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ABSTRACT

In this three-year project, we have attempted to conduct theoretical
investigations of a few specfic nonperturbative physics phenomena, including
possible correlations among them. Although the primary focus was on the topics in
the area of particle and medium physics, it was hoped that some major progresses, or
even some breakthrough, could be made in the related cross-disciplinary areas of
cosmology and statistical physics.

The first major research topic had to do with strong interaction physics or
hadron physics (including some nuclear physics problems). Although it is known,
as already substantiated by perturbative QCD tests with high energy experiments, that
strong interactions can be described by quantum chromodynamics or QCD, properties
of hadrons or nuclei are dictated by the nonperturbative aspects of QCD. We had
hoped to suitably exploit the experiences accumulated over years by our community
(and by ourselves as well), to seek clues for breakthroughs, and to help unlock the
present difficult situation, hoping that reliable methods to treat nonperturbative
aspects of QCD can be obtained and first-principle predictions on hadron structure
and properties (such as nonleptonic weak decays of hadrons) may be formulated
accordingly.

The second major research topic has been focused on the general problem of
phase transitions, including chiral symmetry breaking in QCD, Higgs mechanisms for
mass generation in the standard model, phase transition from neutron matter to
strange quark matter, and the recently discovered Bose-Einstein condensation. Our
investigation of these phase transitions was also aimed to help clarify the role of
phase transitions in the early universe, the end stage of stellar evolution, and other
relevant cross-disciplinary topics. More progresses have yet to be made.
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Abstract, We use the method of QCD sum rules to treat
the semileptonic weak decay of the D or B meson into
a light mason and leptons. To obtain the transition form
factors, we adopt the two-point Green’s function in the
presence of an external vector or axial-vector field. We
find that this method can be related approximately to the
traditional three-point Green’s function in the heavy
quark limit (mg — ocl. Unlike some existing QCD sum rule
calculations, our results indicate that the form factors
have simple dipole or monopole behavior. We obtain
reselts on the various form factors of the semileptonic
decay of D and B mesons into a light meson and investi-
gate various decay processes such as B° -zt ¥, and
B" = p*177,. The method allows us to take into account
nonperturbative strong interaction effects, thereby pro-
viding a more reliable determination of the Cabibbo-
Kobayashi-Maskawa mairix eclements from the experi-
mental data.

I Introduction

Semileptonic decays are particularly important in explor-
ing the V-A structure of weak interactions. In these
decays, strong interaction effects arc contained in the
transition form factors as used for defining the hadronic
matrix elements. Reliable determination of these
transition form factors helps us to extract the Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements from the
relevant experimental data.

There exist several methods for studying the semilep-
tonic decay of a heavy meson (D or B} into a light meson
and leptons, in the framework of relativistic or nonrelativ-
istic quark models [1-4]. Another method [5] has also
been employed recently by incorporating chiral symmetry
into the effective heavy quark theory to compute form
factors near the maximum momentum transfer squared,
gz Nevertheless, it remains highly desirable, if possible, to
tackle these problems using directly QCD.

In contradistinction with the lattice QCD treatment
[6—8] of heavy meson decays, the method of QCD sum
rules {9] provides another powerful tool in studying had-
ron physics within the framework of QCD. In the method
of QCD sum rules we use perturbative QCD augmented
with non-perturbative effects, such as through introduc-
tion of quark and gluon condensates, to describe both
short- and large-distance physics. In the context of the
three-point Green’s function approeach, the pion form-
factor was solved at intermediate momentum transfer
squared 0.5GeV? < — g% < 1.5GeV? [10, 11], but the ap-
proach may fail at smaller values of g* ~ since in general
the three-point Green’s function ap;)roach works well
only in the deep Euclidean region p*, p'%, g* < 0 and it
may fail due to the presence of the singular terms
/g%, 1/q*, etc.,, which are not small for sufficiently small
4> In an extension of the original QCD sum rule ap-
proach [9], loffe and Smilga [12] and, independently,
Balitsky and Yung [13] considered that the quarks move
in a constant external electromagnetic field. Instead of the
traditional three-point Green's function approach, they
evaluated a two-pomnt Green's function m the presence of
an external field and successfully obtained the nucleon
magnetic moments at zere momentum transler.

Some authors [14-21] treated weak semileptonic
decays of charmed or bottomed mesons wsing the three-
point Green’s function approach. In our attempt to em-
ploy the two-point Green’s function approach, we try to
replace, by some suitable induced condensates, certain
diagrams which appear in the three-point Green’s func-
tion approach and for which the usual operator product
expansion (OPE) approach may fail when g° =~ (. Further-
more, we adopt axial vector currents for heavy mesons
since usage of the psendoscalar currents (such as ¢ysd for
D7} often leads to very large contributions from the quark
condensate, sometime even larger than the leading pertur-
bative contribution, and the convergence of the series
would be 11 doubt. These aspects will be addressed in
some detail later in Sects. II and IIL

Specifically, we treat the weak semileptonic decay of
D or B meson into a light meson and leptons. To ensure
that the method of QCD sum rules can be used in the
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small momentum transfer region, we consider the two-
point Green's function in a varying external field. A sim-
ilar idea was proposed first by Eletsky and Kogan [22] in
evaluating the electromagnetic decays of D mesons at
g° =0. We also generalize the method to the region
g* # 0, since, as discussed in [18], the analysis of the
relevant QCD sum rules can also be performed for posit-
ive values of g* (the time-like region). Adopting suitable
axial-vector currents to describe heavy mesons, we find
that the series converges sufficient]y well at the quark level
and that the approach using the two-point Green's func-
tion in the external figld yields almost the same results as
the three-point Green’s function approach. Cur numerical
results suggest that the form factors f;(g*) (which describe
the weak matrix elements) possess the pole dependence:

fitg?) = — 20

B (1 - qlf"'mgole}n ’

where n = | or 2. Note that these results differ somewhat
from some existing QCD sum rule calculations [18, 19].
For instance, in [18,19], Ball ¢t al. obtained unusual
g*-behaviors for both the form factors, 4,(g%) and A,(g%)
and the results are also quite sensitive to the chosen Borel
range. (See below for the definition of these form factors.)
Instead, we find that adoption of suitable axial-vector
currents, instead of psendoscalar currents, for describing
heavy mesons leads to QCD sum rules which seem much
better behaved.

The rest of this paper is organized as follows: In
Sect. I1, we derive the QUCD sum rules, which allow an
investigation of the various decay form factors of heavy
mesons. In Sect. ITI, numerical results are deseribed and
discussed. Section IV contains a brief summary,

IT The QCD sum rules

A. Form factors for the decay of a D or B meson into a light
psewdoscalar meson and leptons

To treat the form factors for the semileptonic decay of
a D or B meson into a light pseudoscalar meson and
leptons, namely M — L + £ + v, [such as B® 5 n%e™4,],
we choose to consider the following Green’s function in
the external vector fleld (¥7):

i2n)*3*(p — p' — PILL(p,. 1 4°)

= {2 [ d*xd*y " POIT {53, F30MH00,, (1)
where j;'"" = 47,7542 and j = @y.7sq, are axial-vector
currents whose divergences carry the same quantum num-
bers as the pseudoscalar L (z or K) and M (D or B)
mesons, respectively. We use @ as a generic notation for
a heavy quark field operator (such as ¢ or b), while g, or
41 for a light quark field operator. In the following calcu-
lation, we neglect » and d quark masses, but keep terms
linear in the 5 guark mass. The interaction with the ex-
ternal vector field 1s described by the additional term, A%,
in the Lagrangian:

AL (x) = — ¥ I, (x), (2)

where
Jo = ga7.0. (3}

Here ¥ and ¢" are the amplitude and momentum of the
external vector field, respectively, Note that in the follow-
ing calculation we consider only the amplitude of IT}, lin-
gar in the external field ¥ Generally speaking, the
Green'’s function can be written via the dispersion relation

as follows
. . Pulp gt
[L,p, pi %) = [ds [ ds —0 ="
” fas s —p*Ns —p%)
-+ subtraction terms, 4
where the subtraction terms have the form

subtracticn terms

- As')ds' g, ¢ A(S)ds
= Pljn'(pz) j Sr . p-z + Pl,uv(p I}IS . pz
+ P3p¢v(p2! p-'l}‘ (5)

One finds that the contribution from the subtraction
terms are of no importance since, after performing the
Borel transform, all of the subtraction terms, Py,., Ps,,.
and P, disappear. (For further discussions, see [23])

‘At the hadron level (on the rhs), the imaginary part of
T, is
Pol D, 15 47

= — ¥ OOV L(p 1y {LAp ) (0} M (p)>

x (M{p) 7 (ONO038(s" ~ mE)ofs — mig) + ...
= — ¥ fe fu[F (@0 + papy

+ F_g%pdp — Pp 1805 — mPéls —mi) + ...,
(6)

where we have adopted the conventional definitions:
OURPONLP)> = ifLps
{M(pHI0N0) = — Hfup.,
L) JO) M {p)>
=[Fl@®Np + P+ F{¢"Wp — )] (7}

The ellipses in (6) stand for the contributions from axial-
vector mesons or from higher excited states (coming from
either the nondiagonal transitions from the lowest state to
some excited state, or diagonal transitions from an excited
state to itself). These contributions give rise to additional
Lorentz structures (and thus new QCID sum rules for
other transitions), which are not relevant for the purpose
of the present paper. They also modily the coefficients of
the two relevant Lorentz structures but these nonleading
terms can presumably be approximated as a continuum
starting from some threshold (sq, sp), making use of the
quark level calculation. Note that the contributions from
low-lying axial-vector mesons do not pose specific threat
since their masses are in general fairly large and lic some-
where (deep) in the continuum. We have also investigated
the additional Lorentz structures to abtain the QCD sum



rules relevant for the determination of the transition of the
heavy meson into the low-lying axial vector meson and
such results, being peripheral to our present purpose, are
to be reported elsewhere.

Note that the Green's function, in (1), contains 14
different tensor structures:

I = ¥ (04 pilp + phebs + T_pLip — phape + ... ),
(8

but, for the purpose of determining the form factors
Fy and F_, we need only ‘the two amplitudes IT,, IT_;
and, in fact, no other Lorentz structures can arise if only
the form factors F4 (g%) areincluded, i.e., if only the M — L.
transition (7) is included. To obtain the relevant QCD sum
rules, we try to equate the coefficients, obtained at the
quark level (on the lhs) and parametrized at the hadron
level (rhs), of the same Lorentz structure — pl(p + p),p.
and pitp — p),p, for the determination of the form factors
F. and F_.

Equation (6) gives us the expression on the rhs (the
result at the hadron level). By performing the double Borel
transform [9, 247,

BLA. p*)l = lim

L B e 2 H—* o0
—p2ow —pla

]11’1'[ rl I{*sz)m*—l
i H

At . —F
o Tined =5 Fixed

d d
X[F]"{—pz}"” [dpz] ik p? 9

we then obtain the r.hs of the QCD sum rules:
For Foig®)  — fufuF.(g?)e™ muMDo—imiiM)
For F_{g®) — fu fuF (g7)e™muMIemmiid™ (10

As indicated earlier, the contributions of higher excited
states may be transferred to the lefi-hand side of the sum
rules and, to a sufficient approximation, they may be
represented by the perturbative continvum (evaluated at
the quark level), which begins at certain thresholds, s, and
SO .

At the quark level, on the other hand, the Green’s
function in the deep Euclidean region [p?, p2, g* < 0] can
be evaluated as a sum of the perturbative and non-pertur-
bative contributions (including nonperturbative contribu-
tions from induced condensates) by means of the (short-
distance) operator product expansion (OPE). For the per-
turbative part, we write down the Feynman intepral of the
bare loop:

A% Tr[(F + B)ndp + K)yoky,]
Q2m)* K2k + YLk + p¥ —ml]
(11)

I(p, P g% = 397§

The relevant diagram is shown in Fig. 1a [the very first
diagram in Figs. 1], in which the heavy quark propagator
is represented by the heavy line. According to Cutkosky's
rule [25], the integral can be solved easily by taking
the imaginary part of the quark propagators:
1j(p* — mg + ig) = —2mid(p*> — m}). In this case we have
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ignored subtraction terms, {5). Thus this integral may be
rewritten as a double dispersion relation
,g;-":t p! (S S-‘. ql}

d d ' My £l H .
et R R

I,,(p, p g% =— (12)

where
e =3I jﬂ(—2ni]35(k3}5[{k + ‘)2]5[(k + }2
p,um (27{)4 Iy p
—m31 Tr[p + Kyl + fyp dev, 1. (13)

Making use of the integration formulas listed in Appendix
A, we obtain

pls, 5 g%
(s — po)is' — p'%’
for the coefficient of the structure ¥"*p(p + p'),p,, and

1
N%%p, p' ¢°) = — — [ | dsds’ t4)
a5

o 1 . P55 q%
F'_el'l * ’; z = - d d _—
.73 4) =~ g2 f;j} - =D

for the coeflicient of the structure ¥ *pulp — P).p., where

. (15)

p+is, 55 %)

s 2y 2 2 ;o2
=-3 —W[(S—mg}(mg—q}—smg:l

LA
(o)

+ 1%[3 (s — mghmg — g% — smylimy — 2%
+ s —mg)* —ssUs — 5" — md)]

1
+ =7 [maimg — q* + 35 — 5)

— (255" — sq* — S"qz}]}, (16)
and
p-(55; q%)

4052
=3 { i [(s — mgmd — ¢*) — smgl

L
X [mé 3’S+—Szi + 5(s" — s)]

+ %[3[(3 —maimg — ¢°) — smg]
x(25 =25 —mg) — [s—mpP —ss)s + 5 —md)]

43 [ = 9 — mbmy — ¢ + 35 — s)]},
(17)

with 4 = (s + ¥ — ¢°)* — 4ss". Note that in this approach
the integration region £2 is obtained via the Landau equa-
tion [26]. Namely, the corresponding integration region
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& @ P
>y oy

-3
(a)

@ - @
R
&> - @
@ -

{e)

2, which may be depicted as the shaded region in Fig. 2, is
specified by the mequalities
ml
O so>5>0, so>s>mh+ —72 5, (18)
Mo —d

where s, and s; are the thresholds of higher excited states,
which can be decided by means of the relevant two-point
sum rules [9,27]. In Fig. 2, the region I corresponds to
diagonal higher excited state transitions, while the region
Il corresponds to nondiagonal transitions.

MNext, we consider the contributions involving the
quark and quark-gluon condensates which are represent-
ed pictoriallv by Fig. 1{b}-1{e), which can be evaluated

1.3 =4
g-1 g-2

f

{b}

Fig. 1a—¢. Diagrams for the two-point Green's function of (1) [or
(33)] in the external vector field {or axial-vector field). The heavy
quark propagator 18 represented by the heavy line. In this approach
the right hand side of the heavy left-arrow, which corresponds to the
three-point Green's function approach, is replaced by the left hand
side of the heavy left-arrow, which corresponds to the two-point
Green’s function in the external field, respectively

Mg So

Fig. 2. Integration region in(18). The shaded region is denoted by 2.
The region I corresponds to diagonal higher excited state
transitions, while the region 1I corresponds to nondiagenal
transitions



in the standard manner. We only list the final results
explicitly immediately below:

1% p, p'; g%)

_ Mg + M
= mé(‘h‘i’l)@m(iz—_;éi
_9 93(@14’1)2 [ 1 4 4
81 pept —my)  p(p? —m)’

N 1 g4t

Pt —mol  p - m3)P

Img  mp—q :I

PR —mEt p(p — maf

_ ngf(c?qu}(QQ)[ 1

Img PP (p* —mp)
1 mé :'
pw2p2 pf2p4
_ 292{d1q10{d242) 1 (19)
9 PPt —my)

and
=" p, p' ¢%)
Mg — m,
=— mé(?ﬂl) m
5 gf(ﬁﬁc}l)z[ 1 + 6
81 PP —my)  ptpt —my)
1 g%
S - my)® T PP —myy
3mp mg—q° }
PP —mpP ot — m)
B 2g3<qlql><Q‘Q>[ 11 m J
Img PPt —mg) ppt Pt
+ 292§ >{d242) - 21 . (20)
9 pop" —mp)
where we have adopted the definition {g.GeGqd> =

— ma{gq>. Note that Figs. 1{c} have been evaluated with
the aid of the heavy-quark propagator in an external field:

Y S I
ipixa—xy) | 25 Gav
2y ¢ 3 7 9Ol
" (f + mg) + (F + mp)a™*
= 3 7
(p" —my)
G, (xg)A°
4

TR

Here we have used the fixed-point gauge, (x — xo)*45 = 0,
[9,24] for the gluon field, and adopted p = y,p*. Note

+

is4x; — x,) =§

ge(%1 — xg)"
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also that because both the contributions of the gluon
condensate and the heavy quark condensates [9, 28] are in
fact rather small in the sum rules, we may negiect them
here.

Finally, we need to consider the contributions arising
from the induced condensates. To this end, we first cau-
tion that the short distance expansion (i.e., the usual OPE
approach)is in fact not applicable in the evaluation of the
contributions for the diagrams illustrated by
Figs. 1{/"}—(%’} (albeit as done in the three-point Green's
function approach), since the space-time point with
g* entering is in general far from the other two points
when ¢*>=0. To circumvent the problem, we choose to
treat these diagrams by means of considering induced
condensates in the presence of a suitable external field (as
depicted in Figs. 1(f}-(k)). Such replacements are in-
dicated by arrows in the figure.

To obtain the contributions corresponding to
Figs. 1{f}-(k), we first write down the identity:

40,925 = (1(Qq,} + 75(Frsq2) + ¥(Fy,42)
— 9775(0Q7,75q2) + %Uﬂt(gﬂpr%)}an
=(1{0q2) + vs(Qvsq2) + ¥°((07,42)

— 7 y5(0y,y582) + 16715(06,.7502))0p.  (22)

Thus we may expand the gquark condensate
(qg,-(x}Q?( ¥1>4 1n the approximation linear in ¥ * (i.e. the
weak-field approximation) :

1

(g5 300, ~ — I (@R () (1),

-
-5 QO a2 (¥) 0y 8™ iyM)

1 .
- ﬂ <Q(y)auﬂq2[}"})T'dab(ﬂ'a'ﬁ)u + ...,

(23)

where a and b are color indices while  and j the Dirac
indices. The induced condensates may be written as

(G (¥ a2

= — 17" [ d*xe'™ 0 T{Q(3)q2(¥), 2 (x),.2()} 0D,
{244a)

QU2 (¥
= — i7" [d¥%e (O T { Q1) 7,923, G2 ()7, 0(x)} |02,
(24b)
(Q(P)%ﬁ%(l’))w
= — 17 [ d*xe'™: (0| T {Q(1)0upqa (), 32 (xF7, Q(x)}HO):.
(24c)

Here the notation “: :” has been used to denote subtrac-
tion of the perturbative contributions:

:wlgty:=mig?) — 27" (g%
1% ds

-2

T {Imw(s) — Im =n®"'(s)). (25)
o
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Mote that the calculation of perturbative parts in (1) with
the aid of (23) and (24) will lead to (11}, the bare loop of the
three-point Green’s function. This has led to the subtrac-
tions in (24a)—(2dc). Note also that one can perform the
expansion of (23), being a Taylor-series or short-distance
expansion, only when the variable g° is in the deep Euclid-
ean region.

To evaluate (25) {i.e., (24)), we may adopt the simple
model

Imx(s) = f8(s — m7) + Ima"*(s)8(s — s,). {26)

The various values of f could be determined by means of
relevant 2-point Green'’s functions via the method of QCD
sum rules. This is described briefly in Appendix B. (See
[29, 30] for similar discussions.) Note that the contribu-
tion of <Q{¥)g:(1)> to the relevant sum rules (F, and
F_) vanishes identically while the total contribution of
{Q{(¥)7,92(¥)>+ is proportional to my, {g.q2, or to the
small light quark mass. Therefore it is sufficient to con-
sider only the induced condensate {Q(yo,q.(y)>,,
which may be characterized by

<Q{.‘?)O-aﬁq2()!}>1" =—- idﬁ/‘veiq}'xé;z(qz)(ganﬁ - gﬂvqa}- (2?}

The calculation described in Appendix B yields

»
—_—— 5
Yo, szﬁ_qz 8 I

fotE] e

In particular, we have calculated the induced condensates,
%’ . in the limit of the SU{3) symmetry, ie., m,, #;, and
m, — 0. The results of {7 are listed in Table 1. It is of
interest to note that, in the heavy quark limit, the follow-
ing approximation appears to hold reasonably well:

f, 330d Mg

S {42427
X0w F—md

Noting that the contribution of the induced condensate
shown in Fig. 1(g} is proportional to the heavy quark
condensate (so that we may neglect it here), the contribu-
tions of induced condensates are given by

292 {q1q1)
- =g Xenld)

Hinduced X .'; FAN
e a) 7 —mip

20X {q1q91) 4
=f91#xaqz(qzj z

l—[ifduced(p’ pa; q2}
' {p

— mg)p™®’
(29)

Note that the results shown in Tables 1 and 2, together
with some discussion in Appendix B, suggest that it is
consistent to adopt, (1), axial-vector currents, instead of
pseudoscalar currents, in the method with the two-point
Green'’s function in the external field. The approach ap-
pears to yield, in the deep Euclidean region, the same
results as in the three-point Green’s function approach.

&1%1 + denoling the hehcity state of the spin-1 particle

Table 1. Results of f* and s obtained from relevant sum rules,
{B.4), in Appendix B. The lowest-lving meson mass is used as an
input parameter in the sum rule

Oq, J b 1GeV?) mfng{GeV} 5q (GeV?
od 0.22 2.01 6.0
bu 0.28 5.33 33

Tahle 2. Results of f and s obtained from relevant sum rules,
(B.4), in Appendix B. The lowest-lying meson mass is used as an
input parameter in the sum rule

Q4 S 3u(GeV?) Mg, (GEV) 5o (GeV?)
cd 0.43 242 9.3
bu 0.67 N | g2

Carrying out the integrations in (16)—(17) and combin-
ing the results with (19), {20) and (29}, we finally obtain

n"™(p, p’; 4°)
= 1% (p. §'; ¢°) + T2 p, p'; ¢%)

Hlg + m,,

2 -
+m ) v m— T
8 4d141 6p (p° — maf

_293<‘§1‘i‘1>2 I: 1 T 4
81 po(pt —mg)  pHpt —my)
. 1 2mé —q°
PPt —miP  pHpt —md)?

3 3mg 3 my —q° ]
ppr —mylt  poip? —mp)*
_zgf<qlq1><QQ>[ N mé]
9mg ppt—mg ppt ppt
2 — —
_29c <qig1 (G292 - 11 - (30)
9 Folp —mg}
and
I™(p, p’; g%

— l-[p_crt(p, P" q;‘.) + Hiﬂdu“d(p, pr; qZ}

Mg — My,

6p™(p* — mg)*
297 {g1q1)° |: 1
&1 p(p* —my)
pp* —mgP  pHpt —my)

*m%<Q1Q1>

6
+—
FHpT — m)P

+

3



N Img . mg—4q :l
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2924814100 [ 1 1 mo }
“(p ) P

2 2 31 &

Omg I
293(@1@1)05242} 1
+ . . kY|
9 p'o(p* — mg) 1)

After performing the Borel transform and comparing the
r.h.s of QCD sum rules {10), we obtain the QCD sum rules
for the determination of the form factors F. (g*):

Fo(qP) = —fL S gttt M BT
and

F_(g%)=— fr ' [ e™Mem MBI, (32)

B. Form factors for the decay of the D or B meson into
a light vector meson and leptons

To treat the form factors for semileptonic decays of D and
B mesons into a light vector meson and leptons such as
B o ptev,, we foliow a similar line and consider the
following Green’s function in external vector (¥7) and
external axial-vector () fields:

i2rytétp —p — @ 5 Np P g™
=i L[ d¥xd*y e TEOIT { (%), FROR 0% s
{33)

with j, = §17,4; and jJ = @,7sq,. Here the definitions of
the notations are the same as before.

The interaction with the external field is described by
the additional term in the Lagrangian:

AFAx) = — " T2{(x), (34)
for the axial-vector field or
AZL7 (x) = — ¥ %" (x), {33)

for the vector field, where
Jf = 27750,
Fi = d27.0. (36)
Here «#(¥") and ¢” are the amplitude and momentum of
the external axial-vector (or vector) field, respectively.
Note that in the following calculation we consider only
the amplitude of F1 ? linear in the external field =7 (¥").
_ At the hadron lew:l (r.hs), the imaginary parts of
M) are
poippia’)
= — 70| j (O L*(p', 2> {L*(p. NI (0| M{p)>
x (M (p)|j3{0)08(s" — miNdis —mig) + ... (37)
and
ok P P 4°)
= — ¥ {0 (0 L*(p', &)y {L*(p, 2} S,
x {M(p)| 30N 0D 8(s" — mi)8(s — mi) +

(O} M (p)y
- (38)
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raspectively. In the calculation we adopt the definitions
and Wirbel-Stech-Bauer (WSB) parametrization [1]:

OO EXP. 2> =

!——E
H, A
Gre

CLX(p', ZNIZO) M{p))

(p+p
= {mg- + mud A (g%)ed ; — uli{ﬁf

oV A 2
Mge + Py p)A:(g%)

+ (3 p)2mps AlG7) 4,

3 )b
* PPy

Z Eabpa=—{Gw—"372 |
i=1 Mipe

CLXP, ANTAQ) M (p)y =

1 *
!Eauwﬁp P Moy + 1 1
M L®

y 2
Al = ola )qua(q J

My + ng Miyg — Figa
sz_
with A denoting the helicity state of the spin-1 particle

(L7).
The Lorentz structures of [T%* ", in (33), may be writ-
ten as follows,

ﬁ;i = -—C’f‘z{ﬁA,Qusz + ﬁAgpu(p + P'}an
+ apuip = Phpo + ),

Aslg®) = Ag™y — Az (g%, (3%

1), = ¥ *(fy g pop®p® + -} {40)
where we obtain, at the hadronic level (rhs),
— _f:u mis 1
fi, = - (mag + mp) A, (g%,
4= kP Tt Al
. = fumis 1 Az(qz)
4 T I TN SR 1
gre {miy — pimi. — p'°) gy + mpa)
f1, — i : 2y A(g?)
gre (my — pY)mis —p'%) ’
_ fumb 1 2V (g?) _
Il = - . (41
Y b= —p D e gy D

Note that, as mentioned before, the contributions of high-
er excited states are transferred to the left hand side of the
sum rules (via the continuum approximation). Note also
that the amplitude I1}, can in general be represented as

[, = (10 Tae + f20u e + F3PeTuu + faSu

+ F1p T + 2P Toa + fapa T + 3850 (42)
where Ty = agp 0% Sepe = EapeaD®, and Sy = Eaunpp™.
Among these tensors, there exist two relations 31, 32]
PvTan + PuToa + PTus = (9 P)Su0 — P S i,
(708 0a + P Speas {43)

thereby reducing to only six linearly independent Lorentz
structures. (For a proof of (43), consult Appendix C.)
In this work, we choose S,... Seues PuTwa — PuTuv.

P;Tz,u + PLTva + p;Tuv =
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PuTe — PeTons P Ty, and p‘ as independent struc-
tures. We emphasize that the i 1ssue concerning linear inde-
pendence does affect, to a minor extent, the final QCD
sum rules and should be treated with care.

At the quark level (Ihs), the derivation of the relevant
QCD sum rules is carried out along the same line as
before and it is sufficient to simply record the results. For
the perturbative part, we obtain

pal(se 147

ﬁpm(Pu B q 4 -3 jj s’ pz}(s, _p 2} (44)
4,5, 5 ¢°)
X —z,—,s 45
2

A%, r; ") = f f dsds'; pA(zS:;(j R
I pert o 2 ___L ¥ PV(S’S):q}
HF’ (P:PHE’ ) - 4H2I£d5’d§' (S _pz)(s, *sz:]* {47}
where
a5, 85 4%

3 ‘P 1
=13 {45 (s —my— i{l—q) [(s —m3)m5 — q7)

. 5 .
—smy] — FEE [mg — ¢°) —s'4°]
,13‘2 (s—5+q° — Zmé}mgqu}, (48)
£, 55 q°)
405"
=3 {8 s - mng - 4 - sy

f ol -
% |:(§+_52_q) (545 —mp)—s'(2s — mé)]

+ —qﬁ [3(s — 75 — g*)[(s — m2)(m3 — 4*)
- smg] = 26[(s — 5" = m§)’ = 54’1
e mé}}’ (49)
Pals, 5 %)
=-13 {40722 [(s — m3)(m3 — ¢*) — sm3]

. a2
[ o)

;

A : +
+asm (=305 + 5 — @)is — mg)m — %) — smy]

+ 25'[fs — mg)* — §'(s" + 2mg — g*)]]

g + mé}}, {30)

4

¥ ‘
+ j—3§(2.5‘ -

and
pris, 5597
=h3i—§ﬁ[z(3mg~zq2 S 4305 —s+ g9

x[(s — mgHmg — g*) — sm31]. (51

For the induced condensates, with the aid of (22), we could
easily expand the quark condensate (g ‘;’.,,-(x}Qf- (V). in the
approximation linear in o*;

() (Waw — 5 <Q(yh'sc1'z (P12 o 8%y sh;
1 .
+ ﬁ <Q(y]'}‘“}'sq:4 (_V}:),qfaab{'}’u}'s}ij

1 _ .
T <Q(}’)Uzﬂ}"5qz()"D.déab(ﬂ'aﬂ?s,}U

+ ... (52)

By the same token [as for (23)-(28)], we need to consider
only the induced condensate {Q(y)Gs7s42(})) .

(G ysqly)y = — idl '€ 15, (N 9295 — G5 82)(53)
The result is
'y S0 2
N A A A I 1-2{Me
40a: Mye—q° 81 g Ss—qz[ 2(3)

)
s

and the numerical values of /% are listed in Table 2, in
which the lowest-lying meson mass is used as the input
parameter in the relevant sum rule. The detailed calcu-
lations of f* are contained in Appendix B.

The contributions of induced condensates are then
given by

2

293(@1‘11) &t ( 2) _pfz_q

2

ﬁinduced ) ,; 2y — ,
A e p ) 9 Xeald") oz i
- 292{G191> 1
[edip, ps %) = ==L 1 u (a8 —5——1—a»
g (4153 (Pz _ mé}p 4
= —2924§.q1) 1
Hmduced . f; 2y c 1 oy 2 i ,
A (7 P’ g7 9 ,{qu(q )(pz — mé)PM

49:<d\q1) . 1
ﬁT,“l_l’quz(qz}(?H__zTﬁ-

ﬁmduced ) }
(e, 75 q —p

(35)

Combining (44}—(51) and {55) and considering non-per-
turbative contributions from gquark condensates and
quark-gluon condensates, we may record the results at the
quark level:

e 5 a%
- L My, {1417
— Hperl{p, f; qu + Hmduced[’ , -’; 2y ‘ 42 _
A, r A4, rps gt pz(pz—méj
+ mé<q_1q1>l: mq’z - EmQ m‘lz
3 pa2tp2 _ H‘Ié}z p-’4(p2 . mé}
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+
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N5 (p. v 4°)
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My <{q1q:7 (7 —my
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L 954G’ 4 B 4
81 [ p(p* —mdP  p*p? —mp
__tmp  2Amp—qd) ] g2 {arq><00>
P - [T o
i 1 m
x [Paz(pz _ mé) - pfzpz - P'2P4] (59)

Equating the cocfficients of the identical Lorentz structure
obtained both at the hadron level [rhs; (41)] and at the
quark level [lhs; (56)-(59)], we obtain the QCD sum rufes,
after performing the Bore] transform,

gL‘ 1 g2 ENI PO = I
Alfqzj = 5 e M) pmiu ?B[HAs )
meL' Rl + Miys 1
i - 2 M
A =~ T2, My 4 et M g mBi M) B M),
MM~
Alg*) = ,ﬁ%m-_ Z_r}zz_ e(mf,;M=}e[mf.;M'2}B[ﬁ the
Friu T *
Vigh) = 22, T I i) i B (60)

mef* 2

As a parenthetical remark, we wish to point out that our
simultaneous adoption of (1) and {33). as based on the
axial vector and polar vector currents, would in general
yield results naturally in line with chiral algebra, namely,
current algebra, CVC, and PCAC, as these currents (with
pseudoscalar currents as derived concept} enter as the
cornerstone of chiral algebra. Accordingly, the predictions
based upon the resultant QCD sum ruies, {(32) and (60),
would be much in line with chiral symmetry, although
such feature is by no means apparent.

IIl Numerical results and discussion

In the numerical analysis, we take the observed masses of
mesons as from the Particle Data Group (PDG) [[3 3], and
use the following parameters [9, 24, 27, 34, 357

56 =12GeV? s2=6GeV? 5P =33GeV?
sp=08GeV? sf =15GeV? & =17GeV?,

fx =160 MeV, f, =160 MeV, f, = 160 MeV,
fi=130MeV, ge =425, g, =384,

m, = 1.30GeV, m, =47 GeV,

m,=my; =10, m, =175 MeV,

(auy = {ddy = — (240 MeV), (§5) = Jitu» x 0.8,

my = 0.8 GeV?, {61)

where m, and m, are physical pole masses: the normaliz-
ation point of m,, m¢, and ¢gq) refers to a lower normaliz-
ation point u~ 500 MeV and A = 100 MeV. To improve
further the validity of the derived QCD sum rufes, we
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adjust the condensates to be evaluated at the scale of
(M'2M )12 ie., perform the lollowing replacements [24]:

m, — msL'»'m,
<§q>m% -+ <qq>mgL'f(y@an>:
{qq> — {gq> L**,

with the anomalous dimenstons glven by ym, = —4/b,
Yeggoegy = — 2/3b, and y.., = 4/b. L is given by

_ IniM2M2)AY
T (uAY

where A = 100 MeV, u = 500 MeV, and b = 11 — 2n/3
and n; is the number of unfrozen quark flavors. To study
the stability of our sum rules, we choose possible masses
existing in the literature [36,27] and let pole masses vary
in the relevant range, m.: 1.3-1.35 GeV, my: 4.7-4.8 GeV.
In the case of m,, when m, = 1.3 GeV the sum rules are
more stable than other choices. In the case of m,, if we
choose a larger value of m;, we obtain a lower value of fi;
these two effects are compensated by each other in the
analyses of form factors.

Note that in [27] the sum rule for fp was to be evalu-
ated at the scale of m,, and yielded a lower value
fux 130 MeV. However it has been pointed out by
Neubert [34] that the large logarithms (a;lnn)” to all
orders in perturbation theory should be evaluated in the
sum rule. Therefore according to the existing literature
[34,35] we use fy=fp. Note also that in the region
R™* < Q* e mj, with R the confincment radius there
exists an anomalous dimension 2/F for both the corrent
operators Oy,vsg and @y.q [37-39]. In our numerical
analysis of B-meson decay form factors, the sum rules are
studied at the low scale of Q* = /M *M?~27GeV?
[See below, (63)]. Therefore, to obtam physical form fac-
tors, which are independent of the subtraction scale, we
incorporate the factor,

In (m;’,AZ} 12/25
In {(M;z‘Mz)l,‘z:,-Az_} *

into the relevant QCD sum rules.

The range of the Borel mass may be fixed by assuming
that both the continuum and higher dimension correc-
tions are well controlled. Combining the analysis of rel-
evant mass sum rules [9,27, 347, we therefore extract the
suitable Borel mass ranges for the numerical analyses and
list them below:

Forr 08GeV? <
For K 08GeV? <
Forp 09GeV? <

(624)

(62b)

(62¢)

M2 < 1.0GeV?,
M? < 10GeV?,
M? < 1.3GeV?,

For K* 09 GeV? < M? < 1.3 GeV?,
For D 1.6GeV? < M? < 2.4 GeV?,
For B 70GeV? < M? < 8.0 GeV~, (63)

In these Borel ranges, the form factors are dominated by
the perturbative bare loop, Fig 1{a), while the contribu-
tion of the highest dimension proportional to {gg>* is less

than 15%; for the A, form factor the contribution of the
<g.GoGqy is less than 50% of the bare loop. Such criteria
for analyzing our sum rules are in fact different from those
obtained by Ball et al. [18]. In the sum rules obtained by
[18] the contribution from the quark condensate {gq>
may even be larger than that from the bare perturbative
leop, while in our sum rules the contributions from quark
condensate are numerically under better control. This
aspect in fact explains why our form factors seem better
behaved. It is similar to the situation when we determine
the g*-dependence of the pseudoscalar form factor gp in
weak interactions — the known axial form factor toge-
ther with PCAC implies a simple pole behavior but some
direct calculation, being spoiled mostly by higher order
terms, without proper cancellation may lead to predic-
tions at variance with PCAC.

As examples, in Fig. 3a and 3b, we plot the 4, and
A; form factors of D — K* ey, respectively, as a func-
tion of M'? and M 2. All results on the various form factors
at ¢* = 0 are collected in Tables 3—4. Note that the values
of F_ and A, which are also calculated here and are
needed when the lepton mass becomes of importance for
the decay processes [such as when there is a 7 lepton in the
final state; consult (D.1) and (13.2] in Appendix D], have
not been calculated by means of QCD sum rules in the
existing literature.

In Tables 5 and 6 we show various model predictions
(including our results), together with the experimental

(a)

A0 for D° = K +e +v

Fig. 3. The 4, and 4, form factors of D” — K* e* v are plotted as
a function of the square of the Borel masses, M and M™



Table 3. Estimates of various weak semileptonic form factors for
D —x, K and for B — n in this work

Fo () F_{0)
DY meTy (65 + (.10 —0.59 4+ 0.08
DY K v 0.75+0.12 —0.5% + 0.06
Bl —ate v 0.29 + 004 —0.28 + 0.04

Table 4. Estimates of various weak semileptonic form factors for
D —p, K* and for B — p in this work

A0 Az(0) A0 VD)
P®—pTety 034+008 0571008 0304007 098 +0.11
D° s K*"e"v 0.54 £ 0.04 0674008 .22+003 1101010

B®—p e v 0071001 CGis+000 0018 + 0002 019 +0.01

Table 5. Various semileptonic form factors for £ — x, K and for
B — n from theoretical calculations and experiments

F_(0) F_(0) Reference
DY—=x" (65 010 —0.52 =008 This work

0.7 +02 AOS 217

035 +02 B [197)*

0.69 WSB [1]°

0.51 ISGW [3]*

0.84 +0.12 + 0.35 BES [61°

(.58 + 0.09 LMMS [8]°

0.79 CDBGFN [5]¢

0.8029:2% PDG [33]
DY~ K- 075+012 0.59 + .06 This work

0.6 +0.] AEK [14]*

0.8 02 AOS [21]

067013 BBD [&F

0.76 WSB [1]

0.78 51 [4]

0.90 + 0.08 + 0.12 BES [6]

0.63 = 0.08 LMMS [3]

0.67 CDBGFEN [5]

0.71 + ¢.06 E691 [45])¢
8% sxt 029 +004 —0.28 +0.04 This work

0.26 + 0.02 B [19]

129 BEKR [46]°

0.33 WSB 1]

0.09 ISGW [3]

0.89 CDBGFN [5]

*QCD sum rules

bQuark model

¢Lattice calculation

YHQET in combining with the chiral perturbation theory
‘cxperiment

results. For the form factor F., our results in Table 5
agree with various model calculations as well as experi-
mental results except for the HQET calculation on
F2~% where the value of FB'™ obtained in [5] is almost
three times as large as ours. An interesting quantity re-
lated to the SUJ(3} symmetry breaking effect is the ratio
F2-m/F2~X Using the values listed in Table 3, we obtain
F277/F2~% 2 (.87, which is somewhat smaller than, but is
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consistent with, the recent CLEQ experimental [407] result
FR =F2~K =129 +021 + Q.11

Let us next turn our attention to Table 6 for the
semileptonic decays into vector mesons, For the decay
D" 5 K* ey, our value A,(0)/4,(0) = 1.24733% is dif-
ferent from the earlier E&91 [41] experiment
A, (0)/A4(0) = 0.0 + 0.5 + 02, but is quite close to the
recent measurement both from the group of E653 [42]
{42(00/A,(0) = 0.82 533 and E687 (43]
(4,(0/4;(0) =078 + 018 £ 0.10), For the decay
D® = p~etv, our value A,(0)A;(0) = 1.68 75:52 is quite
different from the other theory calculations. For the decay
B® = p*e”v, we oblain very small form [actor values:
A =007 4+001, 4; =0164+001, 4=0018 + 0.002,
F =019 £+ 0.01, Once again, the value of A4,(0)/4,{0) is
approximately 2. Recently, Blasi et al. [44] have used the
same approach as in [18,19] to evaluate the form factors
for BY = K*"e 7, and have obtained small values
A, =03401, A;=0,and V = 0.12 + 0.02. It would be
difficult to understand the unusually large SU{3) sym-
metry breaking if the results reported in [18] and [44]
would be correct. Measurements on this ratio in future
experiments would be most welcome.

Next we consider the g* dependence of the various
form factors. As the discussion of the property of discon-
tinuity in [18], the method of QCD sum rules works well
in the region (mg — ¢*)*/q® > so. Therefore, we could
obtain the 4% dependence of form factors in a quite large
range of g7 and then exirapolate to all possible ranges of
q*. In Figs. 4-9, we plot various form factors as a function
of gz. Note that the g° range chosen for these plots satisfies
im§ — g%)%q* > s, with mgy the heavy quark mass and
54 characterized by (18) and (61). This is the range which
we make predictions based on QCD sum rules and which
differs shghtly from the physical range in which the pro-
cesses take place.

All of the form factors are determined at the central
values of Borel masses in (63). It turns out that the results
are very insensitive to what Borel masses are chosen in the
ranges listed in (63). Moreover, our results seem to indi-
cate simple pole behaviors:

F. (0}

Filg®) = 1 —gFimi

F_(gh)y= 1—_%

Alg®y = Tfjtz{,——%’

A2(g%) = %,

Alg’) = u___lg"—;i?’

Vigh = — ) "

(1 — g*/mg)*’

where mg,, mp, My, My, My, and my are fitted pole
masses (parameters). In Table 7 we list the pole masses
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Table 6. Various semileptonic form factors for ¥ — p, K* and for B — p from theoretical calculations and experiments

A AR () A ¥ Reference
D®—p” 0.34 + 0.08 0.57 + 0.0 0.30 + 0.07 098 +0.11 This work
05402 04 +0.1 10+02 B [19]*
0.78 092 1.23 WSB[1]*
0.65 + 0.15%5:3% 0.59 + 0.312932 1.07 £ 049 + 035 BES [T}
¢.45 = 0.04 002 +026 0.78 £ 0.12 LMMS [8]°
(.55 028 1.01 CDBGFN [5]¢
D° L K* - (.54 + 0.04 067 + 0.08 0.22 +003 1.1 £0.1 This work
098+02 08 +03 1.7 £06 AOS [217°
0.50 £ 0.15 060+ 015 1.1 .25 BBD [8]°
(.88 1.15 1.27 WSB [{]*
0.8 08 11 SI [4]
0.83 + 042 059+ 0.38 143 +094 BES [T]°
0.53 +0.03 0.19 +0.21 0.86 + 0.10 LMMS [#]
046 + 0.05 £+ 0.05 00402401 09403401 E691 [41]°
B® —p* 007 +0.01 0.16 +0.01 0.018 + 0.002 0.19 + 0.01 This work
05+01 04 +02 06 0.2 B [19]*
0.28 028 033 WSB [17°
0.21 0.20 1.04 CDBGFN [5]
"QCD sum rules
®Quark model
“Lattice calculation
YHQET in combining with the chiral perturbation theory
*experiment
9.0 1 9.0 49 - 4.0
p°—> @~ ] D°-> K~
— 7O0LF f.l; 7.0 — I 1
o E S, sef {30
+ ! H [ ]
L L
™~ ~
& &
o o
L S
+| +l
(" L

‘.0 0.5 1.0 1.5 20 25

q°  (Gev?)

Fig. 4. The ratios F. (g2)/F+{0) and F_(g*)/F_{0) for D* - =~ as
a function of g The solid curve is the ratio F, {g*)/F_(0), while
dashed curve for F_ig?)/F_{D)

fitted from our numerical analyses. Our results are consis-
tent with the existing experimental results [47,48] For
instance, our fitted pole mass for F£7% is 2,10 GeV, to be
compared to the experimental results: 2.1 83 GeV (E691
[47]), 1.8 39:320:3 (Mark 111 [48]).

Recently Grinstein and Mende [49] demonstrated
that the form factors F; and F_- have the monopole
behaviors in the triple limit of large N, heavy quarks, and
chiral symmetry. To compare the difference between our
result and that shown by Grinstein and Mende, in Fig. 6,
we plot our results of F, and F_ represented bgf the solid
and dashed curve, respectively, for the process B” » n¥e™v
as well as the result [1, 49] from the monopole dominance
model represented by the dotted curve. In the dotted
curve, the pole mass is 5.32 GeV, which is the lowest-lying

Fig. 5. The ratios F,{g*)/F,(0) and F_{g*);/F_{0) for D° - K~ as
a function of g% The solid curve is the ratio F,(g%)/F. (0),while
dashed curve for F_i{g*)/F_{0)

meson mass with the quantum number JZ = 17 in the
t-channel. Therefore, from Fig. 6, corrections to the triple
limit {large N, heavy quarks, and chiral symmetry) appear
to be quite small and can be understood reasonably well,

On the other hand [ 18] obtained the monopole behav-
ior both for F, and V and, however, unusual behaviors for
the form factors, 4, and 4., and their results are sensitive
to what Borel range is chosen. We feel that the unusual
behavior may be caused by the fact that more higher order
terms must first be taken into account to improve the
stability and the well-behaved nature of the resultant sum
rules. As indicated earlier, our consistent adoption of the
axial vector and polar vector currents in (1) and (33} is
more in line with chiral symmetry and does give rise to
better behaved QCD sum rules,
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short-dashed curve is the ratio 4,(g?)/4,(0), the long-dashed curve
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Fig. 9. The ratios A;(g%);4:(0} and V{g?)/V (0} for B" »p* as
a function of g%. The solid curve is the ratio A,(g%)/4,(0), the
short-dashed curve is the ratio A,{g%)/ 4;(0), the long-dashed curve
is the ratio A{g%)/A(0), and the dotted curve is the ratio ¥ {g?)/¥(0)

Table 7. Pole masses fitted from numerical analysis. Units are Ge¥V

in’z M, Hip_ my, My, iy Hty

cd 195 1.8 245 245 210 205
s 2.1 1.8 26 1.55 22 213
b 5.45 5.4 54 59 375 5.65

Table 8. Partial decay rates for semileptonic D_ and B_ decays into
mor K

r{10's Y

F{p* = e v,)
F{p" =K e"v,)
T{B®+a*e™ )

(134038 | V2

D.86 7039 | V. |°
(0.54* 31| Vial? 10

In Table 8 we lst our results for the decay rates:
DPsg ey, D K ey, and B® —nte” 4, while in
Figs. 10-12 we plot relevant electron spectra as a function
of the electron energy (in the laboratory frame, ie. in the
frame in which the initial heavy meson is at rest). Note
that the formulas listed in Appendix D are used for the
calculations, Our result for the decay rate I'(D* — K "™ v)
= (0.86 103N |V x 10" s™! is consistent with the ex-
perimental data (0.77 + 0.13)x(0.975)* 10! 57! mea-
sured by the group of E691 [45], who have taken
a weighted average for I'(D — Kev). Our result for the
decay rate T(D® — = e v) = (1.34 2040 Val x 101 17!
is a little lower than, but still consistent with, the experi-
mental value (19742 %(0.22)? 10'' 5! (PDG [33]). So
far there is no reliable experimental measurement on
[(B° —n*e™¥), and our result is consistent with those
reported in the other calculations except for that in Ref.
[5].
In Table9 we list our results for the decay rates:
D= pety, D° > K* ey, and B® - p ey, while in
Figs. 13—15 we plot relevant electron spectra as a function
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Fig. 11. The clectron spectra dI'/dE, is plotted as a function of the
electron energy E, for D" = K ~ety,
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Fig. 12. The electron spectra dI/dE, is plotted as a function of the
electron energy E, for B® = zte™ 7,

of the electron energy. Our results for the decay rate
(DY — K*Ye'y,) are consistent with the experimental
results obtained by the E691 [41] experiment, except the
value I;/Ty; our value is I/ T+ = 0.82 + 0.26, while the
result from the E691 experiment I /Ty = 1.8295 + 0.3.

However, our result is quite close to the recent measure-

Table 9. Partial decay rates for semileptonic - and B_ decays into
¢ or K* Iy, stands for the partion of the rate with a longitudinal
polarized meson L, Iy with a positive helicity mesen L. I'_ with
a negative helicity meson L. T =T_ +T_

T{10's7 Y o o o

r{DD—pK*_‘?*v‘,] {0.40 iO'DSJlelz 087 + 0.20
T(D"—p e™v,) (028° 54V, [P 035703
P8~ p*ev) (0317542 1, 17107 0482542

(.16 + 0.05

+0.043
e
0.049 2 523

)
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e

dl'/dEe (IVee’x10""'s™'E

0.0 0.1 Q.z 0.3 0.4 0.5 0.6 0.7 0.8
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Fig. 13. The electron spectra d1 /dE, is plotted as a function of the
electron energy E, for D% = p~e™y,
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Fig. 14. The electron spectra dT/dE, is plotted as a function of the
electron energy E, for D% —+ K* ety

ments both from the group of E653 [42] and E687 [43]:
I /Tr =118 £ 018 + 0.08, E653,
ILTr=120+013 +0.13, E687. (65)

The decay D — plv has recently been measured by the
E6353 experiment [50]. They find

LD —p®utvy

D SR 0.044 23035 + 0.014, (66)
while cur result is
T(D* —=p""v) Ve

= {0.35 + 0.10) x (67)

LD+ = K*e*y) Wel*



')
o
2

fo
0.30 / \
.20 l

p.10 |

dT/dEe (V)°x10"%s'E

0.00 frrerrm e T
0.0 a5 1.4 1.5 2.0 2.5 3.0

Ee (GeV)

Fig. 15. The clectron specira dT/dE, is plotted as a function of the
electron energy E, for BY — p~e ¢,

2 a0

1

-

]
T f

W .
o .00 -

(]

—

>
™ oD

0

=3

P

N

- 1.00

L

T {
~

—

T 0.00 AL i taaa s b

1.6 1.8 2.0 2.2 2.4 2.6 2.8 30

E, {(GeV)
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Il taking |V.ai*/|V.l]* =005, we obtain our value
[ipY —ple™ ), T(DT — K*%e*v)=0.018 £ 0.005, which
is somewhat lower than, but still consistent with, the
experimental value. [Note that in our analysis we have
used the isospin relations T[(D°-» K*~ e v} =
rip* - £*%*v)and F(D” —pe W =207 —~ et ]

For the decay B" — p* ™ v,, so far there is no reliable
experimental result, except the upper limit on the branch
ratio. For instance, CLEO [51] gave B(B —rp e v} <
(1.6 — 27)x 107 %, while our result, T{B® = pTe v} =
{031 7509 V5|2 101357 1, is smaller than all existing the-
oretical predictions.

In closing this section, we may mention briefly the
semileptonic B-meson decays including a nonzero 1 mass.
These processes have not been considered by means of
QCD sum rules so far, since the form factors F_ and
A should also be determined, The relevant formulas [52]
are contained in appendix D. In Figs. 16 and 17, we plot
the energy spectra dT"/dE, a function of the T energy E for
B~ a*17¢, and B° - p 1 v, respectively. The decay
rates are given by

T(B® >t %) = (0.27 £ 0.07) x| ¥, > x 1073571,
LB = p r v)= (015 £ 0.01) x|V, x 10**s™!,  (68)
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which are to be compared with data from future experi-
ments.

IV Summary

In this paper, we have used the method of QCID sum rules
to treat the semileptonic weak decay of the D or B meson
into a light meson and leptons. To obtain the transition
form factors, we have adopted suitable axial-vector cur-
rents, instead of pseudoscalar currents, in the description
of the D and B mesons and evaluated the twe-point
Green’s function in the presence of an external vector or
axial-vector field. We find that this method can be related
approximately to the traditional three-point Green's func-
tion in the heavy quark limit (mg —oc). [See Sect. I and
Appendix B.] Our results indicate that the form factors
have simple dipole or monopole behavior, which is com-
patible with the assertion of [49]. We have obtained
results on the various form factors for the semileptonic
decays of the D and B mesons into light mesons and
studied various decay processes such as B -+ n* ¢~ ¥, and
B? = p*¢ " ¥,. The method allows us to disentangle strong
interaction effects, thereby providing a better determina-
tion of the Cabibbo-Kobayashi-Maskawa matrix ele-
ments from the relevant experimental data.
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Appendix A: some useful integrals

In this appendix, we list some useful formulae related to
using Cutkosky’s rule [25] to treat the dispersive part of
the multi-loop integral (such as (11} in the text).

[ d*kdt)SLik + p Y1600k + p¥ — mg]

I

T

P (A1)



00

I, = [ d*ks(k*)S [k + pY18[(k + pF — mglk,
— 57mls 28 —wp, + @55’ — AwpLl, (A2)

I, = [ d*k6(MS [k + P10k + pY* — mg]k,k,

575 [Almg — ¢°) — smg1g,,

4,13'
52 70— 6(Amg — 47) — smEpup
¥ % [28% — 653/ (Alml — ¢°) — SmP]pLp,
2 e S [AA — 3u(A(m} — ¢°) — §mg)]

®(pupy + Puls) (A.3)
Loa = | d*k3(KHS[(k + p'YJ60k + p)* — mplk, kb,

SN (.
i’ (ﬁ’ 2)

x [A— 10{A(m§ — g*) —s'm

+—ss Au
21 2

% [AA? — 1055’ (A({m}

ol1pup.pa

— %) — sma)lpLpvpi
— o $ DA = ) + (A — °) = Smg)
x {34 — 10Au + 20s57)]

X (Pupeli + PubsPi + PuBoP)

Tl: - J r
-5 s [A(ss — A?) + (A(mg — g*) — sm})
x (3AA — 10uss’ + 20Ass’)]

X (PppPols + PubuPi + PuPoP2)

T, u \

S 2 (A — E){A(mé — g% — §'my)

X(g.uvpi + Fualv + gu.«'.p,u)

i Au )
— 5 4 (ss’ — E—) (A(mé

X (@ueB5 + Guilts + Gualuh (A.4)
s=p* A=s—-mp u=s5+5—gq°, and

— ¢} —smy)

where s = p*.
A =n® —dss’.

Appendix B

To determine the induced condensates y 5,2, we first need

to know both the values of 53, “" and f7 '’ Therefore we
consider the following two-point Green's functions:
Loy = [ d*xe™ 0| T{O(¥0apq2 (1) G2(x)7, @(x) }107
{B.1a)

T, = [ d*xe® (O T{Q (M 75 q2{3) T2 (x)7.3s QD00
(B.1b)
At the quark level (rhs), the results of (B.1) are
3 s Mo

n:1 = ¥ - vlia o d
v = (Gvallp qu}(gnjg S.S'qu

% 1_2("‘_;22 + m_éz 4 {42427
s 5 gt —mj

- —1 mi
+ <gchJGq.'Z> [3(q2 _ mé}Z + z(qz _Qmé)S])’

3 % m,
nfj}v = (gszIﬂ - gﬂv‘}a) (8_ j ds ¢ F

Tmz 54
(2427

[r-2() () ]2

2
g — Mg

_ —1 mé
— {gcd20Ga27 |:3{q2 —miy + 2 = mé}a:D-
{B.2b)
At the hadron level, we write the form as
Led}
n:ﬂlmd) = (Qu% gﬁvqa:] I 3 {B3}
Myoian — q

Note that the contributions of higher excited states are
transferred to the left hand side of the sum rules and
apprommated by the perturbative continuum, which be-
gin from a certain threshold, s§ “*’. After performing the
Borel transform, we obtain the QCD sum rules for f**"

fi‘l.u’l = {Si |:Jw2mg(e—{m5jhfz] . e*[sg;'M}']}
e

— {5/ M 2 —(m2 Mt
s|e sq/M ) 2 (mg /M%)
—myg —

2

2
*—E(iﬁ) ()]
b
a1
(7)) |
2 2

(B.4)

where E(x)= [Tt 'e ‘dt. In the numerical analysis, we
choose to use the standard parameter set (m, = 1.3 GeV and
my = 4.7 GeV), as shown in Sect. IIl, and also consider the
corrections from anomalous dimensions. (For example sec
62(a)—(ch} One should note that there is a constraint between
s and f:

: {qq
=1 zq>2!
q- —mp
when g° —— 0. In Figs. 18 and 19, we plot the resultant
f* and f¥, respectively, as a function of the Borel mass

(B.5)
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squared. To obtain reliable values of f*', we perform the
analyses in a suitable Borel mass ranges, in which both the
contributions from the continuum and the higher dimension
correction (at the quark level} are controllable. Numerically,
the final results are shown both in Table 1 and 2. As a matter
of fact, in the large mg limit, the contributions of the induced
condensates are of marginal importance, when we discuss
weak form factors (See the text in this paper). That is, it is
reasonable (o substitute (28) (or (54)) by (B.5), and the condi-
tion is then the same as that in the three-point approach.

Appendix C

In this appendix, we give a proof of (43) in the text. We begin
by considering the following calculation about the trace of
the y-matrix,

Trip BBy ¥ays) (C.1)
Or, we have
Tr( 'y, pvyars) = Hp i ™ (C2)
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On the other hand, the trace can be rewritten as
Tr(@yabivirarsy = — Tr(B Brabrivsvs) + 20, Tr{ P Brovivs)
= 4 Pytapui 0P’ + Patagunl P’

P Penaad”™ + Prtapip”p’). (C3)
Comparing (C.2) and (C.3), we obtain
2sTin+ PeTia + 3T = — (0 P)Spa + P*Sha {C4
Letting p < p’, we may also obtain
PV T+ PeTa + 03T = (0" P)Sis — P2 Sus (C.5)

Appendix D

The differential decay rates for M — L*']™ ¥, are given [52]
by

dr(M—)L{ 1"1) GF qu,uz
dEdf " & 51 Vonl® ——7—| (1 - cos? )45

M
P
+ pe (#,cos8 + 9{’,}2}

and

dT(M — L* [ 7)
dE, dg*

GF z q 2'
= Tog | Vea

+ (1 +cosB¥HL 4+ 2(1 —cos® MHE]

[(1 —cos0FPHY

ﬂ-{

2
+ % (sin?O(H% + H2) + 2Hicos* 0 + 2H}

+ 4H,-Hycos 8}], (D.1)

respectively, with the helicity amplitudes

1,“2
Hy = (g 2}1'2 F-[q )
= @ 2}1 = [mie — mAF. (g% + ¢ F-{g*]],
172
Hy = (my + mp) A ig") F Vig),
My My«
1
o= St [(mif — mis — g Ymag + ) A, (%)
L’
g
Mg + Hlps 2(q J:|
7112
" T [(tnar + mp) Ay(g®) — (g — mps) A, (g?)
.

+ 2mgt Alg™]). (D.2)
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Here E, is the lepton energy in the M rest system and g is the

lepton mass. #is the polar angle between the meson L™ and

the lepton 1™ in the (7%} system and is given by

(mir — mim + °)0g* + 42) — dg*my
2t — )

where 7 = (m + miu — ¢°F — dmim?... For a fixed elec-

tron energy, g° varies over the region

) (D.3)

cosfl =

{D.4)

¢ <g*<qi,

where
2 _ 1 T
g5 = E{b +./b° —ac),

a=my + 4t — 2myFE,
b= myEmi —m; + # = 2myE)) + uimi.
(D.5)

and the related range of E, is: U< E, < (mi — mi.
+ 12)f(2my)

¢ = uPlimy — miP + prmiy — (may —mi)2my E;l,
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Abstract. We investigate, in the context of QCD sum rules,
the role of Goldstone bosons arising from chiral symme-
try breaking, especially on the need of matching the worid
of hadrons to that of some effective chiral quark theory.
We describe how such matching yields predictions on in-
duced condensates which reproduce the observed value of
the strong =N N coupling constant. Qur result indicate that
the observed large 7NN coupling comes primarily from
the nonperturbative induced-condensate effect. On the other
hand, the prediction on the parity-violating weak =¥V cou-
pling, f.nn ~ (3.0+£0.5)x 1077 is in good agreement with
the value (~ 2 x 10°7) obtained by Adelberger and Haxton
from an overall fit to the existing data, but may appear to
be slightly too large {(but not yet of statistical significance)
as compared Lo the most recent null experiment. Altogether,
we wish to argue that the proposal of matching onto a chi-
rally broken effective theory should enable vs to treat, in a
guantitative and consistent manner, the various nonleptonic
strong and weak processes involving Goldstone bosons.

I Introduction

The problem of strong interaction physics has been with us
for more than half a century, despite the fact that the very
nature of the problem has been changing with the so-called
“underlying theory” which nowadays is taken universally to
be quanturn chromodynamics or QCD. Although the asymp-
totically free pature of QCD allows us to test the candidate
theory at high energies, the nonperturbative feature domi-
nates at low energies so that it remains almost impossible to
solve problems related to hadrons or nuclei, except perhaps
through lattice simulations but it is unlikely that, through the
present-day computation power which is still not quite ade-
quate, simulations would give us most of what we wish w0
know. As a resuli, it would be useful to evaluate the merits
of using the method of QCD sum rules [1] to bridge between
the description of the hadron properties and what we may
expect from QCD.

The ground state, or the vacuum, of QCD is known to be
nontrivial, in the sense that there are hon-zero condensates,

including gluon condensates, quark condensates, and perhaps
infinitely many higher-order condensates. In such a theory,
propagators, i.e, causal Green’s functions, such as the quark
propagator

iSE8(xy =< 0| T(gH@)T 00 { 0 >, (13

carry all the difficuities inherent in the theory. Higher-order
condensates, such as a four-quark condensate,

< O] TR rv, il 2)af (T) (00 | 0 >,

with ¢(z) also labeling a quark field, represent an infinite
series of unknowns unless some vseful ways for reduction
can be obtained. As the vacuum, | O >, is highly nontriv-
ial, there is little reason to expect that Wick’s theorem {of
factorization), as obtained for free quantum field theories, is
still of validity. Thus, we must look for alternative routes in
order to obtain useful results or relations.

Accordingly, it might be useful, before embarking on
the subject of chiral symmetry breaking in relation to QCD
sum rules, to detour slightly by considering the feasibility
of working directly with the various matrix elements (rather
than the operators). To this end, we note that, at the classical
level, we may start with the QCD lagrangian [2],

1
Yoo = 208G EE@AMF

4w
ﬁﬁaap‘(apﬁa-(; + Qfabcfi'ub)'ﬂc
g At .
+’!‘L-‘{Z’}-'“(a“ + 3§Tf1p:| —mh, (2)

with the gauge-fixing and ghost terms (i.e., the second and
third terms) shown explicitly. We then have the equations
for interacting fields,

, A
{8, + zg?ﬂ.ﬁ) —mhp=0; 3
. . ) SAT
PGl — 295G, G+ 9 5 = 0, @

which may be re-interpreted as the equations of motion
for guonrized interacting fields. As the (standard) rule for
guantization, the equal-time (anti-)Jcommutators among these
quantized interating fields are identical to those among non-
interacting quantized ficlds.
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In light af tha ahoa. mee—t 3t e oo = =

Allowing the operator {i7*8, —m} to act on the matrix
elemnent defined by (1), we obtain, making use of what we
have just stated about interacting field equations and (canon-
ical) quantization rules,

{48, — m}uiSi(x) = S8 8y
)‘Tl
+ < 0| Tg-5 A" QT RN | 0 > . (5)

This equation can be solved by splitiing the propagator into
a singular, perturbative part and a nonperturbative part:

1520z = 8 (@) + 1552, (6)
with
- v} d:q —ip I a
s = [ s 2
il op WD+ M
iS5 = & bﬁiﬁ 70)

Accordingly, we have
{1418, — m}uiSes(x)

A" ‘

=< 0] T({g;Aﬁf::“q(:c:l}?a?m)) 10> (8)

With the fixed-point gauge,
|

Altz) = —5 Gl + (9)
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we may then solve the nonperturbative part iﬁfj’(z) as a
power series in =¥,

A 1 _ ] _
i528(x) = — 7588, < 40 > + g8 <4a >

1 = ab 2
+192<qgcr Gg > &z b+ - (1)
The first term is the integration constant which defines the
so-called “quark condensate”, while the mixed quark-gluon
condensate appearing in the third term arises because of (8)
and (9). It is obvious that the series (10} is a short-distance
expansion, which converges for small enough .

A practitioner would recognize immediately that (10} is
just the standard quark propagatof cited in most papers in
QCD sum ruies. The approach which we suggest here is
based upon two key clements, namely, the set of interact-
ing field equations plus the rule of canonical guantization
(for interacting fields). The equations which we obiain, such
as (5), are much the same as the set of Schwinger-Dyson
equations (for the matrix clements). An important aspect in
our derivation is that the nontriviality of the vacuum | 0 >
is observed at every step — a central issue in relation to
QCD. Although (10} seems to be standard (and natural), our
approach makes it intuitive and relatively straightforward to
work out the problem to an arbitrary order as well as to treat
many other (propagator-like) matrix elements such as those
to be used later in the paper.

In light of the fact that the vacuum | 0 > is nontrivial
(a fact which renders useless many lessons from perturba-
tive quantum field theory), the route of starting directly from
the interacting field equations, augmented by the canonical
guantization rule, may be pursued seriously. The method, in
which renormalizations need to be defined order by order in

g

1 consistent manner, may be contrasted with the usual path-
integral formulation in which Green’s functions may be de-
rived, in an clegant manner, from the generating functional.
The method should be seriously exploited mainly because,
just like what we have done in the above, it might offer
some new insights for the problem at hand, i.e. QCD.,

As another important exercise, we may split the gluon
propagator into the singular, perturbative part and the non-
perturbative part. For the nonperturbative part, our interacting-
field-equation-based approach yields

g < 0] G (2)Gh5(0):1 0 >

= _9_6_ < Qsz > (Gpadup — G5 Gue)
- 2 33 2 —
197 <g > {I (g,u(xguﬁ gp;?guo) — Guater3

+gu4TuTa — Juitula + QpalpLs} + O(zh, (1
with
< G > = < 0] g G OG™(03] 0 >, (12a)
< g3G3 >=<0 \:g3f“bcg“”Gia(0)
%GB MG, (0): ] 0 > . {12b)

Again, the first term in (11) is the integration constant
for the differential equation satisfied by the gluon propaga-
tor. Note that inclusion of the gluon condensate < @G >
in (11) is still standard but the triple gluon condensate
< ¢°GP > is a new eniry required by the interacting field
equation (4). Our approach indicates when condensates of
entirely new types should be introduced as we iry o per-
form operator-product expansions to higher dimensions.

The method of QCD sum rules may now be regarded as
the various approaches in which we try to exploit the roles
played by the quark and gluon condensates which enter (13)
and (i1) for problems involving hadrons. To this end, we
wish to set up a quantum field theory in which the vacuum
is nontrivial, while leaving some condensates as parameters
to be determined via first principle, such as from lattice sim-
ulations of QCD. The aim is such that, once the fundamental
condensate parameters are given, one can make predictions
on the varions physical quantities associated with hadrons.
Of course, the method of QCD sum rules in its present broad
context has its orgin in [1}.

II Induced condensates and the effective chiral quark
theory

The quark condensate which enters the varions QCD sum
rules, such as the Belyaev-loffe nucleon mass sum rule [3]
and the sum rules {4] for the nucleon axial couplings, is
perhaps the best known parameter among all condensates:

a= —(2m) < gg > 0.546 Gel?, (13)

which is the order parameter in the chirally broken phase
of QCD. It is related to the pion decay constant f with
4 f,. being the scale governing the convergence property of
the expansion in chiral perturbation theory. One point which

is worth mentioning at fhis juncture is that, as we vary o
in probing the hadron substructure, the nonzero condensate



as listed in (13) does not disappear suddenly although the
effects may become negligibly small for sufficiently large Q?
— unlike the situation when one varies the temperature T'
and sees some phase transition at some critical temperature
1. As long as we submit to the picture where the condensate
{13) differs from zero, it is important to recognize that we
are working with a condensated phase of QCD - which
already differs from the naive QCD (without condensation).
It is also natural to ask what other effects such condensation
(phase transition) brings to light. For instance, it is believed
that the spontaneous symmetry breaking leading to sizable
condensates also gives rise to the dynamically-generated or
constituent mass t0 a quark. Such spontanecus symmetry
breaking refers to the breaking of SU(N;) = SU(N;lg
chiral symmetry for QCD of Ny flavors of almost massless
quarks into the SU{Nf)y symmetry which, according to
Goldstone theorem, must give rise to Nf — | almost massless
Goldstone bosons, pseudascalar bosons in the present case
(with pions and other pseudoscalar mesons as the natural
candidate). If we restrict ourselves to the world of up and
down quarks (as we shall do in the rest of this paper), there
is little reason to reject the role played by Goldstone pions
while accepting quite large empirical values for the various
condensates.

In light of the above consideration, we are led to investi-
gate, in the context of QCD sum rules. the role of Goldstone
bosons arising from chiral symmetry breaking, especially on
the need of matching the world of hadrons to that of some ef-
fective chiral quark theory, We immediately recognize that
such proposal has many raminifications for the method of
QCD sum rules. In any event, the proposal should first be
checked out to leading order in the Goldstone fieldss — such
as very small Goldstone pion fields. A natural problem for
such investigation is the determination of the strong =¥ N
coupling, for which we shall show that the proposat indeed
yields predictions on induced condensates which are just
needed to reproduce the observed value and that such large
7NN coupling comes primarily from the nonperturbative
induced-condensate effect. A closely related question is the
parity-violating (p.v.) weak =¥ V coupling which is consid-
erably more complicated since it involves calculation (and
regularization) of three-loop diagrams. In any event, it is of
importance to use the determination of the 7 V.V couplings
as the first testing ground for the proposal. This is what we
wish 10 do in the present paper, while having to put off
investigations of some other serious issues for the future.

What should we use while still insisting on using quarks
and gluons as the effective degrees of freedom (DOF's)? A
plausible choice is to accept the chiral lagrangian of Wein-
berg [3] and Georgi [6] as the candidate effective theory,
in which Goldstone bosons arising from chiral symmetry
breaking couple to quarks {and indirectly to glwons) but such
couplings should vanish in the long-wavelength limit. The
choice may not be unique as far as identification of Gold-
stone pions (with physical pions) is concerned, but many
different choices may turn out to be equivalent (as some
people believe to be the case).

On the other hand, it is often said that the long-distance
realization, or the low-energy effective theory, of QCD is
chiral perturbation theory (xPT) [7], in which Goldstone
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bosons are the only effective DOF’s, As we go up in the
energy scale, we must eventually end up in having to deal
directly with QCD itself. Thus, it is also natural to anticipate
that, at some intermediate energy scale, the two languages,
namely xPT and QCD, can be matched onto each other or,
in somewhat loose terms, the DOF's of the two theories
couple in a way dictated by symmetries, yielding again the
effective chiral quark theory [5, 6]. The resultant theory is
unique if symmetries dictates compietely the interactions, as
suspected to be so in the present case.

Therefore, there leaves little room for what we may
choose for the effective chiral quark theory [5, 6], onto
which we shall try to map the world of hadrons. As the
primary example of this paper, we consider the breaking
of the SU(2}; x SU(2)g chiral symmetry into the vector
SU (2} symmetry. The effective chiral quark theory is then
specified, to dimension six, by [5]

F = p{iva, - 27 Ma ) < T

4fz
—EU"”?STU'E’ T — g
1
+—- (1—7-)8‘”11’ Ei'p‘rr
;12
1—-m TS oY
-5t 4f2)ﬂ- Pl (14)

o which the gluon DOF’s should be added as in (2), but
with considerably weaker coupling constant.

The method of QCD sum rules starts with a choice of
some correlation function which may be evaluated at the
quark level on the one hand (the so-called “left-hand side™ or
LHS) while may also be interpreted at the hadron level (the
so-called “right-hand side” or RHS). To study the nucleon
properties, for instance, we may choose

Hip) =1 / dtze?? < 0| T [ (Z)FR0N]]0 = . {15a)
with the usual choice [8] of the current n(z)
p(x) = [T (D) u (T (). (15b)

Here C' is the charge conjugation operator and < ( |
{0y | N(p) >= Ayupn(p) with A the amplitude for overlap
and ux(p} the nucleon Dirac spinor (normalized such that
Ty (pyun(p) = 2my). And we may work out both the LHS
and RHS sides and obtain the now well-known QCD sum
rules [3, 4].

This is "duality™ in the sense that some guantity assumes
suitable meaning both at the quark level and at the hadron
level. As elucidated in detail so far, we wish to investigate
the proposal that, in such duality picture, the language to be
used at the quark level is the effective chiral gquark theory,
rather than QCD in the chirally symmetric phase {in which
Goldstone bosons do not enter as relevant DOF’s). Since
chiral symmetry breaking has already taken place with the
order parameter as given by (13), it appears quite natural
that we should be trying to match the world of hadrons to
a world in which we could talk about not only quarks and
gluons but also sizable basic condensates.

To proceed further, we note [9] that, on an empincal
ground, the quark propagator is modified in the presence of
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sufficiently small pion fields:

{rd5) T
65 I(:’r) 4 2 3 gwq’}SEQb
1
g T GraXe < > ™
i -
T Mg < 39 > GagT - iy, {16)
with
< G_‘iTj‘fsq Zan = XnlQngTs < §g > (17a)
< §isTio -G Dp = MY GegTy < §g > . {17b)

Here g, is the pion-quark coupling, which has been in-
troduced on a purely empirical ground. The susceptibility
¥, enters in the evaluation of both strong and weak pion-
nucleon coupling constants, while ] enters only for the
weak one.

We may begin by working in the limit of massless Gold-
stone pions {p® = 0), In this limit, all the terms involving
Goldstone bosons must contain the derivative 8,7, as shown
by the lagrangian of (14). Denote these terms altogether by
&% . For the primary porpose of the present paper, it is suf-
ficent to treat such pion fields as some small classical fields,
Thus, we obtain the modification to the quark propagator as
defined by (1).

iéS;;-b(m} =< 0| T(i/d”'zé.&ﬁ(z)qf(x)@?(o)) | 0>
= —i / d*z 84 m(z) <O | Tlo,(2)gi(x)g o) | 0>

2 fw f d*2m(z) - O < 0| T(ALL2)gl (@G0 | 0>,
{18)
with A, (x} the isovector axial vector current as given by

- 2fn
A, = PrtysT — 25(1 — 2 yaln
} YT Ys 9_4( f-))

BT T, (1%

- 294 fTI‘

Note that the second equality in (18) follows since we shall

treat pions fields 7(x) as some small classical field. It is

straightforward to show that PCAC holds:

2
2 (200
ga

8,A% = ‘.rr+O(—)

fx
A little algebra vields, in the limit with ¢ =0,

iéS%b(m}——aFn(x) <0 T({ysro(x)}iq; (00 . 0 >

—iZ2m(0) < 01 Tl @{a0nsm}} [0 1
This is in fact a notable case in which the expectation value
of the product of some four-quark operators can be reduced
to an expression involving only two-quark operators — via
the application of PCAC.

The two propagators appearing in (21) can be solved
in a way introduced in the previous section for the prop-
agator 157/ (z). Namely, we use (3} and equal-time anti-
commutators and obtain

{iv# 8, + mbie < 0| T({vsTe@)}3a5(0) ' 0 >
= —364(2:)6“b ;5
)‘n
— <0 T({froQTA:w“q{zj}?qj’(ﬂ)) 0>, {22a)
{iv#8, — m}ix <O Tgp(z{ g0y} 0 >
= 16 (2)6* 0~ 1

Aﬂ.
+< 0] T({QTAH’}'“G(?)}?{@(0)75 TII0>.
The solutions to (22a) and {22b) are
<0 T({ysTg(@)}{q; boy 0>

d4p 671191:'501)?[( j)"'m}"? T]cjmn
{2my? P — m+ic

(22h)

i
5"&757 < qq > T Tty Sré*t < gg >

l
+—— < Jgo - Gg > 6%t 4. (23a)
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<O|H¢WHﬂm%ﬂﬁ'0>
d4p 87”; Iéa[}z[(,ﬁ-km)q T]tj ST
{2y Pt —m?+ie

i
71—6%51- < g >+t 6 < gg >

1 4
+— < ggo - Gg > 8% rat + {23b)
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We caution that the quark mass m in these equations is
the one appearing in the effective chiral quark theory, (14},
rather than that in the bare QCD, (2) [the chirally symmetric
phase of QCD].
Substituting {23a) and (23b) back into (21) and treating
7 as a small constant field, we obtain

b,
/ i 8% s
(Z:rr)‘* i —m? +ic

VLY 7r{— < gg > E%0a

-

i85t (x) =

1
——— < ggo - Gg > Aok g2 s} (24

192
In the effective chiral quark theory [6], we use m ==
0.35CeV. As we usually take p* ~ 1GeV?, we may ne-
glect m” as compared to p® in the first term of (24) so that
the expression (24) reduces to {16) with

oo}
Grg = _9-;_, {253-)
29,
Xrgng = Jf“,. (25b)
my < gg > grg = f_ < ggo - Gy > . (25¢)

Accordingly, the pion-quark coupling g, and the induced
condensates as characterized by the susceptibilities x . and
my} are completely determined when the connection with the
effective chiral quark theory is made, Numerically, we may
use [6]

fr =93 MeV,

50 that

ga =0.7524, {26a)



2
Gng~ ~2.83,  Yna= 7;3 A —3.14CeV?2, (26b)

Note that we also have mg = 27’2121 with < §go - Gg >=
-mg < gg > but we shall discuss the parameter 1] later in
the paper. We re-iterate again that, since the whole derivation
is made by making connection with an effective chiral quark
theory, it is natural to adopt the constituent quark mass in
(26).

INI Pion-nucleon couplings

To investigate the proposal that the matching is done be-
tween the hadron world and the effective chiral quark the-
ory [5, 6], we wish to consider the evaluation of both the
strong and weak =N N coupling constants. Such evaluation,
by itself being of fundamental importance, can readily be
generalized to treat a large number of physical processes
involving Goldstone bosons, such as nonleptonic decays of
kyperons or heavy mesons (A — Nw, I — K, etc.).

To begin, it is useful to recall the Belyaev-Ioffe nucleon
mass sum rule, taking into account the quark mass terms [3,
10},

%MgL—*’”EQ L gGr > MLLTYE,

32
. 1 Q29 _ ﬂ P L
6 24M 7%

_?na'ﬂféL—-i/'gEU _ m'amaL—Zﬁfz? = ﬁlvef}flfﬂﬁg (27)
8 f) »

with 4%, = 1(2m* | Ay |*. The factors containing £,
L =0.6211n(10f5), give the evolution in (J? arising from
the anamolous dimensions, and the F;(A}) functions take
into account excited states to ensure the proper large- M3
behavior [3, 4].

By analyzing the observed mass splittings in heavy
quarkonia, Narison [11] extracted an updated average value
on the gluon condensate:

< g2G? >=(0.89 £ 0.1 1)GeV?, 28

which, albeit somewhat larger than the early value obtained
by SVZ [1], appears to be more appropriate for future QUD
sum rule analyses. It is unlikely that the gluon condensate
suitable for light quark systems would be smaller than this
value (as extracted primarily from charmonium systems). On
the other hand, the quoted value on the guark condensate
(as an order parameter of the phase transition), namely (13),
may have an uncertainty as large as 20%, should we use the
instanton picture of the QCD vacuum [12] as a guide. Mak-
ing use of the Ward-Takahashi identities associated with a
specific nonlinear chiral transformation, Jacquot and Richert
[13] obtain

< FGE >, (29)

_ 1
'mdyn(ﬂ') <99 >= - 4872

where mg,n{ge) is the dynamically generated guark mass
at the scale w. This relation also follows from a dilute-gas
approximation of the instanton QCD vacuum, Substituting
the current values of the condensates into this relation, it

T05

is seen that the dynamically generated quark mass may be
interpreted as the constituent quark mass. Since the relation
(29 would fail badly with the current quark mass as the
input, this result may be regarded as one of the reasons
why the constituent or dynamically generated mass might
be more appropriate for QCD sum rule studies.

It is possible to adopt (29) as a constraint among the
quark mass, and the quark and gluon condensates, Such con-
straint leads to the gluon condensate which is a few times
larger than the original SVZ value [1] but which is pretty
much in line with the results from lattice simulations,

As indicated earlier, it is likely that the mixed quark-
gluon condensate is smaller than the current value m§ ~
0.8 Gel'? especially when the effective chiral quark the-
ory is used. Lacking any further guideline on the matter,
we recall the reduction factor in «, [6] and arbitrarily take
m% ~ 0.4 (7el72, but caution that further justification is
needed for coming up with a better value of mZ. The con-
vergence property of the mass sum rule, (27), would be a
suspect for mj ~ 0.8 GeV’? but becomes very stable when a
smaller value is assumed. In a sense we can make use of the
nucleon mass sum rule to constrain the mixed quark-glion
condensate but the sum rule becomes so well behaved for
sufficiently small m; that the constraint loses its efficiency.

The logarithmic derivative of the LHS of (27) gives the
prediction on the nucleon mass M, a prediction which turns
out to be quite stable with respect to the Borel mass AMp.
We obtain M = (0.94 £ 0.02)GeV for Mg = (1.10 £
0.05) Gel’. Substituting this value back into (27), we ob-
tain 3% = (0.177 £ 0.005)GeV®. An additional error of
at least +0.4GeV for the predicted nuocleon mass should
be vnderstood if we consider the uncertainty in the various
condensates.

We turn our atiention to the QCD sum rule for the strong
* NN coupling [14, 9].

1 4
z—lllug;;*“ﬂ‘Ez - %ﬁﬂfgﬁf’?m - % < GG > ML Ey

1 3.4 ez 3, My 49
3@ LA e mamgL ™= {g In i ) (30
1 5 ZL—Z,’E‘?

-1 2142 —MUAE
; — = NN+ BM50% B
+12Tn0& R'IE g?rq {g\f\n N B} L

Note that the term B M} is introduced to absorb some effect
from excited states (with less singular pole behavior).

Numerically, we obtain g, yn = —{14.8+0.7} for Mg =
(1.10£0.05) GeV, again a fairly stable result with respect to
the Borel mass, An additional error of at least 2.0 should
be understood in view of the uncertainties involved in the
various condensates,

We wish to point out that about 50% of the contribu-
tion in fact comes from the y.e term, a nonperturbative
effect. This result confirms the long-standing conviction that
pion physics associated with nucleons is non-perturbative
and can only be obtained by taking into account the effects
related to the nontrivial vacuum. Experimentally, we have
| g=neav == 13.5, which is in general agreement with the sum
rule prediction,

It is indeed remarkable that the observed strong = /V.V
coupling has been reproduced in QCD sum rules primarily
because of the inclusion of the nonperturbative terms — the
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first term on the LHS is the leading perturbative contribution
but it is not of much numerical importance. In other words,
we have essentially shown that the large mN ¥V coupling is
nonperturbative in origin.

Finally, we may also turn our attention to the weak p.v.
pion-nucieon coupling, which is defined as follows [15-17].

FEPE = f ’;;"; Pr X Wt 31)
Only charged pions can be emitted or absorbed. Here we
modify the QCD sum rule which we obtained carlier [9] (and
which has some pathological behavior) by multiplying both
sides (LHS and RHS) by the factor (p* — M?) immediately
before the Borel transform. This has helped to produce a
QCD sum rule which is very well behaved.

G sin’ fw(F —9)
9672
—(2ME - gMZMg)X,, al ™R,

MY — MM E;
B B

—(M§ - %M'“’Mfé)mg a B\ L7479

= Oyl frin + B MEY B 22 MM, (33)

This sum rule still suffers from the fact that the contribution
from the gluon condensate diagrams is yet to be included;
these diagrams are much more complicated to evaluate al-
though they are of the same order or smaller than uncertain-
ties of our calculation.

Numerically, we obtain frxn = (3.04 £ 0.01) x 1077
for Mg = (1.10 £ 0.05)GeV, a prediction which is even
more stable than the previous two sum ruies (on the nucleon
mass and the strong pion-nucleon coupling). The uncertain-
ties in the condensates and in the terms which have been
neglected amount to at least £0.5 x 1077, About 50% of the
contribution comes from the nonperturbative x .o term.

Our prediction of fryn ~ (3.0£0.5)x 1077 (at Mg ~
1.0GeV) is in good agreement with the value {(~ 2 x 10~7)
obtained by Adelberger and Haxton [15] from an overall
fit to the existing data, but may appear to be slightly too
large (but not yet of statistical significance) as compared to
the most recent experiment [18]. Once again, we see that
the non-perturbative physics dictates in the prediction of the
parity-violating weak =N N coupling, a typical case of non-
leptonic weak interactions. Our results suggest the need to
incorporate such non-perturbative effects into any system-
atic study of nonleptonic weak interactions. We suspect that
many important issues, such as the AT = } rule, in rela-
tion to nonleptonic weak interactions cannot be addressed
in any meaningful manner without suitable incorporation of
non-perturbative condensate effects.

IV Discussion and summary

In light of the very encouraging results which we have ob-
tained for the nucleon mass and the strong and weak NN
couplings, it is tempting to take seriously the proposal that
the matching in QCD sum rules is done between the hadron
world and the effective chiral quark theory [5, 6]. In par-
ticular, non-perturbative QCD effects in a large number of

physical processes involving Goldstone bosons may now be
treated on the same footing.

The uncertainties involved in the various condensates
pose some problem in the analysis of QCD sum rules. As a
numerical indicator, we note that an increase of 10% i the
gluon condensate produces little change in the predicted nu-
cleon mass A {—0.4%) and the p.v. pion-nucleon coupling
Jawn (—1.5%) but reduces the value of the strong pion-
nucleon coupling | gnyw | by 5.7%. A reduction of mj by
20% (on the mixed quark-gluon condensate} produces the
changes of —2.1%, —12.6%, and +15.1% respectively for
M, | gznn |- and frpen. On the other hand, a reduction of
the quark condensate by 10% increases M by 4%, decreases
| g | by 2.2%, and reduces fran by 12.4%. These re-
sults enable us to assign some errors to our predictions cited
in the previous section, Nevertheless, some room remains
for an entirely different set of parameters. For instance, we
may remark that a relativistic version of the effective chiral
quark theory based on the Bethe-Salpeter equation (BSE)
and Schwinger-Dyson equation (SDE), such as {19], could
also lead to similar final numerical results. Therefore it is
premature to take the present numerics as the credence to-
wards only the nonrelativistic chiral quark model [6].

There are also many other important issues related to
the proposal. For example, the adoption of the constituent
quark mass could modify the existing QCD sum rule calcu-
lations, perhaps quite severely in some cases. Furthermore,
plons may also be treated as “quantized fields”, leading to
the concept of “pion condensation” in addition to the bet-
ter known pion-loop corrections, should we take the effec-
tive chiral quark theory to the next level of sophistication.
Finally, there are issues concerning the importance of the
instantons [12] when pions are involved.

First, we discuss briefly how Goldstone pions can be
treated as “quantized fields”. This involves integration of
the renormalization procedure as now widely adopted for
chiral perturbation theory with the standard renormalization
for quantized gauge field theories. This is not a trivial task
which requires further studies. To a given order (in terms of,
e.g., the number of pion loops), it might be possible to obtain
the “renormalized” effective chiral quark theory which can
then be used for mapping onto the world of hadrons. For
the purpose of the present paper, however, we note that the
problems which involve such renormalizations involve terms
at least bi-linear in pion fields and thus are always of higher
order in nature.

Next, we may discuss the changes when the constituent
quark mass instead of the very small current quark mass is
adopted. As a qualitative estimate, we approximate the first
term of (24) by the first term of {16) — we neglect a term
of order m?/p*® (with p* ~ 1 GeV?), a (10-200% effect. Tt
affects most of the existing QCD sum rule predictions only
in quantitative detail, but not qualitatively. This point is also
exemplified in detail in our analysis of the sum rules on the
nucleon mass and the strong pion-nucleon coupling.

It is clear that the proposal of matching the world of
hadrons to that of the effective chiral quark theory raises
many interesting questions related to fundamentals in QCD
sum rules. It is also clear that it would be well beyond the
scope of the present paper to address many such questions
in detail. It is hoped that the encouraging results which we
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have obtained in the present paper would help to motivate
further investigations along this direction,

To sum up, we have investigated, in the context of QCD

sum rules, the role of Goldstone bosons arising from chiral

symmetry breaking, especially on the need of matching the

world of hadrons to that of some effective chiral quark the-
ory. We have shown how the proposal yields predictions on

induced condensates which reproduce the observed value of
the strong NN coupling constant. Our result indicate that
the observed large m/V.N coupling comes primarily from
the nonperturbative induced-condensate effect. On the other
hand, the prediction on the parity-violating weak NN cou-

pling, frwn ~ (3.0£0.5) % 1077, is in good agreement with

the value (~ 2 x 1077) obtained by Adelberger and Haxton
(15] from anoverall fit to the existing data, but may appear to

be slightly too large (but not yet of statistical significance)
as compared to the most recent null experiment [18]. Al-

together, we wish to argue that the proposal of matching

onto a chirally broken effective theory should enable us to
treat, in a quantitative and consistent manner, the various
nonleptonic strong and weak processes involving Goldstone
bosons.
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Abstract. In this paper, we suggest that semi-inclusive A pro-
duction with a high energy electron or muon beam may be
employed as an effective way to pin down the possible im-
portance of the generalized Swllivan process, in which the
virtual photon may strike and smash the meson in the cloud
surrounding the target proton. The role of such generalized
Sullivan processes in deep inelastic scattering (D1S) has been
exploited recently in conpection with the observed violation
of the Gottfried sum rule as well as with the so-called “proton
spin crisis”. Qur present numerical results indicate that, in the
kinematic region characterized typically by small r, large z,
and a small specific range of y (with the parton variables x, 3,
and z defined in the standard manner), the contribution from
Sullivan processes may indeed be of numerical importance as
compared to that due to the fragmentation process.

PACS: 13.75.Jz; 13.60.Hb; 13.15 Em.

1 Introduction

Nowadays there is little doubt that strong interactions are de-
scribed by quantum chromodynamics [QCD]. QCD is asymp-
totically free so that the theory has been tested, successfully to
some extent, in high energy processes. To use QCD to describe
hadron properties at low and intermediate energies, however,
it has become of increasing importance {and also of increasing
complication) to be able to separate clearly the nonperturba-
tive aspects of QCD from its perturbative parts.

One of the potentially very important nonperturbative as-
pects has to do with pions and other low-lying pseudoscalar
mesons, often recognized as the Goldstone bosons arising
from breaking of SU{N¢)y »x SU{(Ns)g chiral symmetry
in QCD for Ny flavors of almost massless quarks into the
SU(Ny) symmetry. These (Goldstone) particles couple to,
e.g., mucleons nonperturbatively and it has become clear that
such couplings cannot be reproduced in any existing pertur-
bative QCD calculations. Thus, effects caused by the pion
clouds associated with nucleons (or with other hadrons) are

likely nonperturbative in nature and would have to be care-
fully identified in any effort of isolating nonperturbative as-
pects from QCD. One imperative question is whether it is
possible to go over to high energy limits so as to avoid dealing
directly with such nonperturbative pion exchange effect. As
we shall see, the answer to such important question may he
highly nontrivial.

An important observation has in fact been made by Sul-
livan [1] in 1972 that in deep-inelastic-scattering (DIS) of a
nucleon by leptons, the process in which the virtual photon
strikes the pion emitted by the nucleon and smashes the pion
into debris, scales like the original process where the virtual
photon strikes and smashes the nucleon itself. In other words,
the process will contribute by a finite arount to cross sections
in the Bjorken scaling limit, i.e., the standard high energy limit
as characterized by Q* — oc and v = p - ¢/m, — oo with
z = Q*/(2m,v) held fixed. Following Sullivan’s derivation
[1}. we have, for the process depicted pictorially by Fig. 1a
but with K and A replaced by 7 and N, respectively,
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with ¢ = —mﬁﬁ—_;j Here my and p are, respectively, the

nucleon mass and the pion mass. Fi, () is the pion structure
function, as would be measured in DIS with the pion as the tar-
get. 8 Fa () is the correction to the nucleon structure function
due to the specific Sullivan process. fr{y) is the probability
of finding a pion with momentum fraction y of the nucleon’s
momentumn. F, (¢} is the form factor which characterizes the
t-dependence of the wN N coupling frnn.

It is of great interest to look into the structore of (1) and
(2) since it indicates that the correction & F; () does not van-
1sh in the Bjorken limit as long as the pion structure function
Fyp(z, Q%) does not vanish much more rapidly compared to
the nucleon structure function Fa () (which would be natu-
rally the case). As we shall see later in the paper, (1) and (2)
may also be verified using the light-cone perturbation theory
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so that little doubt conld be cast into the validity of (1) and (2).
Nevertheless, this result has the severe implication, an impli-
cation largely ignored by the high energy physics community
so far, that the pionic effect addressed here appears to be one
of the nonperturbative QCD effects which cannot be thrown
away by simply going over to the high energy limit.

The pion exchange effect indicated by (1) and (2) has been
employed by many authors in a variety of contexis. For in-
stance, Thomas and Frankfurt et al. [2] have attempted to
attribute the observed asymmetry 1[#(x) + d(z)] — 5(z) to
Sullivan processes and obtained a nucleon bag radius of about
0.8 fermi or a monopole 7NN form factor of about 500 MeV
(an unusally soft form factor). On the other hand, the so-called
EMC effect, observed originally by the EMC collaboration [3]
and later confirmed by others [4-6], may be explained by the
picn-excess picture [7-10] which is based upon a treatment
of the Sullivan process in nuclear medium (as contrasted with
that in free space). Recently, Henley and Miller and several
other authors [11-13] have related Sullivan processes to the
violation of the Gottfried sum rule [14], as observed by the
NMC group [15]. In addition, much interest has been gener-
ated in the community by the experiments [16] to pin down
the nucleon spin structure functions — leading to some puzzle
often referred to as the “proton spin crisis”. It was pointed out
[17] that such puzzle can also be understood as depolariza-
tion of the valent quark spins by the presence of pseudoscalar
Goldstone bosons (thus forcing the core to reverse its spin).

Of course, it may be argued that in all the experiments
cited above the relevant Q° is typically in the range of a few
GeV? up to a little over 10 GeV? which may not be high en-
ergy enough and thus cannot easily deny the meson-exchange
interpretations. However, the fact that such meson-exchange
interpretations work so well should already be quite disturb-
ing to most high energy theorists, especially those who has
ignored compietely the nonperturbative pion exchange effects
until now — not mentioning that the contribtions from such
processes may actualy persist in the very high energy limit. For
this sake, it is therefore of importance to examine in the near
future if there are other important manifestations of the non-
perturbative meson-exchange effect in high energy processes
which can be tested experimentally and should be isolated
carefully in future theoretical works. To this end, we choose
in this paper to consider, as an important example, the semi-
inclusive A production in deep inelastic scattering (DIS) by a
charged lepton beam (e or u):

l+p— '+ A+X, (3)

Here for the sake of definiteness the semi-inclusive A pro-
duction with the proton target is considered. At this juncture,
we wish to mention that some authors [18] have also inves-
tigated the pion contribution to semi-inclusive deep inelastic
scattering with slow baryons (N's or A%s) in the final states,
an investigation related but complimentary to the present work
which we shall mention briefly later in the paper.

In contrast with the idea of a parton model in which a
hadron consists of partons of different kinds, the fragmentation
hypothesis of Field and Feynman [19] states that a high-energy
parton of a specific kind (a quark, an antiquark, or a gluon) has
different probabilities of fragmenting into different hadrons. In
such fragmentation picture, the fragmentation function D;”{z)
is introduced for a given parton of flavor ¢ and the hadron

X

P |
N
o} (Z}\\\f\.

(b)

Fig. 1.a,b. Semi-inclusive production of A in the deep inelastic scattering of
the proton by a charged lepton: a production mechanism through the Soilivan
process and b production mechanism in the fragmentation picture

f1, with z the fraction of the parton’s longitudinal momentum
carried away by the hadron. The fragmentation picture has
been used in many high energy processes, including semi-
inclusive hadron production in deep inelastic scattering {DIS),
a process as illustrated by Fig. 1b.

It is clear that the Sullivan process as illustrated by Fig.
la also provides a mechanism for semi-inclusive production
of A in DIS. In light of the potentially important role played
by the Sullivan process in connection with the parton model,
it is a natural question to investigate whether the generalized
Sullivan process as shown by Fig. la may give rise 1o some
important contribution as compared to that given in the frag-
mentation picture {Fig. 1b). This will be the primary focus of
the present paper.

2 Formulation

In this section, we wish to derive the basic formulae for de-
scribing the Sullivan process as illustrated by Fig. 1a, first us-
ing the procedure adopted by Sullivan [1] and then obtaining
the same result making use of the alternative method devel-
oped by Drell, Levy, and Yan [20]. Following Sullivan [1], we
introduce the following variables,

£Ey + p(p) — £(ED + AR) + X(pa):
g=i-—¥, v=p-g/m,
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with £, #, p, P/, and p,, the four-momentum variables and m,
m 4, and p the mass of the proton, A, and the kaon, respectively.
E7 is the energy of A.
The amplitude which corresponds to Fig. 1(a) may be writ-
ten as follows,
' Fiysulp)
t—
which is to be used in the calcu]ation of the hadronic tensor.
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The spin average part may be calculated easily,
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‘The DIS with the kaon as the target would be described by the
hadronic tensor,
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so that we may rewrite the hadronic tensor as
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Using the relation between the hadronic tensor W, and the
structure function £,

r wf 2 . 13
W-J‘”(k,m?gfa*‘ffw, W@ = ——FAfw). (10)

we Obtain
1 dwt o’
167l Wl

[ = -t

With suitable substitutions, (117 is just what we have cited as
(1) and (2) at the beginning of this paper.

In order to compare this result with what may be obtained
trom the fragmentation picture, we change the variables ¢ to =
(defined as the momentum fraction carried away by the hadron
from the parental quark) and express w as r. We have

EF(w) =

2)2 FEK(“’ V5w A (D). {1

1 )
r=—, 2’ ="~ (kaon’s momentun fraction);
w w
E: z= " L]
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We thizs obtain from (11)
(yzE —ma)

yE
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FE gy ath). {14)

bFa(x) =

Using the standard relation [6],

& o _. m
drdy mE 7 z“+(l ¥ - oyIPax)
25y
~ az_;?;[l +(1 — P 1Fyla), (15)

we obtain the differential cross section due to the Sullivan
process of Fig. la,

do ot E
1 1 .
da dy dz mE$2 2l +(
- /Zrnnr d.,"z {yZE _ m.fl) .
. Tt u?p
£ g .
- Ff(;}g}mm. (16)

The range of the variables {x, y, z, ") is to be discussed later
in the section.

Note that, using the expression for Fa(z), we may deduce
the probability of finding a kaon within a proton; i.e. Fi(zx)
can be expressed as the probability function convoluted with
Ff(z). Denote such probability function as f%.{z").
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o) = f GE (', 2) d

_ [ 9kwa_2 X @2E —ma)
—f 4 E &~ dz, {17)
which is just (2) but expressed in different variables.

There are different ways to treat Sullivan processes. In
addition to the above covariant method originaily adopted by
Sullivan [1], we proceed to use the alternative method de-
veloped by Drell, Levy, and Yan [20], which is essentially a
perturbation theory in the infinite momentum frame, or better
known as the light-cone perturbation theory. We shall see that
the alternative method reproduces the same results (at least
in the leading approximation). In light of the potential impor-
tance of (14) and (16}, it is of interest to make certain that the
same result can indeed be derived in such completely different
formulation [20].

In the formulation developed by Drell, Levy, and Yan [20],
one writes down the S-matrix, for a given interaction hamil-
tonian Hy,

S = Te—sff‘; dt Hy(t)

with the matrix element given by
< b|S|a >= 27 (Ey — F){< b|Hila >
< b|Hiln >< n|Hi|o >
+
Z Fy — F, +1¢

T < b|Hylng >< na|Hylne >< uiHyla >
_— (Ey — Epy +ie)(Ey — Epa +ic)

Some general characteristics of this formulation are [20]: Al-
though each term is not covariant, the complete answer to a
given order in perturbation series must be. The particle content
of each term is clear, offering intuitive interpretations. At each
vertex the three momenta are conserved, although the energy
is not. A virtual particle is always on its mass shell, but the
intermediate state may not have the same energy as the initial
or final state.

The physical or dressed state |A” > of a particle can be
expressed in terms of the bare state |4 > as follows [20],

(18}

. 0 .
A >=UlA>,  U=Te ettt

Expanding [ to lowest order, we obtain

A" > = vVZ|A > +Z /d3pgd3pc|B,C >
B.C

0
<< B,C}(—z‘}f dt Hy(t)A >
=vVZ|A> +

1
3. 3, _ .
+gé/dmderdh~EJ&C>

- < B,C|H{A>. (20)
It is convenient to express the matrix element of H; as
< B, C|HflA >=
Va
LA P (pa—ps - po) @1

(2mi2ZE42Ep2EC

If B # (, the probability of finding a particle in the final state
1B, >is

Vazacl g a*pg

(EA - EB - Ecjz 2#)3 ZEAEEB.?EC ’
Note that a factor of 1/2 must be included here, if B, ' are
identical particies.

Simple expressions arise as we go over to the infinite mo-
mentum frame, i.e., by taking the following variables in the
limit Z — ~c.

(22}

@Pypc =

2
m
24 = (P+§_§1':P70)?

P +my
pB—(|zlP+ Z[ZIP !zp=p_l_}s
2 2
T L+ _ _
pe =(l zlP+———2ilﬁzlP’“ z)P, —pL)

Here we see that at each vertex the three momentum is con-
served while the energy is not, each particle is on mass shell,
and pg, po carry the momenta of fractions z and 1 — z of the
parent particle, respectively. The energy denominator in, e.g.,
(20 or (22) is

Es—Eg - Ec
2 2 2 2
—p1 + 3l — z2ymy — (1 — 2¥my — 2mp
= . I
Tl < )P » O<z<D)
=2z~ 1P, (2>1)
=2zP, (z < D)

so that the relevant region for z is between G and 1. Substituting
these expressions back into (22), we find

2
1672
_ 2{1 — D|Va_pcl

A — myz(1 - 2)+ mu(l — 2) + mi.z]P
Using the form for the KV A vertex,
Va—nc = ttpa)ysulpn),
we obtain the spin average

dPi_pc =

dz dpf_ . (23)

1 . "
Z Vasgel* = _ET""'('PA +malys(Pu + madys

spin av

1 4 _

= oo PLHma—(1=2ma T} (24)

with 2z and 1 — z* the momentum fractions carried by K
and A, respectively. (Here we use 2’ in order not to confuse
with = = E 4 /1) We thus obtain the probability of finding a
kaon with longitudinal momentum fraction " and transverse
momentum p .

dP, icp = C% A2 2 )d2 dpl
2
- JENA
1672
2@+ (ma—(1—2)mp)")

: dz’dp’ . (23
(P} —miz'(1— 2" )+mi (1 -2 )+my 2 . 23

In the light cone language, we use P* 1o denote F' + 5. We
note that the ratio of any two P* is invariant under Lorentz
boost in the z direction. Thus, we have
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]_zfzp_fzm—(EA~\fEﬁfm2A—pi). (26)
r

r

The last equality is obtained by going over to the rest frame.
In order to compare the result with (14) and (16}, we change
the variables (z°, p ) — (2, 2).
Pl =2muuz(l — 2 - mi — ml(l - 'Y,
H'.py) ’ 1 0

=", z) 2yl - 2) =2muu(l — 2'). (27

A= pl)
zf, 2)
_ & nn dmgrz'(vz —my)

1672 2z — m + my,

GE(, 2) = G2, )

. 28
— m?;l 32 (28)
It is straightforward to verify that this last result is in fact iden-
tical to (17) which is obtained in Sullivan’s original approach.
The cross section may be obtained as follows,

do = G (2, 2)dz' dz do(e K — X)),

with dof{e X’ — eX) the cross section that the electron hits
the kaon with momentum fraction z° of the proton. We may
use the formulae obtained earlier for e N — eX to describe
eK — eX by using suitable definition of z and y. Denoting
them as =’ and ', we have

o = Q° _ Q? _z
C 2pr-g 22'p-g
F_PE-Q _ P @ _
Pr - Pe P Pe

Here py;, pe. prepresent the momenta of the kaon, the electron
and the proton, respectively. We have
2ol
Q"’ ol
= m? [1+(1
T mEx?y?

doteK —eX) = [+ (1 — VRS (2" ydz' dyyf

AP (C)dedy. 29)

To sum up, we obtain

der
dr dydz dz’
o2
E 77

with G%.(z', z) specified by (28). Note that the ranges for the
variables x, y, z, and =’ may be obtained from the constraints

= Gh (2, 2)——s— (1 + (1 — g 1 I (— (30)

r<z <,
2 2 2
0<p] < Ej—my.

Upon changing the variables from (', p% ) to {z', z), the con-
straints become

r<<l,
1
1>2z2 [
ZmPEy 1-

The minimum of f(z") occurs at 2’ = 1 —m4/m, < 0. To
integrate the cross section of (30) in the order of 2/, z, y, and
i, the corresponding integration region is specified by

-+l — 2N = £z
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<<l - i(Eyz— v Efytat —md) (3ta)
m.p )
1>z [m2 +m2(l —z)] = 31b
sl = Z'mpEy 1 m — f(I)a ( )
1> [m2 +mi(l 31
2y =2 T my(l — 2], (31c)
nggl—m—p(E—\fEQ—qu). (31d)

Note that (30) is the same as (16), except being expressed in
terms of slightly different ser of variables. In other words, the
alternative formulation yields the same expression for the cross
section as in the original Sullivan approach. In the present ap-
proach, we find that, by choosing the arguments to be (=', p4 ),
the probabﬂlty functions of the kaon and A are the same. That
is, GR(1 -z, ph )= Gh(#, pJ_) Such aspect is by no means
transparent in the or:gmal Sullivan approach,

To close this section, we turn to the standard fragmenta-
tion picture as illustrated by Fig. 1b. Denote by D;'(z)dx the
probability of quark g fragmenting into A of momentum frac-
tion between z and = + ¢z [16]. The formula for do /drdydz
in the fragmentation picture is given by

d*a Tl
= 1 P -
drdyd: mFEzly? +0-y

- T—;-rcy] Zq: erzf(x)D(2)

LT 2 DA 31
~ gl —y)]?eqa:fq(m) Mz (3D

3 Sample Numerical Results

To describe the numerical results, we write the cross section
of (32} as do'® for the fragmentation picture (Fig. 1b) in con-
tradistinction with do'', (30) as from the Sullivan process
(Fig. 1a). The ratio do'" /dc'® is then given by

do'!

Todyds _ 2 4 FE G 2) )
de'd Yo, e fg(a:)D;}(z) )

drdydz

We choose to present the numerical results on this ratic as a
gauge of the relative importance between these two processes,
mainly because the corrent crude status regarding the fragmen-
tation functions [6, 16, 21, 22] does not give us enough con-
fidence in the calculated absolute magnitudes of these cross
sections.

To obtain sample numerical results, it is sufficient 1o use
the standard simple ansatz [16, 6, 21,22]:

[(2fE @) =2 fE (@) = oK () + 55 () 1
{Ifé{*(m) =zff @ =aff @ = aff @ =N (a:)} 3%
{J:fi;’(ﬂz) = uP(z) + 87(), 2 fi(x) = dP(z) + sf’(z}}

£f32) = 2 f2(x) = 20 f2(x) = 20 f2(x) = $P(z) (34)
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Fig. 2. The ratio given by (33} is shown as a function of y and = for a fixed
7
— - . . ’ _ 1 m
value of x (x = 0.8). The ndge is specified by the curve yz = T E [—-f’-I —4 +

mf,(l — &H. On one side of this curve, the ratio drops ta zera hecaunse it is out
of the range mentioned above (31). Note that the maximum occurs at z = |

wP(z) = APeoh(l — 2y, dP(z) = ABxi(l — )%,
sP(zy = AP(l — z)";

'UK+(ZE} = AK+3:°‘K+(1 — x}‘ﬁm1

sK(z) = AK' (1 — 2™

The various parameters are fitted from experiments and found

to be [21]

A¥ =04942,  AK' =0.027;

g =117, 4% =929
80 = 3% —1=3.28,

AF = 0.04617.

af =033,
ad = &dp =0.57, ~+P = 9.33;
AP =2906,  AY=1651,

As for the fragmentation functions, we use the simple form
(adapted from [22]):

sz = zD;_;;l = zD‘: = B.(1—2°+ B,z(c — 2)3,

2DZ = 2D = 2D2 = Bo(1 — 2)". (35)
11
B:=01, B,=02 =,
We take the dipole form for the KN A coupling [12].
A2 — i\
grc A0 = g a (ﬁ) ; (36)

with the cutoff A taken to be 1400 MeV.

The sample numerical results are shown in Figs. 2-5. For
the sake of illustration, we take the incident electron energy
E to be 20 GeV,

In Fig. 2, the ratio is shown as a function of y and = for a
fixed value of x (xr = 0.8). It is seen that there is a ridge along
the curve
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Fig. 3. The ratio given by (33) is shown as a function of z and z for a fixed
value of y (y =1.2)
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Omn one side of this curve, the ratio drops to zero because it is
out of the range mentioned above (31), Note that the maximum
occurs at z = 1.

In Fig. 3, the ratio is shown as a function of z and = for a
fixed value of i (y = 0.2). Here the parameters are chosen such
that the ratio is clearly of numerical importance in a visible
part of the {x, ) parameter space.

In Fig. 4, the ratio is shown as a function of x and y for
a fixed value of = {z = 0.1). It is seen that, when z is fixed,
the maximum occurs at z = 0. The global maximum may be
located by plotting the curve with x = O and z = | and is
found to be located at ¢ = 0.075. In general, we find that the
global maximum occur at x =0, 2 = 1 and yE = 1.5 GeV
when we change the electron energy . The maximum value
for the ratio is approximately 24 (which is rather large) and
is independent of E. However, such point is mostly academic
{and likely of little experimental interest) since the peak is
fairly sharp and narrow. As the incident electron energy E
increases, the peak becomes sharper; that is, the ratio at the
points other than the peak decreases rapidly. This is because
the coupling goes to zero as E becomes infinity except for the
region with small gz F,

In Fig. 5a, the double differential cross section ﬁ? for
the Sullivan process, as obtained from integrating (30) sub-
Jject o (31), is plotted as a function of x and 3. The uait is
10~ MevV~2 For a given value of x, the cross section van-
ishes at small y (where it is kinematically forbidden). rises
rapidly once y crosses the threshold, reaches at some peak
value and then falls off as y — 1. In Fig. 5b, we display the
same differential cross section at a specific value of x (= 0.01)
as a function of y. The dots indicate the points which we have
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Fig. 5.a,b. The double differential cross section Tedy for the Sullivan process,
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of z and y (in units of 10~ 1> Me¥ —2) and b shown as a function of y for
r=0,0!
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performed the integrations {(over z’ and 2) to obtain the pre-
dicted cross sections,

Unlike Figs. 2-4 for which the ratio of the cross sections
is shown, Figs. Sa and 5b gives the cross section itself. Yet,
it should be regarded as semi-quantitative owing to the un-
certainties in connection with (34)-(37). Nevertheless, it may
serve as the basis for analyzing the feasibility of the proposed
experiment. Assuming a luminosity of 102 em~2s~" (and
with 100 % detection efficiency), it takes a day of running time
to see about three events for a cross section of 10~ 1% MeV 2.
The estimates shown in Figs. 5a and Sb are clearly quite en-
couraging in terms of the experimental feasibility.

The sample numerical results shown by Figs. 2-5 are very
suggestive. To confirm the potential importance of the general-
ized Sullivan process, Fig. 1a, in the semi-inclusive A produc-
tion or, equivalently, to identify the kinematic region where the
standard fragmentation picture, Fig. 1b, may not be adequate.
it is essential to identify those events which have relatively
small ¥ (say, 0.05 < y < 0.2 with y = v/ F the fraction of
the energy transfer), large 2 (say, z > 0.6 - most of the en-
ergy transferred to the proton is again carried away by A), and
small x (say 0.05 < = < 0.4). It is expected from Figs. 2-5
that events in this region arise partially from the mechanism
associated with the generalized Sullivan process, Fig. 1a. An
appropriate analysis of the data in this region must take into
accourtt both the mechainsms - the contribution from the gen-
eralized Sullivan process Fig. 1a and that from the standard
fragmentation picture Fig. 1b. Failing to include the contribu-
tion from the generalized Sullivan process, one would obtain
fragmentation functions which would in general over-predict
cross sections elsewhere,

The proposed experiment to confirm the major conclu-
sion of the present paper is not an easy one but should be
feasible. Unlike the case of non-strange hadrons [18], semi-
inclusive production of A in general has smaller cross sections
in the fragmentation picture but has much larger signal-to-
background ratios as far as the generalized Sullivan process
is concerned. Detection of A through its Nx decay modes
also offers an unambiguous experimental signal. In fact, po-
larization of A can also be measured without much difficulty,
although predictions on the A spin is left as a subject for future
investigation. In our opinion, more efforts should be dedicated
to measurements of semi-inclusive hadron production cross
sections so that a clear picture towards the various fragmenta-
tion functions, a concept closely related to parton distributions,
may be obtained.

4 Summary

In this paper, we have investigated the proposal of using semi-
inclusive A production with a high energy electron or muon
beam as a means of testing the suggestion that the generalized
Sullivan process, in which the virtual photon may strike and
smash the meson in the cloud surrounding the target proton,
may play an important role in deep inelastic scattering {DIS}
by charged leptons. We have considered two different ways
to formuolate the Sullivan process as illustrated in Fig. la and
obtain the same result. Qur sample numerical results, Figs.
2-5,indicate that. in the kinematic region characierized typi-
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cally by small x, large z, and a small specific range of y, the
contribution from Sullivan processes Fig. 1a is of numerical
importance as compared to that due to the fragmentation pro-
cess Fig. 1b. It is clear that semi-inclusive A production with
a high energy electron or muon beam may offer an alternative
means of testing the importance of the generalized Sullivan
process.

This work was supported in part by the National Science Council of the
Republic of China (NSC86-2112-M0)2-010Y).
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Upon a brief explanation of what nuclear physics and QCD is all about, I would
like to discuss how the imminent future of nuclear physics hinges on progresses in QCD.
In addition, I wish to describe my recent work that a closed set of coupled differential
equations for nonlocal condensates in QUD (which characterize the nontrivial feature
of the QU ground state or vacuum) may be derived in the large N, limit (with N, the
number of color). As a specific example, the leading-order equations for the nonlocal
condensates appearing in the quark propagator are derived and explicit solutions are
cbtained.

PACS. 12.38.Aw — General properties of QCD.
PACS. 12.38.Lg — Other nonperturbative calculations.
PACS. 95.30.—k — Fundamental aspects of astrophysics.

1. Introduction

One common characterization of “nuclear physics” is the “physics of strong interac-
itons” and in this sense the problem of strong interaction physics has been around for more
than half a century (since early thirties when the question regarding the origin of nuclear
force was first raised in a serious manner). The very nature of the problem varies consider-
ably with the so-called “underlying theory”, especially when quantum chromodynamics or
QCD is taken universally to be such underlying theory. Thanks to its asymptotically free
nature, QCD as the candidate theory of strong interactions has been tested to an accuracy
of about 10 % at high energies.

QCD as the foundation of nuclear physics presents us a challenge of some unusual
kind, as the basic degrees of freedom (DOF’s) of QCD are quarks and gluons, remarkably
different from nuclei and hadrons - the building blocks of nuclear physics. QCD is a
nonlinear quantum field theory, the so-called nonabelian gauge theory or Yang-Mills theory,
and it is the quantum version of such theory which matters, QCD at low energies is dictated
by the various nonperturbative aspects associated with the theory.

Perhaps because of our inability to deal with nuclear waste coming out of nuclear
power plants or due to the horror picture that an atomic bomb has the potential to incur,
some nuclear physicists have for some time tried to do away possible associations which

444 {© 1997 THE PHYSICAL SOCIETY
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the name “nuclear physics” may bring about and in some instances do not want io be
called “nuclear physicists” any longer. Indeed, I think that there is some need to deal
with the social impact or the animosity which a “poor” or “bad” name may have caused.
Unfortunately or fortunately, the Sun will continue to shine on us for billions of years to
come because the interior of the Sun is a gigantic nuclear power reactor, a reactor which
is far from being free of the nuclear waste problem. Nuclear physics is the most central
piece of knowledge if we can ever understand the Sun in some of its entirety. To say it in
fair terms, a good portion of progresses in astrophysics depends on nuclear physics. On
the other hand, qearks, leptons, and many other advanced objects of less animosity would
not have been with us, should we have been deprived of the ability of using nuclei as a
laboratory to produce or access them.

As of today, it remains almost impossible to solve problems related to hadrons or
nuclei, except perhaps through lattice simuiations of QCD but it is unlikely that, through
the present-day computation power which is still not quite adequate, simulations would
give us any good part of what we wish to know. Nevertheless, the need of solving QCD
directly has gained tremendous importance over the last decade and, to this end, any fruitful
attempt in confronting directly with QCD should be given due attention,

As I see it, the benefit to be gained from basing nuclear physics on QCD is really
immense. First of all, it is a quantized nonlinear phenomenon which we are trying to
grapple with. The lesson will help us to tackle many other nonlinear phenomena, either
quanttum or classical. I think that the modern physics era, with relativity and quantum
principle as two pillars, is closing its glory chapter at the turn of the century — one of the
new directions is, in my opinion, something which has to do with nonlinear phenomena.
Second, it is “nuclear physics in its new form and new life” which we are trying to come
up with. Any science that has life of some sort must, from time to time, be endowed with
some drastically new elements, either experimental or purely conceptual. Finally, perhaps
as a wishful thinking, deeper understanding of the subject may someday enable us to deal
with the nuclear waste problem, or other problem of similar magnitude, in a technically
efficitent manner and the positive picture towards the term “nuclear physics” may thus be
evolved from there.

In the rest of my talk (this paper), I wish to describe my recent research on QCD,
especially in explaining how a closed set of coupled differential equations for nonlocal con-
densates in QCD (which characterize the nontrivial feature of the QCD ground state or
vacuum) may be derived in the large ¥, limit (with N, the number of color). As a spe-
cific example, the leading-order equations for the nonlocal condensates appearing in the
quark propagator are derived and explicit solutions are obtained. In choosing to do so, [
am inclined more as a conscientious effort to avoid talking about QCD without specifics
while paying little attention, perhaps I should have done so, to doing proper justice to what
numerous other nuclear physicists (better than I am) have accomplished in the recent past.
Well, at this 50th Anniversary Celebration of our department, I may have the uniguue
excuse in doing what I am trying to do here.

II. Introduction to QCD

The ground state, or the vacuum, of QCD is known to be nontrivial, in the sense
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that there are non-zero condensates, including gluon condensates, quark condensates, and
perhaps infinitely many higher-order condensates. In such a theory, propagators, i.e. causal
Green’s functions, such as the quark propagator

i85 (2) =< 0] T(g (2)g}(0)) | 0 >, (1)

carry all the difficulties inherent in the theory. Higher-order condensates, such as a four-
quark condensate,

< 0| T(P(zral=)gf (2)3(0)) | 0 >,

with ¥{z} also labeling a quark field, represent an infinite series of unknowns unless some
useful ways for reduction can be obtained. As the vacuum, | 0 >, is highly nontrivial,
there is little reason to expect that Wick’s theorem (of factorization), as obtained for free
quantum field theories, is still of validity. Thus, we must look for alternative methods in
order to obtain useful results.

It is known that the equations for Green functions up to a certain order usually
involve Green functions of even higher order, thereby making such hierarchy of equations
often useless in practice. In what follows, however, we wish to show that, provided that we
may use the large N, approximation to treat condensates of much higher order, there is in
fact a natural way of setting up closed sets of differential equations which govern the inter-
related Green functions to a given order. We consider this as an important accomplishment,,
both because we can always go over to the next level of sophistication in order to improve
the approximation and because the large V. expansion has been shown to vield desirable
results for describing hadron physics.

In light of the nontrivial QCD vacuum, we shall begin by considering the feasibility
of working directly with the various matrix elements such as the quark propagator of Eq.
(1). Useful relations may be derived if we regard the equations for interacting fields [1],

{r(o+ioyaz)-mbu=o, (2)

_)e '
8“Gs, ~ 29f*"Gh AC + WY =0, (3)

as the equations of motion for quentized interacting fields, subject to the standard rule
for quantization that the equal-time {anti-)commutators among these quantized interating
fields are identical to those among non-interacting quantized fields. As our basic example,
we allow the operator {i¥*8, — m} to act on the matrix element defined by Eq. (1) and
obtain

. w . . xn o
{170, — m}iiSE(z) = i8*(c)6%bi4 < 0| T ({g?dﬁy“q(m)}i qf;m)) 10>. (4)
We should always keep in mind that the QCD vacuum | 0 > is a nontrivial ground state
which is in general not annihilated by operating on it the annihilation operators.

Eq. (4) can be solved by splitting the propagator into a singular, perturbative part
and a nonperturbative part:
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iS2h(z) = i85 (2) 4 i52H(2), (5)
where
5Oy = [ L mionisO), (62)
(2x)*
- o(0)ab ab_HB + m)ij
iS55 (p) =16 i S (6b)

with & = v#e, for a four-vector a,. The nonperturbative part then satisfies the equation:

(#u = mhaidii) = (017 ({5 41*a@)} #0) 10). @

This would be pretty much the end of the story unless we could find some way to proceed.
We should note that Eq. (4) may also be derived by making use of, e.g., the path-integral
formulation, and the issue of how to define renormalized composite operators, i.e. products
of field operators, is by no means trivial (and fortunately we need not worry about such
problem for the sake of this paper).

As a useful benchmark, we note that, with the fixed-point gauge,

ALfx) = —G” 2+ (8)

2

we may solve the nonperturbative part t'S,‘-‘J-"(I) as a power series in ¥,

ig'“b(w) —~—6 b5 < g > + ma:,:,é“ < qg >
: ©)
+172 < qgor - Gg > 6“bx26ij +---

The first term is the integration constant which defines the so-called “quark condensate”,
while the mixed quark-gluon condensate appearing in the third term arises because of Eqs.
(7) and (8). It is obvious that the series (9) is a short-distance expansion, which converges
for small enough z,. We note that it is just the standard quark propagator cited in most
papers in QCD sum rules [2].

The approach which we suggest here [3] is based upon two key elements, namely,
the set of interacting field equations plus the rule of canonical quantization (for interacting
fields). The equations which we obtain, such as Eq. (5), are much the same as the set of
Schwinger-Dyson equations (for the matrix elements). An important aspect in our deriva-
tion is that the nontriviality of the vacuum | 0 > is observed at every step — a central issue
in relation to QCD.

As another important exercise, we may split the gluon propagator into the singular,
perturbative part and the nonperturbative part. The nonperturbative part is given by [3]
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6?11'?1

gz <0 I:qu(x)ngﬁ(ﬂ): | 0>= 96 < 9262 > (g.uﬂtgvﬁ - g#ﬁgua)
—57 <9°C° > {2 (9uabis — Gusua) (10)
—GualuT + 9u8TuTa — Fugtuta + GraTuls)
+0(z*),

with
< #G? >=< 0]: 682G} (0)G™¥(0):] 0 >, (11a}
< PG >=< 0| g g G (0)G*P(0)G5,(0):[ 0 > {11b}

Again, the first term in Eq. (10) is the integration constant for the diflerential equation
satisfied by the gluon propagator. Note that inclusion of the gluon condensate < g*G* >
in Eq. (10) is standard but the triple gluon condensate < g?G® > is a new entry required
by the interacting field equation (3). Our approach indicates when condensates of entirely
new types should be introduced as we try to perform operator-product expansions to higher
dimensions.

II1. Condensates in QCD

To give a pedagogical and specific example, we wish to focus on the quark propagator,
as specified by Eqs. (1) and (4)-(7). We write

iS50 (2} = 6* {8 £(2%) + iij0(=")), (12)
with z2 = z3 — x*. f(2?) and g(=?) are what we refer to as “nonlocal condensates” in
connection with the quark propagator. We note that

<: g(2)q(0) :>= —12f(2?), (13)

which is the nonlocal quark condensate in the standard sense. To proceed further, we work
only with the leading term in the fixed-point gauge and introduce

<t {QGqu(I)}?ﬁ?(U) > = Jab{('ﬂumu - 7H$H)A(1’2)

. (14)
+10,0 B(2?) + (Yazs — 11, )3C(2%) + dop e D(2)],

with G, = (A"/2)G7,, an antisymmetric operator. The invariant functions A(z?), B(z?),

C(z?), and D(z?) are additional nonlocal condensates which we deal with explicitly in this
paper.

Under the assumption that we keep only the leading term in the fixed-point gauge (a
simplifying assumption which can be removed whenever necessary), we have
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{1720 — mYi <: {9Ge(z)}35(0) >

1 L .

= —53.3 <: {ngpuGaﬁ'}'QQ(if)}i qf((}) > (].53..)
114 5, .

= —:?- . % . g < g Gt > {(T}izy - 'Tu-'ﬂ.u,)(;f(l')}' QJ(O) > (15]3)
1 ra

= Ta <G > 800, — 22 ){/(@%) + itg(=")}. (15¢)

Here the second line, (15a), follows from the field equation and the third line, (13b), is
based on the large N, approximation that the contribution in which G,, and G,z do not
couple to color-singlet is suppressed by a factor of 1/N2. Thus, the factorization in the
present case is justified to order 1/N2, rather than just order 1/N.. We also note that we
have used Eq. (10) to leading order in obtaining Eq. (15b), but this approximation can be
relaxed if necessary.

Now, we may use Egs. (7) and (15¢) and obtain a closed set of equations:

2f(2%) — mg(z?) = —gz’(B — z2C), (16a)
22%9/(%) + 49(z?) + m(z?) = 52%(4 - D), (16b)
4iB' — 2iC - 2iz’C' —mA = _Ii? < §°G* > f(=), (16¢)
2%A + 2z D' —mB =0, (16d)
~2iA' + 4D — mC = —ﬁ < §°G* > g(z?), (16e)
2iB' + 2iC ~ mD =0, (16f)

where the derivatives are with respect to the variable z2.
Treating m as an expansion parameter,

Pz = imk]’k(f), (17)
k=0

we may solve the coupled equations, (16a)-(16f), order by order in m. To leading order in
m, we obtain

+3fy - 2% fo— 26 fo = 0, (18)

ref

2
33f0

(%90 +5(z%Vgp + {227 — €2(2*)°}gh — {2+ 268(2*)%} g0 = 0, (19)
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with £2 =< g*G? > /384. The equations for Ao, Bo, Co, and D can easily be solved once

we obtain fp and go.
Eq. {19) can be simplified considerably by introducing

go(z?) = (27)Gol27), (202}

which leads to the equation:

A e

225y — §o — £4xd5 = 0. (20b)

Egs. (17) and (20) can be solved by iteration, leading to the result:

_ 1 2 1 4 }
oty = a0 {1+ g€ + Tggleon)* +
past {14 7 (6 + 5 (6o + - (21)
! 9.4 2-42.6 ’
() = eat? {1 e t)? ! DR 22
Go() = eat® {1+ o (8ot)* + g g5 (Got)" + 0y (22)
with t = 22 and
1 1 _ _ gi < gg>?
ap = —12 < gqg >, a = 192 < ggc7 Gg >, €z = — 25 . 34 (23)

Eq. (23) is obtained by comparing to the well-known series expansion for the quark propa-
gator (see, e.g., [1]). Note that there are two integration constants, ag and a;, for f(z?) but
there is only one permissible constant for g(z?) (and ¢ is in fact a four-quark condensate
taken in the large N, limit).

For a number of applications, it is useful to obtain analytic expressions for fo(t) and
go(t). This turns out to be possible by way of Laplace transforms.

_ o _ e

Jols) = fo dse= fo(t),  Gols) = fo dse="g(2). (24)
We obtain

= 20-1 an L] -1 8 Yof i

fols) = —— — ——F—=sC" " — + —T—=, (25)

&8 Lo [ £2 fo 2 — £2

=f ; 2(-‘2 i

gols) = T aph (26)
with vp = 2a1/£2. Looking up the table for Laplace transforms, we find

- 2c

do = 22 gt - Hi{ot), (27)

&t
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with f;(2) the modified Bessel function of the first kind, to order one. It is straightforward
to show that Eq. (27) yields the series expansion in Eq. (22}, Also, the function F1{£st)
enters the second series in fo(?) as in Eq. (21).

To close our presentation of the explicit solution to leading order in m, we note that
Eqs. (16) yields

£ = —idBa()), (28a)
Colt) = —B), (285)
(1) + 290(t) = —3t(tDa(1)), (28¢)
Ap(t) = —iD|(1). (28d)

Thus, the functions Ag, By, Co, and Dy can be solved explicitly once f5 and go are known.
On the other hand, we may go beyond the leading order in m and obtain, as example,

e

th +3f —&ti - 28R
1.+ 3, 3, " , (29a)
= itgo 590 - g{t!lo + 2454 t(th) + g(t.Do} },
3g) + 5tgy + (2t — €21%)d, — (2 + 26211 gy
(29b)

1 3t : :
- _i(tzfg +tfe - fo)+ —8—(-—33{, + 2iCy + #CY).

These equations can also be solved by Laplace transformns, In other words, the nonlocal
condensate functions f{z?) and g(z?) can be analytically solved order by order in m.

IV. Discussion and summary

Much of the material which I have described so far has been presented elsewhere in
a preprint [5], in which I have also discussed a couple of problems where application of
our results is most relevant. In the context of the standard QCD sum rules (such as the
Belyaev-Ioffe nucleon mass sum rules [6,4]), our analytical results on nonlocal condensates
may not be very useful if the resultant series converges rapidly, and in general our analytical
expressions may be used to perform further analytical analysis of the problems as a way to
improve the results obtained via short-distance expansions (in z,}. In the case when one
considers the response of the QCD vacuum to some external fields, such as the method of
QCD sum rules in the presence of an external axial field Z,(z) [7], our analytical expressions
for nonlocal condensates help to determine the induced condensates previously treated as
new parameters, thereby making the external-field QCD sum rule method more powerful
than what it used to be.

The specific way of obtaining a closed set of coupled differential equations for the
nonlocal condensates in relation to the quark propagator may be generalized to other con-
densates, such as those involved in the gluon propagator. Such approach may be very
useful for understanding, in terms of QCD, a large number of problems in hadron physics
or nuclear physics.
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To sum up, I wish to re-iterate that problems in nuclear physics must now be syn-
thesized starting from QCD and in return QCD is giving a new life to nuclear physics.
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Weak interactions in nuclei, with beta decays and muon capture reactions in par-
ticular, have been used, over the last forty years, as the unique laboratory for studying
fundamental symmetries. Upon surveying briefly my past research efforts in relation
to the hypothesis of conserved vector currents (CVC), partially conserved axial cur-
rents (PCAC), and the absence of second-class currents, I wish to identify some unigque
roles that weak interactions in nuclei are yet to play as we venture into the twenty-first
century.

PACS. 11.30.Rd - Chiral symmetries.
PACS. 11.40.Ha — Partially conserved axial-vector currents.
PACS. 23.40.—s — beta decay; double beta decay; electron and muon capture.

I. Introduction

It is my great honour to be able to dedicate this contribution to Dr. Ta-You Wu on
the occasion of his ninetieth birthday. My encounter with Dr. Wu did not actually begin
until about ten years ago, shortly after 1 returned to Taiwan on a permanent basis and
Dr. Edward Yen at Tsing Hua University brought me to pay him a brief visit. Since then,
Dr. Wu has gradually assumed the role of being a teacher, a fatherly figure, as well as
an intimate friend (when frustrations or feelings can be expressed without hesitation, nor
reservation) — a role grown out of my frequent contacts with him, first through preparation
of the manuscript on the textbook “Relativistic Quantum Mechanics and Quantum Fields”
(World Scientific, Singapore, 1991), then on the arrangements of his regular classes at Taida,
and lately even on regular visits whenever I could find time to do so. I truly admire Dr.
Wu when he says that people respects him because he poses no threats to anyone else — his
state of mind is way beyond what Confucius says about “knowing and feeling the Heaven’s
will”( JIRSH

There are only a very small number of people who, through many years of hard work
and tough thinking, Iuckily reach the state of truly understanding and deeply enjoying a
certain subject. One day near the end of the last year, Dr. Wu showed me [1], during
my say-hello visit at his residence, his note on the Lorentz invariance of Ldf in Hamilton’s
principle. He sort of entertained himself with the notion that for so many years of teaching
on the subject he did not pinpoint the specific aspect now published in [1]. Over the last
decade, I have learned from Dr. Wu quite a few aspects of similar nature. In his seventy

847 © 1997 THE PHYSICAL SOCIETY
OF THE REPUBLIC OF CHINA
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years both as a physicist and as a teacher, Dr. Wu has recognized and accumulated a
wealth of knowledge regarding subtleties in different areas of physics and revealed many of
these points to me primarily through informal conversations. To this date, Dr. Wu often
entertains himself and his visitors by discussing the subtle aspects of a specific physics
subject with little concern whether the subject is currently fashionable or not. This is why
he has kept me as one of his sincere admirers.

In a 1957 letter to Dr. Ta-You Wu immediately after he was awarded the Nobel
prize, Professor Yang acknowledged Dr. Wu for initiating him “into the field of symmetry
laws and group theory in the Spring of 1942”. To my knowledge, Dr. Wu’s keen interest
in symmetry concepts remains strong as of today. It might therefore be appropriate for me
to add to this celebration some of my work making use of nuclei as the laboratory to study
fundamental symmetries.

An A = (Z, N) nucleus is a system of Z protons and N neutrons stacking up closely
in a volume with a radius of a few fm. Stable nuclei ranging from the deuteron (A = 2)
to nuclel of more than 200 nucleons are found in nature. Admittingly, nuclei are unique
systems consisting of strongly interacting elementary particles and account for the diverse
variety of objects in our visual world. As most of the known elementary particles do not
live long enough, experimentations with nuclei offer an important avenue for further un-
derstanding how the laws of nature work or testing if the perceived conjecture is indeed
acceptable. For instance, the theory for weak interactions involving charged currents, in-
cluding Fermi’s current-current interactions and discovery of parity violation, began with
observations associated with & decays in nudlej,

Therefore, it should not be a surprise that many of the underlying ideas or fundamen-
tal symmetries associated with the standard model may be tested in nuclei. The subject
itself has grown to the point that it is no longer possible to attempt an overview of the
field, which include many subject matters, methodologies, and occasionally variations in
the choice of specific models for nuclei or currents. Instead, we wish in this contribution
to describe a very specific example and methodology to demonstrate the theme that nuclei
offers a unigue laboratory for testing the validity of fundamental symmetries.

II. General aspects: theory versus experiment

We wish to use the famous A = 12 triad as our illustrative example. The ground
states of the 2B and 2N nuclei and the 15.110 MeV excited state of the 12¢' nucleus
constitute an J = 17 isospin triplet. There are many electroweak reactions involving the
A = 12 triad, including;
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Beta decays: 2B —12 C(g.s.) + e + 7,
BN 12 (g5 )+ et + v,
Muon Capture: u+2C{g.s.) = v, +? B,
Gamma decay: '2C™* (15.110) —* C(g.5.) + 7,
e” +12 C(g.s.) — e +12 C* (15.110),
Neutrino excitations: v, +'2C(g.s.) — e~ +12 N,
b +12 C(g.s.) = et +12 B,
v(7) +12 C(g.s.) — v(¥) +12 C*(15.110).

' With Vy(#) and Ax(z) the hadronic weak polar and axial vector currents, Lorentz invariance
allows us to introduce the following covariant nuclear form factors:

<2 B(p',£) 1 Va(0) | C(p) >

_ nw G Wy (1a)
= _\/iélrcpnfx, E?;_meM(qz):
<2 B(p',&) | Ax(0) "2 C(p) >
L fr* Lt (1b)
=\/§{ES\'FA(92) + gx qmé Fp(q®) - E—Q%FE(GE)}

where
=P —ph =0+
M = S(M; + My) = ZIM(PC) + MC?B)],
& = (€, i),
g = -rEh =1,
£ - =0,

Here Fasa pr(g?) are referred to as the “weak magnetism”, “axial”, “pseudoscalar”, and
“weak electricity” form factors. In terms of these form factors, the transition amplitude T
for the muon capture reaction from 12C(g.s.) to the ground state of 2B :

p= (p), s 112 C(p) — v (pW, s +12 B(Y, €) (2)

is given by
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— _E 12 fopr 12
7= 7 < B(p', &) | [Va(0) + A (0)] [ C(p) > 3)
-iﬁ("’}(p("’},s(”))w(l + Ts)“('uJ (p('“), 3(#J)_

We introduce the following combinations of the covariant form factors 2],

EWw

- _ 2B
GV - FM(q )Qmp' (43")
E)
- 2y 2
Ga=~Falg) - Frulg )2mp’ (4b)
_ g 1, BV _ 5 EW _ . El)
Gp = Fp(q®) m Fr(qg )Zmp Fulq )2mp’ (4c)
with
? = (¢ - p)? = (@™ - p)? = —m2 4 2m, EW) = 0.740m2,
z
o) — Ay e = 8) v
E (my — A) M (2B 91.41 MeV,
A= M(MB)— M(*3C) = 13.881 MeV. (4d)

Denoting the direction of the muon spin by fi, we have

d*q)
~2 (9, ) em) 2= 1367, - 2
6 [ 2= %[T(s s, €%) 2= {(3G% - 2G4Gp + G) 5a

+i€" x € - 2 1(3G% - 2G4Gp),

_, [d2t 1
6 [ I T ST, 60, €% [P= 3G% - 264G, + G} (5b)

s{w) o) &
Taking into account the effect of the initial-state Coulomb interaction factorized in a way
analogous to the role of Fermi functions in beta decays, we cast the capture rate in the

form:

T (ﬂ_ 120(9',3,) — by IZB(g.S.)) = F0(3G‘% -2G4Gp + G}?):

GE®\? E® \7 z(2¢) m M \°
o= 1 - 12 udkle (6}
0 ( T ) ( + my + My c{e) 137 m, + M,’) !

Z(%Cy=6, C{12C) = 0.841.
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To obtain observables for the capture reaction with initially polarized muons, we choose the
% axis for the quantization of the spin of the recoil 2B so that {'(:I:) = (F1/v/2)(2 + i9)
and £7(0) = 2 (with £, §, # three orthogonal unit vectors) may be used in connection with
Eq. (5a). In this way, we obtain the average polarization P,, and the average alignment
Ay, as below [2]:

p = hyr —ho
T hprthotho 7
_g . G?; (7a)
3 3Gi—2GAGP+G?9 ’
h _1~2h
Ay, =t hoa =2k (7h)

hyt+ha+he

In the case of unpolarized muon capture, we can also choose £ = & in Eqs. (4) (with all the
#i terms dropped out) and calculate the longitudinal polarization Py, and the longitudinal
alignment Az, [2):

2(2GGv — G})

Pr =
L7 3G2 —2G4Gp + G%’

(8a)

202G 4Gp ~ G%)

A = 3Gi—2GAGP+G%;'

(8b)

We see that all physical observables associated with the muon capture reaction {2) can be ex-
pressed in terms of Gv, G 4, and Gp, or in terms of the covariant form factors FM,A,p,E(qz).
Along the same line, the transition amplitudes for beta decays are given by

TR 5V + e + )

9a

:% <12 C(py) | [VH(0) + AL(O)] ' B(p2. &) > 4Te(pe)1a(1 + 15)m (20, (62
TN =120 +et 4+ 1)

(9b}

= % <2 C{py) | [Va(0) + Ax(0)] [ N(pz, €) > 8. (pe)yall + 75 )t (po),

Accordingly, the e¥ decay energy and angular distributions and the corresponding asym-
metry coeflicients a4 are given by [3]:

&T(eF)
G* ¥ 2 F 2
= gyr_“ | \/r"_)FA (0) | F=F(Za Ee)peEe(A - Ee) (1 + UES + G:F.Ee)dEedﬂe (1[]}

X {1 F(h1 — A1 )1+ agE.)cosd, + (1 — 3hg)az E, (g cos® d, — —;—) } )
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where

Fz(Z, E.)= Fermi function for the e¥ decays,
hy, h_1,ho = populations of the J, =1,—1,0 states of 12B or 12NV,
hi+hg+ho=1,

~

cos#. = P - 2,
_ 4 i)
aq:_j:{imp FI(U)’ (_11]
1 [, FH() FEQ)
ox T (* F3(0) Fﬂﬂ)) ’
_AF (__FE(0) | FE(O)
WZMJﬁﬁ®+ﬁm)
AF= M(2C12 N)— M(120).

The form factors FJ 5 £(g”) are defined in the sense of Egs. (1). They are all related since
suitable isospin rotations allow us to transform from one triad member to the other. Again,
we see that all physical observables associated with beta dacays can be expressed in terms
of the same set of covariant form factors Fa 4 pu{g%).

We may also introduce, along the same line as Egs. (1),

< (g, €) | IEm(0) [ Clp) >

12
o Do () -
"PUNE Imy, 2M ’

with p(g%) the M1 (magnetic) transition form factor which can be measured via the electron
scattering e~ +12 C — e~ +12 C*(15.110). The y decay rate is given by

o

P(12C- _ 1z C’}’) - 3

.E?’
¥ 2
ml | (0} ]* . (13a)

Using the experimental value of 37.0+ 1.1 eV, we obtain
u(0) = 1.97 + 0.02. (13b)

On the other hand, the hadronic electromagnetic currents can be decomposed as
follows,

s5m (@) = @)+ @) (19
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with [ (3)(33) and Y;(z) the third component of the isovector current and the hypercharge
current, respectively. The conserved vector current (CVC) hypothesis 1de11t1fy I (s )(x) of
Eq. (14), the charge-lowering and charge-raising weak currents Vi(z) and V,\ (z) as the
members of the same conserved isovector currents Iy(z). CVC leads to

FE(0) = p(0) = 1.97 £ 0.02. (15)

It also leads to the prediction that Fys(q*) and p(q?) have the same g* dependence.
Now we turn our attention back to beta decays. With the appropriately calculated
f values [4], Eq. (10) may be integrated to yield [3]:

T(e”) = 124.51 sec [ F (0)]? (1 + 0.005%—%) , {16a)
2 FE(0
I'(e*) = 251.28 sec [F(0)] (1 + 0. UOEFJ’EUD ) (16b)

which are to be compared with the experimental values:
T(e™) = 32.98 + 0.10 sec™?, (17a)
T(et) = 59.60 £ 0.20 sec™". (17b)

In late 1970’s, several beautiful experiments were performed to measure the variation
with energy of the asymmetiry coefficients e+ on the nuclear 8 decays: 1*B —1% (e~ p, and
12N 12 Cety, . These measurements yield

_=—{0.07 £ 0.20)/GeV (Lebrun et al. [5]),
= +(0.24 £ 0.44)/GeV (Brandle et al. [6])

= +(0.25 + 0.34)/GeV (Masuda et al. [7]), (18a)
ay = —(2.77+ 0.52)/GeV (Masuda et al. [7])
—(2.73 £ 0.39)/GeV (Brandle et al. [8]).

The standard picture, consisting of CVC, the absence of second-class currents (SCC), and
the hypothesis of partially conserved axial currents {PCAC), leads to the prediction [3, 9]:

= (0.88 £ 0.03)/GeV,

(18b)

oy = —(2.75 + 0.03)/GeV.
The remarkable agreement between experiment and theory has constituted the basis for
our confidence towards the standard picture. Note that, in the discussion so far, there is
little sensitivity toward the validity of PCAC, which relates the divergence of the charged
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weak axial currents to the pion source currents (thus resulting in the pion pole dominance
for the pseudoscalar form factor).

Finally, we return to the muon capture reaction (2). In principle, Pay, Aay, Fr,
and A; can be measured by detecting the angular distribution of the electrons from the
subsequent J decay of the recoil 12B(g.s.) (with respect to the 2 axis defined by # or #). In
practice, the nonzero value of Ay, enters the angular distribution by a multiptication factor
of a,Ee(%coszﬂe — %) and so might be too small to be of any interest. Nonetheless, the
experimental determination of the capture rate [Eq.(6)), average polarization Fu, [Eq. (7a)],
and longitudinal polarization Pz, [Eq.(8a)] already allow us to solve Gy, 4,p; the solution is
unique if the standard signs of Gy 4 p are adopted.

Experimentally, we have [10]:

[T(p=12C - V““B)]exp = (6.24 0.3) x 10 %sec™. (19)

On the other hand, Possoz et al. [11] measured the “apparent” average polarization of
the recoil 12B(g.s.) from polarized-muon capture by '?C(g.s.) and subtracted the contri-
bution due to those recoil 12B(g.s.) which were produced indirectly, e.g. p~'*C(g.s.) —
v, 2B* — v, 12B(g.s.)y. More careful analysis on the subtraction of the background in
their experiment were performed by Kobayashi et el [12] and by Hwang [2]. The final
model-independent result for the average polarization of 2B(g.s.) produced directly form
p71%(g.5.) = v, 12 B{g.s.} is given by

(Pav)exp = 0.47 £ 0.05. (20)

We note that, making use of the formulae (6) and (7a), we may extract 4 and
Gp numerically from the data (19) and (20). The value of G4 in turn gives the ratio
Fig(a®)/ F3(¢*) at g% = 0.740m2. Taking, with justification, the assumption of similar ¢*
dependence for Fys 4 (g%, viz.:

Fu(e®) _ Fald) | Fele’)

Fu(0) ~ Fal0) " Fe(0)’ 2
we obtain

Fip(0)/F5(0) = 4.73+ 1.16. (22a)
As indicated earlier, we have, granting validity of CVC,

Far(0)/Fa(0) = 3.86 £ 0.12. (22b)

The agreement between (22a} and (22b) constitutes an impressive test of CVC.
Meanwhile, the asymmetry measurements [3,6,7,8| vields

Fg(0)/Fa(0) = 3.67 % 0.44, (23)
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a value which can be understood in the nucleon-only impulse approximation (NOIA) [12]
(without the presence of second-class currents). Thus, we deduce from the value of Gp at
g% = 0.740m?

Fp(¢?)/Fa(q®) = —(1.08 & 0.24). (24a)

On the other hand, assuming PCAC for the nucleon pseudoscalar form factor and using
the Cohen-Kurath wave functions of 2C{g.5.) in the NOIA calculation, we obtain [2]:

[Fp(g®)/Fa(g®)|nora= —1.02(1 + ¢*/m2) 1 + &

24b
= —-0.99, (240)
The excellent agreement between Eqgs. (24a) and (24b) constitutes a test of PCAC, another
important ingredient in the standard picture [namely, CVC, PCAC, and the absence of
second-class axial vector currents).

To sum up, we have seen in a model-independent fashion that, even without the CVC
test by extracting the shape factors form the observed e energy spectra [13]in the 8 decays
of 12B and 12N, the basic ingredients of the standard picture, namely, CVC, PCAC, and
the absence of second-class axial vector currents, can be individually tested and confirmed
by the combination of the muon capture data [10,11] and the results of the asymmetry
measurements [3-8].

III. Discussion and summary

The standard picture, namely, CVC, PCAC, and the absence of second-class currents,
is an overall statement of the various symmetries including chiral symmetry. It is of utmost
importance to ask if the existing data have verified individually the basic ingredients of the
standard picture. The analysis presented in the previous section demonstrates that there is
a. completely model-independent positive answer to the question, making use of the A = 12
nuclei as the laboratory for testing fundamental symmetries.

There are other nuclei which also deserve serious attention. For instance, the case
with A = 8 looks quite promising [14,15]. The A = 6 [16] and A = 3 [17] nuclei are
another noteworthy places. Nevertheless, it remains difficult to arrive at a completely
model-independent result regarding the validity of the standard picture.

What may be of much interest is that, by going from beta decays (¢* ~ 0) to the
muon capture reaction (§¢ ~ mﬁ), we are able to better determine the weak magnetism
form factor so as to test CVC in a decisive manner and we also begin to have a real chance
to determine the pseudoscalar form factor in order to compare with the PCAC prediction.
It is clear that we should attempt to employ reactions such as (g,v,) or (v, ) at even
larger ¢* so as to test the various symmetries to higher precision.

Furthermore, the recent measurement [17] of the muon capture reaction has reached
a remarkable experimental accuracy:

T{g~ +2 He — v, +° H) = (1496 £ 4) see” L. (25)
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With the data of such precision, one may begin to use it to test specific symmetry to high
precision, or equivalently, to constrain physics beyond the standard model [18]. Should the
experimental error cited for Eq. {19) [of about 5 %] could be improved to a similar level
[of about 0.3 % in Eq. (25)], the various conclusions drawn in the previous section would
become highly precise. We could be heading for another era of precision physics using nuclei
as the laboratory for studying physics beyond the standard model.

In summary, we have used A = 12 triad to show in a model-independent fashion
that, even without the CVC test by extracting the shape factors form the observed ¥
energy spectra [13] in the 8 decays of *8 and 12N, the basic ingredients of the standard
picture, namely, CVC, PCAC, and the absence of second-class axial vector currents, can
be individually tested by the combination of the muon capture data [10,11] and the results
of the asymmetry measurements [5-8]. The opportunity to employ nuclei to perform high-
precision symmetry studies is genuine and should not be overlooked.
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L INTRODUCTION

The strong pNN and wNN couplings are the basic input
for the description of nuclear forces in terms of meson ex-
changes between the nucleons [1-4]. Although it is now
generally believed that quantum chromodynamics (QCID) de-
scribes strong interactions among quarks, antiguarks, and
gluons (building blocks of hadrons), the linkage between
QCD and the phenomenological pNN and /NN couplings
has so far yet to be made.

The method of QCD sum rules [5-9] was introduced to
allow some linkage to be made between QCD and hadron
physics, especially in addressing the role of the various
guark and gluon condensates associated with the nontrivial
QCD vacuum, As shown by Ioffe and Smilga [10], it is
possible to determine coupling constants (at g*=0) by con-
sidering the response of the QCD vacuum to some external
fields in the evaluation of the two-point correlation function.
In this paper, we wish to obtain gNN and wNN strong cou-
plings making use of the external-field QCD sum rule
method, To obtain simultaneously the vector and tensor cou-
plings, we write the external vector mesen field as

Z,=~1Z,.%" (1

where Z,,, is to be regarded as a constant background field.
For a vector meson field, Z,,, is traceless, ie., Z},=0, to
ensure the Lorentz condition ¢,Z%=0. However, we note
that Z,,, can in general be decomposed into symmetric and
antisymmetric parts. Under the influence of Z,, ,, the vacuum
structure of QCD changes in different ways, resulting in five
main induced condensate parameters introduced later in the
paper. Two of these induced condensates correspond to the
symmetric part of Z,,,., while the others correspond to the
antisymmetric part. In deriving the QCD sum rules for pNN
and wNN strong couplings, we note that the procedure
adopted for the antisymmetric part of Z,,,, has much in com-
mon with that first introduced by loffe and Smilga [10] for
calculating the magnetic moments of the nucleon, while we
find that the symmetric part of Z,, gives rise to QCD sum
rules which have some nice featvres, including a prediction
such as

05536-2813/97/56(6)/3346(7)%10.00 56
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in excellent agreement with the values adopted in nuclear
force studies.

One purpose of the present study is to first understand
whether the pNN and wNN strong couplings can be de-
scribed adequately in the context of QCD sum rules and then
to proceed to use the framework to undertake more difficult
investigations such as the determination of the parity-
violating pNMN and wNN weak couplings (which involve
regularization of three-loop diagrams and which will be de-
scribed in some detail in our next publication [11]).

This paper is organized briefly as follows: In Sec. II, we
outline the key ingredients associated with the QCD sum
rules. In Sec. I, we describe the derivation of the QCD sum
rules for the pNN and NN strong couplings. A numerical
analysis is given in Sec. IV, while Sec. V contains a brief
summary.

I&. METHOD OF QCD SUM RULES

Following the procedure [10] to derive QCD sum rules in
the presence of an external field, we consider the correlation
function as defined by

([ e 0 T TU10) = Hp) +h2,, 1),
3

where II(p) is the correlation function when the external
field Z,, is absent. Here TI{p) is just the function which we
use to determine the nucleon mass [7], The second term de-
scribes the linear response of the correlator to a small clas-
sical external field Z,,,, as characterized by Eq. (1), where
Z,, stands for either the isovector p meson or isoscalar w
meson field. Such linear response is the primary focus of this
paper. The entity A& describes the coupling between the des-
ignated external field and the up (1) quark field; more ex-
plicitly, the interaction between the external field (Z=p,w)
and the quarks may be specified by

£pqq= _h‘;—;"—?pi‘{"ﬁ#s (4)
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with ¢ the Dirac spinor consisting of the {(u.4)} isospin dou-
blet. We note that we use the same coupling constant k for p
and w fields. We wish to also note that, at the quark level,
there is not much room in the choice of the form for the pgg
and wqq couplings, as dictated by both that the quarks are
considered pointlike in the QCD sum rule method and that
the Lorentz four-vector nature and the isospin structore of
the external fields in question are already given. The similar-
ity to the electromagnetic field F,, treated as an external
field [8] should not be taken as to indicate that our sum rules
are not independent or the vector-dominance model is auto-
matically ensured, as it is important to recognize that £, is
antisymmetric, while we find it 1s useful to focus on the sum
rules related to both the symmetric and antisymmetric parts
of Z,,.

The entity 7y (=%,.%,) is some composite operator
with the nonvanishing matrix element {0| %|¥}, which may
be chosen as

7,(x)= €L (x)Cy " (x)}] s y,d(x), {6)
7a(x)= [T (x)Cy d®(x) ] ysypui(x), (7

where #%(x) and 4%(x) are the up and down quark fields,
respectively. The choice of these composite operators is not
unique [12], but the above choice has become fairly standard
in the literature.

We need to characterize how the nontrivial QCD vacuum
responds to the external filed Z,,,. To lowest order, we may
introduce the following five condensation parameters
{x.x.&.L.¢). Three of them {x,x.&) are related to the antisym-
metric part of Z, ., while the other two ({,#) have to do with
the symmetric part. With Z% and Z# describing, respectively,
the symmetric and antisymmetric parts of the external field
Z,.» We have

(G0 apq)z=XRZogldq). (8)

203G 459 7= Kk Zsl39), (9)

8€und TYsGrod)z=1th,Z, {74, (10)

(@37, Vot 1.V )0 2= hoZo (), (11)
(q3(V,V,+V, V.04

—_ !. — . —_
(qa‘- GQ}g,u.u+ E hquw(qq) +I¢hqziv{qq>1
(12)

oo| oe

where (5= Gzﬂ,\"/Z is the gluon field. The coupling con-
stant b, (g=u or d} depends on the external field Z; for
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instance, h,=—h,=h for the p® meson field and h =h,
=4 for the w meson feld.

IIL. pNN AND wNN COUPLINGS
A. Quark propagator

To evaluate the correlation function at the quark level, we
need to know the quark propagator in the nontrivial QCD
vacuum under the influence of the external field Z,. We
may write

(Tg™(x)g?(0))z=i85(x)+ (:g*(x}g?(0):)z.  (13)

The first term on the right-hand side is just the ordinary
propagator in the background fieids Z,, . It can be calculated
from the expression

S (xy=i88(x)— ij d*z iS§(x—2)y,

gAR(z)

\ od

Ay
e J——
2

+hZ“(z)af“]e‘Sg*’(z:u,

(14)

where {S27(x) is the Fourier transform of { §¢/(f—m).
The second term in Eq. (13) has to do with the nontrivial

- property of the QCD vacuum; that is, the vacuum expecta-

tion value of the normal product of operators in general dif-
fers from zero. We may obtain the explicit expression mak-
ing use of the Taylor expansion together with the equation of
motion

{:g(x)gl0))={:qq:)+xP{:(3,q)q:)
F Lo (B agdg) e (15)
(q°q%:) = — 5 &P[1 + bhxo 28 Nag),  (16)

((9,4°)F")= — 5 & Lhv' 5, (qg), {17)

, b o
(3.0 )T )= 135 ( I +x- 51)(44}22 (80T va

g, _ h,
+gvpo',u.ar)+ 9_6- (G’U‘ GQ)g,uv+ m

X1kt EN GOV T

X1+ 2N TN+ o8 T2

X8 1T ot 8upT ) (18)
Some formulas useful for simplification are listed below:

{ \ab
(GG — o= (70 Ga) o gh] 2
‘?Iq‘f afgri 192 qguo-d (C’raﬂ Ejl 2

. {19)
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gt Q?G_fGZﬂ)z Here the subscript Z denotes the condensate values induced
by the external field and the subscript O represents the case
hy _ (A e i o without the external field.
AT (q'?)('z—) LY AL 7 E€aproZ ()’s)u}- To sum up, we obtain the quark propagator as a short-
‘ (20) distance expansion:

|

< ; n\ ak ,
af vy —  sab _t ig (h_ n o aBs ap , ik e ape
(Tq*(x)g*(0)y=i8" 5T +—;——§-32 12 Gop(to*f+ g*Pg) + 5° B Z (X0 %8+ g*Pg)
b hq a. Ba 1 by — ihq 13 §l - pa
~ O A Laprx - e - & T+ k= 5 GV ZE (X 0= 2y,x,)

—ia“bgh xt o ZS (g )——1- & xh 0,28 g }+§“b—g—-{q70‘-Gq)xz+§"b-£i(l+x+§)
12 7 w9 T 50 O X Tunly 149 193 288

— pr 2 bfh'? = 5 ,u.v‘ bihq — S s v
K(Gg)Zy oy x* — & 23 I PHGGIZ, xix+ & 18 Ha9Z, gty (21)

with x=y*x . Note that it is an extension from [10] since Zf“, has been explicitly included. The terms in the antisymmetric
part also differ slightly from [8].

B. Correlation function evaluated at the quark level

To evaluate the correlation function at the quark level, we make use of the quark propagator together with the factorization
approximation:

(Tp(x) 7p(0)) =~ 2% ¥ < TS (x) y,CiS2 (x)TCy ] ys ¥#iSS (x) "y, (22)

where i§,(x) represents the quark propagator obtained earlier. The factorization approximation {via Wick’s theorem for free
quantum field theories) is justified in the large-¥, limit of QCD. The above expression is suitable for the background p° or w
fields. Slight modification is needed for the p™ fields, but the results are consistent with the form of strong pNN interactions,

Substituting the quark propagator into the above expression {and after carrying out the routine but tedious simplications),
we obtain the correlation function in momentum space:

Map(P)= —z (st @ s} - bp? Inf —p? X, &, 4 PP, Xm‘z’h “ L
h aﬂ(pjhﬁ{paaﬁ T gl ) 7 P n(—P]—g u;iJr@ at 3 3 hu(x=2) 35 Mt 15 (44
b q ' 2 2y L 2 ( p’ 2
"‘hd);z T 36t Tap ~haxp” In(—p )_P‘humo lﬂll_;f‘ =6k, ~h;~2h (2K~ £)]In{ — p?)

1 G1 1 1 1 i 1
2 - 2
(hu+ 3 hdJ;ﬂ- 7 Rax In(—p?}+ 7 Mg ?J tIA Ppapﬂ[§ (2h,+ hy)ln(—p*)

fa
- WP(PaTﬁ“PﬁTa)

a a’ i 1 .. @
5 b+ g (2hu+hd}] o {pay,g+pﬁya:r{ § (2Rt hIn(=p?)+ = {28~ )In(p?)

3
2 . .
a P a ia 1 8a
T (Zh,+hy)| — Er p(paYﬂ+P,BTa)[? hd¢} T Papﬁ{;f (20, +hy+ dhg)— Y &k,

1
+ 25° ghung’ {23)
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whete a=-(2m)¥q), b=(g2G?), and (g,0-Gp=
~mi{q). The above result indicates that there are four dif-
ferent Lorentz-Dirac tensor structures for the symmetric part
and three for the antisymmetric part, resulting in seven QCD
sum rules.

C. Correlation function at the hadronic level

In general, the composite operator 7, connects the QCD
vacuum to the proton state as well as to the excited baryons
and the continuum (such as the N 7 continuum). To consider
the ground-state contribution, we introduce the wNN cou-
plings as follows:

Lopp=—hy, F'{"yﬂ+F‘;2—n-;-a-;qu B, wh,  (24)

where w* stands for the w meson field and the coupling
constant % at the quark level is factored out for the sake of
convenience. The pNN couplings are introduced in a simifar
way by substituting w, by 7.4,

Accordingly, we write the correlation function in the
background Z field as follows:

vl .
I,.(p)=— T PT=mE Fy
+2i(ptm)g,, T 2i(p vt Py

(ﬁcpv+ a#uﬁ)"'zmo’#v

A 2 Z
m +m
—Sz'p'u_p,, pfz—:?}'FF% P

T s

P . ;
—2i - (Purs—PvYu)H{po,,+ ﬂ'pp)” T,

(25)

where Ay is the overlap amplitude with (0| 7,(0)|P(p)}
=Apu(p) [with «(p) the proton Dirac spinor]. The ellipsis
in the above equation stands for the contributions from the
excited baryons and the continuum.

D. QCD sum rules

Comparing the results of the correlation function evalu-
ated at both the quark and hadron levels, we obtain QCD
sem rules corresponding to different Lorentz-Dirac tensor
structures. We follow the standard procedure by performing
Borel transform to both sides in order to accentuate the con-
tributions from the ground-state baryon (i.e., the proton). We
obtain, for p,y.+p,7,.

MNFTh e M VRO LN
2uT ¢ TG Bhethat e Bhmha)

2
a
+W(2hu+hd}; (26)

for pp,p.,

1349
AeFIR L . M2 {a
e M = 3o hth)— 5 (Rt hy)
a2
+ W (Zhu+hd); (2?)
forp,p,.
2 a2
myuh P 1h 2 i
—F € s = T677 (2Huthat Shy)
ﬂ2 mza
+ .3:4 7 h,— 340 5 Ay,
ba*M 32m'M
{28)
for Py TPYu):
0= % 4 (29
TR Phel )

for po,,+ 0,0,

)‘i'h 2, Iy —miMt
_WE(F1+F2)€
1 1 xa® xmé a’
T — —— 4 — ——
1611-4{ 7 Mohat b g
at
+1—8M—f[2h“+3hd—hu(!(+2§)] N (30}

for p(p,¥,— P ¥u)s

ixZh

2,042
F»Ze—mlM_.
2mNM§ 2

ik

foro,,,

2

z
+H1-——r
i { 2my

M4h +[6h h
9647 X d [ u o
2:

M
—hy(dx—2E) )M +min, m(? ] (32)

It is clear that the first four sum rules have to do with the
symmetric part of the external field, while the remaining
three are from the antisymmetric part. It is to be understood
that on the left-hand sides of these sum rules contributions
from the excited baryons and continuum are yet to be in-
cluded explicitly, while on the rght-hand sides terms of
higher dimensions may become of numerical importance {es-
pecially when cancellation occurs for terms which have been
explicitly included).

Some general remarks are in order by looking at the
above QCD sum rules. First of all, the first two sum rules are
consistent with each other if the terms in {a are negligible
compared to the others. We assume that this is indeed the
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FIG. 1. Vector and tensor couplings F¢, FY, F5, and FJ' plot-
ted as functions of the Borel mass squared M* in the range of
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case and use the resultant equation to determine the vector
meson-baryon coupling F,. In particular, we have

}\irF‘]Zk 7m2',Mz=( M4 + a2 .(2‘& -I-h) (33}
M2 € 6am’ | agmip2) e Rah

\

which yields

F_'? - EpNN _ _1_ (34)
F‘lu £ NN 3

Such prediction is in excellent agreement with the nuclear
force studies: g,=2.79 and g,=8.37 [4,3].

On the other hand, we see from the fourth sum rule that
the condensate parameter ¢ is likely to be small unless the
excited-state contributions or terms of much higher dimen-
sions come into play for cancellation.

Assuming that the induced condensate parameters x, «,
and ¢ are identical for the p and o (as they are determined
primarily by the Lorentz-Dirac tensor structure), we may use
F, obtaired above in connection with the last three sum rules
and eliminate all the induced condensate parameters alto-
gether. In this way, we obtain

—g'i' po_pmeminis _L (1 ya, 2 az]
o (Fi-Fie T 167 2 3 M2

(35)
2
N 2.2 Miyd
_E_ATE(F5+F;’)8 miM =§7'r7‘. (36)

These som rules allow us to determine the tensor couplings
F% and F3 in a model-independent manner.

IV. NUMERICAL RESULTS

To analyze each individual sum rule (corresponding to the
specific Lorentz-Dirac tensor structure}, knowledge of the
induced condensates is an important input. As shown at the
end of the previous section, however, it is possible to elimi-

CHIH-YI WEN AND W-Y. P, HWANG 36

3q FE!
20
1o | 1

0,70 0.80 0.80 1.00 110 120
BOREL MASS SQUARED M’ (GeV)

FIG. 2. Ratios F8/F{ and F3/Fy plotted as functions of the
Borel mass squared M7,

nate these unknowns from the equations, resulting in four
equations on F%, F{', F2, and F} . These equations involve
only one well-known condensate parameter, i.e., the quark
condensate @ (=0.546 GeV?). Of course, derivation of these
equations suffers from the fact that contributions from the
excited states and continuum and terms of higher dimensions
have been neglected. Granting that these higher-order contri-
butions are of much less numerical significance, however,
predictions from these four equations can be used with rea-
sonable confidence.

There are additional *‘standard’’ modifications which may
be implemented in the analysis without jeopardizing the pos-
sibility of obtaining model-independent results. First, the
anomalous dimension associated with the composite operator
can be taken into account for each term in the sum rules.
Second, the contributions from the excited states and con-
tinuum may be approximated by the prediction at the quark
level beyond a certain threshold, say, p*=W?—thus, the
need to consider explicitly these contributions can be
avoided altogether. The resultant sum rules are recorded be-
low:

1 4 '
Fi=gomaet | MOEIL™ '+ 3 a’L¥ e, (37)
N !
F{=3F%, (38)
1 . 6 —4/9 8 1y 49 z‘ 22
F§=———~—2-32ﬂ4h M°E L +-3—a LY+ amaM ]e"‘ ,
T !
{39)

- 1 _ 8 miag?
F2=m (—MGEUL 4ﬂ—§a2L4’9+4maM2)e o ,
(40}
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FIG. 3. Tensor couplings, as predicted by the sum rule (31},
plotted for several reasonable values of y (in units of GeV ™2}, The
value y= — 6 reproduces very well our previous prediction on the
tensor couplings.

with

_ lﬂ(Mf“.QCD}
T In(w/Agep)

To perform numerical analysis, we use the Belaeyav-Toffe
nucleon mass sum rule to fix the overlap parameter ?\ir
(~1.2x107? GeV®). We use the standard parameters: a
=0.546 GeV, Agep=0.1GeV, px=05GeV, and W
= 1.45 GeV [10]. The sample numerical results are presented
in Figs. 1-4.

In Fig. 1, we plot the vector and tensor couplings F¥,
F¢, F§, and F§ as functions of the Borel mass squared M*
in the range of 0.7 GeV'sM2=<1.2 GeVZ It is seen from
this figure that these functions are well behaved, giving rise
to the predictions

Fia~0.6, Fi=~23,

FP=19, F~04,

As indicated earlier, F"/F{=3 is in line with nuclear
force studies [3.4]. However, F4/Ff is a little too low in this
regard. It appears rather difficult, in the context of the QCD
sam rule method, to get a value for 74 which is larger than
the above prediction by 50% (as required in nuclear force
studies). Nevertheless, this should not be considered as a
major drawback, since exchange of some heavier tensor me-
sons with suitable quantum numbers could easily help to jack
up the number for F4 and such possibility is taken into ac-
count effectively in nuclear force studies by treating £% as an
adjustable parameter.
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FIG. 4. Sum rules for the vector couplings analyzed for several
different values of x—2¢£ at y=—6 GeV ™= It is seen that the sum
riles are insensitive to & — 2 £, leaving this parameter undetermined
at this stage.

In Fig. 2, the ratios F4/F% and FJ/F{ are plotted as func-
tions of the Borel mass squared M?. The smooth curves in
Fig. 2 correspond to

FP
L3,

~0.2,
Fy

w
2
]

Fl

which may be compared to the values obtained in the vector-
dominance model (VDM}, namely, g,=3.7 and ps5=
—0.12. Thus the results obtained from QCD sum rules are in
accord with the validity of the VIDM. This result should not
be considered as ‘‘automatic™ even though the pgg and
wqq couplings are very similar to the electromagnetic cou-
piing. This is because in our analysis we have also employed
the sum rules related to the symmetric part of Z,,,, (which are
absent in the elecrromagnetic case).

From nuclear potential studies [3,4] which fit the nucleon-
nucleon scattering data, we have g,=2.79 and g,=8.37.
Making use of such values, we obtain the p quark or w quark
coupling h=~4.4.

We may now turn our attention to the original QCD sum
rules which mvolve the induced condensation parameters .
In particular, we may use the sum rule (31) to provide a
determination of y. The result is illustrated in Fig. 3, for
several reasonable values of ¥ (in units of GeV‘E}. The value
¥ =06 reproduces very well our previous prediction on the
tensor couplings.

Using Eq. {31} to eliminate the unknown F § in Eq. (30},
we obtain the sum rules for only the vector coupling F¥.
These sum rules are analyzed in Fig. 4, for several different
values of #—2£ at y=—6GeV 2 It is seen that the sum
rules are insensitive 1o x —2§, leaving this parameter unde-
termined at this stage.

V. SUMMARY

In this paper, we have extended the method of QCD sum
rules in external fields o determine the pNN and wNN
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strong couplings, including both the vector and tensor cou-
plings. For the vector couplings, we obtain g vy /g.yx= 143,
while for the tensor couplings the large pNN tensor coupling
F% arises naturally. Such information has been used for years
in construction of nuclear potentials, but the QCD sum rule
method offers the first justification of such parameter values
directly from QCD.
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The QCD spectral sum rules in the presence of the external electromagnetic field F

oy are used to

calculate the magnetic moments of £, and A,. Our results are ps++={2.1=03}uy, px+=(06201)uy.
wgo=(— 16202, and #es, =(0.1520.05}uy . [50556-2821{97)00723-6]

PACS number(s): 13.40.Em, 1238 Lg. 14.20.Lq, 14.20.Mr

QCD spectral sum rules (QSSRs) [1] have been success-
ful in extracting the masses and coupling constants of low-
lying mesons and baryons. In this approach the nonperturba-
tive effects are taken into account through various
condensates in the QCD vacuum. As shown in [2,3] the light
baryon masses are determined by the chiral symmetry-
breaking quark condensate. In the infinite heavy quark mass
limit the QSSR was first used to evaluate the heavy baryon
mass [4]. The QSSRs with a finite heavy quark mass were
treated in [5.6]. Recently the QSSR was employed in the
framework of the heavy quark effective theory [7-11].

The baryon magnetic moment, like the baryon mass, is
another important static quantity. Ioffe and Smilga {12] and,
independently, Balitsky and Yung [13] extracted the nucleon
magnetic moment treating the electromagnetic field F,, as
an external field in the QSSR approach. They found that the
nucleon magnetic moment is essentially related to the quark
condensate and three suscepiibilities y, x, and & Later on
the octet baryon magnetic moments [15] were obtained in a
similar manner. In this work we shall employ the same ap-
proach to calculate the magnetic moments of 2, and A,.

We shall consider the two-point correlator ch(p) in the

presence of an extemal electromagnetic field F,4:

Iy (p)=i J d*5(0|T{ s (x), 75 (D)}|0)5 €
=lylp) + 1 (p) A+ {1}
where TI,(p) is the polarization operator without the exter-
nal field F,,. The #z_in Eq. (1) is the interpolating current
with £, quantum numbers:
ngc(_r}=f“b"{[u“T{,r)ch(x)]u"(,t]
[T () Cyse® 0] ysu{x)}, {2}

and

(556-2821/97/56() L)F7273(3)/510.00

5

(0] (0}|2 ) =hs v (p). (3}

where #%(x) and c%(x) is the up and charm guark feld, hgr
is the overlap amplitude of the interpolating current with the
baryon state, and the vy, is the Dirac spinor of the heavy

baryon.
Three different tensor structures contribute to IT, (p),

() =N{p)o,,p+pa,)+IL(pYilp,y.~P.7y.)P
+n2(p}a-,u.v- {4)

As in the original Q3SR analysis of nucleon magnetic mo-
ment {12}, we shall consider the first tensor structure
(0P + P00,

The presence of the external field F,, will induce three
new condensates in the QCD vacuum [12]:

<D| q_UpL-Q|0)F#”=eqXva<OE qquO),

n

DL _
2:40l95-G.ql0)s,, =€k F .. 0 44i0), (5)

n

— h ry
8,801 7ys 5 Graq10) s, =ie £F#(01 7410},

where g refers to the up and down quark, ¢, is the quark
charge. The y, . and & in Eq. (5} are the quark condensate
susceptibilities, which have been the subject of various stud-
ies [12-13]. Their values employed by different groups are
conmsistent with each other. We shall adopt the values
x=—45 GeV™? k=04, £=-08.

At the phenomenological level we have

7273
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I Ll s 21+ CH 2 20 ) — OssR
Im[l(s)= 4‘.”-1: X (s m}:c) (s m:p} _____ adl +C My
+ ImITP*Y5) Bls—1x }, 6)
16
where the first term corresponds to the X, magnetic moment
and is of the double pole, The second term comes from the
transition X . — excited states and is of single pole. The third
term is the usual continwum contribution and Iz, is the con- 5 12
tinbum threshold. The single-pole transition term does not w
damp out after Bore] transform. Therefore it should be ex- 3
plicitly included in the QSSR analysis.
Within an operator product expansion we obtain, to low- 8
est order of o, and for condensates up to dimension six at the
quark level,
ImII(s)= ImI1 ®"(s}+ ImII"P(s), N 4 ¢
e, m?" 3
ImI1P(s)= 2"s| 1= —| . (8)
' ' 0
¢ 1 2 3 4

Making a Borel tranform of II{p) and transferring the
continuum contribution to the lefi-hand side, we obtain

< 2
M3 fmz(ImHW“(s)e' istMypl gy — %8

1 20 :
+[ — _xeuazM‘g(l —e” [r:;_:—mchB_l}L— (16427}

12
1 1 { m? ]

- 2 p <
TRl AT Y

1 niz _ 1
+ %)(mﬁeuaz( EM% +1 )L Qo ﬁxeuaz

2 :
mf, +1te- (mifMi;le
Mz l

x(ZmE 1') ! ZI
Ml 365642

\ 2 ! \

1 4 -
= I(zn}“h?ice‘ = Mal gy (14 CM3), (S}

where a=—(2m*0|gql0}=055 GeV?,
(2m)g {0lgoGgl0y, mi=08 GeV?, g=ud. L=
In{103 5 3/1n(5). C is the unknown constant to be determined
from the sum rule. which parametrizes the transition contri-
bution. We have checked that in the chiral limit m_ -0, our
result reproduces the sum rule for nucleon magnetic moment
[123

For the charm quark mass we use m.=[.47%0.1 GeV.
We adopt the estimated continuum threshold and overlap-
ping amplititude in the QSSR analysizs [5.6,9-11,16].
7z, =10 GeV? and (27)*A3=0.8+0.1 GeV®. For the 3,
mass we may either use the predictions in the QSSR analysis
or the experimental value [22], ms =2.435 GeV,

2
ama=

We may further improve the numerical analysis by taking
into account the renormalization group evolutions of the sum
rule {9) through the anomalous dimensions of the conden-
sates and cwrents. The working interval of the Borel mass
M‘é for the sum rule (%) 1s 1.7 Ge\-’jg_Méﬁ 2.5 Gev?

M
B
FIG. 1. The Borel mass dependence of the £ ¥ magnetic mo-
ment for the continuum threshotd s = 10 GeV?®, The solid curve is
the QCD sum rule prediction for ps-+. The dotted line is a

straight-tine approximation. The intersect with ¥ axis is the X,
magnetic moment in unit of e/Zmy .

where both the continuum contribution and power correc-
tions are controllable [5,6]. Moving the factor
i (2m)*\g e” 3/M3) on the right-hand side to the left and
fitting the new sum rules with a straight-line approximation
we may extract the %, magnetic moment. We show the Borel
mass dependence of the new sum rule and the fitting straight
line in Fig. 1 for the continuum threshold 5 = 10 GeV?>.

It can be seen in Fig. 1 that the nondiagonal transition
contribution is important, though it is not dominant in the
working interval of the Borel mass 1.7 GeVisM;
<2.5 GeV?. The sum rule is insensitive to the susceptibili-
ties « and £ due to their small values. Their contributions are
less than 5%. When y varies from —4.5 GeV™? to —3.5
GeV™? or to —5.5 GeV™2, the sum rules change within
10%.

Our final result is px++=(5.4%=0.5) ef2msy , where

ei2ry is a natural unit in QSSR analysis of the baryon mag-
netic moment. By replacing e, in Eg. (9) with (e, +e,)/2 a
€, we artive at the magnetic moments for the other £, mul-
tiplets, Hxt ={0.6=0.1) e/Zms_ and ,u5?=(—4.2i D.4)e.

2mzr. In units of nuclear magneton wg+-=(2.1203)p,.
‘U-E: = (023:0.03)#‘\1 . and ILLEU: (_ 1.6+ 0.2);.1.1\. .

Similarly we can extract the magnetic moments of A,
with the following interpolating current:

7}_,1((1_] = E”b"[uar(x:]ijSuh(x}}c"{x}. (10

The final sum rule reads as foliows:



— QSsk .
----- 4 (1 +C My

-12

FIG. 2. The Borel mass dependence of p, and the fitting
straight line.
2 41 / 6
Je. ':IJI-" . mc} S( mc) 1 o
—tass ==l 1— ——1-= e—[s.’MB]dSL—l_dig;
16 M) 2(_ P AT

+ _fegag P l—mc.)
249 7 a4 M3
eutea o 5 o, futla ,} AT
+ xmpa L kA e TN
576 43
1 2,2
= 702w} e” AV, (14 CMG), (1)
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With the parameters [569-11.16] t, =10 GeV,
{217)4}\%.? 1002 GeV®, and m, =2.285 GeV, we get
LLﬂc:(O.ISt0.0S}ﬂN. The Borel dependence of g, and
the fitting fine is shown in Fig. 2. As in the analysis of the 2 _
magnetic moment. the straight line approximation is good.
It is not difficult to extend the same analysis to extract the
magnetic moments of %, and A,. Yet the overlapping am-
plititudes Ay, and )""b determined in the QSSR approach

with finite bottom quark mass have large errors. Therefore
we do not present numerical results here.

In summary. we have calculated the magnetic moment of
% . and A_ using the external field method in the QCD sum
rules. There are no experimental data for the heavy baryon
magnetic moments. Yet naive predictions have been made in
the phenomenelogical models such as nonrelativistic quark
model (NRQM) [17,18], bag model [19], and the Skyrme
model [20,21]. Especially in the quark modet the heavy
baryon magnetic moments have a rather simple form.

—_ — B | - 2 |
BA T M MITTT G P T S M KPS § a7 T4, and
p30=— § i, — 1 p.. Our result of the X . magnetic moment

c

is in good agreement with the NRQM prediction. In the g5

sum cule (11}, the contribution from higher-dimension con-
densates is significant and comparable with the charm quark
perturbative contribution numerically, since the light quark
perturbative contribution and the induced light quark con-
densate vanishes. If we tum off all the higher-dimension
nonperturbative contributions by setting the quark conden-
sate a= 0, we arrive at ey =035z, . which is very close to
the NRQM prediction. Therefore the higher-dimension con-
densates lead to the possible deviation from the naive guark
model result. Tt will be very interesting to measure Ky, X

perimentally.
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We use the method of QUD sum rules in the presence of an external point field to investigate isospin
symmetry breakings in pion-nucleon couplings. Possible manifestations of such isospin symmetry breakings
are examined in the context of low-energy nucieon-nucleon scattering. We discuss numerical resulis in relation
to both the existing data and other theoretical predictions. [S0556-2813(98)04801-8]

PACS number{s): 24.80.+y, 21.30.—x, 13.75.Cs

I, INTRODUCTION

Isospin symmetry and its possible violations constitute an
integral part of nuclear physics [1], not only in the sense that
good symmetry offers an effective classification of nuclear or
hadronic structure but also in the proximity of the isospin
symmetry concept to other fundamental ideas such as chiral
symmetry. In general, isospin symmelry breaking effects ob-
served in nuclear physics may arise from different sources
such as, in addition to the well known electromagnetic inter-
actions, strong interactions but augmented with hadron mass
differences (such as the n— p or 7= — 7* mass difference) or
with different meson-nucleon couplings (such as nonuniver-
sal VN couplings) or with isospin mixings (such as p~ e
or 7 — 7 mixing}. Determination of isospin symmetry break-
ing effects requires information on guantities which may not
be directly accessible from experiments, such as the meson-
nucleon couplings or the isospin mixing parameters. Accord-
ingly, reliable theoretical predictions become indispensible
for advancing our understanding of the problem.

Unfortunately, it appears that a quantitative treatment of
isospin symunetry breakings may involve the capability of
treating strong interactions at a quantitative level or, in other
words, the ability to handle the complications due to quan-
tum chromodynamics (QCD) in a reliable manner. To some
extent, the method of QCD sum rules, as proposed originally
by Shifman, Vainshtein, and Zakharov [2] and adopted, or
extended, by many others [3-5], incorpotates the nonpertur-
bative QCD effects through various condensates (associated
with the nontrivial QCD vacuum), thereby offering some
hope of being able to treat strong interactions in a quantita-
tive manner.

In this work, we wish 10 focus on the determination of
isospin symmetry breakings in pion-nucleon couplings, with
some emphasis on possible manifestations of such symmetry
breaking in nucleon-nucleon scattering. As the present effort
15 based primarily on the method of QCD sum rules, it dif-
fers much from the quark-model calculations [6,7]; as we
shall see, this work is considerably more extensive than a
recent work [8] also making use of the QCDr sum rule
method. Specifically. we wish to adopt a method in which
the pion field 7 is treated as the external field. The idea of
treating the pion as an external ficld was first suggested in [4]

0356-2813/98/57(11/61(8)/$15.00 57

and has not been vsed in any extensive manner until recently
[9,10).

I, ISOSPIN SYMMETRY BREAKINGS
IN PION-NUCLEON COUPLINGS

In the method of QCD sum rules in the presence of an
external field, we attempt to evaluate, both at the quark and
hadron levels, the correlation function specified by

M(p)=i f dxe? 0| TL 7, (1) T 010} (1)
where we have

7ptx)= e ut (2} Cy P (x)}¥° y*d°(x),

7(¥) = ity )y, CET ()} (Y Y. (@)

This correlation function allows us to determine the 7%pp
coupling. By evaluating the appropriate correlation function
in the presence of the external pion field, we may determine
the pion-nucleon couplings g w0, & niyn. and g5-p, . It ap-
pears that the induced condensates involved in the external
field method are now well understood and it becomes rela-
tively straightforward to perform calculations to higher di-
mensions (as required for reliable predictions). This is what
we choose to use in this paper and we use it to obtain isospin
symmetry breakings in wNAN couplings.

At this juncture, we wish to note that an alternative
method is to evaluate correlation functions with the T prod-
uct of currents sandwiched between the vacuum and the one-
pion state, as first suggested by [11] and recently adopted by
some authors [12—14]. Using the soft-pion theorem, we may
rewrite such matrix element, between the vacua, of the com-
mutator of the axial charge @5 and the original T product of
the currents, thereby resulting in a gy sum rule which is
related to the nucleon mass sum rules in some way., Unfor-
tunately, a precise relation cannot be established unless the
commutator between the axial charge and the nucleon cur-
rent %(x) is known. Note that the knowledge of such a com-
mutator goes beyond current algebra and chiral dynamics.

61 © 1998 The American Physical Society



62 HWANG, YANG, ZHONG, ZHOU, AND ZHU 57

On the other hand, it is far from trivial if any such relation
can be established in the external-field QCD sum rule
method in which it is not necessary to take the soft-pion
limit. An important indication as to why we may be away
from the soft-pion limit is that the quark masses (and some
other chiral symmetry breaking parameters) are not set to
zero throughout the derivation. Indeed, the sum rule which
we obtain in what follows for g, cannot be obtained from
the nucleon mass sum rules by some chiral rotation and thus
represents independent information. Nevertheless, it appears
that such an aspect is fairly subtle and deserves further in-
vestigation,
At the quark level, we have

(0|7 7, (x) 7,(0)]0} o
=2ie?tcea’t’e’ Tr {§%(x) y,C[Sﬂ“f(x}]TC‘}’p}
XYY, S (x) 7, 7s. (3)

Here the quark propagator is given, in configuration space,
by

S(x)=5x)+57(x), (4)
with
b . rz
o (Dlab — : d r wes FI30
i (x)—zﬂgx.i Tl 2 ng LT+ oY)
N Gay— ™ &
- G lat oy (80 G- Tirs
m, }\2 G
3t Gloo™! 6(=2)
& g2Gh) i8°%m
2 T ==
qux In(—x"}+ — o= (g%
1 - - b2
~ 3Ty 3T Imylg.go Gg)ydx, (5)
and

T i st
iS'MN(x)= ———gy g T FYst S 84T TYsX{Ga)
darex 24

gt
~ 3ga M7 7ys{qq)x*

. hl‘l
+§3—53c3q7 TYs G" L In( —x7}
i &

- ng—:‘;’ﬂf gq'? ﬁ"ys(gng}xl ln(#xz)

b
Ty g, ¥ Tysigy)x, (6)

where ¥=x,,¥* and we have also introduced

—— e e

i | I

o] h [

FIG. 1. Pictorial representation of the various terms in the quark
propagator 5108 x).

(B(0)iy gl 0)) =g xT{3q)

{H(0)iy' rg.o-G0))y=g mgr{qq)

with ¢ the isospin doublet consisting of u and 4 quarks. The
various terms in the quark propagators i5‘%%%(x) and
i5¢™9%(x) may be represented pictorially by the diagrams
shown in Figs. 1 and 2, respectively. We wish to stress that
we have in fact performed our calculations in momentum
space especially when ambiguities arse and, in addition,
special attention has been directed to adoption of the 5 in 4
dimensions in relation to dimensional regularization.

I
t

™

_ — —_
a o c
|
|
I
d e f

FIG. 2. Pictorial representation of the various terms in the quark
propagator §(™4%( x),
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/// - ///
g-1 g-2 h-1
e /’/ /’—/
h-2 h-3 h-4
h-5

FIG. 3. The diagrams used to determine the QCD sum rule for £ #np -

To incorporate isospin symmetry violations, we note that
{gq) appearing in the quark propagator needs to be inter-
preted properly; in particular, it is to be understood as {fiu}
in the (uu) channel, or as {dd} in the (dd) channel, or as
{{uu}+{dd}))2 for (d—u) or (u—d) propagation. We also
note that Fig. 2(f) has been drawn in a way to indicate that
the choice of ¢ in (g} should follow the flavor of the quark
connecting to x=0 (on the right-hand side of the
diagram)—a result following the usage of the equation of
motion. No potential ambiguity should arise for all the other
diagrams shown in Figs. 1 and 2. The assumption has also
been made that, once we have made the suitablg interpreta-
tion of {gg). x and mJ are considered to be universal. In
other words, we refrain from introducing, at the quark level,
further unknown sources for isospin symmetry violations;
our assumption regarding the universal nature of the suscep-
tibilities y and my is fusther supported by the derivation of
induced condensates as illustrated in [10]. This is a crucial
point since the terms in x{itu) and x(dd) turn out to be one
of the most important contributions which distinguish the
coupling g 0, from g0, .

We note that, for the determination of 7 pa or w¥np
coupling, we find

(0T 7,(x} 7,0 0)]0) -
= —die ety iS5 () y, O80T
X CYuSi (X)¥s ¥u )
We note that the absence of iS™%*'(x) in the present case is

due to a change in the electric charge. We also note that the
structure (which does not involve the trace of some product)

seems quite different from the n"pp case, but we will see
that isospin symmetry is exact should we assume m,=m,
and {itu}=(dd}). Finally, to obtain QCD sum rules up to
dimension eight (as compared to the leading perturbative
term}), we need to enumerate diagrams which are
proportional to 1, x(qg), (23G%. mi(gqd, {(qu)*
{9aXg.q40-Ga), m,{ag), and m{Gg.o-Gg). Here it is
clearly of importance to be able to distinguish between
{dOd} and {&Qu} in the quark propagators used to evaluate
the correlation functions.

Cn the other hand, we may parametrize the cormrelation
functions at the hadronic level in the standard mamner:

f (0| T, (x) 7,(0)[0)], -

(8}

>
+

i
=hhp T (—¥5V2g o o) T——
Fi] pp_mp( YsVLg o £R p—m,

f ddx{OlTnp(x} Ep(O}'O;\"ﬂTO

2 i i
=it = +A
p—mp

2
" h—m

We consider the various diagrams shown in Fig. 3 and abtain
the quark-level expression [referred to as the left-hand side
(LHS)] for the #°pp coupling (directly from the momenturm-
space calculations),
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1 piin(—pY) x
T s {—2—— X aap® In(—p?
1 4 1 1 1
54 In{—p*) Sa“pj- sﬂumupj'

In(—p?)+ g 7
+t————m} 3 (amgtagm,)— 7 M

fitg
+m§ 5 1 67 115
;T 12 myd, 8 mdad-'- 48 maa, Ly 48 m,ay
(10)
with a,=—(2m*gq), {(go-Gg)=—my(Fq), and b

={g2G?). Accordingly, we obtain, upen Borel transform,
the following QCD sum rule for the 7°pp coupling:

% 11 4 my

6_ 7% a__ 2422

M-S aM*— o MM+ 3 al+ =
M2[7

+mi In mab (amgtazm,)— 7 Ml

5 1 67 115

2
+ rw— —_— J—
Mol T3 Muctu 3 mya,+ 5 mqa,+ yry m,ad]

Ex%p &1 _ it . .
=8—";‘F£ hﬁe mo'M” + excited states continuum, (11)
widd

where M is the Borel mass and ?Lz—-(Z‘rr)“}\2 A similar
expression can be obtained for the 7%nn couplmg through
the replacement u+—d. It is of some interest to note that the
contribution from Figs. 3(d1} is cancelled by that from Fig.
3(d2), so that the induced susceptibility m] does not enter in
the determination of strong TNN coupling, an aspect already
observed in [9].
For the ™ np coupling, we have, with a=(a,+a,),

s X . 1 ,, 4 1
M —3 aM —2—4bM +§auad+ 3 (ag—a,)az—(m,
. 5 29
—mgla M+ m; T3 Gt 24admd-l— 13 %M
19 , . M? 1
+ 7 G +my; In ;1- am,+tazm,— i ma,
mg gt =3, .1
+ + 2 = 8m'np 4 -m M
a,) 3 Gty P (2m) N A pe
+excited states +continuum., {12)

As a standard practice, we may improve the applicability of
these QCD sum rules by (i) taking into account the anoma-
lous dimension of each term (operator) and (i) invoking the
continuurn approximation in which contributions from ex-
cited states and the continuum are approximated by what we
may obtain at the quark level above a certain threshold W.

Results from such improvements can be duplicated easily
from Yang ef af. [15]. In this way, we obtain, for the 7%pp
coupling [15,9],

4
bMZEﬂ + 7l

ML R, — g aML¥E, — 3

24
2 i 2

m M 7
Y@ S L ¥yl Tl

+ — a 3 (aymy

2617
3 "M

5 1
—2607 |
+muL [lzma 8

+agm,)— m aly M3,

67 115 ]

En'p 22— mim?
+_ —— =
T mga,t 35 Mudd hye M (13)

& 7tad
and, for the w*np coupling,

1
a,ay+ 3 {ag

% 11 4
6y —49yp _ 4y 20 2 —
MOL™E,— 5 aM*L 24bMEU+[3

- a,,)ad} LY —(m,—mga ML *PEy+miL 7

1 5 29 19
Xy = 3 am,— 5 agmgt — 3 a,mg+ K} dam,

2

M
+mﬂ,ln?—L WAL mtagm,—

(ad+au)]

2
Mmy _ 1
+ "—3 a,,adL w "'TM =

Brlne o mpdn h e I,
nfp

wtdu

(14)

Here Eg=1—¢7*, E;=1—-(1+x)e™", and E;=1—(1+x
+x%2)e ™ with x=W/M?, and L=0.621 In(10M),

There are several sources for isospin symmetry breakings,
viz., at the hadronic level (RHS), we have m,#m e Mg
#hp, and W,# W, (with W the threshold parameter in the
contimmm approximation for treating the excited states and
the continuum). Apart from the well known neutron-proton
mass difference, we use the parameters previously adopted
by Yang et al. [15].

At the quark level (LHS), the isospin symmetry breaking
caused by (dd)# (iu) and m,# m, have been made explicit
in the formulas given above. Such effects have also been
considered by other authors [8,15].

In addition, there is an effect due to the non-universal
pion-quark couplings. Conceptually, we may start with a uni-
versal pion-quark coupling, such as in the effective chiral
quark theory, but the vertex renormalizations due to electro-
magnetic interactions, as shown in Fig. 4 and also pointed
out by Cao and Hwang [6], modify 7%uu, #°dd, and 7" ud
in a different manner. Here we have adopted the dimensional
regularization scheme to work out such differences and con-
clude that the nonuniversal pion-quark couplings so obtained
could be a reasonably important source for isospin symmetry
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FIG. 4. The vertex renormalizations (including the self-energy
contributions) leading to the nonuniversal pion-quark couplings, an
important source for isospin symmetry breakings.

breaking. Specifically, we obtain, in the minimum subtrac-
tion scheme, the following expressions for the pion-quark

couplings:
43 1
TR

a (52 4
8B 7%+ B alux l+a ?_ETE s

o
gw*’du_*gw*du[ I+ E;

a {13 1
B0da—* 8 n0ad 1""4? 93 YE[ |- (15)

Numerically, these expressions give rise to 2.18X 1077 1o
the charge symmetry breaking term g ,0,,~ & 5040 and 4.2
%X 10~* for the charge dependent combination g0,
“Entdu-

To perform numerical analyses, we introduce the follow-
ing paramelers:

Ao+ h A.—h
_p n = »
A=, o=y
,;,'Em"+m"‘ Esm"im",
2 m
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g‘rruppz
B ldd
Drm
Balnn k{14 p1),
aVien
S22 = k(1 +pa),
Erud
Ext
—T==K(1+p3).
8ntda

Moving the pion-quark coupling to the phenomenclogical
side, we may write the RHS as follows:

2
m
WUPP**Khze_'"zmz 1-o+e¢ M——Z},
2ipsd m*
1Onn— K e "M 1+ o€ Mﬁ-g+p|),

7 pr—KN%e "M (14 py),
Tt np—Krle ™M (1 +py),

The various parameters which we adopt are o= — 10~ [15],
€=13X1073, y=—6.57%x1077 [16], a,=0.546 GeV>, m,
=5.1 MeV, m,=8.9 MeV, b=0.474 GeV*, mi=0.8 GeV?,
#=0.5GeV, and ya=— 3.14 GeV* [10]. This set of param-
eter values is to be referred to as the “‘standard set’in the
rest of this paper. The working interval for analyzing the
QCD sum rules for the various 7NN couplings is
0.8 Gevst§£1.5 GeV?, a standard choice for analyzing
the various QCD surm rules associated with the nucleon.

The QCD sum rules (13} and (14) yield a prediction on
the strong wAN coupling, which is numerically quite stable
(as compared to, e.g., the nucleon mass sum rules). Figures
5(a)-5(c) display such numerical stability for a broad range
of parameter values. In Fig. 5(a), the predicted strong TNN
coupling is shown as a function of the Borel mass squared
M% (in units of GeV?) for three different values of the con-
tinuum threshold W. Note that in [15] a standard value of
W=2.25 GeV* on the continuum threshold is adopted to en-
sure numerical stability of in the working interval 0.8 GeV?
<M2Z<1.5GeV> In Fig. 5(b), similar plois are given for
three different values of the quark condensate a, while in
Fig. 5(c) the sensitivity of the sum rule to the susceptibility y
is illustrated.

Figures 5(a}—5(c) indicate that the QCD sum rule for the
strong NN coupling, Egs. (13) and (14), is numerically
well behaved and may be used with some confidence. It
yields a numerical prediction of g ,yy=—(13.5£1.5), with
the error estimated by assuming AW=0.05GeV? Aaq
=0.05GeV*, and Ay=10GeV™"' and adding the errors
quadratically. In analyzing the sum rule (13) or (14), it
would also be useful to keep in mind that g .y on the right-
hand side could be replaced by g uy+ BM 2 in order to take
into account the strength of the transition from, e.g., the con-
tinuum to the ground state, a contribution which may not be
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FIG. 5. g,¥N/g., shown as a function of the Borel mass
squared Mﬁ {in units of GeV?): (a) for three different values of the
continuum threshold; (b) for three different values of the quark
condensate; and (c) for three different values of the induced con-
densate as characterized by the susceptibility y.

sufficiently suppressed when the s wN¥N coupling is
adopted. As already shown in [10], however, the resultant
NN does not differ much from the value quoted above and
the cited error is more than adequate to also cover such un-
certainty.

Adopting the standard set of parameter values (as listed
earlier), we then find

8 wlnn ‘fgwouu_gwopp -‘fgwﬂda'

of Eq. (16), shown as a function of the given parameter while keep-
ing all the other parameters fixed as standard values listed in the
text: (a} by varying the quark condensate g, (b) by varving y
{which characterizes the difference between the up and down quark
condensates), {c) by varying the susceptibility, and (d) by varying
dm{=myi—m,).

It is of some interest to note that our prediction on
|8 0rn] —18 w0, (2 positive value) differs in sign from the
quark-model result [6], and also from a three-point correla-
tion function approach [&]. It is also of interest to note that
the difference in pion-quark couplings represents a source of
numerical importance on the charge symmetry breaking ef-
fect.

It is of some importance to assess the error in our predic-
tion on the charge-symmetry breaking effect as characterized

=0.58%, {(16) by |gn0ua| — |8 70l To analyze this question, it is helpful to

8 atn 18 000 wersge keep in mind that, although the nucleon mass sum rule may
yield a prediction on the nucleon mass with an error as large

(gv*ﬂp}'!(gﬂdu)_gw“pp‘!gﬂ"dd=Ol35%. (17)  as (10-15)%, we are still able to make prediction on the

gwnie 1r°QQ| average

Combining with the difference in pion-quark couplings
(from vertex renormalizations), we therefore conclude that
£0nn is numerically bigger than g.0,, by 0.80%, while
& rtnp is numerically greater than g ,0,, by 0.15%. _

Numerically, we may arbitrarily set mu=m,, (dd)
=(uu), and A\, =k, except keeping physical values for m,
and m,. In this way, we find that |g 0,,| is bigger than
|g,,oppr by 0.19%. Analogously, we find that A,#\, (as
found by Yang et af. [15]) has a contribution of 0.20%. m,
#m, and {dd)+# (fu) combine to give another contribution
of 0.20%. Therefore, the overall contribution of 80% in fact
comes from several sources of comparable magnitudes (and
of the same sign in the present case).

nucleon-proton mass difference (which is only 0.1% of the
average nucleon mass) and have a prediction which is also of
(10-20)% in error [15]. The reason is simply that when we
combine the sum rules for the proton and the neutron we
may obtain another sum rule characterizing the difference—
and such a sum rle is to be analyzed in its own light. The
same situation occurs for the strong NN couplings, where
we have combined the sum rules for g,o,, and g_a,, to
obtain a sum rule for the difference and this is what is behind
the predictions cited for Egs. (16) and {17).

Numerically, we may adopt the standard set of parameter
values but choose to vary one particular parameter in order to
estimate the error. In Figs. 6{a}-6(d), we display the sample
results. In Fig. 6(a), the sensitivity of p,, which determines
€8 nPuy— Bnlpp /8 4944, 0 the quark condensate a is
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shown (whiie keeping v, y, dm, and other parameters fixed
al the standard values). A variation of *0.05 GeV? for «
yields an error on p; of less than 0.05%. Analogously, we
show in Figs. 6(b), 6(c), and 6(d), respectively, the sensitiv-
ity of p; to a reasonable variation in the parameters y (in
units of 1072}, xa (in units of GeV?), and dm (=m ;~m,,
in units of MeV). Contrary to what has been found [6] in the
naive quark model, the variation in 5m does not produce
visible change in p;—a nontrivial aspect which manifests
itself through the QCD sum rule. The variation of g, with
respect t0 -y is much milder than that of the neutron-proton
mass difference to . In fact, the change in ¥ is fairly re-
stricted (i.e., of the order of 0.5% 1077 to ensure that the
prediction on m,—m, has an error of about 20%) if we wish
1o retain reasonable predictions on the neutron-proton mass
difference. Even if we take the liberty to give a sizable un-
certainty to v, say as large as 4 X 1077, Fig. 6(b} suggests
that the error on the prediction {16) would remain to be about
0.05%. Finally, we caution that the sensitivity of p, to 2 and
x as shown by Figs. 6{(a) and 6(c) is cavsed by the nonzero
value of y (which breaks charge symmetry), rather than by a
or y itself—we have produced these figures only for the sake
of estimating the errors.

To sum up, Figs. 6(a)—6{d) suggest that we may place an
overall error of about (.10% on our prediction in Eq. (16).
Considering the different sources for the overall 0.58% as
given by Eq. (16}, such error estimate appears to be rather
conservative since most of the sources actually do not in-
volve any significant error and the 0.10% error estimated
above arises primarily from possible error to a source of
about 0.20%.

As a parenthetical remark, we note that the sitoation is
very different in the three-point correlation function ap-
proach [B], in which the pion-nucleon couplings are deter-
mined predominantly by the quark condensate and as a result
the uncertainty in ¥ translates itself directly into the error in
& #'pp— B nOnn - IN our case, the contribution from y is only
some part of the whole story and a large variation of y does
not cause as seriously a problem as in the three-point
method. Nevertheless, it is amusing that different sum rules
for the pion-nucleon coupling can be obtained based on dif-
ferent approaches and it is of some importance to pin down
in future studies possible connections among these different
sum rules.

III. LOW-ENERGY NUCLEON-NUCLEON SCATTERING

The one-pion-exchange potential (OPEP) in nucleon-
nucleon interactions can be obtained in the standard manner
[6]. For example, we have, in the p—p case,

5 - -
EO I I
Eatpp @ -V, 67V

497 4m

1
T . r —m 07— Ar
Viir)= ~ (e e ™), (18)

3 1y

where A is the cutoff at the short range which contributes
negligibly to the isospin symmetry breakings [6]). The OPEP
in the n—n case may be obtained by simple substitution
p—n. On the other hand, the n—p OPE potential is given
by
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m(?’ 1'2)30' o Lr arl ¥
X(efmﬂ}r_e*z\r). (19)

Here we have used d=(m,—m)/(m,+my) and M,
=1{m,+m,). The 'S, phase shift &, as used to describe
low-energy nucleon-nucleon scatterings, can be parametrized
in the standard manner:

11
koot Sg=——+ = Klrg+- 20
o=—_t3 4 . (20)

with a the scattering length and ry the effective range. Ex-
perimentally, we have [17]

53CSBEI‘IW| - |a,mi = —{1.51” 0.5) fm,

8acp=|anp| = |@ ol = (5.0£0.3) fm. (21)

As already noted in [6], the differences in the OPEP’s, such
as V,,(r)—V,,(r}, may be treated as a perturbation, making
it easy to compute Sapgp or other low-energy isospin sym-
metry breaking observables. In this way, our prediction on
the difference between g0, and g o,, gives rise 1o about
- 1.0fm on Sacsy, consistent with the observation both in
sign and roughly in magnitude.

As has been known [1,6] for some time, the bulk of the
charge-dependent effect as revealed by a (relatively) large
vaiue of da¢cp can be understood quantitatively as caused by
the pion mass difference m,- # m o while the differences as
found in pion-nucleon couplings give rise to relatively small
contribution to Sacp. As a result, we may safely conclude
that the observed dapgy and Sa -, as summarized recently in
[17] can be understood, to a large extent, as manifestations
of isospin asymmetries associated with the one-pion ex-
change potential.

IV, DISCUSSION AND SUMMARY

The observed differences [17] in the 'S, NN scatterings
are by far the best known isospin symmetry breakings in
which pion-nucleon couplings play a central role. There
might be some isospin symmetry breakings in the 'S, effec-
tive ranges or in the *P; scattering lengths, but until now
such effects have not been extracted in any reliable manner.

The last term in V;’P(r} [in Eq. (19}], as induced by m,
#m,, gives rise to isospin mixings such as p—tpyor
ID,—'D, mixing, but only in a rather smail way. On the
other hand, charge-symmetry breakings observed in
medium-energy elastic n—p scattering {at TRIUMF and
IUCF) may be dictated primarily [7] by the charge symmetry
breaking force as caused by the p—w mixing or by £,
# g nn . However, the short-range nature in this case may
require a careful investigation of the quark-interchange
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mechanisms as addressed in [18], as it is difficult to reconcile
the picture of exchanging, between two nucleons, a meson {p
or w) with a range of about 0.25 fermi, considerably smaller
than the extent of a nucleon (with a radius of ar least (.5
fermi, even assuming a little bag picture for the nucleon}.

In any event, the isospin symmetry breakings associated
with the one-pion exchange potential (which is clearly on a
very sound conceptual ground} can best be accessed through
careful measurements of low-energy scattering parameters
such as 8acgp, ddcp. etc. Such efforts should be further
encouraged by the currently popular wisdom that the low-
energy sector of the w& are NN systems can be described by
the long -wave length limit of QCD via Goldstone theorem,
yielding the so-called chiral perturbation theory, so that the
low-energy scattering parameters seems to be more *‘funda-
mental” than those needed in, e.g., the description of
medium-energy nucleon-nucleon scatterings.

In summary, we have adopted the method of QCD sum
rules in the presence of an external pion field to investigate
isospin symmetry breakings in pion- nucleon couplings. The
resultant QCD sum rule for the strong pion-mucleon coupling
is found to be well behaved and the prediction on g, nx 18

—{13.5£1.5) in good agreement with nuclear force studies.
The QCD sum rule for the difference between g_o,, and
& #0pp can be analyzed in its own light and the most uncertain
part (which is caused directly or indirectly by 7] is by itself
fairly small, thereby resulting in a small overall error. Nu-
merically, we find that |g.0,,| is bigger than [g.0,,| by
(0.80+0.10)% (and bigger than |g +,,| by 0.65%), with its
major portion determined reliably without significant error.
This result accounts for the observed charge-symmetry
breaking effect dacgg both in sign and (roughly) in magni-
tude. Contrary to many previcus calculations in the litera-
ture, our result offers, for the first time, the possibility to
understand both degp and Sa-p in a quantitative manner
(both in sign and in magnitude).
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According to the quark model the 37 is composed of
three strange quarks with parallel spins. This state is particu-
larly interesting because of the large symmetry breaking that
cannot be accommodated consistently in the naive quark
model. In Ref. [1], it has been shown that nonstatic baryon-
dependent magnetic effects are large, In this paper we inves-
tigate these symmetry breaking effects and evaluate the {)
moment in the QCD sum rule [3]. The {} moment has been
studied in literaures {2] and various theoretical results range
from — 1.3y to —2.7uy. We find our result is in good
agreement with the recent data [4,5]. '

In a typical hadronic scale the quantum chromedynamics
(QCD) is highly nonperturbative which makes a direct ana-
Iytical first-principles caleulation impossible. In this work we
adopt the method in the presence of an external electromag-
netic field [6,7] to calculate the & and the £%A transition
magnetic moment gxo, . The important aspect of this inves-
tigation is that the various susceptibilities in this calculation
have already been determined from previous studies of octet
baryon magnetic moments [6—9], and as a result our calcu-
lation is parameter free. .

In the method of QCD sum rules [6,7], the two-point cor-
relation function IE(p) in the presence of an extemnal elec-
tromagnetic field F,g is written as

Ma(p)=i f d*x{0|T{7,.(x), 7*(0}} 0}, €™

=Mo(p) +(p) o Fp+po-F)+---, (1)

Mzatp)=i | d*x(0IT{nolx). Ta(O}HO)r,

=L(p)(o Fp+po-F)+- -, (2)
where [14(p) is the polarization operator without the exter-
nal field F,q. The 7, , 7go, and 774 are the currents with {2,
2% and A guantum numbers

7 u(x}= e T(x)Cy,s°(x)]s(x), 3)
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1
nyo(x}=e€"¢ E{[uar(x)c yﬂdb(x)]ys y*s°(x)

+[d (X)) Cy i (£)] 75 ¥*s (0}, (4)

- |
—o,\(xJ=e"“\/%{[u”tx)cm”(my;y#df(z)

—[d" (=) Cyus®(x)]ys ¥ uc(x)}, &)

where #(x), T, and C are the quark field, the wanspose
operators, and the charge conjugate operators. a, b, ¢ are the
color indices. The interpolating currents couples to the
baryon states with the overlap amplititude X:

{0]7,(0)|[ )y =Aqv,(p). - (6}
(0] 750(0)| 2} = Az w5 (p), N
(0] ma () AY=rpwa(p), (8)

where v, is a vectorial spinor and satisfies (p~mp) v,=0,
v,v,=—2mg, and y,*=p,*=0 in the Rarita-
Schwinger formalism. »{p) is a Dirac spinor.

On the hadronic level the correlators I1,(p) and I1,{(p)
are expressed in terms of the chirality-odd tensor structure

(U-Fﬁ+ﬁa’-F]:

() 1 A {10+ 4(2 2),}
Wp)=—spa——5=1 o pi—mg)
47 P -mp 9 9mp
X(c-Fptpo-F)+---, )
1 Ashy

(o Fp+po-Fy+---,
(10)

O,(p)=- Zﬂ:ﬂhm

‘where {---} is | for the nucleon magnetic moment. The

deviation from unity in Eq. (9) is due to the Rarita-
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Schwinger formalism for the spin  field, of which the details
may be found in Ref. [10). m=(msza+m, )/2. We treat the
Z and A mass as degenerate due to their small mass differ-
ence since we never come across the poles and always work
in the virtality p><0. We denote the continuum and non-
diagonal transition contributions simply by ellipses.

The extemal field F,, may induce changes in the physical
vacuum and modify the propagation of quarks. Up to dimen-
sion six (4=6), we introduce three induced condensates,

(Oiqﬂ'mﬂmr qXF,uv(quqm)

]

A _
8019 5-GL.al00¢, =e,xF 1,(0| g 4]0},

A ey =
gse,u.vkcr((}lq TS'Z_GLW’?lO}Fm.:w'?gFﬁ (0[&"3'0),
(1)

where g refers to u, d, and s quark, and e, is the charge. The
X, &, and £ in Eq. (5) are the quark condensate susceptibili-
ties and their values have been the subject of various studies.
loffe and Smilga [6] found y~—8 GeV~? with =0,
£=0 in order to have p,=30py and u,=-2.0uy
{+£10%). Balitsky and Yung [7] estimated

=-33 GeV™? «=022, £=-044 (12)

using the one-pole approximation. Belyaev and Kogan [8]
extended the calculation and obtained an improved estimate

x==57 GeV~? using the two-pole approximation. Chiu
et al. [9] also estimated the susceptibilities with the two-pole
model and obtained

x=—44 GeV~l k=04, £=-08 (13}

The values of these susceptibilities are consistent w:th one
another except that the earliest result y=-8 GeV~? in [6],
1s considerably larger (in magnitude) due to their neglect of
«,& in the fiting procedure. In what follows, we shall adopt
the condensate parameters y=—4.5 GeV ™2, k=04, £=
—{0.8 which represent the average in the last three analyses.
The correlation functions I1,(p)} and I1,(p) at the quark
level] are
(0|T7,(x) 7*(0)|0} ¢
=—2ie™ e Y (Tr{S% (x) ,C[5° (0)]7Cy,}
XS (x)+ 28 (x) 7, C[8° (2)) €, 8 (x)), (14)

{0|T70(x) 71(0)]0) 5

2 [N . 4 [ [
=— —i e ety 82 (1), CLSE ()]
N5
XCy, S5 ()7 s

— 5 ¥5% (2}, L[S (X)) Cy, 55 (x)y¥ysh.  (15)

where i52%(x) is the quark propagator in the presence of the
external eletromagnetic field F,, [6]. We find

cab N (R T— 1 o . o b i
#54(p) p—my, T3z g’G"”(pz—mzjl[a (p+mg)+{p+my)o”]+ 4‘9?‘? anm
- -
X[o--“v(p+m )+(p+m Jos]— gzb(q_q)(z &t p)— %ﬂ(z )4gp.|'o-] P 54(10)_&,5 q(fgi)
P ! {aq) {gq}
. BV _ . 3 4 _ b
X.a' Fg 3 Yoo Fy }(2#] 6‘#3,54.(_0] 5% " K65
, ! {79)
. Y . ¥ 4 . b
><-0' Fg 3-,/‘0' Fy ](2#) 2,0,8(p)+is” 2
[ dpouv_ l o Bp v aB(p )4 5 6
X| o 7 Yoy TanBJDF (27) J#c'iv (p)+-- (16}

in momentumn space with };Ep#'y“. Here we follow [6,7]
and do not introduce induced condensates of higher dimen-
sions, while we find that the strange quark mass correction is
important so that we have explicitly kept it in our calcula-
tion.

Only the condensates with even dimensions contribute to
the structure (o-Fp+po-F). They are 1, x{0|qq]|0}m,,
m{0l74|0), (018:GsG0sl0). x(01 4410y,
x{0lgql0}{0|g.q o Gql0), x{0lgq|0)", and £0|g4|0)

\

r

up to dimension eight. The up and down quark is treated as
massless. The gluon condensate (Glg,G:ﬂG‘;ﬁIO) always
appears with a small numerical factor 142 w)* through the
two-loop integration [6]. Its contribution was found o be
negligible through the direct calculation [9]. Following Refs.
[3,6,7] the four quark condensate {(0|qT ggT,4|0) is
treated by the factorization approximation as the susceptibili-
ties are estimated under the the vacuum dominance hypoth-
esis. The calculation is straightforward by substituting the



quark propagator into Eqs. {9} and (14). Here we present the
final result after Borel transformation:

6
{Mﬁfzm)t‘m- s xm,a,MgE\(y )L™

7%
6 b4 427 4 gl 49
+§m:asMBED(}'I)L "gxa,MﬁEo(J’:)L
14 xmi 22 4
2y —0e_
el [15+ E R T T34
=(2m)Nhe"0Map 0 (1+4,M2), (17)

1
—(ered)[MEEz(yz)L"‘”—XmsﬂMiEl(Jf:)L'ZW

V3

4
+ 3maMaEo(y2) L™ —m.a MyEq(y,) L

2 1
- a-xaasM%Eu(ysz_‘”ﬂ+ §aa5L‘*’9

|

=(2m*Aghae " Mapoa(1+A,M3). (18)

x

3
4+ Kk—2£+ Ixmérm

where m=1.672 GeV, m=1.15 GeV, m,=150 MeV,
¥1=WiIMG and y,= WHM2. E (y)=1-e "S]_ 1/kIy*
are the factors used to subtract the continuum contribution
[6]. Wi=5.0 GeV? and Wi=34 GeV? are the continuum
thresholds which are determined together with the overlap
amplititudes (2)*A}=5.56 GeVS, (27)*Ai=1.88 GeV®,
and (2m)*A}=1.64 Gev® from the €, I, and A mass
sum rules {11,12). We adopt the ‘‘standard’® values for
the various condensates a=-(27)%(0|au)0)=0.55
GeV?,  a,=—(2m)%0]55{0)=0.55X08 GeV®, am}
=(2m)%g{0lie-Gu|0), mi=08 GeV2. L=In(My/
A QCD)I'IH(‘LL"A QCD)1 A QCD is the QCD parameter, A Qco
=100 MeV, and u=0.5 GeV is the normalization point to
which the used values of condensates are referred.

We further improve the numerical analysis by taking into
account of the renormalization group evolutions of the sum
rules (17) and (18) through the anomalous dimensions of the
various condensates and currents. A; and A4, are constants to
be determined from the sum rule, which arise from the non-
diagonal transitions Qy—*, Z¥—Ay. or T A*y [6].
The working intervals of the Borel mass Mﬁ for the sum
rules (17) and {18) are 2.0 GeV’<SM3;<40 GeV?® and
1.3 GeV'sMz<3.0 GeV?, respectively. where both the
continuum contribution and power corrections are f:ontrol—
lable. Moving the factor (27)*Ale™"WMs  gng
(2m)*Ashye ™ 'M3 on the right-hand side 1o the left and
fitting the new sum rules with a straight line approximation
we may extract the wpn and px,. We show the new sum
rules as a function of the Borel mass in Fig. 1. The new sum
rules are almost stable and independent of Mﬁ, which im-
plies that the nondiagonal transition coniributions are smali.
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FIG. 1. (a} The Borel mass dependence of the ) magnetic mao-
ment. The fong-dashed, solid, and short-dashed curve are the QCD
sum rule predictions for y=—3.5, ~4.5, and — 5.5 GeV "2, respec-
tively, from Eq. (L7} after the numerical factor (2 7rJ4I\fle""ﬂ:"'“E
is moved to the left-hand side. The dotted linc is a straighi-line
approximation. The intersect with the ¥ axis is the {1 magnetic
moment in units of e/2mg . The Borel mass M3 is in units of
GeVv?, (b) The Borel mass dependence of the LA transition mag-
netic moment. The notations are the same as those in {a).

The sum rules are insensitive to the susceptibilities x and &
because of their small values. Their contributions are less
than 5%. The dependence on x is shown in Fig. 1. When x
varies from —4.5 to —3.5 GeV "2 or to —5.5 GeV "2, the
sum rules change within 10%. The correction from the
strange quark mass is important and contributes about 20%
to both of the sum rules. The SU( 3) ¢ flavor symmetry break-

ing parameter y={s5s)/{ux) needs to take the standard
value of 0.8 in order 10 yield a good agreement with the
experimental data in Eq. (17). The {1 magnetic moment
would increase 30% if y=1, in contradiction with the ex-
perimental data. Qur final results are g =—3.41 in units of

e/2mgq and psa,=1.85 in units of e/2m, where ¢/2my is a
natural unit in QCD sum rule analyses. In unit of nuclear
magneton pn = —1.924, and g0y =15y, in good agree-
ment with the recent experimental data.

Baryon magnetic moments are important physical obsery-
ables as masses. The method of QCD sum rules in the pres-
ence of an external electromagnetic field was successfully
employed to calculate the octet baryon magnetic moments.
The results are in reasonable agreement with the experimen-
tal data. In this work we have extended the same method to
calculate the magnetic moment of the long-lived decuplet
member, the {2 and %A transition magnetic moments si-
multaneously, which may serve both as a consistency check
of the various susceptibilities and a check of the method of
the external field itself. Our results are in good agreement
with the recent experimental data.

This work was supported in part by the Postdoctoral Sci-
ence Foundation of China and the National Natural Science
Foundation of China. It was also supported in part by the
National Science Council of R.0.C. (Taiwan} under Grant
No, NSC84-2[12-M002-021Y.
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Isospin independence and charge symmetry are only ap-
proximate in the strong interaction. It is believed that the up
and down quark mass difference and the electromagnetic in-
teraction cause all the isospin violations [1,2]. Experimen-
tally a strong signature for pP-w mixing has been observed in
the cross-section measurement of the reaction
e*e — @~ [3). The effect from the electromagnetic in-
teraction is of the opposite sign and much smaller than the
experimentally determined {p°|H csp|w}, while the current
quark mass difference plays a dominant role [4]. Strong evi-
dence for -n-7' has also been obtained from studies of #’
{51, ' (6], and ¢ [7] decays. In this work we study possible
$0.A mixing with the method of QCD sum rules [8]. p°-
mixing has been analyzed within the same framework [8.9].
The isospin symmetry breaking sources in such an approach
come from the current quark mass difference dm=m,~my
#0 and the quark condensate difference ¥
={0|dd|0)/{0]uu[0)—1#0. We do not take into account
the electromagnetic interaction in the present work.

We may study Z°-A mixing through the mixed propaga-
tor in the QCD vacuum

ff d*xePHO[ZH x)A(0)]0)

(p+mzo)8(p+my)

{p2~m§g+fe)[p1-mi+ie) '

=(-) (1)

where the mixing parameter S(pz') is definped through the
following effective Lagragian:

L*= g(TgoW s+ W ¥sa) (2)

and may be measured using decays such as y—AZT

+ A5 in future experiments.
In order 1o calculate the mixing parameter we stady the
rwo-point corretator at the quark level as

p) =i | @tx(0lT{mss(a). 7 OO O
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7o and 7, are the curments with %9 and A quantum num-
bers:

i
peo(x)= f“b‘ﬁ{[u”m Cy,d(x)]ys y*s(x)

+[d°T(x) Cyte®(2)] s s (2D}, {#)

2
palz) = & \@{[nﬂmcnsbtxmswf{xn

—[°T(x)CysP(x) ) ys P ut{x)}, (5)

where #%(x), T, and C are the quark field, the ranspose, and
the charge conjugate operators. a, b, ¢ are the color indices.
The interpolating currents couple to the baryon states with
the overlap amplititude A:

(0 xa(ONE)=Nhsex(p), (6)
(0] 7a(D)]A)=havalp), ¥2]

where ¥{p) is a Dirac spinor.
The correlation function IT(p) may be expressed as

(01T pga(x) 72(0)]0}

2 LA ' r
=gt S (2}, Clse (0]

X Cy,55 (x)7"7s
— sS85 ()7, €088 (DT C S (%)Y vs),
(8}
where ($°7(x) is the quark propagator [10]):
iS85 ()= (0{TTq“(x1q"(0) ][0}
(64 1 g

] - -
= 1+ —— —g, G = (o x+ 2o’}
253 32m% 2 e
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FIG. 1. Relevant diagrams in the QCD sum rules analysis of Z°-
A Trixite tp o dtmension seven. The current quark mass correction
is denoted by a cross. If two crosses appear in the same diagram,
one of them comes from the strange quark.
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9
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— 1 leart ﬁ(&qﬂ"GQ)

_(aaaiGhxt | m

29%x 33 4rix?
m Anp .
+32;13, G, ,,in(—x%)
8°(g2G?) i8°m.(qq)
———t 7 Yl = p2 A, A L
PPy mx“In(—x)+ 23 X
imig.q0-Gg)&x*x
B 27x3? * ®)
At the hadronic level,
b+ p3p+m
M(p)=(~)hsoh, (p ;m:o) {p zip k A .
(pP—msotie)p —m o+ie)
(10

The diagrams with nonzerc contribution are presented in
Fig. 1. In the limit of exact isospin symmetry I1{p) vanishes.
There are two isospin symmetry breaking parameters ém and
v. Each diagram is either propotional to dm or to y. We
explicitly keep the current quark mass term in the quark

propagator up to order (m,), which is denated by a cross.
The current quark mass enters a diagram either through ex-
panding the free quark propagator up to O(m,) or through
the equation of motion. Since the strange quark mass is not
small, we keep terms such as m (my—m,). The calculation
is standard as in the QCD sum rule analysis of the baryon
mass. Equating the correlator II(p) at the quark level and
IT{p) at the hadronic level we arrive at two sum rules cor-

responding to two different structures 1 and p. Here we
present the final result after Borel transformation.
For structure 1,

1

3

b
SmMEESL™ %+ yaMSE,— 3 SmMyE L™

4 ) 1
-3 Sma m MyE L™~ gym,aa,M‘:}Eo

1 232 1 2
+ 3 dma M gEy— ﬁybaMBEg

7
+ — ﬁma,msmgMgE ol T3

48
5 M3
~3 6mam§m,M§1n;§EuL -

= (27 hshpe” " Mi2m? O(mlo)(1+A,M3).

{11}
For structure ﬁ
1 6 r—an 4 — 49
- E Smm MpE, L™ +dymaMpE L
2
+48ma, M3E L™+ 3 vaa,MAE,LY
1 2ard =26/27 1 2 ZE L—lﬁﬂ?
"Z'}‘m‘famoMBEuL - ZamasmuMB 0
1 202 g r ~26027
+ 3 dmampM gEoL
= (2m) hghaZme Mg mi) (1 + A M), (12)

where dm=my—m, and y=(dd){uu)—1, m=mszo
+myf2=1.15 GeV is the average mass. m,= 150 MeV is
the strange quark mass. y=W2/M§ and the factors E {y)
=1—e ?Z]_o(1/k!)y*, are used to subtract the continuum
contribution [11]. W?*=3.4 GeV? is the continuum threshold
which is determined together with the overlap amplititude
(2m)*Ai=1.88 GeVS, (27)*a] = 1.64 GeV® from the mass
sum rules [12,13], We adopt the “*standard’” values for the
various condensates b={0}g2G?*|0)=0474 GeV*, a=

—(2mX0|wu|0)=055 GeV®,  a,=-(2m)*{0]ss|0)
=0.55%08 GeV?, ami=(2m?g{0luc-Gul0), mp
=08 GeV'. L=In(Mg/A qeo)/IM(/A qco)s A gep 18 the
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QCD parameter, A gep= 100 MeV, p=0.5 GeV is the nor-
malization point to which the used values of condensates are
referred.

We further improve the numerical analysis by taking into
account the renormalization group evolution of the sum rules
{11} and {12} through the anomalous dimensions of the vari-
ous condensates and currents. A; and A, are constants to be
determined from the sum rule. They arise from the mixing
with the excited states %*-A or 3%-A* which were first
intreduced in the QCD sum rules analysis of the nuclecn
magnetic moments {11]. The working interval for the Borel
mass M3 is 1.3 GeVisM3<25 GeV? where both the
continuum contribution and power correctior}s are control-
lable. Moving the factor (277)*AgAae ™™ ™5 on the right-
hand side to the left and fitting the new sum rule with a
straight line approximation we may extract the mixing pa-
rameter &

Varjous theoretical approaches [2,10,14-18] yield consis-
tent results for the quark mass difference dm=3.2+04
MeV. The difference of the up and down quark condensate
has been analyzed with the chiral perturbation theory [14],
the QCD sum rules for scalar and pseudoscalar mesons [17-
19], effective models of QCD incorporating the dynamical
breaking of chiral symmetry [20,21], and the QCD sum rules
for baryons [10]. The numerical results from the above ap-
proaches are y=—(6—10)x 1077 [14], —(10x3)x 1073
(17], —(7-9)%1073 [20,21], and —6.57x 107 * [10].

In both of the sum rules (11} and {12) the contribution
from &m and y bas opposite sign. The mixing parameters
from Egs. (11) and (12} would contradict each other if ¥
were too large or too small. In Fig. 2 the Borel mass depen-
dence of the mixing parameter and the fitting straight line is
shown. Through the intersection with the ¥ axis, we can
obtain the value of & directly. With y=—(7+1)x10"? and

B
s - Fenamp e

&(mz "}
414 l'l\zy‘”)

-3 -3
0O 03 10 15 0 1S 00 05 (0 15 0 25

MBZ Mﬂz
{a}) ()

FIG. 2. (a) The Borel mass dependence of the mixing parameter.
The solid curve is the QCD sum rule prediction for y=
—7% 1077 from Eq. (11]} for steucture 1 with dm=3.0 MeV after
the numerical factor {Zfr)‘*?x;o)\ie'"':m  is moved to the left-hand
side. The dotted curve is the ftting straight line. The Borel mass
M2 is in unit of GeV 2. The mixing parameter & is i unit of MeV.
{b) The Borel mass dependence of the mixing matrix for the strue-

ture 7. The notation is the same as in (a).

em=30x04 MeV, our final result is H(méu)
=(—)(0.5£0.1) MeV. It can be seen from Fig. 2 that Egs.
{11) and (12) yield almost the same value for &, In summary
we have calculated the on-shell %-A mixing parameter,
which may be measured in future experiments.
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Abstract

The method of QCD sum rules in the presence of the external electromagnetic field is used to treat the problem of the
electromagnetic decay of the various vector mesoms, including p— 7+ vy, K* =K+, and " — p+ . The induced
condensates obtained previously from the study of baryon magnetic moments are adopted, thereby ensuring the parameter-free
nature of the present predictions. Further consistency is reinforced by invoking the various QCD sum rules for the meson
masses. The numerical results on the various radiative decays agree very well with the experimental data. € 1998 Published

by Elsevier Science B.V.
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Quantum chromodynamics (QCD) is believed to
be the underlying theory of strong interactions. How-
ever, little is known concerning the structure of a
meson (for which the naive quark-antiquark picture
is at most only the leading approximation), since
QCD is nonperturbative at the typical hadronic scale,
In the absence of the first principle calculation, the
electromagnetic decay of a vector meson, such as
g — my. may be treated via an effective Lagrangian
[1.2], such as in the vector meson dominance model
(VDM) [1] or in chiral perturbation theory [2]. An-
other approach, which is the focus of the present
paper. is made possible via the method of QCD sum
rules [3] in which the nonperturbative QCD physics

is incorporated systematically as power corrections
in the short-distance operator product expansion
(OPE). Results from QCD sum rules will certainly
serve as another wseful reference point concerning
radiative decays of vector mesons.

Ta he specific, we consider the electromagnetic
decay of a vector meson in the flavor SE43) sector,
i.e.. in the sector of (u, d, s}. Using p— 7+ v as
the illustrative example, we may describe the decay
process by the effective Lagrangian,

g'ﬂ'\'
5 =p2fr
mn

oy
4]

EpvhﬁapAﬁpﬁa?‘-! (I)

0370-2693 /98 /312,00 © 1998 Published by Elsevier Science B.V. All rights reserved.
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where A, is the electromagnetic field. The corre-
sponding partial width is

8iny P
3 ml (2)

P

Flpomy)=u

with P is the pion momentum in the CM frame
{i.e.. in the rest frame of the vector meson}.

In the original work of Shifman, Vainshtein, and
Zakharov [3], the nonperturbative QCD effects are
incorporated through the various non-zero conden-
sates in the nontrivial QCD vacuum. Ioffe and Smilga
[4] and, independently, Balitsky and Yung [3] studied
baryon magnetic moments by extending the method
of QCD som rules in the presence of the external
electromagnetic field. It wins out that the QCD sum
rule method as obtained in [4] or [5] can readily be
applied to the problem of the electromagnetic decay
of the various vector mesons, such as p— 7+ ¥,
K*—=K+vy,and ' > p+ y. As a result, we wish
to pursue along this direction a little further, hoping
to obtain results which may help to clarify certain
issues in relation to the effective Lagrangian ap-
proach [1,2].

We recall [4,5] that, in the method of QCD sum
rules, the two-point correlation function Hﬂ( p) in
the presence of the constant electromagnetic field
£,, may be introduced as follows,

{,(p) = i [d e QIT| j2x). 7 ()]0, (3)

where we introduce the interpolating fields,

(Y =w (xynd{(x), 7(x)=u(x)iysd*(x),

#

with a the color index. As in the QCD sum rule
analyses for nucleon properties, we may introduce
the overlap amplitude {coupling) of the meson cur-
rent to the (physical) meson:

Olj,lpr =€, (5)
Ol 7y =4, {6)

where €, is the polarization 4-vector of the p me-
son.
Embedding the system in the constant £, field

and introducing intermediate states we express the
correlation function at the hadronic level as follows,

11(p)
1 1

gpwy
=AA — €0, F P p7
T 2m, pt-ml pt—ml B P
ST ) )

The gy coupling is defined through the relation:
(' { PN o p)?

8w v 2
£ TEAW:#.P q K(qh)’ (8)

= —j8"e

p

where K(g?}is the form factor normalized such that
K{0)=1. The superscripts [ and m are isospin
indices. Note that, in Eq. (7), we write down explic-
itly the leading p— 7y contribution, label the next
transition term by H;" = =¥ p), and denote the con-
tinuom contribution simply by the ellipsis.

The external field £, may induce changes in the
physical vacuum and modify the propagation of
quarks. Up to dimension six (d < 6), we may intro-
duce three induced condensates as follows,

(Olga,, ql0) s, = e, exF, (Olgql0), (9)

_A ,
2.0l G, gl0dr, = e exF, (Olgql). (10)

n

A
8. EMVAU(:OIETS?GRAF‘?'O}PLP

=ie e£F,, (Olgql0), {11}

where g refers mainly to n or  (with suitable
modifications for the s quark), e is the unit charge,
e,=% and ¢g;= — 3. The observed baryon mag-
netic moments have been used to fix these suscepti-
bilities, leading to a value of x in the range of
—(3.0-45GevV™? and 2« + £=0 [4-7]. Accord-
ingly, we adopt in this paper y = —3.5GeV~? and
2+ & =0 with x, £ quite small, which represent
the average of the optimal values in the literature.

On the other hand, the cotrelation function f1.( p)
may also be evaluated at the quark level,

n(p)y=- ifd"xe"’”Tr[ iSSP x )y, iS5 —x)z"yj],
(12)
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where i$°%( x) is the coordinate-space propagator in
the presence of the F,, field [4,5].

Equating the correlation function obtained both at
the quark level (Lh.s.) and at the hadron level (r.h.s.},
performing the Borel transform on both sides (to
accentuate the contribution from the leading p —» wy
contribution}, we finally obtain the QCD sum rule

for g ..

1 1
(e, +ea.)aq24 [ Mg}

+ I

ngI‘}‘

A. .-l ( m?v "‘3
——— e mi— e .ul]
2m, m —m: f £

+Hp’—*1r‘r(M)> (13)

where o, = —(27)2(0@1}0} and M, is the Borel
mass (w1th MZ playing essentially the role of p?).
Note that in this sum rule (13} the dominant contri-
bution comes from the induced quark condensate
characterized by the susceptibility y. The contribu-
tion from p* — 7y is suppressed by the factor
(7} and so is negligible to within 10% (which is
the typical accuracy of the QCD sum rule approach).
The sum rule (13) is stable within the working
interval M7 ~ mf,.

We proceed to note that in the framework of QCD
sum tules the overlap amplitude A, can be deter-
mined in a self-consistent manner by making vse of
the mass sum rules for the p and # mesons [3.8).

2
»

1

i o b
2 _ M,} _ £ 4 _
K=z {4(1+—1T)MBE, yrs

o 14 1
+— —at— ). (14)
B

a, 7 1
-I-—'—a‘—}, (13)
B

where £,=1—-(1 + ;f,%)e_ & (with 5] = 1.5GeV?)
is the factor arising from the continuum approxima-
tion, and b= (211’}2<0|2‘G” [0} is the gluon
condensate. It was pointed out in ﬁO] that the instan-
ton contributions may invalidate the usual sum rule
techniques for the pseudoscalar current. Neverthe-
less, it was suggested in [3,8] that Eq. (18) may still
provide a rough estimate of A, with the experimen-
tal pion mass as input (despite the fact that it may
fail to predict the pion mass). Moreover there are
many careful analyses of this correlator which yield
similar results for A, [11-13]. We may therefore
adopt the valoe from the QCD sum rule for A with
the physical mass sm_ as the input. We Obtain the
estimates = 0.17 £ 0.03 GeV? and A,
0.17 GeV~. An independent phenomenological anal-
ysis in 1nstanton models [14] yields A,=f.m, =
0.17GeV?, fﬁmﬁm 020+004G3Vf val-
ues c0n51stent with those from the present QCD sum
rule approach.

Using the above values for A, and A, the ob-
served masses, and the condensate parameters dis-
cussed earlier, we finally obtain from the QCD sum
tule (13),

8y =0.59, (16)

which 1s very close to the value g, = (.58 as may
be extracted from the partial width for the process
p — 'jT")" .

We have used the familiar localized version of the
't Hooft instanton interaction [14] in connection with
the correlator (3) to demonstrate that the sum rule
(13) is modified only to the order linear in the
current quark mass, Such modification is clearly of
negligible numerical importance. This aspect, to-
gether with the above result on A, and )LP, indicate
that although the instanton effects may be guite
significant in the pure pseudoscalar channel the pre-
sent prediction in the g — 7 channel should be quite
reliable.

Upon having established some confidence in the
sum rule {13), we extend the method to describe
other electromagnetic decays of flavor SU(3) vector
mesons, among which we have considered additional
processes as listed in Table 1. The working interval
for the Borel mass for the corresponding sum rules is

2 2 . ;
Mg ~m,,, where m_, is the mass of the parent
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particle in the decay process. In the case for the
meson containing a strange quark or antiquark, we
have taken into account the contributions due to the
nonzero quark mass m, = 150MeV, which in the
cases such as K * — K-y may give rise to corrections
of order of about 20%. We also use (Q[ssj0F = 0.8 x
(Olutel0} (as suggested by chiral perturbation theory)
which is cssential for the K — K channel.

In Table 1, we present the experimental values for
the various electromagnetic decays of vector mesons,
the predictions from VDM [1], those from the effec-
tive Lagrangian approach (2], and what we have
obtained from the QCD sum rules (this work). The
results shown in this table indicate that the QCD sum
rules yield predictions which are in better overall
agreement with the experimental values.

We note that all parameters have been determined
consistently in the framework of QCD sum rules as
illustrated before. In particular, the various overlap
amplitudes {couplings) are determined from the vari-
ous mass sum rules: A_=0.17 £ 0.03GeV ™2, A, =
0.23 £0.03GeV™?, A =017 £001GeV™2, Ag-
=0.21 £ 0.02GeV ™2, The above predictions and
the other overlap amplitudes given in the following
after taking into account the mixing effects are in
good agreement with those in [14]. Note that the
value for A, is of some specific interest in view of
the U7,(1) problem.

Table 1

Comparison between experimental data [9] and predictions from
the Vector Meson Dominance Madel {VDM) [1), effective chiral
Lagrangian approach [2], and QCD sum rules. The unit is keV

Effective QCD

Decay Experimental Vector

pracess value Meson chiral sum

Dominance Lagrangian ruley

o =Ty 716 BER.D 800 720
@ =0y 7 5.4 3 7.1
=Ty 58 63.0 80 a5
p-ry 38 35.0 38 43

& — 1y 57 71.0 68 &0

¢ — 1y <1.8 0.24 1 0.67
K9 o gy 116 149.0 117 L2
K" =K'y 50 68.0 29 60
7= py a0 112.0 77 600!
N = wy 6 12.5 7 6.1

&> wy 5.8 6.1 5 sgh

*) Used as the input to determine #-5' mixing angle 8.
™ Used as the input to determine ¢-w mixing parameter «.

In the case of the ¢-@ mixing, we introduce
lw) =coselwy) —sineld,),
| =sinelw,) + coseld,, (17)
and
Jy=cosej, —sinej,
Jp=sin€j, +cosej, . (18)

where
1 _ _ _
|m0)=ﬁ(|uu)+{dd)). ldq =553 (19)

Using the interpolating field in (17), we derive the
QCD sum rules for the relevant radiative decays and
the mass sum mles for w and ¢ mesons. We then
use the observed value for the width of the decay
¢ — 7y to determine the mixing angle. We obtain
the mixing parameter &= 0.063 + 0.005 and the
overlap amplitudes A, =0.16 + 0.01GeV™? and A,
=0.24 + 0.02 GeV ™. As the Borel mass is varied
in the interval 0.6 GeV? < M7 < 1.1GeV >, the mix-
ing parameter € changes from 0.068 to 0.058. Note
that, as a consistency check, our result is consistent
with the value € = 0.079 as determined from ¢ — pr
[2].

Furthermore, we use the experimental partial
width for the decay process 1' = py as the input in
the derived QCD sum rules to extract the 0, ~ 1
mixing angle, which is parametrized as in [15,9]:

[} = cosdlng» — sind|m, .

In'y =sinBln,» + cos8|m, . (20)
and correspondingly for the interpolating fields,
Jp=cosBj, —sindj, ,

Jy =sinflj, +cosdj, . (21)

Al the same time we obtain the 1, %' mass sum rules
with the interpolating fields in (21} and use the
physical meson masses to calculate the overlap am-
plitudes. We then vse the extracted mixing angle to
predict other processes. Our results are A, =0.23 +
0.03GeV ™7, A;=0331005 GeV™*, #=—19"+
2%, a value consistent with that extracted from the
decays i — yy and %' — vy [15] and in [9]. We find
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that such value on the 7, — %, mixing is essential
for the overall agreement with the experimental data.
Nevertheless, we feel that the exact role of the
so-called LA 1) problem is yet to be clarified.

We wish to emphasize the parameter-free nature
of the present calculation, in that all parameters are
determined consistently in the framework of QCD
sum rules, with a single set of the values for the
induced condensates obtained previously from stud-
ies of baryon magnetic moments. The sum rules so
obtained are not modified in any serious manner by
instantons [14] (and in fact are consistent with the
phenomenological instanton picture of the QCD vae-
uurn). We note that the uncertainty of the overlap
amplitudes (couplings) derived in this way might be
as large as 10% in some cases and the method of
QCD sum rules, being an operator product expansion
used for moderate 2, may have some inherent error
of order of 10%. With this in mind, we may con-
clude that our results as shown in Table 1 agree very
well with the experimental data.
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We investigate isospin symmetry breakings, especially those connected with pion-nucleon
couplings and the neutron-proton mass difference, by making use of the method of QCD
sum rules in the presence of an external pion field. Manifestations of such isospin sym-
metry breakings are examined briefly in relation to low-energy nucleon-nucleon Sy scat-
terings. We discuss the prospect of understanding the various isospin symmeiry breaking
phenomena observed in low-energy nuclear physics by extending chiral perturbation the-
ory (xPT} to include isospin symmetry breakings (ISB). We emphasize that QCD sum
rules help to establish yPT/ISB out of QCD by eliminating an excessive number of 158
condensate parameters, making xPT/ISB a worthy extension of xPT.

1. Introduction

Isospin symmetry and its possible violations constitute an integral part of nuclear
physics [1], not only in the sense that good symmetry offers an effective classification of
nuclear or hadronic structure but alse in the proximity of the isospin symmetry concept to
other fundamental ideas such as chiral symmetry. In general, Isospin symmetry breaking
effects observed in nuclear physics may arise from different sources such as, in addition
to the well known electromagnetic interactions, strong interactions but augmented with
hadron mass differences (such as the n — p or 7% — #° mass difference) or with different
meson-nucleon couplings (such as non-universal ¥ NN couplings) or with isospin mixings
{such as p ~w or # — 5 mixing). Determination of isospin symmetry breaking effects re-
quires information on quantities which may not be directly accessible from experiments,
such as the meson-nucleon couplings or the isospin mixing parameters. Accordingly, reli-
able theoretical predictions become indispensible for advancing our understanding of the
field.

A quantitative treatment of isospin symmetry breakings often involves the capability
of treating strong interactions at a guantitative level or, in other words, the ability to
hapdle the complications due to gquantum chromodynamics (QCD) in a reliable manner.
To some extent, the method of (QCD sum rules, as proposed originally by Shifman, Vain-

"The aunthor wishen to ncknowledge Kwei-Chaw Yang, Shi-lin Zhu, and Ernest M. Henley far collabarations
and dincastiond related to the subject presented here, This work was supporied ia part by the National
Science Council of R.0O.C. (NSC86-2112-M002.010Y ).

375-9474/08/4 19,00 Elsevier Science B.V.
P 50375-9474{98)00033-0



488¢ B_Y. Pauchy Hwang/ Nuclear Physics A631 (1988) 487c—4%1c

shtein, and Zakharov [2] and adopted, or extended, by many others [3-5], incorporates the
nonperturbative QCD effects through various condensates {associated with the nontrivial
QCD vacuum), thereby offering some hope of being able to treat strong interactions in a
quantitative manner.

We wish in this work to focus on the determination of isospin symmetry breakings in
pion-nucleon couplings, with some emphasis on manifestations of such symmetry break-
ing in low-energy mucleon-nucleon 15, scattering. We discuss briefly the prospect of
understanding the various isospin symmetry breaking phenomena observed in low-energy
nuclear physics by extending chiral perturbation theory (xPT) to include isospin sym-
meiry breakings (ISB). We emphasize that QCD sum rules help to establish xPT/ISB
out of QCD by eliminating an excessive number of ISB condensate parameters, making
xPT/ISB a worthy extension of yPT.

2. Isospin Symmetry Breakings in Pion-Nucleon Couplings

In the method of QCD sum rules in the presence of an external field, we attempt to
evaluate, both at the quark and hadron levels, the correlation function specified by

M(p) = i [ d*e™=(0[7(7,(2)7,(0))I0} |, (1)
where we have
7o(z) = e {uT(2)Cyut(z)}y v d(x) @

() = e {@ ) CueT(y) vy

By evaluating the appropriate correlation function in the presence of the external pion
field, we may determine the pion-nuclecn couplings gro,p, #rtnn, a0d et . An alternative
method is to evaluate correlation funtions with T product of currents sandwiched between
the vacuum and the one-pion state, as first suggested by [6] and recently adopted by some
authors [7]. It appears that the induced condensates involved in the external field method
are now well understood and it becomes relatively straightforward to perform calculations
to higher dimensions (as required for reliable predictions). This is what we have chosen
to obtain isospin symmetry breakings in x N ¥ couplings.

The above correlation function allows us to determine the n%pp coupling. At the quark
level, we use

(01T 515() {010} 0 = Zie™ e Tr{SY ()1, CSa* (@) Cu} 157 S5 ()1 %s- (3)
Here the quark propagator is given by
5(z) = §@(z) + $™(z), 4
with
iSO8(z) = JEnd + g 0G0 E + 30*) — 7 ()

+HiElodo - Ga) - T + 55 P G0 In(—2?) (5)

& 5%y (2 1 . N .
—graber Myt In{—2?) + ‘s‘ﬁw‘tl(’i‘q}z - if':_af‘mu(gcqﬂ' - Ggy§etz?,

and
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+ ol T I S
i5mab(z) = —ﬁ?ygr - Fys + Gro.T - Fsx(29) -
Bz, T - Tys(Ga)a? + EertedeT - Y5 RG,0% In(—a7) (6)

i - = ab 4 - — g
_55':3#9?7 - P15 {g2G") 2 In{—2%) — 673‘94"" - Ty {dg)d

where £ = z,7*, and we have also introduced < P0)iPrig(0) >= goxm’ < §g >, and
< P(0)ir*rigeo - G(0) >= g,my7? < g > with 3 the isospin doublet consisting of u
and d quarks.

We also note that, in the case of the = pn or x+np coupling, we use

(O 1p{(2)n (0)]0) - = —He™ e 336 53 ()7, C (ST ()T O (215 )

We note the absence of i§(%{z) in the present case, due to a change in the electric charge.
The structure (which does not involve the trace of some product) seems quite different
from the 7%sp case, but it can be shown [8] that isospin symmetry is exact should we
assume m, = mg and < Gu >=< dd >.

On the other hand, we may parametrize the correlation functions at the hadronic level
in the standard manner.

{ 20T, (2)7a(0I0} == Andp _‘mpt—aw’ég,_,,‘)gj‘a +oee )
A = ! L i
] @820l @00} = Xz + Mg =W g+ (9)

In this way, we obtain [8] the following QCD sum rule for the x°%pp coupling:

MEL-45E; — SauM*L*PEy — 1bM?Ey + 2L

m! -
+7g2 L LY - miln t—’:— L7 [Hayma + aamy) — (udy]
+m§L‘25“:[15—2muau — Lmgoq + Fraa, + Mmyng)

= Il ige-%
S04 P 1

(10)

with e, = —(2r)? < §g>, < Jo-G >= —m? < 3¢ > and b =< g2G* >. M is the Borel
mass and A2 = (27)*A]. Analogously, we obtain the QCD sum rule for the x*np coupling:

MEL_'HQE; - %.Eﬁﬁffd‘Lz/g - %bMaEu + {%auag + %(ad — a.,)ad}L“fg
{1y — ma)e ML Eq + m3 L™~ fa,m, — Faama + Bouma + Fagm.)
mdIn M7 L6/ 27{:1um¢ + agmy — Imy(as + 0} + Bawa L g

g _m
= Zxter(axyi), hpe” a7,
Axtdu

Here Eg =1-¢e%, By=1—(1+z)e ", and B2 =1 - (1+z+ %)e""‘ with z = WfM?,
and L = 0.621In(10Af).

There are several sources for isospin symmetry breakings, viz.:

(1) At the hadronic level (r.h.s.}, we have m, £ My, As # Ap, and W, # W, (with W
the threshold parameter in the continuum approximation for treating the excited states
and the continuum). Apart from the well known neutron-proton mass difference, we use
the parameters previously adopted by Yang et al. [9].
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(2} At the quark level (Lh.s.), the isospin symmetry breakings caused by < dd >#<
% > and gy # m, have been made explicit in the formulae given above. In addition,
there is an effect due to the non-universal pion-quark couplings. This gives rise to an
important isospin symmetry breaking effect which has been taken into account in [8]. We
finally obtain {8]

Jlﬂnn _ grngg

et — 0.58% 12

T |

Py average

2 np _ onez

Fatdy Felgs _ 0.35% 13

%:%EH' Iave-rng: ( )
Qg

Combining with the difference in pion-quark couplings (from vertex Tenormalizations), we
conclude that g,o,, is numerically bigger than gyo,, by 0.80%, while Frtap is numerically
greater than g, by 0.15%.

We proceed to note that the 15, phase shift bo, as used to describe low-energy nucleon-
nucleon scatterings, can be parametrized in the standard manner:
1
2
with a the scattering length and ry the effective range. Experimentally, we have [10]

1 .
oot 6 = -+ Ero+ ., (14)

é"“J"CSB =lay | - l Gan |= “(1-5 + 0-5)fm§ (15)
bacy  =|aap | = | nn [= (5.0 £ 0.3) fmn.

As already noted in [11], the differences in OPEP’s, such as V,,(r) — V,.(r), may be
treated as a perturbation, making it easy to compute édaigp or other low-energy isospin
symmetry breaking observables. In this way, our prediction on the difference between
Gaomn and gyon, gives rise to about —1.0 fm on dacgp, consistent with the obervation
both in sign and roughly in magnitude.

As already known [1,11] for some time, the bulk of the charge-dependent effect as
revealed by a (relatively) large value of dacp can be understood quantitatively as cansed
by the pion mass difference mz,+ # Myo while the differences as found in pion-nucleon
couplings give rise to relatively small contribution to bacp. As a result, we may safely
conclude that the observed bacgp and dacyy as summarized recently in [10] can be
understood, to a large extent, as manifestations of isospin asymmetries associated with
the one-pion exchange potential,

3. Discussion and Summary

It may useful to mention that charge-symmetry breakings observed in medium-energy
elastic n — p scattering {at TRIUMF and IUCF) may be dictated primarily [12] by the
charge symmetry breaking force as caused by the p—w mixing or by Hupp F Gunn. However,
the short-range nature in this case may require a careful investigation of the quark-
interchange mechanisms as addressed in [13], as it is difficult to reconcile the picture
of exchanging, between two nucleons, a meson (p or w) with a range of about 0.25 fermi,
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considerably smaller than the extent of a nucleon {with a radius of at least 0.5 fermi, even
assurning a little bag picture for the nucleon).

Mevertheless, the isospin symmetry breakings associated with the one-pion exchange
potential {which is clearly on a very sound conceptual ground) can best be accessed
through careful measurements of low-energy scattering parameters such as éapgg, f2cp.
etc. Such efforts should be further encouraged by the currently popular wisdom that the
low-energy sector of the 7N are NN systems can be described by the long-wave length
limit of QCD via Goldstone theorem, yielding the sc-called chiral perturbation theory
(xPT), so that the low-energy scattering parameters seems to be more “fundamental’
than those needed in, e.g., the description of medium-energy nucleon-nucleon scatterings.
In this connection, it is of importance to emphasize that QCD sum rules help to establish
xPT/ISB out of QCD by eliminating an excessive number of ISB condensate parameters,
making yPT/ISB a worthy extension of xPT.
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Green functions in large N, QCD
W-Y. P. Hwang *
*Department of Physics, National Taiwan University, Taipei 10617, Taiwan

In the presence of the nontrivial QCD ground state or vacuum, nonlocal condensates are
used to characterize the quark or gluon propagator, or other Green functicns of higher
order. We wish to show in this paper that, provided that we may use the large J,
approximation to treat condensates of much higher order, there is a natural way of setting
up closed sets of differential equations which govern the inter-related Green functions
to a given order. As a specific example, the leading-order equations for the nonlocal
condensates appearing in the quark propagator are derived and explicit solutions are
obtained. Some applications of our analytical results are briefly mentioned.

PACS Indices: 12.38.Lg; 12.38.Cy.

The ground state, or the vacuum, of QCD is known to be nontrivial, in the sense
that there are non-zero condensates, including gluon condensates, quark condensates,
and perhaps infinitely many higher-order condensates. In such a theory, propagators, i.e.
causal Green's functions, such as the quark propagator

i52z) =< 0| T(gH{2)@(0)) | 0 >, (1)

carry all the difficulties inherent in the theory. Higher-order condensates, such as four-
quark condensates, represent an infinite series of unknown parameters unless some useful
ways for reduction can be obtained. As the vaceum, | 0 >, is highly nentrivial, there is
little reason to expect that Wick's theorem {of factorization), as obtained for free quantum
field thecries, is still valid in general. Thus, we must look for alternative methods in order
to obtain useful results.

It is known that the equations for Green functions up to a certain order usually involve
Green functions of even higher order, thereby making such hierarchy of equations often
useless in practice. In this paper, however, we wish to show that, provided that we
may use the large N. approximation to treat condensates of much higher order, there
is in fact a natural way of setting up closed sets of differential equations which govern
the inter-related Green functions to a given order. We consider this as an impertant
accomplishment, both because we can always go over to the next level of sophistication in
order to improve the approximation and because the large ¥, expansion has been shown
to vield desirable results for describing hadron physics.

In light of the nontrivial QCD vacuum, we begin by considering the feasibility of working
directly with the various matrix elements such as the quark propagator of Eq. {1). Useful

0373-9474/00'% — see front matter © 2000 Elsevier Science BV, All rights reserved.
PII S0375-9474{99100765-4
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relations may be derived if we regard the equations for interacting fields [1],

{iy*(8 + ig £ AT) — m}yp = 0; (2)
BGs, — 29 G AL + gy =0, (3)

as the equations of motion for quantized interacting fields, subject to the standard quanti-
zation rule that the equal-time commutators or anticommutators among these quantized
interating fields are identical to those among non-interacting ones. As our basic example,
we allow the operator {{v*#, — m} to act on the matrix element defined by Eq. (1} and
obtain

(10, — mYiSEi(z) = 842N bt < 0| (Lo 5 Ara(z) () [0 > (4)

We should always keep in mind that the QCD vacuum | 0 > is a nontrivial ground state
which is in general not annihilated by operating on it an annihilation operator.

Eq. (4} can be solved by splitting the propagator into a singular, perturbative part and
a nonperturbative part:

i85 () = iSP() + 18 (0), )
where

iSP(e) =1 e niSP ), ©
iSPp) = st ik w

with & = 4*a, for a four-vector a,. The nonperturbative part then satisfies the equation:

{70 = mbuiil(z) =< 0 | T({gs ALl 10> (5)

This would be pretty much the end of the story unless we could find some way to proceed.
We may note that Eq. {4] may also be derived by making use of, e.g., the path-integral
formulation, and the issue of how to define renormalized composite operators, i.e. products
of field operators, is by no means trivial (and fortunately we need not worry about such
problem for the sake of this paper).

The approach which we suggest here [2] is based upon two key elements, namely, the
set of interacting field equations plus the rule of canonical quantization (for interacting
fields). The equations which we obtain, such as Eq. (8), are much the same as the set
of Schwinger-Dyson equations (for the matrix elements). An important aspect in our
derivation js that nontriviality of the vacuwmn | 0 > is observed at every step — a central
issue in relation to QCD.

In what follows, we wish to focus on the quark propagator, as specified by Eqgs. {1) and
{4)-(7). We write

152 (x) = 8°0{8; f(2?) + {3;;9(z") ] (9)

with z* = 2§ — 2. f(z*%) and g(x?) are what we refer to as “nonlocal condensates™ in
connection with the quark propagator. For example, we have

< 3{z) g(0) :>= —12f(z"},
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which is the nonlocal quark condensate in the standard sense. To proceed further, we
choose to work only with the leading term in the fixed-point gauge and introduce

<t {9 alz)1780) :>= 6% {(nuz, — 12u)A(2?) + ioy B(=?)

+{'7'.uzv - ‘)‘px#}.i:C(wg) + iawiD(Iz}}! (10)
with G .. = (A"/2)G2,, an antisymmetric operator. The invariant functions A(z*), B(z'},

©(2?), and D{z?) are additional nonlocal condensates which we have to deal with explicitly
in this paper.

Under the assumption that we keep only the leading term in the fixed-point gauge (a
simplifying assumption which can be removed if necessary), we have

[i7280 = m}is <t {9Gua(2)}53(0) >= —32° <: {$*GuGusy ez} 1T (0) >
—1o LA < 267 > < (e — nra)e(=)}I6H0) >
— < $2G? > B (yz, — na M (2F) + i2gla®}) (11)
Here the first equality follows from the field equation and the second one is based on the
large N. approximation that the contribution in which &, and G.s do not couple te
color-singlet is suppressed by a factor of 1/N2. Thus, the factorization in the present case
is justified to order 1/NZ.
Now, we may use Egs. (8) and (11) and obtain a closed set of equations:
2§/(x) — mg(x?) = —3i( B~ 2°C), (12)
2x%¢'(z?) + 4g(z%) + mf(z?) = Za} (A - D}, (12)
4B — %UC —AC —mA = —35 < 9°G° > flz), {14)
%A+ 2D —mB =, {(15)
—2A 4D — mC = —{ < g7°G* > g(2?), (16)
28 4+ uHC —mD =10, (17)
where the derivatives are with respect to the variable z%.
To leading order in m, we obtain, by eliminating A, B, C, and D,
a? 6"+3f6'w§§$2f6—2£§fg =10, (18)
(z2)3g + 5(x* Vgl + {227 — £5(e*Phgh — {2 + 26(=*) baw = 0, (19)
with £2 =< ¢°G? > /384. Eq. {19} can be simplified considerably by introducing
gofz®) = (z*) 20l 2*),
which leads to the equation:

e ) B2 =t

ol - o — Eaxtap = 0. {20)
Egs. (18) and {20} can be solved by iteration, leading to the result:
Folt) = apfl + (&) + mglbot) + 1+ at{1+ (&) + Taglbot) + - 1 (21)

Gty = et (1 4 2 (&t)? + sz (t) + 1,
(22)
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with { = z? and

1 ? < g >t
G=-33 <> @=ip s T
Eq. (23) is obtained by comparing to the well known series expansion for the quark
propagator (see, e.g., [3}). Note that there are two integration constants, ag and a,, for
F(z®) but there is only one permissible constant for gfz?®) (and ¢, is in fact a four-quark
condensate taken in the large N, limit).
For a number of applications, it is useful to obtain analytic expressions for fy(t) and
go{?). This turns out to be possible by way of Laplace transforms.

By = [ dsertgott), () = £ dsem (e, (24)

We obtain

<30.0-Gg>, c=- (23)

hs) = g - a7 s+ Ty Wl = g (25)
with ¥ = 2a,/¢2. Locking up the table for Laplace transforms, we find
Jo= %.? - ot - Hi(&ot), (26)

with I;{z) the modified Bessel function of the first kind, to order one. It is straightforward
to show that Eq. (26) yields the series expansion in Eq. (22). Also, the function f,(&¢)
enters the second series in fy({) as in Eq. {21).

As the first application, we note that that our analytical expressions for nonlocal con-
densates help to determine the induced condensates previously treated as new parameters
in the the external-field QCD sum rule method, thereby making it more powerful than
what it used to be. We also wish to mention that, making use of soft-pion theorems, the
quark parton distributions for the Goldstone pions may also be evaluated in the massless
limit.

The author wishes to acknowledge Center for Theoretical Physics of MIT for the hospi-
talities extended to him during his sabbatical leave (1993-97). He also acknowledges the
National Science Council of R.0.C, for its financial support (NSC88-2112-M002-D01Y &
NSCE9-2112-M002-001Y) towards the present research.
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Large N. QCD Sum Rules
W-Y. Pauchy Hwang

Department of Physics, National Taiwan University
Tatpei, Taiwan 106, B.0.C.

Abstract. I wish to stress that, in large &, QCD (with N, the number of color), a
closed set of coupled differential equations may be derived for nonlocal condensates
which, in the presence of the nontrivial QCD ground state or vacuum, are used to
characterize the quark or gluon propagator, or other Green functions of higher order.
It is pointed out that, by solving the coupled equations ao obtained, the method of
QCD sum rules, in its generalized sense, is free of additional parameters whenever
we modify or generalize the method such as by considering the QCD vacuum in the
presence of external fields. In addition, I wish to demonstrate a soft-pion theorem for
the parton distributions of Goldstone pions.

INTRODUCTION

As of today, quantum chromodynamics (QCD) has been taken universally as
the underlying theory of strong interaction physics. Although the agymptotically
free nature of QCD allows us to test the candidate theory at high energies, the
nonperturbative feature dominates for hadrens or nuclei at low energies, So far, it
remains almost impossible to solve problems related to hadrons or nuclei.

The ground state, or the vacuum, of QCD is known to be nontrivial, in the
sense that there are non-zero condensates, including gluon condensates, quark con-
densates, and perhaps infinitely many higher-order condensates. In such a theory,
propagators, i.e. causal Green’s functions, such as the quark propagator

iSE(z) =< 0| T(g}(2)g(0)) | 0 >, (1)

carry all the difficulties inherent in the theory. Specifically, we may write the quark
propagator as a sum of a perturbative part and a nonperturbative part: '

1928 (z) = iS5 (z) + i58(=), (2)
where the perturbative part assumes the form of a free propagator:
. (D]t _ d4P —ipz- o(0)ab
15 (2} = /Wﬂ PS5 (p), (3a)

CP539, Symmetries in Subatomic Physies: 3 Int'f, Symp., edited by X.-H. Guo, A W. Thomas, and A G. Williams
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'iS,-(_?]ab(p) = 5°5M [3b}

pf —m? 4 i¢’
with 4 = -+*a, for a four-vector a,, and the nonperturbative part may be
parametrized as follows:
i58(z) = 88, f(2*) + idyg(2®)} (4)

with 22 = 2z} — £2. The functions f(z?) and g(z®) are referred to as “nonlo-
cal condensates”. The solution to these functions would characterize the quark
propagation completely and would thus represent the solution to the problem of
nenperturbative QCD.

LARGE Ng QCD

In the well-known many-body theory developed for atomic or nuclear physics,
the equations for Green functions of a given order usually involve Green functions
of higher order, giving rise to an open-ended hierarchy of equations {which is often
useless in practice). In what follows, however, we wish to show that, in large N,
QCD, there is in fact a natural way of setting up closed sets of differential equations
which govern the inter-related Green functions to a given order.

In light of the nontrivial QCD vacuum, we begin by considering the feasibility of
working directly with the various matrix elements such as the quark propagator of
Eq. (1). Useful relations may be derived if we regard the equations for interacting
fields [1],

. LAt
{iy*{(8, + zg—g—-AF) —mhp =0; (5)
. - A
&G, —20f G, AL + gb T = 0, (6)

as the equations of motion for guentized interacting fields, subject to the standard
rule for quantization that the equal-time (anti-)commutators among these quan-
tized interating fields are identical to those among non-interacting quantized fields.

Allowing the operator {iv*8, — m} to act on the matrix element defined by Eq.
(1), we obtain

. - Ca : A" n 2 - e
{740, — m}uiSi(a) = i64(2)8%6,+ < 0 | T({e T Ay a(=) g0 [0 > . (7)
Making use of Egs. (2)-(4), we find
: + Sa A n =
178, — m}siSil(e) =< 0 | T({g o Ay a(@}ao) 10>, (8)

an equation which may be used to investigate the nonlocal condensates f(z?) and
g(z*).
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As a; useful benchmark, we shall work with the fixed-point gauge,
n 1 L F
AL(e) = 2G4 @)

As a result, the nonperturbative part ¢ .‘3‘3"(:&] may be solved immediately as a power
series in ¥,
e 1 - LT
iS58 (x) = -T‘;cF“J,-g- < gq > +1§m&’,‘|‘j5 b< gg>

1
+i5g < 997 Gg> 80a 4, (10)

The first term is the integration constant which defines the so-called “quark conden-
sate”, while the mixed quark-gluon condensate appearing in the third term arises
because of Eqs. (8) and (9). It is obvious that the series (10) is a short-distance
expansion, which converges for sufficiently small z,. We note that Eq. (10} is just
the standard quark propagator cited in most papers in QCD sum rules [2]. How-
ever, the aim of this paper is to show that we may do a much better job regarding
how to obtain the solution to f{z®) and g(z?).

The approach which we suggest here {3] is based upon two key elements, namely,
the set of interacting field equations plus the rule of canonical quantization {for
interacting fields). The equations which we obtain, such as Eq. {7) or (8), are
much the same as the set of Schwinger-Dyson equations (for the mairix elements).
An important aspect in our derivation is that the nontriviality of the vacuum | § >
is observed at every step — a central issue in relation to QCD.

To proceed further, we shall work only with the leading term in the fixed-point
gaunge and introduce

<t {QGM‘? } [(0) >

= 5“{(7‘,3:,,—7,xu]ﬂ{zg)+20'#y3(x )+(Tn$v'_Tvrp)ic($2)+i‘7#vjﬂ(zz}}: (11)

wlth G = (A"/2)G3,, an antisymmetric operator. The invariant functions A{z?),
B(z?), C(z?), and D(z?) are additional nonlocal condensates which we must deal
with explicitly in this paper.
Under the assumption that we keep only the leading term in the fixed-point
gauge (a simplifying assumption which can be removed if necessary), we have

{37‘15 - m}:k < {gGr-u-'q )}ij(U) >

= —3% < {PCuCusy el HE0) > (122)
= _—-;- - Qlﬁ- . ; < @G >< {{(Yur — 1ozl $)} (0) > (12b)
- _1—}{5 < §'G* > 8 (y,z, - ) {f(2%) + idg(z?)}. (12¢)
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Here the second line, (12a), follows from the field equation and the third line, (12b),
is based on the factorization property of large &, QCD that the contribution in
which (7, and G,z do not couple to color-singlet is suppressed by at least a factor
of 1/NZ2.

Now, we may use Eqgs. (8) and (12¢) and obtain a closed set of equations, six
ordinary differential equations for six functions:

2 (%) — mg(2?) = —g-z'(B ~ z2C), {13a)

2/ (2) + 49(a?) + mf(%) = 254 ~ D), (135
4B — 20 - A2'C' —mA = _1%3 < ¢*G* > fizY), {13¢)
%A+ 2* D — mB =0, (13d)

%A+ 4D —mC = _é{ < $*G* > g(z?), (13¢)
%8 +2C —mD =0, (13f)

where the derivatives are with respect to the variable z2,
Treating /m as an expansion parameter,

F(z*) = 3 m*F(z?), ' (14)
k=0
we may solve the coupled equations, (13a}-(13f), order by order in m. To leading
order in m, we obtain

22y +3f) — G525/ =0, (15)

(2%gy" +5(2°)gy + {22° — (=P )gy — {2+ 28(=*)F}a0 = 0, (16)
with & =< g®G? > /384. The equations for Ay, Bs, Co, and Ly can easily be

solved once we obtain f; and go.
Eq. {16} can be simplified considerably by introducing

go(2%) = (=} 2 go(2”), (17a)
which leads to the equation:
2’5 — @ ~ &g = 0. (178)

Of course, Eqs. (15) and (17b) can be solved by iteration, again reproducing Eq.
(10). However, it is often of critical importance to have analytic expressions for
fo{z*) and go(z?). This turns out to be possible by way of Laplace transforms. To
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to the second and third terms. The last term, which can be treated numerically,
involves products of two condensates and it has a dimension higher than the second
or third term by at least three (and is likely of less numerical significance).

SOFT-PION THEOREM FOR THE PARTON
DISTRIBUTIONS OF GOLDSTONE PIONS

Consider the amplitude given by

Tu(fspq) = i [ dloe™ <o) | TLIO) | 74 p) > (220)

indicate such possibility, we consider Eq. ({15) in the timelike region specified by
t=2i>(Q

Joks) = [ dse™ foft). (18)
We obtain
_ 25000 f(0) s

Jols) = —=3 secl 4 22
£ fo Jo2—g2 b Jo—g

The spacelike region with ¢ = r? < 0 may be treated similarly. Analogously, Eq.
(17b} may also be solved via Laplace transforms.

(19)

QCD SUM RULES

Thus far, we have described how to obtain a closed set of coupled equations
for the nonlocal condensates which are relevant in the description of the quark
propagator. We have also shown how these equations can be solved explicitly.
Furthermore, some of the assumptions underlying our equations can be relaxed and
more elaborate equations may then be obtained. Of course, some of our results are
gauge dependent as the quark propagator (1} has been analyzed in a specific gauge
(9). Nevertheless, our primary motivation for studying the quark propagator stems
from our interest in the method of QCD sum rules [1], which may be regarded as
the various approaches in which one tries to understand the roles played by the
quark and ghion condensates for problems involving hadrons.

There are many variations in applying the method of QCD sum rules to spe-
cific problems in hadron physics, but the primary objective is quite clear and is
to unravel the role of the nontrivial QCD vacuum in the problem. As the first
approach, we may consider the Belyaev-Ioffe nucleon mass sum rules [5,4], where
the shori-distance expansion for the quark propagator is needed up to a certain
{high) dimension. In this context, our analytical results on nonlocal condensates
may be used to justify if the resultant series converges rapidly. The second ap-
proach is to consider the response of the QCD vacuum to some external flelds,
such as the method of QCD sum rules in the presence of an external axial field
Z,(z) [6]. In this context, certain induced condensates are introduced (previously
as new parameters) but the method offers a simple extension of the first approach
in calculating magnetic moments, axial coupling constants, and other quantities by
avoiding a need to treat explicitly the three-point Green’s functions - a need which
would involve a good deal of uncertainties. What is of great interest is that our
analytical expressions for nonlocal condensates help to determine the induced con-
densates previously treated as new parameters, thereby making the external-field
QCD sum rule method more powerful than what it used to be. To illustrate the
point, we consider the external axial field Z, with the interaction,

| 8L(2) = gZ*(2)q(z)rurs9(w)- (20}
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For a constant Z* field, there are two major induced condensates [6):

<0} 7(0)7,v5(0) |0 >20  and < 0| §(0)g.G0 7y e(0) |0 >z0 .

We now have
<0 @0)yuv59(0) | 0 >za

=i f d'zgZ*(2) < 0| T{gle)Yarsq(2)a(0)1u150(0)) | 0 >
= f &'z Z* (2 MTr[i5—2) a1 5O () 1,75

+Tr[i5(—2) 7075151 () v, %)

+Tr[iSO(—x)rovsi S (2 )7,7)

+Tr(i8(—e 11518 (2)nu]}- (21)
The first term is the one-loop result which can be regularized (e.g., in d dimensions) -
and, as expected for a perturbative contribution, its finite part is small compared
to the second and third terms. The last term, which can be treated numerically,

involves products of two condensates and it has a dimension higher than the second
or third term by at least three (and is likely of less numerical significance).

SOFT-PION THEOREM FOR THE PARTON
DISTRIBUTIONS OF GOLDSTONE PIONS

Consider the amplitude given by

Tl p-q)= ifﬂ“ﬁcﬂ""‘"“ <a*(p) | T(Jul2)1(0)) | 7¥(p) > (22a)

Gu e
= (=g + "2 )02 q)
1 g P-q
+5§(?# - p_qz—qﬁ)(pﬂ - —qg—qy)Tz(qz,p - q)s (228)
which characterizes the forward Compton scattering off 7+ (a Goldstone boson)

and also the parton distributions of 7%, Applying the soft-pion theorem (together
with current algebra), we find, in the limit of p, — 0,

Tuv(qg? D)

= 2 [ ot <OITUALR) — iAKDHAYO) +iA0)} - 22V [0 >

= % fd‘*z:e“'q"Tr'{i.S's“(—I)frp-ysiS:b[mh,'}«s
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l. . i. .
_57"9:“("17)7;135:!’@)7&' - §3Sgu(_$)7#353b(z)7v}- (23)

The structure functions W;(g%,p.¢) (in the description of deep inelastic scattering
off the % target) is the imaginary part of T;(¢?, p- g) divided by the factor 7. Eq.
(23) suggest that our analytical expressions for the nonlocal condensates may be
useful for analyzing properties of Goldstone pions. We find, as a soft-pion limit,

1
Wild*,p-q) = ;Imﬂ(q"xp-q)

m < qqg >
2136 '
This limit is derived making use of our analytical expressions on the nonlocal con-
densates, again with Wick’s rotation on the time integration.

as p,— 0and g, =+ 0. (24)
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