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ABSTRACT

Inner Structure and Outer Limits: Precision QCD and Electroweak

Tests from Neutrino Experiments

BONNIE TAMMINGA FLEMING

Neutrinos are both excellent probes for discovering the secrets of QCD and elu-

sive particles continually surprising us. This thesis reports �rst on a proton structure

measurement, speci�cally the extraction of the proton structure function F2 from

CCFR neutrino-nucleon di�erential cross sections. The F2 results are in good agree-

ment with the F2 measured in muon scattering above Q2 = 1 GeV2. Comparison of

the two sets of data below Q2 = 1 GeV2, which provides information on the axial

vector contribution, is discussed. The thesis also addresses the nature of neutrinos.

Do neutrinos have mass? Do they have other Beyond-the-Standard-Model properties

that can give us clues to their nature? Recent evidence from neutrino oscillation ex-

periments from around the world indicate that neutrinos may oscillate between their

di�erent avors and therefore may have mass. The MiniBooNE experiment discussed

here will be able to address this oscillation phenomenon as well as other possible

beyond Standard Model neutrino properties.
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Chapter 1

Introduction

The universe is one big puzzle, just when you think you know something, you

take one more step forward and realize how little you really understand. I have

had the privilege of seeing this �rst hand in the neutrino sector during the last �ve

years....What fun! What an adventure. Neutrinos are ghostly little particles that can

help us probe matter but still leave us guessing.

1.1 Neutrinos and the Standard Model

The neutrino or \little neutral one" was introduced in 1930 by Wolfgang Pauli as

a means for explaining the missing energy carried away in beta decay [1]. Since then,

scientists have studied these elusive particles in order to �t them into our picture of

the universe. Figure 1.1 shows the building blocks of matter in our universe organized

into a periodic table. These particles comprise the Standard Model of particle physics.

The twelve particles on the left of �gure 1.1, and listed in table 1.1, are fermions,

meaning they carry spin 1
2
. Each fermion has an anti-particle partner. As shown

in table 1.2, the quarks form the building blocks of the proton, neutron and other

composite particles. Neutrinos, on the other hand, are members of the lepton family
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Figure 1.1: The Standard Model building blocks, the quarks and leptons, and force

carriers for the strong, weak, and electromagnetic forces.

(from the Greek word \leptos," or thin), a group of particles which are independent

in nature and do not form bound states. Neutrinos come in three avors forming a

partnership with each of the three di�erent more well known charged leptons: the

electron, the heavier muon and the still heavier tau. These tiny particles are electri-

cally neutral and very shy, hardly interacting at all. A 100 GeV neutrino has a mean

free path of 3� 109 meters in steel, and so we say the interaction involving neutrinos

is \weak."

The Standard Model describes the interactions of the leptons and quarks via

three of the fundamental forces of nature: weak, strong and electromagnetic. The in-

teractions are described in terms of particle exchange where particle mediators listed

in table 1.3 are the force carriers in the interactions. Neutrinos are unique in the

theory in that they only interact via one of these three fundamental forces, the weak

force. Because the theory describes the expectation for the weak interaction very well,
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Name Symbol Charge Mass, Mass Range or Mass Limit

up u +2
3

1:5 to 5:0 MeV

charm c +2
3

1:1 to 1:4 GeV

top t +2
3

173:8� 5:2 GeV

down d �1
3

3 to 9 MeV

strange s �1
3

60 to 170 MeV

bottom b �1
3

4:1 to 4:4 GeV.

electron e �1 0:51099907� 0:00000015 MeV

muon � �1 105:658389� 0:000034 MeV

tau � �1 1777:05+0:29�0:26 MeV

electron neutrino �e 0 < 3 eV

muon neutrino �� 0 < 0:17 MeV

tau neutrino �� 0 < 18:2 MeV

Table 1.1: Masses of the fermions in the Standard Model [2].

Quarks Fundamental particles which interact via the strong, weak and
electromagnetic forces.

They carry fractional electric charge.
Leptons Fundamental particles that do not interact via the strong force.

They may have integral electric charge or be neutral.
Hadrons Any particle made up of quarks
Mesons Hadrons made of quark-anti-quark pairs (e.g. the pion)
Baryons Hadrons made of three quarks (e.g. the proton)

Table 1.2: De�nitions of particles used in this text.
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Interaction Relative
strength a

Mediator Charge Mass Participating
fermions

strong 1 gluons (g) 0 0 quarks
electro-
magnetic

10�2 photon
()

0 < 2� 1016 eV quarks and
charged
leptons

weak 10�5 W�, Z0 �1, 0 80:41 �
0:10 GeV,
91:187 �
0:007 GeV

all

Table 1.3: Interactions in the Standard Model. The relative strengths of the forces
are roughly indicated, for short distance scales of a few GeV�1.

afor 100 GeV particle interaction

neutrinos are excellent probes for new physics as well as for understanding the con-

stituents of the matter with which they interact. Figure 1.2 shows the di�erent types

of physics that can be learned by studying di�erent aspects of neutrino interactions

with matter.

To begin with, there are still many unanswered questions concerning the proper-

ties of the incoming neutrino at the top left corner of �gure 1.2. For example, all of

the charged fermions that make up matter in our universe have a measurable mass

except, so far, the neutrino... Do neutrinos have mass? The answer to this question

could alter our understanding of the cosmos as well as how these ghostly particles

�t in the Standard Model of particle physics. With approximately 109 remnant neu-

trinos from the Big Bang in every cubic meter of space, even a tiny mass will a�ect

the large scale galactic structure and the expansion of the universe. Neutrino masses

may give us clues to the lepton mass hierarchy as well as require introduction of new

particles and interactions to the theory.

Neutrinos are so light that we have not been able to measure their mass by

conventional methods. Instead, clues to their mass, like neutrino oscillations, have

been used to indirectly measure neutrino mass. If neutrinos oscillate between their

di�erent avors, for instance, a �� turns into a �e, then quantum mechanics tells us
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Structure of the Proton:
F2, xF3, R, s(x,Q2), 
c(x,Q2), 
αs

νµ or µ

W or 
Z

νµ

Neutral 
Beam Particles:

oscillations,
neutral heavy leptons,
long-lived neutralinos,

neutrino magnetic moment

Tests of
Electroweak Theory:
sin2θW , ρ, 
trident production

Proton
Vcd,
mc,
FCNC
 

Heavy Quarks:

Figure 1.2: Neutrinos help us study a gamut of interesting physics.

neutrinos have mass. This avor mixing phenomena has been observed in the hadron

family where quark avors can mix.

Do neutrinos have other \Beyond the Standard Model" interactions we have

not yet observed? A variety of extensions to the Standard Model such as those

that incorporate neutrino mass, Supersummetry(SUSY), or Large Extra Dimensions,

predict non-zero neutrino magnetic moments. A non-zero neutrino magnetic moment

would indicate that neutrinos are not so exclusive as they would have us think. It

would indicate that neutrinos interact electromagnetically as well as weakly.

Continuing clockwise on �gure 1.2, one can see that the outgoing particle can

either be a charged lepton or a neutrino. If a charged lepton comes out, then we

call this a charged current (CC) interaction. If a neutrino comes out, we call this a

neutral current (NC) scatter. The CC interaction results in a charged lepton because

a W� is emitted and charge must be conserved at the interaction vertex. This is
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quite di�erent from your typical elastic interaction, where what comes in is always

what comes out.

In the CC interaction, the type of charged lepton which results from the inter-

action \tags" the type of neutrino which was involved. An electron neutrino will

always produce an electron in the �nal state of the CC interaction. Similarly, muon

neutrinos always produce muons and tau neutrinos always produce taus. Without

the CC interaction, we would not be able to tell the three types of neutrinos apart.

The ratio of the NC to CC interactions is a fundamental parameter of the Stan-

dard Model, typically parameterized as sin2 �W . This parameter can be constrained

from other types of experiments, such as e+e� scattering and hadron collisions, and

these results can be compared to measurements from neutrino experiments. Devia-

tions between the measurements would indicate physics beyond the Standard Model.

Measurement of this parameter has been an important goal of recent neutrino exper-

iments [3, 4], however we will not explore this in further detail in this thesis.

This brings us to the bottom of �gure 1.2. We can use the W 's emitted by

neutrinos as probes of nucleon structure. We can then compare our studies with data

from charged lepton scattering, where the photon is used as the probe, in order to

understand the quarks which reside in the nucleon.

In the early twentieth century, scientists thought that protons, the positively-

charged inhabitants of atomic nuclei, were fundamental and could not be divided into

smaller sub-particles. In the years that followed, as experiments probed more deeply

into the nature of nuclear matter, this theory had to be modi�ed. In 1964, Murray

Gell-Mann proposed that protons were built from more elementary constituents that

he called \quarks." [5, 6] The quark model was con�rmed by experiments in the

1970's.

The big improvement in these later experiments had to do with their resolving

power, the minimum size or distance scale to which the experiment could determine
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intra-particle detail. Figure 1.3 depicts the proton viewed at increasingly �ner levels

of resolution. Protons are probed by bombarding them with other particles and

inspecting the particle debris leftover after the collision. In the early experiments,

the proton appeared as an undi�erentiated whole, a point-like object. But, with

increasing energy in later investigations, researchers could resolve features at �ner

and �ner levels of detail. They discerned distinct component objects, consistent with

three \valence quarks," within the nucleon. The quantum numbers of the valence

quarks de�ne the type of nucleon, much like its DNA. For example a proton has two

up valence quarks and one down valence quark. A neutron has two down and one

up quark. However, the nucleon cannot consist of only the three quarks, because the

electromagnetic interactions between these particles and the other particles in the

universe would make the system unstable. Quarks adhere to each other by means

of the give and take of gluons. As the proton is probed at still higher resolution,

indications of these gluons can be seen. Inside the proton, these gluons can transmute

themselves into quark-anti-quark pair, and then back again. These particle-anti-

particle pairs live for brief periods under one of the rules of quantum physics, the

Heisenberg Uncertainty Principle. Since the characteristic properties of each produced

particle, its quantum numbers, are counterbalanced by the opposite numbers of the

anti-particle, no laws of nature are violated in this production. These short-lived

pairs, revealed at high levels of resolution, form a background \sea" of quarks and

gluons surrounding the three valence quarks. Thus, as we increase resolution we

reveal the ebb and ow of quarks and gluons into and out of existence as described

by the theory of strong interactions, Quantum Chromodynamics (QCD). As a family,

the quarks and gluons are called partons.

Neutrinos are particularly good at probing nucleon structure. Because they in-

teract via the weak force, they can pick out individual contributions to the nucleon

from its constituents, or partons. This is because the W is charged. A W+ can

interact with a d (�1
3
charge) quark to produce a u (+2

3
charge), but not a �d (+1

3



8

Figure 1.3: A nucleon viewed with increasing resolution, or Q2, from left to right.

charge) since there is no corresponding +4
3
charged quark to be produced. Therefore

neutrinos have the unique advantage of looking inside nucleons and picking out the

di�erent quark species inside. We describe combinations of parton distributions in

terms of structure functions (F2, xF3, R, etc). We can also identify the avor of the

quark which was hit by looking for the characteristic signature of production of a

heavy quark, like charm.

Coming full circle in �gure 1.2, it is clear that the neutrino is an excellent tool

for understanding and going beyond the Standard Model. Just during my tenure as

a graduate student, there have been many new surprises from this tiny particle. The

future of neutrino physics will certainly be an adventure.

1.2 Synopsis of this Thesis

This thesis addresses two experiments. The �rst, on which I present an analysis

of data, is CCFR, a high energy neutrino experiment which took data in the late

1980's. The second, MiniBooNE, is a moderate energy neutrino experiment presently

under construction. I have been a member of MiniBooNE since its proposal stage.

I have participated in its construction, and considered its capability in the near and

far future.

In topics, this thesis will cover the gamut of neutrino physics. The organization

will follow the chronological order of the neutrino experiments, and reverse order of
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the discussion of �gure 1.2 above. The �rst part of this thesis describes a measurement

of the F �
2 structure function in high energy neutrino scattering using data from the

CCFR experiment. The second part describes the search for nonstandard neutrino

interactions such as neutrino oscillations and neutrino magnetic moment searches

using the ongoing MiniBooNE experiment. I then extend these ideas to a possible

future experiment using a conventional neutrino superbeam. Taking these two parts

as a whole, this thesis can be said to probe both inner structure and outer limits of

high energy physics through neutrinos.



Part I

Proton Structure Measurements

from Neutrino Scattering

10
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Chapter 2

Neutrino Deep Inelastic Scattering

and Precision QCD

2.1 The Formalism of Neutrino Deep Inelastic Scat-

tering

You can never be too light, too neutral, or too exclusive. Neutrinos are excellent

nucleonic probes because they are e�ectively massless, neutral, and interact only

via the weak force. A typical neutrino-nucleon interaction is shown in �gure 2.1.

The variables used to describe the interaction are the parameter Q2, the momentum

transferred to the proton as it is probed, and \Bjorken x," the fraction of the proton's

total momentum carried by the quark struck by the incoming probe. Q2 characterizes

the resolution of the probe. As Q2 increases, the resolving power increases and the

interior of the proton can be seen in �ner and �ner detail as shown in �gure 1.3 in

the previous chapter.

The evolution of the proton from the left side of �gure 1.3 to the right is not

as simple as it may appear. In order to describe this, the interaction cross section

is written not as single particle exchange, but rather it is parameterized in terms of
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DEEP INELASTIC SCATTERING

Incoming
Lepton

Outgoing
Lepton

Exchanged Boson

Nucleon ] Hadron
Shower

squared 
4 momentum 

transferx:fractional 
momentum 

of struck parton

Q2:

xP

ν = Eh a dEnergy Transfer

Negative squared
4-momentum Transfer

Fractional Energy Transfer y = ν/(E'+Eh a d)

Fractional momentum
of struck quark

x = Q2/ 2 Mν 

Q2 = 4(E'+Eh a d)E's in2(θ/ 2 )

Kinematic Quantities

Figure 2.1: Neutrino-nucleon interaction.

quantities called \structure functions." This is underlined by the Feynman diagram

of this process commonly drawn as in �gure 2.2. The W boson-proton vertex drawn

as a black circle, is still not well understood.

The di�erential cross-sections for the neutrino-nucleon charged-current process

�� (��) + N ! �� (�+) + X in the limit of negligible quark masses and neglecting

lepton masses, in terms of the Lorentz-invariant structure functions F2, 2xF1, and

xF3 is:
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W

proton X

Figure 2.2: Feynman diagram of W boson-proton interaction. X may be a nucleon

or hadronic debris.

d��;�

dx dy
=

G2
FME�

�

��
1� y � Mxy

2E�

�
F2
�
x;Q2

�
+
y2

2
2xF1

�
x;Q2

�� y
�
1� y

2

�
xF �;�

3

�
x;Q2

��
(2.1)

where GF is the weak Fermi coupling constant, M is the nucleon mass, E� is the

incident � energy, Q2 is the square of the four-momentum transfer to the nucleon,

the scaling variable y = EHAD=E� is the fractional energy transferred to the hadronic

vertex with EHAD equal to the measured hadronic energy, and x = Q2=2ME�y, the

Bjorken scaling variable, is the fractional momentum carried by the struck quark. See

[7] for a complete derivation of this formula. The structure function 2xF1 is expressed

in terms of F2 by 2xF1(x;Q
2) = F2(x;Q

2)� 1+4M2x2=Q2

1+R(x;Q2)
, where R = �L

�T
is the ratio of

the cross-sections of longitudinally- to transversely-polarized W bosons.

F2 can be thought of as the probability of �nding a quark with momentum fraction

x. If there were only three valence quarks in the nucleon, each one would carry a third

of the proton's momentum. In this case, F2 as a function of x is sharply peaked at x

= 1/3 (see �gure 2.3; the diagram at the far left). If these quarks were exchanging

gluons, their momentum would be smeared out as shown in the middle diagram. The

presence of sea quarks leads to a pile up of low momentum (lox x) quarks as shown

at the far right. F2 also changes as a function of Q2. Q2 can be thought of as probe
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x

If only 3 quarks

F2

x
.33

3 quarks plus 
quark - antiquark sea

3 quarks exchanging 
gluons

x

F2

x

F2

Figure 2.3: F2 as a function of x for a proton that has only three quarks (left), three

quarks sharing gluons(middle), or three quarks, many sea quarks and many gluons

(right).

whose wavelength corrresponds to it's strength. As shown in �gure 2.4, at low Q2, the

wavelength of the probe is large and the proton is resolved as a structureless object.

As Q2 increases and the wavelength of the probe increases, the quarks and gluons

can be resolved. At high Q2, the structure funciton F2 becomes independent of Q
2

indicating that the quarks themselves appear structureless on this scale. That F2 is

dependent only on x and high Q2 is known as Bjorken scaling.

In the leading order (LO) quark-parton model, F2 is the sum of the momentum

densities of all interacting quark constituents while xF3 is the di�erence of these,

written as:

F
(�;�)
2

�
x;Q2

�
= q

�
x;Q2

�
+ q

�
x;Q2

� � qvalence + qsea (2.2)

xF
(�;�)
3

�
x;Q2

�
= q

�
x;Q2

�� q
�
x;Q2

� � qvalence: (2.3)

F2 describes the behavior of all the quarks in the nucleon, the valence and the sea,

while xF3 describes only the valence quarks. Figure 2.5 shows that as x decreases

and more of the quark sea is resolved, the momentum carried by the valence plus

the sea quarks, F2, increases relative to that carried by the valence quarks only, xF3.
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Very low Q 2

 Q 2 ~ 1 GeV2

higher Q 2

At.. "The Proton" is...

Q 2 describes the "Resolution"  (λ~  1/  Q 2 )

Figure 2.4: The proton probed at di�erent values of Q2. At low Q2, the proton

appears to be a structureless object. As Q2 increases, quarks and gluons can be

resolved.

Quark and gluon distributions, known as parton distribution functions (PDFs) can

be determined from these structure functions.

For a given neutrino energy, two variables, for example x and Q2, are necessary

to de�ne the interaction of the probe with the proton and hence, both are necessary

to quantitatively describe proton structure. While we understand the general depen-

dence of F2 and xF3 over a broad range of x and Q2, the behavior of the quarks and

gluons inside the proton in some regions of the space mapped out by x and Q2 is

not well understood { in particular, the region of low x and low Q2. In this region,

several questions persist: How do these momentum densities, or structure functions,

vary as the probe is changed? Does the momentum density of the struck quark tend
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Figure 2.5: F2 and xF3 as a function of x [7].

to zero as Q2 ! 0 GeV2?

Several experiments from accelerator laboratories around the world have made

measurements of the proton structure function, F2 [8, 9, 10]. It is particularly inter-

esting to compare results from experiments that use fundamentally di�erent probes

to measure proton structure, for example, using neutrinos versus charged leptons.

One would expect the structure to be essentially the same, and the results to agree

independent of the probe employed, unless there is some fundamental di�erence in

the way in which the probes and the proton interact. Figure 2.6 shows the kine-

matic coverage of most of the deep inelastic scattering experiments conducted. The

charged lepton experiments may use electrons or muons as probes. Comparisons be-

tween structure function measurements from these experiments and from neutrino

scattering experiments can teach us about proton structure particularly in the low x,

low Q2 region.
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2.2 Cross Sections at Low x and Low Q2 and Adler's

Relation

At low x and lowQ2, the structure function F2 from neutrino scattering experiments

should not necessarily agree with results from charged lepton scattering experiments.

Theoretical predictions indicate [11] that in this limit, as Q2 ! 0 GeV2, F2 for

muon scattering should go to zero, but F2 for neutrino scattering should go to some

positive constant. The reason for this di�erence lies in the ways neutrinos and muons

interact with protons. For leptons with electric charge, the primary interaction with

protons is electromagnetic by exchange of a photon, or . As Q2 ! 0, the photon

becomes real and the structure function F e;�
2 is constrained to vanish linearly with Q2

because the photon is massless due to gauge invariance. It is theorized that because

of the Partially Conserved Axial Current (PCAC) of the weak interaction, the proton

structure function, F2, from neutrino scattering experiments will not go to zero at

Q2 = 0, but will have some residual, non-zero value. How does this value arise?

At small Q2, the exchange W boson becomes real and can uctuate to another

particle, for example, a pion. The interaction can then be drawn as in �gure 2.7

where the pion, instead of the W boson, interacts with the nucleon. Adler [11] used

this interaction picture to rewrite the cross section for neutrino-nucleon scattering in

terms of the pion-nucleon cross section. A consequence of this theory is the prediction

that F �
2 approaches a non-zero constant as Q2 ! 0, con�rmation of the PCAC nature

of the weak interaction.

This analysis measures the structure function, F �
2 in a previously unexplored

kinematic region at low x and low Q2. The results are compared to F �;e
2 . Using this

data, tests of Adler's predictions for neutrino scattering are made. In the following

three chapters, the experiment used to obtain this measurement is described, the

analysis method is discussed and the conclusions are presented.
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Figure 2.7: W boson uctuates to a � which then interacts with the proton.



Chapter 3

CCFR Neutrino Beam and

Detector

The weak force isn't called weak for nothing. Neutrinos interact only via the

weak force and even then, very infrequently. Therefore, neutrino detectors must be

massive { hundreds of tons { and neutrino beams must be intense, in order to raise

the probability of a neutrino interaction to something sizable enough for signi�cant

measurements.

The CCFR neutrino experiment was performed at the Fermi National Accelera-

tor Laboratory. Fermilab's 800 GeV proton beam was used to produce a wide-band,

intense beam of neutrinos and anti-neutrinos incident on the CCFR detector in Lab

E. The detector consisted of a 690 ton iron sampling calorimeter followed by a muon

spectrometer. It was both the target in which the neutrinos scattered and the instru-

ment that measured the properties of the neutrino events. The data were gathered

in two runs:

� E744: February-August, 1985

� E770: June-February, 1987

20
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This chapter describes the experimental apparatus: the accelerator facilities at Fer-

milab, the neutrino beam, and the CCFR detector.

3.1 The Fermilab TeVatron

The CCFR experiment took place at the Fermilab TeVatron, the highest energy

accelerator in the world at the time of this writing. A schematic diagram of the

neutrino beamline in the Fermilab accelerator complex is shown in �gure 3.1. A brief

description of the accelerating process follows. A more complete description can be

found in reference [21].

In \�xed-target mode" the TeVatron operates on a 60 s cycle during which 1013

protons are accelerated and delivered to the neutrino beamline. The protons' trip

through the machines begins in the Cockroft-Walton where they are accelerated to

750 keV and injected into the 200 MeV LINAC. From here, they travel to the 140 m

diameter Booster synchrotron. The Booster brings the proton energy up to 8 GeV

and sends them into the Main Ring and then the TeVatron ring. The Main Ring, a

2 km in diameter synchrotron with conventional, copper-coiled magnets, accelerates

the particles up to 150 GeV. They are then injected into the TeVatron, a super-

conducting proton synchrotron that sits directly below the main ring. The TeVatron

accelerates the protons to 800 GeV and holds them at their maximum energy for about

one third of the cycle before extraction to the switchyard and neutrino beamline.

The neutrino beam is created from TeVatron fast extracted proton spills called

pings which are of millisecond duration. This fast spill structure is used to minimize

the number of cosmic rays which might enter the detector during the beam-on period.
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Figure 3.1: Fermilab neutrino beamline layout.
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Figure 3.2: CCFR target area and decay region

3.2 Neutrino Beam

For neutrino production, the proton beam was steered onto a beryllium-oxide target

33 cm long. This produced a secondary beam of mesons focused by a triplet of

quadrupole magnets toward a 320 m decay region 221 m beyond the target. Figure 3.2

shows the target and decay region. The highest possible neutrino ux downstream

can be achieved only if no sign or momentum selection is done. The result is a \wide-

band" beam, that is, one with large momentum acceptance. The mesons produced at

the target, primarily pions and kaons, decay in ight, with dominant decay modes:

�+ ! �+��; �
� ! ���� BR = 99:99% (3.1)

K+ ! �+��; K
� ! ���� BR = 63:5% (3.2)

The maximum neutrino energy in the beam is determined by the mass ratio of the

muon and the decaying particle:
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Emax
� = E�;K

"
1�

�
m�

M�;K

�2
#

(3.3)

This produces a neutrino beam with a dichromatic spectrum, with the more energetic

neutrinos coming from the kaon decays:

(Emax
� )K = 0:95EK (3.4)

(Emax
� )� = 0:43E� (3.5)

The neutrinos and anti-neutrinos produced had an average neutrino energy of about

140 GeV with maximum neutrino energies as high as 600 GeV. Figure 3.3 shows the

double peaked neutrino energy spectrum for E770 and E744.

About 6-7% of the mesons decay in the decay region. The undecayed mesons are

dumped into a 6 m block of aluminum followed by steel shielding downstream of the

decay channel. 241 m of steel shielding and 582 m of earth berm follow the decay

region. Muons or mesons that penetrate the steel shielding downstream of the decay

channel range out in the steel and earth berm.

Almost all of the neutrinos pass through the berm to the detector. However those

that do interact in the berm can produce muons which can penetrate to the detector.

These muons are identi�ed by interaction in a veto wall just upstream of the detector,

and are used for calibration purposes. The neutrinos strike the target calorimeter at

near normal incidence, having an incident angle no larger than � 1 mrad.
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Figure 3.4: Schematic representation of the CCFR detector. The neutrino beam

enters from the right into the target calorimeter. The muon spectrometer follows.

3.3 CCFR Detector and Trigger

The following sections briey describe the elements of the CCFR detector and

trigger system. Please see [12, 13] for a more complete description. Figure 3.4 shows

a schematic of the entire CCFR neutrino detector with a person shown to indicate

the scale. In this schematic, the beam enters from the right. The detector is a target

calorimeter consisting of steel, scintillator and drift chambers shown at the right of

�gure 3.4 followed by a muon spectrometer. Neutrinos interact via charged or neutral

current interactions in the detector as shown in �gures 3.5 and 3.6. In these event

displays, the drift chamber hits are indicated with crosses. Energy deposited in the

scintillator planes of the calorimeter is shown by the histogram at the top of each

�gure. The hallmarks of an event are: no upstream hits, a shower at the interaction

vertex, and for charged current events, an outgoing muon. The detector measures

three kinematic quantities for each event: the energy of the outgoing hadron shower,

EHAD, and the angle and momentum of the outgoing muon in charged current events,

�� and p� respectively. The curvature of the outgoing muon in the muon spectrometer

tags the charge of the muon and therefore the species of the neutrino, � or �.
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Figure 3.5: A typical neutral current event in the detector. In this picture, the beam

comes from the left incident on the target calorimeter which is followed by the toroid

spectrometer.
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Figure 3.6: A typical charged current event in the detector. In this picture, the beam

comes from the left incident on the target calorimeter which is followed by the toroid

spectrometer.
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3.3.1 Target Calorimeter

The Target Calorimeter was a 690 ton stack of steel plates and instrumented planes

that served as both the target for the neutrinos and the instrument to measure prop-

erties of the interaction. The steel plates were the neutrino target while scintillator

planes and drift chambers interspersed allowed for energy deposition measurements

and particle tracking. The entire stack was 3 � 3 m transversely and 17:7 m long.

It was comprised of 6 modules called carts. Each cart contained 28 steel plates, 14

scintillator planes, and 7 drift chambers. These components are described in detail

in table 3.1.

3.3.2 Muon Spectrometer

A muon spectrometer following the target calorimeter was used to track muons emerg-

ing from charged current neutrino interactions. The spectrometer was comprised of

three large toroidal iron magnets separated into three instrumented carts. There were

�ve sets of �ve drift chambers immediately downstream of each cart and at 3 m and 7

m after the last cart. Plastic scintillator for fast detection of muons were located after

the �rst two toroid carts. The toroid provided a magnetic �eld to deect the muon,

while the drift chambers provided tracking to record the particle deection, allowing

for measurement of the muon's momentum. The toroid could be run in either polar-

ity to focus positively- or negatively-charged muons. The components comprising the

spectrometer are described in table 3.2.
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Table 3.1: Target Calorimeter Components
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Table 3.2: Muon Spectrometer Components
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3.4 Data Acquisition and Event Triggers

Readout from the CCFR detector was recorded for calibration and data analysis.

To reduce the amount of data recorded, events of interest were selected according to

the event triggers de�ned in table 3.3. This table also shows the number of events

passing each trigger which were written to tape. Two triggers of particular importance

to this analysis are Trigger 1 and Trigger 3, which recorded CC events.

3.5 Detector Calibration

In order to absolutely determine the three quantities CCFR measures, the energy

of the hadron shower(EHAD), and the angle and momentum of the outgoing muon (��

and p�), the detector response as a function of particle interaction, time and detector

position must be well understood. Calibration of detector components using neutrino

data, test beam data, and �eld measurements helped to determine conversion between

readout quantities and absolute measurements. Table 3.4 lists results of calibration

of the CCFR detector components.

Energy deposited in any material by a high energy particle is referred to as

the minimum-ionizing energy. It is mostly independent of particle type and particle

energy. The total amount of energy measured in one scintillator divided by the

amount of minimum ionizing energy for particles in the detector is a measure of the

number of \minimum-ionizing particles," or MIPs, that passed through that detector

component. Units of MIPs are used throughout the following sections.

3.5.1 Hadron and Muon Energy Calibration

Hadron shower energy, EHAD, is de�ned as the energy deposited in the scintillation

counters over which the shower spans minus the energy due to the exiting muon in
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Table 3.3: Event Triggers written to tape.

Trigger Purpose Requirements to pass trig-
ger

Events passing Trigger

E744 E770

1 Selects CC events
with muon orig-
inating in the
target and pen-
etrating into the
toroid for mo-
mentum analysis

Presence of charged parti-
cle in last target cart and
�rst toroid cart with no veto
�re. Either two out of last
four scintillation counters,
(SCs), (1-4) �re along with
a MIP signal in toroid gaps
1 & 2, or two out of four SCs
(1-4) and (9-12) �re with a
MIP signal in gap 1.

1740427 1981136

2 Selects NC events
with hadron
shower but no
muon track

At least 8 GeV of energy de-
posited in 8 adjacent SCs
coincident with two MIPs
deposited in two of four con-
secutive SCs with no veto
�re.

2267724 2915707

3 Selects CC
muon events in
calorimeter

16 counters in target �re
with 4 GeV of energy de-
posited in 8 consecutive
counters with no veto �re.

1611230 2001988

4 Used to measure
Trigger 1 ineÆ-
ciency found to
be < 10�4.

Uses counters (5-8) and (13-
16) instead of (1-4) and (9-
12) as required for Trigger
1. Toroid requirement is:
PTOR (2 out of 4 ACs in
same quadrant in each of
the half carts �re) must be
satis�ed instead of a signal
in toroid gaps 1 and 2.

696664 806985

5 Select test beam
events

Test beam incident on tar-
get

16447 64627

6 Selects straight
through muons
produced up-
stream of detec-
tor hall passing
through entire
detector

One out of four counters in
each target cart �re along
with a veto �re. Muon must
penetrate the spectrometer
and satisfy PTOR require-
ment (see above).

166682 1406410

Total 3235717 5095487
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Figure 3.7: Contours indicating relative muon response for one of the CCFR counters.

(counter 37, from reference [21])

a charged current event. The beginning of the shower is de�ned as the �rst counter

in the most upstream pair to receive more than 4 MIPs of deposited energy. Shower

end is de�ned as the �rst downstream counter to be followed by three consecutive

counters with less than 4 MIPS of energy deposited. Total shower length in number

of counters is then the distance between the shower beginning to shower end plus the

next 5 downstream counters. The energy deposited in the shower from an outgoing

muon in a charged current event is de�ned as 1 MIP per counter for each muon

that passes through. The calibration process for detector components to accurately

determine absolute hadron and muon energy is described in table 3.4.

3.5.2 Muon Tracking

Most muons from neutrino interactions in CCFR penetrate the calorimeter and

toroid leaving long particle tracks indicated by hits in the drift chambers. In principle,
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Table 3.4: Hadron and Muon Energy Calibration

Instruments
Calibrated

Purpose of Cali-
bration

Procedure Results

Scintillation
Counters:
Energy
Response

Determine total
hadron shower
energy from frac-
tion of hadron
shower energy
deposited in the
scintillation coun-
ters in the target
calorimeter

Triggers 1 & 6 data
used to calibrate
counter response to
muon energy deposits
using toroid momen-
tum measurement.

Energy in MIPS
for each counter is:
�Ei = �i

P4
j=1 aijA

LO
ij

where Ai refers to
response of counter
i, Bi is each counters
calibration coeÆcient,
and aij are calibration
coeÆcients for each
PMT.

Scintillation
Counters:
Position
Response

Counter response
changes as a func-
tion of position
due to att. of
light in oil and
wave shifters, and
changes in PMT
gains.

Position dependence
determined by map-
ping counter response
to muons traveling
through at di�erent
sections of the counter
divided into 9 � 9 in.
square bins.

Example map correc-
tions thus determined
shown in �gure 3.7

Scintillation
Counters:
Time
Response

Counter response
changes as a func-
tion of time due
to degradation
of scintillator oil
and changes in
PMT response

Time variations deter-
mined by measuring
counter response at
the center of a counter
as a function of time.
Relative measurement
of the PMT gains were
made frequently.

Energy loss in MIPS
due to combined ef-
fects of time and
position variation
given by: �Ei =
�i(t)

P
4

j=1 A
LO
ij (t)Gj (0)=Gj (t)

�Ei(0;0;t)Ri(Vx;Vy;0)

where G refers to PMT
gain, and R is the map
correction.

Calorimeter
Hadron
and Muon
Energy
Calibra-
tion

Hadron test
beams from test
beam line used to
absolutely cali-
brate calorimeter
twice during the
course of both
runs.

Charge and momen-
tum selected particles
(�s, some ps and es,
a few ks and �s) from
test beam allowed to
pass through detector.

Calorimeter calibration
constants shown in ta-
ble 3.6
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Table 3.5: Calorimeter Calibration Constants

Particle Type Calibration Constant �
E

hadrons 4:73� 0:02 MIPs
GeV

0:847p
E
+ 0:30

E

e 5:25� 0:10 MIPs
GeV

0:60p
E

� range outs 6:33� 0:17 MIPs
GeV

0.17

Table 3.6: The calibration constants give the relation between the observed MIPs

and the real energy loss for various particles.

tracks in the target calorimeter are straight while those in the spectrometer are curved

as the muons are bent by the magnetic �eld. Measurements of �� and p� using these

tracks are complicated by the e�ects of multiple scattering of the muons as they travel

through the detector, and by the fact that the measured �� and p� are correlated and

therefore must be determined simultaneously.

The iterative process to determine �� begins with a crude estimate of p� using the

track deection in the �rst toroid in the spectrometer. This momentum measurement

is used to estimate the e�ects of multiple scattering along the track the muon makes

in the target calorimeter. The RMS deection due to multiple scattering along each

segment of track the muon traverses is used as an error to form a �2 function which

is minimized to �t the track. �� is then determined by �tting for a track in the

six chambers closest to the vertex, including the tracking vertex o�set described in

table 3.7. This process is repeated using the more precise measurement of the muon

momentum, p�, described below.

The momentum measurement is determined using the same iterative procedure as

the track �tting in the calorimeter. An initial crude estimate of the muon angle and

momentum are used to predict the muon track through the toroid. A �2 is formed

comparing drift chamber hits and predicted track hits and minimized by varying the

momentum. This procedure is repeated until the momentum di�ers by less than
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Figure 3.8: Muon momentum resolution function for 120 GeV muons from refer-

ence [21]. Measurements of test beam muon momentum resolution indicated by dia-

monds. Solid line indicates an independent Monte Carlo prediction. The tail due to

overestimate of the muon momentum is caused by catastrophic energy loss while the

tail due to underestimate is caused by hard single scatters.

0:5% from the previous iteration. Table 3.7 describes the calibration procedure for

calorimeter and spectrometer elements used to determine muon angle and momentum.
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Table 3.7: Muon Angle and Momentum Calibration

Instruments
Calibrated

Purpose of Cal-
ibration

Procedure Results

Drift
Chambers:
Track �t-
ting near
the vertex

Vertex angle
determined by
�tting track
near vertex.
Hadron shower
near vertex
complicates
tracking abil-
ity so track
length used to
determine ��
was varied as
a function of
shower energy.

Trigger 1 data used. To
include a chamber in
the vertex �t, probabil-
ity for choosing a good
hit had to be twice that
of choosing a bad hit.

Chambers nearest vertex
position omitted com-
prise the tracking ver-
tex o�set. Showers with
EHAD < 25 GeV: no
o�set. Showers with
25 GeV < EHAD <
50 GeV: o�set by one
chamber. Showers with
EHAD > 50 GeV: o�set
by 2 chambers. See [7]
for a more detailed de-
scription of this study.

Drift
Chambers:
Resolution
of ��

Determine the
resolution of ��

Trigger 6 sample of
sti� muon tracks with
75 < p� < 200 GeV.
Upstream and down-
stream track segments
compared with �� de-
termined at simulated
vertex at track center.

Angular resolution: �� =
a+ b

p�
(mrad) with a and

b given in table 3.8

Muon
Spec-
trometer:
Muon Mo-
mentum
Measure-
ment

B �eld in toroid
must be well
understood
in order to
properly de-
termine p�.
Multiple scat-
tering e�ects
in the spec-
trometer limit
the resolution
of the muon
momentum.

Hall probe measure-
ments were used in or-
der to prepare a de-
tailed B �eld map up
to an overall normal-
ization. The normal-
ization was determined
using 120 GeV mo-
mentum analyzed test
beam muons. Ef-
fect of multiple scatter-
ing estimated by con-
sidering a track that
passed through the en-
tire spectrometer.

Multiple scattering ef-
fects: for a muon receiv-
ing 2:4 GeV pT kick trav-
eling length of the spec-
trometer, �BEND = pT

p�
=

2:4
p�
. Error due to multi-

ple scattering: ��MCS =
0:015
p�

q
500
1:76

= 0:25
p�

. This

gives an estimate of spec-
tral resolution: �

�
=

��MS

�bend
� 10%. Results,

(�gure 3.8) show that the
central region follows a
Gaussian with an RMS
width of 10:1% as esti-
mated.
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Table 3.8: Muon Angular Resolution as a Function of Energy: Parameters

to describe angular resolution at di�erent energies as a function of track length. See

table 3.7 for resolution function.

Track Length EHAD < 25 GeV 25 GeV < EHAD < 50 GeV EHAD < 50 GeV

a b a b a b

4 0.535 35.4 0.547 46.0 0.407 75.0

5 0.366 49.5 0.393 57.3 0.343 77.8

6 0.294 56.6 0.361 59.4 0.260 84.9

7 0.235 61.5 0.337 62.2 0.235 87.0

8 0.235 61.5 0.337 65.8 0.235 87.7
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3.6 Analysis Cuts

A series of analysis cuts on the data reduce it from triggers recorded online to

events used in the analysis. To be used in the analysis, events must take place in the

active part of the detector and in enough of the detector to make a good measurement.

Events must also be in an energy range that can be reconstructed by the detector and

that can be modeled by the Monte Carlo. These analysis cuts are described below.

The number of events that passed each cut are shown in table 3.9.

� RUN/GATE/NSTIME: removes runs when beam was of poor quality or detec-

tor was malfunctioning, when data was taken between neutrino pings, or when

multiple neutrino interactions occurred in the same detector event.

� NO DIMUONS: eliminates events with a second track entering the spectrometer

or traversing more than 19 counters. These dimuon events cannot be included

in the structure function analysis because it is unclear which muon was created

by the incoming particle and therefore unclear whether the incoming particle

was a neutrino or an anti-neutrino.

� 20 <PLACE< 80: keeps only those events whose hadron shower is contained

longitudinally in the detector.

� �50 in: < Vx < 50 in:;�50 in: < Vy < 50 in:: keeps only those events whose

hadron shower is contained transversely in the detector.

� Trigger 1: ensures muon entered the spectrometer.

� Target Track: ensures enough hits are detected in target drift chambers in order

to identify a muon track in the calorimeter.

� Toroid Containment: ensures muon track, extrapolated from the calorimeter

with multiple scattering e�ects included, has a radius < 64 in: at the front face

of the toroid and has a radius < 55 in: at T2.
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� Toroid Track: ensures enough hits are detected in the toroid drift chambers in

order to identify a muon track in the toroid.

� Good Fit: ensures that the muon track is �t in the toroid.

� Fit Quality: ensures a good �t of the muon track in the toroid, speci�cally that

the �2 per degree of freedom of the �t is less than 10 with the muon passing

through at least 10 chambers.

� Two Gaps: ensures the muon passes through the �rst two gaps in the toroid in

order to have good reconstruction eÆciency of muons.

� �� < 150 mr and Re� (R at the front face of the toroid) > 8 in: ensures good

acceptance of muon track in muon spectrometer and that the muon does not

pass through the hole in the center of the spectrometer.

� E� > 15 GeV: 15 GeV is the lower limit of spectrometer acceptance.

� EHAD > 10 GeV: minimizes correlations between the ux and structure function

data sample.

� Q2 > 0:3 GeV2: Lower limit is set by model used in this analysis.

� 30 GeV < E < 360 GeV: Lower limit is set by energy acceptance and uncer-

tainty in the neutrino ux, upper limit is chosen due to large smearing e�ects.
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Table 3.9: Triggers and events that passed each trigger: F=Toroid polarity set
to focus ��, D=Toroid polarity set to focus �+.

E744 E770
Cut �(F) �(D) �(F) �(D) �(F) �(D) �(F) �(D)

RUN/GATE/NSTIME 596544 682503 79777 101451 798375 845578 116641 133156
NO DIMUONS 589538 674839 78550 99668 789394 836435 115021 131044
20 <PLACE< 80 516764 591114 67949 86483 691305 731882 99961 113813
Vertex 442935 508164 59459 73880 592262 625308 88812 99822
Trigger 1 326395 369124 59344 73099 434570 447520 88706 98800
Target Track 326152 368988 59331 73077 434348 447269 88691 98767
Toroid Contain-
ment

290201 335404 54938 65612 387875 407750 82158 88894

Toroid Track 289195 330076 54938 65612 386275 401164 82158 88894
Good Fit 289127 329945 54900 65519 386145 401008 82103 88771
Fit Quality 288752 329428 54784 65364 385648 400200 81938 88512
Two Gaps 282796 284111 48150 64182 377324 345357 71984 86960
�� < 150 mr 280262 283833 48134 64018 373959 345068 71958 86738
E� > 15 GeV 276420 283205 48002 63077 368985 344379 71805 85419
EHAD < 10 GeV 227607 230696 32766 43444 305783 282170 48438 58326
Q2 > 0:3GeV2 226256 229278 32383 42931 303988 280445 47865 57685
30 GeV < E <
360 GeV

225824 229006 32356 42847 303438 280099 47834 57585
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3.7 Analysis Tools

This analysis used the standard CCFR software tools. As in many HEP experiments,

the CCFR data went through two basic data analysis passes. The �rst pass, called

stripping, took raw data and resolved issues relating to timing and ADC pedestals

etc., creating a �rst pass of calibrated raw data. The second pass, called crunching,

used the stripped data to calculate the physics quantities used in the CCFR analyses.

These physics quantities were gathered onto data summary tapes (DSTs) where they

could be accessed for further analysis using the standard CCFR analysis tools called

the CCFR Analysis Package [14].

In addition to the data manipulation analysis code, there were three CCFR Monte

Carlos written during the course of the CCFR/NuTeV experiments. This analysis

used a Fast Monte Carlo designed to described the CCFR detector and run, as its

name implies, quickly. This Monte Carlo relied upon parameterizations of hadron

shower development and muon track evolution in the toroid. This Monte Carlo was

checked against a hit level GEANT3[15] Monte Carlo [16] which simulated the de-

tector in great detail. The Full Monte Carlo simulated tracking of the muons in the

toroid in detail. An overview of the code is described in reference [17].

The CCFR Fast Monte Carlo took the neutrino ux as an input. Monte Carlo

Generated Events were weighted according to the normalized cross section. Parton

distributions from PDFLIB[18] or individualized distributions could be used in the

cross section. The order of the cross section calculation, as well as other e�ects such

as application of radiative corrections and inclusion of higher twist e�ects, could be

selected. Generated events were then modi�ed to simulate muon energy and angle

smearing, and hadron energy smearing, resulting in Smeared Events. Muons were

tracked through the steel, and ionization energy loss as well as catastrophic loss was

simulated. Multiple Coulomb scattering in the steel was included. The functions

which described the detector smearing were determined using the test beam and
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Trigger 6 events.

For this analysis, 27 million Monte Carlo events (roughly ten times the number

of data events) were produced to estimate the e�ects of resolution and smearing in

the detector. Before any Monte Carlo correction was applied, the data events were

divided up into eight categories according to their experiment (E744 or E770), their

neutrino species (� or �) and whether or not the muon spectrometer was set to focus

positively or negatively charged muons.

Other data analysis programs used to read and re-weight events, extract struc-

ture functions and �t the data were Fortran-based programs written by the CCFR

collaboration.

3.8 Parton Distribution Functions

Parton distribution functions (PDFs) along with a parametrization of the cross

section de�ne the cross section used in analyses. The cross section model used in

the CCFR Fast Monte Carlo takes a leading order (LO) model of the cross section

and a PDF set as input. At Q2 > 1:35 GeV2 this model is determined from a set of

parton distribution functions �t from the results of the previous iteration along with

a Buras-Gaemers type Leading Order parameterization [19] of the neutrino-nucleon

cross section. Note that this analysis does not use the Buras-Gaemers PDFs. It uses

the form of the PDFs �rst described by Buras and Gaemers. The Buras-Gaemers LO

model uses parton densities representing the momentum densities of the valence and

the sea quarks inside the nucleon, the PDFs, to construct di�erential cross sections.

Speci�cally, the valence quark momentum densities inside the proton are parametrized

as:
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xuV + xdV = AV (s) x
�2(s) (1� x)�2(s)

�
1 +

1

2

�1 (s) + �2 (s) + 1

�2 (s) + 1
(1� x)

�
(3.6)

with �1(s) = �10 + �11� s, �2(s) = �20 + �21� s and s = log
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�
Q2
0

�2

�
!
. The value of

Q2
0 = 12:6 GeV2, picked for historical reasons, has no e�ect on the �nal results. In this

calculation, it is assumed, according to the proton quark counting rule, that there are

two valence u quarks and one valence d quark inside the proton. The normalization,

AV , of the valence quark distribution is allowed to vary while retainingQ
2 dependence

as predicted by NLO QCD given by:
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0

dx
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�
xuV

�
x;Q2

�
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�
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��
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�
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�
Q2

�2

�
1
A (3.7)

where nf = 4 is the number of avors contributing to the cross sections.

Buras-Gaemers sea densities contain a light quark piece and a charmed piece. The

charmed component is assumed to be zero. The strange component has a di�erent

shape than the non-strange component, which is accounted for as described below.

The sea density is paramterized as:

xS
�
x;Q2

�
= AS (s) (1� x)�S(s) (3.8)

.

The strange sea is given by:

xSS
�
x;Q2

�
= xS

�
x;Q2

� (�S (s) + 1)

�S (s) + 1
(1� x)� (3.9)

where � (s) = �S (s) + � gives the shape di�erence between the strange and the

non-strange sea.

Typically, any cross section models used in an analysis must be of the same order

as any others used. However, this does not apply to the cross section models used here
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to construct correction factors since although the di�erences in leading order versus

next-to-leading (NLO) order models may be large, the di�erences in the correction

factors due to the models are small. In other words:

�LO (bare proton target)

�LO (physical Fe target)
� �NLO (bare proton target)

�NLO (physical Fe target)
: (3.10)

The Buras-Gaemers model �ts the structure function data poorly at lower x

and Q2. Previous CCFR structure function analyses [7] did not extract the data

below Q2 = 1:0 GeV2 because of the lower limit on the viability of this model and

thus allowed the model to be at below Q2 = 1:0 GeV2. This analysis extends the

reach in x and Q2 below which the Buras-Gaemers model is expected to be valid by

using an appropriate model for low x and low Q2, normalized to the Buras-Gaemers

model at Q2 = 1:35 GeV2. We use the GRV model of the parton distributions [20].

The inclusion of this model at low x and low Q2 caused a shift in the radiative

corrections calculation as well as an overall normalization shift from the previous

structure function analysis [7] as described in subsection 4.8.2.



Chapter 4

Structure Function F2

This analysis extends the previous CCFR Structure Function analyses [8, 22] to

low x and low Q2. The previous analyses did not measure below x = :0075 and

Q2 = 1:0 GeV2 [8]. This analysis extends the reach to x = :0045 and Q2 = 0:3 GeV2.

Thus, the x range presented here in which there is new data at low Q2 is :0045 < x <

0:035. Data at higher x are again measured to indicate di�erences from the previous

extraction due to improvements made in this analysis.

4.1 Method of Structure Function Extraction

The structure function, F2 can be calculated from the observed number of neutrino

and anti-neutrino events combined with the neutrino and anti-neutrino uxes. We

start by writing the cross section for neutrino-nucleon scattering in terms of the

structure functions as in chapter 2, equation 2.1.

The number of neutrino and anti-neutrino events in bins of x and Q2 is given by:

N�;�
�
x;Q2

�
= �LNA

Z
x�bin

dx

Z
Q2�bin

dQ2

Z
all energies

dE
d��;�

dxdQ2
��;� (E) (4.1)

where �LNA is the number of scattering centers in the target. Combining equa-

tions 2.1 and 4.1, the number of events in each x and Q2 bin can be written in terms

46
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of the structure functions as:

N�;�
�
x;Q2

�
=
G2M

�

Z
dx

Z
dQ2

2MEx

Z
dEE��;� (E) (4.2)

�
" 

1� y � Mxy

2E
+
y2

2

1 + 4M2x2

Q2

1 +R (x;Q2)

!
F2
�
x;Q2

�� y
�
1� y

2

�
xF �;�

3

�
x;Q2

�#

in a simpler form:

N�
�
x;Q2

�
= A�F2

�
x;Q2

�
+B�xF �

3

�
x;Q2

�
(4.3)

N�
�
x;Q2

�
= A�F2

�
x;Q2

��B�xF �
3

�
x;Q2

�
(4.4)

Inputing the number of events measured and the coeÆcients A and B, comprised of

the ux and known constants, it is simple to solve the two equations for the unknowns,

F2 and xF3 assuming that xF
�
3 = xF �

3 and that R (x;Q2) is known.

Now that I have made this look really easy, let me discuss the elements of this

that make it tricky. The number of events must be corrected for acceptance, res-

olution smearing, physics model e�ects, and bin center corrections. The ux must

be calculated. In constructing the corrections and determining the ux, a model of

the parton distribution functions must be used. Models for R and �xF3 must be

input. The structure function extraction yields F2 and xF3, which gives us a new

set of PDFs. In order to make sure that the structure functions are independent

of the input PDF set, the process is iterated with the extracted PDF set from the

previous iteration used as input for the next. When the PDF set does not change

from iteration to iteration, we say the process has converged. Figure 4.1 shows this

iteration process.

The following sections describe each element that goes into this process �nishing

with the extracted structure function, F2, and its associated error.
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Figure 4.1: Iterative extraction process for structure functions.

4.2 Binning the Data

The neutrino deep inelastic scattering data were collected in two high energy, high

statistics runs, FNAL E744 and E770. There are 1,030,000 �� events and 179,000

�� events in the data sample after �ducial volume, geometric, and kinematic cuts

described in section 3.6. Events are binned in x and Q2 bins based on Monte Carlo

studies. Bin widths are chosen to be as small as possible while large enough so that

at least 30% of the events generated in that bin remain in the bin after detector

e�ects are simulated (a.k.a. after \being smeared"). Figures 4.2 along with table 4.1

show the e�ects of the smearing between x bins for the low x region newly accessed

by this analysis. These Monte Carlo distributions show the generated value of x for

each bin which will be measured (xsmeared). We can then de�ne the x resolution as

xgenerated � xsmeared as shown in �gure 4.3.
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Table 4.1: Results of smearing between x bins for the lowest bins.

x min x max % events generated

within the bin

0.003 0.006 45%

0.006 0.010 41%

0.010 0.015 40%

0.015 0.020 34%

0.020 0.030 47%

0.030 0.040 40%
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Figure 4.2: xGEN for 0:00 < xSMR < 0:04.
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Figure 4.3: Resolution in x, lowest bins. xGEN - xSMR Width of the bins are on the

order of the widths of the distributions, respectively.
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4.3 Correcting the Data

4.3.1 Data/Monte Carlo Comparisons

The Monte Carlo is used to correct the data as described in section 4.3.2. In order

to ensure the corrections are calculated properly, the agreement between the data and

the Monte Carlo description must be veri�ed. In particular, does the Monte Carlo

accurately reproduce quantities that CCFR measures, such as EHAD; ��, p�, and E�?

Data/Monte Carlo comparisons of these quantities are shown in �gures 4.4 and 4.5.

The Monte Carlo predictions indicated by the solid line, accurately describe the data.

4.3.2 Data Correction Method

Before extraction, the data must be corrected for the e�ects of detector geometry,

detector resolution, kinematic cuts, and various physics e�ects. All but the physics ef-

fects are accounted for in the Monte-Carlo corrections. The physics model corrections

depend upon a model of the physical cross-section in terms of parton distributions.

The corrections applied to the data are:

� Monte Carlo Corrections:

{ Monte Carlo correction, CMC, accounts for e�ects of acceptance, resolution

smearing and removal of the dimuon events.

� Flux Correction: Cux, accounts for e�ects of ux re-weighting in the analysis.

� Physics Model Corrections:

{ Isoscalar target correction, C iso, accounts for the di�erence in the number

of protons and neutrons in the iron target calorimeter.

{ Radiative e�ects correction, Crad, accounts for photon radiation o� the

quark or charged lepton legs in a neutrino-nucleon interaction.
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{ Propagator correction, CW, accounts for the �nite mass of the W boson.

� Bin-Center-Correction: Cbc, accounts for di�erences in the value of a quantity

at the center of a bin versus the average value in the bin.

Corrections to account for these e�ects in the data are calculated separately for each

of the eight separate categories of neutrinos as described in section 3.7: for each

neutrino species each focussed positively or negatively in the spectrometer and for

each data set E744 or E770. Eq 4.6 shows all these corrections as they are applied to

the data.

DATAcorrected (4.5)

= DATArecon: � CMC � Cux � C iso � Crad � CW � Cbc

Except for the ux re-weighting and the dimuon correction, calculated on an

event by event basis, an average correction is determined within each kinematic bin

and the correction applied to the sum of the reconstructed data events in that bin.

A correction for the mass of the charm quark applied in previous analyses accounts

for the large mass of this quark. This correction, now known to be too simplistic, is

not applied here. The reasons for this are described in detail in section 4.3.2 and the

e�ect of the removal of the correction shown in chapter 5.

Monte Carlo Corrections

In modeling the detector, the Monte Carlo can account for how acceptance and

resolution smearing a�ect the number of data events. Detector resolution in the

Monte Carlo, determined by detector calibration, results in the smearing for the

Monte Carlo variables

� E�
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� EHAD

� E�

� E� at the front face of the toroid

� muon angle parameters

� energy loss in the detector

� event vertex location

Acceptance corrections are accounted for by the number of events left after the same

analysis cuts applied to the data are applied to the Monte Carlo. The ratio of the

number of generated Monte Carlo events without cuts to the smeared Monte Carlo

events with cuts is the correction factor which accounts for acceptance and resolution

smearing e�ects. Figures 4.6 and 4.7 show the acceptance and resolution smearing

corrections as a function of Q2 in x-bins. Note that the corrections are not steeply

changing as a function of both x and Q2.

Dimuon events are removed from the data sample due to the ambiguity of the

sign of the leading muon in these events. Dimuons must also be removed from the

reconstructed Monte Carlo sample to correspond to the data. The cross section for

production of dimuon events is removed from the Monte Carlo event sample by re-

weighting the number of reconstructed events accordingly. The Monte Carlo correc-

tion factor incoporating acceptance, resolution smearing and the dimuon correction

is given by:

CMC =
MCgenerated

No cuts (with dimuon cross section)

MCsmeared
cuts applied (without dimuon cross section)

(4.6)

Flux Correction

As described in the beginning of this chapter, the structure function extraction

process is an iterative procedure requiring a new set of PDFs and a new ux at each
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iteration based on the previous iteration. The ux correction re-weights individual

events in the Monte Carlo to account for the new ux. The ux correction factor is

given by:

Cux =
�NEW

�estimated
(4.7)

Physics Model Corrections

The physics model corrections, itemized below, take into account the non-isoscalarity

of the target, radiative e�ects, propagator mass e�ects, and the charm mass. Each

depends on the input PDF set and therefore can vary until the iteration process has

converged.

� Isoscalar Correction: The CCFR calorimeter does not, in reality, consist of

isoscalar nuclei. The parameter vf = number of neutrons�number of protons
number of nucleons

= 0:0567

describes the asymmetry between the number of protons and the number of

neutrons. The e�ective quark and anti-quark momentum densities seen by the

neutrinos are scaled according to vf . The isospin correction factor is given by:

C iso =
� (isoscalar target : vf = 0)

� (iron target : vf = 5:67%)
(4.8)

� Radiative Correction: The outgoing charged particles in a charged current neu-

trino DIS interaction can radiate photons as shown in �gures 4.8 and 4.9. These

QED e�ects must be included when calculating the cross sections. The radia-

tive corrections which account for these e�ects are calculated using a standard

algorithm, the Bardin radiative corrections [23]. The Bardin calculations used

here with mc=0, and the model described above in section 3.8 are plotted in

�gure 4.10. These corrections di�er greatly from those used in the previous

analysis due to the inclusion of the GRV model of the PDFs at low x. Shown
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for comparison in �gure 4.10 are the radiative corrections without inclusion

of the GRV model at low Q2. The large di�erence in the correction below

Q2 = 1:0 GeV2 arises from the change in the cross section in this region. The

cross section in the previous analysis was at below Q2 = 1:0 GeV2 while in this

analysis, it follows the GRV model in this region, decreasing with decreasing

Q2. The new radiative corrections have a signi�cant e�ect on F2 in the lowest

x bins, decreasing them by as much as 5% in the lowest x bin and by 2-3% up

to x = :0175. The radiative e�ects correction factor is given by:

Crad =
� (no Radiative Cor:)

� (Radiative Cor:)
(4.9)

� Propagator Correction: The neutrino cross section is reduced slightly at high

Q2 due to the W propagator mass. This e�ect is accounted for by rede�ning

the Fermi coupling constant as:

G2
F =

G2
F�

1 +
�

Q2

(mW=80 GeV=c)2

�2� (4.10)

The propagator correction factor is give by:

CW =
� (mW = 0)

� (mW = 80 GeV)
(4.11)

The convolution of all the physics model corrections in x and Q2 bins are shown in

Figure 4.11.

Finally, the bin-center correction accounts for the number of events at the average

value of the kinematic in each bin versus the value at the center of the bin. The value

of the bin-center correction in x and Q2 bins is shown in Figure 4.12. The total value

of the Monte Carlo corrections, the physics model corrections and the bin-center

corrections is shown in �gure 4.13. Note that the overall corrections are not steeply

changing as a function of x and Q2.
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Charm mass correction: In order to directly compare neutrino DIS with charged

lepton DIS, the neutrino structure functions must be corrected to a world where the

charm mass is zero. Making the charm mass zero in the neutrino scattering events

allows the neutrino and muon interactions to look the same with respect to quark

mass and therefore allows for a direct comparison. In previous analyses, a slow-

rescaling scheme was used to account for these e�ects of charm production with a

massive charm quark. This scheme rescaled Bjorken x to � given by:

� = x

�
1� m2

c

Q2

�
(4.12)

Recent next-to-leading order calculations including massive charm production

are very di�erent from the LO calculations, the slow rescaling correction used in the

previous analysis. Figure 4.14 shows the di�erences in the NLO and LO calculations

both as a function of x and Q2 [24]. These di�erences most likely indicate that the

LO calculation is too simplistic and at least indicate there is a large uncertainty in

the slow rescaling correction. In order to evade this problem, the slow rescaling charm

correction is removed and the ratio of data/theory for neutrino and charged lepton

structure functions are compared. See chapter 5 for details.
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Figure 4.4: E� and EHAD distributions comparing data indicated by the points, and

Monte Carlo indicated by the histogram, for E770. \neu" corresponds to neutrino

distributions. \anu" corresponds to antineutrino distributions. Agreement is similar

for E744.
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Figure 4.5: E� and �� distributions comparing data, indicated by the points, and

Monte Carlo, indicated by the histogram, for E770. \neu" corresponds to neutrino

distributions. \anu" corresponds to antineutrino distributions. Agreement is similar

for E744.
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Figure 4.9: Photon radiating o� quark and muon leg [7].
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Figure 4.11: The physics model corrections applied to neutrino events in the structure

function analysis. Corrections for anti-neutrinos are similar.
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4.4 Flux and Cross Sections

In order to solve equation 4.3 for the structure functions, the ux, � (x;Q2), must

be determined. Deducing the absolute ux from the secondary particle spectrum

is made diÆcult by the wide energy spectrum and intensity of the beam. Instead,

the relative ux is determined using a subset of the charged current events and is

normalized to the world cross section to determine an absolute ux.

The relative ux, speci�cally, the relative ux between two energy bins and the

relative ux between neutrinos and anti-neutrinos, is determined using low y events

via the \�xed-�" method. This ux extraction method is described by its author in

reference [7]. Low y events provide a representative sample of the charged current

events but, since these events have predominantly low EHAD and the structure func-

tion events have relatively high EHAD, are not correlated to the data sample used for

the structure function analysis. The \�xed-�" method rewrites the neutrino-nucleon

cross section, binned in EHAD, in factors of
�
E
where � = EHAD. The number of events

in EHAD bins is then given by:

dN

d�
= � (E)

�
A+

�

E
B � �2

2E2
C

�
(4.13)

where A, B, and C are given by:

A =
G2M

�

Z
energy

F2 (4.14)

B = �G
2M

�

Z
energy

(F2 � xF3) (4.15)

C = B � G2M

�

Z
energy

F2R (4.16)

Integrating equation 4.13 up to a small value of � = �0 so that the energy de-

pendence of the term in parentheses will be small, and regrouping according to

B
A
= �

�
1�

R
xF3R
F2

�
gives:

N (� < �0) = � (E)

Z �0

0

d�A

�
1 +

�

E

�
B

A

�
� �2

2E2

�
B

A
�
R
F2RR
F2

��
(4.17)
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Using the above formula and the number of events in EHAD bins, we can obtain the

ux.

4.4.1 Flux Sample

The low-�, charged current event sample used for the ux analysis must pass the �du-

cial volume and geometric cuts listed in section 3.6 as well as the following kinematic

cuts:

� �� < 150 mr to ensure good acceptance of the muon track in the spectrometer.

� E� > 15 GeV where 15 GeV is the lower limit of acceptance in the muon

spectrometer.

� 30 GeV < E� < 360 GeV where 30 GeV is high enough to avoid a large

acceptance correction and 360 GeV is low enough to avoid a large smearing

correction.

� EHAD < �0 to allow for high statistics in the ux data sample while avoiding

signi�cant overlap with the structure function data sample.

Events passing these cuts are subdivided into 17 E� bins and within these into EHAD

bins. The EHAD bins are limited by smearing and statistics to be 2 GeV wide.

The events, corrected for detector acceptance, resolution smearing and physics model

e�ects are binned in E� and EHAD. We form a dN
d�

distribution and, applying equa-

tion 4.17, extract the ux. Events near zero hadron energy due to quasi-elastic scatter-

ing and resonance production, are removed from the �t by requiring EHAD > 4 GeV.

They are included in the ux after the number events at higher EHAD are determined

according to equation 4.17. The �tting procedure begins by determining


B
A

�
for

all E� bins by �tting in each individual energy bin and taking an average over the

di�erent bins. The � (E) term is treated as a normalization and allowed to oat in
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A
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the �t. Figure 4.15 shows an example of the �t to


B
A

�
for one E� bin and �gure 4.16

shows the results of a �t to all the energy bins. The fully corrected ux multiplied

by the energy spectrum for E744 and E770 is shown in �gure 4.17

The most important systematic errors to consider for the ux extraction are the

uncertainties in the EHAD calibration, the E� calibration and the values of


B
A

��;�
.

Error due to muon and hadron energy calibration uncertainty is determined by re-

extracting the ux with muon and hadron energy scales shifted separately by the

amount listed in table 4.7. The error in the ux due to


B
A

�� and �
is determined by

considering the di�erence in


B
A

�
as calculated in E770 versus E744. This di�erence is

attributed to an unaccounted for systematic error and the di�erence is incorporated

in the error quoted for the measurement. Other systematic errors considered in the

ux extraction are the model systematic error, the slow-rescaling correction error and

the sensitivity to the assumption in the ux analysis that F2 is constant for � < �0.

The absolute ux is determined by constraining the overall normalization of the

ux such that the measured total neutrino-nucleon cross section for neutrinos equals
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the world average cross section for isoscalar corrected iron target experiments, ��Fe

E
=

(0:677� 0:014) � 10�38cm2=GeV [25, 27, 26, 28]. For anti-neutrinos, the measured

total cross section equals the world average cross section including this experiment for

isoscalar corrected iron target experiments, ��Fe

E
= (0:340� 0:007)� 10�38cm2=GeV

4.5 The Longitudinal to Transverse Absorption Cross

Section, R =
�L
�R

The neutrino-nucleon cross section is described by three structure functions. This

analysis method can extract two of the three of these by measuring two quantities,

N� and N� . The third, RLongitudinal =
�L
�T
, the longitudinal to transverse absorption

cross section, must be determined using other measurements. The value of RLongitidinal

used in this analysis comes from an empirical parameterization to world data on R

[29]. Recent experimental data [30] indicate that R may be smaller than expected at

low x; however these data are in disagreement with a previous measurement made

in this kinematic region. Figure 4.18 shows the world's available data on R at the

lowest possible x bins where data are available. Also indicated on the plots are the

world average �ts to R and Re� , modi�ed to account for heavy quark production

in the �nal state for neutrino scattering, and recent NNLO calculations for R. The

NNLO calculation [31] becomes negative, and therefore unphysical, at lower Q2 in

the lowest x bin indicating the unreliability of this �t. Other theoretical calculations

[32] may solve the problems with this �t and also indicate a lower R than previously

measured or calculated in this region. The experimental and theoretical data in this

region may point to an R as low as R = 0:25, lower than the value of Rworld. A precise

determination of R in this region is diÆcult at this time based on the experimental

and theoretical evidence. Therefore, R is chosen to be the existing best �t to the

world's data, Rworld. Systematic errors are applied to account for the experimental
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and theoretical predictions indicating a lower R. The systematic error is chosen to

be �15% of Rworld. In the regions where this lower limit is larger than R = 0:25, the

systematic error is chosen to be R = 0:25. Figure 4.20 shows solid error bars including

error estimated for Rworld �15% as has been published [33], along with dashed error

bars which include the more conservative estimate for the error on Rworld as described

here.

4.6 The Strange Sea Correction

In the leading order parton model, F �
2 = F �

2 but xF �
3 6= xF �

3 . Using equation 2.3

and:

q�N =
1

2
[u(x) + d(x) + 2s(x)] (4.18)

q�N =
1

2
[u(x) + d(x) + 2c(x)] (4.19)

q�N =
1

2

�
u(x) + d(x) + 2c(x)

�
(4.20)

q�N =
1

2

�
u(x) + d(x) + 2s(x)

�
(4.21)

it is clear that while F �
2 = F �

2 , �xF3 = xF �
3 � xF �

3 6= 0 because of the di�er-

ence between the strange and charm quark momentum densities in the nucleonic sea,

x (s� c). In order for the physics model corrections to apply to the extraction pro-

cedure, a correction must be applied to account for this di�erence. The correction

is calculated using a leading order determination of �xF3. The recent CCFR �xF3

measurement [22] is higher than this LO model [19] and all other current LO and

NLO theoretical predictions in this kinematic region. A systematic error is applied

to account for the di�erences between theory and this measurement.
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4.7 Statistical and Systematic Errors

Statistical errors on the structure function analysis are computed by considering

both the statistical error on the number of events and the statistical error in the

Monte Carlo correction. The error on the number of events is just:

�
�N�;�

meas

�2
= N�;�

meas (4.22)

The error on the Monte Carlo correction is more diÆcult to calculate due to how the

events migrate from bin to bin as events are re-weighted and smeared. The statistical

error is calculated by extracting the corrections separately for ten independent sets

of Monte Carlo events. The standard deviation of the resulting values of the number

of events in each x and Q2 bin is taken to be this error.

Systematic errors, itemized below, were determined by varying each quantity by

its uncertainty listed in table 4.7. The Monte Carlo was re-weighted accordingly and

the extraction process repeated using the same input PDFs as from the base structure

functions. If it was not necessary to extract a new ux, the same one used for the

base structure functions was used. Within each bin, the systematic error reported is:

(Fk(1Æ)� F )

j(Fk(1Æ)� F )j �
j(Fk(1Æ)� F )j+ j(Fk(�1Æ)� F )j

2
(4.23)

� Energy Calibration errors:

{ Hadron energy calibration: Uncertainty in calibrating the detector with

test beam measurements caused the 1% uncertainty in the hadron energy

calibration.

{ Hadron energy shift: Disagreement between the Monte Carlo model of

the low hadron energy region and the data causes a correction with some

uncertaintly, conservatively estimated to be �110MeV.
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SOURCE OF UNCERTAINTY Æ F �
2

Statistics: low x 2-3%

higher x � 1%

Energy Calibrations/Shifts: Hadron energy calibration(�1%) 1-2%

Hadron energy shift(�100 MeV) 2-3%

Muon energy calibration(�1%) 2-3%

Muon energy shift(�100 MeV) 2-3%

Physics Models: Charm mass (�18%) 1-2 %

Charm branching ratio (�7%) < 1%

Strange sea normalization (�12%) < 1%

Strange sea shape (�26%) < 1%

Cross section normalization (�2:1%) 2-3%

Cross section ratio (�1:4%) < 1%

Physics model (�1�) 3-5%

Rworld (
+15%
min(�15%;0:25)) < 2%

�xF3 model,low x 5%

�xF3 model, higher x � 1%

Radiative corrections model (�1�), low x 3%

Radiative corrections model (�1�), higher x � 1%

Flux determination < 1%



73

{ Muon energy calibration: Uncertainty in calibrating the detector with test-

beam measurements cause a muon energy calibration error of 1%.

� Physics model errors:

{ Charm mass: As reported in [34], mc = 1:31 � 0:24. Charm mass error

from this measurement assumed here.

{ Charm branching ratio: As reported in [34], Bc = 0:105 � 0:007. Charm

branching ratio error from this measurement assumed here.

{ Strange Sea Normalization: As reported in [34], � = 0:373�0:046. Strange
sea normalization error from this measurement used here.

{ Strange Sea Shape: As reported in [34], � = 2:50�0:65. Strange sea shape

error from this measurement assumed here.

{ Cross section normalization: 2:1% error on world average of the neutrino-

iron cross sections used as systematic shift on normalization.

{ Cross section ratio: 1:4% shift in cross section ratio determined from statis-

tical, low �-extrapolation, and acceptance correction errors in cross section

analysis.

{ Physics Model: Systematic error due to the model used is estimated by

shifting the structure functions by 2� statistical error, �tting these shifted

structure functions for a PDF set, and using this PDF set as input to a

new iteration. The corresponding shift in F2 is at most 3% in the lowest

x bin.

{ Rworld: Lower limit of R assumed to be 0.25 or 15% smaller than Rworld,

whichever is smaller. See section 4.5 for details. Upper limit allowed to be

15% higher than Rworld.

{ �xF3 model: Systematic error on the LO model used to estimate the �xF3

model comes from the di�erence between data and theory at low x and
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low Q2. See section 4.6 for details.

{ Radiative corrections model: error due to variations in the input PDF set

estimated by using the same shifted model used in the model systematic

error calculation as an input to the radiative correction calculation. Shift

in the radiative corrections as a result is shown in �gure 4.19. Correspond-

ing shift in the structure functions due to shifted radiative corrections is

approximately 3% in the lowest x bin and decreases to < 1% in higher

bins.

{ Flux Determination: Error due to


B
A

�
determined in ux extraction and

cross section model used for ux extraction modify structure functions

by < 1%. Cross section model used in systematic error estimate in ux

extraction is linear.
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Figure 4.18: RLongitudinal: data and theoretical predictions [30].
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4.8 The Structure Function Measurement

4.8.1 Data at Low x and Low Q2

The results of this analysis, the structure function F2 at low x and low Q2, are

shown in �gure 4.20 [33]. Errors are statistical and systematic added in quadrature.

A line is drawn at Q2 = 1:0 GeV2 to highlight the new kinematic region accessed by

this analysis.

Appendix A lists the central values and error bars shown in �gure 4.20 as well as

a breakdown of the error contribution from statistical and systematic errors in each

x and Q2 bin.

4.8.2 Improvements to Data at Higher x and Q2

A number of corrections to the previous analysis modify the structure functions sig-

ni�cantly and therefore warrant comment here. The modi�cations and their e�ects

are as follows:

� Slow rescaling correction: The slow rescaling correction used in the previous

analysis is now known to be too simplistic [35, 22]. Removal of this correction

results in a decrease in F2 for x < 0:1 as large as 5%. Figure 4.21 shows

the ratio of F2 with and without this slow rescaling correction applied. After

this correction is removed, the structure functions can no longer be compared

directly to the charged lepton results. See section 5.1 for details.

� F2 normalization correction: The previous structure function analysis [7] as-

sumed a at cross-section below Q2 = 1:0 GeV2. This turns out to be far too

crude an approximation. The modi�ed GRV model now used at low x steadily

decreases below Q2 = 1:0 GeV2 causing a decrease in the number of Monte-

Carlo events that pass the cross section cuts. As a result, F2 shifted overall by
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Figure 4.20: F2 at low x and low Q2. Line is drawn at Q2 = 1:0 GeV2 to highlight

new data accessed by this analysis.

2% for neutrinos and 3-4% for anti-neutrinos. Figures 4.22 and 4.23 show F2

from the previous analysis as compared with the results from this analysis.
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Figure 4.21: E�ects of removal of the slow rescaling correction. Ratio shown is F2

without the slow rescaling correction (mc = 1:31) over F2 with the slow rescaling

correction (mc = 0).



80

1 10
Q

2
 (GeV

2
)

0.5

1

1.5

2

F2

1 10
0.5

1

1.5

2

F2

1 10
0.5

1

1.5

2

F2

1 10
Q

2
 (GeV

2
)

0.5

1

1.5

2 1 10
0.5

1

1.5

2 1 10
0.5

1

1.5

2

x=.0045

x=.008

x=.0125

x=.0175

x=.025

x=.035

Figure 4.22: E�ects of the overall normalization shift in the lowest x bins. Results

from previous CCFR structure function analysis indicated by the squares [7] as com-

pared to the results of this analysis indicated by the circles.



81

1 10 100
Q

2
 (GeV

2
)

1

1.5

2

F2

1 10 100
1

1.5

2

F2

1 10 100
1

1.5

2

F2

This structure function analysis
Previous CCFR strucutre function analysis

1 10 100
Q

2
 (GeV

2
)

1

1.5

2 1 10 100
1

1.5

2 1 10 100
1

1.5

2

x=.05

x=.07

x=.09

x=.11

x=.14

x=.18

Figure 4.23: E�ects of the overall normalization shift in higher x bins. Results from

previous CCFR structure function analysis indicated by the squares [7] as compared

to the results of this analysis indicated by the circles.



Chapter 5

Low x Low Q2 Structure Function

F2: Comparisons and Conclusions

High energy neutrino scattering experiments such as CCFR provide a rich body

of data on proton structure. Using neutrinos as probes instead of the more typical

charged lepton can give us a new window to proton structure, particularly at low

Bjorken x. The structure function data presented in chapter 4 can be compared to

charged lepton data in the same kinematic region. Di�erences between the data sets

may be due to theoretical predictions as described below.

5.1 Comparisons to Other Experiments

The universality of parton distributions can be tested by comparing neutrino scat-

tering data to charged lepton scattering data. Past measurements for :0075 < x < 0:1

and Q2 < 1:0 GeV2 have indicated that F �
2 di�ers by as much as 10� 20% as shown

in �gures 5.1 and 5.2. Recent reanalyses of CCFR data [35, 22] have largely resolved

this long standing discrepancy. A number of possible reasons for the discrepancy have

been explored and rejected. For example:
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� Is the strange sea wrong at low x? The strange sea would have to be increased

by a factor of two to account for the discrepancy.

� Is the strange sea di�erent from the anti-strange sea? For this to be the reason,

the anti strange sea would have to be negative, a result which is unphysical.

� Are nuclear e�ects di�erent than previously calculated? This has been studied

by [35] and can account for only as much as 5% of the discrepancy.

� Is the discrepancy a result of charge symmetry violation (Æd = d
p�un 6= 0, Æu 6=

0)? This possibility has been ruled out by a CDF W asymmetry measurement

[36].

� Is the discrepancy due to the assumptions about how to incorporate the e�ects

of massive charm in the extraction procedure, for example slow-rescaling e�ects

and a �xF3 correction as proposed in the recent reanalyses [35, 22]?

In fact, removing the slow-rescaling correction, now thought of as too simplistic a

calculation, and using a new CCFR measurement of �xF3 resolved the longstanding

discrepancy between F2 from neutrino scattering versus F2 from muon scattering

above x = :015 [22].

In previous analyses the slow rescaling correction had been applied to allow direct

comparison between F �
2 and F �;e

2 . To compare the two data sets without the slow

rescaling correction, neutrino and charged lepton DIS data must be compared within

the framework of charm production models, accomplished by plotting the ratio of

data to theoretical model. The theoretical calculation corresponding to the CCFR

data employs NLO QCD including heavy avor e�ects as implemented in the TR-

VFS(MRST99) scheme [37, 38]. (We have used the post DIS 2000 MRST corrected

code). The theoretical calculation corresponding to NMC [9] and E665 [10] data is

determined using TR-VFS(MRST99) for charged lepton scattering. Other theoretical

predictions such as ACOT-VFS(CTEQ4HQ) [39, 40] and FFS(GRV94) [41] do not
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Table 5.1: Kinematic range of charged lepton experiments discussed.

Experiment Probe Used x Range Q2 Range (GeV2) Reference

E665 � 0:0008 < x < :4 :229 < Q2 < 64 [10]

NMC � 0:0045 < x < :5 :75 < Q2 < 65 [9]

SLAC e 0:2 < x < :5 1 < Q2 < 10 [42]

signi�cantly change the comparison. As a reminder, the ratio of data to theoretical

prediction will be presented as F2 (data/theory).

The neutrino data are neutrino-iron scattering while the charged lepton data

are typically charged lepton-light nucleus. The e�ects of using a heavy versus light

target in these interactions must be taken into account before the data sets can be

directly compared. The charged lepton data are corrected to an iron target prior to

the comparison.

The combination of the inclusion of the GRV model at low x and low Q2, its

e�ect on the radiative corrections, and removal of the slow rescaling correction help

to resolve the longstanding discrepancy between the neutrino and charged lepton DIS

data above x = 0:015 as shown in the results in �gure 5.3 from a recent CCFR analysis

[22]. Charged lepton data shown which overlap the kinematic region accessed by this

analysis (see �gure 2.6) are as described in table 5.1.

While we expect, and have now observed, that parton distribution universality

holds in this region, this need not be the case at lower values of x and Q2. Figure

5.4 compares F2 (data/theory) for CCFR, NMC, and E665. There is agreement to

within 5% down to x = 0:0125. Below this, as x decreases, CCFR F �
2 (data/theory)

becomes systematically higher than NMC F �
2 (data/theory). Deviations from this

universality at lower Q2 are expected due to di�erences in vector and axial-vector

components. Vector currents are conserved (CVC) but axial-vector currents are only
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partially conserved (PCAC). Adler proposed [11] a test of the PCAC hypothesis using

high energy neutrino interactions, a consequence of which is the prediction that F2

approaches a non-zero constant as Q2 ! 0.

In charged lepton DIS, the structure function F �
2 is constrained by gauge invari-

ance to vanish linearly with Q2 as Q2 ! 0. Following the work of Donnachie and

Landsho� [43], the form of F �
2 in the low x and Q2 region can be described as:

C

�
Q2

Q2 + A2

�
: (5.1)

However, in the case of neutrino DIS, the axial component of the weak interaction

may contribute a nonzero component to F �
2 as Q2 approaches zero. Similarly, F �

2

should follow a form with a non-zero contribution at Q2 = 0:

C

2

�
Q2

Q2 + A2
+
Q2 +D

Q2 +B2

�
: (5.2)

Using NMC and E665 data, corrected in this case to be equivalent to scattering

from an iron target using a parameterization of SLAC Fe/D data [7], we do a combined

�t to the form predicted for � deep inelastic scattering and extract the parameter

A = 0:81 � 0:02 GeV with �2=DOF = 27=17. Results of �ts in each x bin for each

experiment are shown in Table 5.2 for comparison to parameters in the CCFR �t.

The error on A is incorporated in the systematic error on the �nal �t.

Inserting this value for A into the form predicted for neutrino-nucleon deep inelas-

tic scattering, we �t CCFR data to extract parameters B, C, and D, and determine

the value of F �
2 at Q2 = 0. Only data below Q2 = 1:4 GeV2 are used in the �ts.

The CCFR x-bins that contain enough data to produce a good �t in this Q2 region

are x = 0:0045, x = 0:0080, x = 0:0125, and x = 0:0175. Figure 5.5 and table 5.3

show the results of the �ts. Error bars consist of statistical and systematic terms

added in quadrature but exclude an overall correlated normalization uncertainty of

1� 2%. The values of F �
2 at Q2 = 0 GeV2 in the three highest x-bins are statistically

signi�cant and are within 1� of each other. The lowest x bin has large errors but is



86

within 1:5� of the others. Taking a weighted average of the parameters B;C;D; and

F �
2 yields:

� B = 1:53� 0:02 GeV

� C = 2:31� 0:03 GeV

� D = 0:48� 0:03 GeV

� F �
2 (Q

2 = 0) = 0:21� 0:02.

Figure 5.6 shows F �
2 (Q

2 = 0) for the di�erent x bins. Inclusion of an x dependence

of the form x� in a combined �t to all four x bins does not signi�cantly improve the

overall �ts or �2.

The above analysis is simplistic for the following reason. In order for the charged

lepton F2 structure function to be consitent with the photoproduction cross section

as Q2 goes to zero, the form of F2 must go to zero linearly with Q2. The form

f(x) � Q2=(Q2 + A2) used above will not go to zero linearly since x = Q2=2M�. A

suggested way to handle this [44] is to use the scaling variable � = x(1 + �2=Q2) and

the form f(�)�Q2=(Q2+A2). This phenomeological form will go to zero linearly with

Q2 and thus assure the relation between F2 and the photoproduction cross sections.

The F2 data binned in x bins, used for the previous �ts, can be modi�ed for

binning in �. The slopes dF2=dx for each Q2 bin are obtained and then the value for

F2(�) = F2(x) + dF2=dx � (� � x) where � = x(1 + �2=Q2) for the given bin with

�2 = (0:53)2 GeV2. The value for � is chosen such that the scaling turns on as the W

becomes real and can uctuate to a �. Speci�cally, �2 =W 2
0�m2

p whereW0 = m�+mp

and W is de�ned as the total energy of the system, W = 2M� �Q2 +M2.

This procedure has been used for both the NMC and CCFR data. The results

are given in tables 5.4 and 5.5 and compared to the previous values. As shown, the �t

parameters only change by about one sigma since the F2 slopes dF2=dx are very small
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Table 5.2: Results for NMC and E665 data �t to Eq. 5.1.

x A �2=N N

0:0045(NMC) 0:87� 0:16 0:02 2

0:0045(E665)a 0:90� 0:10 0:43 4

0:0045(E665)b 0:94� 0:09 0:31 5

0:0080(NMC) 0:75� 0:07 0:38 3

0:0080(E665)c 0:87� 0:10 0:24 4

0:0080(E665)d 0:85� 0:11 1:19 4

0:0125(NMC) 0:81� 0:05 0:55 5

0:0125(E665) 0:97� 0:14 1:12 4

0:0175(NMC) 0:78� 0:06 0:38 5

0:0175(E665) 0:76� 0:13 0:88 5

aBin center corrected from x = 0:004
bBin center corrected from x = 0:005
cBin center corrected from x = 0:007
dBin center corrected from x = 0:009

at low Q2. Thus, the result shows very little devation from the simplistic assumptions

and gives some idea of the size of the systematic error from the phenomenology.

In summary, a �rst measurement of F �
2 at low x and low Q2 has been made.

A comparison of F2 from neutrino deep inelastic scattering to that from charged

lepton deep inelastic scattering shows good agreement above x = 0:0125, but shows

di�erences at smaller x. This low x discrepancy can be explained by the di�erent

behavior of F2 from neutrino deep inelastic scattering to that from charged lepton

deep inelastic scattering as Q2 ! 0. CCFR F �
2 data favor a non-zero value for F �

2 as

Q2 ! 0 as predicted by Adler.
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Table 5.3: Fit results for CCFR data. CCFR data are �t to Eq. 4 with A = 0:81�0:02
as determined by �ts to NMC and E665 data. B, C, D, and F2 at Q

2 = 0 GeV2 results

shown below. N = 4 for all �ts.

x B C D F �
2 (Q

2 = 0) �2=N

0:0045 1:49� 0:02 2:62� 0:26 0:06� 0:17 0:04� 0:10 0:5

0:0080 1:63� 0:05 2:32� 0:05 0:50� 0:05 0:22� 0:03 0:5

0:0125 1:63� 0:05 2:39� 0:05 0:40� 0:05 0:18� 0:03 1:0

0:0175 1:67� 0:05 2:20� 0:05 0:65� 0:07 0:26� 0:03 0:5

Table 5.4: NMC data binned in � as compared to x.

x or � x = :0045 x = :008 x = :0125 x = :0175

A using x bins 0.87 0.75 0.81 0.78
A using � bins 0.86 0.73 0.78 0.75
Error in A 0.16 0.07 0.05 0.06

Table 5.5: CCFR data binned in � as compared to x.

x or � x = :0045 x = :008 x = :0125 x = :0175

B using x bins 1.49 1.63 1.63 1.67
B using � bins 1.49 1.61 1.62 1.65
Error in B 0.02 0.05 0.05 0.05

C using x bins 2.62 2.32 2.39 2.20
C using � bins 2.58 2.25 2.28 2.07
Error in C 0.26 0.05 0.05 0.05

D using x bins 0.06 0.50 0.40 0.65
D using � bins 0.09 0.57 0.50 0.79
Error in D 0.17 0.05 0.05 0.07

F2(Q
2 = 0) using x bins 0.04 0.22 0.18 0.26

F2(Q
2 = 0) with � bins 0.05 0.24 0.21 0.30

Error in F2(Q
2 = 0) 0.10 0.03 0.03 0.03
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Figure 5.1: Results of previous analysis [7] compared to charged lepton data in the

lowest x bins
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Figure 5.2: Results of previous analysis [7] compared to charged lepton data in higher

x bins
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Figure 5.3: F2(data/theory) for CCFR as compared to the charged lepton data for

x = 0:015 and higher
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Figure 5.4: F2(data/theory) from CCFR �-Fe DIS compared to F2 from NMC and

E665 DIS. Errors bars are statistical and systematic added in quadrature. Theoretical

predictions are those of TR-VFS(MRST99).
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Figure 5.5: Results from �t to CCFR data to extrapolate to F2(Q
2 = 0 GeV2).
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Figure 5.6: F2(Q
2 = 0 GeV2) from di�erent x bins. A line is drawn at the weighted

average of all four measurements.
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Chapter 6

Beyond Standard Model Neutrino

Interactions

Have you ever just sat down with a neutrino for a chat about the �ner points of

lepton life? This turns out to be a really diÆcult prospect. Neutrinos are extremely

shy and not likely to sit still for very long if at all. They seem to be particularly

shy about their weight. At the heart of the debate about the nature of neutrinos is

whether or not they have mass.

Neutrinos are one of the Standard Model building blocks of matter. Within the

Standard Model, neutrinos are massless. Beyond the Standard Model, neutrinos may

be massive....If they do have mass, we know from past experiments that it is very

small [2]. Even so, a little neutrino mass will have big implications for the Standard

Model.

In the Standard Model, massive, charged particles have intrinsic magnetic mo-

ments by virtue of their spin. If we introduce neutrino mass into the theory, an

e�ective neutrino magnetic moment can arise. How neutrino mass �ts into the Stan-

dard Model, be it via a standard Dirac mechanism, SUSY, or something else, a�ects

the size and origin of this magnetic moment. Thus, we can use a neutrino magnetic
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νµ

moment measurement to tell us about how neutrinos �t into the larger theory.

6.1 Neutrino Mass in the Standard Model

What implications will neutrino mass have for the Standard Model?

� Neutrino mass may lead to the introduction of new particles and interactions

into the theory.

� Neutrino mass could be put into the Standard Model in a variety of ways such

as the See-Saw mechanism, using Extra Dimensions, or generation by the Higgs

�eld and more.

� The nature of neutrinos, be they Dirac or Majorana particles, explained below,

will a�ect their place in the Standard Model.

� An understanding of neutrino masses may give us clues to the lepton mass

hierarchy.
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6.1.1 Handedness and the Sterile Neutrino

Neutrinos appear to be entirely left-handed unlike their charged lepton partners

which can be both left-handed and right-handed. Are there right-handed neutrinos

not yet observed which exist in a non-interacting state, (a.k.a. sterile neutrinos)?

In the late 1950s, it was observed that neutrinos are left-handed and anti-neutrinos

are right-handed [45]. The correct handedness of the weak interaction can be forced

in calculations by requiring a factor of
(1�5)

2
at every weak vertex. This picks out

only left-handed spinor states where 	L;R = 1
2
(1� 5)	. Thus, right-handed neu-

trinos would not interact via the weak interaction. Like neutrinos, they also could

not interact via the two other Standard Model forces, the electromagnetic or strong

force. These \sterile" neutrinos are undetectable directly because they simply do not

interact at all at present energy scales. They could have come into existence if there

is a right-handed weak interaction accessible at energy scales well beyond the range

of present experiments.

6.1.2 Dirac verus Majorana

In the Standard Model, neutrinos, like their charged lepton partners, are classi�ed

as Dirac particles. This means the neutrino and the anti-neutrino are distinct particles

just as the electron and positron are distinct. The Dirac nature of the charged leptons

can be observed in lepton number conservation where neutrinos (L = +1) must

produce �� (L = +1) and anti-neutrinos (L = �1) must produce �+ (L = �1). A

di�erent interpretation of the neutrino's nature, put forth by Majorana [46], supposes

that the neutrino and anti-neutrino are two helicity states of the same particle referred

to as a Majorana neutrino, or �Maj . So, for example, a �+ decay would produce

the left-handed �Maj while a �� decay would produce the right-handed �Maj . This

explanation can supply a complete description of the data without invoking lepton

number and it requires fewer total number of particles. Its downside, however, is that
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it leaves the neutrino in a class of its own, di�erent from the other Standard Model

fermions.

6.1.3 Incorporating Neutrino Mass into the Theory

The simplest method to introduce neutrino mass into the Standard Model is to

assume neutrinos are massive Dirac particles, like their charged lepton partners. This

allows a small neutrino mass, but an entirely unmotivated one. Theorists have there-

fore looked for other more physically insightful approaches. The �rst of these proposed

was the See-Saw mechanism, which �ts in well with Grand Uni�ed Theories (GUTs).

Theories involving Extra Dimensions can account for neutrino mass by allowing neu-

trinos to live outside of 3 + 1-space. In another approach, the Higgs sector can be

modi�ed to accommodate neutrino mass. The more common, simplest schemes are

outlined here. Most of the options introduce at least one Electroweak isosinglet, a

right-handed sterile partner of the left-handed neutrino which is either light (< 1 eV)

or heavy (> 1016 eV) depending upon how the theory incorporates neutrino mass.

The general form of the mass term in the Lagrangian is of the form m  . Using

 =  y0 and the projections of the left-handed and right-handed portions of the

general spinor,  L;R = 1=2(1� 5) or  L;R = 1=2 (1� 5), we �nd that:

  =  
h1 + 5

2
+
1� 5

2

ih1 + 5

2
+
1� 5

2

i
 =  L R +  R L: (6.1)

The scalar \mass" term mixes the right-handed and left-handed states of the fermion.

If the fermion has only one chirality, the mass term will automatically vanish. Hence,

a standard mass term for the neutrino requires both a right-handed neutrino and

left-handed anti-neutrino state.

The most straightforward way to motivate this mass term is via the Higgs mech-

anism as is done for the electron in the Standard Model. The electron mass arises
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this way by introducing a spin-0 Higgs doublet, (h0; h+), in the Lagrangian. This

gives rise to terms like:

ge e( �(h
+)y +  e(h

0)y) (6.2)

where ge is the coupling constant. The second piece in equation 6.2 is identi�ed

as the Dirac mass term, me e e. Letting hh0i = v=
p
2 we obtain ghh0i e e and

me = gev=
p
2. This converts electron mass, me, into a coupling to the Higgs, ge and

a vacuum expectation value (VEV) for the Higgs, v. By analogy, the neutrino would

have a Dirac mass term with m� = g�v=
p
2. The VEV for neutrinos, v, has to be

the same as for the electron and all other leptons. This means the neutrinos' small

mass must be due to a very small coupling, g�, as small as g� > 2 � 10�5ge. While

this procedure does introduce neutrino mass, it has shifted the arbitrary magnitude

of that mass into an arbitrary coupling without any physical insight as to why the

relative couplings (or lepton masses) should be so di�erent.

We can instead consider Majorana mass terms in addition to Dirac mass terms

which arise naturally if the neutrino and anti-neutrino are di�erent helicity states of

the same particle. This is true if the neutrino is its own charge conjugate,  c =  .

In this case, the operators which appear in the Lagrangian for the neutrino are:

� ( L;  R;  
c
L;  

c
R)

� ( L;  R;  
c

L;  
c

R).

Some bilinear combinations of these in the Lagrangian can be identi�ed as Dirac

masses such as m( L R + :::) while we also get a set of Majorana mass terms,

(ML=2)( 
c

L L) + (MR=2)( 
c

R R) + :::, which mix the pair of charge-conjugate states

of the fermion. If  c 6=  , then these terms automatically vanish. The mass terms of

the Lagrangian can be written in matrix form as:

(� �)

0
@ ML m

m MR

1
A
0
@ �

�

1
A ; (6.3)
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where � = ( c
L +  L)=

p
2 and � = ( c

R +  R)=
p
2. Here, � and � are not describing

states with de�nite mass. The Dirac mass, m, is on the o�-diagonal. The Majo-

rana masses, ML;MR are on the diagonal. The physical masses can be obtained by

diagonalizing the matrix.

Majorana neutrinos, although di�erent in nature than their charged lepton part-

ners, are actually a theoretical improvement over the idea of Dirac neutrinos because

one can invoke See-Saw models that motivate small observable neutrino masses. Left-

right symmetric GUT's motivate mass matrices that look like [47]:0
@ 0 m�

m� M

1
A : (6.4)

Diagonalizing the above matrix to obtain the physical masses leaves two states which

are measurable.

� mlight � m2
�=M

� mheavy � M

GUTs favor the existence of a heavy sterile neutrino, mheavy. Experiments have so far

only set limits in searches for this particle, also known as a neutral heavy lepton. In

the case that the Dirac mass terms for the leptons are approximately equal (m� � me),

then mlight < 1 eV. In this theory neutrinos have only approximate handedness. The

light neutrino would be mostly left-handed, as observed, and the neutral heavy lepton

would be right-handed and diÆcult to observe because of its large mass and sterile

nature.

The downside to explaining neutrino mass in the context of GUTs lies in the fact

that GUTs have big experimental problems. In the simplest GUT's, protons decay

at a rate which is much higher than the experimental limits. In order to stabilize

the proton, very elaborate GUTs must be constructed, which makes this solution less

fashionable than other extensions to the Standard Model. Another apparent downside
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is that GUTs produce at least 12 extra, arbitrary parameters none of which have been

observed experimentally.

Other beyond the Standard Model theories are tidier and may motivate why the

neutrino mass is light, why all masses are � MPlanck, why protons are stable, and

why gravity is weak. For example, theories involving extra dimensions can provide

explanations for the above list of problems. In these theories, the universe has many

dimensions, but we are \localized" to only 3+1 dimensions within the multidimen-

sional \bulk." Only electroweak singlet states such as the graviton or the light-mass

sterile neutrino [48] can propagate through the bulk. Thus, these theories are one

way in which light sterile neutrinos can be motivated.

As illustrated by these examples, there are a number of di�erent ways to introduce

neutrino mass into the the theory. The usual approach is not physically motivated

while other approaches require lots of beyond Standard Model physics. What we need

is data. Experiments need to cover the widest possible set of models to address these

possible solutions.

6.2 Phenomenology of Neutrino Oscillations

If neutrinos oscillate between their di�erent avors, for instance, a muon neutrino

turns into an electron neutrino, then quantum mechanics tells us neutrinos have

mass. An analogous avor mixing phenomenon has been observed in the hadron

family where quark avors can mix. In the case of neutrinos, massive neutrinos

will necessarily have non-zero mass eigenstates. Di�erent components of the mass

eigenstates make up the di�erent avor eigenstates, �e, �� and �� . As the neutrino

travels a certain distance, the components of the mass eigenstates comprising a avor

state can change until one avor state has turned into another. This is most easily

illustrated considering a two-generation neutrino model. With only two generations,

\neutrino space" can be completely described by two orthogonal vectors called �e and



102

0
@ �e

��

1
A =

0
@ cos � sin �

� sin � cos �

1
A
0
@ �1

�2

1
A

θ

θ

νµ

νe

ν1

ν2

2D "neutrino space"

Figure 6.1: Transformation matrix between neutrino mass eigenstates and neutrino

avor eigenstates

��, the avor eigenstates. This space can be equally as well represented by another

set of orthogonal eigenvectors rotated with respect to the avor eigenstates. We'll

call these �1 and �2, the mass eigenstates. A simple rotation matrix transforms the

avor representation to the mass representation as shown in �gure 6.1.

Using the transformation matrix in �gure 6.1, a pure �� state written in terms of

its mass eigenstate components is given by:

j��(0)i = � sin �j�1i+ cos �j�2i: (6.5)

After some time, t, the state has evolved and is given by, with ~ = c = 1:

j	(t)i = � sin �e�iE1tj�1i+ cos �e�iE2tj�2i (6.6)

= (cos2 �e�iE1t + sin2 �e�iE2t)j��i+ (6.7)

sin � cos �(e�iE2t � e�iE1t)j�ei (6.8)

The probability that the original, pure �� avor state has oscillated to the other avor

state, �e, after time, t, can be determined by taking the inner product:

Posc = jh�ej	(t)ij2 (6.9)
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=
1

2
sin2 2�[1� cos(E2 � E1)t]

(6.10)

Using E1;2 =
q
p2 +m2

1;2 � p+m2
1;2=2p and (t=p) = (tc)=(pc) = L=E and converting

units gives the probability that a �� will oscillate to a �e after some time, t, given by:

P (�� ! ��) = sin2 (2�) sin2
�
1:27�m2L

E�

�
(6.11)

where �m2 is the mass di�erence between the two neutrinos, � is the amount of mixing

between the avor states, L is the distance the neutrino traveled before oscillating

and E is the energy of the neutrino. The oscillation probability for two generation

mixing given by equation 6.11 is depicted pictorally in �gure 6.2.

The extention to a three generation model is messy but straightforward. For

three neutrino generations, the neutrino mixing matrix is written as:0
BBB@

�e

��

��

1
CCCA =

0
BBB@

Ue1 Ue2 Ue3

U�1 U�2 U�3

U�1 U�2 U�3

1
CCCA
0
BBB@

�1

�2

�3

1
CCCA :

The oscillation probability is then:

Prob (�� ! ��) = Æ�� �

4
P
j> i

U� iU� iU
�
� jU

�
� j sin

2
�
1:27 �m2

i j L

E

�
(6.12)

where �m2
i j =

��m2
i �m2

j

�� . Note that there are three di�erent �m2 (although only

two are independent) and three di�erent mixing angles.

Results from neutrino oscillation experiments are typically mapped out in \pa-

rameter space." This depicts all possible combinations of the fundamental parame-

ters, �m2 and sin22�, governing neutrino oscillations in a log-log plot of these pa-

rameters. An experiment that sees a signal for neutrino oscillations plots an \allowed

region" shown as a blob in parameter space in �gure 6.3. An experiment that observes

no oscillations plots an exclusion region in this space where all combinations of the
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fundamental parameters up and to the right of this exclusion line are ruled out. All

blobs and lines in the plots shown in this thesis are at the 90% con�dence level.

Two approaches to looking for neutrino oscillations, beginning with, say, a pure

muon neutrino beam, are:

� looking for a decrease in the number of muon neutrinos after some time t.

Experiments using this method are called Disappearance Experiments

� looking for an increase in the number of electron or tau neutrinos, or sterile neu-

trinos after some time, t. Experiments using this method are called Appearance

Experiments.

By modifying the experimentally controlled parameters, L and E, experiments can

look for oscillations in di�erent regions of space de�ned by the fundamental parame-

ters, �m2 and sin2 2�.
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Figure 6.2: If �m2 is small, an experiment needs a large L=E to observe a large

oscillation probability (top). If �m2 � L=E, then rapid oscillations are smeared

by statistics, variations in beam energy and detector e�ects, causing an experiment

to be unable to resolve individual wiggles in the oscillation probability. Instead,

they measure the average value of the oscillation (bottom). If sin2 2� is small, an

experiment needs lots of statistics [49].
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Figure 6.3: Generic example of a neutrino oscillation plot. The region to the right of

the solid line is excluded at 90% CL. The shaded blob represents an \allowed" region

[49].



107

6.3 Hints of Oscillations from Around the World

Neutrinos are so light that we have not yet been able to measure their mass by con-

ventional direct mass searches such as studying the kinematics of particle decays. We

have as yet only set limits using this method. One can access much smaller neutrino

masses through oscillations. This method only measures the di�erence of squared

masses. However, if we assume, as in the charged lepton sector (see table 1.1), that

the lowest mass neutrino is much lighter than the others, then
p
�m2 is approximately

the mass of the heavier neutrino.

The �rst hint for neutrino oscillations comes from experiments observing the Solar

Neutrino De�cit [50, 51, 52, 53]. The Standard Solar Model [54] predicts the number

of electron neutrinos produced by reactions in the Sun. Detectors on Earth look up

at the Sun and count the number of Solar electron neutrinos, but come up short by

a factor of two. A possible explanation is that the electron neutrinos are oscillating

to another type of neutrino. There are two solutions which can explain this de�cit in

terms of neutrino oscillations. The \Just-So" solution [55, 56, 57, 58, 59, 60] assumes

oscillations are occurring in the vacuum between the Earth and the Sun. The MSW

solution [61, 62, 63] accounts for matter e�ects on the neutrinos that can occur in the

Sun and in the Earth. Recent data favors the MSW solution [64].

The second hint comes from experiments looking for neutrinos produced in the at-

mosphere [65, 66]. Cosmic ray showers in the atmosphere produce muon and electron

neutrinos at a rate of approximately 2 : 1. Experiments observe fewer muon neu-

trinos per electron neutrino than they expect. Furthermore, they observe a length

dependence in the probability for oscillation in agreement with the expectation for

oscillations. The length dependent measurements come from comparing neutrinos

produced in the atmosphere directly over the detectors which travel a distance L = 30

km to the detector, versus those that are produced in the atmosphere on the opposite

side of the Earth and have to travel a distance L = 6400 km to the detector.
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Figure 6.4: Three hints for neutrino oscillations mapped in parameter space

Finally, there is an accelerator experiment, LSND (Liquid Scintillator Neutrino

Detector) [67], that sees an indication of oscillations from muon neutrinos to elec-

tron neutrinos. The LSND experiment begins with an initially pure muon neutrino

beam that is allowed to travel 30 m to the detector where the appearance of electron

neutrinos in the detector are observed. The LSND allowed regions along with the

atmospheric and solar are shown in �gure 6.4.

Taken at face value, these signals cannot all be explained with the three Standard

Model neutrinos. Given only three neutrinos, there are only two independent mass

di�erences between them. The third mass di�erence is just the sum of the �rst two.

These three distinct signals indicate three mass di�erences which can be explained
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Figure 6.5: Hierarchy of neutrino mass eigenstates in the 2 + 2 model(left) and the
3 + 1 model(right) which may also have the smallest �m2 splittings as more massive
than the largest.

within certain models that contain the three Standard Model neutrinos and a sterile

neutrino. These models are named after the neutrino mass hierarchy they follow.

The 3+1 model [68, 69, 70] has three light neutrinos and one heavy, while the 2+2

model [71, 72, 73, 74, 75] has two groupings of two neutrinos each, one lighter and

one heavier (see �gure 6.5).

In order to understand which mixing scenario is occurring or if any of the experi-

ments are seeing an e�ect other than oscillations, other experiments must con�rm or

rule out these signals. Among these experiments is MiniBooNE at Fermilab.

6.4 Neutrino Magnetic Moment

Neutrino magnetic moments can arise through a variety of beyond Standard Model

mechanisms. In the minimally extended Standard Model, massive Dirac neutrinos of

mass m� can have a neutrino magnetic moment of:

�� =
3eGF

8
p
2�2

m� � 3� 10�19�B
� m�

1eV

�
: (6.13)
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νµ νµµ

W

Figure 6.6: Standard Model neutrino magnetic moment Feynman diagram. Photon
radiates o� the lepton leg.

arising from one loop radiative corrections in diagrams with W-boson exchange as in

�gure 6.6. A neutrino turns into a W boson and a lepton, the lepton (or W boson)

emits a photon and ips spin. The W boson and lepton then reinteract to form the

neutrino which must have ipped spin in order to conserve spin at that vertex. Note

that the neutrino, with a di�erent spin, has ipped helicity which it can only do if it

has mass.

We can place neutrinos with non-zero magnetic moments in the context of a

larger theory such as SUSY and Extra Dimensions. These extensions to the Standard

Model such as the super symmetric left-right model predict larger neutrino magnetic

moments of the size [76]:

��e
�= 5� 10�15 � 10�16�B (6.14)

��� �= 1� 10�12 � 10�13�B (6.15)

���
�= 2� 10�12�B: (6.16)

Theories involving Extra Dimensions produce an e�ective neutrino magnetic moment

as large as 10�11�B [77]. A non-zero neutrino magnetic moment would also have

important implications in cosmology in the development of stellar models. Astro-

physical limits such as plasmon, or photon wave packets, decay rates from horizontal

branch stars and neutrino energy loss rate from supernovae allow a neutrino magnetic

moment as large as 10�11�B [78, 79, 80].
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A non-zero neutrino magnetic moment will give rise to an electromagnetic con-

tribution to neutral current neutrino scattering. This is most easily measured using

neutrino-electron elastic scattering. This electromagnetic contribution to the cross

section for neutrino-electron elastic scattering is of the form:

�EM = f 2�r20

�
Tmin
e

E�
� ln

�
Tmin
e

E�

�
� 1

�
(6.17)

where r0 is the classical electron radius, Tmin
e is the minimum kinetic energy of the

recoil electron, E� is the neutrino energy and f is the neutrino magnetic moment in

units of Bohr magnetons.

At low y = Te=E�, the electromagnetic contribution to the neutrino-electron

cross section increases rapidly while the Standard Model contribution increases only

gradually. The resulting shape dependence in the di�erential cross section can be used

to look for a signal in a high statistics experiment like MiniBooNE. The di�erential

cross section contributions for weak and electromagnetic components of the neutrino-

electron elastic scattering cross section are given by:

d�weak

dTe
=

2meG
2
F

�

"
g2L + g2R

�
1� Te

E�

�2

� gRgL
me

E�

Te
E�

#
(6.18)

d�EM

dTe
=
��2�2�
m2

e

�
1

Te
� 1

E�

�
(6.19)

where Te=electron recoil energy and E�= neutrino energy.

Present limits set on neutrino magnetic moments are many orders of magnitude

away from the Standard Model prediction including massive Dirac neutrinos. They

are, however, only one to two orders of magnitude away from predictions from certain

beyond Standard Model theories and astrophysical limits. The most stringent limits

set by experiments for neutrino magnetic moments for each neutrino avor are listed

in table 6.1. The experimental limit for the muon-neutrino magnetic moment coming
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� Flavor Limit Set(�B) Experimental Data Process Reference

�e 1:5� 10�10 Super Kamiokande shape of di�erential
cross section

[82]

�e 1:8� 10�10 combination of �e re-
actor experiments

excess in total cross
section

[83, 84]

�� 6:8� 10�10 LSND excess in total cross
section

[81]

�� 5:4� 10�7 DONUT excess in total cross
section

[85]

Table 6.1: Limits set on neutrino magnetic moments.

from the LSND experiment is an upper limit of ��� < 6:8 � 10�10�B [81] set by

measuring the total neutrino-electron elastic scattering cross section. MiniBooNE and

upgrades to MiniBooNE may be able to improve this limit signi�cantly as discussed

in section 8.2.



Chapter 7

MiniBooNE Neutrino Beam and

Detector

The MiniBooNE experiment is designed to search for �� ! �e oscillations with high

precision in order to con�rm or refute the LSND oscillation interpretation. It is

an accelerator based oscillation experiment under construction at Fermi National

Accelerator Laboratory in Illinois. A nearly pure muon neutrino beam is created

and allowed to travel 500 m to the MiniBooNE detector where muon neutrinos and

electron neutrinos are tagged to look for muon neutrino disappearance and electron

neutrino appearance as in the LSND experiment. Di�erences in neutrino energy, E,

and distance the neutrinos travel to the detector, L, make the MiniBooNE back-

ground errors signi�cantly di�erent than those in the LSND experiment. This allows

MiniBooNE to look for the same oscillation signal that LSND reports with a very

di�erent experiment, making this a decisive test of the LSND signal.

MiniBooNE can also address a variety of other interesting physics including

neutrino-nucleon cross sections, proton structure measurements, supernovae detec-

tion, and beyond Standard Model neutrino interactions. This thesis will explore the

last issue in greater detail in chapter 8.

113
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Figure 7.1: Schematic of the MiniBooNE beamline starting from the Booster.

7.1 The MiniBooNE Beamline

Neutrinos for the MiniBooNE experiment are produced from 8 GeV protons accel-

erated by the Booster described in chapter 3. Protons from the Booster headed for

other experiments continue on to the Main Injector. Protons for MiniBooNE skirt the

Main Injector and are directed toward the MiniBooNE target hall. Figure 7.1 shows

the path the proton beam takes from the Booster to the MiniBooNE target hall and

on to the detector. Figure 7.2 shows the MiniBooNE beamline on the Fermilab site.

Inside the target hall, the protons are incident on a 72 cm long BeO target located

within a magnetic focusing system called a \horn." Pions and kaons produced in the

target are focused by the horn toward the detector. The approximately 1 Tesla

focusing �eld in the horn is created by running high current (170 kA) down the outer

conductor, and back along the inner conductor or the reverse of this to focus opposite

sign particles. The �eld produced is approximately that of an in�nitely long straight

wire, B = �0I
2�r

. The horn's high current and fast cycle time (15 Hz) make the system

a technological feat to construct and operate [86]. Figure 7.3 shows a schematic of

the completed horn.
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Figure 7.2: Overview of the MiniBooNE beamline on Fermilab site. The Booster

is the small red circle at ten-o'clock on the TeVatron. The MiniBooNE detector is

indicated by \Detector 1". A possible site for BooNE, a possible upgrade to the

MiniBooNE experiment is indicated by \Detector 2".
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Figure 7.3: Horn focusing system
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7.1.1 Neutrino Flux

Pions and kaons produced in the target will decay primarily into muons and muon

neutrinos in the decay channel following the target, shown in Figure 7.4. The neutrino

spectrum produced in the 50 m decay channel is shown in �gure 7.5. The intrinsic

electron neutrino background coming from kaon and muon decays, as shown, is several

orders of magnitude smaller than the muon neutrino ux. Nevertheless, there are

several ways in which the experiment can verify the amount and source of the electron

neutrino contamination in the beam. The length of the decay channel is variable (25

or 50 m long) to provide a novel check on the electron neutrinos coming from muon

decay. Most muons will not decay before reaching the end of the decay channel.

Those that do will produce electron neutrinos that contribute to our background.

When the decay channel length is halved from 50 m to 25 m, the number of electron

neutrinos should go down by approximately a factor of four if they are all from muon

decay, but should go down only by a factor of two if they are due to oscillations.

So by comparing the data with di�erent decay channel lengths, we can get a handle

on this background. Intrinsic electron neutrinos from kaon decays can be measured

using the \Little Muon Counter" (LMC) [87]. The LMC will be a permanent magnet

spectrometer or tungsten-scintillator range stack designed to measure 0:75� 2:0 GeV

muons from K+ ! �+ �� decays. From this cross section, an estimate on electron

neutrinos from K+ decays can be determined. The LMC is positioned at 7 degrees

o� axis of the decay channel, in position to see K+ decays. Events in the detector

can also be used to eliminate backgrounds as described in section 8.1. The neutrino

beam exits the decay channel through a 3 m deep beam absorber which cleans the

beam of all but the neutrinos. The neutrino beam then travels 500 m downstream

through earth to the detector.
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7.2 The MiniBooNE Detector

The MiniBooNE detector shown in �gure 7.6 is a 12 m diameter carbon steel

sphere �lled with mineral oil and surrounded with light collecting devices called pho-

tomultipler tubes (PMTs). The volume where neutrino interactions are observed is

a sphere-within-a-sphere. The inner and outer volumes are separated by light tight

panels to optically isolate the outer veto region. Surfaces on the inner volume are

painted black to minimize scattering of light while surfaces in the veto are white to

maximize scattering. Photomultiplier tubes are mounted on both sides of the light

tight panels - inward to detect neutrino interactions, outward to \veto" events in-

duced by cosmic rays. High voltage and PMT response rides on PMT cables that run

inside the veto, from the PMTs in the main tank and the veto, to the top of the tank

where they exit and are connected to high voltage and the electronics. The inner

region contains 1280 PMTs providing 10% photocathode coverage. Studies prior to

construction of the detector showed that reconstruction eÆciency did not improve

signi�cantly with photocathode coverage increased up to 40%, making 10% coverage

the cost-eÆcient choice. The outer region contains 240 PMTs, enough to provide a

veto with at least 99% eÆciency. Appendix D describes the testing, potting, and

installation of the PMTs in detail.

The top of the detector is at ground level with a 3 m overburden to provide some

reduction from cosmic rays. Because the beam is pulsed, major cosmic ray sheilding

is not necessary, unlike non-accelerator neutrino experiments.

7.2.1 Events in the Detector

As discussed previously, we see neutrinos in mineral oil when one hits a proton and

interacts weakly by exchange of a W boson. In a charged current interaction such as

this, the neutrino turns into its charged lepton partner. An electron neutrino becomes

an electron and a muon neutrino becomes a muon. These electrons and muons emit
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Figure 7.6: The MiniBooNE detector cut-away to show the sphere within a sphere.

distinct light signatures in the tank which we look for. Therefore, \seeing" neutrinos

in the detector really means looking for muons and electrons produced from neutrino

charged current interactions.

Electrons and muons produce �Cerenkov radiation and scintillation light in the

visible spectrum in mineral oil. �Cerenkov radiation occurs when these particles travel

faster than the speed of light in the mineral oil, causing a \sonic boom" of light.

Interference e�ects produce wavefronts of light that travel to the edge of the detector

in a cone, casting rings on the inner detector surface. The di�erences in electron and

muon �Cerenkov rings allow us to tell the di�erence between electrons and muons.

Figure 7.7 shows �Cerenkov rings produced by di�erent particles and a projection of
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one ring inside the detector. Electrons produce �Cerenkov radiation for only a short

period of time and scatter around while they do this. The result is a fuzzy ring. Muons

scatter signi�cantly less and slow down as they produce �Cerenkov radiation causing

the angle of the wavefront to change. A muon ring has a sharp outer edge with a

�lled in center. �0's produced in neutral current interactions in the detector decay to

two 's which can pair produce and emit two electron-like rings. If these rings overlap

enough or if only one electron produces a ring, the �0 can be mistaken for an electron.

This background must be well understood. Scintillation light, approximately 25% of

the light produced in an electron event, will also aid in event reconstruction; because

it is isotropic, scintillation light can be used to determine the event vertex.
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Figure 7.7: �Cerenkov rings for electrons, muons and �0's along with a generic

�Cerenkov ring projected on the inside of the detector. �Cerenkov light is early and

produces a ring while scintillation light is late and isotropic. The amount of scintil-

lation light in the detector is limited so that the fraction of �Cerenkov light produced

is enough to properly identify particles.
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7.2.2 Trigger, DAQ, and Event Reconstruction

The light signatures produced by particle interactions in the detector are recorded

by the PMTs at the edge of the detector. Time and charge response of each PMT

are used to de�ne triggers to record data for analysis o�-line. Event reconstruction

and particle ID are based on PMT charge and timing response to both �Cerenkov and

scintillation light.

The electronics used to de�ne the trigger system and record PMT response are

inherited from the LSND experiment. Each PMT signal cable is connected to a

channel which determines the time of the leading edge with respect to a reference

clock and integrates the pulse. PMT signals are sampled every 100 ns by ash analog

to digital converters (FADCs) and the digitized data are written to a circular bu�er

which can hold approximately 200 �s of data in these 100 ns intervals. This time

history allows for temporary storage of event information for a time long enough

to allow a trigger decision to be made by a mono-board computer. Data are then

written to tape with pretrigger information also stored in case, for example, it must

be determined if an electron event originated from a muon decay. The trigger system

takes into account beam on time, veto activity, and detector activity. When a trigger

�res, detector information stored over the appropriate time span is recorded to tape

along with trigger information for o�-line analysis.

O�-line event reconstruction algorithms [89, 90, 91, 92, 93, 94, 95, 96] use scintil-

lation light and �Cerenkov light to reconstruct the vertex position of events, �Cerenkov

rings produced, and amount of light produced by the charged particle in the detector.

7.2.3 Detector Calibration

Two detector calibration systems will be installed in the detector to measure rele-

vant PMT qualities and aid in determining detector response for event reconstruction.
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Figure 7.8: Laser calibration system inside the MiniBooNE detector [88]

The laser calibration system, consisting of 4 light dispersion asks at �xed locations

in the detector, will allow measuring and monitoring of properties of each PMT in-

cluding PMT gain, pulse height, and timing. The system, shown in �gure 7.8 [88]

pipes light through �ber optic cable to the laser asks and to reference PMTs or

photodiodes to provide a tag signal for the MiniBooNE electronics.

The cosmic ray muon calibration system uses scintillation cubes inside the de-

tector along with the free and constant rain of cosmic rays from overhead to aid in

calibration of event reconstruction in the detector. Figure 7.9 shows a muon tracker

above the detector along with scintillation cubes inside the detector which comprise

this system. Muons that stop and decay as shown in the cubes are excellent calibra-

tion tools since their position is known to within 3 cm { the size of the cubes and

their energy is known to within 3%. Their decay electrons can be measured in delayed

coincidence both in the cubes and in the detector.
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Figure 7.9: Cosmic ray muon calibration system inside the MiniBooNE detector [88]

Understanding the detector elements is crucial to reconstructing electrons and

muons and therefore searching for neutrino oscillations. Appendix D describes in

detail, the pre-installation testing and placement of the main detector component,

the photomultiplier tubes.



Chapter 8

Physics Measurements at

MiniBooNE

Whisper in my ear my tiny neutrino friend. Tell me your secrets. The recent

discoveries in the neutrino sector in the Standard Model have opened a new frontier

in high energy physics. Understanding neutrinos and how they interact is crucial

to continuing to verify the Standard Model and look for beyond Standard Model

physics. Searches for neutrino mass and electromagnetic properties of neutrinos, such

as a non-zero neutrino magnetic moment, can help identify the beyond the Standard

Model physics in the neutrino sector and in other sectors, as well as addressing a

number of important astrophysical issues.

8.1 Neutrino Oscillation Signal

MiniBooNE is designed to con�rm or rule out the LSND signal within 1-2 years

of running. To achieve this, high statistics, a good signal-to-background ratio, and a

good measurement of the backgrounds are required. MiniBooNE will begin running

with the horn polarity set to produce a neutrino beam and, once statistics suÆcient

126



127

to do a electron neutrino appearance search are achieved, the horn polarity will be

reversed in order to produce an anti-neutrino beam. Within 1 � 2 years of run-

ning, MiniBooNE expects to see 500; 000 muon neutrino charged current events. If

the LSND signal is due to oscillations from muon neutrinos to electron neutrinos,

MiniBooNE will see approximately 1; 000 electron neutrino events from oscillations

as shown in �gure 8.1. Background events for the oscillation signal include intrinsic

electron neutrino events coming from muon decays, and KL and K
+ decays. Electron

neutrinos coming from muon decay will be constrained by varying the length of the

decay channel as described in section 7.1.1. Electron neutrinos from K decays will

be constrained using Monte Carlo and the LMC. Muon mis-identi�cation(ID) will be

studied using \Michel" electrons, electrons produced from cosmic ray muon decays,.

Finally, �0 mis-ID background will be constrained by looking at the cross section for

those events that produce two rings, and extrapolating to energies where only one

ring is reconstructed to remove these events.

MiniBooNE will be sensitive to the possible LSND oscillation because it is a high

statistics experiment designed to con�rm or rule out the LSND signal to > 5 �. It is

a decisive test of LSND because it uses higher energy neutrinos resulting in di�erent

backgrounds, and a di�erent detector with a di�erent event signature. Sensitivity to

the LSND allowed region at 90% con�dence level is shown in �gure 6.2.
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Figure 8.1: Expected number of signal and background events for 1{2 years running

at MiniBooNE before energy and timing cuts to isolate the signal [97].
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Figure 8.2: MiniBooNE sensitivity to the LSND allowed region.
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Figure 8.3: Neutrino-lepton elastic scattering shown with weak and electromagnetic

contributions.

8.2 Neutrino Magnetic Moment Search

A non-zero neutrino magnetic moment would be an indication of electromagnetic

interactions of neutrinos { beyond Standard Model physics. MiniBooNE should be

able to extend the search for the muon neutrino magnetic moment and future exper-

iments using MiniBooNE-like beams could extend the search even farther [98].

8.2.1 Muon Neutrino Magnetic Moment Measurement At

MiniBooNE

The conventional method to look for a non-zero neutrino magnetic moment is to

observe an excess in the neutrino-electron elastic scattering cross section indicating a

possible electromagnetic component in addition to the weak component. The extra

component is due to  exchange in addition to the typical Z0 exchange in muon

neutrino-electron scatters as shown in �gure 8.3.

Signal and Background

To estimate the MiniBooNE sensitivity to a muon neutrino magnetic moment mea-

surement, I �rst estimate the expected number of muon neutrino-electron elastic scat-
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ters at MiniBooNE and identify sources and sizes of background.

The number of muon neutrino-electron events expected in one year at Mini-

BooNE, assuming a 1 GeV neutrino beam, can be determined from the muon neutrino-

electron cross section, the ux, F, and the number of electrons, or scattering centers,

in the target as given by:

N(Number of events) = nelectronsF�
��e: (8.1)

MiniBooNE expected ux is 3� 1011 muon neutrinos per cm2 per year. The �ducial

volume of detector contains approximately 1:9�1031 CH2 molecular segments. There

are 8 electrons per CH2 segment, thus nelectron = 2:6 � 1032. The Standard Model

neutrino-electron cross section for 1 GeV is 1:8� 10�42 cm2. This gives Nevents = 90

in one year of running distributed from 10 MeV to 1000 MeV. The signature for a

muon neutrino-electron elastic scattering is a forward recoil electron. At the lowest

electron recoil energy measurable at MiniBooNE, 10 MeV, the angular resolution of

an event is � 20 degrees. All electrons from muon neutrino-electron scatters will be

in this forward cone.

The expected backgrounds are:

� Electrons from charged current and neutral current electron neutrino-electron

scattering: This has the same signature as muon neutrino-electron elastic scat-

tering, a forward event with an outgoing electron. We can estimate the number

of these background events using the relative ux of electron neutrinos to muon

neutrinos and the relative cross sections. Figure 8.4 shows that the relative ux

between is approximately 2 � 10�3 at E� = 1 GeV. The beam spectrum is

peaked in this region at E� = 1 GeV and falls of at higher energies as shown

in �gure 7.5. The cross section for electron neutrino-electron elastic scattering

is approximately 6 times greater than the muon neutrino-electron cross section

because of the suppression in the charged current interaction. Scaling the num-
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Figure 8.4: Ratio of electron neutrino to muon neutrino uxes.

ber of expected muon neutrino-electron interactions by 6
2�10�3 gives � 1 events

background from this source.

� Intrinsic electron neutrinos from oscillations: Again the ux of electron neutri-

nos due to oscillations, if oscillations occur, is on the order of 10�3, yielding a

contribution of � 1 events or less depending on the oscillation signal.

� Cosmic ray muons passing undetected through the veto, stopping in the detector

and being mis-IDed as electrons: Cosmic rays that pass through the detector

cannot be mis-IDed because of the large amount of energy they deposit in the

detector. The rate of stopped cosmic ray muons in the detector is 1.5 kHz.

Given 1� 10�6 s per beam bucket, there are 1:5� 10�3 muons per spill. With

108 spills per year, the ratio of stopping muons to electrons from muon neutrino-

electron scatters is 1500:1. Folding in the veto eÆciency (99%), the percentage
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of cosmic ray muons mis-ID as electrons (0.1%) and the percentage of cosmic ray

muons in the forward cone (0.44%), the background from this source is 6�10�5

mis-IDed cosmic rays per electron from the signal. This background estimate

is tiny but still an overestimate due to the assumption that the percentage of

cosmic rays that can enter the forward cone is calculated assuming a cos �2

distribution with the detector uniformly covered with a 3 m overburden. Since

the top of the detector is at ground level, cosmic rays entering from the side will

have to pass through a lot more earth as compared to those from above, greatly

reducing the number that can get into the forward cone and further reducing

this background. Future Monte Carlo studies will be necessary to pinpoint the

background level. For our purposes it is suÆcient to see that it is negligible.

� Michel electrons: The rate of Michel electrons follows from the rate of stopping

cosmic ray muons. Stopping cosmic ray muons decay into Michel electrons

8% of the time. These Michels must be in time with the beam and must be

produced from a stopping muon that passed through the veto undetected to

be a source of background. The rate of these Michel electrons per electron

from muon neutrino-electron scattering is 1.2:1. To be mistaken for the signal,

they must also be in the forward cone (3%) and can not be vetoed by looking

back along the timeline to see they came from a muon decay (1%). This leaves

0:00036 mis-IDed Michel electron per signal event, a negligible background.

� Electrons produced from 12B beta decay: ��'s from stopping cosmic rays can

capture to produce 12C. These can then decay to 12B which can beta decay

to producing an electron. Only 8% of the 7.5 kHz of stopping ��'s capture to

produce 12C. Of these 12C's, only 18% decay to 12B. Given this, the ratio of

12B electrons per signal electron is 11:1. These background events are further

reduced by folding in the fraction of time they are in time with the beam and

the requirement that they be in the forward cone. In addition to this, the 12B
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spectrum peaks at 10 MeV and cuts o� at 13 MeV so that given MiniBooNE's

low energy threshold of 10 MeV, we will only see half of the 12B's produced.

Thus, the ratio of mis-IDed electrons from 12B to signal is 0.165:1. This is the

largest and most worrisome background particularly because it is in the low Te

signal region however it is a measurable background giving us the ability to use

the data to subtract the background. Further Monte Carlo studies are needed

to more fully understand this background.

Estimating Neutrino Magnetic Moment Sensitivity Using Total Cross Sec-

tion

A non-zero magnetic moment, denoted �, gives rise to an electromagnetic term in

the overall neutrino-electron cross section. This contribution to the cross section is

of the form:

�EM =
�2�G2

F

me

�
Te
E�

� ln

�
Te
E�

�
� 1

�
(8.2)

where me is the mass of the electron, GF is Fermi's coupling constant, Te is the en-

ergy of the recoil electron, and E� is the neutrino energy. �, the neutrino magnetic

moment, is measured in units of Bohr magnetons. The precision of the cross sec-

tion measurement tells us the sensitivity of the neutrino magnetic moment search.

Considering only statistical errors on the number of events and ux, cross section

precision can be calculated as,�
��

�

�2

=

�
�N

N

�2

+

�
�F

F

�2

(8.3)

where N equals the number of detected muon neutrino-electron elastic events and F

equals the muon neutrino ux. The error on the cross section is the largest the EM

contribution could be. Given 100 muon neutrino-electron events in 1 year of running

at MiniBooNE with a measured electron recoil energy spectrum of 10-1000 MeV, the

sensitivity to neutrino magnetic moment determined by looking for an excess in the

total cross section as described would be 6:6�10�10 �B. The largest error contributing
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to this measurement is the ux, determined using the muon neutrino-Carbon event

sample at best to 10%. Without the error on the ux, the sensitivity to �� improves

to 4:7� 10�10 �B. To avoid this 10% ux error, we can take advantage of the relative

shapes of the weak and electromagnetic di�erential cross section in order to perform

this measurement.

Estimating Neutrino Magnetic Moment Sensitivity Using Shape of Di�er-

ential Cross Section

The electromagnetic contribution to muon neutrino-electron scattering due to a

non-zero neutrino magnetic moment rises at low electron recoil energy, Te, with re-

spect to the weak cross section. The error on the ux considered in the last section

can be avoided altogether by taking advantage of the shape di�erence between the

di�erent contributions to this di�erential cross section. By looking for any shape

distortion in the measured di�erential cross section, we can estimate the size of any

electromagnetic contribution. The weak contribution to this di�erential cross section

is given by:

d�weak

dTe
=

2meG
2
F

�

"
g2L + g2R

�
1� Te

E�

�2

� gRgL
me

E�

Te
E�

#
(8.4)

and the electromagnetic contribution is given by:

d�EM

dTe
=
��2�2�
m2

e

�
1

Te
� 1

E�

�
(8.5)

where, again, Te=electron recoil energy, E�= neutrino energy and � is the neutrino

magnetic moment. Figure 8.5 shows theoretical curves corresponding to the weak con-

tribution only, and weak plus electromagnetic for several di�erent values of �. Notice

the largest di�erences in the contributions arise at low Te making the measurement

more powerful at lower values of Te.
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Figure 8.5: Weak and electromagnetic contributions to the di�erential cross section

shown at low Te to magnify di�erences between the contributions. Zero is suppressed

along the y axis.

In order to estimate the sensitivity of MiniBooNE to a neutrino magnetic moment

measurement via this method, 1000 fake data experiments are conducted. Data are

thrown against a neutrino-electron cross section with a weak component only. The

fake data are then �t to the weak plus electromagnetic distribution with �2 and the

overall normalization, N allowed to vary. The distribution of reconstructed �2's for

these 1000 experiments should be centered on zero and have a width corresponding

to the sensitivity of each experiment to �2.

The number of events to throw is determined from the signal-background outlined
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Figure 8.6: Example of 100 fake data events thrown against the weak cross section.

about for approximately 1 year of running. For simplicity, this number is rounded to

100 events and these are thrown against the weak cross section distribution. Mini-

BooNE will be able to reconstruct electron recoil energies as low as 10 MeV and up to

the largest possible energies, Te = E� where E� = 1 GeV. Figure 8.6 shows the fake

data as a function of Te where 10 MeV < Te < 1000 MeV. The weak cross section,

normalized to the data is overlaid on the data in order to see that the shape of the

events thrown follows the cross section.

Figure 8.7 shows the distribution of �2's from these 1000 fake data experiments

with a Gaussian �t overlaid. The mean and � of the Gaussian are listed on the plot.

The square root of the sigma gives the sensitivity MiniBooNE will have to a non-zero
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Figure 8.7: Distribution of �'s for 1000 experiments with 100 data events per exper-

iment

muon neutrino magnetic moment, �� = 4:1� 10�10�B. This is an improvement over

the limit set by LSND which was 6:8� 10�10.

The error on the resolution of the electron recoil energy will not a�ect this mea-

surement since the data bin-widths are 100 MeV wide, much larger than the resolu-

tion. This study assumes a �xed neutrino energy of E� = 1 GeV. The actual energy

spread in the beam indicated by �gure 7.5 will not signi�cantly e�ect these measure-

ments as can be seen in equations. 8.4 and 8.5. The last term in this equation is

small with respect to the others because of the factor me, the T
2
e =E

2
� term has an

e�ect only at high Te where the EM contribution is small. The other terms which are
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constant or factors of Te=E� control the shape of the distribution. Thus, there is not

a signi�cant e�ect on the shape for a reasonably narrow neutrino spectrum.

8.2.2 Muon Neutrino Magnetic Moment Measurement At an

Upgrade to MiniBooNE

The sensitivity to neutrino magnetic moment greatly improves as the reconstructed

electron recoil energy decreases and moderately improves as the number of events

increases. An upgrade to the MiniBooNE experiment to decrease the electron recoil

energy measurement threshold and added running time to increase the number of

events seen can improve upon this limit. Fig. 8.8 shows the distribution of �'s for an

experiment designed to see 300 events distributed from 1� 1000 MeV. The improved

sensitivity for such an experiment is � = 2:8 � 10�10, a factor of 1.5 improvement

over MiniBooNE as presently designed.

A new near detector designed to lower the electron recoil energy threshold and

to receive a signi�cantly higher beam ux would greatly improve the sensitivity to

a non-zero neutrino magnetic moment, perhaps as much as an order of magnitude

better than the present limit. Beam ux can be increased �rst by positioning a near

detector closer to the neutrino source than MiniBooNE is positioned. The neutrino

beam intensity falls o� like inverse distance squared (1=r2). Therefore, the ux would

increase by a factor of 25 by placing a detector 5 times closer, at 100 m. In this case,

for a detector with a minimum electron recoil sensitivity of 1 MeV that sees 2500

events in one year of running, the �t to the shape of the di�erential cross section for

1000 fake data experiments produces a distribution of �2's as shown in �gure 8.9.

The reach in sensitivity here is to � = 9:2 � 10�11, a factor of 5 improvement over

MiniBooNE as presently designed.

The ux can also be increased by an improved proton source sometimes called

a super-beam. Proposals for intense proton sources which could be used to create
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Figure 8.8: Distribution of �'s for 1000 experiments with 300 data events per exper-

iment and an electron recoil energy threshold of 1 MeV.

intense neutrino beams are being considered at a number of HEP laboratories around

the world. The proposal for such a facility at Fermilab, called the Fermilab Proton

Driver [99] provides beam intensities which could further increase neutrino ux by

as much as a factor of 6. To estimate the reach of a neutrino magnetic moment

measurement at a super-beam facility, we assume, as before, a near detector located

100 m from the neutrino source which sees 15,000 events per year. Determining

the sensitivity by again �tting to the shape of the di�erential cross section with a

minimum electron recoil sensitivity of 1 MeV produces a distribution of �'s as shown

in �gure 8.10. The reach in sensitivity in this case is to � = 5:2� 10�11. This is at
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Figure 8.9: Distribution of �2's for 1000 experiments with 2500 data events per

experiment and an electron recoil energy threshold of 1 MeV.

the level predicted by some beyond the Standard Model theories [77].

Neutrino magnetic moment measurements at a 20 � 50 GeV neutrino factory

[100] via conventional methods are diÆcult because of the higher neutrino energy.

While the weak cross section rises logarithmically with E�, the electromagnetic cross

section rises linearly making it advantageous to perform measurements at lower ener-

gies. Non-conventional methods for measuring neutrino magnetic moments at higher

energies have been explored [100] but none of these techniques have yet been demon-

strated.

MiniBooNE will be able to improve upon the muon neutrino magnetic moment
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Figure 8.10: Distribution of �'s for 1000 experiments with 15,000 data events per

experiment and an electron recoil energy threshold of 1 MeV.

sensitivity as described here. In addition to this there is clear promise that an up-

grade to MiniBooNE or a future experiment using a high intensity neutrino source

can further improve upon this, pushing these studies into the region where some be-

yond the Standard Model theories and astrophysical limits predict a sizable magnetic

moment. Whether we see something or not, these measurements help �ll in one more

piece of the neutrino puzzle.
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Table A.1: F2 Statistical Errors
F2 Statistical Errors

x Q2 F2 Stat. Err

0.0015 0.4 0.5031 0.1956�10�1
0.0015 0.4 0.6239 0.2417�10�1
0.0015 0.6 0.7900 0.3712�10�1
0.0015 0.7 0.8705 0.4505�10�1
0.0015 0.9 1.010 0.7202�10�1
0.0045 0.4 0.6682 0.1728�10�1
0.0045 0.4 0.7835 0.2133�10�1
0.0045 0.6 0.8825 0.2386�10�1
0.0045 0.7 1.058 0.2960�10�1
0.0045 0.9 1.269 0.3679�10�1
0.0045 1.1 1.220 0.4038�10�1
0.0045 1.4 1.389 0.4729�10�1
0.0045 1.8 1.393 0.6578�10�1
0.0045 2.3 1.681 0.1247
0.0080 0.4 0.7362 0.1805�10�1
0.0080 0.4 0.8080 0.1914�10�1
0.0080 0.6 0.9369 0.2061�10�1
0.0080 0.7 1.000 0.2203�10�1
0.0080 0.9 1.147 0.2478�10�1
0.0080 1.1 1.279 0.2805�10�1
0.0080 1.4 1.249 0.2973�10�1
0.0080 1.8 1.238 0.3190�10�1
0.0080 2.3 1.466 0.3869�10�1
0.0080 3.2 1.541 0.4115�10�1
0.0125 0.4 0.6831 0.1783�10�1
0.0125 0.4 0.8121 0.1884�10�1
0.0125 0.6 0.9350 0.1920�10�1
0.0125 0.7 1.067 0.2003�10�1
0.0125 0.9 1.103 0.2121�10�1
0.0125 1.1 1.206 0.2249�10�1
0.0125 1.4 1.282 0.2333�10�1
0.0125 1.8 1.274 0.2476�10�1
0.0125 2.3 1.353 0.2813�10�1
0.0125 3.2 1.470 0.2444�10�1
0.0125 5.1 1.656 0.4056�10�1
0.0175 0.4 0.7790 0.2493�10�1
0.0175 0.4 0.8046 0.2111�10�1
0.0175 0.6 0.8966 0.2103�10�1
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F2 Statistical Errors

x Q2 F2 Stat. Err

0.0175 0.7 0.9649 0.2074�10�1
0.0175 0.9 1.135 0.2225�10�1
0.0175 1.1 1.179 0.2149�10�1
0.0175 1.4 1.281 0.2286�10�1
0.0175 1.8 1.307 0.2348�10�1
0.0175 2.3 1.403 0.2557�10�1
0.0175 3.2 1.504 0.2104�10�1
0.0175 5.1 1.533 0.2704�10�1
0.0175 8.2 1.541 0.4907�10�1
0.0250 0.6 0.9396 0.1815�10�1
0.0250 0.7 1.022 0.1701�10�1
0.0250 0.9 1.048 0.1602�10�1
0.0250 1.1 1.152 0.1622�10�1
0.0250 1.4 1.207 0.1600�10�1
0.0250 1.8 1.290 0.1626�10�1
0.0250 2.3 1.286 0.1623�10�1
0.0250 3.2 1.418 0.1277�10�1
0.0250 5.1 1.530 0.1545�10�1
0.0250 8.2 1.585 0.2070�10�1
0.0250 12.9 1.814 0.5016�10�1
0.0350 0.7 1.054 0.2255�10�1
0.0350 0.9 1.060 0.1807�10�1
0.0350 1.1 1.097 0.1706�10�1
0.0350 1.4 1.175 0.1673�10�1
0.0350 1.8 1.255 0.1638�10�1
0.0350 2.3 1.304 0.1654�10�1
0.0350 3.2 1.362 0.1184�10�1
0.0350 5.1 1.496 0.1346�10�1
0.0350 8.2 1.557 0.1658�10�1
0.0350 12.9 1.680 0.2453�10�1
0.0350 20.5 1.812 0.7433�10�1
0.0500 1.1 1.131 0.1470�10�1
0.0500 1.4 1.183 0.1323�10�1
0.0500 1.8 1.233 0.1269�10�1
0.0500 2.3 1.311 0.1244�10�1
0.0500 3.2 1.389 0.8614�10�2
0.0500 5.1 1.473 0.8870�10�2
0.0500 8.2 1.564 0.1018�10�1
0.0500 12.9 1.591 0.1287�10�1
0.0500 20.5 1.653 0.2002�10�1
0.0700 1.4 1.253 0.1791�10�1
0.0700 1.8 1.224 0.1434�10�1
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F2 Statistical Errors

x Q2 F2 Stat. Err

0.0700 2.3 1.262 0.1346�10�1
0.0700 3.2 1.334 0.8914�10�2
0.0700 5.1 1.437 0.8772�10�2
0.0700 8.2 1.484 0.9142�10�2
0.0700 12.9 1.496 0.1051�10�1
0.0700 20.5 1.557 0.1375�10�1
0.0700 32.5 1.524 0.2395�10�1
0.0900 1.8 1.257 0.1888�10�1
0.0900 2.3 1.238 0.1464�10�1
0.0900 3.2 1.315 0.9694�10�2
0.0900 5.1 1.388 0.8934�10�2
0.0900 8.2 1.423 0.8768�10�2
0.0900 12.9 1.449 0.9498�10�2
0.0900 20.5 1.466 0.1142�10�1
0.0900 32.5 1.476 0.1602�10�1
0.0900 51.5 1.491 0.3940�10�1
0.1100 2.3 1.318 0.1889�10�1
0.1100 3.2 1.280 0.1028�10�1
0.1100 5.1 1.333 0.9250�10�2
0.1100 8.2 1.345 0.8600�10�2
0.1100 12.9 1.380 0.8981�10�2
0.1100 20.5 1.406 0.1030�10�1
0.1100 32.5 1.344 0.1273�10�1
0.1100 51.5 1.470 0.2406�10�1
0.1400 3.2 1.221 0.8319�10�2
0.1400 5.1 1.253 0.6801�10�2
0.1400 8.2 1.271 0.6174�10�2
0.1400 12.9 1.291 0.6046�10�2
0.1400 20.5 1.275 0.6506�10�2
0.1400 32.5 1.232 0.7486�10�2
0.1400 51.5 1.210 0.1015�10�1
0.1400 81.5 1.224 0.2796�10�1
0.1800 5.1 1.147 0.7282�10�2
0.1800 8.2 1.146 0.6294�10�2
0.1800 12.9 1.154 0.5862�10�2
0.1800 20.5 1.141 0.5916�10�2
0.1800 32.5 1.112 0.6518�10�2
0.1800 51.5 1.070 0.7712�10�2
0.1800 81.5 1.066 0.1313�10�1
0.2250 5.1 1.050 0.7429�10�2
0.2250 8.2 1.023 0.5852�10�2
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F2 Statistical Errors

x Q2 F2 Stat. Err

0.2250 12.9 1.006 0.5154�10�2
0.2250 20.5 0.9918 0.4946�10�2
0.2250 32.5 0.9663 0.5214�10�2
0.2250 51.5 0.9268 0.5941�10�2
0.2250 81.5 0.9056 0.7786�10�2
0.2750 8.2 0.8839 0.5969�10�2
0.2750 12.9 0.8564 0.5105�10�2
0.2750 20.5 0.8340 0.4674�10�2
0.2750 32.5 0.8018 0.4696�10�2
0.2750 51.5 0.7833 0.5192�10�2
0.2750 81.5 0.7409 0.6127�10�2
0.2750 129.2 0.7044 0.1029�10�1
0.3500 8.2 0.6881 0.4425�10�2
0.3500 12.9 0.6476 0.3462�10�2
0.3500 20.5 0.6164 0.3048�10�2
0.3500 32.5 0.5928 0.2930�10�2
0.3500 51.5 0.5637 0.3068�10�2
0.3500 81.5 0.5289 0.3355�10�2
0.3500 129.2 0.5140 0.4521�10�2
0.4500 12.9 0.4038 0.3091�10�2
0.4500 20.5 0.3872 0.2659�10�2
0.4500 32.5 0.3570 0.2398�10�2
0.4500 51.5 0.3251 0.2341�10�2
0.4500 81.5 0.3093 0.2490�10�2
0.4500 129.2 0.2880 0.2874�10�2
0.4500 204.8 0.2626 0.4906�10�2
0.5500 12.9 0.2358 0.2589�10�2
0.5500 20.5 0.2100 0.2074�10�2
0.5500 32.5 0.1878 0.1785�10�2
0.5500 51.5 0.1737 0.1731�10�2
0.5500 81.5 0.1575 0.1765�10�2
0.5500 129.2 0.1472 0.1936�10�2
0.5500 204.8 0.1282 0.2583�10�2
0.6500 12.9 0.1125 0.2136�10�2
0.6500 20.5 0.9555�10�1 0.1321�10�2
0.6500 32.5 0.8205�10�1 0.1143�10�2
0.6500 51.5 0.7665�10�1 0.1088�10�2
0.6500 81.5 0.6604�10�1 0.1057�10�2
0.6500 129.2 0.5993�10�1 0.1124�10�2
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Table A.2: F2 Calibration Systematic Errors
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Table A.3: F2 Flux Systematic Errors
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Table A.4: F2 Model Systematic Errors
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Table A.5: F2 Cross Section Systematic Errors
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A new structure function analysis of CCFR deep inelastic n-N and n-N scattering data is presented
for previously unexplored kinematic regions down to Bjorken x � 0.0045 and Q2 � 0.3 GeV2. Com-
parisons to charged lepton scattering data from NMC and E665 experiments are made and the behavior
of the structure function Fn

2 is studied in the limit Q2 ! 0.

DOI: 10.1103/PhysRevLett.86.5430 PACS numbers: 12.38.Qk, 13.15.+g

Neutrino structure function measurements in the low
Bjorken x, low-Q2 region can be used to study the axial-
vector component of the weak interaction as well as to test
the limits of parton distribution universality. In this pa-
per, we present a first measurement of the structure func-
tion F2 in neutrino scattering, from the CCFR data, for
Q2 , 1 GeV2, where Q2 is the square of the four momen-
tum transfer in the interaction, and 0.0045 , x , 0.035.
A combination of new theoretical interest and new tech-
niques using improved pdf models have allowed exten-
sion of the previous CCFR structure function analysis to
Q2 , 1 GeV2. In this region where perturbative and non-
perturbative QCD meet, we present a parametrization of
the data which allows us to test the predicted partially
conserved axial current (PCAC) limit of F2 in neutrino
scattering.

The universality of parton distributions can be tested by
comparing neutrino scattering data to charged lepton scat-
tering data. Past measurements for 0.0075 , x , 0.1 and
Q2 . 1.0 GeV2 have indicated that Fn

2 differs from F
m
2

by 10%–15% [1]. This discrepancy has been partially re-
solved by recent analyses of Fn

2 at Q2 . 1.0 GeV2 [2,3].
While we expect and have now observed that parton distri-
bution universality holds in this region, this need not be the
case at lower values of Q2. Deviations from this univer-
sality at lower Q2 are expected due to differences in vector
and axial components of electromagnetic and weak inter-
actions. In particular, the electromagnetic interaction has

only a vector component while the weak interaction has
both vector and axial-vector components. Vector currents
are conserved but axial-vector currents are only partially
conserved (PCAC). Adler [4] proposed a test of the PCAC
hypothesis using high energy neutrino interactions, a con-
sequence of which is the prediction that Fn

2 approaches
a nonzero constant as Q2 ! 0 due to U(1) gauge invari-
ance. A determination of this constant is performed here
by fitting the low-Q2 data to a phenomenological curve
developed by Donnachie and Landshoff [5].

The differential cross sections for the nN charged-
current process nm�nm� 1 N ! m2�m1� 1 X in the
limit of negligible quark masses and neglecting lepton
masses, in terms of the Lorentz-invariant structure func-
tions F2, 2xF1, and xF3, are

dsn,n

dx dy
�

G2
FMEn

p

∑µ
1 2 y 2

Mxy
2En

∂
F2�x, Q2�

1
y2

2
2xF1�x, Q2� 6 y

µ
1 2

y
2

∂
xF3�x, Q2�

∏
,

(1)

where GF is the weak Fermi coupling constant, M is the
nucleon mass, En is the incident n energy, Q2 is the square
of the four-momentum transfer to the nucleon, the scaling
variable y � EHAD�En is the fractional energy transferred
to the hadronic vertex with EHAD equal to the measured

5430 0031-9007�01�86(24)�5430(4)$15.00 © 2001 The American Physical Society
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hadronic energy, andx � Q2�2MEny, the Bjorken scaling
variable, is the fractional momentum carried by the struck
quark. The structure function2xF1 is expressed in terms
of F2 by 2xF1�x, Q2� � F2�x, Q2� 3

114M2x2�Q2

11R�x,Q2� , where
R �

sL

sT
is the ratio of the cross sections of longitudinally

to transversely polarizedW bosons. In the leading order
(LO) quark-parton model,F2 is the sum of the momen-
tum densities of all interacting quark constituents, andxF3
is the difference of these, the valence quark momentum
density; these relations are modified by higher-order QCD
corrections.

Then deep inelastic scattering (DIS) data were collected
in two high-energy high-statistics runs, FNAL E744 and
E770, in the Fermilab Tevatronfixed-target quadrupole
triplet beam line by the CCFR Collaboration. The detector
[6,7] consists of a target calorimeter instrumented with
both scintillators and drift chambers for measuring the
energy of the hadron shower,EHAD, and the muon angle,
um, followed by a toroid spectrometer for measuring the
muon momentumpm. There are 1 030 000nm events
and 179 000nm events in the data sample afterfiducial
volume and geometric cuts, and kinematic cuts ofpm .
15 GeV, um , 150 mr, EHAD . 10 GeV, and 30 ,
En , 360 GeV. These cuts were applied to select re-
gions of high efficiency and small systematic errors in
reconstruction.

The structure functionFn
2 in Eq. (1) can be calculated

from the observed number ofnm andnm events combined
with the nm and nm fluxes. The ratio offluxes between
different energies in then mode and that between the
n and n modes was determined using the events with
EHAD , 20 GeV [8–10]. The overall normalization
of the flux was constrained such that the measured
total neutrino-nucleon cross section forns equaled
the world average cross section for isoscalar-corrected
iron target experiments,snFe�E � �0.677 6 0.014� 3
10238 cm2�GeV [9,11] and for ns equaled the world
average cross section including this experiment for
isoscalar-corrected iron target experiments,snFe�E �
�0.340 6 0.007� 3 10238 cm2�GeV. Negligible correc-
tions for nonisoscalarity of the iron target and the mass of
the W boson propagator are applied.

Sources of systematic error onFn
2 arise from limitations

of the models used for corrections and from the level of our
knowledge of the detector calibration. Muon and hadron
energy calibrations relevant for the low-x, low-Q2 data
were determined from test beam data collected during the
course of the experiment [6,7]. For acceptance, smearing,
and radiative corrections we chose an appropriate model
for the low-x, low-Q2 region, the Glück-Reya-Vogt (GRV)
[12] model of the parton distribution functions. The GRV
model is used up toQ2 � 1.35 GeV2, where it is normal-
ized to a LO parametrization like thatfirst suggested by
Buras and Gaemers [13] used above this. Inclusion of the
GRV model in the radiative correction calculation caused
a systematic decrease inFn

2 by as much as 10% in the

lowestx bin, decreasing to 1%–2% atx � 0.015 as com-
pared to the effects of the LO model used in the previous
analysis [8]. Because of the systematic uncertainty in the
model at lowx, the radiative correction error is 3% in the
lowest x bin. A correction is applied for the difference
betweenxFn

3 andxFn
3 , determined using a LO calculation

of DxF3 � xFn
3 2 xFn

3 . The recent CCFRDxF3 mea-
surement [2] is higher than this LO model [13] and all
other current LO and next to leading order (NLO) theo-
retical predictions in this kinematic region. An appropriate
systematic error is applied to account for the differences
between the theory and this measurement. Finally, a sys-
tematic error is applied to account for the uncertainty in the
value ofR which comes from a globalfit to the world’s
measurements [14].

In previous analyses a slow rescaling correction was ap-
plied to account for massive charm effects. This is not ap-
plied here since the corrections are model dependent and
uncertain in this kinematic range. As a result, neutrino
and charged lepton DIS data must be compared within the
framework of charm production models, accomplished by
plotting the ratio of data to theoretical model. The theoreti-
cal calculation corresponding to the CCFR data employs
NLO QCD including heavyflavor effects as implemented
in the TR-VFS(MRST99) scheme [15,16]. The theoreti-
cal calculation corresponding to NMC [17] and E665 [18]
data is determined using TR-VFS(MRST99) for charged
lepton scattering. Other theoretical predictions such as
ACOT-VFS(CTEQ4HQ) [19,20] and FFS(GRV94) [21] do
not significantly change the comparison.

The combination of the inclusion of the GRV model
at low x and low Q2, its effect on the radiative correc-
tions, and removal of the slow rescaling correction help
to resolve the long-standing discrepancy between the neu-
trino and charged lepton DIS data abovex � 0.015. Fn

2
is plotted in Fig. 1. Errors are statistical and systematic
added in quadrature. A line is drawn atQ2 � 1 GeV2

to highlight the kinematic region this analysis accesses.
Figure 2 comparesF2 (data/theoretical model) for CCFR,
NMC, and E665. There is agreement to within 5% down
to x � 0.0125. Below this, asx decreases, CCFRFn

2
(data/theory) becomes systematically higher than NMC
F

m
2 (data/theory). Differences between scattering via the

weak interaction and via the electromagnetic interaction as
Q2 ! 0 may account for the disagreement in this region.

In charged lepton DIS, the structure functionF
m
2 is con-

strained by gauge invariance to vanish withQ2 asQ2 ! 0.
Donnachie and Landshoff predict that in the low-Q2 re-
gion, F

m
2 will follow the form [5]

C

µ
Q2

Q2 1 A2

∂
. (2)

However, in the case of neutrino DIS, the axial compo-
nent of the weak interaction may contribute a nonzero
component toFn

2 asQ2 approaches zero. Donnachie and
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FIG. 1. CCFRF2 at low x, low Q2. Data to the left of the
vertical line atQ2 � 1.0 represent the new kinematic regime for
this analysis.

Landshoff predict thatFn
2 should follow a form with a

nonzero contribution atQ2 � 0:

C
2

µ
Q2

Q2 1 A2 1
Q2 1 D
Q2 1 B2

∂
. (3)

Using NMC and E665 data, corrected in this case to
be equivalent to scattering from an iron target using a
parametrization of SLAC Fe�D data [8], we do a combined
fit to the form predicted form DIS and extract the parame-
ter A � 0.81 6 0.02 with x2�d.o.f. � 27�17. Results of
fits in eachx bin for each experiment are shown in Table I
for comparison to parameters in the CCFRfit. The error
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FIG. 2. F2 data/theory from CCFRn-Fe DIS compared toF2
from NMC and E665 DIS. Errors bars are statistical and sys-
tematic added in quadrature. Theoretical predictions are those
of TR-VFS(MRST99).

TABLE I. Results for NMC and E665 datafit to Eq. (2).

x A x2�N N

0.0045(NMC) 0.87 6 0.16 0.02 2
0.0045(E665)a 0.90 6 0.10 0.43 4
0.0045(E665)b 0.94 6 0.09 0.31 5
0.0080(NMC) 0.75 6 0.07 0.38 3
0.0080(E665)c 0.87 6 0.10 0.24 4
0.0080(E665)d 0.85 6 0.11 1.19 4
0.0125(NMC) 0.81 6 0.05 0.55 5
0.0125(E665) 0.97 6 0.14 1.12 4
0.0175(NMC) 0.78 6 0.06 0.38 5
0.0175(E665) 0.76 6 0.13 0.88 5

aBin center corrected fromx � 0.004.
bBin center corrected fromx � 0.005.
cBin center corrected fromx � 0.007.
dBin center corrected fromx � 0.009.

on A is incorporated in the systematic error on thefinal
fit. Inserting this value forA into the form predicted for
nN DIS, wefit CCFR data to extract parametersB, C, and
D, and determine the value ofFn

2 at Q2 � 0. Only data
below Q2 � 1.4 GeV2 are used in thefits. The CCFRx
bins that contain enough data to produce a goodfit in this
Q2 region arex � 0.0045, x � 0.0080, x � 0.0125, and
x � 0.0175. Figure 3 and Table II show the results of
the fits. Error bars consist of statistical and systematic
terms added in quadrature but exclude an overall correlated
normalization uncertainty of 1%–2%. The values ofFn

2 at
Q2 � 0 GeV2 in the three highestx bins are statistically
significant and are within1s of each other. The lowestx
bin has large error bars but is within1.5s of the others.
Taking a weighted average of the parametersB, C, D,
andFn

2 yieldsB � 1.53 6 0.02, C � 2.31 6 0.03, D �
0.48 6 0.03, andFn

2 �Q2 � 0� � 0.21 6 0.02. Figure 4
showsFn

2 �Q2 � 0� for the differentx bins. Inclusion of
an x dependence of the formxb in a combinedfit to all

FIG. 3. Results fromfit to CCFR data to extrapolate to
F2�Q2 � 0�.

5432



198

VOLUME 86, NUMBER 24 P H Y S I C A L R E V I E W L E T T E R S 11 JUNE 2001

TABLE II. Fit results for CCFR data. CCFR data arefit to Eq. 4 withA � 0.81 6 0.02 as
determined byfits to NMC and E665 data.B, C, D, andF2 at Q2 � 0 results shown below.
N � 4 for all fits.

x B C D Fn
2 �Q2 � 0� x2�N

0.0045 1.49 6 0.02 2.62 6 0.26 0.06 6 0.17 0.04 6 0.10 0.5
0.0080 1.63 6 0.05 2.32 6 0.05 0.50 6 0.05 0.22 6 0.03 0.5
0.0125 1.63 6 0.05 2.39 6 0.05 0.40 6 0.05 0.18 6 0.03 1.0
0.0175 1.67 6 0.05 2.20 6 0.05 0.65 6 0.07 0.26 6 0.03 0.5

0.1

0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

F 2 
(Q

2 =
0 

G
eV

2 )

x=.0045
x=.008
x=.0125
x=.0175

FIG. 4. F2�Q2 � 0 GeV2� from different x bins. A line is
drawn at the weighted average of all four measurements.

four x bins does not significantly improve the overallfits
or x2.

In summary, a comparison ofF2 from neutrino DIS
to that from charged lepton DIS shows good agreement
abovex � 0.0125 but shows differences at smallerx. This
low-x discrepancy can be explained by the different behav-
ior of F2 from n DIS to that frome�m DIS asQ2 ! 0.
CCFRFn

2 data favors a nonzero value forFn
2 asQ2 ! 0.
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Photomultiplier Tube Testing for the MiniBooNE
Experiment

B. T. Fleming, L. Bugel, E. Hawker, S. Koutsoliotas, S. McKenney, V. Sandberg, and D. Smith for

the MiniBooNE Collaboration

Abstract|The recent discoveries in the neutrino sector
in the Standard Model have opened a new frontier in high
energy physics. Understanding neutrinos and how they in-
teract is crucial to continuing to verify the Standard Model
and look for beyond Standard Model physics. The Mini-
BooNE experiment is a �� ! �e oscillation search designed
to con�rm or rule out the neutrino oscillation signal seen
by the LSND [1] experiment at the Los Alamos National
Laboratory. The MiniBooNE detector, a sphere �lled with
mineral oil and lined with 8" Hamamatsu photomultiplier
tubes (PMTs), uses �Cerenkov imaging to identify �� and �e

interactions. The PMTs are the main detector component
and must be well understood. They underwent a series of
tests to determine their functionality and �gures of merit in
order to be placed in the detector, as described here.

Keywords|Neutrinos, Photomultipliers, Cerenkov detec-
tors, Scintillation detectors.

I. Introduction

Recent experimental data indicate that neutrinos os-
cillate among their di�erent avors and therefore have
mass. Data from experiments looking for the solar neu-
trino de�cit, those looking for the atmospheric neutrino
de�cit, and the LSND experiment cannot all be explained
by the three Standard Model neutrinos. Further checks on
these signals are necessary.
The BooNE experiment, now under construction at the

Fermi National Accelerator Laboratory, is speci�cally de-
signed to con�rm or rule out the LSND signal. MiniBooNE,
the �rst stage of the BooNE experiment, looks for �e ap-
pearance in a �� beam created from 8 GeV protons from
the Fermilab Booster. ��'s, �e's, and background events
such as �0's are identi�ed in a detector 500 m downstream
from the target hall where the �� beam is created. The de-
tector is a 12 m diameter sphere �lled with mineral oil. It
is a sphere within a sphere with an inner light tight signal
region and an outer veto region. Neutrinos will be iden-
ti�ed in the detector when they interact with a nucleon
via a charged or neutral current interaction. The outgoing
charged particle produces �Cerenkov and scintillation light
in the mineral oil. These light signatures are recorded by
photomultiplier tubes lining the inside of the detector, and
events are later reconstructed from this information.
There are 1280 8" photomultiplier tubes lining the inner

B. T. Fleming formerly with Columbia University, New York,
New York is now with the Fermi National Accelerator Laboratory.
L. Bugel is with the Fermi National Accelerator Laboratory. E.
Hawker is with the University of Cinncinnati, Cinncinnati, OH. S.
Koutsoliotas is with Bucknell University, Lewisburg PA. S. McKen-
ney and D. Smith are with Embry Riddle Aeronautical University,
Prescott, AZ. V. Sandberg is with the Los Alamos National Labora-
tory, Los Alamos, NM. For the full MiniBooNE collaboration list, see
http://www-boone.fnal.gov

signal region of the detector. 241 PMTs in the veto region
look for light indicating a charge particle has entered the
detector. Of these 1521 PMTs, 1197 are inherited from the
LSND experiment. They are Hamamatsu R1408 9 stage,
8" PMTs. 324 new Hamamatsu R5912 10 stage 8" PMTs
�ll the rest of the detector. Before installing the PMTs in
the MiniBooNE detector, they were tested to ensure they
are operational, to determine their operating voltages, and
to measure their �gures of merit. The following sections
discuss the results of these tests and the PMT's placement
in the detector.

II. Testing Setup and Tests Performed

Testing was conducted at Fermilab in a darkroom in air
where up to 46 PMTs could be tested in one day. A \wine-
rack" assembly was constructed against one wall of the
dark room. Each PMT was secured on its side facing an
optical �ber carrying light from an LED asher. The rack
accomadated 30 LSND PMTs and 16 new PMTs held in
place using Styrofoam molds.
The PMTs were conditioned in the darkroom for 12-24

hours at approximately 1000 V. After conditioning, PMTs
were tested using an automated VXI readout system with
a built-in oscilloscope having a maximum capture rate of
10,000 waveforms/90 seconds. The VXI readout system set
PMTs at a recommended testing voltage using a serial I/O
interface, determined darkrate, and recorded PMT pulse
response to an LED asher. The system allowed for au-
tomatic testing of 22 tubes in a single run. The number
of tubes that could be tested simultaneously was limited
by our use of one multiplexer. A schematic diagram of the
system is shown in Fig. 1. Once the testing was complete,
the data �les were stored for data analysis.

A. Testing Procedure

There is a trade o� between amount of test data that
can be taken and the amount of time it takes to perform
the tests. For this reason, tests performed are optimized to
set operating voltages and determine PMT quality while
keeping the testing procedure short.
The testing data were acquired in two modes. In the

�rst mode, the dark currents were collected by recording
the noise rates measured at di�erent voltages with no light
source. Pulses passing a 3 mV threshold were counted as
dark noise and used to determine the dark noise rate. The
dark noise was measured at various voltages starting at ap-
proximately 1000 V and at increments of 100 V above this
to approximately 100 V above the PMTs suggested oper-
ating voltage. Suggested operating voltages for the new
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PMTs were supplied by Hamamatsu; suggested operating
voltages for the LSND PMTs were assumed to be their
operating voltage during the LSND experimental run.
After the dark noise rates were recorded, the PMTs were

strobed with an LED light source at 450 nm for a duration
of 1 ns at 1 kHz to look at light induced waveforms. PMT
response to 600-1000 LED ashes piped in through an opti-
cal �ber were recorded and used to determine the operating
voltage at a chosen gain, to study the charge and time res-
olutions, and to search for pre- and post-pulsing anomalies.
Responses were triggered o� the LED pulse and delayed

so that they appear about 40% of the way in time into
the scope. This timing allows for adequate determination
of the pre-pulse baseline and ample time after the pulse
to look for post-pulsing. Light levels were set low enough
to allow adequate determination of PMT response to one
photoelectron (PE), and high enough to ensure suÆcient
data events.
LED tests were performed at two di�erent voltages for

the LSND PMTs, at LSND operating voltage �50 volts.
New PMTs underwent testing at four di�erent voltages, at
-100, 0, +100, and +150 V from the Hamamatsu suggested
operating voltage. Multiple tests are necessary for deter-
mination of the gain and should be conducted near the
nominal operating voltage. The number of tests is as great
as needed to determine unknowns about the PMTs while
being as few as possible due to time constraints. Using the
VXI system, pulse responses were read from the internal
oscilloscope, recorded to data �les and analyzed o�-line.
Testing setups were calibrated and measurement errors

determined by taking calibration data. A rover PMT
which was tested in each possible testing position and a
permanent PMT which was tested in the same spot in the
same way almost every test cycle provided this calibration
data.
For each PMT, the 2-4 test data �les corresponding to

LED response tests taken were analyzed o�-line to deter-
mine �gures of merit for that data �le. These �gures of
merit include PMT functionality and operating voltage,
PMT gain, charge resolution, timing resolution, double-
pulsing rate and darkrate.

III. PMT Characteristics: Results of Tests

PMTs were tested to determine their operating voltages
and �gures of merit. Results are outlined below.

A. Gain

PMT gain corresponds to the mean number of electrons
produced by the phototube in response to one PE. Ideally,
one could just read o� the gain as the mean of the one PE
peak in a plot of the integrated charge of the responses to
the 600-1000 LED ashes. The width of this one PE peak
then corresponds to the charge resolution. However, the
one PE peak for these tests contains responses to 2 and
3 PEs and possibly more. Gain is instead determined by
weighting the average response of the PMT { all but null
responses to the LED { with the ideal response of a PMT
to one PE, determined from Poisson statistics.

gain =

�
1� e��

�

��
Qtot

N

�
(1)

The �rst term in Eq. 1 is the average number of PEs
seen by a PMT for a given light level, �, excluding zero
responses, predicted from Poisson statistics. The second
term is what the PMT actually sees: the total charge for all
PMTs with response past threshold divided by the number
of responses past threshold. Total charge is computed by
summing up charge in main PMT pulse for all responses
with in-time pulses that pass threshold. Double-pulses are
not counted in total charge.
PMTs in the MiniBooNE detector need to have a gain

of 16� 106 electrons per incoming PE as dictated by Mini-
BooNE electronics. Operating voltage for each PMT is
chosen to pick out this gain. The distribution of operat-
ing voltages at which the PMTs will run in the detector is
shown in Fig. 2.

B. Darkrate

Darkrate is the number of pulses larger than 3 mV in
one second for a PMT that has conditioned in a light tight
environment for 12�48 or more hours. PMTs should oper-
ate at a darkrate below 8 kHz in the main tank and below
4 kHz in the veto. These levels ensure that the electron-
ics can keep up and that this noise does not interfere with
signal. Darkrates are measured from several hundred volts
below suggested operating voltage up to operating voltage
and above. PMTs with darkrates above 8 kHz are re-tested
and either improve with more conditioning or are not used
in the detector. Darkrate versus voltage plots, or plateau
plots, are another indicator of PMT quality. PMTs should
operate where they are stable { on the plateau on these
plots where darkrate does not change signi�cantly as the
voltage increases. For the new PMTs, this is at about 1550
V and above. The LSND PMTs tend to have a less well de-
�ned plateaus. They are considered functional if operating
voltage is on a steady, not a steep rise.

C. Charge Resolution

Charge resolution, �q , is determined by extracting the
width of the one photo-electron peak also derived from
possion statistics. The distribution of charge resolutions
for all PMTs is shown in Fig. 3.

D. Timing Resolution

PMT response to LED pulses is recorded from an oscil-
loscope triggered by the LED pulses. The amount of jitter
in this response corresponds to the timing resolution. To
measure this, the time the PMT pulse crosses half max
for each of the 1000 LED responses is histogramed. The
width of this distribution corresponds to the timing resolu-
tion of the PMT. Pre- and post-pulses are not included in
this histogram. Timing resolutions do not change signi�-
cantly when response time is recorded at 10% of the PMT
pulse. The distribution of timing resolutions for all PMTs
is shown in Fig. 4.
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E. Double-pulsing Rate

Pre- and post-pulsing are expected phenomena with
these Hamamatsu PMTs. When it occurs, the main PMT
response is either preceded or followed by another pulse
or more. Pre-pulsing is thought to occur when the ejected
electron from the photocathode skips the �rst dynode. Pre-
pulses occur at nearly the same time relative to the main
pulse because the time it takes for an electron to travel from
one dynode to the next is �xed. Pre-pulsing occurs very in-
frequently (observed on four of the 1240 LSND PMTs) and
can come and go. PMTs exhibiting pre-pulsing behavior
were not placed in the signal region in the detector.

Post-pulsing is categorized by Hamamatsu as either early
post-pulsing occurring between 8-60 ns after the main pulse
or after pulsing occurring 100 ns-16 �s after the main pulse.
We are only worried about early post-pulsing because data
in the detector is recorded in 100 ns intervals making after-
pulsing an unlikely issue for event contamination. Early
post-pulsing can occur when an electron accelerated to the
�rst dynode starts a typical cascade and causes another
electron to be ejected from the �rst dynode. This sec-
ond particle can move around the inside of the PMT dome
before settling back to the �rst dynode and initiating a
second cascade. This post-pulse can occur almost on top
of the main pulse to many ns afterwards. Post-pulsing can
also occur without any main pulse. Unlike pre-pulses, post-
pulses are spread out in time since there is no typical time
for a particle to bounce o� the �rst dynode before initiating
a second cascade.

Hamamatsu reports that R5912 PMTs are expected to
early post-pulse 3% of the time. Many new PMTs had
higher double-pulsing rates than this after conditioning for
12-24 hours. After further conditioning, PMT double puls-
ing rate was reduced. Based on this, we set a double-
pulsing rate limit of 6% for the new PMTs and 3% for
the LSND PMTs. The distribution of PMT double-pulsing
rates for all PMTs is shown in Fig. 5.

F. Categorizing PMTs

PMTs with darkrates below 8 kHz, low double-pulsing
rates and reasonable charge and timing response are placed
in the detector according to their charge and timing reso-
lutions. Placement according to this �gure of merit is de-
signed to ensure that PMTs of higher quality are equally
distributed around the detector. PMTs chosen for the veto
are those with the worst charge and timing resolution but
the lowest darkrate. These PMTs are needed only to see
light from a passing charged particle and not for particle
identi�cation. PMTs with low noise rates are ideal for this.

G. Calibration Data

Calibration data taken during the course of testing help
to quantify errors on these measurements. Table I shows
the spread in measurements taken by calibration PMTs
which correspond to the errors on those measurements for
each PMT.

Darkrates decrease as a function of conditioning time.

TABLE I

Errors on PMT figures of merit as determined from

calibration data

gain 0.19

charge resolution 0.34

timing resolution 0.13

double-pulsing percentage 0.60

This was seen by a steady decrease in darkrate on the cali-
bration PMT as it moved, day by day, to di�erent positions
in the testing room, conditioning more each day. Light level
seen by this PMT varied from 0.5 to 1.5 PEs from winerack
location to location. Calibration information helped us to
understand the error on our measurements as well as to
track any changes in the winerack as a function of time.

IV. Conclusions

The MiniBooNE detector uses �Cerenkov and scintillation
light signatures from charged particles produced in charged
current neutrino interactions to tag the avor of the inci-
dent neutrino. Appearance of electron neutrinos in the
muon neutrino beam would indicate neutrino oscillations
like those reported by the LSND experiment. The 1280
PMTs in the signal region as well as the 241 PMTs in the
veto are the only detector component to resolve these light
signatures. The detailed tests performed have allowed us to
properly place these PMTs in the detector as well as study
properties of the PMTs which will a�ect our measurement.

References

[1] A. Aguilar et al. [LSND Collaboration], \Evidence for neutrino
oscillations from the observation of �e appearance in a �� beam,"
[hep-ex/0104049].



203

4

PMT Testing Facility with the VXI Crate
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Appendix D

MiniBooNE Photomultipier Tubes

PhotoMultiplier Tubes (PMTs) work like light bulbs in reverse: light comes in, electric

pulse comes out. Speci�cally, light falls on the photocathode, the emitted electrons

are ampli�ed in a dynode chain so that a current corresponding to the number of

photons that hit the photocathode is produced. PMTs must be set at a speci�c

voltage to pick out the proper gain, or output current per each input photon. Then,

the charge and timing information recorded from each PMT can be used to reconstruct

the events o�-line. Ideally, one knows exactly when and how many photons from the

muons or electrons hit each PMT. In the real world, we must test the PMTs to

determine these resolutions. To this end, each PMT is tested to determine if the

PMTs are functional, what their operating voltage should be set to, and how good

their timing and charge resolutions are. The PMTs are the only detector elements

in the MiniBooNE experiment. Thus, it is important to measure their operating

characteristics so the sensitivity of the MiniBooNE detector can be optimized.

205
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D.1 Pre-installation Testing of the Photomultiplier

Tubes

There are 1280 8 inch PMTs that will line the inner volume of the detector. Another

240 PMTs are in the veto region to detect light produced by charged particles entering

from outside the detector{most likely from cosmic rays. Of the total 1520 PMTs in

the MiniBooNE detector, 1197 are inherited from the LSND experiment and the rest

are recently purchased from Hamamatsu. The LSND PMTs are 8 inch in diameter, 9

stage, Hamamatsu model R1408 PMTs while, the newly purchased PMTs are 8 inch,

10 stage, Hamamatsu model R5912 PMTs. The R5912 is an upgraded version of the

R1408. Detailed description of how PMTs work and speci�cations for the R1408 and

R5912 can be found in Appendix E. There are many spare LSND PMTs and a few

spare new PMTs that have not been installed in the detector and can be used for

specialty tests to determine PMT characteristics [101].

Before installing the PMTs in the MiniBooNE detector, they were all tested to

measure their operating characteristics. Although two varieties of tubes were tested,

it was important that they give a similar response to a single photon striking the

photocathode. In particular, the PMT operating voltage for the chosen gain for

MiniBooNE, that is, an output of 16�106 electrons for each photoelecton (PE) was

determined for each PMT. Other characteristics of the PMTs were also recorded

during the tests such as dark current, time jitter, charge resolution, double-pulsing,

and pulse shape. Using these other characteristics, the PMTs were grouped into �ve

categories. Tubes assigned to categories 1 through 4, with 1 being the best and four

the worst, were put in the inner sphere while tubes in the 5th category were placed

into the veto region. Tubes in the �rst four categories were randomly distributed

throughout the detector to insure an even distribution of the best and worst PMTs

around the detector. PMTs in the veto do not have to have the best charge and

timing resolution as they are not relied upon for reconstruction, but should have the
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lowest possible darkrate, or noise levels. Therefore, category 5 PMTs in the veto

are of the same quality as category 4s, the worst, but are chosen to have the lowest

darkrates to ensure the lowest possible noise levels in the veto.

D.1.1 Testing Setup

The PMT testing began in the northeast Lab E portakamps starting March 31,

2000. The tubes were placed in light tight 55-gallon drums with high voltage and

optical �ber feedthroughs for light for PMT tests from an LED asher at the top.

Up to 12 PMTs at a time were conditioned under high voltage at 1000-1500 volts in

darkness for 12-24 hours before testing. Once conditioned, the PMTs were tested in

air and their dark currents and waveforms, acquired on an oscilloscope and transferred

via GPIB, were recorded on disk �les to be studied o�-line.

The Lab E testing setup proved time consuming so the setup was streamlined by

moving it to a darkroom in the New Muon Lab where up to 46 PMTs could be tested

in one day. A \wine-rack" assembly was constructed against one wall of the dark

room. The PMTs were propped on their sides facing an optical �ber carrying light

from the LED asher. A side view of a PMT in the wine-rack is shown in Fig. D.2.

The rack accomadates 30 LSND PMTs aÆxed by their stands and 16 new PMTs

resting in Styrofoam molds. Stands were aÆxed to the new PMTs after the testing

stage was completed as described in section D.4.

The PMTs were conditioned in the darkroom for 12-24 hours at approximately

1000 volts. Testing procedure to determine dark rates and waveform response to

an LED proceeded as in Lab E. PMTs were tested individually; darkrates recorded

and waveforms acquired from an oscilloscope, to data �les. In September 2000, the

testing procedure was automated by introducing a VXI readout system with a built-

in oscilloscope having a maximum capture rate of 10,000 waveforms/90 seconds. The

high voltage settings were automated by using a serial I/O interface. Figure D.3
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Figure D.1: Wine-rack structure inside the New Muon Lab darkroom
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Figure D.2: LSND PMT in the wine-rack

shows the rate at which the PMTs were tested over the course of a year. Testing rate

improved greatly after the move from Lab E to the New Muon Lab, and again after

the arrival of the VXI readout system.

The VXI Readout System

The VXI readout system allowed for automatic testing of 22 tubes in a single run.

The number of tubes that could be tested simultaneously was limited by our use of

one multiplexer. A schematic diagram of the system is shown in Fig. D.4. Tests were
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Figure D.3: PMT testing rate.

performed to make sure that the VXI readout did not introduce systematic changes

when compared to the previous GPIB interface used to test tubes one at a time. Once

the testing was complete, the data �les were stored for data analysis.
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PMT Testing Facility with the VXI Crate
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Figure D.4: PMT testing facility with the VXI crate.
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Figure D.5: LSND PMT response to LED Figure D.6: New PMT response to LED

D.1.2 Testing Procedure

There is a trade o� between amount of test data that can be taken and the amount

of time it takes to perform the tests. For this reason, tests performed are enough to set

operating voltages and determine PMT quality while keeping the testing procedure

short.

For all test setups described above, PMTs were tested in dark room conditions

in air under high voltage. Their signal response returning from the PMT (Fig. D.2)

rides on top of the input high voltage cable where it passes through an AC capacitive

pick-o� to reset its baseline voltage to zero. A typical response from an LSND and

new PMT is shown in �gures D.5 and D.6.

The testing data acquisition occurred in two modes. In the �rst mode, the dark

currents were collected by recording the noise rates measured at di�erent voltages

with no light source. Pulses passing a 3 mV threshold were counted as dark noise

and used to determine the dark noise rate. The dark noise was measured at various

voltages starting at approximately 1000 V and at increments of 100 V above this to
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approximately 100 V above the PMTs suggested operating voltage. Suggested oper-

ating voltages for the new PMTs were supplied by Hamamatsu; suggested operating

voltages for the LSND PMTs was assumed to be their operating voltage during the

LSND experimental run.

After the dark noise rates were recorded, the tube was strobed with an LED light

source at 450 nm for a duration of 1 ns at 1 kHz to look at light induced waveforms.

PMT response to 600-1000 LED ashes piped in through �ber optic, were recorded

and used to determine the operating voltage at a chosen gain, to study the charge

and time resolutions and to search for pre- and post-pulsing anomalies. Responses

were triggered o� the LED pulse and delayed so that they appear about 2
5
ths of the

way in time into the scope. This timing allows for adequate determination of the

pre-pulse baseline and ample time after the pulse to look for post-pulsing. Because

the new Hamamatsu tubes (R5912) have one more dynode element in the dynode

chain compared to the LSND tubes (i.e., 10 instead of 9) an additional 16-18 ns was

required in the trigger delay when testing new tubes. Measurements with various

trigger delays are shown in �gure D.7.

LED tests were performed at two di�erent voltages for the LSND PMTs:

� LSND operating voltage - 50 volts.

� LSND operating voltage + 50 volts.

and 4 di�erent voltages for the new PMTs:

� Hamamatsu suggested operating voltage - 100 volts.

� Hamamatsu suggested operating voltage

� Hamamatsu suggested operating voltage + 100 volts.

� Hamamatsu suggested operating voltage + 150 volts.
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22ns delay

24ns delay

26ns delay

500 counts - one 1000ns waveform

Delay time for the old LSND tubes
September 18, 2000

Tube 11n2
b voltage

500 counts = one 100ns waveform

38ns delay

42ns delay

46ns delay

Tube sa2614
b voltage

Delay time for the new Hamamatsu tubes

September 18, 2000

Figure D.7: Pulses should have 200 counts (40 ns) to determine their baseline pedestal.

Likewise pulses should start soon after the 200th count. An appropriate trigger delay

for the two types of tubes is determined from the above waveforms.

Multiple tests are necessary for determination of the gain and should be conducted

near the nominal operating voltage (see section D.1.2). The number of tests is as great

as needed to determine unknowns about the PMTs while being as few as possible due

to time constraints.

Initially, pulses were fed into an oscilloscope triggered o� the LED ash and read

from the scope via a GPIB interface to a PC running Windows NT. The PC converted

the data to charge and timing distributions for visual check and saved the data �les

to permanent directory for later analysis. With the VXI system, pulses were read of

the internal oscilloscope, recorded to data �les and analyzed o�-line.

Testing setups were calibrated and measurement errors determined by taking

calibration data. In the Lab E setup and at the New Muon Lab, we took data on a

rover PMT which was tested in each possible testing position. In the New Muon Lab

we had a permanent PMT in addition to the rover which was tested in the same spot

in the same way almost every test cycle. See section D.3 for details. PMTs whose
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testing data was corrupted or who showed questionable behavior were re-tested.

Figures of merit for each PMT

For each PMT, there are 2-4 test data �les corresponding to LED response tests taken

at di�erent test voltages. Each of these data �les is analyzed o�-line to determine

�gures of merit for that data �le. Listed below are these �gures of merit followed by

a more complete description of each.

� PMT testing parameters to be determined are:

{ average number of photo-electrons PMT sees during LED ash

� PMT data �le �gures of merit determined are:

{ gain

{ charge resolution

{ timing resolution

{ double-pulsing rate

{ darkrate

Light levels: The number of photoelectrons produced in a phototube follows a

Poisson distribution. PMT response for each of the 1000 LED ashes for typical old

and new PMTs are shown in �gures D.8 and D.9. There is a spike corresponding

to the null responses, when there was no response from the PMT to the LED ash,

followed by a valley and then a rise to the one photo-electron peak. Equation D.1

describes the probability for seeing N photo-electrons given a light level, � as predicted

by Poisson statistics.

P (n) =
�n

n!
e�� (D.1)
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Figure D.8: LSND PMT charge response Figure D.9: New PMT charge response

The percentage of null responses, P (0), can be used to determine the average

light level, �, seen by the PMT using the above equation for the case N = 0.

In order for the PMT to see a clear one PE response peak to the LED, light levels

should be very low (< :1 PE) and statistics very high. This was not possible for our

test setup, so light levels were kept between < :5 PEs> and < 1:5 PEs> for the old

PMTs and < :5 PEs> and < 2:0 PEs> for the new PMTs. The lower limit was set to

be as low as possible with acceptable statistics. The upper limits were determined by

how well we could calculate �gures of merit at higher light levels. Speci�cally, when

do gain and charge distribution measurements change as light levels increase. This

was tested using new and old PMTs tested at di�erent light levels. The measurements

do not change up to 2 PEs for the new PMTs and up to 1:5 PEs for the old ones.

The new PMTs have a more distinct valley between the null responses and the one

PE peak. This distinct valley could cause less smearing between the null responses

and the one PE peak as the light level changes than for the old PMTs. Since the

gain and charge resolution calculations depend on the amount of light the PMT saw

(see below), determined from the null responses, the new PMT's gain calculation is
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more robust at higher light levels than the old PMT's. PMTs tested with light levels

outside of these cuts are studied and possibly re-tested.

Gain: PMT gain corresponds to the mean number of electrons produced by the

phototube in response to one photo-electron. Ideally, one could just read o� the

gain as the mean of the one PE peak in �g. D.9. The width of this one PE peak

then corresponds to the to charge resolution. However, the one PE peak for these

tests contains response to 2 and 3 PEs and maybe more. Gain is then determined

by weighting the average response of the PMT { all but null responses to the LED

{ with the ideal response of a PMT to one photo-electron determined from Poisson

statistics. Equation D.2 shows how this is calculated.

gain =

�
1� e��

�

��
Qtot

N

�
(D.2)

The �rst term in Eq D.2 is the average number of photo-electrons seen by a PMT

for a given light level, excluding zero responses, predicted from Poisson statistics.

The second term is what the PMT actually sees: the total charge for all PMTs with

response past threshold divided by the number of responses past threshold. Total

charge is computed by summing up charge in main PMT pulse for all responses with

in-time pulses that pass threshold. Double-pulses are not counted in total charge.

Error on the gain can be determined from calibration data discussed in section D.3.

Charge Resolution: Charge resolution, �q, is determined by extracting the

width of the one photo-electron peak also derived from possion statistics. Equa-

tion D.3 is the width of the one PE peak in terms of � and the total charge, as

determined for the gain calculation. See section D.5 for a derivation of equation D.3.

�21pe =

 �
Q2
tot

N

�
�
�
Qtot

N

�2
!�

1� e��

�

�
+

�
1� e��

�

Qtot

N

�2� �e��

1� e��
� 1

�
(D.3)
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Figure D.10: LSND PMT timing response Figure D.11: New PMT timing response

Timing Resolution: PMT response to LED pulses is recorded from an oscillo-

scope triggered o� the LED pulses. The amount of jitter in this response corresponds

to the timing resolution. To measure this, the time the PMT pulse crosses half max

for each of the 1000 LED responses is histogram ed. Width of this distribution cor-

responds to the timing resolution of the PMT. Pre- and post-pulses are not included

in this histogram. Typical timing response histograms for new and LSND pmts are

shown in �gures D.10 and D.11. Error on the timing resolution measurements can be

determined from calibration data (see section D.3).

Double-pulsing Rate: Pre- and post-pulsing is a well-documented phenomena

with these Hamamatsu PMT's. When it occurs, the main PMT response is either

preceded or followed by another pulse or more. Pre-pulsing is though to occur when

the ejected electron from the photocathode skips the �rst dynode. Pre-pulses occur

at nearly the same time relative to the main pulse because the time it takes for

an electron to travel from one dynode to the next is �xed. Pre-pulsing occurs very

infrequently (we've seen it on four of the 1240 LSND PMTs) and can come and go.

Figures D.12 and D.13 shows a typical pre-pulse for a troubled PMT and the timing
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distribution for the same PMT. Notice the distinct �rst peak corresponding to pre-

pulses. PMT's exhibiting pre-pulsing will not be placed in the signal region in the

detector.

Post-pulsing is categorized by Hamamatsu as either early post-pulsing occurring

between 8-60 ns after the main pulse or after pulsing occurring 100 ns-16 �s after

the main pulse. We are only worried about early post-pulsing because data in the

detector is recorded in 100 ns intervals making after-pulsing an unlikely issue for

event contamination. Early post-pulsing can occur when an electron accelerated to

the �rst dynode starts a typical cascade and makes another electron jump o� the �rst

dynode. This second particle takes a trip around the inside of the PMT dome before

settling back to the �rst dynode and initiating a second cascade. This post-pulse can

occur almost on top of the main pulse to many ns afterwards. Post-pulsing can also

occur without any main pulse. Figures D.14 and D.15 show a few typical post-pulses

and �gure D.16 the timing distribution for a post-pulser. The charge comparison plot

shows total charge versus charge in the main pulse only. Data points below the line

correspond to waveforms exhibiting double-pulsing. Unlike pre-pulsers, post-pulses

are spread out in time since there is no typical time for a particle to bounce o� the

�rst dynode before initiating a second cascade.

Operating Voltage: Figures of merit for each PMT data �le for all PMTs are

determined and written to �les. A chosen gain is then set to be 16 � 106 electrons

per incoming PE as dictated by MiniBooNE electronics. All data �les from one PMT

are read in to the PMT testing analysis package and voltage at this chosen gain is

determined. Operating voltage is related to the gain by equation D.4

logG(V ) = nlog
k

n
+ nlogV (D.4)

A typical plot of gain versus test voltage for each data �le is shown in �g. D.17

Points should form a line on this log-log plot. New PMTs will have 3-4 data points



219

Figure D.12: Timing distribution for pre-

pulsing PMT

Figure D.13: Pre-pulsing behavior for the

same PMT

and LSND PMTs should have 2 corresponding to the number of LED tests taken

for each PMT. Fewer tests were performed for the LSND PMTs because these are

already somewhat understood. Operating voltage corresponding to the chosen gain

is then read o� this plot. The distribution of operating voltages at which the PMTs

will run in the detector is shown in �gure D.18

Darkrate: Once the operating voltage has been determined, the darkrate can

be studied. As previously stated, darkrate is the number of pulses larger than 3

mV in one second for a PMT that has conditioned in a light tight environment for

12� 48+ hours. PMT's should operate at a darkrate below 8 kHz in the main tank

and below 4 kHz in the veto. These levels ensure that the electronics can keep up

and that this noise does not interfere with signal. Darkrates are measured from

several hundred volts below suggested operating voltage up to operating voltage and

sometimes above. PMTs with darkrates above 8 kHz are re-tested and either improve

with more conditioning or are deemed bad. Darkrate versus voltage plots are another

indicator of PMT quality. These plots, called plateau plots, are shown in �gures D.19
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Figure D.14: Timing distribution for post-

pulsing behavior

Figure D.15: Post-pulsing behavior for the

same PMT

and D.20 for a new and LSND PMT.

PMTs should operate where they are stable { on the plateau on these plots. For

the new PMT shown, this is very clearly at about 1550 V and above. The LSND

PMTs, like the one shown, tend to have a really wimpy plateau. They are considered

OK if operating voltage is on a steady, not a steep rise. PMTs that have a large slope

on their plateau plot are re-tested or deemed bad.

D.1.3 Categorizing Photomultiplier Tubes

Threshold cuts:

Once all PMT data �les are analyzed and a speci�c �le corresponding to a set gain

is chosen, the PMT is categorized for placement in the tank. There are four possible

categories in the main tank each populated equally, and one category in the veto.

PMTs must �rst pass threshold cuts in order to go in the detector at all, and are then

categorized according to their charge and timing resolution. Threshold cuts along
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Figure D.16: Timing distribution for a double-pulsing PMT

with PMTs passing each cut, are listed below:

� Average number of PEs seen during test. Fig. D.21 shows light levels each PMT

saw.

{ LSND PMT: :5 << PEs >< 1:5

{ New PMT : :5 << PEs >< 2:0

PMTs tested with light levels below :5 PEs are individually checked and either

accepted or re-tested.

� Darkrate.

{ Main tank : < 8 kHz

{ Veto Region: < 4 kHz

Darkrates are set to accomadate electronics and to keep noise levels well below

signal as shown in �gure D.22.

� Darkrate slope (to ensure we are on the plateau): < 50.



222

Voltage Versus Gain for a Typical New PMT
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Figure D.17: Operating voltage versus gain on a log-log plot. The line �t points

correspond to the best �t to the PMT measurements.

� Double-pulsing rate

{ LSND PMT: < 3%

{ New PMT : < 6%

Hamamatsu reports that R5912 PMTs are expected to double-pulse 3% of the

time. Based on this, we originally set the double-pulsing cut for new and old

PMTs to 3%. We found many new PMTs did not pass this cut and would have

to be re-tested. Because of the large number of re-tests, we started by studying

the double-pulsing rate as a function of conditioning time on a subset of these

PMTs with double-pulsing rates as high as 6%. For all new PMTs studied,

darkrate decreased continually as PMT continued to condition until darkrate

fell below 3%. Based on these results, we set a double-pulsing rate limit of 6%
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Operating Voltages

N
um

be
r 

of
 P

M
T

s

Figure D.18: Distribution of operating voltages for PMTs in the detector

for the new PMTs. These PMTs will have plenty of conditioning time in the

tank to decrease their double-pulsing rates. LSND pmts have been conditioning

for 6 years in the LSND tank which explains their quieter double-pulsing rates.

Any LSND PMTs with double-pulsing rates above 3% are checked individually.

PMTs deemed adequate are considered for placement in the main tank. PMTs

deemed noisy but otherwise good are considered for placement in the veto.

� Variance in Voltage versus gain �t: < :001

The goodness of the line �t for the new PMTs must be below 0:001 in order

for the data �les to be accepted otherwise the PMT is inspected individually

and placed in the detector or re-tested. The value of 0:001 was determined by

looking at the PMTs voltage versus gain plots with the worst �ts to see that

the error was less than the error in the gain measurement. See calibration data

section for discussion of error on gain measurement. Goodness of the �t for
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Figure D.19: LSND pmt plateau plot
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Figure D.20: NEW pmt plateau plot

LSND PMT voltage plots is not considered as there are only two points on

these plots.

� Timing Resolution: :8 < �t < 2:3

Threshold cuts on timing resolution remove data points that are physically

unlikely and probably the result of a corrupted data �le. PMT data �les are

�xed or PMTs are re-tested if necessary.

� Charge resolution: :1 < �q < 5:8

As in the case of the timing resolution threshold cut, charge resolution threshold

cut removes only data �les with physically unlikely values. PMT data �les are

�xed or PMT's are re-tested if necessary.

Quality cuts:

Once these threshold cuts are passed, PMTs are categorized according to the value

of their charge and timing resolutions added in quadrature (�q;t). The cuts on this

�gure of merit are determined so that there are approximately 320 PMTs in each of
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Light Levels seen by PMTs under test
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Figure D.21: Distribution of light levels in PEs at which each PMT was tested.

the categories 1-4, and 240 in the veto category. Again, veto PMTs are just category 4

PMTs with darkrates below 4 kHz. Fig. D.27 shows PMTs split by category according

to �q;t.
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Distribution of darkrates
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Figure D.22: Distribution of darkrates in the main tank and the veto.
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Figure D.23: Dsitributiong of PMT double-pulsing rates.
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Variance on fit of voltage versus gain plot
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Figure D.24: Variance on line �t to voltage versus gain.
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Figure D.25: Distribution of PMT time resolutions.
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Distribution of charge resolutions
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Figure D.26: Distribution of PMT charge resolutions.
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Figure D.27: PMT timing and charge resolution added in quadrature.
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Figure D.28: Distribution by category of each PMT in the detector. Di�erent cate-

gories are indicated by di�erent colors. Please see [14] for a version of this picture in

color.

D.2 Photomultiplier Tube Distribution in the De-

tector

Once categorized, PMTs are distributed randomly, category by category, around the

main detector. Since there is only one category in the veto, these PMTs are simply

assigned a space according to the list. Finally, we check by eye to make sure that

there are no unusually high groupings of category one PMTs in any section of the

detector. Categories 2-4 are enough a like that bunches of each in any one place are

not very worrisome. PMT location and other detector information is then added to

each PMT entry in the database. Figure D.28 shows the distribution of PMTs by

category in the main tank.
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Figure D.29: Gain spread from rover PMT

measurements.

Figure D.30: Charge resolution spread

from rover PMT measurements.

D.3 Calibration Data

Calibration data taken at the New Muon Lab is used to make sure the system is

working properly as well as to determine errors on the measurements. Calibration

data taken at Lab E can be used to investigate any oddities in the data for PMTs

tested there.

The rover PMT data from the New Muon Lab can give us errors on the gain

measurement, the charge and timing resolution measurements, and the double-pulsing

measurements. The error on each of these corresponds to the width of the distribution

of measurements at each location. Figures D.29, D.30, D.31,and D.32 show these

distributions and Table D.1 lists the corresponding errors on these measurements.

Both the rover and the permanent PMT can provide information on the stability

of the test setup from position to position as well as from day to day. The range

of light levels at di�erent positions in the wine-rack varies from .5 PEs to 1.5 PEs

as shown using the rover data while the amount of light at the same location has
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Figure D.31: Timing resolution from rover

PMT.

Figure D.32: Double Pulsing % from rover

PMT.

Table D.1: Errors on PMT �gures of merit as determined from calibration data

gain 0.19

charge resolution 0.34

timing resolution 0.13

double-pulsing percentage 0.60

remained constant over time as shown (BTF: insert �gure) using the permanent PMT.

Darkrates decrease as a function of conditioning time. This is most clearly seen

by the steady decrease in darkrate on the rover PMT as a function of date, or rather,

increasing conditioning time. Figure D.33 shows the steady decrease in darkrate of

the rover PMT as it moved from positon to position over time. Also shown are the

average light level seen by the PMT, the gain and the charge resolution at di�erent

locations in the winerack. All three of these are relatively constant except for the

measurment at position 18. This information helped to understand the error on our
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Figure D.33: The rover PMT response as a function of position and time in the

winerack. The rover started out in position 1 and moved up one position in the

winerack each time a new batch of PMTs was tested. Average light level the PMT

saw depictd by the \rj < pes >" line. Gain is indicated by the \PH (1pe)" line,

darkrate by the \Noise (kHz)" line, and charge resolution by the \SigQ (1pe)" line.

measurements as well as to track any changes in the winerack as a function of time.

D.4 Potting and Installation

Once PMTS were tested and assigned to a location in the tank, they were stored

until installation. Approximately two weeks prior to installation, PMTs were removed

from storage, prepped in a clean room in Lab E, and transported to the detector for

installation. Prepping the PMTs involved:

� Cleaning each PMT with slightly soapy de-ionized water (Dawn dish soap used
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as detergent) and rinsing each in clean, de-ionized water bath

� Repairing LSND PMT stands and putting new stands on new PMTs

� Dipping each PMT up to the top of the neck in Masterbond to seal the elec-

tronics from the mineral oil and prevent light emission from the next

� Painting Masterbond over metal arms to aÆx arms to PMT neck

� Storing PMT until Masterbond drys and PMT is ready for installation

PMTs were then transported to the detector and installed along with the inner

sphere, row by row.

PMT installation was completed in August of 2001. Figure D.34 shows PMTs

after installation from the reection of all PMTs in one PMT in the detector. A

beautiful sight!
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Figure D.34: MiniBooNE collaborator Peter Meyers in the reection of the inside of

the tank as reected from the face of one PMT.
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D.5 Derivation of Charge Resolution Function

Width of 1 PE Peak The number of photoelectrons produced in a phototube follows

a Poisson distribution:

P (n) =
�n

n!
e��

where � is the average number of photoelectrons (PEs). This distribution is normal-

ized since:
1X
n=0

P (n) =
1X
n=0

�n

n!
e�� = e��

1X
n=0

�n

n!
= e��e� = 1:

The average of this distribution is given by:

hni0 =
P1

n=0 nP (n)P1
n=0 P (n)

=

P1
n=0

n�n

n!
e��

1

= �e��
1X
n=1

�n�1

(n� 1)!

= �e��
1X
n=0

�n

(n)!

= �e��e�

= �

and the second moment is given by:



n2
�
0
=

1X
n=0

n2P (n)

=
1X
n=0

n2�n

n!
e��

= �e��
1X
n=1

n�n�1

(n� 1)!

= �e��
1X
n=0

(n+ 1)�n

n!

= �e��
 1X
n=0

n�n

n!
+

1X
n=0

�n

n!

!
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= �e��(�+ 1)e�

= �(�+ 1)

Thus the sigma of the distribution is given by:

�0 =
q
hn2i � hni2

=
p
�(�+ 1)� �2

=
p
�

Going through the same derivations for the situation where you ignore the the events

with no photoelectrons give:

hni1 =
�

1� e��

n2
�
1
=
�(�+ 1)

1� e��

�1 =

s
�

1� e��
� �2e��

(1� e��)2
:

The limits for small n and large n are:

lim
�!0

hni1 = 1

lim
�!0

�1 = 0

lim
�!1

hni1 = �

lim
�!1

�1 =
p
�

The above assumes that the distribution for the photon electrons average at n and

have zero width. If, instead, we assume that the distributions are still centered on n

but have a width �(n) =
p
n�pe. With this assumption, the above averages do not
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change but the second moments become:



n2
�
0
= �(�+ 1) + ��2pe

�20 = �
�
1 + �2pe

�
�21 =

�
�
(1� e��)

�
1 + �2pe

�� �e��
�

(1� e��)2

Limits for small and large numbers of PEs are:

lim
�!0

�21 = �2pe +
1+�2pe
2

�

lim
�!1

�21 = �
�
1 + �2pe

�
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PHOTOMULTIPLIER TUBE
R5912

Information furnished by HAMAMATSU is believed to be reliable. However, no responsibility is assumed for possible inaccuracies or omissions. Specifications are 
subject to change without notice. No patent rights are granted to any of the circuits described herein.   © 1998 Hamamatsu Photonics K.K.

Subject to local technical requirements and regulations, availability of products included in this promotional material may vary.  Please consult with our sales office.

GENERAL
Parameter Description/Value Unit

Spectral Response
Wavelength of Maximum Response

Photocathode

Window Material

Dynode

Direct Interelectrode
Capacitances (Approx.)
Base
Weight
Suitable Socket

nm
nm
—

cm2 Typ.
—
—
—
pF
pF
—
g
—

300 to 650
420

Bialkali
530 (Min. 450)

Borosilicate glass
Box and Line

10
3
7

20-pin base JEDEC B20-102
Approx. 720

E678-20A (supplied)

Material
Effective Area

Structure
Number of Stages
Anode to Last Dynode
Anode to All Other Dynode

CHARACTERISTICS (at 25°C)
Parameter Min. Unit

Cathode Sensitivity

Anode Sensitivity
 
1)

Gain 1)

Supply Voltage for Gain of 107

Anode Dark Current (after 30min. storage in darkness) 1)

Dark Count (after dark condition for 15 hours) 1)

Time Response 1)

Pre Pulse 4)

Late Pulse 3)

After Pulse 3)

Single Photoelectron
    

Pulse Linearity 2)

    Magnetic characteristics
       (at 200mG/20µT)

Luminous (2856K)
Radiant at 420nm
Blue (CS 5-58 filter)
Quantum Efficiency at 390nm
Luminous (2856K)
Radiant at 420nm

Anode Pulse Rise Time
Electron Transit Time
Transit Time Spread (FWHM) 3)

4ns to 20ns before Main pulse
8ns to 60ns after Main pulse
100ns to 16µns after Main pulse
PHD (Peak to Valley Ratio)
at ±2% Deviation
at ±5% Deviation

Sensitivity Degradation

—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—
—

—

70
72
9.0
22
700

7.2 × 105

1.0 × 107

1500
50
4

3.8
55
2.4
0.5
1.5
2

2.5
60
80

10

µA/lm
mA/W

µA/lm-b
%

A/lm
A/W
—
V
nA

kcps
ns
ns
ns
%
%
%
—
mA
mA

%

—
—
—
—
—
—
—

1800
700
8
—
—
—
2
3
10
—
—
—

—

Typ. Max.

1) Measured with the condition  shown in the Table 1.           2) Measured with the condition  shown in the Table 2.
3) Measured with 0.25 photoelectrons detection threshold (at single photoelectron/ event).
4) Measured with 0.25 photoelectrons detection threshold (at 50 photoelectron/ event).

APPLICATIONS
    For High Energy Physics
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Figure 1: Typical Spectral Response

TPMHB0580EA

PHOTOMULTIPLIER TUBE R5912

Figure 2: Typical Gain Caracteristic

TPMHB0228EB

MAXIMUM RATINGS (Absolute Maximum Values)

Supply Voltage: 1500Vdc, K: Cathode, Dy: Dynode, P: Anode, F: Focus

Table 1: VOLTAGE DISTRIBUTION RATIO AND SUPPLY VOLTAGE

Parameter Value Unit

Supply Voltage

Average Anode Current
Average Cathode Current
Ambient Temperature
Presure

1800
300
0.1
100

-60 to +50
7

Vdc
V

mA
nA
°C
atm

Between Anode and Cathode
Between Anode and Last Dynode

Electrodes
Ratio

K F1
0.6

Dy2
0

Dy1
11.3

F2 F3
0

Dy3
3.4

Dy4
5

Dy5
3.33

Dy6
1.67

0.6 011.3 0 3.4 5 3.33 1.67

Dy7
1

Dy8
1

Dy9
1 1 1

Dy10
1

P

K F1 Dy2Dy1 F2 F3 Dy3 Dy4 Dy5 Dy6 Dy7 Dy8 Dy9 Dy10 P

Supply Voltage: 1500Vdc, K: Cathode, Dy: Dynode, P: Anode, F: Focus

Table 2: TAPERED VOLTAGE DISTRIBUTION RATIO FOR LINEARITY MEASUREMENT
Electrodes
Ratio
Capacitors in µF

1 1.2 1.5 2.2 3 2.4
0.01 0.01 0.01

500 1000 1500 2000
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Figure 3: Pulse Height Distribution

TPMHB0233EB

Figure 4: Transit Time Spread

TPMHB0226EC
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Figure 5: Typical Time Response
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HAMAMATSU  PHOTONICS  K.K., Electoron Tube Center 
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PHOTOMULTIPLIER TUBE R5912

Figure 6: Dimensional Outline and Voltage Divider (Unit: mm)
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