VOLUME 25, NUMBER 19 PHYSICAL REVIEW LETTERS 9 NOVEMBER 1970

H. R. Collard, L. R. B. Elton, and R. Hofstadter, p. J. Biggs et al., Phys. Rev. Lett. 24 1197 (1970);
in Landolt-Boevrnstein Numerical Data and Functional Rothwell ef al., Ref. 4.
Relationships in Science and Technology, edited by Hgince the two variables 'ywz/'ypz and ¢y are strongly
K.-H. Hellwege and H. Schopper (Springer, Berlin, correlated when ¢, is close to 90°, the difference in
1967), New Series, Group I, Vol. 2. the value of y.7/y,” is mainly caused by the difference
'S. D. Drell and L. C. Schwartz, Phys. Rev. 112, 568 in ¢yyp. Other possible causes of the difference in ¢,
(1968). are method of analysis used, mass calibration, spec-
8We have used the program of Dr. G. Wolf and the trum and energy of the bremsstrahlung beam, and nor-
data of w production on complex nuclei from the Roch- malization.
ester group to estimate the term 4,2, 25, E. Augustin et al., Phys. Lett. 28B, 508, 513
*H. Alvensleben et al., Nucl. Phys. B18, 333 (1970). (1969).

Determination of the Photoproduction Phase of p° Mesons*

H. Alvensleben, U. Becker, M. Chen, K. J. Cohen, R. T. Edwards, T. M. Knasel, R. Marshall,
D. J. Quinn, M. Rohde, G. H. Sanders, H. Schubel, and Samuel C. C. Ting
Deutsches Elektvonen-Synchvotvon DESY, Hambuvg, Gevmany, and Department of Physics and Labovatory
Jor Nuclear Science, Massachusetts Institute of Technology, Cambvidge, Massachusetts 02139
(Received 24 August 1970)

We have measured large-angle electron-positron pairs from the reaction y+Be — Be
+e*+e” in the e¥e” invariant-mass region 610 <m <850 MeV/c?, The phase of the photo-
production amplitude of the p meson at 4.1-6.1 GeV was found to deviate from pure imag-
inary by 11.8°+4.4° which corresponds to a ratio of the real to imaginary p-nucleon am-
plitude of B=0.2+0.1.

Recent developments in the photoproduction of vector mesons® show that in order for the vector-
dominance model to hold the p-nucleon amplitude in the GeV region must not be purely diffractive but
should contain a substantial real part. Independently, the quark models of Joos,? Dar and Weisskopf,?
and others predict an equality between the p-meson—nucleon amplitude A ox and the mN-scattering am-
plitude A, so that at 4-6 GeV for p mesons the ratio of real to imaginary amplitude is 8 ~~-0.2. The
purpose of the present experiment is to measure directly the value 8 and compare it with the predic-
tions of these models.

We determine B by studying the e*e ™ yields from the reaction

y+Be~Be+e'+e” (1)

in the energy region 4.1-6.1 GeV and the e¢*e™ invariant mass region 610 <m <850 MeV/c2, To second
order, the amplitude for Reaction (1) is

Ar=A)+A, () +Apu(2y) +Apu(3y) + A, (¥),

where A,(y) and A, (y) are the diffractive photoproduction amplitudes of p and w mesons decaying into
e*e” via one photon. Agy(2y) is the ordinary Bethe-Heitler (BH) amplitude (which is real) where the
final e’e” states are connected to two y rays. Apy(3y) is the second-order BH pair amplitude in which
the ee™ are connected to three y rays. A,(y) is the incoherent p, w meson production amplitude.

It follows from charge-conjugation invariance that 2{A asy)?=(Arle*,e7))*=(Ap(e™,e"))? can come
only from interference terms involving an odd number of photons:

(Auy) =Rel{A4 () + A4, ()| A5 1(27)) + (A5 4(2)| A g u(3¥)].
At high energy on complex nuclei in the region of the p mass, one has
(A y)* ~Rel(4, )| Agu2y)]. 2)

Since Agy(2y) is real, the measurement of asymmetric e*e™ pairs yields information on the phase
(ie*?) of A, (7).
The interference between the Bethe-Heitler** and Compton processes is described by the cross sec-
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where 2 is the charge of the target; %, the photon four-momentum; p,, the four-momentum of the e*;
E,, the energy of the e*; P, the initial four-momentum of nucleus; @ =k +P—p ~p - is the recoil four-
momentum of nucleus; t=(k—p.+—p -)% S(k), the bremsstrahlung energy spectrum; and Gg(f), the elas-
tic form factor of the target. The metric is gy,=1, g;;=-1 (=1, 2, 3) with the z axis defined to be the
beam direction.

The direct comparison of the asymmetric data with Eq. (3) is complicated because of the following:
(1) There is no theory for wide resonances; the p line shape is not well known. (2) The forward dif-
ferential cross section of p production is known only to +10% and therefore D(k) to +5%. (3) The dif-
fraction slope a is known to +10%. (4) The coupling constant & yp is uncertain to +10 %.

To reduce or remove dependence on these parameters we considered (instead of 0,) the quantity

0; _Re(A) o 4
W‘—_LIAJ n(p.,p-)=sin(e +)n(p,,p-), (4)
where
ImA m, I
_ 0 ~—tpp
tanw_Rer m o2 ~m?
if the w contribution is small;
_P+'P+p—'P—P+'p->l/2A A, = et _2<k-p+ kep- tm-p_)
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Po=lBustb o Pt (Pay+D =P+ (D atb_ P12, P=P+Q, (p,p_)y,=E.E_(1-cosb, cosb_).

ogu(m) is the BH contribution, calculated with the
measured elastic form factor of beryllium, and
0c(m) is the contribution of the Compton term,
including both p and w mesons. The determina-
tion of the production phase angle ¢ is thus inde-
pendent of the following parameters: a, D(k),
Gg(?), S(k), and g,,, and the dependence on m,,
T,, my, Ty, ¥,°/%7 ®up, and normalization is
minimized.

This experiment was done on the modified
DESY-Massachusetts Institute of Technology
spectrometer.®

The target was chosen to be 2.1-cm Be. The
apparatus and experimental procedure were the
same as described earlier.® The data were col-
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lected with %, ,, =7.0 GeV and p,=2.560 GeV/c
for the four angles 6,=7.5° 8.0°, 8.4° and 8.8°,
bPo and 6, being the central momentum and the
angle of one spectrometer arm, respectively.

In order to describe the results of the measure-
ments, we adopt the following notation: The sub-
script L (R) refers to the left (right) arm of the
spectrometer. The subscripts “+” and “-"" de-
note the sign of the charge of the lepton passing
through the right arm of the spectrometer. The
expression N, (0, m) with 6=p.6,—p, 6, then rep-
resents the observed number of events with mass
m and a pair transverse momentum 6. Figure
1(a) shows N, (6, m)-N_(5, m). For purposes of
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FIG. 1. (a) The measured asymmetric events N, (,7)—N - (6,m) as a function of 6 =p p6~p 60, for each mass bin
of 30 MeV/c?. The curves correspond to Eq. (6) with ¢ =11.8°. (b) The fitted values of ¢ for each mass bin of 30
MeV/c?. For the mass bin at 745 MeV/c?, two local minima were found. (c) The quantity sin(y +%) as a function
of the e*e™ pair mass. This quantity is independent of all parameters and is thus the most reliable result of this
experiment.

analysis the experimental results were represented by the expression

_N+(6, m)_N—(Gy ’WL)
Rexpe 00 m) = T N o) T2 ®)

as discussed above [Eq. (4)].

The calculated BH mass spectrum corresponding to oy is Ngy(m), and N(m) is the number of ex-
perimental events attributed to the diffractive Compton process. If N,(m) is the total number of experi-
mental events at mass m and N;(m) is the incoherent and one-pion—exchange production part of the

Compton process together with the inelastic BH contribution calculated using the Drell-Schwartz sum
rule,® then

Nc(m)=Ny(m)=Ngyulm)-N;(m).
The data were compared with

0;(6,m)+€(6,m)
[UBH(m)UC(m)]1/2

€(6,m)
logulm)oclm)]* 2’ (6)

where €(8,m) is the contribution of the interference of the BH term and the two-photon exchange pro-
cess.” In our case €(6,m) is small compared with ¢;. Variables other than 6 and m were integrated

over the spectrometer acceptance. The data were binned with Am =30 MeV/c2. The quantity R(5, )

depends on the spectrometer acceptance because 0;, opy, and oc vary rapidly and depend differently
upon kinematic variables.

In order to reduce the dependence of the result on w parameters, we only used 610 < <760 and

R(6,m)= =sin(@ +¥m(p.,.p-)+
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790 <m< 850 MeV/c?. Choosing m,=765, T,
=130, m,=183.7, T,=12.7 MeV/c? v,2/v,2=9.4,
and ¢,,=41°° comparison of the data with the
theoretical expression R(5, m) yields ¢ =11.8°
+4.4°,

For light nuclei the effect of nuclear physics
is small, and using the Margolis multiple-scat-
tering theory® we relate the production phase
angle ¢ of the p meson on Be to that on a nucleon.
Thus B, the ratio of real to imaginary part of the
p-nucleon amplitude, can be related to ¢. From
©=11.8°+4.4°, we obtain $=-0.2+0.1 [Fig. 1(b)].

The measurement of the quantity sin(¢ +¥) in
Eq. (6) is independent of parameters like m,,

r,, m,, T,, v,*/v,% etc.and thus is the most
reliable result of this experiment [Fig. 1(c)].

The results of the fits are sensitive to the val-
ue of m , used but are reasonably insensitive to
all other variables. Furthermore, the fitting re-
sults are almost independent of the details of
the p line shape, e.g., independent of the Ross-
Stodolsky factor, etc. If y =A@, the sensitivities
of ¢ to the changes of input parameter x are
x=m, (10 MeV), y=24.6% x=T, (x20 MeV),

y =%2.2% x=m, (+2.7 MeV), y=%0.5% x=y,%/v,®
(1), y=0.6% x=¢,, (+20°, y= (-2.4°, +2.8°),
and x =normalization (8 %), y =¥0.3°. In order
to see any mass-dependent effect on the phase
angle ¢, we also fit for ¢ in each 30-MeV bin.
The result is shown in Fig. 1(b). No obvious
mass dependence is noticed.

Photoproduction of p mesons and 7 elastic
scattering are related according to the quark and
vector-dominance models. Our result is in
agreement with 8= —0.25 obtained from the anal-
ysis of total cross sections® at 5.1 GeV and with
the value of 3=—0.2 obtained from the measure-
ment of the 7*p total cross section.®
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