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ABSTRACT

We present a scheme by means of which one can infer
the charge and magnetization structures of any quantum system from
its electromagnetic form factors. For spin 1/2 and spin 0

particles the new results here obtained lead us to a correct non -

relativistic limit as Well as to a consistent deSCription of thQV:}'N"'

mean charge radii. Our analysis of the existing data on elastic
electron-proton scattering suggest that the charge density should
be more concentrated than the magnetization density within the
proton. The hadronic matter density of the proton is obtained,
from the experimental data on pp elastic collisions at hiéh
energy, by assuming the Chou-~Yang model. It is found that as the
energy increases the hadronic matter distribution becomes more
similar to the magnetization than to the charge density inside .

the proton. The same seems to be true for the neutron.



"I - INTRODUCTION

rThere,is a growing amount of experimentai evidenceh
that hadrons, like nuclei, are compoeite systems. Since the N
constituents are charged objects, one can v1sualize a particle.as
possessing a structure in which charge and magnetic currents are
somehow distributed in space.

Intuitively, one shouid'be able to infer tromi,.
elastic_scattering'experiments (with appropriate‘test‘bodies) what
these distributions are.. Within the one photon exchangell -
approximation, elastic scattering cross sections of electrons.
(the test body) by nucleons are parametrized in terms of form—
factors. What is then sought is a consistent connection between. j“
the form—factors_and charge or magnetization distributions.

 This problem is an old one. As far as thelelectric
charge distrlbution is concerned, there ex1sts a variety of papersl

in the literature(l 6)

(3)

searching for the de51red connection._ Some
derivations make use of tipically non relathlSth apprOX1—
mations hence making ‘them trustworthy only in such a domain. Some

(4) Jead to difficulties(®

connections concerning the’prediction

of the mean sguare radius of spin 1/2 particles. ”
Within the realm of phenomen01001cal models of

hadron structure,rsuch connections might play an 1mportant role:

(7)

This is indeed the case for the Chou—Yang model.‘ Although

- what is actually required in such a model is the hadronic matter
distribution, the pragmatic assumption that “the matter dlStrl“'N
bution 1s 51milar to charge (or magnetization) dlstribution makes
the determination of the charge and magnetization densities a very"
relevant task in this context. The 1mportance of thlS is enhanced

(8) of the Chou—Yang model in descrlbing

by the probable failure
more recent data on high energy pp elastic c011131ons.

In this paper we w111 derive new relations between



4.

the Fourier transform of the charge and magnetization distri-
butions and the form-factors. Besides an interesting implication
for the Chou-Yang model, these connections reduce to the correct
ones in the non relativistic limit and lead us to a consistent
description of mean charge radii of spin 0 and spin 1/2
particles.

| The plan of presentation is the following. In the
next section we develop a method by means of which one can relate
the charge density of any gquantum system to its electromagnetic
form-factors. Explicit results are presented for spin 0 and spin
1/2 particles. |

In section IIT we extend the method in order td-_
relate the form-factors to the intrinsic current distribution
which genefates the dipble magnetic moment of spin 1/2 particles.
In the case of the proton we suggest that fhe charge density is
more concentrated than its magnetization density, both of them |
being s?hericélly symmetric with a radius of approximately 0.9 fm.
Undexr certéin.assumptions on the short distance behavior of the
densities, one can derive the assymptotic behavior of the form-
factors. |
In section IV, we extract the proton hadronic

matter distribution out of recent experimental data on pp elastic
collisions at high energy,.by assuming the Chou-Yang model. We
compare the matter density thus obtained with the proton chargé
and magnetization distributions obtained by us in the previous
sections. We have verified that, under the hyﬁothesis that the
imaginafy part of the elastic pp amplitude be always positive,
the proton matter density becomes more similar to its magnetization
density when the energy increases. The implications of this
phenomenological finding to neutron-proton elastic collisions at.'
high energies are discussed.

Section V is dedicated to conclusions.




5.
IT - CHARGE DENSITY AND FORM FACTORS

Information on the charge distribution inside a = °
single hadron is obtained by means of experiments in which
momentum is transfered to a test body which is usualy the electron.

Within the one-photon exchange approximation the elastic

scattering cross sections of electrons by protons are parametrized

(3)

in terms of the sd.called Dirac (Fl) and Pauli (Fz) form-factors '~ . -

These are defined by means of the matrix elements of the electro-

magnetic current operator 3u(x) between one particle states
as(g):

LF ol sy = i 2T L N

T [ ST "Fb\ Y
A P O RN RS F-pY BE) W)

Here IE,S> represents the state of a proton witﬁ.-4-moﬁentum
pu=(po,§) ‘and spin s, t=(p'-—p)2 is the moméntum transfer,‘ e
is the-protbn charge and V 1s the normalization volume.

The basic question to be answefed.isi which formf‘
factor (or combinations‘thereof) is associated with the Fourier
.transform of the charge distribution in the proton rest frame?..
We do not know how to get information on the charge_density_by
looking.directly to (2.1). This can be undérstobd on3the_grounds 
that, if X 'répresénts_an arbitrary point of the extended

particle, one cannot get any information on how charge is-dis-

tributed around the "charge center" without first specifying its

position (which is difficult due to the uncertainty principle).

One should then develop a scheme which somehow eliminates_the,f

uncertainty of the object as a whole.
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This can be achieved if one follows a suggestion
first proposed by Weisskopf(l). The idea is to introduce a
correlation functioﬁ, which we will denote by Wch(g) , which

depends upon the distance %’ separating two points inside the

extended object., If pch(§) is the charge density in the proton
(1) | - |

rest frame, Wch(g) is defined by

=

N

) o (2.2)

| Y > 2,2 rvi
N&%) — SO\/){ @\X}Ur_%i) @\JK\:"

Thig classical correlation function has the obvious

3 + 2 s . (1)
property that [d7& Wch(E)=e and its physical meaning

shquld
be that of "probability of finding charge simultaneously at two
points separated by an arbitrary distance ]EI". |
Within the quantum field context, Weisskopf '’
proposed that (aside from subtraction terms) the correlation

fungtion which possesses the above meaning is:

= P GeniRgm Ty o

where 30(§,xo) is the charge density operator and X is an
arbitrary instant.

The correlation function (2.3) contains much more
information about the proton than we are looking for. That can
be realized by inserting, between the charge density operatoré'in
(2.3), a complete set of particle states, Since, as can be |
understood intuitively, only elastic experiments can be associated
With the measurement of the charge density of a single proton, we
select just these states in the sum of the completeness relation. .
Our proposal is then to associate Wch(g) in (2.2) to the

expression:




(2.4)

\I\] &é“*@ s\ Stx X \2 2\}137 (f} s (Sb?—g AN

If one uses the decomposition (2.1) in (2.4), then,

after a straightfoward calculation, we get the-followingirésult:

S _ A '
Y= & & [T e | & Lo 2.5
\’\Jdﬁ) &@% \ "jt__ G %(.- 9{3) _ ( _).
W, : N S

- 2,

_ t . . _
where GE(t) = Fl(t) + ;;7 F2 llS the electrlcrform factor and
t is given by:

\._ - ZM\W\/— .I%(Z*M_I?—' ) (2.6)

It is interesting to note that the same result,
namely expressions (2.5) and (2.6), can be obtained from (2.4) if

we keep the proton with a fixed polarization in its own rest frame
. — A Q \o
since 4%5\\ \3“\())\0 &) = “\T“\ - }L;;J - ;&L)} GE\\;\ sz%‘

Another observation that can be made by loocking at

(2.5) is that the replacement G_(t) +1 does not lead to the

E
point particle limit (characterized by the property “%h@5-= ezaE)i.
This can be achieved if we also take m-»« , This is expected
because a point charged particle would have an infinite electro;
static energy.

For what follows it is convenient to introduce the

Fourier transform fch(a) of the charge density:

P . &@-\) g\z‘)wkk‘%}-’f) 2.1
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‘With this, (2.2) can be written as:

(2.8)

\r\! =< &m\ Sﬁ)%ﬁ)&%&?u%g{)

The connection betwwen form-factor and the charge

distribution can be achieved, within our approach,”by just'

indetifying (2.8) with (2.5). Doing so; we get:

\h,
- X

éiitf) ? %EN; GSEGE) (2.9), 

\ - L
Lt Lmz-

where t is defined in (2.6).

The scheme presented here can be extended in a -
straightfoward manner to other spin 1/2 quantum systems (like 3He_'
nucleus for instance). For spin >1 objects, which can have é o
guadrupole deformaﬁion in the direction & of the spin (like the

(10)

deuteron for instance), the correlation function W

ch shou}d :

depend on both £ and s .

For the case of spin 0 dbjects the electrbmagnetic o

current matrix elements are usuaily written as(ll):

7\\3@3\_7 = Q(\?\J‘\"\}’—- ) e - \"X (2.10),
ARY P e Budpligpe]

where F(t) is the electromagnetic form-factor.
If we interpret (2.10) by using the same method

explained above we get the following expression for the Fourier



transform of the charge density:

no) L | -
B,?;?JO) & T) / \:"d;) : (2-.11-)';
o ()

where t is given by (2.6) and m is the mass of the spin 0
pérticle. | |

The main'resuits of this-séétion are contained in
equations (2.9) and (2.11). The lessons that can be learned.from

them, are the followihgi'

a) The usual Sachs' relatibn(4), namely

~N ~O% AR 2.12),
e e G0 B

is obtained as the non relativistic limit (q2<<m2) 6f ours.' The
: (spth) 5 : o :
well~known expression (q )'“F(-q ) is also obtained as the

non relativistic limit of (2.11).

b} By looking at (2.9) and (2.11) one sees that our results differ
from previous ones in the litterature (besides a different
dependence of GE and F on _32) by the presence of spin.degmﬁbﬂt
factors multiplying the form-factors. The possible existence of

(3)

such contributions has been realized by Yennie et al. and by

Gourdin(s). ‘These factors affect the expression of the_mean_
square charge radius of the particle when expressed in terms of

the form—factors. 1In the case of spin 1/2 particles, like the

proton, we get from (2.9):

(N E S IR = o v 6 g» e
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which is the expected result(B’S). It is worth mentioning that

this expression was obtained in Ref. 3 by using a completely
different line of reasoning. The usual relation (2.12) does not

(5)

lead to the above result (as was pointed out by Gourdin the

neglect of 3/4m2 was not properly justified in Ref. 4).

c) Tt is interesting to note that in the case of a Dirac particle,
for which GE=1 , one gets from (2.13) that <r2>ch=3/4m2 . This
result is equal to that obtained from Darwin's non relativistic

correction to the electrostatic interaction (of an extended

particle) with an external electric field(z) and is observed
experimentally for the electron in the hydrogen atom(lz). This

(l?) atributed to the

3/4m2 contribution to <r2>ch is usually
zitterbewegung of a Dirac particle. TIn our opinion this is an
incorrect belief since the above mentioned contribution can be
traced back(B) to the overlap of the two spinors which are present

(13) and by Lock(l4) confirms our

in (2.1). The analysis by Huang
statement. They have found that zitterbewegung produces a growth
in the size of the particle many orders of magnitude smaller than

the particle's Compton wavelength.

d) 'The mean square charge radius for a spin 0 particle, as

obtained from (2.11), is:

KS;“WQ\_ R
<\,\,'Z> \ - 6 F\L’O) _ o (2.14)

1f one puts F(t)=1 in (2.11), then it is easy to check that:

| (‘(”?it 0,—_—_ Ol (2158

and
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. N 0 — 7
both of which are in agreement with Darwin's non relativistic

corrections to the interaction of a Klein-Gordon particle in.an

electrostatic field‘lS). To our knowledge no other previous
connection leads to such a consistent'description (summa:ized by

equations . (2.13} to (2.15))of the mean charge'radiil_. 

e) The asym?totic form of GE(t) is fixéd_by'the short distance

behavior of pch(r) . More explicitly,.oné can Write(l§):

| " o L I
GQH’ '\w@) (a_ 7-\&{‘\ P&P)} o (2.16) .

From (2.16)} it follows that if (r) is sufficientlyksmooth at

Poh
the origin ([r pch(r)jr=0=0) ;, then GE(t) should fall off at
least as t“4 . The asymptotic form GE'\Jt_Z= is compatible;

within our approach, with a singular behavior of o , (r) at the

ch

origin, namely pch(r) r ..

n
r+0

IXII - MAGNETIZATION DENSITY

In a recent paper Jackéon(lj) poin£ed'ou£ that
there is.experimental evidence tha£ all known intrinsic magnetic

- moments (of electron, muon, proton, neutron and nuclei) are caused
by circulating electric currents rather than by bound pairS'of
magnetic charges. Therefore it will be interesting tb express.
the intrinsic currents (in the rest frame of a polarized spin 1/2

particle or nucleus) in terms of the measured Dirac and Pauli
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form-factors. With this purpose we will extend the method
presented in the preceeding section. Before doing so, two comments
are needed. )

First of all one notes that in order to probe the

magnetization current distribution one needs to make exXperiments

in which one measures the polarization of the particle. If the |
particle has a spin orientation given by S in the initial ' |
configuration (for instance at rest in the laboratory frame),'then
one should select those experiments. in which its final spin
orientation (in its own rest frame) is the same as before the
interaction with the test body.

Second, one notes that in elastic scétterinQ

experiments one gets information about the intrinsic current

spln ~conv

) as well as on the convective plece (J

(J ) of the current.-

The total current is just a sum of these contributions:

N 6 ”\I .
Jw = 6 u\’;‘ N Q (%\ (3.1)
Y

One can separate these contributions, at the level
of matrix elements of the current operator between one particle
states, by making use of Barnes' prescription(lS). Following

Barnes we write:

{ \%\Gu\ 37_. ¢ G U?*\P\V" WP W s)  (3-2)
¥ \> (\ .j%\\ \N\;o\,“ ‘P |

Besides Barnes' arguments for this identification
of the convective current, there is another way of checking the

consistency of his prescription: to determine the charge density
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by using just the convective part. What ones has to do is to
sﬁbstitute the 0-th component of the total current matrix
elements.in (2.4) by thé O—th'_coﬁPOnent of the.éonvective part
as given by (3.2}. One gets, as one,should,_the some result. No
other separation has this property.

By using (3.1), (3.2) and (2.1) one can check
easily that the intrinsic part of_fhe_gu;rent operator has matrix

elements:

(¥s \G o)\\) 7=

= O G&)m\\?s\)&d :it\f’lﬁ:’-\ st)
oy’ -

(3 3),

where
G\J\\\?\ = EGD\ ¥ EQC) | | (3.4) .

Following the same line of réaéoning, as in the
last section, we define a correlation function ng(E,g) '
dépending now on the relative coordinate E and updn.the spin'

+
orientation s , by:

\JJ(?\?)-&C}P d\)ﬁ%\ KX :%) | | ._(_3.5)_:'.

~p .
Here (Sspin is the intrinsic stationary current Whlch generates

the magnetic dipole moment of the pafticle."In terms of the
magnetization density' pmg(;)" infthe rest frame of the pafticle,

we have:
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Evid _ _ (3.6)

=y
) = vx\
S\m ]

where g is the expectation value of the Pauli spin operator o ’
namely s = <%> = (0, 0,1) if the spin is "up".

The extension of Weisskopf's idea to this case
will be implemented by extracting from the gquantum correlation
function:

. _
&&Xq 0.9\ Gk %)&o) J& -3 ¥ § os> (3.7)
SPKN \lw L’ - -

all those contributions which cannbt be assoéiated with a
measurement of the intrinsic current of a single particle and then
identifying the remaining part with ng(g,g) as defined by (3.5).

As explained previously, this amounts to: a) elimi-
nating the convective current; b) suppressing the contribution
of all multi-particle states and c¢) for the one particle states,
to supress the sum over polarizations. All that can be summarized
by means of the expression: |

| N{%’iﬁs) -

(3.8).,
Y

& (0531 X ,xa): }37 (9(3 %3’@\057

For what follows it is convenient to introduce the

Fourier transform fmg(g) of magnetization density:

S @3}) W‘)(ﬁ Lf}? X ) | (3.3)_.

&”-waé
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With this the left hand side of (3.8) can be.

written in the form:

WEe) - L\ b )%(“’)K‘Sx\ b 2.101,
T I e M\?\( ”?3 %&H% -
where we have used (3;5) ’ f3.6) and‘(3;9). _

The calculation of the right hand side of (3.8)

can be done by using (3.3). The resulting expression is:

N&% -'>) V, GV\\"\:)&S XQ(

e\ &@W}B (\ _ ) “)C\O( ’ﬁ 5 ) (3. 11) !

X -
‘Ar&\t) k Zw\?—
where t = 2m (m - ¥ m2-+52) .

By the identification of (3.10) with (3.11) one

gets the following connection between the Fourier transform of the

magnetization density and the form-factors:

S\ )—- | GmQ;) LT
ﬂ‘ Q . i%\ . )}\Iz,. |

(3.12)

L\!M

The above expression is the main result of this

section. The conclusions which can be drawn are the following:

a) The well know relatlon(3 4)

&Eﬂ“ %‘\ %) - -<3. 1§§, 

is obtalned from ours by just taking the non relat1v1st1c llmlt
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(32 << m2)

b) The magnetization density is spherically symmetric and the mean
square magnetization radius, obtained by using (3.9) and (3.12),

is:

| Q S \
2 S S —. - S N () B (3.14)

c) By using the recent experimental data on proton electromégnetic

(19)

form~factors

e @@1 %8 ma}w/

(3.15)
- 1 \y . |
\E_(‘ln‘ﬂ ~ 0.84 + 0.03 fwv
we get from (3.14) and (2.13):
ZL ) \{1f ﬁ)clf) *.()()%,“&yVh/
X = UV T\
(3.16) .

G 2033 £ 003

"3

One can see from (3.16) that, within the pfesent expérimental.
errors, the magnetization and charge radii of the proton are
about the same. Thus one should lock somewhere else in order to
find if there is any evidenée for a different behavior of the

charge and magnetization densities.




.17,

d) From (3.12) and (2.9) one gets

-\; i .. o (3.17).
— ey - x_ :
GM\‘ \ LY

I

(20) for the ratio.uzG;/C;'

In FIG.1 we plot the experimental data
(where u=G,(0)=£, (0)=2.79 for the proton). The continuous curve
corresponds to the hypothesis uf_, = fmgl or equivalently |
u Dch(r)=e pmg(r)_ as suggested by (3.i6); For lt|<2 Gev” the
‘experimental data are above the continuous curve Suggesting.in

this way that the charge density should be more concentrated than
the magnetization density inside the proton. This fact can be
atributed to the existence of a cloﬁd of charged pairs, circulatiné
aroﬁnd the charge center in such a way that it does not contribute
‘appreciably to the charge density, but it does contribute to the
‘magnetizafion density. If such a picturé is correct then these
?airs qhould.afféct in a different Way the electfic‘charge and'

A7)

hadronlc matter distributions. That will be seen in the next

section.

e) The asymptotic'form of__GM(t) can be determined from the

short distance behavior of p__(r) . By making use of (3.9) and

mg
(3.12) one gets(l&?:

N 2\‘1 0 L
o~ bl bl o

Under the hypothesis that pmg(r) , as well as pch(r)"be'finité

. o N -
at the origin, or under the weaker assgmptlon that pch(r)r+opmghﬂ'
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one can conclude, from (2.16) and (3.19), that:

2 ) -
( 6"F_?_ ~J 3{_‘; 2 (3.19).
Gv\ L=

As can be seen from FIG.1, (3.19) is not ruled out by the

experimental data.

The conclusion is that, in spite of very similar
mean square radii, the charge and magnetization densities are
different for the proton. The implication of this to the Chou-

Yang model will be discussed in the next section.

IV - HADRONIC MATTER DENSITY

In this section we will be mainly concerned with
the hadronic {or absortive) matter distribution inside the

proton(7)

. Basically, the idea which we will pursue here, is
similar to that of sections IT and III: we try to extract from
the experimental results on proton-proton elastic scattering what
this distribution is. There are differences however which stem
mainly from two sources: the model dependence of our results and
the nature of the approximations used (we neglect in our analysis -
the real part of the elastic scattering amplitude and spin effects
which are typical approximations in the high energy domain).

For the calculation of the imaginary part a(qz,s)
of the amplitude in the limit s>>lal2 (where Vs 1is the center
of mass energy and a is the transverse momentum transfer). We

(7}

shall assume the eikonal approximation . Thus the elastic

differential cross section will be written as:
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%;L N cmf o) = \@_wP[_Q,m}A\z

4.1,

‘ET\\&Q%\? (\' ., %{ Q%lsﬂ)w\;(‘“’ \Z

where b=|g| is the impact parameter and Q(b,s) is the opacity
associated with the cblliding protons(T).

Within the Chou—Yang(7)

model, the opacity per.
unit of tlme (AQ/AX ) is defined heuriStically, as being

proportlonal to the instantaneous superp051tlon of the hadronic
-

‘matter densities ph(XJt% x ) of the colliding protons. Under -
the assumption that in the limit s>>q% the trajectory of each

proton_will be a straight line, and we_have:.

5 \duy 3 ‘;[’J;?- \ \S{"ﬂf M)»‘ - O (4.2)
Qbs) m&c\x R\\’ Sl P\N > .
- . . o . E -

If one denotes by fh(q2)"the Fourier transform
of the hadronic matter density- ph(§)' in the rest frame of the '

proton, namely

forr I ggmpag) e

“and by v = (1-v ) "1/2

=v/s/2m the Lorentz factor of each proton
in the C.M, system, then one can write the following expfession

for the hadronic matter densities of the moving protons:

Q’?t%'-m KIW %S(Z)%K' q(.L(X +\3)H‘6\3( b{\\h\)’xoﬂ (4.4) |
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Here 31 and §1 are vectors which are normal to the cecllision
axis and g and ¥, are the components parallél to this
direction. . |

We have assumed, in analogy with pch(§) and
pmg(g) , that ph(§) is spherically symmetric and we will adopt
the normalization fh(O)zl

The substitution of (4.4) in (4.2) leads us to the

7) '

Chou-Yang( expression:

Qi) = C <§2\,}%’”>f
o | (4.5,

| 2 DPUN
=08y fom i)

where q2=qf and the proportionality factor ¢ is assumed to be
independent of the impact parameter.

As formulated originally by Chou-Yang(7)

the
opacity Q(b,s) is independent of s at high energies. Later
on, their model was extended in such.a way that one can accomodate
a factorizable energy dependence(zl). In this case, the pro-.
portionality factor € should be energy dependent, C+C{(s}).
Under the assumption that the relations (2.12) and (3.13) are

valid and that the matter density should be very similar to

| °n
pch/e (or pmg/u) Chou-Yang have c;almed'that:

forr= G S (Y e

$Lr 0&14
In this way the sole free parameter of the model C(s) can be

fixed by using the optical theorem and the measured pp total

cross section. They have shown that this model is quite accu-
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ratetzl) to describe dc/dq2 in the range 0<q2<2-GeV2

(8) in describind the- q2>2 GeVZ-

Nevéfthless the model seems to fail
data. We believe that the main reason for this failure stays not
in the_Choquang_physical assumption, i.e., the similarity between.
the hadroﬁic.matter“and the charge (or magnetization) distr ibutions,
but_in-the fact that the relatiohs (2.12) and (3.13) are only:
approximaletty correct..:

In order to discuss with more details the

implications of the above hypothesis (4.5) and (4.6) it is

convenient to write (4.1) in'the_equivalent form:

z\ﬂ-k‘ﬁs L}(--(QM,[ (Q,\c;(\gm;\v (-4._752-, |

where the two-dimensional Fourier transforms. <>q and <> _afe
defined in (4.1) and (4.5).
- By using (4.5) and (4.7) one gets the following

expression for fi(qz) :

ooy N 4_@\\0\%@” B
T T b, -

Expressions (4.1), (4,7) and (4.8) allow us to
determine the hadronic matter distribution from the experimental
data on dd/dq2 .

Ekpression (4.8) can also be written'”) as:

: Q. :
o) < o 4 s o,

where (SD stands for the convolution intégral:

CL@(L % CL\K Q,\q{ X)) N ‘;4-10".
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The fact that fﬁ(qz) should be always positive

for any value of q2 , and energy independent in high energy

limit, can be used as a cdhsistency(22'23)‘test for the Chou-Yang

model. 1In accordance with Durand and Lipes(24), a necessary

condition in order that 'fﬁ(qz) be always positive is that the
amplitude a(qz,s) changes its sigﬁs an even number of times
{as a function of q2 ). As can be seen from (4.9) and (4.10),
a(q2,8)>0 is a sufficient condition.

Since the second minimum of do/dq2 was not found

(25) - -2 . 2

up to g°=12 GeV at. J_-19 4 Gev and up to q“ =10 Gev” at

/5 =53 Gev 26 (22,23)

; is easy to. show that (4.8) 1mp11es ‘that
fz(qz)i becomes negatlve for q =6 GeV2. 1f g(q ,8) changes
its sign at the first minlmum e o

. ThlS inconsistencjjéaﬁ-be avoided:if we'generalize
the Chou-Yang model as waé doné by Ffanga and Hama(ZT). They have
analysed the high energy pp elastic scattering data for
19.4 GeV</s<62 GeV by using an amplitude whose imaginary part
change sign two times. Their results can be summarized as

follows(27):

a) the opacity is not fatorizable since it was found that:

—Q&O.Q VAL QM&%’;@ W\;(—Q.Qz‘i\ﬂ) +.Q.\%Q,b)% K 3\«/\,\0) . (4.10)

where X =1 GeV and K3 is the wellknown modified Bessel.

function.

b) the s independent part of Q(b s) has a two dimensional

Fourier transform which is (l+q2) -4 and cannot be identified

2 2 2
with fch or f mg/u _‘except for gmall a” .

¢) the asymptotic (s**w) limit of (b,s) is fatorizable bhut

its dntalled small impact parameter structure is not clear( 7)
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Both possibilities for Q(b,s+«) discussed in Ref. (27)<k£5 not -

2
ch

In the present analysis we consider the case in

permit us to identify <Q(b,s-+w)>q with f or f /u .
which the imaginary part of the amplitude is always positive for
any value of q2 . With this our analysis is similar to that of

(28) except to the fact that we have neglected the .

Leader et al.
real part of the amplitude. We shall reach results which are in
qualitative agreement with those of Ref. (28).

| We have fitted the experimental data on do/dq2

(25,29,30) (26,31,32)

for Vs =19.4 GeV and Vs =53 GeV by using -

an amplitude parametrized as:

H |
oige)= T o wpkfuap) - AT wppe)  waz
S =\ ‘ o S

The values of the parameters can be found in table

The guality of our fit can be appreciated by
looking at Figs. 2, 3, 4 and 5 where our parametiizétion is
represented by the continuous curves.

The numerical calculation of fz(qz) was performed

by using (4.7), (4.8) and (4. 12), or more exp1101telly

0 o -
<Q\\"C’D{"g\°‘%\§é‘°‘3{)%“ - (&W‘Shb) (4.13)
‘ o . :
where Jo(bq) is the O0O-th oxder Bessel function and
T 2/,
2l = T “FE wp(-S/pi) +

AW k—\oz/ L\\%\
N»\\ w%\)\ ) o (KLY N- Y\,\\

(4.14)
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In Figs. 6 and 7 we have displayed, by means of -
discontinuous curves, the Fourier transform of the hadronic
matter distribution obt;ined-from a(q2 y Vs =19.4) ., The
continuous curves represents fh(qz) obtained from-aﬂqz,/§=53L

We have also plotted in these figures fch(qz)

and fmg(qz) which are obtained from (2.9) and (3.12). For the
determination of GE(t) and GM(t) we have made use of the
experimental data on elastic electron-proton collisions as

(33)

collected by Blatnik and Zovko (for -t>3 GeV2 the data of

Ref. (33) was obtained with the hypothesis uGEf=GM ).

We have displayed in Fig 8 the opacity for
/s =19.4 GevV and 53 GeV. From this figure we can see that these
opacities are essentially fhe same for b<0.5 fm (in fact we
have found that Q(b=0, ¥s=19.4) is 6% greater than Q(0,53) buﬁ

the expected uncertainty due to a(qﬁ,s) at large q2 can be

larger than this difference). For b=1 fm we have {_.~1.150

53 777719 °°
This expansion of the opacity as s increases is related to the
shrinking observed in _d_o/_dq2 . All these results are in

agreement with those of Ref. (28).
The most 1nterest1ng results of this section can
be appreciated by looklng at Figs. 6 and 7.

The first conclusion we reach that factorization

is not observed at these energies, i.e., fh = fh(qz,/g) .
Another obéervation is that fh(q2,19.4) is very
similar for fch(qz) up to q2=2.3 Gev2 . However the most

suggestive result is the great similarity between fh(q2,53) and
2
fmg(q Y/u . |
The conclusion that can be drawn is that the Chou-
Yang model is not ruled out by the recent experimental data on
pp elastic scattering at high energy since these authors have

conjectured that the hadronic matter density should be similar to
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the charge or magnetization densities within the proton.

As shown here, this is true as-lon§ as the
imaginary part of the elastic amplitude is positive and the
physical hypothesis (4.6) is replaced (according to our analyses

of sections 2 and 3) by:

(4.15)

_ . Z)_. G &) -
o) e L\,,Sb =

where t=2m (m - ¥/ m*4q ). |

B Our phenomenologlcal flndlng makes the exten31on
of the Chou-Yang model to neutron—proton {(n-p) elastlc scatterlng
a very appealing one. The reason is that it is experimentally
observed that Gp (£)/2.79 = Gn(t)/l.9 (one notes that:
.Gp(t) # G (t) ). Therefore on the baszs of the Chou-Yang model
and in view of (4.15) one can predlct that dcpp/dq end. o
dcnp(dq ) should be very similar at s-® since we also have

(29)

m_=m_ - Recent experimental data confirms this suggestion.

P

'V - CONCLUSIONS AND FINAL REMARKS.

The characterization of the structure of an
elementary particle in terms of familiar physical quantities such
as charge and magnetization distributions is an old problem in |
physics. Such a structure is probed by means of experiments in’
which momentum ié'transferedfto an appropriate test body (usually
the electron). Since eleStic'scatterihg of electrons by some
particle is parametrized, within the one rhoton exchange
epproximation, in terms of form—fadtors, the determination of the

structure of the particle out of what is measured experimentally
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is, basically, a problem of relating the form—factors to those |
physical quantities. : _ : 1
In this paper we have proposed a new scheme,
inspired by Weisskopf's ideas, for relating the charge and
magnetization densities to the electromagnetic form-factors of

the system. The idea is extremely simple: one considers a

classical correlation function and finds its guantum analog (i.e.
the correlation function which has, within the quantum context,
the same meaning). ) - ' : - : ' é

The main virtues of our method are:

a) It is p0551ble to ellminate the uncertalnty in the p051tlon of

the extended system as a whole.

b) The generalization to any gquantum system (particles or nucleéi .

with arbitrary spin) is simple.

¢) For spin 0 and spin 1/2 objeets our explicit results reduce to

those correct ones in the non relativistic limit.

d} We have obtained a consistent description (summarized by
equations (2.13) to (2.15)) of the mean charge radii of particles

with spin 1/2 and spin 0.

We have also made'ﬁwe phenemenologieél applications
of our connection between charge and magnetization distributions
and the electromagnetic form-factors. In the first example, we
have shown that an analysis of thezexperimental data for the
ratio GE/GM__implies that the charge distribution of the proten_'
is more concentrated than the magnetization distribution._ That
indicates'thatlhadronic matter_couid also be distributed in a
different manner inside the proton;

The matter distribution is a basic ingredient in

the Chou-Yang model. Our idea was, by assuming this model, to
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_extract the matter density of the proton from the experimental
data on pp elastic scattering at high energy. We have reached
the conclusion that the hadronic matter density becomes more.
close to itsrmagnetization density when the energy increases
(discrepancies of the order of 10~ 15%  in the Fourier transfofm
of these densities could be atributed to the neglect of the real
part of the scattering amplitude,or to spin effects, or to the
fact that we have not vet reached an asymptotic energy). We just
want to recall that this conclusion depends upon the hypothesis
that the imaginary part of the amplitude be positive (or have a
double zero at qzﬁfl.4 Gevz) in the interval covered by the

experimental data (q2;510 Gevz) . This hypothesis deserves -

experimental confirmation. Polarization experiments could settle

this point in the future.
The similarity pointed out by us, between the

proton magnetization and matter distribution, might be relevant

within the phenomenological context. As we have shown it allows

us to understand, on the light of the Chou-Yang model, the
similarity observed experimentally, between the proton-proton and

neutron-proton elastic scattering at high energies.
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TABLE I

/s 19.4 GeV :i_.“': 53 Gev' |
ai 1.8 R SR A v A
- 6;12.. :r*- é;gg.wu;
oy 0.05 :; ‘ 1 6.66 : ..;-
oy 0.0024 - | 0.0002
By N i .12.0'5” "”' 15.0

o, e | sa

B < 0.95 | ‘ 1.02

By 0.42 | 0.1e

A | 150.0 172.0

B 8.3 8.64

N 8 8

FIGURE CAPTIONS

Fig. 1 _
Experimental data'??) for the ratio UZGE/G; (§ Price ,
* Bartel). The full curve corresponds to formula (3.17) with

the hypothesis ufch=fmg . For coments see section 3.

Fig. 2

\ (31,32)
Fit to pp elastic differential cross section data
at vs=53 GevV . The curve corresponds to a(qz) parametrized

by (4.12). The valueslﬁf the parameters can be found in table I.
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Fig. 3
The same as Fig. 2 but for large q2 . The experimental

data are from Nagy et al, Ref, 26.

Fig. 4

Experimental data on pp elastic scattering at- /§==19.4”
GeV as given by Akerlof et al. (Ref. 29) and Carrol et al. (Ref.
30). The curve corresponds to a fit by using an amplitude
parametrized by (4.12)., The values of the parameters can be
found in table I. For comparison we also shown the experimental
data on proton-neutron (pn) elastic scattering at the same energy.

({De Haven et al. Ref, 29).

Fig. 5

The same as Fig. 4 but for large q2 . For q2:>5 GeV2 we

have used the experimental data given by Hartman et al. (Ref. 25).

Fig. 6

h) d

magnetization (fmg) and hadronic matter (fh) densities. PFor £

Comparison of the Fourier transforms of the charge (fc
h

we show the cases: 1) the dashed curve corresponds to Vs=19.4 GeV
{see also Figs. 4 and 5); 2) the full curve corresponds to

Vs =53 GeV (see also Figs. 2 and 3). We have used the experimental
data (Ref. 33) on elastic electron-proton collisions, and our
expressions (2.9) and (3.12) to construct the experimental values

of £ and f respectivelly.
c mg

h

Fig. 7

The same as Fig. 6 but now normalized to the dipole formula

2

fd(q)==(l+q2/0.71)_ . The continuous curve corresponds to .fh
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obtained from pp data at ¥s =53 GeV while the doted curve was
obtained from pp data at _\_/_,=l9.4 GeV. |
Fig. 8

The opacity at Vs =19.4 GeV (doted curve) and at Vs=53 GeV
(full curve). The expansion with increasing energy is clearly

visible for b>0.5 £ .
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