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1. — Introduction.

Pion photoproduction on nucleons has been for many years a powerful.
means to study the dynamics of strongly interacting particles. Single-pion.
photoproduction dominates the low-energy region (below 500 MeV). The région
above 1 GeV is dominated by the photoproduction of multiple pions, vector
bosons and strange particles.

In this paper we will attempt a simple presentation of the most relevant
experimental facts about multiple-pion photoproduction together with a pres-
entation of the various theoretical models which have been developed.

We do not claim to present a complete picture of this complex and rapidly
changing field. It is also most likely that we have neglected many very im-
portant contributions. In particular we have considered only papers published
before November 1966.

Double-pion photoproduction becomes kinematically possible above a vy-ray
energy of 325 MeV. However, the total cross-section becomes appreciable only
above a vy-ray energy of 500 MeV. Above this energy, the formation of an
N*(1238) resonance between the particles in the final state becomes kinema-
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tically possible. In this energy region we can consider many quasi-two-body
intermediate states. Focusing our attention on systems with two or three
pions in the final state, we have the following possibilities:

Tasre I.
Threshold (GeV) Intermediate state Final state
a) 0.54 N#(1238) -+ Nton
b) 0.71 N 70 N--8w
¢) 1.05 N4 00 N2
d) 1.11 N+ ] N-+3n
e) 1.66 N#(1288)}-p® N +37

2. — Double-pion photoproduection.

With a proton target the possible reaction channels are

(1) Y+p—>pfrt4n,
(2) Y+p —-n-+rwt4-n°,
(3) Y+Pp-—>p+n® 4.

Reaction (1) has been the first to.be studied and is the only one for which
there is an extensive amount of experimental data. Some very limited ex-
perimental data is available for reaction (2). There is practically no infor-
mation for channel (3).

The first experimental evidence of existence of the reaction (1) was obtained
at Caltech by detecting n— emitted from a H, target bombarded by a brems-
strahlung beam .(*2). These results were confirmed by the measurements of
FRIEDMAN and CrROWE (*) at Stanford using a magnetic spectrometer. After-
wards, Broom and SANDS (+%), using a similar experimental technique, but
working at higher photon energies made the first detailed study of the reac-
tion. They measured the differential cross-section for an incident-y-ray energy
of 1010 MeV. Their work was the first to indicate that reaction (1) tends to

(*) V. Z. PerersoN and I. G. Hexry: Phys. Rev., 96, 850 (1954).

(®) V.. Z. PrrErsoN: Bull. Am. Phys. Soc., Series ¥I, 1, 173 (1956).
) R. M. Friepmax and K. M. Crowz: Phys. Rev., 105, 1369 (1957).
(*) M. Brocu and M. 8anps: Phys. Rev., 108, 1101 (1957).

(®) M. Brocm and M. SaNDS: Phys. Rev., 118, 305 (1959).
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behave in certain cases as nearly a two-body reaction, that is
YAPp > N*+w.

The first measurement of the total cross-section for energies << 950 MeV
was made at Cornell (®7) in a hydrogen filled diffusion cloud chamber. Thig
measurement clearly showed the major characteristic of the double-pion photo-
production; namely that =+ and =~ play quite different reles. The authors
found that an appreciable fraction of the final state was reached through the
channel 7w~ N*t+ with subsequent decay of the N* into =++p. The total cross-
section shows a very peculiar shape with an abrupt rise at threshold, which
is very similar to the electric dipole S-wave production of =+ in H, near thresh-
old. The fast rise at 500 MeV is near threshold for the production of a = and
an N* (B ~ 545 MeV). ,

This confirms the statement by BLocr and SANDS that the reaction should
go through the channel =.N°*. Some later measurements at Frascati (8) seemed
to indicate that pion-pairs photoproduction might proceed through the inter-
mediate formation of the N**(1512) resonance which decays into the N*(1238)
by emission of a pion.

The N*(1238) subsequently decays into a = and a nucleon according to
the scheme

Y+p = N —>7::-J‘—J}°*
L>7r+<N’ .

A detailed investigation of reaction (1) was made at Stanford (?) and
Tokyo (**), where they measured the angular distributions and calculated the
total cross-section for energies lower than 1 GeV. The same reaction has also
been studied with hydrogen bubble chambers at CEA (') and DESY {2).

(¢) J. M. SerLeN, G. Coccont, V. T. Coccont and E. L. Hart: Phys. Rev., 113,
1323 (1959).

(*) B. M. Cmasax,. G. Cocconi, V. T. Cocooni, R. M. ScaEcaTMAN and D. H.
Warrk: Phys. Rev., 119, 811 (1960).

(3) M. BexzveENTANO, R. Fixzi, L. Paoruzi, F. Sepastiani, M. SEvErRI and
F. Virra: Nuovo Cimento, 30, 1054 (1965).

(%) J. V. Arrasy, H. L. Lyxca and D. M. Ritsox: Phys. Rev., 142, 887 (1966).

(1°) A. KusuMmeEGl, Y. KoBavasHar, Y. MuraTta, H. Sasaxi, K. TaxaMATSU and
A. Massaixe: Proceedings of the. International Symposium on Electron and Photon Inter-
actions ot High Energies, vol. 2. (Hamburg, 1965), p. 253.

(3t) H. R. CroucH Jr., R. HaregraVEs, B. Kexnparn, R. E. Lavou, A. M. SgaPIRO,
M. Wipgorr, &. E. Fisger, A. E. Brenner, M. E. Law, A. E. Roxat, K. StRAUCH,
J. C. 8trEeET, J. J. SzYMANSKY, J. D. TRAL, P: BasTiEN, Y. EISENBERG, B. T. FELD,
V. K. F1scHER, I. A. Pirss, A. Rogers, €. RogErs, 1.. Rosenson; T. L. Warts, R. K.
Yamamoro, L. GuERRIERO and G. A. SALANDIN: Phys. Eev. Lett., 13, 636, 640 (1964);
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The essential feature of this reaction
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H. R. CrovcH jr., R. HarerAavVES, B. Kexparr, R. E. Laxou, A. M. Sgaprro, M. Wip-
GOFF SHAPIRO, G. E. FiscHER, C. BorRDNER, A. E. BrENNER, M. E. Law, U. Maogr,
T. A. O’'HALLORAN jr., K. StRAUCH, J. C. STREET, J. J. Sz2yMaANSKY, J. D. Trar, P. Bas-
TIEN, B. T. Frrp, V. K. Fiscurr, I. A. Press, A. Roarrs, €. Roeers; E. E. Rowat,
L. Rosensown, T. L. Watzs, R. K. Yamamoro, G. CarLverri, F. GaspariNI, L. GUER-
RIERO, J. . Massimo, G. A. SavanpiN, L. VexTURA, C. Voor, F. WALDNER, A. BAND-
STETTER, Y. EISENBERG and A. Lwvy: Proceedings of the International Symposium on
Electron and Photon Interactions at High Emnergies, vol. 2 (Hamburg, 1965), p. 1; €Cam-
BRIDGE BUBBLE-CHAMBER GRrOUP: Phys. Rev., 148, 994 (1966).

(**) DESY BusBLE-CHAMBER GROUP: Proceedings of the International Symposium
on- Blectron and Photon Interactions at High Energies, vol. 2 (Hamburg, 1965), p. 36;
AACHEN BERLIN-BONN-HAMBURG- HEIDELBERG-MUNCHEN COLLABORATION: Nuovo  Ci-
mento, 41 A, 270 (1966). .
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In Fig. 1 we have shown the plot of the invariant pion nucleon mass for
the pr* system. This plot can be interpreted as a combination of phase-space
and resonant production.

In Fig. 2 we have shown the same plot for the pr— system. This plot is
compatible with phase-space production only.
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Fig. 3. — Total cross-section for the reaction y+p—Pp-rnt4n-. o Stanford (?),
v DESY (%2).
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Fig. 4. — Total cross-section for the reaction y-+p— N*r+tibzm-. o Stanford (%),
v DESY (22), o DESY (5%).

Fig. 3 and Fig. 4 show respectively the -total cross-seetion for the reaction
Y+p —=nt-+n--+p and for the particular channel v-+p — N*+*+-x—-, The pro-
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nounced peak in the cross-section at 600 MeV might well correspond to the
P1; resonance which has been recently postulated by many authors (%) to ex-
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Fig. 5. — Total cross-section for the reaction

Y+p-+p+nt+n-, in the nonresonant channels
(phase-space production). e Stanford (%),
v DESY (12), o CEA (11).

plain the elastic pion-nucleon scattering data.
Above this peak there is a rapid drop in
the total cross-section. The resonant chan-
nel drops very fast and is small and prac-
tically constant above 2 GeV. The phase
production decreases less rapidly. as indicated
in Fig. 5.

Figures 6 and 7 show the angular distri-
butions in the c.m. system for the reaction
T N*++ (%), The distributions are very flat
at threshold and become increasingly forward
peaked at higher energies. The strong increase
at small angles supports a one-pion-exchange
production model (OPE). The angular distri-
butions were fitted by polynomials of the type

dG * ——-7‘=1 7 )%
a@(e )—”Z’ancos 0*.
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Fig. 6. — Angular distributions
in the c.m.s. for n~ in the
reaction vy -+ p > N*+ 4 gy
Stanford’s (*) results. a) K,=
=575MeV, b) K,=600MeV,
o) Ky=0625MeV, d) K,=
= 650 MeV, ¢) K, = 700MeV,
fy Ky=170MeV, g) K, =
= 800 MeV, h) K,=850MeV,
4) K,=900MeV, ) Ky=
= 950 MeV.

For energies <1 GeV powers not higher than cos26* are involved.
Figure 8 shows the coefficients a,, a,, a, vs. incident y-energy.

(**) G. Cocconi, E. LitreruuN, J. P. Scavrox, C. A. StHALBRANDT, C. C. TiNg,
J. WarTERS and A. M. WeTHERELL: Phys. Letl., 8, 134 (1964); P. BAREYRE, C. BRICMAN,
G. Varrapas, G. Viuier, J. Bizarp and J. Seevivor: Phys. Lett., 8, 137 (1964);
L. D. Rorer: UCRL 7846 and Phys. Rev. Lett., 12, 340 (1964); 8. L. ADELMAN: Phys.
Rev. Lett., 13, 555 (1964); P. AuviL and ©. Loverace: Nuovo Oimento, 33, 473 (1964).
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This trend is confirmed at higher energies as indicated by the measurements
of CEA (*') and HAUSER and WALKER (4).

The influence of any pion-pion interaction seems to be small, but so far
the theory and the experiment are
not accurate enough for any clear
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Fig. 7. - Angular distributions of the Fig. 8. — The coefficients of the differen-
p=) (=
np system in the c.m.s. for the reac- . . 3
fion y-+p-> N*+m-; Rosults of the tial cross-section do/dQ* —ngoan cos™ (%),
Cambridge Bubble: Chamber Group. for the reaction y-+p— N#++4-n—; Stan-

(CEA) (11). ford (?) results.

Measurements at higher energies have been performed at CEA (*') in the
energy range (0.5-:-4.0) GeV and have been extended at DESY (12) up to
5.5 GeV. These experiments indicate that reaction (1) behaves in most cases
like a quasi-two-body reaction. Unlike the energy region below 1 GeV where
the reaction is dominated by the formation of the first pion-nucleon iscbar,

(**) M. G. Havser and R. L. Warker: Photoproduction of Negative Pions from
Hydrogen, CALT-68-71 (1966).
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the high-energy region is dominated by the formation of a rho. This is strictly
analogous to what happens in similar processes initiated by pions (15).

The results of DESY concerning the probability -of formation of the various
resonances -are summarized in Table IT as a function of the y-ray energy.

Tasre II.
B, N*(%) ?°(%) Phase space (%)

1.1 84 0 16
1.1+-1.4 41 30 29
1.4-+1.8 13 50 37
1.8-2.4 3 48 49
2.5=-3.5 11 56 33
3.5-5.5 . ! 0 65 35

The first theoretical model for double-pion photoproduction was introduced

1001
o)
Z 50
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0.4 0.8 12
E, (GeV)

Fig. 9. — Comparison of the theoretical

prediction of the model of Curkosky and

ZAcHARIASEN for the total ecross-section

for the reaction y+p—p-+nt-4-=m— with the

experimental data. o Stanford (?), e Cma-

SAN, et al. (°), CuTkosKY and ZACHA-
RIASEN ().

by CUTKOSKY and ZACHARIASEN (18),
They extended the static model used
by Cuew and Low (1718 for single-
pion photoproduction to the photo-
production of twe pions at low ener-
gy. This model assumes the emigsion
of a P-wave pion and an S-wave pion.
The emission of both piong in an S-
state is ignored due to the absence
of any possible pion-nucleon resonant
state. The emission of two P-wave
pions is also neglected because there
is not enough energy to overcome, the
centrifugal barrier. The model takes
into account -only contributions from
diagrams where there is only one
pion exchanged. The results of this
model are not in  agreement with
experiments. Figure 9 indicates the

(*5) J. Kirz, J. Scawarz and R. D. Tripe: Phys. Rev., 130, 2481 (1963); V. P. K&x-
NEY, J. L. STAUTBERG and C. N, Virtiro®: Bull. Am. Phys. Soc., Series, 11, 8, 523 (1963);
J. P. MErLO and G. Varrapas: The reaction w-+ N — N*(1238) near the N*(1510)

and the N*(1690) resonances, C.E.A. Saclay.

(1%) R. E. Currosky and F. ZAcaARIASEN: Phys. Rev., 108, 1108 (1956).
(*"y F. E. Low: Phys. Rev., 97, 1392 (1955).
(*®) G. F. Cuew and F. E. Low: Phys. Rev., 101, 1579 °(1956).
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results for the total cross-section compared with the experimental data. The
most striking difference appears close to the threshold. The same poor agree-
ment is found in the angular distributions. The model predicts an isotropic

distribution for the =~ while the
experimental data shows strong evi-
dence of a forward peak (Fig. 6
and 7). ' .

The forward peaking of the an-
gular distributions at high energy
suggests a peripheral model of pro-
duction. DRELL (1%) suggested a one-
pion exchange model (OPE). He cal-
culated the graph:

¥ ! T
i
|
!
' p+nm

P p

which is believed to be the most im-
portant at small angles and energies
above 1 GeV. The exchanged pion
is assumed to be on the mass shell
and the lower vertex is ealculated
from the total cross-section for pion-
nucleon scattering.

The model-is not in quantiative
agreement with the experiment. The
experimental values of the total
cross-sections are higher than calcu-
lated as is indicated in Table III.
Moreover the model predicts a dis-
tribution. of the type 1 -3 cos?f
for the proton in the N* rest sys-
tem. The experimental distributions
appear isotropic (Fig. 10).

P, in N*(1175+1250) P, out of N
£ =05+0.65 GeV

N b)
At L
i o) 0.65+’(_).85 o)

0
-1 0 11 0 1
cos 6 in N* rest—system

Fig. 10. — N°* decay angular distribution in
the N* rest system. 6 is the angle between
the direction of the decay proton and the

" direction of motion of the N°*. Results of

CEA (). a) 296 events, b) 133 events, ¢)

274 events, d) 265 events, e) 223 events,

f) 307 events,. g) 124 events, h) 314 events,
%) 58 events, [) 287 events.

ITABASHI (*) and HADJIOANNOU () have introduced some improvements
in the static theory of CUTKOSKY and ZACHARIASEN. They took into account

(**) 8. D. DrELL: Phys. Rev. Lett.,, 5, 278, 342 (1960); Rev. Mod. Phys., 338,

458 (1961).

() K. IvaBasui: Phys. Rev., 123, 2157 (1961).
(?Y) F. Haparoannou: CERN, Report 1962.
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the nueleon’s recoil and modified the N system introducing a cut-off function
-of the type suggested by FuBini and THIRRING (22).

Their results show a satisfactory agreement with the experimental data in
the region around 1.3 GeV.

Tasre III.
B, (GeV) | exp. (ub) ¢ OPE (pb)
|
0.7--0.9 274 11 ‘ 7.2
0.9=1.1 214 8 6.4
1.1+1.8 | 10+ 5 : 4.2
1.8-+6.0 | < 1 . 3.0

More recently STICHEL and ScHOLz (22) made a gauge-invariant general-
ization of the -OPE model taking into account the following graphs:

Both the total cross-seetion and the angular distributions calculated by
them are in good agreement with the experimental data of DESY (%2) ags is
indicated in Fig. 11. It is interesting to note that at the limit for infinite
nucleon mass this caleulation agrees with the results of Itabashi, and
Hadjioannou. X

At present we have very limited information about the reactions y-+p-—
—n-+nt+n’. BLOCH and SANDS (*3) found that the yield of positive pions
from double-pion photoproduction is twiee the same yield for negative pions.
This indicates that the cross-section for the reactions

Y+Pp—>ptrt4rw-
and

Y+Dp —n4nt 4

(#2) 8. Fusint and W. E. THIRRING: Phys. Rev., 105, 1382 (1957).
(**) P. Sticeer and M. ScuHorz: Nuove Cimento, 34, 1381 (1964).
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are comparable. The same result has been obtained by FRIEDMAN and CROWE (%)
and by KUSUMEGI ef-al. (*°).

A similar conclusion has been reached recently measuring the total neu-
tron-yield from a hydrogen target bombarded by high-energy y-rays (*4). This

80

no. of events
0~
(o]

i !
1.0 05 0 -05 ~10 0 90 180 270 360
cos 8 & (degrees)

Fig. 11. — N°* decay angular distribution in the N* rest system. In o) 0 is the angle

between the direction of the decay proton and the direction of motion of the N'*.

In b) @ is the azimuthal angle with respect to the production plane. DESY (12) results

for B,< 1.1GeV, A%p/prt) < 0.5GeV? and 1.12 GeV < My -+ <1.32 GeV. The broken

line gives the prediction of the OPEM (1 + 3 cos?8) and the solid line gives the result

of the OPE model with the corrections of StrcHEL and ScHOLZ (28). vyp-— N¥t+n—,
717 events.

fact contradicts the theoretical calculations of CUTKOSKY and-ZACHARIASEN
which predicted a ratio of 5:1.

No wuseful experimental results are available for the reaction y-+p—-
—>p—4m°+n°. The experiments of VETTE ¢t al. (25) and those of BINGHAM and
CrLEGG (2%), who measured the photoproduction of single neutral pions in hy-
drogen, indicate that the cross-section for this process is very small.

3. — Boson photoproduetion. -

At energies above 1 GeV, the photoproduction of ¢ and w mesons becomes
kinematically possible. The first evidence of p photoproduction on protons
came from the experiment of M¢ LroD and co workers (*) in 1961. Later, the

(24) 8. Costa, 8. FERRONT, V. G. GRACCO, €. ScHAERF and E. S1Lva: Nuovo Oimento,
45 A, 696 (1966).

(#%) J. 1. VertE: Phys. Bev., 111, 622 (1958).

(*¢) H. H. Bixncaam and A. B, Creca: Phys. Rev., 112, 2053 (1958).

(*"y D. M. McLzop, S. RicHERT and A. S1LVERMAN: Phys. Rev. Lett., T, 383 (1961)..
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photoproduction of the n meson was measured at Frascati (28) and Orsay (29).
The photoproduction of the omega was put in evidence more recently in a
bubble chamber experiment performed at CEA (**) and DESY (1?). Many
experiments were also dedicated to the search for other boson resonances of
Iower mass. No conclusive evidence of such resonances has been found up
to now.

a) n-meson. According to SU, the »° belongs to the same 0— octet as the
© and K mesons. Since there iy available a large amount of experimental
information on the photoproduction of = and K mesons, photoproduction of »°
can be used to test specific theoretical predictions. This is of special interest
at energies far above threshold. In particular, some interesting observations
have been made by a direct comparison of the reactions:

a) yv+p —np, o) vy+p —1°+p,

(4)
b) m=+p—>n+n, d) T=+p-—=>n"+n.

We have available at present, only a limited amount of experimerital in-
formation on the photoproduction of the w particle. The first experiments
were performed at Frascati (28), detecting the recoil proton in coincidence
with one of the v’s from the decay of the v, and at Orsay (2?) by the excitation
curve method detecting the recoil proton. Both experiments have suggested
a large cross-section close to threshold. This indication has been confirmed
by the more recent results of Stanford (), Frascati (*1) and Orsay ().

The differential cross-section measured around a center-of-mass angle
of 110°(*-31) shows a rise at threshold followed by a rapid decrease around
a y-ray energy of 900 MeV as is clearly indicated in Fig. 12. This same trend

(%) C. Mexcuccini, R. QuerzoLi, G. SALviNT and V. SILVESTRINI: Proceedings
of the International Conference on High-Energy Nuclear Physics (Geneva, 1962); C. Bacer,
G. PENSO, G. SALVINI, A. WATTENBERG, C. MENCUccINI, R. QUERzorI and V. SIn-
VESTRINI: Phys. Rev. Lett., 11, 37 (1963).

(*) B. DErcoURT, J. LEFRANGOIS and J. P. PErEz Y JomBa: Phys. Lett., 7, 215
(1963).

(*%) B, DELCOURT, J. LEFRANGOIS, J. P. PEREZ Y JORBA and J. SAUVAGE: private
communication and presented to the XITI International Conference on High—Energy
Physics, Berkeley, 1966.

(*) R. Prerost, D. LuxpQuist and D. Quinw: Proceedings of the International
Symposium on Blectron and Photon Interactions at High Energies, vol. 2 (Hamburg, 1965),
p. 152.

(*1) C. Bacci, G. PENS0, G. Sarvini, C. MExcuceini and V. SiLvesTRINT: Proceedings
of the International Symposium on Eleciron and Photon. Interactions at High-Energies,
vol. 2 (Hamburg, 1965), p. 158; . Phys. Rev. Lett., 16, 157 (1966).
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Fig. 12. - Differential cross-section for the Fig. 13. — Total cross-section for the

reaction y-Lp—p-+1° as a function of the
gamma-ray energy at various angles in
the center-of-mass system.
(~ 90°) (3%), o Frascati (106°=118°)(31), o Cal-
tech (45°) (3%), © Orsay (98°--160°) (2?%),

has been found (*2) for the total cross-

reaction 74 p->n-+n°? as a function of
the kinetic energy -of the incoming pion

o Stanford

in the laboratory system. Only events
corresponding to. the particular decay
channel =°-2y have been detected.

section for reaction 4d) (see Fig. 13).

It should be noted that in this experiment, as in the Frascati experiments,
only the particular decay channel v° — 2vy, has been detected. This fact can ac-:

=)

i |

o
&2}

do/de*{pb/sr)

1
0-1 0 1
cos 6:

Tig. 14. — Angular distribution for: the

reaction y+p—>p-+7° at a gamma-ray

energy of 0.790GeV. The results are
from ref. (30).

(32) F. Buros, R. E. Laxovu, A. E. P1re

count for a possible discrepancy among
the absolute values of the cross-section.
More recent data from Caltech (33) of the
differential cross-sections for reaction 4¢)
at a center-of-mass angle of 45° extends
the previous measurements to higher en-
ergies. This result is also indicated in
Fig. 12. The only significant measure-
ment of an angular distribution has been
made at Stanford. (3°) for a y-ray energy
of 790 MeV. These results (see Fig. 14)
are consistent with an S-wave produc-
tion model.

From a theoretical point of view we

r, A. M. Sgarrro, M. Wingorr, R. Pavini,

A. E. BRENNER, C. A. BorpNER, M. E. Liaw, E. E. Ronar, K. StRAUCH, J. J. Sz7-
MANSKY, P. Bastien, B. B. Brassown, Y. EISeNBERG, B. T. Frrp, V. K. FIsHER, I. A.

PrEss, L. Rosexson, R. X. Yamamoro, G.

A. Tomasin, L. VexTURa, C. Voor and I,

CALvELLI, L. GUERRIERO, G. A. SALANDIN,
‘WALDNER: Phys. Rev. Lett., 13,486 (1964).

() ¢. A. Hruscn, C. Y. Prescorr, E. D. Broom and L. 8. ROCHESTER: Phys.

RBev. Lett., 17, 573 (1966).
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can note that both the second N**(1512) and third N (1688) pion-nu-
cleon resonance could decay into a nucleon and 7-meson. However, the
second resonance is only 20 MeV above threshold. Sinee, near threshold,
the D-wave production goes like ¢* (¢ indicates the momentum in the c.m.s.),
it is reasonable to assume that its contribution is irrelevant.

The third pion-nucleon resonance can, in principle, decay into a nueleon
and an v meson. Therefore, we will focus our attention on the two possible
graphs:

the left-hand vertices are the same in both graphs, while the ratio of the
right-hand vertices are predictable on the basis of SU,. This ratio depends
strongly on the SU, assignment of the N*** We can write '

(Yp = N*** —py) o) R

= 5

(yp = N Spr9) = ()

where o(7) and o(n®) are kinematical factors and R can be expressed in terms
of the reduced widths (y) of the various vertices, i.e.

€27
if NFEx in §U,.

R 20N

YR Nne (3 — 4u)? €8
af(1—a)is the ratio of D- to P-type couplings for which we can tentatively
assume oo = £ (34), In this way we obtain

1
9;(1)5 { if R { €21,

o(m) very small €8.

As iy clear from Fig. 12 there is no evidence for a resonant behaviour of
the differential v photoproduction cross-section at energies eomparable with
the third isobar. This should encourage the asgignment of the JN***(1688)
to a new SU, octet with quantum numbers J? = g+,

At CAvrecH, HEUSCH ¢t al. (), starting from a more stringent analysis
of the experimental data arrived to the same coneclusion and were able to

(**) R. F. DasEEN: Nuovo Oimento, 32, 469 (1964).
(%) C. A. Hruscn, C. Y. Prescorr and R. F. DASHEN: Phys. Rev. Leit., 117,
1019 (1966). ’
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get some limits on the possible values of «:

The agreement of thig limit with the previcus theocretical estimate is very
remarkable. .
A direct-eomparison of reactions (4) has been made by the Frascati group (3%).
Considering that reactions (4¢) and (4d) are in a pure T =} state we have
to isolate the particular 7'= 4 channel in pion-nucleon scattering and pion

photoproduction. For pion seattering we can immediately write
0‘;}: = %[U(Tc—7 ) + o, ) — %G(ﬁ+7 ],

where o(n—, ©), o(nt, nt) and o(x—, ©°) are respectively the cross-sections for
the reactions =~ -+p —>n~-4p, nt--p —=nt-+p and reaction (4b). This separa-
tion in isospin states is valid both for the differential cross-sections at a par-
ticular angle and for the total cross-section. The situation is more complicated
for the photoproduction crogs-section. In fact, in this case it is not possible to
separate the various isospin amplitudes on the basis of any measurable set of
data. However, we can observe that if the 7'= § amplitude is negligible,
then we should have

oly, ™) = 20(y, 7°) ,

where o(y, ©t) and oy, ©°) represent respectively the cross-sections for reac-
tions y+4p —nt+n and y-p > n+p. ’

This ratio is approximately true at a pion angle of 180° where the direct
photoproduction term is zero. If we now assume that in this energy region
the direct photoproduction term is the only term responsible for transitions
in the T = § state, we can write (°)

3

oy = 3a(y, %) .
Let us now define
dot/dQ* dot/dQ
Py — = e . Sl
Bel0) = gomjq 0% 0= gomian

(*y The matrix element for pion photoproduction can be written is isospin space
as the sum of the terms H = 84 V,, where § transforms like a scalar and V; like
the third component of an isovector. If we consider only 7= % final states we
have (3) <}, m|V|, m'> = G by, <J, m|S}’, Mm'> = Sy 6552 S,, and using the Clebsch-
Gordan coefficients (n%p|=—+/% <}, 3|+ V§<3, 3|, °p|= <3, }|, from this we can
write <plE}, 3> =— VI G+ o) plHNE, 1= (bt + S).

(%) K. M. WatsoN: Phys. Rev., 85, 852 (1951).
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and a similar quantity R, (total) for the total cross-sections. The experimental
values of these quantities are reported in Fig. 15. It is interesting to note
that the values of B are rea-

241
\C i .
Eer
0o e
g |- " .
< o -
| -
=== l_—"++":._"36"" ————————
0 1 1 1 1 1
150 200 250 300 350
P* (GeV/c
L1 1 i i
600 700 800 ,
T (GeV)
L 1 1 1 L —
750 800 900 950 1000
Ex (GeV)

Fig. 15. — Comparison between n and 7° in photo-
production and scattering experiments. e B.(0)
6 = 120° (Frascati: R. DIeBoLD: Thesis), o E., (to-

tal) (Frascati: R. DiEBoLD:

Thesis),

= REn(0)

80°<C 6 < 120° (HaLLAND, BuLos, e al.).

sonably constant at y-ray en-
ergies below 900 MeV. The
values start to increase at en-
ergies where the third isobar
becomes significant. This is
another indication of the hy-
pothesis that the third reso-
nance tends to favor m over v
production.

b) p-meson. The first ev-
idence of .p photoproduction
on protons was found at Cor-
nell (*”) in a magnet and coun-
ters experiment detecting in
coincidence the recoil proton
and one of the pions. The
kinematical conditions of this
experiment were such as to
minimize the effect of the final-
state interaction of the nu-

cleon with one of the pions. The square of the matrix element for the reac-
tion y+p—pr+nt4n— is shown in Fig. 16 as a function of the invariant
- mass. The clear resonant behaviour at an energy of 720 MeV is com-
patible with the assumption of the formation of a p-meson. Later results

Fig. 16. — The square of the

matrix - element for the reaection

v+p—p-+rt+n as a funetion of
the invariant w7 mass.

l Curve g W -
label (GeV) (GeV)

| |

om L L16l | 1414

| owr 1414 | 1161

20+

~ _*—§—*

w
=t

Mj

/

0.4

0.5 0.6
E (GeV)

nw

0.7 0.8
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at- Cornell (*%) confirmed the previous ones and measured the p- differential
photoproduction: eross-section at y-ray energies between 900 and 1275 MeV.
This experiment indicated a resonance

at a mass of (7404-10) MeV. The differ- 6
ential cross-section (see Table IV and ]
Fig. 17) seems to have a maximum-
around 5™ = 60°.
The largest amount of information
presently available comes from. bubble
chamber experiments both at CEA (%) oL }
and DESY (*2) and from the Harvard ;
experiment (37). The best values for the - {
mass of the p and .its width that can 1 ‘ [
be obtained by all these experiments, 0 50 100 150 180
g . (degrees)

are
_Mp = (745-110) MeV , Fig. 17. — Angular distribution for the
reaction y+p—-p-+pe® at a gamma-ray
I', = (1454-10) MeV . energy of 1.1GeV.

The percentage of p production with respect to the total double-pion
production has been indicated in Table IT as a function of the incident-y-ray
energy.

TasrLe IV.
! —
[/ R i do/dQ*
e ub/sr

0= 50 2.0+ 1.0

i 45+~ 63 4.44- 1.3
63 81 ‘ 3.6 2.1

81~ 99 2.14 0.8

i 99117 ; 1.3 4- 0.6

The total cross-section for p photoproduction is indicated in Fig. 18
together with the total photoproduction cross-section for pion pairs. The

(36) A.D.TFrangriN, D. R. Rust, A. StnverMAN, C. K. SincrAIr and R. M. TALMAN:
Phys. Rev. Lett., 13, 491 (1964).

(") L. J. LaxzeroTrtr, R. B. BromentaAL, D. €. Eanx, W. L. FaissLer, P. M.
Joserm, F. M. PrekiN, J. K. Raxporeu, J. J. Russer, D. G. Sta1rs and J. TENENBAUM
Phys. Rev. Lett., 15, 210 (1965); Proceedings of the Internalional Symposium on Electron
and Photon Interactions at High Emnergies, vol. 2 (Hamburg, 1965), p. 167.
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1 cross-section for p photoproduction rises

40+
+ * - sharply at threshold and falls off rather

slowly at a value of 15 pb.
in Fig. 19 for different values of the
primary-y-ray energy. The sharp for-
20 [ + ward peaking immediately suggests a
1/ peripheral production mechanism. In
} 1 } Fig. 20 the differential cross-section as

L { The differential eross-section is shown

o, (ko)

a function of the four-momentum trans-
fer is compared with different periph-
0 ) l \ eral models.

Similar results from Harvard are in-
dicated in Fig. 21 -and compared with
Fig. 18. — Total photoproduction cross- the ¢ distribution observed in =-p scat-
section for p meson (x DESY (12) v4p— tering.

~p+e" o CEA () y+p—>pte'). ¢ photoproduction at 0° has been

measured at CEA (*7)-and is reported in
Fig. 22. The same measurement has been made at Harvard (*") in various
elements as a function of the atornic number. (See Fig. 23.)

Ey(GeV)

60

cross-section in pb/sr

——ﬂI"J(—J—L—' L L 1.0 ! ] I ’_r\—'f

1 1
0 02 04 06 08 10 02 04 06 08 1.0 02 04 06 08 10
cos 99 (c.m.)

Fig. 19. — Angular distributions of the p in the center-of-mass system for the reaction
Y+p—=>p+e a) L5<p,<1.8GeV/e, b) 1.8<p,<<2.5GeV/e, ¢) 2.5< p,< 6.0 GeV]e.

The polarization of the p has been measured at CEA (') measuring the
decay pion agymmetry in the rest system of the o.
As we mentioned earlier the strong forward peaking in the p angular dis-
tribution suggests a peripheral production model. The simplest peripheral

model is the .one-pion exchange model (OPEM). However, in our case this
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20

no. of events
S

}

0 1 1 1 1 1 l I | ! { !
—04 —03 ~0.2'~01 ~0.4 ~03 —02 —-01 —0.6 —03 —0.2 —01 0

4 [(Gev/e)]
Fig. 20. — Differential cross-section for the reaction y--p->p--¢° as a function of the
four-momentum transfer: CEA. results. The solid lines indicate the prediction. of
the OPEM with no absorption in the final state. The broken lines indicate the same
results with maximum absorption. @) 1.5<p,< 1.8GeV/e, b) 1.8 < p,< 2.5 GeV/e.
€) 2.5 < py< 6.0GeVje.

model predicts a dependence as a function of the four-momentum transfer
which decreases less rapidly than is indicated by the experimental data

(see TFig. 20). Various

1

10
g O TE
80 L 7
a i S
£ ———
= ==
3
b 10 |
kel
10—2 L : 1 I L

0 0.4 0.8

2 [(G eV/ c»ﬂ

Fig. 21. — Differential cross-section for

the reaction y+p-—+p-+¢° as a function

of the four-momentum transfer. Harvard

results (3"). The lines indicate the ¢ dis-

tribution observed in pion-proton scat-

tering. o 4.40 GeV RHOS, o 480GeV
RHOS, o 2.52GeV RHOS.

1.2

corrections have been introduced in the OPEM to

increase the forward peaking in the
angular distribution. FERRART and SEL-
LERI (3%%?) have introduced an ad hoc
form factor as a solution to this problem.
More recently, various people (%) have
calculated the OPEM introducing large
absorptive corrections for the wave
functions in the initial and final state.
This technique has been used for a long
time in low-energy nuclear physics. A
schematic representation of the dis-
torted-wave Born approximation in
high-energy photoproduction can be in-
dicated with the following graph:

Q

(*) F. SeLLEr1: Phys. Lett., 3, 76 (1962).

(3*) E. FErrarT- and F. SErLLErRT: Nuovo Cimento, 27, 1450 (1963).

(40) J.D. JacksonN: Rev. Mod. Phys., 37, 484 (1965); G. Kramer and K. SHILLING:
Proceedings of the International Symposium on Hlectron and Photon Interactions at High

Energies, vol. 2: (Hamburg, 1965), p. 316.
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The one-particle exchange diagram at the right represents the interaction poten-
tial of low-energy nuclear physics. The shaded blob on the left indicates the
scattering in the final state. In the limit of very-high-energy particles we can

120
< 80 3)
a
ES , -
.
@ -
> 40 - -
S, =
aU ™ m\/ 2)
% N T ! ! L \1; b ) ; I ) |
Z 10 2.0 3.0
'DX ,0g (c.m.) [(GeV/c)z]
| { | | !
0 131 18 25 .35
15

,Ov(lab)(GeV/c)

Fig. 22. — Differential p-photoproduction eross-section at 0°. The solid lines indicate
the - theoretical predictions of varicus models: 1) OPEM no absorption (c=0),
2) OPEM complete absorption (¢=1), 3) diffraction model.

assume that the intermediate particles ¢’ and d’ are on the mass shell and
therefore, the scattering in the final state can be expressed in terms of scat-
tering phase shifts.

Ag is clearly indieated in Fig. 20,
the OPEM with absorption gives
a better agreement with the experi-
mental data than the simple OPEM.
On the other hand, the data of

Fig. 23. — Comparison of the differen-
tial p-photoproduction cross-section at 0°
with .the cross-section for pion-nuclei
scattering at the same angle for various
nuclei. The n-scattering curve (solid line)
has been shifted (broken line) to the
p-photoproduction peints for comparison.
o n+A—->n+A4d from optical theorem

: (X 1/100), % y+A—p+ A (corrected to
atomic mass ¢*=0), oy+A—>p+4 (0°.

I/Aldo/d ) (mb/sr)
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DESY (Fig. 24) indicate an even sharper dependence than.can be expected
with any OPEM. These data seem in agreement with the the diffraction
model of BErMAN and DRELL (4!). They used the multiperipheral scattering
model of AwmaTi, Fumint and STAN-
GHELLINI (*?) to correlate this cross-
section to the differential cross-section
for pion-nucleon scattering. This was
achieved replacing the top rungs in the
multiperipheral ladder of the AFS mod-
el as indicated below.

o

e @ 0.4 06 0.8
Allcevic)]

o 1
0
T TN meon o
N N N N Fig. 24. — Differential p-photoproduc-

tion. cross-section as a function of the
The differential cross-section at 0° four momentum transfer. DESY re-

provides a more sensitive test of the sults (**). The data are compared with
various models proposed. In fact, OPEM the theoretical results of vairious peri-
would give a cross-section decreasing pheral models; ~—— OPEM with absorp-
) ) tion, ——— OPEM with Ferrari and
with energy as 1/E?. OPEM with ab-  gejieri torm factor, diffraction
sorption would also give & decreasing model. yv-+p—>p®+p. LI<e,<<5.5GeV.
trend, but a less pronounced one. On
the other hand, the diffraction model gives a cross-section increasing with energy
in much better agreement with the experimental data as is indicated in Fig. 22.
The angular distribution of the pions from the p decay provides inde-
pendent. information to compare with the different theoretical models. We
can consider three different angular distributions:

1) The Treiman-Yang angle. The angle between the production plane
(the plane defined by the incident y-ray and the recoil proton) and
the decay plane (the plane defined by the two pions coming from the
p decay).

(44, 8. M. BErMaN and 8. D. DrELL: Phys. Rev., 133, B 791 (1964); S. D. Drerr:
Proceedings of the International Symposium on Electron and Photon Interactions at High
Energies, vol. 1 (Hamburg, 1965), p. 71.

(4% D. Amari, 8. FuBint and A. STANGHELLINI: Nuovo Cimento, 26, 896 (1962).
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2) The OPE -angle. The angle between the incident photon and the
positive pion measured in the rest frame of the p.

3) The Adair angle. The angle befween the direction of the incident
photon in the laboratory system and the direction of the positive pion
in the rest frame of the g.

The distribation of events as a function of the Treiman and Yang angle
yields some information on the spin of the exchanged particle in peripheral
models. To better understand its physical meaning we have to consider the
event in the o center-of-mass system. In this system the peripheral graph
at the left can be represented as indicated at the right.

T[+/% P,
/
m /
e /!
J\f\/‘?‘_—*K\ NN -
Y S ¥ / X
| = /
| X T ,
| / 3 Py
P P, ¥
[ N

It is clear that in the laboratory system the production plane will contain par-
ticles p1, Ps, v, ¢ and the exchanged particle X. The decay plane will contain
particles w", 7w~ and p. In this system the p is the only particle common to
the two planes. In the center-of-mass system of the p the decay plane con-
tains particles =, =~ y and X while the production plane contains p,, Pas Y,
and X. In this system particles y and X are collinear and therefore they
are both common to the two planes. It is now easy to understand that if the
exchanged particle X has no spin, all possible orientations of the decay plane
with respect to the production plane are equally-probable. In fact it is not
possible to define any preferential direction perpendicular to the momentum
of the exchanged particle.

The results of CEA for the angular distributions in the T-Y angle are in-
dicated in Fig. 25 for different values of the primary-y:ray energy. These
results indicate an uniform distribution and therefore are consistent with a
one-pion exchange model.

The angular distribution of the pions with respect to the direction of the
incident y-ray in the center-of-mass system of the p constitutes an even stronger
test of the OPEM. It is clear from the previous diagram that if particle X
has no spin then the angular momentum state of the p will be that of the in-
cident photon, i.e. a particle of spin one with only two possible directions of
polarization which are equally probable. This defines the angular distribu-
tion of the decay pions.

In general we can write the angular distribution for the decay pions in the
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o rest frame as a function of the OPE angle 6 and the T-Y angle @ as

W (cosf) = i (1 — 00.0) [1 + %9—9_"—;1 cos25:| ,
0,0
2aW(p) =1—2p, _, co82p),

where g,,, and g, _; are spin-density matrix elements which can be calculated
according to the various photoproduction models. The results of the theoret-

a) b)
§ 0 .
gL(J—‘_—“—‘——J—_'_ -
g — — T
- L
c) d)
20 :
w0 T — Co—1
e) )
0 !
-1 0 10 180
cos 8 @ (degrees)

Tig. 25. - Angular distributions of the OPE angle § and the Treiman and Yang angle &
for the p decay. CEA results. @) and b) p,=(1.5--1.8) GeV/c, ¢) and d) p,=
: = (1.8+2.5) GeV/e, e) and f) p,=(2.5+6.0) GeV]/e.

ical calculations and of the values obtained from a best fit of the experimental
data of ref. (*') are included in Table V.

TaBLE V.
Theoretical Experimental

B, (GeV) O=0 C=1 All ¢ < 20m2.

Q0.0 @o.0
1.5+-1.8 0 0.16 0.36 4- 0.05 0.30 4 0.07
1.8--2.5 0 0.14 0.38 - 0.05 0.34 4 0.07
2.5-+6.0 0 0.13 0.24 4 0.07 0.24 4+ 0.07

011 ~1 Q1,1
1.5+1.8 0 0.015 0.14 - 0.07 . 0.12 1+ 0.08
1.8+-2.5 0 0.02 0.10 4- 0.07 0.12 4- 0.08
2.5-6.0 ! 0 ‘ 0.02 0.10 4- 0.04 0.08 4- 0.05
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The theoretical calculations were based on a OPEM without final state
interaction (C = 0) and with final state interaction (€ = 1). The experimen-
tal data of CEA are indieated in Fig. 25. Those of DESY ('2) in Fig. 26.

For o photoproduced in the forward direction
the Adair angle «, previously defined, is the
same as the OPE angle 6 just mentioned. In

e this case the helicity of the p will be the same
P ~ of that of the incident photon if no spin-flip
7/ ‘ occurs on the target nucleon. Therefore the
decay angular distribution of the pions in the

2 0 1 rest system of the p with respect to the direc-

cos § tion of the y-ray in the laboratory will be given

Fig. 26. — Angular distribution Dy sin® (). This conclusion is independent of

of the OPE angle for the ¢ (1o OPEM and is based only on the hypothesis

decay. DESY results. Solid Line: that the nucleon does not flip its spin. For p’s
OPEM without absorption; bro-

ken line: OPEM with absorp- emiftited at a small forward angle we can still

tion (¢c=1). 42< 0.3 (GeV/e)?. apply the same reasoning if the decay angle of

the pions is still measured with respect to the

direction of the photon spin. In Fig. 27 we have indicated the distribution

of ‘the Adair angle as obtained in ref. (**). The results are consistent with a

12

no. of events

60

g
o

no. of events

N
[w)

Fig. 27. — Angular distributions of the Adair angle «. The hatched area corre-
sponds ‘to events produced within cos6f,, >0.85. a) p,=(1.5--1.8) GeV/e, b) py=
= (1.8+2.5) GeV/e, ¢) p,=(2.5--6.0) GeV/ec.

sin?(«) distribution and indicate a production process with no spin-flip. This
could be interpreted either as the effect of a OPEM or a diffraction mechanism.

¢) w-meson. « photoproduction in hydrogen has been seen in the bubble
chamber experiments of CEA (*1) and DESY (*2). The first important experi-
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mental result is the fact that omegas are photoproduced less copiously than
¢ by approximately a factor of five. The second is the strong forward peaking
of the angular distribution of the » in the center-of-mass system of the reac-

40
- a) ~  b)

20 - r
o L L
3
?) 0 ¢ 1 -+ M /7
W 10 0 1.0 —1.0 0 1.0
(o] cos a c.m.
O
© d)

I T £ H ; )

0 10 0
2% (Gevye)]

Fig. 28. — Differential cross-section for the reaction y-4p->p--o® as a function of the
omega angle ¢ in the c.m.s. (top) and of the four-momentum transfer (bottom).
m(mtnn0) =(0.75+0.825) GeV. a) B, ==(1.1+1.8) GeV, 137 events;

b) By = (1.8+6.0) GeV, 76 events; ¢) Fy=(L.1+1.8)GeV; d) E, = (1.8-6.0) GeV.

tion. The experimental information presently available on this process is
summarized in Fig. 28 and 29. Fig. 28 represents the value of the total
cross-section compared with different production models as OPEM and dif-
fraction model. Figure 29 indicates the results of CEA for the differential
cross-section as function of the momen-
tum. transfer.

Fig. 29. — Total cross-section for the pro-
cess v-+p->p+w’ The experimental points
are compared: with the theoretical predic-
tions of the diffraction model (solid line)
5  and the OPEM (broken line). s DESY (%2),
x CEA (1),

d) Comparison between o and w photoproduction: The “different behaviour
of the cross-section for the photoproduction of vector mesons. can beé easily
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understood if we compare the following representative graphs for the diffrac-
tion and OPE models.

0
w
¥ ¢ J:‘i/\f\/‘O-A—._ Qo_
N Y o - . |
1 0! 0
! T
¢ ! T Q "
: p I I p
Pp P
e
U]
0 4
¥ v m of
\f\/\/\f‘q)— ----- — : ; —_——
| !
¢ i
i P : ! ]
P P 22
"
OPE diffraction

According to the various models we can easily write down the total cross-
sections for the two processes as proportional respectively to:

OPE Diffraction
Ooe(0) I ey T ony
G"’“(OJO) Fmﬂ:y Fpny
were I, is the width for the p—m-vy decay and I, is that for the

o —>7m-+y decay.

It can now be immediately pointed out that Iy, should be smaller than
the other because it does not conserve the Bronzan-Low .4 quantum number (4),
The same result can be predicted on the basis of SU, (44).

It is now obvious from the preceding table that if ]“WY< Fom, then we
should have

Gtot(po) < O'tut(wo) 3 for OPE,

O ot %) = (@) for diffraction.

This is further evidence that the photoproduction of o mesons is mostly due
to a diffraction mechanism. On the other side, v photoproduction is probably
produced through diffraction and OPE.

(#) J. B. Bronzan and F. E. Low: Phys. Rev. Lett., 12, 522 (1964).
(*) M. Ross-and L. StopoLSKY: Phys. Rev., 149, 1172 (1966); U. Maor and.P. C. M.
Yoox: Phys. Rev., 148, 1542 (1966).
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e) Other possible meson states. Some. evidence has been found for pos-
sible pion resonances with a mass lower than the » mass. However this evi-
dence ig still very controversial. The largest amount of data is available for
the ABC and the ¢ mesons. A large fraction of this data comes from photo-
production experiments. Here we will give a brief review of the main results.

1) ABC. This name has been given to an enhancement in the cross-
section for 2w production at low energy. This enhancement wag first reported
by a Berkeley group (*°) studying the energy spectrum of *He produced in
the reaction

p+d-—>3He-|X?,

initiated by 740 MeV protons in deuterium. The bump found by these authors
should correspond to a resonance with a mass of 320 MeV. The nonexistence
of a similar bump in the reaction

p+d—H|}XF

indicated that the isotopic spin of this state had to be zero.

This phenomenon has successively been looked for with other production
mechanismg and in particular photoproduction experiments. Tentative evi-
dence has been found by B. RICHTER (%) detecting the recoil proton in pion
photoproduction as a function of the primary-y-ray energy. Negative evidence
of the same effect has been found by other authors (¢7).

2) c-meson. We have at present some evidence favouring the existence
of a resonant S-wave pion-pion interaction at an energy of approximately
400 MeV. Indications of the possible existence of this state come from the
spectrum of the pions in the decay of the v° (*%). BROWN and SINGER (*?)
suggested a resonance with quantum numbers IJ° = 0+0+ to explain the
7° decay and the partial rates for the K, decay. The existence of a reso-
nance with the same quantum numbers and a mass ranging from (350 +-400) MeV

(*5) A. ApasmiaN, N. E. Boorn and K. M. Crowr: Phys. Rev. Lett., 5, 258 (1960);
7,35 (1961); Rev. Mod. Phys., 83, 393 (1961); A. ABasuiaN, N. E. Boors, K. M. CROWE,
R. E. Hrr and E. H. RoGers: Phys. Rev., 182, 2296 (1963).

(*%) B. RicarERr: Phys. Rev. Leit., 9, 217 (1962).

(#") €. BErNARDINI, R. QUERZOLI, &. SArLvINI, A. SILVERMAN and G. STOPPINI:
Nuovo CGimento, 14, 268 (1959); R. Gomez, H. BurgkuarDT, M. DAYBELL, H. RUDERMAN,
M. Saxps and R. Tarman: Phys. Rev. Lett., 5, 170 (1960); K. BERKELMAN, G. COR-
TELLESSA and A. REALE: Phys. Rev. Lett., 6, 234 (1961).

(#8) F. 8. CrawrORD jr., R. A. GrRossmaN, L. J. Ltoyp and L. R. Price: Phys.
Bev. Lett., 11, 564 (1963).

(4) L. M. Browx and P. Singer: Phys. Rev. Leit., 8, 460 (1962); Phys. Rev., 133,
B 812 (1964).
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has also been .suggested (*°) to explain the nucleon and the «-& interaction.
Some tentative evidence for this resonance has also been found (1) in the two-
pion-mass spectra from reactions of the type

Y+p— N+4nw.

One photoproduction experiment performed at Frascati (2) indicated some
enhancement in the center-of-mass energy of the two pions in the reaction

Y+p—>pt+mttm.

The proton and the two pions were detected in coincidence using spark cham-
bers and counters. The interpretation of the enhancement found in this ex-
periment is difficult because its energy position does not appear independent
from the various possible kinematical configurations.

* %k %k

It is a pleasure to thank Prof. BLANC-LAPIERRE for his hospitality at the
Laboratoire de I’Accélérateur Linéaire where this paper has been prepared.

We are also very gratefull to Dott. G. DEFRANCESCHI for a critical reading
of the manuscript.

Note added in proofs.

The. definitive results of the German Bubble Chamber collaboration (53} based on
the analysis of 800000 pictures confirm substantially the preliminary results (*2) and
do not invalide the conclusions of the present work. Some evidence for f and X°
resonance are reported and are resumed in a table:

By (GoV) o (ub)
|
f 2.5+3.5 | 2.5 £ 1.3
3.55.8 0.6 & 0.4
X0 1.7 2.3 £ 1.1
2.2 | 0.68 % 0.52
3.3 | 0.31 4+ 0.21

(°°) 'S. FurulicHI: Nuovo Cimento, 39, 279 (2965).

(®1) N.P. Sawmios, A. H. Bacamaxn, R. M. Rea, T. E. KaLoGEROPOULOS and W. D.
SHEPARD: Phys. Rev. Lett., 9, 139 (1962).

(**) R. DL FaBBro, M. pE PrETIS, R. Jonms, G. MARINI, A. ODIAN, G, STOPPINT
and L. Tau: Phys. Rev. Leit., 12, 674 (1964).

(**) GerMAN BUBBLE CHAMBER COLLABORATION: DESY, report 66/32; Phys. Leit.,
23, 707 (1966).
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