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i‘} something interesting
happens here

»
source ”@SGH || Ilmtllmm detector

* Neutrino oscillation was a surprise in 1990,
* now it is well established phenomenon and
a lot of efforts are made to determine its parameters
* In future it can be a tool for
* beyond SM effects
» CP violation mechanism
» Understanding matter-antimatter asymmetry



INEUNEIOSEIIEUORS
— glgilre s of tgelaly

EISAVO VASIS
v, 1 0 0 cosf, 0 sinf,e™ || cos, sinf, 0 |(v
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a 0 -sinf,, cos6,, || -sinf,e™ 0 cosf, 0 0 1 J\v,

,atmospheric” CHOOZ, ,solar”
SK, K2K, T2K, MINOS DayaBay, SNO, KamLand,

Reno, SK, Borexino

DbiChooz,
T2K

0,=34°%1°

0,, =40°+5 /—2° |8
6,5 =9.1°£0.6°!
Based on PDG 2012

mixing angles, squared mass differences, CP
violation phase - fundamental parameters of nature

Am3, = (7.62 £ 0.19) x 1072 eV?

Two free parameters for the three Am?’s,
(Am?3,=Am?,;+Am?y,)
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P... ~1—sin®260,5sin” (1.267A772§1L/E) :

Energy ~ a few MeV
Distance ~ a few km

® appearance -> long-baseline experiments with v,

beam

o P(v, —V,)=sin’ 26,,sin’ 6,;sin*(1.27Am,, L/ E

Leading terms!

Second order terms depend on & and mass hierarchy

Energy ~ a few GeV

Distance ~ a few hundred km ‘




The Daya Bay Experiment 6 [¥] 2.9
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Far Hall
1615 m from Ling Ao |
=4 1985 m from Daya Bay -
350 m overburden

Daya Bay, Chlna
Reactor ("'1km)
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. 481 m from Ling Ao
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Ling Ao Il Cores
Ling Ao | Cores

363 m from Daya Bay
98 m oyerburden

m 17.4 GW,, power
m 8 operating detectors
m 160 t total target mass

spectrum of
interacting neutrinos
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e prompt signal: positron (its
energy is correlated with neutrino
energy)

¢ delayed signal: neutron capture
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e Systematic error minimisation:
e |dentical far and near detectors

Prompt energy (MeV)
- - a; - N

-
o N

. Event
. selection.

e |dentical detection modules

e (Good background rejection (3-zone
modules, water system, RPCs)

N A O O

10 12 14 16 18 20
Delayed energy (MeV)
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e 3-zone detection modules immersed
in water, shielded by RPC plane

e target — 20t of Gd-LS (0.1% Gd)

e gamma catcher — 21t of LS

e radiation shield — 37t of mineral oil
o

192 8inch photomultipliers on the
walls (scintillation light detectors)

e 3 calibration modules

Muon water system

e Cherenkov water shield —
at least 2.5m in every
direction, 1200/1950t of
water in two separated
vessels, each equipped with
photomultipliers

Detects muons that can

produce spallation AD support stand

® ¢ i_-r__e,l, T concrete
. neutrons, attenuates

Two-zone ultrapure water Cherenkov detector

ﬁﬁ_ i gamma rays from

surroundings, moderates
neutrons
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Time variations: flux prediction + detector

""" No Oscillation MC vs data in the three stations
| — Best Fit

Far to near ratio:

R=0.944+0.007(stat.) £0.003(syst.),
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No oscillations excluded at the level of

Results: Chinese Physics C37:011001 (2013), new shape analysis: see Soeren Jetter’s slides, NuFact 2013



Main goal: neutrino oscillation studies

ACCEIENALOIEXPENIME!
UIZIS

Tokai2Kamioka: long baseline
experiment with narrow-band beam “voLomo @

Neutrinos produced in J-PARC
laboratory in Tokai (30GeV proton S | oga- T4
beam hits a graphite target) R oo, : a7 A SRR L,
Near detector 280m from the Hg e A P | PACIFIC
production point measures non- .
oscillated beam

Far detector — Super-Kamiokande,
large water Cherenkov detector in
Kamioka mine studies effects of
oscillations

OCEAN

SO S v, = v,)=1-sin’26,,cos* ,,sin* (1.27Am;L | E) - P(v, = V,)
muon neutrino dissapearance

electron neutrino appearance P(v, —Vv,)=sin’ 26, sin’ 6,;sin’(1.27Am,,"L/ E

high energy muons
nt - p*vp (p>5 GeV/c)

T[ K Kand p decays neutrinos _
o ST SN Y s ) B . Super-K |
Target & h I I
| ormns Decay tunnel 3 N iy N_[?EBQ
0 beam dump 118m > . |NGRID-280 m Off-axis

W monitor _
on-axis



ZKGheam

Proton beam hits the target, produces hadrons,
mainly pions

The pions decay:

Beam contamination:

Detectors positioned — —
off-axis to get

favorable spectrum shape —

Hadron production measured with target replica
in NA61 experiment for better predictions of

neutrino flux
x10"

Delivered POT (Good Spill)
Proton per pulse (Good spill)

(e
W -PARRC

Delivered # of protons

Jul/02 Dec/31

Am2,=24x 107 eV?

— NH,8,,=0
—NH, 8, =72

Beam power (kW)

i
used for this analysis €——




v flux Vv cross section
FLUKA + externa | NEUT + uncertainties
1T, K production \ from the external data

.

AR N S 2% R B DA SN BN —~vnd (] ' N " A1)
"'!!""I romaon | N\ \ "[-'
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Jdrameters)

Far detector (Super-K)
prediction

Improvements for 2013 results:
¢ Measurements from NA61 and implementation in beam MC

e From T2K near detector constraints for QE, 11 and other (multi 1T)
¢ |Improvements on cross section uncertainties (other experiments)
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Large water Cherenkov detector

50 kton of water, 22.5 kton fiducial volume,
>11,000 photomultipliers on the walls
observe Cherenkov light

Many years of experience, very well known
detection technique, systematic errors known
and understood

Studies also atmospheric, solar neutrinos

©¢ © © v v e qu,v L
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p-6 |
' 3 &ulagfﬁizd(;l?on 0.8
E o best-fit sin*26,, = 0.150
; ] ?:)Srlrlrrlr;lln}iesrar;}?y 0 ° 6
e Neutrino oscillation ; +£ smpaoare (M
parameters extracted in two - » 02
ways: O -

0

0 200 400 600 800 100012001400

. :
using reconstructed momentum (MeV/c)

neutrino energy distribution

using observed electron
momentum and angle

O~ —— T2K RUN1-4 data Erec

I~ [//) Background component

5 L[]
J_J
-4 ! —
1]
Hl_
Ole—e o 1 7% VA7 i A AN gz g

0 500 1000
Reconstructed neutrino energy (MeV)

e 28 events observed

e for sin?20,,=0.1, sin20,,=1,
0=0 we would see 20.4+1.8
events

e expected background
4.64+0.53

T

|

Number of v, candidate events /(50 MeV)

:s




26 20008 festfes

dependence

e FElectron neutrino appearance on &, MH, 8,,

e Best fit results for =0 (68% C.L.

result — 2012 update
® new data (run 4) —— 68% C.L.

— 90% C.L.

¢ new SK reconstruction algorithm — Bestfit

(fiTQun), better ° background Runl4 data (6.393¢20 POT)
I'ejeCtIOI’] llOrn‘ml hierarcl:y )
Am,l=2.4x107 eV-
e near detector CC inclusive sin20,,=1.0

measurement improved by using
new event categories

error)
N EI S e VA sin®26,; = 0.150%9:033 — e

— 90% C.L.
e inverted hierarchy FShErlZE 0.18210.046 — Best fi

—0.040 Runl-4 data (6.393¢20 POT)
inverted hierarchy

e 7.50 significance for non-zero B 6 e

First ever observation (>50) of an

sin:ZGJ =1.0

e13

. NOTE: These are 1D contours for
epr|C|t vV appearance channel! various value of 8., not 2D contours



68% C.L.

T2:C 9 Unlearielpiny ziriel rezicior
EeSUllS

® Vv, appearance contours )]
depend on the value of 8,, yre

Runl-4 data (6.393e20 POT)

* This needs to be determined _ | 2 10"V
more precisely by studying AN
v, dissapearance

P(v, —v,) ~sin’20,sin’ 0,,sin’ (1.27Am; L/ E

68% C.L.

%4 sin2923=0.4
%%5in’0,,=0.5
o sin2923=0.6
----Reactor 1o range

P(v, —v,)=1-sin”26,;cos" 6, sin’ (1 27Am;L | E)

Runl-4 data (6.393e20 POT)
Inverted hierarchy
IAm3,=2.4x107 e V2

Comparison with reactor results
(PDGZO12): Leading terms
sin?26,,=0.098+0.013

NOTE: These are 1D contours for various value of d.,, not 2D contours




ACCEICTOTFEXIS
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¢ NuMI beam from FermilLab
- mainly muon
(anti)neutrinos

e Near detector in FermiLab,
far detector in Soudan mine
(3.8KT fiducial) —
magnetized tracking
calorimeters

e Neutrino (10.6* 1020 POT)
and antineutrino (3.3* 1020
POT) beam data collected

——

]

0, measurement:

25in%(263)sin2(0,3) = 0.09370.054

— MINOS Best Fit 6,, < /4
«++s MINOS Best Fit 6,, > /4
I 68% C.L. 0,, < /4
B 90% C.L. 6,y < n/4

AM? <0

MINOS
10.6x10”™ POT v mode
3.3x10”° POT v mode

0.1 0.2 0.3
2sin®(26,,)sin®0,,




Compilation from Soeren Jetter (HEF

Global summary of 6,,
measurements

Best Fit +
68% C.L.

Accelerator
Experiments*®

Normal
Hierarchy

Inverted
Hierarchy

*All results assuming:
Ocp = 0,
6,; = 45°

Reactor
Experiments

Rate only
Rate+Spectral
n-Gd

n-H

2011

/f.; L i

origindl flux

reevaluated: flux
; ——— 5 ;

x’ reactoion data only

. L ——
: P A :
ireactor or|+off data:

b —— O —t——1

i ' i i

Solar+KamLand
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

0.05 0.15 0.2

0.3

[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]
New Daya Bay Result

sin 2613 = 0.090 12-908




questions we'd like torask

What is the neutrino mass ordering
(hierarchy)

Is there a CP violation in neutrino sector?

atmospheric
~2.5%1073%V?

Are there only three neutrino types? atmospheric

~2.5x1073eV?2
solar~7.6x105¢V?2

What are the exact values of neutrino
mixing parameters?

.. and for non-oscillation experiments:

neutrinos

Are neutrinos Majorana or Dirac? o

What is the absolute scale of masses?




Wihaks

- D

Unknown
0 # 0,77

ms 2 mo?

923 45°7
< Y

EX

Differences in neutrino vs
antineutrino oscillation probabilities

Changes the contribution from matter
effects

(important for neutrinos travelling through
dense matter e.g through Earth)

Additional source of degeneracies

An unknown hierarchy usually leads to a

Measurement strategies (for LBL): reduced ability to observe CP violation

» Looking for appearance

P(vﬂ — ve) Vs. P(VM — 176)

» The longer the baseline the better (matter effects!)
« Study more than one oscillation maximum to disentangle the effects




Example plot for T2HyperK (~300km)

Leading (013)

QP ziple) Win

® |n long baseline
neutrino |
experiments | delta=1/21, NH  sin?26;5=0.1
-
Ey (GeV)

Matter

P(v, — v.) = 401357393, - sin” Ag;  leading term CP conserving
-|—80123512S13523(012023 CcoS 0 — 512513523) - COS Agz - sin Agl - sin Agl

<80123012023512513523 sin d - sin Agg - sin Agq - sin AQD CP violating
—|—4S%20123(C1226223 —+ 5%23335%3 — 2C19C93512593513 cos 5) . Sin2 Aoq

L
—8C7351353 - f?(l — 25%) - cos Aszy - sin Az solar term

matter effects

a
+80735739%3 (1 — 2573) - sin® Agy,
Am3,

Clij, Sijy Aij




Gonzalez-Garcia et al.,arXiv:1209.3023 with

updates, see www.nu-fit.org

| NUFIT 1.2 (prelim) |
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- ) . 1r I
~ -
< - : <4 -
sl 1k N
- § ,l - : ‘\\_’_’ -
O-I 1 111 l 1 11 I:I 1 1 1 )-1 L1 11 l-l -l ll Ll llPL{:l 11 1 111 [l-
-3 25 22 25 3 0.3 0.4 0.5 0.6 0.7
Am; [10° eV Amg, sin® B,
15 '-l LA B l LIRS L A I T 0T l " L | I T l- -l LA B I TN T I LI B I T I-
: { 1F === NO (Huber) §
i ; 1[ —— NO (Free + RSBL) NI—:
10— — | ==---= 10 (Huber)
I § ,f 1[ — 10 (Free + RSBL) ”_-F
»
q - 4 - ~
I 1t CPV phas
o'-l 111 I L1 1 ll l/l l 1 111 I 1 I-
0 0.01 0.02 0.03 0.04 0 80 180 270 360
sin26 bcp

13



NOvVA Detectors NOvA Cell

63mlong Airbus A380

INEWRIZVET: | & —
IN@VA |

e Neutrinos from NuMI beam, [ \ | price
810 km long baseline | S i

An off-axis detector layout
(14 mrad), beam max

energy ~2GeV e 300 ton near

will measu_re Vp'>Ve, NUas e Fine grained and highly active
well as antinu runs tracking calorimeters

: Plastic extrusions filled with liquicj T
Hopes to determine MH and sointillator ghhHael

octant, constrain 6
P e Light captured by a fiber and reac

by an APD ve charged-current

: |\}OVA Far Dete.ctoLr (AshRiver, MN)
KXY

¢ First kiloton intrumented by the
end of May 2013, completion
eXpeCted by May 2014 ’ Contours 2 yr v and 4 yr v

Am,2=2.32107 eV?

MINGS Far Detector (Soudan, VIN) 1 and 2 o Contours for Starred Point

sin’(20,,) = 0.095

e The beam has just started ' sin(20.) = 0.97 — 0,,=40°
operation _

NuMI turn-on timeline

800

-
= 600
-~

N
5 400

z

A long-baseline neutrino - © 200

oscillation experiment, QL
situated 14 mrad off 0
the NuM| beam axis Chicago

" NuM cap

imit pending Boos

LBLELE BLELELE BLELELE B

mOeO




EXPECIEGASERSItVIL

d.p Sensitivity
NOvA CPV determination, 343 yr NOvA CPV determination, 3+3 yr
5 58in"20,,=0.005, sin’20,,=1,00 z_ssm’z:u-o.?ss. sin“20,,=1.00  +T2K at 5.5x10° POT

B ) Lo | ) L | | 1 0T i T . L] LM ] ] 1 ) a
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E 1.5 - f 15 -
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NOvA CPV determination, 3+3 yr NOvA CPV determination, 3+3 yr

Mass Hierarchy Sensitivity

NOVA hierarchy resolution, 343 yr NOVA hierarchy resolution, 3+3 yr
sin“20,,=0.095, sin“20,.=1.00 sin‘20,,=0.095, sin‘20,,=1.00  + T2K at 5.5x10%' POT
T 1 ) 1 I T 1 T

T | || 1 | T

w
[
®
[
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N
o
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d FRETE FRETE POET)

significance of hierarchy resolution (o)

significance of hierarchy resolution (o)
&

{1 2 :

d 8 F N el eedeelli il -]

1 —] 1 b ; H i _‘:

3 i 3

T e e 3 Eosb NOVA+T2K :

0 L 1 1 L 1 : 1 1 1 1 L 1 1 1 L :

0 02 04 06 08 1 12 14 16 18 2 o 02 04 06 08 1 12 14 16 18 2
d/=n d/xn

NOvA hierarchy resolution, 3+3 yr NOvA hierarchy resolution, 3+3 yr
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Sterile neutrinos were hypothesized
in a paper by Pontecorvo in 1957

0.020 e -
e Maybe we need at least Antineutrino vy —veanomaly ¢ 4r0 et amomaly. |
one additional neutrino type — 0015 S S S
. > vilnisoo :
to explain some anomalous 7 anomaly |
results from experiments? (= Q0108 wsoanomay.
e Short baseline experiments = 0.00s} \, * Ml
LSND, MiniBoone T l+ S,
( ) o000} 13 ,—0-_;{4- ICHEP
T4 July 2010
i _ . . . . . . . i 1
* Reactor neutrino anomaly 0’0050.2 04 06 038 1.0 1.2 1.4 1.6

L/E,(m/MeV)

Observed/predicted averaged event ratio: R=0.935+0.024 (2.7 o)
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- m No oscilation n H ' n t S

1 1 — —— I S U I O 0 oottt ] .

- I ) Il for more that 3 neutrinos
“T ™ ——E'ﬂi Bl also from astrophysics
08 New Ospllatlo A masprnd [

to sterile v? 1 Oscilation o

Oscilation
2

e
~

Reactor

06

Ratio of Observed To Predicted Events

- Am? ~ eV?
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0.5

T

Reactor To Detector Distance (m)



J. Kopp et al., hep/ph:1303.3011

SierlemneliinesS?

SBL reactors

Several proposal to search for them

e A

e Short baseline experiment on ~GeV
beam with LAr detector

e \ery short base line with radioactive
sources (even with source inside

detector)

ICARAS — NESSIE
Far detector for

CERN-SPS

Thermal insulation

or Fermilab

Soldar #Kam L ==========

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

""""

$ ' _- ‘ -.-L:. ‘ \‘-\__.:—;;‘:\ 4,~
a1 AN
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Connection*with
astroparticle physics
- lceCube

IceCU be i 3 : epCore string:
i i . : i10+35% QE, 7 ti
e 1km?3 of instrumented ice : m separation

e DeepCore - a dense core of
IceCube in the deepest,
clearest ice

Cube string, 177 m

- a Cherenkov detector — which can

e energies > 10GeV reconstruct direction of neutrinos

e |ceCube as a muon veto SEC UBE PRELIMINARY

*All p-values are post strial . 9

T e -
declination: 40.3° What

all events

deposited energy: 253TeV e o A ed ] e |

Equatorial

TS= 2log(L/LO)
« 28 events with energies above 5-TeV (2010-2011 data)
» a clearly seen excess over the expected atmospheric
background in the PeV range
(4.10 inconsistency with standard bg assumptions)




SUmmany.

Amil =245 x 1072 eV? NO
|Am3,| = 2.43 x 107°% eV? 10
0.59 10

sin? 015 = 0.3 (4% sin? Oy = 8.2% sin® 015 = 0.023 (9.6%
1 (47%) 3= a1 No &) e 9-6%)

Am3, = 7.44 x 107° eV? (2.3%) (2.6%)

e There are lot of things going on in neutrino experimental
physics ......



NEUTRINO OSCILLATIONS







Neutrino interaction vertex distributions

- expected uniform in BV
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Vertex X (em)

. Probability for uniform
= [ - . * distributions
r:« :_ . e ‘03 o
5 Lt . - Runs 1-3, 4 and all
2 .
-|000j . o

PO S - | Dwall Fromwall R%+Z
20005 oo 2000 300 (I beam)

Run 1-3 34.4% 6.04% 32.4%

s:— —O—RL;r;:‘l\-:)g:)a” < Run 4 54.7% 85.6% 98.1%
) -0 CC Run1-4 20.9% 8.93% 64.5%
2 I S
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3
2
8
z

1000
Vertex R (cm”)
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Results T2 K\

Electron p-06
~ 180¢ Electron angle
§D 146]-85 Runl-4 data \ % 8 ?61.1?29-1%;;;?0T)
\"8/ 120;_ (6b::?t-3ﬁetzs(1)ng(9)l'}2 0.150 08 E g lsia:g:al prediction
%)D 138; E’ilfl;%llfiﬁ;%?gggﬁvz O.6g 5 lbackground prediction
S 60F 0.4 ‘;
40¢ 0.2 2
20F ' |
0 0
EIectror? ALY 60?112?1?;1?1(1)1?11(218[%1\4}/03 OO 20 40 60 80 100120140160180
m@ﬂqmﬂdm angle (degrees)
2 10b (6 393030 0T Assuming 8.,=0, normal hierarchy,
% 85_ ! 3 ) + data | Am232 | =2,4X10-3 evzl Sin22623=1
* o 6E :bgk]pdd;dt Best fit w/ 68% C.L. error:
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Results

Best fit w/ 68% C.L. error @ 6,=0
normal hierarchy:
sin?26;3 = 0.15079:932
inverted hierarchy:

sin%26,5 = 0.182+:946
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NOTE: These are 1D contours for values of
&cp, NOt 2D contours in 6,-6,5 space
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neutrino ackground
Gamma-ray bursts searches

Ultra-high energy “GZK” neutrinos from
proton interactions on the CMB
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What have we found? 7 V) W%/,////%,h___
e 28 events with energies above 5-TeV ‘ - 05 00
fou nd (20 1 0_20 1 1 data) Deposited EM-Equivalent Energy in Detector (TeV)

e a clearly seen excess over the expected
atmospheric background in the PeV
range (4.10 inconsistency with standard
bg assumptions)

e merges well into the bg for lower
energies

e compatible with isotropic flux (events
from Northern Hemisphere absorbed in
Earth)

* No significant clustering observed

¢ Nature of these neutrinos not yet known
(more data coming soon!)
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