PHYSICAL REVIEW D 67, 093006 (2003

Status of atmospheric neutrinor,— v oscillations and decoherence
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We review the status of ,— v flavor transitions of atmospheric neutrinos in the 92 kton-year data sample
collected in the first phase of the Super-Kamiokaffsli€) experiment, in combination with the recent spectral
data from the KEK-to-KamiokdK2K) accelerator experimeriincluding 29 single-ring muon eventsWe
consider a theoretical framework which embeds flavor oscillations plus hypothetical decoherence effects, and
where both standard oscillations and pure decoherence represent limiting cases. It is found that standard
oscillations provide the best description of the 8K2K data, and that the associated mass-mixing parameters
are determined at 10 (andNpg=1) asAm?=(2.6+0.4)x 10" eV? and sirf26=1.00"592. As compared
with standard oscillations, the case of pure decoherence is disfavored, although it cannot be ruled out yet. In the
general case, additional decoherence effects infhe v, channel do not improve the fit to the SK and K2K
data, and upper bounds can be placed on the associated decoherence parameter. Such indications, presently
dominated by SK, could be strengthened by further K2K data, provided that the current spectral features are
confirmed with higher statistics. A detailed description of the statistical analysis of SK and K2K data is also
given, using the so-called “pull” approach to systematic uncertainties.
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I. INTRODUCTION general case(oscillatior-decoherenge Conclusions are
given in Sec. VI.
In its first phase of operatioi1996—200]}, the Super- We find that standard oscillations provide the best fit to

Kamiokande (SK) experiment has provided, among other the Sk+K2K data, and that the mass-mixing parameters are
important results, compelling evidence for the atmospherigletermined at- 1o as
v, disappearancfl,2]. This evidence, now firmly based on

2/ a\2 -3
a high-statistics 92 kton-year expos(ig, has not only been Am“/ev:=(2.6-0.4x10 ", @)
corroborated4] by consistent indications in the MACRG] 2 0,00

and Soudan 26] atmospheric neutrino experiments, but has sin26=1.00"¢.gs, (2

also been independently checked by the first long-baseline. - .
KEK-to-Kamioka (K2K) accelerator experimefit,8], using with errors scaling linearly, with good accuracy, upt@o.
SK as a target fow s produced 250 km awa 'V\;itK‘IE ) Conversely, possible additional decoherence effects are gen-
13 GeV 9 uSP Y v erally disfavored, although not very strongly. We discuss
' o I S how the upper bounds on such effects, currently dominated
Neutrino flavor oscillations, originating from nonzero

. ) . by SK, can potentially be improved by further K2K spectral
2

mass-mixing parameters\(n”, sir*26) in the vy—v; Chan- 4aia The technical details of our SK and K2K data analysis

nel, provide by far the best and most natu@hd probably e finally described in two Appendixes, using the so-called

unique explanation for the observed, disappearanckl,2].  «py|I” approach to systematic uncertainties.
Among the “exotic” scenarios which have been proposed as

radical alternativegsee[2,4,9,1Q for reviews, at present
only hypothetical neutrino decoherenddl] (see also
[12,13)) appears as a possible “survivor” in the official SK
data analysi§4,14,13. All the other models envisaged so far ~ Oscillating neutrino systems may be thought of as ex-
to challenge the standard picture are strongly rejected asemely sensitive interferometers with long arm lengths.
dominant explanations, and are bound to give at most subA’hen the interferometer beams interact with a background
dominant effectgsee, e.qg.[2,4,9)). (e.g., matter, the interference pattern may be altered, and
In this paper, we review the phenomenological status ofmay even disappear if the background is “fuzzy.” In theories
both standard oscillations and decoherence effects ivthe of quantum gravity, it has long been speculated that the
— v, channel, in the light of the latest SK atmospheric zenithspace-time itself may act as a “fuzzy” or “foamy” back-
distributions of lepton$3,4,16 and of the first spectral re- ground for any propagating particle, leading to possible de-
sults from the K2K experimeri,16]. In Sec. Il we briefly coherence and dissipative phenomena on macroscopic scales
review the adopted theoretical framework and describe thésee, e.g., the bibliography [11]). In this case, the neutrino
data set used. In Secs. Il and IV we show, respectively, thevolution has to be described in the language of quantum
results of our analysis for the cases of standard oscillationspen systems interacting with a generic environni&§13).
and pure decoherence, while in Sec. V we consider the most In Ref.[11] the formalism of quantum open systems has

Il. THEORETICAL FRAMEWORK AND EXPERIMENTAL
DATA
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v, <> v, standard oscillations
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been applied to the case of two-family— v, transitions of ~ kton-year exposurg3]) have some weak indications started
atmospheric neutrinos. Assuming entropy increase and ene emerge against the pure decoherence scepélid,15.

ergy conservation in the neutrino subsystem, the evolution It is important to note that neutrino decply7] can lead to
equation was shown to depend on only one additiéteto-  an exponentially decreasir®),,, qualitatively similar to Eq.
herencg parameter, here denoted a3, in addition to the (5). The decay and decoherence scenarios cannot thus be
usual mass-mixing parameter&rt?,sirf26).* With the fur-  easily distinguished in the,, disappearance channel. How-
ther assumption of Lorentz invariance af, it was shown  ever, they can be distinguished through the appearance
[11] that thew,, survival probability takes, in natural units, mqde, i.e., through neutral currefNC) events and- appear-

the form ance events in SK3]. In fact, while in the decoherence case
Sirt20 AmZL the total number of active neutrinos is conserved, in the de-
P, (AM26,u%)=1— {1_e—u2L/2Evcos< ” cay scenario it decreases withE, . The nonobservation of
e 2 2E, NC event suppression and the indicationsf@ppearance in

(3 SK can thus be used to reject ded&y4,15 but not deco-
herence effects.

whereE, (L) is the neutrino energgpath length, andu? has We remark that, in the general cdg. (3)], decoherence

thg Q|men5|ons Qf a sqzuared mass. In. the absence of f'rsé'ffects basically acts as a damping factor for the oscillating
principle calculationsu® must be considered as a purely te

phenomenological parameter, to be constrained by experic. [11,18. Testing atmospheric and long-baseline accel-
mental data. erator neutrino data through E() amounts thus to testing

The above equation has two interesting limits. The first ishOW well the oscillatory pattern is favored lgr h|dden in
reached fop?=0, corresponding to the well-known case of the data. Therefore, the decoherence scenario represents a
standard oscillatk')ns useful benchmark, although its theoretical motivations are
' admittedly weaker than those supporting standard oscilla-

sit26 Am2L tions. In practice, in fits with unconstrained
POSS(AmM?2,0)=1— —co (4  (Am? u? sirf26), the emergence of the standard oscillatory
Pe(Am?,6) > el @ :
v pattern should be signalled by a preference for small values

sinf26
2

)

P2, 0)=1-

. _ _ _ ) of u?. As we shall see, SK and K2K consistently fayef
wh|c[13 perzfectly fits atmosphericv data with Am°~3  _ 0. however, the absence of a clear oscillation pattern in the
xX10™° eV and sn?2_0~1. The second limit is reached for qata makes this indication not very strong yet.
Am?=0, corresponding to the case of pure decoherence We conclude this section with a review of the SK and
5 K2K data sets used for our analysgee the Appendixes for
1—exp( M L) more details. Concerning SK atmospheric neutrino dé@@
2E, kton-year[3,4,16), we use the following zenith angledy)
distributions of leptons: sub-Gewlike and u-like events
where the oscillation pattern is completely absent and/the  (SGe and SGv), divided in 10+10 bins; multi-GeVe-like
disappearance rate becomes monotonid_i&,. Surpris- andu-like events (M@ and MGu), divided in 10+10 bins;
ingly, the pure decoherence case turned out to fit well the 5Bpward stopping and through-going events (Ug and
kton-year data SK atmospheric data fof~3x10"2eV?  UTu), divided in 5+10 bins. The calculation of the theoret-
and sif26~1, with ay? comparable to the standard oscilla- ical event ratesR" in each of the 55 bins is done as in
tion case[11]. Only with almost doubled SK statistid®2  [19-21]. The SK statistical analysis is considerably im-
proved with respect t§19,21, where only three sources of
systematic errors were us@éading to correlated uncertain-
The relation with the parametgt in [11] is u?=2p. ties in energy, angle, and flavor misidentificat{d®]). Now
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TABLE |. Coordinates and values of the absolyteminima for separate and combined fits to SK and K2K data, in the scenarios of
standard oscillation, pure decoherence, and oscillations plus decoherence.

Standard oscillations Pure decoherence Oscillations plus decoherence
Best fits SK K2K SK+K2K SK K2K SK+K2K SK K2K SK+K2K
Am? (eV?) 2.72x10°% 2.65x10°% 2.63x10°® 2.72x10°% 2.65x10° % 2.63x10°°
Sirf29 1.00 0.82 1.00 1.00 0.86 1.00 1.00 0.82 1.00
u? (eV?) 2.42<10°° 2.46x10°° 2.44x10°° 0.00 0.00 0.00
X2 34.8 9.4 45.2 42.1 11.5 54.1 34.8 9.4 45.2

the set of systematic errors has been enlarged to 11 entriege Ny-=55—2 degrees of freedom. However, this value is
leading to a more complex structure of correlated errors afonly 1.8r below the typical x> expectations Npr
fecting theR["*’s, with allowance for various kinds afela- = 2N, and is thus not suspicious from a statistical
tive) normalization and shape uncertainties. As emphasizegiewpoint.

in [22] for the solar neutrino case, systematic uncertainties |n Fig. 1, the bounds in the left panel are very close to the
can be implemented in the” statistics through two equiva- official SK ones, as presented[i,4,16. The bounds in the
lent methods:(i) by building the total covariance matrix middle panel are instead slightly weaker than the official
(“covariance methody, or (ii) by adding quadratic penalties K2K ones[8], especially in terms of sf26. In particular, we

in the systematic pull¢‘pull method”). The latter approach do not find a lower bound on €id@ at 99% C.L.(for Npg
(adopted in this workallows to study how systematic errors =2). The reason is that we cannot use the additi¢tamni-
alter the theoretical predictions from the central valR&§° nantly) non-QE event sample of K2K27 events which

to “shifted” values ﬁtnhe", in order to match the data. The would help to constrain the overall rate normalization and

diﬁerenceﬁﬁhe"— R;heo is thus useful to gauge the size and thus sirf26. This fact might also explain why we find the

. . _ 3
the direction of systematic effects in the data fit. More K2K best fit _at 5'626_0'82 r_ather than atzl.OO "’?2 [8]_'
precise definitions and technical details are given inPU€ {0 the slight anticorrelation betweam® and sirni26 in

Appendix A. the K2K analysis(middle panel of Fig. J, an increase of

Concerning the K2K data, we use the absolute spectrurﬁinzze from 0.82 to 1.00 gzenera_ltes.a slight degrease in the
of muon events in terms of the reconstructed neutrino energlf2K favored range forAm®, which is reflected in the SK
E [8,16], which provides a total of 29 eventisere divided in  +K2K best-fit Am” (see Table )l _ _
six bing. In this sample, the parent neutrino interactions are BY comparing the left and right panels of Fig. 1, the main
dominantly quasielastitQE), and the reconstructed energy ~ €ffect of K2K appears to be the strengthening of the upper
is thus closely correlated with the true neutrino enegy? bound onAm?, consistently with the trend of the first K2K
In each bin, we attach to the theoretical predictigi*°the ~ data(rate only[7], no spectrum[21]. The main reason is

2 4 -3 o\ /2 - Mt -
two leading systematic errotdue to near-far and normaliza- that forArlg o (Al' 6)><d10 eV’ the Erst osc;:latlozn mini
tion uncertaintiesthrough the pull approach. As for the Sk MUm would be located at—or just above—the K2K energy

analysis, we also discuss the systematically shifted theoretPPECtrUm peak, implying a strong local and overall suppres-
. heo . _ . sion of the expected events, contrary to the K2K observa-
cal predictiondN,,~". The relevant technical details are given tions

in Appendix B. Figure 2 shows the SK and SKK2K bounds onAm?,
when the sif20 parameter is projectetminimized away.

lll. STANDARD OSCILLATIONS The linear scale ilhm? makes the K2K impact on the upper
r.Ai_mit more evident. Notice that, up te- 3o, the global(SK

In this section we discuss updated bounds on the para K2K) +v2 function i . | bolic in thi
eters Am?,sir?26), governing the scenario of standard oscil- ~K2K) X unction is approximately parabolic in thear
variable Am<, so that one can properly defined a one-

lations. The most important result is a significant strengthen- ' ; )
ing of the upper bound oAm? induced by K2K data. standard-deviation error for this parameter. This useful fea-

Figure 1 shows the joint bounds on th&rt2, sir26) pa- ture of the SHK?K fit was aIrgza_dy argued on the _basjs of a
ramtlegtgrs from c;I:/Jr analjyéis of gK K2K anrg $|I(2K <)j§ta graphical reduction of the official SK and K2K likelihood
derived throughAy? cuts aroun,d thé)(z minima Thé functions[23], and is here confirmed through a full analysis.
minima and their positions are reported in the “standard osBY keeping only the first significant figure in the error esti-

cillation” columns of Table I. The global SK best fitxﬁlm mate, a parabolic fit provides thelo range

=34.8) might seem somewhat too good, as compared with
Am?=(2.6+0.4) X 10 3eV?, (6)

2We cannot use the full K2K data sam@g6 eventd8]), which
contains 27 additional events of dominantly non-QE origin, whose 3In any case, this difference is not statistically significant, since
analysis is basically not reproducible outside the K2K Collabora-the x? increase from our K2K best-fit point to maximal mixing is
tion. =1.
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Bounds on Am? for unconstrained sin® 24 Bounds on sin®24 for unconstrained Am?®
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FIG. 2. Standard oscillations in the,— v, channel: Bounds on FIG. 3. Standard oscillations in the,— v, channel: Bounds on

Am? for unconstrained sf26 from SK (dashed curveand SK  sirf26 for unconstrainedhm? from SK data. The inclusion of K2K

+K2K (solid curve. The intersections with the horizontal dotted data induces negligible changemt shown. The intersections with

lines give the 2 and 3r (upper and lowérbounds onAm? for the horizontal dotted lines give thes2and 3 lower bounds on

Npe=1. By fitting the SK+-K2K curve with a parabola, the- 1o sirf2¢ for Npe=1. By fitting the curve with a parabola, thelo

interval is derived asm?=(2.6+0.4)x10 3 eV2, interval is derived as sf26=1.00"392, where only the first signifi-
cant digit is kept in the lower error.

with +=No errors scaling linearly wittN (up toN=3).* _ _ _ _
The bounds on sfi26 are instead entirely dominated by  In Fig. 4, the comparison between solid and dashed his-
SK. Figure 3 shows tha x? function in terms of sif2g, for ~ tograms shows that the systematic shifts are often compa-
Am? projected(minimized away in the SK fit. In this figure, rable _in size to the statistical errors, imp!ying that ju_st in-
the addition of K2K data would insignificantly change the creasing the SK atmospherie statistics will hardly bring
bounds(not shown, which thus hold for both the SK and the decisive new information on the standard oscillation scenario

SK+K2K fit. Also in this case, the nearly parabolic behavior (O on physics beyond)itin the SG and MG samples, the fit
of Ax? allows to properly define ad range, clearly exploits the systematic uncertainties to increase the

e-like event normalization, especially in the upward direc-

tion, so as to reduce the “electron excess” possibly indicated

by SK data® Concerningu-like events in the SG and MG

samples, the fit shows an opposite tendency to slightly de-

with the lowerNgo error scaling linearly withN (up to N crease the normalization @éspecially down-goingevents.

=3).% Equations(6) and(7) concisely review the current fit The tendency appears to be reversed in the high-energy UT

to the standard oscillation parameters, as anticipated in theample. Taken together, these opposite shiftg-bike and

Introduction. wu-like expectations in the SG and MG samples seem to sug-
Figure 4 shows the comparison between observations argest some systematic deviation from the predigiée flavor

best-fit predictions for the SK zenith distributions. The best-ratio which, although not statistically alarmirigee the last

fit point refers to the case of SKK2K standard oscillations paragraph of Appendix A should be kept in mind. In fact,

in Table I. Since the very good agreement between data andkeviations of similar size might have their origin in neutrino

theory is no longer a surprise, in the following we commentphysics beyond 2 oscillations, e.g.(i) subleading % oscil-

on the “fine structure” of the SK data fit. This requires, lations, which could slightly increase tteelike event rates

however, the reader to grasp the difference between theorefsee, e.g.[19,20,29), or (i) subleading(short-baselingv,,

ical predictions with and without the shifts induced by cor- — v, oscillations in the so-calledand still alive [30,31])

related systematicésolid and dashed histograms in Fig. 4,

respectively, which is explained in detail in Appendix A.

sirf26=1.00"3-%, @)

5This tendency could be exacerbated by adopting the most recent
atmospheric flux calculations, which consistently predict a lower
“This range is consistent with the estimaten®=(2.7+0.4) normalization at relatively low energi¢®4—27. Nevertheless, pre-
x 102 eV? of [23], derived from a less detailed analysis. liminary results indicate that the induced changes in the
5The “upper” (null) error is, of course, trivial. (Am?,sirf26) bounds would be minimd8].

093006-4



STATUS OF ATMOSPHERIC NEUTRING ,— v, . ..

PHYSICAL REVIEW D67, 093006 (2003

Super-Kamiokande (92 kTy)
e, i zenith distributions
normalized to no oscillation

+ SKdota

Best fit (standard oscillations)
Best fit + systematic shifts

T T T T T T
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_ 1 i 4
e
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FIG. 4. Standard oscillations in thg,— v, channel: SK experimental zenith distributions Lo.), compared with the corresponding
theoretical ones at the globéBK+K2K) best-fit point given in Table I. All distributions are normalized to the unoscillated predictions in

each bin. For the theoretical event rates, we show both the central \F@ﬂﬁ&{;dashed histogramsand the “shifted” valuesﬁﬂ‘e" (solid

histogramg which embed the effect of systematic pulls. The difference beti®¥¥fand R™° shows how muctiand in which directiop
the correlated systematic errors tend to stretch the predictions in order to match the data. See the text and Appendix A for details.

3+1 scenario, which might slightly alter the down-going remain hidden in higher-statistics SK data, unless a signifi-
muon rates, as well as the front-detector K2K ri@@2-34.
Unfortunately, since such effects are typically not larger tharplished. The happy side of the story is that, for the same
the systematic shifts in Fig. 4, they are likelif any) to

K2K energy spectrum, standard oscillations

20 ——

Number of events

- no oscill.

best fit T
best fit + sys. shifts |

1.5

E (GeV)

FIG. 5. Standard oscillations in the,— v, channel: Absolute

spectrum of(dominantly QB events in K2K, as a function of the

reconstructed neutrino ener@y The data point$29 events total
are shown as dots withr 1o, in each of the six bins. The dotte oY )
histogram represents our calculations for no oscillation. The solid?0th oscillations and decoherence one gets largelisap-
and dashed histograms represent the theoretical predidﬂﬁ’ﬁ%
andN"™°at the globalSK+K2K) best-fit point in Table I, with and [11].

without systematic shifts, respectively. See the text and Appendix B The global SK-K2K best fit for pure decoherenced;,

for details.

cant reduction of the current systematics can be accom-

reasons, typical subleading effects beyond standardszil-
lations do not significantly alter the fit results in E¢8). and
(7).

Figure 5 shows the comparison between data and theory
for the K2K absolute spectrum of events, for the same oscil-
lation best-fit point as in Fig. 4. In this case, the amount of
systematic deviations preferred by the fit is much smaller
than the current statistical error, implying that there is a great
potential for improvements with higher K2K statistics.

IV. PURE DECOHERENCE
(AND COMPARISON WITH OSCILLATIONS )

In this section we discuss the bounds on the parameters
(u?,sirP26), governing the scenario of pure decoherence
[Eqg. (5)]. We also discuss how this scenario compares with
standard oscillations in fitting SK and K2K data.

Figure 6 shows the joint bounds on thg?sirf26) pa-
rameters from our analysis of SK, K2K, and $K2K data,
derived through y? cuts around thg? minima, as reported
in the “pure decoherence” columns of Table I. Such bounds
are clearly dominated by SK. The best-fit valuesudf are

4 humerically close to the previous ones fom?, since for

pearance effects foxL/E,~O(1), where x=pu? or Am?

=54.1) is ~9 units higher than for standard oscillations
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v, <> v, pure decoherence

T T
_2 SK SK + K2K
10 F | 4
o ] ] FIG. 6. As in Fig. 1, but for
% i Ry the pure decoherence scenario.
N i( '.‘< Notice that the bounds on the
5 ) K\ (u?,sirf26) parameters are domi-
90% C.L. nated by SK.
10—3 B - 99% C.L. ]
(dof = 2) ]
P L L L R I
0 0.5 0.5 0.5 1
. 2 .2 .2
sin“ 214 sin® 218 sin“214

(Xanin:45_2), where~7 units are provided by SK alorfe. oscillations. The differences between the theoretical predic-

On the one hand, this difference shows that the data start #Pns in these two figures are significant, although the large

have some sensitivity to decoherence effects, and tend gfatistical error bars reduce their effect to a mang?=2
globally disfavor them. On the other hand, this sensitivity isdifference between the oscillation and decoherence fits. The
not sufficient to claim rejection of such effects on a purelyinequality P4°°=1/2 is crucial to provide a slightly worse fit
phenomenological basis. The features that tend to disfavdn the decoherence case, since it forbids a significant overall
decoherence are better explained in terms of the best-fit th&uppression, which can instead be more easily achieved with
oretical distributions. oscillations, particularly at low energy. Therefore, there is
Figure 7 shows the SK zenith distributions for the globalroom for significant improvements in the discrimination of
(SK+K2K) best fit to pure decoherendsee Table), and the two scenarios with higher K2K statistics, by looking at
should be compared with the analogous Fig. 4 for the case ¢he low-energy part of the spectrum; in fact, a local rate
standard oscillations. The differences are hard to detect &uppression<1/2 would definitely rule out the decoherence
first sight. In the decoherence case, the only noticeable difaypothesis.
ference is a slightly less pronounced suppression of the muon Higher K2K statistics will also allow a less coarse binning
rates for increasind., which leads to slightly less tilteg. ~ in the spectrum analysis. For this reason, we show in Figs. 9
distributions, as compared with standard oscillations. Notic&nd 10 the unbinned K2K spectrum for representative cases
also that the pure decoherence form@f implies pfgf of standard oscillations and pure decoherence, respectively
=1/2 always, while the standard oscillation form@g ad- (at maximal mixing. The two scenarios show increasing dif-
mits minima as low a®°%°=0, which can help to get a more ferences for decreasi_ng_energy in all cases. Moreover, w_ithin
efficient suppressiorfuniess the limit of averaged oscilla- the standard scenar|d=|zg. 9), the spectrum shows rapid
tions is reached The small differences in the upgoing muon Shape variation withAm®. A judicious choice of binning,
distribution slopes are then responsible for the?=7 dif-  €Specially in the low-energy part of the spectrum, might thus
ference between the two scenarios in SK. We do not expe@nhance the K2K discrimination power in future gla_lta analy-
that additional NC-enriched data in SK can add significan€S: and might also improve the determinatiodef” in the
contributions to this difference, sindeontrary to the decay Standard oscillation case.
scenario[17]) decoherence preserves the number of active
neutrinos, as previously observed. Moreover, given the size
of the systematic shifts in both Figs. 7 and 4, it seems to us
that higher SK statistics will not be decisive to disentangle In this section we consider the general case of oscillations
decoherence from oscillations. We conclude that SK tend t®lus decoherencfEq. (3)], in order to check whether sub-
disfavor the pure decoherence hypothesis through its accgominant (rather than dominantdecoherence effects can
rate measurements of the upgoing muon distribution shapebBelp_the fit to the data. It turns out that, by leaving
however, there seems to be little room for significant im-(Am?,sir’26,u%) free, the best fit is reached far*=0 for
provements with longer SK exposure. both SK, K2K, and SK-K2K, as reported in the last three
Figure 8 shows the K2K absolute spectrum of events fo€olumns of Table I. The corresponding joint bounds on the
the global(SK+K2K) best fit to pure decoheren¢see Table Mmodel parameters are shown in Fig. 11, through projections
1), to be compared with the analogous Fig. 5 for standar@nto the three coordinate planes. Standard oscillatigifs (
=0) and nearly maximal mixing are clearly favored. How-
ever, the pure decoherence limkifi?=0) is still marginally
"The SK Collaboration finds a larger difference y2=10.5  allowed by the data. As discussed in the previous section,
[4,14,19) by using more data. Notice that pure decoherence satisfurther K2K statistics might help to disfavor this limit with
fies the goodness-of-fit tefk2;/Npe~O(1)] in both fits(SK and  higher confidence.
ours. Since u2=0 is consistently preferred, it makes sense to

V. OSCILLATION PLUS DECOHERENCE
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derive upper bounds gn?, by projecting away the other two
parameters Am?,sirf26) in the fit. Figure 12 shows the re-
sults of this excercise, in terms of the functia?(u?). The

PHYSICAL REVIEW D67, 093006 (2003

Super-Kamiokande (92 kTy)
e, 4 zenith distributions
normalized to no oscillation
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upper bound at 8 corresponds tqu?=3x10"2 eV, Val-

ues of u?~fewx 10 3 eV? are sufficiently low to be com-
patible (as remarked if11]) with the nonobservation o#

— v, appearance in CHORUS and NOMADBS5].

in favor of decoherence effectso fan, a time-consuming

o

FIG. 7. As in Fig. 4, but for
the global (SK+K2K) best-fit
point to the pure decoherence sce-
nario, as given in Table I.

present. It could become interesting, however, if further K2K
data, plus future long-baseline accelerator data, would fail to
show a clear oscillation pattern.

VI. SUMMARY AND CONCLUSIONS

We have analyzed in detail the current SK atmospheric
We conclude by observing that a really general “oscilla- neutrino data and the first K2K spectral data, in order to
tion plus decoherence” scenario should be performed witheview the status of standarg,— v, oscillations, as well as
(at leas} three neutrino families, in order to incorporate alsogf g possible “rival” scenario based on neutrino decoher-
solar and reactor neutrino flavor transitions, and possiblyance. We have provided updated bounds for the standard
other phenomenological constraints. Models of this kindosci”ation parameterﬁzqs_(l) and (2)]’ and have found no
would imply several new decoherence parameters, as well asjidence for decoherence effects. However, the+8&K
nontrivial complications related to unavoidable matter ef-gata are not accurate enough to rule out the pure decoherence
fects. However, given the robust theoretical and phenomengase yet. Thecurrently weak indications against such ef-
logical basis for standard oscillations, and the lack of signalsects appear to be currently dominated by SK data, but the

statistical analysis of the uncertainties reveals that K2K will

analysis of such extended models is perhaps unwarranted jfad further progress in this field, especially through higher-

Number of events

FIG. 8. As in Fig. 5, but for the globdBK+K2K) best-fit point
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to the pure decoherence scenario, as given in Table I.
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FIG. 9. Standard oscillations: Unbinned K2K theoretical spec-

trum at maximal mixing and for three representative valuesrof.
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statistics tests of the low-energy spectrum bins. In conclu- F|G. 12. General caséscillations plus decoherenceUpper

sion, standarav,— v, oscillations are in good health, and bounds on the decoherence parameter, for unconstrained

seemingly no alternative scenario is able to provide a bettefsm?,sirf26). The intersections with the horizontal dotted lines

fit to the SK+K2K data. However, the “second best” expla- give the 2r and 3r upper bounds om? for Npe=1.

nation of SK+K2K data(i.e., pure decoherengés still sta-

tistically acceptable, and can provide a useful phenomeno- ACKNOWLEDGMENT

logical benchmark to test the emergence of the—still

hidden—standard oscillation pattern.

FIG. 10. Pure decoherence: Unbinned K2K theoretical spectrum 0
at maximal mixing and for three representative valueg.f
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L E
9 90 % C.L.
Ni 4 99 % C.L. APPENDIX A: STATISTICAL ANALYSIS OF SK DATA
dof =3 In this paper, the calculation of the SK zenith distributions
. of e-like and u-like event rates is performed as described in
10 R . . previous workg{19-21]. In the absence of oscillations, we
> normalize our absolute rates to the official 92 kTy SK esti-
o~ 10 F ir E mates| 3], which are currently based on the one-dimensional
> 1t ] v fluxes by Hondzet al. [36] for all classes of events.
~ o ~ 1 Our SK statistical analysis, previously based on a simpli-
~ ( I ’ ] fied approach to error correlatiofd9], has been signifi-
g . ‘\& ___________ cantly improved in two aspectsi) it has been made more
107 Hr ™ 3 consistent with the error estimates of the SK Collaboration,
e HE as reported if{38] (see alsd39—41); and (ii) it has been
0 02 04 06 08 T 163 152 49 cast in a “pull” rather than “covariance” form, as advocated
sin? 28 M2 (eV2) in [22] for solar neutrinos.

We remind that the “pull” approach to correlated system-

FIG. 11. General castoscillations plus decoherencaolume  atic uncertaintiegsee[22] and references thergimmounts
allowed by SK+K2K in the parameter Spac&(nzysinzzg”uz) at to Sh|ft|ng the theoretical I’atR}]heo in the nth bin through a
90% and 99% C.L. foNpr=3 (Ax2=6.25 and 11.3% shown
through its projections onto the coordinate planes. The best fit is
reached in the limit of standard oscillationg3=0). However, the 8The one-dimensionat fluxes by the Bartol group37] are used
case of pure decoherenc&rt?=0) is still marginally allowed. In by the SK Collaboration for comparison with the default Honda
all cases, the mixing is nearly maximal (&8=1). fluxes.
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TABLE Il. Set of 1o systematic errorscﬁ} generated by several sourcds=1, ...,11) and affecting in different ways the binned rates
of the SK zenith distribution{=1,...,55). All errors are given as percentage fraction of the theoretical rate in eacfsﬁbid:OO

Xc';/Rtr,he". The formal identification with the uncertaintiea,@, . . . ,«,) of [38] is given in the 2nd row. See the text for further details.
bin event [cosé™,cosd  s! s s3 s s 8 s s s S sht
n  class range & () (B) Bm) (@) (e (e (nd) (mm) (k) (k)
1 SGe [-1.0,-0.8] 25 -12 -3 0 0 0 0 -2.7 0 +1.0 0
2 SGe [-0.8,-0.6] 25 -12 -3 0 0 0 0 -2.1 0 +0.5 0
3 SG [-0.6,-0.4] 25 -12 -3 0 0 0 0 -15 0 0.0 0
4 SG [-0.4-0.2] 25 -12 -3 0 0 0 0 -0.9 0 -05 0
5 SG [-0.2,-0.0] 25 -12 -3 0 0 0 0 -0.3 0 -1.0 0
6 Sjes [+0.0,+0.2] 25 -12 -3 0 0 0 0 +0.3 0 -1.0 0
7 SCGe [+0.2,+0.4] 25 -12 -3 0 0 0 0 +0.9 0 -05 0
8 SCe [+0.4+0.6] 25 -12 -3 0 0 0 0 +1.5 0 0.0 0
9 SCe [+0.6,+0.8] 25 -12 -3 0 0 0 0 +2.1 0 +0.5 0
10 MGe [+0.8+1.0] 25 -12 -3 0 0 0 0 +2.7 0 +1.0 0
11 MGe [-1.0,-0.8] 25 -4 0 —46 0 0 0 0 -27 +20 0
12 MGe [-0.8,-0.6] 25 -4 0 —46 0 0 0 0 -21 +1.0 0
13 MGe [-0.6,-0.4] 25 -4 0 —46 0 0 0 0 -15 0.0 0
14 MGe [-0.4-0.2] 25 -4 0 —46 0 0 0 0 -09 -10 0
15 MGe [-0.2,-0.0] 25 -4 0 —46 0 0 0 0 -03 -20 0
16 MGe [+0.0,+0.2] 25 -4 0 —46 0 0 0 0 +03 -20 0
17 MGe [+0.2+0.4] 25 -4 0 —46 0 0 0 0 +09 -1.0 0
18 MGe [+0.4+0.6] 25 -4 0 —46 0 0 0 0 +1.5 0.0 0
19 MGe [+0.6,+0.8] 25 -4 0 —46 0 0 0 0 +2.1 +1.0 0
20 MGe [+0.8,+1.0] 25 -4 0 —46 0 0 0 0 +2.7 +2.0 0
21 SGu [-1.0,-0.8] 25 -12 +3 0 0 0 0 -27 0 +1.0 0
22 SGu [-0.8,-0.6] 25 -12 +3 0 0 0 0 -21 0 +0.5 0
23 SGu [-0.6,-0.4] 25 -12 +3 0 0 0 0 -15 0 0.0 0
24 SGu [-0.4-0.2] 25 —12 +3 0 0 0 0 -0.9 0 -05 0
25 SGu [-0.2,-0.0] 25 —12 +3 0 0 0 0 -0.3 0 -1.0 0
26 SGu [+0.0,+0.2] 25 -12 +3 0 0 0 0 +0.3 0 -1.0 0
27 SGu [+0.2+0.4] 25 -12 +3 0 0 0 0 +0.9 0 -05 0
28 SGu [+0.4+0.6] 25 -12 +3 0 0 0 0 +1.5 0 0.0 0
29 SGu [+0.6,+0.8] 25 -12 +3 0 0 0 0 +2.1 0 +0.5 0
30 SGu [+0.8+1.0] 25 -12 +3 0 0 0 0 +2.7 0 +1.0 0
31 MGu [-1.0,-0.8] 25 -4 0 +46 +6 0 0 0 -27 +1.0 0
32 MGu [-0.8,-0.6] 25 -4 0 +46 +6 0 0 0 -21 +05 0
33 MGu [-0.6,-0.4] 25 -4 0 +46 +6 0 0 0 -15 0.0 0
34 MGu [-0.4-0.2] 25 -4 0 +46 +6 0 0 0 -09 -05 0
35 MGu [-0.2-0.0] 25 -4 0 +46 +6 0 0 0 -03 -1.0 0
36 MGu [+0.0,+0.2] 25 -4 0 +46 +6 0 0 0 +03 -1.0 0
37 MGu [+0.2,+0.4] 25 -4 0 +46 +6 0 0 0 +09 -05 0
38 MGu [+0.4+0.6] 25 -4 0 +46 +6 0 0 0 +1.5 0.0 0
39 MGu [+0.6,+0.8] 25 -4 0 +46 +6 0 0 0 +2.1 +05 0
40 MGu [+0.8,+1.0] 25 -4 0 +46 +6 0 0 0 +2.7 +1.0 0
41 USu [-1.0,-0.8] 25 +4 0 0 0 +92 +56 0 0 0 0
42 USu [-0.8,-0.6] 25 +4 0 0 0 +92 +56 0 0 0 0
43 USu [-0.6,-0.4] 25 +4 0 0 0 +92 +56 0 0 0 0
44 USu [-0.4-0.2] 25 +4 0 0 0 +92 +56 0 0 0 0
45 USu [-0.2-0.0] 25 +4 0 0 0 +92 +56 0 0 0 0
46 UTu [-1.0-0.9 25 +12 0 0 0 +9.2 0 0 0 0 +1.8
47 UTu [-0.9-0.8] 25 +12 0 0 0 +9.2 0 0 0 0 +1.4
48 UTu [-0.8-0.7] 25 +12 0 0 0 +9.2 0 0 0 0 +1.0
49 UTu [-0.7,-0.6] 25 +12 0 0 0 +9.2 0 0 0 0 +0.6
50 UTu [-0.6,-0.5] 25 +12 0 0 0 +9.2 0 0 0 0 +0.2
51 UTu [-0.5-0.4] 25 +12 0 0 0 +9.2 0 0 0 0 -0.2
52 UTu [-0.4-0.3] 25 +12 0 0 0 +9.2 0 0 0 0 -0.6
53 UTu [-0.3-0.2] 25 +12 0 0 0 +9.2 0 0 0 0 -1.0
54 UTu [-0.2~-0.1] 25 +12 0 0 0 +9.2 0 0 0 0 -1.4
55 UTu [-0.1-0.0] 25 +12 0 0 0 +9.2 0 0 0 0 -1.8
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TABLE Ill. Correlation matrixp,, of systematic error sourced,k=1,...,11) in the SK analysis, as taken frdi38].

p 1 2 3 4 5 6 7 8 9 10 11
1 +1.00 0 0 0 0 0 0 0 0 0 0
2 +1.00 0 0 0 0 0 0 0 0 0
3 +1.00 +0.31 -0.17 —0.03 0 0 0 0 0
4 +1.00 —0.34 0 0 0 0 0 0
5 +1.00 +0.58 -0.17 0 0 0 0
6 +1.00 -0.25 0 0 0 0
7 +1.00 0 0 0 0
8 +1.00 +0.62 0 0
9 +1.00 0 0

10 +1.00 0

11 +1.00

set of deviationg;,c} , wherec}, is the 1o error associated to  differ from the standard one&{'9, as a consequence of the
the kth source of systematicsin the present casek  systematic pulls,.'® This valuable information would be
=1,...,11), and thef's are random variables, lost in the covariance approach.

Our characterization of the 11 sources of SK uncertainties
~ follows (or, at least, is inspired byhe detailed error descrip-
R0 Rifeo— Rieoy gl &cy (A1) tion given in[38] (see als§39—41). There is, however, one
important difference, related to the fact that the SK analysis
is based on Monte CarlMC) simulations, while ours is
&S based on direct calculations of the lepton rates. More pre-

k= cisely, while in the SK official analysis the systematic uncer-
tainties act as reweighting factors for each MC e&&-
" Z £p Tnikn 41], in our case they act directly on the observable rikgs

kh=1 ' (n=1,...,55), and are thus completely characterized by the
(A2)  55x11 matrixck.

Table Il shows our numerical assignments for ts

where oS represent the statistical erroiar, in general, the (basically derived fron{38]), interpreted as percentage er-
quadratlc sum of all uncorrelated errprior the nth bin, ~ rors of the R values (with or without oscillations The

Notice that, with respect to the discussion[22], we now second row of Table Il reports the notation [G8] for the

give allowance for correlationpy, of the systematic error Same error sources, which we now discuss. The 1st system-

SOUI’CES(). The aboveXZ function is exacﬂy equiva|ent to atic error SOUrce(() represents a 25% overall normalization

build a quadratic form in the unshifted differenceRl¢° ~ uncertainty, due to at least two components: atmospheric

—R®®Y, with a covariance matrix defined as flux nor_mallzatlon error fzo%) [25] and v cross section

uncertainties £ 15%), added in quadratuf@9]. The 2nd

error source §) is the “slope” uncertainty(5% [38]) in the

atmosphericv energy spectrum, leading to a %=1

+12% normalization change for as1“tilt” of the spectrum

slope over one energy decade. Since the SG and UT parent

The minimization in Eq(A2) leads to a solvable set of linear N€Utrn0 spectra are separated by about two decades in en-
ergy, we take for thenae?= —12% and+12%, respectively.

The MG and US event samples have roughly intermediate

energles between the SG and UT ofeas a logE, scalg, so

we assign themn —4% and+4%, respectively. The 3rd

and 4th error sources@@ andg,,) are the overalu/e flavor

ratio uncertainties for the SG and MG samples, respectively.

11

The x? function is then obtained by minimization over the

55

X%K:min E
{ag [ n=1

Rtheo_ pexpt 2 11

stat
Un

Tom= OamTn ot E prkCher, (A3)

equations in the’s, whose solutioré, can provide useful
information on the role of systematic uncertainties in the fit
[22]. For instance, it can be interesting to study how much
the best-fit shifted rates

11
Bth h 7~k
Rireo= Riheo,. k§_)1 £ck (A4)
Owe observe that the SK Collaboration basically shows the
shifted Rﬁhe"s in the best-fit plots, while we have graphically re-
%In [22] all error sources were strictly independent, so that ported the unshifteél},h“s in previous workg§19-21. For the sake

=hk. Generalizing topn# d, leads to the appearance of the of comparison, Figs. 4 and 7 in this paper show both representa-
inverse correlation matrikp =]y, in the last term of Eq(A2). tions.
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TABLE |V. Values of the SK systematic pullg_k} at the global[SK+K2K) best-fit point for standara,— v, oscillations.

k 1 2 3 4 5 6 7 8 9 10 11
& +0.19 +0.22 —1.05 —0.99 —0.53 —0.03 -0.12 —0.99 —0.82 +0.07 +0.01

The relatively large ring-counting error in the MG sample tribution (i.e., over the neutrino production heights at differ-
makesg,, greater tharn3, [38]. The 5th error sourcep) is  ent angles rather than being interpreted as an additional
the relative normalization error between partially and fully uncertainty:* We also observe that, in general, b/E, er-
contained(PC and FC events, estimated as10.5% [38].  ror” becomes meaningless in scenarios wheyg, is not a
Since only the MG sample contains PC events-67%),  function of L/E,, but of L andE, separately(as is the case,
the total(FC+PC) change in the M@ normalization is re- e.g., in the presence of matter effécts
duced to 0.5X10.5%=6%, as indicated in Table Il. The  The 11 systematic error sources listed in Table Il are not
6th error sourcefs) is the normalization uncertainty of up- necessarily independent. For instance, the horizontal/vertical
going muon eventUS and U7 with respect to lower- 446 yncertaintiesy and 7, are largely due to common
energy events, mainly due to the relative cross-section UNCefaomagnetic and instrumental effects, and are thus expected
tainties. The_?th error sourcey) gives further allowance for to be positively correlated. On the other hand, cross-section
%gozgztz?gr?ntﬁhgtu?f;ﬁiggii\t/em'rﬁ;e gtwyéigm'grt‘ﬁte;rguncertainties(aﬁecting in different ways quasielastic and
g Y- deep-inelastic scattering eventan generate a “migration”

sources {s and n,) allow a small up-down asymmetry : . .
(about+3% at 1o) in the SG and MG zenith distributions, of evenf[s from one class to a”O‘heF thus mdupmg negative
orrelations among the corresponding normalization uncer-

due to geomagnetic and instrumental uncertainties. The 102"
error source &) allows a small horizontal/vertical ratio un- tainties. - . .
certainty (about =2%) in the zenith distributions of FC  1aple Il reports explicitly the correlation matripp,
events with momenturs 0.4 GeV for both the SG and MG @mong the SK systematics, as taken from the careful esti-
samples, mainly related to atmosphericflux calculation ~Mates in38]. This matrix enters in thg3 definition of Eq.
uncertaintie§38]. This error is reduced by a factor of2 in ~ (A2).

the SG and SG: samples, due to a1/2 component of _ Finally, Table IV reports the systematic SK pulls
low-momentum FC events which are unaffected by this un{&},_;  ;;at the global(SK+K2K) best fit for standard
certainty, since they lose memory of the neutrino direction. A”u_’ v, oscillations, which have been used to calculate the
similar «¢ error reduction applies to the Mg&sample, due to  “shifted” theoretical rates in Fig. 4. They appear to be rela-
the substantial presence @fmaffectedl PC event§38]. The tively small for anyk. Therefore, the induced differences
11th error source &) gives allowance for a horizontal/ Rtheo_gtheo hatyyeen the solid and dashed histograms in Fig.

vertical ratio uncertainty in the UT sample, which is in- 4 represent tolerable systematic shifts of “typical” size.
stead argued to be irrelevant in the WSample(see[38]).

Finally, we remark that the SK analysis contains a further

error source(so-calledL/E, uncertainty,~15% [38-41])

that wedo notimplement in our analysis. In particular, we

think that the spread ih should be more properly included

through integration over thienownneutrino path-length dis- In this appendix we describe our calculation of the K2K
spectrum of events and our approach to the K2K statistical

TABLE V. Set of systematic erroréck} generated by several analysis.

sources k=1,...,7), and décting in different ways the binned

rates of the K2K energy distributiomé&1,...,6). All errors are

given as percentage fraction of the theoretical number of events 1. Calculation of the K2K spectrum

NI in each bin:sk=100x ck/N'"®. The energy interval and the

experimental number of evend® are given in the second and

third row, respectively. See the text for details.

APPENDIX B: CALCULATION AND STATISTICAL
ANALYSIS OF THE K2K SPECTRUM

Our oscillation analysis of the K2K spectral data is based
on 29 single-ringu-like (1Ru) events[8], binned into six
intervals of the reconstructed neutrino eneEgyrhe experi-
mental number of eventd®® in each bin is given in Table

n E(ngr\}?e Newt gl g2 @ P B V, together with the corresponding systematic uncertainties
(discussed beloy The no-oscillation expectations corre-

1 [0.0,05 3 26 0 O 0 0 0 50 spond to a total of 42.5 events, as graphically derived from
2 [0510 4 0 43 0 0 0 0 50

3 [1.0,13 14 0 0 65 O 0 0 5.0

4 [1.5,20 2 0 0 0 104 O 0 50 e understand that future SK atmospheridata analyses might

5 [2.0,25 4 0 0 0 0 111 O 5.0 indeed fully incorporate the spread bf as derived from recent

6 >25 2 0 0 0 0 0 12.2 5.0 three-dimensional flux calculations(T. Kajita, private communi-

cation.
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Fig. 2 in[8,16]. This data sample contains mainly muons TABLE VI. Correlation matrixpy, (h,k=1,...,7) ofsystemat-
from quasielasti¢QE) scatteringy,,+n— u+p.* ics in the K2K analysis. The nontrivial’66 block, related to near-

In principle, for QE scattering on neutrons at rest, thefar extrapolation uncertainties, is derived frdi]. The 7th sys-
reconstructed neutrino ener@ depends only on the muon tematic error(independent overall normalizatipis assumed to be

kinematics[8], uncorrelated.
—m? 1 2 3 4 5 6 7
Eo myE,—m?/2 . (1) p

m,—E,+p,cosb, 1 +1.00 -025 O 0 0 0 0

o o2 +1.00 0 0 0 0 0

However, a number of effects can produce significant devia— £1.00 +008 —004 —-020 O

tions of E from the true neutrino energyE,, including 4 +100 4079 4019 O

nuclear effect§Fermi motion, Pauli blocking, proton rescat- 5 +100 4039 0

tering[42—44)), detection uncertaintig$SK resolution in en- 6 ’ N 1'00 0
ergy and anglg45,46)), and contamination from non-QE 7 ' +1.00

events[47,48. Therefore, the reconstructed energyE is
distributed around the true energyE, through a certain
(normalized probability distribution functiorR(E,E,). This
function smears out the oscillation pattern and must thus be The E spectrum of events expected in the presence of
taken into account, at least approximately, in the K2K analypscillations is calculated as
sis.

Although the functiorR(E,E,) is not explicitly provided
by the K2K Collaboration[8], its main features can be dNtheo
roughly recovered from other studies. In particuR¢E,E,) -
has been derivedor a SK-like detectorthrough numerical dE
simulations in[42,45. It turns out tha{42,45 (i) E is typi-
cally biased towards slightly lower values th&h, (with
(E,—E)=Db=fewx 10 MeV)," and (ii) the rms difference
(E—E,)ms= o increases from zertat E=0.2 MeV) up to
a plateaucg/E=20% [42,45. We approximately embed
these features in a Gaussian p.d.f. of the kind

Zf dE,S(E,)R(E.E,)P,.(E,), (B4

whereS(E,) is the unoscillated spectrum at the SK detec-
tor (in terms of the true neutrino energyVe find that, in the
relevant energy rangg,=[0.2,3.23 GeV, the K2K spec-
trum S(E,) is well approximated by the simple function

R(E,E,)= e~ V2A(E-E,+b)/og]? (B2) S(E,)=v(E,—0.2%3.25-E,)”, (B5)

TOE

where we takéb=0.05 GeV for the bias parameter and where «=1.0056, 8=3.144, andE, is given in GeV. The
factor y=0.7389 is then fixed by the normalization con-
oo JE.~0 2{1—ex;{0'2_ E,[GeV] straint [dE,dESE,)R(E,E,)=42.5 for no oscillation. The
Bl 0.08 reader is referred to Fig. 9 for representative theoretical spec-

tra dN®9dE, with and without oscillationsat maximal

for the energy reconstruction errofz aboveE,>0.2 GeV  mixing). Such spectra are in reasonable agreement with the

(og=0 otherwisg. Although we do not include the more corresponding K2K ones as shown[B0].

detailed features investigated [A42,45 (e.g., asymmetric

tails), the above functionR(E,E,) appears to be good

(B3)

enough for our current analysis. A better treatment will be 2. Statistical analysis of the K2K spectrum
possible when a description 61(E,E,) (or of equivalent We bin both the K2K theoretical spectruiN™9dE and
information in K2K is made publicly availablé’ the experimental spectrum into six energy intervédse

Table V). The statistical analysis of the K2K absolute num-
ber of eventdNX},_1 s (X=theo,expt) is performed, in
*“We do not use the additional 27 events forming the total K2Kanalogy with the previous Appendix, by shifting the predic-

data sample(56 eventy since the simulation ofldominantly tions through a set ofseven, in this cagesystematic devia-
non-QE events is not possible without very detailed K2K experi-tjons

mental information.

13Contamination from non-QE events also produces albiaghe o
same directioff47]. TABLE VII. Values of the K2K systematic pull§é,} at the

e also note that several issues related to the characterization gfobal (SK+K2K) best-fit point for standare,— v . oscillations.
the E—E, difference in QE and non-QE events are currently being
reexamined, in the light of the accuracy needed to analyze highek 1 2 3 4 5 6 7
statistics data in the K2K and future low-energy accelerator neug, +0.02 —0.01 +0.29 —-0.70 +0.38 +0.24 +0.38
trino experimentgsee, e.q.[44,48,49).
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7 7
N NR=NReer 2 &, (86) NR*=NR®+ 2, &cp. (B8)
which are then minimized away in the?. The only formal In the systematic error budget, we include the following

difference with respect to the SK data fit is the use of Poissofdominant error sources, for which one can find a detailed
statistics, required to deal with a small number of events: description in[51]. The near-far extrapolation procedure in
K2K leads to six systematics errork=1,...,6) ineach bhin,

6 Ntheo with significant bin-to-bin correlation&1]. The overall nor-
2> (Ng‘eo— NEPL NSAn L) malization uncertainty adds a further 5% errée=(7) with
n=1 NﬁXpt full correlation in each bin. The numerical values of the 1
systematicsy, and of the correlation matrigy,, as derived
from [51], are reported in Tables V and VI, respectively.
These values enter in thek,, definition of Eq.(B7).

Finally, Table VII reports the K2K systematic pulls
The minimization in Eqg.(B7), which can be easily per- {Ek}k 1 at the global(SK+K2K) best fit for standard
formed through linearization in the small parametéfs  , —._ oscillations, from which the “shifted” theoretical
fixes the best-fit systematic pulig. The shifted theoretical rates in Fig. 5 are calculated. All the pulls appear to be rela-
predictions for the number of events in each bin then read tively small.

XﬁZK: min
{&t

. (B7)

7
+ 2 &l nén
Khz1
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