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Specific problems for searches in APP
source location unknown

source characteristics unknown
background model unreliable

data volume grows linearly

Single source and Prescription (Auger correlation)
Significances (TA enhancement)
Unbinned likelihood (lcecube search)
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Centaurus A: The Auger warm spot

e Event selection:

e £ >50EeV
o ¢ < 18°
e Situation in 2010:
TETNE DN 13 events correlate
RS within 18° where 3.2

are expected
e Poisson probability
P(N >18,3.2) ~10~*
e Situation in 2015:
e 18 events correlate
where 9 are expected

Point-source searches
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The TAE
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e 14 events with expectation of 4.2: p =2-10*
e scan over many not-independent possibilities
e How to calculate the significance?
e simulate same number of events as data
isotropically distributed many times

e For Centaurus AP ~1.4%
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Catalog correlation

In 2007 Auger investigated the correlation of UHECR with
objects from the VCV catalog.

Chance probability of correlation of at least k uniformly
distributed cosmic rays:

N
N .
P=) ——p1-—pN7
= (N =)t

p is the chance probability of cosmic ray to be correlated

with catalog.
p determined from MC.
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Catalog correlation

Problem: Limited dataset that does not grow
exponentially.

Solution: Scan parameters with available data, use new
data to test this prescription

Dataset: all obtained before May 27, 2006.
Selection

Source candidates within 75 Mpc
Event energy > 56 EeV

Angular distance to source within 3.1°
p=21%

12 of 15 events correlate to catalog.
3.2 events expected.
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Test Criterium

Null hypothesis: Data is uniformly distributed

e «o: probability to reject null hypothesis incorrectly
o Declaring anisotropy when it is not
e o =0.01

e 3: probability to accept null hypothesis incorrectly
o Declare isotropy when it is not
e 3=0.05

e Perform a running prescription

 Reject isotropy with at least (1 — ) = 0.99
¢ Minimal correlation 60 %
e 3 remains below 5%
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Test Criterium

A positive exit for new data (Binomial Statistics):

N 4 6 8 10 12 .. 30 31 33 34
kmin 4 5 6 7 8 ... 14 14 15 15

e May 25 2007 6 out of 8 events correlated.
o Prescription satisfied

e August 31 2007 8 out of 13 events correlated
« Chance probability 1.7 - 1073
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o St
First series of events
correlating. Correlation disappeared.

Note that the probability to reject the null hypothesis
incorrectly was 1 %!
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Telescope Array excess
ﬁ% ";

ot i What does this mean?

Significance of local excess: 5.1

3

4

Luckily the paper answers the question:

We calculated the statistical significance of the excess of
events compared to the background events at each grid point of
the sky using the following equation (Li & Ma 1983)

(14 a)Non + (1+ a@)Nop :

Sim = V2 [NpyyIn ———2%
LM [ 0 Q(Non—f—Noff

Lets discuss Li-Ma significance first.
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Li-Ma Significance

First used in gamma-astronomy

T
4 o = on
2 Non. Toff
Noss N = OéNoﬁr
St ] t N
= A Ns = Ny — N =Ny, — aNoﬁf

What is the significance of an enhancement of the
measurement in a signal region?

Assumptions:
e Background determined from a measurement
e Thus contains uncertainty
e Signal region contains a background fluctuation
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Li-Ma Significance

Frequentist interpretation

Ns
S = -
& (Ns)
_ Nop — aNoﬂ
Non + azNoﬁ‘

Line: Normal distribution
Plusses: Significance S

Problem: The calculated significance is not in agreement
with a background only hypothesis.

Solution: Make this hypothesis explicit!
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Li-Ma Significance

Assuming Background only (Null hypothesis):
also in the signal bin, there is only background. The best
background estimate includes the signal bin:

S Non +Noﬁ «
B tor + tOff on 1+ a ( on T+ off )
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Li-Ma Significance

Suppose we have data X(x;,..xy), and parameters
E(e;...€y) and statistical hypotheses E, and E # Ey, we
can define the maximum likelihood ratio

= L(X|Ey)  P.(X]|Ep)

- L(X[E)  PJ(X|E)

If the null hypothesis is true, —2In \ follows a x?
distribution with r degrees of freedom.
Here X = (Non, Nogs), E = (Ns,N3), Eg = (0,Np)

In this case only N is involved in the null hypothesis, so
r=1.
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Li-Ma Significance

The maximum likelihood:

L<X‘E) = p?’(NOVl)NOff‘NSaNB)
= Pr(Non7Noﬁf|Non —aN, 7aNoﬁ)
= PPoisson <N0n|Non)PPoisson (Noﬁ‘Noﬁ‘>

NN on Nojf

_ on engy, off e No
Nol . Ny

Keep in mind:
_ e
PPoisson (N|,U/) - NI e
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Li-Ma Significance

L(X|EO) = Pr(NonaNoﬁ|N57NB)

a(Non + Noff)

= Pr(NonaNojf|07 )

1+«
O[(Non + NOﬂ“) (Ngn + Noff)
= » 0isson Non ————— )P 0iSson No - 4 .
Therefore:
\ = o Non aie Noﬁf N 1 Non + Noff Naﬁ
|1 + « N, 14+« Noff

Charles Timmermans (Nikhef, Radboud University) Point-source searches



Auger Correlation  The TA Excess  The Li-Ma Significance  Local and Global Significance  Icecube Search ~ Conclusion

Telescope Array excess

w7 il % !f A local excess of 5.1 sigma is
Y ) .

1 li \ . Observed.
pree - The probability of this to happen in
B ©  anytestis3.4-1077

How many tests have been performed? The sky is divided
into many bins, all correlated!
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Telescope Array excess

e Generate MC. 1,000,000 MC datasets are generated.
e Perform same analysis
e Safe Maximum Significance

MC ——
Pl In 365 out of 1,000,000 datasets
§ 10? X Sim>51
£ "1 ThusP=37-10*
RN L]

0o 1 2 3 4 5 6 7
Maximum significance
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IceCube Discovery Potential

Searches for Extended and Point like sources using

IceCube
/ 1 : \ The significance is estimated by
‘ Lo ] ~/~using an unbinned likelihood ratio

test (Braun et al. 2010).

-logy, p
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Unbinned likelihood

e S;: Signal PDF
e BB;: Background PDF
e n,: Unknown contribution of signal events

Lim) = =S+ (1- ) B,

N N

And for all events:

2o = 155+ (- 5) )

i=1

Likelihood ratio test:

D = -2In(\) = —2In [Z(—n_)o)} x sign(it;)
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where
S

® Background: 4 ~ E=3-6
® source: W ~ ET7, where v = 2.0,2.3,256 ...

® Energy response depends upon declination

2o}

The energy dependence takes into account that the signal
source is assumed to be harder than the background:

10°

Probability Density
5

10

Icecube Search ~ Conclusion
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A time integrated search

1
Bi = m(ﬂ‘(Ei, 51‘, ATMZ,>

where 2(¢;) is the solid angle centered around the
declination band.

N The local significance is then
Lo S ORNY given as a probability
¢S ) (frequentist approach) of
obtaining at least the
) likelihood ratio found.

30
-log,, p

Using an ensemble of scrambled data the trial factor (look
elsewhere effect) is taken into account. All significances
> 10%
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Correlation IceCube and Auger/TA

Assume IceCube neutrino’s point to sources of Cosmic

Rays.

N uger

10g£<1/l) _ Azg: |: 1 SAuger 4 (1 . i) BAuger:|
—~ |[Ncr * Ner/
Nta
Meogma, (1 s\ g
¥ ;lNCRSZ +(1- g ) B

Signal PDF:

NSI'C
Auger
S8

0 (T Ef) = Raugen(07) Z 5i(r;, o(E;))
=1
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0.8 g
‘r,*Ss]'Z

_ . 5 _ 1 —
S o4l 1 I 270

02 . 2 __ 2 2 .

0; = UAugerTA + UMD(EZ)
0 s
-80 -60 -40 -20 0 20 40 60 80 O'MD(E) =D % 100/E
3[°]

RAuger,TA (51)

Background likelihood: follows exposure of Auger or TA.
Perform likelihood ratio test as before.
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Galactic

High-energy tracks High-energy cascades
D |ns TS pre-trial p-value | ng Ts pre-trial p-value
3° 142 06 0.22 53.7 821 21x1073
6° |05 27x107% 0.48 85.7 1199 2.7 x107*
9° 10 0 under-fluctuation | 106.1 11.32 3.8 x 107*
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Conclusion

¢ Li-Ma significance used to calculate local probability
e when background estimated from data
e Many datasets generated in order to assess global
probability
o Frequentist approach to probability
e Data volume grows linearly, truly blind data is still to
come
e prescription approach cannot be too strict
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