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“...to see into the interior of a star and thus verify
directly the hypothesis of nuclear energy generation..”

Bahcall and Davis, 1964
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Those of us who believed the data thought that neutrino mixing angles
are, like quark mixing angles, small for vacuum mixing, but, thanks to
MSW, matter-enhanced oscillations do the reduction. Most people did
not even believe the data.
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P(v,— v,)
) ) Now everyone believes the
data.

e  Nature is tricky: We found
that i) mixing angles are NOT
small; ii) she uses both vacuum
and matter oscillations.

Vacuum oscillation

1-Sin%0/2

Adiabatic matter osc.




Typically solar neutrino analyses assume that v,
mixes with a combination of v, and v,. This is exact
only when 6,5 is zero. When 6,5 is hon-zero, but small
we can use

P3X3(V€% Ve) - 6054613 szz(\/e% Ve CGIC WlTh 6032613Ne)

+ Sin% 045

This works both for vacuum and matter oscillations...
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A global analysis of the solar neutrino data
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Solar + KamLAND Global Analysis
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Active 2x2 Solar & KamLAND

o3
Active 2x2 10 T T T

. : 3 =
- . (. p— . -
- ; p 1
h: = ‘—‘ .dh
Y i ...-'. ':‘:,'--_-._ ----- 1
i Yy e

>

10 4 Ll

(eV )
L 2 YTTYYE!

—
E
-
n
.a
-
”
-
%
.

- 107’ b
I X O e AN ey OO - E
L M 3
L I 4
- p R
i KamLAKD 13 Bins ' C1 Rate + KanlLAND Ga Rate 4 KamLAND
! 107"
- |
b TN, s e abemeveis .
E ‘ B R | ad
; a2 1 % F
3 . S L
— - "':
; 107
3 Solar + KamnlLAND - i
‘°:“' ‘lm’l i e : i LSK 44 Bins +x SNO 34 Bins +x
0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1 10 b=l | WIS (el | b 1
* ." J‘ 0 ’0: ’-‘ .u‘ 01' ‘ 0-3 00‘ 0-‘ 00.
an 1 13 tan '” 3 3
tan "” tan '.1-




SNO first Salt Results , Balantekin and Yuksel, PRD 68, 113002 (2003)
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Can we probe 645 in solar neutrino
experiments?

Not easily!



Active 3x3 Solar & KamLAND
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Joint analysis of the solar
03l | neutrino data including
final SNO salt results
3 along with the most recent
= 1 KamLAND data
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Open Questions:

* Can we test the relation between solar photon and neutrino
luminosities? Is there a subdominant neutrino source?

* Does the Sun really work via the pp-chain? What is the contribution
form the CNO cycle?

* Does the neutrino have a magnetic moment? If so, does it effect
solar neutrino flux? Are there solar antineutrinos?

- Can we use heutrinos to measure solar properties such as density
scale height?

- Can we use solar neutrinos to do physics beyond both the Standard
Model of the Sun and the Standard Model of particle physics? Are the
signatures for such physics generic?

- Once we are done with the solar nuclear fusion neutrinos, can we
ever detect solar plasma neutrinos?



How much does the CNO cycle contribute in the Sun?
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Spin-flavor precession
in the Sun
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E, SFP MSW
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Solar magnetic fields

- Standard Solar Model requires B < 108 G (for
magnetic pressure << matter pressure).

* Helioseismology: If B > 107 G, sound speed profile
would deviate from the observed values Turck-
Chieze.

» Solar neutrino flux variations with heliographic
latitude may imply magnetic fields Caldwell.



Cl-detector Ga-detector

A.B. Balantekin, P. Hatchell, F. Loreti, Phys. Rev. D41, 3583 (1990)



Balantekin, Loreti, Pakvasa, Raghavan. Spin-flavor
precession changes neutrino helicity. If the
neutrinos are of Majorana type this yields a solar
antineutrino flux.

Kamland and SNO bounds on solar
antineutrino flux:
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Probabiéityx10*
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For these parameters the difference between MSW only and
SFP+MSW is less than 10-2.

A.B. Balantekin and C. Volpe, Phys. Rev. D72, 033008 (2005)

Also: No experimental evidence for temporal variations of the
solar neutrino flux (both SK and SNO)
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Possible new physics

Vacuum oscillation

1-Sin%0/2

Adiabatic matter osc.
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This behavior is generic, A.B. Balantekin and A.Malkus
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Does the solar density
fluctuate?

Electron Neutrino Survival Probability with Fluctuations

Effect of KamLAND on xz
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Solar data only

Fluctuations
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Solar + KamLAND

Fluctuations
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2x2 SK + SNO + KamLAND Neutrino Data with Fluctuations

OO O O B t'ﬁ'Vjv v'l'v'11
L S B X L cand

“

B .'M“ - ’ AAAL - e
C = == | EEm

B=0.015 p=0.03

2 ;
'm e“ .a“ e.\



Probing non-standard neutrino interactions
Friedland, Lunardini, Pena-

Gray, hep-ph/0402266;
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Mass-varying neutrinos, Fardon, et al., astro-ph/0309800

Scale of dark energy is similar to that of neutrino mass, (2x10-3
eV)*. Assume that they are related and dark energy and neutrino
densities remain invariant under variations of neutrino mass.
Introduce Yukawa coupling between a light sterile neutrino and a
light scalar field
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Solar Neutrino Conclusions

» Solar neutrinos alone will not pinpoint 6,5, but they
will help.

* A lot of new physics may show up at the solar
neutrino spectrum near E, around 1 or 2 MeV.

» Currently we can rule out solar density fluctuations
of 6 to 7%. In a fitting tribute to John Bahcall this
represents a proof of principle that we can do solar
physics with solar neutrinos.

* Solar neutrinos are unlikely to provide further new
information about neutrino magnetic moment.
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Neutrinos from core-collapse
supernovae

) Mprog > 8 MSun
+ AE % 10°3 ergs # 10°° MeV

99% of the energy is carried away by neutrinos
and antineutrinos with 10 < E, < 30 MeV

10%° Neutrinos!
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evistence

To understand the r-process
one needs to first understand
beta-decays of nuclei both at
and far-from stability:
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r-Process Abundances
Dependence on the Electron-fraction
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+ V2Gr / dp dg (1 — cospq) J(p) -

J(q)

Smirnov, Fuller and
Qian, Pantaleone,
McKellar, Raffelft,
Balantekin, Yuksel,
Pehlivan...

Neutrino gas with one and two-body interactions: a many-body problem
that needs to be solved to understand r-process nucleosynthesis in SN.

m—

Ji(p) =
Jo(p) =

N —

x(P)ae(p),

J_(p) = ak(p)ax(p).
(al(P)ax(p) - ak(p)ae(p))

[J+(P), J-()] = 26°(P—q)Jo(P).

[Jo(p), J+(p)] = +£6°(P—q)J=(p)

N : Allowed values of neutrino momenta N

distinct commuting SU(2) algebras



Recall that nucleosynthesis in core-collapse supernovae
occurs in conditions which are the isospin-mirror of the
conditions for Big-bang nucleosynthesis!

Big-Bang: n/p <« 1 Core-collapse SN: n/p >1

In both cases species decouple when the expansion rate
exceeds their interaction rate

Two possible hierarchies of neutrino energies:
* a) A pronounced hierarchy: E(v,) > E(x,) > E(v,)
* b) A less-pronounced hierarchy: E(v,) ~ E(v,) ~ E(v,)



r=75km L'=0000

- g

Evolution of
neutrino fluxes
(1/ré -dependence
removed)

Ve
Ve

V
V

X‘X

L5% luminosity in
units of 105! ergs s!




Equilibrium electron
fraction

L5 =0.001, 0.1, 50

From Balantekin and
Yuksel, New J. Phys. 7,
51 (2005).

X.,=0,0.3, 0.5 (thin,
medium, thick lines)
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Black hole or neutron star?
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SN Conclusions

* The study of exotic nuclei play a very important role in
nuclear astrophysics, in areas ranging from the origin to
elements (i.e. nucleosynthesis in a variety of environments) to
the structure of neutron stars and the evolution of the Early
Universe.

* Neutrinos dominate a good fraction of the physics in a core-
collapse supernova. Neutrinos set the value of the neutron-to-
proton ratio. Hence matter-enhanced neutrino flavor
transformation can impact the physics of the explosion and
the r-process nucleosynthesis.

- Neutrino-neutrino interactions could be the crucial
component. At the moment calculation of the neutrino
propagation by taking the v-v interactions into account is an
open, unsolved, problem.



