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ABSTRACT

•fa- expansion in QCD (with Nc the number of colours) suggests using a potential from
meson sector (e.g. Richardson) for baryons. For light quarks a a field has to be introduced to ensure
chiral symmetry breaking (xSB). It is found that nuclear matter properties can be used to pin down
the x SB-modelling. All masses, MN, mff) mw are found to scale with density. The equations are
solved self consistently.
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Low energy physics is essentially controlled by the Goldstone particle, i.e. the pion.

The relevant parameter is the pion decay constant, fw. This is related to the quark con-

densate < Ijq > through the Weinberg sum rule. In the QCD sum rule approach also, the

nucleon mass is determined predominantly by the odd dimensional operator < qq> (Ioffe

[l], Reinders, Rubinstein and Yazaki [2]). At higher density the condensate decreases in

magnitude (Bailin, Cleymans and Scadron [3j, Dey, Dey and Ghose [4]) and /„ also de-

creases correspondingly (Dey and Dey [5]). This results in changes in the nucleon property,

for example in the increase in the radius expected from the EMC experimental data through

reseating (Close, Roberts and Ross [6]). In the formalism of relativistic Hartree-Fock theory

(Dey, Dey and Le Tourneux [7]), justified by the large Nc theory of t 'Hooft [8] and Witten

[9j , one gets a weakening of the confinement {Dey et al. |10) at higher density. If one

uses the potential due to Richardson [11], this means a decrease in A, the only parameter

present in the interaction. We wish to recall that for light quarks one has to use a running

quark mass m(r) to get correct nucleon radius and other properties [7],

Relatlvistic description of nuclear structure and reactions, within Quantum Hadrody-

namics (QHD) has been greatly developed during the last wveral years (Serot and Waleeka

[121, Celenza, Rozenthal and Shakin [13] ). Can one show the compatibility of this model

with the mean field quark model ? In a crude way this was done, by Guichon [14] and Fred-

erico et al. [15] where they assumed that there is a scalar a and a vector u> field coupled to

the quark. As clearly stated by Guichon, this is a. very strong assumption since neither the

a nor the w we fundamental at the quark level. One can think of the running quark mass

ro(z) as being due to a IT field. There are problems in doing this. One has to take care

of the Goldttone pion since one is breaking chiral symmetry. This is hard to do since the

pion-quark coupling is a highly non-linear one and only in the Zahed model [16] in lower

dimension one can treat this exactly. Here we have introduced the well established one pion

exchange potential (OPEP in short) at the QHD level in nuclear matter and thus corrected

for the deficiency of the quark model we have used. Also, we have ignored the pion-quark
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interaction and replaced this by the nudeon-pion interaction, which does not introduce

any additional parameters in the theory. For the energy due to the OPEP we have used

the esimates given by Cenni, Conte and Dillon [17] These are obtained in the second order

perturbation theory using wave functions in nuclear matter derived from the Reid soft core

potential [18]. And the OPEP contribution is insensitive to the finer details of the nuclear

matter wave function - it only depends on the wound in the wave function. This wound

cuts off the pion from the nucleon at around 0.35/m, and therefore also from the quarks,

since in the nuclear matter wave function, the nucleon is taken to be point like, apart

from this wave function effect. The OPEP tail is the same in all phenomenological nucleon-

nucleon interactions (with a core of about 0.35/m). And we hope that its contribution is

model independent which is yet to be seen.. At the present moment, exact treatment of the

nucleon-nucleon interaction with pions in the quark picture, is an insoluble problem. The

a fits in nicely with the running quark mass, but again there is problem with the vector

mesons. In the Walecka model there is the w meson and this also we couple to the nucleon

rather than the quarks themselves. Now, of course, extra parameters are introduced and

the purpose of the paper is to report that the nuclear matter constraints are enough to

uniquelly determine these parameters.

We will next look at the problem from the QCD point of view. Starting from the action

for a system of interacting quarks and gluons one can obtain, after a series of approximations,

a Dirac Hamiltonian with a two body static potential. It was shown by 't Hooft [8] that such

a classical (as opposed to field theoretic where Qq loops essentially introduces infinite degrees

of freedom) two body interaction may be derived by summing all the gluon loops that one

can draw on a plane. Wit ten [9| further showed that this interaction, which is appropriate for

the meson (essentially a two body system), can also be used in the mean field approximation

for a baryon in the same order. Present day techniques do not permit summing up all the

planar gluon diagrams which would yield such a potential unambiguously. AB an alternative

one can borrow a potential from the meson calculation, for example that of Crater and va

Alstine [19] mentioned before and test It for a baryon (Dey,Dey and Le Toumeux [7]). The

potential used in this case is due to Richardson [11] and it passes the test very well. For

the sake of completeness we present this potential here:

(1)

where we have the scalar product of the colour SU(3) matrices As for the two interacting

quarks, Nj is the number of flavors taken to be three, and

= 1 - 4 f d9

The action of a system of interacting quarks and gluons can be written as

S = i ?-m)q + fi (3)

where Ssiuori denotes, collectively, the action of gluons, the gauge fixing terms and the

action of the unphysical or ghost fields, A the field potential, while j£ is the quark current

f<
The connected Green's functions of gluons are generated by the functional

where dfi includes the ghost fields. The full generating functional is given by

= j
and using (3) one can formally integrate out the gluons and ghosts and write

Z = j\dqdq\txp\i j d*xq(i ? - m)q + W(j)\,

(4)

(5)

(6)

(7)



thus obtaining an effective action for the quarks :

- (1/2)

f - • • • } (8)

where the V-s are connected Green's functions. This equation is an infinite expansion and it

is absolutely essential to have a truncation scheme if we want to extract meaningful numbers.

For JV -̂quark systems like the baryon, the I/JVe expansion provides such a scheme. This

can be seen by going back to the formalism of canonical quantisation and considering £„//

as a function of the field operators q and q. For an 7Vo-body baryon, the expectation value

of the N currents (JV > Na) that are contracted with V£V.'.£* involves

< JV=?'* I 59 • • -OT(JV time*) | N«q's >

w *J,e(l, • - •, Nc) < 0 | 59 •' • 9?(JV - ^o times) | 0 > 9N,{1, • • • ,NC). (9)

Now the factor < 0 | qq- • -qq(N — NB times) \ 0 > corresponds to the production of

virtual qq pairs and quark loops. It is suppressed by 1/JVO and all terms involving more

than N,. currents can be dropped in a similar manner. In spite of this restriction one cannot

actually compute even the two point Green's function to all orders. One therefore takes the

static limit and use for V00 a standard vector potential like Richardson's for example. For

light (u,d) quarks one has to split the potential into a vector and a scalar part arbitrarily

to take care of the chiral symmetry breaking [7] . An alternative has been tried recently by

Dey et al. [20], where forms are taken for the masB following Shuryak [21] or Brevik [22].

We will discuss the form given by Shuryak briefly (details may be found in p. 123-126 of

his book). This gives

* * > /3 (10)

where < * * > « (-25SMeV)3 and the eq. (10) is valid upto about 0.35 fm from which

point the quark mass is taken to be flat and constant. The interesting thing is that the form

of the Hartree-Fock potential is not sensitively dependent on the form of the mass chosen,

i.e. there is not too much difference between the Shuryak [21] form given above and the

form given by Brevik [22]. In a sense this effective mass term is due to the qq terms of

eq. (9) taken in a heuristic manner. So it is comforting to know that while the quark mass

has to be taken in a form like in eq. (10), the results are not sensitive on its precise form

chosen. It may be relevant at this point to recall that qq degrees of freedom may be more

important in baryons than people thought before. We refer to only two suggestions in the

current literature: (a) Jaffe [23[ has suggested large coupling of nucleon to the <j> and (b)

Prep&rata and Soffer [24] have suggested large coupling to rj', both of which are present in

the original analysis of Nagela et al. [25] and have been neglected in nuclear physics for a

long time.

To return to the problem we recall that one cannot use a co-ordinate dependent form

for the m(x) in a Lagrangian formalism - but has to introduce a field a[x) instead. This field

is an effective field and its properties may therefore change with the ambient density. This

relates the quark problem to the nuclear matter problem and it ia possible to find consistent

solutions for the nuclear binding energy curve from this. One has to invoke a vector u field

also and, as stated by Gukhon [14] and Frederico et al. [15] who first suggested this kind of

treatment, - these are not fundamental at the quark level. We find that if one couples this

approach with the relativistic HF at the quark level, the stringent condition of matching the

cr(r) with the quark tpip determines the energy density function of the sigma, U[o) and mass

of the sigma scales as /„ with density. U{a) looks like that found in soliton bag models.

We will elaborate on this interesting point. One can start with a parabolic form of U for

zero density but then finds that cubic and quartic terms in a have to be added. This is

not unexpected since at high density if chiral symmetry is to be restored one must have a

second minimum in U{a). This is not possible with a parabolic form since the ^ is then
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linear in o. This type of non-linearity has been known in the soliton bag model for a long

time [26] but it is nice to find numerical analysis compelling one to similar solutions when

the starting point is quite different.

One can fit nuclear matter in a satisfactory manner if one takes an u-mass which also

scales with density like fw and takes a standard form for the one-pion-exchange potential

contribution to nuclear matter ( from for example Cenni et al. [17| ) . This latter contribu-

tion from the OFBP is quite justified, since QCD sum rules predict essentially the correct

value for the pion-nucleon coupling constant (Reinders, Rubinstein and Yazaki[2]) and this

conpling constant has very little density dependence around normal nuclear matter density

(Dey, Dey and Ghose, [4]). The scaling of the mass of omega with density was expected by

Brown and Rho [27| from the missing strength of the longitudinal electron response. It is

interesting to find that the same behaviour is essential to get a fit to nuclear matter starting

from a quark mean field model.

As stated before, one can identify m(r) with a o field in the spirit of Friedberg and Lee

model J26]. The difficulty is that one has to solve coupled equations for the a fields and

the quark field r/> as done by Goldflam and Wilets [26], but with one more complication.

There is now a mean field obtained from two-body quark-quark potential selfconsistently.

We have

with

and

2do
r dr

dU[a)
do

(12)

(13)

where V(r -~ r') is the two body quark-quark potential, g is the quark-tr coupling constant.

The mean field v[r) is totally confined inside the nucleon. U{o) is given by

7

where the scalar a field attains its vacuum expectation value ov so that

(14)

(15)

m4 being the constituent quark mass taken to be 3Q0MeV(l.5fm~l). Observe that we

wrote U[a) in such a way that mB is the effective sigtna mass:

d?U

g<r{r) can be fitted to an analytic form,

(16)

ga[r) = m{r) = m,[l - {1 + or + <*V/3) exp(-ar)]. (17)

The parameter a is taken to be 5fm~1 consistent with Shuryak's model [21]. The quark

mass mq may vary a little with density(4] , but this will be investigated in a more detailed

work later on. This variation is too small to change our results qualitatively. With the

form given in eq. (17) we calculate the nucleon mass from the relativistic Hartree - Fock

equation self - consistently[7]. The centre of mass correction is also done as in ref. [7]. The

energy contribution of the sigma field to the nucleon mass is obtained by integrating U{c)

and the kinetic energy density (^(Vcr)2) of the sigma. field. The resulting mass Ms is a

bit high but we do not worry about this since pion cloud correction could bring this down.

Fortunately the nuclear matter binding is independent of this mass since this is subtracted

out from the energy.

As seen from this equation, for large r, a becomes a constant and a constant a is what

is used in the Walecka model. The coupling with the nucleon is given by

3<rN = '• (18)



The w field is introduced at this level following Serot and Walecka [13] so that the

energy density of the nuclear matter is

£ = fi, | (19)

Here pg is the nuclear matter density, hp is the Fermi momentum, and M* is the effective

nucleon mass in the medium to be found self consistently from

M*=MN- (*2-
irtn

where

EF

To obtain the saturation at p& equal to po — 0.17fm~3 gu is adjusted to

243.5

(20)

(21)

(22)

The number used by Serot and Walecka [12] was 193.7, the experimental one, given in ref.

[14], being 251 is closer to 243.5.

We would like to enphasize here the way the selfconsistency is obtained in this calcula-

tion. We solve the equations for iji and a, eqs. (11) to (17), using the Richardson potential

f 11] (see eqs. (1) and (2) ) for different density dependent parameters A. iFrom this con-

sistency we obtain the density dependence of the quark-sigma coupling constant g and the

corresponding coupling with the nucleon given by eq. (18). Next we calculate the nucleon

mass from the relativistic Hartree-Fock equation self - consistently. We also have included

the center-of-mass contribution as been done in ref. [7]. The sigma energy contribution to

the nucleon mass Ea is added at this point, after integration of the density energies (kinetic

and potential). After this we have the running nucleon mass Ms, that varies with the

density, and the effective nucleon mass in the medium is obtained self consistently through

the equations (20) and (21). The energy density of the nuclear matter is obtained through

eq. (19) and the numerical constant present in the w energy, eq. (22), adjust the saturation

at the normal nuclear density.

In Table 1 for each density we list the corresponding A, the parameters of U{a), the

quark-sigma coupling and the nucleon-sigma coupling. In Table 2, again for the same

densities, we give the sigma contribution for the nucleon mass Ev, the nucleon mass Mf/,

the self consistent mass M*, the energy contributions to the binding and the final binding

energy (BE) per nucleon. This final binding energy is obtained after summing all the energy

contributions and subtracting the nucleon energy at zero density. A nice feature is that the

saturation is obtained with a consistent set of parameters. Only a large a mass can give us

the saturation in the right position and with aproximately the correct amount of binding

energy per nucleon. The relation connecting tj and (3, given by ( j - ^ ) 3 , ensures that we

have just one minimum of the potential U at a — av and that the other two extrema are in

the same position. We can also produce another minimum with a smaller value of (3, but

to keep the absolute minimum at a = av one cannot change t3 too much. The expressions

for the energies Ep are defined by

(23)

where the £& are given in eq. (19).

To summarize our main finding has been to observe that all the relevant masses scale

with nuclear matter density, in a self consistent calculation. In particular the scaling of mu

is expected from the missing strength of the longitudinal electron response [27].

We were led to fit nuclear matter more to constrain our model of chiral symmetry

breaking. We fit U(a), using the ansatz for the sigma field given by eq. (17), in the

framework of the relativistic Hartree - Fock calculation[7]. We use the Richardson potential.

Calculations with other potentials like for example the one suggested by Hansson, Johnson

and Peterson or Ding, Huang and Chen [28] and more detailed study of the solutions should
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be pursued and are under way.

We find M^ which are very reasonable and our sigma is like that of a glueball of mass

more than 2GeV. This is similar in spirit to Bayer and Weise J29].
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Table 1.
Density-dependence of the parameters and coupling constants.

ea.
P°

0
0.25
0.50

0.75

1.00

1.25

1.50
1.75

2.00

A(MeV)

225

217
209

202

194

187

180
173

166

mg{MtV)

2565
248S
2389

2293

2197

2118

2025
1933

1848

0

15
27

37
46

53.5

59
63.5
69.5

9

13.418

12.844
12.157

11.529

10.919

10.402

9.806
9.243

8.656

SffAT

19.861
19.733
19.110
18.659

18.213

17.854

17.152
16.500
15.835

Table 2.
Density-dependence of the energies. All the energies are given in MeV.

p*

0

0.25
0.50

0.75

1.00
1.25

1.50

1.75

2.00

Ea

89.90

89.89

90.36

90.29

90.25

90.17
90.60

90.76

91.53

MN

1241

1223

1197

1176

1155
1138

1117

1097

1078

Af*

1241
1203

1156

1112

1067

1025
980.0

935.9

894.0

EK

1241

1210

1168

1128

1087
1049
1008

968.8

931.5

E.

0
10.15

20.48

31.54

43.24
55.38

66.40

77.72
88.42

Eu

0

26.56

55.47

86.19

119.2

153.4
191.3

231.4

273.6

0

-7.431

-14.91

-19.96

-24.02
-27.52
-30.58

-33.33

-35.83

BE

0

-1.729

-12.53f

-15.2OE

-15.711

-10.72t
-5.701

3.278

16.432

T
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