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ABSTRACT
In a 35000 picture exposure of the 30-inch hydrégen bubble chamber to
a2 300 GeV/c proton beam at the National Accelerator Laboratory, 1005& inter-
actions have been observed, The mea;uted total cross section is 40.68 * 0.55 mdb,

the elastic cross section is 7.89 * 0.52 mb, and the average charged particle

multiplicity for inelastic events is 8.50 * 0.12.

*
Work supported in part by the U.S. Atomic Energy Commission.

We pfesent data on a determination of the charged particle multipli-
cixy‘dgstribution and of the total and elastic cross sections for 300 GeV/c
proton—-proton interactions. A precise &eterminatiOn of these cross sections .
and of the shape of the multiplicity distribufion are of jimportance to high
energy strong interaction dynamics. The data presented here represent
apéroximately 5.4 times the statistics previously reported at this energyl).

The primary proton beam was extracted from the National Accelerator
Laboratory proton synchrotron and reduced to a suitable intensity for.
the 30-inch hydrogen bubble chamber. The intensity of tﬂe beam was suitably .
attenuated by.closing collimators ané'defocussing magnets, and by the insertion
of an aluminum target approximately 1 km upstream of the bﬁbble chamber. The
target was viewed at an angle of 1.5 mrad. Measurements indicated that the
beam moméntum sﬁread was less than 0.5%. The proton beam entered the bubble
chamber with an angular spread of 1.3 mrad. and within this angular region
the fraction of contaminatingtpartigles is <0.222).

The bubble chamber operated with the following parameters: B -.27kg,

35 mm film, four views, bubble size on film NISum; and a bubble density for
minimum-ionizing particles of 10-12 bubbles/cm. The entrance window was V18 cm
high by 5.5 cm wide.

In the first scan the‘chémber wag imaged at 757 of 1its true size, and
all ghe film was scanned by teams of two phyéicists working together. 1In
this scan a decision was made as to whether a picture was acceptable based
on two criteria: (1) Ali beam tracks entering the chamber had to be parallel
to the beam to <1.3 wrad. Frames with up to 3'off-angle incident tracks were

flagged and were also included in the analysis. (2) The number of beam

tracks entering through the window ‘as projected in view 2 had to be <15.



Most rejected frames showed evidence of a hadron shower upstream of the
visible hydrogen. With these criteria, 20619 frames were accepted out of
34750 frames taken. Tﬁe recorded information included the number of entering
beam tracks, all events, any s;condary interactions, neutron stars, V°'s,
kinks, Dalitz pairs, stopping protons, and mue decays. The average number
of beam tracks per accepted frame was 6.7,

The esecond scan was performed by professional scanners independently of
the first scan, and a third scan was performed by physicista on about 35%
of the film to resolve conflicts. In this third scan, event topologies
were carefully examined using a magnification of three times chamber size,
and conflicts were usually resolve& in favor of the second scan., Scanning
was done without fiducial cut and 12356 events were found. A fiducial
length cut reduced this to our final sample of 10054 events. From the first
two scans, the scanning efficiency for the first scan was computed to be
(95.1 + 0.5)% for two-pronged events and (97.9 * 0.2)% for all other topologles.
The second scan efficiency was almost identical to the firat, resulting in an
overall scan efficiency of 99.7% for two-pronged events and 99.9% for all
other topologiles. The fiducial lengﬁh of 53.09 + 0.14 cm was chosen to allow
215 cm of visible track length at the downstream end of the chamber in order
to minimize the fraction of events of uncertain topology. The quoted uncertainty
in the fiducial length includes the effect of uncertainties in the positions
of events,

In the determination of the incident proton flux the following sources of
systematic error were considered: (i) Beam-track scanning efficiency. This
error is neglible as the two independent scans differed by a total of 12 beam
tracks'out of 138641 incident beam tracks. (1i) Beam contamination. We have
no evidence for any beam contamination, but we include a contribution of 0.2%

2}

to the error in the overall normalization for possible beam contamination

(111) Beam attentuatlon in passing thru the chamber, This results in a
systematic reduction in the beam path iength of (3.88 * 0.04)%. The total
proton beam path length after all corrections including possible beam
contamination is (7.074 % 0.023)x106 cm,

To determine the total cross section two additional sources of error
were considered: (iv) Contamination in the liquid hydrogen. Measurements
indicate the deyterium contamination in the hydrogen 1s less than 1 part in
104, g0 this error is neglibly small3). (v) Hydrogen density. There is an
uncertainty of 0.8% in the density-of the liquid hydrogen. Thig comes from
a study of the range of 290 muons from ﬂ+ decays at rest in the chamber. We
determine the hydrogen densaity to be 0,.0625 + 0.0005 gm/cma.

Elastic events, which constitute about 3/4 of the two-prong sample, were
identified by kinematic fitting. Ail two prong events were completely
measured on image plane digitizers at NAL and processed by the
sta;dard reconstruction and fitting programs TVGP and SQUAW. From a study
of transverse momentum balance, we have concluded that a 3-constraint fit
to the elastic hypothesis (with the fast outgoing proton momentum determined
by the fit) correctly identifies 92% of all true elastic events,

There is a 5% contamination from inelastic eventsa). Corrections for these
effects have been included in the quoted cross sections.

The elastic differential cross .section is shown in Fig. 1. We have fit

bt !

2
the distribution to the function 4o, Ae’" in the range 0.06 < {t| < 0.6 (Gev/c)“,

dt
and obtaln the values A = 83.82 + 2.06 mb/(GeV/c)2 and b = 10.6 + 0.3 (GeV/c)‘z.

Cwith a xz of 7.2 for 9 degrees of freedom, After applying a correction of

(17.8 £+ 1.2)% to the two-prong sample to account for systematic scaanning
losses at low t for both elastic and inelastic eventsS), we find total and

elastic cross gections of 40.68 ¢+ 0.55 mb and 7.89 = 0.52 mb respectively.



We poinc out, from Fig. 1, that the elastic d‘fferential crcas sectlon,
' extrapolated ‘to t = 0 with. constant elope b» is in agteement uith the
optical point calculated fram our meaaured tetal cross sectiou. Wethave
. alao fic tne differential elastic*crosa section deta to. 8 tunction of the
form: ég = Aebt+°tzand obtain no evidence of c different from zerosz{
It is worth noting that oyr: measured total croau eectien ia in asreement
with the value 40,40 +0.28 b for the total pp eross settiou. found in

7 .
‘a counter. experiment at this energy ) Gur elastic elope may be coupared

with previous results at thiavenergya)

.Table 1 shows the topélégical crose sections. ‘The raw charged—particle

multiplicity data obtained in the scan are found in the column marked "Events

Found"

were corrected for the following effecta. .
L(;) Odd Erogg events. There are ‘a total of 80 odd-prong eventa. - These
" may he due to am undetectable 1ow—t proton or to an unresolvable

secondary interaction'cloae to.the primary vertex. The latter effect
appears mostly for -high multiplicity events, end will be discussed in
.the uext-section. Ihe,procedure'edopted here is'to«eseign all odd
‘prong events toithe next‘higher~numberfof eyen prongs, end’then to
correct this revised multipliclty diatributiou for the effect of
close-in secondary interactions.

(11} Close~in secondaries and close-in vees. There are 2947 secondary

interactions and 2059 V° decays from events in the fiducial volume.
From a study of: the ‘distance of ‘secondary interactions and of V*'s
from the primary vertex ve ohserve that within 2.2 cm of the primary

’vertex there is'a loss-of 46 close—in secondaries and 93 close-im V°'s.

- In order to obtain an unbiased multiplicity diatribution, these datah

“patb length,

‘thenk Kv&n—Wu Lei and Ricardo GOmez for helpful diacuseions{

“r X 2 -

B Both of theee correctionﬁ»will lower the nultiplicity‘ 'The‘2967

:f,~obeerved secondery intetgctionsihave & distribution heavily pe&ked

. &t low uultiplicity, i.e.u6~,‘2-oronz eecondariee, 20%- h~pronss,

’9& Ge-prongs. sz B-prpugs, dnd 4% 2 1o-pronsa. Thua the bulk of this
cortection 1owero the primary multiplicity by only two, Nevertheleoc,

" this correction is npplied separately for each primery multiplicity

: according to 1ite observed eecondary multiplicity diatribution. ‘Thc

‘, close—in V’ cortection alwaya 1owers the- primary multiplicity by two.

: (LIT) alitz Eaits, We calculete that 10054 events should contain 404

: Dalitz pairs. The: observed number of Dalitz paire is ouly 137 and
.the data have‘been corrected for the miauing Dalitz pairs according
to the meesured average 7 multiplicity ag a function of charged

- particle multiplicity as meaeured in phnae I of this experimentg)

The ¢olumn labelled "Corrected Number" in Table I 1ists the cha:ged :

' particle multiplicitiee cotrected for all the above effects. The quoted

errors include the statistical error combined with the errors on ‘the

‘ correttious. The cross. aectlons quoted in Table I also inciude errors due

. to the uneertainties in the’ density of the liquid hydrogen and in’ the total

&

In Table IT we’ liat some,; o£ “the moments of £he charged multiplietty B

rdietribution for inelastic interactione only.

© We. thank the- staffs of the acceleretor Neutrino Labaratory, 30~inch

Bubble Chamber and.}ilm Analysis Facility at the National Accelerator Labora—

tory, for thair diligent help dutins the course of this*experiment. KWe also‘a
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Footnotes and References

F.T. Dac et al., Phys. Rev. Letters 29, 1627 (1972).

The muon contamination in the beam has been measured to be < 0,27,

For this measurement the beam intensity was Increased by a factor of
22 above normal running integsity, and the bubble chamber was run with
a muon shield in the beam line. Tﬁe number of incident tracks were

counted and corrections were made for possible muon scattering out of

the beam line.

Lou Voyvodic, private communication.

In the calculation of the transverse momentum imbalance, the fast outgoing
proton was assigned a momentum equal to that of the beam, and its azimuth
about the lens axis at the vertex was recomputed using this momentum.

The resulting resolution in the transverse momentum is +100 MeV/c. The
uncertainty in this proceedure is reflected in the errors assigned to the
elastic and two-prong inelastic cross sectioms.

This correction was made by extrapolating dg/dt from it[ = 0.04 (Gev/c)2

to }t] = 0 with the same slope, b. We have studied the dependence of the
small t correction té the two prong cross section as a function of the missing
mass recoilling from the slow identified proton and find no evidence fér any
such dependence. We believe that this correction to the two-prongs
for the systematic scanning loss at low-t applies to boath elastic and
inelastlc two-prongs.

2
The form 3—Z = aePttet

may be preferable to the form with ¢ = 0 in the
region near. |t| % 0.1 (GeV/c)z, because a "break” in the t-distribution
has been reported in this region. See U, Amaldi, in Proceedings of the
Second International Conference on Elementary Particles, Aix-en-Provence,

France, September, 1973. Nevertheless, although our data do not‘require

7)

8)

9)

such a 'break'" in the t-distribution, we find that an ‘arbitrary
adoption of the two slopes obtained in the TSR Experiment at
approximately this energy (11.57 + 0.03 and 10.42 * 0.17 (GeV/c)~2
from G. Barbiellini et al. Physics Letters 398, 663 (1972)) wil}

result in an increase in the elastic cross section in this experiment

of only 0.11 mb.

‘H.R. Gustafson et al., Phys. Rev. Letters 32, 441 (1974).

S. Childress et al., Phys. Rev. Letters 32, 389 (1974).
V. Bartenev et al., Phys. Rev. Letters 31, 1088 (1973).

See Table I of F.T. Dao et al., Phys. Rev. Letters 30, 1151 (1973).



» ‘Tablé I:

Charged Events
Prongs  Found
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The total error is the statistical ertor combined with

_'Che errors on the corrections.

The cross section errors concain an additional uncertainty i
contributed by the hydrogen denalty and total path length

errors., -

. 10.
By
Tépo;ﬁg;cgl CtoséVSegtionﬂ at -300 GeV ) i
Corrected oo S e . o ) ’ oL T e . .
Number (8) ° “Cross Section mb(b) ’ - - Table II: Moments of the Multiplicity Distribution .
o PO -+ SR R 34 , ’ | AllProngy. Negarives Only.
Inelastic 620 + 105 - 2,40 '0.51 . 8.50 £0.12 . 3.25 £ 0.05
: 1133 s.08 rouds o« 90.22 £ 1,59 | 15.05 £0.30
509 E do - sk soae . @-1s , B2elar alse: 0.25 -
B : - o ~f2 = <n(n - 1)>A— <n> 9.45 #;0;51 1,242 0.}3
1515 ¢ 40 . 5.86 *0.20 : “<n>[<n2> R e 2.01 £ 0.05 1.56 + 0.02
1315 ¢ 37 5,08 *0.19 : S
950 + 33 367 %017 -
656 £ 28 .2.54 0.15
293 + 22 1137 0.12
171 % 15 0.66 % 0.07
67+ 11 0.26 '+ 0.05
47 % 8 - 0.18 * 0.04 .
11 5 0.043 * 0026
9 “ 0.035 ¢ o,oio
1010 _o.oba‘: .004
10519 ¢ ;03_’ 46}683,; 0.55 mb -



Figure 1:

11.

Figure Captions

Differential.cross section for elastic pp scattering at

300 GeV/c., The data points shown have been corrected for
the lass of proton recoils along the lens axis. The very
forward points with ltl < 0.04 GeV/c suffer additional loss
of short recoils at all azimuths about the beam. Those
points have not been included in any fit. The smooth curve
represents our best estimate of the elastic scattering
differential cross section, and 1s a function of the form
da bt

Fr Ae with A = 83.82 ¢+ 2.06 mb/(GeV/c)2 and b = 10.6 ¢

0.3 (GeV/c)_z.
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