


Neutrinos:
In and Out of the Standard Model:
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Neutron Decay:

n—p+e —+1, .
Solar Engine:

p+p—d+e’ +r.

SuperNova Cooling:

et +e v+

Leptogenesis:
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Interactions:

Charge Current (CC) Neutral Current (NC)
a=e,l, or T Vo
ZO
Lo
W= 7Y — vy + Uy Va
Vo Lo
W= =1 + v, 0

i
la

v Left Handed (spin oppose motion) 70 — o+ 1T

v Right Handed (spin along motion)



Absence of vp

forbids such a mass term (dim 4)

lightcone lightcone

for the Neutrino

Therefore in the SM neutrinos are massless

and hence travel at speed of light.

= No Change



Observed
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small L/E (<< 1/6m?)




Not Observed

small L/E (<< 1/6m?)



Observed

neutrino beam (not anti-neutrino beam)

Not Observed M_I_ +
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Neutrino Flavor Change

implies

Neutrino Mass
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Fractional Flavor Content

omz = 8.0+ 0.4 x 10~ °eV?
sin” A, = 0.310 £ 0.026

L/E = 15 km/MeV

2
5matm

= 2.7103 x 10 3eV? L/E =500 km/GeV

sin® 26, > 0.92 = 0.35 < sin?0,,, < 0.65



Masses:

Normal Hierarchy
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States 1 and 2 are U/, rich.



NEUTRINO OSCILLATIONS:

Two Flavors

flavor eigenstates # mass eigenestates
AN cosf@ sinf 1
v )\ —sinf cosf Vo

W's produce v, and/or v;'s

but 1 and 1o are the states

that change by a phase over time, mass eigenstates.

v;) — e Pty p?=m?

o, 3 ... flavor index 2,7 ... mass index



Production:
v,) = cosBO|vy) + sin O|vy)
Propogation:

cos fe P11 ) + sin fe™ P2 % g)

Detection:

v1) = cosf|v,) —sinf|v;)

Vo) = sinf|v,) + cosO|v;)

P(v, — v,) = |cos (e "P1®)(—sinf) + sin f(e~P2'*) cos 6|

m?

Same E, therefore p; = \/E2 —mi~E— 5
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Appearance:

a2 .2 §m* L
P(v, — v;) = sin” 20 sin” “'%

Disappearance:

_ .2 .2 §m? L
P(v, — v,) =1 —sin” 20 sin” “}5

2
om? = m2 — m? and 2L =

¥ A kinematic phase:




P(v, — v,) = 1 — sin” 20 sin” dm°L

4F
small L/E: P(v, — v,) = sin”® 20 (5"Z§L)2
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(P(v, — v,)) =1 —sin® 260 <Sin2 5m2L>
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What happens to the neutrino oscillation length
in the semi-classical limit, h — 0 7

LOSC — OO
LOSC — O
Other






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:
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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)]
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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

Sm2 T, —5 2 11
L o 8% 10 eV - 1.5x107" m
AG Y 1.27 0.1—10 MeV

A@ ~ 107 !

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

forthis is approximately THE ANSWER.

fi ~69% and fo ~ 31% and (P..) =~ 0.6



- f1 ~ 69%
/ V2 1y
V1 1 1% N 31%
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fg — Sin2 (913 < 4%
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What about 8B ?
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CC:ve+d—e +p+p f

NC:v,+d—vy,+p+n

ES: Uy +€ — Vy T+ € 03 1 5 2 25 3 35

SNO's CC/NC

56 = (Pee) = fr1cos? 0 + fasin® g

f1 = (gg sin” 0 / cos 20

T (0.35 — 0.31)/0.4 ~ 10 + ???%



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!!!



MSW

Neutrino Spectrum in Sun
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Coherent Forward
Scattering:

m? (10_5 eVz)

0 25 20 75 100 125 150

Wolfenstein ‘78 pY. (E,/10MeV) (g.cm™)
MATTER EFFECTS A

CHANGE TH E NEUTR'NO Mikheyev + Smirnov Resonance VVIN ‘85
MASSES AND MIXINGS



Life of a Boron-8 Solar Neutrino:

Ve < V9

| In Vac
for 8B Once a v, always a vp! o~ L,
O O o o o
2 I B I Em - 2 - I
1IN I 1 I | I I § B ' e
at birth  toddler teenager =~ adult senior
Solar Center | " '
Exit Core Exit Sun



These are o Neutrinos !l



Solar Summary

The low energy pp and "Be Solar Neutrinos exit the sun as
two thirds 11 and one third v, due to (quasi-) vacuum oscillations.

fi = 65+2%, fo=35F 2% with P.. ~ 0.56

The high energy ®B Solar Neutrinos exit the sun as
"PURE" 15 mass eigenstates due to matter effects.

fo=91+2% and f1 =9 F 2% with P, ~ 0.35.

sin? 6,
2 e omz = 8.0+ 0.4 x 10~ °eV?
Amgol
1 - sin® 0 = 0.310 % 0.026
at 68% CL
Vel  Vy 124

L/E = 15 km/MeV

SNO, KamLAND, SK/K, GNO/Gallex, SAGE, Cl



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 .
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L/E Analysis
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Data/Prediction (null oscillation)
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**Oscillation, decay and
decoherence models tested

Yose = 83.9/83
%24ey = 107.1/83, Ay? = 23.2(4.80)
deec = 112.5/83, AXZ = 27.6(5.30)
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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
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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



Neutrino Mass Squared
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Fractional Flavor Content



613 from Reactor Disappearance
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Long Basel.ine:



Qe
Pp,—>e ~ | \/Patme_i(Agzié) ‘|_ \/Psol ‘2
2
A;; = |6mZ|L/AE CP violation !l

where \/Patm — sin (923 SN 2(913 SN Agl

and \ Psol — COS (923 SN 2(912 SN Agl



® 7, fraction of V3. — Sin2 6’13
e mass hierarchy: — sign of dms,

o CP violation: — sin o # 0

observable



Neutrino v Anti-Neutrino One Expt.
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(sind); — (sind) _

JHF — Super-Kamiokande

295 km baseline
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On Axis Beams:

® 28 GeV protons. | MW beam power. Horn focussed

BNL Wide Band. Proton Energy = 28 GeV

® 500 kT water Cherenkov detector. T
® baseline > 2500 km. WIPP, Henderson, Homestake ;
Brookhaven Proposal S




Off Axis:
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2.5 deg. off axis ¢

Total cost must
be similar to the
baseline design.
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SUMMARY

neutrino mass < flavor change

Unknowns:

Majorana v Dirac

Light Steriles 777

Mass Hierarchy ms > mo > mq1 OR mg > mq1 > mag
using ’Ueg‘Q < ‘U€2‘2 < ’U€1‘2

fraction of v, in v3 (< 4%)
Is CP violated 7 sino # 0
Mass of Heaviest Neutrino
Mass of Lightest Neutrino

New Interactions, Surprises !l

Neutrino Mass Squared
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Fractional Flavor Content



Star Trek: The Next Generation

The visor ‘‘sees’’
Neutrinos!!!

Geordi La Forg:
in “The Enemy”’ ... but this requires special
New Physics !!!



