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| I. Barbour and W. Malone

Department‘of Natural Philosophy
Glasgow University, Glasgow, Scotland

and
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ABSTRACT
It is shown that an eéxplicit quark model, or duélity
| dlagrams, 1mply certain charge ratios on the square of the
§ 1mag1nary parts of amplltudes for YW -« N and W - x A,
'Hwhlch are experlmentally observed to hold on the high energy
; cross sections %% for. -0.2 >t > —O.8. A fixed-t disper-
éion relation caléulatioh, using knowledge of thé'low-energy
‘photoproduction amplitudes, suggests that this may be due to
canéellation of the'contribufion of the lOW’&nd medium'enérgy
: ~s- and u-channel resonances to the. real parts of the ampli-
tudés, so that the s-channel dominates‘the dispersion integral
and the quark model relations also’applyvto the real parts of

the amplitudes. In the extreme forward diréction

i .
1 <« S .
[(-t)2 ~ 0.2] +the fixed-t dispersion relations indicate

This work was supported in part by the U.S. Atomic Energy'CdﬁmiSsion.
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thatvthe 11\ —aﬁ*N amplitudes are predominantly reai and
dominated by the COntriﬁutions to thé'disperSion relations
jpf.the Born approximation and other very low-energy

Tresonances. Some possible implications for purely hadronic

reactions are discussed.
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1. INTRODUCTION
vif is well known thaﬁ the diffefenti#l_croés-sectibn for
1D —;ﬁ+n exhibits a forward spike in the region O > t > mﬂ? and.thét
a.simildr fdrward spike is given by the gauge idyariant pion.polé
(electrié ﬁorn approximation).f Indeed‘either the électric Born approxi-
mation orfthe'full Born apbroximationl gives fair“ag}eement with the

data,” 3

b¢#h‘for unpolarized and«polarizéd photons” in the spike region,
eXcept pé}ﬁéps for thé most forward points measured, as discussed below.
. Likewise the differential cross-section'for m g p for
0>t 3'-mﬁ2 is found to be equzatllL tp ﬁhat for n+ photoproduction
and thus also to be given approximately b& the Born_approximation.
Butvaffv,mﬁ2v> t .the'Borp approXimatién fails badly both for ﬂ+» and
n-b photbbroductiqn; in-particular one of the most marked features of

the. data at high energy is that photoproduction is less than ﬂ+

photoproddction away from the forward spike region. For -0.2 >t > -0.8
- do - do o+ . )
B pon )R (o) x 035 Q)

Rather similar though more complicated features exist in the highbenergy
differénfial cross-sectioné of the four reactions TN —antA. It has
been shown that for 0 >t > -mng. the differential érqss septibns;are
given, within their rather large errofs, by a gaﬁge invariant pion

ﬁole theorfs(in this case the minimal part of the Born approximatioﬁ
that both contains the pion pole and is gauge invariant). Fér | |
0>t 5‘-@%2 the experiménts are compatible with

— - _ . do <+
L (mona™ = F(moxa) and F (1 oxa) = (monah),
dt : dt dt dt )



_o- | UCRL-20635
in accord with a gauge invariant pion pole theory.f5 However, away'from'
the extréme'forward direction these cross-sections take on remarkably
different fatios, as shown in Fig. 1. In the same region of t for
which the ratio (1) holds, namely -0.2 >t > -0.8 the x°A photo-

productioﬁjbross-sectionS'take the following rather constant ratios

do + O)

T (m —9ﬂ-ﬁ+)/%§ (rp »x'o 0.3 (22)

0.5 (2p)

t2e

&2 (w %.—5*)/;;; (m - x"a)

lg-g (yp — {A.**)/g—z (1p — ,T“Z\O)_ 1.0. (2¢)

e

vit:seems that the high energy experiments on the forward

photoprddubtion of charged pions exhibit three regions of t where the
data haSIAéfinite and distinct characteristics, thbugh in all three
regions'.(sb- Iv?)2 %g is approximately constant as a function of s.

(1) o>t > -mng. In this region the amplitudes.aré strongly
affected by the exchaﬁge of the gauge invariant pion pole (the energy
dependence of this Born approximation agreeing with the observed energy
dependeﬁce); The n+n ‘and 5 p photoproduction cross-sections are
equal._"

(ii) i70.2 >t > -0.8. The charge ratios for ntn and .n#A
photopioduction are given by (1) and (2) throughout the region. In

nt& photoproduction the logarithmic slopes of do/dt are constant to

within the errors and approximately equal to e2'5t; for ﬁ+n thersldpe-
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1.6t L

is*approxiﬁafely e Denoteethe‘cross-sections corresponding to

photons pblafized perpendicular>and parallel to the production plane |

by o éﬁd ’o” reSpéctively? then By Stichels theorem ?L. and M

éorrespoﬁd tovnatural and unnatural parity t-channel exchange respectively}

In Yp -{ﬁfﬁ%l o, is strongly dominant while in ‘m - xp, ol =9 '
(iii)& f—O{8 >t > (?). In this region the charge ratios change and

the slopes'offthe'diffefential cross-sections become steeper, the n#ﬁ

5.2% and the an slope about e3'8t.

slope being_ébout e
It appears that the extreme forward region, (i) above, ‘is

partly uhderstood in terms of thé Born approximation or a similar theory,
and we shailyhave some comment on»that situation. It is the main object
of thisvbapé? to contribute to the understanding of the region (ii),
-0.22>1% 2:{0.8, and in particular the charge ratios (1) and (2).

| Firstly it is rather clear that no simple Regge pole picture
can satisfy:the data in region (ii). Thevobviously'dOminant candidates
for natﬁral parity exchange (méésured by ql) are the exchange degenérate
p and ‘A2 Atrajectories contributing Bp(t)(l - e_iﬂa(t))/sin na(t)
+ QA(t)(l'+ e-i“a(t))/sin no(t) to the amplitudes, wiﬁh a(t) =0 at
t ~ -0.6; Strong egchange degeneracy with BA = Bp would give a dip
in QLﬁ?p_*?“+n) ~from the heceséity that B, =0 at ~ O.6;_Such
a dip is chspicuOUSly absent. Weak exghange @egéneracy‘ BA'¥ Bp'>?ould
perhapsﬁaybid<the dip, but would lead to a purely reél A, .ekchange
amplitudé (iéovector photon) and a purely imaginary vp exchangé ampli-
tude (isdscélar photon) at 't - -0.6. Since the difference between

138 —;n+n aﬁd ™ —?n'p photoproduction comes from the isoscalar photon-

isovector photon interference term, this implies ngYp —>n+n) would
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equal qL(fn’fan_p) at t ~ -0.6; confrary to an‘obsé;vedrratio'of
about h'poﬁi; Thus it is evident that:an explanation in terms of
Regge fhs;ry>;equirés suts. For_éxample usiﬁg the strong absorption
model, aha’véfying 28 parameters, Kane et al.6 obtain a fit to yp.—>n+n,
m —yn-pf.(and P —»ﬂop, Yp »np aﬁd ﬁb.—;ﬁh, np —pn).
We atte@pt a unified view of the charge ratios (1) and (2a),

(2v), (29)'firstlj by considering the nucleon, and the A, as mainly
composedisfsfhree quarks and by éonsidering‘the Process of photop;oduction
~as one ih which the nucleonvis first photoexcited and then de-e#ciﬁed
- by pion emission. The basic quark diagram is shown in Fig. 2a; the
‘phdton éXCites virtual intermediate states of thé quark which decay by
pion emissiOﬁ; if the quark is spstially excited, 'ana'does not de-excite
by 1nteractlon w1th the other two quarks in the dlagram, the sum over
1ntermed1ate states points out the excited quark as the one which emits
the pion leadlng to a quark 1mpulse approximation.

, in calculating the ratios (l), (2a), (2b), (2¢) in the foregoing
quark model the spin and isospin sums over the intermediate quark states

are replaced by the unit operator and, apart from the spatial factors,

one is left with matrix elements of the form

Z (|5 () B () )3 Z (v (B () B () [2) (3)
i-1 ) | |

In (3) |N) and |a) are SU6 wave functions of the (%6]) represen-
: i ’ i

tation for the nucleon and A respectively; H (¥) and H (x) are

the interactioh Hamiltonians of the ith quark with the photon and pion

rexpectively. The isospin sub-operator part of 2 (7) H' (%) is, with

@
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the usual electromagnetic couplings of the quarks, proportional to

2/3 0 L3

A L
Ch -1/3 /. ~ )

i
In evaluating the ratios (1) and (2) in our model, the spin and spatial
matrix elements cancel, whatever the particular form assumed for the

interaction. The operator (L) gives rise to the following ratios

‘%%_(7n —>ﬂfPZ/%% (rp f¥n+n) = 1/k o (5)
%.g (m —)vﬂ-A,). -g’—.g- (Yp —arr;FAO) = l/)-t - (66.)
%%,<7P "“-A++)/%§ (7 —>n+AP) = 3/h, o (6¢)

The values (5), (6a), (6b) are, in the context of the ﬁodel, an
immediate C6nsequence of the fact that a f+ can only be emitted from
a proton quark [involving ‘the matrix element 2/3% in-(h)]‘and a

ﬁ; -can only be.emitted from a neutron quark [involving the factof'
-1/3 in (4)]. In the region -0.2 2t > -0.8 the\experimental'values
(1), (2a), (2b), (2c) are to be compared with (5), (6a), (6v), (6c)
respectivél&. We note an almost quahtitative_agreement and we nofice
(as displayed for example in Fig. 1) the remarkable change from the

experimental ratios in the pion pole region (0 >t > -mng).
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An iﬁﬁbrtant queétion in,this>pi§ture>is the ﬁossibie contribu-
tion of fﬁe:érosséd graphs, Fig. 2b; which has beeh ignored. i; is
immediateijvéeen that these give contributioné whose éharge ratios are
thevinvefsé éf (5), (6#), and (6b) so that a large céntribuﬁion from the
crossed gfaphs wduld invalidate our ratios. The uncrossed graphs,

(Fig. 2a) éiving the ratios correspond to the contributions of s-channel
resonancésjand the crossed giaphs (Fié.zb) to;the contributions of
ﬁ—channei‘résbnancés.' The u-channel resonances are distant_from the
forward'diféétion SO one eﬁpécts their contribution to the imaginary
part of %ﬂe‘éﬁplitudeS'to be small bﬁt distant.ﬁ-éhaﬁnel and distant
s-channei résénances miéht dominate‘the'réal part. This is evidehtly
happening fdr the particular case where the resonance is the nucleon
itself at :tlz 0 where the Borﬁ approximétion is big and leads to equal
amplitudé;ifbr 139 —»xm and m D as observed.

bhé;may put these questions in terms of ths'uSual duality
picture.. If one assumes vector dominance, so that the isoscalar photon
is represented by an w meson and the isovector photon by a po meson

then the selection rules implied by the dualiﬁy diagrams will give

relations between the imaginary parts of various photoproduction

amp}itﬁdes.T Among these—relations_for the imaginary parts are our
ratios fof'.vN - N and N - A (Thisvis immediate on looking at
Fig. 2c;.which pictures a fhoton turﬁing into a vectér meson, followed
by a duality diagram'for a vectqr meson scattering from a baryon into
a pion. This figufe is Just a stretched string vers’-n of kig. 2a, but
not of course 2b.) ‘The figuréﬂalso illustrates that in these relations

~

the full vector dominance assumptions are not being used, but only the
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relationSsbetween photon cdupling to isoscalar and isovector mesons which

follow from1the photon being a U-spin scalar member of an octet. Such
rélatioﬁs séem iikeiy to endure strong modifications of the vector

dominancerhypéthesis, such as the addition of further vector mesons

".through which the photon interacts with hadronic matter. These duality

relationg‘ére'EQE ensured for the real parts, just for the same reasons
as mentioned above, namely the possibility of large u-channel contri-
butions.to the real parts.

Neveftheless the charge'ratiOS'indicate that the u-channel
contribufion is suppressed and we will seek verificafion and elﬁcidation
of this bqint by investigating, as explicitly as poSSible,-the relative
importance of the s- and u~-channel contribﬁtions to the real part of the
highfenergy.amplitude. The most direct'way to do’this is throughvfixed—t,
dispersioﬁ relations énd the results of such anvinvestigation are.

reported in the next section.
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21 s- AND u-CHANNEL CONTRIBUTIONS TO THE
HIGH ENERGY REAL, PARTS OF AMPLITUDES
We wish to consider tﬁé relative contfibutions of the s and
uvchannelsvtd'the real parts of the high-energy pﬁotoproduéfiﬁn-amplitudes,
and the mgéf direct way df dqing this is through the fixed-t dispersioﬁ« |
relationsi vBécause of the lack of detailed low-eneréj.data on W —axiA
ﬂe will have.to confine most of thé discussion iﬁ this section to
YN.—iﬂiN;. For either of these processés there are four-invariant
amplitu@és which we will denote by Ai+(s,t) for Yp »x'n and by
Ai_(s,t)' for ya - p where i = 1,2,3,4. The fixed-t dispersion

relations,are8

RevAit(s,t) = 'Bit(s,u) + ] ds
(M+m)®
Inm A, (s',t) Im A, (s',t)]
it iF
[ s' - 8 * gi s' = u (7a)
‘where the B§rn terms are given by
._ . 1 1 v 1 ge | 1
B, (s,u) = (2)2 £ —=—, B, (s,u) = =(2)? _
1+ Wy e e H(S_Mz)(t_mz)
. 1 ul
5l N
B, (s,u) = -(2)2 &2 P
3+ MM\ L -
. ge [ ¥ My
Bus(esm) = -(2)° umeMC AT

B, (s,u) ()

|
e
e
o
H
+
—~
=
M
0
~
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In (7a) aﬁd.(7b) £, =+ if 1 =1,2,4 and &3 =-1, M is the nucleon
and m »the:pion mass. The first integral is over the sfchannel'cut.
and the secdnd integral:cbﬁeé from the u-channel cut. The cut structure
is shown-iﬁ fig. L, In a quark,/or duality diagram, picture the'ampli-
tude ratios 1/2, (3/&)% 1eadingvto the ratios (5), (6a), (6b), and
(6c) _wili:hold between the appropriate Iva(s',t) on the s-channel

cut, as shown in the introduction. However, the % ratios will not

- hold for the Im A or the u-channel cut, which corresponds to u-

channel resoﬁances, as in Fig. 2b, rather than s-channel resohances,

as in Fig. 2a. For high-energy photoproduction though the u-chaﬁnel
cﬁt is distant from the physical s, we certainly cannot éay a priori
that the’é-éhahnel‘cut will dominate the right-hand side of Eq. (7).
In,pi§njphbtdproduction:itself near t = O we already know that the‘ s;
and u-channel Born poles, which are near together and both very distant
from the physical s, are both very important in Re A(s,t) implying
an equal_importance of an "s-wave" and a "u-cut" contribution. Near

t =0 'then,_all is consistent with a totally real amplitude, into
which thevBérn terms and perhaps a few*other low-energy particles dr
resonaﬁceS'notably the A, contribute most iﬁpoftantly from the right-
hand side of (7). Since the difference between the energyrdenominators
in the dis@éfsion relations is negligible for integration over low- _‘
energy particles or resonances such as the N and A, it follows from
the crossing symmetry between the A+ and A_ amplitudes displayed
in (7) théf the amplitudes for ¥p —»x'n and ™M - g p would then be

equal, as is indeed observed.
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'Inﬁfhé reéion ofAsomewhatvlarger values of =-t, -0.2°>t > -0.8,
the cross-sections take on”the characteristic ratios (1) and (2), and ‘
we know from recoil proton polarization measureménté that, at least for
TP ;>ﬂ+n;fthe ampliﬁudes have an imaginary part; There is no problem “
with the chéfge ratios for the imaginary part but we are left with the
problem of £he real part and therevis no eyidence thaf it is small,
either ffbm £he polérization meésuremeﬁts, or from asymptotic‘enefgy
dependence'considerations discussgd»in the next section. (If it EEEE.
small ﬁheh,the émallness would have to be explained by a cancellation
similar td that we are about to expound.) TIn this section we examine
the hypofﬁeéis that the combined contribution of the s- and u-channel
low and iﬁé.dium eneréy imaginary parts (to the fixed-t dispersion
relations giving the high-enérgy realvpart) is negligibly small. We
use the térﬁ l§W'and mediumvenergy relative tb the physical energy and
for an s value of about 30 the low-and medium-energy cuts might extend
up to é(u) ~ 5-15. If this be so it leaves the greater part of
Re A(s;f)s'free to come from the right-hand part'bfthe.scut, say from
s' Z s/2,' just from the smallness of therenergy denominators on the
right parﬁ of‘the's-channel cut compared with the large ones from the
left~hand part of the u-channel cut. éuch a dominance of s-channel
imaginary parté in the dispersion relation secures the charge ratios

also in the real parts of the amplitudes.

I

' To sustain our hypothesis we have to investigate Wwhether
integration over the low- and medium-energy region is likely to give a
negligibly small contribution to Re A(s,t). The result is shown in

Fig. 5 where we have plotted the contribution to (s - M2)2 do/dt
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arising from the real Eafts only of the amplitudes; evaluated from the
dispersieﬁ“relations (7). The evaluation is done for an incident

laboratory momentum of 16 Gev/e [s =~ 30 (GeV/c)2], and the photoproduction

helicity amplitudes used are those of Walke;,? Vwe_discues“the,resultsnwwﬂ

in the region =-0.2 >t > -0.8.

The’highest cﬁrve shown is that obtained by taking only the
Born_termeien the right-hand side of.Eqs. (7a) and (7b) and in our
t region fhe result is clearly impossible. If we add to the Born terms
the effect of the A(i256) in both the s and u parts of the dispersion
integral (7) we get a dramatic‘drop fo thenext highest curve, as shown.
This effect was already noted by Engels, Schwiderski,:and Schmidtloe in
connection w1th photoproduction at energies between 1l and 3 GeV/c
Next adding to the dlsper31on relations the pll(lh70) and the‘ 11(1560).
again leads to a decrease, while there is a further dramatic drop on
adding the d13(1520)' ' We should note that at this stage'the curve
has already dropped to the level of the preton data for -0.2 >t > -0.5,
and to or below the level of the lowest neutron datavfor -0.5 >t > -0.8.
Adding iﬁ fhe’third resonance region contribution to the»dispersion
relafions.leads.to a further drop, but takes us to the end of the
helicity amplitude analysis of Walker. There is one more thing we can
do in our exemination of trends.. The f57(l920)' is a prominent A
resonance, the first-Regge recurrence of the p33(l236)f If we assume

that like the the f57(1920) has only magnetic coupling (as |

p33’

' suggested for example by the quark model) and that the coupling is of

the same sign as the p35 and we take the magnitude of the coupling from
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backward '#O :photoproducfionlluthen we get the bettom“curve (over most -
6f our tefeéidn) snown in Fig. 5. (In Walker's fit to the nf low- .
energy data nearly all the imaginary part is due to the resonances, the
dots represent the flnal result when the non<resonant background at all
energles is also taken into the d1spers1on 1ntegral ) The curves apply
with negligible error to either n or‘ P photoproductlon, as is
evident'frem the crossing symmetry in Eq. (7),‘since the variation of
the energyfaenominators>in the low-energy resonance region is smali
for lafgev‘s;

The trend is obviqus: as succeSSively hiéher.mess resonances
‘are addea”to both the s- and u-channel integrals in the fixed-t
dispersion relations, the calculafed real amplitudes get successively
smaller,‘wiﬁh tne e#ception of the addition of pll(lh70). which has.a
small 1nfluence in the oppos1te dlrectlon In the interval
,-O 5 > t > =0.8 the result is already of the order of or smaller than
the neutron data. The results are shown in another way in Fig. 6, where
at the fiked value of t = -0.4 we plot the same quantity as in Fig. 5
as a functibn of fhe upper limit of integretien in the dispersion
integrals° 'it is aiso obvious that the trend could continue since,
though’tne'nartial widths higher mass resonances arevsmaller, fhe
residual emplitudes which they have to cancel are also'smallef.~ We dol'
not attach too much importance to fhe exact numbers obtained threugh
the dispersion relations since, as pointed out by Walker9 and by others,12 . %
thée results of the helicity amplitude analysis in the present state of

“the data are subgect to quite large errors. 13- 15 We rather point to the
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trend which 1f continued will lead to the mutual cancellation of the
low- and medium energy resonances in the dlsper31on relatlons, and thus
to satisfactory agreement with the charge ratios for rp —rﬂ+n,
Yn--n-(p..‘” |

We may contrast this unl-dlrectlonal effect of the resonances in
the fixed-t dlspersion relations in the region -0.2 >t > -0.8 +to the
varied effects in the extreme forward reglon ‘We plot the same quantities
as before in Flg 7, but now on the expanded horizontal scale of - ( t)2
approprlate to the extreme forward dlrectlon. The experlmental points
shown are (s - ME) Et for 1 —>n+n and the evidence is that the
™m -5 p has an eqnal cross~sectlon for (- t)2 < 0.2. As before the
curves arefthe contrinution to M.2)2 22 ofythe real perts of the
amplitudes_caiculeted from the fixed-t dispersion'relations (7), for
various,resOnences included\in.the integrais.: We see that the "Born +A"
curve is:significantly different from the "Born" curve but_thet the
additional effect of adding all other "known" resonances isyquite_snell,
so that the final curve renains near "Born +A." - It is worth noting that
one of the | forward exnerimental points is cons1derably hlgher than
"Born oniy 'and agree more nearly with "Born +A" and the other curves
clustered>around it., In view of the qualltatlve agreement of the
experimentalrpoints and the curve, in the extreme forward direction all
is compatible with (i) totally real amplitudes, (ii) saturation of the
fixed-t dispersion relations by low-energy resonances, including the
Born terﬁs, Similar conclusions onn the extreme forward region have been

| R
reached - by previous authors. Our only new addition to their remarks
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is that the wéy the variOus”résonances are contribﬁﬁing makes saturation
seem_likei&;iaﬁd that thisjggz take place near the Born +A curve, at -
any ?ate fof'(ft)% < 0.05.

In View of the importance of s-channel helicity in absorption
models§ or‘othgr models16 which view the nucleon aé a spatially structured
scattering object, it is interestingrto set out the rolé of the varioué
s;channei helicity ampiitudes in the curves of Figs..S, 6{ and 7. To
do this we introduce a nmémonicbnotatién for the helicity émplitudes.

For YN - N - there afe four independent'ﬁelicity amplitﬁdes and we take
these to be the amplitudes for which the photon has helicity +13 in

that case the initial helicities are 3/2 or j1/2 and the final one

l/é or 51/2} We name the helicity amplitﬁdes corresponding to the

various trahsitions as follows

1. 1
5 235 ' Hy

PPN
!
O]
o

g_-‘-—) '%- s H (8)

where suffixes O, +l, and 2 represent no helicity flip, single

[

helicity flip and double helicity flip respectively. We define the
normalization and units of our helicity amplitudes to be the same as
those of the helicity amplitudes Hy, Hy. H3, H), of Eq. (21) of Walker9

so that
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(Hpy Hy, Hy, Hy) = (Hy, Hy, Hy, H) | (9)
and .
o 24 2 12 2 2
(s =) F = ansllny|® + 1y |® (17 (B 7).
‘ (10)

We now describe the relative magnitudes of the various Re Hi
as evaluatéd from thé dispefsion relations (7). In the forward spike
Re Hy iéiétrongly dominant being at t = -0.0002 [(~t)Z = 0.045] more
than teﬁ fimés greater than any éthér amplitude. This of course is to
be expeéted éince the other, spin-flip,amplitudes must vanish at © = 0O;

16

in the language of Harari HO "is a "JO" amplitude. Just outside the

1 .
forward spike at t = -0.02[(-t)2 ~ mﬂ] Re H, 1is still the largest

amplitude, but only 40% 1larger than Re Hy; both Re Hl and Re HT
are more than ten times smaller. At these two t values and in the spike
region gehérallj there is only a few percent difference between Re HO
evaiuated ﬁsing Born +A only and evaluated using all the "known"
amplitudes (and the same holds for Re Hg).

Tﬁe situation is Qery different in region of principal interest
0.2>t > 20.8. Hefe for Born +A only Re H, ;is largest, Re H, is
about 30% of Re H2, and Re Hl and Re'H_l ’afe very small. When the
full "known" amplitudes are takén in the dispersion relations both
Ré H

0 - and RevH2

in the curves of Fig. 5) while Re Hl becomes non-negligible over a

become considerably smaller (accounting for the drop

small range around t = -0.3 (Re H, is a "Ji" amplitude and zeros at

around t = -0.75).
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3. CONNECTION WITH FESR

Iﬁ the definition of the finite-energy or.continuous-moment
sum ruleé, if is implied thét the connection between low and high
energies.is established through the assumptionrof somé asymptotic or
high-energy form, fér which Regge poles are commonly used. Using the -
assumptidn'fhat all the relevant Regge trajectories have small «, which
if correct makes  their resﬂlt independent of any pérticular'high—
energy Reégé model, Jacksbn and Quigél'7 find a form for the real part
of their hiéh;energy amplitude in terms of an integral over the low-
energy amplitude. The result is the same as if one were to evaluate the
fixed-t dispersion relation (7), neglecting the variation with s' of
the energy denominators; this is a gqod appfoximation for large energy
s, and the_comparatively small. s' associated with tﬁe low-energy
. resonances. The FESR and CMSR evaluations are doné for amplitudés-having
good s efau_ crossing properties; such amplitudes for photoproducfion
are the iSQScalar photon amplitude A(O) and the isovector photon
amplitudes A(-) énd A(+) in terms of which the charged pion photo-

production amplitudes of (7) are given by

a, = (2@ a4l

4Ai- = (2)%(A§O) - Ag_)) (i=1,2,3,k4), (11)

Ago), A§+), Ag-) are crossing even and Ago), A§+),A§-) are crossing
odd for i =1,2,4 and j = 3. The calculations of Jackson and Quigg
are for isovector (-) amplitudes (they use t-channel helicity amplitudes)

S0 tHey are approximately proportional to the difference of the.
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1P —>n+n_iam§litudes (Ai+) and. ™M —an;b amplitudes (Ai-) calculated
by our>mefhod;of fixed-t dispersion'relations. ‘ v

Ffbm the crossing relations, as exhibited in Egqs. (7a), the
high-eneré& gmplitudes Re A, and Re A,_ calculated by fixed-t
dispersioﬁxreiations psing the low-energy amplitudes are approximatély

equal and of opposite sign for i =1,2,k; A are of the same sign

3t

- but turn out to be smaller. Consequently, from (7), our calculated

Re A are dominated by the isovector amplitudes Re Aﬂ-). We agree
with JackSon‘and Qﬁigg tﬁat the cross section of the forward spike is
dominatea'by Re A(-) as ééiculated from low-energy amplitudes, and we
have reinférééd that conclusion by observing the convergent behavior of
the amplitﬁdeé in that t region as a function of integration cutoff. But
Jackson and Quigg also find agreement with some "average" of the
TP ->n+n and Yh -y p cross séctions over a much larger range of t.
We would:nbt attach any significance at all to this_pseudo-model for
ft[ > O{é Aﬁd we rather consider the rough agreement attained to be a
fortuitdﬁs‘consequénce of the particular integration cutoff which follows
from our present state o} knowledge of the low-eﬁergy amblitudes; to
support this we pointed out in Sec. 2 above the behavior of the calculated
real amplitudes as a‘function of integration cutoff in the region -
-0.2 2> t 2'-0.8, which is qualitatively different ffom that in the épike
region. - | |

Wé ﬁoint 6ut one quite general feature associaﬁed with the
decomposition (11) into ispscalar and isovectbrvamplitudes pf good

do

2
crossing properties. At high energies T is proportional to 1/s%,

while the poiarized target exp'eriinents18 reveal that there is both a real
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and aﬁwimégiﬁéry“part in important a@plitudes.'~Thé siﬁplest.pbssibility'
to accountvfor both these fac£§ i;“£ﬁ;f~—m“

part of the invariant amplitudeé are proportional to l/s. >If then the
amplitudes.afe in 8 nonoscillatory‘asymptotic;region and contain nbb '
logarithmic #erms one can, as usual, apply the Phrégmen-Liﬂdeloff |
theorem to show that crossing even amplitudes are pure-imaginary and
crossing-odd amplitudes pure real. From Eq. (11) and the crossing
properties of the Ago) and Ag-) it would then folloﬁ that

do + do - , ' .\ »

It (tp »xn) = FEa (m - x p) which is contrary to experiment. The
conclusioniis thét we do not have a simple asymptotic régime of the
type‘just_oqtlined and in support we note thgt the polarization at

5 GeV/c is different from that at 16 GeV/c. It would be interesting

to have results over a considerable range of high energy in various

types of polarization experiment to elucidate the situation.

both the resl and the imeginéry —
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hQ"CHARGED PION'PHOTOPRODUCTION BY POLARIZED-PHOTONS_
If?Igl_ and a“ are the cross-sections for YN — N with
photons polarized perpendicular and parallel to the production plane

respectively, then at high energies QL comes wholly from natufal

parity t-chanhel exchaﬁge and oll from unnatural parity t-channel
- , g, - O '
exchange. At 3 GeV/c the asymmetry ratio A* = =4=——-1Le has been
| IR

measured for ni

photoproduction respectively. It is found that the
asymmetry ?atio A+ for P »xtn is’ A+ ~ 0.7 in the range

-0.2 > t > -0.8 while the ratiov‘A- for Yn‘—an-p is A" ~ 0.0 in

the same f_range. Within.the suggested quark model At - A~ (since

the only differéncé in the model is in the charge of the proton qﬁark

and thét of the neutron quark) giving an apparent disagreement between
the data_and.the model. However, the cross-section for 5  production
is sﬁall,'so'we would expect a large ﬁroportion'of this amplitude to

’be outwith’the model, fbr examéle from pion exchangé which is unnatural
parity and ééntributesvto 0", thus reducing A. Indeed for

-0.2 >t > ;0.8_ the charge ratio glfyp "“-p)/?lKYP'_’“+n) is close
to the exact.mbdel‘value of 25%, while the charge ratioc for G“ is
approximately unity. The inference is that the model contfibutes only

to SL.'(natural parity exchange) which'dominates TP —>n+n and that the
smaller ' o (unnatural parity exchange) only becomgs important for

m - p. ,
“Wé'show in‘Fig. 8 the ratio A = (QL.; cl‘)/(qL + Ol‘) of the
high-energy feal parts as evaluated by the fiked-t dispersion relations

from the low-energy resonances.
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5. &O PHOTOPRODUCTION_'

In’Fig; 9 we plot the contribution to the higﬁ-ehergy ﬂO
photoproduCtien cross section of the real parts of the amplitﬁdes
evaluatedvby the fixed-t dispersion relations. 'We show curves corres-
ponding te.fhe inclusion of successively higher mass resonances in the
dispersion:relations, as in the'eharged pion case. Unlike ' the charged
pion case there is no unlform tendency, but like the charged pion case
(for -0. 2 >t > -0. 8) there is no evidence of saturation of the dlsper-
sion relations by the low-energy resonances. When we bear in mind the
uncertaintiee of the present data and £he resulting partial wave

_analysee, iteis'prpbably not worthwhile to comment further on the
confusingrsifuation evident in Fig. 9;
'Tﬁere is no simple prediction on the ratio of neutral to charged

pion photoproduction. However, if one considers the ratio
4o o_Jdo ,_. 0
Ry = a‘g(m—%np/yﬁ- (m - xn) . - (12)

it was shown in Ref. 19 by arguments based on our simple gquark model of
Fig. 2a that

u‘ 16 |
It should be emphasized that the arguments leading to (13) involve the
quark spins and thus (13) has not quite the same status as the chafge
ratios (5) and (6). The experiments have a result at or somewhat above
the upper limit in (13), leading, as shown in Ref. 19, to quark-spin

scalar dominance and strong dominance of dl— in neutral pion
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_about A = 0.8. At t = -0.6 there is the well-known dip in =«
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photoprodﬁétion» Recent experimental results on the asymmetry

A~=,(SL;i‘g“ )4(8L + Ull) in g?' photoproduction show that A is in

'thé’region of 0.9 to 1.0, corresponding to strong dominance of Sl:

‘except‘in the region of tm;“qu§: where there. is a drop ‘in A to

0

photoproduction where‘presumably processes from outwith the model become

relatively more important.
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6. DISCUSSION AND CONCLUSIONS

Wéﬂhdve noted in the introduction how the dﬁality diagrams,
dombined ﬁiﬁh some weak vector mesonvdominanéeAa;sumptions; lead to
cértain»ratibs for the imaginary parts of the émplitudes, .ImJA,. fér\
YW - x*N and W - x%A; we have shown how the same ratios follow in
. an explibit quark model. Experimentally, and in the region
-0.2 > % > -0.8, the predicted ratios on |[Im A% hold for _%% ‘ which
is proportional_to lIﬁ A]2 + lRe A|2; sinée the ratios are not
predictéd for Re A; because of the contribution to Re.A of distaht
u-channei resonances, & problem iS‘posed. The suggested resolution of
the problemtis that the combined contribution to Re A of‘the "low
and medium:energy" s~ and u~channel resonances is negligible, so that
Re A is either small‘ compared to Iﬁ A or dominated by the
"high-energy" s-channel resonances which would maintain the charge
raﬁios in Re A. By explicit calculation, using fixed-t dispersion
relations for N — °N if was shown that the cancellation of the
contributioﬁ of low-energy s- and u-channel resonances to Re A, is
strongly suggested by our present knowledge of the low-energy resonances
(and the aséociated Im A from multipole analysis). On the other
hand, in the region O >t > -0.2, where the cross sections for |
TP >xm and m -y p are tending towards equality in the forward
directioﬁ:the fixed~t dispersion relations are dominated by the very
low-energy s- and u-channel resonances, in particular by the (gauge
invariant) Born terms and the 4, and (%g)exp ~ (Re A)2, where Re A

is found from the fixed-t dispersion relations.
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. The charge ratios for the imaginary part'of the ™ —aniN

~ photoproduction amplitudes are given by

i ImA(m ->r(-P)/Im IA(“Yp.—')nﬂkr‘l)’ /=' %. : o : (lh)‘

 The duality‘diagram rélations which, together with the aSSumption that

‘a photon couples to vector mesons as a U-spin scalar, lead to (1k) are’
- 0\ N R .
In(x P » wn) = =-Im(xp - pn) o (152)
tn(xn - u’p) = -Im(x'n > 0°p). (15b)
':SinCe'the.square of (1) holds experimentally for the cross
sections, (o |Re Al2 + |Re Alg) in the region -0.2 >t > -0.8 it
is interesting to see whether the squares of (15) also hold experimen-
tally for the cross sections (e |Im AI2 + |Re AIE) in the same
t régionQ We_do have experimental informationgo'both on n+n ~>wop
and n+n,4$p9p which suggests that, for -0.2 >t > -0.8
do , + O do , + 0 . _
E(nn—»wp») :,E_E-(nn-—ap‘p). - <l6).

Another duality diagram predcition, related to TN — nA, for which
information exists on the corresponding cross section is
o+ O ++y . + 0, ++
. _Im(n P owA ) = Im(xp-op A ) (17)

and experiméntally,zl for =0.2 >t > -0.8,

do , + 0 ++ o, + O ++y
T (- wa ™) R 5008 & 15 . (8)
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which is éérh&ps slightly worse agreement with the square of (17) than
‘the photopféduction cross sections (2) are with (6). (We wish to
remafk thé.empirical status of our obsefvatibns that the duality dia-
'gram relafions hold gooa for the whoie amplitude,-in.céitdin cases, and

t Dhotoproduction the contributions of the

 that concoﬁitantly in. ¢
low-enefgyv;s- and u-channel resonances to the high-energy amplitude
cancel.‘ Since we have no theor& we cannot foretell that such relations
hold for all reactions. In partiéular similar whole amplitude duality
diagram relations may very well not hold for kaon initiated reactions,
since hére the s and u channels have a dissimilar nature, one being
exotié éﬁd one nonexotic.)

in'fhe extreme forward direction O > t > -0.1, for20
n+n —9pob, ‘vwop and f‘or22 n-p —>pon the pO cfoss secfidn rises as
-t tends té zéro and the wo Cross segtion falls to zero, agreeing
with the photoproduction through a vecto; meson dominance pfescription.
Another way of stating this comparison, independeﬁtly of any vector
meson dominance assumptidn, is thét the exberiments on both

tN —awON in the extreme forward direction

YN_—>ntN and N —*pON, n
(0 >t > -0.1) are in some rough agreement with the Born approximation.
It would be interesting to investigate in ﬁore detail the contribution
of the Born approximation and other low-energy resonance (such as the

lowest decuplet) to the real parts of the amplitudes for other non-.

elastic high-energy two-body reactions in the extreme forward direction.

23

If we were to take the naive quark model seriously we might have

in mind the following picture of forward pion photoproduction. In the

region of.very small invariant four-momentum transfer, the (gauge

o
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invarianﬁ) Born approximatioh amplitudes»for.,YN\;>ntN represented by
thevdiagrg@s of Fig. 3a for. Yﬁ —oniN are important; maybe dominant,

- and give a forward spike. The»amplitudes with A asvintérmediaté_state
illustréted in Fig. 3b when added to the ﬁdrn terms give.a more pro-
nounced forward spike, #s shown in Fig. 7.v This is compatible with a
compositevmodel‘in so far as for small momentum transfef the quark that
is strucﬁ,By the photon will tend to remain in the same spatial state,
so that tﬁetiﬁtermediafe state will tend to be that of the nucleon
itself or the‘ A which hag the ssame épatial wave function asvfhe
nucleon in the quérk mddel; as in the nucleon pole term of the Born
approximation. When thé struck quark is not excited the suﬂ over intér-
o mediéte §ﬁates allows the pion to be emitted from a quark other than
that whidh:interacts with the photon'(Fig. 5c);‘when such emissions

from all‘boésible quarksnare taken intd account we £hen regain the
nucleon poleras‘an important part of the compqsite modél. Strongly
varying extreme forward behavior, élso presﬁmably assoqiated with a \
guage ihvariant pién'pole term, is obser&ed for TN —aniA; At larger

—f thaﬁ the extréme'forward, ofvpion pole, region then spatial e#cita-
tion of the quarks Becomesvmore important and thé photoproduction
situation:is as in Fig. 2a,\léading to the charge ratios discussed above
in the regibn. —0.272 t > -0.8. For. -0.8 >t one is in another fegion
which would presumably correspond, in the quark model, té stronger

interactions of the initially excited quark with the other quarks--that

is, to multiple scattering.
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FIGURE CAPTIONS

Fig. 1. High energy differential cross sections for the processes

Fig.

Fig.

Fig.

Fig.

L,

+
N - 7t A,

- (a) Quark model diagram for pion photoproduction with s-channel
excitation only. (b) Crossed diagram representing u-channel
' excitation only: (c) Duality diagram, equivalent to (a).

(a) Feynman diagrams of Born approximation amplitudes for

: . . - )
7N - 7 'N; these amplitudes give a forward spike in the cross

section. (b) Quasi-Born approximation amplitudes for ¥N - =N,

with A Instead of N as an intermediate state; these terms
- when combined with (a) give a more pronounced‘forward spike.
(c¢) sSchematic quark model diagram contributing to the Born or

" quasi-Born amplitudes.

The s-plane cut structure used in the fixed-t dispersion
relations. The physical s-value corresponding to incoming

photon momentum of 16 GeV/c is shown, and the diagram illustrates

‘that the dispersion relation energy.deqominaﬁorsj 1/(5!-5) vary

little as s' ranges over the low-energy cut region where the
amplitudes are known. (The cut structure is shown for t = O;
as -t increases the left- and right-hand cuts move towards

each other and eventually overlap.)

The contribution to (s - M.2)2 dc/dt afising from the real parts

of the high-energy charged pion photoproduction amplitudes as

‘evaluated using the fixed-dispersion relations (7). The various

curves_represent the results as singularities and resonances
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'bfor ;uccessively higher, s' are included in Im A(s',t). The
1‘l6weSt curve is the resﬁlt Qhen all the resonances in the solid (Fig. k&)
;egibn are included piusvfﬁe f37(l920) ﬁhich_is just outside
-_the‘soiid regibn; and the dots show the résult when the non-
 féé6naﬁt background within ﬁhe so0lid region is also included.
: fiﬁe curves shom ai‘e for »p -);r+n, but the yn -« p curves
_arefélmost indistinguisﬁable. The curves, énd the expérimeﬁta%
ipdints showiné the n+h and n p data, are also nearly
.indépendent 6f s, fdr s iarge.
Fig. 6. _The contribution to. (s -}M?)Q do/dt of the real part of the
| highfenergy amplitudés at a-fixed value of t = -0.k4, as
v'evvaf;luated from the dispersion relations'(’%). The abscissa
s; représents the cut-off in the upper iimit of infegration
in (7), and the.plotted line is the result of ﬁsing (7) with.
upper limif of infegration s'. | (This graph can be
>-ob£ained f;om'the valﬁeé given in Fig. 5_for t = ~0.4,)
Fig. 7. The contribution 6f, (S’; M?)e do/dt of the feal part of the
. high-energy amplitudes evéluated from the fixed-t dispersibn
relations, plotted as a function of (-t)l/2 ih the forward
spike region. The experimental points are for YD —>ﬂ+n at
vériqus enérgieé. |
Fig. 8. _The curve shows the high energy vp —>n+n or yn - P
asymmetry ratio A = (qL - GI’)/(01.+ cll) for polarized
photqné, where o and U” are the contributions to the cross

sections from the real parts evaluated using the fixed-t
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- -Some representative experimental points

The contribution to (s - ME)2 do/dt arising from the real
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dispersion relations, integrated over the low-energy resonances.

>

are shown as I 3

for 7P - 1(+n, and i for 9n —"-Mt-v.p.

' parts of the high-energy 71D —>nop photoprgduction émplitudes as
:.evaLuated using the fixed-t dispersion relations (7) at 16

.‘GeV/é. ‘The different curves show the inclusion of successively

higher mass resonances in (7) and the crosses are a representa-

~tion of the experimental high-energy data. Curyes 1, 2, 3, and 4

include resonances through, respectively, 511(1560),7dl5(1520),

v.vf15(l690), f37(l920). Curve 5 includes resonances plus nons

~ resonant background.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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