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The evolution of six-quark color-singlet state distribution amplitudes is formulated as an applica-
tion of perturbative quantum chromodynamics to nuclear wave functions. We derive and solve a set
of coupled evolution equations for the deuteron S-wave amplitude. The solution of the evolution
equations leads to a general matrix representation of anomalous dimensions which can be used to
analyze the deuteron wave function at short distances.

I. INTRODUCTION

In the past few years a number of new applications of
perturbative quantum chromodynamics to nuclear physics
have been explored' including a qualitative description of
the nuclear force in terms of quark exchange, and detailed
predictions for the electromagnetic interactions of nuclei
at large momentum transfer. Since the basic scale of
QCD, Ayg (where MS is the modified minimal-
subtraction scheme), is phenomenologically of the order of
a few hundred MeV or less, QCD predicts a transition
from the traditional meson and nucleon degrees of free-
dom of nuclear physics to quark and gluon degrees of
freedom at internucleon separations of a fermi or less. In
addition, because of asymptotic freedom, perturbative
QCD calculations should become relevant at momentum-
transfer scales of the order of 1 GeV or even less.’

Recently, we have presented detailed QCD predictions
for the asymptotic high-Q? behavior of the deuteron form
factor which are, in ;Jrinciple, exact dynamical predictions
of nuclear physics.” One of the most convenient and
physical formalisms for analyzing exclusive processes
with large transverse momenta is the QCD evolution for-
malism, based on a reformulation of the Bethe-Salpeter
equation at equal light-cone time. In this paper, we
present a detailed derivation of a set of six-quark evolu-
tion equations for the deuteron S-wave amplitude and a
convenient way to solve the derived equations. We then
construct a general matrix representation of the
anomalous dimensions from explicit solutions of the evo-
lution equations in order to analyze the deuteron wave
function at short distances.

The evolution of the amplitude for simpler hadrons
such as quark-antiquark meson*> and three-quark
baryon* systems have already been formulated and solved.
While these conventional hadrons have only one color-
singlet representation, the six-quark systems considered
here have five independent color-singlet representations.
The formulation of the evolution equation for totally an-
tisymmetric six-quark states is not trivial even though it is
a natural extension of the three-quark case.* We have
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presented a general method for solving the QCD evolution
equations which govern relativistic multiquark wave func-
tions.® We have also applied it to a four-quark toy system
in SU(2)¢c and derived some constraints on the effective
force between two baryons.7 However, since the antisym-
metric representation of a multiquark wave function must
be constructed explicitly, it is hard, in practice, to solve
the multiquark evolution equation. In this paper we avoid
this problem by exploiting the permutation symmetry of
the evolution kernel.

In Sec. II, a completely antisymmetric six-quark wave
function is constructed and an example of an explicit rep-
resentation is presented. In Sec. III we derive a set of evo-
lution equations for the deuteron S-wave amplitude
through a generalized kernel equation for a completely an-
tisymmetric six-quark wave function. A convenient way
to solve these coupled evolution equations is presented in
Sec. IV. In Sec. V the general matrix representation for
the anomalous dimension is obtained. Results for the
leading anomalous dimension are given in detail. Discus-
sions and conclusions are followed in Sec. VI. In Appen-
dix A we describe a general method determining color-
singlet representations and explain the methods leading to
the explicit representations given in Sec. II. In Appendix
B we present the color-factor calculations and the detailed
expressions for the orthogonal kernels which have specific
permutation symmetries.

II. SIX-QUARK STATES

Six-quark states can be classified by their symmetries
under SU(3)¢ (color), SU2)r (isospin), SU(2)s (spin), and
spatial symmetry. Since the physical states are color sing-
lets, the Young symmetry of the color-singlet states of the
six-quark system is fc=(222) or B In the six-quark
system, there are five independent color-singlet states cor-
responding to five different Yamanouchi labels® of (222)
symmetry. The explicit representations of the five in-
dependent color-singlet states and their correspondence to
Yamanouchi labels are given in Appendix A.

The completely antisymmetric six-quark representation
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| (19)[654321]) 4,7, (Ref. 9), which has Young sym-
metries for isospin [SU(2)7] labeled by f7, is given by!®

| (19[654321]) /. s o0
1 -~ o~
=W YZTIT IfTYT)fT IfTYT)fCSO , 2.1
T

where Y is the allowed Yamanouchi label of fr (fr
symmetry has Np dlfferent Yamanouchi labels) and the

phase nr=*11=(-1) T depends on whether Y is ob-
tained from the Yamanouchi label with the indices in

|

1
| (19)[6543211) 5 s f =17
foCSfO (NT)I/Z Yy Tox Yo

natural order by an even or odd number of transpositions.
The dual symmetry states in the CSO space (represented
by wavy lines) are used to construct the overall antisym-
metric representations. It is convenient to construct a
basis of completely antisymmetric six-quark representa-
tions from the combined color-spin symmetry. We thus
introduce color spin as an intermediate representa-
tion. For example, the specific projection of the com-
pletely antlsymmetnc six-quark representation
| (19)[654321]) /.77, Which has Young symmetries

for color-spin [SU(6)¢s], and orbital symmetry labeled by
fes, and fo, respectively, is represented by'°

3 S SarlfesYesifoYol fr¥e) | fr¥e) | fesYes) | foYo) s (2.2)

where Y and Y, are the allowed Yamanouchi labels of fs and fo, and {fcsYcs,fo Yo ]fT Yr) are Clebsch-Gordan
coefficients of the permutation group Ss. Now we further decompose f¢s into f¢ and f using Clebsch-Gordan coeffi-

cients {fcYc,fsYs | fesYes) so that Eq. (2.1) becomes

|(A[654321D) £, 10 1500 = w178
frifefsfo (Np)'/? Yr Yes Yo Yo ¥

>33 2(*1)Yr<fchcs»f0Yo | fr¥r){fc¥e,fsYs | fesYes)

X | fr¥r) | fc¥Ye) | fsYs) | foYo) . (2.3)

Since our purpose is to formulate and solve a generalized evolution equation, it is useful to project Eq. (2.1) onto the
light-cone momentum space of six quarks, each carrying light-cone longitudinal-momentum fraction
x;=(qb+q%)/(Py+P;) of the deuteron’s momentum P, (¥f-1x;=1) and transverse momentum g (f_141 =0).

The corresponding light-cone wave function of the six- quark system W (x;,g" ) is defined by

q‘d(anl))_<an“) 6)[654321]>fr-f(55 fO

1 Nr  Nes

TN

Yp=1 Yeg=1 Yp=1

where the orbital wave function is given by
Yo(xi,q1")=(x0,91" | fo¥o) . (2.5)

The remaining SU(2)7 and SU(6)¢s symmetries ( | f7Y7)
and |fesYes)) are given by specific tensor representa-
tions.

The probability amplitude for the constituents with
light-cone momentum fraction x; to combine into the
hadron with relative transverse momentum up to the scale
Q? is given by the distribution amplitude ®,(x;,Q) de-
fined by

2 2 2 (_I)YT(fCSYCS’fOYO|fTYT)¢o(anm ) fr¥r) | fesYes) (2.4)

2 6 d2 (i)
Dy(x;,Q)= fQ II 16‘113 16382 Eq(”
i=1
X WP (x;,q\"), (2.6)

where the Q dependence of \PJQ comes from the renor-
malization of the quark fields.'!

As an explicit example of a six-quark representation,
we give a specific representation for fr=(33), fcs
=(222)¢ X (6)s, and fo=(6) (T =0, S=Sz=3, and S
wave):

ag
d,(x;,Q)= vl [ —€ijk€imn(€ad€be€cr +€ae€bd€cs + €ad€pf€ce +€af€pd€ce)

+€ij1€kmn (€ac €be €df +€ac€pr€de + €ae€pc €ar + Eap€bc€de ) — (€ijm Ektn + €ijn €kim ) €ac €pg€er +€aa€pc€er)

+ (€ikm Ejin + €ikn€jim + € jkm Eitn + € jkn Eilm V€abEcd€ef —

Xa,‘( 1 )b (2)(.',:(3)(1 (4)e,,.(5)f,,(6)x1x2x3x4x5x6

(fiklejmn + €k1€imn X €ab€ce€df +€ap €cr€de )]
-7

2
Q , 2.7

In
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where the indices i,j,...,n and a,b, ..., f are the color
(r,y,b) and isospin (u,d) indices, respectively. The €;;’s
and €, ’s are the completely antisymmetric Cartesian ten-
sors of SU(3)c and SUQ2)r. The coefficient aq is the nor-
malization of the orbital distribution amplitude (see Sec.
V). The leading anomalous dimension is yo. A detailed
calculation of y, for the various six-quark states and the
tensor representations in Eq. (2.7) will be given in Sec. V
and the Appendix A, respectively.

In the following section, we will derive a set of evolu-
tion equations for the deuteron S-wave distribution ampli-
tude. Since the deuteron is an isospin singlet and the S
wave is a symmetric orbital, the Young symmetry in each
quantum space is given by fr=(33)r, fcs =(222)cs, and
fo=(6)p. Thus, an example of the ground-state S wave
of the deuteron distribution amplitude is represented by

1) E

where (6)p has only one Yamanouchi label, [111111],
[the Clebsch-Gordan coefficient in Eq. (2.2) is trivially
given by 1]. We will concentrate on the leading term in
the high-Q? limit. It is an eigensolution of the evolution
equation which will be derived in the next section. The
leading term is the lowest power term of x;-dependent po-
lynomials, i.e., x;x,x3x4Xs5x¢. For example, we can see
that the basis element given by Eq. (2.7) is an eigensolu-
tion because only the symmetric tableau is allowed for the
spin in Sz =3 case. However, in general, and specifically
for the deuteron, the eigensolutions will be given by mix-
ing of basis elements in spin space.

p= f):E nr| BB Yr > | Yes > | oo [111111)0 >,

¥Yr Ycs

(2.8)

III. EVOLUTION EQUATIONS
FOR THE DEUTERON

Each eigensolution of a six-quark state satisfies a kernel
equation of the form

K | (19[654321]), =e | (1°)[654321]), , 3.1)

where | (1%)[654321]), is an eigensolution with the eigen-
value e given by a linear combination of completely an-
tisymmetric representations (basis elements). The kernel
K is calculated to leading order in a,(Q?) from one-gluon
exchange by using light-cone perturbation theory. It is

|

——————— -0
L o e —— o
i, Iy X, qq
+
F———>———-0

FIG. 1. The leading-order contributions to the kernel of the
six-quark wave function in light-cone perturbation theory. The
longitudinal momentum of particle i (i =1,2, ... ,6) before and
after the interactions is y; and x;, respectively; the i and j parti-
cles interact with transverse-momentum transfer of order Q.
Fifteen diagrams are included by summation over i/ and j with
i#j. The Feynman rules of light-cone perturbation theory in
the light-cone gauge are summarized in Ref. 4.

given explicitly in Sec. V. The pairwise one-gluon-
exchange diagrams are shown in Fig. 1. Since the isospin
representation does not change through gluon exchange,
the SU(2)r symmetry has no mixing and is fixed. For ex-
ample, fr=(33) in the deuteron case. Also, the six-quark
states are always color-singlet states, i.e., fc=(222).
Thus, in general, the evolution equation has the following
form in the basis of Eq. (2.3):

PIDIDIDIDID DAY ffﬁS(chc,sts | fesYes Y fesYesifoYo | Fr¥r)K | feYe) | fsYs) | foYo)

fes fi fo Yes Yo Y5 Y

=3 3I3333 2 ffﬁs(chc,stslfchcs)<fchcs,ono | Fr¥r) | fe¥e) | fs¥s) | foYo) -

Jes fs fo Yes Yo Ys Yo

The unknown coefficients Cl{ﬁs and the eigenvalue e are

obtained by solving Eq. (3.2). In Eq. (3.2) the possible
Young tableaux fcs and fo in the sums are determined by
the Clebsch-Gordan series of S to produce the CSO

(3.2)

[

Young-tableau fr. Likewise, the possible Young tableaus
fs are determined to produce fcs after combining with
fc- Each possible combination of fs, fcs, and f, gives
an equation (3.2). The combinations of fs, fcs, and fo
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are given by coefficients of Cffgf . and has a corresponding

eigenvalue e.

In general, there are many possible combinations of f5,
fes, and fo contributing to Eq. (3.2), since only fr and
fc are fixed and mixed Young symmetries are allowed.
However, if we constrain ourselves to some special cases,
then only a few equations actually need to be solved. For
example, the leading term in the high-Q? limit of the
Sz=3 and T =0 amplitude has only one possible com-
bination of fs, fcs, and fo [le fT—(33) fc-—(222
fs=(6), fcs=(222), fo=(6)], and only one equation
needs be constructed for this special case. Therefore, we
can easily see that the explicit representation given by Eq.
(2.7) in an eigensolution itself, as we already mentioned in
Sec. II.

. S .
In any case, the unknown coefficients C, 7. and eigen-

3 3 S ciEie

fs Yc Ys

=e3 3 3 CEBR(222)c Yo, fsYs | (222)csYes) | (222)cYe) | £s¥s) [ (6)o[111111]0)

fs Yo Ys

where fcs=fr=(33)=(222) and Y= Y7 because

(fesYes,(6)o[111111)0 | frYT) =6fcs]T8ch?T .

Since we know from the Clebsch-Gordan series of S¢
that the possible values of are (6) and (42), we have two
unknown coefficients C| (6)(6) and Cféf&)z) which must

satisfy the normalization condition
c'222) 2 (222) 2
C6rie)) > +(Cighan *=1.

Because of the normalization condition (3.4), one can
define two eigensolutions in terms of one mixing angle 6.
The corresponding eigenvalues are

(3.4)

e =e; when C{&%) =cosd, C{Z%,, =sinb ,
(3.5)
e =e, when cﬁ%,%&’,: —sin@, C\&2%, =cosh .

Furthermore, the kernel K has the factorized color factor
corresponding to one-gluon exchange,

k=23

i#j

*’ —L Vi (3.6)

where each term represents the kernel given by the in-
teraction between the ith and jth quark and each com-
ponent of the eight-dimensional vector A is the Gell-Mann
matrix of the SU(3)¢ group. If we sandwich Eq. (3.5) be-
tween two color states which have Yo=a and Y.=5,

|

K=
@ iz i

Kayy=% 3 3 ((222)ca,(42)Y |(222)cB)Cogli,)Vy; (Y =1,...
a B

72 2 Caalb)Vy=—3Cr 3 Vy (Cr=3),

value e in Eq. (3.2) can be determined after a given set of
equations (corresponding to the number of possible com-
binations of f&, fcs, and fo) are solved.

In this paper we will concentrate on analyzing the
asymptotic amplitude which dominates exclusive process-
es at large transverse momenta such as the asymptotic
high-Q? behavior of the deuteron form factor. However,
the general equation is given by Eq. (3.2), and the method
which we present in the rest of this section can be applied
to arbitrary cases. Since a deuteron is isospin singlet and
the dominant degree of freedom in the high-Q? limit is S
wave, the eigensolutions which we are considering have
Sfr=(33) and fp =(6). In the S;=1 case, one has mixing
between fs=(6)g and fs=(42)s.

For the f=(33)r, fo =(6), case, Eq. (3.2) becomes

(222)c Yo, fsYs | (222)cs Yes YK | (222)cYe) | fsYs) | (6)o[111111]0)

(3.3)

[

respectively, we can define a 5X 5 matrix representation
of K whose elements are given by

6
Kap=((222)ca |K [(222)cB) = 3 Copli)V;; ,  (B.7)
i#j

where

(222>C3> . (3.8)

A
Coplisj)= <(222)Ca —.=L

The most important observation in this formulation is
that the kernel X is a linear combination of the operators
Oy in color space, each of which has a definite Young
symmetry f with Yamanouchi labels Y:

K= ZKfyefy .
I3%

Therefore the kernel element K,g can be rewritten in
terms of the kernel Ky,

KaB= <(222)C¢1 lz Kfyefy ’(222)CB>
fY
=3 3 ((222)ca,fY |(222)cB)K;y , (3.9)
f Y

where the possible f which gives the nonzero Clebsch-
Gordan coefficient ((222)ca,fY |(222)cB) is only (6) or
(42). One can rewrite Ksy in terms of color factors
Caﬁ(l,]) and ‘/’J

(3.10)

,9) . (3.11)
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In Appendix B, we present details of the derivation of Egs. (3.10) and (3.11) and the color factors of Eq. (3.8). Note there
are five possible labels Yg in correspondence with the labels B=1,...,5 of Y. If we project Eq. (3.3) with Ycg =/ by
a color-singlet state Y- =a, then we obtain a set of two equations using Eqgs. (3.5) through (3.11). One of them is given

by

cos@ [SaﬁK(s)[111111]+ > ((222)ca,(42)Y [ (222)csB)K )y | | (6)s[111111]5) [(6)p[111111]0)
Y

+sinf | ¥ ((222)ca,(42)sYs | (222)csBY K (o)111111]

Y

+ 3 3 3 ((222)cy,(42)5Ys | (222)csB){(222)ca,(42)Y [ (222)cy YK aayy | | (42)5Ys) | (6)p[111111]0)

Y¢ Y v

—e; | cos08,5] (6)s[111111]5) | (6)o[111111],)

+sinf Y, ((222)ca,(42)5Ys | (222)csB) [ (42)5Ys) | (6)p[111111]5) |,

Y

(3.12)

and another is given by substitutions 8-—8+m/2 and e, —e, in Eq. (3.12).
Combining the two equations and using properties of Clebsch-Gordan coefficients, we obtain the following set of evo-
lution equations (we drop the trivial orbital factor | (6)p[111111],)):

K(G)[“”“]l(6)5[111111]5‘):(9100529+ezsin29)i(6)3[111111]3) N
‘;’2K(42)y|K(42)SY>=(el—ez)COSOSinel(6)s[111111]s> ,
Y

K(42)y | (6)5[111111]5)2(91 —ez)COSGSine I (42)SY> ’

(3.13)
(3.14)

(3.15)

Ko | @2)sY)+3 3 3 3 3 3 ((222)cB,(42)sY | (222)csa ) ((222)¢cy,(42)5 Ys | (222)¢csB)

B v Yg Yg

X ((222)ca,(42)Yx | (222)cy YK a2y, | (42)5Ys)

=(e, sin’G+e, cos’0) | (42)sY) . (3.16)

Since the operator order of the Ky is irrelevant, [ K 6)111111],K42)y]=0, we can see, from Egs. (3.13) and (3.15), that

K(ﬁ)[”““] ‘ (42)5Y> =(e| C0529+92 Sin29) \ (42)SY> . (3.17)
Furthermore, we can prove the following property of Clebsch-Gordan coefficients:
2 2 3 ((222)cB,(42)s Y | (222)csa ) {(222)cy,(42)5 Y5 | (222)csB)
a B vy
iy
X ((222)ca, (42) Y | (222)51'):%3—((42)5 Ys,(42)Yx | (42)5Y) . (3.18)
Thus, if we combine Egs. (3.16) through (3.18), then we obtain
V/53 2 2
2 2 _15'_ (42)3 YS1(42)YK l (42)SY>K(42)YK l (42)SYS ) =(€1 ——ez)(sm 6—cos“6) l (42)5Y) . (3.19)

Yg Yy

Equations (3.13)—(3.15) and (3.19) appear to be in-
dependent. However, we can see that only three combina-
tions of e;, e,, and 6 can be determined in the above
equations. So we need to solve three equations [for exam-
ple, Egs. (3.13), (3.15), and (3.19)] and the other equation,
(3.14), can be used to check the results. We will describe a
convenient way to solve these equations in the next sec-
tion.

IV. SYMMETRY OF KERNEL EQUATIONS

The symmetry of the left- and right-hand sides of any
of the equations derived in the preceding section should be
conserved. This can be easily checked since each kernel
and eigenstate has definite symmetry. If the kernel is
symmetric, then the states of left- and right-hand side
have the same symmetry. For the simple case where the



x; dependence of the orbital distribution amplitude is
given by the lowest power, such as the example presented
in the preceding section, all the equations become an
eigenvalue equation where the eigenvalue is determined by
Sz. This explains why Egs. (3.13) and (3.17) have the
same eigenvalue e, cos’0+e,sin’0. For the symmetric
kernel case, we can fix the color factor as — Cr/$5 [see Eq.
(3.10)]. We can generalize this procedure for any spin-
orbit state and find the general matrix representation of
the kernel in the basis of polynomials. This will be done
in the next section.

However, the eigensolution of the symmetric kernel
equation (3.13) is not a true solution of the whole system
in general, because there could be mixing, i.e., 8540 in our
example. We need to use other mixed symmetric kernel
equations and find more constraints to determine e, e,,
and 6. In our example, we can find relations between
three combinations of e, e,, and 6 by counting spin an-
nihilation or surviving terms. (In the general case one
must consider the x;-dependent orbital distribution func-
tions and their integration. One can find relations be-
tween combinations of eigenvalues and mixing angles case
by case by counting the number of terms which survive or
are annihilated after the kernel operation. The equation
which we need to solve actually is the symmetric kernel
equation presented in the next section.)

By counting spin terms, we find the following results
for the leading anomalous dimension. If the symmetric
kernel equation is given by

Ko | (©)s[111111]s) =y [ (6)s[111111]5) , 4.

then

K((,)[“]]“] 1(42)5)’):7/‘(42)5)7) ’ 4.2)
v’6

K(42)Y1(6)s[111111]s)—*—3 6yl(42)5[111111]5 ,
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%K(42,y|(42)sY)..—§—\/—_6—y| (6)s[111111]g) , (4.4)

and

> ———((42 )sYs,(42) Yy | (42)5Y)

Yy Yy
XKy, | ()s¥s) =757 |(42)sY) . (4.5)

Upon comparison with Egs. (3.13)—(3.15), (3.17), and
(3.19), we can solve e, e,, and 6 in terms of y. We find
two solutions:

(i) e;=2y, e,=37, tan0=-2—6,

(ii) e,=%7y, ea=—7, tanf= —%_é .
However, if ¥ > 0 then only solution (i) is valid. The value
of y will be determined in the next section.

V. SYMMETRIC KERNEL EQUATION
AND SOLUTION

The evolution equation with the symmetric kernel has
the same spin-orbital symmetry fso and Yso in the left-
and right-hand sides of the equation:

Ko | fso¥so)=T|fso¥Yso) , (5.1)

where T is the eigenvalue of the symmetric kernel equa-
tion. In order to give a more explicit expression of Eq.
(5.1), we project both sides of Eq. (5.1) to the light-cone
momentum space of six quarks as illustrated in Sec. II
We then obtain a kernel equation for the spin-orbital wave

4.3)  function ¥so(x;,q" ):
J
i 2y i il i i
dsotxpa1=Cy [ [ay) [ 1ak4)(xusgl | 2 Via Pkl Josolwink) (52)
ksl

where C;=—Cr /5, and

271

d<k
de., [d%k} ]—H “rl

i=1 i=i

i=1

[dy]=8 ‘1— 2

Thus so(x;,q" ) is a linear combination of some orbital wave functions ¢o(x;,q")

167°8%

Ek'

[see Eq. (2.5)] with some coefficients

of spin tensor representations. By calculating the leading-order diagrams shown in Fig. 1, one obtains an explicit expres-

sion of

<xi’q1

> Vu

Vi,ki >
k;él

for the spin-orbital wave function ¥(x;,q" ) (the spin-orbit index SO is dropped here since each possible f5o and Ygo sat-

isfies the same equation):
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. 4ma((g})
w(xi’q'l)z__zcdz ._v_i._‘Ji__

ij (g1 10, j

where
=(4m/B)[In(g} /A1)

is the QCD running coupling constant (8=11—3n R
being the effective number of flavors) and 8,”5]:1 (0)

a,((g})?) (

when the constituents’ {i,j} helicities are antiparallel
(parallel). Equation (5.4) has an infrared singularity at
x;=y;. Thus, in order to obtain a well-defined evolution
equation of the six-quark system, we consider the quark
distribution amplitude ¢(x;,Q), which is the amplitude for
finding constituents with longitudinal momenta x; in the

deuteron which are collinear up to the scale Q*:
2 . .
(x, Q)= [ [d%{" 9 %x,q") . (5.5)

This definition is the same as Eq. (2.6), gxcept that the
only spin-orbital wave function '@ (x; q M) 1s integrated
instead of the total wave function W2 (x;,q\”). By dif-
ferentiating both sides of Eq. (5.5) with respect to @2, and
combining with Eq. (5.4), we obtain the evolution equa-
tion of the six-quark system:

3Cr
H Xk —_—+_~_ ¢(an

Ca ! -
=B [, [V iy, 00, 5.6)

where we use the definition ¢(x;,Q) as

6 o~
¢(x;, Q)= [] xx¢(x;,Q), (5.7
k=1
and the variable
dk? In(Q?/A%)
(@=L [Ldk (k)i | 1Q/A) | sy
§OY="7 J, 0 k2 8 " 1 n(Qo?/AY)
and V(x;,y;) is given by
6 6
Vixp,y) =21 xx 3 0y;i —x;)
k=1 i#j
X H 8(x; —.VI)—
I£i,j Xj
‘Shiﬁj A
xXi+x;  yi—Xx;
= V(y,»,xi) . (5.9)
By definition, the factor A in Eq. (5.9) means
Ad(y;, Q) =6(y;,0)—(x;,Q) (5.10)

II xi [ [dylo; —x;) [[ S(y,—x,)—

6
IT x| -
k=1

L%3 Wyik')
Hk_l Yk ’

(5.4

L 2
Xj | Xi+Xx; )" f[dk]

[

so we can see that the infrared singularity in Eq. (5.4) at
x; =y; is completely canceled by that in Eq. (5.5). We no-
tice that this cancellation happens only when the correct
value of deuteron color factor Cy= — Cf /5, so that this is
a good check of the correctness of C;. We calculated C,
explicitly from the definition in Appendix B.

Since the six-quark evolution equation (5.6) has a form
similar to that of the three-quark evolution equation,* we
can solve this equation following the similar methods of
the three-quark case. First, we separate the variables of

#(x;,0) such as
o ||
Z|"

and substitute into Eq. (5.6) so that Eq. (5.6) becomes
(note that C;= —Cr/5)

é(x;,Q)=¢(x;)e 7%

=¢(x;) |In (5.11)

élx;)= E f [dy]V (x;,y)8 ()

CFV|¢>

3
B
(5.12)

where the equation is simply redefined by the quantum-
mechanical notation V |¢), and ¥ (x;,y;) is given by Eq.
(5.9). Next we expand ¢(x;) in terms of eigenfunctions

$n(x;), so that the general solution of ¢(x;,Q) is of the
form
- © - Q2 e
d(x;,Q)= 3 a,¢,(x;) |In el , (5.13)
n=0

where a, are the coefficients and eigenvalues y, corre-

spond to the anomalous dimensions of the six-quark

system. Since V(x;y;) is both real and symmetric

[V(xiryi)=V(yi’xi)]9 the y, are real. The {¢n(xi)}:=0

are orthogonal with weight w(x;)=xX,X3X4X5Xx¢:
1 ~ ~

S, [@x10(x)6 7<) (x1) =K By » (5.14)

where K, are the normalizations. Since the {,(x;)}_o
form a completely orthonormal basis

o

where Zf=lm,~=n, we expand ¥V on this polynomial
basis. After some calculation, we obtain'?
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34
5 m
V P
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= = ) 5 s _ -
2 wlx;) ,I=le’ "Jigl mi+1  m;+2 +i§4 hehi | m; +1 m,+2 +2 hﬁ§1m+mj+2
]
i —t 63 S L
h4h_5 m4+m5+2 i=1 k=2 k
+i < | mi—=l+1 " &"6H m;—l b 1! ﬁ(~1)k§ijkx my + i
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Ukei} {l—-zjk T G
k1 ki
s om0 [ m—141 8hef, ~ , s 3k,
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i=ai=1 L Himit mit Dl + () Iz—zjk]!ﬂuk!)k
ks£i ki
3 mi+1_ m;—1 mj(mj—l)---(mj—-l+1)
+% Ex" N T mA 2 mi43) - I+ 1)
m.
N om—1 m+l mi(m;—1)---(m;—1+1) 5 m
+ 2 x 0 ox; ) k
I§I ' J l(m]+2)(m,+3)(mj+1+1) kngk
m.
L m+l m—1 mimj—1)---(mj—I+1)
_+. i ! ]
2 ””2_:1 m,+m,+2 2 3 (4 1)
m;
! m.—1 m.+1 m,(m,—l)‘(m,——l—+-1) 5 m
+ X; i . J k
25 m 3 1+ D) ,J}fk
1 TS matl me—l mslms—1) - (ms—[+1)
8 4 5
F ks s t+2 ,§,"‘ X5 met2)met3) - (ma+l+1)
my
my—1 me+l m4(m4—1) (M4~—1+1) 3 m
+ D x4 b x5 k
E, ¢  (ms+2(ms+3) - (ms+1+1) e
5
=33 |II =~ ‘>U1,..; fmi] » (5.15)
(n,-] k=1
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where particles 1, 2, and 3 have helicity parallel to the
hadron’s helicity A, and the particles 4, 5, and 6 have heli-
cities hy, hs, and he. The notation 3 jegs) Means the
summation over all possible integer j; (ki) as long as
334k <1 is satisfied. Uy, ) (m,) is @ matrix representa-

tion of the linear operator @™ !V on the basis {xim‘}.
Since Uy} {m,} =0 when i _ini> >7_m, the eigen-
functions are polynomials of degree
n=37_,m;=0,1,2,.... The corresponding eigen-
values are obtained by diagonalizing the matrix U (n), (m;)
with 37 n;= 3 7_ m;=n. Several leading eigenvalues
and the eigenfunctions are given in Table I.

From Table I, we see that the leading anomalous di-
mension obtained from the symmetric kernel equation is
given by

C
ToE for S;=+1.

1
5 B (5.16)

6 Cr
Yo= —S——B— for SZ =0,
Therefore, y0>0 and the true leading anomalous dimen-
sion is given by

C C
F %—5 for S;==*1,

B B

from the value of e, in the case (i) of Eq. (4.6).

peal % for S; =0, (5.17)
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VI. DISCUSSIONS AND CONCLUSIONS

Harvey'? has classified the color-singlet six-quark states
in terms of a physical cluster decomposition. Using his
classification, the physical deuteron state (i.e., a bound
state of two color-singlet clusters) is represented as a
linear combination of several different kinds of totally an-
tisymmetric color-singlet six-quark states. For example,
the two well-separated nucleons | NN ) are given by'®

| NN)=(5)"2[[6]{33}) +(5)"2| [42](33}))

va
9

[[42]{51}) , (6.1)

where [ ] and { } represent the orbital and spin-isospin
symmetry (i.e., fo and frs in our notations) and color
symmetry (222) is abbreviated. However, this classifica-
tion by itself does not include the dynamics of strong in-
teractions between the constituents. In other words, the
dynamics between the quarks inside the deuteron is not
included.

Thus far in this paper we have formulated the dynami-
cal evolution equation of six-quark systems and solved it
to give the general form of the quark distribution ampli-
tude ¢4(x;,0):

a(x;,Q)=(CTS)¢(x;,Q) , (6.2)

TABLE 1. Solutions of the evolution equation (5.12) for total helicity |3k +hs+hs+he| =0
(¢mut), 1 <¢nrtu’d,tnm,(ﬁnmr)’ 2 (¢nmz,¢nnn,¢fnur)’ and 3 (¢mnv) cases. The procedure for
the systematic derivation of the @, is given in Sec. V.

C
'}’n/ —BL N a})%l)oo a‘l&oo 0311600 a&))]oo 0&610 02)&)01
BT % 1
13 13!
- —_ 1 —1
3 4
13 13!
- — 1 1 -2
> 12
i 13
5 4 1 -1
|
Lt % 2 -2 2 -2 -3 -3
14 13!
- —_— 1 —2 -2 -2
3
12
FAAALY
¢1mn % 1
¢TH‘HT
¢”NH
¢H‘I‘HT 2 11]
PR
¢TNHT 3 11'
5
n(x;)=VN 3 a,(,:"’ g Hx,-m‘ n= 3 m ]
{m;) i=5 i=1
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where (CTS) is a tensor representation obtained from the
Young symmetry of SU(3)¢, SU(2)r, and SU(2)s [one ex-
ample is given by Eq. (2.7)], and the orbital distribution
amplitude ¢(x;,Q) is given by

H(x;,Q) =X XX 3X4X5X¢

© - QZ “Yn
X 3 nbu(x;) |In | =5 6.3
n=0 A
We project Eq. (6.1) to momentum space:
b (xi,Q)=(5)""2B(6]133)(x:,Q)
+(5) 2 brazy33y(x;, Q)
—(%)1/2¢[42][33](xn ). 6.4)

In the limit Q— « the dependence of Q is determined by
the leading anomalous dimension; all other terms which
have nonleading anomalous dimensions are suppressed by
logarithmic damping factors. However, as we can see
from Table I, the orbital symmetry of the eigensolution
which has the leading anomalous dimension cannot be
[42] but is [6]. This means only the first term of Eq. (6.4)
survives at the large-Q limit. The NN amplitude itself is
not sufficient. One can show that an 80% hidden-color
state is necessary to saturate the normalization of the six-
quark amplitude when six quarks approach the same posi-
tion in impact space b, —0. We have called this new de-
gree of freedom an anomalous state since it does not cor-
respond to the usual nucleonic degrees of freedom of the
nucleus. The physical implication of the anomalous state
is discussed in our toy model analysis.’

The asymptotic behavior of the deuteron distribution
amplitude is given by
In(Q2/A%) |77 6.5)
In(Qy?/A?%) ’ '

where yo=3(Cr/B) for the S;=0 deuteron. The QCD
predictions for high-Q? behavior of the deuteron form
factor and the form of the deuteron distribution ampli-
tude at short distances are given in Ref. 3. The fact that
the six-quark state is 80% hidden color at small trans-
verse separation implies that the deuteron form factors
cannot be described at large Q2 by meson-nucleon degrees
of freedom alone, and that the nucleon-nucleon potential
is repulsive at short distances.>”!3

Op(x;,Q)=a0X1X,X3X4X5X¢
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APPENDIX A

In this appendix we describe a general method for find-
ing the color-singlet representations for multihadron sys-

tems. This leads to the explicit representation of Eq. (2.7).

Group theoretically, color states of every quark and/or
antiquark systems are represented by the multiple outer
products

(3Px(3*) (A1)

for the system of p quarks and g antiquarks. The reduci-
ble tensor representations of (A1) are decomposed into ir-
reducible tensor representations and the resulting singlet
representations provide the physical quark system.

Since the color singlet is invariant under SU(3) transfor-
mation, the only tensor representations'* which are invari-
ant under SU(3) transformation are the Kronecker delta
and the completely antisymmetric Cartesian tensors:

8, epn, €, (A2)

where the lower (upper) indices correspond to 3 (3*) rep-
resentations. This comes from the fact that only opera-
tions of contraction and antisymmetrization commute
with the SU(3) transformations on the mixed tensors.
Thus, every color-singlet representation can be represented
by the products of the three tensors (A2).

From this observation, we describe the rules to con-
struct the color-singlet tensor representations for arbitrary
quark and/or antiquark systems such as (A1).

(1) Give each index to every 3 and 3* representations.
For example, p lower indices and ¢ upper indices will be
given to (A1).

(2) Assemble one possible product of Kronecker deltas
and completely antisymmetric Cartesian tensors to use up
all indices considered in rule (1). For example, the p =6
and g =0 case needs the product of two antisymmetric
Cartesian tensors.

(3) Permute the upper and lower indices separately. For
example, the p =6 and g =0 case will give 10 possible
different representations. However, note that they are not
all independent.

(4) To construct all the independent (orthogonal) repre-
sentations, follow the method of Schmidt’s orthogonaliza-
tion, where the inner product is defined as contraction.
For example, in the p =6 and g =0 case, five independent
representations are obtained:

1 1
Sijkimn = V3 (€ikm€jin + €ikn€jim + €jicm €itn + €jicn €itm ) »

1
S«%'klmn = m(eijm €kin + €ijn€xim ) 5
1
Si:;klmn = 46 (eikIEjmn +€jk1€imm ), (A3)

4 1 i
Sijktmn = ~=(€;j1€kmn — 7 €ijk€imn) »
M7

5 1
Sijklmn =%€ijk€imn >

where Sim, (@=1,2,...,5) are the five independent
color-singlet representations.

The correspondence between Eq. (A3) and the five dif-
ferent Young tableaus (or Yamanouchi labels) is as fol-
lows: If we denote i =1, j=2,...,n =6, then the corre-
sponding Young tableaus with Eq. (A3) are
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1]2] [113] 12| ]3] 4]

12]4] 13]5] 12[5] 12]5]

B0 (516} [4]6] 4]6] (3]6]
a = 1 s 2 N 3 , 4 , 5

A similar method can be applied to construct the
isospin-singlet representations in SU(2). The five indepen-
dent isospin-singlet tensors corresponding to the dual of
the color-singlet Young tableau shown in (A3) are
represented by

1/3|5 1
204(6 = m €ab€cd€eyf
1]2|5 1
NOEEN (€ac€rates + €agsceey) ,
13[4 1
256] " 2ve (€abeceear + €apecseae) , (A4)
1(2(4 1
3TElel = oz (e..,ckeq + €ac€bf€de + €acrcds + €ap€ncede)
1(2{3 1
56l 6 (€ad€be€cs + €acespeca + €aperaece)

where the €,,’s are the antisymmetric Cartesian tensors of
SU(2)r and the Young tableaux are denoted by a =1,

_5
12
1
1 0 0 0 o0 %
0o -2 0 o0 o 4
cL,2)={0 0 + 0 o0 |, Cc,H=| o0
0o 0 0 —-% o
0
o o o o -%
0
s V3
_s V3 0 0 0
12 4
V73
e - 0 0 0
1 1
cl,4)=| 0 0 e S
1 3 Ve
1 7 1
0 0 ——= - @ ——
Ve 12 V2
1 1
0 —_ 0
v’ %%
s 1 1
—= 0 0 1 —
12 V2
0 _3 1 11
12 2V73 2V6
1 1
c(,6)=| 0 + - —= ——,
¢ 23 2V6
1 1 _ a1 1
¢ 2V73 %) 7 6v2
11 1 1 0
2V72 2V'6 26 6V2
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b=2,...,f=6. If we multiply the color- and isospin-
singlet tensors given by Eqgs. (A3) and (A4), respectively,
taking care of the phase factor® 77 for the Yamanouchi
labels, we get the special case of the asymptotic deuteron
representation, Eq. (2.7).

APPENDIX B

The color factor defined in Eq. (3.8) can be explicitly
expressed in terms of tensor notation, since we know the
tensor representation for the multiplication of Gell-Mann
matrices in Eq. (3.8) as'*

j
A A Sy
EY > j,=—2-(8j'8{'

i

— 38,8, (B1)

o
1

where the indices i and i’ designate the color i'th quark
before and after a gluon exchange. Using the notation of
Eq. (A3), the generalized color matrices (5X5) given by
Eq. (3.8) can be obtained by

i
a

j
. A
Copli)=8%;...5... —} SBovp,

2

2

s

i J

(B2)
and Eq. (B1). There are 15 such matrices and they are
given by

V73
- 0 0 0
> 0 0 0
V73
0 -5 —-== 0
12 4 >
V73
o == = 0
0 0 (| J—
s 1 1
- 0 0 —_
E ¢ %)
0 _3 _1 1 1
12 4 2‘/3 2\/-6
c(,5=| o _1 R S
N 12 2V3 2V6
1 _ 1 1 L 1
¢ V3 V3 12 6V2
1 1 1 1 0
2v2 2V V6 6V2
5 V73
-2 X2 9 0 o0
12 4
-‘{l L 0 o o
c23)=|0 o -+ —‘? o,
0o o 4 L0
o o o o -%
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C(2,6)=
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C(4,5)=
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C(5,6)=

_: ——‘{1 0 0
V73
-+ = 0 0
1
0 0 -5 —=
Ve
1 7
0 0 _ -
43 12
1 1
0 0 —_ - —=
V6 3V2
- 0 0 +
1
0 _3 _ 1 i
12 4 2 3
1 1
0 -7 —1r eV
_1 1 R S
¢ 2V3 2V3 2
I S 1 1
V2 26 2V 6V2
V73
5
-5 -2 0
12 0 4
1
0 3 0 —
12 M3
_—‘2—3 0 L 0
1 7
0 —_— 0 -
43 2
0 1 .
V6 3v2
V73
._.157 0 e 0 0
V73
5
- 0 <= o0
0 12 4
V73
< 0 = 0 o0 |
0 —‘{3— o L o
0 0 o o -3%
+ 0 0 0 o
0+ 0o o0 o0
00 —% o0 o
oo o —-% o
00 o o -%

5 1 1
0 3 0 0 L
12 ¢ 22
1 1
0 0 _ 5 1 1
2 ¢ 23 e
-L 1 ca9=|o 1 e
V6 2vV3 2v6
1 S SE S R S
V2 ¢ V3 2V3 " 6v2
1 1 1 1
22 2V 2V6 6V2
.
2V2
: + 0 0 0 O
26 0o -2 0o o o0
1 2
— |, c34=0 0 - o o |,
2V6 ’ 5
1 o 0o o -1 —3—2
6v2 v
o 0o o X2 o
3
V73
0 - 0 — 0
12 4 0
1 5 1 1
V6 12 #3 Ve
o |, cGe= % o & o 0
____l_.. 0 ____1.., 0 _ 1 __.1
V2 43 2 V2
0 1 .
Ve 3v2
5 V73
3 o 2= o0 0
12 4
o - o Y3
4
C(4,6)= ——‘z@ 0 . 0 o |,
V73
0 -== 0 e 0
0 0 0 0o -3
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Using the results (B3) and the formulas (3.10) and (3.11),
we can find expressions for the kernels in terms of Vj;.
Since C,,(i,j) is independent of i and j and given by

Coalirj)=—3X34+3X2=—Cp, (B4)
the symmetric kernel is given by
Koy =Ca 3, Vij (BS)
i£j

where C;= —Cr/5.

The other kernels can also be obtained by using the
Clebsch-Gordan coefficients of S¢ and (B3). The results
are given by

Kpy=Npy 3 AyVy (B6)
ij

where Nyy and 4;; are summarized in Table II

1S. J. Brodsky and C.-R. Ji, Stanford Linear Accelerator Center
Publication No. SLAC-PUB-3747 (unpublished), and refer-
ences therein.

28. J. Brodsky and G. P. Lepage, Phys. Rev. D 24, 1808 (1981).

38. J. Brodsky, C.-R. Ji, and G. P. Lepage, Phys. Rev. Lett. 51,
83 (1983).

4G. P. Lepage and S. J. Brodsky, Phys. Rev. D 22, 2157 (1980).

5V. N. Baier and A. G. Grozin, Nucl. Phys. B192, 476 (1981).

6S. J. Brodsky and C.-R. Ji, Phys. Rev. D 33, 1951 (1986).

7S. J. Brodsky and C.-R. Ji, Phys. Rev. D 33, 1406 (1986).

8M. Hammermesh, Group Theory (Addison-Wesley, Reading,
MA, 1962).

9[654321] is the Yamanouchi label of (1°) symmetry; see Ref. 8.

10M. Harvey, Nucl. Phys. A352, 301 (1981); A352, 326 (1981);
A424, 428 (1984).

HDetailed calculations and the origin of the logarithmic Q
dependence are given in Ref 4.

12In Eq. (5.15) we use a more compact form for the coefficient

m.+l m.— . . .
of x; ' x; 7  than that given in Ref. 4, since we can prove
that
i m m ‘—j n +j+1
- . ] i ](-1)1 1
j=o 4 =k

mim—1)---(m—i+1)

Tin+2)Xn+3) - (n+i+1)

Also, we correct a typographical error in Appendix D of Ref.
4:

m —i+l+5,IZH

i(m+2)
should read
m—i+1 6"25
im+1)  (m+1)(m+2)

13Qualitative QCD-based arguments for a repulsive NN poten-
tial at short distances are given in C. Detar, in Asymptotic
Realms of Physics (Essays in Honor of F. E. Low), edited by
A. Guth, K. Huang, and R. Jaffe (MIT, Cambridge, Mas-
sachusetts, 1983), pp. 118—127; see M. Harvey, Ref. 10; K.
Maltman and N. Isgur, Phys. Rev. Lett. 50, 1827 (1983); R.
L. Jaffe, ibid. 24, 228 (1983); G. E. Brown, in Quarks and the
Nucleus, proceedings of the International School of Nuclear
Physics, 5th Course, Erice, Italy, edited by D. Wilkinson (Pro-
gress in Particle and Nuclear Physics, Vol. 8) (Pergamon, Ox-
ford, England, 1982), p. 147. The possibility that the deute-
ron form factor is dominated at large momentum transfer by
hidden-color components is discussed in V. A. Matveev and
P. Sorba, Nuovo Cimento 45A, 257 (1978); Lett. Nuovo
Cimento 20, 435 (1977).

14P_ Carruthers, Introduction of Unitary Symmetry (Interscience,
New York, 1966).



