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We have reanalyzed the sensitivity of an underground muon detector to (v,<v,) oscillations,
taking into account the Wolfenstein, Mikheyev, and Smirnov matter effect. We find that the mea-
surement of the charge of the muons would greatly improve the sensitivity of this type of experi-
ment. Such a measurement would enhance the statistical significance of an eventual oscillation
signal and, allowing for a comparison of the 4~ and p* fluxes, can eliminate the systematic uncer-
tainty upon the absolute normalization of the neutrino flux. We show that a realistic detection
system can explore the region in parameter space 3X 107 <Am?< 10! eV? and sin?26 >0.02,
which is well below current accelerator and reactor limits.

I. INTRODUCTION

Since the original suggestion by Pontecorvo! of the
possibility of neutrino oscillations, a large amount of
theoretical and experimental work has gone into the
study of this problem. A search was proposed for neu-
trino oscillations using the flux of neutrinos produced in
the atmosphere by the interaction of primary cosmic
rays with air nuclei, via the subsequent decay of 7’s, K’s,
and p’s. In fact, the neutrinos reaching a detector locat-
ed near Earth’s surface have traveled a distance (¢ is the
nadir angle) x =2Rgcosy, or ~ 10* km; neutrino-
oscillation lengths of this order become therefore experi-
mentally accessible. This experimental method is very
appealing in principle, but suffers from several limita-
tions. First, the flux of atmospheric neutrinos is small,
so that the sensitivity of even a very large detector is
seriously limited by statistics. The flux is also a mixture
of v,, ¥,, v,, and v, in proportions which depend upon
the neutrino energy and direction. Furthermore, the ab-
solute intensities can be predicted with an accuracy es-
timated to be of the order of ~20%, due to the uncer-
tainties upon the primary-cosmic-ray flux and upon the
hadronic topological cross sections at very high energies.
Geomagnetic and solar-wind effects are additional
sources of errors in a precise calculation of the low-
energy part of the neutrino flux.

In large proton-decay detectors, such as the IMB
(Irvine-Michigan-Brookhaven) or Kamiokande detectors,
these difficulties can be partially circumvented by com-
paring the rates of showering neutrino interactions,
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which are attributed to v, or ¥,, to the muon-neutrino
interactions inside the detector volume. A difference in
this ratio among the upward-going neutrinos and the
downward-going ones could be interpreted as a signal for
oscillations.?

In this paper we will concentrate on a different ap-
proach, consisting of the indirect measure of the v, (or
v,) flux through the detection of muons produced by
charged-current interactions in the rock underneath the
detector. The event rate is expected to be larger then in
proton-decay detectors because a larger target mass is
available for neutrino interactions. Analysis of the sensi-
tivity of an underground muon detector to neutrino os-
cillations have already been published,® but most of the
results were obtained using the vacuum oscillation prob-
ability; hence the effect of the presence of matter along
the neutrino path was neglected.

It is well known that a neutrino produced as a v, has
a probability

(vac) __ plvac)
Pv”—»vl‘_Pvu_w”
2
=1—1sin*260 | 1—cos AZ‘ R g cosy ] (1

of emerging with the same flavor, crossing an “empty”
Earth, if 6 is the mixing angle and Am2=m3 —m7 the
mass splitting. But Wolfenstein* and Mikheyev and
Smirnov® have shown that in the presence of matter the
neutrino-oscillation picture changes dramatically. It was
shown qualitatively by Wolfenstein that for maximal or
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nearly maximal mixing (viz., sin?26 ~ 1) the matter effect
reduces the oscillation probability. On the contrary Mi-
kheyev and Smirnov have shown that, for a small mixing
angle, the transition probability has a resonance at the
energy

AmZ2c0s20=2V2GEn, , ()

where G is the Fermi constant and n, is the electron
number density.
In order to have a large resonant effect, however,

47E
Am%sin?20
_ V27 cos26
" Gpn, sin20

losc(res)=

4R, , (3)

which corresponds to the requirement of a neutrino-
oscillation length at a resonance comparable with
Earth’s diameter. The need of the condition expressed
by the formula (3) is physically transparent if we consid-
er that if /  (res) is much larger than 4R, the oscilla-
tions do not have time to grow and there will be little or
no transition at all.

Neutrinos that satisfy both conditions (2) and (3) will
emerge, from the Earth, nearly entirely rotated into the
mixed flavor. If the neutrino masses are ordered in the
“natural” way, namely, if the lightest neutrino is a mix-
ture made up predominantly of v, (Am?>0), the reso-
nant transition takes place for neutrinos only, whether
or not the transition probability for antineutrinos is even
reduced, compared to the vacuum case. On the con-
trary, if the masses are ordered in the opposite way
(Am?<0), the role of v and ¥ are exchanged, or, viz.,
antineutrino transitions are enhanced and neutrino tran-
sitions reduced.

Resonant neutrino oscillations could explain® the low
capture rate of solar neutrinos registered by the Davis
experiment.” In the following we are going to discuss
quantitatively the above-outlined scenario.

II. NEUTRINO OSCILLATIONS IN MATTER

In ordinary matter, electron neutrinos have one extra
type of interaction, in respect to the other neutrino
flavors, due to the charged-current elastic scattering on
electrons. The extra interaction term is equivalent to the
existence of an additional effective potential for v, (Ref.
4) (the positive sign is crucial):

V=+4V2Ggn, , 4)

where G is the Fermi constant and n, is the electron
density. Using the relationship

2

(E—V)=Vpi+miap, +— (5)

2p,

we can see that the presence of matter is equivalent to
adding to the square of the mass of the electron neutrino
an extra positive contribution

A=6m2=2p V=2V2Gsn,p, (6)

where n,=pY,/my, p being the mass density, Y, the
number of electrons per nucleon, and my the nucleon
mass. Taking Y, =1, and measuring p in gem 3 and p,
in GeV, we have numerically

A=0.76X10"%pp, eV?. @)

An electron neutrino of momentum 1 GeV at the center
of the Earth (p~12 gem™3) would have its mass raised
by ~1073 eV2 In the case of an electron antineutrino
the effective potential has the opposite sign; hence, the
v, get a negative contribution to their squared mass.

If neutrinos have mass, the flavor eigenstates |v,)
will be a linear superposition of mass eigenstates Iv}-)
with a general form

Ivad=S UL |v), (8)
J

where U is a unitary matrix with rank equal to the num-
ber of neutrino flavors. Antineutrino states will also be
a linear superposition of mass eigenstates with a mixing
matrix U=U®*. The matter effect will modify the eigen-
values and eigenvectors of effective squared-mass opera-
tor: M2;=M 2+ AP,, where P, is the electron-neutrino
projection operator and A4 is given by formula (6). Obvi-
ously the new eigenstates of mass will be different for
neutrinos and antineutrinos.

In the case of two flavors, the mixing matrix depends
on a single angle 6 that can be chosen in the interval
(0< 60 <m/2) and the eigenvalues can easily be found. If
Am?=m2—m? is the mass splitting in a vacuum, the
splitting for neutrinos of energy E in matter with elec-
tron density n, will be

(Am?)g=[(Am?c0s20 F 2V 2G¢n, E)?
+(Am%in26)%]'72 9)

where the minus sign holds for neutrinos and the plus
sign for antineutrinos. The effective mixing angle in
matter 6,, becomes

(Am%sin26)
(Am2c0s20 F2V'2Gpn,E)? +(Am %sin20)*

(10)

We can see that if Am?>0 at the resonance, the two
neutrino flavors are degenerate in mass [(Am?2)=0]
and are fully mixed (sin®26,, =1). We therefore expect
large transition probabilities for neutrinos that during
their trajectory cross a layer of matter for which the
condition (2) is satisfied. The same would happen for an-
tineutrinos if Am?2 <O0.

To compute the flavor evolution of a neutrino of a
given energy traveling across matter with variable elec-
tron density n,(x), we have to integrate, with suitable in-
itial conditions, the Schrodinger equation

sin?20,, =

.d
l-‘-l;lv(x))———ﬁeg(x)lv(x)) , (11)

where H . is the effective Hamiltonian operator, viz.,
A m:ﬂ 2./2E +p. Neglecting an irrelevant trace part,
we have, for two neutrino flavors,
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v(x) A (x)—Am2cos26

Am %sin26

d

i L
d

4E

vy(x)

The flavor-evolution equation for antineutrinos can be
obtained reversing the sign of the matter contribution in
the diagonal terms of the matrix. In the case of two
neutrino flavors we have trivially, from unitarity,

Pv—»v =Pv—>v =1_Pv —v =I_Pv v, 3 (13)
e Ve (P eV p Ve

P, =P, ;=1-P;, ;=1-P, (14)
e Ve 1V e Vu n Ve

III. NEUTRINO OSCILLATIONS IN THE EARTH

To study (v,<>v,) oscillations in the Earth, we have
numerically integrated the system of differential equa-
tions (12), taking into account the variable density of the
Earth and assuming the initial conditions corresponding
to a pure-flavor state (| v, ) or |v,)).

We have performed this integration using a Runge-
Kutta method, including a density distribution taken
from Ref. 8, which is also plotted in Fig. 1. The
relevant feature, from the point of view of neutrino oscil-
lations, is the existence of two distinct regions, namely,
the core and the mantle, separated by a sharp density
discontinuity at a radius of ~2800 km. In the core the
density varies, from p~12.5 gcm~> to p=9.9 gem 3.
At the sharp boundary between core and mantle, the
density jumps down to ~5.5 gcm ™3, and decreases rath-
er smoothly with the radius, reaching the average densi-
ty of standard rock p~2.8 gcm™? at the surface.

A typical result obtained from the integration of (12)
is shown in Fig. 2(a), where the probability Pv“_,v“ for a
vertical upward-going (¥=0°) neutrino crossing the
Earth is plotted as a function of the adimensional ratio
E/Am?. This was obtained by fixing the mixing angle
equal to the Cabibbo angle (sin?20=0.04). In Fig. 2(b)
we have reported the same probability for antineutrinos
and, for comparison, in Fig. 2(c) we have plotted the
values obtained from formula (1), viz., the survival prob-

Electron density (moles/cm™)

N - |
4000 6000
R (km)

FIG. 1. Electron density inside the Earth as a function of
the radius. The data is taken from Ref. 8.

Am%sin26
— A (x)+Am?%co0s20

v,(x)
. (12)

Vu(x)

ability in vacuum. We see in this figure that resonant
conversion of neutrinos take place only for two rather
narrow ranges of energies, if we fix the value of the mass
splitting. Those two energies correspond to the values
which satisfy condition (2), respectively, in the core or in
the mantle. As can be checked from the same formula,
the values of those two energies are given approximately
by

E (core)~(1.0-1.3) | ———— |c0s20 GeV , (15)
1077 eV
E (mantle)~(2.3-4.7) ——3A——2- cos20 GeV . (16)
1077 eV

Qualitatively we expect, for those particular energies, to
have a nearly complete suppression of the original neu-
trino flavor; on the contrary the oscillation probability
for antineutrinos is even smaller than in a vacuum. This
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FIG. 2. Diagonal transition probability for vertical neutri-
nos (¥=0°) as a function of E/Am? for a fixed value of the
mixing parameter (sin?20=0.04) that corresponds roughly to
the Cabibbo angle. (a) shows the transition probability for
neutrinos (assuming Am?2>0), (b) for antineutrinos. (c) gives
for comparison the transition probability obtained neglecting
the matter effect.
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is a very interesting result, which suggests a definite sig-
nature for the oscillation signal in atmospheric neutri-
nos. In fact, as we will discuss later, the atmospheric
neutrinos are distributed over a rather large energy
range and consist of a mixture of neutrinos and antineu-
trinos; therefore, if we could distinguish the leptonic
charge of the detected neutrinos, the oscillation signal
would manifest itself as a variation of the ratio v/¥
versus energy.

In Fig. 3 we show the survival probabilities PV“_,,,# for

different inclinations of the neutrino beam. When
1> 32°, neutrinos entirely miss the core and the resonant
transition is possible in the mantle for neutrino energies
given by (16). In Fig. 4 the same quantity is shown for
several values of the mixing parameter sin’20. We ob-
serve that resonant conversion in the Earth can occur
for mixing angles sin?26 > 0.01.

Until now we have considered the mixing of two
flavors only, but we know that there are at least three
neutrino flavors. In this case the mixing matrix can be

parametrized by three angles and a CP-violating phase.
The most convenient parametrization is the one suggest-
ed by Maiani,’ in the form

U =diag(1,1,e ~®)exp(i),0,,)diag(1,1,e *®)
X exp(iAs0,.)exp(ir,0,,) , (17

where the A’s are the Gell-Mann matrices. If the three
neutrino masses are well separated and the three mixing
angles are small (as for example in the scenario predicted
by the seesaw model of Gell-Mann, Ramond, and Slan-
sky'9), it is easy to see that we expect two well-separated
resonances.

Assuming that the neutrino masses are ordered in a
natural way (i.e.,, like the ones of the corresponding
charged leptons) for

m3—mi

E, ~ WG, (18)
v, and v, will be fully mixed (with only a small contam-
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FIG. 3. Diagonal transition probability Pve"ve =PV#M,# as a function of E/Am? for a fixed value of the mixing parameter

(sin?26=0.04) and different values of the nadir angle (¥=0°, 10°, 20°, 30°, 45°, and 60°). For angles 1 < 32° the transition probability
has two peaks corresponding to resonances in the Earth core and in the Earth mantle. For 1> 32°, only the mantle resonance is
present.
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FIG. 4. Diagonal transition probability as a function of E /Am? for vertical neutrinos (y=0°). The different curves correspond
to different values of the mixing parameter (sin?260=0.01, 0.04, 0.10, 0.20, 0.50, 1).

ination of v,). Alternatively, when the neutrino energy
satisfies

m3—mj

E,~—i L (19)
2‘/§Gpne

v, and v_ will be fully mixed (with only a small contam-
ination of vp). In both cases, as shown by Kuo and Pan-
taleone,!! we can neglect the small contamination due to
the extra neutrino flavor and use the results obtained in
the two flavor case by just inserting the appropriate mix-
ing parameter, i.e., sin220m for the lower-energy (v, <>v,)
transition, and sin?26,, for the higher-energy (v, v,
transition. It is worth noticing, anyhow, that in the two
extreme cases of nearly degenerate neutrino masses or
large mixing angles, the general solution might be quite
different.

IV. THE FLUX OF NEUTRINO-INDUCED
UPWARD MUONS

The predicted spectrum of neutrinos at the detector,
once that we have assigned the values of Am? and

sin?26, will be given by the formula

d2¢det d2¢
de;i‘ Z[I_P(E”’¢)]dnd;s(EV’¢)
d’,
+P(EV,:/;)de;E(EV,¢). (20)
The spectrum of antineutrinos will be
dz get d2 _
%, =[1—P(E_,¥)] %, (E., )
dQdE " " TV dQdE TV
_ d’¢,
+PE ) o H (B ), (21)

where P is the survival probability for ¥ defined above.
As a signal of neutrino resonant conversion, we sug-
gest a search for a suppression of neutrinos relative to
the antineutrinos. This method is free of any bias if the
ratio v/v is constant. We have used, in the following
analysis, an accurate and reliable tabulation of neutrino
fluxes, from 1 to 10° GeV, calculated by Volkova.!? The
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ratio v /¥, given in the latter paper for few points only, is
slowly variable both with the energy and with the angle
1. Hence a more refined analysis should take into ac-
count a small “second-order” effect, due to this variabili-
ty. We have neglected this correction, inserting in our
computations a constant ratio v,/¥,=1.2 and
v,/V,=1.2. We remark that the present uncertainty on
this ratio can be eliminated by direct experimental mea-
surements of the muon’s charge ratio; therefore, it is not
to be considered an intrinsic limitation to the search for
oscillation with this method.

Following the analytical method of Gaisser and
Stanev'’ we have computed the flux of upward muons,
folding the neutrino spectrum with the interaction cross
section and taking into account the energy loss of muons
in rock. We define the differential yield dY /dE, as the
number of muons per unit energy E,, produced by a neu-
trino (or antineutrino) of energy E ,, given by

ﬂ—(E E,)

V)
dE, (E,E,)

=N, [” dxf dEd

dp surv

X (E;E,X),

(22)

where X will be the distance to the interaction point, E
the energy of the muon at this point, N, is the Avoga-
dro number, do /dE the differential cross section, and
dpg /dE (E;,E;,X) is the probability that a p of initial
energy E; will cross a thickness of material X emerging
with energy E,. It is obvious that Y~ is the yield for
neutrinos and Y the one for antineutrinos.

Formula (22) can be simplified by neglecting the fluc-
tuations in muon energy loss. In this limit, approximat-
ing the average energy loss with the functional form
dE /dX =a(1+E /e), we find

dpsurv
GE, EpEpX)=8(E; —Eo(E,X)
8(X —Xo(E;,E;))
= , (23)
a(l1+E/e)
where
€ E;+e
Xo=—In 4
07 g E;+e 24)

Integrating over X and introducing the standard vari-
able,y =1-E, /E,, we find

dy*¥ 1
dE, Ewk =Nt 076

\—E_ /E do
u“ v
X fo dy

v(v)

»E,) . (25)

The differential flux of muons produced by neutrinos
is obtained by folding the neutrino spectrum with the
muon differential yield

d2<l> + dZ(I)det
i, (E, m_f dE,—=—b2" dQ (B Q)
F
dY (E,.E,) , 26)
p

The yields were estimated taking into account the cross
section of deep-inelastic scattering of neutrinos, and neu-
trinos only, which, in the usual formalism of the QCD
parton model, is

2

d*o, Gps
{[d(x)+s5(x)]

dx dy o

M3,
Q*+Mj,

+( =y [ax)+e(x)]},
27
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FIG. 5. (a) shows the cross section per nucleon o, (E) and

o (E) of the inclusive charged-current reactions
vp+N—p~+X and ¥,+N—u* +X as a function of neutrino
energy. (b) shows the integrated yield Y*(E) [cf. Eq. (29) in
the text] or the number of u~ (u*) with energy E, >2GeV
produced by a v, (¥,) of energy E.
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2

dZO'V Gl~2‘5
{(1—p)Hu (x)+c(x)]

dx dy ~or

M
Q*+Mj,

+[d(x)+5(x)]} .

We have considered an isoscalar target and used the pa-
rametrization of quark distributions calculated from
QCD by Duke and Owens.'* (We neglect here the quasi-
elastic channels. The contribution to the rate of
upward-going muons given by these channels is impor-
tant at low energies, but it is a small correction only for
energies E u >2 GeV, considered here.) The cross sec-
tion o ,(E) [o_(E)] for neutrino interactions on an iso-
scalar target are shown in Fig. 5(a). We reproduce accu-
rately the low-energy linear rise, and the flattening
around 2mE ~M}, when the W-propagator terms be-
come important. The ratio o,/0_ is ~3 at low energies
and then slowly decreases and tends to 1 for very large
energies when the cross section becomes a § function
0,~0.~0y(E)8(y).
The integrated yield

E, dY:t

+ . —

(E,E,) (28)

is shown in Fig. 5(b) for E_;, =2 GeV. At low energies
Y (E,) grows quadratically because of the linear increase
of the cross section and the muon range. At high ener-
gies Y(E,) grows logarithmically with energy. The ra-
tio Y~ /Y is approximately 2 at low energies. The to-
tal cross sections are in a ratio ~3, but the antineutrino
differential cross section with a dominant behavior
~(1—y)? is harder than the neutrino one (flat in y). Fi-
nally we plot in Fig. 6 the differential spectrum of posi-
tive and negative muons for the vertical y=0° and the
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FIG. 6. Differential flux [d2¢F /(d InE,d Q)] of upward p’s
for the two values of nadir angles ¥y=0° and ¥=90°. The flux
is approximately of form ~1/E,. The horizontal flux is larger
than the vertical flux by a factor ~2. The pu~ flux is about
twice the u* flux.
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horizontal ¥=90° directions.

Integrating the muon flux over the energy region
(E, >2 GeV), and over two different angular regions we
find

¢M-(0"g¢560")=0.39><10“2 cm~ %!, (29)
¢“_(60°g¢g90°)=0.64><10—12 em~ %! (30)
.plﬁ(ox:/;gso’):o.19><10—‘2 cm~ %!, (31
¢M+(60°g¢g90°)=0.31><10"12 em ™21, (32)

Summing the negative and positive muon flux, we obtain
a result in excellent agreement with Ref. 13. We can see
that u* flux is about a factor 2 smaller than the u~ flux,
because of the smaller yield of ¥,. The horizontal flux is
also larger than the vertical flux because of the well
known enhancement at large zenith angles.

To estimate the sensitivity of a real experiment, we
have to translate these fluxes into event rates. The rate
of upward-going muons in the solid angle AQ in a fully
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sensitive detector (i.e., neglecting dead zones and trigger-
ing and reconstruction inefficiencies) is given by the for-
mula

R=t [ das( fE'““dE % g o

=t ra U, ¢) £ "dEHdQ( W), (33)
where S (1,¢) is the detector area projected onto a plane
perpendicular to the direction (¢,¢). For the simple
geometry of a parallelepiped we have

S(,9)=(S, | cosd | +S, |siné | )siny+S,cosy (34)

with 0<¢ <27 and O0<¢¥ <7/2. We have computed the
event rates for a detector with a total acceptance
fS dQ=6000 m?sr, and the aspect ratio S, +S,=S,/2.
These parameters were chosen as realistic estimates of
the size of a feasible detector, being close to the size of
the planned MACRO detector in the Gran Sasso Labo-
ratory.!® The resulting rates are

R”_(0°g¢g60°)2150 events/yr , (35)
R“A(60°g¢g90°)2132 events/yr , (36)
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FIG. 9. Effect of neutrino oscillations for the choice of parameters sin?20=0.04 and Am2=3X 10> eV? in the data that a large
underground detector is expected to collect in 5 yr of running. We assumed that u’s of different charges can be separated below
E,=10 GeV. In (a) the u~ data show a clear depression with respect to the rate expected without neutrino oscillations (dashed
line); in (b) the u* data show no oscillation signal, in (c) the high-energy (E, > 10 GeV) u~ and pu* data are also insensitive to oscil-

lations.
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RM+(O°S¢§_60°):74 events/yr , (37)

R”+(60°g¢g90°)265 events/yr . (38)

V. EFFECT OF NEUTRINO OSCILLATIONS

Neutrino oscillations reduce the flux of upward
muons. The reduction will depend on the parameters of
neutrino mixing Am? and sin?20 and on the energy and
direction of the muon. It is straightforward to obtain
the differential upward muon flux for any choice of the
oscillation parameters.

In Fig. 7 we show, after integrating over nadir angles
0°<1 <60°, the differential spectrum of the muons
detected in the model of apparatus described in the pre-
vious section, for a fixed value of the mixing angle
sin’26=0.04, that corresponds to the Cabibbo angle,
and different values of Am?2. The qualitative features of
the reduction can be easily understood. For each value
of Am?, neutrinos in the two narrow bands of energy
(15) and (16) are “rotated away” to the other flavor.
However, a p of energy E, will be produced by a distri-
bution of neutrino energy [E,~(1-10)E,] (cf. Fig. 8).
The effect is, therefore, diluted, and is present as a
reduction of the order of ~20% spread over a larger
band of energies.
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V1. EXPERIMENTAL CONSIDERATIONS

It is clear from the discussion in the previous para-
graph that a measurement of the charge of the muons
would be highly desirable. Such a measurement is tech-
nically feasible. For example, a conceivable under-
ground neutrino-oscillation detector could include one
or more layers of magnetized iron. For pu’s below a cer-
tain momentum, the charge would be deduced by the
deflection of u’s in the magnetic field. For instance we
could think of using two layers of magnetized iron, one
parallel to the plane (x,y), which could provide the hor-
izontal field and a vertical plane for the charge separa-
tion of the nearly horizontal muons.

The deflection of a muon will be given by the formula

eBsatBF

= s (39)
p#coszlz

6f being the iron thickness and B, its saturation field.
The spread induced by the multiple scattering will be

172

8
£ , (40)

Ly cosy

s __1 0.0141
scatt — ‘/_j Pycosd’

where Ly is the radiation length for iron. The ratio of
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FIG. 10. Same as the previous figure, but with a different choice of oscillation parameters: sin?26=0.10 and Am2=10"2 eV2.
Because of the high value of Am?, the high-energy u’s are also depressed with respect to the no-oscillation expected rate.
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the deflection Ay due to the magnetic field to the disper-
sion due to multiple scattering is independent from the
momentum of the muons and increase ~V/85. In order
to select the charge of the muons we should have
2AY > 30, If we consider about 20 cm of iron driven
to the saturation point (B, ~20 kG), formula (39) gives
Ay ~120 mrad/(p,cosy). The angular resolution o,
of a muon’s tracking system can easily be in the range of
2-5 mrad. Therefore, we can expect to be able to
separate charges up to 15-40 GeV. The resolution in
the measurements of the momentum will be

2 2 .2
Ap# /pp, &< ‘/Uscatt+atrack ’

and, therefore, in our case is dominated by the multiple
scattering below 15-20 GeV where we estimate
Ap/p ~0.4. Above this limit the momentum resolution
will be limited by the tracking accuracy, then we have
Ap /p ~0.03p (p in GeV). This rough momentum mea-
surement could, however, also be very useful in the
search for an oscillation signal.

In the light of the discussion outlined above, we have
assumed that with the present technology a muon under-
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FIG. 11. Region in the parameter space (Am2,sin?26) that could be excluded at 90% C.L. in a given amount of running time
with the underground muon detector described in the text. (a) shows the limits that could be obtained by studying the rate of the
low-energy (2 GeV <E, <10 GeV) u~’s. (b) shows the limits achievable without a charge measurement. In both figures systematic
uncertainties have not been taken into account.
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ground detector could conservatively separate the
charges of upward-going muons in the range 2-10 GeV,
and we have investigated the sensitivity to neutrino os-
cillations of an underground detector as the one previ-
ously described.

The possible results of five years of running are shown
in Fig. 9. The detected upward-muons have been divid-
ed into three categories: high-energy (E, > 10 GeV) p’s
whose charge is not determined, low-energy u~ (2
GeV<E, <10 GeV), and low-energy pt. The angular
distributions for each of the three categories and the
sum are plotted, comparing the expected result with no
oscillations, with the result, assuming for the oscillation
parameters the values Am?=+3%x10"% eV? and
sin?26=0.10. The low-energy p~ signal shows a clear
reduction due to oscillations. The low-energy p* is left
essentially unchanged. In this case also the high-energy
part of the detected muon spectrum is unchanged.
Without the determination of the charge, the experi-
menters would only have available the last distribution,
which sums over all muons charge and energies. A sta-
tistically significant oscillation signal is actually present
also in the cumulative distribution; however, the uncer-
tainty in the normalization of the no-oscillation curve
would probably wash out the signal. The separation of
the muon charges not only enhances the statistical
significance of the signal, but gives a powerful handle to
control this systematic uncertainty, allowing the use of
the nonmodulated u* flux as an absolute reference. The
separation of the muon signal in two (or possibly more)
momentum bins is also very helpful, because the oscilla-
tion signal, as discussed before is important only in a
limited range of E, and the comparison of the relative
normalization of the different momentum bins would be
an additional consistency check for the experimenters.
A larger value for the mass splitting Am?2, as shown in
Fig. 10, would produce a depression of the u~ flux for
larger energies.

To estimate the sensitivity of this detector to neutrino
oscillations, we have computed the rate of 4~ in the en-
ergy region (2 GeV <E, <10 GeV) and the angular re-
gion (0° <y <60°) for different values of the oscillation
parameters, and compared the result with the rate
without oscillations. Assuming perfect knowledge of the
expected flux with no oscillations, a fixed exposure time
(1, 2.5, and 5 yr) would allow us to eliminate with 90%
confidence level the regions shown in Fig. 11. In the
same figure we show the region excluded comparing the
cumulative rate [u~ and p* with (E, >2 GeV)] with the
total expected rate without oscillations. It should be
stressed that the assumption that the sensitivity is dom-
inated by statistics, in the latter case is not realistic.

In Fig. 12 we compare the results given above with
the present experimental limits obtained from accelera-
tor (curve a) or reactor (curve b) experiments, together
with the region (curve f) of the parameter space'® that
would explain the reduced neutrino capture rate ob-
served by the Davis experiment as a resonant neutrino
oscillation in the Sun, and the region that could be ex-
cluded from the study of contained atmospheric neutrino
interactions in the IMB experiment (curve e), as dis-
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FIG. 12. Compares the limits achievable with the method
discussed in this paper [curves (c) and (d)] with the existent ex-
perimental limits obtained from accelerators [curve (a)] and
reactors [curve (b)]; the limits obtainable from experiments that
also use the atmospheric neutrino flux, but study contained
neutrino interactions as discussed in Ref. 17 (curve e); and the
region of parameter space that would explain the reduced neu-
trino flux observed by the Davis experiment as resonant oscilla-
tions in the Sun (curve f), after Ref. 16.

cussed in Ref. 17.

VII. CONCLUSIONS

The Wolfenstein-Mikheyev-Smirnov matter effect is of
crucial importance in the analysis of experiments search-
ing for (v,«>v,) oscillations using atmospheric neutrinos.
For small mixing angles the signature of neutrino oscilla-
tions would be a reduction of the p~ flux (for Am? <0)
or the u* flux (for Am? <0). The reduction of the flux
is important only for a limited range of muon energies:

Am?

GeV . 41
1073 eV2 ¢ @0

E,~(0.5-3)

Integrating over all energies and summing over the p*
and p~ signals would dilute the statistical significance of
an oscillation signal. The sensitivity of one experiment
would, however, be limited by systematic difficulties, as-
sociated with the knowledge of the flux without oscilla-
tions.

An experimental setup that could measure the charge
of the p’s, and, with very poor resolution, the muon
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momentum, would dramatically improve the sensitivity
of one experiment. The statistical significance of the sig-
nal would be enhanced because it could be looked for in
a more limited region dividing the total rate according
to charge, and one or more momentum bins. Still more
importantly, a measurement of the muon charge would
reduce considerably the systematic uncertainty due to
the poor knowledge of the absolute normalization of the
neutrino flux. An oscillation signal should be looked for
when comparing the u~ and put flux and also, when
comparing the low-energy and high-energy parts of the
u~ and p* flux. The charge and momentum measure-
ment needed for this improvement in sensitivity appears
feasible. The improved detector, could explore the re-
gion of mixing angles sin’20>0.02. Assuming a
minimum detectable muon energy E, ;=2 GeV, the
detector would be sensitive to mass differences
Am?>3x1073 eV2. Sensitivity to lower muon energies
would improve the limit on Am 2. The method of study-

ing the upward muon flux is complementary to the
method of studying the up/down asymmetry of con-
tained neutrino interactions. This last method is mostly
sensitive to lower neutrino energies and, therefore, to
lower values of the parameter Am 2.

In these considerations we are assuming that good
theoretical control of the ratios v,/¥, and v, /¥, and of
their variation with energy and angle is possible. A de-
tailed study of this problem is needed. More precise
measurements of the ratio u* /u~ could be useful in this
study.
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