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Outline WARWICK

Hyper-K Detector
Long baseline neutrino oscillation status and prospects

Systematic uncertainty challenges and solutions



Kamiokande Detectors
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Kamiokande Detectors

Super-Kamiokande
s 22 5kt fiducial mass
(33x Kamiokande)
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Kamiokande Detectors

R

A Super-Kamiokande
s OO 5kt fiducial mass
(33x Kamiokande)

Kamiokande (1996)
680 tonne St N A
fiducial mass e\ qre b
(1983)
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Physics at Hyper-K

Proton Decay Neutrinos
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Water Cherenkov Technique
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Water Cherenkov Technique

Electron]
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Water Cherenkov Technique

Neutral Pion
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Water Cherenkov Technique

o Excellent PID performance
OF |

- Accelerator ve background
301 - IS dominated by Irreducible
208 iNtrinsic Vve.
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Why Water Cherenkov?

Scalability

Water is-cheap, non-toxic, liquid at room-temperature
we -already know how to puild big water WC-detectors
Proven technology

many -years of experience-from Super-K

low Tisk
Excellent performance

based -on real Super-K-and: 12K pertormance




— .
-
A\

lank Des| an WARWICK

Old: Horizontal Egg shaped Tank

| \Water Purification
System 0
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Tank Desi

SIgn WARWICK

ID: 40% photo-coverage
40,000 photo sensors per tank
OD:

Structure of bottom part

Photo-Sensors
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Mt. Ikeno-yama 4

: 1000m

Excavated rock
disposal site

Access tunnel | |

Prefectural ¢
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Photo Sensor -, A

detection efficiency
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Optimised bulb design
High pressure and implosion tests show
new PMTs safe for use in HK tank



CERN
Neutrino
platform

Elec. + HV modules in water ‘ Trial for communication
Power Data » Contrellines  yync, Cock
[aBV =100V ?) (~Gb/sec) » Coumter
e N >
Signal digitization e . 2 - "
{ Charge + Timing ) readout computers |  DAQ system readout computers |
: - Ethernet _ = T - | _ ,---.‘. ............
3 | } Hits sorter + Merger|  Mits sorter + Mergerages o "
5 24 photosensors in unit . 1 — 1 :'m' = m\m """" =
,' used 10 be e..er-! g-(; der ‘ L software tnooet system ' (m‘ WJ

PC controlled
winch
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Stainless

steel wire
Removable Source .
under the light container

IEEE TRANSACTIONS ON PLASMA SCIENCE,
VOL. 40, NO. 9, SEPTEMBER 2012
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Lots of Physics with Hyper-K warwick

PP —— Mass hierarch
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Neutrino Oscillations  warwicx

Weak flavour eigenstates = Mass eigenstates
Neutrinos produced and detected in their weak flavour states

(v, (v, Unitary PMNS mixing matrix
V. | = Upngl V2 parameteris:ed V\_/ith 3 angles
y y and CP violating phase

\V7 / \"3/ )

elj: OcP

Relative phase difference between due to mass difference, Am?

Appearance probabillity:

( Am2T)
P . = sin” @,, -sin” 26, -sin” Am”L
\ 4E,

N + higher order terms involving &cp




Neutrino Oscillations  warwicx

Shoot muon
neutrinos!
7
_ [ - "
< _.| | /. _(.
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It’s Neutrino
Oscillation ! §.

“Yuki A, higgstan.com
A
;A J-PARC-chan Super-Kamiokande-chan
lives in Tokai-mura, Naka-gun, Ibaraki, Japan. lives in Kamioka-cho, Hida-city, Gifu, Japan.

20 @Higgstan [http://higgstan.com/4koma-t2k/]



http://higgstan.com/4koma-t2k/

Neutrino Oscillations  warwicx

Typically perform experiment at fixed L with wide range of E

neutrino i-neutrin
0.1 "y} 0.1 rrwa— anti-neutrino

L=295km, sin?26:5=0.1 B | L=295km, sin220,5=0.1

P(vu—Vve)

CP violation ~ 20% effect at 1st oscillation maximum
Much larger effect at 2nd oscillation maximum

23



Neutrino Oscillations  warwic

Typically perform experiment at fixed L with wide range of E

Total Normal Hierarchy
0.05 Leading (043)
[
| ‘% : L=295km
e sin?2043=0.1
0.05 $in2204=1.0
. D=
g ,

Ey (GeV)

Leading (013)

Normal Hierarchy

CPV L=295km
CPC Matter §iN226,5=0.1
sin22623=1 .0
1 60p= _900
1 2

E, (GeV)

CP violation ~ 20% effect at 1st oscillation maximum
Much larger effect at 2nd oscillation maximum
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J-PARC
30GeV decay volume
proton beam -

\‘ e e o == o o= - - - - -
target & 3horns

T2K / Hyper-K Flux

beam dump

muon monitor

-----
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l )QC
280m :

Flavour composition

Hyper-K Flux for Neutrino Mode Hyper-K Flux for Anticutrino Mode
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MR A e o e e O e e e A e e a]
|
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"’94% Vp
anti-nu mode: ~92% vy
(for E < 1.25 GeV)



Neutrino eEnergy Measurement W/-\|RW‘IC<

Protons usually below Cherenkov threshold
Neutrons can be counted but no energy measurement

For quasi-elastic interactions neutrino energy can be
reconstructed from lepton kinematics
frec _ mf, — (mp — Ep)? — m? +2(my — Ep)E.
v 2(my, — Ep — Ee + pe cos ;)

Background from inelastic scattering
where energy IS mis-measured

Interaction is on bound state
Nuclear eftects are important

20



What we actually measure: warwick

vy disappearance Ve @ppearance
% SN U IS B LS DL L L o SETTTTT T TTT T TTTTTTT T TT
'E C mmmmms= 1R Unoscillated prediction _ E [ —— 1R Unoscillated prediction ]
SN = s 1R Oscillated prediction (sin 0_=0.5)] © 7| = 1R Oscillated prediction (sin ‘0 =0.0251) -
M [ : M F ]
30 - 6 =
5k = sE =
205— — 45— . —E
5 : = O43, 6cp, mass hierarchy: 1
15 — 3 : —
= . . : C eak amplitude
F O23 : dip amplitude : : P P
: 322 . dip energy :
SE -
0 II0.5””1””1.5””2I 2.5 3 35 00- 0.2I I I0.4I I I0.6I I I0.8I I 1 1.2
Reconstructed Energy (GeV) Reconstructed Energy (GeV)
Measurement precision limited by:
o Statistics

* Neutrino energy reconstruction
 Knowledge of unoscillated spectrum
27 and background contamination



Accelerator based Neu
— Oscillation Experimer

e

J-PARC
wNear Detector 280 m

Ll

Sanford Underground
Research Facility

ICARUS



29

Super-Kamiokande

Mt. lkeno-Yama

1,360 m

295 km

NORWILS

1,700 m below sea level

Neutrino Beam

AUPER

ir Detector
(Super-K)

UA1 Magnet Yoke

Near Detetors
(ND280+INGRID



TZK Ve appearaﬂCe WARWICK

2013: ve appearance established—2017:

28 events observed (4.3 expected background)

- -
—_
~
T T

Number of events

N
T ™11

Phys. Rev. Lett. 112, 061802 (2014)

; —4— Data
! I 2 v,—v, CC

- Background

0.5 I
Reconstructed v energy (GeV)

effect is large, opens the
way to leptonic CP violation

OCP.

“indications” of CP V|olat|on



2013: ve appearance established—2017:

TZK Ve appearaﬂCe WARWICK

“indications” of CP V|olat|on

28 events observed (4.3 expected background)

Number of events

0
0

15 ; —4— Data
! I 2 v,—v, CC
i - Background

-
—
~
]' 1 1]

N
T ™11

Phys. Rev. Lett. 112, 061802 (2014)

0.5 I
Reconstructed v energy (GeV)

effect is large, opens the

way to leptonic CP violation
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OCP.

T2'K]Rrunll-18 I?rqlirpir;an:y 1

1 I 1 1 ] I ] ] T l

TT2
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= Data
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s
I
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10

51 ’ + H
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S S I s e ~
- TR R } Lo b b
0 0.2 04 0.6 0.8 1 1.2
v Reconstructed Energy (GeV)

—t
——a
|

Small ve excess and Ve deficit
Current measurement based on
74+7 events in single ring sample



First Indications of CP violation yurwici

Final systematics pendin T2K Runl 8 Pl‘ellmlnal‘
3 SN '- Normal - 68CL CP COﬂSGI’VIﬂg Va|UeS
* Best fit —— Normal - 90CL
PDG 2016 ---- Inverted - 68CL
: — eSO excluded at 20

Statistically limited
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12K PrOjeCted S@ﬂSIthIty WARWICK

arXiv:1409.7469 [hep-ex]

R AR AAS RRRRS RARRRRRRAN LN RARRY RARRE RRRRS
- —— sin%0,,=0.40 36CL. ]
F —— si1%0,,=0.50 : ]
sin%0,,=0.60 P T2K-1 =
- —Stét. Err. Only . .
- ---- Prpjected Sys. Errs.

-t
o

-T2K present

— NN W s~ 01 O N 0 ©
T[T T T T[T T I [T T T T[T T T T[T T T T TTTT

o
T

50

0

Ocp (°)

-50

-100

-150

0.00

arXiv:1409.7469 [hep-ex]

|_ I I I I ]
150 — NH, no Sys. Err. _:

NH, w/ Sys. Err.
100 — IH, no Sys. Err. ]
IH, w/ Sys. Err.

T | T T T T | T T T T | T T T T
RS
»

0.05 0.10

015 020 0.25
= 2
sin 2613

~2.50 projected significance it maximal CP violation.

to firmly establish CP violation we will need Hyper-K!



J-PARC Beam Upgrades WARWICK

J-PARC Main Ring Fast Extraction Power Projection

R 1 A — —~
2 " Rep. Rate (Hz): ! Do ! : S 36
- 1400~ 040 + 077 080 0.83 : 0.86 434 ~
2 - | 432 5
o - ' 1< 2
s 1200: MainRing . - 3 'é:
g 1000 Power:Supply 28 .
S - Upgtade 26 =
M — ’ 47 2
800 24 E
- = o
600 Ll 2-; s

400 - {HK eradis

- NPT B i N i . : M PR SRR ‘ PR B _: 1.6

2014 2016 2018 2020 2022 2024 2026 2028 2030

Fiscal Year

Current: ~470 kW
Short-term: 750 kW after 2018 long shutdown
Goal: 1.3 MW operation at HK operation
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Hyper-K Projected Sensitivity warwick

Neutrino mode: appearance Antineutrino mode: appearance
;: ! f, |
ém 5250 —4=0°
10 years x 1tank x 1.3 MW &= L § o T
g 200 : L =1 o=
\N? 4 : = o ! - — - N
Ve ~ 2058, Ve ~ 1906 events = w F—h s % =l = "I
£ == == ¥ 100 = .-
% 2 o4 os as 1 a2 % oz o4 06 08 1 u‘
Reconstructed Energy E™ (GeV) Reconstructed Energy ET™ (GeV)
100~ -~ - - - 60— e e e
-~ 90 1.3MW beam i o 1.3MW beam ]
>~ go- lyear= 107s E & 50-1year = 107s Ocp=90° S
- — = — 3 —N° 1
o 7 1 Do Ocp=0 :
O - 1 B ¢ :
c O 1 o 30 r
S 4 : : :
s 1 i~ & §
O 3 3 O 20~ =
© 2 — 30 = — C .
— E (e - \ ]
L 4o — 50 E = 100 — -
bt 4 ) W F n
0 2 4 6 8 10 Ob——— )
0 2 4 6 8 10

Running time (year) Running time (year)

. Assuming 3-4% systematic uncertainty (cf T2K present ~6%)



Statistics WARWICK

Experiment Ve + Ve 1A/N Ref.

12% + 40% 2.2x102! POT

T2K (current) 74 +7

NOvVA (current) 33 17% FERMILAB-PUB-17-065-ND

NOvVA (projected) 110 + 50 10% + 14% arxiv:1409.7469 [nep-ex]

T2K-l (projected) 150 + 50 8% + 14% 'O TnE e

T2K'" 470 n 130 5% n 9% 20x 1021 PQOT, arXei\>/<}607.08004 [hep-
Hyper-K 2058 + 1906 2% + 2% 2017ggsyiésn1éf;§rt TBR

DUNE

1200 + 350 3% + 5% ar¥iv 151208148 [physics ine-det]
Current appearance measurements stats dominate

O(108%) ve at future experiments = demands ~2% systematics
O(10%) vy = need systematics as good as we can get!
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12K Systematic Uncertainties yarwick
ND280 constraint

Error Source W sample [of’] 1 3% — 3%
' "

SK Detector

scrsisien RN Pion Final State
ND280 Constraint | ) :
(Flux + Cross Secltion) I |nteraCt|OnS (FS') and

o(ve)/o(vy) - - les___151 Secondary Interactions
NC 1 - - _ _ . .
VPR . o o1 os  (SI)ymodelling important

Total Systematic

Statistical

ToK preliminary (fnal systematios pendingy 1 heoretical uncertainty
Total systematic uncertainty - VelOvy
A - 6% Difficult to constrain with

Smaller than stats. uncertainty near detector

(for now!)
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Flux Uncertamhes

SK: Neutrino Mode, vy,

Fractional Error

<
\®)

=
9

Hadron Interactio

Horn Current & Field

i Horn & Target Alignment
| [ ] ®xE,, Arb. Norm.

Proton Beam Profile & Off-axis A

ngle

—— Material Modeling

Number of Protons

— 13av2 Error
= = - 11bv3.2 Error

0.1 =
- - V_Ijq_l_ _
O;E'—I——:';— e .
107! 1 10
E, (GeV)

12K ~ 8-12% (based on thin target tuning)
Dominated by hadron interaction modelling

Alignment/focussing uncertainties are also important
(especially for near to far extrapolation)

WARWICK



It high power beam requires different target material/geometry
new dedicated hadron production measurements will be

39

Flux Uncertainties

WARWICK

Thm Target » Thick Target
0.16
B target abs. other ab
0.14F nC — nX nucleon-A 41— —MIPP NuMiz  ---- MIPP NuMI K meson inc.
) - C — pC — X pC — nucleonX other abs.
g 0 12_ pC — nucleonX others o -e--pC — KX nucleon-A others
c . - — total HP - nC — X target abs. — total HP
© L -
t 01 A
(] = L
8 - I e T — I_ L
3008_ ooooooooooooooooooooooooooooooo 8-_0— oooooooooooooooooooooooooooooo
c_és C B
O0.06_ 6=
L c i
0.02 ] »23:]
o o P e I _ OF*__@__LM |
0 2 4 6 8 10 12 14 16 18 20 0 2 4 8 10 12 14 16 18 20

Neutrino Energy (GeV)

Neutrlno Energy (GeV)

MINERVA Low E NuMI Flux Uncertainties, Phys. Rev. D 95, 039903 (2017)

Significant reductions from thick/replica target

necessary



Detector I\/\odeHing Uncertainties yarwick

> > El LI | T T 17T | T T |! |||||||| [rerrrr ||||||||||| |||||
= < LTS o s T2K"P're'n'm'rha'ry'
) = 8:_ ......................................... e S -
g o °F
1) %) 7:_ ...................................... 1R ....... =
g E H : : ]
3 R S N TN W N S S N N
0 &5 E
qa qa SE—m R S— ........... _:
S H _]
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= £
= = 3_ ..................................... S A SR —
2_ .................................. _'" ...................................................................................................... _f
1= T — e e S — — =
E 1 H | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 O I | e | | . v__r — _‘1' —+ o ‘WHAVTJ+H4:I:11¢I
05 00200 600 800 T000 1200 0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Rec. v Energy [MeV] Rec. v Energy [MeV]

SK detector response evaluated with data-MC
comparisons in atmospheric sample
May be limited by control sample statistics
Possible to move toward bottom-up detector systematic
10 uncertainty



Calibration WARWICK

Precise PMT response testing Automategsource deployment

o
D
T ¥ T T

o
(0

“Neutristor” Neutron
Fake muon source Generator

o
N

©
w

Y Position (m)

O
o

|
Light 2
source Air

o
I

0 0.1 0.2 0.3 0.4 05 0.6
X Position (m)

41 Water
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Calibration WARWICK

R&D for new optical
calibration system in progress

e —

Direct Light

Scattered Light

Using Super-K 2018 shutdown for direct testing of newly
developed calibration systems for Hyper-K



Neutrino Interactidn Moael

R WARWICK
Uncertainties VARWILK
G. Zeller )
31.4f EE
=~ [ € F — T2K/Hyper-K
'§1.2: S —— MicroBooNE
3 1
u0.8f
£0.6f
S
20.4f
-l -
80.2f
010" 1 10 10
E, (GeV)

Wide range of processes need to be simulated
Require both lepton and hadronic side of the interaction

Nuclear effects important in the relevant energy regime

Experiments rely on MC generators
for Evisivle— Ev extrapolation

Model parameter uncertainties from fits to external datasets
Sometimes parameter error must be inflated or ad-hoc parameters to account
43 for discrepancies between model and data or known flaws in the model



12K Cross-Section M

odel warwic

| %' 60- TZK T 1 “
Implemented in NEUT MC generator @ |
O I 3{
. . . . N 40 |
Quasi-elastic scattering most important 3§ | |
process at T2K energies . e
« Valencia 2p-2h model Phys. Rev. C83 (2011) 045501 20 — Total -
* Long-range effects with Random Phase Approximation I B g‘ﬁ%ﬂp: y
« Parameters introduced to vary normalisation and shape  ronnora
» Relativistic Fermi Gas (RFG) nuclear model 0 ., : NP RV B
« Uncertainties from RFG < Local Fermi Gas 0 0.5 re::onstru::ise q enerz y [Ge \?;5
e Final state interactions with cascade model — '
2T o ) -+ Postfit
. 185
No priors on most CCQE parameters + T
Constraint from near detector 12 " | i .l.
I : IL
o T
Impact of alternative models not implemented %t
in oscillation analysis evaluated with fake data %t .
.t d 838g,g%é%jgiﬁi:g@%éggqgéggé]
studies SReEcREREEEEE "0 E58805, 8
s§e2e88888 "225 g9 gl
Qq ;I §99Y 3 202
44 « q&s e 3 <



Carbon and Oxygen target materials
Acceptance differs from far detector

Magnetic field for sign selection

TPC FGD TPC FGD TPC

45 CC1u+0m+ X CC 1y + 1+ + X CC other
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MRDs
Side (x 2)
Downstream (x 1)

\)-)ﬂ K

0.5m £
.
im M target
M0 target
. '6-\.

" em A WAGASCI

New target ., veam

Near detector upgrades for T2K-1l and T2HK era )
New target with increased angular acceptance

L/ I

2 Scm A z'scm P /
. //‘//A ) — '__,.‘ y /4,

Each cell is filled with
water or hydrocarbon.




‘
Near Detector Development warwick

TPC measurements premsely
image v-nucleus interaction vertex
— petter constraints on models

2-track QE-like
candidate

'.Sm Run 5412 Event 801, March 13%h, 2016

Ultra-low thresholds with gaseous TPC

47



EO01 Experiment  warwicx

'''''''

Two competing collaborations

n
[ -

Nnu PR | S M same off-axis angle far detector
“Water elevator” Gd, muon range detector
Measure Jo(E)d(E)dE [arXiv:1606.08114]

as a function of theta
[arXiv:1412.3086]

Merged into a single collaboration:
48 E61 Experiment




Linear combinations of
measurements at various .
off-axis angles “

Measure response for an
arbitrary flux

Reduce dependence on

49 nuclear models C Vilela, NUFACT2017
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e S 1000 Statistical Error
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Project [imeline  warwic

HK selected in “Master Plan” of Science Council in Japan

HK selected as highest-priority large-scale projects MEXT
Roadmap 2017

Funding request Iin progress
Construction: 2018, Operation: 2026

FY
2018 2019 2020  202| 2022 2023 2024 2025 2026

Construction m anagement
>
Licensing
proced Access tunnel Cavern excavation Tank lining PMT support & PMT installation
> > >
Preparator y construc tion Approach t Is, wat om Water system Wat
- .
Geological construction filling Operation
survey Final design >
> > .
, Excavated rock disposal at Maruyama
Preparator y construction >
for excavated rock disposal
—
Tank final design
Photosensor productio
>




summary

Hyper-K well placed to build on the huge success
of Super-K experiment

Capable of wor

oscillations, nu

d leading measurements in neutrino
cleon decay, neutrino astrophysics

Aim to start construction 2018 for operation in 2026

References:
T2HKK White Paper, arXiv:1611.06118 [hep-ex]
HK Design Report, KEK Preprint 2016-21
HK Physics Sensitivity, PTEP (2015) 053C02
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Physics at Hyper-K

Proton Decay Neutrinos

0 — e+ + 710 Solar Supernova
>1.8x1085 years 90% CL SN ~200,000 @ 10kPC

D =V + K+ SN ~30-50 @ M31

>3.2x10% years 90% CL 200 solar v per day
Indirect dark matter search

Accelerator ~  Atmospheric

Leptonic CP violation
(see following slides)

Mass Hierarchy determination

>30

BO-3 octant determination
30 for sin2 B-3 >0.56 or sin2 B23 < 0.46

Broad physics programme.
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Korean lank WARWICK

THE UNIVERSITY OF WARWICK

AR ; ' V,—V, at 1100 km
o 03 AL LESAE xaqns busad ans
: 7711.5°v flux
' — 8,=90°, NH -
HG J-PARC| & — 8,,=180°, NH .
: 0.2 . — 8,,=270°, NH F

sl Pt

o=~ 8,,=180°, IH
7 --- §,=270°, IH

AI

Stronger CP effect at the second oscillation maximum

A second tank In Korea would be be able to measure this
effect

57
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WARWICK

THE UNIVERSITY OF WARWICK

3.5¢cm

gccnm<

Target Film:
Ti*3H (2um)

Source Film:
Ti » 2H




WARWICK

1T 2/K

Carbon and Oxygen target materials

UA1 Magnet Yoke

Acceptance differs from far detector

TPC FGD TPC FGD  TPC
CC1u+0m+ X

CC 1y + 1+ + X CC other



PNhoto Sensors v e

. : | distribution |
Time Resolution 1p.e. charge distribution [, scenr
. Super-K PMT | | Super-K PMT | | 2PE
: 50cm HQE B&L| 50cm HQE B&L| |
- 50cm HQE HPD| F Ocm HQE HPD
- HPD (w/ Smr:::[;r;n
- 11PE
r A2PE
P A L J o 1 | 3PE
20 -15 -10 -5 0 5 10 15 2(')I'|m32?ns) -1 0 ] M \*4,1)5\1
e SKPMIT B&LPMT 5ocmHPD(ZOCm)
1PE T resolutiono (ns) | 2.1 1.1 1.4 (1.1)
FWHM (ns) = 7.3 4.1 3.4 (3.3)
1PE Q resolution o/mean | 53% 35% 16% (12%)
Peak-to-Valley ratio 2.2 4.3 3.9 (5.2)

YPER THE UNIVERSITY OF
H WARWICK



Photo Sensors

—— High-QE R12860

Normal-QE R3600

25

N
o

rrrryrrrrpryrrypr e rrr ey rrrry e rrrpreebd

b
(&)

Quantum efficiency [%]

—
o

(&)

LLllLlL

300 350 400 450 500 550 600 650 700
Wavelength [nm]

(-

THE UNIVERSITY OF
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Near Detector Development

New/Upgraded Detectors in the Existing ND280 Complex

WAGASHI Water based
s 0 B A e o iquid scintillator

.‘.\ 4

Each cell is filled with
water or hydrocarbon.

Water dominated target
41 acceptance

rront VETO * v beam vt An alternative approach is to
Josm Downstream (x 1) improve knowledge of neutrino-
H,0 nucleus interactions
- - e.g. High
, Pressure Gas
Io.5m I TPC

THE UNIVERSITY OF

WARWICK

hn



Measure dcp by comparing data

|_eptonic CP Violation

with beam in v-mode with anti-v

mode
> 150——— I
é) —
= 100 (11
2 ek jrill I
& — l
= 50 {1
o — é ¢ ; i % I
5 0= 8¢ S EEEREEEY
S : ¢ 1 ¢ I I w ¥ =
= — o ¢ i I 3¢
S 50— 1] I ¢ !
5 — 1 I I I I 1l
3 -100— TInY
= e
Q - :I 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
1500 0.2 04 0.6 0.8 1 1.2

Reconstructed Energy Eiec (GeV)

CP violation can be

established at 3o (50) for
/6% (58%) of bcp space.

HVPER

Ocp measured to < 209°

over entire space .

§—6=0

68% CL error of d.p [degree]

100———

2 4 6 8

Integrated beam power [MW 107 sec]

[%]

&« 80
70

50
40
30
20
10

Fraction of 0,

60F..

—50

2—30

i

2 4 6 8 10

Integrated beam power [MW 107 sec]
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Neutron Capture on Hydrogen

Ve + 0 2 €+ N
nN+p—>d+vV

o
o
T

arX|v.131 1.3738 [hep-ex]

o
o
11

Number of events / 10 us
($)] (o] ~l (00 [{e]
o (=]
T I°I TT I°I TT

L2 % /Y / /) /Y AP % /Y A /Y A, /Y /Y VI PPs
L/ S S S S S S S S S S S S S S S S S S S S s
LA A S ///[ L/ A A S S S r// gISY /fr
g % S P04 / / N % ISP IS /' N / S S
| ) | YA AN Ij LA Y |V Y | b ) J |V J VAN VA ANV |

AT (us)

',-%:wzh RERLL R ERAEL:

: b |

200 us capture time } 1ol jSK W'th n-lag:

Ey = 2.2 MeV BT et

Low light yield

Close to or below trigger threshold =~ "o} -

Low detection efficiency (~18%) L T

64 14 16 18 20 22 24 26 28 30
Neutrino energy (MeV)




Neutron Capture on Gadolinium

arXiv:0811.0735 [hep-ex]

Ve + 0 2 €+ N

2
S 5 || ;
tw Lﬁl E=4.3=+ 1
> % F AU 0.1 MeV
—_ -g 25 F gigiﬂisi Bar: Data _:
Ve = :ﬂ:ggiﬁ; Hatched:MQ:
20 F il i E
i ]
i -
SF 1N Seeii E
Rl '
10 i 0’8
e
5
0 LAY it 1]
01 2 3 4 5 6 7 8 9 10
Energy [MeV]
(c)
» L rrrrl T
: .
5
('qg; 102:_ Data .
] o -
20 ys capture time N
. 5 ' t
Q s
Ey ~ 8 MeV cascade (~4 MeV visible) :
z 10
Fast capture time (small AT window)
1 — 1 1 1 1 1 1 1 1

200 300 400 500

igher energy v signal o i

THE UNIVERSITY OF
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Neutron Capture on Gadolinium
Cross section for neutron capture: Gd (49,700 b), H (0.3 b)

Gd

0.8

Fraction of Captures on

0.6

0.4

0.2

Fraction of captures on Gd

0

Neutron Captures on Gd vs. Concentration

.1% 0.01% 0,1% 1%

WO

eeeeeeee of Gd by Ma

0.1% Gd fraction gives 90% neutrons captured on Gd.

THE UNIVERSITY OF

66 WARWICK



Applicationss Qova Relic

A low energy example =

Directly obse&able local
supernova are all too rare

Alternative Is to measure
diffuse supernova &

background DSNB/S - _.*  No neutron
i S, | - tagging
Very low rate  * < L ameh

L arge backgrounds 0 15 20 25 30 35 40 45 50

arXiv:1109.3262 [hep-ex] Energy (MeV)



Applicatio Qova Relic

A low energy e’ I ple

Directly observable local 5160 |1 4 8.6 (nvmu 115

supernova are all too rare ++ ##
++++.++ ii##{ 1™ -

Alternative is to measure '

diffuse supernova
background DSNB/‘ |

Events/2MeV/0.

Very low rate

Large backgrounds 3

10 15 20 25 30 35 40 45 50

arXiv:1109.3262 [hep-ex] Energy (MeV)

Removed by requiring

~oincidence with nal T A few clean events per year in SK

~100s per year in HK



lank Parameters

KAM SK HK-1TankHD

Depth 1,000 m 1,000 m 650 m
Dimensions of water tank

diameter 156 m ¢ 39 m ¢ 74 m ¢

height 16 m 42 m 60 m
Total volume 4.5 kton 50 kton 258 kton
Fiducial volume 0.68 kton 22.5 kton 187 kton
Outer detector thickness ~ 1.5 m ~ 2m l1~2m

Number of PMTs

inner detector (ID)

outer detector (OD)
Photo-sensitive coverage
Single-photon detection
efficiency of ID PMT
Single-photon timing
resolution of ID PMT

948 (50 cm ¢)
123 (50 cm ¢)
20%

unknown

~ 4 nsec

11,129 (50 cm @)
1,885 (20 cm o)
40%

12%

2-3 nsec

40,000 (50 cm ¢)
6,700 (20 cm ¢)
40%

24%

1 nsec
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Three Flavor Mixing in Lepton Sector

Weak eigenstates

Vi
1 0
Upins =] 0 +¢53
0 =5y
012,033,013, 9,

2 2 2
Ams5,, Am3,, Am3,

mass eigenstates

/Ve\ /Vl\ m @
m;
V, |= Uwns| V2 -
my
¢ Y €3 0 +513€—i§\(+012 +5, 0)
T 0 : 0 =S, t+ec, 0
+C23)\_Sl3ei5 O +C13 /\ 0 O 1)
(¢; =cosb;,s; =smnb;)
*Amlzjzml _mjz

Out of three Am?’s, number of free
parameters is two. (Am3,; = Am35; +Am2,,)



v, disappearance probability

0,5,=0 case

2
P, _=~1-sin’26,, -sin’ Ams, L
g 4F

For non-zero 0,

4 . 2 ) . 2 . Z/AmzL\
P, ., zl—(cos 6,-sin” 20,,+sin” 6,,-sin 26’13)sm a5
\ v/
Am” = Amg, ~ Am,
Maximal disappearance occurs at sin® 8,; = - = 0.513

2C0S26, 4



more on v, disappearance

* v, disappearance probability in vacuum

P (v, = v, ) =1 = (€] sin® 20,3 + s34 sin® 20;3) sin® Ay

. . ‘ . Sis = sin 0,’ '
+{('f3 (¢f, — 813 833) sin® 2003 + 81, 834 sin® 2013 — 13 sin 26,3 sin 26,3 sin 26y, cos r)} / J
, Cij = COS (),j
. N | . . 2 .2 .
X {— sin 20 otar SN 2A0im + 25in° Agolar SN A,,,,,,} cs = COSO
)
. ) Ams, L
{sm 2015 (¢34 — $14 .s:,) + 874 sin® 2023 (1 — ¢ sin® 260,,) Aotm = 1 ll;
. 5
42813 sin 20,2 cos 202 sinflay cos 2093 ¢; Amg i
1 A . 21
——C13 Sin 203 8in 2093 sin 2015 cosd s .,.‘ 8 f., A-*Ulm' - |
2 - - s * L nu

. 2. 2 (.2 2 2 2 2 2 .2 R

T2K: L =295 km, E, peaks at ~ 0.6 GeV -> sin’A

~0,sin2A,,,,~ 0

solar

P(v,—>v,)~1 —(cos4 0,,-sin”26,, +sin’ 26’13) .sin? A”;i L

Leading-term Next-to-leading

v, disapp. probability depends on sin?20,,-sin%0,, to second order
-> Can be used in combination with known sin?28,, to resolve the 8,; octant



VvV, appearance probability
Leading term only

( 27 )
P, ,, ~sin’ 6, -sin® 26,, -sin’ AmL
\ 4Ev Y,

2 2 2
Am’” ~ Ams, ~ Am;,



VvV, appearance probability
(exact formula in vacuum)

r T 7 . ) Leading term E13
P(vu—ve) 54c¢5 55 8,; SIN A31]
2 . .
+8C,,°8,,51353 (CoCpy COSS —5,,5,35,,) COSA,, sin A, sinA,,  CPC
b . . . .
[—8013 C15Ca38158135,; SINO SINA,, SIN A, SIn AZI] CPV/

2 2, 2 2 2
+45,7C5 (€ Cyy +51, 853
¢, =cosb;,s; =sinb,

L
2
A,.j = Am,.j IE.

replace 6 by -0 for P(v, — V)

2\ 2 o JS
. —2C,Cy5,,5,55,, COSO)sin” A, Solar

CP violating term introduced by

interference among three-flavor mixing




VvV, appearance probability
with 15t order matter effect

2 2 2 . 2a Leading including matter

effect
Aj 2 z3 1
CP

2 . .
+ 813" 81,813553(€15Cp3 COS O —51,8,35,3 ) COS Ay, SINA, SINA,) | conserving

2 . . . : —
—8C13 C19C138158138,; SINO SINA,, SiNA,, sinA,, | cPviolating |

2 2 2 2 2 2 2 . 2
+45,,°C13 (Cly Cpy 81y Sp3 813 —2C15C381,5,38,, COSO)SIn” A, |So|ar

2 22 2, aL :
—8Cyy 813 83 (1=254 )ECOSAn SN Ay [ Matter effect (small)
¢, =c0s0;,s; =sing, £
, a=22G,n,E=1756x10"ev> —£_
A, — Am? 2 gem - GeV

" 4E,

replace 6 by - and a by —a for P(v,, - V)



VvV, appearance probability

approximation at around oscillation maximum

effect

P(vi: —>w) =sin’ 6,, sin” 26, sin’ Am32L (1 2sin’ 913)
4E, Am31

Leading including matter

2 . .
—sin26,,sin26,,sin26,, cosb, sind sinz[Am”L]si Am?‘L) | CP violating

4F

Vv

4E,

replace by -6 and a by —a for P(V,, = V)

a=2\2G,n E=756x10"¢V’

o, E

gem™ GeV
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Ant,..

Vv, I
| Amg
.

Normal Hierarchy

> 5 >
H BB



