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Super-Kamiokande
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Phase Period Fiducial vol. 
(kton)
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PMTs

Energy 
thr.(MeV)

SK-I 1996.4 ~ 2001.7
22.5
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(40%) 4.5

SK-II 2002.10 ~ 2005.10 5182 
(20%) 6.5

SK-III 2006.7 ~ 2008.8 22.5 (>5.5MeV) 
13.3 (<5.5MeV) 11129 

(40%)

4.5

SK-IV 2008.9 ~
22.5 (>5.5MeV) 
16.5 (4.5<E<5.5) 
 8.9 (<4.5MeV)

3.5

Kamioka mine Japan

ID

OD

(coverage) (Kin. energy)

Running and improvements over 20 years!
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Super-Kamiokande
SN ν @ G.C. 

Solar ν 

Atmospheric ν 

MeV GeV TeV 

Astrophysical ν ? 

T2K ν 

Relic SN ν 

Multi-purpose detector
• Neutrino observation 
with wide energy range 
(from MeV to 100PeV) 
Solar, Supernova, 
Atmospheric, Accelerator, 
etc. 
• Proton decay search 
• Dark matter search 
    etc..



Solar neutrinos
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Solar neutrinos

Solar neutrino energy spectrum
Serenelli, Haxton, Pena-Garay 

ApJ, 743, 24 (2011)
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Solar neutrino observation in SK

✓Find solar direction 
✓Realtime measurements 
- day-night flux differences 
- seasonal variation 
✓Energy spectrum

ν+ e- → ν+ e-Typical event 

ID

OD

vertex 55cm hit timing
direction 23deg. hit pattern
energy 14% # of hits.

Detector performance
resolution (10 MeV)

~ 6 hits/MeV 
well calibrated by LINAC and DT 
within 0.5% precision

information

neutrino-electron elastic scattering

Ee = 8.6 MeV (kin.) 
cosθsun = 0.95
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Motivation of the measurement
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• Submitted to arXiv:1606.07538 (SK-IV 1664days) 
• Lowering trigger threshold in May 2015. Efficiency 
in the lowest energy bin (3.5-4.0MeV kinetic) is 
~99% from 84%. It makes systematic error of this 
energy bin reduced. 

• Data set (SK-IV : 2365days, SK-I~IV : 5200days) 
• Solar neutrino flux, Yearly flux to see any 
correlation with solar activity, Day/Night flux 
asymmetry, Energy spectrum, Oscillation analysis.

Recent updates
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Observed solar neutrino signal

SK I ~ IV combined 5200 days
: Data
: Best fit
: Background

~84k signal events 
are extracted

8B flux : 2.355 ± 0.033 [106/cm2/s] 
Data/MC : 0.4486 ± 0.0062

Preliminary

Consistent among different periods

Observed flux in each 
SK experimental phase
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Yearly neutrino flux
Preliminary

SK-I

SK-II

SK-III

SK-IV
8B flux vs sun spot
No correlation with 11 years 
solar activity is observed

χ2=15.52/19 (dof) 
Prob. = 68.9%

Solar neutrino rate measurement in SK is fully consistent 
with a constant solar neutrino flux emitted by the Sun

Sun spot number : http://www.sidc.be/silso/datafiles 
Source: WDC-SILSO, Royal Observatory of Belgium, 
Brussels

http://www.sidc.be/silso/datafiles
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Day-Night flux differences
Preliminary

Amplitude fit
SK-I -2.0±1.8±1.0%
SK-II -4.4±3.8±1.0%
SK-III -4.2±2.7±0.7%
SK-IV -3.6±1.6±0.6%

combined -3.3±1.0±0.5%
non-zero 
significance 3.0σ

Assuming the expected time variation as a function of 
cosθz like below, amplitude of ADN was fitted.

Earth

θz
Sun

Δm221=4.84x10-5 eV2 
sin2θ12=0.311 
sin2θ13=0.025
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SK-I,II,III,IV best fit

expected

1σ KamLAND1σ Solar

SK-IV is 1664 days 
arXiv 1606.07538

1σ
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Recoil electron spectrum
Preliminary
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Recoil electron spectrum
Preliminary

(total # of bins of SKI - IV is 83, dof 80) χ2
Solar+KamLAND 76.60
Solar global 73.86
quadratic fit 72.33

All SK phase are combined without regard to 
energy resolution or systematics in this figure

MSW is slightly disfavored by ~2.0σ using 
the Solar+KamLAND best fit parameters,

(statistic error only)
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Allowed survival probability
Pee(E�) = c0 + c1

�
E�

MeV
� 10

�
+ c2

�
E�

MeV
� 10

�2

Preliminary

SK

Solar+KamLAND
sin2θ12=0.308 
Δm221=7.49x10-5eV2

Solar
sin2θ12=0.308 
Δm221=4.84x10-5eV2

SNO

✓SK and SNO is complementary shape constraints 
✓MSW is consistent at 1σ
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Data set for global solar analysis
✓SK: 

- SK-I 1496 days, spectrum 4.5-19.5 MeV(kin.)+D/N:Ekin>4.5 MeV  
- SK-II 791 days, spectrum 6.5-19.5 MeV(kin.)+D/N: Ekin>7.0 MeV 
- SK-III 548 days, spectrum 4.0-19.5 MeV(kin.)+D/N: Ekin>4.5 MeV 
- SK-IV 2365 days, spectrum 3.5-19.5 MeV(kin.)+D/N (1664days): Ekin>4.5 MeV 

✓SNO: 
- Parameterized analysis (c0, c1, c2, a0, a1) of all SNO phased. (PRC88, 025501 

(2013)) 
    (Note: the same method is applied to both SK and SNO with a0 and a1 to LMA expectation.) 

✓Radiochemical: Cl, Ga 
- Ga rate: 66.1±3.1 SNU (All Ga global) (PRC80, 015807 (2009)) 
- Cl rate: 2.56±0.23 SNU(Astrophys. J.496, 505 (1998) ) 

✓Borexino: Latest 
7
Be flux (PRL 107, 141302 (2011)) 

✓KamLAND reactor : Latest (3-flavor) analysis (PRD88, 3, 033001 (2013)) 
✓

8
B spectrum: Winter 2006 (PRC73, 73, 025503 (2006)) 

✓
8
B and hep flux free, if not mentioned.

The most up-to-date data are used
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SK I - IV combined

✓SK favors LMA solution > 3σ 
✓~2σ tension with KamLAND in Δm221

The unit of Δm221 
is 10-5 eV2

Preliminary

SK

KamLAND
SK+KamLAND

PRD88, 3,033001 (2013)

sin2 ✓12 = 0.316+0.034
�0.026

sin2 ✓12 = 0.337+0.027
�0.023

�m2
21 = 4.74+1.40

�0.80

sin2θ13=0.0219±0.0014
8B flux is constraint by SNO NC data

sin ✓212 = 0.326+0.022
�0.019

�m2
21 = 7.50+0.19

�0.17

�m2
21 = 7.54+0.19

�0.18



Sep. 5-10, 2016 NOW2016 18

Solar global
Preliminary

KamLAND
Solar+KamLAND

Solid : solar global 
Dashed : SK+SNO

✓Same ~2σ tension 
with KamLAND in 
Δm221

The unit of Δm221 
is 10-5 eV2

sin2θ13=0.0219±0.0014

�m2
21 = 4.84+1.26

�0.60

sin2 ✓12 = 0.316+0.034
�0.026

�m2
21 = 7.54+0.19

�0.18

�m2
21 = 7.49+0.19

�0.18

sin ✓212 = 0.308± 0.012

sin ✓212 = 0.308± 0.014



Atmospheric neutrino 
oscillations
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Atmospheric neutrinos
Cosmic ray (p,He,...) 

L=10~20 km 
π±, K± 

µ± 

νµ#
e± 

νµ#

SK 

νe 

νµ#
νe 

L~ up to13000 km 

Cosmic rays strike air nuclei and 
the decay of the out-going 
hadrons gives neutrinos.

✓Flux measurement by SK (arXiv:1510.08127) 
✓Model calculation is consistent with data.
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Atmospheric neutrino observation

Parent neutrino spectrum in SK

Event topologies
Fully-contained 

single ring multi ring 

e-like 

µ-like 

Partially-contained 

Upward-going muon 

stop through 

8Super-K Atmospheric n Event Topologies 
Fully Contained (FC)

Upward-going Muons (Up-µ) 

Par,ally Contained (PC)

 Average energies 
� FC: ~1 GeV  , PC: ~10 GeV,  UpMu:~ 100 GeV
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3 flavor neutrino oscillation analysis
•Consider all the sub-leading effects (Δm221, matter) 
•Matter effect on θ13 resolves mass hierarchy 
•Δm221 resolves octant θ23 
• Interference is sensitive to δCP
νe flux ratio with/w.o. oscillation

More%e%for%
θ23<π/2�

More e for π<δCP<2π�

ν!through!the!Earth!
Resonance!conversion!
MH/octant!sensi4ve�

neutrino anti-neutrino
normal enhanced suppressed
inverted suppressed enhanced

νe sample 
  Multi-GeV e-like 
  Multi-ring e-like

νe sample 
  Multi-GeV e-like 
  Multi-ring e-like

Multi-Ring 
other

Statistically separation based on 
- number of decay electrons 
- number of rings 
- transvers momentum

For mass hierarchy

Ze
ni
th
 a
ng
le
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• Data set 
• SK-IV : 2519.9 days, SK-I~IV : 0.33Mtyr 
• PMT gain correction 
• MC 
• Honda 11 (500yrs for each SK phase) 
• Neutrino interaction (NEUT) 
• Detector simulation  
• Systematic error -> MC related, detector systematics

Recent updates



4

Standard: Analysis Data Update (SK-I+II+III+SK-IV [2519 days] )
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Parameter determination (only SK)

Inverted
Normal

Preliminary

δCPsin2θ23

|Δm232| 
|Δm213|

Fit (517 dof) χ2 sin2θ13 δCP sin2θ23 |Δm232|eV2

SK (IH) 576.08 0.0219 (fix) 4.189 0.575 2.5x10-3

SK (NH) 571.74 0.0219 (fix) 4.189 0.587 2.5x10-3

✓Δχ2=χ2NH-χ2IH=-4.3 (-3.1 expected) 
✓Probability for IH is 0.031 (sin2θ23=0.6) and 0.007 (sin2θ23=0.4), 
while for NH is 0.45 (sin2θ23=0.6)



Sep. 5-10, 2016 NOW2016 26

Mass hierarchy sensitivity sample
Preliminary
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Parameter determination (SK+T2K)
Inverted
Normal

Preliminary

δCPsin2θ23

|Δm232| 
|Δm213|

Fit (585 dof) χ2 sin2θ13 δCP sin2θ23 |Δm232|eV2

SK+T2K (IH) 644.82 0.0219 (fix) 4.538 0.55 2.5x10-3

SK+T2K (NH) 639.61 0.0219 (fix) 4.887 0.55 2.4x10-3

✓Δχ2=χ2NH-χ2IH=-5.2                                                          
(-3.8 expected for SK best, -3.1 for combined best) 
✓Probability for IH is 0.024 (sin2θ23=0.6) and 0.001 (sin2θ23=0.4), 
while for NH is 0.43 (sin2θ23=0.6)
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τ appearance update

τ

 ντ

 multi ring 

 decay-e 

Hard to identify event by event 
but can be statistically seen

Search for events consistent with 
hadronic decays of tau lepton 
using neural network method

SK-I - IV combined

τ fraction is found to be 1.42±0.32, 
which is 4.6σ from 0. 

Assuming NH expected at 1 is 3.3σ

Multi-ring e-like sample

Preliminary

data=PDF(BG)+α x PDF(τ)+Σεi x PDFi

PDF of i-th sys. error shifting by 1σ
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MH sensitivity using τ
In the resonance region, ντCC causes BG with a large uncertainty 
(~25% for xsec). A better sensitivity on mass hierarchy using τ 
neural net with optimized binning is expected.
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Sterile neutrino oscillations
IV. STERILE NEUTRINO PHENOMENOLOGY

The neutrino oscillation probabilities in this analysis are
based on the framework developed in [60]. With N addi-
tional sterile neutrinos, the Pontecorvo–Maki–Nakagawa–
Sakata (PMNS) mixing matrix [61,62] must be expanded to
a ð3þ NÞ × ð3þ NÞ matrix:

U ¼

0

BBBBBBB@

Ue1 Ue2 Ue3 Ue4 % % %
Uμ1 Uμ2 Uμ3 Uμ4 % % %
Uτ1 Uτ2 Uτ3 Uτ4 % % %
Us1 Us2 Us3 Us4 % % %

..

. ..
. ..

. ..
. . .

.

1

CCCCCCCA

: ð4:1Þ

This larger mixing matrix then appears in the completely
generic 3þ N Hamiltonian,

H ¼ UMð3þNÞU† þ Ve þ Vs: ð4:2Þ

The matrix Mð3þNÞ is the neutrino mass matrix,

Mð3þNÞ ¼ 1

2E
diagð0;Δm2

21;…;Δm2
ð3þNÞ1Þ; ð4:3Þ

which also depends on the neutrino energy E. Ve and Vs
are the potentials experienced by the electron and sterile
neutrinos respectively,

Ve ¼ &ðGF=
ffiffiffi
2

p
Þdiagð2Ne; 0;…Þ ð4:4Þ

Vs ¼ &ðGF=
ffiffiffi
2

p
Þdiagð0; 0; 0; Nn; Nn;…Þ ð4:5Þ

which depend on Fermi’s constant, GF, and the average
electron and neutron densities along the neutrino path, Ne

TABLE II. Summary of the atmospheric neutrino data and simulated event samples. The oscillated MC has been calculated assuming
three-flavor mixing with Δm2

32 ¼ 2.51 × 10−3 eV2, Δm2
21 ¼ 7.46 × 10−5 eV2, sin2ðθ12Þ ¼ 0.305, sin2ð2θ13Þ ¼ 0.095, sin2ðθ23Þ ¼

0.514 [3,15,45]. Visible energy is defined as the energy of an electron required to produce all the Cherenkov light seen in the event. The
distribution of 0-, 1-, and 2-decay electron μ-like subsamples changes significantly in SK-IV compared to earlier periods due to the
improved decay-e tagging efficiency of the upgraded electronics. The fraction of UP-μ events classified as showering in the SK-IV data
is large relative to SK-I due to the slow increase in the gain of the PMTs over time.

Energy bins cos θz bins

SK-I SK-II SK-III SK-IV

Data MC Data MC Data MC Data MC

Fully contained (FC) sub-GeV
e-like, single ring
0 decay-e 5e& momentum 10 in ½−1; 1( 2987 2975.2 1573 1549.1 1091 1052.2 3074 3126.0
1 decay-e 5e& momentum 301 310.5 172 170.3 118 108.8 402 333.8

μ-like, single ring
0 decay-e 5μ& momentum 10 in ½−1; 1( 1025 974.1 561 534.5 336 338.1 583 592.8
1 decay-e 5μ& momentum 10 in ½−1; 1( 2012 2042.1 1037 1068.4 742 735.0 2767 2741.2
2 decay-e 5μ& momentum 147 145.4 86 76.7 61 60.7 245 255.0

π0-like
Single ring 5e& momentum 181 183.6 111 109.1 59 60.7 194 167.7
Two-ring 5π0 momentum 493 492.4 251 265.8 171 175.3 548 546.3

Fully contained (FC) multi-GeV

Single ring

νe-like 4e& momentum 10 in ½−1; 1( 191 170.3 79 82.4 68 59.8 238 221.3
ν̄e-like 4e& momentum 10 in ½−1; 1( 665 664.4 317 338.2 206 230.3 626 641.3
μ-like 2μ& momentum 10 in ½−1; 1( 712 730.5 400 384.1 238 250.5 788 794.4

Multiring
νe-like 3 visible energy 10 in ½−1; 1( 216 222.2 143 138.3 65 77.3 269 267.5
ν̄e-like 3 visible energy 10 in ½−1; 1( 227 224.3 134 132.4 80 76.9 275 264.8
μ-like 4 visible energy 10 in ½−1; 1( 603 596.4 337 328.7 228 219.6 694 705.3

Partially contained (PC)

Stopping 2 visible energy 10 in ½−1; 1( 143 144.4 77 73.2 54 55.4 188 187.9
Through-going 4 visible energy 10 in ½−1; 1( 759 777.3 350 370.1 290 306.0 919 948.4

Upward-going muons (UP-μ)

Stopping 3 visible energy 10 in ½−1; 0( 432 444.7 206 216.2 194 172.1 416 417.1
Through-going
Nonshowering 10 in ½−1; 0( 1564 1532.4 726 741.4 613 569.5 1467 1435.8
Showering 10 in ½−1; 0( 272 325.0 110 117.1 110 142.7 446 393.1

LIMITS ON STERILE NEUTRINO MIXING USING … PHYSICAL REVIEW D 91, 052019 (2015)

052019-5

Phys. Rev D91, 052019 (2015)

Sterile neutrino searches at SK 
are independent of the Δm2 and 
the number of sterile neutrinos.

MNS Sterile

20
Sterile Neutrino Oscilla�ons in Atmospheric Neutrinos

 Sterile Neutrino searches at SK are 

independent of the sterile Dm2 and the 

number sterile neutrinos 
� 3+1 and 3+N models have the same 

signatures in atmospheric neutrinos
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s
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value of these choices have negligibly small effects on this
analysis.

A. No-νe analysis

As described in Sec. IVA, the analysis with the no-νe
approximation fits both jUμ4j2 and jUτ4j2. Since it does not
include normal νe matter effects it is systematically biased
towards smaller jUμ4j2 values than the CC matter effect fit.
The fit is performed on a two-dimensional grid of 200
points, 50 points in jUμ4j2 distributed logarithmically
between 10−3 and 10−1 and 40 points in jUτ4j2 distributed
linearly between 0 and 0.4.
The best fit is at jUμ4j2 ¼ 0.012 and jUτ4j2 ¼ 0.021 with

χ2min ¼ 531.1 over 480 bins (goodness-of-fit p ¼ 0.05).
Figure 4 show the zenith angle distributions for the
subsamples most sensitive to the jUτ4j2 parameter and
an example of what a large sterile contribution would look

like. The Δχ2 to the no-sterile prediction is 1.1, consistent
with no sterile neutrinos at the 1σ level with two degrees
of freedom. We limit jUτ4j2 to less than 0.18 at 90% and
less than 0.23 at 99%. These limits are independent of the
new Δm2 above 0.1 eV2 (see Appendix B 3). The contours
in jUτ4j2 vs jUμ4j2 can be seen in Fig. 5. The jUμ4j2 best fit
point and limit are discussed in the next section in the
analysis which focuses on that parameter.

B. Sterile vacuum analysis

The analysis with the sterile vacuum approximation fits
only jUμ4j2, the term which drives fast oscillations, creating
extra disappearance at all energies and zenith angles in all
μ-like samples. The fit is performed on a one-dimensional
grid of 200 points distributed logarithmically between 10−3

and 10−1. The best fit is at jUμ4j2 ¼ 0.016 with χ2min ¼
532.1 over 480 bins (goodness-of-fit p ¼ 0.05). No sterile
oscillations is slightly disfavored by Δχ2 ¼ 1.1.
Figure 6 shows the best fit from this analysis in several

μ-like samples which closely matches the prediction with-
out sterile neutrinos (the ratio is approximately unity across
all bins). In fact, there is no net difference in χ2 between the
best fit point and the prediction without sterile neutrinos
looking just at the difference between the data and the
prediction in each bin. All of the difference in χ2 at the best
fit come from the reduction in the systematic penalty term
from introducing a nonzero jUμ4j2. The dashed line in
Fig. 6 shows the prediction with the best fit sterile
parameter, but without separately minimizing the system-
atic uncertainties. It shows the effect of a nonzero jUμ4j2 in
isolation: it lowers the normalization in the μ-like samples
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FIG. 4 (color online). Zenith angle distributions summed across
SK-I through SK-IVof the PC through-going and UP-μ stopping
subsamples shown for the data (black points with statistical
error bars), the MC prediction without sterile neutrinos (black
solid line), and the MC prediction with a large (approximately 5σ
sensitivity) sterile signal of jUτ4j2 ¼ 0.31. Both MC predictions
are shown after fitting the systematic uncertainties to the data.
These two subsamples are shown because they contain the 10’s of
GeV neutrinos most sensitive to the sterile matter effect. The
prediction with a sterile component shows an up-turn for the most
up-going events which corresponds to the distortion of the
oscillogram shown in Fig. 2(b).
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FIG. 5. The 90% and 99% upper limits on jUτ4j2 vs jUμ4j2 from
the no-νe fit are shown by the solid and dashed lines, respectively.
The best fit point is marked by a black dot. The light gray region
is excluded at 90% and the dark gray region is disallowed by
unitarity.
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Search for GW coincident event

•Submitted to arXiv 1608.08745. 
• ±500sec time window for solar, supernova and 
atmospheric neutrino sample. (3.5MeV ~100PeV) 

• Four candidates for GW150914 and no 
candidate for GW151226 are found. Remaining 
events are consistent with background 
expectation. 

• Fluence limits are calculated from these results.

Preliminary
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Super-K Gd
Inverse beta decay

νe!

e+!

p 
n 

γ#

γ#p 

Gd 

(2.2MeV)

~8MeV

Dissolve Gadolinium into Super-K 
J.Beacom and M.Vagins, 

 Phys.Rev.Lett.93(2004)171101

Delayed coincidence
1.

2.

3.

TIME AXIS

z = 0

"

"

z = 1

z = 5

We need information 
concerning...

WE ARE 

HERE.

2. Formulation and Models
How to Calculate the SRN Flux

S.Ando

First observation of neutrinos 
emitted from past supernovae
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Super-K Gd

On June 27, 2015, the Super-Kamiokande collaboration approved 
the SK-Gd project which will enhance neutrino detectability by 
dissolving gadolinium in the Super-K water. 
T2K and SK will jointly develop a protocol to make the decision 
about when to trigger the SK-Gd project, taking into account the 
needs of both experiments, including preparation for the 
refurbishment of the SK tank and readiness of the SK-Gd project, 
and the T2K schedule including the J-PARC MR power upgrade. 
Given the currently anticipated schedules, the expected time of 
the refurbishment is 2018.

SK and T2K Joint Statement on SK-Gd on Jan. 30, 2016
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Summary
•Solar neutrinos 
•Δm2 from SK spectrum and D/N data has more 2σ 
tension with KamLAND data. 

• Yearly plot of 8B neutrino flux observed in SK is 
consistent with constant. 

• Atmospheric neutrinos 
•Mass hierarchy : preference to NH 
Δχ

2
=χ

2
(NH)-χ

2
(IH)=-4.3(SK), -5.2(SK+T2K) 

• Tau neutrino appearance : significance of signal 4.6σ
SK keep running with continuous improvements to obtain 
more and better data, and hope new physics in future!
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Spectrum predicted by non-standard models
Sterile neutrino

Holanda and Smirnov, 
Phys.Rev.D69(2004)113002. 
(hep-ph/0307266) 

Friedland, Lunardini, Pena-Garay 
PLB594(2004)347(hep-ph/0402266) 

Non-standard interaction

Miranda, Tortola and Valle, JHEP 0610:008,2006. 
(hep-ph/0406280) 

MaVaN

Barger, Huber and Marfatia, 
Phys.Rev.Lett.95:211802,2005 
(hep-ph/0502196) 

Unparticle
Gonzalez-
Garcia,Holanda,Zukano
vich ,Funchal, JCAP 
0806:019,2008.  
(hep-ph/0803.1180) 
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Non-standard interactions
Preliminary

Modifying the Hamiltonian in the matter potential

NSI parameterization 

Hmat =
p
2GFne

0

@
1 + ✏ee ✏⇤eµ ✏⇤e⌧
✏eµ ✏µµ ✏⇤µ⌧
✏e⌧ ✏µ⌧ ✏⌧⌧

1

A

✏f11 = ✏fee � ✏f⌧⌧ sin
2 ✓23 ✏f12 = �2✏fe⌧ sin ✓23

Apply NSI interactions of solar ν with d-quake in matter 

✏f1j =
X

f=u,d,e

✏f1jnf/ne (where j=1,2)

Friendland, Lunardini and Pena_Garay 
Phys. Lett. B594:347, 2004

90%$
95%$$
99%$
3σ$

90%$
95%$$
99%$
3σ$SK I-IV

SK + SNO
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Sterile neutrino oscillations
Phys. Rev D91, 052019 (2015)

by approximately 3%. By introducing this normalization
change with the sterile oscillation parameter, several sys-
tematic error parameters can be moved closer to their
nominal values, reducing the χ2 penalty term. The reduction

is concentrated in three systematic errors: the ðνμþν̄μÞ=
ðνeþν̄eÞ ratio in the atmospheric flux below 1GeVand from
1–10 GeV as well as the charged-current quasielastic
(CCQE) νμ=νe cross-section ratio, summarized in Table III.
All three of these systematic errors relate to the relative

normalization between the μ-like subsamples, which have
sterile oscillations, and the e-like subsamples, which do
not. These two flux systematics specifically affect the low-
energy subsamples and the CCQE interaction mode is
dominant at lower energies, so it affects the same sub-
samples. The flux uncertainty is calculated as part of the
neutrino flux model, which uses direct muon flux mea-
surements plus simulations of hadronic interactions in the
atmosphere constrained by hadron production experiments
[58]. The uncertainty is between 2% and 3% in size at these
energies. The CCQE cross-section uncertainty comes from
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FIG. 6 (color online). Ratios to the MC prediction without
sterile neutrinos, binned in zenith angle and summed across SK-I
through SK-IV, for three μ-like subsamples at low (FC sub-GeV),
medium (FC multi-GeV), and high energies (though-going UP-
μ). The prediction without sterile neutrinos has been fit to the data
using the systematic uncertainties. The black points represent the
data with statistical error bars and the solid red line shows the MC
prediction with the best fit for sterile neutrinos (jUμ4j2 ¼ 0.016),
including the best fit systematic uncertainties. In all the samples it
lines up close to unity, meaning the prediction is nearly identical
to the prediction without sterile neutrinos. The dashed red line
shows the MC prediction with the same sterile component
(jUμ4j2 ¼ 0.016), but now with the same systematic uncertainty
parameters as the denominator, showing the effect of just the
sterile oscillations: the normalization is shifted downward by
approximately 3% in every μ-like sample.

TABLE III. The best fit pull values, shown for both no sterile
neutrinos and the best fit point from the sterile vacuum analysis,
of the systematics which change the most between those two
points. The values at the best sterile fit are all significantly smaller
than the values assuming no sterile neutrinos, reducing the χ2

penalty term.

Systematic uncertainty No steriles (σ) Best fit (σ)

ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ, < 1 GeV −0.49 −0.13
ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ, 1–10 GeV −0.50 −0.09
CCQE νμ=νe 0.36 0.01
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FIG. 7. The 90% and 99% upper limits on jUμ4j2 from the
sterile vacuum fit to Super-K is shown in the solid and dashed and
vertical lines, respectively. The gray filled region is excluded at
90%. This analysis is not sensitive to Δm2, but the experiments
who also measure jUμ4j2 are, so here the one-dimensional Super-
K result is shown in two dimensions. The dotted line is the 90%
limit placed by the joint analysis of MiniBooNE and SciBooNE
[35] and the dot-dashed line is the 90% limit placed by the CCFR
experiment [34].
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Hydrogen earth approximation
Turn off the sterile matter effect

by approximately 3%. By introducing this normalization
change with the sterile oscillation parameter, several sys-
tematic error parameters can be moved closer to their
nominal values, reducing the χ2 penalty term. The reduction

is concentrated in three systematic errors: the ðνμþν̄μÞ=
ðνeþν̄eÞ ratio in the atmospheric flux below 1GeVand from
1–10 GeV as well as the charged-current quasielastic
(CCQE) νμ=νe cross-section ratio, summarized in Table III.
All three of these systematic errors relate to the relative

normalization between the μ-like subsamples, which have
sterile oscillations, and the e-like subsamples, which do
not. These two flux systematics specifically affect the low-
energy subsamples and the CCQE interaction mode is
dominant at lower energies, so it affects the same sub-
samples. The flux uncertainty is calculated as part of the
neutrino flux model, which uses direct muon flux mea-
surements plus simulations of hadronic interactions in the
atmosphere constrained by hadron production experiments
[58]. The uncertainty is between 2% and 3% in size at these
energies. The CCQE cross-section uncertainty comes from
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FIG. 6 (color online). Ratios to the MC prediction without
sterile neutrinos, binned in zenith angle and summed across SK-I
through SK-IV, for three μ-like subsamples at low (FC sub-GeV),
medium (FC multi-GeV), and high energies (though-going UP-
μ). The prediction without sterile neutrinos has been fit to the data
using the systematic uncertainties. The black points represent the
data with statistical error bars and the solid red line shows the MC
prediction with the best fit for sterile neutrinos (jUμ4j2 ¼ 0.016),
including the best fit systematic uncertainties. In all the samples it
lines up close to unity, meaning the prediction is nearly identical
to the prediction without sterile neutrinos. The dashed red line
shows the MC prediction with the same sterile component
(jUμ4j2 ¼ 0.016), but now with the same systematic uncertainty
parameters as the denominator, showing the effect of just the
sterile oscillations: the normalization is shifted downward by
approximately 3% in every μ-like sample.

TABLE III. The best fit pull values, shown for both no sterile
neutrinos and the best fit point from the sterile vacuum analysis,
of the systematics which change the most between those two
points. The values at the best sterile fit are all significantly smaller
than the values assuming no sterile neutrinos, reducing the χ2

penalty term.

Systematic uncertainty No steriles (σ) Best fit (σ)

ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ, < 1 GeV −0.49 −0.13
ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ, 1–10 GeV −0.50 −0.09
CCQE νμ=νe 0.36 0.01
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FIG. 7. The 90% and 99% upper limits on jUμ4j2 from the
sterile vacuum fit to Super-K is shown in the solid and dashed and
vertical lines, respectively. The gray filled region is excluded at
90%. This analysis is not sensitive to Δm2, but the experiments
who also measure jUμ4j2 are, so here the one-dimensional Super-
K result is shown in two dimensions. The dotted line is the 90%
limit placed by the joint analysis of MiniBooNE and SciBooNE
[35] and the dot-dashed line is the 90% limit placed by the CCFR
experiment [34].
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by approximately 3%. By introducing this normalization
change with the sterile oscillation parameter, several sys-
tematic error parameters can be moved closer to their
nominal values, reducing the χ2 penalty term. The reduction

is concentrated in three systematic errors: the ðνμþν̄μÞ=
ðνeþν̄eÞ ratio in the atmospheric flux below 1GeVand from
1–10 GeV as well as the charged-current quasielastic
(CCQE) νμ=νe cross-section ratio, summarized in Table III.
All three of these systematic errors relate to the relative

normalization between the μ-like subsamples, which have
sterile oscillations, and the e-like subsamples, which do
not. These two flux systematics specifically affect the low-
energy subsamples and the CCQE interaction mode is
dominant at lower energies, so it affects the same sub-
samples. The flux uncertainty is calculated as part of the
neutrino flux model, which uses direct muon flux mea-
surements plus simulations of hadronic interactions in the
atmosphere constrained by hadron production experiments
[58]. The uncertainty is between 2% and 3% in size at these
energies. The CCQE cross-section uncertainty comes from
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FIG. 6 (color online). Ratios to the MC prediction without
sterile neutrinos, binned in zenith angle and summed across SK-I
through SK-IV, for three μ-like subsamples at low (FC sub-GeV),
medium (FC multi-GeV), and high energies (though-going UP-
μ). The prediction without sterile neutrinos has been fit to the data
using the systematic uncertainties. The black points represent the
data with statistical error bars and the solid red line shows the MC
prediction with the best fit for sterile neutrinos (jUμ4j2 ¼ 0.016),
including the best fit systematic uncertainties. In all the samples it
lines up close to unity, meaning the prediction is nearly identical
to the prediction without sterile neutrinos. The dashed red line
shows the MC prediction with the same sterile component
(jUμ4j2 ¼ 0.016), but now with the same systematic uncertainty
parameters as the denominator, showing the effect of just the
sterile oscillations: the normalization is shifted downward by
approximately 3% in every μ-like sample.

TABLE III. The best fit pull values, shown for both no sterile
neutrinos and the best fit point from the sterile vacuum analysis,
of the systematics which change the most between those two
points. The values at the best sterile fit are all significantly smaller
than the values assuming no sterile neutrinos, reducing the χ2

penalty term.

Systematic uncertainty No steriles (σ) Best fit (σ)

ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ, < 1 GeV −0.49 −0.13
ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ, 1–10 GeV −0.50 −0.09
CCQE νμ=νe 0.36 0.01
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FIG. 7. The 90% and 99% upper limits on jUμ4j2 from the
sterile vacuum fit to Super-K is shown in the solid and dashed and
vertical lines, respectively. The gray filled region is excluded at
90%. This analysis is not sensitive to Δm2, but the experiments
who also measure jUμ4j2 are, so here the one-dimensional Super-
K result is shown in two dimensions. The dotted line is the 90%
limit placed by the joint analysis of MiniBooNE and SciBooNE
[35] and the dot-dashed line is the 90% limit placed by the CCFR
experiment [34].
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by approximately 3%. By introducing this normalization
change with the sterile oscillation parameter, several sys-
tematic error parameters can be moved closer to their
nominal values, reducing the χ2 penalty term. The reduction

is concentrated in three systematic errors: the ðνμþν̄μÞ=
ðνeþν̄eÞ ratio in the atmospheric flux below 1GeVand from
1–10 GeV as well as the charged-current quasielastic
(CCQE) νμ=νe cross-section ratio, summarized in Table III.
All three of these systematic errors relate to the relative

normalization between the μ-like subsamples, which have
sterile oscillations, and the e-like subsamples, which do
not. These two flux systematics specifically affect the low-
energy subsamples and the CCQE interaction mode is
dominant at lower energies, so it affects the same sub-
samples. The flux uncertainty is calculated as part of the
neutrino flux model, which uses direct muon flux mea-
surements plus simulations of hadronic interactions in the
atmosphere constrained by hadron production experiments
[58]. The uncertainty is between 2% and 3% in size at these
energies. The CCQE cross-section uncertainty comes from
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FIG. 6 (color online). Ratios to the MC prediction without
sterile neutrinos, binned in zenith angle and summed across SK-I
through SK-IV, for three μ-like subsamples at low (FC sub-GeV),
medium (FC multi-GeV), and high energies (though-going UP-
μ). The prediction without sterile neutrinos has been fit to the data
using the systematic uncertainties. The black points represent the
data with statistical error bars and the solid red line shows the MC
prediction with the best fit for sterile neutrinos (jUμ4j2 ¼ 0.016),
including the best fit systematic uncertainties. In all the samples it
lines up close to unity, meaning the prediction is nearly identical
to the prediction without sterile neutrinos. The dashed red line
shows the MC prediction with the same sterile component
(jUμ4j2 ¼ 0.016), but now with the same systematic uncertainty
parameters as the denominator, showing the effect of just the
sterile oscillations: the normalization is shifted downward by
approximately 3% in every μ-like sample.

TABLE III. The best fit pull values, shown for both no sterile
neutrinos and the best fit point from the sterile vacuum analysis,
of the systematics which change the most between those two
points. The values at the best sterile fit are all significantly smaller
than the values assuming no sterile neutrinos, reducing the χ2

penalty term.

Systematic uncertainty No steriles (σ) Best fit (σ)

ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ, < 1 GeV −0.49 −0.13
ðνμ þ ν̄μÞ=ðνe þ ν̄eÞ, 1–10 GeV −0.50 −0.09
CCQE νμ=νe 0.36 0.01
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FIG. 7. The 90% and 99% upper limits on jUμ4j2 from the
sterile vacuum fit to Super-K is shown in the solid and dashed and
vertical lines, respectively. The gray filled region is excluded at
90%. This analysis is not sensitive to Δm2, but the experiments
who also measure jUμ4j2 are, so here the one-dimensional Super-
K result is shown in two dimensions. The dotted line is the 90%
limit placed by the joint analysis of MiniBooNE and SciBooNE
[35] and the dot-dashed line is the 90% limit placed by the CCFR
experiment [34].
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Test of Lorentz Invariance
Phys. Rev D91, 052003 (2015)

Adding LV term, HLV, to the neutrino Hamiltonian

energies. The up-going muon events (UP-μ ) that enter the
detector having deposited some of their energy in the
surrounding rock beforehand are the highest energy
sample. This sample only contains up-going events to
avoid the overwhelming background of down-going cos-
mic ray muons. While the energy of the muons cannot be
determined event by event, the highest-energy muons will
shower inside the detector and can be identified using the
method described in [49].
We then further bin the data using observables correlated

with L and E. Instead of path length, we bin the data in
zenith angle, cos θz, defined as the angle between the event
direction and the downward vertical direction. The neu-
trinos with the shortest path lengths are downward-going
(cos θz near 1) and the neutrinos with the longest path
lengths are upward-going (cos θz near −1). The simulation
which predicts the number of neutrino events in each bin
includes a distribution of neutrino production heights based
on a model of the atmosphere described in more detail in
[50]. This range of production heights introduces a smear-
ing of the oscillation probability for a given zenith angle for
downward-going and horizontal events but is negligible
for upward-going events which cross most of the Earth. For
events with one visible Cherenkov ring, we bin in momen-
tum, which is reconstructed using the total amount of light
with a 70° cone, and then refined using templates from
simulation. For multiring events, partially contained events,
and stopping UP-μ events, we bin in visible energy, defined
as the energy of an electron that would produce the same
total amount of light seen in the detector. The data are
divided into a total of 480 bins for each run period, which
are then combined across run periods before fitting. The
binning is chosen so that enough events are expected in
each bin for the fit to be stable. The binning scheme is
largely the same as that used for the standard three-flavor
oscillation analysis [51], with some upgrades described
in [52].
The various data samples and the SK-I through SK-IV

data used in this analysis are described in detail in [52],
the event generator, Monte Carlo simulation (MC), and
reconstruction are described in [50], and recent improve-
ments are described in [53].

II. LORENTZ VIOLATION IN NEUTRINO
OSCILLATIONS

In the SME, Lorentz violation is included with neutrino
oscillations by adding an LV term, HLV, to the standard
neutrino Hamiltonian,

H ¼ UMU† þ Ve þHLV; ð2:1Þ

where U is the Pontecorvo–Maki–Nakagawa–Sakata mix-
ing (PMNS) matrix [54], M is the neutrino mass matrix,

M ¼ 1

2E

0

B@
0 0 0

0 Δm2
21 0

0 0 Δm2
31

1

CA; ð2:2Þ

and Ve is the electron potential which introduces matter
effects [48],

Ve ¼ %
ffiffiffi
2

p
GF

0

B@
Ne 0 0

0 0 0

0 0 0

1

CA; ð2:3Þ

where GF is the Fermi constant and Ne is the average
electron density along the neutrino’s path, calculated using
the four-layer Primary Reference Earth Model (PREM) of
the density profile of the Earth [55].
The Lorentz-violating Hamiltonian, HLV, has many

possible terms with complex coefficients summarized
in Table I, broadly categorized as isotropic or directional.
While in principle atmospheric neutrinos are sensitive to
the sidereal variations induced by the directional terms
[26], in this analysis we focus only on the isotropic terms
which introduce spectral variations which oscillate depend-
ing on L and LE (as opposed to the L=E dependence of
standard oscillations [56]). The diagonal elements of HLV
have also been neglected since they cannot be observed in
oscillations, giving

HLV ¼

0

B@
0 aTeμ aTeτ

ðaTeμÞ& 0 aTμτ
ðaTeτÞ& ðaTμτÞ& 0

1

CA

−
4E
3

0

B@

0 cTTeμ cTTeτ
ðcTTeμ Þ& 0 cTTμτ
ðcTTeτ Þ& ðcTTμτ Þ& 0

1

CA ð2:4Þ

TABLE I. Lorentz-violating coefficients and their properties.
The last row includes all possible combinations of X; Y; Z,
and T except TT. d refers to the dimension of the operator.
α and β range over the neutrino flavors, e, μ, and τ. The X, Y,
and Z indicate coefficients which introduce effects in a
particular direction in a Lorentz-violating preferred reference
frame. The T and TT terms are not associated with any
direction and thus introduce isotropic distortions in the oscil-
lation pattern.

Coefficient Unit d CPT Oscillation effect

Isotropic

aTαβ GeV 3 Odd ∝ L

cTTαβ … 4 Even ∝ LE

Directional

aXαβ; a
Y
αβ; a

Z
αβ GeV 3 Odd Sidereal variation

cXXαβ ; c
YZ
αβ ;… … 4 Even Sidereal variation
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0

@
0 aTeµ aTe⌧

(aTeµ)
⇤ 0 aTµ⌧

(aTe⌧ )
⇤ (aTµ⌧ )

⇤ 0

1

A� 4E

3

0

@
0 cTT

eµ cTTe⌧

(cTT
eµ )⇤ 0 cTT

µ⌧

(cTT
e⌧ )⇤ (cTT

µ⌧ )⇤ 0

1

A

aTαβ : dim=3 induces oscillation effects~L 
cTTαβ : dim=4 induces oscillation effects~LxE

for neutrinos. For antineutrinos, the aT parameters go to
−ðaTÞ# and the cTT parameters go to ðcTTÞ#, which is
equivalent to ReðaTÞ→−ReðaTÞ and ImðcTTÞ→−ImðcTTÞ.
A common approach in neutrino oscillation experi-

ments is to treat HLV as a small perturbation δh on the
standard model Hamiltonian [27] and calculate the lowest
order nonzero variations in the oscillation probability
(first order when standard oscillations are present, second
order when they are not, such as at short baselines). The
sensitivity of Super-K to this model was evaluated [29].
However, for this approach to be valid the perturbation
must be small, defined as jδhj ≪ 1=L. If we take the
condition as jδhj < 10% × ð1=LÞ, then more than 30% of
the events in SK fail this perturbative condition for
aT ¼ 5 × 10−24 GeV, resulting in unphysical oscillation
probabilities greater than one and less than zero. Since
the events failing the condition belong to the samples
most sensitive to Lorentz-violation effects, this model
was deemed inappropriate for the Super-K atmospheric
neutrino analysis. Instead, we use an exact diagonalization
of H which produces bounded oscillation probabilities in
Super-K samples for all values of the Lorentz-violating
coefficients, shown in detail in Appendix A. The accu-
racy of this calculation was ensured by confirming that
the oscillation probabilities from the full diagonalization
matched the standard three-flavor oscillation calculation
used in SK (based on [57]) and the perturbative calcu-
lations for parameter values that were valid in the
perturbative scheme.
Figure 1 shows examples of the νμ survival probability vs

energy and path length for the aT and cTT parameters in the
μτ sector. Standard oscillations appear as lines of constant
L=E, which have slope one on these log-log plots. The aTμτ
and aTeμ coefficients create oscillation patterns in νμ dis-
appearance that depend only on length. These oscillations
will appear as horizontal lines, which can be seen in
Fig. 1(b) at high energies where there are no L=E
oscillations. The distance (or equivalently cos θz) at which
the LV oscillation begin is set by the value of aT . The cTTμτ
and cTTeμ coefficients introduce LE oscillations which will
appear as lines with slope minus one, which can be seen at
high energies in Fig. 1(c). The value of cTT controls the
energy the new oscillations begin at.
The samples most sensitive to the high-energy μτ

signatures are the UP-μ samples. Figure 2 shows the
zenith-angle distributions of the three UP-μ data samples,
as ratios relative to standard oscillations, compared with
the MC predictions corresponding aTμτ ¼ 10−22 GeV and
cTTμτ ¼ 7.5 × 10−23 (the same as the examples in Fig. 1).
The length-only oscillations from aTμτ appear as large,
zenith-dependent oscillations in the nonshowering and
showering UP-μ samples since cos θz is monotonically
(though not linearly) related to distance. The fast oscil-
lations at high energy from cTTμτ create significant extra νμ

disappearance at all cos θz’s in the same through-going
samples.
Plots of the νμ survival probabilities and the νμ → νe

oscillation probabilities for all the aT and cTT parameters
can be seen in Appendix B and the zenith distributions of
all the samples compared with the data can be seen in
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FIG. 1 (color online). The νμ → νμ oscillation probabilities,
plotted in path length vs neutrino energy. (a) Standard oscillations
appear as lines of constant L=E which have slope 1 on this log-
log scale. Standard three-flavor oscillations are concentrated in
the upper-left portion in all three oscillograms, corresponding to
low energy and long distance. (b) The aTμτ coefficient introduces
oscillations proportional to L, which appear as horizontal lines
(constant L) at high energies. (c) The cTTμτ coefficient introduces
LE oscillations which appear as lines with slope minus one.
Oscillograms for all sectors, as well as the μ → e probabilities are
shown in Appendix B.

K. ABE et al. PHYSICAL REVIEW D 91, 052003 (2015)

052003-4

Appendix C. Both aTeμ and cTTeμ behave much like their μτ
counterpart in the highest energy samples, but also intro-
duce some smaller but significant changes in the lower
energy e-like and μ-like samples that would allow the
effects of the two sectors to be distinguished from one
another. The aTeτ and cTTeτ terms, on the other hand, behave
quite differently from the other sectors: they reduce or
eliminate L=E oscillations that should otherwise occur
at medium and higher energies. So, instead of extra νμ
disappearance there is less. They also enhance the νe
appearance signal at lower energies. Oscillograms are only
shown for nonzero real parts of the parameters, but the
real and imaginary parts produce similar oscillation effects
in the high-energy regions where LV-induced oscillations
are dominant. The influence of the imaginary parts is
only in this high-energy region while the real parts also
introduce small modifications in the low-energy oscillation
probability.

III. LORENTZ-VIOLATING OSCILLATION
ANALYSIS

The three-flavor plus SME oscillation model described
in Sec. II is fit to the data samples described above using the
techniques from [52]. The fitter minimizes a “pulled” χ2

[58] assuming Poisson statistics between the MC expect-
ation, calculated for a particular value of the complex
coefficient, and the data:

χ2 ¼ 2
X

i

!X

n

~ESKn
i ð~θ; ~ϵÞ −

X

n

OSKn
i

þ
X

n

OSKn
i ln

P
nO

SKn
iP

n
~ESKn
i ð~θ; ~ϵÞ

"
þ χ2penaltyð~ϵÞ; ð3:1Þ

where n indexes the four SK run periods, i indexes the
analysis bins, OSKn

i is the number of observed events in
bin i during SKn, and ~ESKn

i ð~θ; ~ϵÞ is the MC expectation
in bin i in SKn with the coefficients being tested, ~θ, and
systematic parameters, ~ϵ. The expectation in each bin is
calculated separately for each run period and then the run
periods are summed for the comparison between data
and MC.
The systematic uncertainties are approximated as linear

effects on the analysis bins,

~ESKn
i ð~θ; ~ϵÞ ¼ ESKn

i ð~θÞ
!
1þ

X

j

fSKni;j
ϵj
σj

"
; ð3:2Þ

where j indexes the systematic errors, ESKn
i ð~θÞ is the

MC expectation in bin i in SKn without systematic shifts,
and fSKni;j is the fractional change in bin i in SKn due
to σj, the 1-sigma change in systematic j. The constraints
on these parameters are included as a penalty term in
Eq. (3.1):

χ2penaltyð~ϵÞ ¼
X

j

!
ϵj
σj

"
2

: ð3:3Þ

The analysis includes 155 systematic error parameters. The
uncertainties in the atmospheric neutrino flux, neutrino
interaction cross sections, particle production within nuclei,
and the standard PMNS oscillation parameters are shared
across all run periods so fSKni;j is the same in SK-I through
SK-IV. The uncertainties related to detector performance—
reconstruction, particle identification, energy scale, and
fiducial volume uncertainties—differ between run periods
since they depend on the specific detector geometry and
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FIG. 2 (color online). Ratios of the summed SK-I through SK-IV cos θz distributions relative to standard three-flavor oscillations for
the UP-μ subsamples, which are the most sensitive to the effects of LV. The stopping subsample (left) contains neutrinos with energies
peaking around 10 GeV, the nonshowering subsample (center) peaks around 100 GeV, and the showering subsample (right) peaks
around 1 TeV. The black points represent the data with statistical errors. The lines correspond to the MC prediction including Lorentz-
violating effects, with aTμτ ¼ 10−22 GeV in solid blue and cTTμτ ¼ 7.5 × 10−23 in dashed red.
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hardware. For these uncertainties, fSKni;j will be nonzero in
only one run period. A table of all systematic uncertainties
included in the analysis can be found in the appendix
to [52].
In order to focus the analysis on the LV coefficients,

the standard oscillation parameters are constrained to
external measurements and their uncertainties are taken as

systematic errors. The T2K measurement of νμ disappear-
ance, jΔm2

32j¼ð2.51#0.10Þ×10−3 eV2 and sin2ðθ23Þ ¼
0.514# 0.055 [59], is used because its narrow-band beam
and shorter fixed baseline make it less sensitive to the
Lorentz-violating spectral distortions considered in this
analysis. The mixing angle sin2ð2θ13Þ ¼ 0.095# 0.01 is
taken from the 2013PDGworld average [60], the solar terms
are taken from the global fit performed by the SK solar
+KamLAND analysis, Δm2

21 ¼ ð7.46# 0.19Þ × 10−5 eV2,
sin2ðθ12Þ ¼ 0.305# 0.021 [32]. The CP-violating phase δ
and the mass hierarchy (the sign of Δm2) are not yet known
and so are allowed to float unconstrained.
Equation (3.1) is minimized with respect to the ~ϵ for each

choice of ~θ in a fit’s parameter space. A set of linear
equations in ϵj’s is derived from Eq. (3.1) using the fact that
the derivative ∂χ2=∂ϵj is zero at the minimum [58]. These
equations can then be solved iteratively to find the mini-
mum profile likelihood for that set of oscillation param-
eters, building up a map of χ2 vs ~θ. The best fit point is
defined as the global minimum of this map.
Six fits are performed for the real and imaginary parts of

aT and cTT in the three sectors, eμ, eτ, and μτ. The real and
imaginary parts of each coefficient are fit simultaneously,
but otherwise the coefficients are fit independently fol-
lowing the procedure typical for SME analyses [12]. Tests
with fits to high-statistics fake data sets reliably find no
LV when none is present and correctly extract the best fit
point if a fake data set with an LV signal is used. However,
there is generally some ambiguity between the real and
imaginary parts since they produce similar oscillation
effects at the energies where LV-oscillations dominate.
The low-energy differences allow the correct parameter to
be chosen in fits to simulated data with high statistics, but
small fluctuations can easily move the best fit point to just
the real part, just the imaginary part, or a combination of
the two.
No significant evidence of Lorentz violation is seen in

any of the fits. The most significant exclusion of no LV is
for aTeμ, and it has a Δχ2 ¼ 1.4, less than 1σ with 2 degrees
of freedom. The absolute χ2 for the fits ranges from 538.6
to 540.0 with 480 bins (477 degrees of freedom), corre-
sponding to goodness-of-fit p-values around 2.5%. The
best-fit momentum and zenith distributions for the aT and
cTT fits are shown, compared with the data, in Appendix C.
A summary of the fit results, including upper limits at the
95% confidence level, best-fit values, and levels of agree-
ment with no Lorentz violation can be seen in Table II. The
two-dimensional contours at the 95% confidence level on
aT and cTT are shown in Figs. 3(a) and 3(b) respectively.
The limits on the real and imaginary parts of the parameter
are slightly different in the eτ and μτ sectors because these
fits found best fit points with different values for the real
and imaginary components.
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FIG. 3 (color online). Two-dimensional contours at the 95%
confidence level for the real and imaginary parts of aTeτ, aTeμ, and
aTμτ in (a) and cTTeτ , cTTeμ , and cTTμτ in (b). The hashed areas indicate
the side of the contour that is excluded. The best-fit points from
the three fits are also shown as markers. The one-dimensional
Δχ2 curves are shown in the top and right side plots with the
alternate variable profiled out.
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hardware. For these uncertainties, fSKni;j will be nonzero in
only one run period. A table of all systematic uncertainties
included in the analysis can be found in the appendix
to [52].
In order to focus the analysis on the LV coefficients,

the standard oscillation parameters are constrained to
external measurements and their uncertainties are taken as

systematic errors. The T2K measurement of νμ disappear-
ance, jΔm2

32j¼ð2.51#0.10Þ×10−3 eV2 and sin2ðθ23Þ ¼
0.514# 0.055 [59], is used because its narrow-band beam
and shorter fixed baseline make it less sensitive to the
Lorentz-violating spectral distortions considered in this
analysis. The mixing angle sin2ð2θ13Þ ¼ 0.095# 0.01 is
taken from the 2013PDGworld average [60], the solar terms
are taken from the global fit performed by the SK solar
+KamLAND analysis, Δm2

21 ¼ ð7.46# 0.19Þ × 10−5 eV2,
sin2ðθ12Þ ¼ 0.305# 0.021 [32]. The CP-violating phase δ
and the mass hierarchy (the sign of Δm2) are not yet known
and so are allowed to float unconstrained.
Equation (3.1) is minimized with respect to the ~ϵ for each

choice of ~θ in a fit’s parameter space. A set of linear
equations in ϵj’s is derived from Eq. (3.1) using the fact that
the derivative ∂χ2=∂ϵj is zero at the minimum [58]. These
equations can then be solved iteratively to find the mini-
mum profile likelihood for that set of oscillation param-
eters, building up a map of χ2 vs ~θ. The best fit point is
defined as the global minimum of this map.
Six fits are performed for the real and imaginary parts of

aT and cTT in the three sectors, eμ, eτ, and μτ. The real and
imaginary parts of each coefficient are fit simultaneously,
but otherwise the coefficients are fit independently fol-
lowing the procedure typical for SME analyses [12]. Tests
with fits to high-statistics fake data sets reliably find no
LV when none is present and correctly extract the best fit
point if a fake data set with an LV signal is used. However,
there is generally some ambiguity between the real and
imaginary parts since they produce similar oscillation
effects at the energies where LV-oscillations dominate.
The low-energy differences allow the correct parameter to
be chosen in fits to simulated data with high statistics, but
small fluctuations can easily move the best fit point to just
the real part, just the imaginary part, or a combination of
the two.
No significant evidence of Lorentz violation is seen in

any of the fits. The most significant exclusion of no LV is
for aTeμ, and it has a Δχ2 ¼ 1.4, less than 1σ with 2 degrees
of freedom. The absolute χ2 for the fits ranges from 538.6
to 540.0 with 480 bins (477 degrees of freedom), corre-
sponding to goodness-of-fit p-values around 2.5%. The
best-fit momentum and zenith distributions for the aT and
cTT fits are shown, compared with the data, in Appendix C.
A summary of the fit results, including upper limits at the
95% confidence level, best-fit values, and levels of agree-
ment with no Lorentz violation can be seen in Table II. The
two-dimensional contours at the 95% confidence level on
aT and cTT are shown in Figs. 3(a) and 3(b) respectively.
The limits on the real and imaginary parts of the parameter
are slightly different in the eτ and μτ sectors because these
fits found best fit points with different values for the real
and imaginary components.
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FIG. 3 (color online). Two-dimensional contours at the 95%
confidence level for the real and imaginary parts of aTeτ, aTeμ, and
aTμτ in (a) and cTTeτ , cTTeμ , and cTTμτ in (b). The hashed areas indicate
the side of the contour that is excluded. The best-fit points from
the three fits are also shown as markers. The one-dimensional
Δχ2 curves are shown in the top and right side plots with the
alternate variable profiled out.
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Constraints on Lorentz Invariance Violating Oscillations at 95% C.L.

• No indication of Lorentz invariance violation. 
• Limits placed on the real and imaginary parts of 6 parameters < O(10-23) 

• Established new limits in the μτsector for both aTαβ and cTTαβ coefficients. 
• Improvements on existing limits between 3 and 7 orders of magnitude.


