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Solar Neutrino Energy Spectra
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Physics Beyond the SNP

(1) Searching for new physics:
Ve survival probability shape



(1) Vacuum-Matter 'l ransition

Low energy

(<IMeV):
Phase-averaged
vacuum oscillations

‘High’ energy
(>5MeV):
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resonant conversion

)

|

|

: -

; sin“26,,
|

|

|

|

JHEP 03 11:004 (2003)
E

v



(1) Vacuum-Matter 'l ransition

In these regimes, Pee depends only on 05,
Not the mass splitting or neutrino-matter interaction
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(1) Vacuum-Matter 'l ransition

In these regimes, Pee depends only on 05,

Not the mass splitting or neutrino-matter interaction

Low energy

(<IMeV):
Phase-averaged
vacuum oscillations

Probe transition

region to
confirm MSW
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Probing the Unknown

Non-standard physics effects can alter the shape / position of the “MSW rise”

Non-standard interactions

(flavour changing

NC)
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Precision Era
Low Energy T'hreshold Analysis
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Precision Era
Low Energy T'hreshold Analysis

Direct Fit for Energy-Dependent Survival Probability
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Precision Era
Low Energy T'hreshold Analysis

' No significant
‘ effects (< 20)

Results limited by
experimental precision
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Probing the Iransition Region:
why we need °B

R. Bonventre
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Probing the Iransition Region:
why we need °B
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Physics Beyond the SNP

(1) Searching for new physics:
Ve survival probability shape

(2) Understanding stellar formation:
The metallicity of the Sun’s core



(2) Understanding the Sun

SSM takes initial metallicity as input
Predicts speed of sound through Sun’s radial profile
Boundary conditions: today’s mass, radius, luminosity
Beautiful agreement between SSM and helioseismology

Figures from Annual Reviews of Astronomy and Astrophysics, 2009, 47, 48|
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SSM takes initial metallicity as input
Predicts speed of sound through Sun’s radial profile
Boundary conditions: today’s mass, radius, luminosity
Beautiful agreement between SSM and helioseismology

More sophisticated analyses of photospheric absorption lines
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SSM takes initial metallicity as input

Predicts speed of sound through Sun’s radial profile
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(2) Understanding the Sun

SSM takes initial metallicity as input
Predicts speed of sound through Sun’s radial profile
Boundary conditions: today’s mass, radius, luminosity
Beautiful agreement between SSM and helioseismology

More sophisticated analyses of photospheric absorption lines
= better agreement with data 1.1
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of CN neutrinos!



CN-Cycle Neutrinos

The Astrophysical Journal 687 (2008) 678



CN-Cycle Neutrinos
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CN-Cycle Neutrinos

® Measure of solar metalicity
Flux predictions differ by >30%
Precision B flux measurement
constrains predictions

® TJest understanding of heavier
main-sequence stars
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CN-Cycle Neutrinos

® Measure of solar metalicity
Flux predictions differ by >30%
Precision B flux measurement

constrains predictions

® TJest understanding of heavier

main-sequence stars
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Test extent of CN-cycle
equilibrium



Physics Beyond the SNP

(1) Searching for new physics:
Ve survival probability shape

(2) Understanding stellar formation:

The metallicity of the Sun’s core

(3) Confirming MSWV:
The Day / Night effect
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(2) Understanding stellar formation:
The metallicity of the Sun’s core

(3) Confirming MSWV:
The Day / Night effect
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Physics Beyond the SNP

(1) Searching for new physics:
Ve survival probability shape

(2) Understanding stellar formation:
The metallicity of the Sun’s core

(3) Confirming MSWV:
The Day / Night effect

(4) Probing energy loss/generation mechani
Neutrino luminosity (Lv)

(5) Searching for symmetry:

Precision flux & oscillation
parameter measurements
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Experimental Requirements

Ve Pee shape

Solar metallicity

Day / Night
effect

Neutrino
luminosity (pp)

Flux & oscillation
parameters

High statistics

(big detector!)

Low threshold

Low
backgrounds

Critical | MeV c%:-nrw];ghea:;s’
mportant 0.5Mev | CoSTHRECMIES
Dominant > 5MeV ok ~

~ 0.2 MeV 14C, 8Kr
Important << | MeV All




Experimental Program

® Elastic Scattering detection

® |arge-scale water Cherenkov
® |arge-scale liquid scintillator

® |norganic scintillator
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Large-Scale WGD

Super-Kamiokande
Super-Kamiokande Combined analysis of SK I-IV
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Large-Scale WCGD

Super-Kamiokande
Super-Kamiokande Combined analysis of SK I-IV
VYNNG PRL 112 (2014) 091805
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~ & 1750 mwe depth
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Sl dy @ 0.5% sensitivity to D-N amplitude variation

N S ® 40 confirmation of MSW arXiv: 1309.0184



Large-Scale LS: Borexino

Target: 300 tons of liquid
scintillator confined by
nylon vessel of R=4.25 m

Unprecedented low LS background!

non-scintillating buffer

stainless steel sphere
6.85 m in radius
2212 inward-facing PMTs

<0.8 counts per [ 238U < 8 x 10-%° g/g (2'“Bi-%!*Po)
year /100t! { 232Th <| x 10-'8 g/g (2!2Bi-2?Po)
2108 =20 + 5 cpd/100t
8Kr <5 ¢pd/100t

outer water tank

2.8 kt of water, 9 m radius
equipped with 208 PMTs
for Muon Cherenkov Veto
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Unprecedented low LS background!
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Large-Scale LS: Borexino

Target: 300 tons of liquid
scintillator confined by
nylon vessel of R=4.25 m

Unprecedented low LS background!

6.85 m in radius
2212 inward-facing PMTs
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Large-Scale LS: Borexino

Unprecedented low LS background!

<0.8 counts per
year /100t!
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Large-Scale LLS: SNO+
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Large-Scale L.S: SNO+
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Large-Scale LS

LENA

50+kt LS (30+kt FV solar), 30% coverage

Unprecedented statistics at low energy

® 30 discovery potential for 0.1%-amplitude
temporal modulations in ’Be flux

® CNO detection

® Low-energy 8B spectrum (CC on '3C)
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Large-Scale LS

JUNO

it

A

50+kt LS (30+kt FV solar), 30% coverage
Unprecedented statistics at low energy
30 discovery potential for 0.1%-amplitude

temporal modulations in ’Be flux
CNO detection
Low-energy 8B spectrum (CC on '3C)

— Muon detector
Steel Tank
Water seal
20kt water
6kt MO

® 20kT LS detector

~15000 20" PMTs
coverage: ~80%

- L4500 20" VETO PMTs

700m rock overburden

Goal of 3% /+/E resolution
Current JUNO
Am?,, ~3% ~0.6%
Am?,, ~5% ~0.6%
sin‘0,, ~6% ~0.7%
$in?0,, ~20% N/A
$in20y; | ~14%> ~4% | ~15%




Inorganic LS

LNe (CLEAN):

50-T scale dark matter search
No long-lived radioisotopes
27K: contaminants freeze out
PSD discriminate e/n recoil
=>Background-free fiducial volume

= %=level (ES) pp measurement
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27K: contaminants freeze out
PSD discriminate e/n recoil
=>Background-free fiducial volume

Liquid xenon
(XMASS, LZ):

T-scale experiments
Requires *100
depletion of '3%Xe

= %=level (ES) pp measurement




Inorganic LS

LNe (CLEAN):

50-T scale dark matter search
No long-lived radioisotopes
27K: contaminants freeze out
PSD discriminate e/n recoil
=>Background-free fiducial volume

= %=level (ES) pp measurement

LBNF

® 40kT LAr
® + 50kT WCD? - p5
e CC on Ar, E4, = 5MeV

vV, + 40 Ay

— VK* e

Transition

Fermi
Gamow-Teller

Rate (evts/day)

31
88

arXiv: 1307.7335

Liquid xenon
(XMASS, LZ):

T-scale experiments
Requires *100
depletion of '3%Xe
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CC Detection: LENS

Ve 4+ 1151 5 115Gp* 45—

T =476 ~(115keV) + v(497keV) + 1158n

- Delayed triple coincidence helps reject ''>In bkg (need 10'' rejection)

- Q = | 15keV :95% of pp spectrum

- Segmentation helps reject ext bkgs
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02 04 06 08 1 12 14
Signal Electron Energy (E(v)-Q) (MeV)

Source PP 7Be YCNO

Flux (/cm2/s) 6.00E+10 | 4.70E+09 § 4.97E+08 § 3.74E+08 |
Flux (SNU) [Bah88] 468 116 15 11

Cross section[Rap85] 1.00E-44 | 2.50E-44 |} 2.50E-44 J 2.50E-44
Survival probability 56 54 54 54

Rate (per ton year) 26 6.2 1.2 0.9

Rate (10 tons - S yr) 1296 310

58




The ASDC

® ASDC:Advanced Scintillation Detector Concept (see ASDC talk, parallel session 1/2)

® Water Cherenkov = water-based LS Nucl. Inst. & Meth.A660 51 (2011)
http://underground.physics.berkeley.edu/VWbLSWorkshop.html

® Load large water Cherenkov detector with e.g. ’Li for CC interaction
“Salty water Cherenkov detectors” W.C. Haxton PRL 76 (1996) 10
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The ASDC

® ASDC:Advanced Scintillation Detector Concept (see ASDC talk, parallel session 1/2)

® Water Cherenkov = water-based LS Nucl. Inst. & Meth.A660 51 (2011)
http://underground.physics.berkeley.edu/VWbLSWorkshop.html

® Load large water Cherenkov detector with e.g. ’Li for CC interaction
“Salty water Cherenkov detectors” W.C. Haxton PRL 76 (1996) 10

e Electron ES
== Muoon / tau ES

——

section ( 10%em?)

Differential cross

Electron Kinetic Energy / MeV

—

Cross section from W. C. Haxton
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The ASDC

® ASDC:Advanced Scintillation Detector Concept (see ASDC talk, parallel session 1/2)

® Water Cherenkov = water-based LS Nucl. Inst. & Meth.A660 51 (2011)
http://underground.physics.berkeley.edu/VWbLSWorkshop.html

® Load large water Cherenkov detector with e.g. ’Li for CC interaction
“Salty water Cherenkov detectors” W.C. Haxton PRL 76 (1996) 10

’_:_-:; e Electron ES
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® ASDC:Advanced Scintillation Detector Concept (see ASDC talk, parallel session 1/2)

® Water Cherenkov = water-based LS Nucl. Inst. & Meth.A660 51 (2011)
http://underground.physics.berkeley.edu/VWbLSWorkshop.html

® Load large water Cherenkov detector with e.g. ’Li for CC interaction
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Critical Inputs to the
Solar Program

® Nuclear cross section
measurements

e.g. "He(a,y)’Be

'Be(p,y)’B
N (p,y)1°O

06

05 -

S(E) [keV b}

0.3

3He(o,Y)’Be

' A s A
200 400 600 800 1000 1200
Energy (keV]

LUNA collaboration
Nuclear Physics, Section A 814 (2008), pp. 144-158
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Critical Inputs to the
Solar Program

® Nuclear cross section
measurements

e.g. "He(a,y)’Be

'Be(p,y)’B
N (p,y)1°O

' . .l 'S
200 400 600 800 1000 1200
Energy (keV]

LUNA collaboration
Nuclear Physics, Section A 814 (2008), pp. 144-158

® |errestrial oscillation parameter
measurements

— MSW-LMA 3
SNO polynomial fit |3

KL-only i
prediction

0AF

SNO Pe, —=2

0.2F

0.1f

o8 2 1 6 8 10 12 14
E, (MeV)
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Critical Inputs to the
Solar Program

® Nuclear cross section ® ‘|errestrial oscillation parameter
measurements measurements
e.g, 3H€((1)Y>7BC KL-OI’]')’ osh — :s;v:o’:’:nonual m_
7 8 rediction 5
Be(p,y)"B prediction ]
N (p.v) 150 ;
PY) SNO Pee —%
= { 1 2 a él-,‘y M (fV) 19 12 14
Twf 1 e.g. Super-K + Gd
. wms | (GADZOOKS)
, i : : E .+ 1 ~50* KL fiducial mass
200 400 600 800 1000 1200 o :
Energy [keV] “
LUNA collaboration |

2 1 E 1
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Measured E, [MeV]

Nuclear Physics, Section A 814 (2008), pp. 144-158 M
PRL 93 (2004) 171101
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Rich, diverse program of physics
Study neutrino properties
Sensitive search for new physics effects

Unique probe of solar structure & solar system formation
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SN+ Solar Neutrino Detection

Sum - = 228Ac
3B - - 210Bi
— 7Re 212B}I3
- = 214B1
CNO 40K
0 pep - - 234Pa
== Sum w/o pep 214Pb

Events / kTonne-year

10°

1.8 20

Energy / MeV

0.6 \

suppressed zero hides 8B



Low Energy Neutrino Astronomy

50kT LS (30kT FV solar), 30% coverage
Unprecedented statistics at low-energy

® 30 discovery potential for 0.l %-amplitude
temporal modulations in ’Be flux

® CNO detection

® Low-energy 8B spectrum (+ CC on '3Q)

M.Wurm, TAUP 2013

http://www.e|5.ph.tum.de/research_and_projects/lena/
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Electron neutrino

wwwwww

Low Energy Neutrino Astronomy

® 50kT LS (30kT FV solar), 30% coverage
® Unprecedented statistics at low-energy

® 30 discovery potential for 0.l %-amplitude
temporal modulations in ’Be flux

® CNO detection

® Low-energy 8B spectrum (+ CC on '3Q)

survival probability
. o8 P"(E)
£ uf - MSW-LMA
S . - flat (0.31)
8 osf
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5 st
© 04
z
2 os
5
I B M.Wurm, TAUP 2013
Neutrino energy / MeV http://www.e | 5.ph.tum.de/research_and_projects/lena/
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Low Energy Neutrino Astronomy

® 50kT LS (30kT FV solar), 30% coverage
® Unprecedented statistics at low-energy

® 30 discovery potential for 0.l %-amplitude

temporal modulations in ’Be flux

® CNO detection

® Low-energy 8B spectrum (+ CC on '3Q)

recoil spectrum
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Visible energy / MeV
M.Wurm, TAUP 2013

http://www.e|5.ph.tum.de/research_and_projects/lena/
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® 20kT LS detector

® /00m rock overburden

® Goal of 3% /+/E resolution
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— Muon detector
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Sinzez3 ~20% N/A
sin?0,3 | ~14%> ~4% | ~15%
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Survival Probability
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R. Bonventre et al. Super-K collab
arXiv 1305.5835 (May 2013) arXiv 1403.4575 (Mar 2014)

Phys. Rev. D 88 (2013) 053010



Survival Probability
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R. Bonventre et al. Super-K collab
arXiv 1305.5835 (May 2013) arXiv 1403.4575 (Mar 2014)

Phys. Rev. D 88 (2013) 053010

Apparent turn-up is a feature of the
quadratic parameterisation
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Non-Standard Model lesting

Light sterile neutrino PRD 83:113011 (2011)
Non-standard MSW Dynamics PRD 83:101701 (2011)

Non-Standard Models, Solar Neutrinos and Large 013 prD 88:053010 (2013)

» Non-standard forward scattering
» Mass-varying neutrinos

» Long-range leptonic forces

» Non-standard solar model



Non-Standard Model lesting

Light sterile neutrino
Non-standard MSW Dynamics

PRD 83:113011 (201 1)
PRD 83:101701 (201 1)

Non-Standard Models, Solar Neutrinos and Large 013 prD 88:053010 (2013)

» Non-standard forward scattering
» Mass-varying neutrinos

» Long-range leptonic forces

» Non-standard solar model

Best fit Pec for fermion-
density dependent
7 MaVaN model

Ax* =34
C.L.=0.28I

~ Phys.Rev. D 88 (2013) 053010
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Non-Standard Model lesting

Light sterile neutrino PRD 83:113011 (2011)
Non-standard MSW Dynamics PRD 83:101701 (2011)

Non-Standard Models, Solar Neutrinos and Large 013 prD 88:053010 (2013)

» Non-standard forward scattering
» Mass-varying neutrinos

» Long-range leptonic forces

» Non-standard solar model
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Modern Understanding

pp Chain
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Modern Understanding

pp Chain
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Solving the

Solar Neutrino Problem

Inclusive appearance at the
Sudbury Neutrino Observatory

ES: Vs t+e —e + Uy

CC: ve+*H—e +2p
NC: v, +“H— n+p+ v,
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Solving the

Solar Neutrino Problem

Inclusive appearance at the

Sudbury Neutrino Observatory Oscillations at

. vpte e 41y KamLAND

CC: ve+*H—e +2p
NC: v, +“H— n+p+ v,

Disappearance at >99.99%
Clear oscillation pattern
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