PHYSICAL REVIEW

VOLUME 172,

NUMBER § 25 AUGUST 1968

Diffractive 2= Production and =-= Interactions

S. NussiNov*
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey
(Received 12 February 1968)

It is shown that diffractive production reactions of the type 7X — 37X may serve as a useful source of
information on w-r interactions. An analysis of the available experimental information is made using two
simple models for the diffractive production. The results indicate the absence of a strong “z” — 3x vertex
with a completely symmetric isospin coupling. This suggests that ¢ terms do not contribute much more than

(0.3-0.4)m,1 to the a, scattering length.

I. INTRODUCTION

N application of the “soft pion method” to low-
energy aw scattering yielded! scattering lengths

1)

which are significantly smaller than the values suggested
by peripheral pion-production experiments. The inter-
pretation of these experiments is quite ambiguous.? It
is also recognized, however, that the soft-pion calcula-
tion might fail if sizable “intrinsic” I=0 S-wave inter-
actions were present.? If dominated by a “o resonance,”
such interactions contribute the term
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to the scattering amplitude T'(ra(g1)=+m5(gz) — me(gs)
~+ma(gs)), which for large ¢ masses* has the effective

form
)\(aabacd—*' 6a06bd+ aadsbc) (3)

in the region of low s, #, #. The term given in Eq. (3)
would contribute!

8ao=>5N\/327mr, Oax=2N\/327mr (4)
to @o and to as, respectively.

Obviously gyr-mo or A(ar-w)? interactions affect also
the unphysical “x” — 3x vertex. In the following, we
will try to obtain information on this vertex by studying
diffractive 27 production in high-energy reactions® of

the type
7 (9)+X(p) — 7 (g1)+7(g2)+7(gs)+ X (p) (5)
in the “threshold region” v=(3_¢;)2=~9m.>

* Work supported in part by the U.S. Air Force Office of
Research, Air Research and Development Command under Con-
tract No. AF 49(638)-1545.

1S. Weinberg, Phys. Rev. Letters 17, 616 (1967).

V. Hagopian, W. Selove, J. Alitti, J. P. Baton, and M. Neveau-
René, Phys. Rev. 145, 1128 (1966).

3 Such interactions may be necessary in order to explain the
n-3m decay and are not excluded by the various successful appli-
cations of the soft-pion method. See, e.g., W. A. Bardeen, Lowell
S. Brown, B. W. Lee, and H. T. Nieh, Phys. Rev. Letters 18,
1170 (1967).

4 Experiments indicate that if a o resonance exists its mass must
be large. See, e.g., Ref. 2.

5§ M. L. Good and W. D. Walker, Phys. Rev. 120, 1857 (1960).
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The concept of diffractive production is rather quali-
tative. Roughly speaking, it corresponds to the assump-
tion that only momentum and possibly orbital angular
momentum, but no internal quantum numbers, are
exchanged with the target X, and that in the case of
composite targets such as nuclei the amplitudes for pro-
duction on the individual nucleons add up coherently.
There is, as we will see below, considerable freedom in
embodying these ideas in specific models which would
quantitatively correlate reaction (5) and the “zx”’ — 37
vertex. Nevertheless, for the specific purpose of inves-
tigating the possible existence of interactions of the
type (2) or (3), reaction (5) has one important advan-
tage. wr scattering at threshold could proceed even in
the complete absence of such “intrinsic” S-wave interac-
tion by “induced” interactions, e.g., p exchange in the
¢t and % channel.® For reaction (5), on the other hand,
a p intermediate state would manifest itself as an emis-
sion of a real P-wave pion pair, and would be strongly
suppressed in the above-mentioned “threshold” region,
where all pions are relatively almost at rest.

The rate of reaction (5) depends in that region mainly
on the symmetric interactions (2) and (3). We find that
sizable interactions of this type [corresponding to
dao=(:—1)m,' in Eq. (4)] are in qualitative contra-
diction with the experimental data, no matter which
particular model for the diffraction production is used,
and could therefore be excluded.

II. THEORETICAL ESTIMATES

The amplitude for reaction (5) can be decomposed
into noninterfering subamplitudes for production of 3=
states with given mass /% angular momentum J,
parity, isospin 7, and symmetry type of isospin coupling.
[For diffractive production, parity=(—1)7+, I=1.]
We distinguish, in particular, fopp= fs, the part of the
production amplitude with the completely symmetric
isospin structure such as in Eq. (3).

f=fs+- -+ (other types of isospin coupling)
=3 ()t (6

J==0

6 The values of ao and as obtained from p exchange are quite
close to those predicted by the soft-pion method. These connec-
tions were emphasized, e.g., by J. J. Sakurai, Phys. Rev. Letters
%76 %32 (1966). See also R. Rockmore and T. Yao, ibid. 18, 501

1967).
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The production cross section separates in a similar
fashion:

qur—>31r= do‘,,_,g,,s-l- s =ZJ (do'r—»31rs)J+ Tt (7)

In particular, the contribution of fg alone yields
a lower bound for do. We observe that:

(2) (fs)s=o contains a constant part where all ==
pairs are in a relative S state in the 3r c.m. system. All
other parts involve D-wave m-m pairs and are strongly
damped in the region of interest, where v=~9m,2. The
constant part, which corresponds to an effective inter-
action like that in Eq. (3) above, may therefore be
dominant.

(b) Since the pion pole (in the “v” channel) contrib-
utes to (fs)s=o, Fig. 1(a) may be very important in the
threshold region.

We discuss now two models for fg in the threshold
region which incorporate both the basic features of
a diffractive production and remarks (a) and (b) above.

Model A

Using lab momenta and energies, we have” in the
diffractive region [/=(p—p’)’Ks, vKs=2M xq, where
q= |ql ]y

v=ma*=29(poe— 1),

8
vi—ms= (q— qr— g;)*— M2~ —2¢i(po— po’) . ®

The direct (v channel) and three-crossed = poles are
therefore approached simultaneously. Model A—which
is quite similar to the models used to explain the pr
enhancement’ in reaction (5) for higher values of v—con-
sists simply of the sum of the four pion-pole diagrams
illustrated in Fig. 1. The F (F;) blobs indicate diffractive
w-X scattering:

F=igg,(t) [Fi=iqig«()] 9)

and A4 is the part of the “r” — 3= vertex with com-
pletely symmetric isospin coupling. Using (8) and (9),
we find that the four diagrams combine to

fs=igg:()(As—2 Aig)/(v—m+?),

where Ag and (A4;s) represent the on-shell but un-
physical -3 vertex. The various subenergies s;;
= (gi+¢.)? satisfy, therefore,

2 si=s(wtr)+s(atr)+s(@n)=4m2.  (11)

At least one s;; has to be continued away from the
physical region s;;2> 4m .28 If A 5 can be represented over

(10)

7 See, e.g,. L. Stodolsky, Phys. Rev. Letters 18, 973 (1967).

8 A reasonable procedure motivated by the assumption of weak
I=2 7-r interactions is to continue only in s(z~7~), leaving
s(x*nx~) and §'(z*x~) at their actual physical values [s(z*n™)
=(qtg)? @tr)=(@p+g)? in Adg;  s@Etn)=(q+g)?
s'(rtn7) = (g—q)*=t in A3, etc.]. In principle, Eq. (10) would
then yield a lower bound for the rate of reaction (5) for given s, ¢,
v, Sij, and ¢ in terms of |As— 3 A:s|?, where A4 and 4; are evalu-
ated at the above-mentioned arguments.
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Fic. 1. Pion-pole diagrams.

the v threshold region by the “effective” constant inter-
action of Eq. (3), As(rm—— m—r~7t)= 2\, and we have

fs W =1iqgo(D)4N/ (v—m.?). (12)

Calculating now do$(r — 37), we find the following
lower bound for N (vo,f), the number of all 7X — 37X
reactions which are expected to occur in the range
t<to, IMm2<v<vq:

2

) N (to) (2m)~°1 (vo)

(4
N (to,v0) 2 "

/ ' (o /dt) (X — 7X)
X , (13)
/ dt(do /i) (xX — 37X)

where N(f))=No. of 7X — 37X events with (<to, 7o
unrestricted,

I(v)= / 0 a0/ o) (14)

and ¢3(v) is the covariant 3-meson phase space.

Model B

Model A does not include diagrams in which more
than one of the three pions present after the dissociation
scatter on the target X [see, e.g., Fig. 2(a)]. These
diagrams represent the mutual screening or “shadow
effect”® of the three pions in the final state. If this

9 R. J. Glauber, Phys. Rev. 100, 242 (1955); and in Lectures in
Theoretical Physics, edited by W. E. Brittin et al. (Interscience
Publishers, Inc., New York, 1959), Vol. I, p. 315.
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F16. 2. A shadow-correction diagram,

shadow correction is large, then the three diagrams of
Fig. 1(b) do not represent adequately the scattering in
the final state and should therefore be replaced by the
general “37”X — “3r”X diffraction scattering of Fig.
3. In the region of interest, the intermediate and final
3w states will be approximated [remembering remark
(a) above] by the unique 0~ state ¥ which is completely
symmetrical and constant in relative 7= momenta, and
Eq. (12) will be replaced by

fs=2ig[g=x(O)— grx() 1/ (v—m.?). (15)
Using an optical impact parameter representation,® we
have

ng(t):ﬂ"/.bdb Jo(8220)prx(b) (16)

and a similar representation with p.x — prx is assumed
for grx(¢). Model B consists essentially of the estimate

PYX(b)= 1_[1_an(b):]3: (17)

which is motivated by the following heuristic considera-
tion: The state “Y” represents in configuration space
a localized!® noninteracting 3-pion “clump.” The trans-
mission factor fyx(b)=1—pyx(d) is estimated by
tyx(b) =~1t.x(b)% which is appropriate to the independent
transmission of all the pions. The model-B expression
for fgis therefore!!

fs® ()= { 2Nigs / bdb Jof1/2)

>¢bxw—aﬂw+m%nL/@~mm.<w>

We note that in the limit of complete absorption p.(5)
=0(bo—b), and fs® wvanishes, whereas for almost
w-transparent targets [ p.(6)<<1] the shadow corrections
are negligible, and we recover Eq. (12). In general,
fs® ()< fs(f), and if model B is used, the lower

10 Tn an effective-c model [Eq. (2)], the localization is exact
only within Ab=m,™, and the resulting corrections of order
(9p/db)m,~1/p are small for nucleon targets and negligible for nu-
clear targets if m,> 700 MeV.

1 Significant changes resulted when the mutual shadow correc-
tions were taken into account. Although rather heuristic considera-
tions were used, it is suggested that shadow corrections should also
not be neglected when constructing models to explain the p-r En-
hancement as a kinematic effect (see Ref. 7 for a description of
such models).

NUSSINOV
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bound of Eq. (13) is suppressed by the factor

/wwum@?
7(to) = o
/ L FO)T:

_ | J6dbL2p+(8) —3p+*(0) +p"(B)JU (1" 20) | *

, (19)
| S6db 2p.(b) U (1"/2)|?

to
U (t!1%) = / dt Jo(£1/%) .
[

Unlike the model-A predictions, Eq. (19) depends on the
details of the target shape p.(d) which, in principle,
can be reconstructed from the data. For f,=0 we find the
simple relation

7(t0) > [1—3(0e1/o10t)+2(0e1/00t) * 12 (20)
Equation (20) readily follows from the expression for
the elastic and total cross section in an absorptive

model,
(Te1=%7r/bdb p2(b), am=7r/6db o-(0), (21)
and from the inequality

/bdb p%(b) | bdd p(b)>l:/bdb pz(b)]z, (22)

which holds for any positive absorption p(b).

Model B represents essentially the infinite sum of all
multiple scatterings of the various pions on the target
X. However, it still contains 7 interactions (or the
effective constant \) to first order only. We have no
simple way of including terms of higher order in A. (This
would essentially amount to modifying our assumption
of independent transmission of the three pions.) Note,
however, that the actual values of A considered will be
very small. Also, to first order in the diffraction scat-
tering, the effect of the wr scattering (Fig. 4) will
be to change the phase of the amplitude fg rather than
its magnitude. We therefore feel justified in neglecting
higher-order 7m interactions, at least in the present
crude treatment.

Fi16. 3. The general “3x”X —
“3r?X diffractive diagram.
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III. COMPARISON WITH EXPERIMENT

We proceed now to compare the bounds on N (¢o,u%0)
predicted by models A and B with the experimental in-
formation available at present. Reaction (5) was studied
at qab=16 GeV/c for CoF;Cl targets'? and =7, 8
GeV/c for proton targets.!®* There are strong indica-
tions for diffractive production in the first case. The
differential cross section dor.s./df was very sharply
peaked at small ¢, having the form [Ref. 12(a)]

do'rr—,?hr da"n‘—»Sw
- < ) il
dt dt te=0

typical of diffraction from the nucleus as a whole, and
almost half of the events occurred for |¢] <ms.2.

Also,
mal d0'1r—>31r d"w»‘lr
=[5
/m, da'w—»:hr// d01»41r

Since 7 — 27 and = — 47 processes cannot proceed via
diffraction production, this is strongly suggestive of
predominance of this mechanism in the range <t/
=0.0225 GeV? used by the experimentalist to define the
“coherent sample.” For the case of the reaction on nu-
cleons, only ~5%, of the events had ¢ <#,?2, and the ratio
I defined above was close to 1.

Thus, there is no clear-cut evidence for the predomi-
nance of diffractive production in this case. By identify-
ing all wp — 3mp events which did not show unmistak-
able evidence to the contrary (such as the production of
the N3 resonance) as diffractive events, we are effec-
tively overestimating N (fo,00), making lower bounds
like Eq. (13) less effective. Nevertheless, the 7V data
are quite useful in providing a rough check of our re-
sults, and also the detailed information required for
estimating the model-B suppression factor of Eq. (19)
is available.

(23)

or

Model A: m-Nucleus Data

The number of events in the coherent sample N (¢
=0.0225 GeV?) was ~740 [Ref. 12(c)]. The integrated
m—> 3w cross section over this region is ~30 mb per
CyFsCl molecule. {The value 40 mb was quoted [Refs.
12(a) and (b)] for #=0.08, and Eq. (23) reduces this
value to 30.} The corresponding integrated m-nucleus
elastic cross section is estimated!® to be 600 mb per

12 Orsay-Ecole Polytechnique-Milan-Saclay-Berkeley collabo-
ration, Allard et al., (a) Phys. Letters 12, 143 (1964); (b) bid.
19, 431 (1965); (c) Nuovo Cimento 46A, 737 (1966).

12’ Neal M. (‘ason Phys. Rev. 148, 1282 (1966), (q.="7 GeV/c).

14 Aachen-Berlin-Cern collaborauon Phys. Letters 20, 82
(1966), (q.=8 GeV/c).

1 There is no experimental information on elastic w-nucleus
(with 4~20) and at gu,=~16 GeV,/c. p-nucleus data available at
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resentation of the final-state in- g~ = - @:"

teraction with the diffraction
scattering treated to first order.

C:F;Cl molecule. Using the above estimates in Eq. (13)
and also expressing \ in terms of the more convenient
and familiar equivalent scattering length da, of Eq. (4),
we find (m,=1)

N(vo=16)>70(8a0)%, Nexp=0;
N (v9=25)>300(6a0)2, Nexp=>5; (24)
N(v9=36)>650(8a0)?, Nexp=17.

Thus model A, if taken seriously, would seem to exclude
any effective constant interaction that is not bound by

8a9<0.12. (25)
It would be preferable from the theoretical point of view
to restrict the comparison to values of 9o which are in-
deed close to threshold (vy<16). Experimentally, there
are no events at all in this region, and such a comparison
by itself would be of small statistical significance. Im-
proved statistics would allow us to restrict comparison
to vo=~16, with resulting improved bounds on 8a,. We
note also that the variation of Nex,(v0) with v, deviates
somewhat from that theoretically expected if the in-
equality (13) is saturated (for example, Nexp(vo=36)/
Nexp(v9=25)=3.4, versus 2.2 expected). This may indi-
cate that the tail of the 4, or pm enhancement does con-
tribute!® at the higher values of vo. If we could reliably
subtract off this contribution, our bounds for éa, could
improve. This also may be feasible once better data are
available.

Model A: =-Nucleon Data

In Ref. 13 only one wN— 37N nonisobar event
(which corresponds to 8 ub cross section) occurs with

present [see, e.g., High Energy Physics and Nuclear Structure,
edited by G. Alexander (North-Holland Publishing Co., Amster-
dam, 1967), in particular the talk by B. P. Gregory] imply
o'mz(ﬁ CzFr,Cl) 3600 mb. The corresponding = total cross section
is presumably somewhat smaller. ott(rp) [owt(pp) =~0.6, and be-
cause of the shielding effect of the various nucleons we believe it is
reasonable to estimate oot (mr— CoF'sCl) /orot(p — C2F sCl) = O 8. Also,
del(p) /oot (mp) 0.2, assuming again a somewhat more “opaque”’
nucleus o1 (m— CgI‘aCl)/a'm(r C2FsCl) =~0.25 and oe1(r— C2F5Cl)
=720, Using the form do/dt=€73%(do /dt) 4o [t in (GeV/c)], we
ﬁn]ally arrive at the above estimate for f0-925 df[ dgei(r — C.F;5Cl)/
dt].

16 There is also a possibility that the experimental resolution
causes the broadening of the pr enhancement peak with some re-
sulting “overflow” of events into the region of interest. The ap-
parent Nexp(lo,#0) may therefore be an overestimate of the number
of “genuine” threshold events, so that our bounds on 8ao could
perhaps be made more stringent.
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a value of 79<42. Choosing ¢, so that!”

b da'ehrp 4
[

we find the bound
6do<0.3 .

mb,

(26)

In Ref. 14, 10 events corresponding to 12.5 ub occurred
for 99< 36, and instead of (26) we find now

3a0<04. (26"

Model B: n-Nucleus Data

The bounds that can be put on éa, deteriorate now by
the factor 1/4/7(ty), where r(t) is given in Eq. (19).
Unfortunately, there is not enough experimental in-
formation to allow a direct calculation of r(fs). Quite
extensive information on proton-nuclei interactions is
available'® and enables us to make a reasonable estimate
of 7(fy). If we assume that for the light nuclei considered
(4=~20), a Gaussian form,

p(b) = poe= /0", (27)

with po=1—0.8 and 5,~80 (GeV)~2% is an adequate
description of the CyF;5Cl nuclei for 16-GeV/c pions,
then we find 1/4/7(f))=~2.5-3, and the bound (25)
becomes

809<0.3-0.35. (28)
As an independent check we observe that the reasonable
ratio!® ge/oit=1% yields, in Eq. (20),

1/4/r(t=0)=2.5.

17 This choice corresponds to the assumption that ~709, of the
elastic 7p scattering at 7-8 GeV/c is “diffractive.”

NUSSINOV
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Model B: =-Nucleon Data

In the w-nucleon case, #(#) can in principle be calcu-
lated quite accurately. Our estimate yields 1/4/7(f
=0.0225)=1.5,18 and Eqgs. (26) and (26") become

3a0<0.45, 8a0<0.6. (29)

As emphasized before, the 7V data are somewhat less
useful for our present analysis, and we believe (28) and
(25) to be more reliable estimates than (29) and (26) or
(26"). The fact that the results for =-N and N-nucleus
do not differ too widely is encouraging.

We have no preference as to which of the two models
used above is more reliable, and the differences between
(28) and (25) reflect, in our opinion, the theoretical am-
biguity involved.!! However, even if the weaker bound
(28) is adopted, significant intrinsic isospin symmetric
interactions in the = — 37 are excluded.

IV. SUMMARY AND DISCUSSION

We have seen above that information pertaining to
the unphysical = — 3= vertex may be extracted from
diffraction production experiments, and that, in particu-
lar, the symmetric part of the amplitude is on the average
very weak in the threshold region. Without appealing
to specific models, no correlation can be made between
this result and the question of the size of w-r scattering
lengths. Any model in which the symmetric interaction
is slowly varying in the region of low s, ¢, % would, how-
ever, yield such a correlation, and our results would then
support small 7-r scattering lengths. The ¢ model with
large m,, mentioned in the Introduction, and also dis-
persive models with a large S-wave subtraction con-
stant A, fall in the above category.

18 This suppression factor is close to the bound 1/4/r(¢=0)

<1.45, which follows with ge1(r ) /otot(rN)=~0.2 from Eq. (20).
19 G. Chew and S. Mandelstam, Phys. Rev. 119, 467 (1960).



