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Confusing nonstandard neutrino interactions with oscillations at a neutrino factory
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Most neutrino mass theories contain nonstandard interactions~NSI! of neutrinos which can be either non-
universal~NU! or flavor changing~FC!. We study the impact of such interactions on the determination of
neutrino mixing parameters at a neutrino factory using the so-called ‘‘golden channels’’nhe→ nhm for the
measurement ofu13. We show that a certain combination of FC interactions in neutrino source and earth
matter can give exactly the same signal as oscillations arising due tou13.This implies that information about
u13 can only be obtained if bounds on NSI are available. Taking into account the existing bounds on FC
interactions, this leads to a drastic loss in sensitivity inu13, at least two orders of magnitude. A near detector
at a neutrino factory offers the possibility to obtain stringent bounds on some NSI parameters. Such a near site
detector constitutes an essential ingredient of a neutrino factory and a necessary step towards the determination
of u13 and subsequent study of leptonicCP violation.
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I. INTRODUCTION

From the long-standing solar@1# and atmospheric@2# neu-
trino anomalies we now have compelling evidence that
extension of the standard model~SM! of particle physics is
necessary in the lepton sector. The simplest and most ge
explanation of these experiments is provided by neutrino
cillations induced by neutrino masses and mixing. As is w
known and accepted, the indication of the Liquid Scintil
tion Neutrino Detector~LSND! experiment@3# for oscilla-
tions at a large mass-squared difference cannot be recon
with solar and atmospheric data within a 3-neutrino fram
work. For recent four-neutrino@4# analyses see Ref.@5# and
references therein. For this reason we choose not to con
the LSND data and focus therefore on the simpl
3-neutrino scheme with the two mass-squared differen
Dmsol

2 &1024 eV2 and Dmatm
2 '331023 eV2 @6#. The cor-

responding lepton mixing matrix is parametrized by the th
anglesu12,u23,u13 and one complexCP-violating phased
~see later for exact definitions! relevant in lepton-number
conserving neutrino oscillations@7,8#. It is known from at-
mospheric neutrino data thatu23 has to be nearly maximal
On the other hand, data from present solar neutrino exp
ments favor a large value for the angleu12 @9,10#. An im-
proved determination is expected from solar neutrino d
and/or the results of the KamLAND experiment@11#. The
value of the third angleu13 is not known at present, there
only the bound

sin22u13&0.1 at 90% C.L. ~1!
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implied by combining the results of the reactor experime
@12# CHOOZ and Palo Verde with atmospheric data. T
gether with the requirement of solar neutrino oscillations t
bound implies that sin2u13 has to be small. The value of th
phased is completely unknown.

Currently a new generation of long-baseline neutrino
cillation experiments using a neutrino beam originating fro
the decay of muons in a storage ring is being discus
@13#. These so-calledneutrino factoriesare considered as
the ideal tool to enhance our knowledge about neutrino m
ing parameters. In addition to the possibility to exploreCP
violation in the lepton sector an important aim of a neutri
factory will be a precise determination ofu13; it is claimed
that a measurement ofu13 down to values of a few31024

will be possible@14#.
In a large class of models beyond the standard mo

nonstandard interactions~NSI! of neutrinos with matter
arise. The simplest NSI do not require new interactions
yond those mediated by the standard model electrow
gauge bosons: it is simply the nature of the leptonic char
and neutral current interactions which is nonstandard du
the complexity of neutrino mixing@7#. On the other hand
NSI can also be mediated by the exchange of new parti
with mass at the weak scale such as in some supersymm
models with R-parity violating @15,16# interactions. Such
nonstandard flavor-violating physics can arise even in
absence of neutrino mass@17,18# and can lead to nonuniver
sal ~NU! or to flavor-changing~FC! neutrino interactions.

Nonstandard interactions of neutrinos affect their pro
gation in matter and the magnitude of the effect depends
the interplay between conventional mass-induced neut
oscillation features in matter@19# and those genuinely engen
dered by the NSI, which do not require neutrino mass@20#.
Correspondingly their implications have been explored in
variety of contexts involving solar neutrinos@19–23#, atmo-
spheric neutrinos@23–26#, other astrophysical source
©2002 The American Physical Society06-1
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@27,28# and the LSND experiment@29,30#. The impact of
nonstandard interactions of neutrinos has also been con
ered from the point of view of future experiments involvin
solar neutrinos@31# as well as the upcoming neutrino fact
ries @32,33#. Various aspects of NSI for a neutrino facto
experiment have been considered in Refs.@32–39#.

In this paper we will consider from a phenomenologic
point of view the impact of NSI on the determination
neutrino mixing parameters at a neutrino factory. In parti
lar we will focus on thenhe→ nhm channels, which are sup
posed to be the ‘‘golden channels’’ for the measuremen
u13. We extend our previous work@33# by taking simulta-
neously into account neutrino oscillations and the effect
NSI in neutrino source, propagation and detection@38#. We
will show that a certain combination of FC interactions
source and propagation can give exactly the same signa
oscillations arising due tou13. This implies that information
aboutu13 can only be obtained if bounds on NSI are ava
able. In view of the existing bounds on FC interactions, t
leads to a drastic loss in sensitivity inu13, at least two orders
of magnitude.

All our considerations also apply to the determination
u13 in long baseline experiments using upgraded conv
tional beams@38,40#. However, due to the different produc
tion processes involved, the NSI parameters relevant in
source of a conventional beam experiment differ from
ones at a neutrino factory. The same methods discussed
can be adapted to cover that case also. A detailed nume
consideration of conventional beam experiments goes
yond the scope of this work.

The outline of the paper is as follows. In Sec. II we brie
sketch the theoretical motivation for NSI in the context
gauge theories of neutrino mass. In Sec. III we discuss
amples of low energy four-fermion Hamiltonians, which le
to NSI in neutrino source, propagation and detection. In S
IV we review some bounds on NSI parameters obtained
the literature. In Sec. V we present the framework of o
numerical calculations and discuss the appearance rate i
presence of NSI and oscillations. In Sec. VI we derive a
lytical expressions for this rate and formulate theoscillation-
NSI confusion theorem. In Sec. VII we describe the simula
tion of a neutrino factory and our statistical method
investigate the possibilities of such an experiment to de
mine NSI and oscillation parameters. In Sec. VIII we defi
sensitivity limits for sin22u13 and show our numerical result
for the three baselines 700 km, 3000 km and 7000 km a
function of bounds on the relevant NSI parameters. We a
discuss the sensitivity limits if information from two differ
ent baselines is combined. Finally we conclude in Sec. I

II. THEORETICAL MOTIVATION

More often than not, models of neutrino mass are acco
panied by NSI, leading generically to both oscillations a
neutrino NSI in matter. The simplest are those NSI wh
arise from neutrino-mixing. The most straightforward e
ample of this case is when neutrino masses follow from
admixture of isosinglet neutral heavy leptons as, for
ample, in seesaw schemes@41#. These containSU(2)
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^U(1) singlets with a gauge invariant Majorana mass te
of the typeMRi jn i

cn j
c which breaks total lepton number sym

metry, perhaps at a largeSO(10) or left-right breaking
scale.The masses of the light neutrinos are obtained by
agonalizing the mass matrix

FML D

DT MR
G ~2!

in the basisn,nc, where D is the standardSU(2)^ U(1)
breaking Dirac mass term, andMR5MR

T is the large isos-
inglet Majorana mass and theMLnn term is an isotriplet@7#.
In left-right models the latter is generally suppressed asML
}1/MR .

The structure of the associated effective weakV2A cur-
rents is rather complex@7#. The first point to notice is that the
heavy isosinglets will mix with the ordinary isodoublet ne
trinos in the charged current weak interaction. As a result,
mixing matrix describing the charged leptonic weak intera
tion is a rectangular matrixK @7# which may be decompose
as

K5~KL ,KH! ~3!

where KL and KH are 333 matrices. The correspondin
neutral weak interactions are described by a nontrivial ma
@7#

P5K†K. ~4!

In such models nonstandard interactions of neutrinos w
matter arise from the non-trivial structures of the charg
and neutral weak currents. Note, however, that the smalln
of neutrino mass, which follows due to the seesaw mec
nism M neff5ML2DMR

21DT and the condition

ML!MR , ~5!

implies that the magnitude of neutrino NSI is expected to
negligible. However this need not be so in general. For
ample, since the numberm of SU(2)^ U(1) singlets is ar-
bitrary, one may consider models with Majorana neutrin
based onany valueof m. One can therefore extend the lepto
sector of theSU(2)^ U(1) theory by adding a set oftwo
2-component isosinglet neutral fermions, denotednc

i andSi ,
in each generation@17#. In suchm56 models one can con
sider the 939 mass matrix@42#

F 0 D 0

DT 0 M

0 MT m
G ~6!

~in the basisn,nc,S). The Majorana masses for the neutrin
are determined from

ML5DM 21mMT21DT. ~7!

In the limit m→0 the exact lepton number symmetry is r
covered and neutrinos become massless@17#. This provides
an elegant way to generate neutrino masses without a su
6-2
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heavy scale and automatically allows one to enhance
magnitude of neutrino NSI strengths by avoiding the co
straints which arise from the smallness of neutrino mas
presently indicated by the oscillation interpretation of so
and atmospheric neutrino data.

The propagation of the light neutrinos is effectively d
scribed by a truncated mixing matrixKL which is not unitary.
This may lead to oscillation effects in matter, even if neu
nos were massless@20#. They may be resonant and therefo
important in supernovae matter@20,27#. The strength of NSI
is hence unrestricted by the magnitude of neutrino mas
only by universality limits, and may be large, at the fe
percent level. The phenomenological implications of the
models have been widely investigated@43–47#.

An alternative way to induce neutrino NSI is in the co
text of the most general low-energy super-symmetry mo
without R-parity conservation@15#. In addition to bilinear
violation @16,48# one may also have trilinearL violating cou-
plings in the super-potential

l i jkLiL jEk
c ~8!

l i jk8 LiQjDk
c ~9!

whereL, Q, Ec andDc are ~chiral! super-fields which con-
tain the usual lepton and quarkSU(2) doublets and singlets
respectively, andi , j ,k are generation indices. The coupling
in Eq. ~8! give rise at low energy to the following four
fermion effective Lagrangian for neutrinos interactions w
d-quark including

Leff522A2GF(
a,b

jabn̄LagmnLbd̄RgmdR ,

a,b5e,m,t, ~10!

where the parametersjab represent the strength of the effe
tive interactions normalized to the Fermi constantGF . One
can identify explicitly, for example, the followingnonstand-
ard flavor-conserving NSI couplings

jmm5(
j

ul2 j 18 u2

4A2GFmq̃jL

2 , ~11!

jtt5(
j

ul3 j 18 u2

4A2GFmq̃jL

2 , ~12!

and the FC coupling

jmt5(
j

l3 j 18 l2 j 18

4A2GFmq̃jL

2 ~13!

wheremq̃jL
are the masses of the exchanged squarks aj

51,2,3 denotesd̃L ,s̃L ,b̃L , respectively. The existence of e
fective neutral current interactions contributing to the ne
trino scattering offd-quarks in matter, provides new flavo
conserving as well as flavor-changing terms for the ma
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potentials of neutrinos. Such NSI are directly relevant
solar and atmospheric neutrino propagation@23#.

Clearly, such neutrino NSI are accompanied by nonz
neutrino masses. In fact one has a hybrid model for neut
masses in which the atmospheric scale arises at the tree
while the solar neutrino scale is induced by loops wh
involve directly the NSI coefficients in Eq.~8!. This way one
obtains the co-existence of oscillations as well as NSI
neutrinos. The relative importance of NSI and oscillati
features is parameter-dependent.

An alternative variant of the above scheme is provided
some radiative models of neutrino masses such as the
discussed in@49#. In all such models NSI may arise from
scalar interactions.

Finally, we mention that unification provides an altern
tive and elegant way to induce neutrino NSI. For exam
unified super-symmetric models lead to NSI as a result
super-symmetric scalar lepton non-diagonal vertices indu
by renormalization group evolution@18,50#. In the special
case ofSU(5) the NSI may exist without neutrino mass.
SO(10) neutrino masses co-exist with neutrino NSI.

In what follows we shall investigate the interplay of NS
induced and neutrino-mass-induced~oscillation-induced!
conversion of neutrinos at a neutrino factory and on how
can vitiate the otherwise very precise determination of n
trino oscillation parameters.

III. EFFECTIVE FOUR-FERMION HAMILTONIANS
DESCRIBING NSI

In this section we consider in some detail the simpl
examples of effective low energy Hamiltonians, which le
to NSI in the source (S), propagation~P! and detection~D!
of neutrinos in a neutrino factory experiment.

In such an experiment neutrinos are produced by the
cay of the stored muonsm1→e11ne1 n̄m and the charge
conjugated process. In the SM these processes are desc
by the effective four-fermion Hamiltonian

HSM
S 5

GF

A2
@ n̄m~12g5!glm#@ ē~12g5!glne#1H.c.

~14!

In addition to this SM term, resulting from the exchange
the W boson, we consider now new processesm1→e1

1na1 n̄m with any flavora5e,m,t for the neutrino related
to the positron.1 We parametrize the corresponding NSI e
fective Hamiltonian by the coefficientseea

S :

1In this work we will consider thee→m appearance channel an
hence, we are interested only in the neutrino produced together
the positron~or the electron, for the charge conjugated process!.

More generally, also processesm1→e11na1 n̄b with an arbitrary
flavor combination (a,b)5(e,m,t) may occur. In this case the
final state in the source can be different from the one in the S
Such additional processes must be added incoherently to obtai
transition rate defined later in Eq.~26!. For simplicity we will not
consider this possibility further.
6-3
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HNSI
S 5

GF

A2
@ n̄m~12g5!glm#(

a
eea

S @ ē~12g5!glna#1H.c.

~15!

Note that the value of the SM Fermi constantGF is de-
termined experimentally from the decay width of the mu
@51#, without measuring the flavor of the neutrinos. The
fore, we have the relation

GF
exp5GFS u11eee

S u21 (
a5m,t

ueea
S u2D 1/2

. ~16!

The termeee
S leads to exactly the same final state as the

process and must be added coherently, whereaseem
S andeet

S

lead to different final states and contribute incoherently
the decay. From Eq.~16! one learns that the high precisio
measurement ofGF

exp on its own ~within an accuracy of
931026 @51#! does not constrain any of the parameters
the HamiltonianGF and eea

S directly @52#; only the combi-
nation shown in Eq.~16! is constrained within the accurac
of the experimental measurement.

The standard muon detectors under discussion for a
trino factory experiment make use of charged current p
cesses likenm1d→m21u. The relevant effective Hamil-
tonian in the SM is given by

HSM
D 5

GF

A2
@ d̄~12g5!glu#@ n̄m~12g5!glm#1H.c.

~17!

Hered(u) symbolizes any down-~up-!type quark. Similar to
Eq. ~15! we consider the following NSI four-fermion Hamil
tonian:

HNSI
D 5

GF

A2
@ d̄~12g5!glu#(

a
eam

D @ n̄a~12g5!glm#1H.c.

~18!

The coefficientseam
D describe NU (a5m) or FC (a5e,t)

NSI in the detector,e.g.a nonzeroetm
D leads to the proces

nt1d→m21u.
In a long-baseline neutrino experiment a significant p

of the neutrino path will cross the earth and hence neut
NSI with earth matter must be taken into account. Let
consider the effective Hamiltonian describing the SM neu
current processes of neutrinos with a fermionf due to the
exchange of theZ bosonna1 f→na1 f :

HSM
P 5

GF

A2
@ f̄ ~gV

f 2gA
f g5!gl f #(

a
@n̄a~12g5!glna#,

~19!

wheregV
f and gA

f are the SM vector and axial couplings
the fermionf, see, e.g., Ref.@51#, Sec. 10. In the SM this
interaction is the same for all flavors and hence, has no e
on the propagation of the neutrino state—in contrast to
charged current interaction ofnhe with electrons. However, if
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NSI are present, we must also take into account proce
na1 f→nb1 f with arbitrary flavor combinations (ab) de-
scribed by the Hamiltonian

HNSI
P 5

GF

A2
@ f̄ ~gV

f 2gA
f g5!gl f #(

ab
eab

f @ n̄a~12g5!glnb#.

~20!

In Eqs. ~15!,~18!,~20! we have assumed for simplicity
that the NSI have the sameV2A Lorentz structure as the
SM interactions. This need not be the case in the most g
eral extension of the SM involving, say, left-right symmetr
where many new NSI parameters can appear~see e.g. Refs.
@37,38#!. However, the effects of NSI withV1A Lorentz
structure are strongly suppressed since the left-right brea
scale should be rather high in order to account for the sm
ness of the neutrino masses indicated by solar and at
spheric experiments. Moreover, one expects that only cer
combinations of parameters will be relevant for the expe
mental configuration we are considering here, and for a
given theory our results can be mapped to the correspon
combination of parameters.

Although different processes are relevant for sour
propagation and detection, in a given model relations
tween the coefficientseab

X may exist. However, such rela
tions highly depend on the underlying model. In order to
model-independent we will treat alleab

X as independent pa
rameters.

IV. BOUNDS ON NSI PARAMETERS

In this section we review existing bounds on neutrino N
obtained in the literature. The most direct upper bounds
the strength of NSI interactions arise from negative searc
for neutrino oscillations@37,53,54#. For example the bound
on the transition probabilitiesPnm→nt

<3.431024 and

Pne→nt
<2.631022 obtained by CHORUS@55# yield the

bounds

uemt
CHORUSu&1.831022, ueet

CHORUSu&0.16. ~21!

With the superscript we indicate that the constrained quan
actually is a certain combination of NSI coefficients releva
in the neutrino source and detection processes for a g
experiment@see later Eq.~33!#, which in general is different
from the NSI coefficients relevant for neutrino factory e
periments.

Recently, in Ref.@25# the strong evidence for oscillation
of atmospheric neutrinos has been used to set upper bo
on NSI of neutrinos with the down quarks in earth matte

uemt
d u&331022, uett

d u&631022. ~22!

Similar bounds on the magnitude of neutrino NSI with ele
trons and up-type quarks may be derived@23#.

Besides these direct bounds on neutrino NSI there is a
of data constraining non-standard effects incharged lepton
processes. However, it is very nontrivial in general to u
6-4
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these data to derive model-independent bounds on neu
NSI coefficients. For a recent discussion see, for exam
Refs.@26,29,35#. To obtain such bounds for neutrino intera
tions one must convert from the bounds on charged lep
processes making some assumption aboutSU(2)L symme-
try. In Ref. @22# the corresponding bounds for the charg
leptons are multiplied by a factor of'6.8, in order to take
into accountSU(2)L breaking effects.In this way the follow
ing bounds on neutrino NSI are derived from pure lepto
processes@22#:

ueem
, u&731026, ueet

, u&331022. ~23!

As the neutrino production in a neutrino factory is also
pure leptonic process we take the bounds~23! as order of
magnitude estimates of the NSI at the neutrino source. F
bounds onm→e conversion in muon scattering off nucle
and from those on flavor-violating hadronic tau decays
following bounds on neutrino NSI with quarks are deriv
@22#:

ueem
q u&731025, ueet

q u&731022. ~24!

We take this as an order of magnitude estimate for the NS
propagation and detection at a neutrino factory experim
since there also processes with quarks are involved. For
m2t channel the bounds are of order@26#

uemtu&531022 ~25!

and for the NU coefficients upper bounds of order 0.1
derived.

However, in Ref.@56# it has been stressed that in gene
no model-independent relation exists between NSI coe
cients for charged leptons and neutrinos and only m
weaker bounds of order 50% are derived using data fr
e1e2 colliders. This more conservative viewpoint has be
exploited to show how FC neutrino interactions provide
excellent description of the solar neutrino data, while con
tent with the oscillation description of the atmospheric d
@23#.

V. THE APPEARANCE RATE IN A NEUTRINO FACTORY
EXPERIMENT

Let us consider the impact of NSI in source, propagat
and detection on thee→m channel2 at a neutrino factory.
Starting from the decay of am1, we make the following
ansatz for the rate at which a neutrino produced together
the positron leads to the production of am2 in the detector
@38#:

Rem5U(
ab

A ea
S A ab

P A bm
D U2

, ~26!

2For the sake of clarity we keep the oscillation-inspired termin
ogy ‘‘e→m appearance channel’’~‘‘ m→m disappearance chan
nel’’ !. We actually mean the production of a wrong-sign~like-sign!
muon in the detector, respectively.
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and similar for the charge conjugated process. Here we
fine the amplitudes describing the neutrino source and de
tion process as

A ab
X [dab1eab

X for X5S,D, ~27!

and the amplitudeA bg
P describes the propagation of the ne

trino state from the production point to the detector. Th
amplitude is obtained from the solution of a Schro¨dinger
equation with the Hamiltonian

Hn5
1

2En
Udiag~0,Dmsol

2 ,Dmatm
2 !U†

1diag~V,0,0!1(
f

Vfe
f , ~28!

which takes into account neutrino oscillations and SM int
actions as well as NSI with the matter crossed by the n
trino beam. Here En is the neutrino energy andV
5A2GFNe is the matter potential due to the SM charg
current interaction@19#, where Ne is the electron numbe
density. The last term in Eq.~28! describes the NSI with
earth matter. The sum is over all fermionsf present in matter,
and Vfeab

f is the coherent forward scattering amplitude
the processna1 f→nb1 f , whereVf5A2GFNf , with the
number density of the fermionf along the neutrino path
given byNf . We define an effective NSI coefficient for th
propagation by normalizing all contributions to the dow
quark potentialVd :

eab
P [(

f

Vf

Vd
eab

f . ~29!

Adopting a basis where the charged lepton mass matr
diagonal, the unitary matrixU in Eq. ~28! relates the neutrino
fields in the basis where the neutrino mass matrix is diago
to the neutrino fields in the basis where the interaction w
the SMW boson is diagonal@53#. We parametrize this matrix
in the following way@7#:

U5U23U13U125S 1 0 0

0 c23 s23

0 2s23 c23

D S c13 0 s13

0 1 0

2s13 0 c13

D
3S c12 eids12 0

2e2 ids12 c12 0

0 0 1
D , ~30!

wheresi j 5sinuij andci j 5cosuij .
In this paper we consider the following simplified sce

ario. First, we take alleab
X real and we assume that they a

the same for neutrinos and anti-neutrinos as in@25#. Second,
Eqs.~23! and~24! suggest that constraints on FC interactio

-

6-5
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in thee2m channel are about 3 orders of magnitude stron
than in the other channels. This motivates the approximat3

eem
X 'eme

X '0 for X5S,P,D. ~31!

Third, we neglect the solar mass-squared difference, wh
implies also that the angleu12 and the phased disappear@7#.
Then we are left with the following neutrino propagatio
Hamiltonian:

Hn5U23U13 diag ~0,0,D!U13
† U23

† 1diag~V,0,0!1VreP,
~32!

where we have definedD[Dmatm
2 /2En and r[Vd /V

5Nd /Ne with r'3 in earth matter. In the Hamiltonian~32!
a sign change ofD is equivalent to a sign change ofV, which
interchanges the evolution of neutrinos and anti-neutrin
Therefore, it is sufficient to consider only the caseD.0,
assuming that the neutrino factory is run in both polaritie

A detector close to the front end of a neutrino factory—
so-callednear detector—can be a very powerful tool to con
strain NSI@36,39,57#. Such a detector has to be situated a
short distance~a few 100 m! from the production region o
the neutrinos, such that no oscillations withDmatm

2 or Dmsol
2

can develop and matter effects are negligible. In our form
ism this means thatA ab

P 5dab , and the transition rate rel
evant for a near detector is simply given by

R ab
ND5U(

g
A ag

S A gb
D U2

. ~33!

It is clear that a near detector cannot provide any mod
independent information oneab

P , and only acombinationof
eab

S andeab
D is constrained.

Some remarks are in order. Although the general moti
tion for NSI is that these accompany models of neutr
mass generation, in our following phenomenological stud
we will restrict our attention only to total lepton numb
conserving NSI. While this will suffice to make our point,
will on the other hand greatly simplify our analysis. Th
happens because in this particular case it is possible to
tinguish the neutrino produced together with the elect
from the one produced together with the muon, if the det
tor can determine the charge of the muon. We insist, h
ever, that in a generic theory for NSI and neutrino mas
also lepton number violating processes@30,39# are expected,
due to the Majorana nature of neutrinos~see Sec. II!. Such
effects would be an additional source for the confusion
NSI and oscillations.

The off-diagonal elementseab
X (X5S,P,D) with aÞb

describe FC, whereas the diagonal elements witha5b lead
to NU. In Eqs.~26! and~33! we consider only processes wit
the same final states~in source and detector! as in the SM

3Note that in Ref.@35# much weaker sensitivities on FCI in th
e2m channel for the source at a neutrino factory are derived, of
order of 1023. A nonvanishingeem

S would imply yet an additional
source for the confusion of oscillations and NSI.
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case. If additional processes are present, with different fi
states, the corresponding amplitudes have to be added i
herently to the rate@38#.

We want to stress that our numerical results are not
stricted only to the NSI resulting from the four-fermion o
erators discussed in Sec. III. The results apply toall kinds of
non-standard physicsin source, propagation and detection
a neutrino factory experiment, which can be parametrized
in Eqs. ~26!,~27!,~32!. In general the NSI parameter comb
nations involved in the quantum mechanical evolution of
neutrino system are model-dependent functions of the
rameters appearing in the Lagrangian of a given theory
discussed in Sec. II.

VI. THE OSCILLATION-NSI CONFUSION THEOREM

In this section we present analytical approximations
the transition rate and we show that within our simplifi
scenario NSI can lead to exactly the same signal at a neu
factory as expected from genuine neutrino oscillations du
u13. Taking into account additional parameters likeDmsol

2 or
CP violating phases in the lepton mixing matrix or in NS
can only bring more serious complications for the determ
nation ofu13 @14#.

For the understanding of the physics relevant for the
merical results which we will present in the following se
tions it is useful to derive an analytic expression for t
appearance rate Eq.~26!. To this aim we assume a consta
matter potentialV and consider the terms containing the N
parameterseab

P ands13 as a small perturbation of the Hami
tonian and calculate eigenvalues and eigenvectors of Eq.~32!
up to first order in these small quantities. Then the appe
ance rate Eq.~26! is of second order ins13 and eab

X (X
5S,P,D) and we make the interesting observation that o
the three parameters (s13,eet

S ,eet
P ) appear.

This is a special feature of thee→m channel under the
approximation~31! and can be understood from Fig. 1~a!,
where we show schematically the various contributions
this channel. The thick lines indicate the SM processes
source and detection and the dominatingm↔t oscillations
due to atmospheric oscillation parameters. The thin lin
show the leading contributions of small quantities, whi
involve only the parameterss13, eet

S andeet
P . With very thin

lines we show some channels which involve more than
small quantity, and hence do not appear up to second ord
the appearance rate: we consider only the detection
muons, therefore in leading order no effects of NSI in t
detector show up because of Eq.~31!. Similarly no FC ef-
fects in thet↔m channel show up, since transitions frome
to t flavor already involve a small quantity, eithers13 or
eet

S,P . We also note that no NU coefficienteaa
X appears in

leading order@34,35#, explaining the lack of sensitivity of
neutrino factory experiments to NU parameters@32#.

Let us introduce the abbreviations

eS[eet
S , eP[eet

P . ~34!

Then the expression for the appearance rate is a general
dratic form in the variabless13, eS andeP :

e

6-6
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FIG. 1. NSI contributions to
the ~a! appearance and~b! disap-
pearance channel in the approx
mation Eq. ~31!. The thick lines
indicate the dominating processe
whereas the thin lines show th
leading contributions of the smal
quantitiess13 and eab

X . The pro-
cesses shown with very thin line
are double suppressed in sma
quantities.
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Rem'As13
2 1Bs13eP1CeP

2 1D ePeS1EeS
21Fs13eS ~35!

with the coefficients

A54 s23
2 S D

D2VD 2

sin2
~D2V!L

2
,

B54 s23
2 c23r

D

D2V

3FD1V

D2V
sin2

~D2V!L

2
1sin2

VL

2
2sin2

DL

2 G ,
C54 s23

2 c23
2 r 2

D

D2V

3F V

D2V
sin2

~D2V!L

2
1sin2

VL

2
2

V

D
sin2

DL

2 G ,
~36!

D54 s23
2 c23

2 r
D

D2V

3Fsin2
~D2V!L

2
2sin2

VL

2
2S 122

V

D D sin2
DL

2 G ,
E54 s23

2 c23
2 sin2

DL

2
,

F54 s23
2 c23

D

D2V

3Fsin2
~D2V!L

2
2sin2

VL

2
1sin2

DL

2 G ,
whereL is the distance between neutrino source and dete
The appearance rate for anti-neutrinosRēm̄ is obtained by
01300
or.

replacingV→2V in Eq. ~36!. These analytic expressions a
in agreement with numerical calculations within a few %
the relevant parameter range. In general all coefficie
(A, . . . ,F) are of the same order of magnitude and depe
on neutrino energy~via D), on the baseline and on the sig
of V ~neutrinos or anti-neutrinos! in a nontrivial way.

Performing a similar consideration for them disappear-
ance channel one finds that the rateRmm , defined in a way
similar to Eq.~26!, contains terms of all powers of the sma
quantities. This is illustrated in Fig. 1~b!. The zeroth order
contribution corresponds tom↔t oscillations with atmo-
spheric neutrino oscillation parameters: in contrast
Fig. 1~a!, in the case of Fig. 1~b! there is a channel involv-
ing only thick lines. However, we find that up to secon
order in small quantities only the paramete
(emt

S ,emm
S ,emt

P ,emm
P ,ett

P ,etm
D ,emm

D ) appear. The important ob
servation is that none of the three parameters (s13,eet

S ,eet
P )

relevant for thee→m channel appears. Therefore, no ad
tional information on these parameters can be obtained
considering the disappearance channel. An analysis of
channel including all the parameters listed above goes
yond the scope of this paper and we will not consider it a
further here.

Let us compare the transition rate for pure oscillatio
(eS5eP50)

R em
osc~s13!5As13

2 ~37!

with the transition rate without oscillations (s1350) but non-
zero NSI coefficients

R em
NSI~eS ,eP!5CeP

2 1DePeS1EeS
2 . ~38!

With the expressions forA,C,D,E given in Eq. ~36! it is
easy to check that if the relation

eS5r eP ~39!

holds, oscillations are indistinguishable from NSI. More p
cisely, we obtain

R em
NSI~r eP ,eP!5R em

osc~s13! ~40!
6-7
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with

s13
2 5r 2eP

2 11cos 2u23

2
. ~41!

This means that for each value ofs13 there is a pair of NSI
parameters (eS ,eP) determined by Eqs.~39! and~41! which
in our approximation leads toexactly the samesignal as os-
cillations due tos13. This includes both energy and baseli
dependence, for both neutrinos and anti-neutrinos. We
this the ‘‘oscillation-NSI confusion theorem.’’

Of course, relation~39! represents a fine-tuning of th
parameterseP andeS . However, as long as this relation ca
not be excluded one has to consider this possibility. Mo
over, in a realistic experiment with finite errors and statisti
uncertainties there will be aregion around the point in the
(eS ,eP) plane corresponding to Eqs.~39! and ~41! in which
oscillations cannot be distinguished from NSI.

VII. THE SIMULATION OF A NEUTRINO FACTORY
EXPERIMENT

In our numerical calculations we assume a neutrino f
tory with an energy of 50 GeV for the stored muons a
231020 useful muon decays of each polarity per year fo
period of 5 years. We consider a magnetized iron calorim
with a mass of 40 kt. The neutrino detection threshold is
to 4 GeV, the energy resolution of the detector is appro
mated by a Gaussian resolution function withDEn /En

510% and we use 20 bins in neutrino energy. We do
include any backgrounds, efficiencies and errors in the
ticle identification. The amplitudeA ab

P describing the neu-
trino propagation is obtained by numerically solving the ne
trino evolution equation with the Hamiltonian~32!, using the
average matter density along each baseline. In Ref.@58# it
was shown that this is an excellent approximation as long
the baseline is shorter than approximately 10 000 km, i.e
long as it does not cross the core. Then the transition rate
~26! is folded with neutrino flux, cross section and ener
resolution function to in order obtain the expected event ra
in the detector. For further details see Refs.@14,59#.

Our ‘‘observables’’ are the event rates for the appeara
channelnn

i (nn̄
i ) for neutrinos~anti-neutrinos! in each energy

bin i. We fix the atmospheric oscillation parameters4 at their
best fit values given in@6,25# Dmatm

2 5331023 eV2 and
sin22u2351. Hence, at a given baseline, the event rates
pend on the three parametersS13, eS andeP , where we have
introduced the abbreviationS13[sin22u13.

In order to evaluate the impact ofeS andeP on the capa-
bility of a neutrino factory to measureS13 we proceed as
follows. To test a given point (S13

0 , eS
0 ,eP

0 ) in the parameter
space we calculate the event rates (nx

i )0[nx
i (S13

0 ,eS
0 ,eP

0 )

4They will be determined at the neutrino factory with high acc
racy from the disappearance channel.
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with x5n,n̄ and construct ax2 appropriate for a Poisson
distribution5:

x2~S13,eS ,eP ;S13
0 ,eS

0 ,eP
0 !

52 (
x5n,n̄

(
i

Fnx
i ~S13,eS ,eP!2~nx

i !0

1~nx
i !0ln

~nx
i !0

nx
i ~S13,eS ,eP!

G . ~42!

Thus we obtain an allowed region in the three dimensio
spaceP spanned by (S13,eS ,eP) in the usual way. Note tha
the minimum of thex2 defined in Eq.~42! is zero and occurs
at (S13,eS ,eP)5(S13

0 ,eS
0 ,eP

0 ). Therefore, the allowed region
at the C.L.a is given by the set of all points inP which
satisfy

x2~S13,eS ,eP ;S13
0 ,eS

0 ,eP
0 !<Dxa

2 , ~43!

whereDxa
2 is determined by ax2 distribution with 3 degrees

of freedom. For simplicity we consider only starting valu
with eS

05eP
0 50, i.e. pure oscillations.

VIII. SENSITIVITY LIMITS FOR sin 22u13

In Fig. 2 we show the allowed regions in theS13[0 plane
for a baseline of 3 000 km and three different starting valu
for S13

0 . In gray we show the lines with the same total eve
rates~solid for neutrinos, dashed for anti-neutrinos! as in the
starting point. The general shape of these lines can imm
ately be understood from Eq.~35!. The small regions delim-
ited by the dark solid lines arise from a global fit procedu
including also the information on the spectra with the e

- 5We are dealing with a counting experiment with eventually ve
low counts.

FIG. 2. Allowed regions at 90% C.L.~black solid lines! in the
S13[0 plane for three different starting valuesS13

0

5(3.231023,1023,1024) andeS
05eP

0 50 always. The baseline is
3 000 km. The gray lines indicate points with the same event ra
as the starting point~gray solid for neutrinos, gray dashed for an
neutrinos!.
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FIG. 3. Sensitivity limits at 90% C.L. on sin22u13 attainable if a bound oneP
2 ~left panel!, eS

2 ~middle panel! or eP
2 1eS

2 ~right panel! is
given. The dotted line is for a baseline of 700 km, the dash-dotted line for 3000 km and the dashed line for 7000 km. The horizon
line illustrates the order of magnitude of current limits on the NSI parameter in order to ‘‘guide the eye.’’ The vertical gray band sh
range of possible sensitivities without NSI@14#. The diagonal solid line is the theoretical bound derived from our confusion theorem.
tic
tio
o

lta
te
s
n

or
he
e

or
th
e
.

n
a

re
th

-

f

f

iv
I

o

an

lt

th
N

. 3

n
not
in

ses
o-

c

mal

al
m
s-
es

ita-
ces
m-

nt
nt

in

se-
a

e

is

-
n

pected energy resolution as described above. One no
that these confidence regions follow closely the intersec
of the lines of constant rates for neutrinos and anti-neutrin
This means that most information is obtained from simu
neously taking into account neutrino and anti-neutrino ra
@33#. This follows from the fact that the allowed region
extend as long as the lines of constant neutrino and a
neutrino rate are close to each other, i.e.both rates are simi-
lar to the ones in the test point. We conclude that it is imp
tant to run the neutrino factory in both polarities. On t
other hand we learn that most of the information is contain
in the total rates; the spectral information is not very imp
tant: our results are rather insensitive to variations of
number of energy bins and of the energy resolution assum

Solutions in theS13[0 plane of the type as shown in Fig
2 alwaysexist, irrespective of the starting valueS13

0 . This is
a consequence of the confusion theorem we have prese
in Sec. VI. However, the magnitude of the required NSI p
rameterseS andeP strongly depends on the size ofS13

0 as can
be seen from Eq.~41! or Fig. 2. Thus,it is only possible to
derive a limit on S13 if there is a limit oneS and/or eP ; a
neutrino factory can only test a certain value ofS13 if the
values ofeS and/oreP , which lead to the same signal, a
ruled out by some other measurement. In Fig. 3 we show
attainable sensitivity limit onS13 as a function of different
limits on the NSI parameters~the present estimated NSI lim
its are indicated by the solid horizontal lines!. We define this
sensitivity onS13 in the following way. For a dense grid o
starting valuesS13

0 in the range 102621021 we calculate the
90% C.L. allowed region in theS13[0 plane as shown in
Fig. 2. For each value ofS13

0 we show the minimum value o
eP

2 ~left panel!, eS
2 ~middle panel! or eP

2 1eS
2 ~right panel!

inside this allowed region. The neutrino factory is sensit
to this value ofS13 only if there is a bound on this NS
parameter~combination of parameters!, which is smaller
than this minimum value.

Any experiment~e.g. like a near detector at a neutrin
factory! trying to measureeS and eP will only restrict a
certain combination of the NSI parameters in the source
the detector used in this particular experiment@see Eq.~33!#.
In general it will be very difficult to translate such a resu
into a bound oneS , and even more difficult oneP , in a
model-independent way. It is however to be expected that
constrained combination depends on the square of the
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parameters since the transition rateR}e2. Therefore we
show the results for the three simple functionseS

2 , eP
2 and

eS
21eP

2 as mentioned above. The left hand panel of Fig
shows the sensitivity limit if there is a bound oneP

2 and all
values ofeS are allowed. It seems very difficult to obtai
such a bound in a model-independent way, because it is
possible to probe directly the NSI parameters relevant
neutrino propagation. As recently stressed in Ref.@56# in
general it is not possible to use bounds on similar proces
involving charged leptons. Moreover, many different pr
cesses may contribute toeP @see Eq.~29!#. In the middle
panel we show the sensitivity limits for a bound oneS

2 and all
values allowed foreP , which is probably the most realisti
case because it should be possible to constraineS with a near
detector setup. In the right hand panel we display the opti
situation, if a bound on the combinationeS

21eP
2 is available.

The diagonal solid line in Fig. 3 shows the theoretic
bound implied by the oscillation–NSI confusion theore
Eqs.~39! and ~41!. This bound corresponds to the best po
sible situation, which can be achieved only for large valu
of S13 due to large event numbers. For smaller values ofS13

the realistic bound gets worse because of statistical lim
tions due to small event numbers. The numerical differen
between the three plots in Fig. 3 is due to the different sy
metries of the used function ofeS andeP with respect to the
symmetry of the allowed regions in theS13[0 plane. For
small values ofeS

21eP
2 ~right panel! the bounds converge to

the sensitivity limits obtained without taking into accou
NSI @14#. The range of these limits for the three differe
baselines is shown as the gray vertical band.

We can understand the behavior of the sensitivity limits
Fig. 3 by considering the allowed regions in theS13[0 plane
for different baselines, as shown in Fig. 4. For small ba
lines the allowed region is roughly a circle. Therefore
bound on an individualeP or eS is useless for a sensitiv
determination ofS13 ~see left and middle panel of Fig. 3!. We
conclude that if only a baseline of 700 km is available it
mandatory to establish solid bounds onbothNSI parameters.
However, a bound oneP

2 1eS
2 is most suitable for small base

lines and in this caseL5700 km can do even better tha
longer baselines~right panel of Fig. 3!. For longer baselines
the allowed regions in theS13[0 plane become smaller~see
6-9
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FIG. 4. Allowed regions at 90% C.L.~black
solid lines! in theS13[0 plane for three different
baselines (L51000 km, 3000 km, 5000 km)
and S13

0 51023, eS
05eP

0 50. The gray lines indi-
cate points with the same event rates as the st
ing point ~gray solid for neutrinos, gray dashe
for anti-neutrinos!. The right-hand panel is a
blow up of the left-hand panel.
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Fig. 4! and hence, also a bound on an individual NSI para
eter is useful.

With the solid horizontal lines in Fig. 3 we illustrate th
order of magnitude of current bounds on NSI paramet
For eP we show the bound given in Eq.~24!, while for theeS
case we use the bound given in Eq.~23!. It is clearly visible
that using even these rather optimistic bounds on the rele
NSI parameters the sensitivity of a neutrino factory is at
bestS13;1023—compared toS13;1025—in the absence o
any NSI. The sensitivity is deteriorated by two orders
magnitude for all baselines. Let us stress again that we
not using the bounds from Eqs.~24! and~23! in our analysis
because they are derived under some model-dependen
sumptions from non-neutrino processes. The horizontal li
in Fig. 3 should merely ‘‘guide the eye’’ in reading the plot
they simply give a rough idea of the order of magnitude
existing bounds.

The geometry of the currently discussed muon stor
rings offers the striking possibility to illuminate two dete
tors at different baselines with neutrinos from one neutr
factory. With this in mind, let us investigate to which exte
the sensitivities forS13 can be improved by combining th
information of two baselines. From Fig. 4 we find that a
though the shape of the allowed regions in theS13[0 plane
is very different for different baselines, they all have a co
mon intersection. Moreover, considering the lines in theS13
[0 plane which have the same event rates as the sta
value S13

0 ~shown as gray solid lines for neutrinos and gr
dashed lines for anti-neutrinos! we observe that all iso-rat
lines meet in a single point. This is again due to o
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oscillation–NSI confusion theorem: Eqs.~39! and ~41! do
not depend on the baseline. Thus even the combinatio
baselines cannot lift this degeneracy.

In Fig. 5 we show sensitivity limits forS13 obtained as
before, but now we use the sum of thex2-functions Eq.~42!
for two different baselines. In comparison with Fig. 3 w
observe that the theoretical bound can now be achie
somewhat easier. However, in contrast to the case consid
in our previous work@33#, where only NSI with the earth
matter are taken into account, in our present more reali
situation including also effects in the neutrino source eve
combination of baselines does not resolve the confus
problem. With the current bounds on the relevant NSI para
eters the sensitivity isS13*1023, which coincides with the
sensitivity obtained at a single baseline. Again this sensitiv
is two orders of magnitude worse than without NSI.

IX. CONCLUSIONS

In this paper we have considered the impact of nonsta
ard neutrino interactions on the determination of neutr
mixing parameters at a neutrino factory. In particular w
have focused on the so-called ‘‘golden channels’’ for t
measurement ofu13, namely the nhe→ nhm channels. We
have extended our previous work@33# by taking into account
both the effects of neutrino oscillations as well as the eff
of NSI at the neutrino source, propagation and detect
@38#. Within a very good approximation we have explicit
demonstrated how a certain combination of FC interacti
in source and propagation can produce exactly the same
e dashed
er. The
m

FIG. 5. Sensitivity limits at 90% C.L. on sin22u13 attainable if a bound oneP
2 ~left panel!, eS

2 ~middle panel! or eP
2 1eS

2 ~right panel! is
given. The dotted line is for the baseline combination 700 km and 3000 km, the dash-dotted line for 700 km and 7000 km and th
line for 3000 km and 7000 km. The horizontal black line illustrates the order of magnitude of existing limits on the NSI paramet
vertical gray band shows the range of possible sensitivities without NSI@14#. The diagonal solid line is the theoretical bound derived fro
the confusion theorem.
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CONFUSING NONSTANDARD NEUTRINO INTERACTIONS . . . PHYSICAL REVIEW D 66, 013006 ~2002!
nal as would be expected from oscillations arising due
u13. This implies that information aboutu13 can only be
obtained if bounds on NSI parameters are available and
all one can achieve at a neutrino factory is acorrelated
oscillation-NSI study. In view of the current estimates of th
bounds on FC interactions, this leads to a drastic loss
sensitivity inu13, at least two orders of magnitude.

In order to improve the situation it is mandatory to obta
better bounds oneS and eP at the e.102421023 level,
which is several orders of magnitude more stringent th
current limits. This unexpected complication should be tak
into account in the design of a neutrino factory. On the ot
hand, a neutrino factory may also offer the possibility
obtain these very stringent limits on the NSI parameters.
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ing a small near detector (L'100 m) with very good par-
ticle identification for taus it would be possible to restrict t
Ret down to 102821026. SinceR et}e2 this translates into
a bound fore.102421023 @57#. Thus the near site physic
program of a neutrino factory is a necessary and very imp
tant part of the long baseline program.
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