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ABSTRACT

The problem of dynamical generation of fermion
masses and chiral symmetry breaking is studied. Another
formulation for the Chang-Chang approach, which is based
on the Nambu-Jdona-Lasinio (NJL) mechanism, is presented.

It is showed that the solution m=/\c_el/6

is independent
of the two-loop constant. The gauge independence of the
solution of the self-consistency condition in two loop
accuracy is showed through an explicit calculation in
arbitary gauge and renormalization group analysis. The
up-down quark mass difference is calculated by including
QED interaction as perturbation to the QCD calculation
and in two-loop accuracy the result is of the right sign
and also of right order of magnitude. The supersymmetric
extension of NJL model (SNJL) is studied. It is showed
that there is a nontrivial solution of self consistency
condition for the SNJL model. Using the bifurcation
theory, the conditions of the stable nontrivial solution
of the NJL and SNJL models are found and the critical
temperature is calculated. It is showed that in
supersymmetric gauge field theo?ies chiral symmetry is
broken via NJL mechanism and the dynamically generated

1/2

mass is M e .

=A
’Yc(susy)



-iy=—-

ACKNOWLEDGEMENTS

This is my humble pleasure to acknowledge my deep
indebtedness to Prof. Ngee-Pong Chang for his continued
guidance, help, encouragement and instruction., What I
have learned from him is far beyond physics and will
benefit me in my whole life. I am grateful to Prof. B.
Sakita and Huazhong Li for their help and encouragement.
I would also like to thank Profs. L.N. Chang, M.Kaku and
S.Samuel for discussions. It is alsoc my pleasure to
thank the Theory Division of the National Laboratory for
High Energy Physics(KEK), Japan, for their hospitality
and use of the computer facilities during my short visit
in 1983.

This thesis is a result of China-America exchange
program. I heartily thank Profs. T.D. Lee and N.P.
Chang, without those tremendous efforts to promote the
aéademic exchange between China and United States, I

might have no chance to write this thesis.

s g



—V—

NOTATION

Our spacetime metric is Spv' The momentum

-%
4-vector is k = ( k, iko) with norm squared
2 _ _ 22 - B2 _.2
k—k“k}4 k ko-m.

Summation over repeated indices will always be
understood. The Dirac x;s, (=1, ,4) are all

hermitian with square equal to one. g’ is defined as

K = -iY.p

We will work with natural units in which B = ¢ =1.

But, in chapter 4, 5 and 6, in which we study the
supersymmetric theories, we follow the notations in the
book "Supersymmetry and Supergravity" by J. Wess and J.
Baggers, as do most of the other recent work in this

field.
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CHAPTER 1: GENERAL INTRODUCTION

In the lexicon of renormalizable field theory, the
fermion mass is destined to play a subtle but very
important role. In the old days, we simply put in the
fermion mass by hand. Unlike the vector boson, putting
in a fermion mass does not disturb or destroy the
manifest renormalizability of the theory. The
successful QED is such a theory where m, is put in by
hand. It has, in fact, met the experimental test to
such an embarrassing degree that, indeed, it could in
turn be used to probe the hadronic content of the
theory.

But in our drive to grand unificationl, it is
natural to assume the fermions to be fundamentally
massless and to seek for the theory to generate the
masses dynamically. Setting the fermion masses to zero
also gains for us some chiral symmetry. This is useful
in protecting the fermions from developing large mass
due to higher-~order radiative corrections in a grand
unified theory. But this chiral invariance may only be
formal. It is well known that fermion field theories can
encounter the Adler-Bell-Jackiw anomaly2 which destroys-

the chiral invariance. For non-Abelian gauge theories,



the non-abelian chiral anomalies even threaten the
renormalizability of the theory, unless the fermion
content has been arranged so that the total non-Abelian
chiral anomaly vanishes.

In grand unified theories (GUT's), this is usually
arranged. The fermion mass is then finally generated

through their Yukawa coupling to Higgs fields,
- hyYy ¢

which upon symmetry breaking becomes ( Q—) q) + v)
- h vYY¥- n¥¥Y

The mass, so obtained, is the "current" mass with
renormalization—-group transformation properties that any
tree Lagrangian mass parameter should have,.

Such a mechanism has often been used to study and
analyze the observed fermion-mass spectrum. In order to
fit the spectrum, it is found that the Yukawa coupling

constant for the electron is of order 10-5. while the

h for the u and 4 quarks is of order 10™%. These
extremely small coupling constants are to be compared

with the gauge coupling constants in the theory, being

of order»lo_l. Perhaps in the fundamental Lagrangian



these h's should really be zero. In that -case, we must
attribute the fermion masses {at least of the first
generation)to dynamical mass generation.

The pioneering work on dynamical fermion mass
generation was by Nambu Jona-Lasinio (NJL)3 in the early
60's. The idea of NJL was motivated by the observation
of an interesting analogy between the properties of Dirac
particles and the quasi-particle excitations that appear
in the theofy with great success by Bardeen, Cooper, and
Schrieffer (BCS)4. In BCS theory, an energy gap between
the ground state and the excited states of superconductor
is due to the fact that the attractive phonon mediated
interaction between electrons produces correlated pairs
of electrons, and it takes a finite amount of energy to
break this correlation. In NJL theory, the fermion was
originally massless so that the spectrum was
continuous. As a result of the direct field-theoretic
generalization of BCS pairing interaction, a gap in the
energy spectrum arises, giving the fermion a non zero
mass.,

The Lagrangian of NJL model is

L= -9ray + L, RS

where 'LI is four fermion interaction



Li= 2309~ @Grv)y) (1.2)

This Lagrangian, J[ , is invariant under the chiral

transformation

A 1> 8

Y (1.3)

Y = e

In the usual perturbation theory the fermion will remain
massless in ény finite order due to this chiral
symmetry. The crucial assumption of NJL is that due to
the nonperturbative effect, the physical mass of fermion
could be nonzero. To look for the physics of such a
"paired" vacuum, they proposed to do a perturbative
expansion around the massive free Lagrangian rather than

the naive one. That is they choose

Ll = -9ro¥Y - mJv (1.4)
as the free Lagrangian and write

L'y = L *‘”I“T".f (1.5)

as the new interaction Lagrangian. J'  is now the new
interaction that perturbs around this massive vacuum.

In order that it be the same theory as the original



Lagrangian (l.1l) there has to be a self consistency
condition that fixes this paramater m, The self
consistency condition they chose is that radiactive

corrections due to i:I must not change the mass m.

m - P l S = 0 (1.6)

where E_is calculated from the self-energy graphs. At

the 1-loop level, they find

— - 2t da*p
P = - 2%) S__.,-—
2| ¥=m (am)* J PRm¥ ()

and their self consistency condition gives

(1.8)

219 S a¢ P
ot Pi m®
The NJL self-consistency condi€ion admits two solutions.
One is the (trivial) solution m = 0. The other is the
nontrivial broken symmetry solution m % 0, where m is
given by

219 3*p

1=- ==L

(1.9)
@m) P¥ m*

Chiral symmetry is broken in this nontrivial case. From

(1.9) we can in principle determine the dynamically



generated mass m. But unfortunately the NJL model is
non renormalizable in the sence of power counting, we
have to introduce a momentum cutoff A in (1.9) and m is
determined as a function of g and A by (1.9).

The main problem of NJL theory is that four fermion
interaction is not renormalizable. We can not really
calculate the dynamically generated fermion mass without
introducing cutoff. The reliability of the results of
the calculation is spoiled by the cutoff procedure.

After NJL's pioneering work, a lot of work followed
in this direction. Many authors try to apply the NJL
approach in renormalizable theories and calculate the
dynamically generated fermion masses. Much of the work
in this direction can be classified into the following
categories:

1) Study of four-fermion interactions.>”/

This line of work is a direct continuation of the
NJL effort to study the physics of relativistic
generalization of BCS. Of particular interest in this
direction is the work of Gross and Neveu5 who studied
it as a field theory in two dimensions, where the theory
is both renormalizable and asymptotically free.

2) Schwinger-Dyson equations“13
Here the idea 1is to study the Schwinger-Dyson

equation for complete fermion propogator and look for



chiral symmetry non-invariant solution of the
Schwinger-Dyson equation, Because the Schwinger-Dyson
equation for gauge theories can be solved so far only
under the so-called truncated approximation, this
approach arbitarily picks out for study a subset of the
full perturbative series. It thus suffers a lack of
gauge invariance of the theory. The main feature of
this approach is that they are able to study numerically
the so-called regular or irregurar solutions to the
dynamical symmetry breaking.

3) study of chiral symmetry breaking due to
confinement14719

That instantons can lead to chiral symmetry

14 since

breaking has already been noted by 't Hooft
70's. However no precise numerical estimate is yet
available although the feeling is that its magnitude is

17 have made a

too small. Recently, Adler and Davis
new effort in this direction, making use of confinement
potencial in an effective 4~fermion Hamiltonian
approach. Their numerical results confirm the feeling
that confinement contribution to chiral symmetry
breaking is too small,

4) renormalization group (short distance) effects
in chiral symmetry breaking.zo"25

We will give a brief review on these studies and



try to point what we should study further. For more
detail review and references, please see ref. 26.

In category 1, Gross and Neveu5 studied two
dimensional massless fermion field theories with quartic
interactions, which is essentially equivaleﬁt to the NJL
models, save the fact that in two dimensions they are
renormalizable., These models are also asymptotically
free. The models are expanded in powers of 1/N, where N
is the number of components of the fermion field. 1In
such an expansion one can explicitly sum to all orders
in the coupling constant. It is found that dynamical
chiral symmetry breaking occurs, fermion mass is
generated dynamically, W‘? develops a nonvanishing
vacuum expectation value. They also argued that
infrared-stable theories, such as QED, can not produce
masses dynamically. Even though two dimension is not a
realistic world, Gross and Neveu did throw some light on
the four dimensions theories in the problem of dynamical
mass generation.

Eguchi and 8ugawara6 studied the modified NJ#
model by adding a interation term g'(d}f»%)1-+ G&\;YSW)L)
to the NJL Lagrangian, that is most general form of
four-fermion interactions invariant under the chiral
transformation. They found the more complicated gap

equation. Since the model is also not renormalizable



they did not ease the difficulties of the-original NJL
model, but the study of the implication of the new gap
equation suggested to them a stringlike picture for the
extended hadrons.

Turning next to the general category of the
Schwinger-Dyson approach, we discuss the work of Jackiw
and Johnsons, Cornwall and Norton.9 They showed that it
is consistent for a gauge theory of fermions interacting
with massless Abelian vector mesons to have symmetry
breaking solutions such that there is a finite physical
mass for the fermion as well as for the vector meson.
Jackiw and Johnson considered a theory described by the
Lagrangian

L= igBY-Ln, By +0da, (110

M —
Jg = iv Y C(1.11)

This theory is chirally invariant and renormalizable.
They assumed that the Schwinger-Dyson equation for the
fermion mass operator E-QH hés a symmetry-breaking
solution, -{Ys,fl(p)} %¥ 0. This can happen if there
is a massless, bound excitation in the fermion

antifermion channel. The proper vertex function F;%p,p)



-10-
associated with J5 satisfies a Ward-Takahashi identity.
Rr - - = -
TV Gomgy =¥ @ () + & (vt (1.12)
where G(p) is the complete fermion two point Green's
function. This Green's function is given by the

following Schwinger-Dyson equation, shown

diagrammatically as eq. (1.13)

P v

——— = G(p) =
Y- Xp
3 ()= ~ig? d‘ ‘é‘ (1.13)
P P P

Mé\ =iy oy

P

="H
W—(Aﬁ\ ?(P:P‘*'q)
Bty

To lowest order in the coupling they showed that there
is a symmetry breaking solution to eq. (1.13). They
relate this solution to the residue of the pole iniﬂ;.

This in term induces in the two point function of the

axial vector meson a mass term for the axial vector meson
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(Schwinger mechanism). They thus derived a dynamical
relation between the axial vector meson mass and the
fermion mass. But, they could not calculate the
dynamically generated fermion mass. And this is in
general true of all the Schwinger-Dyson equation
analyses of dynamical chiral symmetry breaking.

Many early wor k8~ 11

used Abelian gauge theory
instead of non Abelian theory, largely to avoid the
tedious complications of ghost scalars which accompany
closed loops of vector mesons. There have also been
quite a few works to study the dynamical generation of
fermion mass in non-Abelian theory.

12 extended the work of

Eichten and Feinberg
Jackiw-Johnson and Cornwall-Norton to the non-Abelian
case. Using Schwinger mechanism, they even could
generate a dynamical breakdown of non-Abelian gauge
symmetry without fermions. But for the chiral symmetry
breaking part, in their approximation, the result and
mechanism is very similar to that of Jakiw et al. They
too were unable to calculate the dynamically generated
fermion mass.

Kleinert13 studied the quark mass generation
problem in QCD by simplifying the QCD Lagrangian to one
which neglects color and contains only the basic mesons

as bound states. This is achieved by using singlet
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gluons of very large mass M. Using the NJL approach,
then he found a gap equaﬁion which contains
logarithmically divergent factor. The dynamical mass M
thus cannot determined by the gap equation. Only by
studying the properties of bound states, can M be
determined in terms of observable quantities.

Some authors tried to associate the origin of
chiral symmetry breaking with confinement, another
necessary property of QCD. It has been shown, in some
lattice gauge theory calculation, within the mean field
approximation, that confinement and the chiral symmetry
breaking are appearing or disappearing togetherls.

Cornwall16 in 1980 illustrated how a field theory
of confinement automatically lead to spontaneous
breakdown of chiral symmetry, with accompanying massless

pions. Yaouanc et all6

showed, using the Bogoliubov-
Valatin variational method, that the.chiral-invariant
vacuum is unstable for a color, Fourth-component vector
powerlike potencial ¥ ( «< 3) independently of the
strength of coupling constant. They computed the vacuum
expectation value (¥¥)and the mass gap for the new vacuum
in the case of the harmonic oscillator «=2. They found
the mass gap A(0) is negative. Of course, that is not a

very attractive feature without meantioning the

limitation of the Bogoliubov-Valatin variational method



-13-

and the confining potencial they chose Vﬁv{z. Adler

and Davis17

analyzed chiral symmetry breaking in QCD

in Coulomb gauge. Using the Ward identities, they
derived the renormalized gap equation. Working within
the ladder approximation, they presented the results of
numerical solution in the case of an infrared-singular
confining potential VCA»q-4. Their results of
dynamical quark mass, fq and ($@9 are all much smaller
than the expérimental results., That indicated that the
contribution of short distance effect are very important
and should be included.

It seems to me that it is very hard to get definite
result by connecting the chiral symmetry breaking in QCD
to confinement because we do not understand well
confinement and especially a confining potencial V(r)
like r¥% (A >0), being positive everywhere, is very hard
to give a negative energy bound state.

In fact, the quark-quark potential generated by
short-distance one—~gluon exchange may also lead to
chiral symmetry breaking. If the gluon coupling is
bigger than some critical valuecigrit, there is indeed
instability of the chiral-invariant vacuumlg. Computer
simulations in lattice gauge theory suggest that the
range of force responsible for chiral symmetry breaking

is relatively short, independent of confimentzo. This
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result seems to be quite natural, since we expect
intuitively a very small size for such a tightly bound
state as a pion.

There are also quite a few authors who tried to
study the chiral symmetry breaking in QCD due to the
short distance effect,

Lane21 tried to find the solutions to the
homogeneous Bethe-Salpeter equation for the symmetry
breaking part G of the quark propagator in the limit
Pz—é - o0 in an asymptotically free gauge field theory.
He found a “"regular" solution G(p)nJ(lnp)A/pz, which
corresponds to the Goldstone mode, and an "irregular
solution" corresponding to md¥0. Politzer22 extended
the analysis in operator product expansion and showed
that the contribution of dynamical chiral symmetry
breaking to the effective fermion mass goes like
(@\p)(logpz)A/p2 for large p. Scadron et al24 also
studied the properties of the running dynamical fermion
mass. But none of them were able to really calculate
the dynamically generated fermion mass.

K. Higashijima25 studied the solution of
Schwinger~-Dyson equation for the quark propagator in
QCD. He simplified the Schwinger-Dyson equation by
assuming that the short-range force rather than the

confining force is responsible for the chiral-symmetry
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breaking in QCD and the kernel of Schwinger-Dyson
equation may be approximated by the one-gluon-exchange
contribution since the coupling constant becomes smaller
at short distance. He used the so called renormalization
group improved Schwinger-Dyson equation by using the
running coupling constant g(t) instead of g(0) in the

- Schwinger-Dyson equation. But in order to avoid the

divergent region of g(t) he had to define g(t) as

A/t (tyty)
g2 (t) =

o : A/t (t(tc)

c
with t = 1n(p/y).Such a definition of g(t) seems too
arbitary. PFrom numerical calculation, he found that the
dynamical generated fermion mass is very sensitively
dependent on the critical point t. which is put in by
hand.

Summarizing the works mentioned above, we find that
much progress in different directions of the problem of
dynamical generation of fermion mass has been made, but
it is still far away from the satisfactory final
answer., The main problem is tﬁat there is not a
systematical method to really calculate the dynamically

generated fermion mass in QCD. There is also one thing
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which should be point out that in all the above studies
of chiral symmetry breaking in gauge field theory,
because of the complicacy of the Schwinger-Dyson
equations the ladder approximatiocn has to be applied,
the dynamical fermion mass calculated in this
approximation is gauge dependent. The argue of which
gauge is the best gauge is very hard to find a answer.
Recently, progress in the problem of dynamical
generation of fermion mass has been made by L.N. Chang

and N.P. Chang.27

Chang and Chang developed a new
approach to calculate the dynamically generated fermion
mass in QCD based on the NJL méchanism. They start from
a massless QCD Lagrangian. Because the fundamental
fields are massless, the Lagrangian possesses a chiral
symmetry. In dynamical symmetry breaking, it is
conjectured that in analogy with the ferromagnet the
ground state does not regpect this global symmetry. A

sea of fermion-antifermion pairs condense in the ground

state so that

(@«Y) £ 0 (1.15)

and the system spontaneously breaks the chiral
symmetry Whereas the original NJL mechanism was

proposed in the context of an unrenormalizable field
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theory, Chang and Chang made a renormalization-group
analysis of the NJL gap equation (i.e., the self
consistency condition) and found that it is indeed a
renormalization-group invariant for QCD. They have found
that the mass of the quark so generated is, to two-loop

renormalization-group accuracy,
4
M =/\é2) et (1.16)

where‘Aéz)is the two-loop-invariant cutoff in QCD.
This mass M is a renormalization-group (RG) invariant.
It is first time in QCD that a dynamically
generated fermion mass is really calculated from the
first principle of field theory. The result is accurate
to two-loop renormalization group accuracy and agree
with the experimental value. In the calculation, they
did not follow the other authors in this field to make
the ladder approximation, but includ=d all the graphs in
two-loop level. This fact may indicate that the
dynamically generated fermion mass calculated in this
way is gauge invariant. Indeed, in chapter II we will
show that it is true by explicit calculation in arbitary
gauge and using the renormalizafion group analysis.28
This gauge independent will make the physical meaning of

the dynamical fermion mass clearer.
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The use of the renormalization group technique
enables them to correctly count the non-perturbative
effects by summing up the all leading and next to
leading logarithm contribution up to infinite order in
coupling constant. During the perturbative calculation
in the Chang-Chang approach, counterterms propotional to
M for canceling the infinities are neccasary, but after
we impose the self-consistency condition, these counter
terms all disappear automatically. This remarkable fact
again shows that the approach is consistent, the
renormalization group analysis correctly counts the
nonper turbative effects.

In a recent development,29

Chang and Chang also
showed that the NJL gap equation can be understood in
terms of the critical limit point from above of a
massive QCD renormalizatiom field theory. The theory
exhibit.: bifurcation in the zero bare mass limit, and
the chir-al symmetry remains broken. They also
calculated the(ﬁw)in this limit. The results are also
agree with the experimetal results.

Since the problem of dynamical generation of
fermion masses is so important and the Chang-Chang
approach is so powerful in studying this problem, in

this thesis, we will further study the Chang-Chang

approach and the NJL models. Because of the importance
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of the supersymmetry in the particle physics theory we
will also study the supersymmetric extension of the NJL
model30 and the application of Chang-Chang approach in

31 in this thesis.

supersymmetric gauge field theories

In chapter II, we will review the Chang-Chang
approach and give another formulation for the Chang-
Chang approach. We will extend their study to include an
investigation of the role that two-loop renormalization
could play in their mass determination. We show that the
solution m =/Me% , which is independent of the two-loop
constant, continuous to be a solution without any
modification, and point out that exists another solution
that is dependent on the value of two loop constant. We
“also study the Chang-Chang -approach in arbitary gauge,
and show that, even though the gap equation obtained in
perturbation calculation is explicitly dependent on
gauge, the solution of the self-consistency condition is
gatuge independent.

In chapter III, we apply the formalism to the
notorious proton neutron mass difference problem. By
including QED interaction as perturbation to the QCD
calculation then calculating the up-down quark mass
difference, we show that in th-loop accuracy the result
is of the right sign and also of right order of

magnitude.
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In chapter IV, we study the supersymmetric
extension of NJL model (SNJL) and show that there is a
nontrivial solution of self consistency condition as in
ordinary NJL model and clarify some misclaims in the
supersymmetric NJL model.

In chapter Vv, we study the finite temperature
effect in the NJL and SNJL models. Using the bifurcation
theory, we find the condition of the stable nontrivial
solution of the SNJL models and calculate the critical
temperature above which chiral symmetry is restored.32
The critical temperature in the SNJL model is much lower
than that in the NJL model,

In chapter VI, we study the dynamical chiral
symmetry breaking and mass generation in supersymmetric
gauge field theories and show that the chiral symmetry
is broken and the dynamically generated mass is

M =/\c(susy)el/2 (1.17)
in chapter VII, we summarize the conclusions and make
some remarks on the further study directions. Parts of
chapter II and Chapter III of this thesis have been
published in Physical Review D30,790 (1984) with Prof.

N.P. Chang as coauthor.
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CHAPTER 2 DYNAMICAL FERMION MASS GENERATION IN QCD

2.1 QCD AND RENORMALIZATION GROUP

QCD is a renormalizable quantum field theory of the
strong interactions. It appeared in the early 70's
through a combined effort of many people.1 Its
fundamental fields are Dirac spinor fields describiﬁg
quarks with color and flavor and gauge fields
corresponding to chargeless and massless particle of
spin 1, called gluons, which interact with the quarks
and themselves.

The Lagrangian density of QCD is

o

—- r A
L =”“‘4TYF;VFP‘V * q): (,THD:(;—-YY\CO(/&)\Y@ (2.1)

where the index A = 1,2,....Nf refers to flavor, the
index «= 1,2,....N refers to the color degrees freedom
and

pH - 8,4(\,9“ - igT::ﬂ Ag(x) (2.2).

“b
where T'a are the generators of SU(N) in fermion's

3 [} [} —
representation, T a T, = CfI
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L is invariant under local gauge transformation

A ' 1) D( .
“‘"‘ (x) — \)’:(y) - [tvﬁT 9,1(‘) ‘)‘(ﬁ\‘,:(‘)

a M Y L9 T q 1370
Teg Al = TogAam= [ e 7 o“u’l TMA:ma{ e “WJ
LI v

L 19 T -39 7% 0,0x
_§[ oM et T ““nge 97 <q

3‘ (2.3)

where Ta are the generators of SU(N) in its fundamental
representation. . Because the kinetic part of gluon is

ngtf}gyertible, we should add a gauge fixing term Lgf
and the Faddeev-Popov ghost term pr to thé Légrangian

Cave L TR

(2.1)2, then

L=1 + L

QCD gt L

pf

where

L

2
gf = = 1z [ A" w) (2.4)

Lpf = - D" E“S,‘c“

When we calculate the diagrams with loops we find
divergent intergrals due to the behavior of the
intégrands at high virtual momenta. Before we can

manipulate safely the divergent integrals, we must
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regularize them. We will use dimensional regularization3,
which preserves manifestly the gauge invariance of the
theory and can be used to prove the renormalizability of
QCD. The crucial point of the method consists in giving
a meaning to the divergent integrals by changing the
dimension of space-time from 4 to D, where D=4-¢ . In
the limit of e~ 0, the divergence appears as pole 1l/e¢ .
For the usgful formulae in dimensional regularization,
see Appendix A.l.

To renormalize the theory is to give a well defined
prescription to eliminate all divergent parts in such a
way that we obtain finite results for the Green's
functions, in the limit € -0, to any order in
perturbation theory. Formally, we can add counterterms
Lc to the QCD Lagrangian density corresponding to each

divergent diagram appearing in the theory,
Ly = 8y - £ 2,80 (A% - 'A% Y+ G 204" o A
c 3 ° 2 %Ay o ~ b2 “rha Fplia
A=A A A —A A
N mSALe KA y a - "
- ;le‘g \roLTd/,Y AP \fn, * ("YM ‘ 'g_"'f'uc (%AV-BNA:‘)R!’A:_
A

-
4 b oac
+ cs’ T +k‘1c“‘udc AA AVKMA‘}V
(2.4)
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where
- ¢
g = H=T9d

[~% .
A <A(n) =2n
c, -ZCi g (2.5)
hz

If all the extra terms need to remove the ultraviolet
divergences are the terms in (2.4), then the theory is
renormalizable.

We define the renormalization constant Zi as

Zi' =1 - ci _ (2.6)

Then the Lagrangian is
L=L + L (2.7)
If we define the bare fields, bare coupling

constants, bare mass and bare gauge parameter as in the

following,

L 3
a _ k3 a _ T
AN° = 23 A, ‘~Vo = 2, '

e .
= 2.7 = 2. 2:271F (2.8)

9vo 143 9 9pp 1F “43%2 .

X ~ ~ 1

kS - - ~ -‘_-
940 = Z, Z3lg. 95 ZlZ3lz39
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Then the Lagrangian L_ can be written in terms of bare

R
quantities, Lo is in the same form as L only if
~/
Iv0 = 9r0 = 940 = % = % o (2.9

which means the renormalization constants can not be
arbitrary. (2.9) can be satisfied only if the
renormalization procedure preserve gauge invariance.

The minimal subtraction renormalization scheme (MS)
of 't Hooft and Veltman4 is defined as follows. We
choose the renormalization constants Ci in such a way
that they cancel exactly the polgs in the Green's
functions.

For example, in one loop level, the fermion two
point function can be calcglated from the diagram in

Fig.2.l, and the result is:

() . q b 2 2 wliT
‘: =Yp - im + '\LT-‘t (_* { (f- P pm) aQ [ ¢ “lng7 TY‘&
+ la Ly m

— ot _ mé¢ by
P,, -1 - P:. +(’\ —"—’_)‘“L\‘I‘%:.)\l
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-im( 3('2'-“\4-]'\ +Ye) -4 - q(‘*'—'}l;)

x
O REY ey By Y
A A
-C, v.p +iC,m (2.10)

then in MS scheme in one loop level

A 3.‘_ 2

C = »  —— 2.11

2 ppet Cpo- ( )

N

c, = ..'f_ff bR (2.12)
(av) €

Bardeen, et a15 realized that these poles always
appear in the combination
R [ -
— + < logdmw (2.13)
Y t v

Lo L
T &

&
= UM R+ ote)

-——

. s . \ .
It 1s natural to eliminate z instead of-z by introducing

the modified minimal subtraction scheme (ﬁg).
2.2 The Renormalization Group

Physical observables must be indepehdent of the

renormalization scheme, that is renormalization
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invariance‘under the renormalization gr'oup.6
Callan-Symanzik7 equation is powerful method for
studying the behaviour at small distance of the Green's
functions. +t' Hooft and Weinberg8 formulated more
general methods. The central idea in these methods is
to treat in a similar way the coupling constant, mass
and gauge parameter renormalization constants.

The relation between the renormalized and bare
Green's fuhctions with NyyeNp gluon and quark

lines, respectively, is

= Vi ' »
r(pllpzl"‘pnlAlalml)‘) G:DZ‘-(NI(:)

Y:(pllpzl LR Pnr)‘

0’30 v
& = “Nvh =D - 3
ZT‘ (ht‘.) 23 22 ) A= ——“"6“.‘ (2.14)

Because the bare Green's function is obviously

M-independent,
Q_{’( ; an,My:e) =0 2.15
Hap lo PLrP2or e Ppidgrdg Mpit (2.15)

and using (2.14),

o-
'

3oy RN 2 B odmed a2
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. ""K(P]_,--upnh\ua:m:ﬂ)

1 dZp
= - bommalid (P reee P I.Alalml") (2.16)
let
4
}*EF AN o= {3(%,&) A
Hoam A a
Lim = oY, 04)

KAz, =Y Na)

2y P
_ (2.17)
B4 = N,
Z, 5 2, = Yp e
Wl o = a XU\,&)
dp

in the MS, MS scheme, A+ Ypn is gauge independent .and

accurate to two loopg'
_ _ 2
/5 = -b;N - b, A<

2
}/ﬁ=lup+tbh

where,
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_ b8 2 20,2
by=3C3 —4C¢f -3¢
hy = 6 Cg
_ 2 . a1 e '
then
-} +‘ NN QPR ¢ e “Tr'))—,‘-:O
(g +55 da M im R (2.19)

with

= =\
'Y% 3{?YM¥—+nFN%1
From dimension analysis we find

r ( | -A | - e AP .
F\pllO--IPn:)\:alm:f\l) = M

o‘ﬁY(pl/pl---rpn/p 7)\'avm/ﬂ) (2.20)
where d- is the dimension of rk and Y is a dimensionless

function of its dimensionless arguments.

If we rescale p;: wWe can find
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d "
‘-?& (Ypl, ;pzlnooépn,'xja,m,]ﬁ):\? T’R(pllcuclpn;*l al'z— )

£z

let §= et, we can find
-2 L. 3 _ 3
[ )t X {Sh-a-'h "‘g 0\—5-& ("TYV">"\3W‘ + O\P -Y\-,-} :

4 t -
) \k(_ef?\)"‘,efn ) M, A, m, n)=0

(2.21)

That is the fundamental equation of renormalization

group equation.
2.2 Formalism of Chang~Chang Approach

In the QCD Lagrangian (2.1l), the guark mass is put
by hand, but the natural way, as mentioned in chapter 1,
is that in the fundamental Lagrangian the quark mass is
zero and the effective gquark mass is generated
dynamically.

If m=0 in the QCD Lagrangian (2.1l), then this

Lagrangian is invariant under a chiral transformation.

W a

\Y"’\‘Vl = C Y (2.22)
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This chiral invariance protects the fermion from having
a mass in any finite order of perterbation calculation.
However, the physical ground state may not respect this
chiral symmetry. The fermions then acquire a mass
associated with this dynamical symmetry breaking.

10

Chang and Chang have developed a new approach

to calculate the dynamically generated fermion mass in

QCD based on the Nambu—Jona—Lasinioll

(NJL) mechanism.
Whereas the original NJL mechanism was proposed in the
context of an unrenormalizable field theory, Chang and
Chang made a renormalization—-group analysis of the NJL
gap equation (i.e., the self-consistency condition)and
found that it is indeed a renormalization-group
invariant for QCD. They have found that the mass of the

quark so generated is, to two-loop renormalization-group

accuracy,
M =/\c(2) et (2.23)
where Aéz)is the two-loop-invariant cutoff in QCD.

This mass M is a renormalization-group (RG) invariant.

They start from the QCD Lagrangian

o t Ly (2.24)
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where LO is the massless kinetic terms for the fermion
and gauge fields. Following NJL, the Lagrangian (2.24)

is rewritten as
L = (Ly - M¥Y) + (Lp + M¥yp) (2.25)

and the perturbation theory is to be taken around the
nonperturbative vacuum (M®0). To do this new
perturbation theory, Chang and Chang took the crucial
step in introducing the intermediate Lagrangian

L' = (L, - M-‘\-"\') + (L +8M?\”\P) (2.26)

0

The 8M is treated just like a counterterm in the usual

Lagrangian field theory, except that it is used to fix

the renormalized two-point proper Green's function to be
~-1

T3 gy = (yup - im 1z (2.27)

for p2<< Mz. The M in (2.27) is the same M as in

(2.26). To one loop in A they found
2, 2
Sm=-3cpm (1og M /2 - 1/3) (2.28)

and to all orders in M, but accurate to one loop RG
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accuracy, by using the renormalization group analysis,

they found

M-fM=m (%)Gcf/bl (2.29)

[+]

where ( logM = t)

d 2

s A = -by A (2.30)
11 _

~° X + by ( log Mfy - 1/6 ) (2.31)

Imposing the self-consistency condition 5M=M, the NJL

|
self-consistency condition can be solved by :x'=0, or
(4]
1+ Abl( log MO* -1/6 ) =0 .(2.32)

In terms of/\él), the one-~loop cutoff, defined by

A 8)
N Thi X = o (2.33),
J R

the NJL dynamically generated mass accurate to one loop

RG accuracy, is then given by

M o= A (1) 1/6 (2.34)

<
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Here asymptotic freedom is very important, because if
the theory is not asymptotically free, bl is negative,
as is true for example in QED. Then 3%0 =0 is not the
solution of M-JM=0, The only solution in that case is

M=20 (3.35)
2.4 Two-loop Analysis

To find how two loop perturbation affect the result
of dynamiccally generated fermion mass, we should

calculate the diagrams in Fig.2.2. We find

T,=yp—iM _ . ,
S
M2 7" L 1 '
Q + =7 erC,) = —mmc,) 2 tlta
B 2
- O a7 0 e .
+A’ - {1 - - ___—l. ; 4 4 n
gauge + ghost ) 13 -3« 27 3 2
+yp(C,Cy) | 2y X, 2
A P B TR T
- 13-3a 4l+4a+3a 85 3 2
—iM(C,C,) __2_ b2 Ta
‘ /&2 & 46 +—= 3 30b 2 +o —z~]
. | 3ata+1) 2 -,
’*'YP(C/Cz) ——Tz .*.&!'"_74(.16_'."_8_“_ +A,+a11”+02,‘”]

b
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2 2
—iM(C/CI) 9+12;11+3a + 15+5c:+2a +B,+aB,,+azB,z
+7P(Cf’) 2a Mﬂﬁa&ﬁa%,z
é 2e
. 18 —2a% 2
—iM(C/) a 2ltbata +B,+aB,,+a’B,,
. 2 1 4a 3—542 z-
+7P(Cf —3 CfCZ) —5 - +Ac+a‘4cl+a AcZ
€ 2e
s - "2 '
—iM(C = 1C,Cy) 4a(:2+3) +( 9+2:z+3a ) +B,+aB,,+a*B.,
n
, [M ‘ er? J
+2 e
u? 48
- 2 -~
. . —6—2a 14a 1+ca
—iM[(a+3)C;Cy +4aC/?] o ~ Y "3
1.1

a(a+12) ala+3)
+
€ 4

+7pCp?

) - 2
_;Mc,2[ 3?““ + 3°+8‘:+2“ +3+4a+3a2]

+il(Z Z, — 1M —8M)

+i6M

~e/2
~a21 J-;mc, [‘”

FO

—6=2 '
e T 454a |

M
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where all the two-loop constants can found in table 2.1.

In Fig.2.2, the new mass insertions due to the M
term are represented by a cross on a circle. In Fig.
2.2 (g), we are to take the order A piece of dM, as
determined in (2.28), because in this perturbation

calculation we keep only terms up to 2. Ina=0

gauge, we find

)= M-§M

1%
—M{}+ Cf(3L—l)+£D(3L—1)2+£E(3L-l)+AF+O(£ﬂ (2.42)

where
1 A2
D = lcf blcf
E =+ c2+"”cc Sc.f (2.43)
27fF £-27 q £ s
- 2_ '
F = 32.0675 Cf 6.84185CfC2+1.73209Cff

Then we find

+ Ak = A ) |
[Hd[l 7 b)\] Z = _(hw\"f\"z_)\ «}Z_ (2.44)

or
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3 _
(- A%, N 55+ (hpaeny M) Y =0 (2.45)

where

da

v ~b A%-b N3 (2.46)

and bl’b27h1’h2 are as in (2.18). We can use the
renormalization group analysis to sum up the leading
logarithm and next to leading logarithm contributions.

To see that clearly, let us write

2
ﬂ>='"§E bu%&
h

- E hn A" (2.47)
n=
then from the renormalization group equation
o ) =
[ 3t+{5)‘3—}\+ h]Z" 0 (2.48)
we find
o w w-n'. L
m-1 Zi o m
-na L + ~{n-n')b_,a__, L
ggb n,m n'=1 m=0[ n'"n-n',m



—-42-
+h_,a "Y=o0 - (2.49)
n‘“n-n',n ’

If we only consider the leading logarithm terms
oA

. n.n
of 7 , i.e. 320 ap aNL s then
-na, - (n-l)blan—l,n—l + hlan~l,n-l= 0 (2.50)
n-y
=L T -
a5 . n om0 (hy mb, ) (2.51)

So, we can see by using renormalization group analysis
we need only to know bl and hl from one loop
calculation to find the coefficents of N'L" which

can come directly from the n loop calculation.

Summing up the leading logarithm.contribution

Z=M

i\ |
a ALY+ o(r L)
n'n “=l
\

- ot
=3 N T (hpemby) 40( 2 WL
o m=0 n=1
s
=M(l+bl)\)h‘/bl + 0o( 2.\ (2.52)
n=1

In a one loop calculation, besides a; 1= h1/2, we

also can calculate directly aj o+ then we can write
’

o
5 =M[l+bl?\(L+al'o/hl)3h‘/b'+O(Z Al (2.53)
. hIg
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which has summed up the leading logarithm contribution
as well as the one loop constant contribution.

We'can also count the next-to-leading logarithm

contributions by calculating two loop diagrams only. We

find from (2.49)

_(n—l)an,n-1+[hl-(n-l)bi]an-l,n—z

+ [h.z—(n—z)bz] ap_5,n-2= O (2.54)
Therefore,

an ,n-1 '1_1“ hy=(n=2)byY ay 5 1y

+ [hp-n-1byY a4, IS

n-} W=y

=T 1)' 3‘20 m! (hy-mb,)a, o k\=r\“+2 (hq-kb;)
= -
_ m! (h,-mb,) T
=T ;éo 27120 W (hy-kby)  (2.55)

(hy=mb,) (h-mb-by k=0

summing to next-to-leading logarithm contributions, we

find

A
=MZ n.n n.n-1 -
Z: n___O(an'nh L +an,n—lh L ) +O(Z;2AnLn 2)
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Ak My owhefy, " _
7\:’ Vb'( b.+b;x) i + 0(2,3Ln 2
1 by oA, 21

)

where
| \ b bidba A Ao b
—_—= = %+ 22 g —— —) + Y + Qe 2.57
)\b\ )\ b[ 3 b"\'b).)\o‘ X ) 2 (L k‘ ( )
If we count the contribution of the two-loop
constant a2,0' then
hy T\
-y be br -
.Z: meAyby (Brbar P V05 L2 (2.58)
Ny by ¥ bade h3y
where
-L — “l" b ]
N e (2.59)
‘0\ a,, 0
T T y (2-60)

We can get the nontrivial solution of self consistency

condition § =0 by solving

\
Mo~ 0] (2.61)

Substituting the definition of QCD two-loop cutoff /%3)

~‘ v hf"bbh h’,
A + br \03 - +b|‘03.5ri_ =0 (2.62)
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into (2.61), we find M =/\é2)el/6. The solution
(2.35) remains valid even in the presence of two-loop
constants. In fact we can prove that to any loop the
Y
solution M=;\ce“ remains valid if the theory is truly

asymptotically free (i.e. 40 for all 4 ). The RG

equation for Y. to n-loop is
d
2T = (RAE AT - W)

)\ = e (b',\‘""r h,‘}\‘* - L"A‘d"‘\ ) - /”3 (A)

dt
We write lL o
by
=M @) 2 (2:63)

1
where ) is a RG invariant and is determined by
[}

» -—
N ° T+ Qq
5 A = ‘3 M (2-t3a)

81
a is a constant to be deternmed. We can find
oF
~ s ~r (29 h
- . N =h,-2b .
dt - (\1»)\'\"1\})\+ --)Z ’ hb hl b, L/ .o

~
We can solve the RG equation for 2 . It is easy to see

(2.6%)

that in a power series expansion
- AN
f— "T-; \’\LL."" )\"-f-'\- - - (1.‘4.1\)

~/
It means that § has no effect to the one loop constants
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in power series expansion. We can determine the constant
L

a in A‘by the perturbative seriers for J , and find that
[

it is given completely by the one loop constants in 3 ,

a =-log M +1/6. Using the definition of QCD cutoff
r 92 o oy AL
A AL J ® (2.64b)
we find finally
L = L /l‘:j
Mo I 2.65)

The solution of the self-consistency condition Y =0 can

\
be satisfied by 7Q‘=0, then to any loop

- aw T
M—' AL e .
(2.66)

It is interesting to note, nevertheless, that there

\
is an alternate solution with X:’= 0, which leads to the
0

complementary solution

M, =\ PreatHl/e | (2.67)

For the case of three generations and SU(3),

a' = - 0.435355. o (2.68)
2.5 ANOTHER FORMALISM

Another way to look at the Chang-Chang approach is

to look at (2.26) as defining a massive QCD with m, =
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M - SM as the mass parameter. Therefore, the RG equation
for m. is fixed by the usual MS renormalization to be

(to two=-loop accuracy)

d _ 2
‘.F[mr = ( hyA+ h2/\ ) m_ (2.69)

and the corresponding equation for A reads

A
j‘t = -bA\2 -k, A (2.70)

In general, to two-loop RG accuracy, Eg. (2.69) may be

. solved by
h hs
W -~
R)7(2)" 7 e
m =m =y ——————- .
t 0 % Ao beb;Aoz

where m,, AOl' and )02 are RG invariants. In
particular, we choose to write XOl' )02 as in
(2.57), (2.59).

So far this appears to be a formal exercise in the
renormalization-group theory. In claiming that (2.71) is
a solution of (2.69), what we mean is that A is the
function of t as given by (2.70) and m. is a function
of t through its dependence on A. hOl' Koz, and m,
are independent of t.

Suppose now we proceed to calculate the two-point
Green's function in massive QCD (which we shall refer to

as the old theory). In general, we will find (at p-»0)
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~
T 2 o10) = 251 (v.p-iM) (2.74)

with M a RG invariant. By explicit calculation it can be

verified that, indeed,JW is given by

\ o ha
2 bk )f\';,"b,,

AN\ ®
\/b(= mr (7\—9\) ( b‘-\'\)xj\o’—

(2.75)

where, in using the right-hand side, we are to
continually re-express )O‘in terms of A, M, m .
achieving finally a complete perturbative expansion
for M in A, M, m_.
Now what about the limit mr-ao? Equation (2.71)
tells us that there is a trivial way to achieve the
limit, viz. by taking my = 0. Perturbatively then,
the full two-point function is also zero. But there is

a non-trivial way to achieve m. = 0. That is for

m0 ¥ 0, we look for

\
% =0 . 2.76
A" ( )
In that case, the M of the two-point function is
nonvanishing. 1In fact, it is exactly my . Contact is
finally made with the earlier approach when we realize

that m0 = M.
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2.5 GAUGE INDEPENDENCE

So far every thing has been analysed in the a=0
gauge. In dynamical symmetry breaking, a particularly
difficult problem has been to establish the gauge
independence of the dynamical mass so generated. 1In
this section we will now exhibit the problem in a
general a ¥ 0 gauge and show how the dynamically
generated mass can indeed be gauge invariant,

Consider the Lagrangian (2.26), and continue to
treat SM as a counterterm, used to fix Téz) to be

(2.27) even when a ¥ 0., To one-loop, we then find

$M = - 3)\ch(1,-1/3) + —;_— aCg, (2.77)
and
Z, = 1+ )\aCf(L—l/Z) (2.78)

At this level, it is hard to see how the
a-dependent terms will disappear upon inclusion of
higher-order terms.

But, upon including two-~loop terms we find

Z= M {l+>\cf(3L—1-a/2) +D?\2(3L—l)2+ 7\2-
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(E +E.a + Eéaz)(3L—l) + A2(F +.aF

18 1

+ a‘ F ).)+ o(®) (2.79)

where D, E, F are given in (2.43), and

i

_ 1.2
By =3C¢ +ICECZ'
E. =-C_C
2  £727
(2.80)
_ 2
Fl = 7.36953Cf + 8.25602CfC2,
2
F2 = - 16.3273Cf - 3.88538CfC2,

We now check on the RG properties of ¥, using again the
fact that M is an RG invariant. Following our remark

which follows Eg.(2.68), it is no surprise that we find

i
’ifﬁi?(hlxmz)\z), . (2.81)

and the right~hand side of (2.81) is in fact gauge
invariant.
Based on this fact, we find that the solution to

(2.81) must be of the form
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Z (a%0,a, Ml“)=za(alal%)z(a=OI»IMIH) (2.82)

where 2:(a=O,A,M,H) is the series we had before. Here

Z_ is given by the series expansion

a
7= 1-$nac, +3c.C, 3(—?;%5-‘1(31,-1)
+x%c.c?(8.25602a - 3.88538a%)
+)\2C%(7.36953a - 16.3273a2)+0 () (2.83)
and
ffza=o (2.84)

WE can express Za in a renormalization-group

invariant form

Ao
-( - ))\qu

Z, = e (2.85)
where
Lo b3 '
. N 1 (2.86)
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16.5120C, + 14.7391c
by

3 = 1nM +

.+

(2c, -2f£) (3.88538C, +16.2032C4 )
by 3

(2.87)

! {
i N X 1 t ro.
Unllke. N Aals not ze
Equation (2.82) exhibits the gauge dependence of

the self-consistency condition. We need to obtain the

solution

Z(arﬁlMﬂ-‘) =0 {2.88)

in general for a ¥ 0. But (2.82) tells us that it is
sufficient to solve for the a=0 gauge, since if 21(a=0,
A M,n) vanishes, P (a,A,M,u) will also vanish, at least
for a range of a close enough to zero. Therefore, in
(2.26), when M is given by (2.23) the two-point proper
Green's function will still be given by

~S
[‘éz)(p)=(flp-iM) Zgl (2.89)

(a4
with, of couse, a gauge-dependent Z,.
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CHAPTER 3 UP DOWN QUARKS MASS DIFFERENCEl

The proton~-neutron mass difference problem,2

probably the oldest puzzle in hadron physics, has
challenged and frustrated generations of theorists.
According to the quark model of hadrons, if we can find
the right answer of up and down quark mass difference
then we can answer the proton-neutron mass difference
problem. In this chapter we will try to calculate the
mass difference of up and down quarks in the scheme of
dynamical quark masses generation. We will show that
our result is of the right sign and also of the right
order of magnitude.

In QCD, we can only generate the same mass‘for the
up and down quarks. In order to study the origin of of
the mass difference between the up and down quarks, we
should consider including the effects of QED. The theory

that we study thus is SU(3)*U(l). The Lagrangian is

-~ H . .
= g, miegT a0 00

a

= s a_. - a
‘deH( SM 193T A 0 1QdeBN)"/d F}L A é Buv By

A
n
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+L .+ L (3.1)

gf ghost

Here we have ignored the second and third generations of
the quarks. This is justified since the masses of the
second and third generations are much bigger than that
of the first generation and by the decoupling theorem3
their contribution at low energies will be suppressed.
All the calculation will be down in this decoupling
scheme.

The procedure for mass generation will be the same
as in Chapter 2. For simplicity, we will from now on
work exclusively in a = 0 gauge.

“First, consider the mass determination to one-loop
RG accuracy. We should calculate the diagrams in Fig.

3.1. We find

qu=._i_l>‘3(x,-g)~% Q®(L- %) (3.2)
where

A - 9

37 W

Al = e2

lbw * (3.3)
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let

EQ = MQ-XMQ

then the renormalization group equation is

d v _ _ 2

with
4 o 2
M3 = “P1A3
4. o X2
At)\l‘b1>‘1
where
by' = -%.g:

We have the solution to (3.5) as

Wi 5
b

— -

A b
) (R)

-~

=
=

'K = "}": + bl(L—1/3)/2

(3.4)

(3.5)

(3.6)

(3.7)

(3.8).

(3.9)

(3.10)
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\ \ .
7\,°= ~," (L--)/;_ (3.11)

and the self consistency condition can be satisfied by

\
= (3.12)
A .
we find the solution is
A
MQ =/\c eb (3.13)

the situation is the same as when QED was turned off,
To one-loop RG accuracy then, the degeneracy between up
and down quark 1is not lifted.

We proceed now to two-loops. Here, because '\l
is so much smaller than A3, we have kept only terms to
first order in hl' as a perturbation to order A of the
previous SU(3) result. We should calculate the diagrams
in Fig. 3.2, the self-consistency condition now reads

2" MQ{l-HLC (3L-1) +A2(31-1) (ch—-‘fc )

+ A§(3L—1)%+ Q%A; (3L-1) + Q% Ay -

] 142, A& _ 2
Cg(3L-1)"+ 37 hy 2 (3L-1) + QAN Cpdy,
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+ o(Af Az) - (3.14)

To perform the RG-summation, we are to take4

ff:-'\? _bl'xg - b2>‘§ - b31>\§}\1 (3.15)
_2({')": 0 (3.16)

This last approximation is to make the summation a
straight forward one and is entirely consistent with
keeping only orderAl‘Kg terms in the perturbation

series in (3.14). The equation for Zg then reads
2 2 2
f-EsQ = —(hph; + Q% Mg DS ve0? N ) T (3.18)

The solution is

A3
ZQ =H6\ (1—95)

(he+hy3 X, &% )/n

cal,( f(‘{"l)g)

(betbar )%‘i-(/.,u..,x, ‘I,
Ll* bz)\o3 . e

with

—L-=._L_+ ba Lr"‘hki‘ No3 ~
Ny XN b log X3 b,+b,x.3) bT+4; (3,20

Upon expanding?iags a power series and comparing with
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(3.14) ,we £ind

a

|
3= b(logM,-T+ Q%QLZ) (3.21)

Q

in (3.14) d13 represents the genuine two-loop constant
of the self-energy graphs involving both gluon and
photon exchange. Explicit calculation gives

d,.= 64.1350 (3.22)

13

From the solution

A\ .
— =0 (3.23)
As3y
we find
2
My= A e /¢ (3.24)
2
= M e-Q d‘Bh‘ /6
0
2
= My (1-0Ad;34) (3.25)

where M0 is the mass generated in QCD. From here, we

can immediately find

2
MyMg= = Mg+ dyy @7 /a5
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= -(.2)% M, (3.26)

which is of the right sign and also of the right order
of magnitude. But we hesitate to claim any physical
significance since the meaning of Mu’Md itself is

not completely clear. Also, until we have understood
the generation problem, it would be dangerous to épély
this to the higher generations where m,>mg and

Me > my. If we argue that the heavier generations

decouple, then this result is of significance.
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CHAPTER 4 : SUPERSYMMETRIC-NJL MODEL

In recent years, the problem of dynamical symmetry

1

breaking in supersymmetric theories™ has received

considerable attention. The connection between chiral
symmetry and supersymmetry has been investigated.z'3
Besides curing the gauge hierarchy problem in the grand
unified theory, supersymmetry was expected to play a
crucial role in attempts to construct a dynamical theory
of composite quark and leptoh theory.4 Such a theory
has to explain why the composite fermion's size is so
small compared with their Compton wave length, (r)f(<
l/mf. In other words, to bound the preons to such

small size we need very strong interaction, the scale of
this interaction, A , must be much biger than/\c in

QCD. Following the mechanism of fermion mass generation
in QCD, the preons are expected to get mass of order A
that is much bigger than me. In a supersymmetric
composite fermion theory, there may be some ways out of
this problem. One possibility has been that,
supersymmetry protects chiral symmetry, as claimed by

3

some authors,” this chiiailsymmetry will then prevent

-

preons from obtaining a dynamical mass of order A. It

is thus very important to study the dynamical generation
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of fermion mass in supersymmetry theory and see if
chiral symmetry breaking occurs in the supersymmetric
theories.

In this chapter, we will introduce the
supersymmetric NJL model and study the supersymmetric
gap equation to test whether or not supersymmetry
protect chiral symmetry. Our study5 shows that the
claim in ref. 2, that supersymmetry protects chiral
symmetry,Ais not true. The authors in ref. 2 did not
correctlly generalize the supersymmetric gap équation.
In fact, chiral symmetry is broken in supérsymmetric NJL
model and the dynamically generated fermion mass is
given by a similar condition as in ordinary NJL model.
We should try to find some other way to explain the
smallness of the composite fermion. One possible way
way out would be that, since the chiral symmetry is
broken, the massless Goldstone boson must appear, and
the light composite fermions may be generated as

supersymmetric partners of the Goldstone bosons.
4.1 INTRODUCTION TO SUPERSYMMETRY
Supersymmetry is an extension of the Poincare group

obtaind by introducing a spinorial charge Q. Under

quite general assumptions it can be showed to be the
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largest possible symmetry of the S-matrix. This
symmetry can be realized on ordinary fields by
transformations that mix bosons and fermions (component
field approach). Superspace - superfield approach is
much more compact. Superspace is an extension of
ordinary space—time to include extra anticommuting
coordinates in the form of N two-component Weyl spinors
8. Superfields S(X, @ ) are functions defined over
this spacé. They can be expanded in a Taylor series
with respect to the anticommuting coordinates g, 8.
Because the square of an anticommuting quantity
vanishes, this series has only a finite number of
terms. The coefficients obtained in this way are the
ordinary component fields. In superspace, the
supersymmetry algebra is represented by translation and
relations involwving both the spacetime and the
anticommuting coordinates. The transformations of the
component fields follow from the Taylor expansion of
translated and rotated superfields.

To work in superfield form, we should introduce our
notations and conventions., We will use the notations
and conventions as in ref.6 in this chapter and chapter

V and VI,
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Qur index conventions are as follows:'the
two-component complex (Weyl) spinor representation (z'- '
0) is labeled by W'= ( y', y*). The
complex-conjugate represention (O, “i) is labeled by
doted index q’:‘ = C'yl, ¥i). A four-component Dirac

spinor is the combination of an undotted spinor with a

dotted one (i, 0) ®( O,J,'_),

: Yo
\Y = ( _ ) (4.1)
Y-y
A bispinor (-‘i, -;-’ ) is labeled with one dotted and one
undotted index, e.g. Vit
0(;. _ eL;L m
v =G, v
(4.2)
Vm = Gma(dvoL
where @™ is the Pauli matrix,
' o\ x I
g = ’ g = ( ) '
(4.3)
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Spinor with upper and lower indices are related

through the (-~ tensor.

ol oA
\.Y=e \Y(s '

(4.4)
\YO(= 6&(5 W’S
where
0 -\
c-%--em = (., g ) (4.5)
The - tensor may also be used to raise the
indices on the §- matries :
LTI ST L 4.6
b) e € Y ( )
The Dirac matrices are
o o
" = ( ) (4.7)
o~ O

or explicitly
- & 0°
y¥ o= ( ) (4.8)
O
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The superalgebra is:

’QO(’ 5&}=26in°( Pm
{Q&I Qp% = {Qxl Qé} =0
(4.9)
(Pleo‘)"LPleoo( = 0
me' P,} =0
The supergroup element is defined as ,
. m pnlbnd3
h(x", 6% 8y = e'{7* Pa +89,+ 80 (4.10)

where xm(m =0, 1, 2, 3 ) are space~time coordinates
- . . “ ——
and 6“, ®; are anti-commuting parameters. (x", 6, G )

are the coordinates of superspace,

The most general form for superfield S(x, &, 55 is:
S(x,6,8) = £(x) +6P(x) + 8 X(x)

-2 _
@M (x) + 6 Rh(x) +90J“¢9Vw(X)

— — - . .
+ 88X (x) + 66 P(x) + 66 a(x) (4.11)
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where f£(x), ¢ (x), X (x), m(x), K(x), Vi ()4 X(x), ¥
(x) and d(x) are the component fields of S. In general,
S(x, &, 'é') transforms as a reducible multiplet under a
supersymmetr ic transformation.

We call a superfieldc#(x,s, 53 as chiral field, if

—D:z¢= 0 , (4.12)
where
D. =~'i;Qr i dxqr- Im
A 20 oded
' (4.13)
D,= —2—+ i T" 5% om
o 20 o{ <

The component fields of a chiral field transform
irreducibly under supersymmetric transformation. The
most general form of chiral superfield 4)( x,G?,Er) can

be written as

$(x, 0,8) = A(x) +JREP(x) + OF(x) + i T &mA

_3; (4.14)

2 m . / 1= 2 2
- — 2%A
I?.‘e 9:.14’0' e + 499
We can write ¢ (x,8,68) in terms of

y =x + 1005, (4.15)
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b (x,0.8) = aly) tFoYiy) + 6F(y) (4.18)

For a chiral field 4), a simplest supersymmetry

invariant Lagrangian is
_(4pdd [[120 (a2 N2 .
oL = jd 64949 [[d G(—Z-<{>+§-q>) +h.c.] (4.17)
where
fa%ebd- -"a% 1m0 + 1 QDT FTE (4.18)
provides the kinetic energy part of the Lagrangian, while
2 m 2 M 2
Jdez¢~z(2AF—\{’) (4.19)
provides the mass term and
3 2
jd26§¢= Xa%F a4 (4.20)

provides the interaction part. When we calculate the
radiactive correction of the theory, we can use the
component field approach and write the Feynman rules

just the same way as in ordinary field theory. But the
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so-called supergraph approach will greatly simplify the
calculation. We will use the supergraph approach in
supersymmetry calculation and component field approach

in the theory with a supersymmetry soft breaking term.

4.2 NJL MODEL IN TWO COMPONENT FORM

In order to study the supersymmetric extension of
NJL model, it is better to express the NJL Lagrangian7
in terms of two component Weyl spinors “Fi(x)' We can

write OCI as :

0(1? =='2 q:L\Pﬂ.q%Q qu (4.21)

where

b= L=, Y=L (1+v) ¢ a2

‘“l’ = \},L + "RbK : S (4.23)
+7\= ( i?w() , q:L 5.;:(171 ;;g )

te=(ge), F=-(2,0) 7

D
-—
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then

% = o ArH Vit
Lo dd (;7n,, ToaM) ( ok )

'_.__.,(:(2/_(\—41-’4_)6_“"{/.‘_ +A:(9MCP_>6;M“P..

Ly = g(@j_)(\l'_h) (4.25)

The mass term m V¥ can be written as

L, =y, b= P (4.26)

But before we go to the supersymmetric extension of

NJL model, we should express the self-consistency
condition ([.6) in this two component Weyl spiors form.

In general, we can write the self-energy as

2 = gA(pz),p’- 9B (p?)m

here gA(pz) give the contribution to the wave

function renormalization. The self-consistency

condition

m= T | . (4.27)
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becomes ' -

m=an(ap? - %) (4.28)

2
p’= - m

We also can carry out the self-consistency condition in
another way through the renormalized two-point function
of fermion,

(2)
The unrenormalized two-point function[7 is
. 72 2 2
i=p-m+m-gap’)lp+ gB(P)m (4.29)

If we define the renormalized fermion fields “%y as

=
+}= 2, * ¥, : (4.30)

1 + ga(-m?) (4.31)

[N
L}

/
then, in general, the free Lagrangian Ki can be written

in terms of renormalized fields
/ Do —2nZam bt
L = 2, VACRELEE v Uy (4.32)

because of the self-consistency condition, we do not

need the renormalization of m, so Zm = 1 and
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Ki/:= Z} ?& ( i/é/; "’)‘FY

(4.33)
The renormalized two-point function is

= (1498 (m )] =98 (PUFHJBPIME M (434
The self-consistency condition can be written as

(@
L0y = -m (4.35)

then (4.35) yields,
gmlA(—mz) —B(—mz)]— m =0
or
m =gm (A(—mz) - B(-mz):[ (4.36)

That is just the same condition as (4.28). In this
procedure first we should carry out the wave fuction
renormalization, write the free Lagrangian in terms of
renormalized fields, then calcﬁlate the renormalized two
point function. The self-consistency condition is just

equation (4.35) under the condition p2=—m2 instead
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of equation (4.27) under the more complicated condition
& =m. In this way we can easily get the
self-consistency condition in two-component Weyl form.

The two-point function of two-ponent fields are

ror (1-aa D )rp
(4.37)
M {t-e2e*] n

the four-component two-point function{7g)can written

L Pt
()
[—7 I’7+ (4.38)

The free Lagrangian in terms of renormalized

two-~component fielfs is

— — . T\ - - 14
o['-—'Zz{t'(%‘h)%‘h“(%“’-)f A
[»]

Then the renormalized two-point functions of the
two-component fields are :

++

"y

;_-.Q—.?

.-rﬁs -m?2 = VY 'ﬁ?: -”:Iz

(4.40)

m=m+ gim[A ()" B(-m*))

.-
7y e e =
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The self-consistency condition is -

therefore,

m = gm[A(—mz) - B(—mz)] (4.41)
We have the same condition as (4.28). Now we are ready
to go to the supersymmetric extension of NJL model.
4.3 SUPERSYMMETRIC GENERATION OF NJL MODEL

To generalize the NJL to supersymmetric form, we

introduce two scalar superfields ¢§_and 4)_ ‘
(f>t=A4__(‘/)+J'i<9+i-(‘/)+(99 Fi(‘/) (4.42)

with

xM+ iGPWJ‘ém

~
1l

Let

o~
<
p

- [a%a%5 e .40 4.43)
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if we write ioin terms of component fields, we can

find L generates the kinetic terms for VY, , VY. plus the
o

terms of Wys scalar partners A, , F+ . Let

L= 9 Sdze a’s ¥, 9. &, . (4.44)
In terms of component fields,
L1779 (A¥A a,ata,A, FAZA A%, "M *AZALAATA AT A AT
+ 1g(A1A, X5 ... )+ g)F A +F A, - ¥,v]* (4.45)
"We can find (Igenerates the interaction part of giﬁi?ﬁt

plus the terms of the interaction included Ai, F,. The

mass term m¥,Y. can come from '
d = -)a% ndd- %0 n o8- (4.46)

According to NJL we can adopt

f .
L R (4.47)
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as free Lagrangian -and

LI: = L; - Lo (4.48)

as interaction Lagrangian,

We can introduce four-component super fields 1Y,qu,
so that we can represent the Dirac fermion and write the
Lagrangian of the supersymmetric extension of NJL model

in a form similar to the original NJL model. Let

v - ((B+ \
-
{i = ‘(\_/*'Tq. = -(_4)-,&-») (4.49)
then the Lagrangian can be written as
L= Seoed -3 (7Y
t %[L‘Y‘I)"- U-X"s‘“I) (4.50)

This Lagrangian is invariant under the chiral

transformation

Y ., M Y

(4.51)
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, .
According to NJL's idea, 4, and {; can be written as

following,

(s — ,m§(8) !
L, = jwav{—‘{ \ | mS(e))w}
- (4.52)
[ - Py )
LI = ‘s&leéte i -Lk‘ nglc:) Mg(ﬂ))\k'
(4.53)

- (TYY - (wne) )]

The four component two point function is

o) er- r”'"'
V= Q _ ) (4.54)

TCvr

in tree level

w) SE) W
I

\
(4.55)

In one loop approximation, after the wave function
renormalization, we can write 1; in terms of
renormalized fields Qﬂ ) (9\' etc.,

L= 2, oo fee U0 +o0y

(4.56)
~nS) oSy ~m X(e)‘h‘@.y]
with
Zz= 1 + gA(_mZ)

where gA(pz) comes from the contribution of Fig.4.l
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The renormalized two point function

rr --
r; IFE-M” =.P' \fé—wﬁ = |
(4.57)
'\’r‘" \ Pamwmt = m-}-‘cj mAEm ) = Gwmbl-m) -m

where gB(pz) comes from the contribution of Fig.4.2.
4.4 SUPERGRAPH CALCULATION OF SNJL MODEL

In order to calculate A and B , we should calculate
the supergraph Fig.4.l1 and Fig.4.2. Firstly, we should

derive the Feynman rules.

The kinetic action with chiral sources j. ,3; is
2 4 .4 " e
s = la%xas (§9,+9.)

+[§d4 x a%p (-m D, + Jy®, +1.9. ) +h .c.\l

- . - o' s
e a0 3 i [E)

Py 093
(4.58)

where
R LU
0= o . ) (4.59)
\ _vnD\

ol
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-] -

We have used [J D2D2<F=<{> and Jd49 = ‘dzeﬁz

We can find that

-2 -
m ¥ I+ m?P P2
ol = ( 0-m* B (0-mY) (4.60)
D(U*Mz) T - m?*
Wo(j) is defined by
We (3) z 5 o5
eo =J%¢+$(‘b+¢)(f>_2>¢_e (4.61)

After carrying out the funtional integral, we find

1

N (" S S iy .o :
WO(J)— ja xd 9[ 1, 25:7:;ﬁ+ J_ E;j;:;l-
14 . mnlv .
-4 3, _____D(G_w);_m.c.)} (4.62)
For a general interaction Lagrangian,
Lint(47+'$+’<b—'4—;-)' we can write
§ § & :
!d+xd4‘9 Lln‘t (SJP"',‘X‘};: ) T\,T,TJ‘:—_}QWo(J}
Z2(3) = € (4.63)

then the Feynman rules for the Lagrangian are as following

Propagators: - |
Py by = T Pam S 6-5')
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wmD?

—_— §%(e-g')
PR )

r%
&
]

—mB" (-9
PP mb) )

o]
(R 3
-1
.H

Vertex:

bbb, 0 4y .60

Using the Feynman rules, we can calculate gA from

Fig.4.1. ‘The result is

4 _n
gA(p%) = gm (%(._%4 ?2; 3 (4.65)
T m

Fig.4.2 contains a closed loop containing only the
propagator, this propagator is proportional to X(&-—@S
= (6~ 6’)2. It follows that when §=8 ’, as is the

case for a closed loop, the propagator vanishes,
B =20 (4.66)
The self consistency condition yields
m = gn [A(-n?) - B(-n?)] (4.67).

After we substitute (4.65) and (4.66) into (4.67) we

find the nontrivial solution is
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dfe -1 )
l = 3 I().rr)‘* ?2+m‘

(4.68)

We have the equation as in the ordinary NJL model. If
(468) is satisfied fermion can generate a non zero Dirac
mass. The chiral symmetry is broken. The supersymmetry
does not protect chiral symmetry. Since the
supersymmetry is unbroken in the model, the vacuum
energy density is zero in both m=0 or m*0 cases. We can
not fell which phase is enegetically favored. But
éupersymmetry does not rule out the m¥0 solution in the

supersymmetric NJL model.

4.5 SNJL MODEL WITH A SOFT SUSY BREAKING TERM

It is also very interesting to study the effect of
a soft supersymmetry breaking term to the supersymmetry
NJL model, If we add a scale mass term
2 * *
f\a=-a (AA, + AA_)

' (4.69)

to the Lagrangian (4:59), then the new Lagrangian
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perserves the invariances (4'5/). The propagators of the
component fields are as following:

2 2

A(x) A (x') : i F (x-x', m2 + a2 )

([]-az)iF (x=x"'; m2+a2)

F (x) F *(x')

A (x) F (Xx') : =-imF(x-x';m2+aZ?)

A *(x)F *(x') : —imF(x-x‘zm2+a2)
(4.70)
) ¢
q;a(x)\P;(x') s i &;1n F(x-x';mz)
- _ o
qiéx)qgé(x') : 15@ m F(x-X';mz)
T.(x'y 0 2 %t .m2
qiéx) 42é(x ) .q;¢ S T (x=x ' im)
with
. o £TX
F(x,m%) = - S AP (4.71)

(27)t  phmii

We can write the interaction part in terms of component

fields as following
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Lr = 19 DAMA 98- TrYo +A2A 2,059, A%4,35,5+ Y.
AT QWY+ 0 AN ONY Yo gk a G Ty,
T ANEAETS oA AR THY
!2

+ ‘j\ﬁ/\-—“\' F-Ar — Ve Y- (4.72)

After we calculate the self energy of fermion, we find
that

A(p?) = F(0, m2+a?)

2

B(p2)= 2[F(0, m?+a?) - F(0,n?)) (4.73)

Then the self-consistency condition is

1 =2gF( 0, m? ) - gF( 0, m+a?) (4.74)

2

In the limit of a“—=0, i.e. the supersymmetric case,

it is as

2

1 = gf( 0, M* ) , (4.75)

which agree with the result of supergragh calculation.
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Chapter 5: BIFURCATION AND FINITE TEMPERATURE

EFFECT IN SNJL MODEL

5.1 BIFURCATION THEORY AND STABILITY OF SOLUTION OF

GAP EQUATION

It has been shown in last chapter that in
supersymmetric extension of NJL model, besides the
trivial solution m = 0, there is a nontrivial solution m
% 0 which satisfies the condition of the SNJL gap

equation,

T[Ty M LSy
m = m)\[l ’/F-‘Dﬁ ( m,_-\-\)\) (5.1)
where
- _ IA-
A= Ty (5.2)

One may ask which solution is stable against the small
thermal perturbation? 1In ordinary NJL model people may
argue that the massive vacuum has lower energy than the
massless one, so the nontrivial solution is stablel.

But in the supersymmetric extension of NJL model, due to

supersymmetry, the vacuum energy is zero in both cases.
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We can not tell which phase is energetically favored.

In a recent paperz, L.N. Chang and N.P. Chang have

used bifurcation theory3 to study the problem of

chiral symmetry breaking and calculafe the vacuum

expectation value of ;“Pin QCD. Our study also shows

bifurcation theory is very useful in the study of

stability of the solutions of gap equation in NJL models.
Firstly, we will introduce some definitions and

theorems in bifurcation theory.

We can write the gap eqution of NJL models ast’%

m = £(m,A) (5.3) .
Then we can solve the gap equation iteratively by
equation

mo,q o= £(m ) : (5.4).

Given a initial value MGy then we can have a sequence
(mo, Mys Mpyseney mn). Such a sequence will be called as
a solution of the equation (5.4). If a.= f(a,\), then a
is the fixed point of f. The definition of stability of
the constant solution is as followings,

(1) There is some neighbourhood U of a such that

if mer then mn-’r a as n =g .
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{(2) Given any neighbourhood U of a then we can
find a neighbourhood Vv of a such that if my eV then
mgU for all n»O0.

If both these conditions hold then the constant
solution will be called uniformly asymptotically
stable.

A very important theoreﬁ as the criterion of
uniformly asymtotic stability is as following:

Let a be a fixed point of f and A the dXd (d > 1)
matrix of f£'(a). If all the eigenvalues u of A are less
then one in modulus then a is uniformly asymptotically
stable. In this paper, we will only concern with the

case of d=1. The idea of the proof is to write
f(x) = £(a) + £'(a) (x-a) + O(x—-a) (5.5)

and reduce the problem to one of linear algebra by
showing that the O-term have no effect on stability.
for complete proof see ref. 5.

Now let us test the stability of the solutions of

gap equation inSNJL models. In this case,

kN
F ) = X[ - % log (- "")) (5.6) .

There are two fixed points: 0 and a , where a satisfies
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the equation )
- at At ‘)
1 = A[ b - _A_L \Uj(a”‘\'\) (5.7) .

To test the stability of the trivial solution m = 0, we

found

———

£'(0,N) = A ' (5.8)

Therefore, 1if 7\<l then the trivial solution m=0 is
stable, if .}\)l, the trivial solution m=0 is unstable.
For the nontrivial solution m = a, we found

- .
— NA
f'(a,A) =3 - 1

PRI (5.9)
It can be shovwn that £'(a, n) < 1 for H-)-\'QOO, therefore
the nontrivial solution m = a is stable if 14A <9,
Thus we have a bifurcation at'X==l, which may be

indicated on the bifurcation diagram in Fig. 5.1l. The
solid and broken lines indicate stable and unstable
fixed points respectively. Thus at'x==].the fixed
point m = 0 loses its stability and a new stable fixed
point m = a is created as'x passes 1 and the chiral

symmetry is broken.
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5.2 FINITE TEMPERATURE EFFECT

It is natural to ask whether the stability of the
nontrival solution is affected by the temperature effect
and is there a critical temperature ﬂg above ﬂ:‘ the
broken chiral symmetry would be restored.

In order to study the temperature effect to the
solution of the gap equation, we should calculate the
Green's function in finite temperature. I will briefly
describe the formalism for perturbative calculations at
general finite temperature4.

In general, the physical quantities with which we

-

will be concerned here are the partition function
Q= Te (B (5.10)

and its variational derivatives with respect to external

perturbation, the temperature Green's functions
rd — o 4
2 d ~-H
=Tr'!Tt‘lA(xl,T| )B(xz,?L)v....}e & (5.11)

where H is the Hamiltonian,ﬁﬁ is the temperature (times

Boltzmann's constant), A(?,T.) is an operator defined in
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terms of the Schrodinger—representation'operator A(x) by
A(x,T)=e"ta(x) e 7HT, (5.12)

and Tt denotes ordering according to the values of T,

with gvalues decreasing from left to right, and with an
extra minus sign for odd permutations of fermion

operators. T value is in the range

o5 T £AH (5.13)

It is therefore convenient to express these Green's
fuctions as a Fourier integral over momenta and a

Fourier sum over discrete energies. We can write

> - .3 3
<TT{A(Xl'tl)B(x2'tl)....})=5d pld pzoo.ozl
, ‘ W, wz
e
e s e (pl]“)"pzpw]-'oooo)

P 2 R dns .
".exp(lprxl-1ﬂ1‘+1péx2 —1ua§f....) (5.14)

where
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even integer (bosons)

(5.15)

IS E |

odd integer (fermion)

We follow the well-known diagrammatic procedure to
calculate the G's evaluate the Feynman diagrams as usual
in field theory except that every internal energy Py

is replaced with a quantity iw satisfying the
"quantization" condition (5.15) and all energy integrals

replaced withwWw sums:

P°—> SN

(5.16)

G-t > &%“3 R SBC?—?’)

That is so called imaginary time Eormalism.6

5.3 CRITICAL TEMPERATURE

The self consistency condition of NJL models at zero

temperature is
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a2 (5.17) .

m=-2gm §__ ‘' _t__
i

We can write the self consistency condition of NJL

models in temperature B-l as

m = 2gmI(fT) (5.18).
At zero temperature,
atp ~ .
1(0) = 5 s 5.19
()t L ( )
then at temperature ﬂ;l , it becomes
TR D \
- \
I(/sl) = — 5 50‘3? (5.20) .
—_— ~2 T
(> na-R xa)? P T L'znﬂ)lﬁbf wt

After carring out the sum,

-)
-1 43y \ \
I ) = — 3 _ -—————*") (5.21)
(5 5 LL“)} E L vl Q,Eﬂ"‘i’ \
where,
E = |p% + m? (5.22)

therefore
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_ >
1(p™h =100 - JOF \
@r)’ g (e®,)
2
= 1(0) - L Sd? A (5.23).
@O [T
Let
then
-1 1
1 ) = I(0) = - W(a) 5.25
(p o (5.25)
where
R 1.
W(a) = sdx X (5.26) .

A (x’q-a‘)* [ e(xx_\-o[‘)“i_\_ ‘ ]

After integral we can find

i 23
W(a)= 7 (T—leqT - L)oo o e\z\.,:}q"-s-“fi oJw (5.27)

where v is Euler constant and

= T+ 1 Y
J(a) =% (mu)f’[ 4 — - )"-—\— A \ (5.28)
o (tuny) " IO+ 2.7\1(1»\1-\)1 .

For small a, in other words, at high temperature,
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W(a)= %,(\’-\OJ'IV‘%..)C\L—\-';'O}‘oa&'*‘%t*'oln‘) (5.29)
Therefore
A __1 _(1/2 + 1logR -Y)
()= 10 s o
2 2,2 o
-m 10;3(’“:3 L+ om*s?) (5.30)
LW

The self-consistency condition is

m = 2mg [I(O)— . (lz-\-\agTT'Y)mL— m"\\'ﬁmz 1] (5.31)
rept g 1o W
and function
- - N 1 R et
f(m,x) =2mA [l - L“; \aj (l—:'-\'_-n) -
N 3/2,1(\7.
- 1(‘%_’-\-‘03? "'Y)W\L m"\o;, m"{l,L
~ AL ! A" } (5-32) .

In order to check the stability of the trivial solution

m=0, we should calculate f'(0,A) and we found
' =2\ llﬁ’ (5. ‘)-

The bifurcation point is
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A=1+ 27?75_ (5.34)
2 1

If 2&'}%}<_1, then the solution m=0 is stable for all
the value ofti, the chiral symmtry is not broken. The

critical temperature is

pat = ES%‘_‘L (5.35),
above ;3;1, the chiral symmetry is restored.’

For SNJL model, in finete temperature, we should
treat the fermion loop and boson loop in different ways
because of the different "quantization" condition
(5.15)., Supersymmetry is broken in finite temperature.

For the fermion loop, as already being expressed in

(5.20)

R \

-

1 ( ) = w— — y 5.36
£ /5 ﬂ ,‘Zr;g &(2.'\'1’3 ?L.;,(_Lnu)l%i-tml ( !

from (5.30), we can found for high temperature

.(.\i_,onv_Y) . W\\l“j(m\/y)
24p* L i by




+ O(m4{52) - (5.37)

For boson loop,

I, (5 .LE 565? : (5.38)
= -———5 .
bt /5 200" \'L'ﬁ) ?L.f- znT"' + ml
IS
After carry out the sum,
Coy o (L )
p(A) = jLw)’E( L eEB _ |
' 8
= I(O) + (:'_)15 dLP 1.':' . +
n Py L -
(Pamt )3 [ ent)™h )]
= I(0) + ! Wb(a) (5.39)
2Ty
where
DS Xl
Wb(a) = de 1 ;"- LAy
¢ (x.;Q)z[e(x-vcx)_\]
it \
=T "% (Y- logém- -;-_)a‘--‘é&\oj&_ﬂ_: (5.40)
+ O(a¥)

‘Then in finite temperature ,6",

Be?) =2 [1,(f) - 1,04"]

o
e @ - Wy (2)]
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= T \
T e TL -Ta +a|ojqo&] (5.41)

|

2w pe

ap?) = 1,(f) = 1(0) +

Wb(a) (5.42)

Then the self consistency condition is

m = gm [1(0) + T 2W(a) - W, (a)] (5.43)
function £ (m,A) is

- _ mt At sw: :
-g(m,h)- mn ‘_‘ e loj (-r;",_*\-\) = Shi (5.44)

In order to check the stability of the trivial

solution m=0, we found

£'(0A) = A - ——37- (5.45)

6p=

the bifurcation point is
A=14+ 3 (5.46)

6p™

The critical temperature is
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/51 - J—g%’;;’ (5.47)

Above this temperature the chiral symmetry is restored.
The conclusion of this chapter is that at zero
temperature if '%gﬁ 7\ , the trivial solution m=0 of

SNJL model is unstable and the chiral symmetry broken
phase is stable. The temperature effect changes the
bifurcation point and the effective mass m. There is a
critical temperature 6;1 above that the chiral

symmetry is restored,

- (-
bl = [

3

which is smaller than that in the ordinary NJL model.
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CHAPTER 6 DYNAMICAL MASS GENERATION IN SUPERSYMMETRIC

GAUGE FIELD THEORIES

In chapter 2, we have applied NJL approachl in
renormalizable QCD and, by using the renormalization
group analysis, found that the dynamically generated
fermion mass in QCD is M = /\,_el/6 where A, is QCD cut
off. In chapter 4, we have shown that there is a
nontrivial solution Mx%0 for the self-consistency
condition of the supersymmetric NJL model. It is
natural to ask whether or not chiral symmetry is broken
in supersymmetric gauge theory via NJL approach. In
this chapter we will show that there is a nontrivial
solution M = A, el/2 for the self-consistency condition
of supersymmetric gauge field theory. Chiral symmetry
is broken via the NJL mechanism.

This chapter is organized as following, first, we
will give a brief review of supersymmetric Yang-Mills
gauge theory with massless matter fields, then solve the
self-consistency condition in one loop accuracy by using
the renormalization group aﬁalysis and show in two loop

accuracy that the one loop solution remains valid.
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In order to describe a supersymmetric gauge theory,
we should introduce vector superfields V, which
satisfies the constrain V = V+, the component field

expansion of V is

V(x,0,8)=c + i - iTX +F( M- i N) - oF V

FiBF(A+ -;L_-cs'“am')() - 179 (A -2 6™K)
+ TET( D +1dc) (6.1)

We will consider an internal symmetry group G =
SU(n). If @ is chiral, then the action of this group

on ¢ is defined as:
, i
¢ - =616 (6.2)

A - .
where /\=/\TA, D, A =0, T, is the generator of group

G. It can be shown that q'is chiral too, because

D, %= D, (& - ind+ . vv )

B-i[( Dn)e+ A )+ -

= 0 (6.3)
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Correspondingly, the antichiral field transform as

[ i/\

¢>% =Fe (6.4)
1’ =M, (6.5)
D&/\= 0 (6.6)

Then under local transformation Jd%xd'®§¢ is not
longer invariant, we should introuduce a gauge field to
covarianlize the action.

We find that if

e’ = it Q¥ o~ 1A (6.7)
where
v = v® r? (6.8)
then
4 4. = v
Jd* x a% 39 | (6.9)

is invariant under local internal transformation (6.2)

and
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(A=-N) (6.10)

We may view the vector field v as the supersymmetric
generation of the Yang-Mills potential. To construct
the corresponding supersymmetric field strength, we £ind

that the superfields

1D 5 ("% p eV (6.11)
4 «
. are chiral and gauge invariant and the component fields

of Wx contain
£2 = 3y -3 v" (6.12)

which is corresponding to the gauge field strength.
Then we can write the Lagrangian of supersymmetric

Yang-Mills fielfs as
L =-——T<Saze W WA (6.13)

As in ordinary Yang-Mills field theory, we find the
kinetic operator in (6.13) is not invertable, we must

choose gauge-fixing functions.

2

The gauge variant quantity F= D“V is a suitable



-106~-

gauge-fixing function becauce it has the same spin and
superspin as the gauge parameter A and can be made to
vanish by a gauge transformation. The gauge-fixing term
is
Lg.f= 31 d g (D V)(D V) (6.14)
Then we can find the supersymmetric Fedeev~Popov

ghost Lagrangian L as following. We define the

FP

functional determinant.
Aw)= S:DADK SC revor ) -6)S( Fv.ALR)-) (6.15)

where

F(v,0,0) = f. (6.16)

We can write

- fva" eSwin. *84¢ - (6.17)
ST W,0, V\:’(v 6,9) ..1 )
A V)= )J)AJ)A 5 E"“g“’ A

- § [ 6§ (v,o P ;F(V,o,o)x‘}
37
Jl)/\cDA DA’ oi)/\’ e”" Xdig A [Yr“l”’/\ SF(o,d,v) )

d“)ﬂéié- AI [ 3 F (9,0 V)I\ ;F-'(0,0,v)
+ 3 S A 1 (6.18)
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We can write -

YF(,0,00=8§3% = pXv (6.19)
under a gauge transformation

eV’ = oAV e~ 1A (6.20)
for infinitesimal A

gv = L{V[_i(“'x) + coth L%V i(I—,\)} (6.21)

where

Ly =[x,v} - (6.22)
To find cﬂ(w » we need only replace the parameters A, A '

by anticommuting chiral ghost fields ¢, c¢'. Finally, we

find

wn
il

Fp iTrSd4xA% c! BZ(QV)

+

iT, gd4xd?0' 2'02(§v)

4 4 -] -~
Trgd xa% (c'43) Ly [(c+3)
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+ coth L, (c-0) . (6.23)
yv (-2

and

S S

7 =J$V3¢1)c',’07:1)6'e yM*SnattertSqe*Spp (6.24)

Now, the guadratic part of the gauge field has the form

fa*xa% -1, [iv 0¥5%0,v + O2V)( ) (6.25)

31

Integrating by parts, we can write

02v) 'ZV)=§V (0252+D2p?%) v (6.26)
Because
*. 2 2=2 |, =22 2 '
4 + = .
D"DD, D“D DD =[] (6.27)

- The kinetic part of gauge field V is :

(OR) 4 1
Lom = Sdb - ;-:?VDV (6.28)

The quadratic part of the ghost action has the form

(€4 4 = -~
LFP = Trgé 8 (c'4+c') (c-c)
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= Tr[d‘*e (€' c-c'T) (6.29)

then we can find the propagators are as following:

|y
\al4 - T g (6-¢")
P
— |
c'c - §5 (=01 (6.30)
- 4
c'c '3 g(((G'l}')

In supersymmetric gauge theory we need two chiral

superfields ¢a and ¢ to represent a four components
Dirac field,

Y= (5

6.31
7 (6.31)

The supersymmetric gauge theory Lagrangian can be

written as

L= Lgauge+ Lgf+ LFP+ Lmatter (6.32)

where
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{
I"gauge = T et T\, 5516 V\/o(\l\/"{ - (6.33)

6%3

= T oW )
Lnatter = |40 (4 eV @+ 42" P) (6.34)
where
= yl _ k
v = vie,, (ei.65) = i£;5%, o
= D2(e”9Vp L9V _
W, = D%(e "'D "), LY = [xly] ,

£

ijkFik1 = €29 q1° j a iy
where, G' is the generator of the representation A

and ‘Pi transform according to the representation A of

the gauge group G. We can write L as

where L, is the free Lagrangian,

= 1 (2) (2) (2)
L0 - Lgauge + LFP + Lmatter (6.37)
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The Feynman rules are as in (6.30). We can add a mass

term Lmass to Lmatter'

L = ~[do md 0. - SA‘EM& 3. (6.38)

mass

Then the propagators become as in Chapter 4. We can

write Lo ... + Ly .. in terms of Q/]SE
v
(ME@) e"’)
= - \d%
LnattertPnass 5 by e Mbw (6.39)

If M=0, L is invariant under chiral transformation ,
LAY
\'_)f - < \}./ (6.40)

or,

®, - e P
& o M-

(6.41)

Then in the usual perturbation theory due to the chiral
symmetry the scale superfields will remain massless in
any finite order. But if we following NJL and Chang-

Chang, we can adopt
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L
L = Ly + Lmass _ (6.42)

as free Lagrangian and

L' = Lp -SM/M L (6.43)

I mass

as interaction Lagrangian and perturbate around this
massive vacuum., Then in tree level, the two point

function of 1¥ is

BECYAYE

PPy = jaetw | ) wen

L Sop (6.44)

As in ref. 2, gM is treated just like a counterterm and

used to fix the renormalized two point function to be

- — SN
Y’;ﬂ (Y y)y = Satb QYCP) ( ; )Qy(") (6.45)
1 oM

for p2<<;M2. We should determine §M perturbatively
loop by loop and then use the renormalization group
analysis to sum up all the leading logarithm, next to
leading logarithm contributions. After summing up the
high order contributions, we should impose the self
consistency condition M= M, and solve M. To one loop
accuracy, following the procedure described in Chapter

4, in order to determine S.M, we should first carry out
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the wave function renormalization. The contribution to
the wave function renormalization of W comes from the
graph in Fig. 6.1. We find that the unrenormalized

superfields Y can be presented by renormalized
2

superfields 9@ for pz<< M“ by
A oo 'L\/\
= 2z
W zl I { _ (6.46)
where
A 1
Z, = 1 + 2AC, —— (6.47)
2 f
€
and Z2 is finite wave function renormalization factor,

E\’
2, =1 - aa‘l)

5 (6.48)

alt) = 2c. (log M -1/2) (6.49)

In the above calculation, we have used modified minimum

subtraction scheme (M8), n =4 - ¢ ,

-
r—

T % o+ - iy oLy
& S 2+ 'E T % 039‘" (6.50),

and the two step renormalization procedures. Now we

can seperate gm to two parts
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Gu=mn (- a2t 4 At (6.51)

(1)

where B comes from the contribution of the graph in

Fig. 6.2. Using the background field method, the

calculation shows

s(l) = o (6.52)
In order to sum up the leading logarithm contribution,

we need the @ function of the gauge coupling constant A

A
ft A= ~bA (6.53)

From the calculation of ref. 9, we found
A (6.54)

The one loop supersymmetric gauge theory renormalization

group invariant cutoff A:; can be defined by
SVsY)

i o)
0 = _;\. + b log_A_f.(S\’;Y) (6055) .
e

We can write SM as

Su = m- > (6.56),
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where,

Z = M [1 +ACL 109,1:-:“1 ~ 1)‘3 (6.57).

Using the RG analysis to sum up the leading logarithm

contribution, ii becomes

1¢_;/b
> = u [1+ Ab(logh - 1/2)} (6.58)

The self consistency condition M = gM implies
2=0 (6.59).
Since Cf/b>(), it can be satisfied by
1+bAUj%“i> =0 | (6.60) .

Solving the equation by substituting (6.55) into (6.60),
we find
A
{
Mm=p) ez (6.61) .
Clsusy
To two loop accuracy, we should calculate the graphs in

Fig.63. We find for p2<< M2
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Y
pA VAL ﬂ_
A -3k g e ) (6.62)
B(2) =0 (6.63)
where
hy ==0Cs (2C¢ = b ) _ (6.64)
Then
Z = M(1 _AA(l)—xlA(2)+ )\B(l) +)\lB(2) )

M+ NG (103M‘/,,L - +;§7\‘h1(lo§%}4\°3‘§)}

(6.65)
It is easy to find the RG equation for Z: .
ds
— = - 2 '/\LA'L
a2t C C+>‘ a ) 2 (6.66)

To solve (6.66), we still need the /3 function of gauge

coupling constant X ,

o . _ 2 3
T = ~b2"- ca (6.67)

where10
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- 2 _
c =12 C2 BTA(2Cf + C2 ) (6.68)
Solving equation (6.66),
-2¢
Z ﬁM(/\ lf_; (‘JQ\TC ) ‘;/l’ Q
Ao) LA e (6.69)

where

Lo .
_Xo = X~ TCJ lnj CHU\ )#b(hjbﬁ*i) (6.70)

We can satisfy the self consistency condition by

n
) ““‘“‘3 U* )‘Ha(“’f I ~3)=o (6.71)

or in terms of the two loop supersymmetric gauge theory

cutoff defined by

Q)

_}__ CLSUsY)
A \oa(\'ri )+b(l°3 . ) 20 (6.72)
then
1l
= Aéa ”/2 (6.73)

The one loop solution remains valid in the two-loop

level.
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CHAPTER 7 CONCLUSIONS AND REMARKS

7.1 CONCLUSIONS

In this thesis under the guidence of Prof. N.P.
Chang, we study the problem of dynamical fermion mass
generation and chiral symmetry breaking. We have
calcﬁlated the two-loop diagrams in arbitary gauge and
proved the two-loop constant does not affect the
solution of the self-consistency condition. We have
also proved the mass parameter which is the solution of
self-consistency condition is independent of gauge.1

We have calculated the difference of up and down
quarks by introducing the QED interaction as a
perturbation to QCD. The result is M =-{( .2%)M, which
is of the right sign and of right order of magnitude.
We also study the supersymmetric extension of NJL
modelz. We have found that chiral symmtry is broken
in supersymmtry NJL model, fermion acquires dynamical
mass M, which satisfies the similar gap equation of
ordinary NJL model. We have also found, by using the

bifurcation theory3, that in supersymmetric NJL model

%
the nontrivial solution mx0 is stable if %%tv\ . We

have also studied the finite temperature effect in
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supersymmtric NJL model4 and calculated the critical
temperature ﬁ: above which the chiral symmtry is

restored,

B, = l EISIR (7.1)

4

We also study the dynamical fermion mass generation in
supersymmtric gauge field theory5 via Chang~Chang

approcach, the solution of self consistency condition is

M = Ac(susy)ez

(7.2)
Therefore chiral symmetry is broken in supersymmetric

gauge field theory via NJL approach.
7.2 THE PROBLEMS TO BE FURTHER STUDIED

Since how to dynamically generate fermion masses is
ohe of the most important problems in particle physics,
and the NJL approach6 and the Chang-Chang approach7
are very useful in this study, there are many problems
that we should study further. There are three main

problems to be studied.
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(1) CACULATION OF DYNAMICALLY GENERATED LEPTON MASSES

AND MASS RATIO OF FAMILIES

A preliminary study has shown that it is possible
to dynamically generate electron mass in grand unified
theory via the diagrams in Fig. 7.1.8 But how to
properly count the renormalization group effect and the
implication of bifurcation theory5 in this model are
necessary to study further,

Probably, the family problem is the more
challenging one, We are going to use the decoupling

scheme9

and the renormalization group analysis to find
the possible second solution of the gap equation. 1In
order to get the large mass ratio of the families we are
going to use the supersymmetric model if it is
necessary. We have found6 the solution of the self
consistency condition for supersymmetric gauge field
theory is

M= (7.3)

/\c(susy)e'

Maybe, this can provide us another mass scale to serve

as the mass scale of the third generation.
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(2) PROPERTY OF THE GOLDSTONE PARTICLE

Since chiral symmetry is spontaneously broken,
there must be a Goldstone boson. From our preliminary
investigation, we found that the Goldstone boson appears
as a pole in thé effective vertex function of the quark
fields coupled to a external pseudo-scalar source. The
sinqularity arises as the result of the self consistency
condition. We are going to do the two loop calculation
of the vertex function and find out the residue of the
- pole, then calculate the constant fﬂ-. At the same time
we also can check the ward identity of this chiral
symmetry breaking theory. We may also find the property
of the Goldstone sector of the supersymmetric gauge
field theory is useful in constructing composite models,
in such model one has to answer the question of how to

make the composite quark light.

(3) DYNAMICAL SUPERSYMMETRY BREAKING VIA NJL APPROACH

AND ANOMALY

In a preliminary study we have found that in a pure
supersymmetric Yang-Mills field theory in Wess-Zumino
gauge, the gaugino can dynamically generate a mass via

NJL approach and the gauge boson remains massless. In
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the point of view of spectrum, the boson-fermion
symmetry is broken. However, since the Wess-Zumino
gauge explicitly breaks supersymmetry, we can not claim
too much so far. We are going to study the case in a
supersymmetric gauge, then the conclusion will be more
convincing. If our calculation shows that supersymmetry
is dynamically broken via NJL approach, does this
contradict with Witten's index theoremlo? Is there

some kind of anomaly in such theory? All these should

be studied carefully.



-124~

REFERENCES

1. N, P. Chang and Da-Xi Li, Phys Rev, D30 (1984) 790;

2., Da-Xi Li, Does Supersymmetry Protect Chiral Symmetry
CCNY report CCNY-HEP-84/7

3. L.N. Chang and N.P. Chang, Bifurcation and Dynamical
Symmetry Breaking in Renormalization Group Improved
Field Theory, CCNY report CCNY-HEP-84/1l, to appear
in Phys. Rev, Lett.

4, Da-Xi Li, Bifurcation and PFPinite temperature Effect
in Nambu-Jona-Lasinio Models, CCNY report
CCNY~HEP-84/11

5. Da=Xi Li, Chiral Symmetry Breaking in Supersymmetric
Gauge Theories, CCNY report CCNY-HEP-84/8, to appear
in Phys. Rev. D.

6. Y. Nambu and Jona-Lasinio, Phys. Rev. 122 345(1961)

7. L.N. Chang and N.P. Chang, Phys. Rev D29, 312(1984)

8. Da-Xi Li, Soryusiron Kenkyu , Japan, Vol. 69
No.1(1984) A74

9. N.P. Chang, A. Das, Da-Xi Li, D. Xian and X. Zhou,
Phys. Rev. D25 1630(1982)

10. E. Witten, Nucl. Phys. B188, 53(1981)



-125~

i

Fig. 2.1 Diagrams contributed to fermion two-point

function in one-loop level
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Fig. 2,2 .Diagrams contributed to fermion two-point

function in two-loop level
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Fig. 3.1 One-loop diagram of quark two-point

function in QCD+QED
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Fig. 3.2 Diagrams contributed to quark two-point

function in two-loop level due to QED
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P -

b,

Contribution to A(P)
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Fig. 4.2 Contribution to B (P)
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9

Fig. 5.1 Bifurcation diagram
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$,¢. 4>+ q;.,«. CP+

Fig. 6.1 Contribution to A(P) in one-loop
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Fig. 6.2 Contribution to B(P) in one-loop
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Fig. 6.3 Two-loop contribution
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Table 2,1 Two-loop constants

Label A 4, 4; B B, B,
I~ 0 —4m? g _%Jrézﬁ -7 _%_%
e 122653 3185533 —3.52358  —123542 0379222 274148
Qe 165551 205047 0603112  —238168  —630044 707079
NF s o 0 106885 0O 0
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APPENDIX CALCULATION OF TWO LOOP DIAGRAMS

A.l1 USEFUL FORMULAE FOR TWO LOOP CALCULATION

Al.l D-dimensional integrals

d’k

2.7 .
— as \n k“+M =-i&) as Mk,
L9.'|T )p 5 v, )

Let write j

(M2-ie) as M2 .

j" i o\ P(N-DpY ‘
(MON T @m TN )R
K A0 r (N-1-DL) |

('MK) M — - 7 Uﬁf)oh v (” ) kML) N-D/Z

A ® _ v Tard) poN-a-b )
(k)N T WD T (bR) T () ()Nt

(MON T (@2 ey (muNT%
\ Kk“k\l "f'(v.’-) = _§I_‘l’ “ K?. )
i X 4
Swy,xﬁ;* Spv.gvrﬁ yf\bg\’o(

P 2D

5\. Kk _ ¢ Sw  PNA-DA)
Ik
J

"w Kukv’&k/) ‘S'(Kl) =

Jortgay

(al)

(A2)

(A3)

(A4)

(A5)

(a6)
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A2.2 Euler-gamma and Euler-beta functions

Buler~gamma function is defined as

N
Tia) = §at 27tk (A7)
°
[ta+1) = aT(a) (28)
s o"
Pa+e) = 1-vee v+ I == ) (9)
n=1 .

where‘%mis Riemann's function
%
Y(s) = > n® (A10)
n=1

and Ytnfo.5772 is the Euler constant.

€ 2
()* = \4—%\03&"-\—% \oc\‘ﬂl-* Ole?)

(All)
Buler-beta function B(a,b) is defined as
\
B(a,b) = §dx x371(1-x)P7? (a12)
o
’
B(a,by = L 7Lh) (A13)

P Catp)
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Al.3 Feynman parametrization

! - D)
LYY -
ath®  pwre)

¢

*d‘| (l_x>{s~‘

[ oK % \ou-*ﬂ <+

Al.4 Dirac algebra in D dimensions

S = D

KR

{'t“)r;} :llS;V 1

T},Tk =Dl

1} (ﬂj)}) = &

8,

MV

T ?P/Y,L = (e-DF

T, P8 = 4P8 + -0 Bp

Vo B T,

S 2P - (g KB

(A14)

(Al5)

(Al16)

(A17)

(A18)

(A19)

(A20)

(A21)
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Al.5 Useful formulae in loop calculation )

t
If Sdz z-lf(z,O)Log M(z) convergent, then
3

t -+ &
jd’} [} '{*(};é) - ‘Sd}}_ﬁt_
° [ MU{)}& A "F(?,&) [\‘G‘v\ﬂ-) + 0(‘(:)

—

\
= jd} ¥ 6{&;&) - ¢ 53‘4} T e, WMG)

0

T OCer) (p22)
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A.2 Calculation of two loop diagrams with the computer

program REDUCE.

We need to calculate two loop diagrams including
the two loop constants. This is very tidious job. The
computer program "REDUCE" can dramatically reduce the
algebra and matries calculation. But "REDUCE" does
not know how to calculate the momenta integrals. We
should reduce the integrals to a few fundamental
momentum integrals in D dimention and give computer a
integral table about those foundamental integrals. Then
the computer can devide the diagram integral into many
fundamental parts, and use the integral table to find
the results of those fundamental parts. Then it can sum
up these preliminary results to give us a final result
including the logarithm terms and constant terms. Our
computer programs in A,3 give the examples of such
procedure., In this section, we are going to give some
explaination about the programs. We will analyse the
culculation of diagram in Fig. 2.2 (h), that is the most
complicated one among all diagrams in Fig. 2.2.

Because we are only interested in the low energy

case (p O0), this fact can simplify our calculation
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quite a lot. To see that, we can write two loop part of

the fermion two point function as

\2)
) = S £ 0%,

=A (p%) yp +B (p?) (a23)
{3 Mg . . . .
where JQIFEES“ is written as j\-. In the limit of p—0
T (p) = at0)x:p + B(O) (a24)
8(0)= ["(2) (0
= S|. f(k,q,0) (A25)
To calculate A(0),we can see
i. VU)
9 €9 =
et \?:o Aw Yy (A26)
1
thus
= Ly 2P
Ay = 5 Yo, T (o lg,=0

(1

L } ) Y**%T:* INTENY \‘,;o
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- - S‘. £, (k% ) (A27)
where n is the dimension of space-time and

\ 2
T e 3“‘ ‘h"‘,%?) \P}Ago (A28)

}n(K’k) =
Then in the integrals of A(0) and B{0) the only
dimensionful quantities in the integrands are k, g and
M. This is much easer to integrate.
For the convence of writting a program, let us

write the Feynman rules as following:

v,
=Ve(jl'j2'j3)
ji,\l} j"-";l.
=$ww(jl'j2)V;SQy;jz—jB)v\
+ . s 9
g%vfj3 Jl)vl (A29)
1 :
GP(!'U:V)
Ty SR Ty (A30)
V)

where
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: N G '
Gp(J-U:V)—Squ X343y (A31)
and
x = l=-a (A32)

G is the gauge parameter.

) iF, (3)
—_ =B (a33)
rme
Fo(i)= 4+ M (A34)

Now we calculate the diagram in Fig. 2.2(h).

O e = Eo(P)
4 Pry Y% ¢

i j‘ =DV RV F (pHRIYFy (P=a)Y Y

(A35)

D(k,q, )

where

p

\' =Ve(kl-k-q'q)Gp(kIullvl)GP(-k-qluzlvz)GP(q'u3IV3) ’

(A36)
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D (k,q,p) =k*a? (k+q) ¥ ((pri) 241%) ((p-q) 2+M%)  (A37)

let

DM =_&'Vp7thuL‘(‘q)\/u3 (A38)
Dik,g.0)

then

Ee(0)=—2iM DM2 (a39)

We need also calculate

e\ - -3, S‘ N
TRV G - B o 2be
KM %ML
“+ MY, - 2%
CO R AR e
Let
DM = ~ 5“ T V}73{7ﬁ7$a5%<}u3 (241)
D (%, %, 00 (kMY
§ .
Dy = 3“ 2Tk Vp Yo K Yo 5 K, (a42)

D(ki%,0) (K% M)
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D = S -2 Ml‘\/p YAX:;YU'L KHYU,
2 = )
D(X.% ,9) (k™ MY)

then

-2i
Aw) = — ( DML+D1+4D2 )

We can write DMi,where i=1,2 as

2 . (K
DMi= 5“ 1‘ 'S:t( ’%)

a‘z Ka-%z (.K-\-%)q (,\K"-\- MY ( ak":“\,‘t)

£,k yumyd> T )

= .5“ ing%

let
q'=q+yk

then

[
Kq' [( ‘(,) ﬂa%)l-\r ‘éu-‘o)\(b-r xu-\z)Ml.B

DMi =

Since the integral of odd power of q'is zero,

DMi = 5“ S‘p\n&f‘

[

) y-y) V(@)-fL(K»%tk%)
J\\ Sodxd‘a b tond ) - . . V¥
KY (W [‘}, +'g,u-\e>k+m'z)M]

D3 [ Hitc, ¥-yo + f -¥-30))

(A43)

(A44)

(A45)

(A46)

(A47)

(A48)
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where
Ty y ~%)
' N — (A49)
K% (e mt) [+ 509K xaepm)*
Because
nwo (K ')l—-f o E)
¥ % (A50)
- %S vk?q?e (k%,q%)
we can write
fl (k:CI"Yk)"'fi(k:-Q-"Yk)-- e
as
y L :. 3 ¢ (7— N +
2 (s P Qe+ q g
A ( ; § L PEE) 51y

The "REDUCE" Program can
i i i
A0s’ 315’ 2"

integrals that we should

Then the

T12(5)= Su SdXA‘J \&S

calculate the coefficients
fundamental

calculate for the computer are

KL%”F DI (A52)

Ty ()= [ fandy ySkg' D' (853)
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\ ' -
Tlo(s)= S“ S&Ka‘} ‘JSKC D‘ (A54)
d

then

. . i
_ i iT., (s)+a T, ,(s) (A55)
DM, = %[aOSTlo(s) +arill 2s T12 3

We should integral out le(s), Tll(S)' Tlo(s).

Ty ()= §ufandy L (g7 K P@ gusy)
= [ 1% d
12 Jody T ) [ poep Knaom']?

i

) A " \ S - ”’—g)
n (nt) 4 Sdk 30‘“_ it Y uu T E

4 h/lr 1 N \ -
(an) ( () [l @rxoi) S
_ wlnmi ak (! . S{u( e 455 1
T glame SQUT)“ id“'%db’* Phool ey (:L)
v [K‘-r.%m"-»tu—},m‘] TR
o~ ) ‘_C‘ \~g _‘*S‘: -
— wry )Pl ‘5% TO Yoy ot
- — dxd yd 3ot
4 (47) C 31X &
0 !-}+—§%7 (A56)

Using the formula (A22),

b
Sckz,.~ T fzax.y,0)
0 (-3 U,y €

) % ‘
=Sdz { 75“‘* f(z,x.Y:e)'é}_lf(z,x,y,O)loj[l-zu(xlys)S
b

+0(e?)
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we find
7. = Alhro) c-l)v(e)J‘dxa UV PR S .
12 & (4m)" > 8 t{\j (l-z)"”(v})f +t¢
- € - }_Y_ NA - . ~)
[\.,j(n y 2 IR REGIEY! b
— )y P (! ¢ ,_ & p; I
BB (g ot Dbl
46 TOzs) }
(A57)
where

Tclz(s)=—dedydz ys+l(l—y)(l-z)z-lln(l—z+%%) (A58)

We can calculate Tcl2(s) by a numerical integral
program. Using the properties of B(a,b), from A(13),
A(2), and A(1l0), we can let REDUCE program expand
B(a,b) in the power of ¢, and keep only the first a fer

terms. Then computer can expand T12(s) in the power of &¢.

$ 5
Ty, (s) = ::{Jr %_—+ tf : (A59)

In the same way, we can find
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T]_]_(S)= S“ deAj %SK“P%R D/

. & &
w -9 PO 3"‘*""&“5 Prye-p) =y
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Tcll (s) =~ S;lxdydz yglog(l—z +zx/\0) (A61l)

TlOo(s)= 5\\ &Axo\g ‘3?(\‘3) Wé D/

¢
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where

TclO(s) = —dedydz y‘s_lzln[l-!- y(l-z)/x] (R63)

Now we are ready to compute DMl and DM2. We give the

computer @& integral table with the fundamental integrals
i

Os’

and expand Tl0(s), Tll(s), Tl1l2(s) in

T10(S), Tll(s), Tl2(s). Computer calculate a
i i
s’ 32g’
the power of €, finally, calculate the result of DMi

from equation (A55).

In the same way, we can find

Dl= 3 {b, TO (s) +b) T1(s)+b, T2(s) } (264)
S

D2= Z[bzosTZO (s)+b215T21 (s) +b225'1‘22 (s)‘} (A65)
S

b b b

where b0s' bls' b b

2s’ “3s’ T20s’
can be calculated by computer.

2ls’ “22s

We can also calculate all the Ti(s) and Tzi(s)
in the same way as do for T1l2(s).

Aftér all the DM1, DM2, D1, D2 are calculated,
computer can give us the final result of the diagram.

The other diagrams can be calculated in the same way.
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Computer programs for two-loop diagrams calculation

COMMENT

PN

OPERATOR TC1yTC25015D02503506505,0M2DM150M2501550255D3520M5,DM1S59B51>
TCL1sTC12sTC21+TC22:T115T125T1>T25>TT15TT29TT11,TT12,TT21,57T225
“VECTIR PaXsQa¥15K29K35K4531232,935843R2R19R29R35

IMDEX UsUlsU29U35V3V1sY2sV3aks

WITH 3-GLUGNS ( E)

VECDIM N3
LET N=4-7+Z3%320,M1=(1+2/4+4152/16)745
LET Q2.32=% 20K23T29Q24Q25K24K2282=2T15K24K2R53=T05

LET (2.K2#%2zK2.K2%324Q2%N13

FOR ALL J5J15J25J35UsV  LET GP(JsUsVIsULVEIad-X2dUSdeV s
VE(JT2J2503)2V12V22030 (J1-02) V24 V32V 1 (J2—J3) #¥3aV12V2. (J3-01)5
FRUJI=G(L>J) +5
FOR ALL K»@ LET VP(K»Q)=VE(Ks-K-05Q)26P(KsULsVLIGP(~K=05U25V2)
#GP(2,U35V3)3 ;

FOR ALL K»Q@ LET D1(XKsQ)=VP(Ks>Q) %G (LsULsKsU2s~22U35-K) 22/ (KK2QaQ)5
FOR ALL X»9 LET D2(K>Q)=VP(X»Q)2G{LaULsU25U350)%2/G.0Q5%

FCR ALL K23 LET DMI(K»sQ)}=VP(K»Q):3G(LsULIU>2U25-Q2U35U)/0.Q5

FOR ALL K>3 LET OM2(KsQI=VP(Ka3)RG(LULsU25-15U3)/Q.35

FOR ALL D4>Xs0 LET NDS(D4»X5Q)=(04(KrQ-Y=K)+D4(K»-17-Y2X)) /23

FOR ALL X1sXZ LET

GALIN19X2)=(X1¢X2%2Z)%GALIX1-19X2)»GA1(02X2)=15

FOR ALL X2 LET GAL{-1:X2)=1/(X22Z)5

FOR ALL X1sX2Z LIT
GAZ{X19X2)=(1-X232Z/ XL+ (X2X2/X1I=R2IRGAZ(X1-1sX2)/X1sGA2(0>X2)=1}
FAR ALL X15X29X3yX64 LET
BEL(X1sX29X33X4)=5A1C X1 sX2)2GALCXI»X4INGAIXL1 ¢ X3+ X2¢X4 )2 (1
X2aX4RRE2#INu2) 3

3

FOR ALL Y1 LET ¥Yz=Y1sTTO=(BE1(0s-15050)3%
BEL(Y1-3s41/2505-1/2)%B51(1s=1/25150)+TCO(Y1-2)52) 5N (Ne2) 22743

FIR ALL Y1 LET YRuY1:TT10=(BE1(0s~15>0,0)%
BEL1(Y1~35+1/2+0:-1/2)28E1(0»~17/25150)+TCL1O(YLI~-2)RZIXNRL2/2}

FOR ALL Y1 LET YzuvYlsz¥Tl= -
(REL1(Y1~25=1/2505-1/2)%3E1(051/25150)+TCLLYL=-2)RZ)SNRNTL/43

FOR ALL Y1 LET YaxyYlzTTe2s
(BEL(YL1-19~1/2512=1/2)5BE1C(~151/23130)+TC2(Y1-2)8ZINNR{2eNIRL/43
O1(K1sQ1)%yYiY;

FOR ALL K1sQl SAVEAS D1S(K1,Ql)3

FOR- ALL Y1 LET YﬁﬁYl&TTZO=.-

P S e . T T R
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TC20(Y1=-2)52uN22/25 ’ o

FOR ALL Y1 LET VyusylsTT21l=

TC21(Y1-2)#ZuNRT/23

FOR ALL Y1 LET VY&aYLRTT22=(BE1(0s~150,0)%2Z%
BE1(Y1~1y=1/2512=1/2)%BEL1(~151/25150)+TC22(Y1~2)%ZIANR(2+NIRZ/ 43

FOR ALL Y1 LET yxzxylzTTll=
(BE1(Y1-25+#1/2505=1/2)%BE1(051/25050)+TCLL(Y1-2)5Z)uN%T/23

FOR ALL Y1 LET Yu#nYluTT12=(BE1(05~120,0)%
BE1(Y1<15=1/2515=1/2)}%8E1(-151/25150)+TCL2(Y1~2)RTIXNR(24NI%T /43
D2(K1sQ1)nY2Y3 . -
FOR ALL K1»Q1 SAVEAS D2S(K1l»G1)3 -
D5(D255K2»02)3 A ' T
FOR ALL T0, T1>T2 SAVEAS DZD(TO,Tl,TZ),

DS(D155K2582) 5
FOR ALL TO0»>T1>T2 SAVEAS D10(T0sT1»>72)5

DHMI(K1, R1IRYRYS
FOR ALL X1,01 SAVEAS DH15(K1,01);

DM2C(K12L3%YRYS

FOR ALL K1sQ1 SAVEAS OM2S(K1ls1)3
DS(OM25+K2,02)

FAR ALL T1»T0sT2 SAVEAS DM2D(T0sT1sT2)3

DS(NH15+K2592)5
FOR ALL T0»T1s72 SAVEAS DMID(TO0sT1572)5

FOR ALL TO0sT10sT20
LET DPI(TO0>T105T20)=25#(01D(T0s050)«D2N(T205050)+DM1D(T105020)
IEN1

NMI(TI0)=2%DM2D(T10504+0)5

OMI(TION/7(1~Y)3
FOR ALL T10 SAVEAS DMII(T10);5

OPI(TOsT10,T20)/(1-Y)5 WL
FOR ALL TO0»T10sT20 SAVEAS DPII(T0>T105T20)3

LET OPXO0=DPII(TYO0-TT10>TT20)
DMXO0=0MIIC(TTL0)3

LET DPX=2#(01D(0sTT1sTT2)+D20(0»TT215TT22)+0M1IDC0»TT11,TT12)
) EN13
LET DMX=2: DMZD(O:TTlerTIZ),

DPX+DP X035 -
FOR ALL X»Z SAVCAS PX(X22)3 .-
DMX+D4X03
FOR ALL X»>Z SAVEAS MX(X»Z)3

LET TC10¢(0) = -0.318430013

LET TC10(1) = ~0.321946025 o -
LET TC10(2) = =0.19720495;5

LET TC10(3) = =-0.14173663;%

LET TC10¢4) = -0.110530325
LET 7C10(3) = =0.990556505

LET TC10(6) = -0.076685133

LET TC11(0) = -0.,143890805

LET TCl1(1) = 0770042553

LET TCL1(2) = 0.073365873
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LET TC11(3) = 04064248265 ~~ oo
LET TC11(4) = 0.05562361;
LET TC11(5) =  0.048629763
LET TC11(6) =  0.04304707; -
LET TC12(0) = =-0.187240723 o
LET TC12(1) = =0.069718%43 : -
LET TC12(2) = =0.03527203;
LET TC12(3) = =0.02101165}
LET TC12(4) = =~0.013850623
LET TC12(S) = =0.00977994; - .
LET TC12(6) = ~-0,007256985 - -~ - "+ - R -
LET TCO(0) = =0443920797; -
LET TCO(1) = =0.16649223;3 o B
LET TCO(2) = =~0.10075688; o
CLEY TCO(3) = -04072000743 Ve -
LET TCO(4) = =0.05596148; " T o
LET TCO(5) = ~0.04574972;
LEY TCO0(6) = -0.038683203
LET TCLl(0) = =0.07194537; -
LET TC1(1) = 04017510693
LET TC1(2) = 0.02083335;
LET TC1(3) = 0.01866008; ’ .
LET TC1(4) =  0.01628531;
LET TC1(5) = 0.01429142;
LET TC1(6) =  0.012676973
LET TC2(0) = 04500000003
LET TC2(1) = 0.235021363
LET TC2¢2) = 06198365993
LET TC2(3) =  0.15192825;
LET TC2(4) = 04123053013
LET TC2(5) = 04103380263
LET TC286) = 0.089121763
LET TC20(0) = =-0.017513923
LET TC20€1) = 0.00440907;
LET TC20(2) = 0.00605936;
LET TC20(3) = 04005301503
LET TC20(€4) =  0.004358653
LET TC20(5) = 0.003565093
LET TC20(6) = 0.002941353
LET TC21(0) =  0.499184973
LET TC21(1) = 0.17752987;
LET TC21(2) =  0.105065353 T
LET TC21(3) = ~ 04074265303 - W¥i" 7w
LET TC21¢4) = . 04057353933
LET TC21(5) =  0.046692693
LET TC21(6) = 0.039364383
LET TC22(0) = -0,580010123
LET TC22(1) = =0.175734293
LET TC22(¢2) = -=0.083624663
LET TC22(3) = -0.048660543
LET TC22¢4) = -0.03177320;
LET TC22(5) = -0,02235669;
LET TC22(6) = -0.016577975 -

/7/L1ST QUT.DATACEX3S5) 3
HM(1-A5»2)3

2 2 2 2 2 2 .
( = 2250000%A #Z =2RE2 - B8224427%A 21 -~ 6000000%A %Z - 9000000xA =

2 . 2
90000002A%2 RRE2 -~ 113766745A%7 - 15000000%A%2Z - 36000000%A - 67500003

2 2
Z %RE2 + 3706252582 - 4500000022 - 27000000)/1500000
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PP(1-AsrL)5

2 2 2 2 2 2
(4500000%A RZ =REZ2 + 21141470%A %2 + 12000000%A =Z + 18000000%A «

. 2 2 .
4500000%A%Z “RE2 —~ 231319387xAx%Z + 16500000%A%Z + 18000000%A - 73591977

5
%2 = 13500000:22)/3000000
. - . - . ". v a

//L}ST IN.DATA(EX24)3 ) .

_COMMENT FERMION®S TWO POINT DIAGe WITH OVERLAPED GLUGNS (¢ C )

T

?

OPERATOR TC1lsTC23s01902503504s0550M50M150M250159D255D355DMS50M1S-BEL
TC11sTC12sTC21sTC22sT119T129TLoT25TT1aTT2>TT11sTTL25TT21577225D10>
TCOsTCON>TCOL19TC305TC315TC325TCH0»TC4L»TCLO2TC205TC335

VECTOR PaKsQsK1sK2sK33K45019Q25232349R>R12R29R33

INDEX UsU1lsU25U35VsV1sV2sV3sHrUbrV4sUSrV53

VECDIM N3

LET N=4-2-2%3%3=0>N1=(1¢2/74+4232/156)/45

LET Q24285%2%K2eK2=T235024024K2aK2%223T1sK2.K2::23=T03

LET 32,Q2:5%28M5%2=TM2502402::K2e K25M2222TM]1 9 K24 K25 5825M5222THD 3

LET G2.K2%k2=K2.K2%32.02%N13

FOR ALL JsJ15J25J35HsVsV1 LET GT(JsV1sUsV)=22UaVirJe V1I=X2(V1.UstJ V4
V1eVZJal)s ' ’

FOR ALL J3J15J25J35UsV  LET GP(UrUsVIsUeVEJed=XtJalUNJaV
VE(J12J25J3)=V1.V23V3a (J1-J2)+V2,.V32V1a(J2-J3)+V3,.V1:V2.(J3-J1)>
FP(J)=G(L>J)+M;

FOR ALL Ksq LET VP(KsQ)=VE(Ks-K-05Q)I%GP(KsULlsV1I2GP (~K~Q>U25V2)
XGP(Q»U35V3);

FOR ALL K»Q LET DM2(K3@)=G(LsUL)I=FP(KI®G(LsU2)XFP(K+Q)s%
G(LYUBIRFP(R) #6(LsUS4Y RGP IKsULsU3) 2GP(~Q5U2,U4)3

FOR ALL K»Q LET OMI(Ks@)=G(LsUsULlU>U2)FP(K+Q):
GILY>UBIRFP(Q)IRG(L»US4) XGP(KsULsU3)GP(=Q>U25U4);

FOR ALL K»@ LET D2(K»>Q)=GAL>ULIZFP(K)ING(LIU2)IEFP(K+Q )%
G(LYUB)IRFR(AIZG(L UG I HGT(~QsU»U25U4):GP(KsULsU3) ;5

FOR ALL K»Q LET DlP(K;Q)=5(L:Ul)*FP(K)*G(L:UE)%FP(K'Q)*
GIL U3 =FP(Q)2G(L U4 U HGP (K2 UL U3 ) =GP -QsU22U%) 242QeU/0Qa Q5

FOR ALL K»Q LET DLI(K»R)==GC(LyULIZFP(KIZG(LIU2)IRFP(K+Q )3
G(LYU3)IRFPCAIZGILU4> U)ZGP(KsUL>U3)RGP(-05U22U4)12:iKaU/KWKS

FOR ALL D4sK»0 LET DS(DQ:K:Q)=(DQ(K:Q-Y%K);Dé(K:-Q-Y#K))/2;

- -

FOR ALL X1sX2 LET
GAL(X13X2)=(X1+4X25%2)5GA1CX1=15X2)+GAL1C0sX2) =13

FOR ALL X2 LET GAl(-13»X2)=1/(X2%2)3

FOR ALL X1sX2 LET

BA2(X15X2)=(1-X2:Z/X1 +(X222Z/X1)%5:2)%GA2(X1~12X2)/X1>GAZ( 0, X2) =13

YUY R R A TER
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FOR ALL X1sX2sX3sX4 LET ot T e
BEL(X13X25X35X4)=GALUX11X2)#GAL(X35X4)XGA2(X1+X3+1sX2+X4)2{1+

X2:uX4uRE2NINR2) 5

D1{K1,Q1)nyYxY; el
FOR ALL K15Q1 SAVEAS D15(K1sQ1)3

FOR ALL Y1 LET Yssy1sTTals

~TC41(Y1-2)5ZuNRL/2}

FOR ALL Y1 LET Ysxv1=TT40=

-(TC40(YL1-2)5%2)%Z3 Y ..
- .

™
PENEY

FOR ALL Y1 LET vasYL1sTT30=(8E1¢0s~150503%_
BE1(Y1~3541/220s+1/2)%3E1¢0s-1/25050)4TC30(Y1~ 2) ZIRZS

“FOR ALL Y1 LET YaRYLI&TT31=(BE1(0s~15040)
BE1(Y1~2,~1/2513=1/2)%BEL1(~151/25150)4TC31(Y1~ 2) Z) “N22/25

FOR ALL Y1 LET yzay1sTT2l=
=TC21(Y1=-2)RZaN%L/25

FOR ALL Y1 LET vauv1xTT20=
=(TC20(Y1-2)%2)%23

FOR ALL Y1 LET Y#xYIsTTOl=
=TCOL(Y1-2)RZuN%I/25

FOR ALL Y1 LET Y=uY1:TTO0O0=
~(TCO0G(Y1-2)=2)%2XN/23

FOR ALL Y] LET vyaaY1sTTO0=(8E1(0s=15159)

BEL(Y1-45+1/2505+1/2)5052(15-1/25150)+TCOCYL=~2)2Z)aNS(Ne2)22/45

FOR ALL Y1 LET YsuY1xTT1=(BE1(0s~15150)%

SEL1(Y1-3»+1/2519+¢1/72)%3EL(09=1/25190)¢TCL(YLI-2)5:Z)5NZN2Z/43

FOR ALL Y)Y LET Y#2Y1:TT25(BS1(0s09150)%

BEL(Y1-25-1/2925-1/2)#3E1(=151/25150)¢TC2(YL-2)2Z)aN2(2¢NISRT/43

FNOR ALL Y1 LET Y&2Y1xTT10=(8E1(05~19150)%

BE1(Y1-45¢1/2505+1/2)%BE1(1s~1/25050)¢TCLL(Y1-2)22)3N%L/25

FOR ALL Y1 LET YxuY13TT11=(881(0s~-15150)%
BELIY1-=3s+¢1/251541/2)%BE1(05~1/250,0)+TC12(Y1~2)22)% V 272
FOR ALL Y1 LET Yx#Y1%TT122(BEL(0s~15050)5

BE1{Y1-25=-1/2+25-1/2)#BC1(~ 1:1/2;1-0)/2*TC12(Y1 2) Z) NZC2eN}INZ765

D2(K1s31)2YRYS
FOR ALL K1»Q1 SAVEAS D25(K1,Q1);

DSID2MrK2522) 5

DS(D11»K25Q2)5

DS(D2,K25732)5

DS(D1sK2202)5

D5({N255K2:52)3 . :

FOR ALL TI’TZ’TOQTWO:THI SAVEAS D20(T0sT15T25THOsTHM1);

D5(N15:K2»22)5 i
FOR ALL T1>T2sTO»TMO>TM1 SAVEAS DID(TO0»T1»oT2,THO»THML)

DM1(K1,QLIZYRYS e -

FOR ALL K1»2Q1 SAVEAS DMlS(Kl’Ql)»

DM2(K1921)2YEYS

FOR ALL K1,Q1 SAVEAS DM2S5(K1,41);

D5(NM25:K2202)5

FDR ALL T1sT2>T0»THO0>TM1 SAVEAS DH2D(TOsT1sT2sTMO»THM1)

s
SN
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DS(DM155K2502)3 ' o -
( FOR ALL T1»>T25TOsTHO»TML SAVEAS DMIDC(TO>TL>T2>THMO»TMI)}

DIP(K1»QL)RYHYS
( FOR ALL K1,Q1 SAVEAS DIPS(K15Q1)35

D5S(D1PS»K2,122)3
¢ FOR ALL T15T2sT0»TMO9TM1 SAVEAS DIPD(TO»T1sT2sTMO>TM1);

( (DL1D(TTO>TT1»TT2,TTO0>TTOL)+DIPD(TTIONTTIL»TT125TT205TT21)
+0MI0(TT10sTTLL>TT125TT20,TT21)4D2D(TT105TTL1»TTL2»TT20,TT21)I5N15
FOR ALL X2Z SAVEAS PP(X>1)3

( DM2D(YT10sTT11sTT125TT20,7T21) H :
FOR ALL XsZ SAVEAS MM(X>2)3 . ves
CLET TC10(0) = ~-79.7705383 3 .- -
¢ LET TC10(1) = -2.42692947;3 . o2
LET TC10(2) = -0.736361503
LET TC10(3) = -0.408603253
C LET TC10(4) = -0.2780599635
LET TC10(S5) = =-0.209216243
LET TCl0(6) = -0.167053583
R € LET TC11(0) = -1.690567973
LET TC11(1) = =-0.32775807;
LET TC11(2) = -0.130543233
C LET TC11(3) = -0.068843663
LET TC11(4) = <-0.042162645
LET TC11(5) = -0.028339705
¢ LET TC11(6) = -0.020296973
LET TC12(0) = =-0.741744105%
. LET TC12(1) = -0.225017373
( LET TC12(2) = ~0.122000633
LET TC12(¢3) = ~0.080090763
LET TC12(4) = =0.057909785
( LET TC12(5) = -0.04441978;
N LET TC12(6) = -0.03546899;
LET TCO(O0) = =-9.331078723
( LET TCOC1) = -0.348465683
LET TC0(2) = -0.111817363
LET TCI(3) = -0.,062947695
( LET TCO(4) = -0.043158183
' LET TCO(S) = -0.0326398645
LET TCO(6) = ~0.026165653
( LET TC1(0) = =-1.114377983
LET TC1(1) = =0.20209318;
LET TC1(2) = -0.078278423
( LET TC1(3) = =~0.04059086;
LET TC1€¢4) = -0.02456112;
LET TC1(5) = -0.01635404;
( LET TC1(6) = -0.01162270;
LET TC2(0) = =-0,20971990;
LET TC2C¢1) = -0.03438689;
C LET TC2€(2) = -0.01412360;3
LET TC2(3) = -0.00780835; -
LET TC2(4) =  -0.00496517;
C LET TC2(5) = -0.003427363
LET TC2(6) = =-0.00249896;
LET TC20(0) = 16.8261414 3
C LET TC20(1) =  0.43433994;
LET TC20(2) = 0.09662318;
LET TC20(3) = 0.0642235325 R
( LET TC20(4) = 0.02388619; |
LET TC20(5) = 0.91545431;
LET TC20(6) = 0.010860113
( LET TC21(0) =  0.875908263

LET TC21(1) = _0.13081652;
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" LET TC21(2) = 0.044362875
LET TC21(3) = 04020769965
LET TC21(4) = 04011553823
LET TC21(5) = 0.007157785
LET TC21¢6) = 04004773955
LET TCO0(D) = . 7.24172878;
LET TCO00(1) = 0171416645
LET 7C00¢(2) = 00376657453
LET TCOG(3) = 0.016721915
LET TC00(4) = 0009618193 . .. . . - "
LET TCO0(5) = " 0.006316023 B ” -~
LET TC00(6) = 0004495013 -
LET TCO1(0) = 04541606613
LET TCO1(1) = 02076691753 T
-LET TCO1(2) = 0.026101463 " -
LET TCOl(3) = 0012381955 - T -
LET TCO1(4) = 0.006985945
LET TCO1(5) = 0.004385955
LET TCO1(6) = 0.002960985

Z/7LIST OUT.DATACEX24)3

HM1(1=AsZ);
2 2 2 2 2
(6363709L%A =MxZ + 27000000%A #M&Z + 36000000%A =M - S56703954=AXMRT

2
18000000:AM=2Z + 1030000002A%M ~ 226648575:2M%Z - 81000000xMxZ)/9700000

PP1(1-A52);
2 2 2 2 2
( - 5427101%A %2 - 22500000%A =Z ~ 360000002%A + 18454203zAnZ -

2
1439956305%Z + 13500000%2)/9000000

Z7/7L1IST INDATA(EX%46)3

COMMENT FERMION'S TWO POINT DIAG. WITH TWO NONOVERLAPED GLUONS (C)

£
0 e
e e

aut

QPERATIR TC1sTC2sD01s025D35D045D5204>0M15>DM2,D1550255035>0MS»DM1SHREL S
TCL1»TC12-TC215TC225T119T125TLs T2y TT1sTT25TT11sTT1I25sTT21TT223010Ds
TCO»TCOOsTCLL>TC309TC319TC32,5TC40»TC4L5TCLO0,TC205,TC335

VECTOR PaKaQ3K1iK23K33K43Q13G25335Q43R»RL»R2>R35

THDEX UsUlsU29U35VeV1sV2sY35WaUbsV43USHV5;

VECDIM N3 .

LET N=4-722%23z0sN1=(1lel/64¢222/16)/45

LET 02602%%2:2K2eK2=T2902402::K2eK2:5722T)1 9K2,K25%3=T03

LET 02.Q923%82ME%2=TM2 3024 F20K2, K2 uMH322TH]1 »K2.K28528MuR2=THO03

LET Q2.K2H:#2=K24K25N2eQ23N1 3 -

FOR ALL J»J15J25J35UsV>rV1 LET GT(J:Vl:UvV)¥2§U.V*J.V1-X§(V1.U*Jon
V1.V#J.U) 3 - -

FOR ALL JsJ13J25J35UsV  LET GP{JsUsVIzUYuJI=XRJUNIVy
VECJ1502903)=V1aV28V3e(J1=J2)¢V2.V3IRY10(J2~03)4V3aVLIEV2e(J3~U1)
FPEJI=GILsJ)eM3
FOR ALL K»Q LET VP(K»Q)=VE(Ks»-K-05Q)=GP(KsULlsV1)%GP(-K=-QsU25V2)
2GP(QsU3»V3) 3 '
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FOR ALL K»@ LET DM2(K9Q)=G(LsULIRFPIKIZGILU2)HFP(K+Q )2
G(L U3 RFR(KIGILIU4) =GP (K2 UL>U4) 2GP(~G9U25U3) 5

FOR ALL K»>Q LET D2(XsQ)=GILsULIZFP(KIZG(LU2)*FP(K+Q)2
GLL U3 2FP(K)*GILoU4> V) RGT(-KsUsULoU4)IGP(-,U2,U3)3

FOR ALL Ks@ LET DIP(K»@)=G(LsULIRFP(K)HG(L>U2)HFP(K+Q) %
GIL>U3IRFP(K)HGILU42UI RGP (KaUL U4 ) GP(~B5U25U3) 243K U/KeK3

FOR ALL D43K2Q LET D5(D45KsQ)=(D4 (K»Q-YHK) 404 (K>=Q=Y%K))/2}

-
v 4 L

FOR ALL X1sX2 LET
GALIX1>X2)=(X1+X25Z)%GA1(X1-15X2) »GAL(0»X2)=13
FOR ALL X2 LET GAL1(-15X2)=1/(X2%Z)3

FOR ALL X15X2 LET

GA2(X13X2)=(1-X2:Z/ X1 #{X2%Z/X1 )% 2)%GA2{X1-13X2)/X1»GA2(D2X2)=15

FOR ALL X13X2»X3sX4 LET .
DEL{X13X29X3sX4)=GATIX1sX2)=GAL(X35X4)HGA2(X1+X3+1sX2+X4)5 (14
X2uX4nRE2%Z2222) 5

FOR ALL Y1 LET Y##Y1x#TT21=
=(3E1(Y1-25-1/2515-1/2)%BE1(~151/25150)%BE1(02~15050)+
TC1(Y1=2))nZuNR2/25

- FOR ALL Y1 LET yuxY12TT20=

~(3E1(Y1-3,-1/2+0+s1/2)%8E1(051/25150)+
TC20(Y1-2)) %2473 ‘

FOR ALL Y1 LET Yu#Y1sTT11=(
BEl(Yl—Z;—l/Zal,-1/2)*BEI(-1’1/2’1’0)*TC;I(YI-Z)%Z)*N*Z/Z;

FOR ALL YY1 LET YiuyY1x2TT10=(
3E1(Y1-35-1/2205+1/2)BE1(051/25150)+TCLOCY1-2)322)5uN%2/25
D2(K1s31)2Y2Y3

FOR ALL K191 SAVEAS D025(K1sq1)3

D5(D255K2532)53
FOR ALL T15722T0>TMO»TM1 SAVEAS D2D(TO0>T1:T2>TMO>TH1)}

OM2(K1,Q132Y2Y;

FOR ALL K171 SAVEAS DM25(K1,31);

D5(NM25:K2502) 3 3

FOR ALL T1sT22TQ»TMO+TML SAVEAS DM20(T0>T1>T2,TH0>TH1);3

DIPC(KL»Q1)2YiY;
FOR ALL K1»31 SAVEAS DIPS(K1,N1);

05(D1P359K2502) 5
FOR ALL  T1sT2sTQ»TH40,TM1 SAVEAS- DIPD(TO»T1sT2,THOsTM1);

(D1PD(TT10>TT11sTT12,TT209TT21)
+020CTTLI09TT11sTT125TT20>TT21))5%N1S
FOR ALL X»Z SAVEAS PP(X:Z)3.
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DM2DCTT105TT115TT125TT205TT21) ' H
FOR ALL XsZ SAVEAS MM(X»sZ2);

LET TC10(0) Z2/2-3/8
LET TC10(1) 174 H
LET TC10(2) 1-22/72 H
LET TC10(3) 5736 H
LET TC10(4) 04114582185
LET TC10(5) 0.09777659;
LET TCl0(e6) 0.085415485

LET TC11(0)
LET TC11(1)
LET TC11(2)
LET TC11(3)

~1+22/2 H
~22/6+1/76 5
-0.074581215
-0.055861315

LET TC11(4) = -0.04395507;
LET TCL1(5) = -0.03580229;
LET TCl1(6) = -0,02991812;
LET TC12(0) = -0,741744103
LET TCl2(1) = ~0.225017375
LET TC12(2) = -~0.122000633
LEY TC12¢(3) = -0.080090763
LET TCl2(4) = =-04057909785
LET TC12(5) = -0.04441978;
LET TC12(6) = ~-0.035468993
LET TC20(0) = -14330995563
LET TC20(1) = -0.066140333%
LET TC20(2) = ~-21/12+22 3
LET TC20(3) = =-1/12 H
LET TC20(4) = 040616645343
LET TC20¢(5) = 0.050769715
LET 1C20(6) = 00391562115
LET TC21(0) = -22+1 5
LET TC21(1) = -1/4 H
LET TC21(2) = -0.138534193
LET TC21(3) = -0.090013745
LET TC21(€4) = -0.063956325
LET TC21(5) = -04043158535
LET TC21(6) = =-0.037775635
LET TC35¢0) = 0.4264605253
LET TC35(1) = 00426605253
LET TC35(2) = 0424605255
LET TC35t3) = 04424605253
LET TC35(4) = 06424605253
LET TC35(5) = 0424605255
LET TC35(6) = 04246052553
LET TC36(0) = =-0.656090805
LET TC36(1) = =0.65609080;5
LET TC36(2) = =-0.656090805
LET TC36(3) = =-04656090805
LET TC36(4) = -0.65609080;3
LET TC36(5) = =-0.656090803
LET TC36(6) = =0.656090203
COMMENT  FUNC
COMMENT FUNC
FUNCTION FUNC{MTaNS13XsYs2) . 00002400
GOTT  ( 10911512213514515516517518519)sMT 00002500
10 FUNC =-LOG(1l=-Y#(1-Z))i(1=Z)%YRu(NS1-1) 00002600
RETURN ' 00002700
11 FUNC =-L0G((L1-Z)+Z/(1=Y))is(l~Y)u(1-2)Y%ENSL/Z 00002300
RETURN ’ 00002900
13 FUNC =(1~-Z)3#Y#2(NSL=1)5(1=Y)/{1~Y#2Z-Y) 00003400
RETURY 00003500
14 FUNC =-YuuNS1#(1-Z)/(X2(1~2)+Z/(1-Y)) ; 00003600

/7LIST DUTDATALEX46) S

HMC1-A>2)5
2 2 2 2 2 2 2
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( = 22A #M2Z %22 = A HM%Z = 28A 2M2Z - 4%A 2M - 14%ARMSZ -~ 122ARMRZ +

2 2
18RMZ %22 = 29%MRZ - 42uMRZ ¢ 36%MY/2

PP(1-A»2)3
2 2 2 2 2 2 2
(83A #Z 222 + 3%A %2 + 12%A 22 + 16%A - 48uARZ %12 + 8BHARZ + 96%A%Z)

/9

//7LIST INSDATA(EX21)5
COMMENT FERMION®*S TW0O POINT DIAGe WITH FOUR GLUONS (B)

£

OPERATOR TC1sTC23s019D2»D390493590430M190H2+015502590355DM55DM1558E1
TC11,TC125TC21>,7C22sT115T125T15T25TT1sTT2>TT115TT125TT215TT7225010»
TCCesTCOO0TCOL9TC30>TC319sTC329TC409TC41oTC105TC205TC335
VICTOR PsKseilaX1sK25X39K49012825%33Q0453R1IR29R3S
CIEDEX UsULaU25U39VeV1lsV2iV3aWaUbrVasUSsVSss

VECDIM N3 '
LET Nz4~Zs2

3

P X3

320sN1=(1+2/422%2/106)/45

LET 324823 K24K2=T2532.32%K2eK252522=T1 9K24K2H3:3=T05

LET G2.32%% #2=T"2502.028K2. K25 M2322TM] 9 X2 K2u22:Mi222TM0 3
LET 32.K2#%2:K24K2%324928N13

L 3
N

FOR ALL X1sX2 L=T
GAL(X12X2)=(X1+X2:#Z2Z)uGALEX1~135X2)3GAL(0sX2)=13

FCR ALL X2 LET GAl(-12X2)=1/(X2x?

FOR ALL X1,X2 LET
CGA2(X1>X2)=(1~-X2%Z/ X1 +(X22Z/X1)#22)2GA2(X1=1sX2)/X12GA2(05X2)=13
FOR ALL X15X25X39X4 LET
BEL(N1>X29X3sX4)=GAL( X1 X2)%GAL(X35X4)2GA2(X1+X3+1,X2+ X4 )% (1+
X2%X4RRE2#L=AR2) 5

LET CN=(2%BE1(15=1/2515-1/2)=223E1(0s~1/250s-1/2)
+XF(25Z¥BEL(0>-1/2915=1/2)-152E1(05=1/221>=1/2))
~X#XZH3E1(05-1/2+05-1/2)/8) %23

CNECN=1)5(1eZ/24252/4)5

FOR ALL X»Z SAVEAS MM(X»2)3

CNE(L$Z/ 2475174 )E02-N=C1=NI=(1=T)2(1+2/4+752/16)/2-(2=-N) (1
+2/64752/16)76)5

FOR ALL X»Z SAVEAS 0P(X»2)3

Z/7L15T SUT.DATACEX21)

MM(1-AsZ)5
2 2 2 2 4 2
( « 7HA %I =~ 63A #1 - 12%A%7 = 8xAnl + 24%A - 8522 =~ 8237 - 104)/8

PO(1~AsZ)3
2 2 2
(3324 27 & ARZ - 122A32 ¢ 5437 + S2=1)/16

~n

//7LIST INGDATA(SX21)
COMMENT FERMION'S TWO POINT OIAGe. WITH FOUR GLUINS (8)
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0PERATOR TC15TC25D019D25035042059DM50ML20M25D1SsD2550355NDMSsNM1SsBEL>
TC11aTC12sTC2Y5TC225T115T12sT2aT25sTTL>TT22TTI15TT125TT21977225010>
TCCsTCOOsTCO1>TC309TC319TC329TCL4O0»TC41>TCL02TC20TC335

VECTOR PsX9NaK19K25XK3sK45015025335045R2R19R29R33

INDEX UsulsU2sU35VsV1aV25V3sWal4sV4aUSsVSS

VECDIN N3

LET N=4=Z9Z%%3=09N1=(1+Z/4+7232/16)/45

LET Q2.02%%2%K2.K2=T25Q2.022K2.K222#2=T1 9K 2K 2%323=T05

LET Q24 32%R28MuN22TM2902.02%K2,K25ME2=2TMLsK2 K208 25M2:5:22TM05

LET Q2.K2522:=X2.K2RT2,832%N15

FOR ALL X19X2 LET

GAL(X15X2)=(X1+X2%Z)xGA1(X1-152X2)»GA1(0>X2)=15

FOR ALL X2 LET GA1(-1,X2)=1/(X2%2);

FOR ALL X1sX2 LET
GA2(X1sX2)=(1=-X2:Z/ X1+ (X23#Z/X1)352)%GA2(X1-19X2)/X19GA2{02X%X2)=13
FOR ALL X1sX2sX39Xa4 LET
FTLIX19X25X39X4)=GAL(X1oX2¥%GAL(X3sX4)NGA2(X1+X3+13X2+X4 )3 (1+
CK2RXGHRE2%#IR%2) 5

LZT CN=(2%BE1(19-1/2515=-1/2)-2%3E1(05-1/2505~1/2)
FXH(2H23B3E1(09-1/2515~1/2)-152921C05~1/2912-1/2))
=XaX22RBEL(N9~1/2509-1/2)/8)25

CNR(N=1)(1+2/2¢2%274)5

FOR ALL Xs2 SAVEAS MM(X»2)5
CNZ=(L+2/2423%774)3%(2-N=-(1=N)(1-2)%(1¢2/4+2:22/716)/2-(2~-N)(1
+2/4+2:32716)/4)5

FOR ALL X»Z SAVEAS PP(Xs2)5

124
//LIST INSDATA(EX22)
COMMENT FERMION®S TWO POINT DIAG. WITH FESRMION LOOP (A)

OPERATOR TC1sTC25sD19D2sD3504305+0M»DML>0OM2901S3D25503550MSs0M1S59851
TCl1sTCL2+TC215TC229T119T125T15T25TT1sTT2>TT115TT125TT2157T22501D>
TCO»TCO0»TCOLITC305TC315TC325TCAGBsTCHL>TCLI0>TC205TC32S

VECT3R PrKaQsK19K23K35K69N1912>025043R»R15R29R35

INDEX Usd19U25U335VaYLlaV23VY3sWrUbsVasUSsVss

VECOIM M3
LET N=4-7sZ%%3309N1=(142/74+72:2/16)/6;

LET Q2.02%582:#K2.K2=T2902402%K2eK2::2=T]1 9K264K23:3:3=T03

LEY G2+ 323823Mu22TU25024023K2.K2uM582=2TML 2 K24 K28N2HHAR22THOS
LET Q2,K2#%2z=K2,42%32e325N13

FOR ALL X1sX2 LET

GAL(XT12X2)=3(X1+X2:2ZIGAL(X1-15X2)»GAL(D9X2)=15

FAR ALL X2 LET GAL(=19X2)=1/(X222);

FOR ALL X1sX2 LET
GA2CX13X2)=CL=X2nZ/ X1+ (X232/7X1) #52)#GA2(X1-12X2)/X19GA2(¢0sX2)=13
FOR ALL X19X23X33X4 LET
JELCX19X23X39X6)=GALIXL9X2)HGAL (X3 9X4)GA2(X1+X3+19X24X0 ) (1 +
K22 X4uRE2u2242)% '
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LET TCl0¢(0)
LET TC10(1)
LET TC10(2)
LET TC10(3)
LET TC10(4)

~04589071695
-0.192889095
~0e110924125
-0.077237495
-0.059095393

LET TC10(S) = -0.047304485
LET TC10(6) = -0.040115365
LET TC11(0) = -0.45887107;
LET TC11(1) = -04144510985
LET TC11¢(2) = -0.0821076653
LET TC11(3) = -0.056860413
LET TC11(4) = =0.043371615
LET TC11(5) ~0.0350169053

LET TCl1l(&) -0.029345413

LET CN=8#BE1(15-1/23515~-1/2)2BE1(=~151/25150)5

LET CN1=8%8E1(1»5-1/2519-1/2)%BE1(-191/2+250)3
CN#Z=BEL(03s~19090){N=1)¢24TCLO(D)RZRT5

FOR ALL X»Z SAVEAS MM(X»2);

2 CCNSBEL(O5=15050)%(2=-N)%(1-N1)-CN1=BEL1C(1s~19050)%(1-H))-12%TC10(0)
RIRZ426%TCLL(L)IHIRTS

FOR ALL X»>Z SAVEAS PR(Xs2)3

//LIST DUTL.DATA(EX22)5
MM(X22Z)5
2 2
(25000032 #RE2 - 267213%Z + 1000000%Z + 1000000)/125000
PP(X»2)3
2
(213427322 - 500000%Z2)/250000

//7L1ST C2.FIRT(C2)

10008 IMPLICIT REAL%8(A-H20-2)
20008 EXTERNAL FUNC

30008 Az0e

40008 8=1.

50008 C=0.

60008 D=l.

70008 M=z6

80008 N=6

90008 101  FORMAT( * COMMENT FUNC')
100008 DU 23 IT=10,11

110008 MT=IT

120008 MW=MT

130008 D3 23 N51=0,6

140008 MT1=MT-9

150008 CALL ¥DGDGM(FUNC>MT1yNSLsAsBsH2C>DrN>S> [ER)
160008 WRITT(65100) HUsNS1,S

170009 100 FORMATC * LET TC's12»°(*9115°) = *"3F12e82°3°)
180008 23 CONTINUE

190008 WRITE(65101)

2000089 STapP

210008 END

220008 FUNCTION FUNC(MTs>NS1lsXsYs2)

230008 IMPLICIT REAL:3(A-H»N-2)

240008 GOTJ (L0s11)sMT

250008 10 FUNC =-LOG(L1~Z#Z/(YirX3#{1-X)))InYEaNSIaXH(1-X)%(1~2)/2
260008 RETURN

270008 11 FUNC =-L0G(1-Z+Z/7(YuX(1-X))IRYRENSIHXH(I~X ) (1=-2)5s2/2
280003 RETURN

2920009 END

300008 SUARJUTINE ¥DADGH(FUNCaMTSsNSLsAsBsMsCaDaNsSs [ER)
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7N

310008 C

320008 C S-1511~1 COPYRIGHT HITACHI»LTD. 1980

330008 C

340008 C STATUS - $-1511-1 01-00

350008 C

360008 C HISTJRY ~ DATE. 1980.3

370008 C

380008 IMPLICIT REAL%B(A-Hs0-2)

390008 DIMENSION Y(6512)sX(6312)5AA(24)5U(24)588(24)2V(24)
400008 15A1(¢19)>A2(19)9A3(19)5A4(15)

410008 29X1(19)9X2(19)9X3(1G6)»X4(15)

420008 DIMENSION NAME¥(2)

4307008 EQUIVALENCE (Y(1)>A1(1))»(Y(20)5A2C1))9(Y(39)543(1))s(Y(53)2A4(1))
440003 1» (XE1)5X1(1))o (X203 X2¢1) 5 (X(39)5X3(1))»(X{58)2X4(1))
450008 DATA X1 / 086113631159405260D0+00 -
4600083 1> 0356028955643 7535200+005 0.93156063424671920D+00
470008 2y 0e938940093499164990D0+00y 0.99312859918509490D+00
480008 3y 0.995137219997321400+4005 04339981043584356300+00
490008 4y 0e6795666477413562670D+00s 0.90411725637047490D+00
500008 53 0e944575023073232600+00y 0.963971927277313800+00
510008 65 097472855597130950D+00s 0.000000C0000000000D0-40
520008 7> 0525532409%16327000+400 0769902674194304700D+00
530008 3y 0e8A5631202337331700400> 0.91223442325132590D+00
540003 93 0e938274552002732800+00s 04000000000000700000-40 /
550007 DATA X2 / 0.18343464249564980D+00
©560008 15 0e53731795428661740D+20s 0.7554044033550C300D+00
570033 23 04839116971322218800+005 0e836415527004401000+00
539002 29 040020000000700000005-40s 0.0000000020000000CD-40
5680708 43 0036783149d4992180200+009 0.61787624440264370D+00
509002 5 0e¢746331906453150300+00s 0.82000193597390290D+00
513008 6> 04000000G002003900000-409 0.000000600000300000-40
65200038 7> 0412523340851146390D+00y 0.458016777657227400+00
533908 89 (0e636053680726515000+00y 0.740124191573554400+00
64000% 9s 0.0700000G20000000000-40> 0.00000000000000000D-40 /
650008 DATA X3 / 0.00000000000000000D~40
560008 1> 04281603550779253900+005 0.510867001950827100+00
670003 29 0e6480936517359756007+00s 0.000000000C0000200D~40
6200083 35 0.000000000000000000-40s 0.00000000000000000D~40
6300G3 4s 0.9501250983763744030-01s 0.37370608371541960D0+00
700008 S5 0e545421471338339500+00s 0.000000000000000000-40
716003 65 04000000090000000000-40> 0.000000000000000000-40
720003 7» 0.,00000000000000000D0-40s 0.227735951141645100+00
733003 By 0+4433793507626045100+00s 0.00000000000000000D~40
740308 99 0.000000000D0000000D0-40> 0.,00000000000000000D-40 /
750008 DATA X4 / 0.510867001950827100+00
760908 1s 0.7552652113349733G0-01> 06315042679696163400+00
770008 29 0.00000002000C200000~-40» 0,000000000000000000-40
790103 3 0.000000000000000000-40> 0.,000000000000000000-40
799008 4s  0.0000000909000070000-40s 0.191113867473615630D+00
300008 55 0.000000000000000000~40» 0,000030003000000000D~40
410008 6+ 04000003000000000000-40> 0.000000000000000000-40
320008 7y 0400000000000007000C-40> 0.640568923626056200~01 /
530008 DATA Al / 06347854345137453900+00
340003 1y 0410122853629037630N+00s N.471753363365118300~-01
450003 2s 04271524594117541000-01> 0.176140071391521200-01
3€0003 39 Ce123412297999372000-01s 0.65721451548562546200+00
370003 Gy 0222381034453374500+00» 0.106939325995318400+00
239n03 Sy 04622535239386473900-01s 0.40601429300386940D0-01
390008 6y 042%5313386239336A0D~01» 0.000000000000000000~40
9003 7> 0.313706645877387300+00» 0.16N0733285433456200+00
9100083 8y 0e951535116326727300-01s 0.6267204833410907005-01
923008 9y 0.4427763286174193100-01» 0.00000000000000000D=-40 7
a30N03 DATA A2 / 0.,362683783373362000+00
940008 ly 062031674207230A5300+00y 04124623971255533900+00
350108 2y 0.832767415767047500-01> 0.59298534915436780D=01
940008 3y 0.070000000000900003-40> 0.00000000N0000009000-40
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1630008 SUSROUT INE ¥SUERM (NAMEs ISETs [ER)

1640008 C

1650008 C $-1511~1 COPYRIGHT HITACHI>LTD. 1980

1660003 C

1670003 C STATUS - $-1511-1 01-00

1680003 C

1630008 C HISTORY - DATE. 1980.3

1700008 C

1710008 DIMENSION NAME(2)

1720003 COMMON /¥SUCOM/ MLEVEL> NOUT

1730008 IER = 1SET

1740008 ILEVEL = MLEVEL

1750008 IF (ILEVEL 4GE. 11) ILEVEL = ILEVEL-10

1760008 IF (TERLTe1000 «ORe TLEVEL.EQW4) GO TO 999
1770008 IF (ILEVEL .NT. 2} GO TO 10

178900¢ IF (1ER «LT. 2000) GO TO 999

1790003 G0 70 30 i
1200098 C

1810008 “10 [F C(ILEVEL .NE. 3) GO TO 20

13200C8 IF (ISR «LT. 3000) GO TO 999

1330003 GO TO 49

1840008 C

1350008 20 IF ([=R .GE. 2000) GO TO 30

1360008 WRITE(NQUT» 100) NAME> [ER

1870008 GO T3 999 .
1830003 C

1290008 30 IF ({5R «.GE. 3006) GO TO 40

190000¢ WRITE(NOUT» 200) NAMEs [ER

1910003 GO TS 999

1920003 C

133000C8 40 WRITE(NTUT»300) NAMEs [ER

19400038 G TG 999

1750003 C

1950008 ENTRY ¥SUSTM (LEVSL»s NFILE)

1970003 C

1930008 MLEVEL = 1

1990003 IF (LEVELeGEel +ANDe LEVEL.LE.4) MLEVEL = LEVEL
20000¢H IF (LEVEL.5E.11 «AND. LEVEL.LE.14) MLEVEL = LEVEL
2710003 NOUT = NFILE

2020008 GD T3 999

2030003 C

2040008 ENTRY ¥SURTM (NAMEs [ER)

2050008 C

2060003 IF (MLEVEL .GE. 11) WRITE(NOUT»400) NAMEs IER
2070008 999 RETURN

2080008 C

2090008 100 FORMATC IHO» *%2:st WARNING ERROR FROM MSLIT ROUTINE '»2A6>s
21000038 1 * C IER = "s[65' ) smunt

muwcocw mocnonz>4apxou.nm=v>x>3mqmmmnxcmﬂmozzmr__WQCq_zm..m>o-
2120008 1 ‘' TER = 516, ) =uxt)

(
2130003 300 FORMAT(C1HOy 'z TERMINAL ERROR MSLII ROUTINE *322A4s
(

2140002 1 IER = *516s* )
2150008 400 FORMAT(1HO» *#%R% RETURN MESSAGE MSLII ROUTINE *52A4>
2160008 1 O IIR = *5169' )
2170008 END

213n00¢ BLOCK DATA

2190008 COMMON /¥SUCOM/ MLEVELs NOUT
2200003 DATA MLEVEL» NOUT /7 1» 6/
2210008 END

F/7L1ST C2.FCRT(C12)

10000 IMPLICIT REALXB8(A-H»0-2)

20000 EXTERNAL FuNC

30000 A=0.

%0000 B=1l.

50090 C=0.

60090 D=1.
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730000
740000
750000
760000
770000
730000
790000
300000
310000
320000
830000
840000
350000
8603000
870000
339000
320000
509000
31000C
920000
920000
940000
350990
960000
9793000
920009
393700
1000000
1210000
1820000
10300090
1040000
1050000
1060000
1070000
1030000
1090000
1109000
1112900
1120090
1139000
1140000
1150000
1100000
1170000
1150000
1190000
1200C00
1210000
1220000
1239009
1240000
1250000
1250000
1270000
1230009
1290000
1209000
1319000
1320000
13300932
1340000
1350000
1360000
1370000

.1330000

1,
29
EX)
4y
S
[}
7s
8
9,

CATA

1,
2
3
4
S5s
69
s

~-167-

0.281603550779253900+400>
0.64809365193697560D+00>
0.00000000000000000D-40»
0950125098376374540D~01»
0.545421471382339500+00>
0.000000000000000000-40>
0.000000000000000009-40»
0243379350762604510D+00»
0.00000000000000000D-40>
X4 /

0.765265211334973300-01>
0.000000000000000000-40>
0.00000000000000000D-40>
0.00000000000092000D-40>
0.000000000000000000~40»
04000000000000003000=40s
0.000000000000000000D-40>

DATA Al 4

1,
29
3
b4
S»
69
7s
8>
9

DATA

1s
2
3
4
Ss
6
7
8
Qs
DAT
1,
2
3
b4y
Ss
6
7s
8y
9y
DAT
1
2
3
4y
Sy
6
7s
DaAT
IR
1=
L=N

IF(M-1)

110
200
300
400

1F(
1F(
1F(
NN=
Cl=
c2=

010122853629037630D0+00>
0427152459411754100D0-01>
012341229799987200D~01>
042223810344533745CD+00
0.6225325239386473900~31
04235313836239336600-01»
0.31370664537733730D0+90>
0951585116324927302-01>»
06442774333174133100-01»
A2 /
0.203167426723065900+00>
0.332767415767047500-01>
0.00000000N0003000000-40>»
0623349253653835480C+00»
0.101930119817240400+00>»
0.0000000000N090000C~40>
0.249147045813402300+00>»
0.118194531961518400+00»
0.2000003C000000000D~40>»
A A3 /
0.132603415044323600+00>»
0e727613652104113390D0-01>
0.207000000090900000-40>
0+189450610455068500+00>
0.107444270115965600+00
0.2000000000000000ND-40>
0.00000000000090000D-40>»
0.1155056063053725600+00>»
0.000000009000000000-40>
A A4 /
0.152753337130725800+00s
0.002000000000000000-40>
0430000000000009000D-40>
0.00000000000000000D=-40>»
04000000000000000000-40>»
0.000000C0000000000D=40y
0.70009000000090000D-40»
A NAMEY /4H¥DID94HGH 7
=0

500,100,100
20052005500
600+,300+300
40054005600

M-6)
N-1)
¥-6)
4:M

(8+A)/2.0090
(8-A)/2.000

0.510867001950827100+00
0.00000000000000000D=-40
0.00000000000000000D0-40
037370608871541960D+00
0.000000000000000000~40
0.00000000000000000D-40
04227785851141645170+00
0.00000000000000000D-40
0.00000000000000000D-40
0«510867001950827100+00
04315042677969616340D+00
0.000000000000000000-40
0.00000000N0N0000000-40
0191118867473616300+00
0.00000000000000000D-40
0.000000000000000000~40
0.640568928626056200-01
043478564845137453900+00
0.471753363365118300-01
0.176140071391521200-01
04652145154362546200+00
0.10693932599531340D+00
0440601429300386940D-01
0.00000000000000000D~40
0.160C78228543346200+00
0.62672048334109070D~-01
0.000000G09600000000-40
0436268378337336200D+00
0.12462897125553370N+00
0457293853649154367300~01
0.00000000000000000D-40
061495959338816576700+00
0.7323464814110803100-01
0.000500000000020000-40
0.156915651939500250D+00
02361901615319532700~01
0.00000000000000000D-40
0.00000000000000000D-40

0.13168363844917660N+00

0.63000000000000000D-40
0.00000000000000000D-40
0142096109318382100+00
0.00000000000000000D0~-40
0.00000000000000000D-40
0.14917298647260330D+00
0.000000030000000000-40
0.090000000000000000-40
0.131633638449176600+00
0.121670472927803400+00
0+0900000000000000000-40
0.0000000000000000200-40
0.125837456346828300+00
0.090000000000000000-40
0.000000000000000000~40
0.12793819534675220D+00

/

/
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2050000 MLEVEL = 1

2060000 IF (LEVELeGEs]l oANDs LEVEL.LEZe4) MLEVEL = LEVEL
2070000 IF (LEVEL.GE.11l +AilDe LEVEL.LES14) MLEVEL = LEVEL
2030000 NOUT = NFILE

2090000 G0 T3 999

2100000 C

2110000 ENTRY ¥SURTM (NAME> [ER)

2120000 C

2130000 [F (MLEVEL «GE. 11) WRITE(NOUT>400) NAME, IER
2140000 999 RETURN

2150000 C

2160000 100 FORMATC1HOs "=t WARNING ERROR FROM MSLII ROUTINE *»2A4»
2170000 1 Y UIFER = "6 ) mun')

2150000 200 FORMATC(IHO» %%k PARAMNETER £RROR FROM MSLIT ROUTINE *»2A4%»
2190009 1 * O IER = "sl6s ' ) mume

2200009 300 FORMAT(1HO» "=t TERMINAL ERROR FROM MSLII ROUTINT *»2A4s -
2210000 1 ¢ IER = *9l6s' ) mxu‘)

2220000 400 FORMAT(1HOs *sizst RETURN MESSAGE FROM MSLII ROUTINZ *5»2A4»
22306090 1 'O TER = 'sl6s' ) nmun')

2240000 END

2250000 © BLOCK DATA

2260000 COMMON /¥SUCOM/ MLEVEL> NOUT

2270000 DATA MLEVELs NOUT / 1 6/

2230000 ENG

//L1ST C2.FORT(CY)

12005 EXTERNAL FUNC

20005 A=0.

3nN305 B=1.

40305 C=0.

50075 D=1

60035 M=6

790005 N=6

20005 101 FORMAT( * COMMENT FUNC®)

90005 D3 23 IT=10»19

190n6S MT=IT

110005 MW=MT

120005 IF (MTeGTel2) MW=MT-13

130005 IF (MTaGTel5) MW=MT+4

140005 IF (MT.GTa17) MW=1T-18

150005 LO 23 N51=0»6

160095 MT1=¥T-9

170905 CALL ¥DQDGM(FUNCsMT1sNS12A35B5M>Cs05N»S5s [ER)

120005 HRITE(65100) MWsNS1s5

120905 100 FOIMATC  * LST TC'5>1237(¢'5115') = *5F12.3»'3")
200005 23 CONTIHUE

210705 WRITE(6»101)

220005 S5TOP

220005 END

240005 FUNCTIDN FUNC(MTaNS19X2Y>Z)

250005 G0TO ( 10»11512513514515510»17518319)s¥47

260005 10 FUNC =-L0G((1=2)#(1=Y)RY/(Z2X)rl=Y oY/ XDt (1-XIRYEX{NS1=-2)
279005 RETURN

230005 11 FUNC ==L 0G((1=2)3#(1=-Y) &Y/ (22X)el=Y+Y/X) 2 (1-Y)H(L-X)IRYRH(NS1-1)
290105 RETURN

300005 12 DZ =1-7+23(X/Y¢1a/(1-Y))

310005 DY =7%(X/Y+le/(1-Y))

320905 FUNC =-(LOG(IZI#0Z-0Y*LO3(0Y) I (l~-Y)nyma(NSE)H(l-X)/2
320005 RETURN

340005 15 FUNC ==L 0G(L=Z4ZuX/Y+Z/(1-Y))2YRENSLH(1-2)u(1l-Y)au232(1-X) /]
35200% RETURN

340005 L2 FUNC ==LOG(Ll=YeY/Xe(1-Z)uY(1l=-Y)/2/X)525¢1=2)5(1-X)RYRI(NSI-2)
373105 RETURN

390005 14 FUNC ==LOGCL=Y+Y/X*(1-Z)5YR(1=Y)}/2/X)2(1=Y )5 (1=Z )5 (1-XIEYRR(NS]
390005 1-1)

400C0S RETURN

" 413005 . 16 ngC SYRZINSI=1)8Z5(1=-Y ) (1=-X)/({1-2 Y2 0l-Y)+Z2Xi(1=Y)+I2Y)
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2620001
2630001
2640001
7/
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COMMON /¥SUCOM/ MLEVEL, NOUT
OATA MLEVEL» NOUT /7 1» 6/
END

//LIST C2.FORT(CS)

10003
20003
30003
40003
50003
50003
70003
80003

EXTERNAL FUNC
EXTZRNAL FUNC
A=0,
B=1.
C=0.
D=1.
M=6
N=6

90003 101 FORMATC( * COMMENY FUNC®')

100003
110503
120003
130003
1400073
150003
160003
170003
180003
170003
200003
210003
220903
230003
240003
250003
260003
270003
280003
2906003
390303
310023
320003
330003
360003
350003
360003
370003
380003
390203
490003
4100C3
420003
430002
5640003
450003
460003
470003
420003
490002
SN000%
510003
520003
520003
540003
550003
560003
570003
580003
590003
6N0902
610003

NNO NN N

DO 23 IT=18,18
MT=1T
MW=MT
IF (MTeGTel2) MW=9T-10
IF (MTaGTal5) MW=MT+4 -
IF (MTaGTel8) MW=MT-18
B0 23 NS1=0s6
MT1=MT=-9
CALL ¥DUDGM(FUNCIMT19NS19A>35MsCs09NsS»IER)
WRITE(65100) MW»NS1sS
100 FORMATC ¢ LET TC's125'(*sl1s’) = '5F12.85'3")
23 COMTINUE
WRITE(65201)
STOP
END
FUNCTION FUNC(MTsNS1sXsYs2)
GOTO ( 10511512513514517515515218)»MT
10 FUNC =-LO0G(l+Y3%(1-2)/7(Z%X))ZuYunrdNSL-1)
RETURN
11 FUNC =-LCG(1-2+ZuX/Y)2YRiENSL
RETURN
12 DZ2=1-2+Z%X/Y
FUNC ==(LOG(DZ)#NZ-Z#X2L0GEX®Z/Y)I /Y )R (L=-Y )Y dNS1+1)/Z
RETURN
15 FUMC =-L0G(Ll~Z +Z3X/Y)RY&EXNS1H(1-2)52(1-Y)%Y/Z
RETURN )
13 FUNC ==LO0G(Ll*YR(1=Z)/(ZnX) ) ZuYHRINSLI-1)%(1-2)
RETURN
14 FUNC =-LO0G(1=-Z+Z3%X/Y)RY#%NSIN(1-2)
RETURN
17 FUNC =1e/(1-Z+2%X/Y)2YEENSL1H(L=2)
RETURN
16 FUNC =1ea/(1-Z+Z8X/Y) 5YRUNSTR(1-2)32/7Y
RETURK
13 DZ=yYu(1-2)+2%X
FUNC =LOGEDZ)I#XHE(L-Y)uYRENSI+#(~1a/(NSLI+#1)+1a/(NSL1+2))2a75
RETURN
END
SUBROUTINE ¥DADGM(FUMCIMTSsNS1sA2B83MaCrDaN»S»[ER)

$~1511~-1 COPYRIGHT HITACHI»LTD. 1980
STATUS - §-1511-1 01-00
HISTORY ~ DATE. 1980.3

IMPLICIT REAL%B(A-Hs0=2)

DIMENSION Y(6512)9»%X(6312)5AA(24)5U(24)283(24)5V(24)
15A1(19)5A2(19)3A3(19)5A4(15)
2oXL(19)5X2(19)9X3(19)sX4(15)

DIVEMNSICN NAME¥(2)

ALC1) ) (Y(20)9A2(1))s(YU39)5A3C1))>(Y(58)5A4(1))
EGUIVALENCE Sts%{{vkl{\\ilVl?ﬂ\:YOll\\i(!l‘q)qx7(l))-(X()B)’X“(l))
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730001
790001
300001
310001
320001
830001
340001
850001
360001
370001
830001
300001
200001
319001
920001
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940001
750001
960001
370201
933001
490701
1700001
1010001
1020001
1039001
1240001
1050001
1060001
1070301
1030001
1050001
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1140001
11502901
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1120001
11970001
1200001
1210001
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1240001
1250001
1260001
1270001
1230001

a¥a¥alakeXeYs!

=172~

1/70LRXRAL =YD+ L2Y))
GOTd 100
RETURN

18

GOTO 100
RETURN

19
109

FUNC =YmBNSIH(1-2)(1-Y)u2n
FUNC =FUNCHUST=VED

RETURN

END

FUNC =Y#uNSTIa(l-2)#2u(1-Y ) (1-X)/C(1=-2) Y {1l-Y)eZsX2(L=-Y)+I2Y)/Y

(1-X)/7C01-Z)%YR(1-Y)+2uXu(1-Y )2y

SUBROUTINE ¥DQDGM{FUNCHMTS>NS1sA»BsMs>CsD0sNsS» [ER)

S-1511-1 COPYRIGHT HITACHI»LTD.
STATUS

HISTIRY

- DATE.

IMPLICIT REAL%B8(A-H»0-2)
DIMENSION Y(6312)9X(6512)9AA(24)5U(24)233(24)sV(24)
1+A1C(19)5A2(1939A3(13)5A4(15)
25X1(19)5X2(19)9X3(19)5X4(15)
DIMENSION NAME¥(2)

EQUIVALENCE (Y(1)2A1(1))a (Y
1s (XCL)aX1€1))s (XS
DATA X1 /
15 0.96028935649753020D0+90»
2y 049374009349G1043900+0C>
3 0.995187219997221400+00>
43 0a796665477413526700+00>
53 0e944575323073232607¢00
6 0.9747285559713C9500+00>
7> 04525532409916329000+00>
8> (e865631202387331700+00>
9s 0.933274532002732200+30»
DATA X2 /
1s 045937317954286617400+30>»
2y 0.339116971322213800+00»
35 0.000000000003200000-40»
4y 0.367831498993130200+00>»
5» 04746331906460150300+00»
6y 0.00000C000000007000-40>»
75 04125233408511463900+00,
8y 0.636053680726515000+00>»
95 0.700000000000000000~40>
DATA X3 /
1> 0.281603550779252900+00»
2> 0.648093651936775600+00»
3» 0,00000000000000N00D~40>
4> 0475012%098376374400~01»
5 0.5454214713983339500+00»
65  0.000000006000900000D-40>
7> 0.000000000000000000-40>
B> 0.433793507626045100+00>»
93 0.0000000000009030000~40>»
DATA X& /
1y 0.765255211334973300-01»
2> 0.000030000000709000-40»
3» 0.000000000000M00000-40>
%» 04900000000000000090~40>»
5, (.7000000800000%01000-40>
6> 0.00000000000070009D-40>»
7> 0.00000000000000000D-40>
0ATA Al /
1> 0.101228536290376300+00>
2y 04271524594117541300-01>

1930

- 5-1511-1 01~-00

1980.3

200982(1) 19 (Y (39)5A3(1))s(Y(S3)sAL(1))
20)5X201))5(XC039)2X3(1))>(X(53)9X4(1))

0.861136311594052500+00
0e931560634246719200+00
0.793123599185094900400
0339931C43584856300+00
0.90411725537047490C+0Q0
096397192727791380D+00
04000000000000000000-40
0.769902674194304700+00
09122364423251325900+00
0.00000000000000000D~40 /
0.1836434642495564980D+00
0.755404408355003000+00
0.886415527004401000+90
0.00000000000000000D~-40
0.61787624440264370D+00
0.8200019R597390290D+00
0.00000032000000000D-40
0.458016777657227400+00
0740124171573554400+00
0.0002%0000000000000D~-40 /
0.00000000000000000D-40
0.51086700195082710D+00
0.00000000000000000N-40
0.0000D00CCN000000D0D-40
0.37370608871541960D+00
0.00000000000000000D0-40
0.00000000000000000D~40
0¢22778585114164510D+00
0.000000000000000000-40
0.00000000000000000D~40 /
05108670013950827100+00
0.315042679696163400+00
0.00000000000000000N-40
0.000000000000000000-40
0.191118867473616300+00
0.00000000000000000D-40
0.00000000000000000D~-40
0640568928626056200-01 7/
0.347854845137453900+00
047175336336511830D~01
0.176140071391521200-01
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26400005
26410005
2420005

-173-

CUMMUN /¥5UCUM/Z MLEVEL> NUOUTS
DATA MLEVZLs NOUT 7 1y 6/
END

//L1ST C2.FORT(C14)

10001

29001

30001

40001

50091

60001

70001

50001

90001

100001
110001
120001
130001
140001
150001
1600601
170001
130001
190001
200001
210001
220001
230001
240001
250001
260001
270001
280001
290001
3009701
310001
320001
323001
3430061
350001
3509¢C1
370001
330001
390001
409001
419001
420001
439001
4409001
450001
460001
470001
4170001
490001
500001
510001
520001
533001
540001
550001
560001
570001
5920001
590901
600001
613001

101

109
23

10

i1

15

13

14

16

17

IMPLICIT REAL#B{A-H»0-2)
EXTERNAL FUNC
A=0.
B=1.
C=0e
D=1.
M=6
N=6

FORMAT( * COMMENT FUNC*)
09 23 IT=10s19

MT=1T

MW=MT

IF (MTeGTel2) "MW=MT-13

IF (MTeGT415) MW=MT+4

IF (MTeGTel?7) MW=MNT-18

DD 23 NS1=0+6

MTL=MT-9

CALL ¥DQDGM(FUNCsMTLoNSL1sAsB9MsCrDsN»S»IER)

WRITE(635100) KW2NS1»S

FORMATC * LET TC'5125°("3113°) = *3sF12e8s'3 ")
COMTINUE

WRITE(H5101)

STOP

END

FUNCTION FUNC(MT»NS15U»VHT)
IMPLICIT REALNB(A-Hy0-2)
X=Ta7

.

2=Vy

GOTO ¢ 10911512913514515516517218519)>M7
FUNC ==L O0G{(1=Z)u(1=Y)IRY/ (2 X)+L=Y+Y/ X)L -K)HYRZ(NSL=-2])
3070 190

RETURN

FUNC =-LO0G((1-2)(1-Y)IuY/(ZaX)+l=YeY/X)HL1=-Y ) (1=X)2tYi2

(NS1-1)

GOTU 170

RETURN

D2 -=(1-2)uY(1-Y)+ (1 -Y )2 Xe 220X

DX ==Y (1-Y)+X5(1-Y)+Y

DY =X::(1-Y)+Y

F1 ==LAGLDZ/Y/(1-Y))=DX+DY:RLOG(DYRZ/Y/(1-Y))
F2 =LOG(Z) 2DXsDZRYR(1-Y)

FUNC =(FL1#F2)5(1l-Y)nYsu(NS1-1)(1-X)

GOTC 100

RETURN

DZ =C(1~Z)uYu(1-Y)+(1=Y)IZuXe IY

NX ==Y(1=-Y)+Xi(1-Y)+Y

Fl = LNG(L=Z2+23X/Y+2/(1-Y))
F2 = LIG(L)=DX/DZ

FUNC = (FleF2)uyuaMSlu(l-Y):
GOTO 190

RETURN

FUMC ==L OGIL~Y+Y/X#(1=2Z)uYR(L~-Y)I/Z2/XI5Z%(1-2)(Ll-X)5YR(NS1-2)
GOTO 100 :

RETURN

FUNC ==LDGCUL~Y+Y/X+(1=-2)Y2(1=Y)/2/7X)5{1=-Y )& (1=-Z )2 C(1l~-K)2Y 2 (NS]
1-1)

GOT0 100
RETURHN
FUNC =

2% (1-X)

#E(NS1=1)823801=Y)u(1=X)/((1=2)uYa(l=Y)+ZuXa(l=Y)¢I2Y)

RETURN
.ﬂczn.u<*$awm~|~vxa~|<V*An|x~xramﬁAaHIN.m<ma~|<~ Xu{l-Y)+2ZnY)



shvee,
chyes.,
fhvee,

sHvee,

v1va@ %07¢

ON3
ot ( +¢91¢, = ¥31 . 1

INTLNDY 1171SW WO¥3 3S9vSS3IW NYN1IsY e ¢OHTILVHYOS 00V
Ceit ( 4¢91¢, = ¥31 . 1

Y043 TYNIWESL
C 2491¢¢ = Y31
INTLAOY 117SH WOUd d0UY3 Y3L3UVHVd

Castsist ( 4€91¢0 = ¥Z1

INLILNOY 117SHW wWodd O3 ONINYVM

‘e ¢OHT)LVWYHOS 00¢%

. T

s €0HT)IVWHOS 002
1

s COHTYLVWYEOS 001

ANTLINOY 111SKH

NENL3Y 666
Y31 €IWYN (00%<INCNIILTYM C(TT *39° 13IATW) 41

(31 €IWYN) WLYNS 4 AHLINZ

666 UL LS

314N = LNCON

TAIAZIW (BT TAET 0NV TT°3D°13AZT) 31
= 3A3T ($°37°73A37 *GNV® T°2D°2A37) 41
T = T3A3H

BRELEREC
REVER]

(3714AN ¢T3A3T) WLSNSA AYLNI

666 01 09
Y3l €3WYN (00SeLnON)SLIuM 0%

666 04 09
Y31 ¢3WVYN (00Z€1NON}ALTYM
0% GL 09 (000¢ *35° ¥z1) 41 0¢

666 01 0D
Y431 S3WYN (00T €iNON)I3L1EM
¢¢ CL 09 (0002 *395°* ¥31) 31 02

0% 04 09
666 01 09 (00Ce *L7° u31) 41
C2 0L 09 (¢ *3N* T3A371) 41 01

0¢ 01 09
666 01 09 (0002 *L7*° ¥31) 41
0T 0L 09 (2 *3N* 13A2TT) Jl
666 0L 09 (¥*42*3A371 °*¢0° 0001°L°¥51) 41
CTI-13A371 = T3A3T1 (TT1 *39° 13A31]) dI
F3A3TM = T13A3T1
13ST = 31
100N €3A3W /K0OINASA/ NOWROD
(2)3WYN NOJISN3WIQ

€¥086T *3Lva - AYOULSIH
00-T0 T-TT1ST-S - SNLVLS
08617 *GLI¢IHOVLIH LHETYAAGD T-TTST1-S

(B3] €13S1 €3WYN) W3NSk 3INILINDYHENS
anN3
00% D1 GO
9=N
9=k
(431 00CTEx3WVNIKYINSGA 1IVD 009
NdNL3Y
(Y3 T¢XINVYNIKLBNSE 1TVD
NINL3Y¥
=N
1=K

7L~

Vuwwuu vy

€600652

cuooeLe
6000282
s00G¢%: ¢
€0006¢2
s000%¢2
€000fe
s0002¢ec
c0001¢e
s0000¢l
eGCoece
500082¢
s000L22
€000922
€00062¢e
€000 %2?
€000¢€22
s0002¢2
€o001c2
€000022
€000612
coooetre
s00041¢
S00091¢
s000612
S000%1¢
soc0setle
S00062T¢
€000112
€Q0001e
co00¢€02
S00080OC
6000402
5060090¢c
s000602
SooCH0E
s000¢02
5600202
cobutoe
S000062
50006561
GI00€6T
S000Z261
5000901
S000G6T
C000%0T
S000¢oT
€000261
SC00T6T
6000061
S0006EBT
c000eB8T
$000461
$000981
s000s8t
S000%8T
s000¢81
$0002g1T
€000TsT
60000¢1
S0006LT
c000eLt
S000L41
€0009.1
cuoocLt
S0004LT



420005
430005
440005
450105
460005
470005
430005
490005
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REJURN . : o
17 FUNC =Y23(NSL1-1)8(1-Y ) (1-X)LOG(((1=2Z) RYH(~Y) e ZEX2(1=Y)I+TRY)
1/70Z2X5(L=-Y)+ZRY))

RETURN
13 FUNC =Y#3NSI#(1-Z)#Z#(1-Y)#(1=X)/ ((1=2)RYE(1=Y) ¢ ZEX2(1=Y) + 22Y) /Y
RETURN )
19 FUNC =YRENSIH(1-2)#(1-Y)2#22(1=X)/((I=Z)8Y (1= )+ Zu X2 (1Y) ¢ 22Y)
RETURN
Fun
- F .



