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Abstract. The combined analysis of  the final event set of 
data on neutrino interactions inside the detector, upward go- 
ing stopping muons and horizontal muons recorded in the 
Fr6jus experiment is presented. The absolute atmospheric 
neutrino spectra in the energy range 320 MeV < E ~  < 
30 GeV for electron neutrinos and 250 M e V <  E , ,  < 10 
TeV for muon neutrinos are determined. Based on the pa- 
rameterization of  Volkova for the u,-flux a spectral index 
of 7 = 2.66 -4- 0.05 is obtained from the ratio of  horizon- 
tal muons over upward going stopping muons and from the 
measurement of  the energy loss of horizontal muons inside 
the detector. The neutrino spectra are compared with vari- 
ous flux calculations. They do not show any evidence for 
neutrino oscillations in agreement with earlier analyses of 
the FrEjus data. 

1 Introduction 

During the past decade the interest in a better knowledge 
of the atmospheric neutrino spectra increased considerably 
in various fields of particle physics as well as in astro- 
physics. A good understanding of  atmospheric neutrino flux 
and the detailed dynamics of  neutrino interactions was pri- 
marily needed by the deep underground nucleon decay ex- 
periments [1-7] in order to improve the confidence in back- 
ground studies in nucleon decay searches. Results on atmo- 
spheric neutrinos are published by most of  the experiments 
[8-131. 

A good knowledge of the atmospheric neutrino flux has 
also become mandatory due to the increasing experimental 
activities in the field of high energy neutrino astronomy [14]. 
The ultimate sensitivity of these experiments to astrophysical 
neutrino sources will be limited by the atmospheric neutrino 
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background. Up to now only theoretical calculations [15-21] 
of  the absolute atmospheric neutrino spectra exist. 

The study of  atmospheric neutrinos also allows to search 
for neutrino oscillations in a region of  the parameter space 
not accessible by any other means so far. Using the contained 
single ring events the Kamiokande experiment reported on 
a deficit of  muon type neutrino interactions in their detector 
[9]. This observation was later confirmed with larger statis- 
tics [12] as well as by the IMB experiment [13] and was 
attributed to neutrino oscillations by the Kamiokande collab- 
oration. Furthermore Kamiokande reported recently on evi- 
dence for an abnormal ratio of muon type over electron type 
neutrino interactions in their apparatus at higher neutrino 
energies [22] J. In contrast the iron calorimeter experiments 
NUSEX and Frdjus [10, 11, 23] observe the predicted rate 
of uu-interactions using the full neutrino data sample while 
Soudan-II gave preliminary evidence for a uu-deficit based 
on the quasi-elastic u-interactions only [24]. The analyses 
of  upward-going, horizontal or stopping muons [25, 26, 27] 
predominantly stemming from deep inelastic uu-interactions 
in the rock again do not show any indication for neutrino 
oscillations in the region of  the parameter space consistent 
with the Kamiokande observation on contained and semi- 
contained events. 

In this paper the analysis of neutrino interactions inside 
the detector in combination with the upward-going stopping 
and horizontal muons produced by uu-interactions in the 
surrounding rock recorded in the Frdjus experiment is pre- 
sented. The spectra are inferred from the data with help of  
the regularized unfolding method [28] for both the observed 
neutrino interactions inside the detector and the uu-induced 
muons. The fine granularity of the Frdjus detector allows 
to measure the stochastic energy loss of muons well below 
their energy loss due to ionization for a mean muon track 
�9 It is this unique feature of  the detector which enables us 
to measure the absolute uu spectrum up to 10 TeV for the 
first time. The absolute neutrino spectra are compared with 
different theoretical flux calculations. 

I Due to the detection technique the water Cerenkov experiments have 
to restrict their analyses mainly to single ring events which are dominated 
by quasielastic uN-scattering events. 
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Fig. 1. Two deep inelastic scattering neutrino events as observed in the Fr~jus detector: (a) semicontained uu-interaction with E~s ~ 3.1GeV, (b) contained 
Ue-interaction with Evis ~ 3.9 GeV. The vertex positions and the direction of the summed momenta are indicated in the insert�9 

2 Site and experiment 

The Fr4jus underground laboratory is located near the cen- 
ter of  the highway tunnel connecting Modane (France) to 
Bardonecchia (Italy) under the Alps. The average rock over- 
burden amounts to 1720 m corresponding to 4710 hg/cm 2 
[29]. The geological structure is quite homogeneous in a 
large area [30]. Characteristics of  the Fr4jus rock and details 
of the topological structure also crucial for this analysis are 
given in ref. [31]. The geographical coordinates of the site 
are 4508'32 ' '  north and 6~ east corresponding to a 
geomagnetic latitude of 44.5 ~ . 

The detector has been described in detail in ref. [32]. 
It is a high resolution iron calorimeter with a total mass 
of  900 tons measuring 6 m • 2 1 5  12.3m. The fine granular- 
ity is achieved by a sandwich structure consisting of  912 
flash chambers (5mm•  cells) and iron (3mm) planes 
interspersed with 113 planes of  Geiger tubes (15mm• 15mm 
cells) which provide the trigger. The detector cells are ori- 
ented vertical and horizontal alternately, thus providing two 
independent orthogonal views for each event. 

The response of the Fr6jus detector to electrons and pi- 
ons has been calibrated with a test detector exposed to par- 
ticle beams at the electron synchrotrons of DESY and Bonn 
university [32]. The behavior of low energetic muons has 
been studied by the atmospheric stopping muons. From the 
analysis of the test detector data and of  the decay of posi- 
tively charged stopping muons an energy threshold of about 
30 MeV has been inferred for the detection of electromag- 
netic showers induced by photons or electrons. The energy 
resolution is described by 

~r(E) 0.06 
- 0.055 + (1) 

E V ~  [GeVI 

with an accuracy of  about 10%. This relation also holds for 
the electromagnetic energy loss of through going muons, for 
which an effective detection threshold for pair production 
and bremsstrahlung of  0.15 MeV g-1 cm 2 is obtained. 

The trigger requires groups of hits in the Geiger coun- 
ters in a small volume ( lm 3) corresponding to a threshold 
of  200 MeV in electromagnetic energy or, equivalently, to a 

track length of about 100 g/cm 2. The efficiency of the detec- 
tor was constantly monitored by analyzing the atmospheric 
muons passing through the apparatus. The average trigger 
rate is about 45 events per hour. Half of  the triggers are 
due to atmospheric muons while the rest is induced by local 
radioactivity and electronic noise. The event rate produced 
by interactions of atmospheric neutrinos is on the order of 
one event per week. 

3 Data processing 

Continuous data taking started February 19, 1984 with a 
mass of 240 tons. The size of the detector was gradually 
increased until the final mass of 900 tons was reached in 
June 1985. Data taking ended September 13, 1988. This 
analysis is based on neutrino interactions inside the fiducial 
volume of the detector, which are classified as contained 
or semicontained events, upward going stopping muons and 
horizontal through-going muons. 

3.1 Neutrino interactions inside the detector 

An event is defined to be contained if no prong (track or 
shower) is leaving the detector taking into account the de- 
tector geometry and the cell efficiency. An event is clas- 
sified to be semicontained if a possible primary vertex is 
found inside the detector and at least one prong is leaving 
the apparatus. The selection of  contained and semicontained 
events starts during data taking when the physicist on shift 
scans all events and classifies them according to simple se- 
lection rules. Subsequently an independent off line selection 
is performed with help of a pattern recognition program. 
The combined efficiency to select neutrino induced events 
is found to be 98%. 

In order to reduce the possible background due to pho- 
tons and neutral hadrons entering the detector a fiducial cut 
is applied to the events. Thus a minimum distance of  25 cm 
for any vertex with respect to the surface of the detector is 
required. This reduces the fiducial mass to 700 tons leading 
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Fig. 2. Distribution of the visible hadronic energy E vis of semicontained h a d  
events in comparison to the absolute Monte Carlo expectation of neutrino 
interactions in the detector. 

to an exposure of 2.0 kiloton year (kty). With this cut we se- 
lect 158 fully contained events and 58 semicontained events 

2 with at least two prongs 
A pattern recognition program [23, analysis 2] is applied 

for event reconstruction. Only the vertices of the events are 
determined visually on a graphic terminal while track find- 
ing, association of tracks in the two independent views, par- 
ticle identification (shower or track) and momentum deter- 
mination and classification as charged current ~% or ue and 
neutral current interaction is done by the analysis program. 
Details on this classification are given in ref. [11]. As an 
example for Ue and u~ interactions two deep inelastic scat- 
tering events are shown in Fig. 1. For about 5% of the events 
the correlation of tracks in the two independent views is not 
unique leading to different event definitions which may also 
lead to different neutrino interpretations albeit to a much 
smaller extent (less than one event). In case of ambiguities 
all hypotheses are used in the analysis. 

Because of the detection technique applied in the Fr6jus 
experiment it is not necessary to restrict our analysis of 
neutrino interactions inside the apparatus to fully contained 
events only, although the potential Background due to charged 
particles entering the detector and producing a vertex by in- 
teraction or decay may present has to be considered. As a 
check of the purity of the selection of semicontained neutrino 
interactions the distribution of the visible hadronic energy 

vis vis 
Eha~ = E < s  - Elep~on (2) 

is shown in Fig. 2 for the data in comparison with expecta- 
tion from simulated neutrino interactions. Here Ev{s denotes 

v i8  the visible energy of the events while Elepton is the mea- 
sured energy of the particles defined as lepton according to 
the procedure described in ref. [11]. The data is in good 

2 Since the Fr6jus detector has except by energy loss no capabilities to 
determine the direction of tracks the down(up)ward-going stopping muons 
cannot be distinguished from the single muon up(down)ward-going events, 
we have excluded from this data sample the ~,-interactions producing single 
prong events leaving the detector. 
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Fig. 3. Potential path distribution of the range between the interaction point 
and the entrance point of the neutrino into the detector. The neutrino direc- 
tion is assumed to coincide with the direction of the total visible momentum. 
In the Fr6jus detector one radiation length and one nuclear interaction length 
correspond to ~-- 14 g cm -2 and ~ 135 g cm -2, respectively. 

agreement with the absolute Monte Carlo prediction. In par- 
ticular we do not observe any significant excess of events at 

v i 8  energies Eha a < 100MeV which would be present in case 
of contaminations due to atmospheric stopping muons with 
decay electrons in this event sample 3. 

Furthermore the selection of neutrino interactions inside 
the detector may be contaminated by entering photons or 
neutral hadrons being produced by atmospheric muons in- 
teracting in the rock surrounding the detector. To estimate 
the contribution of these particles to our event selection the 
neutrino path length between the interaction point and the 
reconstructed entrance point of the neutrino into the detec- 
tor is shown in Fig. 3 for the contained and semicontained 
events. It is assumed that the neutrino direction is given by 
the vector of the total visible momentum. A contamination 
of the data by entering neutral particles different from neu- 
trinos should become visible as an excess of events at very 
small values for the potential path length. Again good agree- 
ment between our data and the absolute prediction of the 
atmospheric neutrino Monte Carlo is observed. Especially 
we do not observe any event below 150 g cm -2 which cor- 
responds to more than one nuclear interaction length and 
more than 10 radiation lengths in our detector. For compar- 
ison the fiducial cut corresponds to a minimum range of 50 
g cm 2. Taking into account the fiducial cut the absence of 
events with vertex closer than 150 g cm -2 to the surface of 
the detector leads to an upper limit on a contamination of 
the neutrino sample due to neutral hadrons of less than four 
events at 95% C.L. We therefore feel confident that both the 
semicontained events and fully contained events are only 
induced by neutrinos interacting inside the apparatus. 

3 In the data we observe three events with E ~  < 100 MeV compared 
to a Monte Carlo expectation of one event, In two of these events a track 
is leaving the detector while the remaining one has an nncontained shower. 
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3.2 Neutrino induced muons 

The selection and reconstruction of the upward-going stop- 
ping muons and the through-going muons is done by the 
same pattern recognition program as used for the offline se- 
lection of contained and semicontained events. Following 
the track finding routine the program searches for showers 
along the muon track due to pair production, bremsstrahlung 
and hadron production and determines the shower energies, 
the shower multiplicity and the total energy loss due to these 
processes including the contribution of unresolved low en- 
ergetic showers. 

Stopping muons are defined by the following criteria: (a) 
the maximum distance of the reconstructed entrance point of 
the muon from the detector surface has to be less than 30 cm 
and (b) the distance of the reconstructed stopping point of the 
track from the detector surface has to be at least 30 cm. The 
decision whether a track is directed upward or downward is 
found by the determination of the direction entrance point. 

In order to obtain a sufficient pointing accuracy to the 
origin of the muons a minimum track length of 1 m in three 
dimensional space is required. Further details on the pro- 
cessing of this data sample are given in ref. [33]. 

Subsequently the depth with intensity relationship is in- 
vestigated in order to separate the neutrino induced muons 
from the overwhelming background of atmospheric muons. 
For a given direction the muon intensity is corrected for 
acceptance, runtime of the experiment and dependence on 
the zenith angle. According to the direction of the muons 
the rock overburden is calculated from the mountain profile 
given in ref. [31, 3411. The depth intensity curve is given in 
[31, 33]. By allowing for an expected contamination of one 
event from atmospheric muons in the neutrino induced hor- 
izontal muon sample a cut equivalent to a depth of 14000 
hg/cm 2 is applied. Taking into account the ambiguity in the 
direction of the muons the corresponding solid angle is 2.3 sr 
for through-going muons and 7.43 sr for semicontained one 
track events subsequently quoted as upward-going stopping 
muons. With this cut 44 quasi horizontal and 48 upward- 
going stopping muons which are assumed to be neutrino in- 
duced are selected. In the latter event sample a contamination 
of 11 events due to misidentified atmospheric downward- 
going muons is expected from Monte Carlo simulations of 
atmospheric muons. 

the previous section. The simulation of the kinematics at the 
neutrino vertex and the reinteraction of produced hadrons 
has been checked by a reanalysis [36] of a subsample of the 
data recorded by the Aachen-Padova neutrino experiment 
[371. 

For the study of muons induced by neutrino interactions 
in the rock a Monte Carlo program specifically tailored to 
this purpose is developed. As in the previous case it in- 
cludes the quasielastic scattering, the single pion production 
and the deep inelastic scattering of neutrinos as described 
in ref [11]. For deep inelastic scattering events the kinemat- 
ics of the muon is given by the nucleon structure function 
which is parametrized according to EHLQ [38]. Although 
more recent calculations [39] on the proton structure func- 
tion as well as new measurements from HERA [40] exist 
it is sufficient to consider the EHQL parametrization here 
since the analysis is nearly independent of the behaviour of 
the nuclear structure function for x < 10 2. We have stud- 
ied in detail the influence of different parametrizations [39]. 
Only small variations due to the different models well below 
10% are observed. 

Subsequently the total energy loss of the muon in the 
rock is approximated by 

d E  
- a + b . E  (3) 

d x  

where a = ( 2 . 1 7 •  10 -3 GeV g- i  cm 2 and b = 
(4.12+__0.16)- 10 .6 g- l  cm 2 are parameters which define the 
energy losses due to ionization and the sum of pair produc- 
tion, knock-on electrons, bremsstrahlung and photonuclear 
reactions, respectively. These parameters are determined by 
the atmospheric muon data of Frdjus in a combined analy- 
sis of the depth intensity relation, the ratio of stopping over 
through-going atmospheric muons and the measurement of 
the energy loss of through-going muons inside the detector 
[29]. Finally the neutrino induced muons reaching the de- 
tector are passed through the detector simulation program 
and through the analysis chains described in the previous 
section. 

In order to be able to determine the atmospheric neutrino 
spectra various sets of simulated data with different spectral 
indices for the parametrization of ref [15] are generated. 
The data of each simulation corresponds to a runtime of 100 
years of the full-sized detector. 

4 Simulation of neutrino interactions 

According to the classification of the events into neutrino in- 
teractions inside and outside the detector two different Monte 
Carlo programs are needed in this analysis. In both cases 
the atmospheric neutrino flux is based on the calculations 
according to ref. [16] for E ,  < 3 GeV and according to ref. 
[15] for /~.  > 3 GeV. 

For the analysis of contained and semicontained events 
the neutrino Monte Carlo described in ref. [11] is used. Nu- 
clear effects are treated in an intranuclear cascade model 
with off-shell nucleons in a Fermi gas using the local density 
approach [35, model B]. We have simulated neutrino inter- 
actions corresponding to a sensitivity of 12.8 kty. The events 
are passed through the same analysis chain as described in 

5 Neutrino flux 

The determination of the atmospheric neutrino spectra is 
based on four different experimental ingredients, namely 

a) the rate and energy dependence of the contained and 
semicontained events, 

b) the ratio ~co~t = (nco~t + n~e,~0/nho,r~ of the con- " h o r i  

rained and semicontained charged current u~ events 
over the horizontal through-going muons, 

c) the ratio r s t~  = n s t o p / n h o r i  of the upward-going 
h o r i  

stopping muons over the horizontal through-going 
muons and 

d) the distribution of the visible energy loss of through- 
going muons. 
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Fig. 4. Monte Carlo expectation for the neutrino energy distributions acces- 
sible by the different event classes: a) for u-interactions inside the detector, 
the dots (histogram) show the energy distribution for Ue (u~,)-interactions 
while the hatched histogram indicates the contribution of semicontained u~- 
events, and b) for the neutrino induced muons where the dots (histogram) 
correspond to the expectation for upward-going stopping muons (horizontal 
through-going muons). The hatched (grey) area indicate the contribution to 
the horizontal through-going muons from muon tracks with a total stochas- 
tic energy loss of more than 100(500) MeV inside the detector. The event 
rates are normalized to the sensitivity of the Frdjus experiment. 

To see the advantage of the combined analysis of the dif- 
ferent event classes for the determination of the atmospheric 
neutrino spectra the effect of the slope of the neutrino spectra 
will be discussed in some detail. 

Figure 4 shows the Monte Carlo expected energy distri- 
bution derived from the calculations of Ref. [15, 16]and in- 
cluding trigger and acceptance cuts, for the various event cat- 
egories. The energy distribution of the contained and semi- 
contained events allows a direct measurement of the atmo- 
spheric neutrino spectra for 300 MeV<_ E ,  < 50 GeV. For 
this event class the mean value of the neutrino energy is 
roughly ( /~)  ~ 1, 2, 4 GeV for the contained v ,  events, 
the v~ interactions and the semicontained v ,  events, respec- 
tively. The differences in (E~) for the contained v ,  and v~ 
events is due to the fact that the length of the muon track 
rises linearly with energy while the length of an electro- 
magnetic shower increases only like In Ee. Therefore the 
containment requirements as defined in [11] affect v ,  and 
ve interactions quite differently. 

The upward-going stopping muons cover the energy 
range 1 GeV<_ E~, < 50 GeV with a mean value of 
(E~) ~ 5 GeV. This energy range is covered independently 
by the contained and semicontained events. The horizontal 
through-going muons are due to neutrino interactions in the 
rock with 5 GeV _< E ,  _< 20 TeV having a mean value of 
(E~) ~ 100 GeV. Again, there exists an overlap in E , ,  with 
the semicontained events for this data. 
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Fig. 5. Monte Carlo expectation for the neutrino energy distributions ac- 
cessible by the contained and semicontained events (full line), the upward- 
going stopping muons (black dots) and horizontal muons (dashed line) for 
different values of the spectral index c~. The hatched area indicate the con- 
tribution to the horizontal through-going muons from muon tracks with a 
total stochastic energy loss of more than 100 MeV inside the detector. 

Table 1. Comparison of the data and Monte Carlo sample composition. The 
Monte Carlo predictions are given for three different values of the spectra 
index c~ and a fixed value of 40. The values of c~0 and 40 are given in 
Ref. [14,16]. 

Data MC 

c~0 ~0 +0.1 ct 0 --0.1 

CC ue 75 81.4 75.6 88.2 
CC t,~ 125 136.2 128.5 145.8 
NC 16 14.5 13.9 15.4 
I ~up 48 58.4 53.4 63.9 
#hori 44 43.9 27.6 72.4 

Due to the power law spectra of the primary cosmic ray 
particles the neutrino spectra may be approximated by 

~ ( E , , ,  A, O, O) = d)o E2  ~ f,,(E~,, A, O, h(@, q~)). (4) 

The function f~ describes the deviation of the neutrino spec- 
tra from a simple power law. It accounts for the 7r, K and # 
spectra produced in the atmospheric cascade and for the geo- 
magnetic cut off. At low energies this cut off depends on the 
geomagnetic latitude A of the experiment.At higher energies 
the function f~ takes into account the competition between 
interaction and decay of d s  and Kts  and the free muon 
decay length, which depends on the geographical topology 
h(O, d)) at the site of the experiment. The topology is a func- 
tion of the zenith and azimuth angles O and 4), respectively. 

The effect of the variation of the spectral index c~ on 
the neutrino energy distribution as observed in the differ- 
ent event classes is show in Fig. 5. For the contained and 
semicontained events the change in the energy distribution 
is obvious. While the stopping muon sample measures the 
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spectrum of the neutrino induced muons at the detector for 
E ,  ~ 5 GeV the through-going muon rate is sensitive to 
the integrated neutrino flux mainly for E~ > 10 GeV. As a 

stop result the ratio rnori shows a positive correlation with the 
spectral index c~ of the atmospheric u t, spectrum. The mean 
energy of the horizontal muons observed in the detector de- 
creases when the slope of the atmospheric ut, distribution in- 
creases. Therefore the probability to observe showers along 
the muon track in the detector and the mean energy per 
shower is negatively correlated with the spectral index c~ of 
the u# spectrum. 

The statistics of the different event classes is compared 
to the Monte Carlo expectation in Tab. 1. For each event 
sample we find good agreement between the number of ob- 
served events and the Monte Carlo prediction based on the 
neutrino flux calculations of Ref. [15, 16] taken at a mean 
solar activity which is appropriate for the data taking time of 
the Frrjus experiment. If we call n~ and n~ the number of 
identified u# and u~ induced events, respectively, the double 
ratio 

R - (n#/ne)data _ 1.00 + 0.15 (stat.) zk 0.08 (syst.) (5) 
(n~/ne)MC 

for the contained and semicontained events in good agree- 
ment with our earlier publication [23], and 

R = 0.99 • 0.13 (stat.) ~: 0.08 (syst.) (6) 

for the total neutrino induced event sample is consistent with 
unity. The discussion on the systematic errors is already 
given in Ref. [23]. 

5.1 Neutrino interactions inside the detector 

In section 3.1 we have demonstrated that the selected con- 
tained and semicontained event sample is completely due 
to neutrino interactions inside the detector. No indication 
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Fig. 7. The absolute ue-spectrum obtained from the contained Ue- 
interactions in the Frrjus detector averaged over the zenith angle. 

for any relevant contaminations by other sources has been 
found. Together with our previous publications [11, 23] it 
may be concluded that the Monte Carlo simulated events 
give a satisfactory description of our data. Therefore the 
Monte Carlo is used to perform a regularized unfolding of 
the data. This procedure allows to correct the data for effi- 
ciencies, misidentification and detector resolution effects in 
an unbiased way. Based on the two different data samples 
separated according to the lepton type identification as de- 
tailed in Ref. [11] the distribution of the visible energy is 
unfolded to obtain the absolute u# and u~ spectra of atmo- 
spheric neutrinos averaged over the zenith angle. The spectra 
are shown in Fig. 6 and 7 as a function of the neutrino energy 
E~ for the atmospheric u~ and ue flux, respectively. The re- 
sults on the u~ and u t, fluxes obtained by the unfolding of 
the contained and semicontained charged current events are 
listed in Tabs. 6 and 7 of appendix A. 

In Fig. 8 the u-fluxes are compared to various theoretical 
calculations [15-20]. The neutrino flux predicted by [19] is 
systematically below the atmospheric neutrino flux both for 
u# and u~ while the prediction of [17] for the u~ flux is 
systematically to high. A function of the form 

�9 (E , )  = n ~theo(E~) (7) 

is fitted to the u u and ur spectra. Here Othr denotes the 
theoretical neutrino flux predictions within the different cal- 
culations and r! is a free parameter for the absolute overall 
normalization. The results of these fits are summarized in 
the Tab. 2 for the u u and the ur flux and the combination of 
both fluxes, respectively 4. Within the accuracy of our mea- 
surement good agreement is observed for the predictions of 
Ref. [15-18,20] for the u~ flux in absolute normalization 
as well as in the energy dependence of the u# spectrum. 
The fits of the different calculations to the atmospheric u~ 

4 It should be stressed that the experimental errors of the unfolded data 
are dominated by the energy resolution of the detector. In contrast to Eq. 
(5) this fit is more sensitive on the slope of the spectra than on the absolute 
rate. 
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Table 2. Results of the fits of the form O(E~)  = r; O theo (Eu)  for different models to the absolute up,, u~ and up, + re flux as derived from the contained 
and semicontained events observed in the Fr6jus detector. 

Up, b'e /~p, + /Je 

Model Ref. r; x2/NDF r; x2/NDF z/ x2/NDF 

Gaisser et al. 16 
& Volkova 15 1.05 • 0.13 6.6/6 0.77 4= 0.13 6.7/6 0.90 =k 0.12 16.6/13 
Mitsui et al. 18 0.93 4- 0.13 6.5/6 0.77 4- 0.13 4.5/6 0.85 4- 0.08 15.6/13 
Butkevich et al. 17 0.80 • 0.22 3.6/3 0.48 • 0.12 0.5/3 0.61 • 0.10 7.5/7 
Treichel 19 1.7 • 0.4 12.1/3 2.6 • 0.6 2.2/3 1.8 • 0.3 16.4/7 
Lipari 20 0.95 4- 0.17 3.4/3 0.57 4- 0.13 0.5/3 0.73 4- 0.13 7.6/7 

Table 3. Compilation of  the relative systematic uncertainties in the determination of  the absolute up, and r e  spectra as a function of  Eu. 

up, spectrum Ue spectmm 

300 MeV 1 GeV >10 GeV 300 MeV 1 GeV >10 GeV 

cr(uN) 0.30 0.20 0.15 0.30 0.20 0.15 
O(u)/'I>(F) 0.02 0.02 < 0.01 0.05 0.03 < 0.02 
geographical topology < 0.01 < 0.01 < 0.01 0.02 0.03 0.05 
trigger + nuclear effects 0.08 0.05 < 0.03 0.12 0.06 < 0.03 
effective target volume 0.06 0.03 0.05 0.06 0.03 0.05 
detector simulation 0.05 0.05 0.05 0.05 0.05 0.05 
lepton type identification 0.05 0.02 0.05 0.05 0.02 0.05 
neutral current contribution 0.02 0.01 < 0.01 0.04 0.02 < 0.01 

total 0.32 0.22 0.17 0.34 0.22 0.18 

spectrum yield reasonable values for the x2/NDF but the 
absolute flux predictions are systematically above the obser- 
vation except for the calculation of Ref. [19]. The deviation 
from V = 1 for the other predictions with respect to the u~ 
spectrum is due to its behaviour for E~ > 1 GeV where 
the atmospheric u~ flux is roughly a factor of 2 below the 
different model calculations at a statistical significance of 
more than 2 standard deviations. 

The systematic errors in the determination of the absolute 
neutrino spectra based on the contained and semicontained 
events are summarized in Tab. 3. The major uncertainties 
arise from our lake of knowledge of the neutrino cross sec- 
tion, of the nuclear effects in the iron nucleus and the exact 
understanding of the threshold behaviour of the trigger for 
ue interactions below 800 MeV. All these uncertainties af- 
fect mainly the neutrino spectra at low energies. In addition 
minor contributions are obtained due to the determination of 
the effective target volume and the simulation of the neutrino 
interactions in the detector. 

In the energy range accessible by the contained and semi- 
contained events the ue flux is completely due to muons 
decaying in the atmosphere. Especially at high energies the 
u~ flux is thus influenced by the height of the mountains 
around the experiment preventing penetrating muons from 
decaying in flight. To study the effect of the geographical 
topology on the absolute neutrino flux at Fr6jus the COR- 
SIKA air shower simulation program [41] together with the 
decay spectra including muon polarization as given in Ref. 
[20] is used to calculate neutrino spectra produced by pri- 
mary cosmic rays at different zenith angles at sea level and 
at an altitude of 3000 meters corresponding approximately 
to the height of the mountains at Frdjus. While the uu flux is 
not affected by the geographical topology a reduction of 5% 
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ferent neutrino flux calculations. 
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on the Ue flux averaged over the zenith angle is observed for 
E .  ~ 10 GeV. 

The different contributions to the systematic error are 
added in quadrature leading to the energy dependent total 
systematic error given in Tab. 3. Compared to the experi- 
mental errors due to statistics and resolution effects as ob- 
tained by the unfolding procedure the energy dependent part 
of  the total systematic error is small enough to be neglected 
in the comparison of  the atmospheric neutrino spectra to 
the different theoretical calculations. The overall absolute 
neutrino flux normalization error is estimated to be of the 
order of  20 %, mainly due to the uncertainties of  the to- 
tal u N  cross section, in agreement with our previous studies 
performed in Ref. [11, 23, 35]. For the estimation of  the sys- 
tematic errors on the Ue spectrum it is assumed that the u~ 
cross section is identical to the uu cross section independent 
of  the neutrino energy. Since the influence of the induced 
formfactors on the quasi elastic scattering cross section is 
still unknown, this assumption may be an oversimplifica- 
tion for low neutrino energies where the contribution of this 
process dominates the u N  cross section. 
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Fig. 9. The absolute uu-spectrum obtained from the total neutrino induced 
event sample averaged over the zenith angle 

5.2 Neutrino induced muons 

For neutrino energies E .  >> 1 GeV the differential spectra 
of  the atmospheric neutrino flux has been parametrized by 
[1515 

r = r E -'~ 

[ , 0.213 ] 

1 + 6 E./E~(O) + 1 + 1 . 4 4  E./EK• ' ( 8 )  

where E , ( O )  and EK• are the zenith angle depen- 
dent critical energies 6 accounting for the 7r + a n d / ( +  decay 
length, respectively. Within the experimental errors this sim- 
ple parametrization leads to a good description of our data 
for E~ _> 3 GeV. 

From the observed number of the contained and semi- 
contained charged current u ,  interactions and the through- 
going horizontal muon events given in Tab. 1 a value of 
rho~ icont = 2.84 + 0.50 is obtained which has to be compared 
with the Monte Carlo expectation of rho~iC~ = 3.10 for a 
spectral index of  c~ = 2.69 using the flux parametrization ac- 

co,~t yields cording to Eq. (8). The experimental value on rho,. i 
a spectral index ct = 2.67 4- 0.05. 

Using the observed numbers of  candidate events of 
upward-going stopping muons and of  through-going hori- 

stop 1.09 + 0.23 is ob- zontal muon events a value of  rhor i  = 

served. As already discussed in the text the upward-going 
stopping muons candidates receive significant contribution 
from misidentified through-going atmospheric muons (11 
events) and from semicontained uu interactions with only 
one visible track (11.7 events expected). The rate of  the lat- 
ter background also depends on the spectral index c~ of  the 
ut, flux. As shown in Figs. 4 and 5 the neutrino energy range 

5 The parametrization of Volkova is chosen because it allows for a sim- 
ple description of the data which is not possible for the other theoretical 
calculations. The unfolded spectra shown in Fig. 6 and 7 are not affected 
by this parametrization. 

6 ~'~r((~) and E/<• (O) are detailed in ref[15]. 

of interest for the upward-going stopping muons is indepen- 
dently covered by the contained and semicontained events 
which allows to determine the contamination due to semi- 
contained uu interactions.The comparison with the Monte 

stop Carlo expectations for rhori((X ) for different values of c~ 
leads to c~ = 2.65 -4- 0.06. 

The analysis of the energy loss of horizontal muons due 
to pair production, bremsstrahlung and photoproduction is 
based on reconstructed showers with Esh _> 300 MeV only. 
It turns out that in this case the systematic uncertainties in 
the determination of  the spectral index c~ are minimized 
by simply counting the number of reconstructed showers 
per track length. We obtain 300 d ~ h  / d x  = (6.44- 1.3star 
+ 0.3syst) 10 .2  m -1, where the systematic error accounts 
for the uncertainty in the absolute energy calibration of elec- 
tromagnetic showers [32]. Comparing this value to Monte 
Carlo predictions for different spectral indices one gets 
c~ = 2.62 • 0.15. The combination of both independent mea- 
surements leads to a spectral index for the atmospheric uu- 
flux of 

c~ = 2.66 • 0.05 (star.) • 0.03 (syst.). (9) 

Based on this value an absolute normalization factor of 

~b0 = (2.5 4- 0.2 (stat.) 4- 0.3 (syst.)) 10 .2  

cm 2s lsr  1GeV~-J (10) 

for the up spectrum in Eq. (8) is obtained from the total rate 
of uu induced charged current events. The discussion on the 
systematic error is given below (Tab. 5). Both, the spectral 
index c~ and the absolute neutrino flux normalization ~0 are 
in good agreement with the prediction of  Ref. [15] where 
c~ = 2.69 and ~0 = 2.85 • 10 -2 c m - 2 s - l s r - l G e V ~ - I  is 
quoted. 

In the next step the neutrino induced muon data is un- 
folded using the total visible energy loss of  the muons in 
the detector in order to obtain the absolute u** spectrum for 
1 GeV < E ,  < 10 TeV. The result is shown in Fig. 9 
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together with the u ,  spectrum obtained from the analysis 
of the contained and semicontained events described in the 
previous section. The absolute u ,  spectrum derived form the 
neutrino induced muons fits well the spectrum as determined 
by the contained and semicontained events in the region 1 
GeV < E~ < 60 GeV where both data sample overlap. The 
results on the absolute u ,  flux as obtained by the unfolding 
of the neutrino induced muon events are included in Tab. 
7 of appendix A. The comparison of the absolute u~-flux 
with different theoretical calculation [20-25] for 300 MeV 
< E ,  < 10 TeV is shown in Fig. 10. The results of fits to 
the u~-spectrum according to Eq. (7), based on the experi- 
mental errors, are summarized in Tab. 4. Within the accuracy 
of our experiment the theoretical predictions are in reason- 
able agreement with the absolute flux measurement both in 
normalization and in the slope of the spectrum except of 
Ref. [19] as already observed in the analysis based on the 
contained and semicontained events only. 

In Tab. 5 a compilation of the systematic uncertainties 
in the u~-flux determination using the u~-induced events is 
given. In general three different categories of uncertainties 
have to be considered, namely: 

a) the error on the effective u N  cross section, denoted 
by ~7(uN) and ~(~,)/~(~). The error on the neutrino 
cross section also accounts for the uncertainties due 
to our lack of knowledge on the parton densities in 
the nucleon as briefly discussed in section 4. 
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Table 4. Results of the fits of the form ~(E~) = ~'}~Otheo(Eu ) for different 
models to the absolute u;, flux derived from the u~ interaction inside the 
detector and the u~,. induced muons. 

u~ 

Model  Ref. 71 x 2 / N D F  

Gaisser et al. 16 
& Volkova 15 0.95 t- 0.11 11.5/10 
Mitsui et al. 18 0.89 ~[: 0 .10 9.7/10 
Butkevich et al. 17 0.80 ~z 0.11 6.5/7 
Treichel 19 1.06 ~ 0.15 27.5/7 
Lipari 20 0.88 ~ 0.12 8.2/7 

Table 5. Compilation of the relative systematic uncertainties in the de- 
termination of the absolute uu spectrum as a function of Eu for 5 GeV 
< E~ _< 5 TeV. 

u~ spectrum 

5 GeV 50 GeV 500 GeV 5 TeV 

o-(uN) 0.18 0.03 0.05 0.10 
qS(u)/~(u--) 0.01 0.01 0.02 0.02 
~(pp --+ eE) 0.02 0.10 
energy loss 0.06 0.06 0.088 0.094 
I~hori pointing 0.19 0.09 0.07 0.07 
#stop pointing 0.04 
u~-acceptance #hori 0.09 0.07 0.10 0.10 
u~-acceptance tXstop 0.04 

total ~hovi 0.28 0.13 0.16 0.21 

total t~stop 0.20 

b) 

c) 

the uncertainties on the effective target volume de- 
termined by the energy loss parameters given in Eq. 
(3) and 
the influence of the restriction in the usable solid an- 
gle for the identification of neutrino induced muons. 
Here the effect of the pointing accuracy of the muons, 
including the kinematics at the neutrino vertex, and 
the effect of the differences in the zenith angle depen- 
dence within different models (u,-acceptance) has to 
be considered. 

For E~ < 10 GeV where the flux measurement is dominated 
by the upward-going stopping muons the systematic error is 
mainly due to the experimental uncertainties on the total 
neutrino cross section while at higher energies the different 
sources contribute equally to the total systematic error. 

At higher energies, i.e. E~ > 1 TeV, the uu-flux may 
receive a sizeable contribution due to charm production. In 
contrast to the Kts, and 7r's the charmed particles decay 
almost completely before interacting even at high energies 
because of their short lifetime leading to an isotropic con- 
tribution to the u~ and # flux. For E u _> 5 TeV the prompt 
#-flux from charm decay is found to be ~ 10% of the ver- 
tical p-flux as derived from the analysis of the depth inten- 
sity relation for atmospheric muons [29]. This value can be 
converted into an uncertainty on the uu-flux measurement, 
averaged in zenith angle, of 10% for E~, = 5 TeV. 

The total systematic error on the uu-flux determination 
based on the neutrino induced muons as given in Tab. 5 
shows only a small energy dependence if one takes into 
account that for E ,  < 10 GeV the L,u-spectrum is mainly 
determined by the upward-going stopping muons. The en- 
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ergy independent part of the total systematic uncertainties 
levels to 13%. 

6 Discussion and conclusions 

In this article a combined analysis of the final event sam- 
ples of neutrino interactions inside the detector, of upward- 
going stopping muons and of horizontal muons recorded 
in the Frtjus experiment is presented. It is the combina- 
tion of these different measurements which enabled us to 
determine the absolute atmospheric neutrino spectra in the 
energy range 320 MeV< E,r < 30 GeV for electron neu- 
trinos and 250 MeV< E , ,  < 10 TeV for muon neutri- 
nos for the first time. The determination of the up spectrum 
up to 10 TeV is of specific interest for experiments work- 
ing in the field of high energy neutrino astronomy. Con- 
sequences on models predicting an isotropic extraterrestrial 
neutrino flux will be discussed in a separate paper [33]. Us- 
ing the parametrization of Volkova we obtain a spectral in- 
dex of c~ = 2.66 4- 0.05 and a flux normalization factor of 
~b0 = (2.5 i 0.2star • 0.3,~yst) x 10-2cm-2s- ls r  -1 GeV c~-1 
which are both in good agreement with the values given in 
[15J. 

Various theoretical calculations have been compared to 
the absolute flux measurements presented in this paper. Al- 
though the statistical errors are still quite large the data gives 
significant constraints on neutrino flux calculations espe- 
cially because of the large range in neutrino energy covered 
by the experiment. Even by including the systematic uncer- 
tainties of the absolute measurement the ue flux is found 
to be systematically below the different predictions at more 
than two standard deviations for E ,  > 1 GeV (Fig. 8 and 
Tab. 2). Although in general an overall normalization un- 
certainty of about 20% is quoted for the flux calculations, 
the relative normalization between the u u and the u~ flux is 
assumed to be accurate to the 5% level. The calculations of 
Ref. [15, 16, 18] on the relative normalization of the fluxes 
agree reasonably well with our measurement of the absolute 
spectra while the predictions of Ref. [17, 20] are found to be 
only in marginal agreement (about two standard deviations) 
if the understanding of the relative normalization between 
the u# and the u~ flux is as good as commonly thought. The 
measurements of the u~ and the ur are both in contra- 
diction to the calculation of Ref. [19]. We conclude from 
our comparison that for L,~ energies larger than 100 Gev the 
approximation of [19] becomes valid. This approximation 
may be worse in case of the u~ flux. 

Since the rate of neutrino events observed in the Frdjus 
experiment is in good agreement with the Monte Carlo ex- 
pectation for both charged current u~ and u,  interactions 
there is no evidence for neutrino oscillations from this anal- 
ysis consistent with our earlier publication [23]. However 
there is still some room left for an interpretation of the ab- 
normal n~/n~ ratio as reported by Ref, [12, 13, 22, 24] in 
the framework of uu-u~-oscillations that is consistent with 
our data. 

Recently Kamiokande reported on an abnormal ratio 
nu/n~ for contained and semicontained neutrino events with 
a visible energy E ,  is > 1.3 GeV [22]. The basic fea- 
ture of this data is an excess of electron type events of 

(he)data/(ne)MC = 1.43 i .  15. In terms of u#-u~--oscillations 
this result may only be considered if one assumes the ne- 
excess to be due to a genuine higher atmospheric u~ flux 
as predicted from calculations for E ,  > 1 GeV. Such an 
increase in the u~ flux contradicts the flux measurement pre- 
sented in the present paper at more than 99% confidence 
level, even by restricting our data to E ,  _> 1.5 GeV. Ge- 
omagnetic effects which produce significant differences in 
the neutrino spectra at Kamioka and Frdjus at low energies 
are too small for E ,  > 1.5 GeV to be responsible for such 
a big difference in the t,~ flux at both sites necessary to get 
agreement between our ue flux measurement and the u~-u~ 
hypothesis for the Kamiokande data. 

Comparing our analyses with the analyses performed by 
the experiments claiming evidence for an abnormal ratio of 
muon type over electron type neutrino interactions in their 
apparatus [12, 13, 22, 24] two major differences have to be 
realized 

a) the analyses of Frtjus are based on the complete neu- 
trino sample accessible by the experiment while the 
other groups have, mainly due to technical reasons, 
restricted their analyses to the quasi-elastic neutrino 
scattering events only, 

b) the Frtjus detector has been located at a depth of 
more than 4700 hg/cm 2, while the experiments which 
have reported evidence for an abnormal n~/ne ratio 
are operating at shallower depths of less than 2500 
hg/cm 2. 

The experimental knowledge [43] as well as the theoret- 
ical understanding [44] of the quasi-elastic neutrino scat- 
tering cross section is still very limited. For the analysis 
presented in this paper the quasielastic scattering channels 
contribute only ~30% to the contained and semicontained 
events while the upward-going stopping muons and the hor- 
izontal through-going muons are nearly completely due to 
deep inelastic neutrino scattering. Since the physics of deep 
inelastic scattering is much better understood and the to- 
tal neutrino scattering cross section is much better known 
than the quasielastic scattering process alone our analyses 
should be almost free from the uncertainties on the quasielas- 
tic scattering cross section. This may also explains why the 
searches for neutrino oscillations based on the analyses of 
upward-going, horizontal through-going or stopping muons 
performed by several experiments [25, 26, 27] failed to find 
evidence for neutrino oscillations as suggested by the appar- 
ent n~/z~ anomaly as primarily reported by Kamiokande 
although theses analyses have large systematic errors since 
they have to rely completely on absolute neutrino flux cal- 
culations. 

Due to the shallow depths of IMB, Kamiokande and 
Soudan-II the atmospheric muon flux in these experiments 
is more than a factor of 20 higher as compared to the flux 
at the Frdjus laboratory. Consequently in the former exper- 
iments a significant high energetic neutron flux originating 
from interactions of muons in the surrounding rock near the 
detector could be expected. The production of 7r~ by in- 
teractions of these neutrons in the detector may lead to an 
excess of electron like events thus explaining the apparent 
n~/ne anomaly [45]. For the Frtjus experiment we have 
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demonstrated that this background source is expected to be 
negligible. 

The accuracy in the determination of the absolute neu- 
trino spectra obtained in the present analysis is mainly lim- 
ited by the small statistics available in the Fr6jus experiment. 
Significant improvements on the experimental knowledge of 
the neutrino fluxes would require much larger statistics taken 
with a detector having features at least similar to those of the 
Fr6jus detector. None of the underground experiments under 
construction or being built in the near future will meet these 
requirements. Moreover the systematic uncertainties will be- 
come important as soon as much larger statistics would be 
available. A better understanding of the neutrino nucleon 
cross section would then be needed. 
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A Absolute v~ and u~, fluxes of atmospheric neutrinos 

Tables 6 and 7 summarize the measured values and errors of 
the absolute ue and ua fluxes for the different neutrino en- 
ergies as determined by the analysis presented in this paper. 
The fluxes are averaged in zenith angle. 

Table 6. Absolute ue flux as obtained by the unfolding of the contained 
and semicontained charged current ue event averaged in zenith angle. 

Ue spectrum 

[GeV] [GeV- 1 c m - 2 s -  1 s r -  1 ] 

0.32 0.50 0.40 2.1 10 -1 7.2 10 -2 
0 . 5 0 -  0.76 0.62 7.3 10 2 1.9 10 -2 
0.76 - 1.00 0.87 2.4 10 -2 1.0 10 2 
1 . 0 0 -  2.00 1.41 4.3 10 -3 1.6 10 -3 
2 . 0 0 -  3.50 2.63 7.3 10 -4 3.5 10 -4 
3.50 - 6.00 4.57 2.0 10 -4 1.1 10 -4 
6.00--31.6 13.8 3.7 10 6 1.5 10 6 

Table 7. Absolute uu flux as obtained by the unfolding of the contained and 
semicontained charged current uu events and the neutrino induced muons 
averaged in zenith angle. 

~,u spectrum 

[GeV] [ G e V - l c m - 2 s - l s r  -1 ] 

0.25 --0.56 0.38 3.0 10 1 1.5 10 - t  
0 . 5 6 -  0.74 0.65 1.9 10 1 5.0 10 2 
0.74 - 1.00 0.86 8.6 10 -2 2.7 10 -2 
1 . 0 0 -  1.48 1.22 3.7 10 2 9.7 10 3 
1 . 4 8 -  3.16 2.16 4.5 10 -3 1.3 10 3 
1 . 0 0 -  10.0 3.54 1.3 10 -3 4.0 10 -4 
3.16 -- 15.9 7.1 2.0 10 -4 7.2 10 -5 
1 0 . 0 -  100 24.0 3.7 10 6 1.4 10 -6 
1 5 . 9 -  63.1 31.6 1.4 10 -6 4.7 10 -7 
100-- 1500 580 3.8 I0 to 1.5 10 - l ~  
1500 -  10000 2610 1.1 10 -12 4.4 10 -13 
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