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@ Standard Model

SM is a gauge theory based on local symmetry group
SU(3), x SU(2), x U(1),
C — color, L - left-handed chirality, Y —weak hypercharge
Elementary particles of SM:

H+
vy Wt Z° 8gluons H = (HOJ

Ve

u d e
[ C S oV,
t b T V.

u
Q. = ( Lj U, dq missing entry?

. » sterile vy ?
Fermions /
L, = (‘;Lj . Cj neutrino is purely
L

left-handed
m, =0
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ﬁg Leptons v

W- Z
. charged neutral \ ___________
Neutrinos - partners vertex ~ Dmmmmmme=e- vertex
of charged leptons:
W-—>ev, Wopuv, W1y, L
Three neutrinos Vg v, V,
Lepton number L=+1 L=+1 L=+1
Neutrinos are massless, L, , L,. L, conserved
Charged leptons - Dirac particles I =7 I
Neutrinos — Dirac or Majorana particles I . I or I — I
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@ Active v's

LEP (CERN) experiments:
from Z width

3 flavor (family) of light active neutrinos

No neutrino mixing
CP=1

Cross Section in nb

30

20

LEP:e'e’ »2Z° 2

ALEPH SV
DELPHI o\
L3
OPAL

N, =2.984 + 0.008

86 8 9 92 94
CM Energy in GeV

Neutrino oscillations: V; —> V (i#]j) i/3j = e,u,t
L1, however L,.,=2L,=1
at least one neutrino should have a non-zero mass for oscillations
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Symmetries

Charge C particle <> antiparticle
Parity P X, Y, Z € -X, -Y, -Z
Time t o -t

Electromagnetic and strong interactions:

C=1,P=1,T=1

Quarks:
CP=1
in Kand B decays

Yu.Kudenko INR RAS, Moscow 6



Idea of neutrino oscillations

- one flavor can transform into another
- neutrino should have a non-zero mass and mix
- oscillation probability depends on

m,, E, and distance L

© v ®© —
W7/ | '
b fhto Monwienspbor I 1 :
I

NCTOYHUK OETEKTOP

4 ¢
‘ Ve \ (Vl \ ml
Weak eigenstates ‘ U M .
= tat
V,u V2 < m2 ass eigenstates
‘ V) \V3 < m,

Weak eigenstates differ from mass eigenstates
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Mixing of 2 neutrinos

Two flavors (for simplicity) v, u v,
Mass eigenstates: v; (m;) v, (m,)

One mixing parameter - mixing angle 6

(v,) (coséd sind\(v,) v

(v)
kvlJ:L—siné’ COSHJLVJ:ULVZJ

= cosO|v,;> + sin O|v,>
= -sinO|v,> + cos O|v,>

~ sin?(20)sin? (Am’L/E,)
~ 1 - sin?(20)sin? (AmzL/EV)A

appearance

P(vg)

disappearance

Tk e
--..:/.1..---.. ....---.-\‘{\....-.---.....-};J-.....
- N
sin226
L -=
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@ Oscillation industry

Homestake, USA  Sage, Russia Borexino, Italy

"\

Gallex
SNO
SK

Solar Vv's

— MACRO, Italy
Atpospheris v's

Soudan2, USA T2K
VNN .. <4 PR Nova
KamLand,
RCOC"'OI" V‘S CHOOZ’ Japan
France

Sterile v’s:
LSND,
MiniBooNe,
3 el USA
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@ v oscillations and mixing

( Ve\ ( Vl\ (U el U 02 U 63 A Pontecorvo
Maki
3 families v |=U v, U= Uﬂ1 UN2 UN3 Nakagawa
H Sakata
| 4 V3 \U 7l U T2 U 73 )
solar

aTmosph\eric

vV, 1 0 0
v,|=|0 co0sé,; sing,,
v 0 -siné,, coséd,,

cosd, sind,/0\ v,
-sing,, coséd,, 0 | v,
0 0 1\v,

link between a’rmospher'ic and solar

U parameterization: three mixing angles 6,, 6,; 6,5 and CP violating phase &

AE = e A, A, A, —0_ wenp | R

|~2.4x107%eV ?

b S 2011 ml AmsoI ~ 7 5X1O_5 eV2 | AmZ3 | = | Arn31 | | Amatm
y Summer »
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Physics reach oscillation mode for accelerator LBL experiments is v ,—V,

v,—>Ve IiNn matter

P(

‘)
a2l . q_\mlgﬂ 2a 9 R
V;.I — VE!?J = '—1{:1351 bnglu __j:E 1 + ‘A |l(]. — 2&:13} - 913
v 13
L8 ( 5 ] Am3,L . Ami,L . Ami,L _| s CP-even
Ciq812513823 C12CCO80 — 819513893 |COS S111 Sl
1 4E, 1FE, 4E,
/ 2 / 2 / 2
9 . . A'ﬂlsz . &'JTH-IEL'_, ‘AﬂllﬂL S CP_Odd
— 8¢ Clﬂ823512513523511155111 =111 S1I1 -
1 —  4E, 4E, 4E,
5 Ami, L
2 9 : 12
+ 4512641?3[6%36%3 + ngsigsfg 2(‘12-‘_23512H03513E0H5}b111 1L > SOIar
e
/ 2
5 o o  AmsL al ; _\mlgﬂ :
—  807872585,C08 (1 — 2s74), —=++—>  Matter
13-13-23~ 1L ) ==13, ey 2
1E, 4E, 4R,

change sign for NH —» IH
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Neutrino landscape considerably
changed since Summer 2011

Accelerator experiments
T2K, MINOS

Reactor experiments
Double Chooz, Daya Bay, RENO

Yu.Kudenko INR RAS, Moscow
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T2K layout

Off-axis detector ! \““': Far Detector
“““ D= 0

Magnet
yoke

Magnet
coils

— |
v beam &L}

Tracker

Pi-zero
Detector
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T2K off-axis v beam

SuperK
1
! i
= ]
. T 5 sin*26,, = 1.0 ]
Target Horns Decay Pipe e = . Ami, =2 jx 10%ev? ]
] £ 2 .
| | | | |
‘ L
— i § 1
g 1 § it OA 0.0°
Y - g‘ 22 0A2.0°
1 ; = - E\‘ : e "“"*'-n,__hl ==0A25° 1
08 < T h? 7
06 = E ¥ y
C w05 g
04 £ DAR 2 degre A
02 & DAB 2.5 degree o l
C | | | | | lDAB 3 Cﬁegree I ‘ iL
° 0 1 2 3 4 5 6 7 8 9 10 1 l;ILl
p, (GeV/c) Pl
Off-Axis beam i Bz e
0
0 1
E, (GeV)

- 750 (now 235) kW 30 GeV proton beam at JPARC

- Quasi-monochromatic v, (95%) beam

- Peak energy ~700 MeV tuned to oscillation maximum
- ~0.5% v, at peak energy

- Reduced high energy tail - reduces background

Flux(/50MeV/cm®/Syrs)

0 05 1 15 2 25 3 35 4 45 5
E,(GoV)
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Lo evems; First T2K result

L < /7771 Osc. v, CC

3t v+, CC published in June 2011

B 77 (MC w/

2 +4 ety 1.43x10%° POT
_ January 2010 -

s Expected BG

L 7 March 2011
1.5%0.3evts

/

Number of events /(250 MeV)

0 1000 2000 3000
Reconstructed v energy (Me

|84 Selected for a Viewpoint in Physies

PHYSICAL REVIEW LETTERS ek e
__Indication of Electron Neutrino Appearance from an Accelerator-Produced Off-Axis

Muon Neutrino Beam

K. Abe,* N. Abgrall,'® Y. Ajima,'®" H. Aihara,*® J.B. Albert,'® C. Andreopoulos.*” B. Andrieu,>” S. Aoki,?’

O. Araoka,]g"" 1. Argyriades,]6 A. Ariga,3 T. Ariga,3 S. Assylbekov,” D. Autiero,32 A. E‘;adertsch:-n‘,]5 M. Barbi,40
G.J. E‘;arkfn‘,ﬁ‘S G. Barr,:“S M. Bass,” F. Bay,3 S. Bentham,29 V. Bt:rardi,22 B.E. Berger,“ 1. Ber‘tram,29 M. Besnier,“l
J. ]:‘ieucher,{'= D. ]:‘ieznosko,34 S. Bhadra,59 F.dM. M. Blaszczyk,g A. E‘-Iondel,]ﬁ C. Bojechko,53 J. Bouchez,s'* S.B. Boyd,56
Th e n c A. Bravar,]ﬁ C. Brormer,]4 D.G. Brook—Roberf,\'e,5 N. Buchanan,” H. Budd,‘“ D. Calvet,s S.L. Car[wright,44 A. Carver,56

. . R. Cas;tillo,]g M. G. Catam:si,22 A. Cazes,?’2 A. Cervera,zo C. Chavez,30 S. Choi,43 G. Christodoulou,m J. Coleman,?’0
1 - Confirmation from MINOS
. The T2K experiment observes indications of », — v, appearance in data accumulated with 1.43 X
- 1 rotons on target. Six events pass all selection criteria at the far detector. In a three-flavor neutrino
2 - Precise measurements b *p : p i i

oscillation scenario with |Am3;| = 2.4 X 107% eV?,sin*26,; = 1 and sin?28,53 = 0, the expected number

DO u b | e Ch O O Z of such events is 1.5 = 0.3(syst). Under this hypothesis, the probability to observe six or more candidate
events is 7 X 1073, equivalent to 2.5¢ significance. At 90% C.L., the data are consistent with

Daya B ay 0.03(0.04) < sin?26,3 < 0.28(0.34) for §.p = 0 and a normal (inverted) hierarchy.

R E N O DOI: 10.1103/PhysRevLeit.107.041801 PACS numbers: 14.60.Pq, 13.15.+g, 25.30.Pt, 95.55.Vj
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T2K new resulit

July 2013

¢

6.4x102° POT
I5F < —+— RUNI-4 data
B (6.393%x10°POT)
B B Osc.v, CC
= i [ v, v, CC
i [0 v+v, CC
s ! = after all cuts
L+q;‘) | (MC w/ sin"28, =0.1) 28 Ve
o i .
g candidates
E =
z |
% 1000 2000 3000 | EXpected background
Reconstructed v energy (MeV) (Sm22913:0-0)
4.64 x+ 0.52 events
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T2K events
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-2AInL

Ay? =

# of toy MC experiments

60g: Ay2=56.27 — p-6 -
508 forsin220,,-0 28 v, events detected
40 Rt dotn expected background
o (6.393e20 POT)
o b0, s01%0 4.64 = 0.52 events
200 A0 45107 eV $in226, 1.0
10 \-2AInL=V 56.27
o0 4 02 03 04 =7.5¢6
.2
Best fit = 0.150 SIN“20 5 e s caleulated ac fol
i o p-value is calculated as follows:
10° 3 4 ?'St”bl{t'on fo;r 1X10%5 1oy 'YICS 1. Generate 1el5 toy experiments
" with sin?26,,=0.0.
10° 2. Fit each toy experiment extract
2 2AInL (=Ay?).
10 3. p-value is the fraction of toy experiments
10 above AX?y.ia
1 p-value = 9.9 x 1014

40 45 50 55 60 65 70

Sig n ifi CaNCe@ significance is calculated as VAY?

Discovery of v, appearance

Yu.Kudenko

INR RAS, Moscow

19




Entries / 0.25MeV

Far/ Near

Reactor experiments

Measurements of reactor neutrino disappearance

DChooz

— Doobl Chooz 2612 Data 4 2
..... S & weeseeneaeee NO Oscillation, Best-fit Backgrounds |
: — smrn sin’(20,) =0.109 |
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4E

Am,’L

Events/(0.5 MeV)
g
s

Fast n and Stopping i
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600~
- : 1.0
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2 f
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L 240 L % l;ast ‘r:l)euttglnon % F
@ i 2] Accident r -
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L % \ \ S L —=— N ite 2 (EH2)
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r B /‘ Ny 21500F : P
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0 5
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History of 0,; measurements

Best Fit +
68% C.L.

Accelerator
Experiments®

Mormal
Hierarchy

Inverted
Hierarchy

*All results assuming:
bep =0,

Reactor
Experiments

& Rate only
0 Rate+Spectral

— n-Gd
—— n-H

5in22813

Only 2 years of measurements!

- L — { | rhevaluatediflux

2012

—_
e

. — rcacr.or':on data oply

g b
I;.I

ireactor of+off data

2013

Lol
kA

|
-0.05 0 0.0 0.1 015 02 0.25

0,3~ 9°

Yu.Kudenko

Solar+KamlLand
MINOS

T2K 6 Events

DC 101 Days
Daya Bay 55 Days
RENO 229 Days
T2K 11 Events
DC 228 Days
Daya Bay 139 Days
DC n-H Analysis
RENO 416 Days
T2K 11 Events
DC RRM Analysis
T2K 28 Events

Daya Bay 217 Days

0.3

INR RAS, Moscow

S. Jetter, Nufact2013

[1106.6028]
[1108.0015]
[1106.2822]
[1112.6353]
[1203.1660]
[1204.0626]
[ICHEP2012]
[1207.6632]
[1210.6327]
[1301.2048]

[NuTel2013]

[1304.0841]
[1305.2734]
[EPS2013]

[NuFact2013]
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@a T2K and reactor data

2~ NH
allowed region of sin?20,,
for each value of 0p | of —sancL
\s — Best fit
B Run1-4 data (6.393e20 POT)
- ! ! | |  norma | hierarc h
Best ﬁt fOl‘ 8CP:O 20 gn:§2|=2.4><1oae)\frz
i sin“20,,=1.0
NH 0 02 04 06
- 2 +0.039 sin“26,,
SIn 2913_0.150_0.034 oS &4
2+ IH
IH [
- 2 +0.046 —
SIN 260.:=0.182 0.0 o/‘ e
Run1-4 data (6.393e20 POT)
- inverted hierarc hy
A L |ﬂ:n:§2|=2.4x1 0’ ev?
PDG(2012): sin220,, : 0.098+0.013 -
E \ AW | . . | . . ‘
0 0.2 0.4 0.6
sin20

13
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28  MINOS PRELIMINARY :
M I N . v, disappeararce weapgsjar%n_ur:g mode, ]
PO P
Neutrino beam from p g0 ST ede 3307 PO,
FNAL to Soudan 2al :
>
= 22| -
o [ Nol'malhierlard\y . h
= [" inveried hierarch T 7]
o 22f ' .
< i
2.4 .
Far 4 |
S4ktat735km |\ 2.6 1
¢ N ! ] . —68%C.L. 1
P Bestil _ somC.L.

03 0.4 05 0.6 0.7

J |
'F" 2\ sin’e,,
\' / u...., ’
735340 km -
12 km
6 -

__ Fermilab T Soudan
\

MINOS PRELIMINARY ,I.
a Iy T T T ] ] | 10 71x1\(;"° P’)T: m::;:;;Svﬂ?"PB;; .mode,
% 331 N;:?;i:ﬁ%;aopﬁar:ﬁe 1 3.0} M]“Usvtgsappeam"“ | —68%CL. A 37.88 k-t atmossherc reutrinos
= 93_32’;3.32,,\?53;31"“ 1 o 12:;;?1%”':-?;7”{':1222 _';0""; ﬁL 1 S Profle of Ikelihood surface
E 30 9033 oL m% 37.68 Ki-yr Almospheric ’ §, : :3(;‘:°hh?era;$gy
= :9: 9 __ __ “ Liaaallieaos LY. o r it ddihsansssuvassamaledes s
e £ f- |
NE 2.0+ ::“W =k 1 e s N o e e i N rmcccaafacaan
= AT e e 20| 7 - am = o
075 080 085 090 095 100 ' e
: . 20 25 3.0
sin?(20) or sin®(28) |An_'12| 1 (10° eV3) %.3 04 Sig% 0.6 0.
V oscillation parameters V oscillation parameters MINOS preferenceS'
s 20070\ +0.03 in?(26) = 0.95+0:035 .
sin“(20) = 0.97 5 08 sin”( —0.036
A2 = 2.501023 x 10-3eV? [Am?| = 241199 5 10312 how OCta.nt | mixi
) . on-maximal mixing
sin® (20) > 0.83 (90%C.L.) sin“(26) > 0.89 (90%C.L.)

Inverted mass hierarchy
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OPERA

Neutrino beam from CERN to Gran Sasso

Data

=]  2008-2009

uuuuuuuuuu

uuuuuuu

Expected bkg
0.226 v_events

<Ev> (GeV) 17
(Ve + Vo) v, 0.89, 0.06 %

3 v, events:

v, /v, 21%
mpt Negligibl i ifi
v.. promp gligible Slgnlflcance
Vi Ve 3.20
%’D;E E LmDM:L
y : S — D-JJQI\’IEY\ 0% CLL
e f = |- —— p-value of
10-_5—- ---------- CHOOZ 20% CL
: o=t background
£ v b 7.3x10°3
’“-_E ~
10° ' 10° 10
v

2 1
sin’( :‘)". )
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Next

targets ?

2011-2013

Great milestones >

B 913 = (9 i 06)0
- v, appearance observed at 7.5¢

Mass Hierarchy

Normal

Inverted

{Am Jsot» (Am7 )y

(Amz}a.tm
{Amz]za

‘]CP Im(UeluuZU*eZU*ul) = Im(UeZUuSU*eSU*HZ)
= c0s6,,5iN0,,c05%0,,5iN0,5,C050,55IN0,;5INd

all mixing angles#0 —> J#0 if 6#0
CKM PMNS

1 0.2 0.004 0.8 0.5 0.2
m; E—— ( 0.2 1 0.04 ) 04 06 0.7

precision measurement of
oscillation parameters
0,; 245° or < 45°

0.008 0.04 1 04 06 0.7

Quark sector Jgp =~ 3x10°

Lepton sector J-p ~ 0.02xsind
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ﬁ? Measurement of CP asymmetry

for 295km baseline,

P(vu—ve): ve appearance probability normal hierarchy

0.1 0.1

Neutrino' "2 Anti-neutrino sn°28==01

0.08

0
° XXX XXX CK)
0

1> 0.06

=
1> 004
0&000

0.02

Ey (GeV)

* Comparison of P(vy—ve) and P(vy—ve)
Max. ~x25% (L=295 km) change from &=0 case
* Measure 15t and 2" oscillation maxima in P(vy—ve)
* Comparison of accelerator P(vy—ve) and reactor P(anti-ve — anti-ve)
Matter effect —» fake CP violation, BUT sensitive instrument to
determine mass hierarchy
Yu.Kudenko INR RAS, Moscow 26



0,5 issue

&

0,; uncertainties T

dominate in
d - sin%26,, plot

CP
-}

—— o —

(. 1. .
P, . ~ sin®fy3:sin”26; 5 sin
\ ]

2 [Ze]
o Amso L

« Oscillation probability is P S

dependent on sin“6,, (octant)

— PDG2012: 5in?(20,;) > 0.95 /2t

« 5in20,,= 0.50=0.11
. 0,,=45+6.5°

— Reduction of sin?0,, error is critical
for further improvements

PDG(2012)

Yu.Kudenko

AE, it

Normal hierarchy

68% C.L.

- sin’0,, =04
— sinze23 =05
s1112923 =0.6

PDG2012 (16)

Inverted hierarchy

T2K Run 142+3+4 —
6.39 x10™ p.o.t.
|

M|

INR RAS, Moscow
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Near Future
( 5-10 years)

Yu.Kudenko INR RAS, Moscow
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0,; measurement

v, disappearance
4 . 9 . 2 ) . 2 Am??l - L
P('v — v ) ~1—(cos" 0 -sin” 20,; +sin” 26,, {sin” 6,,) - sin” ———
o f 4E
Leading Next-to-leading

] = T L B B ~
:;_ : : =+ 4 LI I T T T I LI | LI I T T T I T TT | T T T I T T T LI 4_
CELS . T2K data 1 2 gopsf—T2K3v (8, <m4)90% CL -
— 250 No oscillation hypothesis E E [ - T2ZK 3v (8, 21/4) 90% CL ]
s 7k . E - - - T2K 2011 2v 90% CL .
> 2K best it 3 E 00035 — MINOS 2013 2v 90% CL -
5 15¢ = — - — SK zenith 2012 3v 90% CL =
& 10F E 0,003 [ —SKL/E20122v90%CL /o ]

SE_ _E : ------- ==
OE AR I - l | T S B I
[75] E T T T T I T T T T I T T T | T T T T I T 1 T T [ 1 T T T ] 0_0025 | . “‘

= = F e — - T
o= gy i S Tl """ | ] Ty T2K3v (B <m4)bestfit = SEEEESS —
=5 05¢F T | E 0.0021— ~ T2K 3v (8__ > m/4) best fit ]
Eg 0:‘_' ™ IIIII||||I|IIIIIIIII: -fll‘l_flllllIllzljllllllI||I|I||II|I||||||1'
0 1 2 3 4 3 6 082 084 08 088 09 092 094 096 098 1
Reconstructed v energy (GeV) Sinl(ggz N

Sin?0,,=1 — maximal mixing
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7.8x10%1 pot

100% v

Perspectives: 0,

running 90% CL

sin?26,; = 0.1 + reactor data
solid: stat only; dashed: stat +current sys
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7.8x10%1 pot

50% v - 50% anti-v running 90% CL
sin?26,, = 0.1 + reactor data

solid: stat only; dashed: stat +current sys
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Nova

Neutrino off-axis narrow-band beam from FNAL

=

810 km long baseline.
700 kW NuMI beam.
2 GeV peak energy.

Ash River; MN

Minnr.sota _ Far detector in Ash River, MN.
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@ Beam schedule

NOVA started data taking in September 2013

OONuMI turn-on timeline
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Beam intensity will be increased up to 500 kW next year and to 700 kW in 2 years.

Far Detector mass will be added at a rate of about 1 kton/3 weeks.
Full installation of NOVA detectors will be completed in one year.

Yu.Kudenko INR RAS, Moscow 33



Mass Hierarchy

Significance of the MH determination

NOvVA hierarchy resolution, 3+3 yr NOvVA hierarchy resolution, 3+3 yr
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@ CP violation
Significance with which NOvVA (+T2K) can establish CP violation.

NOvA CPV determination, 3+3 yr NOvA CPV determination, 3+3 yr
, Ssin22613=0.095, $in°26,,=1.00 , Ssin22813=0.095, sinf20,,=1.00  + T2K at 5.5x10%' POT
. TAm<0 | |
.......é.............;.é_;..Am;,250.....é...............é,..............‘..........................

e

significance of CP violation (o)
LI I L I L | UL I L
i~
L4
L1 | L1 1 1 | Ll 1 1 | L1 1 1 | L1 1 1
significance of CP violation (o)
T I L I L | L I L L
b"
¥ 3
r
]
[ ]
1
¥
L1 I L1 11 I 11 11 | L1 1 1 I L1 1

The significance goes to zero at § = 0 and & = m since there is no CP violation at those points.
The dips in the peaks occur because the mass ordering has not been resolved.

Best case: CP violation at 1.6c (Nova only) and 2.0c (Nova + T2K)
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Far Future
(> 2023)

Yu.Kudenko INR RAS, Moscow
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@ LBNE

The US based LBL project
Neutrino beam from FNAL to Homestake

L = 1300 km, Ep=120 GeV, 700 kW NuMI beam, i &

E,=0.5-5GeV

- Far detector 35 kt, LAr, underground
- No near detector
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y  T2HK
@ The LBL project in Japan
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@ T2HK: cPV discovery potential

MH is known !

/2% all syst

74% region §f d covered at 30 W/ 5% sys. error

7.5MW)’EHF|
sin22013=0.1
normal MH

5% all syst

05 true & (1) !

High sensitivity to CP phase for systematics < 5%
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"- LAGUNA/LBNO

ey WU Far detector

20 Kton double phase LAr TPC
!" 35 kton magnetized muon detector (MIND) LNG tank technology

CN2PY (Pyhssalmi)
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LAGUNA/LBNO sensitivity

More than 50 determlnatlon of MH for all values
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@ Conclusion

«2011-2013
- 0,5 is measured and large
Open very exiting perspectives in neutrino oscillations

- Observation of v —v, appearance at 7.5 o significance
A new type of transformation among neutrinos has
firmly established

e Near future:

- precision measurements of neutrino mixing parameters
- an initial search for CP violation in lepton sector

- (sterile neutrino)

e Far future:
- determination of neutrino mass hierarchy
- measurement of CP violation in lepton sector
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