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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.
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7 Contusions.
Neutrino oscillation is an interference experiment (cf. double slit experiment)
A%
)
Vu
If 2 neutrino Hamiltonian eigenstates, v, and v,, have different phase rotation,
they cause quantum interference.
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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
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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).
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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, .

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

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

Puﬁe(t) = Kve I Vu(t)>‘2 - _4Ue1Ue2UM1Uu2 Sin2 (%t)
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In the vacuum, 2 neutrino effective Hamiltonian has a mass term,

mie miu m12 O
H — 2E  2E =( cosO -sind ) 2E ( cosO sin® )
° m? 2 sind  cosH m? || -sin@ cos#
eu up _2
2E  2E 2E e _ 4nE
Therefore, 2 massive neutrino oscillation model is (Am?=|m,?-m.?|) Am?

~

2
P (L/E)=sin?20sin?| 2™ | _sin?20sin?|x_
u—e AE | osc

After adjusting the unit

P (L/E)=sin’20sin*|(1.27Am*(eV?) L(m)
i E(MeV)
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Kayser,PRD24(1981)110
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Wave packet formalism
- real formulation of neutrino oscillations

V)= 2V va)

l

| VO‘> . Euaa exp(iﬁax—ﬁat— x ;;gt)z) | Va> fvaY

L
e
/ > <ﬂ>
' / v Y
v Source Target -
Detector

FIG. 1. A typical neutrino-oscillation experiment.
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Giunti,Kim,Lee,PRD44(1991)3635 1. Oscillations
2. Before 1998
1. Neutri illati 4 20052011
. Neutrino osclliations o0
6. Current ?ssues
Wave packet formalism - Gondlusions
- real formulation of neutrino oscillations
P,L)< YU UU U exp % -- 271:
ij '
Coherent oscillation
Decoherence during propagation
Decoherence at production and detection
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Giunti,Kim,Lee,PRD44(1991)3635
1. Neutrino oscillations

Wave packet formalism
- real formulation of neutrino oscillations

2
- L ol O,
PaB (L) ;Uaiuﬁiuajuﬁj exp J (Lcoh ) — 27 [Losc

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection

* * = L
P (L) = DU U U U, exp[-zm = ]
,J ;

1)

~ sin® 20 sin? (:rc L(I)'SC )
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Giunti,Kim,Lee,PRD44(1991)3635 1. Oscillations
2. Before 1998

3. 1998-2004

1. Neutrino oscillations v, v, 4 20052011

6. Current !ssues
Wave packet formalism 7. Conclusions

- real formulation of neutrino oscillations

2
- . L ‘ 2| O,
P (L) “gUaiUBiUQ,—Um exp| —2mi — - - 2n [L)

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection

2
P o | — I— ’ Lcoh o OX
Lcoh | Vi _ Vj |

Decoherence happens faster for narrower wave packet (small o,) and bigger group
velocity difference difference (bigger Am?, lower energy)

How to estimate o, 7
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Giunti,Kim,Lee,PRD44(1991)3635 1. Oscillations
2. Before 1998

3. 1998-2004

1. Neutrino oscillations v, v, 4 20052011

6. Current !ssues
Wave packet formalism 7. Conclusions

- real formulation of neutrino oscillations

2
- . L ‘ 2| O,
P (L) “gUaiUBiUQ,—Um exp| —2mi — - - 2n [L)

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection

2
P o | — I— , Lcoh o OX
Lcoh | Vi _ Vj |

Decoherence happens faster for narrower wave packet (small o,) and bigger group
velocity difference difference (bigger Am?, lower energy)

How to estimate o, 7

e.g.) NuMl beam (from Joachim Kopp’s Fermilab theory seminar)
10-%cm << ¢, < 10cm (probably bigger than atomic distance, but smaller than detector

resolution)
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Giunti,Kim,Lee,PRD44(1991)3635 1. Oscillations
2. Before 1998

3. 1998-2004

1. Neutrino oscillations v, v, 4 20052011

6. Current !ssues
Wave packet formalism 7. Conclusions

- real formulation of neutrino oscillations

2
- . L ‘ 2| O,
P (L) “gUaiUBiUQ,—Um exp| —2mi — - - 2n [L)

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection

2
N cl;h , Lo (ix
L |vi—v,|

Decoherence happens faster for narrower wave packet (small o,) and bigger group
velocity difference difference (bigger Am?, lower energy)

How to estimate o, 7

e.g.) NuMl beam (from Joachim Kopp’s Fermilab theory seminar)
10-%cm << ¢, < 10cm (probably bigger than atomic distance, but smaller than detector

resolution) > LM > 6x10° light year
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1. Oscillations
2. Before 1998
1. Neutri illati 4 20082011
. Neutrino oscilliations Vo Vi o0
6. Current ?ssues
Wave packet formalism m - Conelusions
- real formulation of neutrino oscillations
Neutrino oscillation
coso V4 coso
sin® Vs -Sin®
F’=|A1+A2|2
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1. Oscillations
2. Before 1998
1 N t . ” t 3. 1998-2004
4.2005-2011
. Neutrino osciliiatuons Vs 7 o0
6. Current !ssues
Wave packet formalism ﬂ / ; - Conelusions
- real formulation of neutrino oscillations
Decoherent neutrino oscillation (time averaged neutrino oscillation)
coso V4 coso
'Ve < > Ve
sind Vs -sind
. o At a L, 1 o o Am?
P=|A|*+|A,|? = cos*0+sin*0 = 1-sin“20- - =1-sin“ 20sin“| ——L
2 4E
L—c0
o 1;
0.9;—
0.8;—
0.7;—
0.6;—
osE-
0.42—
0.3;—
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“""l IVI T B Y B T R
1 10 102 10° 10*
& Queen ary L (km) 14/01/2014 16

University of London



Giunti,Kim,Lee,PRD44(1991)3635 1. Oscillations
2. Before 1998

1 N t . ” t 3. 1998-2004
4.2005-2011
. Neutrino osciliations 5 20129013
6. Current issues
7. Conclusions

Wave packet formalism
- real formulation of neutrino oscillations

2
* * = L L
P,(L)< YU UU U exp|l-2mi -( ) — 27t
ij '

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection

If the production uncertainty is bigger than oscillation length, oscillation doesn’t happen

(time averaged oscillation)
neutrino production uncertainty

cf. solar neutrino o —— ————
—_ »
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Giunti,Kim,Lee,PRD44(1991)3635 1. Oscillations
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1 N t . ” t 3. 1998-2004
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6. Current issues
7. Conclusions

Wave packet formalism
- real formulation of neutrino oscillations

2
* * = L L
P,(L)< YU UU U exp|l-2mi -( ) — 27t
ij '

Coherent oscillation
Decoherence during propagation
Decoherence at production and detection

If the detection uncertainty is bigger than oscillation length, oscillation doesn’t happen

(time averaged oscillation)
neutrino detection uncertainty

M
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Kopp, Fermilab theory seminar (2012) 1. Oscillations

http://theory.fnal.gov/seminars/seminars.html 2. Before 1998
3. 1998-2004

1. Neutrino oscillations 5. 2015.2013
6. Current issues
7. Conclusions

Wave packet formalism
- real formulation of neutrino oscillations

L L
Pap(L) o Y UzjUak Usy Ugj exp l— 2 — ( L°°h>
j -k Jk Jk

_ (Amﬁ()z _or2e2( Ix ) B (mf + mi)°
320262 © ° \ L5 3202 E2 |’

-~

o Oscillation (L% = 4nE/Amg)
@ Decoherence during propagation
@ Decoherence at production/detection

@ Localization: Typically requires size of neutrino wave packet o, smaller
than oscillation length (¢ = process-dependent parameter, can also be ~ 0)

@ Approximate conservation of average energies/momenta



1. Neutrino oscillations

Neutrino oscillation is a natural interferometer

Formal description of neutrino oscillation is not easy, just
because quantum mechanics is not easy
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2. Before 1998

before 1998

solar solar neutrino problem
neutrino - Homestake
- Kamiokande Il
- SAGE
- GALLEX
reactor null reactor neutrino
neutrino oscillation
- many
atmospheric  atmospheric neutrino Super-K up-down
neutrino anomaly asymmetry agrees
- Kamiokande |l with neutrino
- IMB oscillation

- Frejus

null accel. neutrino
oscillation
- many

accelerator
neutrino
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Cleveland et al.,Astrophys.J.496(1998)505
Pontecorvo,Phys.Lett.28B(1969)493 PR 200

2. Solar neutrino problem

TO ARGON

PUORIFICATION He TRANSFER
. SYSTEM S FPLOW IN
Homestake experiment . ' -
Ve +37Cl > e + 37Ar ?;;;;If,;n:f,:: WOLRCULAX STEVE
(proposed by Pontecorvo) 4
. g . COURTER CURRENT
- mainly sensitive to 8B neutrino (~10 MeV) HEAT EXCHANGER
FLOWMETER
% % = CEARCOAL
TRAP X
K
BY-PASS VALVE
R
TANE HAMBER
CONDENSER
A0 C
“He stream
, , > cas FLow-—
o A hoAd NAAL NAA hA NAAY A
)
NEUTROR
‘ ' SOURCE TUBE
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Cleveland et al.,Astrophys.J.496(1998)505
Pontecorvo,Phys.Lett.28B(1969)493 PR 200

2. Solar neutrino problem

TO ARGON
PURIFICATION He TRANSFER
SYSTEMwc, o~FLOW IN

-

Homestake experiment -
ve + 37Cl > e + 37Ar Tatmezon acas

(proposed by Pontecorvo) 4

- mainly sensitive to 8B neutrino (~10 MeV)

MOLECULAR SIEVE
TRAP

COURTER CURRENT
HEAT EXCHANGER

. FLOWMETER
- Measured rate was consistently lower
than SSM (standard solar model) predictlor Sar : [
T K
SSM | (Il FW]-]MReSllﬂts) | . B!-Phlf:(; VALVE
14}
17 TANE HAMBER
> 1.2¢ ! !
3 | 1s
E 1.0} bl ) ! . con;::ucnn
< 1 4 ) |
2 08} ' | ave “He stream
8 ) 1 Rate |4 E —
g o6l \ : ol 1(1[ 4 | @ . > GAS FLOW
. ¢ 14 13 o] fAA] A hA A A
~0.35 {{|]1 | ’ ‘ et W
a — o | | o e | et - — | | o ot o — )
é 0.2 > ! '} ’ ‘ ’ ’ 11 LU 5&
j T 2B s
0.0} 10 )

1970 1975 1980 1985 1990 (Neutrino oscillation was speculated from

Year
wUJy \ueel | vl | very early days by Pgntecovo, even before
== University of London | H H Tepﬁﬁ Davis observed the first solar neutrino!)




GALLEX, PLB490(2000)16
SAGE, J.Expt.Theor.Phys.95(2002)181

2. Solar neutrino problem

Gallium experiment

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

but weaker than Homostake
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Wolfenstein,PRD17(1978)2369

Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913

2. MSW effect

Neutrino oscillation in vacuum

2 2

mee eu

H | 2% 2
m2 2

eu uu

2E 2E

=(

coso
sino
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—sin0
coso

|
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Wolfenstein,PRD17(1978)2369
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913

2. MSW effect v

Neutrino oscillation in matter Wolfenstein term Y,

- Neutrinos interact with media
- Only electron W e Ve
2 2

m m (m?)"
_ee 4 cu , 217 0 :
H oE oE cosf_ -sinB_ oE cos6_ sinf_

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

Both 6., and (m?)’ are function of n, and E
- no matter effect If density and/or energy is too low

0520 —-AENn_+cos20 \/,
m 2\ 2G
\/(AEn —00326)2 +5in° 20 A= 7
€ Am
sin20 = Sin29 -
\/(AEne — COS 26) +sin® 20
oo
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Wolfenstein,PRD17(1978)2369
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913

2. MSW effect Vg
Neutrino oscillation in matter W
- Neutrinos interact with media
- Only electron neutrino exchange W €
m2 mi (m2)|
’ oE T V2G;n, E ( cosO_ -sin@ ] T [ cos0_
eff — 2 2 = . 2\ .
m;, m sinB_ cos6_ 0 (m?) —-sinB _
2E 2E 2E
Both 6., and (m?)’ are function of n, and E
- no matter effect If density and/or energy is too low
- the Sun happens to have n_,~150 cm- and E(®B-v)~10 MeV
0820 —-AENn_+cos20 \/7
m = 2V 2G
\/(AEn —(:0326)2 +sin® 20 A= -
© Am
sin20

sin26m = -
\/(AEne —CcOoS 26) +5sin®20

‘a_@_a’ Queen Mary

. . Teppei Katori 14/01/2014
University of London PP /01/

sin®
m

coso
m
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Wolfenstein,PRD17(1978)2369
Mikheyev and Smirnov,Sov.J.Ncl.Phys,42(1986)913

2. MSW effect v, e

Neutrino oscillation in matter W

- Neutrinos interact with media

- Only electron neutrino exchange W € Ve

m2 m2 (m2)|
ee e 1
. oE T V2G;n, E _| cos6, -sind, U cosf_ sin@_
o m? m? sinf_ cos6 (m2)' || -sin6_ cos#
eu up m m O 2 m m
2E 2E 2E

Both 6., and (m?)’ are function of n, and E
- no matter effect If density and/or energy is too low
- the Sun happens to have n,~150 cm and E(3B-v)~10 MeV

core of Sun outside of Sun
(high density) cos0,,=0.34 7 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)
‘@ Queen Mary Teppei Katori 14/01/2014 29
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Solar neutrino
vete>v te

- Direction of recoil electron

(~direction of neutrino) is

consistent from the Sun.

e

Atmospheric neutrino

Vot X2>e+ X

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

Supernova neutrino
- 12 events are observed
(IMB observed 8 events)

‘Qz’ Queen Mary

University of London

2. Kamiokande |l experiment

Kamiokande 11,PRD44(1991)2241, PLB205(1988)416, PRL58(1987)1490

solar-v angular distribution
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< ot0f l
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< i ,ﬂ
w - J
— 0.05 + + + +_
= [ ]
L s -
> X -
LIJ b R
— 0 PRI RN T W TN TN R NN SR S S SN SN SH S S
-1. -0.5 0.0 0.5 1.0
cos B¢,
atmospheric neutrinos
Vv V
L 20T e + U A
-
c
o)
> —
Ll
°
@ 10 - 1 + { + ]
: b
E
-
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1. Oscillations
2. Before 1998
3. 1998-2004

2. Before 1998 AT
6. Current issues
7. Conclusions

There are 3 major discoveries
- Solar neutrino problem
- MSW effect

- Atmospheric neutrino anomaly

A
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. Neutrino oscillations
. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
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3. 1998-2004

solar
neutrino

reactor
neutrino

atmospheric
neutrino

accelerator
neutrino

‘a_@_a’ Queen Mary

University of London

before

solar neutrino problem
- Homestake

- Kamiokande I

- SAGE

- GALLEX

null reactor neutrino
oscillation
- many

atmospheric neutrino
anomaly

- Kamiokande Il

- IMB

- Frejus

null accel. neutrino
oscillation
- many
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. 2005-2011

. 2012-2013

. Current issues
. Conclusions

NO O~ WN -

1998

2001 2002 2004

SNO solved Davis
solar neutrino  (Homestake) and
problem Koshiba
(Kamiokande II)
won Nobel prizes

KamLAND
reactor neutrino
oscillation (LMA)

Super-K up-down Super-K
asymmetry agrees neutrino
with neutrino oscillatory
oscillation
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Super-kamiokande, PRL81(1998)1562

3. Super-Kamiokande

250
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Up-Down asymmetry

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

NOoO R WN -

- Atmospheric neutrino anomaly is function of distance
- But neutrinos might just disappear (decayed) or lose coherence (decoherence)

- 50
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L p>04GeV/c 40} P<25GeV/c 4
- - w - ! —
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100
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. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

Super-kamiokande, PRL81(1998)1562, PRL93(2004)101801

3. Super-Kamiokande

NO O~ WN -

Up-Down asymmetry

- Atmospheric neutrino anomaly is function of distance
- But neutrinos might just disappear (decayed) or lose coherence (decoherence)
- Later Super-K also shows the first neutrino oscillatory behavior

- Super-K concludes v-oscillation is the solution of atmospheric neutrino anomaly
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. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

3. SNO

D,0O in acrylic vessel
Simultaneously measure 3 channels

NOoO R WN -

votd>p+p+te
- charged current (CC)
- only sensitive to v,

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

Vete2>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

3. SNO

D,0O in acrylic vessel

Simultaneously measure 3 channels
- SNO concludes neutrino oscillation is the solution of solar neutrino problem

votd>p+p+te
- charged current (CC)
- only sensitive to v,

v,td=2>p+n+v,
- neutral current (NC)
- sensitive to all flavors

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

‘@_s’ Queen Mary

University of London
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1. Oscillations
2. Before 1998
3. 1998-2004
4.2005-2011
5.2012-2013

6. Current issues
7. Conclusions
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1. Oscillations

2. Before 1998

3. 1998-2004
3. KamLAND 4. 2005-2011
5.2012-2013
6. Current issues
7. 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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0
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KamLAND, PRL90(2003)021802

3. 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)

- First evidence of reactor neutrino oscillations

- Solar neutrino parameters are fixed

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions
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KamLAND, PRL90(2003)021802;94(2005)081801

3. KamLAND

Liquid scintillator detector

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

NOoO R WN -

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

- First evidence of reactor neutrino oscillations
- Solar neutrino parameters are fixed

- Second result shows oscillatory, but probability is >1(?!)
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KamLAND, PRL90(2003)021802;94(2005)081801; PRD83(2011)052002

3. KamLAND

Liquid scintillator detector

NOoO R WN -

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

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

- First evidence of reactor neutrino oscillations

- Solar neutrino parameters are fixed

- Second result shows oscillatory, but probability is >1(?!)

- Final result shows nicer oscillatory shape (and probability < 1)
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. 2012-2013

. Current issues
. Conclusions

KamLAND, PRL90(2003)021802;94(2005)081801; PRD83(2011)052002

3. KamLAND

Liquid scintillator detector

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

- First evidence of reactor neutrino oscillations

- Solar neutrino parameters are fixed

- Second result shows oscillatory, but probability is >1(?!)

- Final result shows nicer oscillatory shape (and probability < 1)

- Nonzero 0,5, makes agreement with solar data better...
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1. Oscillations
2. Before 1998
3. 1998-2004

3. 1998-2004 5. 2015.2013
6. Current issues
7. Conclusions

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

- atmospheric neutrino based modes (neutrino decay, neutrino
decoherence, etc)

- solar neutrino based models (large neutrino magnetic moment, etc)
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. Neutrino oscillations
. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues

~N OO O A ODN -

. Conclusion
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1. Oscillations
2. Before 1998
3. 1998-2004
4. 2005-2011
' 5.2012-2013
6. Current issues
7. Conclusions
2005 2008 201 2012 2013
solar neutrino Borexino Borexino pep Super-K
’Be neutrino neutrino agrees earth matter
agrees with with MSW effect
MSW
Hint of 6,5>0
reacto KamLAND neutrino 0,5 is measured
neutrino oscillatory - Double Chooz
- Daya Bay
- Reno
atmpspheric MINQOS charge Super-K v,
neutrino separate appearance
atmospheric result
neutrino
oscillation
accelerato K2K neutrino T2K v,
neutrino oscillation agrees separa appearance
with atmospheric é result
neutrino oscillation neutrino
gscillation
oY
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K2K, PRD74(2006)072003 1. Oscillations
2. Before 1998
4 K2K . t 3. 1998-2004
4.2005-2011
. experimen 4. 2006-2011
6. Current !ssues
First long baseline neutrino oscillation experiment 8 - Goneusions
- ~1.3GeV muon neutrinos over 250km P ]
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Near Detector ) ) Far Detector 1. Oscillations
. - Wisconsin : 2. Before 1998
Fermilab, lllinois Soudan, Minnesota 5 19982004
5.2012-2013
6. Current issues
e 7. Conclusions

Magnetized detector = 735 km
- ~3GeV muon neutrinos and muon anti-neutrinos over 735km
- Due to B-field, neutrino and anti-neutrino interactions are separated

h | /i
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. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

MINOS, PRL107(2011)021801

4. MINOS

NOoO b WN -

Magnetized detector

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

- Due to B-field, neutrino and anti-neutrino interactions are separated
- First direct measurement of anti-neutrino oscillation parameter consistent only 2%
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. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

MINOS, PRL107(2011)021801;110(2013)251801

4. MINOS

NOoO b WN -

Magnetized detector

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

- Due to B-field, neutrino and anti-neutrino interactions are separated

- First direct measurement of anti-neutrino oscillation parameter consistent only 2%
- Final data show no anomalies, neutrino and anti-neutrino data are consistent
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Barger et al, PLB617(2008)78

4. Borexino

7Be solar neutrino

NOoO b WN -

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

- 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
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Barger et al, PLB617(2008)78 1. Oscillations

TK,Kostelecky, Tayloe,PRD74(2006)105009 2. Before 1998
4 B ' 4 20052011
) orexino 5. 2012-2013
6. Current issues
7Be solar neutrino 7. Conclusions

- high pure liquid scintillator detector to detector low energy (=’Be solar neutrino)
- Pre-borexino - MSW was about right, but not quite right
- Borexino 7Be, and pep measurement agree with MSW prediction

pre-Borexino world solar-v data
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. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

Borexino, PRL101(2008)091302;108(2012)051302
Haxton et al, ArXiv:1303.1681

4. Borexino

NOoO b WN -

/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

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

pre-Borexino world solar-vdata >  post-Borexino world solar-v data
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1. Oscillations
2. Before 1998
3. 1998-2004

4. 2005-2011 4. 2005:2011

5.2012-2013
6. Current issues
7. Conclusions

Neutrino oscillation physics is getting into precision era
- neutrino and anti-neutrino oscillation parameters are tested
- 2 massive neutrino oscillation models are established (6 Am?

0 Amzatm)

solar’ solarr Yatm»

Almost all alternative exotic models are killed, neutrino oscillations are due to
neutrino masses, and all exotic effects are secondary

- non-standard interaction

- sterile neutrino mixing

- Lorentz violation

- decay, decoherence, extra-dimension, etc
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. Neutrino oscillations
. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues

~N O O A GWODN -

. Conclusion
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5. 2012-2013

solar neutrino

reactor
neutrino

atmospheric
neutrino

accelerator
neutrino

2005 2006

KamLAND neutrino
oscillatory

MINQOS charge
separate
atmospheric
neutrino
oscillation

K2K neutrino
oscillation agrees
with atmospheric
neutrino oscillation
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2007

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

1
2
3
4
5
6
7

2008 2009 2010 201

Borexino Borexino pep

’Be neutrino neutrino agrees earth matter
agrees with with MSW

MSW

Hint of 6,5>0

0,3 is measured
- Double Chooz
- Daya Bay

- Reno

Super-K v,
appearance
result

MINOS charge\ T2K v,

separate appearance
accelerator result
neutrino
oscillation
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Albright, ArXiv:0905.0146 1. Oscillations
Fogli et al,PRL101(2008)141801 2. Before 1998
5 B fO + 20052011
. boom O1 945 5. 2012-2013
6. Current !ssues
T2K, Double Chooz, Daya Bay, Reno - Conclusions
- 0,5 was truly unknown parameter
- there was a “hint” from Solar-KamLAND tension
Limit of 8,5 (2009)
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,108(2012)191802
5. Boom of 0,

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

Py = 1 — sin*263sin*(1.267Am3,L/E)
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,108(2012)191802
5. Boom of 0,

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

(CBS)
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,108(2012)191802
Daya Bay, ArXiv:1310.6732

5. Boom of 0,

T2K, Double Chooz, Daya Bay, Reno
- 0,5 was truly unknown parameter
- there was a “hint” from Solar-KamLAND tension
- nature was too kind for us!
- anti-v, reactor disappearance
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,108(2012)191802

Daya Bay, ArXiv:1310.6732, T2K, ArXiv:1311.4750

5. Boom of 0,

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

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

- nature was too kind for us!
- anti-v, reactor disappearance

- v, 2V, long baseline neutrino oscillation

NOoO b WN -

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions
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Double Chooz,PRL108(2012)131801; DayaBay,PRL108(2012)171803; Reno,108(2012)191802
Daya Bay, ArXiv:1310.6732, T2K, ArXiv:1311.4750

5. Boom of 0,

P = 1 — sin*263sin*(1.267Am3,L/E)

Events/MeV

Data-Background

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

- there was a “hint” from Solar-KamLAND tension
- nature was too kind for us!
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Parke, ArXiv:1310.5992 1. Oscillations
2. Before 1998
3. 1998-2004

5. Boom of 613 4. 2005-2011

5.2012-2013
6. Current issues

T2K, Double Chooz, Daya Bay, Reno - Conclusions
- 0,5 was truly unknown parameter
- there was a “hint” from Solar-KamLAND tension
- nature was too kind for us!
- 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

P(v, — v,) =| L.';le—imIL/QE(_;el n Lr;2€—im.§L/QL U, + 67;36_5""51‘/25 U

— |2L,T;3L‘T‘33 sin A31€_‘iA32 + QLJT‘:Q[.-TGQ sin Agl |2

_aA 2z ) —
~ | /patme i(Aga+4) + /Psol|° Ay = c)mU-L

4F
where / Fyum = 2|U,3||Ues| sin Az; = sin fa3 sin 26,3 sin Ag,
and /Py & cos fag sin 20,5 sin Ao, .
-
IN@ X,
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Parke, ArXiv:1310.5992 1. Oscillations
2. Before 1998
3. 1998-2004

5. 2012-2013 4. 20052011

5.2012-2013
6. Current issues

Neutrino Standard Model (vSM) 7. Conclusions
- SM + 3 active massive neutirnos

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.,)
- Majorana phases

- Dirac or Majorana not relevant to neutrino oscillation experiment?

- absolute neutrino mass

P(v, — v,) =| L.';le—imIL/QE(_;el n Lr;2€—im.§L/QL U, + 67;36_5""51‘/25 U

— |2L,T;3L‘T‘33 sin A31€_‘iA32 + QLJT‘:Q[.-TGQ sin Agl |2

_aA 2z ) —
~ | /patme i(Aga+4) + /Psol|° Ay = c)mU-L

4F
where / Fyum = 2|U,3||Ues| sin Az; = sin fa3 sin 26,3 sin Ag,
and /Py & cos fag sin 20,5 sin Ao, .
-
IN@ X,
(;’-Q—‘) Queen Mary Teppei Katori 14/01/2014 65
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Parke, ArXiv:1310.5992 1. Oscillations

2. Before 1998
3. 1998-2004
5. 2012-2013 £ s
6. Current ?ssues
Neutrino Standard Model (vSM) 7. Conclusions

- SM + 3 active massive neutirnos

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.,)
- Majorana phases

- Dirac or Majorana not relevant to neutrino oscillation experiment?

- absolute neutrino mass

Very few remained anomalies

- Upturn of 8B solar neutrino

- Reactor anomaly

- Gallium anomaly motivation of 1eV scale sterile neutrino
- LSND and MiniBooNE signals

‘a_@_a’ Queen Mary

= Teppei Katori 14/01/2014 66
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Super-kamiokande, PRL110(2013)181802; ArXiv:1312.5176 LA L B L R B N B

OPERA, ArXiv:1401.2079 300 ]
5. 2012-2013, final remarks ; %ﬁ*
v, appearance measurement by Super-K 2001 &5 Ze2 ’
- T-decay to multi hadrons

- 3.80 excess of up-going t-like events

Events

——r——
ia&
l’f

- 100
_ Taulike )
o 0 +1
cos6,

526 - ——
= -+ ]
L I
©25} 1 i
x :
§ T -

OPERA v_ appearance (last week) Logl F]C L

: I : /

-3 events observation corresponds to 3.4 r iﬁ : [T
Solar-v day-night asymmetry by Super-K o3l | 777 L]
- day-night asymmetry - Earth matter effect ’ ' " | -SKonly ‘
- 2.70 (statistically limited) [ - SK+KamLAND | ]

2.2 L —_—
“h z FE-1 0 1
wQd Queen Mary N °2 cose,
— eppei Katori 14/Ul/ Ul v/
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. Neutrino oscillations
. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues

~N O O A ODN -

. Conclusion

\aQ_a’ Queen Mary
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1. Oscillations
2. Before 1998
3. 1998-2004

. 4.2005-2011
6. Current issues = otao01s
6. Current issues
7. Conclusions

Unknown parameters of vSM

Ocp: Dirac CP phase

0,5 0,3=40° and 60° are same how sin20,,, but not for sin0,,
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)

- LBNE (planned)

- Hyper-K (planned)

‘a_@_a’ Queen Mary
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T2K, ArXiv:1311.4750 1. Oscillations
2. Before 1998
6 T2K . 3. 1998-2004
—i(Az2+48 2 4.2005-2011
. eXperIment P(UM — Ue) ~ |\/ Patme (As218) 4 \/ Psol| 5. 2012-2013
6. Current issues
6 ||m|t 7. Conclusions
CP
- oscillation fit including 6,5 constraint from reactor experiments
- data prefer §5p~ -nt/2.
E Ivvrlvliv]rvvv'Ivvvlvviv-
2. ]
ocb _ J 6_ 1 1 1 1 l 1 I I 1 I 1 1 1 1 l I I 1 1 _
J = 6F .
] é [ — Am§2>0 o .
Am§2>0 —: (\ll 5 :_ memm——— An].gz(o . ) _::.
: Soosaa ] 4:_ 90% CL (Am3,>0) =
05 : .  —— Best fi - [ ' > K .
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e GBLASAAREasRS sasasnases " P
s : 2F
o’ .
IR e
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Musihker, NNN.13 1. Oscillations

httpi/indico.i Jp/indico/conf Display.py?confld=17 2. Before 1998
pi/Andico.ipmu.jp/indico/conferenceDiSplay.py?con o i

ooV P(v, = 1) |y Pame %) + [P I

7. Conelusions

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)
—> If NOvA knows mass hierarchy a priori, it helps to solve degeneracy even better

1 and 2 ¢ Contours for Starred Point

Contours 3yrvand 3yrv NOVA
|Am,;7| = 2,32 107 eVv?

sin’(264,) = 0.095

sin%(26,,) = 0.97
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PINGU, ArXiv:1306.5846 effective 2'.\' . interference of . Oscillations

1
Akhmedov, Razzaque, Smirmov,JHEP02(2013)082 matter oscllation propagation states 2. Bofor 1993
6. PINGU P _ 1 1 . 22 4 ]3¢ 1 . 220 1 P \ 4. 2005-2011
up = 1 — =sin” 2053 — 553 P4 + —sin” 203 — P4 cos ¢x| 5 2012-2013
2 2 6. Current issues
7. Conclusions

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

\_—_ S IceTop

e e T B - 81 Stations, each with
o o -'.-’.-’.’-;:.:_- = = 2 looTop Cherenkov detector tanks ‘£ 100; e IceCube
'''''' o 2 optical sensors per tank ; I a
4 optical sansors I
\ - » DeepCore
sof--Bageliné-(zedmetfy-| » pnau
IceCube Array A
86 strings including 8 DeepCore strings ! R .
60 optical sensors on each string L N .
5160 optical sensors 0 o gn v —Ts
December, 2010: Project completed, 86 strings: ! r » 2l » P
i gie o o & o ¢
-50 ® LA A S o

DeepCore . v e =
e 8 strings-spacing optimized for lower energies -100} P e
480 optical sensors B
Eiffel Tower I .
2 |324m H

-1 50|_

1 S IR NN T N S N - ) NN N N N NN N N N U N S _— — L1 1 1

-100 -50 0 50 100 150 200
X (m)
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effective 2-v

PINGU, ArXiv:1306.5846 matter oscillation interference of 1. Oscillations
Akhmedov,Razzaque,Smirnov,JHEP02(2013)082 / propagation StateS\ g ?g;%rez (1)(9)328
1 ¥ 1 N 4. 2005-2011
6. PINGU P,, = 1 — —sin? 203 — s3; P4 + = sin® 20931/1 — P4 cos ¢ x| 5 201222012
2 2 6. Current issues
7. Conclusions

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

P(v,~v,) with Travel Through the Earth - 10 GeV, 179

-
-~

e Noemad Hiorarchy

-
N

o werted Hierarchy

Earth Density (g/cm*3)
=
\

=]
eQ
@
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o | TR |
00 2000 4000 6000 8000 10 10000
Length (km)

P(v'—w_) with Travel Through the Earth - 6 GeV, 126
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PINGU, ArXiv:1306.5846 effective 2-v interference of . Oscillations

o 1
Akhmedov, Razzaque, Smirmov,JHEP02(2013)082 matter oscllation propagation states 2. Bofor 1993
up = 1 — —sin” 2093 — 553 P4 + —sin” 203 — P4 cosgx| 520122013
2 2 6. Current issues
7. Conclusions

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

x_.-_. - IceTop

T Smis .= __—81 Stations, each with hierarchy asymmetry of PINGU v -like event
= S R s kbt ey (with systematic error)
324 optical
! | oo NP — NNV [PINGU 1 yr] Smeared
| l\ i 207 :
| ‘ ’ IceCube Array I
. | | 8 stings including 8 DoepCore stings 18l
1| 60 optical sensors on each string A
‘ ‘ 5160 optical sensors 161
‘ December, 2010: Project completed, 86 strings. -
14}
— o 12
ol
2 10l
DeepCore 4
8 strings-spacing optimized for lower energies sl I
480 optical sensors

Eiffel Tower
2 |324m

-
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: gs"
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Cao, NNN'13 P..(L/E) = 1— Py — P31 — Py
http://indico.ipmu.jp/indico/conferenceDisplay.py?confld=17 ee( / ) 4 . 2 . 92
cos”(f13) sin”(26012) sin“(A21)

6. JUNO Par

P31 = cos?(012) sin?(20;3) sin?(As;)
: .2 .2 .
Better detector at further location at Daya Bay Py = sin“(f12)sin”(2613) sin”(Asp)
- Significant sensitivity improvement is required
(bigger detector with better resolution) L4F payaaynp | 4 MeV v, ]
- It can find mass hierarchy in few years 12F % l Daya Bay FD
- Similar proposal in Korea (RENO-50) m—-ﬁ ## —tr
o,
g W g I, .
_chj 0.6 - : ;.::;;mh River
= = 04l i :l.nvr.u:
= 06 3 N, e Non oscillation A Kenmmoymi \
g " —— 0, oscillation 02f O PaloVerde ‘
= 05 Normal hierarchy 8 Chooz ® KamLAND
3 - Inverted hierarchy 0.0 L 1 L 1
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Di Lodovico, NNN’13
http://indico.ipmu.jp/indico/conferenceDisplay.py?confld=17

6. T2HK

T2K with Hyper-Kamiokande

- Known technology

- Ocp from v, appearance

- 6,5 from v, disappearance

- MH from atmospheric neutrinos

7.5MWyear
sin?203=0.1
normal MH

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




LBNE, ArXiv:1307.7335
6. LBNE

New beamline and new detector
- 10 kton Liquid argon time projection chamber (LArTPC)
- New beamline to South Dakota

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011
.2012-2013

. Current issues
. Conclusions

NOoO O~ WN -

13-6” (4.1 m composite
cover)
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LBNE20  23'SOIL CLEV. 700 EXTRACTION |
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1. Oscillations
2. Before 1998
3. 1998-2004

7. Mother nature is kind to us 5. 2015.2013
6. Current issues
7. Conclusions

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

b
‘az—Q—f! Queen Mary Teppei Katori 14/01/2014 78
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1. Oscillations
2. Before 1998
3. 1998-2004

/. Mother nature is kind to us 4. 20052011

5.2012-2013
6. Current issues
7. Conclusions

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

Supernova 1987A happens right time when Kamioknade |l is online
(6 galactic supernovae in the last 1000 years)

wQf Queen Mary
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1. Oscillations
2. Before 1998
3. 1998-2004

/. Mother nature is kind to us 4. 20052011

5.2012-2013
6. Current issues
7. Conclusions

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

Supernova 1987A happens right time when Kamioknade 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. Oscillations
2. Before 1998
3. 1998-2004

/. Mother nature is kind to us 4. 20052011

5.2012-2013
6. Current issues
7. Conclusions

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

Supernova 1987A happens right time when Kamioknade 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

‘-Q_s’ Queen Mary
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1. Oscillations
2. Before 1998
3. 1998-2004

/. Mother nature is kind to us 4.2005.2011

5.2012-2013
6. Current issues
7. Conclusions

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

Supernova 1987A happens right time when Kamioknade 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

‘a_@_a’ Queen Mary
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1. Oscillations
2. Before 1998
3. 1998-2004

/. Mother nature is kind to us 4.2005.2011

5.2012-2013
6. Current issues
7. Conclusions

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

Supernova 1987A happens right time when Kamioknade 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 6,5 is big enough so that we can measure it and we can find leptonic CP
violation

‘@_a’ Queen Mary
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7 Conclu3|ons

Neutrlno OSC|IIat|on phyS|cs show series of dlscoverles in the Iast 20 years

There are very few anomalles (sc)rry for phenomenologlst) and aII exotic
processes are sub-dominant (unfortunately) :

Current unknown parameters of vSM are 9 '.
- Ocp, B R T 0. . 2 SRR . o
{55 o ‘ ke,

. - mass hierarchy
- Majorana phase « . A L i,
- Dirac or,Majorana * * « = * . - . P R On L e RO
- Absolute neutrinomass ~ *. * e g

~And current and i‘uture oscillation experiments are'good p'osi.tion to find first'three '

Thank you for your attentlon' 48
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1. Oscillations
2. Before 1998
3. 1998-2004

/. Mother nature is kind to us 4. 20052011

5.2012-2013
6. Current issues
7. Conclusions

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

Supernova 1987A happens right time when Kamioknade 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 6,5 is big enough so that we can measure it and we can find leptonic CP
violation

Mass hierarchy is inverted so that we can find Majorana or Dirac through
neutrinoless double beta decay

‘a_@_a’ Queen Mary
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. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

Litvinov et al, PLB664(2008)162
lvanov et al, ArXiv:0801.2121, Giunti,PLB665(2008)92, Kienert et al, J.Phys.Conf.136(2008)022049

1. Neutrino oscillations

NO O~ WN -

Formal description of neutrino oscillation is not easy, just because quantum mechanics is
not easy

e.g.) Can GSI anomaly be explained by neutrino oscillation?
142PmB0+ > 142Nd60+ + v

Measured electron capture (EC) decay rate shows modulation. lvanov et al proposed to
explain this using neutrino oscillations.

But this is quickly refuted by many.

70 Yy _
] 254 f=014Hz
Initial state is measured, but not final state B o ] H g ul
(neutrinos will not oscillate)) g 17 g,
H 2 50-. R ° 0.15 025 035
/ . 3 "T [ ‘[ ‘{ Frequency [Hz]
[
> e 3 {
77/ v NN °
Source @ —_—
v Target- 5
Detector t
3
FIG. 1. A typical neutrino-oscillation experiment. 5

10 15 20 25 30
Time after injection into the ESR [sec]
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Bilenky,von Feilitzsch,Potzel,J.Phys.G.35(2008)095003
Akhemedov,Kopp,Lindner, J.Phys.G.36(2009)078001

1. Neutrino oscillations

Formal description of neutrino oscillation is not easy, just because quantum mechanics is

not easy

e.g.) Unsettled issues: Can experiment tell neutrinos oscillate in space or in time?

- Yes: Bilenky, von Felitzsch, Potzel
- No: Akhmedov, Kopp, Lindner

What do you think?

‘-Q_s’ Queen Mary

University of London

Teppei Katori
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. Current issues
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Albright, ArXiv:0905.0146

5. Pathto 04

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

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

NOoO b WN -

Limit of 6., (2009) Best fit 5in26,; (2009)
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. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

T2K, PRD87(2013)012001

6. T2K experiment

NOoO O WN -

Second generation long baseline experiment
- Off axis beam to narrower the beam

Near
. detectors p-monitor g P
. l(lw = = - el A
\ 2-5°§ . on-aX‘S- -- ﬁ“ -~ 0" pacay
| £ o . | | volume
I \\ I I I |
295 km 280m 120m om

sin’26,, = 1.0
Am3, =2.4x 107 eV?

IIIIIlll

- R Hit oAo0.0° —
B %% OA2(° il
_ - N [ N 0A25° ]
D. B o T
e N
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205km
Vi
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T2K, PRD87(2013)012001, NIMA659(2011)106

6. T2K experiment

Second generation long baseline experiment
- Off axis beam to narrower the beam
- Complex near detector to maximize scientific capability

UA1 Magnet Yoke

Downstream

Solenoid Coil

Barrel ECAL

‘a__@_a’ Queen Mary

. . Teppei Katori
University of London PP

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

NOoO O WN -

POD (pi O detector)

- water target

- organic scintillator + WLS fiber
- MPPC readout

TPC (time projection chamber)
- argon gas TPC

FGD (fine grained detector)
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- MPPC readout
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- MPPC readout

SMRD (side muon range detector)
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- MPPC readout
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T2K, PRD87(2013)012001, NIMA659(2011)106

6. T2K experiment

Second generation long baseline experiment
- Off axis beam to narrower the beam
- Complex near detector to maximize scientific capability
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- MPPC readout

TPC (time projection chamber)
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FGD (fine grained detector)
- organic scintillator + WLS fiber
- MPPC readout

ECAL (electromagnetic calorimeter)
- lead foll
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SMRD (side muon range detector)
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T2K, PRD87(2013)012001, NIMA659(2011)106

6. T2K experiment

Organic scintillator charged W
- polystyrene base particle

- 1% PPO and 0.03% POPOP
- TiO2 reflector is merged scintillation
- ~20PE for MIP particle light (blue hifted Hght

NOoO O WN -

- K2K, MINOS, SciBooNE, MINERVA, T2K,... (green)
Extruded scintillator production machine (Fermilab)
PPO
N
N e
RN 8
oo )
—= £
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T2K, PRD87(2013)012001, NIMA659(2011)106 1. Oscillations
NAG1, PRD87(2013)012001 2. Before 1998
6. T2K experiment + 20052011
' Xp | 5. 2012-2013
6. Current issues
Second generation long baseline experiment 7. Conclusions
- Off axis beam to narrower the beam
- Complex near detector to maximize scientific capability
- Precise beam prediction based on high precision hadron measurement
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T2K, PRD87(2013)012001, NIMA659(2011)106 1. Oscillations
NAG1, PRD87(2013)012001 2. Before 1998
6. T2K experiment 4 20052011
. P 5. 2012-2013

6. Current issues
Second generation long baseline experiment 7. Conclusions
- Off axis beam to narrower the beam
- Complex near detector to maximize scientific capability
- Precise beam prediction based on high precision hadron measurement
- Maximize external cross section data to constrain cross section systematic errors
T2K | BNE 6. Zallr
Neutrino cross section around 1-10 GeV %1_4:—
is very important for T2K, NOvA, LBNE, 9 -
PINGU, all of them! 1.2
- nuclear effect is significant L F
- many different process contribute - 1
- hadronic predictions are important = f
P P 0.8F
§0.6F /|
e [
0.4
e I
00.2[~
0 -
- 0 r PR
10"
E, (GeV)
oY
(Qﬁ Queen Mary Teppei Katori 14/01/2014 95
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T2K, PRD87(2013)012001, NIMA659(2011)106 1. Oscillations
NAG1, PRD87(2013)012001 2. Before 1998
. 3. 1998-2004
6. T2K experiment 4.2005.201¢
6. Current issues
Second generation long baseline experiment 7. Conclusions
- Off axis beam to narrower the beam
- Complex near detector to maximize scientific capability
- Precise beam prediction based on high precision hadron measurement
- Maximize external cross section data to constrain cross section systematic errors
T2K  LBNE

Neutrino cross section around 1-10 GeV
is very important for T2K, NOvA, LBNE,
PINGU, all of them!

- nuclear effect is significant

- many different process contribute

- hadronic predictions are important

- =

o o

s section / E, (1 0% cm?/ GeV)

Nulnt 14, in London (May 19-24)

- most exciting neutrino cross section conference! : e |
- latest neutrino cross section results are always announced at here! 10 152
- please mark your calendar! E, (GeV)
v
WO
('___Q'J Queen Mary Teppei Katori 14/01/2014 96
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Muether, NNN’13

http://indico.ipmu.jp/indico/conferenceDisplay.py?confld=

6. NOVA sensitivity

Massive plastic tubes with liquid scintillator

17

NOoO O WN -

. Oscillations

. Before 1998

. 1998-2004

. 2005-2011

. 2012-2013

. Current issues
. Conclusions

- Due to longer baseline (=stronger matter effect), NOVA has better sensitivity for mass hierarchy.

NOvA hierarchy resolution, 3+3 yr

sin°20,,=0.095, sin“26,,=1.00
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Muether, NNN’13

http://indico.ipmu.jp/indico/conferenceDisplay.py?confld=17

6. NOVA sensitivity

Massive plastic tubes with liquid scintillator

. Before
. 1998-2
. 2005-2
.2012-2

NOoO O WN -

- Due to longer baseline (=stronger matter effect), NOvA has better sensitivity for mass hierarchy.

- Combining with T2K improves sensitivity.

NOvA hierarchy resolution, 3+3 yr
sin°20,,=0.095, sin“26,,=1.00
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6. Theorists are always wrong

NO O~ WN -

(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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Kopp,Fermilab theory seminar (2012) 1. Oscillations
http://theory.fnal.gov/seminars/seminars.html 2. Before 1998

1 N t ” t 3. 1998-2004
4.2005-2011
. Neutrino osciliations 4 20052011
6. Current issues
Wave packet formalism 7. Conclusions

- real formulation of neutrino oscillations

L L
Pap(L) o< > UziUak Up Us; exp [— 27 oss — ( Lcoh)
ik jk jk

_ (A'77/'2l<)2 _or2e2( Ix ) B (mj2 + mi)°
320262 © ° \ L5 3202 F2 |’

"

o Oscillation (L% = 4nE/Amg)
@ Decoherence during propagation
@ Decoherence at production/detection

@ Localization: Typically requires size of neutrino wave packet o, smaller
than oscillation length (¢ = process-dependent parameter, can also be ~ 0)

@ Approximate conservation of average energies/momenta



Kopp,Fermilab theory seminar (2012) 1. Oscillations
2. Before 1998

http://theory.fnal.gov/seminars/seminars.html 2 19089004
' ' ' 4. 2005-2011
1. Neutrino oscillations 4. 2005:2011
6. Current issues

Wave packet formalism 7. Conclusions

- real formulation of neutrino oscillations

L L
Pap(L) o< > UziUak Up Us; exp l— U ( Lcoh>
/K 4

OSC

jk

B (A,TIIZI():2 _ 0r2¢2 O x ° B (mj.’Z T+ rnlz()2
3202F2 ° ° 3202 F2 |’

v

Five terms: oscillation term Beuthe,Phys.Rept.375(2003)105

P(va — 1vp) Z Uﬁ] akUEke_’(E Ex)t+H(B —Pr)X

Z i UpjUnk Usy eXp | — 2 L
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Kopp,Fermilab theory seminar (2012) 1. Oscillations
2. Before 1998

http://theory.fnal.gov/seminars/seminars.html
3. 1998-2004

1. Neutrino oscillations Lo

Vs V4
6. Current issues
Wave packet formalism 7. Conclusions

- real formulation of neutrino oscillations

L L \?
Pag(L) o Y UzjUak Usy Ugj exp [— 2 — ( Lcoh)
j.k

Jk Jk

COTE () e
3202, E2 = 3202,E2 |’

o

Five terms: decoherence during propagation Beuthe,Phys.Rept.375(2003)105

o[- (&)]-oo] (2] |

Decoherence happens faster for narrower wave packet (small o,) and bigger
group velocity difference (larger Am?)
Problem: nobody knows how to estimate o,

02



Kopp,Fermilab theory seminar (2012) 1. Oscillations
http://theory.fnal.gov/seminars/seminars.html 2. Before 1998

. . . 3. 1998-2004
1. Neutrino oscillations

v, v, 4. 2005-2011
6. Current issues
Wave packet formalism ﬂ , ; 7. Conclusions
- real formulation of neutrino oscillations

5.2012-2013

L L \?
Pag(L) o Y UzjUak Usy Ugj exp [— 2 — ( Lcoh)
j .k Jk Jk

(AMG)* 2.2 < Ox )2 (mP + mﬁ)z}

3202 F? = 3202 E2
Five terms: decoherence during propagation Beuthe,Phys.Rept.375(2003)105
Po(L) L \?2 LA \?
. x exp | — =exp| — (| ——
wew| - (gs) | =00~ (37e) | J

Decoherence happens faster for narrower wave packet (small o,) and bigger group velocity difference
(larger Am?)
Problem: nobody knows how to estimate o,

e.g.) NuMI beam
109cm << g, < 10cm (probably bigger than atomic distance, but smaller than detector resolution)
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Kopp,Fermilab theory seminar (2012) 1. Oscillations
2. Before 1998

http://theory.fnal.gov/seminars/seminars.html
3. 1998-2004

1. Neutrino oscillations e o0t

Vo V1
6. Current issues
Wave packet formalism 7. Conclusions

- real formulation of neutrino oscillations

L L
Pap(L) o< > UziUak Up Us; exp l— 27 oss — ( Lcoh>
ik jk jk

OTR)_pee(22)’ - (L]

3202 E2 =2 3202 E2

v

Five terms: decoherence during propagation Beuthe,Phys.Rept.375(2003)105

Coherence length

LM = 4vV/20, E2 | A,

2 -3 g\/2
N 5 | Ox E e
~6x 10 |Ightyear3<10 Cm)(S GGV) ( Amjzk
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1. Oscillations
2. Before 1998
1 N t . ” t 3. 1998-2004
4. 2005-2011
. Neutrino oscillations 4. 2005-2011
6. Current issues
Wave packet formalism 7. Conclusions
- real formulation of neutrino oscillations
Neutrino oscillation
coso V1 cosH
Vo <><> Ve
S;‘lﬂ V2 -sin®
—_— + 2
P=|A*A|
YaY
(;'-—Q—‘) Queen Mary Teppei Katori 14/01/2014 105
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1. Oscillations
2. Before 1998
1 N t . ” t 3. 1998-2004
4. 2005-2011
. Neutrino oscillations v, v, 4. 2005-2011
6. Current issues
Wave packet formalism 7. Conclusions
- real formulation of neutrino oscillations
Decoherent neutrino oscillation (time averaged neutrino oscillation)
cosf V1 coso
S;‘lﬂ V2 -si:me
2 2 4 . 4 . 2 1 . 2 . 2 Am2
P=|A|*+|A,|* = cos*0+sin*0 = 1-sin 26-§=1—S|n 20sin“| ——L
L—c0
o 1;
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0.8;—
0.7;—
0.6;—
o.si_
0.42—
0.3;—
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1. Oscillations

Kopp,Fermilab theory seminar (2012)

http://theory.fnal.gov/seminars/seminars.html neutrino production uncertainty g ?g;‘;r%gfs
I I I 4. 2005-2011
1. Neutrino oscillations S — ¥
G » 6. Current issues
Wave packet formalism < > 7. Conclusions
- real formulation of neutrino oscillations >
0sC

L L
Pap(L) o Y UzjUak Usy Ugj exp [— 2 — ( Lcoh)
j -k Ik jk

OSC

JKk

@M (o \? (MR MRy
32022 " ° 3202 F2 |’

»

Five terms: decoherence at production/detection Beuthe,Phys.Rept.375(2003)105

(Am,-i)zl J

Pop(L) o exp [— 3052 £2
m

If the production uncertainty is bigger than oscillation length, oscillation doesn’t happen
(time averaged oscillation)

cf. solar neutrino
107



1. Oscillations

Kopp,Fermilab theory seminar (2012)

http://theory.fnal.gov/seminars/seminars.html| neutrino detection uncertainty g ?g;%r%gf
1. Neutrino oscillations . , 420052011
Vv |ept0n 5.2012-2013
_____________________________ > > 6. Current issues
Wave packet formalism < > 7. Conclusions
- real formulation of neutrino oscillations >
oscC

L L
Pap(L) o Y UzjUak Usy Ugj exp [— 2 — ( Lcoh)
j -k Ik jk

OSC

JKk

@M (o \? (MR MRy
3202 F2 3202 E2 |’

»

Five terms: decoherence at production/detection Beuthe,Phys.Rept.375(2003)105

(Am,-i)zl J

Pop(L) o exp [— 30,2 2
m

If the detection uncertainty is bigger than oscillation length, oscillation doesn’t happen
(time averaged oscillation)
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1. Oscillations

Kopp,Fermilab theory seminar (2012)

http://theory.fnal.gov/seminars/seminars.html V1 2. Before 1998
1 Neutri illati 4 20052011
. Neutrino oscillations 420052011
6. Current issues
Wave packet formalism < > 7. Conclusions
- real formulation of neutrino oscillations >

L L
Pap(L) o< > UziUak Up Us; exp [— 27 oss — ( Lcoh)
ik jk jk

_ (A'77/'2l<)2 _or2e2( Ix ) B (mj2 + mi)°
320262 © ° \ L5 3202 F2 |’

"

o Oscillation (L% = 4nE/Amg)
@ Decoherence during propagation
@ Decoherence at production/detection

@ Localization: Typically requires size of neutrino wave packet o, smaller
than oscillation length (¢ = process-dependent parameter, can also be ~ 0)
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SNO, PRL93(2004)101801

3. SNO

D,0 target in acrylic vessel

Simultaneously measure 3 channels

vetd>p+p+te
- charged current (CC)
- only sensitive to v,

v,td=2p+n+v,
- neutral current (NC)
- sensitive to all flavors

vete2>v,te
- elastic scattering (ES)
- sensitive to all flavors

‘a__@_a’ Queen Mary

University of London

¢(v,) (relative to BPBO1)
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6. Current issues
7. Conclusions
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