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Cosmic Gall

Neutrinos, they are very small.
They have no charge and have no mass
And do not interact at all.

The earth is just a silly ball
To them, through which they simply pass,
Like dustmaids down a drafty hall
Or photons through a sheet of glass.

They snub the most exquisite gas,
Ignore the most substantial wall,
Cold-shoulder steel and sounding brass,
Insult the stallion in his stall.

And, scorning barriers of class,
Infiltrate you and me! Like tall
And painless guillotines, they fall
Down through our heads into the grass.

At night, they enter at Nepal
And pierce the lover and his lass
From underneath the bed - you call

It wonderful; I call it crass.

John Updike
Telephone Poles and Other Poems
1963
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Introduction

When Wolfgang Pauli postulated the neutrino in 1930 to netfaé concept of energy and
momentum conservation i decay, he was afraid that this neutral and (almost) massless
particle would never be detected. Seventy five years latdrvéth not only one but
three flavors confirmed, neutrino interactions offer unigpportunities for investigating
fundamental questions in various domains of physics.

Neutrino experiments around the world now provide congkigividence that neutrino

oscillations exist and, therefore, the neutrino is not hesss The absolute value of
the mass, however, remains one of the greatest challengeslags elementary parti-

cle physics. More specifically, some of the principal issureder debate are: What is the
mass hierarchy? Is the neutrino a Dirac or a Majorana patiCloes the neutrino mixing

matrix contain a CP-violating phase? Is there a sterilerimaf2 Does the neutrino have a
magnetic moment?

The interest in neutrinos goes beyond the study of theiinsitr properties and extends to
a variety of topics in astro-, nuclear and hadronic phys\eutrinos are an important tool
for astrophysical issues like, for example, the understandf the energy production in

the sun or of supernova explosions. Neutrinos can probentbgar of objects that other-

wise remain inaccessible. Even cosmological questionrdienced by neutrinos since
they might play an important role in the matter-antimatsmametry of the universe.

Neutrinos are also a valuable tool in exploring nuclear aadrdnic physics properties.
An important challenge in nuclear research is to underdfamtiadronic structure within
guantum chromodynamics (QCD). Therefore, the exploradfonucleons and their ex-
cited states by both electromagnetic and weak probes desspecial attention. Such
information is important for testing current hadron moddlse information obtained by
weak interactions are often complementary to those frortrelmagnetic interactions.
Especially, the uniquél” — A) weak interaction structure probes properties of QCD, in
particular the axial structure of the nucleon, that is difi¢co unravel with electron or
photon scattering. Charged current scattering is the omilgtigal way towards an under-
standing of the axial form factors of the nucleon. Neutratent scattering, on the other
hand, can probe the strange sea quark contribution to tHearuspin.

Among the excited states of the nucleon, thaesonance is the one studied best: by
strong, electromagnetic and also weak interactions. Qiqodarr interest are thé&/ — A
transition form factors and the question whether the nuckeed theA are deformed.
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And if so, is it due to gluon interactions between quarks a ttuthe pion cloud which
has resulted from spontaneously breaking of the chiral sgtrynof QCD.

Even though neutrinos affect many domains of physics, taeain elusive particles, only
weakly interacting and hard to detect. They can only be oleseby detecting the sec-
ondary particles they create when interacting with matdéten used targets in neutrino
experiments are heavy nuclei, which provide relativelgéacross sections. In turn, the
detailed theoretical understanding of the weak nuclegrorese is a prerequisite for the
analyses of current and future neutrino experiments anecga knowledge of the neu-
trino nucleus cross section is therefore essential. Soafdrer few attempts were made to
study systematically nuclear effects and their influenctherweak pion production cross
section, most existing investigations were focussing fgain the quasielastic reaction.
This situation motivates us to study neutrino scatteringacieons and nuclei at low and
intermediate energies up to about 2 GeV.

This thesis is organized as follows: Part | gives a generahagw about the latest devel-
opments in neutrino physics and related experiments atigeiuprovides the theoretical
background needed to calculate neutrino nucleon cros@seectThe underlying theory,
the Standard Model of Electroweak Interactions, and furetaal symmetries are pre-
sented.

In Part 1l we discuss neutrino nucleon interactions emgagithe two most important
processes in the energy range of interest, namely quasiedaattering and\ production.
We provide a fully-relativistic formalism to calculate g®exclusive cross sections and
study extensively the form factors for reasons outlinedsabo

In Part 111 of this thesis we investigate neutrino scattgrrff nuclei. In the framework of
this work we extend the Giessen BUU model to describe newutriucleus interactions.
After introducing our model and its numerical implemerdative discuss in particular
inclusive cross sections, one pion production and nucleackout.

We conclude with a summary of our main results. Some detéilseocalculation were
deferred to the appendix, which also gives our conventions.
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1 Neutrino Physics

In the course of the discovery of neutrino oscillation, next better facilities are currently
being built to address open questions in neutrino physids@determine the oscillation
parameters more precisely. They all have to face one issogg@rom the discovery
to the precision phase requires better knowledge of theactien with the detector, i. e.
with nuclei. This knowledge will be crucial to reduce thetgysatic uncertainty of the
next generation of high-precision measurements. Thodelgrs are addressed in this
chapter after presenting an overview about the history hedtirrent status of neutrino
physics and related experiments.

For detailed and complete reviews of neutrino physics anéadnt experimental results
the reader is referred to Refs. [Sch97, Gei03, Lip03)4£& Kay05, LEPO5] and to refer-
ences therein as well as to the web sites [NUn, NOI, UNP].

1.1 Neutrino Properties

The history of neutrinos began 1930 with a proposal by WelgRauli at a conference he
did not even attend. He "invented” the neutrino to retainrggpanomentum conservation
and Fermi statistics in nucleardecay [vMWHS85]:

Liebe radioaktive Damen und Herren,

wie der Uberbringer dieser Zeilen, den ich huldvollst anzuhoréteplh-
nen des naheren auseinandersetzen wird, bin ich angegichtdes kon-
tinuierlichen beta-Spektrums auf einen verzweifeltenwers verfallen, um
den "Wechselsatz” der Statistik und den Energiesatz zenettNamlich
die Moglichkeit, es konnten elektrisch neutrale Teilchdie ich Neutronen
nennen will, in den Kernen existieren, welche den Spi2 haben und das
Ausschliessungsprinzip befolgen und sich von Lichtquaatesserdem noch
dadurch unterscheiden, dass sie nicht mit Lichtgeschgkaili laufen. Die
Masse der Neutronen musste von derselben Grossenoraviardje Elek-
tronenmasse sein und jedenfalls nicht grosser als 0,Gbriomasse. - Das
kontinuierliche beta-Spektrum ware dann verstandlioteuder Annahme,
dass beim beta-Zerfall mit dem Elektron jeweils noch ein theuemittiert
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wird, derart, dass die Summer der Energien von Neutron uekitt®in kon-
stant sind.

[...]

Ich traue mich vorlaufig nicht, etwas uUber diese Idee zulipigben, und

wende mich vertrauensvoll an Euch, liebe Radioaktive, raitefage, wie
es um den experimentellen Nachweis stande, wenn diesd¢soNein eben-
solches oder etwa 100 mal grosseres Durchdringungsgamiiesitzen wiir-
de wie ein Rontgenstrahl.

Ich gebe zu, dass mein Ausweg vielleicht von vornherein wemihrschein-
lich erscheinen mag, weil man die Neutronen, wenn sie exest; wohl
langst gesehen hatte. Aber nur wer wagt, gewinnt, und destier Situation
beim kontinuierlichen beta-Spektrum wird durch einen Awssh meines
verehrten Vorgangers im Amte, Herrn Debye, beleuchtet,nae kirzlich
gesagt hat: "Oh, daran soll man am besten gar nicht denkenmiesan die
neuen Steuern.” Darum soll man jeden Weg zur Rettung erhstiskutieren.
Also, liebe Radioaktive, prufet und richtet. Leider kach nhicht personlich
in Tubingen erscheinen, da ich infolge eines in der Naclm ¥ zum 7.
Dezember in Zurich stattfinden Balles hier unabkommlioh b Mit vielen
Grussen an Euch, Euer untertanigster Diener

gez. W. Pauli

Pauli’s neutron was later renamed to neutrino by Fermi bexdioe "real” neutron was
discovered in the meantime by Chadwick. 26 year after Palditer the neutrino was
experimentally detected by Reines and Cowan from a reactoces [RC53]. Since then
the concept of neutrinos has undergone several developraedtits status, as of today,
is described briefly in the following. Their interactiondioie covered in chapter 2.

Neutrino flavors

The standard model of particle physics contains three meuftavors: v, v, andv..
Each neutrino forms a doublet with the corresponding clthlgeton. Thev, was dis-
covered not even five years ago [DONUTO1]. The number of masdrparticipating in
the electroweak interaction can be determined byAhelecay width and it was beau-
tifully confirmed at LEP, long before,, was seen explicitly, that there are only three
light neutrinos. In 1995 LSND claimed that three neutrin@sewnot enough to explain
their results and introduced a "sterile” neutrino [LSND9bhis sterile neutrino does not
undergo weak interactions or interacts in any other waydptgravity). However, the
LSND experiment is still controversial and has not been cowdd by any other facility.
MiniBooNE, presently taking data, aims to confirm or refuitis result.



1.1 Neutrino Properties

Helicity

Wu showed in the late 1950s that parity is violated in weagrgnttions and Goldhaber ob-
served that neutrinos have spin antiparallel to their mdaarerfleft-handed) and antineu-
trinos have it parallel (right-handed). Therefore, in thenflard Model only left-handed
neutrinos and right-handed antineutrinos exist (cf. obap).

Neutrino mass

Until recently, there was no compelling evidence that neagrhave mass. Consequently,
in the Standard Model neutrinos have been considered adassissd neutral stable
particles and, reflecting parity violation, left-handeddse

Today we know that this picture is outdated. There has bepargrental evidence of
neutrino oscillation in atmospheric [Super-K98], solaN[301], reactor [KamLANDO3],
and accelerator [K2K03] neutrino experiments (cf. chapt2). Those experiments have
obtained non-zero differences of squared neutrino massgkkave therefore proven that
neutrinos are massive. This fact requires at least a minaxtainsion of the Standard
Model.

However, the absolute value of the neutrino mass has to keendieed in a different way.
Basically, there are two classes of experiments which hawengupper limits for the
neutrino mass so far. Direct mass experiments investigatkihematics of thes decay.
Numerous experiments have been studying the endpoint ¢f #peectrum from Tritium
decay which yieldsn;, < 3 eV [E*04]. The second class of experiments observes the
rates of nuclear doublé decay which are sensitive to non-zero neutrino masses.

In order to have neutrinoless doubfedecay two conditions have to be fulfilled: The
neutrino must be its own antiparticle, i. e. it is not a Dirat b Majorana particle, and
its mass is non-zero due to chirality arguments. A subgrdupeoHeidelberg-Moscow
collaboration claimed recently to have se®r25 [KKDHKO1]. But their analysis was
heavily criticized and this result has not yet been confirimgdny other experiment. If
their claim is true, then this will establish that neutrirawe Majorana particles.

Currently, the absolute values of the neutrino masses doeown - moreover it is still
unknown whether the mass hierarchy is normal or inverted.

At present there are many alternative models to generateimemasses and to extend
the Standard Model. The experiments are not yet able to @edome of them (especially
with the possible existence of Majorana and sterile neos)inThe mostimportant models
are summarized in Ref. [AF03]. Basically, there are two gsoaf models: Some imply
the existence of right-handed neutrinos (Dirac mass mydwtser imply lepton number
non-conservation (Majorana mass models) and some even buf#l, as the most popular
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explanation of why neutrinos - although massive - are satlifte so-called see-saw
mechanism [LEPO5]. Implications of non-zero neutrino neasare discussed in detail in
Ref. [MP04].

1.2 Neutrino Oscillations

The discovery of non-zero neutrino masses is closely rtkat¢he discovery of neutrino

oscillations - neutrino oscillations are only possiblehamiassive neutrinos due to a dis-
tinction between flavor and mass eigenstates. The idea wamtnoduced by Pontecorvo

[Pon68]. The principle is analogous to the time evolutioa ofassical coupled oscillator
starting with an excitation that is not a normal mode.

For simplicity we consider a system with only two neutrindseutrinos produced in
charged current interactions are flavor eigenstates deaste andyv,,. Those eigenstates
have no well defined mass and are linear superpositions ofi#ss eigenstates andv;
with massesn; andms,, respectively:

|Ve) = 1) cos B + |v2) sin ), (1.1)
|v,) = —|v1) sind + |v) cos ), (1.2)

whered is the neutrino mixing angle. At timeé = 0 we have a pure weak eigenstate,
say|v(0)) = |v,). Buty, is a superposition of the mass eigenstates each of which is
propagating with the time dependence dictated by the fremiltmian. Therefore at a
timet the state will be given by

lv(t)) = —|v1)sin @ e 1 4 |1y) cos O e F2, (1.3)
m2 aps . - . N
With By o = \/p? + mi, = p + 2;2. The probability of finding a neutrino with electron

flavor is then

P(v, = veit) = |(ve|v(t)]?
= sin? @ cos? 6 ‘_e—ibﬁt + 6—2’E2t}2
Am?t
= sin® 26 sin®
sin” 26 sin s
Am?L
4F '

(1.4)

= sin® 26 sin? (

Here Am? = m2 — m? is the squared mass difference afd= p. The last line is valid
for highly relativistic particles{, = t) with L being the travelled distance.



1.3 Experiments and Uncertainties

Note that only the mass difference squared appears, heregungy oscillation proba-
bilities will not give absolute values of the neutrino massecan only say definitely that
at least one of the two neutrinos has a non-zero mass.

The two-flavor-oscillation scheme can be easily extendetree flavor mixing. The
neutrino mixing matrix then contains three anglés,, 0,3, 6,3, one Dirac CP violating
phase and possibly two Majorana phases. Further we havedgoared mass differences:
Am3y, Am?,, Am3, (cf. Ref. [EF04] for up-to-date numbers). Since the off-diagonal
matrix elements seem to be large, also CP violation mighiabgel than in the quark
sector.

In the presence of matter this vacuum oscillation schemerhes more complicated
[Sch97]. Those matter effects can be crucial. Under cedanditions an almost com-
plete flavor inversion is possible which is known as the Mifgne Smirnov-Wolfenstein
effect (MSW effect).

1.3 Experiments and Uncertainties

After Super-Kamiokande found a deficit of atmospheric muemtnnos [Super-K98] and
after SNO discovered the appearance of a non-electron flayoponent in the solar
neutrino flux [SNOO1] there is no doubt that neutrinos oatll

Future precision experiments will mostly be performed \aittificial (i. e. reactor and ac-
celerator) neutrinos providing better controllable coiodis. In particular, long-baseline
experiments will be used. In those experiments two idealpsetire possible. In long-
baseline experiments which have no near detector, the ancwarf the results is deter-
mined by the uncertainties in the knowledge of the beam petens and the cross sec-
tions. In principle, a setup with identical near and far deies could be used to can-
cels these uncertainties since both detect the same spectiscillation parameters are
then fitted to the difference of both. However, this setupifiscdlt to realize in practice
[Har, MINERVAO4a, MINERVAO4b].

Among these long-baseline experiments are the K2K expetirfttEK to Kamioka)
[K2K], the NuMI/MINOS project [MIN] and the CNGS project [CH]. K2K uses a
low energy neutrino beam of about 1.5 GeV sent from KEK to &i{@miokande at
a distance of about 250 km. A near detector is located on thi€ &ife. Data taking
started already in 1999. A few month ago, also MINOS startgd thking. It is placed
at a distance of 730 km in the NuMI beamline, a higher-eneagyalle neutrino beam
(E, ~ 3 — 12 GeV) provided by Fermilab. Finally, CNGS is located in Graas$o,

Iknown also as Pontecorvo-Maki-Nakagawa-Sakata matrix
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730 km away from the neutrino source at CERN. Since it is dnio investigate,
appearance, a high-energy neutrino beadn{ 17 GeV) has to be used.

Even though the physics programs are complementary (K2#sptaconfirm atmospheric
neutrino results, MINOS will yield more precision measuegts of the oscillation pa-
rameters, CNGS wants to settle the question whether asmilill involve 7 neutrinos),

all experiments will face similar problems, namely uncietias in the knowledge of neu-
trino scattering: Obviously, the measurement of the flawongosition of a beam and its
energy spectrum in a detector far away from the source ieaetliby neutrino interac-
tions with that detector. Uncertainties in the knowledgehid interaction will directly
result into uncertainties of oscillations parameters artipular into errors in the neutrino
energy reconstruction. Since there is no test beam for fimeugénergy calibration”, the
energy has to be reconstructed from the measured final sdgtiel@s using theoretical
models (new experiments therefore use higlalorimeters instead of Cerenkov detec-
tors). Since the energy is directly related to the oscdlaparameters, this technique is a
source of systematic errors in the analysis.

Most important are uncertainties due to neutrino cross@ecand nuclear effects - they
are estimated to be 20 % [Lip02] or even 50 % [Har] in oscitlatexperiments. Such

a large error makes a precise determination of oscillatavameters difficult and experi-

ments aiming to detect CP violation even impossible. Foaitiet discussions the reader
is referred to Refs. [Nul02, Nul, Nul05], which concludetthamore precise knowledge
of the cross section and a quantitative understanding ofvikek nuclear response is a
prerequisite for the analyses of future neutrino experisien

1.4 Existing Neutrino Scattering Data and Future
Experiments

The excitement about the discovery of the non-zero neutnass has driven many exper-
iments as outlined above. But as just discussed those exgais now are in a position

where a better knowledge of the detector response is egls@mparticular neutrino cross

sections and nuclear effects need to be understood. Tiherefe shall close these pre-
liminaries with a brief summary of existing and planned ekpents aiming at those

questions.

Inthe 1 - 10 GeV region relevant existing data come from bellshember measurements
running from the 1960’s to the 1980’s. Among them are mostirigmt the 12-foot bub-
ble chamber Gargamelle at Argonne (ANL), the 7-foot bublbianaber at Brookhaven
(BNL), the Big European Bubble Chamber (BEBC) at CERN, thep&ehov bubble

2]t was shown in Ref. [Super-K02] that even within these extbe oscillation hypothesis holds.

10



1.4 Existing Neutrino Scattering Data and Future Experiihen

chamber SKAT, and the FNAL 15-foot bubble chamber (cf. Réfhf05] for a collec-
tion of references and Ref. [Sak02] for a review). They stddieutrino and antineutrino
interactions off free nucleons and heavy liquid targetdaDar quasielastic and inelastic
scattering were taken on both light (Hydrogen and Deuteyimmd heavy (Neon, Propane
and Freon) targets. In nearly all cases, in measurement® ditee charged current sin-
gle pion channels cuts were placed on the hadronic invamass to limit the analysis to
the resonant region.

Despite limited statistics and large neutrino flux unceittas, it is primarily these data

which are still used to fit neutrino scattering parametetge dross sections calculated in
this thesis also use these data. However, the quality oétblssmeasurements is limited
as are the kinematical regions covered.

Some newer neutrino scattering data will be available froalKKThe near detector has
collected data on neutrino interactions [K2K05], which isrently the largest existing
sample in the 1 GeV region.

Recently, two important experiments were proposed, naMEYERVA [MINERVAO443]
and FINeSSE [FINeSSEO04]. Both aim to explore neutrino rugseattering physics sys-
tematically, FINeSSE addionally aims to measure the s&anpgrk content in the nu-
cleon. For their precision measurement of both the quastieland the inelastic neutrino
nucleus cross sections, they will be able to identify andsueathe momenta of leptons
and hadrons as well as the energy of electromagnetic andadihowers.

To conclude, even though there are many neutrino expersh@oking for oscillation and
non-zero mass, there is lack of extensive and high-quaditigrimo scattering data which
can be used to address hadronic and nuclear physics gugestion

11






2 Weak and Electromagnetic Interactions

While the first chapter aimed at giving a motivation and aneexpental overview we
now proceed to the theoretical framework. The electroweadraction as part of the
Standard Model is covered in many textbooks on Quantum Hile&bry or High Energy
Physics (see e. g. Refs. [Bai77, MS93, Rol94, AH96, Mos9Pnetheless, since it is
the basis for our discussion of interactions of neutrinds wucleons and nuclei, we shall
briefly review the electroweak sector of the Standard Moddlsummarize basic facts on
currents and their relations.

In the Standard Model, used in the following, neutrinos avasered massless and
purely left-handed. This is in contrast to the experimeewaience for non-zero neutrino
masses as discussed in the previous chapter. However,lemgghtthe non-zero mass is
necessary for neutrino oscillations, it is not at all impattfor neutrino nucleon scattering
simply because it is so small. This tiny mass will not affexy af the calculations, thus,

we can assume it to be zero in the following.

2.1 Electroweak Theory

2.1.1 Lagrangian of the Electroweak Interaction

The electroweak interaction is part of the Standard Modéltzased on a locefU (2) x
U(1) gauge symmetry. After spontaneous symmetry breaking @aiiggs mechanism
we get for the interaction part of the Lagrangian [TWO1]:

'Cint -

o g CCyxrat h . g NC’ZOc_ EMAOc 21
2\/5 (‘704 w + 'C') 2C089Wja 6\704 ' ( ' )

The weak charged current (CQ)““, the weak neutral current (NCJ ¢ and the elec-
tromagnetic current (EMY7ZM couple to the chargetd’-boson fieldiV*, the neutral
Z-boson fieldZ* and the photon fieldl*, respectively. Relations between the coupling
constants are outlined in Appendix A.3. The currents candparsted into a leptonic
part, denoted by,, and a hadronic parf,:

ja = ja + Ja- (22)
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l ) 2 l

Lk = >—— W+ >—— Z + >——z + >~Mv

1% l 1% l

%,—/ (. ~ _/ ~~
CcC NC EM

Figure 2.1: Leptonic part of the interaction Lagrangiae:(e, p or 7).

Since parity is maximal violated in weak interactions, theaw currents have to have a
vector-axialvectofV — A) structure.

The leptonic part of,,; is schematically shown in Fig. 2.1. We shall now give explici
expressions for the leptonic and quark currents. For tharfRey rules we refer to Ap-
pendix C.

2.1.2 Leptonic Currents

We start the discussion of the currents with the leptonit @dre charged current couples
to a charged?V* boson. It does not change the flavor but turns a charged |éptom
neutrino or vice versa. The coupling involves only left-tlad fields leading to a vector-
axialvector structure in the current, which is given by

3¢ = Dy (1 — )L (2.3)

Neutral currents are mediated by neut?dl bosons. Those interactions also cannot
change the flavor and even keep the identity of the leptonHgf. 2.1). For neutrinos
only coupling to left handed fields is possible, for chargeptdns both left and right-
handed fields are involved but with different couplings:

. 1_ 1 ) _ ' _
jivc = §V17a(1 — 5V — 5(1 — 2sin? Oy ) 174 (1 —45)1 4 sin? Oy Iy (1 +75)1, (2.4)

with the weak mixing angle (Weinberg angkei 6y, .
Finally, the electromagnetic current couples to photormkiagiven by

-EM

o = 1Yl (2.5)

The interaction Lagrangian of course includes all leptovofls, therefore a sum over all
flavors is understood implicitly in these expressions.

14



2.1 Electroweak Theory

2.1.3 Quark Currents

Omitting the heavy quark sector, BU(3); u, d ands quarks are the building blocks of
matter. Under the assumption that quarks are pointlikedpeaticles, their electromag-
netic current i§

JEM = qQ7ay, (2.6)

with

q:

ISR S

and (@ = diag (%, —%, —%) . (2.7)

This yields more explicitly

2 1,
JEM — gfwau —3 (dvad + §7as) ) (2.8)

For the leptonic neutral current we showed that the coupleygends on the helicity of
the fields and the current is diagonal in flavor. This is aldavfar the hadronic neutral
current which couples to the quark fields in the following way

TNC =" G [(ts — eqsin® O ) (1 = 75) — egsin® Oy (1 + 75)] g, (2.9)
q

wheree, is the electric charge ang is the third component of the weak isospin. For
up quarks we have, = 1/2, for down and strange quarks itig = —1/2. The neutral
current can be rewritten as

1 2 1
ch = UV {— — Z2sin’ Gy — —75} U

2 3 2
- 1 1 ) 1
+ dva [—5 - <—§) 2 sin? Oy + 575} d
1 1 i 1
+ 54 l_ﬁ — (—g) 2sin? Oy + 575} s. (2.10)

Finally, we consider the charged current for quarks. Thesneégenstates with weak
isospin of—1/2 (thed ands quark) are not the weak eigenstates. However, both sets of

1Color plays no role here, since electroweak interactioascatorblind; note, however, that the currents
here include an implicit sum over color.
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2 Weak and Electromagnetic Interactions

eigenstates are connected through a unitary transformatighe case ofU (3), we get
with the Cabbibo mixing matrix

d\ [ cosbc sinfc) (d
(s’) o (— sinf- cos 90) (s) ’ (2.11)
whered is the Cabbibo mixing angle wittbs - = 0.974. The charged current is then
given by

JEC = @ya(l = v5)d

= U,(1 — 75) (cos Ocd + sin O¢s) , (2.12)

which again reflects th@” — A) structure. In the following we neglect the part suppressed
by the Cabbibo mixing, i. e. the one proportionakind- and we obtain

JCY = iy, (1 — 5) cos Ocd
= cosfc (V. — AJ9). (2.13)

2.2 Properties of Quark Currents

2.2.1 Vector Current

We now study general properties and symmetries of the inted currents. We shall
show that the electromagnetic and the weak currents candressed as linear combina-
tions of the conserve8U (3) s vector current.

The quarks are described within QCD, the theory of strorgyautions, by the Lagrangian
[Wei]

L= 0D~ m] g~ 1 GasG™ (2.14)
with the non-Abelian gluon field tens6f, s and the mass matrix

m = diag(m,, mq, ms) . (2.15)
The couplings of the quarks and gluons are encoded in theegaay@riant derivativé,, .
Apart from its localSU(3)....- gauge symmetry, QCD has global unitary symmetries.

They imply conserved currents, which impose constrainthemlynamics of strongly in-
teracting systems, irrespective whether those are qugitksns or composite hadrons.
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2.2 Properties of Quark Currents

Assuming isospin symmetry, i. &2, = m, = m,, the Lagrangian has a glob&l/(3)
symmetry and is invariant under

q — exp <i9a%) q, (2.16)

with )\, being the Gell-Mann matrices which are listed in AppendiR. A he correspond-
ing conserved Noether currents are

A
Vo =0y a (2.17)

Note that this symmetry is broken by the quark mass diffegenc

VI =1iq {m, %] q. (2.18)

Combinations of those flavor currents appear in the quadtrelmagnetic current. Re-
writing Eq. (2.6) by using the charge operator

Y
Q=5 +1 (2.19)

the hypercharge
As . 11 2
Y =B — =d _ = 2.20

where B is the baryon number anl is the strangeness, and the third component of the
strong isospin

=3 (2.21)
2
yields for the electromagnetic current
1
ﬁM:5g+m3 (2.22)
Here
A
Vi=ma5a (2.23)
is the isovector (isospin) current and
As
IV = §ya— 2.24
o = Dz (2.24)

17



2 Weak and Electromagnetic Interactions

the isoscalar (hypercharge) current.

Also the vector part of the charged current can be expressadiaear combination of
the flavor currents by

VO = ty,d
A i
= 4V 5 q
.
= 4V B q
=V} +iV2. (2.25)

Finally, we rewrite the vector part of the neutral currentarms of the flavor currents and
obtain

1 1
VNC = (1 — 2sin? Oy ) V3 — 25sin? 9W§J3( — §J§, (2.26)
with V2 and.JY" as above and? given by

JS = 5. (2.27)

We conclude that the isovector part of the electromagneticat and the vector part of
the weak currents are components of the same consgies) ; vector current.

2.2.2 Axial Current

In the limit of massless quarks, QCD has an additional symyntte so-called chiral
symmetry. The QCD Lagrangian is invariant under indepentiansformations

Ca e
qrL — exp <19L?) qr, and gqr — exp (ZQR?) qr, (2.28)

whereq;, andqy are the left and right-handed quark fields, respectivelg, ane defined
as

qrL,.r = (1F7)q. (2.29)

1
2

The corresponding conserved Noether currents are

Aa

VS a ,
JS’L = QL'Ya?QL and Ja’R = 4R 5

18



2.2 Properties of Quark Currents

which yield the already introduced vector current

A
Vi = et + it = g (2.31)

and the axial current

Aa
Ay =0T = I = DT e (2.32)

The chiral symmetry is explicitly broken by the non-zero guanasses, and the diver-
gence of the axial current becomes

0“Al =iq {m, %} Y5q. (2.33)

The weak axial charged current is given by
ASC = ﬂ’}/a’}%d
_ At
= V554
= A} +iA2, (2.34)

with the divergence

1
9*AC = ii(mu + mq)Uysd. (2.35)

Therefore, the weak axial current is conserved in the chimal m,, — 0 andm, — 0.

Finally, for the axial part of the neutral current, we obtain

ANC = A3 4 %Ai, (2.36)
with

A = q%%%q (2.37)
and

AS = Fy,7ss. (2.38)

As the for the vector current, we conclude that the axialgpaftoth the neutral current
(42) and the charged currenti{ and A2) belong to the same conservéd (3), axial
current. Note that there is no electromagnetic analogugsrcase.
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2 Weak and Electromagnetic Interactions

2.3 Hadronic Currents

2.3.1 Hadronic Transition Currents

At the low energies under consideration here quarks formpdrer. While the elementary
quark vertex is well-known as shown before, this is not theedar composite particles.
For hadrons and nucleons, effective interactions can edated to parametrize our
ignorance of low-energy QCD:

q N’

Even though the quark picture does not apply any more, itsrsstnies and Lorentz struc-
tures are reflected in the effective vertices. For exampkecharged current will always
have a(V — A) structure. Based on this symmetry argument we are then@bbddulate
cross sections in terms afpriori unknown form factors. We now extend the discussions
on current algebra from quarks to composite systems. Thesergl theorems will be
applied later to calculate explicit neutrino cross sedion

2.3.2 Conserved Vector Current Hypothesis

We showed that the electromagnetic current and the wealowveatrents are related
through the conserved flavor current. We only assumed isagpnmetry of the strong
interaction. Thus, one expects the obtained relations todependent of the details of
the hadronic structure if isospin symmetry is a good symymatthe particular hadronic
system.

Assuming the hadronic currents to have the same structine agiark currents discussed
in chapter 2.2.1, we obtain for the electromagnetic current

1
ﬁM:?g+@. (2.39)
The vector part of the charged current is given by

VIS =V Ve, (2.40)
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2.3 Hadronic Currents

and the vector part of the neutral current by

1 1
Vi = (1= 2sin® ) Vi = 25in® O oy — 53 (2.41)

We further assume that the matrix elements of the hadromientsV,“ andV? are the
same, being related by isospin rotation.

Before the advent of QCD this presumption was postulateddyyfan and Gell-Mann
[FGM58] as the so-called conserved vector current hyp@he€d/C), a name we adopt
in the following. We stress that on the quark level this hyjyesis holds exactly as a
consequence of QCD.

An implication of this hypothesis is that, because the ebectagnetic current is con-
served, also the weak vector current is conserved. Ref. 5] H®iews further predictions
of CVC and their experimental checks.

CVC will be used in the next chapters to express explicit meoicross sections in terms
of electromagnetic form factors. In practice one usualguases CVC and substitutes
the weak vector charged current matrix elements with theesistor matrix elements from
the electromagnetic interaction - in the words of WaleckalB#]: CVC implies that the
vector part of the single nucleon matrix element of the chalganging weak current
whatever the detailed dynamic structure of the nucleon, lmamwbtained from electron
scattering through the electromagnetic interaction!

2.3.3 Partially Conserved Axial Current Hypothesis

Having discussed the vector part we now turn to the axial pagain, we assume the
hadronic currents to have the same structure as the quarkntsirdiscussed in chap-
ter 2.2.2, which yields

ASC = Al +iA2, (2.42)
1
ANC = A3 + §A§. (2.43)

Also for the axial current we assume that the matrix elemehtbie hadronic currents
ACC and A2 are the same - which holds exactly on the quark level.

We showed that in the limit of massless quarks, the axiabouiis conserved. When going
from quark currents to hadronic currents one can show thaRéts. [BD67, Bai77, 1280,
TH95, Wei))

9" ALC = %i(mu + ma)uysd — m2 fom, (2.44)
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2 Weak and Electromagnetic Interactions

with the pion massn,, the pion decay constarft and the pion field operator. The
divergence of the axial current is therefore proportiooalhte square of the pion mass
and vanishes in the chiral limit, — 0. This is known as the partially conserved axial
current hypothesis (PCAC) (for experimental validatioe §ef. [TH95] (Goldberger-
Treiman relation)). In practice, as for CVC, we assume PCAL; as will be shown later,
this can only be fulfilled if the axial current is dominateddpion pole graph.

Being equipped with these powerful tools we shall close ttedirpinaries and proceed
with the calculation of neutrino nucleon cross sections.
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3 Introduction to Neutrino Nucleon
Scattering

Before we consider neutrino scattering off nuclei, we fiesteh to develop the formalism
of neutrino nucleon scattering to be used in our transpodeh@f. chapter 7). Therefore
in this and the following three chapters we shall provide rmegal discussion of neutrino
nucleon reactions. This first chapter in the series stattis a/igeneral derivation of the

inclusive inelastic cross section to point out relevantsyatries. It will become clear that

inclusive cross sections are not suited for our requisitesesthey contain not enough
information. More exclusive quantities need to be congdeand thus, are calculated
in the next two chapters applying those general symmetiibs. relative importance of

the various contributions to the cross section will be désed in the second part of this
chapter.

3.1 Inclusive Cross Section

We start our general discussion with reactions of the type

vN —["X and vN —vX (3.1)
vN —I1TX and 7N — X (3.2)
wherel* is an arbitrary lepton an& stands for the hadronic debris produced in the

inelastic collision (Fig. 3.1). In these inclusive reaaosanly the energy and the scattering
angle of the outgoing lepton are measured.

Figure 3.1: Inelastic neutrino-nucleon scattering (agails for antineutrinos).



3 Introduction to Neutrino Nucleon Scattering

These reactions are similar to inelastic electron-nucl@omphoto-nucleon) scattering.
The nucleon is not probed by a (virtual) photon but by a gawgtor boson and the cou-
pling now contains both vector and axial vector parts assiied in the previous chap-
ter.

In the Born approximation, the invariant matrix elementdbarged current reactions of
neutrinos can be written as

g \* i s 470" :
M= (525) w0 pa1=repu ) (o + £ <X<p>|J@<o>|NEp>>.)
3.3

For scattering with low momentum transfeq’ < MZ,) we can replace the propaga-
tor

. o 5 . aﬁ
# _af qaq _ g
o () — i oo
and obtain
2
M = i (ka1 = 35)u, ()X (1) T (0) [N (p)). (3.5
w

The spin averaged matrix element squared is then given by

12 G_%' af
IM|* = 5 LogW*e?, (3.6)

where we used

s _Gr

= . 3.7
SM2, /2 3.7)
The lepton tensoL,, is easily calculated to
Lag = D 3 [kl = 75)u, (B)]" [t (k) y5(1 = 75 (R)]
initial final
spins spins
= Tr [(F 4+ mu)7a(1 = 75) (K + mu)vs(1 — 75)]
= 8 [kl kg + kokly — gaph - K + i€agpok” k"]
= L5 +iL% (3.8)

The superscriptS and A refer to the symmetry under interchange of the Lorentz istic
andg. For antineutrinos the antisymmetric piece proportioadhte totally antisymmetric
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3.1 Inclusive Cross Section

tensore,s,, gets a minus sign and we end up with the following expressiottie lepton
tensor:
Ly =Ly il (3.9)

We emphasize that this antisymmetric piece is not contamtt electromagnetic lepton
tensor.

The hadronic tensdi/*® is more complicated for weak interactions than in the etectr
magnetic case because parity and current conservatioroarenstraints any more. The
hadronic tensor must have the same Lorentz structure agpi@nic tensor, hence we
obtain

Wl = wal 4 iws?, (3.10)

with Wg‘&) being real symmetric (antisymmetric) tensor. The most gertensor, repre-
senting the structure of the nucleon, is completely deteechby six independent structure
functions [TWO1]:

a,p _afpo B
aff __ off pp 1€ Pp4o qgq
WoP = —gPW, + e Wy + e Ws + M2W4
a3 a, B TONPYG] apB
p*¢" + ¢°p i(p*q” — q°p°)
+ = Wt SNTE W. (3.11)

The functionsi¥V; are real and Lorentz scalar functionsiof= p - ¢ and¢?. Contrary to
the electromagnetic casé/; andVs appear here because of parity violation, &idand
W5 because they cannot be relatedito and 1V, by current conservation.

The calculation of the cross section requires the contraaif both tensors in Eq. (3.6).
The only non-zero contributions involve the contractiohthe symmetric part of//*?,
Wi 9,45, With Lgﬁ and the antisymmetric partg; ¢ with Léﬁ. Doing the algebra, one finds
that the terms proportional #@’; do not survive the contraction. The terms involviig
andWV5 are proportional to the lepton mass.

At this point, it is again worthwile to mention a major diféerce between neutrino and
electron scattering. While for electron scattering one trpuspare a polarized beam to
probe the antisymmetric part of the hadronic tensor, fotneas this comes for free.

The cross section follows from Eq. (C.1) in the appendix:

20 G |k
= — TLQ aﬁ
dQdE, — 4n? || W

(3.12)

with d©2 = dcosfd¢, andd being the angle between incoming neutrino and outgoing
lepton. £ is the energy of the outgoing lepton.
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3 Introduction to Neutrino Nucleon Scattering

For charged current neutrino scattering, one obtains theesgion

d20 k| E,MG2 L0 9 E,+E .0
deEl:| |7sz F{2W181H2§+W2C082§—W3 A 1311125
2
—i—Lﬁ[chos@—%cos@
Ey(E+ k') 2
W (E,+|K| E,+E
+73< l.—]\? ‘— ]\—; lcos@)
Wy [ m? 2E(E + |K]) E + |k
+ 74 (ﬁcos@—l—%snﬁ@) —W5Z27M||

} . (3.13)

whereM is the nucleon mass. For antineutrinos, the sign in front’gthanges.

For neutral currents the matrix element of Eq. (3.3) is medifiue to the different cou-

pling:

¢* — M3

2
€ — ! 1_75

= k k

M <2sin9WCOSHW) U(k)Ya 2 w (k)

) (X (@) J5(0)[N(p))-

(3.14)

The index! refers to the outgoing neutrino. For scattering with low neomam transfer

(l¢%| < MZ2) the propagator reads

. a, B . af
! qq Ly
af

¢ = M3 < M3 M

and one obtains

e
M =
<2MZ sin By cos Oy 2
The coupling can be rewritten as
62 . GF
8M?2 sin® Oy cos? Oy V2

where we used

e = gsinfy,

cos By = @
My’

Gr g9’
V2 8Mj,
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3.1 Inclusive Cross Section

Therefore, for the spin averaged matrix element squaredbitarothe same as for the
charged current interactions in Eqg. (3.6):

2
M = %Laﬁwaﬁ. (3.21)

Los andWeP are as in Eq. (3.8) and in Eq. (3.11), respectively, but with= 0 due to
the vanishing neutrino mass. The neutral current crosgsastthen given in analogy to
Eq. (3.13)

0 |K|EMG%
deEl N 2

E,+E .0
]\Z lsin2§}. (3.22)

0 0
{2W1 sin? 5 + Wy cos? 5 Ws

For antineutrinos, th&/; term has a different sign.

To deal with the available data, we also need the differeatass section in terms of the
invariant mass¥ of the hadronic final state and the squared momentum traf3fer
—q?, which equals the Mandelstam variableinstead of the lepton energy; and the
scattering anglé. The relations between them are

Q? = 2E,E, — 2|k||K| cos § — m? (3.23)
and

W?=M?*+2M(E, — E) — Q*. (3.24)
By using these relations we obtain

d%c W d%o

dQAW — M|E||k| ddE; (3:23)
The total cross section for a given incident neutrino enéglgen given by
Winax Qmax 20
o(E,) = /W dw - dQQW (3.26)
with the integration bounds
Wnin = M, (3.27)
Winaz = V/s — my. (3.28)

Here /s is the invariant mass of the initial — N system. For a fixedll’, Q? runs in the
range of

2 = —m}+2E,(E — |F), (3.29)

man

2 =—m}+2E,(E + k). (3.30)

max
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3 Introduction to Neutrino Nucleon Scattering

Eq. (3.13) is the most general expression for charged duneartrino-nucleon scattering
at energies small compared to the vector boson mass. Thudiftlrential cross section
is completely defined by a set of five structure functions Wwiparametrize our ignorance
about QCD. In principle, these functions could be measuregdractice, however, this is

beyond realistic expectations and it is not possible togeddurther without an explicit

model of the hadronic vertex. Therefore, we will disentandifferent processes and
discuss the individual terms in the following chapters.

3.2 Decomposition of the Cross Section

We shall now decompose the neutrino nucleon scatteringiigtpieces. In the next
chapters we shall present models of those parts and caoedatusive cross sections
instead of the inclusive one just presented.

For neutrinos, as well as for antineutrinos, we can disistyoneutral and charged current
interactions:

o =0+ N (3.31)
For each part there are basically three processes whichpatidtiie total cross section
o0?“NY = 5(QE) + ¢(RES + o(Non-RES/DIS. (3.32)

e (Quasi)Elastic (QE):

1% lvl/
T~ CC: UN — IN' (3.33)
W, Z
/@\ NC: vN — vN (3.34)
N N’

e Resonance production (RES):

v l,v
T~ CC: N — IR (3.35)
W, Z |
/@\ NC: vN — vR (3.36)
N R
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3.2 Decomposition of the Cross Section

e Non-resonant background / Deep inelastic scattering (DIS)

1% l,l/
T~ CC: vN — IX (3.37)
W, 7,
/K NC: vN — vX (3.38)
N X

v stands here for every kind of neutrino flavor as well as foaintiparticle. The term
"quasielastic” refers to the fact that the neutrino chantgddentity to a charged lepton. If
the outgoing lepton is still a neutrino, the reaction is ded@s “elastic”. The term "deep
inelastic” refers to the kinematical regime where bgthand the mass of the hadronic
final state are large compared to typical hadron masses.

Having those three basic processes at hand we can desdrifeée@hnt physical reac-
tions. The cross section is then a sum of all single coniobyhamely the production of
nucleons, of pions, etas and kaons, etc:

o?ONC = G(N) + oln) + olp) + oK) + ... (3.39)
—— —~— ~ ~ -
mainly from QE  mainly from RES from RES, DIS

In this thesis we are mostly interested in energies in thenasce region, i. €. neutrino
energies up to about 2 GeV. This will mainly probe the first tparts of the above
equation. The most important processes at these energieguasielastic scattering
and resonance production (see Fig. 3.2). The resonancegtiaad, however, is domi-
nated by theA(1232) (cf. chapter 6) which subsequently decays into a pion nugheor

(cf. Eq. (3.39)). Therefore, the next two chapters will b&ated to the calculation of
guasielastic scattering and &f production. In chapter 6 we shall discuss the remaining
contributions needed for a full description of neutrino leon scattering.
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3 Introduction to Neutrino Nucleon Scattering
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Figure 3.2: Total cross sections as a function of the newtemergy forr, N — p~X

decomposed in QE, RES and DIS. The upper plot is scaled byetimo
energy. The DIS curve is taken from Ref. [Super-K05].
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4 (Quasi)Elastic Scattering

We start our discussion of the various processes with gaasie scattering (QE). As

shown in Fig. 3.2, this is the most important reaction fortriao energies up to about
1 GeV. This chapter is organized in the following way: Fireagged current (CC) in-

teractions are calculated and discussed in detail, fololse the neutral current (NC)

reactions. This discrimination is necessary due to theceffef the strange sea in the
nucleon which is important for NC scattering.

4.1 Quasielastic Charged Current Interaction

4.1.1 Formalism

Here we consider the charged current quasielastic reacti@r antineutrinos a negatively
charged vector boson is exchanged,

vp — Tn, (4.2)
while for neutrinos the vector boson is positively charged,

vn — " p. (4.2)

The derivation of the cross section will be given expliciily neutrinos, the final result
is then straightforward to extend to antineutrinos. Thewaltions are not restricted to a
particular neutrino flavor. We use the notation as definedgpehdix B.1.

The spin averaged matrix element squared is given by EQ: (3.6

2 _ Gr oB
MP = Log W (4.3)

The leptonic tensor was already calculated in Eq. (3.8) tlk@hadronic tensor we found
a general expression (cf. Eq. (3.11)) with so far unspec#teacture functions. To in-
troduce our model of the hadronic vertex we go back to Eq.) @ to the hadronic
current:

JCC = (p(")|ISC(0)|n(p)), (4.9)



4 (Quasi)Elastic Scattering

where|n(p)) denotes a neutron of momentyrand |p(p’)) is a proton of momentum
p’. The transformation of a neutron into a proton means, in glence quark model, the
transformation of a down quark into an up quark. It then fedrom Eq. (2.12) that
we must include Cabbibo mixing - this gives a factokad 6. From Lorentz invariance
arguments we know that, is consisting of vector and axial vector currents, thus we
obtain

JCC = cos o (VEC — ACC), (4.5)

Following the arguments of Ref. [NPRO5] we construct the ngeseral form out of the
four-vectors at our disposai,, p,, andq, = p., — p.. Gordon identities (cf. e. g. Ap-
pendix A.2 in Ref. [1Z80]) limit the number of terms and we ¢f&¢ following expression
for the vector part:

VI = 0 [PV (@) + ot Y Q) + 2 F(@) ). 49

with Q? = —¢? and the nucleon masg.! F, are the vector form factors arfd® is the
scalar form factor. The same procedure yields for the axst p

A = 00) [ FAQ) + a5 Q) + s o). (4)

Here F4 is the axial form factorf the tensor and’» the pseudoscalar form factor.

Thus, the one-nucleon matrix element is described by six factors which are functions
of Q2. When invariance under time inversions holds, the fornofiactdefined through the
matrix element above, are real. This is explicitly derived\ppendix G of Ref. [Bil94].
Furthermore, we shall show, that

F9=0 and Fr=0. (4.8)

Those two terms have the opposite behavior under charge symnfrom the other terms.
Protons are turned into neutrons (and vice versa) througtation byr about they-axis
in isospace [Bil94, TWO1]:

C = exp(inly), (4.9)

with I, being the isospin generator. ThEi$C“C~! describes the same transition g 1.
It is shown in detail in Ref. [Bil94] that

cJjeect = —goert (4.10)

we do not distinguish proton and neutron masses here as svalhywhere else in this work - it was
shown in Ref. [SV03] that this approximation affects onlg tbwest energies close to threshold (cf. Ap-
pendix B.2). Therefore, a more complicated formalism isrequired here.
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4.1 Quasielastic Charged Current Interaction

holds only if F; = F*¥ = 0 because the terms involving; and F° transform with
the opposite sign. Such a transformation defines so-cadlenhsl-class currents [Wei58]
which, motivated by the experiments placing accurate $rait those currents [Wil0OQ],
shall be ignored from now on.

With the hadronic current

1 «
JSC = COS QCﬂp(p/) [%Ff/ + maagqﬁsz + Yo Vs Fa + qM%FP} uy(p), (4.11)

the cross section is given bt = —¢?) [LS72]

do”?  M?*G% cos* O s—u (s —u)?
i [A F o Bt C] : (4.12)
with
s —u=4ME, — Q* —m}, (4.13)
@
and
A= ( le ) [+ Fi—(1—7)(FV)?+7(1—7)(FY) +4rF)Fy
mj 1% V2 2 Q? 2
e (FY + F) )"+ (Fa+ 2Fp)° — W+4 F: )|, (4.15)
2
B— %FA(FIV v EY), (4.16)
1
C= (Fi+(F) +7(F)). (4.17)

Neutrino and antineutrino scattering differ by the signriont of the B term. The form
factors for neutrino and antineutrino scattering are timeesbecause of charge symmetry
of the matrix element. With the given dependence on the feptassn,;, the cross sec-
tion is valid for all flavors. Note that's is multiplied bym?/M? so its contribution is
negligible fory,, andv,, but becomes important for..

At this point, the cross section is given in terms of four uokn form factorsFy’, Fy’,
F, andFp. The vector form factors can now be related to electronegat form factors
by assuming CVC (cf. chapter 2.3.2). We start with an isosi@inblet of proton and
neutron:

u = <Zp) . (4.18)
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4 (Quasi)Elastic Scattering

The electromagnetic matrix element reads:

EM:7/ F
I = a0 |t + 53

5770ap0" F. } »(P)

— / n i
+ Un(p') {%Fl WAL Fz] (D), (4.19)

where " and F3"" are the well-known Dirac and Pauli form factors of the nunleas
shown in chapter 2.3.2, the electromagnetic current camlitdrgo an isovector and an
isoscalar part,

JEM — 3 2J§j , (4.20)
where
Vi=u [%F + 2M0a5q PRy } o (4.21)
1, 1
§JO‘ = U |V VY + 2M0a5q AEs 5t (4.22)
and hence
Fyy = FYy F FTy. (4.23)

Rewriting the vector part of the charged current of Eq. (#ihlterms of the nucleon
isospin doublet yields

cC _ - Vv i v | T+
\% F — FY | —u. 4.24
o U | Yoty +2M0a6q 2 2“ ( )

CVC now implies that the currents of Eq. (4.21) and Eq. (4&4) components of the
same isospin multiplet of conserved currents, and thezdfagir form factors are equal:

Fly=F. (4.25)

The implications are remarkable: With the electromagnaiicent also the weak vector
current is conserved, and for the form factors CVC finallydge

F{Z = F¥, — Ty, (4.26)

whereF?" and F¥"" are the Dirac and Pauli form factors of the nucleon. Revgitirem
in terms of Sachs form factors (cf. e. g. Ref. [St093]),

GhYy' ="+ T, (4.27)
Q2
PN P DN
Gy = F{" = S5 P (4.28)
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4.1 Quasielastic Charged Current Interaction

Figure 4.1: Pion pole dominance of the pseudoscalar fortorfac

one getS
D (M2Y _ ()2 Q% (rw 2y _ m 2
Fiign - (CHO) = GHE + 5 (CU@) - Gyi@) 429
4M?
4M?

G andGg are the magnetic and the electric form factors of the nuglezapectively.

Having related the vector form factors to electron scattgrive shall now discuss the
axial and the pseudoscalar form factors. The axial part of(Eq1) can be rewritten
using the nucleon isospin doublet as

ASC = [70/75FA + qMa%FP %U (4.31)
Assuming PCAC (cf. chapter 2.3.3), the divergence of EQ®1(must be proportional
to the pion mass squared. Thus, in the chiral limit the axuatent is conserved. How-
ever, this is not the case for th¢, term alone. But if we additionally assume that the
pseudoscalar term is dominated by a pion pole graph then R2AGndeed be satisfied
[TH95, Wal95].

There is a one-pion exchange process with contributes ton#itex element - a pion is
created at the proton-neutron vertex and then couples tepken pair (see Fig. 4.1). The
axial current is then given by

Al = (n — pr— verteX x (m~ propagator x (7~ — vl verteX

= (—’L.gWNNFﬂNN(Qz)ﬂ’}/E)T_’_U) X (m) X ('L.fﬂC_Ioc)y (432)
whereg,nyy = 13.1 is the pion-nucleon coupling constant afid = 92.4 MeV is the
pion-decay constanf, v (Q?) is a vertex form factor, taken to be a smooth function of
Q? with F,yn(Q? = m2) = 1, so thatg, vy becomes the physically measured coupling
constant.
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4 (Quasi)Elastic Scattering

Comparing Eq. (4.31) with Eq. (4.32) motivates the assuonpdif identifying the pseu-
doscalar form factor term with the pion pole contribution:

Fp(Q%)  2g-nnEFann(Q) fx

s O+ m2 . (4.33)
The divergence of the axial current then gives
2 F, 2
OUACC =, |2MF4(Q%) — ?29Y i Q) | (4.34)

Q* +m3

As required by PCAC, the divergence is proportionalnté if the following relation
holds:

MFA(Q?) = gannFrnn(Q?) fr- (4.35)

At Q* = 0andF,yy(Q* =0) ~ F,yy(Q* = m2) = 1 this is known as the Goldberger-
Treiman relation. Its prediction for the axial vector camtF4(0) is reasonably close
(as good as 2 % [TH95]) to the experimental value obtaineah ineutrons decay. This
accuracy shows the excellent prediction of PCAC.

Now the pseudoscalar form factép and the axial form factorg’, can be related:

2 2M2 2
Fp(Q7) = mFA(Q ). (4.36)
For a detailed discussion of the axial structure of the rarclhe reader is referred to
Ref. [BEMO02].

Before proceeding we shall briefly summarize. Starting Wiotlr unknown form factors
FY, Fy, F, and Fp we are now left with the Sachs form facta,” and G, which
are known from electron scattering and with the axial foretdaZ’, which can only be
accessed through weak interaction processes.

4.1.2 Form Factors

The simplest parametrization of the form factors used iditbeture is the dipole form.
For the Sachs form factors we have

G(Q%) = Gp(Q?), (4.37)
GH(Q%) =0, (4.38)
G (Q%) = 1Gp(Q?), (4.39)
Gy (Q%) = 1Gp(Q?), (4.40)

°The pseudoscalar form factor was also measured directlyt@md®CAC prediction was confirmed
(cf. Ref. [BEMO02] and Ref. [TWO01]).
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4.1 Quasielastic Charged Current Interaction

with the magnetic moments of the protpp = 2.793 and of the neutrom,, = —1.913.
Gp is given by

1
.
(1+4%)

with the vector masa/,, = 0.843 GeV. At zero momentum transfer the form factors are
fixed by the electric charge and the magnetic moments of tbkeon.

Gp(@Q*) = (4.41)

Also for the axial form factor we apply a dipole form:

Fa(Q) = —2, (4.42)
()
M3
where we have for the axial vector constant= —1.267 and for the axial mass/, =
1.026 GeV [BEMO2].

However, the best analysis as of today is from Bodek et al ABH which takes into

account recent electron scattering data from JLAB [A0Q, JAB2btain updated values
for the Sachs form factors. With those new vector form fagttrey fitted again the old
neutrino data and updated also the axial mass which is thedtncertainty in neutrino
nucleon scattering. We will use their set of form factors f/BB003 form factors) in this

thesis. The BBA-2003 form factors are given by

GE.1(0)
o o LY _ 4.43
E,]\/[(Q ) 1 + CLQQ2 + CL4Q4 + aﬁQG + a8Q8 + alOQIO + a12Q12 ( )

The fit parameters, . .. a5 are listed in Table 4.1G%7M(0) equals those of the dipole

a2 Q4 Qg as a10 a2

G% | 3.253| 1.422 | 0.08582| 0.3318 -0.09371 0.01076
G%, | 3.104| 1.428 | 0.1112 | -0.006981| 0.0003705| -0.706310~°
G, | 3.043| 0.8548| 0.6806 | -0.1287 | 0.008912

Table 4.1: Coefficients of the BBA-2003 form factor fit, cf. . £4.43); the dimension of
a; is GeV .

form factors at)? = 0 because the values at zero momentum transfer are direlzttgde
to the electric and magnetic properties of the nucleon. k@etectric form factor of the
neutron we take the following parametrization [KTO3]:

GH(Q%) = —p

aT

= Gn(@?) (4.44)
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4 (Quasi)Elastic Scattering

with @ = 0.942 andb = 4.61, andr = Q*/(4M?). For the axial form factor the dipole
form of Eq. (4.42) is still used, however, the BBA-2003 arsédygave a slightly reduced
axial mass of\/4, = 1.00 GeV.

In Fig. 4.2 the BBA-2003 form factors are plotted versid From Eq. (4.29) and

SN~
-~
~a
-
—
e

[ L R

form factor
o

0 0.5 1 1.5 2 2.5
Q? [GeV?]

Figure 4.2: Nuclear charged current form factors, whichral&ed to the Sachs form fac-
tors by Eq. (4.29) and Eq. (4.30), in the BBA-2003 form fagtarametriza-
tion.

Eqg. (4.30) one obtains

FY(0) = G3(0) = G3(0) = 1, (4.45)
FY(0) = G%,(0) — G7,(0) — GH(0) + G'(0) ~ 3.7. (4.46)
For the axial form factors we have (cf. Eq. (4.42) and Eq.6%.3
Fa(0) = ga ~ —1.26, (4.47)
2
Fp(0) = 20y, ~ —115.6. (4.48)
m

™

A comparison of the BBA-2003 form factors and dipole formtdas is shown in Fig. 4.3.
Since the form factors are fixed @ = 0, both parametrizations coincide at this point.
The ratio plotted shows clearly the deviation from the dégfolrm of theQ? dependence
as measured recently at JLAB.
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4.1 Quasielastic Charged Current Interaction
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Figure 4.3: Ratio of BBA-2003 and Dipole form factors 6 and .

4.1.3 Results

Having now a complete formalism and a state-of-the-artmpatezation of the form fac-
tors we can study the charged current cross sections.

Fig. 4.4 shows the differential cross section for variousies of the neutrino energy for
the reactionv,n — p~p. For a given neutrino energl,, the kinematically allowed
values of@? are constrained to the intervid)? , ., Q?,..]. Detailed expressions fap?,,,
andQ?  as a function ofF, are given in Appendix B.3. Also the shape of the cross

max

section depends on the neutrino energy and at higher eaehgie€urves converge.

For an interpretation of the shape of the cross section we& sh&ig. 4.5 the differential
cross section foE, = 0.5 GeV andE, = 2 GeV and indicate the contribution of the form
factors. The figures (a) and (b) were obtained by settingoathffactors to zero except
one. The most important contribution comes from the axiahféactor, the pseudoscalar
form factor does not contribute. Most sensitive to the epésghe contribution coming
from V. Figures (c) and (d) show the contributions from the inteniee terms in the
cross section. These plots were obtained by "switching alifterms except the ones
indicated. We see that the terBin Eq. (4.12), which include$', F and F, FY, is
important for the shape of the differential cross sectiolowatenergies. The contribution
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Figure 4.4: Differential cross section fofn — 17 p.

coming fromF4 Fy” explains the "dip” at lowQ?. For higher energies the terfhbecomes
less important.

Integration ofdo /dQ? overQ? yields the total cross section (solid line in Fig. 4.6). The
strong increase at small energies is due to the opening gpase. For higher energies,
the tail ofdo /dQ? does not contribute much and therefore the total crossosesditurates.
This can also be seen from the cross section formula (EQR)4 With increasing energy
the integral over thel and B terms tends to zerbwhile the integral over th€' term
tends to a constant.

Also shown in Fig. 4.6 (a) is the contribution from the vasdorm factors to the total
cross section. The curves were obtained by setting all farctofs to zero except for
Fa, FY or FY, respectively. The full result is displayed by the solicklinF» does not
contribute to the cross section because it is multiplie¢rby/ 17)2. Clearly dominant are
the axial form factor and)’; /" is kinematically suppressed. But neither one of the form
factors itself nor the sum of the single form factor termgoepices the full cross section.
This indicates that the interference terti$ ), F4F) and F, F)” are important for the
charged current process. Those are plotted in Fig. 4.6 (lgstMnportant isF4 ) as

3The vanishing integral over thB term for highE, implies that the cross section for neutrino and an-
tineutrino are equal in the high energy limit. This is cotesig with the Pomeranchuk theorem [Wei61].

42



4.1 Quasielastic Charged Current Interaction

2-5 L] L] T L] 2.5 L] L] T L]
Y —ee—-. Y —ee—-.
E,=0.5 GeV 3 E,=2.0 GeV 3
o~ o~
> >
(] (]
Q Q
o~ i Y
£ £
(&) (&)
S &S
o) o)
=, =,
N l i 7 N
o o
) )
o} \ )
© \ ©
05F . el k
\\\ .............
_,.\__\.xg_ ____________
¢/./ Te——
o 1 1 1 | — =
0O 01 02 03 04 05
Q*[GeV]
(a)
2.5 L] L] V VI L] 2.5 L] L] V VI L]
E,=05Gev MiF2 ~7777 E=20Gev MiF2 ~—777~
F.EY ——.—.. v
"
2 FAF]. ............. n
o o
> >
() ()
Q Q
(&] (&]
&S &S
) )
=, =,
(9V] 1 i T (9V]
o o
S S
) o
s | o
05 7 Tl 05 } ]
./
'/
e eeesessw S N KR
0 P i ) | 0 PP opreraaaes STITITLITITTTITTTPrery.
0O 01 02 03 04 05 0O 01 02 03 04 05
Q% [GeV?] Q% [GeV?]

(©) (d)
Figure 4.5: Differential cross section fof,n — p~p showing the form factor contri-

butions. TheFp contribution is very small and not visible; the solid line
represents the full calculation including all form factors
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4 (Quasi)Elastic Scattering

it was the case for the differential cross section. The fatence terms tend to zero at
higher energies.

A comparison with experimental data is shown in Fig. 4.7. Téferences are given
in the plot. The data are obtained with scattering from Dawite in bubble chamber
experiments. The experimental data and the calculatiaiynagree.

Next we study the dependence on the neutrino flavor. Thedaiak section for the three
flavors is plotted in Fig. 4.8. Producing a lepton of a spedlifiwor requires a certain
threshold energy (cf. Appendix B.2). If the mass differebeéwveen electron and muon
is small compared to the neutrino energy, their cross sectwe very similar. For the
very heavy tau lepton, the shape of the cross section chang@écantly. Here alsd’»
becomes important. However, as soon as the neutrino engy order of magnitude
higher than the lepton masses all three curves convergeraratjaal in the high-energy
limit.

4.2 Elastic Neutral Current Interaction

4.2.1 Strangeness in the Nucleon

A fundamental question for our understanding of the hadretructure is how the non-
valence quarks contribute to the observed properties afdlkeon, in particular, how do
the strange sea quarks contribute to the spin of the nuclesmot the aim of this thesis
to review all aspects of this topic - we only want to point dutge that are relevant for
our argumentation. For an extensive review the reader ésresf e. g. to Ref. [ABM02]
(see also references therein).

One of the first hints that sea quarks are important for théelmacspin came from mea-
surements of deep-inelastic scattering of polarized moarmlarized protons [EMC89].

They revealed a disagreement with the Ellis-Jaffe sum &I¥ 4], which assumes that
only up and down quarks make up the proton spin.

The spin structure can be experimentally accessed in diftevays [ABM02, FINeSSE04,
ERMO05]. Some of them are: (i) deep-inelastic scattering @hpzed leptons (e. g.
[HERMESO04, SMC97])), (ii) parity-violating electron scating (e. g. [A404, SAMPLEO5,
HAPPEXO05]) and (iii) neutral current scattering of neubsnA™87, FINeSSE04]. The
results, however, are controversial: (i) sees a hon-zeaogtness contribution to the nu-
cleon spin (even though the experiments do not agree with @her) but (ii) indicates a
strange quark contribution to the charge and the magnetrnenbconsistent with zero.
The great advantage of (iii) in contrast to the other two foilétses is that it does not
suffer from some of the theoretical uncertainties usedéir #inalyses [KM88].
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Figure 4.6: Contributions of the various form factors to thl cross section far,n —
1~ p. The Fp contribution is very small and almost not visible; the sadiick
represents the total cross section.
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Figure 4.8: Total cross section fom — [~ p for different neutrino flavors.
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4.2 Elastic Neutral Current Interaction

A powerful approach to a full measurement of the strange flactors would be a com-
bined study of parity-violating electron scattering andtna& current neutrino scattering
[FINeSSEO04, vdVPO05]. Parity-violating electron scatigris very sensitive to the strange
electric and magnetic form factors and much less to the géramial vector form factor
(cf. e. g. Ref. [TWO1]). The opposite holds for neutrino seaihg. In the previous chapter
we saw that the charge changing interaction is only seegiithe isovector quark current
of the nucleon. However, neutral current scattering cabétbe isoscalar strange quark
contribution to the nucleon spin as will be shown in the nextien.

Data on neutral current scattering are scarce. The bestumasasnt to date is the E734
experiment at BNL [A'87]. It measured neutrino-proton and antineutrino-pralastic
scattering albeit with large systematical errors and onmals statistics. This gap will
hopefully be filled when the proposed FINeSSE experimenit start data taking - it
plans to focus on strangeness in the nucleon [FINeSSEO04].

4.2.2 Formalism

In neutral current interactions,

vN — vN, (4.49)
UvN — DN, (4.50)

neutrinos as well as antineutrinos exchange a neutral vboson,Z°, which does not
change the quark flavor of the hadron. We calculate now alplibe cross section for
neutrinos, the extension to antineutrinos will be given.

The spin averaged matrix element squared is given in Eql)3.2

12 G%’ af
MP? = ZE Los . (4.51)

The leptonic tensor was already calculated in Eq. (3.8) ®jha@ue to the zero neutrino
mass, we taken; = 0. For the hadronic tensor we do not use Eq. (3.11) but an eiplic
model of the hadronic vertex as was done for the chargedrduytesielastic scattering.
We start with the hadronic matrix element

T2 ¢ = (NI (0)IN(p)), (4.52)

where|N(p)) denotes a nucleon of momentynmand|N(p’)) one of momentump’. N
can be either a neutronor a protonp. Lorentz invariance arguments require

JNC=VNe—Ale, (4.53)

whereV V¢ is a Lorentz vector and ¢ an axial vector.
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4 (Quasi)Elastic Scattering

The most general expression for the vector part is obtainatbgous to Eq. (4.6) and,
ignoring second-class currents (cf. page 35), is givembyHp, n)

_ ~ i ~
VI =ty [ F Q) + grronn’ Q) (4.50
WhereFLN2 are the neutral current vector form factors. For the axiat, pse find in

analogy to Eq. (4.7)

AN = iy [1as 5 Q) + 2205 Q%) | (4.55)

with the axial form factor/’) and the pseudoscalar form factBf. Due to time invari-
ance, the form factors are real functiong . Note that the neutral current form factors
F are different from the charged current form factérs

The neutral current cross section is then calculatedvte=(p, n)

do”  M?GE s—u (s —u)?
with
s—u=4ME, — Q*, (4.57)
_ @
and
Q* ~ ~ - -
A= [+ ED? = (=) (B 47 (L= 7) () + 4 VR
(4.59)
B= Q—QFN(FN + M) (4.60)
- M2 A 1 2 ) .
1/, - _ _
=7 (E? + (B 4+ m(F))?) (4.61)

The cross section is not sensitive to the neutrino flavoreNoat the pseudoscalar form
factor does not appear in the cross section as a consequktie zero neutrino mass.
Neutrino and antineutrino cross sections differ by the sigfront of the B term. The
cross section is thus determined at this point by three umkriorm factors.

The vector form factors can be related to electron scagdomn factors via CVC. We
have shown in chapter 2.3.2 tHaf' has the structure

VNG = (1 — 2sin? Oy ) V.2 — 2sin QW%J;V L (4.62)

« 2017
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with the isovecto#?, the isoscalad) and the strange past’. The first two were already
used for relating the charged current form factors to thesdrmam electron scattering.
They were given in Eq. (4.21) and Eq. (4.22) as

3 = U ’B v
V>=1u [%F + 5 —048¢" F. } 5 u, (4.63)
1, i 1
—JY =0 | FY + ——0.30°F3 | = 4.64
2Ja U |:}/oz 1 + 2M0a6q 2} 2”7 ( 6 )
where
Ff’§ = Fﬁz F . (4.65)

FP™ and F"" are the Dirac and Pauli form factors of the nucleon. For trengle part/s
one can write a similar expression:
1

Su (4.66)

1
§Jf =1 {%F —— 0034 F }

with the two strange vector form factofg’,.

Combining Eqgs. (4.63), (4.64) and (4.66) with Eq. (4.54)B4p (4.62) under the assump-
tion of CVC gives

1
§F52, (4.67)

wherer; = 1(—1) for proton (neutron). Using Eq. (4.65), we can write thisregsion
explicitly for neutrons and protons

2FPy = (1 — 4sin’ Oy F, — F}'y — FY,, (4.68)
217y = (1 — 4sin’ Oy F}'y — FPy — FY,. (4.69)

Y, = (1 —2sin® Oy ) FYym3 — sin® Oy FY —

The Dirac and Pauli form factor8]" and F2" are related to the Sachs form factors
(cf. Eq. (4.27) and Eq. (4.28)) - their parametrizationsevgiven in chapter 4.1.2. For
parametrizations of the strange vector formfact6f’s we refer to the next section.

We shall now turn to the axial form factdf) and use PCAC to relate them to the ones
from charged current scattering. We have shown in chap8B8 2hat the axial current
consists of an isovector and a strangeness part

1
ANC = A3 4 §A§, (4.70)

whereA? belongs to the same isovector of axial currentsigS. This implies, that their
form factors are equal and we can use the charged currentfasiafactors for neutral
current scattering. Therefore, we obtain

A_[aF Fp| B, 4.71
U775A+M75P2 ( )
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with £, and Fp as defined in Eq. (4.7). For the strange part we can write aasimi
expression:

1 _ Go 1
§A§ =u [%75}729 + M%F}E] 5t (4.72)

with the strange axial form factors; and F5.
Combining now Egs. (4.71) and (4.72) with Eq. (4.55) via Eq7Q) gives
2F = £Fap+ FS p. (4.73)

Note the different sign in front of the charged current akoam factor for protons and
neutrons. The parametrization Bf; is given in chapter 4.1.2. We shall give an explicit
parametrization for the strange axial form factof in the next section, while we do not
need to parametrizES sinceF’>"™ does not contribute to the cross section due to the zero
neutrino mass.

4.2.3 Strange Form Factors

In chapter 4.2.1 we briefly reviewed the experimental stafube question of strange-
ness contributions and related problems and uncertairfi@she parametrization of the
strange form factors we use a reanalysis of the BNL E734 é@xpet [GLW93]. The
form factors are parametrized by:

o p—— 7 (4.74)
1+ (1+%)
S
F(Q*) = £ (0) 7 (4.75)
1+ (1+ %)
FS(Q?) = As (4.76)

2 2
(”M—z)

whereF(0) = —1(r2) and F5' (0) = us with (r%) being the strange radius apg the
strange magnetic moment of the nucleaks is the strange contribution to the nucleon
spin. We compare three different fits, each with- = 0.843 GeV, which are representa-
tive parametrizations as discussed below:

e Fitl: [GLWO3]

As = —0.21 +£0.10 (4.77)
F&(0) = 0.53 +£0.70 (4.78)
FS(0) = —0.40 £ 0.72 (4.79)

M, =1.012+0.032 GeV (4.80)
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e Fitll: [GLWO3]

As = —0.15+0.07 (4.81)
F5(0) =0 (4.82)
F$(0) =0 (4.83)
M, = 1.049 4 0.019 GeV (4.84)
e Fitlll:
As =0 (4.85)
F8(0) =0 (4.86)
FS(0)=0 (4.87)
M, = 1.00 GeV (4.88)

This set of fits allows us to study the influence of the strargsmon the cross section and
to estimate the order of theoretical uncertainties. Natédrdipole parametrization of the
non-strange form factors was assumed in extracting therpeas. Therefore we use the
dipole parametrization given in chapter 4.1.2 for the Daad Pauli form factor and not

the BBA-2003 parametrization.

In Fig. 4.9 (a) we show the form factofs;, F” and F? obtained from Fit | for neutrons,
and in Fig. 4.9 (b) for protons, respectively. The comparisgveals a significant differ-
ence between neutron and proton as expected from the dabeul@dt zero momentum
transfer, as for the charged currents, the form factors geel by the electric, magnetic
and also by the strange properties of the nucleons. Espeicigdresting is the behavior
of Ff”". In order to calculate those values from Eq. (4.68) and E§94we need ex-
pression for the Dirac and the Pauli form factor in terms ef$achs form factors. Those
follow from Eg. (4.27) and Eq. (4.28):

n,p Q2% ~m,p
Gy + Gy

P — 4M§ 7 (489)
R
P P
e — G QfE (4.90)
This yields forF? with Eq. (4.68)
2FP(0) = (1 — 4sin® Oy )Gh(0) — G (0) — FZ(0)
~ 0.075. (4.91)
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Figure 4.9: Neutral current form factofs,, F; andF;, of Eq. (4.68) or Eq. (4.69), respec-
tively, and Eq. (4.73) for (a) neutron and (b) proton (Fit I).
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For F7* we obtain with Eq. (4.69)

2E7(0) = (1 — 4sin® Oy )G(0) — G(0) — FS(0)
~ 1. (4.92)

Hence,F? is strongly suppressed due to the weak mixing angle.

For F we obtain

2F3(0) = (1 — 4sin” Oy ) (G, (0) — G(0)) — (G3,(0) — G3(0)) — F5(0)
~ 2.4, (4.93)

and for F

2F5(0) = (1 — 4sin® 6w ) (G(0) — GH(0)) — (G,(0) — G(0)) — F5(0)
~ —1.5. (4.94)

Using Eq. (4.73) gives foF)

2E(0) = F4(0) + F5(0)
=ga+As
~ —1.47, (4.95)

and

2F7(0) = —Fa(0) + F5(0)
= —ga+As
~ 1.06, (4.96)

We stress, that the three fits described above have to be té@kesome care [A99]:
The experimental uncertainty is still too large to be cosole about specific values of
the strange form factors of the nucleon. A rather wide rangeatues for the strange pa-
rameters is compatible with the BNL E734 data and more peatisasurements are thus
needed in order to determine simultaneously the electragmatic and axial strange form
factors of the nucleomA summary of recent fits also including non-neutrino experts
can be found in Refs. [ERM05, ABM02].

4.2.4 Results

We start our discussion of the neutral current scatterirtly thie differential cross section
for the reactionvN — vN. Itis plotted in Fig. 4.10 as a function ¢f* using Fit I. Plot
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(a) shows scattering on neutrons, (b) scattering on proonfy a certain range ap? is
kinematically allowed for a given neutrino enerdy. Explicit expression fo)? , and
2 can be found in Appendix B.3. The energy dependence is dlsated in the shape

max

of the cross sections; analogously to the CC case, the caore®rge at higher energy.
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Figure 4.10: Differential cross section for (a) — vn and (b)vp — wvp using the
parametrization set Fit | of the form factors.

For a discussion of the shape of the differential cross seatie study the form factor
contribution. In Fig. 4.11 the differential cross section#n — vn is plotted. Fig. 4.12
shows it forvp — vp . Both figures include the calculation fdf, = 0.5 GeV and
E, = 2 GeV and indicate the contribution of the form factors. Intbfigures the panels
(a) and (b) were obtained by setting all form factors to zetwept the ones indicated.
Panels (c) and (d) show the contributions from the interfeegerms in the cross section.
These plots were obtained by "switching off” all terms exdiye ones indicated.

For scattering on neutrons (Fig. 4.11) the axial form faé¢tgrand the vector form factor
F7 contribute almost equally to the cross section, whereastieegy dependence of
the I term is more significant. The contribution %" is negligible. The interference
terms also contribute notably to the cross section. In @adr the termB of Eq. (4.56)
including F2 F* and F ' is important at low energies for the shape of the differéntia
cross section. Its importance becomes less with increasiaggies.
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Figure 4.11: Differential cross section fon — vn showing the form factor contributions
using the parametrization set Fit | of the form factors; thledine represents
the full calculation including all form factors.
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using the parametrization set Fit | of the form factors; thledine represents
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4.2 Elastic Neutral Current Interaction

Neutral current interactions with protons (Fig. 4.12) aleady dominated by the axial
form factoer Minor contributions come also from terms involvidg. The strong
suppression on, discussed in chapter 4.2.3, is reflected in the cross sedﬁ@ does
not influence the cross section for protons, neither diyewdr through the interference
term Fﬁ;ﬁf’. All those terms are almost energy independent. Therefloeedifference in
the shape foy, = 0.5 GeV andFE, = 2 GeV is due to the interference ted?rjﬁg’. This
term again appears only in the tedhof Eq. (4.56) which is strongly energy dependent.
Thus, this is only important at low energies, and its inflleehecomes less important for
higher energies.

Integration of the differential cross section o¢gryields the total cross section. Since the
shapes of the differential cross sections for charged steamed neutral current scattering
are similar, we expect the same for the total cross sectiasth,Rharged current and

neutral current reactions, are plotted in Fig. 4.13 for cangon. The strong increase

1.25 T T T T
1 ]
< 075 -
5 vyn - Wp
%io VLl n - VM n ————=-—-
= VP = VP -eeeeeemeeees
o 0.5 H u J
0.25 :
O 1 1 1
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E, [GeV]

Figure 4.13: Total (quasi)elastic cross section for néwatnal charged currents with the
BBA-2003 form factors for the charged current and Fit | forgraetrization
of the neutral current form factors.

is again an effect due to the opening phasespace. The crdssnseaturates at higher
energies since the tail ofo /dQ? does not contribute much with increasify, ... Note
the different thresholds which can be seen in Fig. 4.13. Tdwgral current reaction
does not require a minimal neutrino energy, since the ontgoeutrino is massless. The
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4 (Quasi)Elastic Scattering

charged current reaction, however, has to "produce” thfemass, here the muon mass,
and thus, a minimal energy is required (cf. chapter B.2).

We continue with the investigation of the contribution oé tharious form factors. The
upper plot in Fig. 4.14 and in Fig. 4.15 shows the contrilngiorvn — vn, the lower
one forvp — vp. Fig. 4.14 shows the contributions coming from the singlenfdac-
tors, in Fig. 4.15 the interference terms are plotted. A camspn displays significant
differences.

For the neutron cross sectiohy* and '} contribute equally and also the interference
termsF7; Fy and F{ FT play arole (Fig. 4.14 (a) and Fig. 4.15 (a)). However, cdutiion
from F and F' F are negligible.

The proton cross section however is clearly dominated byt form fgctprﬁg with
minor contribution from/}. The only interference term important herefigFy . This is
due to the strong suppressionidf (cf. chapter 4.2.3).

The sensitivity of the total cross section to the paramation of the strange form factors
is shown in Fig. 4.16. Panel (a) shows scattering on neugodspanel (b) on protons.
The cross section for each fit in chapter 4.2.3 is plotted bBtn neutrons and protons the
cross sections obtained with Fit | and Il are almost equak Miain difference between
Fit | and Il is the inclusion ofF’® and ¥ - in contrast to Fit | they are "switched off”
in Fit 1. Thus, the cross section is not very sensitive to glrange vector form factors.
The sensitivity to the strange axial form factor can be sgeromparing the cross section
obtained with Fit IIl to the one with Fit Il - in Fit lIL,F'§ is set to zero. For the neutron
cross section, this leads to a slight enhancement. The éfeomes more significant for
scattering on protons. Here the cross section is reduced Whés "switched off”. The
dominance of the axial vector irp — vp (cf. Fig. 4.14 and Fig. 4.15) makes this reaction
more sensitive to the strange axial form factor than theti@acn — vn. The size of
this reduction on protons can be easily estimated assumiabvector dominance. This
yields for the ratio of the cross sections for the differetst fi

o(As = —0.21 & Fitl) As\?
~(14+— | =~1.36. 4.97
o(As =0 Fitl) ( +gA) 50 (4.97)

This factor matches very well the exact result shown in tixelplot of Fig. 4.16. Switch-

ing As off and on gives the expected deviation of ab8u®bs. Besides the difficulty of

measuring neutrons, for unraveling the strange quark obwfethe nucleon the better
choice is definitely the reaction on protons.
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Figure 4.14: Contribution of the form factors to the neuttarent total cross section, (a)
vn — vn, (b) vp — vp with the form factor parametrization of Fit I; the
solid line represents the total cross section.
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5 Production of the A Resonance

Recalling chapter 3.2, the most important process for meuscattering in the energy
range of interest besides quasielastic scattering is thgine induced production of the
A resonance. In the first part of this chapter we present a gefioemalism applicable to
all spin3/2 resonances. We shall then discuss the form factors use¥ fooduction and

also the parametrization of the width. Finally, results are presented.

5.1 Formalism for Neutrino Induced A Production

The charged current processes under investigation areetdrinos

vp — ITATT (5.1)
vn — AT (5.2)

and for antineutrinos

op — ITA° (5.3)
on — ITA™. (5.4)

For the neutral currents we consider the reactions

vp — vAT (5.5)

vn — vA°, (5.6)
and

vp — vAT (5.7)

on — vA°. (5.8)

Our calculation will be presented for the charged currentngo interaction. A straight-
forward extension for the others will be given. Since thegkition techniques, i. e. using
the underlying symmetries, CVC and PCAC, are similar to thasgelastic case and were
discussed in detail in the previous chapter, we shall naatfhem here.

The standard method in a theoretical treatment of the meuinduced charged current
A production follows the Rarita-Schwinger formalism (cf.fRgSvH73, FN79] or more



5 Production of thé\ Resonance

recently [ARSVV98, SVV098, LP05]). The notation of thée— A transition form factors
is based on Ref. [LS72]. Thus, the hadronic current for thetren (5.2) is given by:
Jo = (AT[Ja(0)[n)
= cos e’ (p') Do (p) (5.9)
with
%1 cy b
Dsa = |77 (9asd — 57a) + 775 (9asd - ' — 4sPa)

1%
+ﬁ52(ga6q P — qgpa) + 9asC4 | V5

C?f‘ Cf / / A Cg‘
+ 57 Gasd = 457a) + 375 (Gasd - P' = dsP%) + O Gas + 7754500

(5.10)

where)?(p') is the Rarita-Schwinger spinor for tieandu(p) is the Dirac spinor for the
nucleon. This yields the hadronic tensor

1
Weas = 5T7~ [(p+ M)%DLPVOP”"DJQ} (5.11)

with the Rarita-Schwinger spisy2 projection operator [AR99, ARO5]

2000, 1P — Dl 1
PpPs | 1Dp%e = Dol M) (5.12)

Pro == +W) (g0 — % I

, W+ )(g” 3?2 T3 W g
W is the invariant mass of th& with W = /p’2. The leptonic tensor is unchanged and
given by Eq. (3.8).

With those preliminaries and Eg. (C.1) the differentialssgection for the process (5.2)
is calculated to be
d?e""  Gicos*be W
d2dw 167 (s — M?2)2

S(W?2 — MZ) LW, (5.13)

where M, is the pole mass of tha. The width is accounted for in the cross section by
replacingd (W2 — M3) with the spectral functiopd:

S(W? — M3) — <_%) A, (5.14)

with

1
—7 5.15
A m(W?—Mgﬂwr)’ (5.15)
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and hence

1 r
S(W? - M32) — =W

. 1
7 (W2 = M2)2+ W2r? (5.16)

The lepton mass is contained in the contraction of the tensae do not neglect it like
many other authors (e. g. [PYSO04]). In particular at low mataen transfer the lepton
mass becomes important [ARSVV99, LPO5].

Applying isospin relations, the cross section for the rieac{5.1) is simply Eq. (5.13)
multiplied by a factor of three [LS72]. This results from

(AT Ja(0)lp) = VB(A*]Ja(0)In). (5.17)

For antineutrinos we obtain similar results - the hadroaitsbr remains unchanged but a
different sign appears in the leptonic tensor (cf. Eq. (3.8he transition amplitudes are
again related:

(A7 [Ja(0)|n) = V/3(A°[Ja(0) ). (5.18)

Finally, we discuss the neutral current processes. We sawwdhquasielastic scattering,
the neutral current is sensitive to the isoscalar quarkerdraf the nucleon. However,
the N — A transition is purely isovector. Therefore, the neutratent of Eq. (2.41) and

Eq. (2.43) reduces to

JNC = (1 — 2sin? Oy ) V2 — A3, (5.19)

These currents are members of the same isospin multipleeahtirged current and with
that, their form factors are equal up to the scaling factdrlof 2sin? #y;) for the vector
form factors. In the expression for the cross section, theolemass has to be replaced
by zero andos 6 by one.

5.2 N — A Transition Form Factors

The vector and axial vector transition form factaii’g’A with ¢ = 3,...,6, which are
the subject of our interest now, have been discussed for mhare 30 years without
general consensus. Up to the present day different autlserglifferent form factors.
Basically two approaches are discussed in the literatust,thie parametrization of the
neutrino scattering data with phenomenological form fexctand second, the calcula-
tion of those form factors within quark models. Early attésnfor the latter are re-
viewed in Ref. [SVH73] (see also references therein); mecemt ones are summarized
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in Ref. [LMZ95]. Rein and Sehgal [RS81] adopted, for theirdabof resonance produc-
tion, the quark model of Feynman, Kislinger and Ravndal [FKR This Rein-Sehgal
model is still used today in many Monte Carlo generators &miltation experiments. A
more recent calculation was done by the authors of Ref. [LBZgho apply the Isgur-

Karl quark model. Finally, Sato, Uno and Lee [SULO03] develd@ dynamical model
which includes pion cloud effects. This was recommendedrasdel of first choice in

the NUINT conference summary [Nul] (see there for a compar the Sato-Lee and
the Rein-Sehgal model).

In this thesis, however, we choose the first approach, nathelghenomenological form
factors, as most of the authors aiming at neutrino nucleastians (e. g. [SVVO098,
PYS04, SAA05]).

We start with the four vector form facto€s”. For quasielastic scattering the implications
of CVC were discussed in detail. But also here we can assuni@&fGMheA production,
and this imposes faty (Q?):

Ve =0 = CY(Q*) =0. (5.20)

CVC further implies that members of the same isopin multipkese the same form fac-
tors. We obtain for the neutrino induced charged currenticbbs:

(ATIVECn) = (A°|VE|n), (5.21)
(ATFVEC ) = VB(AT |V p). (5.22)

Therefore the vector form factors can again be extracten ftectroproduction exper-
iments. AssumingV/;, dominance of the electroproduction amplitude, as favored i
experiments (cf. e. g. Refs. [BLO4, Dre99]), one finds forfthren factors [FN79]:

@) =0 and CY(Q") =~V (@) (5.23)
This leaves only one independent vector form fact@y, which can be parametrized

in various forms to describe electroproduction data. Wepadloe parametrization of
Refs. [PYS04, OOM78]:

v 1
CY(Q%) = (0 y (5.24)
’ @171+ 2
14|t m

with CY (0) = 1.95 and My = 0.84 GeV.

Considering the axial form factors;!, we apply similar techniques as in the quasielastic
case. Pion pole dominance yields faf [AR99, SvH73]:

- gANﬂ’fT( M2

T Q”mng(Q?) (5.25)

Ci' (@)
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with g being theA™ — pr™ coupling constant and, the pion decay constank,, (Q?)
is the vertex form factor wittf, (Q* = m?2) = 1. This relation together with the assump-
tion of PCAC connect§i' andC#! in the axial current:

M2

A _ A
Ci Q%) = C4 (622)76)22 ey (5.26)
In the limit Q? = 0 and with the assumption thét (Q?) is a slowly variating function
with F.(Q? = m?) ~ F,(Q? = 0) = 1, we obtain the off-diagonal Goldberger-Treiman

relation:

CA(0) = 920xln g o 5.27
This coupling was extracted from the BNL data by Alvarez-&kasal. [ARSVV99] and
found to be consistent with the PCAC prediction.

Since there are no other theoretical constraints¥6(Q?), C;'(Q?*) andC2(Q?)/C4(0)
they have to be fitted to neutrino scattering experiment® éxisting data come mainly
from two bubble chamber experiments, ANLB9, R"82] and BNL [K"90], which
measured.5 — 6 GeVy, induced events. We use the parametrization of Ref. [PYS04]:

a0 1 (5.28)
with M, = 1.05 GeV and

CHQY) = & i@), (5.29)

CAQ?) = 0. (5.30)

Once more we point out that this set of form factors is only oneof many which are
equally good (cf. Ref. [ARSVV98] for a comparison of two sefsphenomenological
form factors and one set obtained from quark model cal@nati Electroproduction as
well as neutrino production data used for the fits are ratltbaind with poor statistics. In
the meantime electroproduction was measured with betterracy and several sophisti-
cated theoretical calculations exist [BL0O4]; for betteutnmo scattering data one still has
to wait. But refitting the vector form factors with the new dmetter electron input will
also affect the quality of the axial parameters, i. e. thalairm factor parameters and
the axial mass, even without new neutrino data. Thus, arbmtezall fit can be obtained.
This surely has to be the next step towards a better desuripfineutrino nucleon and
nucleus scattering.
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5.3 Parametrization of the Width

While there exist several discussions in the literatureiatiee influence of different form
factor parametrizations on the cross section, the paraagtm of the width is not cov-
ered extensively. But, as Alvarez-Ruso et al. [ARSVV99] én@ointed out, this is of
equal importance as the form factors and both influence ehe.o

Resonances are labeled by a set of quantum numbers of tled paate in which it ap-
pears int N scattering. This set consists of spinisospin/, relative angular momentum
of ther NV pair! and parity”. The common notation reads where.J = % and/ = %
The parity follows fromP = (—1)"*!. Around the decay threshold’,,;, the energy
dependence of the width is determined by the orbital angutamentum [Pos04]:

T(W & Winin) ~ dents (5.31)

whereqc), is the pion momentum in the rest frame of the resonance:

VW2 —m2 — M?2)2 — 4m2 M?
2W '
Away from the threshold, the width is modified by higher osdefp.

qen (W) = (5.32)

The A resonance has the quantum numb@ss therefore, (W =~ W) ~ ¢y IS
required, i. e. aP-wave width. But the extraction of the form factors from thé&llA
and BNL data was done assuming gfwave width ( = 0) for the A [SVH73, K*90,
R*82, B"79]. An S-wave width, even though this clearly violates angular motue
conservation, was still used in recent works of Paschos. ¢P#IS04]. But most new
calculations use the correEtwave width [ARSVV98, LP05, SAA05].

The influence of the width on the cross section shall now beisti Furthermore, we
investigate the effect of applying a cut on the invariant sna@s done in experiments as
well as in some theoretical calculations.

For I" in Eqg. (5.16) we use the following representative paramations withA/, =
1.232 GeV andl’y = 0.120 GeV [ET04]:

e W1: S-wave [SVH73]:

. C]CM(W)
I'= FO*QC’M(MA). (5.33)
e W2: P-wave [LPO5]:
. qgem (W) )3
=", <7QCM(MA> : (5.34)
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5.3 Parametrization of the Width

e W3: Blatt-Weisskopf parametrization [LeuO1]:

sW)
r=r 5.35
with
qen(W)  (qem(W)R)?
W)= , R=1fm. 5.36
e W4: form factor parametrization [Pos04, ARO5]:
qom (W)?
= FO%FS? (5.37)
with
A2
Fs A =1.0GeV. (5.38)

TN (W2 MR

Fig. 5.1 shows a comparison of the widths. All parametrazatiare constructed such, that
['(Ma) =T'y. Except W1, all possibilities fulfill the requireg,,, dependence which fol-
lows from Eq. (5.31). W3 and W4 decrease for higher invamaasses which is required
for the normalization of the spectral function.

A comparison of the different spectral functions is plotiedrig. 5.2. Even though the
widths differ significantly with increasing invariant masise effects in the spectral func-
tions are rather small since the peak around the pole massrem

The influence on the total cross section can be seen in FigPas3 (a) shows the calcu-
lation obtained by integrating over the whole rangélofvithout any cut on the invariant
mass. In (b) we applied an invariance mass cut at 1.6 GeV.cThisuncates the spectral
function tail, i. e. forlW > 1.6 GeV, the spectral function is set to zero. This reduces
all cross sections. Except for tisewave parametrization W1, the deviations are within a
few per cent.

Note that different authors use different parametrizatiwith different cuts: For compar-

ison we mention Paschos et al. [PPY00] using a cut abtaave width at 1.6 GeV, and

Alvarez-Ruso et al. [ARSVV98] cutting the-wave width at 1.4 GeV. Also experimental
data are available with and without cuts.

The following results were obtained with the parametr@ativ4 without any cuts.
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v,p — p~ATT: (a) without cut, (b) with cut atl’ = 1.6 GeV.
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5 Production of thé\ Resonance

5.4 Results

Having presented the full set of formulas required for olcwation we can now analyze
the weak production of thA. As an example, the results for the procegs — =A™+

are discussed. In Fig. 5.4 we show the double different@d<isection as a function of
the invariant mass of thA for different values of the momentum transfer. Panels (d) an
(b) differ in the neutrino energy (1 GeV or 2 GeV, respeciiyeDne clearly sees that the
cross section peaks at tiepole mass and that it decreases with increasing momentum
transfer.

In Fig. 5.5 we plot the double differential cross section dsrection of the momentum
transfer for various invariant masses; (a) and (b) are ageal#dso here the cross section
becomes maximal ifV’ equals theA pole mass. The dip at very lo@? is a threshold
effect mainly due to the non-zero muon mass and is thereiggebat smaller neutrino
energies. We note that our results agree very nicely withoties obtained by Sato et
al. [SULO03] who used a different model. As in the quasietastiattering case, the differ-
ential cross section is not very sensitive to the neutrirexggnbetween 1 and 2 GeV and
this also will yield a saturation in the total cross sectisrcan be seen in Fig. 5.6.

In this plot the solid line is the total integrated cross ger(cf. Appendix B.3 for integra-
tion limits). The strong increase for low energies is, as iy @n effect due to the opening
phase space. Also here we are in agreement with the dynacaicalation of Sato et al.

In Fig. 5.6 we also study the contribution of the vector anthlaxector form factors.
While the dashed curve is obtained by setting all vector féaators to zero, i. e. only
the axial ones contribute, it is done vice versa for the dotigve. The axial current is
clearly larger than the vector current but also interfeestieems between vector and axial
vector form factors are important to obtain the full crosstiss.

We compare our model to experimental data (Fig. 5.7) obtkireen Deuterium bubble
chamber experiments. It can be seen that at low energiesalgogie well but the uncer-
tainty of the data increases for higher energies. This aga@sses the necessity of better
quality data in order to learn more about the form factorgparticular about the axial
form factors.
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6 Remaining Contributions to Neutrino
Nucleon Scattering

We want to close our discussions of neutrino nucleon saadgevith a summary of pro-

cesses not included in our model and an examination of tledtive importance. It

turns out that including quasielastic scattering angroduction is sufficient for studying
weak pion production from nuclei at intermediate energ@souabout 2 GeV. However,
since we plan to scatter off nuclei we shall at least mentiah $cattering off electrons
is negligible, simply because,. /o,y ~ m./M. An important source of additional con-
tributions comes from the production of higher-mass resoes. Further we consider
the non-resonant background and higher energy processsepsinelastic scattering.
Finally, we look at exotic channels containing strangemesduction.

6.1 Higher-Mass Resonances

For charged current neutrino and antineutrino scatteria@hbtain the possible one pion
production reactions:

vp — I prt vp — UTpm™ (6.1)
vn — I"nxat op — Unn® (6.2)
vn — ["pr® vn — ITnn™ (6.3)

whereas for neutral current scattering we have:

vp — vpm vp — opm° (6.4)
vp — vnmt vp — vnwt (6.5)
vn — vn on — on° (6.6)
vn — UpT vn — vpm . (6.7)

Using Clebsch-Gordon coefficients those reactions candssified by isospin, e. g. for



6 Remaining Contributions to Neutrino Nucleon Scattering

the amplitudesA of the first three reactions one gets:

A(l"prt) = As, (6.8)
A(l"n7") = %Ag + 2—\3/§Al, (6.9)
Al pn°) = —g«‘ls + %«41, (6.10)

with A3 being the amplitude for isospi3y2 resonances and; corresponds to the sum
of isospin1/2 resonances. Thus, except for the very first reaction (anahitiseutrino
counterpart) all channels receive contributions frompgos /2 resonances. Interference
effects can play a non-negligible role.

The production of higher-mass resonances is not coveregxtamsively in the litera-
ture. However, we shall mention Paschos et al. [PYS04] whengbed the model of
Ref. [FN79] and included, besides the the resonanced’(1440) and N(1535). Sec-
ond, there is the model of Rein and Sehgal [RS81] which iredwadl resonances up to an
invariant mass of 2 GeV using old quark model calculatiorisalfy, the N (1440) was
studied by Alvarez-Ruso et al. [ARSVV98]. They all agreet tiamedium energies, the
A is far more important than any other resonance withZhieeing well separated from
the others. This is nicely displayed in Fig. 3 of Ref. [PYSQ#]addition, the theoretical
description and the form factors for higher resonancesatomhuch more uncertainties
than for theA.

This encouraged us among others (cf. e. g. Refs. [SAA05, BBY@nd references
therein) to assumA dominance for the energies of our interest. Neverthelesstress
that in a full model those higher-mass resonances have tochelded.

6.2 Non-Resonant Background

Not only resonances contribute to one pion production lmda abn-resonant background
processes. They equally influence all the reactions mesdi@bove and, in addition,
could also lead to interferences. A recent calculationiobta small non-resonant one
pion background [SULO3] but points out the importance ofgiae interference with
the resonant amplitude. Also, two pion background is a péssiontribution, but its
discussion in the literature is very scarce [ADT81b, ADTRBlidowever, non-resonant
background is not considered in our model and we stress ahatermediate energies
quasielastic scattering ad production are clearly dominant.
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6.3 Deep Inelastic Scattering

6.3 Deep Inelastic Scattering

In contrast to the low energy processes like quasielasitestng and resonance produc-
tion or even non-resonant reactions, high energy deepsiielscattering is well known
and understood. So we refer the reader to one of the stareklboks on High Energy
Physics. Here we shall point out only two things: One redsfthe structure functions to
dimensionless structure functions depending on BjotkemdQ?, which can be related
at high energies to quark distribution functions. Therefane has not to deal with phe-
nomenological form factors as at low energies. Second, 1&ecDntribution gets more
important for higher energies since it rises proportiondht energy as shown in Fig. 3.2.
This can also be seen from Fig. 6.1 where a collection of dgtéotted. For energies less
than 10 GeV, quasielastic and resonance contributiongiiressble in the data as bumps
but disappear quickly when going further in energy.
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Figure 6.1: Measurements of the total neutrino and antimeutross section. Note the
change of scale at 30 GeV (from Ref.{B2], see references therein).

There are ongoing discussions on how to combine the reseramt deep inelastic re-
gions [BPYO05] but this is beyond the scope of this thesis.

79



6 Remaining Contributions to Neutrino Nucleon Scattering

6.4 Strangeness Production

Finally, to round off the picture of the variety of neutrincteractions we shall mention
more exotic processes. Even at energies below deep imetasiitering net strangeness
can be produced due to the strangeness non-conserving weaktc(cf. chapter 2 and
in particular Eq. (2.12)). However, the selection rill& = AQ restrictsAS = 1 single
hyperon production to antineutrinos rather than to neasrin

N — I+ (A, 2,77, (6.11)

From Eg. (2.12) we see that changing an up quark to a strarag& mcludes a factor of
sin 0, therefore, those reactions are suppressed by the Cabbibawrangle and we can
safely neglect them.

We conclude that our model contains the most important aigrés for neutrino scatter-
ing at medium energies and can be reliably applied to quaestielreactions and one pion
production from nuclei.
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7 Neutrino Nucleus Scattering within a
BUU Transport Model

Having discussed neutrino scattering off nucleons we nowttuscattering off nuclei. In
this chapter we will introduce our model for neutrino nudenteractions. Some details
of the numerical implementation will be given. We close ttimpter with a review of
other available models and a comparison.

7.1 BUU Transport Model

Any model aiming at the description of the interaction of tnewws with nuclei should be

first tested against the existing data of the interactiorhotpns and electrons with nuclei
- this has been done for the Boltzmann-Uehling-Uhlenbetk{Btransport model which

will be applied in the following. Originally developed tausty heavy-ion collisions, this

model has been extended to describe interactions of photterstrons and pions with
nuclei. The BUU model itself and its numerical implemerdatis covered extensively in
Refs. [Leh03, Eff99].

We have extended the BUU model to describe neutrino nucésations with particular
emphasis on including both quasielastic aZngroduction as the most important processes
into one model. In the simulation the interactions are fazéal: After the nucleus is
initialized, the neutrino scattering occurs and then thérdwic output undergoes final
state interactions.

We shall briefly review the initialization and the transpoatt of the BUU model and its
underlying physics before we discuss its extension to meutrucleus reactions.

7.1.1 Theoretical Background
Transport Theory
The space-time evolution of a many-body system under theenfle of a mean-field

potential and a collision term can be described by the BUlaggn. The BUU equation
is based on the classical Boltzmann equation and was modhjiedordheim, Uehling
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and Uhlenbeck to incorporate the description of fermioggtams. For its derivation we
refer the reader to Refs. [Leh03, Eff99].

For the one-particle distribution functiofy (7, p, t) one obtains for the BUU equation
[Eff99]:

dfl(F,ﬁ,t)_((? OH 0 OH o
dt B

a + a—ﬁ% a Wa—ﬁ') f1<r7p7 t) = ICO”(f1<T7p7 t)) (71)

with the relativistic one-body Hamilton function

H = /(Mo + Ug)? + 52, (7.2)
HereUs denotes the scalar mean field potential. The sum definesectie#f mass

M,sp = My + Us. (7.3)
In the case of a vanishing collision teryy,;;, this equation is known as Vlasov equation.

The collision term describes the possibility of scattehgne particle out of its phases-
pace cell into another one. Therefore the collision ternuhes both gain and loss terms.
Considering e. g. particlein the two body process

142 53+4, (7.4)

then the loss term describes the possibility to scatterrouat the phasespace cell. To take
into account all collision partners, an integral over thermatump, of the scattering
partner has to be included as well as over all possible fiadstwith momenta; and
p4. Pauli blocking forbids scattering of fermions into occgbistates, leading to factors
of (1 — f3) and(1 — f{), where the upper index in the one-particle distributionction
denotes the particle under consideration. In the case aspscattering into occupied
states is possible, leading to factorg df+ f7) and(1 + f;). For the gain term describing
the scattering into a phasespace cell, a similar argumentavlds and we arrive at

Icoll(fl(ﬁ 7, t)) = /dp2dp3dp4 [—T(ﬁﬂﬁé - 173174)f11f12(1 + fl?’)(l + ffl)
+T(Psps — prpe) fL i (L £ [+ /)] . (7.5)
The probability of scattering’ is related to the cross section.

The BUU simulation contains not only nucleons but many olfagirons and mesons (for
a list of all considered particles see Ref. [Eff99]). Eachtipke species fulfills a sepa-
rate transport equation. These distinct equations areleduprough the collision term
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7.1 BUU Transport Model

including all possible channels of scattering and throdghdotentials which might de-
pend on the density distribution. This so-called coupleaheciel method yields to coupled
integral-differential equations:

LD _ s o7 (76
YECRD (g2 07-) @7

For simplicity, we presented the formalism for on-shelltjgégs. We want to emphasize
that in our model resonances are propagated off-shell. Eetaled treatment we refer
to Ref. [Leh03].

Initialization

For the density distribution of the nucleus we assume a W&azd®n distribution:

p(r) = po (1 + exp ! ;TO) i . (7.8)

The parameters are listed in Ref. [Eff99] for different raiclin momentum space the
nucleons are initialized within a local Thomas-Fermi aggtowith a density dependent
Fermi momentum

pr(7) = @w?p(f))i. (7.9)

Potentials

For the nucleon mean field potential we take a parametrizati®Velke [WPK"88],

- :A@ (@)T 2C dp’  f(7.p) 10
vir) Po b Po - Pog (QW)31+<5—T5’)27 (7.10)

in a local Fermi approach. For the parameters we use thellgot¢amedium momentum
dependent” set of Ref. [Eff99]. This potential is used ndydar the nucleons but for all
baryons except for thA resonances (isospBy2). Motivated by the phenomenological
value of their potential, we use [Eff99]

2

Va=3V. (7.11)
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7 Neutrino Nucleus Scattering within a BUU Transport Model

In this work we do not include potentials for mesons.

We now shall consider how this non-relativistic parametian V' is related to the rela-

tivistic Hamiltonian from Eq. (7.2). The general expresdior the relativistic one-particle
Hamiltonian is given as

o 2
H= \/(MO TS (ﬁ— UV> + U0, (7.12)

where S is a scalar potential and/?, ﬁv) a vector potential. Going into the local rest
frame of the nuclear matter, i. e. the frame where the spatiaponents of the baryon

current vanish, simplifies this expression, since in thatigdar frame the spatial com-

ponents of the potentiﬁv vanish [Leh03]. We can identify

Uy =V (7.13)
and

S =0, (7.14)
and obtain for the Hamiltonian

Hppp = ) MZ + plpp + V. (7.15)

The scalar potential, which enters Eq. (7.2), is now defirsed a
2

Collision Term

Scattering of various patrticles enters our model throughcthilision term. A complete
description of all possible reactions and its cross sest@am be found in Refs. [Leh03,

Eff99]. The most important channels arg (lenotes a baryomp a meson and: a reso-
nance)

NN < NN
NNnm — NN

NN < NR

NN «— AA

NR < NR'

mB < R, inparticularr N < A
TN — TN

TN — N

mN < nN.
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7.1 BUU Transport Model

Note that there is no spin dependence included - all cros®asa@re spin averaged.

Usually vacuum cross section are used, parametrized asdosof the invariant mass
/s of the two incoming particle$ and2. If one particle feels the attractive mean field
potential, then the invariant mass is smaller than in thewag, leading to an error in the
calculation of the cross section. Therefore, we introduteea” invariant mass/s ...

\/Efree = \/M12 +p%’]\/j + \/M22 +p%]\/[7 (717)
with the vacuum massed; and M, and their center of mass momentygy,.

We account for modified widths of resonances inside the mgch/hile the nucleons in-
side the nucleus are constrained to have momenta below the FF@mentum, there is no
such constraint for the production of the resonances. Tesiay, however, is influenced
by Pauli blocking, e. g. a resonance decaying into a pioneaucpair is Pauli blocked
if the nucleon’s momentum is below the Fermi momentum. Tloeeethe width of the
resonance inside the nuclear medium is modified.

For theA resonance, as the most important one in our model, we alkadmenodifica-
tions due to collisions inside the medium. For the total ieeimm width we obtain

F?;zfd = f + 1—‘colla (718)

whereT is the Pauli blocked decay width. The collisional width,; accounts for ad-
ditional decay channels of th& inside the nucleus. Through two-body and three-body
absorption processes likeN — NN or ANN — NNN, theA can disappear without
producing a pion, while vilAN — 7N N additional pions can be produced. Also elastic
scatteringAN — AN contributes td"...;.

One way of realization is the explicit inclusion of those g@sses into our simulation
(cf. the list of the most important channels above. Note thege-body processes are
not considered.). In this thesis, we use a different way: ¥veitth off” those explicit
collisions and use a parametrizationldf,, by Oset and Salcedo [OS87] instead. For a
comparison of both methods and more details we refer to Béfieyer [Eff99].

7.1.2 Numerical Implementation

Finally, we want to consider the numerical implementatiéthe BUU transport code.
The coupled BUU equations are solved with the so-calledoisicle ansatz. We replace
the distribution functiory; of a nucleon through an ensemble of test particles:

(2m)3 1

fr="0 5 20 = m)8(F = (1)) (7.19)

%
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7 Neutrino Nucleus Scattering within a BUU Transport Model

wherer;(t) andp;(t) are the position and the momentum of test partick timet. N
denotes the number of test particles. In the parallel enembthod, we split all test
particles intoN ensembles which do not influence each other. Furthermoreisei¢he
concept of real and perturbative particles. Real partialestest particles representing
the nucleons in the nucleus. Perturbative particles ateptasicles produced either in
the initial neutrino nucleon reaction or in final state iatdrons. They are influenced
in their propagation and in their interactions via collissoby the real particles, but the
perturbative particles cannot influence the real particiesy way [Leh03].

With the test particle ansatz we can now solve the BUU equsti®e distinguish be-
tween propagation and collisions. In between the collsitre particles are propagated
according to the Vlasov equation whekg,;, = 0. The test particle ansatz leads to the
classical Hamilton equations of motion

dr;  O0H
— == 7.20
dp; oOH

= — . 7.21
dt or; ( )

For the numerical treatment we refer to Refs. [Eff99, Leh03]

We divide the duration of the reaction in time intervals. In every time step, we check
whether a collision or a resonance decay takes place. Thei@®whether two particles
1 and?2 interact depends on their impact paramételA first criterion for scattering is

based on the simple classical total cross sectign

b< )22 (7.22)

™

Additionally, we define a cut-off for the cross sections tea@mt for shadowing effects
inside the medium [Eff99],

™

p(b) =0 (bmax - b) © < g - b) ) (723)

with the maximum impact parameter

max
012

bmaz = , (7.24)

™

which is given in Ref. [Leh03] for various collision typeshd actual time point for the
scattering is determined following an algorithm due to Kmdaet al. [KDC 84]. The final
state particles and their kinematics are chosen via Mont® @acisions. If the final state
particles are fermions we also check for Pauli blocking. mhmerical implementation
of Pauli blocking is described in Ref. [Eff99].
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We check not only for collisions in a given time step, but disoresonance decays. A
resonance decays with the probability

p=1—exp (——) ; (7.25)

where~ is the Lorentz factor of the boost from the lab frame to themnesce rest frame
andr is the lifetime.

Having outlined the main aspects of the BUU transport mad#tis chapter, this model
now serves as a framework for our study of neutrino nucleastextng and we shall
proceed with the discussion of in-medium modifications @& tieutrino nucleon cross
sections and their implementation into the BUU transpodieco

7.2 Numerical Implementation of Neutrino Cross
Sections

In order to use the vacuum cross sections derived in Parelasgume the validity of the
so-called impulse approximation. Impulse approximatmplies that the incoming parti-
cle interacts only with a single nucleon of the nucleus, auagption adopted already for
photo- and electroproduction. Due to the even smaller weakling constant, impulse
approximation is also applicable for neutrino nucleustscisy.

Aiming at a model which incorporates both quasielastictedaly andA production we
need to find a way of implementing those processes simulteheoFor that, we first
need to discuss the kinematics. In the nucleon rest fram#tosving condition has to
be fulfilled:

s=((p+q)?=M—-Q*+2E,M = M'?, (7.26)
where)’ is either the nucleon masg or the A massiV. If we assume that/’ is fixed,
the kinematics of the process is completely determined bygtrantities, e. g. the neutrino
energy £, and the four-momentum transfer squax@édl The energy of the outgoing
lepton £, is then simply given by

El =k, — Eqa (727)

with E, from Eq. (7.26). Then all four-vectors of the system are kmowssuming the
momentum of the incoming neutrino tadirection gives

ko = (E,,0,0, E,). (7.28)
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7 Neutrino Nucleus Scattering within a BUU Transport Model

From the energy of the outgoing lepton we know its momentum
k') = \/ B2 — m2 (7.29)

and from the four-momentum transfer also the angle betwesd k',

Q2 + mlz — 2E1,El

. 7.30
2E, |17 (7<9

cos Oy, = —

The angle¢ of the outgoing lepton is chosen randomly for a given evenckvithen
defines the direction of the lepton

€; = (sin# cos ¢, sin 0 sin ¢, cos ). (7.31)
This yields the four-momentum of the outgoing lepton

Ko = (Ey, [F)é) (7.32)
and further, the four-momentum of the exchanged vectormoso

o = ko — k;
= (B, — B, k— k). (7.33)

Knowing E,, Q? and the mass of the outgoing hadron thus results directky #f and
q. The four-momenta of the nucleopsire determined from their initialization within the
code. Then the hadronic final state is fully defined: Energy/raonmentum conservation
yields:

p=p+q (7.34)

Inside the nuclear medium, Eq. (7.26) has to be changed. \téenab the nucleus rest
frame

’

s=MZ2;—Q*+2E,E —2p- = Mj,. (7.35)

p'is the Fermi momentum of the nucleon apid the momentum of the exchanged vector
boson. This equation further takes into account that théepaand the\ are bound in a
mean field potential with

Moy =M+ Ug (7.36)
and
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7.2 Numerical Implementation of Neutrino Cross Sections

M’ again denotes either the nucleon masr the A massiV. We emphasize that the
potential is momentum dependent. Since the momenta of ifie imucleons are known,
Us is fully determined. But/; depends op’. And, as just showry’ depends oi’,. This
makes this equation non-trivial.

A possible solution is to assume three independent kinealafuantities to be known. In
addition to£, and@? we, require, for instancey; to be fixed. This allows us to go back
to Eq. (7.27) without any assumption of the mass of the ouatgparticle. The calculation
yields again all four-vectors of the system. Wjthwe can obtairU; and the effective
massM;ff and hence alsd/’ by using

M =+/E? =52 - Ul (7.38)

We conclude that for a correct treatment of the potentialsetindependent kinematical
guantities have to be known. We chodsg @? and E;. Then we can calculate specific
cross sections fixed by the neutrino energy and the propestithe outgoing lepton. It
has to be noted that we pay for this with an increased nunmexficat.

For theA resonance, the implementation is straightforward assgimigiven set of,,
Q? and E;. We have shown how then the mags = W is calculated. The cross section
is given in the nucleon rest frame in Eq. (5.13) as a functio®,g Q? andW and thus
fully defined. In terms off; it is written as

d?o M d%c

_ M _do 7.
dQ2dE, ~ W dQ2AwW (7.39)

AssumingA dominance, we have so far implemented only théut in the future other
resonances can be added easily provided the form factodenaren (cf. discussion in
chapter 6).

For quasielastic scattering we have an additional comstr&or the given set of/,,, )?
and E;, M’ is calculated as outlined above. But onlyMif = M, quasielastic scattering
is possible:

d%o do , 9 9
ORI :dQ25(M - M?). (7.40)

do/d@? is given in Eq. (4.12) in the nucleon rest frame as a functfo@“0and E,,.. This
constraint, of course, limits the number of possible coratiims ofE,,, Q? andE; leading

to quasielastic scattering and therefore causes problersrinumerical treatment for
distinct values off,, Q? and E;. To solve this issue, we allow events leading to values
of M’ not exactly equal the nucleon mass to be counted as qudsielasguarantee that
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7 Neutrino Nucleus Scattering within a BUU Transport Model

only values rather close t&/ can contribute, we introduce a weighting functionvhich
has to fulfill

do _ d—o' ! 12
dT?z_/dQQw(M)dM . (7.41)
We choose fow (M)
/
w(M) = 2 M (7.42)

%(M/Q_M2)2+M/262

wheree determines the range of possilll€. We choose = 1 MeV as a value which is
sufficiently smaller than any other physical scale, and Wwincstill numerically feasible.
Note that this affects only the decision whether a quadielagent is possible or not, the
cross sectiodo /dQ? is calculated with the "real” nucleon mass. Finally, we a@fta

d?*c do ,
08, = qop2Me (). (7.43)

Due to the large variety of possible combinationshf E; andQ? the numerics is very
time consuming. For every set allowed by kinematics a catmr could be done. We
did the calculations on a grid with distinct steps for theethgquantities. At each test
particle in every ensemble a neutrino interaction is ih#éd and, according to the cross
section, a final state is then chosen by Monte Carlo. Thiglgial - A reactions with

N being the number of testparticles addoeing the mass number of the nucleus. If the
produced particles are not Pauli blocked, they undergo $taé interactions. While for
pions absorption and charge exchange are most importanpaim final state interaction
process for nucleons is rescattering.

The cross section for theA reaction is then given by a summation over the contributions
of all nucleons. For a distinct channel, e.rg. production, all the contributions have to
be weighted with the multiplicity of that final state [Leh03]

d?0,4—iFx / PEd3p d%o,n_irx
14 — 4 dg,r,/ v M R 744
szdEl Nucleus (27T>3 dQ2dEl " ( )

whered?o,x_;rx/(dQ*dE;) are the cross sections per nucleon in the nucleus rest frame
(cf. Ref. [Eff96] for details on the Lorentz transformatjoithe multiplicity M is calcu-

lated in the BUU transport simulation and contains e. g.rmiation about Pauli blocking,
final state interactions and the momentum distributions.

Finally, we note that we do not include any corrections duiaéoCoulomb potential for
the outgoing lepton. We expect the effect to be negligibietie lepton energies under
consideration due to the smallness of the electromagnatipling constant.
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7.3 Other Models and Comparison

Having now completely specified our model we shall brieflyi@avother available ap-
proaches before presenting the results of our calculafiorogs sections.

Many event generators for neutrino interactions exist, ragrtbem are NUANCE, NEU-
GEN, NEUT and NUX-FLUKA (cf. for detailed comparisons Ref&.CHSO05, Zel03]).
Commonly they apply impulse approximation and use the LiigweSmith formalism for
guasielastic events [LS72] and the Rein-Sehgal model ®résonances [RS81]. Pros
and cons of the Rein-Sehgal model were discussed recerRligfifNul] with the conclu-
sion that an improvement of this model is urgent. Probletnatiparticular, are the form
factors used and the fact that resonances in this model dedayn 7N

The generators differ substantially in how they implemenimedium effects and final
state interactions. As an example, we briefly discuss NEUdy(}2] and NUANCE
[Cas02] used for the Super-Kamiokande analysis [Supeif:KB5th use the relativis-
tic Fermi gas model of Smith and Moniz [SM72] assuming a flabmaotum distribution
for the nucleons up to fixed Fermi surface momentum. The aut&ding energy is set
to a fixed value. Pauli blocking and modifications of thevidth are taken into account
only in the NEUT model. NUANCE, however, does not considemiedium effects on
the resonance widths. The final state interactions areettdat using a cascade model
specific to Oxygen with inelastic scattering, charge exgkaand absorption of pions
included.

Another model available for pion production, also using ank@eCarlo simulation for

the reaction process, is from Paschos et al. (originallelbped in Ref. [ANP74] and

improved in Refs. [PPY00, PSYO05]). As in our model, they useRarita-Schwinger for-
malism for the production of thA with form factors of Alvarez-Ruso et al. [ARSVV93].
Higher resonances are also included following the formab$ Ref. [BP70]. The nuclear
effects are modeled by a "random walk” of the pion throughrtheleus undergoing mul-
tiple scattering, absorption and charge exchange. Alst Blagking is included in the

pion production process. There are several simplifyingaggions made in this model,
most important among them are the neglect of Fermi motionrarteon recoil effects

and the assumption that the cross sections are not modiSetkithe nucleus. Further-
more, in contrast to our model, excited resonances decayediately or are absorbed,
but not transported.

Even though the literature is rich on neutrino indua®dgroduction on free nucleons,
there is only very little discussion about the productiomomlei. We already mentioned
works of Paschos et al., furthermore we shall add Oset angh§BVVO098, SAA05].
They modify theA propagator to account for in-medium effects and also usedified
decay width due to Pauli blocking. The cross section is tredoutated using a local
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7 Neutrino Nucleus Scattering within a BUU Transport Model

density approximation. For the nuclear density either asSiam or a Fermi distribution
is applied. Absorption is included by using an eikonal agpmation.

For inclusive neutrino quasielastic scattering on nudler¢ are innumerable publica-
tions. We shall not review them here but refer the reader tapto-date overview in
Ref. [MT05].

Our model, with a well tested transport approach, uses a neatestic initialization for
the nucleus than the Monte Carlo generators mentioned dioapplying a density de-
pendent Woods-Saxon distribution and local Fermi momentifa systematically take
into account all hadronic potentials. Our treatment of neswes differs also from the
above models: We not only use in-medium widths but also graggaresonances off-
shell. This is an important feature of our approach missinthe other models. The
inclusion of a large variety of possible final state intei@ts - we only mentioned the
most important ones - is a noteworthy enhancement comparethér approaches. We
emphasize that the BUU model has been extensively and sficligsested against ex-
perimental data foryA andeA reactions which provided a check in particular for the
final state interactions. This experimental cross-cheskrnw been done for all of the
mentioned Monte Carlo codes.

But not only the BUU part differs from the above approaches:séamlessly included the
two most important contributions at neutrinos energiesdoid 1 GeV, namely quasielas-
tic scattering and\ production. For that we used, in contrast to the models appipe
Rein-Sehgal model, a state-of-the-art formalism for thmuuan cross sections with more
realistic form factors. Furthermore, our model is quiteggah In contrast to the Monte
Carlo codes above, we can do calculations for arbitraryenagart from Oxygen. As
well we included charged and neutral current interactiongfi neutrino flavors.

Finally we note that other models calculate integratedsceestions while we calculate
double differential cross sections. The latter are phylgi¢éar more interesting, as they
are more exclusive as we will see in the next chapter. We maithbse with a costly
numerics. We did our time-consuming calculations on a gitti @ fixed binning for the
three kinematical quantities, , £, andQ? not yet close enough for a numerical integra-
tion. To compare with the old bubble chamber experimentsseeasimplified model for
charged current quasielastic scattering which negleetpdtitentials (cf. chapter 9). This
reduces the numerical complexity and therefore calculataf integrated cross sections
can be done easily. However, we emphasize that the propapediments MINERA
and FINeSSE plan to measure the double differential cragsss.
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8 Results for Neutrino Nucleus Scattering

Motivated by the proposed experiments, we have studiecs@assentative examples the
reactionv, *°Fe — p~ X for neutrino energies of 0.4 - 2.0 GeV and various value9-of
andE),. Iron is one of the first targets MINER is going to use [MINERVAO4a].

For the measurement of the inclusive cross section only tia¢ dtate lepton is detected.
In neutrino experiments, the detection of the outgoing diaslis crucial in order to dis-
criminate quasielastic and inelastic events. Inelastentssas pion production through
A excitation are identified as quasielastic if the final statenps absorbed in the nu-
cleus. Within our transport model we can study those chaxgkeasge and side-feeding
effects.

In this chapter we discuss the inclusive cross section angkitsitivity to the in-medium
modifications introduced in the previous chapter for quaste scattering and produc-
tion. Then we investigate one pion production and nucleamtkaut. Note that all cross
sections presented in this chapter are per nucleon.

8.1 Inclusive Cross Section

8.1.1 Quasielastic Contribution

In Fig. 8.1 we show the quasielastic inclusive cross se@w®a function off, for fixed
values of@Q? and E,,. Neglecting the potentials, Fermi motion and Pauli blogkithe
differential cross section is@function in £, (cf. chapter 7.2) whose position is marked
by an arrow in Fig. 8.1. This position follows from Eq. (7.2@th M’ = M

s=(p+q)? =M —Q*+2E,M = M, (8.1)
which yields
_ @
E,= 2 (8.2)
Thus, quasielastic scattering is possible for the foll@weutrino energy:
2
E, = 9 + E,. (8.3)
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Figure 8.1: Quasielastic inclusive cross section for wegimuon energies and momentum
transfers. The arrows denote the position ofdHike result in the case of the
medium modifications "switched off”, cf. text.
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8.1 Inclusive Cross Section

With increasingl? and E,,, alsoE,, increases simply due to this relation - because only
for a certain combination, namely the one given in Eq. (838gsielastic scattering can
occur; all other combinations are forbidden according to(Ed0).

Now we "switch on” the potentials, Fermi motion and Paulidiimg, denoted as "in-
medium” in Fig. 8.1. It turns out that Pauli blocking is notgortant forQ? > 0.2 Ge\?

(cf. chapter 9). In all cases we find that quasielastic scatfés now possible for a range
of values ofE, with Q* andE, fixed. Basically, the shape of the peak is determined by
Q?. This can be understood from Eq. (7.35):

s= M —Q +2E,E—2p-G= M, (8.4)

with Méﬁf = M + U} and the Fermi momentup For a given set of)? and E,, this
equation can be fulfilled for a continuous set of valuestpfpeaking around the on-
shell position of Eq. (8.2). With increasir@? also the number of possible valuesgf
increase. This yields via

E,=E,+E, (8.5)

to a broad range of possiblg,. Thus, increasingy, leads to a peak movement to higher
neutrino energies.

To conclude, the broadened peak is a direct consequencdlimfact that the nucleons
are not at rest in the nucleus but have a Fermi momentum.

8.1.2 A Resonance Contribution

In Fig. 8.2 we show thé\™* inclusive cross section for various muon energies and mo-
mentum transfers as a function of the neutrino energy. "Elgary” denotes the calcu-
lation without in-medium modifications, thus this reprodsi¢the cross section on a free
nucleon. The position of the peak is given by Eq. (7.26) wWith= Mx

s=(p+q)° =M —Q*+2E,M = M3, (8.6)

where M = 1.232 GeV is the pole mass. This yields for the neutrino energygusi
E,=FE,+E,

Q* — M? + M3 +2ME,
E, = : 8.7
Wi (8.7)

and, thus, explains the movement of the peak with increa@and £, to higher values
of E,. The shape of the peak, in particular the decrease for isitrg&)?, reflects the
behavior of the free nucleon cross section and we refer lmackapter 5.4.
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Figure 8.2: Medium modifications of th& ™" inclusive cross section for various muon
energies and momentum transfers.
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8.1 Inclusive Cross Section

Next we consider the effects of Fermi motion, Pauli blockamgl the hadronic potentials.
The resultis labeled in Fig. 8.2 as "in-medium”. Fermi matithe most dominant process
among them, lowers and broadens the peak, for the same amtgia®ein the previous

section. We conclude that with increasiQg the A peak becomes less pronounced.

We further take into account the in-medium modification efwidth of theA resonance,
labeled in Fig. 8.2 as "+ in-medium width”. The vacuum widshréplaced by a sum of
the vacuum width modified due to Pauli blocking and a colhisiovidth accounting for
additional channels in the medium, as discussed in Eq. ;7A& the collisional width
we use the parametrization of Oset and Salcedo [OS87]. $receross section scales
with the inverse of the width this lowers and broadens thé géghtly.

We infer that the in-medium modifications reduce the crosti@ein the peak region by
more than a factor of two, mainly due to the Fermi motion; tfiect of the in-medium
width is less important.

8.1.3 Inclusive Double Differential Cross Section

In Fig. 8.3 we show the inclusive double differential crosst®n as a function of,
and Q* for two values ofE, as indicated in the figure. These plots combine the two
contributions discussed in the previous sections.

ForQ? < 0.4 GeV two peaks can be distinguished. The one at laliyecorresponds to
guasielastic events, whereas the one at higheresults fromA production. For higher
Q? the structure of a well separated quasielastic Anpgeak is smeared out totally. In
the previous sections we discussed the broadening and theade of the single peaks
with increasing@? for both quasielastic scattering and theproduction. Plotting both
together shows, that the broadening leads to an overlaphamdaith increasing)?, the
distinct peak structure vanishes and the inclusive cragtosetends to zero.

Comparing the upper and the lower plot reveals a shift of thees, in the lower plot the
minimal neutrino energy is higher than in the upper plot. sTisisimply due to energy
conservation. Assumin@? — 0, a certain neutrino energy is already required only for
the production of a massive muon with energy(cf. chapter B.2). This minimal neutrino
energy increases when energy is transfered to the hadrgstiens, i. e. with increasing
momentum transfef?.

Those cross sections can be obtained with an experimenhwinea@asures the energy and

the scattering angle of the outgoing lepton. As of todays¢heeasurements are not
available, but the experiments are already proposed.
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Figure 8.3, A — p~ X cross section off Fe.
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8.2 Pion Production

8.2 Pion Production

8.2.1 One Pion Production Cross Section

We start our discussion of pion production with the doubféedential cross section for
one pion production integrated over the pion momenta. In&gwe show the exclusive
cross section for neutrino induced production as a function of the neutrino energy for
various values of/, and@?. The dotted line represents a calculation where we included
the potentials, Fermi motion and Pauli blocking, but usedvécuum width for thé\ pro-
duction. In this calculation all final state interactions auppressed, except for resonance
decay, which still might be Pauli blocked. For the calcalatshown by the long-dashed
line we used the in-medium modified width but still withouistate interactions. Those
are "switched on” in the calculation represented by theddoie.

A possible origin for pions is not only through the initidl, but also through quasielas-
tic scattering. In panel (e) and (f) also the origin of therpis indicated - A” denotes
pions stemming from the initiah production, "QE” labels the pions which are produced
in final state interactions of the initially produced nucied here the nucleon rescatters
in the nucleus, and can produce pions throdgN — NA and NN — NNz. How-
ever, we found that this effect, being only possible withthigomentum transfe?, is
negligible.

The influence of final state interactions on the pion can ba bgecomparing the long-
dashed with the solid line. Roughly half of the originallyppuced pions do not survive
the final state interactions depending on the given kinemsafihis is due to absorption
throughnt N — A, NNm — NN or charge exchange througtv.— 7 /V.

In Fig. 8.5 we show the equivalent plot faf - the lines are as explained above. No-
tice that the cross sections faf is a about a factor of five lower. This reduction is a
consequence of the production process itself:

vp — ITATT, (8.8)
vn — [TAT. (8.9)

The first process is enhanced by an isopin factor of threes@hAalecay into pions via

AT — prt (8.10)
AT — pr?, (8.11)
AT — nrt. (8.12)

In chapter 6.1 we discussed the isospin amplitudes of thoseepses. With them we
obtain a ratio ofr™ : 7% = 4.4 : 1 for the cross sections without final state interactions.
Taken into account are the proton and neutron numbers of iso for 7° production
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Figure 8.4: Influence of final state interactionsigr®Fe — 7" X. The different lines
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Figure 8.5: Influence of final state interactions:gri®Fe — p~7°X. The different lines

are explained in the text.
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8 Results for Neutrino Nucleus Scattering

we found that pion production through quasielastic scatges negligible (cf. Fig. 8.5 (e)
and (f)), even though more important than in tiiechannel. This follows from the fact
that the production of both® and=* from initial quasielastic scattering is basically the
same while the ratio of the ones from initially produd&desonances is about a factor of
five as just outlined.

7w~ cannot be produced directly in the neutrino nucleon reasti@nly via final state
interactions. In Fig. 8.6 we show the exclusive cross sedtio neutrino induced*, 7°
and7~ production as a function of the neutrino energy for varioaisies of£, andQ?.
This plot was obtained with a full calculation including tltremedium modified width
and final state interactions. We already commented on tbagttifference between™
and7’. 7~ plays only a minor role. Note that this situation is reversedntineutrino
reactions when onlyA~ andA° can be produced in the initial interaction.

8.2.2 Pion Momentum Distribution

For a better understanding of the pion production crossaectn the medium we now
study the pion momentum distributions. In Fig. 8.7 we shogvrttomentum differential
cross section forr* and in Fig. 8.8 forr® versus the pion momentum for different values
of £, and@?. The neutrino energy is fixed at 1.2 GeV. The dashed line skiwevsalcula-
tion without final state interactions, the solid line dersdtee full calculation. Apparently,
the spectra are very sensitive to the choic&pfand? and also ofF,.

The maximal value of the pion momentymis determined by the muon energy, as a
consequence of energy-momentum conservation. We shaltaoware the momentum
distributions of ther* and#°, where the momentum differential cross section is plotted
for a choice ofE,, leading to a relatively wide interval of allowed pion momeileft
plots). The right plots show the equivalent but with anottievice of £, leading to a
rather narrow interval of allowed pion momenta.

The maximum of the solid curve (i. e. the calculation with fisiate interactions) peaks

at 0.15 - 0.2 GeV in all plots shown in Fig. 8.7 and in Fig. 8.8isTis due to the energy
dependence of the pion absorption: The absorption is smiathbse pions. Low mo-
mentum pions are mainly absorbed througiN — NN. The higher energetic pions
(cf. the dashed curve in both figures) are mainly absorbeditiir the reactiomn N — A,
followed byAN — N N. This strong reduction for high momentum pions can be seen by
comparing the dashed and the solid lines. Those absorptomegses equally influence
7t andr’.

But the pions do not only undergo absorption when propagatirough the nucleus. Of
particular importance is elastic scatteringy — NV for pions of all energies. This leads
to charge exchange and redistributes the momenta.
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8.2 Pion Production
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E,=12 GeV, E,=0.41 GeV, Q°=0.21 GeV*

1 . . . .
- wio FSI —===---:

0.8 | wFSI

0.6 |

d*/(dp,; dE,dQ” A) 10 cm?/GeV?]

0.8

w FSI

d*o/(dp,; dE,dQ” A) [10® cm?/GeV?]

2

2

_ E,=1.2 GeV, E,=0.41 GeV, Q=0.61 GeV
<

> 1 T T T r
8 - w/o FS| -------
e osf pmmm TN wFSI

[}
&

S o6}

<
o 04}

©

=

4

~ 02}

o

)
.~ 0 : : : :
© 0 0.2 0.4 0.6 0.8

pr[GeV]
(e)

d*0/(dp,; dE,dQ” A) 10 cm?/GeV?] d*o/(dp, dE,dQ” A) 10 cm?/GeV?|

d*o/(dp,, dE,dQ” A) [10°%° cm*/Gev?)

35

25

15

0.5

E,=1.2 GeV, E,=0.71 GeV, Q*=0.21 GeV*

L e — ]
wFSI
0.6 0.8 1
pr[GeV]
(b)
E,=1.2 GeV, E,=0.71 GeV, Q*=0.41 GeV*
. L e —
. |
wFSI

E,=1.2 GeV, E,=0.71 GeV, Q*=0.61 GeV*

w/o FSI -=-----
w FSI

0.4 0.6 0.8 1

Figure 8.7: Momentum differential cross section for at £, = 1.2 GeV. Note the dif-
ferent scales.

106



8.2 Pion Production

E,=1.2 GeV, E,=0.41 GeV, Q*=0.21 GeV* E,=1.2 GeV, E,=0.71 GeV, Q*=0.21 GeV?

L o025 . . . . < . .

@ i w/o FS| —=----- @ w/o FS| —=-----
e 02} wFsl —— | g WES| —— |

o o
oo} oo}

@ @

S 015} . = ]

< <

© o1 { & ]

o o

=4 =4
5 5
> 0.05 ] > ]

o o

S S
g 0 g . .

0 0.2 0.4 0.6 0.8 1 0.6 0.8 1
pr[GeV] pr[GeV]
(a) (b)
E,=1.2 GeV, E,=0.41 GeV, Q*=0.41 GeV* E,=1.2 GeV, E,=0.71 GeV, Q*=0.41 GeV*
‘% 0.25 . : . . ‘% 1 . : : :

8 8 0 W/o FS| -------
e 02 ] e osf WFSl ——— |

o o
oo} oo}

@ @

S 015 1 S 06f 1

< <
o 01 : o :

o o

=4 =4
5 5
> 0.05 ] > ]

o o

S S
5 0 2 .

1 0.8 1
E,=1.2 GeV, E,=0.41 GeV, Q*=0.61 GeV* E,=1.2 GeV, E,=0.71 GeV, Q*=0.61 GeV*
EES . . . . < 1 : : : :

o o -y w/o FSI -=-----
“'g 0.2 ] “'g 0.8 | wFSI ———— |
o] o]

@ @

S 015 1 S 06} 1
< <
& 01 . S 04t ]
=] =]

= =
4 4
. 0.05 ] . 02} ]

o o
z z LT Tl R
o> 0 ' ' ' ' o> 0 Lz ' = s s

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
pr[GeV] pr[GeV]
(e) ®

Figure 8.8: Momentum differential cross sectionfdrat &, = 1.2 GeV. Note the differ-
ent scales.

107



8 Results for Neutrino Nucleus Scattering

For 7 in Fig. 8.7 the discussed effects reduce the cross sectjnifisantly by about a
factor of two compared to the calculation without final stiaieractions for both muon
energies.

Considering ther® channel in Fig. 8.8 reveals some differences tothechannel. The
general reduction of a factor of 5 was discussed in the pusvahapter. However, in
the peak region, the deviation between the calculatiorudiol final state interactions
and the one neglecting final state interactions differs ftoew™ calculation. ForE, =
0.71 GeV the reduction is less compared to Fig. 8.7, fyr = 0.41 GeV we even get
an enhancement af at low momentum compared to the calculation without finalesta
interactions. Those additional contributions are a comsege of their "disappearance”
in the 7 channel: 7 undergoing reactions like N — 7N are likely to contribute
to the7® channel leading to the observed side-feeding. The effestae significant
for the kinematical choice which leads to a wide interval iminppmomenta, since higher
momentumz* can also contribute to the® channel throught N — A followed by
A — wN. Note that the other way round is strongly suppressed byatie of 7+ to 7°
production on the nucleon.

8.3 Nucleon Knockout

The channel under investigation now is nucleon knockows, i.nucleons leaving the

nucleus due to the reaction. Note that we only include ewgh&se the nucleons’ kinetic

energy is larger than 0.1 GeV. In Fig. 8.9 we plot the excligivoton cross section as
a function of the neutrino energy for various values3fand £,,. The dash-dotted line

shows the calculation without final state interactions,gbkd one the calculation with

final state interactions. We see that the inclusion of finalesinteractions reduces the
overall cross section. Especially rescattering distebuthe kinetic energy among the
nucleons, which then do not fulfill the above criterion anyreno

For low Q2 two clearly separated peaks can be seen. The one at lgywasrresponds to
the protons produced in initial quasielastic events (iattid by the dashed line), whereas
the one at higheF, denotes protons fromh production (dotted line). Therefore also
the protons are clearly allocatable. This clear separasidast for higher momentum
transfer. We have seen in chapter 8.1 that the inclusives@estion is smeared out with
increasingy? due to Fermi motion. The shape of the inclusive cross seimflected in
the exclusive proton production cross section plotted.hAsea consequence, the peaks
in Fig. 8.9 overlap for highe®? and are not distinguishable any more.

In Fig. 8.10 we show the equivalent plots for neutrons - tifedint lines are as above.
Note first the different scale of the neutron knockout crasgisn compared to the one
for protons in Fig. 8.9. The significant differences in proemd neutron knockout is due
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Figure 8.9: Influence of final state interactionsigr°Fe — p~pX. The different lines

are explained in the text.
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8.3 Nucleon Knockout

to the initial neutrino nucleon production process: Quast& scattering produces only
protons via

vn — 1" p. (8.13)

Also the A production mechanism favors protons

vp — I"AT — [Tpnt, (8.14)
vn — AT = ITp7°, (8.15)
vn — I"AT =1 nnt, (8.16)

since the first process is enhanced by a factor of three. Ukagospin amplitudes of
chapter 6.1 we obtain a ratio pf: n = 9.5 : 1 in the A region for Iron.

Therefore, in the calculation without final state interactiproton and neutron knockout
differ by roughly a factor of ten in thé region. Note that no neutrons are produced in
the initial quasielastic interactions.

If we now “"switch on” the final state interactions, this scemachanges. Comparing
the dash-dotted line (without FSI) in Fig. 8.10 with the ddine (with FSI) shows that
additional neutrons are produced in the final state intemast We first discuss the neu-
tron production through FSI in the quasielastic peak regidre initial neutrino nucleon
guasielastic reaction produces only protons. Those psatan undergo elastic and inelas-
tic nucleon-nucleon collisions which lead to charge exgeaand thus, produce neutrons.
In the region of the\ (this corresponds to the right peaks), we initially prodtesetimes
more protons than neutrons. Through final state interastibase protons also yield a
side-feeding of the neutron channel. Since this is mordylite higher energy protons,
we find the enhancement of the neutron cross section in tinehenergy tail.

We conclude that final state interactions reduce the numiyerotons, but enhance the
neutron cross section.

In Fig. 8.11 proton and neutron cross sections are comparectlg. Here all final state

interactions are included. One again sees the strong eliffer of proton and neutrons
coming from the initial neutrino neutron to proton prodoctiratio, even though this
difference is reduced through the inclusion of final stateractions.
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Figure 8.11: Exclusive cross section fgr°*°Fe — p~pX andv, *Fe — p~nX. The
different lines are explained in the text.
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9 Simplified Model for Quasielastic
Neutrino Nucleus Scattering

Finally, in this chapter we calculate the differential antht inclusive cross section for
charged current quasielastic scattering. To do so, we gingpir model in order to reduce
the numerical effort. Then the numerical integration iskdea This allows the direct
comparison with the old bubble chamber data. We shall fisstudis the approximation
applied here and then present the obtained results.

9.1 Implementation

Neglecting the hadronic potentials simplifies Eq. (7.35) to
s=M*—Q*+2E,FE —2p-7= M>* (9.1)

p'is known from the initialization within the code (cf. chapté1.1). Then only two
independent quantities are sufficient to determine thekinématics. We choosg, and

Q?. Further we assumg = |7|e,. The above equation then yields, and therefore
the four-vectorg. With that, the system is completely determined: The sgageangle
between the neutrino and the charged lepton follows from

mlz + Q2 — 2E,,El

cost = — , 9.2
2EV\/El2 — ml2 ®2)
with £, = E, — E,. This yields for the neutrino four-vectar[Leh99]
kSZE-cf:EE—EZ, Ef—m?cos@j 9.3)
I7 [
ko =0, (9.4)

ky = /| k|2 — k2. (9.5)

Finally, p’ simply follows from energy-momentum conservation.

We emphasize again that the third independent kinematicahtity was only required
to account for the potentials. Having one degree of freedzss, Ithe numerical effort is
significantly reduced. No more simplifications are used camag to our "full” model.



9 Simplified Model for Quasielastic Neutrino Nucleus Saartig

Again, we initialize a neutrino event at every testpartiatel after checking for Pauli
blocking the cross section is calculated according to

doya—i-x / 3 /pF &Pp do,n_i-x
Cova—lX _ &or . (9.6)
sz Nucleus (27T)3 dQ2

Those cross sections are Lorentz transformed from the owicéesst frame to the rest frame
of the nucleus [Eff96]. We multiply the cross section perlean with a factor of

A

Tt 9.7)

with A being the mass number arilbeing the charge of the nucleus, to obtain cross
sections per neutron. This choice is motivated by the vaayuasielastic scattering which
is only possible on neutrons

vun — W p, (9.8)

and therefore allows a direct observation of in-mediumatffsince this cancels differ-
ences due to the proton-neutron number ratio in differentaiu

9.2 Results

The in-medium charged current quasielastic differenti@ass section per neutron is plot-
ted in Fig. 9.1 for a reaction of muon neutrinos on Calciumddferent neutrino en-
ergies. "In-medium” denotes here the calculation inclgdifauli blocking and Fermi
motion with the kinematics as outlined in the previous sectiFor comparison the vac-
uum calculation is shown by the dashed line. For low momertramsfers up to about
0.2 GeV the cross section is reduced significantly due to Badking. In contrast to the
previous chapter the effect of Fermi motion is negligibleehtor the following reason:
The observable is the cross sectitn, 4_.;- x/dQ? which is a function ofQ* and E,.
The expression used for the calculation is given in Eq. (Miri2he nucleon rest frame.
Therefore, we have to Lorentz transfoiy) into the nucleon rest frame and the obtained
result fordo, y_;- x /dQ? has to be transformed back. Only this Lorentz transformatio
is influenced by the Fermi motion of the nucleons and not tleentable itself as in the
previous chapter. The cross section on the nucleus, whidw®from Eq. (9.6), is in-
tegrated over all momenta, which averages those effectcoieude that the reduction
for low Q? is a consequence of Pauli blocking.

Fig. 9.2 shows a comparison between different nuclei. Thesmamber dependence in
the initialization through the density dependent Woodse8adistribution and the local
Fermi momentum influences the Pauli blocking and thus, isetftl in minor differences
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9.2 Results
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9.2 Results

in the in-medium cross sections. The equivalent plot forttiv@ cross section is shown
in Fig. 9.3. The total reduction of the cross section as acetif Pauli blocking is of the
order of about 6 - 7 % slightly depending on the nucleus. Forgarison, the long-dashed
line shows the elementary cross section.

Finally, in Fig. 9.4 we show the total cross sections for@asinuclei together with avail-
able data from bubble chamber experiments.

In this simplified framework, our results agree nicely witle experimental data as well
as with other calculations e. g. of Bodek et al. [BBAO5], Pascet al. [PY02] and Oset
et al. [SO92].
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10 Summary and Outlook

In this work we have investigated neutrino interactionshwiticleons and nuclei. The
model developed in the framework of this thesis should be ebtlescribe neutrino reac-
tions on both nucleons and nuclei at intermediate enerdiggayest for future neutrino
experiments.

The first part of this thesis provided the preliminaries: eifa brief review of neutrino
physics and related experiments, we have started in chapeth the Standard Model
of Particle Physics. Within the Standard Model, neutrinas mteract only weakly by
exchanging charged or neutral vector bosons. We discussatharged and neutral weak
currents in detail, pointing out important relations andngyetries needed for further
calculations.

In Part Il we have discussed neutrino nucleon scatteringetaidd In chapter 3 we have
calculated the inclusive cross section of neutrino nuckzattering as a function of five
unknown structure functions. This emphasized the need teraxplicit models of the

hadronic vertex. The decomposition of the neutrino crosiae made clear that at in-
termediate energies mainly two processes contribute, Iyago@sielastic scattering and
A production. We have discussed the large variety of posedaletions, among them are
higher-mass resonances and non-resonant backgroundowmdl them to be negligible
compared to the two mentioned above.

Charged and neutral current (quasi)elastic scattering hagn discussed in detail in chap-
ter 4. We have developed a fully-relativistic formalism &daulate charged and neutral
current cross sections in terms of vector and axial formofactWe applied general argu-
ments as CVC to relate the neutrino vector form factors teetmbtained from electron
scattering and PCAC to relate the axial form factor to theugescalar one, but also to
relate the axial form factors of neutral current scattetmthose of charged current scat-
tering. We have shown how the form factors have been para®eitn the literature and
summarized the current problems. We have found, assuméngfitinge quark content to
be isoscalar, that the purely isovector charged curremisisrisitive to the strangeness in
contrast to the neutral current reaction. Further, we hbege that the same three form
factors enter the neutral and the charged current procbes@asth considerably different
gualitative impact. We have seen that, for instance, theopmeutral current form factor
F{’ is strongly suppressed compared to its charged currenteqant/)”. Hence, while
the proton neutral current cross section is dominated bpglesiorm factor, namely the
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axial form factor, this is not the case for charged curreattiens where all form factors
contribute.

A production off nucleons has been discussed in chapter 5.aedeveloped a general
formalism for the production of spiBy/2 resonances by neutrinos provided that the form
factors are available. The calculational techniques wiendas to those of quasielastic
scattering, we have also applied CVC and PCAC. The vector factors were taken from
electron scattering, for the axial ones we used a pararagtirzavailable in the literature.
We have found that the contributions of the axial form fagttwr the cross section are
more important than of their vector counterparts. Furttherjnfluence of thé\ width on

the cross section was studied by using different paranagiizs; this changed the cross
section by a few per cent. Finally, we have calculated eikplioss sections and found
reasonable agreement with other calculations and expetaindata.

In Part Ill of this thesis we have extended our model of naotiteractions to scattering
off nuclei. For a numerical realization we reverted to thelBitansport model, a working
approach for electro- and photoproduction. We have extétiteBUU model to describe
neutrino nucleus interactions using the nucleon crossasectlerived in Part 1l. Both

quasielastic reactions and neutrino inducegroduction are included.

The BUU model, the required modifications and the numericglémentation were dis-
cussed in chapter 7. For calculations on nuclei, the in-omadiffects taken into account
are Pauli blocking, Fermi motion (both within a local depsipproximation), hadronic
potentials and final state interactions. The in-medium ffication of theA resonance

due to Pauli blocking and collisional broadening has beeluded. The final state inter-
actions are implemented by means of the BUU coupled chaenelctassical transport
model.

Motivated by the advent of new experiments we have caladleteusive double differ-
ential cross sectiond’s/(dQ*dE)) for v, *’Fe — p~ X at neutrino energies of 0.4 - 2
GeV. We have shown that the dominant in-medium effect is #veniFmotion of the nu-
cleons which "smears out” the inclusive double differelntrass sections with increasing
Q?. The effect of the in-mediumk width has been found to be rather small. Taking the
in-medium modifications together, the inclusive crossisadnside the nucleus in th&
region is only half of the vacuum value.

The in-medium effects and especially the final state inteyas reduce the neutrino in-
duced exclusive pion cross section significantly and alge gse to a small fraction of
7, which can not be produced in the elementary interactioe. @dsic processes are ab-
sorption and charge exchange. Quasielastic scatteritayied by production inN N
collisions does not contribute significantly to the pionguotion - in the kinematical re-
gion under investigation, the pions were mainly origingtirom the initialA production.
Furthermore, we have found an enhancement offrehannel through side-feeding from
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the dominantr™ channel. Moreover, we have seen that the total as well asansamtum
differential cross section strongly depend on the initfadice of kinematics.

The influence of the final state interactions on nucleon kauotls significant. While the
elementary quasielastic reaction cannot produce neytobom®nly protons, we found as

a consequence of the final state interaction a distinctifracif neutrons while the proton
cross section is reduced. Also in theregion we found an enhancement of neutrons due
to final state interactions. The nucleons produced in th@eteary interaction rescatter
in the nucleus, and starting with a strong dominance of mgtadditional neutrons are
produced due to rescattering and charge exchange. To cenidunucleon knockout we
have found a reduction of the cross section for protons arghaancement for neutrons
due to final state interactions.

Finally, we have presented a simplified model for quasiElastutrino nucleus scattering,
where we neglected the hadronic potentials. The calcutataticross section is reduced
compared to the vacuum case by less than 10 % mainly due toldRaaking.

We emphasize that an unsatisfactory aspect of the presesstigations is the lack of
extensive and good quality data. Hopefully, the situatiokh e improved in the near
future when new neutrino facilities will be built and stastd taking.

In the future, we will further improve our model. The replawnt of the oldV — A
transition vector form factors has the first priority. Foathrecent electron scattering
data have to be included, which will also improve the quadityhe fit of the axial form
factors. The proposed experiments will measure those maasely within the next
few years. We found that quasielastic reactions Amgroduction are the most important
processes. But nevertheless, for a full model we will ineldmgher-mass resonances
and non-resonant background as well as more exotic chariien studying neutrino
nucleus reactions, a next step might involve to considertals modification, or so-called
guenching, of the form factors inside the nuclear medium.
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A Reference Formulee

A.1 Abbreviations

CC charged current
CVC conserved vector current hypothesis
DIS deep inelastic scattering

FSI final state interaction

NC neutral current

PCAC partially conserved axial current hypothesis
QE quasielastic

RES resonance

A.2 Conventions

Natural Units

In this thesis we work in so-called natural units, with
h=c=1. (A1)

This avoids dealing with factors éfandc throughout the calculation and has the follow-
ing implications for the dimension of mass, length and time:

[M] = L] = [1]7". (A.2)
For all masses, energies and momenta we use GeV as a standard u

Cross sections are calculated in this units and have thendiime GeV 2. Neutrino cross
sections are usually given in the Sl-system in units®f® cm?. To convert to an area,
one uses Eq. (A.2)

o] = [L]? = [M]™? (A.3)
and the conversion formula

he = 0.197 GeV fm (A.4)



A Reference Formulae

and ends up with
1 GeV2=23.8939-10'"- 1072 cm? = 0.38939 mb (A.5)

where a millibarn, mb, id mb = 1073* m?. Thus, a typical neutrino cross sections of
1073 cm? corresponds ta0~!* mb or0.1 fb.

Dirac Matrices

To avoid notational confusion with neutrinesand muong:, Dirac indices are usually
denoted as and(. Throughout this thesis the conventions of Ref. [BD67] ased1 The
metric tensor is given as

1 0 0 O
0O -1 0 O
ap _
9710 0o -1 o0 (A-6)
0O 0 0 -1
For the the Dirac matrices the following representatiorsisdi
= ("), (A7)
o (1 0 . (0 ¢
Y =" = (0 —1)/) 7= -3 0 (A8)
with the2 x 2 unit matrix1 and the Pauli spin matrices
0= (Uxa Oy, UZ)) (Ag)

Oy = ((1) [1)) , Oy = <? _OZ) , 0, = <(1] _01) . (A.10)

Furthermore we need combinations of those matrices, namely

_ 0 1 of _ ' a
15 =7 =1"v'7* = (]1 0) and o’ = o[, (A.11)

Under Lorentz transformation the following bilinears tséorm as:

) scalar

Yvy*p  vector

po*Pyp  antisymmetric tensor
Yy°~v*p  pseudovector (axialvector)
Py> pseudoscalar.

Finally, we use the totally antisymmetric tensgg,, with the conventiorg,; = 1.
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A.3 Weak Interaction Constants

Isospin and Gell-Mann Matrices

We use the standard isospin matrices
0 1 0 —i 1 0
Tl - (1 0) 9 7-2 - ('l 0 ) ) 7-3 - (0 _1) (A12)

T=(1,72,73), Tx= (T Lim). (A.13)

with

For theSU(3) Gell-Mann matrices we use

010 0 —i 0

M=[100]|,0m=[i 0 0], (A.14)
00 0 0 0 0
1 0 0 L {10 0

=10 -1 0] x=—(01 0], (A.15)
0 0 0 3\0 0 —2

with
Ae = (A £ ido). (A.16)

A.3 Weak Interaction Constants

The physical constants used are (B]:

Fermi coupling constant: G = 1.16637(1)10™° GeV > (A.17)
W boson mass: My, = 80.425(38) GeV/c? (A.18)
Z boson mass: My = 91.1876(21) GeV/c? (A.19)
Weinberg angle: sin® fy = 0.23120(15) (A.20)

These constants are related by

e = gsin Oy, (A.22)
M,
cos By = VZ, (A.22)
Gr g9
— = A.23
e (A.23)

wheree is the positron electric charge.
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B Neutrino Kinematics

B.1 Notation

Figure B.1: Kinematic quantities in neutrino scattering

The notation used for the relativistic kinematics in thiedis is indicated in Fig. B.1.
e incoming neutrina:
— four-momentumt, = (E,, k)

— mass

outgoing leptori or v;:

— four-momentum#!, = (E;, k')

— massny

incoming nucleonV:
— four-momentump,, = (E, p)

— mass :M

outgoing hadrons:
— four-momentumy’, = (E', ")

— mass:W

exchanged vector bosd# or Z:

— four-momentumy, = (E,, )



B Neutrino Kinematics

CC| E, forQE | E, for A

v | ~0GeV | 0.177 GeV
v, | 0.111 GeV| 0.305 GeV
v, | 3.450 GeV| 3.940 GeV

NC
Vg 0GeV |0.175GeV

Table B.1: Threshold energies for QE af\¢production

B.2 Energy Thresholds for Neutrino Production

The thresholds for the incoming neutrino energy are givesiimple relativistic kinemat-
ics. Assume we scatter on a nucleon of méssnd produce a particle of maBs. The
total four-momentum of the incoming neutrino and the nuclsdn the lab frame

P = (E, + M,k) (B.1)

and that of the outgoing system in the center of mass frame

P = (my + W, 0). (B.2)
This yields for the minimum neutrino energy in the lab frame
2 249 — M2

2M

The numerical values for different processes are given nteTB.1 where for the\ res-
onance we assume for the threshold neutrino energy a mimvas$ ofit’ = M + m,.

B.3 Integration Limits for vN (Quasi)Elastic
Scattering and A Production

B.3.1 (Quasi)Elastic Scattering

The total cross section is given by:

Qhraz d2
oB) = [, (8.4)

min
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B.3 Integration Limits fow N (Quasi)Elastic Scattering amsl Production

with integration limits § = M? + 2ME,)

min = —mi +2E,(Ei — [I))
_ 2E2M — Mm} — E,mi — E,\/(s —m?)? — 2(s + m7) M? + M*
B 2F, + M ’
(B.5)
gmzm = _m12 + QEV(El + V{?;D
_ 2E2M — Mm} + E,mi 4+ E,\/(s —m?)? — 2(s +m?) M? + M*
B 2B, + M '
(B.6)

B.3.2 A Production

Integration over the invariant mass yields:

do Winaz do
— = _. B.7
dQ? /Wmm aw dQ2dW (B.7)

For each? we have to integrate ové#’. The lower limit of I is fixed but the upper
bound depends 0f? and therefore changes continuously [LPO5]:

Winin = M + Mr, (88)
m4 m2 m2 2 m2

it (5 -2%) - (@4 Fat) +sa (@4 )

0@+ )] |

(B.9)

N

Wmaw =

wheres = M? + 2ME, anday = 1 + M?/s.

Also for the cross section integrated ovgt the integration limits depend on the observ-
able:

2
aw ~ Joe dQ2dwW

(B.10)
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where
1
e = ST (282M — M} - B,(W? = M2+ m})
- E,,\/(s —m?)? —2(s+mI)W?2+ W4 ),
1
7277,(11‘ = m (2E3M — Mm? + EV(—WZ + M2 — m?)

- EV\/(S —m?)? —2(s+mHW?2 + W1 )

Combining both yields the total cross section:

Wmaa Q?naw 9 do-
E,) = dWw dQ* ——+
U< ) /I'/Vmin Q?,,m Q dQ2dW

with
Wnin = M + m, and Winaz = \/g —ny

and@? . and@? _asinEq. (B.11) and Eq. (B.12).

min max
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C Cross Sections and Feynman Rules for
Weak Interaction

C.1 General Expression for the Cross Section

The general expression of the differential cross sectionhfe collision of two particles
(: = 1,2) and N outgoing particles = 1, ..., N) is given as (see e. g. Ref. [MS93)):

1
do = (2ﬁ)454 < Py — pi) 5 911 <
; ! Z 4[( E

D1 'p2)2 — mims

d*p; )
];[ (%)32E}> M. (C.1)

The amplitudeM is the invariant matrix element for the process under camaitbn. For
particles with non-zero spin, unpolarized cross sectioas<alculated by averaging over
initial spin components and summing over final. For the neasrthere is no averaging
over initial neutrino helicities since they occur only etinded. However, for conve-
nience of calculation, one can formally sum over both hilisiates - the factori(— 75)
guarantees that right-handed neutrinos do not contriloutest cross section.

C.2 Feynman Rules

The amplitude can be calculated explicitly by using the Fregn rules of the weak in-
teraction. Their derivation is given in any standard tegtbon Quantum Field Theory -
here we collect those needed for neutrino scattering aseerefe.

The amplitudeM follows from a Feynman graph as a product of factors assatitt
different parts of the graph:

e External particle: An external line representing a lepton or a quark leads to a
factor ofu(k, s) orv(k, s) forincoming particles oti(k’, s") oro(k’, s") for outgoing
particles, respectively.



C Cross Sections and Feynman Rules for Weak Interaction

e Propagator: A propagator represents the exchange of a gauge boson and get
factor of

i os | 104 )
q* — My ( M

wherel/y is either the mass of tHé& * or of theZ boson.

o \ertex:

— Charged Current: For leptons we get a factor of

. 9 L=
—i 12 C.3
32 (C.3)
and for quarks a factor of
. L=
Z\/ﬁqu/%‘ 5 (C.49)
whereU,, is the appropriate entry of the Cabbibo mixing matrix.
— Neutral Current: Here the vertex factor is given by
—ie L= L+
7 Da , C.5
sin@WCOSQWV <CL 2 Ton 2 ) (C-5)
wherec;, andcy are as follows: For massless neutrinos we have
1
L = 57 Cr = 07 (C6)
for up quarks
1 2 2
Cr, = +§ — g SiIl2 ew, Cr = —g sin2 ew, (C?)
and for down quarks
1 2 1
Cp = —5 + g SiIl2 ew, Cr = g sin2 QW (C8)
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Deutsche Zusammenfassung

Als Wolfgang Pauli im Jahre 1930 ein zusatzliches Teilchdas Neutrino - postulierte,
um so die Erhaltung von Energie und Impuls iisZerfall zu retten, befirchtete er, dass
dieses neutrale und fast masselose Teilchen niemals gefundrden konnte. Heute,
75 Jahre spater, ist nicht nur der sichere Nachweis dregatrihoarten erbracht, sondern
ihre Wechselwirkungen bieten einzigartige Moglichkejtindamentale Fragen in vielen
Bereichen der Physik zu untersuchen.

Seit Neutrinoszillationen in unterschiedlichsten Expeiten bestatigt wurden, besteht
kein Zweifel mehr, dass Neutrinos zwar eine kleine, abehdam Null verschiedene
Ruhemasse besitzen. Der absolute Wert dieser Masse ishjedch immer unbekannt
und bleibt somit eine der grof3ten Herausforderungen imeetigen Teilchenphysik. Ak-
tuelle Experimente befassen sich zudem mit einer Reiheranébenso wenig beant-
worteter Fragen, wie beispielsweise CP-Verletzung undeatestenz von sterilen Neutri-
nos.

Das Interesse an Neutrinos beschrankt sich allerdindg niar auf ihre Eigenschaften
selbst, sondern erstreckt sich auf viele unterschiedliditbereiche der Physik. So
sind Neutrinos ein wertvolles Hilfsmittel, um nukleare unddronische Fragestellun-
gen zu untersuchen. Von aktuellem Interesse ist inshespmds Verstandnis hadroni-
scher Strukturen im Rahmen der Quantenchromodynamik (QQiB)Jntersuchung von
Nukleonen und Nukleonenresonanzen sowohl mit der eleldgmetischen als auch mit
der schwachen Wechselwirkung ist dabei besonders wichtigallem um hadronische
Modelle zu Uberprifen. Dabei erganzen sich beide Methdtervorragend: Durch die
spezielle(V — A)-Struktur der schwachen Wechselwirkung kdnnen Eigeritamaler
Hadronen untersucht werden, die in Elektronen- oder Pleoistneuung nicht direkt oder
nur schwer zuganglich sind, und zwar vornehmlich die ax@iruktur der Hadronen.
Die schwache Wechselwirkung mit geladenen Stromen isermuder einzig praktisch
sinnvolle Weg, die axialen Formfaktoren des Nukleons zensnichen. Der Beitrag der
See-Quarks zum Nukleonenspin dagegen ist mit neutralémtr sehr gut zuganglich.
Unter den Nukleonenresonanzen ist dieResonanz am wichtigsten und daher auf viel-
erlei Arten untersucht, u. a. auch mit Hilfe von NeutrinogsBnders die axialeN — A-
Ubergangsformfaktoren sind mit Neutrinostreuung direigznglich.

Obwohl Neutrinos eine wichtige Rolle in vielen Bereichem Baysik spielen, bleibt ein
wesentliches Problem: Sie unterliegen ausschlief3lichsdewachen Wechselwirkung
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mit entsprechend kleinen Wirkungsquerschnitten und satfted nur schwer zu detek-
tieren. Einzig mit Hilfe der durch ihre Wechselwirkung mitakérie erzeugten Teilchen
sind sie nachweisbar. Oft werden schwere Kerne als Targetmlabenutzt, die relativ
grol3e Wirkungsquerschnitte bieten. Daher ist ein thesimleéis Verstandnis der Wechsel-
wirkung von Neutrinos mit eben solchen Kernen unverziachfbadie Auswertung von
Neutrinoexperimenten.

In der Literatur gibt es zahlreiche Untersuchungen zur NeatKern-Wechselwirkung,

die sich auf den quasielastischen Bereich konzentriengsteBatische Studien von nuk-
learen Effekten und ihr Einfluss auf die Pion-Produktion gib dagegen kaum, obwohl
genau diese Ungenauigkeit in der Kenntnis der Wirkungsmpineitte die grofdte Un-

sicherheit der meisten Neutrinoexperimente darstellt.

Die beschriebene Situation lieferte die Motivation fie gorliegende Arbeit. Untersucht
wurden Neutrino-Nukleon-Streuung und Neutrino-Kern-Waswirkungen fiur Neutri-
noenergien bis 2 GeV. Bei der Neutrino-Nukleon-Streuungiebesonderer Wert auf die
systematische Untersuchung der Formfaktoren gelegt. &elNdutrino-Kern-Wechsel-
wirkung wurde vorrangig der Einfluss von nuklearen Effeldehden Pion-Produktions-
guerschnitt und auf Nukleon-Knockout-Reaktionen untelnsu_etztere sind Reaktionen,
bei denen ein Nukleon aus dem Kern freigesetzt wird.

Um Neutrino-Nukleon- bzw. Neutrino-Kern-Wirkungsquersitte zu berechnen, muss
zunachst die zugrunde liegende Theorie behandelt werdentrinoreaktionen werden
im Rahmen des Standard-Modells der Teilchenphysik besofin. Sie wechselwirken
ausschlief3lich schwach durch den Austausch geladéf®&osonen oder neutraler-
Bosonen. Besonders hervorzuheben ist(flie- A)-Struktur der schwachen Wechsel-
wirkung, d. h. die explizite Unterscheidung rechts- unddimandiger Felder. Fur Lep-
tonen und Quarks sind sowohl die geladenen als auch dieagwyetn Strome wohldefi-
niert. Das andert sich beifdbergang von Quarks zu Hadronen, also zusammengesetzten
Systemen. Relevante Zusammenhange und Symmetrienibleitb@ch unverandert und
erlauben damit das Aufstellen allgemeiner Aussagen fidrdrasche Strome. Besonders
wichtig fur explizite Rechnungen sind die Hypothese vohaéienen Vektorstrom (CVC)
und die Hypothese vom teilweise erhaltenen Axialstrom (BLA

Damit kann nun die Neutrino-Nukleon-Wechselwirkung barext werden. Im allge-
meinsten Fall ist der inklusive N-Wirkungsquerschnitt als Funktion von funf unbekan-
nten Strukturfunktionen gegeben. Benotigt werden jedodtiusive Querschnitte. Dazu
ist zunachst der Wirkungsquerschnitt in seine Beitragizuspalten. Man findet, dass
der Wirkungsquerschnitt bei Energien bis etwa 2 GeV haghiech durch zwei Beitrage
dominiert wird, namlich durch (quasi)elastische Proees§ — [N’ und inelastische
A-ProduktionvN — [A. Hohere Resonanzen und nichtresonanter Untergrund isind i
diesem Energiebereich von geringerer Bedeutung.
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Bei (quasi)elastischen Reaktionen miissen zwei Mogéitek unterschieden werden.
Die Reaktion kann entweder durch den Austausch eines gedad€C) oder eines neu-
tralen (NC) Vektorbosons stattfinden. Erstere wird mit gelastisch bezeichnet, letztere
mit elastisch.

Der quasielastische differentielle Wirkungsquerschohéit Reaktionvn — [~p ist eine
Funktion von zwei Vektorformfaktoren und zwei Axialfornktaren. Mittels CVC kon-
nen die Vektorformfaktoren mit den Formfaktoren aus dek&bmenstreuung in Ver-
bindung gebracht werden; PCAC setzt die Axialformfaktareteinander in Beziehung,
d. h. CC-Reaktionen werden nur noch durch einen unabhé@ndigialformfaktor be-
schrieben. Da quasielastische Reaktionen nur noch voerdiesnen Axialformfaktor
abhangen, erlaubt diese Art von Reaktionen das direk@iBtuder axialen Struktur des
Nukleons.

Wahrend die geladenen Strome reinen Isovektor-Chardldieen, gilt das nicht mehr
fur die neutralen Strome. Diese haben sowohl isovekterads auch isoskalare Anteile.
Letztere fuhren zu einer Sensitivitat der neutraleroi®t darauf, welchen Beitrag die
seltsamen See-Quarks am Nukleonspin haben. Der Wirkuegstwitt der Reaktion
vN — vN ist hier gegeben als Funktion von zwei Vektorformfaktorew @inem Axi-
alformfaktor. Diese wiederum bestehen aus zwei Teilen: édste hangt direkt mit der
oben genannten Sensitivitat auf den Strange-Beitragnmnga. Der zweite ergibt sich
mittels CVC und PCAC direkt aus den quasielastischen Fddmfen. Die Formfaktoren
fur Proton und Neutron unterscheiden sich signifikant. Salér Vektorformfaktor fur
Protonen durch den schwachen Mischungswinkel stark utitektl Es zeigte sich, dass
die Reaktionvp — vp stark von dem Axialformfaktor dominiert wird und daher sehr
sensitiv auf den Strange-Beitrag zum Nukleonenspin ist.

Neben (quasi)elastischer Streuung ist die ProduktionX&esonanz von besonderer
Bedeutung. Fur die Berechnung des Wirkungsquerschnitts wie bei den (quasi)-
elastischen Prozessen ein voll-relativistischer Fosnalis verwendet. Nutzt man auch
hier CVC und PCAC, bleibt je ein unabhangiger Vektor- undatermfaktor. Fur ihre
Parametrisierung wird in der Literatur Ublicherweiseeemcht korrekteA-Breite ver-
wendet. Daher wurde der Untersuchung des Einflussea dgneite auf den Wirkungs-
guerschnitt besondere Bedeutung beigemessen. Es zaitelass diese Unterschiede
den Wirkungsquerschnitt um einige Prozent verandern.

Dieses Modell wurde erweitert, um Neutrino-Kern-Reak#iorzu beschreiben und be-
ricksichtigt nukleare Effekte, wie die FermibewegungMeakleonen, das Pauli-Prinzip,
Bindungsenergien und Endzustandswechselwirkungen. Didiffation derA-Breite
durch Kollisionsverbreiterung und Pauli-Prinzip im Meutust ebenfalls berticksichtigt,
ebenso wie eine veranderte Bindungsenergie. Fur diel&iion der Endzustandswech-
selwirkungen wurde das BUU-Modell, ein semiklassischesm3portmodell, verwendet.
Pionen und Nukleonen unterliegen Endzustandswechselagen wie Ladungstransfer
und elastischer Streuung mit den Nukleonen im Medium.
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Motiviert durch zukiinftige Experimente wie MINER wurden zweifach differentielle
Wirkungsquerschnitté®o /(dQ*d E;) exemplarisch fur die Reaktiap, *°Fe — n~ X bei
Neutrinoenergien von 0.4 - 2 GeV berechnet. Bei den inkarsWirkungsquerschnitten
zeigte sich, dass die Fermibewegung der dominante Effekind den Wirkungsquer-
schnitt mit zunehmendem Impulstiberti@g vollkommen ausschmiert. Der Einfluss der
In-Medium-Breite des\ ist dagegen gering.

Desweiteren wurden exklusive Wirkungsquerschnitte loatet, namlich Pionproduk-
tion und Nukleon-Knockout. Besonders der Einfluss der Es@mdswechselwirkun-
gen wurde hier untersucht. Durch Absorption der Pionen ilfmkeduziert sich der
Produktionsquerschnitt um etwa einen Faktor zwei. Es eeigh, dass die produzierten
Pionen fast vollig von urspringlich angeregtArResonanzen stammen. Pionproduk-
tion als Folge von quasielastischer Streuung, gefolgt viemd?zeugung durchV V-
Kollisionen, ist vernachlassigbar fur kleid¢?. Dar* und=® in der elementaren Reak-
tion mit einem sehr groRen Ungleichgewicht erzeugt werden:(7° ~ 5), fuhrt der
Ladungstransfer in den Endzustandswechselwirkungennar €lmverteilung zu Gun-
sten derr’. 7~ konnen in der elementaren Reaktion nicht erzeugt werdeh) aber
durch Endzustandswechselwirkungen.

Der Einfluss der Endzustandswechselwirkung auf die Nuldepdie den Kern verlassen,
ist ebenfalls signifikant. Wahrend quasielastische Rszen der elementaren Reak-
tion keine Neutronen, sondern nur Protonen erzeugen, findet als Folge der End-
zustandswechselwirkungen der Nukleonen einen deutliéimeil an Neutronen Ahn-
liches beobachtet man auch fisrAnregungen. Hier ist die Produktion von Neutronen
im Vergleich zu Protonen in der elementaren Reaktion unreltaktor zehn kleiner. Die
Endzustandswechselwirkungen fiihren letztlich zu eineniuigt an Protonen und zu einer
Zunahme an Neutronen.

Leider ist der direkte Vergleich dieser Rechnungen mit eérpentellen Daten noch nicht
moglich - entsprechende Experimente sind aber bereitRimuRg.

Schlief3lich wurde, unter Vernachlassigung der hadriweiscPotentiale, der totale in-
klusive quasielastische Querschnitt berechnet und midBlkammerdaten verglichen. Es
zeigte sich, dass im Vergleich zum Vakuumquerschnitt rggbilich das Pauli-Prinzip zu
einer Reduktion von etwas weniger als 10 % fuhrt.

Zusammenfassend lasst sich sagen, dass die In-Mediwht&find vor allem die Endzu-
standswechselwirkungen erheblichen Einfluss auf den gganes Wirkungsquerschnitt
haben und daher nicht vernachlassigt werden kdonnen.
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