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) ABSTRACT
‘We propose to study inclusive reactions of the type a + b > ¢ + Anything,

induced by protons, pions, and K mesons. Measurements will be made over as

wide a kinematic range as possible with the use of the NAL Focussing Spectrometer

Facilify. fhe objective is to map out the general behavior of these reactions

and to test a number of hypotheses based on recent theoretical models.




HADRON SPECTRA FROM DIIGH ENERGY INTERACTIONS

Introduction

As the incident energy in a hadron-nucleon collision increascs, the-
total cross-section is approximately constant vhereas the contribution of
eacl) non-diffractive channel appears to decreasc with energy. The con-
stancy of the total cross-section can’be accounted for by additional
multi-particle channels épening up with increasing energy. ?ﬁough a major
part of the total cross-section is due to these multi-particle channels,
the'variety and Complexity of these final states nake it very difficult
to measure and interpret them in detail. Perhaps the rmost amenable Processes
to study, both experimentally and theoretically, are the so-called 'inclusive
reactions', in which same final pafticle or pronerty of the final state
is studied without trying to specify what else is happening in the reactibn.
Suéh a reaction can be represented by a + b » ¢ + Anything. One of the
important experimental challenges for the MNAL accelerator will bhe to de-
lincate the regularitics of this type of process, which has recently
‘received a good deal of theoretical interest.

We propose to make an explbratdry irvestigation of this process by
measuring the mangnt@ﬂ spectra of final state hadrons over a fange of
pro&qgtion_anéles andvincident energies‘with the use of the NAL focussing
spectromgterl. $yﬂemplpxing an, array of Cprgnkov Counters in the spectrometer
(differential and threshold)} set to be sensitive to differcnt masses, the
momentun distributions of protons, 7 and ¥ can be simultaneously measured.
The spectra of final state n , X~ and P can he sinultaneously measured with

reversed magretic {ields, With the usce of twe Cerenlov Counters in the incident




beam inclusive reactions resulting from protons, ¥ mesons, and pions can
be simultaneously measured over that part of the kinenatic range to be
covered in this experiment in which the incident intensities arc about
107’partic1es per pulse or less.

The simultancous measurerent of the different cross-sections not only
saves a significant amount of time but also eliminates part of the systeratic
errér which would nommally enter a comparison of these crbss-scctiqns,were
they to be measured separatcly. This is especially important sirce sore
of the current theoretical interest focusses on the relative behavior of
“these spectra. ~<

The primary objective of this expefimﬁnt is to study these spectra
over a;s wide a range of Xinematics as possible, in order to investigate the
general properties of the kinematic Lehavior of the cross-sections. Such a
study will also provide data for comparison with predictions from ¥arious
theoretical models: the r:mltiperipheral modelz; the limiting fregmentation
mode13 of Yang and collaborators; and the parton.mod014 of Foyman,

The above models provide sone interesting predictions and speculations

'.that can be tested by this type of measurcrent, vhich are
1. for. the process a + b » ¢ +.Anythirg, the cross-section in the c.m,

system will have the limiting form:

-

1 do (X, Pl? in the high erergy limit. The
G dpy(dp|)/E e
ab Ea BRI

. T
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quantity E is the c.m. cnergy of the detected particle, PJ is its transverse

momentun, and X = Pll/po’ vhere ﬁll is the longitudinal monentun of the de-
tected particle and 1 is the incident narentun, loth. expressed in the c.m.

system. The quantity ¢, is the total cross-section for the interaction of
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particles a and b.

2. for values of X =1, the function f(X, Pl? depends only on the incident
and detected particles and not on the target particle.

3. for values of X = -1, the function f(X, Pl? depends only on the target
and detected particles and not on the incident particles.

4, for values of X = 0 the function f(X, P') depends only on the detected
parficle and not on the identities of the incidgﬁt and térget particles. For
small X, f(X, PJ? = gc(Pl? where g is related to the average multiplicity
of the production of particle c. If the total cross section is constant with

-§ and the 1imitiﬁg distribution f(X, Pl? is constant as a function of X at X =~ 0,
then the average multiplicity <:§C:>\«nﬂd.be given by

, NC;>- = acln(s)+constant, where s is the c.m. energy, and

- | 2
ac fgc(p_‘_)dp_l_ .
5. vhen X = 1, f(X, Pl? is proportional to (1 - le—ZQ(t) 4,5

where~d(t)

is the highest trajectory which could carry off the quantun numbers needed to
change particle a to c. It is interesting to note that here the Regge trajectory
function a(t) appears in the description of an emission process.

“Range of Measurements

Since the primary objective of these measurements is the mapping out of
inclusive reaction cross-sections, the measurements should cover a wide
kinematic range. VThe'kinemétic limits are also important in the consideration
of what theoretical predictions can be‘téstéd‘by this experiment.

The:fécussihg*sﬁéétioﬁeﬁéf is’exééctéd ib function well for detected
momenta between 200 and 10 GéV/c. It will perhaps function satisfactorily

at moménta of about 5 GeV, but this can be determined only after the spectrometer

is in operation. For a comparison with past experience, it should be noted that




the SLAC 20 GeV spectrometer has operated satisfactorily at 1 GeV/c and could
be e¢xpected to work well at 70.5 GeV/c, covering the same Vfractional-'range of
momentum that is desired for this experiment. Taking 10 GeV/c as the nominal
cut-off of the detected momentum, we find that this experiment can study

particle spectra for the following ranges of X given in Table 1:

Table 1
Fo in P =0 | P; = 1.0 GeV/c
GeV/c i 1
protons 200 0.00 <X 0.00 <X
150 0.00 X X 0.00 <X
100 0.06 < X 0.00 <X
50 0.16 < X 0.10 <X
pions 200 0.05 < X 0.00 <X
150  0.06 <X 0.01 <X
100 0.10 < X - 0.04 <X
50 0.20 € X 0.15 <X
K mesons 200 0.04 <X 0.00 <X
150 0.05 < X 0.00 $X
100 10.09'< X 0.03 <X
. | 50 0.19 < X 0.14 <%

Examples of the dependence - of the final laboratory momentum on X are shown
in Figures 1(a) and 1(b), for incoming protons at 200 GeV/c producing pions
(a) and protons (b}, in inclusive reactions at two different values of P-L.

The range of PJ. that can be covered depends both on the maximum production
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angle at which the spectrometer can be used and the rate with which the cross-
~ sections decrease with Plf In Tables 2A and 2B we show estimates of the
maximum values of Pl-that can be covered in this experiment as a function of

X for protons (a), pions(b), and K mesons (c) for incident energies of 200

and 100 GeV. Also indicated is whether the maximum value of Pl is the result
of counting rate or production angle limitatioﬁs. The assumptggns on which
these counting rates are based are described in the section which discusses
running time estiﬁates. In the regions in ﬁhich the range of Pl‘is limited by
counting rate, we take as a nominal limit 100 counts/hr. The limitations

“on production angle are discussed in detail in the section dealing with experi-

mental layout.
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On the basis of these estimates, we believe the measurements proposed
here, can provide significant information on a mumber of questions.
| The experiment can determine whether there is a limiting function
f(PI, X), over a wide range of incident energies, 50 - 200 GeV, for a wide
rangé of X, and moderate ranges of Pl-for protons, pions, and K mesons
produced by incident protons, pions and K mesons.

The hypothesis of target independence can be tesfed by dbmparing spectra
near X = 1 produced from hydrogen and deuterium targets.

The pbssible relationship between the behavior of the spectra near
X = 1 and Regge trajectories can be investigated by measuring the X dependence
of a épectrum for various values of t.

Information on the validity of a In{s)dependence of average particle
multiplicities can be provided by these measurements, utilizing the coﬁ—
siderations discussed on page 3. Also some direct measurements of particle
mu;tiplicities can be made. This is possible because the average multiplicity
of particle c produced in an inclusive reaction caused by the interaction

of particles a and b is given by

2
1 d’c 2
N, = —— —  dP"dP
c o 2 1L e
ab . dp_l_dPC
where dza is the cross-section for producing particle c. In p-p
ap Py

collisions, measurements of spectra between 0 <X €1 will provide such
- information because of the symhetry in the c.m. system. This range of X is
available for protoh spectra at p_ i 150 GeV/c. For proton spectra at lower

values of Py and for pion and K meson spectra some extrapolation would be




necessary for determining multiplicities because of the unmeasured regions
in X corresponding to momenta below 10 GeV/c.

This experiment can also provide information on whether near X = 0 the
spectra depend only on the particle detected and not on the incident nor
the target particles. This would be done by comparing, for example, the
spectra of pions produced by incident pions and protons on hydrogen and
deuterium targets. The same comparisons would also bé made fgr spectra of
detected protons and K mesons.

This éxperiment,has only a small overlap with NAL Proposal #63. For
proton induced reactions the present proposal covers a different kinematic
range; In addition, it has a broader scope in that it investigates pion and
K meson induced reactions and can study the question of target independence.

Experimental Layout

Protons and pions from the 2.5 mr beam will be incident on a 40 cm
1iquid hydrogen or deuterium target. The NAL focussing spectrometer will be
used' to measure the spectra of particles produced in the target. A detailed
description of the properties of this spectrometer is given in NAL Proposal
#96.

The ba;ic arrangement to be used to vary the production angle will employ
a nunber of‘bending magnets upstream ofﬁthe target to chénge the direction of
the incoming beam. The system will consist of one 3-meter external beam bend
magnet, a drift space of 22 meters, followed by four 3-meter external beam bend
magnets placed just before the target. By using 8 cm of the available 8.9 cm
apertures of -these magnets, and by making small adjustments of the positions
of the last four magnets, it is possible to achieve maximum angles of about

25 mr to 100 mr corresponding to incident enerpies of 200 to 50 GeV respectively.




Table 3 shows the maximum values of transverse momentum of the final detected
particle imposed by instrumental limits for various incident and final momenta.
‘ Table 3
Maximum P_L in GeV/c

Incident Momenta in GeV/c

200 150 100 50
200 | 4.92
Final 150 |3.7 4.92
Momenta
in GeV/c 100 |2.45 3.28 4.92
50 {1.23 1.64 2.46 4.92
1
p _ 25 | .615 .82 1.23 2.46
10 | .245 .33 .49 .98

In all cases, the maximum angles are limited by the magnetic field
available, so that an increase of angle could be achieved by using additional
beﬁding magnets. As can be seen, the range of P Lcovered decreases with
decreasing final momentum. A different configuration of magnets would

ﬁe used to vary angles at the lowest values of final momentum in order

to enlarge the range of P_L. This arrangement would consist of one main

ring B-1 magnet 20 meters upstream of the target and one 3-meter bend

magnet with an aperture of aizout 10" x 4" located about 3 meters downstream
from the target. The maﬁcimwn values of l P_L for this system are given in

Table 4.
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Table 4
Max imum Pi’in GeV/c
Incident Momenta in GeV/c

200 150 100 50

Final ' 30 1.80 | 1.80 1.80 1.80
Momenta 20 1.80 | 1.80 1.80 | 1.80
in GeV/c 10 1.15 | 1.52 1.80 | 1.80

Cerenkov Counters will be used in the incident beam to tag the incoming
particles when necessary. At a secondary beam energy of 200 GeV the incident
protons arise from elastic séattering and particle identification is not
necéssary. At an incident momentum of 150 GeV/c, the expected intensity of
protons is about 10$/pulse, of 7' mesons 2 x 106/pulse, and X' mesons 105/pulse.
A threshold Cerenkov Counter set for pions and a Disc Cerenkov Countér set
for K mesons in the incident beam would be able to function well at these rates
since they would be insensitive to the protons. At lower ihéident momenta‘
all paréicle intensities aré expected to be on the order of 107/pulse or less,

and hence will pose'nb_difficult rate problems for the Cerenkov Counters.
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A series of Cerenkov Counters in the spectrometer will be used to distinguish
pions, protons, and K mesons: these will be a differential Cerenkov Cbunter
and two threshold counters of the type developed at Serpukhovﬁ. Particle
separation will only be important at momenta below 150 GeV/c which is well

within the capability of the counters being designed for the spectrometer.

The spectrometer will have total absorption counters for electromagnetic

and strong interaction cascades which will be used to reject electrons and
muons . The triggér counters, detector planes, and hodoséopes which are
to be part of the facility will be adequate for these measurements.

Tﬁe target array to be used will consist of 40 cm. liquid hydrogen
and deuterium targets, and an empty replica. It is important to have
available simultaneously both H, and D2 since in making comparisoné of
the two cross-sections, an iﬁterieaving of the measurements decreases
systeématic errors.

At small angles, at which the incoming intensity can be reduced to
ébout 107 particles a pulse or less, horizontal and vertical hodoscopes
in the incident beam will be used to define the angle of incidence to

about * .2 mr. At large angles, at which maximum intensity is required, the beam
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spot size will be increased by an amount compatible with the use of the

differential Cerenkov Counter, in order to decrease the argular spread in

. . e
the incoming beam. By arranging to haveYspectrometer onerate in the node

in which the longer focal length is in the scéttering plane, the spot size
could be as large as ~ 0.25 cm in this rlane resulting in an angular snread
of ¥ 0.2 mr, and still be compatible with mass separation at high momenta.
At large angles we take the maximum snread in plf AP], due to an angular
spread in the incident bear, to be 0.050 GeV/c. If a trade off between
beari spot size and angular spread does not neet this criterion, the solid

angle of the incident beam will be decreased.

Plan of Measurenents and Pumming Time Tstimates

Our preliminary plan is to collect data at four incident bean energies
200, 150, 100, and 50 GeV. Spectra of protons, pions, and ¥ nesons would
be measured from the maximum momenta down to about 10 GeV/c in coarse steps.
Spectra of negatively charged particles will also be measured over these
ranges of momentun. At incident energies of 200 and 100 GeV, Lioth the hvdrogen
and deuterium targets will be employed whereas at the other energies only
hydrogen'measurements will be made. lleasurements of the spectra will be
made as a fgnction of ?iab for cons?ant Pl, at a nuber Of~VSQUGS of 91.
The range of PJ covered'for various con&itions‘will be détermined primarily
by vwhere- the cﬁﬁnting rates Tun out, excent at the lowest values of ?iab
vhere the 1imit on the production angle' that can be measured will impose
limits on the waximun values of‘Pi:' In' Table 4 we show the ranges of kine-
matics, assumed incident intensities, and estimated running times.

In-making the e;tbnation of the running time reauired ve have used a

' ' 7

parametric Fit for I + P » P + Apvthing from the results of Anderson et al.’,

who measured P-P inelastic scatterine for 10,20, and 30 fieV/c protons out
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to values of Pl.Of 2 GeV/c. The yields for nions and K mesons were obtained

by using the ratios of PF/T/X obtained from calculations using the modlel of
Hagedorn énd Ranfts. We assumed 40 cm. licuid targets, the bheam intensities
given in Table 4, the specifications of the pfoposad AL focussing spectroneter,
and statistical accuracics ranging from 1.5% at small PL.to ahout 10% at'

the largest values of Fl. Cn this hasis we estimate thét 750 hours of rumning
time will be required to.carry out this serics of neasurcrents. Ve would
expect to give a propress report after about 400 hours of rurning, along with

a reassessnent of the additional time needed to cornlete the exneriment.

Ve also will require at least 200 hours of testirg time prior to data
takiﬁg. Rased on a steady use oi the Leamn at desired intensities, ve would
require an occupancy of the spectrométer facilitv{or three months. A one-to-two
week interval between the testing period and the beginning of data taking

would be useful in order to allow time for any necessary renairs,
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Table 4

P, = 200 GeV/c (Incident Homentum)

Intensities:
Protons: 1010/pulse
Range of Final Momenta, D' 200-10 GeV/c

Angular Rangc | 0-25 mrad p' 2 50 GeV/c ‘
0-95 mrad p' € 50 GeV/c with constraint ?L < 1.8 GeV/c.

Running Time, 150 hours

P = 150 GeV/c

Intensitics:
Protons:  105/pulse

o 2x lOé/pulse ]

K" . 10%/pulse
" Range of Final Homenta, p' 150-10 GeV/c
>
Angular Range 0-33 mrad p' : 30 GeV/c

0-150 mrad p' = 30 GeV/c with constraint ?L < 1.8 GeV/c

Running Time, 200 hours

P = 100 GeV/c

‘Intensities:
- Protons:- 2 X’107/pdlso‘
™ i 5x 106/pulse
s

K o 4 x lOs/pulse

Range of Final Momenta, P! 100-10 GeV/c




- 15 -

Angular Range: - 0-49 mrad p' 2 350 GeV/e

H

0 -180 mrad p' € 30 GeV/c with constraint Pl_s 1.8 GeV/c.

Running Time, 250 hours

50 GeV/c

Intensities:
Protons: 2 x 107/pulse
w1 4 x 107 /pulse
Ko 2x 106/pulse
Aiange of Final MHomenta p', 50-10 GeV/c
Angular Range: 0-98 mrad p' 2 20 GeV/c
' 0-180 mrad p! € 20 GeV/c with constraint P1 < 1.8 GeV/c.

Running Time, 150 hours
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ADDENDUM TO PROPOSAL #118

HADRON SPECTRA FROM HIGH ENERGY INTERACTIONS

L. Guerriero (Bari University), R.E. Lanou, J. Massimo

(Brown University), W. Busza, J.I. Friedﬁan, H.W. Kendall,

L. Rosenson (Massachusetts Institute of Technology) and

A.E, Brenner (National Accelerator Laboratory)

In Proposal #1118, we proposed to study inclusive reactions of the
type a + p(or n) =+ b + anything where a and b are the incident and
detected particles respectively, and a and b can be any of the following

. . . . = + - + -
particles, in any combination: P, P, # , m , XK, and K .,

> « -

The over-all objective of the investigation proposed in Proposal
#118 is to map out the general behavior of these reactions over as
wide a range of kinematic yariables as possible, cohcentrating on
those reactions which cannot be measured at the ISR. In particular,
incident momenta of 50, 100, 150 and 200 GeV/c would be used and the spectr:
of particle b would be measured from the haximum momentum down ﬁo about
10 GeV/c‘in coarse steps. The fange of transverse momenta covered

will be determined primarily by counting rate but generally < 2 GeV/c.




It is proposed to use the NAL focussing spectrometer. Statistical
exrors will range from about 1.5% at small transverse momenta to 10%

at large transverse momenta.

While the program described above has substantial interest in
itself, we feel that with a modest increase in instrumentation we
can significantly increase the physiés output and study inclusive
reactions in a way that has hitherto been relatively unexplored.- We
propose to measure the charged particle multiplicity for each event
in the inclusive reaction measurements and thus to study the general
correlation of the inclusive cross-sections with this multipliciﬁy,
both in number and azimuthal distribution. We feel that such information
would greatiy aid in the attempt to ﬁnderstand the dynamics of high

energy hadron processes,

This additional study would be'accomplished by placing in the
forward hemispherg of the target an array of segmented lucite cerenkov ]
counters and proportional wire chambeis. For each event. these
detectors will provide a measurement of>tbe charged particle multiplicity,
and such information will allow a study of the general relationship
of the %, P., and S dependence of the cross-section and the charged
particle multiplicity. A number of theoretical speculations and
predictions can be tested with suéh results. BAmong these, for example,
are the following:

(1) The fieldvtheoretical calculation of Cheng and Wu predicts(l) that
in the reaction a + b + a + X where the outgoing detected particle
has roughly half the énergy of the incident particle, the P,

distribution becomes less steep as the multiplicity increases.




(2) In versions of the fragmentation model(z)(3), the assumption

is made that the multiplicity is proportionél to the excited mass,
so that for a + b + a + X, the average multiplicity is proportionai.
to Mx in the fragmentation region, except for the effects of double
fragmentation thch are expected to be small. By using events in
which there is not extensive clusteriné of particles around the
particle detected in the spectrometer , one can presumably look

at the proper class of events to test this assumption.

(3) A model based on diffractive production proceeding through the
- exchange of a factorizable Pomeron(4) leads to the prediction that
the average multiplicity of hadrong produced in diffraction

dissociation of hadron i into a state M increases as
<n> = A 1nM? + Bi(t)

for M in the apprdpriate region, where the coefficient A is
independent of s, t, and incident particle type.

(4) To what extent do the semi-inclusive cross-sections
do
n
a’r/E

(the semi-inclusive cross-section for multiplicity n) approach scalsing?

. ; . . 5
Scaling behavior would indicate that % has a diffractive part( ).

It is also interesting to note that the single-arm spectrometer




. group at ISR has preliminary results(ﬁ)

which point up the potential

of a spectrometer study of inclusivg reactions with associated
multiplicity determinations. In particular, in the study of the
reaction PP + PX, they find structure in the invariant cross-section

as a function of x for the detected proton, and further that there

are dramatic changes in associated multiplicity.distributions which

are x dependent. None of these phenomena have a satisfactory explanation

and it is important that they be investigated with incident particles

other than the proton,

While a bubble chamber experiment can provide information of
this type, the experiment proposed here has some impbrtant advantages.
(1} The use of the spectrometei in conjunction with fast detectors
pexrmits the measurement of much smaller cross-sections and provides
much greater statistics, Thus the cross-sections can be measured
over broader kinematic and multiplicity ranges.
(2) Because of the arréy of cerenkov counters, differential and -
threshold in the beam line and in the spectrometef, the spectrometer
facility provides particle identifiéation for both the incident and
detected particles up to the maximum momentum available. This is
especially imporﬁant in testing theories that inco;porate Regge

exchange, such as in models involving triple Regge exchange.




Charged Particle Multiplicity Detector

In order to measure the number and azimuthal distribution
of charged particles produced in association with each hadron
detected in the spectrometer, it is proposed toksurround the
target with a system of detectors consisting of proportional
wire chambers and cerenkov counters. Fig; 1 illustrates the

proposed multiparticle detector.

Charged particles produced at angles up to about 905 in
the lab will be detected in five 50 x 50 cm?® proportional chambers
each consisting of 3 planes of wires at 0°, 60° and 120°. To
accommodate the proportional chambefs the hydrogen target vacuum
vessel used for experiment #96 will have to be slightly modified.
Since the forward proportional chamber has neither the time nor the
spatial resolution neéded for resolving the many particles close
to the beam line, the central 5 cm x 5 cmvéf this chamber will
be made insensitive. Particles pr&duced in a forward cone of
& 10° will be detected in a hodoscope consisting of eight 1 cm
thick lucite cerenkov counters. Pulse height will be used to
give information on how many particles passed thréugh any one
hodoscope counter (see Proposal #178 for a detailed discussion
of the use of threshold cerenkov counters for the measurement of
the multiplicity of interactions at ultra relativistic energies).

A cerenkov counter similar in design to one of these hodoscope



counters has been tested at BNL. It was found that for n particles.

the full width at half maximum resoXution is

A
5|3

and thus adequate for this experiment.

The hodoscope will be placed 70 cm downstream from the hydrogen
target. At this position particles produced by.the beam in the
hodoscope will not fall into the acceptance of the spectrometer for

all spectrometer settings above 10 mr.

The addition of the multiparticle detector will have little
effect on the inclusive measurements originally proposed in 118.
Although the resolving time of each cerenkov couﬁtar is = 20 n sec,
the pile up rate problem in the cerenkov hodoscope is no more
severe than that of the beam cerenkov counters and trigger counters,

because the cerenkov hodoscope consists of eight separate counters.

As mentioned above, for all speétrometer settings greater than
10 mr the hodoscope is not a source of background. For settings
less than 10 mr it does add to the target empty rate and it will
be necessary to spend a small amount of extra running time to check
this effect. If necessary the hodoscope will be removed for thé

small angle inclusive study.
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ADDENDUM TO UPDATE PROPOSAL 118

In February of 1971 we submitted Proposal 118 to the
Fermilab, in which we proposed to study inclusive reactions
of the type a + p(or n) » b + anything. Here a and b are
the incident and detected particles respectively, and a and
b can be any of the following: p, p, m , 7, K, and K .

The overall objective of the investigation in Proposal 118
is to map out the general behavior of these reactions over as
wide a range of kinematic variables as possible, concentrating
on those reactions which cannot be measured at the ISR. In
particular incident momenta of 50 to 175 GeV would be used and
the spectra of particle b would be measured from the maximum
momentum down to 10 GeV/c in coarse steps. The range of
transverse momenta covered will be determined primarily by
counting rate and generally is less than 1.5 GeV/c. It is
proposed to use the Fermilab focussing spectrometer for this
investigation.

While the initially proposed program described above has
substantial interest in itself, we subsequently felt that with
a modest increase in instrumentation we could significantly
increase the physics output and study inclusive reactions in
a way that has hitherto been relatively unexplored. Consequently
in an addendum to Proposal 118, which we submitted in July of 1973,
we proposed to measure the charged particle multiplicity for each
event in the inclusive reaction measurements and thus to study
the general correlation of the inclusive cross-section with this
multiplicity, both in number and angular distribution. We feel
that such information would greatly aid in the attempt to under-

stand the dynamics of high energy hadron processes.




e
s

While'é bubble chamber experiment can provide information of
this type, the experiment proposed here has some important advan-
tages. 1) The use of the spectrometer in conjunction with fast
multiplicity detectors permits the measurement of much smaller
cross-sections and provides much greater statistics. Thus the
cross-sections can be measured over broader kinematic and multi-

plicity ranges. 2) Because of the array of Cerenkov counters,

differential and threshold in the beam line and in the spectrometer,

the spectrometer facility provides particle identification for

both the incident and detected particles up to the maximum momentum

available. This is especially important in testing theofies that
incorporate Regge exchange, such as in models involving triple
Regge exchange.

The original version of Proposal 118 was written before the
final designs. of the Meson Laboratory and the spectrometer were
completed. In this document we are revising this proposal in
accordance with the known properties of the spectrometer and the
M6 beam line. We will discuss the counting rates for various
processes that we expect to achieve with the spectrometer facility
and bring up to date the physics objectives that are compatible
with these rates. A brief discussion will also be presented of

the design of the multiplicity detector.

Counting Rate Estimates

We have calculated the expected counting rates for various
single particle inclusive reactions using estimates based on known

spectrometer and beam properties and certain parameterizations of
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the inclusive cross-sections, based on existing ISR and NAL data.

A. Spectrometer

As presently employed by NAL-Exp 96, the focussing spectrometer
has an angular aperture of 6 micro-steradians and a momentum bite
Ap/p of 3.5%. We do not propose to bin our data on any finer scale
than this except for measurements of diffractive processes at small
values of missing mass, so we plan to use the total spectrometer
acceptance to obtain the counting rate at a given x and p, or Mi
and t data point. We assume a 40 cm liquid hydrogen target. Using
the present configuration of the AVB magnet system, we can obtain a
maximum scattering angle of 17 mrad at 200 GeV/c with a maximum
corresponding to 25 mrad at lower incident momenta, determined
primarily by the apertures of the AVB magnets.
B. Beam

The incident beam intensity has been assumed to be 5 x 106
particles/pulse. This has been attained by Exp 96 and represents
a limit due to radiation trips in the Meson Lab. This is still below
the rate at which counter sags or beam pile-up problems become serious.
Hopefully, this limit can be extended in the near future. The
particle ratios in the beam have been taken from the beam survey
experiment in the M1 beamlinel. Although the M1 line is at 3.6 mrad
as compared to our 2.5 mrad, there is good agreement between the two

beams on the 7/K/p ratios at 100" and 140°. The primary proton

momentum is taken to be 300 GeV/c.




C. Differential Cross-Section Estimates.

There'are two generic types of reaction that can be studied,
namely those in which the incident and detected hadrons are
identical and those in which they are different species. As the

representative of the former case, we take the reaction pp + pX

at 450 GeV/c from the ISRz. This gives the familiar leading

particle rise and peak at x + 1. A parameterization of these

3

data” has been obtained as a function of x and Py The parameters

are listed in Table I. The latter case is represented by the fit

of Carey et al.4 for the production reactions pp + h X. The

normalizations for this fit were taken from pp + 7 X inclusive

5

data”™ at s = 558 GeVz. The one final class of events includes

the detection of a forward proton in ﬂ§ > pX for example. We

have used a simple fit6

Ao~
5'25;'7f$—>px

- bxl— CPtz‘
Ae

for the continuum proton spectrum.
We take these reactions to give the prototype invariant cross-

sections. We define the invariant distribution function

jl - & oo
op-> bX a'.'.zg'i- d?P,

and make the following assumptions for the purpose of estimating

counting rates:
a. jﬂ. = JC leading particle fit
hP-3 hX pr->pX ‘

b. Carey et al. fit

ﬁ*p-a g% il :’;PP" g X
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Carey et al. fit for q' # p

o §'h‘P-9 '@.”x: JCPP-> X

d. Reference 6 ,

3[:51'}9-; pxX ~ ]['77’7:-9 pX

This involves merely scaling the inclusive cross-sections by

7

the total cross~sections. Jacob’ presents data indicating that

such assumptions as f'fp >rx° 3C7T'P '>7T*X anp "?P‘”'Jk :-%T‘P -777—)( are
valid at high energies. The forms a. - d. account for 26 out of
the possible 36 incident-detected combinations. The other reac-

tions are estimated using

€. :P-r + 2-‘{' s = f -

P> § X R e ¢hx R pp=>¢ X
where R is the appropriate +/- ratio as calculated using the
Hagedorn-Ranft statistical model ratioss. These ratios are close

to those experimentally observed at the ISRS.

D. Rate Contours

The beam, spectrometer, and cross-section data have been
folded together to obtain an estimate of the counting rates for
various reactions and energies. The data are presented in the
following series of plots Figures 1 to 9 , depicting the contour
of a given counting rate as a function of x and P of the
detected particle. Those plots showing a single interaction,
say n+p + T x have contours of 10, 100, and 1000 counts/hour.
Those comparing reactions such as ﬂ+p or K+p or pp + T X have

contours of 100 or 1000 counts/hour indicated. Also included
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are contours corresponding to the maximum scattering angle
limit impdsed by the present AVB system, the minimum lab
momentum of 10 GeV/c, and the kinematic limit. As can be
seen, some reactions such as K+p + K X will never have more
than 100 counts/hour at 100 GeV/c. With Py and x chosen to
maximize the rate for each reaction, we find that the production
reactions

K'p + KX or pX

Kp > K'Xor px and

pp + K'x
never give 100 counts/hour even at 175 GeV/c incident momentum.
The reactions involving a leading particle however, are always

+ -
accessible, even for K and p incident beams.

Charged Particle Multiplicity Detector

In order to measure the number and angular distribution of
charged particles produced in association with each hadron
detected in the spectrometer, it is proposed to surround the
target with a system of detectors consisting of proportional
wire chambers, a Cerenkov counter, and scintillation counter
hodoscopes. Figure {0 illustrates the proposed multiplicity
detector.

Charged particles produced in the forward cone of <léO mr
(half angle 60 mrad) will be detected in a 1 cm thick lucite
Cerenkov counter of dimensions 30cm. x 30cm. Pulse height

information will be used to determine the number of charged
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particles that passed through this counter for each spectrometer
event. (SéerProposal 178 for a detailed discussion of the use

of threshold Cerenkov counters for the measurement of charged
particle multiplicities at ultra relativistic energies). This
technique has been successfully used in Experiment 178 by Busza
et al. Proportional chambers H3, V3, w3, (0°, 90°, 135°) with
5mm wire spacing subtend the angular region for 0 to 425 mr

with the central region corresponding to the size of the Cerenkov
counter made insensitive. In addition to measuring the charged
multiplicity in the angular region for 130 to 425 mr the

chambers V3 and H3 will provide projected angular distributions
of the multiplicity in the scattering plane of the particle
detected by the spectrometer and also in a plane perpendicular

to this scattering plane. Proportional chambers H2 and V2 (2mm
wire spacing) will provide these projected angular distributions
in the angular region covered by the Cerenkov counter, except

for a small central region of about 5 mr which is made insensitive
to allow for the passage of the beam. As the H2, V2, and H3, V3
chambers will be placed about one meter from the center of the
target, the target length of 40 cm. will produce about a t20%
spread in the determinations of the projected angles unless the
point of origin of the event in the target is known. This infor-
mation can be obtained for most events by using proportidnal
chambers H1l, V1, Wl, (5mm wire spacing), and H2, V2, W2 to re-
construct track directions. The central regions of H1l, V1,Wl

are made insensitive to decrease the problem of ambiguities in
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track reconstruction. In the angular region between 400 mr
and about'135° the charged multiplicity is measured by a crossed
scintillation counter hodoscope wrapped around the target vacuum
chamber.

The addition of the multi-particle detector will have little
effect on the inclusive measurements originally proposed in 118,
The pile up rate problem in the Cerenkov counter is no more
severe than that of the beam Cerenkov counters and trigger counters.
The beam and the particlesdetected in the spectrometer will pass
clear of the four 5" phototubes backing up the Cerenkov counter.
Particles produced in the lucite Cerenkov counter will fall into
the acceptance of the spectrometer for all angle settings below
V10 mr. Such events can be eliminated from the class of target
induced events by interrogating the proportional chambers, which
are upstream of the Cerenkov ccunter. An absence of all signals
in the wire chambers and in particular in H2 and V2, in conjunction
with a spectrometer event would indicate that the interaction
originated in the lucite. This could be easily checked by
spending a small amount of time measuring the counting rate with

the target removed.

Physics Objectives:

In the initial investigations of inelastic scattering
we intend to concentrate on those processes which have the
highest counting rates. From Figures 1 through 9 it is apparent

processes of the type h + p = h + anything are dominant over those
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in which the detected hadron is not the same particle as the
incident éarticle. We intend to design the experiment for
these dominant processes within the regions defined by the
contours of 100 counts/hour. These figures show that the
experiment can cover a broad range of X and transverse momenta
up to 0.5 to 1.5 GeV/c for various incident particles, except
where the transverse momentum is restricted by the limit in the
spectrometer angle. In general this limitation sets in for
values of X less than .2 to .4, depending on the process.
Since the incident beam contains a variety of particles each
of which is identified, and the spectrometer can be set to
simultaneously detect pions, K, mesons, and protons, various
dominant processes can be simultaneously measurxed. In addition,
information on some of the minority processes will be accumulated
while the dominant processes are being measured. Significént
information on these minority processes will be obtained at
the lowest values of transverse momentum.

The singles yields obtained by the spectrometer independent
of the data available from the multiplicity detector, will
provide information on the inclusive distributions of the

processes studied. Since we intend to make measurements at

incident energies of 50, 100, and 175 GeV, this data in conjunction

with data at lower energies will provide information on the

approach to scaling in X (or other scaling variables) of

= ;3
C g for processes initiated by pions, K mesons, and
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anti-protons in addition to protons. In the region of X > .9
we plan alsb to make comparisons of yields from deuterium and
hydrogen targets for incident protons, pions, and K mesons to
test the hypothesis of target independence in the projectile
fragmentation region.
Since in.this experiment, we propose to measure the number
of charged hadrons produced in conjunction with a hadron detected
in the spectrometer, we may also consider this to be a measure-
ment of the semi-inclusive distributian.géfigl; COrrespondiﬁg to
P

the single particle spectrum for events with n charged prongs. It

is of considerable interest to study the s dependence of © ég}%
e~

For example, the approach to scaling of this quantity would
indicate that o has a difffactive partg. This experimenﬁal
arrangement also allows the triple Regge region to bg studied
in conjunction with multiplicity. It is also of interest to
investigate how in that region the particle distribution depends
on the multiplicity.

In the process h + p > h;+ X, where X is anything, let us
consider the projectile fragmentation region of fairly high x,
x £ 0.5 for the detected hadron. We note that Mi v S(l—xR) where

_ [,2° 2 .
Xp = N X + (pt/pmax ? and the momentum transfer is
2 2 o N g
= - ' - ' T . . .
t=(p -p')YVv -pp'0°. We measure CLté\M; which is in

general a function of Mi and t. Mueller analysis10 shows that if

we calculate the associated multiplicity using the assumption

of a factorizable pomeron, we find

<m,(/~1,f)f)} ~ ﬁ“'&) t j L ""xa
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a simple logarithmic behavior for the Mi dependence. If this
assumptioﬁ is valid, the coefficient g is independent of t
and the incident and detected hadron species. Moreover, the
factor g is independent of s and provides the same dependence
of the multiplicity on the excitation energy as in the reaction
p + p * X where we substitute s for Mﬁ.
This is precisely the prediction of the limiting fragmenta-
tion hypothesisll, namely that the behavior of the semi-inclusive
distributions and the associated multiplicities should be similar
at a common Mi and t value for pp, pp * pX, ep, Tp, etc. reactions.
This feature is also predicted by the indeﬁendent emission
and short range order models. Any deviation from the simple
2nMi behavior is attributed to correlations between the produced
secondarieslz. The field theoretic calculation of Cheng and Wu13
predicts that <n> increases as t increases for values of x around

0.5. There ekxist some bubble chamber data for pp + X and pp ~+ th4'15

where the detected hadron is a p, m , A, Kg, 7°. Whitmore and

Derrick14 show that the associated multiplicities in 7 p or pp -+ X
or pX have quite similar behavior as s or Mi increases. See
Figure 11. Similarly, the topological cross-sections appear to
follow the same functional form for both the total and associated

22 has indicated that the ﬂfp + X

multiplicities. Recent data
multiplicity may be slightly higher (5%) than the pp + X multiplicity
at 100 GeV/c. However, these bubble chamber data are at low ¢t
values. The requirement of Piap 1.5 GeV/c limited the bubble

chamber measurements to |t]| 1.6 (Gev/c)>.
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The only data spanning a range of t is that of the Argo

Spectrometer Group at BNL16. They studied the target fragmen-

tation process pp + pX at 28.5 GeV/c for Mi N~ 40 and |t] X 7.
They claim a distinct 10-15% difference in the associated
multiplicity for high and low t events at fixed Mi. They

have parameterized their multiplicity as a linear increasel7

18 at [t]~2.8,

with |t| or as a distinct break in two plateaus
where both the high and low t plateaus are independent of t.
It is interesting to note that the reaction hp + hX may
be mediated by an exchanged pomeron, while the reactions
hp » h'X are expected to be associated with other exchanges.
Still the behavior of the multiplicities of X are similar.
The corresponding electroproduction multiplicities19 show an
s slope similar to the hadron reactions, but do not show any
variation with Q2, the momentum transfer. In this case, a

20 the electro-,

virtual photon is exchanged. Figure 12 exhibits
photo- pion-production and(e+e- and pp annihilation multiplicities
showing a similar behavior for s J 50. Comparisons of the

average multiplicity at various values of Mi and t for the
processes h + p - h + X and h + p - h' + X can be made in the
proposed experiment with the same detecting apparatus. This

can provide information as to whether the average multiplicity

is independent of the type of interaéting particles or the
identity and off-mass behavior of the exchanged particle, and

depends solely on the excitation energy.

Using the rate data presented in Figures 1 through 9 we see
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that we can observe more than 100 count;/hour for the reaction
PP + pX at 175 GeV/c for a range of x 2 0.4 and Pe < 1.5 GeV/c.
This gives the Mi and t ranges presented in Table II. Therefore,
for Mi 2100 GeVz, we can repeat the Argo spectrometer experiment
at significantly higher energies and check if this effect is
real and continues to apply at higher excitation masses. The
low energy BNL data suggest that this t effect increases as
Mi increases. Furthermore, we can obtain good statistics for a
scan in t at a constant Mi. Hence we can check whether the
coefficient g (see page 12) has any s or t dependence. This
part of the experiment would be complementary to the low t
diffractive pp + pX experiment about to begin at the ISRZl,
which employs a magnetic spectrometer in conjunction with an
improved version of the Pisa-Stony Brook hodoscope. In addition,

+ -
i, K , and even p reactions at 100 GeV/c

we can study incident T
and 175 GeV/c at a reduced range of Mi and t to check on the

beam independence of average multiplicity.

Plan of Measurements and Running Time Estimates

Our preliminary plan is to collect data at three incident
energies: 175, 100, and 50 GeV. The data at 50 GeV wili not
be as extensive as at the other two energies and will serve to
provide some overlap with the Serpukhov accelerator in addition
to providing a somewhat wider range in s. Spectra of protons,
pions, and K mesons at constant transverse momentum will be

measured from the maximum momentum down to about 10 GeV/c in
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coarse steps, except in the neighborhood of X =1 where
overlappiné steps will be taken to obtain a continuous
measured spectrum in this region. This will bé done for a
number of values of transverse momentum. At about X = 0.6,
for incident energies of 175 and 100 GeV we intend to make

a series of measurements as a function of P

ny in reasonably
small steps for the purpose of determinihg the behavior of
3 k 4
Eé_?: [} 3 .‘iég:/m . and <n> as a function of
d3p ol2p

transverse momentum. The same study as a function of Pt

will be carried out in the neighborhood of X = 1.0. This
program of measurements will be carried out with both beam
polarities (with the spectrometer having the same polarity

as the beam in each case). In addition, we plan to take

a limited amount of data with the beam and spectrometer

having opposite polarities, for the purposes of comparing such
processes with the more dominant processes. As the counting
rates for opposite polarities are low, we will concentrate

in the region 0 Pp ~ 0.25 and .3 < X < .5. Table III

gives a summary of the basic plan. We aim for statistical
exrrors of 1.5% at small Py to about 10% at the largest values
of Py - On the basis of our count;ng rate calculations, we
estimate that about 1000 hours of running time will be required
to carry this series of measurement. We would expect to give
a progress report after about 500 hours of running, along with
a reassessment of the additional time required to complete the

experiment. We will also require abcut 200 hours of testing

time prior to data taking.
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Contour Plots:

Contours of constant counting rates are
presented for a given process and incident
momentum.

The kinematic limit is roted. The line
marked AVB represents the maximum scattering
angle limit in the present AVB system due to
field or aperture limitations. The curve
marked Pmin corresponds to a lab momentum of
10 GeV/c, a nominal low momentum cut off for
the spectrometer. These limits are calculated
for a zero mass particle, thereby representing
the most severe limits on our kinematic range.
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TABLE 1

Parameterizations

a. pp * pX at 450 GeV/c from Reference 2.

2 3 2
_ (c0 + ¢ x+c, X0 +cyx ) exp —(al Py t 2, P )
E do =
3 b
d’p _ 2
(bl x)
where a, = 1.529 /Gev c_ = 12.854 mb/Gev’
a, = 2.645 /GeV c, = 10.829 "
— = - 1"
bl = 1.044 c, 63.08
— — n
b2 = 1.58 cy = 39.85

b. n+p + pX at 22 GeV/c from Reference 5.

2
E dg - ce(@x+bp, )
3
d’p
where a=1.75

b = 6.0 /GeV>

2

0
n

5.7 mb/GeV



TABLE IT

pp > pX at 175 GeV/c

%; X | *max| (at P,
10 Gev? .972

25 .927

50 .851

100 . 700

150 .548

200 .417

250 .245

=l.5GeV/c or AVB angle limit)

2.31 GeV2

2.43
2.64
3.21
4.11
5.40
3.12




Rate Estimate Tables III - V

Tables III:A through III:D : contain the number of expected events
for a proposed run schedule

Table IV: contains the fraction of events initiated by an incident
beam particle

Table V: contains the ratios of leading to leading and production
processes

EXAMPLE: +to find the number of events of the type XK' P + K X at
175 GeV/c with x = .3, Py = .25

=]

a., find total number of (175 , .3, .25) events from III:A = 20.6K
b. find fraction of XK induced reactions from IV = 0.07
c. find ratio of leading particle/total events from V = ,974

d. multiply

e. answer : 1l.3K events




TABLE III:A

X Scans
pt/x .1 .2 .3 .4 .5 .6 .7 .8 .9
+ .5 ; 20.6 21.8 19.3
50 .25 21.9 21.5 21.3 23.6
50~ .5 10.2 9.9 11.2
.25 10.1 12.7 9.8 11.1
100" .5 19.0 22.8 26.2 24.3 15.7 18.8 20.1 20.9
.25 29.6 27.2 21.0 31.4 38.2 45.6 49.0 51.0
100" .5 9.8 11.2 15.3 11.9 11.0 13.5 . 14.7 15.3
.25 9.8 13.2 12.0 25.1 26.3 32.4 35.3 36.9
1 10.4 10.9 10.6 11.2 11.6
175+ .5 12.1 21.3 31.7 43.2 55 66 70 73
.25 9.9 27.9 50.2 75.4 104 132 - 158 169 175
~ 1 9.8 11.2 9.7 10.5 '10.9
175" .5 11.1 13.0 15.9 24.9 34.5 43 46 49
.25 10.3 12.9 20.6 38.0 60 83 103 112 - 117

Number of Events in Units of 1000




TABLE III:B°

PT Scan

X = X .9
beam

P, 100* 100~ 1757 1757 100¥ 100 175" 175”
.05 60 42 209 132 80 59 278 186
.1 55 38 191 119 73 53 253 168
.25 38 26 133 83 51 37 175 116
.40 23 16.2 82 51 31 23 107 72
.50  15.7  11.0 55 34 21 15.4 72 49
.60  15.0  10.6 35 22 13.3 9.9 47 31
.75 18.3 9.9  16.5  10.4 12.2  11.5 22 14.5
1.0 5.0 3.6  10.9  11.2 6.5 5.0 11.6  10.9
1.25 .82 .56 3.0 1.8 1.0 .75 3.6 2.4
1.5 .10 .06 .43 .20 L11 .09 .40 .27

NUMBER OF EVENTS IN UNITS OF 1000




TABLE III:C

Beam - Spectrometer Polarity Mixes

X =.,3

Bean Spectrometer b, = .05 .01 .25

100 + + 1 20.5 19.0 20.4
+ - 23.3 22.4 23.0

- + 13.1 12.6 9.4

- - 10.4 14.1 9.9

175 + + 75 70 50
+ - 28 27 21

- + 20 19.5 15

- - 33 30 21

Number of Events in Units of 1000




TABLE III:D

Triple Regge Region

Beam  p./x .90 .92 .94 .96 .98
1757 1 11.6 10.0 12.0 12.4 13.8
.5 73 79 93 129 216
175” 1 10.9 10.1 10.1 11.1 14.1
.5 49 53 63 87 146

Number of Events in Units of 1000




TABLE IV ' .
Beam Particle Induced Ratios

These are the fractions of events initiated by a given incident beam

Beam T K " P
50* .51 .04 .45
50” .91 .06 .03

100" .30 .03 .67

100° .90 .07 .03

175" .06 .01 .93

175~ .92 .07 .01




TABLE V

Leading Particle Ratios

Ratio of events with a leading particle detected to all events
with a hadron detected in spectrometer.

. 1 *
R~ = hi p -+ hi X
n p+*qg X
x R R
0.1 .30 .905
0.3 .53 .974
0.5 .79 .994
0.7 .94  .999
0.9 .97 ~1.000

These Ratios Are Fairly Independent of Pbeam and Pt
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