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for upptéckten av neutrinooscillationer, som visar att neutriner har massa”

‘he discovery of neutrino oscillations, which shows that neutrinos have mas§g

Breakthrough prize
Daya Bay, K2K & T2K,
KamLAND, SNO, SuperK




The story of neutrinos — to SNO and beyond

Scanne d at the American
Institute of Physics

Fascinating neutrinos

Future horizons




Historic perspective

-

Scanned at the American
Institute of Physics




Chadwick (1914)

The Nobel Prize in Physics 1935 was
awarded to James Chadwick "for the
discovery of the neutron”

... hot the neutrino ....
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Bohr vs Pauli

Scanned at the American
Institute of Physics




Pauli (1930) The Nobel Prize in Physics 1945 was awarded
to Wolfgang Pauli "for the discovery of the
Exclusion Principle, also called the Pauli
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Abschrift

Physikalisches Institut

der Eidg. Technischen Hochachula Zirich, Ls Des. 1930

Zirich Gloriastrasse

Lisbe Redioaktive Demen und Herren,

Wie der Usberbringer dieser Zeilen, den ich mldvollst
ansuhtren bitte, Ihnen des niheren auseinsndersetsen wird, bin ich
angesichts der "falaschen" Statistik der N und Li-6 Kerne, sowie
des kontimuierlichen beta-Spektrums suf cinen versweifelten Ausweg
verfallen um den "Wechselgats® (1) der Statistik und den Energlesats
su retten. Mimlich dis Moglichkeit, es kinnten elekirisch neutrale
Teilchen, rie ich Nevtronen nemnen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘shah von Lichtquanten wusserdem noch dadurch unterscheiden, dass sie

mit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von darsalben Qrossenordmng wis die Elektronenmasse sein und
:m.'la nicht grosser als 0,01 Protonermasse.- Das kontimuierliche

Speikctrum wire dann verstindlich unter der Annahme, dass bedm
boba-~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
Mird, derart, dass die Summe der Energien von Neutron und klektron
konatant ist.

Nun handelt es sich weiter darum, welche Krifte auf die
Meutronen wirken. Dus wahracheinlichste Modell fiir das Neutron scheint
mir gus wellenmechanischen Orfinden (nEheres weiss der Usberbringer
disser Zeilen) dieses su sein, dass das ruhende Neutrom ein
magnetiacher Dipol von einem gewissen Moment st ist. Dis Experimente
verlineen wohl, dass die ionisierende Wirkung eines solchen Neutrons
nicht grosser sein kann, sls die eines yﬂn-stnhls und darf denn
A wohl nicht grosser sein als e - (107~ om).

Ich trsue mich vorliufig sber nicht, etwas iber diese Ides
su publisieren und wende mich erst vertrauensvoll an Euch, liebe
Radicaktive, mit der !ng;n, wie es um den experimentellen Machweis
eines solchen Neutrons stdnde, wenn dleses ein sbensolches oder etwa

Beta'minus Decay mmfﬂnmhwmpnbuimm.mm
Carbopdlh Mittogencly et i S e, e e e

Alng; liebe Radiocaktive, priifet, und richtet.= Lelder kann ich nicht

personlich in Tihingen erscheinen, da sch infolge eines in der Naoht

vom 6. mum 7 Des, in Zirich stattfindenden Ballee hier unabkfmmlich
6 protons 7 protons bin.- Mit vielen Orifssen an Euch, scwie an Herm Bask, Muer

8 neutrons 7 neutrons untertanigater Diener

B' g B g i o i e e e
- F or
Antineutrino  Electron wiﬁ&uohdmhnwmmvﬁv im Jmte,
Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hats
. . ) 0, daren soll men am besten gar nicht denken, sowie an dis neuen
Steuern.” Darum soll man jeden Weg sur Rettung ernstlich diskutieren.-

ges. W, Panli



The Nobel Prize in Physics 1995 was
Frederic Reines (Cowan had passed away
by then) and Martin Perl ‘for pioneering
contributions to lepton physics’.

.... much later (195)....

Faedoeokh PENESL avs G%.ﬁ_ CoVAN
Box 1663 , COS AlArer #H#ﬂ?ip
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Neutriﬁs 2006 — Santa Fe



Weak interaction (1957)
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The Z “ transforms
Vx neither charge nor
Mass.

_ The W~ carries

€ away the negative
charge and transforms
the electron to an
electron neutrino

Charged Current (CC)  Neutral Current (NC)

Robert Marshak & George
Sudarshan,

later Richard Feynman (Nobel
1965) and Murray Gell-man
(Nobel 1969) proposed ‘V-A’

The Nobel Prize in Physics 1979 was
awarded to Sheldon Lee Glashow, Abdus
Salam and Steven Weinberg "for their
contributions to the theory of the unified
weak and electromagnetic interaction
between elementary particles, including,
inter alia, the prediction of the weak
neutral current”.



Neutrino flavour (1962) The Nobel Prize in Physics 1988 was
awarded jointly to Leon M. Lederman,

wmeer  Melvin Schwartz (pictured) and Jack

Reaction observed . " )
5, + 0> ur+n 29 Steinberger "for the neutrino beam method

10" antineutrinos 0 and the demonstration of the doublet

from T decay. Vp+ P> et +on

pratan structure of the leptons through the
discovery of the muon neutrino”.




Only three (light) neutrinos
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So what did we know about neutrinos?

Neutrinos come in three flavours
Neutrinos interact weakly only
Neutrinos are massless
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The truly fascinating behaviour of neutrinos




Standard Solar Model: exact flux prediction
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Championed by John F Bahcall,
sadly passed away in 2005.
... no Nobel prize ...
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Ray Davis’ Chlorine Experiments*® Proposed by Bruno

Pontecorve (1946):

* Tried Savanah and Brookhaven reactors first. v +3C| — 3Ar + e~
We know now that this does not work for anti-neutrinos (right handed)

Cl Cl
Homestake Gold Mine (South Dakota, US), 1.5 km UG, 380 m?3 perchlorethylene c/E<c|



Raymond Davis’ result: solar neutrino problem

Chlorine

CNO
'Be

Solar Neutrino Flux (SNU)

The Nobel Prize in Physics 2002 (just after SNO’s first results) was
divided, one half jointly to Raymond Davis Jr. and Masatoshi
Koshiba "for pioneering contributions to astrophysics, in
particular for the detection of cosmic neutrinos”.

16

® Predicted ~0.5 interactions per day!
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So what was happening?

 |s the Standard Solar Model
wrong?

* Is our nuclear physics wrong?
* Is the experiment wrong?

* Is our understanding of neutrinos
wrong?

LUNA BiSON
14 ¢ ; ; ey ; ;

3
*He{ He,2p)*He present (LUNA)

—y
rna

® previous

— Screenad Muclides (Us= 240 eV}

=
(=]

S-Factor [MeV b]
o




Super Kamiokande (Japan)

o |
"
. Control room

41m

Access tunnel

7
Detector hall




Super Kamiokande observation in 1998

200
—— Prediction without neutrino oscillation
—-— Prediction with neutrino oscillation
@® Super-Kamiokande measurement
150 — gy et
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Number of Muon-Neutrino Events

Arrival Angle and Distance Traveled by Neutrino

e ek N

12,800 km 6,400 km 500 km 30 km 15 km




Herb Chen’s brilliant idea (1985)

VOLUME 55, NUMBER 14 PHYSICAL REVIEW LETTERS 30 SEPTEMBER 1985

Direct Approach to Resolve the Solar-Neutrino Problem

Herbert H. Chen
Department af Physics, University of California, irvine, California 92717
(Raceived 27 June 1985)

A direct approach io resplve the selar-neutring problem would be to observe neulrinos by use of
both neutral-current and charged-current reactions. Then, the total neutrino flux and the
electron-neutrine {lux would be separately determined to provide independent tests of the
neutring-oscillation hypothesis and the standard solar model. A large heavy-water Cherenkov
detector, sensitive io ncudrinos from 5B decay via the neutral-curent reaction v + & — »+p +n and
the charged-current reaction », +4 — 2~ +p + p, is suggested for this purpose.

PACS numbers: 96.60.Kx, 14.60.Gh



NEUTRINOS FROM
THE SUN

Electron-neutrinos
are produced in the
Sun center.

P

SNO

Use heavy water (D,0)

instead of normal water (H,0):
neutral current (all flavour) &
charge current (electron flavour)

(as well as electron scattering, mainly
Electron neutrino, but some sensitivity to
other neutrino flavours)

SUDBURY NEUTRINO OBSERVATORY (SNO)

ONTARIO, CANADA

Both electron neutrinos

alone and all three types of
neutrinos together give sig-
nals in the heavy water tank.

PROTECTING ROCK jL

2100m

.. CHERENKOV

HEAVY
WATER

RADIATION

Illustration: @ Johan Jarnestad/The Royal Swedish Academy of Sciences



Birth of the Sudbury Neutrino Observatory

B 249
ELEGTRONIC DETECTORS FOR THE STUDY®OF

88 SOLAR NEUTRINOS *+

(with sensitivity to energy and directios)

| Herbert H. Chea First SNO collaboration meeting, Chalk River 1986

Dept. of Physics, University of California, Irvine, CA 92717
ABSTRACT

The statistical requirement for any directional 88 solar neutrino
experiment with an initially large background to signal ratio
(about 1000) indicates the need for extremely large detectors.
However, this detector scale can be decreased substantially if the
detector mass can be made radioactively clean so that only external
backgrounds remain. Then the detector can be operated in a self-
shielding mode. Among a number of detector opticas, the water
Cherenkov approach being used in the search for proton decay
satisfies these requirements. With the neutrino deuteroa reaction
via the use of heavy water rather than light water, the background
to signal ratio can be further improved and one can demonstrate
observation of the “B solar neutrino much before one can
demonstrate its directionality.

I. INTRODUCTION

The solar neutripo "problem", i.e. that there are fewer
neutrinos from the sun as observed in the chlorine/argoa radio—
chemical experiment of Davis et al. [1] thaa that predicted by the
"standard" solar model [2], has prompted a variety of solutions
ranging from neutrino oscillations [3], neutrino decay [4], to a
very large variety of non-standard solar models [5]. These have
been discussed widely over the past decade, and the discussions
continue here_at this coafereace. The new radio—chemical
experiments: /lga [6], seasitive to neutrinos from the pp reaction
in the sun; Br [7], seasitive to the ‘Be neutrino; and the geo-
chemical experiment: §Ho [8], sensitive to the ®B flux averaged
over the last several million years; will add greatly to our
knowledge when they are carried out.

Lt is clear, however, that radio-chemical and geo-chemical
experimeats need to be complemeated by direct-couating
experiments, particularly those sensitive to neutrino direction
as well as to energy. With semsitivity to directioa and to
energy, direct—counting-experiments can demonstrate unambiguously

* Research supportad in part by the National Science Foundation.
*+ Research supported in part by the U.S, Department of Energy.

0094~243X/85/1260249-28 $3.00 Copyright 1985 AmerJ.can .I.nstitute of Physics Offi Ci a I S N o P ro p OS a I : 1 987
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Sudbury in Northern Ontario, Canada
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The Sudbury Neutrino Observatory

Laboratory Layout




l ' & MINING FOR KNOWLEDGE

CREUSER POUR TROUVER... L"EXCELLENCE
















SNQO’s answer was:

electron flavour neutrinos per square milli-furlongs per nano-minute*
and a total neutrino flux of about three times that many!

Solar neutrino puzzle solved:
Neutrinos change their flavour between the Sun and Earth!

e
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Direct Evidence for Neutrino Flavor Transformation from Neutral-Current
Interactions in the Sudbury Neutrino Observatory

Q.R. Ahmad,'” R.C. Allen,* T.C. Andersen,® J.D. Anglin,'’ J.C. Barton,'"** E.W. Beier,'? M. Bercovitch,'"
J. Bigu,” S.D. Biller,'" R.A. Black,'" I. Blevis,” R.J. Boardman,'" J. Boger.® E. Bonvin,'* M.G. Boulay,® '
M.G. Bowler,"" T.J. Bowles,” S.J. Brice,">"" M.C. Browne,'”? T.V. Bullard,'” G. Biihler,* J. Cameron,'



SNO programme

1998 1999 2000 2001 2002 2003 2004 2005 2006
1 1 1 1 | | | | | J

o P2SE | [Pliase I Phase

D,0 Salt D
2 (NaCl) 2 *He
o Counters
' n captures on
Difference deuterium n captures on n captures on 3He
between chlorine prop. counter
. & = 0.0005b i iy
success and jaiiure 0=
] o2s MeVy 8.6 MeV multipl o = 53300
can be small... n 00 VeV multiple vs
°?_ T TR - T
® H 36| g
)
2H 3H 35C| 360 \1’
n+3He > p+3H 2

SNO main results:

* Neutrinos change flavour and thus have mass: BSM

* Neutrino oscillation parameters

* More precise measurement of solar neutrino flux (factor 2) than
theoretical prediction

* Energy dependent survival probability for B



Final SNO collaboration meeting, summer 2008

Analysis of SNO data now continued,
using 2/3 of the Breakthrough prize



Neutrino oscillations

Neutrinos have mass,

their mass eigenstate # flavour eigenstate ,“>

v, U, U, Ug 1 0 0 Ci3 0 sp5 e "’ C, Sp O v,
Vo |TIUun Uy Uys|™ Cy3  Sp3 0 1 0 —S;; Cp Ofl vy
Ve U, U, U;| |0 —sy Cyull-s, e’ 0 Ci3 0 0 0/\Vs

S;; = Sin eij,- C;; = COS eij

Pontecorvo—Maki—Nakagawa—Sakata matrix (PMNS matrix)

[

Source Target™ _

_— o



Neutrino oscillations Two neutrino case

TYPE 1 NEUTRINO

ELECTRON-
NEUTRINO

ELECTRON-
NEUTRINO

TYPE 2 NEUTRINO MUON- OR TAU-NEUTRIND

ELECTRON- ELECTRON MUONZOR A NIGHTTIME
NEUTRINOS NEUTRINOS TAU-NEUTRINOS  RESULTS ﬁii [RESRLES
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Neutrino oscillations Two neutrino case

TYPE 1 NEUTRINO

ELECTRON-
NEUTRINO

ELECTRON- ‘ \ / \ ’ .' , , “ |
NEUTRINO / \ / \ ”

TYPE 2 NEUTRINO MUON- OR TAU-NEUTRIND

ELECTRON- ELECTRON MUON- OR pAYTI S NIGHTTIME

NEUTRINOS “LTRINGS TAU-NEUTRINNS I - RESULTS
CREATED : it | |

l _ 2

~wntIUNIN SUN OSCILLATION IN VACUUM OSCILLATION IN &r...

1.0
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] 2 2 2

08

0.6 -

cC

04 r

02r

() .O | I I I I | I I I I | I I I I |
S 10 15

<
n

E, in MeV



Neutrino oscillations

cC

1.0

0.6

04

02

0.0

Two neutrino case

TYPE 1 NEUTRINO

ELECTRON-
NEUTRINO

ELECTRON- ‘ \ / \ / \ J \ /
NEUTRINO / / \ | /

[

TYPE 2 NEUTRINO MUON- OR TAU-NEUTRIND

Stﬁﬁm& ELECTRON MUON- OR DAYTI A mm{]uﬂg
THTRINGS TAU-NEUTRINAS iy {

CREATED SULTS l |

| l

~~11UN IN SUN OSCILLATION IN VACUUM OSCILLATION IN &r... [

08

baseline = 180 Km

P =1-sin"20 sin’ (Am’L/4E, ) | P,=1- lsinzze — 1(1 + COSZZG) > 1
] 2 2 2

With matter effects, this can
) be smaller than %:

1
P, = > (1 + cos 26 cos26,,,)

10 15

E, in MeV
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Neutrino oscillations poo s

VNN v, 772 }

Three neutrino case T vz
Am?,,
2 or
(Mass) Am2,__
v, 77 }Am2 l
Wz v; NI
sin?0, ,

Known due to matter
effects in the Sun (MSW)

t

ZAv. 110,17 NN [1U,17 [, (10,17

Reactor anti (electron) neutrinos without cp)

P(v, = ve) = 1 -cos*0,3sin?(26;,)sin*(1.27Am%, %)—sin2 (26,3)sin?(1.27Am3, %)

Long baseline (muon) neutrino beam ...

Correlations between CP phase, matter effects, hierarchy:
go to long enough baseline to break those



KamLAND

Survival Probability
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Neutrino oscillations are well established now

K2K, KamLAND, Daya Bay, T2K experiments recognised in the
Breakthrough Prize for fundamental physics 2015.

(As well as SuperK and SNO)
/‘\
???“/ 1 Jf?
¢ *

Many open questions however remain:
 Why is the neutrino so much lighter than all other particles?

* |s the neutrino Majorana
(particle and anti-particle essentially the same)?

 What is the mass hierarchy?
 What is the value of the CP violating phase 6 (non-zero)?



(Some of the things) coming up next ...

Mass hierarchy

CP violation

Neutrino nature




T2K and reactor (Daya Bay), and recent NOVA results

3v analysis: T2K, NOvA & Reactors ;E
1 B T _-|-|-|-|'| L L B R B B N
B = @)
- - NH >
0.5 | - X,
043 - : LBL + Rea <
— ok — S
Al - - ©
_os5 L - —_— 68% o
: : — 90% &
—1 L N
1 -
05 = = IH
5 : E
L ok =
Al - ﬂ -
_1 :I | | II|IIII|IIII :I | | | | IIII|IIII|IIII

@)

0.1 0.2 0.3 0.40 0.1 0.2 0.3 0.4

- 2 . 2
sin® 21%,5 sin® 29,5



Mass hierarchy: 3 methods are being pursuit

Reactor experiments
(JUNO, RENO-50)

Atmospheric neutrinos
(PINGU, ORCA)

Long baseline neutrino experiments
(INO, HyperK, DUNE)

9




Reactor Neutrino Spectrum
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Excellent energy resolution (<3

RENO-50

Site identified
R&D funding

More info: neutrino telescope 2015



Atmospheric neutrinos

P(v,—v,) - Normal Hierarchy P(v,—v,) - Inverted Hierarchy
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PINGU
 Well understood
e 20 strings / season, : e

40 total A e

» Completion 2021/2022 . P

ORCA
* 6 strings deployed and operation end 2016
e Completion possible 2020

0.2

0.1

More info: neutrino telescope 2015



Long-base line experiments: HyperK

-

750 kW-beam
» Water Cherenkov,
T =1 Mtonne total,

B 7056 fidiuciadme
e 205 de _g?éé? Gffeaxis

e i
R,

\IUI mi, Vinv. l\Jl\‘yU}

* proto-collaboration

e 240 people, 13 countries

e R&D funds granted

* Selected as one of the 25 top priority future projects by
Science Council of Japan in 2014

* Not included in the MEXT (Japanese funding agency)
roadmap in 2014, next round (2017)

* |f the construction begins in 2018, experiment ~2025

Kajita, Invisibles 2015 workshop



Long-base line experiments: DUNE

Sanford
Underground Fermilab

Research i . - eSSy R
Facility fles pooz=zzEEIC B ™
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 DUNE collaboration: liquid argon TPC
* 800 people, 25 countries
* Development of first 10 ktonne detector by 2021
* Followed by expansion to 34 ktonne soon thereafter
 LBNF: 1.2 MW of power by 2024,
up to 2.4 MW of beam power by 2030
* CERN neutrino platform / LArTPC BNB Fermilab



Mass hierarchy summary
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arXiv: 1311.1822



CP violation
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Neutrino nature




Q — Eparent _ Eprggerl}r — E‘me

Neutrinoless double-beta decay
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Neutrinoless double-beta decay

Observation of this process implies:

. Violation of lepton number (by 2!)

. Neutrinos have Majorana masses
(different than quarks and leptons,

Schlechter and Valle, 1982)

« Neutrinos are their own anti-particles

It would give information about:

« The seesaw model and why neutrinos

are so much lighter than other particles

. Leptogenesis, a possible origin of the

baryon-antibaryon assymmetry in the
Universe

« Neutrino absolute mass scale

Matter Generation
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Current status

Excluded by Planck & BAO
e

Arxiv:1511.05983
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More information: see NSAC report November 2015

Cosmology




Candidate for Double beta Decays
CUORE vs SNO+ Q (MeV) Abund.(%)

NSAC review (US) Nov 2015: e e eI
elg - 76Ge —7¢Se 2.040 7.8
The modular and monolithic approaches both offer - LR
advantages and disadvantages. However, it is not possible  [sez.—spmo 3350 |28
to firmly conclude which approach will be optimal at this 100Mo—>190Ry 3034 |96
point and it is certainly prudent to pursue both approaches |™Pd>"¢d 2013 118
in this R&D phase of the subject. This is certainly the case at iZCd_’mS" 2802 |75

o i ) i Sn—>?4Te 2228 |5.64

present, and will likely continue to be the situation for at e Ssoxe 2533|345 D

least a few more years. 136X e—»136Bq 2479 |89
150N d—150Sm 3367 |56

detector.

Array of 988 detectors. |9 CUORICINO-like Pulse Tube
towers M = 0.741 ton of TeO, (~200 kg '3°Te) Pulse Tube —

to measure OV-DBD of '3%Te with bolometric — - -
o

Sensitivity (5y): T, = 1.6 x 10%y
mgg = 41-95 meV

NME from FESimkovic et al. Phys.Rev. C77 - |.Suhonen et al. IntJou.Mod.Phys.EI7 - =
J.Menendez et al. Nucl. Phys.A818 - |.Barea et al. Phys. Rev. C79 B




Sensitivity — improving limits is difficult
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Sensitivity — improving limits is difficult

T1/2 XX mgg

_ In(2) 2 Y > T |
Robs — Ty /2 N mﬁﬁ B?, a; + sz
Experimental S Mt _ Mt

Sensitivity: v B x v B;AFEt \/(ai +b; M)AFEt

Background scales with mass
(b, dominant):

mpg sensitivity scales with M 1/4



Sensitivity — improving limits is difficult

T1/2 X mgg

_ In(2) 2 Y > T |
Robs — Ty /2 N mﬁﬁ B?, a; + sz
Experimental i o< Mt — Mt

Sensitivity: v B v B;AFEt \/(ai +b; M)AFEt

Background scales with mass
(b, dominant):

mpg sensitivity scales with M 1/4

Background does not scale with mass
(a, dominant):
mpg sensitivity scales with M 1/2



Sensitivity — improving limits is difficult

Tl/g X mgg

_ In(2) 2 Y > T |
Robs — Ty - N mﬁﬁ Bz a; + sz
Experimental S Mt Mt

Sensitivity: v B x v B;AEt ~ \/(ai—I-biM)AEt

Background scales with mass
(b, dominant): SNO+

mpgg sensitivity scales with M 1/4 2088

Background scales with mass 5B v ES

(a; dominant):
mpg sensitivity scales with M 1/2

External ~
(a,n)

Cosmogenic
Internal U chain Internal Th chain



To summarise

SuperK & SNO showed that neutrinos change mass,

creating a step-change
in neutrino physics.

Many intriguing questions are
still open:

* Lightness of the neutrino

* |sthe neutrino Majorana?

* What is the mass hierarchy?
e CPviolating phase 6?

and more ...
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Neutrino physics is an active field pursuing the
answers to these fundamentally important questions.




Watch this space:
More neutrino prizes to follow!
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Neutrinoless double beta decay rate

Gou ‘ M/OI/ ‘
/ me ‘
Phase space factor
Well defined
Nuclear Matrix Element Eftective
Not so calculable Neutrino Mass
2 :
" g: fr 5 Probes absolute neutrino mass scale
y 1/ ./ o a
1 el — M Also sensitive to mass hierarchy
ga
Phenmneqological correction mgg = 2 :77% UZ
Accounts for use of nuclear models

3 . 2
to estimate NME

Taken from single-3 decay — cos? 019 cos? B13e"“my
Some controversy over value . i3 , _ 2§
: + sin? 015 cos? 013€*P ms + sin® 013e > ms



OvBP Sensitivity (Phase |)

Top physics priority for SNO+ is a Ov3
using 3%Te loaded into the scintillator

Expected spectrum for 5 years assuming:
— 0.3% "Te loading
— Fiducial radius of 3.5 m
— 99.99% rejection of 21“BiPo
— 98% of 212BiPo
— Light yield of 200 Nhits/MeV

SNO+ can set a lower bound of:

0vpp 25 ~T
T))5" >9x10% yr (90% CL)
Assuming a phase space factor
G=3.69x10** yr! and g,=1.269, this

corresponds to an mg, of 55-133 meV

74

= 50 120 Bl 00533 (200 meV)
i 2100 B 2v8p
£ g S.U - B U Chain
S 40 = 60 P Th Chain
= w40 B (o.n)
e :‘E 20 | I External
w o L : !
£ 30 0522425628 = ZB“ES .
2 Ton (MeV osmogenic
© ss (MeV) —— Residuals
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Understanding Backgrounds

Solar 8B:

2vBB:
- Sharply falling with energy

- Assymetric ROl about OvBp
signal

- Flat spectrum
- Constrained by SNO/SK

- Limited by energy
resolution

- Limited by energy resolution

8B v ES

a-n:
External BGs:
- Absorption of a produces

- From AV, ropes, PMTs, ... neutron

- Tagged using time-

- Reduced by fiducial volume >
coincidence between

External ~ prompt light and neutron
(a, n) capture gamma
Internal U/Th Chains: Cosmogenic
-B from 21*BiPo and Internal U chain Internal Th chain | Cosmogenics:
212BjpPo _ 60Co, 110Ag 88Y, 22N

-Ta!g l','Sing time- - Reduced UG cool down period
coincidence of a follower and purification




OvBB Sensitivity (Phase )

R&D efforts have shown that 3% loading can be
achieved with ~150 Nhits/MeV

This could be compensated for by replacing PMTs
with high QE PMTs and new concentrators,
expected to triple light yield

Assumptions:
— 3% loading of "Te
— Fiducial radius of 3.5 m
— Lightyield of 450 Nhits/MeV

Preliminary studies suggest a sensitivity at 3% and
after 5 years running of:

Tf}"fﬁ > 7 x 10%° years (90% C.L.)

and mg, of 19-46 meV

76

= 350 Bl 0033 (200 meV)
- e 20883

E:soo B U Chain

3 [ Th Chain
5250 Bl (o)

0 [0 External

*E 200 B B v ES
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SNO+ collaboration
Arxiv:1508.05759

“Current Status and Future Prospects of the SNO+ Experiment”

Co// %mfmn Meeﬁnﬂ 2015
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Filling with water!




