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Abstract

Experimental measurements of the electric form factor of
the neutron indicate a spatially inhomogeneous distribution
of charge. The quark model, with a spatially dependent spin-

spin interaction, can accurately describe this inhomogeneity.

We relate the neutron's charge radius to the nucleon-delta
mass difference and discuss other experimental conseguences

of the inhomogeneity.
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1. Introduction

The quark modelll

has provided a useful mnemonic for gen=
eral features of hadronic structure. If this description is
indeed a correct one, it must be capable of describing this
structure more specifically as well. One aspect which has
eluded description for many years concerns the charge distri-
sution within the neutronz). The simplest gquark modelsl)
indicate that the neutron's charge density éhould be everywhere
zero; and, indeed, this density is small (relative to that

>f the proton). It is not exactly zero, however; and we must

1sk whether this fact is compatible with the quark descrip-

:ion.

wWhat we find is that the quark-spin-dependent‘interac-
:ion which breaks the mass degeneracy of the ground state
raryons leads 1in general to a segregation of charge within
he neutron, If this perturbing force is more repulsive for
warks with parallel than with antiparallel spins, then the
2

nduced charge radius <r *n will be negative. 1Introducing a

imple (harmonic oscillator)} description of the bound state
ave functions and a spin-spin force of the type suggested by
uvantum chromodynamics, we estimate the magnitude of the charge

egregation and find impressive agreement with experiment.

Our model implies a specific description of the spatial
istribution of quarks within the nucleon and leads to predic-
ions for a variety of experiments which explore these dis-

ributions. Confirmation of these predictions would be a



significant step toward the verification of the bound quark

picture as a satisfactory dynamical model of hadroms.

2. The Argument

The lowest lying baryons of the quark model are charac-
terized by a total symmetry under the interchange of the spin
and isospin labeis of each pair of quarks. The mass degeneracy
of these levels is split by a spin-spin interaction: thus,
for example, is the A{1232) (with spin 3/2) more massive than
the nucleon (with spin 1/2)., 1If the spin-spin force is repul-
sive for quark pairs in a spin 1 state, these guarks will on
the average be further apart than those in a spin 0 state.
Due to the symmetry of the wave function, those pairs with
spin 1 mast have isospin 1 as well; and those pairs with spin O

must have isospin 0.

In the neutron there are two d quarks (charge -1/3 each)
and one u quark (charge 2/3). The two d quarks always form an
isospin 1 state, while the u-d pairs form mixtures of isospin 0
and is&spin 1 states {with relative probabilities 3/4 and 1/4,
respectively}. Thus the two @ quarks are more likely to be
in a spin 1 state than are the u-d pairs. The repulsive force
for quarks in this state will consequently drive the neutron's

negative charge (the d quarks) further from the center of mass

than its positive charge (the u quark). We conclude that <r2>n
must be negative3).



3. A Model

To obtain a quantitative estimate of <r2>n we must assume
some specific form for the symmetric wave functions of the
ground state baryons and for the spin-spin interaction which
breaks their symmetry. We assume, for calculational simplicity,
that the three quarks are bound by three coupled harmonic

osclllators. The unperturbed Hamiltonian is thusll
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where ;ij = ;i-;j denotes the relative positions of the i
and jth quarks. The center of mass coordinates can be isolated

if we define the conjugate variables (ﬁ,i,?) and (5,3,3):
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We shall choose the coordinate y to label the oscillator con-
necting the two like quarks (the & gquarks in the neutron or
the u guarks in the proton}. Using Egqs. {2) we can express

the proton and neutron charge radii [<r2

(v*), = < (4*)
(e, %‘((x?')-(’«ja}) )
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For the unperturbed Hamiltonian, Egqg. (3), the ground state

wave function is symmetric in x and y, and hence we have

2 =
<r >n 0.

Suppose now we add to Ho the perturbation

Ho= 2, Si S5 () -
L<'3,
where f is a function which we will specify below. This per-
turbation induces a shift in the ground state energy levels

and, in particular, splits the nucleon and delta states by

an amount
3 ‘ |
M- My = _i— <-?>o . (6)

Here < £>, denotes the expectation value of £(/2 y) in the



unperturbed ground state of the y oscillator.

The perturbation also modifies the wave functions. This
effect is of second order for the mass shifts, but is of first
order for a calculation of <x2> or <y2>. We are Interested
primarily in the difference <x?> - <y2> [see Eq. (4)} so we
focus on that part of Hy which distinguishes pairs of like quarks
{dd or uu) from unlike pairs (ud}. Thus it is sufficient to

consider a perturbation of the form

q\ﬁ 333’53?(‘@’3): %?({EH) ? m

which acts on the y-oscillator (i.e. the like gquarks) alone-

Since the oscillator potential [Eq. (3)] is itself pro-
portional to yz, we can use the virial thecrem to calculate
A
the shift in <y2> induced by the perturbation H,. This theorem

gives the relation
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Here the expectation values are taken with the perturbed wave
function. We can now write the total energy of the perturbed

y oscillator as
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where Ho(y} = n2/2m + 5 k yz (cft. Eq. (3)]. First order per-

turbation theoxry gives the alternate expression
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where w, {= 2k <y2>0] is the level spacing of the unperturbed

system. Comparing these expressions, we conclude that to first

order in £,

(ijz > - <L§52>L ~ - <2E; -ifiu '{>:2°
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sinFe the perturbation (7) does not affect the x-oscillator,

<x%> = <y2>°, and Egs. {11) and {4) provide the first order
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The experimental magnitude of the perturbation is specified by
Eq. (6}, which leads us to the rxelation
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For any perturbation f(y) which decreases with distance {and

{13)

thus provides a repulsive force), <r2>n will be negative.
This correspondence is quite general, independent of our ap-

. proximations and of the detailed form of the potential By

To estimate the f-dependent factors in Eq. (13) we turn
for inspiration to quantum chromodynamlcs. This theory in-
cludes (by popular presumptlon } a spin independent quark-
confining force (analogous to our Ho) with smaller spin-de-
pendent interactions which we estimate from elementary glucn
exchange. The resulting spin-spin interaction resembles the
hyperfine interaction of quantum electrodynamics but with a run-

5}

ning ccupling us(y) replacing the fine-structure constant.
Modulo logarithms £{y) » y~3, and the bracketed factor in

Eg. (13) is.simply -3. [Asymptotic freedom, i.e. the fact that
aly) = 0 as y = 0, insures that there are no short distance

divergences in <f>° or'<§-3f>o.1

The numerical value of wgy can be estimated from the slope

of the nucleon's Regge trajectory to be w, * (ZmNu'N)-l = 530 MeV.
With My~ = 293 MeV we thus obtain the result
an
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verse momentum distributions of the u and @ quarks, One such
experiment involves the production of pions in high energy
collisions. One should select éatalo)involvihg quarks with
0.1« Xp < 0.5, the region in which valence quarks are con-
centrated. Associating wt particles with u gquarks in the
initial proton and w particles with d quarks, we expect that
<pJ?>ﬂ_ > ‘P;F’“;’ Present data is somewhat inconclusive:
hadroproductionll’seems to support this inequality, while

leptoproductionlz} data perhaps contradicts it.

Another, more direct, test of Eq. (16) is possible with
the production of massive lepton pairs in #p collisions. This
process!3) can proceed by the annihilation of an incident
antiquark from the pion with a valence quark of the target proton.
One thus measures in a more or less direct fashion the momentum

distribution functions of Eq. {(16)}). Once again we have a

prediction valid for quarks in thé rangel‘) 0.1« xp < 0.5.
Assuming that the transverse momentum distribution of anti-
quarks 'in the incident pion is approximately the same as the

quark distribution of the target proton, we predict that
2 2
‘ (P; >“"P - ( ‘PJ. >T‘-?
{ 2 2
7 ((p: >“*9 x {ps )“-? )

Here pl.denotes the transverse momentum of the produced lepton

o.l . as)

pair.



The experimental test of these predictions is an important
and challenging task., The results will help define the rdle
played by quarks in the pageant of hadronic physics.

Acknowledgements

We would like to thank B. Winstein, and J. Fulco for scveral usefu
observations and R.R. Horgan for communica;ion of his recent
results. One of us (R.S5.) wishes to thank the members of the
University of Washington Physics. Department for their hospi-
tality during his visit there. We also acknowledge the
stimulating atmosphere of-the Northlake Tavern where this work

was conceived.



This is in remarkably good agreement with the experimental
Jalues) of this ratio, -0,146 t 0.005. The preceding analysis
can also be applied to the corresponding magnetic properties of nucleons

with the result”

$oD/dg | 2 [1-mem ]
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The factor -2/3 is the familiar quark model prediction for

the ratio un/up. The term ‘“a“mn’/lz”o arises from the wave
function shift induced by the interaction (5); its numerical

8}

value is only 0.D5. Present data ' are consistent with
Eq. (15) but cannot really distinguish our prediction from the

naive ratio -2/3.

4. Discussion

We have argued that in any dynamical quark model, the
spin-spin interaction which breaks the mass degeneracy of
the nuclecn and delta will necessarily alter the relative
spatial distributions of u and d quarks within the nucleon.
Quantum chromodynamics suggests a possible form for this in-
teraction. For the neutron this results in a broader spatial
distribution for the 4 quarks and a negative value for the

neutron's charge radius. We believe this result to be quite



general. Previocus treatments of the problem have missed this
point by {i) assuming .the spin-spin interaction to be inde-
pendent of inter-quark separation or (ii) neglecting to cal-
culate the wave function shift induced by a spatially dependent

interacticn.

The preceding argument has dealt with the properties of
a static nucleon. Differences in the spatial distfibutions of
the -u and d quarks should, however, affect ﬁigh energy inter-
actions as well. A natural assumption is that the valence
quark contribution to the momentum distributiong)u Py ,xF) (the
u quarks in the proton) will be narrower (in p, ) than the
contribution to d(p, ,xr) (the d quark distribution). Thus,

if for moderate xp We parametrize these functions as

Ulps, Xe) = u (0, xs) Mo?("‘f\mz) )

22 (16)
c\(p,.le\ =d (O}Xﬂ P (-4 Pat)
then the calculations of the previous section suggest that
2 2 2 |
Wo 4o -3(‘- >" ~ -~ 0.2 . (17)
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In the parametrization (16) this asymmetry is the same
2 z 2

as the transverse momentum asymmetry {Kp, >4 =~ <P, >u)/< P,y
Equation (17) thus suggests asymmetries in the momentum dis-

tributions of experiments which probe differences in the trans~
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The corresponding range of lepton pair masses M is appro-
ximately 0.1 < M/Ys < 0.5, where /8 is the available energy.
Note that the dominance of valence quarks implies a cross-
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atp
Fermilab proposal P-332 (1974). Measurement of a larger
a ratio would imply the presence of competing processes

and a subsequent reduction of the predicted asymmetry {18).



