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CHAPTER 1. Page 1.

INTRODUCTION.

Many current exp}g_qg;idns (1-5) of high energy hadron-hadron strong = .
interactions are based upon the Glauber potential scattering theory. (6) ’
Since the latter is restricted to small scattering angles but is often

applied indiscriminately to experimental data covering a much wider

angular region than for which the theory is strictly valid, it is important

to investigate the kinematic and dynamic assumptions and approximations

which lead to the Glauber result. For this purpose, a new derivation

of the two particle high energy scattering amplltude is given, based upon | .
a distorted wave Born abproximation to the solution of the non-relativistic |
Schroedinger equation (Section A). This is shown (Section B) to satisfy

the optical theorem and to reduce to the familiar Glauber small angle of

scattering expression obtained ffom the W.K,B, approximation. In

section C, expressions for the scattering amplitude, valid in the intermediate

angular region and the large angle limit, are deduced. In section D, |

the Glauber approximation is investigated. Finally in section E, an

analogue between Kirchoff's diffraction theory in optics and the Glauber -

scatfering theory in high energy physics is given.
.SECTION A:-

The solution of the Schroedinger equation -

(Vz +k2)')”(£_) = U () ¥(@@) where U() =%Izn— V(r)
for the motion of a particle of rest mass m in a potential V(r) is
v @) = fG (_1:,1~_1_) V) (il) v (5_1) d3 _1;1 where the free particle

Green's function G(r rl) satisfies (v2 + kz) G, (r 1) = S(r‘-rl)and is given ‘
1— . © )L ' —

by Glr,i) = -+ e KIELI |
o =le 47 ——r'\
LI:-_ ;¢(‘:if')
Consider the distorted wave-Green's function G (;-,1&) = -{TN i—;l m

where ¢(£,r_l) is the phase accumulated at r by the particle scattered

atrl.

(1) T.T. Wu and C.N. Yang, Phys. Rev. 137, B,708 (1965), N. Byers
and C.N. Yang, 142, 976 (196%). '

(2) D.H. Harrington and A. Pagnamenta, Phys. Rev. 173, 1599 (1968).

(3) E. Shrauner, L. Benofy and D.W. Cho, Phys. Rev. 177, 2590 (1969).

(4) A.H. Cromer, Phys. Rev, 185, 1731 (1969).

(5) O. Kofoed-Hansen, Il Wuove Cimento, vol LXA, N.4, (1969), ¢21i.

(6) R. Glauber, in lectures in Theoretical Physics, 1958, vol. 1. (New York,
1959). ’ f
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for fixed scattering angle, the Glauber approximation worsens - the
fractional error increasing - as the kinetic energy of the incident
particle increases, tending to overestimate the scattering amplitude if
scattering potential is attractive and to underestimate,if repulsive.

The angular range over which the Glauber theory is valid should become
smaller, larger the energy. However, if 5301'2- <4 .‘.Yél y the
fractional error remains very small. As expected, the approximation

becomes exact in the small angle limit with only two. body interactions.

SECTION E:-

The approach to high energy potential scattering vdevelopped in the previous

‘sections was prompted by the following analogue with physical optics:

for high enough energies (frequencies) the De Broglie (photon) wavelength
is small compared. with the range of the scattering poteﬁtial (_size of
diffraction obstacle). Just as with scattering of light by dielectric
media, the rays of geometrical optics (linear)according to the first law of
refraction) are first traced and a phase and amplitude assigned to each
point on each ray and these added if more than one ray can reach a point
in space, so particles propagate along classical linear paths at high
energies. The equivalence between Glauber scattering theory and

the Kirchoff diffraction theory is mathematical as well as physical.
According to‘Kirchoff's theory, the amplitqde of the wave at a point,

diffracted by a sheet-like aperture of arbitrary shape, when plane waves

of momentum k_ye incident is k. R 2
VCR) = e f Velem g (@) dudy e 0 CE)
where 8 is angle of diffraction, R the position vector of the point from

(=<,y) on the wavefront of the incident wave (normal td k ). The

assumptions and approximations made are:_

1. KR _ the aperture is much more than k-1 away from the point
and from the source of waves (the latter at infinity in this case).

2. |V V¥e@W|eck . the variation of amplitude over one wavelength is
very small,

3. VY, (x.v)and V¥, =0 over obstructed parts of the wavefront and_have
values over unobstructed parts which they would have in the absence of
the obstacle (St. Vernant's Principle). Thus ¥ andV¥%are assumed

discontinuous at the obstacle's edges (obstacle completely black).
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Assuming diffraction angle is small, <¢os © == |

ver) = tk S Yo (%19) M8 dedy
- 2w YR TR

By Babinet's Principle, this is the amplitude (apart from sign) of the
disturbance at R due to an opaque obstacle of the same shape.
For circular symmetry, de dy = 4% here L = x4yt

Also ¢ = b + R wherer Is position vector of point from centre

of obstacle.

k.R = Ke-kb = kv since by assumption wave is

incident normal to obstacle. R™ = le-b|”' =2 when e3> b,
- - 1k
R 2O v R4 B N Y R
where the scattemig ampl%tude' (amplitude of diffracted wave)
iCk-K ‘I - N

FCho) = Sl hbe &b = Wve®e " d'b  Lhere g5 koK
and k' is the wave vector of the diffracted wave.
9-f = 4k vk = q,_'\o when © is small

. fCke) = 'wa‘,cL) kv

Consider the disc shaped obstacle as a circular thin slab of absorbing
inhomogeneous dielectric with reflection coefficient R E R (xy) = R Cb)
absorption coefficient A=f@{and transmission coefficient T = T C§) .
Then continuity of the wave at the surface implies R+r+T =1, According

to the Kirchoff theory, there is no backward scattered wave as the
inclination factor {+ws920 for 6 = ™ |

A= =T

For an incident wave of unit amplitude, the amplitude of the abéorbed
wave is I-T and thus Ve Ch) = (=T (b) "
Fke) = ik =T ) 't 2 d%b

The Glauber expression for scattering at high energies when many partial

(4)] ir-b
waves enter significantly is fo (ko) = £k §ci-e Xy L2y
.’J.Sgck) 125e (V) :
where X(%) = : = e = SCh) , noting bie = €2+ Y2

where 5(b) is the partial wave S matrix. Thus the correspondence is exact.

For the usual exponential attenuation through grey disc, thickness a-

Yo(b) = o PO
i 'a'q’o - - B2
N¥ol =155 = B& < B.
assumption 2 above implies B << k

ie.ak > ap

if disc is very black, ap >>|
2. ak >>1, c¢.f the high energy

approximation kR>>| in Glauber's theory where R {s the range of the

scattering potential.
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CHAPTER 2:-
STRONG INTERACTIONS.

The quark and droplet models of hadrons are compared here in terms of their -

predictions for high energy hadron-hadron strong interactions. The

‘impact parameter formulism for multiple scattering is reviewed in Section

—

A and applied to point particles (no structure, as far as strong interactions
are concerned). finitely and infinitely composite particles, In Section

B, the Chou;fYa;ng model is described. The multiple quark scattering mddel
and its applications are discussed in Section C. A modified version of the |
Frautschi;Margolis infinitely composite model of proton-proton scattering is
given in Section D. In Section E, the physics underlying the quark model

of hadron scattering is anélysed in detail and applied to elastic proton-proton
scattering in the asymptatic iimit 6f infinitely high centre of mass energies.
Comparison is made wime droplet model. |

SECTION A: .
Elastic scattering data can be ihferpreg_a}_ted as approaching a regime at high

energies where the differential cross section becomes independant of s and

only a function of t{ S and t are the Mandelstaum variables: § = (Pi+f)", t=0.-p)"

‘where P, P, are thel- moménta of the two incident particles, N the k- momentum -

of the scattered particle. This behaviour is reminiscent of the classical

scattering of waves by_opaque obstacles. Furthermore, the structure seen

in the cross-sections (dips, changes in slope in different It fegiqns, etc.),
have similaritives to the scattering of fast nucléons by nuclei, where multiple
scattering effects are known to be important, Thus, it is natural to exploit
these similarities by using a for'm_plli’_sm <i‘analagous: to nuclear scattering,
that is, the impact parameter formulism. At high energies, whefe many
partial waves contribute to the scattering, the discrete partial wave sum

for the scattering amplitude § (k:6)

S'Ck,O) - Z::o (2R¢) aeCk) Po Ccs @) o
can be repiaced by an integration over impact parameter b defined by
bk = R+llg (2)
It is convenient to deal With the amplitude -
Flkhk) = ~§ FsK) (3)

where £(k)k) is the centre of mass scattering amplitude and k the momentum of a
particle in the centre of mass frame. In terms of F, the differential Cross=-

section is v : '
_ \ 2 -
é% - Tl FCk\ W) S (4)
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. The scattering amplitude F can by represented by the two:dlmensional Fourier

Feek) = FC) = (amyt  dih &% 8 (U-s) (5)

. 11 5Ch) '
where S(b)= e is the partial wave § matrixand 9 = k-h

transform

is the momentum transfer ( E:‘o:‘) . If § is independant of azimuthal angle ¢
then FCa) = FCa) = ¥ 5,(bg) (- SCR)bdb

SCATTERING OF A STRUCTURELESS PARTICLE BY A POTENTIAL,

If a structureless particle of vevlocityv is scattered by a potential V(:),the phase-

shift 9Ch) is, at high energies given by J
26k = - Cchv)! §T Vb k2) da ©

A
where k a unit vector parallel to k (or [«j‘f) defines the z axis. S

SCATTERING OFA STRUCTURELESS PARTICLE BY AN N PARTICLE COMPOSITE PARTICLE.

. ~n
For N fixed scattering centres located at ¢; =k2; +¢; where $; is the transverse

coordinate vector (S; = b ) the wavefunctlon of the incident particle accumulates

phase from .each of the scatterers according to (6) .. Thus ) : :
o (k) = JHE, sitk-s) o ,—|‘ o 283 (b2 (7)
9=

The amphtude for the scattering of the tnmdent particle by the Jth sub particle is

from (5). e PR 3 1Y )]
Fi(q) = (zw)"SJ‘\se%'C"Q_ )

The two dimensional inverse Fourier transform of E(s) (called the profile function)

‘s r;Ch) = crf)"SJ o - FiCa)

Then the complete S matrix for the scattering of anN particle composite |
is -~ SCh) = ﬂ [l—-r,(k—s_\)] - @)

The expansion of this product leads to Gloube?' r% ultiple scattering expan,,ion -If the '
scattering centres are not fixed, as in“composite bound states such as nuclei,

" the internal motion of the scatterers must be taken into account. The assumption -

of a short collision time, allows mere averaging of their motion by taking an
expectation Value of S (b) for the ground state of thel particle. If independant - ;o
particle motion is a reasonable approximation. '
Leisaly - ﬂ § d3e; pice) C 1= T Ch-55)) (9)
where Ps (%3) is the probabillty density for the jth particle at ;. If all
the scatterers are the same and the spatial extension of Ti (b) is small compared
to the distances over which Ps (n) changes appreciably.
| ZIsID = (1- ‘l”’Fco)D(b)) (10)
where F (0) is the average forward (4=°) amplitude for an individual scattefing :
and the two dimensional density _ ’
Dp = §depChad | O w
is a measure of the interacting matter encountered by the incident particle
passing through the system at impact parameter b, In ° (o), p= NP;is the
total density of interacting matter. For a large nu‘cl'eus‘ (ot'in the droplet ‘model

of hadrons) the approqclmation of p ind.e'pendent of Nas N> = is legitimate,
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‘ ) _ 2 WE)DCh) :
then (10) becomes LilsSCEY> = o S (12)

SCATTERING OF ONE COMPOSITE BY ANOTHER COMPOSITE PARTICLE.,

In this case, the $ matrix is generahsed to
S(h) = ﬂ ﬂ [\—"wC\o*Sa—Sa)] (13)
FEAOE
where [j; (b) is the profile functlon for scattering for constituentyin one

.composite by constituent )’ in the other, If we view hadrons as extended

objects made up of finely divided interacting hadronié matter, then N->e, .
N'>o and T3 % #w.Then the first non-trivial term in the expansion of §(b)
is the sum of all single scattering terms in (13)., We obtain

LisCh) = - kug §db' DnC b-b) Ds () (14)
where k“is a complex interaction parameter for the propagation of composite A
through composite Bandblsh(;i)ea%e two-dimensional densities of interacting

matter defined by (11). The multiple scattering series can now be exhibited.

Defining Feg) = -y’ fdb it 90 5Ch) (15)
then F(g) = $() - § §V® £ 41 £ F (DO F(q) —e (16)
where - £C) ® £(g) = () SJ'LS:I 5.(.!.) 5(&-?)

SECTION B. o ‘ 2
The model of Chou and Yang and the earlier models of Wu and ¥ang and Byers
and fYangm are based on the idea of hadrons as extended objects whose
ability to interact is given by a.w'ell defined density D (b)

DY) = (2 fdra o FTEE) = (FEWY
where Feis the electromagnetic form factor of the particlé. Noting |

(FRFS) = LFO®©(F5%)

then (4) becomes 'l.iS(D = - kne L Fi F€B> ' (18)
Using the analdgue with the optical model in nuclear theory, ch was taken to
be real and ind'ependant of energy, corresponding to a pure imaginary phase shift
$ (b) induced by a purely absorptive medium, Their amplttude is thus an

aSYmptoti_c one, the first term being, using ¢s)(16) and (18)
£(3) = kas Fo FQ

For particles with spin, there is some ambiguity as to what electromagnetic form

factor to use.  Chou and Yang choose the electric charge form factor for
proton proton scattermg. If the scaling law F ‘,:: , Where Feo f) F: v
are the electric magnetlc form factors and anomalous proton magnetic moment
respectively, is obeyed then this choice is arbitrary., However, recent '
experimental evidence (4) suggests that the law is broken or that the electric
and magnetic charge densities may be di_fferent,whtch is difficult to understand
in a droplet model where the distribution of magnetised matter follows the
charge matter distribution.  Clearly, exchange currents must be present és

well., Chou and ‘Yang showed that the calculated electric charge form factor

was in agreement with the magnetic form factor of the protor for 1tl values
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as large as 2°© (G‘Lv/f-)‘l. However, if further experimerits confirm the results of
ref (4) it would appear that their choice was wrong. Since the conjecture of Wu
and -Yang (see Section D) involved the electric charge form factor, scale

breaking'would imply that the magnetic charge form factor is more relevant,

(17) (5)

calculated the asymptotic differential cross section for p-p scattering, using

‘a dipole form factor for the proton. This shows deep diffractive minima at

about }ti =13 and 5"9((""16)? Using a complex constant ¥, removes these dips. |
Within the framework of this model, the deep minima are expected to become
more and more vxslble as the mcident energy 1ncreases, although if the
ratio of forward imaginary part of amplitude to real part vanishes slowly

(e.g. (|°3$)" ), the approach to this behaviour may be slow.

'SECTION C:-

' The quark model differs from the droplet model ohly in that instead of letting

N,N'> o inequ. (13) above, we take N=W'= 3, corresponding to the

fundamental tr.iplet model of Gell-Mann and Zweig (6). Taking the diagonal’

matrix element of S (b) in equ {{9) leads to form factors which are either

"assumed Gaussian in the k-momentum transfer or of dipole form or are

deduced from shell model or harmonic oscillator wavefunctions.  The quark -
quark elastic.. amplitudes are eifher assumed gaussign in the 4- momentum
transfer or are deduced from the observed differential cross-sections in the
diffractive peak region by making a single scettering approximation to the

total amplitude

DROPLET MODEL | ' : QUARK MODEL

¥ ¥
r | [ e

(interacting particles are represented by circles, bars represent possible
1nteract10ns)

This ambiguity has not affected the conclusions drawn by various workers but
the freedom of choice in ascribing the scattering either to form factors (point -
like quarks), quark-quark amplitudes (quarks non point-like) or to both means
little can be deduced ébout quarks themselves whicﬁh is not model dependant.
The presence, sometimes, of a large number of freely adjustable parameters
makes a cruc‘ial test of the quark model of high energy scattering impossible,
For proton-proton scattering, all applications of the quark model are successful
in reproducingthe sharp break in the slope of the differential cross section at

{ i i"l(&{!)‘ but only at the expense of giving a strong momentum transfer
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dependance to the phase of the quark-quark amplitude and therefore, from the

additivity rule, to the phase of the proton;proton amplitude itself. Alternatively,
the slope of the quark-quark scattering amplltude may be assumed real, instead
of complex, which gives the phase momentum transfer dependance, but then
the ratio of real to tmaginary parts of the forward scattering amplitude must be
put equal to one, contradicting Coulomb interference experiments. Otherwise,
deep diffractive minima are obtained which are not observed experimentally.
Although multiple scattering analysis of proton-deuteron scattertng(7) seems to
require a similar dependance of the phase of the nucleon-nucleon amplitude on
q at least at low momentum transfers, this is probably due to the ne'glect ‘of

- spin dependance which mlg'ht prevent amplitudes from going through zero _

in the region of destructive interference befvveen singly scattered and doubly

scattered particle amplitudes. However, the presence of a break rather than

a dip (as observed in proton-antiproton and 'plon-proton elastic scattering)

* is not due to the possible spin dependance of the quark- quark interaction

(8)

as the complete minima persist when spin is lncluded in the calculation’,

Hence the unique sharp break in the proton-proton elastic differential Cross-
section remains problematical for the quark model. The dip is not a result

of the proton containing.more than 3 quarks since the zero in the dlffere'ntlal‘

| cross section persists when more than three subparticles in the proton are
considered. It may be, however due to the symmetry of the proton wavefunction
i.e. an antiSy_mmetric wavefunction demanded for Fermion quarks might lead |
to the zero being filled in, althoﬁgh this would necessarily result in at least

one zero in the proton hadronic form factor which might prove awkward Thln;lntg(la*)f 3
- 0t (et ary

has suggested the antisymmetric L) = NOe=e) (At (rr) &

for ground state of nucleon which has a node at e\f= IT-28 Pi . (¥4,) Despite

its correct symmetry, this wavefunction still gives rise to deep minima, instead !
of a shoulder, unless R[§©]is comparable wlth@l‘ﬂv)](l,s) Alternatively,the
effective quark-quark amplitude may not»be purely Gaussian., .
Mention should be made of the Durand and Lipes calculation in this context. |
The zero in the differential cross section, which results when the lnteractl;)n
constant k,‘,(seé equ. 18 Section B) for P-P scattering is taken as real,
corresponding to a pure imaginary scattering amplitude at all momentum transfers,
was filled in by including a real part in the ampllfude (and in k,..).. They found
also that when spin dependance was included, a minimum in the ?-® polarisation
near IH"‘" 1(‘4")resulted due to the presence of this diffraction zero. This has
been confirmed by polarisation experiments at S‘&.s,( ) So while this implies

a spin dependance in proton-proton scattering (singly and doubly scattered
protons having nearly opposite spin orientations when scattered in equal f

| measure), when this is taken into account, the quark model still predicts a .

diffraction zero at finite energies.

»
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The conclusions of various workers as to the structure of the proton are as follows.

(12)

Shrauner et al conclude that particle number of two or four is ruled.'out by

the scattering data whilst a number of three gives a very good fit to the data.

This is confirmed by the results of Harrington and Pagnamenta (10) and
Wakaizumi(ll). Others obtain opposite conclusions : Kofoed-Hansen(IG) '
(17)

and Cromer both fiﬁd that the infinitely composite model is preferred.
The reason for this divergence is as follows. The two unknown parameters
.(which can be independantly varied) in any composite model of hadron-hadron
scattering are the ratio of the real to imaginary parts of the sub particle -
sub particle elastic scattering amplitude and the ratio of the slope of this
amplitude to the strong interaction form factor slope for the combostte. If
one is given an arbitrary value,' then so can the other. The small angle data
are rather insensitive to the choice of parameter values, although the latter,

once fixed, detemiine_'.,: the large angle behaviour of the differentia_l cross section

uniquely. Clearly large angle scattering would be a better test for distingutshing ,

betweien the droplet and quark models, but the Glauber theory is not expected

to be valid at large angles so that comparison of the models' predictions is then
not trustworthy. If some theoretical consfraint on quark scattering

amplitudes and/or hadronic form factors, either for small or large momentum
transfers, could be made, the fitting of the quark model to the data could

be done unambigueusly and a crucial comparison with the droplet model would
become possible at finite energies. At infinite centre of mass energies (forward
scattering amplitude pure imaginary), both models give similar diffractive
patterns, the first and second diffraction zeros occurring at values of momentum

transfers which are predicted to be respectively the same almost in both models.

, T
For the fhird zero, the droplet model predicts its occurrence at about fti=5-6 (G“Vl‘) -

‘ The quark model however leads to no zeros in the triple scattering region

provided that Krisch's plot of present proton-proton scattering cross-sedions

is truly energy independant, so that it remains valid at infinite energies.

- Otherwise a diffraction zero is predicted at about the same value of the

momentum transfer as the droplet model predicts. Although this in principle
would enable a test to be made between the two models, very sensitive
counters with high angular resolution would be needed at the very large
energies where diffraction minima might be observed. It should be notéd
that these conclusions are valid for Gaussian quark-quark amplitudes and
proton form factors only. If this restriction were relaxed, there would be
even more freedom within the models, making it more difficult to choose

among them. Using the parameter values, obtained in fitting either quarlf

' or droplet models to the experimental data, to predict values of total cross

sections, breaks, dips and angular variation of the differential cross section

i
1
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in other reactibns would test for self-consistency withip each model but could
not be made to test one model against the other for it it is assumed that all
hadrons are made up qf the same sort of hadronic matter (this must be |
assumed for ﬁredictions-to be model independant) then comparison witﬁ the
droplet model would Ee possible only at infinitely high energies, assuming
the Pomeranchuk theorem for particle-particle and p rticle-antiparticle. .
total cross sections, which implies that hadronic and antiha&ronic

matter properties are asymptotically identical. Thus the present evidence
leads to the conclusion that the number of constituents in the hadron, whéthér,
baryon or mesoﬁ, cannot be dgcided on the basis of strong interactions,

though indirect evidence (totalncroés section sum rules, strong decay rates,

etc.) favours the quark model,
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SECTION D:- | |
THE FRAUTSCHI-MARGOLIS MODEL AND THE WU-YANG CONJECTURE.

The Pomeranchuk or vacuufn frajeetory occupies a special position in the
hierachy of Regge poles because (i) it is the highest lying trajectory
. (i) its slope seems abnormally small (ot',(;o)‘:M*oa(G@V/c)l) . (iii) it is
doubtful whether it is a Regge pole because of the lack of Regge
' recurrences. The Chou-®ang model of high energy elastic scattering

of hadrons makes a clear distinction between diffraction, which involves
) exchange of the quantum numbers of the vacuum between colliding |
particles, and the exchange of other quantum numbers - it contains a _
degenerate Pomeranchuk trajectory of zero slope. Alternatively one may
assume the Pomeranchuk to be a normal Regge pole with normal slope
but that multiple scattering corrections are important. The observed flat |
trajectory is then a consequance of approximating the multiple scattering
series by a single Regge pole amplitude. This viewpoint is taken in |
the Frautschi-Margolis (F- M)‘model(l). Starting from the Glauber small
angle of scattering expression for the scattering amplitude -

£¢q) = t;fa”'S-o(bq)(l-ei%m)be 0

where the normalised amplitude satisfies %.5-;7( H“"T the wa th': order
- multiple scattering contribution to the diffractive amplitude is given by -
the nbﬁ term in the series formed by expanding ei'ub) in aecending
powersof X.(b) ;- '

w

£C) = Z, $v(4) with $given by
acnm = ,;j:",:"_; X" (h) T, (by) bJ:
and £,(3) given by the Born approximation %)= 1c 0.—“, where at high energies
c= ¢’ and C>o0, Since their model is based on the small angle of scattering
approximation (1), their results should, strictly speaking,be compared only
with small angle of scattering data,in particular,their predictions for large
'momentum transfer diffraction scattering should be meaningful only in the
asymptotic energy regime. For purposes of testihg the multiple Pomeranchuk
exchange mechanism i.e. to see whether exchange of the f trajectory alone can

account for the observed exponential dependence of elastic differential cross-

Y
sections onitl whereltl=z;at currently available laboratory energies, it would

appear to be more appropriate to start from a general scattering angle expression

for the scattering amplitude. Then, the large \t! preélviction can be compared
~1tlY2

with present data. It is then foﬁnd thét while the e behaviour is retained,

within the limits of the approximations made, the detailed dependance of .
i

the predicted differential cross-section onlt| gives, assuming the Wu-Mabg

(2)

conjecture for the largeitl proton electrdmagnetic form factor, a rather
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poor fit of the form factor to the SLAC data. .It should be noted that Wu and
Yang's speculation was for the large angle (not large 1tl) P~P differential
cross section to be proportional to \Fe Gl and so can be applied to high
(but finite) energy P-P scattering. Oscillations are found in the differential
cross section calculated for finite (but large) centre of mass energies which
are not observed in the large angle data nor in the proton form factor.
These occur in the fixed large angle differential cross section as a function .
‘of centre of mass energy as well, violating the Orear formula (3)'5%%1 =fRe
where M b are constants, although the predicted energy dependence may be
weak enough to be consistent with the data in the currently available range
of energies. These discrepancies are discussed. It should be noticed that
infinite order multiple diffractive scattering.is characteristic of hadrons
: regarded as droplets as opposed to finitely composite objects so that the
results ‘described above for P-P scattering should be characteristic of the
Chou-Yang model if all orders of scattering are corlsidered, the ath
term‘lrl the expansion of (1) being t;he sum of all contributions from n
particles in the droplet.
From Section C, equ . (15), of HIGH ENERGY POTENTIAL SCATTERING THEORY,

the general scattering amplltude for elastic P-P scattering is
F6.,9qY) = Flsit) = = (1= ) {2y (™% mc)J b

L(l»‘a.)" §7 vl,(bl\'l"“)(glix.—vglx‘) db
LlmaY! 57 ToCHt) T c_"_C_:T-_') 1" b db
dnJ. as oA ~>0 | F(,,e) —~ "'l-j So(b‘b\v‘)f “n“—xn Lclk

-
-

S0
Writing the single scattering (Born) amplitude as e
F = Fg :,:Czqe 31\"!5 -'):: = —;_—%_ e “‘;—5
n-& ' - "
from which Fisit) = ic i )T‘:;L ot (TC2a) 2 T

| \ ! \03|-¢] = C/?.d.
- ioz n_tp[“/n T (ae) (nl)'%D-— egn —wlegn! «

for large angle scattering (large momentum transfer scattering when centre’
- -

of mass momentum is large), the scattering amplitude= l'ml Fesib) | Nvtme “"‘ Ea=n
. o ol >
then F (s.b) ow '€ g .“'p[ 2 m(nn) . (nA4) 1040 ~ Legn!] ,
C e fex " k I ate <) = log T Clex
- ’CS. -Q,&()J-L )w‘-\o.n?. _S,(,‘) = “I-»L ﬁ-[\“f‘-‘ﬂo)("-') ‘ﬁr
since large angle scattering is dominated by higher order (large » ) multiple
scattering,using Method of Steepest Descents to evaluate integral, we obtain +
-7 & LY} _ 1y 1o a L
(ht) nee ic '1—52—(—:&)‘ 4 [ l+ e [ -,_qt"m)( at)] ]{‘P[ (H. __L_ )( ZaHo,(-vt))J
N - S B i ZULCD LV
[oj(‘ﬂt‘)
. -wat ~2atloy(-ak) ‘e
- F(‘ L‘) “""‘” llC[—l‘.’:( l‘)l Q\(?[ ( ) J
The Pomeranchuk exchange amplttude for elastlc P-P gcattering is
v e (l.) = ‘ SmTrot (' e +'> > /

il

- Ce’ (s°>d~- w"\ch, % (:rusector\/

Sm

() = et(e) + &'(o)E
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with o (0) = | , assuming asymptotic constancy of total scattering cross«section

4
(no exotics in the direct channel), and o (o) ¥ O » In view of latest

(%) on high energy elastic e-f scattering, which indicates

Serpukhov data
considerable shrinkage of P-? diffraction peak, as centre of mass energy

increases, at very high energies.

——

1 - e
$inE = Sinz(1+L@b) = wslé] 2 | (€ ] << gy
The approximation is reasonable since single P exchange is responsible for the
L Th
diffraction peak whose width is typically $o 5-(&_0.}5 The signature factor z’..n T~
2
= co‘: 2 -« has z2eros al -« = Zna+l Cor n= O.i.l,el‘a.,
2
1e. alb -t = Fi.-,) (n+l) kS X, L,6, ch., Cor d'(o) £ |
: _ Z | (6-_7.‘_,.)"
Hence zeros are unimportant for single P  exchange where IH < <
typically, Identifying the single scattering amplitude with P exchange amplitude:
. b R Y TN v o)k [log 3, - WY
Fa = lce = F, = te C.Su) = G o
. . s T - i (s)
- U J.(o)[_logso - 1.] =. a] ,
- ' 29 Y s
whece \u\ = & (0) L\o3 So .ﬂ;—,,'] * \ Eonzf(s) = Tr’7.|03 So
T . Y U . .
. FUs,b) e ’)_..c,[ - Ja|t ]’4 QXP[— ]R(s.l:)]’ @s%(s,t)
1“03(-¢lt¢)l3
. e _ .
3]‘; ‘% + lﬂ(s.l-)l'/" Scn% (s,b))]
1
where |AGE] = ~afalt [ #40) + log (- 1at)]"?
l':u_n G(S.E) = ta S ~lea
- E
L de X 1‘)‘&) and(s) + ley(-la|t) . -2RGs ,m Y25 85 )
CT = TNRGHET gy, e Rl 2 ey -a)P) ™ o |
N OW. L_n.n 6(5’ &) ‘ 'H"’"" l?nn ¢(S) SO 8(5, L‘) "'_'qw ¢ (3)
. do Y Lre? [ -1 alt ]"’- o 2L~ 2] alt ($2+loy (~falt)) ]“"g
.. dt -» oo a 3
' 1(¢"+l°5 (-1alE)) fa
o - (on & ‘e|l
or JJ_L' “7\ (e cons : qurox;mately

Roplying the Wu-Yang (.onsecj:ore, - Jﬂ: <« |FS(Q"" P It >

.Then the large angle eikonal representation of the scattering amplitude due to

multiple Pomeranchon exchange predicts the proton change form factor to vary
with large momentum transfer Itl%as const. 14"
g - o!\S

[FEe(t)] = IH
Miyake and Takagi(s) have phenomenologically analysed the SLAC data , “For
S“M‘?.o (Gﬂ) forb the proton magnetic form factor, using the asymptotic
form F £O=C\H o.qex'vhere ¢, and ¢, are constants, o and b are
independent parameters. - They obtain a best and loose fit region for @ and b

(the latter defined by including data at |l:i-l?. and 10((;1\!)" which have large

" error bars). For b=’ , the best fit region for a i8 -20 £ @ X -).2

and the loose fit region is -222€a4 £0'3,  Thus the predicted form factor lies
near boundary of the loose fit region and so, although not definitely excluded by
the data, it does not fit the data very well, There are various explanations.

1) The SLAC data are not yet in the asymptotic region, as was assumed by‘ "“‘Y""‘"
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and Takagi . This s very onlikely unless proton has a core sbeucture. ab dishancas |ess ‘than O-[F, ise.qpurks
(partons) responsible for electron-proton scattering are tightly bunched

’together at proton centre.

(4)

2) Multi P-exchange mechanism is wrong, Present data' ' indicate P-* total
cross section is constant between 25 and 65 &<V instead of rising towards
constancy as F-M model predicts. Also, beyond scattering angles

| of about GOO, the data fof P-P elastic differential cross sections deviate

- constitlr (6)
significantly from the < behaviour’,

falling off less slowly. The
exponential variation is not necessarily due to this mechanism since all
multiple scattering models involving unlimited order of scattering are
characterised by predicting a transition from Gaussbian dependance on momentum
transfer at small values to exponential dependance at large values (7) (8).
Also, the exponential fall off is already obsemed at energies where f-P
total cross seqtlon is still falling or levelling off, ‘

2) Wu-Yang conjecture is, asymptotically incorrect. It does not appear

(5)

compatible with the Ocear formula although the form fe‘ctor, dediuced from P-P

elastic scattering, satisfies the lower bound {F(B)> v_’ derived by Iaffe from
(9) of Wu-Yang's conjecture for
small momentum transfers (up to the first break in the slope of the differential
cross section) makes the-.idea difficult to accept if it is applied to the
6pposite end of the. It| range where high order fnultiple scattering dominates.
Also, the idea implies that the Pomeranchukon is a ftxed‘ singularity ,
contradicting the Serpukhov experiments which indicates shrinkage still of
the P-pdiffraction peak.
The resolution of these questions will have to wait until larger energy and
momentum transfer data from the Serpukhov and Batavia accelerators are
available. It should be noted that the quark model,in which the maximum order
of multiple scatterlng is 4, 6 or 9 for meson meson, meson-baryon or baryon C
baryon scattering cannot predict a Itl dependance when {tl is large, -
of the elastic differential cross section, since the number of independent
Gaussian terms in the multiple scattering expansion of the amplitude is finite,
in fact 2 gl where A is the number of quarks in .9ne hadron and B the number
in the other. For P-P scattering the number is 51l and the conve_rgence of |
the series is slow. The large number of terms means that the series .can be
approximated by an infinite series except at very largf“ffa:-t:m's ‘angles s, so
that the finite series has the asymptotic variation of e . However, the large
angle data (o~ ‘15) for -? scattering is known to fall off less slowly than an
- exponential in ll-l'/". This thus may be evidence for finite compositeness
of the proton i.e. a scattering series which is finite so that there are no highe_r

!
I

order multiple scéttering terms which cause interference and reduce the

differential cross;section.
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It may, alternatively, be due to the backward scattered proton which is
indistinguishable from the proton scattered in the forward hemisphere.
As yet, backward scattering cannot be incorporated in the quark model so

that the two alternatives cannot be distinguished. 4
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SECTION E:-

In this section, t.he kinematic and dynamic assumptions, both implicitly
and explicitly made in applying the Glauber formuliam to high energy hadron -

hadron scattering,viewed es multiple quark-quark scattering, are discussed, .

In the quark medel, the small angvle approximation to the elastic scattering
amplitude; originelly derived by Glauber, is often applied, with success, to
explain the oscillatory diffractive pattern of hadron.. :adron scattering at
angles considerably larger than that for which one would expect the }
approximation to be valid. . Why is this so? A simple argument shows

that this is problematical if the quark is massive compared with the hadron.
Consider elastic #-fP scattering (this example is quite arbitrary as the -
argument is true for any particle made up of quarky. The two protons in

the centre of mass frame collide with equal and opposite momenta k and are

scattered elastically with final momenta l_c'. The momentum transfer from

one proton to the other is = k-k'
_ , ¥ ,
Now k = ?_;‘ ki .!5‘ = _}; ks 5 where kj , ki are
the initial and final momenta of the jth quark relative to centre of mass
frame.
3 ., 3 .
C.9 = f_,(‘j_i-—‘.‘.é)' z:“\rs y  where q,;:!g kg
- o= = - -

is momentum transfemed to }th quark.

lal = 2ksing and %l = 2k; % where & 1s

the total angle through which proton is scattered, ©; the Jl:h quark scattering
angle, again referred to centre of mass frame. Bet Q,, w 3 be unit vectors

in the direction of momentum transfer of proton and Jth quark respectively.

;'v 3 = \1‘% = 2k s\n% :" q“& q" = 2k} SH\%“ "u
- - =z 2 .‘A |
' N 2K sin$ 3\, = 1L 2k sin® q;
.. L,

3 ¢ ern BI
oc 9 = ): ki sin = q4
N cEma N3 = AR S UM '
where V is velsciyyof proton in centre of mass frame, Vy is quark velocity in
proton centre of mass frame and Vi the total ith quark velocity. .Then if m, ' M

are cost  masses of :\thquark and proton respectively.,

ky = Vi = M) (Y +vy) s
_ = "‘ ' ! Ay pvd
.'5‘ 9 : ‘.S = a MY o} Vs R\"k
N m v +V) SInz A A /s 2y
k Rl Z ﬁ' l—_é Vi W e
- = Sing "]

If the individual seatterings of the quarks are through small angles 9..{,the :\.3

are almost transverse to the incident direction of motion, However, the
resultant momentum transfer can be in directions making much larger angles

with the incident direction of mot1on (overaI scattering angle can be much
my V. +V.\‘ sin @i SS

Sihe
n 1TV

Sm%

longer ) if
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. _':\_1_‘ \_"".Y"\ -'35 .s..l.'.‘.ﬂl' and since 6> 065 ,
e ™ Y] sin§s
. ,“.:' ANV v >>‘
or QI RE )
- Lo o 'v.. . .
.. provided 3 << | i.e. motion of quarks in rest frame of

proton is non ‘relativia:tic ,then %l»l . Thus if quark mass is much larger

- than proton mass, as exbected, the overal scattering angle of the proton ig
much larger than angles through which quarks are scattered. Thus the
problem of the Glauber approximation and its angular range of validity is

. pertinent for its application to multiple quark scattering. Now the small
angle approximation is KR sinf <<

where R is the range of the potential acting between each proton. At high
energies (k?>f' ). each proton is Lorentz contracted to a thin disc so that, -
roughly, R must be replaced by R(1- 5)'/1 where pB= _va « Thus the
effective range is much smaller,which means thai_: the inequality above cén
be satisfied by larger values of scattering angles than is a priori

-expected. | _

Fundamental to the application of Glauber's theory to the quark model is

the assumption of additi.vity of quark phase shifts (see equ.2 in SectionE)

- Effectively this means that the interaction between the incident particle -
and the compbsite particle is instantaneous, or, equivalently, that the
incident particle approachés the composite with infinite velocity.. Since

its velocity is bounded by the speed of light, the Fermi motion of the quarks
will introduce finite corrections at all energies (including infinite e nei‘gies).
These should be very small for weakly bound systems, like the deutéron, |
with low internal momenta,a condition consistent with the non-relativistic
quark model of hadrons. The assumption of the interaction being instantaneous
in the centre of mass frame means that the quark-quark scatterings occur
simultaneously as viewed in this frame. Because of time dilation, this
will not be true in the rest frame of each composite particle, wherein the
interactions wiil occur successively in time. Ifv is velocity of one
composite relative to the centre of mass frame, then two simultaneous
scattering events located at‘ quark positions (*,¥,2) and (= v:.-z.' ) relative
to centre of mass frame will be separated by a time interval in their rest

- -vax
mass frames. AN = T
. P -

/ . AN ) . E
where Ox = x-% = Bxoll-%)" Ax, being the spatial separation in
' ) . - VA%xo - )
their rest mass frame. Thus At = <> . As the velocity of the

composite increases, the time interval between two scattering events in the.
rest mass frame increases and Fermi motfon of quarks becomes more important

(assumption of quarks being ‘frozen' during multiple scattering becomes less
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valid),. If Vo 1is velocity of quark along x dxis with respect to its
Vv
parent particle rest frame then the distance moved in time Af ig !—3é;::

which is a maximum when V =C, The Fermi motion will be small provided
y.ﬁ-%-’-‘-‘-’- << Bxo,je. Vo <« C , which isassumed in non-relativistic quark
model§ ‘

Another physical assumption underlyingthe hypothesis of additivity of phase
shifts is that the individual interactions are local, two body forces. If

the observed saturation of quark content to two and three in mesons andbaryons
respectively is, say, due to repulsive three and four body forces respéctively,
then many body forces, although having much less.effect on hadron-hadron elastic
scattering than the effective two body quark-quark and quark-antiquark interactions
because the former would be of short range and would not influence small

angle scattering, might yet be expected to be non negligible, especially at
large momentum transfers,when considerable overlap of quarks in the interaction
region should occur, Harrington(l) has shown that the corrections to
proton-deuteron scattering arising from the presence of a three body force

are small (typical correction to total cross-section is about~-0.4%), though
perhaps larger at larger momentum transfers, Such small effects are to be
expected with weakly bound states where the expectation value of the 1nterpart1c1e
distance is larger than the De Broglie wavelength so little overlap occurs

and the phase shifts accumulated in scattering of a composite particle are
additive. In the harmonic bscillator model, however, the De Broglie
wavelength of a quark is A = h/ < P> where &= GiRYD, This is related to

the expectation value of the interquark distance (assuming an § state for
simplicity) by ?/<ﬁ'=12k”|, so that the considerable overlap (tight binding)
predicted by the model appears to make the assumption of only two body

forces between actual quarks scattering each other rather dubious, o priore .

But if'considering mesons, a repulsive core exists (evidence for which is

given in QUARK DYNAMICS, Section E) with an exponential wavefunction in
meson core with inverse range'a, joined to a Gaussian component, outside the
core with inverse rangeo(,thén it is simply shown that M4 provided a >> &
Thus with a short range core, three body effects for mesons should be negligible.
A further approximation to the actual physics of multiple quark scattering is
the assumption of the validity of the impulse (or equivalently, the adiabatid)
approximation in which the incident hadron passes through the composite

target in a time much shorter than that characteristic for a quark to cross

the hadron in its bound state motion. This is valid for incident particles
with high laboratory momenta,ﬂ,?bqg, where R is size of composite, and is

consistent with non—relativistic motion for quarks inside hadronms.
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The particle will then leave the interaction region long before inelastic ex-
citations such as spin flip or transition of quarks to higher orbital

angular momentum states are communicated to the composite particle as a whole,.
The approximation thus ignores off-the-mass shell scatteriné. One would
expect this to be important (if at all) only for weakly bound systems and

for large momentum transfer scattering, where,due to dominance of large

orders of multiple scattering, such off-shell effects could paccumulate and
provide a non-negligible correction to multiple elastic scattering processee.
For example, Harrington(z) has shown that in TC -deuteron elastic scattering,
while inelastic contributions are negligible near zero scattering angles,

at large angles they are important. | Underlying the adiabatic '
approximation is the neglect of quark recoil. The possible energy transfer
between the incident hadron and the target will be small compared with.the |
binding energy if quarks are massive since the former is then very large -1in
order to account for the low lying hadron mass spectrum. It should be
important only in weakly beund systems such as the deuteron(B).

ELASTIC PROTON-PROTON SCATTERING TO ALL ORDERS OF MULTIPLE QUARK-QUARK
SCATTERING,

In the eikonal representation, the high energy, Small angle of scattering
elastic scattering amplitude is 5-(-;) = h.rrjq,‘& (l-e ) )J‘L (1),

where X (b) is the phaae shift of the (kb-% )th partial wave and § (9)

is normalised so that %%.=Tf|5{9Yf In the quark model of high energy Proton-

Proton elastic scattering, the total phase shift of the scattered proton is
the resultant of the phase shifts due to interaction of each of the three
quarks in the proton with the other proton, the phase shifts being assumed
additive so thgt _ . '

K(b) = L Xlb-sa) = A(bisisnsy) | (2)
where Sa is the projeetion of nth quark spatial coordinate €n (with centre
of mass of parent proton as origin of coordinate frame) onto the P-P impact
parameter plane containing b, and X (b- $n ) 1s phase shift of nth quark
due to scattering by proton (isospin " tavariance is assumed for quark=-quark
and therefore quark~proton interactions so that phase shifts are independant
of quark index n ), Noting that ‘

(1) gives o < = |+itucj§<oe""' % (3), then
ELTEHENES F. e N I IR P E I expl-iqn- (b-s] 4%, )

. Assuming small angle quark-proton scattering Yarsn 2 %n ,then

iy A (5’51551:53)

e = 1+ ): )" (D] expl-i T, qm-Co-ra)] rl [Jq.,.. sead] (W

. (possible spin dependance of quark-quark interactions are ignored so that

ordering of quark amplitudes in the binomial expansion (4) is unimportant.
Spin effects should be negligible in the asymptotic eﬁergylregion to which
the quark model, in this section, is applied)- '

The wmth quark-proton scattering amplitude, with momentum transfer %m in

centre of mass frame of two protons,}(@,b is related through (1) and (35
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‘to the quark-quark scattering amplitude ¥q. OM.-.!“’*—‘ s 2
P 2 el 3 "f:a,-r' 4% . &
Fla) = Slamcinia) = LET (D § 52 (en -3 ) ¢ B ™ M)

. ¢l ot 3 Y - s ethor n 3 -
S X i) o L, Ca) (3)§ o & n e Clorm) N Cden?2 Gn “@).
n=s 2 . ) . f e m= - 2= .
§ 6 -2, & BT N [, fecua]] )

the P-P elastic scattering amplitude, averaged over spatial coordinétes of

_quarks in both protons is

F = el F Y 'P (6

re (1) = <£rel (Gienees s o)l eed> ‘ )
\ ) E -L ia-b 1% Chj 54350535 5:184,53) D e

where C1'3 AR ARF Y ‘1-"':"‘3') = 2rJe ( e T - J L

The amplitude is determined therefore when diagonal matrix element of overal
' xE b,h %254, 8/, 5:’. ‘l’.)

partial wave amplitude e — 1 "is calculated. Denoting n body
i LT

form factor of either proton as (%2 20, 00-0) = o] o TP
then ( ee ' e—-,’)L Chb, 5;. $1)%33 S,’,S{d;)_” pp) n.___ ;5 . )eﬁl ( 3)

3 « - Z °L...'_l3 e Y - Sl (_i(‘ - P
- Y ({‘:f)ﬂ (3\)S¢anl - @c"r_\ ‘_-_C\QO) mlz. [J ?,_ Z_,—;l w ‘

} e 2 <

‘Syc‘vu"“ljuo) St(}_m‘?: 4w) nEJ Q_-_wf'q ('L“)] (7)
4 . o |

letting Ge(3a) = § (3, --4es0) $°C 'l:_m—é‘ *L_-c)i [ d"eSecen)] (8)

the quark-quark elastic amplitude is

approximated by comparing the single scattering contribution to the overal
ampilitude with the near forward P-P scattering amplitude. The latter is

parametrised as

o, -E597 R CFre ()
Fee (87) =(°*°‘fv)7,?r e where oee = 9CFre()] , 9% is P-FP

total cross section, § 'is' inverse width of P-P diffraction peak.. The

former is

FD (o = (DD 22 (100) Feo(a)

.* . from the approximation (neglecting higher order- contributions to the

diffraction peak)

FO.(y) == Fee(a) . we obtain
' - -z§
Soln) = T (3,00 Fota)a Y where
Socr = T (1vsed

The proton is assumed to.be in the %€  irreducible representation of SU(6)

with parafermi statistics for-quarks. The proton ground state is .~ o
-% gmﬁb“.b‘)

represented by thel=Charmonic oscillator wavefunction ET(frufs)=Na ™ *
where N is a normalisation constant.
The n-body proton form factor is then 4, .
® (91,802 90:0) = S 4_19?::' b where  £¢*>

is the meari sduare radius of the proton. Then ‘

Ga (L) = [&Q‘(o)je Ho(3m) . 0 . where, froqu'ut(B)

Heta) = J2(an=300) 57 Cua-T,8) 11 [ 27 C00,09 $% 7% S,
Noting that

®

. .Q . '.
é (‘lvnq'\-)“'“vb") =) n §C$h°l°) we obtain
- k=) o
Holom) = % ()™ oo~ £l az]  whare pr= 1C5- )
.. equ 9 gives :

Ge (2n) =

]
2-1 e - £4
T (B [Fe]® & 27
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equ (7) becomes (Pf’lﬂ— -||fP> I (zx)(n)fb Rt "8G, ‘l..o)ﬂ[Jq,_):‘g" )( )| EADIAN Q%»]

n=l

I (zrt) (3).“” [J" mi qle—-[dz‘tuw ‘lr"']]

m=i — ]
. . ’ here
QLN s '] £ ey "
= p (1p') (a) [fqlo)] 5 de = ¢ + ¢ (10)
The matrix element becomes . & n
(fvla”‘-llfr) Z (n)[ Y_ Ae o ““] ' ' where
Ne = —’ QQI,L,_ ’ (11) ;_

b

equ. .(6) reduces to  Fee(a) = -m:sn. "( ﬂ’lc —-IIPP>J’L = ~¢—f (n)Ifo(Bq,)L[): Roc “]’:“»

[ 1}

Y_ ‘-" (\-) where ::\(‘ﬂ = ':(i"‘)jao—s" (L’W)L [ Z’:a Pre 9: /‘“e]ndb

nat

F:':.' is the contribution to the overall scattering amplitude when n quarks of
one proton interact with the quarks of the other proton. Generalisation to
identical composite particle scattering is straightforward. For elastic
scattering of two particles made up of N identical subparticles, the scattering

amplitude is N
- Fan(3) = T F ()

o) nt ~bfuten
vhere f(%)1s given by r'm( y) = -« n)S To('w)l,[ Z Aece 1 db
with Ae = "1": 4¢‘0L¢ ; de = ¢! (‘/lp)a-‘(’d ‘ffo)]e e Lo = l!’le_ +<efe

where 4 (o) is forward particle-particle amplitude. The multiple scatteting

expansion may be represented diagrammatically as shown below.

FNN(;W) = | O—-=0 ' ?<‘Q - . . —

: ' + ' 1 + ersans + ! ~ - (4)]
6 6 o c | é = F
o Parrice + .P; ! o+ .i?'-‘ o theenes e T - F("-)
» 1 ’ ] N H
T INTeRAcTioN .0 é ¢ ° é
+ —~evaus et eresns .o ceroreaens
5l B S~ cieeer 4 ;«? = = FY
2 . < )
3 _% [yae . Wtue(&r +-(s+..o- t
Now LI Aea ] - % A As...he e {rs b} = L2ee3
= LS 9 - ) -1 3 ,
Writing Ac,Rs... At as Acs, .t Qnd ¢‘. -h{, totde US ey
n) -ol '
then FP(P () = -2 (3) :)':‘ . Avs,.nt °Lr.s.--r o "t s’
. " Lt Na I N
E*P“"'H" ) F(:v)p (y) = "l»( ) Z A (d.:')- «Yq
@ : ~1 "C'L;.""‘;.J.I v
Frl) = PN ‘Z Aehs (47w a3) @ -
) e -[-{« 443 +d b w
F” (q) = -2 ( ‘s)‘l: Ar AsAt(ir hL.s ﬂLg Q

The contributions to the NEh order scattering amplitude (14 N£9) from the

var,lous scattering diagrams may be shown by writing
For (a) = s: el (3)

w hece F':m () = -2 Z:'( i)Ar.s....r Lrpgot 2 (13)

where summation convention is applied to rsit and ns,t have values from 1

" to 3 subject to rteseb= N | the restriction arising from the observation that Wth

order .scattering contributions must contain the quark-quark amplitude /
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raised to the power N and Ae,s...rﬁd-.q...'ae from (11)
. « BN eron (10)
The differential cross~section is , for P-P elastic scattering,

do . : )
G = TRkl = L RGO + an RY FUE"
' - . M,

Q JU‘(”)
- \[::' T;— , where, é{:t') - TC[ | F w)":. | HEN AR Z:"“ FuﬂF (N)fJ
The first term is the incoherent contribution due to Nth order scattering, the
second represents the interference of the Nth order coherent contribution from all
» other orders, giving rise to diffractive minima. Only the interference term
with M =N+ sghould be important in the interference region where ( N+l )th
order scattering takes over fromNthorder.
MULTIPLE SCATTERING CONTRIBUTIONS TO P-P TOTAIL CROSS-SECTION,

From (12), (13), using theqoptical theorem,

o= Y F, (o) = :L-l oM wheré) contribution from Nth

order quark-quark scatterin—g is U'f‘“) = -7 7;_:‘ (‘:’\)dqs,.., RC Aes,.t) , reseb=
Denoting §4(o) by Foro) =15eia)l o'? with TC > $= Aeg Fota) > T | dpp = bend <O
then from  Qo), @) , Arg LA ] = [rese®) (p+Th) = N (P+T/a)

}—;_r N > Aegl Arnsoel > NTT
Since at high energies, forward elastic P-~P amplitude is mostly bositive
imaginary (¢z1£ ) we see that for odd orders of scattering (w=1,3.:), R (Ag,) 40
i.e. odd orders of scattering increase total cross section, whilst for N=2,k,.. ,k(a,,,rgw
i.e. even orders reduce total cross section. The double scattering correction
reduces the cross section, as is well known([’). This result should be true
in the asymptotic limit provided the ratio of real part to imaginary part
of the forward scattering amplitude approaches zero from the negative side, as
is the present trend of data obtained from CoulomB scattering. The alternation
in sign of successive terms in the multiple quark scattering series, proved
above in the 1limit of infinitely high centre of mass energies { dep= O )'wh'en
the forward elastic amplitude is pure imaginary, is also characteristic of
infinitely composite models of high energy P-P scat:tering(s) Also, the
Regge cut sequence generated by multi Po meranchon exchange has this sign
alternatioﬂ.(6) |
RESULTS : - |
- The asymptotic P-P differential cross section has been calculated over the
(momentum transfer) range of | - ‘
o< 1l ¢ 20 (&)

Pointlike quarks were assumed so that the eharge and matter radii of the

protons are the same. The Hofstadter value of 0.81F for the charge.

’FOOTNOTE:-
© this is not necessarily true at non-asymptotic energies since,in general,

the Nthorder contribution to © has sign of Nk sinNg if N is odd and (-I)L;}CUS~¢

if N is even so that the signs of the terms may not alternate regularly) |

o e —— e~



. 9 . ) .
order scattering is (N ) The total number is » .

Page 34.

ORDER MULTIPLE SCATTERING CONTRIBUTION : %

OF ' TO P-P TOTAL CROSS SECTION, %« (the : CONTRIBUTION
MULTIPLE numbers are statistical weights for each TO P-P TOTAL
SCATTERING | scattering process, Y+s¢ is the con- CROSS SECTION

tribution to ssdue to (e+s+t ) th order

scattering in which 1 quark is scattered

¢ times, the 2nd § times and the 3rd

t times)
1 9 Two . 79
2 9 Two + 27 Buo : 19 .
3 3 Oyo0 + ShOuo +1T%m . 1
4 \ 27 O * B0 +8|oa 2¢107" .
5 18 on0 * 210 * 810w 8 x10™°
6 3 Oye *+ V0 + Sk Ty 4«10
7 9 Taw  * 278 4x 10"
8 9 o _ 9 x 107
9 I T ‘ ‘ 2 x 1077

100%

radius was assumed. This gives ()= L-1€6V)? The following other
parameter values were assumed: -

dep = 0]
oy = 38 m.8.
g = 10 (G‘Q_V'(.)-L

The calculated cross section is shbwn on the graph. For comparison, the droplet
model prediction of Durand and Lipes and the Wu-Yang conjecture are included

as well. - There is little qualitative difference between the quark and droplet
model results, both predicting two diffraction zeros, aithough the onset of the
double and triple scattering regions occur closer to the diffraction peak in the
quark calculation than do the corresponding regions in the droplet model, '.

The large momentum transfer differential cross-section predicted by the quark
model falls more rapidly, presumably due to the assumption of gaussiah matter '

form factors, instead of dipole form factors which the Durand and Lipes

| calculation employed.

Contributions from the quark multiple scattering processes to the forward
scattering amplitude and therefore, from the optical theorem, to the total
cross-'section are shown in the table. As expected, these decrease very
rapidly as the order of scattering increases. As a check to the statistical
weights given to various multiple quark-quark interacfions in the table, we °
note that the number of distinguishable ways in which N quarks out of. 3 in one

proton and 3 in the other can interact via two body forces to give rise to

<
(7«) = ?;q(l)—l = 2% = sil
which is the total statistical weight of the terms shown in the table. It
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should be interesting to see whether future experimenté show, in P-P elastic .
scattering, the gradual formation of dips and eventual minima in the differential
cross-section, as expected, and in particular whether the fixed, large angle
differential cross section falls below the droplet model prediction as this
would indicate finite compositeness of the proton (though not necessarily '

the 3 particle structure provided by the quark model).

N is even so that the signs of the terms may not alternate regularly.

() D.R.Harrington, Phys. Rev., 176, 1982 (1968).

(2)  D.R. Harrington, Phys. Rev. D, vol l. No. 1,260 (1970) .

(3) G. Fildt, Nuclear Physics B,29, 16 (1971).

(4) D.R. Harrington and A. Pagnaine‘nta, Phys, Rev. 173, 1599 (1968) .
'(5) O. Kofoed-Hansen. Il Nuovo Cimento, Vol 604, 621 (1969). |

(6) A.A. Anselm and I.T. Dyatlov, Phys, Letters,24B, 479 (1967) ,

tt
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CHAPTER 3:-

]

DYNAMICS OF THE QUARK MODEL.

In the quark model of hadrons, i,aryOn (with odd half integer spin) and mesons

(with integer spin) are considered as composite bound states of three quarks and

§ _
quark-antiquark pairs respectively. kThe spin % quarks may be regarded as

fermions or parafermions. Internal quantum numbers of the hadrons are given
by the cormresponding quantum numbers of the constituent quarks whilst their
masses depend upoh the quantum numbers, masses and nature of interaction
of quarks among themselves. Any satisfactory dynamicai theory of the |
quark-quark (Q-Q) and quafk-antiquark interaction (QQ) must have at least -
three features. | _
(1) It must lead to §U (§ symmetry in the non-relativistic limit of quark
.relative motion and hopefully explaitl why the static §U (6) model appears
to be realised for the hadrons , In particular)why the 56 is lower in

mass than the 20 or 70.

(2) It should predict the masses of known baryon and mesons, in particulaf A
explaining why the QQQ and Q6 configurations lie lowest in the hadron
mass spectrum, whilst ruling out the possibility of exotic QQ, QQQQ, QQéQ
etc., states or at least predicting very large masses for them. The zero
mass state should be exhibited.as a singularity in the dynamical equations of
motion. . |

(3) It .should-predict linear Regée trajectories for both QQQ and Q(-j bound states
in the low lying end of the mass spectrum of hadrons.

. A simple model of mesons is developed below which displays feature 3.
In Section A, the Bethe-Salpeter equation for two spinless particles with
scalar interactions is shown to lead to a Schroedinger type equation, with
(energy)1 instead of energy, dependence. This is solved for a harmonic
oscillator binding potential. In Section B, R.M.S. radii for the pion,

(and, by extrapolation) for the proton are calculated. These are used to

estimate quark chan/ge radii (see ELECTROMAGNETIC INTERACTIONS, section -

' C) The strange - non strange quark mass difference is estimated from Y=0
and Y=l meson Regge trajectories. " Estimates of the pion electromagnetic
' mass spliting are given in Section C. In Section D, phenomenological
analysis of high energy proton-antiproton elastic scattering in terms of the
multiple scattering quark model is coﬁpled to the non-relativistic harmontc
oscillator model to provide a crude estimate Qf the free quark mass in two °
limiting cases. Lastly, i'n Section E, difficulties of the harmonic oscillator

model of mesons in relation to poséible core in quark-antiquark interactions are

discussed.
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SECTION A;-

The striking success of SU(6) symmetry(l)

as a symmetry for strong interactions
means that we expect the superstrong forces responsiblé for_the binding oquuarks
" and antiquarks in mesons‘to be spin independent and to 1eéd to non relativistic
motion for quarks in the bound state so that intrinsic quark spin is separately

(2)

conserved., Morpurgo and bthers(3) have shown that such motion is

compatible with the huge binding energies of mesons necessary if quark

(4)

mésses are large, as is required by accelerato:'eXperiments and cosmic

ray data(s). The question arises - what is the nature of the binding
potential? Is it a Yukawa potential,as is the case for the main Coulomb
potential in the hydrogen atom, with zero mass photon exchange between thé
electron and protbn? Although this can lead to non~relativistic motion
provided the mass of the exghanged particle is much smaller than the free quark
mass, the Regge trajectory associated with a light pseudo-scalar boson exchange
between‘a fermion and an anti-fermion in a bound state described by the Bethe-

(6)

Salpeter equation is much too shallow For exchange of a single neutral
vvector meson, quark-antiquark forces are attractive(7) but auark-quark:for;es
are repulsive, so that while the mechanism leads to-mesbns, it cannot account
for baryons. Exchange of all possible vector and pseudb-scalar mesons between
the quark and antiqu;rk produces attraction for mesons in 35 SU(é) multiplef,
attraction for quark-qﬁafk interactions in baryons belonging to the 20 and 70
_bﬁt repulsion for baryons in‘the'égJ implying the latter to be higher in maés
than the former, whereéé the reverse is the c;se,experimentaliy. Discarding
exchange forces between quarké and antiquarks leaves direct forces, which may be scalar
or vector, Noting that the :n- dimensional harmonic oscillator is invariént
under SU(n), we choose the 3-dimensional simple harmonic.oscillator potential.

Since this is an even potential, it is consistent with §$ wave dominance for the

Q-a interaction, argued by‘Mitra, see A.N, Mitra, Phys. Rev. 142, 1119 (1966).

Ignoring the quark spin, the spinor Bethe-Saipeter(6) equation simplifies to
' - W o ' ) W ® 'cb) : |
(B,=-H) (D~ M) ¥ (xp,y) = U(tp,iﬁ,)gcxﬂ;lﬂ-) (1)
where M, M, are rest masses of quark and antiquark, U-the interaction potential
o @

and x5 % - the 4-coordinates of quark and antiquark..U is assumed to be a

two body potential, ' I

SRR 2 ND v 0 - M s ) Pi) =0 s
' ' . (VA
we assume quarks are massive but " "m—‘no LWy - Hi‘] =V (2)
and TR Mg M= A @

in this limit of'very large masses, first term can be ignored.

using metrict :—
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, A @)
- ~ < @) L
0, = T = % - ° ® _ : :
2 p=o o , where summation convention

is apphed to space partial differential operators.
2 ) {
AL S PR P At MO AT ¢ =
() v

letting % E éxe o X o (relative coordinate)
Xp = 'hx;i, + :;,(f) o (C.M. coordinate)
: | I+ x o -
’Brf‘), = Pep * T W | | po=1.2,3
p P = =¥+ T&x X : ‘
S e +Ul§7‘)" CITENES %? ey Yup

2+ () " .
’a'.', = "3-1,; Q*‘FYL '9 Xf" — |%;\ ’Btf‘ ?'F

« ® - 22 22 1-—; "3.‘ Dy + U Y‘:O
[\A % + 3l - U*m)’glf" (\n«\"?"‘» - \+7~c ) P a ]
We assume quarks have almost same mass ($Y (2)-almost exact symmetry)
N o= | _ - 5 ]"I’ 5
’ e ) )] _ » '31 - > +’U.
ignoring last term | [ A*20™ 4 % 1+ )3y ¢ M O

Q = ’E(im,’(m) = §C1m)‘l"(Xﬂ . mz hz3 4o

w (§5]

F(xw) = ECxw, xo-%e) ~ , H(Xm) = Y/CYVV,YJ)" ve bl

(]
. @ IMCxo = 165
where @ (xv ,1?-1—9) = $(x,) e , M-total mass of bound state

Y (X XS = o DEX-Xet]

2L -
[ - CLa@) N> = Cle) T +<TIZ;T)1 P+ V] ¢ (%) ”_WO

~

in C.M..'frame, P =0 4 _
: - = M ¢
ot Zpe mne) Hq—"l ¢ () L pe

i .
- M -
where He = Mn:u-i ré-': is reduced mass of quark.

This is a Schroedinger equation for particle with effective rest mass Ma
. vy . et ~ .
‘kinetic energy ine - 2pe and total energy f::z , where P is momentum
Noting that when V.t =0 , M= Mi+My = HC L"r“-)
= "; Clam* Ko
& )
_’\._C__ : : NV o+ ¢ 1+2) &; - YV + (""7\\)"'4?
Q + M) 2pe ' L ST A

il

where V is the potential energy of the particle.
[ e - U pd = gV [ 90 =

. M (5)

when masses are equal, A= |, He = 2 = t‘ig _ - where Mq is
g'ffective quark mass. Equation of motion of qtiark-antiquark ‘bound state is
[M*+ ¥V - l*“;' ~ MVl #(x) =0 (6) TH(E,~b)
(Note:above,relative frame wavefunction '] (x.) was written @ (xn) = ¢ e

= ¢ e‘Ht where &= b&,-tL is relative time)

This has no singularity at M = O as was required in feature (2), However it exhibits
“a

M~ dependence and hence predicts linear Regge trajectories.,
Writing V = =Vo + 2 Heewr where Ha = ’T v Lok
. : . img ‘- ﬁ- *
the solution is $(r6,9) = Noi,me P Ccoso) (pc‘) L (P'

-

-/
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B ':l-.,u-‘ 2! (n-‘jl (iL*l)J 2 _.
= | (7)

where Nt 207 ( Lem) | F2(L+nt'h)
and B = MQ“"’ (8)
p kB . - 2 2 L -2 .
the(mass) eigenvalues are M2 = LMeE = MeVo +3 Me@ + Mew(Zn+l-2)
with N LY e
L = 1<% Pty RS ©
m = (o] 1 '.’1 [l L
SECTION B:
For purely orbital excitations of ground state, - M* < L
- SoamMtz MY MU = Med e (9)
For the pion; n=l,l=0=m ~ (corresponding to :,5 ) |
wavefunction of pion = Mewlaw) ™ & Hogwe™ (10)

giving LrDg = 3 Mew)

J Lep = /3 iAH“ (ignoring mass differences in quérk-isospin
' _ ' dpublet) (11)
A M™ has been estimated using the p Regge trajectory, as the vector meson SU(3).

4 7
nonet is almost ideal (see Section C), Using data compiled by Rosenfeld et al.( )

. B
and taking as .statistical weights for (mass) intervals between successive Regge

recurrences, the recipricals of standard errors associated with intervv’ als,
o .
the mean value of M is found to be

A—PT",Q = |07 ¢ G—e\l)""
This gives for the R.M.S. radius of thé pion |
S = 0ITF | (13)
The R.M.S. radius of the proton has been estimated by assuming that it lies
in the 56 representation of SU(6) with ground state (15)3 N L? = o

(12)

For this state, the shell model wavefunction for the proton is
_ _21_) 99, - .‘;i-_."' Crv el ee)
Qp ( "l,ﬁ.’f13 - (J—ff L2 ‘
with Cidlyrfy = O

Lr‘l)p = ”“m-

The parameter . &' is found by transforming the quark coordinates into relative and

(14)
This gives

centre of mass coordinates and comparing resultant harmonic oscillator wave-

function with ground state wavefunction of three dimensional barmoniz-oscillator,
whose form was given in Section A, equ 7.

let A= n-2 be relative coordinate

R :%(r-'*r-‘) . be C.M. coordinate of pair

o= -2p
.. Ci¢Ca = 22 .
K 26, = 2pt2 /
20, = 7—-}; -2
. rtaet et _-_-— cp* + l;
from (13) | -

- _!'-1 l h"' 6 -1)
¥ 9, ~2 (2 +6p)
. P( \'. ;’\. ] r}) »= ’}p ( x ) P) = (%) e r N ]

= F(NACp)
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A AMY), -
. oA = =M . Lo B v
., 2-r where _ (AMY)y:o

‘For Y = O Regge trajectory, the p is chosen. The vector mesons lying

on this arethe p, P\:, R,s,T andV mesons which have L=0,1,2,3, etc. and
consist of quark-antiquark pairs with third component of spins parallel '
so that J=1,2,3, etc., for these. The known Y=l mesons are k ( k%5')

© with3%=0 K (83 with T™= 1", both S states, and K (1240) with

T, K™ (1320) with 3= 1" and k*(14zo) withT”:f,an P states.

_ A further meson with T°= O+, L=1 should exist. Higherlerbital excitations |
have not been observed yet.  Because only two Y=1I mesons present
themselves for calculation, it is essential that the mass values be corrected
for possible spin-orbit and. strong spin-spin interactions. The latter can
certainly be large since it contribu_tes to the mass spliting of ~400 MV of ‘
the KK (495) and K* (892) mesons, which are in spin singlet and triplet states /:
respectively, and to the splitting of ~ 600M&/ between the pion and rho mesons., )

| Now to each L excitation correspond four SV (3) nonets + J=L, J=1-1, L, L+l
except for the L=0 states where J=O or 1, The § (962), A, (1080), B (1200) -
and A (1315) are the Y=0, I=1 members of the four nonets with L=1, having |
I O 1 land 2 respectlvely. For these, the spin-orbit energy is -2,

-1, O, 1, units. If the mass differences between them is due to the spin
orbit interaction, the mass differences between successive mesons should be
constant. In fact, the observed mass differences are 118, 120 and 115

MeV. Hence the spin-orbit force between the quark and antiquark seems to

dominate, the spin-spin forces being negligible, presumably, as has been

(9)

- L=1, Y=l mesons, the mass differences are 89 and 77MeVY, Again the near

suggested, because they are of short range in comparison. For the
equality suggests that spm—orblt forces dommate inSV (3) symmetry breaking.
This means, smcek (1240), K (1320) and k (1420) correspond to the A | B

and A, mesons, that the mass of the k with L=l would, in the absence of
-spin-orbit forces, be that of the k‘ (1320) which has no spin-orbit energy
since its internal spin is zero. Included still in the observed mass are
spin-spin and othe'r contributions but these appear to be negligible. " since
the k* (892) and k¥ (1320) have same internal spin state (triplet), the spin-
spin coupling may be expected to be the same for each. For these reasons,
these two should conform in their bare mass values to two radially excited states
with Als |, | .

This gives (AML)Yz, = 0-95 &¢&¥* | 1nstead of taking an average for
the (mass)" sep'arations between recurrences on the p trajectory (which
include spin-orbit and other contributions) symmetry breaking additions to the
excitation energies of different L states can probably be minimised by taking '

only the p and 8 mesons. For the former L=0, for the latter internal spin $=0,



Page 42.

so that neither has any spin-orbit interaction contributing'to its mass. Thus

4 (AM?)y.0 = 0-94 GaV®
Ttlis gives ¢ =1,01 and & = 11MeV. This is in good agreement with the value
A= 117 MV obtained from the p (765) and K*(892) mass difference, which should
be due to the heavier strange quark in the later, assuming the vector octet is ‘
split in mass by the strange quark (This is not txjue for the pseudoscalar octet
in view of the large -k mass difference, but the former lls known to break

SU (3) symmetry considerably).

~ SECTION C:- |
In this section, the electromagnetic mass splitting of the pion, viewed as
due to the different static Coulomb interaction and magnetostatic coupling of

the spins of the quark and antiquark in the TC and " is derived semi-classically.

Firstly consider the interaction between two magnetic dipoles. From Appendix D, ..

the interaction energy between two dipoles of magnetic moment 1\_/_[, andv M,_ is
(proved in Appendix D),
Ves (1) = 7 ?'I’r MeMa O(Ce) = s (.3( r_(_.-s)t(fir:) —M."ﬁl)
-for all _g,includmg the origin .
For a spherically symmetric S state { e (C 228 r)cm 2 -t -)> o

©dVsY T CE MM Y@, @ |, where @ () s

wavefunction of S state,
For mesons, the question arises whether quark magnetic moment is its Dicac
1)
" moment, i.e.M= —‘,_%;g' T where @ is charge,M¢ mass of quark) or whether it

is anomalous i.e.M= 3g< " € . In the former case , the =2 component s

LMYy = ‘fn-ch ‘ for proton ofF mass me.
Since (M) = 271 “t/zm,,c , —'::'1—"; = 219, implying small quark effective mass.
-gek - 279 Me ’
In the latter case {M,y=3z= sothat 9 LTI~ 29 for

quark mass of 10GeV. Since either case is possible a priori, we will make

neither assumption, using only the value of M necessary to give the absolute value

of the proton magnetic moment i.e. M = 219 %,c,q-' He QS where He = 2792 ﬁt'o
From equ (2) for anSstabe meson, N3 = ~ BT g (LAY F() > L2 T2
whilst for a mixed Sstate, 4Vss» = “ET e 1¥))* { Q200 2> |
The space-spin SV (6) wavefunctions of the Tt and e’ are

IRD> = T (D) X () v 1> = P () F () - a
where, assuming harmonic oscillator model for pion , V) = (Phr) _“ e *
and p= Mew, Hg = reduced quark mass,w- frequency, and

X = AR CTE LD #e) s TQL - ST

We get {w*}o .oy = =D (we|Auem|we) = S[e

LVl ey = LY (L)

and | (ﬂ:al\’ss' r(°> = —7__:‘(_3_3’ (ﬁ/a)y; }4‘;
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the Coulomb electrostatic interaction energy is ‘
| (Vt> =< < Q‘Q1‘> where Q.3 Q2 are now
regarded as operators i.e Q=T ,Qt-'f(a)where Ts is 3rd component of
isospin., Noting isospin states of ', TC° are:~ | X*> =1 Pa>, Jre) = T ('P")""""))
We get ¢ Tl mey = L)
LoVl ey =~ g b
Using the harmonic oscillator wavefunction gives 2l "’\"f> 7-(""0
StV Te> = %‘(&E)V& '
and Lweiyciee> = —_91(‘,3‘")’/\. :
The difference in energy of the T¢¥, T° ground state is )
AM= L“+l\’c+\’=slw"’> ~ LMo VeV TS = 1('3‘\ f :(plﬁ)’lxl"\’f

P has been estimated, as outlined in Section B « If a linear mass relation
between spin and mass is assumed for mesons, in particular for pion, then

mass splitting of Y, e is found to be

AM = 3-01L HeV which is rather too
small (4'conto016, experimentally(lo)) Assuming the quadratic mass
relation given by equ. 6. Section A, with eigenvalues given by equ (8)
2 = 2 + .L \V .
M v (- zn.q + 2 HMe ) ¢

then to first order in the perturbation (Vg +Vc) of the ground state of the

three dimensional harmonic oscillator, the individual mass shifts are

A
g:e - -{:T: + L Lol Vgg+Ve]od where Mo 1is mass of unperturbed
, ground state '
' M"(TC’) _ H"(T‘U’) = MeOM = 3012 Mg

From data tables(lo) MUCT*) - M) = (2640 MeV™ There 1is

agreement if quark mass Mq has an effective value of 420 MeV . This s in
very good agreement with value of 426 MeV obtained by averaging baryon SU(3)
octet and decuplet masses - Mo = T8> for B € IP=7"and %.+  octets
~and exactly same value of 426 MeV obtained by averaging the almost perfect
37= |7 vector nonet’:e:-‘ Me = T <M For TP =47 .

Alternatively,régardin‘g effective quark mass as 426™M eV , the mass
splitting of the W% T%  ig
AM = L-63 MV
compared with 4,604 X 0.016 MeV , found experimentally, The small effective
mass implies, for non-relativistic motion, a rather wide potential well. This

is confirmed in the next section. The agreement obtained if a small effective

FOOTNOTE ¢= - .
(whether mass or (mass) operator for vector mesons is used makes

little difference as far as almost exact SU(3) symmetry observed

for them is concerned. The former gives for the pure unitary singlet

and octet states 783He¢V and 765MNrespectively with mixing angle 6, 2= 33,
whilst for the latter the values are 804HeV and 765MeV , with miving angle
e = 39°, comparing well in both cases with @@= 335° For a
Pu@ect SU(D) nonet. As illustrabed  above for the Q‘ete\'omugneh'c. mass
SV\it\I:nj of the ?'wn, the %\JesHon of ~ mass  of (mass)™ oremtors

_opera‘fors Fm’ Pszudosca‘ar mesons H\Ke Hw. r;on is l'm‘)ur‘-'unt.
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mass for quarks (at least in mesons) is assumed means that the gyromagnetic ratio
179H

for quarks: 9= ‘—.:;‘1 < i , le€. quarks have Birac magnetic moment which is only

slightly anomalous, agreeing with experimental data on electromagnetic decays and

consistent with assumption of scalar binding,

SECTION D,
Although the description of high energy scattering of elementary particles in terms
- of effective scattering potentials is not Lorentz invariant and hence questionable when
the energies of the particles far exceed their rest masses, certain insights can be
gained by phenomenological analysis of the data. In this section, high energy
elastic scattering of hadrons by hadrons is viewed in terms of effective quark=-quark
scattering potentials which can be derived in two extremé cases:
1. Quarks are point-like, much smaller thén hadrons., In this limit, their
spatial distribution within the hadron is more important than their scatfering
properties_, whichv are almost constant over all momentum transfers, The
diffraction peaks of elastic hadron-~hadron scattering are determined solely
by the strong interactions form factors of the hadrons themselves. The similarity
of baryon-baryon and baryon-meson diffractive curves results from similarity in
baryon and meson form factors which, in the point quark limit, are equal to
their corresponding electromagnetic form factors.

2. Quarks have sizes comparable with hadeons. In the diffeactive peck
cegion hadcon “ Form  Cacors  ace then approxmalely constant and equal
to one and the shapeof Ehe quack-quark diffrackive pecks and
hadron- hadeon difGeaction peaks are  almost identical 1sospin and
chacge  conjogation invariance For  the quark-quark intecuckions would |
then imply  similar slopes foc baryon- hacyon and meson- baryon Forward
diffeackion  pesks, as  observed . This case is breated  Fiest, o

 The addibivily assomplion Cor composie parkicle A~ compeite
pacticle 8 elastic scatlacing ob small momenbum bransfer valves ofq (
q < width of Focward diffrackion peak) gives For the scakbering
“amplitude <~ |

AL &

Fao () = $) (T F (L, 3, () W
wheee  £09) s the single packicle - packicle  alastic  scattering amplitode
(qssw.i the same, for simplicily, For all pairs of identical pasticles, 376,
37(w) are cingle oJ\, Form  Factors oF A and B. If the composite
particle infernal wavefunckions e cymmcbric  with respeck ko sob.

par ticle quUcd COO\‘J.;ndtQS \ then
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‘\3\ .6 - "3 ¢

LoFa(a) = AS 5(s) 37(8) $°(e)
Pum_me.(rn'sina FM\(%) 'as o .

kS

Fos (3) = (‘:‘*‘*nu)'% Q-V%-S% - (2)
where  dyy = RLFay 0]
3{ Frs (°)j
) Uno is {:oka\ chH:Qv'ms CerossS ~ szct‘[on c‘bf scal‘hr;ng
of K Wy B

N S :S '.uwlrso. ww“:h OF A-3 -e.!qstl'c JKCFruch'on
"Puk.‘ then | | oL R

| Fle) = [A6TP ()R ()] ({+o) T 2 |

ignoring  the  vaey
the  differential

@)
svnqn mu\h\.ele scut‘t&r‘mj Coﬂbf;LUEt.\ﬁnS 'EO

CrosS ~ sechon ) -
de-

do~ = T Fae (W™
at \\13\\ o,“usfes. Prcc_urxlfng - ke G“uuLax‘S

SFu‘?t"&v:\nS Httor\, )
Ehe

‘\13\'\ Q_“&vg\i‘ smnn Qn%IQ. SCatth:unS QMF);EUJQ

is '-gx‘oen By
O e SRRt
207 |

\U)\Qte Y ( 153 \s f&’_\ Ql?&cl. . Eo (:\\9- sCQtt&\:t "5 faEen tt.AQ V) ("‘) L\/
el = -l (Cuthads |
1k %

| wheee | braeat = &
Assomny  bhe labber @5 sphecically  symmabre and lebking
| Voo = E | |
'S = g
U(de = V(A = U (EH) |

then AR = -l (P ' Cs-8 4
This s a;\ Abel (nbegedl Qwu\bu‘?n. ‘whose sbandard  golobien

o PR = sz d [ e R s

| ¢ dbF 70

e VD = 2k d [ (7 xdb ] e
- ™ de LS

L+ LT sacab) g S dy
IR TN R R MO EE TIORTY RO

i X (b)
r-3

*{c@

"n -

From (q);

"o
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so that, using (3), Y () can be determined from (5). Notice that because the
particle-particle scattering arﬁplitude given by (3) is valid only within the

range of scattering angles set by the width of the diffractive cone of

B (or A), where single scattering of each particle of A by B dominates, U (f)

is the effective particle-particle scattering potential for final particle

states within the shadow of the composite only, which may or may not

coincide with the diffrsctive cone of the particles the‘mselves according as

the sizes of the particles are the same as or smaller than the size of the
cdmposite. U (¢) is thus the long range part' of the 'actual' scattering

- potential being dominant only'whe,ri'the collision involves large impact

parameters,
Case 2. here 3$"(3) = 34°) =1 oqu (3) becomes
e L -t Tne
$(9) = §(o) e where £ = A B (C + dne} LT
from (6) X (b = =ileg [l +i 50 §' e~ wﬁ] l,",
' . “~ -t =215
Since this is valid for large b only, X (b) S8 e (7)

For applicatlon to quark-quark scattermgg must be considered complex, for s
reasons given in STRONG INTERACTIONS, Section ¢ , Writing §= lSle A ~5(0) s150)le
tanp = *;'u . ¢ o= LS17Y ) 500 cos Cp+r2¢) | §= 1517 | $o)l sin(p+28)

where
| B = 21517 cos2é |, D =4I51" s,

\ . equ () is finally _g =
Uir) = "(rr)/z.k\il “r ¢ cos ($-Dr) = S sin($-hr)] e

= 1—‘* N(r) | where M is reduced mass of particle,
V (¢) the long range part of the physical scattermg potential, al
SV = - ok *‘ VSV | $00) cos (36 +p~D) <

k= Mv ~ Mc , consistent with non relat1v1st1c approximations used at high
energies when v~c . 1.VN(r) = —('th);"’— dﬂﬁl_’h | £ cos(3¢+p-Df) & 6" (8)
Writing R = 87" = ( ;‘—s‘%)"l as the range of the potential, V (r) is attractive and
its range increases with slope of corresponding diffraction peak i.e. as the peak
shrinks, radius of interaction region increases, corresponding to enlargening of
diffracting particle and increase of its differential cross-section in the forward
direction, V (r) is a pure Gaussian- in « when phase of effective quark-duark

‘scattering amphtude is independent of momentum transfer ona
Casel. here F(a) [ a8 33T ({+dae) om @

(3 @3] sy a7

%% ,34° are equal to electromagnetic form factors of A B respectively, Consider -

s

"

(i

now elastic proton-antiproton scattering. The Wilson-Hofstader dipole fit for the
proton (and, by charge conjugation invariance,the ant1proton) electromagnetic form
factor F, is chosen : 3° = 3% = F§ = (e Fla)?

where q, =z 0N C X ) corresponds to point-like quarks and larger values to larger

-quarks( Dewatmns from dipole fit occur for q >l°( ) Since discussion is

confined to the diffraction peak for which O ¢4 <0:5 typically for pp scattering
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¢(1) is the harmonic oscxllator wavefunction of one quark with respect to ,

a “
another and has radial dependance d’—,% . Companng with (10)
.,("- - qu

& .
' ‘>P - CH?w)

The value of Myw for the proton may be found approxxmately by regardmg the
proton as a bound state of a quark and diquark. The mass of a bound state

of two particles massest,H,is, from (5) ,
M* = 0+N +N? }(;— — 2peV, + 3pew + 1C2n+L’1)l‘9w
: =

(1s)
~ for a quark-diquark bound state He = ,.r:',nnz where M, = MQ |
M,= Mo approximately( ‘gnoring  SU(2) symmetey bmakms q,unr'r mass di FFo.rance),
Y. He = hiMa
v . Y3 Meqw DL

J. AM
The proton lies on the N, trajectory. The Chew-Frautschi plot of known recurrences
gwes() Cdy = =039 +)-0lM*

S, Ady = -0l DM = 2

. Assuming L can be replaced by 7, the total spin, i.e. thatthe I =12, Y = |

Regge recurrences are even orbital excitations

e

then pL = b3 = by =2

Mew o 3 '}'Ol_‘ = 0Tk GaV ™
{ede = 0-20F

-

STRANGE AND NON-STRANGE QUARK MASS DIFFERENCES: -

The Quark-antiquark harmonic oscillator model of mesons developed above gives

for the masses of orbitally excited states of spin 3T = L ,-L 21
M* = 2pewl + C

where L is orbital angular momentum of quark-antiquark state, e is reduced
mass of quark- and C is a ‘constant : v

| S, BMY=2pew AL where AL = | or2
according asthe Regge trajectory is exchange degenerate or not. For Y =0

mesons, made up of two non-strange quarks,
_ e L L
He = M + Ma

Assuning SU (1) symmetry for non strange quarks gives Mi= M+ = ™
| (BM)yo = HWwg DL

>

wy the oscillator frequency

For Y= * | mesons, made up of 1 strange and 1 non-strange quark

;‘1—? = ‘l’;‘ + ;‘1" ) where H;
is strange quark mass.
‘ : MM ‘ .
(AM1)1=| - ‘1 H-.—‘\: . CU. AL ) w.-the

. frequency of oscillation in Y=/ mesons. Since the superstrong forces bétween
quarks and antiquarks are Su(b) symmetric, we expect wy= w;, Writing a

My = M + A s where A is the mass difference between A and @, u(Y o)

quarks leading to SV (3) symmetry breaking,

(BM*)yzt = - 72 (M+D)

@MYy :o S 2M+ A
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the formula is accurate enough) -15q"

. .5_(%\ = (I+3‘*)lt f(o) e

Th1s is the effectlve quark-antiquark elastic scattenng amplitude, The "
equivalent interaction potential is Vi) = @ okl € ¥\ ol G- T ¢ 6:0,Gcle G,r @
where &[#.60,8:]is a function whose form is not given, as it is complicated.,

From (8 ),(9) V() = V) , |

and for small r ( r <¢R) may be approximated by the zeroth and first order term _

in its Taylor expansion i.e. V(E) 2 V(o) +V'e) e 7 where V(o) = (9:")" =0

and V(o) = - ()~ o hi§ l‘y" | 5"°)‘ Cos (3¢+P) (case 2)
= -(amE oK ST e & ($8,0,0) (casel)

In both cases,V () <0 5o V()2 ~Vo + Vo) ¥ . with Ve = -V(©)

This is a simple harmonic 05cilla‘tor potential. Now the non-relativistic model

for quark-antiquark bound states is reasonable only if the range of the binding
potential (whatever its form) is large or more exactly _R"<-'- H: where-, for square
well potentials for example, H:=Hq-Vo is the effective mass of the quark. “The
condition is thus R%» (Hch):( It is reasonable to assume that small angle hadron-
hadron scattering, within the framework of the quark model, is dﬁe to single

quark -quark (antiquark) .scattering_ via forces identical to that responsible for “

the binding i.e. via simple harmonic forces, which is a reasonable approximation

to the actual interaction whenfz'-c-\ , as shown above, Thus V(Y =~~V°‘+'{FQJ\}

where Jqis reduced quark mass, w-angular frequency

S No = =N(o) -~ (10. a)
Since pp scattering is considered, which involves ¢ and @ quarks only.
He = 3 Me
From Section B, equ (9), the inverse slope of Regge trajectories of mesons with r
equal mass quark and antiquark is AMY = Meow
( amMd)t
From (lo.b) Me = |

A M* has been obtained from the P trajectory on which lie orbital encitations of

@and @ 1a ground state with triplet spin state. v (0) has been obtained from following

11)

parameters used by Shrauner, Benofy and Cho 1n their multiple quark scattering

analysis of pp elastic scattering:-
M = =0-109

deg = S[F,; @]

OCes = 491 mB.

< (-5 - 13) ( G___)
Results are indicated below for cases 1 and 23~
PARAMETERS CASE 1 ' - | . CASE 2.
"Pant like" quarks - Marge" quarks
Me . 9,8 Gy 2,0 G
Vo : 18.5 "GV ‘ 14,4 ~GeV
R . . 1.8 F ' 1.8 F ]
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(12) (13)

Case 2 is excluded by cosmic ray and accelerator expériments which

indicate a lower mass limit of about 56V, Case 1 is compatible with both hadron

(14)

mass spectrum and experiment, and is ciose to calue of 106Vobtained by Kaiba
from assignment of radially excited SV (3) baryon resonances and lower mass ‘limit
of 106V suggested by possible quark influence on Regge trajectories(ls). It is

not incompatible with low lying meson masses.

SECTION E:-

Sinanoélu(ls)‘ has argued ‘that the three dimensional harmonic oscillator médel with
a hard core at dist.anceslless than about O.5 F is more compatible with the
observed meson specﬁ‘um than one without é repulsive core. Information abbut

meson bound state wavefuncfions at the origin has been provided by the analysis

by Van Royen and Weisskopf (7) of s'trangeness non conserving leptonic weak
decays of the pion and kaon :

k' - pt e v

1A - [T EY

They find, for agreement with experimental values of the decay amplitude and decay
channel width, the bound state wavefunctions of the pion and kaon at the origin
must have the values
} B ()] *
|E, @ = S % 1ot (MeV)?

lop x 10" (HeV)

and that generally for a meson M

(D n (°')l1 — ™ n
¥ N Mar

where m,,, m. are masses of M and pion respectively.. This is surprising from
the point of view of the simple harmonic oscillator model for mesons since '
generally IT(o)I (L)and noting that the product pw is given (from Section B,

equ 15) by :
AM* = 2Apw

1

2 LN : . '
where DM is (Mass) separation between successive orbitally excited meson states,

we have 1 Vel _ (AH“),,] I
RO e QMY
Noting A N"‘)“‘ = L[4 Lc.»)]”l and (h Ht)k =L elg: (0)-] - where - ekn-'(o) s

oL., (o) are slopes of T trajectory (exchange degenerate with B trajectory) and

trajectory, and that oL (o) = Ly (0)  axpecimentally, we have
| Yo (0)‘1- - , '
[T )] * - ) instead of 0,27 as indicated experimentally.
L9

This indicates 5U(3) symmetry breaking due to unitery spin dependent forces between
quark and antiquark. Also, using T trajectory,

[Fo19lm = 70 0° (HaV)
which is fifty times larger than the experimental value, This suggests that a

repulsive core is present in quark-antiquark interaction which strongly reduces the
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wavefunction value near the origin. Since the asyrﬁptotic variation of the
pion electromagnetic form factor depends on the behaviour of the pion wave-
function near the origin, the former should not vary smoothly for large
momentum transfers, unlike the proton form factor which does, ][n'particular,
the T form faétor should vary more rapidly than the proton form factor.

- Present available ™ form factor data are not extensive enough to test this

conclusion,
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CHAPTER 4

ELECTROMAGNETIC INTERACTIONS

 INTRODUCTION: -

Electromagnetic form factors and r.m.s. charge radii of various hadrons are

considered in relation to the quark and droplet models. In section A, the
non-relativistic (rest frame) charge form factor of a composite system of
chargedparticles is derived. Its relativistic modification is indicated and
the asymptotic form of the proton magnetic form factor discussed for the
evidenc.:e'it provides for point like entities in the nucleon. However, the
‘experimental upper bound for the former is shown to follow, making reasonable
mathematical assumptions about the proton charge density,in a droplet
model.S¥(3) sum rules for hadron form factors are derived ih section B. Although
as yet, untestéble experimentally, they are identical to results obtained |
outside the framework of the quark model. In section C, the known charge
radii of the 4, n and T are expressed in terms of the unknown quark charge
‘radiis The electri’c form factor of the neutron is shown to be

' incoﬁlpatible with a droplet model but is explainable if quarks are almost,

but not exactly, point liké., Agreement between the SY (6) harmonic
oscillator model for quarks and experiment is shown to occur only if quarks
are spread out over the proton and the quark charge form factor equals the
‘strong interaction nucleon form factor, both of which assumptions are
incompatible with the results of Shrauner et al,‘(3) and the equality of

charge and hadronic matter density distributions of the proton found by

(7)

Chou and Yang A possible explanation of the discrepancy is provided

SECTION A:- _ .
Consider a spinless cluster N of charged particles, spinless and identical
apart from charges §,9,,..9;,..Q, at positions LORRCRTRNY N with respect to the

centre of mass O of N which is fixed at the origin by

&4»(,_«....-»\;;4- ...... +cu = O

Let ¥ (%€~ ¢5y--w) be the normalised internal wavefunction of N. Since the

particles are bosons, P is symrhetric under all permutations of particle

coordinates, with an § state for the gfound state of N, Let p;(l_i_.') be the

normalised charge density of particle j, where R; is the position vector of

relative to a point ¢ with coordinate ¢ relative to the C.M.O.: | |

. {oscr)digs = | | |

The charge density at P due to Qj at vy is Pi (RY) = Q3ei (BRY

The éharge density at ? due to all chargNes Q1,92 Qs,--¢.¥”0~ is -
PL) = PURLR-Rmka) = T pidE) = T QeicRi) -

(Tt is assumed that any interaction of the composite particle with an extémai
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potenttal 1s instantaneous so that the interactlonsi between the potential and
particles Qj are simultaneous and the individual charge densities have a
common time value and are hence additive. This would be true in the
static limit (O a.t rest) but not so in a general Lorentz frame of reference,
The rest frame charge form fa.ctor of the composite only is considered here)

<
The charge form factor Fy (%,4;5,-%) due to a rigid distribution of particles

cat G tas Gyt LS | /
(v tnnmtic) - = fPCr)e'?: d’e
= f Qi IOSCR.\)‘L d2e where
o ng = mefrm e =i €. = tweR

~ Since @is a fixed point, origin O may be translated to C.M., of each

partlcle, since the integration over all space is 1ndependent of choice of
3
origin i.e. JS- d Rs S @
, € - 1% C rl * 3) .
e FN (o, f,‘r,_‘..c_“ ‘:“'3 ?“ QsSPS(RJ) : 65
vg.ft
= Z Q) < ¥ J ’3‘ Co')
e
‘ where3; is the charge form factor ofy in its C.M. frame.
Suppose N interacts with an external potential so that its initial state S

changes to a final state | £>, The charge form factor of N) reéarded

- as an operator has matrix element 45-1 Fu 1> where

e F ‘ ‘-> “r) = ?-—:( Q.\. \a‘i - (1«3 S"Ef (ﬁ! Eh--ﬁ\') Qf‘nz Q‘ISPL(:.f&,-w)S(qwd-m) X
) L H{Jafu‘}
where delta functlon is included to 1mpose C.M. constraint i
ZQ h, €4) ;("-) where *;(Q = 5| lq""lt)
= -‘“': -L(q,) , . independent of j,by Bose symmetry,

. N - M
S Fa@) = (% GHRER) FY ()
the elastic charge form factor of the composite (¢=> ¢ ) is

)z iy = (L Q) F Fo
F.o%(q) = Fola) = (i 34 (8) Fu (4) (O where fwis

the elastic one body form factor of composite (for simplicity the chargesQ; are assume‘

to be unchanged in the transition t>f, In the elastic case th1s is always true),

This result is also vald for a bound composite system of particles with spin,
provided their motion is non-relativistic,since in the static limit, the
particle spins are separately conserved.- However, forrela tivistic motion
of the bound state, the intrinsic spins cannot be decoupled from orbital
motions and the fourth componen‘tio.of the 4-vector current density is
Lorentz contracted - Jo=> 45= ¥do  where ¥ = (I=gY"> and g =Vie,

where VY is the velocity of the charged composite. . Assuming the impulse

approximation (additivity of quark 4 vector current operators in the Breit frame)‘

and including spin of quarks and the effect of Lorentz contraction of quark
(8)

spat1a1 coordinates, Licht and Pagnamenta have shown that the rest

frame expressmn (1) is modified (for the nucleon N=3 ) to

ES (1) = [z Qi ;5 (6)] Fy (-Hs) NO)

w\Qfep ol = l-' t’hm".

|
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t=- q.l is the invariant 4- momentum transfer squared, my-nucleon mass,
Fv is rest frame strong interaction form factor of nucleon,'y'f—electric

- form factor of quark. If quarks are point like (proper charge densities _
are Delta functions)( alternatively, by point like is meant quarks with
no internal structure or at least with sizes very small compared with that
of the proton) then -
| FEO =0, 15iEN | Squ (3)

For quarks bound in a deép harmonic oscillator potential well with
- -E;? (fnl#f:-f-f:)

Gaussion 3-quark wavefunctions¥ (G2 03 ) = N e »
op>
with constraint * 46+ &3 = O | khen Fuw(l) = -
ST . ot ) ECoprCl— tHimy)]
from (2) , Fe (& = (- Lmy)™ o : '
| ~ !

, 1>
Since the SLAC data () indicate F§ (b)\fl'”lﬂ_ :. quarks cannot be quite
point like. ‘Notice that (2) was derived on the assumption of spin %
for qﬁarks whereas the 50(65 56 representation in which the nucleon appears
requires the nucledn ground state spatial wavefunction to be antisymmetric in
the quark coordinates if quarks are Fermions, 'I_‘he assumption of spatially
symmetric nucleon wavefunctions is thus inconsistent with its group symmetry
classification, although it is popular, (10-12) unless quarks are para Feffnions
They are used for convenience and to avoid zeros in baryon form factors which
occur with antisymmetric space wave functiéns,(l4)

Though - nodes in the strong)and therefore electrom'agnetic’form factors'can-
2

S

never be ruled out (none up to |H =25(%Y)* so far), the above argument
should be independent of assumptioné about nucleon wavefunctions since
Fol-H) 1Y, Fu (4my) = a conskant | whatever Fu (¥). |
It should be noticed that the épuribus essential s:mgularity iﬁ the time-like
region at t=lw, arises whether spin is considered or not since in the case of
composites of n spinless particles Licht and Pagnamenta obtain
Folo) =0“HM})ST“)I;;(‘TA&)assuming only the p meson couples each quark to the photon,
Although the expected asymptotic behaviour for Fj(k) is then obtained, this,
contra Licht and Pagnamenta, does not prove finite compositeness of the
proton. as an infinitely composite model predicts the |tl-1 variation naturally
as an upper bouhd for Fa (t) if reasonable, simple assumptions about the
proton charge density are made (shown later). The upper bound on the

quark electric form factor :
€ < g

e -~
‘ e () (el> e '
required for the Lkicht and Pagnamenta model, with spin included, to agree
with the jet asymptotic variation of the nucleon vector current form factors

is understandable if quarks have no hadronic structure and their electromagnetic

(13)
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interackions are d ominated by vecbor  meson gxc\nqnsQ; Tkeﬁ
“.ng (bj = C"‘H"“")_'.

(qssu;"\nj For  simplialy enly p, axchange , thovsh Ehis is net
cssenbial ), ln Rack an excellnt €F ko the Muam{,m Corm (:M(;‘,r
bebler w.n the ad hoc dipole  Formula
| - EY () = (= How)™
i oblamed Using Ehis assompbion V) Howavee  the Stnc data
indicabe ‘Jas‘p:ti large. 2croc baes, that the %nn3ne':;c_ Form Factor
(and therefore the oleckrc Gem ‘ch(.‘or“ becavse of the Scu\_l'ng)
cwle  FJ(O| pe = F% (t) , where e is the probon anomalsus
magnebic movv;inI:)* Calls  significantly balow the dipele* corve at
.lQ\'%O_ momenbum bLransbecs .. | |

| FS () \qoe B
with © <N'—l This  implies  insbedd o€ 2qu. @)
EXNC R A i |

Using 24, () Such  an us\,m'ak bie variabion  should be AXPQCEQJL For
o varks with non- singulac charge densibies | inveriant vader  Eheee duensionsl
cobabieis, For the quack  chorge densty  is bhen n berms of the
momentoa  besnsfer q -

Pe ¢ = ‘”?LD*J‘;E (3% o~ o{q,
»ano\_ \\m Peld) = Lm’g: 9" ‘J\Q 'ﬂ-'“) da,

stn ¢

Cso bhat bhe owuk "\"“‘5"'. densiby «s non~singular at the

O.(-'\%\-n ° f°v’\‘lf—l % : ( q,‘) q;; -2 (I+N)

~L1FRN)
~S

fe. B (E) Naw IH |
Thos  in terms of bthe Licht aad ?u%numenta_ model  the p.rol':on m;lshﬁtl::.
Corm Fackor wmust  €all o€¢ Casber Ehan Ehe dipole formula indicates
w the  lacge ' momenbom  Ecansber vegion  since  otherwize  Ehe puce
g\(eo\e, vacatios (N=0) woold ;'q\pl\, a é«n5ulur “\"“‘6"' J‘|st;r‘\Lu|:§on Cor
avu:u\c‘z'-'\"nvs the. SLpC claku,'mclu'cnb'ng o éfbton Corm Factor clectQQS«'ns
as the Fouelth power or wmore of the momentum bronsfer, instesdd of Ehe
second powee axpected 1€ bhe vicbul phoben covgles with Ehe probon via
vackor wmesens, is f&mt)‘l\, vaderstandable vn berms of Lorentr conbrackion
. of bthe vvo\_‘on' vector weson cOu\a)ms of %umr\rs l:u bhe vurbml FL kon
and almost fomt like q’uar\(s T he model qu_ulacl:s -

¥ Lthe sco\\.ng lows ¢ Fi &) = F:Lﬂ) Re = F:U-*),Hn have been venbied Cor
(t £ 7 6V/c (See 0.Younl,T.€ne, ohys. Rev. 128 1842(1962); kew. Chen ebal., Phys.
Rav, T \7_@‘7(\166})'(\\2, recent Q{pu'mant of L.E.Price ot al. (P\\\is R av. D Vol. & |
-t

vo.l, bs (1971) Vadicates ,however  Ehat F:!F:' Calls below Me as o- Vnreases..
Theie cesolts huwe boen Conc(rmul.‘ by Barger &tqlf.('C-H-Barger QL‘AL,PL\,S.LJL‘U‘S is6

No, \ (m*n) whe €End Ehab the sCo\\'n3 eole L.—oken for (OF* < 5"5 So ¥ 8ot .

svnce this ;ne\;&S F‘i‘ (&) Aecreoses more ru(m\\y than F: ((:) as {H \‘n(.ruus‘ the
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FE () . | .

1. E  Cowete) 1o if quarks are bosons or para
¢ fermions (proton space wavefunction
c symmetric)
2 : Felt Vo L if quarks are point fermions, like
. 5} ° >
Fe (ouous) electrons with vector wmesen covpling bo p\\olv\s.
3. F&LE)

—r ~ O if quarks are non-poi nt-like fermions or

F% (owore) 'H7™ para fermions, '

~ with 3, at present favoured experimentally. These conclusions are dependant on
assuming the proton contains three sub particles, - Apart from the results of

(3)

Shrauner et al,”” which exclude the possibility of 2, 4 or more finite numbers

. of sub-particles present in the proton, the approximate el asymptotlc '
variation of the proton magnetLC form factor is further evidence in favour of
the SV (3) quark model as opposed to other f1n1tely composite models(1 )
of hadrons. For example for n“ I, Fe®) ~ 8" | for n=2,F e

-~ IH'%, for n=k, _Ff @6) IH " The extens1on of elastic high energy electron-
proton scattering experiments to higher energies and momenta transfers

of the scattered electron is of prime importance to the problem of the
compositeness of hadrons. If the fall off of the proton observed / dipole form
factor ratio persists and tends to zero as the momentum transfer increases

but the approximate dipole variation is maintained, this would favour the ’

idea of three almost point-like entities comprising protons, complementing

the deep ineiastic ¢-p experiments which imply the existence of point-like

structures within the proton and neuton., | |

THE DROPLET MODEL: -

In this model, elementary particles are coneeived as droplets of some basic

hadronic matfer, cong'lomerabzs of infinitesimal particles which scatter each
other infinitesimally and when colliding, pass through the other droplet with
attenuation and‘ then ieave, lhe resulting attenuated droplet propagating
‘ through the vacuum .as the scattered particle, the probability amplitude for
which depends on the opaqueness of both droplets for transmission of the
other through itself. If the proton is conceived as a droplet of finely
granulated charged matter, then the following mathemat+'cal assumptions
~about the distribution of charge within it lead naturally to the observed
upper bound for the proton charge form factor i.e.’
() .S, &
(1) charge density distribution is spherically symmetric --as ground state of
proton is an § states- P (<) = P Ce).
(2) charge den51ty is continuous pCr* €) — pCe- €) =0,as HO for o <lrl‘ L

(38) p o) s finite 1.e. proton not - a point partlcle like the electron.

PROOF; - _ €
—_—=s F:-(‘.?) = S PCg)o_ : o\"‘.'

eonclusions o}rclvaJ at aboe remain ‘:roo.‘ c‘,v_a\‘nt'u‘:\.udqi
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Assuming - Fea) = urr [, penn & S::,r de = Fe(3)

Sine 1 p) @225 € ©pe) for all q im0 géw

and Jo r p(r)Jr = Vg s cowugenl:, then by Ehe Wg:’ersl:mss, ‘
M-test, 57 pen) e Smro\r s uniformly conuérbcm!: in Ehe  range

0 £ 9 &£

) . Sinar . .
. AsSunmg (‘L)\ H\an Since - —:{?;.3“ 'S cov,l:muoju_g o o élrlﬁw
g r ¥ .
PC\*') in s LonL\nUDuS n - O £ | ¢

-1 N :”'(L'-_..)
A O A PR S[S,o(r')o.q" rd’}]«"g'_

5 plr) $(ev)d? = pCe)

aq,r

Lebbing ¢' = -¢,  then F{(9) SPMQ- “doo = j,,(,.)z PiX
~ = F5 (-4) - |
S FB5(8) is an even Fonchion of g e FS(q) = ESC(q)
S ple) = uTtS:Ff(q})q:' ’s‘%f-‘sdq,

o pe=) = 4w j:chf (9%) «Jo‘, =
Assuming (%), bthen ;nEQgru) 's  Convecgenl e, £5(a) q,f_;,, 9
Sime | FEC)q 22E0| £ g FL(e) G un e in
02 Ielew | bhen by Ehe M- best, [7F5(q ) qr 2 s

1
vnt cormly cot\varsant n O = 4¥) éf” ' Singe
o i o in
- '%% = LT )¢ Sb Fi[qf)q{((usmr—' )J'L e
. %%“' = '—Ll? ?3’% = T’zvlir"' 5: Fi (1,")"1, (co39,¢ ~ = ﬂq’ ) Jv-L

| = oA ) Fi()ey -3 v ocqt )] dy
(%E o = —arrfy §7 % Filgr) dg
From (2) and (3) , (%5 Fo 18 Eimibe  so the \'hL‘Q%rnl S 9 e (1,)41,
s hounded. Sa'n.cd—‘ B (qt) is qnql\.,t‘;c_ vn the spnco:lilre r.ee‘,.ent
S FE gy q,-» q ¢ "

o>

The vpper boond  €ollows only 1F G\SSUMPLwn (2) ic relayed o as 'noL‘ to

mc\oJe H\O_ or|3m ("o( Eken t:\\e_ Inlreara‘ J\varses.'*

No  simple model €or  Ehe d\msecl Jrof)ef— Can fe,ProJuce the observed
eleckee Corm Cockor of Ehe Proton Cavssian densibies yive o aussian Corm  Factors
i Ehe wkolo, ‘momenbom l:nnscgr olomo'm,w\nlda ok course Vary too rqp.wny, .
o_xgoneobm\- densibies Bwo, a pute O\IPulz variabion w\uc‘n s ruled oul L‘f Ehe
farge. noment:un_\ Ecanfec d aba, whilsk o gavssian c\ugo_ Janscty \u;ﬂa an oxpohpqhu' tall

3'\ues d corw\ | C‘uCk\w Wl\‘nc\n, aL? ‘arae Y vm\uts, ;s Jom:'nut'ei Ly H\e (cnl‘n']:ul‘u'm
) Sv}ogd

il v

wvhere  C s oa cunstu't- an e the past‘:(on o€ the \aeﬁinm'ns, of H\Q_ bq‘u‘ . 'Tk:s

c'(bm the 3uuss'mn reS\on L - F (‘1:)

. e - re—————

* Tabfe has eskablished  Grom axiomabic vvuun\:un\ Cield H«wry that  Form Cﬂcf:ors are
o\nn\ql:{g in the b plane cub Coom by ko @ wikh ’:,>O with Po:snu» ere(ohon oC
w Fimite  rogqon {t| 2 ko . See  Ref (16) :
T According bo dispecsion thesry, Corm Cackors  nve analybie \'n the & plane cuE
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: Fe&
is oscillatory and varies too slowly. The ratioFfoew«s) diverges asymptotically.

An exponential charge density With a Gaussian tail gives a form factor which

asymptotically is dominated by the exponential region contribution
Fe L . Singa
(W\ 1"”" Y ga
which has the same faults..
OTHER MODELS ‘

- '
The 9 asymptotic variation of FEP @) has been obtained

(17-1 c")in models

where the nucleon is viewed as a composite of two 'elementary’ particles

bound by exchange of a scalar particle., These cannot account for the
-4

apparent faster fall off than 9. though the behaviour is better than the

(18)

variation ( \og,q,)q, found for truly elementary particles The , upper

bound on F, has been shown to be model dependent for two-particle -
' | () .
composites( 7) (20) obeying the Bethe-Salpeter equation so nothing can
be concluded about the compositeness of the nucleon from these considerations.,

The variation _ c ' R
~~ e
3 e (&) 1t o

(16)

obtained as a lower bound on the form factor by Jaffe from local quantum
field theory and conjectured by Wu and Y:ang(;) on the basis of the large

angle proton-proton elastic scattering data does not fit the form factor

SLAC curve very Well(2 2. the fit being much worse than the dipole fit ,

which was still the best parametrisation until the work of Licht and Pagnamenta.

(23)

Bootstrap models which also give this variation, would appear to be
ruled out as well. . | |
In conclusion, the approximate smooth fall off as N:r1 of the pfotori electic
form factor is characteristic of any composité model of the nucleon whether
finite or infinite in the number of constituents, although the as yet exclusive
fit to the data Qf the quark model févours finite compositeness with three
constituents. - Future experiments should confirm or invalidate these
conclusions. |
SECTION B:-

(3) SUM RULES FOR FORM FACTORS:- ,
If spin is ignored, the electric charge fam factor of a composite of N

particles is from equ. (1) Section A, Fo () = (7-'- Qi h; (ﬂ) Fu ()

-For the nucleon, plon and kaon isospin multiplets, quark model gives

W

Fp(q,\ T L ="h) Felw)
—n(tﬂ = 3(’\3‘1" 13 Fnle)
CF Ce (Q = T L%, +%,) Fald= Fi- ()
Fou () = 3 (2ir ) Fre(a) = Fle (4)
F En, (q) = ‘3\-("\3\;* “31:) Flko ) = Ftﬁ'- () !

where ., h,,"h, are charge form factors of @ 6t, "N quarks.

-

Feom b, bte o w‘\H\ \oosiaUy Some. pales bobween btz0 qnd E= ko. See  Ref.(11)

¥ Moking (%{%) ,w\nkwaf Fel(a) s 5 and| p= P(r) the vppec \gouno‘ 8 o\w.\{QCl

16 o$<h‘l cH\uwuxe n>) w\\are. p(r‘) 50 e



Page 57.

Exact SU (3) symmetry gives Fe =Fn = Fpr = Fu = Fio
and %, = ’\9‘\1_. = ’\éi; .
then FE' (q,} = Ff\-q- (%) = FERQ- (s\ ; FE’\ (‘3 = Fiﬁ (_W):. (@]

Broken SV (3) symmetry gives Fe # Fr + Fu

€
then _._3‘_*. - .EE: = Ff?r’ = f—e"- —-_1n
Fr F"e ?—— Fe Fn

assuming charge independence for -a, ‘;‘—p quark interactions gives _
Fr = Fxe . The assumption is made that to first order in the SV (3) symmetry
breaking ‘quark antiquark interactions, only meson masses and interactions are
modified, not meson boﬁnd state wavefunctions. This is suggested for the
p"ion and kaon in particular since their Regge trajectories have the same
slope so that if these are associated with (mass); eigenvalue solution of
the Bethe-Sal'petef equation with spin ignored (see paqe ko) then, since
the trajectory slope is v | '
L'y = (Lpw)

~ where | is the reduced mass of the quark, w-the oscillator frequency, the
product pvw is the same for both m e sons. Now the oscillator wavefunction
has, as parameter, ;‘uu-L ~and so is approximately the same for both mesons,
ignoring the small mass difference between the strange and non-strange quarks.

S FL = Fe |
LRS- () = FRa () - FS, (w)

This result has also been obtained with the assumptions : -

-~

: )
l.- same coupling of p meson to T K in the p-meson-meson vertex,

2. SU (3) symmetry for coupling constants .Zh)

3. One pole approximation in dispersion relations for meson form factors.( )

4, Vector meson dominance in virtual photon-meson coupling. (26)

SECTION C:-

Mean square radii of electric charge and hadronic matter distributions are

defined b ' dFF
T Y ("L)E = 6 “Jq,“ q'zo
L I dF%
| | | Ly = & W‘\ y=0
where T, F" are the ektric and hadronic matter form factors respectively.

Denoting the mean square charge radii of the quark by £ r'l)é y @= Poe n,,‘v
we have, from Section By 4 r‘>§ = % L-r‘)f,' —2 LD LD, 0,
| ‘ LYE =X O E L + L @
With assumption of point quarks but SV (3) symmetry breaking for e,Tc
. - . . .
Lr-‘)i - <r1>-|r = (r")p - 2 r")“_ + O
with assumption of SV (2) symmetry for quarks, point like or not,
I e
L “‘>@ = LD a
e L‘”")i - Lr")i_— = LV = LDn

Since only the L.H.S. is experimentally measurable, model calculation of

"R.H.S. cannot distihguish between two independant assumptions, R.H,S.
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(27) for ¢, T,

has been calculated from SU (6) shell model wave functions
assuming harmonic oscillator forces, assignments [6_‘_<=,LP:0+J and [3%,Lf=07]
for the proton and pion respectively and the same spring constants for the
simple harmonic motion, calculated from the p trajectory slope (see
DYNAMICS Section B), the latter being chosen because the ¥°¢ =1""'sv (3)
nonet is almost exactly SV (3) symmetric. The results are
Le*D, = o0.0LOF® , Loy = 0-028F7
‘he date of Hofstader et al( 8) give »/—47‘7.-5 = O-BIF, the results
of Akerlof et al.( 9 9ive .J r‘?:} = O-80F, This gives L.H.s..': O-OIGF“,R.'H.S. =0.012F
‘with 25% agreement.  Since SV (2) is broken for the nonstrange quarks oictually
“( <r‘>: + Lr‘>:) the agreement is quite good.
NEUTRON ELECTRIC FORM FACTOR.

" From the general result for the charge form factor of N particle composite

.,(«A- L'~z Q3 M («»)] Fv (4)

for a charged droplet, N z® , F N () :f ; Q= % where € is total
charge, S FS ) = |im ? QUFw = QFy
) Naw = .
. FR(W =0 ifR= 0 . The electric form factor of

the neutron is thus identically zero if it is considered as an infinitely
compos'ite particle. In the quark model , F,E. (a) = sy (\3':-' ’3‘:\) Fale) ¥0
provided quarks are non-point like and their form factors are differen_t.

There is the following expér‘imental information on F: . Data about F@q{4)
has been obtained in three ways. L. thermal neutron scattering of.f

ceftain noble gas nuclei(3°) (these eliminate .Mott scattering as they have

no magnetic moments)

- 2. reflection off and transmission of
neutrons through bismuth and liquid oxygen.(n)

3. high energy electron-deuteron

scattering., e
dF . '
l_ﬁ% L‘:o of 0-0193 * o~ooth",

~ Ref (30) obtain a weighted average for
‘ in reasonable agreement with the value obtained from mirror reflection
experiments of o.oLto0-00iq F‘, but disagreeing rather with the transmission
experiment result ofl 0. 0225t 0, 0007F*. The electron-deuteron results
seem to be highly model dependant, varying with choice of hard core
radius and percentage of ?D'state assumed to be present in deuteron ground
state. ’f’he) results of Benaksds, Drickey and Frc\arejacque (31 and Dackey
32

- . . 2 =% .
-and Hand indicate a mean valve of zero for 3 £ 9 < 6F, However,

although consistent with Fr(a)=0 ), their results dlsagree with thermal

R . ‘A
neutron experiment slope values of Fn (4), giving lj‘;: __ = 0-.0002 £ 00067F,

1,_0
3
Casper and Goss( 3) have, however, shown that the discrepancy is due to

using non-relativiatic deuteron wave-functions. When relativistic



Page 59.

corrections are made, not only is the calculated slope then completely in

agreement with the reliable thermal neutron slope value but also the
extracted valves of Fi are increased with uncertainties small enough for the
deviation from zero to be significant (approximately two or three standard
deviations), Thus experiments indicate Fn (a)#0when relativistic
corrections are made, although the actual values are still somewhat model
dependent. Typical values are 0.0l - O, 02 ¢ for 4 < 151. This can

| be understood in the quark model qualititively as approximate SV (2)

symmetry for the quark isospin doublet. = We have

(r’-)f =3[ ('”'),E, - {D%] (3)
Using the thermal neutron data (1) s 4 r“'>: - o-115¢ F*
S LeE - LYY = 0-1737

from equ (2) abo_ve}-— ]
L LS o+ Loy = 3 (4O - 2
‘ = |.¥36F™

n~ s

'Lr%);:o-e*ror:-L and  4*+Dg = Okt F7 |

giving charge radii O. 82 Fand O.70F for @ and fl respectively. Such
chafge radii are comparable with the proton change radius (2.9) However,
their values depend on the rather uncertain pion form factor which at present

(34) ' (29) The

is compatible wi_th éitherdipole or p dominance forms.

 former gives Lr"‘>: = .0'364L F™

and the @ and & charge radii are then O, 63F and O.47F respectively,

The latter gives Lr‘)i =o‘1.l8F1 and the charge radii are 0.50F and O.27F
'respectiv_ely. - The ambiguity of the pion form factor means firm conclusions
as to quark electromagnetic radii cannot be made,'other than that at

least one is not point-like, in view of the non-vanishing neutron electric
form factor.

(7) that the electric and

. In view of‘the surprising result of Chou and Yang
matter form factor of the proton appear to be the same, it is interesting to

deduce the quark R.M.S. radius, assuming such equality. From

section B, '
' F& (4= f-ﬁ[tg“?o:-};]ﬁ(q.)
SoF% )= Fela) if 1 %S = $a=1 i.e. quarks are pointlike.
_ | | oc 2. k3, -$E =3  i.e.quarks
are non point like with L &dedg = LeE . |
then LeE = 2 LD,

“and  JLeDS zo02wF, SN = o-k8 F. These values are
independant of assumptions about nucleon internal wavefunctions s_inde,becalise

of the zero charge of the neutron ,the charge radius of the latter is determined

only by the quark charge distributions and not by the neutron matter
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form factor as well (see equ. 3 on previous page).

Since theSu(6) shell model 3-quark wavefunction for the proton is Gaussian in
the quark spatial coorginates, the corresponding matter form factor is also |
Gaussian: Felq)= *oj:_:}q‘ If quarks were point like exactly, then the proton charge
form factor would also be Gaussian in the momentum-transfer. But, if the
proton matter form factor and quark electromagnetic form factor were identical ,
then F% = Fo = ”A\E: =%t and by choosing "3\:(q} = (l+-,§’_;,, -

‘the dipole form follows. But then €
LeyE = Ledg = = Ly
Vi /_.w)f, = 0:5T1F

which value is incompatable with the selfconsistent multiple -quark -scattering

analysis of Shrauner et'a1(3), in which too rapid decrease with momentum transfer -

of the pfoton-proton elastic differ,én’tial cross section results if this assumption

is made, and also s (ncompq‘:‘\\lq with quock sizes needed ko satisfy the Ckoo-"fqn_g result.
The explanation of the discrepancy between §V (6) shell model from factors and

the observed dif)ole behaviour of Ffi is that in high energy elastic electron-

proton scattering, the former 'sees' a proton contracted in the direction of their

relative motion so that the Coulomb scattering is more instantaneous and the'

proton more poirit-like, ‘the internal 3-qua_rk structure becoming less important,

as the matter distribution collapses into a Delta function-like singularity and so

gives a more and more slowly ;rarying hadronic form faétor as the momentum transfer
increases. It should bé noted that Gaussian form factors also violate the lower

' bound on form factors established by Jaffe from Q.E,T. U .6) Although the '
calculations above crould be repeated using the relativistic form factors, this
will not be done as they depend, for small momentum transfers, on details of
the particle wavefunction behaviour ét large. distances, whichA is unknown, other
than becoming zero at infinity. |
CONCLUSION: - | ‘

- Present high energy scattering data cannot be used to decide between the quark -

and infinitely composite models of ‘hadrons,although experimental information
prefers the picture of the proton (and antiproton) as made up of three constituents
as opposed to any other finite number of particles. Electromagnetic form factor
data can be explained successfully in terms of the quark model although the
large momentum transfer variation of the proton magnetic form factor is not
inconsistent with a naive droplet model if the electric and magnetic charge
distributions in the proton are identical (the scaling law is true at all values

of the momentum transfer), Recent experiments may rule this out. The neutron
electric charge form factor is incompatible with a droplet model. = Thus,
experimental ihformation on form factors supports the qt.}ark model but not the

| ~ droplet model.
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