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Sterile neutrino signature in SOX

survival probabillity:
Pee = 1 - sin?(20) sin?(1.27Am?L/E)

observe oscillation signature in
energy and distance

small deviations between sterile
neutrino hypothesis and null
hypothesis

statistical fluctuations can mimic
sterile neutrino signature
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Median Sensitivities of SOX

test statistic: profile likelihood ratio

rate + shape rate only
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Construction of Sensitivity in a frequentist approach

- distributions of outcome of experiment x § C :
(typically test statistic), - AV ;nedlan
f(xIH,)
- given H+(sin?(20),Am?) is true 1 .
—> critical value ¢ \ (xIHy)

/

- given null hypothesis (Ho) is true
—> median




Construction of SeﬂSitiVity in a frequentist approach

- distributions of outcome of experiment x c _
(typically test statistic), \« |median

f(xIH)

- given Hi(sin?(20),Am?) is true
—> critical value c

f(xIH) e

f(xIH,)

/

- given null hypothesis (Ho) is true
—> median

- if median <(>) ¢ —> accept (reject) Hj

Am?

sin?(20)



Construction of SeﬂSitiVity in a frequentist approach

- distributions of outcome of experiment x
(typically test statistic),

- given Hi(sin?(20),Am?) is true
—> critical value c

- given null hypothesis (Ho) is true
—> median

- if median <(>) ¢ —> accept (reject) Hj

- repeat for all possible H1(sin?(20),Am?)

f(xIH)

"N

median

Am?

X X X X X X X X X
X X X X X X X X X
X X X X X X X X X
X X X X X X X X X
X X X X X X X X X
X X X X X X X X X
X X X X X X X X X
X X X X X X X X X

i

f(xIH,)

/

R

X X X X X X X X X
X X X X X X X X X

sin?(20)




Construction of SeﬂSitiVity in a frequentist approach

f(xIH)

- distributions of outcome of experiment x C :
(typically test statistic), N, |median

f(xIH,) e
- given Hi(sin?(20),Am?) is true |

I f(xIH
—> critical value ¢ / (XIHy)

- given null hypothesis (Ho) is true
—> median

- If median <(>) ¢ —> accept (reject) H1 Lk

- repeat for all possible H1(sin?(20),Am?) A
—> confidence region
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Construction of SeﬂSitiVity in a frequentist approach

f(xIH)

- distributions of outcome of experiment x
(typically test statistic),

°\. |median

f(xIH,) e

- given H1(sin?(20),Am?) is true \' .
—> critical value ¢ \ (xIHy)

"” /

- given null hypothesis (Ho) is true
—> median

- if median <(>) ¢ —> accept (reject) Hj

- repeat for all possible H1(sin?(20),Am?) A
—> confidence region

- estimate distributions with a large number of
toy-MC experiments Am?
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- time consuming! —> asymptotic formulas
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Asymptotic formulas used for SOX sensitivities

- Wilks’ theorem

for large data samples the distributions of likelihood ratio based test statistics
converge to a X? - distribution with m degrees of freedom (m: number of
parameter of interest, here sin®(20) & Am? —> 2 dof)

—> critical values

- Asimov data set

representative data sample without statistical fluctuations

—> Asimov ~ median —> only 1 minimization



Limitation of Wilks’ theorem

Wilks' therorem requires Gaussian distributed data: the estimators (fit values)
are distributed according to a multivariate Gaussian centered about the true

values

—> not given for null hypothesis!

Am?
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—> run toy-MC experiments

challenge: local minima in Am?—>very fine grid
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SOX sensitivities: asymptotic vs toy-MC

10

107"

1072

95% CL

rate only
= = rate only, Asimov: 2dof
«+a: rate only, Asimov: 1dof
shape only
= = shape only, Asimov: 2dof
— rate + shape
= = rate + shape, Asimov: 2dof
aaaaa lies (J.Phys. G43 033001)

90% CL
95% CL
99% CL

—_—
-
-
- __----: N
™)

=\ = o oY e o e ] s

Am? (eV?)
| | IIIIII-L |

| -
..

........
.....

. - . .

-
]
= -

sin’(20)

— toy-MC

- - asymptotic

—> Wilks’ theorem and Asimov data sample cannot be used



Apply these results to a more general case

vast experimental program for the search of ” ”/n\
light sterile neutrinos: :

Pag = Oap - SiN?(20qp) sin?(1.27Am?L/E)

sin?(1.27*Am?*L/E)
|
Co—

—
—
=
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- disappearance experiments: ve —> Ve e e e

- mainly reactor experiments g F M l T E
(e.g. Stereo, Prospect, Danns) g ot 1yl J E
Wﬂm&i =

* appearance experiments: vy —> Ve & b armeomanlosr wam IRE
K% - ——— sin%(20)=0.05, Am? = 10eV? T =

- accelerator experiments J()
(e.g. MiniBooNE, MINOS, T =
SBN@Fermilab) PP —amumpn |

. . . s T ety e
looking for a similar signature S R
—> similar statistical issues & L
T R e 2



Our model and analysis framework

- Ideal appearance and disappearance experiment

E (MeV) L (m) binning Ns NP
DIS 2-7 7-10 10x6 10° 104
APP 200-1200 500-550 20x1 10° 103

- binned maximume-likelihood analysis

£(sin2(2005), Am?, NS, N®) = l—IPoisson(qu’jbslNS - pd, Z-Sj(sinz(Zﬁaﬁ), Am?) + NP pdfg)

t.~ 11 @

parameter nuisance
of interest p parameter ©

. Gauss(NS|N§, 0°) - Gauss(NP| NP, o)

)

L(p,
L(f,

- test statistic: profile likelihood ratio: A(u) =

D> D>

13



We would like to study

sensitivities for exclusion limit and discovery power for the information of

rate only
shape only

rate + shape

- limitation of Gaussian approximations

comparison of currently used methods

test statistic definition d.o.f. statement for CI CPU usage experiments
L, (sin?(26), Am?
ratio of profiled likelihood p(smﬁ( H)’ ™) 0 Which hypothesis H(sin?(20), Am?)  small e.g. DANNS
p(Ho) favors the data in comparison to Hy?
- L, (sin?(20), Am?
1;;;2}:; \éacl;lne p(sm/(\), m’) 1 Which sin2(2c9) parameter region is medium e.g. NEOS, STEREO
Lp(sin®(20), Am?) compatible with the data for a given
Am?-value?
- L, (sin?(26), Am?
global p-value p(sin’(29), Am’) 2 Which sin?(26) — Am? parameter re- high e.g. MINOS, PROSPECT

Feldman-Cousins

—_—

L, (sin?(20), Am2)

gion is compatible with the data?
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Some results: Limitation of Wilks’ theorem

distribution of the test statistic for Ho in our DIS model

rate + shape shape only
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Relying on Wilks’ theorem, one rejects the null hypothesis more often than
the desired size of the test (1-CL) —> fake discovery!



Some results: Limitation of Wilks’ theorem

Coverage: How often does the confidence region contain the true value?

correct

rate only shape only constrained shape

Am? (eV?)

107"

-2

. s 107" 102 s 107"
sin“(20) sin“(20)

Coverage assuming Wilks’ theorem at a 95% CL

proper coverage in rate only (and local p-value analysis)
strong under coverage in non sensitive part of shape only analysis

partially compensation in rate+shape —> still under coverage
16



Some results: Comparison of methods

RN ! RN ! Y

A

+ single data sample from Ho

10

3 2 - confidence regions increase with
L number of degrees of freedom
i —> different statements, no
«E 1_ * direct comparison possible!

3 ¥

- global p-value assuming Wilks’
theorem can produce fake
signals!

1011

Wilks' Approximation

global p-value

I[HIIi

local p-value

ratio of profiled likelihood

-

2 X 10’ 1
sin“(20,,)
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Conclusions

- review of the field of statistical methods for the search of light sterile
neutrinos (paper in preparation)

- provides a general understanding for sensitivities and comparison of
different methods

- sets the ground for combining different results/global fit

- exchange of analysis technigues with KATRIN group on-going

- combination of oscillation and beta decay experiment data planned for
2020
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