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ABSTRACT

Different ways of treating the electromagnetic interaction in proton-proton
scattering for energies between 20-750 MeV have been tested using phase-shift
analysis. New formulae are presented in order to obtain a good separation of the
nuclear and electromagnetic-phase shifts. Inclusion of the electromagnetic form
factors improves the analysis above 300 MeV, but from the analysis it was not
possible to come to conclusions on the shape of the form factors. The ppTr0 pseudo-
vector coupling constant used in the phase-shift analysis was varied and the X? '

surface was studied in six energy intervals.
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INTRODUCTION o

An accurate-treatment-of the electromagnetic..(e.m.) interaction between two
protons 1s necessary 1n order to perform a preclse ana1y51s of proton—proton (pp)
scatterlng data. We were 1nterested 1n th1s problem for two reasons: flrstly,
to separate properly the e.m. and nuclear 1nteract10ns in a phase-shift ana1y51s
in order to treat pp and np data together; secondly, we are interested in the

possibility of obtaining some information about the nuclear amplitudes directly

; from measurements- at small:angleswtlj_in the interference region.

In recent pp phase-shift analyses [2,3] below 1 GeV the statistical errors
for some of the-partial:waves.are comparable with some theoretical uncertainties
in the determination of the e.m. phase shifts. It was shown by Breit and
Ruppel [4] that magnetic moment corrections arerimportant«inwthe description of
the small- angle:pp.polarization. = But the.lowest-order correction: introduced by
them was. insufficient-to. remove a small discrepancy between their phase-shift
predictions: and. the experimental data. Finally, they were able to remove this.
discrepangy:by. dividing the phasehshifts,into two groups, one for high angular
momentum. (1) and the other for 1ong.-;They have stated that the wave-function

distortion.is.largest; in the low L group.and.that it is not necessary to calculate

gﬁitsﬁgffects,becaysexthe;phaseqshifts;can be. determined by the search-:procedure.

Although the fit to the experimental data has become better, thete still.remains
one deflclency 1n thls treatment namely that for the low L group the phase shifts
obtalned are not we11 separated from.the e.m. phase ShlftS The aim of our work
i to oVercoms tHis defiéisncy.” For ‘thig’ purpose, ‘the follow1ng steps have been
taken: T
1) We ha%e*calculated?the”e:m.”phasé.shifts 6n the basis of recent interpreta-
tions of the sum of divergent partial waves Of the e.m. interactions’ by
.gmeansgof}d;stribntionng5,6]T;«Becausegthefe.miLcoupling;constant,is=sma11,
ubitgwasapossible,to,performgagsystematicjevaluation,of,the e.m. phase shifts

.in.terms.of Feynman diagrams. .- .

ii) We have included in our analysis the e.m. form factors of the proton. It
seems that by 1nc1ud1ng them there is no. need for. the separation into the
two groups, low and hlgh L partlal waves, for whlch the e.m. contributions

should be treated differently.

The method of our phase-shift analysis (Sectiom 2) is based on an earlier

_work of Bystricky and Lehar [3] . In thlS ana1y51s we still maintain the low and

bhlgh L separation of the one- plon exchange (OPE) contribution. By means of X

analysis we have studied the sensitivity of the fit to the experlmental data to

the change of the pion-nucleon coupling constant of the hlgher L waves. The
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tion and their partial wave expansions.
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Below we list the helicity amplitudes of the one-photon exchange pp interac-

niques and formulae of Gersten et al. [10] and Eq. (1):
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Fortunately enough the resulting divergent series (which have a meaning in terms

of distributions) can be summed analytically for most of the terms. All singular

terms (which contribute mostly in the forward direction) are obtained in an ana-

lytic form.

We obtain the following result (the details of the calculations are

given in a separate paper [6]):
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interval of incident particle energies T, by a cubic function

3
az. i
Re 6,(T) = Z 2 a-T)t, (18)
1.
. i=1

where T  is a fixed energy within this interval and where the fitted parameters
ag, vee 3y, represent the value and the first three derivatives of GQ(T) at T = T,.

The imaginary parts are parametrized by

r 0 for T < T,
Im GQ(T) = 3 bzi . | (19)
- Z —i—!—' (T - TOQ,) for T > TO
i=2

where the threshold energy T,, for each phase shift is treated as a free parameter,

2

and where the coefficient bl is required to be non-negative. 1If the threshold
2
is below the lower limit of the interval, the form of the energy dependence of

Im 6% coincides with that of Re 62.

For the partial waves with total angular momentum J > Jmax the contributions

of OPE were included. The coupling constant f2 can be treated as a free parameter.

~ The information on the inelastic processes is introduced by fitting the total
cross-sections of the reactions (i) pp > ppr?, (ii) pp - pmr+ and (iii) pp ~ ant
together with the total inelastic cross—section data [sum of (i) + (ii) + (iii)]
and independent data of total cross—sections with charged pions [sum of (ii) + (iii)].
The calculated total inelastic cross—section was ‘used instead of directly measured

data.

Altogether about 2850 independent experimental data were used. These data were
divided into six overlapping energy intervals: 19-150 MeV, 95-270 MeV, 170-350 MeV,
270-460 MeV, 380-610 MeV, and 560-750 MeV.

The amplitude representation used in our computation can be found in paper

[13].

RESULTS

We have performed the phase-~shift analysis in six energy regions with three

different treatments of the e.m. contributions:
i) Breit formalism without taking into account the wave distortion effect (B),
ii) complete Breit formalism (BC)m

iii) our formalism (G).
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to treat in a better way the forthcoming pp data at small angles from the experi-
ments which are in progress at the meson factories at LAMPF, SIN, and TRIUMF.
With the supply of these new data, an accurate treatment of the e.m. interaction
_will become more important, both for the pp and for the np interactioms. In the
future, a correct treatment of the e.m. interaction will also be important for

higher energy experiments being prepared at ANL and at Saclay.

From Fig. 2 we see that the pion-nucleon ppm® coupling constant is deter-
mined best in the energy intervals around 140 and 260 MeV. This is strongly re-
lated to the ppesence‘df:more small-angle data in theée energy intervals [1].
Therefore we expect that with the new data the determination of the value of the
pp® coupling constant,will be much more accurate. We should.point out that the
ppT® coupling constant obtained in our analysis is systematically smaller than the
coupling constant obtained from Tp scattering data. We expect that this question

" also will be resolved in the near future.

It follows from Table 3 that the inclusion of the form factors gives a sig-
nificant improvement in the interpretation of the data. On the other hand, as
we can see from Fig. 1, the pp data at the energies considered do not give enough

information on the shape of the form factor.




_11_

Table 1

Nuclear phase shifts (in degrees) and the ratio of the real to the imaginary
part of the forward-scattering spin-independent nuclear amplitude for the

three cases B, BC, and G

Enérgy 40 MeV 90 MeV ,
Re § B BC G efi;‘r B BC G e}ﬁf’ér
15, 43.20 | 43.20 | 42.91 | =% 0.17 | 28.91 | 28.91 | 28.82 | % 0.42
3P, 9.91 9.80 | 10.32 |+ 0.53 | 9.05 9.00 9.12 | + 0.70
3%, |-6.35 | -6.42 |- 6.47 |+ 0.21 | -12.68 | -12.79 |-12.68 | * 0.29
3P, 4,06 | 4.12 4,10 |t 0.15 9.48 9.57 9.50 | * 0.21
1p, 1.62 1.62 1.60 | % 0.05 3.73 3.73 3.71 | + 0.14
es |-1.78 | -1.76 |-1.58 |+o0.14 | - 2.27 |-2.29 |-2.17 | £ 0.12
¢, |-0.71 | -0.76 |-0.88 |+ 0.18 | - 0.42 |- 0.48 |- 0.68 | + 0.32
3F, 0.31 0.31 0.51 |+ 0.26 | - 0.40 |- 0.42 |-0.19 | £ 0.28
sp, |- 0.18 |- 0.16 |- 0.29 {+0.10 | - 0.15 |- 0.09 |- 0.27 | % 0.19
16, 0.06 0.06 0.10 | * 0.05 0.40 0.39 0.40 | + 0.08

e, |-o0.16 |-0.16 |-0.14 | 0.09 | -0.45 |- 0.45 [~ 0.40 | £ 0.08
3H, 0.12 0.09 0.13 |+ 0.10 | - 0.21 [-0.25 |- 0.18 | + 0.08
I, 0.04 0.02 0.06 |+ 0.13 0.61 0.58 0.63 | £ 0.15

Re/Im 1.421] 1.408| 1.442]+ 0.016} 1.951| 1.917| 1.945| % 0.033
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Table 1 (cont.)
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Energy 310 MeV 430 MeV
Re § B BC G ef:gr B BC G egiﬁr
s, - 6.78 - 6.63 - 7.08 + 1.25 -17.86 |-17.61 | -18.29 | £ 1.27
3P, - 4.90 ~ 5.05 - 5.13 t 1.45 -16.03 |-18.01 | -17.58 | = 1.80
’p, ~20.89 -20.78 -20.92 + 0.95 -34.07 |-34.37 | -34.61 | 1.09
p, 20.72 21.08 20.84 + 0.62 18.96 18.49 18.40 |+ 0.69
Dy 12.05 12.07 12.07 + 0.43 13.22 13.30 13.24 |+ 0.55
€2 - 1.28 - 1.18 - 1.20 + 0.43 -1.18 |- 1.38 | - 1.34 |+ 0.77
’F, - 2.41 - 2.66 - 2.53 + 0.55 1.56 1.23 1.37 | £ 0.86
Py |- 1.91 - 1.92 - 1.91 + 0.64 - 1.8 |- 2.16 | - 2.06 | £ 0.38
5F, - 0.14 - 0.17 - 0.26 + 0.38 3.38 3.52 3.37 |+ 0.17
G, 1.91 1.93 1.94 + 0.27 2.41 2.35 2.34 | £ 0.29
€y - 1.07 - 1.03 - 1.05 + 0.32 - 3.20 |- 3.13 | - 3.19 | £ 0.30
*H, - 0.43 - 0.68 - 0.56 + 0.45 0.07 0.07 0.06 |+ 0.38
Hs 0.04 0.08 0.12 t 0.46 - 0.54 |- 0.59 | - 0.51 | £ 0.40
*He - 0.21 - 0.19 - 0.24 + 0.33 0.06 0.41 0.27 |+ 0.29
116 - 0.51 - 0.49 - 0.48 + 0.21 0.45 0.42 0.43 | = 0.25
€6 - 0.93 - 0.91 - 0.92 + 0.25 - 1.36 |- 1.28 | - 1.31 | £ 0.15
336 0.15 0.09 0.13 +0.22 -0.09 |-0.17 | - 0.15 |+ 0.15
83, 0.55 0.57 0.59 + 0.29 - 0.67 |- 0.56 | - 0.56 | % 0.32
Im §
Im 'S, - - - - - - - -
Im °P,; 0.00024 0.00049 0.00166| + 0.00743 1.10 0.67 0.95 | = 0.88
Im °p, - - - - 0.11 0.11 0.13 | + 0.05
Im 'D, 0.165 0.169 0.168 + 0,009 1.67 1.93 1.73 | £ 0.57
Im °F, - - - - - - - -
Im 3F; - - - - - - - -
Re/Im 1.002 0.971 0.976 + 0.039° 0.630 0.605 0.602} = 0.015




three cases B, BC, and G, for different energy regions
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Table 2

Comparison of x? and x2/x? for the

Mean energy 80 140 260 350 500 - 670
of interval MeV MeV MeV MeV MeV MeV
B 770.39 596.14 375.81 597.50 894.07 784.02
w21 se 177115 Iser.on lassiz |s77.13 Use7.80 |773.13
G 769.74 590.91 364.39 578.28 867.77 777.12
B 1.0097 1.0087 0.9916 | . 0.9514 1.0241 0.9644
y2
ég. BC 1.0107 1.0015 0.9450 0.9190 0.9952 0.9510
X
G 1.0088 0.9999 0.9615 0.9208 0.9929 0.9489
Table 3
%% with and without the form factor for the case G
Mean energy of interval (MeV)
80 140 260 350 500 670
Without
form 770.10 590.60 369.00 587.85 878.82 782.44
factor
2
With
form 769.74 590.91 364.39 578.28 867.77 777.12
factor
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Figure captions

Fig. 1 : Dependence of X2 on the dipole'mass m for the case G.

Fig. 2 o Dependence of X2 on the coupling constant f2 for the case G. An

arbitrary constant is subtracted from each curve.
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