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DIFFRACTION DISSOCIATION AND THE REACTION vyp —-—1T+7r-p

Jon Pumplin

I. INTRODUCTION

I wish to consider 'diffractive processes in which a high energy photc;n dis-
sociates into hadrons, as a consequence of its coupling to them, and the resulting
virtual hadronic system is brought onto mass shell by elastic scattering on a
target particle, which provides the necessary slight change in longitudinal mo-
mentum, In particular, I will discuss!;thcle. "'Drell-Séding mechanism1 for
'yp—-—7r+71"p, illustrated in Fig. 1, and some corrections to it. Similar consider-
ations apply to 'yp-——K"'K—p, yp—»ff pp, etc., and also to reactions like 'yp-——A; T p
which involve strongly unstable particles in the final state. Diffractive processes
in which the photon dissociates into more than two particles, or in which the target
particle also dissociates will not be discussed here,

The work is motivated by the experimental accessability of reactions like
'yp—-»77+ T p, together with the belief that diffractive processes will dominate thefn
at high energy. In addition, I hope to clarify some general aspects 6f diffractive
two particle-—~three particle processes, which are applicable as well to hadron-
induced reactions like 'n*p——ﬂ*pop or pp-—1r+np. The reaction 'yp~»1r+7r_p is
particularly suited for testing the basic idea of diffraction dissociation, because
of the simplicity which results from the pion having spin zero, because of the
smallness of the pion mass, which allows the propagator pole to approach very
close to the physical region, and because good data can be obtained for this reaction
~ including data with polarized photons. 2

Much of the current interest in yp-—17+7r—p centers on the copiously produced

O . . o, + -
p resonance, and on the so-far fruitless search for new resonances inthe 7 7
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system: in particular, the J'P =3 recurrence of p° predicted by Regge pole

3 and the JF

theory, = 1™ daughter of {° predicted by simple forms of the
Veneziano model,* The model diagrammed in Fig. 1 can be applied directly
only to mass regiqns, or partial waves, of the diffractively-produced system in
which resonances are unimpbrtant. Where resonances are important, the fnodel
can be looked upon as g-eneratinga "béckgfound_" term, which is to be added to
tfxe resonance productio:i amplitude, é.long with an appropriate correction for
"double-;counting, " as discussed in Section V, Alternatively, it may be possible
to incorporate resonance production into the model, using the theory of final
state interactions, 3 ‘

The possibility of diffractive production of hadrons was first set forth by
Feinberg and Pdmeranchuk, 6 in‘analogy with coherent bremmstrahlung. The
idea was further developed by Good and Walker; 7 Diagrams like Fig. 1 were
proposed by Drell1 as promising contributors to secondary beams at SLAC, and

were later calculated by Soding 1

for yp_..ﬂ'*'w'p as a background to diffractive
p° production, in an attempt to understand the observed‘asymrAnetry of the rhor
mass spectrum, Séding's calculation, and a refined version of it by Krass, 8
ignores the question of double-counting, which is discussed in Section V.,

The Drell-S6ding mechanism can be looked upon as a diffraction dissocia~
tion process, similar to those poSsible inmp — 0P, 9 Kp —7K*p, 10 and pp -—opn'rr"'. 1
Itb can also be considered as a special case of the multi-Regge model, 12 which has
come to be interpreted as applying even whébnv not all of the final subenergies are
large. For yp— 1r+11'p, the‘effect of multi-Reggeism would be to introduce a
factor s'a(t') and a signature factor into the amplitude, where s'= miﬁ and

t' = squaredfour-momentum of the virtual pion, Because the pion has spin zero

and very small mass, this has little consequence at smallt'., Another effectofthe




multi-Regge model is to introduce form factors (residue func‘tiohs) which depend

on t', but that is not unique to the Regge model: bare Feynman propagators in
general must be reduced, when the propagating particle is far off mass shell, and

only low-order diagrams are being kept on the basis of nearby singularities"

arguments rather than on the basis of perturbation theory (see Section V).

For the reaction yp——n"'n “p, denote the four-momentum of the photon by k;

of the initial and final protons by p, p'; and of the pions by 9.,9_. The Jackson

frame is defined as the rest frame of the pion pair, with z-axis in the direction

of the photon;

k= (0, 0, k; K
P=(Py 0, P,; E)
q+=(qsin9 cos ¢, q sinf sin ¢, qcosh ; W) (§))

q_= (-q sin 6 cos ¢, -q sin  sin ¢, -q cos §; w)
P'= (0, 0, PL; EY) | |
where w= (q2'+ m: y1/2
vation implies p, = E-2w+2w(w- E)/k, Et=k+E - 2w.

, E= (p}2( + pi +m 1_/2, p'z = k+ P, and energy conser-
A convenient choice for the five’ Lorentz-invariant kinematic variables are
s=(k+ p)z, the total center-of-mass energy squared; t= (p - p')z, the\four-
momentum transfer to the proton squared; m2 = (q + q_)z, the invariant mass
of the 7w system squared; and 9, ¢>,v the decay angles of the two-pion system iﬁ
the Jackson frame. The Jackson frame variables are related to the:invariants by
w=m/2
k=w-t/4

E=(s -m§+t)/4w




p,=E+(m’ - 2/k
o= @ -p2- mg)l_/z | , | @

In order to obtain qualitative understanding, it will be useful to consider

the limit of high energy: s.= mlz) + 2m pE(,:,ab)-» o0 . In that lirhit, to leading
order in s, '
E=E'~s/f4w
p, ¥ = (s/4) * (t+ 4P) /- 4F) o 3
p. s V-t/@df - 1)

X
The momenta of the initial and final target protons become infinite and equal,
while the momentum of the photon and its angle with respect to the proton

direction remain finite. :

. THE DRELL-SODING AMPLIT UDE

The diagrams of Fig. 1 correspond to a matrix element for yp —._11+1r'p of

M= e[;t T (k-q,p—q_,p)- ;—3—3— T,k -d_, p—q p)+ €- V}
(4
where € is the photon polarization vector, and T + T _ are pion-nucleon elastic
scattering amplitudes for initiai—state pions which are slightly off mass shell.
Throughout this paper, the target proton will be tr_eated as spinless; this ap-
proximation is not necessary, but should be acceptable, since we are only
interested in small rﬁémentum transfer elastic scattering from it. ’:Corrections

to Eq. (4) due to off mass shell effects, and other effects, are discussed in

Section V.




A term of the form €« V, where V is some four-vector satiéfying
T -T,+ k * V=0 is required in Eq. (4), in order to make the expression
invariant under gauge transformations, €—¢€+ Ak. At first look, V could con~
tain terms proportional to each of the available four-vectors k, P, d;> 9y p'.
However, we have!already let the photon couple to the pion charge in the way
we want it to physically, and €+ k=0, so V must be some combination of p and p'.
The combination p - p! is also unacceptable since p - p‘.= q +4q_- k. In this
paper,I use Vo p + p', i.e., let the additional photon ;:oupling be to the current

of the scalar '"nucleon." Adjusting the magnitude of V to provide gauge in-

variance, _
|ea, €°q_ €+ (p+p')
AN = e r{—:a:: T_- T{—‘-E:T_'_"*'W (T+"T_) (5)

Krass8 chooses the transverse gauge for the photon in the center of momentum
frarﬁe, which is equi\}alent to Vo p. I know of no strong argument to choose
between this and p +p', but the difference is not very important, since the Drell~
Soding process is confined to the diffractive region, where (p - p‘)2 is small;
and the two prescriptions are equal ih the high energy limit. |

The pion-nucleon elastic amplitﬁdes can be obtained from measured dif-
ferential cross sections, by ignpring spin and making assumptions about the
phase and off—mass-shell dependence. The effective energy and momentum
transfer values can be taken from the final particles, which are on mass shell.

For simplicity of calculation, I use the forms

T '7—2. . 2 2 2]12 B, t/2 6
+ k-9 P—aq, P = wi[(qi pY)" - mpm, exp(B,t/2)  (6)




which are pure im‘ag.inary- in phase, and correspond on the mass shell to constant
diffraction peaks, do/dt « ekp (B :tt)’ and constant total wip cross sections, a, .
When the invariant mass of one of the mp systems is low, as happens when the
angle 6 is near 0 or 7even at faifly high photon laboratory energies, resonances
can be important, and Eq. (6) is not sﬁ.c;h a good approximation. In comparing
with experiment, it would probably be best to make a cut on the data to require
that both #N invariant masses be reasonably large — at least to eliminate the |
region of A(1236). One could separately ask whether diagrams like Fig. 1,
calculated with detailed n~N amplitudes obtained from.phase-shift analysis,
would be capable of eﬁplaining nondiffractive processes such as yp — 7r—A++_, but
the theoretical basis would then be somewhat different,

Since gauge invariance has been enforced, -the polarization tensors can be
chosen in any convenient manner. Using €= (1, 0, 0; 0),which corresponds to
phofons with electric vector lying in the scattering plane of the Jackson frame,
and ey = (0, 1, 0; 0),with electric vector perpendicular to it, the spin averaged

cross section is

do - q | 7|2
dt dm df? . 2561r4(s - m2)2 ld/{l _ , @
where
|7 1% =5 (|, |2+ |a,1?) | ®




and in terms of the Jackson frame variables,

e . . 2p
_e | sin@ cos sinf cos X _
"”x" k L_w7q+ cos f T-t-"'w7q -cos B T _+ E+E -P, -pé <T'+ T-)]
[ i £ .
_e | sin § cos sin @ cos ,
"”y "k lw/qg+cosd T+ + W/q - cos 6 T—] " ®)
o - 2 2 2)1/2
= i |} -
T_J__ 21o:|-__ exp(Bi t/2) [(E W+ p} qcos 6+p.q sin  cos ¢) mﬂmp] .

Since the pion-nucleon invariant masses are assumed to be reasonably

large, it is a good appréximation to drop-the mass terms which appear in the

| square roots in T &+ this corresponds to assuming the pions are extremely
relativistic in the lab framé. Making this approximation, and noticing that q,
w, k, E, Py, P,, are related to s, t, and m but not to @ or ¢, the only ¢~

- dependence of the matrix element is sin ¢ and sin ¢ cos ¢ in My’ gnd 1, cos ¢,
cos2 ¢ in M_. This implies that the z-component of angular momentum in the
Jackson frame for the final 77 system can be only 0, 1, or 2 for unpolarized photons,
and only 1or 2for photons with electric vector perpendicular to the production plane.
This simple result would not be affected by including form factors, sincetheywould -
be functions of (k-q:Q2 -mi= 2k(wFqcos 9).' The origin of the J z = 01,2 rule is as
follows: at a fixed value of momentum transfer, the diffraction scattering ampli—
tude depends linearly on 9. just as if it resulted from exchange of an elementary
spin 1 particle — sincé that would also correspond to a constant cross section,
The effective spin 1 particle can carry only J 7 = 0, +1, since it meets

the photon "head on," and therefore carries no orbital contributioh to J 2°




Now consider the limit of infinite energy, in order to obtain qualitative
understanding of the cross section at finite energy. When s+co, the cross

. do : e et 1
section f dQe & & & approaches a f1p1te limit, as expected for a dif-

fractive process., Equations (9) become simplified by

io; Sexp(B t/2)” , 2 [
o~ t * : — - .
+ = ) [1 + % 4&) +t cos 9 + .4_g.§._£ sing cos ¢] ,
40w ~t 4w -t

(10)

- -1t
+ E' p, pz

(E 2 > a‘ﬁA

At t =0, the amplitudes T, are proportional to sin ¢ cos ¢ and sin g sin ¢,

+
so the 7 - 7 state has the same spin and helicity as the incident photon: J=1,

J, =% 1. Its having the same helicity is fequired by é.ngular momentum con-
servation, Its having the same spin results from the assumption that only one

of the pions actually interacts with the target, so the amplifude for th'e T s&stem
to scatter is independent of its angular orientation. (If the pions are replaced by
particles with spin? this ai'gument fails — e.g., in mp —mpp, mp systems with both
J=0, J=1 are obtained in the s -c0, t—0 limit.) When form factors are included
to reduce the amplitude when the virtual pion is far off mass shell, additional
angular dependence is introduced at high mr masses, since forward-backward
configurations of the 7r system Aare favored, with the backward 7 doing the
scattering; and higher angular momentum states come in, At finite momentum
transfer, states with J#1 can be produced even when form factors are unim-

portant, but only to the extent that -t is sizeable compared to W= m/2. The

magnitude of -t is effectively limited by the width of the diffraction peak, so

systems of moderately high mass should be produced mainly with J=1., When




gsystems of very high mass are produéed, form factor effects are certain to be
strong, and high angular inomenta will be produced. Ina numeriical calculation
containing a "reasonable" form factor (see SectionV, VI), the productionof J=3and
J=1 wefe found to be of comparable magnitude by m = 1640 MeV, so the suppression
of angular momentum change cannot account for the failure to observe g-meson
photoproduction, if o;ie assumes that the same suppression would occur in
resonance production as occurs in the Drell- Séding process., (In accord with
this, the N*(1688) with J P -5;- does s,eém to be produced in pp— pN*, 13) States
with J=5 and higher are significantly suppressed vat this mass. States with even
values of J are not produced at all by the Drell—_Sb‘c_ling méchanism, if one makes
the approximation that 1r+p and 7 p scattering are equal, since in that case, the
7 system mﬁst he_a,'ve odd chai‘ge conjugation. |

Now consider the depe!ndence’ on mo‘mentum transfer in the s —1imit, making
the rather good approximation B + = B_=B. Ifm is large, so that |t|/w is
small, the cross section is proportional to eBt, i.e,, it has the same t-dependence
as the 7p elastic scattering, in the absence of form factor effects, which make the

o do Bt.
t-dependence flatter. At low 7-r masses, Famdn falls faster than e

This
steepening of the diffraction peak at low masses results from the pion propagator.
It can be understood using the uncertainty principle by thinking in terms of '*old-
fashioned perturbation theory': when the photon dissociates into a state of low
invariant mass, the violation of energy conservation involved is small, so the
time allowed for the dissociation is long, ‘and the virtual state is spread out

over a relatively wide range of impact parameters (in this case, spread out by
:ﬁ/mﬂc:; the effective size of the interéction region is therefore larger than
that corresponding to the 7p elastic scattering alone, so the diffraction peak is
steeper. This steepening effect has been seen in yp— 7r+7r'p at masses below

the po, 2 and in pp — pN* for low mass N*'s, 13
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Now consider the dependence of the cross section on the 77 invariant mass
for s—o0. The matrix elefnent contains a factor 1 /mz at t=0, which can be
understood in old-fashioned perturbation theory to result from an energy de- -
nominator: the violation of energy conservation at the dissociation vertex being
mz/ZElab’ as shown in Section IV. This factor of 1/m2 was assumed also to be
present in the amplitugie for yp— pop by Ross and Stodolsky,‘ 14 and has since
been controversial, The factor arises naturally at t=0 in the old-fashioned per-
turbation .theory picture, independently of the twb—pion model, although one
could imagine that other dynamical effects might cé,ncel it in the production of
a wide resonance. Furthermore, the form suggested by the old-fashioned per-
turbation theory argument away from the forward direction is not nearly so
simple as 1/n12: because of thé steepening of the tedepeﬂdencé at low masses
mentioned above, it is more like 1/(m2-t) . This will be discussed further in
Section IV, .

If no form factors are includéd, f dt dR &‘%ﬁ?@‘ rises from threshold

3/2
like q3 = (m2 /4 - mzn) , Teaches a maximum at =600 MeV, and falls off for

high masses like m™! when s—o0. The m -

fall off is unreasonably slow, and
results from kinematic regions where_'the. virtual pion is far off shell. It would
imply that the cross section integrated over m rises like log s. Including form
factors changes the cross section only slightly at low nr masses, but causes it to
fall like m'5 at high mass, by limiting the transverse momenta of the outgoing
pions. The existence of form factors also implies that the Drell- Séding
mechanism is less effective in producing pairs of high-mass particles, such as
Kx”, pp, AT A;, etc., than is for producing .

1IV. IN THE LAB FRAME

The angular momentum properties of the diffractively produced system are

most easily analyzed in its rest frame, which I have employed up to now. More
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insight into the diffraction dissociation process can be obtained, however, in a
frame in which the dissociating particle has an "infinite" momentum, such as
the laboratory frame. In the high energy limit, the four-momenta in the lab
can be chosen as
k=0, E; E
@ 5, 5)
p= (@, 0;mp)
= (€ - §/2, WE_ - A); n(E. - A) +
v s, = A

P

o 2E '}'" (f+:5'/2)2+m3r
q_= (F - 6/;2,v(1l-"7)(E7-A); (L =7)E -8+ - 2E_{T =)

o= (3, 4, (m§+32+A2)1/2

Q i |
- : |
where T and 8 are two—dlmensxonal vectors of transverse momentum, and the

energies are given only to order 1/E’Y The pions have finite fractions of the
infinite longitudinal momentum E-y’ given by m and 1 -n, where 0< 7 < 1,
sinée A is of order 1/Ey. Neglecting the recoil energy, i.e., assuming

—t<<m2,
»

m2= [(F-§/2)2+m ]/'f) + [(r+8/2) +m ]/(1 n) -

A= m2+3H /28, 4 (12)
t=32
Writing the polarization vector as €= (€, 0; 0) by making use of the freedom

to choose a gauge, and assuming o =0, B L= B_ for simplicity, the scattering

amplitude given by Eq. (5) becomes

0

"1
<
&2

L& T 8/2)
i - 372)2+m?r &+ 8/2)24-mfr

M = 4i O’empEy exp(Bt/2) n(l-n)[
‘ (13)

< - 8/2 € T+ 8/2
= 4i O'empE,Y exp(Bt/2) + .

2

2 ‘2-2’1’-3/(1—77) m? + 52 4 oF . 3/7)}

m-+ 6
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where the first term inside the brackets corresponds to the = scattering, the
second to the 7. »

From the viewpoint of old_-fashioned perturbation theory, the virtual pion is
considered to be on mass shell, witﬁ energy not b‘eing conserved at the dissoci-
ation vert‘ex,. For the diagram in which the 7 scatters, the rr system in the

 intermediate state has an invariant mass squared‘
mZ = [(i"JS’/z)z ¥ m‘fr]/na -m) =m?+ 82 - 2F . §/(1 -m) (14

in this view. The violation of energy conservation in dissociation is.

AE = 'mfnt/ZEy’ and the energy denominator 1/AE is clearly visible in Eq. (13).

(If the photon were a particle with mass, the corresponding ‘expression would
2 N . -

be AE = (m, , - mb / 2E’Y .)

At zero momentum transfer, 3=0and m, .= m, i.e., the photon dissociates

nt
into~a 7w system of the same mass as the final one. (In coordinate space, the
dissociation take's. place a long distance, = Ey/mz, away from the target particle,
but the transverse separation of the pions remains <1 /m_n_ .} The energy de-
nominator then gives.# a factor m'z,. analogous to the Ross-Stodolsky factor. 14
Away from the forward direction, mint can be either smaller or larger than m,
It T is sniall, m, ¢ is larger thap m, and this resulfs in the diffraction peak being
steeper for diffractive production of low-mass systems. Equation (13) does not
contain the pion mass explicitly, so effects such as the Ross-Stodolsky factor,

and the steepening of the diffraction peak at low mass can probably be believed

to have very general eifects, not depending on the spécific model in\}olving dis-
sociation into two pions. In determining the steepening of the diffraction peak, the

terms 82 = -t and 27 - 8/(1-n), or - g/n are to be compared with mz. As a
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result, in -yp—»K+K-p there should be very little steepening of the diffraction

peak even near the Kk~ threshold. On the other hand, in pp_.pmr+ at threshold,

the relevant difference in masses squared is (mp + m1r)2 - mlz) =.3 BeV2, S0 a

good deal of steepening is possible,

A

V. CORRECTIONS TO THE MODEL

A. Form Factors

The theorefical basis for ca.léulating simple diagrams such as those of
Fig. 1 as an approkimation to the true diffractioﬁ dissociation amplitude, rests
in the presumed dominatioh of that amplitude, in the sense of dispersion theory,
by singularities which lie close to the physic‘al region, In the case bf the Drell-

‘8bding process, the nearby singularities are the pion poles, at the zeros of

2

r = 2w2(1 - t/4w2) (1 £ (@/w) cos #). These poles are closest

k-q)%-m
for nr systems produced with small momentum tran.sfer from the target, and
with decay direction in the Jackson frame near to forward or backward. In the
lab frame, this corresponds to both pions having small transverse momentum,
and the one which interacts with the target having the smaller fraction of the
photon's longitudinal momentum. At the edge of the physical region, for
s =00, t—0, cosf§—+ 1, the quantity (k - qﬂ__)2 - mi approaches as close as
—mi to 0, ifw>>m7r |

When the pion pbles are far from the physical point under consideration, the
diagrams of Fig. 1 are no longer a good approximation to the amplitﬁde.v Think-~
ing in terms of either field theory or dispersion theory, other diagrams _become
important. The pion propagators 1/ [(k - q:!__)2 - m?r] therefore need to be

multiplied by ""form factors" F [(k - q:‘__)2

- mi] , where F(0) = 1, The function
F(x) cannot be specifically associated with the dissociation vertex, the elastic

scattering vertex, or the propagator, so to call it a form factor is somewhat
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misleading. However, it is expected to fall off as X becomes negative on a
scale of roughly 0.5 - 1.0 BeV'z, like an electrbmagnetic form factor, since it
must correspond to masses of intermediate states like 3w or mp in the dispersion
relation; or since in coordinate space it must preserve the long-range part of
the pion exchange amplitude, while removing the part corresponding to dis-

tances < .8 Fermi.

As a qualitative model of the form factor, I have used F(x) = exp (AX) ,where

A=1.0-2.0 BeV'z. It would be interesting to extract the true form factor
from data, by studying the cross section as a functioxi of k - qq_)2 - mi or

k - q_)2 - mi, ina fegion of high 77 masses, where one of the two diagrams
dominates because of the form factors, and po pfodﬁction is negligible. A fit |
to the analogoﬁs form factor for the reaction pPp—pn 7 has been made by Colton
et al. 15

| An alternative Way to look at the form factor isasa cutoff on the transverse
momenta of the pions. For example, F(x) = exp (AX) corresponds to a transverse

momentum distribution falling off like exp(-pf /Zp(z)), where Py = (4A) -1/ 2, ex-

clusive of a small effect due to the elé.stic scattering, ThevalueA=2,0 BeV—2 cor-
responds to Py = 350 MeV, which is 'typical of what one observes in most re-

actions at high energy. :

B. Final State Scattering

One could include corrections to the diagrams of Fig,. 1, in which the out-
going pions elastic scatter from each other in the final state, as illustrated in
Fig. 2. Other intermediate channels could also be included; e.g., the photon
could dissociate into 1r°wo, which could scatter to form 1r+1r' after elastic

scattering on the target particle. - However, such inelastic channels should be
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of little importance for 1/p——7r+fr—p, the sometimes large number of them being
nullified by the smallness of inelﬁstic amplitudes, and by the effect of form
factors. Corrections of the final state rescattering type may be thought of as
unitarity corrections, requiring in some sense that the total probability for the
photon to dissociate into something is no larger than 1. Theyv are distinct from-
the form factor corrections discussed above, since they can be significant even
in the case of the long range (very nearby singuiarity) part of the pion exchange,
The effect of rescattering at low mr masses is tied up with the question of
resonance production, and is discussed in Section V.C. At high masses, the
7 scattering amplitude is présu,mably mainly imaginary, so Fig. 2 corresponds
to final state absorption, which reduces the amplitude due to Fig. 1. Calculating

Fig. 2 by reqﬁiring both of the pions which scatter in the final state to beon their

do

mass shells, and assuming a pure imaginary wr elastic amplitude with = « exp(at),

dt

yieids a correction to Fig. 1 of - o 1’/8 ] = -20% at low transverse momenta.

The quantity o 7‘,/8 7B, which equals »2 /o'total for =r scattering,

Oelastic
corresponds to one half of the absorption calculated by Gottfried and Jacks,on16

for low partial waves in 2 —~2 amplitudes, since in their case, absorption in the
initial state has the same effect as absorption in the final state. The final state
scattering has 6nly a m-i'nof effect on the angﬁlar distribution of the pions, since

elastic scattering is peaked so sharply forward. For example, at high masses

and high transverse momenta, Fig, 1 gives a transverse momentum distribu-

tion =« exp(-2 Apf), while Fig.' 2 gives exp[-z_Apf /(L + 2A/ﬁ)], where 2A/8 z‘l \

C. Resonances
Reactions in which one can attempt to study the diffraction dissociation
process are without exception complicated by the existence of resonances near -

threshold in the diffractively produced system: for yp --7r+7r-p, the po; for
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7p —7pp, the Al; fdr Kp—~K*(890) np, the Q; for pp~pn T or pp — pPp 1r+1r',
o+

or pp—p(missing mass), the nucleon resonances at 1.40 BeV( JP = —é— ) and
1.69 BeV (JP = -g— ) The presence of these resonances close to where the

simple dissociation models predict peaks in the mass spectrum may or may

not be understandable by extending the notion of duélity to reactions involving
pomeron exchang‘e. 17 The original hope of explaining peaks such as the A1 as
purely due to "Deck effect, ' analogous to Fig. 1, haslargely vanished in the face
of better datals and the realization that the Deck effect cannot give peaks narrower
than a few hundred MeV; é.lthouéh there remains the puzzling failure to observe a
narrow A, in diffractive production on nuclei. 19 The reaction yp--»K"'K"p is
especially simple frbm the standpoint of resonances,because the only known
diffractively produced resonance is thé o, which is very narrow, so resonance
effects should be negligibie .over most of the K+K— mass spectrum,

Various attempts have been made to incorporate resonance »production into
thé Drell-iSédiﬁg or Deck type of model, using the_fheory of final state interactions.5
I prefer not to take this approach. I ié complicated in the case of pp—»pn1r+ by the
fact that an N*(1400) which decays info nr could just as well be formed from oné of
the other open channels such as p1r+1r', pp°. In the case of yp —m 77 p, channels
like yp —1°w% and P --PPD, shouid still be able to contribute to yp ——vpop, even
though they are closed é.t the rho mass, if one thinks of the pO along the lines of
a bootstrap model.

I prefer therefore to consider the amplitude for resonance production, yp.— pop,.
as a separate dynamical object from the Drell-Soding "béckground" term. For
the purpose of data-fitting, one must simply parameterize its magnitude, phase,
helicity dependence, mass dépendenée (e.g., with or without 1 /m;im) , and t-
dependence (e.g., with or without the steepening at small t characteristic of the

Soding mechanism).
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In adding a background term, such as the Drell-Soding pré_cess, toa
resonance production amplitude, one stands in danger of "doublé cbunting. "
For example, if one thinks of the p as being formed by repeated p exchangé
~ between a pair of pions, as in the early bootstrap modeis, 20 then the diagrams
of Fig., 1 correépon__d to just one term in the sum of diagramé corresponding to
vp -.pop followed by po-» # 7. Inorder to avoid double counting, I recommend
the following prescription: multiply the ‘backgi'ound term in a given partial wave

by ei8 cos 8 , where § is the phase shift in that partial wave. The resonance
| i8

term is proportional to e © sin § , with a magnitude which one can only param-

eterize as discussed above. Interms of a Breit-Wigner form, e18 's,in_5 =

m ]T‘/(m2 -mz-im T) andeia
P p p

the width T is a function of m2, going to zero at threshold.  The factor
ela cosd gives the background amplitude the phase eia
21

cos & = (mi - m2‘)/ (mg - m2 - impI' ), where

suggested by Watson's
theorem, " and forces it to go through zero at-the peak of the resonance, where
m= mp , 0= m/2, Far from the reéonance, eis cbs‘ 8 goesto 1,’ so the back-
ground térm is unmodified. Final state interaction theory leads naturally to
the ei‘vs cos & prescription — see e.g. footnote 18 of Ref, 14. Further arguments
in favor of it follow. |

In an infinite momentum frame for the dissociating system, such é.s the
llab frame, the lifetime of the | pis E.y /;n‘o T" , which is long compared to the
time associated with dissociation and scattering, 2 E /mi . It is therefore
natural to treat the p as a stable elementary object, in considering the dynamics ‘
of its production, Following the ideas of Section V.B, one should therefore add

to the graphs of Fig. 1, a resonance production term (Fig. 3), and a rescattering

term (Fig. 4). It is easy to show that adding the absorptive part of this re-

scattering term (the pafi corresponding to the pions which form the p being on

mass shell) to Fig. 1 is'equivalent to multiplying Fig. 1 by e18 cos & .
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A final argument for €~ cos 8 comes from considering a model in which

te of two particles is diffractively excited into a con-
tinuum state, as a result of one of its constituents elastic scattering on a target

6,22 )nd then

particle. (One could,thir;_l; of the coherent breakup of a deuteron,
imagine that the np system possessed anl=0 resonance.) The scattering
mplitude, in single-scattering impulse approximation,' is given by

iA r/2 (15)

vT Telastic ( ) f ‘/'fmal ( ) 'l’uutlal (r) ©

where the ¥ (¥)'s are nonrelativistic wave functions for the two-body system at

relative coordinate ¥, T (3 is the amplitude for elastic 'sdattering of one

elastic
of the constituents on the target, and A is the three momentum transfer. Inthe
case of a repulswe delta-functmn potent1a1 for the two-body system (the lowest

1y1ng resonance bemg considered metastable), it is easy to show that the scatter-

ing amplitude for producing an s-wave state in the continuum is

T= [eiacos 5 +C 10 sin 6] . T (16)

plane wave,

where Tpla.ne wave

responding to no final state scattering. The phase shift & depends on the energy

is obtained from (15) by replacing w 1(Jc') with the plane wave cor-

of the continuum state, which is analogous to the mass of a diffractively pro-
duced system. The coefficient C of the resonance term depends on that energy

and also on the parametsrs describing the potential.

D. Double Scattéring

In the forward direction, one would expect the diffractive production
amplitude for yp-—w"'fr'p to be proportional to the cross section for absorbing

- the 7 7 system on the target proton. According to the single-scattering
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diagrams (Fig. 1), that cross section is given by o+ o . This needs to be
corrected by a shadow tefm, corresponding to the fact that if one of the pions
has been absorbed, absorption of the other one does not add to the cross section,

One way.to estimate the shadow effect is to consider a sum of absorptive
gaussian potentials for mp scattering,k which leacis to a total cross section o,
and differential crosé section %%' o exp(Bt) in the eikonal approximation.
Doubling the strength of this potential, i.e., féducing the mean free path at
every point in coqrdinate space by a factor of 2, should correspond to scattering
of the 77 system. Keeping only linear and quadratic terms in o, this leads to a
total cross section 20 - 0-2'/8 7B, and a differential cross section

2
do o Bt/4
I & (exp(Bt/z) -5 © ) .

Tyhe'correction to the total cross section
(forward amplitude) amounts to about 15%. In going away from t = 0, the

shadow effect falls more slowly than the single scattering, since it comes more
from small impact parameters, and will produce a dip in the differential cross
section around t = - .8 BeV2 where the two become equal in magnitude. This
interference mechanismv is known to produce dips in scattering on nuclei, 23

and has been proposed as the source of the dips observed in reactions like

7 p—1n as well. 2 It would be interesting to look for it in yp ——7r+'1r-p, where
the 77 system may be intermediate between an elementary particle and a nucleus
in the degree to which it acts aé a composite object.

A somewhat more refined approximation to the shadow effect, which still
assumes that the té,rget proton interacts with the two pions individually, is
~offered by the double-scattering diagrams of Fig. 5. Computing th.es.e diagrams
in the s—o00, t—0 limit, by requiring the intermediate particles between the

elastic scatterings to be on mass shell, ignoring the recoil energy of the

nucleon via mp—-—oo, and letting m1-r-——0, yields a correction of the form
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o, 0. 87B, as given by the optical model, multiplied by a factor 1 - exp(—Bpf )
which reduces the shadow effect for pions with low transverse momenta. This
factor results from the possibility, which was néglected in the optical model,

of the two pions having different impéct parameters on the proton.

VI. NUMERICAL RESULTS

The momentum transfer dependence of tﬁe Drell-Soding prockess is shown
in Fig. 6, for various masses and partial waves of the 7w system. (Of the cor-
rections discussed in Section V, only the form factor effects were included in
calculating this and the succeeding figures; in particular, p° production was
omitted.) | At low masses, the nr system is mainly p-wave. The diffraction
peak is significantly steeper. than the exp(Bt), with B= 9 BéV-z, assum_ed for
7p scattering, and isbgiven approximately by exp(Bt)/ (m2—t) 2. (See Section IV.)
At high massés, higher angular momentum states predominate because of the
form factors, which limit transverse momenta., Also, the diffraction peak be-~
comes flatter.

The mass depepdence of the forward cross section is shown in Fig, 7, for
various strengths of the form factor. The cross section is concentrated at low
masses by the form factors, Which are already significant at the mass of the
P°, The true form factors are not known, but must correspond roughly to

Ax1-2Bev 2

. The effect of this uncertainty on the cross section can be
seen.

The energy dependence of the cross section, exclusive o_f that due to the
energy dependence of mp scattering, is shown in Fig., 8. At 4.7 BeV, the high

masses are cut off by the minimum momentum transfer; the cross sections

have a factor exp(Bt) where Bx 9 BeV'2 and t < tmmz -(mz/ZEy)z. The cross

- 21 -




section in the limit Ey-—oo is not very different from that at Ey = 10 BeV, as

expected for a diffractive process, and this justifies the use of that limit for

The mass dependence of the forward cross section for yp ~K+K~p is
shown in Fig. 9. This process is interesting because it could be studied at low

4. . . . .
K K masses without interference from resonance production —the ¢, not in-

ke
S,
D

£
3.

o

ho fiomive hoi
AN ‘-‘.B“LU A

even near threshold beczuse of the relatively large kaon mass, so the cross

section is rather small,

t]n \ hn ma +ha am

At a rhn ag FS)
LAV LT L1V L11dDD, Vv anll.ly

Drell- Soding process is on the order of 20% of the amplitude for producing it

14 The rebsult of adding a non-

through the p in the vector dominance model.
resonant backgronnd of this magnitude to a Breit-Wigner resonance is shown in
F1g 10. (A constant width was used, and no 1 /m;i”r factor was included in either
the p or the Séding term, for simplicity. These terms were taken to be rela-
tively real, as would be the case in the vector dominance model if np and ppP
scattering were purely imaginary in phase,) The Soding term prbduces a
significant asymmetry in the distri'bugion, and shifts the maximum downward

by ~15 MeV. The result of corrécting the Soding term for double counting

by means of the factor eia cos'B = (mz-mg')/ (mz-mg + 1mpF ) is also shown.

The effect is rather small: it raises the apparent cross section for p production

by = 5%.

VII. COMMENTS ON EXPERIMENT
The Drell-Soéding process has been included as a background term in a

2,25

number of fits to yp —»1r+7r—p in the region of the p. It provides a natural

explanation for the observed skewing of the resonance peak' toward low masses.
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In a recent experiment, 2 that skewing was found to be consistent with the
Soding model, and inconsistent with resulting entirely from a (mp/m 1ru)4
Ross-Stodolsky factor (though perhaps consistent wifh a factor like

[mg /(mfm— t)] 2 ). The same experiment finds evidence for the Drell-Soding

process occurring outside of the p-wave: the Y4 moment of the 7 angular

0
distribution is predicted correctly by the. S'dc_ling fnodel, wherein it results
~ mainly from interference of the 3; partial wave of the background term with
1~ due to the resonance,

At masses above the po region, it is somewhat difficult to test the Drell-
Soding model, because both the prédicted and the observed cross sections

are rather small, 26

One must also avoid the effects of other processes, such
as nucleon resonance production, by requiring the 7r+p and 7 p invariant masses

to be reasonably large, and the momentum transfer to be small.
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'FIGURE CAPTIONS

Feynman diagrams for the diffraction dissociation yp --1r+1r'p ('Drell-Soding
mechanism™). A third diagram, which contains no pion pole, is required by
gauge invariance‘,’ as diséussed in the text,

Feynman diagram fér final state scattering correction, There are rgally two
diagrams, since either 1r+ or ™ can scatter on the proton, The lines marked
by X ére put on-mass-shell in the calculation, "

Feynman diagram representing ﬁhotoproduction and decay of po.

Final state scattering correction dominated by o resonance.

Double scattering correction. There are really two diagrams, since either
1r+ or T can scatter first. 'The lines ms;rked by X are put.. on-mass-shell in
the calculation. |

Momentum transfer dependence of the Drell-Soding process for various angu-

lar momentum states. The parameters chosen were Ey =10 BeV, o =0 _= 30 mb,

B, =B_=9 BeV'Z, A= 2.BeV'2. Even partial waves are not present because
1r+p'an'd T D scattering were assumed identical. The dashed curve in 6(a), 6(b)
shows the function exp(Bt) / (rnzmt) 2», which fits the p-wave cross section ap-
proximately.

Depen;ience of the Drell-Soding process in the forward direction on the =
system, values of the form factor parameter A. These parameters were
Ey=20BeV'%, g, =_= 30 mb, B, = B_=9 BeV .,

Dependence of the Drell-Séding process in the forward direction on the mass
of the w7 system, for various values of the photor; energy. (Other parameters
as in Fig. 6.)

Mass dependence of the forward Drell-Soding cross section for ‘yp—-—K+K~p,

assuming E = 10 BeV, ¢, = o = 20 mb, A= 2 BeV ™2,
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10, —————~ curve: pure Breit-Wigner resonance.

curve: B-W + constant interfering background amplitude.

——————— curve: like , but background term multiplied by

eia cos §, where the B-W is eia sin 6.

[}
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