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STUDY OF TWO PARTICLE DISTRIBUTIONS IN THE SECONDARIES
PRODUCED IN PROTON PROTON COLLISIONS

ABSTRACT

We propose extending our study of single particle
spectra in p-p interactions, to study the two particle dis-
tributions of secondaries. The proton-proton interaction is
unique in two respects dompared witﬁ other hadron proton inter-
actions. The proton beam intensity is much greater than any
secondary beam intensity and in addition, has a higher energy.
Secondly, in proton-proton cgllisions @ue to the symmetry in
the center of mass system, observations of the low energy single
pérticle secondaries in the laboratory system permit a complete
study of the single particle spectra. We propose studying the
two particle spectra in which the two particles have longitudinal
cms momenta of opposite sign. fhis results in one particle hav-
ing less than 2.4 GeV/c in the laboratory and the other particle
generally having >>10 GeV. The low momentum particle will be
detected with the spectrometer which we are presently constructing.
The high momentum particle will be detected with a total absorption
nuclear cascade detector. Mass ideﬁﬁification on the'high energy
will not be made.

The object of this experimental proposal is to find clear
cut qualitative features of high energy hadron-hadron collisions
as they are displayed in two particle cross sections. These
results coupled with our presently approved study of single
particle spectra will provide many of the basic qualitative

features of high energy strong interaction dynamics.




I. JUSTIFICATION

There does not exist a real theory of strong inter-
actions at present. The models of high energy processes that
one studies are no substitute for su¢h a theory. It is the aim
of this experimental proposal, coupled with Proposal No. 63 to

help characterize the general features of multiple particle

production independently of any model.

We propose studying
p+p—+a+ b+ anything

where a, b, can be any one of the following particles n+, T,
‘K+, K, p or p. For the purpose of this proposal we shall con~
centrate on a discussion where a is a proton and b is any of the
long-lived charged hadrons. Of course, we will simultaneously
record data with particle a as a'pion-or kaon.

There is a well known analogy which links multiparticle
production cross sections to the multiparticle distribution
functions of a classical gas. The scaling laws predicted by the
multiperipheral model may be introduced via this analogy. 1In
addition, the conceptual development‘of the Feynman parton model
of high energy collisions depended to a significant extent on
‘this analogy. Finally, the thermodynamic model of Fermi and
Hagedorn is largely based upon the analogy. 1In a real gas a

knowledge of the density and density correlation functions (as a

function of temperature and pressure, say) determines all the

properties of the gas of practical interest. By analogy, a know-

ledge of the density and density-density correlations of the




"elementary particle gas" at high energy should be invaluable
in characterizing its properties.

The density of the gas is simply the invariant singlé
particle spectrum for the scattering problem (this will be
different for the different species of secondary particle
w+, K --). The density-density correlations of the gas corres-
pond to the two particle correlation.function (again this will be
different for different species of particles). In this way, the
gas analogy makes clear that any attempt to study multiple pro-
duction should include experiments on the single particle dis-
tributions and the two-particie correlation functions.

We shall try now to be more specific and give examples

of the type of gualitative features that nature may reveal in

these experiments. Consider the diagram

where p,;, p, are proton 4-vectors, P,r P, are the 4-vectors of
the detected particles and x is the undetected hadron state.
The measured differential cross section
do
3 3
d pa/Ea d pb/Eb

is a function (F) of six variables.




We may write these six variables as

8 = (;_:.;1 + pz)2

= 11
X, = Zpa /VS
Xy = 2pé1//S
e
Ip, |
-3
{pbll
-> >
and Pas* Ppa

The basic question is: what simple features does the function
F exhibit at high energy? ) ‘

We list some features that have been suggested in the
last year. At this stage we should acknowledge stimulation by
the ideas of Ken Wilsonyof Cornell on possible experiments on

multiple production.

1. Scaling Hypothesis:

d*p_ d’p
do a b . 1D 5 |: b P
= S - o o __f.;_ib__F (Xa, Xb'!pal.'[pb-‘-[' Pa‘L- pb.L)

Xar Xp fixed

.

> .
Pa,’ Ppy fixed

In other words, at high enough energy the function F becomes a

function of 5 rather than 6 variables; -- the S dependence drops

out.

2. dx/x Proposed Law:

d3p d3p
do . a b
57 large fixed 8§ ~ E, Eb

F

5

+ »
Py pbl.flxed
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where it is proposed that F may be a constant for X,
<
X, ~ 0.3.

3. Proposed Factorization Law:

>

->
F (S, xa: X 7lpa1l’li§bl{' Pai . gb.l)

- > ->
=1 (8) G<xar Xb) H(fpali Pb,’lrfga_l_- ng_)

4, Correlation Lengths:

1 Here one studies, for example

do S large and fixed
o
T > wpp

X fixed
as a function of X -
One can compute the two particle correlation function
g from this data.
We define
g (8, Xar *pr lgaxl'l pbil! Eax' 553

- >

-5
F (S, %0 %50 [B, 1 Byl Byye By

i1

- fa (S, Xa; li;a.l.“ fb (SI Xbl !Eb-\-l)

where £ (S, x |) and £, (S, %, {gbLl)are the single

a’ Iga&
particle spectra functions of particles a and b. Qualitatively,
the most interesting property of the correlation function is
if it exhibits a correlation length, i.,e., see if it goes to
zero for large S+_ = (pa + pb)z. For the purpose of computation

of rates in this proposal we shall assume that the correlation

function g is zero.
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5. Azimuthal Dependence

We define the angle ¢ as
> e
¢ = cos™? -——-—-~———-—pi -

lp,| 5yl
The basic question of interest here is the dependence of
the amplitude F on the azimuthal anéle ¢. This question
will be studied as a function of xa} Xpr Ea and Eb.

These are some examples of clear cut qualitative
features that may emerge for the structure of the production
amplitude F in this type of experiment. Of course, similar
qualitative features should emerge from the study of the
single particie spectra. No doubt nature is more subtle
than we can anticipate and will provide us, after much hard
experimental effort, with different but more rich insights
into the structure of the hadron hadron scattering amplitude.
We believe that discovering the generél characteristic features
of these processes is more important than having precise
numerical data on particular processes {(e.g. 5 body final
states) just to test a particular model. Finally, we hope
these characteristic features that are discovered will give

-a profound insight into our understanding of strong inter-

action theory.

IX. APPARATUS

A double focussing magnetic spectrometer is being con-
structed for studying the single particle distributions in proton-
proton interactions. The solid angle accepted by the spectrometer

'is about 0.2 millisteradian and the maximum operable momentum




is 2.4 GeV/c. The momentum band pass of £he sPéctrometer is
about 7% and individual particle momenta will be determined to
about +1.0%., The angular resolution for particles traversing the
spectrometer is about *2 milliradian. The angular range over
which the spectrometer operates is 5° to 175° in the laboratory
system, The angular range corresponds to covering essentially
all of the backward hemisphere in prbton—proton collisions up
to 500 GeV incident protons. Particle mass determination is
achieved with four eerenkov counters, The entire spectrometef
sits on a rolling platform whose over-all length is only 24 feet.
Figure 1 shows the layout of the ébectrometer and Table 1 gives
the design characteristics.

Al cm thick liguid hydrogen target will be used. The
proton beam intensity will be measured using several monitors
and it is anticipated that eventually reliable relative monitor-
ing of the beam will4be achieved at about the #1-2% level of
accuracy at all proton beam energies.. Good relative beam moni-
toring is reduired to study the energy dependences of the dis-
tribution functions (breaking of the scaling laws). The small (?)s
dependent effects are probably vitally important in understanding
the approach to asymptopia. We consider that in this respect our
study will have a distinct édvantage over similar work at the I.S.R.

The fast forward hadron will be detected using a total

absorption nuclear cascade (TANC) detector. This detector is
a series of sheets of iron (about 24" thick) and sheets of
scintillator. The length and radius of the detector is large

enough such that the hadron incident upon the detector has all
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" TABLE 1

BASIC SPECTROMETER CHARACTERISTICS

MAXIMUM MGMENTUM
HORIZOMAL ANGULAR ACCEPTANCE

VERTICAL ANGULAR ACCEPTANCE
SOLID ANGLE ACCEPTANCE

MOMENTUM ACCEPTANCE
SPATIAL RESOLUTION MWPC.

MOMENTUM RESOLUTION |
PRODUCTION ANGULAR RESOLUTION

2.4 GeV/e
50 m.rads.

400 m.rads.
0.2 X 1073 ster

73 %
£+ 0.5 mm.

21.2%
+2 m.rads.

NULNBER OF HALF QUADRUPOLES
POWER REGUIREMENT (MAX)
TOTAL LENGTH

2

| 100 KW

24 FEET
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of its energy absorbed by the detector. A small TANC detector

constructed and tested at CERN is shown schematically in Fig. 2.

The total length of steel in this case was only 80 cm and the hadron

cascade was sampled 20 times. The pulse heights, corresponding

to the energy deposited, in each scintillator, are summed up

and it was shown that the pulse height is proportional to the

incident hadron energy. The variation of energy resolution with

energy appears to be approximately E—l, however, for the purpose
of this proposal we shall assume a somewhat more conservative

YE variation. This results in an energy resolution of +5% at 100

GeV and we shall assume above 100 GeV that the resolution re-

mains approximételyvconstant at *5%, ‘

The characteristics which make a TANC detector parti-

- cularly appropriate for this first study of two particle dis-

tributions are:

a. Large solid angle of acceptance.

b. Broad band momentum acceptance (éséentially 100%).

c. An energy resolution which is quite adequate for this type
of physics where we are interested in discovering the major
qualitative features of the process.

d. The detector is extremely simple in construction and inex-
pensive compared with ANY type of magnetic spectrometer
capable of analyzing up to 500 GeV/c particles.

e. It is an easy mechanical job to move the TANC detector around
the beam line to study the ¢ dependence of the two particle
distribution. The same is not tfge of a >hundred GeV magnetic

spectrometer.
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We propose constructing a TANC whose dimensions are
1' x 1' x 10' with sampling every 2-1/2". It has been shown
by the Cal Tech neutrino group (B. Barish - private communica-
tion) that this will result in a uniformly sensitive area of
detector of about 6" x 6". The TANC is shown in more detail in
Figure 3.!

The proposed experimental layout is shown in Figure 4.
The TANC detector is located 200' downstream from the target.,
The beam pipe between the target and the TANC increases in
radius from 3" td 2', The angulaﬁ rescolution of hadron detection
in the TANC detector is determined by a 10 x 10 counter hodoscope.
The resulting angular resolution is about 0.15 mrads. With a
0.5'cm'diameter beam spot at the target we expect the angular
divergence of the beam to be somewhat less than *0,15 mrads.
This provides good resolution on the transverse momentum. For
example, if we consider a 100 GeV hadron being detected at say

3.0 mrads to _the incident beam we have

i

P 300 MeV/c

Ap = #15 MeV/c
For the same event we will have x = 2 Py, (cms) /VS
N0.5 + 0.025 for #5% energy resolution at 100 GeV and we are
assuming here that the incident proton beam has 200 GeV/c
momentum.,
Figure 5 shows the region in p,, x space which the TANC

detector covers at each angular setting. In addition, some typi-

cal detector resolutions are indicated by the boxes.
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III. RATES-

We consider an incident beam of 200 GeV/c (the de-
tection system works equally well at 500 GeV/c) and an intensity
of 10!'? protons per pulse. With a hydrogen target 1 cm thick
there are about 107 interacting profons per pulse,

1. Backgrounds

Consider first the TANC detector located at 3.0 mr
which will be the position where the simple singles counting
rate is highest. Figure 6 shows the momentum spectrum of pro-
tons and pions produced at 3.0 mr based on the Hagedorn-Ranft
model. The solid curve shows the predicted distribution of
the sum of both signs of charged pién and protons, It can be
seen that the distribution is smooth and guite slowly varying
over the range 20 to 180 GeV/c corresponding to 0.1 ¢ Xy 2 0.9.
In fact, the summed hadron distribution only varies by about
+30% in this interval. We have foided the anticipated energy
resolution function of ;he TANC detector into the summed hadron
distribution. We find that the difference between the pfedicted
distribution and that which we expect to observe is léss than
3% at all momenta. The experimental resolution therefore pro-
duces a small effect on the distribﬁtion and can easily be
corrected in the analysis of the data. Similar hadron dis-
tributions are shown in Fig, 7 for the TANC detector at 5.0 mr,

Integration of the summed hadron cross section over
all momenta at 3.0 mrad gives 12.3 x 107 % ‘hadrons per micro-

steradian per interacting proton. ' Hence within the 5 usterad
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acceptance of the TANC detector we expect 6.2 x 10 2 counts
per interacting proton. |

Consider néw the proton detection rate in the 2.4 GeV/c
spectrometer. Figure 8 shows the Hagedorn-Ranft predicted
proton spectra at various laboratory angles as a function of
momentum, We have chosen three widely separated angle momen-
tum combinaticns of the spectrometér as typical operating con-
ditions. These are indicated by boxes in Fig. 8 and subse-
quently in Fig. 9. 1In particular, the choice of 5° and

2.4 GeV/c leads to a proton counting rate of

2
§§§§ X Ap x AR

5 2

36 x 10°° x (7.3 x 107

it

x 2.4) » 0.2

i

l1.26 x 10“5 protons/pulse per interacting proton

We may now calculate the correlated and uncorrelated coincidence
rates between the 2.4 GeV/c spectrometer and the TANC detector.
a. Correlated Coincidence Rates
We assume that the correlation function g (as defined
earlier) is zero. Hence the correlated coincidence (true)
rate is the product of the two singié particle rates. Thus the
true rate for proton detection at 5° and 2.4 GeV/c in coinci-

dence with an event in the TANC detector at 3.0 mrads

-5 -
= 1.26 x 10 X 6.2 x 10 2/interacting proton
Vv 8 events per pulse with 107 interactions per pulse.
These events are distributed over the range of xb'and p, of

the acceptance of the TANC detector (see Figure 5).
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b. Uncorrelated Coincidence Rates

The uncorrelated or random coincidences are deter-
mined by the resolving time of the coincidence system between
the two detectoré and by the effective time during which the
beam pulse occurs. For these two rnumbers we take 5.0 nanoseconds
and 0.5 seconds respectively. These numbers are realistic and
achievable. The resulting uncorrelated coincidence rate for
the above conditions is

(1.26 x 10™° x 107) x (6.2 x 10™% x 107)
-8

5 x 10
X =g events per pulse

I

0.8 events per pulse
This results in a random rate which isAan order of magnitude
less than the true coincidence rate. |

Figure 9 shows the data which will be accumulated in a
four-hour run. The data has been binned in boxes which are
several times the detector resolution width in both Xy and p,.
The errors shown on the data rates include the contribution
from the subtraction of the 10% uncorrelated background, It
can be seen that about *3% accuracy in most bins can be achieved
within four hours. |

The over-all rates are reduced by factors of two and
five for the two other coincidence configurations for particle
‘a' that are shown in Fig. 9. |

We therefore anticipate that useful data can be accumu-
lated with high accuracy over a larée ranée of the variables

and of course ¢.
xa'paJ_'Xb'pb ' , ; ; ¢

e st Bt e oo %
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IV. DATA INTERPRETATION

The quantity measured in this experiment is the cross
section for two particle detection

3 3

- -
asb Ea Ey, F(S3 xar Xb;lpall'lpbll;parpbi

)

Figure 10 shows the regions of phase space in which the
measurements will be made. Phase I of this experiment measures
the single particle distributions for negative x_.

a
a’p, N
do, = E_ £a(8: x50 1P, 1)

Particle identification is made in these measurements. Due to
the symmetry of the proton proton interaction the single particle
'b' cross-gection
3
d Py,

->
dcb = Eb fb (s; Xb:lpbil)

(where 'b' refers to the sum of charged hadrons) is completely
defined from our single particle 'a"measurements.

Thus we will know the functions F, fa and fb over the
regions shown in Figure 10.

The two particle correlation function

g=F - fa . fb

can then be obtained from our data. In addition, the various
gqualitative features discussed earlier can be studied in detail

over the range of variables shown in Figure 10.

V. CALIBRATION

The most simple reaction to study with at least two

B
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particles in the final state is the elastic proton proton scatter—’
ing. In this case X N -1.0, X T+ 1.0, and ga = —gb £1.5 GeV/c-
this corresponds to the outermost boundary of the acceptance re-
gions shown in Fig. 10. It is anticipated that by the time

this experiment is performed there will have been several meas-
urements on the elastic process in this energy range. These
measurements will be done at both NAL (experiments #'s 7, 50,

69, 73) and at the I.S.R. It is unlikely that this proposal

will add to our knowledge on the elzstic process in a signifi-

cant way. On the other hand, we would like to use the elastic
process as a tool to check our understanding of

a) Energy calibration and resolution function of the
TANC detector with the normal background conditions
of the two particle inclusive experiment.

b) Electronic resolving times, discrimination levels,

pulse pile-up, etc.

c) Due to the coplanarity of the elastic process, it
provides a stringent check of our over-all geometric
alignment and angular calibration of the two de-

tectors.,

For these reasons we c&nsider the elastic process as
an ideal tool to calibrate ouf equipment,

The rates for elastic scattering are high. Typically
the rate is several hundred events per pulse with
Iga | = 0.5 GeV/c. Thus the rate is quite adequate to do a

rapid calibration of the entire detection system,

VI. TIME SCHEDULE

We anticipate that the major part of the single
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particle spectra (Phase I) data will be taken by October lé;i.
We propose that installatioﬂ of the TANC detector should pro-
ceed shortly thereafter. We request 150 hours of parasitic
test time in November and December 1972. For a general survey
of the two particle distributions we request 300 hours of
beam time at 200 GeV and 300 hours -at 400 6r 500 Gev., This
data collection can begin early in 1973.

To meet this schedule, construction of the TANC de-

tector should begin in July 1972.

VII. REQUIREMENTS FROM NAL

a) Beam time as indicated above. -

b} Construction funds for the TANC detector. We
estimate a cost of $25K for this item.

c) It is essential to have adequate space at the
location of the TANC detector. The design of the
Proton Laboratory should take account of this re-

guirement.
It can be seen that the requirements for this exploratory in-

vestigation of this kind of physics are quite nominal.

SUMMARYV
At this stage, we believe the physics justification
to study two particle correlations in hadron-proton collisions
is very strong. The proton-proton scattering is a particularly
appropriate first case for studying these correlations due to
. good beam qualities and very simple, inexpensive and well
tried detection techniques being required. We believe it is

-important at this stage that the design of the Proton Laboratory
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this Qrdposal into accounf.

is our conviction that these two phases of the
namely, single particle spectra and two particle
spectra, will yield many of the most important

characteristics of high energy hadron dynamics.

The TANC detector does not provide any mass or charge

identification. Detection of neutral long lived hadrons

(e.g. K2 and neutrons) would be accomplished using about

L
5% of iron

and a veto counter immediately in front of

the 10 x 10 counter hodoscope.




