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We construct all SU;(3) x SUg(3) chirally invariant anomalous magnetic, i.e., involving a Pauli tensor and
one-derivative, interactions of one chiral [(8, 1) & (1, 8)] meson field with chiral [(6, 3) ® (3, 6)], [(3, 3) ® (3, 3)],
and [(8,1) & (1, 8)] baryon fields and their “mirror” images. We find strong chiral selection rules; e.g., there
is only one off-diagonal chirally symmetric anomalous magnetic interaction between J = % fields belonging
to the [(6, 3) @ (3, 6)] and the [(3, 3) & (3, 3)] chiral multiplets. We also study the chiral selection rules for
the anomalous magnetic interactions of the [(3,3) @ (3, 3)] and the [(8, 1) @ (1, 8)] baryon fields. Again, no
diagonal and only one off-diagonal chiral SU,(3) x SUg(3) interaction of this type is allowed, that turns out also
to conserve the U,(1) symmetry. We calculate the F/D ratios for the baryons’ anomalous magnetic moments
predicted by these interactions in the SU(3) symmetry limit and find that only the [(6, 3) @ (3, 6)]-[(3, 3) ® (3, 3)]

one reproduces F'/D = 1/3, in close proximity to the value extracted from experiment.
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I. INTRODUCTION

Our basic assumption is that baryons are linear combina-
tions of three basic chiral representations ([(6, 3) & (3, 6)],
[(3,3)® (3,and 3)], [(8, 1) ® (1, 8)])' formed by three-quark
interpolating fields. Recent studies [1,2] point towards baryon
chiral mixing of [(6, 3) @ (3, 6)] with either [(3,3) ® (3, 3)]
or [(8,1) @ (1, 8)] chiral multiplets as a possible mechanism
underlying the baryons’ axial couplings. This finding is in line
with the old current algebra results of Gerstein and Lee [3,4]
and of Harari [5,6], updated to include the (most recent) F and
D values extracted from experiment Ref. [7], and extended to
include the flavor-singlet coupling gﬁn of the nucleon [8,9],
that was not considered in the mid-1960s at all, presumably
due to the lack of data. Our own starting point were the
QCD interpolating fields’ U4 (1) chiral properties [10-12]. In
Ref. [13] it has been shown that both the Gerstein-Lee [3,4]
and the Harari [5,6]) scenario survive in chiral Lagrangian
models that constrain the baryon masses.

Having thus made the first step, viz. to reproduce the
phenomenological mixing starting from a chiral effective
model interaction, we turn to the next step, which is to
look for chirally symmetric dynamics that produce anomalous
magnetic moments. One such mechanism is the simplest chi-
rally symmetric one-derivative one-(p, a)-meson interaction
Lagrangian; one-derivative because only thus can one couple
the baryon magnetic moment (the Pauli current) to the p
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field. Here we study vector meson couplings because photon
couplings follow them under the vector meson dominance
(VMD) hypothesis which has been shown to work in the low
energy region. We note, however, that the VMD hypothesis is
merely a convenient, but not necessary device, as Gerstein and
Lee [4] have shown that the anomalous magnetic moments
of the nucleons can be obtained using the current algebra,
under the assumption that the photon transforms as a member
of the (broken chiral symmetry) [(8, 1) @ (1, 8)] multiplet,
which amounts to VMD hypothesis with vector mesons
belonging to the [(8, 1) & (1, 8)] chiral representation.

In this paper we construct all SU;(3) x SUg(3) chirally
invariant one-derivative one-vector-meson-baryon interactions
and then use them to calculate the baryons’ magnetic moments.
We derive the nonderivative Dirac terms, as well. Another,
perhaps equally important and difficult problem, viz. that
of the flavor-singlet anomalous magnetic moment of the
nucleon, is also addressed. Thus our present paper serves
to provide a dynamical model of chiral mixing that is an
optimal approximation to the phenomenological solution of
both the (F, D) and the flavor-singlet axial couplings, and of
the anomalous magnetic moments.

In our previous publication [13] we found two solutions
that fit the axial coupling data: one that conserves the U4(1)
symmetry (the Harari scenario) and another one that does not
(the Gerstein-Lee scenario). Here we show that only the former
scenario leads to nucleon anomalous magnetic moments that
are in agreement with experiment extrapolated to the SU(3)
symmetry limit. The latter (“Gerstein-Lee”) scenario requires
vanishing nucleon anomalous magnetic moments, in serious
disagreement with experimental result extrapolated to the
SU(3) symmetry limit.

2This does not preclude the existence of more complicated solutions.
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Here we have, for the sake of clarity, temporarily ignored
the chiral mixing in the vector meson sector (that must violate
the U4 (1) symmetry, see Ref. [14]). This does not affect the
validity of our conclusions, as in Sec. IIl A we show that
the chiral interactions of vector mesons belonging to the
[(3,3) @ (3, 3)] chiral multiplet with the above baryon fields
lead to phenomenologically incorrect values of the anomalous
magnetic moment F'/D. We also emphasize the fact that our
results (“selection rules”) hold for arbitrary chiral mixing
angles, thus making the renormalization of axial couplings
due to the axial-vector mesons irrelevant for this purpose.

All this goes to show that the “QCD U,4(1) anomaly”
probably does not play a role in the “nucleon spin problem”
[8,9], as was once widely thought [15]. Rather, in all likelihood
the U4 (1) anomaly provides only a (relatively) small part of the
solution, associated with the higher Fock space components,
whereas the largest part comes from the Uj4(1)-symmetric
chiral structure of the nucleon.

In this paper we use the baryon interpolating fields to
construct chirally invariant interactions. These fields have been
often used in the QCD sum rule analyses [19-21] and lattice
QCD calculations [22]. Most of QCD sum rule studies used
the “Toffe current” which leads to baryon masses consistent
with those of the ground state baryons. In particular, Espriu,
Pascual, and Tarrach [21] have studied the dependence on the
field mixing parameter ¢ of local interpolating operators and
found an optimal value around ¢ & —1, which corresponds to
the “Ioffe current”. The loffe interpolating field is the same as
N_ in our notation, which belongs to the [(3, 3) @ (3, 3)] chiral
representation [23]. This is the only local interpolating field
that appears in our chiral admixture results, which is consistent
with the optimal choice in the QCD sum rule analyses.

This paper consists of four parts: after the present section
as Introduction. In Sec. II we construct the SU;(3) x SUR(3)
chirally invariant interactions of nonderivative Dirac type. In
Sec. III we apply chiral mixing formalism to the hyperons’
vector-current form factors. Finally, in Sec. IV we discuss the
results and present a summary and an outlook on the future
developments.

II. NONDERIVATIVE DIRAC TYPE INTERACTION

In this section we propose a method for the construction
of Ny = 3 chiral invariant vector meson-baryon interactions
with [(8,1) & (1, 8)] meson fields. Both the diagonal and
off-diagonal terms are possible, which we shall study in the
following.

We have classified the baryon interpolating fields in our
previous paper [10]. Our conventions for them are the same as
in Refs. [1,13]. Next we shall briefly define the conventions
for the vector and axial-vector mesons.

A. Preliminaries: Chiral transformations of vector
and axial-vector mesons

We define the vector and axial-vector mesons in the SU(3)
space:

,OZ = GaMypYudB. alfu = Gar4pYuYs9B, (1)
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where the index a goes from 1 to 8. They belong to the
chiral representation (8, 1) & (1, 8). Their linear combinations,
ME = gl + ysah, and MV = My = of, — ysal,are
the right-handed spin-one-meson vector current and the
left-handed vector current, respectively. They transform as

@. 1)@ (1,8)and (1,8) & (8, 1), respectively:
555Mﬁ = Vsb“ fath;’ 555M1[Lmir]b — —]/jba fahCMl[Lmir]c. (2)

To proceed our calculations sometimes we use the “physi-
cal” basis, of which the definitions are

M, 5 -5%500 0 0 00
M £ =00 0 0 0 0
M} 0 0 10 0 0 0 0
M 0 0 o%-%o 0 0
M 0 00%%0 0 0
M 0 0 00 O %—J%O
M) 0 000 0 5 50
M} 0 0 00 O 0 0 1

P, +ai,

P+ i,

Pyt ai,

Py + i,

X pi—l—afﬂ. 3)

pﬁ—i—a?u

Pyt ai,

,Oﬁ—i-a?ﬂ

We can define another type of (8, 1) @ (1, 8) chiral repre-

sentation: RZ = pfj + a'fu as the right-handed vector meson,

b

b _ b
and L) = p, —ayj,

transform as

as the left-handed vector meson. They

SYR), = b fure Ry, 855, = =b" funcLy. ()

We can use these two fields to write interactions that can be
used in other calculations. We note here that these two fields
contain both the positive- and the negative-parity components,
however.

B. Diagonal interactions

1. Chiral [(6, 3) @ (3, 6)] baryons diagonal interactions

To start with, it is useful to look at the chiral group structure
of the vector meson-baryon interaction NMN’, where N and
N’ denote two baryon fields and M denotes the vector meson
fields with the Lorentz index u contracted either with the Dirac
matrix y, or with the Pauli tensor o#”.
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The Dirac current Ny, N contains two y matrices, y,, and
0, the latter of which comes from the Dirac conjugate of the
baryon field. Therefore, it is diagonal in the chiral base, in
other words, it takes the form

NMN' ~ N MN; + NkMNy
~(NLM_LN;, + NxMgNy) and
x (NLMPING + ReMIPING), (5)
when decomposed into the left and right helicity components.

Then the diagonal interaction has the structure in group
representation notation

N.(6,3) x M. (8,1) x N.(6,3) + N3, 6)
x Mg(1,8) x Ng(3,6),
and
N.(6,3) x M™(1,8) x N.(6,3) + Nr(3, 6)
x MEM(8,1) x Nk(3, 6),

where in the second structure the mirror field M E‘,‘g] transforms
as M R,L-
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In the first term the product N. M N, is decomposed as
6,3) 6. 1H®(6,3)~[(6,3)®(6,3)] ®(8,1)
5@ DHe@B D>, (6
and the one of N LME"“] Ny is decomposed as
6.3)®(1,8)®(6,3) ~ [(6.3)®(6,3)] ®(1,8)
51,91, 8>, D. ()
Therefore, there are two chiral invariant combinations for the
left chirality. The situation is the same for the right chirality.
We also do this for other diagonal and off-diagonal interactions
in the following subsections.
Now we shall construct their explicit forms as
Nigyy" My Ny Cif.
and/or
Ngyy" My™ Ny Ci

where the indices a and b run from 1 to 18, and the index ¢
just runs from 1 to 8. By applying the chiral transformation
to this Lagrangian and demanding that this variation vanishes,
we obtain hundreds of equations, such as

2V2 22
a 11,1 1101 10,1,1 ) =,
82@(18)V”M;N(}'13)C?1%) = ( —Cig) — C(IS) C(IS) )P(lJ/Sb,%))/”“Mlllp
24/2 272 B
<_3 Cip” = 3 C(llzlg())3>P(lV5b3))/”MiP+~-- =0. 8)

Solving these equations together with the Hermiticity condi-
tion, we find that there are two solutions:

(1) One solution can be written out using A{jg) in the following
b (abcy.
form (N(lg)y“M N(is)C(15):

A A — n n n b
Lis) = 8{isyNasyr" (o) + vsai,)(Alig) ,Nisy 9

where g(AIS) is the coupling constant, and the solution is

V3¢ c
AC LD + 5 7=F) Ty
() = Tv 2 pe
(8/10) /3 (10)
«/3

(Vfls) +Fjg))- (10)

The chiral group structure for this interaction is shown in
Eq. (6). The matrices V(|5 and F has been defined by

F{, 0
ve —["®
(18) ( 0 Ffm) ’

n 2 2 n
P (DES) + 5K 7§T§8/10)>
as) =

2 mte
7 Ls/10

an

1 "
3F0)

with D(g), F(S), T(S/IO) given in Ref. [1]

(2) The other solution can be written out using Bjg) in the
following form (N{jg y* MM Nfi o C{li):

vsai,) (Bis) o Nis)»

where ggg) is the coupling constant, and the solution is

Ll = glis Nagy" (0, — (12)

f c 1 c c
B — DG — 55Fs T
as) = TTC Ly
8/10) 73 (10)
V3
= _T(V(Cm) - Fflss))' (13)

The chiral group structure for this interaction is shown in
Eq. (7).

Besides the Lagrangians (9) and (12), their mirror parts

A ¥, . . b
8GsmNiismy" (0, — v5ai,) (Alis) 4 Niigmy  and

B - : : b
g(lS;n)N((lliim)yM(p; + J/Saiﬂ)(BEIS))abN(lgm)’

are also chiral invariant. Using these solutions, and perform-
ing the chiral transformation, we can obtain the following
relations:

at A b b a . c
—F5Als) + Alig)Fis) + ifancAps) = 0, (14)

—F{{g Blig) + Blig Flig) — ifuncBfyg) = 0.
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Note that the generators Ffjg in Eq. (11) are Hermitian

matrices, i.e., Ffltg) = FE’IS). Therefore, Eqs. (14) turn into the
familiar SU(3) x SU(3) Lie algebra commutators that have
already been proven in Ref. [1]. This confirms the consistency
of our present calculation with that in Ref. [1], as expected.

The solution in the physical basis (N(ﬁg)y“M;N(blS)C"lg))
can be obtained by the following relations:

Cly = (Alis) > €% = (Alig) ups

\/—(C?fjsl) +Clig) = (Alig)

J5(= Gl + i) = (W)

%(C?f’é‘) +€l5) = (Aho),y a5
T (- €)= (W)

1 a a. o}
\/—(C<1bs6) +ClY) = (Al) oy
I

\/E ( (AZIS))ab

Another strategy for finding the two chiral interactions
(“solutions”) is to study the two parity-violating baryon
currents interacting with the left- and right-handed vector
mesons and then to combine them to obtain the parity
conserving and parity violating Lagrangians. The explicit
forms of interactions that we obtained by using this strategy
appear to be the most convenient ones for practical use.

To get the first solution, we use the following right-handed
and left-handed currents:

b6 b7
Ciis) + Cliy) =

(1) The right-handed current solution can be written in the
following form:

L{s = s{isy RiR a3

. ,
= 8l (Pl +ai, )Ny " (Riis) ,Nisy (16)

where ggg) is the right-handed current coupling constant
and we have used

Riis) = (Viis) + v5F(is))

_ <7’5Df8) +(1+ 3V5)Ffs) %VSfo/lo) )
a %VST(Tg/m) (1 + %VS)FGO)
and
R;(ls)
= (Thas + Jusas)
_ ﬁ;‘lg)yu%(IZE&TC(%WLVS)F&) I%Tfsmn ) -
7 Lis10 (5+75)Fiyo)
where

c _ ¢ n(yc b
Jas) = Nagyr" (Vi) Niis)»

" N (F) NP 17
us518) = Nag)V Vs\Fas))up N9y
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(2) The left-handed current solution can be written in the
following form:

Lo
L) = 8lis)LyLias)
L N4 b
= 8(s) (P} — ai)Nasy V" (Liig)an Niis),

where g(Lls) is the left-handed current coupling constant and
we have used

(18)

Liig) = (Vis) — »5F(ig)
3 (_VSD%;) + (1= 3n)FGy — 5T )
- _%VST(Tg/lo) (1 - %VS)Fglo) ,
and
Lyas)
= (s = Tisas)
o (Pt Gr)Fy FTen0 \ L,
= —=Nag»"vs (LTTC ( ys)F ) (18)*
V3 (8/10) (10)

These two chiral interactions generally contain both the
parity-violating and the parity-conserving parts. Their sum
also contains both of these terms, unless g(ng) = j:ggs), when
it is either purely parity-conserving, in the case of plus sign,

1 ¢
£}’,‘§) = g(l8)2N(18)[('0u “IC;L)(LQLIS))

+ (05 +af,) (RG)INGs)

=g [0 - Juas) + 2l - Jusas)] . (19)
or purely parity-violating, in the case of the minus sign.
1 c c c
Ly = 3<18)2N<18>[ (o7, — i) (L))
c b
+ (o), + ai,) (R{) INGs,
= ghylp”" - Jusas +al - Juas]- (20)

Thus we have obtained the first solution, Eq. (19).
To get the second solution, we can simply multiply an extra
ys in front of R(IS) and Lf18)’ and rewrite Egs. (16) and (18)
to be
R
Lils) = (s R R},
R ¢ . b
= 8(1s) (0 + a1, ) Nasyy" vs(Ris) , Niis):
L
L) = 8l LyuLias)
— b
= g(in) (Pl — 1) Ny vs(Lits)) o Nis)-

They are also chiral invariant. Similarly, we can use them to
construct the parity-conserving and parity-violating parts:

2y

PC PC 14
LS = &gl JLas) T+ a] ‘J;LS(ls)]’ 22)
PV PV 1z
Lits) = 8as[" - Tusas) T a7 Tas) |-
where
Ic _ A e na b
Jias) = Nagyr" (Fiis) »Niis): 23)

Ic ¢ c b
Jsasy) = N(IS)VMJ/5(V(18))abN(18)’
Thus we have obtained the second solution, Eq. (22).
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Using these solutions, and performing the chiral transfor-

mation, we can obtain the following relations:
T b b .
—F(syvsLiig) + Liig Flis)vs — ifaveLiis) = 0, (24)
_F?ITS)V5R(b18) + R(b1s)F?13>V5 + ifancR{jg) = 0.

‘We can check the equivalence of these two sets of solutions,
and verify the following relations:

Ly 1 (5?13) *C(Bm))

PC A B
8318 V3 8318y  8(13)

PC A B
Lig 1 (5(18) 13(13))

/PC A B
ghy  V3\gly &y

(25)

2. Chiral [(3, 3) ® (3, 3)] baryons diagonal interactions
_The product of the first term inside the structure
(NpMy Ny + NrMgNg) is decomposed as
3398 1H®3.IH~[3.3®3.I@6.1)
5@ DB 1)>1,1), (26)
while the one of (N, Mﬁmir] N + Ni Ml[emir] Np) is decomposed
as
B.3)I1.8®3.IH~(3.3®3.Ix(1,8)
51,81, 8>, 1. (27
Therefore, there are two chiral invariant combinations. Con-

sequently, following the same procedures as in the previous
section, we find that there are two solutions:

(1) One solution can be written out using A, in the following

form (N(g)yﬂM;N@)Cfg :

Lis, = gioNigyy" (o), + vsai, ) (Alg)av Ny, (28)
where the solution is

. (O JLETC(l/S) > 1(VC +FC )
© = | 1 e e lpe | = 5\WYO) )
X 2D + 2K 2

(29)

The chiral group structure for this interaction is shown in
Eq. (26). The matrices F' fg) have been defined in Eq. (30)

and
0 O
oy = c |- (30)
® (O F(S))

(2) The other solution can be written out using Bfg) in the

following form (N, y " MIMire Ny Cabe):

L5y = 86 Nioyy" (o), — vsai, ) Biy)ap Ny, (31)
where the solution is
o= S I
O — 1 TV %Dc %FC - 2 &) /-

V6 (1/8) ® " 270®

(32)
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The chiral group structure of this interaction is shown in
Eq. (27).

Besides the Lagrangians (28) and (31), their mirror parts,
A b
g(()m)N(lz)m)yM ('Olci - ysaflt) (Afg))abN(gm)’ and
B 1 - - b
8omNom " (P + v5a7,.) (By)) 1, Nom):
are also chiral invariant. Using these solutions, and perform-
ing the chiral transformation, we can obtain the following
relations:

at o b b .
—Fo)Aw) + A Fo) + ifarcAfy = 0.

af pb b (33)
_F(9)B(9) + B(9)F(9) - lf”h“B(% =0.

Note that the generators Ff’g) defined in Ref. [1] are hermitian

matrices, i.e., F?J) = Fz‘g). Therefore, Eqs. (33) turn into the fa-
miliar SU(3) x SU(3) Lie commutators that have already been
proven in Ref. [1]. This, once again, proves the consistency of
our present calculation with that in Ref. [1].

We can use the other strategy which has been discussed
in the previous section to obtain these two interactions. One
solution is

/359? = g(P;? [P“ “Juo + a‘f -JM5(9)], (34)
where
c Vi c b c ¢ c b
I =NV (Vi) wNoy sy =Ny vs(Fio)) 1, Ny
(35)

and the other solution is (similarly obtained by adding an extra
¥s):

Loy = 8oy [P - Tuo) + a1 - Tis50)]- (36)
where
c BV c b Ic Ve c b
0 =Ny (Fo)) o, Noy: - Tisor=Noyy" 5 (Vo)) 1 Neo)-
(37)

The relevant purely parity-violating partners are

PV _ PV
L) = gy [#" - Juso) + 2l - Juo)]-

PV __ _/IPV[ .1 / " /
Loy = 8y [0 sy + 21 - Ty

We can check the equivalence of these two sets of solutions,

and verify the following relations:

£PC EA EB E/PC £A EB
Z0 _ 0 O (9)_ﬂ+%_ (39)

PC — A B’ /PC — A
89y 89 8o 8(9) 89 &9

(38)

3. Chiral [8, 1) & (1, 8)] baryons diagonal interactions
_The product of the first term inside the structure
(NLMy Ny + NrMgNpg) is decomposed as
BB DHRIB,H>[B,H®EB.DHI®EB,1)
s(Lhaed,n. (40)
Therefore, there are two chiral invariant combinations. Con-

sequently, following the same procedure as in the previous
section(s), we find that there are two solutions. They can
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be written out using Fig, and D(; in the following form

b b
(N y" My Nig, C5):

c b
L, = gisNyy" (o, + vsai,) (Fig) , Nigy, (4D

D D pya c c c b
Ly = 8Ny (0l + 15a7,) (D)), Niyy-  (42)
The chiral group structure for these two interactions is just
shown in Eq. (40).
Besides the Lagrangians (41) and (42), their mirror parts

For : : b

8(smNm" (0, — v5ai,) (Fig)) o Nigmy  and
D V. b

8smyNm V" (p; - VS‘qu)(DfS))abN(Sm)’

are also chiral invariant. Using these solutions, and perform-
ing the chiral transformation, we can obtain the following
relations:

T b .
F?8>F<8> + F<8> @ T ifancFg, =0,

b . c
Note that the generators F(S) defined in Ref. [1] are Hermitian

matrices, i.e., F(s = F(s)- Therefore, Egs. (43) turn into the fa-
miliar SU(3) x SU(3) Lie commutators that have already been
proven in Ref. [1]. This, once again, proves the consistency of
our present calculation with that in Ref. [1].

We can use the other strategy which has been discussed in
the previous section(s) to obtain these two interactions. One
solution is

(43)

£(8> = 8(8) SLe" - Juw +al - Jusw), 44

where
~Né b x4 b
Je = Noyv" (Fig) oy Nigy Tisy = Nesyv" s (Fg)) 1, Nes)-
(45)

Here, we might think that the other solution can be obtained
similarly by adding an extra ys which we have done in
the previous section(s). However, we find that the solution
obtained in this way is same as the original solution. Therefore,
in order to get the second solution we need to find another

different set of J” ‘(8) and JMS(S)
Ic Vi c Ic Vi c b
sy = Nr" (Dfs),, Ny Tiss) = Ny v "5 (D)), Nis)-
(46)
and the second solution is
qlg)c gég)c[pu Ty tay ;5(8)]- 47
The relevant parity-violating partners are
ﬁ(g) = 8(8) [P ~Jus@) + 31 JH(S)], (48)
L =g [ use + a7 Ts))- (49)

We can check the equivalence of these two sets of solutions,
and verify the following relations:

PC F /PC D

‘C(S) _ £(3) E(S) _ L(S) (50)

PC
g<8> g<8) 8(s) 8%
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4. Chiral [(10, 1) & (1, 10)] baryons diagonal interactions

_The product of the first term inside the structure
(NpMp Ny + NpMgNpg) is decomposed as

10,H® @B, 1) ®(10,1) ~ [(10,1) ® (10, D] ® (8, 1)
5@ D@6 1>1,1. (51)

Therefore, there is only one chiral invariant combination.
Consequently, following the same procedure as in the pre-
vious section(s), we find that there is only one solution,
which can be written out using F{j, in the following form

A b bcy.
(Al V" My Al Cligy):

- ~ . ~ b
Laoy = gao Ao r" (05, + v5a1,) (Fi) 1o Aoy (52)

The chiral group structure for these two interactions is just
shown in Eq. (51).
Besides the Lagrangian Eq. (52), its mirror part,

_ , i b
8(10m)A?10m)VM(P; - VSaiu) (FEIO))abA(IOm)’

is also chiral invariant. Using these solutions, and performing
the chiral transformation, we can obtain the following rela-
tions:

at b .
_F(IO)F?IO) + Fli0)F(10) + ifancF(19) = 0. (53)

Note that the generators F{(jo, defined in Ref. [1] are Hermitian

matrices, i.e., F(10) = F(10)- Therefore, Eq. (53) turns into the
familiar SU(3) x SU(3) Lie commutators that have already
been proven in Ref. [1]. This, once again, proves the consis-
tency of our present calculation with that in Ref. [1].

We can also use the other strategy which has been discussed
in the previous section(s) to obtain this interaction:

L) = ghoy[#" - Juao + 21 Jusao]. 54
where
—_ N b
00 = Naoy?" (Fio) o Niioy: 55)
c Vi c b
Jsa0) = Naoy?" 75 (Flioy) o Nio)-
The relevant parity-violating partner is
51(31\(/)) g(m)[/’ Jusa0) +af - Juao)]- (56)

C. Chiral mixing interactions
To construct chiral invariant off-diagonal interactions, we
need to consider the following off-diagonal terms in the chiral
base, in other words, it can also take the form
NMN' ~ N MNy + NkMN;
= (NLM_ Ny + NrMgN})
+(NLMgNy + NgkMN}), (57)
when decomposed into the left and right components. How-

ever, to arrive at this form we need to use the mirror field N/l
to have the correct helicity structure:

N.MNjy + NgMN, ~ N, MN™ 4+ NeMNI™ . (58)
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TABLE I. Allowed chiral invariant Dirac type interaction terms with one (8, 1) & (1, 8) vector
meson field Ny* M, N. In the first column we show the chiral representation of N, and the first row
the chiral representation of N. We use “[mir]” to denote the relevant mirror fields.

B D& (,8) 3.3)®@3.3 6,3)®@3,6) (10,1) & (1, 10)

. 1)@ (1,8) 2 xM, M,
3.3)®@3.3) M, M}
6.3)®3.6) M, M
10,1 & (1,10) M, M,

o 3.3®@3.3) (6.3)®(3.6)
(3.3) @ (3. 3)[mir] . f
(3, 6) @ (6, 3)[mir] M}

1. Chiral mixing interaction [(6, 3) ® (3, 6)1-[(3, 3) @ (3, 3)]
The product of the first term inside (N .M, N/L[mir] +
NgMgN{™) is decomposed as
6,38 1H®3,3)~[6.3)®3.3)1x@8,1)
5@ DB D>1,1. (359

Therefore, there is one chiral invariant combination, and
we find that the mixing of [(6,3) & (3, 6)] with [(3,3)®
@3, 3)][mir] baryon fields together with an [(8, 1) & (1, 8)] chiral
multiplet of vector and axial-vector meson fields can form a
chiral singlet. We find the following form of the chiral invariant
interaction

N " M, N{g Cidfis) + Hee. (60)

The coefficients Cf‘gb/cl g) can be similarly obtained as in Eq. (15),
and once again we find a parity-conserving interaction

PC PC ¢
Loy = 86718 Nom " (0 + v5ai,)
b
x (Tfy18)) ., NGis) + Hoc., (61)
and a parity-violating partner
PV PV 74 - :
Lionisy = 8018 Nom " s (o), + vsai,)
b
X (ng/lg))abN(lg) + Hc] (62)
with

1 F¢ 1 T¢ ) ? (63)
T2/27°0®) T 260 8 /2 T (8/10)

that satisfies the following relation:

at mb b a . c
Fio)To/18) + Tio/18F1s) + ifabc Tio/18) = 0. (64)

1pe
e _ ET(l/S) 01><10
©/18) = V3 e

2. Chiral mixing interaction [(10,1) & (1, 10)]-[8, 1) & (1, 8)]
) The product of the first term inside (N, M;N; -+
NgrMpgNg) is decomposed as
10,HREB,HREB, 1D~ [10,H® @B, D] @B, 1)
568, 1H®E,1)>d,1). (65
Therefore, there is one chiral invariant combination, and we

find that the mixing of [(10, 1) & (1, 10)] with [(8, 1) & (1, 8)]
baryon fields together with an [(8, 1) @ (1, 8)] chiral multiplet

of vector and axial-vector meson fields can form a chiral
singlet. We find the following form of the chiral invariant
interaction:

—da
N gy M N Cigfig) + Hec. (66)

The coefficients CE’SZ’/"lg) can be similarly obtained as in Eq. (15),
and once again we find a parity-conserving interaction

C C BN c c c b
Liss =819 [Ny (0f+y5a1,) (Tis 1)) 1, Nitoy+Hee.].
(67)

and a parity-violating partner

Lisns) = 8o [Ny vs (o, + vsai,)
x (Tisj10)) o N0y + Hec.]- (68)

We find that the only solution is formed by the T(g ) matrices
defined in Ref. [1] that satisfy the following relation:

b b .
—F, T 10) + Tgj10)F (o) + ifane Tigj10) = 0. (69)

D. Brief summary of the Dirac type interactions

Note that all of the diagonal Dirac type interactions that
were shown here also appearin alocal SU (3) x SUR(3) chiral
symmetry Yang-Mills interaction. We have found more, how-
ever: there are chiral off-diagonal interaction terms that cannot
be obtained by a minimal substitution in the kinetic energy, of
the Yang-Mills type because per definition the kinetic energies
are diagonal operators in the chiral representation space. These
off-diagonal terms show up in the flavor-decimet channel,
and therefore are physically less accessible than the diagonal
flavor-octet ones, which are easier to access by way of elastic
scattering. Here, as well, there are strong chiral selection rules.

III. ONE-DERIVATIVE PAULI TYPE INTERACTIONS

Now let us look at one-derivative Pauli type interactions.
They lead to the anomalous magnetic moments through vector
meson dominance. The interaction terms take in general the
following form:

Nc""9,M{N"Cpe, (70)

which has the helicity flip structure, i.e., N, ONg. Due to this
structure, the chiral selection rules are far more restrictive than
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TABLE II. Allowed chiral invariant Pauli type interaction terms with one (8, 1) & (1, 8) vector
meson field No*’9, M N . In the first column we show the chiral representation of N, and the first row
the chiral representation of N. We use “[mir]” to denote the relevant mirror fields.

o189 (3333 (6,383,610, (1,10

(1, 8) & (8, 1)[mir] 2 xM, M,

(3.3) @ (3, 3)[mir] o M

(3, 6) ® (6, 3)[mir] M, M}

(1,10) @ (10, 1)[mir] M, M,
33933 (6,3)53,6)

3.3)83.3 M,

6.3)®3,6) M,

otherwise. As first noted by Dashen and Gell-Mann [16], all
of the diagonal anomalous magnetic interactions must vanish
due to such chiral symmetry restrictions.

All of the off-diagonal anomalous magnetic interactions can
be easily obtained from the off-diagonal and diagonal Dirac
type ones in Sec. II in many cases by simply substituting one
of the baryon fields with its mirror one. Mixing of various
combinations of chiral multiplets gives the following chiral
invariant interactions:

(1) For[(6,3) ® (3, 6)]-[(3, 6) & (6, 3)]jmir the chiral invariant
interactions are

K
(18) c b
( )N“S)“wa (pj = vsai,) (Viis) + Fis) 1y Nrsm)

2M

+H.c.,

L) ¢ ¢ c b
<2M N(IS)U "9y (05, + sai,) (Viis) = Fiis)) oy Nt

+Hec. 1)

(2) For[(3,3) ® (3, 3)]-[(3, 3) ® (3, 3)];mir the chiral invariant
interactions are

A

K

© 7« b
<w>N(9)a’”8v (P = vsai,) (Vioy + ¥(0)) 1y Nomy

+H.c.,
K9 v ¢ c

(2M N9 "3, (05, + v5af,,) (Vio) = Fio)) iy Niom
+Hec. (72)

(3) For[(8,1) @ (1, 8)]-[(1, 8) & (8, 1)][mir the chiral invariant
interactions are

A
K@) \=a v ¢ ¢
<2M N ,0"" 0y (05, — vsas,.) (Fs)) o Negm) + Hec,
(73)

(2;3)1\/(8)0“”3 (o5, — v5a5,,) (Dfy) . Ngmy + Hoc.

(4) For [(10,1)® (1,10)]-[(1,10) & (10, 1)]imiry the chiral
invariant interactions are

K(10) - b
< M )A(IO)O "9, ('Ou - Vialcu)(F(Cm))a;,A(mm) +H.c.

(74)

(5) For [(6,3)® (3, 6)]-[(3,3) ® (3,3)] the chiral invariant
interactions are

K©/18) , . b
( oM )N@) "3y (py. + v5ai,) (Tiosis)) o Nirs) + Hee
(75)

(6) For [8,1)®(1,8)]-[(1,10)® (10, 1)]imiyj the chiral

invariant interactions are

K(8/10) c b
( 2M )N(&“” dy ( VSaIM)(T(S/lO))abN(IOWl)+H'C'

(76)

From the above summary of the interactions, we note
that for the normal-normal (also known as the “naive-
naive”) combination, only [(6,3)® (3, 6)]-[(3,3) @ (3,3)]
survives, whereas the naive-mirror one [(6,3) @ (3, 6)]-
[(3,3) ® (3, 3)]jmiyy vanishes, which is a selection rule due
to SU(3) x SU(3) chiral symmetry. Furthermore, as the first
mixing term preserves the U, (1) symmetry, while the second
one does not, we are forced to conclude that the selection
rule leads to the Harari scenario where the U4 (1) symmetry is
maintained as the only viable one in this three-quark baryon
field and no chiral mixing in vector mesons approximation,
whereas the Gerstein-Lee one is effectively ruled out by the
chiral selection rule [13].

In order to have a realistic anomalous magnetic moment it
may be necessary to include the flavor-singlet, chiral-singlet
vector meson ¢,,. Once again, there are chiral selection rules
that strongly prefer the Harari scenario.

A. The anomalous magnetic moment results: Comparison
with experiment in the SU(3) symmetry limit

Thus far we have studied the anomalous magnetic moments
of baryon fields and found specific constraints due to chiral
symmetry. The basic quantity that we address is the D/F
ratio for the baryon anomalous magnetic moments, whose
“experimental value” has been extrapolated to D/ F ~3 in the
SU(3) symmetry limit. Note that that is precisely the value
that shows up in the [(6, 3) ® (3, 6)]-[(3, 3) ® (3, 3)] baryon
mixing interaction. Indeed, all of the other chiral interactions
have a vanishing D components.
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Of course, it is not one, but a linear combination (“ad-
mixture”) of three chiral representations that describe the
physical baryon states, as explained in the Introduction and
in Refs. [1,2,10,13] where we found two candidate chiral
mixing scenarios: a) the Harari one, i.e., [(6,3) ® (3, 6)]-
[(3,3)® (3,3)]-[3,3) ® (3, 3)]; and b) ) the Lee-Gerstein one,
ie. [(6,3)®(3,6)]-[8, 1)1, 8)]I[3,3) ®(3,3)]. As the
[(3, 3) & (3, 3)] multiplet shows up only in the Harari scenario,
this is a “smoking gun” evidence supporting it, and overturning
the Gerstein-Lee one, subject to the no-chiral-mixing assump-
tion in the vector meson sector.

Next we may consider the chiral mixing for the [(8, 1) &
(1, 8)] vector mesons with the [(3,3) ® (3, 3)] component.
One may use our old results, Refs. [13,14,17], to do so
and relax this last assumption: the [(3,3)@® (3, 3)] chiral
component of the vector mesons couples magnetically to the
baryons chiral multiplets in exactly the same fashion as the
spinless [(3,3) @ (3, 3)] mesons treated in Ref. [13]. So we
may use Eq. (35) in Ref. [13] to read off the " and D values
of the anomalous magnetic moments in such a scheme: they
are F' =1 and D =0, thus leading to D/F = 0, again in
stark contrast to the “experimental” value D/F ~3 in the
SU@3) symmetry limit. This eliminates the chiral mixing
of vector meson as a viable explanation of the baryons’
magnetic moments. Indeed, it seems to imply certain limits
on the amount of such chiral mixing, that will be explored
elsewhere.

Note that these results hold even in the chiral limit and
have nothing to do with the value of the pion-nucleon X-term
as suggested in Ref. [18]. Moreover, the chiral/flavor-singlet
vector meson field couples with arbitrary strength to baryons,
which introduces arbitrary “strange” anomalous magnetic
moment, again even in the chiral limit.

IV. SUMMARY AND CONCLUSIONS

We have used the results of our previous papers [1,10] to
construct the SU; (3) x SUg(3) chiral invariant interactions of
baryon fields with vector mesons. This approach is based on
the chiral [(6, 3) ® (3, 6)] multiplet mixing with the chiral
[(3,3)® (3,3)] and [(8,1) @ (1, 8)] multiplets and is con-
strained by the well known phenomenological facts regarding
the baryon axial currents.

The results of the three-field (“two-angle”) mixing were
ambiguous insofar as all phenomenologically permissible
combinations of interpolating fields lead to the same F,D
values, in reasonable agreement with the result extrapolated
from experiment in the SU(3) symmetry limit. That led to
two permissible scenarios: a) the Gerstein-Lee [3] and b) the
Harari scenario [5,6], neither of which could be eliminated on
the basis of axial currents and baryon masses alone.

PHYSICAL REVIEW C 85, 055205 (2012)

What was left unfinished were the magnetic moments of
the baryon octet. Here we attacked that problem by first
constructing all SU(3) x SUg(3) chirally symmetric baryon-
one-vector-meson interactions that mix the three basic baryon
chiral multiplets (and their mirror counterparts). All of these
chiral interactions obey the U4 (1) symmetry, as well.

We used the resulting interactions’ chiral selection rules
to select the only scenario that can reproduce the observed
anomalous magnetic moments: the Harari scenario. Moreover,
the magnetic moment F/D 2~ 1/3 predicted by the chiral
interaction, has the same value as in the SU(6ps) symmetry
limit, or as in the nonrelativistic quark model. This last fact is
curious and requires further investigation.

The next step, left for the future, is to investigate the
SUL() x SURr(3) = SUL(2) x SUR(2) symmetry breaking
and the study of the chiral SU;(2) x SUg(2) properties of
hyperons. Then one may consider explicit chiral symmetry
breaking corrections to the axial and the vector currents,
which are related to the SU (3) x SUR(3) symmetry breaking
meson-nucleon derivative interactions, not just the explicit
SU(3) symmetry breaking ones that have been considered thus
far (see Ref. [7] and the previous subsection).

We finish on a historical note: even though chiral mixing
has been known for more than 40 years [24-27], the SU. (3) x
SUg(3) chiral interactions necessary to describe the anomalous
magnetic moments have not been discussed in print, only the
problems associated with them [28]. Moreover, it ought to
be noted that Gerstein and Lee [4] had calculated anomalous
magnetic moments of the nucleons that were in agreement
with experiment in their chiral mixing scheme. These authors
apparently did not try to extend their scheme to hyperons,
however, nor did they construct a chiral Lagrangian that
reproduces such chiral mixing.
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