(P(v, — v,)) =1 —sin® 260 <Sin2 5m2L>

4 F
Spread E,
| | L §|Sapp|e|a|r|a||1|]-ce| | T 1T T TL]
1.0} —
A 0B —
K i
Noosl 1 1 —sin? 29(%) — cos?f + sin* 6
S I _
A 04— ] Understood in terms of probability
A ) . 5
i i W+ — ut + vy probability cos? 6
02— o0=15% ] - . 9
- ) W™ — ut + vy probability sin“ 6
i | | | |||||| | | | |||||| | | |||||_ g . "
°601 003 010 030 1.00 300 10.00 probability v contains v, is cos? 6
flavor 0 probability v contains v, is sin® 6

flavor oscillations

effectively incoherent
mass eigenstates



Neutrinos,
In and Beyond the Standard Model:

Stephen Parke
Fermilab

Evidence for Flavor Change:




Evidence for Flavor Change:

* x % Atmospheric and Accelerator Neutrinos with L/E = 500 km/GeV

x x = Solar and Reactor Neutrinos with L/E = 15 km/MeV

Neutrinos from Stopped muons L/E= 2m/MeV (Unconfirmed)
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Atmospheric Neutrinos

—— Detector

Cosmic ray

Isotropy of the > 2 GeV cosmic rays + Gauss” Law + No v, disappearance
v, (Up)
v, (Down)
But Super-Kamiokande finds for E, > 1.3 GeV
v, (Up)
Gy, (Down)

Ll

= 0.54 £0.04 .




Halt of the upward-going, long-distance-traveling v,
are disappearing.

Voluminous atmospheric neutrino data are well
described by —

with —

1.9% 1072 < Am?,, . < 3.0 x 103 eV?

m

and —

$in226, > 0.92
(Super—K
90%CL
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L/E Analysis

E 1.8 Oscillation
‘o 1.6 Decay
o 814 —— Decoherence
“*QOscillation, decay and -
decoherence models tested ::s 1.2 * + )\
c 1_
Y%osc = 83.9/83 -,,(_,-D 0.8:- + ¢
Xchy =107.1/83, Ay? = 23.2(4.80) © 0.6
2 — 2 — ©
Y2uee = 112.5/83, Ay? = 27.6(5.30) 0 0.4:_ + !
S 0.2f :
R R e
2 3 4
B 1 10 100 100 10

L/E (km/GeV)
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The MINOS Experiment

. Near Detector
Soudan g ' Supéey

I.l‘rull.lthl:| t‘ 4 1 ktOn
MN e : 3.8x4.8x15m3
282 steel planes

153 scintillator
planes

Madison
o
)

Far Detector
5.4 kton

8 x 8 x30m3
484 planes

o0

Fermilab ! 10 km Soudan
/ 735 km




NEAR DETECTOR

—|

Calorimeter Spectrometer

FAR DETECTOR

B Fiducial Volume

s SO —— T
) - MINOS Preliminary ]
(2 50§ Unoscillated E
L Beam Matrix Best Fit .
2 a0 NDFit Best Fit -
EJ C NC background 5
LUl 30:_ —e— Data = _:
: Sl 1
20 + + 3 3
1op ' g 2
E==——L—| R B T R O,
% 5 10 15 =
Reconstructed Neutrino Energy (GeV)

2 | — +0.38 -3 2

‘Amsz‘ =2.727 5 (stat) x10™ eV

sin“20,, =1.00 . (stat)
Normalization = 0.98

m3, (eV?/c?)

=
L]

IIII|IIII|IIII|IIII|IIII|IIII)(
s

® MINOS Best Fit
MINOS 90% C.L.

llllllllllllll
lllllllll
lllll
’
]

=
SK 90% C.L. =
SK (L/E) MINOS Preliminary -
1.27x10%° POT E
I | I I L I L . . L I I I :

0.4 0.6 0.8 1.0

Am2,| = 272703 (stat) x 10 eV
sin“20,, =1.00 ., (stat)

Constrained to sin?(20,;) < 1
Statistical errors



“Atmospheric’ Neutrino Summary

no evidence of v, involvement:

2
5matm

sin® 260, > 0.92 = 0.35 < sin“6,,;,, < 0.65

= 2.7105 x 10 3eV? L/E =500 km/GeV






Reactor Neutrinos

KamLAND Detector

O detector location: old Kamiokande site

: 2700 m.w.e.

BE”, ot i - 1000 ton liquid scintillator
Y T’ : 80% (dodecane) + 20% (pseudocumene)
2t - +1.52 g/ PPO
%} il g . : housed in spherical plastic balloon

3000 m? stainless steel vessel
: filled with a mixture of paraffin oil

and dodecane (Ap = 0.04%)

1325 17-inch + 554 20-inch PMT’s
/

g photocathode coverage : 22% > 34%
energy resolution at 1 MeV : 7.3% > 6.3%

T7—0O water Cerenkov outer detector




Kamioka Liquid Antineutrino Detector

Kevlar ropes

Balloon |

Phototubes __ |

. — —

Wit Prompt signal
. 0.9~8MeV

Water tank

.| Buffer oll

~| Liquid scintillator

Balloon 13m¢

Ee‘l‘pﬁe_k‘l‘n
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1.2x10™

| a) b)
4
107 n 1x10™* |
< [ ' i
> >
L L -5
o - o 8x10™ -
g S
< <
107 Solar KamLAND 6x107 |- KamLAND+Solar fluxes
[ ....95%C.L I 95%C.L. ) 95% C.L.
[ -- 99%C.L 9% CL. 0 99%CL.
- —99.73% CL. B 99.73% C.L. i B 99.73% C.L.
™ * solar best fit @® KamLAND best fit B global best fit
Lol Lo gl L1 1l L1 4x10-5|||||||||||||||||||||||||||||
107! 1 10 0.2 0.3 0.4 0.5 0.6 0.7 0.8
tan® 0 tan” 0

KamLAND Only Solar + KamLAND

omz = 8.073 x 107°eV?,

sin® 0, = 0.310 & 0.026,



Solar Neutrinos:




Solar Engine:

4p +2¢~ —* He + 2v, + 26.7TMeV

E = mc?

1 v, for every 13.4 MeV (=2.1 x10~12 J)

L at earth’s surface 0.13 watts/cm?

O, = 2.12‘113_12 = 6 x 101 /cm?/sec

This corresponds to an average of 2 v's per cm?

since they are going at speed c.



Solar Spectrum:

{ Chlorine

| SuperK, SNO

I Gallium

1012 ¢
1o E
1010 ..
10° r
108 -
107 -

10 k

Neutrino Flux

106

102 F

101 L

+12%

Be

104é/
10 F

+1%

"Be

l Bahcall-Pinsonneault 2004 -

et f

+12%

0.1

Figure 1. The predicted solar neutrino energy spectrum. The figure shows the
energy spectrum of solar neutrinos predicted by the BP04 solar model [22].
For continuum sources, the neutrino fluxes are given in number of neutrinos
s"'MeV~! at the Earth’s surface. For line sources, the units are number
s~!. Total theoretical uncertainties taken from column 2 of
table 1 are shown for each source. To avoid complication in the figure, we have

cm™ 2

of neutrinos cm~

03

Neutrino Energy (MeV)

omitted the difficult-to-detect CNO neutrino fluxes (see table 1).

ptp—°H+e +r.

bpp = 5.94(1 £ 0.01) x 100cm2sec™!

"Be+e~ —" Li+ v,

7., = 4.86(1 £0.12) x 10%cm?sec™?

"Be+p—3 B —% Be*+e™ + 1,

Psp = 5.82(1 £ 0.23) x 10%cm2?sec™!



Total Rates: Standard Model vs. Experiment
Baheall-Serenelli 2005 [BE0G(0F)]

,u.ﬂmn.uc:

0.4140.01

2564023 I
LM
Cl

Famnickande
H,0

chiE

ORG

"He W PP pep Experiments m

Theor
¢ ' M CND Uneertainlios

Ray Davis & John Bahcall Theory v Exp.

Neutrino Flavor Transistions!!!



ldentical Solar Twins:

/ Ve
Vr 1%

8 flavor eigenstates
—_— Ve
TV

N e 777??

mass eigenstates




Kinematical Phase: dm2 = 8.0 x 10-%eV?

sin 0, = 0.31
_ dmiL 8x107° eV? . 1.5x10'! m
AG Y 1.27 0.1—10 MeV
Ae ~ 10

Effectively Incoherent !!!



Vacuum v, Survival Probability:
(P..) = f1c08?0u + fasin® O
where f1 and f9 are the fraction of v; and vy at production.

In vacuum f; = cos? 6y and fy = sin® 6.

Note energy independence.

(P..) = cos* O +sin* 0y =1 — %Sin2 20

for pp and “Be this is approximately THE ANSWER.

f1 ~69% and fo ~ 31% and (P..) ~ 0.6



B 1 ~ 69%
/ V2 4]
4 1 1% N 31%
f2
71 Vo 11

fg — Sin2 (913 < 4%



~~~~~ BS05
6 -, T WM - P 68% C.L.

What about 8B ?

—— ¢, 68%,95%, 99% C.L.

¢ (x 10°cm?s™
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SNO's CC/NC |
£E = (P..) = fi1cos? 0 + fasin® O Oog.... L T

0.5 1 1.5 2 2.5 63 3.5
¢, (x 10° cm? s°h)

f1 = (f,g sin” ) / cos 20

= (0.35 - 0.31)/0.4 ~ 10 + ?77%



V2 fz ~ 90%
/sz Vo s
— V1 Dy
<2 V2V2 - fl - 10%

. 9 o
(P..) = sin® 60 + fi cos 20y ~ sin” 0 = 0.31

Wow!!l How did that happen???

energy dependence!!!



These are o Neutrinos !l



