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1. Motivation

e One important goal of theoretical nuclear
physicists is to understand atomic nuclei
from nucleons and the forces between them

(“microscopic nuclear structure”).

e A crucial ingredient for the above approach

is a nucleon-nucleon (N N) potential.

e Therefore, we will develop an NN poten-
tial (in configuration space) for applica-

tion in nuclear structure.



2. Introduction

e Quantum Chromodynamics is the fun-
damental theory of strong interactions.

(quark-quark)

e Hadrons are made from quarks.

n' pion  Proton Neutron



e Nucleon-Nucleon interaction 1s based on

quark-quark interactions (QCD).
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However, ...

Nuclear physics is “Low-Energy Physics.”

S0, the coupling constant is large.

Non-perturbative. Problem!
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The “solution”:

An “Effective Field Theory (EFT)”

using effective degrees of freedom: pions and nucleons
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Since this EFT is the low energy version
of QCD; therefore, it must have the same
symmetries as QCD:; particularly,

chiral symmetry.
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Chiral Effective Field Theory




3. Spontaneous Symmetry Breaking

e The QCD Lagrangian

. _ 1
Loop = @i Pg—aMa— Fy,

with D, = (9, + igT*A?)

The masses of the quarks break chiral sym-

metry explicitly.

Y

However, the “up” and “down” quarks are

very light.

(m,, =~ bMeV and my =~ 9MeV << hadronic scale of = 1GeV)
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Therefore, the masses are almost negligible.
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QCD in the light quark sector is ap-

proximately Chiral-Symmetric.
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e Spontaneous symmetry breaking

Chiral symmetry is spontaneously broken

in the ground state.




Chiral symmetry would imply that
the hadron spectrum has parity

doublets.

4

However, those are not observed.

4

The symmetry 1s spontaneously broken.




4. The Chiral Lagrangian

From Weinberg’s Theorem:

The effective Lagrangian involving the pion
fields has to contain all terms consistent

with the spontaneously broken chiral sym-

metry, etc. J
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with U = 7 %/f= and Uy, = iuTVMUuT
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5. The NN Potential

1. Start from the Lagrangian for the pion-
nucleon interactions, and using Feynman
rules, we evaluate the NN diagrams, up
to a certain order of chiral perturba-

tion theory.

2. Identity the set of diagrams with the NN

potential.
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e Diagrams are of order (Q)/A)” with

no
v=2xloops+ % (d-—|—5‘1—2)

vertices)

power of the vertex

-—)dj=1, O—)dj=1

0—>de2, @—>de2

n; = number of nucleon lines at a vertex

nj:2
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e General form of NN amplitude

V = VC —|—7_"1°7_"2WC
+ [Vg +71-T2Wg ] &1 09
+ [V +71-T2Wrp ] S12
+ [Vig+ 71 -2 Wig] L- S
where

G1-7) (52 T
512:3(1 ) (G2 & .5
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(LO) S ¢

Lowest Order/Leading Order (LO)

Contribution:

Static, non-relativistic

One-Pion-Exchange (OPE)

L mie
S = 2
48T f= 7
g2 —
T 4 (3 + 3z + z?)

487 f2 p3
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We = ——[{1+

where

and

are the Bessel

2T

+ 2x?%) —

+ (3z +

15

— (15 +



2T

+ <c3 + (6 + 122 4 1022 + 423
We =
x {2(3g% —2)(6z~' + 12 + 10z + 42 + z®) + 4z + 22% + 32%)}
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Deuteron in to other models and the
data. binding energy By; S state Ag; D/S state
7n; deuteron radius 7g; moment (); D-state Pp.)
This work ~ N3LO CD-Bonn  AV18
By (MeV) 2.224575 2.224575 2.224575 2.224575
As 0.8844 0.8843 0.8846 0.8850
n 0.0254 0.0256 0.0256 0.0250
rq (fm) 1.970° 1.978° 1.970° 1.971°
Q (fm?) 0.283¢ 0.285¢ 0.280°¢ 0.280°¢
Pn (%) 5.54 4.51 4.85 5.76
*See Table XVIII of [R. Phys. Rev. C63, 024001 (2001)] for references.
"With currents (MEC) and relativistic corrections (RC)

MEC and RC in the amount of 0.010 fm?2.
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Deuteron wave functions. The large waves are S-waves [u(r)] and the small waves

are D-waves [w(r)]. The thick solid lines represent the waves from

our present model while the thick dashed lines are from the

chiral momentum space at N?LO. The thin lines are based upon various
models.
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