
Looking to the Future:
Nuclear Intersections with New Physics

Wick Haxton:   Celebrating Vijay Pandharipande Symposium, 30 September 2006

Vijay’s interest in astrophysics and weak interactions and his 
appreciation for the role of nuclear structure in these fields ⇒

•  the CNO cycle and its importance in stellar evolution

•  the r-process 

•  neutrino physics:  mass scales, unknown couplings, CP-violation

•  associated nuclear structure issues that would have concerned Vijay



I. H-burning stars: the HR 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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Low-mass stars:  Standard Solar Model

● 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



Two quantitative SSM tests

neutrinos:
● three competing cycles comprise
   pp chain, very different
   dependences on Tc

● each cycle tagged by a distinct
   neutrino:  ν  spectroscopy can
   measure core temperature

● SNO, SuperK results (after accounting for new physics) effectively
   verifies the SSM prediction of Tc to 1%

helioseismology:
● delicate probe of c:  low-l acoustic modes dominant in convective
   envelope, frequency distribution sensitive to convective/radiative
   boundary ⇒ major accomplishment of the SSM;  
   high-l g-modes (bouyancy) probe interior (difficult to see at surface)

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 developments

● Bethe first recognized that
   massive stars required a more
   efficient burning mechanism
 
● A minor contributor (~1%) to
   SSM energy generator,  but nevertheless produces measurable νs

ppI

ppII

ppIII



CNO role in SSM, elsewhere:
● directly tests key SSM 
   assumption, equating core
   and current surface Zs

● out-of-equilibrium CNO
   burning thought to have
   powered early core
   convection for ~108 yr

● connected with current efforts to understand the formation and 
   evolution of the first generation of massive, very-metal-poor stars:  
       ■ H-burning must proceed through inefficient pp chain  
       ■ Tcs in excess of 108 achieved
       ■ triple-α reaction turns on, synthesizing C
       ■ this allows CNO cycle to take over, restoring efficient H-burning 
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Laboratory astrophysics:  recent progress

! New, high-statistics measurements of 7Be(p,") important to the pp
   chain and solar #s:

Junghans et al., Baby et al.

S17(0) = 21.4 ± 0.5(exp) ± 0.6(theory) ev − b

! Remeasurements of 14N(p,"), controlling reaction of CN cycle

$ implanted (TUNL), gas/solid (LUNA) targets
$ resulting S-factor 1.61 ± 0.08 keV-b  almost a
   factor of two below former best value
$ remarkable LUNA result at 70 keV
$ reduces CNO # fluxes proportionately,
   making a significant change in SSM #s

Lemut et al., Imbriani et al., Runkle et al., Bertone et al.

! Measurements hot CNO cycle reactions

   important to the " ray source 22Na
ISAC, ORNL-HRIBF, Argonne

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

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

[16,17], t riangles [18]. Error bars (± 1σ stat ist ical uncertainty) areonly shown where

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

The systemat ic uncertaint ies are given in the text and in table 1.
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Future:  Next-generation nuclear astrophysics deep underground
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Following LUNA:  DUSEL-NAG
- high-intensity light ion machine, or
- high-intensity,  !1 MeV/amu heavy ion
  accelerator for inverse kinematic
- advanced detectors: recoil separation,
  4"  Si strip,  high-E !-tracking

JINA:   http://www.jinaweb.org/dusel/
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LUNA measurement of 14N(p,γ)

• controlling CNO rate measured in Gamow peak,
  50% smaller than previously believed

3D atmospheric analysis of solar absorption lines 

• surface Z revised downward by 30%  ⇒
  consequently SSM zero-age metallicity reduced



● Consequences for age determinations:  solar-like stars within globular
   clusters important to host galaxy age determinations
      ■ new S(0) delays onset of CNO cycle and the evolution along main
         sequence and onto RG/AGB branches, with variable star “clocks”
      ■ effect is estimated to be an increase in the ages of the oldest such
         stars of 0.8 Gy

● Consequences for the SSM
      ■ predicted CNO ν flux reduced by more than a factor of two
      ■ reduced Z enhances radiative transport, reducing convective zone
         thickness, leading to significant SSM helioseismology discrepancies
      ■ SSM calculation already take into account heavy-element settling,
         though the modeling of such effects is uncertain
      ■ new abundances bring the sun into better accord with galactic stellar
         composition trends, He/H ~0.075 + 44.6 O/H  (Turck-Chieze et al.)
         
 ⇒ a lot of important nuclear astrophysics could be put on firmer ground
     if SNOplus directly measures core metallicity via the CNO ν flux



• half the heavy elements were created in an explosive, n-rich environment

• (n,γ)↔(γ,n) equilibrium, not  β-decay, determines the “valley of stability”: 
  the stable (for a second or so) species are exotic, n-rich nuclei

• n-capture occurs when n→p opens up a whole mass flow proportional to
  β-decay rates, so mass piles up at  A ~130, 195 -- slow rates + shell gaps

Progress on sites/scenarios:

• site questions clearer:  Of the two favored sites (decompressing
  n-rich matter from NS mergers; the expanding, cooling, ν-driven winds
  coming off a Type II supernova) recent data favor the latter -- frequency
  consistent with the enrichments seen in old, metal-poor stars

•  “hot bubble” r-process: n-rich n/p gas undergoes an α-rich freezeout,
  α+α  reactions to produce heavy seed nuclei, and n-capture on the seeds

II. More metals: the r-process



The r-process puzzle

• Metal-poor halo stars:  r-process 
distribution for Z >56 (A >130) 
matches solar abundances

• Explorations of supernova 
neutrino winds as a site -- 
frequency/yield and mixing 
consistent with observation

• Chronometer argument for 
possible multiple sites -- or 
distinct phases

H. Schatz

Nuclear Physics in the r-process

Masses (Sn)

(location of the path)

-decay half-lives

(abundance and

process speed)

Fission rates and distributions:

• n-induced

• sponatneous

• -delayed-delayed n-emission

branchings

(final abundances)

n-capture rates
• for A>130

in slow freezeout
• for A<130

maybe in a “weak” r-process ?

Seed production

rates ( , n, 2n, ..)

-phyiscs ?
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Progress:

Cowan, Sneden,...

Woosley, Hoffman; Meyer; Fuller...

Qian, Wasserburg

Cowan et al.

Schatz

New r-process constraints

• metal-poor halo stars: r-process
  distribution for Z>56 (A>130)
  matches solar abundance

• detailed modeling of supernova 
  winds as a site:  frequency/yields
  and mixing consistent with
  observation -- but only if the gas
  entropy is made unrealistically high

• these same models do not explode

• halo star yields for Z<56 variable,
  and there are chronometers that
  suggest different frequencies for the
  astrophysical events responsible for
  the high- and low-mass nuclei
 



• Similar to BBN, where nucleosynthesis
  placed an important constraint on η
• Differs from BBN in the degree of
  nuclear physics uncertainty: masses,
  weak rates, possibility of fission cycling,
  neutron emission accompanying β-decay back to the valley of stability --
  one of the arguments for RIA (which Vijay supported)

• Complex connections with ν physics:  CC reactions tend to drive n-rich
  nucleon gases to α-gases, destroying the needed excess neutrons; 
  poorly understood aspects of neutrino oscillations also affect the gas

•  SNII model deficiencies ⇒ ρ,S,T wind trajectories uncertain

• The empirical evidence fits a scenario where two distinct classes of stars
  are exploding, producing different quantities of ejecta, different entropies;
  metal-poor stars are seen with very similar Z>56 r-process enrichment,
  but Fe differing greatly -- low-mass, O-Ne-Mg stars??

Puzzles, clues:

• Good evidence that the regions A <130                                          
and A >130 may require different                                   
thermodynamic conditions:  are                                                 
different sites responsible for the A~130                                         
and ~195 peaks, or are there distinct stages in one site?

• The nuclear physics is potentially complex:  fission cycling, neutrino 
transmutation of the ejecta,  !-delay n-emission as the produced 
nuclei decay back to the valley of stability, unknown nuclear masses 
and weak rates

• Our lack of a successful SNII model leaves open a wide parameter 
space: what conditions (T, ", S) describe the ejecta?  Like a n-rich BBN 
with potentially a much more complicated freezeout   (Meyer)

• No-go theorems:  If the ejection mechanism is a #-wind, these #s also 
scour out the neutrons and produce more seeds  ⇒ bad n/seed ratio 
(Fuller, Meyer)
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The Rare Isotope Accelerator
at Michigan State University

MSU’s 5,200-acre campus offers a fully optimized and
unconstrained layout of RIA with an attractive, modern
office complex and ample space for future upgrades.
RIA will be in a park-like setting that is welcoming to the
public and fully integrated into university life. 

RIA at MSU is unconstrained by existing legacy
buildings and devices. We will build a world-class
facility, while carefully managing construction costs and
future maintenance expense. All options for expansion
remain open in this green-field site. The MSU science
building has enough space for 500 people; employees
and guest researchers alike will find a pleasant and
welcoming work environment. (Return to RIA introduction.)

Follow the beam through diagramatic views of RIA

Home · Directory · Contacts · Site Index · Fast Facts · Feedback 

NSCL · 1 Cyclotron · East Lansing · Michigan 48824-1321 · Phone 517-355-9671
Copyright © 2002 Michigan State University Board of Trustees 
Updated October 21, 2003 

RIA



III. What we have learned about neutrino oscillations (vacuum)

|νe > ↔ |νL > mL

|νµ > |νH > mH

flavor
states

mass
states

Noncoincident bases ⇒ oscillations down stream:

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



Inclusion of matter alters oscillations

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
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• Degeneracy (level crossing) for

•  A       that is primarily made up of the light mass eigenstate becomes
   heavy at high densities

•  Passage through the avoided level crossing leads to enhanced flavor
   transformation

i
d

dx

[
ae(x)
aµ(x)

]
=

1

4E
×

[
−δm2 cos 2θ + 2E

√
2GF ρe(x) δm2 sin 2θ

δm2 sin 2θ −2E
√

2GF ρe(x) + δm2 cos 2θ

] [
ae(x)
aµ(x)

]

ρe(x) = ρc = δm2 cos 2θ/2E
√

2GF

|νk(0) >= ae(0)|νe > +aµ(0)|νµ >

νe
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Solar Core Solar Surface

   local mass eigenstates



● the local oscillation length L(ρ) becomes extended at crossing density ρc

● if L(ρc) is small compared to solar density scale height ⇒ adiabatic ⇒

P
adiab
νe

=
1

2
+

1

2
cos 2θv cos 2θi

● “adiabaticity” γc defined as the density scale height/L(ρc) ratio:

   nonadiabatic if γc <<1 (“hops” at crossing - no flavor conversion)

PLZ
νe

=
1

2
+

1

2
cos 2θv cos 2θi(1 − 2Phop)

Phop = e−πγc/2 γc =
sin2 2θ

cos 2θ

δm2

2E

1

| 1

ρc

dρ
dx |

path independent

Landau-Zener

two conditions
for flavor

conversion

a level crossing must occur (θi ~ π/2)
the crossing must be adiabatic
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Generalization to three flavors:

crossing at 104 g/cm3 (SN carbon zone), θ13 unknown 
(r-process, etc)

solar crossing
low E ⇒ vacuum
high E ⇒ matter

atmospheric

(vacuum)
νµ → ντ



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.



SNO and SuperK, KamLAND, K2K, MINOS, ...

What do we know about mass differences?

     m12
2 ~ (8 ± 1)×10-5 eV2

   |m23
2|

 ~ (2.2 ± 0.8)×10-3 eV2 

And  mass?  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

m2
2

m1
2

m3
2

νe

νµ

ντ

? ?

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

SM’s only dim-5 
operator

(violates L)



Future program of HE/nuclear ν physics has been mapped out (APS study)

■ constrain 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 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 

νµ ↔ ντ vs. ν̄µ ↔ ν̄τ



IV.  Vijay ⇔ quantitative nuclear structure tools:  the problems he might see  

Solar neutrinos:
   • Vijay did a lot of work on pp-chain cross sections, particularly the
     driving p+p reaction and the weak branch 3He+p important to the
     high energy tail of the solar neutrino spectrum
   • He was also a member of the 1998 INT group that tried to
     quantify H-burning uncertainties, including 14N(p,γ) 

S(0) = 3.5+0.4
−1.6 keV b ↔ SLUNA(0) = 1.61 ± 0.08 keV b

• This is enough to allow us to exploit CNO νs to probe solar core Z
• But at the hotter temperatures important to popIII massive stars and
  RG evolution, significant nuclear uncertainties arise -- new cycles
  involving 16O(p,γ), 17O(p,α), etc.

Building the numerical tools to attack p-shell radiative capture
reactions important to astrophysics ↔ talks by Joe, Bob



The r-process:  halo nuclei ↔ Ben’s shell model talk ↔ effective theory

compact state:
-E1: potential 
important

extended state:
-E2 ~ 0 MeV:

potential plays
virtually no role

Vijay spent much of his research career thinking about exact solutions of
the nuclear many-body problem;  but early in his career he also thought
about effective interactions and the possibility of simple parameterizations

Suppose we viewed/reformulated the shell model as an exact effective
theory.  Suppose we lived in a world where the deuteron had two bound
states, one deep and one barely bound.

How, say in a small Hilbert space of a few H.O. shells, would this come
about?  An extended state and a compact state (whose energy must
reflect hard-core scattering from omitted high-q states) both reproduced?



A nice result derived recently:

Heff
(lS)J(r, E) =

∑

i

gi
(lS)J(E/h̄ω)e−r2/2Vie

−r2/2

where the gi are known analytically (generated by missing LR physics) and 
the Vi can be expanded systematically (hard-core SR scattering)

ass
LO(ΛP , b)δ(r) + ass

NLO(ΛP , b)(
←−
∇

2

δ(r) + δ(r)
−→
∇

2

) +

ass,22
NNLO(ΛP , b)

←−
∇

2

δ(r)
−→
∇

2

+ ass,40
NNLO(ΛP , b)(

←−
∇

4

δ(r) + δ(r)
−→
∇

4

) +

ass,42
N3LO

(ΛP , b)(
←−
∇

4

δ(r)
−→
∇

2

+
←−
∇

2

δ(r)
−→
∇

4

) + ass,60
N3LO

(ΛP , b)(
←−
∇

6

δ(r) + δ(r)
−→
∇

6

)

The gi are sharply energy dependent and → 0 as E → 0;  the ai are 
virtually E-independent, determined only by the parameters describing the 
SM space (             ) and represent high-q scattering;  rapidly convergingΛP , h̄ω

e.g., 8hw SM-space, av18 potential, 3S1: from 14 (LO) to 9 (N3LO) free DoFs
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 ⇒ failure:
no general
systematic 

improvement as 
a function of the 
integration scale

Λ

typical scale of Q-
space contributions 
to Heff H.O. matrix 

elements is ~ 10 MeV
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ββ-decay:  to say anything quantitative about ν mass, Majorana phases, 
must deal with subtle structure physics, unknown effective operators

2p3/2

1f5/2

2p1/2

1g9/2

1g9/2(n)-1f5/2(p) attraction 

74Ge
(Majorana and Gerda 

collaborations will study 
76Ge in next-generation 

experiments)



Long-baseline oscillation physics:  superbeams or a ν factory to determine 
hierarchy, measure θ13, see leptonic CP violation

Precision measurements depend critically on the accuracy of the event 
generators used to analyze CC, NC(!) ν-target interactions (e.g., C, Fe)

Superbeam (and NuMi beam) energies typically range from 0.5-few GeV:  
transition range from quasi-elastic to resonance regions -- difficult

Current event generators (NUANCE, NUGENT, etc) based on relativistic 
Fermi gas models, resonance models developed in NP 30 years ago: 
do not incorporate what we have learned at JLab

Nuclear theorists have neglected to define an “interface” for these
experimentalists:  formulations that would allow one to go from threshold
(SM, QRPA) → quasi-elastic→ resonance → deep inelastic regions -- there
are ways to build on current JLab scaling analyses to do so
                          (August INT program)



It has been a sad year for nuclear physics and 
nuclear astrophysics

Vijay and his friends John and Hans


