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- CHAPTER-IV

GLUONIC CONTRIBUTION TO THE SELF-ENERGY OF NUCLEON

4.1 Introduction

The axial anomaly is known to be one of the most subtle effects of the
quantum field theory. In QCD, the most important consequence of the axial anomaly

is the fact that the would-be ninth Goldstone boson, the 7+, is massive even in the

chiral limit{1]. This extra mass-is induced by non-perturbative gluon dynamics[2] and
the axial anomaly. The role of gluonic degrees of freedom and OZI violation in the

7'- nucleon system has been investigated through, among others, the flavour—singlet

Goldberger-Treiman relation [3], which, in the chiral limit, reads

3
Mgﬁl) = \/‘;‘Fb (&;’NN *gQNN) “4.1)
Here g9 is the flavour-singlet axial-charge measured in polarized deep inelastic
scattering, g, iS the 7' -nucleon coupling constant, gy is the one-particle

irreducible coupling of the topelogical charge density Q = %Gé to the nucleon. In

Eq.(4.1), M is the nucleon mass and Fo renormalizes(4] the flavor-singlet decay
constant. The coupling constant g,y is, in part, related [3] to the amount of spin
carried by polarized gluons in a polarized proton. The large mass of »' and the small

value of g0 (=0.2-0.35), extracted from deep inelastic scattering [5], point to
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substantial violations of the OZI rule in the flavour-singlet J* =1* channel [6]. A

large positive gyyy ~ 2.45 is one possible explanation of small value of gf,“’l DIS - '

It is important to look for other significant consequences which are sensitive

to gony - OZI violation in the 7'~nucleon system is a probe of the role of the gluons in

dynamical chiral symmetry breaking in low-energy QCD. It will be intcrestin:g to
calculate the nucleon self-energy due to this kind of gluonic interaction. The gluonic
contribution to the nucleon self-energy will be over and above the contributions
associated with meson exchange models. It is known[7] that the pion self energy to
the nucleon is negative, and it alone contributes (10%-20%) of the nucleon mass. Our
objective in this work is to calculate self-energy due to this kind of gluonic interaction.
The perturbation theory used most extensively to study QCD at low energies is
generically referred to as chiral perturbation theory, with inclusion of baryons, the
effective theory is called baryon chiral perturbation theory, whose non-relativistic

limit with respect to baryon is referred to as heavy chiral perturbation theory.
In the conventional chiral perturbation theory, the masses of the ground

state baryon octet can be expanded in quark mass as [8] (mp2~mq) :

Mg= Mo+Zaqmq +qum3’2q + Zcqmzq Foevens “.2)
q

q q
Borasoy [9] has shown that z' can also be included in baryon chiral
perturbation theory in a systematic way. Chiral perturbation theory has been a useful
tool in the understanding of low-energy QCD hadron dynamics. Its application to

baryons through a new formulation of the low energy chiral effective Lagrangian in
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which the baryons appear as a heavy static field has been introduced. In this approach,
n' is included as a dynamical field variable instead of integrating it out from the
effective field theory. It has a justification in 1/N¢ expansion where the axial anomaly

is suppressed by powers of 1/N¢ and #' appears as a ninth Goldstone boson[2].

4.2 The Low-Energy Effective Lagrangian

Independent of the detailed QCD dynamics, one can construct low-energy
effective chiral Lagrangians which include the effect of the anomaly and axial U(1)
symmetry, and use these Lagrangians to study low-energy processes involving
theyand ' with OZI violation. In the meson sector, the Ua(1) extended low energy
effective Lagrangian can be written as[10]

3

2 2
L : Tr(ﬁ“U&FU+)+-——Fi" Tr[,zo(U+U”)]+-;—:QTr[logU——logU‘*]+——-~-—-——2 0%, “4.3)
m

meson = 4 )

70
where U =exp(1 Fiﬂ\/g %0-) and ¢= Zqﬁklk with ¢, denoting the octet of would-be
b4 0 k

Goldstone bosons( #,K,7; ) "arising out of spontaneous breaking of cﬁirai
SUQB)Lx SUQ3)r symmetry. n, is the singlet boson and Q is the topological charge
density; y = diagim 2,m2,2m2-m>2)] is the meson mass matrix, the pion decay
constant F; =92.4 MeV and Fy renormalizes the flavor-singlet decay constant. The

Ua(1) gluonic potential involving Q is constructed to reproduce the axial anomaly in

the divergence of the renormalized axial-vector current [11]:

f
J— as -
3“JQ = Zzl(mk‘k}’s‘h) + Nf[z;G#VGuv] (44)
=
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and to generate the gluonic contribution to the n and »' masses. Here

JQ =§yﬂysu+§7y;’5d +§yﬂ75s » N¢=3, G,, is the gluon field strength tensor, G, =
1 . -
5 "G ,, and Q(z)= z—:;G“"(z)Gﬂ,, .

The low-energy effective Lagrangian Lieson is readily extended to include -
nucleon and #'-nucleon couplings. The chiral Lagrangian for the meson-baryon
coupling upto O(p) in the meson momentum is [4]

Ly = TrB(iy, D* — M)B+ FTr(By, y;[a" , B]) + DTr(By,ys{a", BY)+

.

G, - L

AL 6"QTr(ByﬂysB)+%Q2)Tr(BB) 4.5)
0

2M,

-;—KTr(EyﬂysB)Tr(U*a”U)-
Here B denotes the baryon octet and M, denotes the baryon mass in the chiral

limit. D, =0, —iv, is the chiral covariant derivative, v, =—%(§+a,,§ +£0,£%) and

a, =—%(§+ w§—80,5") where ¢=U"2. The SU(3) couplings are F=0.459+0.008 and

D= 0.798+0.008 . The axial-vector current has an expansion

1 1 2
S A P
a="35 % 25,\/; w0

In continuum QCD, dynamical chiral symmetry breaking is normally
studied using Dyson-Schwinger equation for quark and gluon Green’s functions [12].
In low-energy effective theory given by Eqs.(4.3) and (4.5), a flavor independent
self-energy of baryons will arise due to interactions of baryons with the topological
charge density Q which is a flavor singlet as well as color singlet object. This gluonic

term Q has no kinetic energy term, but it mixes with 7, to generate gluonic mass
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term for the »'. The determination of masses of the physical » and »' mesons also
requires diagonalization of the (7;7,) mass matrix. Thus, part of the » mass is also
generated by the gluonic term Q [13].

The relativistic framework including baryons poses problem due to the
existence of a new mass scale, namely the baryons mass in the chiral limit Mp; a strict
chiral counting scheme, i.e., a’one-to—one correspondence between the meson loops
and the chiral expansion does not exist. In order to overcome this problem one
integrates out the heavy degrees of freedom of the baryons, similar to a Foldy-
Wouthuysen transformation, so that a chiral counting scheme emerges. Observables
can then be expanded simultaneously in the Goldstone boson octet masses and the 7'
mass that does not vanish in the chiral limit. One obtains a one-to-one correspondence
between the meson loops and the expansion in their masses and derivatives both for
octet and singlet [9].

After integrating out the heavy degrees of freedom of the baryons from the
effective theory [14] and assigning a four-velocity v to the baryons, the heavy baryon
Lagrangian to the order we are working , reads as

Ly =Tr(Biv.DB)+2FTr(BS [a*,B]) +2DTr(BS ,{a* , B}) +

2-;-Krr('1§s#3)rr(u+af‘(f)-%’i"’—(aﬂg)rr(ésﬂBH% Q*Tr(BB) (4.6)
0 0

where S, = -;:yscrm,v" is the Pauli-Lubanski spin vector .
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In this work, our objectgve is to calculate the masses of baryon octets arising
due to gluonic terms within the framework of heavy baryon chiral perturbation theory
(HBChPT) _i'x_lf_{_l,ludingﬂ}e‘ 7.

In baryon chiral perturbation theory, the transition between short and long
distance occurs around a distance scale of ~IFermi which corresponds to the
measured size of a baryon, or a momentum scale of 200 MeV which is said to be the
separation scale. For long distances the effective field theory is fully correct sir;ce it
treats baryons and pions as point particles, but this convention does not provide an
accurate representation of the physics at distance less than the separation scalfa. In
general, it is not a problem, since high energy effect has the same structure as the
terms in the general local lagrangian, so that any incorrect loop contribution can be
compensated be a shift of parameters of the Lagrangian. Structure of loops can be
understood in this effective theory by separating the short distance and long distance
physics within the loop integral.

In practice, such loop effects can cause problem, when the residual :short
distance contributions are large even after renormalization. But they can be removed
by the adjustment of parameters which must be consequently large.

HBChHPT is the effective field theory of the standard model at low energies in
the hadronic sector which can be successfully applied within the sector of Goldstone
bosons. However, traditional SU(3) heavy_baryon chiral perturbation theory does not
appear to work well. The leading non-analytic component from loop correcﬁons

destroy the good experimental agreement which exists at lower order.
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The additional contributions have to be compensated by higher order counter
terms. This leads to the problems with convergence of chiral series, and problem can
be solved using some kind of cutoff regularization instead of common dimensional
regularization scheme. Here dimensionally regularized Feynman diagrams carry
implicit and large contributions from short distance physics. In contrast, the cutoff
scheme picks out the long distance part of the integral, which behaves, as expected,
on physical grounds.

We restrict ourselves to the one-loop diagrams of the 5 and 7' with the vertices
arising due to gluonic interactions with the baryons. For this purpose, we use the

following matrix elements [15,16]:

(O|an)=—}§~mzn(f§ cos@—2£, sin6) 4.7
(0|an'>=—-l-é-m2,,.(f8 sin@+2£, cos6) (4.8)
where

(0L |n(p)) = 2ef5 c0sp, (Ol Bn(p)) =211y snbp,
(013 [n2)) =6y sinp, (0|2 |n'(P)) =67y c086p, 514

1 oy - —
J9 =75 s+ dr,rsd=257,759). (4.9)

4.3 Regulaization of the Self-Mass

Both the one-loop diagrams given by Figs. 4.1(a) and 4.1(b) are divergent.

However, we must remember that we are working in an effective field theory which
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uses the degrees of freedom and the interactions which are correct only at low energy.
It has been shown by Donoghue et al.[8] that any incorrect loop contribution coming
from short distance physics can be compensated for by a shift of the parameters of the

Lagrangian.

@

- -

(b
Figure 4.1: (a) Self-energy diagram; (b) Tadpole diagram
Our choice of ultraviolet regulator, which represents a separation scale of long
distance physics from the short distance physics, will be dictated by
phenomenological considerations. In baryon chiral perturbation theory, which deals
with baryons and Goldstone'bosons, the separation scale is taken as~1 fm[8]
corresponding to the measured size of a baryon. For our problem, we consider an
average “gluonic transverse size” of nucleon[17] <p®>~0.24fim* corresponding to a

dipole parameterization:
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Hy(x) @ (1-—5)2, md =11Ger?, x~10"" (4.10)
m
g

This gives a two-gluon form factor, which we denote by u, of a nucleon [18] and can
™ . . -5 G D R LR e s e e et n S S e iy % e e s

be used in the self-energy diagram. Another way to look at this problem is that the

Ua(1) gluonic potential involving the topological charge density leads to a contact

interaction at a “short distance” (~0.2 fm) where glue is excited in the interaction

region [4] of the proton-proton collision and then evolves to become an 5 or 7'in the

final state. This will lead to a sharp cutoff at an energy scale ~1GeV. In the tadpole
diagram, we may use u, uz, 2 (geometric mean of the first two), since the
phenomenology does not provide any clear-cut rule for this. Similarly, three types of
form factors will be used in the tadpole diagram for exponential regularization also. In
the monopole case, use of u in the tadpole diagram does not remove the diverg:ence
while u*? remains analytic in a restricted region; hence we use only u®. Specifically,
our form factor u(k) for monopole, dipole and exponential regularization has the form:
ul)= AYAZK?), AN, exp( A) . (4.11)

As stated earlier, dimensional regularization scheme is not particularly suitable
for effective field theories since it gives large contributions from short distance
physics[8]. We have displayed our numerical results for the self-mass of the nucieon
coming from both Figs.(4.1a, 4.1b), 8m, in Table 4.1. As discussed above, if we
consider the regulator mass A = 1GeV for the dipole and the sharp cut-off
regularization schemes on phenomenological ground, we observe that ém for dipole
(u*?-column), exponential (u*-coloumn) and sharp cut-off schemes are approximately

same for each mixing angle. Furthermore, dm for monopole form factor is related to
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that for exponential form factor (both for u*-columns) by their regulator scales [7]:
Aexp = V2 Anmen . Hence, we take
Am = -0.076 GeV (8=-18.5°),

= -0.030 GeV (6 =-30.5°.

If we take the nontrivial structure of the QCI) vacuum into account then in the last
term of Eq.(4.6), we can make the replacement Q*—<Q*>+Q%.<Q?> can be calculated

using vacuum saturation hypothesis:
<Q*> = (-1/384)<Z5 G? %= -(1/384)(0.012)’GeV?, “4.12)
n

where for the gluon condensafe, we have used the numerical values used by ITEP
group[19]. This gives a positive contribution to the nucleon mass:
dm@=+0.007 GeV.

Taking this into account, we get the total contribution to the nucleon mass coming
from its interaction with the topological charge density OSmeot= -(2.5-7.5)% of the
nucleon mass. It is known that the one-loop pion contribution to the nucleon mass is
SMpon = -(10-20)% of the nucleon mass[7]. Unlike 8mpen, My is flavor independent
and is same for all the members of the octet baryon family. This kind of contribution
to baryon mass will not arise in models with quark-meson interaction only. It is
known that the color-magnetic-field energy in the nucleon is negative[20]. We have
not talked about the role of scalar and tensor gluoniums in effective field theories. In
particular, scalar gluonium can give rise to Higgs- type mechanism, but this is beyond

the scope of the present work.
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TABLE 4.1: Self- energy of a nucleon, 8m, ansmg due to its mteractioss with the topological

charge density 1n monopole, dipole, exponential and sharp cut-off schemes as a function of reglilator

scale A 7- 7' Mpang angle 6 1s taken as -18 5° In dipole and exponential regularizations, m the

tadpole diagram the form factar u (which appears at each vertex 1 the self-energy diagram), u*? or

has been used Numerical values of A and dm are mn GeV umt

Monopole isipole Exponential Sharp
A u u” o u u” w cut-off
06 -0 033 -0 625 -0 015 -0 004 -0 050 -0 027 -0 017 -0 013
08 -0 078 ¢ -0 055 -0 036 -0 010 -0112 -0 062 -0 040 -0 036
10 -0 148 -0 100 -0071~" } -0021 -0 206 -0 118 -0 07§ v 0076 v
12+ -0 248 -0 161 -0 121— -0 037 -0334 -0 198 -0 13:5 -0 1I36

i

TABLE 4.2: Self energy of a nucleon, 3m, as a function of regulator scale A for the same form

factors as m Table 4 1, but for 6 =-30 5°

Monopole Dipole Exponential Sharp
A u u”? u? u v W cut-off
06 -0012 -0 044 -0006 |-0002 |-0019 |-0011 -0007 | -0006
08 0027V -0 088 -0 015 -0 004 -0 042 -0 025 -0 017 -0 016
10 -0049 -0 148 -0 02771 -0 009 -0073 -0 045 -0 03\2 ~0 930‘/
12 -0 080 -0 225 -0 044 -6 014 -0 115 -0 073 -0 052 -0 051
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TABLE 4.3: Self- energy of a nucleon, 5m, in dimensional regularization ( MS ) scheme, as a

function of renormalization point p

1 0=18 5° =30 5°
05 -0 260 -0 099
07 -0 163 -0 062
10 -0 060 -0023
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