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Atmospheric Neutrinos

| Secondary cosmic ray showers create
neutrinos by e.g."
T = U+ Vu(Vu)
Ut —=>er*+ ve(Ve) + Vul(vu)"
K — same (or pions)

I These can be termed “conventional’
neutrinos.

I Also, higher energy charm components
("prompt” neutrinos, due to the short
lifetime of charmed hadrons).




Atmospheric Neutrino Flux Models

- Flux MCs propagate primaries and secondaries according to
geomagnetic and atmospheric models, and track neutrinos arriving
at a given location on Earth. Several models are available:

—— HKKM 11
- — HKKM 06
- Bartol

—— HKKM 11
—.— HKKM 06
- - - Bartol
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Motivations tor Direct Measurements

Accurate flux prediction necessary tfor any study of the atmospheric
neutrino as a signal (e.g. oscillation studies) or as a background (e.g.
proton decay, dark matter, astrophysical neutrinos).

Experimental data e
Sum of predictions
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Discovery of neutrino oscillation : :
y Search for astrophysical neutrinos!

Figure: IceCube Collaboration
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Event Classification

' Events divided by topology,
defining sub-samples with e s
different energy resolution o/

and neutrino flavour purity.
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Event Classification
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Energy Spectra



Energy Spectrum Unfolding

I Alm to reconstruct the true ve
+Veand v u+V u fluxes at the
detector position (model-
iIndependent measurement).

10 TeV

200 MeV........

' Detector response matrix is first
estimated by MC, then an iterative
Bayesian method Is applied. _
Reliable result with accurately - 2 £,

estimated unfolding related 96805+ (- 5/01-2/10#354
uncertainties.
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Measured Flux

01°

' Plotted against the HKKM11 flux g i
model (dashed line shows :
unoscillated prediction).

' Error bars include the effects of all
statistical and systematic
uncertainties (cross-sections,
detector reconstruction, oscillation,
and reqgularization) as estimated by

toy MC.
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Flux Model Com

I Compare against current
flux models by x < test
(accounting for error
covariance matrix).

I No models are strongly
Inconsistent (for the v u+ve
test, p=32% for Fluka and
13% for Bartol).

O

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

oarisons

25 3 35 4
LoglO(E/ GeV)

XZ
HKKM11| 21.8 8.5 19.5
HKKMOQO7| 22.2 15.4 21.7
Bartol 30.7 10.9 28.8
Fluka 25.6 9.0 18.7
DOF 23 11 12




Flux Model Comparisons

I Also check the normalization

and spectral index of the flux
models.

' Generally consistent, some
disagreement with the spectral
iIndex of Fluka v 4.

HKKM11 HKKMO7  Bartol Fluka




Comparison to Other Measurements

' Qur data provide improved ()
precision, extending up to 100 P
GeV for veand 10 TeV for v ., POW
. 0 ()
and the first data below 320 3
MeV. 3
_ @ =>7%4-@ABB+CADERTF-F&7 |~
' Overlap with km3 detectors = oA AN 4
allows our data to provide S —— NG

F5%I>J%7.)(07

: | F5%I>J%7>DL+MEBD, 7
extended constraints. oy ANASESL AMEBD,
- OPOQKO-FRk(, >DL+MEBD,

OPOQKO-FR, L+4NA4E7L+MEBD,

' |n particular, should be helpful
to measure more accurately
the astrophysical neutrino flux.
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Geomagnetic Effects

' The rigidity cutoff due to the geomagnetic field is a function of
position and direction at the Earth’'s surface.

' There are well-known effects on the primary and secondary CR flux,
such as the "east-west effect” dipole asymmetry.

. We test for any
asymmetries In
the neutrino
flux, primarily by
the azimuthal
distributions.
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Azimuthal Distributions

I Showing various energy and zenith ranges. Testing against the
HKKMT 1 model, which uses the IGRF-10 magnetic field model.
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Fast-West Dipole Asymmetry

I Test for the dipole”

asymmetry in each plot,”
by the parameter

A = (nw+ Ne) / (Nw- Ne)

where ne (nw) are the"
number of east (west)"
going events.

)y ( #H Y %t *H)




Fast-West Dipole Asymmetry

| Selecting a sub-sample of"
events by zenith angle

lcos(0)]| < 0.6
and reconstructed energy

400 < Erec < 1330 MeV

optimizes for the sample 0 I 2 S ” O 0 10 190,200 30 30
with strongest predicted"
dipole asymmetry.

| Significance of a nonzero asymmetry is improved from previous

measurements! by 4.9 — 800 (2.2 > 6.0 0) inthe ve (v 1) sample.
1. Phys. Rev. Lett. 82, 5194999)



/enith Dependency of Dipole Asymmetry

I Check zenith dependency of dipole asymmetry angle by fitting the
azimuthal distribution In each zenith bin by

kKi*sin(@ +B) + ko

o0
S

AN
S

| 2.2 0 significance of a"
non-zero dependency.

parameter B [deg]
AN
-

(\®)

SN

' First measurement to"
explore beyond simple”
east-west asymmetry.
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Solar Modulation



Solar Cycle and Neutron Monitors

' The solar cycle is an 1 1-year modulation of the solar structure, and
emitted plasma flux, well known to affect CRs approaching the Earth.

I Test to see It the neutrino flux i1s similarly correlated.

' We compare the neutrino flux to"
the neutron flux at ground level”
on the Earth.

' Constantly and accurately”
measured, with no delay of”
plasma flux propagation, and"
expected to be well correlated"
to the primary CR flux.
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Effects on the Super-K Data

I Test for the correlation as predicted by the HKKM group.
1 Use SK samples with 100 < Erec < 1330 MeV.

True ve flux prediction SK data prediction
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Results - Long Term Search

' Bin events by NM count,”
and fit the four samples ; —
simultaneously across ~20
years of SK data.

- Fitted by continuous parameter

u n 0
a y W h e re a — O I S n O C O r re I a tl O n - = 0 Clié:ggi NM p:jz?neter [ziacr)‘t Hrl ;%010] Climax NM parameter [count Hr! 0.01]
and a=1 Is the predicted 2 2
S e p-like up-going S e u-like down-going
correlation. - - I
g 1.2 g 12 ==

I Best fit a = 0.62 = 0.58

| Significance of a honzero

correlation = 1.10
(expected sensitivity 1.8 0)

Climax NM parameter [count Hr! 0.01]

Climax NM parameter [count Hr! 0.01]




Results - Forbrush Decreases

' For very high solar activity (NM count < 330,000 hr-!) no prediction
IS available, but we have 7.1 days of detector uptime.

Start =gle Hours
15 Jul. 2000 17 Jul. 2000 50
11 Apr. 2001 | 13 Apr. 2001 38
29 Oct. 2003 | O1 Nov. 2003 ol
02 Nov. 2003 | 04 Nov. 2003 of
19 Jan. 2005 | 19 Jan. 2005 13
Tota 229

- Expect 32.80 = 0.17 events (in four samples), but only 20 observed.
I P-value to observe 20 or less events p = 0.017

1 98.3% (2.38 0) rejection of no-correlation hypothesis.
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Summary

I The of the ve+ Ve and v y+ 7V , fluxes were measured at SK over
100 MeV to 10 TeV, with the current best accuracy up to ~100 GeV.

' QOverlaps with the IceCube measurements (which are =100 GeV).

| Consistent with current flux models (HKKM1 1, Fluka, Bartol) with some
preference for HKKM1 1 as the best fit.

. The azimuthal spectra were compared with the HKKM 11 model using IGRF-10.
| The east-west dipole asymmetry was seen at 6o (80) for the v 4 (ve) sample.
I Indication of an azimuthal dependence of the dipole at 2.2 0.

A correlation with the over 20 years of data was seen with only a weak
poreference (1.1 o compared to expected 1.8 0 sensitivity).

I Considering more extreme solar activity (7.1 separate days of data), some
correlation was seen at 2.4 0.
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Energy Unfolding - Data

. Raw data, and MC with estimated purities.

v, sample

— SK |-V data
v, CC
AR CcC

I NC

N w S oy
o - - o
o - o o
O - O -
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UPu non-sh
UPu showe

PC thru
UPu stop



Energy Untolding - Iterative Bayesian Method

- If NCCi is the true energy spectrum (bins 1), and M; is the
reconstructed energy spectrum (bins j), then define priors"

and take the result as new priors, to proceed iteratively.
Background events are considered as a possible cause.



Energy Unfolding - Systematic Errors

| Detalled systematic error analysis for neutrino cross-sections,
reconstruction, and oscillation parameter related uncertainties.
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Energy Unfolding - Error Matrix

1
22
20 0.8

18 0.6
16 0.4

14 0.2
12
10
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0 2 4 6 810 416 18 20 22




Energy Unfolding - Bias Check

Unfold toy spectra with modified hormalization a and spectral index
y, to estimate any bias coming from the initial MC expectations.
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Aa=+02,Ay =-0.05 | Ao =+02Ay =-0.05
Aoa=-02,Ay=4+0.05 : Aa=-0.2Ay=+0.05
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Energy Unfolding - Other Checks

Ve

Ly doul g, N ll ————— }I —————————————————————————

NS¥ o XL JHN S N o No'e

- Unfolding by up / down fluxes separately”
(UPMU is upwards only). '

OO o ek ok OO Pt ke

R ONoo— b0 Vo0

3 3.5 4
LoglO(E/ GeV)

- Unfolding by each SK period (showing
statistical errors only).

OO o Pt ek ek (avlevlavla») Pk ek
| (\O N N Yo oJiiy O N Ve Yo s I \O N iVe) Yo o Juuy O Wi Yo o

3 3.5 4
LoglO(E/ GeV)




v / v Separated Energy Unfolding

1 Using kinematics (no charge separation by electric field possible In
Super-K), some separation power between v and v — though
results have meaning only in a comparative sense (preliminary).

v, flux / HKKM11

L 4567898:;,<))

v v
o an
= =
= =

L

3.5 4 - -0.5 0.5 1 1.5 2 2.5 3 3.5 4
LoglO(E! [GeV]) Loglo(E! [GeV])



Azimuthal Systematics

1 SK detector is highly azimuthally symmetric, although some energy
systematic may exist at the <1% level.

I Other systematics (such as differences in the east and west going
energy spectra) can contribute in second-order.
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L epton — Neutrino Directional Correlation

' Dominant uncertainty in reconstructing the neutrino direction in
CCQE events comes from the poor correlation with the emitted
charged lepton direction (worse at lower energies).

4. 3%.,
— .,.% 3%43%5,,
5,,% 3%43%1,,
1,,,%3%43%166
— 166,%3%4

- 1., 1/, 10,
v = I "H#5%E&" (#%)*#'




Azimuthal MC Truth Distributions

I The same events as shown
IN the reconstructed plots,
but rebinned using the
true lepton direction and
momentum.

00 E= #$-"I", “ I"#$%"&'()*

240 300 360

89::<=>" ¢ &6(7




Solar Modulation - Hypothesis Test

| Hypotheses for expected number
of events based on the scaleable

parameter «, In turn based on
the HKKM prediction.

I Black line has a = 0O, blue data
points have a = 1.

:>88 <888 <?88 <88
HH&" ()*+), "-"&./.-)01234/5)623-)))7)898"":




Solar Modulation - Hypothesis Test

' If Nsj are our data and H'si is our hypothesis (in data sample s and bin
) then define the log-likelihood as”

where € Is a penalty term from systematic error pulls, where the
hypothesis has been modified appropriately. Then, our statistic Is"

where m denotes minimization over systematic errors and a (except
INn the demoninator where o 1s fixed).



Solar Modulation - Hypothesis Test

' Final significance parameter.




Solar Modulation - NM Correlations

Conversion factor between the four NMs we use, and the Climax NM

Climax NM [counts hr' x 0.01]
Climax NM [counts hr™' x 0.01]

[\ (O8] w
o0 S [\
S S S
(=] (=) [e)

2600 2800 3000 3200 3400 3600 4000 4500 5000

Newark NM [counts hr ™' x 0.01] Thule NM [counts hr™' x 0.01]
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6500 7000 7500 8000 8500 9000 9500 10000 10500 11000 6000 6500 7000 7500 8000 8500

McMurdo NM [counts hr'' x 0.01] Kerguelen NM [counts hr' x 0.01]




Solar Modulation - Toy MCs

- Toy MC example datset.

1 1000 toy MCs used to
confirm the test statistic
IS distributed as
expected, unbiased, etc.

Climax NM parameter [count hr'! x 0.01] Climax NM parameter [count hr! x 0.01]

u-like up-going u-like down-going

| Expected sensitivity to

the effect (assuming
a=1)i1s 1.750.

Climax NM parameter [count hr! x 0.01] Climax NM parameter [count hr'! x 0.01]



Solar Modulation - Results By Sample

- Fit for a independently, first by SK period, then by sample type.

I Somewhat interestingly, ve prefers no correlation while v , prefers
the expected correlation, although statistical power iIs low.




