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We calculate matter effects on neutrino oscillations relevant for long baseline experiments. In particular, we
compare the results obtained with constant density along the neutrino path versus results obtained by incor-
porating the actual density profiles in the Earth. We study the dependence of the oscillation signal on both
E/AmZ,, and on the angles in the leptonic mixing matrix. We also comment on the influedo@®f andCP
violation on the oscillations. The results show quantitatively how, as a function of these input parameters,
matter effects can cause significd®@6%) changes in the oscillation probabilities. An important conclusion is
that matter effects can be useful in amplifying certain neutrino oscillation signals and helping one to obtain
measurements of mixing parameters and the magnitude and s'zgmﬁ)fn.

PACS numbds): 13.15:+g, 14.60.Pq

I. INTRODUCTION pletely ruled out, by a similar experiment, KARMEN3].
There are currently intense efforts to confirm and extend

In a modern theoretical context, one generally expectshe evidence for neutrino oscillations in all of the various
nonzero neutrino masses and associated lepton mixing. Esectors — solar, atmospheric, and accelerator. Some of these
perimentally, there has been accumulating evidence for suakxperiments are running; these include the Sudbury Neutrino
masses and mixing. All solar neutrino experimefif®me-  Observatory(SNO) and the K2K long baseline experiment
stake, Kamiokande, SuperKamiokande, SAGE, andetween KEK and Kamioka. Others are in development and
GALLEX) show a significant deficit in the neutrino fluxes testing phases, such as BOONE, MINOS, the CERN-Gran
coming from the Surj1]. This deficit can be explained by Sasso program, KAMLAND, and Borexifd4]. Among the
oscillations of thev,'s into other weak eigensta®, with  long baseline neutrino oscillation experiments, the approxi-
Am?,, of the order of 10° eV? for solutions involving the mate distances are=250 km for K2K, 730 km for both
Mikheev-Smirnov-WolfensteifMSW) resonant matter os- MINOS, from Fermilab to Soudan and the proposed CERN-
cillations [2,3] or of the order of 10'° eV? for vacuum Gran Sasso experiments. The sensitivity of these experi-
oscillations. Accounting for the data with vacuum oscilla- ments is projected to reach down roughly to the levet?®
tions (VOs) requires almost maximal mixing. The MSW so- ~10~3 eV2. There is strong motivation for another genera-
lutions include one for small mixing angl&MA) and one tion of experiments with even higher sensitivity that can con-

with essentially maximal mixing[large mixing angle firm the v,— v, transition with the values oAm3,, and

(LMA)]. Sinf26,m, reported so far and carry out further measurements
Another piece of evidence for neutrino oscillations is theof various neutrino oscillation channels.
atmospheric neutrino anomaly, observed by KamiokdAdie Recently, there has been considerable interest in the idea

IMB [5], SuperKamiokand¢6] with the highest statistics, of a muon storage ring that would serve as a “neutrino fac-
and by Soudafi7] and MACRO[8]. This data can be fit by tory,” i.e., a source of quite high intensity, flavor-pure neu-
the inference of v,—v, oscillations with AmZ,~3.5  trino and antineutrino beams;, + v, (v,+ v) from stored
x 1072 eV2 and maximal mixing Si?‘QGatm=1 [6]. The iden- n’s (u™’s) respectively{ 15—20 . Given the very high in-
tification v,= v, is preferred ovemw,= vg i at about the tensities anticipated to be of order?2tand perhaps even
2.50 level [9], and the identificationv,= v, is excluded by  10?* muon decays per year in various preliminary studies,
both the Superkamiokande data and the CHOOZ experimemine can envision neutrino oscillation experiments with quite
[10,11]. long baselines of order several thousand km, with commen-
In addition, the LSND experiment has reported observingsurate sensitivity to various neutrino oscillation channels.
VM—Je andv,— v, oscillations withAm?gp~0.1-1 eV? One of the appeals of the muon storage ring and neutrino
and a range of possible mixing angles, depending ofactory is that one can measure several different neutrino
AmESND[lz]. This result is not confirmed, but also not com- oscillation transitions, using both the, (v,) and v, (ve)
from au™ (u*) beam. In this paragraph we assumg a
beam for definitenes$igures below are shown for neutrinos
*Email address: mocioiu@insti.physics.sunysb.edu from both storedu™ and .~ beams. In addition to a high-
TEmail address: shrock@insti.physics.sunysb.edu statistics measurement of,—v,, as a disappearance test
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for the v,— v oscillation, one has also various other chan-there will be a matter-induced oscillation effect op— v,
nels. Among these are,—v,, for which the signal is a (as well as other channgls , _

" . S — S o We consider the usual three flavors of active neutrinos,
wrong-sigh muon,” ™, andv,— v, which, in about 18%

of its decays, would also yield a wrong-sign muon. The meaywth no light sterile(=electroweak-singléineutrinos. This is

¢ of th h Id b ible with eith sufficient to describe the solar and atmospheric neutrino defi-
surement of the muon charge would be possible with €1ther ;¢ one were also to include the Liquid Scintillation Neu-

magnetized iron detector or a combination of a massive wag;,qo Detector(LSND) experiment, then, to obtain a reason-
ter Gerenkov detector followed by a muon spectrometergpe fit, one would be led to include light electroweak-singlet
With sufficient detector capabilities, one could also searcheytrinos. Since the LSND experiment has not so far been
for 7 appearance, as is envisioned by the ICANOE and OPconfirmed, we shall, while not prejudging the outcome of the
ERA experiments at Gran Saspdl,22, although this re-  BOONE experiment, not include this in our fit. We calculate
quires neutrino energieg,=20 GeV to avoid kinematic oscillation probabilities in the full %3 mixing case and we
suppression of production. study whenAmZ,, can be relevant. In most cases there is
An important effect that must be taken into account inonly one mass scale relevant for long base line neutrino os-
such experiments concerns the matter-induced oscillationgllations, Amitm~few>< 10°3 eV?, and we work with the
which neutrinos undergo along their flight path through thehierarchy
Earth from the source to the detector. Given the typical den-
sity of the Earth, matter effects are important for the neutrino Amgy=AmZ,<Amg~Am5,=Amg,,. (1.1
energy rang&~ O(10) GeV andAm2,,,~3x 10 3 eV? val-
ues relevant for the long baseline experiments, in particula
for the oscillation channels involving., as we shall show
below. Matter effects can also be important for the neutrin(ﬁ

— 2 __ —5 2 ; . .
energy rang}eE. 0(10) hMeV ?ndAm , 10 e\I/ mvo:cved h ther, when only one mass squared difference is relevant, we
in MSW solutions to the solar neutrino problem. After the present the oscillation probabilities as functionsEgfAm?,

initial discussion of matter-induced resonant neutrino OSC”'where, here and belovE=E, . This way of presenting the

lations in[2], an early study of these effects including three eg s is useful since, for a givénvalue, it shows the mat-
generations was carried out [23]. The sensitivity of an gy effect for a wide range @& andAm? and hence can serve
atmospheric neutrino experiment to smalin® due to the s an input in the choice of optimal beam eneajpng with

long baselines and the necessity of taking into account mattgjther considerations such as the cross section dependence
effects were discussed, e.g., [iB4]. After Ref. [3], many  s~E and the beam divergenee(LE) ~?, which, together,
analyses were performed in the 1980s of the effects of resdavor higher values oE to achieve a high event rgtewe

nant neutrino oscillations on the solar neutrino flux, and matstudy how these oscillation probabilities vary with different
ter effects in the Earth were studied, e.25] and [26], input parameters and discuss the influence of matter effects
which also discussed the effect on atmospheric neutfsees  on the sensitivity to each of these parameters.

also the review in[27]). Recent papers on matter effects

relevant to atmospheric neutrinos includi28,29. Early Il. THEORETICAL FRAMEWORK

studies of matter effects on long baseline neutrino oscillation
experiments were carried out j80]. More recent analyses :
relevant to neutrino factories includ@s,16,31—3% us denote the flavor vectors of SU()U(1) nonsinglet neu-

In this paper we shall present calculations of the mattef'in0S @sv=(ve,v,,v,) and the vector of electroweak-
effect for parameters relevant to possible long baseline ne®@NdIet neutrinos ag=(xa, - . . .xn). The Dirac and Majo-
trino experiments envisioned for the muon storage ring andana neutrino mass terms can then be written compactly as
neutrino factory. In particular, we compare the results ob-
tained with constant density along the neutrino path versus _r _} 750 ML Mp
results obtained by incorporating the actual density profiles. mo2 (Xt (Mp)T Mg
We study the dependence of the oscillation signal on both
E/AmZ,., and on the angles in the leptonic mixing matrix. where M is the 3x3 left-handed Majorana mass matrix,
We also comment on the influence &f2,, andCP viola- Mg is angX ng right-handed Majorana mass matrix, avig
tion on the oscillations. Some of our results were presente$ the 3-row byns-column Dirac mass matrix. In general, all
in Ref. [36]. Additional recent studies includ&7—40. of these are complex, anti)"=M , (Mg)'=Mg. With-

In a hypothetical world in which there were only two out further theoretical input, the numbeg of electroweak
neutrinos, v, and v,, the v,— v, oscillations in matter singlet neutrinos is not determined. For example, in the mini-
would be the same as in vacuum, since both have the sanfieal SU5) grand unified theory(GUT), ng=0, while in
forward scattering amplitude, vid exchange, with matter. SQO(10), ng=3. Within this theoretical context, since the
However, in the realistic case of three generations, becauSermszTRCXkR are electroweak singlets, the associated coef-
of the indirect involvement of, due to a nonzerdJ 3 and ficients, which comprise the elements of the matkibg,
because of the fact tha{, has a different forward scattering would not be expected to be related to the electroweak sym-
amplitude off of electrons, involving bothandW exchange, metry breaking scale, but, instead, would be expected to be

IJn our work we take into account the actual profile of the
Earth, as given by geophysical seismic dgta], and com-

are the results with those calculated using the approxima-
on of average density along the path of the neutrino. Fur-

We first recall the form of the lepton mixing matrix. Let

VR
+Hec (2

XR
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much larger, plausibly of the order of the GUT scale. Fur-leads to a set of 3 light masses for the three known neutrinos,
thermore, the left-handed Majorana mass terms can onlgenerically of ordem,~m3/Mg, andn very large masses
arise via operators of dimension at least 5, such as generically of ordeMg, for the electroweak singlet neutri-
nos. This seesaw mechanism is very appealing, since it can
1 provide a plausible explanation for why the known neutrinos
_ j kK sm are so lighf42]. Although the full leptonic mixing matrix is
- My az has(€weim* emei)[ £ CLES ™+ Hoe. (3+ng) X(3+ng) dimensional, the light and heavy neutri-
(2.2 nos largely decouple from each other so that, to a high de-
T gree of accuracy, one can describe the linear combinations of
whereL ;= (v ,1a). is the left-handed,=1/2, Y=—1lep-  the (3+n,) mass eigenstates that form+3;) weak eigen-
ton doublet with generation index (a=1, 2, or 3, where  states in a decoupled manner, using a simpte83matrix U,
l,=e,u,7, for a=1,2,3, My denotes a generic mass scalewhich, to high accuracy, is unitary, for the known neutrinos.
characterizing the origin of this term, anflis the standard This is determined by the diagonalization of the effective 3
model Higgs boson oH, in the supersymmetric standard X3 light neutrino mass matrix
model. Because Ed2.2) is a nonrenormalizable operator,
the success of the standard model as a renormalizable field
theory then implies thatly is much larger than the scale of
electroweak symmetry breaking, and, within a GUT context,
My would be of the order of the GUT scale, as wiity.
The terms arising from the vacuum expectation values of theand anngX ng matrix for the heavy neutrino sector, which
Higgs doublets then make up the submatvix. The result- matrix will not be used here. The lepton mixing matrix can
ant diagonalization of the matrix in E€2.1) then naturally then be written as the unitary matrix

M,=—MpMz'M] (2.3

—ié

C12C13 S12C13 S13€
U=RpsKRK¥RyK' = | —S1623=C10538138"°  C1oCo5— 515559180 SpeCas | K/ 2.4
12523~ C120255138'°  —C15p3— S1C25513€' 0 CoaCia
|
where R;; is the rotation matrix in thej subspaceg; 3 2|_
=cosfj, s;j=sing;, K=diagle '°,1,1) andK’ involves  P(v,—vp)=35p—4 > Re(Kab”)sm2< 1E )
further possible phases due to Majorana mass terms that will Zi=1
contribute .here. . . 3 A mi2j L AmiZj L
In passing, we note that although this theoretical context +4 Z IM(Kap,ij)Sin
. . . e . <21 4E 4E
is appealing, various modifications are possible. For ex-
ample, string theory generically involves certain moduli (2.5

fields which are singlets under the standard model gauge

group, have flat superpotentials, and hence are massless\here

perturbatio_n theory down to _the energy scale_ where super- B -

symmetry is broken. The spinor component fields, moduli- Kab,ij = UaiUpiU3;Up; (2.6)

nos, can act as electroweak-singlet neutrinos, and may well

have masses much less than the GUT s@kg[43]). More- ~ and

over, models with a low string scal€Mp,,cx @and large

compact dimensionse.g. [44]) also have implications for

neutrino phenomenology. Here we shall work within the

conventional seesaw-type scenario because of its simpliciiiecall that in vacuumCPT invariance 'mD“eSP(Vb—> Va)

and success in accounting for the most striking known fea=P(v,—v,) and hence, forb=a, P(vaﬂ v,)=P(v,

ture of neutrinos, namely the fact that they are so light com--v,). For the CP-transformed reaction,—», and the

pared with the other known fermions. T-reversed reactiom,— v,, the transition probabilities are
For our later discussion it will be useful to record the given by the right-hand side of E(.5) with the sign of the

formulas for the various relevant neutrino oscillation transi-imaginary term reversedBelow we shall assum€PT in-

tions. In the absence of any matter effect, the probability thavariance, so thaC P violation is equivalent tdl' violation.)

a (relativistic weak neutrino eigenstate, becomesyy, after ~ For most sets of parameters, only one mass scale is relevant

propagating a distandeis for the neutrino oscillations of interest here, namely

Amf=m(v;)?—m(v))2. 2.7
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FIG. 1. Density profile of the Earth.
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AmZ,  =Am3,. (2.8)  Vviolation, the first equality2.9) would not hold. With the
hierarchy (1.1), the expressions for the specific oscillation

In this caseCP (T) violation effects are negligibly small, so {ransitions are
that, in vacuum,

P(va— 1) =P 2.9 o AMuk
(Va—ﬂlb)— (Va—ﬂlb)a (2.9 P(Vlu—>VT):4|U33|2|U23|ZSII'12 AE
P(vp—vy)=P(va—vp). (2.10 Am2. L
_Sin2(2023)C0§1(013)Sin2( 4aEtm )
In the absence off violation, the second equality2.10
would still hold in matter, but even in the absence@P (2.11)

053017-4
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MATTER EFFECTS ON NEUTRINO OSCILLATIONS IN ...
TABLE I. Density profile of the Earth.

AmZ, L
atm
P(re—v,)= 4|U13|2|U23|23|n2( 1E : :
Radius[km] Density[ g/cn?]
. 0-1221.5 13.0885 8.838K?
Matm 1221.5-3480.0 12.5815 1.263&— 3.6426(>*— 5.528%°

2 L)
7.9565 6.476X+5.528%°—3.080%°

5.3197 1.4836&

11.2494 8.029&

7.1089 3.8045

2.6910 0.6924

=Sir?(26,3)Siré( 023)sm2(
3480.0-5701.0

(212  5701.0-5771.0
5771.0-5971.0
m? L) 5971.0- 6151.0

atm

P(ve—v,)= 4|U33|2|U13|28m2( 1E 6151.0-6346.6
2 6346.6-6356.0 2.900
L 6356.0-6371.0 2.600
=Sir?(26,3)cog( 023)sm2( (atm )
(213 v=Urp,, (3.2
In neutrino oscillation searches using reactor antineutri- v
nos, i.e. tests of.— v, the two-species mixing hypothesis | 33
used to fit the data is Ym 2 '
V3
. . mrzeactorl- 2
P(ve— ve) =1—SIM(26;cactor) SIF —E m; 0 O J2GeN, 0 0
214 M?=| 0 m; O, v=[ 0O 00O
0 0 ms 0 00
(3.9

whereAmZ .., is the squared mass difference relevant for
ve— Vy. INn particular, in the upper range of values of . _
Amatm1 since the transitionse— v, and ve— », contribute Here N, is the elect[olrl number density and we have
to v, disappearance, one has V2GeN. [eV]z?.Qx 10 Yep [g/en]. .
e The atmospheric neutrino data suggest almost maximal
2 mixing in the 2-3 sector. However, a small but non-zefg
is still allowed, and this produces the matter effect in the

L
P 1—sir2(26 st( Maim ) 2.1 :
(ve—ve)= (2619 4E (2.19 traversal of neutrinos through the Earth. We use the bound
(2.16 on sirf(26,5 here, consistent with both the CHOOZ

0.3, and the Chooz reactor experiment yields experimen{10] and the atmospheric neutrino d&€d.
If we assume that the solar neutrino deficiency is ex-
plained by the SMA MSW solution or by vacuum oscilla-
Sir?(26,3)<0.10 (2.1 tions, with the hierarchy of Eql1.1), it follows that, for the
relevant energie€E=1 GeV and path lengths~10*—10*

which is also consistent with conclusions from the Superkkm, only one squared mass scalemg,,,, is important for
the oscillations and the three-species neutrino oscillations

I €., greactor

the bound 10]

data analysi$6].
Further, the quantity “sif(26,,,),” often used to fit the
data on atmospheric neutrinos with a simplified two-species 0.08 :
L. L . neutrino
mixing hypothesis, is, in the three-generation case, | . vacuum
SINP(2 60,4m) =SINP(26,25) COSH( 615). (2.17 0.06 anfi-neutrino
_ , -\ L=730km
Hence for smalld,5, as implied by Eq.2.16), it follows $ 0.04 i /'I, sin‘26,=.1
that, to good accuracyyim= 63. = 7 {77\ sin‘20,-1
o 'r: ,:lll \{\{\
Ill. CALCULATION OF MATTER EFFECTS 0.02 i ||‘ ,.'I/ \\
i
The evolution of the flavor eigenstates of neutrinos is ‘.‘}\;',’
given by 0.00 ! :
100 1000 10000
1 E[GeV]/Am®[eV’]
i—y=(—UM2uT+v) (3.0 _
dx 2E FIG. 2. P(v,—ve) andP(v,— ve) in matter and in vacuum for
L=730 km. (Figure legend is understood to include both cases.

where Here sirf(26,2) =0.1 and sif(26,5) =1.
053017-5
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can be described in terms of this quantitym?,,, and the »=Roav. (3.5
mixing parameters s#26,5), and sif(26,3), with negligible
dependence on $i26,,) and 5. For a given value of
sinf26,5, we have takerd,;e[0,7/4]. One could also con-
sider 6,5 (7/4,7/2]; this is equivalent to reversing the 1
sign of AmZ . B - H=—— KR, K*R,M?RIKRIK*+V. (3.6
In order to write down the probabilities of oscillation for 2E
long-baseline and atmospheric neutrinos, it is convenient to

The evolution ofy is given by

transform to a new basis defined tg.g.[29]) In the one mass-scale approximation, this can be reduced to
1 2 2 1 2 A—id
> S1sAMat+ V2GeN, 0 > S1:C13A M3
~ 1, 5
H= 0 ECHA m35,; 0 ) (3.7
1 2 Ao 2 2
5E S13C13A M3 0 ECBA M3z
|
It can be seen now that in the basis, (v, ,v,) the three- P(v,—v,)=1—53;P+255,c5] R&(SyS35) — 1]
flavor evolution equation decouples and it is enough to treat (3.13

the two-flavor case. We defirgand P by
P(v,—v,) =553 2~ P—2R&Sy;S35)].  (3.14

Ve Ve
Vu | (X)=8| vu | (0) (3.9 Note that for the mass hierarctig.1), the CP-violating
> 7 phases disappear from the oscillation probabilities. In this
T ! case what we need to solve is the evolution equation for a
and two-flavor neutrino system. By subtracting from the diagonal
the quantity (1/&£) Am3,+ (1/y2)GgN,, this can be written
P=|S42=1—|Sy2 39 N the form
Transforming back to the flavor basisg( v, ,v,), the prob- d[va] [—AX) B \[v, a1
abilities of oscillation become dx v B A vy (3.19
P(ve—ve)=1—-P (3.10 ]
with
P(ve—v,)=P(v,— ve)=S§3P (3.11)
A(X)= A, 2 N 3.1
P( Ve— VT):CEQ,P (312 (X)_ Ecoi 013) E e(X) ( . @
full p function 005 —— full p function
’ ———- const. p approx. ———- const. p approx.
0.04 | .
02 | L=7330km L7330k FIG. 3. P(v,— 1) andP(v,
o sin’(26,,)=.9 >3 sin"(26,,)=.9 — . . . -
o0 $in’(20,)=.1 i, 0.03 sin’(26,)=.1 —ve) With density function given
I; ! > ! by the full model of the Earth,
o E 0.02 compared with constant density
01 ¢ (g approximation, forL=7330 km
0.01 with sir?(26,9=0.1 and
SiM?(2655) =0.9.
0.0 it P 0° 0.00 o P a
E[GeV)/Am’[eV’] E[GeV]/Am*[eV?]
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0.20 ‘ 1.00
— LMA 1 “
-——- SMA,VO 0.80 |
0.15 .
R L=2900km L=2900km FIG. 4. P(v,—v,) andP(v,,
o $in"26,=.1 -2 0.60 | sin 26,=.1 —v,) for various solutions to the
; 0.10 sin‘20,=1 | L 8in"26,=1 solar neutrino problem. Heré
g & 040 =2900 km, Ssik(26,5)=0.1,
0.05 Sirf(26,5) =1, and Am2,=35
0.20 LMA ] X103 eV2.
U —--—- SMA,VO
0.00 ‘ 0.00 ‘
1 10 100 1 10 100
E[GeV] E[GeV]
AmZ, si?(26)
B= ﬁsm(Zalg). (317) Sin2(20m)= 2-
2\2GgNE

sir?(26) +| cog26) — 7
For our purposes, we recall that the Earth is composed of m

crust, mantle, liquid outer core, and solid inner core, together (323

with additional sublayers in the mantle, with particularly _ o

strong changes in density between the lower mantle angUSt as was the case with the application of the MSW analy-
outer core. The density profile of the Earth is shown in Fig.SiS to solar neutrinos, the key observation is that although the
1. The densities of the different layers are given in Table | a@ndled, which is essentiallyl,; here, is small, the vanishing

a function of the normalized radivs=R/Re, Re=6371 km  °f the term in parentheses in the denominator of B3
being the radius of the Earth. The core has average densif?‘]?nders the effective mixing angt,= /4, thereby produc-
peore=11.83 glcm and electron fractionY .o .= 0.466, Ing maximal mixing in matter. The important point is that,
while the mantle has average density., 466 glend given the range of densities in the layers of the Earth and the
andY, .= 0.494. antle value of Am2,,,=3.5xX 10 % eV?, this matter resonance oc-

Since, to very good accuracy, the Earth is sphericallycurs for neutrino energies of ordé(10) GeV, in the range

symmetric(Fig. 1), the neutrino flight path is described only planned for long baseline neutrino oscillation experiments.
by the zenith angl@, (or »=m— 6,). For Since this effect clearly depends on the signAof?, the

measurement of matter effects can give information on this
R sign. When one takes account of the actual variable-density
<sinp<— (3.19  situation in the Earth, it is necessary to perform a numerical
R integration of the evolution equation, which we have done.
We also go beyond the one-mass-scale approximation and
the neutrinos pass through 21 layers in the Earth. The study the effect ofAm§OI and 64, on the oscillations. In this
distances traveled by the neutrinos in each of these layers acase we calculate the oscillation probabilities for nonzero
values of all six oscillation parametefthree angles, one
L,=Rcosy— Rf—stinzn (3.19 phasg, and two mass square differemcaﬁd d_iscuss when
the simpler cases are very good approximations.

Riy1

R

Lk=Lait2« 0.20
— &=0
=\JR:_,—R%sirfy— JR;—R?sirfyn, 2<k=i, VooV, Be2
3.2 —_— vu—>ve,8=1t12
(3.20 - L=2900km
/N sin’(26,))=1.
Li11=2VR*—Rsir’y. (3.2 sin’(26,,)=.1

LMA

Studies have been done using the average density of the
Earth along the neutrino path. In this case the evolution
equation can be easily solved and the probability of oscilla-
tion is given by

2

P(v,— vp) = SiNF(26,,)sinf(wlL) (3.22 10 10

E[GeV]

wherew= A%+ B? and 4, is the effective mixing in matter FIG. 5. CP-violation effects forL=2900 km, siR(26,5)=1,
given by sir?(26,5) = 0.1, LMA solution, §=0,/2.
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1.00 ; 1.00
vacuum
0.80 0.80 |
FIG. 6. Hypothetical plot of
= 0.60 = 0.60 P(v,—wv,) in vacuum for L
L A =7300 km, L=2900 km with
g 040 o 040 sirf(26,5) =1, for comparison
with other plots incorporating
0.20 0.20 ¢ vacuum matter effects.
L=7330 km L=2900 km
0.00 10° 16" 0.00 ” 63 16'
E[GeV)Am®[eV)] E[GeVYAm'[eV]
IV. RESULTS AND DISCUSSION through all layers of the mantle. [186] we gave a series of

similar comparisons of oscillation probabilities calculated

For long baseline experiments like K2K, MINOS, and ™. : ST ;
CERN to Gran-Sasso, the neutrino flight path only goeél\ll'[h the constant density approximation and with the actual
' density function. In the following, we only present results

through the upper mantle. The density in this region is prac- > ) ' -
tically constant, and the oscillation probabilities can easily b&?Ptained with the actual density function in the Earth.
calculated. The matter effects are small, but possibly detect- [T 0né assumes the LMA solution to the 50'? neutrino
able for the longer baselines. We show in Fig. 2 an exampl@roblem, then for thé =2900 km baseline, bothmz,, and
for P(v,— v¢) relevant for MINOS or the CERN to Gran- AmZ,, have to be considered. In Fig. 4 we shd(v,,
Sasso experimentdf SMA or VO solve the solar problem  —w,) and thev, survival probabilityP(v,—wv,) as func-
However, there are several motivations for very longtions of energy forAmgtm:3_5>< 102 eV? and sif26,;
baseline experiments, since, with sufficiently high-intensity=1  as suggested by the atmospheric data, antRain
sources, these can be sensitive to quite small valuéswf  —(1 the maximum value allowed, and two different
and since the matter effects, being larger, can amplify certaigpgices ofAmZ,, and sif26,,. One choice corresponds to
oscnlatlo_ns and cgm, in principle, be used to get mformatlon[he LMA solution, withAm§0|:5>< 105 eV2 and sif26,,
on the sign ofAmg,,,. Hence we concentrate here on these:0 8. For this LMA case, the choice of tH@P violating
very long base line experiments; for these, the neutrino flight héséé is relevant: here ;Ne také=0 and compare with

path goes through several layers of the Earth with differenf S .
densities, including the lower mantle for some. We Shov\pc_)nzeroﬁ below. The other choice is for the VO solution,

results for the Fermilab to SLAC path length=2900 km ~ With AmZ, =107 eV? and sif26;,= 1. The SMA solution
and for L=7330 km, the distance from Fermilab to Gran 9ives the same results as the VO solution. One sees that the
Sasso. Path lengths corresponding to the distance BNL trms involvingAmg,, can have non-negligible effects on the
SLAC, L=4500 km, and BNL to Gran Sassb=6560 km, v,— V¢ Oscillation probability for this path length, especially
are also considered. We have also performed calculations f&t lower energies.
L= 9200 km, the Fermilab to SuperKamiokande path length. As noted earlier, in the one-mass-scale approximation,
In Fig. 3 we compare the probabilities calculated withthere are ncCP violation effects in these oscillations; how-
constant density along the neutrino path versus the resulgver, when we take into accoudtm,,, we also have to
obtained by numerically integrating the evolution equationconsiderCP-violating effects. We present in Fig a com-
with the actual density profile of the Earth, as given[#¥]. parison showing the results for the probabiliteév,— v)
The results are almost the same for most of the parametemd P(v.—wv,) for =0 and §==/2. We considerL
range. However, at given energies, as for example for the=2900 km, siR26,5=1, sirf26,5=0.1 and the LMA solu-
second maximum iP(v,— v¢), the correction to the prob- tion for the solar neutrino problem. We can see that the ef-
ability is of the order of 20%. The results in Fig. 3 are ob-fects of theC P-violating phase are small. Note however that
tained for theL = 7330 km distance, for which the beam goesfor non-zeroCP violation, P(v,— ve) # P(ve—v,). For no
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\ 2
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/ 0.04, 0.01 and sff26,5)=1, 0.8.
0.2 / L=7330km | 0.2/ L=7330km

7 sin’(26,)=1 ‘
10° 0 10°
E[GeV]/Am’[eV] E[GeV]/Am’[eV’]

sin’(20,)=8
10°

053017-8



MATTER EFFECTS ON NEUTRINO OSCILLATIONS IN . ..

1.00
0.80 L=2900km |
sIn’(20,9)=1
~ 0.60 |
>
T
& 040
. 2
sin’(20 3)=0.1
0.20 _— s|n2(2e:3)=0.01
_____ slnz(29,3)=°-°4
0.00 : :
10° 10° 10°
E[GeVl/Am’[eV’]
1 2
_— S!n2(2923)=1
08 \\-—— 8in‘(20,,)=38 el
706
2
E 0.4
a /
0.2 L=7330km |
0
10°
E[GeV)/Am’[eV’]
0.05
— vacuum
0.04
’i 0.0:
£ 0.0
0.01 L=7330km
10°
E[GeVYAm[eV]
0.5
—— sin’(26,,)=0.1
04 0 A~ T sin’(20,)=0.04
——— sin’(26 )=0.01
_ L=7330km
> 03 in’
3 sin’(20,,)=1
>
T 02t
0.1
RAVAV RSN

E[GeV)AmeV’]

1.00
0.80 L=2900km
sln2(2en)=-8
~ 0.60
Fd
TH.
& 040
| sinz(ze 3)=0.1
o20 ¥ V. ¥ sin’(20,.)=0.04
~—-- §in’(20,,)=0.01
0.00 : :
10° 10° 10°
E[GeVl/AmeV’]
1.0
0.8 ﬂ
Y
>
1; 0.6
o
S 04
g
] L=2900 km
02 (| : |
—— sin’(26,,)=1
U ——- sin’(26,)=0.8
0.0 : \
10° 10
E[GeV]/Am’[eV]
0.05 ‘
— vacuum
0.04 L=2900 km
= 0.03
TS.
>
& 0.02
0.01
0.00 : ‘
10° 10°
E[GeVliAm?[eV?]
—— sin’(26,,)=0.1
o2l N\ sin’(26,,)=0.04
. --- sin’(26,,)=0.01
. L=7330km
i sin’(20,)=8
& 041

E[GeV)/Am’[eV’]

053017-9

PHYSICAL REVIEW [B2 053017

FIG. 8. Same as Fig. 7 fdc
=2900 km.

FIG. 9. P(v,—v,) for L
=7300 km, L=2900 km with
SirP(26,9 =1, 0.8 and sif(26;9)
=0.1.

FIG. 10. HypotheticalP(v,
—vg) in vacuum forL=7330 km
and L=2900 km with sik(265)
=0.1 and siA(26,5 =1 for com-
parison with other plots incorpo-
rating matter effects.

FIG. 11. P(v,—ve) for L
=7300 km with sid(26;5)=0.1,
0.04, 0.01 and sff26,5) =1, 0.8.
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FIG. 12. Same as Fig. 11 for
L=2900 km.

FIG. 13. P(v,—w) for L
=4500 km, L=6560 with
sirf(26,5) =0.1, 0.04, 0.01 and
SirP(26,9) =1.

FIG. 14. P(v,—ve) for L
=7300 km and.=2900 km with
sirf(26,5) =0.1, 0.04, 0.01 and
Sir?(26,9) =1.

FIG. 15. P(v,—v,) for L
=7330 km with su%(zalg) 0.1,
0.04, 0.01 and sff26,9=1.
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CP violation, even with matter effects, there is no difference
between these two probabilities. Since with a muon storage
ring, by switching between.™ and ™ beams, one could
obtain bothv, and v, beams, there is the possibility of
searching for theCP (actually T) violating difference
P(v,—ve) —P(ve—v,). In practice, however, it would be
difficult to identify thee™ from v, given that thew ™ stored
beam that yields the initiat,, also yieldsv,, which produce

L=7330km

P(anti v,oV)

| —— sin’(20,)=1

e” in the detector, and given that it would be quite difficult ——— sin’(26,)=08

to measure the sign of tree" in planned detectors. An alter-

nate method, to measure the asymmetry 10°
E[GeV]/Am’[eV’]

P(ve—v,)+P(ve—v,)

FIG. 16. P(v,—,) for L=7330 km with sif(26;9 =0.1 and
sirf(26,5) =1, 0.8.
is, in principle, possible, although it is complicated by the
fact, as noted above, th@ is rendered nonzero by matter
effects even in the absence @P violation (see also .
[16,37)). If the solar neutrino problem is solved by the SMA s!n2(2013)=0.1, 0.04, and 0.01, and g(ﬁ,023),20'8 and
or vacuum oscillationsC P-violation effects are not observ- sirf(20,9 =1. The results are presented in Figs. 7 and 8,

able in the experiments of interest here. Indeed, even for thEVidently, the matter effect increases @g increasesand
LMA solution, theC P violation would be very hard to detect Vanishes if6;5=0). While the shift in thze positions of the
for path lengths larger than-3000 km because of matter Maxima and minima, as functions BfAm", are small, there
effects. is a considerable change in the maximumBENAm =3
For the Fermilab to Gran Sasso distahce 7330 km(or ><103'. This is of great interest, since the use of a typical
the BNL to Gran Sasso distante=6560 kn, the Am2,, neutrino energy ofe~10 GeV (some\_/vhat less thanzthe
corrections are negligible, so we can analyze the probler§toréd muon energywouldzproduge this valugsoE/%m ’
using fewer relevant parametetSm?,,,, 6,5 and f,5. We ~ 9iven the central valu&m®=Amg;,~3.5<10"" eV*" re-

calculate the oscillation probabilities in long baseline experipoc\‘/ad bly SuperKamlokanc[é]h lution i . 6
ments as a function d&/Am?, rather than using a particular e also want to compare the solution in vacu(kry. 6),

value for Am? or the energy. The relevant ranges an? with the solution in matter for neutrind€igs. 7,8 and an-
~fewx 10~ 3 eV2 and energ'iesE of the order of tens of tineutrinos(Fig. 9). For antineutrinos the,, survival prob-

GeV. This way of presenting the results can be useful inability is not sensitive to the value a9f13._0ne can ag_ain see
studying the optimization of the beam energy. We calculat he op_posﬂe effe_cts of matter on neu_trlnos and_a_ntmeutrmos.
the oscillation probabilities for different values of the mixing he d|fferencg In the rgsu_lts for d|fferent mixing _e_mgles
angles#,; and 6,5 allowed by the atmospheric neutrino data makgs It poss.|ble, in principle, to use this propablhty for
and the CHOOZ experiment. relatively precise measurements of the oscillation param-

We consider both neutrinos and antineutrinos. The matte®ters. Measuring separately the probability #grandv,, can
effects reverse sign in these two cases; for antineutrvias, ~be very useful in detecting the matter effects and using these
Eq. (3.4) is replaced with V). This implies that ifAm?is ~ t0 constrain th_e relevant mixings and squared mass differ-
positive (as considered hereone can get a resonant en- €nce. Clearly, if one could use two path lengths, as may be
hancement of the oscillations for neutrinos, while for an-Possible with a neutrino factory, this would provide more
tineutrinos the matter effects would suppress the oscillationgnformation and constraints.

The situation would be reversed Afm? were negative. The The relative effects of matter can be especially dramatic
fact that the matter effects are opposite in sign for neutrino§? the oscillation probability>(ve—v,,), since these directly
and antineutrinos is well illustrated in Fig. 2, where bothinvolve v. Since thev, beam would arise from a stored”
results are presented, together with the vacuum case. beam and thes,’s from the decays of thee*’s would pro-

In order to study the effects at different distances, weduceu™’s in the detector, the signature for the— v, os-
show the same type of graphs for bdtk- 7330 km andL cillation would be wrong-sign muons. As noted above,
=2900 km. ForL=2900 km, the probabilities can be ex- planned detectors would be capable of searching for such
pressed as functions &/ AmZ,,,, only for the SMA and VO  wrong-sign muons. Since this is a sub-dominant channel, the
solutions to the solar neutrino problem. For LMA, small oscillation effect is small. If the beam went through the
AmZ,, and CP violation corrections are added, as shown invacuum, neitherP(ve—w,) nor the charge conjugate,
Figs. 4 and 5. P(ve—v,), would be enhanced by the matter eff¢see

We first study the survival probability of,, . If the beam  Fig. 10, showingP(v,— v¢), which is equal toP(ve—v,,)
went through vacuum, the probability of oscillation would be for the present situation whel@P violation is negligiblg.
given by Fig. 6 for a wide range of allowed values of Because of the matter effect, however, this probability can be
sir?(26,4) . In matter, this probability becomes sensitive to all strongly enhanced, as is evident in Figs. 11 and 12.LFor

oscillation parameters for longer base lines such as 7330 km.
In order to illustrate this, we calculate the probability for
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=7330 km, the enhancement is largest 8fAm?=2.5 nificant for the oscillation of neutrinos faxm? in the region

x 10° GeV/e\?. This is close to the ratio that one would get suggested by the atmospheric data and energies of the order
for a neutrino energy oE~10 GeV, given the indication of 10 GeV . Because of the matter effects, oscillations prob-
from the data thaAmZ,,=3.5x 103 eV2. ForL=2900 km,  abilities become very sensitive t@ ;. Matter effects also

the largest enhancement is obtainedEéAm? a factor of 3~ improve the sensitivity ta\ m?. Since matter effects for an-
lower. We also show in this case the results for the base lineéneutrinos are opposite to those for neutrinos, independent
corresponding to possible BNL-SLAC and BNL-Gran Sassoneasurements of neutrino and antineutrino oscillations
distances; see Fig. 13. As is evident, the matter effect cawould give a precise measure of the matter effects and, con-
amplify P(ve—v,) and enable this transition to be mea- sequently, of the parameters relevant to the oscillations. Be-
sured with good accuracy, thereby yielding very importantcause of the longer path through the Earth with bigger den-
information on the oscillation parameters. This probability issity, the matter effects can become even more dramatic.
quite sensitive to the value @f 3, so one should be able to However, the statistics of the experiment would be limited
use it for a good determination of this angle. This physicsdy the lower neutrino flux at larger distances, and a careful
capability motivates careful design studies to optimize thestudy is necessary in order to choose optimal valueg of
choice ofL andE for this measurement. The sensitivity to andE.
Am? is also quite strong, due to the pronounced peak given

by the matter effect in the relevant region. Note that for
antineutrinos, the oscillation is suppresgé&iy. 14), so an

independent measurement of the two channes— v, and V. SUMMARY

v,— ve) would be very valuable. To summarize, in planning for very long baseline neutrino
The atmospheric neutrino data tell us that the dominanoscillation experiments, it is important to take into account

oscillation channel is actually,—v,. Consequently, it matter effects. These effects are significant for the range of

would be very useful to measufe(v,—v,); this wouId neutrino energiek of the order of 10's of GeV that are
provide further confirmation of this ‘oscillation and could planned for these experlments glven the density of the Earth
also provide further information oAm? and 6,5. In addi- and the value oAm2,,~3x 10 ° eV? indicated by current
tion to the MINOS experimen{14], the ICANOE and atmospheric neutrino data. We have performed a study of
OPERA detectors that will operate in the CERN to Granthese including realistic density profiles in the Earth. Matter
Sasso neutrino beam envision appearance capabilities effects can be useful in amplifying neutrino oscillation sig-
[21,27. Results forP(v,—v,) are presented in Fig. 15, and nals and helping one to obtain measurements of mixing pa-

Fig. 16 showsP(v,—v,). Next, we presenP(v.—v,) in  rameters and the magnitude and Sigmah, .

Fig. 17 andP(v.—v,) in Fig. 17. These calculations show
that matter effects are important and enhance oscillations of
the neutr|n0§ and suppress oscillations of _antmeutrmos in the ACKNOWLEDGMENTS
relevant region of parameters. By combining results from
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