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Neutrino oscillations

Flavor transition occurs as a consequence of (1) finite mass and (2) mixing of
mass eigenstates and weak interaction eigenstates:

c;=cost, s,=sin0,

¢, S, Oifv,

=S5, ¢ O v,

03: 043- 01,
P(v,— v,) by P(v.— v,.) by Reactor v P(v.,— v,) by
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Neutrino oscillation parameters: |1 -
MNS matrix: 3 mixing angles: 6,5, 0,53, 015 ;ﬁo.a
1 phase: 6 = CP-violation in v-sector =
Mass scales: 2 mass difference scales: Am,,2, Am,;2 °°
0.4
In two flavor scheme:
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Overview of last decade

Solar neutrino problem - deficit of electron neutrinos
Atmospheric neutrino problem - deficit of muon neutrinos

Discovery of neutrino oscillation (Super-Kamiokande)
Flavor transition of solar neutrinos (SNO)

Reactor neutrino disappearance (KamLAND)

Evidence for oscillatory signature in atmospheric neutrinos (SK)
Observation of oscillation in reactor neutrinos (KamLAND)

Confirmation of muon neutrino oscillation by accelerator based
neutrinos (K2K)

No oscillation signal confirmed at Am?~1eV# scale (MiniBooNE)

Deficit of /Be solar neutrinos by real time measurement (Borexino)

Precision measurement of neutrino oscillation parameters

- "Atmospheric” neutrino oscillations at Am2~3x10-3eV2 (SK+MINOS)
- "Solar” neutrino oscillations at Am#~8x10~eV- (KamLAND+solar exp’s)



Neutino fiux and Interaction CreoSS-Section
N eselliation study,



Osclllation study in wide energy range

= Solar neutrinos (<20MeV)

Flux: Standard Solar Model (1~16% uncertainty)
Interaction: Elastic scattering v.+e — v +e (~0.5%)

= Reactor neutrinos (<10MeV)

Flux: Nuclear fission rate and v, spectrum (~2%) v CC cross-section in MINO MC
Interaction: Inverse p-decay v +p —e *+n (~0.2%) il AL AL A Y

s Atmospheric & beam v (a few GeV)

Flux: Decay of secondary hadrons: @ — u + v,
(10~20% mainly from hadron production spectra)

o/E (10™°° cm?/GeV)

= Up/down or FD/ND ratio cancels uncertainty. -' ;
= Measurement of hadron production cross-section s
by HARP, NA49, MIPP.... _ e

Interaction: v+N by Quasi-Elastic/Resonance/DIS
(10~20% at a few GeV region)

= Up/down or FD/ND ratio cancels uncertainty.
= Measurement of neutrino interaction by K2K ND,

SciBooNE, MINOS ND, MINERVA, T2K ND....

Neutrino Energy (GeV)

T2K MINQOS



Vieasurement of atmoespheric
RNEUHTNG OSCIIatIeNS:
0,, and Am,,*~3x10~eV/?
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Zenith ang/e distributions of SK-I atmospheric neutrino data phys.Rev.071:112005 (2005)
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Precise measurement by
I\/IINOS Iong -paseline experiment

- ;"10 8 sin’20 = 1.0 E
e Am?=25 x 10"eV? E
= 0.6
= 04 — E=1GeV -
| 0.2 E=2GeV

— E=3GeV

v Intense muon neutrino beam
from Fermilab Main Injector

I..—1t . . / NS
4 L A
—= = Y
A
ﬂ_.r _‘ j W oAb/ i _—
v Near detector at Fermilab to /' Far detector measures neutrino energy

measure unoscillated energy spectrum  spectrum after oscillation at Soudan mine

v Two detectors are based on the same target material and technology.

- Systematic errors on neutrino flux, interaction cross-section and
detector effects are strongly canceled by the comparison.




Creation of neutrino beam for MINOS

Absorber Muon Monitors

Decay Pipe

he NuMI beam Hadron Monitor
Maklng d pure Muorn neUtrInO beam Phys.Rev.Lett.101:131802 (2008)

1. p+N Interactions in target. Measured spectrum at near detector
2. Focusing secondary w’s and K’s. (Low and high energy configurations)
3. Decay in evacuated pipe: @ — u + v,.. MINOS Near Detector
4, Absorption of w's in downstream rock. R & T i
5. Muon neutrinos aim to far detector | cwiann

_ NUMI beam _ ® — Fluka05 MC

= 10us spill of 120GeV protons every 2.2s.

= Intensity: 3x101°POT/spill, 10'8POT/day.

= Relative target position to focusing horns
determine the typical neutrino energy.

= Tunable neutrino energy spectrum. 5 10 15 203050
= Hadron production tuning by ND data. Reconstructed neutrino energy (GeV)
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eractions in MINOS detector

g * 1FON anad scintiliator tracking calorimeter

W




Results from MINOS v CC Analysis

Measured energy spectrum at FD Allowed oscillation parameters region
(low + high energy beams a1

MINOS Far Detector

* Far detector data

— No oscillations

— Best oscillation fit ' ' |
T
NC background | é

Events / GeV

® MINOS Best Fit —— Super-K 90%
MINOS 90% —— Super-K L/E 90%
— — MINOS 68% ——— K2K 90%

O 10 15 203050 1.0 07

Reconstructed neutrino energy (GeV)

Significant deficit of v, events: 848 events observed compare to
1065£60(syst.) expected without oscillation.

Spectrum distortion was observed as predicted from neutrino oscillation.
Data is consistent with v, — v two flavor oscillation, and with SK and K2K.
Amy,|=(2.43%0.13)x107eV*  (68%C L.)

sin2 2623 >090 90%C.L.) Phys.Rev.Lett.101:131802 (2008)



Vieasurement of solar
Reutine osclliations:
0., and Am.,~8x102e\V/?



Precise measurement by
KamLAND and solar v experiments

Ratio of measured anti-neutrino spectrum Allowed oscillation parameters region from
to expectation for no-oscillation KamLAND and solar neutrino experiments

e« Data-BG-GeoV,
— Expectation based on osci. parameters
+ determined by KamLAND

e i i VI i sl o i i e . o il e s e

...........

Survival Probability

20 30 40 50 60 70 80

10 20 30 40
L/E_ (km/MeV) :

Ay~

= Oscillation pattern observed in reactor neutrinos by KamLAND.
= Position of oscillation maximum provides precision measurement of Am?.
= Global analysis of KamLAND and solar neutrino experiments:

2 021 B sl
Am; =7.59" 7 x107eV

tan’ 0, =047 Phys.Rev.Lett.100:221803 (2008)






Best limit given by CHOQO/Z reactor v experiment

Ratio of data to MC prediction as a function
of reconstructed energy (CHOOZ)

+
€ energy

R=1.01+28 % (stat)

s Observed reactor neutrino data at a
distance of 1km was consistent with no
oscillation prediction.

= Current best limit to 6,5 mixing angle is
given by CHOOZ:

sin“26,, <0.15  (for Am> ~2.5x107eV?)

Excluded parameters region by CHOOZ

Analvsis A

A o

90% CL Kanmiokande (multi-GeV)

-] 90% CL Kamiokande (sub+multa-GeV)

Am? given by MINOS

1 1 J L1 1 1 I 1 1 11 | 1 | 1 1 I | 11 1 |. i 1 1 1
06 07 08 09 1
sin (20)

Phys.Lett. B466:415-430 (1999)




Search for v, appearance signal in MINOS

From slide by M. Sanchez at FNAL Joint
PID estimator by ANN Experimental-Theoretical Physics Seminar

ool e G UUs « Search for v, — v, oscillation as a
Preselection H E
consequence of Non-zero 05

= v, candidate selection by ANN based on
event length, width and shower shape.
s Signal efficiency 41%
s NC rejection >92.3%
x v, CC rejection >99.4%

Data-driven background at ND
Near Detector MINOS PRELIMINARY

ANN Selected

® ND Data -
— Horn On/Off Tolal -
= Horn ON/Off NC
wee Horn On/Off v CC _
== beamv, CC 2

— Signal

— Background

£
=
8
e
a 0.

Area Normalized

s Measurement at near detector IS
extrapolated to predict background

spectrum at far detector.

s Data-driven technique to estimate BG.

= Comparison of two beam configurations.
= Study of hadron shower in v, CC events.

= Blind analysis at far detector after J i ; L
StUdy using sideband data. Reconstructed Energy (GeV)
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Initial results for 0., search from MINOS

From slide by M. Sanchez at FNAL Joint
Experimental-Theoretical Physics Seminar

. 35 v_. Cd ndldate events Observed. Vo candidates at FD with BG prEdiCHOns
g _ Far Detector MINOS PRELIMINARY
s Expected background events IS “ [ 314x10° POT AN Seisctes
27+5(stat)£2(sys) _— SO
NC: 18,2, v, €82 3.1, v, €C: 1.1, 0 9 o Pt
v, beam: 2.2 g I

90% C.L. limits in sin‘20,; V5. dp
Feldman-Cousing C.L. contours for ANN

= Cata Cacess

w— Basl Fit Sagnal

—— | =1

2 4 6 8
Reconstructed Energy (GeV)

90% C.L. limit (at MINOS best-fit
for Am,5% and sin<20,;).

3.14x10* POT
sin’(28,,) = 1.0
A m2) = 2.43x10° eV

m— Oast FitAm* >0

" Past FitAm* <0
— 00% CLA M >0

w— 00% CLAM* <0
e GHOOZ 90°% CL

Data Excess

sin®20,, <0.29  (for Am” > 0,5 =0)

04 0.6
PRELIMINARY

Sin2(26,.) sin“20,, <0.42  (for Am* <0,6 =0)




Another esclllation mode
att Amz=1e\V/zscale?



Prehistory of MiniBooNE

Measurement of L/E by LSND

1 7 i 5 Beam Excess

Three active neutrinos (LEP, 1990)

v, = Vy (Vy IS NOt v, dominant) oscillation
at AmZ~3x10-3eV? scale (SK, 1998) - peen

v.— Vv, oscillation at Am#~8x10~eV+ (SK J lem| 5
+SNO, 2000) ;o
LSND(1993-1998): Signal of v — v,
oscillation at Am#~1eV# scale.

/5 : BRE  pE,—V e

Beam Excess

~ t . : . : 0.8 1 1. 1.4
g Y7 Ve L/E, (meters/MeV)
i | 3 mass difference scales inconsistent with
amospheric 1 | 9 adctive neutrine mixing. = sterile neutrinos?
) x-'“—n-'x ]
©F i Motivate another experiment to conclude oscillation at
solr MSW- 2 LSND L/E with intense beam and improved detector.
. I = MiniBooNE
T e LSND: L/E ~ 30m/50MeV
G. Karagiorgi at FNAL Joint Experimental- MiniBooNE: L/ E ~ SOOm/ 800MeV

Theoretical Physics Seminar



Detection of neutrinos In MinIBooNE

= Pure muon neutrino beam:
s Created from Fermilab Booster 8GeV proton beam (peak at 800MeV).
= Neutrino and anti-neutrino operation.

s Neutrino detector:

= 800tons of mineral oil target.
s Both Cherenkov and scintillator light monitored by 1280 PMT'S.

= /e separation by the ring iImage.
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Oscillation not confirmed in MiniBooNE

= No significant excess of electron events above background.
s Data-BG = 22+19+35 events for 4/5~1250MeV

s Data Is consistent with no V=Y oscillation at LSND Am# scale.

s Unexpected low energy excess (out of fit region) observed.
s New physics? Background? MC modeling?
: : - 90% C.L. limits in sin°26 vs. Am?
s Various theoretical and background studies S e i 4
have been made, but not yet concluded.

=== MiniBooNE 90% C.L.

=
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Results from MiniBooNE anti-v running

arXiv:0904.1958
= No significant excess of electron events above background.

= 144 electron events were observed for 200~3000MeV, while
expectation of the background is 139.2£17.6 events.

s Data Is consistent with no antl-—v — anti-v, oscillation at LSND
Am?Z scale, although not concluswe to full LSND region.

= NO excess was confirmed in low energy. region below 475MeV.

Measured spectrum with BG predictions 90% C L. l/m:ts In sin‘26 vs. Am¢?

—— 90% CL limit, E?E - 200 MeV
é E E}'{Zm u" = 90% CL limit, E." > 475 MeV

E\. I?ﬂﬁﬁ LR, -==s KARMEN2 90% CL
Y |

[ ] 11:“ misid -, e BUGEY 90% CL
1A Ny
I dirt

[ other

—— Syst. Error

Events / MeV

data - expected background D L SND 992 CL

best-fit v, -V,

- in%20=0.004, A mF=1.0eV?2 ] D LSND 90% CL
sin®20=0.2, A m =0.1eV?
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Remaining questions

Ve VM [ V’E
Normal mass ordering Inverted mass ordering
T@ V3 @ By > \'%) P —
O § .
3 Still unknown = v B
Amyz|2 ~
2.4x10-3eV?
’Vz —— Amlzz e
"Vl — 7.6X10'5€V2 V3 @ [
> How small'is mixing angle 6;5?
» Is CP violated in neutrino sector? If so, how large?
» Which mass hierarchy. in neutrinos? Normal or inverted?

>

IS 6,5, maximal mixing?

Note: Measurement of 6,5 Is essential to realize.future experiments to
aetermine CP-violation phase o and mass ordering in neutrino sector.



Two approaches to search for 0,

> Reactor neutrino oscillation: Double-Chooz, Daya-Bay, RENO...

s Sensitive to

> Long-baseline with v, beam: 12K, NOVA ...

w056 F4J,sind)

" ; Ocpy and (= parameters degeneracy).
s Matter effects.

s Neutrino and anti-neutrino running.



Search for v, — v, oscillations by 2K

From slide by I. Kato at Neutrino 2008

Narrow band v, beam from J-PARC by off-axis method.
Far detector (=SK) at L=295km, with near detectors at 280m.

Quasi-elastic interactions are dominant around the peak at /00MeV.
Viajor background IS w2 from NC int.. 90% C.L. sensitivity

([J 75 kW bearn X 5yr)

Neutrino beam commissioning in 2009

(first neutrino beam on April 231).

Sensitivity: sinz20,53~0.008 (assuming
0= 0 7t) 1IN 5 Yyears.

v energy spectrum

(Flux x x-section)

sin220,, ~ 0.008 (5¢p = 0,7)




Precise measurement of 0,
by Double-Chooz reactor neutrino experiment

= Search for disappearance signal in reactor anti-electron neutrinos.
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DC far/near ratio (3years
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Systematic errors on

= Neutrino flux
= Number of target protons

= Detection efficiency

QS are canceled by two
v source (reactor) Near detector Far detector detector technique.

4.27GWy, x 2 cores L =400 m L = 1050 m




Neutrino signal and background in Double-Chooz

Neutrino signal

Prompt signal:  e* (1~8MeV)
N -> E, = E, + 0.8MeV
= Delayed signal:  n-capture by Gd (~8MeV)
0) ® 4 Time correlation: t~30us

69 v signal’s/day at far detector (FD)

Background

Eg. Fast neutron with recoil proton
signals - n-capture by Gd

e W W
e e

Environmental vy n-capture within
time window

!
; ® Gd

~2 v BG's/day at FD ~1.6 v BG's/day at FD



Double-Chooz detector

Outer Veto (Plastic scintillator)
Identification of cosmic ray muons

Inner Veto
(90m?3 Liquid scintillator & 78 PMT's)

Detection of cosmic ray muons and fast
neutrinos

e .
T

D L

Buffer (110m3 Mineral oil & 390 PMT's)

Reduction of fast neutron from surrounding
rock and environmental gamma’s from PMT

(L
(L

el Vessel & PIVIIRSUpport structure

AcCrylic Vessel

y-Catcher(22.3m3 Liquid scintillator)

Measurement of total 8MeV gammas from
n-capture by Gd in target volume

v-larget
(10.3m3 Gd loaded (1g/) liquid scintillator)

Target for neutrino signals (prompt positron
+ delayed gamma’s from n-capture by Gd)




Double-Chooz sensitivity to 0.,

Phase Il

Near detector
data taking starts

Improvements from CHOOZ

|
I
I
| here (=1.5 year Iater)ﬁ
Stat. error 2.7% — 0.5% : '
I
SySt' errors (FD T ND) : When the 2 detector senéiﬂvity
Neutrino flux 1.9%, — <0.1% : becomes better than the ;lngle one.
Reactor power 0.7-2% — <0.1% '
H/C ratio 1.2% — <0.2%
Spatial effects 1.0% — <0.1%
Selection eff. e b e G L -
Total 2.7% — <0.6% ol R

Exposure time In years

s Far detector is currently under installation at CHOOZ.

Far detector commissioning scheduled at end of 2009.
Sensitivity reach to sin?26,,~0.06 by FD single detector analysis.
2010~: Near detector installation.

Sensitivity reach to sin20,5~0.03 in 2013 with two detectors.




Conclusion

Neutrino oscillation is established last decade by several experiments
using various neutrino sources: atmospheric, solar, reactor, artificial
neutrino beam (and maybe supernova in future).

Neutrino oscillation and existence of neutrino mass was a breakthrough
to physics beyond the standard model.

Neutrino oscillation experiments are now. In precision measurement
stage, with better than 10% accuracy.

Next generation experiments using reactor neutrinos or neutrino beam
are under construction targeting measurement of 6,5.

Discussion for future projects to measure CP-violation and determine

mass hierarchy in neutrino sector may be accelerated according to the
measurement of 6.



