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Solar neutrino deficit

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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Atmospheric neutrino deficit
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The SNO experiment

A 1000 tons ot B0 JEA
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The SNO experiment
V. | > Produces Cherenkov
. e PP T e Light Cone in D,O

-Q = 1.445 MeV
- good measurement of v, energy spectrum

- some directional info o (1 - 1/3 cosB)
-V, only

m . V n captures on deuteron
. e 2H(n, v)*H

=2.22 MeV Observe 6.25 MeV y

- measures total *B v flux from the Sun
- equal cross section for all v types

’ me— Produces Cherenkov
‘ Light Cone in D,0O
- low statistics

- mainly sensitive to v, some v, and v,
- strong directional sensitivity



SNO results
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Combined Results

Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000
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Superkresults (assuming oscillations)

ARe
Interpretation
of SK results
assuming the
some fractior
of the CRh,
have
osclillated to
n, (that SK is
not sensitive
to)
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3 neutrino mixing

A Neutrino oscillations have now been unequivocally observed
using atmospheric, solar, reactor and accelerator neutrinos

A The weak and mass neutrimigenstatesare related via the
PontecorveMaki-NakagawaSakata (PMNS) mixing matrix:

e Ue1 Uea Ues 1

v, | = U;Ml UM Up,g V9 where

V- UT]_ UTQ UTE V3
Uei Ue2 Ues 1 0 0 €13 0 spze ™ ci2 S12 0
Upgp U Uy | =10 23 823 ]|X 0 1 0 X | —812 c1o 0
Ui Ur2 Usrs 0 —s23 €23 —s13¢7 0 3 0 0 1

§=sing;, ¢;=cogy;;,d=CP violating phase

A Knownknowns neutrinos have mass and oscillate between
flavours 5, 0,3, 013 DM,,?, | DmMg,?| all measured

A Known unknownsabsolute masses, order of mass states (mas
hierarchy), Dirac oMajorang value ofd.p isg,; maximal / which
octant, number of neutrinos




3 flavourmixing

A In the above the different matrices relate to

different measurements:

| |
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Oscillation Probabillities

Aln general: A m>,L
U . U.U.U,sin’(1.27 —2")+
Cal Rl a2 B2 E
. VC
2o, AmL
P(v =Vy)oup= -4 | Us1Up Uy Uggsin (1.27 )+
. v
13 2
Am;,L
. 2 23
UaUgp Uy Ussin®(127—2=)

C23
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Long baseline accelerator neutrino phys

A Usesn, (1) beams derived from protemducedpion decay

A n_disappearance is sensitive @, and Subleading to the
octant

P(v, — v,) ~1 — 4 cos® (913[1 — cos?(6;3)

x sin®(f23)] sin®(1.267Am*L/E,)

A n,appearance is sensitive tp, and Gubleading to the CP
phased

2
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T2K (Tokal tsamioka

Imperialw [ F YOFaGSN) w ¢ AVISNKISEFASWORhDF R RNR/ K
Super-Kamiokande

Neutrino Source Off Axis (2.5%)

monitor T TTT===ad -

Om 120m 280m 295 km

A 295km long baseline experiment
A Uses 2.50ff-axisn,,(n,) beam
A Datataking started in 2009

A UK contribution to near detector
(ND280) includes:
I Electronics
i DAQ
i ECAL

A SK far detector

sin20,,= 1.0 ]
Am?, =24x10"eV?




T2K offaxis near detector

Beam Side Muon Range Detector Detectors (FGDs)
e

UA1 Magnet

Primary Interaction Material: Carbon POD ECal  Electromagnetic
. . Calorimeter |

Secondary Interaction Materials: gl 250
Oxygen, Lead, Brass, Argon

Interaction in POD o . 1O detector
Interaction in FGD1

Also there is an oaxis detector
(INGRID) used for beam rate an
direction measurements
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T2K beam operation and data taking

Total Accumulated POT for Physics

¢ v-Mode Beam Power
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A Integrated POT:
i Neutrino mode: 7.0x1G°| Total of 11x10°= 13%
i Anti-neutrino mode: 4.0x10°| of total expected POT
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T2Kn dlsappearance results

A Observation of a deficit

of n_events in SK
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World-leading measurement af,,

Reconstructed v Energy (GeV)

Location of minimumbm?,,
Depth of minimum: sift,4

Bestrit values:

NH sin?(0,3) 0.514%00%5
Am?3, (107° eV?) 2.51%+0.10
H sin?(8,3) 0.511+0.055
m?,; (1073 eV?) 2.48+0.10
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Published in Phys. Réxett. 112, 181801 (2014



T2Kn appearance results
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ok Do (Margmahzed over 8, and Am? )
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= 180 T —
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2150t o Data = Am3,>0
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g9 - 0.5 2, . — Best fit =
[ [ 9 PDG2012 16 range
60 B 1 I v
30‘ 8 g 1T LR T 1 ]
; : o : - 3
0 0 500 1000 15000 “05f -
Momentum (MeV/c) A ]
A 4.92+0.55 background events or =
expected (no oscillations) : otn
i ms:,< )
A 28 events observed 0.5 20 4
A 7.3s significance for nozeroq,, |

A First observation (> of an
appearance channel signal

Analysis published in Phys. Restt. 112, 061802 (2014)
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T2K joint anaIyS|s fit

6 57}{1 0% POT

? i I I I I | I ' ! I I J__

——— MNormal Hierarchy
Inverte d Hierarchy

—— FC 90 % critical Ay® (NH)
FC 90 % critical Ay® (IH)

dcp(m)

A Results from a combined likelihood ratio fit to the T2K
andn, CCQE samples

A Usmg the PDG 2013 value tpk there is a preference for
depf -p/2 and normal mass hierarchy

A Very similar results from an independent analysis based o
Markov chain MC



T2K ND280 and systematlc errors
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Ocp (°)

Neutrino only
Ilgl T
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T2K antneutrino mode running

A Why run with antineutrinos?

I Consistency between andn
behaviour e.g. CPT requires that the
disappearance probability in both
cases is the same

I Combining data taken in both modes
reduces the overall uncertainties on

dep

150 |
© 100
E C
1= 50
3
g &°
g -50
@] N
QO -100f

-150 [

i —— NH, no Sys. Err.

90% C.L.
Sensitivities
with final T2K
dataset

------ NH, w/ Sys. Err. |
— IH, w/o Sys. Err. ]
...... IH, w/ Sys. Err. ]

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

sin®20,,



Events/GeV

Ratio to unosc

Piv,—>v,)

T2Kn_disappearance
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MINOS / MINOS+
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A MINOS

735km baseline, FNAL to Soudan

I 1kt near detector 1km from source

MINOS+

5.4kt far detector

Both ND and FD are steghstic
scintillator calorimeters
UK contributions

A DAQ, electronics, PMT testing, light
Injection

\ MINOS+

Uses updated NUMieamline

Higher energy (crosshecks with
different beam and crossection
systematics

More statistics (4000 ,CC
events/year in far detector)



MINOS/MINOS+ Comblned flt

12007 R RN RRRRE ]
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NOnA experiment and status

Sussex

FnShsiie) A Precision appearance/disappearantg(f ) measurement
Misihesots s Gt Lt A 810km long baselinexperiment

\ A Off-axis narrow band FNAL NUMI neutrino beam
4 209t near detector and muon catcher

Missouri

UK contribution:
trigger, stopping muon
calibration,n,analysis

ND and FD as similar as possibl
when using the large ND flux to predict theoscillated
FD spectrum



NONnA far detector data

5ms of data at the NOvA Far Detector
Each pixel is one hit cell

Color shows digitized from the light

NOvVA - FNAL E929

Run: 18975/43

Event: 628855 / SNEWSBeatSlow
UTC Mon Feb 23, 2015

14:30:1.383526016

Several hundred cosmic rays crossed the detector

(the many peaks in the timing distribution below)
CALV
BRI T PV TR IR W E TR W T IF VTN o

.‘"'

8 XN 1!-‘)1-

q (ADC)



NOnA candidaten.event
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Events / 0.25 GeV

(Data-Bkg) / (Unosc-Bkg)

50

40

30

20

10

0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)
{ T rrrr1rrrrrrrr
- NOvA 2.74 10 POT-equiv. -
B .
15— —+— Data _
: Best fit prediction :
B I N FO SRS N A S _
C MY )
= — ||
0.5 ~=1 1 H
- p— -
0 Pl ihalel vl ~solisllinliialiell fnlat-tiuliel-fl-fltr el Bl allatri™=S =il el i’ dafetr =
0 5

NOnA N disappearance results

NOvVA Preliminary

—— | : ,
NOVA 2.74x10%° POT-equiv.

—4— Data

Best fit prediction

------- Unoscillated prediction
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1 2 4
Reconstructed Neutrino Energy (GeV)

T T Y T Y T v v ¢ ! 1
35 _— Normal Hierarchy —.
: —— NOVA 90% CL |
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< 30 N
2 L -==- MINOS 90% CL -
5 [ :
N%ZSL v ;
£ P : 3
2 ; 2|
20— 3
- : I . I 2 I 2 " 3\ ]

0.3 04 0.6 19 07

sir'(n):zse23
2 +0.16 -
Dl"n32 =+2.37 o1s (normal hierarchy)

DIT]§2 =_2 40*8-1?' (inverted hierarchy)

sin‘g,, =0.51° 0.10

201 events expected, 33 observed
8% of nominal exposure



NOnA candidaten, event
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NOnA n, appearance results

LEM 2.74x10°° POT equiv.

LID 2.74x10%° POT equiv.
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A Results from 2ndependent analyses using different particle 1D algcc;rlthms
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NOnA and T2kcomplementarity

Normal hierarchy Inverted hierarchy

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

|
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...................................
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g}
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4: Bi—
N : U 5~ .
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| 7\
1} 15 _ |
D: o W s SN

—150 —100 —50 0 50 100 150 -150-100 <50 0 50 100 150

True 3¢p(°) True d¢p(°)

A CombiningNOnA and T2K data helps bredkgeneracies
and improves coverage in the overlap regions

A Mainly due toNOnA Wincreased sensitivity to the mass
hierarchy via matter effects



Current understanding

Mlxmg angles and mass dlﬁerenc

Mass hierarchy
m? m
A -V, A
= _ S W/ S I SO\ WY
' ; W\ ]
my2 L m,2 0 L : : A
3 7T ] 2 65 70 75 B0 B5 20 22 24 26 2B ﬂﬂ DE 1!} 15 ED
0 ‘ solar~5x10-%V2 | om°10° eV ? Am/10° eV ? bl
_ . = s | — S —
atmospheric _ ; ] _
~3x10%eV? _ [ [ t ] ]
atmospheric :
~3x10-3eV2 !
A4 __mf
‘ ?
o MPTE 1 P sl L. L
0 0.25 0.30 035 03 04 05 06 07001 002 003 004
. 2 M
sine_, sinf_, sin‘e_,
Normal Inverted

A Global fit data as of June 2014
A Uses LBL, SBL, reactor, s@tn data

A Uses technique i€apozzet al. PRD
89 (2014) 093018)



Hypeeream and detector

> 1| A 295km baseline
= wiainow || A Large volume water Cerenkov
H—L———————— | A 990KT total volume

Hone || A B560KTTiducialvolume (25x SK)
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1| A 10 optically isolated compartments

W

Wto Purificatiom
..4‘. 2 Sy's'h?ﬁ-

E, (GeV)

A JPARG® (N,)
beam upgraded
Uz X n R X

A 2.5 off-axis, -

narrow band
600MeV beam

e



Hyperkstatus
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In 2013 Japan granted a5 year £2.3M R&D grant which include

provision for a prototype detector (+$1.2M)

In early 2014 the Science Council of Japan sel
of its top 27 scientific projects in its 2014 Master P

ddyperkas one

lan

Discussions with Japanese funding agency, MEXT, in progress {

long-term funding
Current Collaboration>240 people

UK represents the second largest group of scientists after Japar



HyperkKtimeline

( Construction J
v 12013 2014 | 2015 | 2016 [ 2017 | 2018 [ 2019 | 2020 | 2021 [ 2022 | 2023 | 2024 | 2025 | 2026
g .| s (Operation
, Ddtailed dpsign  JAccess funnels Tank construction
Photo-sensor dpvelopnjent = Phot*-senso‘ produ«lt.ion >

sengor in
Protofype detpctor

J{PARC Ppwer Uhgragle [~
240k 750KkW and beyond

2025: Operation

2018: Construction begins
2015: Design report




Hyperkn,(n,) appearance events

Appearancen, events Appearancen, events
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= 300 - ——— Signal V, 7V, = - —— Signal v, =V,
2 g —— Signal V, >V, | B 250~ — signal V, 2V,
B 250 —— Beam V,+V, @ = —— Beam V,+V,
E’L 200 —— Beam: V,+V, § EWE_ —— Beam: V,+V,
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. C 100 —
£ sof E s
=z ok E=1:.==g:::—-—i_-—‘ 1 " = £ 0 l__|_=_ p T T 1 .
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Reconstructed Energy E™ (GeV) Reconstructed Energy E™ (GeV)
signal BG
'gnal B _ _ Total
vy > Ve VUy—ve |y, CC v, CC veCC veCC NC
v mode 3016 28 11 0 503 20 172 | 3750
 mode 396 2110 4 5 222 396 265 | 3397

A Neutrino mode: dominant background is intringsiccontamination
from the beam

A Anti-neutrino mode: also large wrorsjgn background
7.5x10" MW sec, sif2g,; = 0.1,d-5=0, normal MHnT = 1:3




HyperKn {(n_ ) disappearance events

Disappearance, events Disappearanc®, events
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'E 200/ | 'g o0l -
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Reconstructed Energy E_ Reconstructed Energy E ™

v, CC v, CC ve CC ve CC NC Vy — Ve Total

v mode 17225 1088 11 1 999 49 19372

V mode 10066 15597 7 7 1281 6 26964

A Anti-neutrino mode: significant wrorgignn..contribution

7.5x10" MW sec, sif2g,; = 0.1,d-.5=0, normal MHNT = 1:3




HYIOerKsensmvny to CP
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HyperKbroad scientific programme
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Nucleon decay searches
—p—>et+a°

—p—->v4+ KT

1.3 x 10* yr (90% CL UL)
5.7 x 10** yr (3 o discovery)
3.2 x 10* yr (90% CL UL)
1.2 x 10** yr (3o discovery)

Physics target Sensitivity Conditions

Neutrino study w/ J-PARC v 75MW x 107 s

— C P phase precision <19° @ sin® 26,3 = 0.1, mass hierarchy
known

— CPYV discovery coverage 76% 30), 58% (50) @ sin’ 26,3 = 0.1, mass hierarchy
known

— sin’ 63 +0.015 lo @sin’6y; = 0.5

[ Atmospheric neutrino study 10 yr observation
— MH determination >30 CL @ sin® 63 > 0.4
— 6h3 octant determination >30 CL @ sin® 623 < 0.46 or sin’ 623 > 0.56

10 yr data

Astrophysical neutrino sources

— B v from Sun
— Supernova burst v

— Supernova relic v
— WIMP annihilation at Sun
(osp: WIMP—proton spin-
dependent cross section)

200 v/day

170 000-260 000 v
30-50 v

830 v/10yr

osp = 1073 cm?

osp = 1074 cm?

7.0 MeV threshold (total energy)
w/ osc.

(@ Galactic center (10 kpc)

@ M31 (Andromeda galaxy)

5 yr observation

@ Mwivp = 10GeV, x x —
bb dominant

@ Mwivp = 100GeV, x x —
W+ W~ dominant




HyperKUK involvement
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Work Package Deliverables

WP1: Physic§oftware interface GENIE neutrino interaction generator with Hyler
and Computing software release and data distribution

WP2: Detector R&D  design of TITUS veater Cerenkowear detector TITU®form the
decision onGaddoping;selection of the photesensor technology for
near and far detectors;onceptual design of HPTPC near detector.

WP3: DAQ Design of a functional, flexible system that will meet the physics
requirements of the experiment. A smalktale DAQest systenmwill
be demonstrated using a prototype detector located in Japan.

WP4: Calibration Delivery of dibre-coupled pulsed light source; Fixed point diffuser;
Pseudemuon light source.

WP5: Beam Identify critical materials issues for reliable beam window and tar
operation at multMW beam powers; specify materials test
programs; select preferred target technology and plan the necess
research programme



HyperKUK WP2 Detector R&D

ATITUS

I 2kt Water Cerenkov surrounded by MRD situated at
2km from beam source (sees almost identical

spectrum to HK)
I PossiblyGddoped to improven/Randn,/n_
separation

A PMT/LAPPD studi

o)

v \froton o \
‘ M Gadolinium

Originally detectable signal New signal




HyperKUK WP4 Callbratlon

A Pseudo lighsource:

i Short duration light pulses fromEDs @—Q“‘ - channe LED rver boad
| Light coupled into opticdlbres o Hmww}{mww}{mm} ]

I Fibreends inject light directly into the detector
I Hluminate multiple PMTs on other side of a tank

I Continuous low pulse rate operation during data
taking

I Electronics (which may require

intervention) is easily accessible
I LED pulser circuit designs under
consideration include modified |
Kapustinsky4 MOSFETis H bridge
A Pseudemuon light source:
I Obijective is to inject a Cherenkov
like cone of light into the detector
i Can be achieved using a short, narrow transparent n, sin(6;) = n,sin(6;)

(acrylic) tube along with a light source which ﬁ independent of n,

produces almost parallel light

I Different muonmomentacan be simulated by using
different lengths

As 6,—90° sin(8,)—1/n,

Light emitted at Cherenkov
angle.




Water 2: Gdloading

Turn a standard Water
Cherenkov detector into a anti
neutrino detector by loading
with ~0.2% water soluble Gd

Use delayed (~3) coincidence
of gand €

Positron and gamma ray
vertices are within ~50cm.

The problem is that you need to
completely remove the
GadoliniumSulphatewhen
necessaryh needa selective
GD filtration system

New system based amano
filtration. Molecular banepbass
filter analogous to electrical
equivalent

EGADS: 200todddemonstrator
close to SupeK

Initial results show 66% light
left at 20m withGdc.f. 71%to
79% without

Recent decisiot run SK with
Gd



e eeer | DUNE status

776 Collaborators 144 Institutes
Building for Discovery: Strategic USA  USA
Plan for U.S. Particle Physics in the UK « India

Global Context , « Italy u Other
W India A | W UK

i Other w Italy
i Switzerland . Brazil
a W Spain W France
Eos i France W Americas
v Brazil Poland
i Americas i Switzerland
i Poland i Spain

Czech Republic Czech Republic
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A DOE CH preliminary baseline approval in December 2012
i DOE commitment of $867M to LBNE
I Plus PIPI for 1.2MW beang total of $1.5B
A CdzyRAy3a 6AR& Ay LINRPOS&akadzZOOSa
A UK is largest net/S group represented ~10% of collaboration



DUNBbeam and far detector

A Wide band FNAL neutrino bean
A 1.2MWupgradeabldo 2.3MW

A 0.5¢ 5.0GeVsignselectedn

A Near detector design in progres

A Far detector
I Up to 4t fiducialvolume

I Staged approach x 10kt in
separate caverns

I Allows different designs to be
considered (singlesdouble phase)




