ cos(0) sin(0)e’ &3 ( _n%sﬁ)—t — e‘%lr%ﬁ)

(1 O)M’fe’%w(

_(Zj=1,2 m2c2t) ( 2 )
ot |\ T TR m;
= sin(20)e' % e ’ Sin( leph 2c t)

where, since the mass is very small compared to the mo-

mentum, [ have expanded E = \/ (pc)? + (mc?)? = pc +
2

T . Squaring to get a probability of measurement:

t
Prob(v, — v.) = sin® 20 sin’ (—ﬁAmoi))

4
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= sin® 20 sin® (1.27Am2%) (1.3)

where Am? is expressed in eV?, L in meters, and E in MeV
(or L in kilometers and E in GeV).

The measurable parameters are sin? 26 and Am?. (Le.:
the separate masses are not detectable in such an experi-
ment, only the difference of their squares.) CPT invariance
requires that the amplitude for 7,— 7, is the same as for
Ve— V. The assumption of no CP violation further re-
quires that the amplitudes for oscillation between v, and
v, are the same as for between 7, and U, in either time
order, and in the limit that this assumption is correct,
experimental limits on one process can be applied to the
other. This also allows combination of data from oscilla-
tion searches in the ¥,— 7, and v, — v, channels. (This
is done in this work, but first separate limits are presented
2

which do not rely on the assumption CP conservation.)

The theoretical framework just presented is the basis of

2A review of the theoretical aspects of CP violation is presented on pages 33ff of
reference(5], noting why it is expected that if there is any CP violation in the neutrino
sector it is small. The argument involves experimental limits on neutrinoless double beta
decay, so quantitatively stronger statements are possible since the publication of that work,

but the analysis is the same
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the analysis done in this work. While a fuller treatment,
allowing mixing among all three generations and CP vi-
olation is possible, limits presented with the assumptions
stated above are relevant in their own standing, and fa-
cilitate the comparison of experiments by making the ex-

cluded parameter region “visual”.

1.2 Neutrino masses and the standard model

A question regarding the motivation for the previous dis-
cussion naturally arises: If all neutrinos are “left-handed”,
isn’t a non-zero neutrino mass forbidden? There are two
answers to this query: First, the observation that all neu-
trinos are “left-handed” may be only an approximation,
good at some level indicative of the mass value. Second,
there are possible mass terms in particle physics that would
confuse the definition of particle and anti-particle in such
a way that the right-handed neutrino is observed as an

anti-neutrino.
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1.2.1 “Normal” mass terms

All neutrinos that have been observed in charged cur-
rent weak interactions are “left-handed.” If neutrinos have
mass, left-handed neutrinos may be converted into right-
handed neutrinos by a Lorentz boost. The couplings of
the two to the weak charged current, however, need not
be the same, as in the standard model the left- and right-
handed electron do not couple to the W the same way.
Consider the case where the right-handed neutrino is, like
the right-handed electron, a singlet under the action of the
weak SU(2) symmetry. In the electron family, the repre-

sentations of weak SU(2) are then:

Ve

e

) (eT)r  (e)r (1.4)
L

Note that the only addition to the standard model is the
right-handed neutrino, and this has no coupling to the
charged current. The only way to create a right-handed
neutrino by charged current processes in this case is to cre-
ate a (normal) left-handed neutrino in a reference frame
that is Lorentz boosted with respect to the laboratory

7
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frame. If the neutrino mass is very small compared to
the production energy, the boost needed to “fip” the ap-
parent spin 1s large. In principle, the experiment that one
would need to do to detect this apparent loss of neutrinos
can be done. Since neutrino detection cross sections are so
small (and not so very well known), the experiment is dif-
ficult, and while no conclusive evidence for the occurrence
of this phenomenon exists, it is not strongly ruled out.
Another perplexing facet of this scenario is why the neu-
trino mass should be so much smaller than the masses of
the charged leptons. Kinematic measurements of neutrino
mass from observing beta decays imply that the dominant
mass state component of the electron neutrino is at least
four orders of magnitude lighter than the electron [3]. If
the neutrino mass is generated outside the standard model
in the same way as the electron mass this is a puzzle for

theorists.
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1.2.2 Other possible mass tcrms

The discussion that follows is given in more detail in
chapter 5 of reference [3]. It is a somewhat formal treat-
ment of mass terms in field theory and describes a way
(outside of the standard model) mass might be generated
for neutrinos in a different way than it is generated for
charged leptons and quarks.

The general appearance of mass in the standard model
particle Lagrangian is in terms 1mq). Lorentz invariance
and Hermiticity of the lagrangian restrict the form of pos-
sible mass terms, however, other forms are possible. The
possible bilinear terms in fields are:

Ymb'y, Femp ¥°, Pemuy, Py
for a field ¢ and its CP conjugate ¥° Hermiticity of
the Lagrangian requires that the first terms, if they ap-
pear, have m real, and that the second pair of terms, if
they appear, occur together with the (possibly complex)
“masses” the complex conjugates of each other; in fact, the
two terms are not really distinct since each is the adjoint
of the other. In a CP invariant theory, the two Mp are

9
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the same, and there are only two independent terms here
(but note each is of a two component object). (The sub-
scripts “D” and “M” are used to suggest the connection to
“Dirac” and “Majorana” mass terms. For the present dis-
cussion, however, it is only necessary that they are distinct
real constants.)

It is useful to write the fields in terms of chiral projec-
tions: ¢ r = (%‘15) ¢ noting that ;¢ = 0 for any fields
X, . Also: (YLRr)® = (¥°), g since the operation CP will
reverse the chirality. In terms of the left and right chiral

projections of the fields the distinct mass terms are:

YLYR, YoRYL, YLYR (1.5)

(and their hermitian conjugates).
There are then three constants with the dimension of
mass needed for the free field Lagrangian for the four com-

ponent fields. If one write the fields as:

oo YLt _ YR+ (YR)°
1 = \/5 y T2 = \/5

10
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the entire free field Lagrangian can be written:

Mi Mo ) (”1) (16)
Mp Mg | \ne

Denoting the fields that form the basis that diagonal-
izes the above “mass matrix” as v,,, N,,, one sees that
this is the free field Lagrangian for two independent par-
ticles with different masses. (The subscript m is put in to
make explicit that these states are the mass eigenstates,

not necessarily the flavor eigenstates.) Equation 1.6 can

then be rewritten:

-Efree = (E?Y;ﬁ”lfm + mumm’/m)
+ (Nw7,0* Ny, + my,, NouNoy)

Each field has only two degrees of freedom (since the
original Dirac spinor of which this is a generalization had
4 components) corresponding to two spin states. Also, the
two fields ny, ny from which these two particles are con-
structed are CP eigenstates with degenerate eigenvalues,

so each of v, N are their own CPT congugate.

11
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For the present work, it is enough to say that mass
terms are possible for neutrinos. However, it is useful to
briefly present a mechanism for their generation to show
that one does not need to go to far afield from the standard
model of electro-weak interactions to find them. A useful
class of extensions to the standard model is the so-called
“left-right symmetric models”. In these theories, the usual
weak charged current interaction still exists, operating on
the multiplets shown in 1.4 via the usual W, now called
“Wi.” In addition, there is a new interaction mediated by

the “WR” which acts on multiplets:

() € ) (e
€ R

The full symmetry group of the theory is then
SU(2)r, x SU(2)g x U(1).

Since at the energy scale of current accelerators the ob-
served electroweak symmetry is only SU(2), x U(1), the
SU(2)r symmetry must be broken at some higher scale.
The spontaneous symmetry breaking of the SU(2)r sym-
metry at that scale (corresponding to the vacuum expec-

12
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tation value of a scalar Higgs field) gives the Wy a mass of
order the symmetry breaking energy scale. Since no effects
of interactions via Wy are observed, this is expected to be
large. (Note that this is not just from observations in the
neutrino sector. Limits on the chL) ~ mKSO mass difference
require that my, > O(TeV).)

The exact values expected for the mass matrix param-
eters in this model would depend on more detail than is
given here, but in general one expects that since mwy, Mg
will also be large. Also, since Mp is generated by the same
mechanism as the charge lepton and quark masses, one
expects Mp ~ O(m,, ,, ,) for the charged lepton or quark
of the same generation. The arguments for a value of My,
involve observations of neutral current neutrino scattering,
but on general “aesthetic grounds” one might expect that
since it is the diagonal term for the “regular” neutrino
mass, it must be small compared to the other terms. (The
more rigorous arguments make it quite plausible that it is
identically 0.)

13
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For a mass matrix of the form in equation 1.6:
M, M 0 M
L Mp | D (1.7)
Mp Mg Mp Mg
if Mg > Mp the eigenvalues are my,, & My and m,_ ~

M2 : : :
——M{%. The negative mass eigenvalue can be avoided by

M=

considering the field vsv,, rather than v,,. The result is
a neutrino with a non-zero mass, the scale of which is set
separately from that of the charged leptons, but predicted
to be much smaller, and a new neutral lepton with a very
large mass. The price for such a theory is the introduction
of the new symmetry breaking Higgs fields and the new
heavy neutral lepton. The mass relation derived (assuming

universality of the SU(2)r coupling so that there is only
2
m
MRzIOIIQ"ZOeV’ SO

one Mg) leads to a relation like: m, ~

that

e 220 2 1 and | 1aT
My, : My, 1M, M m, :my:1:4-10%:10

For m, = 30eV, which is a “cosmologically interest-
ing” value, this would make m,, = O(0.1eV), a value too
small to be measured by LSND in the case that the heav-

iest neutrino is not strongly coupled to the electron and

14
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muon neutrino. The case is made, however that there are
mechanisms for the generation of small neutrino masses in
relatively minor amendments to the standard model.
There are in fact other forms of amendments to the
standard model to generate non-zero masses for the neu-
tral lepton sector. The above case is presented only as an
example to show that the idea is not too far afield from
what is currently “standard.” In general, the introduction
of neutrino mass terms requires the introduction of new

neutral leptons, new Higgs fields, or both.

1.3 Some history; Previous related work

Previous experiments at accelerators and reactors have
searched for neutrino oscillations in one or both of the
channels studied in this work. Some existing limits on
neutrino oscillation parameters are shown in figure 1.1. In
particular, a previous experiment at LAMPF (E645) used
some of the same equipment restored for LSND. It searched

the same region of parameter space for 7, appearance
in a 7, beam. KARMEN, (the KArlsruhe-Rutherford

15
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Medium Energy Neutrino experiment) a currently run-
ning competitor of LSND, published the result shown here
in 1994, but in later publication strengthened their limit
to the one shown in figure 7.9. The experiment uses a
proton beam on a heavy metal target to produce neutri-
nos from pion and muon decay at rest. The detector sits
approximately 18m from the source. The BNL-E776 re-
sult shown here is for the combined Yy — Ve and U,— 7,
presentation published by that collaboration, but weaker
limits from that group may be more robust [6]. The ex-
periment was an accelerator experiment with a neutrino
beam from pion decay. The average neutrino energy was
approximately 1GeV, and the detector was 1km from the
source. By running alternately with 7% the experiment
was able to search for both v, — v, and 7, — T,. Gdsgen
is a reactor experiment looking for v, disappearance. It is
continuing to produce stronger limits, but will never probe
very low in sin® 26.

This list of previously existing limits is not intended to
be complete. With the exception of the previous LAMPF

16
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experiment (which is put in only because it is basically a
direct ancestor of LSND) the limits shown are the ones
that will be directly relevant to how much new ground is
covered in this work. BNL-E776 excludes the lowest val-
ues of sin® 26, and Gésgen excludes lower values of Am?
than any of the others. The later result of KARMEN
excludes a small region allowed by both of those experi-
ments. The result presented in this work will surpass both
the Brookhaven and KARMEN limits, providing a new

bound in the region of parameter space Am? > 00.1eV?2.

17
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Figure 1.1: Previous limits in the range of parameter space studied in this
work. In each case the region above and to the right of the curve is “excluded”
(i.e.: ruled out by the experiment) at the 90% confidence level. The text
explains more about the experiments.
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Chapter 2

The LAMPF neutrino beam

Los Alamos Meson Physics Facility (LAMPF) operated
the 800MeV pulsed beam proton accelerator at 1mA of
beam current in 1994. The protons are deposited on a
number of targets, and finally a water cooled copper beam
dump. In each of these components, they produce pi-
ons which subsequently decay (predominantly) to muons.

Neutrinos from pion and muon decays comprise the beam

for LSND. !

1A very small component of the beam comes from kaon production, and, while this

process is included in the beam Monte Carlo and its contributions implicitly included in the
distributions from that, such details are suppressed in the following discussion.
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2.1 Physical configuration of the beam area

LAMPF accelerates protons to 800MeV kinetic energy
in approximately 1/4 ns wide bunches every 4.96ns con-
trolled by the 201.25MHz RF cavity. These “micro-pulses”
ride on a structure of square waves, on for 650us and then
off for 7.7ms (120Hz). The numerical values of these pa-
rameters (except the RF frequency) were changed from
time to time for various tests by the accelerator staff, but
not the general scheme. A schematic drawing of this time
structure is shown in figure 2.1. It is important to real-
ize that the designation “beam on” for an event refers to
one occurring at any time within the macropulse and un-
til 10us after (to account for the lifetime of the muon).?
There are, of course, nuclear processes occurring in the
beam stop and surrounding material that far outlive any

time structure in the beam. For the purposes of back-

ground estimation in this experiment, they are equivalent

2Attempts to measure within the fine timing of the micropulses have been successful at
some level with the large statistics measurement of the cross section of v,C — uX,[7] but
are not refined enough to be used for the decay-in-flight oscillation search. Timing on such

a scale is irrelevant to the decay at rest beam.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



to cosmic rays or ambient radioactivity.

There are 3 targets in the proton beam line and a copper
beam dump that all contribute to the neutrino flux at
LSND. The two upstream targets (called Al and A2) are
carbon of 3 to 10cm thickness, depending on the running
period. These degrade the average proton energy by only
about 20 MeV, but more importantly, reduce the flux of
protons by about 20%. The main target (nearest LSND)
is the A6 water target. It is an oblong steel enclosure 30cm
long full of water with several steel inserts to manage the
water flow. There are also some small isotope production
“stringers” along the line between the A6 water target and
the beam dump. These are of very low mass and do not
substantially affect the total neutrino flux, although their
metal cases do contribute significantly to 7~ production.
The Al target is about 120m from LSND’s center, A2 at
100m, and A6, from which the greatest flux comes, 30m.
The beam dump, sitting 29m from the detector center,
is made of plates of copper with water coolant running

between. This is where 97.5% of pions from the A6 water
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target come to rest and decay. The detector sits at an
angle of 7.7° from the direction of the proton beam line, its
cylindrical axis pointed approximately at ithe beam dump,
but a few meters lower. A diagram of the path from A6 to
LSND is shown in figure 2.2, and a map of the whole area
in 2.3.

2.2 Processes for neutrino production

3About 85% of the charged pions produced in the A6
area are 7t. Since by far most 7~ capture in nuclei in the
material of the targets or the beam dump, about 97.5%
of the charged pions that decay are positive, and, since
u~ capture also, only approximately 7 - 10~ of the muons
that decay are negative. Since 7T decay is to v,u™ over
99.98% of the time, the neutrinos of from pion decay at rest
are 29MeV v, which is to low an energy to participate in

charged current interactions. Those from pions decaying

3 A first order estimate of the pion yields and of the pion decay-in-flight neutrino spectrum
is made in appendix B. This chapter presents the results of full Monte Carlo simulations
of the beam fluxes. The quasi-analytic arguments presented in the appendix are meant to
elucidate the physics of neutrino beam production, and are not used for the expected event

rate calculations presented later.
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in flight, however, have sufficient energy to produce muons
in the detector which have been the subject of two earlier
theses from LSND[8|,[7], and are the beam for one of the
two oscillation searches that are the material of this thesis.

The A6 water target is only about 1.5 meters from the
copper beam dump and the muon lifetime is @ in the
rest frame, so while some pions decay in flight, virtually all
p* come to rest in the beam stop and decay there. There
are, therefor, two distinct useful beams: one of v, from
pions decaying in flight, and another of 7, from muons de-
caying at rest. Hereafter, these two beams will be referred
to simply as “decay-in-flight” and “decay at rest”.

The beam Monte Carlo [9] for the LAMPF neutrino
beam originally used measured pion fluxes from a previ-
ous experiments at LBL. This single measurement was the
basis for the flux calculations for the earlier neutrino ex-
periments at LAMPF. The pion flux distributions as a
function of direction were measured in an experiment to
improve the precision of the monte carlo predictions, [10].

The calculated kinetic energy spectrum for the pions pro-

23
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duced in A6 extends to around 500MeV, and the resulting
v, energies therefor go up to about 300MeV. When look-
ing at background, it will be important to note that the
(O(107*) of) v, produced via #* — veet are much higher
in energy than the v, made in the more common decay
(for both processes from pions at rest). The decay-in-flight
neutrino spectra for the four neutrino types (ve,7e,v,,7,)
from pion decay in the A6 target area are shown in fig-
ures 2.5. (The fluxes shown are average fluxes calculated
on a grid of 25 points throughout the tank. Event rate cal-
culations done later for the signal expected use the local
rates.) The Monte Carlo has also been used to calculate
the decay-in-flight of pions from Al and A2, and muon
decay-in-flight from each source.

The decay of u* — T, v.e" is well understood theoret-
ically [11], and the positron spectrum from this decay is
well measured. (In fact, electrons from cosmic muon decay
are the main source of data for the energy calibration pre-

sented later in section 4.1.2) The “Michel parameterized”
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spectrum for a lepton momentum P; is written
E2
(Eo)*

Prob(P,= E) = (12 (Ey— E)+8p- (%lE - Eo))
(2.1)
The diagram for muon decay is shown in figure 2.4. The
“Michel parameter” p (sometimes w in the literature [11])
is predicted to be % for the positron and the 7,, and 0
for the v.. (Effects of electron mass are too small to be
measured in our experiment, and are ignored in later fits

to this theoretical spectrum.)

0d(v,) 1
B - x(6 — 4x) (E}) (2.2)
0% (ve)

9 = 12x*(1 — x) (Eio) (2.3)

These curves (together with the line spectrum represent-
ing v, from 7+ decay at rest) are shown in figure 2.6. It
is important to note that this is the produced neutrino
spectrum, and that most relevant cross sections (for de-
tection processes) are rising quadratically in this energy
range. Hereafter, electrons from muon decay will often be

referred to simply as “Michel electrons”.
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2.3 The beam Monte Cario

The beam Monte Carlo for the LAMPF neutrino beam
is a collection of code local to the LSND collaboration[9]. It
uses pion production cross sections and transport param-
eters from LAMPF E866[10].* The decay at rest spectra
for pions and muons are well known theoretical distribu-
tions; pion decay-in-flight involves only a Lorentz boost
from this. Therefore, the main predictions from the beam
Monte Carlo are the total flux at each target, and rela-
tive number of pions decaying in flight or at rest. The
ve 12C —!12 N(g.s.)e™ cross section is well measured [12],
and so data for this process in the decay at rest energy
range provides a good calibration of the total flux. Simi-
larly, the decay-in-flight spectrum could be calibrated by
the observation of v, 12C —!2 N(g.s.)u™, but in this case
the total number of expected events (assuming reasonable
detection efficiency) is only 15. A cursory analysis finds

13, which is very good agreement, but the errors are too

4The KARMEN collaboration uses essentially the same code for their beam monte carlo.
[t was written by a mutual collaborator with the plan that it would serve both experiments.
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large to call this a calibration.

2.4 The neutrino beam spectra, a synopsis

The decay at rest beam for this experiment has a firmly
predicted theoretical spectrum. The overall flux for neutri-
nos from muon decay at rest is calculated by Monte Carlo.
The decay-in-flight beam has components from the A6 wa-
ter target, and from the Al and A2 carbon targets. These
latter contribute significantly to beam contamination for
the decay-in-flight oscillation search.

Both to accommodate adequate shielding from the beam
stop area, and to give sensitivity to lower values of Am?,

the center of LSND is 30m from the A6 target area.

(8]
-~
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Figure 2.1: The timing structure of the LAMPF proton beam. There are
approximately 1.3 - 10° micro-pulses in a macro-pulse. Times are designated
as “beam on” for the duration of the macro-pulse, and 15us after. The delay
time in the tag is to account for the 2.2us muon lifetime.
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Figure 2.2: The relative position of the detector and beam.
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Figure 2.3: The whole LAMPF area. This figure is taken directly from [16].
The rectangle labelled “Neutrino Detector” in the middle right represents
LSND, and the dotted line to it the path of the neutrino beam.
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Figure 2.4: Feynman diagrams for u-e scattering and for muon decay (Time
increases to the right.)
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Figure 2.5: Monte Carlo calculated decay-in-flight neutrino fluxes for v from
pion decay in the A6 target box. The overall normalization is arbitrary here,
but the relative normalization between the plots is calculated by the program.
The various fluxes are calculated at a grid of points within LSND, and here
averaged. Note the change in energy scale for the v, spectra.
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Figure 2.6: Theoretical neutrino production spectra for muon and pion

at-rest{11]
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Chapter 3

The Liquid Scintillator
Neutrino Detector, LSND

3.1 Charged particle detection for neutrino

physics

Neutrino detection is only through the detection of electro-
magnetically interacting products of their interactions. The
family of the lepton produced in a weak charged current
process is the signature for the flavor of the interacting neu-
trino. Since the cross sections for weak processes at the
LAMPF neutrino beam energy are low (O(10~*cm?)), a
large active volume is necessary for detection of these inter-

actions. The desire to reuse existing hardware (specifically,
the veto shield from LAMPF E645) provided an upper
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limit on the size of LSND. To tag the neutrino flavor for
an oscillation search, particle identification is neccssary.
Two detector types that have successfully measured neu-
trino interactions are imaging liquid Cerenkov detectors,
and scintillator detectors. LSND combines the features of
the two types by dissolving a small amount of liquid scin-
tillator in mineral oil, which acts also as a passive medium
for the creation of Cerenkov radiation. The scintillator al-
lows detection of particles below Cerenkov threshold. This
mixture of isotropic scintillator light for all charged par-
ticles with directed light for relativistic charged particles
provides the basis for particle identification discussed in

section 4.3.

3.1.1 Cerenkov detection with mineral oil

Cerenkov radiation was used in detection of charged par-
ticles for neutrino physics in earlier experiments. Large
water Cerenkov detectors have observed both atmospheric
and solar neutrinos in Kamioka and in IMB. Mineral oil

(essentially CH,) has an advantage over water for Cerenkov
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detection of low energy charged particles because its index
of refraction is somewhat higher (1.5 compared to 1.33).
This results in many more Cerenkov photons per MeV
for radiating particles, and a lower threshold.! The low
threshold is a useful feature for calibrating the muon en-
ergy scale. The enhanced light output helps in reconstruc-
tion (see section 4.2.1). Another advantage is that there

are scintillators that are soluble in mineral oil.

3.1.2 Liquid scintillator and charged particle detection

Previous accelerator neutrino experiments at BNL have
used liquid scintillator detectors. Detectors using scintil-
lation light detection for charged particles are noted for
excellent calorimetry. However, since scintillation light is
isotropic, reconstruction of the direction of a particle track
in a pure scintillation detector is only possible for long

tracks, or in segmented detectors, and even then the an-

1The energy radiated per unit length for emission of Cerenkov radiation is

()= Loum= (- G) ) @

[13]
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gular resolution is not as good as for Cerenkov detectors?.

3.1.3 Combining Cerenkov and scintillator detectors

By using a dilute liquid scintillator dissolved in mineral
oil, the advantages of both Cerenkov and scintillator de-
tectors are available. LSND uses 0.031 g/liter of Butyl
PBD scintillator to get about 4 times as much scintillation
light as Cerenkov light for 3 ~ 1 particles. This allows de-
tection of low energy muons and protons below Cerenkov
threshold, while still providing information for angular re-
construction of relativistic particles, and giving data for
particle identification via the ratio of isotropic scintillation
light to directed, prompt light in the Cerenkov cone.

LSND is an approximately cylindrical tank 8m long and
just over 5m in diameter with its cylinder axis pointing (al-
most) toward the A6 beam target. It holds 157m? of min-
eral oil with dissolved scintillator which is viewed by 1220
8” Hammatsu photo-multiplier tubes (hereafter PMTs).
The PMTs cover 25% of the surface area, and except for

2The angular resolution for electrons at 50MeV in LSND is ~ 10°. (For details on the
angular reconstruction algorithm, see section 4.2.1.)
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three very small cables running to %liter flasks for the laser
system described in section 4.1.1, have no obstructions be-

tween them and the active volume.

3.2 Passive shielding of the detector

Since neutrino interactions have small cross sections, the
event rates expected in LSND are low. Cosmic rays and
low energy gamma radiation from ambient materials have
very high rates, so much shielding is necessary to detect
neutrino interactions. One approach to solving this prob-
lem is to put the detector far underground. While this
is reasonable for studies of solar and atmospheric neutri-
nos, it is impractical for an experiment like LSND with
its source fixed above ground and providing a limited flux
falling as ;17

It is useful to consider the rates of neutrino events and
cosmic rays in LSND.

The total number of carbon nuclei in the region of the
detector viewed by the PMTs is approximately 5.5 - 1030,

An important process for v, onto Cis v, 2C —!2 N(g.s.)e™.

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



This process has a firmly predicted cross section which has
been verified at the KARMEN experiment and accounts
for approximately 50% of the total cross section for v, on
carbon at LAMPF beam energies. (This process is used
as a verification of the normalization of the beam flux pre-
dicted by the Monte Carlo, and also constitutes a back-
ground to the 77, — T, search.) Taking the cross section of

this process at 40MeV leads to:

5.5-10% . 107" em? = 5.5 - 107! em?
= 5.5+ 10"°m? detector ef fective area  (3.2)

For 6000C = 3.7 - 10%?protons (the extent of the 1994
run) of beam, with an effective neutrino yield around 9%,
the expected total number of these events in this detector

30m from the beamdump is then:

5.5.10°15
47 - 302

which does not take detection efficiency into account. Us-

) .3.4-10' =~ 2-10° (3.3)

ing a reasonable detection efficiency of approximately 10%,
and assuming only 75% of the volume viewed by the PMTs

is useful, one expects O(150) events from this process to
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be detected in LSND.
On the other hand, the number of cosmic ray muons

that cross the midplane of the tank in the same time is:

(22-102—L). 507 107sec & 3- 10!
~ §-m-/ appr. area of tank midplane

cosmic muon rate[14]

(3.4)

This potential ratio of signal to noise makes it necessary
to use as much shielding as possible. LSND is covered by
approximately 2;Kn5; of shielding in the ambient rock and
large steel shielding blocks on top.® The estimated rate of
entering cosmic rays is 4KHz, [15] about a factor of three
below the above estimate. These same arguments that
demand the use of as much passive shielding as possible
necessitate both the use of an active veto system to reject
cosmic rays on-line and the writing of histories of events

of interest so that further off-line rejection can be made.

3In the beginning of the 1993 run, the steel overburden was still being laid. The rate of
cosmic ray background fell a small but measureable amount during this process.
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3.3 The active veto shield

LSND is surrounded except on the bottom by an active
veto shield. (See figure 3.2.) This s a large tank of mineral
oil with high light output scintillator “observed” by 292 5”
PMTs. The barrel and one end of this anti-counter are in
one piece, while the “upstream” wall, i.e.:. closest to the
beam production point, is a detachable part. (This was
designed to allow disassembly of the anti-counter for ser-
vice and possible reuse. The tanks were actually built for a
previous experiment.[15]) Along the joint between the two
pieces, and along the sides of the detector bottom, there
are sheets of solid scintillator with a pair of PMTs for each
which are used as “crack counters” to add extra informa-
tion for the veto system. In much of what follows, the large
shield and the crack counters will be referred to together
as the “veto system”, and with very few exceptions the
details of the separate treatment of the two components
will be suppressed.

The veto system serves three purposes: First, cosmic

ray events detected entering through the veto shield are ve-
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toed. (I.e.: not recorded as primary events. They may still
enter the data stream in recorded histories of later events.)
Under certain conditions, subsequent events are also ve-
toed. (— Again, in the sense of not being accepted as
primaries; they do not necessarily carry the veto flag.) Fi-
nally, the hit tube information from the veto shield is used
in the reconstruction of vetoed events that are recorded in
the data.

The detector has been run with various software veto
conditions. The version used in the taking of the data
used here is described in section 3.5. The inefficiency of
the veto can be measured by counting the number of very
high energy events in the detector, almost all of which are
presumably cosmic rays. Using the raw veto rate as an
upper bound on the number of cosmic ray muons entering
the detector, the veto inefficiency is (roughly stable, and)
O(10™*). Many events in the veto shield are presumably
not related to muons entering the detector at all. Low
level radioactivity in the veto system itself and cosmic rays

which cross part of the veto but not the detector account
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for a large number of events. Assuming the prediction for
tl> rate at which muons enter the detector is correct, the

inefficiency is at most O(few - 1079).

3.4 Front end electronics

The information needed from the PMTs for the recon-
struction of an event is the charge deposited in the photo-
cathode, and the time it was deposited for each PMT in
which there was a signal. The charge is measured by de-
positing it on a capacitor, the voltage of which is read out
at regular intervals. (The information from the veto sys-
tem is processed the same way.) The time is calculated by
extrapolating the voltage readings (read at the same regu-
lar intervals) on another capacitor, the constant charging
of which is initiated by the passing of a discriminator level
by the PMT backplane signal. An example of the signals
which are used in this scheme are sketched in figure 3.3.
The “hold-off discriminator” signal is a feedback to the
backplane to prevent the pile-up of timing ramp starts.
The time interval between readouts is regulated by a glob-
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ally synchronized clock at 100ns intervals.

A schematic of the front end electronics for the reading
of data from tubes to be processed by the trigger is shown
in figure 3.4. The “flash analog-digital converter” (FADC)
component is shown in figure 3.5. This can convert the
analog PMT output (for charge or time information) to
a digital signal useful for the trigger software in a few
nanoseconds with a reasonable dynamic range since it uses
8 bits of information. The resistances used were chosen so
that 8 ADC counts of charge in a PMT hit corresponds
roughly to one photo-electron. This assures that the single
p.e. peak can be distinguished (important for verifying de-
tector performance), while giving (about) 32 p.e. dynamic
range. The typical “occupancy” (z.e. : F&!ﬁ;e—mt) is of order
a few for most events of interest.*

The measurements done for the charge and time read-
ings are all stored in dynamic dual-ported memories 2Kb
deep. This memory is essentially a circular buffer, so af-

4In the 1993 configuration the charge and timing circuits were on hand wired boards.
This was changed between the 1993 and 1994 runs, and the charge response of the boards

was made more linear.
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ter 2K clock ticks (204.8us) the data is overwritten. The
data addresses within this structure are the lowest order
11 bits of the global clock, and are thus referred to as
“time stamp addresses” (TSA). When the global trigger
decides that a given time is “interesting”, the TSA data
is read from the dual ported buffers into first-in, first-out
(FiFo) memory chips to be sent to the event builder and
permanently recorded.

The same discriminator that initiates the timing voltage
ramp also sends a signal to a card on which the total num-
ber of PMT signals in a given clock tick delimited interval
is calculated, and sent to the trigger. (Actually, there are
local sum cards for individual electronic crates, which in
turn send output to global sum cards in the trigger crate.)
The total number of PMT signals in some time interval
can be interpreted as a (coarse, and non-linear) measure
of event energy. It is on the basis of these global sums that
the trigger decisions about whether to read out an event

are made.
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3.5 The event trigger subsystem

The logic for the trigger software is shown in the flow
chart in figure 3.6.°> The hardware collects data continu-
ously (see section 3.4) sending events with associated his-
tories when the software trigger calls for them. Events are
classified as “primaries”, “previous activities of primaries”
(hereafter called activities), and “gamma primaries” (which
are recorded with no activities of their own).

Though data is read on the channels every 100ns, the
sum cards, and all triggering decisions based on them look
at overlapping 200ns intervals. This makes the acceptance
for events near any PMT multiplicity threshold essentially
unity. (This makes the reasonable assumption that the
light all arrives to the PMTs in a time small compared to
200ns.) If the decisions were made based on sums done at
every cycle, there would not be full acceptance for events
near threshold that were spread across two windows.

Events with 18 PMT signals in the tank or 4 in the veto

SThe trigger logic for the 1993 configuration of the software is explained in reference [8],
with a similar flow chart shown on page 28 of that reference.
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within some 200ns period are classified as trigger activi-
ties and may be written into the data stream. If the 4
veto tube threshold is passed, this event is vetoed. If a
further threshold of 6 veto tubes is passed, then this event
and any event occurring in the next 15.2us is also ve-
toed (but may still be in the data as an activity)®. The
point of vetoing future events is to remove from the data
stream decay electrons from cosmic muons that stop in the
tank. 15.2us is (about) 7 muon lifetimes, so this lowers
the rate of such events by a factor of about 1000. (Decay
electrons from stopped cosmic muons account for a large
number of events in the data stream and constitute an
important background to the 7,— 7, oscillation search.)
Those muons that outlive the 15.2us veto time provide a
large sample of electrons in the energy range of decay at
rest signal events. Since the vetoed events preceding these
are written into the data stream, they are not a serious

background to the search, and in fact serve to provide en-

6The four veto tube threshold was not in place in the 1993 run. None of the analyses
done on that data considerred events with 4 veto PMT hits useful as primary candidates,
and the elimination of events with 4 or more veto hits from the sample of primaries allowed
us to lower the (later explained) threshold for opening a gamma window.
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ergy calibration (see section 4.1.2) and a study sample for
particle identification (see section 4.3).

If an event is not vetoed and has more than 100 detector
PMT signals in the 200ns window, it is a primary. It is
recorded along with up to 4 activities occurring in the
past 51.2us. (If there are more, the most recent four are
kept.) In addition, it “opens a gamma window” for the
following millisecond, in which any event with 21 to 100
tank PMT signals and less than 6 veto system signals is
recorded as a special primary which is written without the
previous history buffer. (If another primary with 100 hits
enters the data stream in this window, the gamma window
remains open until 1ms after that.)’

Every 200,000th vetoed event is written to the data
stream as a special primary (with a complete history).
The next vetoed event is also taken as data, along with its
history buffer. These “veto prescale events” are used as

7This configuration is different from the operation in 1993, when only primaries with at
least 300 PMT hits initiated a gamma window. During the 1994 run, the logic of the trigger
with respect to the gamma window was changed back to the 1993 version, but the “gamma
window threshold” was at only 125 PMT hits. The effective difference between this and the
logic shown in figure 3.6 is irrelevant for this analysis since all primaries of interest will pass
the 125 hit PMT threshold.
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diagnostic tools to measure detector performance. (E.g.:
deadtime due to the 15us veto condition; the free rate
of veto events is counted in integer multiples of 200,000.)
There is also one other class of special event which is a
primary generated to appear in the data stream at some
pre-defined time after the leading edge of the beam macro-
pulse. This is used to determine the time of an event within
the pulse structure, and as a diagnostic to verify the va-
lidity of the beam gate flag. Another special condition
which forces triggering is the generation of a laser pulse
used for calibration. The nature of this pulse and its use

are discussed later in section 4.1.1.
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Figure 3.1: Cross sections of the main detector. There arc 1220 8” PMTs
lining the walls of the almost cylindrical tank shown. It is full of mineral oil
with a very small concentration of Butyl-PBD.
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Figure 3.2: Cross section of the active veto shield. There are 292 5"PMTs
viewing a thin layer of high light output liquid scintillator. Sheets of plastic
scintillator line the sides of the bottom along the train rails.
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Figure 3.3: Signals in the front end electronics. The fine timing for PMT hits
is derived from the voltages read at 100ns intervals.
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Figure 3.4: The detector front end electronics. “Discr” is the discriminator
mentioned in figure 3.3. “FADC” is the analog-to-digital converter chip shown
in detail in figure 3.5 (and the “8” near it is electronics jargon to denote that
it passes 8 bits of information.) The globally synchronized clock and “CPMT”
circuits are further explained in the text.
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Figure 3.5: The “Flash” ADC chip.
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Figure 3.6: Flow Chart for the basic trigger logic. The special cases for veto
prescale and beam timing events have been suppressed for the sake of clarity,
as have distinctions about the separate veto subsystems. The circle labelled
“A” is the “acquire state” in which the trigger waits for one of the detector
or veto global sum logical bits to be asserted. The box marked “Assemble
Activity” is described in detail in figure II-8 of [8]. Certain changes in the
logic between 1993 and 1994 running conditions can be noted by comparing
this to figure II-9 in (§].
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Chapter 4

Events in LSND

This chapter addresses the general topic of how events
occurring in the detector are characterized. First, the issue
of calibration is discussed, both in the context of general
calibration of the electronics, and in the specific context
of the conversion of PMT signals to energies for electrons
and for gammas. Then, the reconstruction algorithms and
their performance for these two types of events are briefly
described. After that, the particle identification parameter
used for electrons is described and discussed. Finally, a
short “tour through the data” is given, describing how the

initially huge data set is pared down to a manageable size.
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4.1 Calibration

The general designation “calibraticn” refers to two sep-
arate topics: calibrating the instrument (and its compo-
nents) so that the signals from the PMTs are uniformly
interpreted; and mapping the measured sets of PMT sig-
nals to energy for specific particles. These topics are now
addressed in that order. Since there is a two-fold signature
for the 77, — T, oscillation search, there are separate sub-
sections on energy calibration for electrons and low energy

gamma rays.

4.1.1 Laser calibration

The LSND detector has a built-in hardware calibration
mechanism in the form of three laser fired flasks hung in
the body of the detector. ! When the laser is fired, a bit is
set in the trigger header for the event to denote this. The
laser was run continuously through the accelerator run pe-

riod, and the data from laser events extracted and analyzed

1The one laser resides in a secondary electronics hut near the detector. Light from it is
routed through either of three fiber optic cables into the detector and down to the flask,
which is filled with a suspension of microscopic teflon balls to diffuse the light.
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periodically to update calibration parameters. Runs were
done with the laser intensity at various levels to get dif-
ferent information. Low intensity laser flashes identify the
single photo-electron peak in the PMTs. Reconstruction
is performed on the laser events to set time offsets for the
electronics channels, as well as time slewing corrections.?
This is iterated until the reconstruction of these events
does not improve, where improvement is defined by a de-
crease in the variance of the offsets for all tubes. The
position reconstruction error for a large set of laser events
is plotted in figure 4.1. These events were chosen to have
about the same amount of light (measured by the PMTs)
as electrons in the 35 to 65 MeV range. Unlike electrons,
the laser flasks emit light nearly isotré)pically, and are al-
ways well within the tank volume. Still, this gives a general

idea of the quality of the vertex reconstruction.

*Time slewing is the effect that pulses of the same shape but different amplitude will
take different times to drive a discriminator above threshold.
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4.1.2 Electron energy calibration from muon decay

The large background of cosmic ray muons that come
into the tank provide a good sample of easily tagged decay
electrons. By looking for events with a broadcast history
event that was vetoed, such a sample can be gathered in
an almost® unbiased way. To be more sure that the tagged
pair is correlated, the sample chosen for this work have
exactly one broadcast history event.* The only other re-
quirements are a fiducial cut (50cm from the surface de-
fined by the phototube faces — an explaination for this
choice will be given later in section 4.2.1.), a tighter in-time
veto requirement than the hardware requires, and a (very
loose) selection on the number of tank PMTs with signals.
The very high rate of 8 activity in the tank would create
a background of accidental coincidences (just because of
the high statistics of that phenomenon). The sample thus
gathered has about half a million events, the decay time
distribution of which is shown in figure 4.2. The fitted

3The region near the bottom of the detector, where the veto is weaker, might be under-

represented, but nearly all cosmic rays come from above, so this is a high order effect.
*Relaxing this would not dirty the sample too much, but the gain in counts would only

be 15% or so.
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function displayed in the plot is exponential + constant.
This shows under 2% background using the full sample.
For studies requiring a purer sample, this background can
be reduced by cutting the correlation time requirement,
or statistically compensated by looking at the longer time
events separately.

The spectrum in photo-electrons for these events is fit
to a theoretical Michel spectrum with Gaussian smearing
to find the charge/MeV calibration and uncertainty. The
fractional uncertainty is assumed to fall as % (since this
is essentially a counting problem for the photoelectrons®).
This prescription gives about 8% resolution at the Michel
endpoint (52.8MeV). Since there was a change of the (more
basic) electronic calibration in the middle of the 1994 run,
this sample is split in two and analyzed separately. The
energies referred to later all account for this discrete change

in calibration. The data spectrum and fitted function for

SRecent work by collaborators in Santa Barbara suggests that the running of the energy
uncertainty as a function of energy may be somewhat slower, o< E%2-9-3, Comparing the fit
here to the fit for the 2B B decay endpoint agrees with the hypothesis of the uncertainty
running as E:l 3. This is not too important for any of the work here, since the energy range
in the decay at rest search is small, and the calibration is only useful in its gross properties
for the decay-in-flight candidates.
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the latter part of the run are shown in figure 4.3.

Electronic non-linearities are not important in this en-
ergy domain because the average “occupancy” (i.e.: p.e.
per hit tube) is always well above one, but far below satura-
tion. There is some dependence on position and direction
of the event, but this is small and figures into the uncer-
tainty. To attempt to correct for this would introduce the
error of the reconstruction of those quantities into the en-
ergy calibration. Also, if correlation with reconstructed
properties of the event are considerred in energy calibra-
tion, then the converse correlations should also be taken
into account so that there is not any enhancement of geo-
metrical biases.

We also check energy calibration in a much lower en-
ergy range by similarly fitting the 2B 3 spectrum end-
point. (}?B is produced by the capture of cosmic x~ in
12C nuclei.) A sample of these decays is chosen by a strong
fiducial requirement (80cm from the PMT faces) and a re-
quirement of no broadcast previous activities. Since the

lifetime of Boron-12 is 16ms, the loss by this cut is negli-
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gible. Figure 4.4 shows the fitted spectrumn for the same
part of the run as the muon decay electrons in figure 4.3.
The crucial feature is that the overall calibration of photo-
electrons to MeV is (within the large error of this fit to a

beta spectrum) the same.

4.1.3 Low energy gamma calibration

Since 2.2MeV gamma rays are part of the signature for
U,— U, oscillation event candidates, a verification of the
Monte Carlo prediction for the energy calibration and un-
certainty for low energy gammas is also needed. Since the
LSND veto shield is not very massive, its efficiency for re-
jecting cosmic neutrons is not nearly so good as that for
muons. This allows many high energy neutrons to enter
the detector. These high energy neutrons will often inter-
act strongly with a proton in the mineral oil before coming
to rest, and thus lead to enough light to initiate a gamma
window. This gives a sample of real neutron captures to
study. Since the accidental rate is high, it becomes more

convenient (and more accurate) to get a statistically ar-
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rived at distribution rather than try to tag a pure sample.
This is done by looking in the late part of the window
to identify presumably random gammas, then subtracting
the appropriate binned distribution from a corresponding
”early window” distribution. The results of this are com-
pared to a sample chosen by tight time and distance cuts
for the sake of completeness.

Figure 4.5 shows the time distribution for a large sam-
ple of events with exactly one gamma candidate in their
window taken throughout the run. The useful variable for
energy measurement at such low energies is the number
of PMT signals in the tank (rather than their accumu-
lated strength). The peak of the spectrum for 2.2MeV
capture gammas from cosmic neutrons is 33 hit tubes, and
its width is about 7, in good agreement with the Monte
Carlo. The same data shown in figure 4.5 is shown again
later in figure 5.7 along with plots representing the relative
distance between primary and gamma vertices. That fig-
ure has marks to show the selection criteria actually used

for (discussed in section 5.7) for neutron capture gamma
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rays in ,— U, candidate events.

4.2 Event reconstruction

The on-line analysis uses different reconstruction algo-
rithms for three identifiably different types of processes
that occur in the detector. Cosmic muons, identified by
the firing of the veto shield in coincidence with the tank,
are reconstructed assuming they pass through the tank.
Gamma rays from radioactivity or neutron capture on hy-
drogen, identified by the multiplicity of PMT signals, are
reconstructed by a faster algorithm than is used for elec-
tron candidates, and an angle fit is not attempted. Other
events are reconstructed on-line as electrons. Since no in-
formation from the cosmic muon fit is ever used in the
analysis here, only the electron and gamma reconstruc-
tions are discussed.

A driving consideration in the choice of algorithms is
the event rate. For the rates typical of the 1994 run, each
algorithm has to be performed about 10 times each second

to keep up with the data on-line. Since electron recon-
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struction is most critical, some precision in the gamma
reconstruction was sacrificed to speed up the whole pro-

Cess.

4.2.1 Electron reconstruction

Reconstruction of the position and time of an electron
event is performed by minimizing the function:

— -\ 2
2 Ixrec — le
)= X i'(trc_ti——__) 4.1
X(E1) i€{hit tubes} Q ( ) ) C/noil ( )

rec

for only those tubes where (t(o) — t§°)) < 12ns from
the initial pass described as follows: The initial time guess
is the average of the times for the tube hits which are
no more than 100ns after the mean time, minus a con-
stant offset which was determined by optimizing perfor-
mance on Monte Carlo events. Tubes with less than 4
photo-electrons deposited are then assigned the earliest
time of any hit in their “nearest neighbor cluster” of hits
for all subsequent steps. The first guess for position is the
weighted average of the “corrected positions” of the hits.

The weight assigned is the square of the charge deposited,
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and the corrected position is the tube’s position shifted

along the line to the tank center by —/%iL_ where “corr

corr time’
time” is the time of a particular hit relative to the initial
guess for time.

The angle fit for direction is done by minimizing the

function:

. A 0; — 0\
o) = T W(O)p-05 (=) (42)

i€{prompt tubes}

where 6; is the angle between the ray from vertex to the
PMT (i) and the direction of the track. The weighting
function W is written out in reference [16]. It is an ad
hoc discontinuous function which weights the datum more
highly if it is near the Cerenkov angle. The object is to
do this fit only if the Cerenkov cone is prominent, and
try to use only Cerenkov light in the fit, so only hits with
corrected times less than 4ns are used. The minimization
for this function is started with a simple “grid search” over
a pre-defined set of 26 directions from the fitted vertex.
Some idea of how good these reconstructions are can
be gotten directly from the data by looking at the cosmic

muon decay electron sample. Assuming that the muon
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entry point is well known and that its path is linear and
its energy loss constant, the stopping point (at which the
decay occurs) is constrained. These are quite fair assump-
tions, but the constraint is not strong since it depends on
knowing the muon energy accurately. Depending on the
exact path on which it enters, the light detected may differ
significantly. Apart from this, a scatter plot of the distance
the muon travelled versus its energy should show events on
a line with appropriate slope to represent its energy loss.
The width of the distribution around this line comes from
the uncertainty in the muon energy and the reconstruction
uncertainty in the electron vertex and muon entry point.
Reference [8] (page 34) used this argument to obtain upper
bounds on both the electron vertex reconstruction, and the
muon energy calibration uncertainty.

One expects that the reconstruction must degrade as
events get very close to the PMTs. This degradation can
be measured by looking at a cosmic muon decay sample.
Figure 4.6 shows the reconstructed distance from the PMT

faces for a set of muon decay electrons gathered from a few
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weeks of data. The comparison to geometrical phase space
shown in the figure indicates some reconstruction effect or

loss of efficiency® at distances less than % meter from the

PMT faces.

4.2.2 Gamma reconstruction

The gamma reconstruction algorithm is used on events
with less than 100 tank PMT and less than 4 veto PMT
signals. It is a simple “one pass” algorithm much like the
first guess method for electrons; there is no minimization
performed. Although the threshold for not using this fit is
100 PMTs, most events it is used on have only 21-30. The
general idea is to take the average position of all PMTs
with signals after correcting for a time of flight.

SDetailed monte carlo studies favor the hypothesis of systematic reconstruction error.
Both effects are probably present. For the search for neutrino oscillations, the distinction
is not so important; events too near the wall are suspect in origin or character, and should

not be included.
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4.3 Particle Identification

The primary task in both oscillation searches is to iden-
tify an electron in the detector. The essentially distinguish-
ing feature of electrons is that they are highly relativistic
at all energies of interest here, while, except at the highest
energies relevant, muons are not.

The essential information for particle identification thus
lies in the ratio of Cerenkov to scintillation light emitted by
a particle. This can be measured by looking at the distri-
bution of light in space and time. The angle fit converges
well only for events with sufficient light in the Cerenkov
cone, so the x? for this fit is an appropriate variable to
identify relativistic particles. A simple measure of the time
distribution for light is the fraction of charge deposited in
PMTs after some designated time. To make use of the
information from both these data in a single parameter,
the product of the direction fit x2 and a late charge frac-
tion is taken. To remove ambiguous events in which all of
the reconstructions are questionable, the x> for the track

position fit is also used as a factor in this overall particle
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identification parameter. Monte carlo work done before
data were taken in LSND suggested this combination as a
variable which separated muons from electrons well. The
definition of the parameter is:

1 ) 9 9 charge after 30ns

XPID = ('3_6 Xdirection X position

Figure 4.7 shows the distribution of this parameter for

total charge deposited

signal and background events in the Michel electron sam-
ple. The separation is made by taking events with
A(t4) < 30us for signal, and those with A(t#) > 35us
as background. This should give less than 1% background
in the “signal” sample, and a few percent “signal” in the
background sample. Figure 4.8 shows the “signal” data
again in a scatter plot of xpip versus energy. (So the top
plot in figure 4.7 is the y-axis projection of figure 4.8.)
Since an energy dependence of the parameter is observed,
a correction is made to compensate. Figure 4.9 shows the
same data as figure 4.8, but with the energy correction ap-
plied to the particle identification parameter. To get the
proper energy dependence, data from the electron sample
was binned by energy, and the raw parameter histogramed
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for each energy band. The means and rms deviations of
the different histograms were then plotted and fit to a rea-

7

sonable parameterization’. The definition of this energy

corrected parameter is (in terms of the raw parameter):

cor. _ XPD — (0.89/(1 + 0.014 * energy))
XPID = (0.18/(1 + 0.013 * energy)

Figure 4.10 is a reprise of figure 4.9 except that it uses

the energy corrected verion of the parameter. The be-
havior of this parameter is not quite gaussian, but clearly
characterized for these signal-like events. The separation
of the two peaks in the lower plot of figure 4.10 is some-
what better than in igure 4.7. Equally important, this
parameter is presumably useful in the energy range of the

decay in flight neutrino oscillation search.

"The parameterization chosen was ﬁ"—s. This behaves as one would expect the particle
identification parameter might at low and high energies. One can either make an energy
dependent cut on the raw parameter, or correct the parameter for each event and make
a constant cut on the corrected variable. The two procedures are identical. Later, when
showing invariance of the final result under changes in selection, it is most useful to think of
the procedure as applying a constant cut to the corrected value of the variable. (If comparing
this work to other analyses of this data, it is most convenient to think of the above procedure

as using an energy dependent cut on the raw parameter.)
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4.3.1 Monte Carlo predictions

Particle identification in general, and the specific param-
eter used here for that, rely heavily on knowing the details
of the time distribution of light within an event. (This is
true of the x? parameters as well as the fraction of late
light, since the fits done must use timing information for
the individual PMT signals.) An attempt was made to
measure the detailed timing characteristics of light from
Butyl-PBD in a test beam experiment [17] done by the
collaboration before the detector was operational. While
this provided much valuable information, it turns out that
the monte carlo results for values of particle identifica-
tion parameters are not in agreement with the data, and
seem too sensitive to changes in the detail time behavior
of scintillator light. All results concerning electrons in this
work, with the exception of claims of the accuracy of re-
construction, are based on studies of the decay electrons
from cosmic muons.

It should be emphasized that while a prior: calcula-

tions cannot properly predict the exact behavior of the par-
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ticle identification parameter, its distribution for signal like
events is well understood. Since, in the absence of robust
simulation predictions, it is difficult to accurately charac-
terize correlations between different particle identification

parameters, this work relies on only this one parameter.8

8By using several correlated parameters, one forfeits the ability to study systematically

the effect of variation of selection of events.
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4.4 A tour through the data

Figure 4.11 shows the detector PMT signal multiplic-
ity for all events entering the data stream in a file covering
about 80 minutes (real time) in November. The large peak
near 0 is mainly from events that are written because the
veto shield initiated an activity which was recorded be-
cause of a later detector event. (See section 3.5 for a review
of the trigger operation.) The peak above 20 PMT signals
(the threshold during the 1ms gamma window) is due to
both low energy gammas in the tank, and cosmic events.
The vast majority of events with more than 100 tank PMT
signals are from beta decay electrons from 2B produced
by muon capture on carbon nuclei. At the high end of the
spectrum, there are cosmic events, some of which are ve-
toed, and enter the data stream either because the muon
outlives the 15us veto condition, or because an accidental
follower occurs 15 to 52 us later. Others in this peak are
cosmic events which evaded the veto. (In section 3.3, it was
mentioned how such events are used to measure the veto

inefficiency.) Finally, above the tail of the 8 spectrum, one

4
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can see the shape of the spectrum of decay electrons from

cosmic muons.

3 - 10% events analyzed in 1994 run
~ % of them as histories and ~ % as gamma,
candidates

Applying lower bound on energy (above 8 spec-
tra): ~ 1.5 107

An upper bound to reject cosmics gives another
factor of 2 suppression

Requiring that the reconstructed track is within
the tank reduces this by another factor of 2 -
3, and a (mild) further past activity cut gives
a factor of 4.

Note that no particle ID has been used (except
that convergence for vertex reconstruction is
implied).

Also, the beam status tag has not been inspected.

(6]
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This leaves O( few-10°) events, including any oscillation
candidates. Now, it is time to start looking at the selection
criteria in more detail. The next two chapters will explain
the selection of signal event candidates for each of the two

oscillation searches.
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Figure 4.1: Reconstructed position error for a large set of laser events. The
abscissa is taken as (Ar)? to factor out phase space. These events span the full
time of the 1994 run, and are chosen only by the laser tag and their having
deposited as many photo-electrons as a decay at rest signal event (7 events
are overflows, past (Ar)? = 1000cm?). The RMS reconstruction error is only
about 13cm.
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Figure 4.2: Decay time for a sample of vetoed cosmic ray muons. The fitted
decay time (shown as parameter 2) is 2.147 & .007us. This sample represents
the full 1994 run The level of background from the fit is about 1.8%. Note
that this is before applying the PID cuts. By fitting instead to the sum of
two exponentials with known lifetimes, one finds the cosmic ray muon “charge
ratio” to be 1.3+0.1. The normalization of either fit shows that approximately
7 - 108 muons decayed in the volume used here.

A scmple of decays of vetoed cosmic muons

ES Entries 523349

o) X/ndt59.68 / 67

S . s P1 0.7034E+09 + 0.154BE+08
z 107 P2 2,147+ 0.6518E-02
@ E P3 0.1765E~01 + 0.2613E-03
g

(=]

<

LR R AR |

-

o
[¥]
]

102

SRR

20 25 30 35 20 45 50
A(tD) in us
muon decay time

78

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.3: Spectrum of electrons from stopped muon decay. This covers the
second calibration period of the 1994 run, and only candidates with decay time
< 30pus are taken, giving under 1% background. The fit parameters are: P1 =

calibration in §57, P2 = endpoint uncertainty as a fraction of energy, and P3
= an overall normalization.
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Figure 4.4: § spectrum tail with calibration fit. The run period coverred the
same as that for the muon decay spectrum shown in figure 4.3. The calibration
(parameter 1 of the fit) agrees to 2% with the calibration at the muon decay
endpoint. The endpoint uncertainty (P1- P2) scales as (E.)!/? from the muon
decay endpoint.
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Figure 4.5: Gamma properties for a sample from the full run. The top his-
togram is the time from primary to gamma. The fit to exponential + constant
shows the predicted capture time of 186us (shown as “P2”). The gammas
in the last quarter of their window are taken as characterizing accidental co-
incidences. The spectrum in PMT multiplicity for neutron capture gammas
is gotten by subtracting the distribution for the accidental gammas from the
corresponding distribution for the first quarter of the window.
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Figure 4.6: Fiducial distance (d°MT in cm) for a sample of electrons from muon
decay. The entries are chosen by time after a vetoed activity event (with a
fiducial cut at d=0 for the electron) and a lower bound on energy. The phase
space histogram is normalized to match the data at 50cm.
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Figure 4.7: Raw particle id. parameter for events in the 25 to 65MeV range
from the muon decay sample. The top plot uses only events with A(t#) < 30us;
the bottom uses only those with A(t#) > 35us.
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Energy corrected particle id. parameter versus energy for electrons

Figure 4.9

from cosmic ray muon decay. These are the same data as figure 4.8, but here

the energy correction is applied. The upper bound for event selection is a

constant in this representation.
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Figure 4.10: Energy corrected particle id. parameter for events in the 25 to
65MeV range from the muon decay sample. The top plot uses only events with
A(t2) < 30us; the bottom uses only those with A(t?) > 35us.
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Figure 4.11: Detector PMT multiplicity for all events in some 80 minute period
in November. Notes on the figure point out some important features. (There
are 1220 PMTs in the detector, but 15 electronics channels were not functional
at the time this file was written.)
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Chapter 5

Selection of 7,— 7. event

candidates

In this chapter, the final event selection for 7,— T, event
candidates is explained. First, the signature of signal events
are explained. Then, the various criteria for selection of
signal candidates and their efficiencies are presented. After
that, signal event rates and some background calculations
are presented, and the effect of the various selection crite-
ria on them are discussed. The basic form of the selection
criteria are presented in tabular form in table 5.2. Vari-
ations on these final selection criteria are explored in the
last section, with emphasis on the stability of the results
against changes, and tabulated in tables 5.4 and 5.5.
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5.1 Signal event signature

The specific reaction observed for the detection of 7,
from oscillations of 7, is the production of a positron from
a free proton. Thus, the primary signature for these events
in LSND is the detection of an isolated electron type event.
The positron will have energy close to that of the incident

!, The remaining neutron will soon capture on

neutrino
another hydrogen atom, (The capture time is 186us; see
section 4.1.3 and figure 4.5.) emitting a 2.2MeV gamma,
ray (the binding energy of deuterium), thus giving a de-

layed time coincidence.

5.2 The fiducial region chosen

Reconstruction effects discussed previously in section 4.2.1
limit the useful volume to a region at least a half meter

from the surface tangent to the PMT surfaces. Within

this region, however, there are severe anisotropies in the

1The proton — neutron mass difference takes 1.2MeV. For v from near the endpoint of

oy s . . 2 2
the spectrum, the neutron recoil is, in the reaction rest frame, about f;: = 2o =1.3MeV.
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density of backgrounds, especially for the 7,— T, search.
Figure 5.1 shows the spatial distribution for a set repre-
sentative of the background for the final decay at rest can-
didate sample. All the electron selection used in gather-
ing this sample are looser than those for the final signal
candidate sample by small amounts, and there is no re-
quirement for a coincident gamma. The beam status flag
is de-asserted for the positron candidates selected. The
upper plots show the positions of the chosen positron can-
didates. In the lower set of plots in the same figure, the
positions of all associated gamma candidates found in the
1ms windows after these events are shown. The left pair
of plots show the X-Y projection of the detector, with the
surface tangent to the PMTs shown as the thin arcs, ex-
cept at the top and bottom, where it is the frame of the
histogram. In the Y-Z projections (right plots) this sur-
face is everywhere denoted by the histogram frame. Each
shows a high density along the bottom of the tank, and
toward negative 2.

An important background to any oscillation search is
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the presence of beam unrelated processes while the beam
is on, particularly, decay electrons from stopped muons in
the case of the 7,— 7, search. Since data is taken irrespec-
tive of the beam status, the beam unrelated backgrounds
can be measured accurately. Once the selection criteria are
specified, one counts the number of events passing these
cuts with the beam flag de-asserted, and scales by the
duty factor. This simple procedure should work exactly
in the limit of high statistics. When there is not a coinci-
dence required, the issue of background density variation
is not so crucial to the selection criteria. The regions of
high density are fairly represented in the background that
is subtracted. Beam related backgrounds are an entirely
separate issue then, and can be calculated or measured in-
dependently. However, for the 7,— 7, oscilation search,
there is a coincidence required and the background density
gradients described above present a subtlety. Beam related
backgrounds that would pass selection for one component
of the tag can be drawn into the signal sample by beam

unrelated processes providing random coincidences. The
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case of interest here is when there is a real beam associated
electron (from ve elastic scattering, or v, 3C — e~X2 for
example) in accidental coincidence with a random gamma.
If the distributions of the random gamma rays are not the
same throughout the detector, the definition of a “prop-
erly chosen cut” must account for this. Figure 5.2 shows
the distribution of distance correlation for e—y pairs that
were chosen by time and gamma energy to be almost cer-
tainly accidentals. There are three solutions to this gross

variation of the distribution of random gamma rays:

One can (with enough statistics) characterize the
exact spatial dependence of the distributions,
and use these distributions as a function of
position to describe a likelihood.

One can require that all of the characteristics of
a candidate coincidence be “acceptable”.

One can simply avoid the regions where there is a

significant departure from “average behavior”

2Approximately 1% of all carbon is '3C. Its binding energy is only 2MeV more than that
of 13N, so electrons quasi-elasticly scattered from it can carry off almost all of the energy of

the incident neutrino.
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of the distributions.

The path taken here is to follow both the second and third
solution. The fiducial region used for the decay at rest
search used in this work is shown in projection in figure 5.4.
It is defined by the surface 50cm from the PMT faces,
except in the Y coordinate, where it is bounded below by
the plane Y=-50cm.

This choice of the exact value for the lower bound is
not yet made clear from the data. Jumping ahead a bit,
figure 5.5 shows the Y coordinate distribution for all the
beam off events that pass all selection criteria for the final
sample ezcept that on Y coordinate. With the data his-
togram, there is a histogram of the phase space (basically
just the shape of the tank) which is normalized so that the
integrated number of events passing the Y cut ultimately
used matches the number in the data. The error bars on
the phase space histogram are the square root of the bin
contents at each point. Y = —50 appears as the place
where the background assumes a phase space distribution.

Concievably, there could be systematic reconstruction
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effects which make the acceptance of a cut in the Y vari-
able other than unity. This is tested by checking the distri-
bution (compared to phase space) of the events at slightly
lower energy from v,C quasielastic scattering.? To first or-
der, they should be distributed in Y as phase space. (The
asymmetry from the relative position of the tank and beam
is a less than 1% effect.) The results of this test are shown
in table 5.1. They imply a less than 1o effect in the frac-
tion of events that fall in the upper part of the volume
(above the Y=-50 cut). Since this is not a statistically sig-
nificant effect no adjustment in the acceptance for signal is
made, but the systematic error on the overall acceptance
used in calculation of results takes this possible variation

into account.

5.3 Selection based on previous events

For the decay at rest search, since there is a large (albeit
beam unrelated) background from cosmic ray muon decay

electrons, it is useful to make a stronger cut on previous ac-

3These events represent the largest sample of neutrino events that can be identified in

LSND without requiring a coincidence.
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tivity in the detector than the trigger requires. Also, since
there are some thousands of v,C — p~X (and on order of
% that many 7,C — p*X) events induced by neutrinos
from the pion decay-in-flight beam, cutting out electrons
with unvetoed previous activities is necessary. The trig-
ger and data aquisition give enough information to allow
precise cuts on only events with previous activities near
in position as well as time, but a simpler, more conserva-
tive approach is to make a sufficiently strict cut on time
alone so that involved arguments are not necessary. (The
reconstruction for low energy muons is not as accurate as
that for electrons.) The choice for a value of this time to
any previous event is motivated by looking at the decay
time plot for electrons with detected previous cosmic ray
muons shown in (figure 4.2). This shows that (at least for
the selections used for it) any background from detectable
muons should be lower than constant random events in
the detector after 35us. Therefor, making a cut at a larger
value will affect signal and background the same way.
The efficiency for accepting signal type events for cuts
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on previous events can be measured from the data. (Re-
call from section 4.1.1 that) There are laser events gener-
ated within the tank that are independent of any physics
events.* Like neutrino induced events, whatever occurs
before them in the tank must be uncorrelated. One can
apply the same cuts that will be used in the event selec-
tion to a sample of laser calibration events to measure the
efficiency accurately. 65% of laser events pass the previous
activity cut used for decay at rest oscillation candidate se-
lection. (This same method is used to study the cuts on

in-time veto shield activity with an event.)

5.4 Rejection for in-time veto system activity

The trigger condition that vetoes events from inclusion
in the data stream is made as loose as possible without
flooding the aquisition. To unambiguously tag neutrino
events, a much stricter condition is required. Since the

laser events allow deep studies of the effect of such cuts,

4To insure that the events taken are really laser generated events, a cut on distance to
the nearest laser flask is used in addition to requiring that the tag be set.
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the efficiencies are known quite accurately. (It is assumed
in this argument, and in the numbers that follow that
the dead-time due to on-line vetoing is dealt with sepa-
rately.) Requiring no more than one veto system PMT
signal within the 500ns window of an event is 87% efficient
for acceptance of laser events.® Reducing this to allowing
none within the event reduces the efficiency to 58%. The
standard criterion for electron selection used in this work
will be “at most one” in-time veto system PMT. (The
effect of tightening this will be presented also.) For corre-
lated gamma candidates for the decay at rest search, up

to 2 are allowed (93% acceptance).

5.5 Particle identification selection

The particle identification parameter used, and its en-
ergy dependence were discussed in section 4.3. The selec-
tion used for positron candidate events is that x§f < 1.

This cut is 89% efficient for accepting signal like events,

5This assumes that the hardware efficiency has already been accounted for. This result
is confirmed by studying the decay electrons of cosmic ray muons.
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and about 99% efficient at rejecting non-relativistic back-

grounds.

5.6 The choice to include only 1994 data

A large part of the choice to include only 1994 data in
this analysis has to do with the energy dependence of the
particle identification parameter. Figure 5.6 shows x§&T
versus energy for decay electrons of cosmic ray muons for
some 1993 data. (This is an exactly analagous plot to
figure 4.9, the only difference being when the data were
taken.) There appears to be an energy dependence of the
data for the corrected particle identification parameter.®
One could make a separate correction for data from each
year (just as different energy calibrations are used for dif-
ferent sections of the data), but since there were only 30%
as many protons on target in 1993 as in 1994, the simpler
solution of independently analyzing the two years seems

well motivated.

6This is understandable, at least qualitatively, since there were changes to the charge inte-
grating circuits. The charge deposited in individual PMTs is the basis of the reconstruction
fits, and therefor of x§iip since it is constructed from the quality of fit parameters.
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There were also small changes in the veto system be-
tween the two years, especially with respect to the bottom
of the detector (as mentioned in section 3.3). The plastic
scintillator “crack counters” that line the bottom edge of
the detector were added between the two years. (— In
part this was because the enhanced activity at the bot-
tom was seen in 1993. The counters along the seam in
the veto shield at the upstream end were in place during
both runs.) The inclusion of these new counters forced
some minute changes in the trigger logic to accomodate
the new section of the veto system, and account for about
1% of all the data written in 1994. Also, not all of the
passive shielding was in place for the full 1993 run. These
changes should not have noticeable effects on a low statis-
tics search, but also provide some inclination to separate
results from the two years.

One thesis has already been done (on the decay-in-flight
search) using the 1993 data, [16]. This presented a result
giving an upper bound of 0.023 on sin®26 at high Am?,
and Am? > 0.48¢V? for sin?20= 1. The conclusion of

“These values are from the plots in the conclusion of that work. The numbers given in
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that work discusses possible bounds attainable with the
statistics of the 1994 data set, in fair agreement with what

is presented here for that channel.

5.7 Selection of correlated gamma rays

2.2MeV gamma rays from neutron capture on Hydro-
gen are selected based on the space and time correlation
with the positron candidates, and on the visible energy of
the gamma, as determined by the number of PMT sig-
nals in the detector for the gamma. In addition, there is
a requirement that there be less than three veto system
hit PMTs in time with the gamma, and no vetoed event
occurring between (in time) the positron and the gamma.
(This last requirement is to remove any ambiguity about
the origin of the gamma. A concievable scenario is that,
after the positron candidate, a cosmic neutron enters the
tank and is captured emitting a real 2.2MeV gamma ray.
This is unlikely to pass the correlation cuts, but since it
has the right energy, the associated accidental rate is dif-

the abstract are in error,{18].
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ferent from that of truely random coincidences. The loss
of acceptance due to this cut alone is very small, and is
here given as part of the dead time.)

Figure 5.7 shows the average (over fiducial volume for
electrons and over time throughout the run) properties for
random coincidences and for capture gamma rays from
cosmic neutrons. The distributions for accidental coinci-
dences are gotten by histogramming the properties of the
gamma, rays occurring in the last quarter of the 1ms win-
dow (where the time distribution is flat). To study the
properties of the capture gamma rays, the corresponding
histograms are made for the first quarter of the millisecond,
and the distributions subtracted (bin by bin). (The time
and energy distributions shown here are the same as in fig-
ure 4.5.) In each plot, the vertical line represents the cut
used in this analysis. The specific values of the selection
criteria are: d(® < 2.4m, t(8) < 750us, and NG > 25.
These cuts are 95, 98, and 90% efficient, respectively. The
measured probability of having an accidental coincidence

pass these criteria is 12%.
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5.8 Signal event rates

The acceptances of the above listed cuts are all summa-
rized in table 5.2. The overall efficiency for acceptance of
signal is 25% within the 59m?® fiducial volume. The total
flux of v, produced at the beam dump is known to within
7% based on monte carlo calculations, and the spectrum
at production known essentially exactly. Since the source
is stopped muons, the “beam” is isotropic.® The cross sec-
tion for signal interactions is known to within 10%. (This
is an interaction on a free nucleon; the cross sections for
bound nucleons are considerably more difficult to model
accurately.) The cross section as a function of neutrino
energy can first be integrated over the range of “passing”
positron energies separately to input into the integral.

For any point in the parameter space of (Am?, sin? 26)
the number of expected events can be calculated by in-
tegrating the known flux of produced neutrinos times the

oscillation probability times the cross section over energy

8The exact truth of this statement relies on the fact that the muons are unpolarized.

This is the case, since the proton beam is unpolarized.

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and distance. This can easily be integrated numerically,
and then by multiplying the integral by the acceptance,
the result is the expectation value for the measured signal
level.? A useful number to represent the result for rates is
that if all 7, produced in the beam stop were instead o,
1480 signal events would be detected with the selection
presented here. Another way to say this is that at high
Am? if sin?20 = 1 there would be 740 expected signal

events detected.

5.9 Major 7,— 7, background sources

The numerically largest background for either oscillation
search is the occurance of beam unrelated events in time
with the beam macro-pulse. The expectation level for this
background is well measured since the beam status is not
used for triggering. (See section 3.5.) 43 events occur with
the beam off (as recorded in the status flag for the electron

event) that pass all the selection criteria for 7,— 7, os-

9The variation in acceptance at the edges of the energy cut are also taken into account in
the calculation. Since the integral is done numerically, this is a trivial change, but irrelevant

to the general explaination.
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cillation signal event candidates. The time with the beam
flag asserted in the data set analyzed is 7.6% of the time
with it de-asserted, so this implies 3.3 events with a sta-
tistical error of 0.5 is the background expectation for the
beam on sample from this source. There is a systematic
error of less than 0.05 event because there is some abiguity
about the exact duty factor for the data analyzed.

The second largest background in this search occurs
when a neutrino (beam) induced electron occurs in acci-
dental coincidence with an unrelated gamma ray in the de-
tector. Several beam related processes contribute to this:
Approximately 1% of all carbon is 1*C which has a bind-
ing energy of only about 3MeV. The quasi-elestic process
Ve 3C — e~ BN(g.s.) has an endpoint near 50MeV, like
that of oscillation signal events. Elastic scattering of elec-
trons can occur from neutrinos from pion decay-in-flight
or muon decay at rest giving electrons in the right energy
range. There are other processes that also contribute, but
they need not all be enumerated. The background for this

type of source can be measured from the data by sim-
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ply multiplying the beam excess of events with no gamma,
requirement by the measured probability of having an ac-
cidental coincidence with the given selection criteria. (For
the selection used, this is 12%.)! The measurements of
these numbers give a background expectation of 2.5 £ 0.9
events. (The error is so large because there are many er-
rors combined: measurement of numbers going into the
accidental rate calculation; the beam on events seen with-
out gamma rays are only 32; the beam off number; and
finally the small systematic error on the duty ratio has
been included added linearly to the rest.)

The expectation value for total background with the
standard selection criteria applied is 6.2 £ 1.5 events. Ta-
ble 5.4 shows the backgrounds predicted for several varia-

tions on the selection.

1OWith this definition, any true oscillation events with the neutron capture gamma unde-
tected, but with an accidental coincidence would also be considerred background. This is a
self-consistent treatment since the efficiency of gamma detection is a factor in the acceptance

of signal events.
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Table 5.1: The effect of the Y cut” on the v.C sample within d
The fraction of events passing Y > —50 is found to be 0.684-0.09.

The fraction

of the volume represented is 0.72. A similar analysis of v,C quasielastic events
finds 0.77 £ 0.07 passing the cut. The v.C sample is used because it is the
largest sample of neutrino beam induced events in the data that can be selected

without a coincidence requirement.

Region | # beam ON | # beam OFF | excess
Any Y value 472 3160 232 £+ 22
Y > —50 209 661 159 + 15

— fraction above cut = 0.68 £ 0.0 (stat. error)
(Phase space predicts 0.72)
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Table 5.2: Synopsis of standard decay at rest candidate cuts. The effect of
varying these selection on the results is shown in tables 5.4 and 5.5.

[ 'lotal acceptance for final samples |
| Cuts applied on | Acceptance [ Definition |
Fiducial region 59m® dPMT 550 & y > —50

definition
Energy of signal ) 37 < Ee < 656MeV
A(t)prev. event > 35/‘5
previous activity 65% &

Nprev. evt.(52,us) <1
in-time veto 87% Npyepoom < 1
Particle ID 89% xemp > 0.1 & x5 <1

Live time 81%

| Total for e+ events 40% | (within this vohfme! |
v distance correlation | 95% d® < 2.4m |

7 time correlation 98% ts < 750us
Y energy 90% NJ(?Q@ > 25
in-time veto for 7y 93% o (y) < 3
Live time 807%
[ Total for coincidences|  25% (within volume used) |
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Table 5.3: Major 7,— 7. backgrounds. Section 5.9 of the text has details
on how these are measured or calculated. Note that the two largest, which
account for over 90% of the total, are measured.

Source of neutrino | reaction in LSND | Expected #

Beam-unrelated background 3.3£05
Beam induced e* with accidental v 2.540.9

U, contamination of 7, beam

B = v Uee” — 03+0.1

T — e U, — < 0.01

Miscellaneous backgrounds

T~ — u 7, inflight| T,p—putn 0.04

™+ — puty, inflight | ,C - p~ nX 0.03
Total | 62+15
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Table 5.4: Qualitative stability against changes in the decay at rest e* se-
lection. In each section of the table, one cut is varied while the others are
left at their standard values (given in table 5.2). Errors on the background
calculations and measurements are shown only for the standard case.

| # beam ON | backgrounds |

{  variable | cut used

> —100cm " 8.8
S =75 5 7.0

Y coord. | > =50 ) 6.2EX1.5
> —25 5 19
>0 4 vy
> 35cm 8 7.0

di)'* [> 50 5 6.2+1.5
> 75 3 2.6
> 100 2 7.1
> 2B us 27 30.

A, ) [> 35 5 6.2+1.5
> 52 ;! 7
<15 g 0.3

xpip [ < 1. 5 6.2EF15
<05 5 47
<0 ;! 3.7
> 35MeV 7 74

E. [> 37 5 6.2E15
> 40 3 19

Veto PMT [ <1 5 | 62FX1.5 ]
El N 5.0
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Table 5.5: Qualitative stability against changes in the decay at rest gamma
selection. See the previous table caption for an explaination.

variable | cut used ” # beam ON | backgrounds

NS | > 20(no cut) 8 9.2
> 26 5 6.2+ 1.5

> 30 5 4.5

t{e) | < 1ms(no cut) 6 8.0
< 750us 5 6.2+ 1.5

< 375us 1 3.9

dl® | (ro cut ) 17 15.1
< 2.4m 5 6.2+ 1.5

< 2.0m 3 4.5

< 1.5m 3 2.5

< 1.0m 2 1.5
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Figure 5.1: Projections of positions of background events. The fiducial re-
quirement to get into this sample is only that the electron be reconstructed
at least 30cm. from the PMT faces. For the gammas associated there is no

fiducial cut.
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Figure 5.2: Electron - gamma correlation distance for accidental coincidences
at several positions within the detector. The sample used to generate these
distributions was one of primarily low energy beta decay primaries. The gam-
mas are chosen by t(9 > 700ys&Np&T < 27. The regions corresponding to
each histogram are dlspla.yed in figure 5.3. The absolute rates shown here are
irrelevant, but their relative values are meaningful.
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Figure 5.3: Regions used in figure 5.2 are the unshaded portions of this plot.
The dots are the positions of the background gammas for the large background
sample. (This is the same plot as figure 5.1, except for the shading.) Note
that the selection is made on the electron position, not the gamma.
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Figure 5.4: Fiducial region used for event selection in the decay at rest search.
The two views are the Y~Z projection, and the Y-X. Remember that the beam
is along —0.17y + 0.985z2.
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Figure 5.5: Y coordinate distribution for decay at rest background events.
These events pass all final selection criteria (including gamma correlation re-
quirement) except the cut on Y.
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Figure 5.6: Decay electrons from cosmic ray muons in the 1993 data, showing
the energy corrected particle identification parameter used in this analysis
versus energy. Again, the cut used is shown as a solid line. A cut on the
uncorrected parameter to get into this sample evinces itself as white space in
the upper left. This figure should be compared to figure 4.9.
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Figure 5.7: Average gamma properties used for selection. The top histogram
shows the correlation time distribution for a large set of primary - gamma pairs.
See text (page 100) for a description of how the capture gamma properties are
derived.
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Chapter 6

Selection of v, — ve event

candidates

Here the final event selection criteria for v, — v. candi-
dates is presented. The order of material will be similar
to that of chapter 5, concluding with tables 6.1 and 6.3 to
enumerate the exact criteria used, and show the invariance
under perturbations of them. Since much of the motiva-
tion for cuts was explained in the previous chapter, the

exposition will be somewhat briefer here.

6.1 Signal event signature

The reaction observed in the case of v, — v, oscillations
is 1eC — e~X for high (85 to 220MeV) energy neutri-
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nos. The signature for these events in LSND is an isolated
electron type event in the right energy range. Since the
reaction occurs within the carbon nucleus, the kinematics
1s not as simple as in the decay at rest oscillation search
and a model for the nuclear interaction must be employed.
The nuclear interaction model used for cross section calcu-
lations is the (coulomb corrected) Fermi gas model which
has been verified experimentally at lower energies by both
LSND [19] and KARMEN ([12].!

The event signature is not as clear in this case as in the
case of the decay at rest search. There is no coincidence
required, and nuclear effects may obscure the nature of ac-
tual signal events. Even the acceptance for signal of the
particle identification is not certain because of the extrap-
olation of the behavior from lower energy and because the

nuclear effects occurring in signal interactions may make
the final state unidentifiable. The general thrust of the

1The application of the Fermi gas model for v, interactions on carbon in light of the
published LSND result for v, interactions on carbon [8],(7] is not an inconsistency. The
high Q2 value required for the production of the muon makes the reactions too different to

compare. There is no compelling reason to expect the same model to apply to both. The
experimental results are not a strong verification of the model, but are consistent with it.
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analysis of this channel is to rely on the high statistics af-
forded by the loose definition of signal and the high cross

section at this energy.

6.2 The fiducial region chosen

It was noted in section 5.2 that the main motivation for
restricting the y coordinate of the fiducial region in the
decay at rest oscillation search was the use of the coinci-
dence tag between the positron and the neutron capture
gamma. In this search, since there is no coincidence re-
quired, a larger volume is available to study. In this energy
range, there is no direct evidence derivable from the data
to guide the choice of a region at all. Monte carlo studies
again imply that 50cm from the PMT faces is a reasonable
fiducial boundary. This boundary encloses approximately
82m3. There seems to be an inward bias in the reconstruc-
tion at these energies, but only at the few percent level.

This boundary encloses approximately 82m?.
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6.3 Selection based on previous events

Since the endpoint of the muon decay spectrum is at
only 52.8MeV there is no large background of micro-second
time scale physics events, and strict cuts on time to previ-
ous event are not necessary. As in the decay at rest search,
the requirement that there be at most one previous event
in the 52us history buffer is applied to require that the
general state of the detector is “clean”. The acceptance is
measured, as before, by checking the efficiency of the same

requirement on laser events. It is 81%.

6.4 Rejection for in-time veto system activity

The same criterion for in-time veto activity is applied
as for the low energy oscillation search: no more than one
veto PMT signal in the time of the electron candidate.
There is no evidence that the number of veto PMT signals
in an event isolated within the main detector is energy
dependent, so the acceptance for this criterion is the same

as for the 7, — U, search, 87%.
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6.5 Particle identification selection

The same (energy corrected) particle identification pa-
rameter used for U,— 7, oscillation candidates is used in
the high energy search. (The point of the energy correc-
tion is that the acceptance for isolated electron type events
is constant as a function of energy.) Figure 6.1 shows a
scatter plot of the particle identification parameter ver-
sus energy for a large superset of the selected sample of
v, — U, signal event candidates, and for the cosmic ray
muon decay sample on the same plot. (The two data sets
have been scaled for clarity.) The selection boundary is the
horizontal line at x§7; = 1. A lower bound on the uncor-
rected parameter was used for initial selection of the sam-
ple, and it is shown as a lower bound in the figure.? The
high energy set is shown alone, projected on the X7y axis
in figure 6.2. The background is mostly non-relativistic
(presumable hadrons). The separation between particles

does not appear to be as good in this energy range be-

*This was to eliminate events for which no angle fit was done. Such events have x§5; =0,

so a cut was made at 0.1.
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cause muons emitting as much light as a 70MeV electron
are relativistic, but not for as long as an electron. This
creates a class of semi-relativistic backgrounds populating
the intermediate values of the parameter.

There is possible new effect because the signal interac-
tion is a nuclear interaction in carbon, and may produce
an electron accompanied by nuclear material. If there is
significant scintillation light from the accompanying parti-
cles, the Cerenkov cone and the fine time distributions
will both contribute to make x§7y higher than for the
isolated electron case. Since there is no other source of
these interactions, one has to rely on the predictions of
simulations and related but different processes. The rele-
vant related process is v, 12C — e~ X where X is not the
ground state of 1>N. This is the same reaction as the sig-
nal, but when initiated by the neutrinos from muon decay
at rest is much less likely to have significant scintillation
light from nuclear ejecta. (This is not only a statement
about the nuclear physics; it is also a detector artifact. If
there is only 35MeV to share among all the particles, since
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protons emit about 1/3 as much light as electrons of the
same energy, events with a significant amount of energy
in the proton are less likely to be seen at all.) The only
possible indication that the particle identification might
have lower acceptance than for isolated electrons is that
the measured cross section for this process is about 20%
lower than the Fermi Gas model predicts. This is within
errors of the prediction, though, and very close to what
KARMEN measures. On the basis of this, the efficiency
of the particle identification is assumed unaffected (at a

measurable level) by nuclear effects.

6.6 Signal event rates

The rates are calculated for this channel in essentially
the same way as for the v, — v, search, but with some
more complications taken into account. The energy de-
pendence of the flux for neutrinos from the decay of pions-
in-flight s a function of position in the detector. The
neutrino fluxes are calculated in the monte carlo at a grid

of points within the detector, and for this work they are av-
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eraged over slices in Z coordinate over which the distance
integration is done in calculating expected signal levels.
Because of the high cross section at these energies and the
large efficiency and fiducial volume, if all the pions that
decayed-in-flight produced v, instead of v,, 10,800 elec-
trons would be detected as the signal. This is sufficient
statistics so that this analysis is already background lim-
ited. Neutrinos from the decay of pions from the upstream
targets are accounted for in the monte carlo fluxes used in
calculating this rate, and are about 5% of the total.
Although the results presented will use the event rates
calculated by a coulomb corrected Fermi gas model, al-
ternative results using artificially lowerred cross sections
will also be shown. The production of muons through
quasielastic neutrino scattering in this senergy range is
observed to be about 1/3 of the prediction of the Fermi
Gas model. The mass difference between the electron and
the muon makes this a very different problem, but it is
still a reasonable question to ask what would happen to

the limits presented here if the electron production cross
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section were also low by some factor from the model pre-
diction. Data from KARMEN suggest that the predicted
inclusive v, '?C cross section is accurate to 20% in the en-
ergy range of neutrinos from muons decaying at rest. The
average energy of v, produced by pions decaying-in-flight
at LAMPF is about 3 times as high, so it is conservative
to assume that the cross section relevant to the v, — v,
search cannot be more than a factor of two lower than the
predicted value. This treatment of the uncertainty as “tru-
ely systematic” for this part of the analysis will be taken
as a substitute for artificially enlarging the predicted error
bars on the signal flux. The assumption that the Fermi
gas model does not predict the correct cross section for
the detection process will also affect some of the neutrino
background calculations. For the work here, only the case
of Fermi Gas model will be presented in detail, but the
final result of the “low cross section model” will be pre-
sented for both the decay-in-flight channel search alone,

and for the combined limit.3

3[20] uses values of cross sections reflecting half the Fermi Gas prediction. This accounts

for the main difference between limits presented here and in that work.
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6.7 Major v, — v, background sources

Except for the rather large background from beam un-
related processes, the main sources of background in this
oscillation search are beam contamination sources. Since
LSND cannot distinguish electrons from positrons, any
source of v, or . in the right energy range is a beam
contaminant. For some of these it is useful to give first
order estimates here, although more precise calculations
based on monte carlo fluxes and calculated cross sections
are used in the final results and tabulated in table 6.2. In
chapter 7, when final results are presented, a plot will be
shown for the extreme case of considering only the beam
unrelated background for this channel so that the results of
the beam modelling are only necessary for the prediction
of signal level.

The simplest limiting background for any experiment
designed like this one is the pion decay channel # — vee,
which has a branching ratio of (1.218 £ 0.014) - 10~*. Un-
less there are sufficient statistics to measure spectral devi-

ations, this branching ratio defines an absolute lower limit
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on the mixing level that can be detected. Scaling the pre-
dicted rate for signal presented above by this branching
fraction, one expects about one event of this background
to pass the selection used here.

Muon decay-in-flight results in high energy electron neu-
trinos also. If the spectrum and flight path were the same
for the muons decaying in flight as for their parent pions,
one would expect that the flux of v, from this background
would be approximately EZ- ~ 0.01. Since the muons have
a shorter available flight path, and also have a broader
angular distribution than the pions, the number of neu-
trinos that can come from u decay-in-flight is somewhat
less than this O-order prediction. Also, the fact that the
muon spectrum is softer, and their angular distribution
more spread out makes the resulting neutrino angular dis-
tribution much more nearly isotropic. This means many
fewer neutrinos from muon decay in flight reach LSND
(since it is near the forward direction). The exact rate is
sensitive to the details of the geometry of the beam stop

area, and cannot be correctly calculated by such crude es-
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timates. Using the monte carlo prediction for the neutrino
flux from muons decaying in flight in the A6 area, 2.240.5
events are expected from this background.

Pions and muons that are produced in the upstream
target areas also contribute to the decay-in-flight neutrino
fluxes. The only way to estimate the level of these back-
grounds is to rely completely on the output of the beam
monte carlo. The expectations calculated are 0.05 for
events induced by neutrinos from decay of pions produced
in the upstream targets, and 0.3 for those from muons.
(The very long forward decay region available makes the
probability of a muons decay in flight much higher in the
upstream area.)

The total predicted background is 33.642.5 events using
the selection criteria described. The several variations of
the selection presented in table 6.3 are presented with the

total background prediction for each case.
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Table 6.1: Synopsis of standard decay-in-flight candidate cuts. Results of
varying the selection are shown in table 6.3.

Total acceptance for final samples
Cuts applied on | Acceptance || Definition
Fiducial region 82m® | dPMT > 50
aefinitio
Energy of 70 < Ee < 200MeV
stgnal
previous activity 81% Nprev. evt.(52us) < 1
in-time veto 87% Npr ™ <1
Particle ID 89% xpm > 0.1 & xfp < 1
Live time 81%
Total 51% (within this volume)
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Table 6.2: Major v, — v. backgrounds. The “beam contamination sources”
are all backgrounds the level of which depend on the Fermi Gas model cross
section calculation.

Beam contamination sources

Source of neutrino Level expected
u* decay in A6 area 2.2+ 0.5
% 5 ev, 1.40.2

i decay in upstream areas| 0.3 +0.1

7 decay in upstream areas| 0.05 = 0.02

Other processes in detector

reaction in LSND Level expected

ve — ve 0.5£0.2
7% production 0.03
Ry R
Beam unrelated background

29.6 + 1.5
Total | 33.6+£2.5
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Table 6.3: Qualitative Stability against changes in the decay-in-flight electron

selection. The same comments apply here as in table 5.4.

variable | cut used # beam ON | backgrounds

> 30cm 47 44

dal;“‘ > 50 33 33.6 + 2.5
> 75 21 22

Y coord. | no cut 33 33.6 £ 2.5
> —100cm 28 24
> —50 21 18
>0 17 13
<2 48 50
<15 42 41

Xp | < 1. 33 33.6 £ 2.5
<0.5 19 25
<0 12 19

A(tgilv.) no cut 33 33.6£2.5
> 15us 31 33
> 25us 29 29
>52 21 i 21
> 65MeV | 45 [ 45

E.| > 170 33 33.6 + 2.5
> 80 27 27
> 100 24 22
< 250MeV 45 44

E. | <200 33 33.6 £ 2.5
< 150 21 23

Veto PMT | <1 33 33.6 £ 2.5
=0 23 22
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Figure 6.1: x§fp versus energy for both electrons from muon decay, and a
superset of the decay in flight oscillation candidates. The upper and lower cut
boundaries are shown as solid lines. Figure 4.10 showed the behavior of this
parameter for electrons and for other events in the range from 25 to 65MeV.
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Figure 6.2: x§Tp for a superset of the final v, — v, candidates. The value used
as an upper bound on this variable in event selection is 1.
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Chapter 7

Data analysis and results

In this chapter, after reviewing the statistical methods
used, we first present the limits on the level of signal in
the two oscillation search channels in an (almost) model
independent way. These are then expressed as separate
limits on the mixing parameters Am?, and sin® 26. Then,
the two measurements are treated as part of a single ex-
periment, and the resulting excluded region of parameter

space is presented.

7.1 Statistical methods

For analysis of each of the separate channels, the ap-

proach outlined in the Particle Data Book [14] for Poisson
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statistics can be used to derive a limit on the total number
of U or v, induced events observed. This limit can be in-
terpreted directly as a limit on the branching ratio for the
lepton family number violating decay u — v,7.e in the
case of the 77,— 7, search. Similarly, the results for the
v, — Ve search can also be applied to place limits on the
decay m — v.X or m — U.X. That prescription reduces
to solving the following equation for S(Am?, sin? 26):
(1. — C.L.) g

i=o 1!

)g (B +S(Arr.12,sin2 29))i

— e—S (Am?,sin® 26
i=0 2!

(7.1)

where O is the observed number of (possibly signal) events,
and S(Am?,sin?26) and B are the predicted signal and
background numbers respectively.

This prescription “automatically” takes care of statisti-
cal errors, but has no built in mechanism for dealing with
systematic errors. In the limit of large statistics, (although
the fractional error from statistics will be small) the abso-
lute value of the statistical error will dominate any system-

atics, and this procedure will be correct. An improvement
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for low statistics is to integrate each side of equation 7.1
over the “background” variable, weighting by the relative
probability of that value for background. The simplifying
assumption used for implementing this technique is that
the systematic error on the background is gaussian. This
is seldom a good assumption, but still an improvement
over ignoring the systematic errors altogether. For both
the results given here this improvement turns out to be
numerically negligible. Another way to address the sys-
tematic errors (which is perhaps less mathematically well
motivated, but more intuitive) is to just repeat the analysis
with the backgrounds all artificially lowered by the stated
systematic error. Results thus derived will be shown for
each oscillation search.

A different approach to the same data is to construct a
x? variable as a function of the point in parameter space
considerred. A simple least squares method gives for either

oscillation search:

x%ﬂ=(

S+B—Of

total error
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_ (§+B-0)
(os + 0'[3)2 +0

(7.2)

This assumes gaussian errors on the signal and back-
grounds, and on the observation. (This is wrong for the
signal and observation because at low levels Poisson errors
should be used. However, even for 6 events (the back-
ground level for the decay at rest search), a Poisson dis-
tribution converges toward gaussian and since the largest
errors will dominate the approximation is never bad.) The
great power of this technique is that it is immediately ap-
plicable to the combination of data sets. Under the (phys-
ical) assumption that the sets can be combined meaning-
fully, limits in the two parameter space of Am? and sin® 26
are set by drawing contours in:

(‘S'(Amg,sin2 20) + B — (9)2

9 9 . 9
*(Am-,sin” 20) =
X ( , ) channel (0'5 + 0'3)2 +0

(7.3)
Here, the 2 “channels” summed over are the 2 oscillation
searches done, and of course the signal, background, and

observation are all different for each element of this sum.

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Since there are two (almost) independent measurements
and two parameters for the fit, there are 0 degrees of free-
dom, and the confidence levels are defined by:

x*(C.L.) = x2;, — log(1 — C.L.) (7.4)

More conservative limits are obtained by considering this
as having one degree of freedom (since the two parameters
appear only as a single combination) as in [21]. The results
of treating the x? as having one degree of freedom will be
shown for comparison as well,! and used in comparisons
to the data of other experiments.

The only necessary improvement to this prescription for
the derivation of confidence levels is the incorporation of
the off-diagonal elements of the error matrix to account
for the correlations in the beam flux calculation. The es-
timates for uncertainties in the total muon decay at rest
flux and the pion decay-in-flight flux are essentially per-
fectly correlated. Each flux is the product of the total
magnitude of pion production times the fraction of either

pions that decay-in-flight, or those that do not. The frac-

! Numerically, there is not much difference between the results of the two methods.
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tion that decay in flight is (to first order) independent of
the total pion flux.

7.2 Two separate limits

Here the formulae in section 7.1 are used to get quanti-
tative limits on the observed numbers of signal events in
each neutrino search. While mention is made of the ap-
plication of these limits to the branching ratios of certain
lepton number or lepton family number violating decay
modes of pions and muons, the main emphasis is kept on

oscillation bounds.

7.2.1 Mixing limit for 7,— 7,

The selections presented in chapter 5 left 5 candidate
events for 7,— U, oscillation signal. Applyingequation 7.1
to the observation of 5 events with the predicted back-
ground of 6.2 excludes theories that predict more than
4.6(5.8) events at the 90(95)% confidence level. The effect
of integrating over a gaussian smearing of the background

is insignificant at this precision. This excludes a branching
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ratio of > 3(4) - 107° for the decay process p — v, Uee,
if the D, spectrum from the decay is the same as the 7,
spectrum in the conventional decay. If the spectrum is that
of the v, in the regular mode (I.e.: the Michel spectrum
of parameter 0), these limits are higher by a factor of 1.8
because of the rising neutrino quasielastic cross section.?
To draw the 90% confidence level exclusion plot for this
limit, the contour (4.6 + 6.2 =)10.8 is plotted for the gen-
erated surface of predicted signal + background as a func-
tion of sin® 26, Am?). This contour and the corresponding
95% confidence level are shown in figure 7.1. Figure 7.2
shows the result of the naive approach to dealing with
systematic errors in this search. The limits shown are cal-
culated using the same measured signal and predicted flux,
but with a background of (6.2 —1.5 =)4.7. The result here
is shown to illustrate that even a significant miscalculation
of the background gives a similar result in the parameter
space. (Even treating the channel as though there were

no background, and solving 7.1 for the level of excluded

>These limits are significant compared to what is currently in the Particle Data Book
listings, but the new results from KARMEN,[23] are more strict.
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signal puts the 90% exclusion curve at sin?26 < 1.2-10~2

for large Am?.)

7.2.2 Mixing limit for v, — v,

The selection of chapter 6 for the v, — v, search left 33
events in time with the beam as possible signal candidates.
Equation 7.1 with 33 observed events and 33.6 background
excludes theories predicting more than 10.5(12.7) at the
90(95)% confidence level. The resulting exclusion curves
are shown in figure 7.3. Figure 7.4 shows the result of
repeating the analysis with the neutrino backgrounds all
ignored (which is numerically similar to lowering the total
background by one standard deviation).

The final special case to consider in this channel is the
effect of a lower cross section for the neutrino quasi-elastic
scattering. Figure 7.5 presents the limit obtained by as-
suming the number of signal events predicted for any point
in parameter space is 1/2 of its calculated value. Most of
the backgrounds are also lower by the same assumption, so

the effect is slightly different from the effect of just scaling
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the predicted signal flux.

There are lepton family number violating decays of pi-
ons that have never been observed, and the branching ra-
tios of which may be further bounded by these data. In
particular, the Particle Data Book gives (90% confidence)
limits on the branching ratio for 7+ — u*uv, of 8- 1073,
The limit on this branching ratio from these data is ex-
actly half of the high mass splitting limit shown in the
oscillation parameter exclusion plot, 1072 if the Fermi Gas

model cross section is correct.

7.3 The combined limit

The data from the two searches are combined using
equation 7.3 to produce exclusion curves for mixing be-
tween muon and electron type Dirac neutrinos in the limit
that tau type are decoupled from them. Figure 7.6 shows
the 90 and 95% confidence levels using contours corre-
sponding to 0 degrees of freedom. The more restrictive
statistical treatment of using 1 degree of freedom yields the

limits shown in figure 7.7. The “low cross section model”
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for the decay-in-flight search can be used together with the
decay at rest data to give combined limits also. (Since the
decay at rest detection is via scattering on a free nucleon,
the Fermi Gas model is not used in the cross section cal-
culation, and this data does not change.) The result of
combining these data are shown in figure 7.8. By com-
bining the two results, the values of Am? that were less
sensitive in either search are more strongly represented,
and the high Am? limit is strengthened by the increase
in statistical significance. The Fermi Gas model cross sec-
tion limit is shown again in figure 7.9, along with limits
published by KARMEN and BNL-E776.

7.4 Improving on these limits

The effect of more data can easily be explored by scal-
ing the backgrounds for the data at hand, and adding
this number of events to both the background and the
observation. Figure 7.11 shows the region probed with
twice the data analyzed here. If there is no new observa-

tion of signal, this will be the limit derived by repeating
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the present analysis. More carefully stated, the curves
show the region of parameter space that will be probed
by the addition of more data (since this data has noth-
ing to say about whether the parameters in the “predicted
excluded region” might be the physical parameters of neu-
trino oscillations.) The effect is basically to increase the
ratio of predicted signal events for a given point in pa-
rameter space linearly, while (assuming no signal and con-
stant backgrounds) increasing both the observation and
background linearly. This, in the limit of gaussian errors
(which is not a bad approximation) effectively moves the
contours of the exclusion plots to lower values of sin® 20 as
the square root of the amount of data.

Another approach to enlarging the region of parameter
space which LSND is capable of probing is to move the
detector. (This idea has been discussed by the collabora-
tion several times.) This allows the experiment to probe
lower values of Am?. At the lowest values of this parame-
ter accessible to an experiment, the term in the equation

for oscillation probability (equation 1.3) that depends on
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Am? can be approximated by replacing the sine with its

argument:

2
sin? 26 sin’ (1.27Am2%) = sin® 20 (1.27Am2—é—)

giving a term rising quadraticly in distance from source,
which exactly cancels the ;Ig loss of flux. This means that
while the neutrino backgrounds for the 7,— T, search are
becoming suppressed, any potential signal is not, so not
only is the region of parameter space probed extending
to lower values of Am?, the search is getting cleaner. At
great distances, this might even allow lowerring the energy
threshold for the search, thus probing even lower values of
Am?. In principle, this applies to any distance, as long as
Am? is “small” for that distance.? (Ie.: 1.27Am? (%) <
%.) To have a realistic detection, however, other neutrino
events should be detectable so that the systematic detector
effects are still credibly under control. More than tripling
the distance makes statistically significant detection of ,,.C

events from neutrinos from muon decay at rest impossible

3For Am? =~ O(10~%eV?), sin®28 ~ 1, near the “large angle solution” for the solar
neutrino problem, a few events from the LAMPF neutrino beam might be seen in LSND if
it were moved to the present KARMEN site.
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without more than a year’s run. Since the decay at rest
beam is isotropic, one could move LSND down under-
ground so there is increased shielding against cosmic rays.
This is not realistically foreseeable because of the cost of
excavation. Reactor experiments can explore this region of
parameter space much more cheaply (but are constrained
to be T, disappearance searches, and must rely totally on
calculated fluxes for any result). Whether using a reactor
for a disappearance experiment, or LSND (or something
like it) for an appearance experiment, the effect of moving
far from the source is to probe lower values of Am?, but at
the expense of statistics at higher values which are what
allowed the probing of low values of sin® 2.

The strength of LSND that drove the proposal was
its ability to study values of sin®26 nearly as low as the
branching fraction %ﬁﬁ With another 4 month run, it
will still be almost an order of magnitude from this limit,
but have nearly exhausted its potential for improvement

in that parameter. The limit it sets is already useful (in

the sense that it is stronger than existing limits), and it
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has contributed to the general understanding of neutrino

interactions (8, 7).
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Figure 7.1: Excluded region of Am? vs. sin®20 for the decay at rest channel
when considered as a single measurement. (L.e.: integrated over the spectrum.)
The two curve shown are the 90 and 95% confidence levels for exclusion of
parameters. The region above and to the right of the curves is ruied out.

2
N>1O- lllllll lllllllll Fllllll-
[} . .
c ;
< g i
10p
1r
-1
10 &
10— 1 t 1 ovr gl 1 ¢ 0 v ragl L 1t 1191
- - -1
107 102 10

sin?(20)

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 7.2: 7,— 7. exclusion plot for case of lower background. The total
background level is taken as the prediction from table 5.3 — 1o, and the analysis
repeated as for figure 7.1.
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Figure 7.3: Excluded region of Am? vs. sin®26 for the decay-in-flight channel
when considered as a single measurement.
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Figure 7.4: Weaker v, — v, exclusion assuming no v backgrounds. The only
use of the beam monte carlo is to get the predicted signal flux. Since the
major background is from beam unrelated processes, these limits differs from
figure 7.3 by a factor of about 1.2 in the high Am? limit.
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Figure 7.5: v, — v, exclusion assuming unrealistically low v.C cross sections.
The signal and neutrino backgrounds are both arbitrarily reduced by a factor
of 2 to address what is seen for the v,C cross section near threshold. This is
not expected to be very relevant, but answers an often asked question.
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Figure 7.6: Exclusion plot for combined the data sets. The 90 and 95% limits
are shown. The 90% confidence limit on Am? at sin?26 = 1 is 5.3 - 10~2eV?,
and at high Am?, sin?20 < 1.5- 1073, Also shown are the separate (7,— 7,
and v, — v.) 90% confidence level curves from figures 7.1 and 7.3.
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Figure 7.7: (For comparison) Combined fit result assuming 1 degree of freedom.
The 90 and 95% contour levels are shown for this case.
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Figure 7.8: Combined fit if v, *C is low by a factor of 2. Again, the 90 and 95%
confidence levels are shown, with the 90% confidence levels for the separate

channels.
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Figure 7.9: LSND limit compared to other published results. The combined
fit 90% contour is shown with other relevant limits. The result of BNL-E776
shown here is their combined fit limit, and the result of KARMEN is that
presented at NEUTRINO,'94. The Gdsgen reactor 7, disappearance limit is
shown, and the previous LAMPF experiment, E645.
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Figure 7.10: Comparison of other data and low sigma result. This is the same
as the previous figure, except that the LSND result shown assumes the v.C
cross section lower by a factor of two. The BNL experimental limit must also
depend on a similar cross section.
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Figure 7.11: Extrapolation for limits after another 4 month run. The present
backgrounds are added to both the measurement and the background from the
1994 data, and the statistical analysis repeated.
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Appendix A

A critical look at other analyses

presenting positive results

There have been other analyses of these data proceding in
parallel with this one. In particular, one of these analyses
arrived at a positive result for the 7,— 7, search channel.
(Le.: a claim of strong evidence for neutrino oscillations.)
Here, a critique of that analysis is presented with emphasis
placed on what are likely problems with it. Some of the
issues presented here have already been addressed in the
event selection of chapter 5, but are revisited with special
regard to the other analysis. A synopsis of what the au-
thor understands to be the main features of that analysis,

and some critical remarks on what may have lead to the
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spurious positive result will be presented. That analysis is
not the work of the author and will not be presented in full
here. Since there are apparently several versions of that
work, it should be noted that what is discussed here is one
version presented to the LSND collaboration in January of
1995, the results of which written about in the New York
Times a few weeks later. The fact that the analysis is not
presented in any static form for review makes compari-
son difficult, but it should be made clear that what I am

referring to is what I have just stated.

A.1 Event selection for the positive result

The final event selection criteria for this analysis uses many
of the same variables as the selection done in chapter 5 in
the main body of this work. In particular, the same recon-
struction programs have been used, and the same data is
included in the initial starting sample, although the other
analysis chooses to keep the data from the engineering run
in 1993. The total number of protons on target deposited
at A6 in 1993 was 23% of the total in that sample.
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The fiducial region used was defined by 35cm from the
PMT faces, and either y > —120 or z > 0. This re-
moves a small notch at the upstream bottom of the tank,
where the accidental rates for both electrons and gammas
are high. The projections of this volume are shown in fig-
ures A-1 and A-1. For comparison, the projections of the
volume used in the result analyzed in chapter 7 are drawn
on the same pictures. The pictures are approximately to
scale. The analysis required no previous event within 35
us before the selected electron primary, and less than 2
veto system hits within the event itself. The energy range
considerred was the same as for this work: 37 to 60MeV
electron equivalent. (Actually, there was some ambiguity
about an average charge calibration for the 1994 part of
the run, so at the meeting 3 extra beam on events were
included. This correction for the correct calibration was
made shortly after, and that change is accounted for here.)

For particle ID, there were several cuts: first, the par-
ticle ID parameter used in chapter 5 was used, but the

energy dependence was not removed. The energy depen-
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dence of the acceptance of this cut on a michel electron
sample taken with the same energy and fiducial require-
ments is shown in figure A-3. This is a small but real effect.
(Non-energy dependent) Cuts on the separate components
of the variable already used are also in place (3 new cuts).
The energy dependence of the acceptance of this combi-
nation of four cuts is also shown in figure A-3. Additional
cuts on the detailed distribution of charge as a function of
time within an event are used. For the result described, 4
such cuts were used, although it is claimed that using only
one of them gives essentially the same result. This variable
is the fraction of the total charge deposited which arrived
within a 4ns window after the first PMT hit with 2 photo-
electrons of charged deposited. This is to exclude events
with very small precursor events, which might be expected
for neutrons which knock out one or more protons with low
momentum before finally dislodging one strongly enough
to create the real event. The other extra particle id vari-
ables are somewhat similarly constructed, and apparently

not so important.
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A very important difference in this analysis is that it
uses (primarily) a likelihood ratio for the tag of corre-
lated 2.2MeV gammas. Only gammas within 2.5 meters of
the primaries were considerred, but the distributions that
were used in the construction of the probability density
functions for the ratio had the same requirement.! (Also,
there is no requirement on low in-time veto activity for
gammas, except that they pass the hardware veto of less
than 6 PMT hits in the veto shield and 2 in the crack coun-
ters.) The distributions that are used in the construction
of the likelihood ratio are: dJ, tS, and NE,PMT).

This set of criteria yields a sample of 18 beam on events,
with 60 beam off. The duty factor averaged over the two
years was used to do a background subtraction giving an
excess of 13.5. The validity of using the average duty factor

is not an issue since the background is so low anyway.

1T would like to interject that while I do not use this technique, I do see advantages in
constructing a single selection variable, and in using a method with firmer mathematical
standing. Later, in section A.3.1, I explain some misgivings about the application here.
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A.2 Interpretation of that event sample

The efficiency for accepting signal events for the cuts de-
scribed is claimed to be O25% overall. This assumes no
correlations between the various detail timing PID cuts
and the earlier PID cuts. (The efficiency of the latter is
measured together.) The fiducial volume used is 95m?
(about 1.6 times the fiducial volume used in this work).
For large values of Am? the 13.5 event excess corresponds
to sin® 20 ~ 0.01, ruled out by an earlier experiment at
BNL, and the analysis presented in the main body of
this work. A rough approximation of the 90% confidence
level allowed region derived from that level of signal is
shown in figure A-2. The spectral information for the neu-
trinos that could have produced such events makes the
high Am? scenario less likely. (In fact, the cosmologi-
cal bound of Tpass states My, < 20eV rules out very high
masses. Remember that “high” for this experiment be-
gins at Am? =~ (O(10)eV2.) Using only the result of
KARMEN, the only region of parameter space available
to accomodate this result lies at the peak of the detector
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sensitivity for LSND and the trough for KARMEN. (The
two experiments use essentially the same beam - muon
decay at rest — the difference is only in the position rel-
ative to the beam. LSND is farther from its source than
KARMEN is from its own, which makes LSND sensitive to
slightly lower values of Am?>. KARMEN has been running
longer, and its heavy metal target produces more pions
(thus neutrinos) per proton on target. This gives an ad-

vantage in gathering high statistics.)

A.3 Questions about the validity of the sam-
ple

A.3.1 The intricacy of the selection criteria

The general idea that the more astonishing result is only
seen with the more involved selection is already cause to
start thinking. The use of many particle ID parameters
which have correlations is a bad idea. It was confirmed
on the large Michel electron sample that the one “detailed
timing” cut described above showed no strong correlation

to the set of four preceding PID cuts (the one used in our
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analysis, and its three components). The others were still
under study when the result was presented. One correla-
tion in the initial PID variables is obvious: one is simply
the product of the other three. The detector Monte Carlo
has consistently estimated all these variables lower than
in the data, and so could not be used fruitfully to explore
correlations with the newer variables.> Other correlations
exist, and one is simple to explain: If the position fit is
poor for whatever reason, the angle fit cannot be expected
to give a low x2. This is true whether the event has a
Cerenkov cone or not. The use of correlated cuts is not
only a question of taste. By using correlated cuts, one
makes a systematic study of the effects of varying the cuts
more difficult.

The likelihood ratio used for “real” vs. accidental s is
worth pursuing. The separate time and space correlations

for capture gammas and for accidental coincidences was

2Some progress on getting the Monte Carlo distributions for particle [D parameters to
match the data for such a well tagged sample as electrons from muon decay has recently
been made. The detailed response of the scintillator is the main issue, and since this means
that what is least trustworthy is the detailed time distribution within an event, it shows

some of the difficulty in getting at the problem here.
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addressed in section 4.1.3. Monte carlo predictions for the
gamma energy calibration are claimed to be trustworthy,
and are in good agreement with the data. The relative dis-
tance distribution is somewhat more subtle, since the data
sample from which these distributions are drawn is one of
high energy neutrons, and the neutrons expected in signal
events are very low energy. Also, the spatial dependence of
the background makes the correlation distance distribution
for background events different at different points in the
tank. This is never accounted for directly in the analysis.
Variations where adjustments are made for the overall rate
have been done (finding basic agreement with the result
with no such adjustment), but the distributions used for
correlation distance are the same.? Figure 5.2 showed the
distributions of correlation distance for accidental gam-
mas in several regions of the tank. If the distributions

for gammas from neutron capture are nearly constant in

31t is non-trivial to make such an adjustment, of course. What would be required is to
incorporate a ratio representing each of the distributions as a function of the “observation
point”. This is a significant task in itself, but then given that the best source of the prior
distributions is not a tagged, but a statistically adjusted enriched sample, the prospects for

provable success dwindle.
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shape throughout the detector (which may or may not be
a reasonable assumption), these should reject such gam-
mas over 99% of the time. A slight variation on one of
the plots from that figure (the one from the particularly
active region of the tank at negative Y and Z) is shown
in figure A-4. With it are the data distributions that are
used in the development of the likelihood ratio. (These are
essentially the same distributions as in figure 5.7. All are
arbitrarily scaled to have the same maximum.) The distri-
bution of correlation distances for the random gammas in
that section of the detector looks nearly as similar to the
average distribution for signal gammas as it does the one
for random coincidences in this range of the variable. (The
distributions used in defining the likelihood ratio were cut
off at 250cm. )

A.3.2 Some questionable distributions

The evidence that the analysis may have faults lay not
in its structure so much as in the comparison of certain

distributions for the selected events to background, and to
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predictions for a signal. Firstly, it is of note that the final
beam on sample has 12 events from the 1994 run, and
6 from 1993. 23% of the total number of neutrinos has
produced % of the events. In this sample, the background
is more evenly distributed than the putative signal, with
13 events in 1993 and 47 in 1994. For 18 events uniformly
distributed over an interval, one expects the number in any

small part of it chosen to be distributed approximately* as

fraction sampled .
total number This

a Poisson random variable of mean
means one expects slightly less than 4 events in 1993, and
the probability of getting at least 6 is only about 20%.
Therefor, the hypothesis that this data represents events
uniform in time is excluded at the “1o” or 68% confidence
level, but not so strongly as 90%. This alone would not
be too strong an argument against the robustness of that
sample.

The coordinate distributions of the candidate sample

“There is a small correction because the events are “chosen without replacement”. This
is too small to be relevant here. The correct method is to use binomial distributions:

18
> ( 1.8 ) 0.22¢(1 — 0.22)(18=)
i=6 \ *t

This gives about 19% for the answer.
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are also suspicious. To examine this, let us posit that the
Z coordinate distribution of signal is not known a priors,
since it depends on the mixing scenario, and therefor will
not be used to argue about the credibility of the sample.
[t has been claimed by the authors of the analysis that the
coordinate distribution is not significantly skewed (in light
of the low statistics). The beam on sample has 10 events
at * < 0 and 8 at z > 0. This seems quite reasonable,
and for ease in calculation, I concede it is not a problem
at all. The Y coordinate, however, has 14 below the mid-
plane of the fiducial volume (which is at y ~ 25; 1 event
is between y=0 and y=25, and some have looked at this
improperly taking that event as one in “the top part”.)
To make the most liberal assumption, take it to be that
all of the beam-unrelated background events that are sub-
tracted are in the lower portion. The “fair question” to
ask is: What is the probability of getting at least 9 of 13
events on either side of the midplane, in either or both of
two coordinate distributions (X or Y). This is a straight-

forward problem in binomial statistics, and the answer is
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45%. A more realistic question, since the Y coordinate is
special (in the nature of the background distribution) is
just what is the probability that there come at least 9 of
13 events in one special side of that partition. The an-
swer to that is slightly more than 13%. These two very
simple counting games have each treated the sample very
generously (even ignoring the nature of the background)
and have each excluded the hypothesis at above the 68%
confidence level.® This is certainly enough to say that the
data set has some rather strange properties (for a neutrino
event sample) and that it is not convincing enough to sig-
nificantly amend the standard model of electro-weak inter-
actions. Stronger statements can be made by comparing
the character of this sample with that of the background.

To characterize the background correctly, it is useful

to “back-up” from the final sample and look at a more

5Since these are essentially statistically independent distributions that have been ex-
amined, it is fair to say that if the questions had been devised as the sole tests of the
data before the results were seen, they together would rule out that hypothesis at the
(1 —(0.2-0.13)) = 97% confidence level. This was not done, so this statement is not appro-
priate here. All that can be said is the results of the individual tests imply more work should
be done. It is worth perhaps being a bit pedantic and saying that these are distributions
that quite obviously should be checked.
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loosely selected set of events which includes the final sam-
ple. The coordinate distributions for such a set are shown
in figures A-5 and A-6. The same coordinate distributions
are plotted for the alledged neutrino oscillation signal in
the following two figures. The question is: Do these dis-
tributions look more like phase space, or more like the

background?
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Figure A-1: Coordinate projections of tank. The dark solid line is the volume
used in the other analysis. The dark dashed line is the volume used in the

main body of this work.
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Figure A-2: Approximate allowed region from positive result. This is gotten
by just scaling the analysis done in this work. The shaded region is the 90%
allowed region. The thick solid curve is the 95% exclusion curve from chapter 7.
The 90% exclusion curve from the decay at rest analysis (only) presented in
chapter 7 is indistinguishable from the left border of the allowed region of the

other analysis.

A(mM?) in eV?

10 L L lllllll L 1 lllllll 1 | SN N N |

10 10 10 sin2(26)1

175

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure A-3: Acceptanceof the “Hat” PID cuts as a function of energy, measured
using the large sample of electrons from cosmic muon decay. The top figure is
for only the cut on the single parameter defined as the product of the other
three (average acceptance 89 £ 2% in 1994). Bottom is all four cuts applied
at once (average acceptance 74 + 2% in 1994). Error bars are from statistical

error on counting events.
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Figure A-4: Gamma correlation in a particularly bad corner. The region used
is defined by —120 < y < =50, z <0, d"™T > 35cm. It is within the fiducial
cut of the positive result analysis, but outside the region used in this work. 7
of the 22 events tagged as oscillation candidates lie in this 11% of the fiducial
volume. The two histograms are the distributions used for accidental and

correlated gammas.
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Figure A-5: Y-Z coordinate projection of background events taken from a
superset of the final background sample of the positive result analysis. In par-
ticular, there is no gamma requirement for this set. This is only very minorly
different from the set represented in figure 5.1, the difference being made so
that this is a strict superset of the final sample relevant. [t is important that
the difference is not apparent, since part of the point is that this background

is pervasive.
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Figure A-6: Y-X coordinate projcction of background events taken from a
superset of the final background sample of the positive result analysis. (The
same set as the preceding figure)
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Figure A-7: Y-Z and Y-X coordinate projections of claimed signal events from
analysis with positive result.
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Appendix B

Understanding the LAMPF

neutrino beam

The production of pions and the resulting spectrum and
total flux of neutrinos from the LAMPF beam is fully mod-
elled by the beam Monte Carlo using experimental pion
yields and momentum distributions. The details of pion
transport through the target and the other materials are
rather complex, and lend themselves to treatment with
the monte carlo method. However, a first order picture of
the physics that takes place can show the rough magni-
tude and spectral distribution of the neutrinos produced
without going into all the details of a full monte carlo sim-

ulation. There are three questions to address: What is the
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total yield of pions from the proton beam? What are the
relative numbers of 7 and w%? and What is the shape

of the spectrum of neutrinos produced by pion decay in
flight?

B.1 Pion yields in the A6 water target

Neutrinos for LSND come from all three targets, the iso-
tope stringers in the decay path, and the copper beam
dump. Here, we will only disscuss the pions from the A6
water target to get a general idea of the validity of the
model.

The proton beam for LAMPF operates at 780MeV ki-
netic energy (= 2232 MeV in the center of mass frame)
for the beam protons in the accelerator rest frame. The
center of mass energy for the center of the A resonance is
2169MeV. (The beam is optimized so that A’s produced
at the upstream targets have enough forward momentum
to collect the produced pions in a beam. These targets
degrade the total momentum at A6 by about 20@.) The

cross section for A production is proportional to a Breit-
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1
(Eges.~E)2+(142)
tion for A production at A6 about &~ 45% of its maximal

Wigner term: . This makes the cross sec-
value. The elastic cross section has two components: a
Compton like part that is about 15mb; and a part that
comes from (in this nuclear strong interaction description)
the same process as the delta production. For protons on
neutrons, there is no electromagnetic component, and the
ratio of the other two parts is different. Since the strong in-
teractions have large cross sections compared to the range
of the strong force, the beam does not penetrate the nu-
cleus, and scaling for nuclei goes as the nuclear surface
area, about A%, and should reflect the nature of only
those nucleons in the outermost nuclear shell. For
the electromagnetic part, since the force is long range, the
screening effect is negligible, and the cross section scales as
Z. Thus, the total cross section is, in this approximation,
ZOem + AY30ong(outer shell).

Before continuing with the full nuclear cross sections
and the total pion yields, it is useful to first look at the
processes for A production, and calculate the expected
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number of pions of ecach type for protons on protons and
for protons on neutrons. The generic process under study

1S:

p(baam) N,(target)

In this picture (which is not to be taken as a diagra-
matic representation for a series expansion) the first vertex
is within the target nucleus and relies on the details of the
nuclear pion field. (Since the emission of the crossing pion
requires the initial nucleon to be off shell, the beam pro-
ton is not likely to do this.) The possible products are as-
sumed to be a nucleon, which remains in the nucleus, and
a pion which intermediates the interaction with the beam.

The amplitudes for branching ratios to the allow states are
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taken to be Clebsch-Gordon coefficients. In the case where
N; is a proton, the only possibilities for the crossing pion
are 7 and 7, since = would leave no allowed nucleon
for Ny. The emission of 7+ is three times as likely, using
the square of the Clebsch-Gordon coefficients. The state
with 70 and the beam proton can yield final states with
A%, or just p* with relative probabilities %and 3. The
state with 7% crossing can only yield the A** resonance.
For target neutrons, the same analysis gives for each 9
scatters: 4 states with no resonance, two with A*, and 3
with A%, Since the relative decay rates of the resonances
into the possible pion-nucleon pairs is also determined by
Clebsch-Gordon coefficients, these processes contribute for

each interaction on target proton:

2 4
ggelastic scatters, -3%%*', and gé—ﬂ'o,

and for each interaction on a neutron:

12 lasti tters 3#*’ Eﬂ'o and —3-7r—
-elastic scatters, _a™, o, 5T -

For pp interactions at the A% resonance, the pion pro-

duction cross section is (about) 28 millibarns. This implies
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that the total cross section for the above “A like processes”
should be % of this, or 30.5mb. At LAMPF beam ener-
gies, the cross section for strong interactions should then
be 13%mb. Since we assume isospin invariance, this is the
same for neutrons. Note, however, that this does not im-
ply that the pion production rates are the same for all
nucleons.

The pp electromagnetic cross section at this energy is
about 15mb. pn interactions, of course, do not contribute.
For hydrogen, then, the total cross section for protons in
the LAMPF beam is (15mb “Compton like” + 133 “A
like” =) 29mb. For '°0 the total cross section is:

3
8.15+16%3. (131) = 207mb,

and the strong part should reflect that protons and neu-
trons are equally represented in the outermost nuclear
shell. For %Fe:

26 - 15+ 562/3 . (13%) = 591mb,

and the outermost nuclear shell is entirely of neu-
trons. The relative probabilities of the different final states

for each scatter from nuclei are found as follows:
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For !H :

o | elastic nt

T 7r
15) 1 : 0 0 0
123132 & . 2B = 0
28.7mb total | 16.145 : 11.073 : 1.527 0
per interaction | 0.562 : 0.385 : 0.0531 : 0
For '60:
(8-159 1 : 0 : 0 0
(1) &+ B o o% o0
e % - % g o 3§

207mb total | 143.04 : 38.398 : 21.018 : 4.850
per interaction | 0.690 : 0.185 : 0.101 : 0.0234

For %% Fe:
(26-15)] 1 : 0 : 0 : 0
(562/3 . 13%-) -é% : % : % : %

591mb total | 479.45 : 14.908 : 74.541 : 22.362

per interaction | 0.811 : 0.0252 : 0.126 : 0.0378

Since hydrogen and oxygen occur together in a molecule,
it is useful to think of it as one unit with a total cross sec-

tion of 20+ 016 = 264mb, with the relative probabilities
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of the different final states for each scatter from any nu-

cleus in the molecule:
0.665 : 0.229 : 0.091 : 0.018

For a cubic centimeter of water (density 1£), there

6-1023
18

a single molecule is 3 - 1072%cm3. The fraction of pro-

are molecules, so the average volume occupied by
tons that produce pions for a given length of water is then
1 — e~/ where the attenuation length A = "—"EE for a
single molecule, here 114cm. For iron, the density is 7.9E,
so the attenuation length is only 20cm.

In the 30cm A6 target, there are approximately 2cm
of stainless steel (comprising the case, and several dividers
within the water). The fraction of beam protons that react

in this volume is then:

28 | 2

1 — e~ (Ha+%) = 0.293

The ratio of scatters from iron nuclei to scatters from nuclei

in water is 2—2% ~ 0.29 : 0.71 Therefor, the overall ratio

of the different channels is:

0.71:0.17:0.10 : 0.023
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The two results from this to compare to the Monte Carlo
are the ratio of #~ : 7% = 13%, for which 14% is the result
of the full Monte Carlo (looking only at pions produced in
the region before the stringers), and a total yield of 7+ of
5%, where the complete calculation gives about 8.8% for
the whole A6 area, where many pions are produced in the
stringers and beam dump (and more in the target itself

from non-resonant production).

B.2 The decay-in-flight spectrum of v,

For the thin upstream targets where the momentum of
the produced A’s is a little higher than in A6, the pions
are produced in essentially a forward directed beam. In
A6, however, the production of pions is much more nearly
isotropic. The neutrino spectrum assuming for isotropi-
cally distributed pions can be computed relatively straight-
forwardly. (The exact spectrum for a given distribution
could be calculated, but the exact pion distribution is very
sensitive to the details of the geometry. To go into the full
details of the exact calculation would obscure the physics
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with geometry.)

Taking the above model for pion production in A6, since
the nucleon in the target nucleus is assumed to remain in
that nucleus, the linear momentum of the beam is trans-
ferred wholly to the Delta. This decays before any sig-
nificant momentum loss, so that the center of mass spec-
trum of pions (a line spectrum) needs only to be Lorentz
boosted by the appropriate factor. The width of the reso-
nance must be taken into account, but the spectrum is cut
off at the mass corresponding to the total available energy,
producing a continuous spectrum of pions extending up to

around %Ge\/.

B.2.1 Detailed calculation assuming a spatially isotropic

pion spectrum.

For isotropically distributed pions, the spectrum of neutri-
nos at a given angle is the same as the spectrum from a
linear beam integrated over 47 solid angle.! In the center

of mass frame of the decay products of a pion (for the chan-

1This is assuming that the observation point is far enough away so that the pion travel
distance is small. In itself, this is a fair assumption for this case, however the asymmetry of
the target area introduces further complications.
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nel 7+ — u% +v,) the directional distribution is isotropic
(for unpolarized pions). Le.: u* = cos(9,(.2t) is uniformly
distributed on [—1, 1].

For a particular neutrino from a pion of velocity 8 (hence
Lorentz factor 7) in the lab frame, its energy in the lab
frame is E, = yE(>™) 4 v8p(e™)y*, Since this is a simple
2-body decay, and the neutrino is nearly massless,

) _ Mt —2M2(m2 + m2) + (m2 — m2)?

E(c.m.) — e.plcm. K
v c pl/ 2M7r
M? —m?
~ ——£L =29.4MeV
2M, °

Thus, we can write:E, = Ey-vy(148;u*) for pions of a par-
ticular energy, where Eq = 29.4MeV is the pion rest frame
energy of the neutrino. So the neutrino spectrum from
prons at a particular energy is uniformly distributed

over a specific interval. In terms of the pion energy:

E, (E,r J E,\>2 )
= =|[—++u (—) —-1}.
Eo m, My

The integral over u* is done numerically producing the

neutrino spectrum shown in figure B-1. For comparison,
the Monte Carlo neutrino spectrum for 7+ decay in flight
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(integrated over a grid of points in the tank) is shown in
figure B-2.
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Figure B-1: Analytically calculated spectrum of v, from 7 decay in flight. This
simple calculation is insensitive to the charge of the pions, but the fraction of
7+ produced outside the water target is insignificant, while this is not true for

7~. The hard tail is systematically high because the beam stop is not accounted

for. (Stopping the pions affects the higher energy ones preferentially.)
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Figure B-2: Monte Carlo spectrum for 7+ decay in flight from A6. All the

geometry is accounted for as well as possible.
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