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Motivation
• Relative uncertainty in the number 

of νe candidates (S+B)

• Flux (5%) + ν interaction 

• additional NA61 data

• better ν interaction modeling

• refined near detector analysis

• Far detector (3%):

• data/MC differences in control 
samples (ATM, “hybrid π0”, etc.)

• combination of detector modeling 
and ν interaction uncertainties

34

• true neutrino energy (k) with 200 bins (50 MeV
wide) from 0 GeV to 10 GeV and one bin from
10 GeV to 30 GeV.

• interaction mode (l) with categories for CCQE,
CC1⇡, CC coherent, CC other, NC1⇡0, NC coher-
ent and NC other.

The systematic parameters are ~

f =
(b

j,k

, x

norm

k,l

, ~x, d

i,j,k

, f

s). The b

j,k

vary the flux
normalization, and the x

norm

k,l

are cross section normal-
ization parameters. The ~x are cross section parameters
such as MQE

A

and p

F

where the e↵ect on the prediction
is modeled with response functions, w

i,j,k,l

, evaluated
for each combination of observable bin, flux type,
neutrino energy bin and interaction mode. The d

i,j,k

are systematic parameters that vary the normalization
of the prediction for each combination of observable bin,
flux type and interaction mode. These parameters are
used to model variations due to FSI and SK e�ciency
uncertainties. The momentum scale variation according
to the parameter f

s is not shown in Eq. 19. The
parameter f

s scales the momentum range of the bins
and the bin contents are recalculated assuming a flat
momentum dependence in each bin.

We compute three-neutrino oscillation probabilities,
P

osc

k,l,m

(~o), which include matter e↵ects, according to the
numerical technique defined in Ref [107], for a given set
of the oscillation parameters, ~o. The �

CP

dependence is
evaluated by scanning the value of �

CP

and fitting for
sin22✓
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with �

CP

fixed at each scan point. The remain-
ing oscillation parameters are always held fixed to the
values listed in Table XIII.

Based on Eq. 19, we predict both the total number
of events and the normalized (p

e

, ✓

e

) shape distribution
(probability density function, PDF). The predicted num-
ber of events and the predicted (p

e

, ✓

e

) distribution are
used in the likelihood function of the oscillation fit. The
e↵ect of the systematic uncertainties on the predicted
number of events and (p

e

, ✓

e

) PDF are studied by re-
calculating the rate and PDF under variations of the
systematic parameters according to the prior probability
distribution of the parameters. Table XVI summarizes
the uncertainty on the predicted number of events for
each systematic error source assuming sin22✓

13

=0 and
sin22✓

13

=0.1.
The uncertainty on background only predicted num-

ber of events (sin22✓
13

=0) is larger than that of sig-
nal+background due to the larger uncertainties on the
NC backgrounds (32%); the uncertainty on CC back-
ground events (14%) is comparable to that of the CC
signal events. The inclusion of the ND280 measure-
ments reduces the uncertainty on the total predicted
event rate due to the flux and CCQE, CC1⇡+ cross sec-
tion model from 18.3% to 8.5% (22.6% to 5.0%), assum-
ing sin22✓

13

=0. (sin22✓
13

=0.1). The far detector e�-
ciency uncertainty has been reduced from 14.7% (9.4%)
in the previous analysis [21] to 6.8% (3.0%) assuming
sin22✓

13

=0.0 (sin22✓
13

=0.1) due to new CC ⌫

e

and ⇡

0

TABLE XVI: Summary of the contributions to the total
uncertainty on the predicted number of events,

assuming sin22✓
13

=0 and sin22✓
13

=0.1, separated by
sources of systematic uncertainty. Each error is given in

units of percent.

sin22✓13=
Error source 0 0.1
Beam flux & ⌫ int. (ND280 meas.) 8.5 5.0
⌫ int. (from other exp.)
x

CCother

0.2 0.1
x

SF

3.3 5.7
p

F

0.3 0.0
x

CCcoh 0.2 0.2
x

NCcoh 2.0 0.6
x

NCother 2.6 0.8
x

⌫

e

/⌫

µ

1.8 2.6
We↵ 1.9 0.8
x

⇡�less

0.5 3.2
x1⇡E

⌫

2.4 2.0
Final state interactions 2.9 2.3
Far detector 6.8 3.0
Total 13.0 9.9

SK atmospheric control samples; the FSI uncertainty has
also been reduced from 10.1% (5.4%) in the previous
results to 2.9% (2.3%) in this analysis, as correlations
between reconstructed bins are now taken into account
(Sec. VC1).
We also consider the e↵ect on the (p

e

, ✓

e

) PDF,
or “shape” of (p

e

, ✓

e

), as the systematic parameters
are changed. Fig. 31 (Fig 32) shows the varia-
tion of the one-dimensional angular slices of the to-
tal signal+background as a function of momentum for
sin22✓

13

=0.1 (sin22✓
13

=0). The main contributions to
the shape systematic uncertainties for sin22✓

13

=0 are the
SK detector e�ciency and W

e↵

parameters in the neu-
trino interaction models which introduce uncertainties
on the (p

e

, ✓

e

) distribution of ⌫
µ

(NC) background. For
sin22✓

13

=0.1, the dominant contributions to the shape
systematic uncertainties are the ⌫

µ

flux, CCQE and
CC1⇡ cross section parameters, x

SF

, and the SK detec-
tor uncertainties.

B. ⌫

e

likelihood

We define an extended likelihood as the product of
the likelihoods for the observed number of ⌫

e

candidate
events (L

norm

), the shape of (p
e

, ✓

e

) distribution of those
events (L

shape

) and the constraint term for the nuisance
parameters (L

syst

). The normalization term, L
norm

, is
defined by the Poisson probability to observe the number
of ⌫

e

candidate events, N
obs

, given a predicted number
of events, n =

P

N

p✓

i,j

N

p

i,j

(~o, ~f):

L
norm

(~o, ~f) =
(nN

obs)e�n

N

obs

!
(20)

In my opinion, aggressive effort is needed on all fronts to 
achieve “2%” uncertainty in HK LBL analysis
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PMT test facility (PTF)
• Study response of large area 

photosensors to light (in water) across: 

• wavelengths (330-550 nm)

• incident angles to surface

• locations on the PMT

• polarization
e

polarized 
light

polarized light

• Light reflected from the PMT affects 
response of other PMTs (in water)

• Study reflectivity of photosensor across 
same parameter space,

auxiliary 
photosensor

Goal: provide parameterized model of PMT response and 
reflection that can be “fit” with in situ data

(somewhere in between calibration/photosensor development)
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Conceptual Design

W. Faszer/P. Lu
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Recent Developments
• Mechanical system fully designed and assembled

• Moved into new (permanent) laboratory space

• renovation courtesy of TRIUMF Science Division

• MIDAS-based controls system developed

• position either arm into desired position/angle

• collision avoidance logic

• motion sequencing to perform multiple runs

• reproducibility to < 1 mm and < 1° demonstrated

• Magnetic field survey without coil/shielding performed

• 3D magnetic probe readout into MIDAS

• use sequencing to automatically position the arm in various 
locations to map out magnetic field

• Auxiliary photosensor linearity measurements

• small PMTs used as reference and to detect reflected light.
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Mechanical Assembly

• Left: Solidworks rendition

• Above/Right: test assembly 

• Bottom right: assmebly in new 
lab room

• Far Right: motor control system

• each board controls up to 8 
axes of motion (tran./rot.)

PMT Measurements

•  Facility to measure PMT 


•  efficiency vs. incident angle, position, 
wavelength, polarization


•  reflective and other passive properties 

• Status:


•  detailed design (nearly) complete 

•  All major components delivered


•  test assembly in progress

• water-tight optical head under design


• DAQ and water filtration work in progress

•  In a few months, test:


•  B-field shielding/compensation

• Mechanical motion control


•  Renovation of room at TRIUMF is necessary

•  currently, schedule for this is undefined.


H. A. Tanaka
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Examples of MIDAS control
• Top: 

• overall run control for single 
position run

• Bottom left: 
• gantry motion control 

interface with status messages

• Example of live B-field 
monitoring and recording
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Example Motion
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Motion sequencing
• Left: examples of sequenced motion/

measurements for field map

• Bottom: example slice of B-field 
measurements at z=0
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Next Steps
• Test Helmholtz coils and GIRON shielding (~summer)

• see if target shielding is achieved (<10 mG in PMT region)

• Conclude tests of reference PMT (~summer)

• signal/HV cable feedthrough in arm to optical head

• test housing and operate in water.

• Other items (dark curtain, cabling, etc.)

• Develop optical system (summer + fall)

• laser fiber feedthrough in arm to optical head

• polarization/collimation optics

• test in water

• Assemble/test water filtration system

• need to finalize degassification system

• We welcome collaboration and applications!
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