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Most neutrino mass theories contain nonstandard interacthd88 of neutrinos which can be either non-
universal(NU) or flavor changing(FC). We study the impact of such interactions on (t_be d(gtermination of
neutrino mixing parameters at a neutrino factory using the so-called “golden channgls’v , for the
measurement of);;. We show that a certain combination of FC interactions in neutrino source and earth
matter can give exactly the same signal as oscillations arising dag; tdhis implies that information about
0,3 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 sensitivity4g, 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 0,3 and subsequent study of leptor@id® violation.
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[. INTRODUCTION implied by combining the results of the reactor experiments
[12] CHOOZ and Palo Verde with atmospheric data. To-
From the long-standing solft] and atmospherii2] neu-  gether with the requirement of solar neutrino oscillations this
trino anomalies we now have compelling evidence that around implies that sf#,5 has to be small. The value of the
extension of the standard mod&M) of particle physics is phases is completely unknown.
necessary in the lepton sector. The simplest and most generic Currently a new generation of long-baseline neutrino os-
explanation of these experiments is provided by neutrino oseillation experiments using a neutrino beam originating from
cillations induced by neutrino masses and mixing. As is wellthe decay of muons in a storage ring is being discussed
known and accepted, the indication of the Liquid Scintilla-[13]. These so-calledheutrino factoriesare considered as
tion Neutrino DetectoLSND) experiment[3] for oscilla-  the ideal tool to enhance our knowledge about neutrino mix-
tions at a large mass-squared difference cannot be reconciléay parameters. In addition to the possibility to expl@®
with solar and atmospheric data within a 3-neutrino frame-wiolation in the lepton sector an important aim of a neutrino
work. For recent four-neutrinp4] analyses see Reffs] and  factory will be a precise determination éf; it is claimed
references therein. For this reason we choose not to considgrat a measurement @f;; down to values of a few 104
the LSND data and focus therefore on the simpleswill be possible[14].
3-neutrino scheme with the two mass-squared differences In a large class of models beyond the standard model
Am?,=10"* eV? and Am2,,~3x10 3 eV? [6]. The cor- nonstandard interactionéNSI) of neutrinos with matter
responding lepton mixing matrix is parametrized by the threearise. The simplest NSI do not require new interactions be-
anglesé,, 6,3, 0,5 and one complexC P-violating phases  yond those mediated by the standard model electroweak
(see later for exact definitiongelevant in lepton-number- gauge bosons: it is simply the nature of the leptonic charged
conserving neutrino oscillatior[¥,8]. It is known from at- and neutral current interactions which is nonstandard due to
mospheric neutrino data that; has to be nearly maximal. the complexity of neutrino mixing7]. On the other hand
On the other hand, data from present solar neutrino experNSI can also be mediated by the exchange of new particles
ments favor a large value for the anglg, [9,10]. An im-  with mass at the weak scale such as in some supersymmetric
proved determination is expected from solar neutrino datanodels with R-parity violating [15,16 interactions. Such
and/or the results of the KamLAND experimelritl]. The  nonstandard flavor-violating physics can arise even in the
value of the third angle,; is not known at present, there is absence of neutrino maps7,18 and can lead to nonuniver-
only the bound sal (NU) or to flavor-changingFC) neutrino interactions.
Nonstandard interactions of neutrinos affect their propa-
gation in matter and the magnitude of the effect depends on
Sirf26,5<0.1 at 90% C.L. (1)  the interplay between conventional mass-induced neutrino
oscillation features in matt¢f9] and those genuinely engen-
dered by the NSI, which do not require neutrino mga3.

*Electronic address: Patrick.Huber@ph.tum.de Correspondingly their implications have been explored in a
"Electronic address: schwetz@ific.uv.es variety of contexts involving solar neutrin$9—-23, atmo-
*Electronic address: valle@ific.uv.es spheric neutrinos[23—-26, other astrophysical sources
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[27,28 and the LSND experimeni29,30. The impact of ®U(1) singlets with a gauge invariant Majorana mass term
nonstandard interactions of neutrinos has also been considf the typeM g;;»{»] which breaks total lepton number sym-
ered from the point of view of future experiments involving metry, perhaps at a larg8O(10) or left-right breaking
solar neutrinog31] as well as the upcoming neutrino facto- scale.The masses of the light neutrinos are obtained by di-
ries [32,33. Various aspects of NSI for a neutrino factory agonalizing the mass matrix

experiment have been considered in RE32—-39.

In this paper we will consider from a phenomenological
point of view the impact of NSI on the determination of
neutrino mixing parame([)ers z(-l_t) a neutrino factory. In particu-
lar we will focus on thev— v, channels, which are sup- in the basisv,»¢, whereD is the standar&sU(2)©U(1)
posed to be the “golden channels” for the measurement obreaking Dirac mass term, andg= ME is the large isos-
0,5. We extend our previous worlB33] by taking simulta- inglet Majorana mass and tiM, vv term is an isotriplef7].
neously into account neutrino oscillations and the effect ofin left-right models the latter is generally suppressedv/as
NSI in neutrino source, propagation and detec{i8d]. We  «1/Mg.
will show that a certain combination of FC interactions in  The structure of the associated effective w&akA cur-
source and propagation can give exactly the same signal asnts is rather complg¥’]. The first point to notice is that the
oscillations arising due t@,5. This implies that information heavy isosinglets will mix with the ordinary isodoublet neu-
about 6,5 can only be obtained if bounds on NSI are avail- trinos in the charged current weak interaction. As a result, the
able. In view of the existing bounds on FC interactions, thismixing matrix describing the charged leptonic weak interac-
leads to a drastic loss in sensitivity 5, at least two orders tion is a rectangular matrik [ 7] which may be decomposed
of magnitude. as

All our considerations also apply to the determination of
6,5 in long baseline experiments using upgraded conven- K=(KL.Kp) (©)]
tional beamg38,40. However, due to the different produc-
tion processes involved, the NSI parameters relevant in th
source of a conventional beam experiment differ from th
ones at a neutrino factory. The same methods discussed h 7(;

M, D

DT M, @)

where K, and K,; are 3x3 matrices. The corresponding
eutral weak interactions are described by a nontrivial matrix

can be adapted to cover that case also. A detailed numerical P=KT'K 4)
consideration of conventional beam experiments goes be- '
yond the scope of this work. In such models nonstandard interactions of neutrinos with

The outline of the paper is as follows. In Sec. Il we briefly matter arise from the non-trivial structures of the charged
sketch the theoretical motivation for NSI in the context of and neutral weak currents. Note, however, that the smallness

gauge theories of neutrino mass. In Sec. Ill we discuss eXf neutrino mass, which follows due to the seesaw mecha-
amples of low energy four-fermion Hamiltonians, which leadpismm =M, —DM =DT and the condition

to NSI in neutrino source, propagation and detection. In Sec.

IV we review some bounds on NSI parameters obtained in M <Mg, (5)

the literature. In Sec. V we present the framework of our

numerical calculations and discuss the appearance rate in tigplies that the magnitude of neutrino NSl is expected to be
presence of NSI and oscillations. In Sec. VI we derive anahegligible. However this need not be so in general. For ex-
lytical expressions for this rate and formulate tseillation-  ample, since the numben of SU(2)®U(1) singlets is ar-
NSI confusion theorenin Sec. VII we describe the simula- bitrary, one may consider models with Majorana neutrinos
tion of a neutrino factory and our statistical method tobased orany valueof m. One can therefore extend the lepton
investigate the possibilities of such an experiment to detersector of theSU(2)®U (1) theory by adding a set dfvo
mine NSI and oscillation parameters. In Sec. VIII we define2-component isosinglet neutral fermions, denat&dands;,
sensitivity limits for sirf26,5 and show our numerical results in each generatiofl7]. In suchm=6 models one can con-
for the three baselines 700 km, 3000 km and 7000 km as sider the X9 mass matrif42]

function of bounds on the relevant NSI parameters. We also

discuss the sensitivity limits if information from two differ- 6 b 0
ent baselines is combined. Finally we conclude in Sec. IX. DT 0 WM (6)
0 M u

Il. THEORETICAL MOTIVATION

. (in the basisw, »°,S). The Majorana masses for the neutrinos
More often than not, models of neutrino mass are accomz

panied by NSI, leading generically to both oscillations andare determined from

ngutrino NSI in matter. .The simplest are those NSI which M, =DM 1uMT-1DT. (7)

arise from neutrino-mixing. The most straightforward ex-

ample of this case is when neutrino masses follow from thén the limit u—0 the exact lepton number symmetry is re-
admixture of isosinglet neutral heavy leptons as, for ex-covered and neutrinos become mass|[d$3. This provides
ample, in seesaw schemddl]. These containSU(2) an elegant way to generate neutrino masses without a super-
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heavy scale and automatically allows one to enhance thpotentials of neutrinos. Such NSI are directly relevant for
magnitude of neutrino NSI strengths by avoiding the con-solar and atmospheric neutrino propagafig].

straints which arise from the smallness of neutrino masses Clearly, such neutrino NSI are accompanied by nonzero
presently indicated by the oscillation interpretation of solameutrino masses. In fact one has a hybrid model for neutrino
and atmospheric neutrino data. masses in which the atmospheric scale arises at the tree level

The propagation of the light neutrinos is effectively de-while the solar neutrino scale is induced by loops which
scribed by a truncated mixing matiri_which is not unitary.  involve directly the NSI coefficients in E¢8). This way one
This may lead to oscillation effects in matter, even if neutri-obtains the co-existence of oscillations as well as NSI of
nos were massle$20]. They may be resonant and therefore neutrinos. The relative importance of NSI and oscillation
important in supernovae mattgt0,27]. The strength of NSI  features is parameter-dependent.
is hence unrestricted by the magnitude of neutrino masses, An alternative variant of the above scheme is provided by
only by universality limits, and may be large, at the few some radiative models of neutrino masses such as the one
percent level. The phenomenological implications of thesealiscussed if49]. In all such models NSI may arise from
models have been widely investigatetB—47. scalar interactions.

An alternative way to induce neutrino NSl is in the con-  Finally, we mention that unification provides an alterna-
text of the most general low-energy super-symmetry modeltive and elegant way to induce neutrino NSI. For example
without R-parity conservatiof15]. In addition to bilinear unified super-symmetric models lead to NSI as a result of
violation[16,48 one may also have trilinearviolating cou-  super-symmetric scalar lepton non-diagonal vertices induced

plings in the super-potential by renormalization group evolutiofil8,50. In the special
case ofSU(5) the NSI may exist without neutrino mass. In
NijkLiL Ex (8 SO(10) neutrino masses co-exist with neutrino NSI.
In what follows we shall investigate the interplay of NSI-
N LiQ;Dy (90 induced and neutrino-mass-induce@scillation-induced

conversion of neutrinos at a neutrino factory and on how it

wherelL, Q, E® andD* are(chiral) super-fields which con-  cap vitiate the otherwise very precise determination of neu-
tain the usual lepton and quaB4J(2) doublets and singlets, tring oscillation parameters.

respectively, and,j,k are generation indices. The couplings
in Eq. (8) give rise at low energy to the following four- Il EEFECTIVE FOUR-EERMION HAMILTONIANS
fermion effective Lagrangian for neutrinos interactions with DESCRIBING NSI
d-quark including
In this section we consider in some detail the simplest
examples of effective low energy Hamiltonians, which lead
to NSl in the source$), propagationP) and detectionD)
of neutrinos in a neutrino factory experiment.
a,f=enu,T, (10 In such an experiment neutrinos are produced by the de-

cay of the stored muong* —et+ ve+?ﬂ and the charge

conjugated process. In the SM these processes are described
by the effective four-fermion Hamiltonian

Leg=—2 \/EGFEB gaB;I.aYMVLﬁERyudR !

where the parametees, ; represent the strength of the effec-
tive interactions normalized to the Fermi constépt. One
can identify explicitly, for example, the followingonstand-
ard flavor-conserving NSI couplings

s _Gr — o A
HSM—E[Vﬂ(l—Vs)yw][e(l—ys)v ve] +H.C.

IN5;a]?
=2 =7 (11)
bun=2 JGer? (14)
J
In addition to this SM term, resulting from the exchange of
|)\éj1|2 the W boson we consider now new processes—e"

frrzzj: —4\/§G m (12 +v,+v, with any flavora=e,u, 7 for the neutrino related
F . to the posnror? We parametrize the corresponding NSI ef-
) fective Hamiltonian by the coefficients, :
and the FC coupling y e
’ !
£, = A3jiloj1 (13) 1In this work we will consider the— u appearance channel and
wr 4\/§GFm§ hence, we are interested only in the neutrino produced together with
jL

the positron(or the electron, for the charge conjugated procgsses
wheremg ~are the masses of the exchanged squarksjand More generally, also processps —e” +v,+ v, with an arbitrary

flavor combination &,B)=(e,u,7) may occur. In this case the
=1,2,3 denotes, ;s ,b, , respectively. The existence of ef- final state in the source can be different from the one in the SM.
fective neutral current interactions contributing to the neu-such additional processes must be added incoherently to obtain the
trino scattering offd-quarks in matter, provides new flavor- transition rate defined later in E(R6). For simplicity we will not
conserving as well as flavor-changing terms for the mattetonsider this possibility further.
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Ge o NSI are present, we must also take into account processes
Hys=—=[ v, (1= y5) ul esle(1—ys) Y v ]+H.c. Vot f—vg+f with arbitrary flavor combinationsa(8) de-
V2 @ scribed by the Hamiltonian
(15
. . Gr _

Note that the value of the SM Fermi const&®t is de- HP =1 f(af—gf f f 1— A
termined experimentally from the decay width of the muon = ' \/E[ (Gv=9a75) 7, ]aEB CaplVel1778) Y wg].
[51], without measuring the flavor of the neutrinos. There- (20
fore, we have the relation

» In Egs. (15),(18),(20) we have assumed for simplicity,
GEP=Ge| |1+ €S2+ D €S 12] (16) that the NSI have the samé—A Lorentz structure as the

SM interactions. This need not be the case in the most gen-
eral extension of the SM involving, say, left-right symmetry,
The termeS, leads to exactly the same final state as the SMvhere many new NSI parameters can apfeae e.g. Refs.
process and must be added coherently, wheegamnd ey, ~ [37,38). However, the effects of NSI wittv+A Lorentz
lead to different final states and contribute incoherently tostructure are strongly suppressed since the left-right breaking
the decay. From Eq16) one learns that the high precision Scale should be ra_ther high in o_rde_r to account for the small-
measurement o5& on its own (within an accuracy of N€SS of the neutrino masses indicated by solar and atmo-
9% 10°® [51]) does not constrain any of the parameters inspher_lc experiments. Moreover., one expects that only certain
the HamiltonianGr and €3, directly [52]; only the combi- combinations of parameters will be relevant for the experi-

nation shown in Eq.(16) is constrained within the accuracy ”?e”ta' configuration we are considering here, and for any
of the experimental measurement. glven'the'ory our results can be mapped to the corresponding
The standard muon detectors under discussion for a ne&_ombmatlon of parameters.

trino factory experiment make use of charged current pro- Although different processes are relevant for source,
cesses likev,+d—u~+u. The relevant effective Hamil- propagation and detection, in a given model relations be-

tonian in the SM is given by tween .the coefficientsﬁﬁ may exis_t. However, such rela-
tions highly depend on the underlying model. In order to be
model-independent we will treat aelrlﬁﬁ as independent pa-

Gg — _
H§M=T;[d(1— ¥s) Vaull v, (1—vs) Y u]+H.c. rameters.
17

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

a=pu, T

IV. BOUNDS ON NSI PARAMETERS

In this section we review existing bounds on neutrino NSI
obtained in the literature. The most direct upper bounds on
the strength of NSI interactions arise from negative searches

for neutrino oscillation$37,53,54. For example the bounds
HﬁsF%[al—?’s) )/AU]E 63#[7a(1—75) Y ]+ H.c. on the transiti?n prot.)abilitiesPyﬁyfsian 10_*4 and
V2 « P, ., <2.6x10°2 obtained by CHORUS55] yield the
(18) bofdes

The coefficientssBM describe NU ¢=pu) or FC (ae=¢e,7)
NSI in the detectore.g.a nonzerOE'fM leads to the process

v,+d—pu” +u. With the superscript we indicate that the constrained quantity

In a Iong_—baselme r_1eutr|no experiment a significant IO‘?lrtactually is a certain combination of NSI coefficients relevant
of the neutrino path will cross the earth and hence neutr|n9

NSI with earth matter must be taken into account. Let usn the neutrino source and detection processes for a given
consider the effective Hamiltonian describing the SM neutra xperimenisee later Eq(33)], which in general is different

. . g rom the NSI coefficients relevant for neutrino factory ex-
current processes of neutrinos with a fermiodue to the

) periments.
exchange of the bosony,+f—v,+ Recently, in Ref[25] the strong evidence for oscillations

of atmospheric neutrinos has been used to set upper bounds
on NSI of neutrinos with the down quarks in earth matter:

|e5ORY<1.8x1072, |5/ O"Y9<0.16.  (21)

Gr — _
H§M=ﬁ[f<gfv—gzvsmf]§ [a(1= y5) Y v,],
(19 |€9,]=3x1072, |€l|=6x10 2 (22

whereg{,. andgj are the SM vector and axial couplings of Similar bounds on the magnitude of neutrino NSI with elec-
the fermionf, see, e.g., Ref51], Sec. 10. In the SM this trons and up-type quarks may be derijegd].
interaction is the same for all flavors and hence, has no effect Besides these direct bounds on neutrino NSI there is a lot

on the propagation of the neutrino state—in contrast to thgf data constraining non-standard effectscharged lepton
charged current interaction of, with electrons. However, if processes. However, it is very nontrivial in general to use
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these data to derive model-independent bounds on neutrirend similar for the charge conjugated process. Here we de-
NSI coefficients. For a recent discussion see, for exampldjne the amplitudes describing the neutrino source and detec-
Refs.[26,29,33. To obtain such bounds for neutrino interac- tion process as

tions one must convert from the bounds on charged lepton

processes making some assumption al®uf2), symme- Aﬁlgz 5aﬁ+6§ﬁ for X=SD, (27)

try. In Ref.[22] the corresponding bounds for the charged

leptons are multiplied by a factor ¢£6.8, in order to take _ o ) .

into accountSU(2), breaking effects.In this way the follow- and the amplituded ;, describes the propagation of the neu-

ing bounds on neutrino NSI are derived from pure leptonictrino state from the production point to the detector. This
processe$22]: amplitude is obtained from the solution of a Sdtirger

equation with the Hamiltonian
les,|=7x107%, |el,|=3x1072 (23

As the neutrino production in a neutrino factory is also a H Udiag 0,AmZ,,Am2,)U"
pure leptonic process we take the bouri@d8) as order of
magnitude estimates of the NSI at the neutrino source. From
bounds onu—e conversion in muon scattering off nuclei +dia§XV,0,0)+Z Vi, (28)
and from those on flavor-violating hadronic tau decays the

following bounds on neutrino NSI with quarks are derived

[22]: which takes into account neutrino oscillations and SM inter-
actions as well as NSI with the matter crossed by the neu-

|egﬂ|s7>< 1075, |ed|=7x102 (24)  trino beam. HereE, is the neutrino energy and/

=2GgN, is the matter potential due to the SM charged

We take this as an order of magnitude estimate for the NSl icurrent interaction19], where N, is the electron number

propagation and detection at a neutrino factory experimengensity. The last term in Eq28) describes the NSI with

since there also processes with quarks are involved. For thearth matter. The sum is over all fermidngresent in matter,

"7 2E,

w— 7 channel the bounds are of ord@6] and erLB is the coherent forward scattering amplitude of
., the processy,+f—vg+f, where V= 2GgN;, with the
e,/ <5%10 (25 number density of the fermiof along the neutrino path

o given by N; . We define an effective NSI coefficient for the
and for the NU coefficients upper bounds of order 0.1 argyrgpagation by normalizing all contributions to the down-

derived. _ _ _ quark potentiaV:
However, in Ref[56] it has been stressed that in general

no model-independent relation exists between NSI coeffi-
cients for charged leptons and neutrinos and only much
weaker bounds of order 50% are derived using data from
e’ e colliders. This more conservative viewpoint has been
exploited to show how FC neutrino interactions provide an
excellent description of the solar neutrino data, while consisy;
tent with the oscillation description of the atmospheric dat

EZBEE —egﬁ. (29

Adopting a basis where the charged lepton mass matrix is
agonal, the unitary matrii in Eq. (28) relates the neutrino
Fields in the basis where the neutrino mass matrix is diagonal

[23]. to the neutrino fields in the basis where the interaction with
the SMW boson is diagondb3]. We parametrize this matrix
V. THE APPEARANCE RATE IN A NEUTRINO FACTORY in the following way|[7]:
EXPERIMENT

Let us consider the impact of NSI in source, propagation 1 0 0 Ciz 0 s53
and _detectlon on the— u charjneq at a neutrino fact(_)ry. U=UyU;lUp=| 0 o Sz 0 1 0
Starting from the decay of &, we make the following
ansatz for the rate at which a neutrino produced together with O —Sp3 Co3/ \ =S13 0 Cu3
the positron leads to the production ofua in the detector Ci s, 0
[38]: -

x| —e s, ¢ 0, (30
z 0 0o 1

, (26)

— S P D
Rer‘% AcaAapA gy
wheres;; =sin §; andc;; = cos¢; .
2For the sake of clarity we keep the oscillation-inspired terminol- 1N this paper we Co>?3|der the following simplified scen-
ogy “e—pu appearance channel® u—u disappearance chan- ario. First, we take ale,, real and we assume that they are

nel”). We actually mean the production of a wrong-sitike-sign) ~ the same for neutrinos and anti-neutrinos af2#l. Second,
muon in the detector, respectively. Egs.(23) and(24) suggest that constraints on FC interactions
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in thee— u channel are about 3 orders of magnitude strongecase. If additional processes are present, with different final

than in the other channels. This motivates the approximationstates, the corresponding amplitudes have to be added inco-
herently to the rat¢38].

e’e(#weﬁﬁo for X=S,P,D. (31 We want to stress that our numerical results are not re-

stricted only to the NSI resulting from the four-fermion op-

Third, we neglect the solar mass-squared difference, whickrators discussed in Sec. lll. The results applgltdkinds of

implies also that the angle,, and the phasé disappeaf7].  non-standard physic® source, propagation and detection in

Then we are left with the following neutrino propagation a neutrino factory experiment, which can be parametrized as

Hamiltonian: in Egs.(26),(27),(32). In general the NSI parameter combi-
_ for o nations involved in the quantum mechanical evolution of the
H,=Uz3U;3 diag (0,0A)U33Uz5+diagV,0,0)+Vre, neutrino system are model-dependent functions of the pa-

(32 rameters appearing in the Lagrangian of a given theory, as

discussed in Sec. Il
where we have definedd=Am2 /2E, and r=V4/V

=Ng/N¢ with r~3 in earth matter. In the Hamiltoniai32)
a sign change aA is equivalent to a sign change 6f which
interchanges the evolution of neutrinos and anti-neutrinos. In this section we present analytical approximations for
Therefore, it is sufficient to consider only the case-0, the transition rate and we show that within our simplified
assuming that the neutrino factory is run in both polarities. scenario NSI can lead to exactly the same signal at a neutrino
A detector close to the front end of a neutrino factory—afactory as expected from genuine neutrino oscillations due to
so-callednear detector—can be a very powerful tool to con- g,,. Taking into account additional parameters m(mgol or
strain NSI[36,39,57. Such a detector has to be situated at acp violating phases in the lepton mixing matrix or in NSI
short distancéa few 100 m from the production region of can only bring more serious complications for the determi-
the neutrinos, such that no oscillations Wﬁlnngtm or Am§0| nation of A5 [14].
can develop and matter effects are negligible. In our formal- For the understanding of the physics relevant for the nu-
ism this means thaﬂzﬁz dqp, and the transition rate rel- merical results which we will present in the following sec-
evant for a near detector is simply given by tions it is useful to derive an analytic expression for the
appearance rate E(R6). To this aim we assume a constant
matter potentiaV and consider the terms containing the NSI
parameter&iﬁ ands,; as a small perturbation of the Hamil-
tonian and calculate eigenvalues and eigenvectors of32y.
It is clear that a near detector cannot provide any modelup to first order in these small quantities. Then the appear-
independent information oazﬁ, and only acombinationof ~ ance rate Eq(26) is of second order irs;3 and 6255 (X
633 and EBB is constrained. =S,P,D) and we make the interesting observation that only
Some remarks are in order. Although the general motivathe three parametersl(g,egf,egf) appeatr.
tion for NSI is that these accompany models of neutrino This is a special feature of the— x channel under the
mass generation, in our following phenomenological studiesipproximation(31) and can be understood from Fig(al,
we will restrict our attention only to total lepton number where we show schematically the various contributions to
conserving NSI. While this will suffice to make our point, it this channel. The thick lines indicate the SM processes in
will on the other hand greatly simplify our analysis. This source and detection and the dominatjmg- = oscillations
happens because in this particular case it is possible to distue to atmospheric oscillation parameters. The thin lines
tinguish the neutrino produced together with the electrorshow the leading contributions of small quantities, which
from the one produced together with the muon, if the detecinvolve only the parameters 3, 5. ande.. With very thin
tor can determine the charge of the muon. We insist, howlines we show some channels which involve more than one
ever, that in a generic theory for NSI and neutrino massesmall quantity, and hence do not appear up to second order in
also lepton number violating proces$@9,39 are expected, the appearance rate: we consider only the detection of
due to the Majorana nature of neutrin@®e Sec. )l Such  muons, therefore in leading order no effects of NSl in the
effects would be an additional source for the confusion ofdetector show up because of E&1). Similarly no FC ef-
NSI and oscillations. fects in ther— u channel show up, since transitions fr@am
The off-diagonal elementséﬁ (X=S,P,D) with a#B  to 7 flavor already involve a small quantity, eitheys or
describe FC, whereas the diagonal elements with3 lead  €5.7. We also note that no NU coefficiert, appears in
to NU. In Egs.(26) and(33) we consider only processes with leading order{34,35, explaining the lack of sensitivity of
the same final state@n source and detectpas in the SM  neutrino factory experiments to NU parametgsg].
Let us introduce the abbreviations

VI. THE OSCILLATION-NSI CONFUSION THEOREM

2

R§g=§y‘, A5, AD, (33

SNote that in Ref[35] much weaker sensitivities on FCI in the es=€s,, €p=¢€i. (34)
e— u channel for the source at a neutrino factory are derived, of the
order of 10°%. A nonvanishingeg, would imply yet an additional ~ Then the expression for the appearance rate is a general qua-
source for the confusion of oscillations and NSI. dratic form in the variables;3, es andep:
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with the coefficients
(A— V)L
a2
A—4523(A_V) sir? :
A
B= 4323023rA v
AV @a-vL VL
ey Sin? 3 S|n2——s|n2 }
A
C=4s554"° A—V
V. _(A-V)L VL V
X A—V°m2 5 sm2 ——S|n2 }
(36)
A
D= 4323023rA v
A—V)L VL V AL
X sinz( ) —sir? 1- 2—)sln2
2 A
E=4s 3(:23s,|n2—

’ A
F=4 Szzczam

X si%%—smz L+ sm2

whereL is the distance between neutrino source and detectofr.
The appearance rate for anti-neutriri@g, is obtained by

PHYSICAL REVIEW D 66, 013006 (2002

FIG. 1. NSI contributions to
Vr — D the (a) appearance antb) disap-
pearance channel in the approxi-
mation Eg.(31). The thick lines
indicate the dominating processes,
whereas the thin lines show the
leading contributions of the small
quantitiess;3 and eﬁﬂ. The pro-

D cesses shown with very thin lines
Hy .
y /'H\ are double suppressed in small
NN quantities.

replacingV— —V in Eq. (36). These analytic expressions are
in agreement with numerical calculations within a few % in
the relevant parameter range. In general all coefficients
(A, ... F) are of the same order of magnitude and depend
on neutrino energyvia A), on the baseline and on the sign
of V (neutrinos or anti-neutringsn a nontrivial way.
Performing a similar consideration for the disappear-
ance channel one finds that the r&g , , defined in a way
similar to Eq.(26), contains terms of all powers of the small
quantities. This is illustrated in Fig.(i). The zeroth order
contribution corresponds t@« 7 oscillations with atmo-
spheric neutrino oscillation parameters: in contrast to
Fig. 1(a), in the case of Fig. (b) there is a channel involv-
ing only thick lines. However, we find that up to second

order in small quantities only the parameters
s P P P D
(GMT’GMM €urr € €rrr €y M) appear. The |mp0rtant ob-

servation is that none of the three parameta:s, éeT,e
relevant for thee— u channel appears. Therefore, no addi—
tional information on these parameters can be obtained by
considering the disappearance channel. An analysis of this
channel including all the parameters listed above goes be-
yond the scope of this paper and we will not consider it any
further here.

Let us compare the transition rate for pure oscillations

(es=€p=0)
R e, (S13) =Asi (37)

with the transition rate without oscillations;g=0) but non-
zero NSI coefficients
RES'(ES,GP)ZCE%-F Depegt Eeé. (38

With the expressions foA,C,D,E given in Eq.(36) it is
easy to check that if the relation
ES:rEp (39)

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

RNSI(rfpafp) R e (S13) (40)
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with
0.04 f
s2=r2e? 10 %as C(;S 2023. (42) 0.02 f
s 0 ©y
This means that for each value &f; there is a pair of NSI
parameters€s,ep) determined by Eq9.39) and(41) which -0.02 j
in our approximation leads texactly the samsignal as os-
cillations due tos;3. This includes both energy and baseline —0.04
dependence, for both neutrinos and anti-neutrinos. We call
this the “oscillation-NSI confusion theorem.” -0.015 -0.005 0.005 0.015
Of course, relation(39) represents a fine-tuning of the €p

parameter&p andes. However, as _Iong a_s this re_lqt_ion can- FIG. 2. Allowed regions at 90% C.Lblack solid line$ in the
not be excluded one has to consider this possibility. Moreslgzo plane for three different staring valuesSl,

over, in a realistic experiment with finite errors and statistical_ (3 2x10-3,103,10%) and 2= €3=0 always. The baseline is
uncertainties there will be eegion around the point in the 3000 km. The gray lines indicate points with the same event rates

(es,€p) plane corresponding to Eg39) and(41) in which ;s the starting pointgray solid for neutrinos, gray dashed for anti-
oscillations cannot be distinguished from NSI. neutrinos.

with x=»,» and construct a? appropriate for a Poisson

VIl. THE SIMULATION OF A NEUTRINO FACTORY L .
distributior?:

EXPERIMENT

. . . 2 .0 0 0
In our numerical calculations we assume a neutrino facX (Si3,€s,€p;Si3,€s,€p)
tory with an energy of 50 GeV for the stored muons and

2% 10%° useful muon decays of each polarity per year for a i i0

period of 5 years. We consider a magnetized iron calorimeter =2 E_ Z Ny(S13,€s,€p) — (Ny)

with a mass of 40 kt. The neutrino detection threshold is set x=ny

to 4 GeV, the energy resolution of the detector is approxi- _ (ni)0

mated by a Gaussian resolution function wittE,/E, +(ny)%n i X ] (42
=10% and we use 20 bins in neutrino energy. We do not Ny(S13,€s,€p)

include any backgrounds, efficiencies and errors in the par_i_h btai I q ion in the th i ional
ticle identification. The amplitudet EB describing the neu- us we obtain an allowed region in the three dimensiona

trino propagation is obtained by numerically solving the neu_space_P_spanned by§13’€_5’6'°). in the us_ual way. Note that
trino evolution equation with the Hamiltonid82), using the 1€ Minimum of th%’( gef'ged in Eq(42) is zero and occurs
average matter density along each baseline. In & it at (813'65’6P)':(S_1316515P)- Therefore, the' alloyved region
was shown that this is an excellent approximation as long a8t the C.L.« is given by the set of all points if® which
the baseline is shorter than approximately 10000 km, i.e. a82tisfy
long as it does not cross the core. Then the transition rate Eq.

(26) is folded with neutrino flux, cross section and energy
resolution function to in order obtain the expected event rateﬁ/hereAXfl is determined by a2 distribution with 3 degrees

in the detector. For further details see R¢fis4,59. o ) .
p » of freedom. For simplicity we consider only starting values
Our “observables” are the event rates for the appearance .

channeh!, (n") for neutrinos(anti-neutrinogin each energy with €s=e€p=0, l.e. pure oscillations.
bin i. We fix the atmospheric oscillation paramefeastheir
best fit values given 6,25 Am2,,=3%x10"° eV? and
sinf26,;=1. Hence, at a given baseline, the event rates de- In Fig. 2 we show the allowed regions in tBg;=0 plane
pend on the three paramet&8g, es andep, where we have for a baseline of 3000 km and three different starting values
introduced the abbreviatio,;=sinf26, ;. for SJ5. In gray we show the lines with the same total event
In order to evaluate the impact ef and ep on the capa- rates(solid for neutrinos, dashed for anti-neutrin@s in the
bility of a neutrino factory to measurg,;; we proceed as starting point. The general shape of these lines can immedi-
follows. To test a given point%,, €2,€3) in the parameter  ately be understood from E¢35). The small regions delim-
space we calculate the event ratas)f=n!(S);,€2,€2)  ited by the dark solid lines arise from a global fit procedure
including also the information on the spectra with the ex-

X*(Ss,€5,€p; %3, €3, €p) <Ax3, (43)

VIII. SENSITIVITY LIMITS FOR sin 220,54

“They will be determined at the neutrino factory with high accu- °We are dealing with a counting experiment with eventually very
racy from the disappearance channel. low counts.
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FIG. 3. Sensitivity limits at 90% C.L. on i, attainable if a bound oe? (left pane), €3 (middle panel or €3+ €3 (right pane) 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 horizontal black
line illustrates the order of magnitude of current limits on the NSI parameter in order to “guide the eye.” The vertical gray band shows the
range of possible sensitivities without N&l4]. The diagonal solid line is the theoretical bound derived from our confusion theorem.

pected energy resolution as described above. One noticgarameters since the transition rafece?. Therefore we

that these confidence regions follow closely the intersectioRhow the results for the three simple functiosfs €2 and

of Fhe lines of constant'rates for_ negtrmos_and antl—ne.utrmose?r E% as mentioned above. The left hand panel of Fig. 3
This means that most information is obtained from simulta- R .

- ! : , shows the sensitivity limit if there is a bound e and all
neously taking into account neutrino and anti-neutrino rate$

[33]. This follows from the fact that the allowed regions values of e are allowed. _lt seems very difficult to OF’“?“”
extend as long as the lines of constant neutrino and antfUch & bound in a model-independent way, because it is not

neutrino rate are close to each other, hethrates are simi- Possible to probe directly the NSI parameters relevant in
lar to the ones in the test point. We conclude that it is imporN€utrino_propagation. As recently stressed in R86] in
tant to run the neutrino factory in both polarities. On thegeneral it is not possible to use bounds on similar processes
other hand we learn that most of the information is containednvolving charged leptons. Moreover, many different pro-
in the total rates; the spectral information is not very impor-cesses may contribute t [see Eq.(29)]. In the middle
tant: our results are rather insensitive to variations of thepanel we show the sensitivity limits for a bound efiand all
number of energy bins and of the energy resolution assumedalues allowed forep, which is probably the most realistic
Solutions in theS,3=0 plane of the type as shown in Fig. case because it should be possible to constaimith a near
2 alwaysexist, irrespective of the starting val&,. Thisis  detector setup. In the right hand panel we display the optimal
a consequence of the confusion theorem we have presentgfuation, if a bound on the combinatied+ €3 is available.
in Sec. VI. However, the magnitude of the required NSI pa-  The diagonal solid line in Fig. 3 shows the theoretical
rameterses andep strongly depends on the size®};as can  pound implied by the oscillation—NSI confusion theorem
be seen from Eq(41) or Fig. 2. Thusijt is only possible to  Eqs.(39) and (41). This bound corresponds to the best pos-
derive a limit on §; if there is a limit ones and/orep; @  gjple situation, which can be achieved only for large values
neutrino factory can only test a certain vaIueng if the  of S, due to large event numbers. For smaller valueS,gf
values ofes and/orep, which lead to the same signal, aré ¢ reqlistic bound gets worse because of statistical limita-
ruled out by some other measurement. In Fig. 3 we show thg, 5 que to small event numbers. The numerical differences

a_lttz_;linable sensitivity limit orB,; as a functi_on of differe_nt between the three plots in Fig. 3 is due to the different sym-
limits on the NSI parametershe present estimated NSI lim- metries of the used function e and ep with respect to the

its are indicated by the solid horizontal linegVe define this symmetry of the allowed regions in t@=0 plane. For

sensitivity onS,3 in the following way. For a dense grid of Il val €2+ €2 (right J the bound ¢
starting valuess)s in the range 106— 101 we calculate the >Ma" ValUes OlesT €p (NGt pane) the bounds converge to
the sensitivity limits obtained without taking into account

90% C.L. allowed region in th&;;=0 plane as shown in NSI [14]. Th £ th limits for the th diff
Fig. 2. For each value @), we show the minimum value of [. 1 The range of these limits for the three different
baselines is shown as the gray vertical band.

2 2 (i 2., 2 o

€p (left pane), e5 (middle panel or ep+ eg (right pane) . T

inside this allowed region. The neutrino factory is sensitive_. We can unc?ers’_[and the behavior O.f the_sensmwty limits in
Fig. 3 by considering the allowed regions in tBg=0 plane

to this value ofS;5 only if there is a bound on this NSI for diff baseli h g b
parameter(combination of parameterswhich is smaller [oF different baselines, as shown in Fig. 4. For small base-
lines the allowed region is roughly a circle. Therefore a

than this minimum value. e ; -
Any experiment(e.g. like a near detector at a neutrino bound on an individuakp or eg is. useless for a ;en5|t|ve
factory) trying to measurees and ep will only restrict a ~ determination of5;5 (see left and middle panel of Fig).3Ve
certain combination of the NSI parameters in the source angonclude that if only a baseline of 700 km is available it is
the detector used in this particular experimge Eq(33)]. mandatory to establish solid bounds lwoth NSI parameters.
In general it will be very difficult to translate such a result However, a bound oe?+ €5 is most suitable for small base-
into a bound oneg, and even more difficult orp, in a  lines and in this casé =700 km can do even better than
model-independent way. It is however to be expected that thionger baselinegright panel of Fig. 3 For longer baselines
constrained combination depends on the square of the N$he allowed regions in th8,;=0 plane become small¢see
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0.03
0.03
0.0 Ay : FIG. 4. Allowed regions at 90% C.L(black
0.01 Ji solid lines in the S;3=0 plane for three different
0.02 baselines I(=1000 km, 3000 km, 5000 km)
¢ 0 & and S),=10 "3, €2=¢2=0. The gray lines indi-
-0.01 cate points with the same event rates as the start-
G ing point (gray solid for neutrinos, gray dashed
’ 0.01 for anti-neutrinog The right-hand panel is a
-0.03 ‘ blow up of the left-hand panel.
-0.02-001 0 0.01 0.02 0014 00l —0.005 0

€p €p
Fig. 4 and hence, also a bound on an individual NSI paramescillation—NSI confusion theorem: Eq&9) and (41) do
eter is useful. not depend on the baseline. Thus even the combination of
With the solid horizontal lines in Fig. 3 we illustrate the baselines cannot lift this degeneracy.
order of magnitude of current bounds on NSI parameters. In Fig. 5 we show sensitivity limits foS,5 obtained as
For ep we show the bound given in E(R4), while for thees  before, but now we use the sum of thé-functions Eq.(42)
case we use the bound given in EB3). It is clearly visible  for two different baselines. In comparison with Fig. 3 we
that using even these rather optimistic bounds on the relevaabserve that the theoretical bound can now be achieved
NSI parameters the sensitivity of a neutrino factory is at itssomewhat easier. However, in contrast to the case considered
bestS;3~ 10 *—compared td;5~ 10 °—in the absence of in our previous work{33], where only NSI with the earth
any NSI. The sensitivity is deteriorated by two orders ofmatter are taken into account, in our present more realistic
magnitude for all baselines. Let us stress again that we argtuation including also effects in the neutrino source even a
not using the bounds from Eq&4) and(23) in our analysis combination of baselines does not resolve the confusion
because they are derived under some model-dependent ggoblem. With the current bounds on the relevant NSI param-
sumptions from non-neutrino processes. The horizontal linesters the sensitivity i$,3=10 2, which coincides with the
in Fig. 3 should merely “guide the eye” in reading the plots, sensitivity obtained at a single baseline. Again this sensitivity
they simply give a rough idea of the order of magnitude ofis two orders of magnitude worse than without NSI.
existing bounds.
The geometry of the currently discussed muon storage IX. CONCLUSIONS
rings offers the striking possibility to illuminate two detec-
tors at different baselines with neutrinos from one neutrino In this paper we have considered the impact of nonstand-
factory. With this in mind, let us investigate to which extent ard neutrino interactions on the determination of neutrino
the sensitivities forS,;3 can be improved by combining the mixing parameters at a neutrino factory. In particular we
information of two baselines. From Fig. 4 we find that al-have focused on the so-called ‘golden channels” for the

though the shape of the allowed regions in 83¢=0 plane  measurement o#,;, namely the v .— v, channels. We

is very different for different baselines, they all have a com-have extended our previous wdrd3] by taking into account
mon intersection. Moreover, considering the lines in$e  both the effects of neutrino oscillations as well as the effect
=0 plane which have the same event rates as the startingf NSI at the neutrino source, propagation and detection
value 823 (shown as gray solid lines for neutrinos and gray[38]. Within a very good approximation we have explicitly
dashed lines for anti-neutrinosve observe that all iso-rate demonstrated how a certain combination of FC interactions

lines meet in a single point. This is again due to ourin source and propagation can produce exactly the same sig-

107! 107 107!
1072 1072 1072
1073 1073 1073
e w =
. 107 » 107 e % 107 i
W o5 : W 105 4 A 2
10 7 10 7 & 10 4
1076 2 1076 ! 107 A
107 [ 07 07§/
10-8 k ./ L L “ 10—8 .I 1. L . 10—8 ./ . . L
1079107 107410721072 107! 101010741072 1072 107! 10107 10™* 10721072 107!
sin®263 sin®26;5 sin’263

FIG. 5. Sensitivity limits at 90% C.L. on si¢;, attainable if a bound oe? (left pane), €3 (middle panel or €3+ €2 (right pane) 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 the dashed
line for 3000 km and 7000 km. The horizontal black line illustrates the order of magnitude of existing limits on the NSI parameter. The
vertical gray band shows the range of possible sensitivities withouf N&I The diagonal solid line is the theoretical bound derived from
the confusion theorem.
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nal as would be expected from oscillations arising due tdng a small near detectol&100 m) with very good par-
6.3. This implies that information abou 3 can only be ticle identification for taus it would be possible to restrict the
obtained if bounds on NSI parameters are available and thag,down to 108—10"°. SinceR ., € this translates into
all one can achieve at a neutrino factory iscarrelated g bound fore=10"*— 102 [57]. Thus the near site physics

oscillation-NSI studyln view of the current estimates of the program of a neutrino factory is a necessary and very impor-
bounds on FC interactions, this leads to a drastic l0ss ifiant part of the long baseline program.

sensitivity in 6,3, at least two orders of magnitude.

In order to improve the situation it is mandatory to obtain
better bounds oreg and ep at the e=104—102 level,
which is several orders of magnitude more stringent than This work was supported by Spanish DGICYT under
current limits. This unexpected complication should be takergrant PB98-0693, by the European Commission grants
into account in the design of a neutrino factory. On the otheHPRN-CT-2000-00148 and HPMT-2000-00124, and by the
hand, a neutrino factory may also offer the possibility toEuropean Science Foundatidweutrino Astrophysics Net-
obtain these very stringent limits on the NSI parameters. Uswork grant No. 86.
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