
C000Ul8HMR 
Otib8JlMH8HHOro 

MHCTMTYT8 
RJl8PHblX 

MCCn8JlOB8HMM 

S.Dubnicka1, A.Z.Dubnickova2, P.Stdzenec 3 

NEW FORMULATION OF THE UNITARY 
AND ANALYTIC VMD 
MODEL OF NUCLEON 
ELECTROMAGNETIC STRUCTURE 

JlYfiHa 

E2-92-:520 

1 On leave of absence from Inst. of Physics, Slovak Acad. of Sciences, 
Bratislava, CSFR 

2On leave of Jbsence from Dept. of Theor.Physics, Comenius Univ., 
Bratislava, CSFR 

3On leave of ~bsence from Inst. of Geophysics, Slovak Acad. of Sciences, 
Bratislava, CSFR 

1992 



Jly6HH4Ka c., Jly6HH4KOBa A.3., CTpH)KeHeu. n. 
Hosa11 cpopMyJ111poeKa ymnapH011 H aHaJlHTH4eCKOH BMJl 

MOACJlH :JJlCKTpoMarHHTHOH cTpyKTyp1,1 HYKJlOHOB 

E2-92-520 

TTpeAJlO)KCHa HOBaSI YHHTapHaSI H aHaJlHTH4eCKaSI BMJl MOACJlb :JJleKTpo­

MarHHTHOH CTPYKTYPbl HYKJlOHOB, KOTOpaSI 3aBHCHT TOJlbKO OT BOCbMH (8 

OTJ1H4He OT npCAhlAYLUHX 14) CROOOAHblX napaMeTpoB. OHa OnSITb KOHCTpyH­

pyCTCSI BKJll04eHHCM npaBHJlhHblX aHaJlHTH4CCKHX CBOHCTB HYKJlOHHblX cpopM­

q>aKTOJX)B R np116J1H)KeHHH ARYX pa3pe30B BMCCTe C HCHyJleBblMH 3Ha4CHHSIMH 

WHpHH BCKTOpHhlX MC30HOB B KaHOHH4eCKYIO BMJl MOAeJlb C TeMH caMblMH 
BCKTOPHblMH MC30HaMH. Jlo :>Toro :>Ta MOAeJlb 6h1Jla aBTOMaTH4CCKH HOpMa­

JlH30BaHHOl1 H OOJlaAaJla aCHMnTOTH4CCKHM nOBCAeHHeM, npeACKa3aHHblM 
(AO JlOrapHqJMH4eCKHX non pa BOK) KXJl AJlSI HYKJlOHOB. 

Pa6oTa e1>1noJ1HeHa e Jla6opaTOpHH TeopcTH4CCKOH q>H3HKH 011511-1. 
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Dubnicka S., Dubnickova A.Z., Strfzenec P. 

New Formulation of the Unitary and Analytic VMD 

Model of Nucleon Electromagnetic Structure 

E2-92-520 

A new unitary and analytic VM D model of the nucleon electromagnetic 
structure dependent only on eight (to be compared with previous fourteen) free 

parameters with clear physical meaning is presented. It is again constructed by 

incorporating of a two-cut approximation of the correct nucleon form factor 

analytic properties together with non-zero values of the vector meson widths 

into canonical VMD model with the same vector mesons which, however, before 
is automatically normalized and governs the asymptotic behaviour as predicted 

(up to logarithmic corrections) by QCD for nucleons. 

The investigation has been performed at the Laboratory of Theoretical 
Physics, JINR. 

Communication of the Joint Institute for Nuclear Research. Dubna 1992 



ii 

1 · In:troduction 
. j' . 

A problem of. a· dynami«all <i<'scription. of. the hadron electromagnetic 

( e.m.) str~cture fa sofa,ed: [1] only partially. The p~rturbat.ive QCD 

gives just the asymptoti'«· l\ehavio{u: of e.m. form 'factors (ff's). Tlw · 

QCD sum rules predict;. 110> more than the behaviour of e.m. ff's in 
"· ,' " .,• . , . ' 

;, restricted region of space~like momenta. Therefore up to now in a 
. , . "' . . 

global description. of tlie: existing· expcrimer;tal infonriation o~ haclr~m 

· e.m. ff's one dec1:ls wrtlfu plienomenological models. Almost. all of q1c111 

arc based on the: welll lhmwn· cxperim~utal fact. of creatio11 of _vector 

meson resonances iru e·-11«~ mmihilatiou process, "the first theoretical 

approximation ·of wfiid11 i."i: coutaine'cl iu the canonical zero-width :ectcir 

. meson '-dominance ((V]ID)) model 
. 'j . ' 

. ' •. 2 ' 

Fii,((tt))=L ~
1
" f(f,,1,1,ffv), 

11il) -: 
V. • 

' ( 1) 

where mv is the wdon·· lllC~Oll mass, f -~ -Q2 is . the fJhoton fotir-
• ,, • I • 

m?mentmi1 transfo:rsqm1md\,I..,,,. is a coupling constant of the.vector-

ineson to hadron andl.ff.,,i.-,,tlte·so~callcd nuivernalvector meson coupling 

constant describing; m fu:ansi"tfon bet.we.cu the virtual phofon a~1<l the 

vector meson . , 

. It is easy to see· fronn ((Il)) tH.at the· ~aiionical VMD model governs the . 

. ~ 1/t asymptotic Ii~l'ravfouir ifltl -:-7 oo. Tlie latter _coincides with per~ 

turbative QCDpredi~tiii:ms; ((up to log~u-itlnnic wrrections) for mcso~u,. 

For baryons .and mor.e~ cmmpound objects, like nuclei, the situation is 

more complic~t.ed_ G€nei:ally, the QCD predict~. the ;._; t< 1:-n,) asymp-

. totic behaviourfortTremi:ffltH-+ oo, where Uq is a ~umber of constituent 
: I •' 

. quark!> of an. objectum.lli1r consideration. As a result "the asymptotic . 
• I • • • 

. behaviour of (1) is.fo.contradiction with perturbation QCD predictions . . . . ' 

for· baryons and nu~feii.. 
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The latter is indicated also by existing experimental data on the nu­

cleon and light nuclei e.m. ff's. Therefore many attempts were under­

taken to solve theoretically the latter inconsistency in construction of 

phenomenological models for a global description of the e.m. structure 

of baryons and nuclei. However, extraordinary results were achieved 

[2-7] only recently by incorporating of a two-cut approximation of the 

correct ff analytic properties into (1 ), which leads to a factorization 

of resultant expressions into the pure asymptotic part and the finite 

energy part. Then the corresponding QCD asymptotic behaviour of 

e.m. ff's is made consistei~t just by a simple change of the power of the 

asymptotic part of a resultant expression. 

In this way, the incorporation of analytic properties into (1) plays a 

two fold role. First, by means of the latter a unitarization of the canon­

ical VMD model, leading to a perfect description of data, is realized, 

and second, it provides a powerful tool for a consistent incorporation 

of the correct ff asymptotic behaviour as predicted ( up to logarithmic 

corrections) by the perturbative QCD. 

However, the latter procedure, though nonviolating any of mce 

properties of the constructed global model, uses ill- founded mathe­

matical methods. The correct asymptotic behaviour is achieved by 

changes carried by hand in the asymptotic part, leaving unchanged 

the finite energy part of resultant expressions. Moreover, it produces 

models with too many free parameters . 

Here we formulate a new unitary and analytic VMD model of the 

nucleon e.m. structure which is again constructed by incorporating of 

the two-cut approximation of the correct nucleon ff analytic properties 

together with non-zero vector meson widths but now into a modified 

version of (1) that before is automatically normalized and governs the 

:,,. 1 ·, . · ·;1 .. ,.._,,...,,,..,,, .. ',.' 4,114-13,r,. n11L,._ ti11 ... ,-.1yr l 

, n..,~y;.i.u nc:e .,eact~ui·11; . 
~--J~vtS/fvtOT..§t_{ __ (~ __ j 



• 
asymptotic behaviour as predicted by QCD for nucleons. In this way 

an incorporation of analytic properties into the VMD model does not 

provide a consistent attainment of the correct asymptotic behaviour 

of the e.m. ff's, because now the latter is obtained automatically. 

However, it plays still a role of a unitarization of the canonical VMD 

model which leads to a new global model of the nucleon e.m. structure 

perfectly describing all the experimental information with only eight (to 

be compared with previous fourteen) free parameters, and moreover, 

it shows the change in the finite energy part of the resultant factorized 

expression explicitly . 

In the next section we demonstrate how one can obtain the canon­

ical VMD model (1) in the zero-width approximation to be automati­

cally normalized and to govern the asymptotic behaviour as predicted 

by QCD for nucleons. Section 3 is devoted to a unitarization of the 

latter. In section 4 we analyze all the existing experimental informa­

tion on the nucleon e.m. structure, including also the new LEAR data. 

Conclusions and summary are given in section 5. 

2 Canonical VMD model of.the nucleon 

electromagnetic structure with QCD 

asymptotics 

The nucleon e.m. structure is completely described by four scalar func­

tions, two electric G1;;(t), G'k(t) and two magnetic G~u(t), G'.tr(t) ff's, 

which can be decomposed into isoscalar and isovector parts of the Dirac 

4 

., 

'I 

,. 

" ( 

and Pauli ff's as follows 

t 
Gi(t) = [F{(t) + F1(t)] + 0 [F2(t) + F2(t)] 

rnP 

G~1(t) = [F{(t) + F{(t)] + [F2(t) + F2(t)] (2) 

G'e(t) = [F{(t) - F1(t)] + ~[F2(t) - F2(t)] 
4mn 

GAr(t) = [F{(t) - F1(t)] + [F2(t) - F2(t)], 

where mp and m,, are masses of the proton and neutron, respectively. 

The Dirac and Pauli isoscalar and isovector ff 's can be in the framework 

of the canonical VMD model ( 1) parametrized in the form 

2 

F{(t) = I: ms /Il / f )· -2 -f . ( sN N s ' 
s=w,w',w" 

1ns - . 

FJ(t) = I: m; (2) . 
-2-f · UsNN/ fs), 

s=w,w1 ,w" 
1ns - . 

(3) 2 

Ff(t) = I: mv . (/Il / fv) 
m2 _ t vNN 

v=p,p' ,p" ,P"'. V 

m~ (2) 
F:Y(t) = L m2 _ t · UvNN/ fv), 

v=p,p' ,p" ,p"' V 

where in the isoscalar ff's we require the couplings of¢ and ¢' mesons 

to nucleons to be zero, taking the OZI rule [8-10] into account strictly. 

The rat~os of coupling constants in (3) are constrained by the relations 

I: 
s=w,w',w" 

(I) - !. 
UsNN/ fs) - 2' I: 

s=w,w',w" 

(2) 1 
(fsNN/fs) = 2(µ1' + Jt,,) 

I: 
v=p,p' ,p" ,p1" 

(1) - !. 
UvNN/ fv) - 2' I: 

v=p,p',p",p"' 

(2) 1 
UvNN/fv) = 2(µ1' - Jt,,) 

following from the normalization conditions 

Gi(O) 

Gi}(O) 

1; G~1(0) = 
O; GA1(0) 

5 
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where µP and µn ate the anomalous magnetic moments of the proton 

and neutron, respectively. 

To construct the VMD model to be automatically normalized and 

to have the correct asymptotic behaviour , we first transform relations 

(3) to have common denominators. As a result, we get 

ats + a~s . t + a!s . t2 . 
(m~ - t)(m:,, - t)(m:,,, - t)' 

Ft(t) = 

F2(t) = a~s + ais . t + a~s . t2 
(m~ - t)(m:,, - t)(m:,,, - t)' 

(6) 

Ft(t) 
btv + b~v · t + b!v · t2 + b}v • t3 

= (mi- t)(m~ - t)(m} - t)(m~111 - t); 

b5v + biv . t + b~v . t2 + b5v . t3 
F2(t) = ( 2 t)( 2 t)( 2 t)( 2 t)' mp - m p1 - m fl' - m Pm -

where coefficients a and b are functions of the resonance masses and 

ratios of coupling constants. 

Now, one can immediately see that the asymptotic behaviour 

F{(t) ~ Ft(t) ~ C 2 liti-+ooi F2(t) ~ F2(t) ~ C 3 11ti-+oo (7) 

predicted ( up to logarithmic corrections) by QCD for nucleons leads to 

the requirements 

a ls _ O· 
2 - ' 

blv _ O· 
3 - ' 

a2s _ O· a2s _ 0 
1 - , 2 -

b2v _ O· b2v _ 0 2 - , 3 - , 

(8) 

which together w~th ( 4) give the following four systems of algebraic 

equations for coupling ratios 

(f~~Nlfw) + uD1Nlfw1
) + uDJNNlfw11 ) = ~ (9a) 

(f~~Nlfw)m! + uD1Nlfw1 )m!, + U:)JNN/fw11 )m!11 = 0 

6 

.. 

,. 

~ 

( (2) (2) / (2) / ) 1 ( ) fwNN/ f,.,,) + (f,.,,,NN f,.,,,) + Uw"NN fw" = 2 µp + µn 

u~iN1 f,.,,)m! + (f~;1NI f,.,,,)m!, + (f~;JNNI !w11 )m!11 = 0 (9b) 

(f~~N/ fw) m!(m:,, + m!,,) + (f~;1N/ fw 1 ) m:,,(m! + m:,,,)+ 

+(f~;}NN/fw11 ) m!,,(m:, + m:,,) = 0 

U;~N/ fp) + U~
1
hNI fp1) + U;,~~N/ fp11 ) + (f~~}NN/ fp111 ) 

1 = 2 (9c) 

U;~N/ fp)m~ + U~
1
hN/ fp,)m~ + (f~~~N/ Jp11 )m~, + 

+(f;,~}NN/ fp,,,)m~,,, = 0 

( (2) / ) ( (2) / ) ( (2) / fpNN fp + fp'NN fp1 + fp11NN fp11
) + 

(2) 1 
(fp111NN/fp111 ) = 2(µp - µn) 

U;~N/ fp) m; + (/~2
hN/ fp1

) m~ + U;~~N/ fp11
) m~, + 

(f~~}NN/ fp1 11 ) m~,, = 0 (9d) 

U;~N/fp) m;(m;, + m~, + m~,,) + 

+(f;;hN/ fp1) m;,(m; + m~, + m~,,) + 

+(f;~~N/ fp11 ) m~,(m~ + m~ + m~,,,) + 

U}~}NN/fp111 ) m~11(m; + m;, + m;,,) = 0. 

Their solutions take the followig form (see also ref. [11]) 

2 2 2 

( (1) / ) _ mw" mw" - mw ( (1) / ) ( ) 
f w' N N f w1 

- 2( m:,,, _ m:,,) - m:,,, _ m:,, f wN N f w 10a 
2 2 2 

(J,(1) / + ) _ mw' mw, - mw (J,(1) / + ) 
w"NN Jw" - -2( 2 2) - 2 2 wNN Jw mw" - mw, mw" - mw' 

7 



2 2 1 '· mw,mw,, 
(l2Jm/ fw) = 2(JLp + µn) (m:,, - m~)(m:,,, - m~) 

2 2 1 mwmw,, 
(f~;1Nf fw,) = 2(µp + µn) (m:,,, - m:,,)(m~ - m:,,) 

2 2 
1 mwmw' 

(f~;)NN/fw") = 2(µp+ µn\m~ - m:,,,)(m:,, - m:,,,) 

(f ;}1 NI f p1 ) 

( (1) / fp"NN fp1,) 

U;~N/fp) 

(2) 
Up1NNI Jp1) 

(2) ) 
(f p''NNI f t11 

m2,, m2 2 = P ti' - mp (1) 
2(m~,, - m~,) - m}, _ m2 (fpNN/ fp) + 

2 2 p' 
+ mp'" - mp'' (l) 

m2 - m2 Ut111 NN/ fp1 11
) 

p'' p' 
mp12 1n2 2 

-::-7-;;-__L_~- + p' - mp (1) 
2(mp2,,-m2,) m2 -m2(fpNN/Jp)-

P p'' I 

2 2 P 
mt>'" - mt>' (l) 
m}, _ m} Ut111 NN/ Jp111

) 

2 2 
1 mp,mp'' 

= 2(µp - µn) (m~, - m~)(m}, - m~) 

(m2,,, _ mt>'2, )( m~,,, - m~) (!(2) ;· f 
11
,) 

P 2 p'!'NN P - (m}, _ m~)(m~, - mp) ' 
2 2 

1 mPmP,, + 
= -2(µp - µn) (m;,, - m;,)(m} - m~) 

(m~,,, - m},)(m;,,, - m;) uf:NN/ fp"') 
+ (m}, _ m})(m~, - m~) 

2 2 
1 mP,mP _ 

= 2(µp - µn)(m}, - m;,)(m}, - m~) 

(m~,,, - m})(m~,,, - mp uf}NNI fp1")-
- (m;,, - m~)(m}, - mp) 

8 

(10b) 

(10c) 

(10d) 

• 

fj 

" 

Substituting (10a - 10d) into (3) one gets the canonical VMD model 

in the zero-width approximation 

F{(s) 
2 2 = . mw,1nw" [l (1) ] 

(m:,, - t)(m:,
11 

- t) 2 - UwNN/ fw) + 
+ [ m:,m:,,, m:,,, _ m:, 

(m~ - t)(m:,,, - t) m2,, _ m2 
2 2 w w' 

mw1n , m2 _ m2 ] 
-;--;:----.!::..__!:!cW__ W

1 
W (1) 

(m~ - t){m2, - t)m2 _ m2 UwNN/fw) 
w w" w' 

(lla) 

F{(t) 
2 2 2 l 1nwmw,mw" 

2 (Jtp. + Jtn) (m~ - t)(m:,, - t)( m:,,, - t) 
{llb) 

Ft(t) = 2 p' p" ! - {l) (1) m2m2 [ 
(mp' - t)(m;,, - t) 2 (fpNN/fp) - (fp'"NN/fp111

)] + 

+ [ 
rn;ni;,, ni

2,, - ni
2 

2 p p 

(mp - t)(m;,, - t) m;,, _ m} 
mp mp, 1n , - ni p p (1) 2 2 2 2 l 

(m~ - t)(m} - t) m}, - m} (fpNN/ fp) + 

[ 

2 2 2 

+ 
1nP,nip"' 1n ,,, - 1712 

2 p p' 
(mp, - t)(mp2,,, - t) rn2,, - 1n2, p p 

mp" 171·p111 ·,n ,,, - 1n 
- -;---;;----"-:-L--- P p" (I) 

2 2 2 2 l 
(m}, - t)(rn;,,, - t) m;,, _ m;, Up111 NN/fp1

11

) 

(llc) 

F2(t) 
2 2 2 

1 mPmP,nit>'' 
-(µ - µ ) . + 
2 P n (m~ - t)(m~ - t)(m}, - t) 

[ 

2 2 2 . 2 2) . 2 2 !nPmP,rnt>'" ~np"' - _i__nP (mp"' - mp') 
(m~- t)(m} - t)(m;,,, - t) (mp1, - mp)(mp1, - mp,) 

2 2 2 ( 2 2)( . 2 2 ) 1nP1np1,rnp1,, 1nP,,, - 1nP 1np"' - nip" 

(m~ - t)(m~,, - t)(m},, - t) (mp' - mp)(mp" - mp') 

9 



2 2 2 mPmP,rnP,, 
- ( 2 ) 2 )( 2 + (11d) mp - t (mp, - t mp" - t) 

mP,mP,,mP"' 1np"' - 1nP, 1np"' - nip" , 2 2 2 ( 2 2 )( 2 2 )] 

+ (m} - t)(m} - t)(m~"' - t) (mp' - mp)(mp', - mp) 

( (2) / . fp'"NN f p'" ), 

which is automatically normalized and governs the asymptotic be­

haviour (7). However, despite the latter properties, as it will be seen in 

Section 4, the model is unable to reproduce the existing experimental 

information. Only its unitarization, carried out in the next section, 

leads to a proper description of the data. 

3 New unitary and analytic VMD model 

of nucleon electromagnetic structure 

The unitarity requires the imaginary part of the nucleon e.m. ff's to 

be different from zero above the lowest branch point to, and moreover, 

it determines a smoothly varying behaviour of the imaginary part in 

the t0 < t < oo region., For t < t0 the nucleon e.m. ff imaginary part is 

equal to zero as a consequence of the hermiticity of the e.m. current. 

All these properties are not fulfilled by the canonical VMD model 

(11). 

The unitarization of (11) can be achieved by an incorporation of 

the correct ff analytic properties and nonzero values of vector meson 

widths into the latter. Practically it is realized (up to the two-cut 

10 

~ 

" 

approximation) by the following special nonlinear transformations 

t = t8 _ 4( t}~ - ttj) 4(t~s ~ ts) t ts m 0 
o [I/V - V]2 = 0 - [I/U - U]2 

(12) 
t = tv - 4( if~ - t/D t = tv _ 4( t;~ - t/;) 

o [I/W - W]2 o [I/X-X]2 

·applied to (lla- lld), where t0 = 9m;, t0 = 4m; and t}~, t;~, t}~, t;~ are 

square-root branch points. The latter is transparent from the inverse 

transformation to (12) 

(
11~

1
-=-1~) 112 + (~) 112 _ ✓ (tt~

1
-:-,0) 112 _ (~) 112 

V(t) = i V O O O 0 

(th t•) 1/2 (t t•) 1/2 (th t') 1/2 (t t') 1/2 ~ + ::..=:o. + ~ - ::..=:o. t• t' t' t' 0 • 0 0 · 0 

(13) 

and similarly for U(t), W(t) and X(t). 

To be more specific, in the incorporation of the two-cut approxima­

tion of the nucleon ff analytic properties into (11), besides (12), we use 

also expressions for the vector meson masses squared 

4(tls ts) m2 = ts - 4(t;~ - to) m 2 = ts _ in - O • 
s o [I/V. _ V. ]2' s O [I/Us

0 
- Us

0
]2 

(14) so so 

2 V 4(t}i - tg) 2 V 4(t;i - tg) 
mv = to - [I /W - W ]2; mv = to - 2 

so so - [1/ Xs0 - Xs0 ] 

and identities 

s 4(tf~ - to) o s 4(t;~ - to) 
O = to - [I/VN - VN]2; = to-

[I/UN - UN]2 (15) 
v 4(tl~ - tg) 0 V 4(t;i - tg) 

O = to - [I/WN - WN]2; = to-
[I/XN-XN]2 

following from (12) where ½0 , Us0 , Wv0 , Xv0 are the zero-width (there-

fore a subindex 0) VMD poles and VN,UN, WN,XN are the normal-

ization points ( corresponding to t = 0) in the V, U, W, X planes, 

respectively. 

··•The relations (12), (14) and (15) first transform every t - dependent 

term and every constant term consisting of a ratio of mass differences 

11 



in (11) into the corresponding new variable. For instance the term ,,::
1
~ 1 p 

in (llc) is transformed into the following form 

m!-0 _ (1- W2
)

2 
(WN - W,,.)(WN + Wp0 )(WN - i/Wp0 )(WN + I/Wp0 ) 

m~- t - 1-W~ (W-W,,.)(W + W,,.)(W- I/W,,.)(W + I/W,,.) 
(16) 

m2 m2 

The constant mass terms, e.g. 2w'= 2 from (lla) become as follows 
mw,, mw, 

m:,, - m:, (m:,, - 0) - (m:, - 0) 
2 2 = 2 2 = mw" - mw' (m ,, - 0) - (m , - 0) 

= [(VN - Vwb)(V:v + Vwb)(VN - l/Vwb)(VN + l/Vwb) 
(Vwb - l/Vwb)2 

_ (VN - Vwo)(VN + Vwo)(VN - l/v~o)(VN + l/Vwo)l / (17) 
(Vw0 - l/Vw0 )2 

/ [(VN - Vwi)(VN + Vwi)(VN - l/Vwg)(VN + l/Vwi _ 
(V 11 - l/V 11)2 Wo wo 

_ (VN - Vwb)(½v + Vw0)(VN - l/Vwb)(VN + l/Vw0)] 
(Vwb - l/Vw0)2 

Then, utilizing the relations between complex and complex conjugate 

values of the corresponding zero-width VMD pole positions in the V, 

U, W, X planes 

Vwo = -V;o; 

Uwo = -U;o; 

W - W*· Po-- Po' 

Vw' = -V*,; 
0 Wo 

Uw' = l/U*,; 
0 Wo 

WP,= -W~; 
o Po 

X - -X* . X I - -X* . Po - Po ' · Po - Pb ' 

Vw" = -V*,, 
0 Wo 

Uw" = l/U*,, 0 Wo 
WP"= -lV~,; o Po WP"'= l/W~,, o Po 
Xp" = -X*,,; Xp"' = l/X*,,, 

0 ~ 0 ~ 

following from the fact that in a fitting procedure we find 

(m 2 - r 2 /4) < t!s. w w in, 

(m2 - r 2 /4) < t?s. w w in, 

(m2 - f 2/4) < t!v. p p m> 

(m:,, - r:,,/4) < t}~; 

(m:,, - r:,,/4) > t;~; 

(m2 - r2 /4) < t!v. p' p' m> 

(m~ - r~/4) < t;;; (m~, - r~,/4) < t;;; 

12 

(m:,,, - r:,,,/4) < t}~ 

(m:,,, - r:,,,/4) > t;~ 
(m}, - r},/4) < t}; 

(m~,, - r},,/4) > tf; 
(m~,, - r},/4) < t;; 
(m},, - r~,,,/4) > tfi 

(18) 

(19) 

~ 

\ 
·\ " ' 

and subsequently incorporating the nonzero values of vector-meson 

widths r =/= 0 in a correct way, one gets for every isoscalar and isovector 

Dirac and Pauli ff, one analytic function in the whole complex t-plane 

besides two right-hand cuts of the following form 

F'[V(t)) = (1- V2
)

4
• {{VN - l:,,){VN -V..,',)(VN -1/V..,,)(VN -1/V;,) 

1 1- VJ (V - l-:,,)(V - v;,)(v - 1/V..,,)(V- I/V.;,) 

_(VN - v.., .. )(VN -v.;,,)(VN - I/l':.,u)(VN -1/V.;,,) [!-c_,:<I) ff,)] 
(V - V.., .. )(V - V;,,)(V - 1/V.., .. )(V - 1/V.;,,) 2 wNN "' + 

. (VN - Vw)(VN - V;)(VN - l/Vw)(VN - l/V;) 
+ (V - Vw)(V - V_:)(V - l/Vw)(V - l/V_:) . 
. [(VN - Vw,,)(VN - v;,,)(VN - l/Vw,,)(VN - l/Vw",,). (C!f, - C!s) 

(V - Vw,,)(V - v;,,)(V - l/Vw 11 )(V - l/V;,,) (C!~ - C!n 
_ (VN - Vw 1 )(VN - Vw",)(VN - l/Vw,)(vN - l/v:,) (C!f - C!s)] . 

(V - Vw,)(V - Vw",)(V - l/Vw 1 )(V - l/Vw",) (C!f, - C!f) 

· (f~~N/ fw)} 

(20a) 

cJs = (VN - ¼)(VN - v';*)(VN - l/¼)(VN - l/V;*). • I II z=w,w,w 1 -(¼ - 1/¼)(V;* - 1/l1;*). ' 

( 
1 - u2

)
6 

1 
F;[U(t)] = 1 - ut . 2[pp + p,,]. 

. { (UN - Uw)(UN - ui)(UN - l/Uw)(UN - l/Ui). 
(U - Uw)(U - U;)(U - l/Uw)(U - 1/U;) 

(UN - Uw1 )(UN - ui,)(UN + Uw1 )(UN + ui,) 
(U - Uw,)(U - u;,)(U + Uw,)(U + ui,) 

(UN - Uw 11 )(UN - ui,,)(UN + Uw 11 )(UN + ui,,)} 
(U - Uw11 )(U - u;,,)(U + [1w,,)(U + ui,,) 

Ft[W ( t)] = (: = ;;; ) 4 

• 

. { (WN - wp' )(WN - w;)(WN - l/Wp1 )(WN - 1/W;) _ 
(W - Wp,)(W - w;)(W - l/Wp')(W - 1/w;,) 
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(20b) 



(WN - Wp11 )(WN - w;,)(WN - l/Wp1,)(WN - 1/w;,,) 
(W - Wp1,)(W - w;,)(W - l/Wp1,)(W - 1/H';,) 

. [1- U;~N/fp)- (J~~!NN/fp111 )] + 
(WN - Wp)(WN - w;)(WN - l/Wµ)(WN - l/W;) 

+ (W - Wp)(W - w;)(W - l/Wp)(W - l/W;) . (20c) 

. [(WN - Wp")(WN - w;,)(WN - l/Wp")(WN - l/W;,,) (C;,1/ - c;v) _ 
(W - Wp1,)(W - w;,)(W - l/Wp1,)(W - l/W;,) (C}1/ - C}v) 

- (WN - Wp1)(WN - w;)(WN - l/Wp1)(WN - l/W;)(c;," - C;")] · 
(W - Wp1)(W - w;)(W - l/Wp,)(W - l/W;,) (C}1/- C;,11) 

·U;~N/ Jp) + 
(WN - Wp1,,)(WN - w;,,,)(WN + Wp"')(WN + w;,11) 

+ (W - Wp111)(W - w;,,,)(W + Wp"')(W + w;,,,) . 

. [(WN - Wp1 )(WN - w;)(WN - l/WP, )(WN - l/W;) (C}% - C;,v) 
(W - Wp1 )(W - w;,)(W - l/Wp1 )(W - l/W;) (C}1/ - C}v) 

_ (WN - Wp1,)(WN - w;,,)(WN - l/Wp")(WN - 1/w;,) (C;,1/, - c;,nl 
(W - Wp1,)(W - w;,,)(W - l/Wp")(W - l/W;,,) (C;,3/ - C'}") 

. U;,~! N NI f p'")} 

civ - (WN - Wi)(WN - Wt)(WN - l/lVi)(WN - I/Wt). i - I II 

i - -(W; - l/W;)(Wt - l/W-*) ' - P, P 'p 
Iv - (WN - Wp1,,)(WN - w;,,)(WN + Wpm)(W,y + w;,,) 

cp',, - --------=-------
-(wp'" - l/Wp111)(w;,, - l/W;,,) 

( 
l -X2)

6 

FnX(t)] = l _ X;_, · 

. { (XN - Xp)(XN - x;)(XN - 1/ Xp)(XN - 1/ x;). 
(X - Xp)(X - x;)(X - 1/ Xp)(X - l/ x;) 

(XN - Xp1)(XN - x;)(XN - l/Xp1 )(XN-:: 1/X;) 
(X -Xp1)(X - x;)(X - l/Xp,)(X - 1/x;,) 

(XN - Xµ")(XN - x;,,)(XN - l/Xµ")(XN - l/X;,) 
(X - Xp")(X - x;,,)(X - l/Xp")(X - 1/x;,) 
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.I 
·i 
I 

I' 

' 

,I ,, 
'!, 
it 
!, 

[
1 (2) ] · 2(µp - µn) - (f p'"NN/ f p111 ) 

[
(XN - Xp)(XN - x;)(XN - 1/ Xp)(XN - 1/ x;) 

+ (X - Xp)(X - x;)(X - 1/ Xp)(X - 1/ x;) . 
(XN - Xp1)(XN - x;)(XN - l/Xp,)(XN - l/X;) 

. (X-Xp1)(x-x;,)(X- l/Xp1)(X- l/X;,) . (2od) 

(XN - Xp111 )(XN - x;,,,)(XN + Xp1,,)(XN + x;,,,) ' 
(X - Xp111)(X - x;11)(X + Xp"')(X + x;,,,) . 

(C;,1/, - c;v) (C;,3/, - C}V) 
(C;,1/ .c_ c;v) . (C'/,,1/ - C;,") -

(XN - Xp)(XN - x;)(XN - l/Xp)(XN - l/X;) 
(X - Xp)(X - x;)(X - 1/ Xp)(X - 1/ x;) 

(XN - Xp")(XN - x;,)(XN - l/Xp")(XN - l/x;,,) 
. (X - Xp1,)(X - x;,,)(X - l/Xp1,)(X - 1/x;,) . 
(XN - Xp"')(XN - x;,,,)(XN + Xp1,,)(XN + x;,,,) 

(X - Xp1,,)(X - x;11)(X + Xp"')(X + x;,,,) 
( C;,1/, - c;v) ( C'/,,% - C;,1/) 

. (c2v _ c2v) . (c2v _ c2v) + 
p' p p'' p' 

(XN - Xp1 )(XN - X;,)(XN - l/Xp,)(XN - l/X;,) 
+ (X - Xp,)(X - x;,)(X - l/Xp1)(X - l/X;) . 
(XN - Xp11 )(XN - x;,,)(XN - l/Xp")(XN - l/x;,,) 

(X - Xp1,)(X - x;,)(X - l/Xp1,)(X - 1/x;,) 
(XN - Xp1,,)(XN - x;,,)(XN + Xpm)(XN + X;,11) 

(X - Xp111)(X - x;,,,)(X + Xp1,,)(X + x;,,,) 

c c;,1/, - c:n c c;,1/, - c;,n] (2) } 

. (C;,v _ C;v) . (C}1/ _ c;v) (Jp"'NN/ fp1") 

c2v _ (XN - X;)(XN - X:)(XN - 1/ X;)(XN - 1/ xn. i _ 1 11 

i - -(X; - 1/ Xi)(x; - 1/ x~) ' - P, p 'p 

211 (XN - Xp111 )(XN - Xi11)(XN + Xp111}(XN + X;,11) 
c p'" = ( I )( * I * ) . - xp'" - 1 xp'" xp'" - 1 xp',, 
Every of them is defined on a four-sheeted Riemann surface in t­

variable with poles corresponding to vector meson resonances placed 
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on unphysical sb'eets. The relations (20a-20d) and (2) represent now 

the new unitary and analytic VMD model of the e.m. structure of 

nucleons dependent only on eight ( to be compared with fourteen in the 

previous most accomplished formulation of the UA-VMD model [4]) 

free parameters 

t}i, t;i, d~, t;~, u~¼NI fw), U;~NI fp), U;,~!NNI f p'" ), (f~!NNI fp' 11 ) (21) 

if masses and widths of all vector mesons under consideration are fixed 

at the world averaged values. Its application to a description of all 

existing data on the nucleon e.m. structure is carried out in the next 

section. 

4 Analysis of data on nucleon electromag­

netic structure 

The whole measurable region -oo < t < +oo from the point of view of 

a method of obtaining data can be roughly divided into three parts 

i) the space-like region t < 0 

ii) the unphysical region O < t < 4m7v 

and 

iii) the time-like region t ~ 4m7v. 

Though a lot of pretentious work has been carried out up to now, the 

experimental information is not at all complete. 

The most rich data exist on the nucleon e.m. ff's in the space-like 

region (t < 0). All data on the proton electric and magnetic ff's up 

tot= ·-33 GeV2 were obtained from the elastic electron scattering on 
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the hydrogen target. Neutron electric and magnetic ff's were obtained 

mostly from cross-sections on the elastic and inelastic electro'n scatter­

ing on deuterons in a model- dependent way and therefore they are less 

reliable than the proton data. 

Also the range of ~eutron data is poorer than in the proton case. 

There are only very dispersed data on the neutron electric ff for -4Ge V2 < 

t < 0 and moreover with large errors. The neutron magnetic ff data 

exist for - lOGe V2 < t < 0. All references concerning the nucleon 

space-like data can be found in [2] besides the recent precise results on 

the proton magnetic ff me_asurements [12,13]. 

There are no data on nucleon electric end magnetic ff's in the un­

physical region. However, they are expected to be measured from pro­

cesses like 

7f 
- p n e+ e--
j5 p - 1r0 e+ e- (22) 

ii p - 1r+ e+ e-

in the near future. 

In the time-like region the_ sources of information on the nucleon 

e.m. structure are e+ e- --► N N and j5p --► e+ e- processes. There are 13 

rather dispersed and not very precise data on the a1o1 (e+e---► pj5) [14-

18] just above the pj5 threshold. They seem not quite to be consistent 

with recent accurate 9 LEAR data [19] on IG~I = IG~1 1 = jGPj obtained 

from j5p --► e+e- process which show rat.her steep falling just above 

the pj5 threshold. The latter effect caused a big discussion and its 

explanation led to assumptions [20-22] on the existence of a bound 

state (baryonium) in the pJ} system. 
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There are also the first very valuable results [23] on the proton 

e.m. ff's at 3 large values of the c.m, energies squared obtained by 

FERMILAB experiment E760, measuring the cross-section of pp -
e+e- process. 

Finally, to be complete, we mention also the first result [24] on 

the neutron time-like e.m. ff's at t = 4.0Ge V2 • obtained in FENICE 

experiment performed at the ADONE e+e- storage ring in Frascati. 

So, there are altogether about 400 experimental points on the nu­

cleon e.m. structure, analysed by using the most accomplished up to 

now unitary and analytic VMD model of the nucleon e.m. ff's given 

by (2) and (20a-20d). We have eliminated from the analysis 13 rather 

dispersed data [14-18] on the O"tot(e+e- - pp) in order to avoid any 

troubles ( they appear in the fitting procedure) with the reproduction 

of more precise LEAR data [19). The results of the analysis are pre­

sented in Table 1. and are graphically shown in Figs. 1-4. 

In Figs. 1-2, the best fit of the data by the VMD model (lla­

lld) automatically normalized and with the asymptotic behaviour as 

predicted by QCD (up to logarithmic corrections), however, extended 

to complex masses m2 - (m - if) 2
, is presented by dashed lines. Full 

lines show that only a unitarization of the latter by the incorporation of 

the two-cut approximation of the correct nucleon ff analytic properties 

leads to a perfect reproduction of the most existing data. For neutron 

electric and magnetic ff's in Fig. 2 we used the same sc.ale for reference 

frame like for proton ff's. As a result, we give predictions in Fig. 2 for 

the behaviour of neutron electric and magnetic ff's up to t = -35Ge V2, 

following from our model. 

Fig. 3a shows that the most accomplished unitary and analytic 

VMD model of the nucleon e.m. structure given by (2) and (11) is 
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flexible enough to reproduce steep falling of the new LEAR data [19) 

and thus, does not need any introduction of baryonium [20-22] in order 

to explain their behaviour . From the same Fig. 3a one can see clearly 

that our unitary and analytic VMD model is unable to reproduce the 

FERMILAB data at t = 8.9; 12.4; and 13.0GeV2
• The latter can be a 

sign of higher excited states of vector mesons under consideration, the 

inclusion of which into our model is not a technical problem. 

From Fig. 3b it is seen that one point on the neutron e.m. ff's ob­

tained in the FENICE experiment [24] is not reproduced by our model 

quite well. The situation_ may be changed if more experimental points 

will be measured and therefore, they will influence with a stronger sta­

tistical weight the numerical values of free parameters of the model 

under consideration determined in a fitting procedure. 

The comparison of predicted behaviours of the O"tot ( e+ e- - pp) and 

O-tot(e+e- - nn) with existing 13 experimental points [14-18] on the 

O"tot(e+e- - pp) is shown in Fig. 4. 

5 Summary and conclusions 

We have constructed the most accomplished up to now model of the nu­

cleon e.m. structure. First, we have reformulated the canonical VMD 

model in the zero-width approximation in order it to be automatically 

normalized and to govern the asymptotic behaviour as predicted ( up 

to logarithmic corrections) by QCD for nucleons. Only then we have 

unitarized it by the incorporation of the two-cut approximation of the 

correct nucleon ff analytic properties and the nonzero width of vector 

meson resonances. As a result, we have obtained a new formulation 

of the unitary and analytic VMD model of the nucleon e.m. structure 
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Fig 1.: A description of the proton electric and magnetic ff data by our 

new UA-VMD model. Dashed lines mean the best fit by means 

of the canonical VMD model (11) even with extention to complex 
-, 

masses of resonances. 
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Fig 2.: A prediction of the neutron electric and magnetic ff behaviour 

up tot= -35GeV2 by the new UA-VMD model. Dashed lines 

mean the same like in Fig. 1. 
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Fig 3.: a) A reproduction of new LEAR data [19] on the proton e.m. 

ff's by the new UA-VMD model. The last three experimen­

tal points from FERMILAB [23] are not described quite well. 

The latter indicates for an existence of further excited states 

of vector mesons under consideration. 

b) A prediction of the neutron electric and magnetic ff be­

haviour by the new UA-VMD model. The experimental 

point at t = 4.0GeV2 is the first result from FENICE exper­

iment in Frascati. 
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Fig 4.: A comparison of~ predicted behaviour of O-tot(e+c - pp) and 

O-tot(e+e- - nn) by our new UA-VMD model with older 13 data 

[14-18] on O-tot(e+e- -t pp). 

Table 1: The results of the analysis of data on nucleon e.m. structure 

with the VMD model (11) and the new UA-VMD model (20). 

Free parameters of VMD The new UA-VMD 

the model model (11) model (20) 

tls - 2.54106 in 

es - 1.93608 
m 

t!v - 2.91078 
Ill 

t~v - 2.98067 
m 

(j~iN/fw) 0.43219 0.84927 

(!~~NI fp) 0.74977 0.08120 

(f~~!NNI fp111
) 

0.07318 -.23370 

u~JNNI Jp111
) 

-.06190 -.00359 
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that reproduces (~ee Figs. 1-3.) all the existing experimental informa­

tion quite well with only eight (to be compared with fourteen in t,he 

previous formulation [4]) free parameters with clear physical mea1iing. 

We note that the VMD model (11), though automatically normal­

ized and governing the correct asymptotic behaviour , even extended to 

complex masses, is unable (see dashed lines in Figs. 1-2) to reproduce 

the existing experimental information on the nucleon e.m. structure. 

The latter fact points to the relevance of the unitarization procedure 

of the canonical VMD model in describing the existing data. 

New LEAR accurate proton e.m. ff data [19] are reproduced by our 

unitary and analytic VMD model too. As a result one needs no further 

assumption about the existence of baryonia for explaining their steep 

fall-off just above the proton-antipoton threshold and all speculations 

like in ref. (20-22] can be disregarded, because the behaviour of new 

data means just the creation of the third excited state of the p(770) 

meson at.Ji= 2.150GeV in the pp - e+e- process. 
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