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IceCube: Rich physics goals
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across 10 decades ot energy

o Low energy neutrinos:
o Neutrino oscillations

o Indirect dark matter searches

o High energy neutrinos

o Steady point source (arrival direction and correlation
with cluster)

o Transients (e.g. GRB) analyses

o Excess of diffuse neutrino flux over atmospheric
neutrino background

° Charm production

o Ultra-high energy neutrinos (GZK)

o Cosmic rays
o Cosmic-ray composition
° Anisotropy

o Hadronic interaction models
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'source

High energy neutrinos
from deep Universe

ptp2>ptp+n
ptry=2>n+mnt
>p+n

°Nuclet (cosmic-rays): deflected
o Gamma-ray: can be absorbed

ovy: travel in straight lines and

difficult to be absorbed




Approaching Ultra High Energtes...
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Signatures of UHE neutrinos

up-going down-going
— s
atmospheric H
Eﬁ Signal Domain (bundle)
up-going
v, > PeV v < 1PeV -1 0 1
: cos(Zenith)

Fix cuts before unblinding data



Simple cut and counts 2012 results

N | T 1T 1 T 1T 1 T T 1 T T 1 |-
- ] ANITA-TI(2010)
B . 104 PAO(2009) v, limit x3 g
10000 - | RICEQO1) |
— [ Preliminary : — o | \
2 oo f ' ‘ TR Preliminary >\
— 1000 = o Y Preliminary
= - ] n p _ '
% B : g10°
e g n X 333.5 day
o 1005_ = . IC40 ( days)
:‘ : ] E 7L
z : : RO
= 10 _ > May31/2010-May15/2012 (670.1 days)
(- = Gl h 3 =" 3 =  Lean,
¥ F asnow resonance 3 &) 107 [ e T
g _ v i : B ' Cosmogenic v models
E 1 E_ -_— e _E E ”]_9 B 1'._3"' - Engel et al.
3 - — VU . r;e_ d =wmn Kaotera et al. (FRIT)
= 0 1 _ . vV - Hlo_m I L >~ I T TE N Ahlers et al. (max)
= T = | ; semann Ahlers et al. (best)
B 7 £
- . £, _— Yoshida et al.
0 01 Ll LR | | L1 1 | | L1 1 | | L1 1 1 | L1 1 1 | || 10_11 B “‘f’
Ul 6 7 8 9 10 A 1 |

logw v energy/GeV

10

8
logm(Energy/GeV)

o PeV-ish region: Electron neutrinos (cascades)
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Time for an update (7yrs data)
change to Poisson-binned likelihood ratio method

o 1D —2D: The effect (signature) of the detected events is automatically taken into account

° In case we find candidates -
o Are they background
o Are they GZK neutrinos
o A part of sub PeV cosmic neutrino bulk? (E% spectrum ? Cut-off?)
o Upper limit?
o How can they constrain the known GZK models? (not included in this talk)

o Search results in publication process



Binned-Poisson likelihood ratio method

Observed prediction

\

N
L (k)= 1_[ Poisson (n;, u;(x))
i=1

Floating parameter

L(Hy) = L(xo) Null hypnosis
L(Hy) = L™ (k) Alternative hypnosis
L(H,)
I =InA =1In
L(Hy)

Is it background?
We have 2D variable set for distinguishing signal and

background
Use both parameters cos(6) and reconstructed energy

Number of events

BG + gAGZK-i-a Astro
Floating parameter

{ =0 :H, BG only
A
>0 : Hy With GZK/Astro

L = |] Poisson(kjy, ju1)
i / \

log NPE (energy) cos(0)
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2D pdt’ for
signal and background

BG _ d lﬂg JT\TH(;
Hik = Jlog NPEdcos 0

rBG B
'h' - Z Ju'jk -
ik

(log NPE?, cos#")d log NPEd cos 8",

GZK _ dlog Ngzk
Hik = 4log NPEdcosf

TGEK GZK
‘h - Z Ju'jﬁ: .
ik

NBGO(0.01) — O(0.1). Same level as signal

(log NPE!, cos 8*)dlog NPEd cos 6,

11

— —
N w
T[T T[T [T T [ [ 1T

Log(Reconstructed Energy [GeV])
. .

Preliminary

I
I\l\

1 1 | 1 1 1 1 1 1 1 1 1 1 1 1
-0.5 0 0.5 1

]
ey

[ =

=

Log(Reconstructed Energy [GeV])
. :
"

L

Preliminary

-1 05 4] 05 |
cosO

-
o

—

10

102

—
<Q
[#]

-
Q
S

14

1

10°

v Signal

Atmospheric
background

10




Constructing likelihood ratio

A\ =0 : _”-,[} BG CJII]}'
>0 : Hy with GZK

Ly = H Poisson(kjy, #?;:':)

jk
Ly = || Poisson(kjk, - + X" 05"
jk /
AMx maximizes L, for H;.
7, TLPoisson(hy, uff + X%
A= = = , -
Ly 5[ Poisson(k;y, Ju?,if’)

Side note: physics meaning of AM
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P-values from likelihood ratio vs cut-and-count (I)

o Three examples:
° 1 detection at signal-rich & poor-bg region
o 1 detection at signal-rich & bg-rich region

° 1 detection at edge of signal cuts

° Pseudo experiments

° obtained by MC simulations which repeats
replica experiments with sampling observed
event number distribution following the
likelihood function of null hypothesis I,. Then
the p-value 1s calculated by the probability
that 5 is greater than the observed log
likelihood ratio 22, under H,:
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P-values from likelihood ratio vs cut-and-count (1I)

1 e

wi 75 10
E .
background
0 -
5.5:
: E
4 :
L R,
55:
st
421 08060402 0 02 04 06 08 1 “}.1_ 0806 0402 0 02040808 1 0 mdn I : T ; . 3l —
cos 8 cosa
In(L 1LY
log(NPE) cos(zenith) p-value by the likelihood ratio | p-value by the cut-and-count
1.61x 10" (1.010 -
. 3
> h0% 520X 10 BG=0.176, obs=1)




P-values from likelihood ratio vs cut-and-count (11I)
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Testing GZK models | : :
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p-value p-value
log(NPE) cos(zenith) Case A
an event at (logNPE=5.75,
Case A 5 75 0.025 0.11 (ref. simple | 4.2x107 (ref. simple cos(zenith)=0.025) - "GZK-like"
poisson 0.10) poisson 3.6 x 1079)
- Case B
. 7.5x 10 (ref. _
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http://dx.doi.org/10.1016/j.astropartphys.2010.06.003
http://dx.doi.org/10.1016/j.astropartphys.2010.06.003

Is 1t the tail of the power-law neutrino

T L T T T
Mk = Agzk X ;ufjf}" : Hy "
-2 i =
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§ld | 3 i 3
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float the normalization. = OE 2 ’g & | g
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test of E-2 Vs GZK #” = In Agz/m- 2" = In Ag-2/Gzk
log(NPE) cos(zenith) p-value for GZK p-value for E~
case A (a GZK-like reject the E2 hypothesis
: 5.75 0.025 0.66 0.051 0
event detection) by 95 % CL.
case B (a low NPE reject GZK hypothesis
: 4.65 0.025 0.0852 0.63 o0 o1 26
event detection) by " 90 % C.L.




how |

tkely we wil

not be mistaken? <ﬂc;zr~:fE—9 )

replacing an event-basis case study by events generated by a pseudo-experiment of a
GZK model. expected total number of events is 3.88. capability of confirming GZK (or

rejecting E-2-like) when we detect a few events.

Prob (>p-value)

if we carry out the present IceCube EHE search 100 times, 83 our of 100 measurements yields

1

4

L8

L&

2

—
The pseudo—experiments
the E=2 hypothesis

accepling

wrongly accept the
E-2 hypothesis with
probability of 16.6 %

16.6%
1 1 1 I 1 i &

.5
p—value for the E-2 hypothesis

Prob (>p-value)

&
&
4

2

—\\\ —
i The psewdo—experiments
ihe GZK hypoihesis

BB.5 %

accepling

=

correctly -

accept(or tonfirm) the
GZK hypothesis with

probability.

5

p—value for the GEK hypothesis

the event detection that rejects the E hypothesis at more than 90% C.L..

of 88.5 %
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The model independent differential limit

Jo 1 S—1

1 1
(F,) = E log I, € (log £, —=Alog E,,, log £, +-Alog E,
4€29 Alog E,In10 " 6 (log 2 06 06 | 2 og E)

Jo» the normalization factor of the log differential spectrum, is considered as
a free parameter. Build the likelihood ratio

E[Paisson(kﬂ,.,ﬂﬂ?; bl )

_ JE

N E[Paisson(kﬂ,.,ﬂﬂ'.:; | ﬂjl'-)
ik

A

L
Lﬂ
where J" maximises the likelihood and calculate the distribution of x> = InA by

running replica experiments. Repeat these steps with varying J, and search for the
upperlimit Jg"

p= Pr(z* > 22,)) =0.1.

differential upper limit of flux at 90 % C.L for a given neutrino energy of E,.
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Few thoughts on the Poisson-binned
]ikelihOOd r atio Example of llh distribution

o Pros: % _ th’s thf;orem droesn’t silpply
° Automatically taking into account full info available E 107" : E
o Can be used for fitting when there are small number of events =
o Cons: g Wgﬂ\{'ﬂ' ;
o Computationally expensive s . i

° Howpto decide Zn bli)nning? -
o Aware: 1oL _ [
o Possible nuisance parameter. E.g. cut-off energy of falling spectrum, which adds :
more work for computation. oS _1 I |
o Questions: . ]ﬂ
o Is there existing package to accelerate the calculation? I ST I 5

o Is it possible to calculate p-value or confidence IIh ratio

level without running pseudo-experiments. In the Poisson
domain where many bins are null observed, the PDF of likelthood
ratio are different from X2 distribution based on Wilk's theorem.



A new search — Is there a cut-off? =t (moETev)
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Multi-tlavour approach

Through-going tracks
starting tracks / cascade
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Using Boosted Decision Tree for classification

o Regarding blinding /unblinded analysis: o Regarding event reconstruction:

o Should we use data for training?  ° How to improve partially contained cascades

o Pros: no systematics due to modelling / unknown physics reconstruction? (at the moment likelthood-based

> Cons: not enough statistics from burn-samples reconstruction method using time-space and signal info)

mis-labelling

o Good news: forward spectrum  Bad news: larger energy bias (use BDT
regression for corrections?)

Persistent Backgroun,
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SEAn-
({EECE® 1H-
. e .

-

.
e
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L "’."“(t‘ HER.e- . S gy oy s

cite 195
-
2 S » 0
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Goal: Applying Binned-Poisson likelithood ratio

method for fitting

o Three free parameters — normalisation, cut-off energy and spectrum index

° Possibly adding the fourth parameter for charm fraction
Wik = Ag-v X E7Y :HO

Wi =g, X E7Y x e E/Eeur 1

@ Ly Il Poisson(kj, uii'
NEgy =

1 _ . power law
v Lo [1jx Poisson(kjy, i, )

° Loop over each bin to find maximum H, and H,

o Find contours for 90% c.d.l.
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Conclusions

o IceCube is sensitive to 10 decades of energy and has rich topics in both particle physics and astrophysics

o A binned-Poisson likelihood ratio method has been discussed for applications of testing GZK / background
/ GZXK models etc.

° The method improves the robustness of the test depending on the feature of candidates.

o Itis computationally heavy
o The same technique is planed to be used for testing if there is a cut-off at the 1 — 10 PeV region.

o Looking for suggestions on how to slim the procedure for calculating confident bands.

24



P-values from likelihood ratio vs

cut-and-count (1V)

w s 10
8 The x2 distribution appears
T 1 : H .
background 10 b similar:
65:— 10’ -
=
sl 10° B 1w}
|::l,. o
5_5} 10
103 &
5 i ;
) 11
paalepa bvps o lons byaalonndosnlonslagg v 45_I|.|:||I|.|||I|||I pealvvalv o lunibwnrlonn 1I:I£‘
08 0604 -02 0 02 04 06 08 1 "1 08 -06-04-02 0 02 04 06 0B 1
cos 8 cos 8 1|:|"' L L L
1] i 2 3
log(NPE) cos(zenith) In{L1/L0)
5.45 -0.025
5.25 -0.125

p-value by the likelihood ratio

p-value by the cut-and-count

6.30 x 10

1.378 x 102 (2.20 - BG=0.170,
obs=2)
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SFR evolution
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M- arXiv:1410.1749
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cosmic
neutrinos
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102

Experiment in
pure ice

o Introduction see the
morning talk from JP.

o This helps light to travel far,
so we could have larger
detectors and yet still
sensitive to 100 TeV. ?

26




Charged-current v, Neutral-current / ve Charged-current v

(data)

(simulation)

il

Up-going track Isolated energy “Double-bang”
deposition (cascade)
with no track

Factor of ~2 energy resolution 15% deposited energy resolution (none observed yet: T
< 1 degree angular resolution 10 degree angular resolution (above 100 TeV) decay length is 50 m/PeV)

Early Late
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Deposﬂed energy
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‘ — Best cascade fit — Reversed orientation 4 4 Exp. data|
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Test Including energy PDF of the two events

Use the Kolmogorov—Smirnov statistics

p-value =
I le gEBer‘f P Beﬂ(lO gEBeﬂ)I le gEEmlep Erme(lO gEEl‘nle) PKS(IO gEBenj 10 gEEmle)

p-values are found to be 4~8x10-2 dependent on the models
* >90% CL the two events can not be explained by cosmogenic neutrinos

* Let us leave the question of “then what are they?” to dedicated follow
up analyses

* Here, we focus on the fact that we have not seen the cosmogneic
neutrinos flux so far with IceCube
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Event selection for GZK neutrinos

up-going down-going
L 7 5 I B [ N 10
o
= GZK v
> 7 |
o
6.5 .
6 102
5.5 1o
> 10"
4' 5 I A R R N R R [ B I | 0—5
-1 -0.5 0 0.5 1
cos O

L L

o L

— [ Background sum
=

o)

Q

7.5 T T T T | T T T T | T T T T 10

- (Atm U + Conv. Atm v + Prompt Atm V)

Background

107

10+

107°

cos 0

o Simple cuts on zenith angle and Number of PhotoElectrons (NPE, as energy proxy)
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