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1. Neutrinos
2. Oscillations
3. vSM

2. Neutrinos in Standard Model (SM) 4 Beyond vSM

5. Conclusions

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.

(

O Queen Mary
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1. Neutrinos
2. Oscillations

. . . 3. vSM
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,
2 _ A, —A
Puﬁe(t) - Kve I Vu(t)>‘ - _4Ue1Ue2UM1Uu2 Slnz( : 2 : t)
oY
(Q_:) Queen Mary Teppei Katori 2014/06/23 12
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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,
mie miu m12 O
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 . 2 2 2y L(mM)
P _(L/E)=sin“20sin"|1.27Am"(eV~*)
e E(MeV)
an
‘E:‘-Q—él Queen Mary Teppei Katori 2014/06/23 13

University of London
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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 5136—1'6 C12 512 0 1 0 0
0 C23 5923 0 1 0 —812 (€192 0 0 6101/2 0
_0 —S5923 C23_ _—813 616 0 C13 1L 0 0 1_ _0 0 6'102/2_
m? m? 1. Am?,, and Am?_,
A -V, A 2. mass hierarchy
-, 3. absolute neutrino mass
LA /
ms? my?* | Unkonowns /
solar-5x102¢V? | | 2| - 3 peutrino masses
atmospheric _ )
~3x10-3eV? — ? g‘_'x'ng ﬁn9|956
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
(-.ﬁ(-—— leppei Katori 2014/06/23 15
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3. Neutrino Standard Model (vSM)

3.1 Before 1998 <

‘Qz’ Queen Mary

University of London

Teppei Katori

Solar neutrino problem

Atmospheric neutrino anomaly

MSW effect

2014/06/23
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Cleveland et al.,Astrophys.J.496(1998)505 1. Neutrinos

2. Oscillations

Pontecorvo,Phys.Lett.28B(1969)493 . 2 O
3.1 Homestake experiment 1 Beyond vaM

6. Conclusions

3 major discoveries
- Solar neutrino problem

- Atmospheric neutrino anomaly (I FWHM Results)
- MSW effect = ' ' &
SSM 7
Ve +3'Cl > e+ 37Ar g 12 ' t . P
(proposed by Pontecorvo) E Lol | '
- sensitive to B neutrino (10 MeV) 2 OOl ! 15
- Measured rate was consistently g 08| ' t ke o
lower than SSM (standard solar § o6}l ’ ‘ |1 ] Mt , ,
model) prediction E L ~0.3 I | ' N
L CM et L 1Y, 4T 12
IOV T |
RN L s
1970 1975 1980 1985 1990 1995

Year

(Neutrino oscillation was speculated from
very early days by Pontecovo, even before

=5 | Davis observed the first solar neutrino!)
‘@ Queen Mary Teppei Katori 2014/06/23 17
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GALLEX, PLB490(2000)16

SAGE, J.Expt.Theor.Phys.95(2002)181
3.1 Gallium experiments

3 major discoveries

- Solar neutrino problem
- Atmospheric neutrino anomaly

- MSW effect

weaker than Homostake

(54 m®,

s °,
o
";sc--.

GaCl,
+ HCH

1101
e

e

a5

vo+'Ga > e +"Ge
- Sensitive to pp-neutrino (0.42 MeV), 90%
of total solar neutrino flux.
- Both experiments observed deficit, but

PSS

1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

30 F y  UMMMLRE R e e e o WU
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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

atmospheric neutrinos

N
(@]
T

Number ¢of Events
o

A%

e +

O |

-1 o} 12 0 1
cose cose
solar-v angular distribution

0.15 v v T T T T T T T T T T T T ' T T T

Z N

o

T o010}

<

-

~

w

— 0.05

= -

L }

> 1

w

— 1 [ 1 |

o A 1 1 I
-1.0

0.0

cos O,

05

1.0

1. Neutrinos

2. Oscillations

3. vSM

4. Beyond vSM
5. Conclusions

Teppei Katori

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




1. Neutrinos
2. Oscillations

Wolfenstein,PRD17(1978)2369

Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913 Sy
3.1 Neutrino oscillation in matter 4. Boyond S
3 major discoveries
- Solar neutrino problem
- Atmospheric neutrino anomaly
- MSW effect
2 2 2
mee meM ﬂ O
H | 28 2B |_| cosB -sin 2E cosf sinB
. m> m? sind cos0 m2 —sin® coso
eu up 0 _2
2B 2E 2E
cos6=0.84 7 cos6=0.84
sing=0.55 v, sin0=0.55
. P=|A+A,|?
‘@ Queen Mary Teppei Katori 2014/06/23 20
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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

3 major discoveries Wolfenstein term W

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

m m
= + 5 cosHf sin6 0 cos®t
H | 2E 2E | _ m " m 2E m
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
sind=0.55 v, _sin6=0.55
. P=|A+A,|?
%Q¥d Queen Mary o

University of London

1. Neutrinos

2. Oscillations
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 Py
3.1 Neutrino oscillation in matter Ve e 4 Bevondsu
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 2014/06/23 22
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3. Neutrino Standard Model (vSM) [ solar neutrino problem

Atmospheric neutrino anomaly

< MSW effect

3.2 1998 - 2004 \ Atmospheric neutrino anomaly is solved

Solar neutrino problem is solved

‘a_@_a’ Queen Mary

- Teppei Katori 2014/06/23 23
University of London PP



1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM

3.2 1998 to 2004 5. Conclusions

2 major discoveries
- Atmospheric neutrino anomaly is solved

- Solar neutrino problem is solved

+
‘E-.ﬁ-Q—él Queen Mary Teppei Katori 2014/06/23 24
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Super-kamiokande, PRL81(1998)1562 1. Neutrinos

2. Oscillations
3. vSM

3.2 Super-Kamiokande £ Beyora i

2 major discoveries
- Atmospheric neutrino anomaly is solved Up-Down asymmetry

- Solar neutrino problem is solved Atmospheric neutrino anomaly
is function of distance

250 50

e-like ) | e-like
200} P>04GeV/ic J 40 F P<25GeV/c 4
150 | 41 30F ™
e b o
50+ 10F E
0 L 1 i L o 1 '
300 100

p-like L p-like

240} P>04 GeV/c i 80 ,

180 o}t @z
120 o wﬂ

60 { 20} -
01 06 02 02 06 1 O1 08 02 02 06 1
cose coso
A+
‘ai'—Q—f’l Queen Mary Teppei Katori 2014/06/23 28
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Super-kamiokande, PRL81(1998)1562, PRL93(2004)101801 1. Neutrinos

3.2 Super-Kamiokande

2 major discoveries
- Atmospheric neutrino anomaly is solved L/E dependence

- Solar neutrino problem is solved

250

200

160

100

240

180

120

—

- 50
e-like | e-like
L p>04GeV/c 40} P<25GeV/e 4
- - w - ! —
% BB o
. 4 10+ 4
L 1 i L 0 [ L L
100
p-like L p-like
L p>0.4 GeV/c 80}

20

A

-1 06 02 02 06 1

cose

‘-Q_a’ Queen Mary

University of London

o—! 06 -02 02 06 1

cose®

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

Strong evidence of neutrino
oscillation by mass term

1.8
—~ 1.6
(&)
3 14
é 1.2 T decoherence
c 1M
-% 0.8 'c neutrino
g . : decay
i 0.6:-
S 04F . )
© L | massive neutrino
0O o2 — | oscillation
N L L lllllll L L lllllll L L lllllll L L lllllll
0 2 3 4
1 10 10 10 10
L/E (km/GeV)
Teppei Katori 2014/06/23 29



SNO, PRC75(2007)045502 1. Neutrinos

2. Oscillations
3. vSM

3.2 SNO 4. Beyond vSM

5. Conclusions

2 major discoveries
- Atmospheric neutrino anomaly is solved
- Solar neutrino problem is solved

votd>p+p+te SO

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

I'{IIII|IIII

v,td=2>p+n+v, o
- neutral current (NC) =

‘s Q
- sensitive to all flavors

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

N R R Y, B @) BN B e )

-
v—
SN
[
=
=2

[e—

IIII|IIII]II]I|IIII|,I’

-]
-
.
()
W
~
(0]
(0]
<
(@)

e
%Qf Queen Mary 0. (10° e s™)

University of London



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

Atmospheric neutrino anomaly

< MSW effect

\ Atmospheric neutrino anomaly is solved

3.3 2005 - 2011 Solar neutrino problem is solved

\ Precision measurement era

‘@_a’ Queen Mary

= Teppei Katori 2014/06/23 31
University of London PP /06/



1. Neutrinos
2. Oscillations

3. vSM
3.3 2005 to 2011 4 Beyond vSM
5. Conclusions
Precision neutrino oscillation measurement era
B K2K Near Detector Wisconsin Far Detectqr
- KamLAND Fermilab, lllinois Soudan, Minnesota
- Borexino

‘@_a’ Queen Mary

University of London



1. Neutrinos
2. Oscillations
3. vSM

33 2005 tO 2011 g (B:iyr/]zrudsroil;/l

Precision neutrino oscillation measurement era
- K2K

- KamLAND

- MINOS

- Borexino

. . . . ) )
2 massive neutrino oscillation models are established (0,,, Am=g,, 0,3 Am<,)

L(m)
E(MeV)

P _.(L/E)=sin?20sin (1 27Am?(eV?)

Unknown parameter, 6,4
0,5 is interesting because nonzero 6,4 implies leptonic CP violation

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

‘3@_5’ Queen Mary

. . Teppei Katori 2014/06/23 33
University of London PP /06/



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

Atmospheric neutrino anomaly

< MSW effect

\ Atmospheric neutrino anomaly is solved

Solar neutrino problem is solved

3.42012 - 2013 \ Precision measurement era
\ Boom of 6,

\ Future long-baseline

neutrino oscillation experiments

‘a_,_éj Queen Mary
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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
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

......... S
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} { ALL v oscillation data
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,108(2012)191802 1. Neutrinos

2. Oscillations
3. vSM

3.4 Boom of 04, 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

Py = 1 — sin*263sin*(1.267Am3,L/E)

9 7m [ I I T I T T T I T T T I T T T L

g - —=— Double Chooz Data .

n C --------- No Oscillation -

o B00¢ + Best Fit: sin®(20,)) = 0.086 -

E - CTT— for Am?, = 2.4x10° eV? ]

g 500 - Summed Backgrounds (see inset) | _7]

w o Lithium-9 ]

C | Fastn and Stopping 1 ]

400— “1 Accidentals —]

300(— -

200 =

- 2 ]

100~ =

P n o 1 1 | 1 1 1 | 1 1 1 | 1 1 1 t T | - r
“ ~ 2 4 ] 8 10 12
Energy [MeV1
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,108(2012)191802

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

(CBS)

Psur ~ | — Sin220|38in2(].267A"1§1L‘ The Big Bang Theory

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

nk— Il | Il 1 1 | Il Il Il | Il Il i

Energy [MeV1
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,108(2012)191802
Daya Bay, PRL112(2014)061801

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

Events/MeV

|

[} 8
Prompt Reconstructed Enerav [MeV]
B8 accidental

°Lii*He

2pAm.C

fastn

1 "“c(a,n)'®0

10

Data-Background
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Uhi‘versity of London

4 6 8
Prompt Reconstructed Energy [MeV]

10

_y
N

leppel Katori

(CBS)

2014/06/23 38



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

Daya Bay, PRL112(2014)061801, T2K, PRL112(2014)061802 g OSS&J/:”atiOﬂS
.V
3.4 Boom of 6 4. Beyond vSM
- 13 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

5
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,PRL108(2012)191802 1. Neutrinos

Daya Bay, PRL112(2014)061801, T2K, PRL112(2014)061802 g OSSE/:”atiOHS
.V
3.4 Boom of 6 4. Beyond vSM
- 13 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
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1. Neutrinos

Parke, ArXiv:1310.5992
2. Oscillations
3. vSM
3.4 2012 to 2013 4 Beyond vSu
. 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, .

o
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Parke, ArXiv:1310.5992 1. Neutrinos

2. Oscillations
3. vSM

3.4 2012 to 2013 4 Beyond vS1

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, .

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

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_@__s’ Queen Mary

University of London



3.5 Current issues

Unknown parameters of vSM
Ocp: Dirac CP phase

1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

0,5 0,3=40° and 50° are same how sin20,,, but not for sin6,,
MH: mass hierarchy, normal hierarchy m,<m,<m; or inverted

hierarchy ms<m,<m,

Long baseline neutrino oscillations
- T2K (running)

- NOVA (about running)

- PINGU (planned)

- JUNO (planned)

- INO (planned)

- LBNE (planned)

- Hyper-K (planned)

‘@_a’ Queen Mary

. . Teppei Katori
University of London PP
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Walter (T2K), Neutrino2014

3.5 T2K " F
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Naraan. (NOvA),Neutrino2014 __

35 NOVA

Massive plastie-tabeswiih 1iquid scintillator
=14 kton'total810 km from Fermilab (E~2GeV)

- NOVA has a chance to solve degeneracy and find all (8.p, 6,5, MH)

MOZ) 1.5

g 1

\ TRI

June 2-7, 2014, Boston, U.S.A.

XXVI International Conference on Neutrino Physics and Astrophysics

NOvA 10 and 20 Countours for Starred Point

1. Neutrinos
2. Oscillations

4. Beyond vSM
5. Conclusions
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effective 2-v

Grant (PINGU), Neutrino2014 matter oscillation interference of 1. Neutrinos
propagation states 2. Oscillations
/ N\ 3. vSM

¢ \ eyond v
3'5 PINGU P## — 1 —_ %Sinz 2023 — 833PA - %sinz 2023 vV 1 — PA COS ¢X g goﬁcludsio?w':l

More strings in lceCube

- They know how to do it (no R&D), also they know how to estimate cost

- more strings in central area of IceCube - reduce threshold down to ~few GeV
- It can find mass hierarchy in few years from v, disappearance

IceCube Lab
e, lceTop @ i
B Pl it T Bl g ey 1 Stations, i
e e R e L = 2 IceTop Cherenkov detector tanks 100

Y (m)

= \-" _______________ 32§ opgg eaneors per tank | . * |ceCube
op! sansors K
0 s » DeepCore

! _ A - o
sof--Bageliné-(zedmetfy-| » pnau
IceCube Array A
86 strings including 8 DeepCore strings R .
60 optical sensors on each string L N A
5160 optical sensors 0 o gn A
December, 2010: Project completed, 86 strings: K r » el =

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

el Eiffel Tower
‘ Hi 2 |324m
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X (m)
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Wen (JUNO), Neutrino2014 J",“; i
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Significant sensitivity improvement is
required, It can find mass hierarchy in
few years
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1. Neutrinos

Hayato (HyperKamiokande), Neutrino2014
2. Oscillations
. 3. vSM
3.5 Hyper-Kamiokande 4. Beyond vSM
5. Conclusions

Hyper-Kamiokande with upgraded J-PARC beam
- 560 kton water Cherenkov x 2 (each tank can contain more than 10 Godzillas!)

- Known technology
- 8¢p from v, appearance, 6, from v, disappearance, MH from atmospheric v

- All kind of other physics (p-decay, solar/atmospheric/supernova neutrinos, etc)

Gogils o | o

B (<1970's)




Wilson (LBNE), Neutrino2014 1. Neutrinos

2. Oscillations
3. vSM

3.5 LBNE 4. Beyond ySM

5. Conclusions

New beamline and new detector

- 34 kton Liquid argon time projection chamber
- New beamline to South Dakota

- “Reformation” is recommended in P5 report

1300 l\’]] : | Wisconsin |

‘*\5-
‘*M.\ Milwaukee C)

Recommendation 13: Form a new international collaboratlon
to design and execute a highly capable Long-Baseline
Neutrino Facility (LBNF) hosted by the U.S. To proceed, a

project plan and identified resources must exist to meet
the minimum requirements in the text. LBNF is the highest-

s o i priority large project in its timeframe.




3. Summary of vSM

Land scape of vSM in Am?-tan?6 space
- World data are nailed down in tiny
regions, and all others are “excluded”.

o
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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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4. Neutrinos, as probes of new physics

Neutrino cross-section measurements

1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

- Neutrino oscillation experiment ~1-10 GeV (T2K, HyperK, NOvA, LBNE, PINGU)

- Nuclear effects are significant
- Urgent programs both theories and experiments

G. Zeller

- -

O N B O ® oA N B

© o ©

v cross section / %(10‘38 cm? / GeV)
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e
%Q Queen Mary

v,CC cross section per nucleon
University of London
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Formaggio and Zeller, Rev.Mod.Phys.84(2012)1307

4. Neutrinos, as probes of new physics

Neutrino cross-section measurements

1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

- Neutrino oscillation experiment ~1-10 GeV (T2K, HyperK, NOvA, LBNE, PINGU)

- Nuclear effects are significant
- Urgent programs both theories and experiments

G. Zeller
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Formaggio and Zeller, Rev.Mod.Phys.84(2012)1307 1. Neutrinos

2. Oscillations
3. vSM

4. Neutrinos, as probes of new physics 4. Boyond v

5. Conclusions

Neutrino cross-section measurements

- Neutrino oscillation experiment ~1-10 GeV (T2K, HyperK, NOvA, LBNE, PINGU)
- Nuclear effects are significant

- Urgent programs both theories and experiments

G. Zeller

T2K
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Alvarez-Ruso,Hayato,Nieves,ArXiv:1403.2673 1. Neutrinos

2. Oscillations
3. vSM

4. Neutrinos, as probes of new physics 4. Boyond v

5. Conclusions

Open questions of neutrino cross-section community
1. ANL-BNL puzzle

2. CC1m puzzle

3. Coherent pion production puzzle

4. CCQE puzzle

10P Institute of Physics

Nuint14

9th International Workshop on Neutrino-Nucleus Interactions in the Few-GeV Region Te ppel Katori 2014/06/23 56
19-24 May 2014, Selsdon Park Hotel, Surrey, UK




Lalakulich and Mosel, PRC87(2013)014602 1. Neutrinos

2. Oscillations
3. vSM

4. Neutrinos, as probes of new physics 4. Boyond v

5. Conclusions

Open questions of neutrino cross-section community
1. ANL-BNL puzzle

2. CC1x puzzle

3. Coherent pion production puzzle

4. CCQE puzzle

theoretical band:

0| before FSI
after FSI
—=— MiniBooNE 1xt"
8

All phenomenological models use deuteron
data as input - all pion production models
end up with ~30% normalization errors
(>30 years old problem)

ANL and BNL inputs

0.5 1 1.5
E,, GeV

10P Institute of Physics

Nuint14

9th International Workshop on Neutrino-Nucleus Interactions in the Few-GeV Region Te ppel Katori 2014/06/23 57
19-24 May 2014, Selsdon Park Hotel, Surrey, UK




Lalakulich and Mosel, PRC87(2013)014602 1. Neutrinos

2. Oscillations
3. vSM

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

5. Conclusions

Open questions of neutrino cross-section community
1. ANL-BNL puzzle

2. CC1m puzzle

3. Coherent pion production puzzle

4. CCQE puzzle MiniBooNE data also disagree with shape
10 } la)fe;feC:‘rIe:SFIS| 12 ‘ ' bef'Ofe FSI '
T afterF Sl
8
} { » MiniBooNE 1z
8 L

theoretical band:

2
ANL and BNL inputs 0
0 A A
by : e 0o 01 02 03 04 05
E,, GeV T+ (GeV)

10P Institute of Physics
Nulnt14
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Lalakulich and Mosel, PRC87(2013)014602
Eberly, Nulnt14

1. Neutrinos
2. Oscillations
3. vSM

4. Neutrinos, as probes of new physics 4. Boyond v

5. Conclusions

Open questions of neutrino cross-section community

1. ANL-BNL puzzle
2. CC1m puzzle

3. Coherent pion production puzzle

4. CCQE puzzle

v, Tracker - p” 1t X (W< 1.4 GeV)
x10*

Recent MINERVA data leave some
tensions with state-of-the-art models

v, Tracker - " X < 1.4 GaV
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pion kinematics: pion production model
and pion propagation model
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Mislivec, Nulnt14

1. Neutrinos
2. Oscillations

. . 3. vSM
4. Neutrinos, as probes of new physics 4. Boyond v

5. Conclusions

Open questions of neutrino cross-section community
1. ANL-BNL puzzle

2. CCn puzzle | NCcohr: Yes: MiniBooNE, SciBooNE
3. Coherent pion production puzzle

CCcohm: Yes: MINERVA, T2K
4. CCQE puzzle No: K2K, SciBooNE

VwtA-u+rnt VpytA-S U+

ga MINERVA Preliminary —+— DATA '3’3 MINERVA Preliminary —+ DATA
> SO0 e B coH > 300p-Tal i B coH
G 700 QE o QE
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& 600 B 1.4<W<2.0 N B 1.4<W<2.0
5 w>20 3 w=>20
2 500 Other 2 200 Other
a2 2
€ 400 @ 150
& 5 &
Antineutrino
Reco Itl = (g-p Y (GeV/cY
10P Institute of Physics
Nuint14 o Naively, NCcohm:CCcohm=1:2,
9th Intemational Workshop on Neutrino-Nucleus Interactions in the Few-GeV Region Teppel Katori

19-24 May 2014, Selsdon Park Hotel, Surrey, UK but data are far from that



MiniBooNE,PRD81(2010)092005 ; (l\;euﬁ:irwtgs
. . 3: vSM
4. Neutrinos, as probes of new physics 4 Beyond voW

Open questions of neutrino cross-section community

1. ANL-BNL puzzle
2. CC1m puzzle

3. Coherent pion production puzzle
4. CCQE puzzle

X

-
1
[X)
©

—%— NOMAD data with total error
(b) ——A—— LSND data with total error

— b —

gk sk
——a—— MiniBooNE data with total error

--------- RFG model with M®"=1.03 GeV, x=1.000

RFG model with M&f=l.35 GeV,x=1.007
Free nucleon with M,=1.03 GeV
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wQf Queen Mary

. . Teppei Katori
University of London PP

MiniBooNE CCQE cross section

1. high normalization

2. hard spectrum

—> axial mass (M,) = 1.35 GeV
(photo-pion production data, M,~1)

&’c

40 _cm’/GeV)
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s MiniBooNE data (8N 1=10.7%)

R I:, MiniBooNE data with shape error
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MiniBooNE,PRD81(2010)092005

4. Neutrinos, as probes of new physics

Open questions of neutrino cross-section community

1. ANL-BNL puzzle
2. CC1m puzzle

3. Coherent pion production puzzle
4. CCQE puzzle

—%— NOMAD data with total error
(b) ——A—— LSND data with total error

— b —

——a—— MiniBooNE data with total error
--------- RFG model with M2"=1.03 GeV, k=1.000

RFG model with M&'=l.35 GeV,x=1.007
. Free nucleon with M =1.03 GeV
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MiniBooNE CCQE cross section
1. high normalization

2. hard spectrum

—> axial mass (M,) = 1.35 GeV
(photo-pion production data, M,~1)

o (cn?
", dcosb, cm/GeV) . MiniBooNE data (8N,=10.7%)
x10% ____— R ’
"""""" I:I MiniBooNE data with shape error
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MiniBooNE,PRD81(2010)092005
Martini et al,PRC80(2009)065501

4. Neutrinos, as probes of new physics

Open questions of neutrino cross-section community
1. ANL-BNL puzzle

2. CC1m puzzle

3. Coherent pion production puzzle v
4. CCQE puzzle Marco Martini

An explanation of this puzzle

Inclusion of the multinucleon 4 Genuine CCQE
emission channel (np-nh) T N
®
or——T—— 7T T T T T "~ T "~ T T T "~ T "1 V\f\/
- |-- oE ——a— V
T e —
“Eopk 4 —
=L ST =] /Two particles-two holes (2p-2h)\
St A T . H N (N
. , s - . D
4 ':/, 1 ‘\4\\/‘/\\/ —— o
T | W !
2 ';.; - Q
L L 1‘/.’1, PR IR NP SN (U SR RPU R NP S | V N N
UO 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 .
E, [GeV] \W+ absorbed by a pair of nucleony

M. Martini, M. Ericson, G. Chanfray, J. Marteau Phys. Rev. C 80 065501 (2009)

. . . ) . . 2014/06/23 63
Agreement with MiniBooNE without increasing M,



T2K,PRD87(2013)092003
Martini et al,ArXiv:1404.1490

4. Neutrinos, as probes of new physics

Open questions of neutrino cross-section community
1. ANL-BNL puzzle

2. CC1m puzzle

3. Coherent pion production puzzle

4. CCQE puzzle

An explanation of this puzzle

15 T I T | T I L] 1
| 0 <cosB < 0.84 - 'CFZCI’EK
-—— QE+np-nh
QE+np-nh+1m
T coherent

1

Inclusion of the multinucleon
emission channel (np-nh)

67T T T T T T T T T T 1

= NiniBooNE
— QE-+np-nh
== QE

u

wl
I [
|
| |
~
2 39 2
d"o/(dp  dcosB) (10 " cm /(GeV/c))
g

m

Q

"

<
]

M. Martini, M. Ericson, G. Chanfray, J. Marteau Phy D (GeVie)
Agreement with MiniBooNE without increasing N Solution: presence of 2-body current




Nieves et al,PRC83(2011)045501 1. Neutrinos

Lovato et al,PRL112(2014)182502 2. Oscillations
. . 3. vSM
4. Neutrinos, as probes of new physics 4 Beyond voW

Open questions of neutrino cross-section community
1. ANL-BNL puzzle
2. CC1m puzzle

3. Coherent pion production puzzle There is a growing consensus (role of
4. CCQE puzzle 2-body current in v-A scattering)
T P ————
— Full Model
—_ ---- Full QF (with RPA)
3 T ~_. NoRPA. No Multinue. (" GenuineCCQE
o — No RPA,No Multin,, M, =1.32 u N
E )
w15 _ @Q
= . \ M,=1.049 GeV Wy
i N\ 0.80 < cos 0_< 0.90 W+ :
o) - A m \V;
: - A 1 . N Y
.c >\\
51 Y /Two particles-two holes (2p-2h)\
S O R\ Y | ! N N
3 ) s N v[ﬁv‘n.v _ Q
0 05 1 1.5 W+ ¥ o
Tu (GeV) V N N

\W+ absorbed by a pair of nucleons/

b
‘a}_Q_eJJ Queen Mary Teppei Katori

University of London Solution: presence of 2-body current




Palamara, Nulnt14 1. Neutrinos

ArgoNeuT,arXiv:1405.4261 g VOSslc\:/:llations
4. Neutrinos, as probes of new physics 4 Beyond voW

Open questions of neutrino cross-section community
1. ANL-BNL puzzle

2. CC1m puzzle

3. Coherent pion production puzzle

4. CCQE puzzle

ArgoNeuT event display

2000

2-body current
- 2 nucleon emission? -

There is world-wide effort to 1000
understand hadronic system

(both theoretically and 00
experimentally)

0

0 S0 100 150 X
I0P Institute of Physics
9th International Workshop on Neutrino-Nucleus Interactions in the Few-GeV Region Teppel Katori 2014/06/23 66

19-24 May 2014, Selsdon Park Hotel, Surrey, UK



Mousseau, Nulnt14 1. Neutrinos

arXiv:1403.2103 2. Oscillations
3. vSM

4. Neutrinos, as probes of new physics 4. Boyond v

5. Conclusions

Open questions of neutrino cross-section community xzmdf aom_ 101 C/CH
1. ANL-BNL puzzle - E 4 pata

18f = Simttation b
2. CC1m puzzle ‘%}'5 1,_ .........
3. Coherent pion production puzzle Sl 12t b
4. CCQE puzzle 1of ‘ -

5_ MINERvA target ratlo 3.21‘ . ‘0;2, . ‘of:' . ‘uia‘ . ,11:0, . ,122A .

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

A dependent behaviour for low x and high x. I D .. TS S S N N
(somewhat similar with electron scattering ‘%" 1,_i
shadowing effect) %F" ) - ---------- -------------------- _— } -------- e

C 1 i ) i i i
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4. Neutrinos, as probes of new physics

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

‘a_@_s’ Queen Mary
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Kostelecky and Samuel,PRD39(1989)683

4. Neutrinos, as probes of new physics

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._ _ (SME) is the standard
L= S, Tgd, Wy ~Mygb, 0 +hee. formalism for the general
2
search for Lorentz violation.

SME coefficients
v

1
v uv uv v I 4Y o
FAB =Y 6AB + CABYM + dABYuYS tept IfABYS + 2 Ons O

1
— i b b A T
MAB =Mg +1Mg,gY5 + aABYu + bABY5Yu + EHABOW

‘Qz’ Queen Mary

. . Teppei Katori 2014/06/23 69
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1. Neutrinos
2. Oscillations
3. vSM

4. 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

. . Teppei Katori 2014/06/23 70
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1. Neutrinos

Kostelecky and Mewes, PRD69(2004)016005
Diaz, Kostelecky and Mewes, PRD80(2009)076007 g (?SSE/:”a“OHS
4. Lorentz violating neutrino oscillation 4. Beyond vSM
5. Conclusions
Neutrino oscillation is an interference experiment (cf. double slit experiment)
Vu o
\Y
Ll

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

+
‘E-.ﬁ-Q—él Queen Mary Teppei Katori 2014/06/23 71
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Kostelecky and Mewes, PRD69(2004)016005 1. Neutrinos

Diaz, Kostelecky and Mewes, PRD80(2009)076007 g OSslf/illlations
.V

4. Lorentz violating neutrino oscillation 4. Beyond vSW

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

Vi

Ay

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

If v, and v,, have different coupling with Lorentz violating field, neutrinos also
oscillate. The sensitivity of neutrino oscillation is comparable the target scale of
Lorentz violation (<10-9GeV).
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Kostelecky and Mewes, PRD69(2004)016005 1. Neutrinos

Diaz, Kostelecky and Mewes, PRD80(2009)076007 g OSslf/illlations
.V

4. Lorentz violating neutrino oscillation 4. Beyond vSW

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

VY Ve
Vu
Vi Ve
v, v, Vv, Ve
— —
NN

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

If v, and v,, have different coupling with Lorentz violating field, neutrinos also
oscillate. The sensitivity of neutrino oscillation is comparable the target scale of
Lorentz violation (<10-9GeV).

\é If neutrino oscillation is caused by Lorentz violation, interference pattern
~(oscillation probability) may have sidereal time dependence.



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

2014/06/23
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MiniBooNE collaboration, PLB718(2013)1303
Double Chooz collaboration, PRD86(2012)112009

4. Lorentz violating neutrino oscillation

Double Chooz neutrino data/prediction ratio

2 sof
MiniBooNE electron neutrino g 70
candidate data prefer sidereal time = @ m;
independent solution (flat) 5 YE
T 0
§
o 10
> (]

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 -



4. vSM in Am?2-tan20 plane

Majority of phase space are explored, and
world data are nailed down in tiny regions.

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 model independent diagram look
like?
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM
5. Conclusions

Kostelecky and Mewes, PRD69(2004)016005

4. Lorentz violating neutrino oscillation

Model independent neutrino oscillation data is the function of neutrino
energy and baseline.
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Kostelecky and Mewes, PRD69(2004)016005 1. Neutrinos

2. Oscillations
3. vSM

4. Lorentz violating neutrino oscillation 4. Beyond vSW

Model independent neutrino oscillation data is the function of neutrino
energy and baseline.
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Kostelecky and Mewes, PRD69(2004)016005 1. Neutrinos

2. Oscillations
3. vSM

4. Lorentz violating neutrino oscillation 4. Beyond vSM

5. Conclusions

Model independent neutrino oscillation data is the function of neutrino
energy and baseline.
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1. Neutrinos

Kostelecky and Mewes, PRD69(2004)016005 - Neutrinos
. . . . . 3. vSM
4. Lorentz violating neutrino oscillation 77 4 Beyond S
?
Model independent neutrino oscillation data is the furlcj.iorf of neutrino _ -7
energy and baseline. L7 -7
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Kostelecky and Mewes, PRD69(2004)016005

4. Lprentz violating neutrino oscillat

on

1. Neutrinos

3. vSM
4. Beyond vS
5. Conclusion
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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 Bayond Sk
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1. Neutrinos

2. Oscillations
3. vSM

4. Beyond vSM

5. Mother Nature is kind to us 4 Bayond Sk

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

‘a__@_a’ Queen Mary
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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 chance
5 Mother Nature is kind to us we cannot find Dirac or Majorana from Ovff

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 - - -
If mass hierarchy is normal, there is a chance

5 Mother Nature is kind to us we cannot find Dirac or Majorana from Ovf3f3

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



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 Fi z
Neutrines,are interesting-probes-for Beyond 'SM'nhysiCS 'euch as-Lorentz violation

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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6. 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!
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1. PS5 report

e
%Qd Queen Me

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
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4. Neutrino physics for Peace
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4. Neutrino physics to become Rich
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4. Neutrino Communications
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4. Neutrino Communications
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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,
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. . , , 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



