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The result
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Monte Carlo
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Monte Carlo
● A new full simulation of neutrino interactions in 

OPERA and surrounding material was created
● Separate beamfles for three categories of 

materials
– Lead
– Iron
– ISO

● all other materials
● C12 target was used to produce ISO beamfles



5

Beamfles
● A set of beamfles was produced using Genie 2.8.6
● All CNGS prompt fux components

– NC interactions included here
● νμ appearance fuxe

– νμ → ντ and νμ → νe

– all other appearance fuxes proved to be negligible
● 6 fux components in total, 3 materials – 18 diferent beamfles
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OPERA geometry sub-volumes
● Seven sub-volumes were defned, according to materials and 

expected number of triggered events
– opdy_lead – all lead in OPERA detector
– opdy_iron – all iron in OPERA detector
– opdy_iso – volume containing all other materials in OPERA
– borexino – Borexino and its infrastructure
– front_rock – rock in front
– below_hallc – rock below
– side_and_above_hallc – shield and rock around Hall C, except the 

one below
● A single MC run is defned by a sub-volume and fux 

component
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Interaction vertex selection
● Neutrino interaction vertices were chosen 

according to the interaction probability
– extension to OpSim
– trivial for subvolumes containing only one material, 

not trivial for others
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Event weights
● Events are re-weighted such that the total sum 

of all event weights equals the number of 
expected CNGS neutrino interactions for 
1.82e20 p.o.t

● unoscillated weight – weight of appearance 
events before oscillation probability is applied
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Trigger
● Trigger components:

– TT_trigger - two consecutive TT planes with more than 1 pe 
in either horizontal or vetical direction or a single plane with 
more than 500 ADC

– RPC_trigger – at least 3 planes in a single spectrometer fred
– ndigits – number of RPC+TT digits

● Total trigger
– (TT_trigger OR RPC_trigger) AND ndigits>10

● This trigger was applied both to MC and DATA events
– it’s slightly stricter than the actual ELEDET event trigger
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Distribution of vertices in detecctor 
of triggered νμ events
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Distribution of vertices of triggered 
events for all νμ simulated events
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Total production
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Total number of triggered events
● MC expectancy

– no oscillations – 97277 events 
– std. oscillations – 96272 events

● DATA – 93458 events
● Well within 15% beam uncertainty
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Neutrino oscillation parametrization
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Standard 3-generation neutrino 
model

● Used by PDG and recommended by the Giunti 
book
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                   approximation
We can use this approximation because 
are working below the frst oscillation 
maximum

From PDG:

1 2 3

e

μ
τ

we are left with two
mixing angles and a
single mass splitting,
3 parameters in total
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Parametrization used in the analysis

because Δm2
21

 = 0
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Fit parameter

● the only free parameter in this analysis is Δm2
32 

and all the other parameters are assumed to be 
known a priori

● the values of oscillation parameters used in this 
analysis are:
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Analysis
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Main ideas
● Use NC/CC ratio vs. E_tt to reduce the CNGS 

fux uncertainty
● Compare data to MC oscillated by diferent 

values of Δm2
32

– oscillated MC is obtained by multiplying event 
weights with appropriate oscillation probability

● Use p-value formalism to reject Δm2
32 for which 

MC is incompatible with data
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Data selection
● CC selection

– good muon track exists
– bending topology - at least one digit in each of the arms of at least one spectrometer
– reconstructed muon charge negative

● NC selection
– no muon tracks at all
– no bending topology

● Global selection
– passed the trigger
– CONTAINED
– BF ok
– more 600 p.e. in TT’s
– BF frst brick in frst 20 walls
– is classifed as either NC or CC
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Data selection
CC-like NC/CC-ratioNC-like
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Data selection

Selection efciency calculated from MC

Interaction types under standard oscillations
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Data selection
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Statistics
● Consider two Poisson distributions with 

expectation values λl and λk.
● Suppose we measure a random variable from 

each of these two distributions and get l and k, 
respectively

● Bayesian probability distribution that λl / λk = x, 
given measurements l and k, and with a fat 
prior on λl and λk is given by the formula:

This formula was checked by a toy MC and is very precise
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Likelihood
● For the analysis I create three histograms

1)Number of measured NC events vs. E_tt (data) 
2)Number of measured CC events vs. E_tt (data)
3)NC/CC ratio predicted by MC vs E_tt (MC)

● this depends on oscillation parameters
● All histograms have N bins and equal E_tt 

range
● I construct a likelihood function using the 

formula

bin index CC-histogram bin value

NC-histogram bin value

MC histogram bin value,
dependent on oscillations



27

Profle likelihood

assumed value of Δm2
32

 
(our null-hypothesis)

value of Δm2
32

 that
maximizes likelihood maximum possible

likelihood given data

likelihood function
given data for assumed Δm2

32
 

Data is a random variable of a distribution which has a true Δm2
32

 as a parameter
- in each (pseudo)experiment we get diferent data set due to statistical fuctuations
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Test statistics (two diferent ones)
● we use two diferent test statistics:

– “standard”

● equivalent to F&C
– upper limit

● for each Δm2
32, these are random variables (since they 

depend on data, which is a random variable), and 
therefore they have distributions
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p-values
● given the distribution of test statistics and our 

measurement, we can extract p-value for a given 
Δm2

32

– if a p-value is smaller than predefned threshold, we 
exclude that specifc Δm2

32

● distributions can be found using pseudo-experiments
● p-value is then:

p-value as a
function of Δm2

32

distribution of a test statistic
given Δm2

32

observed (measured)
value of test statistic
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p-values
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Δm2
32
 measurements

● p-values calculated for Δm2
32 in range 

[0.0,6.0]e-3 eV^2, with step 0.06e-3 eV2

● for each Δm2
32 value 10000 pseudoexperiments 

were produced to obtain test statistic distribution
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Standard test statistic
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Upper limit test statistic
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Lower limit systematics
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Appearance components
NC-like/CC-like ratio vs. E_ttNC-like events vs. E_tt
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Beam uncertainty
● The beam smearing has been implemented to 

investigate the efects of beam uncertainty
● Smearing algorithm

– Neutrino events were sorted in 10 GeV bins of true 
neutrino energy

– A random number was generated for each bin
– Gaussian with mean 1.0 and standard deviation 0.15
– Each event weight in the each bin was multiplied by the 

random number generated for this bin
● 1000 smeared fuxes were generated
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Beam uncertainty
● Likelihood function was defned as

Number of smeared fuxes

index j runs over smeared fuxes

NC-like/CC-like expectation
for j-th smeared fux in i-th bin

index i runs over
E_tt bins
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Standard test statistic

black – not smeared
pink - smeared
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Upper limit test statistic

black – not smeared
pink - smeared
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Conclusions
● An analysis of oscillation parameters using ELDET data was 

performed
● A new MC simulation of interactions in OPERA and the 

surrounding materials have been produced both for appearance 
and disappearance oscillation channels

● Since we have no near detector, NC-like/CC-like ratio was used 
to normalize the beam

● A an upper limit on Δm2
32 has been obtained, assuming Δm2

21=0 
and PDG mixing angles, in the analysis dominated by muon 
neutrino disappearance
– a lower limit proved to be unreliable

● The result of this analysis is an reliable upper limit on Δm2
32


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40

