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Selected nucleon form factors and a composite scalar diquark
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A covariant, composite scalar diquark, Fadde’ev amplitude model for the nucleon is used to calculate
pseudoscalar, isoscalar- and isovector-vector, axial-vector and scalar nucleon form factors. The last yields the
nucleono term and on-shelé--nucleon coupling. The calculated form factors are soft, and the couplings are
generally in good agreement with experiment and other determinations. Elements in the dressed-quark-axial-
vector vertex that are not constrained by the Ward-Takahashi identity contrit2@86 to the magnitude of
ga- The calculation of the nucleom term elucidates the only unambiguous means of extrapolating meson-
nucleon couplings off the meson mass shell.

PACS numbgs): 24.85+p, 14.20.Dh, 13.75.Gx

[. INTRODUCTION Primarily for this reason, the comparison between calcu-
lated and phenomenological form factors can only be quali-
Current generation experiments probe hadrons and thetative and should employ more than one off-shell extrapola-
interactions on a truly dynamical domain where symmetriedion to provide reliable information. In spite of the
alone are insufficient to characterize them. In this domairambiguities, however, the calculation of meson-baryon form
phenomenologically accurate nucleon-nucleon potential§Ctors is an essential element of contemporary phenomenol-
[1,2] and meson exchange modg8] are keys in the inter- 09Y. For example_, it can expose dlffICU|t.I(.ES in phenomeno-
pretation of data. These models are tools via which the cor©gical |r(1)terpr¢t§1t|ons, as is well exemplified by the discus-
related quark exchange underlying hadron-hadron interacion Ofp™-w mixing and its cgntrlbutlon to charge symmetry
tions is realized as a sum of the exchanges of elementar'€aking INNN potentialg4],” and also provide guidance in

mesonlike degrees of freeddnand their definition relies on c’onst[rain]ing meson exchange currents in light nuclear sys-
tems|[6,7].

meson-nucleon form factors that sensibly provide short- . . .
range cutoffs in the integrals that arise in calculations Thg dominant mespnhkt_a_degrges of freedom emp!oyed n
. c;?otentlal models are identified with the, p, » and a light

th TE edsre ;orrir:“far(;[olrs t?retlr;terﬁ)ﬁtiedm?sr ar r?a}[?lfne?tartlorlli ‘scalar,o. Herein we calculate the associated meson-nucleon
ne hadrons-nternat structure. S Interpretation 1S rea Scoupling constants and form factors using a covariant
tic then they should be calculable in models that reliabl

. . Ynucleon model8]. It is motivated by quark-diquark solu-
describe hadron structure. This cannot mean that models @f,,s of a relativistic Fadde’ev equatig®—11] and while

hadron structure should exactly reproduce the momenturgyy retaining a scalar diquark correlation is a limitation, the
dependence and parameter values used in potential modefodel's treatment of that as a nonpointlike, confined com-
In order to be phenomenologically successful, all modelggsite is a significant beneficial feature. That is illustrated in
have hidden degrees of freedom, which make complicated gs application to the calculation of nucleon electromagnetic
direct comparison between approaches. However, one c&8rm factors[8], which semiquantitatively describes the ratio
expect semiquantitative agreement, with large discrepanciq@p(;g(qZ)/GﬁA(q2) recently observed at TINAF12]. In
being harbingers of model artefacts and defects. Sec. Il we review the model. Our results are described in the
An additional complication is that the mesons of thenext four sections: Sec. lll#NN:; Sec. IV, oNN- and
strong interaction spectrum are bound states and hence as@&N-like interactions; Sec. V explores the nucleon’s axial-
only unambiguously defined on-shell; i.e., at their pole posivector current; and Sec. VI focuses on the scalar-nucleon

tion in ann-point vertex function. Any reference to an off- interaction. Section VIl is a brief recapitulation and the Ap-
shell meson isiecessarilymodel dependent. Therefore, the pendix contains selected formulas.

only comparisons that can be model independent are those
between calculated meson-baryon coupling constants and

on-shell coup_lings inferred_ from potential mo_d.els because Il. NUCLEON MODEL
these comparisons do not involve theé hocdefinition of an
off-shell bound state. We represent the nucleon as a three-quark bound state

involving a nonpointlike diquark correlation and write its
Fadde’ev amplitude as

The extent to which these degrees of freedom are identified with
the mesons of the strong interaction spectrum varies. In one-boson-
exchange model§l] the identification is close, while in the Ar- 2t is an important and model-independent result that vector-
gonne series of potentig&] the short-range part is interpreted as a channel resonant quark exchange is described by a vacuum polar-
purely phenomenological parametrization. ization: IT ,,(k), that vanishes a>=0 [5,6].
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VT (py,aq, 75 P2, an, 7 P3, a3, 70) allin GeV (1, =0.31 fm.3 Ny _and/\/’p are thecalculated
. nucleon and(d) diquark normalization constants, which via
=€c,0,0,0 Oaay¥(P1+P2,P3) the canonical definition ensure composite electric charges of
L, 1 for the proton and 1/3 for the diquark. Current conserva-
XA(P1+ PG G, (P1.P2), (1)  tion is manifest in this model.
ala

An essential, additional element in the calculation of the
Wheresclczcs effects a singlet coupling of the quarks’ color electromagnetic nucleon form factors is the dressed-quark
indices, p;,a;,7) denote the momentum and the Dirac andpropagator.

isospin indices for theth quark constituente and 7 are S(D)=—iv. 2y 4 2 8
these indices for the nucleon itself(l,,l,) is a Bethe- (P)=—1y-pav(p)+os(p) ®
Salpeter-like amplitude characterizing the relative- ~[iy-pA(p)+B(p?)] 1 9

momentum dependence of the correlation between diquark
and quarkA(K) describes the propagation characteristics ofy/hije S(p) can be obtained as a solution of the quark

the diquark, and Dyson-Schwinger equatiofDSE) [14], a phenomenologi-
A2 ) a2 cally efficacious algebraic parametrization has been deter-
[ ay(P1P2) = (Ci78) aya,(i72)" "T'(P1,P2) (2 mined in extensive studies of meson properfits, 16 and
) ~ we employ it herein:

represents the momentum dependence, and spin and isospin
character of the _dlquark porrelatlon; e, it corresp(_)nds to A o(X) = 2MF2(x+M2))+ F(byx) F(bax)[ Do+ b F( ex)],
Bethe-Salpeter-like amplitude for the diquark. While com- (10)
plete antisymmetrization is not explicit ¥, it is exhibited
in our calculations via the exchange of roles between the 1
dormant and diquark-participant quarks, and gives rise to gv(x):__2[1—]:(2(x+ m?))], (11)
diquark “breakup” contributions to the form factors. This is X+m
not an afterthought, it merely reflects the simple manner in . . o
which we choose to order and elucidate our calculations. x=p?/A2, m=m/\, og(X)=Aog(p?), and oy(X)

With the form of ¥ in Eq. (1), we retain in the quark- =\20y(p?). The mass scalé,=0.566 GeV, and parameter
quark scattering matrix only the contribution of the scalarvalues

diquark, which has the largest correlation lengil3]: A+ m bg b, b, bs
:=1/my+=0.27 fm. We saw as anticipated in RE8] that the
primary defect of Eq(1) is the omission of the axial-vector 0.00897  0.131 290  0.603 0-18&2)

correlation §1+~0.8\(+). Nevertheless, thAnsatzyielded

much about the electromagnetic nucleon form factors thafvere fixed in a least-squares fit to light-meson observables
was quantitatively reliable and qualitatively informative. [15]. [e=10* in Eq. (10) acts only to decouple the large-
Hence, we employ it again herein as an exploratory, intuitiorand intermediatg? domains] This algebraic parametriza-

building tool. tion combines the effects of confinement and dynamical chi-
The amplitude in Eq(1) is fully determined with the ral symmetry breaking with free-particle behavior at large
specification of the scalar functions: spacelikep? [16].
1
¢(|l,|2):m]:(|2/w2¢), l:=%1,—2l,, (3) [1l. PION NUCLEON COUPLING
The pion-nucleon current is
1 — .
F(ql,q2)=A—/Ff(q2/w§), Q:=301— 302, (4 JL(P",PY=u(P")Al(q,P)u(P) (13)
1 , =gmn(@U(Piysu(P), (14
A(K)= —F(K? wp), (5)
My where the spinors satisfy
—_e Y . - ey
f(y)=1 - (6) y-Pu(P)=iMu(P), u(P)y-P=iMu(P) (15
y

o with the nucleon mass =0.94 GeV andy=(P'—P).
which introduces three parameters whose values were deter-

mined[8] in a least-squares fit t62(q?):

3This modified value ofwr arises from correcting a minor com-
putational error in the calculations of Rd8]. In our Euclidean
0.20 1.4 0.63 formulation: p-q=3{,piqi, {¥..7.}=28,,. Y.=%.. 0.
(7) =il2 [yu ) 71}]1 and tl’D[ YS’Y/L’)/V’YP’)/(T] = 746#1};)0’! €1234— 1.

Wy wr mpy
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For an on-shell pion a calculation of the impulse approxi- The (on-shel) Bethe-Salpeter amplitude is sufficient to
mation toJ!_requires only one additional elemeiit; (k;Q),  calculate the pion-nucleon coupling. However, to calculate
the pion Bethe-Salpeter amplitude, wiibeing the relative the form factor we must specify an off-shell extrapolation of
quark-antiquark momentum ar@lis the total momentum of E_.(k;Q); i.e., a functional dependence f@°+ —me. Two

the bound state. It has the general form obviousAnsaze are
I (k;Q) =7l ys[iE(k;Q) +y- QF (ki Q) (@ fE.(k:Q)=B,(k%, (22)
+y-kk-QG,(k;Q)+0,,k,Q,H(KQ)],

~ 1
16 (b) f,E.(kQ)=5[B.(K})+B,(k)], (23
and is obtained as a solution of a homogeneous Betheyith k, =k+Q/2. The first, which assumes no change off
Salpeter equation. . _shell, has been used with phenomenological success in a va-
Using any truncation of the quark-antiquark scatteringriety of calculations that explore meson-loop corrections to
matrix that ensures the preservation of the axial-vectohadronic observable§23]; the second[14] allows some

Ward-Takahashi |dent|ty then, in the chiral ||nﬁil7], minimal dependence d{]Q, QZ, and forQ:O both Satisfy
1 the constraint of Eq(19) [cf. Eq. (17)].
E_(kQ=0)= —By(k?), 1 As with the electromagnetic form factors, five distinct
~(kiQ=0) fa oK) (7 diagrams contribute to the nucleon form factors, which are

) o ) ) ) depicted in Fig. 1. For therNN coupling these diagrams,
andF,, G, H, satisfy similar relations involvind\g(k®).  enumerated from top to bottom, are mnemonics for the ver-
Heref . is the pion decay constant arg(k), Bo(k?) are tices A"J(q,P) given in Egs.(A1)—(A5). As can be antici-
Fhe dress_ed—quark propagator functions in &.calculated pated,Af,j(q,P)EO because of parity conservation; i.e., a
in the chiral limit. Since{14,16) Poincare invariant theory cannot admit a three-point
(18) pseudoscalar-scalar-scalar coupling.

2
A(P9)#1, The pion-nucleon vertex:

the identities involvingF ., G, H, entail that the pion 5
necessarily has pseudovector components, even in the chiral Al (q,P)=A1j(q,P)+22 A”j(q,P), (24)
limit. These components are crucial at large pion energy; T T =
e.g., they are responsible for the asymptotig? iehavior of i )
the electromagnetic pion form factfis], however, for pion 1S completely expressed in terms of four independent scalar
energy<1 GeV they are quantitatively unimportant, and Eq.functions
;16) Wlt.h Eq. (17) andF ,=0=G_,=H, provides a reliable AL(q.P)=rlygif 1+ y-qfa+ y-Rfg+ 0,,R,0, 4],

pproximation. _ _ o (25)

This fact is useful in phenomenological applications, and

away from the chiral limit an algebraic parametrization hasyhere f;=f;(q%, R=(P’'+P) and q-R=0 for nucleon
been developed15,19 to be used in concert with Egs. elastic scattering. From this we construct the pion-nucleon

(10),(12): current
E.(Q)= - B,(10), 19 3L(P',P)=u(P")AL(G,P)u(P), (26
" and employing the definition of the nucleon spinors, Egs.
whereB (k) is obtained from Eqs(9)—(11) with [20] (15), we identify the pion-nucleon coupling in E¢L3):
m—0, by—bZ=0.204. (20) g-nn(9%) =f1—2Mf,+R?f,. (27)

This form of dressed-quark propagator and pion Bethe- USing Monte Carlo methods to evaluate the integrals we

Salpeter amplitude yieldgjuoted with GeV as the base unit obtain the couplingg,,NN::_g,TNN(q2=_0), in Table I. It is
11% too large.(Our statistical error is always:1%. We

| f. m, <aq>1 GeV? <EQ>1 Ge®  anticipate that retaining pseudovector components in
0 m ') (k;Q) and an axial-vector diquark correlation will only
Calc. ‘ 0.0924 0.141  (0.221) (0.257) slightly affect this value as long as they are constraioeat
Obs.[21,27 | 0.0924 0.138  (0.24%) (0.245)} sistently with the model. An ad hoc addition of the
21) pseudovector components can have large efl@éik
1 GeV? The relative strength of the contribution from each dia-

where (qg)g is the vacuum quark condensate andgram in Fig. 1 is presented in Table Il. We observe that the
(qq)t eV s the “in-pion” condensate, which appears in diquark breakup terms are just as important here as they were
the pseudoscalar meson mass formula derived in [R€].  in the calculation of the nucleon charge radii and magnetic
and further elucidated in Refg20,22. moments[8]. These diagrams are the true measure of the
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------- TABLE I. Calculated couplings compared with: contemporary
N _(B G/f)_ N meson exchange model valugs, where available; experiment in
the case 0§, , r 5 [24]; a lattice-QCD result for [25]; and forg,, ,
" r,, as discussed in connection with E¢84)—(87). Also for com-
parison, the pion model described in Sec. Il yield§] r ,=0.56
fm. The labels(a) etc. identify the results obtained with Egs.

(22),(23) for #NN; Egs.(38),(39),(41) for VNN; and Eqs(60),(61)

- (Iﬁ@; - for the axial-vector coupling.
—Q (O

Calc. Estimates Expt.
SPNIY 14.9 13.4
2\ (@0.71 _
~ - - . (ronn (b) 0.80 0.93-1.06 fm
(& 5.92
goNN (b) 6.26 6.4
_——— _—— (c) 4.82
N N’ (a) 15.4
f N (b) 16.6 13.0
(c) 12.6
(a) 2.57
_—— _—— K (b) 2.64 2.0
N N (c) 2.61
(a) 9.74
JuNN (b) 10.2 7-10.5
(0115
FIG. 1. Our impulse approximation to the meson-nucleon form (@ 9.62
factors requires the calculation of five contributions, which differ in f,nn (b) 10.7
detail for each probey: (1,,1,) in Eq.(3); T': Bethe-Salpeter-like (c) 4.39
diguark amplitude in Eq(2); dashed lineA(K), diquark propaga- (@) 0.99
tor in Eq.(5); s_,olid internal_line:S(q), quark propagator in Ec_18); Ko (b) 1.04
and double line: mesonlike probe. The lowest three diagrams, (c) 0.38
which describe the interchange between the dormant quark and the
diquark participants, effect the antisymmetrization of the nucleon’sg, (@ 0.80 1.259+0.017
Fadde’ev amplitude. (b) 0.99
2\112 (@ 0.75
. . o . 0.68+0.12 fi
diquark’s composite nature, which is not captured by S|mply<rA> (b) 0.75 m
adding a diquark “vertex function.” . oMy 0.015 0.019-0.05
The 7NN form factor calculated using both off-shéih- 4 93 10
saze Egs.(22),(23), is plotted in Fig. 2. We have performed , , ., 0.89 12 f
monopole and dipole fits to our calculated result: {Fonn) ) < 1m
9.un(G?) = 9NN —12 (28) quantitative agreement with those employed in R&f.and
1+g2/A%)" advocated in Refl27]. We can further quanti is by in-
NN (1+g2/A2)" - dvocated in Ref27]. W furth tify this b

troducing a pionic radius of the nucleon:

and obtain pole masses, in GeV, )
6 dg'n’NN(q )

2
_ _ FonN =— 30
| n=1 n=2 < NN> 9NN dq2 o ( )
Eq. (22 0.63 0.96 _ .
Eq. (23 057 0.85. Our calculated value is presented in Table | and can be com-

(29 pared with the analogous tabulated quantities. It is almost

. . ) ) three times larger than_yy~0.3 fm inferred from Ref[1].
The dipole form provides an accurate interpolation on the

entire range shown. However, the monopole form is only
accurate forq’<0.4 Ge\, overestimating the result by
~70% atq?=3.0 Ge\’. (Requiring that the fits are accu-  In this section we considan-NN- and p-NN-like inter-

rate in the neighborhood af?=0 ensures\2P°'§ AMonorole aetions; i.e., isoscalar-vector and isovector-vector couplings.
~v72.) Thus our calculations favor soft form factors, in semi- The vector-meson—nucleon current is

IV. VECTOR-MESON NUCLEON COUPLING
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TABLE Il. Relative contripution to the (lzoupl?ngs of egch .of the iA,(q,P)=iy,fi+i0,,0,f2+R,f3+iy-RR,f,
terms represented mnemonically by the five diagrams in Fig. 1. In
building this table we used the amplitudes in E82) for the m, +io,, R, AR, f5s+iv5Y,840ps dpRsF6t -+ -5
Eqgs.(38),(41) for the vector couplings, and the dressed-quark-axial- 33)
vector vertex of Eqs(57),(61). In all cases the crucial role of the
diquark breakup diagrams is evident. Diagram 2 will contribute to

. . . o using Eq.(15) only the six shown explicitly contribute to
all processes if an axial-vector diquark correlation is included.

Fio:
Diagram 1 2 3 4 5 Fi=f,+2Mfy—4M2f,—2Mq2fs— g2fs,  (34)

g 065 000 007 014 0.14 i X ,
¢ EC; 8'22 8'88 _061110 061193 0(')133 The coupling strengths relevant for comparison with poten-
PNN 2 ' ' ' ‘ ' tial models are

(© 0.64 0.00 012 012 012
JuNN (@ 0.45 0.31 004 0.0 0.10 funn

© 031 049 005 008 0.8 gunni=F1(0), fynn=F3(0), Kvi=g (36)
f N (@ 1.04 -028 -0.16 0.20 0.20 VNN

© 181 -116 -035 035 035 pecause these atechannel elastic-scattering models. How-
9a 0.63 0.00 009 014 014 ever, we note thaj?=0 is a far off-shell point for thes and
o 0.58 0.19 003 010 010 p of the strong interaction spectrum, for which-§?)

=M\2,%0.6 GeV?. Hence a calculation of these coupling

constants is only possible after an off-shell extrapolation of
Vaymr oy T V2 the vector meson Bethe-Salpeter amplitude is specified.

J, (PT,P)=iu(P )7 vuF1(a%) Quantitatively reliable numerical solutions of the vector
meson Bethe-Salpeter equation have recently become avail-

able[28], however, an algebrai&nsatzcompatible with our
+ mauvun\zl(qz)) u(P), (3D parametrization of the dressed-quark propagator, Egs.
(10),(12), is not yet available. Hence, we us@saze moti-

ated by an extensive study of light- and heavy-meson ob-
with 7°:=diag(1,1) andr*?2 the usual Pauli matrices. Al- \s/ervablgs{ZO]: xiensive study ot g VY

though the complete specification of a fermion-vector boson
vertex,

o

1 .
I'i(k;Q)= A—,\/( YM—Q”gZ Q) e(K?) 7, (37

(43

,
A%(Q,P):=5A,(q,P), 32
u(A:P)=%A,(0,P) (32) (@  @(k?)=1(1+k% 0%, (38

requires 12 independent scalar functions, (b)) e(k?)=[F(Kw?)]?, (39

with ©=0.515 GeV and the normalization,, determined

15.0 . .
canonically, Eqg.(A12). Following Ref.[20], using these

—— model a)

——- model b) simple forms of I'j(k;Q) in the appropriate formulas

------------ fitto a) therein, we calculate values of the electromagnetic and
---- fitto b)

strong coupling constants, colum(a, (b):

10.0 -
| Obs.[21] (@ (b) (0

9, 5.03+0.012 6.57 6.05 4.37
9prm 6.05+0.02 8.75 10.7 8.52.
(40)
These results suggest that errors of up to 40% could arise in
nucleon calculations involving these amplitudes.
The calculation of the vector-meson—nucleon current is
. now straightforward with+ , , determined by calculating the
00 n 23 30 integrals in I_Eqs(A?)—(All) and combining_ their contribu-
) : o (GeV?) ' : tions according to Eqg34),(35),(A13). In this way we ob-
tain the couplings presented in Table |, with the relative
FIG. 2. Calculated pion-nucleon form factor, compared with strength of the contribution from each diagram given in
dipole fits, Eqs(28),(29). Table 1.

9@

5.0 -
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o T T T ‘ with pole masses, in GeV,
15 ) — e ]

AT A7 AT A
112 111 106 1.18 (44)
provides an excellent interpolation of the results. Again,
these are soft form factors.
On the domain explored, our results for te&NN form

factor are qualitatively unaffected by employing a monopole
for ¢(k?) in Eq. (37).

V. AXIAL-VECTOR NUCLEON COUPLING

Neutrong decay is described by the axial-vector—nucleon

current
L L R . L = j ’ i p’ i
%.0 05 1.0 15 20 Jsu(PP)=IU(P)AS,(Q,P)U(P) 49
q (GeV’) i
D! 2 2
FIG. 3. Calculated vector-meson—nucleon form factors. A good =iu(P )VSE[VMQA(Q )+0,9p(q) Ju(P),
interpolation of the results is obtained with E@443),(44). (46)

The couplings are in semiquantitative agreement withwhich involves two form factorsga(g?) is the axial-vector
those inferred from meson-exchange mod8lexcepinthe  form factor of the nucleon angdp(q?) is the induced pseu-
case off ,yy. Using Egs.(39),(39) we obtainf yy~g,yn  doscalar form factor. The complete specification of a
while contemporary phenomenological models, which ardermion-axial-vector vertex,
only weakly sensitive tof ,yy, assume it to be zero. To
determine the extent to which this result is model dependent,
we also calculate the couplings using

_ j
AL(A,P) = As,(a,P), @7

1 requires 12 independent scalar functions,

(© (k)= 1-By(K), (41

v A5,u,(q1 P) = 75’),,U,fl+ ’)/SO-MVRsz_{— E,U.Vpo")/quR(rfS_F (48)

where By (k?) is obtained from Eqs(9)—(11) with [19] m

—0 and but using Eqs(15) only the three shown explicitly contribute
to the axial-vector form factor

bo—by=0.044, b,;—bY=0.580, b;—by=0.462.

(42) ga(g?)=f,—2Mf,—q*f3. (49
. . . . . 2_
The amplitude is canonically normalized via E&12) and [17"122“16 chiral limit and in the neighborhood af"=0
Ref.[19] reports the values @, , g, in columnc) of Eq. '
(40).
_ The nucleon coupling_s are given in Tablfe | with the rela- Agﬂ(qlp)zregu|ar+ q_‘z‘fwALT(q,p% (50)
tive strength of the contribution from each diagram presented q

in Table II. In this case, while the other couplings change by _
<20%, we findf oyy~0.4g,0ny. The reason appears in Where Al (q,P) is the pion-fermion vertex ancegular de-
Table II: the strength of diagram 2 is much increased, andiotes nonpole terms. It follows that in this neighborhood the
while it does not contribute at all for theand is additive for ~ induced pseudoscalar coupling is dominant and, using Eq.
g.nn. it is a destructive contribution th,yy . This sensitiv-  (13), is determined by the pion-nucleon coupling:
ity to cancellations involving diagram 2 repeats the pattern _ _
we observed in calculating the nucleon’s isoscalar electrodJ5,(P’,P)|q2-0= 0, -g-nn(a*=0)u(P")i 7! ysu(P)
magnetic form factof8] and hence yy is sensitive to the (5
omission of the axial-vector diquark correlation. .
The vector-meson—nucleon form factors calculated using — g u(P’ T_' 2 2) =
Eq. (38) are depicted in Fig. 3 and the quadrupole A,U(P") ¥s 5 1a7gp(a7) J2=oU(P),
(52

FY(g))=FY(0) ———— 43 Current conservationg,JL (q,P)=0, which using Egs.

(@) =Fal )(1+q2/AX)3 3 (15) entails e
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—2Mga(@’=0)+[a’gp(q*)]l2=0=0, (53
then yields the Goldberger-Treiman relation:
Mga(a®=0)=f .9 nn(q*=0). (54)

This brief analysis emphasizes that q?) is theregular part
of the axial-vector—nucleon current.

To calculatega(g?) in the impulse approximation we
must specify the dressed-quark-axial-vector
F{E,M(k;Q). It satisfies a Ward-Takahashi identity, which in
the chiral limit is

_ 7 7
—iIQuIk, (ki Q) =S (k) ys + 7575 S H(ko).

(55
This identity is solved by
i LA TRi/L- 7! Qu 2 L2
P (kQ) =TE(kQ)+ 7s 7| i 72%s( K2 |,
(56)
. . J

TE(6Q) =TI (KQ)+ 755 (7,32 K2)

+2k, y-kAp(KE k), (57)

where Q,I'L)(k;Q)=0 butT'l)(k;Q) is otherwise uncon-
strained by the Ward-Takahashi identity and

24(p%0%)=3[f(pH) + (9], (58)

::f(pz)—f(qz)

Af(pzﬂz)
p?—q?

(59

The parenthesized term in E¢G6) makes explicit the
simple kinematic singularity associated with the pion gole.

vertex:

PHYSICAL REVIEW 61 065207

1.2 '
---- Ansatz a)
,,,,,,,,,,,, monopole fit: a)
1.0 | —— Ansatz b) 1
—-— monopole fit: b)
0.8
\
\
T o6l
o

04

qd (GeV?)

FIG. 4. Axial-vector—nucleon form factor calculated using the
Ansaze of Egs. (60),(61) compared with a monopole fit, Egs.
(62),(63).

(57),(60), is a minimalAnsatzthat correctly isolates the pion
pole. Model(b): Egs.(57),(61), is kindred to that advocated
for the dressed-quark-vector vertex in R&9]. It recognizes

that the dressed-quark-axial-vector vertex has a pol®Zat
—mj_ with residuef, m, wheref, is the weak decay

constant, and implements a model to represent the off-shell
remnant of this contribution.

ga(g®) is obtained by evaluating the integrals in Egs.
(A22)—(A26) and combining their contributions according to
Egs. (49),(A27). The calculated coupling is presented in
Table | with the relative strength of the contribution from
each diagram given in TabledI.

The axial-vector form factor is depicted in Fig. 4. It is
important and interesting to note that the dominant, orbital

eyt term in Fil [see Eqs(A14)—(A21)] contributes< 10 %

It is directly connected with the nucleon’s induced pseudod0 ga(g®) on the illustrated domain, increasing from 0%

scalar form factor and, using Eq4.7),(23), clearly saturates
Eq. (51). The regular part of the vertex, EG7), is primarily

with increasingg?; i.e., the bulk of the difference between
the (a) and(b) calculations arises from thei‘l term. In Fig. 4

responsible for the nucleon’s axial-vector form factor and inwe also plot a monopole fit to each calculation

our calculations we complete its definition using either of

two Ansazefor the transverse part:

(8 Ti(kQ)=0, (60)
Ti 1 falma1 ai
(b) FsL(k;Q)=EWFMﬂ(k:Q), (61)

whereFilj(k;Q) is thea;-meson Bethe-Salpeter amplitude,
which is given explicitly in Eq.(A14). Model (a): Egs.

“Using (k, /k-Q)2g(K% ,k%) in Eq. (56) instead of the parenthe-

?)=ga(0) ———5- 62
9a(9%) =9ga( )(1+q2/Ai) (62)
with pole masses, in GeV,
| (@ (b)
An | 065 0.64 (63

We are unable to reproduce the large valug pbbtained in Ref.

sized term is inadequate in this respect. Further, to exacerbate thi82]. Some of the discrepancy may be due to our simplified repre-

flaw, it also introduces nonintegrable singularities in diagréds

(5).

sentation of the quarkscalar-diquark nucleon spinor in E@l)
[33]. However, that does not diminish the importancel“é}:.
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The fit provides a better representation Aarsatz(b) than for  neous Bethe-Salpeter equation using a simple, separable
(@), and we judge(b) to be the more realistic model. The model for the quark-antiquark scattering kerfiE8] that has

axial radius of the nucleon is been used successfully in a variety of phenomenological ap-
plications[30,36.
<r2> 6 dga(g? 64) The inhomogeneous vertex equation in the separable
AT 2 model is
9a(0)  dq 420
4

and our calculated value is presented in Tablgkr yy in =1 éf d’q B
accordance with Ref27]. Mk Q)=1-3 (27.,)4A(k 4)7,5(A+)

Even though our framework manifestly preserves the
axial-vector Ward-Takahashi identity the model is not guar- XT'1(g;Q)S(-) v, (71)
anteed to satisfy the Goldberger-Treiman relation because . )
we employ Ansaze for the Fadde’ev amplitude and the With the interaction
dressed-quark-axial-vector vertex that need not be mutually 5 ) 5 5
consistent. For example, in deriving EG4) we used Egs. A(k=q)=G(k)G(q") +k-qF(k9)F(g%),  (72)
(15), which introduceM, however, ¥ in Eq. (1) is not the
solution of a Fadde’ev equation with eigenvaMe Indeed, ~ Where
without an axial-vector diquark correlation, the calculated 1 1
nucleon mass is 30—-50 % too larf0,34,39. The follow- 2y_ = 2y _ 2y_ 2y _
ing comparisongin GeV) exhibit this uncertainty: (k%) a[A(k )=1] Gk b[B(k )=ml, (73

(@) Mga(0)=0.75-1.1 of f g =137, (65 a=a\2, b=br2, andA(k?), B(k?) are obtained in the usual
(b) Mga(0)=0.93-1.4 mITNN ’ way from Eqgs.(A17),(A18) with m=m\ andb?—b,. The

and show that modeAnsatz(b) is broadly consistent with separable model was constrained tarfiandK properties, as

the Goldberger-Treiman relation. dlscu_ssed n detail in Ref13].
A comparison between the results obtained with the two- U_smg this model the most general form of the scalar ver-

vertexAnsazedemonstrates that a calculation of the dressedJEex IS

guark-axial-vector vertex, akin to that of the dressed-quark- o~ e o

vector vertex in Ref.[29], would be very helpful in I'y(k;Q) =19, +ik-Qy-Qgp+iy-kgs, (74)

demarcating the importance of axial-vector diquark correla- _ .

tions. As sgown bypthe modeb) calculation 19? easily Wgter_e ?r']: g‘(lk;tQ)' Substituting Eq.(74) in Eq. (72) we

. s,
provides contributions of the same order of magnitude as thay o (he soiution
which might be anticipated from an axial-vector diquark.

. k-Qy-Q
I'y(k;Q)=1+1t1(Q*)G(K?) +it(Q*)F(K*)———
VI. NUCLEON o TERM Q
As a final application we explore the nucleonterm: +it3(Q*)F(k?) v Kk, (75)
a(g?)u(P")u(P):=(P’|m(uu+dd)|P), (66)  wheret; ,4Q?) are calculated functions of their argument;

, o _ _ i.e., of Q% only.
o:=0(q°=0), which is the in-nucleon expectation value of  The s term is only sensitive to the vertex@?=0, where
the explicit chiral symmetry breaking term in the QCD La- {he explicit form of the solution reduces to

grangian. The general form for a fermion-scalar vertex is
. _ 2 24i a,.
Ay(Q,P)=F1+iy-Alotiy R +io, R,0,f, (67) Mk Qo= 1+ OCIO ORIk

h ing Eqe15) we fi . .
owever, using Eqs(15) we find with t,(0)=0.242 GeV,t5(0)=—0.0140 GeV. It is impor-

Jl(P’,P)::U(P’)Al(q,P)u(P) (69) tant to nozte fr~om Eqs(73),(76) tf;at th_et_l te_rm _contnbutes
1.4x[B(k?)—m]/\b so that atk?=0 it is six times larger
=s(g?)u(P)u(P), (69) than the bare term; i.e., |t_ is dominant in the infrared. That is
to be expected because it represents the effect of the nonper-
S(g?)="f,;— 2Mf 5+ g2f,. (70) turbative dynamical chiral symmetry-breaking mechanism in

the solution. This and the othér terms vanish ag®— o,
To evaluate the matrix element in E@6) we need the which is a manifestation of asymptotic freedom in the sepa-
dressed-quark-scalar vertex, which is an analog of th&able model.
dressed-quark-axial-vector vertex used in Sec. V. In this The vertex equation has a solution for &F, and that
case, however, there is not a Ward-Takahashi identity to helpolution exhibits a pole at the-meson mass; i.e., in the
us. Instead, we calculate the vertex by solving an inhomogeneighborhood of £ Q2) = m§= (0.715 GeV¥
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nm2 0.020 : :
Fl(k;Q)=regular+%rg(k;Q), (77
Q°+my

whereregular indicates terms that are regular in this neigh- 00151 i

borhood and I',(k;Q) is the canonically normalized
o-meson Bethe-Salpeter amplitude, whose form is exactly$
that of[I"4(k; Q) — 1] in Eq.(75). The simple pole appearsin £ ¢.010 L
the functionst;(Q?) and performing a pole fit we find T

~

mn,=3.3 MeV. (78
0.005 | -
ngmi is the analog of the residue of the pion pole in the

pseudoscalar vertdd7,22: —(qq),/f.,, and its flow under

the renormalization group is identical.mn, is 0.000 -— ' :
renormalization-point independent and its value can be com: 0.0 1.0 2 (GeV) 2o 30
pared with d
FIG. 5. Our calculated(qg?). The rapid increase with decreas-
— m<aq>w 1 ing g2 is associated with the evolution to themeson pole. On this
Tt =3.6 MeV; (79 scale,o(qg?) calculated without thé, {Q?) contributions is indis-

g

tinguishable from the full calculation.

.e., the magnitude of,, is typical of effects driven by dy- in potential models to mock-up two-pion excharigdow-
namical chiral symmetry breaking. We can also defie®@  ever, we can estimate a coupling relevant to meson exchange

coupling: models by introducingy,(t):
goaq::FU(O;Q)le:_mf 12.6, (80 mn

o(t)=g,(t) ——, (84)

whose magnitude can be placed in context via a comparison 1-t/m;

with g,44=11.8 obtained using the separable model’s analog

of the quark-level Goldberger-Treiman relation, E&j7). and a fit to our calculated(t) yields

To calculate the expectation value in E§6) we use
I‘m(k;Q)szl(k;Q) (81 g(,(t):1.61+ Z.GJW, A0=1.56 GeV,
as our impulse approximation probe in E4828)—(A32) (85)

and obtaino(q%) =s(qg?) by combining the contributions ac-
cording to Eqs(70),(A33). This yields the value ofr pre-  Where the large exponent merely reflects the rapid evolution
sented in Table |, with the relative strength of the contribu-from bound state to continuum dominance of the vertex in

tion from the various diagrams listed in Table II. the spacelike region. At the moakmass:mf,"zO.S GeV,
The form factor is depicted in Fig. 5 where the evolution
to the o-meson pole is evident. Fitting € —g?) 0,:=0,((M>™)?)=9.3, (86)
_ o 2 which is listed in Table | and compared with a phenomeno-
(V) g"NNl_t/mi’ te[0.10.3 GeV’, (82 logically inferred value: g,=10 [39]. We note that

gU(4me)=5.2 so that this comparison is meaningful on a

which isolates the residue associated viiti(k;Q), we ob-  relevant phenomenological domain. Furthey,(gq’—)

tain the on-shell couplingg,yy=27.3. This coupling can =1.61 and we, therefore, find that(q?) is well approxi-

also be calculated directly using the solution of the homogemated by a single monopole fof>1 Ge\?. However, the

neous Bethe-Salpeter equation and that yields residue is very different from the on-shell value. The scalar
radius of the nucleon is obtained from

gonn=27.7, (83

in agreement within Monte Carlo errors. Equati@2) alone The separable modgl3] realizes a rainbow-ladder truncation of
overestimates the magnitude of our calculatgd) every-  the quark DSE and meson Bethe-Salpeter equation, which is likely
where except in the neighborhood of the pole. inaccurate in the 0° channel[37]. The defect is tied to the diffi-

As the lowest-mass pole-solution of E@.1), our o me-  culties encountered in understanding the composition of scalar reso-
son is distinct from the phenomenological meson introducecthances below 1.4 Ge}38].
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6 do(q?) pulse approximation calculation of the scalar form factor:
(r2g=—— > (87)  o(g?), is the dressed-quark-scalar vertex and we used a
T da” |, separable model to obtain it as the solution of the inhomo-

geneous scalar vertex equation. This solution exhibits a

and our calculated result is listed in Table I, in comparisonsimple pole atQ?= —mf, and hence so does(q?). The
with an inferred valug39]. residue of that pole gives the-meson nucleon coupling.
However, the inhomogeneous vertex equation admits a solu-
tion for arbitrary Q?, which describes theQ2-dependent
dressed-quark-scalar coupling and hence allows a direct

In Ref.[8] we introduced a simple model of the nucleon’s and consistent determination ofr=c(q?=0). That
Fadde’ev amplitude that represents the nucleon as a bour@?-dependent coupling exemplifies the necessary elements
state whose constituents are a confined dressed quark aimd studies of those meson-nucleon form factors that truly
confined dressed-scalar diquark, and fixed its parameters inrapresent correlated quark exchange. Our calculation of
calculation of nucleon electromagnetic properties. Herein wer(g?) and the modelb) calculation ofg, are analogs of
employ that model in a study of a range of nucleon formRef.[29], which elucidates similar aspects of the electromag-
factors that can be identified with those used extensively imetic pion form factor, making explicit the-meson contri-
phenomenological N potentials and meson-exchange mod-bution and its leakage away fro@?= —mﬁ.
els. These calculations require knowledge of the relevant me- As noted above, to proceed it is important to include
son Bethe-Salpeter amplitudes and three-point vertex funcaxial-vector diquark correlations. Without them we cannot
tions. However, they have been determined in the applicatiodescribe theA resonance, and thB—A transition is an
of Dyson-Schwinger equation models to non-nucleonic proimportant probe of hadron structure and models; e.g., reso-
cesses. It is an important result that this simple model pronant quadrupole strength in this transition can be interpreted
vides a uniformly good description of nucleon propertiesas a signal of nucleon deformatigd0]. The existence of
and, where there are discrepancies with experimental data,strong final-state interactions muddies this interpretation and
cause and a means for its amelioration are readily identifiedneans that nucleon structure models such as ours cannot be
Our study demonstrates that it is realistic to hope for usefutompared directly with data. However, they can be used as a
constraints on meson-exchange models from wellfoundation in the application of detailed reaction moddlg
constrained models of hadron structure. and thereby provide a connection between the nucleon’s

Our calculations suggest that the nucleon form factors argquark-gluon content, its “shape” and data.
“soft” and there is no sign that this is a model-dependent
result. The couplings generally agree well with those fitted in
meson-exchange models. The only significant discrepancy is

that we find 0.45f,yn/g,nn=1.0, Whereas the conven- e acknowledge interactions with R. Alkofer, T.-S.H.
tional model assumption i§,yy=0. Comparison with our | ee H.B. O’Connell, and P.C. Tandy. This work was sup-
calculation of the nucleon’s isoscalar electromagnetic formhorted by the U.S. Department of Energy, Nuclear Physics
factor, however, suggests thifyy is the one coupling par- - pivision, under Contract No. W-31-109-ENG-38, and ben-
ticularly sensitive to neglecting the axial-vector diquark. efited from the resources of the National Energy Research
Hence a conclusive determination &fyy must await its  Scientific Computing Center. S.M.S. is grateful for financial

incorporation. _ _ _ support from the A.v. Humboldt Foundation.
A primary requirement for improving our model is the

inclusion of the axial-vector diquark correlation. In our study

VIl. SUMMARY AND CONCLUSION

ACKNOWLEDGMENTS

of gy we saw that it can contribute up te-25%, and APPENDIX: COLLECTED FORMULAS
Fadde’ev equation studies sh¢f0,34,39 that it provides a 1. Pion-nucleon

necessary~33% reduction of the quarkscalar-diquark , i

nucleon mass. Also important in our analysisggf was an For themNN coupling, Fig. 1 represents

elucidation of the role played by transverse parts of the 4

dressed-quark-axial-vector vertex that are regula@%t 0. Ali(q p):3f ! (K, ps+ Q) AK) (K, ps3)

A simple model that allowed for the constrained leakage of ”' (2m* ' '

the a;-meson pole contribution into the spacelike region _

showed that terms unrestricted by the axial-vector Ward- XA (ps+0,pa), (A1)
Takahashi identity provide-20% of the magnitude ofj, .

This sensitivity of the result to such elements makes imporwith K=2P-+1, p;=3iP—1, p,=K/2—Kk, A?Tj(kl,kz)

tant a numerical solution of the axial-vector vertex equation.= g(k )T (k, ;k7)S(k,), k.= 5 (k;—k), kr=k;+k,,
a calculation for which the study of the vector ver{e9]
serves as an exemplar.

Our analysis of the nucleoa term is particularly inter-
esting because it illustrates the only method that allows an
unambiguous off-shell extrapolation in the estimation ofi.e., there is not a direct pion—scalar-diquark coupling be-
meson-nucleon form factors. An essential element in the imeause of parity conservation,

A?(q,P)=0; (A2)
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d*k  d*

WWQ(P1+q,D3,D2)

AaP=—6|

XQ(P1,P2,P2)S(P2) AY(py,p1+a)S(Ps),
(A3)

o dl

Ai‘)(q.P>=6J Q(p1,ps.Pa+a)

(2m)* (2m)*

X Q(P1,P2,P2) AY(P2+d,p2)S(P1)S(P3),
(A4)

d%  d
(2m)* (2m)*

X Q(p1,P2,P3)S(P2)S(P1) A (ps+0,ps),
(A5)

AS’J(q,P>=6f Q(p1,p3+0,p2)

with 6= 86,0058 0,000 and

Q(P1,P2,P3) = (P1+P2,P3)A(py+ pz)F(Plapz)-(AG

2. Vector-mesonr-nucleon

For the vector meson coupling, Fig. 1 represents

d*

A}J(q,m:sf P(K,pat+ @ A(K) (K, p3)

(2m)*
X AS(ps+a,ps), (A7)

d*  d*l
(2m)* (2m)*

Af)(q.P>=6f

XQ(p1+0,p2,P3)Q2(P1,P2,P3)
Xtrpe[ A (p1+0,p1)S(P2)1S(P3), (AB)

d*k  d*

Aij(q,P)I(—l)lﬁf (p1+9,p3,P2)

—)
(2m* (2m)*
XQ(pl,pz,pS)S(pz)Aij(pl,pl+ d)S(p3),

(A9)
. d*k d4
AY =6 — ——
w(@P) 6f(2w>4 (2m)*
XQ(p1,P3:P2+A)Q(P1,P2,P3)
XAD(pa+0,p2)S(p1)S(Ps),  (AL0)

PHYSICAL REVIEW 61 065207

d*k  d4 a N )
(2m)* (2m)° P1.P3TQ,P2

Af)(q,P>=6f

X Q(P1,P2,P3)S(P2)S(P1)

X AP (p3+a,pa), (A11)

with Af)(lq,kz):.S(|<1)FL_(|<r k) S(kz) andT(k, ;kr) the
Bethe-Salpeter-like amplitude of E7) whose normaliza-
tion is determined by

2NG8*PQ,
: dk [ aS(k)
:§trCDFf W[Fv(k,—Q)WFV(k,Q)S(k—)
dS(k_)

- QST Q e —|
wo1Q2=-m2

(A12)

wherek. =k=*=Q/2. The flavor trace ensures thAﬁj con-
tributes only to the isoscalar coupling. This merely reflects
the fact that in an isospin symmetric theory there cannot be a
three-point iso-vector-scalar-scalar vertex. Furtheff, con-
tributes with opposite signs to the!'=® and p!'=% cou-
plings. The complete vertex is

5
AL(q,P)=AJ(q,P)+22> All(q,P). (A13)
n=2

3. Axial-vector—nucleon

Model (b) for the dressed-quark-axial-vector vertex in-
volves the Bethe-Salpeter amplitude for themeson, which
in the separable model of R¢fL3] has the formterms qua-
dratic ink are suppressed in this mogel

T2k, Q) =i v57,,61'G(X) + €} €r e K, QuF ()],
(A14)

where k= k/IN, N=0.566 GeV is the model's mass scale,
Q.=Q,./1Q%"2 v,=(7,~Q.7-Q/Q? and

— 1 — — 1 _
F(x)=§[A(x)—1], G(x)=§[B(x)—m], (A15)

with calculated constants

a=(0.3592, b=(0.2962. (A16)

Herein[30] K(x), E(x) are modified dressed-quark propaga-
tor functions obtained in the usual way from

T2l (X)=2MF(2(x+m?))+ F(b,x) F(bax) F((€sx)?)

X[bo+b3LF(ex)], (A17)
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2(x+m2) e—ev(x+m2) +e —2(x+m)

aj
o = , Al18
V= 2(x+m?)? (AL8)
where
m=0.0081, b3'=0.863, €s=0.482, €,=0.1,
(A19)

and the other parameters are given in Ed).
The separable model yieldsslal in Eq. (A21) and the

eigenvector

a a
e1=0.145, e3'=1.69, (A20)
which is canonically normalized using EGA12) evaluated
with Egs. (A1l4)—(A19). This Bethe-Salpeter amplitude
yieldsfal in Eq. (A21).

| m,, (GeV) fa, (GeV)
Calc. ‘ 1.34 0.221
Obs. 1.23-0.040[21] 0.203+0.018[31]

(A21)
NB: This model predicts that thesy,, term is subdominant

in the a; meson. The dominarﬁ;11 term characterizes con-
stituents with relative orbital motion.
For the axial-vector coupling, Fig. 1 represents

A&l(q,P)= 3f d4'4¢(K,p3+q>A<K>¢(K.p3>
(2m)
XA (p3+0,pa). (A22)
AZ,(aq,P)=0, (A23)
d*k  d*

AZ(q,P)=6 f Q(Ps+.ps.p2)

(2m)* (2m)*

X Q(p1,P2.P3)S(P2) AL (p1,p1+a)S(P3),
(A24)

o dl

Agl(a, )=6J(277)4(2W)4Q(p1,p3,pz+q)

X Q(P1,Pa,P3) AL (Pa+0,P2)S(P1)S(P3),
(A25)

d*k  d*

(2 )4(2 e Q(p1,p3+0d.p2)

AZl(q,P)= f

X Q(P1,P2.P3)S(P2)S(P) AL, (P3+0,p3),
(A26)

PHYSICAL REVIEW €1 065207

Ad] (kl,kz) S(k)Th, (ke ikp)S(kp) — with Tk, (K, k)
—I“Em(kr :k7), the regular part of the dressed axral vector-
quark vertex defined by modé&d), Egs.(57),(60); or model
(b), Egs.(57),(61). A% vanishes for the same reason thgt
does and the complete vertex is

5

Ajsﬂ(q,P):AéL(Q-P)"'ZnZZ ALl(q,P). (A27)

4. o term

The contributions to the scalar-nucleon vertex are
Al(q,P)=3 f d*
i (2m)*

X AF(p3+0a,p3),

P(K,p3+q)A(K) ¥ (K, p3)

(A28)

d%  d
(2m)* (2m)*

Ai(q,P>=12f

XQ(p1+9,P2,P3)Q2(P1,P2,P3)
Xtrpo[ Ad(P1+0,p1)S(P2)1S(P3), (A29)

Ai(q.P)=6f

XQ(p1+0,P3,P2)2(P1,P2,P3)S(P2)

d*  d*l
(2m)* (2m)*

XA (P1,p1+0)S(P3), (A30)
A P):Gf d*k  d4 o ‘o)
14, (2m)* (2 )4 P1,P3,P21Qq
X Q(p1,P2,P3)A(P2+0,P2)S(P1)S(P3),
(A31)
5 4k d4
Al(qu)ZGJ 2m* (277)4Q(p1:p3+qap2)
X Q(P1,P2,P3)S(P2)S(P1)A(P3+0.P3),
(A32)
with A9 (Ky ko) =S(ky)T (K, ;K1) S(k,), and
5
Asy(a,P)=AL(q, P>+22 Al(q,P).  (A33)
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