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IN PROTON-PROTON COLLISIONS AT 2.85, 4.55, 6.06, AND 7.88 GeV/c
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Momentum spectra of protons scattered inelastically in proton-proton collisions were
obtained in an external beam at Nimrod using incident proton momenta of 2.85, 4.55,
6.06, and 7.88 GeV/c and various scattering angles in the range 22 to 144 mrad. There
is evidence for the production of the 1410 MeV isobar at small angles. The well-known
isobars of mass values 1236, 1518, and 1688 MeV are also seen. The differential cross
sections are presented for the production of these isobars. They are analyzed in terms
of the usual variables s and £. Fits to the observed momentum spectra indicate for the

N*(1410) a mass of 1410+ 15 MeV and a width of 125+20 MeV.

We have measured the momentum distribu-
tions of protons scattered at small angles in
high-energy proton-proton collisions. The ex-
periment was performed at incident momenta
of 2.85, 4.55, 6.06, and 7.88 GeV/c, and pro-
tons were momentum analyzed at various scat-
tering angles in the range 22 to 144 mrad.

In the reaction

p+p-p+X, (1)

knowledge of the incoming and outgoing proton
momenta and the scattering angle determines
the invariant mass of the recoiling system X.
Peaks in the momentum spectrum of the detect-
ed proton may be caused by resonant behavior
of the group X. Experiments of this type have
previously been carried out at various energies
and angles at the Cosmotron,'’? CERN proton
synchrotron,3~® Bevatron,® and alternating-gra-
dient synchrotron.” In the present experiment
the use of several incident momenta, together
with a range of scattering angles for each, al-
lows us to investigate systematically the pro-
duction of various nucleon isobars as functions
of the kinematical variables s and ¢ in a rela-
tively unexplored region. The squared total
center-of-mass energy, s, varied from 7.3
(GeV)? at the lowest beam momentum to 16.7
(GeV)? at the highest. The squared four-mo-
mentum transfer, —¢f, varied from 0.03 to 0.8
(GeV)2.

The experimental arrangement is shown in

Fig. 1. An extracted beam of 10° to 10'° pro-
tons per pulse from Nimrod passed through
two bending magnets M1 and M2 and was focused
onto a 10 cm liquid-hydrogen target. Scintil-
lation-counter telescopes and a magnetic spec-
trometer consisting of three 1-m bending mag-
nets, M3, M4, M5, in series, analyzed the
fast scattered protons. Six four-fold counter
telescopes, spaced approximately at 5-mrad
intervals, enabled spectra at six angles to be
obtained simultaneously. A wider range of
scattering angles was obtained with the same
counter positions by varying the input beam
direction by adjusting the currents in M1 and
M2. The input beam directions, and hence the
scattering angles, were obtained by photograph-
ing the beam profiles at two positions. The
proton beam intensity was recorded by an ion
chamber, which had been calibrated using the
reaction 2'Al(p, 3pn)?*Na in an aluminum-foil
activation. Absolute values of the momentum
of the scattered protons were obtained by ref-
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FIG. 1. Schematic representation of the apparatus.
The transverse scale has been exaggerated for clarity.
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erence to wire-orbit measurements simulat- of about 50 points in each spectrum. The fol-
ing the trajectories through the spectrometer lowing qualitative features were apparent:
magnets, and checked with the known momen- (1) The production of the 1236-MeV nucleon

ta of the elastic-scattering peaks, which were isobar can be seen at all but the largest momen-
seen clearly at all angles. The elastic peaks tum transfers. The shoulder on the high-mo-
also gave an experimental value for the effec- mentum side of the peak, which could be:ex-
tive momentum resolution of the experiment. plained by the detection of the decay proton

The elastic peaks were all about 60-MeV/c from a 1236-MeV isobar, is particularly clear
full width at half-maximum. at low momentum transfers.

Figure 2 shows several momentum spectra (2) The two T =% nucleon isobars at 1518 and
for Reaction (1) selected from measurements 1688 MeV are seen at the three higher incident
taken at each of the four beam momenta. Near- momenta. The change in production cross sec-
ly a hundred such spectra were measured with tion of these isobars with angle is not so rapid
a statistical accuracy of about 3 to 5% on each as that of the T =3 1236-MeV isobar.
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FIG. 2. Differential cross sections for Reaction (1) expressed as d20/dQdp in millibarns per steradian per GeV/c,
against momentum p (GeV/c) of the scattered protons. Each vertical column refers to the incident momentum in
GeV/c shown at the top. The laboratory scattering angle in milliradians is shown in the top left-hand side of each
graph. Arrows indicate the expected position of peaks corresponding to the missing masses shown ahove the
arrows.
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)

(3) The data are consistent with the existence arate the individual distributions from one an-~
of an isobar of mass around 1410 MeV which other and from the nonresonant background.
is produced strongly at small angles, but whose The following graphical procedure has been
production decreases rapidly with increasing adopted for evaluating the differential cross
angle, and therefore becomes masked by the sections of Reaction (1), where X is taken as
neighboring 1518 isobar. The actual mass and one of the various isobars:
width of this isobar requires a more quantita- (i) Since the mass (1236 + 0.4 MeV) and width
tive analysis of the data, as does the detailed (120.0+ 1.5 MeV) of the N*(1236) are accurate-
s and ¢t dependence of the isobar cross sections. ly known,® a peak corresponding to this mass

The spectra in Fig. 2 are plotted in the form and width was fitted to the experimental data.
of do?/dQudp against p, the momentum of the The area of the peak was measured to give the
inelastically scattered proton in Reaction (1). differential cross section do/dS for the reac-
In order to obtain quantitative information when tion
X is a resonant system, it is necessary to sep- p+p—~p+N*(1236).
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FIG. 3. Differential cross sections for the reaction p +p —p +N* expressed as do/dlt| in millibarns per GeV?

against |£l, the modulus of the squared four-momentum transfer in GeV?. The lines indicated are fits to the ex-

pression do/dlt|=Ae=bll. The values of A and b and the I¢1 range used are indicated in Table I.
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(ii) There was no significant structure in the
inelastic spectrum corresponding to mass val-
ues >1688 MeV. A smooth curve was extrapo-
lated from the high-mass region to the region
of the N*(1688). A subtraction of this extrapo-
lated background from the experimental data
gave a peak consistent with a mass assignment
of 1688 MeV and width ~120 MeV. With these
values the differential cross sections have been
extracted for the reaction

p+p—p+N*(1688). 3)

(iii) The total background left after the re-
moval of the contributions from the N*(1236)
and N*(1688) from the spectra was smoothly
continued under the remaining structure and
subtracted. At large momentum transfers a
single peak remains consistent with the known
mass (1518 MeV) and width (120 MeV) of the
N*(1518). At low momentum transfers the pre-
dominant peak corresponds to a mass of about
1410 MeV, and at intermediate momentum trans-
fers a wide peak is observed whose position
varies with momentum transfer between 1518
and 1410 MeV. Using the accepted values of
mass and width of the N*(1518), the differen-
tial cross section of the reaction

p+p—~p+N*(1518) 4)

was evaluated.
(iv) The remaining structure is consistent
with the reaction

p+p—~p+N*(1410), (5)

where the N* has a rapidly varying angular

distribution, a mass of 1410+ 15 MeV, and a
width of 125+ 20 MeV. The uncertainty in the
width depends somewhat on the fitting proce-
dure and has been estimated from two sets
of fits.

There is evidence for an N* of mass about
1410 MeV in the T =3 total elastic 7-p cross
sections and in the 77 -p mass spectrum in
the final state of the reaction 7~ +p -7t +7~
+71~ +p,% in K~ -p collisions,!® and in p-p col-
lisions.>”™ Phase-shift analyses of pion-nucle-
on scattering~'® indicate that the only phase
shift which shows any marked variation in this
energy region is the P,,. By considering the-
position of fastest variation of the real part
of this phase shift with energy, a resonant mass
value of about 1400 MeV is suggested.

The variation with ¢ of the differential cross
sections for the various Reactions (2)-(5) are
shown in Fig. 3. During the fitting procedure
outlined above, estimates were made of the
uncertainties to be assigned to these cross sec-
tions. These turned out to be in the region
+20 to +30%. In addition, there is a +13% un-
certainty in the absolute scale of the cross sec-
tions which arises from the uncertainties in
the calibration of the ion chamber. The data
have been fitted using the expression

do__, -bltl ‘
ai A ’ (6)

and the resulting values of A and b are listed
in Table I.

The total cross section for the production
of the various isobars was calculated by inte-

Table 1. Thelpzflrameters A and b, and op. The ¢l range quoted in the third column is that over which the ex-
t

pression Ae -b

has been fitted, and does not necessarily include all the data (see Fig. 3). The normalization

uncertainty of £13% is included in the quoted error on o7, but not in those on A and b which are just fitting errors.

po ltl A b O'T
(GeV/c) N* (GeV?) (mb/GeV?) (GeV™?) (mb)

2.85 1236 0.031-0.16 15.0+1.6 6.9+1.2 3.8%0.6
4.55 1236 0.034-0.27 6.9+0.7 8.9%0.9 L5+0.2
6.06 1236 0.056-0.26 2.8+0.5 10.0£1.0 0.6%0.1
7.88 1236 0.046-0.34 2.1£0.3 9.9%0.6 0.41+0.06
4.55 1410 0.044-0.22 5.5+0.8 14.0+1.3 0.630.08
6.06 1410 0.061-0.16 8.8+2.9 20.7+2.7 0.65+0.18
7.88 1410 0.048-0.145 5.9+2.5 22.1+4.1 0.45+0.09
4.55 1518 0.057-0.27 2.2£0.2 5.4%0.8 0.68+0.08
6.06 1518 0.065-0.29 1.8+0.4 7.1+1.1 0.45+0.09
7.88 1518 0.092-0.484 0.9%0.1 5.3%0.5 0.31+0.05
4.55 1688 0.091-0.27 2.1£0.5 4.6+1.3 0.7+0.1
6.06 1688 0.081-0.30 1.8+0.5 5.6+ 1.3 0.5%0.1
7.88 1688 0.058-0.5 1.3£0.2 4.8+0.4 0.46%0.09
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FIG. 4. Total cross sections for the reaction p +p
—p+N* expressed as millibarns against incident mo-
mentum in GeV/c.

grating Eq. (6) between the maximum and mini-

mum physically allowed values of || and mul-
tiplying by 2 in order to include the backward
hemisphere in the center-of-mass system.
The results are given in Table I, and are shown
as a function of incident momentum in Fig. 4,
together with the data of Anderson et al.” for
higher incident momenta. The errors shown
have been calculated from the error matrix
of the least squares fit to expression (6) and
the 13% uncertainty in the absolute scale, the
latter being the major contribution. Clear s
dependence is seen from the N*(1236) and the
N*(1518) at the lowest incident momenta.
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