BREAKTHROUGH

| 4% The Nobel Prize in Physics 2015
*w Takaaki Kajita, Arthur B. McDonald

Share this: |l E2 ] 16K

The Nobel Prize in Physics

. B L

s
L

o
Py

Photo ® Takaaki Kajita

Takaaki Kajita B

Prize share: 1/2 Arthur B. McDonald
Prize share: 1/2

The Nobel Prize in Physics 2015 was awarded jointly to Takaaki
Kajita and Arthur B. McDonald "for the discovery of neutrino
o5'scillations, which shows that neutrinos have mass"
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Neutrinos Take Center Stage in America's
Plan for Future Physics
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Neutrino physics in the US should receive a budget boost, according to
recommendations by the Particle Physics Project Prioritization Panel (P5) — but
dark matter detectors may be delayed.

P5, an international group of distinguished experts, has issued its long-awaited
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US particle physics roadmap: Build facilities
for neutrinos and muons

But goals face a budget crunch before they leave the starting line.
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Physics panel to feds: Beam us up
some neutrinos

Seth Borenstein AP Science Writer

UPDATED: 05/22/2014 02:16:04 PM EDT

# COMMENTS

WASHINGTON (AP) — The U.S. should build a billion-dollar
project to beam ghostlike subatomic particles 800 miles
underground from Chicago to South Dakota, a committee of
experts told the federal government Thursday.

This undated handout graphic
provided by Fermilab in Chicago
shows a proposed particle... (AP)

That would help scientists learn about these puzzling particles,
called neutrinos, which zip right through us.

The proposed invisible neutrino beam would be the biggest U.S.
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25 of prominent physicists made a list of recommendations for the future
directionality of US particle physics

LEL

-
Contents Summary of Scenarios
Executive Summary v e
TIHE
. ®
Chapter 1: Introduction 1 3 £ 2 E [
11: Particle Physics is a Global Field for Discovery — 2 w|E § g5 g
1.2: Brief Summary of the Science Drivers and Main Opportunities — 3 2] ; = 3 @ x
13: Criteria— 6 Project/Activity Scenario A Scenario B Senario C T o =
. L Projects
Chapter 2: Recommendations -
2X: Prog ide Rec dations — 8 Muon program: Mu2e, Muon g-2 Y. ',:‘i'.,""' e |y Y v |1
2.2: Project-specific Recommendations — 10
2.3: Funding Scenarios — 15 Hi-LHC Y - M ¥ d i v |E
o H corpcneTts
24: Enabling RED —13 LBNF + PIP-11 Y, e miaveze |y Y, enhanced v v |ic
. . pomitly wmal
Chapter 3: The Science Drivers 23 uc R&D only R&D, mrbwwscaetrt. |y v v v |E
31: Use the Higgs Boson as a New Tool for Discovery — 25 NuSTORM N N N v 1
3.2: Pursue the Physics Associated with Neutrino Mass — 29
3.3: Identify the New Physics of Dark Matter — 35 RADAR N N N v
3.4: Understand Cosmic Acceleration: Dark Energy and Inflation — 39
3.5: Explore the Unknown: New Particles, Interactions, and Physical Principles — 43 Medium Projects
3.6: Enabling R&D and Computing — 46
LSST Y Y Y v v C
Chapter 4: Benefits and Broader Impacts 19 pmae2 Y Y Y v c
Appendices 53 Small Projects Portfolio Y Y _ Y v v |v|v|al
Appendix A: Charge — 54 Accelerator R&D and Test Facilities Y. reduced Y. Y, enhanced MEdrd v |EI
Appendix B: Panel Members — 57
Appendix C: Process and Meetings — 58 CMB-54 Y Y Y v v c
Appendix D: Snowmass Q —8 DM G3 Y. reduced Y ¥ v c
Appendix E: Full List of Recommendations — 64
PINGU Further development of concept encouraged v v C
ORKA N N N vl
MAP N N N v v v |EI
CHIPS N N N v I
LAM N N N v
Additional Small Projects (beyond the Small Projects Portfolio above)
DESI N Y Y v v C
Short Baseline Neutrino Portfolio Y Y Y v I




1. P5 report (Particle Physics Project Prioritization Panel)

25 of prominent physicists made a list of recommendations for the future
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1. CERN-USA, KEK-ICRR... 4 Beyond vSM

5. Conclusions

Political pacts are made to strengthen large collaborations...

KEK - ICRR
ymposium of the Hyper-Kamiokande F
318 () VORI 27V AT X AT AT I ) B

CERN - USA

‘a;,__é_‘! Queen Mary

University of London




1. Neutrino physics, the future of particle physics
2. Neutrino in Standard Model (SM)
3. Neutrino Standard Model (vSM)
3.1 Before 1998
3.2 1998 — 2004
3.3 2005 - 2011
3.4 2012
3.5 Current issues
4. Beyond vSM

5. Conclusions

WO Queen Mary

- Teppei Katori 2016/01/20
University of London €ppel Rator! /01/

11



1. Neutrinos
2. Oscillations
3. vSM

2. Neutrinos in Standard Model (SM) 4. Boyond oM

SM describes 6 quarks and 6 leptons and 3 forces and Higgs boson.
Neutrinos are special because,

1. they only interact with weak nuclear force.

w V
VM VM u
W Z
u U u
Charged Current Neutral Current
(CC) interaction (NC) interaction
“W-boson exchange” “Z-boson exchange”

2. interaction eigenstate is not Hamiltonian
eigenstate (propagation eigenstate). Thus
propagation of neutrinos changes their species,
called neutrino oscillation.

A
‘e::—Q—-E! Queen Mary Teppei Katori 2016/01/20 12
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1. Neutrinos
2. Oscillations
3. vSM

1. Neutrino oscillations 4. Beyond vSM

5. Conclusions

Neutrino oscillation is an interference experiment (cf. double slit experiment)

light source screen

ulayped aoualaliaiul

For double slit experiment, if path v, and path v, have different length, they have
different phase rotations and it causes interference.

‘Qz’ Queen Mary
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4. Beyond vSM

1. Neutrino oscillations o pevond vSw

Neutrino oscillation is an interference experiment (cf. double slit experiment)

V I
u

O I
—

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation,
they cause quantum interference.

o
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4. Beyond vSM

1. Neutrino oscillations o pevond vSw

Neutrino oscillation is an interference experiment (cf. double slit experiment)

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation,
they cause quantum interference.

If v, and v,, have different mass, they have different velocity, so thus different
phase rotation.

+
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM

1. Neutrino oscillations o pevond vSw

Neutrino oscillation is an interference experiment (cf. double slit experiment)

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation,
they cause quantum interference.

If v, and v,, have different mass, they have different velocity, so thus different
phase rotation.

] he detection may be different flavor (neutrino oscillations).

"Q‘JJ Queen Mary Teppei Katori 2016/01/20 16
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1. Neutrinos
2. Oscillations
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2. Neutrino oscillations 4 Beyond v

2 neutrino mixing
The neutrino weak eigenstate is described by neutrino Hamiltonian

eigenstates, v, and v,, and their mixing matrix elements.
| \/M> = Um | \/1>+ UM2 | \/2>

The time evolution of neutrino weak eigenstate is written by Hamiltonian
mixing matrix elements and eigenvalues of v, and v, .

| \/M(t)> =U e \/1> +U e v2>

Then the transition probability from weak eigenstate v, to v, is,

Puae(t) - Kve | Vu(t)>‘2 - _4Ue1U32UM1UM2 sin? (7\‘1 ;7\’2 t)

‘a_@_e! Queen Mary

= Teppei Katori 2016/01/20 17
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1. Neutrinos
2. Oscillations
3. vSM

2. Neutrino oscillations 4. Beyond vSM
In the vacuum, 2 neutrino effective Hamiltonian has a mass term,
2
mie meM m_12 0
H | 28 2B |_| cosB -sinb 2E cosf sinB
. m>. m’ sind cos0 m2 —sin® coso
eu up 0 _2
2E  2E 2E
Therefore, 2 massive neutrino oscillation model is (Am?=|m,?-m.?|)
2
P_.(L/E)=sin® 20sin’ (Am ")
After adjusting the unit, 2 neutrino oscillation formula
P ___(L/E)=sin?20sin?(1.27am?2(ev2) M)
H E(GeV)
an
‘EZ-Q—él Queen Mary Teppei Katori 2016/01/20 18
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Beuthe,Phys.Rept.375(2003)105 ! Neutrinos

2. Oscillations
3. vSM

2. Neutrino oscillations 4 Boyond S
V2 ,V1 . conclusions
Wave packet formalism m
- real formulation of neutrino oscillations
Neutrino oscillation
coso V4 coso
sin® Vs -sin®

2
P=|A;*Asl?=1-sin 263|n2[AL)

4E /Y
Neutrino mixing (time averaged neutrino oscillation) ﬂ

coso Vs coso
vo—"_ %
sino Vs -sino g

1 Am?
P=|A,|2+|A,|? = cos*0+sin40 = 1-sin’ 20 - 5_1 sin® 20sin’ 1 L

‘3@_5’ Queen Mary

University of London

L—c0
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2. Neutrino Standard Model (vSM)

1. Neutrinos

2. Oscillations

3. vSM

4. Beyond vSM
5. Conclusions

Through series of neutrino oscillation results, 3 massive neutrinos with the Standard

Model (vSM) is well established.

1 0 0 C13 0 .5138_1'(s C12 512 0 1 0 0
0 Co3 5923 0 1 0 —S12 (192 0 0 6101/2 0
0 —sp3 3| [—s13€® 0 3 || O 0 1[0 0 e2/2
m? m? 1. Am?,, and Am?_,
A -V, A 2. mass ordering of them
-, 3. absolute neutrino mass
LA /
my? L tm? | Free parameters /
solar-5x102¢V? | | 2| - 3 peutrino masses
atmospheric _ )
~3x10-3eV? — ? g‘_'x'ng ﬁngbsa
atmospneric -
my? L 3x10.%eV? Di rac pMa§e (9cp)
m.2 solar~5x10-9eV?2 2 - Iraq or lvigjorana
A T3 - 2 Majorana phases
W(o 0
(;1(__— leppei Katori 2016/01/20 21
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

3. Neutrino Standard Model (vSM) [ solar neutrino problem
Atmospheric neutrino anomaly

3.1 Before 1998 < MSW effect

+
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Cleveland et al.,Astrophys.J.496(1998)505 1. Neutrinos

Pontecorvo,Phys.Lett.28B(1969)493 2. Oscillations
. 3. vSM
3.1 Solar neutrino problem £ Beyona S

Homestake experiment

ve +37Cl > e + 37Ar
(proposed by Pontecorvo)
- mainly sensitive to 8B neutrino (~10 MeV)
- Measured rate was consistently lower 3S | L FWHM Resulty
than SSM (standard solar model) prediction 14}

R 4 _g. 1.2} 1
E 1.0 , ‘ L s
2 08} | al,
g 0.6 N 3%
~0§5 L — = :E-.z-
55 02} I} m ‘T ‘ ﬂ - 11
I “ JH L lHi

1970 1975 1980 1985 1990 1995

(Neutrino oscillation was speculated from
very early days by Pontecovo, even before
Davis observed the first solar neutrino!)

‘a_-Q_s’ Queen Mary

University of London

Teppei Katori 2016/01/20 23



GALLEX, PLB490(2000)16 1. Neutrinos

SAGE, J.Expt.Theor.Phys.95(2002)181 g oSslc\;/:llations
[ ] " Y
3.1 Gallium experiments 4. Beyond vSM
5. Conclusions

3 major discoveries

- Solar neutrino problem e I I S I A LI I
'no prot - GALLEX  combined GALLEX and GNO— | giz
- Atmospheric neutrino anomaly g 25 = SALLEx e
uns 19 GNQRuns
- 20+
MSW effect E ‘ SSM
o, 15+ | -
v+ 7'Ga > e +7'Ge § 10 ‘ 3 T Ve 2
- Sensitive to pp-neutrino (0.42 MeV), 90% 5 ost ' ~0.6 h < 11 T e 5
of total solar neutrino flux. g 00 | R I i B 10 %
. . o - 40 ©
- Both experiments observed deficit, but ¢ osr- [ H a0 @
weaker than Homostake SRR TN L T b
1991 1992 1993 1994 1995 1996 1997 1998 1999 2000
N, 400-
L SAGE
) 1
5" . 300
a0 £ oo |
] -~
| £ - I | L | SSM
GaCl, : J — : I
e 1004 I 1 4 ~
! - - ) _F | Lk H_. ﬁ*ﬂ & HTZL; 0.6
(S4m*, 110 1) oLl | l ) 1 w l L H*
ot 5 s 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001
‘\\"_J;’ _:#ﬁ/ Mean extraction time (years)

Teppei Katori 2016/01/20 24



Kamiokande Il, PRD44(1991)2241, PLB205(1988)416, PRL58(1987)1490

3.1 Kamiokande I

3 major discoveries

- Solar neutrino problem

- Atmospheric neutrino anomaly
- MSW effect

Atmospheric neutrino

Vot X2 e+ X

vt X2 u+X
- electron neutrino is consistent
with MC, but muon neutrino
shows deficit

Solar neutrino
vote2>v,te

- Direction of recoil electron

(~direction of neutrino) is

consistent from the Sun.

wQf Queen Mary

University of London

Number of Events

(EVENTS/DAY)/ BIN

atmospheric neutrinos

1. Neutrinos
2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

201 Ve 1 Vi -
?H ++ H
2 o 1z 0 1
cos® cose
solar-v angular distribution
0.15_.. 77
0.10 !
0.05
PR S SR S | 1 PO W SR N S SR S

Teppei Katori

o A 1 1
-1.0

0.0 05 1.0

cos O,

By the way they also observed 12 events
from Type Il Supernova (and got Nobel prize)




1. Neutrinos

Wolfenstein,PRD17(1978)2369 trinc
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913 § Osslf/:“atlons
3.1 Neutrino oscillation in matter 4. Beoyond vSM

3 major discoveries
- Solar neutrino problem
- Atmospheric neutrino anomaly

- MSW effect
mie mzu m12 O
H | 28 2B |_| cosB -sin 2E cosf sinB
o m> m? sind cos6 m? —sin® cosHh
eu up 0 _2
2E  2E 2E
cos6=0.84 7 cos6=0.84
Ve< > Ve
sin6=0.55 v, -sin6=0.55

. P=|A,|?+|A,|?> = cos*0+sin*0 ~ 0.6
‘@ Queen Mary Teppei Katori 2016/01/20 26
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Wolfenstein,PRD17(1978)2369
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913

3.1 Neutrino oscillation in matter Vg e

3 major discoveries Wolfenstein term W

- Solar neutrino problem
- Atmospheric neutrino anomaly e Ve
- MSW effect
2 2 2\1
(my)

m m
2E - 2E | | cos 6 -sinB_ oE coso

H . — =
eff 2 2 : 2\1 i
me, m., sinB_ cos6_ 0 (m?) —-sinB _
2E 2E 2E

No matter effect If density and/or energy is too low

cos0=0.84 7 co0s0=0.84
Ve < '> Ve
sin6=0.55 v, _sin0=0.55

s P=|A,[?*+]|A,|?> = cos*0+sin*0 ~ 0.6
‘Q Queen Mary Teppei Katori 2016/01/20

University of London

1. Neutrinos
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3. vSM

4. Beyond vSM
5. Conclusions

sin®
m
coso
m
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1. Neutrinos

Wolfenstein,PRD17(1978)2369
2. Oscillations

Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913 Y
3.1 Neutrino oscillation in matter Ve e 4 Bevond sy
3 major discoveries Wolfenstein term W

- Solar neutrino problem
- Atmospheric neutrino anomaly e Ve
- MSW effect
2 2 2\1
(my)

mee meM 0
E+ oF cosO_ -sin@ oF cosO_ sind_

H — =
o m? m? sinf_ cos6 (m2)' || -sin6_ cos#
eu uu m m 0 2 m m
2E 2E 2E

No matter effect If density and/or energy is too low
- the Sun happens to have right density n,~150 cm- and E(3B-v)~10 MeV

outside of Sun

core of Sun
(high density) cos6,,=0.34 | v, cos0=0.84 (low density)
Ve < > Ve
sing_=0.94 / v, -sin6=0.55
. P=|A,|?+|A,|? = cos?0,,-cos?0+sin?0 -sin%0 < cos*B+sin40
~0.35 (MSW) ~0.6 (no MSW)
‘E:‘—Q—él Queen Mary Teppei Katori 2016/01/20 28
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1. Neutrinos
2. Oscillations
3. vSM

3.1 Before 1998 4. Beoyond vSM
There are 3 major discoveries
- Solar neutrino problem
- Atmospheric neutrino anomaly
- MSW effect
o
%Q Queen Mary B .

University of London



1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

Atmospheric neutrino anomaly

< MSW effect

3.2 1998 - 2004 \ Atmospheric neutrino anomaly is solved

Solar neutrino problem is solved

A
‘E'—Q—él Queen Mary Teppei Katori 2016/01/20 30
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1. Neutrinos
2. Oscillations

3.2 1998-2004
2 major problems are solved
- Super-Kamiokande solved atmospheric neutrino anomaly
- SNO solved solar neutrino problem
o
%Q Queen Mary B y

University of London
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Super-kamiokande, PRL81(1998)1562 1. Neutrinos

2. Oscillations
3. vSM

3.2 Super-Kamiokande 4. Beyond vSM

5. Conclusions

Atmospheric neutrino anomaly is solved
Up-Down asymmetry

Atmospheric neutrino anomaly
is function of distance
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Super-kamiokande, PRL81(1998)1562, PRL93(2004)101801 1. Neutrinos
2. Oscillations
. 3. vSM
3.2 Super-Kamiokande 4. Boyond vSM
5. Conclusions

Atmospheric neutrino anomaly is solved
L/E dependence

Strong evidence of neutrino
oscillation by mass term
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% The Nobel Prize in Physics 2015 1. Neutrinos

@4V Takaaki Kajita, Arthur B. McDonald 2. Oscillations
3.2 SNO 1 Bey
. 4. Beyond vSM
] Share this: Kl G E1EA B 1.5 5. Conclusions

D,O in acrylic vessel The Nobel Prize in Physics
Simultaneously measure 3 channels 2015

v.td>p+p+te
- charged current (CC) ‘ T,
- only sensitive to v, L N

vy,td2p+n+v,
- neutral current (NC)
- sensitive to all flavors

Photo: K. McFarlane.
Queen's University
/SNOLAB

y Arthur B. McDonald

vVete2>v,te
- elastic scattering (ES)
- sensitive to all flavors

‘a_-Q_s’ Queen Mary

University of London
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SNO, PRC75(2007)045502 1. Neutrinos

2. Oscillations
3. vSM

3.2 SNO 4. Beyond vSM

5. Conclusions

D,0O in acrylic vessel
Simultaneously measure 3 channels

votd>p+p+te SO

- charged current (CC)
- only sensitive to v,

I'{IIII|IIII

- neutral current (NC) =
o Q
- sensitive to all flavors

vote2>v,te
- elastic scattering (ES)
- sensitive to all flavors
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1. Neutrinos

A . 2. Oscillations
\ Atsuto Suzuki and the 3 vSM

KamLAND Collaboration 4. Beyond vSM
5. Conclusions

3.2 KamLAND

Liquid scintillator detector
- Measure reactor electron anti-neutrinos from reactors from all over Japan
anti-v,+p>e*+n,n+p->d+y (2.2 MeV)
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1. Neutrinos
2. Oscillations
3. vSM

3.2 KamLAND 4. Beyond vSM

5. Conclusions

Liquid scintillator detector
- Measure reactor electron anti-neutrinos from reactors from all over Japan
anti-v,+p>e*+n,n+p->d+y (2.2 MeV)

&
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KamLAND, PRL90(2003)021802;94(2005)081801; PRD83(2011)052002 1. Neutrinos

2. Oscillations
3. vSM

3.2 KamLAND 4. Beyond vSM

5. Conclusions

Liquid scintillator detector
- Measure reactor electron anti-neutrinos from reactors from all over Japan
anti-v,+p>e*+n,n+p->d+y (2.2 MeV)

- Solar neutrino parameters are fixed
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KamLAND, PRL90(2003)021802;94(2005)081801; PRD83(2011)052002
Fogli et al,PRL101(2008)141801

3.2 KamLAND

Liquid scintillator detector

1. Neutrinos

2. Oscillations

3. vSM

4. Beyond vSM
5. Conclusions

- Measure reactor electron anti-neutrinos from reactors from all over Japan

anti-v,+p—>et+n,n+p->d+y (2.2 MeV)

- Solar neutrino parameters are fixed
- Nonzero 0,; makes agreement with solar data better...
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1. Neutrinos
2. Oscillations
3. vSM

3.2 1998-2004 4 Beyond v

2 major problems are solved
- Super-Kamiokande solved atmospheric neutrino anomaly

- SNO solved solar neutrino problem

KamLAND nailed down there was only 1 oscillation parameter set to
explain solar neutrino oscillation in 2 massive neutrino oscillation model

A lot of exotic models are killed
- exotic models for atmospheric neutrino anomaly (neutrino decay,

neutrino decoherence, etc)
- exotic models for solar neutrino problem (large neutrino magnetic

moment, etc)
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

Atmospheric neutrino anomaly

< MSW effect

\ Atmospheric neutrino anomaly is solved

Solar neutrino problem is solved

3.3 2005 — 2011 — =
Precision measurement era

A
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1. Neutrinos
2. Oscillations
3. vSM

3 3 2005'201 1 g (B:iﬁ(;?udsi\(’;i?

Precision neutrino oscillation measurement era
- K2K

- MINOS

- Borexino

o
‘E;,_Q_f! Queen Mary Teppei Katori 2014/06/23 a7
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K2K, PRD74(2006)072003

Koichiro Nishikawa and

1. Neutrinos
2. Oscillations

the K2K and T2K
Collaboration

3.3 K2K experiment

First long baseline neutrino oscillation experiment

_ 18
- ~1.3GeV muon neutrinos over 250km 316
N
=)
#78(3,180m) % 1
% 12
BERL{1.104m) Neutrino beam 10

&/11(1,360m)

8
6
G 4
§%
i, 2
K
BETEANTRREN D<K £ m 0
(Super-Kamiokand\) Tsukuba £

3. vSM
4. Beyond vSM
5. Conclusions

v beam Detector

‘@_a’ Queen Mary

University of London
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MINOS, PRL107(2011)021801;110(2013)251801

Near Detector

3.3 MIN O S Fermilab, lllinois —Wis‘msm

1. Neutrinos

2. Oscillations
Far Detector 3. vSM
Soudan, Minnesota 4. Beyond vSM

5. Conclusions

Magnetized detector =

3.5

3.0

2.5

2.0

%Q Queen Mary

University of London

Teppei Katori

=

735 km
- ~3GeV muon neutrinos and muon anti-neutrinos over 735km

- Due to B-field, neutrino and anti-neutrino interactions are separated
- Oscillation parameters from neutrinos and anti-neutrinos are consistent

T T T T I T T T T I T T T T I T T T T I T T T T

37.88 kton-years Atmospheric
3.36 x 10%° POT v,-enhanced beam
10.71x 10 POT v,-dominated beam

—MINOS 90%
* MINOS Best Fit

G % v, Best Fit
“Vu » v, BestFit
1 1 1 1 I L 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0.75 0.80 0.85 0.90 0.95
sin?(26) or sin*(29)
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Barger et al, PLB617(2008)78 1. Neutrinos

2. Oscillations
3. vSM

3.3 BOreXI nO 4. Beyond vSM

5. Conclusions

/Be solar neutrino
- high pure liquid scintillator detector to detector low energy (="Be solar neutrino)
- Pre-Borexino - MSW was about right, but not quite right

pre-Borexino world solar-v data
p-p "Be ]
- ! -

1 T T

0.8 T 9

0.2+ 1

O " P ol " el
0.1 1 10

E (MeV)
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Barger et al, PLB617(2008)78
TK,Kostelecky, Tayloe,PRD74(2006)105009

3.3 Borexino

7Be solar neutrino

1. Neutrinos

2. Oscillations

3. vSM

4. Beyond vSM
5. Conclusions

- high pure liquid scintillator detector to detector low energy (=’Be solar neutrino)
- Pre-Borexino 2> MSW was about right, but not quite right

pre-Borexino world solar-v data

p-p "Be %8
— l S
1 T T
~ Ir
)
) -
el _ I TosEk b Lorentz violation
' 5 SR motivated model
“06E.
m 04F P
0.2 _ MSW effect
i C 1 L 111 | l | L1 11 ll | |
0.2 b : . 0 -1
10 1 10
E(MeV)
O A P ol A et a a1
‘ 0.1 1 10
\ " E (MeV)
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Borexino, PRL101(2008)091302;108(2012)051302 1. Neutrinos

Haxton et al, ArXiv:1303.1681 g OSSE/:”ations
| | . \V
3.3 Borexino 4. Beyond vSM

5. Conclusions

/Be solar neutrino

- high pure liquid scintillator detector to detector low energy (=’Be solar neutrino)
- Pre-Borexino 2> MSW was about right, but not quite right

- Borexino 7Be, and pep measurement agree with MSW prediction

pre-Borexino world solar-vdata -  post-Borexino world solar-v data

p-p "Be 8g
— l N
’ ' r 0.9 e
I -=-. P, 4, 1o band
08F _|E=== SNO
0.8 . 4 ¢  Borexino"Be, pep
| I 0.7 v pp - All solar v experiments

02 L i | 03F /--\_ -

0.2f
0 : E— SE— 1071 10° 10
04 1 10 E,(MeV)
E (MeV)
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Borexino, PRL101(2008)091302;108(2012)051302 1. Neutrinos

Haxton et al, ArXiv:1303.1681 g OSSIf/:”ations
x .V
3.3 BOfGXIﬂO 4. Beyond vSM

5. Conclusions

/Be solar neutrino

- high pure liquid scintillator detector to detector low energy (=’Be solar neutrino)
- Pre-Borexino 2> MSW was about right, but not quite right

- Borexino 7Be, and pep measurement agree with MSW prediction

- one remained problem, no experiments measure 8B neutrino “upturn”
pre-Borexino world solar-v data -  post-Borexino world solar-v data

p-p "Be s
« l -
1 T T 0.9 " 1
I ---- P, lo band
0.8-‘ _|E=== SNO

08 - . i $  Borexino"Be, pep

' i 1 HH  pp - All solar v experiments
: 0.7 .
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! At 0.5 i T -
P 0.4
0.2 ! | 0.3F B
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1. Neutrinos
2. Oscillations
3. vSM

3.3 2005-2011 .
Neutrino oscillation physics is getting into precision era
- neutrino and anti-neutrino oscillation parameters are tested
- 2 massive neutrino oscillation models are established (04, AM?%.1ars Oatmy AMZ51)
P (L/E)=sin?20sin2[1.27am2(ev?)_tkm)
=P E(GeV)

Unknown parameter, 0,4
0,5 is interesting because nonzero 0, implies leptonic CP violation

(cf., 3 generations are required to have CP violation in quark sector)

Almost all exotic models are killed, neutrino oscillations are due to neutrino masses,
and all exotic effects are sub-dominant (even if exists)
- nhon-standard interaction

- sterile neutrino mixing

- Lorentz violation
- neutrino decay, decoherence, extra-dimension, etc

A
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

Atmospheric neutrino anomaly

< MSW effect

\ Atmospheric neutrino anomaly is solved

Solar neutrino problem is solved

3.4 2012 \ Precision measurement era

\ Future long-baseline

neutrino oscillation experiments

‘a_,_é__s’ Queen Mary

University of London



Albright, ArXiv:0905.0146
Fogli et al,PRL101(2008)141801

3.4 Boom of 6,

T2K, Double Chooz, Daya Bay, Reno
- 0,5 was truly unknown parameter

- there was a “hint” from Solar-KamLAND tension

Limit of 8,5 (2009)

10 T

Number of Models
T | T | T I T | T Ll’I T I T | T | T I T

IIIIIIII T IIIIIIII

(LT

1 111 LJ_ll

E6
SU(5)
Seq. RH Neu. Dom.

1 SO(10) lopsided

SO(10) sym/antisym

=

:

0.0001 0.001

‘a__@_a’ Queen Mary

University of London

o
—

1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

......... S
< i Atm & LBL & CHOOZ
} . |  Solar & KamLAND
} { ALL v oscillation data
......... T T TETT T T OO TTTTT TN TOTTTT T
001 002 003 004 005 006 0.07
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Double Chooz,PRL108(2012)131801 1. Neutrinos

2. Oscillations
3. vSM

3.4 Boom of 04, 4. Beyond vSu

5. Conclusions

T2K, Double Chooz, Daya Bay, Reno
- 0,5 was truly unknown parameter
- there was a “hint” from Solar-KamLAND tension
- Mother Nature was kind again!
- anti-v, reactor disappearance

Py = 1 — sin*263sin*(1.267Am3,L/E)

; 7m [ I I T I T T T I T T T I T T T L

g C —=— Double Chooz Data .

wn u ---=----- No Oscillation 1

o 600~ + Best Fit: sin®(20,)) = 0.086 =
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g 500 - Summed Backgrounds (see inset) | _7]
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Double Chooz,PRL108(2012)131801

3.4 Boom of 6,

T2K, Double Chooz, Daya Bay, Reno
- 0,5 was truly unknown parameter
- there was a “hint” from Solar-KamLAND tension
- Mother Nature was kind again!
- anti-v, reactor disappearance

Py = 1 — sin?263sin*(1.267Am3 L ]| The Bie Bang Theory (CBS)

9700 I I R
g —— Double Chooz Data
0 600 = e | T No Oscillation
e Best Fit: sin®(20,)) = 0.086
E for Am, = 2.4x10° eV?
g 500 Summed Backgrounds (see inset) | |
w Lithium-9
Fast n and Stopping u
400 ~. Accidentals
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Energy [MeV1

o Teppei Katori 2016/01/20 58
University of London PP /01/



Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,PRL108(2012)191802 1. Neutrinos

2. Oscillations
3. vSM

3.4 Boom of 04, | 4. Beyond vSu

‘ Yifang Wang and the 5. Conclusions
Daya Bay Collaboration

T2K, Double Chooz, Daya Bay, Reno b e
- 0,5 was truly unknown parameter

- there was a “hint” from Solar-KamLAND tension
- Mother Nature was kind again!

- anti-v, reactor disappearance

Kam-Biu Luk and the
Daya Bay Collaboration
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- 0,5 was truly unknown parameter
- there was a “hint” from Solar-KamLAND tension

- Mother Nature was kind again!
- anti-v, reactor disappearance

- v, 2V, long baseline neutrino oscillation

- nonzero 0., =2 leptonic CP violation
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1. Neutrinos

Parke, ArXiv:1310.5992
2. Oscillations
3. vSM
3 -4 20 1 2 4. Beyond vSM
5. Conclusions

T2K, Double Chooz, Daya Bay, Reno

- 0,5 was truly unknown parameter

- there was a “hint” from Solar-KamLAND tension
- Mother Nature was kind again!

- anti-v, reactor disappearance
- v, 2V, long baseline neutrino oscillation

- nonzero 0,5 > leptonic CP violation

It is no longer adequate to use 2 neutrino oscillation model, it must be 3 neutrinos

2

-

P(I/u N I/C) :| L’r;le—im;L/?El"rel 4+ L,r;‘ze—im.,:,l,/‘z&brez + [}rzse—imgL/‘ZE LreS |

= |2L"’;3L‘Te3 sin A318_iA32 + 2[.’1’;2[}‘},2 sin Agl |2

A ) —
~ | /Pat.me i(Aga+4) + /Psol|° Ay = ()mijL
where / Fym = 2|U,3|

and /Py & cos fag sin 20,5 sin Ao, .

+
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Parke, ArXiv:1310.5992 1. Neutrinos

2. Oscillations
3. vSM

3 .4 20 1 2 4. Beyond vSM
5. Conclusions

Neutrino Standard Model (vSM)
- SM + 3 active massive neutrino is established

Unknown parameters of vSM

- Dirac CP phase
- 0,5 (0,3=40° and 50° are same for sin20,,, but not for sinB,;)

- order of mass (normal hierarchy m,<m,<mj, or inverted hierarchy m;<m,<m.,)

- Dirac or Majorana
- Majorana phase not relevant to neutrino oscillation experiment?

- absolute neutrino mass

2

P(I/u N Ve) :| U;le__im;L/‘zEL,rel 4+ L,r:ze—im.,:,L/‘.ZEUe2 + Uzge_imgL/QEUes |..

= |2L"’;3L‘Te3 sin A318_iA32 + 2[.’1’;2[}‘},2 sin Agl |2

A ) —
~ | /Pat.me i(Aga+4) + /Psol|° Ay = ()mijL
where / Fym = 2|U,3|

and /Py & cos fag sin 20,5 sin Ao, .

+
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IceCube,Science342(2013)1242856,PRL111(2013)021103;113(2014)101101 1. Neutrinos
2. Oscillations
3. vSM
4. Beyond vSM

3.4 Astrophysical very high energy (VHE) neutrinos 2. Beyond vSh

lceCube observed the first astrophysical PeV neutrinos
- Inconsistent with atmospheric neutrino

- Inconsistent with GZK ultra high energy (UHE) neutrinos
- Inconsistent (so far) with Glashow resonance UHE neutrinos (6.3 PeV)
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

Atmospheric neutrino anomaly

< MSW effect

\ Atmospheric neutrino anomaly is solved

Solar neutrino problem is solved

\ Precision measurement era

3.5 Current issues
\ Future long-baseline

neutrino oscillation experiments

A
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1. Neutrinos
2. Oscillations
3. vSM

3.5 Current issues £ Beyona S

Unknown parameters of vSM

Ocp: Dirac CP phase
0,5 0,3=40° and 50° are same how sin20,,, but not for sin6,,

MO: mass ordering, normal m,<m,<mg, or inverted m;<m,<m,

Long baseline neutrino oscillations
- T2K (running)

- NOVA (running)

- PINGU/ORCA/INO (planned)

- JUNO/RENOS50 (planned)

- Hyper-Kamiokande (planned)

- DUNE (planned)

‘@_a’ Queen Mary

= Teppei Katori 2016/01/20 66
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T2K,PRL112(2014)061802

3.5 T2K

The first 8.p limit Joint v +v, fit

- data prefer normal hierarchy with dqp~ -7/2.

- first time some region of dp is excluded.
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Narman. (INOvA), Neutrino2014 1. Neutrinos

2. Oscillations

S e P(v = 1) = |y Pame ) 1+ \[Pu | [ S

Massive plastictangswiih liquid scintillator
=14 kton'totaly810 km from Fermilab (E~2GeV)
- NOvVA has a chance to solve degeneracy and find all (8.p, 655, MH)

NOvA 10 and 20 Countours for Starred Point
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_Pattesson. (NQuA), Fermilab, wine.anq..ﬁ.p'e?sm.ﬁnar RS i . 1. Neutrinos

spNoA b e

4.Beyond vSM
5. Conclusions

= Tas e plash'c tu:bes wnih I|qU|d scintillator " " = e
— L4 ktanttotaleR10 km from Fermilab (E~2GeV)

The first result (2015)
- Analysis |, 6 v,CC candidates

- AnalyS|S ”’ 1 1VeCC candidates [ ' NOvA 10 and 20 Countours for Starred Point
(background ~1 event) = - NOvA NOvA Nominal Run
Prediction at §=-/2, 0,,=n/4 o009 3621 PoT (v +7)
- Normal, 5.91 + 0.65 : | sin®263=0.95

- Inverted, 2.34 + 0.26 =t o

A - sz E
/"")-4,.-—‘ -v‘,r =

Far Detector selected V, CC candidate
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Grant (PINGU), Neutrino2014

effective 2-v
matter oscillation

/

interference of
propagation states\

3.5.PINGU[p

%sin2 2093 — 593 P +

N
% sin? 20231/1 — P4 cos ¢x

More strings in lceCube
- Known technology

1. Neutrinos

2. Oscillations

3. vSM

4. Beyond vSM
5. Conclusions

- more strings in central area of IceCube - reduce threshold down to ~few GeV

- It can find mass ordering from v, matter oscillation

IceCube Lab
X’_—-‘: e e 529;0[) o—
P g T Bl gl ey ations, i —_
— TR By s lceTop Cherenkov detector tanks £ 100 * IceCube
------- 2 optical sensors per tank - I .
\ 324 optical sensors > i + DeepCore
1 I
sof--Bageliné-(zedmetfy-| » pnau
IceCube Array I A
| 86 strings including 8 DeepCore strings > i
60 optical sensors on each string | N )
5160 optical sensors 0 o gn -
December, 2010: Project completed, 86 strings: I o 2> Rl
I gie o o & o ¢
f— 'sc ) L N N of 3
o ¢ &
A
------- DeepCore i
8 strings-spacing optimized for lower energies -1 R
480 optical sensors
Eiffel Tower
g —J 324 m ‘ *
0 50 100 150 200
X (m)
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Significant sensitivity improvement is
required, It can find mass hierarchy in
few years
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1. Neutrinos
2. Oscillations
3. vSM

3.5. Hyper-Kamiokande £ Beyona S

Yokoyama (HyperKamiokande), NuPhys2015

Hyper-Kamiokande with upgraded J-PARC beam

- known technology

- 560 kton water Cherenkov x 2 (each tank can contain more than 10 Godzillas!)
- O¢p from v, appearance, 6,5 from v, disappearance, MO from atmospheric v

- All kind of other physics (p-decay, solar/atmospheric/supernova neutrinos, etc)
- Expected to operate from ~2025

Go\
(<1970’s)




1. Neutrinos
2. Oscillations
3. vSM

3.5. DUNE 4. Beyond vSM
5. Conclusions

New beamline and new detector
- There are intensive R&D at every levels (Fermilab, CERN, universities)

- 10 kton Liquid argon time projection chamber x 4
- New beamline to South Dakota
- Measure all of 3 (8¢p, 055, MO)

Szelc (DUNE), NuPhys2015

The first cryostat will be ready ~2024

,& “\.\\ A
Central utility cavern A ,
A
A
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Research
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3.5. Summary of vSM A NOMAD )
100 S
Land scape of vSM in Am?-tan?6 space
- World data are nailed down all
parameters in tiny regions, and all others
are “excluded”.
1073
(\]I—I
>
s
(q\]
S10°°
<
10~
- All limits are at 90%CL
unless otherwise noted
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1. Neutrino physics, the future of particle physics
2. Neutrino in Standard Model
3. Neutrino Standard Model (vSM)
3.1 Before 1998
3.2 1998 — 2004
3.3 2005 - 2011
3.42012 - 2013
3.5 Current issues
4. Beyond vSM

5. Conclusions
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1. Neutrinos

Kostelecky and Mewes, PRD69(2004)016005
Diaz, Kostelecky and Mewes, PRD80(2009)076007 g C?Ssli:/:llations
4. Neutrino oscillation as a probe of new physics 4 Beyond vSW

Neutrino oscillation is an interference experiment (cf. double slit experiment)

VMO I

V
el I

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation,
they cause quantum interference.

+
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1. Neutrinos

Kostelecky and Mewes, PRD69(2004)016005
Diaz, Kostelecky and Mewes, PRD80(2009)076007 g OSS&:/:IIations
Y

4. Neutrino oscillation as a probe of new physics 4. Beyond vSM

Neutrino oscillation is an interference experiment (cf. double slit experiment)

new >
physics

vo N v, v,

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation,
they cause quantum interference.

If v, and v,, have different coupling with new physics field, neutrinos also
oscillate. The sensitivity of “neutrino interferometer” is comparable with precise

atomic/optical interferometers.

+
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1. Neutrinos

Kostelecky and Mewes, PRD69(2004)016005
Diaz, Kostelecky and Mewes, PRD80(2009)076007 g OSSE/:IIations
Y

4. Neutrino oscillation as a probe of new physics 4. Beyond vSM

Neutrino oscillation is an interference experiment (cf. double slit experiment)

Uel

If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation,
they cause quantum interference.

If v, and v,, have different coupling with new physics field, neutrinos also
oscillate. The sensitivity of “neutrino interferometer” is comparable with precise

atomic/optical interferometers.
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4. Beyond vSM

Land scape of vSM in Am?-tan?6 space

- World data are nailed down all

parameters in tiny regions, and all others

are “excluded”.

But this is model dependent diagram,
because it assumes neutrino mass as
phase, and mass mixing matrix elements

as amplitude of neutrino oscillations

What is the model-independent diagram?

‘Qz’ Queen Mary

University of London

Teppei Kal

= All limits are at 90%CL
unless otherwise noted
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Kostelecky and Mewes, PRD69(2004)016005

4. Beyond vSM, L-E plane
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Kostelecky and Mewes, PRD69(2004)016005

4. Beyond vSM, L-E plane
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Kostelecky and Mewes, PRD69(2004)016005

4. Beyond vSM, L-E plane
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Kostelecky and Mewes, PRD69(2004)016005

4. Beyond vSM, L-E plane
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Kostelecky and Mewes=RRBES(2664)646665

4. Beyond vSM, L-E plane
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Diaz, Kostelecky, Mewes, PRD85(2013)096005;89(2014)043005
Aruguelles, TK, Salvado,PRL115(2015)161303

4. New physics with extra-terrestrial neutrinos

Combination of longer baseline and higher energy makes extra-terrestrial UHE neutrino to be
extremely sensitive to new fundamental physics (such as Lorentz violation).

Tiny contamination of new physics would shows up as

Teppei Katori 85




Aruguelles, TK, Salvado, PRL115(2015)161303

4. Standard flavour triangle diagram

There are 3 UHE neutrino production models
i. pion decay dominant model, 1:2:0 0.
ii. electron neutrino dominant model, 1:0:0
iii. muon neutrino dominant model, 0:1:0
iv. tau neutrino dominant model, 0:0:1

(1:2:0) n-decay
(1:0:0) p-decay
(0:1:0) u-cooling
(0:0:1)

B o N exotic v,
Initial flavour ratio is modified on the Earth

due to neutrino mixing

®
®
®
6

Ze

0.4

IceCube collaboration
PRL114(2015)171102

IceCube flavour triangle diagram

Confidence Level Exclusion (%)

0.2 0.8
Teppei Katori a @ 3816/01/ 86



Aruguelles, TK, Salvado, PRL115(2015)161303

4. Neutrino flavour ratio with new physics

Any new physics can end up in the effective Hamiltonian
- neutrino mixing depends on energy
- there is strong initial flavour ratio dependency

An example Hamiltonian with new physics term
(~10-26 GeV CPT odd Lorentz violation)

2 2 2

i ee meu mer 0 0 0
2% 2 2

heﬁ_—ZE m,, m,, m, +E-1 O O Cre
2% 2% 2

et ut mrv O CMT CT‘F
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University of London
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Aruguelles, TK, Salvado, PRL115(2015)161303

4. Neutrino flavour ratio with new physics

Any new physics can end up in the effective Hamiltonian
- neutrino mixing depends on energy
- there is strong initial flavour ratio dependency

Flavor triangle diagram is a convenient way to show these
models.
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Aruguelles, TK, Salvado, PRL115(2015)161303

4. Flavour triangle histogram

Exotic models can make variety of
flavour ratios, but not every flavour
ratio is possible.

Dimension-4 operator new physics

35 TeV scale 0.0,1.0
(c~10-30)
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IceCube
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‘The flavour ratio is the most powerful tool to
explore any new physics within particle physics




IceCube collaboration, PRL114(2015)171102, Astro.J.809:98(2015)
Palomares-Ruiz et al,PRD91(2015)103008

4. Flavour triangle by lceCube

Flavor ratio is sensitive with analysis method...

There is very shallow x2 min from v,-dominant to v_.-dominant solutions. Assumption of
primary flux change the interpretation of data (absence of “Glashow resonance” events -
cascade events are dominated by v_? etc)
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IceCube-Gen?2 collaboration
arXiv:1412.5106

4. |[ceCube-Gen2

Gen2

DeepCore

Bigger and denser
DeepCore can push their
physics

Gen2
Larger string separations to
cover larger area

PINGU

Smaller string separation to
achieve lower energy
threshold for neutrino mass
hierarchy measurement

PINGU

Teppei Katori 381 6/01/




4. |[ceCube-Gen2
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lceCube-Gen2 collaboration meeting (May 1, 2015)

p T

-.\‘.m-- 3
N
Ao

Teppei Katori

IceCube-Gen?2 collaboration

arXiv:1412.5106

Bigger and denser
DeepCore can push their
physics

Gen2
Larger string separations to
cover larger area

PINGU

Smaller string separation to
achieve lower energy
threshold for neutrino mass
hierarchy measurement
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1. Neutrino physics, the future of particle physics
2. Neutrino oscillations
3. Neutrino Standard Model (vSM)
3.1 Before 1998
3.2 1998 — 2004
3.3 2005 - 2011
3.42012 - 2013
3.5 Current issues
4. Beyond vSM

5. Conclusions
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM

5. Mother Nature is kind to us 4. Beyond v
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM

5. Mother Nature is kind to us 4. Beyond SN

Solar density, solar density gradient, solar neutrino energy are all right values
so that we can detect solar neutrino oscillation through MSW effect

b
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1. Neutrinos
2. Oscillations
3. vSM

5. Mother Nature is kind to us 4. Beyond vSM

5. Conclusions

Solar density, solar density gradient, solar neutrino energy are all right values
so that we can detect solar neutrino oscillation through MSW effect

Supernova 1987A happens right time when Kamiokande Il is online
(6 galactic supernovae in the last 1000 years)
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1. Neutrinos
2. Oscillations
3. vSM

5. Mother Nature is kind to us 4. Beyond vSM

5. Conclusions

Solar density, solar density gradient, solar neutrino energy are all right values
so that we can detect solar neutrino oscillation through MSW effect

Supernova 1987A happens right time when Kamiokande Il is online
(6 galactic supernovae in the last 1000 years)

The earth is right size so that we can detect atmospheric neutrino oscillation
through up-down asymmetry
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1. Neutrinos
2. Oscillations
3. vSM

5. Mother Nature is kind to us 4. Beyond vSM

5. Conclusions

Solar density, solar density gradient, solar neutrino energy are all right values
so that we can detect solar neutrino oscillation through MSW effect

Supernova 1987A happens right time when Kamiokande Il is online
(6 galactic supernovae in the last 1000 years)

The earth is right size so that we can detect atmospheric neutrino oscillation
through up-down asymmetry

0,5 is small so that 2 massive neutrino approximation work well to study solar
and atmospheric neutrino oscillation
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1. Neutrinos
2. Oscillations
3. vSM

5. Mother Nature is kind to us 4. Beyond vSM

5. Conclusions

Solar density, solar density gradient, solar neutrino energy are all right values
so that we can detect solar neutrino oscillation through MSW effect

Supernova 1987A happens right time when Kamiokande Il is online
(6 galactic supernovae in the last 1000 years)

The earth is right size so that we can detect atmospheric neutrino oscillation
through up-down asymmetry.

0,5 Is small so that 2 massive neutrino approximation work well to study solar
and atmospheric neutrino oscillation

But 0,5 is big enough so that we can measure it
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1. Neutrinos
2. Oscillations
3. vSM

5. Mother Nature is kind to us 4. Beyond vSM

5. Conclusions

Solar density, solar density gradient, solar neutrino energy are all right values
so that we can detect solar neutrino oscillation through MSW effect

Supernova 1987A happens right time when Kamiokande Il is online
(6 galactic supernovae in the last 1000 years)

The earth is right size so that we can detect atmospheric neutrino oscillation
through up-down asymmetry.

0,5 Is small so that 2 massive neutrino approximation work well to study solar
and atmospheric neutrino oscillation

But 0,5 is big enough so that we can measure it

...s0 that we can find leptonic CP violation!
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1. Neutrinos
2. Oscillations
3. vSM

5. Mother Nature is kind to us 4. Beyond vSM

5. Conclusions

Solar density, solar density gradient, solar neutrino energy are all right values
so that we can detect solar neutrino oscillation through MSW effect

Supernova 1987A happens right time when Kamiokande Il is online
(6 galactic supernovae in the last 1000 years)

The earth is right size so that we can detect atmospheric neutrino oscillation
through up-down asymmetry.

0,5 Is small so that 2 massive neutrino approximation work well to study solar
and atmospheric neutrino oscillation

But 0,5 is big enough so that we can measure it

...s0 that we can find leptonic CP violation!
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Winter, Neutrino2014

If mass hierarchy is normal, there is a éﬁénée
5 Mother Nature is kind to us we cannot find Dirac or Majorana from Ovff

9. LONCIUSIoNS

Neutrinoless double beta decay

> If neutrinos are Majorana neutrinos, they will mediate Ovff.
> The Ovpp rate depends on the hierarchy in degenerate regime:

(line corresponds to solid 0.3 eV bound)

Disfavored by 0vgp
0.1} sin® 20,3 = 0.10 . ‘
g :
E %' A ] —g
§ = 001 é
o g b
t . = Future
0.001 g measurements?
G
00001 - -
0.0001 0.001 0.01 0.1 1

m [eV]

\‘@ Transition
&= (from: Lindner, Merle, Rodejohann, hep-ph/0512143;  Waiter Winter | Neutrino 2014 | 04.06.2014 | Page 7

see talk by Martin Hirsch)




Winter, Neutrino2014 : : . i
If mass ordering is normal, there is a chance we

5 Mother Nature is kind to us cannot find Dirac or Majorana from Ovpp

9. LONCIUSIoNS

Impact of direct mass ordering (MO) measurement

Degenerate Majorana Dirac
Majorana neutrinos or neutrinos or neutrinos

neutrinos or strong new physics

new physics hierarchy

Majorana Dirac Majorana New
neutrinos neutrinos neutrinos physics?

Strong Mass
hierarchy measured

C'QD Walter Winter | Neutrino 2014 | 04.06.2014 | Page 8



1. Neutrinos
2. Oscillations
3. vSM

5. Mother Nature is not kind to Theorists 4. Beyond vSM

5. Conclusions

Theorists are always wrong (Murayama, Neutrino 2006)

Solution of solar neutrino problem is SMA, because it's pretty
- wrong, LMA is the solution

Natural scale of neutrino mass is 10-100 eV?, because it's cosmologically interesting
-> wrong, much smaller

Atmospheric neutrino anomaly is not neutrino oscillation, because it requires large
mixing angle even though CKM matrix V, ~ 0.04
- wrong, PMNS matrix has big off-diagonals

Bet your money to the other side from what theorists say!

‘a_@_a’ Queen Mary
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Conclusrons

Neutrrno osmllatron phyS|cs show serres of drscoverres in the Iast 20 years

vSM is establrshed current unknown parameters of vSM are

- Ocp - ; v o '

= Uys ot e o 2 ‘ ‘.

- mass-hierarchy. - . -' .- .
- Majorana, phasé i RN
- Dirac or Majorana . ' RBNRE 2 s

. - Absolute neutgino mass £a) .
Neutrine Qscillations are interest'rng pro'bes for B'eyond SM physic-s ROF

Current and future oscillation experlments are good positon to frnd Ocps 623, and
~_mass h|erarchy RE ..

.
il L)
. . .

Thank you for your attentlon' 48
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

Backup
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1. Neutrinos

Yokoyama (Hyper-Kamiokande), NuPhys2015
2. Oscillations
3. vSM
4. Beyond vSM

3.5 Hyper-Kamiokande & Conciisions
Hic Project Status

® Strong support from Japanese communities
® “the core of future high energy physics research in Japan”
(the Subcommittee on Future Projects of High Energy Physics)

® “one of the top priority projects”
(the Subcommittee on Cosmic Ray Community Future Projects)

® Workshop/symposium with astrophysics commnunity.

® Master Plan 2014 by Science Council of Japan (Mar. 2014)

® Hyper-K was selected as one of 27 high priority
projects among 207 large-scale projects in all fields

® Not listed on the 2014 (Aug. 2014)
® We are preparing for the next revision of roadmap foreseen

in 2016-17.
® Organization, international participation, cost estimation

\-Q;l Queen Mary 2016/01/20

University of London



Szelc (DUNE), NuPhys2015 1. Neutrinos

2. Oscillations
3. vSM

3.5 DUNE 4. Beyond vSM

‘-Qs’ Queen Mary

University of London

5. Conclusions

Timeline

July 2015 “CD-1 Refresh” review. Conceptual design review. - Completed!
Oct 2015: protoDUNE approved at CERN

Dec 2015 CD-3a CF Far Site. Needed to authorize far site conventional
facilities work including underground excavation and outfitting. - Completed!

2017 Ongoing shaft renovation at SURF complete

2017 Start of far site conventional facilities.

2018 Testing of “full-scale” far detector elements at CERN

2019 Technical Design review

2021 Ready for start of installation of the first far detector module

2024 start of physics with one detector module
- Additional far detector modules every ~2 years.

2026 Beam available
2026 Near detector available

2028 DUNE construction finished

Teppei Katori 2016/01/20 108



1. Neutrinos

Seo (RENO50), NuPhys2015
2. Oscillations
3. vSM
4. Beyond vSM

35 JUNO/RENO5O 5. Conclusions

Overview of JUNO / RENO-50

* JUNO/RENO-50 : An underground (~700 m) detector consisting
of 20/18 kton ultra- low-radioactivity liquid scintillator & 18,000/15,000

20" PMTs, at ~50 km

» Goals : - Determination of neutrino mass hierarchy
sensitivity: 3~4 o w/ 6 yr data (JUNO), 3 o w/ 10 yr (RENO-50)

- High-precision measurement of 6,, and Am?,,
- Study neutrinos from the Sun, the Earth, supernova,

atmosphere. sterile v search etc.

= Budget: $ 300M for JUNO; $ 100M for RENO-50

= Schedule : 2013 ~ 2021 : Facility and detector construction
(JUNO) 2020 ~ . Operation and experiment

+ " Schedule : 2016 ~ 2021 : Facility and detector construction
‘g,_Q__e! (RENO-50) 2022 ~ : Operation and experiment -

University of London Icppct nat



Cowen (PINGU), NuPhys2015

3.5 PINGU/ORCA/INO

1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

PINGU: awaiting funding, initial MO measurement in ongoing with DeepCore
ORCA: deploy 6 strings in 2016, awaiting full funding for 115 strings

INO: awaiting funding

—->~30 NMO by early 2020s

The Detectors

- INO - ORCA ~ PINGU
LLocation South India French coast South Pole
Magnet.lzed Water
Type Tracking Ice Cherenkov
. Cherenkov
Calorimeter
Fiducial | 54 100 kT ~4 MT ~5 MT
Mass
arXiv 1505.07380v1 | (in progress) | 1401.2046v1
oo :.‘- |
WO Queen V| “artoon Py
~ University of London . \




1. PS5 report

e
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University of London

Table1

Summary of Scenarios

Project/Activity

Large Projects

Scenarios Science Drivers

5|3 |§

L AERE:

E|2(e|5

] = v

Scenario A Scenario B Senario C !Eogﬁ

Technique (Frontier)

Muon program: MuZ2e, Muon g-2 y, Mulesmsimarshie |y Y v
HL-LHC Y Y Y v v v | E
TBWF
LBNF + PIP-1I Y, semedmamte |y Y, enhanced v v |ic
pouitly wral
ILC R&D only R&D, hrowencn. |y s v |v]|E
NuSTORM N N N v I
RADAR N N N v I

Medium Projects

LSST Y Y Y v v C
DM G2 Y Y Y v C
Small Projects Portfolio Y Y Y VAP AR AR AN\
Accelerator R&D and Test Facilities Y. reduced Y. m‘n Y, enhanced IV v |EI
CMB-54 Y Y Y v v C
DM G3 Y. reduced Y Y v C
PINGU Further development of concept encouraged ard C
ORKA N N N v |

MAP N N N IV v |EI
CHIPS N N N v I

LA N N N v I

Additional Small Projects (beyond the Sm

DESI

N

all Projects Portfolio above)

Short Baseline Neutrino Portfolio

Y




1. PS5 report
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Figure 1

Construction and Physics Timeline

Project 2025 2030

Currently operating

Large Projects

Mu2e

LHC: Phase 1 upgrade

HL-LHC

LENF

ILC

Medium and Small Projects
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1. Neutrinos

Kostelecky and Samuel,PRD39(1989)683
2. Oscillations

3. vSM
4. Beyond vSM

4. Neutrinos, as probes of new physics 4. Beyond vSI

SM physics with neutrinos
- PDF measurement (unpolarized, polarized)

- Nuclear structure measurement

BSM physics with neutrinos
- Neutrino oscillation is an interference experiment

- Neutrinos are naturally sensitive to small space-time properties, such as
Lorentz invariance.

SME Lagrangian in neutrino sector

Standard Model Extension

1._ B (SME) is the standard

L= > [0, Wg Mg, P +heC. formalism for the general
search for Lorentz violation.

SME coefficients
v uv uv v ey P Y L.
I_‘AB =Y 6AB + CABYM + dABYuYS + eAB + I-’:AB‘YS + 2 gAB O)\.M
_ i M M A
I\/IAB - mAB + Im5AB'Y5 + aAB‘Yu + bABYSYM + EHABOW

+
‘Q Queen Mary Teppei Katori 2016/01/20 113
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Bluhm, Kostelecky, Lane, Russell PRL 2002
4. Neutrinos to test Lorentz invariance

Lorentz violation can be visualize as
“preferred direction of the universe”

Teppei Katori 2016/01/20 114



MiniBooNE collaboration, PLB718(2013)1303
Double Chooz collaboration, PRD86(2012)112009

4. Lorentz violating neutrino oscillation

Double Chooz neutrino data/prediction ratio

MiniBooNE electron neutrino
candidate data prefer sidereal time
independent solution (flat)

MiniBooNE electron antineutrino
candidate data prefer sidereal time
dependent solution, however
statistical significance is marginal

1.1

0.7

1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions
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Kostelecky and Russel, Rev.Mod.Phys.83(2011)11, ArXiv:0801.0287v6

4. Lorentz violating neutrino oscillation

1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

Lorentz violation is tested with all MiniBooNE ~ Double Chooz lceCube
neutrino channels MINOS ND MINOS FD
violation in terrestrial neutrino
. . Re(ar)f 10720 GeV 1079 GeV -
experiments will be very small
Re(ar)® 10720 GeV 107! GeV 1072 GeV
Re(ar)Y  1072' GeV 107'9 GeV 1072 GeV
Re(az)? 107 GeV 107! GeV -
d=14 Coefficient el et UT
Re (e )XY 10~ 10~17 10-23
Re (e )X? 10~ 10~17 10~23
Re(cp)Y? 10~ 10-16 10-23
Re (¢ )X ¥ 10~ 10~16 10-23
Re(c)YY 10~ 10~16 10~23
Limits of Lorentz violation coefficient Re (er,)%% 10—19 1016 -
from neutrino oscillation experiments Re (¢z)TT 10-19 10-17 _
. Re (¢ )TX 10~22 10~17 10—27
R. TY 1022 10—17 10—27
%Q Queen Mary elee)
University of London Re(c) 10 10 -



Diaz, Kostelecky, Mewes, PRD85(2013)096005;89(2014)043005

4. New physics with extra-terrestrial neutrinos

Combination of longer baseline and higher energy makes extra-terrestrial neutrino to be the
most sensitive source of fundamental physics.

Vacuum Cherenkov radiation can limit new physics of neutrino up to 10-20

UHE«v

Teppei Katori 117




Aruguelles, TK, Salvado, PRL115(2015)161303

4. Neutrino flavour with new physics

Any new physics can end up in the effective Hamiltonian

1
h,=—UMU+
neutrino oscillation formula

5) UoU,=V'Av
A

n

% g % . Al" * oy ¥ .
P, (L)=1-4Y Re(V,V,V, .V, )sin’ ( 2] L) +2 3 Im(V,V, V.V, )sin(A,L)
i>j

neutrino mixing formula

P p(L—>o)~1- 2ERG(V;V/;VWVM) - E‘Vai

i>j

i>j

2

2
v,

Information of small contamination of new physics appears on neutrino flavours

At high energy, neutrino mass term is suppressed
- (probably) mixing properties of the UHE neutrinos are the most sensitive method to look for
new physics within particle physics

e &
\é.:_Q_él Queen Mary Teppei Katori 118
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Aruguelles, TK, Salvado, PRL115(2015)161303

4. Flavour triangle histogram

However, we don’t observe flavour ratio with function of energy
- neutrino flux model (~E2) is convoluted

Also, there are many possible models
—> flavour triangle histogram

We follow the anarchic sampling scheme to choose the new physics model, and the model
density is shown as a histogram on the triangle diagram.

dU = ds}, ndc), nds3, ndd

Large Lorentz violation - observed flavour ratio can be many option
Small Lorentz violation - only tiny deviation from the standard value is possible

oo
xQy Queen Mary

University of London



4. Neutrino physics for...
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4. Neutrino physics for Peace

Paper Number: IAEA-CN-184/27

Reactor Neutrino Detection for Non Proliferation with the NUCIFER Experiment

Th. Lasserre, V.M. Bui, M. Cribier, A. Cucoanes, M. Fallot, M. Fechner, J. Gaffiot, L. Giot, R. Granell1, A.
Letourneau, D. Lhuillier, J. Martino, G. Mention, D. Motta, Th.A. Mueller, A. Porta, R. Queval, J. L. Sida,
C. Varignon, F. Yermia

Neutrino nuclear reactor

monitoring
600 - ++ L 1.1 l IIll.f_100 ~
] | [T ~
FTRALKRLLD PO
- [ - 80 ;E \i
T 450 et
. 1 - 60 S
- g
£ 300 - 40 5
g [T
o r 20 3
(14
180 ‘+T+_‘_’TLH’+ Predicted Rate (Left Scale) |[ 0
+ Reported Power (Right Scale)
® Observation, 24hr avg.
0 T T T T T
02/28/05 03/07/05 03/14/05 03/21/05 03/28/05 - 3 m
\ Date
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4. Neutrino physics for Peace

Paper Number: IAEA-CN-184/27

Reactor Neutrino Detection for Non Proliferation with the NUCIFER Experiment

Th. Lasserre, V.M. Bui, M. Cribier, A. Cucoanes, M. Fallot, M. Fechner, J. Gaffiot, L. Giot, R. Granell1, A.
Letourneau, D. Lhuillier, J. Martino, G. Mention, D. Motta, Th.A. Mueller, A. Porta, R. Queval, J. L. Sida,
C. Varignon, F. Yermia

Neutrino nuclear reactor A
monitoring

Neutrino beam to destroy l O]
1] | enn - : e L
nuclear weapon : * "1 hepph/ososoee  Destruction of Nuclear Bombs Using
= Fﬁ' l revised, June 2003

Ultra-High Energy Neutrino Beam

nuclear bomb

muon storage ring

— dedicated to Professor Masatoshi Koshiba —

neutrino beam

inside of the earth

lirotaka Sugawara®  Hiroyuki Hagura®  Toshiya Sanami*

02/28/05  03/07/05 03/14/05 03/21/05  03/28/05 e\ Im
\ Date
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4. Neutrino physics to become Rich

Paper Number: IAEA-CN-184/27
Reactor Neutrino Detection for Non Proliferation with the NUCIFER Experiment

Th. Lasserre, V.M. Bui, M. Cribier, A. Cucoanes, M. Fallot, M. Fechner, J. Gaffiot, L. Giot, R. Granell1, A.
Letourneau, D. Lhuillier, J. Martino, G. Mention, D. Motta, Th.A. Mueller, A. Porta, R. Queval, J. L. Sida,
C. Varignon, F. Yermia

Neutrino nuclear reactor

monitoring
A
Neutrino beam to destroy 1 _ 20 km
nuclear weapon ++ H“hml S P ‘ D
: T T AN
Neutrino earth tomography to find ! L |
oil reservoir L - L1000 km R

Could one find petroleum using neutrino oscillations
in matter?

T. OHLSSON(*) and W. WINTER(**)

Institut fiur Theoretische Physik, Physik-Department, Technische Universitat Minchen
James-Franck-Strafle, 85748 Garching bei Minchen, Germany




4. Neutrino Communications

< 5 Contents lists available at ScienceDirect

£
;.‘> SN 1:_53; 73
SRR e

Reactor Neutrino Detecti( ===

Th. Lasserre, V.M. Bui, M. Cribier,
Letourneau, D. Lhuillier, J. Martino
C. Varignon, F. Yermia

Neutrino nuclear reactor

SR LA

Physics Letters B

Using neutrino to communicate
submarines under the deep water

Submarine neutrino communication

monitoring Patrick Huber
Neu trino beam tO deStrOy | Departmenth Physics, Virginia Tech, Blacfﬁ:rg V,:\.‘24061, USA 20t
nuclear weapon i + ¥ “he s e l D
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Neutrino earth tomography to find | L i
oil reservoir s - L=1000 km o

Could one find petroleum using neutrino oscillations
in matter?

T. OHLSSON(*) and W. WINTER(**)

Institut fiur Theoretische Physik, Physik-Department, Technische Universitat Minchen
James-Franck-Strafle, 85748 Garching bei Minchen, Germany



4. Neutrino Communications

Contents lists available at ScienceDirect

Physics Letters B

Reactor Neutrino Detectic =

Th. Lasserre, V.M. Bui, M. Cribier,
Letourneau, D. Lhuillier, J. Martino
C. Varignon, F. Yermia

Neutrino nuclear reactor

Using neutrino to communicate
submarines under the deep water

Submarine neutrino communication

monitoring Patrick Huber
. | Department of P
NGUtrlno beam tO deStrOy | 11 f P ik Contents lists available at ScienceDirect
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nuclear weapon

| h B | 1

AN ﬁ
Neutrino earth tomography to find . A
oil reservoir

Physics Letters B

High power neutrino beam to
communicate with Aliens(?)

Could one find petroleun

in matter? Galactic neutrino communication
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Finally, MINERVA experiment sent Morse
code signal through neutrino beam
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) Eighty some years after Wolfgang Pauli first postulated its existence, the lowly
neutrino is now on the cusp of being harnessed to facilitate automated
high-frequency trading through earth itself. That is, if this weakly-interacting,
electrically-neutral subatomic particle can be successfully time-encoded and
pointed from one financial center to another.
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The idea is that by sending
neutrino-based buy-and-sell
messages via a 10,000 km shortcut
through earth; high-velocity traders
could handily beat their
competitors.

Most neutrinos are leftover relics of
thermal reactions that took place
during the Big Bang, some 13.7
billion years ago. Today, however,

Trading floor of the New York Stock Exchange a few
. . , , they re artlﬁc1ally generated inside years before the arrival of computer driven
Neutrinos may not travel faster than light, but that doesn't mean they can't be put to good use. f R e s o) —eme e o oo igjmemabinn bachnalan Ceadibs Wikisam s



