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Abstract

The energy of atmospheric neutrinos detected by MACRO was estimated using multiple Coulomb scattering of upward

throughgoing muons. This analysis allows a test of atmospheric neutrino oscillations, relying on the distortion of the muon

energy distribution. These results have been combined with those coming from the upward throughgoing muon angular
distribution only. Both analyses are independent of the neutrino flux normalization and provide strong evidence, above the

40 level, in favour of neutrino oscillations.

0 2003 Published by Elsevier B.V. Open access under CC BY license.

PACS 14.60.Lm; 14.60.Pq; 25.30.Mr

1. Introduction

The results obtained by experiments looking for
neutrinos coming from natural or artificial far sources
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gave the first indication of physics beyond the standard
model. Neutrino flavor changing is in fact the most

straightforward explanation for electron and muon

neutrino disappearance and for the evidence of non-
electron neutrinos from the sun. In this scenario, the
study of atmospheric neutrinos plays an important
role to improve our understanding of the neutrino

oscillation mechanism.

The MACRO detector studied [1-3] three cate-
gories of events as shown in Fig. 1. (1) upward
throughgoing muons, (2) upward semicontained
muons, and (3+ 4) upward stopping muons plus
downward semicontained muons. The31) cate-
gories cannot be separated experimentally, because the
events have only one time measurement. However, up-
ward stopping muons and downward semicontained
muons have similar parent neutrino energy.

An atmospheric muon neutrino deficit was found in
all of the three categories and an angular distribution
distortion was found in category (1). Such results are
explained by the neutrino oscillation hypothesis with
parameters\m? = 2.5 x 1073 eV2 and sirf 20 = 1,
in good agreement with the Super-Kamiokande re-
sults [4]. A detailed study of the upward throughgo-
ing muon angular distribution by MACRO [3] and by
Super-Kamiokande [5] allowed the exclusion at the
99% C.L. of the muon neutrino into sterile neutrino os-
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(4) semicontained down p . (2) semicontained up
\\»l (1) up-throughgoing p {

2. Themuon energy estimate

The MACRO detector was extensively described
in [7]. The detector consisted of a lower half (the
lower detector) and an upper half (théttico). The
lower detector had 10 horizontal planes of streamer
tubes separated by either crushed rock absorbers
(60 g/cn?) or (at its top and bottom) a plane of
scintillator counters. TheAttico had 4 horizontal
planes of streamer tubes separated into two groups
with a plane of scintillator counters between them.

Upward throughgoing muons are mainly produced
in neutrino deep inelastic scattering (DIS) in the rock
below the detector. The recoil hadrons are lost and
the muon energy is degraded in the propagation to the

D Absorber

. Streamer
O scintiiator

B Trock-Eteh

= T“ X = = ‘\r detector. Nevertheless, Monte Carlo simulations show
. \ a linear relation between the parent neutrino enéigy
s ~ " \J‘\"u and the muon residual energyy, at detector level.
s & ! The momentum resolution obtainable from multi-
Fig. 1. Cross section of the MACRO detector and topologies of P& Coulomb scattering (MCS) measurements is the
events induced by neutrino interactions. result of two different contributions: the number of

sampling plane®/ and the space resolution of the de-
tectorop. In MACRO the number of tracking planes
cillation mechanism, compared to the muon neutrino interleaved with rock absorbers giviis= 8. The reso-

into the tau neutrino. lution of the streamer tube system used in digital mode
Considering a two flavor neutrino oscillation, the is o9 ~ 1 cm and was improved tog ~ 0.3 cm by
probability for av,, to oscillate tov, is given by: using the drift time. The other six horizontal tracking
planes are separated by a negligible amount of mater-
. 5 1.27L, Am? ial, and do not contribute to the MCS measurements.
Py, v, =SiMP29 sin?( ————— |, (1) | : _ _ )
Ve j n a tracking detector with equispaced tracking

planes, separated by a given absorber and neglecting

where L, (km) is the distance between the neutrino the energy losses, the characteristic momentum scale
production and interaction points arnfd, (GeV) is can be written as [8]:

the neutrino energy. The different categories of events

quoted above have median energy from 4 GeV to

50 GeV, which provides evidence of the dependence 0.015A/A/ X,
on neutrino energies, as required by the oscillation pmes(GeV) = o
hypothesis. In this Letter we address for the first time

the estimate of the upward throughgoing muon energy where A is the distance between tracking planes and
by using multiple scattering. The implementation of Xo is the material radiation length. For < pwvcs,

this method to the MACRO data is discussed in the main limitation to the momentum reconstruction
Section 2. Two different analysis were performed. The comes from the number of sampling planes while
first one, using the tracking system in digital mode, for p > pwmcs the space resolution dominates. Under
is described in Section 3. Section 4 shows the results the conditions quoted above the relative momentum
obtained with the streamer tube in drift mode, where €rror [8] can be written as:

electronic readout of the hit time was used to improve
the position resolution and thereby the range of muon 27 _, 1
energies that could be estimated. p V2N

2

0

®)
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for p < pmcs, and DIS parton distributions [13] for deep-inelastic scatter-
) ing. For low energy neutrino interactions we used the
o 1 p ; i i
N ( ) () cross sections givenin [14]. The energy loss for muons
p /2N \ pmMCS propagating through rock is taken from Lohmann et

for p > pmcs. As shown in [8] the 1p distribution al. [15] while the muon simulation inside the detec-
approaches a Gaussian only far > 30; therefore tor was performed with GMACRO (the GEANT 3.21

the momentum error for MACRO is not expected based detector simulation). For the second analysis,
to have a Gaussian behaviour. The eight horizontal Where the streamer system is used in drift mode, an-
streamer tube planes interleaved with rock absorbers®ther simulation chain has been implemented. In this

(planes 2 to 9, from the bottom) are equispaced and ©25€ neutrino interactions are randomly distributed in
' i CRO a rock semi-sphere below the detector. Muons are then
have the same space resolution, hepgisRC = P

2.2 GeV/c. Since about 90% of upward throughgoing transported to the detector gsing the FLUKA9_9 pack-
muons havep > 2.2 GeV/c, the intrinsic chamber age [6]. A Monte Carlo statistics corresponding t_o a
resolution dominates. The MCS-based momentum V€ time of = 2700 years was produced (500 equiva-

estimates scale therefore as the square of the spacd€nt experiments). This simulation was compared with
resolutionsp. that used in [1,3], obtaining a satisfactory result.

The r.m.s. of the lateral displacement of a relativis-
tic muon crossing a layer of material with depkh

is proportional to the inverse of muon momentpg > 'hefirstanalysis: streamer tubesin digital

[9] mode
ves . X 136MeV | x X Because of MCS in théower detector, with this
Oproj = 73 pupc | Xo 1+0~038“"X—O . (5) analysis we expect a measurable deflection between

the incoming and the outgoing track directions for
In MACRO, X >~ 25X/ cos®, giving on the vertical muons with energies smaller thanl0 GeV. This cor-
oF',‘fOCjS ~ (10 cm/E,(GeV). Therefore, a saturation responds to an effective arm-lever ef4 m between
point above 10 GeV requires a space resolution betterthelower detector and theAttico [7].
than 1 cm. An improvement in the space resolution  The eight lowest streamer tube planes were used,
increases the maximum energy value (saturation point) through a track refit, to estimate the direction of
above which the MCS method is not effective [10]. the incoming muon. The five upper streamer tube
Consequently we decided to improve the streamer planes in théower detector and the fourittico planes
tube resolution: in the second analysis, described in were used to estimate the direction of the outgoing
Section 4, we took advantage of the QTP-TDC elec- muon. The distance, between the intercepts of the
tronics, developed for magnetic monopole searchestwo tracks in thez = 0 plane, and the difference
[7]. In this case, we obtained an improved space reso- A® between the two slopes depend on the muon
lution, o, ~ 0.3 cm [11], which allowed us to estimate energy E,,. We divided the upward throughgoing
the muon energy up tf,, ~ 40 GeV. muons in three subsamples, according to the values
For both analyses, we used the whole sample of of r, and A®: sample L = Low energy, if r, >
upward throughgoing muon events collected with the 3 cm andA® > 0.3°; H = Highenergy if r, <
complete apparatus in a period of data taking equiv- 3 cm andA® < 0.3°. The remaining events were
alent to 5.5 years of live time. We studied upward classified asM = Mediumenergy. These cuts were
muon events selected by the time-of-flight measured optimized using two large samples of real atmospheric
by planes of scintillators combined with the stan- muons: (i) downward throughgoing (average energy of
dard MACRO tracking algorithm. The originalupward ~ 300 GeV [16]), and (ii) downward going stopping
throughgoing muon data set has been described pre-muons (average energy of1 GeV).
viously [3]. To make a comparison between real data  The aforementioned cuts were applied on the up-
and expectation we performed a Monte Carlo simula- ward throughgoing muons (crossing the whole appara-
tion using the Bartol neutrino flux [12] and the GRV94  tus,lower detector + Attico), both real and simulated.
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They were selected from the same analysis chain [1]
and had the same data format. From the simulation we
expect 430 events: 178 abw energy, with(E,) =

11 GeV, 59 ofMedium energy, with(E,) = 33 GeV
and 193 ofHigh energy, with(E,) = 72 GeV. From

the real data, 316 events were selected: 100bef 51

of Mediumand 164 oHigh energy. 01

TheL andH events were further divided according
to their zenith angl®: events from the vertical direc- 0.08
tion —1.0 < cos® < —0.8, and events with ca? >
—0.8. For each event topology the number of detected
and expected events were determined and ordered with o
decreasing value of théL,)/(E,) ({(L,) = average
value of neutrino path length). The relative system- o0
atic uncertainty on each of the fié,)/(E,) values AT
is 12.5%, coming from the uncertainties on the neu- 0o o 0z 0804
trino spectrum and angular shape (discussed in Sec- Neural network output
tion 4.3), from the detector related effects and analysis _. .

. Fig. 2. Neural network (NN) output for down-throughgoing muons:
CUt.S‘ This m_cllu_des the number of planes gsed .for the real data (black squares) and Monte Carlo expectations (continuous
refit, the definition of the cuts, the fluctuations in the |jine). NN output for downward going stopping muons: real data
streamer tube and scintillator efficiencies, and detector (empty circle) and Monte Carlo expectations (dotted line).
acceptance uncertainties.

We evaluated,? for the hypothesis of no neutrino
oscillations using the fiveL, ) /(E, ) bins, plus the ad-
ditional point from the analysis of semi contained up- MACRO data resulted in an improvement of the space
ward going events (IU) [2] (upgoing neutrinos with resolution froms, ~ 1 cm too, ~ 0.3 cm.

(E,) ~ 4 GeV). We found that the distribution agrees Fig. 2 shows the Monte Carlo prediction for NN
with the no oscillation hypothesis with a probability downward throughgoing muons and downward going
lower than 2%). For two-flavor oscillations with para- stopping muons compared with experimental data.
metersAm? =2.5x 10 3eV2andsif20 =1weget A nice agreement between simulation and real data is
a probability of 45%. found for both categories, representing a large energy
interval.

The result of the neural network output energy
calibration shows that NN output is almost linear with
log,o(EL), increasing with the muon energy up to
E, >~ 40 GeV, where a saturation effect occurs. With
respect to the approach used in [11] few details of the

The performance of the streamer tube system, readneural network were optimized: the neural network
outin drift mode, is described in [11]. Here an absolute training and the energy calibration was performed
muon energy calibration was performed at the PS- separately for events with hits in the upper part of the
T9 and SPS-X7 beams, where a slice of the MACRO detector Attico).
detector was reproduced. The MCS information was  Although smeared by the energy carried away
handled by a neural network, based on JETNET 3.0 by hadrons and by energy loss in the rock, the
[17], calibrated with the muon beams quoted above. detected neutrino induced muons still carry on aver-
The neural network (NN) output obtained using test age >~ 40% of the original neutrino energy. By us-
beam data, was compared with that expected from ing the full Monte Carlo simulation quoted in Sec-
the Monte Carlo simulation, obtaining a satisfactory tion 2, we calibrated the NN output as a function of
agreement[11]. The application of such analysis to the log,o(E,): the calibrated NN output is linear up to

0.16 ~ B DOWNGOING THROUGHOING MUONS

014 | O DOWNGOING STOPPING MUONS e

Number of events

0.12 ~

4. Thesecond analysis. streamer tubesin drift
mode
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|- A E, infinite resolution Table 1| _ ection efficiendi
% w | MACRO Energy estimate Data selection cuts and selection efficiencies
k] Cuts Number of events
2 S Total number of upward 783
E throughgoing muons
= Single track in the 695
20001 wire and strip views
; g > 4 planes with valid 347
1500 L TDC hits
' ' Track length cut 314
e O < 60° 300

500 -

Table 1 describes further event selection to arrive at

L AT SR - . the sample for MCS analysis. We required a single

* * * ’ : ! ° track in both the wire and the strip view. We selected

(In E true -In E,rec) hits belonging to the track and made of a single fired

Fig. 3. Neutrino energy resolution that can be obtained with an ideal FUbe’ to _aSSOCI_ate unamblgl'l_ous'y its QTP-TDC t_lme
residual muon energy resolution (dotted line) and with the MACRO  INformation. This cut is effective for muon tracks with

energy estimate (continuous line). large zenith anglesq{ > 30°), while it is quite loose
around the vertical: we restricted the present analysis
log;o(E, (GeV)) ~ 2.15. We may write: to events with® < 60°. Comparisons were performed
between simulated and experimental downward going
810g10(Ey) = logg(e)sINE, muon data, to ensure that the selection efficiency, in
_ Ioglo(e)aE” (6) the used apgular window, is the_ same in the Mon.te
E,’ Carlo and in the real data. Spurious background hits

wheres log;4(E,) is the difference between the lgg have been avoided by requiring a time window of
of the real and of the reconstructed neutrino energy. 2 Ms around the trigger time. Finally, we selected
Taking into account that the NN output was cali- events with at least four streamer tube planes with
brated as a function of |qg(Ev), the energy reso- valid QTP-TDC data. We fitted the drift circles using
lution SE,/E, was obtained by plotting the quan- the same tracking developed to analyse test beam
tity §log;o(Ey)/10gi0(e), equivalent tosIn(E,). In muons. A minimum path length of 200 cm in the
Fig. 3 we show the resolution that could be obtained lower detector is required for tracks hitting thattico

with an ideal muon energy resolution (dotted |ine) and 400 cm for tracks not hlttlng it. These geometric
and that obtained with the present analysis (continuousequirement ensure a minimum depth of material
line). The precision of the neutrino energy estimate ob- Where muons may experience a measurable amount of
tained with an ideal muon energy resolution detector Multiple scattering and a lever arm long enough for
is §E,/E, ~ 70%, while with the present method a & comfortable tracking. After the selection cuts 300
resolution Of(SEv/Ev ~ 150% is obtained. The asym- events survived, glvmg an overall efﬁCiency of.3%.
metry present in both curves comes from neutrino in-

teractions occurring far from the detector, for which 4.2. Qualitativetests

a large fraction of the muon energy is lost during the

transport. We used the information provided by the neural
network to separate the neutrino events into four
4.1. Data selection energy subsamples, as shown in Table 2. The same

selection was applied to simulated events.
We used the 783 upward throughgoing muon data  Fig. 4 shows the zenith angle distributions of the
set collected in the full detector run started in 1994. upward throughgoing muons in the four energy sub-
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Table 2 Finally, we used information on the ratib, /E, .
Subsamples selected according with the reconstructed neutrino The distance.,, travelled by the neutrinos from pro-

energy duction to the interaction points, was measured by
Sample Energy cuts Medianenergy ~ MACRO relying on the muon zenith angle determi-
(GeV) (Gev) nation, with a precisiom\L, /L, ~ 3%. The resolu-
Low E;e°< 30 13 tion on the ratioL,/E, is therefore fully dominated
msg:ﬂm‘h?g‘;] ggi gy:zz igo gg by the uncertainty in the neutrino energy estimate, giv-
High Efec> 130 146 ing a relative error of- 150%. The ratio DATA/Monte

Carlo as a function of log(L,/E,), is plotted in

samples, compared with the expectations of the Monte Fig. 5. The black circles are the real data over the

Carlo simulation, assuming no-oscillations (dotted Monte Carlo predictions, assuming no oscillations,
line) and oscillations with parametetsm? = 2.5 x the shaded regions represent the Monte Carlo predic-

10-3 eV2 and sif20 ~ 1 (wall boxes). The Monte  tions with ost_:il_lations,Am2 =25x 1073 e\? and
Carlo including the oscillation hypothesis, with the pa- sz 20 = 1, divided by the Monte Carlo predictions
rameters quoted above, reasonably reproduces the realVith no oscillation. .

data in each subsample. We point out the strong differ-  11€ 10go(L./ Ey) distribution of the neutrinos de-
ence between the oscillations/no-oscillations hypothe- ©€¢ted by MACRO spans from.® to 35. The left-
ses at low energies, while such difference is reduced POINting arrow at low logo(L,/Ey) represents the

by increasing the reconstructed neutrino energy. effect of the neural network saturation. Since the
Law [ LOW &, MEDIUM-LOW
Y - 5 -5 UM-
gas - u>> oo
3o | | T
b~ E '_____I -o6 L (I
g - | D30
520 B : =
'E15 DE e i -Ezo
S10 [ —+— i == =5
s E <=
0 :lllllllllllllllllll D _lllllll{llllliljlll
4 09 -08 -07 06 -05 41 09 08 -07 06 -05
cos® cos®
a2 | MEDIUM-HIGH Ba
- - - b= P HIGH
g S For
@ 40 ()]
5 CRilE
5 | g || | B
Q0 [ o —e— =
E E g1 [ :
3 F 3 c
=210 :_ 25 = I
0 Eoaoliveleaadaoiis v 0 :‘.‘l...\..w.,.\.*l
4 -09 -08 -07 -06 -05 1 -09 08 -07 06 -05
cos® cos®

Fig. 4. Number of events versus the cosine of the zenith afdtar four energy ranges. Black points are the real data, dotted line is the Monte
Carlo simulation, assuming no oscillation, and dotted boxes are the Monte Carlo expectatioxmfita 2.5 x 1073 eV2 and sif 20 = 1,
including a 17% error.
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Data/MC (no osc)

l1.5““2l 3 3.5 4
|°g|o L,,(km)/E,(GeV)

Fig. 5. Ratio (Data/MC) as a function of the estimalgd E,, for the
MACRO upward throughgoing muon sample. The black circles are
the real data over the MC (no oscillation), the solid line is the MC
assumingAm?2 = 2.5x 103 eV2 and sirf 20 = 1 over the MC with

no oscillation. The shaded region represents the MC uncertainties.
The last point (empty circle) is obtained from semicontained upward
going muons.

maximum energy reconstructed by the NNAs ~
140 GeV and since the minimui, for the present
analysis isL™" ~ 6500 km, the minimum estimated
value is logy(L,/E,)™" >~ 1.7. As far as the right-
pointing arrow at highL,/E, is concerned, the re-
construction of neutrino energy based on the resid-
ual muon energy, does not allow one to reconstruct
the ratio L/E beyond a given limit. This is due to
far neutrino interactions, originated by high energy
muons, which lost a large fraction of its energy. An
ideal detector with ideal muon residual energy reso-
lution, requiringE,, < 2 GeV, would select an aver-
age logq(L,/E,) = 3.2. Finally, the neural network
resolution in muon energy estimate results in a max-
imum value logy(L,/E,) = 3. The dashed line at 1
is the expectation without oscillations. The last point
(empty circle) is obtained from semicontained upward
going muon rate [2]. It is not used for the evalua-
tion of the oscillation probabilities (Section 4.3) nor
in the allowed region plot (Fig. 7). Good agreement is
found with the oscillations expected with the parame-
ters quoted above.

4.3. Experimental results

To quantify the contribution of the multiple scatter-

MACRO Caollaboration / Physics Letters B 566 (2003) 3544

Table 3
Real data and Monte Carlo ratioR = Njgw/Nhigh and A =
Nvert/ Nhor

Ratio R =RNE R"=RNC REXP

Niow 1.00+ 0.17 150+ 0.25 085+0.16
high

ZX,VT? 1.70+0.14 220+0.17 148+0.13

for the variable, based on the energy estimate, show-
ing the maximum sensitivity to separate the oscillation
from the no-oscillation hypothesis. We found that the
best performance is given by the ratio:

R = Niow/ Nhigh, ()

where Njow and Nhigh are the number of events with
EF¢ < 30 GeV ande[F¢ > 130 GeV, respectively (see
Table 3).

We considered systematic uncertainties due to the
neutrino flux calculation and neutrino cross section.
Due to the large uncertainty in the absolute flux
[18-22], we use in this Letter only the angular dis-
tribution and the ratio between different event cat-
egories selected according to the reconstructed en-
ergy. Nevertheless, the theoretical uncertainty of the
existing neutrino flux, based on the old CR spectrum
[12], has to be accounted for. We varied the input pri-
mary cosmic ray spectral index in our simulation
by Ay = £0.05, obtaining a theoretical error aR,
(AR/R)fiuyx = £13%.

Another source of systematics comes from the neu-
trino cross section. We looked Atvarying the Monte
Carlo input cross sections. The most important con-
tribution to the error comes from the “Low” cate-
gory, since the cross section at low neutrino energy is
more uncertain. By comparing the cross section com-
puted under several hypotheses, varying for instance
the structure function ([13,23]) in the deep inelastic
scattering, including or neglecting the contribution of
resonant scattering, we foud R/R), = 9%. We es-
timated a total theoretical error

=16%

(3,0 (38

The systematic error o reconstruction, evaluated
in 6%, includes the uncertainties on absorber density,

2

ing measurement in stand-alone mode, we performeddrift velocity, streamer tube efficiency and detector

a blind analysis using the Monte Carlo data, looking

acceptance.
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Fig. 6. Low energy events over high energy events as a function of Fig. 7. 90% C.L. allowed region in Fheﬁ(rnz, sin? 29) plane for
Am?: the area between the solid lines includes a 17% systematics Vu — vr Oscillations, obtained with different data samples.
(the error is not Gaussian, see text). The hatched band represents the

real data. .
experimentally measured sum and then they were al-

lowed to fluctuate.
The corresponding one sided probability of mea-

Fig. 6 shows the raticR as a function ofAm?2, suring a value smaller thaR®*P aC(_:ording to method
assuming maximal mixing, for the Monte Carlo sim- 1 (2) is Q75% (19%) corresponding t0 2o (2.10).
ulation: the area between the two solid curves rep- Finally, we combined the information coming from the
resents the 17% systematic error. The Monte Carlo €Nergy estimate apd from the angular distribution. We
prediction in case of no oscillgtions B = %512 considered the ratio:
0.25(theor. + syst), while for Am“ =25 x 107° eV
and sif20 = 1, R = 1.00+ 0.17(theor + syst). As A = Nvert/ Nnor @)
pointed out in [3], the ratio does not have a Gaussian where Nyert is the number of upward throughgoing
distribution. The errors on the ratio are therefore also muon events with cas < —0.7 and Npor is the
not Gaussian: they are reported just to give a crude es-number of events with cés> —0.4, as discussed
timates of the significance. The experimental ratio is in [3]. The probability of measuring a valud’
R®*P = 0.854 0.16(stat). The one sided probability lower than A®*P according to the method 1 (2) is
of measuring a value smaller than the measured one,P(A’ < A®¥P) = 0.001% (Q01%), corresponding to
was computed by using two different methods. In the 4.30 (3.7¢). Itis worth noting that, combining the two
first one we let the Monte Carlo simulation (no oscilla- independent probabilities on the rati®@sand A, the
tions) to fluctuate according to statistical and system- probability that a fluctuation of the expected values
atic errors of the considered ratio. We then evaluated (no oscillations) generates the experimental results
the fraction of events giving a value smaller than the is P(A’R’ < A®PR®P) = 1.3 x 107° (3.2 x 10°9),
measured one. In a more pessimistic view, rejecting corresponding to Zo (40).
the hypothesis that the lower number of events de- The 90% confidence level allowed regions in the
tected by MACRO with respect to the Monte Carlo oscillation parameter space have been computed ac-
expectation is due to oscillation effects, the total num- cording to the prescription given in [24]. Fig. 7 shows
ber of Monte Carlo events (sum of the numerator and the 90% C.L. for the ratior, the angular distribu-
the denominator in the ratios), were normalized to the tion [3] and for their combination.
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5. Conclusions [3] MACRO Collaboration, M. Ambrosio, et al., Phys. Lett. B 517
(2001) 59.
Muon multiple Coulomb scattering has been used [4] Super-Kamiokande Collaboration, Phys. Rev. Lett. 81 (1998)

. . . 1562;
to estimate the energy of the neutrino induced Upward Super-Kamiokande Collaboration, Phys. Rev. Lett. 82 (1999)

throughgoing muons detected by MACRO. The differ- 2644,
ent tests performed on the data, using the estimated [5] Super-Kamiokande Collaboration, Y. Fukuda, et al., Phys. Rev.
energy (separation in subsamples with different en- Lett. 85 (2000) 3999.

ergIeS,LU/Ev eStImateS, etC.) glve a consistent plc_ [6] A. Ferrari, P. Sala, in: A. Gandini, G. Reffo (Eds), Proc. of the

- : Hlat: Workshop on the Nuclear Reaction Data and Nuclear Reactors
ture, all of them supporting the neutrino oscillation Physics, Design and Safety, ICTP, Trieste (Italy), 1996, Vol. 2,

hypOthES|S with p""rametelzsm2 =25x 1073 eV? World Scientific, Singapore, 1998, p. 424.
and sirf 20 ~ 1. To quantify such effect, the rati® = [7] MACRO Collaboration, S. Ahlen, et al., Nucl. Instrum. Meth-
Niow/ Nnigh was used, in stand-alone mode and in com- ods A 234 (1993) 337;
bination with the angular distributiod, = Nyert/ Nhor. M. Ambrpsio, etal., Nucl. Instrum. Methods A 486 (2002) 663.
Both of them are independent of the neutrino absolute [& See forinstance, T. Bolton, hep-ex/9705007.

. . [9] See, for instance, Particle Data Group, D.E. Groom, et al., Eur.
flux. The significance of the MACRO observation of Phys. J. C 15 (2000) 166.
the neutrino oscillations is above 4 [10] Estimate of the energy of upgoing muons with multiple

Coulomb scattering, D. Bakari, et al., for the MACRO Col-
laboration, in: G. Giacomelli, M. Spurio, J.E. Derkaoui (Eds.),
NATO ARW on Cosmic Radiation: From Astronomy to Par-
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