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Nucleon form factors and a nonpointlike diquark
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Nucleon form factors are calculated gfie [ 0,3] GeV? using an ansatz for the nucleon’s Faddeev amplitude
motivated by quark-diquark solutions of the relativistic Faddeev equation. Only the scalar diquark is retained,
and it and the quark are confined. A good description of the data requires a,, nonpointlike diquark correlation
with an electromagnetic radius of 0.83. The composite, nonpointlike natu,re of the diquark is crucial. It
provides for diquark-breakup terms that are of greater importance than the diquark photon absorption contri-
bution.[S0556-28189)51711-]

PACS numbes): 24.85+p, 13.40.Gp, 14.20.Dh, 12.38.Lg

Mesons present a two-body problem, and the Dyson- P PY—iaT P
Schwinger equationéDSES have been widely used in the Ju(P,P)=le uPHAL@,Pu(P), - @
calculation of their properties and interactiofis2]. Many  where the spinors satisfy-Pu(P)=iMu(P), u(P) y-P
studies have focused on electromagnetic processes, such a8syu(p), with M=0.94 GeV the nucleon mass, amd
the form factors of light pseudoscale8,4] and vector me- = (p’—P). The complete specification of a fermion-vector-
sons[5], and they* 7°—y [6-8], y* m—p [7], and ym*  boson vertex requires 12 independent scalar functions:

— arar [9] transition form factors, all of which are accessible

at the Thomas Jefferson National Accelerator Facility. TheseiA.(d,P)=ivy,f1+i0,,0,f2+ R, f3+iy-RR,f,
studies provide a foundation for the exploration of nucleons, ; ; o
which is fundamentally a three-body problem. THonRUAR s 175718000, Ro ot -,

The nucleon’s bound state amplitude can be obtained 2
from a relativistic Faddeev equatifh0]. Its analysis may be where f;=f(q%q-P,P?), R=(P'+P), and q-R=0 for
simplified by using the feature that ladderlike dressed-gluorglastic scattering. However, using the definition of the
exchange between quarks is attractive in the color antitripleucleon spinors, Eql) can be written
channel. Then, in what is an analogue of the rainbow-ladder

. . — 1
truncation for mesons, the Faddeev equation can be reducefl (p’ py=ieu(P')| y,F1(q?)+ =—0o,,d,F2(q?) |u(P),
to a sum of three coupled equations, in which the primary a . 2m
dynamical content is dressed-gluon exchange generating a 3
correlation between two quarks and the iterated exchange @fhere the Dirac and Pauli form factors are
roles between the dormant and diquark-participant quarks.
Following this approach, the diquark correlation is repre- F,=f,+2Mfz;—4M2f,— 2Mq%fs— g°f,, (4)
sented by the solution of a homogeneous Bethe-Salpeter
equation in the dressed-ladder truncation and hence its con- ~ F2=2Mf;—2Mf3+4M?*f,+2Mfs—4aM?fs,  (5)
tribution to the quark-quark scattering matrix{,, is that
of an asymptotic bound state; i.e., it contributes a simpl
pole. That is an artifact of the ladder truncatipghl] and
complicates solving the Faddeev equatj@2] by introduc- q?
ing spurious free-particle singularities in the kernel. Ge(9%)=F1(9*) — —F2(a?), (6)

Studies of DSE modeld,2] suggest that confinement can 4M
be realized via the absence of a Lehmann representation for 5 5 5
colored Green’s functions, and have led to a phenomenologi- Gm(a9) =F1(q%)+F2(q%). (7)

cally efficacious parametrization of the dressed-quark 14 caicylate these form factors we represent the nucleon
Schwinger functior{3]. A similar parametrization of the di- 5 4 three-quark bound state involving a diquark correlation,
quark contribution to\,q, advocated in Ref13], has been 5 require the photon to probe the diquark’s internal struc-
used to good effect in solving the Faddeev equatis). We  re - Antisymmetrization ensures there is an exchange of
use such representations herein. roles between the dormant and diquark-participant quarks
The nucleon-photon current'is and this gives rise to diquark “breakup” contributions. We
describe the propagation of the dressed-quarks and diquark
correlation by confining parametrizations and hence pinch
Yin  our Euclidean formulation, p-q=3{_;piq;.{y,.7,}  singularities associated with quark production thresholds are
=26,,, y;= Yur =112y, v,],  and [ ¥sY,.7.7,Y0] absent._ Our calculation is related to many studies of meson
=—4€,,, €103~1. propertieg3—7,9.

in terms of which one has the electric and magnetic form
Sactors:
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We write the Faddeev amplitude of the nucleor] Hs) N w N
WPy ay, TP, @2, 77 P3, a3, 7°)

3
=86,0,050 " Oaay¥(P11 P2,P3)A(P1+P2)

XT0% (Pr.P2), ® . _@ﬁ@_ v

WheresC1C2C3 effects a singlet coupling of the quarks’ color y

indices, {;,«;,7) denote the momentum and the Dirac and
isospin indices for theéth quark constituent and r are . -- -~ )
these indices for the nucleon itsel§(l4,l,) is a Bethe- _@_/ v

Salpeter-like amplitude characterizing the relative-
momentum dependence of the correlation between diquark N (D " N
and quarkA(K) describes the propagation characteristics of

the diquark, and

A2

. . 1.2
Falaz(pl!pZ):(C|75)a1a2(| TZ)T T F(pllp2) (9) _—— ——
N N
represents the momentum-dependence, and spin and isospin 4@{
character of the diquark correlation; i.e., it corresponds to a
diquark Bethe-SaIpeter amplitude. FIG. 1. Our impulse approximation to the electromagnetic current re-
With this form of ¥, we retain quq only the contri- quires the calculation of five contributions, Eq$0)—(15). ¢:¢(14,l5) in

bution of the scalar diquark, which has the largest correlatiortq. (8); T: Bethe-Salpeter-like diquark amplitude in E@); solid line:
length [13]: Ag+:=1/mg+=0.27 fm. For all (1d) correla- S(q), quark propagator in Eq17); dotted line:A(K), diquark propagator
tions with JP# 17\ ,g<0.5\y+. The axial-vector correla- in Eq. (28). The lowest three diagrams, which describe the interchange
tion is different:\;+=0.78\ ¢+, and it is quantitatively im- between the dormant quark and the diquark participants, effect the antisym-
portant in the calculation of baryon masses:iO%) [14]. metrization of the nucleon’s Faddeev a_tmplitude. Cu_rrent‘ conservation fol-
Hence we anticipate that neglecting thé torrelation will lows because the photon-quark vertex is dressed, given ifi285.
rove the primary defect of our ansatz. However, it is a help-

ll‘oul expedignt in ilhis exploratory calculation, which is madgmpl’p2'p3): P(P1+P2,P3)A(P1+p2)T(P1.p2), (12
complicated by our desire to elucidate the effect of the di- dk  d4
quarks’ internal structure. A3(q,p):6f

Our impulse approximation to the nucleon form factor is g (2m)* (2m)*
depicted in Fig. 1. Enumerating from top to bottom, the dia-

Q(p1+9,p3,P2)

grams represent X Q(P1,P2,P3) S(P2)(i72)"Qr(iTp)
AL(q.P)=3 di XAJ(p1,P1+A)S(P3), (13
HaP1=3 [ (K par @) (k) 4 e
Aﬂ(q,P)=6f(277)4(27T)49(p1,p3,p2+q)

X (K, p3)QeA L (Ps+4,p3), (10
X Q(p1,P2,P3) QrA (P2t 0,p2) S(P1)S(P3),

with? K=yP+l, p3=(1—5)P—1, p,=K/2—k, Q¢
=diag(2/3;-1/3), Aﬂ(kl,kz)z S(k) T (K1 ,k2) S(ky), (14
4k d4 AS( P) Gf d4k d4| Q( n )
2 _ q.P)= P1,P3Td,P2
A%(q,P) GJ 2 (277)4Q(p1+q,p2,p3) ~ (2m)* (2m)*
X + .
XQ(plrp21p3)trD[Ai(p1+ q,p1)S(P2)] Q(pl1p21p3)s(p2)s(pl)QFA,u(p3 q,ps)
(15
XS(ps)3le, 11 _
The nucleon-photon vertex is
which contributes equally to the proton and neutron and con-
tains the diquark electromagnetic form factor, with 6 a N > i
—Ceyepeseyesey AN Al@P=AL@P) 23 AL@P). (16

Equation(16) is fully defined onceV ~¢T'A, S, andl’,
2y describes the partitioning of the nucleon’s total momentum,are specifiedSandI’, are primary elements in studies of
P=p;+p,+ps between the diquark and quark, a necessary feameson properties and are already well constrained. For the
ture of a covariant treatment. dressed-quark propagator,
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S(p)=—ivy-poy(p?) +os(p?) (17 TABLE I. A variation of the model parametes,, «r, and

m, (in GeV) illustrates the sensitivity and stability of our results.
=[iy-pA(p?)+B(p?)] 1 (18) The column labeled t,," lists sign(r?)|r2|¥2 (Radii in fm, magnetic

moments in units ofuy . The statistical errors are1%.)

we use the algebraic parametrizatidB%
y wr My Mo Mn Mp Mn /‘Ln//-Lp

os(X)=2MF(2(x+m?))+ F(b1x) F(bzx)[ by + by F(ex)], 020 10 063 079 —-043 288 —158 —055
19 016 10 063 084 —046 283 —155 —055

024 10 062 075 —041 289 —-159 —055

;V(X): _2[1—}'(2(X+62))], (20) 0.20 0.8 062 080 —040 293 —-164 -0.56
X+m 0.20 1.2 063 078 —045 284 -—-154 -0.54
with Fy)=(1—e Y1y, x=p2\2, m=m/\, og(X)
- 1
=\ og(p?), and oy(x)=\2%0y(p?). The mass scaleh 1) = —— F1202). Li=(1— )l (2
=0.566 GeV, and parameter values vilulz) Ny (Fwy), (I=mli=olz. (27
m b, b, b, bs Our impulse approximation is founded on a dressed-ladder
kernel in the Faddeev equation aiig, satisfies Eq.(22).
0.00897 0.131 2.90 0.603 0.185 Hence, the canonical normalization conditions for the di-

(21) quark and nucleon amplitudes translate to the constraints that
the (ud) diquark must have charge 1/3 and the proton unit
were fixed in a least-squares fit to light-meson observablegharge, which fix\y and Ay, . For the diquark propagator
[e=10"%in Eqg. (19 acts only to decouple the large- and we use the one-parameter form
intermediatep® domains] This algebraic parametrization

combines the effects of confinement and DCSB with free- 1 )
particle behavior at large spacelip@ [2]. A(K?) = —FK o), (28
In Egs.(10—(15), I', is the dressed-quark-photon vertex. My

It satisfies the vector Ward-Takahashi identity, and interpret Th, as the diquark correlation length.

_ ; _o 1l y_eo1 We fix the model’'s three parameters by optimizing a fit to
(=12l l2) =S () =S ), @) G2(g?) and ensuringz(0)=0, which yields
which ensures current conservatif8l. I', has been much
studied[16] and, although its exact form remains unknown, Wy wr my
its qualitative features have been elucidated so that a phé-

nomenologically efficacious ansatz has emerided: n=213 0.20 1.0 (O'E;?’
29
1 . .
iFﬂ(Il,I2)=iEA(I2,I§) Yt (li+12) | Siy-(11+15) all in GeV (1m,=0.31 fm). Using Monte-Carlo methods
2 to evaluate the multidimensional integrals, these values give

XAA(12,15)+Ag(12,13) |, (23) Emp. Calc.
ré(fm)z (0.87¢ (0.79%
Se(12,19)=3[FUD+F(D], (24 r2(fm)? — (0.347 —(0.437
E02)—E( Mp(en) 2.79 2.88
2 2, )= F; snln) -1.91 —1.58
Arlil)= 1212’ @9 fnl —0.68 —0.55 (30

. . . where the statistical error is1 %. The sensitivity of our
whereF=A,B; i.e., the scalar functions in E¢18). A fea-  yesults to the model's parameters is illustrated in Table I. It is

ture of Eq.(23) is thatl',, is completely determined by the cjear that the fit is stable but does not bracket the experimen-
dressed-quark propagator. Further, we estimate that calcu-

lable improvements would modify our results by15 %
[18]. N
The new element herein is the model of the nucleon’s “OUr results are sensitive tg because Eqs(26) and (27) are

Faddeev amplitude, EG8). For the Bethe-Salpeter-like am- equivalent to retaining only the leading Dirac amplitude in the ex-
. ' . pression for these functions and neglecting tlieiK, |- P depen-
plitudes we use the one-parameter model forms dence when solving the Bethe-Salpeter and Faddeev equatons.

=2/3 is required for this ansatz to transform correctly under charge

1 : . .
F(Q11Q2):A_/f(q2/w%)’ q:=3(g;—0y) (26) cqnjygatlon: Acgountmg for theg-K, |-P dependence would
r eliminate this artifacf14,19.
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TABLE Il. Relative contribution to the charge radii and mag- 't
netic moments of each of the five diagrams in our impulse approxi- 09
mation: Fig. 1, Eqs(10)—(15). 038 .'x*
07
Diagram 1 2 3 4 5 o6 b %
(r2)ir? 0.68 011 -002 012 012 oL
(ra)ira 114 -037 -015 019 019 ol
tpl p 0.60 0.01 004 017  0.17 o
nd tn 0.55 —-0.02 0.15 0.16 0.16 0'1 I H
00 OIS i 1I5 ; HZIS — 3
tal domain; i.e., the model lacks a relevant degree of free- ¢* (Gev?
dom, a defect we expect the inclusion of an axial-vector 0.16 , , , , -
diquark to ameliorate. _ . o | vE ]
The charge radii are obtained via o L
0.1
ra =—61Fp'”(q2)| 2 +in'”(0) (30 008
p.n d 21 q=0 2M2 2 ’ .:(Dm ‘
a 0.06 ]
0.04 1
= () 2+ (1 )2 (32
0.02 ;‘
and in this calculatioriin fm?) 0
-0.02 . . . .
(r'p)2=(0.70)2, (rg)22(0_35)2' oS ) 2 25 3
4 (GeV?)
(rL)Zz —(0.292, (I’E)ZZ —(0.3272. (33 FIG. 2. Upper panel: Calculated proton 2electric forrzn fgctezlz: com-
pared with the empirical dipole fitFemnq)=21/(1+q%/Mgn) ", Memp
A 20% reduction inwy (Table I, row 4 reduceé,rn| by 7%. =0.84 GeV. Lower panel: Calculated neutron electric fgrm factoer:

However. that results from a 21% reduction| "JH| and 2% compared with the experimental dd20] as extracted using the Argonne
' V18 potential[21]. In both calculations the Monte-Carlo errors are smaller

increase inrf|. We attribute our overestimate @ff| t0 &  an the symbols.
poor description ofF](g?), which involves many cancella-
tions between terms because of thed,d) electric charge
combinations and must vanish gt=0.

Fiv:_a diagram_s contribute t.o our impulse approximationimportance to the axial-vector correlation.
and diagram 2 involves the diquark form factor. The calcu-

. : ; : The calculated form factors are depicted in Figs. 2 and 3
lated value of the associated elastic charge radius prowdesaarl]d it is obvious in Fig. 2 that we us@@(q?) to constrain
measure of the size of the “constituent” diquark: 9. q

our fit. The 0" (ud) diquark correlation in® ensures that
r(2)+=(0.45 fm?2=(0.80,)% (34) (g% #0, and the presence of diquark correlations can
also explain theéN-A mass difference. Our result f@g(g?)
with r . calculated in the same modd], and in quantitative is well described by20]
agreement with another estimd®#?2]. This is important be-
cause, withwr allowed to vary,rq+ is a qualitative predic- 1+
tion of the model. Thus an optimal description of the data
requiresa nonpointlike diquark.
Table Il provides a guide to each diagram’s relative im- 05 e
portance. In all cases the first diagram, describing scattering
from the dormant quark, is the most significant. For the
charge radii the breakup contributions are comparable in
magnitude to the second diagram, photon-diquark scattering. «
The magnetic moments are of particular interest. A scalar 05 -
diquark does not have a magnetic moment, and that is ex- <
pressed in our calculation by the very small contribution
from diagram 2. It is not identically zero because of the -10'
confinementof the spectator quark; i.e., the absence of a
mass sheII..leagrams 3_5. only appear beca.'use the diquark FIG. 3. Calculated proton and neutron magnetic form factors, normal-
IS a nonp_omtllkg composite apd .they prowdeS_O% of ized by|up o in Eq.(30). The curves are dipole fits with mass@s GeV):
Mp. - Discarding these contributions one obtajm$/u, — m,=0.95m,=1.0,13% and 19% larger thammg,, in Fig. 2.
=—0.5, and in pointlike diquark models the axial-vector has] u;’F.n{a?) describes the data very wall.

alone been forced to remedy that defg28]. Our results
indicate that approach to be erroneous, attributing too much

-
Tt
e,
T

KK KK

R
J———
KX
x

0.5 1 1.5 2 2.5 3
¢ GevD)
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alr ing with a spectator quark; and three distinct diquark breakup
7 (35 diagrams. We obtain a good description of all form factors
1+b%7 exceptGg, which is too large in magnitude. That defect is
with 7=g%(2M)?, Femdg®) given in Fig. 2, anda  shared by all models that do not include more than a scalar
=1.33,b=1.00, and the discrepancy between our calculadiquark correlation. The nonpointlike nature of the diquark
tion and experiment can be discussed in terms of these paprrelation is important, especially via the breakup contribu-
rametersa characterizes the charge radius and i580%  tjons which provide large contributions to the magnetic mo-
too Iarge, as can_be antm_pated from E2D). b desc_nbe_s the  ments and ensurg, /u,< —0.5.
magnitude - at intermediate momenta and it is only qj,ding a nonpointlike axial-vector diquark is an obvi-
~23-35% of the empirical value. That is a systematic de,,s improvement of the model. That must be done in anal-

Ijeictj;:]kag:rgé t(i)(izeruitllijlgalétgrgs?i,ttuod?!eys ritgwet?eer soCL?rlacral ogy with the scalar diquark because an accurate interpreta-
q S ; ’ $ tion of the model parameters is impossible if the breakup
culated magnetic form factors, Fig 3, agree well with the

data and, as we have seen, that is because we include t%agrams are discarded. Another avenue for i'm.provemen.t s
diquark breakup diagrams. It must be borne in mind that i direct solutlop of the Faddeev equatlon., re‘Falnlng the axial-
our calculationa and b are not independent. Modifying the vector correlation and th_e breakup contributions to the form
parameters in Eq29) so as to reduca automatically and factor. That would provu_je a model for correlating meson
substantially increasds However, notwithstanding our ob- @nd baryon observables in terms of very few parameters.
servation that its importance has previously been overesti- Models of the nucleon such as ours have hitherto been
mated, without an axial-vector diquark correlation it is notapplied only at small and intermediajé. Based on the ob-
possible to accurately describe all observables simultaservation[4] that a description of the largg* behavior of
neously. F..(g?) is only possible if the subleading pseudovector com-
We have employed a three-parameter model of the nuclgsonents of the pion’s Bethe-Salpeter amplitude are retained,
on’s Faddeev amplitudél’, to calculate an impulse approxi- we anticipate that a successful description of the nucleon
mation to the electromagnetic form facto¥s.represents the form factors on that domain will require a parametrization of
nucleon as a bound state of a confined quark and confinethe Faddeev amplitude that includes the analogous sublead-
nonpointlike scalar diquark, and the exchange of roles beig Dirac components.
tween the dormant and diquark-participant quarks is an inte- This work was supported by the U.S. Department of En-
gral feature. Five processes contribute: direct quark-photorrgy, Nuclear Physics Division, under Contract No. W-31-
scattering with a spectator diquark; photon-diquark scatterl09-ENG-38. S.M.S. thanks the A.v. Humboldt foundation.

GE fit(qz) =- l’vﬁmpFem;{qz)
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