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Essentials of Neutrino Oscillations
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Neutrino Oscillations
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Neutrino Oscillation Experiments
Appearance Experiments

p target horn decay pipe absorber detector
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Produce one Flavor -- Look for another
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Disappearance Experiments :

Detector

Source

Produce and detect the same flavor -
-Look a discrepancy from 1/R2
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Where do the neutrinos come from?

Natural Sources

Man-Made Sources
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Nuclear Burning

4p—*He+2e" +2v,

‘ proton

‘ ‘ “He

4p+2e —"He+2v, +26.73MeV - E,
(E,)~0.6MeV

UNIT
RATE = Z(FL[’X) X (CROSS SECTION)
For Neutrino Detectors: 10 em-e T x 1040 em?
1 SNU = 10 INTERACTIONS PER TARGET

ATOM PER SEC



The pp Chain ®re— @
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Pioneering venture
in Neutrino Physics

v, +'Cl—=""Ar + e

TAr+e =V Cl* +v,

Ray Davis



Plan of Davis Experiment
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Ring-imaging water Cherenkov Detectors




Basic Idea ; Detect Chérenkov L\sht in Water
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Probably u* —e"+v, +v,
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Se.000 tan Water Cherenkov Detector

11200 200 PMTS

Total Rates: Standard Model vs. Experimen
Bahcall-Pinsonneault 2000
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Vacuum Oscillations
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1000 tonnes D,O

Support Structure
for 9500 PMTs,
60% coverage

12 m Diameter

1700 tonnes Inner
Shielding H,O

5300 tonnes Outer
Shield H,O

Urylon Liner and
Radon Seal

Sudbury Neutrino
Observatory
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The “Solar Neutrino Problem”
2 no longer a problem

1 PMTS

Total Rates: Standard Model vs. Experiment
Bahcall—Serenelli 2005 [BS05(0P)]

7
12 % 12612 1.0%418
/8‘1_13 /10ig}_'g —-0.18 /
/ - 7Z1.01518 /
< % é % 10.88:0.06
0.48+0.07 69:t5
0.41+0.01 % 67i5
610.23 0.30+0.02
7 ”’I
SAGE GALLEX
SuperK || SNO _— iTlov
Cl Hzo Kamiokande DZO

W "Be m P~ P, pep Experiments m
S m CNO Uncertainties

Theory




cosmic ray
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Atmospheric Neutrino Anomaly
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SuperKamiokaNDE detector

SUPERKAMICH

M
)

50,000 ton water Cherenkov detector



0.5

0.8
0.6
0.4
0.2

Psurv

-05

cos 0

0.5



|-'V o AT

o

_ gl $h% ~1§'§ 1Y,
iThe SuperKamiokande ;-l;igﬁ%-"' AT ANS
s= i Water Cherenkay: Detector.s! s gs

3
&
:
% e £ S . . LA
o ‘_‘-5-_22'1 WSS P P L LT S TR _;‘_Z‘"

LR e NS

3 >

450 Sub-GeV e-like 1 450 Sub-GeV u-like
't 400 't 400 — —
= 350 = 350
() (1} 4
5300 ﬁix% 5300 et
'g 200 'g 20| ¢
3150 3150
c c
100 100
50 50
0 0
-1 05 0 05 1 -1 05 0 05 1
cost cos
Multi-GeV e-like —_— Multi-GeV u-like + PC
300

o
)

-
o
(=]

number of events
o 8
(=] o
'}ﬁ




Reactor Neutrino Experiments
Positron Spectrum
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Chooz B

Nuclear

Power Station

2 x 4200 MWth

distance = 10 km
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Neutrino Mass ( Am2) sensitivity (eV / )
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20 % of world nuclear power

Nuclear Power Stations in Japan

Electric Power Development Co.-coma(Commercial plant. Aug. 1999)
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KamLAND E:
Run/ run/E
UT: Tue Jan

At~110 psec
AR~).35 m

Candidate Neutrino Event




Nobs/Nexp

1.4

1.2

1O

0.8

0.6

0.4

0.2

0.0

-

B> & XOXP

Reactor Neutrino Physics 1956-2003

TIET:

Savannah River
Bugey

Rovno
Goesgen
Krasnoyarsk
Palo Verde
Chooz

KamILLAND
| l |

10!

1.6° 10° 10*

Distance to Reactor (m)

10°




Am? in eV?

—_
o

10':
10':
10
10':
10
10
10°

10°

10

-12|




Am? in eV?
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95% exclusion
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2004 Data Set
Is the Neutrino Spectrum Distorted?
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8He/°Li Background

8He 119 ms

n+B~ < 8.6 MeV B-=52Ms
12% 7%
4
B-<7.4MaV 2.2 MV
7% 3.21 MaV
p——— _3.21 MaV
= 1:1.26 - B <90.6 MaV
74 %
Li+n . 0.98 MeV
= 838 ms
8Li

B~ <16 MaV
100 %

8Be

2 4He

«:0.09 MeV

178 ms

N8 <23 Mev
\ 4% 113 Mev
B~ <10.8 MeV |\
n+B-<11.9 MeV 505 i
49.5%
B-<11.1 MeV
17 %
B < 13.6 MeV
5% 2.8 MeV
8Be+n 4 Ne
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Looking for the oscillation effect
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Observing the oscillations in the neutrino rest frame
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Do ‘sterile’ neutrinos exist?

T LSND at Los Alamos

Proton beamfrom
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Watertarget
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MiniBooNE

target and horn

decay region

detector

primary beam

secondary beam

tertiary beam

(protons)

(mesons)

Order of magnitude
higher energy (~500 MeV)
than LSND (~30 MeV)

(neutrinos)

Order of magnitude

longer baseline (~500 m)
than LSND (~30 m)




Experiment capable of confirming LSND

. MiniBooNE

- 1 GeV neutrinos
(Booster)

- 800 ton oil cerenkov

- Operating since 2003

- v, —> V. appearance




The MiniBooNE Detector

* 541 meters downstream of target
* 3 meter overburden

*12 meter diameter sphere

sesscsccee (10 meter “fiducial” volume)

« Filled with 800 t

of pure mineral o1l (CH,)

cescscescesm (Fiducial volume: 450 t)

+ 1280 1inner phototubes,

240 veto phototubes

« Simulated with a GEANT3 Monte Carlo




Events producing pions

8%

(also decays to a single photon
with 0.56% probability)

CCm*

Easy to tag due to 3 subevents.
Not a substantial background to
the oscillation analysis.

NCn®

The n° decays to 2 photons,
which can look “electron-like™
mimicking the signal...

<1% of 7° contribute
to background.



The types of particles these events produce:

Muons:
Produced 1in most CC events.
Usually 2 subevent or exiting.

Electrons:
Tag tor v,—v_  CCQE signal.
I subevent

m0s:

Can form a background if one
photon 1s weak or exits tank.
In NC case, 1 subevent.




events / MeV

Track Based energy dependent fit results:

Data are 1n good agreement with background prediction.

1.2 ¢ MiniBooNE data
1 -+ expected background
1.0t --- BG + best-fit oscillation
. — v, background
' + — v, background
o8- | | |
piEERaT
0o _‘_‘_‘* ’
C1 — : : : : l : |
500 750 1000 1250 1500 3000

reconstructed E, (MeV)

Error bars are
diagnonals of
error matrix.

Fit errors
for >475 MeV:

Normalization 9.6%
Energy scale: 2.3%

Best Fit (dashed): (sin?26, Am?) = (0.001, 4 eV?)
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1s a limit on oscillations:
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10°

102
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%2 probability,
null hypothesis: 93%

Energy fit: 475<E <3000 MeV



As planned before
opening the box....
Report the full range:
300<E, <3000 MeV

96 + 17 + 20 events
above background,
for 300<E _“F<475MeV

Deviation: 3.70

Background-subtracted:

events / MeV

excess events / MeV

2.5} e imashod * MiniBooNE data
- —> -+ expected background
C : --- BG + best-fit oscillation
2.0 + : — v, background
L * — v, background

ssssfessss

300 600 900 1200 1500 3000
reconstructed E, (MeV)

P2y osclliation
s analysis thresnold e data - expected background

5 — bestfit v,»v, to E>475 MeV

0.0F ; ~i=_*_

300 600 900 1200 1500 3000
reconstructed E, (MeV)




Target & horBs
2V P u
‘/"/ Decay tunnel 4

Muon monitor Pion monitor

Neutrino oscillation
probability for
Am?2=0.003eV?2 and at
250km.

probability




Study of v, — v oscillation in K2K

Hep-ex/0606032

Based on Number of events + Spectrum shape
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MC normalization: |

number of events
(98)

No oscillation

T — Best fit
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AmZ2 [10-3 eV?]

6 Best fit (in physical region)

sin?20 = 1.0 E
5 FAm? =275 x10-3eV/2
4 F
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2
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%2 04 06 08 1
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Consistent with the SK
atmospheric neutrino result.
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MINOS detector

8m octagonal tracking
calorimeter

484 layers of 2.54 cm Fe plates

4.1 cm-wide scintillator
strips with WLS fiber
readout, read out from
both ends

8 fibers summed on each
PMT pixel; 16 pixels/PMT

25,800 m? of active
detector planes

Toroidal magnetic field
<B>=13T

Total mass 5.4 kT




MINOS Best-Fit Spectrum
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Am3,| = 2.74703% (stat + syst)x 107 eV’
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Normalization = 0.98

Measurement errors are 10, 1 DOF
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The near future



Neutrino mixing matrix

U Ue2 Ue3
U=\U, U, U,
U Ur2 U‘r3
1 0 0 cos, 0 e™rsinf,| (cosh, sinf, 0\ (I 0 0
=[0 cosO,, sinf,, |x 0 1 0 x|-sinf, cosB, 0|x|0 e“" 0
0 -sinf,, cosfy,) |(-e®rsinf, 0  cosO, 0 0 1) {0 0 7"
— o o _ +24 =9
5=7 p="



Hierarchy Problem:

Quarks

T ~175 GeV b —— ~45 GeV
c ~1.4 GeV S ~.1506eV
u ~0.004 GeV d ~0.014 GeV
Q=2/3 Q-=-1/3
Leptons
T — ~1.780 GeV ——
= < OR -
uw ~0.105 GeV
e ~0.0005 GeV Inverted

Normal Q=0
Neutrinos



Measuring 0.,

p target horn decay pipe absorber detector

AR

Method 1: Accelerator Experiments

. . . Am L e —:.."_”,_———"--_ __._u_.—-——_..._.‘
P, ~sin’26,,sin’ 20, sin° —31—= + ... el
ue 4

v

* appearance experiment v, — v,
* measurement of v, = v, and v, — v yields 6,3,0p
* baseline O(100 -1000 km), matter effects present

Method 2: Reactor Neutrino Oscillation Experiment \

2
P, ~1-sin"26,, sinz(%

v

2
) —cos” 0,,sin’26,, sinz(%)

v

- disappearance experiment v, — v,

- look for rate deviations from 1/r2 and spectral distortions

« observation of oscillation signature with 2 or multiple detectors
* baseline O(1 km), no matter effects



Measuring 6,5 with Reactor Antineutrinos

Precision Oscillation Measurement as a Function of Distance from Source

. o Amy°L . o Am,°L
P, ~1-sin’20,,sin’| 2= | _ cos* 6, sin> 26, sin®| ~o2 =
1.1 B T |IIIII T LI llllll T T T IIIIII 4EV 4EV
[ Daya Bay near mid far detector locations
1 ] | |
- foys -
o T Relative v, flux measurement
=

at different distances.

8
o
|

Survival Probabilit
o o
D ~
LIES (52 e ) |

04

0.3

nuclear reactor ~_==~=-

; —'..*:.—b.u...,,._.,q__,.,,_.e_, s o “

0.2 sl

Distance (km)

Event rate:

~1 event/GW/ton/day at 1Tkm

. . . underground scintillator v detectors, ~40-120t
Projected sensitivity: sin?26,,= 0.01 = ™




>implest Case

San Luis Obispo
or Hong Kong

F,
R, = il g(1-9,)
Ry Ry _ L, (1=-8,) L4[1 26, -,
Rypp Ry La (1- 519) La
2
(8, =8,) =sin’(26,,)|sin*(1.27 —2—< AL, — 137y _gin’(1. 27%)



vertical shafts horizontal tunnels

Ve
Ve T P Ve detector room
NAT_ ¢
Ve, l Ve S
w0 Q




Tunnel Layout at Daya Bay

FAR SITE
overburden ~1143 mwe
distance to Daya Bay 2227 m
distance to Ling Ao 1801 m

Ling Ao NEAR SITE

21 overburden ~330 mwe ¢
. distance to Ling Ao 500 m

. distance to Daya Bay 1368 m

" Ling Aol
" (under constructlon)

~560 mwe
1111 m

overburden
distance to Daya Bay
distance to Ling Ao

_ !’2 5 "
Y Daya Bay NEAR SITE
' overburden ~330 mwe

distance to Daya Bay 500 m
dlstance to L|ng Ao 807 m

~1 ',
E‘ g W!‘- D‘ayaBay

Reactor v, Signal (/day)
1160

464

far 116

Not a rare event experiment!



Near: future LBL 0.5 experimenis

Nova

I

P ( [
157m, | ’_/\} { [.‘L';«, i I’
384 cells | | ]

Ash River

mihiie
\ D1
L w” J f;};ﬂntgt Ht‘ibnal T

s, ——_—Falls
,'” = \?

Fermilab

.




Medium E nergy NuM| Beam Tune
P —

' % . o %
o 30 [ ratesfor L = 810km ** "o .
' ' N . o o ]
16 i — 0 =0mrad | S *
— 6 =7 mrad @) .
- § =14 mrad g .
— 0 =27 mrad . -
E i .
v i i ~ e Omrad
(GeV) Q 12 mrag .
< — mra 3
E 0.43y m, 2 21 mrad
T et | |
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R o -
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Three-neutrino oscillations

P(v,—»v,)=P,;+P,+P;+P,
P,= sin?(20,,) sin?(1.27 Am,,2 L/E)
P, = cos?(0,,) sin?(20,,) sin?(1.27 Am,,2 L/E)
P,= Jsin(d) sin(1.27 Am,,;2 L/E)
P, =J cos(d) cos(1.27 Am,,;2 L/E)
where J = cos(0,,) sin (20,,) sin(20,,) sin (26,,) x

sin (1.27 Am,,;2 L/E) sin (1.27 Am,,2 L/E)



IIIII

The cells are made from
32-cell extrusions.

12 extrusion modules make
up a plane. The planes
alternate horizontal and vertical.

I
/ ’ For structural reasons, the planes are
} l arranged in 31-plane blocks, beginning
’ .}s and ending in a vertical plane.

i)

15.7 m

There are 43 blocks = 1333 planes. The
detector can start taking data as soon as
blocks are filled and the electronics
connected.




Neutrino Mass

Inverted
B V)
4 B VvV,

Mass?




Neutrino Mass

Normal
i . Vs
Mass?
B V)
B VvV,




Status of J -PA RC construction
- | - Hadru:'n Experimental Hall- - "'"" e

=>Buildings for LINAC
and 3GeV PS finished.
=2>50GeV PS under
construction

=>» Acceleration of
protons at LINAC
successful (Nov.2006)
=>»First beam on 50GeV SR e
PS in 2008 G e s TN
(First neutrino beam in | 177 5 N Wl s
2009.)




[am?| (eV3/c?)

Neutrino
Landscape

10°F

sIn?(26) upper limit

g2 . ]
10

10%
sin’(260)

<
Super-K+SNO

cl 959 +KamLAND 95%. =
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S T e, £
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51076
<
10~
- All limits are at 90%CL
unless otherwise noted
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Bounded by CHOOZ
l { From Max. Atm. mixing,

V3= (Vy + V) A2
A V3
«— Am =274%% 107eV’
> From v, (Up) oscillate
- AMGtr { )
(mass) am but v, (Down) don't
P In LMA-MSW, Ry(Ve — Ve)
L = Ve fraction of V2
v o R ctort
N } Am2 Froniilstortlon of Va(solar)
V1 Bl ©  and V(reactor) spectra
. Vv,
- v, { From Max. Atm. mixing, V1 & V>

Slide B. Kayser






