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ABSTRACT

We report results from the analysis of wrong sign muon(WSM) events
in deep inelastic v, N and v, N scattering with the NuTeV experiment at
the Fermi National Accelerator Laboratory. These measurements are made
possible by the high-purity NuTeV sign-selected beams. Using the anti-
neutrino mode (WSM) sample we extract the normalizations for all known
sources of beam impurities. The corrected charm production at the target
measures the cross section, 04 p_yce = 49.3 &= 11 = 5.6 p1b, using linear atomic
mass dependence. Using a boson-gluon fusion model and the neutrino mode
WSM sample open neutral current charm production in neutrino scattering
has been observed, and the charm mass is determined to be m, = 1.401“8:%2 +
0.26 GeV/c?. The average energy of neutrinos which produce a pair of
charm quarks is 154 GeV, and at this energy the cross section is o, Nz =
(2.1471-1%)x 1071 fb. A search for Flavor-Changing Neutral-Current (FCNC)
production of bottom and charm has demonstrated a new method of placing

limits on FCNC. These limits are of comparable sensitivity to the current

best limits, and effectivly limit other decay modes.
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Chapter 1

Introduction

NuTeV is a third generation deep-inelastic scattering(DIS) neutrino exper-
iment. One of NuTeV’s major improvements over previous experiments is
the use of a high purity sign selected beam. The selected sign of the hadrons
determine if they will produce a v or an 7; positive for v, and negative for
7. The sign-selected quadrapole-train(SSQT) has a rate of about 1073 7(v)

events in v-mode(7-mode)

The purity of the beam allows us to look for wrong sign muons(WSMs).
In v-mode, we expect events with a 1~ so a single muon event with a u* is a
WSM. Similarly, a single 4~ appearing while running in 7-mode is a WSM.
Wrong sign muons come from a variety of sources. The most interesting
conventional source is neutral current charm production. An unconventional
source would be production of charm or bottom from the flavor-changing

neutral-current(FCNC) process v+u —v+corv+d — v +b.

The first case we examine is production of a charm anti-charm(c¢) pair
through gluon-boson fusion, which will be described in Sec. 2.5. This anal-

ysis starts with the ansatz that there is no inirinsic charm in the nucleon,



and that all charm is due to gluon-boson fusion. The case of single charm
production via a neutral current exchange is not allowed in the Standard

Model(SM) of electroweak physics and will be discussed further in Sec. 2.5.

No one has ever observed neutral current open charm production in
neutrino interactions. In gluon-boson fusion the charm mass suppresses the
production of neutral current charm by a factor of ~ 1 — 4m?/3, where
V5 is the effective neutrino-gluon center-of-mass energy. For this reason, it
should be possible to measure the charm mass in neutral current interactions.
One can test whether the charm mass will be the same as the value mea-
sured in charged current charm production, 1.31 + .24 GeV/c? at leading
order(LO)[29] and 1.704.19 GeV/c? at Next-to-Leading order(NLO)[32]).
One can also determine whether the NC charm mass is the same as the
value extracted from charmonium spectroscopy(values in the range of 1.33
GeV/c? to 1.54 GeV/c?)[33, 34, 35] and photon-gluon fusion. Differences in
the charm mass might point to new physics; such as flavor-changing neutral
currents, intrinsic charm, or an additional mechanism for charm production
not covered by our model. Since the only external input to the gluon-boson
fusion model is the gluon distribution, the WSM event rate may also con-

strain this distribution.

The remainder of this thesis is organized as follows: Chapter two gives
an introduction to the physics. Chapter three describes the experimental
apparatus. Chapter four discusses data reconstruction and event selection.
Chapter five describes simulations used for backgrounds and signal sources.
Chapter six discusses the fit to v-mode beam impurities. Chapter seven
gives the results of the m, measurement and the cross section o, n_czx-
Chapter eight gives the results of the FCNC analysis. Chapter nine gives
some concluding remarks. Details of the neutral current charm cross section

and the beam simulation are included in Appendices A and B, respectively.



Chapter 2

Theoretical Motivation

2.1 The Standard Model

The Standard Model(SM) is a description of the fundamental particles and
fields in nature. The model includes four forces: strong, electromagnetic,
weak, and gravitational. The electromagnetic and weak forces have been
combined into a common electroweak force [2, 4]. The dynamics of each
force are determined by an underlying gauge symmetry[1l]: SU(3)-color for
the strong interaction, SU(2) weak isospin for the weak force, and U(1)
charge symmetry for the electromagnetic force. Collectively the theory obeys
an SU(3) ® SU(2) ® U(1) symmetry. Forces are propagated through fields
of bosons. The strong force is propagated by eight types of gluons(g), and
the electroweak force is propagated by the photon (), Z°, and W*.

The fundamental fermions of the SM are given in Table 2.1. Fermions are
divided into two types, leptons and quarks. Quarks combine to form all the
hadrons one finds in the world. Quarks are held together by the strong nu-
clear force, which is explained by the theory of quantum chromodynamics(QCD)[5,
6]. QCD is a three charge force. The three charges are usually given the



Table 2.1: The particles of the standard model

Type First Second Third Strong EM Weak
Generation Generation Generation Charge
Quarks up(u) charm(c) top(t) Y Y Y
down(d) strange(s) bottom(b) Y Y Y
Leptons | electron(e) muon(p) tau(7) N Y Y
e-neutrino(v,) | p-neutrino(v,) | 7-neutrino(v;) N N Y

names red, green and blue. According to QCD, in order for a particle to
exist it must be color neutral, or, more formally, it must belong to a singlet
of SU(3). The simplest two types of color neutral particles are mesons and
baryons. A meson, composed of a quark and an anti-quark, is the singlet
of 3 ® 3. It can be thought of as color neutral because the anti-quark has
the anti-color of the quark. A baryon, composed of three quarks or three
anti-quarks, is the singlet of 3 ® 3 ® 3. It can be thought of as color neutral

because red + blue + green =white.

2.2 Neutrino Interactions

This experiment uses neutrino and anti-neutrino beams to study the forces
of nature and the structure of matter. Neutrinos are utilized because, as
point-like particles, they interact in a way that is well understood. Neutri-
nos interact through exchange of a W= or a Z°. When the interaction is
through the W* the neutrino transforms into a charged lepton of the same
generation, and this is referred to as a charged current(CC) event. When
the interaction is through the Z° the neutrino stays a neutrino; this is a
neutral current(NC) event. This section will introduce the kinematics of a

charged current event, and of charged current charm production. As will be




apparent, an immediate drawback of neutrinos is that for neutral current

interactions it is impossible to reconstruct the kinematics of each event.

2.2.1 Charged Current Kinematics

The Feynman diagram for a charged current(CC) event is shown in Fig. 2.1.
The four-momenta for the incoming v(k) and quark(zP), and the outgoing
w(k") are labeled. For CC events, four variables are measured: the hadron
energy (Epqq), the muon energy (E,), and the angles of the muon (6,,4,).
From these parameters, one can determine the neutrino’s energy (E,) and

the kinematics of the interaction.

v (V)

Figure 2.1: Kinematics of Neutrino Nucleon Scattering.

The four-momenta of the lepton and hadron in the lab frame are, explic-
itly:
k= (E,,0,0,E,) (2.1)

k' = (E,,p,sinb, cos ¢, p,sinb, sin g, p, cosb,,)
P =(M,0,0,0)

PP=P+q=P+ (k—F)



These equations enable one to determine the squared momentum transfer to
the hadronic system (Q?), the fraction of momentum carried by the struck

parton (x), and the inelasticity (y).

Q*=—¢* = (k- k) =m?+2E,(E, — pucosb,) (2.2)
2 2
e (2.3)
2P - q 2MEhad
P-q  Epag
= = 2.4
V=P k" &, (2.4)

2.2.2 Charged Current Charm Production

The charged current data sample contains a small number of events with
two oppositely charged muons. Almost all of these dimuons arise from the
charged current charm production process shown in Fig. 2.2. There is a
small additional contribution to the dimuon sample due to a w or K in
the hadronic shower of a CC event decaying before it interacts hadronically

(r/K decay).

Figure 2.2: Kinematics of charged current charm production.

Charged current charm production takes place when a W boson interacts

with a strange quark. It also happens when the W interacts with a down



quark, however this is suppressed by the V.4 matrix element(see Sec. 2.5.1).

2.3 The Parton Model and QCD

One calculates the cross section using Fermi’s Golden Rule:

2 | M2
_ AT
do d T

(2.5)

where dI' is the phase space factor, ® is the flux, and |M|? is the squared
matrix element. The matrix element squared is the probability of transition
from the initial state to the final state. Feynman rules describe in detail
how to find the matrix element[6] in terms of a leptonic current coupled to a
hadronic current through a propagator. For neutrino nucleon scattering, the
propagator and lepton current are well understood; however, the hadronic
current must be empirically determined. When the matrix is squared the
hadronic term can be represented by a tensor W%, constructed from p# and

g". The most general tensor that satisfies Lorentz invariance is of the form:

W- W- W.
ng — ngull_i_ﬁ;puqu__igeuuaﬂpapﬁ_i__élquqy_i_w%

pHp” + q"p” ip“p” —q'p”
oM M2

IV +Ws e ,
(2.6)
where the W’s are functions of ¢2,q - P, and Mg, "8 is the totally anti-

symmetric Tensor, and g"” is the relativistic metric. W4,W5, and Wg only
contribute to the cross section at the order of the lepton mass, so one neglects

them at high energies. Contracting L,, W#" in the high energy limit yields:

0 0 E,+E 0
L,W" =2E,E, {2 sin? E“W1 + 00327”W2 F W3M sin? —”} :

M 2
(2.7)



2.3.1 The Parton Model

The parton model begins by imagining a frame of reference in which the
proton is moving ultra-relativistically; this is known as the infinite momen-
tum frame. In this frame, the mass of the proton is negligible. Now, assume
that the proton is built of a number of parts(partons). In this frame, the
partons are all traveling at the speed of light, and collinear with the proton.

The struck parton’s final momentum obeys:
(zP 4+ ¢q)? =m? =0, (2.8)

22P? 4+ 22P - q+¢* = 0. (2.9)

Because z2P? <« —¢?, Eq. 2.9 simplifies to:

. _q2 _ QZ
2P-q 2Mv’

(2.10)

The relationship between ¢ and P - ¢ was predicted by Bjorken [7]. This
hypothesis presents the idea that as ¢> — oo and v — oo the structure
functions remain finite; so they must depend only on the ratio of these two

quantities. With this observation the cross section is usually rewritten as:

2o’ GLME V@) (1) 4 Y @ Y\ pr®
i (1—y)Fy " (z) + ?2:1:}71 (x) £y (1 — 5) zFy 7 (x)] .

(2.11)

In the parton model, one considers scattering of neutrinos by free quarks,
anti-quarks and gluons. Neutrinos always have left-handed helicity, and they
only interact with left-handed particles or right handed anti-particles. In the
center of mass frame, the neutrino collides head on with the parton. The
neutrino-quark system forms a spin 0 state, and is thus spherically sym-
metric. The neutrino-anti-quark system forms a spin 1 state, and thus has

a (W) cross section dependence. In the case of a neutrino interacting



with a spin 0 particle (should such a particle exist in the nucleon), one ac-
quires an additional 2 cos % term in the cross section. Since 6* is related to

y by the relation:

| —ue 1+ cos 6*
YT
one finds:
vq vq 2
do :da :G’Fs, (2.12)
dy dy s
do?  do"  G%s 9
= = 1— 2.13
do'*  do™*  GZ%s
= =1y (214)

One define ¢(z, Q?),q(x, Q?), k(z,Q?) to be the probability of finding
a particle of the appropriate type with fractional momentum x inside the

nucleon. This leads to the neutrino nucleon cross-section:

d?ovN G%zs

dedy — w

[a(z) + q() (1 = y)* + k(2)2(1 - y)], (2.15)

d?o"N  G?zs

dedy — w

[a(2)(1 = y)* + q(z) + k(2)2(1 - y)]. (2.16)

Comparing to Eq. 2.11, one can make the identifications:
2¢F) = zq(z) + zq(x), (2.17)

Fy = zq(z) + xq(z) + 2k(x),

xF3 = xq(z) — zq(x).

2.3.2 Asymptotic Freedom

Asymptotic freedom is the idea that when a high energy projectile scatters

off a parton, the parton recoils as if it were a free particle. In high energy



scattering, the scatter takes place on a much shorter time scale than interac-
tions among the nucleon’s constituents. Theoretical support for asymptotic
freedom can be found in the “running” of the strong coupling constant as.
The strong coupling constant runs due to diagrams like Fig. 2.3; an analo-

gous effect occurs in QED.

Figure 2.3: Gluon screening.

In electrodynamics, photon fluctuations into polarized ete™ pairs screen
the real particle’s electric charge. This effectively reduces the charge of those
particles. In QCD a similar screening effect occurs for gluon fluctuations
into ¢q pairs, but gluons also fluctuate into gluon pairs producing an anti-
screening effect. Gluon pairs effectively increase the real quarks charge so

that as ¢*> — 0, @y — oco. In leading order

2\ g (NZ)
) = Ty en i a2l )

where n is the number of colors, fis the number of flavors and p is determined

by experiment such that as(u?) < 1 to justify using perturbation theory.
Often times ay is presented in terms of Agcp where

127
1 — 2)a,(17)]

log AéCD = log pu? — i (2.19)

and

10



127
11n — 2f)log(|¢*|/Adep)

From these equations one sees that the strong force is weaker at large |¢?|

as(|q’]) = ( (2.20)

or, equivalently, short distances.

If Agep <K —q? the perturbative description of QCD is valid. When
Agep ~ ¢?, asymptotic freedom breaks down, and the parton model is not

valid. The value of Agcp is around 200 MeV[77].

2.4 The Charm Mass

Since, similar to lunch, there is no such thing as a free quark, what does
one mean when one refers to the mass of the charm quark? A naive method
to determine m,. would be to take half the pion mass as the mass of both
the up and down, then from the D meson(c#) mass one would find m, to be
~ 1.8 GeV/c?. However the A, baryon (udc) would indicate m,. should be
more like 2.1 GeV/c?, and the J/+ meson (cc) indicates 1.55 GeV/c?. This
simple model is too naive as binding energy is often more important than
the quark’s actual mass. The charm mass parameter differs depending on
what process one is studying or what model one is using. In perturbative

QCD(pQCD), however, m. can be defined consistently.

2.4.1 Charged Current Production

The mass of the charm quark in charged current charm production is known
to be in the range from 1.1 to 1.7 GeV/c?. If m, is not negligible compared
to Q%, Eq. 2.9 is not true. Instead the fraction of the momentum ¢ is
obtained by solving

P2+ 2P g+ ¢ =m? (2.21)

c?

11



which yields
2 2M2
f:x(l—l—%) (1—%). (2.22)

The substitution of x for £ in parton cross section models is, for historical
reasons, called “slow rescaling”[31]. The slow rescaling procedure has been
used to perform a number of analyses of CC charm production[32]. In a
leading order (LO) analysis of charged current charm, it is assumed that
all of the charm is produced from d and s quarks. In a next-to-leading
order(NLO) analysis charm is assumed to also come from gluon-boson fusion
process that involve ¢s or s¢ production. The LO analyses result in charm
mass measurements of 1.31 + 0.24 GeV/c?[29] or 1.79 + 0.38 GeV/c?[30],
while a NLO analysis gives 1.70 + 0.19 GeV/c? [32].

2.4.2 Charmonium

Bound states of cc are referred to as charmonium. The charmonium spec-
trum can be seen in Fig. 2.4 and is labeled in the standard spectroscopic
manner 2tT1L; where S, L and J are the intrinsic spin, orbital angular

momentum, and total angular momentum, respectively, of the cc system.

Charmonium is in first approximation a nice two body problem that
can be solved by analogy to the positronium system. For charmonium the
binding energy is an order of magnitude smaller than the charm mass, justi-
fying the use of non-relativistic formalism. The energy level spacing between
states allows one to determine m,.. A thorough discussion can be found in
the analyses of charmonium spectrum, which give values of the charm mass

from 1.33 to 1.54 GeV/c? [33, 34, 35].
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Figure 2.4: Observed charmonium spectrum.

2.4.3 Photoproduction

Collisions between a photon and nucleon can produce charm through a pro-
cess known as photon-gluon fusion as shown in Fig. 2.5. This process can
be thought of as a gluon temporarily splitting into a quark anti-quark pair

and the photon striking one of the quarks.

Photon-gluon fusion has been tested over a large range of kinematics,

from the high energies of HERA[12, 13] down to the fixed target experi-

13



Figure 2.5: Photoproduction with a virtual photon.

ments like EMC[15], FOCUS [18] and FNAL-E687[18]. HERA and EMC
use charged leptons to scatter off hadronic targets. A virtual photon, emit-
ted from the lepton, interacts with a gluon, emitted from the hadron, and
produces charm quarks. FOCUS and E687 scatter a beam of photons off

hadrons and photoproduce as shown in Fig. 2.6.

The photon-gluon cross section depends directly on the charm mass and
the gluon distribution of the nucleon. A NLO QCD analysis yields m, =
1.741 012 GeV/c?[36).

14
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Figure 2.6: Photoproduction with a real photon.

2.5 Neutral Current Charm Production

Charm can be produced in a neutral current neutrino scattering interaction
as indicated in Fig. 2.7. In this case a gluon in the nucleon temporarily splits
into a cc pair, and the Z boson interacts with one of these quarks. This is
simply the weak analog to photon-gluon fusion, with a couple of subtle
differences. The mass of the propagator(Z°) will give preference to higher
Q? interactions relative to electromagnetic probes. The other difference is
that photoproduction is purely vector, while the weak force has both a vector

and an axial vector component.

Neutral-current open charm production has been studied in both a col-

lider environment[12, 13] and in a fixed target experiment [15]. However, all

15
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Figure 2.7: Kinematics of neutral current charm production.

of these experiments used a charged lepton, and therefore they were domi-
nated by photon-gluon fusion. Our experiment uses a neutrino beam, and
thus looks exclusively at the Z boson-gluon fusion. One assumes that boson-
gluon fusion occurs in a similar fashion to photon-gluon fusion, however Z

boson-gluon fusion has not yet been observed.

In addition to demonstrating the existence of Z boson-gluon fusion, neu-
tral current charm production provides a good probe of the charm mass
(m) and the gluon distribution(g(x)). The cross section is very sensitive
to these parameters because it is basically integration of a function of m,
times the gluon distribution with integration limits of ¢ and a, where:

1

ST T amz/Q2

(2.23)

Details of the cross section calculations may be found in Ref. 11 and Ap-

pendix A.
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2.5.1 Alternative Neutral Current Charm Production

While photon-gluon fusion is the SM form of neutral-current charm pro-
duction, there are a couple of alternative forms of neutral-current charm
production. The first form allows for a intrinsic charm content of the nu-
cleon, and is a SM process. The second is FCNC production of charm, and

goes beyond the SM.

Some phenomenologists [8, 9] claim that there may be a charm sea, in
analogy to the strange sea. The strange quark is a unique situation[11].
The mass of the strange quark is much smaller than the ¢?’s we are dealing
with. However, the charm mass is about the same as the ¢2. This analysis
assumes c(z, Q%) ~ 0 in our Q? regime. This hypothesis can be checked with
our data, because an unexpectedly low m,. from gluon-boson fusion model

might imply the presence of a charm sea.

One could ask why one does not consider production of charm off the
u(z) distribution in the same way that one can produce charm off the d(z)
distribution. This type of reaction is called a flavor-changing neutral-current
and is forbidden by the Standard Model[3]. The weak eigenstates of the
down-like quarks are admixtures of the mass eigenstates of the down-like

quarks:

d Vud Vus Vub d
V=168 = Va Ves Ve s (2.24)
v Vie Vis Vi b

This is the CKM matrix which is assumed to be unitary. Because VIV =1
there are no cross terms in the NC processes and hence no flavor-changing

neutral-currents.
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2.6 Neutral Current Charm Production of Wrong

Sign Muons

It is possible to isolate the fraction of neutral-current charm events in which
a v strikes the charm quark and the charmed meson decays to a muon

because this gives a final state wrong signed muon:

vy+c—vy,+c (2.25)
— D*/D°

— ut.

Similarly one can isolate the cases of v striking charm anti-quarks and

the anti-charmed meson decaying to a muon.

Uy +C— 0y +e (2.26)

— D~ /DO

2.7 Other Sources of Wrong Sign Muons

Wrong sign muons(WSM’s) come from a variety of sources, one being the
neutral current charm described above. Other sources will be referred to as

backgrounds.

The dominate background source of WSM’s is beam impurities. Ap-
proximately 0.1% of the interactions in v-mode are from 7,s, with a similar

rate for v-mode. Beam impurities come mainly from secondary interactions
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in the beamline(“scraping”), p decay and charmed hadrons produced in the
target and dump. Charmed hadrons (D*,D° D0, and A.) decay promptly,
and produce a wide spectrum of both varieties of neutrinos. Beam impuri-
ties from charm are especially important because they reach higher energies
than v from scraping. Beam impurities also come from Ky decays, wrong
charged hadrons which decay before sign selection, and K — 37 cascade

decays ; however, these are smaller sources.

Another important background source of WSM'’s is charged current charm
production. When a dimuon is produced from CC charm production the sec-
ond muon is of the wrong charge. If the primary muon is of a low enough
energy or at a wide angle the primary muon might not be identified. In v(v)-
mode 1.9(1.3)% of the beam is v, and when these generate CC charm the
primary lepton will be an electron which will always get lost in the hadron
shower. In these cases, the event is identified as a WSM. Notice that 7/K
decay mentioned in Sec. 2.2.2 can lead to WSM’s if it creates a dimuon
where the primary muon is undetected. Pion or kaon decay can also lead to

a WSM if it occurs in a neutral-current event.

The final source of WSM’s is charge mis-measurement in the toroid.
A muon’s energy and charge can be incorrectly measured in a couple of
ways: First, if the muon suffers a hard scatter with the iron the muon may
reconstruct with a different energy or even the wrong charge. Second, the
muon can interact and produce a shower of secondary tracks which might

get used in the track reconstruction instead of the real muon track.
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Chapter 3

The Experimental Apparatus

This chapter gives a brief description of the experimental apparatus used in
conducting NuTeV(FNAL-E815). It consists of sections which describe the
beam-line, the main detector, and the calibration beam. An instrumented
“decay channel” upstream of the calorimeter also existed[14], but it is not

relevant for this analysis.

3.1 The Sign Selected Neutrino Beam

NuTeV’s beam-line is call the Sign-Selected Quadrupole Train(SSQT) [10].
Figure 3.1 shows the path which turns the Tevatron’s protons into NuTeV’s

neutrinos.

The Tevatron collides 800 GeV protons with a beryllium oxide(BeO) tar-
get. Beryllium oxide was chosen because low-Z materials are more efficient
for producing neutrinos, and BeO has good thermal and structural proper-
ties. Interaction between protons and the target produces many hadrons,

mainly pions and kaons. If operating in neutrino mode, a dipole magnet di-
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Figure 3.1: The Fermilab Tevatron and neutrino-beamline.
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rects positively charged particles down the beam line, and forces negatively
charged particles into a dump. In anti-neutrino mode positively charged par-
ticles are directed into a dump by magnets, and negatively charged particles

are directed down the beam line.

SSQT gign Selected Quadrupole Train
I >

i I — Wrong-Sign mK
DUMPED

— Protons
DUMPED

— Right-Sign 1K

ACCEPTED

Figure 3.2: The SSQT beamline.

After traveling through the magnets shown in Fig. 3.2 the beam consists
of ’s, K’s and p’s of the correct sign with momenta distributed about 250
GeV/c. This beam of secondaries travels down a 320m decay pipe in which
about 5% of them decay into a muon and a neutrino of the appropriate type.
After this comes a muon shield, known as the berm, consisting of 915m of
iron, earth and other absorbers. All muons produced in the decay pipe stop
in the berm, leaving neutrinos to arrive at the main detector. Some fraction
of the neutrinos interact in the downstream portion of the berm and the
muons from these interactions can make it to the main detector. These
muons are called straight through muons and are used for alignment and

calibration.
Neutrino interactions look similar to cosmic rays, and neutrinos interact
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very rarely. Thus, it is better to have a short-burst, high intensity beam,
rather than a less intense “slow spill”. To satisfy these requirements the
proton beam to the neutrino area has a ping structure. Over a 60 second
interval there are up to five 4 ms long pings of 10'? protons which strike
the target. The period of time during which neutrinos arrive at the main
detector is referred to as the neutrino gate, or fast gate. The rest of the
cycle is the slow gate. The slow gate is used to take calibration events and

cosmic ray events for background studies.

3.2 The Lab E Detector

The detector, shown in Fig. 3.3, weighs over 1000 tons and is approximately
3 meters tall, 3 meters across, and 28 meters long. The upstream 18 m
comprises the calorimeter target; the last 10 meters is the toroid spectrom-
eter. The calorimeter has a basic structure of one drift chamber, one sheet
of iron, a scintillation counter, two sheets of iron, a scintillation counter,
and one sheet of iron that repeats 42 times. This detector has been used
for many years, and the details of its construction can be found in several

places[39][57].

Scintillation counters are used in a calorimeter to measure the hadronic
energy (for a full discussion of calorimetry see Ref. 19). The basic principle of
a calorimeter is that primary particles interact, creating secondary particles
which will also interact, forming a shower of hadrons. The detector then
“samples” (counts the number of particles in) the shower at a number of
different places throughout the shower. The basic unit for counting is the
energy given off by one minimum ionizing particle (MIP) as it passes through

the counter. The number of particles is proportional to the energy of the
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Figure 3.3: NuTeV’s main detector.

primary particle and from this we determine the energy of the hadronic
component of the interactions energy. NuTeV’s calorimeter samples about
5% of the hadronic energy and has a hadron resolution of

87.4% o 4.38 x 1076
VE E

OF

— =0.024 3.1

& 5 (3.1)
The energy that the muon has when it enters the toroid is known as

EMUFF, which stands for E, at the front face of the toroid. This energy

is measured by the toroid spectrometer. The muon also loses energy as it

travels from the vertex to the spectrometer. The portion due to dE/dz is

reconstructed using the pulse heights measured by the counters after the

AE,rf

Eurs

shower. The toroid has a resolution of

= 11%, which is dominated by
multiple Coulomb scattering. The dE/dz is usually a small fraction of the

muons energy, and is known to much better then 11%. The results is that

Gt = 11%.

The toroid spectrometer measures the muon momentum and the charge
of the muon. A charged particle in a magnetic field bends with a radius
of curvature which is proportional to its momentum. A measure of the
radius of curvature hence determines the momentum. The polarity of the
magnets is changed to focus the type of muons that are produced by the

beam. It focuses positive muons in anti-neutrino mode and negative muons
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in neutrino mode. Note that WSM’s are always de-focused. The toroid
consists of 3 sets of toroidal magnets separated from each other by a set of
drift chambers. The chamber regions are called gaps. Of importance to this
analysis is the second gap, where, in addition to chambers, there is a large
very efficient counter called T2. T2 is part of the charged current trigger,

which will be described bellow.

The data acquisition system only reads out information from these detec-
tors when an event trips one of the triggers. NuTeV has 12 triggers to gather
neutrino data, cosmic ray data, calibration events, pedestals and other types
of events. The triggers are listed in Table 3.1; for this analysis the trigger
of importance is trigger one. Trigger one looks for charged current events
with toroid analyzed muons by searching for consecutive counters on in the

main detector and a signal in T2.

3.3 The Calibration Beam

In order to convert light from scintillators into a measure of the energy one
must know the constant of proportionality between the two. To determine
these constants (one for hadrons and another for electrons) and calibrate
the magnetic spectrometer, NuTeV constructed a calibration beam. The
calibration beam delivered beams of hadrons, electrons and muons at known

momenta over the energy range 5-200 GeV|[22].

The calibration beam layout is shown in Fig. 3.4. It consists of a number
of DC’s and dipole magnets with variable power supplies, scintillator pad-
dles, Cerenkov counter and a transition radiation detector(TRD). The DC’s

are used to track the particle. The magnets are adjusted so that particles
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Figure 3.4: The NuTeV Testbeam spectrometer.

of the correct momentum are directed to the main detector. The tracking
is used to measure the particles exact momentum in the same way that
the toroid spectrometer measured E,. Scintillator paddles shaped to detect
only particles which travel through the well understood portion of the mag-
net, generate a trigger. The Cerenkov and TRD allow one to differentiate

between electrons and pions.
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Trigger Name Requirements
e counters on upstream of toroid washer
1 Charged Current Trigger 1
e counters on in both toroid gaps
e no upstream veto
9 Neutral Current Trigger e energy deposition in calorimeter
e no upstream veto
e 1/4 MIP in each of 16 non-consecutive
3 Range-Out/Exit Trigger counters
e 4 GeV energy in any 8 adjacent counters
e no upstream veto
e shower energy
4 Charged Current Trigger 2 e hits in first cart upstream of toroid
e muon track through one toroid quad-
rafh
) Test Beam Trigger e slow spill
. . e hits in each cart and one toroid quad-
6 Straight through p Trigger
rant
8 Cosmic Ray Trigger e 40 counter muon requirement
10,11,12 Ped Triggers e No other triggers

Table 3.1: Partial NuTeV trigger list with descriptions
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Chapter 4

Data Analysis

This chapter will describe the data that is used in this analysis. It will focus

on the selection criteria.

4.1 Event Reconstruction

A typical wrong-sign muon(WSM) event is shown in Fig. 4.1; note that
the muon is bending out. A number of quantities are calculated for each
event with a muon. Quantities of primary importance are hadronic energy,
muon energy, and the angle at which the muon is emitted. Other quanti-
ties measured, such as the position of the interaction(the vertex) are mainly
important in selecting events, and they will be discussed as they are encoun-

tered in the next section.

A software package called the “cruncher” takes raw information(DC
times, counter pulse heights, etc) and calculates quantities of interest. The
cruncher also “strips” out certain types of events. One of these “strips,”

called the “wrong charge out” strip, requires a trigger 1 in fast gate that
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Figure 4.1: A typical wrong sign muon event.

passes loose fiducial volume cuts and has a toroid analyzed muon with a
charge not equal to the toroid polarity. Further selection criteria, described

below, are more restrictive than all of the requirements for the strip.

4.2 Selection Criteria

Selection criteria are chosen to reduce backgrounds in the WSM sample
and to select a region in both real space and momentum space where one
understands the response of the detector. Following are descriptions of the
selection criteria(“cuts”). Tables 4.1 and 4.2 summarize the percentage of

events which pass each cut individually and cumulatively.
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4.2.1 Fiducial Volume Definition

e 20<Place<80: Place is a variable which defines the z location of the
interaction. Place is the first of two consecutive counters with signals
consistent with 4 or more MIPs. The counters are numbered starting
with one at the front face of the toroid, and increasing to end at the
most upstream counter, 84. This cut requires that the event started
more then 4 counters downstream of the front of our detector, but at
least 19 counters upstream of the end of the detector. This insures
that interactions took place inside our detector and that the hadron

shower is contained.

o “Vertex Box”: The wvertex of the event is its transverse interaction
position. In a charged current event, it is measured by reconstructing
the muon track and following it upstream to place. The interaction
must take place more then 25 cm from the outer edges of the detector
in the transverse directions. This insures containment of the hadron

shower.

e “In Time”: The muon track must have coincidence with the hadronic

shower to within 36 ns. This suppresses cosmic ray events.

e Fitted Muon Track: The event is required to have a reconstructed
track in both the calorimeter and the toroid. The toroid track must
have a ‘good fit’, and must make it through the second gap. A ‘good
fit’ means that the code which links together track segments in the

calorimeter and each of the gaps manages to converge.

e Front Face Cut: It is required that the muon enter the front face of
the toroid within a 163 c¢m radius. This insures that the muon travels

through the region of well-understood magnetic field.
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e T2 Cut: T2 is a counter in the second gap of toroid. The T2 cut
requires that the muon passed through T2 less than 140 cm from the
center, in both x and y. This insures that the muon passes through

the active area of toroid DCs.

e 80% Time in Steel: The toroid consists of three sets of iron rings(washers).
The washers have been cut in half and have a horizontal gap of about
5 cm. It is required that while the muon passed through the toroid
it spent most(80%) of its time in the steel, and not in the gap or the
hole of the toroid.

e “Hole Cut”: This cut removes events in which the muon entered the
field-free central hole of the toroid. The hole has a radius of about 13
cm so events which are reconstructed with a front face radius of less

than 15 cm are removed.

Of the 22339 events in the WSM strip, 3497 events survive fiducial cuts.
Of these, 2364 are in v-mode and 1132 are in T-mode. The conditions

described in the following section are then imposed

4.2.2 Kinematic Cuts

e Angle: The muon’s angle must be less then 0.15 radians (6, < 0.15).
This insures that the muon travels through the toroid no matter what

PLACE value the event had.

e Hadron Energy: A minimum hadron energy of 10 GeV is required.
This suppresses cosmic rays and limits the number of beam impurity

events.

e Muon Energy: The muon energy is required to lie in the range 10 to

150 GeV. In addition E, ;s must be larger then 5 GeV. This limits the
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number of charge misidentification events.

4.2.3 Purity Cuts

e Charge: The charge of the muon must reconstruct to be the opposite

sign as expected by the beam setting.

e Single Track: Dimuon events (see Sec. 2.2.2), where only the charm-
generated muon is toroid reconstructed, form a large background. To
limit this source only events where only one track is reconstructed in

each view of the calorimeter are included.

e Misidentification: The muon’s momentum is reconstructed three times.
The first time uses only the target track and the track segment found
after the first set of washers. It is then recalculated using these seg-
ments and the track segment found in the next gap. Both of these
measurements are required to be within 25% of the measurement cal-
culated using the entire track. This procedure suppresses charge mis-

measurement.
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Cut Cumulative Percentage | Individual Percentage
Place 48.6 48.6
Vertex box 39.6 89.0
In Time 38.7 57.8
Calorimeter Track 34.0 o7.7
Front Face 28.7 86.3
T2 Cut 23.7 45.8
Time in Steel 23.3 93.7
Toroid Track 18.6 53.2
Good Track 18.0 71.9
Two Gaps 17.9 51.0
Hole cut 17.2 94.0

Table 4.1: “Individual percentage” denotes data events passing each listed
fiducial cut separately. “Cumulative percentage” refers to the percentage of

events which pass all previous cuts.

mode v-mode v-mode
Cut Cumulative | Individual | Cumulative | Individual

Theta 99.7 99.7 99.4 99.4
Hadron Energy 72.3 72.6 56.4 56.6
Muon Energy 64.4 89.2 01.3 92.6
Charge 64.0 99.4 50.9 99.3
Dimuon 30.9 63.1 37.5 81.5
Misidentification 22.0 52.3 33.1 45.2

Table 4.2: “Individual percentage” denotes data events passing each listed
fiducial cut separately. “Cumulative percentage” refers to the percentage of

events which pass all previous cuts.
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Chapter 5

Signal and Background

Simulation

As mentioned earlier, there are four significant background sources of WSM’s.
The two dominant ones are beam impurities and incompletely reconstructed
charged current charm production. Two lesser backgrounds are charge
misidentification and 7/K decay events. The fractions of WSM’s due to
individual sources are shown in Table 5.1. This chapter explains how these

backgrounds and the neutral current charm signal are simulated.

NuTeV uses a fast, parametric monte carlo(MC) simulation called Nu-
monte for most neutrino event generation. Numonte contains a consistent
leading order(LO) and next-to-leading order (NLO) cross section model.
Numonte does not reconstruct simulated events, but instead “smears” the
distributions of observables using parameterizations. The “smearing” al-
gorithms are based on calibration and straight-through muon data. This
allows Numonte to run quickly; and, for this reason, it is often called the

fast monte carlo.
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NuTeV also has a “hit level” monte carlo called McNuTeV, which is
based on the GEANT simulation package[26]. For this analysis, Numonte
was used to generate the kinematics of events. These generated quantities
were then written to a file that McNuTeV read in and processed. Mec-
NuTeV’s output is in the same format as the raw data produced by the

detector. This output is then “crunched” like the real data.

The fraction of WSM’s due to each source is given in Table 5.1.

Source v-mode | v-mode
Beam Impurity 68% 83%
Charged Current Charm 19% 8%
Charge Misidentification 4% 5%
Neutral Current Charm 6% 2%
Neutral Current 7/K decay 1% 1%
Charged Current 7/K decay 1% 1%

Table 5.1: Percentage of sources of WSM’s in each mode.

5.1 Neutral Current Charm

Neutral current charm is simulated using the cross section for boson-gluon
fusion from Ref. 11 implemented in Numonte. Details are found in both Ref.
11 and Appendix A. The gluon distribution, the only external information
needed by this cross section, is obtained from the GRV94 parton distribution

set.

It is also necessary to implement a fragmentation model of the cc system
into mesons or baryons, and a decay model of the charmed hadrons into

muons. These models consist of the following steps:
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Figure 5.1: The simulated cos 8* distribution for the ¢ quark.
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Determine the angle of the cc with respect to the neutrino direction.

Determine which meson or baryon will form from each quark.

Determine the momentum of each charm meson/baryon.

Decay both hadrons.

The polar angle of the ¢ quark with respect to the Z° direction in the
center of mass, of the ¢ — Z° frame is called #*. The distribution of cos 6*
used for charm fragmentation is shown in Fig. 5.1. This distribution was
calculated from gluon-boson fusion production of charm[40]. It is assumed
that the azimuthal angular distribution is flat about the Z° direction. The
meson or baryon type is determined based on a reanalysis of a neutrino

emulsion experiment[41].

The maximum momentum available to the forward-going charm hadron

in the g — Z° frame is

. w2
Hmea:v“ = T - Mi%adron? (51)

where W? is the invariant mass of the hadronic system:
W2 =M?+2ME}.q — Q7.

The situation which gives the backward going hadron the most momentum

is the one where the nucleon doesn’t break up. In this case one finds

1 Pomazll = (\/ Prmaz — 70 * Mnucleon)Z- (5.2)

The distribution of the fraction of available momentum carried by a
charmed hadron, Z, has been measured and fitted to several parameterizations[37,
38]. The functional form of this distributions is called a fragmentation func-

tion. The Collins-Spiller fragmentation function[37] is used in this analysis
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and input of €e=0.81, and returns Z. The functions form is:

1-7 2-Z 1

D(z) = {T—l—e(ﬁ)] x (14 Z?) x [ p——rs (5.3)

The absolute value of momentum is then P = Py,,,,Z. The angles above
then determine all the momentum components in the g — Z° center-of-mass

frame.

The charmed hadrons are boosted back to the lab frame and allowed
to decay. The decay routine formalism is based on Ref. 42 and 43. The
form factors used are from measurements by FNAL-E791[44, 45, 46] for
both pseudoscalar and vector meson decays. The decays modelled include
Dt — K%*v,, DY — K~ntu*y, (both resonant K** and nonresonant),
Dt — #u*y,, DY — p°%utv,, D - K ptv,, D — K7 uty, (both
resonant K*~ and nonresonant), D¥ — n~utv,, Df — nuty,, Df —
n'uwtv,, DF = ¢ptv,, and Df — $uty,. One of the two charmed hadrons
is forced to decay into a muon, and the probability for decay into a muon is

included in the event weight.

5.2 Beam Impurities

Beam impurities are the largest source of WSM’s, thus a flux model that
properly included beam impurities is essential. To implement this it is
necessary to have a good simulation of the beam line. All previous flux
models used by NuTeV had been determined by the simulation package
TURTLE[27]. TURTLE uses geometric magnetic optics to trace trajectories
of particles to their decay point. This procedure works well for determining
neutrinos of the right type; however, wrong type neutrinos due to scraping,

muon decay, and K — 37 cascade decays cannot be generated in TURTLE.
To handle the wrong-sign flux, a GEANT-based simulation of the beam-
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line is used. The production of secondaries at the target uses a model
developed by Malensek[20] using Atherton’s data[21]. This model is also
used for secondary production in the TURTLE flux. GEANT then trans-
ports secondaries through the beam line, allowing the particles to decay or
interact with material in the beamline. Hadronic interactions are handled

by the GHEISA[24] package.

The flux produced with this simulation is used to generate the back-
grounds for this analysis, except for the dimuons, where it is desirable to
use the dimuon sample used in the dimuon analysis. However, since the
right sign flux from TURTLE and GEANT agree to the percent level this
should be sufficient. This flux is fed to Numonte, and a sample of beam
impurity events is generated. These events are run through McNuTeV and
crunched. In order to actually be a background the event must pass the

same cuts as the data.

v-mode v-mode
Ev >20 GeV 40 GeV | Ev >20 GeV 40 GeV

scrape 53% 46% 24% 17%
charm 10% 15% 25% 33%
K? 12% 10% 16% 13%
other prompt | 9% 8% 22% 19%
muon decay | 11% 19% 11% 17%
K —spi 5% 2% 2% 1%

Table 5.2: The percentage for each beam impurity source.

In v(¥)-mode approximately 68%(83%) of WSM’s are from beam im-
purities. Beam impurities are further divided into specific sources in Table

5.2.
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5.3 Charged Current Charm

Charged current charm (dimuons) forms the next largest background. The
dimuon sample was generated using a LO cross section model with param-
eters extracted from CCFR[29] which have been corroborated by a prelim-
inary NuTeV analysis [28]. Charm quarks were fragmented into charmed
mesons using the Collins-Spiller fragmentation function[37] with hardness
parameter €=0.81. The assumed charm semi-muonic branching ratio was

10.9%. The charm quark mass for dimuons was taken to be 1.32 GeV/c?.

Figure 5.2 shows Y,;s = #ﬁ%z for dimuons in v-mode, where both
muons are toroid analyzed. E,o is the muon with the wrong sign for the
beam. The distribution of Yj;; for dimuons which reconstruct as WSM’s
would be similar. The y? of 19 for 17 degrees of freedom between data
and MC for this distribution lends confidence to simulation of the dimuon

background. This agreement also gives us confidence in the fragmentation

model which is also used for the neutral current charm simulation.

One source of charged current charm events that does not have any
acceptance issues is CC charm from v.s. About 1% of the beam is v,s. This

source results in 26 WSM events.

5.4 Pion and Kaon Decay

Pion and kaon decay events form a background for the dimuon analysis as
well as this analysis. The rate of 7/K decay events was determined in an
analysis of same-sign dimuons by the CCFR experiment[39]. That analysis
made it clear that the dominant source of same-sign dimuons is 7/ K decay,
hence NuTeV’s same-sign dimuons can be used to check the simulation of

this source.
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Figure 5.2: Comparison of Y,;s; distribution for data(crosses) to

MC (histogram) of Epqq/(Epaa + E,2) for toroid-toroid dimuon events.
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Figure 5.3 is a plot of #ﬁbﬁw for NuTeV same-sign dimuon data, where
E,2 is the muon with the smaller energy. In addition to standard cuts it
was necessary to require that both muons originated within 50cm of each
other and of the measured vertex. This was done to remove events which

were actually overlays of two charged current events.

Figure 5.3 demonstrates that agreement between the m/K model and
same-sign data is satisfactory, especially given that 7/K decay background
is the smallest background. It is predicted that NC w/K decay contributes
8.1 events to the WSM sample and CC n/K decay contributes 5.0. The

uncertainty in the 7/K model is estimated as 15% [39].

5.5 Charge Misidentification Events

The final type of background events are events where the charge of the muon
is reconstructed incorrectly. Mis-identification(MID) events can form a large
fraction of WSM events with a rate of 1.5 events per 10000 CC events if no
cuts are applied; however, one can easily drop this rate to 2.6 per million CC
events using the misidentification cut described in Sec. 4.2. Two alternative
variables were analyzed to remove these events, but the previously selected
one is better modeled. Other checks were performed in order to demonstrate

this cut’s effectiveness.

One obvious check is the x? of the track, better viewed, so that the tails

are evident, as a likelihood:
L=2Iny%

The other variable is based on the difference in radius at T2 between a
straight line extrapolation from the front face of the toroid and what is

measured at T2. This is called the Ar cut.
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In order to simulate MID events, 5 million charged current events are
generated and propagated through McNuTeV. Events where the generated
charge is different from reconstructed charge are then collected and used for
this background. When processing these events the hadronic interactions
are turned off. This is done because the hadronic interactions take a long
time to simulate. For this reason the hadronic energy of the MID events is

simulated by the functional formula of Eq. 3.1.

To demonstrate that the cut does in fact remove the MID events, Figs.
5.4 and 5.5 are included. In the insert of Fig. 5.4, one notices the second
bump, due to MID, between a likelihood of 10 and 25. These events are
reduced by a factor of ten by application of the MID cut. Similarly, in
the insert of Fig. 5.5, one notices the spike between 0 and positive one half,
which is removed by the cut. The MC indicates that both of these structures
are due to MID.
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Figure 5.4: A plot of the track likelihood for data(crosses) and simulated

backgrounds(histogram) before(inset) and after the charge mid-id cut.
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Chapter 6

Anti-neutrino-mode Fit of

Beam Impurities

In v-mode the beam impurities are the largest source of WSM’s; however,
nearly half of the WSM’s are from other sources. In 7-mode the beam
impurities are nearly 90% of the WSM’s. Many beam impurities have large
errors associated with them, so large that the 7-mode WSM data can be

used to measure their contributions.

There are 461 WSM events in 7-mode. Simulations using the central
values of previous measurements indicate that 374+82 events are due to

beam impurities and 39+4 events are due to other sources.

Beam impurities are due to scraping, muon decay, K — 3w cascade
decays, charm production, K, decays, and wrong-charged hadrons decaying
before the dipoles. Charm production refers to the case when the proton
strikes the BeO target and produces a c¢ pair. The ¢(¢) quarks have a 10%

chance of decaying semi-muonically and producing a v, (7,).

There are relatively more beam impurities in 7-mode for two reasons: 1)
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The fact that the v cross-section is twice the 7 cross-section means that the
beam impurities which are present interact twice as often in -mode as they
do in v-mode. 2) The fractional size of beam impurities is larger in 7-mode.
The fractional increase of beam impurities for 7-mode is mainly due to the
fact that the number of right sign particles, and thus neutrinos, goes down

while charm and Ky ’s are produced in equal abundance.

In addition to discussing the beam impurities, this chapter will describe
the fit performed to the 7-mode WSM data, and discuss what the results of

that fit mean for o}4p—cz.

6.1 Beam Impurities

Each of type of beam impurity will be described in this section. Specific
attention is given to the sources of uncertainty. Hadronic decays, K — 3=«
cascades, and wrong-charged hadrons which decay before the dipoles will
be discussed first, followed by muon decay, Ky decays, scraping, and charm

contributions.

6.1.1 Hadronic Decays

Hadronic decays that lead to beam impurities can be broken into two types,
K — 37 cascades and wrong-charged hadrons which decay before the dipoles.
The K — 37 cascade decays are fairly well constrained. These dominantly
occur in the decay pipe region of the beamline, and thus originate from the
same K'’s which make up the right-sign beam. The right-sign charged cur-
rent events in our data and MC based on the GEANT flux agree at the 2%
level. The K — 3m cascade branching ratio is also known to a bit better

than 1%. This means that K — 37 cascade events are well understood.

48



Hadron decays before the dipole are somewhat less well understood. The
number, momentum and angular spectrum of secondary K’s and 7’s which
come off the target in the simulation come from Malensek’s parameterization[20]
of Atherton’s data[21]. Atherton’s data has statistical errors between 2% and
6%. Malensek’s fit gives the results of x?/dof ~ 1 if the data’s errors are

inflated to 10%. The more conservative estimate of 10% is used.

6.1.2 Muon Decays

Muon decay is a well understood process. The one concern in how muon
decay is modeled is that the helicity of the muon affects how the energy is
split between the v, v, and the e. The rate of v,’s at a given energy in a

specific angular bin is given by[56]:

d2N,,M 212
— -2 1—22)P 1
10 & I [(3—2z) + ( z) P, cos 0] (6.1)

Where z = 2E, /m,,, 6 is the angle between the neutrino momentum vector
and the muon spin direction, and P, is the average muon polarization along

the beam direction.

One can calculate the average polarization of muons in the SSQT. In
the decaying hadron rest frame, the muon comes off with a known helicity
and momentum p. In the lab frame the muon has a momentum ¢. One
finds that the probability for the muons helicity to flip in going from the
rest frame of the hadron to the lab frame is the rotation matrix element for
the angle between p"and ¢. Therefore the polarization is P = p - § = cos ¢
using the simplification that each 7 or K has no angle with respect to the

z-axis. One find that:
¢ =0"— oLab
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Where 6* is the angle with respect to z in the rest frame of the 7/K and

sin 6%
v(cos 0* — [3)

cos0* is flat from 1 to -1. For the case of 200GeV K's the average polar-

tanfrqy ~ Orap =

ization is 0.17, for 200 GeV =’s it is 0.03. An average polarization of 0.1
has been used in generating the muon decay sample. The importance of the
helicity in muon decay events was tested by generating muon decay samples
assuming average polarizations of 0.0, -0.1, and -0.30 in v-mode and 0.0,

0.1, and 0.3 in 7-mode.

Table 6.1: Results of some muon decay studies.

vy Number vy, Number
pol || < E >(GeV) | of events || < E >(GeV) | of events
0.0 105.1 17.3 97.56 11.2
0.1 107.1 17.8 98.97 11.6
0.3 109.7 18.4 101.7 12.1

The polarization changes the number of v, events from p decay by about

3%. This is an estimate of the uncertainty in the muon decay.

6.1.3 K, Decays

The presence of neutral K’s in neutrino beams has caused problems for
neutrino analyses in the past[57]. The location of bending magnets in the
SSQT was chosen to minimize the contribution from neutral particles. This
results in the neutral K’s only being responsible for 12% of the 7-mode beam
impurities. Even though the SSQT minimizes the number of neutral K’s,
the uncertainties surrounding them remain the same. The Kj, contribution
to the beam impurities was assigned a 20% fractional uncertainty. This is

predominantly due to the uncertainty in the cross section for production of
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neutral K’s relative to charged K’s. Details of this may be found in Ref.
o7.

6.1.4 Scraping

Scraping is the process where a beam particle interacts with a beam element
and creates a hadron shower. Hadrons in this shower of both charges can
decay and give v of the wrong type. Scraping contributions depend on the
production model, which was given an error of 10% in Sec. 6.1.1. When
scraping occurs in the GEANT simulation of the beam, the model used for
hadronization is GHEISHA[24]. There is reason to believe this model is
only valid at the 35-40% level[23] [25]. A combined uncertainty of 40% is

reasonable.

6.1.5 Charm Contribution

When the primary proton strikes the BeO target, there is a finite cross
section to produce a c¢ pair, which will then fragment into charm mesons or
baryons that quickly decay. There is a 10% chance of this decay including
a v, or U,. Because charm mesons decay so quickly there is no chance that
the wrong charged meson will be bent out. The BeO target is only one
interaction length long so about one third of the protons don’t interact in
the target; instead they strike the dump. The protons striking the dump
can also produce a c¢ pair, and the acceptance for v from charm in the dump
is approximately the same as the target. The cross section for production

in the dump is accounted for; as is the difference in acceptance.

Two experiments measure the inclusive cross section for production of
D* and D°/DO with an 800 GeV proton beam(Ammar, et al.[58] and Ko-

dama, et al.[59]). The two sets of measurements, given in Table 6.1.5, are

o1



consistent within their large errors(30%).

Exp OptpsDEx[1b] | Opip—s Dot x[pb]
Kodama(1991) 38+9+14 38+3+13
Ammar(1988) 26+4+6.5 2219455

The sum of o(D;) x BR(D; — v,) is 6.0 £ 1.6 pb for Ammar, and 9.1
£ 3.1 ub for Kodama. The weighted average of these two is 6.6 & 1.3 ub,
which yields a 23% uncertainty. The weighted average is used as an initial
estimate and indicates that one should expect 88+20. T-mode WSM events

due to charm production.

Given their large uncertainties, these measurements merit further dis-
cussion. Both experiments use an 800 GeV proton beam. The Ammar
experiment collides this with liquid hydrogen in a bubble chamber, while
the Kodama experiment uses emulsion, with A~26.6 and assumes an A'
cross section dependence. Both experiments searched for charm topologies.
The Kodama experiment triggered on a muon as a decay product. Each ex-
periment recorded roughly 100 charm events, of order the number of WSM’s
from cc in NuTeV. While NuTeV has a very different design, it should be

possible to a measure the c¢ cross section with similar precision.

6.2 Fit Procedure

This fit compares simulations of all sources described in this chapter to the
data in 7-mode. In addition to the cuts described in Chap. 4.2, the events
in this sample are required to have Y,;s < 0.5. This is done to preserve
the region Y,;s > 0.5 for FCNC studies. The energy and position of a
WSM event are sensitive to which type of beam impurity creates the v

that interacts. The position in the bend direction is divided into 12 equally
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spaced bins in the fiducial volume from -127 cm to +127 cm. The visible

energy is divided into 15 equally spaced bins from 0 to 300 GeV.

A model is constructed from the six sources discussed previously added
together with adjustable weights. A maximum likelihood fit is then per-
formed to determine these weights from a best fit to the data. The likelihood

is defined as:
nbins
L=- ( > Na(i) log(Ny(i)) — Nt(i)> + Lodded (6.2)
i=1

where Ny(i) the number of data events in bin i, and Ny(i) is:
6
Ni(3) = Y W; x 85(i) (6.3)
j=1

with W;, the weight of source j, and S;(4), the predicted number of events in
bin i due to source j. The weight values are defined to agree with previous
measurements when they are equal to 1. The weights are also constrained
to be consistent with their estimated error, in all cases except c¢€ production,

by adding a likelihood contribution:

6 2
W, —1
Ladded = Y W, — 1) 5 ) : (6.4)
=1 9

The fitter uses MINUIT|[60] subroutines to find the minimum and report

back the error bars.

6.3 Results

Table 6.3 gives the fit results and errors along with the a priori error es-
timates given previously. Most results are consistent with unity; only the

charm rate is more then 1o away from one.
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Table 6.2: Results of v-mode beam fits.

Source | Value | Error | Error Estimate
charm 1.47 0.33 0.30
K° 1.01 | 0.29 0.20
scrape 1.22 0.34 0.40
other 1.00 | fixed 0.03
muon 0.95 | 0.11 0.07
prompt || 1.02 0.21 0.10

The charm result corresponds to >, 0(D;) x BR(D; — v,) = (9.8 &
2.2)ub. Recalling that there are two mesons for each ¢¢ pair, and given the

BR(c— p) of 9.9+1.2%][32]

Opipsce = (49 % 11) b (6.5)

Figure 6.1 is a plot of the likelihood as a function of the charm nor-
malization. Figure 6.2 shows the distribution of F,;; and the horizontal
position. These are the distributions which are fitted to; however the events
with Y,;s > 0.5 which were not included in the fit are included in these plots.
Figure 6.2 a) shows E,;s before and after the fit, b) shows F,;s after the fit
and breaks the model down into its larger components, ¢) shows the hori-
zontal position before and after the fit, and d) shows the horizontal position
and breaks the model down into the larger sources. Figure 6.3 has the same

structure as Fig. 6.2 but shows E,, and Ejq4.

6.3.1 Systematic Errors

Estimates of the systematic uncertainty can be obtained by varying model

parameters within their uncertainties and changing cuts in a reasonable
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way. Note that by including the uncertainty on other beam sources one
effectively incorporates those systematic errors into the error on the fit. An
explanation of each error follows. One obvious systematic is the uncertainty

on BR(c— p) which contributes an error of 5.0 ub.

The level of non-beam processes, approximately 17 events, is known to
better then 10%. Changing the level by 10% amounts to a change of 0.2 ub.
The non-beam sources are almost all charged-current charm. Most of the
charged current charm events are removed with the dimuon cut described
in Sec. 4.2. This cut removes events with two muons by forming a track
from the DC hits, however another way one might remove dimuons is using
the calorimeter information. The stop cut counts the number of of counters
that are consistent with two or more MIP. The stop parameter is the first
of three counter, downstream of the interaction, in a row with less than 1.5
MIPs. The cut requires that the length between the interaction and the
stop counter be less then 15 counters. The difference between the stop cut
and the tracking cut are used as a systematic error on the charged current

charm contribution. This systematic gives 2.3 ub.

The energy measured by our detector is taken to be uncertain to 1% for
muons and hadrons. One tests how sensitive this measurement is to this
possible miscalibration, by changing the measured data’s E, and Ej.q by
1% each direction. Shifting E, up changes the 0,,, . measurement by
0.3 pb, and shifting E,, down changes 0,1, by 0.5 pub. Shifting Ej.q up
changes 0p4p—ce by 0.4 pb, and shifting it down changes it by 0.3 ub. The

total error assigned to calibration is thus 0.7 ub.

It was checked if the values of P, and X affect the fit. The weighted
average of the values measured by Kodama and Ammar are used by default
and sensitivity to these was tested by performing the fit using the values

measured by Ammar. A systematic of 0.7 ub can be attributed to this
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procedure.

It was checked if the Y,;s < 0.5 cut affected the results, by performing
the fit without this cut. A systematic of 0.2 ub can be attributed to this

procedure.

Systematic errors are assumed to be independent and thus can be added

in quadrature, the total is 5.6 ub, yielding the final result

Opipsce = (49 £ 11 £ 5.6) ub. (6.6)

Using PYTHIA’s[61] fragmentation of ¢ quarks into mesons one can
transform Kodama’s and Ammar’s measurements into the measurements

of op1p—sce found in Tab. 6.3.1.

Table 6.3: Previous charm meson production cross-sections transformed into

charm quark production cross-sections.

Exp op+p— ce) o(p+p— co)

from DT measurement | from DY measurement

Kodama(1991) 75+18+28 AT+4+16
Ammar(1988) 5148+13 27131 £7

Note that NuTeV’s measurement has smaller errors than all of these, and
this measurement is consistent within overlapping error bars of all previous

measurements.
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Chapter 7

Gluon-boson Fusion Results

Neutrino mode WSM'’s provide a good test of the gluon-boson fusion model
of NC charm production model. Two important inputs to the gluon-boson
fusion model are the gluon distribution and the charm mass. Information
about these factors is extracted with a fitter that compares the Y,;s dis-
tribution of data to a model distribution consisting of NC charm and all

background sources.

The remainder of this chapter details the analysis procedure and gives
the results. There is a description of the fitter, how it works, and some tests
that it returns an unbiased result. The measurement of the charm mass,
and cross section for gluon-boson fusion are given. Kinematic distributions
of WSM'’s are examined and compared to simulations. Finally there is a

thorough discussion of studies that are used to determine systematic errors.
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7.1 Fit Procedure

In this analysis the WSM data is compared to MC samples of all known
backgrounds and the NC charm signal. The normalization factors from the
r-mode beam fit have been applied to the vr-mode beam impurities. The
Yis distribution is the most sensitive distribution that was found. This
distribution was divided into 20 bins equally spaced from zero to one. The
choice of 20 bins results in most bins having tens of events, and does not

affect appreciably the sensitivity to the shape of the underlying distribution.

The fitter calculates the negative log likelihood(L) between data and

model.
nbins
L=- ( S Na(i) log(Ni(i)) — Nt(z‘)) , (7.1)
i=1

where Ny (i) the number of data events in bin i, and N;(4) is the sum of all
the model. When the whole Ej,4 spectrum is used, the program varies the
charm mass parameter and the normalization of the beam impurities until it
finds the minimum of £. For the final result only events with E},q > 50 GeV
are used, and in this case the normalization of beam impurities is fixed. The
values of the parameters at this minimum are the results of the fit. The fitter
also varies the parameters to determine error bars, which correspond to an
increase of one unit of y2. A negative log likelihood fit was chosen because
a x? fit assumes Gaussian distributions, and in this case one is dealing with

relatively small statistics.

Each of the backgrounds and the NC charm signal must be normalized to
the data. The obvious way to do this is to normalize each source to the right
sign single muons. In addition to this method, referred to as an “absolutely
normalization”, the dimuon and beam backgrounds can be normalized in
other ways. The beam can be normalized to low Ej,; events, and the

dimuons can be normalized to WSM’s where two tracks are found in each
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view. These different normalizations agree to better then 3%. As discussed
previously, individual sources of beam impurities have large uncertainties.

The fit results from Chap 6 are applied to those sources in v-mode.

A number of studies were done to check that the fitter returned an
unbiased result. These are called “fake data studies”, because a sample
of the various MC’s is put together and used as the ‘data’ sample. Table
7.1 shows the results of ten m.=1.3 GeV/c? fake data samples. Any pull
the fitter could have is observed to be less then 4%, which is an order of

magnitude less then the statistical error.

Data sample | m, Error Norm Error
90 1.133 0.163 0.913 | 0.0648
91 1.296 0.254 0.996 | 0.0622
92 1.171 0.172 0.906 | 0.0622
93 1.317 0.268 0.997 | 0.0623
94 1.333 0.266 1.01 0.0652
95 1.201 0.200 1.00 0.0638
96 1.426 0.296 1.09 0.0658
97 1.254 0.202 0.923 | 0.0628
98 1.658 0.476 1.00 0.0638
99 1.212 0.226 0.970 | 0.0637
all Mean | rms/v/N | Mean | rms/v N
all 1.300 0.048 0.980 0.018

Table 7.1: Results of fake data studies with input values of m.=1.3 GeV/c?

and a normalization of 1.0.
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Figure 7.1: The E, spectrum before and after the beam fit.
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Figure 7.2: Y,,;s distribution of »-mode WSM’s for Data(solid), background
(dashed), and background plus signal(dotted).
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Figure 7.3: Y,;s distribution broken down into its various sources. The low
Yyis distribution is dominated by beam impurities. The larger high Y
sample is CC charm, and the smaller high Y,;s; sample is NC charm. The
roughly flat distribution is both the charge misidentification and and NC

/K decay events.
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7.2 Extraction of M¢ and 0,7,

The Y,;s distribution is shown in Fig. 7.2. The data are shown with error
bars, the dashed histogram is all the backgrounds, and the dotted distri-
bution is the backgrounds plus the best-fit NC charm signal. The shape
clearly indicates a preference towards including the NC charm signal. The
excess of events over backgrounds, for events passing the cuts described in
Sec. 4.2, is 47 events out of 520. Requiring Ep.q be greater than 50 GeV
removes most of the scraping, and one finds an excess of 29 out of 182 events,
which corresponds to a statistical significance of 2.1 0. The NC charm signal
fits the shape of the excess, providing further evidence for the existence of
NC charm. The likelihood of the fit result is -2538, and the likelihood not
including the NC charm signal is -2488.

From Fig. 7.2 it is obvious that the data in the bin 0.50 < Y,;s < 0.55
disagrees with the simulations. This disagreement cannot be accounted for.

Removing this bin from the fit increases the charm mass by 0.13 GeV/c?.

The WSM’s are broken down into their sources in Fig. 7.3. Clearly
the beam impurities are the largest contribution, and that the dimuons
are a significant contribution. The MID and n/K decay are only small

contributions.

In Fig. 7.4 the Yy, distribution of WSM’s is shown, however this time
the events were required to have an FEp.q larger than 50 GeV. This cut
removes 85% of the beam impurities while keeping 75% of the NC charm
events. A side effect is that this removes about 75% of the CC charm and
about 50% of the MID.

Fitting to the distribution in Fig. 7.2 results in an m,. of 1.427) X GeV/c?
and shift in the beam normalization of 1.002 £ 0.060. This supports the
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claim that measurements made in r-mode can be applied v-mode. The fit is
performed on the distribution in Fig. 7.4 and results in m, of 1.40T83GeV/c2.
The likelihood distribution for this fit is shown in Fig. 7.6. The likelihood
shows a clear asymmetry. Increasing m. can only remove the relatively
small number of NC charm events; however decreasing m, can add many
more events. For this case the beam contributions are fixed at their nominal

value, because there is not a clear enough beam sample.

7.3 Systematic Studies

Estimates of the systematic uncertainty are obtained by varying parameters
and cuts by reasonable amounts. An explanation of each error follows. These
systematic errors are assumed to be independent and thus can be added in

quadrature.

Charged current charm events are removed with the dimuon cut de-
scribed in Sec. 4.2. This cut removes events with two muons by forming
a track from the DC hits, however another way one might remove dimuons
is using the calorimeter information. The stop cut counts the number of
counters that are consistent with two or more MIPs. The stop parameter is
the first of three counter, downstream of the interaction, in a row with less
than 1.5 MIPs. The cut requires that the length between the interaction
and the stop counter be less then 15 counters. The difference between the
stop cut and the tracking cut is used as a systematic error on the charged

current charm contribution. This systematic shifts m. by 0.04 GeV/c2.

The dimuon WSM events are normalized using their normalization to
right sign single muons, however one can also normalize the dimuons which
appear to be WSM’s to dimuons which appear to be dimuons. These two

normalizations disagree by 3%. Using the other normalization shifts m,. by
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Figure 7.4: Y,;s distribution of WSM’s for Data(solid), background (dashed),

and background plus signal(dotted). An Ejq4 larger than 50 GeV is required
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0.10 GeV/c2.

The energy measured by our detector could be incorrect at about the 1%
level. One tests how sensitive this measurement is to that, by changing the
measured data’s £, and Ej,.q by 1% each direction. Shifting F,, up(down)
changes m. by 0.05(0.02) GeV/c?. Shifting Ej.q up(down) changes m,
by 0.02(0.02) GeV/c?. This gives a total of 0.05 GeV/c? systematic error

attributable to calibration.

The fragmentation model has been described in Sec. 5.1. To check this
model events with the same kinematics were used to create a cc pair using
Lund’s string fragmentation model[61]. The events generated using Lund

increases m, by 0.14 GeV /c?.

The only input to this model besides the charm mass is the gluon PDF.
This work has used the GRV 94 gluon distribution. Changing to CTEQ4M
raises the m. by 0.04 GeV/c2. The CTEQ collaboration has studied the
appropriate way to change the gluon PDF[16], and each of their six variations
on the gluon distribution were used. The most extreme of those lowers m,
by 0.04 GeV/c2. This shall be used as the systematic error on the gluon
PDF.

The EMC correction[17] accounts for the fact that the neutrino scatters
off a nucleon bound into a nucleus. It is not known if this correction should
be applied to boson-gluon fusion so the result is measured without it. If the
EMC correction is applied it increases the measured m, by 0.12 GeV/c2.

This is included in the total systematic error.

The final systematic error is due to the size of the beam impurities.
The beam fit described in Sec. 6 returns a normalization value and an
error on that value for the 5 beam sources. To examine the sensitivity

to these sources, each source is set one sigma high and the other sources’
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normalizations are extracted. Then the source is set one sigma low and
the other sources normalizations are extracted. These alternative settings
are then applied to r-mode beam impurities and the m,. is re-extracted.
The largest change occurs in scraping and the second largest is for beam-
produced charm. The sum, in quadrature, of all the changes is a shift in m,

of 0.13 GeV/c%.

The sum of all systematic errors in quadrature is 0.26 GeV/c?.

7.4 Conclusions

The result of m, = 1.401“8:%2 + 0.26GeV/c? corresponds to 0, N sz =
(2.03 1T 4115y 5 1071fb at < E >= 154GeV/C? using the GRV94
gluon PDF. The cross section, using this charm mass, is compared to photo-
production data in Fig. 7.7. Our data is sensitive in a region that overlaps

EMC but extends to slightly higher Q? and slightly lower .

7.5 bb production

This chapter predominately deals with gluon-boson fusion of production of
charm, however gluon-boson fusion production of bottom is also considered.
The cross-section for this uses the same formalism, and only the NC cou-
plings and quark mass need to change. The fragmentation is more compli-
cated, and, for this reason LUNDI[61] fragmentation is used. Using a bottom
mass of my = 4.25, which is a low estimate, we expect roughly 0.3 events
in v-mode 0.1 events in 7 mode. Clearly one will only see evidence for NC

bottom production if it is orders of magnitude larger than expected.
A fit is then performed allowing the size of the bb source to be scaled by a
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parameter. Since the bb signal has a similar distribution to the c¢ signal, the
m, is constrained to match the previous measurement of m. from NLO CC
charm production. The value of m.=1.70 & 0.19 GeV/c? is also conservative
in that a higher m, leaves an excess of events, and thus a less restrictive limit

will be determined.

The fit results in a normalization of 7.3 4+ 8.7. This in turn implies an
upper limit on the cross section o, _,; of 0.015fb at 90% confidence level

for < E >= 154GeV/C?.
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Chapter 8

Flavor Changing Neutral

Current Analysis and Results

W&

d,s,b

Figure 8.1: Loop diagram of a FCNC-like interaction.

Flavor-changing neutral-currents(FCNC) are suppressed by the GIM
mechanism[3] as explained in Chap 2. While FCNC’s are forbidden in the
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standard model in leading order, higher order loop diagrams, such as shown
in Fig 8.1, predict FCNC-like interactions at the roughly the 1078 level.
Studies of rare kaons have been able to reach the level of these second order
FCNC-like decays [47, 48] in the strange quark sector. Studies in the charm,

bottom and top sector have not reached this level of precision.

Extensions to the standard model which include additional particles are
particularly apt to change the level at which FCNC-like interactions oc-
cur. For this reason FCNC’s are a good way to search for and limit new
physics. This can happen in two general fashions: 1) The new physics
can allow first order FCNC interactions forbidden in the SM, or 2) the
new physics can enhance the rate of FCNC-like events which occur through
loop diagrams in the SM. Specific physics models include: extra quark gen-
erations [62, 63], technicolor[64, 65, 66, 67, 68], a multiple Higgs sector
as in supersymmetry[69, 70, 71, 72], left-right symmetric models[73], and
leptoquarks|74, 75].

This analysis will look at FCNC production of heavy flavor using a neu-
trino beam. Neutrino scattering is particularly sensitive to FCNC processes
which may be mediated by a neutral object that couples more strongly to
neutral leptons than charged leptons. In addition the inclusive nature of
this study allows one to examine FCNC processes at the quark level rather

than the hadron level.

This chapter includes a discussion previous searches for FCNC'’s, the sim-
ulations used in this search, a description of the fitter used for this analysis,

the results of this fit, and the kinematic properties of the FCNC sample.
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8.1 FCNC Search

This analysis uses the WSM data sample described in Chap. 4 and the
simulations described in Chap. 5. For this portion of the analysis the
gluon-boson fusion is considered a background and the previous measure
of m.=1.70 & 0.19 GeV/c? from CC charm production is used. Note that
this m. will generate a smaller NC charm signal than the m, measured in
the previous chapter, and so this is a conservative choice for the purpose of
searching for an FCNC source. The measurement is made for Y,;s > 0.5, a
region that was not used in the 7-mode fit to the beam impurities in Chap.

6.

8.1.1 FCNC simulations

The cross section for u — ¢ FCNC events from an isoscalar target is taken

to be:
G2ME m?
orene = T (g 4 g2(1 — )] (@) + d(©)) (1 - 2ME§> (1)
Which is transformed into:
orone x (g7 + 97) 2912 7 T 293 5(1— 9)21 (8.2)
9i t9 9] t9r

with hard cuts of € > 57y > 5 and W > (Mp + M,)”. Defining

i
9?+g?’

V2 = 912 + g2 and using the notation cos?8 = Eqgn. 8.2 becomes:
orone < |Viel? [6082,8 + sin?f3 x (1 — y)2]

The fragmentation of the charm quark is handled in exactly the same format

as the charm quark produced in charged current charm production.

At NuTeV’s energies it is also possible for FCNC production of bottom.

Since FCNC bottom can come from either down or the strange sea, the u(z)

77



above must be replaced by (d(z) + s(z)). And we end up with:
orone o |V [cosQﬁ' + sin’B x (1 — y)Q} d(z)+

|Vsb|2 [coszﬂ" + sin?pB" x (1— y)z] s(z)

for the FCNC bottom cross-section. These samples of bottom can be split
into the down produced bottom and the strange produced bottom to allow
us put limits on both Vg and V. The GRV 94 PDF set is used in generation

of these samples.

Samples of FCNC charm and bottom events are generated. Two charm
and two bottom samples are generated: one that only couples to right
handed quarks, and one that only couples to left handed quarks. These

last two are then mixed to allow any ratio of right to left handed coupling.

8.1.2 FCNC Fitting Technique

The fitter used in this analysis is very similar to the one described in Sec.
7.1. A major difference is that the charm mass is constrained to m,=1.7
GeV/c? by adding

Lodded = 26: (mc;il.m)z (8.3)

j=1 Me

to the likelihood. This value was chosen to agree with the NLO measurement
of CC charm production[32]. Another difference is obviously the inclusion
of the FCNC MC sample, which is included as a fixed shape with the size
is allowed to float to find the best agreement. The three flavor samples
(FCNC charm, FCNC bottom from d, and FCNC bottom from s) are treated
separately. In the FCNC bottom sample, the bottom can decay to either

muon through a cascade, for this reason both the v and 7-mode WSM

samples are used in the fit.
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8.2 FCNC Results

8.2.1 Fit Results

The fit results are found in Table 8.2; in all cases V2 is consistent with zero.
Results are given for each of the three transitions with a range of values of
sin? 3. The results in Table 8.2 include the NC charm contribution with m,
constrained within errors to 1.7 GeV/c?. An example of a typical fit is given

in Fig. 8.2.

8.2.2 Systematic Errors

Estimates of the systematic uncertainty can be obtained by varying parame-
ters and cuts by reasonable amounts. The systematic errors are determined
in the same fashion as described in Sec. 7.3. These systematic errors are due
to: stop cut, dimuon WSM events normalization, energy scale, and beam
impurities. The systematics are listed in Table 8.1. These systematic errors

are assumed to be independent and thus can be added in quadrature.

The systematic errors are determined in the same fashion as described
in Sec. 7.3. These systematic errors are due to: stop cut, dimuon WSM

events normalization, energy scale, and beam impurities.

8.2.3 Limits

In no case is there a significant signal for FCNC, and limits are accordingly
set. Since Gaussian statistics apply, the 90% confidence level upper limit
is set by adding 1.640 to the best-fit value, if the best-fit value is positive,
or 1.640 to 0 if the best fit is negative. Here, o consists of the statistical

error from the fit added in quadrature to the estimated systematic error.
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Transition | Coupling Stop Relative Energy Beam Total
u—c L 0.30x1073 | 0.32 x1073 | 0.23x1073 | 0.01 x10=3 | 0.50 x10~3
u—c R 8.08x1073 | 3.22 x1073 | 0.24x1073 | 0.02 x1073 | 8.70 x10~3
d—b L 0.36x1073 | 0.22 x1073 | 0.51x1073 | 0.14 x10=3 | 0.68 x10~3
d—b R 0.25x1073 | 0.10 x1073 | 0.04x1073 | 0.55 x1073 | 0.61 x10~3
5—b L 2.37x1073 | 0.21 x1073 | 0.91x1073 | 2.42 x10~2 | 3.51 x10~?2
s —=b R 1.08x1073 | 0.06 x1073 | 0.20x1073 | 0.54 x10=2 | 1.22 x10~2

Table 8.1: Table of systematic errors on FCNC results.

The Table 8.2 summarizes the fit results, and includes the limits set. The
region of |Vuc|2 — sin® g3, |le,|2 — sin? ¢, and |V51,|2 — sin? B space excluded

by these fits is shown in Fig. 8.3,8.4, and 8.5 respectively.

8.3 Previous Searches for FCNC

All previous experimental searches for FCNC events involving ¢ and b have
looked for FCNC decays of particles. For this reason FCNC limits are given
as upper limits on a specific branching ratio. Fermilab E791 collected tens
of thousands of charm events, and placed some of the best limits available in
the charm sector [49]. CDF[51], Mark II[55] and CLEOI53] have set limits
on FCNC’s in B meson decays. A summary of these limits are given in Table
8.3. The column for this limit with BR error is determined by shifting the

BR on the allowed decay by one error bar.

This analysis looks at the FCNC’s in the generation of heavy flavors.
For comparison purposes, the following expressions are used to relate the
branching ratio results to the parameters V., Vg and V; named for their

similarity to the CKM Matrix elements.
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2
Vuc

2
m

B(DY = iTi7)=2 7 WB(D;'E—HEVM), (8.4)
cSs W
+ +r47 Vie |? + 0, +
B(D* — o [FT) = Vo B(D* — mp*y,),
Ci
+ 44T Vae [ + +
B(D; — K=I717) = |—| B(D; = nu~u,).
cSs
For B decays it is assumed that
_ Voa |> mi
BB’ = 1tIm)=2 v m—éB(Bi—uﬁyu), (8.5)
m
+ +745F Vbd ? 0 +F
B(B* —» nr 71T = v, B(B® — n~17yy),
ub
BB 1) = 2| Ve[ T g k)
s Vb mz no
B Df[ +y+7F\ ‘/bs 2 + 0, +
C

Measured values for the branching fractions on the right hand side are used.
The leptonic decay B — /J,il/u is an exception, as it has not been measured,

and it is assumed that:

G2 fampm?2T
B(B* = ptu,) = FfBSB u’b (8.6)
T

=22x1076

It is interesting to note that some of the strongest limits, such as D — eFeT,

are not useful for new physics searches due to helicity-suppression.
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Figure 8.2: The results of a typical FCNC fit. This example is d to b

transition with left handed coupling (sin? 3'=0). a) v-mode b) 7-mode.
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Figure 8.3: The region of |V,.|> — sin? 8 space excluded by this fit.
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Figure 8.4: The region of |de|2 — sin? 3’ space excluded by this fit.
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Figure 8.5: The region of |V,y|* — sin® 3” space excluded by this fit.
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Transition | Coupling me & Limit
u—c 0.0 1.82 £ 0.41 | (1.134£1.5040.50)x10~3 | 3.72x10°3
u—c 0.10 1.82 + 0.37 | (1.2341.69£0.91))x1073 | 4.38x1073
u—c 0.22* | 1.81 £ 0.41 | (1.3841.934+1.40)x1073 | 5.29x1073
u—c 0.35 1.81 £ 0.38 | (1.5842.2442.60)x10~3 | 7.21x10°3
u—c 0.65 1.72 + 0.40 | (2.4643.57+5.42)x10~3 | 13.1x1073
u—c 0.90 1.72 £ 0.41 | (4.14+7.914£7.86)x1073 | 22.4x1073
u—c 1.00 1.75 £ 0.42 | (4.38413.748.70)x10~3 | 34.5x10°3
d—b 0.00 1.77 £ 0.57 | (0.3141.2640.68)x1073 | 2.66x10~3
d—b 0.10 1.67 £ 0.56 | (-0.154+1.214£0.67)x10"3 | 2.26x103
d—b 0.22% | 1.59 £ 0.42 | (-0.7241.3240.66)x10~3 | 2.42x10 3
d—b 0.35 1.51 + 0.57 | (-1.2241.1740.66)x 103 | 2.20x1073
d—b 0.65 1.48 4+ 0.50 | (-1.5540.90+£0.63)x10~2 | 1.80x103
d—b 0.90 1.54 + 0.41 | (-1.3740.79£0.62)x10"3 | 1.64x10°3
d—b 1.00 1.55 + 0.41 | (-1.2940.6840.61)x 103 | 1.50x 1073
s—b 0.0 1.44 + 0.42 | (-17.34£17.34£3.51)x10"3 | 29.0x103
s—b 0.10 1.32 + 0.41 | (-13.646.6443.28)x1073 | 12.1x1073
s—b 0.22* | 1.53 £ 0.40 | (-5.6242.8543.01)x10"3 | 6.80x10 3
s—b 0.35 1.55 £ 0.41 | (-3.634+1.854£2.71)x103 | 5.38x10°3
s—b 0.65 1.57 + 0.41 | (-1.91£1.0042.02)x 1073 | 3.70x10~3
s—b 0.90 1.57 + 0.42 | (-1.3940.7241.45)x 1073 | 2.66x1073
s—b 1.00 1.57 £ 0.40 | (-1.2540.65+1.22)x103 | 2.27x10°3

Table 8.2: Results of the FCNC fits. The transition type is given, and the

value of sin? 3, the SM value of sin? 3 is denoted by *. The systematic error

and limits are included.

86




FCNC BR Allowed V|2 Limit with
decay Limit Decay limit BR error | reference
DO — eteT 9.3 x10°5 | Df - pty, 4.5 x100 6.9 x10! [49]
DY — p*FpT 26 x1079 | DFf —» pty, 2.9 x107* 4.5 x107* [49]
D* — ntefet 6.5 x107° | DT — 70*y; 8.8 x107* 1.0 x1073 [49]
D* — otptu¥™ 1.7 x107° | DT = 20ty 2.3 x107* 2.7 x1074 [49]
DF — K*p* ¥ 24 x107* | Df = nl*ty, 6.7 x1073 8.9 x1073 [49]
Df — K*eTeT 4.7 x107* | DFf = ni*y, 1.3 x1072 1.7 x1072 [49]
BY — eteT 59 x107¢ | BY — pu*y, 1.1 x10° N/A [50]
B — p*u® 68 x10°7 | BYf - puty, 1.5 x10°! N/A [52]
BT = rtete™ 3.9 x107% | B® = 7%*y, 1.6 x107% 2.1 x1073 [55]
Bt - ntptu® 9.1 x1073 | B — 7%*y; 3.7 1073 4.9 x1073 [55]
BY — eteT 54 x107% | B* - p*y, 1.0 x10° N/A [54]
BY — ptp¥™ 2.0 x107% | BE - pty, 4.5 x107! N/A [52]
BT — K*eteT 3.9 x107° | B — DY%*y; 2.4 x107° 2.1 x107° [53]
B — K*p*p® 1.0 x107° | B® — DO%*y; 4.0 x107% 5.4 x1076 [55]

Table 8.3: Previous FCNC decay limits. (An allowed decay is used to relate
the BR limit to Vi.,Vg, and Vj, as summarized in Eqns. 8.4-8.5) |V|*=

[Vie|?,|Vap|?, or |Vip|? as appropriate

87




Chapter 9

Conclusions

NuTeV’s use of the SSQT make it possible to look at WSM’s. Wrong sign
muons are a good window into heavy flavor production. Three basic mea-

surements come out of this analysis, and they are:

e The cross section for charm production in proton scattering
e The cross section for charm production in neutrino scattering

e Limits on FCNC production of charm and bottom.

Using the 7-mode WSM sample one extracts the normalizations for all
known sources of beam impurities. The corrected charm production at the
target measures 0pipce = 49 & 11 £+ 5.6 pb, using linear A dependence.
The fit also indicates that the GHEISHA[24] simulation underpredicts the
v contribution due to scraping by about 20%. Other sources (muon decay,
K production, and prompt decays of m’s and K’s) are consistent with their

nominal values.

The v-mode WSM sample provides the first direct observation of Z

boson-gluon fusion in lepton scattering. Previous experiments[15][18] have
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observed NC charm production using charged leptons, however this is dom-
inated by photon-gluon fusion. Others have observed NC charm production
of the J/4 [76]. Using a boson-gluon fusion model the charm mass is de-
termined to be m, = 1.401“8:%2 4+ 0.26 GeV/c?. The average energy of v’s
which produce a pair of ¢ quarks is 154 GeV, and at this energy the cross
section is 0,4 N ez = (2.14ﬂ:g2) x 1071 b. This m, is within errors of pre-
vious measurements. It provides no evidence for an intrinsic charm, and no

evidence that there is a difference between this m. and the one measured

by CC charm production, photoproduction, or charmonium.

Both modes of WSM are valuable for extracting information of FCNCs.
Searching for FCNC in the production of heavy flavor means that one must
establish a new method for setting limits on this process. We set forth
a convention of placing limits on quantities similar to the elements of the
CKM matrix. Limits on the Vy.,Vg, and Vg, are given using SM couplings
and as a function of sin? 3. Previous measurements are converted into this
convention and compared to our limits. We set a limit on Vi, which is better

then all but one previous measurement [55], and very close to that limit.

Our FCNC search has a couple of qualities that make it of special in-
terest. This is the only time FCNC has been looked at on the production
side. The use of a neutrino beam is also particularly sensitive to any FCNC
process in which the propagator couples more strongly to neutrinos then to

charged leptons (a coupling pattern found, for example, with the Z9).

Other experiments and other signals in NuTeV can be used to isolate
the same physics as we have examined. The measurement of 04, could
be confirmed both by NuTeV and by FNAL-E872(DONUT). NuTeV cur-
rently has an analysis underway to search for v, — v, oscillations. In this
analysis events that appear to be CC v, interactions are identified. In -

mode charm is responsible for approximately 10% of the v,’s and it should
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be possible to determine if this data agrees with the measurement made by
the WSM’s. The experiment FNAL-E872 is searching for direct observation
of v, (DONUT). They have intentionally tried to remove all s, and thus
most of their v,s are from p +p — cc. So they are in a fine position to

confirm this measurement.

There are still searches for heavy flavor production by neutrinos that
NuTeV might attempt and many that other experiments could attempt.
NuTeV’s access to charm is almost exhausted; however, one might be able
to use the events which appear to be CC v, interactions described above to
search for v, + N — c¢ where one or both of the charmed mesons decay into
electrons. NuTeV still has some fertile ground to explore as far as bottom
production goes. Because the B’s can decay to multiple muons, searches of
NuTeV’s events with three or more muons may provide evidence for CC b
or NC bb production. In addition one can examine the same-sign dimuon
sample, or the opposite-sign dimuon sample in the regions where E* < E°,

or Eﬁs ~ E}fs ~ 50 GeV.

Other experiments should also be able to say something about heavy
flavor production by neutrinos. DONUT is searching for the kink that a
7 makes when it decays to a p, and this means it is set up to search for
heavy flavor decays. Though limited by their flux, their ability to identify
displaced vertices is powerful. Another future prospect for this type of work
comes from the plans for a Neutrino factory[78]. While these plans are in
their rough stages they do provide possibility of a very pure high intensity

v beam.
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Appendix A

The Cross Section

A general form for the neutrino-nucleon differential cross section is:

d*0c"")  G:LME

_ 2 _ _
- [(1 ~F Q) + L@@t 2y (1- 1) oF Ve, Q?)] .

dxdy s
(A.1)

For the process Z°g — c¢, xF3 turns out to be zero. The rest of the cross

section is taken from Ref. 11. Beginning with Eqn. 2.2 of that paper:

R = [ Laean (47)

ar <

Ldz . x
Bla,@) = [ Ta6e9p (1) (A2)
ar < z
Where a = 1 + ("15721,)2 We transform z = % and dz = —yx—zdy. This
transforms Eq. A.2 into:
2 Tody x 2
Fl(iE,Q ) :/ __G(_as)fl (yaQ )
1/a Y Yy



T d
B@)= [ 6695 (107) (A.3)
which becomes
2 1/ dy ., x
Fl(xa ) :/x _G(aas)fl (yaQ )
1/a g
Bt = [ e 00 (1.0?) (A.4)

In general, fi and fo, have complicated forms; however for pair-production

of equal mass quarks,

2
f1(z,Q2)=%%{—w (1—22)2+Z—t% 2(1—2)| +
and
2 Qs 2m?
fa(z,Q )—?%Z VY ——+(4Z—W)z(l—z) +
2 2 4
o R s e DY

Where vo = /1 — gl—;ﬁ, L =log 122, and the vector(V) and axial vec-
tor(A) couplings enter via gp. = V2+A? = (5 — 1 sinf,,)? £ (3)?. Separating

these in terms of factors of q4 and q_ yields.

f1(2,@") = T {as [~o(1 = 22)° + [1 = 21 - )] +
m? m? 2m?
q- [—v@(@)élz(l —z)+ @4,2(1 —z— ZW)L }
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z m? 4m* m?
L[= - 2%(1 — —2(1+22—622) — —2%—q_2—L A.
+[2 z%( z)+Q22(+z 62°) q4z] qu2 (A.6)
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Appendix B

The Beam Simulation

B.1 Introduction

The GEANT based flux simulates processes that are not in the TURTLE
based flux. For the wrong sign muon(WSM) analysis it is necessary to
account for all beam impurities. About a quarter of the 7,(v,) in v(7)-
mode is due to scraping. Scraping refers to hadrons produced by interaction
between beam hadrons and elements of the beamline. Another 18% of these

are due to cascade decays, of the type,

Kt —wrnfntn (B.1)

=Yy

Neutrinos from these sources are an important source of wrong sign neutri-

nos, and, at a few energies, reach the level of 1% of the right sign flux.

94



B.2 Production

This flux was generated with the 7/ K production parameterization [20] used
by TURTLE. GEANT propagated these particles through the geometry of

the SSQT allowing them to decay or interact anywhere along the way.

GEANT was modified to treat wrong sign hadrons(m—,K~, and K}, in
v-mode and 7*, K+ and K, in 7-mode) differently from right sign hadrons.
These particles were treated as if they had infinite lifetimes but at each step
were forced to decay into a v, or 7, with an appropriate weight. The weight
is determined by the probability of decaying in that step and the branching
ratio for decay into that neutrino type. This effectively generated a more
statistically significant sample of wrong sign v’s without needing to generate

unnecessary right sign statistics.

The GEANT flux propagates 7,7~ ,K*,K~,Kg, K1, and protons through
the SSQT beamline. This flux also includes contributions from D*, D°, and
A, decays, however these charm sources decay promptly and so TURTLE
was used for their propagation. Protons and Kj were treated differently
from the other particles. The protons were run in such a way that scraping
products of either charge had an infinite lifetime and were forced to decay
at every step, similar to how wrong sign hadrons are treated above. This
was done because right sign v’s from scraping of protons was a significant
fraction of the right sign flux. A difference was found between Kp’s gener-
ated at the target and propagated as described above, and K ’s generated
at the target and propagated with the real lifetime and decay probabilities.
It is believed this difference is because a large fraction of the v’s produced

by Kr’s come from the decay products. For example:
K — ntrn~ (B.2)
VA 2
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For this reason the Ky, created in the target were propagated with the real

lifetime and decay probabilities.

B.3 Beam Elements

This section gives descriptions of the beam elements, and their locations in
the GEANT simulation. TURTLE uses a straight line for a given energy
particle, and bends around this straight line. GEANT however uses normal
(un-bent) coordinate systems, so there are offsets in y (the bend direction)
compared to TURTLE. The bend due to the dipoles were calculated by
putting neutral particles through TURTLE, and measuring the change in
theta. The GEANT beamline had 5 straight regions: the region before
the first dipole, the length of the first dipole, the region between the two
dipoles, the length of the second dipole, and the region after the second
dipole. GEANT uses cm for length and describes geometric objects in terms
of their half-lengths so all dimensions and positions are given in cm, and all

dimensions are half-lengths.

The first beam element is the target, a one interaction length BeO rod.
It is at (0.,-7.297,17.78) in the GEANT coordinate system. It has a radius
of 1.27 and, a half-length of 17.78. Note that the GEANT z=0 point is the
front of the target. The target has a 7.968 mr bend in y with respect to the
z dimension. It should be noted that the target isn’t used in this simulation,
as particle production uses Malensek (which is a thick target model) and

particles are produced right after the target.

The large angle pile(LAP or dipole shield) is the next element. This
removes a majority of the particles which are unable to make it down the
beam line. It is modeled as a 40.x40.x17.78 (half lengths) aluminum block,
with a 1.95x1.95 hole in the center. This is located at 0.,-6.973,58.42. The
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LAP has a 7.968 mr bend in y with respect to the z dimension.

The first dipole follows the LAP. The dipoles are both 17.15x31.12x152.4
blocks of iron with a 1.79%x6.35 hole down the center. The first magnet has
a field of 17. kG. This dipole has a 4.861 mr bend in y with respect to the

z dimension.

The first dump (NC1IDMP1 in TM or CF1 in SSQT_GEANT) is a block
of Tron 71.12x96.52x182.9 with a hole 7.94 in x, but changing in y from
7.11 at the upstream end to 7.46 at the downstream end. This is located
at (0.,-4.3304,853.4) While this element is suppose to be along the 1.754
mr line, the TURTLE documentation shows that it is offset so there is an

additional .694 mr offset.

Just after the first dump is the neutral dump, or Photon-Be-Gone(PBG).
The PBG is located at (0.,-3.9517,1069.3) and is a 15.0x15.0x17.78 block
of iron with a 4.98x4.98 hole. The PBG is along the 1.754 mr line.

The next element is the first quadrapole. The quadrapoles start as a
29.21x43.8x152.4 block of iron with an aluminum pipe with inner radius
of 6.5. However the quadrupole coils occupy part of this pipe, the material
of these is simulated as 4 aluminum rods with radii of 7.0 and positioned
at £8.5 in x and +8.5 in y with respect to the center of the pipe. This
is approximately the same as the hyperbolic and circular slit that are used
in TURTLE. The first quad has a magnetic field of 5.50 (focus in the bend
angle) kG /inch, is located at (0.0762,-3.795,1249.7) and has an angle of 1.754

mr with respect to z.

The second dump (NC1DMP2 or CF2) is a block of iron 71.12x96.52x 182.9
with a hole 7.94x5.76 located at (0.,-4.79,1767.8) with an angle of 1.754 mr.

The second quad has the same structure as the first, it is located at

97



(-0.0762,-2.152,2164.1), has a magnetic field of 5.50 (defocus in the bend
angle) kG /inch, and an angle of 1.754 mr.

The third quad has the same structure as the first, it is located at (-
0.0127,-.6304,3017.5), has a magnetic field of 4.97 (focus in the bend an-
gle)kG/inch, and an angle of 1.754 mr.

The second dipole has the same structure as the first. It is located at
(0.,-0.1337,3376.88), has a magnetic field of 4.8 kG, and has an angle of .877

mr.

The fourth, fifth and sixth quad come next. They are 30.48x52.07%x45.26
blocks of iron, with a 9.843 radius pipe through them. Each of them has
a field of 2.49 (defocus in the bend angle)kG/inch. They are located at
(0.,0.0254,4190.85) (-0.254,0.0762,4322.83),and (-0.356,-0.0127,4455.11) re-

spectively.

After these quads are the trim magnets. The trim magnets look just like
the two dipoles. They were placed here in case the hadron beam needed to
be directed towards the Lab E detector, however this was not necessary so

they have no field.

Details can be found in the source code or extracted from the list of

elements below.

3k 3k 3k 3k >k 3k 3k 5k >k ok 3k 3k 3k >k 3k 3k 5k >k 5k 3k 5k >k %k 5k 3k 5k %k %k 5k 3k 3k >k >k %k %k 3k 5k %k %k %k 3k >k %k %k %k %k %k *k

* 0OBJECT POSITIONS *

3k 3k 3k 5k 3k 3k >k 3k >k 3k >k 3k 3k 5k 3k 3k 3k 3k 5k 3k 5k >k 5k >k 3k >k 3k 5k >k 3k %k 3k >k 3k 5k %k 3k %k %k %k %k % %k %k %k %k %k %k

DEFINING DIPOLES, DUMPS

XYZ CENTERS XYZ 1/2 LENGTHS
VAC DIP 1: .000 .000 .000 1.790 6.350 152.400
VAC DIP 1: -.021 -5.873  243.800 17.150 31.120  152.400
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VAC DMP 1:
FE DMP 1:

VAC DMP
FE DMP
VAC DIP
FE DIP 2

PHOTON BG:

DEFINING

No copper

VAC QD
FE QD
VAC QD
FE QD

FE QD

VAC TRIM:
FE TRIM:

DEFINING

SHIELD 1:
WINDOW O:

WINDOW
WINDOW
FLANGE

FLANGE 1:
FLANGE 2:
DKPIPE O:
DK CHANG:

NONDN

NN

5
5
VAC QD 6:
6

[

SN

.000
.000
.000
.000
.000
.000
.000

QUADS, TRIM, PLUG

-2.540
-4.330
-4.790
.000
.000
-.134
-3.952

insert in 4Q120s

XYZ CENTERS

.000
.000
.000

: —.264

.000

: -.356

.000
.000

.000
.025
.000
.076
.000
-.013
.000
.000

853.

1767.

3376.
1069.

4190.

4322.

4455.

4615.

THE SHIELDING, WINDOWS

XYZ CENTERS

.000
.000
.000
.000
.000
.000
.000
.000
.000

-45.720
.000
.000
.000
.000
.000
.000
.000
.000

10972.
-152.
3045.

-8138.

14016.
-8138.
6512.
8059.

99

.000 7
400 71.
.000 7
800 71.
.000 7
880 17.
300 15.
.000

850 30.
.000

830 30.
.000

110 30.
.000 10.
280 17.
W/ FLANGES
800 1565.
375 7
130

160

.000

990 19.
160 46.
660 14.
500 14.

.940

120

.940

120

.630

150
000

XYZ

.000

480

.000

480

.000

480
160
150
AND
XYz
000

.630
.000
.000
.000

368
030
287
287

96.

96.

31.
15.

.940 7.
520  182.
.760  182.
520  182.
.630 152,
120  152.
000 17.

1/2 LENGTHS

9.
52.
9.
52.
9.
52.
10.
31.

DECAY

843 45.
070 45.
843 45.
070 45.
843 45.
070 45.
160 76.
120 76.
PIPE

1/2 LENGTHS

800.
7.
19.
45.

21.
46.
15.
20.

000 3048.
630
368
720
.000
907 1.
360 1.
240 1546.
320 1.

110
900
900
900
400
400
780

260
260
260
260
260
260
200
200

000

.028
.060
.028
.000

270
270
860
270



DKPIPE 1:
DK TRANS:
DKPIPE 2:
DKPIPE 3:
VACUUM 1:
VACUUM 2:
VACUUM 3:

DEFINING THE SWIC(s)

SWIC 1:
SWIC VW1:
SWIC VW2:
SWIC Mw1:
SWIC MW2:
SWIC SG1:
SWIC SG2:

B.4 Running GEANT

.000
.000
.000
.000
.000
.000
.000

.000 -1.
.000-17326.
.000 -3885.
.000
.000
.000 274.
.000

XYZ CENTERS

.000
.000
.000
.000
.000
.000
.000

.000 -7985.
.000  -15.
.000 15.
.000 -10.
.000 -9.
.000 -10.
.000 -9.

270
711
150

.000
.000

320

.000

760
215
215
106
697
002
801

19.368
.000
.000
.000
.000
.000
.000

XYz
.000
.000
.000
.000
.000
.000
.000

20.
44.
45.

19.
44,

320
767
720

.000

368
767

.000

2956.

17327.

560

.270

881

.000

3048.
17327.

000
881

.000

1/2 LENGTHS

45.
45.
45.
45.
45.
45.
45.

720
720
720
720
720
720
720

and Producing a Flux

15.

240

.025

.025

.004

.004

.000

.000

One runs GEANT using the script dogeant. Dogeant expects one argument

which is the name of a card file ending in .dat, but without the .dat. For

example if one wants to use the card file testla.dat, one should type dogeant

testla . In order to have good statistics I have generated 50 million pions,

30 million kaons, and 20 million Kz. I generated 5 million of each D°, D,

and A.. Finally I generated 1 million each of protons which did not interact,

protons which did interact, pions of the wrong sign, and kaons of the wrong

sign, all of which have forced wrong sign decays at every step.
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When GEANT runs it saves all the neutrinos which come near the de-
tector. These neutrinos can then be projected into a numonte style flux. A
numonte style flux gives the energy weighted number of events in a certain
energy range, and a two dimensional x-y plot for that energy bin. In produc-
ing these one must choose a normalization. I choose to stick to TURTLE’s
10°® protons on target. To do this one must know the production weight of

individual hadrons:

Table B.1: Production weight of various particles

Type Positive Neutral Negative
Pion 5366 4383
Kaon 09221 .06448 05523
Proton .3679

Proton .2682

D 9.628x10~* | 7.194x107% | 9.628x10~*
A, 2.312x1073 2.312x1073

The first proton entry refers to protons which have interacted in the
target, while the second refers to protons which passed through the target

without interacting.

The Lab E detector is 4000 feet downstream of the decay pipe. Because
of this if the final leg of the simulation is off by a tenth of a miliradian that
would result in a shift in y of 5 inches. Because of this the Lab E detectors
location was assigned by running the flux through numonte and shifting the
detector to make the vertx and verty distributions match between data and

monte carlo.
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B.5 TURTLE-GEANT comparison

After a lot of work GEANT has been adjusted so that beam elements
agree between TURTLE and GEANT. The following figures and similar

ones which are not included here, indicated that the two simulations agree.

B.6 Data-MC comparison

The true test of the simulation is to see how it agrees with data. Note that
the fudges produced with this flux are approximately the same as the fudges
on the TURTLE flux.

In addition to agreement in the energy spectrum the vertx and verty
agree well. Recall that the mean positions were forced to agree, however the

shape is also in very good agreement.
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Figure B.1: This plot shows the position with respect to the beam centerline
in the bend dimension for TURTLE and GEANT. TURTLE is shown in
solid, and GEANT is shown as dashed. The z location for these plots are a)
after the second dipole, b) after the 4th quad, c) after the 6th quad, and d)

after the second trim magnet.
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Figure B.2: This plot shows the position with respect to the beam centerline

in the non-bend dimension for TURTLE and GEANT. TURTLE is shown

in solid, and GEANT is shown as dashed. The z location for these plots are

a) after the second dipole, b) after the 4th quad, ¢) after the 6th quad, and

d) after the second trim magnet.

104




14000

12000

10000

8000 F
6000 |-
4000 [

2000 ff

NEUTRINO MODE (no x,qsq cuts)

COMMON /PAWC/ in memory

COMMON /PAWC Fnor/n%MgrA; 20.25

i IR - T

5000 j \\\ KMNN

4000 [/ Py .

2000 ? %\k\,‘
COMMO:IOOPAWC in rioeomory 3001‘2 COMMOIIIOOF’AWC in rioe(;ﬁory >
; data/untuned MC 1.15 B data/tuned MC
11

%W HMH - W) i &H | HWM m WM W H
W e AT
S ”W‘”””N"«W”W\ H) o | i
g L |MO§Z

Figure B.3: This plot shows the energy distribution of charged current events

in v mode: a) Before fudging the flux, b) ratio before fudges c¢) after fudging

the flux, and d) ratio after fudges.
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Figure B.4: This plot shows the energy distribution of charged current events
in 7 mode: a) Before fudging the flux, b) ratio before fudges c¢) after fudging
the flux, and d) ratio after fudges.
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Figure B.5: This plot shows the agreement between data and GEANT in

a)vertx and b) verty
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