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The coherent production of single pions and p mesons in charged current inter-

actions of neutrinos and antineutrinos on neon nuclei has been studied. The data 

were obtained using the Fermilab 15-foot Bubble Chamber, filled with a heavy Ne-

H2 mixture and exposed to the Quadrupole Triplet neutrino beam produced by 800 

Ge V protons from the Tevatron. The average beam energy was 86 Ge V. In a sam-

ple of 330 000 frames, 1032 two-prong v,.,. + ;;,.,. charged current interactions were 

selected. 

The goal of this study was to investigate the low Q2 high v region where the 

hadron dominance model can be tested. In this model, the vector and axial-vector 

parts of the weak hadronic current are dominated by the p and a1 mesons respec-

tively. Moreover, the Partially Conserved Axial Current (PCAC) hypothesis can be 

tested by studying the coherent production of single pions. 
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The coherent signal was extracted using the distributions in the variable ltl, the 

square of the four-momentum transferred to the neon nucleus. The signal for single 

pion coherent production was found to be 52.1±9.4 events at ltl < 0.1 GeV2 • After 

correction for the experimental losses, the number of events was estimated to be 

86.6 ± 19.6 events. This corresponds to a production rate with respect to the total 

number of charged current interactions of (0.31 ± 0.07)%. The cross section for 

coherent single pion production was thus calculated to be (313 ± 72) x 10-40 cm2 / 

neon nucleus. The cross section and kinematical characteristics of these events were 

found to be in good agreement with the predictions of a model based on the PCAC 

hypothesis and the hadron dominance model. 

The signal for coherent single p meson production was found to be 19.2 ± 6.8 

events at !ti < 0.1 GeV2 , i.e. 62.8 ± 27.0 events after correction for the experimental 

losses. The production rate with respect to the total number of charged current 

interactions was determined to be (0.23 ± 0.10)%. The corresponding single p meson 

coherent production was then calculated to be (227±98) x 10-40 cm2 /neon nucleus. 

The cross section and the kinematical characteristics of these events were found to 

be in reasonable agreement with the predictions based on the hadron dominance 

model. 
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Chapter 1 

Introduction 

Neutrinos, postulated in 1933 and discovered in 1956 [1], are elusive particles 

which play an important part in the development of our understanding of fundamen-

tal forces in nature. Neutrinos carry no electric charge, have little or no mass, and, 

most importantly, they are subject only to the weak component of the electroweak 

force. Cross sections for their interaction with matter are extremely small, typically 

10-35 - 10-38 cm2, to be compared to 10-28 cm2 for electromagnetic interactions, 

and 10-25 cm2 for strong interactions. Consequently, studies of neutrino interactions 

require high fluxes of neutrinos and very large targets/detectors. 

Historically, particle decays were the only "laboratory" to study weak interac-

tions experimentally. It was only the advent of experiments with neutrino beams 

that enabled us to study weak interactions at higher energies. At first, only neutrino 

interactions with a charged lepton in the final state were investigated. The beam 

energies were low, and studies of exclusive reactions at low Q2 were the order of the 

day. Weak neutral currents were discovered in a neutrino experiment at CERN in 

1974, confirming an important ingredient of the emerging model of electroweak in-

teractions. Another important confirmation of the electroweak theory came in 1983 

with the experimental discovery of the W and Z bosons, the mediators of the weak 

interaction. 

The majority of high energy neutrino experiments in the 1970's and 1980's con-

centrated on the region of high Q2 , square of the momentum transfer between the 

incoming and outgoing lepton, known as the region of Deep Inelastic Scattering 

(DIS). In this region, a large amount of information on the structure of hadrons 
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at small distances (10-13 cm or less) was inferred from the neutrino data. In DIS, 

the quark constituents of hadrons are probed and may be considered to be free at 

sufficiently high Q2 ; this is the property of "asymptotic freedom 11
• Other impor-

tant analyses involved the study of the fragmentation process in which the produced 

quarks turn into physical hadrons, the study of charm production via semileptonic 

decays and the measurement of various parameters of the electroweak theory. 

There is an aspect of neutrino interactions which has only recently been inves-

tigated : the study of neutrino interactions at small Q2 and large energy transfer v 

(see Ref. [2] for a comprehensive review). The distances probed in small Q2 pro-

cesses are larger than in deep inelastic scattering and the nucleon constituents can 

no longer be considered as free. In this regime, the perturbative theory of strong 

interactions cannot be used and an alternative approach has to be adopted. 

One such approach is based on the ideas of hadron dominance which were first 

introduced in the context of photon interactions (a complete review may be found 

in Ref. [3]). In the Vector Meson Dominance model (VMD), the photon state is 

pictured as a superposition of vector meson states, with the same quantum numbers 

as those of the photon, plus a "bare11 photon component. The interaction between 

photons and hadrons thus occurs via the hadronic component of the photon, and 

the photon-hadron interaction takes on all the characteristics of purely hadronic 

interactions. The VMD model has been quite successful at describing the hadronic 

behavior of photon interactions at high energy. Piketty and Stodolsky (4] made the 

remarkable step of extending these ideas to the case of the weak interaction, where 

the intermediate W and Z bosons may be viewed as superpositions of vector and 

axial-vector mesons with proper quantum numbers. 

Evidence for the existence of a hadronic component in weak interactions was 

brought to light over the last 10 years. In particular, the observation of neutrino 

coherent interactions was first reported in 1983 (5] by the Aachen-Padova Collab-

oration. The evidence was obtained in neutral current production of neutral pions 
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off aluminum nuclei with a muon-neutrino beam of average energy 2 GeV. These 

coherent interactions on complex nuclei are essentially diffractive, i.e. they are char-

acterized by an exponentially falling momentum transfer distribution and the target 

nucleus remains in its ground state. Moreover, the coherent cross section depends on 

A 2 , the square of the atomic mass number of the nucleus, by virtue of the construc-

tive interferences of the scattering amplitudes on each individual nucleon. Other 

reports of the observation of neutrino coherent interactions followed: signals were 

observed in neutral and charged current interactions, and detected in both large 

bubble chambers and electronic detectors. However, only bubble chamber experi-

ments are able to study the details of the interactions. The WA59 Collaboration has 

contributed a great deal to the study of neutrino interactions in the low Q2 and high 

v domain. The Big European Bubble Chamber (BEBC) filled with a heavy Ne-H2 

liquid was used to study the coherent production of pions and p mesons, as well as 

that of a1 mesons and non-resonant p 7r systems. Furthermore, the WA59 Collabo-

ration reported [6] the first observation of shadowing in neutrino interactions, i.e. a 

reduction of the cross section per nucleon measured in interactions on neon nuclei 

with respect to the cross section per nucleon on deuterium. This represents another 

manifestation of the hadronic component in neutrino interactions. 

In the regime of low Q2 and large v, it is possible to study the space-time 

properties of the weak current; that is, the properties of the W and Z bosons. This is 

in contrast with the DIS studies in which the "bare" W and Z bosons interact with 

pointlike constituents (quarks). In this regime, we can test the hadron dominance 

model as well as the Conserved Vector Current (CVC) and Partially Conserved Axial 

Current (PCAC) hypotheses which are related to the symmetry properties of the 

weak interaction. 

To date, there have been several successful tests of PCAC in neutrino interactions 

at high energies: 

1. the coherent production of single pions in neutral and charged current neutrino 
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interactions on nuclear targets [2), 

2. the measurement of the total cross section in neutrino-proton interactions at 

11 > 2 Ge V and especially at Q2 ~ 0.2 Ge V2 where the contribution from 

PCAC dominates [7], and 

3. the measurement of ~(1232) resonance production in neutrino-proton interac-

tions at Q2 < 1 GeV2 [8] . 

The work presented here is based on the data collected by the E632 Collabo-

ration. This collaboration consists of 17 universities and laboratories from Europe, 

the United States and India (see Appendix A). In addition, three Russian groups 

}oined the collaboration in 1990 : Moscow State University, Institute for Theoretical 

and Experimental Physics (ITEP Moscow) and Institute for High Energy Physics 

(Serpukhov). The data were collected using the Fermilab 15-foot Bubble Chamber 

during the 1985 and 1987-88 fixed-target running periods of the Tevatron. The bub-

ble chamber was filled with a heavy Ne-H2 liquid. Moreover, the bubble chamber 

was equipped with new arrays of proportional tubes, the External Muon Identifier 

(EMI) and the Internal Picket Fence (IPF), used to identify muons and determine 

the event time. A total of 448 000 pictures were taken during the two runs, corre-

sponding to a total number of protons on target of 7.0 x 1017. One of the original 

features of this experiment is the holographic setup designed to complement the 

conventional pictures by achieving a high resolution ("" 100 µm) over a relatively 

large volume ( ~ 3 m3 ). 

The focus of this work is the study of the coherent production of pions and p 

mesons in (anti)neutrino charged current interactions on neon nuclei, at neutrino 

energies significantly higher (average beam energy = 86 GeV) than in previous ex-

periments (average beam energy::: 30 GeV). Therefore, this study provides a unique 

opportunity to test the CVC and PCAC hypotheses as well as the hadron dominance 

model in a range of energy extending beyond the range previously explored. 
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The dissertation is organized as follows : 

• In Chapter 2, we introduce the theoretical concepts and derive some of the 

formulae used in the analysis of coherent neutrino charged current interactions. 

We first present the CVC and PCAC hypotheses followed by the electroweak 

theory. Adler's theorem for the case of interactions at vanishing Q2 is derived 

next. Its extension to non-zero Q2 is then considered in the context of the 

hadron dominance following Piketty and Stodolsky. Finally, we discuss several 

aspects of the coherent scattering of hadrons : conditions of coherence, the Rein 

and Sehgal model, Glauber theory, and the Belkov and Kopeliovich model. 

• In Chapter 3, we discuss the experimental aspects pertaining to this work. 

Specifically, we present the Fermilab neutrino beam line, the 15-foot Bubble 

Chamber and the EMI/IPF system. We also describe the film analysis proce-

dures used to extract the data from the bubble chamber film. 

• In Chapter 4, some of the methods of analysis are outlined : extraction of 

the coherent signal and the coherent Monte Carlo simulation, with a discus-

sion of the method used to reproduce the experimental smearing. Also, the 

Rein-Sehgal and Belkov-Kopeliovich parametrizations of the pion-nucleus cross 

section are described. 

• In Chapter 5, the selection of the sample of single pion charged current events 

is described and the coherent signal is extracted using the method presented 

in Chapter 4. The losses are then evaluated in order to compute the coherent 

cross section. A test of the background estimate is carried out by evaluating the 

contribution from several specific sources of background. The selection of the 

inclusive charged current event sample is then discussed and the corresponding 

losses are estimated. Using the latter sample properly normalized, the coher-

ent cross section is computed and compared with the results from previous 

experiments. Also, the energy dependence of the cross section is compared 
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with the prediction of the models. Finally, the kinematical characteristics of 

the data are compared with the predictions. 

• In Chapter 6, we study the coherent production of p mesons. First, the se-

lection of the sample and the reconstruction of the ?r"o mesons are described. 

Then, the coherent signal is extracted from the !ti distributions and the losses 

are estimated. In particular, the 'Y detection efficiency estimate is treated in 

some detail. Using techniques similar to those described in Chapter 5, we then 

determine the coherent cross section and compare with the results from pre-

vious experiments. The cross sections are also compared with the theoretical 

predictions. Finally, the kinematical characteristics of the data are compared 

with the predictions. 

• Finally, Chapter 7 summarizes the findings of this study. 
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Chapter 2 

Theory 

The description of the coherent production of single mesons by neutrino inter-

actions essentially involves two parts : first, the description of the weak interaction 

dynamics as well as the characteristics of the space-time structure of the weak cur-

rent, and second, the description of the coherent scattering of hadrons off nuclear 

targets. Such a process is restricted to small values of Q2 , the four-momentum 

squared of the exchanged W boson, and large values of the energy transfer v, a do-

main where the perturbative theory of strong interactions ( QeD) cannot be used. In 

this kinematical regime, but also at higher Q2 if x = Q2 /2M v is small, the virtual 

vector bosons may couple to quark-antiquark pairs forming virtual mesons which 

then interact with the target. Those virtual quark-antiquark pairs correspond to 

vacuum polarization fluctuations. 

In this chapter, the theoretical grounds for the study of neutrino coherent interac-

tions are laid out. Section 2.1 contains a brief overview of the Fermi current-current 

formulation of the weak interactions, with an emphasis on the conservation proper-

ties of the vector and axial-vector currents. It is then followed by a discussion of the 

SU(2)L®U(l) electroweak theory. 

In Section 2.2, the cross section for neutrino interactions at vanishing Q2 is cal-

culated and Adler's theorem is derived by invoking the eve and PeAe hypotheses. 

In Section 2.3, the ideas of the Vector Meson Dominance model are presented, 

followed by a discussion of the model proposed by Piketty and Stodolsky. This model 

extends the hadron dominance concepts into the domain of weak interactions at small 

values of Q2• The cross section for neutrino interactions can then be expressed in 
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terms of purely hadronic cross sections. 

In Section 2.4, the coherent scattering of hadrons is discussed. First, general ideas 

about the concept of coherence are described. Then the above formalism is applied 

to the coherent production of single pions in neutrino interactions. Two models are 

considered, one formulated by Rein and Sehgal [9] and the other by Belkov and 

Kopeliovich [10]. In the latter model, the treatment of the elastic hadron-nucleus 

scattering uses the Glauber theory which is reviewed in Section 2.4.3. 

Many aspects of the theory presented in this chapter are reviewed extensively by 

Kopeliovich and Marage [2]. 

2.1 Weak Interactions, Current Conservation and 

Electroweak Theory 

In the Fermi current-current formulation of weak interactions, the effective 

Lagrangian 1 is 

with (>. = 1,2,3,4)' 

where the weak current :J">. is broken into leptonic and hadronic parts 

'). - '). j - l 1 ( 1 - "(s) 111 (l = e,µ,r), 

J">. ii 1">. (gv - 9A1s) P · 

The Dirac spinors l and 111 represent the charged lepton and its associated neu-

trino whereas p and n represent the proton and neutron. We have written only 

the strangeness conserving part of the hadronic current since, in this work, we con-

centrate on processes which do not involve strangeness. This effective Lagrangian 

describes purely leptonic processes like muon decay or neutrino-electron scatter-

ing and semileptonic processes like nuclear /3 decay, as well as processes involving 

1Summation over repeated indices is implied throughout this chapter. 
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hadrons only. Note that, in this work, we use the notation and normalization con-

ventions of Bjorken and Drell (11] except for the normalization of the Dirac spinors 

that we take as uu = 2m and vv = -2m. 

2.1.1 Vector Current 

The Fermi coupling constant deduced from measurements of the muon lifetime 

is GF = 1.166 x 10-5 Gev-2 (12]. With that value of GF, the constants gv and 

9A determined in f3 decay experiments are found to be gv = 0.974 ± 0.001 (12] 

and 9A/ gv = 1.261 ± 0.004 [12). Thus, the coupling to the vector current does not 

seem to be renormalized by the strong interactions and the coupling to the axial 

current is only slightly renormalized. In order to explain the non-renormalization 

of the vector current coupling, Feynman and Gell-Mann (13] proposed2 that the 

charged weak vector current (n IA p), its conjugate (p IA n) and the isovector part 

of the electromagnetic current (p IA p) form an isospin triplet, with third component 

of isospin 13 = -1, +1 and 0 respectively. Specifically, they argued that the weak 

current JO can be built out of the first and s_econd components of the isospin current 
·'). 

Ji 

J~ - (2.1) 

with (i = 1,2,3), 

where the matrices ri are the 2x2 Pauli matrices. The current (2.1) lowers the 

electric charge by 1 and its conjugate raises it by 1. The electromagnetic current can 

itself be written in a similar form (using the Gell-Mann - Nishijima rule Q = 13 + ~ Y) 

2This proposal was made when the experimental value of gv was, within errors, consistent with 
a value of 1 and before the Cabibbo angle was introduced into the theory. 
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where 'l/J -y" ~'l/J is the hypercharge (Y) current and 'l/J -y" r3 'l/J is the isovector part of the 

electromagnetic current. Therefore, the charged weak vector current is conserved, 

0>. J~ = 0, 

because isospin is conserved by the strong interactions and thus the constant gv is 

not renormalized by the strong interactions. It should be noted that the deviation 

from gv = 1 is now understood by taking into account the Cabibbo mixing angle 

which introduces a factor cos (}c ~ 0.975 to the strangeness conserving hadronic 

current coupling. The above proposal by Feynman and Gell-Mann is known as 

the Conserved Vector Current hypothesis (CVC) and is of fundamental importance 

because it represents one of the first attempts to unify the weak and electromagnetic 

interactions. 

2.1.2 Axial-Vector Current 

We have seen from the experimental value of 9A that the axial-vector current 

is almost conserved. This non-conservation of the axial current leads to the decay 

of the pion as shown below. The decay ?r+ -t µ+ 11µ is described by the following 

transition amplitude 

GF >. yl2 (OIJ l?r) iiz "(>. (1 - 'Ys) l • 

Lorentz invariance of this amplitude requires (OIJ"l?r) to be either vector or axial-

vector but since the pion has no spin and the only four-vector available is the pion 

four-momentum q, we have 

with /w, the pion decay constant. Since (OIJ"l?r) is represented by a vector, only the 

axial current contributes because both the vacuum and foe axial current have even 
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parity and the pion has odd parity. Furthermore, the pion matrix element is 

. f >. _, q·:r 
- i "q e . 

Taking the divergence of this expression gives 

f 2 -iq·:r 
" m" e , 

from which it is concluded that if the axial current were conserved, then either the 

pion would not decay (!" = 0) or it would be massless (m" = 0). However, the 

above expression also shows that the divergence of the axial current is small because 

the pion mass is small in comparison with the nucleon mass. This leads to the idea 

that the axial current is almost or "partially" conserved. 

The above expression has been generalized [14] as the Partially Conserved Axial 

Current hypothesis (PCAC) according to which the divergence of the axial current 

is proportional to the pion field 

(2.2) 

where <P11: is the interpolating pion field 

and the experimental value of the pion decay constant is !11: = 0.932 m" [15]. A more 

explicit form of PCAC [16] corresponds to the assumption that, for 0 ,:5 q2 ,:5 m!, 

the matrix elements of the divergence of the axial current are given by the following 

expression 

({318 J>. la} = (f317r + a} f m2 >.A 2 2 11" 11"" m'll"-·q 
(2.3) 

PCAC has led to the Goldberger-Treiman relation which relates the pion-nucleon 

coupling constant to 9A· PCAC has also been successful in the description of some 
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low energy processes : muon capture and ~(1232) production. But there are very 

few tests of PCAC at high energy and, as will become clear in the following, the study 

of coherent pion production in neutrino interactions provides a unique opportunity 

to test the CVC and PCAC hypotheses. 

2.1.3 Electroweak Theory 

The current-current formulation of the weak interactions is now considered to 

be the low energy limit of the electroweak theory developed by Glashow, Weinberg 

and Salam [17]. They successfully unified the weak and electromagnetic interactions 

in the framework of a gauge theory invariant under transformations of the group 

SU(2)L©U(l). Transformations of the group U(l) correspond to phase transforma-

tions and transformations of the group SU(2)L correspond to arbitrary rotations of 

isospin doublets. Such a gauge theory is attractive because the gauge bosons occur 

naturally by requiring invariance under local gauge transformations and the theory 

is renormalizable. However, those gauge bosons are then massless whereas the me-

diators of the weak interactions are known to be heavy because of the short range 

of those interactions. In the theory, this difficulty is overcome by introducing new 

scalar fields to spontaneously break the SU(2)L©U(l) symmetry, in such a way as 

to provide the weak interaction vector bosons with mass, while leaving the photon 

massless. The electroweak theory has been extensively tested and has proved to be 

extremely successful to this date. One of its most prominent successes has been the 

prediction of weak neutral currents several years before their discovery in a neutrino 

bubble chamber experiment. Another crucial discovery was that of the W and Z 

bosons, mediators of the weak interaction, at the CERN proton-antiproton collider. 

Moreover, the measured Wand Z masses were found to agree with the predictions 

of the theory. 

In this theory, the fermions are arranged into isospin doublets L (isospin = 1/2) 
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of left-handed leptons and quarks 

and singlets R (isospin = 0) of right-handed leptons and quarks 

where 

1 ( (+) ) 
'l/JL(R) = 2 1 - "'(5 'l/J . 

The fields d', s' and b' are linear combinations of the quark mass eigenstates d, s and 

b. The coefficients of those linear combinations are determined by the Kobayashi-

Maskawa mixing matrix, which is an extension of the Cabibbo mixing matrix used 

in formulations of the theory with only two generations of quarks and leptons. 

The Lagrangian density is comprised of four parts 

L = Lfenniom + Lgauge + £.ca.Iara + Linter · 

The SU(2)L®U(l) invariant part of the Lagrangian which describes the (massless) 

fermions is 

. . j 
" R · A(8 i / )R - · A(8 i 'B · T Aj)L L..fenniom = 'l."'f A + 29 BA + L 'l."'f A + 29 A - ig2 A 1 (j = 1, 2, 3)(2.4) 

The gauge fields BA and A{, and their coupling constants 91 and g, are associated 

with the U(l) and SU(2)L groups respectively. The term Lgauge describes the self-

interaction of those gauge fields and £.caJ.an describes the isodoublet of (Higgs) scalar 

fields which is introduced to break the symmetry spontaneously and provide masses 

to the gauge bosons via the Higgs mechanism. The last term Linter describes the 

interaction between the scalar fields and the fermions, and also provides the fermion 

mass terms. 
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The physical intermediate vector bosons are defined by 

wt - ~ (Al=FiA~) 
-gAl + g'B>. 

Jg2 + g'2 
gB>. + g'Al 
Jg2 + g'2 l 

which represent the fields of the w± and zo bosons and that of the photon, respec-

tively. The terms describing the interaction between the leptons and the charged 

intermediate bosons are 

g L >. ( iA1 + 2A2) L - g [- >.1 - 'l's l w+ + -z >. l - 'l's w-] 2 ')' T >. T >. - V2 Ill')' 2 >. ')' 2 Ill >. 

i.e. the W bosons couple exclusively to left-handed fermions. The corresponding 

expression for quarks is similar except for additional factors involving the Kobayashi-

Maskawa matrix. The coupling to the neutral vector bosons is 

The electroweak theory therefore predicts the existence of an additional weak boson: 

the zo boson, mediator of the weak neutral current interaction. 

To show that the Fermi current-current formulation is the low energy limit of 

the electroweak theory, let us write the amplitude for the process llµ + e- --+ µ-+lie 

represented by the Feynman diagram in Fig. 2.1 

M 
g 1 -1s _ -g"" + qKq>. /m'fv g _ = 10 lie "YK 2 e 2 2 ro2 µ "Y>. v2 q -mw v~ 

1 - "Ys 
2 llµ • 

At low energy, the W boson four-momentum q is small in comparison with its 

mass mw (q2 ~ m'fv) and the W propagator reduces tog"" /m'fv. Thus, the above 

expression reduces to that obtained in the context of the current-current formulation 

provided that 
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v µ 

e 
Figure 2.1: Feynman diagram for the reaction 11,_. + e- -t µ- + lie. 

It can be shown (18] that eve is a consequence of Eq. (2.4). Indeed, the change 

in the Lagrangian due to an infinitesimal global SU(2) gauge transformation 

lS 

.... 
. .... T -ia· -

'I/; -t 'I/;'= e 2 'I/; (2.5) 

where a is an arbitrary transformation isovector which does not depend on the 

space-time coordinates. 6.C = 0 since the Lagrangian is invariant under global 

SU(2) transformations. From Eq. (2.4) 

and from (2.5) 

.... 
f:4/, • .... T 4/, u 'f' "' -i a · 2 'f' . 
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Thus we have 

6£ aA (~-la · ~ ~) 
(
- AT ) a. aA ~'Y 2 ~ 

a. aA1i, 

implying (for a=/:- 0) that the vector current is conserved : 

8AJi = 0 · 

In the case of the axial current, we find by way of the Dirac equation 

aA J) aA ( ~ 'YA 'Ys ~ ~) 
- m1~'Ysi~. 

Thus, the axial current is not conserved and the Lagrangian is not invariant under 

global transformations of the type 
.... 

. .... T 
1 -i a· -"(s 

~-~=e 2 ~. 

In the chiral limit (m1 = 0), the axial current is conserved and the Lagrangian 

is invariant under transformations of the group SU(2)L®SU(2)a. However, the fact 

that we do not observe a degeneracy of the particle spectrum between states with 

opposite parity indicates that the chiral symmetry is explicitly broken. The extent 

of the symmetry breaking is measured by the small but finite masses of the isotriplet 

of pions which play the role of near-massless Goldstone bosons [19]. 

The electroweak theory has been further extended to include Quantum Chro-

modynamics ( QCD ), the gauge theory of strong interactions. QCD describes the 

interactions between quarks and gluons, the carriers of the strong interaction. This 

extension is usually referred to as the Standard Model and corresponds to the larger 

symmetry group SU(3)®SU(2)L®U(l). 
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.... 
(v,q) 

(-) w+ 

Figure 2.2: Feynman diagram for the reaction 111 + a -+ l + /3. 

2.2 Neutrino Interactions at Q2 ~ 0 

As will be seen below, the ideas presented in the previous section are essential to 

the description of neutrino charged current interactions at low Q2
• We now consider 

the interaction3 of neutrino v1 with hadron target a yielding a charged lepton l and 

final state hadronic system /3, with four-momenta defined in Fig. 2.2. In the Fermi 

current-current formulation, the transition amplitude is expressed as the product of 

a leptonic current i>. and a hadronic current J>. : 

where GF is the Fermi coupling constant and the leptonic current is given by 

j >.. = f '"'(>.. ( 1 - '"'(s) 111 • 

3It should be noted that all formulae given in the remainder of this chapter are equally applicable 
to the case of antineutrino scattering, unless specified otherwise. 
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The precise form of the hadronic current J>. is not known because the hadrons 

cannot be considered to be pointlike and thus the matrix element (,BjJ>.ja) cannot 

be expressed in terms of Dirac spinors. 

The transition amplitude squared is thus 

(2.6) 

where the lepton tensor results from summing over all initial and final state lepton 

spins (no averaging is required for the initial neutrino since it exists in only one 

helicity state) : 

L - · ·t - 8 [k k' k k' k · k' (-) · k71 k'0] K). - }K}). - K ). + ). K - 9K>. + 'l.fK).710 

The lower (upper) sign of the antisymmetric term is for neutrino ( antineutrino) 

scattering. It is understood that a similar averaging and summing is to be carried 

out for the hadronic current. The square of the four-momentum transfer is 

Q2 = -q2 - - ( k - k')2 

- -k2 + 2k . k' - k'2 

rv 2k • k' = 2EE'(l - COS 0) 1 (2.7) 

where f} is the scattering angle between the vectors k and k' and the lepton mass 

has been neglected in Eq.(2. 7). Thus, the lepton tensor is given by 

LK>. = 8 [ kKk~ + k>.k~ - ~
2 

9d <+.> iEK>.,.,okFI k'6] • (2.8) 

In the limit Q2 --. 0, the vectors k and k' are parallel and the lepton four-

momenta can be expressed in terms of the four-momentum transfer q (the lepton 

mass is again neglected) 

E 
k>., - - q>., J v 

E' 
- q>.,. 
v 
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The last term of (2.8) no longer contributes because €":>.rio is antisymmetric and the 

lepton tensor becomes 

I 
EE' 

Ll<A = 16 -2- qt{.qA • 
Q2-+0 v 

Therefore, Eq. (2.6) can be written as 

2 2 EE' I ). 12 JMI Q2-+0 = 8 GF ~ (.818).J Jo:) ' (2.9) 

since q;>. (.BJJ:>. Jo:) = -i8:>. (.BJJ:>.Jo:). 
For Q 2 = 0, the scattering process is thus expressed in terms of the divergence 

of the hadronic current 

Here, the vector and axial-vector parts of the current have been separated and the 

eve hypothesis has been applied. As a result, Eq. (2.9) can be rewritten by invoking 

PeAe (2.3) as 

2 2 E E' 2 I ( ) 12 JMJ Q2-o = 8 GF - 2- J.,, A 7r +a - f3 , v 

where A(7r +a:-+ f3) is the transition amplitude for reaction 7r +a-+ f3. 

The cross section expressed in the lab system is given by 

u( vi + a: -+ l + .B) I = 1_: 12 

dLips 
Q2-+0 4 ma 

with the Lorentz invariant phase space (Lips) factor 

1 d3 k' 1 d3p' 
dLips = (27r )4 64( k' + p' - k - P) (27r )3 2E' (27r )3 2pri . 

Similarly, the cross section for reaction 7r + a: -+ f3 is 

(2.10) 

with the pion four-momentum given by p.,, = q = k - k'. As a result, the cross 

section for Q2 -+ 0 is 

d2u(v1 +a:-+ l + {3) I 
dQ2 dv q 2 -+0 

(2.11) 
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The above relation is known as Adler's theorem [20]. It has the remarkable conse-

quence of relating the weak interaction process 111 + a -+ l + /3 to the strong 

interaction process 7r + a -+ /3. Note that this relation is only valid for a =/; /3. 
Contrary to what Eq. (2.10) seems to indicate, the cross section at Q2 = 0 is not 

dominated by pion exchange. This was pointed out by Bell [21]. To verify that pion 

exchange does not dominate, let us represent the hadronic current as the sum of a 

pion pole term plus another (unspecified) term corresponding to all other contribu-

tions 

.\ 
M.\ = if 7r Q2 q 2 A( 7r + a -+ /3) + M.\ . 

+m7r 
(2.12) 

The divergence of (2.12) is then 

By PCAC, iq.\M.\ = f 7r A( 7r + a -+ /3), which implies that 

(2.13) 

and for Q2 -+ O, 

(2.14) 

Therefore, the amplitude A( 7r + a -+ /3) originates from the divergence of the non-

pionic term of (2.12). 

Using Eqs. (2.12) and (2.14), the transition amplitude squared, Eq. (2.6), can 

easily be computed without neglecting the lepton mass. As demonstrated above, the 

second term of (2.12) produces the main contribution whereas the pion pole term 

gives rise to contributions proportional to the lepton mass because it contains the 

four-vector q.\ (by way of the Dirac equation). The Adler cross section (2.11) then 
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becomes 

tfla(v1 +a-+ 1+{3) I = G'j.. J2 ~ E' a(1!"+a-+f3) 
dQ 2 dv Q2 < m~ 271" 2 

11' V E ,...., 

[ v mt v2 mt (Q 2 +mt)] 
x l - E' Q2 + m! + 4 E E' ( Q2 + m! )2 ' 

(2.15) 

which is valid for Q2 ~ m,!. 

2.3 Neutrino Interactions at Q2 # 0 

An important aspect of Adler's theorem is to show that at Q2 -+ 0 neutrino 

interactions exhibit hadronic properties. However, the domain of validity of the the-

orem is confined to values of Q2 not easily accessible to experiment. It is therefore 

necessary to extrapolate Adler's prediction to non-zero values of Q2 • The extension 

to higher Q2 is done by analogy with the Vector Meson Dominance (VMD) model 

which was originally developed in the context of photoproduction of hadrons. The 

VMD approach which has been very successful at describing electromagnetic pro-

cesses at small Q2 ( ~ 1-2 Ge V2 ) is briefly introduced in Section 2.3.1. Its extension 

to the case of weak interactions is then presented in Section 2.3.2. 

2.3.1 Vector Meson Dominance . 
Ill Electromagnetic 

Interactions 

The Vector Meson Dominance model was introduced to explain the observed 

hadronic properties exhibited by real and virtual photons. The most striking simi-

larities between interactions of photons and hadrons are the following : 

1. The behavior of the total cross section as a function of energy (as seen in 

Fig. 2.3). Interactions of photons display a strong resonance structure at low 

energy (W < 2 GeV) and become structureless at higher energy. The photon-

induced processes are weaker by a factor of order of the fine structure constant, 

ae.m. = 1/137. 
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Figure 2.3: Total cross section as a function of energy for interactions of photons 
and hadrons. 

2. The abundant diffractive production of vector mesons. 

3. The observation of shadowing in interactions with complex nuclei. 

Complete details about the VMD model may be found in Leith [22] as well as in the 

comprehensive review by Bauer, Spital, Vennie and Pipkin [3). 

The basic assumption of the VMD model is that the photon state h) can be rep-

resented by the superposition of a "bare" photon state hs), plus a sum of hadronic 

states with quantum numbers of the photon (JPC = 1--, Q = B = S = 0) 

h·)~/Zahs)+~lh). 

Here, all states carry the same momentum q and the factor .,/Z; is introduced to en-

sure proper normalization. The simplest version of the VMD model states that only 

the three lightest vector mesons, p0 , wand </>, contribute to lh). Extensions to in-

clude heavier vector mesons (p', .,P, ... ) and continuum are referred to as Generalized 

Vector Dominance (GVD) [23]. 
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In the VMD model, the transition amplitude for the process 1 +a - f3 is written 

as 

A(1 +a - (3) = 
e m 2 

L Q2 v 2 A(V + a - (3) . gv +mv V=pqw,,P 

2 
The quantity e~ is the coupling constant of the vector meson to the photon. We gy 

can picture the hadronic states of the photon as vacuum polarization fluctuations 

into quark-antiquark pairs, realized as (real) hadrons. However, those hadronic 

fluctuations are only allowed during a time tit short enough not to violate the 

uncertainty principle, i.e. 

where 

tiE = ll - Ev 

1 
tit~ tiE ' 

ll - J1<Y1 2 + m~ 

ll - J 112 + Q2 + m} 

Q2+mi 
2 ll for 11 ~ JQ2 + m}. 

Thus, for small Q2 and large 11, the lifetime of the hadronic :fluctuation is 

211 
tit::::'. Q2 2 +mv 

(2.16) 

From (2.16), it is seen that manifestations of the hadronic component in electromag-

netic interactions are most likely to be observed at small values of Q2 in conjunction 

with large values of the energy transfer 11, i.e. small values of the Bjorken x variable 

defined as x = Q2 /2M 11. 

2.3.2 Hadron Dominance and Interactions of Neutrinos at 

Small Q2 

The model describing neutrino interactions at small but non-vanishing Q2 is due 

to Piketty and Stodolsky [4]. It is based on an extension of the hadron dominance 
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Figure 2.4: Hadron Dominance diagram for the reaction v, + a -+ l + f3. 

approach to the weak interactions. The weak hadronic current is again separated 

into vector and axial-vector parts because of the special role played by PCAC in 

the case of the axial current. In the model, the vector current is assumed to be 

dominated by the p meson (JP = 1-) whereas the axial current is dominated by 

the a1 meson (JP= 1+). The axial current also contains a component proportional 

to the gradient of the pion field, but it can be neglected because it only contributes 

terms proportional to the lepton mass squared. 

In this approach, the neutrino interaction is represented by Fig. 2.4, where the W 

boson interacts with the target via its hadronic component. The total cross section 

is thus expressed in terms of the p and a1 cross sections, as well as the 7r cross section 

(for the longitudinal part of the axial current via PCAC) : 

u(v1 +a-+ l + {J) ex L: u(i +a-+ {J) + interference terms. 
i=p,111,'ll' 

(a) Vector Current 

The treatment of the weak vector current proceeds along the same lines as that 

of the electromagnetic current. The square of the transition amplitude for the vector 
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current can be written in a way similar to that of Eq. (2.6) 

IM 1
2 G} L W".>. 

V =2 KA V, (2.17) 

where the hadronic tensor Wv.>. is obtained after averaging over the initial spins and 

summing over all final spins and momenta. The most general Lorentz invariant form 

for Wv.>. is constructed using the four-momenta P.>. and q.>, [24] 

(2.18) 

M is the target mass and there are no antisymmetric terms since those arise from 

the interference between the vector and axial parts of the current. The conservation 

of the vector current implies that 

which in turn implies that the functions W4v and W5v can be expressed in terms of 

W1v and W2V. We have thus 

KA K.A q q 2V " p . q " .>. P . q .>. 
( 

K. .>.) w ( ) ( ) Wv = W1v -g - Q2 + M2 P + Q2 q P + Q2 q ' 

with the structure functions Wiv and W2V depending only on the kinematical vari-

ables Q2 and 11. 

The p dominance hypothesis is introduced in the expression for the current [4] 

where fp is the coupling constant of the p meson to the W boson and et A.>.(p+a ~ {3) 

represents the amplitude for p mesons with polarization fi (i= 1, 2, 3), see (2.20) 

below. Moreover, q.>. A>. = 0 by conservation of the isospin current. The hadronic 

tensor can be rewritten as 

(2.19) 
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where the tensor M"" is defined as the product A" At>. averaged and summed over 

initial and final states. It is useful to express the functions W1 v and W2V in terms 

of the transverse and longitudinal cross sections for reaction p +a --+ /3 

UL = 

where Iii, the p momentum in the laboratory system, is a flux factor, and the 

polarization four-vectors are 

t?(±l) - =F~ (O; 1, ±i, 0) I 

EL(o) - -jQ; (Iii; O, O, v) . 
(2.20) 

Thus, using Eqs. (2.19) and (2.20), with q · E = 0 and p" evaluated in the laboratory 

system, we get 

(2.21) 

(2.22) 

from which W1v and W2v can be expressed in terms of UT and U£. The transition 

amplitude squared (2.17) can be computed using the lepton tensor (2.8) as well as 

expressions (2.21) and (2.22) to give 

IM 12 G2 I '""I 12 Q2 [ (uT + uL) ( EE' Q2)] 
V = 4 F q P ( Q2 + m~)2 UT+ 2lil2 4 -

The differential cross section thus becomes 

d2uv(111 +a--+ l + /3) 
dQ2 d11 

x [uT(P +a - /3) + € UL(P + a - /3)] , 
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where 

( 
2 lefl2 )-l 

e = 1 + 4EE' - Q2 

is the polarization parameter which is interpreted as the ratio between longitudinal 

and transverse polarization states of the p meson. 

(b) Axial Current 

The treatment of the axial current is similar to that of the vector current except 

for the implications of PCAC at Q2 - 0 and the fact that the axial current is not 

conserved. As in the case of the vector current, we can write the hadronic tensor in 

a general form (see Eq. (2.18)) 
ICA ICA PICPA qltqA pltqA + qltpA 

wA = -W1A g + W2A M 2 + w4A M 2 + w5A M 2 (2.24) 

The axial current is not conserved and we cannot reduce the number of independent 

structure functions. However, the differences only involve terms proportional to q>. 

which lead to negligible contributions (proportional to the lepton mass squared). 

The hypothesis of hadron dominance leads to an expression for the weak hadronic 

axial current containing one term corresponding to the a 1 meson and another term 

corresponding to the pion contribution [4] 

J1e = Q2 fa 2 [g1e>. - q1e~>.l AA( a1 + a - /3) + f'I( Q2 q1e 2 A( 7r + a - /3) . 
+~ ~ +~ 

The factor fa is the coupling constant of the W boson to the a 1 meson and ef A>.( a1 + 
a - /3) represents the amplitude for a1 mesons with polarization Ei (i= 1, 2, 3). If 

the lepton mass is neglected, the pion pole term does not contribute after contraction 

with the lepton tensor (2.8). Therefore, away from very small Q2 , we find for the 

cross section an expression similar to that found in the case of the vector current 

(2.23) 
d2uA(111 +a - l + /3) 

dQ 2 d11 - G~ Iii 1: Q2 

----
47r2 E2 1 - e (Q2 + m!)2 

x [uT( a1 +a - /3) + e uL( a 1 + a - /3)] , (2.25) 
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At Q2 -+ 0, and using Eq. (2.24), we have 

"). I w: (p . q)2 
q" WA q). = 2A M2 

Q2-+0 

Moreover, PCAC imposes a condition on the hadronic tensor, namely 

Thus, 

I 
M2 1 

W2A Q2-+o = 1; (p . q)2 Iii a(7r +a-+ /3) . (2.26) 

Given the condition (2.26), Adler's relation (2.11) can be reproduced [4]. Comparing 

Eq. (2.11) with Eq. (2.25) leads to an expression relating the longitudinal a 1 cross 

section to the pion cross section 

(2.27) 

At Q2 -+ 0, only the longitudinal part contributes because the pion has no spin. 

Therefore, in the limit of vanishing Q2 , the cross section for longitudinal a 1 scattering 

behaves like the cross section for pion scattering. 

We have seen in Sec. 2.2 that the non-pionic part of the axial current provides 

the main contribution to the cross section at Q2 -+ 0. It can then be assumed that 

this non-pionic contribution is dominated by the a1 meson, which allows the PCAC 

prediction to be extended to higher values of Q2 : 

d2af(vz +a-+ l + /3) = G} Iii 12 _E_ ( -+ /3) ( m
2 

)
2 

dQ 2 dv 47r2 E2 "' 1 - e a 71" +a Q2 +
4

m~ (2.28) 

Eq. (2.28) reduces to Adler's relation (2.11) in the limit Q2 -+ 0, as required by 

relation (2.27). 

Piketty and Stodolsky paradox: It is pointed out in Ref. [4] that extending 

Eq. (2.27) to higher Q2 leads to an expression which is contradicted by experiment. 

Indeed, for Q2 = m! and 1: = I; = 2m!/-r!, and using the experimental value 

-r!/471" = 2.4 from p photoproduction experiments, Eq. (2.27) gives 

crL( a1 + a -+ /3) I ~ a( ?r + a -+ /3) I · 
Q2=m~ Q2=m~ 
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Thus, considering the cross section for exclusive pion production, we expect 

u( a1L - ?r) IQ2=m! u( 7r - aiL) IQ2=m! 
u( ?r - ?r) IQ2=m! = u( ?r - ?r) IQ2=m! 

The extrapolation from Q2 = m! to Q2 = -m! (i.e. for real pions) is assumed 

to have only a small effect. However, this last equation is not confirmed by the 

experimental values for the pion cross sections : u( ?r - a1L) IQ2=-m~ = 0.1 mb and 

o-(7r - 7r) IQ2 =-m~ = 3 mb [2). 

Kopeliovich and Marage [2] have shown that this paradox can be resolved by a 

dispersion relation approach in which the current is dominated by multiple poles. 

In this approach, the longitudinal part of the axial cross section is 

d2uf(vz +a - l + {3) 
dQ 2 dv 

The paradox is resolved because the cross section for pion diffractive dissociation 

integrated over masses is of the same order of magnitude as the cross section for 

pion elastic scattering [2). For low Q2 , the Q2 dependence of Eq. (2.29) can be 

parametrized by 

du.A m 2 
_£<X---
dQ2 Q2 +m2 

The mass mis an effective mass resulting from the combined effect of the poles 

In the case of single pion production, the value of m is found to be approximately 

1.1 GeV (center of gravity of the mass distribution for pion diffractive dissociation). 

This value is close to the a1 mass and thus the Q2 dependence is well approximated 

by a simple a1 propagator term as in Eq. (2.28). 
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( c) Interference between Vector and Axial Currents 

The upper limit on the contribution from interference between the vector and 

axial currents is evaluated to be 

G}. 2E - v 
7r2 2E2 

The effect of the interference is usually small. Moreover, its contribution vanishes 

in the case of coherent production since it contributes only if the same final state fl 

can be produced by both p and a1 mesons. 

2.4 Coherent Scattering of Hadrons 

In the previous sections, we have shown how the cross section for neutrino scat-

tering at small values of Q2 can be related to the cross sections for purely hadronic 

processes : u( 7r + a -+ fl), u(p + a -+ fl) and u( a1 + a -+ fl). The next logical step 

is to determine these cross sections for interactions in which the incoming hadron 

scatters off a target nucleus coherently. 

The concept of coherence and its implications on the type and kinematics of the 

reaction process are presented first (Section 2.4.1). Next, the Rein and Sehgal model 

for coherent pion production in neutrino-nucleus interactions is described in Section 

2.4.2. However, in this model, the treatment of the absorption of hadrons inside 

nuclear matter is rather crude. A more elaborate treatment of the coherent hadron-

nucleus scattering is possible within the framework of Glauber's theory introduced 

in Section 2.4.3. Finally, in Section 2.4.4, the Glauber theory is applied to the case 

of coherent pion production in a model proposed by Belkov and Kopeliovich. 
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2.4.1 Coherence 

Consider the scattering of a hadron with momentum qby a nucleus N of radius 

RN containing A nucleons. The scattering amplitude Tis a sum of the amplitudes 

from each individual nucleon 

T(hN) = 2:T(hN), 

and the cross section is proportional to the square of this amplitude 

u ex jT(hN)j2 = j:LT(hN)j
2 

• 

Thus, interferences appear between the scattering amplitudes from different nucle-

ons. In quantum mechanical terms, the scattering is said to be coherent if those 

interferences are constructive, i.e. 

u ex A2 jT(hN)j2 
, 

rather than A IT(hN)l2 for incoherent processes for which there are no interferences. 

It is then concluded that in a coherent process, the nucleons react collectively. 

In other words, the momentum transferred to a single nucleon is transmitted to the 

other nucleons via the strong force binding them together in such a way that the 

nucleus recoils as a whole, without breaking up. 

However, there are kinematical restrictions for the coherence effect to take place 

[25). In particular, the momentum transfer cannot be too large otherwise the struck 

nucleon would be knocked out. Moreover, the nucleus is an extended object and 

each nucleon contributes a different phase factor depending on its position r : e'~·r 
(..& = q - q' is the momentum transfer). Thus, the phase factor should not oscillate 

too rapidly over distances comparable with the nuclear radius 

~·RN< 1. ,..., 

As a consequence, coherence effects can only occur in processes for which the mo-

mentum transfer is small. 

31 



Coherence effects are also restricted to certain types of reactions. In general, the 

target nucleus remains in its ground state and there is no transfer of charge, spin or 

isospin (because this would introduce amplitudes with opposite signs for interactions 

on neutrons and protons). As observed in coherent production of hadrons by photons 

and hadrons, coherent processes are essentially diffractive, i.e. they display the 

following characteristics : 

• exponential dependence of the cross section on t (the square of the four-

momentum transfer to the nucleus) 

da -bltl 
- <X e 
dt 

where the slope parameter b is related to the transverse dimensions of the 

nucleus (b"" R~); 

• the particle exchanged with the nucleus has the same quantum numbers as the 

vacuum (Pomeron exchange); 

• the forward amplitude is mostly imaginary; 

• the cross section is essentially independent of energy; 

The coherent elastic scattering is represented as in Fig.2.5. 

2.4.2 Neutrino Coherent Production of Single Pions; 

the Rein and Sehgal Formulation 

Rein and Sehgal [9] have proposed a model for coherent production of single 

pions in neutrino interactions based on Adler's relation (2.11 ). Here, the reaction of 

interest is 
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a) b) 
h 

--h 
p :=: =§§=~: 

Figure 2.5: Diffractive scattering of a hadron off a nucleus: a) represents the scatter-
ing in terms of Pomeron exchange; b) represents the scattering in terms of multiple 
gluon exchange between the quarks of the incident hadron and the target nucleus. 

where initial and final hadronic states are a = .N, the target nucleus, and f3 = 
7r+ + .N. Adler's relation then becomes 

d3a(llµ. + .N-+ µ- + 7r+ + N) I = G} 2 1 E' da(?r+ + N-+ 7r+ + N) 
dQ2 dll dt Q2-.o 27r2 f"' ; E dt 

with "'7(-rr+~;-rr+N) describing the pion-nucleus diffractive scattering. This can also 

be expressed as a function of the forward (i.e. t = 0) pion-nucleon scattering cross 

section as follows 

da(?r+.N-+?r+.N) =A2 IFN"(t)l2 da(7r+N-+7r+N) I 
dt dt t=O 

(2.30) 

with the factor A2 characteristic of coherent processes and a nuclear form factor 

FN(t) is introduced. Moreover, the forward scattering cross section can be specified 

by way of the optical theorem 

da( 7r + N -+ 7r + N) 
dt 

with the parameter r defined as the ratio between the real and imaginary parts of 

the forward pion-nucleon scattering amplituder = Ref-rrN(O)/Imf-rrN(O), and a~:/ is 

the total pion-nucleon cross section. Rein and Sehgal chose the nuclear form factor 

in (2.30) to be represented by 
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where the slope parameter is calculated using the following empirical expressions 

b 1 R2 3 }/ , 

with RN Ila At/3 (Ila = 1.12 fm). 
(2.31) 

The factor Fabe describes the attenuation due to the effects of pion absorption inside 

the nucleus. It is calculated by treating the nucleus as a homogeneous sphere with 

uniform density and assuming it takes the simple form 

9At/3 
Fabs = exp ( - < X > J >.) = exp ( -

6 
R2 Uinel) , 

1 7r 0 
(2.32) 

where < x > is the average distance travelled by the pion inside the nucleus, >.is the 

mean free path of the pion inside the nucleus and Uinel is the inelastic pion-nucleon 

cross section. 

The extrapolation of Adler's relation to non-zero values of Q2 is performed by 

simply adding a propagator term ( Q2:~~) 
2

. As a result, the differential cross section 

for neutrino coherent production of single pions becomes 

d3a(11µ. + N-+ µ- + 11"+ + N) 
dQ2 dv dt 

It was pointed out by Belkov and Kopeliovich [10] that, in this model, the crude 

description of the absorption contradicts the diffractive nature of the pion-nucleon 

scattering. Indeed, it will be shown below that in the framework of the Glauber the-

ory, the total pion-nucleus cross section actually increases with increasing absorption 

and, in the limit of scattering by a black disk (i.e. total absorption), the cross sec-

tion reaches its maximum value of 27rR1.r. This clearly contradicts the exponential 

decrease prescribed by Eq.(2.32). 
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2.4.3 Glauber Theory [26] 

In the eikonal approximation, the scattering amplitude for high energy hadron-

nucleon elastic scattering can be written as4 

(2.34) 

where U(b, z) is a static scattering potential which is assumed to be of limited 

range and to vary smoothly with r; bis a two-dimensional vector lying in the plane 

perpendicular to the z-axis (incident hadron direction) and is thus interpreted as the 

impact parameter. Furthermore, the momentum transfer to the target is separated 

into transverse (~T) and longitudinal (~L) components. 

Eq. (2.34) can be rewritten as 

In the case of small-angle scattering, the longitudinal momentum transfer can be 

neglected (~L ::= ~lilB2 whereas ~T ::= -lqlB) and the integral over z can be carried 

out 

J(i5..) __ i~!I j d2b e'fiT.;; { e-~ J~= dz'U(b,z') - l} 
i~!I j d2 b e•fiT.;; { 1 - e'x(b)} , 

where we have introduced a phase shift function x(b) = - 2 jq.1 t~: dz U(b, z ). It is 

also convenient to introduce a "profile function" defined by 

r( b) = 1 - e•x(b) . (2.35) 

The scattering amplitude (2.34) reduces then to the simple form 

(2.36) 

4 For a more detailed derivation of the expressions given in this section see Refs. [26]-[28] . 
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The profile function provides a description of the scattered wave function in the 

region immediately behind the target . It can be seen from Eq. (2.36) that the profile 

function may be interpreted as the Fourier transform of the scattering amplitude. 

In order to describe scattering by complex nuclei, Glauber assumed that the 

overall phase shift is obtained by summing over the phase shifts corresponding to 

the scattering on each of the individual nucleons : 

A 

XN'(b) = E x/b - si) , (2.37) 
i=l 

where Si is the coordinate of the ith nucleon in the plane perpendicular to the 

incident hadron direction. The quantity b - Si thus represents the impact parameter 

with respect to the ith nucleon. In this approach, the nucleons are assumed to be 

frozen during the short time necessary for the incident wave to pass through the 

nucleus. It follows from Eqs. (2.35) and (2.37) that the nuclear profile function is 

given by 

A 

rN(b,s1, ... ,sA) = 1 - II [1- r(b- si)] 
i=l 

and the function r Ai'(b) may be obtained by averaging r Ai'(b, si, ... , -'A) over the 

ground state of the nucleus 

rN(b) = ( o i 1 - g [1 - r(b- si)] Io) 
J d3

r1 • .. d3
rA W~(r1 1 •• • ,fA) 

x { 1-g [1- r(b- Si)]} 'lllo(r1, ... ,fA), (2.38) 

where the nuclear wave function 'W0(r1 , ... , fA) determines the distribution of nucleons 

inside the nucleus. 

Finally, the hadron-nucleus scattering amplitude can be written in a form anal-

ogous to that of Eq. (2.36) 

(2.39) 
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The nuclear profile function (2.38) can be simplified in the context of the independent 

particle model. In this model, the following relation holds 
A 

l'11ol 2 = PN(r1, ... , iA) = II p(fi) 
i=l 

with PN(ri, ... ,TA) describing the nuclear density. Therefore, 
A 

I'N(b) = 1-II/ d3
ri [1-r(b-S:)) p(fi) 

i=l 

- 1 - (1 -J d3r I'(b- S) p(T)]A (2.40) 

with the normalization condition J d3r p(T) = 1. From Eq. (2.36) we have that 

J 2 - 271" 
d s I'(b - S) = iii! f(O) 

and 

J d3 (b ;'\ ( ;:\ ~ f(O) T(b) r r - s J P r J = iii! A 

with the "Thickness function" T(b) defined as 

T(b) = A 1:00 

dz p(b, z) = 1:00 

dz PN(b, z) 

and the nuclear density normalized according to J d3r PN(T) = A. The function 

T(b) represents the thickness of the nucleus along the z-axis for a given value of the 

impact parameter b. Moreover, the optical theorem relates the forward scattering 

amplitude to the total hadron-nucleon cross section 

f(O) = il~I u!': (1-ir) 

with r = Re f(O)/Im f(O). 

As a consequence, the nuclear profile function (2.40) becomes 

r..-(b) = 1- [1- ~(1-ir} u!: Tf)]A . (2.41) 

For heavy nuclei, the profile function can be approximated by 

r N(b) = 1 - e-Hl-ir) v~: T(b) . (2.42) 
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Therefore, in the limit A --t oo, we obtain for the hadron-nucleus elastic scatter-

ing amplitude the same result as that derived in the optical model, 

(2.43) 

where r = 0 for convenience (note that r is small at high energy). The total cross 

section for hadron-nucleus scattering can now be determined by invoking the optical 

theorem 

h.N' utot 
471" 

- ltfl Im F(O) 

- 2 Re {j d2 b ( 1 - e-t (T~:: T(b))} (2.44) 

This last equation is the principal result of the optical model. The exponential term 

determines the amount of absorption inside the nucleus : 

[ 1 hN J ... ] [ 1 J dz l exp - 2 utot dz PJ.l(b, z) =exp -2 T , 

where >. represents the mean free path inside the nucleus. For typical nuclear den-

sities (pJ.!(r) = 0.16 fm-3) and u:![ = 24 mb, the mean free path >. = 2.6 fm. If 

>. --t 0, we find the black disk result u::1 = 27rR~h where RJ.1 is the radius of the 

nucleus. 

2.4.4 Neutrino Coherent Production of Single Pions; 

the Glauber Theory Approach of Belkov and 

Kopeliovich 

Belkov and Kopeliovich (10) have applied Glauber's theory to describe the pion-

nucleus scattering cross section5 appearing in Adler's relation. Belkov and Kope-

liovich start with Adler's relation and choose the following parametrization of the 

6 Note that Lackner [29] also used Glauber's theory in an earlier attempt to describe the coherent 
production of single pions in neutrino interactions. 
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differential cross section 

d3a(vµ + N -t µ- + 11"+ + N) = ai !2 .!_ E' IF (Q2)12 da(?r+ +N -t 11"+ +N) 
dQ2 dv d~~ 2?r2 ,.. 11 E /If d~~ ' 

where ~}, the square of the transverse part of the momentum transfer to the nu-

cleus, is used instead of t, and F/lf( Q2 ) is a form factor which is described below. 

Using Eq.(2.34) with a scattering potential given by U(b,z) = -411" f(O) P/lf(b,z) = 
-ilqla~:i' P/lf(b, z), based on the results presented in the previous section, we can 

write the pion-nucleus elastic scattering amplitude as 

F(Li) = il!' j d2b j dz ei;&T.;; ei~Lz. a:
0
1{ P/lf(b,z) e-t<T;<0-'t f~oodz.'p,v(b,z.'), (2.45) 

where lT and ~L are the transverse and longitudinal components of the momentum 
... 
transfer with respect to the incident hadron direction (i.e. the W boson direction). 

The elastic pion-nucleus scattering cross section may be expressed as 

This last expression makes use of the optical theorem and an exponential (or Gaus-

sian) parametrization of the dependence on ~} is utilized. It can be shown that, 

for negligible ~L and for~} <t:: 1/ R~, the slope BT can be represented by 

BT=~ < b2 >=::hr jd2b b2 (1- e-t<T;<C:T(b)) 
2 Ueot 

(2.46) 

with the total pion-nucleus cross section given as in Eq. (2.44) by 

(2.4 7) 

(the parameter r = 0 for simplicity). Expression (2.46) thus relates the slope BT to 

the impact parameter b. 

Following Belkov and Kopeliovich, the form factor F/lf( Q2 ) is written as the 

product of a nucleon form factor FN( Q2 ) and a nuclear form factor F/lf( Q2 ) 
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The nucleon form factor may be represented by a propagator form with an axial 

mass ma corresponding to the a 1 mass 

(2.48) 

However, there are experimental indications that the axial current may be dominated 

by non resonant p 7r systems rather than by the a1 meson. In this case, the dispersion 

relation corresponding to the p 7r cut yields 

(2.49) 

For small Q2, the Q2 dependence of the pole and cut form factors is nevertheless 

similar. 

The nuclear form factor is expressed in the context of the Glauber theory by 

This equation can be obtained from Eq. (2.45) by letting flT = 0 and normalizing 

it such that F.N(Q2 ~ 0) = 1. It should be noted that flL and Q2 are related by 

(
Q2+m2)2 

flt ~ tmin ~ 2v 

(see Eq. (2.16)). For negligible fl}, and for flt~ 1/R'jv, F.N(Q2 ) may be approxi-

mated by 

where the slope parameter BL is the square of the width of the z-distribution aver-

aged over the nucleus 

BL = < z2 > - < z >2 (2.50) 

The averaging is carried out as follows 

(2.51) 
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Finally, the differential cross section for coherent production of pions is given by 

d3u(vµ. + N ~ µ- + 11"+ + N) 
dQ2 dvd~~ 

It should be noted that the above expression was obtained by neglecting the cor-

relation between ~T and ~L for non-zero values of those quantities. However, a 

detailed calculation [2] shows that the change in the values of BT for non-vanishing 

~Lis negligible. The values of u::{, BT and BL have been computed by Belkov and 

Kopeliovich [10] for several nuclei. For neon, the values obtained using u;;{ = 24 

mb and a Woods-Saxon parametrization of the nuclear density function are 

BL - 2.85 fm2 = 73.2 Gev-2 
, 

BT - 3.49 fm2 = 89.6 Gev-2 
, 

whereas Rein and Sehgal use a slope parameter of 79.1 Gev-2 • Thus, it appears 

that the values for the different slopes are close. However, for heavier nuclei the 

slopes BL and BT are no longer numerically similar. The reason for this is that the 

physical origin of the transverse and longitudinal slopes is different : BT is related to 

the transverse dimensions of the nucleus (BT increases as A213), while BL is related 

to the size of nuclear "slice" on which the condition of coherence applies (~L · z ;5 1 ). 

As A increases, BL eventually reaches a maximum because of two reasons : i) the 

mean free path inside nuclear matter is a constant independent of A; ii) because of 

absorption only the hadrons produced near the backward edge of the nucleus can 

escape, and thus have to propagate, by virtue of i), through the same amount of 

nuclear matter. The slope BL is thus sensitive to the parametrization of the nuclear 

density near the surface of the nucleus (see Chapter 4 for further discussion). 

In order to show that the coherence condition only applies to the longitudinal 

part of the momentum transfer, let us express the elastic pion-nucleus scattering 
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cross section (25] using the amplitude (2.45) 

The integral over A} can be simplified noting that dA} = ~ d? AT and 

Consequently, the cross section becomes 

where the function g( b) is defined as 

g(b)= dze'LzP/lf(b,z)e-'itot -oo p,,,'. J ·t::. 1 tT"'N J" dz' •'(b z') 

Therefore, the factor eit::.L z is the only phase factor and thus determines the coherence 

condition. 

For neon nuclei, the radius is measured to be R}f = 2.80 fm [30) and the coherence 

condition sets a limit on the magnitude of the longitudinal momentum transfer 

AL ,$ 1/ R}f = 0.07 GeV . 
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Chapter 3 

Apparatus and Data Acquisition 

The E632 experiment collected data during the 1985 and 1987-88 fixed-target 

runs at the Fermilab Tevatron. The 15-foot Bubble Chamber filled with a heavy 

Ne-H2 mixture was exposed to the Quadrupole Triplet neutrino beam. The chamber 

was also equipped with several new arrays of proportional tubes : the External Muon 

Identifier (EMI) and the Internal Picket Fence (IPF) which were used to identify 

muons and determine the event time. 

Section 3.1 of this chapter describes the apparatus : the neutrino beam, the 

15-foot Bubble Chamber and the EMI/IPF system. Section 3.2 presents the film 

analysis procedure: scanning, measurement and data processing. 

3.1 Description of the Apparatus 

3.1.1 Neutrino Beam 

The layout of the Fermilab neutrino beam line is shown in Fig. 3.1. Protons 

accelerated to a.n energy of 800 Ge V were extracted from the Tevatron to collide 

with a 26.7 cm long (one hadronic interaction length) Beryllium Oxide target. The 

secondary charged particles produced in the collisions, mostly pions and kaons, were 

then focused by the Quadrupole Triplet train tuned to 300 Ge V / c, i.e. secondaries 

with momentum of 300 Ge V / c were collimated along the beam direction regardless 

of their production angle whereas secondaries with momentum smaller or greater 

than 300 GeV /c retained a slight divergence. Following the Quadrupole Triplet 
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Figure 3.1: Layout of the Fermilab neutrino beam line (not to scale) . 
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train, the secondaries entered a 490 m long decay pipe designed to let charged pions 

.and kaons decay. The neutrino beam was thus produced via the decays: 

(B.R. 100%) , 

(B.R. 63.5%) , 

where B.R. is the branching ratio of the particular decay mode listed. The neutrino 

beam also contained a small <-v: component ("' 3%) arising mostly from 3-body 

decays of Kf and K± mesons. It should be noted that positive and negative sec-

ondaries were focused equally by the Quadrupole Triplet train, in contrast with 

magnetic horn systems which select the charge of the secondaries to be focused. 

At the end of the decay pipe, an iron dump was installed to absorb the remaining 

hadrons. However, this dump did not absorb the decay muons and as a consequence, 

the bubble chamber had to be separated from the decay pipe by an additional lOOOm 

of steel and earth shielding designed to slow down and eventually absorb the muons. 

The intensity of the primary proton beam was monitored by a Secondary Emis-

sion Monitor (SEM) and a toroid upstream from the BeO target. In addition, seg-

mented wire ionization chambers were installed both in the decay pipe to monitor 

the beam size and position, and inside the earth shield to monitor the flux of muons. 

The calculated 11µ and Vµ fluxes at the bubble chamber are shown.in Fig. 3.2 [31). 

The ratio of v"' to vµ in the beam was 5:2 with an average v"' (vµ) beam energy of 80 
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Figure 3.2: Quadrupole Triplet IIµ a.nd 11µ fluxes at the 15-foot Bubble Chamber. 

45 



GeV (70 GeV). The corresponding average 11µ (vµ) charged current event energy was 

150 GeV (110 GeV). The difference between 11µ and 11µ fluxes is determined by the 

differences in production rates of positive and negative secondaries in the primary 

proton-BeO collisions. 

A typical accelerator cycle lasted ,...., 60 seconds during which there were three 

extractions to the neutrino beam line, 10 seconds apart. Each extraction contained 

,...., 1 - 2 x 1012 protons with a duration of 2 to 3 ms. Further information about the 

neutrino beam line can be found in Ref. [32). 

3.1.2 15-foot Bubble Chamber 

The 15-foot Bubble Chamber consists of a spherical vessel with a 1.9 m radius 

and a 33 m3 capacity (Fig. 3.3). It was filled with a liquid Ne-H2 mixture, 75 mole 

percent neon during the 1985 run and 63 mole percent neon during the 1987-88 run 

corresponding to densities of 0.71 and 0.54 g cm-3 respectively. Table 3.1 presents 

bubble chamber characteristics for both 1985 and 1987-88 runs. 

The choice of a heavy liquid, as opposed to H2 or D2 , provided a higher neutrino 

interaction rate as well as a good separation between charged hadrons, muons and 

electrons, and a high photon conversion probability ("' 90%). The main disadvan-

tages were: (i) increased measurement uncertainties due to higher hadron interaction 

rates and stronger multiple scattering, and (ii) complications due to nuclear effects 

like Fermi motion and nuclear reinteraction of secondary hadrons. 

A large superconducting magnet generated a nearly uniform magnetic field of 3 

Tesla along the vertical direction (Z axis, see Fig. 3.4 for a definition of the reference 

system). The effect of the magnetic field is to bend the trajectories of charged 

particles in the plane perpendicular to the direction of the field (XY plane). Their 

momenta can then be determined through the measurement of the curvature of their 

trajectories. With this field, the momentum expressed in Ge V / c was approximately 

equal to the radius of curvature expressed in meters (see Eq. (3.2) in Sec. 3.2.2). 
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Figure 3.3: Side view of the 15-foot Bubble Chamber. 
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Table 3.1: Summary of the 1985 and 1987-88 runs. 

1985 1987-88 

Total number of frames 155 000 293 000 

Total number of frames (this work) 132 000 198 000 

Total number of protons on target 2.5 x 1017 4.5 x 1017 

Total number of protons on target (this work) 2.3 x 1017 3.2 x 1017 

Ne-H2 fraction 753- 253 633 - 373 

Liquid density (g cm-3 ) 0.71 0.54 

Fiducial volume (m3 ) 10.0 10.0 

Target mass ( t) 7.1 5.4 

Radiation length (cm)* 41.5 55.0 

Interaction length (cm) 153 192 

* To find the conversion length multiply by 9/7. 

z 

y 

1.1 beam 

Figure 3.4: The reference system, showing also the definition of the dip angle >. and 
the azimuthal angle</> for a momentum vector pin the bubble chamber. 
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Six camera ports were located at the top of the bubble chamber, four (three in 

1985) of which were equipped with conventional optics with a 400-500 µm resolution 

whereas one was equipped with high resolution conventional optics with a 150-200 

µm resolution. The sixth camera port was used to record holograms. Each camera 

was equipped with a wide angle lens with a field of view of 108° and was separated 

from the liquid by three concentric :fisheye windows. The bright-field illumination 

was provided by a combination of annular flash tubes located behind the windows 

and Scotchlite laid onto the bubble chamber walls to retrodirect the light towards 

the cameras. 

This arrangement resulted in a total visible volume of 28 m 3 for the conven-

tional cameras. The visible volume for the high resolution camera was only ,....., 1 m3 

due to the fact that in conventional optics the depth of field is proportional to -2 , 

where r is the resolution. To circumvent this limitation, a holographic system (33) 

was designed and built to provide high resolution (100 µm) over a large volume 

(~ 3 m3). 

The bubble chamber was operated at a temperature of,....., 30 °K, well above the 

boiling point of the liquid but at a pressure large enough to prevent boiling. Ap-

proximately 50 ms before the arrival of the neutrino beam, the pressure was dropped 

rapidly by lowering the chamber piston. This caused the liquid to become super-

heated and therefore sensitive to the small amounts of energy lost by ionizing charged 

particles traversing the liquid. As a consequence, the charged particles produced in 

neutrino interactions left trails of bubbles along their trajectories. Once those bub-

bles had grown to their desired sizes they were photographed and the liquid was 

recompressed. The timing for the expansion was such that the liquid was most sen-

sitive when the neutrino beam entered the chamber. One expansion/recompression 

cycle lasted "" 100 ms. 

Compared to large electronic detectors with target masses up to,..., 500 tons, the 
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bubble chamber target mass is relatively small, typically "' 10 tons for heavy Ne-

H2, resulting in smaller event samples (event counts down by one or two orders of 

magnitude). However, only bubble chambers provide a detailed and fairly unbiased 

detection of the showers of secondary particles produced in neutrino interactions, 

and in particular short recoil tracks crucial for a study of coherent interactions. 

3.1.3 EMI/IPF System 

The Internal Picket Fence (IPF) consists of a double layer of vertical proportional 

tubes mounted inside the bubble chamber vacuum tank. The IPF tubes surround 

the bubble chamber inner vessel, covering 290° in azimuth. There are 96 "pickets" 

divided into an upstream half (IPFA) and a downstream half (IPFB), see Fig. 3.5a. 

The pickets are 220 cm long, 11 cm wide and 2.2 cm thick. Each one contains 24 

cylindrical proportional tubes, 8 mm in diameter, forming two layers staggered with 

respect to one another by half a tube width for improved efficiency. The tubes are 

read out in two groups of six within each layer, resulting in a spatial resolution of 

5 cm in the horizontal (XY) plane. A more detailed description of the IPF may be 

found in Ref. [34]. 

IPFA was used to veto bubble chamber activity caused by interactions occurring 

in the material upstream from the bubble chamber liquid whereas IPFB was used to 

help determine the event time for both neutral and charged current neutrino inter-

actions. The IPF was used extensively in our study of neutral current interactions 

[35). 

The External Muon Identifier consists of three vertical planes (EMIA, EMIB 

and EMIC) of proportional tubes, located downstream from the bubble chamber 

(see Fig. 3.5). The technique utilized to identify muons relies on the fact that 

muons are the only charged particles capable of traversing large a.mounts of matter. 

Thus, additional zinc, lead and concrete wa.s installed between the bubble chamber 

and the various EMI planes to filter out charged particles other than muons. The 
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Figure 3.5: Layout of the IPF and EMI planes. The picture at the bottom shows 
the arrangement of the various planes in EMIB (looking along the direction of the 
neutrino beam). 
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various materials located between the chamber vessel and EMIB represent 3 to 5 

hadronic interaction lengths whereas the lead and concrete shielding blocks placed 

between EMIB and EMIC represent 4 to 6 hadronic interaction lengths. The EMIA 

and EMIC planes comprised four layers of proportional tubes, divided into two sets 

of double layers to measure coordinates along the horizontal (H) and vertical (V) 

directions. In addition to those four layers, the EMIB plane also contained two 

layers to measure the position along a direction 63.5° to the vertical (U). The area 

covered by EMIB and EMIC is 668 x 363 cm2 ; the EMIA plane, 246 x 363 cm2 in 

area, is not being used in this work. 

The cross section of an individual EMI tube was 2.5 x 2.5 cm2 and the two 

layers measuring each coordinate were staggered with respect to one another by half 

a tube to increase the efficiency of the system. This gave a spatial resolution of ,..., 

1.3 cm along each direction. 

Both EMI and IPF tubes were filled with an 80%-20% Ar-C02 gas mixture and 

contained a 50 µm gold-plated tungsten wire maintained at a high voltage (the rest 

of the assembly was connected to ground). 

The EMI/IPF signals from 16 adjacent tubes were multiplexed onto one cable. 

These were then demultiplexed and read in via a CAMAC crate. It should be noted 

that, with the exception of the preamplifiers, all electronics are digital. The data 

were organized in time segments, or "time slots", each 1 µs long. In the analysis 

of the EMI/IPF data, signals overlapping two adjacent time slots were treated as if 

they belonged to a single time slot. For a more detailed account of the EMI/IPF 

system, refer to [36, 37]. 
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3.2 Film Analysis and Data Processing 

3.2.1 Scanning 

The bubble chamber film was divided among the collaborating institutions where 

various scanning and measurement passes were performed. The difficult task of 

extracting the information from the bubble chamber film was carried out by teams 

of specially trained scanners using high-magnification film projection devices. The 

scanners were instructed to examine carefully each frame on three different "views" 

(i.e. reels of film from three different cameras exposed at the same time) to look 

for interactions induced by neutral particles which were candidates for neutrino 

interactions. An example of a neutrino interaction is shown in Fig. 3.6. The "events" 

thus found were recorded if they satisfied the following criteria : 

1. the event is in the field of vision on all three views; 

2. the total visible energy of the secondary particles is estimated to be greater 

than 5 GeV; and 

3. the distance between the interaction point and the downstream wall of the 

chamber is greater than a distance LpoT (LPoT ~ 35 cm at Z = 0). 

For each event the following characteristics were recorded: number of prongs, stubs, 

electrons and leaving tracks as well as the number of neutral strange particles pos-

sibly associated with the event. A "stub" is defined as a straight (or positive) track 

whose projected length onto the film is smaller than LMIN· The distance LMrN 

varies with the Z-coordinate of the event but in the middle plane of the chamber (Z 

= 0) it corresponds to ,..,, 5 cm (,..,, 10 cm) in space for the 1985 (1987-88) film. A 

track is referred to as a "prong" if it is neither an electron nor a stub. 

A second and independent scan was performed on 403 of the film to determine 

the random efficiency of the first scan. 
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Figure 3.6: Photograph of a neutrino interaction in the 15-foot Bubble Chamber. 
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This experiment encountered several problems during both data taking periods 

which affected the quality of the bubble chamber pictures and, by the same to-

ken, the efficiency of the scanning. During the 1985 run, the flash delay for the 

conventional cameras was accidentally set to 1 ms rather than the desired 12 ms. 

This problem affected approximately 80% of the total 1985 exposure and resulted in 

smaller bubble sizes causing some events to have tracks with poor visibility. Like-

wise, during the 1987-88 run, water leaked into the bubble chamber liquid thereby 

turning into ice which deposited itself mostly on the lower upstream section of the 

bubble chamber walls. This problem affected about 30% of the total 1987-88 ex-

posure (45% of the 1987-88 exposure used in the present work). As a consequence, 

tracks are obscured by a non-uniform background of white patches in some sections 

of the bubble chamber. 

It was found that these problems systematically reduced the scanning efficiency, 

especially for events with low multiplicities which are difficult to find. In order to 

assess the extent of this or any other systematic loss, a special EMI-directed scan 

was done on a fraction of the film. This special scan was based on a computer 

program using the data recorded by the EMI/IPF system to tag frames with muon 

track candidates. For each muon track candidate, the program provided the scanner 

with the predicted location of the exit point of the track on the downstream wall of 

the bubble chamber. The tracks whose exit points were near the predicted locations 

were then followed backwards to check whether they originated from events. The 

efficiency for the directed scan to find charged current events varied from 65 to 85% 

for the different labs. 

3.2.2 Measurement 

The data used in this work come from the analysis of 330 000 frames corre-

sponding to 5.5 x 1017 protons on target. All events with two prongs found in that 

sample were measured whereas 29% (78%) of the number of events with three (four) 
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prongs was measured. Events with three prongs were only measured on the 1987-88 

film. (See Table 3.1 for a summary of the experimental conditions for the two data 

taking periods.) 

In this study, the events are required to lie inside a restricted 10 m3 :fiducial 

volume in order to yield reliable track measurement and good particle detection 

and identification. Specifically, the distance between the primary vertex and the 

downstream bubble chamber wall along the beam direction is required to be greater 

than 1 m, while the other cuts remove events too close to the bubble chamber walls 

or events which are either too high or too deep in the chamber (i.e. Z > 100 cm or 

Z < -75 cm). This restricted volume also reduces the effect of poor track visibility 

affecting some portions of the film (see Sec. 3.2.1). 

Prior to measurement, each event is scrutinized in an attempt to identify the 

various particles which are associated with it. This is done by looking for some of 

the following signatures : 

• Low momentum electrons lose most of their energy via ionization and therefore 

follow a spiralling trajectory until they stop inside the bubble chamber. At 

momenta greater than 80 Me V / c, electrons tend to lose large amounts of energy 

via bremsstrahlung (when accelerated by the field of a neon nucleus) which 

often results in a characteristic sudden change of curvature. 

• Muons leave the bubble chamber without interacting or losing much energy 

(they do not undergo severe bremsstrahlung due to their larger mass) and can 

be separated from other leaving particles by using the EMI/IPF system (see 

Sec. 3.2.3). 

• Charged hadrons can be differentiated from charged leptons if they interact 

inside the bubble chamber. With an interaction length of 153 cm (192 cm) 

for the 1985 (1987-88) data and an average potential length of 210 cm, a 

majority of hadrons interacts inside the bubble chamber. However, there is 
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no discrimination between pions, kaons and protons over most of the energy 

range of this experiment . 

• Protons with momentum below ,..., 1 Ge V /close considerable amounts of energy 

through ionization and thus are characterized by heavily ionizing tracks which 

stop inside the bubble chamber. 

• Photons, most of which come from 71" 0 
-t // decays, have a high probability 

(,..., 903) to convert into an electron-positron pair inside the bubble chamber 

(see Table 3.1 for the radiation lengths). 

• Neutral strange particles K0 , A and A are identified through their decays : 

(3.1) 

These decays give rise to 2-prong configurations called V0 • The probability for 

these decays to occur inside the bubble chamber is approximately 203 for K0 

and 403 for A and A [38). 

The measurement itself involves digitizing the position of points on each track in 

a 2-dimensional projection. This is done in two steps for each view. First, a series of 

fiducial marks located on the bubble chamber walls is measured. Second, a sequence 

of points is measured along each track. The fiducial marks, whose positions in space 

are known, allow the parameters of the transformation between the bubble chamber 

and the film plane to be determined. The points measured on a film plane are 

then translated into light rays pointing back into the bubble chamber. In the case 

of a corresponding point like the origin or end point of a track, the reconstructed 

vertex location is the space point at which the light rays from the three stereoscopic 

projections intersect. The reconstruction of tracks is more complicated since there 

usually are no corresponding points. It proceeds by combining two views at a time 

(a double) and then by comparing the different sets of doubles. The trajectories are 
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first fitted to helices to extract the momentum from the track curvature according 

to the formula: 

p(GeY/c) cos>. = 0.003 B(Tesla) R(cm) (3.2) 

where Bis the magnetic field inside the bubble chamber, R is the radius of curvature 

of the track and >. is the dip angle of the track with respect to the horizontal plane 

(see Fig. 3.4). The tracks are then fitted to spirals to take into account the energy 

loss by ionization for each possible mass hypothesis. In this way, the momentum 

and angles, and the corresponding error matrix are determined for each track. 

All the tracks originating from the primary vertex of each event were measured 

as well as the tracks of all 'Y conversions and yo decays which appear to originate 

from the primary vertex. The 'Y which clearly appear to be due to bremsstrahlung 

from an upstream electron (or positron) were not measured. Furthermore, some 

laboratories only measured the five closest 'Y in events with six or more 'Y· 

The reconstructed 'Y and yo were then processed through a kinematical fitting 

program based on the least-squares method. The 'Y were constrained to fit the 

reaction 'Y (N) ___. e+ e- (N) to all physical origins (the momentum transfer to the 

nucleus is taken into account in the uncertainty in the 'Y direction) with the equations 

of four-momentum conservation as constraints. The fit also constrained the 'Y, e+ 

and e- directions to be collinear. The total number of constraints is thus four since 

·the 'Y momentum is not measured. Similarly, the yo were constrained to fit the decay 

hypotheses in Eq. (3.1) to all possible physical origins. For the Y0 fits, the number 

of constraints is three because there is no collinearity constraint. This number is 

reduced in case of large ~ for the V0 tracks. The fit probability was required to be 
JI 

greater than 10-4 for the fit to be retained. 

Particular attention was paid to the identification of photons in the 2-, 3- and 

4-prong event sample. Because of the high energies available to this experiment the 

secondary hadrons were often produced in a narrow forward cone. This made it 
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difficult to separate primary 'Y from bremsstrahlung 'Y at the scanning table. There-

fore, a special checking program was used after measurement and reconstruction to 

tag 'Y which were likely to be due to bremsstrahlung from other (measured) 'Y· For 

every 'Y'Y pair, the vertical and horizontal invariant masses were constructed: 

mv = 2 E1 E2 (1 - cos.6.>.) , 

mH = 2 E1 E2 (1 - cos.6.</>) , 

where .6.). is the opening angle between the two photons in the vertical plane and 

.6.<P is the opening angle in the horizontal plane, E1 and E 2 are the energies of the 

"parent" and "daughter" photons respectively. The daughter is considered to be a 

bremsstrahlung candidate if the following set of cuts is satisfied 

mv < 0.006 - 0.03 mH and mH < 0.1 GeV. 

Other requirements are that the daughter be further away from the primary vertex 

than its parent and that E 2 / E1 < -1.055 E 2 + 2.105 for E 2 :::; 1 GeV and E2 < 
1.05 E1 for E 2 > 1 GeV (no test on the energies is made in the case E 2 < 0.1 GeV). 

If after removing all the bremsstrahlung candidates there remained an even number 

of primary 'Y which could be arranged into 'Y 'Y pairs with invariant masses within 3 u 

of the 71"0 mass (m.,ri = 0.135 GeV), the program stopped. If not, the same procedure 

was repeated with a looser cut on the vertical mass : 

mv < 0.012 - 0.06 mH and mH < 0.1 GeV. 

The photons tagged as bremsstrahlung candidates were then examined at the 

scanning table to check whether they were indeed due to bremsstrahlung from any 

one of the selected parents. 
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3.2.3 Muon Identification 

The study of 11µ and 11µ charged current interactions relies on the ability to 

identify muons. The identification is done by combining the bubble chamber mea-

surements with the corresponding EMI/IPF data. First, every track leaving the 

bubble chamber without interacting is extrapolated through the absorber towards 

the EMI planes, taking into account the shape of the magnetic field outside the 

bubble chamber as well as the energy loss by ionization. Second, the EMI/IPF data 

are analyzed, one time slot at a time, to search for hits in tubes close to the extrap-

olated position in each layer. The quality of the association between predictions and 

hits is determined by the value of the chi-square defined as x2 = d2 / u 2 , where d is 

the distance between the predicted location and the location of the closest edge of 

the tube hit; u is the uncertainty in the predicted location due to the measurement 

errors in the bubble chamber and the effect of multiple scattering in the absorber. 

If the tube predicted to be hit registered a hit, the value of x2 is set to 0. For each 

plane and each time slot, there is a match if the best association for any one of the 

two layers has x2 = 0 or a x2-probability greater than 53. 

A leaving track is identified as a muon if, within the same time slot, there is a 

good match in both EMIC planes and at least two of the three EMIB planes. The 

required number of matches in EMIC is reduced to one in case of EMI readout buffer 

overflow. This occurred occasionally during the 1985 run and resulted in a loss of 

data from EMIC. Frames with no EMI/IPF data, representing ,..., 13 of the total 

exposure, are not included in the present analysis. 

A kinematical method is also utilized to select muons independently of the above 

method. It was used primarily as a means to cross-check the EMI muon identifica-

tion. The quantity F (shown below) is calculated for each muon candidate provided 

that the event contains no track with ~ > 703 : 

PL PT PTS 

F = [Eµ(PT s):i1/2 
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Table 3.2: Geometric acceptance for Monte Carlo antineutrino and neutrino charged 
current events. Note that the layout of the EMI planes is not symmetric with respect 
to the beam axis which contributes to differences between µ+ and µ- acceptances. 

Momentum (GeV /c) 5 -10 10 - 20 20 - 50 > 50 

µ+ (59.9 ± 3.8)3 (92.3 ± 1.2)3 (99.6 ± 0.1)3 ,..., 1003 

µ - (73. 7 ± 2.3)3 (94.5 ± 0.9)3 (99.4 ± 0.2)3 ,..., 1003 

where p~ and p~ are the longitudinal and transverse momenta of the muon candidate 

with respect to the neutrino direction, while p'!5 and pT5 are the transverse momenta 

of the muon candidate and ith hadron with respect to the direction of motion of 

the hadronic system. The muon is taken to be the leaving track with the largest 

value of F given that F > 40. This method takes advantage of two characteristics 

of neutrino charged current interactions : the separation between the muon and the 

W boson in the plane perpendicular to the neutrino direction, and the restricted 

transv~rse momentum of the hadrons with respect to the direction of motion of the 

hadronic system. 

The geometric acceptance of the EMI is determined by extrapolating the muons 

generated in a Monte Carlo simulation (see Sec. 4.2) of (anti)neutrino charged 

current interactions, which incorporates the specific experimental conditions of this 

experiment. The acceptance shown in Table 3.2 represents the fraction of muons 

traversing both EMIB and EMIC planes. It is observed that, below 20 Ge V / c, the 

acceptance decreases sharply with decreasing momentum whereas the acceptance 

for muons with momentum greater than 20 Ge V / c is almost constant and nearly 

- 1003. The overall geometrical acceptance for the last three columns of Table 3.2 

(i.e. p > 10 GeV /c) is found to be better than 993. 

The combined electronic and processing efficiency for the EMI muon identifica-

tion is determined either by using high momentum (p > 20 Ge V / c) beam tracks 
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traversing the bubble chamber (these tracks are muons produced by neutrino inter-

actions upstream of the bubble chamber) or by using kinematically selected muons 

with a large value of F (F > 400) and p > 10 GeV /c. Assuming that those two sam-

ples constitute pure samples of muons, the efficiencies are found to be (93.5 ± 0.8)% 

for beam tracks and (93.5 ± 0.5)% for kinematical muons from the low multiplicity 

event sample. 

Several background sources can produce fake muons resulting in a contamination 

of the charged current event sample by neutral current events. The possible sources 

are the following : 

• Decays of pions and kaons in flight occurring inside or outside the bubble 

chamber. 

• Punch-through background caused by hadrons interacting inside the absorber 

thereby producing hits in EMIB and EMIC that are associated with the cor-

responding hadron tracks in the bubble chamber. 

• Accidental association of hits in the different EMI planes with leaving tracks 

in the bubble chamber. 

The importance of the first two sources can be assessed by computing the rate 

for events with two muons of the same charge with respect to the total number of 

charged current events. We assume that this rate represents half of the background 

because the background is also expected to give rise to events with two muons of 

opposite charge, but these can also originate from the production and semileptonic 

decay of charmed hadrons. The contamination is then estimated to be (0.9 ± 0.3)% 

for p,.,. > 5 GeV /c and (0.6 ± 0.2)% for p,.,. > 10 GeV /c, using a sample of inclusive 

charged current events. For low multiplicity events, the corresponding numbers are 

(0.3 ± 0.1)% and (0.2 ± 0.1)% respectively. 

The accidental association background is evaluated by combining the bubble 

chamber measurements in one frame with the EMI/IPF data from another frame. 
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The background is then determined by the fraction of the total number of events with 

at least one muon candidate (i.e. a leaving track with p > 5 or 10 GeV /c) which 

is assigned to the charged current event category. It is found to be (0.7 ± 0.3)% 

and (0.4 ± 0.3)% for an inclusive sample of events with at least one leaving track 

with p > 5 GeV /c and p > 10 GeV /c respectively. For low multiplicity events, 

the corresponding fractions are (0. 7 ± 0.3)% and (0.2 ± 0.2)% respectively. This 

background is higher at low momentum because of the increased uncertainty in the 

extrapolation due to multiple scattering. 

As a consequence of the above efficiency and background studies, the muon 

momentum is required to be greater than 10 Ge V / c in the remainder of this analysis. 
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Chapter 4 

Methods of Analysis 

In this chapter, we discuss some of the general aspects of the data analysis. In 

particular, the method followed to extract the coherent signal is outlined in Section 

4.1, along with a description of the criteria used in the selection of the sample. 

In Section 4.2, we present the main features of the Monte Carlo program used to 

simulate neutrino coherent interactions in the 15-foot Bubble Chamber. 

4.1 Extraction of the Coherent Signal 

4.1.1 Selection of the Sample 

The events used in this analysis are required to lie inside the fiducial volume, 

to have an identified muon with momentum greater than 10 Ge V / c, and not to be 

associated with other interactions upstream in the bubble chamber. There is no 

selection on the charge of the muon : both neutrino and antineutrino interactions 

are studied. With these cuts, the low multiplicity event sample (2-, 3- and 4-prong 

events) contains 3265 (v,. + v,.) charged current events. If there is more than one 

muon in a given event, the muon associated with the incoming (anti)neutrino is 

chosen to be the one with the greater value of the product p,. · p~, where p,. is 

the magnitude of the muon momentum and p~ is the magnitude of the transverse 

momentum of the muon with respect to the neutrino beam direction. Furthermore, 

in order to determine Qch, the total electric charge of the event, it is required that 

none of the primary tracks have ~ > 60%. This additional cut reduces the above 
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number of events to 2685, i.e. 2136 11"' and 549 vµ charged current interactions. 

4.1.2 Semi-inclusive Coherent Signal 

The procedure [39) followed to extract the coherent signal uses the characteristic 

dependence of the cross section on the variable t : 

du -b ltl 
dt ex e , ( 4.1) 

where t is the square of the four-momentum transfer to the nucleus and b is the 

slope parameter introduced in Sec. 2.4.2. The above parametrization is a good 

approximation to the more accurate form introduced in Sec. 2.4.4 

(4.2) 

smce, in the case of the neon nucleus, the slope parameters b "' BL "' BT and 

!ti = .6.i + .6.f. Thus we have 

The value oft cannot be measured directly because the momentum transferred 

to the nucleus is very small and the nucleus remains undetected. However, t can be 

computed to a good approximation by using the four-momenta of the observed final 

state particles. It is shown in Appendix B that !ti can be approximated by : 

,t, ~ [EcE. - P•L)r + [EfiiTr , 
i i 

(4.3) 

where E;, is the energy and Pi.L (IJiT) is the longitudinal (transverse) momentum of 

particle i, relative to the neutrino direction; the sum extends over all observed par-

ticles except stubs. Stubs are not used to compute Qch, !ti or any other kinematical 

variable. 
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The !ti-distributions are examined for three classes of events : 

1. 2-prong events with Qch = 0 consistent with the final state µ±7r-=F- X 0 

(see Fig. 4.1); 

2. 3-prong events with Qch = +1 consistent with the final state µ±7r:i::7r+ X 0 

(see Fig. 4.2); 

3. 4-prong events with Qch = 0 consistent with the final state µ±7r-=F-7r±7r-=F- X 0 

(see Fig. 4.3). 

X 0 stands for a system of n0 neutral particles, where n0 is any positive integer or 0. 

The above events may also contain any number of stubs. It should be noted that, in 

the remainder of this work, any charged hadron which is not identified as a stopping 

proton is considered to be a pion. 

In order to extract the coherent signal, each class of events is divided into events 

with or without stubs. The events with stubs are necessarily non-coherent since 

they contain nuclear fragments (stubs) indicating that the nucleus was disrupted, 

while the events without stubs are a mixture of coherent and non-coherent events. 

Therefore, the events with stubs can be used to estimate the fraction of non-coherent 

events among the events without stubs. 

It is observed that the distribution for 2-prong events without stubs (solid line 

in Fig. 4.1) has a large peak at small values of ltl (ltl < 0.1 GeV2 ) whereas the 

distribution for events with stubs (dashed or dotted line) does not. The distribution 

for events with stubs is normalized to that for events without stubs at ltl > 0.2 

GeV2 , a region where coherent events are not expected to contribute significantly. 

In this analysis, all stopping protons with momentum smaller than 800 Me V / c are 

considered to be stubs. It can be seen from Fig. 4.1 that the excess of events without 

stubs at ltl < 0.1 GeV2 is not affected by reducing the maximum stub momentum 

from 800 to 350 MeV /c. This excess of events without stubs at low ltl is interpreted 

as due to coherent (anti)neutrino interactions. For ltl < 0.1 GeV2 , there are 136 
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Figure 4.1: !ti-distributions for µ±7r"T X 0 events, normalized at ltl > 0.2 GeV2 • 
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67 



> 100 
<1> 

"' 
0 

' 80 
en ....... c 
<1> 
> w 
* 60 

40 

20 

I 
I 

I 
; I 
I I 
I I 
J • .I ,-
I 

I 
I 

, .. .. ( .... 
:-~--j 
I I I 
I I I 

I 

I 
I 
I 
I 
I 
L ........ . 

Events without stubs 

Events with stubs (p..,b < 800 MeV / c) 

Events with stubs (P.wb < 350 MeV / c) 

I ,_ -

----"---·········r······· 
I 

0 .___._~...____.._~_..___.~_._~.....__._~...____.._~_..___.~_._~.___._~~.......__... 
0 1 3 

ltl 

Figure 4.3: !ti-distributions for µ±7r=f7r±7r'f X 0 events, normalized at !ti > 0.2 GeV2 • 

events without stubs and 25 events with stubs (Patub < 800 Me V / c ). The excess 

is thus estimated to be 90.8 ± 15.2 events after subtraction of the non-coherent 

background (25 events multiplied by a normalization factor of 1.81 ± 0.15). In the 

case of events with four prongs, the !ti-distribution for events without stubs (Fig. 4.3) 

does not show evidence for a strong peak at small !ti. 

The extracted signal forµ± 7r'f X 0 events as a function of the value of the cut on 

ltl is shown in Fig. 4.4. It is observed that the signal reaches its maximum for a cut 

of ltl < 0.1 GeV2 and remains approximately constant for higher values of the cut. 

Note that the signal seems to be slightly lower for !ti < 0.2 GeV2 • This is due to 

the fact that the ltl distribution for events with stubs peaks in the interval between 

0.1 and 0.2 GeV2 , while the distribution for events without stubs appears to have 

a dip in that same interval. The reason for this is not understood. Nevertheless, 

the signal extracted at !ti < 0.2 GeV2 is not incompatible with that extracted at 
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Figure 4.4: Signal for µ± ?r:r X 0 events as a function of the value of ltl cut chosen. 
The ltl distributions have been normalized at ltl > 0.4 GeV2 • 

Jtl < 0.1 GeV2 • 

The validity of the method can be checked by examining the JtJ-distribution for 

3-prong events (Fig. 4.2). In this case, no coherent signal is expected because the 

total charge Qch is different from zero. Indeed, the distribution for events without 

stubs does not display a peak at small values of JtJ. Moreover, the distributions for 

events with or without stubs are similar, which supports the use of the events with 

stubs to estimate the non-coherent background among the events without stubs. 

The kinematical characteristics of the 2-prong events are presented in Table 4.1 

for events with Jtl < 0.1 GeV2 and Jtl > 0.2 GeV2 • No energy correction is applied to 

those events. (Definitions of all the kinematical variables can be found in Appendix 

C.) It is observed that, for Jtl < 0.1 GeV2, the events without stubs are characterized 
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Table 4.1: Averages of (visible) kinematical variables for 2-prong events. 

Evts w/o stubs Evts with stubs Evts w /o stubs Evts with stubs 

!ti< 0.1 GeV2 !ti< 0.1 GeV2 !ti> 0.2 GeV2 !ti > 0.2 GeV2 

#Events 136 25 434 240 

< E > (GeV) 91.2 ± 5.3 83.8 ± 11.4 101.1 ± 4.1 102.3 ± 4.7 

< 11 > (GeV) 16.7±1.6 9.7 ± 2.1 15.6±1.2 13.0 ± 1.2 

< Q2 > (GeV2
) 1.44 ± 0.15 1.68 ± 0.48 9.26 ± 0.68 7.14 ± 0.61 

< W 2 > (GeV2 ) 30.5 ± 2.8 17.4±3.4 24.4 ± 2.1 19.0 ± 2.0 

<x> 0.082 ± 0.008 0.126 ± 0.025 0.585 ± 0.032 0.491 ± 0.034 

<y> 0.210 ± 0.016 0.14 7 ± 0.029 0.178 ± 0.009 0.144 ± 0.011 

< !ti > (GeV2
) 0.046 ± 0.002 0.065 ± 0.005 1.99 ± 0.19 1.65 ± 0.16 

by smaller values of Q2 and x and greater values of 11, W2 and y than those for events 

with stubs, which is consistent with the expectations for coherent interactions. 

In this experiment, protons with momenta below ,...., 130 MeV /c cannot be de-

tected as their range in the bubble chamber liquid is less than,...., 0.2 cm. Therefore, 

it is necessary to check whether the loss of low momentum protons leads to an exper-

imental bias in the !ti-distribution for the events with stubs, especially for !ti < 0.1 

Ge V2 • This is done by comparing the average proton momentum obtained at dif-

ferent values of !ti (Fig. 4.5). It is observed that there is no correlation between 

the momentum of the observed protons and the value of !ti calculated for the event 

to which they belong. Thus, the t-distribution is not biased by the loss of low 

momentum protons. 

4.1.3 Neutrino Beam Direction 

The extraction of the signal from the !ti-distribution is sensitive to the knowledge 

of the neutrino beam direction. Use of an inaccurate value results in a broadening 
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Figure 4.5: Average proton momentum as a function of It I for low-multiplicity events 
in given intervals of proton momentum. 

of the coherent peak in the !ti-distribution and leads to a decrease of the extracted 

signal. 

To determine the beam direction, a sample of events containing kinematically 

selected muons was utilized. The kinematical method was used instead of the EMI 

selection because of the asymmetry of the EMI with respect to the beam axis. 

The beam direction was then determined by computing the median of the dip ().) 

and azimuthal ( </>) angle distributions of the kinematical muons (see Fig. 3.4 for a 

definition of the angles). The results obtained for the low-multiplicity event sample 

are 

).11 = 0.3 mrad, </>11 = -41. 7 mrad, 1985 run, 

and ).11 = 1.3 mrad, </>.., = -43.4 mrad, 1987 - 88 run. 
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Figure 4.6: Number of µ± 7r=t= events without stubs at !ti < 0.1 GeV2 for various 
beam directions. ~>..., and ~</>.., represent the deviations from the measured beam 
direction. 

Similar values were obtained from the angular distributions of the total three-

momentum of the events. Moreover, the above numbers do not change significantly 

if the inclusive charged current event sample is used instead of the low multiplicity 

event sample. By comparing the values obtained using the two different samples 

and using either the muon or the total three-momentum angular distributions, the 

uncertainty in the beam direction is assessed to be "' 0.5 mrad. 

As an independent check of the beam direction, the number of µ=t= 11"± events 

without stubs at !ti < 0.1 GeV2 was plotted for a series of different directions 

(Fig. 4.6). The variations from the measured direction were performed in steps 

of 0.5 mrad. It is observed that the number of events is maximum for the beam 

direction determined by the muon direction as expected since the contribution from 

coherent interactions is concentrated at low-It! values and should be maximized if 
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the beam direction is known accurately. 

4.2 Monte Carlo Simulation 

The Monte Carlo program utilized to simulate coherent interactions was first 

developed by P. Marage (Brussels) for studies of the data collected using the Big 

European Bubble Chamber (BEBC) at CERN. Further work involved the implemen-

tation of the conditions specific to the present experiment : characteristics of the 

Fermilab 15-foot Bubble Chamber and the differences due to the liquid composition, 

as well as fluxes for the Quadrupole Triplet Train. 

The events are generated in two phases. During the first phase, the differential 

cross section for a given process is integrated using a multi-dimensional partitioning 

program (DIVONNE4 [40]) which creates partitions inside of which the cross section 

remains approximately constant. (The precise expressions used for the single pion 

and single p cross sections are given later in this section.) For the processes under 

consideration, a 3-dimensional space is used, consisting of the variables E, x and y, 

with ranges of 0 to 600 GeV, 0 to 1, and 0 to 1 respectively. It should be pointed 

out that the (anti)neutrino flux is taken into account during the integration phase. 

In the second phase, the resulting partition is used to generate random values 

of these three variables in accordance with the differential cross section and the 

( anti)neutrino flux. 

Once the values of E, x and y are generated, the vertex of the event is generated 

randomly along the beam direction but with radius following the radial dependence 

of the flux at energy E. Then the value of ltl is chosen according to Eq. ( 4.1) for the 

Rein-Sehgal parametrization or according to Eq. ( 4.2) for the Belkov-Kopeliovich 

parametrization (the values of the slopes are specified below). At this point, the 

kinematical variables describing the event are constrained to pass kinematical cuts 
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which depend on the final state particle to be produced (e.g.: 7r, p, a1 , ... ). In par-

ticular, the value of !ti is required to be greater than tmin, the minimum momentum 

transfer to produce a given meson. 

Using the values of E, x, y and !ti, it is possible to generate the four-momenta 

of the muon and the coherently produced meson. Several isotropic rotations are 

then carried out : the meson momentum is rotated around the W boson direction, 

and the plane containing the neutrino and the muon (and the W boson) is rotated 

around the beam direction. 

In the case of p or a1 production, the following decays are also simulated 

a± 
1 - p± 1f'o ' 

a± 
1 - p° 1f'± , 

p± -7f'± 7ro 
' 

P° - 7f'+ 7f'-
' 

7f'o - 'Y 'Y , 

and the four-momenta of the decay products are determined. The angular decay 

characteristics of the p meson follow that of Ref. [41). 

In the last step, the simulation attempts to reproduce the specific smearmg 

effects due to the experimental conditions, i.e. the limitations of the apparatus and 

the measurement procedure. 

In the following two sections, the differential cross sections for the single pion and 

single p coherent production are given, and the last section outlines the smearing 

procedure. 

4.2.1 Coherent Single Pion Production 

Both Rein-Sehgal [9) and Belkov-Kopeliovich [10] models have been used. In 

the Rein-Sehgal model (see Sec. 2.4.2), the cross section for coherent single pion 
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production by charged current interactions on neon nuclei is given by (see Eq. (2.33)) 

where A = 20 for neon, r = -0.2 (42] and the total pion-nucleon cross section o-'"tc,1{ 

is extracted from pion cross section data tables (43]. The polarization parameter is 

given by 

( 
2lql2 )-l 

f = 1 + 4E E' - Q2 . 

The dependence of the cross section on the pion momentum, evaluated in the lab 

frame, is taken into account with the pion momentum given by J v2 - m;. The 

axial mass ma is taken to be the a1 meson mass ma= 1.260 GeV [12] and the slope 

parameter b = 79.1 Gev-2 according to Eq. (2.31). This particular value of the 

slope parameter agrees with the parametrization extracted from p0 photoproduction 

data [47]: b = b0 A 213 with b0 =10.5±1 Gev-2 , which yields a slope b = 77.4 ± 7.4 

Gev-2 for neon. 

As discussed in Sec. 2.4.2, the parametrization of the absorption factor (2.32) 

is incorrect. Thus, it is here replaced by an effective absorption factor determined 

from p0 photoproduction data by computing the following ratio : 

Fab1 = ( d;; I ) / (A2 lfol2
) , 

jtj=O 

where lfol2 is the cross section on a single nucleon in the forward direction and 

~t' l1tl=O is the forward cross section for scattering on a nucleus N with atomic 

mass number A. Interpolation of the data obtained by Alvensleben et al. [48) for 

carbon (A = 12) and aluminum (A = 27) targets gives Fahs = 0.476 ± 0.064 for 

neon (A = 20), whereas the data obtained by McClellan et al. [49) for carbon 

and magnesium (A = 24) targets gives Faba = 0.490 ± 0.033 for neon. In both 
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experiments the incident photon energies were,..., 6 GeV. The average of those two 

quantities gives for the neon nucleus : Fabe = 0.48 ± 0.04, which is the value that we 

will use to compare the Monte Carlo simulation with the data in chapters 5 and 6. 

In the Belkov-Kopeliovich model (see Sec. 2.4.4), the cross section is described 

by (see Eq. (2.52)) 

d3uBK(llµ +Ne--+µ+ 7r +Ne) _ G} Iii 12 _e_ 
dQ 2 dv d.6.} 47r2 E 2 11' 1 - e 

( 11'Ne)
2 

X utot (1 + r2) e-Bx A~ e-BL Ai 
1671" 

X a a µ. µ. µ. 
[( 

m2 ) 2 
11 m2 m2 112 m2 (Q2 + m2)] 

Q2 +m~ - E' Q2 +m~ Q2+m! + 4EE' (Q2+m!)2 ' 

where the pole form of the nucleon form factor (2.48) is used. In order to compute 

the pion-nucleus cross section and the slope parameters BL and BT, the following 

density functions are used : 

1. The Woods-Saxon form, also known as 2-parameter Fermi model (2pF), 

PJl(r) Po - 1 + e (r-R>1)/a 1 

3A 1 

The values of the parameters RJ1 and a have been determined by electron 

scattering experiments. For neon, these are RJI = 2.80 fm and a = 0.571 fm 

[30]. The parameter RJI corresponds to the radius at which the density is 

exactly half of its maximum value and the parameter a measures the nuclear 

surface "thickness". 

2. The 3-parameter Fermi model (3pF) 

Po (1 + wr2 /R2,,..r) 
PJl(r) = 1 + e(r-R>1)/a ' 

with p0 = 0.180 fm-3 to ensure proper normalization, and RJ1 2.79 fm, 

a= 0.698 fm and w = -0.168 [30]. 
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Table 4.2: Belkov-Kopeliovich model parameters for coherent pion-neon scattering 
as a function of total pion-nucleon cross section, for various nuclear density functions. 

u:!t (mb) uwNe (mb) tot BL (Gev-2 ) BT (Gev-2) Model 

24 372.1 75.8 88.2 2pF 

370.2 70.6 83.0 3pF 

367.4 68.9 80.8 shell 

32 459.6 74.8 91.2 2pF 

456.6 69.3 85.6 3pF 

40 534.3 73.8 94.1 2pF 

530.2 68.2 88.4 3pF 

50 613.3 72.8 97.7 2pF 

607.9 66.8 91.5 3pF 

598.4 64.8 88.9 shell 

100 866.7 70.3 113.1 2pF 

855.1 62.4 104.5 3pF 

3. The shell model (harmonic oscillator) 

with R}f = 1.92 fm, 8 = 2.667 and p0 = 0.101 [28]. 

Note that all density functions satisfy the condition J d3r P/lf(r) = A. The shell 

model parametrization is only valid for light nuclei but is used to check the sensitivity 

to the choice of nuclear density function. 

The computations were carried out using Eqs. (2.46), (2.47), (2.50) and (2.51) 

as well as the above density functions for different values of the total pion-nucleon 

cross section. The results are given in Table 4.2. The values of u:!f e, BL and BT 

calculated with u::/ = 24 mb are close to those obtained by Belkov and Kopeliovich 

(see Sec. 2.4.4). It is observed that the total pion-nucleus cross section is rather 
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insensitive to the choice of nuclear density function and the slope parameter BT only 

depends slightly on this choice. The slope parameter BL decreases as u-:01f increases. 

This decrease is due to a corresponding increase of the nuclear absorption which only 

allows the hadrons produced close to the backward edge of the nucleus to escape. 

In the Monte Carlo simulation, we use the parameters obtained with the Woods-

Saxon (2pF) density function and the momentum dependence of the differential cross 

section is taken into account via the dependence of u-:01;e, BL and BT on the single 

nucleon cross section u-:01f, as determined in Table 4.2. 

It should be mentioned that, in this experiment, there is a significant contribution 

at low hadronic energies where resonance production dominates the total pion cross 

section and where the Glauber theory may not be expected to provide an accurate 

description. Furthermore, we have not taken into account the inelastic screening 

corrections to the total cross section u-:!f e. These corrections tend to decrease the 

total cross section but can be neglected for energy transfers 11 ;5 10 GeV [10]. For 

higher values of 11 (a significant fraction of the data in this experiment is above 10 

GeV), those corrections increase with increasing 11 but do not exceed 5 to 10% (for 

experimental results, see Refs. [45, 46]). 

4.2.2 Coherent Single p Production 

The cross section for coherent single p production by charged current interactions 

on neon nuclei is given by (see Eq. (2.23) in Sec. 2.3.2) 

d3
usK(11µ +Ne - µ + p +Ne) 

dQ2 d11d~} 

with the ratio between longitudinal and transverse p-nucleus cross sections 

R = uL(P +Ne - p +Ne) 
uT(P + Ne - p + Ne) 
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Here, the Belkov-Kopeliovich parametrization of the p-nucleus elastic cross section 

is used (see Sec. 2.4.4). Thus, the cross section becomes 

d3uBK(vµ +Ne--+µ+ p +Ne) 
dQ2dvd~} 

For comparison, the cross section is also computed using the Rein-Sehgal parametriza-

tion of the p-nucleus differential cross section (see Sec. 2.4.2). Using this parametriza-

tion, the cross section is expressed as 

d3uRs(vµ +Ne--+µ+ p +Ne) 
dQ2 dv dt 

_ G} Iii J;± Q2 

47r2 E 2 1 - f (Q2 + m~)2 

( ) A
2 

( pN)2 ( 2) -bltl x 1 + ER - O' tot 1 + r e Faba • 1671" 

By eve, the coupling constant to the w boson, f p±' is given in terms of f pO' 

the p° coupling constant to the photon 

( 4.4) 

where Be is the Cabibbo angle and 

The value of the constant "fp is measured in p0 photoproduction and p0 --+ e+ e-

decays (50, 51]. However, the value of "(pis not known precisely. For example, Bauer 

et al. give an effective value "(~ / 4?r = 2.2 (52] which is slightly different from the 

above value. The factor J2 in Eq. ( 4.4) appears because the coupling of the P° to 

the photon is determined by its quark wave function (uu - dd)/./2 for which the 

coupling is (~ - -3
1 )/./2 = 1/./2; the Cabibbo angle is introduced because the W 

boson couples to the ud (ud) pairs making up the p+ (p-) mesons. 

Two possible Q2 dependences of the ratio of longitudinal to transverse p-nucleus 

cross sections are considered : 
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1. R = 0, 

2. R = 0.4 Q2/m!, R ~ 1. 

The second form is suggested by studies of p0 electro- and muoproduction [3]. Fur-

thermore, the total p-nucleon cross section is taken to be the same as the total 

pion-nucleon cross section. This is supported by the indirect measurements carried 

out in p0 photoproduction experiments (see for example [48]). Therefore, the values 

for u:01{e, BL and BT are the same as in the case of pion scattering described above. 

The mass of the 71'± 71'0 system is generated according to the following Breit-

Wigner p-wave resonance formula [53] 

BW = 

with r 

where p represents the magnitude of the pion momentum in the center of mass of 

the 71'± 71'0 system. The constant p0 = 358 Me V / c is the value of p computed using 

the nominal value of the p mass rather than the effective mass of the system m,..,... 

The full width at half maximum for the charged p meson is r 0 = 149 MeV [12] and 

the nominal value of the p mass is mp= 768 MeV [12]. 

4.2.3 Smearing 

Special attention was paid to the problem of smearing because of the diffractive 

nature of coherent interactions. Indeed, the smearing significantly broadens the 

measured momentum transfer distribution thus affecting the detectability of the 

coherent peak at small values of ltl. Furthermore, it is important to replicate the 

smearing conditions to compare predictions of the various models with the data. 
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(a) Charged Tracks 

To describe the smearing of charged tracks, the formulae from R. G. Glasser's 

report [54, 55] have been used. Two main sources of error are considered : multiple 

scattering errors and measurement errors. The latter arise from the finite width 

of the bubble chamber tracks and the finite resolution of the measuring system. 

The measurement errors on the projected curvature k of the track, its slope s (tan-

gent of the dip angle A) and its azimuthal angle </> are determined by the following 

express10ns 

2 720 A2 

Uk= N £4 , 
p 

2 _ 12(s2 + B 2 ) A2 

u. - N L2 , 
p 

2 _ 192A2 

u<I> - N £2 , 
p 

Lui c(</>,k) = -
2
-, 

H-z H-z 
with A = vf2 H AM and B = D , 

where the constants D and H represent the distance between the cameras and the 

center of the bubble chamber along the horizontal and vertical directions respec-

tively; the constant AM is the standard deviation on the measurement in the XY 

plane. L represents the track length in the XY plane and Np is the number of points 

measured along the track on each view. The sign of the correlation c( </>, k) between 

the curvature and the azimuthal angle is determined by the charge of the track. 

The errors due to multiple scattering are given by 

4f u2 ____ _ 

" - 3Lcos4 A ' 
2 _ f L 

U,p - 6cos2 A ' 

2 f L 
u. = 3, f 

c(</>,k) = 6Lcos3 A ' 

0.0152 

with f = Xo (p{J)2 , 

where X 0 is the radiation length, p is the track momentum in GeV /c and fJ is the 

velocity. 
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The constants D and H are set to D = 100 cm and H = 200 cm. The setting 

error and the parametrization of the number of points measured as a function of 

track length have been adjusted such as to reproduce the measurement accuracy 

obtained in this experiment. 

In order to adjust the smearing parameters, a sample of charged current events 

was generated using the Berkeley /Hawaii TUBES Monte Carlo [55]. These events 

were smeared using the above formulae and compared with the measured inclusive 

charged current event sample. This sample is commonly referred to as the "mini-

mum bias" sample since it contains all (anti)neutrino interactions that were found 

in a given range of frames. For instance, Fig. 4. 7 shows the ~ as a function of p and 
p 

track length for muon and charged hadron tracks, after adjustment of the smearing 

parameters. The smearing on the dip and azimuthal angles was also carefully com-

pared and was adjusted to reproduce the data. The setting error was finally set to 

!:lM = 600 µm in the XY plane and 1.6 times that along the Z axis. 

(b) Gamma Conversions 

Contrary to the case of measurement errors on charged tracks, there is no 

straightforward parametrization of the errors on the gamma conversion momentum 

and angles. Hence, we have chosen an empirical approach. 

The relative error on the momentum~ is taken to be proportional to the mo-
p 

mentum, with slope and intercept adjusted such as to approximately reproduce the 

observed momentum dependence of~ (see Fig. 4.9a) : p 

p - a+b·p 

- c+d·p 

for p < 4 Ge V / c , 

for p ~ 4 Ge V / c , 

where a= 0.16 (0.14), b = 0.025 (0.025), c = 0.24 (0.22) and d = 0.005 (0.005) for the 

1985 (1987-88) run data. The error on the angles is determined using the distance 

between the primary and gamma vertices and the average measurement errors on 
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Figure 4.7: Average~ for muon and charged hadron tracks, the open circles repre-
P 

sent the minimum bias data and the crosses represent the Monte Carlo simulation; 
a) ~ vs muon momentum, b) ~ vs hadron momentum, c) ~ vs muon track length, 

p p p 

d) ~ vs hadron track length. 

the location of the vertices along the X, Y and Z axes: Ax = 0.15 cm, Ay = 0.09 

cm and Az = 0.19 cm for the 1985 run data, and Ax = 0.15 cm, Ay = 0.06 cm 

and Az = 0.12 cm for the 1987-88 run data. 

The data were compared with the results of a "pseudo ?r0 Monte Carlo" in which 

the measured momenta and angles of the charged pion tracks were used to generate 

neutral pions which subsequently decay into pairs of photons. This guaranteed that 

the simulated momentum spectrum and the angular distributions were similar to 

the data. The I momentum distribution is presented in Fig. 4.8 and shows that 

the distribution obtained with our pseudo Monte Carlo reproduces the data well, 
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Figure 4.8: "Y momentum distributions for the low multiplicity data sample and the 
pseudo 11"0 Monte Carlo. The pseudo Monte Carlo distribution is normalized to the 
number of events in the data. 

except for a slight deviation at low momenta. Fig. 4.9 shows the errors on the 

gamma conversion parameters as a function of momentum. The angular smearing 

distributions show good agreement between the smeared pseudo Monte Carlo and 

the data. It was also checked that the width of the 11"0 peak in the "Y "Y invariant mass 

distribution obtained in the simulation reproduced the experimental resolution. 

( c) Beam Direction 

Another source of smearing originates from the uncertainty in the neutrino beam 

direction. This uncertainty, estimated to be 0.5 mrad (see Sec. 4.1.3), is reproduced 

in the Monte Carlo simulation. 
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4.2.4 Neutrino Fluxes 

The coherent production simulation and the data analysis both rely on knowl-

edge of the (anti)neutrino flux. To check our knowledge of the flux, the measured 

and simulated distributions of the total energy of the charged current events were 

compared. Here, the loss of neutral hadrons is corrected by using the Heilmann 

energy correction method (also known as the "Bonn method" [56]). For the heavy 

Ne-H2 liquid, an average of,..., 75 % of the total hadronic energy is detected and the 

average correction factor for the total energy of the event is ,..., 1.1. Fig. 4.10 shows 

the distributions for neutrino and antineutrino charged current events with muon 

momentum greater than 10 Ge V / c. Even though the Monte Carlo simulation pre-

dicts a slightly higher average energy, there is good overall agreement between the 

data and the TUBES Monte Carlo, indicating that the flux shapes are appropriate. 
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Figure 4.10: Corrected energy distributions for 11µ and 11µ charged current events 
with Pµ > 10 GeV /c. The TUBES Monte Carlo distributions are normalized to the 
data. 
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Chapter 5 

Single Pion Coherent Production 

In Sec. 4.1, we saw that the JtJ-distribution for 2-prong events without stubs 

displays an excess of events at JtJ < 0.1 GeV2 in comparison with the distribution for 

events with stubs. This excess was interpreted as due to coherent interactions. In 

this chapter, we investigate the main contribution to that semi-inclusive signal : the 

coherent production of single pions off neon nuclei . In particular, it will be shown 

that, indeed, the (anti)neutrinos scatter off nuclear rather than nucleon targets. The 

coherent signal is extracted using the technique described in Chapter 4. In order to 

compute the cross section for single pion production, it is necessary to correct the 

observed signal for all losses. 

In Section 5.1, the selection of the single pion sample and the extraction of the 

coherent signal are described. In Section 5.2, the coherent sample correction factors 

are evaluated to take the losses into account. In Section 5.3, the inclusive charged 

current sample is selected and various losses are accounted for. Section 5.4 is devoted 

to a brief study of some of the physical sources of incoherent background. In Section 

5.5, the corrected coherent signal and its corresponding inclusive charged current 

event sample are used to compute the coherent cross section, which is compared 

with previous results from experiments performed at lower energies. Finally, Section 

5.6 presents the kinematical characteristics of the single pion coherent interactions 

and compares them with the predictions of the Rein-Sehgal and Belkov-Kopeliovich 

models. 
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5.1 Extraction of the Signal 

The focus of this chapter is the coherent production of single pions in charged 

current interactions of neutrinos and antineutrinos on neon nuclei (Fig. 5.1) : 

vµ. +Ne -+ µ- + 7r+ +Ne, 
Il µ. + Ne -+ µ+ + 7r- + Ne . 

(-) (+) 
~ µ-

f ---+ 
1t 

t p 

Figure 5.1: Diagram for the coherent production of single pions. 

(5.1) 

We select events with two prongs and zero total electric charge, having no asso-

ciated gamma conversions and no V0 fits. The selected sample amounts to 168 µ 7r 

events without stubs and 78 µ7f events with stubs (Patub < 800 MeV/c). 

Fig.5.2 shows the !ti-distributions for these 246 events, with the distribution for 

events with stubs normalized to that for events without stubs at ltl > 0.2 GeV2 • 

There are 63 events without stubs and 7 events with stubs at ltl < 0.1 GeV2 • 

After normalization by a factor of 1.56 ± 0.26, the number of background events is 

estimated to be 10.9 ± 5.1. Thus the coherent signal at ltl < 0.1 GeV2 is found to 

be 52.1 ± 9.4 events, where the error is purely statistical. 

The signal was extracted for ltl < 0.1 GeV2 and ltl < 0.2 GeV2 , as well as for a 

series of cuts on the stub momentum or stub multiplicity (Table 5.1 ). By comparing 
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Figure 5.2: It I-distributions for µ± 7r=i= events, normalized at It I > 0.2 Ge V2
• 

those results we conclude that the signal is fairly insensitive to the particular choice 

of cut on !ti or to the choice of background sample. Therefore, we will use the sample 

providing the largest background statistics, i.e. the one obtained with a cut on the 

stub momentum of 800 MeV /c. Note that the signal extracted using events with at 

least two stubs as background (last line in Table 5.1) gives large errors because the 

background sample contains only 13 events. 
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Table 5.1: Uncorrected signal forµ± ?r=F events and various choices of the incoherent 
background sample, normalized at !ti> 0.2 GeV2 • The errors are purely statistical. 

jtj < 0.1 GeV2 ltl < 0.2 GeV2 

Pstub < 350 MeV /c 52. 7 ± 10.4 52.5 ± 12.3 

Pstub < 500 MeV /c 48.9 ± 10.3 42.7±12.8 

Pstub < 800 MeV Jc 52.1 ± 9.4 46.5 ± 11.5 

Pstub < 800 MeV /c ( # stubs = 1) 50.6 ± 10.2 54.4 ± 11.2 

Patub < 800 MeV /c ( # stubs > 1) 52.4±17.7 30.8 ± 31.4 

5.2 Corrections to the Coherent Signal 

5.2.1 Scanning Efficiency 

The scanning efficiency is computed by comparing the number of µ 7r events 

found in two independent scans. Specifically, the combined and single scan efficien-

cies are given by the following expressions 

where N12 represents the number of events found in both scans and Nf ( N~) rep-

resents the number of events found in scan 1 (2) only; e1 and E2 are the efficiencies 

of the first and second scans, whereas fi+2 corresponds to the combined scanning 

efficiency. It should be noted that the above formulae only apply to the case where 

the scanning losses are purely random and do not apply if there is a systematic loss 

of events. 

The quantities N12 , Nf and N~ were extracted for the µ 7r events satisfying 

all selection criteria. As discussed in Sec. 3.2, the quality of the bubble chamber 
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exposure varied during the data taking. Part of the film taken during the 1985 run 

was affected by timing problems which resulted in tracks that were faint, whereas 

part of the film taken during the 1987-88 run was affected by ice deposited onto 

the bubble chamber walls, thereby reducing the track visibility. Those sections of 

film are referred to as "faint/snowy" while the remainder of the film, unaffected 

by these problems, is referred to as "good". In the faint/snowy film, the reduced 

track visibility in certain sections of the bubble chamber resulted in 2-prong event 

rates (per incident proton on target) ,..., 20 % lower than the corresponding rates 

in the good film. Therefore, the scanning efficiencies were computed separately for 

the good and faint/ snowy film. The scanning efficiency in the good film was found 

to be, at most, a few percent higher than for the rest of the film. This indicates 

that the lower rates are due to systematic losses rather than random losses. As a 

consequence, the scanning efficiency was computed for the good film only, and the 

efficiency for the rest of the film was inferred by comparing the event rates. 

The scanning efficiency in the good film was determined to be (89.1 ±2.l )%. This 

value was obtained by combining the efficiency of the first scan with the efficiency 

for the first and second scans combined, taking into account the fact that only 56% 

of the good film was double scanned. 

The "effective" scanning efficiency in the faint/snowy film was then simply de-

termined by comparing the observed µ 7r event rate with the corrected rate obtained 

in the good film. This was done separately for the 1985 and 1987-88 data since 

the event rates were different due to the different target densities. As a result, the 

combined 1985 and 1987-88 data effective efficiency was found to be (63.l ± 9.9)%. 

Finally, the overall efficiency was evaluated by combining the efficiency in the 

good film with the effective efficiency in the rest of the film, taking the relative fluxes 

into account. This yielded E = (72.9 ± 6.5)%. 

As an independent check of the scanning efficiency in the good film, a special 

EMI directed scan was performed (see Sec. 3.2) on 16000 frames, representing 4.5 % 
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of the good film. Two newµ 1r" events were found in this special scan, to be compared 

with 16 events found in the conventional scan for the same portion of the film. Based 

on the scanning efficiency in the good film, one would expect the total number of 

µ?r" events to be (16 ± 4)/(0.891±0.021) = 18.0 ± 4.5. Given that the EMI directed 

scan has an efficiency between 65 and 85% (depending on the lab) and that only 

two additional events were found in the directed scan, we conclude that there is no 

large systematic loss of µ 1r" events. 

Including in our data sample the measurements performed in the faint/snowy 

film may lead to biases in the kinematical variables. However, it was checked that 

there were no significant differences between the kinematical characteristics of the 

µ± ?r"=F X 0 events found in the faint/snowy film and the good film. 

5.2.2 ~Cut 
p 

The cut on the relative momentum error of the charged tracks, ~ < 60%, 

reduced the initial 2-prong data sample from 1032 events to 935 events, i.e. by a 

factor of 0.906 ± 0.009. 

Since the !!!I!. cut may introduce a momentum-dependent bias, we attempted to 
p 

reproduce the momentum dependence of !!!I!. by using the results of the Monte Carlo 
p 

simulation described in Sec. 4.2. Specifically, the simulation provided the fractions 

of charged pion and muon tracks passing the~ < 60% cut in different momentum 

ranges. These fractions were then translated into probabilities for a track of given 

momentum to pass the cut. Each track of the data sample (after the !!!I!. cut was p 

imposed) was then applied a weight equal to the inverse of its probability to pass the 

cut and the average weight for the whole sample was computed. This method gave 

a result very similar (within 5%) to that obtained from the fraction of all 2-prong 

events passing the cut. This similarity is due to the fact that most events failing the 

~ cut fail because of large errors on the momentum of the charged hadron (rather 

than the muon), and these errors depend mostly on the track length and only weakly 
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on the momentum (see Fig.4.7). The correction factor is thus 1.104 ± 0.011. 

5.2.3 Pµ Cut 

The fraction of events passing the muon momentum cut pµ. > 10 Ge V / c was 

determined to be 98.9 3 from the coherent pion production Monte Carlo simulation 

with the Rein-Sehgal parametrization (see Sec. 4.2.1). The systematic error due to 

the choice of a particular model is estimated to be 0.23 by comparing the above 

fraction with that obtained using the Belkov-Kopeliovich parametrization (see Sec. 

4.2.1). It should be noted that the cut on Pµ. implies a cut on the total energy of 

E > 10 GeV. 

5.2.4 jtj Cut 

The effect of the jtj cut, a reduction of the signal by a factor of 0.921, was 

also determined from the Monte Carlo simulation. This number corresponds to the 

fraction of Monte Carlo events with jtj < 0.1 GeV2 , after all cuts other than the jtj 

cut have been applied. As in the case of the correction for the pµ. cut, the correction 

factor was obtained using the Rein-Sehgal parametrization. The systematic error 

due to that particular choice was estimated to be 0.030 by comparing the correction 

factor with that obtained using the Belkov-Kopeliovich parametrization. 

Another source of systematic error comes from the uncertainty in the (anti )neutrino 

beam direction (see Sec. 4.1.3). This uncertainty tends to make the jtj distribution 

broader and thus affects the fraction of coherent events observed below the jtj cut. 

In the Monte Carlo simulation, the uncertainty in the beam direction was set to 0.5 

mrad. However, to test the sensitivity of our results to the uncertainty in the beam 

direction, the fraction of events passing the !ti cut was computed for a series of values 

of the uncertainty in the beam direction: 0, 0.5, 1 and 1.5 mrad. The systematic 

error on the fraction of events passing the cut was then taken to be the r .m.s. of the 

94 



Table 5.2: Correction factors for coherent single pion events. 

II v All 

~ cut correction ( ci) 1.104 ± 0.011 

Scanning efficiency ( c2) 0. 729 ± 0.065 

Fraction with Pµ. > 10 GeV /c (c3) 0.990 ± 0.003 0.984 ± 0.002 0.989 ± 0.002 

Fraction with ltl < 0.1 GeV2 (c4) 0.914 ± 0.063 0.939 ± 0.04 7 0.921 ± 0.059 

Total correction factor 

C1 I ( C2 . C3 . C4) 1.674 ± 0.189 1.639 ± 0.168 1.663 ± 0.183 

distribution of those fractions where the fractions obtained with uncertainties of 0.5 

and 1 mrad were assigned a weight twice that for 0. and 1.5 mrad. The systematic 

error due to the determination of the beam direction uncertainty is then estimated 

to be 0.051. 

As a result, the fraction of events passing the ltl < 0.1 GeV2 cut was found 

to be 0.921 ± 0.059, where the error was computed by adding, in quadrature, the 

systematic errors due to both the choice of parametrization and the uncertainty in 

the beam direction. 

5.2.5 Total Correction 

The various correction factors are summarized in Table 5.2 forµ- 11"+ andµ+ 71"-

events as well as for both types combined. The overall correction factor for IIµ + v µ. 

interactions is 1.663 ± 0.183. 

The systematic error induced by the choice of ltl cut value can be evaluated by 

extracting the coherent signal for different values of the cut and by comparing the 

signal corrected for the effect of the ltl cut. Table 5.3 shows the corrected signal for 

cuts at 0.05, 0.1, 0.15 and 0.2 GeV2 • All four values are compatible within errors 

with an r.m.s. of 4.3 events. This can thus be interpreted as a systematic uncertainty 
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Table 5.3: Single pion coherent signal for different cuts on jtj. The !ti distributions 
for events without and with stubs have been normalized at !ti > 0.2 GeV2 • 

ltl cut #Events below !ti cut Signal Fraction MC Signal 

(GeV2 ) w/o stubs with stubs observed passing cut corrected 

0.05 41 2 37.9 ± 6.8 0.796 47.6±10.2 

0.1 63 7 52.1 ± 9.4 0.921 56.7 ± 10.2 

0.15 69 12 50.3 ± 10.4 0.953 52.8±10.9 

0.2 73 17 46.5 ± 11.5 0.967 48.1±11.9 

of 8 % in the corrected signal. 

5.3 Inclusive Charged Current Event Sample 

In order to compute the cross section for single pion coherent production, we 

first determine the rate of single pion coherent events with respect to the total 

number of charged current events. However, the inclusive charged current event 

sample measured in this experiment represents only a small fraction of the film used 

in the analysis of low multiplicity events. Therefore, the numbers of events have to 

be scaled by their corresponding flux of protons incident on target. 

For the inclusive charged current event sample, the events found in the good 

film are required to be inside the fiducial volume, without being clearly associated 

with another event upstream in the bubble chamber, and should contain at least 

one muon with momentum greater than 10 GeV /c. Note that only the good film 

is used here to avoid scanning/measuring inefficiencies. This leads to a sample of 

574 (1220) 11,, and 83 (260) v,, charged current events for the 1985 (1987-88) data, 

corresponding to 12.37 x 1015 (35.03 x 1015 ) protons on target. 

As detailed below, several correction factors have to be applied to the number of 

obi::~rved events to take into account scanning and measuring inefficiencies, fraction 
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of events on hydrogen nuclei, and cut on the muon momentum. The EMI muon 

detection efficiency was found to affect both low multiplicity and inclusive event 

samples in similar ways, and therefore drops out of the ratio of the number of single 

pion coherent interactions and the number of charged current interactions. 

5.3.1 Scanning Efficiency 

The measurement of events of all multiplicities was carried out in film that was 

double scanned, for the most part, with a combined efficiency for the two scans of 

(99.8 ± 0.1 )%. Taking into account the small fraction of film which was only single 

scanned leads to an overall scanning efficiency of (99.3 ± 0.2)3. 

However, this applies only to events with two or more prongs because of the 

systematic loss of events with only one prong. This loss affects mostly I1 µ charged 

current interactions because charge conservation implies that 11,.. charged current 

interactions have at least two charged particles in the final state (1-prong 11,.. events 

require that either the final state hadrons be totally absorbed inside the neon nucleus 

or that the hadronic final state consists of a proton with a range too short to be 

detected). 

To estimate the loss of 1-prong events (i.e. events with no charged hadrons), 

we have used the KNO scaling distributions measured in v,..-deuterium interactions 

[57] (distributions of the probability to find an event with n charged hadrons as a 

function of the variable n/ < n > ). These results imply that, given the average 

charged hadron multiplicity observed in this experiment ( < n > = 5.0 ± 0.2 for v,.. 
charged current interactions with one or more charged hadrons), the probability to 

produce a 1-prong II" charged current event is 0.030 ± 0.007. Assuming that all 

1-prong events are lost and that nuclear reabsorption can be neglected as a first 

approximation, the correction factor for ii,.. charged current events is estimated to 

be 1.031±0.007. 

Thus, multiplying this factor with that corresponding to the (random) scanning 
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efficiency gives overall correction factors of 1.007 ± 0.002 for llµ charged current 

events and 1.038 ± 0.007 for 11µ charged current events. 

5.3.2 Unmeasured Events 

A small fraction of charged current events were too complicated to be measured, 

even partially. This usually occurred in the case of high multiplicity events or events 

with very intense electromagnetic showers. This loss of events is found to be neg-

ligibly small for the 1987-88 film but amounts to (3.4 ± 0.5)3 for the 1985 film, 

corresponding to a correction factor of 1.035 ± 0.005. 

5.3.3 Fraction of Interactions on Neon Nuclei 

The fraction of interactions on hydrogen nuclei is given by 

f = (2 x FH,)Up 
(2 X FH2 + 10 X FNe) Up + (10 X FNe) Un 

where up and Un are the total cross sections on proton and neutron targets, while 

FNe and FH, are the neon and hydrogen molar fractions of the Ne-H2 mix. Those 

fractions are 753 - 253 and 633 - 373 for the 1985 and 1987-88 runs respectively. 

Using the quark-parton model predictions u~/u; = 2 and u~/u; = 0.5 (see Refs . 

[44, 58] for experimental verification), the fraction of charged current interactions 

on neon nuclei (1 - !) is found to be 97.83 (96.23) for neutrino interactions and 

95.73 (92.73) for antineutrino interactions in the 1985 (1987-88) data. 

5.3.4 Pµ Cut 

The largest correction is introduced to account for the loss of events with muon 

momentum smaller than 10 GeV /c. To determine this loss, we use the calculated 

(anti)neutrino flux shapes (31] and a recent fit to the data on structure functions 

[59]. 
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In the framework of the quark-parton model, the differential cross sections for 

(anti )neutrino-proton charged current interactions are given by 

d2uvp 
dxdy 
d2uiiP 
dxdy 

G2 ME 
F 71" 2x [d(x) + s(x) +u(x)(l -y)2] 

G2 ME -
F 71" 2x [u(x)(l-y) 2 +d(x)+s(x)] 

where x and y are the Bjorken scaling variables and u(x ), d(x) and s(x) are the quark 

density functions. The (anti)neutrino-neutron cross sections are obtained via the 

isospin transformation u( x) +-+ d( x ). Thus, 11 q and Iiq interactions are characterized 

by a :flat y distribution whereas 11q and Ii q interactions are characterized by a (1-y )2 

<fistribution. For those two types of y distributions, the fractions of events passing 

the pµ cut can be determined using the calculated (anti)neutrino flux: it is greater 

than 99 % in the case of (1-y)2 distributions and it is 89.0 % (86.6 %) for 11 (v) flat 

y distributions. Moreover, using the above cross sections and the structure function 

data, the fraction of neutrino (antineutrino) interactions characterized by (1 - y)2 

is determined to be 0.043 ± 0.003 (0.65 ± 0.05). Finally, the fraction of neutrino 

( antineutrino) charged current events passing the Pµ > 10 Ge V / c cut is estimated to 

be 0.894 ± 0.004 (0.94 7 ± 0.066). These fractions are compatible with those obtained 

from the Berkeley /Hawaii TUBES Monte Carlo. 

5.3.5 Total Correction 

The number of charged current events is corrected using the various correction 

factors presented in Table 5.4. These numbers are then scaled to correspond to 

the number of protons on target for the 2-prong event sample, i.e. 226.3 x 1015 

and 312.6 x 1015 protons on target for the 1985 and 1987-88 runs respectively. The 

resulting corrected number of charged current interactions on neon nuclei (with 

E > 10 GeV) is 23761 ± 612 for 11µ interactions and 4002 ± 313 for Iiµ interactions 

(see Table 5.5). 
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Table 5.4: Correction factors for charged current events in the inclusive data sample. 

ll 85 ii 85 ll 87 ii 87 

Scanning losses ( c1) 1.007 ± 0.002 1.038 ± 0.007 1.007 ± 0.002 1.038 ± 0.007 

Unmeasured events (c2) 1.035 ± 0.005 -

Frac. events on neon ( c3) 0.978 0.957 0.962 0.927 

Frac. Pµ > 10 GeV/c (c4) 0.894 ± 0.004 0.947 ± 0.066 0.894 ± 0.004 0.94 7 ± 0.066 

Total correction factor 

( C1 . C2 . C3) I C4 1.140 ± 0.007 1.086 ± 0.076 1.084 ± 0.005 1.016 ± 0.071 

Table 5.5: Number of charged current events (E > 10 GeV) . 

ll 85 ii 85 ll 87 ii 87 

(a) Inclusive data sample 

N cc (observed) 574 83 1220 260 

Nee (corrected) 654 ± 28 90±12 1322 ± 38 264 ± 25 

Flux ( x 1015 protons) 12.37 35.03 

(b) Coherent µ 7r data sample 

Flux ( x 1015 protons) 226.3 312.6 

Calculated N cc 11964 ± 512 1646 ± 220 11797 ± 339 2356 ± 223 

Totals Nee (11 85 + 11 87) - 23761 ± 612 

Nee (ii 85 + ii 87) - 4002 ± 313 
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5.4 Background 

5.4.1 Incoherent Background 

The procedure used to extract the coherent signal assumes that the jtj distri-

bution for the events with stubs provides a good description of the background and 

that the number of background events can be obtained after normalization to the jtj 

distribution for events without stubs at high enough values of jtj. As a check of this 

procedure, and to make sure that the known incoherent processes do not produce 

an unexpected source of background, we examine some of the specific sources of 

incoherent background : 

1. quasi-elastic proton production, 

2. !::.. and nucleon resonance production, and 

3. neutrino-nucleon diffractive pion production. 

These processes give rise to events with topologies similar to those expected from 

the coherent production of single pions, i.e. the final state is of the type µ± h=F-, 

where h is either a charged pion or a proton. In the case of resonance production, 

the final state may also contain an additional proton or neutron (if h is a pion), or 

a ,...o, which may or may not be detected. We assume that the cross sections for the 

above processes are energy independent far enough above threshold. 

(a) Quasi-elastic Proton Production 

The quasi-elastic production of protons in 11,,,. charged current interactions on 

neutrons 

11,,,. + n -+ µ.- + p , (5.2) 

is a source of background if the proton is not identified as a stopping track (i.e. it 

either interacts or leaves the bubble chamber) in which case it is treated as if it 
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were a pion. The cross section for process (5.2) has been measured in a number 

of experiments at lower energies indicating a value which is independent of energy 

above,..., 1 GeV. We use a result of Ref. (60], u(11µ + n --+ µ- + p) ::: 1.0 x 10-38 

cm2 , obtained for energies greater than 5 Ge V, as applicable in the energy range of 

our experiment, E > 10 GeV. 

Quasi-elastic events were generated using the Monte Carlo simulation described 

in Sec. 4.2 but with kinematical variables entirely determined by the Q2 dependence 

of the nucleon form factor (61]. Moreover, the effect of Fermi motion was taken into 

account following the model proposed by Bodek and Ritchie [62]. After all selection 

criteria have been applied, 1.6 3 of the number of events generated were found 

to simulate µ 7r events with It I < 0.1 Ge V2 . Taking the cross section into account 

implies that 2.2 events should be observed in our data sample after all selection 

criteria are applied and the various efficiencies are accounted for. It should be noted 

that, as for the other background sources evaluated in this section, the predicted 

number of events is an upper limit since it does not take into account the loss due 

to nuclear reinteractions. 

(b) ~ and Nucleon Resonance Production 

The production of resonances in the invariant mass region 1 ;5 W < 2 Ge V leads 

to events with final states of the typeµ+ N + 7r. Rein and Sehgal [63] have proposed 

a model to describe the production of all known l::J. and nucleon resonances, including 

the contribution of non-resonant nucleon-pion systems. The predicted cross sections 

for W < 2 Ge V are 

u(1111. + n--+ µ- + n + 7r+) - 0.38 x 10-33 cm2 , 

u(1111. + p--+ µ- + p + 7r+) - 0.64 x 10-33 cm2 , 

u(1111.+n- µ- +p+7r0 ) - 0.31 x 10-33 cm2 , 

u(vµ + n--+ µ+ + n + 7r-) - 0.62 x 10-33 cm2 , 
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Processes 11µ. + p --+ µ- + p + 7r+ and 11µ. + n --+ µ+ + n + 7r- are dominated by 

the production of .L\(1232) resonances whereas, in addition to the L\ resonances, the 

other processes also include nucleon resonance production (e.g. N(1440), N(1520) 

and N(1535)). Most of the above cross sections have been measured and agree with 

the predictions of the model (see Refs. [64, 65, 66]). 

Events were generated using the Soudan 2 Collaboration generator [67] embed-

ded inside the Monte Carlo simulation described in Sec. 4.2. As a result, the fraction 

of events passing all selection criteria is found to vary between 4.33 and 9.33 de-

pending on the channel. The expected number of events is 2. 7 µ- n 7r+ + 3.2 µ+ n 7r-

+ 0.1 µ- p7r0 events simulatingµ± 7r:r events without stubs; and 5.9 µ- p7r+ + 0.9 

µ+ p7r- events simulatingµ± 7r:r events with stubs (Patub < 800 MeV /c). 

(c) Single Nucleon Diffractive Production 

There is little data and no good model on the production of single pions in 

(anti )neutrino-nucleon diffractive interactions. The only experimental results come 

from an (anti)neutrino-hydrogen bubble chamber experiment [65] which studied sin-

gle pion production for hadronic masses W below and above 2 Ge V. From that 

experiment, the measured cross sections for W > 2 Ge V and E > 30 Ge V are (see 

Fig. 8 from Ref. [65]) 

u(vµ. + p--+ µ- + p + ?r+) - (0.13 ± 0.04) x 10-33 cm2 
, (5.3) 

u(vµ. + p--+ µ+ + p + ?r-) - (0.20 ± 0.04) x 10-33 cm2 • (5.4) 

In a separate analysis of the data, Rein [68] attempted to interpret those events as 

due to the diffractive production of pions off protons. However, the experimental !ti 
distributions are considerably flatter than expected for pure diffractive production 

and indicate that a large fraction of the single pion events observed at W > 2 Ge V 

is still due to the production of pion-nucleon resonances. Indeed, the slopes of the t 
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distributions are found to be b ~ 2.5 Gev-2 for 2 < W < v's GeV and b ~ 4 Gev-2 

for W ~ v's, while a slope of,...., 7 Gev-2 is expected for diffractive production. 

Since no good model exists, no simulation of the above processes was performed. 

Therefore, we have used the numbers published in Ref. (65] to estimate approxi-

mately the number of events that would be expected in our experiment. From the 

experimental !ti distributions in Ref. [65], it is observed that ,...., 20 3 of the data lies 

at !ti < 0.1 GeV2 • Given the measured cross sections (5.3) and (5.4), this implies 

that 4.9 µ- p7r+ and 4.0 µ+ p7r- events would be produced in the present experi-

ment with W > 2 GeV and !ti < 0.1 GeV2 • Similar numbers would be expected 

for final states involving neutrons rather than protons. Accounting for the scanning 

and muon identification efficiencies as well as for the ~ cut (see Table 5.2) yields 

3.0 µ"-- p7r+ and 2.5 µ+ p7r- events. These numbers are overestimates because no 

Pµ or P•tub cut is applied and the experimental smearing conditions specific to this 

experiment are not taken into account. Additional effects like Fermi motion and 

nuclear reinteractions would reduce those numbers even further. 

( d) Total Incoherent Background 

In summary, the above results indicate that the incoherent background at !ti < 
0.1 GeV2 is small. An upper limit on the number of incoherent µ7r events without 

(with) stubs satisfying all selection criteria is determined to be 8.2 (6.8) in the case 

of quasi-elastic and resonance production with W < 2 GeV. In the case of resonance 

production at W > 2 GeV and diffractive production on single nucleons, only a 

crude upper limit of 5.5 events with stubs was obtained. Extending those results to 

the case where neutrons are produced in the final state gives 5.5 µ 7r events without 

stubs. 

These numbers are to be compared with the background estimated from the 

number of events with stubs at !ti < 0.1 GeV2 , i.e. 7 µ7r events. After normalization 

to the !ti distribution for events without stubs, the background to the µ 7r events 
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without stubs was estimated to be 10.9 ± 5.1. Therefore, we conclude that the 

background estimate extracted from the experimental ltl distributions is consistent 

with the upper limits derived in this section. 

5.4.2 Coherent Background 

Coherent production of p and a1 mesons can be a source of background to the 

single 7r coherent production channel. In the case of p production, the final state is 

µ± 7r=F if the two photons coming from the p± --+ 71"± 7ro and 7ro --+ 11 decay chain are 

lost. Using the p production Monte Carlo, the I detection efficiency (see Sec. 6.3.5) 

and the scanning efficiency, the uncorrected number of background events passing 

all selection criteria (including ltl < 0.1 GeV2 ) is found to be 0.4 and 0.6 for the 

R = 0 and R = 0.4 Q2 /m! parametrizations of the ratio between longitudinal and 

transverse p cross sections, respectively. This is to be compared with the observed 

signal of 52.l ± 9.4 µ71'" events. 

In the case of coherent a1 production, a µ± 7r=F final state may be obtained if 

the a1 meson decays as at --+ p± 71'" 0 (B.R. 503) followed by the decay p± --+ 71"± 71"0 

and if all four "Y from the 71"0 decays are lost. However, based on the estimated I 

detection efficiency, the probability to lose all four I is only 0.33. Moreover, the 

cross section for coherent a1 production [69] is not anticipated to be much larger 

than the cross section for coherent p production. Therefore, the background from 

coherent a1 production is expected to be significantly smaller than that from coherent 

p production which is, as demonstrated above, negligible. 

5.5 Cross Section Results 

5.5.1 The Integrated Cross Section 

As seen in Sec. 5.1, the observed signal at !ti < 0.1 GeV2 is determined to 

be 52.1 ± 9.4 µ± w=f events. After correcting for all identified losses (Sec. 5.2), the 
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Table 5.6: Single pion signal and cross section. The error on the corrected signal 
includes the systematic error introduced by the choice of !ti cut. 

v Ii All 

Events w /o stubs 134 34 168 

Events with stubs 59 19 78 

Events w/o stubs !ti < 0.1 GeV2 46 17 63 

Events with stubs !ti < 0.1 GeV2 4 3 7 

Signal !ti < 0.1 GeV2 (observed) 39.4 ± 8.8 13.3 ± 5.4 52.1 ± 9.4 

Signal (corrected) 66.0±16.5 21.8 ± 9.1 86.6 ± 19.6 

Nee 23761±612 4002 ± 313 27763 ± 689 

NeoH/Nee (x10-2
) 0.28 ± 0.07 0.54 ± 0.23 0.31±0.07 

ueoH ( x 10-40 cm2) 337 ± 85 263 ± 112 313 ± 72 

number of single pion coherent events is found to be 86.6 ± 19.6. Here, the error 

also includes the systematic error corresponding to the dependence on the particular 

choice of the !ti cut. Table 5.61 summarizes our results for vµ. and Iiµ. interactions 

separately, as well as for vµ. + Ii"' interactions combined. 

The rate of coherent µ 7f' interactions with respect to the total number of charged 

current events is determined to be (0.28 ± 0.07)3 for vµ. interactions, (0.54 ± 0.23)3 

for Iiµ. interactions and (0.31±0.07)3 for vµ. +Iiµ. interactions combined. A higher 

rate of coherent pion production in Iiµ. interactions is expected because the total 

cross section for antineutrino charged current interactions is smaller (,..., ~) than 

that for neutrino charged current interactions whereas the cross section for coherent 

processes is the same for neutrinos and antineutrinos. 

The coherent single pion cross section per neon nucleus is then computed by 

1Note that the signal for 11 and ii interactions has been extracted independently from the signal 
for the 11 +ii interactions combined (column labelled "All") which explains why the sum of the 
v and ii signals is slightly different from the signal obtained by considering all charged current 
interactions. 
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using the above rates and the measured charged current cross sections 

NcoH 
ucoH = N, 20 ucc , 

cc 

where the total charged current cross sections per nucleon are given by [70] 

uC.c < E.., > (0.666 ± 0.020) x 10-38cm2 Gev-1 , 

u~c < Ev> (0.324 ± 0.014) x 10-38cm2 Gev-1 • 

The average vµ and Ilµ beam energies determined from the calculated fluxes [31] are 

< E., > = 91.1 GeV and <Ev> = 74.5 GeV. The combined Vµ + Ilµ cross section 

is obtained by taking the relative fluxes into account which gives an overall average 

beam energy of 86.3 GeV. Finally, the single pion cross sections for reactions (5.1) 

are found to be 

ucoH(vµ +Ne--+µ-+ 7r+ +Ne) 

= (337 ± 85) x 10-40 cm2 / neon nucleus, (5.5) 

ucoH(Ilµ +Ne--+µ++ 7r- +Ne) 

= (263 ± 112) x 10-40 cm2 
/ neon nucleus, (5.6) 

ucoH(vµ(Ilµ) +Ne--+µ-(µ+)+ 7r+(7r-) +Ne) 

= (313 ± 72) x 10-40 cm2 /neon nucleus. (5.7) 

As expected, the neutrino and antineutrino cross sections are similar, with the an-

tineutrino cross section being slightly smaller due to the lower average I1 µ beam 

energy. 

Table 5. 7 summarizes the experimental situation concerning the coherent pro-

duction of single pions in (anti )neutrino charged current and neutral current inter-

actions. Our new result, Eq. (5.7), is consistent with our previously published value 

of (315±120) x 10-40 cm2 /neon nucleus obtained with a smaller sample including 

only data from the 1985 run and for energies greater than 40 GeV [71]. Our cross 
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section is higher than that obtained in other heavy liquid bubble chamber experi-

ments, an increase which is consistent with the expected increase in the cross section 

at higher energy (see Sec. 5.5.2). All previous experiments were performed at lower 

energies, with average (anti)neutrino beam energies of,..., 30 GeV for WA59 (72, 73] 

and E180 (74], and ,..., 7 GeV for SKAT (75). 

Table 5. 7 also presents the results on single ?r"o coherent production in neu-

tral current interactions which have been published by two counter experiments, 

Aachen-Padova (5] and CHARM (77], and two bubble chamber experiments, one 

using Gargamelle [76] and the other using the 15-foot Bubble Chamber [78] . 

5.5.2 The Energy Dependence 

Our sample size allows us to divide the data into only two energy intervals : 

10 < E < 80 Ge V and E 2: 80 Ge V. Furthermore, only the energy dependence of 

the combined IIµ + Iiµ sample is studied. The uncorrected number of coherent µ± 7r'.f 

events is 24.2 ± 7.8 for 10 < E < 80 GeV and 27.9 ± 6.3 for E 2: 80 GeV. Following 

the same procedure as used to obtain the integrated result, the corrected number 

of single pion coherent interactions was found to be 38. 7 ± 15.2 for 10 < E < 80 

GeV and 48.9±15.2 for E 2: 80 GeV, whereas the rates with respect to the number 

of charged current interactions are (0.38 ± 0.15)% and (0.27 ± 0.09)% respectively. 

As anticipated, the rate for E 2: 80 GeV is smaller because ucoH ex lnE at high 

energies [10]. The resulting cross sections are estimated to be (211±84)x10-40 cm2 

/neon nucleus for 10 < E < 80 GeV and (467 ± 147) x 10-40 cm2 / neon nucleus 

for E 2: 80 GeV. 

The cross section as a function of energy is presented in Fig. 5.3 along with the 

predictions based on the Rein-Sehgal (R-S) and Belkov-Kopeliovich (B-K) models 

(see Secs. 2.4.2, 2.4.4 and 4.2.1). Several parametrizations of the pion-nucleus cross 

section are tested: the pole nucleon form factor with axial masses ma= ma1 = 1.260 

GeV and ma = 1.050 GeV, and the p7r cut form. The cross sections obtained for 
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Table 5.7: Summary of experimental results on single pion coherent cross sections in 
(anti)neutrino charged and neutral current interactions. 

Experiment Reaction < E., > A Signal 

(GeV) observed 

This exp. 11,.,.(11,...)Ne-+ µ-(µ+)7r+(7r-)Ne 86 20 52 ± 9 

This exp. '85 [71] 11,.,.(11,.,.)Ne-+ µ-(µ+)7r+(7r-)Ne 95 20 20 ±6 

WA59 [72] 11,.,. Ne-+ µ+7r- Ne 27 20 155 ± 20 

WA59 [73] 11,.,. Ne-+µ- 7r+ Ne 32 20 41±8 

E180 (74] 17,.,. Ne -+ µ+ 7r- Ne 30 20 61±12 

SKAT (75] 11,.,. C F3Br -+ µ- 7r+ C F3Br 7 30 59 ±8 

v,.,. CF3Br-+ µ+ 7r- CF3Br 7 30 12 ±4 

Aachen- 11,.,. Al -+ 11,.,. 7ro Al 2 27 287 ± 100 

Padova [5] 17,.,. Al -+ 11,.,. 7ro Al 2 27 73 ± 20 

Gargamelle (76] 11,.,. C F3Br -+ 11,.,. 7ro C F3Br 2 30 39 ± 25 

17,.,. C F3Br -+ v,.,. 7ro C F3Br 2 30 62 ± 33 

CHARM [77] 11,.,. CaC03-+ 11,.,. 7ro CaC03 31 20 233 ± 53 ± 72 

v,.,. CaC03-+ v,.,. 7ro CaC03 24 20 482 ± 83 ± 99 

15-foot (78] 11,.,. Ne -+ 11,.,. 7ro Ne 20 20 32 ± 7 

Cross section NcoH/Ncc 
(10-40 cm2 /N) 

313 ± 72 (0.31 ± 0.07)% 

315 ± 120 (0.26 ± 0.10)% 

175 ± 25 (0.9 ± 0.1)% 

250 ± 49 

(0. 76 ± 0.15)% 

106 ± 16 (0.69 ± 0.09)% 

113 ± 35 (1.8 ± 0.5)% 

29±10 

25± 7 

31±20 

45 ± 22 

96± 42 

79 ± 26 

(0.020 ± 0.004)% 



' ( 
( 

' c 

~;~ 
<.!) ·; .. <.!) 
tD ·~. tD 
~ •: N . '· . '" < '" < '" \\ •;., \\ 

0 '" 0 cc·:\ cc .. 
'" 

I 

~~ 
'. (.!) 
~ \{') 
'.o 
I • . -.:-
I 

' \\ 
I 0 

·E 
I 

"::? ...... (fl 
\ ...... \ co ...... a:::. 

·.~ 
~ \ ·,co 

'" '" '" '" '" .. 
'" '" '" '" '" '" ... 

\ ·~ .. 
'" '" '" '" '" 

I 

'" '" '" '" '" '" '" "' t 

I 

I 

' 
' 
' 
' 
' 
' 

' -~~-------,-\ 
l 
') 
~ 
•\ ... 
',I · .. \ 

. a. 
x 
(1) 

Vl ·-..c: 
I-• 
I~ 

0 co 
.,--. 
w 
~ 

\ 

I 

........... , .. 

0 0 0 0 
0 0 0 0 «> LO ..q- C") 

(sna1:>nu uoau / zw:> 0?-0 L x) D 

0 
0 
C\J 

~ 

(j) 
I.{) 

~ 
0 

~ 
~ 
CJ) 

<> 

I~ 
(j) 
I.{) 

~ 
• 

~ n:: < CL ::r: I 
0 < 
0 .... 

....... .... .. .... . . 

0 
0 
T""' 

0 
LO 
C\I 

0 
0 
C\I 

0 
LO 
T""' 

0 
0 ....-

0 
LO 

0 
0 

,_........ 
> Q) 
e,, 
'-J' 

w 

Figure 5.3: Single pion coherent cross section as a function of energy. The curves 
represent the predictions of the Rein-Sehgal and Belkov-Kopeliovich models (Sec. 
4.2.1 ). The results from other experiments have been scaled to correspond to charged 
current interactions on neon nuclei, where necessary. Note that the horizontal error 
bar represents the range of energy used, except for the CHARM data where it 
represents the range of energy containing 68% of the events. 
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targets with atomic mass number A different from that of neon (A = 20) and/or 

for neutral current interactions have been scaled to correspond to charged current 

interactions on neon nuclei. This assumed that the charged pion coherent cross 

section is twice that for neutral pion production as predicted by the electroweak 

theory. Except for the E180 data, the agreement between the data and the various 

predictions is good at energies below 50 GeV. All the theoretical curves are below 

the data points at higher energies but our measured cross section at E ~ 80 Ge V 

is not inconsistent with the predictions. The curve corresponding to an axial mass 

ma = 1.050 GeV appears to be the least favored prediction. (This value of ma is 

suggested by measurements of the nucleon form factor in (anti )neutrino quasielastic 

interactions.) 

The uncertainty in the predicted cross sections is estimated to be ,...., 10 - 15 %. 

This estimate includes the uncertainty in the total pion-nucleon cross section and, in 

the case of the R-S model, the uncertainty in the absorption factor Fahs and the slope 

parameter b, while in the case of the B-K model, it also includes the uncertainty in 

the slope parameter BT and the total pion-nucleus cross section due to the effect of 

inelastic screening. 

It should be pointed out that there is an inconsistency in the predicted cross 

section published by Belkov and Kopeliovich [10] : the cross section in Fig. 3 of 

their paper is about a factor of two lower than that given in their Fig. 4. Moreover, 

our computation of the cross section agrees with Fig. 4 of their paper. This point is 

important because the wrong cross section prediction was used in the E180 analysis 

[74]. 

5.6 Kinematical Characteristics 

In this section, the distributions of the kinematical variables are compared with 

the predictions of the Rein-Sehgal and Belkov-Kopeliovich models. The events with 
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stubs have been subtracted from the distributions by assigning them a negative 

weight equal to the normalization factor between the ltl distributions for events 

with and without stubs. Figs. 5.4-5.12 show the distributions of the total energy E, 

the energy transfer v, the square of the W boson four-momentum Q2 , the invariant 

mass of the hadronic system W, the Bjorken x and y variables, the square of the 

momentum transfer to the nucleus jtj, the minimum value of ltl needed to produce 

the final state pion tmin and the variable t'. See Appendix C for definitions of all 

the variables. Also shown in the figures are the Monte Carlo predictions of the 

Rein-Sehgal model with ma = 1.260 GeV and the Belkov-Kopeliovich model with 

the p 7r cut nucleon form factor. The model predictions have been normalized to 

52.1 µ7r events since we are mostly interested in the shape rather than the overall 

normalization of those distributions. The predictions of the B-K model with ma = 
1.260 Ge V are not shown since they are not strikingly different from those obtained 

using the p7r cut form factor. 

The overall agreement between the data and the models is good. As expected 

on the basis of the hadron dominance model, the data are concentrated at small 

values of Q2 and :z:, although the models predict a significantly larger contribution 

at Q2 < 0.1 GeV2 than observed in the data (see Fig. 5.6). Both models seem to 

reproduce the E, v, x and y distributions reasonably well. In the W distribution (Fig. 

5.7), it is observed that most of the background events are in the interval 1 < W < 2 

GeV, where resonance production is important. The Rein-Sehgal prediction is large 

in that same interval because the total pion-nucleon cross section is larger while 

the absorption factor was chosen to be constant. The corresponding B-K prediction 

reproduces the W dependence well. 

The ltl distribution (Fig. 5.10) is somewhat flatter than predicted. Also, the 

predicted t' distribution (Fig. 5.12) appears to be steeper than the data. The slope 

s of the t' distribution was computed using the maximum likelihood method in the 
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t' interval of 0 to t:naz = 0.1 GeV2 
- tm.:n· The slope was determined to be 

s = 32 ± 6 Ge v-2 , (5.8) 

which is consistent with the interpretation of our µ7r sample at !ti < 0.1 GeV2 as 

due to the coherent production of pions off neon nuclei. A slope of ,..._, 7 Gev-2 

would be expected if those events were due to diffractive pion production on single 

nucleons. The slope (5.8) is lower than the theoretical value of,..._, 80 Gev-2 due to 

the experimental smearing of the coherent peak. 

Table 5.8 presents the average values of the kinematical variables extracted from 

the data sample and compares them with the predictions of the various models. The 

average values of 11, Q2 , W, x and y appear to be higher than predicted but tend to 

be consistent with the Belkov-Kopeliovich model with a p7r cut form factor. 

Kinematical characteristics have been studied in detail by the WA59 Collabo-

ration [72, 73). In these studies of coherent pion production in 11µ and Iiµ charged 

current interactions, the predictions of the Rein-Sehgal model were found to be in 

excellent agreement with the data. Our data extend the range of energies over which 

the predictions based on the PCAC hypothesis and the hadron dominance model 

are successfully tested. 
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Ta.ble 5.8: Average values of kinema.tica.l va.ria.bles for single pion coherent events a.t !ti < 0.1 GeV2 • The predictions 
of the Monte Ca.do simulation a.re given for the Rein - Sehgal (R - S) a.nd Belkov - Kopeliovich (B - K) 
models (Sec. 4.2.1) with different pa.ra.metriza.tions of the pion - nucleus differential cross section. 

Data. R-S pole B-K pole B-K pole B-K cut 

ma= 1.26 GeV ma= 1.26 GeV ma= 1.05 GeV 

<E> (GeV) 92.8 ± 7.7 88.4 91.5 91.3 93.4 

< p,, > (GeV /c) 77.6 ± 6.9 77.5 78.3 79.3 78.6 

<II> (GeV) 15.3 ± 2.2 10.8 13.1 12.0 14.6 

< Q2 > (GeV2) 1.15 ± 0.20 0.60 0.70 0.58 0.90 

<W> (GeV) 4.57 ± 0.38 3.74 4.21 4.01 4.44 

< :i: > 0.070 ± 0.016 0.056 0.050 0.048 0.051 

<y> 0.175 ± 0.021 0.131 0.155 0.142 0.168 

< ltl > (GeV2) 0.037 ± 0.004 0.026 0.025 0.025 0.026 

< tmin > (GeV2) 0.011 ± 0.004 0.007 0.005 0.005 0.005 

< t' > (GeV2) 0.026 ± 0.004 0.020 0.020 0.020 0.021 

t' slope (Gev-2) 32± 6 42 44 44 43 
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Chapter 6 

Single p Coherent Production 

In Chapter 5, we studied the coherent production of single pions which consti-

tutes the main contribution to the semi-inclusive 2-prong coherent signal extracted 

in Sec. 4.1.2. As will be shown in this chapter, another significant contribution to 

the semi-inclusive signal comes from the coherent production of single p mesons. 

Since the p mesons produced in charged current interactions decay into 7r± 7ro pairs 

and the 7ro subsequently decay into pairs of photons, we examine the problem of the 

evaluation of the 'Y detection efficiency in some detail. Other losses are taken into 

account in a manner similar to that described in Chapter 5. 

In Section 6.1, the sample of coherent p event candidates is selected and the 7ro 

reconstruction method is presented. In Section 6.2, the coherent signal is extracted 

from the ltl distributions for events without and with stubs. In Section 6.3, we 

describe the correction factors introduced to account for the various losses, with an 

emphasis on the determination of the 'Y detection efficiency. In Section 6.4, the cross 

section results are presented and compared with previously published measurements. 

The energy dependence of the available results is then compared with the predictions 

of the hadron dominance model, using two different parametrizations of the p-nucleus 

cross section (Rein-Sehgal and Belkov-Kopeliovich) and two parametrizations of the 

ratio of longitudinal to transverse p production. Finally, we discuss the kinematical 

characteristics of the coherent p signal extracted at ltl < 0.1 GeV2 in Section 6.5. 

These characteristics are also compared with the predictions of the model. 
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6.1 Selection of the Sample and 7ro Reconstruction 

The focus of this chapter is the coherent production of single p mesons in charged 

current interactions of neutrinos and antineutrinos on neon nuclei (Fig. 6.1) : 

v,,. + Ne --+ µ- + p+ + Ne , 

v,,. +Ne --+ µ+ + p- +Ne . 

f ~ 
p 

t p 

(+) µ-

Figure 6.1: Diagram for the coherent production of single p mesons . . 

(6.1) 

The p mesons are detected via their decay into a charged pion and a pair of 

photons: 

?r 0 --+ "Y "Y 

(B.R. r.J 100%) , 

(B.R. 98.8%) . 

(6.2) 

(6.3) 

Thus, we select 2-prong events with total charge Qr:h. = 0, with no associated V0 

fits and with 2 "Y fits to the primary vertex. This leads to a sample of 177 µ± ?r=F "Y "Y 

events. Events of the type µ± ?r=F e+ e- or µ± ?r=F e+ e- "Y are not included in the 

sample. In order to reconstruct the ?r0 meson, the "Y "Y pair is constrained to fit the 

decay (6.3) by using a least squares method [79]. There is only one constraint in 
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the fit since the direction of the 71"0 and the magnitude of its momentum before the 

decay are not measured (the one constraint is provided by fixing the 71" 0 mass). 

The x2 function to be minimized is 

1 6 6 

x2=2 2:2:(mi-mi)Gi;(m;-mj) 
i=l i=l 

where mf and mi are the measured and fitted quantities and a;/ is the error matrix 

on the measured quantities. Moreover, there are a series of constraints on the mea-

sured and fitted quantities which are provided by the equations of four-momentum 

conservation, 

(6.4) 
- 0' 

where the four-momentum of both photons is measured directly and the three-

momentum fiwC is to be fitted. There are only three unknown quantities since 

E~ = )liwe 12 + m!o. 
The minimization process attempts to find the unknown quantities p~ by adjust-

ing the measured momenta P-r such as to minimize the x2 and satisfy the constraints, 

i.e. the following function is minimized 

4 

F = x2 + E a1c fk(fi~, P-r11 Pb) , 
lc=l 

where the parameters a1c are the Lagrange parameters to be determined and the 

functions flc(fiwC, P..,11 fib) are the four equations of constraint given by Eqs. (6.4). 

The 'Y 'Y invariant mass distribution for the 177 µ± 7r=f 'Y 'Y events is shown in Fig. 

6.2. A peak at the 71"0 mass (m~ = 0.135 GeV) is observed. The background under 

the 11"0 peak is small. It will be shown in Sec. 6.3.5 that the probability for an 

event with 2 11"0 to yield 2 observed 'Y compatible with coming from the same 71"0 is 

only (6.6 ± 0.9)%, and the probability for an event with 3 11"0 to give 2 observed 'Y 

compatible with coming from the same 11"0 is only (0.6 ± 0.1)%. The experimental 

resolution in the mass interval 0.08 to 0.19 GeV is determined to be "' 0.026 GeV. 
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The dashed histogram in Fig. 6.2 is the 'Y 'Y invariant mass distribution for 'Y 'Y pairs 

with 71" 0 fit probability P( 71"0 ) greater than 1 %. Requiring P( 71" 0 ) > 1 % leads to a 

sample of 126 µ± 71"=i= 71" 0 events. In the subsequent analysis of these events, the fitted 

71" 0 three-momentum is used instead of the measured three-momentum of the 'Y 'Y 

pair. 

The fit probability distribution shown in Fig. 6.3 is reasonably uniform. This 

indicates that there is no under- or overestimate of the measurement errors for the 

'Y conversions. 

6.2 Extraction of the Signal 

The !ti distributions for the 126 µ± 71"=i= ?r0 events are shown in Fig. 6.4. There 

are 84 events without stubs and 42 events with stubs (Patub < 800 MeV /c). The 

distribution for the events with stubs is normalized to that for events without stubs 

125 



at !ti > 0.2 GeV2 and the normalization factor is found to be 1.69 ± 0.38. As in the 

case of single pion production, there is a peak at !ti < 0.1 GeV2 in the distribution 

for events without stubs. Specifically, the number of events without stubs is 26 

whereas the number of events with stubs is 4. After normalization, the background 

is estimated to be 6.8±4.5 events and the signal is estimated to be 19.2±6.8 events, 

where the errors are purely statistical. The 26 events without stubs at !ti < 0.1 

GeV2 consist of 22 µ- 7r+ 7ro events and 4 µ+ 11"- 71"0 events, whereas the 4 events with 

stubs consist of 3 µ- 7r+ 7ro events and 1 µ+ 11"- 71" 0 event. The number of µ+ 7r- 7ro 

events is somewhat lower than expected in comparison with the number ofµ- 7r+ 7ro 

events. However, the statistics are small and the coherent p cross section is expected 

to be smaller in the case of Ji"' charged current interactions than that in the case of 

11µ. charged current interactions because of the lower average "iiµ. beam energy. 

6.3 Corrections to the Coherent Signal 

To compute the cross section, the coherent signal has to be corrected for the 

losses. Except for the gamma detection efficiency, the determination of the correction 

factors follows the same steps as in the case of the single pion production (see Sec. 

5.2). Therefore, these corrections are described only briefly. 

6.3.1 Scanning Efficiency 

The scanning efficiency for µ.± 7r=F ?r0 events found in the "good" film is estimated 

to be (95.9 ± 2.0)3, whereas the effective scanning efficiency in the "faint/snowy" 

film is estimated to be (73.5 ± 15.6)3. The scanning efficiency for the faint/snowy 

film is evaluated separately for the 1985 and 1987-88 data since the event rates are 

expected to be different due to the differences in liquid densities. The efficiencies 

for the 1985 and 1987-88 data are then combined to give the above value for the 

effective efficiency in the faint/ snowy film. 
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The overall scanning efficiency is then obtained by combining the efficiencies for 

the good and faint/snowy film, and is determined to be t" = (82.5 ± 11.2)%. This 

efficiency is higher than that obtained for the µ?r events : t"µ.w = (72.9 ± 6.5)%. A 

higher efficiency is expected because 2-prong events with additional neutral particles 

are easier to find in the bubble chamber film. 

6.3.2 ~Cut 
p 

The effect of the cut on the relative error on the momentum of the charged 

tracks, ~ < 60%, was estimated from the fraction of all 2-prong events passing 

the cut. This fraction was found to be 935/1032 = 0.906 ± 0.009 and the correction 
... 
factor is thus 1.104 ± 0.011. 

6.3.3 Pµ Cut 

The fraction of events passing the muon momentum cut p,.,. > 10 Ge V / c was 

determined to be 92.4 % from the coherent p production Monte Carlo simulation 

with the Rein-Sehgal parametrization of the p-nucleus differential cross section for 

R = 0 (see Sec. 4.2.2). The systematic error due to this choice of parametrization 

was estimated to be 1.6 % by comparing the above fraction with that obtained using 

the Belkov-Kopeliovich parametrization for R = 0.4 Q2 /m! ~ 1 (see Sec. 4.2.2). 

6.3.4 ltl Cut 

The ltl cut results in a reduction of the signal by a factor of 0. 765 which was 

determined from the Monte Carlo simulation with the Rein-Sehgal parametrization 

of the p-nucleus differential cross section for R = 0. This fraction was obtained using 

an uncertainty in the beam direction of 0.5 mrad. The systematic error due to this 

choice of parametrization was estimated to be 0.007 by comparing the above factor 

with that obtained using the Belkov-Kopeliovich parametrization of the p-nucleus 
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Figure 6.5: Gamma multiplicity distribution for µ± 7r'f ( n.., /) events. 

differential cross section for R = 0.4 Q2 /m! ~ 1. 

20 

To estimate a systematic error associated with the choice of beam direction 

uncertainty, we follow the same procedure as that followed in the case of the single 

pion channel (Sec. 5.2.4). The systematic error was estimated to be 0.036. 

As a result, the fraction of events passing the !ti < 0.1 GeV2 cut was determined 

to be 0. 765 ± 0.037. The systematic errors due to both the choice of p-nucleus cross 

section parametrization and the uncertainty in the beam direction have been added 

in quadrature. 

6.3.5 Gamma Detection Efficiency 

The/ detection efficiency is determined using the/ multiplicity distribution for 

µ± ?r'f (n.y 1) events, where n.y, the number of/, is any integer ~ 0. As seen in Fig. 

6.5, the distribution shows peaks at n.y = 0, 2 and, to a smaller extent, 4. Assuming 
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that only events with 1 71" 0 produced contribute to the number of events with 1 or 2 

'Y, the following system of equationsi is obtained 

- 2 E.., (1 - E..,) Niw-0 
(6.5) 

where Ni-, is the number of events with one and only one associated /, N2..,-w-0 is the 

number of events in the subsample of 2-1 events for which P( 7r0 ) > 1 % (i.e. we do 

require that the two 'Y are consistent with being daughters of the same 7r0 ), Niw-0 is 

the number of events with 1 71" 0 produced in the final state and f-y is the 'Y detection 

efficiency. The system (6.5) allows the unknown Nhro to be expressed in terms of 

f-, and thus the detection efficiency can be expressed as a function of the measured 

quantities Ni.., and N2-y-+wfl 

In the sample of 826 µ± 7r=F ( n-y 'Y) events, the number of events is Ni.., - 79 and 

N2-y-+7ro = 126 leading to a detection efficiency f-y = (76.1 ± 2.6)%. 

Moreover, it is shown below that assuming that only the 1 71"0 events contribute 

to the number of events with 1 'Y and 2 'Y -+ 71"0 , does not lead to a significant bias. 

This is due to the fact that events with 2 or more 71"0 contribute to Ni-y and N2..,_,.w-0 in 

a similar way. Using the efficiency calculated from (6.6), E-y = (76.1±2.6)%, we can 

determine the probability for an event with 2 71"0 to produce an event with only one 

detected/: Pi = 4 E-y (1-E..,)3 = (4.2±1.1)%. On the other hand, the probability for 

a 2-?r0 event to produce an event with 2 /-+ ,..o is P2 = 2 E.., (1- E..,)2 = (6.6 ± 0.9)%. 

Assuming that the number of events with 1 and 2 71"0 are the same, a modified 'Y 

detection efficiency may be written as 

f.' 
'Y Ni-y (1 - Pi)+ 2 N2-y_,.wfl (1 - P2) 

- 0. 757 ± 0.063 . 

1Throughout this chapter, we aasume that all -y come from 'lro decays. 
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Furthermore, the events with 3 or more 7ro have very small probabilities to produce 

events with 1 '"Y or 2 '"Y --+ '11'" 0 • As a consequence, we conclude that using Eq. (6.6) 

does not lead to biases in the determination of the '"Y detection efficiency. 

It is also possible to write down the complete set of equations between the number 

of events with 1, 2, ... , 9 '"'( observed and the number of events with 1, 2, ... , 5 71" 0 

produced: 

Ni.., = 2 €-y (1 - €-y) Niw-0 + 4 €-y (1 - €-y )3 N 2w-0 + 6 €-y (1 - €-y ) 5 N3w-0 

+8 €-y ( 1 - €-y )7 N4w'l + 10 €-y ( 1 - €-y )9 Nswo , 

N2-y - f~ Niwa + 6 f~ (1 - €-y)2 N2w'l + 15 f~ (1 - €-y)4 N3w-O 

+ 28 f~ ( 1 - €-y )6 N4w-0 + 45 f~ ( 1 - €-y )8 N 5w-0 , 

N3.., 4 ~ (1 - €-y) N2wo + 20 ~ (1 - €-y)3 N3w-0 + 56 ~ (1 - f..,) 5 N4w-0 

+120 ~ (1 - €-y)7 N 5w-0 , 

N4.., f~ N2w-0 + 15 f~ ( 1 - €-y )2 N3w-0 + 70 f~ ( 1 - €-y )4 N4w-0 

+210 f~ (1 - €-y)6 Nsw-0 , 

Ns.., 6 f; ( 1 - f-r) N3w-0 + 56 f; ( 1 - f-r )3 N4w-0 + 252 f; ( 1 - f-r )5 N 5w-0 , 

N&y f~ N3w-O + 28 < (1 - f-r)2 N 4w-0 + 210 f~ (1 - f-r)4 N 5w-0 , 

N1.., - 8 f~ (1 - f-r) N4w-O + 120 f~ (1 - f-r)3 N 5w-0 , 

Ns.., ~ N4w'l + 45 ~ (1 - f-r) 2 N 5w0 , 

N9-r 10 f; (1 - €.r) N5w0 . 

This system of nine equations with six unknowns (Niw0, N 2w0, N3w0, N4w0, N 5w0 and 

€.r) is then processed using MINUIT, a least squares minimization program [80]. 

Using the numbers from Fig. 6.5, the fit gives Niw0 = 229 ± 18, N 2w0 = 170 ± 18, 

N 3w0 = 126±19, N 4w0 = 40 ± 15, N 5w0 = 22 ± 10 and f-r = (78.8 ± 2.1)3 with a x2 

per degree of freedom of 1.97 /3 = 0.66. Based on these numbers, we would expect 

to observe 756 ± 76 7ro in the sample whereas 726 ± 38 are found. These 726 7ro 

were not obtained by full reconstruction of the 7ro as described in Sec. 6.1, but were 

simply obtained by finding, for each event, the maximum number of '"Y '"Y pairs with 

a mass within 3 u of the 7ro mass. 
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Thus, the fitted detection efficiency is close to that found using (6.6). However, 

we will use the results of (6.6) because several labs recorded only the first five 

upstream "Yin events with 5 "Y or more. 

The determination of the "Y detection efficiency, following Eq. (6.6), has the 

advantage that all sources of inefficiency are taken into account via their effect 

on the "Y multiplicity distribution. For example, losses of genuine primary "Y may 

arise in the process of removing bremsstrahlung 'Y from the sample, which would be 

translated into an increase in the number of 1 'Y events. Such an increase would then 

be reflected by a decrease in the detection efficiency computed from (6.6). 

In the remainder of this section we investigate some of specific sources of "Y 

detection inefficiency : conversions outside the bubble chamber volume and scan-

ning/measuring loss of conversions at large distances from the primary vertex. 

The conversion probability is expressed as 

P. _ l _ e-Lpoe/Co , 
conv (6.7) 

with 9 Xo 
Co - 7 (1- e) ' 

where Co is the conversion length and Lpot is the potential length (i.e. the distance 

between the primary vertex and the nearest bubble chamber wall along the flight 

direction of the photon). The conversion length is given in terms of the radiation 

length X 0 and a function e which depends on the momentum ( e -+ 0 as p -+ oo ). For 

neon, e = 0.073 at p = 1 GeV /c and e = 0.012 at p = 10 GeV /c [81]. The conversion 

length increases with decreasing momentum due to a corresponding decrease in the 'Y 

conversion cross section. In our sample of µ± ?r=F ( n.y 'Y) events, the average potential 

length is - 210 cm and the momentum-dependent conversion length is shown in Fig. 

6.6a. Two peaks are observed because the density of the bubble chamber liquid was 

different for the two data taking periods. The conversion probability computed as 

in Eq. (6.7) is shown in Fig. 6.6b. The average conversion probability is found to 

be (92.0 ± 0.2)3. 
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In addition to the probability to convert outside the bubble chamber, there is 

a scanning/measuring loss of/ conversions inside the bubble chamber but at large 

distances from the primary vertex. To investigate this, the distance distribution is 

mapped into a probability distribution in terms of the variable Qd [82] : 

where d is the distance between the conversion point and the primary vertex, and 

it is assumed that there is no loss at short distances. This assumption is reasonable 

because we are dealing with event topologies (events with only 2 prongs) for which 

the visibility near the interaction vertex is very good. This probability is expected 

fo be distributed uniformly between 0 and 1. Fig. 6.6c compares the distribution 

obtained using the µ± 7r=i= ( n-y I) sample with that obtained from our pseudo 7ro Monte 

Carlo simulation (Sec. 4.2). As expected, the distribution for the simulated ?ro 

decays is uniform. However, there is an indication of a loss of/ at Qd > 0.7 which 

corresponds to a loss of/ conversions at large distances. Assuming a fiat distribution 

and using the data at Qd < 0.7 to find the total expected number of/, the efficiency 

to detect conversions inside the bubble chamber is estimated to be (92.6 ± 3.0)%. 

Combining this efficiency with the average conversion probability yields an upper 

limit on the overall efficiency of (85.2 ± 2.8)%. This value is expected to be higher 

than the value extracted from the / multiplicity distribution, f.y = (76.1 ± 2.6)%, 

since it does not include the random losses in the scanning/measuring process or 

possible losses in the removal of bremsstrahlung photons. Nevertheless, it indicates 

that f.y is a reasonable estimate of the overall / detection efficiency. 

6.3.6 Total Correction 

The various correction factors are summarized in Table 6.1 for allµ.± w=F w0 events 

and the overall correction factor is determined to be 3.27 ± 0.50. 

The signal was extracted for a series of different cuts on !ti in order to determine 
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the systematic error due to the particular choice of ltl cut. Table 6.2 presents the 

corrected signal for the following values of the cut: 0.05, 0.1, 0.15 and 0.2 GeV2 • The 

corrected signals obtained for the first three cuts are consistent with one another 

whereas the signal obtained for ltl < 0.2 GeV2 is lower. This last value is not 

inconsistent with the others but tends to increase the r.m.s. Note that a lower value 

of the signal at jtj < 0.2 GeV2 was also obtained in the case of the jtj distributions 

for µ± ?r=i= X 0 events (Sec. 4.1.2). The r.m.s. for the four values of the corrected 

signal is 4. 7 events based on which the systematic error due to our particular choice 

of ltl cut is estimated to be 19 %. 
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Table 6.1: Correction factors for coherent single p events. 

v+v 
~ cut correction (c1 ) 1.104 ± 0.011 

Scanning efficiency ( c2 ) 0.825 ± 0.112 

Fraction with pµ > 10 GeV /c (ca) 0.924 ± 0.016 

Fraction with !ti< 0.1 GeV2 (c4 ) 0. 765 ± 0.037 

Gamma detection efficiency ( c5 ) 0. 761 ± 0.026 

Total correction factor 

ci/ ( C2 • C3 • C4 • en 3.27 ± 0.50 

Table 6.2: Single p coherent signal for different cuts on !ti. The !ti distributions for 
events without and with stubs have been normalized at ltl > 0.2 GeV2 • 

!ti cut #Events below !ti cut Signal Fraction MC Signal 

(GeV2 ) w/o stubs with stubs observed passing cut corrected 

0.05 16 2 12.6 ± 5.2 0.585 21.5 ± 8.9 

0.1 26 4 19.2 ± 6.8 0.765 25.1 ± 8.9 

0.15 29 5 20.6 ± 7.3 0.839 24.6 ± 8.7 

0.2 30 10 13.1 ± 8.5 0.878 14.9 ± 9.7 
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Table 6.3: Single p signal and cross section. The error on the corrected signal 
includes the systematic error introduced by the choice in !ti cut. 

v +v 

Events w / o stubs 84 

Events with stubs 42 

Events w/o stubs jtj < 0.1 GeV2 26 

Events with stubs !ti < 0.1 GeV2 4 

Signal !ti< 0.1 GeV2 (observed) 19.2 ± 6.8 

Signal (corrected) 62.8 ± 27.0 

Nee 27763 ± 689 

NeoH/Nee (x10-2 ) 0.23 ± 0.10 

ueoH ( x 10-4o cm2 ) 227 ± 98 

6.4 p Production Results 

6.4.1 The Integrated Cross Section 

After correction for all identified losses, the number of single p coherent events 

is determined to be 62.8 ± 27.0, where the error includes the systematic error corre-

sponding to the dependence on the particular choice of the jtj cut. 

The number of charged current events corresponding to the corrected signal is 

27763 ± 689 (see Sec. 5.3). The resulting rate of p coherent production with respect 

to the total number of charged current interactions is thus (0.23 ± 0.10)%. The cross 

section is then computed using the measured total charged current cross section [70] 

and is found to be 

ueoH(vµ(vµ) +Ne-+µ-(µ+)+ p+(p-) +Ne) 

= (227 ± 98) x 10-40 cm2 / neon nucleus (6.8) 

for an average beam energy of 86 GeV. These results are summarized in Table 6.3. 
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Figure 6.7: ?r± ?r0 invariant mass forµ± ?r::i:: ?r0 events at !ti < 0.1 GeV2 • The events 
with stubs (shown cross-hatched) have been properly normalized and subtracted 
from the distribution for events without stubs. The dashed curve represent the 
simulated p line shape normalized to the observed coherent signal. 

Fig. 6. 7 shows the ?r± ?ro invariant mass distribution for the µ± ?r::i:: ?ro events 

at !ti < 0.1 GeV2 • The simulated shape of the p resonance is superimposed for 

comparison and shows that most of the signal at !ti < 0.1 GeV2 is indeed compatible 

with the decay p± -+ 7r± ?r0 • 

Contrary to the case of single pion coherent production, there is little experimen-

tal data on single p coherent production (see Table 6.4). Only two previous bubble 

chamber experiments have measured such cross section: 

• Using the Fermilab 15-foot Bubble Chamber exposed to a IIµ beam, the E546 

collaboration reported a value of u = (190 ± 60) x 10-40 cm2 per neon nucleus 

with an average neutrino beam energy of 51 GeV [83, 84]. 

• Using BEBC exposed to a 11µ beam, the WA59 collaboration reported a value 
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Ta.hie 6.4: 

Experiment 

This exp. 

E546 (83] 

WA59 (85] 

Summary of experimental results on single p coherent cross sections in 
( a.nti)neutrino charged current interactions. 

Reaction <Ev> A Signal Cross section 

(GeV) observed (10-40 cm2 JN) 

111A(ii1A)Ne-+ µ-(µ+)p+(p-)Ne 86 20 19.2 ± 6.8 227 ± 98 

111A Ne-+µ- p+ Ne 51 20 9.5 ± 3.5 190 ± 60 (84] 

illA Ne-+µ+ p- Ne 27 20 33± 7 95 ± 25 

NcoH/Ncc 

{0.23 ± 0.10)3 

{0.28 ± 0.10)3 

{0.52 ± 0.10)3 



of u = (95 ± 25) x 10-40 cm2 per neon nucleus with an average antineutrino 

beam energy of 27 GeV [85]. 

6.4.2 µ 7r / Events 

As a check of the coherent signal and of the estimated 'Y detection efficiency, the 

signal for µ± 7r=F 'Y events was also extracted. A signal of 10.0 ± 6.3 events is found 

at ltl < 0.1 GeV2 • This is to be compared with the signal expected on the basis of 

the observation of 19.2 ± 6.8 µ± 7r=F 71"0 events at ltl < 0.1 GeV2 : 

where F.., is the fraction ofµ± 7r=F 71" 0 events at ltl < 0.1 GeV2 for which the value of 

ltl remains below 0.1 GeV2 if one 'Y is removed. Simulation of coherent p production 

predicts this fraction to be ,..., 0.60. This value is consistent with the value extracted 

from ourµ± 7r=F .,...o data at ltl < 0.1 GeV2 : F.., = 35/60 = 0.58 obtained by removing 

one of the two 'Y in each of the 30 events at ltl < 0.1 GeV2 • Thus, the number of 

µ± 7r=F 'Y events at ltl < 0.1 GeV2 is expected to be 7.2 ± 2.6, which is compatible 

with the observed signal of 10.0 ± 6.3 events. 

6.4.3 The Energy Dependence 

The coherent p production cross section as a function of energy is shown in 

Fig. 6.8 along with the predictions based on the Rein-Sehgal (R-S) and Belkov-

Kopeliovich (B-K) parametrizations of the p-nucleus differential cross section (see 

Sec. 4.2.2). Two parametrizations of R, the ratio of longitudinal and transverse p 

production cross sections, were used : R = 0 and R = 0.4 Q2 /m! (R $ 1). The 

predicted cross section is significantly higher for the second parametrization but the 

existing data do not allow one to decide which one is the best representation. The 

uncertainty in the predicted cross sections is estimated to be ,..., 15 - 20 %. This 

estimate includes the uncertainty in the total pion-nucleon cross section and the 
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Figure 6.8: Single p coherent production cross section as a function of energy. The 
curves represent the predictions of the Rein-Sehgal and Belkov-Kopeliovich models 
(Sec. 4.2.2). Note that, for the WA59 data, the horizontal error bar represents the 
range of energy covered, whereas for the data from this experiment and from E546 
it represents the energy range containing 68% of the (anti )neutrino flux. 
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Figure 6.9: Distribution of the cosine of the angle between the daughter charged 
pion and the parent p flight direction in the p center of mass. The curve represents 
the fit described in the text. 

coupling constant f p±. In addition, it also includes the uncertainty in the absorption 

factor F.b. and the slope parameter bin the case of the R-S model, whereas in the 

case of the B-K model, it includes the uncertainty in the slope parameter BT and 

the total pion-nucleus cross section due to the effect of inelastic screening. 

6.4.4 Longitudinal p Production 

The angular characteristics of the events at !ti < 0.1 GeV2 allow the fraction of 

longitudinally produced p mesons to be determined. The cosine of the angle between 

the daughter charged pion and the flight direction of the parent p meson in the p 

center of mass is shown in Fig. 6.9. The data were fitted to the p decay angular 
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distribution [3] : 

W(cosO) = ~ [1 - r: + (3r: - 1) cos2 0] , 

where r~ is one of the p± density matrix elements which represents the probability 

to produce a longitudinally polarized p meson. As a result of the fit , the m< 

element is determined to be r: = 0.40 ± 0.18. Furthermore, the value of the fraction 

between longitudinal and transverse production of p mesons is related to r~ via the 

expression [3] 

which implies that for the fitted value of r~ we find R = 0. 7 ± 0.4, i.e. there is a 

significant production of longitudinally polarized p .mesons. 

It is interesting to compare this result with that obtained in Tl,,. charged current 

interactions by the WA59 Collaboration [85], r~ = 0.41±0.19 which implies a value 

R = 0.8 ± 0.4. In the case of v,,. interactions, E546 finds R ~ 0.2 [83]. A large 

fraction of longitudinally polarized p0 mesons was also observed in several electro-

and muo-production experiments (86, 87, 88, 41] with beam energies ranging from 

,..., 10 to 300 GeV. However, one muoproduction experiment [89] with beam energies 

of 100 and 150 GeV finds values of Rat the 10% level. 

6.5 Kinematical Characteristics 

In this section, the distributions of a number of kinematical variables are com-

pared with theoretical predictions. Figs. 6.lo-6.18 show the distributions of the 

total energy E, the energy transfer v, the square of the W boson four-momentum 

Q2 , the invariant mass of the hadronic system W, the Bjorken x and y variables, 

the square of the momentum transfer to the nucleus !ti, the minimum value of ltl 
needed to produce the final state p meson tmin and the variable t'. See Appendix C 

for definitions of all the variables. The distributions correspond to the distributions 
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for events without stubs at !ti < 0.1 GeV2 from which the normalized distribu-

tions for events with stubs at jtj < 0.1 GeV2 (shown cross-hatched) are subtracted. 

Also shown in the figures are the results of the Monte Carlo simulation using the 

Belkov-Kopeliovich parametrization and two different parametrizations of R (see 

Sec. 4.2.2). Predictions based on the Rein-Sehgal parametrization (see Sec. 4.2.2) 

are not shown in those :figures for which very little difference is found between the 

B-K and R-S curves. The model predictions have been normalized to the number 

of events observed (19.2 µ7r events) rather than to the predicted number of events 

since we are mostly interested in the shape of the distributions. 

Good agreement between the predicted curves and the data is observed in the E, 

Q2 and x distributions, but the simulation predicts values of v, Wand y which seem 

to be somewhat higher than indicated by the data. In particular, the v distribution 

(Fig. 6.11) shows a lack of events at high values of the energy transfer. There is no 

data at v > 40 GeV whereas the simulation predicts that ,..., 25 % of the coherent 

signal should have v > 40 GeV. It is conceivable that this is partly due to a loss of 

high momentum ,...0 • However, the average 7ro and 7r=F momenta, 9.1±1.4 GeV /c and 

9.2 ± 1.5 GeV /c respectively, do not indicate the existence of such a loss. A slight 

deficit of events at high v was already observed by WA59, and was even more striking 

in the data reported by E546. For the latter, the average value of v was found to 

be 20 ± 5 Ge V with a predicted value of 36 Ge V. Moreover, the E546 collaboration 

reported a large discrepancy between the expected and observed number of events at 

high energy: only one event was observed at E > 80 GeV where,..., 6 were expected. 

No such discrepancy is observed in our data sample (see Fig. 6.10). 

Except for the Q2 distribution, there is very little difference between the shapes 

of the predicted distributions obtained using R = 0 or R = 0.4 Q2 /m! ~ 1. The 

predicted Q2 distribution (Fig. 6.12) shows a decrease at very small values. This 

agrees with the data and the expectation according to which the cross section u -+ 0 

as Q2 -+ 0 by virtue of the eve hypothesis. 
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The distributions of the momentum transfer variables !ti (Fig. 6.16) and t' (Fig. 

6.18) appear :flatter than expected. Here, we have shown the predicted distributions 

for both the R-S and B-K parametrizations; the distributions for R = 0 and R = 
0.4 Q2 /m~ ~ 1 are not shown but they are also nearly identical in shape. The slope 

s of the t' distribution was computed using the maximum likelihood method in the 

t' interval of 0 to t~o.z = 0.1 GeV2 - tmin· The slope was determined to be 

s = 24 ± 9 Ge v-2 , (6.9) 

which is consistent with the interpretation of our µ7r7ro sample at !ti< 0.1 GeV2 as 

due to the coherent production of p mesons off neon nuclei. 

The average values of the kinematical variables are summarized in Table 6.5. 
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Table 6.5: Average values of kinematical variables for single p coherent events at ltl < 0.1 GeV2 • The predictions of 
the Monte Carlo simulation are also given for the Belkov - Kopeliovich (B - K) a.nd Rein - Sehgal (R - S) 
parametrizations of the p-nucleus cross section, as well as for two choices of R (see Sec. 4.2.2). 

Data B-K B-K R-S R-S 

R=O R = 0.4 Q2 /m! ~ 1 R=O R = 0.4 Q2 /m! ~ 1 

<E> (GeV) 98.1±11.6 104.2 106.4 101.8 103.5 

<Pµ > (GeV /c) 79.9 ± 11.5 72.8 74.8 71.2 72.7 

<v> (GeV) 18.2 ± 2.0 30.8 31.0 29.9 30.1 

< Q2 > (GeV2) 2.03 ± 0.52 2.20 2.36 2.12 2.28 

<W> (GeV) 5.63 ± 0.33 6.90 6.94 6.79 6.83 

<x> 0.055 ± 0.011 0.045 0.049 0.045 0.048 

<y> 0.249 ± 0.032 0.327 0.324 0.323 0.321 

< ltl > (GeV2) 0.037 ± 0.005 0.032 0.033 0.033 0.033 

< tmin > (GeV2) 0.006 ± 0.002 0.006 0.007 0.006 0.006 

< t' > (GeV2) 0.031 ± 0.005 0.026 0.026 0.026 0.027 

t' slope (Gev-2) 24± 9 33 32 31 30 

<E> 0.938 ± 0.015 0.869 0.875 0.871 0.876 
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Chapter 7 

Summary of Results 

Using the Fermilab 15-foot Bubble Chamber, we have studied the coherent 

production of pions and p mesons in (anti)neutrino charged current interactions on 

neon nuclei. The bubble chamber, filled with a heavy Ne-H2 liquid, was exposed 

to the Fermilab Quadrupole Triplet beam produced by 800 Ge V protons from the 

Tevatron. The muons were identified using the EMI and IPF arrays of proportional 

tubes. 

The present work comes from the analysis of 330 000 frames, corresponding to 

5.5 x 1017 protons on target. All neutral interactions with two prongs were measured 

in those frames, whereas 293 (783) of the ~lumber of events with three (four) prongs 

were measured. 

7.1 Coherent Production of Single Pions 

For the study of the coherent production of single pions in IIµ and Iiµ charged 

current interactions, we selected a sample of 246 µ± 7r=F events, 168 without stubs 

and 78 with stubs. Using the ltl distributions for events without and with stubs, 

a coherent signal of 52.1 ± 9.4 events is extracted for ltl < 0.1 GeV2 • In that 

range of ltl values, there are 63 µ± 11'=F events without stubs and 7 µ± 7r=F events with 

stubs. Several tests were carried out to ensure that the signal is fairly insensitive 

to the choice of background sample. The losses have been evaluated and the overall 

correction factor is estimated to be 1.663 ± 0.183, leading to a corrected coherent 

signal of 86.6 ± 19.6 events. 
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The number of inclusive 11µ and llµ charged current interactions on neon nuclei 

corresponding to the sample of 2-prong interactions used in this work1 has been 

estimated to be 27763 ± 689 after correction for the losses. The rate for single pion 

coherent production with respect to the total number of charged current interac-

tions is thus found to be (0.31 ± 0.07)% for 11µ and llµ interactions combined. It 

is (0.28 ± 0.07)% for 11µ interactions and (0.54 ± 0.23)% for llµ interactions. Us-

ing the measured inclusive charged current interaction cross sections and the cal-

culated average beam energies 1 the coherent cross sections are determined to be 

ucoH( 11µ Ne -+ µ- ?r+ Ne) = (337 ± 85) x 10-40 cm2 / neon nucleus for an average 

11µ beam energy of 91.1 GeV1 ucoH(llµ Ne-+µ+ ?r- Ne)= (263±112) x 10-40 cm2 

j neon nucleus for an average llµ beam energy of 74.5 GeV and ucoH(11µ(1lµ) Ne-+ 

µ-(µ+)?r+(?r-)Ne) = (313 ± 72) x 10-40 cm2 /neon nucleus for a combined 11µ + 
llµ average beam energy of 86.3 GeV. 

The cross section as a function of energy was compared with the predictions 

of two models based on the hadron dominance model and the PCAC hypothesis: 

the Rein-Sehgal model and the Belkov-Kopeliovich model. Good agreement with 

our data and previous experimental data is observed at energies ;S 50 GeV but the 

predicted cross sections appear to be systematically below the data at high energy. 

Our measured cross section at energies greater than 80 Ge V is higher than the 

predicted cross sections but consistent with them. 

The kinematical characteristics of the coherent interactions at !ti < 0.1 GeV2 

have been compared with the predictions of the above models. Good overall agree-

ment is obtained. The comparison of average values of kinematical variables seem 

to favor the results of the Belkov-Kopeliovich model with a p ?r cut nucleon form 

factor. Finally, the slope of the t' distribution was found to be 32 ± 6 Gev-2 which 

agrees with the expected slope for coherent interactions on neon nuclei. 

Our results thus corroborate the findings of previous experiments at lower energy 

and provide a successful test of PCAC at higher energies. 
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7.2 Coherent Production of Single Rho Mesons 

We have also studied the coherent production of single p mesons in 11,., and 11,., 

charged current interactions. Here, the data sample consists of 126 µ± 7r:r 7ro events, 

84 without stubs and 42 with stubs. Using the !ti distributions for events without 

and with stubs, a coherent signal of 19.2 ± 6.8 events is extracted for !ti < 0.1 GeV2 • 

In that range of ltl values, there are 26 µ± 7r:r 71" 0 events without stubs and 4 µ± 7r:r 7ro 

events with stubs. 

Losses have been taken into account and the overall correction factor was esti-

mated to be 3.27 ±0.50 leading to a corrected number ofµ± 7r:r 7ro events of 62.8±27 .0. 

Thus, the production rate with respect to the total number of charged current events 

is found to be (0.23 ± 0.10)%. Using this rate, the measured total charged current 

cross sections and the average 11,., +Ii,., beam energy of 86.3 GeV, the cross section for 

p± coherent production is measured to be ucoH(11,.,(1i,.,) Ne--+µ-(µ+) p+(p-) Ne)= 

(227 ± 98) x 10-40 cm2 / neon nucleus. 

The cross section was compared with the predictions based on the hadron dom-

inance model using the Rein-Sehgal and the Belkov-Kopeliovich parametrizations 

of the p-nucleus differential cross section, as well as two forms of R, the ratio of 

longitudinal and transverse p production : R = 0 and R = 0.4 Q2 /m! ~ 1. The 

angular characteristics of the p decay indicate that a large fraction of the p mesons 

are produced with a longitudinal polarization. 

The kinematical characteristics of the µ± 7r:r 7ro events at !ti < 0.1 GeV2 were 

compared with the predictions of the model. Good agreement was observed for the 

E, Q2 and x distributions but a significant deficit of events was observed in the 11 

distribution at high values of 11. The slope of the t' distribution was found to be 

24 ± 9 Ge v-2 , in agreement with the value expected for coherent scattering off neon 

nuclei. 

154 



Appendix A 

E632 Collaboration 

H. C. Ballagh, H. H. Bingham, W. B. Fretter, J. Lys, G. P. Yost 

University of California, Berkeley, USA. 

P. J. W. Faulkner, G. T. Jones, R. W. L. Jones, R. J. Krawiec, K. E. Varvell 

University of Birmingham, UK. 

M. Barth, E. De Wolf, P. Marage, J. Moreels, J. Sacton, L. Verluyten 

Inter-University Institute for High Energies (ULB-VUB), Brussels, 

Belgium. 

G. Harigel, D.R. 0. Morrison, P. Schmid, H. Wachsmuth 

CERN, Switzerland. 

M. M. Aggarwal, T. K. Chatterjee, M. Kaur, J.M. Kohli, I. S. Mittra, J.B. Singh, 

P. M. Sood 

Panjab University, India. 

J. Hanlon, W. Smart, L. Voyvodic 

Fermilab, USA. 

R. J. Cence, F. A. Harris, V. Jain, M. D. Jones, M. W. Peters, V. Z. PeteHon 

University of Hawaii, USA. 

R. C. Campbell, E. F. Clayton, D. B. Miller, M. M. Mobayyen, P. Nailor, 

S. Wainstein 

Imperial College of Science, Technology and Medicine, UK. 

155 



R. A. Burnstein, P. Kasper, R. Naon, H. A. Rubin 

Illinois Institute of Technology, USA. 

P. V. K. S. Baba, S. K. Badyal, Devanand, V. K. Gupta, G. L. Kaul, N. K. Rao 

University of Jammu, India. 

M. Aderholz, N. Schmitz, W. Wittek 

Max-Planck-Institut fiir Physik und Astrophysik, Munich, Germany. 

P. P. Allport, G. Corrigan, G. Myatt 

Department of Nuclear Physics, Oxford, UK. 

D. DeProspo, P. Jacques, M. Kalelkar, M. Lauko, R. Plano, P. Stamer 
0 

Rutgers University, USA. 

J. Guy, R. Sekulin, S. Sewell, W. Venus 

Rutherford Appleton Laboratory, UK. 

J. P. Baton, C. Coutures, M. A. Jabiol, P. Kasper, M. Neveu 

DPhPE, Centre d'Etudes Nucleaires, Saclay, France. 

E. B. Brucker, E. L. Koller 

Stevens Institute of Technology, USA. 

H. Akbari, T. Kafka, W. A. Mann, R. H. Milburn, A. Napier, D. Passmore, 

B. Saitta, J. Schneps, S. Willocq 

Tufts University, USA. 

156 



Appendix B 

Derivation of the formula for ltl 

Let us consider the case of an interaction with a target nucleus initially at rest 

and with no stubs in the final state. Given the four-momentum vectors for the target 

nucleus in the initial and final state, 

Ni - (MN,O), 

N1 - (EN,PN) , 

the square of the four-momentum transfer to the nucleus becomes 

ltl = -t - -(N1 - M)2 

- -(EN - MN) 2 + IPNl2 

- IPN-1 2 
- K1 ; (B.1) 

since E.N = M.N + K.N, with K.N the kinetic energy of the nucleus in the final state. 

Momentum conservation implies 

...... ~-PN = p., - L.JP& , 

' 
where the sum is over all the particles observed in the final state. Moreover, 

p., = E., x = [EE, + KN] x , 
' 

with x = P.,/IP.,I a unit vector along the neutrino beam direction. The nucleus 

momentum can then be expressed as 

PAr - [~E, +KN] x - ~p. 
• • 

- [E(E, - PiL) +KN] x - EP.T , 
i i 

157 



where the final state three-momenta have been separated into longitudinal and trans-

verse components with respect to the neutrino direction. Consequently, the square 

of the four-momentum transfer becomes 

ltl - [~)Ei - PiL) + KNr + [LPiTr - K'Ji 
i i 

- [2)Ei - PiL)r + [EPiTr + 2 E<Ei - PiL) KN (B.2) i i i 
'"" [E(Ei - PiL)r + [EPiTr . 

i i 

Neglecting the last term in (B.2) leads to an error of 

~ltl 

ltl 
2E(Ei - PiL)KN 

ltl 
2/jti KN 2/jtj IP-v 12 

< ltl = -lt-1 2MN . 

From (B.1), IP-vl2 ~ !ti because K'Ji < 10-5 GeV2 for ltl < 0.1 GeV2• Thus, 

which is ;5 1.2% for !ti= 0.05 GeV2 and ;5 1.73 for ltl = 0.1 GeV2
, with the mass 

of the neon nucleus MN= 18.9 GeV. 
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Appendix C 

Definition of the Kinematical Variables 

The kinematical variables used to describe the scattering of leptons off nucleon 

or nuclear targets are the following (see Fig. C.l): 

q - k- k' the four - momentum transfer, 

II 
q·p 

- M 

- E-E' (LAB) the energy transfer in the lab frame, 

Q2 - -q2 the square of the four - momentum transfer, 

"' 4E E'sin2 ~ 
2 

where () is the scattering angle in the lab frame 

and the lepton masses have been neglected, 
Q2 

the Bjorken x variable, which in the quark-x - 2M 11 

parton model corresponds to the fraction of 

momentum carried by the struck quark, 
q·p the Bjorken y variable, which represents the y - k·p 
II 

(LAB) fractional energy transfer in the lab frame, - E 
w2 - (p + q)2 the square of the invariant mass of the 

- M 2 + 2 M 11 - Q2 hadronic system, 

The initial and final lepton four-momenta are represented by k and k' whereas the 

target initial four-momentum is represented by p and Mis the mass of the target. 
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l (k) l' (k') 

N (p) 

Figure C.l: Feynman diagram for the scattering of leptons off nucleon or nuclear 
targets. 

To describe the diffractive scattering of hadrons off nucleon or nuclear targets, 

the following momentum transfer variables are also introduced: 

• t, which is the square of the momentum transfer to the target, 

• tmin, which is the minimum value of the momentum transfer !ti necessary to 

produce a final state hadron V of mass mv. tmin is usually approximated by 

tmin '.::::::'. ( Q2 2+11m~) 2 , 

but the exact expression for tmin is given by [90] 

tmin 
A2 - VA~ - A1 A3 

- A1 

with A1 
211 Q2 

- 1+ M - Af2, 

A2 - 2 ( Q2 + 112) - ( 1 + ~) ( Q2 + mi) , 

A3 - (Q2 + m~)2, 

• t', which is the difference between the square of the mornentum transfer to the 

target and its minimum value 

t' - ltl - tmin · 
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