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H3ydenne KB 3UyHpPYroro p CCesHHs MIOOHHOTO ( HTH)HEHTPHHO
B akcnepumente NOMAD

Il HH 9 p 6OT TOCBSIIEH H3YYEHUIO IPOLECCOB KB 3UYIPYTOr0 P CCESHHMS MIOOHHBIX HEHTPHHO
¥ HTHHedTpUHO (Vyn — p”p W Pup — ptn) B skcnepumente NOMAD. Usmepenue cedenuii
I HHBIX IIPOIECCOB H sfIepHOIl MHIIEHH (IPEHMYILECTBEHHO YIJIEpOIEe) BBINOIHEHO IIOCPEICTBOM HOp-
MHPOBKM H TIONHOE CEYeHHE B3 MMoOmeHcTBHA vy, (Vy) MO K H Jy 3 paXeHHOro Tok . Jmd ceve-
HUI HEHTPUHO W HTUHEHTPUHO, YCPEIHEHHBIX IO CIEKTpYy B uHTepB Jie sHepruil 3—-100 I3B, nomy-
YEHBI CIEAYIOIME Pe3yIsT Thi: (0gel)y,, = (0,92 + 0,02 (cr 1.) + 0,06 (cuer.)) - 10738 cM? u
(0gel)z, = (0,81 £0,05 (cr 1.) £0,08 (cucr.)) - 10738 cm?. 3u yenue Kcu IbHOM M CCBI HYKIIOH
M 4, coOTBeTCTBYyIOIIEE (Tqel)v,,, P BHO My = 1,05 £ 0,02 (cr 1.) + 0,06 (cucr.) I'®B. Omo H -
XOIUTCS B XOPOLIEM COINl CHU C BeTMYMHOH M 4, BBIYHCICHHOU JUIS CEeYeHHS KB 3HYNPYroro p CCesHUs
HTHHEHTPUHO, M He TPOTHBOPEYMT JI HHBIM, TIOMYYEHHBIM M3 H Ju3 (Q2-p crpeneneHus, HO 0OM 1 er
H UMEHbIIeH CHCTeM THYecKoil ommOKoil. H iimenHoe 3H 4yeHne M4 XOPOLIO COIJT CYeTCsl C yCpeOHEH-
HBIM pe3yIbT TOM HpebIIynux uiMepenuil. Hex BHO omyOnnKoB HHble u3MepeHus M 4 B 9KCIEPHMEHT X
K2K u MiniBooNE HecKonbKo OT/IMY IOTCS OT H IIEro 3H YeHMs, XOTS (hopM JIBHO U HE NPOTUBOpPEY T
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A Study of Quasi-Elastic Muon (Anti)Neutrino Scattering
in the NOMAD Experiment

We have studied the muon neutrino and antineutrino quasi-elastic (QEL) scattering reactions (v n —
u~p and Dyp — ptn) using a set of experimental data collected by the NOMAD collaboration. We
have performed measurements of the cross section of these processes on a nuclear target (mainly carbon)
normalizing it to the total v, (©,,) charged current cross section. The results for the flux averaged QEL
cross sections in the (anti)neutrino energy interval 3—-100 GeV are (0ge1)v,, = (0.92 & 0.02 (stat.) =+
0.06 (syst.)) - 10738 em? and (oge1)s, = (0.8140.05 (stat.) £0.08 (syst.))- 10738 cm? for neutrino
and antineutrino, respectively. The axial mass parameter M 4 was extracted from the measured quasi-
elastic neutrino cross section. The corresponding result is M4 = 1.05+0.02 (stat.) +0.06 (syst.) GeV.
It is consistent with the axial mass values recalculated from the antineutrino cross section and extracted
from the pure Q2 shape analysis of the high purity sample of vy quasi-elastic 2-track events, but has
smaller systematic error and should be quoted as the main result of this work. The measured M 4 is found
to be in good agreement with the world average value obtained in the previous deuterium filled bubble
chamber experiments. These results do not support M 4 measurements published recently by the K2K
and MiniBooNE collaborations, which reported somewhat larger values, which are however compatible
with our results within their large errors.
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1. INTRODUCTION

A precise knowledge of the cross section of (anti)neutrino—nucleus quasi-
elastic scattering process (QEL) is important for the planning and analysis of any
experiment which detects astrophysical, atmospheric or accelerator neutrinos. The
available measurements from the early experiments at ANL [1-4], BNL [5-8],
FNAL [9,10], CERN [11-18] and IHEP [19-22] have considerable errors due
to low statistics and a lack of knowledge of the precise incoming neutrino flux.
Unfortunately, even within these large errors, the results are often conflicting.

This subject remains very hot. Recently several attempts have been made to
investigate the QEL process in the data collected by modern accelerator neutrino
experiments (such as NuTeV [23], K2K [24,25] and MiniBooNE [26]). Unfor-
tunately, they have not clarified the situation again due to large errors assigned
to their measurements. Dedicated experiments, such as, e.g., SciBooNE [27] and
MINERvVA [28], are now being performed.

In the present analysis, we study both v, and ¥, QEL scattering in the data
collected by the NOMAD collaboration. The NOMAD detector was exposed to
a wide-band neutrino beam produced by the 450 GeV proton synchrotron (SPS,
CERN). A detailed description of the experimental set-up can be found in [29].
The characteristics of the incoming neutrino flux are given in [30].

The large amount of collected data and the good quality of event reconstruc-
tion in the NOMAD detector provide a unique possibility to measure the QEL
cross section with unprecedently small statistical errors. The data sample used
in this analysis consists of about 751000 (23000) v,, (¥,) charged-current (CC)
interactions in a reduced detector fiducial volume. The average energy of the
incoming v, (¥,) is 25.9 (17.6) GeV.

The paper is organized as follows. In Sec.2 we give a brief review of
the published experimental data on QEL (anti)neutrino scattering. The NOMAD
detector and the incoming neutrino flux are briefly discussed in Sec.3. In Sec.4
we outline the MC modeling of signal and background events, emphasizing also
the importance of nuclear effects. Section5 is devoted to the selection of the
QEL events; we describe the QEL identification procedure and compare the MC
predictions with experimental data. The methods used to measure the QEL cross
section and the phenomenological axial mass parameter M 4 are the subjects of



Sec.6. The systematic uncertainties are summarized in Sec.7. The results are
presented in Sec. 8. Finally, a summary and discussion of the obtained results are
given in Sec.9.

2. REVIEW OF EXISTING EXPERIMENTAL DATA ON QUASI-ELASTIC
(ANTD)NEUTRINO SCATTERING

Let us start with a brief review of existing experimental data on (anti)neutrino
nucleon QEL scattering.

Figures 1 and 2 show a compilation of available data on the cross-section
measurement of the v, quasi-elastic scattering off deuterons (and other nuclei
or composite targets like freon, propane, liquid scintillator) as a function of the
incoming neutrino energy. In Fig.3 a similar plot is presented for the case of
U, scattering. From these figures one can conclude that the QEL cross section
measured in different experiments can vary by 20-40%.

- 4 CERN BEBC 90, D,

1.4a ANL73,D,
o ANL77,D,
o BNL 81, D,
v FNAL 83,D,
[ M error
—— Bernard best fit M,

o, 1 038 ¢cm?

{I...I...

0.8
0.6
0.4
0.2

107! 1 10 102 E,, GeV

Fig. 1. Total cross section of v,n — p~ p process extracted from v, D scattering data. The
solid curve corresponds to the world average value of axial mass M4 = 1.026 GeV while
the shaded area shows a £0.021 GeV error band. Points correspond to available experi-
mental data from ANL 73 (Argonne 12-foot BC) [2], ANL 77 [3], BNL 81 (Brookhaven
7-foot BC) [6], FNAL 83 (FermiLab 15-foot BC) [9], BEBC 90 (CERN, Big European
Bubble Chamber) [18]; corrections for nuclear effects have been made by the authors of
the experiments

The existing data on (anti)neutrino QEL scattering come mostly from bubble
chamber (BC) experiments. In general, these data suffer from small statistics.
Moreover, results of several old experiments [12—-14] have large systematic un-
certainties due to the poor knowledge of the incoming neutrino flux and of
background contamination in the selected events.
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Fig. 2. Total cross section of v,n — p~ p process extracted from the data on v, scat-
tering off heavy nuclei. Nuclear effects are included into calculations according to the
relativistic Fermi gas model by Smith and Moniz [31] for carbon with binding energy
E, = 25.6 MeV and Fermi momentum Pr = 221 MeV; the axial mass value is the
same as for Fig. 1. Points correspond to available experimental data from ANL 69 (spark-
chamber) [1], NuTeV 04 (FermiLab) [23], CERN HLBC 69 (CERN, Heavy Liquid Bubble
Chamber) [14], CERN GGM 77 (CERN, Gargamelle BC) [15], CERN GGM 79 [17],
IHEP 85 (IHEP, spark-chamber) [20], IHEP SCAT 90 (IHEP, BC) [22]
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Fig. 3. Total cross section of ,p — " n process extracted from the data on 7, scattering
off heavy nuclei. Nuclear effects are included into calculations according to the relativistic
Fermi gas model by Smith and Moniz [31] for carbon; the axial mass value is the same
as for Fig. 1. Points correspond to available experimental data from CERN GGM 77 [15],
CERN GGM 79 [16], IHEP 85 [20], IHEP SCAT 90 [22] and NuTeV 04 [23]



The total QEL cross section was recently measured in data collected by
the NuTeV collaboration [23]. The number of QEL events identified in their
analysis are comparable with the total world data obtained in the previous exper-
iments. However, the results reported for the antineutrino case fall well outside
the most probable range of values known today and hence, seem to exhibit
a systematic shift.

Another intriguing subject in the study of the neutrino quasi-elastic scatter-
ing is the axial structure of the nucleon. We will skip here the details of the
phenomenology of the hadronic current involved in the matrix element of the
process (see Subsec.4.1). But let us only remind the reader that for the region
of low and moderate 4-momentum transfer Q2, we can use a dipole parametriza-
tion for the axial form factor with only one adjustable parameter, the so-called
axial mass M4.

The M 4 parameter describes the internal structure of the nucleon and does not
depend on the incoming neutrino flux (unlike the measured flux-averaged cross
section) and should be the same both for neutrino and antineutrino experiments
(if we assume the isotopic invariance of strong interaction). Therefore, it is
convenient to compare experimental results in terms of the axial mass.

There are two possible ways generally used to extract the M, parameter
from experimental data:

1) from the total (anti)neutrino nucleon cross section (the axial form factor
is responsible for about 50-60% of the total QEL cross section);

2) from the fit of the Q2 distribution of the identified neutrino QEL events.

In principle, these two procedures should give self-consistent results. How-
ever, the old bubble chamber experiments at ANL and CERN reported in general
larger values of M, based on the Q? fit than those obtained from the total
cross-section measurements.

Results of the M4 measurements published recently by the K2K [24] and
MiniBooNE [26] collaborations are about 15% higher than the average of previ-
ous deuterium filled bubble chamber experiments. Moreover, they exhibit large
systematic errors (in spite of large numbers of collected events).

Let us note that the extraction of M4 from the Q2 distribution fit is a more
delicate issue than the QEL total cross-section measurement.

There are at least three aspects which can affect noticeably the final result:

1) The nuclear effects can distort the expected distributions of the measured
kinematic variables (like the energy of the outgoing nucleon). The neutrino—
nucleus interactions should be described by a theoretical model suitable for the
considered neutrino energy region. This is important both for MC modeling in



Table 1. A summary of existing experimental data: the axial mass M/, as measured
in the previous neutrino experiments. Numbers of observed events have been taken
from the original papers; usually they are not corrected for efficiency and purity (the
so-called QEL candidates). The axial mass value for the NuTeV experiment [23] was
estimated from the published neutrino quasi-elastic cross section ((cqe1), = (0.94 +
0.03 (stat.) = 0.07 (syst.)) - 107°® ecm?); systematic error for IHEP SKAT 90 [22] is
0.14 GeV

Experiment Target Events Method M 4, GeV Ref.
ANL 69 Steel do/dQ? 1.05 £ 0.20 [1]
o | 0.9740.16
ANL 73 Deuterium 166 do/dQ? 0.94+0.18 [2]
oc®do/dQ% | 0.95+0.12
o | 0757513
ANL 77 Deuterium ~ 600 do/dQ? | 1.01+0.09 [3]
o ®do/dQ? 0.95 + 0.09
o | 0.7440.12
ANL 82 Deuterium 1737 do/dQ? 1.05 + 0.05 (6]
oc®do/dQ? | 1.03+0.05
BNL 81 Deuterium 1138 do/dQ? 1.07 £ 0.06 [4]
BNL 90 Deuterium 2538 do/dQ? | 107010072 | [8]
FermiLab 83 Deuterium 362 do /dQ? 1.0570 12 (9]
NuTeV 04 Steel 21614 o | 1.1140.08 | [23]
MiniBooNE 07 Mineral oil 193709 do /dQ? 1.23 +£0.20 [26]
CERN HLBC 64 | Freon 236 do/dQ? | 1.00T0:50 [ [11]
CERN HLBC 67 | Freon 0.7570 25 [12]
CERN SC 68 Steel 0.6570 %0 [13]
CERN HLBC 69 | Propane 130 0.70 £+ 0.20 [14]
do/dQ? 0.88 +0.19
CERN GGM 77 Freon 687 o 0.96 +0.16 [15]
do/dQ? 0.87+0.18
CERN GGM 79 Propane/Freon 556 o 0.99 +0.12 [17]
do/dQ? 0.94 4+ 0.07
CERN BEBC 90 | Deuterium 552 o 1.08 £ 0.08 [18]
THEP 82 Aluminium 898 do/dQ? 1.00 £0.07 | [19]
IHEP 85 Aluminium 1753 doy15/dQ? | 1.0040.04 | [20]
IHEP SCAT 88 | Freon 464 oc®do/dQ? | 0.96+0.15 | [21]
o | 1.0840.07
IHEP SCAT 90 | Freon do/dQ? 1.05+0.07 | [22]
o ®do/dQ? 1.06 £ 0.05
K2K 06, SciFi Water do /dQ? 1.20 £0.12 [24]
K2K 08, SciBar | Carbon do/dQ? | 1.144 £0.077 | [25]

present-day neutrino experiments and for a proper interpretation of the results
obtained earlier (with few exceptions for the deuterium filled bubble chambers).

2) The correct determination of the background contamination from both
deep inelastic scattering and single pion production in the selected events is im-



Table 2. The same as in Table 1, but for antineutrino experiments. The axial mass
value for the NuTeV experiment [23] was estimated from the published antineutrino
quasi-elastic cross section (02 = (1.12 + 0.04 (stat.) £ 0.10 (syst.)) - 107% em?);
systematic error for IHEP SKAT 90 [22] is 0.20 GeV

Experiment Target Events | Determined from M 4, GeV Ref.
BNL 80 Hydrogen do /dQ? 09702 (5]
BNL 88 Liquid scint. 2919 do/dQ? | 1.094+0.04 | [7]
FermiLab 84 Neon 405 do/dQ? | 0.99 £0.11 | [10]
NuTeV 04 Steel 15054 o | 1.294+0.11 | [23]
o | 0.69+0.44
CERN GGM 77 | Freon 476 do/dQ? | 0.94+0.17 | [15]
o | 0847038
CERN GGM 79 | Propane/Freon 766 do/ dQ? | 0.91+0.04 | [16]
IHEP 85 Aluminium 854 doy+5/dQ? | 1.00 £0.04 | [20]
IHEP SKAT 88 | Freon 52 o ®do/dQ? | 0.724+0.23 | [21]
o | 0.62£0.16
IHEP SKAT 90 | Freon do/dQ? | 0.79+£0.11 | [22]
o ®do/dQ? | 0.714+0.10

portant for experiments operating with intermediate and high energy neutrino
beams. The (over) underestimation of this background should lead to an effec-
tively (smaller) larger value of the measured total QEL cross section, whereas
the result for M 4 obtained from a fit of the ()2 distribution becomes unpredictable.

3) The QEL reconstruction efficiency as a function of Q? is not expected to
be a flat function. It should drop both at small Q? due to the loss of low energy
protons and at large Q2 due to the loss of low energy muons. Effects which
influence the efficiency of the low momentum particle reconstruction should be
carefully taken into account in the MC modeling of the detector response.

In Fig.4 we present the world compilation of M4 measurements from neu-
trino (left panel) and antineutrino (right panel) experiments. Tables 1 and 2
display the measured values of M4 from the same data. Whenever possible we
provide also the M 4 measured from the total cross section.

From the tables and plots above one can conclude that the presently available
experimental data on the neutrino QEL cross section allow for a very wide spread
of the axial mass values, roughly from 0.7 to 1.3 GeV. Therefore the reliability of
a theoretical fit to these data is questionable and the uncertainty attributed to such a
fit should go beyond the averaged experimental statistical accuracy. Nevertheless,
the formal averaging of M4 values from several early experiments was done by
the authors of [32]: M4 = 1.026 4+ 0.021 GeV. This result is also known as the



ANLSC69[ T T T e ]
ANL 73 : HJ,“ : m — Deuterium filled bubble chambers
ANLT77] = B e —Heavy liquid bubble chambers and
ANL 82 - T _ spark chambers
BNL 81 -
BNL 90| e 1 1
FermiLab 83 = + — : — M, world average value
NuTeV 04| o I
CERN HLBC 64 —e—— |
CERN HLBC 67| ——! h
CERN SC 68— ]
CERNHLBC69| ~ +—e—i ! ]
CERN GGM 77| grnar~ ]
CERN GGM 79| = | BNL8o | T et
CERN BEBC 90 .- BNL 88 o
IHEP 82| o €7  FermiLabsa| el }
THEP 85| o E NuTeV 04 e |
IHEP SKAT 88| —e— & CERNGGM77[——*—i= e |
IHEP SKAT 90| ——i ; | CERNGGM 79| . E 1
K2K SciFi 06| | —e— E IHEP 85 | o £ ]
K2K SciBar 08 e 2 IHEP SKAT 88 ——— g
MiniBooNEO7| ~~ +t—e— | IHEPSKAT90|  r—e— i
0204 0608 1 12 14 1.6 0204 0608 1 12 1416
M,, GeV M,, GeV

Fig. 4. A summary of existing experimental data: the axial mass M4 as measured in
the previous neutrino (left) and antineutrino (right) experiments. Points show results
obtained both from deuterium filled BC (squares) and from heavy liquid BC and spark
chambers (circles). Dashed line corresponds to the so-called world average value M4 =
1.026 4+ 0.021 GeV (see [32])

axial mass world average value. According to [33-35] an updated world average
value from pion electroproduction experiments is M4 = 1.014 +0.016 GeV.

3. THE NOMAD DETECTOR

The NOMAD detector [29] consisted of an active target of 44 drift chambers
with a total fiducial mass of 2.7 t, located in a 0.4 T dipole magnetic field as
shown in Fig.5. The X X Y x Z total volume of the drift chambers is about

300 x 300 x 400 cm?.



Drift chambers [36], made of low Z material served the dual role of a
nearly isoscalar target® for neutrino interactions and of tracking medium. The
average density of the drift chamber volume was 0.1 g/cm3. These cham-
bers provided an overall efficiency for charged track reconstruction of better

than 95% and a momentum resolution which can be approximated by the fol-

lowing formula: % ., 005 . 0.008

» VLUV
and the track length L is in m. Reconstructed tracks were used to determine
the event topology (the assignment of tracks to vertices), to reconstruct the ver-
tex position and the track parameters at each vertex and, finally, to identify the
vertex type (primary, secondary, etc.). A transition radiation detector [37,38]
placed at the end of the active target was used for particle identification. A
lead-glass electromagnetic calorimeter [39,40] located downstream of the track-
ing region provided an energy resolution of 3.2%//E[GeV] ® 1% for electro-
magnetic showers and was crucial to measure the total energy flow in neutrino
interactions. In addition, an iron absorber and a set of muon chambers located
after the electromagnetic calorimeter was used for muon identification, providing
a muon detection efficiency of 97% for momenta greater than 5 GeV/c.

The NOMAD neutrino beam consisted mainly of v,’s with an about 7%
admixture of 7, and less than 1% of v, and U,. More details on the beam
composition can be found in [30].

The main goal of the NOMAD experiment was the search for neutrino oscil-
lations in a wide band neutrino beam from the CERN SPS [41,42]. A very good
quality of event reconstruction similar to that of bubble chamber experiments and
a large data sample collected during four years of data taking (1995-1998) allow
for detailed studies of neutrino interactions.

where the momentum p is in GeV/c

4. MONTE CARLO SIMULATION OF NEUTRINO INTERACTIONS

Inclusive (anti)neutrino charged current (CC) and neutral current (NC) scatter-
ings can be considered as a mixture of several processes described by significantly
different models. In our case, these are quasi-elastic scattering (QEL), single-pion
production (RES) and deep inelastic scattering (DIS). Below we will describe in
detail the simulation scheme used for each of these processes and discuss the
influence of the nuclear effects.

An adequate MC description of neutrino interactions is important to calculate
the efficiency of the QEL selection. Moreover, it allows us to predict the level

*The NOMAD active target is nearly isoscalar (ny, : np = 47.56% : 52.43%) and consists
mainly of carbon; a detailed description of the drift chamber composition can be found in [36].
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of background, which cannot be suppressed completely by the QEL identification
scheme proposed in Sec.5.
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Fig. 5. A side-view of the NOMAD detector

4.1. Quasi-Elastic Neutrino Scattering. The standard representation of the
weak hadronic current involved in the matrix elements of the processes v,,n —
w~p and U,p — ptn, is expressed in terms of 6 form factors, which in general
are assumed to be complex [43]. They formally describe the hadronic structure
and cannot be calculated analytically within the framework of the electroweak
interaction theory.

We neglect the second-class current contributions associated with the scalar
and pseudo-tensor form factors. This is equivalent to the requirement of time
reversal invariance of the matrix element (hence all form factors should be real
functions of Q%) and charge symmetry of the hadronic current (rotation about the
second axis in the isotopic space).

The vector form factors Fy and F); are related through the hypothesis of
isotopic invarince to the electromagnetic ones, which we will consider to be well
known. Instead of the simple dipole parametrization, extensively used in the
previous experiments, we have chosen the Gari—Kriiempelmann (GK) model [44]
extended and fine-tuned by Lomon [45]. Specifically we explore the «GKex(05)»
set of parameters [46] which fits the modern and consistent older data well and
meets the requirements of dispersion relations and of QCD at low and high
4-momentum transfer [44].



For the axial and pseudoscalar form factors we use the conventional repre-
sentations [43]:

) @\~
Fa (Q%) = Fa(0) (1 n MT%) M)
and
2 2
Fr(Q) = g Fa (@) @)

where F4(0) = g4 = —1.2695+0.0029 (measured in neutron S-decay [47]); m,
and my — pion and nucleon masses.

As discussed in Sec. 2, the currently available experimental data on the axial
mass M4 allow for a wide spread. Thus, in our case, it should be considered as
one of the available parameters, which can be used to adjust the MC simulation
with the measured value of the total QEL cross section and observed distribu-
tions of the kinematic variables (other parameters, related to the modeling of the
intranuclear cascade, will be described later).

Note that the expression for the pseudoscalar form factor Fp is nothing
better than a plausible parametrization inspired by the PCAC hypothesis and
the assumption that the pion pole dominates at Q% < m2 [43]. However, its
contribution enters into the cross sections multiplied by a factor (m,/mny)?2.
Hence, the importance of the related uncertainty is much diminished.

4.2. Single-Pion Production Through Intermediate Baryon Resonances. In
order to describe the single-pion neutrino production through baryon resonances
we adopt an extended version of the Rein and Sehgal model (RS) [48,49], which
seems to be one of the most widely trusted phenomenological approaches for
calculating the RES cross sections. The generalization proposed in [50,51] takes
into account the final lepton mass and is based upon a covariant form of the
charged leptonic current with definite lepton helicity. In our MC simulation
we use the same set of 18 interfering nucleon resonances with masses below
2 GeV as in [48] but with all relevant input parameters updated according to the
current data [47]. Significant factors (normalization coefficients, etc.), estimated
in Ref. [48] numerically are recalculated by using the new data and a more
accurate integration algorithm.

The relativistic quark model of Feynman, Kislinger, and Ravndal [52],
adopted in the RS approach, unambiguously determines the structure of the tran-
sition amplitudes involved into the calculation and the only unknown structures
are the vector and axial-vector transition form factors GV*4(Q?). In [48] they are
assumed to have the form

GV,A(QQ) B Q2 1/2—n Q2 -2
GV (”4mﬁv> (”Ma) | ®

10



where the integer n in the first (ad hoc) factor in Eq. (3) is the number of
oscillation quanta of the intermediate resonance.

The vector mass My is taken to be 0.84 GeV, that is the same as in the
usual dipole parametrization of the nucleon electromagnetic form factors. The
axial mass (which was fixed at 0.95 GeV in the original RS paper) is set to the
standard world averaged value M4 = 1.03 GeV. It is in good agreement with the
results obtained in the recent analysis of the data from the BNL 7-foot deuterium
filled bubble chamber [53] (M4 = 1.08 4+ 0.07 GeV). Let us also note that the
available experimental data for the single-pion neutrino production (as in the case
of QEL scattering) does not permit a very definite conclusion about the value of
the total RES cross section (and the corresponding axial mass value). The present
uncertainties will be taken into account in the calculation of the systematic error
of the current analysis.

To compensate for the difference between the SUg predicted value (—5/3)
and the experimental value for the nucleon axial-vector coupling g4, Rein and
Sehgal introduced a renormalization factor Z = 0.75. In order to adjust the
renormalization to the current world averaged value g4 = —1.2695 [47] we have
adopted Z = 0.762. The harmonic-oscillator constant €2, which accounts for the
mass differences between states with different numbers of excitation quanta is set
to its original value 2 = 1.05 GeV2.

Another essential ingredient of the RS approach is the nonresonant back-
ground (NRB). Its contribution is important in describing the existing data on the
reactions v,n — p~nnt, v,n — p"pr’, vup — pTpr~ and v,p — ptnrl. In
our Monte Carlo, the NRB is taken to come from the DIS part of the simulation.
Therefore it has not been used in the RES part of our event generator.

4.3. Deep Inelastic Scattering. The MC simulation of the deep inelastic
neutrino nucleon scattering is based on the LEPTO 6.5.1 package [55] with several
modifications [56,57]. For hadronization we use the LUND string fragmentation
model, as incorporated into the JETSET 7.4 program [58-60].

Upon implementing the Monte Carlo for v,(7,) CC scattering, kinematic
boundaries between exclusive (RES) and inclusive (DIS) channels must be de-
fined. To avoid double counting, the phase space of the RES and DIS contribu-
tions should be separated by the conditions W < WEES and W > WLIS, where
W is the invariant mass of the final hadronic system.

The maximum possible value for WEFS is the upper limit of the RS model
(2 GeV), while inelastic scattering can take place from the two-pion production
threshold Ws, = mpy + 2m, ~ 1.2 GeV (however, this value is too small in
principle since the structure functions used in the calculation of the DIS cross
section cannot be extrapolated down to Wa,).

Additional constraints could likely be obtained from the concept of quark—
hadron duality, which is based on the idea that DIS structure functions describe
on average the data in the resonance region [61]. However, whether conclusions
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valid for electron—nucleon scattering should hold for the axial part of the hadronic
current is not clear. For example, recent theoretical investigations made specif-
ically for the RS model predict the absence of duality in neutrino scattering off
isoscalar targets [62].

So, there is no clear physical recipe to determine exact numerical values for
those cutoff parameters. The authors of GENIE MC code [63] adopt the value
WRES ~ WDIS 17 GeV. A comprehensive analysis of available experimental
data made in [54,64] suggests to decrease this cut to ~ 1.5 GeV.

In the present analysis we set WERES = 2 GeV and WPIS = 1.4 GeV.
This choice allows for the nonresonant contribution to single-pion production to
be accounted for by the DIS part of the Monte Carlo (see the previous Sec-
tion). Moreover, it is not at variance with experimental data as far as the total
(anti)neutrino cross section is concerned (see Fig. 6).

4.4. Coherent Pion Production. In the processes described above, neutrinos
interact with individual target nucleons. However, pions can be produced in a
coherent interaction of the neutrino with the whole nucleus, i.e., in the case of
CC v, scattering v, N’ — p~ 7N, where A is the target nucleus.

The details of the MC simulation can be found in [65], which is devoted to
the investigation of this process in the NOMAD experiment. The flux averaged
cross section has been calculated following [66,67] and has been estimated at
0.733-1073® cm? per nucleus. Taking into account that the average mass number
of the NOMAD target is 12.9, and using the number of registered DIS events
(see Subsec. 6.1) one finds that the expected number of coherent pion production
events is ~ 2700. Nevertheless, the probability for events of this type to be
identified as QEL is ~ 2% because of the small pion emission angle, so that the
expected contamination of the selected QEL sample is lower than 0.4%.

4.5. Nuclear Effects. For typical NOMAD neutrino energies, we can as-
sume that the incident neutrino interacts with one nucleon only inside the target
nucleus, while the remaining nucleons are spectators (Impulse Approximation).
In this case, one can describe the neutrino nucleus scattering by folding the
usual expressions for the free neutrino nucleon cross sections with a Fermi gas
distribution.

In the relativistic Fermi gas model, the nucleus is considered as an infinite
system of noninteracting nucleons. The phenomena related to the nuclear surface
and to the interaction between nucleons can be taken into account by using a more
realistic effective momentum distribution for the target nucleons. In the NOMAD
event generator we used the Benhar—Fantoni parametrization [68] (Fig. 7).

The QEL simulation is based on the Smith—-Moniz approach [31]. The mo-
mentum of the recoil nucleus and the nucleon binding energy are included in
the conservation laws which determine the event kinematics. The only final state
interaction (FSI) effect which is taken into account at this stage is the Pauli
exclusion principle.

12
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Fig. 6. Slopes of the total v, and 7, CC scattering cross sections off an isoscalar nucleon
(experimental data are taken from [54]). The curves and bands show the QEL, RES, and
DIS contributions and their sums calculated with the parameters described in the legend of
the top panel. The averaged values over all energies (0.677 £ 0.014) - 10738 cm?/GeV
(for v, N) and (0.334=40.008) - 10™%® ¢cm?/GeV (for 7, N) obtained by the Particle Data
Group [47] are also shown for comparison (straight lines)
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MC implementation of the Fermi gas n, k
model in the case of single-pion produc-  10F T T TS
tion is more straightforward. First, we i — BenharFantoni
generate the momentum of the target nu- 1E -t
cleon and make a Lorentz boost to its : :
rest frame where the RES event can be 1L
simulated according to the extended RS :
model described in Subsec. 4.2. The ef-
fect of Pauli blocking on the outgoing
nucleon is taken into account as it is in L
the QEL MC. 107

In the case of the DIS neutrino scat-
tering there are several specific nuclear (o4l oot o012 001,
effects (such as nuclear shadowing, pion
excess and off-shell corrections to bound
nucleon structure functions). They are tion [68] for the momentum distribution
described in the theoretical framework o the target nucleons (solid line), normal-
proposed in [69]. ized to the Fermi distribution with zero

Simulating the re-interactions be- temperature and Fermi momentum kp =
tween particles produced at the primary 221 MeV (simple RFG, dashed line)
neutrino collision off the target nucleon
with the residual nucleus is an important ingredient of the MC event generator.
To include this effect, commonly called final state interactions (FSI), we use the
DPMIJET package [70].

The intranuclear reinteraction of the particles generated by the QEL, RES
or DIS event generators can be described and simulated by the formation zone
intranuclear cascade model [71] implemented in DPMJET. Secondaries from the
first collision are followed along straight trajectories and may induce in turn
intranuclear cascade processes if they reach the end of their «formation zone»
inside the target; otherwise they leave the nucleus without interacting.

There are two important parameters in DPMJET. The first one, called the
formation time 7p, controls the development of the intranuclear cascade. With
increasing 7y, the number of cascade generations and the number of low-energy
particles will be reduced. Its default value is 7o = 2.0.

Inside DPMJET, the momenta of the spectator nucleons are sampled from the
zero temperature Fermi distribution. However, the nuclear surface effects and the
interaction between nucleons result in a reduction of the Fermi momentum (see
Fig. 7). It can be accounted for by introducing a correction factor af_, (default
value 0.6). Moreover, of' _, provides the possibility of some modification of the
momentum distribution for the emitted low-energy nucleons.

At the end of the intranuclear cascade, the residual nucleus is supposed to go
through some deexcitation mechanisms. It can be disrupted into two or more frag-

- - - Simple RFG

Fig. 7. The Benhar-Fantoni parametriza-

14



ments, emit photons, nucleons or light
particles (like d, o, 3H, 3He). We can
easily neglect this contribution, since
the typical energy of those particles is
below the registration threshold of the
NOMAD detector.

In our analysis, special attention
will be devoted to the dependence of
the obtained results on the intranuclear
cascade parameters. As a cross check,
we compare our MC simulation for
the QEL process with the predictions
of the NUANCE event generator [72],
which is currently used in a large num-
ber of neutrino experiments.

4.6. Expected Signal/Background
Ratio in v,(7,) CC Sample. In this
Section we estimate the number of sig-
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Fig. 8. Flux averaged cross section of QEL
(anti)neutrino scattering for NOMAD v, (7,,)
beam as a function of the axial mass M4

nal quasi-elastic events in the initial v, (7,) CC sample.

Table 3. Flux averaged cross sections of the QEL, RES, DIS CC and NC processes
per one nucleon of the NOMAD target. Neutrino beam spectrum corresponds to the
|X,Y| < 100 cm fiducial area. The unit used for the cross section is 107>% cm?

Process type vy vy
QEL 0.428 0.393
RES 0.576 0.432

DIS CC 16.643 4.876
DIS NC 5.335

The contribution of each process to the total set of events is proportional to

its flux averaged cross section:

0 = [otE)e(E,

where

\dE, / [owa.,

“)

0(Ey) = npoun(Ey) + npoup(Ey)
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is the theoretical prediction for the cross section of the process at stake, ®(E,)
denotes the NOMAD (anti)neutrino energy spectrum®; n,(n,) is the relative
fraction of neutrons(protons) in the NOMAD target (see Sec. 3).

The QEL cross section was calculated in the framework of the Smith and
Moniz model [31] for carbon with binding energy Ej, = 25.6 MeV and Fermi
momentum Prp = 221 MeV. As noted above, the final result depends strongly on
the axial mass M4 (see Fig. 8).

To estimate the RES contribution, we fold the extended RS model [51] for
a free nucleon with the Pauli factor from [73]. The computation of ogis(E,)
has been done with the GRV98-LO PDF model as indicated in [54]. The cutoff
parameters WEES and WDIS are the same as for the MC simulation.

Table 3 contains our results for the reduced fiducial volume of the NOMAD
detector: |X,Y| < 100 cm; the average v,, (7,) energy was 25.9 (17.6) GeV.

Combining all these, the expected fraction of quasi-elastic events in the initial
v, (7,) CC sample before any special selection is about 2.4% (6.9%) or ~ 20300
(~ 1360) events.

5. EVENTS SELECTION

In this Section we describe particular features of reconstruction and identifi-
cation of QEL events.

For a v,n — p~p event one can expect two tracks originating from the
reconstructed primary vertex**: one of them should be identified as a muon,
while the second track is assumed to be a proton. Later we shall refer to events
with such a topology as 2-track (two track) events***.

Sometimes the proton track cannot be reconstructed if its momentum is below
the detector registration threshold. In this case, we deal with only one muon track
and we call such an event a 1-track (single track) event.

There are three possible reasons for the reconstruction of the proton track in
a QEL event to fail:

e The proton, which was born in the neutrino interaction with the target
nucleon, has too low momentum or too large emission angle (this depends on

*The procedure used for the calculation of the flux and composition of the CERN SPS neutrino
beam is described in [30].

**All charged tracks originating within a 5 cm box around the reconstructed primary vertex are
forced to be included into it; we have also tried to vary this parameter by enlarging the size of the
box to 10 cm and found that the final results are rather stable (within 0.3% for the measured QEL
cross section).

***In this analysis we do not take into account clusters in the electromagnetic calorimeter, which
can be associated with neutral particles, originating from the primary vertex.
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the parameters of the model used to describe the neutrino—nucleon interaction, in
particular, on the value of the axial mass).

e The proton from the primary neutrino interaction was involved in an in-
tranuclear cascade and lost part of its energy (this is controlled by the DPMJET
parameters, mainly by the formation time 7).

e The detector magnetic field deviates positively charged particles upwards;
therefore, if a slow proton is emitted at an azimuth @, ~ 7/2, its trajectory is
almost parallel to the drift chamber planes and its track reconstruction efficiency
(which depends on the number of hits associated with the track) is significantly
lower than in the case of a proton emitted downwards at ¢, ~ 37/2.

In Fig. 9 we illustrate these last two effects: the magnetic field is the cause
of the asymmetry in the azimutal distribution of the reconstructed protons, while
variyng the formation time parameter 7 affects the expected number of tracks
uniformly.

In Fig. 10 we display an example of
distributions of the leading proton mo-
mentum py, and emission angle 6}, before
and after FSI for the QEL neutrino scat-
tering. The proton reconstruction prob-
abilities are also shown as functions of
pp, and 6p: one can observe a fast de-
crease at low proton momenta (below
300 MeV/c) and large emission angles
(larger than 72°). So, FSI tends to in-
crease the fraction of events in kinematic 203, e
domains with low proton reconstruction 0 0.5 1 Ls 2
efficiency and therefore to change the ex- ¢,
pected fraction of events with a given

topology in the identified QEL sample. ~ Fig. 9. The reconstruction efficiency of
Using 2-track events only for the proton track as a function of its azimuth
& y opn for v, QEL scattering. The curves

analysis may seem very attractive, since are smoothed MC predictions obtained for

we could signif.icar.ltly re.duce the back-" gifferent values of the formation time To
ground contamination with the help of

additional kinematic variables (details

can be found below). However, the results thus obtained might still have large

systematic uncertainties coming from insufficient understanding of nuclear effects.
The QEL events which are not reconstructed as 2-track events will populate

mainly the 1-track sample. But 04 extracted from this sample will suffer from the
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Fig. 11. Likelihood variables: missing transverse momentum P*'*, proton emission angle
0n, angle « between the transverse components of the charged tracks

same source of uncertainty. However, the measurement of the QEL cross section
simultaneously from both samples is expected to have only little dependence on
the uncertainties in the modeling of FSI effects and this is indeed what is found
in the data (see Sec. 8).

Therefore, the strategy of our analysis (selection criteria) in the case of
vun — p~ p can be outlined as follows:
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e Fiducial volume cut. The reconstructed primary vertex should be within
the restricted* fiducial volume (FV):

|X,Y| <100 cm, 25< Z < 395cm. 5)

e Identified muon. We require the presence of a reconstructed and identi-
fied negatively charged muon. In order to avoid possible problems with detector
reconstruction inefficiencies, we require 0 < ¢, < m, where ¢, is the muon
azimuthal angle (so, the proton track should lie in the bottom hemisphere).

e Event topology and reconstructed kinematic variables. We assign the events
to the 1-track and 2-track subsamples and calculate F, and Q2.

e Single track sample (only one charged lepton is reconstructed and identi-
fied). To avoid contamination from the through-going muons we extrapolate the
muon track to the first drift chamber and require the absence of veto chamber
hits in the vicinity of the intersection point. The efficiency of this quality cut
was controlled by visual scanning of the reconstructed 1-track events in the ex-
perimental data and was found to be satisfactory. Another quality cut was used
to suppress a possible contribution from inverse muon decay events: we require
the muon transverse momentum to be greater than 0.2 GeV (see Subsec.6.1.1 for
more details).

The kinematic variables are reconstructed under the assumption that the target
nucleon is at rest. For the 1-track events, the muon momentum is the sole mea-
surement and we have to use the conservation laws (assuming QEL) to compute
other kinematic quantities:

B ME, —mZ/2
" M—E,+pucosb,’
Q*=2M(E, — E,), (6)

pn = ((E, —p,cos ,)? +pi sin? 9#)1/2,

cos Gh = (Ey — Pp COS 9#)/ph7

where p,, 0, (pn, 0n) are the momentum and emission angle of the outgoing
muon (nucleon). With the help of the MC simulation we estimate the resolution
of the reconstructed F, and Q2 as 3.6 and 7.8%, respectively.

e Two track sample (both the negative muon and the positively charged track
are reconstructed). For a reliable reconstruction, we require that the number of

*We use a more stringent cut Z > 50 cm for the data collected during 97 and 98, when the
first drift chamber module was substituted by the NOMAD STAR detector.
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hits associated with the positively charged track should be greater than 7 and
its momentum pp > 300 MeV/c. Otherwise such an event is downgraded to
the 1-track sample. For 2-track events, we use both the muon and the proton
reconstructed momenta to estimate £, and Q?:

E, =p,cos 0, + pp cos 0y,
Q*=2E,(E, — pycos 0,) —m?

22

(M

The expected resolutions for F, and Q? are 3.6 and 7.1%.

e Background suppression. The contamination from RES and DIS processes
can be suppressed by using the difference between kinematical distributions in the
QEL and background events as well as by the identification of the reconstructed
positively charged track as a proton (for the 2-track sample). Therefore we apply:

Identification of the positively charged track

Momentum-range method [74] can be reliably applied for low energy protons
since their tracks are shorter compared to that of 7+ (the main background for
proton identification) due to larger ionization losses. In our case, this method can
be applied to about 17% of the events.*

Kinematical criteria

In the case of the 2-track sample, we can use additional kinematic variables
to suppress background contamination. We build the likelihood ratio

£ = PUIQEL) ®)
P(¢|BG)

using 3-dimensional correlations between the following variables (see Fig. 11):

1) missing transverse momentum: PP < 0.8 GeV/c;

2) proton emission angle: 0.2 < 0 /7 < 0.5;

3) angle o between the transverse components of the charged primary tracks:
a/m = 0.8.

Here P(/ |QEL) and P (¢ [BG) are the probabilities for signal and background
events to have the values of the kinematic variables ¢ = (P™ 6, ). We have

*We also undertook an attempt to identify positively charged particles using the TRD informa-
tion. A special algorithm [75,76] can be potentially used for discrimination between two particle ID
hypotheses (p/7 in our case). However, a low momentum (~ 0.9 GeV) of the particle and a rather
large emission angle (= 45°) result in that either the particle does not reach the TRD or the number
of residual TRD hits is not large enough for the identification. Therefore, the TRD algorithm could
be applied only to a limited fraction of events (~ 6%) and cannot play any significant role in our
analysis.
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Fig. 12. The Pj_nis, «, B, and likelihood distributions for a mixture of QEL, RES and DIS
simulated events compared to real data

found that the DIS and RES probability functions are very similar; therefore we
build the likelihood function taking only resonance events for the denominator of
Eq. (8).

The comparison of Pf‘is, «, By, and L distributions in the data with the proper
mixture of simulated QEL, RES and DIS events is displayed in Fig. 12. The good
agreement observed between MC predictions and experimental data confirms a
reasonable understanding of the background contaminations and reconstruction
efficiency in our analysis.
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Fig. 14. A typical example of data event (run 15049 event 11514) identified as v,n — p~ p
in this analysis. Long track is identified as muon, short track is assumed to be proton

In the case of 1-track events, our abilities to suppress background contamina-
tion are limited since all kinematic variables are expressed in terms of the muon
momentum p,, and emission angle ¢,, with the help of the conservation laws for
QEL events. Therefore, the proton reconstructed emission angle, Eq. (6), can be
considered as an analog of the likelihood function (see Fig. 13).

The explicit values for the kinematic selection criteria (£ > 0 for the
2-track sample and 0.35 < 6,/7 < 0.5 for the l-track sample) were found
from the optimization of the sensitivity SG/+/SG + BG, where SG and BG are
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Table 4. Number of events Ng.:, in v, and 7, QEL samples; expected selection
efficiency, purity and background contaminations (BG)

v, sample v, sample

Single track | Two tracks | Total | Single track
Nyata 10358 3663 14021 2237
Efficiency (%) 21.3 13.3 34.6 64.4
QEL purity (%) 41.7 73.9 50.0 36.6
DIS BG (%) 34.5 15.9 29.7 335
RES BG (%) 232 10.2 19.8 28.5
Other BG (%) < 0.6 < 0.1 < 0.5 1.3

the expected numbers of signal and background events in the identified QEL
sample.

The investigation of antineutrino sample is a much simpler task since these
events are mostly (~ 96% of cases) reconstructed as 1-track events (we have
no hits from outgoing neutrons in the drift chambers). Therefore, we require
identification of the positively charged muon and follow the procedure for the
1-track sample discussed above. The only difference is the absence of conta-
mination from the inverse muon decay events, so we do not need to apply the
quality cut on the transverse muon momentum.

In Table 4 we summarize the information about the selection of samples with
vun — p~p and U,p — ptn candidates in the data. An example of the 2-track
event from real data identified as v,n — p~p is displayed in Fig. 14.

6. THE QEL CROSS-SECTION AND AXIAL MASS MEASUREMENT

In this Section we describe our analysis procedure. The QEL cross-section
measurement using normalization either to the DIS events or to the IMD events
is first presented in Subsec. 6.1, afterwards, we describe the procedure used to
extract the value of the axial mass M4 from the fit of the Q? distribution. This
is the subject of Subsec. 6.2.

6.1. The QEL Cross-Section Measurement. Since there was no precise
knowledge of the integrated neutrino flux in the NOMAD experiment, we use a
different process with a better known cross section, recorded at the same time,
for the normalization of the QEL cross section. A similar procedure was often
applied in the previous neutrino experiments as, for example, CERN BEBC [18].
Moreover, the use of another process recorded in the same experimental runs
allows one to reduce significantly the systematic uncertainty related to the de-
tector material composition. Nevertheless, this auxilliary process must meet two
requirements: its cross section should be measured with rather high accuracy and
the corresponding events can easily be extracted from the full data sample.
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Let us divide the investigated interval of neutrino energy into several bins
and enumerate them with index ¢ = 1..Ng. Then, the number of identified QEL
events in the ith bin with boundaries [E;, E; 1] is

Ng
ata b el
N = NP9+ C Y e¥1D;(0401)5, 9)
j=1
where
Eit1 Ng
D, :/ ®(E)dE, Y Pi=1
B i=1
and

1 Eia
<qul>i - EL qul(E)(D(E) dE.

Coefficient C' accumulates the absolute neutrino flux and the number of
target nucleons. The matrix element 6?;1 is the probability that the reconstructed
neutrino energy E, of a QEL event falls into the ith bin, while the simulated
energy actually belongs to the jth bin.

The expected background contamination is

NP = C (£5%(0res) + €8 (0ais)), (10)

where we use the definition of Eq. (4) for (oy); 5?9 denotes the renormalized
energy distribution in BG events passing the QEL identification procedure:

NEg
> et =t = Nb9 /NZ (11)
=1

here Nsbiil and N2 are the numbers of MC events simulated and identified as
QEL in the chosen detector FV.

Similar equations can be written for any other process recorded in the same
detector FV. If we identify Ny events of a process, whose flux averaged cross

section in an energy interval containing these events is oy, we can write
No = C @go0,

where ®g is the relative part of the neutrino flux belonging to the same energy
interval (we assume that Ny is background subtracted and efficiency corrected).
We can now get rid of C' and write the final equation for (aqel>i:

1 N o
_ ata £000 res is
<qul>i = D E (eqell)ij |:de ¢ No —&; <Ures> _6? <Udis> . (12)
1 ]:1
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Numerical values for (oyes) and (oq;s) are given in Table 3. The efficiencies
5?;1, e'es and e should be estimated with the help of the MC simulation for
QEL, RES and DIS samples separately; the factor ®go(/Ny comes from the
auxilliary process used for normalization.

Let us note that the smearing of the reconstructed neutrino energy is taken
into account in Eq. (12) by the inverse matrix of QEL efficiencies.

Equation (12) can also be applied to the entire energy interval. In this case,
we can use the usual notations for efficiencies as in Eq. (11). From the measured
(0ge1) we calculate the axial mass M4 by using the Smith and Moniz formalism
(see Fig.8).

In the following Subsections, we investigate the DIS and IMD processes
which can both be used for the QEL cross-section normalization as just described.

Possible sources of systematic errors in our analysis procedure are discussed
in Sec.7.

6.1.1. Dis Events Selection. The phenomenology of neutrino DIS is well
developed. Experimental data are in rather good agreement with theoretical pre-
dictions. The charged current neutrino DIS is an inclusive process and for its
selection from the data sample, the following criteria are enough:

e Fiducial volume cut. The primary vertex should be in the same FV as that
defined for the QEL events, see Eq. (5).

e Muon identification and topology cut. At least two charged tracks should
originate from the primary vertex; one of them should be identified as a muon
(u~ in the case of v, CC and p* for 7, CC).

e Background suppression. The third criterium is used to avoid contributions
from the QEL and RES events. We have checked three different possibilities
for it:

1) The total visible energy in the event should be E), < 300 GeV and the
reconstructed hadronic mass W > 1.4 GeV; in this case the computation of (0qis)
has been done for GRV98-LO PDF model according to the prescriptions in [54].

2) We keep the requirement for the reconstructed hadronic mass (W >
1.4 GeV) but reduce the neutrino energy region to 40 < E, < 200 GeV; theoret-
ical calculation of (og;s) is also done with the help of [54].

3) Using the same neutrino energy interval as in the item 2 (40 < E, <
200 GeV), we remove the cut on the reconstructed hadronic mass W. In this
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Table 5. Selection of the DIS events in v, and 7,, CC samples. Total efficiency (in %),
expected purity of selected events (in %), theoretical prediction for (o4is), observed
Ndata and corrected No number of events in experimental data are given for each
variant of DIS selection described above

Variant of selection v, sample v, sample
I 2 3 I 2 3

Efficiency 82.95 86.84 88.52 75.46 81.40 83.20
Purity 97.10 98.62 99.62 71.48 72.57 73.95
Ndata, events 676702.0 | 267517.0 | 276018.0 | 17744.0 | 7996.0 | 8500.0
Ny, events 792162.0 | 303790.7 | 310617.3 | 16807.1 | 7128.6 | 7553.4
Relative flux ®¢ 1 0.144 0.144 1 0.106 0.106
(00), 10738 cm? 16.643 44.876 46.069 4.876 | 20.124 | 21.999
C~1,10743 cm? 2.101 2.127 2.136 29.012 | 29.924 | 30.872

case, we take the total CC neutrino—nucleon cross section to be*:

o' (E,)/E, = (0.677+0.014) - 108 cm?/GeV,
o (B,)/E, = (0.334 £ 0.008) - 10~%® cm?/GeV

(PDG average [47]). The calculated (oyot) should be corrected due to the fact
that NOMAD target is slightly nonisoscalar.

The numerical results of the DIS events selection can be found in Table 5. For
the QEL cross-section normalization we use results obtained with the last method
(PDG based) as having the most solid ground. Thus, the final normalization
is performed to the total v, (7,) CC cross section. We also checked that this
normalization is consistent with two previous calculations based on approach
from [54] within 1.6% (5.9%) for v, (7,) CC sample.

6.1.2. Inverse Muon Decay Events Selection. Inverse muon decay (IMD)
v,e” — Ve is a purely leptonic process, which is well known both on
theoretical and experimental grounds. Its cross section in the Born approxi-
mation is

2
(E,) = 0usE, [ 1 rt (13)
Timd v) = Oasliy 2meEy .

The numerical value of the constant o, calculated in the framework of the
Standard Model was found to be in good agreement with experimental measure-

ments [78]:

e
_ 2meGr 4 79310~ em? Gev—. (14)

O—GS

*The CHORUS measurement for the CHo target [77] is consistent with this value.
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The number of IMD events NNy is proportional to its flux averaged cross
section from Eq. (4):
(Oima) = 1.017-10740 cm? (15)

and expected to be at least 650 times smaller than the number of DIS events.
To select the IMD events we require:

e The primary vertex should be in the same fiducial volume as that used with
identified QEL events, see Eq. (5).

e There is only one negatively charged track originating from the primary
vertex; it should be identified as a muon.

e There are no veto chamber hits in the vicinity of the intersection point of
the extrapolated muon track and the first drift chamber (quality cut, the same as
for 1-track events from the QEL sample).

e The muon energy is above the threshold:

2

mﬁ + mZ
- =10.93 GeV. (16)

2Me

e The transverse momentum p_ of the muon produced in IMD event is very
limited by kinematics: p? < 2m.FE,,.

E, >

In this sample the contamination from the reaction v.e — ™ 7, is estimated
to be at the level of ~ 1073, e.g. well below 1 event, since the ratio of the
fluxes 7. /v, is 0.0027 [30] while the ratio of the cross sections is o(Zee —
po o) /o(vue — pmve) & 1/3.

We determine the number of signal events N;,,q from the fit of the pf_
distribution to experimental data with the function F(p? ):

F(p%) = NimaFima(®?) + [Naata — Nimd] Fog(02), (17)

where Fj,q and Fy, are the normalized MC expectations for signal and back-
ground pi distributions; Ngata denotes the number of events in real data which
passed all selection criteria.

The QEL events are now playing the role of the most important background
for the IMD selection. However, the contaminations from the RES and DIS
events cannot be neglected since they distort the shape of the p? distribution.
As usual, the relative contribution of each process to the expected background is
proportional to the corresponding efficiency and flux averaged cross section (see
Table 3).
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Expression (17) contains only HL I L B B
one free parameter N,,,,q4, which is the
number of observed IMD events. Fi-
nally, we find N;p,q = 436.0 & 28.5
with the quality of the fit x?/NDF =
0.89 (see Fig. 15). Taking into ac-
count that the selection efficiency for
the IMD events is 87.8% we report
the total number of IMD events Ny,
which can be used for the QEL nor-
malization:

80 [ o NOMAD data
E - - - 1 parameters fit
Y IMG signal

Events/107> GeV2

{

No =496.6+32.5.  (18) e

. . Pi,GeV/c2
The relative error for o¢/Ny in

the IMD case is about 7% (due to the
small size of the IMD sample). Nev-
ertheless the factor itself is in agree-
ment (within ~ 4%) with the evaluation based on the DIS sample (see Table 5).

We emphasize here that the use of the IMD process for the normalization
is an important independent cross check for the measurement of the QEL cross
section. Especially it allows one to verify that there are no experimental effects
related to potential trigger inefficiency for selection of low multiplicity neutrino
interactions (single muon going through the trigger planes).

6.2. Axial Mass Measurement from the ()2 Distribution. To extract the axial
mass from the Q? distribution the experimental data are fitted to the theoretical
predictions using a standard y? method. We bin the events in two variables Q>
and E, (in the case of a single E, interval our procedure can be considered as
the usual 1-dimensional fit)*.

Let us enumerate bins with index ¢ = 1..Np; bin ¢« = N + 1 contains events
which fall outside of the investigated (E,, Q?) region. It is convenient to define
boundaries in such a way that each bin with ¢ = 1..Np contains approximately
the same number of experimental events passing all identification criteria.

A minimization functional is

Fig. 15. Inverse muon decay: NOMAD ex-
perimental data, p% distribution

Np [Nidata _ Nlth(MA)]2

2 _
X (MA) - ; deata ’

19)

*In practice it is convenient to use dimensionless variables (a, b) instead of (E., Q?). Then,
Ey, = EP™ 4 a(BP™ — EPT) and Q2 = QF,(Bv) + bQhax(Ev) — Q7 (Ey)]. So,
a,be[0,1].
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where N2t ig the number of events in the ith bin of the nonweighted experimen-
tal distribution, while N{! is a superposition of the normalized MC background
Nib ? and the expected QEL signal:

Np+1
NI (Ma) = N7 +C Y e @i{Fqe);- (20)
j=1

This equation is similar to Eq. (9), Nib 9 being defined in the same way as
in Eq. (10); 5?;1 is the probability that a QEL event simulated in the jth bin is
reconstructed in the ith bin. The QEL scattering dynamics is described by the
following term:

1
i = g [ (B Q2 M)B(E) dEAQ e
Np
¢)i<&qel>i ‘i:NB-&-l - <qul> - Z (I)j<6'qel>ja (22)
j=1

here €2; denotes the (E,, Q?) interval, which corresponds to the ith bin; do/dQ?
is the differential QEL cross section on bound target nucleons.

The coefficient C' can be defined in either of two ways:

1) The N{" distribution is normalized to the total number of events in the
experimental data:

Np Np
SN =Y gt (23)
i=1 i=1

In this case, the proposed method should be sensitive only to the shape of the
distribution but not to the absolute number of identified events (contrary to the
M 4 measurement from the total QEL cross section).

2) C is defined in the same way as for the total QEL cross-section measure-
ment, i.e., we use another process (DIS) for normalization:

— NO
a (1)00'0 '

(24)

If we sum over the Q? variable for the investigated (F,, Q?) interval, find-
ing the M4 parameter from Eq. (19) becomes nothing else than the numerical
resolution of Eq. (9). Therefore, this variant of the fit can be considered as a
simultaneous fit of the total and differential cross sections; henceforth, we shall
refer to it as o ® do/dQ? fit.
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Fig. 16. The Q? distributions in identified QEL events in comparison with different MC
predictions DPMIJET (left) and NUANCE (right)

Figure 16 presents a comparison of the reconstructed Q? distribution with
different MC predictions (DPMJET with 7o = 1, af_, = 0.6 and NUANCE).
The expected background contamination is also shown.

We can now apply the proposed methods to experimental data and measure
the QEL cross section and axial mass M 4. The numerical results are reported in

Sec. 8, while the discussion of the corresponding uncertainties is presented in the
next Section.

7. SYSTEMATIC UNCERTAINTIES

We have studied several sources of systematic uncertainties, which are impor-
tant for the measurement of the total QEL cross section and axial mass parameter.
They are listed below:

1) Identification of QEL events; we vary the selection criteria within reason-
able limits (£ > 0 £ 0.4 for 2-track sample and 6 /7 > 0.35 &+ 0.03 for 1-track
sample).

2) Uncertainty in the total (mainly DIS) charged current muon neutrino cross
section, which enters both in the normalization factor oy/Ny and in the subtrac-
tion of the corresponding DIS background (the experimental error on (o)qis is
2.1% for v,, CC and 2.4% for v,, CC).
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3) Uncertainty in the RES cross section, which determines the contamination
admixture of the single resonant pion events in the identified QEL sample (we
assume 10% error on (0),es both for neutrino and antineutrino cases).

4) FSI interactions (we vary 7o and of , DPMIJET parameters for fixed
M7 = 1.03 GeV).

5) Uncertainty in the neutrino flux shape (the relative errors for each F, bin
were taken from [30]).

6) Neutral current admixture (we assume 5% error for the corresponding
cross section, which can be found in Table 3).

7) Charge misidentification of the primary lepton (reconstructed v, CC event
is classified as 7, CC and vice versa).

8) Contamination from coherent pion production (see Subsec. 4.4).

In Table 6 we present our numerical estimations for systematic uncertainties
(in the case of v, scattering, systematic errors were calculated for the mixture of
1-track and 2-track subsamples). One can see that the most important contribu-
tions come from the QEL identification procedure and from the uncertainty on
the non-QEL processes contribution to the selected sample of signal events.

The nuclear reinteractions (FSI effect) significantly affect the neutrino sample
only (see Table 7), while in the antineutrino case the influence of the nuclear
reinteractions is expected to be negligible. For v,, scattering, the cross sections can
be calculated separately for both the 1-track and 2-track subsamples of identified
QEL events or for their mixture. We can then compare the results and choose
whichever one has the minimal total error. In our case it was obtained for the

Table 6. The systematic uncertainties (in %) of the QEL cross section (o4c1) and axial
mass M4, measured in v,n — p~ p and 7,p — p'n reactions

Source (0)v, | Mal{o)v,] | Maldo, /dQ?] | (o), | Mal{o)s,]
Identification procedure 3.6 33 2.4 4.3 4.2
d(oqis) 2.9 2.6 0.2 4.2 4.2
d(0res) 4.0 3.6 0.6 7.6 7.4
Nuclear reinteractions 2.4 2.1 6.5 - -
Shape of v(7) spectrum 0.2 0.2 0.1 0.9 0.9
NC contribution <0.1 <0.1 - 1.1 1.1
Muon misidentification < 0.1 < 0.1 - 1.0 1.0
Coherent pion production | < 0.1 < 0.1 < 0.1 1.1 1.1
Total 6.5 5.9 7.0 9.9 9.5
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combined 1-track and 2-track samples, which ware found to be almost insensitive
to the variation of DPMJET parameters (see Sec. 8 for explanations).

The uncertainty on the shape of the (anti)neutrino spectrum is important for
the measurement of o as a function of neutrino energy E,. But it does not
affect both the flux averaged cross section <qu1> and the M 4 extraction from the
QQ? distribution.

The uncertainty due to the primary lepton misidentification and neutral cur-
rents comes into play through the subtraction of the corresponding background
from the selected DIS sample, that is, from the normalization factor. The admix-
ture of those events into the identified QEL events is expected to be negligible.

8. RESULTS

8.1. v,n — p~p Sample. The results of our analysis for the v, sample are
summarized in Table 7. We measure the flux averaged QEL cross section in the
neutrino energy interval 3—100 GeV (see Eq. (12)) for the I-track and 2-track
samples as well as for their mixture (which is called «combined» in Table 7).
For each (oqe1) we calculate the corresponding axial mass value, M 4. Results on
M 4 extraction both from the standard Q? fit and from the combined o ® do/dQ?
fit are also given. These measurements are repeated for several QEL MC with
different values of input parameters (the axial mass M4 was varied between 0.83
and 1.23 GeV in steps of 0.1 GeV; the formation time 77 was allowed one to
take a value of 0.6, 1.0 and 2.0; the correction factor o, was varied within the
interval [0.54,0.69]). On top of this the NUANCE QEL MC with its own FSI
effects is used for cross checks.

We then observe that M 4 recalculated from the measured (oqe1) depends on
To if one refers to the 1-track or 2-track samples. Specifically, the measured M 4
value increases with increasing 7y when extracted from the 1-track sample while
it decreases when extracted from the 2-track sample. This can be understood
if we take into account the fact that the 7y parameter controls the probability
for an outgoing nucleon to be involved in an intranuclear cascade. Increasing
To then increases the fraction of QEL events with a low momentum proton and
thus populates the I-track sample to the detriment of the 2-track sample. This
is the reason for the systematic overestimation of M 4 extracted from the 1-track
sample alone and its underestimation when extracted from the 2-track sample
alone. However the value of M 4 extracted from the combination of the 1-track
and 2-track samples is almost insensitive to variations of the 7y parameter.

We also find that using the QEL Monte Carlo with 7o = 1 and of_, = 0.6
provides the most accurate prediction for the ratio between the 1-track and 2-track
samples (and hence the most adequate description of the FSI interactions): in this
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case the flux averaged QEL cross section stays approximately the same whether
measured from the 1-track sample or from the 2-track sample. This allows us to
exclude the MC sets with 79 = 0.6 and 2.0 from further considerations.
Similarly we have observed that when using the full sample (1-track and
2-track) the measured M, is not very sensitive to modifications of the of _,
parameter. And using the NUANCE simulation code as a cross check gives a
very consistent picture: the M4 value extracted from the 1-track sample is also
different from the one extracted from the 2-track sample, while the value obtained
with the combined sample nicely agrees with our measurement with the best FSI

parameters. Thus, our results for the neutrino case are:

(0qel)y, = (0.9240.02 (stat.) +0.06 (syst.)) -107° cm?,

25

My =1.0540.02 (stat.) 4 0.06 (syst.) GeV. 25)

This result (25) is indeed in agreement with both the standard fit of the Q2

distribution and the fit of the combined o ® do/dQ? distribution of the NOMAD
data:

My =1.0640.02 (stat.) +0.06 (syst.) GeV (26)

(this result is obtained with a QEL MC using M4 = 1.03 GeV).

We use the 2-track sample only to extract M4 from the fit of the Q? distri-
bution since in this case the purity of QEL identification is rather high (~ 74%,
see Table 4).

§ [ a CERNHLBC69, C;Hg ' ]
% 1.6Fo CERNGGM 77, CF;Br ot tp
S F = CERNGGM 79, C;Hy/CF;Br :
< 14F 0 ANL 69, Fe . l E
o v THEP85,AL J 3
““F & IHEP SKAT 90, CF,Br 1 u
1E* NuTeV 04, Fe 2 — fi ;
" o NOMAD 08, Carbon - 27 :g,,i‘} R L
0.8 =0 M, error 0.06 GeV 7/ Tyt ;%Z \ *l if[
F— M,=105Gev  / i) \
0.6F
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Lol L L L PR L L
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Fig. 17. Comparison of our measurements with the previous experimental data from Fig. 2.
The solid line and error band correspond to the M 4 value obtained in the NOMAD exper-
iment. Nuclear effects are included into calculations according to the standard relativistic
Fermi gas model. The theoretical band corresponds to both statistical and systematic
uncertainties
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The results depend on the input MC parameters (axial mass and formation
time) but still are in nice agreement with the results of the extraction of M4 from
the measured QEL cross section based also on a 2-track sample analysis. This
can be considered as an additional confidence for our measurements using the full
QEL sample.

The measured cross section of the v,n — p~p reaction as a function of the
neutrino energy is shown in Figs. 17 and 18. These results are compared to the
previous measurements performed with deuterium and heavy nuclei targets.

R T A e A AN
o o , D, + “+p ]
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s “F o BNLSI,D, P —— ]
|E v FNALS3,D, ) aaat i e = ,ivlT - E

£ © NOMAD 08, Carbon '/ SN &) s
0.8 I M, error 0.06 GeV /' — A H%H E
F— M,=1.05Gev [/ D PR ]
0.6 4 %*% % %%% E
0.4F 3
0,2:— _:
C . ]

P | N L N PR N PR | N N
107! 1 10 10> E,, GeV

Fig. 18. Comparison of our measurements with the previous experimental data from Fig. 1.
The solid line and error band correspond to the M4 value obtained in the NOMAD
experiment. All experimental data are corrected for nuclear effects

8.2. v,p — ptn Sample. Since our measurement of the cross section of the
Uup — pn reaction is based on the 1-track sample only, we do not show the
dependence of the results on the variation of the 7 and of_, parameters. Instead
we display a dependence on the input M 4 in Table 8. The results for the measured
My are found to be quite stable. In Fig. 19 we show the measured v,p — u*n
cross section as a function of the antineutrino energy superimposed with the
theoretical curve drawn with M4 = 1.06 4+ 0.12 GeV and with nuclear effects
according to the standard relativistic Fermi gas model. Table 8 summarizes our
results for the ,p — p™n cross-section measurement in the different antineutrino
energy intervals. The cross sections are measured on a carbon target and also
recalculated for a free nucleon. The statistical and systematic errors are both
provided. The observed number of events in the data, the predicted number of
background events, the background subtracted and efficiency corrected number of
events are also shown.
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Fig. 19. Comparison of our measurements with the previous experimental data from Fig. 3.
The solid line and error band correspond to the M 4 value obtained in the NOMAD exper-
iment. Nuclear effects are included into calculations according to the standard relativistic
Fermi gas model. The theoretical band corresponds to both statistical and systematic
uncertainties

Our final results for the antineutrino case are:

(0qe1)s, = (0.8140.05 (stat.) =+ 0.08 (syst.)) -107°% cm?,

27
My = 1.06 +0.07 (stat.) 4 0.10 (syst.) GeV. @D

9. CONCLUSIONS

The cross-section measurement of the v,n — p~p and v,p — p*n reactions
on nuclear target was performed and reported in this paper. The samples used
in the analysis consist of 14021 neutrino and 2237 antineutrino events, which
were identified as quasi-elastic neutrino scattering among the experimental data
collected by the NOMAD collaboration.

We have discussed in detail the analysis procedure and the most significant
sources of systematic error. Special attention was paid to the influence of the
FSI effects on the measured physical quantities. The DPMJET code was used to
simulate these FSI effects. We also proposed a method for tuning the intranuclear
cascade parameters (mainly the formation time 7y), which was then used to reduce
the corresponding systematic uncertainty.

For the v,, case stable results have been obtained with the combined 1-track
and 2-track samples since they are almost insensitive to the FSI effects.

The results for the flux averaged QEL cross sections in the (anti)neutrino
energy interval 3—-100 GeV are (oqe1),, = (0.92 4 0.02 (stat.) £ 0.06 (syst.)) -
107%% cm? and (0ge1)s, = (0.81 4 0.05 (stat.) & 0.08 (syst.)) - 1072 cm? for
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Table 8. The results of QEL 7, cross-section measurement. The parameters of the
DPMJET model are 70 = 0.8, alq = 0.6

Me el Ma
0.83 0.794 1.042
0.93 0.799 1.048
1.03 0.811 1.063
113 0.834 1.094
123 0.861 1.127

neutrino and antineutrino, respectively. The axial mass M4 was calculated from
the measured cross sections: we find M4 = 1.05+0.06 GeV from the v, sample
and M4 = 1.06 & 0.12 GeV from the 7, sample. The M4 parameter was also
extracted from the fit of the Q2 distribution in the high purity sample of v,
quasi-elastic 2-track events (with a reconstructed proton track). It was found to
be consistent with the values calculated from the cross sections.

Our results are in agreement with the existing world average value [32,35] and
do not support the results found in the recent measurements from the NuTeV [23],
K2K [24,25] and MiniBooNE [26] collaborations, which reported somewhat larger
values, however still compatible with our results within their large errors.

It should also be noted that the preliminary results reported earlier by the
NOMAD collaboration for the 2-track sample only [79,80] suffered from a large
systematic bias related to an improper treatment of the FSI effects in the sim-
ulation program. Now they should be superseeded by the new measurements
reported here.
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