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Lattice QCD

The nice slides that follow are from Amy Nicholson (UNC).
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Relating Theory to Experiment

Many-body methods

ab-initio methods

LQCD
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How do we get to  
nuclear scales?
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This is the matrix element we 
need to calculate using LQCD 



What Do You Do With These Amplitudes?
Chiral effective field theory!

In QCD vacuum ∑
q=u,d

〈mqq̄q〉 6= 0

which spontaneously breaks a chiral (left-right) symmetry.

Like spontaneous magnetization, which gives rise to massless
“magnons” (spin waves). Pions are the analog of magnons for chiral
symmetry. If the u and d quarks had the same mass, pions would
be massless. In the real world they have mass, but much less than
other hadronic objects.

Chiral perturbation theory is the “effective theory” for interacting
pions. It has infinitely many parameters but only a finite number at
each order of λχ = q/Λ or mπ/Λ, the expansion parameter (q is a
typical momentum andΛ is the scale at which other hadrons can
exist, about 1 GeV.) The theory breaks down if λχ gets close toΛ.



Chiral Effective Field Theory with Nucleons
Here you try to add nucleons to the mix. There is no problem with
adding a single nucleon, but with two or more, things get a little
tricky. Proceeding naively, the terms in the nucler interaction have
effect only at increasingly large powers of λχ.
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Figure 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.

The reason why we talk of a hierarchy of nuclear forces is that two- and many-nucleon forces are created
on an equal footing and emerge in increasing number as we go to higher and higher orders. At NNLO, the
first set of nonvanishing three-nucleon forces (3NF) occur [70, 71], cf. column ‘3N Force’ of Fig. 1. In fact, at
the previous order, NLO, irreducible 3N graphs appear already, however, it has been shown by Weinberg [52]
and others [70, 127, 128] that these diagrams all cancel. Since nonvanishing 3NF contributions happen first
at order (Q/⇤�)3, they are very weak as compared to 2NF which start at (Q/⇤�)0.

More 2PE is produced at ⌫ = 4, next-to-next-to-next-to-leading order (N3LO), of which we show only
a few symbolic diagrams in Fig. 1. Two-loop 2PE graphs show up for the first time and so does three-pion
exchange (3PE) which necessarily involves two loops. 3PE was found to be negligible at this order [57, 58].
Most importantly, 15 new contact terms ⇠ Q4 arise and are represented by the four-nucleon-leg graph with
a solid diamond. They include a quadratic spin-orbit term and contribute up to D-waves. Mainly due to
the increased number of contact terms, a quantitative description of the two-nucleon interaction up to about
300 MeV lab. energy is possible, at N3LO (for details, see below). Besides further 3NF, four-nucleon 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
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Comes with Consistent Weak Current

Pions are axial, just like the part of the weak current important for
ββ decay. The leading piece of the axial current is

π

c3, c4 cD
just the usual one-body current, more or less. At next order, you get

π

c3, c4 cD

with the constants fixed by the three-body interaction:



Operators for Heavy Particle Exchange

Leading diagrams for heavy
particle exchange
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How Useful?

In principle, this is exactly what you’d need for a controlled
calculation of weak processes with controlled error bars. In
practice. . .

1. Extension of “power counting” to nonperturbative
nuclear-structure calculations not fully rigorous.

2. Arguments about how best to determine parameters
3. You also need a many-body calculation with quantifiable

errors (we’ll get to that next).


