
Solar Neutrinos: Theory
and Connections to other Neutrino Physics

This began an effort to combine 
precise weak-interactions/nuclear 

microphysics with careful modeling of 
solar evolution. Ultimately the goal 

would be 1% predictions of quantities 
like the core temperature that govern 

pp-cycle branching ratios.  Solar 
neutrino detection would be the 

experimental test of the model and its 
microphysics.

Based on Bahcall and Davis
History of the Solar Neutrino  Problem



Hertzsprung-Russell diagram

● Ts, L, R simplest stellar properties

● Stefan-Boltzmann black-body:

● ⇒ one-parameter HR trajectory

● “main sequence” of H-burning
   stars to which sun belongs

● sun a stellar-evolution test case:
   M, L, R, Ts, age, surface composition
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The Standard Solar Model assumptions

● sun burns in hydrostatic equilibrium:
   gravity balanced by gas pressure gradient
                   (need EOS)

● energy transported: radiation, convection
     (convective envelope, radiative core)

● solar energy generated by H fusion

                                                                     pp chain, CNO cycle

● boundary conditions:  solar age, L, M, R, today’s surface composition
      H : He : Z needed, where Z denotes metals (A ≥ 5)
      assume t=0 sun homogenized ⇒  Z from today’s surface abundances
      H+He+Z = 1,   He/H adjusted to produce today’s L
      

4p →
4He + 2e+ + 2νe

Tc ∼ 1.5 · 107K ↔ Ecm ∼ 2keV



Solar pp chain

● 1920s: Eddington - recognized
   solar energy is nuclear

● 1928: Gamow - QM tunneling
   would allow stellar reactions

● 1930s: Bethe - describes nuclear
   reactions, effective range theory

● Weizacker, Bethe, and Critchfield explored 4p → He;  Bethe
   and Critchfield - pp chain in 1938;  Bethe - CNO cycle in 1939

● pp-chain governs energy production in lower-mass main-sequence stars:
   three competing cycles -- ppI, ppII, ppIII -- each synthesizing He

● tagged by three distinctive neutrinos ⇒ probe of core T 

SNO and SuperK established that neutrinos are massive and mix, but:
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! Event-by-event detection of the flux is limited to the 0.1% 8B branch

! No phenomena directly connected with solar neutrino oscillations has         
   been seen:  no spectral distortion, no day-night effects due to the
   earth’s matter effects 

There are promising strategies 
for probing distortions:

! SNO-III (3He counters), 
   with a better NC/CC
   separation, possibly a lower
   threshold

! Low-E pp neutrino detectors
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CNO cycle

● Hans identified this as the cycle
   relevant for hotter MS stars

● C,N,O catalysts for 4p → He
 
● competes well with pp chain only at the sun’s center: T6 ~ 1.55

ppI

ppII

ppIII



Standard Solar Model properties

● over 98% of the sun’s energy generated through pp cycle -- ppI
   dominance

● dynamic sun
     ■ 44% luminosity rise over past 4.7 Gy
     ■ 8B (ppIII) ν flux doubled over past 0.9 Gy ( T22)
     ■ large composition gradient in 3He established

● significant successes
     ■ correct depth of convective zone ⇔ solar acoustic oscillations
     ■ good agreement with helioseismology probing to depth (more later)

● as implemented by Bahcall and others, the SSM is 1D and static 
     ■ sun’s Li depletion large -- no dynamical convection
     ■ complicated magnetic phenomena of convective zone beyond SSM 
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The factor S(E), defined by this equation is referred to as the astrophysical 
S-factor, and

For charged-particle induced reactions, the cross section can be expressed as:

CROSS SECTION AND ASTROPHYSICAL SCROSS SECTION AND ASTROPHYSICAL S--FACTORFACTOR

0

0.5

1

1.5

0 0.5 1 1.5 2 2.5

HO59

PA63

NA69

KR82, RO83a

OS84

AL84

HI88

S
-f

a
c
to

r 
(k

e
V

-b
)

E (MeV)

0.0001

0.001

0.01

0.1

1

10

HO59

PA63

NA69

KR82, RO83a

OS84

AL84

HI88c
ro

s
s
 s

e
c
ti
o

n
 (

 b
a

rn
)

3He(!,")7Be

Logarithmic scale:
a few orders of 
magnitude !

Only nuclear effects
(no Coulomb)

Linear scale

“Easier” extrapolation !

But attention:

electron screening effect, 

subthreshold resonances …

is the Sommerfeld parameter, Z1 and Z2 are the charge numbers of the 
interacting nuclei, h is the reduced Planck constant

How to extrapolate 
to astrophysical 
energies?

Solar neutrinos

● Hans and others were limited by 
   SSM and cross section uncertainties

● SSM nuclear cross sections had
   to be measured at much higher
   energies, extrapolated to give S(0)

● in 1959 became apparent solar 
   νs might be measurable:  a 
   strong path to the ppII/III cycles

● Fowler brought John Bahcall to
   Caltech to work with Iben and Sears

● with new SSM results and Cl capture cross sections in hand, Bahcall and
   Davis proposed Cl in 1964;  excavation in 1965;  first results in 1968 

Holgren & Johnston⇒
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Cl, Ga, Kamioka experiments:

Using reaction T-dependences ⇒

 ⇒ colder sun

 ⇒ warmer sun

so a contradiction

φ(pp) ∼ φSSM (pp)

φ(7Be) ∼ 0

φ(8B) ∼ 0.43 φSSM (8B)

φ(8B) ∼ T 22
c

φ(7Be)

φ(8B)
∼ T−10

c
Hata et al.



Neutrino oscillations (vacuum)

|νe > ↔ |νL > mL

|νµ > |νH > mH

flavor
states

mass
states

assume that these bases are not coincident, do an experiment:

νμ appearance downstream ⇔ vacuum oscillations

|ve > = cos θ|νL > + sin θ|νH >

|vµ > = − sin θ|νL > + cos θ|νH >

|νk
e > = |νk(x = 0, t = 0) > E2 = k2 + m2

i

|νk(x ∼ ct, t) > = eikx
[
e−iELt cos θ|νL > +e−iEHt sin θ|νH >

]
| < νµ|ν

k(t) > |2 = sin2 2θ sin2

(
δm2

4E
t

)
, δm2 = m2

H − m2

L



Bethe and the MSW mechanism (1987)

solar matter generates a flavor asymmetry
d
d
d
d
d
d
d
• modifies forward scattering amplitude, and thus ν index of refraction
• explicitly ρe dependent

m2
νe = 4E

√
2GFρe(x)

• makes the electron neutrino heavier at high densities

17

Z0 W
-

a) b)

e

e

e,N

e,N

e

e

e

e

● Matter effects on oscillations first discussed by Wolfenstein

● In 1987 Mikheyev and Smirnov numerically integrated equation ⇒  large
   regions of sin22θ  -  δm2 plane yielded large suppressions of solar ν flux

● Bethe:  pointed out level crossing at 

i
d
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|νk(0) >= ae(0)|νe > +aµ(0)|νµ >
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Think in terms of local mass (instantaneous) eigenstates:

|ν(x) >= aH(x)|νH(x) > +aL(x)|νL(x) >

i
d

dx

[
aH(x)
aL(x)

]
=

1

4E

[
m2

H
(x) iα(x)

−iα(x) m2

L
(x)

]

Observe:
   ■ mass splitting at ρc small: avoided level crossing

   ■ νH ~ νe in large density limit

   ■ if vacuum angle  is small,  νH ~ νμ in vaccum 

Thus there is a local matter angle θ(x) which rotates from π/2 to the
vacuum value θ as ρe(x) goes from infinity →  0

 



● α(x) must be ~ dρ(x)/dx:  so small if density change gentle

● if small (everywhere), ignore relative to diagonal elements ⇒ integrate

P
adiab
νe

=
1

2
+

1

2
cos 2θv cos 2θiBethe:

   ■ this led Hans to predict a solar neutrino solution with δm2 ~ 10-5 eV2

● can generalize: most nonadiabatic region is very near crossing point

beat frequency lowest ⇔ period largest ⇔ best chance to “see” dρ/dx

● derivative at  ρ
c
 governs nonadiabatic behavior:  Landau-Zener

PLZ
νe

=
1

2
+

1

2
cos 2θv cos 2θi(1 − 2Phop)

Phop = e−πγc/2 γc =
sin2 2θ
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2E
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| 1
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dx |

path independent



● so  γc  >> 1 ⇔ slowly varying density ⇒ Phop ~ 0 ⇔ adiabatic crossing    

● and γc << 1 ⇔ sharply varying density ⇒ Phop ~ 1⇔ nonadiabatic crossing

allows strong νe →νμ conversion

hops to lower level:  no flavor conversion

so two conditions necessary for strong flavor conversion

a level crossing must occur (θi ~ π/2)
the crossing must be adiabatic
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value for ∆m2
23 or most recent KamLAND measurements [36]) gives θ13 = 4.4+6.3

−4.4 degrees (2

σ). The current situation is well summarized in Figure 8 of [52], which we reproduce here

(Fig. 11) superimposed with the most recent range for ∆m2
23. One can see that near the low

end of the mass range the tightest limits on θ13 are already coming from solar neutrinos and

KamLAND. The relationship between these experiments and θ13 began to be explored even

before results were available from KamLAND [54].
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Figure 11: Limits on θ13 from Chooz (lines, 90%, 95%, 99%, and 3σ), and from
Chooz+solar+KamLAND (colored regions) [52].

Ref. [59] has performed a fit to existing solar neutrino and KamLAND data, to investigate

the effects of new solar measurements on the limits for θ13, and what follows is described

in more detail there. The fit includes 5 unknowns, the 3 (total active) solar fluxes φ1, φ7,

and φ8, and two mixing angles, θ12 and θ13. The mass-squared difference ∆m2
12 is fixed by

the “notch” in the KamLAND reactor oscillation experiment, and ∆m2
23 by the atmospheric

neutrino data. The fit parameters that are approximately normally distributed are φ1, φ7,

φ8, sin2 θ12, and cos4 θ13.

Solar plus KamLAND data already provide some constraint on cos4 θ13, with the corre-

sponding angle θ13 = 7.5+4.8
−7.5 degrees. The expected statistical improvements from the Kam-

LAND experiment reduce the overall uncertainties somewhat—in particular θ13 is non-zero

at 1 σ. The reason the improvement is not better is the growth of the correlation coefficient

between the mixing parameters, which is as large as -0.906. Further improvements cannot

23

Maltoni et al.



Art’s talk:  SNO and SuperK, KamLAND, K2K, MINOS, ...

What do we know about masses?

     m12
2 ~ (8 ± 1)×10-5 eV2

   |m23
2|

 ~ (2.2 ± 0.8)×10-3 eV2 

WMAP + LSSS

    ∑mi < 1 eV

Degenerate or hierarchical
schemes allowed within this
constraint

m2

0

solar~7×10−5eV2

atmospheric
~2×10−3eV2

atmospheric
~2×10−3eV2

m1
2

m2
2

m3
2

m2

0
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? ?

solar~7×10−5eV2

FIG. 3: Neutrino masses and mixings as indicated by the current data.

have ∆m2
23 ≡ m2

3 −m2
2 < 0. We have no information about m3 except that its value

is much less than the other two masses.

(iii) Degenerate neutrinos, i.e. m1 # m2 # m3.

Oscillation experiments do not tell us about the overall scale of masses. It is therefore

important to explore to what extent the absolute values of the masses can be determined.

While discussing the question of absolute masses, it is good to keep in mind that none of

the methods discussed below can provide any information about the lightest neutrino mass

in the cases of a normal or inverted mass-hierarchy. They are most useful for determining

absolute masses in the case of degenerate neutrinos, i.e., when all mi ≥ 0.1 eV.

One can directly search for the kinematical effect of nonzero neutrino masses in beta-

decay by looking for structure near the end point of the electron energy spectrum. This

search is sensitive to neutrino masses regardless of whether the neutrinos are Dirac or

Majorana particles. One is sensitive to the quantity mβ ≡ √∑
i |Uei|2m2

i . The Troitsk

and Mainz experiments place the present upper limit on mβ ≤ 2.2 eV. The proposed KA-

TRIN experiment is projected to be sensitive to mβ > 0.2 eV, which will have important

implications for the theory of neutrino masses. For instance, if the result is positive, it

will imply a degenerate spectrum; on the other hand a negative result will be a very useful

constraint.

If neutrinos are Majorana particles, the rate for ββ0ν decay Majorana mass for the

13

Mohapatra et al., APS study
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Neutrino mass may be the first signature of physics at the GUT scale

neither allowed in the minimal standard model 

a natural explanation of the suppression (mD/mR) of light ν masses relative
to the Dirac scale (mD) of other SM fermions

ψ̄RmDψL + h.c. ψ̄c
L
mLψL + ψ̄c

R
mRψR

(
0 mD

mD mR

)
⇒ m

light
ν = mD(

mD

mR
)
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FIG. 1: Apparent unification of gauge coupling unification in the MSSM at 2 × 1016 GeV,

compared to the suggested scale of new physics from the neutrino oscillation data.

Fortunately there are many coherent sources of neutrinos: the Sun, cosmic rays, reactors,

etc. We also need interference for an interferometer to work. Fortunately, there are large

mixing angles that make the interference possible. We also need long baselines to enhance

the tiny effects. Again fortunately there are many long baselines available, such as the size

of the Sun, the size of the Earth, etc. nature was very kind to provide all the necessary

conditions for interferometry to us! Neutrino interferometry, a.k.a. neutrino oscillation,

is a unique tool to study physics at very high energy scales.

At the currently accessible energy scale of about a hundred GeV in accelerators, the

electromagnetic, weak, and strong forces have very different strengths. But their strengths

become the same at 2 × 1016 GeV if there the Standard Model is extended to become

supersymmetric. Given this, a natural candidate energy scale for new physics is Λ ∼
1016 GeV, which suggests mν ∼ 〈H〉2/Λ ∼ 0.003 eV. Curiously, the data suggest numbers

quite close to this expectation. Therefore neutrino oscillation experiments may be probing

physics at the energy scale of grand unification.

C. Surprises

Even though some may argue that the neutrino mass was observed with the theoret-

ically expected order of magnitude, it is fair to say that we had not anticipated another

important leptonic property: neutrinos “oscillate” from one species to another with a high

probability. Their mixing angles are large. We’ve known that different species of quarks

8

using m3 ~ 0.05 eV
mD ~ mtop ~ 180 GeV

⇒mR ~0.3 ×1015 GeV

Mohaptra et al.
APS study



Great program of future physics has been mapped out

■ determining the absolute scale of neutrino mass: near-term ββ exps.  and
   cosmological tests should reach 50 meV;  future efforts to 10 meV

■ measuring the unknown mixing angle θ13 in reactor or LB off-axis exps.

■ demonstrating that Majorana masses exist in ββ decay

■ distinguishing between the inverted and normal hierarchies in LB or
   next-generation atmospheric ν studies of subdominant oscillations

■ seeing the effects of the Dirac CP phase in LB exps.

■ once the masses and mixing angles are known, do the nuclear physics
   to high precision to constrain the Majorana phases in ββ decay

● includes future solar, supernova experiments to do astro-ν physics 



Hans’s CNO cycle and solar/stellar evolution

● while CNO cycle is a minor contributor to solar energy, CNO νs
   are measurable;  test core metalicity crucial to solar opacity and SSM
   
● key SSM assumption: homogeneity on entering the main sequence

● current zero-age SSM metals ⇔ today’s solar surface abundances

● tested in helioseismology:  depth of the convective zone sensitive to Z 

● CNO elements also control very early evolution of core:  out-of-
   equilibrium burning keeps core convective for almost 100 My

● recent improvements in modeling solar atmosphere (3D) have revised
   surface Z downward by 30% ! ⇒ destroys previous SSM ⇔
   helioseismology concordance and alters other SSM properties
   



Fig. 2. Astrophysical S-factor for the 14N(p,γ)15O reaction from the present work

(filled squares) and from previous studies: circles [8], inverted triangles [7], diamonds

[16,17], triangles [18]. Error bars (±1σ statistical uncertainty) are only shown where

they are larger than the symbols used. The Gamow peak for T6 = 80 is also shown.

The systematic uncertainties are given in the text and in table 1.

14

14N(p,γ)

Lemut et al. (LUNA)

Recent precise measurement of the controlling CNO cycle reaction

● S(0) measured in the Gamow peak, lower by 50%:  1.61± 0.08 keV-b

● delays point at which
   CNO cycle will take
   over from pp chain
   in hydrogen-burning
   stars

● lowers CNO ν flux



● solar-like stars within globular clusters important to formation history of
   the host galaxy

● GCs are a standard ruler for the age of the universe post “first light”

● new S(0) delays onset of CNO cycle and its steep T17 dependence:
   slows evolution along main sequence and onto subsequent RG and 
   He-burning (AGB) tracks, with variable star “clocks”

● effect is estimated to be an increase in the ages of the oldest such stars
   of 0.8 Gy

Hans would be delighted by LUNA’s exquisite 
measurement and by its effects on his 67-year-old 

theory of MS stellar evolution.  He would be intrigued
by the consequences.


