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We formulate direct, neutrino flavor-changing interactions in a framework that fits smoothly with the pa-
rametrization of two- and three-state mixing of massive neutrino states. We show that even small direct
interaction strengths could have important consequences on the interpretation of currently running and pro-
posed oscillation experiments. The oscillation amplitude and the borders of the allowed regions in two- and
three-flavor mixing parameter space can be sensitive to the presence of direct interactions when the transition
probability is small. We use extensively the high sensitivity of the NOMAD experiment to illustrate potentially
large effects from small, direct flavor violation. In the purely leptonic sector, we find that the zjeand v
beams from au*-u~ collider could provide the sharpest tests of direct flavor violation.

PACS numbse(s): 13.15+¢, 12.60—i, 14.60.Pq, 14.60.St

I. INTRODUCTION As in [13], our primary concern is with the accelerator
experiments[14,15,1. The experimental constraints on
The SuperKamiokande Collaboration’s zenith anglemuonium-antimuonium conversion are now so tigh#] that
analysis of its dat@l] may sway even a skeptic to the view a purely direct interaction explanation of the muon decay-at-
that neutrino oscillations have been observed. The precisest(DAR) signal reported ifil4] can be rather convincingly
form of the neutrino mass matrix and the number of neutrinaguled out[18]. Here we emphasize effects that are significant
species remain undetermined, however. The confusing anghen combined with the oscillation phenomenon. For ex-
complicated nature of the whole collection of neutrino dataample, we show in Sec. IV that direct effects can destroy
in laboratory and astrophysical settings makes for an excitingscillations in special circumstances. We also find that in
playing field for workers trying to establish a “standard high sensitivity experiments, where tight limits in regions of
model” of neutrino physics. Vigorous efforts have beensir? 26-An¥ space are achieved, small, direct flavor violation
made to determine whether one needs only three flavors @fan change a boundary by more than an order of magnitude.
neutrinos, mixed either two by tw@] or with some form of ~ We illustrate this by showing examples of the effects on the
full three-state mixing3,4], or whether a fourth, sterile neu- largeAm?, small sirf 26 boundary of thev,,— v mixing set
trino is needed in the mixturgs,6]. There is not yet a com- by the NOMAD Collaboration[19]. In another sensitive
pelling phenomenological or theoretical case for any of theseomparison, we show the power of comparing the “wrong
reasonable, and partially successful, approaches. flavor” appearance signals from the cleap and v, beams
Direct violation in neutrino interactions is a feature of the afforded by au™-u~ collider.
flavor-mixing puzzle that has received relatively little atten- There are several studies where direct flavor violation is
tion. Most models that predict the existence of neutrino massonsidered in the solar and atmospheric casel20h build-
and mixing, and consequently neutrino oscillations, also coning upon earlier work on matter effects with direct lepton
tain direct neutrino flavor-violating interactions. In fact, flavor violation[21,22,23, the combined oscillation and di-
some interesting models have no neutrino masses at the tregct effects are applied to an analysis of the resonant conver-
level, but flavor-violating interactions generate them in loopsion of electron neutrinos to other species as the explanation
graphs[7,8,9,10,11. Moreover, with the help of resonant of the solar neutrino defic{24,25,26,27, while in [28] and
enhancement, massless neutrinos can mix in a nontrivial waf29], an explanation of the zenith angle effect reportefilin
in certain models and produce flavor transitions in flightusing flavor changing neutrino-matter interactions was pre-
[12]. It seems natural to extend the phenomenological framesented. In both cases significant effects were reported,
work for oscillations of propagating neutrinos to include thethough a complete explanation in terms of direct interactions
effects of direct interactions in a way that allows one tois probably not possible in the solar case. The situation is not
survey all effects at once. A formalism to carry out this pro-settled in the atmospheric case. A critique of alternatives to
gram is sketched and illustrated [ii3], and we extend the the largev - v, mixing solutions to the atmospheric neutrino
range of applications and uncover several new features in théata such as those presentedi28,29,3Q is given in[31]. A
present paper. Specific models are not discussed here, sincedel usingr,, decay that answers the objection[Bi] is
we emphasize the model-independent features of thdescribed if32].
oscillation—plus—direct-flavor-violation analysis. Bounds on We encourage the reader interested in the impact of small,
parameter combinations from a given model can be directlgirect flavor violation on the analysis of experiments with
obtained from the coefficients of our effective four-fermion high sensitivity to “wrong flavor” appearance to go straight
Lagrangian. to Sec. IV. The background is given in the next two sections.
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In the following section, the parametrization and notation are TABLE I. F and K coefficients appropriate to the standard
defined, and the notion of a generalized transition probabilitynodel.

factor is explained. In Sec. lll the experimental constraints
on flavor-violating parameters defined in Sec. Il are summakvj; Fuii (i #1) Fyii Fuiii (i #]) Fsiii
rized. As just remarked, the formalism is applied to a numbe 2 2 o2
of examples drawn from current or future accelerator experi-5 ! (Sw+1)/2 (2sy-1)/2 2Sw
ments in Sec. IV. We keep the constraints on flavor-violating

parameters clearly in mind in the discussion of these appli- | | - — ) _

cations. The formalism and results of its applications areCsw =V2Gelli[ 28y, Prt 7.(25y— D PLIi1(vj ¥*PLv))
summarized and several conclusions are drawn in Secs. V 3

and VI. The general forms of the probability factors that

apply to the case where decay provides the source of neu- ¢an be Fierz transformed into an equivalent charged-current

trinos are given in the Appendix. form
Il. FORMALISM LG =V2Ge[[11(255,~ 1)y, PLyjl(vy*PLl)
In this section we develop a compact parametrization of —2[|_i23\2,\,P,_vj](v_jPRli)]. (4)

direct interaction effects in neutrino flavor-changing pro-

cesses. We represent the low-energy effective interactiongext we add the SM leptonic charged-current effective La-

involving neutrinos, charged leptons and first generationyrangian

quarks by the four-fermion semilepton(g) and leptonidL)

Lagrangians — —
Jrang L45°=2V3GH[ 11y, PLi] (7 y*PL ) (5

S_ h T _ T t
£7=2V2GeKyi(1iTaPRUjava)[ATa(@P L+ BPR)U] and the semileptonic effective Lagrangian

+H.c. (1) < - B
g ESM:ZVQGF[U')’MPLd](IJ’y’MPLVJ)‘i‘HC (6)
an
L . The F andK coefficients can now be read off from the SM
£L=2\QGFFRE‘jkm(I il APhUjava)(l L APhUmorp) T effective low-energy Lagrangian as given in Table I.
2

. . . . A. Lepton flavor-changing transitions
whereU;, is the unitary matrix that relates mass basis Fock P ong

space states to flavor states. The flavor states form an ap- In the usual analysis of lepton flavor oscillations, the neu-

proximate Fock basis in the extreme relativistic lif3].  trinos are treated as massless in the matrix element kinemat-

Further discussion is given below in Sec. Il A. Repeated iniCs. Approximating the plane wave phase factors for the

dices are summed in Eq1). The coefficientsKk and F, propagating neutrino to leading order in the masses, one fac-

whose indices aré|j,k,..., represent the coupling strengths tors out the transition amplitude to write

for the different lepton flavor combinations, while the indices

a,b,... label the mass eigenvalues. The coefficientnd 3 (v4(D)]vg(0))=2, <,,d|,,a>e—im§t/2E< val ve)

allow for different strengths fot. and R couplings to the a

quark currents. The Lorentz structure of the bilinear forms is

labeled byA=S, V or T and P, denotes the left- and right- :2 Ugae“mit’ZEusaMdMs, (7)

helicity projections. The expression in E@) is a generali- a

zation of the generic muon-decay, four-fermion interaction

to include lepton flavor violations of all types. By a Fierz wheres andd indicate the source and detected neutrino fla-

transformation one can show that- andFRR are both iden-  vors. However, this factorization is not valid when the de-

tically zero. Restricting application of E¢R) to muon decay pendence ofM on neutrino masses is taken into account

and (unobservefimassless neutrinos, one can show that it ig33]. Though we work in the ultrarelativistic limit, where the

not possible to test lepton number conservation from thaneutrino massem, are set to zero in the arguments of the

available observabld$4]. matrix elements\*9, allowing them to be factored out as in
We illustrate the notation by applying it to the standardEq. (7), we find the process dependence as discussgBin

model (SM) effective, low-energy Lagrangian. The leptonic to be a useful setting for the intermediate stages of our de-

neutral-current term velopment. We generalize the SM weak-process initial states

to include new physics; for example,

The Cabibbo-Kobayashi-Maskaw@KM) factors multiplying
G play no direct role in our discussion, so they are suppressed in?In the ultrarelativistic limit, one may take=L, the propagation
the notation. length, in the following expressions.
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—im?2 — _
|mwe~ 2 [va)(va .| L3 77 | Mae™ M EMEIP= (22G) | (€7,PLn)* (BN PLY)
a J—

x(0|O¢|ud)
3| val(va,ut[LY ), ® Y

X(NA| O} N 2| U e~ ™0 1 2
with LS defined in Eq.(1). Similarly, we create a weak- (14
process final state for the detector and use it with (Bjto

construct the transition amplitude. More generally, denOtinq/vhere we have used the fact thag;;= 1 in the SM. Sche-
initial and final states by1>% and|F%), we define matically, we can write the above P '

S _ S S Lifs .
ME=(F(va)| L5+ LH1%) © | Me™ 2E M|~ o (veNi—e Np)Pe e (15)
and In Eq. (15), ®, designates the, flux, o(veN;—e N;) the
d dUmS . ALlid SM electron-neutrino charged-current cross section, and
Me=(FIIL>+ LH1%(v,)) (10)

2 iy
Pe_o=|U%,e MU, |? the probability that an electron

th ; nd detector transition matrix elements inv Ivneutrino produced at the source appears as an electron neu-
as the source a etector transition matrix €lements INVOlg, ot the target. Our next task is to achieve an equally
ing a mass eigenstate of . We can write the full transition

: . . . ; ) . transparent factorization that includes direct violation of lep-
amplitude, including direct new interactions, from creation to

. . n flavor.
detection of the neutrino as ton flavo

B. Lepton flavor-changing probability factor

P2
vg(1) | v5(0))=(vg| va)e ™Ma"?E (v | v
(a(Os0)ni=(valva) , (val o To identify a flavor-changing factor that includes direct
:Mge*imaWEM;, (11  flavor-violation effects and plays the same role as the oscil-
lation probability factorP,_.. in Eq. (15), we use the ampli-
where a sum over the labalof mass eigenstates is implicit fudes defined in Eqg9), (10), and(11) and follow the pat-
here and in the rest of the paper, unless stated otherwise. Tlfaf"érn of our Erecedlng discussion of E¢$2)—(15). Our new
subscript “NI” indicates that new interactions are included. “Probability” factor should reduce to the oscillation prob-
As an example, let us consider a SM process that is &Pility when the direct flavor-violating couplings are turned
background to electron appearance experimemtamely, ~ Off, of course. For this purpose, we continue to use the pion
7+ —e" v, followed by v,N;—e~N;, whereN, ; designate decay source and nucleon-nucleus detector example, but now

initial and final hadroni¢nucleay states. We expand the SM W€ Will extract a lepton appearance probability factor from
to include the possibility of neutrino oscillation for illustra- c0Mbined oscillations and direct interactions. We adopt an

tion. The transition matrix elements for the source and delllustrative model with &/ —A current W'thKvm#O,hW'th |
tector processes a(eo sum Ona) =7 or e, but with all other non-SM CoefficientKAij:O.
This model produces @™ — u™ + v, transition at the source,
ME=2v3G KL (et vl(T-v. P, U 110V 0| OH| 7+ but leaves only the SM procesg-+ N;—1~+N; active :_at
a FKva(€7vel(117,PLU1a72) 110)(O) V|7T(1>2) the target. We shall refer to this as a “source-only” situa-
tion. The electron production rate at the detector is propor-
and tional to
L2
. |Mde7|mat/2EMS|2
Mg=21/§G,:K\",ll(Nf|OGT|Ni)<e ||17uPLU1aVa| Ve : : >
13 = (17Nl L3 vaNiye ™25 g £ 7)1,

where{ designates the quark current opera?qr“PLu ap- (1)

propriate to the SM in Eq(1). In the following, we will \here the right-hand side, after spelling out the terms from
continue to us® to designate the hadronic current operator.Eq_ (1) and taking the ultrarelativistic limit, reads

In the ultrarelativistic limit, the neutrino masses are set equal '
to zero in the spinors and only the leading phase dependence

a0, NINRYE
on masses is kept. The transition amplitude squared can then (2V2Ge)*[1 7y PLr(N{| OyINy)|

be factorized into a SM product of matrix elements squared X (0| O] 7Yy, Py |2
times the oscillation probability, involving a sum over mass
. . s 2
e|genstates X |(U2a+ KI\_/ZIUIa)e ImatleUika|21 (17)

whereKy11=1 has been used. Thg appearance probability

*These are experiments that look for signals of neutrino flgvor factor, including the direct flavor-violation coefficiekt;, ,
interactions in a beam of neutrinos created with flavéy . is given by the final expression within absolute magnitude
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signs in Eq(17). The first term in this expression is the usual tudeV,, and then followed by, propagation with amplitude
o . o 2
oscillation amplitude for transition fronv, to v, between Upe MU to remainy, . This picture, though only ap-

SOL_JI_rce ankd ?ﬁtectc;r.t_ tin the following di proximately valid and only then in the circumstances de-

cuss?orr?aw?a dgﬁnn(;a lon more compact in the Tollowing diS-g¢ineq above, is useful for seeing how the direct lepton fla-

' vor violations can be worked in with the oscillation between
(m2—m2)t/2E=2x flavors in a reasonably seamless fashion.

Ky =tanye??,

IIl. CONSTRAINTS ON THE STRENGTHS

where the choices od andb in the definition ofx and the OF DIRECT LEPTON FLAVOR VIOLATIONS
values of ¢ and ¢ depend upon the situation, and we will
illustrate the two-flavor mixing and the three-flavor mixing
with dominance by one mass scéfj. We have chosen the
parametrization ofKy, by tany to emphasize that the

The identities of electron neutrino, muon neutrino, and tau
neutrino are preserved to good accuracy in decays and colli-
sions. Within neutrino data alone, the constraints on the sizes
e , i - of lepton flavor violations, though tight, often leave room for
flavor-violating amplitude could, in principle, be larger than ;g ations at the 1/2% level in cross sections and rates. In the
the flavor-conserving one. In practice it is constrained byaaim of purely charged-lepton processes, on the other hand,

experiment to be small compared to the standard model ampg high degree of experimental control has lead to fantasti-
plitude, but the parametrization reminds us that the dlreCEa”y small limits on some of the ratios of lepton-number-

flavor-violating amplitude cannot be represented as a unitaryis|ating to lepton-number-preserving interaction strengths.

rotation to a “source basis” except in the small ®@iimit |, this section we briefly survey the constraints that affect
with ¢ negligible. In addition, the special circumstance musty gnalysis the most directly. The considerations presented
occur that the effective flavor-violating four-fermion interac- poe govern our choice of parameter values in the following

tions have aV—A structure to match the SM structure. gections as we illustrate some of the possible effects that
Nonetheless, we will refer to the transition factor modulusgijrect interactions produce in concert with oscillations.

squared as a probability or probability factor in what follows.  \yeak Sy2) invariance of any new physics interaction
As we show below, the survey of direct effects on Ehe Stany agrangian that produces lepton number violation will gen-
dard two- and three-family mixing plots W'tm”; VS erally relate the purely leptonic processes to those involving
sin’(26) contours or t_aﬁﬁls vs tarf 6,5 for fixed Am?, for  neutrinos[18]. The severe experimental limits on the kine-
example, can be straightforwardly extended to include directyiically allowed leptonic processes then translate into lim-

lepton number violation. _ , its on processes involving leptons and neutrinos, up to group
Isolating the probability factor in Eq17), we write theory factors and S(@)-violating mass splittings among

- _ o members of boson multiplets that mediate the lepton number

P,—.1=[Uz.e™MaPEUf +tanye® ?U pe T MU |, violations. The purely leptonic processes whose experimen-

(18 tal limits impose the strictest bounds on lepton number vio-
lation in muon-source experiments are muonium to antimuo-
nium conversiof17], u—eee 7— uee, andr— uue [35].
There are similar constrainf85] on the strengths of semi-
leptonic processes violating lepton number that follow from
T—m+e, 7—m+u and fromu conversion toe on Ti nu-
clei [36]. The constraints are summarized in Table Il. The
“experimental constraints” shown in Table Il are actually
those that apply to the charged-lepton processes listed. The
relationship to the bounds on the lepton-number-violating
coefficients for the neutrino processes is somewhat indirect,
2 .2 since group theory factors, ratios of masses of virtual bosons
P1=|VaU2qe MZEU + Vo Uipe T MU, mediating the processes, and effects due to differences be-
(20 tween, sayS andV structure must be included. Following

; P _ —cina the model-independent guidelines [df8], we allow a pos-
yvvrﬁcuagjg;dssrggflﬁg\/iﬁtercporzgggr(]j Xé'u y;g]rowrénwEdqéc(sg) i's sible factor of 2 from Clebsch-Gordan coefficients and a gen-
accompanied by &, with amplitudeV,, and followed by erous factor of 4 in the ratio of masses squared of exchange

o

: Dot : : bosons within the same $2) multiplet. The coefficients
propagation and an oscillation tae with amplitude shown in Table Il are bounded by roughly 8 times the purely

L2
Ujqe™'Ma"?EU7, or is accompanied by &l # u with ampli- charged-lepton process experimental constraints listed there.
This value is given in the column labeled “model-
independent constraint[18], so that bounds that apply di-
“4In this paper we do not explore the possibility of larg®-  rectly to neutrino processes can be read off without a mental
violating angles ¢~1). As Fig. 1 showsg=0.1 produces insig- conversion. The precise value of the factor for a given pro-
nificant effects. cess is model dependent. In Table Il and in the rest of the

no sum onl, which labelse or 7. With ¢=0, in “mock”
unitary form? we have

P,u—»l = |COS¢U 2ae_ imgtIZEU I*a
+sinygU,pe” MYEUR 12/ (cosy)?,  (19)

and, approximating the overall (cg$ 2 factor by 1 to order
J?, Eq.(19 can also be recast as
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TABLE Il. Limits on charged lepton processes and the corre-aries appear as different fixa and Am? “slices” of the
sponding neutrino process coefficients and K. The model- parameter space are taken. Figure 5 is appropriate to the
independent constraints on theandK coefficients are taken to be ypcoming MiniBooNE experiment, while Fig. 6 applies to
roughly 8 times the charged lepton process limits. lk@onstraints  the reported NOMAD probability bound.
we takeh=L, a=1, and3=0 in Eq. (). In the last part of this section, we show the power of the
cleanv, andv, beams from proposed "/~ storage rings

, _ Model to make sensitive tests for direct flavor violation in the
Coefficient Process E’égﬁ!{?aeiz:al mc%ii?:a?r?tm purely I_eptonic sector. Of particular note_is the prospect of
advancing another order of magnitude into the parameter
Fyoi11 u—eee 1.0x10°¢ 8.0x10°8 space of direct v, flavor violations.
Fyoi12 muonium-antimuonium ~ 3010°%  2.4x10°?
Fyvai13 T—u'ee 2.9x10°%  2.3x10°2 A. 7 decay as the neutrino source
- — —2
Fz1s T By 3.3x 1072 2.6x 1072 Restricting ourselves at first to mixing of two mass eigen-
Fyaai ToK ee 3.2¢10° 25¢107° gtates, we write E(19) for the probability of lepton appear-
Fyasiz Toe Rk 2.9% 1077 2.3X 1076 ance in the pion decay as the source in an “all-angles” form
Kyvo1 M —€ conversion 1.& 107 1.5X 107 and definingF\",z, —tan ¢e2i¢:
Kys1 r—en° 8.2x10°% 6.6x10°?2
Kvaz r—pm® 85x10°°  6.8x10°? P, _.1=|cosy(—cosé sin ge™+sin 6 cosge )
+sinyge? ¢(cog e+ sir? ge~X)|2cos 2 y.
paper, a superscript is to be understood if none is shown (21)
explicitly.

As defined abovex=(m2—m?)t/4E in application to Eq.
V. IMPACT ON ANALYSIS OF APPEARANCE (21), and the two-flavor mixing matrix is written as
EXPERIMENTS

The very term “neutrino oscillation” implies path-length- _
dependent variation of the probability that a given flavor of
neutrino appears in the beam. Moreover, neutrino oscillation
and neutrino mass are so tightly linked that evidence for th@kearranging terms and consolidating them, we arrive at the
former is considered tantamount to proof of the latter —rather transparent form of E¢R1):
certainly in the case of vacuum oscillations. Conversely, the

cosf sind
s

—singd cosé

absence of oscillations in a neutrino flavor-violating effect is sin 26 sin 2( 60— ¢)sir? x
tantamount to elimination of neutrino mass as an explanation P =tarf ¢+ cog ¢

of its origin. This is not necessarily so when flavor violation

is expanded to include direct interactions. This point is + 4 tany sin 26 sin ¢ sinx

among a number that we make in the present section. The ) )

examples chosen are all consistent with the bounds described X (€0s 20 sing SinX— C0S¢ COSX). (23

in the previous section and summarized in Table II.

At the beginning of this section we take the neutrinoEquation(23) has the obvious and expected feature that if
source to bew decay. We explore the interplay in the #=0, we haveP, =sir?2¢sir’x, the usual two-flavor,
v,—v, case between the mass-induced, oscillating amplipure mass-mixing, oscillation formula in terms of the mixing
tude and the directly induced, nonoscillating amplitude.angle @ and the factorx=Am?L/4E. Equally obvious and
While it is true that small masses generally lead to vacuunexpected is the relationship,, ., =tarf  that holds when
oscillations, it is not strictly true that the absence of oscilla-6=0 or x=0. What is not expected is that, whem ¢=0,
tions proves that the neutrinos are massless. In a sense thisRg .| =tar? ¢, independent of x, whef— ¢y= 7rn/2, wheren
a complement to the well-known result that massless neutriis an integer. Looking back at E(21), we see that wheR
nos can oscillate as they pass through matter. These effectsyy=7n/2 and when¢=0 the coefficient ofe™ from the
are shown in Figs. 1 and 2. In Fig. 3, we show the result ofv,— v, oscillation cancels against its coefficient from the
including the flavor-violation parameter “axis'y in the v — v term in the direct flavor-violation amplitude. The re-
analysis of the probability bounds in the sensitive NOMAD maining overall phase from thes ™ factor disappears in the
experiment. The result is dramatic. Then we make the pointnodulus squared, and one is left with sim;ﬂyLM:tanzz//
that the bound on the oscillation mixing angle for fixéch? =tarf 6. This somewhat surprising result in the case where
depends in general on the value of the direct flavor-violatiorthere is direct flavor violation in the decay-in-flighiDIF)
parametery. This is shown in Fig. 4, which includes the source dramatizes the implications of E83) for interpret-
possibility that the same direct flavor violation occurs at bothing signals for oscillation, or lack thereof, in variable base-
the source and the detector. This discussion is followed bjine experiments. There are counterparts to this source effect
the expansion of the analysis to the three flavor situationin the muon decay cagé4,16 as well as in the cases where
Figures 5 and 6 show how different fafly5-tar? 6,5 bound-  direct flavor violation occurs only at the detector or in both
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0.007 T T T T T T
psi=0, phi=<0 —

psi=-0,02, phi=0 -----
pei=-0.02, phi=0.1 -
X | y R psi=-0.02, phi=-0.1 -
0.008 / N pei=-0.01, phi=0
4 Y psi=+0.01, phi=0 -~

LY
/ \ psi=+0.02, phi=0 -~

0008 FIG. 1. Dependence oP,_, on x for 6

=0.03 and several different values #ifand with
Am?=1eV?, soL/E is in units of m/MeV or
km/GeV. A Gaussian smearing model has been
adopted witho=0.37, which we use as an illus-
trative example here and in Fig. 2. The top three
curves, which are barely distinguishable from one
another, show the very weak dependence on the
CP-violating phasep.

0.004

PROBABILITY

0.003

0.002

0.001

1.5
LE

the detector and source. We will comment further on these For completeness, we also show in Fig. 1 theak in-
situations and on three-flavor mixing below. fluence of¢ on the two-flavor oscillation amplitude. Com-
The condition for exact cancellation of thdE depen- paring the top three curves, we see that including the
dence is unlikely, of course, but the interplay betweenighe ¢-dependent effects for reasonalgevalues leaves the pic-
and 6 dependence is generic, and it affects, possibly radicallyure essentially unchanged, as one expects when a small CP-
if mixing angles are small, the interpretation of signals thatviolating phase rests upon a small flavor-violating amplitude.
show a variation with path length. We illustrate the A CP-violating phase of order one is needed if it is to make
L/E-dependent effects caused by the interference betweesn observable impact. We reserve the analysis of effects
the pure oscillation term and the direct flavor violation in from large CP-violating phasd87] for a future study.
Figs. 1 and 2. We see that the behavior of the probability is governed
Figure 1 illustrates the variation d®?,_,; with L/E for  essentially by the second term in Eg3). This term makes
fixed #=0.03, or siR26=0.0036, for various values af. it clear that even small values can have a large effect if the
Figure 2 shows the variation faf¥= —0.02 and various val- mixing angled is of the same order of magnitude é&s
ues off. Several combinations gfandy can lead to a given Are there circumstances where the sizes of these direct
curve, which suggests that it would not be straightforward tceffects could be big enough to be observable? A glance at
disentangle the oscillation parameters from the comparisoiable Il shows thaK,,(=tan) is constrained to be far too
of the x dependence of the probability with data if small small, even with generous allowance for @Wbreaking ef-
direct effects were included in the analysis. fects, to modify the pure oscillation picture of, from =

Conversion Probability vs b with psi=-0.02
0.045 T T T T

theta=0.1 —
theta=0.05 .
theta=-0.01 -
theta=-0.05 -
theta=-0.1 ----

FIG. 2. Dependence oP,_, on x for
=—0.02 and several different values éfand
with Am?=1 e\V?, soL/E is in units of m/MeV
or km/GeV.

0.025

Probability

0.02

0.015

0.01
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3 NOMAD Mu Neutrino->Tau Neutrino Limits, P=0.0006
i T T T T |: T T T T
. ! psi=0 —
psi=0.02 -----
; psi=0.01 -----
251 : psi=-0.02 -

FIG. 3. Model of the NOMAD 90% C.L. limit
on v,— v, oscillations for several values aof
with ¢=0. The curves -correspond td®
=0.0006.

LOG(Delta M-squared)

05 |

s -4|.5 ” -3|.5 ;3 -2|.5 P -1|.5 ” -ol.s 0
LOG(sin 2theta-squared)
decay oscillating tov,. The Kygz, bound is much looser, sensitive only to largdm?. Their L/E distribution is broad,
however, and interesting effects could occuwip— v, two-  so the smearing almost completely damps the oscillations in
flavor mixing with tany<0.02 if 6,,, were of the order of 0.1 the boundary curve at larggm?. The Gaussian model is
or less. A large mixing angle is required betweep and  even more extreme in this respect than the actual fit to the
another species by the two-flavor fit to the atmospheric neudata. Because of the factor sirf2(y) in the expression for
trino anomaly. Thus mixing with a sterile neutrino is re- P, _, ., for O< @< w/2 the positiveys values reduce the am-
quired, in order to have a direct interaction effect that showslitude and the sitx factor has to compensate. This eventu-
up in a (weakly) mixed v, v, sector and significantly ally drives the curve to highekm? for a givené value. The
modifies thev . appearance signal from a pion decay sourceopposite behavior occurs whehis negative. The role of the
of v,,. For small appearance probabilities, the change in sigterm tarf ¢ is most apparent at large valueséfwhere theys
nal depends rather sensitively on the value of the direct inin the argument of sine is inconsequential, but the addition of
teraction strength. We give some detail in an example in théar? i to the probability allows a fit with somewhat smaller
n decay case in Sec. IV B below. Am? at §==/2. The crossing of positivgs curves with the
o » =0 curve is forced by the largaAm? and smallAm? be-
1. Impact on boundaries inu-7 mixing space haviors just described.
Failure to detecw,’s in an appearance search allows one

to set confidence level curves inrr mixing space, and this 2. Direct flavor-change bounds inj-0 space

gives another slant on the gpplication of ourformalism. The Proposed high-sensitivity experiments to probe smaller
recent NOMAD r2e:_sul_t$19] give the smallest probability and A 2 and sif 24 regions can also place discovery limits and
tightest largeAm* limits on the allowed region of parameter \nher hounds on direct, flavor-violating interactions involv-
space for two-flavory , < v, mixing. To illustrate the impact ing neutrinos. For example, FermildB8] and CERN[39]
of small direct interaction effects on the NOMAD bound, we proposals aim to pusR, ., bounds down to 10* at 90%

s

approximate their boundary curve, which corresponds to & | \hile the Fermilab-Soudan experiment, MINQ&L]
P=0.0006 appearance probability, by the simple Gaussiafy shooting for a bound of 1& on P, ... Similar sensitivity
smearing mode[35] with parameters fit to reproduce the is proposed in muon collider sources of purg and v
main features of the NOMAD boundary in the$ihvs Am*  poams. .

plane for mixing ofv, and v.. Keeping these parameters | ot s consider the situation wherg’s originate fromar
fixed, we replot the contour in the $igg-An? plane for decays, which will be the case in the MiniBooNE experiment
sevgral smgll values af. As beforg, the smalp effects are [38]. If the new flavor physics is only at the source, E2@)

not interesting for our present point, and we get0. The  ynpjies. If one has the same new physics amplitude at the

result is shown in Fig. 3. o source and detector, the corresponding expression is
The boundaries of the null search results are significantly

revised even when smaII_ direct eﬁeqts, consistent with the P, =4 tarf i coZ X+ sir? 20 sir? x

bounds from other experiments, are introduced. NOMAD's

high sensitivity to a small appearance probability in the large — 2 tany sin 26 sin 2¢ sin2x. (29
Am? region is the reason that the inclusion of small direct

amplitudes has such a pronounced effect. Assuming that the CP-violating phasgeis small, we can

A few comments on the shape of the different curves areeadily illustrate the influence of theand 6 values on the
in order. NOMAD has a small averaddE value, so it is limits on ¢ imposed by a given 90% C.L. bound &), .
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0.02 T T T T

source only —
source and detector -

0.015 /\
0.01 .

0.005 | -
' ’ FIG. 4. Contours of 90% C.L. upper bounds

% 0 in -0 space forx=1 and P, =10 The
g cases where the new physics is at the source only
. . and where it is at both the source and detector
-0.005 - T with equal amplitudes are shown.
-0.01 R i
0.015 M -
-0.02 1 1 1 1
-0.01 -0.005 0 0.005 0.01
theta value
In Fig. 4 we show the boundaries if— 6 space for a fixed lee:SmZ 20,3SIMP( 0,5+ z/;ﬂ)sinz X cos 2 ¥, (25

value of x=1.27(L/E)Am?’=1 whenP, ;<10"* is im-
posed. Figure 4 gives the source-only case and the sourcgnd
plus-detector case boundaries. The specifications of Mini-

BooNE areL=500m and typically 0.5E<1.0 GeV[38], P, ., =tarf s, +4 sirf X coS 013C0S03C0S 2 ¢,
so x=Am? for purposes of translating the graphs to ) ,
MiniBooNE’s capabilities. XSIN( 055+ 1,)[ = Sin, + COS 013C08073
In Fig. 4 the areas within the “egg-shaped” regions are X Sin Opst 1,1, (26)

allowed at the 90% C.L., and the maximum allowed direct

flavor-violation parameter is evidently a function of bath whereK ,;=tany, and the mixing-angle convention is that

and x. It is generally assumed that the best bound on the [35]; namelyﬂ Ura=Sinfiae 212 U= Sin f>aCOSE.

flavor-violating amplitudes is obtained when the oscillations, 47 ~"_ . cp c,oség We lﬁave a,ssu?r?edl —(2)3and ;Zél
33T 13 23+ 3T

are not present, but the “tilted egg” in Fig. 4 shows that this Kyi; values.P, (P, ) includes the amplitude that, is

is not necessarily the case. The interference between the os- ;
cillation and direct amplitudes in the source-only situationSrOduced at the source and oscillatesfo(v,) plus the

. . A amplitude thatv. is produced at the source and oscillates to
makes the biggest direct flavor violation effect occur at non- ; .
ve (remainsv,). Note that, as in the two-flavor case, the

zero 6. When the same flavor violation is assumed to apply ecial conditiond+ y=n destroys the oscillation ampli-
at the source and detector, the symmetry of the setup ensur R . 4 oy n amp
udes, and in thee— 7 case there is a second condition when

}Qiaéhﬁstq;x;mx;ggtl%ﬁed value gfoccurs aty=0, which this can happen. The lack of symmetry betwégn .. and
. 2 : _2 P,_. . results from our neglect of thk,, coefficient in the
With the Am® value chosen, the bourjg)|<1.6x 10 éelmplitudes. Figure 5 shows the effect of choosing diffexent

results, which is an order of magnitude stronger than th alues(i.e.. differentAm? values for fixed/E) and nonzero
current direct bound from neutrino processes, but still much’ o ) :
values on theP, .=10"* boundary in the tai¥;; vs

weaker than the bound that can be inferred from the limits or’ibﬂ LB . o
u— e transitions in heavy nuclei as listed in Table . tarf 6 plane, which is appropriate for the MiniBooNBg]

parameters.
For Am?=1 e\? the change in the small tafi,; region as
¥, 1s turned on is noticeable already @&f,=0.01. The dis-
Distinct new possibilities are created whenu, and r  tortion grows rapidly withy, and the log tahé,; minimum
flavors are all included in the picture with mixing plus direct value moves well below 10 when #,=0.02 andAm?

3. Three-flavor system

flavor violation. Here we reexamine the source,e and 7 =1. The symmetry of the graph about thedp=1 line is
appearance possibilities with three flavors, using the “onea consequence of the equivalence of thealues below and
mass-scale-dominance” modd]. aboven/4 caused by the st26 factor.

Since the experimental constraint &r,; makes it irrel- The influence of flavor violations im flavor processes is

evant for our purposeee Table I, we do not include it in  not so tightly constrained experimentally as for striglylus

the expressions below. With flavor violation at the sourceu, and we look at this situation next. We contrast the bounds

and restricting ourselves - A structure, we need only con- on the r appearance probability in the cases that the flavor

sider theKy,, and K,,3 coefficients. To the first order in violation is at the source alone and the source and detector
flavor violation, we have both. In Fig. 6 we again look at the taf ; and tar 6,5 plane
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5 T T T T
psi=0.01,Del m"2=1.0 —
psi=0, Delm™2=1.0 -
4 psi=0.02, Del m*2=0.1 ------ B
psi=0, Del MA2=0.1 -
3t i
2| i
&
b T 7 FIG. 5. Contours of 90% C.L. upper bounds
£ in tar? 6,5 vs tarf 6,3 space for several sets of
N . .
t 0 1/ Am? values and with fixed valueP,, ¢
g . =10"“. The new physics effects are taken to be
= at the source only.
2+ .
3 .
4+ u
-5 1 1 1 1
-6 -4 -2 LOG tan*2(theta23) 2 4 6

boundaries forP}HT=6><10*4, as in the NOMAD experi- B. u decay as the neutrino source
mental boundary, discussed in Sec. IVA1 above in the two- \with muon decay as the neutrino source, there are elec-

H 2__
flavor model. Plots witAm*=9, 6, "Zg\‘/d 3 e¥are shOWN, o0 and muon neutrino appearance examples within this
with oscillation only in the 9 and 6 €\Vcases, but W'th/’;é two-state system involving the flavor-violating coefficients
=O.0\2/é 0.0, and-0.02 fpr the source-only case_Atm Fya111, Fyasia, andFys110. We give general expressions for
=3e almd,dﬂ;r (‘iompansg';q;gﬂjao.(\)/% and—0.01 in the g5es wheree— v, , ve—v,, v,—ve, andv,— v, in the
source-plus-deteclor casesun™= s ev-. Appendix. Again, restricting ourselves to a V-A form for the

The most noteworthy feature of Fig. 6 is tzhat there is apey interactions, the general form of the probability factor
“confusion effect.” The boundary curves fakm“=3 and 6 5, - . transition, assuming.* is the source, is
I,L 1 )

eV? for different flavor-violation situations crowd together

and give a portrayal of the complications that arise when P;_g=|—2i sinxe™ X sinf cosOF 011
direct flavor violations and oscillations become competitive.  sinxe— 1 sir? )
The smaller values ofs used in the “source-plus-detector” +(1-2i sinxe™ ™ sin’ 0)Fyz114

situation compared to the “source-only” are forced by the
lack of solutions to the probability equation whighis 0.02.
The reason is that there is a leading term 4 tanso that +(1-2i sinxe *sir? 0)Fyp114%. (27)
there is no way to obtai®=0.0006 when the lead term is

0.0016 and the sfrx term is as small as it is in the NOMAD The corresponding expression fog— vy Pe_,, is ob-
experiment because of the smallE. tained by the interchangés,»111— Fy2212 and cogh«—sin 6.

+|—2i sinxe™ ™ sin § cosHF 551,

1 T T T T

0
0) -——--
0

9,
6,
3,

source(3,.02) -

source(3,-.02) -
source+detector(3,-.01
source+detector(3,.01) —---

05 |

FIG. 6. Contours of 90% C.L. upper bounds
in tar? 6,5 vs tarf 6,3 space forAm?=9, 6, and 3
eV?. The curves are designated as source or
source and detector according to whether flavor
violation is included at the source only or both
the source and the detector. In paretheses the first
number is theAm? in eV? and the second is the
value of ¢, . For =0 there is no direct flavor
violation, so the “source” and “detector” labels
are not meaningfulP,_. .=0.0006, appropriate
for NOMAD.

05 |

LOG tan*2(theta13)

2 1 1 1 1
0 0.5 1 1.5
LOG tan*2(theta23)

113007-9



LORETTA M. JOHNSON AND DOUGLAS W. McKAY

Probability of e to mu transition, mu decay
T T T

PHYSICAL REVIEW D61 113007

Probability

FIG. 7. Dependence d®._,, for a u-decay
source ornL/E for §=0.1, ¢, =0.0, and several
different values ofj,, and withAm?=1 e\?, so
L/E is in m/MeV or km/GeV.

1
0 0.5 1 1.5
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As in them-decay case, Fig. 1, unless phases oftlsaare of

order 1, they play an insignificant role in the probability L/E for several choices ap,,, with i, =

Here we show the oscillation probability as a function of
0 andf#=0.1. The

factors and we take them to be zero in the following discuseffects of,, are negligible with the chosen values f, ,
sion. Referring to Table I, we see that we may drop theand @ in this case also, as one anticipates from inspection of
Fyv2111=tanyee term since it is several orders of magnitude Eq. (29) and the bound on taf,,, mentioned above. Note
smaller than the other lepton number-violating coefficients irthat the factor sin 2(+¢,,,,) in Eq. (29) destroys the oscilla-

n decay. We taker,,,;;=1 and expand the resulting ex- tions in the casey=

pressions using the parameterizatidhg,;,,=tany,, and
Fva21=tany,, . The resulting expressions are given by

P, _e=tarf i, +si’ x sin? 20(1+tarf i, —tart e,
—2cot20tany, ,tanyy,), (29)

whereP,_5=P,_. whenF's are real, and
Pe.,=tarf ¢, ,+[sin*xsin20sin2(6+ ¢, ,)]cos 2 4,
+tarf g, (1 siPx sin? 26). (29

Dropping the . in the expressions foP,_. and Pe_, ,

—0.1, simply because the choice
=0.01 is made for the graph.

1. Comparison ofv, appearance tav, appearance

The behavior ofP,_,, shown in Fig. 7 can translate into
significant differences in the appearance probability dor
compared tow in neutrino experiments whose beams are
extracted from muon collider storage rings, for example. In
Fig. 8 we show the ratio oIP,He to P, as a function of
¥, With 6=0.003 andAm?=1 e\?, chosen to be in a
range allowed by the liquid scintillation neutrino detector
(LSND) and not excluded by other experiments.

The parameters chosen for Fig. 8 are guided by a recent

produces the lack of symmetry between the two equations.proposal for a medium baseline appearance search with

It is clear from Eqg.(27) and the restriction|F114
=|tany, |<8x0.003=0.024 that the effect of direct inter-
actions on the amplitude qf— e oscillation will be impor-
tant only if it turns out thatP,_ <5X 10~* and experi-
ments can explore that regigd0]. We return to this issue

beams fromu decay[40]. In Table 1l we summarize the
relevant parameter values.

As Fig. 8 shows, the value of the ratio changes rapidly as
a function ofis and offers a possible method to directly con-
strain ¢ down to 0.01 or less by comparing thg— v, 0s-

below. Thee— u oscillation amplitude can be more strongly cillation signal to its inverse. We can put this another way by

affected, because the branching fraction for-e+v,+v,

comparing estimates of the number ®f events with the

is not directly constrained by bounds on |sosp|n relatednumber of ™ events detected downstream frqm’s de-
purely charged-lepton processes. Therefore, on these groungdying in flight. In a purely oscillation picture, thee result

alone, sizable effects cannot be excluded initge: v, ap-
pearance caseTheL/E dependence d?e_., inFig. 7 dem-
onstrates the strong effect that titevzalue has on the ampli-
tude.

SIn specific models, indirect constraints &%y,,;,=tan W, from

u—evy limits apply to a combination of amplitudes that includes a v, events=5070e*

taniy,, .

from v, oscillating tov,, while the ™ result fromv, os-
cillating to v,,. In Fig. 9 we show a plot of the number of

TABLE Ill. Parameter values frofd0] used in Figs. 8 and 9.

sir? 26=0 (LIE) o sir? 26=1
v, events=11600u "~ 0.66 0.20 wveevents=6400e™
0.75 0.26 v, events=3280u™
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FIG. 8. Dependence of the rat®,_,./Pe_,,
for a u decay source ow,,, for sin? 26=0.003,
and withAm?=1 e\2. See text for treatment of
L/E.
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0 0.05 0.1 0.15 0.2
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events expected vg for the sirf26 and Am? values as- #¢,<0.01. The situation changes drastically when

sumed, given the SM event rates estimated in the search0.018, near its upper bound for solutions fér=3.5

experiment proposed i#%0]. X 10" to exist for someAm?, # range of values. As noted in
Figure 9 makes evident that interference between the oghe Introduction, possible direct interaction contributions are

cillation and direct amplitudes greatly enhances jtieap- too small to affect the LSND oscillation signal fits. If LSND

pearance rate estimate égyrows, while there is little effect results are not confirmed and the limits drop to the level of

(a factor of Se%%u) on thee™ rate. The numbers foy PLe~ 104, then the interpretation of those bounds should

=0 correspond to the pure oscillation numbers givepdj,  include the possible range of direct interaction strengths al-

but decreased by the factor $29=0.003 forAm?=1 e\?, lowed by limits from other experiments. Correlated limits on

since the numbers there refer to28=1. We see again that Am?, sirf 26, and targ,, can then be studied with the new

looking for new physics may be quite fruitful in the compari- data.

sons of appearance signals in “pure” neutrino beams pro-

vided by muon colliders. The curredirectlimit on ¢, can V. SUMMARY OF RESULTS

be extracted from the limi42] o(v,+e —u~ +v)/o(v, ) o . .

+e —u +v)=tarf y<0.05 or tany=<0.22. As Figs. 8 and Direct lepton number—wola}tmg interactions and neutrino

9 indicate, findingNe-=N,+ is sufficient to improve the Mass terms often go hand in hand in physics beyond the

bound roughly tay<0.02, an order of magnitude better than standard model. With this in mind we developed a general

the bound inferred fronj42]. Allowing |.,|=0.025 has parametrization of lepton number-violating interactions that
little effect on this statement. e fits smoothly with the usual description of neutrino oscilla-

tions in terms of mixing angles. We defined generalized
“probability factors” and illustrated with a number of ex-
amples drawn from accelerator appearance experimental set-
Referring next to Eq(28), let us consider what a pro- ups. We concentrated on the case where the structure of the
posed reach td, .<3.5x10 * at 90% C.L.[40] affects  effective four-fermion, charged current, flavor-violating op-
the impact of direct interactions on them? vs sirf 26 con-  erators isv—A. This is the cleanest situation and lends itself
tour. Specifically, how dou™—e v,v, and —e ver,  toa parametrization in terms of angles that makes the role of
sources affect, appearance from ™~ sourcedor v, appear-  new interactions in the “wrong-flavor” appearance probabil-
ance fromu™ sourcey? From Eq.(28) one can show that ity factors rather transparent. For example, in E2) the
tarf o, <P, o/(1—tarf ¢, sir’X), which essentially means direct effects are expressed in terms of a leading term that
that tarf g, <P, .. for small tantﬂz{m. In particular, for gives all of the appearance probability when there is no os-
| tam//,m|s0.2 andP,_.=3.5X10"", 0.018%&(tany,,)max  Cillation, a second term that gives the interplay between the
=<0.0193. This range is slightly less than the model-oscillation and direct effects and shows that there is a special
independent estimate, albeit on the generous side, of theondition #— y=integeix /2 where the usual oscillation
bound | ,,|=<0.024, which follows from the experimental term can be zero even when there is a neutrino mass differ-
limit on muonium-antimuonium transitiofi7]. ence and a mixing between flavors. The role of the CP-
We show theP,_,.=3.5X 10~* contour in Fig. 10 with  violating phase in the flavor-violating coupling is isolated in
several sets of values of,, and ., . The lack of sensitiv-  the last term, which is zero when the phase is a multiple of
ity to ¢, with ¢, =0, already evident from Eq28) and =, so the entire expression can be decomposed into readily
Fig. 9 is indicated in Fig. 10 by the pileup of curves with interpretable pieces.

2. Impact on boundaries in eu mixing space
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Because the limits on lepton flavor violation are generallystrength.
tight, the impact on the oscillation picture of appearance and Figure 4 illustrates another new effect that shows that care
disappearance is limited to cases where the oscillation probmust be taken in interpreting limits set by wrong-flavor ap-
abilities are small and sensitive to the precise values of thpearance searches. The behaviors oRpe .= 10" 4 bound-
mixing angles. We illustrate such situations in detail in Secaries for source only and source plus detector are quite dif-
IV, where the sensitive dependence of the appearance proferent as viewed in thé&-¢ plane. The former boundary is
ability on the relative values of the flavor-violating angle  “tilted” and so the bound on¢4 set by the 90% C.L. bound-
and the mass-mixing angkeis shown in Figs. 1, 2, and 7 for ary is correlated with the value @f so that, contrary to the
the amplitude of the oscillation behavior, in Fig. 3 for the theusual expectation, the bound @nis not obtained by setting
NOMAD, up— 7, two-flavor mixing boundaries, and in Fig. #=0. The boundary for the latter situation, however, does
6 for the corresponding three-flavor mixing boundaries in theconform to the usual expectation.
one-mass-difference dominance model. The NOMAD ex- We show how the comparison of electron appearance and
periment examples are carefully done within the limits im-muon appearance experiments in a clgastorage ring en-
posed on the size of the flavor violations, as summarized inironment could be used to increase the sensitivity to direct,
Table Il. We present similar considerations for the caseneutrino flavor violations by an order of magnitude in the
where the source ig decay, and the boundaries appropriatediscussion of Figs. 8 and 9. These show the rather strong
to a proposeg storage ring environment are shown in Fig. sensitivity of the muon appearance effects on the value of the
10, again for realistic constraints on the flavor-violationviolation parametety,,,, .

g st g
3
(=2
g L i FIG. 10. P, ..=3.5x10 * boundaries at
8 90% C.L. for several sets af,,,, , i, values as
S shown on the legend.
g 05 —
0
05 .

-5 -1
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VI. CONCLUDING REMARKS in part by U.S. DOE Grant No. DE-FGO2-85ER40214.
.M.J. thanks the Department of Physics at Drury University

A theme that recurs throught the analysis in Sec. IV is tha or support during the course of this work.

small, direct flavor violation can seriously complicate the
picture of wrong-flavor appearance in a number of experi-
mentally realistic situations. In short, the interpretation of a
signal can be quite ambiguous. To sort out the complete

picture, a number of measurements at various valués/sf We gather the general formulas for appearance probabili-
in a variety of different channels is needed. Perhaps thges that apply when muon decay is the source of neutrinos.
cleanest and most flexible environment for such studies ispe presence of two neutrinos in the final state, only one of
provided by au* u~ collider with an associated facility for \yhich is detected by a choice of lepton flavor sensitive de-
neutrino beams. Studies such as those exemplified0h  (ecior, makes the analysis slightly different from the situation

can put much more stringent tests on direct neutrino flavo{ynen meson decay provides the source of neutrinos:
violation than currently exist, while at the same time allow-

ing detailed oscillation analysis. Direct flavor-violation ef- _
fects in semileptonic processes require pion and kaon beams Pe .= [FajUle "EetUy|?, (A1)
of course, and the BooNE experiment will provide an explo- :
ration of a wide range of parameter space, for example.

Though the direct flavor-violating strengths are con- P, .o=> |F5, Ute 'Btu,[?, (A2)
strained to be small, the matter-enhancement effects can lead . k Jree
to large transition probabilities, as analyzed 28] and[29],
and for small probabilities the “vacuum” effects in accel- _ . iEt 12
erator experiments can lead to important modification of the Peﬂf_ik‘t |F2liUice “Usd|*,
oscillation description. We conclude that the crucial role
neutrinos play in our understanding of particle and astro-
physics requires that data be analyzed with the relevant fla- pﬂﬂ:E ||:’2<].1kul*ce*i5ctuac|2_ (A4)
vor violation included to properly interpret current and future k
experiments. The present work provides a framework for that

task and provides vivid, realistic examples of its application.n all of the expressions, the repeated indices within the ab-
solute square are understood to be summed. By choosing a

given process, keeping the dominant flavor-transition terms,
and parametrizing th& amplitudes by angles, the-decay

We thank Tom Weiler for discussions and John Ralstorsource expressions in the text can be reproduced from these
for suggestions on the manuscript. This work was supportedxpressions.

APPENDIX: MUON DECAY APPEARANCE
PROBABILITIES

(A3)
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