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Defining “Precision ocep Measurements”

Hyper-Kamiokande

LBNE

CP Violation Sensitivity (NH)

CPV Discovery Sensitivity (w/ Mass Hierarchy known)
o 7.5MWyear
5% all syst /2 7 all syst 4in726 1720

normal MH

74% region §f d covered at 30 W/ 5% sys. error

High Sensitivity to CPV w/ <~5% sys. error
e (ld sensitivity plots (somewhat out of date)

e Normalization uncertainties only

e Takeaway message: CP violation experiments will likely be
systematics limited

e Largely due to neutrino interaction uncertainties




Can Experiments Measure E.,%

e In 2009, MiniBooNE CCQE data
showed an excess not predicted by
any existing neutrino cross section
model
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i MiniBOONE data with total error
RFEG model with MT'=L03 GeV k=1.000
REG model with MTU'=138 GeV k=107
Free nucleon with M =103 GeV
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e ..and inconsistent with NOMAD
CCQE data at higher energies

e This is now believed to be caused by
nucleon correlations (and other
nuclear and even non-nuclear effects)
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e If correct, a large fraction of events
(T 20-30%) can have a significant
bias in reconstructed energy
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e No direct data constraint exists

e QOscillation experiments completely
rely on models that were very
different just 5 years ago




How Well are the New
Models Understood®

Per Neutron Multinucleon Cross Sections

e It is very difficult to answer this question
without a direct measurement

~

e However, the two most commonly used
“new” models can be compared

0/(A-Z) (x 10°* cm?)

Nieves Model
—— Martini Model

e J. Nieves, I. Ruiz Simo, and M. J.
Vicente Vacas, PRC 83:045501 (2011)
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E, (MeV)

e M. Martini, M. Ericson, G. Chanfray, R
and J ; M aPte aU, PRC 8 O . O 6 5 5 O ]. ( 2 O O 9) § Cross Section Ratio for Martini and Nieves Models

e (ross section differs by a factor of & to 3
over a large range of neutrino energies

e Which model is correct?
o Is either model correct?

200 400 600 800 1000 1200 1400

e Nuclear physics at 1 GeV is difficult E, (MeV)



http://arxiv.org/find/nucl-th/1/au:+Martini_M/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Martini_M/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Ericson_M/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Ericson_M/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Chanfray_G/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Chanfray_G/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Marteau_J/0/1/0/all/0/1
http://arxiv.org/find/nucl-th/1/au:+Marteau_J/0/1/0/all/0/1

Isn’t This is Why Oscillation
Experiments Build Near Detectors®

«10° Multinucleon Feed-down on Oscillated Flux

Shouldn’t cross section systematics

cancel in a near/far fit? SK Oscillated Flux

Ev—Erec Smearing

e Some errors, like total (Ev=0.8 GeV)
normalization, will cancel

e However, multi-nucleon effect causes
feed-down of events into oscillation dip

e (Cannot disentangle with near Mixing Angle Bias!

detectors Near detectors lack sensitivity

<10 Multinucleon Feed-down, ND280 Flux

e HEnergy spectrum is not

oscillated ND280 Flux

Ev—Erec Smeari

e More multi-nucleon = smaller dip (Ev=0.8 GeV)

e Multi-nucleon effects are largely
degenerate with mixing angle

effect! 0.5 1




Create “fake data” samples with flux and cross
section variations

e With and without multi-nucleon events

For each fake data set, full TRK near/far
oscillation fit is performed

e For each variation, plot difference with and
without multi-nucleon events

For Nieves model, “average bias” (RMS) = 3.6%

For Martini model, mean bias = -2.9%, RMS =
3.8%

e TFull systematic =V (2.9%*+3.2%2) = 4.8%

e This would be one of the largest systematic
uncertainties

But this is just a comparison of & models

e How much larger could the actual systematic
uncertainty be?

We need a data-driven constraint!

Fake Experiments
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Effect on TRK v, Disappearance

Nieves Model -

Bias = 0.3%
RMS = 3.6%
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i n i
SIN“Oy4u1in = SN Onominal

_ Hacked-up
: DMartini Model

Bias =-2.9%
RMS = 3.2%
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Can the E, problem be

solved experimentally?




vPRISM Detector Concept
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vPRISM Detector Concept
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vPRISM Detector Concept
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vPRISM Detector Concept
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vPRISM Detector Concept
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vPRISM Detector Concept
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vPRISM Detector Concept

. Arb. Norm.

-0.8 *

Muon pé&0

15 2 25
Mucn Momentum (Me'vic)

2.5° Off-axis Flux

Arb. Norm.
(8]
N W

Take linear

%k
combinations! +1.0

Muon pé&

S
4
-
7
1
®

1 15 2 23 "3
Nucn Momentum (Me'vic)

T - 3
-~ !m 1.0° Off-axis Flux

16

. :
Muon pé&0 i:

1 15 2 25 b
Nucn Momentum (MeVic)

Muon pé&0
for 700 MeV
Monoenergetic
v-Beam!

0 02 04 06 8% 1 12 14 14 182
Newtrino Frangy (GeV)




x10"
4 0° Off-axis Flux

vPRISM Detector Concept
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Neutrino Spectrometer

500 MeV 700 MeV
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e (Gaussian-like spectra can be produced for any choice of neutrino
energy (between 0.4 and 1 GeV)

e Depends on off axis angle range (6°— 0.25 GeV, 0°— 1.2 GeV)

e High energy flux tail is canceled in all cases



Other Uses of vPRISM data

Limitations of Near
Detectors

» Limitations of even “perfect” near detectors:

1. Flux is never identical near and far, because of
oscillations if for no other reason.

. Near detector has backgrounds to reactions of interest
which may not be identical to far detector (see #1).

K. McFarland, Aspen Conference (2013)

Can vPRISM address this issue as well?




Removing Near/Far Flux Differences

4 0° Off-axis Flux

Arb. Norm.

Muon pé&0

2 25
Nusn Momentum (MeVic)

2.5° Off-axis Flux

Arb. Norm.

Muon Cos o
-

Muon pé&0 I

2 25
Musn Momentum (Me'vic)

H

1.0° Off-axis Flux

Arb. Norm.

Muon Cos i

' Muon pé&0

2 25
Nucn Momentum (Me'vic)




Removing Near/Far Flux Differences

4 0° Off-axis Flux

Arb. Norm.

Muon pé&0

2 25
Nusn Momentum (MeVic)

2.5° Off-axis Flux

Arb. Norm.

Muon Cos o
-

Muon pé&0 I

2 25
Musn Momentum (Me'vic)

H

1.0° Off-axis Flux

Arb. Norm.

Muon Cos i

' Muon pé&0

2 25
Nucn Momentum (Me'vic)




Removing Near/Far Flux Differences
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Removing Near/Far Flux Differences
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Removing Near/Far Flux Differences
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Removing Near/Far Flux Differences
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Removing Near/Far Flux Differences

B PN UL

Reproduce Super-K Oscillation
Pattern at a Near Detector!
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NUPRISM Linear 3
Combination

II|

Take different
linear
combinations!

SKOsc. Flux

III|III|III|III|III|III|III|III|X

This is the procedure
used for the

T2K/vPRISM

v, disappearance

analysis
(see later slides)
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Interpreting Linear Combinations

e After vPRISM linear combination:

v Energy Spectrum

e (CC-v, spectrum should reproduce

oscillated far detector spectrum: Flux < 1 GeV is dominated by r* decay

Good!
+ +
e NC-v, backgrounds will also be oscillated: m — “ VIJ
i + —
Bad! Ie e v e v“

e NC events are unaffected by
oscillations at SK

v, produced in 2-body decay

e NC events must be subtracted at both SK Ve produced n G-body decay
and vPRISM @ Only V,, are subject to off-axis affect

e Introduces cross section model
dependence

e However, NC backgrounds can be very well

measured using mono-energetic beams nuPRISM Linear

Combination

e Significantly reduces cross section model SK Osc. Flux
dependence '

e In current analysis (see later slides), NC
constraint has not yet been applied

e Conservative errors




Pion Multiplicity Throw
1.15

10

More on Beam Errors|

e Haven’t we just replaced unknown cross section errors
with unknown flux errors®

1.1F — SK MC (Random Throw)/Nominal
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e Yes! But only relative flux errors are important!

e (Cancelation exist between vPRISM and far detector

Va,I’ia,tiOIlS Proton Beam -1 mm Y Shift
1.15

10

e Normalization uncertainties will cancel in the vPRISM
analysis

e (Cancelations persist, even for the vPRISM linear
combination

SK Prediction Rat

e Shape errors are most important

e For scale, 10% variation near the dip means

5 1% Variation in Singzﬁzg Horn Current +5 kA Change
1.15

p—
p—

e Although this region is dominated by feed down

e FHull flux variations are reasonable

SK Prediction Ratio

e No constraint used (yet) from existing near detector!

e Uncertainties set by NAG61 and T2K beam data




Design Considerations

Civil construction is expensive! Off-axis Fluxes
e Smaller hole = More affordable

Off-axis angle range

e Omn-axis flux peaks at 1.2 GeV

e 4° (6°) off-axis peaks at “ 380 (" 260) MeV
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e Beam points 3.63° below horizon, so get ~4° for
free

Distance to target

e Atl (1l.2) km,need 54 (65) m deep pit to span
1°-4°

e Event pileup must be manageable (see later slides) Muon Range

Tank diameter
e Determines maximum muon contained

e 4m(+FVcut) for 1 GeV/c muon

e PID degrades near the wall

Fraction of Emitted
Cherenkov Light

o Important for selecting e-like events

e How much outer detector is necessary?




The vPRISM v,
Disappearance Analysis

Details to be presented in the next talk
by Mark Scott




Super-K Flux
vPRISM Flux Fit
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e Fit for coefficients of 30 off-axis vPRISM slices to match a chosen Super-K oscillated
spectrum

e Fit between 400 MeV and & GeV
e Repeat this fit for every set of oscillation parameters
e Notice disagreement at low energy
e The most off-axis flux (4°) peaks at 380 MeV, so difficult to fit lower energies

e (Could extend detector further off-axis, but the low energy region is not very
important to extract oscillation physics



Signal Selection/Definition

e Same signal selection as used at
Super-K

e Single, muon-like ring

e {Signal events are defined as all true
single-ring, muon-like events

e A muon above Cherenkov threshold

o All other particles below Cherenkov
threshold

e vVvPRISM can measure single muon
response for a given E, spectrum

e §Signal includes CCQE, multi-
nucleon, CCm*, ete.

e Noneed to make individual
measurements of each process and
extrapolate to TRK flux




HBree Distribution

e For now, collapse D muon p,0
distribution into 1D E,.. plot

e Use CCQE formula

e Arbitrary choice! This introduces
negligible model dependence

— E,. SK with Osc

—— Eec Linear Comb

e FEventually, we will just use p,0 bins
directly

e Notice the vPRISM and SK distributions
disagree

e Ifthey didn’t, we would hawve no cross
section systematic errors (modulo

previously discussed flux variations)

2.5 3
Raconstructed energy (GeV)

e Differences are from detector
acceptance & resolution, and imperfect
flux fit

e Super-K prediction is now given by
directly-measured vPRISM spectrum!

e TR&K measurements are now largely
independent of cross section modeling!




vy Disappearance Bias

Standard T2K
Analysis

Nieves Model
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vPRISM v, Disappearance Bias

Standard T2K
Analysis

vPRISM
Analysis

Bias = 0.3%
800 RMS = 3.6%

Martini Model

(with Nieves
final states)

U
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vPRISM v, Disappearance Bias

Standard T2K
Analysis

vPRISM
Analysis

Bias = 0.3%
800 RMS = 3.6%

Entries
Mean -0.0002917
RMS 0.005395

Martini Model

(with Nieves
final states)
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vPRISM v, Disappearance Bias

Standard T2K
Analysis

vPRISM
Analysis

Bias = 0.3%
800 RMS = 3.6%

o

Martini Model L g 16 Entries
(w[ ’ s Mean -0.0002917
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final states)
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vPRISM v, Disappearance Bias

Standard T2K
Analysis

vPRISM
Analysis

Bias = 0.3%
800 RMS = 3.6%

Entries
Mean -0.0002917
RMS 0.005395

Martini Model

(with Nieves [

¥
final states) :

Bias =-23.9%

400 RMS =3.2% | Nieves Model

201 -005 0 005 0.1
SiN“0y, . - SIN‘O

Bias =-0.06%
RMS = 1.0%
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0.05 0.1 '
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L

-0.1 -005 0 0.05
R WA
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Entries 300

e VPRISM analysis is largely independent of

assumed cross section model Mean -0.000475

RMS  0.006014

Martini Model

(with Nieves
final states)

e Without using any information from ine e 010
the existing near detector ol RMS=1.2%

0.05 0 )
Nominal sirra,, - Martini sin‘e,,

e Using conservative systematics

e Data-driven constraint is possible!



Electron-like Measurements

3

>
0 [ ] [ ]
e MiniBooNE sees a large excess of electron- kg MiniBooNE . Dt

like events from? £ e-like o v, from K*
o I v, from K°

e NCm© T spectrum gumy - misid

] A— Ny
: : . B dirt
e Single-y production other

Total Background

e [Externaly
e Beam ve
e mmuon misID

° sterile neutrinos

— VPRISM v, (2.5-4.0°)

e This must be understood for a precision CP
violation measurement

vPRISM v, Linear Combo.

vPRISM
e Linear combination of v, fluxes can be used
to reproduce BOTH:
e The SK ve signalt+tbackground ] | SKBeam+Osc. v,
o Direct measurement of far ‘ YPRISH v Hnear Gombe.

detector ve response

(excluding o(ve)/o(vy) uncertainty) SK osc. +

intrinsic ve

e The vPRISM ve flux

e This will allow direct comparison
of v, and ve double-differential xsec




v, CCOm: 1 Ring e Efficiency —Sac groun
600

ve Event Selection

v, CCOn: 1 Ring e Efficiency S|g na|
600 "

ToWall (cm)

e v.’s are more sensitive to
the tank diameter than

V'S

ToWall (cm)

N
S
S

e Large v, background

ToWall (cm)

requires good PID
1 Ring e selection:
* PID degrades as Evis>200 MeV
particles approach the DWall>200 cm
tank wall ToWall>320 cm
Om 2¥Il 4m

e Om diameter may be too
smaill

e 8m diameter is also

Tank Diameter
being investigated passed Strongly Impacts

ve Fiducial Volume

e (with 10m OD
diameter kept fixed)




Preliminary Sterile-v Sensitivity

e Based on half the total TRK statistics (expected after beam upgrade)

e (Conservative estimates

e MiniBooNE-style vety, fit not yet used (strong flux correlations)

e NDRZ280 not yet used (LR detector fit can add significant sensitivity)
6m 1D 8m ID

- |— No Systs

— No Systs

| Flux Systs |— Flux Systs

| — Al systs |— Al systs
|~ MiniBooNE | MiniBooNE

107 107 10 Sirf(26) 107 107 10"

sin(26)




v Cross Section Measurements

Example MEC |

event separation [N — NEUT CCQE

— np-nh (Nieves et al.)
—— CCQE+np-nh

e NMono-energetic neutrino
beams are ideal for
measuring neutrino cross
sections

e (Can provide a strong
constraint on new
models

o TZ2K v, disappearance is
subject to large NCm*
uncertainties

P .

e ] existing
measurement

.
—h

e vPRISM can place a
strong constraint on

this process vs Hy

e
25
o)
|
2 2 g

500 1000 1500 2000 500
Reconstructed v, energy [MeV]




Can We Build This
Detector Now?

Smaller scale version is currently
being considered for a TRK upgrade:

vPRISM-Lite

e Improve TRK physics program

e Better oscillation measurements
e {Sterile neutrino program

e Bridge project between TRK & Hyper-K to keep continuity in
Japanese neutrino physics program

e (Can provide proof-of-principle before Hyper-K is built

e Upgraded TRK beamline = Hyper-K beamline
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o (Cost difference?

e Baseline design:

e Inner Detector (ID): 6 or 8m diameter, 10m tall
e (Quter Detector (OD): 10m diameter, 14m tall

e To improve sand muon tagging (precise entering
position and time), OD is surrounded by scintillator
panels (not pictured) |

ID: 8” PMTs OD: 20” PMTs

(5” PMTs are also
being considered)




Target

ND280
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T2K 2 km site

lkm, and 1.2km

)

e Non-rice-field locations at 750m

e Many additional sites if rice fields are also considered

e Site acquisition will rely on J-PARC & KE

e Significant lead time is required




Event Plleup at 1 km

e Full GEANT4 simulation of water and
surrounding sand

e Using T2K flux and neut cross section
model

e 8 beam bunches per spill, separated by
670 ns with a width of 27 ns (FWHM)

e 41% chance of in-bunch OD activity during
an ID-contained event

e Want to avoid vetoing only on OD light
(i.e. using scintillator panels)

e 17% of bunches have ID activity from
more than 1 interaction

e 10% of these have no OD activity

ID, OD and intermediate
e Need careful reconstruction studies volumes

e (but multi-ring reconstruction at
Super-K works very well)

Pileup Rates at 1 km Look Acceptable!



Civil Construction

e Hstimates have been acquired for various construction
methods (see table below)

e Initial estimates are for a 50m deep, 10m diameter pit

e Final options will depend on detailed geological
survey performed at the chosen site

e Current estimates range from US $5M to $8M

Table 1: Summary of initial cost estimation for civil construction.

(Unit: Oku JPY, roughly corresponds to Million USD)

Soil Mixing Wall | New Austrian Tunneling | Urban Ring

0.1 (assume 70 m deep boring survey)

Cand proparation
Construction 5361




Detector Frame

Initial proposal for ID/OD frame and lifting
mechanism has been produced

Careful consideration given to water flow
rate while in motion

4 towers allow the entire detector to be |~ Ufing Tower: Guk
lifted out of the water tank for maintenance Rl )

= Cable {x4)

—Track Joint
| ,/ Cover . 2€9! g
[ v OVCr -

—Ring

I
A

”

/

A Ballast
IS
SIS

Vo
S .
/s r s, :
777 P




e For the ID, both 8” and 5”

PMTs are being considered Ha,ma,matsu E Stim&tes

¢ Perha’p S Wlth hlgh- Name Type QE% | Quantity | Price/PMT | Total Cost | Delivery Year
quantum-efficiency (HQE) 5” PMT R6594-WPassy | 25 | 8000 103,500 828M
coating 5” PMT HQE 35 5714 123,700 707M
8” PMT R5912-WPassy 25 3215 143,000 460M
P Also Consj_dering HypeP_K_ 8” PMT HQE 35 2296 170,500 391M
style hYbI’id 8” HPD HQE | R12112-WPmodule | 35 2296 264,000 606M 2014
35 2296 236,500 543M 2018
photodetectors (HPD) 35 2296 209,000 480M 2016
e Initial Hamamatsu estimate 20” PMT HQE | R12860-WPassy | 30 508 604,500 307M 2014
for basic 8” RE91R PMT is TR
much more expensive that 20” HPD HQE | R12850-WPmodule | 30 508 715,000 363M 2014
assumed for 2km detector 30 | 808 | 617500 | 3l4M 2015
30 508 520,000 264M 2016
e TUS $4.3M for 3’000 PMTs 20” HPD HQE | R12850-WPmodule | 30 140 770,000 108M 2014
30 140 665,000 93M 2015
e UK /Texa,s company BETEL / 30 140 560,000 78M 2016
ADIT ha;S also been Consulted 20” PMT R12860-WPassy 5{0) 140 651,000 91M 2014
30 140 616,000 86M 2015
° Ba;S].C 877 PMT IS $lr7|75 30 140 581,000 81M 2016

e No HQE or HPD option
available



vPRISM-Lite Timescales

Water Cherenkov construction
was studies for a TRK near
detector proposed in 2005

vPRISM could perhaps be built
faster

e Same pit depth as the 2km
detector, but no excavation of a
large cavern at the bottom of
the pit

e Smaller instrumented volume
e No LAr or MRD detector

~ 3 year timescale from approval
to completion

Goal is to start data taking in time
for the J-PARC 7O00KW beam
upgrade expected in 2019

e Ground breaking in 2016

Year 2 Year 4

Preparation |

Excavation s
MRD detector preparation [ NG
Liquid Argon Assembly ]

MRD Installation [

Water tank construction
Liquid Argon installation
Surface facilities

PMT module preparation
Ligid Argon (surface)
Liquid Argon (Cryogenic)
Water system

Water Ch. (PMT etc)
MRD electronics

L.Ar. filling and purifying |
Water filling and purifying B

B Facility construction

B Detector construction (on site)

B Detector construction (off site, i.e., @J-PARC)
B Pure water and liquid Argon production




Current Status

e A detailed Expression of Interest
(Eol) document has been written

Expression of Interest: The vPRISM-Lite T2K
e Detailed v, disappearance results Near Detector

2

- : 3 Sampa Bhadra!4, Christophe Bronner”, Javier Caravaca?,
e Discussion of other physics ; ’

Michal Dziewiecki'?®, Guillermo Fiorentini-Aguirre'#, Megan Friend?,

: > s : s Mark Hartz% Robert Henderson®, Taku Ishida®, Asher Kaboth?,
a'ppllca'tlons (CP V]'O]'a'tlon’ a’ntl nu’ Akira Konaka®, Yury Kudenko*, Thomas Lindner®, Kendall Mahn®,

Sterl]_e neutr’lnos etC.) John Martin'?, Kevin McFarland", Shoei Nakayama!,
’ Kimihiro Okumura!, Andrzej Rychter!?, Federico Sanchez?,
Mark Scott®, Tetsuro Sekiguchi®, Masato Shiozawa!, Roman Tacik!,
o PPe]_lmlna,Py deteCtOP deS]_gn Hide-Kazu Tanaka!, Hirohisa Tanaka®, Shimpei Tobayama?,
Mark Vagins®, John Vo?, Morgan Wascko?, Michael Wilking®,
Stan Yen®, and Marcin Ziembicki'?

e FHirst step is formal approval from

'ICRR, Tokyo University

TZK 2IFAE, Barcelona

SImperial College, London
4INR, Moscow

e Next step is to gain support from 5J.PARC/KEK

J-PARC/KEK & international funding Koty Unorersiy

1 STRIUMF
&geIICleS YUniversity of British Columbia
10University of Regina
e vVvPRISM can provide a mechanism by ppniversity of Rochester
: ¢ SR niversity of Toronto
Wthh new CO]-].a;bOP &thIlS C&HJOIIl 13Warsaw University of Technology, Institute of Radioelectronics

4York University

T2K to perform CP violation and
sterile neutrino measurements
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Next Steps

e Need to extend physics studies beyond v, disappearance
e ve measurements & CP violation sensitivity
e Anti-neutrinos (w/ wrong-sign background)
e Joint analyses using ND2380
e Detailed detector MC development is underway
e Much of this work has already been done for Hyper-K
e Full MC and reconstruction software are available
e NMore detailed design and engineering work is needed

e Full cost estimates for all detector components are
underway

e Plan to submit a full proposal at the end of the summer
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Summary

e Accelerator-based neutrino oscillation
experiments require precision measurements of E,

e (Currently, must rely on models to related E, to
experimental observables

e Models are rapidly evolving, and large
disagreements exist between available models

e The vPRISM detector concept can provide a direct,
data-driven constraint on B, reconstruction

e Far detector response is measured for any
oscillated spectrum

e Hope to have a working example for TRK in 2019

e This concept should be useful for any accelerator-
based neutrino experiment




Supplement




- Measuring E.

reconstructed

. BN ; 2(M)E, — (M) +m — M)

e ) 2-((M),) — E, + +/E; —mZ cost,]

e The neutrino energy is determined from the final state particle kinematics

e If only the outgoing muon 4-momentum is measured, Ev is determined assuming:
e The neutrino direction is known (good assumption)
e Detectors are far from the beam source
e The target nucleon is at rest (lnarginal assumption)
e Adds an irreducible smearing to the neutrino energy resolution
e The recoiling nucleon mass is known (problematic assumption)

e This is only correct for interactions on a single nucleon (next slide)

e LBNE will attempt to measure the energy of the outgoing hadrons
e Requires knowledge of neutron production (problematic assumption)
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More Model Comparisons!

e P Coloma, P. Huber, C.-M. Jen, and C. Mariani, arXiv: 1311.4506 (Dec, 2013)

e (Goal was to understand biases in oscillation parameters from neutrino event
generators

e Try to approximate the TRK near/far setup
e Uses two well-established generators: GENIE & GiBUU
e Treat one model as true, and fit with the other
e Full near + far fit with some simplifying assumptions
e Same near/far flux, same near/far detectors and performance

e (Since the actual situation is not as nice, these estimates are likely conservative

Fit results for true values 023=45° & Am?z;= 2.45*10°
True Fitted 923,min Am%l min[eVQ] 2 Blases due to

GENIE (160) GENIE (12C

X min

44° 2.49%x1073 2.28 CYross section

( )
. ! . 41.75°  2.69x107°  47.64 :
GIBUU (*°0)  GENIE (®0) 47° 2.55x1073  20.95 modehng can be
( )
( )

GiBUU (10) GiBUU (1%0) w/o MEC 42.5° 2.44x107%  22.38 o 0 0
GENIE (*0) GENIE (‘°0) w/o MEC | 44.5°  2.36x107°  19.54 SIgnlﬁcant°

Fit has 16 d.o.f.




e P. Coloma, P. Huber, arXiv:1307.1243



http://arxiv.org/find/hep-ph/1/au:+Coloma_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Coloma_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Huber_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Huber_P/0/1/0/all/0/1

TIK v, Disappearance

Unoscillated Number of
events at Super-K
2]

— total
v, CCQE

g v, CCIn
vy CC other
vu(vt) NC
v, CCQE
== vV, CCnonQE
- Vu(v)) NC
CCQE
« CCnonQE

oscillation

Largest backgrounds are from CCr* and NCmr*
NCn*: pion is misidentified as a muon

Uncertainty on NCrr* is large (>100%)

CCrr*: pion is unobserved

Neutrino energy is misreconstructed

Fills in the oscillation “dip”
(big impact on 023 measurement)

sin®(R023)=1
Am3z2”=2.4*10° eV=/c*

IN
o

— total
v, CCQE
E&& v, CCln
v, CC other
vu(v:) NC
v, CCQE
CCnonQE
v.(v2) NC
v, CCQE
v, CCnonQE

©
W

o

Number of events
W




Design Considerations:
Energy spectrum Ratio

vy Flux Ratio (SK/ND) vy Flux Ratio Error (SK/ND)

SK/280 m
SK/1 km

-
Z
£
S
Z
Y,
7
E
S
Z

0 05 1 15 2 25 3 35 4 45 5
E, (GeV)

e At 280 m, the flux shape has 20-30% differences below 1 GeV
e Uncertainty in the ratio is noticeably larger, but mostly above 1 GeV

e The difference between 1km and 2km is small in both shape and shape
uncertainty



Physics Capabilities

Direct measurement of the

relationship between lepton Fraction of electrons misIDed as muons
o . o 5

kinematics and neutrino energy

Miss-ID rate [%]

e No longer rely solely on models

41 detector (like Super-K)

Target material is water (like Super-K)

100 200 300 400 500 600 700 800 900 1000
Visible energy [MeV]

e (Can directly measure NC
backgrounds

Very good e/u separation

Can make a precise measurement of
beam ve

® ﬂo baCkground iS We].]. Sepa:ra:ted 100 200 300 400 500 600 700 800 900 1000

Visible energy [MeV]

e (Can also constrain ve cross sections




vPRISM Prediction for Super-K

e Efficiency correction is still needed for both vPRISM and Super-K

e VvPRISM and Super-K have different detector geometries

e Particles penetrate ID wall (and get vetoed) more often in vPRISM

e Particle ID degrades near the tank waill

e The efficiency correction is performed in muon momentum and
angle to be as model independent as possible

e This should be nearly a pure geometry correction

e For now, fit in Super-K Erec distribution (in future, just use muon p,0)

OAangles

Efelc(,j (Am§27 ‘923) — Z

p,0
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v-Fluxes

Oscillated SK flux

Fitted vPRISM flux

N Am*~zo=2.56e-3
« sin?02z=0.61
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Fitted vPRISM flux
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Beam Systematics

Prod 9 «“10™ 820115

Conatant? 993es17 + 1.96ee 16 | Comtantt. 38%ee17 + 1.48%0016

Maan 0.498 : 0.002 700 - Maan 06568 - 00022

Sig=a 005432 + 000149 | Sgma 2,086 « 0.00195
600

500
400
300
200

100
100

0
Wb EALR ' 4 0
0 ~ & Wt v ' it

-100 -100

0 02 04 06 08 1 12 14 16 138 2 0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 16 18 2
Neutrino Energy (GeV) Neutrine Energy (GeV) Neutrine Energy (GeV)

Apply TRK Beam m* Production Systematic Uncertainty

Mear » Vear T A

18
16

Variation in
in fit means

Variation in Variation in
in fit means in fit means

B
3
2
1

&49 0492 0494 0496 0498 05 0502 0.504 0506 0508 0.5 . . (P,!)‘.') 0.992 0994 0996 0998 1 1.002 1.004 1.006 1.008 1.0%

e Apply T2K n* production variations to flux linear combinations

e This is expected to be the dominant normalization uncertainty for TRHK
e Spread in neutrino energy due to " production uncertainty is 0(0.1%)

e More detailed study needed, but so far looks promising



Detector Systematics
outnno lu- 1897 (97 Neo - 1399 Noutn lut 1219797
e Prod 9 «“10™ Prob B201e 10" Prob 1521006
Conatant? 993ee17 + 1 e | Comstante 38%ee1? : 1 e | CommtantS4TIes17 + 1. 3830016
. 0.498 : 0.002 - 06568 - 00022 09913 - 0.0033
005432 + 000149 gma 2,086 « 0.00195 gma 0.4218 - 0.0832

Nean
Sig=a

600
500
400
300
200

100
100

0
ol hais b g 0 i

0 ~ &l ot " Y it | "
100 -100

0 02 04 06 08 1 12 14 16 18 2 0 02 04 06 08 1 12 14 1 1 2 0 02 04 06 08 1 12 14 1

20

15

Variation in ' Variation in Variation in
in fit means HI in fit means ” in fit means

l ..ﬂ“ﬁl Le . 5 AL

1 )
064 0.66 0.68 07 072 074 0.76 8.9 092 09 09 098 102 104 106 108 11

e Efficiency was randomly varied by 5% in each slice
e The resulting variations in the fit means are still all below 1%
e (Continuous variations across the detector can cause problems
e Need homogeneous detector, and good monitoring & calibration
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vPRISM prediction at SK

e Last bin (10-30 GeV) is not shown



v Flux Uncertainties

1. Measurement error on

monitoring proton beam -~ = T

_____

2. Hadron production P

&. Hadron production 5. Beam direction
3. Alignment error on target/horn

Vi uncertainty at Super-K

—— Total —m Proton Beam
— Pion Muilt. —— Off-Axis Angle

Kaon Mult. Horn Current & Field
— Sec. Nucl. Mult. Horn & Target Align.
— — Int. Length MC Stat.

3. Alignment error on the
target and the horn

S
8}

o
\®)

4. Horn current & field

Fractional Error

5. Neutrino beam direction
(Off-axis angle)




Constraining the v Flux

e The dominant flux uncertainties are in /K
production from p+C interactions

o “Sweet spot” for producing neutrinos at Super
K (due to horn focusing)

e The NAGI experiment at CERN has taken data
on a thin C target and a TRK replica target

e (Good particle separation from combined
time-of-flight and dE/dxX measurements

e TR2K flux has been tuned to match
differential pion production cross sections

6-p at production point of n* producing v, @ SK

Polar angle 0 (rad)

Momentum (GeV/c)

NAG1 Particle ID NAOG61 Data vs FLUKA

' (60-120 mrad) ' (120-180 mrad)

* NAG61 data . * NAG6I data
— FLUKA 2008 — FLUKA 2008

11 1.2 1.3 14 1.5 16 1.7 1.8
dE/dx [MIP]




TRK Near Detector Constraints

Side Muon Range . .
e Detector (SMRD) CC Interaction in the Tracker

N
1

|
POD Tracker Downstream
(- l ECAL

detectol |
g __————

e olenoid Coil

TPCl FGD1 TPC2 FGD& TPC3

Barrel ECAL

FGDR has water layers to
Fine-Grained Detectors constri,m 1n:era,§tlons-lo{n
(FGDs) same target as Super

- Scintillator strips Time Projection Chambers

- Provides neutrino tarset (TPCs) Not yet used;

- Detailed vertex information planned 2014
- Gas ionization chambers analysis

- Track momentum from curvature Improvement
- Particle ID from dE/dx




Near Dete ctoff'i" Constraints
Goal: Constrain v-flux and cross section parameters
(used for T2K far d_ete.ctqr MC prediction)

v-Flux Cross Sections

v, and ve fluxes are correlated Main CC intezagggns 26(13637 ant to TRK
are an m
.rl.'l' —S I.I.I- v”

L> e* ve W,

Can use v, measurement to
- Need to constrain the parameters of
constrain the ve flux these interactions: IVI,°F, M ,RES, etc.

External constraints from NAG1 External constraints from MiniBooNE

The v, spectrum at the near detector is
fit to extract flux and cross section
constraints at the far detector



TRK Cross Section Model (R013)

- CCQE
Main difficulty is in

n /‘\/p\ understanding the

hadronic current

Parameter E, Range Nominal Error | Class
MGF all 1.21 GeV/c*  0.45 | shape
MRES all 1.41 GeV/c*  0.11 | shape

pr 2C all 217 MeV /c 30 | shape

However, the vector form facto.rs are B, 12C 1l 05 MoV o | shape
known from electron scattering!

SF 12C all 0 (off) 1 (on) | shape

¢ Remaining axial vector form CC Other shape ND280 all 0.0 0.40 | shape

N\

factor has 2 parameters F (O) . Pion-less A Decay all 0.0 0.2 | shape
*Fa(0) is known frombeta 7, (Q?) = = o \
- Q* 2
gecayjexperiments (1 ™ Mi ) CCQE El 0<E, <15 1.0 0.11 | norm

® M4 is the only free parameter
CCQE E2 1.5< E, <35 1.0 0.30 | norm

CCQE E3 E,> 35 1.0 0.30 | norm

CCn*

¢ More complicated (and ad hoc)

¢ Hass its own Ma parameter
¢ Pion-less A decay added by hand

Nuclear Model

* Relativistic Fermi Gas (binding energy + prermi)
¢ Can also reweight to a spectral function treatment

CClr E1l O0< E, <25 1.15 0.43 | norm
CClr E2 E,>25 1.0 0.40 | norm

C Coh all
NC17? all 0.96 0.43 | norm
NC 17+ all 1.0 0.3 norm
NC Coh all
NC other all

Vpu/ Ve

v/v

e Norm. factors are varied for other processes
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Ssummary of Improvements

ND280 Analysis | ND280 SK sin°20,.=0.1 | sin“20_=0.0
Data Selection

No Constraint 22.6% 18.3%
No Constraint  -- New 26.9% 22.2%

Factor 2.4
2012 method* Runs 12 OId 5.7% 8.7% > Fronieiil e
2012 method** Runs 1-3  Old 5.0% 8.5% Improved SK

2012 method  Runs 1-3  New 4.9% 6.5% " rejection
New ND280

2012 method*™** Runs 1-3 New 4.7% 6.1% ’ reconstruction,

2013 method  Runs 1-3  New 3.5% 5.2% € selection, binning

Factor 2.2 more
2013 method Runs 1-4 New 3.0% 4.9% ) ND280 POT

*Results presented at Neutrino 2012 conference
**Published results, arXiv:1304.0841v2
***Update to NEUT tuning with MiniBooNE data

These are very nice constraints!
(if the current parametrization is to be believed)




Near Detector Requirements
for Future v-Osc. Experiments

e The relationship between lepton
kinematics (what you measure) and T2K ve Appearance PRL

neutrino energy (What I want to TABLE II. The uncertainty (RMS/mean in %) on the pre-

COIlStPa,in) has an unknown and dicted number of signal v, events for each group of systematic

uncertainties for sin®26:3 = 0.1 and 0.

potentially large systematic uncertainty

Error source [%)] sin?26013 = 0.1 sin”26;3 = 0
: : : ; Beam flux and near detector 2.9 4.8
e A data-driven constraint is required (w/o ND280 constraint) (25.9) (21.7)
. s . . v interaction (external data) 6.8
for a precision CP violation Far detector and FSI4SI+PN 3.5 7.3

e Mol 00088 0 I

e Same target as far detector is required

e Nuclear effects are not understood at

the few percent level, even for C vs O I2K v, Disappearance

Table 13: Uncertainty (r.m.s./mean in %) on the Ni{; distribution from each group of systematic
error source. Systematic parameters refined by the ND280 fit represent “ND280 fit”. Mean

() IVI ust be able to precisely measure v e systematic parameter values after the ND280 fit are used for the both systematic error sets

before/after the ND280 fit.

: sin? fa3, Am3,) = (0.5,2.4 x 1073)
> Constrain beam Ve ba»CkgPOllIld Error source ](Sefore213\ID2882ﬁt (Afier ND280 fit
BANFF-constrained Flux and v interactions 21.6 2.7
! : Unconstrained v interactions 5.9 @
e Perhaps a ve Cross section constraint SK detector + FSLSI 6.3 56
sin®(613), sin®(A12), Ami,, dcp 0.2 0.2

Total 234 8.1

e Must constrain other backgrounds
e (CCrmr*, NCrt*, multi-m, ...



vy Disappearance Systematics

From KDI Technote Detailed Error Table (%Nsk)

“MEC'].ike,, plOI‘lleSS delt& Table 12: Summary of the fractional change (in %) of the number of v, candidate events

. under a change to each systematic parameter by +1¢ error size of before or after ND280 fit at
deca’y 1S the la’PgeSt (sin? a3, Am3,) = (0.5,2.4 x 1073). Mean systematic parameter values after ND280 fit are used

SYStema,tlo unCePtalnty for the both error cases.

: . . (sin? fa3, Am3,) = (0.5,2.4 x 1073)
vPRISM measures 1-ring u- Systematic uncertainty Before ND280 it After ND280 fit

2 Beam flux +15.9 + 7.2
like events MSGF +14.8/-17.9 +2.7/-2.8

MEES +6.7/-6.6 +2.4/-2.3 Total

° i CCQE norm (E'¢ <1.5 GeV) +4.2 +3.3
Same as SK v, selection CCQE norm (E™¢=1.5~3.5 GeV) +3.9 +1.6 Hrror
CCQE norm (E!™¢ >3.5 GeV) +1.2 +0.5 =8.7%

e Reduced dependence on CClx norm (E'™¢ <3.5 GeV) +4.9 +2.0
CClm norm (B¢ >3.5 GeV) +5.4 +1.6

FSI'SI UIlCGI‘ta,lIltleS CC other shape +0.8 (same as before fit
Spectral function -0.9/+0.9 same as before fit

Ey 0.1/40.3 same as before fit

PF +0.15/0.03 same as before fit

CCCoh norm +0.8 same as before fit

NC7 norm +1.1 same as before fit

Total Errors (%NSK) iNCOth norm +0.9 same as before fit
Ov. /0w, +0.01 same as before fit

)
( )

( )

( )

( )

( )

( )

( )

W-shape +0.38/-0.43 (same as before fit)

Table 13: Uncertainty (r.m.s./mean in %) on the N5E distribution from each group of systematic Pi-less delta decay +6.3 (same as before ﬁt)
( )

( )

( )

( )

( )

( )

( )

( )

Correlated

P
error source. Systematic parameters refined by the ND280 fit represent “ND280 fit”. Mean

systematic parameter values after the ND280 fit are used for the both systematic error sets 017/ Ov +1.2

before/after the ND280 fit. SK eff. & FSI-SI for v, v, CCQE (E™¢ <0.4 GeV) +0.2
SK eff. & FSI-SI for v, 7, CCQE (E™°=0.4~1.1 GeV) +0.7

(sin® 23, Amj, ) = (0.5,2.4 x 1077) SK eff. & FSI-SI f 7, CCQE (E™° >1.1 GeV +0.9
Brror source Before ND280 fit  After ND280 fit SK eﬂ % FSLSI for Vi U C CQ (E - ev) 46
BANFF-constrained Flux and v interactions 21.6 2.7 ell. 3 OF Vs Vp non() :

Unconstrained v interactions 5.9 4.9 SK eff. & FSI-SI for v, CC Effect Of FSI-SI +0.3

SK detector + FSI-SI 6.3 5.6 SK eff. & FSI-SI for All NC
sin?(013), sin?(012), Am3,, dcp 0.2 0.2
Total 23.4 8.1

same as before fit

same as before fit
same as before fit
same as before fit
same as before fit
same as before fit
same as before fit
same as before fit

+3.8

is significant (unchanged)

SK energy scale




Scintillator Panels

Material /labor

One extruded slab covered by a reflector
WLS fiber Y11, 6 m long, 2$/m

Optical glue, 2 g/m, 0.3%/g

Optical connectors 2times0.25

' - - — — — / ) MPPC 2 x 10$
MPPC

MPPC

Labor
2m

Figure 16: Drawing view of a scintillator counter for the vPRISM-Lite veto system.

e To improve the effectiveness of vetoing entering sand
muons, SMRD-style scintillator panels are being
considered

e The presence of light in the OD need not veto an
event if the track does not enter the ID

e Scintillator provides entering & exiting positions in
time and space

e 3,000 panels are required to surround the entire OD

e Total cost = US $360,000



