
QCD SCALES AND CHIRAL SYMMETRY IN FINITE NUCLEI 

D. G.  Madland 

Theoretical Division, Los Alamos National Laboratory RecElv ED 
I.\U6 1 3  1997 Los Alamos, New Mexico 87545, USA 

Abstract 

We report on our progress in the calculation of nuclear ground-state properties using effective 
Lagrangians whose construction is constrained by QCD scales and chiral symmetry. Good 
evidence is found that QCD and chiral symmetry apply to finite nuclei. 

Introduction: In 1992 a Dirac-Hartree calculation in mean field approximation was per- 
formed by Nikolaus, Hoch, and Madland (NHM) [l] for the nuclear ground-state properties 
of 57 nuclei and saturated nuclear matter. Their Lagrangian was motivated by empirically 
based improvements to the Walecka scalar-vector model [2,3], but using contact interactions 
(point couplings) to allow treatment of the Fock (exchange) terms. The 9 coupling constants 
of the NHM Lagrangian were determined in a self-consistent procedure that solved the model 
equations for several nuclei simultaneously in a nonlinear least-squares adjustment algorithm 
with respect to well-measured nuclear ground-state observables. The predictive power of the 
extracted coupling constants is better than had been expected both for other finite nuclei and 
for the properties of saturated nuclear matter. 

In 1996 Friar, Madland, and Lynn (FML) {4] observed that whereas the 9 empirically based 
coupling constants of NHM span 13 orders of magnitude, if they are instead scaled in ac- 
cordance with the QCD-based Lagrangian of Manohar and Georgi [5], and the role of chiral 
symmetry in weakening N-body forces is taken into account (Weinberg [6-7]), then 6 of the 
9 scaled coupling constants are nuturd, that is, they are dimensionless numbers of order 1. 
This is potentially an important result because it may mean that (a) QCD and chiral sym- 
metry apply to finite nuclei and, if so, (b) heretofore unattainable accuracy and predictive 
power in the nuclear many-body problem may be within reach. Here, it is important to note 
that our work does not test QCD, or chiral symmetry, but rather egective Lagrangians whose 
construction is constrained by QCD and chiral symmetry. 

In the next sections the NHM relativistic point coupling model is briefly summarized, the roles 
of QCD scaling and chiral symmetry are briefly discussed and quantified, a more complete 
point coupling Lagrangian and first results using it are presented, and the current status is 
given. 

NHM Relativistic Point Coupling Model: The NHM model is a self-consistent Dirac 
Hartree-(Fock) model utilizing contact interactions (point couplings) in the mean field ($ -3 

($)) and no Dirac sea approximations. The model consists of four-, six-, and eight-fermion 
point couplings leading to scalar and vector densities with both isoscalar and isovector com- 
ponents, derivatives of the densities to simulate the finite ranges of the mesonic interactions, 
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but no explicit mean meson fields; instead, mean nucleon fields in Skyrme-type approximation. 
The Lagrangian is given by 

Lfree and Le, are the kinetic and electromagnetic terms, and 

In these equations, $ is the nucleon field, the subscripts “5’” and “V” refer to the scalar and 
vector nucleon fields, respectively, and the subscript ‘Y”’ refers to isovector fields containing 
the nucleon isospin 7‘. The physical makeup of .C is that L41 is a four-fermion interaction, 
while &t contains six-fermion and eight-fermion interactions, and Lder contains derivatives 
in the nucleon densities. There are a total of 9 coupling constants. 

Minimizing the expectation value of the Hamiltonian corresponding to Eq. (1) in the space 
of Slater determinants 14) leads to the Dirac-Hartree equations containing the following po- 
tentials: 

where Eq. (5) is the isoscalar-scalar potential corresponding to CT meson (fictitious) exchange, 
Eq. (6)  is the isoscalar-vector potential corresponding to w meson exchange, Eq. (7) is the 
isovector-scalar potential corresponding to S meson exchange, and Eq. (8) is the isovector- 
vector potential corresponding to p meson exchange. In these latter equations the scalar 
density is given by ps = (41$$14), the vector density is given by pv = (~ I$ -~o$I$)~  the 
isovector-scalar density is given by p ~ s  = (41?jk3$14), and the isovector-vector density is 
given by PTV = ( 4 I J 7 3 Y O W ) .  

The 9 coupling constants of the NHM Lagrangian were determined in a self-consistent pro- 
cedure that solves the Dirac-Hartree equations for several nuclei simultaneously in a nonlin- 
ear least-squares adjustment algorithm of Levenberg-Marquardt type with respect to well- 
measured nuclear ground-state observables. The well-measured observables used are (a) the 
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ground-state masses (binding energies), (b) the rms charge radii, and (c) the spin-orbit split- 
tings of the least-bound neutron and proton spin-orbit pairs. The spherical closed-shell nuclei 
l60, 88Sr, and 208Pb were chosen for the determination of the coupling constants (12 observ- 
ables to determine 9 coupling constants). The NHM coupling constants are given in Table 1 
where the first four coupling constants refer to Eq. (2), the next three refer to Eq. (3), and 
the remaining two refer to Eq. (4). They span 13 orders of magnitude. 

Table 1: Optimized Coupling Constants for the Relativistic Point Coupling Model 

Coupling Constant Magnitude 
-4.508 x 
7.403 x loF7 
3 . 4 2 7 ~  
3 . 2 5 7 ~  

1.11ox 10--l1 
5.735x 10-17 

-4 .389~  
-4.239 x 
-1 .144~10- '~  

Dimension 
M e V 2  
MeVd2 
M e V 2  
MeVF2 
MeV-5 
MeV8 
M e V 8  
M e V 4  
M e V 4  

With these 9 coupling constants one can calculate the following for spherical closed-shell nuclei: 
(a) single-particle Dirac wave functions and eigenvalues for both protons and neutrons, (b) 
nuclear ground-state mass and binding energy, (c) proton and neutron densities and their 
moments, (d) nuclear charge density and its moments, and (e) isoscalar- and isovector-, scalar 
and vector, potentials. For example, Table 2 gives the average absolute deviations of calculated 
binding energies and rms charge radii from the measured values for a number of cases. This is 
an encouraging result, especially if one notes that the corresponding rms deviations are even 
smaller. 

Table 2: Average Absolute Deviations of Calculated Observables from Measured Observables 
for the Relativistic Point Coupling Model 

Observable Avg. Abs. Deviation Number of Cases 

< " >charoe 112 0.020 fm 17 
EB 2.52 MeV 34 

QCD Scales and Chiral Symmetry: An SU(2) x SU(2) Lie algebra is generated by the 
commutation rules of vector and axial charges. Assuming that axial currents are approxi- 
mately conserved, the resulting symmetry is called c h i d  symmetry. In the exact chiral limit 
quarks are massless and the Goldberger-Treiman relation, connecting the strong and weak 
interactions. is exact: 

where is the strong axial-vector coupling constant, GA and G v  are the weak axial-vector 
and polar-vector coupling constants, respectively, g r N N  is the effective pion-nucleon coupling 
constant, fr is the pion decay constant, and m N  is the nucleon mass. In 1990 Weinberg [6] 
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addressed the (broken) chiral symmetry and introduced chiral perturbation theory into nu- 
clear physics and showed that chiral Lagrangians predict the suppression of N-body forces. 
He accomplished this by constructing the most general possible chiral Lagrangian involving 
pions and low-energy nucleons as an infinite series of allowed derivative and contact interac- 
tion terms and by using QCD mass scales and dimensional power counting to categorize the 
terms of the series according to their characteristic (average) momentum or energy scales. He 
concluded that N-body forces were a series in the ratio of a small momentum scale to a large 
one, leading to a systematic suppression of N-body forces. That is, the infinite series is not 
physically infinite. 

Consider the generic Lagrangian for pions (Z) and nucleons ($) and containing derivatives, 
(W), used in dimensional power counting by Manohar and Georgi [SI, and later refined by 
Weinberg [7] and Lynn [SI: 

where j x  and m, are the pion decay constant, 92.4 MeV, and pion mass, 139.6 MeV, respec- 
tively. If the theory is natural [5,8], this Lagrangian should lead to dimensionless coefficients 
qmn of order unity for each order in the QCD large-mass scale, A = 1 GeV. The chiral 
constraint is given by 

which guarantees that no A appears in the numerator of L, and hence the Lagrangian is a 
series in A-l and therefore converges. Thus, all information on scales ultimately resides in 
the qmn. If they are natural, QCD scaling works. 

A = l  - I -a-2 2 0, (11) 

As a first test, the 9 coupling constants of the NHM Lagrangian are again shown in Table 
3, both in dimensional (identical to Table 1) and dimensionless form, the latter obtained by 
equating Eqs. (2)-(4) and Eq. (10). [Note that we use 7' in Eq. (2) and t' = 47' in Eq. (lo)]. 
One sees that the nine terms of the NHM Lagrangian represent portions of three different 
orders in the large-mass QCD scale A, namely, A', A-l, and A-2. However, while the 9 

Table 3: Optimized Coupling Constants for the Relativistic Point Coupling Model and Cor- 
responding Dimensional Power Counting Coefficients and Chiral Expansion Order 

Coup. Const. 
OS 

f f T S  
a V  

ffTV 
PS 

7s 
ÎV 
6s 
SV 

Magnitude 
- 4 . 5 0 8 ~  
7.403 x 
3 . 4 2 7 ~  
3 . 2 5 7 ~  

1.11ox 10-l1 
5.735x 10-17 

- 4 . 3 8 9 ~  
- 4 . 2 3 9 ~  10-l' 
- 1 . 1 4 4 ~  10-l' 

Dimension 
M e V 2  
M e V 2  
MeV-2 
M e V 2  
M e V 5  
MeV-' 
MeV-' 
M e V 4  
M e V 4  

Qmn 
-1.98 

0.0128 
1.48 
0.56 
0.28 
9.28 
-7.10 
-1.84 
-0.49 

Order 
no 
A' 
A0 
11' 
A-' 
A-2 
A-2 
A-2 
A-2 
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original coupling constants span 13 orders of magnitude, the dimensional-power-counting co- 
efficients elmn axe six of order (I), two of order (lo), and one of order Given that the 
clmn should be of order unity if they are natural this is a surprisingly good result since it has 
been obtained with an incomplete mix of terms from three orders in A and the pions have 
been ignored, that is, assumed to cancel out. Presumably, the absent terms are represented 
by unphysical (unnatural) Values of some of the existing clmn and this introduces yet other 
unphysical consequences. The question is can we improve on this situation? 

Revisit the Relativistic Point Coupling Model: In our subsequent calculations studying 
the NHM coupling constants we observed that while only one of the two isospin-dependent 
terms is natural, namely, ea*,, the sum of the two, namely, (caTs + c,,,), also appears to be 
natural. [We connect the 1st and 4th columns of Table 3 with this notation]. We also observed 
that while both eight-fermion interactions are unnatural, their sum (%, + %,) appears to 
be natural. These two behaviors persist throughout an exploration of the x2 space occupied 
by the 9 coupling constants of the NHM Lagrangian. 
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