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and the Challenges it Poses for Nuclear Physics

•  neutrino masses, lepton number, and double beta decay 

•  our workshop: can we find a way to do controlled nuclear 
   physics (including for double beta decay)?
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In standard effective operator treatments the problem is factored 
into two pieces

• the development of nucleon-level operators
• corrections to account for the errors associated with use of 

nucleon-level operators in truncated many-body SM spaces

The nucleon-level operators are most frequently determined by 
one of two methods

• by matching to experiment:  this is how we determine
• by direct calculation, e.g., lattice QCD evaluation of short-

range mechanisms 

gA



An example of a LQCD-generated nucleon-level operator we will 
hear about is
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chiral perturbation
power counting organizes 
contributions dimensionally,
in terms of nucleon-level
low-energy constants
of unknown size

O(p�2) O(p�1) O(p0)

see Prezeau, Ramsey-Musolf, Vogel, 
       PRD 68 (2003) 034016
Amy Nicholson’s workshop talk



Whatever the origin on the nucleon-level operator, work must be
done to evolve that operator to the nuclear level

Feasibility of this is, in my view, dependent on the nuclear structure 
tools one employ



In the SM, there is usually a clean division of the Hilbert space,
P+Q;   modern technology generally allows us to use a 
complete P (e.g., full         space) that has attractive properties
     - nonspurious, and usually complete in the sense that the
       GT operator remains in P (or can be patched to do so)

One can enumerate all states in Q, and thus write down the
exact effective operator

Contrasts with approaches like QRPA or IBA that involve much 
less complete Ps, and Qs hard to enumerate explicitly

Excellent phenomenological          s exist.  The missing 
ingredient is the complementing         :   the SM may be our
only opportunity to generate          in a controlled way 
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Full Theory:                                                      Effective Theory:

H| i = E| i PHe↵P | i = EP | i

Wave functions used in       calculations for heavy nuclei are taken
from models.  Modern SM potentials are typically tuned 
phenomenologically: impressively predictive, with e.g. GCN5082 being 
state of there art. 

To employ these wave functions in an ET context, they must be
given an interpretation.   The natural interpretation

 

Non relativistic effective theory

P +Q = 1

| i = P | i+Q| i

| SM i $ P | i

��



This makes sense:  the H.O. SM omits both the short-range physics 
that creates the hole in the two-nucleon correlation function, and long-
range corrections repairing SM H.O. over-confinement

Wave functions carry a nontrivial normalization: in calculations 
where an exact effective theory is executed in a SM basis, the
SM includes only about 30% of the wave function — the rest spreads

The normalization is

 
with the normalization constant so defined the effective operator is

Often, at low q, the normalization is most of the physics
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Fig. 4. Comparison of the experimental matrix elements R(GT) with the 
theoretical calculations based on the effective (“final-fit”) Gamow- 
Teller operator (see caption to Figure 2). 

together. In such cases, the uncertainties in the effective 
Hamiltonian may randomly mix these states and alter the 
individual matrix elements, while not significantly chang- 
ing the sum of the squared matrix elements. An example 
of this effect is provided by the decay of ‘*K to the three 
1 + T = 0 states of 38K, found in Figure 2 at the loci (0.142, 
0.099),(0.540,0.517), and(0.552,0.197). Thelast ofthese 
appears to be particularly anomalous in Figure 2. How- 
ever, the summed strength in Figure 3, at the point (0.786, 
0.562), fits in nicely with the systematics. 

The comparisons of experiment to the R(GT) and 
T(GT) values calculated with the effective Gamow-Teller 
operator are shown in Figures 4 and 5, respectively. The 
effective matrix elements are obtained according to Eqs. 
(42), (45), (36), (33), and (15) by using the 6 parameters 
obtained in the “final fit” (see Table B). The points for 
T(GT) in Figure 5 cluster about the 45’ line and show 
an overall impressive agreement between experiment and 
theory. Good agreement is obtained for the smallest values 
(the points near the origin for the decays of ‘*Si and 32P) 
as well as for the largest values (the A = 18 and 19Ne 
decays mentioned above). The most anomalous point in 
Figure 5 is that at (0.409, 0.538 + 0.016) for the 34Ar 
decay. In this case the largest GT matrix element is for 
the decay to the fourth l+ T = 0 state in MC1. The ex- 
perimental branch to this state is small, however, and it 
would be worthwhile to have a new and more accurate 
measurement. 

Fig. 5. Comparison of the experimental sum T(GT) with the theoretical 
calculations based on the effective (“final-fit”) Gamow-Teller op 
erator (see caption to Figure 3). 

Further comparisons of experiment and theory are 
made in Table II, for the branching ratios and log(j) val- 
ues. These comparisons are made only for the (“final-fit”) 
effective operator. The phase-space factors needed for the 
theoretical branching ratios were calculated by using ex- 
perimental excitation energies in those cases in which 
correspondences between the experimental and theoretical 
final states could be made and by using the theoretical 
excitation energies otherwise. The theoretical branching 
ratios have been renormalized to add up the experimental 
sums in order to take into account the possibility of other 
experimental decay modes. (Round-off errors in the ex- 
perimental branching ratios sometimes make the summed 
branching ratio slightly different from 100%). The purpose 
of directly comparing the branching ratios is to see how 
much strength to unobserved final states might be missed 
experimentally. 

In the case of the *‘O decay, the ground-state to 
ground-state branch was not measured in the gamma- 
decay experiment of Ref. 29. The calculated branching 
ratio is in fact very small for this case, and to a good 
approximation it can be ignored in the analysis of the 
absolute GT strength to excited states. However, we expect 
a total of 11.7% branching to states in *‘F between 4.6 
and 7.0 MeV in excitation, which has probably been 
missed experimentally. This would mean that the exper- 
imental branching ratios for the lower states should be 
renormalized downward by about 10% and would im- 
prove the agreement between experiment and theory. 
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Brown and Wildenthal
empirical renormalization
behavior for both 
exclusive and inclusive
GT responses

These results are interesting because of the particularly simple
nature of the GT operator 

Bare operators used between SM wave functions with unit 
normalization overestimate GT strengths

geffA ⇠ 1.0

(geffA )2 single � decay $ (geffA )4 2⌫ �� decay

Single     Decay�



There was a time when 
decay was calculated using  
the closure approximation, 
introducing a free parameter, 
the average excitation energy

Replaced in modern SM
calculations by a Lanczos
Green’s function method

Initial state       calculated,  then     

Then   
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This algorithm reconstructs the Green’s function by extracting
from H the exact energy moments of the intermediate-state 
GT operator, recursively

Both SM and Green’s function calculations can now be 
executed in Hilbert spaces of 1011 (Bigstick, MFDn) — 
allowing nearly all targets of interest to be treated without
truncation

    



The approach is a numerically sophisticated way of 
evaluating

which explicitly involves a sum over a product of GT matrix 
elements, making an obvious connection to allowed
beta decay, and supporting the use of
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The case of      decay is
somewhat different: prior
to any model truncation the
summation over intermediate
states can be performed

The argument is based on
more rapid growth of the relativistic phase space for the 
neutrino, which allows it to dominate the energy denominator

So within this controlled approximation, the summation over
intermediate states can be done before the SM truncation

The norm of             enters quadratically, not to the forth power

Not at all clear that fitting              to       rates, then using it in 
     calculations is justified
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This should give one some pause: it does not naively support
a rescaling of the operators by 

One of the goals of the       Topical Collaboration is to test 
such assumptions, while developing a sounder approach to
effective operators in weak decays
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The GT operator does not change      :  it does not link P, Q
It does not carry momentum, and thus should have
          negligible probability of linking Q1 and Q2

                                    GT Diagonal

The sum rule holds in both in a unit-normalized P and P+Q:     
consequently one concludes that if the sum is overestimated 
with bare operators in P, typical matrix elements in Q are
smaller than those in P - qualitatively makes sense  

Distance

Energy

PQ1 (UV) Q2 (IR)

(large-scale
direct diagonalization)

~!



However, what can we do quantitatively?

Example of shell-by-shell renormalization for the M1 operator — 
3He, integrate out exactly 
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Basic attributes:

•  Slow convergence of shell-by-
   shell expansions -- “SM” missing
   a great deal of physics
•  Attractive evolution of wf

•  <Heff> hypersensitive to 
   choice of P

•  3He
•  av18 potential
   (~hard core)
•  numerical BH 
   solution



While effective operator corrections are systematic at small q,
they are effectively random at large q

So at least this is encouraging for our allowed MEs of interest 
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All observables are 
independent of the 

parameters one picks to 
describe the
 low-energy

included space
the effective
operators 
correct all 
results 
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With!!"!summed!to!all!orders,!shrinking!
the!harmonic!oscillator!length!scale!enables!
the!capture!of!the!important!part!of!V!with!
no!contact!gradient!terms!in!a!very!small!
basis.!!!We!can!see!this!in!the!prediction!of!
the!Deuteron!binding!energy!from!the!P@
space!effective!Hamiltonian.!!!The!upper!
green!lines!show!the!predicted!binding!
energy!in!different!sized!P!spaces!where!we!
simply!take!matrix!elements!of!the!
Hamiltonian!T+V.!!In!contrast,!the!lower!
blue!lines!show!the!effect!of!completely!
summing!the!contribution!of!scattering!by!
!",!yielding!quite!accurate!predictions!of!
the!Deuteron!binding!energy.!

!
!

Fitting&to&Continuum&Scattering&Phase&Shifts&
The!prior!work!on!HOBET!shows!its!power,!but!does!rely!on!the!existence!of!a!known!
potential.!!!!In!experiment!and!in!lattice!QCD!calculations,!the!relevant!measurable!
quantities!are!the!partial!wave!phase!shifts.!!!!!We!need!a!way!to!derive!the!interaction!
directly!from!continuum!phase!shifts.!
!
The!key!to!fitting!to!phase!shifts!is!to!realize!that!the!operator!!/ ! − !! !is!not!unique.!!!!
Unlike!the!negative!energy!case,!there!is!a!free!choice!of!boundary!condition!at!infinity.!!!The!
choice!corresponds!to!the!phase!shift!implied!by!a!real!periodic!wave!function!at!infinity.!!!!
This!correspondence!can!be!seen!by!first!decomposing!the!operator.!!!
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The!sub@expression!in!braces!is!simply!a!matrix!in!the!P@space.!!The!locations!of!asymptotic!
zeros!produced!when!this!operator!is!applied!to!an!edge!state!are!controlled!by!the!
operator!in!front,!1/ ! − ! .!!This!operator!can!be!implemented!as!a!Green’s!function,!
mating!an!inner!and!outer!solution!of! ! − ! ! = 0.!!The!inner!solution!must!go!to!0!at!r=0,!
and!the!outer!solution!naturally!becomes!a!linear!combination!of!sin !" !and!cos !" !at!
large!r.!!!The!combination!is!chosen!to!match!the!desired!phase!shift.!!!Having!done!so,!we!
see!that!the!resulting!transformed!edge!state!wavefunction!matches!the!untransformed!one!
at!small!r,!but!at!large!r!has!the!desired!periodic!behavior!and!phase!shift.!!In!the!diagram!to!
below!the!transformed!edge!state!was!scaled!to!match!the!edge!state!at!r=0!for!comparison.!
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CONTRAST WITH WHAT IS USED IN THE BEST MODERN TREATMENTS OF STRUCTURE
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Fig. 1. Hierarchy of nuclear forces in ChPT. Solid lines represent nucleons and dashed lines pions. Small dots, large solid dots, solid squares, and solid
diamonds denote vertices of index � = 0, 1, 2, and 4, respectively. Further explanations are given in the text.

forces (4NF) start at this order. Since the leading 4NF come into existence one order higher than the leading 3NF, 4NF are
weaker than 3NF. Thus, ChPT provides a straightforward explanation for the empirically known fact that 2NF� 3NF� 4NF
. . . .

4. Two-nucleon interactions

The last section was just an overview. In this section, we will fill in all the details involved in the ChPT development of
the NN interaction; and 3NF and 4NF will be discussed in Section 5. We start by talking about the various pion-exchange
contributions.

4.1. Pion-exchange contributions in ChPT

Based upon the effective pion Lagrangians of Section 2.2, we will now derive the pion-exchange contributions to the NN
interaction order by order.

As noted before, there are infinitely many pion-exchange contributions to the NN interaction and, thus, we need to get
organized. First, we arrange the various pion-exchange contributions according to the number of pions being exchanged
between the two nucleons:

V⇡ = V1⇡ + V2⇡ + V3⇡ + · · · , (4.1)
where the meaning of the subscripts is obvious and the ellipsis represents 4⇡ and higher pion exchanges. Second, for each
of the above terms, we assume a low-momentum expansion:

V1⇡ = V (0)
1⇡ + V (2)

1⇡ + V (3)
1⇡ + V (4)

1⇡ + · · · (4.2)

V2⇡ = V (2)
2⇡ + V (3)

2⇡ + V (4)
2⇡ + · · · (4.3)

V3⇡ = V (4)
3⇡ + · · · , (4.4)

where the superscript denotes the order ⌫ and the ellipses stand for contributions of fifth and higher orders. Due to parity
and time reversal, there are no first order contributions. Moreover, since n pions create L = n � 1 loops, the leading order
for n-pion exchange occurs at ⌫ = 2n � 2 [cf. Eq. (3.5)].

In the following subsections, we will discuss V1⇡ , V2⇡ , and V3⇡ , one by one and order by order.

Interactions that involve
QVQ

when the omitted physics
is

Q(V+T)Q 
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FIG. 2: Left: the HOBETII-chiral expansion, which correctly treats the harmonic oscillation cuto↵ in ⇤ (the number of oscillator
quanta in P ), a definition of P that is required to preserve translational invariance. This leads to important corrections in
both the infrared and ultraviolet, as indicated. The short-range contributions to the e↵ective interaction, isolated by using
the Haxton/Luu rearrangement of the Bloch-Horowitz equation, are treated in a highly convergent contact-gradient expansion.
The terms in the e↵ective interaction are evaluated between infrared-corrected asymptotic states. This provides a direct
connection to experimental phase shifts, and leads to the method described herein for determining values of the LEC’s, the
coe�cients of the contract-gradient expansion. The use of PV⇡P , which is then iterated to all orders in P in the solution
of the Schroedinger equation, improves convergence by limiting the missing strong interaction physics to that of short range.
Right: The standard chiral expansion, which is not appropriate for nuclear physics calculations in a translationally invariant
HO basis. There is no infrared correction, despite the enhanced infrared e↵ects in the harmonic oscillator arising from the
kinetic energy operator, which couples P strongly to the nearest same-parity shell in Q. Diagrams appear in which a single
nucleon is excited to Q, when the correct division of the spaces depends on total quanta in a Slater deterninant, not the quanta
carried by individual nucleons. The chiral momentum cuto↵ is not consistent with the HO quantal (energy) cuto↵, as the HO
Q contains low-momentum excitations, while the HO P includes configurations that range over all momentum scales.

VII. HOBET PROPERTIES AND POWER COUNTING

The HOBET e↵ective interaction is depicted in Fig. 2.. In HOBETI [? ? ] the validity and convergence of the
HOBET expansion was established by solving the e↵ective interactions problem for A=2 and 3 numerically, without
approximations. The “I” designation in HOBETI denotes a calculation in which knowledge of NN phase shifts is
supplied through a high-momentum potential, which is then renormalized by integrating out all contributions in Q.
This was done in HOBETI for the bound-state problem: the interactions to be removed are not V � PV P but rather
H � PHP , which generates an interesting interplay between infrared and ultraviolate corrections residing in Q. The
numerical results were then shown to follow from the Haxton/Luu decomposition of the Bloch-Horowitz equation.
That decomposition reflects a simple requirement of short-range e↵ective theories – though one almost universally
ignored in nuclear physics calculations using finite, compact Hilbert spaces – that no such theory can succeed if the
proper infrared behavior has not been built in. In the Haxton/Luu decomposition this behavior is enforced through
the asymptotic Lee-Suzuki operator, E/E � QT , which generates the infrared solution from P | i. Here this Green’s
function procedure has been generalized to continuum states, where the asymptotic Green’s function depends not
only on E > 0, but also �(E). As we have seen, HOBET’s treatment of bound and continuum states is seamless:
there is a single theory, analytically continuous in E.

It is our view that most conventional approaches to this problem are phenomenological schemes to replace H = T +V
by P (T + V eff )P . Any such form is bound to fail for compact Hilbert spaces because of its flawed infrared behavior:
we have already seen that the infrared correction are o(1). When the parameters in V eff are adjusted, very good
representations of spectra can be achieved. The parameters include not only those explicit in V eff , but also those
involved in defining P , such as the oscillator parameter b and ⇤. Thus results are optimized for a “best” b and improve
as ⇤ is increased – behavior not consistent with an e↵ective theory, where results are required to be independent of the
choice of the low-energy Hilbert space. Despite phenomenological success in reproducing eigenvalues, such approaches
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It is a HO phonon expansion
The LECs are determined directly from experiment:  there is
      no potential outside P, there is no renormalization



We can do this because the theory is analytically continuous in 
energy, treating bound states and the continuum the same

▫  The BH equation formulated in a finite space yields an infinite
    an infinite number of states

▫  In the case of bound states, the KE Green’s function depends 
    only on E, and the self-consistency condition is an eigenvalue
    equation:  if you know an eigenvalue (bound-state information),
    one must adjust the LECs to force reproduction

▫  In the case of continuum states, the Green’s function depends
    on E and   (E):  pick any E, insert the experimental        — a 
    solution must exist at that E, so adjust LECs to achieve this 

� �
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tential. Separately, the phase shifts in that channel were
used to fit the LECs of Heff

P , with P including the first
4 harmonic oscillator states in the 1P1 channel. Heff

will have a matching eigenvalue and eigenvector at every
continuum energy, defining the restricted wave function
. Figure (4) shows that the projected numerical solution
and the eigenvectors ofHeff generate the same restricted
wave functions to high accuracy.

Projection E=1MeV
ET E=1MeV
Projection E=15MeV
ET E=15MeV
Projection E=35MeV
ET E=35MeV

5 15 r (fm)

-3

-

-1

1

u(r)=rR(r)
1P1 - Projection v.s. Heff NLO Solution

FIG. 4. The projections of the numerical solutions of the rel-
ative wave function match the e↵ective theory wave functions
at 3 selected continuum energies.

The match in projected and e↵ective wave functions is
good even when we set VL(r) = 0 and fit purely based
on the phase shifts. The self consistency error across
the sample points is slightly larger with VL(r) = 0, but
the same result is obtained. For longer range potentials
including a non-zero VL is important for convergence.

The nuclear interaction also includes a tensor interac-
tion, coupling spin triplet states with ` di↵ering by 2.
The S-matrix takes the incoming part of the wave func-
tions in each channel and mixes them to produce the
outgoing wave function in each channel.

S =

 
e2i�̄0 cos 2⌃̄ ei(�̄0+�̄2) sin 2⌃̄

ei(�̄0+�̄2) sin 2⌃̄ e2i�̄2 cos 2⌃̄

!
(13)

As a result, the observed phase shifts are a compli-
cated function of channel amplitudes and relative phase
of the incoming wave functions, producing a di�culty in
constraining GQT . A better strategy is to work in a basis
where the S-matrix is diagonal, motivating the following
parameterization.

O=

✓
cos⌃ � sin⌃
sin⌃ cos⌃

◆
, S=O�1

✓
e2i�0 0
0 e2i�2

◆
O (14)

Using this parameterization we can see two states  0 =
cos⌃ |Si � sin⌃ |Di and  2 = sin⌃ |Si + cos⌃ |Di that
scatter into themselves with both S and D components
having the same phase shift. The mixing angle is also
automatically included in the fit via the mix of S and D

states. Working in these diagonal states, the problem is
reduced to the single channel problem. We build Heff

for both of the diagonal states for the selected fitting
energies.

As a demonstration we pick ⇤ = 10, yielding 5 S-
channel states and 4 D-channel states for the included
P-space. Again, we use the Argonne v18 potential so we
can build a reference numerical solution to test the result.
In contrast to the size of P, the reference numerical result
required a large basis , ⇤ = 200, to achieve convergence
to the known bound state energy of �2.2245MeV .

It should be noted that high level of accuracy was ob-
tained in quite small P spaces. In large part this is due
to the complete sum of scattering by T through the ex-
cluded Q space enabled by the IR correctness of the ef-
fective theory. The remaining short range problem is well
fit by a contact operator expansion.

“SM” constructed directly from phase shifts: yields the exact restriction 
of the true wave function to P
        information previously encoded in, decoded from an NN potential 

Phase shifts procedure yields deuteron binding energy of -2.2245 MeV

Results are independent of the choices made in defining P

By Ken McElvain
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FIG. 19: (Color online) The left panel shows the radial dependence of the Argonne v18 potential in the 1S0 � 1S0,
3S1 � 3S1,

and 3S1 � 3D1 (tensor) channels. The last is clearly more extended. The right panel is a “Lepage plot” displaying fractional
errors as a function of the order of the calculation, on log scales. The steepening of the slope with order is the sign of a well
behaved, converging e↵ective theory.

deuteron is definitely not an extreme case. The e↵ects are also sensitive to the choice of P , through b, which controls
the mean momentum within P – a small b reduces the missing hard-core physics, but exacerbates the problems at
long wavelengths, and conversely. Figure 1 suggests factor-of-two changes in the Q-space contribution to the deuteron
binding energy can result from ⇠ 20% changes in b. At the outset, the dependence on |E| and b seems like a di�culty
for nuclear physics, as modest changes in these parameters alter predictions.

One of the marvelous properties of the HO is that the QT sum can be done. The two e↵ects discussed above turn
out to be governed by a single parameter, . The associated e↵ects are nonperturbative in both QT and QV . In the
case of QT an explicit sum to all orders is done. The e↵ects are also implicitly nonperturbative in QV , because of
the dependence on |E|. This is why the BH approach is so powerful: because |E| is determined self-consistently, it is
simple to incorporate this physics directly into the iterative process (which has been shown to converge very rapidly
in the HOBET test cases A=2 and 3). When this is done, one finds that  a↵ects results in three ways:

• the rescattering of QT to all orders, T (E�QT )�1QT , is absorbed into a new “bare” matrix element h↵|T |e�()i;

• the new “bare” matrix element he↵()|V |e�()i captures the e↵ects of QT in all orders on the contribution
first-order in V ; and

• the matrix elements of the short-range operators Ō, which contain all the multiple scattering of QV , are similarly
modified, he↵()|Ō|e�()i.

So far the discussion has focused on the problem of a single bound state of fixed binding energy |E|, the deuteron
ground state. No discussion has occurred of expectations for problems in which multiple bound states, each with a
di↵erent Heff (|E|), might arise. But 1) the dependence of Heff (|E|) on  arises already in the single-state case,
which was not a priori obvious; and 2) state dependence (energy dependence in the case of BH) must arise in the case
of multiple states, as this is the source of the required nonorthogonality of states when restricted to P , a requirement
for a proper e↵ective theory. So a question clearly arises about the connection between the explicit  dependence
found for fixed |E|, and the additional energy dependence that might occur for a spectrum of states.

Because other techniques, like Lee-Suzuki, have been used to address problem 2), it is appropriate to first stress the
relationship between  and the strong interaction parameters provided in Table II. The choice ⇤P =8 is helpful, as it
shows there is no relation. Every short-range coe�cient arising through order N3LO was determined from nonedge
matrix elements: the fitting procedure matches the coe�cients to the set of matrix elements with n0 + n  5, and
there are no edge states satisfying this constraint. Nothing in the treatment of the strong interaction “knows” about
edge states. This then makes clear how e�ciently  captures the remaining missing physics. Without  one would

order-by-order improvement systematic



The two-body physics so determined can then be subtracted exactly 
out of the N-body problem (now being done in p shell):

The “ground up” double beta decay effective interactions strategy is 
       essentially identical to that just described…

3)  Build the theory of the A-body system:  very pretty

Q

P

P

 Q

P

P

N1+N2 < Λ N1+N2+N3 < Λ

← KE Green’s
     

← P(Veff)P

the A-body problem

long-term goal:  marry exact formalism to the best codes/biggest machines

Friday, September 18, 2009

Interactions are now  soft 
and finite in number: 

P by P matrices with KE
propagation in between

IR propagators



▫       decay operators are scalars: the amplitude as a 
    function of CM energy looks like a scattering process

▫  The formalism allows one to do the elementary process
                             as a function of energy, mapping out the 
    amplitude in E:  one amplitude imposes many constraints
    on LECs

▫  The effective theory (HOBET) yields the scattering state 
    projected onto the SM-like P-space

▫  The effective operator can then be “built upward” from this
    amplitude, evaluating higher-body corrections systematically

▫  Can be compared to standard top-down methods,
    where a very large SM space is employed for a light nucleus,
    then that space is integrated downward, to evolve 

nn ! pp+ 2e�

��

Oeff



Final Comments

▫  In truth, I worry a bit that so much energy is being focused on
          decay:   this is an highly exclusive operator, typically 
    exhausting              of the double GT sum rule 

▫  “Walk before you run” theory suggests attacking simpler, better 
    known (data!) operators first

▫  But we can certainly compute functionally exact effective 
    operators for 2,3,4,… body systems — which would test basic 
    assumptions about relationships between allowed     decay,
              , and   

⇠ 0.1%
��

�
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