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Neutrino physics

o Great progress in last decade
+ Exhibit first violation of standard “SM”: Non-zero mass
= Surprisingly large mixing unlike quarks
¢ Yet unknowns & puzzles (>40yrs behind quark)
» Flavor mixing
+ Standard 3 x 3 PMNS mixing picture is correct?
+ All three flavors participate- mixing? (6,5?)

+ Why so different from-quark mixing?
+ CP s violated?
« Mass
+ Absolute mass
+ “Unexplained lightness of the existence”
« Mass ordering (hierarchy)

+ Any additional neutrino??
+ Unraveling mysteries of neutrino is expected to shed light on
fundamental questions in particle physics
= High energy scale physics
» Matter dominated universe



3 flavor mixing & oscillation
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LLong baseline oscillation experiments

¢ Optimized for Am? = 4Ev/L.=2~3x103eV?
o vM beam of 1~10GeV from pion decay
» =% Baseline ~ several 100km

o Physu:s

« v, disappearance (6,3, Amy,): 0,5 really maximal (45deg)??

% v appearance (623, Am,,): Definite check. Consistent w/
dlsappearance

+ Vv, appearance (0,5, Am,,): Last key to realize, CPV search
2 Sterile neutrino search
+» Something new!

¢ Players
1. Confirmation of SK atm v results (90s, 2000s-)
« K2K(1999~2004), MINOS(2005~2012), CNGS(2008~)

2. Discovery of nue appearance (Starting ~2010s)
+ T2K(2009~), NOVA (2013-)

3. CPV and mass hierary (20XX~)
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MINOS (2005~2012)

R K ~SGeV vu beam from FNAL 120GeV Ml

- ~350kW operation achieved

; . (magnetized)Iron-scintillator tracker at

MINOS PRELIM INARY

400

200

Events/1x 1(:-"Pcmsev

Fiducial
—— Standard MC
—— Horn Off MC 1

—— High Energy MC

- .

Ev (GeV)

735km (5.4kt) and near (980t)

= (Anti-)vu disappearance
- Ve appearance
= Also measure atmospheric neutrino

+ Finished data taking on Apr.30, 2012

» 10.7x10%POT for v,
3.4x10%°POT for anti-vM
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CERN neutrino to Gran Sasso (CNGS)

¢ Wide band v, beam of 10~30GeV
from CERN 400GeV SPS OPERA (2008-~)
o Detectors at Gran Sasso + 1 ID by decay topology (kink)

« 132km from CERN

Emulsion-Counter Hybrid

4
¢ v_appearance (+ v, appearance) « 150k ECC blocks ~1.25kt
4

o FIrst beam May 2006
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Accumulated 1.4x10%°pot by 2011
(~1.8e20, 84% of requested in 2012)
ICARUS(Oct.2010~):
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o Started data taking in Jan 2010

o First physics results w/ full data bfr
the EQ (1.43x10%°pot) in June 2011

* Resumed data taking in Mar. 2012

* New results w/ data until June 9,
2012 (3.01x10%°pot) released (18%

— 05, = 0.0° |[FEE.
— g, = 2.0° | =
— 0, =25°

— 0,,=30°
. increase from Nu2012)
OA2.5
12" [ K.Sakashita
8 3TN oo = Data collected and analyzed
c oskp Oscillation probability .8
2 o7 n Am? = 2.5x102 eV? x10
2 S L = 205 k 2 Delivered POT (Good Spill) 4
o g; : é - m % 300_ . Proton per pulse (Good spill) s Great EaStJapan A 2
02F & 250 "” Earthquake B z
0 I T TN 5 - ™ ‘4 |(March11,2011) L T ]
' ' ' x 200 LA ]
o - . Recovering facility ' -
% 150:_ ‘Ell -rl (acc., beam-line etc.) Ry 3
> - . c
T 100 ' '!E Beam re-commissioning, L 2
o 50: :F\TUD_T; I Repairing horn power supply Run3 20 E
0 3575 zoto 2070 —2ofo 201 2011 20T 201z 2oz 0
Apr/01 Julfo2 Oct/01 Dec/31 Apr/02 Jul/02 Oct/01 Jan/0d Apr_flgj
ime
Run1 + 2 (2010-2011) Run3 (2012) : 1.58 x 1020 p.o.t
1 1 1.43 x 1020 p.o.t. * including 0.21 x 1020 p_ot. with 200kA horn
¢ Main phySICS goaIS ) p-o.L operation (13% flux reduction at peak)
gs[é?“i?biuzg;Q :::ta is used for (250kA horn current for nominal operation)
+ VE appearance ve * ND280 Run3 data is checked and consistent with Run1+2
* dlsappearance Data for today’s talk (full data set up to now) =3.01 x 102° p.o.t.

(18% of increase from Neutrino2012)



Important Issues In LBL experiments

¢ (Integrated) Beam power (& detector mass)
¢ Understanding of

. Bearm Typical basic principle of experiment
» Neutrino interaction Measure neutrino at near site D - i
> DetectOI‘ (efﬁC'ency) Can measure On|y product near Gr]ear Snear

for better syst. precision

—

Extrgpolate (Not just 1/L21)
Predict far detector observation \’

Nfar(E):Posc ) (Dfar "Ofar " Sfar

Near tojFar Flux extrapolation (T2K case)
25000 : ] L - i : R CO a.re
Flux at SK |
(normazed By SK flux) Far observations
| Cross sections not well measured in 1 - 10 GeV rangeR Snider@ICHEP
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J.A. Formaggio and G.P. Zeller, “From eV to EeV: Neutrino Cross Sections Across Energy Scales”,
to be published in Rev. Mod. Phys., 2012.
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Ungerstanding bearm

¢ Flux & Near to far flux extrapolation are govened by T T T 11
» parent hadron (p/K..) production (p&® dist.) L ;:o':;lﬁ'é% 8 o e
- Beam line geometry (controllable) Cod Jh Loy oo

+ Hadron production measurements have played critical role< ... ',
- HARP @ CERN-PS (K2K, MiniBooNE) S I . I
= MIPP @ FNAL (MINOS) :_:;" e e 4
+ NA49/NA61 @ CERN-SPS (T2K, US program) Ratio 7% 4 +30% E,(GeV)
- Etc.. : SO

B.Popov@Nu2012
30GeV p+C results from NA61 for T2K ) ot /e v measurer%e%bts
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o Many efforts:T2K-ND, SciBooNE, MiniBooNE, MINERVA, ...

T2K-ND CC (M.R.Salzgeber@ICHEP) MINERVA: ¢ dedicated expt @FNAL-NuMI
& 35r L L L B L L B B
§© gL e NEUT prediction for SciBooNE T2K-preliminary Completed LE mode 0% Stati: Anti-v, CCqe oS
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E % e S E See N-..é 3? REG eV/c
| = e itk Parallel talk by R.Sniderg °F Pauli-blocking
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T2K v, appearance results

¢ T2K reported the first indication of v,

appearance (=non-zero 61233 on June 15, Data collected and analyzed

(~Jun9,2012)

(3.20)

2011 W/ aII data’ 1-43X10 POT taken g 300X£18 Delivered POT (Good Spill) I_X'1012
before the earthquake g Lt I Gt
. PRL107,041801,2011 S 7 s it
o At Nu2012, updated results w/ data takenin = § = . L
2012 2 W ) R ey
50——> = —
+ Here, further updated results w/ full data S A
taken SO far’ 301)(1020'30"' presented (18% Apriot Jul2 OcU Dec3t Apri02 Jul2 Ocl Janiot Aprt
Increase from Nu2012)
+ See K.Sakashita’s parallel talk for detail
Released Data (POT) V, BG p-value Osc. Ana
cand
June 15, 2011  1.43x10%° 6 1.5+0.3 0.7% # of evts
(~Mar11,2011) (2.50)
Nu2012(June)  2.56x102° 10 2.73%+0.37  0.08%
(~May15,2012) (3.26) Z of evts
ICHEP2012  3.01x10% 11 3.22+0.43 0.08%  gpane

Proton per pulse at CTS
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|U|easuremenfs By | ZR Near aefecfors

®- G Measurement
(see also M.Ravonel’s talk)

> 400=
b= . . .
2 nenk . . .
o390 Pr distribution for CCQE Constraint on Far detector prediction
e, L
= 300C ¢ Data
=
- — 4 , » - O O
£250 — MC w/o tuning Consistency checks of BG predictions
ST
200— ——
N F MC after fit Measurements of Measurements of
190E- intrinsic v, contami. " NCn0 production
1UD: 5 45 T T T = B e
- 5 Sg 1y 3 FPOD NC-m! = signal + background 1
= 5 POD = ?PD > E - backero E
S0C < ®|  high energy v mmnopiox S D rsone ]
30 *, Qut of POD g F atalMC=0.81+0.21 E
n 25 2 o o ]
o P » (Dafa-MC@fMC,,—;fOﬂIiﬁQﬁ_ = 10: (CC normalization) ]
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3 2 LT o .
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P“ [MEV] » onstructed E,_ (GeV)
g T% o ecees| e CC events and NCre events
able g “ER ~ ysce easurement at ND280 are checked
g 2 _ f. AL ackground events for ve appearance)
81sE INGRID L Smvmrerza | 4 H  FGD+TPCECAL W,
gl:ﬁ e T
16 10 ___ s “/, ._
-I‘a_ ::i ‘ | :0. :ﬂlﬂ 1l:l0l:l_f :LS‘%.,/Z.IH : 250}@
13
g 1.2 T2K Run 1 T2K Run 2 %‘HK Run 3 See pOSter by
E 1 Jan 2010 - Jun.2010 Mow 2010 - Mar 2011 Mar_ 2012 - Jun.2012 17

day Glenn Lopez and Melody Ravonel, on behalf of the T2K collaboration



K.Sakashita

T2K analysis and results

Signal: single ring electron Background. , B
e intrinsic ve in beam ' ’
"-."J.--—- //’ € . . ™
| T[ofrom NC IntEI'aCtIGH v |_1 --_*. pverlappec

¢ Signal:v,CCqge v ,+n—>p+e
& Selectlon _ ’
- 1 e-like ring (>100MeV) s = VO
- No decay-e = .
- Inv. mass of 1%t ring and forced-
found 2" ring <105MeV
(remove remaining p0)
+ Rec. Ev <1250MeV

e-like (showering) ring  p-like ring

INnvariant mass cut

(Minv == TO5 MeV/c?) 5120 1 Atmospheric v
5 100 1 e Data |
- —+— RUN1-3 data . 11 r_ MC

(3 .010=10""POT)
10 B Osc. v, CC

] v,+v, CC

é ] v, CC

o s NC i

a» (MC w sin 20 ,,—=0.1) ]

= Wit B

= TR

- 6 8 10

i Farticle ID parameter

: s e - Good rejection of v, events

18
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‘ !R II canalaafe evenfs

Number of events

i _— —+— RUNI1-3 data

- (3.010x10°"POT)
6 I Osc.v,_ CC
v, +v, CC

] v +v, CC

B B NC

(MC w/ sin”28,.=0.1)

11 candidate events are observed
Nexp=3.22%0.43 for sin22613=0

The probability (p-value) to observe 11 or
more events with 613=0is 0.08% (3.20)

Evidence of v. appearance
— open a possibility to
0 1000 measure CP violation in

Reconstructed v en prfﬂﬂ sector




Results

Allowed region of sin220+3 for each
value of ocp

best fit w/ 68% CL error @o¢cp=0
nhormal hierarchy:

sin® 2013 = 0.09419032
inverted hierarchy:

sin® 2015 = 0.11610 0%

This result is consistent with
rate+shape (rec. Ey) method and
rate only method

c.f 2011 result for normal (inverted) hierarchy

sin? 2013 = 0.117] ga (0.147012

assuming sinZ202:3=1

preliminary

[ esmCL.
| ETd
— Best fit

Runl+2+3 data
(3.010e20 POT)

normal hierarchy
Am =2 4107 eV*
1 I 1 1 1 1

[ BERCL.
P wos oL
— Best fit

Runl+2+3 data
(3.010e20 POT)

inverted hierarchy
IAm], =2 4x107 eV*
1 I 1 1 1

03 04

sin“20,,




MINOQOS (talk by Giles Barr)

LEM=0.6:

LEM=>0.7:

Candidate Event Yields

Observed: 152
Predicted: 128.6 bkg + 32.5 sig
Observed: 88
Predicted: 69.1 bkg + 26.0 sig

Prediction assuming sin'(28 =01, §=0, dm’=0

6 (m)

5 (m)

1.5

Am?>0 oth experiments
= MINOS Best Fit re not optimized
ohbey r v, appearance

arch
* Rule out 6,,=0 at

empts for detecting v, appearance

OPERA (talk by Marilisa De Serio)

E™ Distribution

identified v,

20 40 60 80 100 120 140
E™ (GeV)

Expected : oscillated nue 1.5, beam neBG 19.2.
Observed nue: 19 events

After low-energy selection (Ev<20GeV)

Expected events: oscillated 1.1, beam nue BG 3.7
Observed nue: 4 events.

20 level
e Consistent w/ T2K

Am?2 <0

10.6x10”° POT v-mode
3.3x10%° POT v-mode ]

MINOS
PRELIMINARY

| T T TR R TR R T
0.2 0.3

0.4

0.1
2sin?(26,,)sin%,,

1

— OPERA 80% Upper Limit

—— T2K 2011, best fit
[ r2xc 2011, 90% cL
- Daya bay and Am;, best

Am?, (eVv?)

10"

107

107

107

Consistenf W/ bé'c.kground'

Excluded high Am? region 21



Number of events

20—

18
16
14
12
10

o = O oo

---------- No-disappearance hypothesis

—— T2K Run 1+2 data

Best-fit oscillation hypothesis

1

2 3 4
Reconstructed energy (GeV)

5

N

IAMZ,| (eV3/c?)

4

3.5

<10”

— T2K Run 1+2

......... T2K Run 1+2 Alternate Analysis

—— MINOS 2011
—-- — Super-K Zenith

- Super-K L/E




V U
T Giles Barr
—+— MINOS Far Detector Dala
== Prediction, No Oscillations
Prediction, Am?=2.41x10° eV?
I Uncertainty (oscillated)
[ Backgrounds (oscillated)

Low Energy Beam, v -mode

10.71x10%®° POT
MINOS PRELIMINARY

Events / GeV
w
(e ]
(e ]
III|IIII|IIIlIIIIIlIIII[l

lIIIIIIIllIlII|IIII|IIIIII

100 .
Anti-vp
= I | & 25 — e 80 A
i = g .-l:ne.r “Bmm' B \—) Neulrlno beam v Antineutrino beam
% 2:_' 10.7?:;10'*‘“ r-w:)-:r -E >20:' 'l d: > ]-l
= = MINGS FPRELIMINARY = O & ©60f ]
= 1.5 - O Q |
= - + ] - 15 L 1 -
= S | 4 uﬁ*ﬁ:ﬁ' 3 —+—= g n 40
= = 1 10 c
E 05; —_— S MINOS Far Dastector Dats _; G}J I -+- g
- - FPrediction. AT =2 A4 1=10" = EV2 . iy 5 L. 1w 20 B ]
0 5 10 15 20 30 50 3 ak Y
) 0 5 10 15 20 30 50 0 2 4 6 8 10 30 50
Reconstructed v, Energy (GeV) Reconstructed Energy (GeV)  Reconstructed Energy (GeV)
60 _Atlmos. contained-vertex 4 Atmos. u-indlucedlrock-ll.x 30|Atmos. contained-vertex v| 29 __Altmos,I v-inaucedlrock-lp ]
Vi ' 20tV -
%) n |
€ 40f 1€ 15}
(] H [4}]
@ @ 10}
Atm v 20 ] ]
5 =
(et : ' ! e 0 ' 0
0 1 2 3 4 o 1 2 3 4 0 9 2 3 4 0 1. 2 3 4

log ; 0( L[km] / E[GeV] ) Iogm( L[km] / Eu[GeV] ) Iog1 u( L[km]/ E[GeV]) log1 0( L[km]/ Ep[GeV] )



Consfralnf ONn OSC. params

_ ~ Giles Barr
e Best Am? determination
from MINOS
e All results from SK,
40 MINOS, T2K are
"~ MINOS PRELIMINARY ~ 90% Cc.L.] consistent
T35 I e
> 3‘5: 3.36 x 10 POT ¥,  Mode 1 MINOS results
D - Super-K zenith angle* . " 0.0 3 )
7, 3.0] ZSe< Am?|=23970 x107eV
S— | -2 0.035
~ 2.5 sin”(26) = 0.9577 3
I i
52 o sin”(26) > 0.90 (90% C.L.)

“Mautring 2012
~PRO 85, na1|1n:u;n:{zmz]

1.5
075 080 085 090 0.95 1.00
sin’(20)
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Parallel talk by Marilisa De Serio

OPERA v_appearance
o Status of the analysis First cand. (+->Lhad kink) rep

» 2 candidate events so far i
(expected 2.1 with 0.2
background events)

+ A few more events are under
study.

» Progress In estimating detection
efficiency and BG.

orted in 2010

2"d Cand (t—>3h) reported.in June 2012

2008- Finished 2783 1
2009
2010- Inanalysis 1343 1

20M
2012 Started

Total 4126 2.1 2 0.2




v, appea'ra.nce from SK atm v

Y.Hayato

Search for the signature of v_in SK ~ appearance ~
Used data set (arXiv:1206.0328 [hep-ex], submitted to PRL )

SK-1: 1489 Days, SK-II: 799 Days and SK-IlI: 518 Days

( previous analysis : Only SK-I = statistics almost doubled)

Data = a x bkg + [ x signal
g Shadedregion | 7=142+0.35_ "1

t contribution (star) —0.12(sys)

3[]{]'—"""""""""'— 400

300F

_ | Estimated # of v_events
N " _ 170.8 % 44‘3(3ratj j;i (sys)

100k -

=
- Up-going

so0]- ] 3.8 o deviation from
' ] “no v_appearance’

400}

400 .

L 1 200f o i
100} ] =
r Mon-tau Like ] L Down-going
O35 0 o5 1 0=0 62 04 08 08 1
cos(6) NN output
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S.Bertolucci @ Nu2012
After the OPERA result in SeEtember 2011

All the big experiments al Gran Sasso set up a campaign .
to repeat the measurement with: MINOS measurement (GlleS Barr)

15 + 11 (stat.) £ 29 (syst.) ns

Improved timing resolution

Reduction of systematics which is consistent with v=c
Real time monitoring of the time stamp

m Redundant systems

= Independent clock synchronization and geodesy T summarize S.Bertolucci @ Nu2012
Better structure of the CNGS beam

m All experiments consistent with no measurable
deviation from the speed of light for neutrinos:
m Borexino: &t =27 +1.2 (stat) + 3(sys) ns
m ICARUS: &t=5.1%1.1(stat) £5.5(sys) ns
= LVD: ot = 2.9 + 0.6(stat) + 3(sys) ns
= OPERA: ot=1.6+1.1(stat) [+ 6.1, -3.7](sys) ns

m Very preliminary analyses, more refinements to be
expected soon

m A paradigmatic example of collaboration and
competition!



N ear fUtu re T2K expected stat error at

+ Improve significance of v, appearance is of T50KW X 5x107s
urgent importance TR T T BARRRRARE
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¢ Precision measurements of BOTH wf t
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Already similar precision! «in226

» Experimental determination of Am; is also

very important

o Also, first trial of mass hierarchy T2K, NOVA,

determination

Unofficial plot (df(umura/TK)

Players
See G.Barr’ s talk

MINOS+(MINOS det + 700kW NOvA
optimized higher energy beam), (SK), etc,g



NOVA Detectors A NOVA cell

To APD

\NNUV -

+ Optimized experiment for v,
appearance

FNAL NuMI off-axis beam

o Power upgrade 320kW->700kW
+ Recycler: anti-proton - proton
+ Repcycle 2.2s - 1.33s

+ New 14kton liquid scintillator fine

grained detector @810km | >/

+ Construction for power upgrade . Sl 5 FE

and detector on-going \i“""z —/
+ Plan to start meas. from May-2013 =

First trial of hierarchy determination | sec paraiiel talk by Jonathan M. Paley .-
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' Extruded PVC cells filled with [
11M liters of scintillator
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A-shifting fiber and APDs
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Far detector:
14-kton, fine-grained,
low-Z, highly-active
tracking calorimeter

PN
i — 360,000 channels
32-pixel APD — 77% active by mass
Fiber pairs Near detector:
: 4 X6
from 32 cells 0.3-kton version of cm X 6.cm
b the same

— 18,000 channels

NuMI off-axis eveni specira
T T T T

40

CC events / kton / 10" poot, /0.2 GeV

[
=
T[T

NOv A early reach MNCOw A hierarchy resolution, 3+3 yr (v4+7)

. sinl(EB”}:ﬂ.mS, s'.n:(za:_‘_p:l 00, 5=0 ver: Apr 2012 sin’(20,,)=0.093, sin’(20,,)=1.00
o . o - e
S F N % - Am*< .. ey
» - ] = : i :
§ T o o e = _g 250 ) .
E_ u ] ) - E i
> r . S;j' r e i
S - 3 i) - S :
S 3 — = Y i
g F ] 3 E
2 2= - o o : :
= L - = : H
o — ] .E,‘ -

ok - - .‘é'*

Yy, K 0ok WV AT P P B, |

s % 01 02 03 04 05 06 07 0E 09 1
L P -




Toward CPV&Mass hierarchy

+ Large 6,; opened possibility of CPV search (& mass

hierarchy determination)

- BUT, not necessarily means EASY (Relative CPV effect

oc1/sin 0,,)

» Expected CP effect ~ 20% at sin?2 0,; &sindé=1 (~2% @

sin6=0.1) at 1%t osc. max.

+ Order of magnitude higher statistics from present generation

experiments

= High intensity beam (~MW or higher)

- High sensitivity huge detector

« Should also capable for proton decay detection
+ Requirement on systematic uncertainty becomes severe

= Hadron prodcution
»  XSec meas.
. Good near detector

as far as possible
+ Matter effect is larger at
larger L (E)
¢ => Experiment to determine
Mass hierarchy could be realized
earlier w/ very long baseline
(>1000km)

Asymmetry btw app. prob. for v and anti-v

| Pyhasalmi 1st max. L=2300.0 km Enu=4.65 GeV |

0.2

Asymmetry

Asym by matter eff T
| T2K 1st ma L-2950 Sm En =0. 6% T ‘05
04| 295krh
7 7 2300km
S N —
o o1 5.2 Sinzze:?,-'! e CPV -0.5
Example of size of effects * ' ®* G P 30



World efforts to formulate future direction

o US:LBNE

+ Reconfigured to phased approach:10kt on
surface first = DOE CD-1 review in fall
2012

+ Go underground if enough additional fund
become available

+ Eol of LBNO, CERN-SPSC-2012-021
(SPSC-EQI-007), is submitted to/received
by CERN SPSC (June 2012)

« Excellent sensitivity on hierarchy
+ Japan: Two options w/ J-PARC

J-PARC+HK @ Kamioka
L=285km OA=2.5deg

AN Current: T2K
"\.\ J-PARC ~0.75MW .
"\___\ + 50kt WC @ 295km 2.5°

Lol: The Hyper-Kamiokande Experiment
arXiv:1109.3262v1

J-PARC+LAr @ Okinoshima
L=658km OA=0.78deg

gl T.Nakadaira@Nu2012

J-PARC P32 (LAr TPC R&D). arXiv-0804 2111

Current:
CNGS: SPS 300~500kW
+ 1.2kt Emulsion(OPERA),
0.67kt LAr-TPC (ICARUS) @ 730km

15t Phase:

2nd Phase:

Other possibility: CNGS + New large LAr-TPC
@ 730km (Gran Sassso) 0.5°~0.9°




¢
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Summary
Vv, appearance

+ Evidence obtained by T2K
+ P-value 0.7%(2.50) (2011) = 0.08%(3.2c) (2012)
+ Opened possibility of CPV/Hierarchy meas.

+ 20 level from MINOS
V. dappearance

+ 2 signal candidates w/ 0.2 BG in OPERA
+ 3.80 level excess in SK atm v_ enhanced analysis

v, disappearance
= 0, most constrained by SK atm v: sin“20,; > 0.93~0.95 (@90%CL)
= AM,32 by MINOS (2.39+0.09-0.11)x10-3eV2 (4% meas)

Speed of neutrino consistent w/ light

Future
+ Near: Improve v, appearance significance = precision measurements
of v, appearance & v, disappearance
« Hint on CPV and/or Mass hierarchy

+ Future experiments for CPV&Mass hierarchy are being discussed &
proposed (Lol, Eol, ..)
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