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Introduction
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Would like to discuss most updated atmospheric neutrino analysis from Super-K.



Flux calculation
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Precise cosmic ray flux measurements and

JAX CU JI1ULIU

After the discovery of oscillations, experiments have been carried out to accurately
measure the cosmic ray flux, which are essential inputs to the flux calculation.
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Systematic errors in the absolute flux

Honda et al., astro-ph/0611418
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1 and 10 GeV.




Flux calculation update: Motivation

M. Honda et al., work in progress

Relative Uncertainty
= = =
AR o
= o (=]

o
.
o

Update 1: Adopting recent
hadronic interaction code (JAM)
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Flux calculation update

M. Honda et al., work in progress
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(as should be).

New syst. error still to be evaluated

The new flux by Honda et al. is essentially identical to the previous one

However, below 1 GeV the new calculation predicts a slightly higher flux.




Other and more important systematic

—— Honda flux
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Other and more important systematic

errors In the jlux: flavor ratio

[*-.ruﬂﬁu]f (v g*ﬁe]

O
—
I

FLUKA
Honda et al (2006)

1.3
1.2

T 5530% |

(v, ¥V M (ve+V,) double rati

Bartol
| .1 Honda et al (2006)

L1 " 1 |||||||I3I
10 E?.'[Ge"u"'}

ITTETTrrTry i rrrrEd tr Tt T rrrrprrT




Recent atmospheric neutrino
data and (4m,.?, sin426,,)




energy

Present Super-K atmospheric neutrino data

Super-K-I1+l11+111 (2806 days (173kton=yr) for FC+PC, 3109 days for up-u)

200" [ Multi-ring e- Ilke

100;;I.I.I.j‘=¢!;l't!a’;

i
Cos O

[ Multi-GeV e-like |

0
Cos O

500,

[ Sub-GeV e-like |
- 0 decay-e

Cos O

200

o

100

FMulti-ring p-like ]

0
Cos O

200

[ Multi-GeV p-like]

b
Cos ©
0P Sub GeV p-like |
L 0 decay-e
2an€‘!.r_;gi_J!-U‘I§!;‘f
ey e i
03 0
Cos ©

1 soo

PC Through

R

B>

100

Up-through
Showering p

+ DATA

o5 MC (no osc.)
— MC (best-fit)

500

Up-through

Non-showering

200-

100}

Upward

23,172 1,669 4,240



N T

T OIINTIL

csiimaiing il:e osciiaiion parameters

Up-

200 :
100 100 going
NN > \m> N SUUIURI B R 1T
-1 -0.5 0 0.5 1 -1 -0. 0 0.5 1 Log,o[L/E (km/GeV)]
cos® .\ COSO
Multi-GeV e-like Multi-GeV u-like + PC
8 225
T 200
q'-E 175
© 150
8125
€ 100
>
Z 75
50
25
0 0
-1  -05 0 0.5 1 -1 -05 0 0.5 1A t i
0O c0sO ccu'ra e measuremen |
- ~ / possible due to small syst. in

Confirmation of non-oscillated flux

up/down (~1%)




Oscillation analysis
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Definition of y?

Number of data bins (in Number of syst
/ the final anal.,>420) error terms

1 exp(-NJ,)(ND,) " ﬁexp[ )

L (NeXp’NObS) H Nn I
Poisson with systematic errors

n=1 obs *
2
L N , N 1260 123
ZZ E—Zln ( = ObS) Z 2(Nexp obs)+2Nobs Obs +Z[ }

L (Nobs’ Nobs) n=1 exp
70
Neyo = Nye -P(v, > v, (forCCvﬂ))-(1+Z fi-&)
j=1

N, : observed number of events
Nexp - €Xpectation from MC
g;: systematic error term
o;: sigma of systematic error
v2 minimization at each parameter point (Am?, sin?26, ...).
Method (y? version): G.L.Fogli et al., PRD 66, 053010 (2002).



S St 1. absolute normalization (<1GeV) 34. FC reduction
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v, 2 v, 2 flavor analysis (zenith angle)

SK-1+11+111
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L/E distribution update with SK-1+11+11l

Preliminary
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Allowed parameter regions from atmospheric and
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(4Am,J?, sin26,,) for Vv's and anti-V's ?

An oscillation analysis with (Am,;?,
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Seach for CC v,_events




Search for CC V_events (SK-I)

CCVv_events P

@ Many hadrons. . . .
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Selection of v, events

Pre-cuts: E(visible) >1,33GeV, most-energetic ring = e-like
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Likelihood / neural-net distributions
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Zenith angle distributions and fit results

Likelihood analysis NN analysis
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Zero tau neutrino interaction is disfavored at 2.4c.



OPERA first v, candidate

Event topological features (side view)

Side view

Super-K is also trying to update the analysis







3 flavor oscillation: framework

Can atmospheric neutrinos tell something?

o = O

Vo V A%

V3
Am,,? Atmospheric
2 2
Vl 1 11 KamLAND \Z1 zmlz2




Sub-leading oscillations

sin0,,, sin?20,;, Am,,?, |[Am,;?| == * = Already measured.

Next step: measure the unknown mixing angle 0,

If 6,5 #1/4,
is it >rnt/4 or <m/4 ?

These are extremely important parameters to be measured.
Question: How can we measure these parameters with v, ?




3 flavor oscillation analyses (1)




Search for non-zero 0,,in atmospheric neutrino
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Study of 6,,

Matter effect

CMulti-ring e-like
2001 =
PFéWé:?V&)) i Super-K-1+11+11l data

Am?=0.002eV?, sin®6,,=0.5, sin’0,,=0.05

0

 Multi-GeV e-like .
1-ring

L | 200
100 e < 1
=>Electron appearance in the / "1' o 1

multi-GeV upward going events. Cos O

(and some effects in v, No evidence for electron appearance.

disappearance probability as well.) => osci. analysis with all data.




Allowed 6,, region from SK atmospheric

SK PRD 81, 092004 (2010)

No evidence for non-zero 0,; with an analysis that assumed Am,,?=0.



Up-down asymmetry
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20yrs SK

(450kton=yr)

Ax“((true 0,,) - (zero 8,,))

20 [
18
16|
14
12}
10}

o N B~ OO

I\II Chin7awnAa o +

(vacuum)

1.27Am232LJ

_______

CHOOZ limit

3o

Positive signal for nonzero 0613 can be seen if 013

IS hear

the CHOOZ limit and sin2623 > 0.5

vi.ollnucavva TL a .

s22012=0.825
$2023=0.40 ~ 0.60
s2013=0.00~0.04
dcp=45°
Am?12=8.3 X 10
Am223=+2.5x 103

But probably
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3 flavor oscillation analyses (2)

- Solar term effect and octant of 8,, -




Solar term effect and octant of 6,

ﬁ(vH - Vv,) by solar \

oscillation parameters

0.5

However, due to the cancellation
between v 2v, and v,2v,, the
change in the v, flux is small.
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Oscillation probability is different between s20,,=0.4 and 0.6

=>» discrimination between 6,, >nt/4 and <n/4 might be

possible by studying sub-GeV atmospheric v, and v events.



Effect of the solar terms to the sub-GeV uy/e ratio
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It could be possible to discriminate the octant of 6.,

If Sin0,5 is significantly away from 0.5.



Constraint on sin?0,; with and without the solar

SK PRD 81, 092004 (2010)
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Future 0,; octant sensitivity and syst. errors

(we) (3 flavor)

Y. Takenaga, PhD thesis (2008)
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3 flavor oscillation analyses (3)

- Full 3 flavor analysis -




Full 3 flavor analysis of the atmospheric vdata

@ Super-K-1+11+11l searched for non-zero 6,; based on the 1 mass scale dominance
model. No evidence for non-zero 0,5 has been found.
€ However, the solar term effects are relevant in atmospheric neutrino exp’s.

1 ve fluxratio @ /@, & Therefore, the interference term (CP
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Expected o., effect on zenith angle dist.

C.Ishihara, PhD thesis (2010)
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Full 3-flavor oscillation results

/] y, y, 41114
0.00351 | 04r Super-K-I1+l1+l1l
i 0.35;— e 999 C.L. | Y- Takeuchi Nu2010
0.003 [+ 0.3 = 90% C.L.
. 0.25[- = 68% C.L. Preliminary
vV nEN 0.0025 020 * best
3 < i -
0.455
— V5 0.002/v 0,1\/\
V4 [ 0‘05;ﬂ
0.0015 - b
0 50 100 150 200 250 300
____________________________ o S
0.4 °4F
0.003 :F A\ 03 indicating
v F 74 025 some CP
— v, 5 o2 sensitivity

0 : -
V3 onz) \\{{{{\\\\\ 01 \_/\
00005\ T m

L T [ee——— '
0 0.05 01 015 0.2 0.25 0.3 0.35 04 0 00 50 100 150 200 25¢!4 300

0 sin® 0 0.4 0 5 300
cP




Inverted

Results versus sensitivity
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For the assumed
oscillation
parameters, the
results from the
data are slightly
better than
those by the
sensitivity study
(based on MC).

The results
suggest that
atmospheric
neutrino
experiments
have some
sensitivity to CP
violation.




72 distributions
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There is no clear evidence for the sub-leading effects. However, the data

indicate that future atmospheric neutrino experiments might be a powerful
tool for studying sub-leading effects.




Sensitivity: a future v,,  experimen
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Synergies with long baseline experiments

Future long baseline experiments have high sensitivities to o ....
However, in some experiments (especially with relatively short baseline (~300km)),
a problem of parameter degeneracy is expected.
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Atmospheric neutrinos (which are available freely) will help future LBL experiments!
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Possible importance of the full 3-flavor
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These distributions suggest that “full 3 flavor oscillation analysis” is important in

estimating the oscillation parameters accurately.



With the improved atmospheric neutrino data, the calculation of
the neutrino flux is also improving.

The present data are consistent with v, v_ oscillation with the
maximal mixing.

The full 3 flavor oscillation analysis has been carried out,
suggesting that atmospheric neutrino experiments are sensitive
to sub-leading effects. In particular, future atmospheric neutrino
experiments with high statistics are sensitive to CP violation, if
0,5 is large.

Even for estimating (Am,;?, sin%0,;), a full 3 flavor oscillation
analysis might be required to accurately estimate the allowed
parameter regions.

Atmospheric neutrinos could help future LBL experiments in
resolving the parameter degeneracy problems.




