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Probing matter effects with neutrino long baseline experiments
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We considernm→ne oscillations in long baseline experiments within a three flavor oscillation framework. A
non-zero measurement of this oscillation probability implies that the (13) mixing anglef is non-zero. We
consider the effect of neutrino propagation through the matter of Earth’s crust and show that, given the
constraints from solar neutrino and CHOOZ data, matter effects enhance the mixing for neutrinos rather than
for anti-neutrinos. We need data from two different experiments with different baseline lengths~such as K2K
and MINOS! to discern the effect of the matter term.

PACS number~s!: 14.60.Pq, 13.15.1g, 96.40.Tv, 96.60.Jw
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Recent results from the Super-Kamiokande have spa
tremendous interest in neutrino physics@1,2#. The deficits
seen in the solar and atmospheric neutrino fluxes can be
naturally explained in terms of neutrino oscillations. Sin
the energy and the distance scales of the solar neutrino p
lem are widely different from those of the atmospheric ne
trino problem, the neutrino oscillation solution to these pro
lems requires widely different values of mass-squa
differences@3,4#. A minimum of three mass eigenstates, a
hence three neutrino flavors, are needed for a simultane
solution of solar and atmospheric neutrino problems. Si
the CERNe1e2 collider LEP has shown that three ligh
active neutrino species exist@5#, it is natural to consider al
neutrino data in the framework of oscillations between all
three active neutrino flavors.

The flavor eigenstatesna(a5e,m,t) are related to the
mass eigenstatesn i( i 51,2,3) by a unitary matrixU:

una&5Uun i&. ~1!

As in the quark sector,U can be parametrized in terms o
three mixing angles and one phase. A widely used param
zation, convenient for analyzing neutrino oscillations w
matter effects, is@6#

U5U23~c!3Uphase3U13~f!3U12~v!, ~2!

whereUi j (u i j ) is the two flavor mixing matrix between th
i th and j th mass eigenstates with the mixing angleu i j . We
assume that the vacuum mass eigenvalues have the pa
m3

2@m2
2.m1

2. Hence d31.d32@d21, where d i j 5m i
22m j

2 .
The largerd sets the scale for the atmospheric neutrino
cillations and the smaller one for solar neutrino oscillatio
The anglesv,f and c vary in the range@0,p/2#. For this
range of the mixing angles, there is no loss of generality
to the assumption thatd31,d21>0 @7#.

It has been shown@6,8# that in the above approximatio
of one dominant mass, the oscillation probability for so
neutrinos is a function of only three parameters (d21,v and
f) and that of the atmospheric neutrinos and long base
neutrinos is also function of only three parameters (d31,f
andc). In each case, the three flavor nature of the problem
illustrated by the fact that the oscillation probability is
function of two mixing angles. The phase is unobservable
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the one dominant mass approximation because, in both s
and atmospheric neutrino oscillations, one of the three m
ing angles can be set to zero@7#. The value ofd31 preferred
by the Super-K atmospheric neutrino data is about
31023 eV2 @1#. For this value ofd31, CHOOZ data sets a
very strong constraint@9,10#

sin22f<0.2. ~3!

If f50, then the solar and atmospheric neutrino oscillatio
get decoupled and become two flavor oscillations with re
vant parameters being (d21,v) and (d31,c) respectively.

It is interesting to look for the consequences of non-z
f. A non-zerof leads tonm→ne oscillations in atmospheric
neutrinos and long baseline experiments. Due to theore
uncertainty in the calculation of atmospheric neutrino flux
it will be very difficult to discern the effect of a smallf from
the atmospheric neutrino data. Recently a proposal was m
to look for matter enhancednm→ne oscillations in atmo-
spheric neutrino data, which can be significant even iff is
small @11#. Here we consider the effect of matter onnm
→ne oscillations in a three flavor framework at long baseli
experiments.

The relation between the flavor states and mass eig
states can be written in the simple form

F ne

ccnm2scnt

scnm1ccnt

G5S cf 0 sf

0 1 0

2sf 0 cf

D F n1

n2

n3

G , ~4!

wherec stands for cosine ands stands for sine. This equatio
is obtained by first settingUphase5I and v50 in Eq. ~2!.
Then substitute the resulting formU in Eq. ~1! and multiply
it from left by U23(2c). From Eq.~4! we see thatn2 has no
ne component and hence is decoupled from any oscillat
involving ne . Thus the calculation of oscillation probabilit
is essentially a two flavor problem. The three flavor nature
present in the fact that the oscillations occur between@ne
→(scnm1ccnt)#. The vacuum oscillation probability is cal
culated to be

Pme5sin2c sin22f sin2S 1.27d31L

E D , ~5!
©1999 The American Physical Society03-1
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whered31 is in eV2, the baseline lengthL is in km and the
neutrino energyE is in GeV. For low energies the phas
1.27d31L/E oscillates rapidly andPme becomes insensitive
to it. However, for the range of energies for which the pha
is close top/2, Pme varies slowly as shown in Figs. 1–3.
the spectrum of the neutrinos in long baseline experime
peaks in this range, thend31 and the mixing angles can b
determined quite accurately.

Given the CHOOZ constraint onf, Super-Kamiokande
atmospheric neutrino data fix sin22c.1 or sin2c.0.5. Sub-
stituting this value in Eq.~5!, we find thatPme<0.1. The
neutrino beams at K2K and MINOS have a 1%ne contami-
nation. This background and the systematic uncertainties
a limit to the smallest value ofPme ~and f) that can be
measured. With the current estimates of the systematic
certainties, the sensitivity of K2K is similar to that o
CHOOZ (sin22f;0.2) but MINOS is capable of measurin
values off as small as3°(sin22f>0.01) @12#. Once K2K
starts running, its systematics will be better understood
its sensitivity is likely to improve.

In both K2K and MINOS experiments, the neutrino bea
travels through Earth’s crust, where it encounters matte
roughly constant density 3 g/cc. This traversal leads to
addition of the Wolfenstein term to thee2e element of the

FIG. 2. Plots ofPme
m ~solid line!, Pme ~long-dashed line! vs E for

MINOS d315631023 eV2 andf512.5°.

FIG. 1. Plots ofPme
m for MINOS ~solid line!, Pme for MINOS

~long-dashed line!, Pme
m for K2K ~short-dashed line!, Pme for K2K

~dotted line! vs E for d315231023 eV2 andf512.5°.
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~mass!2 matrix, when it is written in the flavor basis@13#.
The Wolfenstein term is given by

A50.763r~g/cc!3E~GeV!31024 eV2. ~6!

For r of a few g/cc andE of a few GeV,A is comparable to
the value ofd31 set by atmospheric neutrino data. This c
lead to interesting and observable matter effects in long b
line experiments. The interactions ofnm andnt with ordinary
matter are identical. Hence Eq.~4! can be used to include
matter effects in a simple manner because the problem, o
again, is essentially a two flavor one. It is easy to see thac
is unaffected by matter and the matter dependent mix
anglefm and the mass eigenvaluesm1

2 andm3
2 are given by

@8#

tan 2fm5
d31sin 2f

d31cos 2f2A
, ~7!

m1
25

1

2
@~d311A!2A~d31cos 2f2A!21~d31sin 2f!2#,

~8!

m3
25

1

2
@~d311A!1A~d31cos 2f2A!21~d31sin 2f!2#.

~9!

The above equations hold for the propagation of neutrin
For vacuum propagation, the mass eigenvalues and mi
angles for neutrinos and anti-neutrinos are the same. H
ever, to include matter effects for anti-neutrinos, one sho
replaceA by 2A in Eqs.~7!, ~8! and~9!. Note that, sinceA
is always positive, matter effects enhance the neutrino m
ing angle and suppress the anti-neutrino mixing angle
(d31cos 2f) is positive and vice versa if (d31cos 2f) is nega-
tive. Since we have takend31 to be positive, matter effects
enhance neutrino mixing if cos 2f is positive orf,p/4.
The CHOOZ constraint from Eq.~3! on sin22f sets the limit
f<13° orf>77°. For the latter possibility, cos 2f is nega-
tive. However, this large a value off is forbidden by the
three flavor analysis of solar neutrino data, which yields
independent constraintf<50° @3,4#. Hence the enhance

FIG. 3. Plots ofPme
m ~solid line!, Pme ~long-dashed line! vs E for

for MINOS d3151022 eV2 andf512.5°.
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ment of the mixing angle will be for neutrinos rather than f
anti-neutrinos.This is good news because the beams in lo
baseline experiments consist of neutrinos overwhelmingl

The matter dependent oscillation probability can be c
culated in a straightforward manner from Eq.~4! in terms of
c,fm andd31

m 5m3
22m1

2 ,

Pme
m 5

1

2
sin22fmsin2S 1.27d31

mL

E D , ~10!

where we have substituted the Super-Kamiokande bes
value sin2c51/2. As discussed above, the matter effects
hance the mixing angle for neutrinos and the matter modi
oscillation probabilityPme

m will be greater than the vacuum
oscillation probability Pme , for a range of energies. Fo
some neutrino energy, the Mikheyev-Smirnov resona
condition @14#

d31cos 2f5A ~11!

can be satisfied and near this energyfm;p/4. Unfortu-
nately, this does not lead to any dramatic increase inPme

m

because, near the resonance, when sin22fm is maximized, the
matter dependent mass-squared differenced31

m is minimized
@15#. In fact, near the resonance,Pme

m >Pme . By differentiat-
ing Eq.~10! with respect toE, we can calculate the energy
which Pme

m is maximized. The highest energy at which th
occurs is just below the highest energy at whichPme is maxi-
mized, that is the energy for which the phase (1.27d31L/E)
5p/2. At this energy, thefm is significantly higher thanf
and hencePme

m will be measurably higher thanPme .
The long baseline experiments are primarily designed

be sensitive to the values ofd31 which provide a solution to
the atmospheric neutrino problem. Sincenm↔nt oscillations
are favored by the Super-Kamiokande data@1#, long baseline
experiments will find signatures of these oscillations first.
the following, we will assume that these measurements
determined31 with good precision and the energy of ea
long baseline experiment is tuned such that the ph
(1.27d31L/E);p/2. Since the baseline of K2K is 3 time
smaller than that of MINOS, the energy where the ph
becomesp/2 is smaller by a factor of 3 compared to simil
energy for MINOS. Because the highest energy maxim
occurs at different energies, the increase innm→ne oscilla-
tion probability, due to the energy dependent enhanceme
the mixing angle, is different for the two experiments. W
find that, at their respective highest energy maxima,Pme

m

.1.1Pme for K2K and Pme
m 51.25Pme for MINOS. This is

illustrated in Fig. 1 forf.12.5° ~which is just below the
CHOOZ limit! andd315231023 eV2 ~which is the best fit
value for Super-Kamiokande atmospheric neutrino da!.
This conclusion is independent of the value ofd31 and is
illustrated in Figs. 1–3, for different values ofd31 ~and f
512.5°). A similar conclusion was obtained in a recent p
per, where it was demonstrated that the relation betweenPme

m

andPme is almost independent off @16#.
To examine whether matter effects are playing a role

neutrino oscillations, we need data from at least two differ
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experiments with different baselines. Suppose we have
from only one experiment. If its energy is tuned such that
phase isp/2, then the measurement of thenm→ne oscillation
probability gives us thee2m mixing angle, as can be see
from Eqs.~5! and~10!. The question then is: Is the measur
quantity the vacuum mixing anglef or the matter corrected
mixing anglefm? To answer this question, we need da
from two different experiments with different baselines. F
such experiments, matter effects lead to different enhan
ment of mixing anglef, as illustrated in Fig. 1. This differ-
ence can be exploited to distinguish matter effects. Due
these, MINOS will find a higher value of the oscillatio
probability than K2K. The ratio of the oscillation probabilit
of MINOS (PM) to that of K2K (PK) at their respective
highest energy maxima is

PM

PK
5

sin22fm
M

sin22fm
K

, ~12!

wherefm
M and fm

K are the matter dependent mixing angl
for MINOS and K2K respectively.fm is expected to be
small becausef is small and the neutrino energy at the hig
est energy maximum is such thatA!d31. So we can use the
approximation sin 2fm.tan 2fm . From Eq.~7!, we can eas-
ily show that

PM

PK
.112

~AM2AK!

d31
, ~13!

whereAM and AK are the respective Wolfenstein terms f
MINOS and K2K, evaluated at their respective highest e
ergy maxima. Note that this diagnostic for matter effects s
stands even if the matter term, and hence the enhanceme
f, for K2K is small.

Finally we discuss the effect of the 1%ne background in
the MINOS beam on our proposed diagnostic. Suppose
NOS observesN neutrino induced events. Of these, 0.01N
events will be electron events because of the backgrou
The uncertainty in the number of background events
0.1AN. The number of electron events which occur due
nm←ne oscillations isN times the oscillation probability. If
the matter effects lead to an enhancement of the oscilla
probability we expect an excess of electron events, above
number expected from vacuum oscillations,

DN5~Pme
m 2Pme!N5

1

2
~sin22fm

M2sin22f!N. ~14!

A estimate of sin22f can be obtained from K2K from which
sin22fm

M , and henceDN can be calculated. For smallf and
small fm

M , this becomes

DN5
AM

d31
sin22fN. ~15!

To obtain a strong indication for matter effects, we needN
large enough such thatDN5330.1AN.
3-3
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In conclusion, we find that matter effects enhancenm

→ne oscillations at long baseline experiments K2K and M
NOS. This enhancement can be large enough to be obs
able, particularly for MINOS. However, analysis of the da
a

D

01300
rv-

from both experiments is a prerequisite for elucidation of
effect of the matter term.
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of the figures.
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