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We study the robustness of the determination of the neutrino masses and mixing from the analysis of
atmospheric and K2K data under the presence of different forms of phenomenologically allowed new physics
in the v,—v, sector. We focus on vector and tensor-like new physics interactions which allow us to treat, in a
model independent way, effects due to the violation of the equivalence principle, violations of the Lorentz
invariance both CPT conserving and CPT violating, non-universal couplings to a torsion field and non-standard
neutrino interactions with matter. We perform a global analysis of the full atmospheric data from SKI together
with long baseline K2K data in the presencegf— v, transitions driven by neutrino masses and mixing
together with sub-dominant effects due to these forms of new physics. We show that within the present degree
of experimental precision, the extracted values of masses and mixing are robust under those effects and we

derive the upper bounds on the possible strength of these new interactionsiip-thesector.
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I. INTRODUCTION neutrino flavorg7]. Among others this effect can arise due to
violations of the equivalence principl®/EP) [8—10], non-

Neutrino oscillations are entering a new era in which thestandard neutrino interactions with mattét], neutrino cou-
observations from underground experiments obtained witlplings to space-time torsion field&2], violations of Lorentz
neutrino beams provided to us by Nature—either from thenvariance (VLI) [13,14 and of CPT symmetryf15-17.

Sun or from the interactions of cosmic rays in the upperFrom the point of view of neutrino oscillation phenomenol-
atmosphere—are being confirmed by experiments usinggy, the most relevant feature of these scenarios is that, in
“man-made” neutrinos from accelerators and nuclear reacyeneral, they imply a departure from tBe* energy depen-
tors[1]. _ _ _ . dence of the oscillation wavelengf8,19.

For atmospheric neutrinos, Super-Kamiokait8i#) high Prior to the highest-statistics SK data, some of these sce-
statistics d_a'_[a[-2,3] est_abhshed beyo.nd doubt_that the 0ob- yarios could provide a good description—alternative to?
served deficit in theu-like atmospheric events is due to the neytrino oscillations—of the atmospheric neutrino phenom-
neutrinos arriving in the detector at large zenith angles, and nojogy [20,21. However, with more precise data, and in
is best explained by, oscillations. This evidence was also particular with the expansion of the energy range covered by
confirmed by other atmospheric experiments such agtmospheric neutrino data due to the inclusion of the
MACRO [4] and Soudan 25]. . , __upward-going muons, these alternative scenarios became dis-

The KEK to Kamioka long-baseline neutrino oscillation fayored as leading mechanism to explain the observations
experiment (K2K) uses an accelerator-produced neutrinojpp_24. The results from K2K experiment further singled
beam mostly consisting of, with a mean energy of 1.3 oyt oscillations as the dominant mechanismvpf- v, tran-
GeV and a neutrino flight distance of 250 km to probe thesjtions[25].1
same oscillations that were explored with atmospheric neu- The question arises, however, to what point the possible
trinos. Their result§6] show that both the number of ob- presence of these forms of new physics, even if sub-
served neutrino events and the observed energy spectrum &gminant, may affect the derived ranges of masses and mix-
consistent with neutrino oscillations, with oscillation param-jng from the oscillation analysis of the atmospheric and K2K
eters consistent with the ones suggested by atmospheric neyata. Or in other words, to what level our present determina-
trinos. tion of the neutrino masses and mixing is robust under the

Oscillations are not the only possible mechanism for atpresence of phenomenologically allowed new physics ef-
mosphericv,— v flavor transitions. They can also be gen- facts.

erated by a variety of forms of nonstandard neutrino interac-
tions or properties. In general these alternative mechanisms———
share a common feature: they require the existence of anigecently[26] SK Collaboration has presented a reanalysis of the
interaction(other than the neutrino mass tepntisat can Mix g1 data in terms of the reconstructietE which allowed them to
slightly improve the discrimination between oscillations and alter-
native mechanisms. Unfortunately, to reproduce such analysis for
*Electronic address: concha@insti.physics.sunysb.edu the subdominant effects discussed here is not possible outside the
TElectronic address: maltoni@insti.physics.sunysb.edu collaboration.
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In this paper we address this question by performing &), to the local gravitational potentiab [8,9].> Phenom-
global analysis of the atmospheric and K2K data with  enology of neutrino oscillations induced or modified by VEP
— v, transitions driven by neutrino masses and mixing in thehas been widely studied in the literatJer].
presence of some generic forms of new physics. In particular In this case
we consider new physics interactions which are vector-like,
or tensor-like(scalar interactions cannot be distinguish from
oscillations. This allow us to treat, in a model independent ~ A81=2[¢|(v1—v2)=2[$[Ay, &=06g, a1 =0 .
way, effects due to the violation of the equivalence principle, )
violations of the Lorentz invariance both CPT conserving . . . .
and CPT violating, non-universal couplings to a torsion field™0r constant potentiap, this mechanism is phenomenologi-
and non-standard neutrino interactions in matter. In Sec. Ifally equivalent to the breakdown of Lorentz invariance in-
we present the formalism adopted and the data set used. fiticed by different asymptotic values of the velocity of the
Sec. Ill we show the results of our analysis. Conclusions ar@€Ulrinosp,#v,, with »; andw, being related tor, andv,
given in Sec. IV. The technical details of our new statisticalby @ rotationd, [13,14. In this case
analysis of the atmospheric data are described in the Appen-

dix. ASsi=(vi—vy)=dv, &=6,, o =0;. (4

[l. FORMALISM We denote by vector-like interactions those witks 0
which induce an energy independent contribution to the os-

. hich ind . fq >~*"  cillation wavelength. This may arise, for instance, from a
narios which induce new sources of lepton flavor mixing in,j_niversal coupling of the neutrinds,#k, (v, and v,

addition to the “Standardﬁ.mz oscillations @m?-0SQ. _We being related to the, andv, by a rotationdy), to a space-
concentrate on flavor mixing mechanisms for which the;m e torsion fieldQ [12], so

propagation of neutrinosK) and antineutrinos-) is gov-
erned by the following Hamiltoniafl 6]:

In what follows we consider some new physi{tdP) sce-

ASy=Q(k;—ky)=QdK, &=6q, og=0y. (5

UZ Violation of CPT due to Lorentz-violating effects also lead to
an energy independent contribution to the oscillation wave-
length[15-17 with

D ugn,+,7n(o 1)UTn,rvn’ (1) ) 7
" ASy=b,—by=8b, §&=bcpr, 09=—0, (6)

whereAm? is the mass-squared difference between the two ) o
neutrino mass eigenstates, accounts for a possible rela- Whereb; are the eigenvalues of the Lorentz violating CPT-
tive sign of the NP effects between neutrinos and antineutriodd operatorv{b%’y,vf and ¢, is the rotation angle be-
nos andA S, parametrizes the size of the NP terms. Thetween the corresponding neutrino eigenstates and the flavor
matricesU, andU, ., are given by: eigenstate$16].

In all these scenarios, if the NP strength is constant along
the neutrino trajectory, the expression R’);MH,,M takes the

cosfd  sind form [16]:
"\ —sine cosh)’
) 2
y - cosé, sing&,e™'"n @ PV#_,V#=1—PVM_,VT=1—sin22® sinz( E R (7)
fF | —sing.e”'  cosé, |’

where the correction to them?-OSC wavelengthR, and to
where we have also accounted for possible non-vanishinthe global mixing angle@®, verify
relative phasesy,. For concreteness we will focus on NP
effects which are induced by tensor-like and vector-like in-
teractions.

We denote by tensor-like interactions those withk 1
leading to a contribution to the oscillation wavelength which
grows linearly with the neutrino energy. For example, €. R sin 20 = |sin 20+ >, R,sin 2&,e |, 9)
can describe the evolution ef, andv,'s of different masses n
in the presence of violation of the equivalence principle
(VEP) due to non universal coupling of the neutrinog, 2VEP for massive neutrinos due to quantum effects discussed in
# v, (v1 and v, being related tov, and v, by a rotation  Ref.[10] can also be parametrized as Ef) with n=2.

R cos 20 =cos 260+ E R,cos 2, (8
n
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with R, being the ratio betweeAm?-induced and the NP- For P, 5 the same expressions hold with the exchange

induced contributions to the oscillation wavelength ot o and pa—— 7.

For the sake of simplicity, in what follows we concentrate

n
R,=o7 ASE E (10) in scenarios with one NP source characterized by a unique
"2 Am? In this case
. 1 2. . .
SinF20 = %(smzz 6+ R2sinf2£,+ 2R, sin 26 sin 2£,c0S7,,), (11
R=\1+ Rﬁ+ 2R, (c0s 20 cos 2£,,+ sin 20 sin 2£,C0S7,,). (12
|

In Fig. 1 we illustrate the effect of the presence of the NP (d") —mla<é<mld (14)

in the atmospheric neutrino events distributions for
Am?-OSC plus sub-dominant CPT-even tensor-like and

; - and use instead 1<sin 25,<1.
vector-like NP effects, for some characteristic values of the Finally we notice that the above derivation is valid for a

NP-parameters. In both casRg is a growing function o iven sign ofo . Keeping the convention akm?>0 and

and the NP effects become relevant in the higher energ : o N
samples, in particular for upward going muons. 5n_>0 the survival probability for the opposite sign can be
obtained by the exchange

In order to properly define the intervals of variation of the
five parameteram?, 6, AS,, &,, 7., We can take advan-
tage of the symmetries of the Hamiltoniésee also Ref28] sifg—1-sid and n,—7—7,. (19
for a very similar problem For a given value ofr, , from
the expression$l) and (2) we see that the Hamiltonian is  In addition, we also consider the special case of vector-
invariant under the following transformations: like NP due to non-standard neutrino-matter interactions

(NSI) [11,21]. In this case the effective Lagrangian describ-

60— 0+ T,

En—ént T, 1 w . x 3 9

Nn— n+ 2, E — Oscil(l:aFt,i_?ns 1 g

Am’——Am? and 6— 6+ /2, 09H -- :::;CPTZ;Z: . 0'9;

Ad,——A6S, and &,— &+ 72, 0.85— ] 08F

&n——§&, and n,— pyt . E 107k
0.7F . F

106k

Furthermore, the relevant survival probabilitilégﬁm and
0.5F

P, v, are not affected by a change in the overall sign of 06F _+_

SK sub-GeV ()]

v, —V
the Hamiltonian, as well as change in the global phase oOf its0.5 J—p i 04 T e i)
non-diagonal components. Therefore, we also have: [P . . — 1.4 : ;

0— 0+ 7/2 andé,— én+ w2, 05t {- i
0——6and¢é,— —¢&,, 08t = B
M= " "n- 0'7::____%._. = o ERs
The above set of symmetries allows us to define the rangeo.s - e I R

of variation of the five parameters as follows: 05EF | 4 081 7

5 : \ SK stop wi I . J §K thry (w1

(a) Am*>0, (c) 0<o<mn/2, 04108 06 04 02 0%67 08 06 04 02 0

(b) A5,=0, (d) 0=¢,<m/4, cos 0 cos 0
(e) Os=nm=m. (13 FIG. 1. Zenith-angle distributiongnormalized to the no-

. . oscillation prediction for the Super-Kamiokandex-like events.
Thus in the general case we cover the mixing parametefne 1| |ine gives the distribution for the best fit dfm?-0OSC,
space by using, for instance,<Ginfg<1 and O<sif2&,  Am?=2.2x10 3 eV? and siR6=0.5. The dashed and dotted lines
<1. give the distributions forAm?-OSC+NP scenarios fon=1 and
For the case of real relative phasg,={0,7}, one can n=0 with A5,=2.0x10"%* and A5,=4.2x 10 * GeV respec-
absorb the two values af, into the sign of¢,, . In this case tively. In both casesy=£=0 and the oscillation parameters have
we drop(e) and replacdd) by: been set to their best fit values.
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ing the evolution of thev,—v, system can be written as For the analysis of K2K we include the data on the nor-
[21,28 malization and shape of the spectrum of single-rindike
events as a function of the reconstructed neutrino ené&py
L2 e. We bin the data in five 0.5 GeV bins with <0E..
et e /2 < 2.5 GeV plus one bin containing all events above 2.5 GeV.
- " (16) Details of our analysis of the K2K data were presented in
Ref.[34] and will not be repeated here. Let us just comment
whereN¢(r) is the number density of the fermidralong the  that together with statistical uncertainties we also account for

pathF of the neutrinos propagating in the Earth, andand ~ the systematic uncertainties associated with the determina-
e!. parametrize the deviation from standard neutrino interaction of the neutrino energy spectrum in the near detector, the
tions: \/EGFNf(r)s+ is the forward scattering amplitude of model dependencg of the amount of nQE contamma_tlon, the
the FC procesy ,+f—wv.+f, and V2GgN¢(r)e’ is the near-far extrapolation and the overall flux normalization.

M Tl
difference between the +f and thev,+f elastic forward
scattering amplitudes. The corresponding amplitudes for an-

—&

Am?> (-1
H. Uy

0
=2 Yl 1) U+ ﬁGFme(

. . . ’ . . . 5 [rroT TTITT TTT1T A O B 10-23 TT T T TTTT TTTT TTTT
tineutrinos are given by ande’ . For simplicity we as- 5n=1cI T even ' ] ne1 CPT oven '
sume that the interactions for neutrinos and antineutrinos ar¢_, 4p ERRT
the same, which implies, =&’ =¢’ ande , =&* =¢. Thus :% a E
the NSI Hamiltonian contains three real parameters, which'e  f 1% 10%
can be chosen to be/, |¢| and arg€). NSI and their inter- o 2F =
play with the oscillations have also been studied in different < £ ERRT
contexts: among others, in relation to supernova neutrinos g | | | . | | |
[29], to the solar neutrino problef30], to the LSND results Q Pt 11%227, S
oscillation results[31], to neutrinoless double beta decay F'h-0 CPT odd T " 120 CPT odd A
[32], and to present and future laboratory neutrifi®3). — 4F 3 C ]

. Formally l%q.(16) Ean be seen as a special case of . 3 sE E E
with n=0, o, =—0, , and B F 3 ;
- NE 2;_ _; 102 —:
A So=2\2GeN(r)F ¥ E E
B p(F) | T N U B B L PR N R
54,58><1022(2—Yp)—Earm}‘GeV, 5 102 e
3g/en? £ n=0 GPT even . F n=0 CPT even E
4- — C ]
O 7 22| _
e el 3 ok ESa:
cog2¢)= — sin(2¢)= = n=arge), (17 o f 19 b J
(\lg 25_ _g ‘2 10_23 E_
8/2 1:— _: E ]
with -7::\/|8|2+T- obrttn A el
0 025 05 075 1 -1 05 0 05 1
sinze sin 2&

Technically the main difference is that NSI only affect the

evolution of neutrinos in the Earth, and their strength FIG. 2. Allowed parameter regions for the analysis of atmo-
changes along the neutrino trajectory. Consequently the flaspheric and K2K data in presence of— v, oscillations and dif-

vor transition probability cannot be simply read from Ef).  ferent NP effects as labeled in the figure. Each panel shows a two-
and its evaluation requires the numerical solution of the neugimensional projection of the allowed five-dimensional region after

trino evolution in the Eartf’] matter. In our calculations we Usemgarginalization with respect to the three undisplayed parameters.
PREM [35] for the Earth’s density profile and a chemical e gifferent contours correspond to the two-dimensional allowed

composition with proton-nucleon ratia/,=0.497 in the regions at 90%, 95%, 99% andr3C.L. The filled areas in the left
mantle and 0.468 in the core. In what follows for the sake Of, 55015 show the projected two-dimensional allowed region on the

concreteness we set our normalization on these parametecgci”ation parameters&mz—sinze plane. The best fit point is

by considering that the relevant neutrino interaction in themarked with a star. For the sake of comparison we also show the

Earth occur.s only with down-type qua”fs' . lines corresponding to the contours in the absence of new physics
Concerning the data s_amples _used in the qna'ySI& for aling mark with a triangle the position of the best fit point. The
mospheric neutrinos we include in our analysis all the conyegyits are shown for the chosen relative sigh=+1; for o

tained events as well as the upward-going neutrino-induced — 1 tne corresponding region would be obtained by2&inl
muon fluxes from the latest 1489 SK data $8f This  _sir2e. The regions on the right panels show the allowed values for
amounts for a total of 55 data points. Details of our newthe parameters characterizing the strength and mixing of the NP.
statistical analysis, introduced here for the first time, are preThe full regions corresponds to arbitrary values of the phase
sented in the Appendix. while the lines correspond to the casge {0,7}.
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5_.... i T 1005,,., 0 I e e e e e e e e 20_|||| TIT T[T T T[T I T T [grTT] 20_ LELELRLLLL BN 7 ALLLL BN
— 4 f— —f L 15 a E 15 - E
E J| & N B N i
- 1| 210'F E ] g ]
© 3 F - + F o~ L 4 « L B
o s F F10- 4 F10p B
= b = el N ] u ]
| = ] 10° ¢ 5 - 5 — Hyg complex -
< B 2 E E : S H, real [e50]]
F 3 C F B r F: - = H,real [e<0]
o_l 111 I 1111 | 1111 | 11117 10‘3 ey | LGPy | 1 I 1111 0 IIIIIIIII Illllllllll on.;-“rl* .2| S -1| S
0 025 05 075 1 -1 05 0 05 1 o 1 2 3 4 5 10 10 10 10°
sin” 20 sin 28 = || / F 20 Am* [10° eV¥] 20 lel
. E 3 [ — H, complex 77 ]
FIG. 3. Same as Fig. 2 for the casedm?-OSC+NSI. st E . - H":f::pex 7 E
lll. RESULTS AND DISCUSSION o, f 1 e f ]
o ERR Y E
We now describe the results of oy analysis of the r ] sE .
standardA m?>-OSC+NP scenarios. As discussed in the pre- E h r .
vious section the analysis contains five parameters?, 6, pb it NA L ool
AS,, &, andy, (ore’, |e| and argg) for NSI). Our results 0 02 .0;”29 075 1 10° 107 " w0 1
sin €’

are summarized in Figs. 2, 3, 4 and 5, where we show dif-

ferent projections of the allowed 5-dimensional parameter g 5 Dependence af y2 on the oscillation parametersm?

Space. _ _ o sifd and on the NP strength parameters for the case of
In Figs. 2 and 3 we plot two-dimensional projections of A m2.0sc+NsI.

the allowed parameter region for the analysis of atmospheric

and K2K data in presence of,— v, oscillations and differ-

ent NP effects parametrized in the form Ed). The corre- The regions on the right panels of Figs. 2 and 3 show the
sponding results for the case of NSI are presented in Fig. 3e}llowe(_j yalues for the parameters c_:haractenzmg the strength
The regions in each panel are obtained after marginalizatioA"d mixing of the NP. The full regions correspond to arbi-
of x2 with respect to the three undisplayed parameters anfary values of the relative phasg, (or equivalently to com-
they are defined at 90%, 95%, 99% and 8L for 2 DOF  plex e parameter for the NSI capwhile the lines show the
(Ax?=4.61, 5.99, 9.21 and 11.83, respectively results for real relative phasg, € {0,7} (which for NSI cor-

The left panels in Figs. 2 and 3 show the projection of theresponds tce real and either positive or negative, respec-
allowed region on the oscillation parametetsn’-sirfd tively). For this second case we show the allowed region for
plane. The best fit point is marked with a star. For the sake of-1<sin 25,<1 where for o, =+1 the sector with—1
comparison we also show the lines corresponding to the con<sin 24,<0 and 0O<sin 25,<1 correspond toy,== and
tours of the allowed regions for puem?-OSC and mark 7.=0, respectively, while the opposite holds fef = —1.
with a triangle the position of the best fit point. The resultsAs discussed in the previous section, for the case of arbitrary
are shown for the chosen relative sign,=+1. For phasey, the full mixing parameter space can be covered by

oy =—1 the corresponding region would be obtained by0=¢,< /4, which translates into the symmetry of the al-
Sinf6— 1—sir?é. lowed region around,=0.
15 _I TTT TTT TTT I'j | | I_ _I TT lll T T T I TTT TTT TT I_ _IIIIIIl T IIIIIIII T IIIIIII| I'l T IIIIII| T III!EII' i
L | g 4 L A 4 L|-=-- n=0CPTodd || L
L : 4L 1_\ 4L n=0 CPT even |, [
L i 1L 1 J L[|~ n=1CPTeven 'l [
10k ; 1L % ] —— Oscillations | i ]
- : 4+ 1 4k ! L
E L 4 F 3 4+ ! e
N_© 1 1
= - 1F 1F .t
C 1L i 1t ':' i
5 4 p - i
. 1t b\ 1L | i
1 I:

i 1L 1L | [
L 4k 4k ] 1! 4
L / 1L 1L S / i

0 111l | 111 L1 I | A 111 | 111 1 I 111 | 111 murqﬁmj}:'zjn:nl-igu il
0 025 05 075 10 1 2 3 4 5 5% 405 0% 102 102

sin’e Am? [10° eV AS [GeV'™]

FIG. 4. Dependence df x2 on the oscillation parametersm?, sir?g and on the NP strength parametes,, for different NP scenarios.
The full line corresponds to pure,— v, Am?-0OSC. The dashed, dotted and dot-dashed lines correspond to diffen@R©OSC+NP
scenarios as labeled in the figure. The figure is showrrfor + 1. As described in the previous section the results holdrfpe — 1 with
the exchange sf#—1—sir?d [see discussion around E@5)]. The individual 3 bounds in Table | can be read from the corresponding

panel with the conditiom y?><9.
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TABLE I. Individual 30 ranges(with 1 DOP) for the oscillation parameterAm? and sifé for the
different oscillation plus NP scenarios and ®ound on the NP strength parameters. The allowed range of
sirfe corresponds tar, =+1. For o) =—1 the corresponding range would be obtained byésinl

—sirfo.
Am?-0SC Am?-OSC+NP
n=1 CPT-even n=0 CPT-even n=0 CPT-odd NSI
Am? [1073 eV?] 1.4-3.6 1.3-3.6 1.2-3.7 1.2-3.6 1.3-3.6
Sirtg 0.33-0.67 0.33-0.68 0.33-0.71 0.33-0.68 0.33-0.67
AS, [GeV'tY — <1.6x10° % <6.3x10° % <5.0x10" % F=<0.035

Several comments are in order. First, from the figures wellustrate the robustness of the allowed ranges of mass and
see that the best fit point for the gloh&m?-OSC+NP sce-  mixing derived from the analysis of atmospheric and K2K
narios is always very near the best fit point of puredata under the presence of these generic NP effects. Fourth

Am?2-0SC the analysis allow us to derive well-defined upper bounds on
5 2o the NP strength.
Amg=2.2}10°° eV?  siffpes=0.5. (18 From Fig. 2 we see that the bounds on the NP strength

parameterA &, tightens for larger values of,, being this
In other words, the data does not show any evidence of pregffect stronger for NP effects leading to sub-dominant oscil-
ence of NP even as a sub-dominant effect. Second, in agregitions with stronger energy dependence. In particular, for
ment with SK analysi$2], we find that with the inclusion of n=1 the bound om &, for sirf2¢,=1 is a factor~50 stron-
the three-dimensional atmospheric fluxes and improved crosger than that foi,=0, while forn=0 the variation of the
sections as well as with the reanalyzed data points from SKhound onA &, with &, is at most a factor- 3. This behavior
the best fit point and corresponding allowed regions from thean be qualitatively understood by studying the modification
atmospheri¢-K2K neutrino analysis is shifted to slightly of the oscillation probability at the best fit point of oscilla-
lower values ofAm? compared to our previous analysis cor- tions, Amz..=2.2xX 10 % eV? and sif26,.=1, due to NP
responding to the same data §&84]. Third, the figures effects:

i pA MNP pAm? s 1+ 2R, ,SiN 26,087, + R SiP2£, SINP( hp\1+ 2R, pSin 2£,C0S 7+ R2. )
= —- = a —
pam” Y 142R,sin2£,c087,+R2, 1—sirte,
(19

where ¢,=2.8(L/10° km)(GeV/E) is the Am? oscillation  figure also illustrates that imposing that the Hamiltonian is

phase at the best fit point andR,,=0.91 real does not substantially affect these conclusions.

X 10°%A 6,/GeVE™ ") (E/GeV)" "1 is the ratio of NP to the The same arguments apply to the results for NSl in Fig. 3.

standard oscillation contributions evaluated at the best fith particular one sees that, as expected, the results for NSI

point of oscillations. are very similar to those derived for tile=0 CPT-odd sce-
From Eq.(19) we find that as long ag, is small the nario with the identification in Eq.(17), (Apng)~7

dependence oAP on R, (and consequently oA s,) is  X10 ?°F GeV.

stronger for larger values dfsin 2|, which explains the More quantitative conclusions on the robustness of the
tightening of the bound on §,,. This behavior was found in derived ranges for the oscillation parameters and on the
Ref.[22] for the case witm=1. bounds on the NP strength can be obtained from Figs. 4 and

However, it is worth noticing that the characteristic value5 where we plot the marginalizeiiy? as a function of the
of ¢, for which NP effects are relevant dependswsince as  oscillation parametersAmZ and sifg, and of the NP
n increases the effect becomes important only for higher valstrength parameters, for different NP scenarios as labeled in
ues ofE (see Fig. 1L As a consequence, the characterigtic  the figures.
for n=0 is larger than fon=1. Numerical inspection of Eq. In Table | we list the 3 allowed ranges fohm? and
(19) also shows that the variation of the dependencABf  sir’d. We read that the derived ranges are robust under the
on R, , with sin 2&, decreases agy, increases. This explains presence of these generic forms of NP whose only effect is
the milder dependence of the bound &4, with the mixing  slightly enlarging the allowed range afm? by <15%, and
angle sin Z, for n=0 as compared with the=1 case. The the lower bound on sf26 by <7% at the 3 level. We have
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verified that these conclusions hold for other scenarios chaphysics interactions affect the neutrino evolution together

acterized by different values of with the standard\m?-mixing effect.

In terms of specific forms of NP the bounds &, imply We have concluded that the data does not show any evi-
that ATM+K2K limit the possible VLI in thev,—v, sector  dence of these new physics effects even at the sub-dominant
via CPT-even effects to level. As a consequence the derived range of oscillation pa-

rameters is robust under the presence of those unknown ef-
|6v|=8.1x107%° (1.6X10*) (200 fects. The quantification of this statement is shown in Figs. 4

and 5 and in Table I, from which we read that inclusion of
these new physics effects can at most enlarge the allowed
|pAy|<4.0x10"% (8.0x 10~ (21)  range ofAm? by =15% and relax the lower bound on &4
by =7% at the 3r level.
at 90% (3r), improving by a factor 8 the previous derived = From the analysis we have also derived upper bounds on
limits in these scenarid?2]. We also find that in the’,—v,  the strength of the new physics effects in the-v, sector.

and the possible VEP is constrained to

the VLI via CPT-odd effects is constrained to In particular we show in Eqg20) and(22) the bound on the
s s possible violation of Lorentz Invariance via CPT-even and
|6b[<3.2x10"% (5.0x10 %) GeV (22 CPT-odd effects in the neutrino evolution respectively. The

constraint on the violation of the equivalence principle
E{VEP) due to non-universal coupling of the neutrinos to
gravitational potential is given in Eg21), while bounds on
non-universal couplings of the neutrino to a torsion field are
displayed in Eq(23). The constraints on non-standard neu-
trino interactions with matter are shown in Eg@4).

at 90% (3r). These bounds are three orders of magnitud

stronger than the approximate limit derived in Bargégl.

[17] from considering the effects in downgoing atmospheric

neutrinos. They are consistent with the estimate in Rif]

for the expected sensitivity in upward going muons.
Non-universality of the neutrino couplings to a torsion

field verify
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APPENDIX A: STATISTICAL TREATMENT

|e']=<0.0290.052 (Hyg real), OF ATMOSPHERIC DATA
|e|=<0.0130.02]) We summarize here our updated statistical analysis of the
atmospheric data. For convenience we have adoptepthe
|e’'|<0.0340.060 (Hyg compleX method used previously by the SK Collaboratisee for

(24)  instance Refd.37,3§ for details on their latest analygiand

e by the Bari groug25,39. There are however some technical
where the upper limits correspond to the case of real NSl angditferences which we describe next.

the lower ones to the general case of compieXhese limits ~ The pasic idea of the pull method consists in parametriz-

complement and update the previously derived bounds ifhg the systematic errors and the theoretical uncertainties in

Refs.[28,36. , o terms of a set of variablel;}, calledpulls, which are then
Finally we have estimated the sensitivity of a future at-yeated on the same footing as the other parameters of the

mospheric neutrino experiment to these NP effects. In ordeg,oqel. Thex? function can be decomposed into the sum of
to do so we have simulated the expected signal in a SK-likg,q parts:

detector with 20 times the present SK statistics and same
systematics. Assuming that no deviations from the expecta-
tions fromAm?-OSC are observed, we find that the sensitiv-

ity can be extended by a factor 2—3 with respect to the - .
bounds in Eqs(20)—(24). where w denotes the parameters of the moggl,, is the

usual term describing the deviation of the experimental re-
sults from their theoretical predictions, and the extra term
XSuns provides proper penalties to account for deviations of
In this work we have studied the robustness of our preserthe systematics and the theoretical inputs from their nominal
determination of the neutrino masses and mixing from thevalue. It is convenient to define the pulls in such a way that
analysis of the atmospheric and K2K data under the presender each source of systematics or theoretical inghe value
of some new physics effects in theg,—v, sector. In particu-  §=0 corresponds to the “expected value” reported by the
lar, we have performed a global analysis to atmospheric andollaboration or predicted by the theory, aéd =1 corre-
K2K data for scenarios where vector-like or tensor-like newsponds to a & deviation.

X2(0,6) = Xbad .8+ Xouid €), (A1)

IV. CONCLUSIONS
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For the Super-Kamiokande experimeqf,(£) can be It is easy to prove39] that under the approximatioh4)
properly written as a positive quadratic functiongt The  EQ. (Al) is mathematically equivalent to the usual covari-
interpretations of the pulls is particularly transparent if the@nce definition of the’® which we employed before in Refs.
sources of uncertainties are selected to be independent b34,41. Thus the small difference in the results are not due

each other. In this case the pulls are uncorrelated and tH€ the different statistical treatment, but to differences either
expression o2 is very simple: in the input parameters or in the updated values used for the
pulls .

systematic and theoretical uncertainties.
Furthermore within the present precision one can safely

X;2;u||s( &)= 2 . (A2)  neglect the dependence of, on the neutrino parameteis
: With this approximation, we can write:

In its original formulation, the set of pulls selected by 2
Super-Kamiokand¢37] did not verify this condition and a 55 | R™(w)
correlation matrix between the selected pulisovided by 207\ — i 2
SK collaboration from their MC simulationhad to be in- X (@) min =
cluded. In our analysis, however, we have identified the ¢
dominant independent sources of systematic uncertainties in
SK analysis, and we use them as the basis for our pulls. We 18
have characterized the theoretical and systematic uncertain- +E giz (A5)
ties in terms of 18 independent sources of error: 4 to param- =1
etrize the theoretical uncertainties associated to the atmo-

spheric' quxes(whiqh we Qescribg in Sep. Al6 for the_ where we have introduced the functionXZ(LS)
theoretical uncertainties in the interaction cross sections . - .
(given in Sec. A2 and 8 sources of experimental systematic m'n{fi}xz (). Itis cIea.r from Eq(A5) t.hat in the pr.es.ent
errors(described in Sec. A3To the point to which the com- approach the systematic and theoretical uncertainties are
parison is possible, this seems close to the approach followegPmpletely characterized by the set of quantifies}, which
by Super-Kamiokande in their latest analyk3$§]. describe the strength of the “coupling” between the pgll

The form of x2,.,depends on the expected distribution of and the observablgy .
the experimental results. Under the standard approximation In the rest of this section we will discuss in detail how we
of Gaussian distribution, we have: have parametrized and taken into account the various sources

of uncertainty and list the derived values far!}.

ex
Rn

1+2 7T:1§|

stat
On

. R%(a,&) - RY|?
Xead ©.5=2 (T

n

(A3) 1. Flux uncertainties

Flux uncertainties are theoretical uncertainties arising

th (oex i ; from our limited knowledge of the atmospheric neutrino
whereRy' (Ry) is the ratio between the expectebserved fluxes. Following Refs[37,38 we have parametrized them

number of events and the theoretical Monte Carlo for the

. gflux flux flux flux
case of no oscillations. Note that the dependencglgfon " ©MS c;f. four pfl;."s.'fnt"”i“’ gt”tl' L (’jat.‘o ?_ng)lszlnim- The
both the parameters and the pulls is entirely through corrftleusxp(?n NG COCTICISTS, are Isiec In 1avie o
RS B In th I b ond E ol i norm IS the pull associated to the total normalization error,
n(w,§). n the pull approachy an éEp ay a very similar  \\hich we set twﬂt‘,ﬁm= 20% [40].
role, and in principle should be treated in the same way. gflux

) . i 1S a “tilt” factor which parametrizes possible devia-
However, for the Super-Kamiokande experiment the bound§1Ons of the energy dependence of the atmospheric fluxes

on £ implied by x5, are in general significantly stronger from the simple power law. Following Refg37,38, we de-
than those implied by(éata, and it is therefore a good ap- fine:

proximation to retain the dependence)ﬁgtaon £ only to the £\0
lowest orders. This is done by expandiRfj(w, £) in powers (D&(E):q)o(E)(_) ~®do(E)
of & up to the first order: Eo

1+ 6ln s
"Eo

(A6)

18

1+ 2, m(w)§

and assume an uncertainty on the factpwr s=5% [37,39.
Also in analogy with Refs[37,38 we have choserk,

Ry(0,6)~Ri(w) .
=2 GeV. We then calculate numerically the coefficient$

RN o) —R"(,0) as foIonvs: we pompute the expected number of events for a
n nLn given binN,, using® s(E) for the central value o and for
where e - IRM w,&) 5+ a5 and obtain the corresponding coupling" as the
Ry (o) (o) =" relative change irN,. The results reported in the second

£-0 column of Table Il are obtained neglecting the effect of os-
(A4) cillations. However we have verified that when the depen-
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TABLE II. Coupling factorsar,, of the flux pullsghex | &l £l and ¢l with the various observables.
When the notationu(,,v,) is used(second and third column for contained eventise first number refer to

e-like events and the second tolike events.

Sample Bin hoim &' fato Eponitn
1 20% (—1.44~-1.11)X5% (—2.5%,+2.5%) —0.9x5%
2 20% (—=1.43~-1.11)X5% (—2.5%,+2.5%) —0.7X5%
3 20% (—1.42~1.11)X5% (—2.5%,+2.5%) —0.5X5%
4 20% (—1.42~1.10)X5% (—2.5%,+2.5%) —0.3X5%
sub-GeV 5 20% £1.42~-1.10)x5% (—2.5%,+2.5%) —0.1X5%
(e,p) 6 20% (—1.42~1.10)X5% (—2.5% +2.5%) +0.1X5%
7 20% (—1.42~1.10)X5% (—2.5% ,+2.5%) +0.3X5%
8 20% (—1.43~-1.10)X5% (—2.5% ,+2.5%) +0.5X5%
9 20% (—1.44~1.10)X5% (—2.5% ,+2.5%) +0.7X5%
10 20% (—1.46-1.10)x5% (—2.5% ,+2.5%) +0.9x5%
1 20% (+0.35;+0.91)X5% (—2.5%,+2.5%) —0.9x5%
2 20% (+0.38,+0.92)x5% (—2.5%,+2.5%) —0.7X5%
3 20% (+0.42;+0.94)x 5% (—2.5%,+2.5%) —0.5%X5%
4 20% (+0.49,+0.98)x 5% (—2.5%,+2.5%) —0.3Xx5%
multi-GeV 5 20% (+0.56,+1.04)xX5% (—2.5%,+2.5%) —0.1X5%
(e,u) 6 20% (+0.56,+1.04)x5% (—2.5%,+2.5%) +0.1X5%
7 20% (+0.49,+0.98)x 5% (—2.5%,+2.5%) +0.3X5%
8 20% (+0.43+0.95)x 5% (—2.5%,+2.5%) +0.5X5%
9 20% (+0.39,+0.93)xX 5% (—2.5%,+2.5%) +0.7X5%
10 20% (+0.354+0.90)x5% (—2.5%,+2.5%) +0.9x5%
1 20% +1.75X5% — —0.9x5%
stopping 2 20% +1.72X5% — —0.7X5%
n events 3 20% +1.73x5% — —0.5X5%
4 20% +1.76X5% — —0.3X5%
5 20% +1.84X5% — —0.1X5%
1 20% +4.64X5% — —0.95x5%
2 20% +4.34<X5% — —0.85x5%
3 20% +4.48<5% — —0.75x5%
4 20% +4.43<5% — —0.65<5%
thrugoing 5 20% +4.68x5% — —0.55x5%
M events 6 20% +4.62X5% — —0.45X5%
7 20% +4.61X5% — —0.35x5%
8 20% +4.96X5% — —0.25X5%
9 20% +5.01x5% — —0.15x5%
10 20% +5.22X5% — —0.05x5%

dence of ther™ on the neutrino oscillation parameters is €vents which we conservatively take to be 5%. In R&T7]

properly taken into account we find very similar results. ~ the assumed up-down uncertainty was sm&le5%) and a
flux separate zenith-pull was introduced for the horizontal-to-

raio Parametrizes the uncertainty on the, /v, ratio, ‘ . i o c al-t
which is assumed to be,,c=5% [37,38,40 and following vertical ratio uncertainty of 2%. We have verified that within
the present precision both parametrizations of the uncertain-

Ref.[37] we assign a coupling/®= — 7¢= ¢ /2. ne t . 11 paraimetti. et
fIEx | 9 Pingr,, ° el nt_les in the zenith angle distribution give very similar results.

zenithdescribes the uncertainty on the zenith angle depe
dence, which we assume energy independent. As in[Béf.
we parametrize the coupling for this pull for the birof a
given sample asr®""=5% (cos#),. This means that this Cross section uncertainties are theoretical uncertainties
uncertainty can induce an error in the up-down asymmetry oéssociated to our ignorance on the neutrino interaction cross

2. Cross-section uncertainties
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TABLE IIl. Coupling factorsw, of the cross-section pullsls,,, ¢35 ghm gl | &PIS and ¢S with

the various observables. The couplings are the same for all the bins in a given data sample.

Sam p le § Sc!zrm ggtzio ﬁgrm E-a‘[{io Eclfm rDaltiso
sub-GeVe 11.3% —0.19% 3.2% —0.10% 0.5% —0.01%
sub-GeVu 11.3% +0.19% 3.2% +0.11% 0.5% +0.01%
multi-GeV e 6.1% —0.20% 5.0% —0.13% 3.9% —0.49%
multi-GeV u 2.1% +0.07% 5.2% +0.14% 7.7% +0.98%
stoppingu 2.3% — 1.4% — 7.5% —
thrugoing u 0.5% — 0.2% — 9.6% —

section. In our calculation we follow the standard approactevents, and it is much smaller than the total normalization

and consider separately the contributions to the interactioancertainty. The numbers listed in Table Il are obtained

cross section from the exclusive channels of lower multiplic-from Ref.[37].

ity: quasi-elastic scatterin@E), and single pion production

(17r), and include all additional channels as part of the deep

inelastic(DIS) cross sectiorfalso refer to as multi-pion We ) o _

neglect for simplicity coherent scattering on oxygen and Thg systematlcs_ uncertainties of the Super-Kamiokande

neutral-current interactions, which contribute only margin-€xperiment are derived from Tables 9.2, 9.3, 9.4 and 9.5 of

ally to the considered data samples. Ref. [37]. We include in our calculations the following
We assume that each of these three contributions to theources of systematié¢see Table IV

cross sections are subject to different sources of uncertainties &pbaroniS the pull for the uncertainty associated with the

which allow to consider the corresponding pulls as indepensimulation of hadronic interactions;

dent. For each type of neutrino interactions we introduce two fzy/i is the pull for the errors in the particle identification

pullsé:E . oS procedure;
&rorm: €norm: €norm d€scribe the total normalization erors. ¢ ig the pull for the uncertainty coming from the ring-

We conservatively assumeg(‘)?rff 15% and crgg;fmz 15%.  counting procedure;

For the normalization error of the DIS cross section we es- Y3 is the pull for the uncertainty in the fiducial volume

timateo, D'°=15% for contained events anf2'>=10% for  determination;

upward-going muons from the spread of theoretical predic- &% is the pull for the uncertainty in the energy calibra-
tions arising from the use of different sets of nucleon struc+tion:

ture functions. The relevant coefficiemisin are listed in &S mis the pull for the relative normalization between
Table Ill. They are obtained computing the relative change irpartially-contained and fully-contained events.
the number of expected events in a given data sample arising £5, is the pull for the uncertainty in the track reconstruc-

' rack
from the use of eithew; or o+ 0"} for each of the three tion of upgoing muons;

contributions to the cross section. &apeerr 1S the pull for the uncertainty in the detection effi-
£ glm . €DS parametrize the uncertainty of the ciency of upgoing muons and the stopping-thrugoing separa-

g, lo v ratios. This error is relevant only for contained tion.
w, i,

3. Systematic uncertainties

TABLE IV. Coupling factors of the systematics puliiiion £5e: Enngr Ervolr E8calr EpCamr ERCIPCH

Ennex @nd E37° With the various observables. The coefficients are the same for all the bins in a given data

sample.

Sample &Rbaron &l &iing &0l (2 ECpc  fuaek  Eupef
sub-GeVe -025% —-11% —-0.75% -03% —0.4% — — —
sub-GeVpu +0.25% +1.1% +0.75% +0.3% +0.4% — — —
multi-GeV e -050% —-16% —275% -05% —0.4% — — —
multi-GeV u +1.10% +1.6% +540% +14% +2.0% 2.85% — —
stoppingu — — +0.30% +0.7%  +0.3% — 6.4% 1.4%
thrugoing u — — +0.30% +0.7%  +0.3% — 1.4% 1.0%
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