
:t.':

F ·t., --ERf\-:1l2 "'LA-C _ilt\i!!ill r'J 
CERN/SPSC 97-11

MAY 2 11997 SPSC /1214 
May 8,1997 

Letter of Intent submitted to the
;),0 27-28 May 1997 meetingLIBRARY of the CERN spse l1111Oi1111111 

o llbO 0044727 0 
Near Threshold BaryonlAnti~Baryon Production in pp Collisions 

L.c. Bland,a,b W. Eyrich.d D. Filges,b R. Geyer,b D.R. GilV D. Grzonka,b W.W. Jacobs,c 
L. Jarczyk,C T. Johansson,e A. Khoukaz/K. Kilian,b S. Kistryn,c A. Magiera,C R. Maier,b 

P. Moskal,c H. Nann,a,b W. Oelert,b B. Roderburg,b R. Santo/To Sefzik,b J. Smyrski,C 
G. Sterzenbach,b F. Stinzing,d A. Strzalkowki,c S,B. Vigdor,a St. Wirthd and P. Zolnierczukc 

a Indiana University Cyclotron Facility, Bloomingtoll,lN USA 

-frIilStitut for Kernphysik • .IJ!.f.Wl ,GERMANY . ,

C Institute ofPhysics, J~iversity, Cracow POLAND 

d Pltysikalisches Institut, UmverSlliit Eriangell, Erlangen U9ERMANY 


e Uppsa/a Upiversity, Uppsala S~ 
f Imtitut for Kmp1'f"j'!ik. Universitiit Munster, Munster IJ):iERMANY 

g TRIUMF, Vancouver CAJVXDA ' 

I. Introduction 
The LEAR program was extremely successful at providing accurate cross sections and 

polarization observables for low-energy, antiproton-induced reactions. LEAR was a unique 
facility for the study of pp elastic scattering; pp -) nii charge-exchange, from PS-199; and 
strangeness-producing reactions, such as pp -) AA, from PS-185. These data have yield~d 
important insights into particle/anti-particle strong-interaction dynamics. They still hold the 
promise of revealing an explicit role of non-perturbative quark and gluon dynamics [t] in 
addition to the more conventional descriptions involving meson-exchange forces. 

Concurrent with the LEAR program have been extensive studies of heavy-ion reactions 
at many laboratories, with the goal of studying the nuclear equation of state and searching for 
phase transitions of nuclear matter at high temperature and/or pressure. One of the many 
challenges of such studies is to provide a sufficiently complete microscopic description of the 
many possible reactions to establish whether the interpretation of experimental signatures 
require the introduction of new phenomena (such as phase transitions) or can be described by 
more conventional reaction dynamics. Fully microscopic descriptions of these complex 
reactions are not possible. One of the reasons for this is a lack of infonnation of elementary 
meson production or baryon/anti-baryon production reactions. 

This letter of intem proposes a new experiment for the CERN-P S east hall that would 
provide data that can serve as a 'bridge' between the LEAR program and heavy-ion physics. 
We propose to measure cross sections for proton-induced baryon/anti-baryon production reac
tions near the kinematic thresholds~ i.e., pp -) ppBli, with Bli representing either a pro
ton/anti-proton, neutron/anti-neutron or hyperon/anti-hyperon pair. Analogous to the LEAR 
program, these reactions probe the fundamental process of the conversion of energy into 
strongly-interacting matter. As a step towards complex heavy-ion collisions producing 
antibaryons, the PI' -) pp8B reaction produces BB pairs in a system with net baryon number 
equal to two. This is in contrast to the LEAR studies of pp -) Bli reactions which have net 
baryon number zero. As described in more detail below, no data exist for the elementary 
pp -) pp(pp) production reaction, below the threshold where additional pions are also 
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produced. The experiment described in this letter would provide the first measurements of this 
type. 

II. Theoretical motivation 
The experimental programs at the IUCF Cooler ring, CELSIUS at Uppsala and COSY 

at Julich have principally focused on near-threshold meson production in pp collisions, 
including rc, 11, C!) and mesons with valence strange quarks ($ and K+K- pairs). Data from 
these reactions have clearly illustrated the role played by short-range strong interactions [21, the 
influence of baryon resonances and the contributions of multi-step processes [31. Bli pair 
creation in pp collisions is intimately related to the dynamics of meson production. Within a 
quark based picture, this process is necessarily higher twist since the quarks and anti-quarks 
boosted onto the mass shell from the QeD sea must be correlated to produce the Bli pair 
observed in the final state. Intercomparisons of pp, nn and AA production can provide 
complementary knowledge of the uil, dd and S5 content of the quark sea to that obtained 
from meson production. Within a meson-exchange picture, pp and nn production are 
predicted to be dominated by vector mesons [4J. Hence, an intercomparison of their 
production can separately illuminate the role played by p and C!) mesons. To experimentally 
ascertain the quantum state of the produced Bli pair requires additional polarization 
measurements that could be made at a future hadron facility such as LISS [5]. Finally, very 
little data exists for the elementary pp production process, particularly below the incident 
energy where additional mesons are produced, thereby hindering the understanding of pp 
production in heavy-ion collisions [4]. 
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Figure II.I The diagram corresponding 
to the 0.!3 E c~tculation of the 
pp ~ pp(pp) reaction [4], 

A microscopic calculation of the pp -) pp(pp) 
reaction within the framework of a one-boson 
exchange model has recently been carried out. The 
goal of that work was to deduce a theoretical amplitude 
for the elementary process to be used for 
understanding data from heavy-ion collisions. The 
authors consider a diagram for the process as shown in 
Fig. 11.1, equivalent to the off-shell production of rc,p 
and C!) pairs in pp collisions that annihilate to fann the 
final-state pp pair. In their calculation, the pprrfJ(P,CJ) 
vertices are treated by a one-boson exchange (OBE) 
model, with parameters consistent with nucleon
nucleon scattering. The rcrc (pp) -) pp amplitudes are 
taken from measured pp annihilation data, with an 
assumed t dependence to extrapolate the measured 
amplitudes off the mass shell. The C!)C!) ~ pp 
amplitudes are assumed the same as for pp -) pp 

since no data exist for that pp annihilation channel. The authors have not included in their 
calculation either final-state interactions (FSI) or effects from the necessary anti
symmetrization of the three protons in the final state. Instead they argue that they expect 
modifications only very close to the kinematic threshold, since enhancements from FSI in pp 
-) PPTl are restricted to values of (i!!.JS - 4m" ~ 40 MeV. 

The results of the OBE calculation for the pp -) pp(pp) reaction are shown in Fig. 
n.2. The data in that figure are from inclusive p production at much higher energies [6]. That 
data agrees well with the predictions of the LUND string model [71. Previously, in the analysis 
of su bthreshold p production in heavy-ion collisions, a logarithmic extrapolation of the higher 
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energy data had been employed. The new calculation results in more than an order of 
magnitude smaller cross section near threshold than this simple extrapolation. 
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Figure II.2 	 The antiproton total cross section as a function of the invariant energy above 

threshold from Ref. [4]. The full squares are data for inclusive production [6). The 
open circles are calculations of the antiproton production within the LUND string 
model [7]. The crosses represent the LUND model predictions for the exclusive 
pp -4 pp{pp) channel. The solid line is the aBE model calculation (4) including 

;{), p and U) exchange. The dotted line is the nO exchange contribution only. 

There are several things to note about the OBE model calculation of the PI' -7 PP(l'p) 
reaction. 

The authors predict a total cross section of approximately 1 nb for the 
reaction at E .r; 4mp-50 MeV. 
The energy dependence of the total cross section is dominated by phase 
space. 
The p and U) exchange contributions are predicted to be more than an 
order of magnitude larger than for nO exchange, i1Iustrating the sensitivity 
of the reaction to the short-range nucleon-nucleon interaction. 

A natural question to ask is what range of £ is .r; - 4mp should be probed ill an 
experiment studying the pp -4 pp(pjJ) reaction? This choice will dramatically influence the 
detector design, background contributions and nearly all other aspects of the experiment. 

Experimental considerations (primarily the size of the cross section) will 

set the lowest value of £ that can be probed. 

The maximum £ to be probed can be decided based on the influence of 

final state interactions (FSI). 

A minimum of three values of E are required to establish the energy 

dependence of the total cross section. 


Since the final state in the production of BE pairs in pp collisions contains four 
strongly interacting particles, the dynamics of the production process are significantly 
influenced by FSI. It is likely that the near-threshold cross section will be enhanced because of 
them. A competing effect for tbe pp(pp) final state is that the Pauli principle forbids three 
protons from all having relative angular momentum equal zero, thereby decreasing tbe 

threshold cross section. A sufficient range of £ is required to separate the more interesting 
s!1ol1-range strong intemctioll dynamics from these more trivial effects. Hence, the upper limit 
for E must be chosen so as to minimize the influence of FSI. 

In Fig.II.3(a). the solid line shows the fraction of phase ::;pace as a function of£having 
a\l pairs of protons with relative energy> 2 MeV. For smaller relative energies. proton pairs 
undergo strong final state intcrnctiolls, specified by the Watson-Migdal distribution. The 
(bshcd line in this figl1l'e is that fmction of phase space where all pairs of particles in the 
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Figure 11.3 	 (a) Phase space fractions (defined in the text) vs. E (b) Variation of 
the total cross section for the pp(pp) final state with energy. as 
expected for pure phase space. 

pp{pp) final state have relative energies in excess of2 MeV. Both curves begin to plateau at a 
eM total kinetic energy, £-50 MeV suggesting this as a natural upper limit for the experiment. 
Fig. II.3(b) shows the predicted £ dependence of the total cross section, assuming pure phase 
space. It is likely that the competing effects of FSI and the Pauli exclusion principle will 
severely distol1 this energy dependence. 

III. Summary of experiment 

Based on the experience gained in the study of meson production reactions lIear 
killematic thresholds at low-energy, stored beam facilities (close 'cousins' to LEAR), it is in 
principle quite simple to study the threshold production of BE pairs using proton beams 
extracted from the CERN PS. As in meson production near threshold, there are severe 
kinematic constraints that limit the size ofan apparatus thaI subtends the full reaction phase 
space and sel1'e to provide powerfUl discrimination between signal and background. Some 
relevant thresholds are shown in Table I. 

Table 1 Examples of proton-induced reaction thresholds 

Pbeam at 
threshold 

Reaction (GeV/c) 

pp -4 pp1t0 0.777 
pp -7 PPl1 1.986 
pp-4 pK"A 2.339 
pp-7 ppK+K- 3.302 
PI' -7 PP(P'i!J 6.501 
1m -7 fm( AA ) 7.999 
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III.A Kinematic considerations 

For the study of pp pairs produced in pp reactions close to threshold, we require a 
proton beam with 

momentum, Ph/om ~ 6.5 GeV/c; 
small momentum spread, 6.p/p:5 10-4; 

emittance less than J 7t mm-l11r. 
ProtOIl beams from tire CERN PS are ideally suited to these requiremcnts. Por illustrative 
purposes, if we consider the situation where the total available kinetic energy in the center of 
mass for the pp(pp) final state is E .JS 4mp = 10 MeV, then we find that all outgoing 
particles stay within a small cone of half-angle, t} - 15 mr, and have a maximum momentum 
spread of ±15% around an average momentum equal to one-fourth that of the beam. The 
kinematic constraints imposed by studying the reaction near threshold imply that a modestly 
sized dipole spectrometer can be used to momentum analyze the reaction products, but still 
yield 100% phase space acceptance for all four outgoing particles. 

III.B Experimental approach 

Below, we provide a qualitative description of the experimental requiremel1ts for the 
study of the pp ~ pp(pp) reaction near the kinematic threshold. The specific kinematics 
considered here are for E'" 25 MeV. Results from a more quantitative study of this reaction 
are presented in section IV. 

The experiment will consist of a -6 cm long liquid hydrogen target positioned 
upstream of a large-gap dipole magntil approximately I m in length with a field strength of 
approximately I T, as shown in Fig. II[). Such a magnet would bend the primary beam by 50 
mr. the reaction protons by 200±85 mr and the reaction antiprotons by ·200±85 mr. Hence, all 
of the reaction particles are contained within small, approximately conically shaped volumes 
after be'ing momentum analyzed by the magnet and are fully separated from the unscattered 
beam protons. In order to reconstruct the momentum vectors of the four reaction products, we 
need tracking detectors on both sides of the magnet. Track measurements can be performed, 
for example, with two packages of straw-tube detector stacks having rough dimensions of 0.8 
m (horizontal) x 0.5 m (vertical) positioned downstream of the magnet and a sufficient 
thickness to sample enough points to reconstruct the track. Following the tracking detectors, a 
scintillator hodoscope, having both vertical and horizontal slabs, is necessary for event 
triggering and energy-loss and time-of-flight measurements. 

A vacuum system would enclose the hydrogen target and extend to the tracking 
detectors. Both beam and reaction particles are transported through the vacuum system, 
thereby minimizing the probability of unwanted secondary reactions. This configuration 
ensures that the backgrounds produced by the apparatus are small. The remaining 
backgrounds are from other reactions in the target; most dominantly, multiple pion production 
reactions, pp ~ pp(n7t). The severe kinematic constraints ensure that a trigger which selects 3 
positive particles on one side of the magnet and] negative particle on the other side produces 
small rates from these background processes, so long as the scintillator hodoscope subtends 
only the cones expected for the pp(pp) final state. As demonstrated in the following section, 
the kinematic constraints imposed by the study of the threshold reaction suggest that offline 
event reconstructions can produce a clean signature even if the total cross section for the 
reaction is only 10.8 of the total pp cross section. 

detO 

~ 
cm 

x 
...c 

target 

Figure liLt Simple detector arrangement for study of the pp(pp) final state near 
threshold. The limiting rays (1 and 2) detennine the transverse extent 
of the detector apparatus and are defined in the text. 

lite Cross sections and rates 

There are no cross section data ill the threshold region for the process pp ~ pX. As 
discussed in section II, theoretical estimates predict a total cross section of -I nb at E-50 MeV. 
With a beam of 1.2 x 108 protons per spill and a spill every 1.2 s, we obtain an average beam 
intensity of J08 protons/sec and an instantaneous intensity of 4 x 108 protons/sec, for a 0.3 sec 
long spill. Using a 6 cm long liquid hydrogen target, there is a I % reaction probability 
(corresponding to O'lot .. 40 mb for pp scattering) implying an average reaction rate of 1 MHz 
(and an instantaneous reaction rate of 4 MHz). For a toraf cross scctionfor the pp ~ pp(pp) 
reaction of1 nb, we get 2.5 x 10.2 reactions o/illferesr per second. or 170 per day, assuming 
an O\'erall efficiency of80% for data collectioll and beam availability of1 spill 0111 oferer)' 10. 
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IV. Monte-Carlo simulations 
Although the qualitative advantages ofperfonning a measurement of the pp ~ pp(pp) 

reaction near the kinematic threshold are obvious, there still remain quantitative questions about 
the size of the magnet necessary to do the measurements, the approach used for event 
reconstruction and the ability to distinguish the desired signal in the presence of prolific 
background processes (which are 8 orders of magnitude more probable). To address these 
questions, it is necessary to resort to simulation methods of the pp ~ pp(pp) process itself 
and of the most dominant background processes. Events generated by the simulations are then 
reconstructed to establish the performance of the detector apparatus and the feasibility of the 
experiment. This section describes the simulation approach, the event reconstruction and the 
results from the simulation study. 

IV.A Kinematic limits and detector acceptance 

To establish the necessary dimensions of the magnet and tracking detectors, the kine
matical1imits for the reaction need to be examined. The suitability of such a simple setup can 
be established by considering whether the kinematical constraints associated with a threshold 
reaction are sufficient to distinguish signal from background, and if not, what additional 
apparatus is required to make that distinction. The overall scale of the detection apparatus is 
dictated by the highest energy above threshold that will be probed in the experiment. The 
geometry of the experiment is specified by the magnet length (LmoR ) and detector positions 
(given by the perpendicular distance from the target, Rperp; the rotation angle, t'tpt'rl'; and the 
shift, Xdt'l) and sizes (given by the in-plane and out-of-plane half-extents, Wdet and Hdct)' These 
quantities are defined in Fig. III-I. For the simulation studies presented below a magnet of 
length, L""'1I""1.3 m, a central field strength of 1.5 T and a usable gnp between the poletips of 
0.5 m was used. The detector dimensions, giving full acceptance for e 550 MeV, that were 
used in the simulations are listed in Table 2. 

Table 2 Detector dimensions. See Fig. IJI.l and me text for the definition of the quantities. 

QuantitI det 0 det 1 det 2 

Rperp (cm) 156 185 189 

t'tp(!rp ±20· ±20· ±20· 
Xdet (cm) -15 -20 -20 
Wllel (cm) 45 55 60 
Hdet (cm) 30 40 45 

element width (cml '" * 3.0 

* Value not specified in simulatiOn/reconstruction 

These detector dimensions have been optimized for the magnet used. As discussed below, a 
smaller magnet could be used for the experiment at the expense of longer distances and larger 
transverse areas for the detectors. A final decision about the setup should be made only after a 
suitable magnet is located. 

IV.A.1 Kinematic limits 

Much can be learned about the reaction under consideration by analytic calculations of 
the kinematics of the process. In particular, the limiting angles and the particle momenta for l.l 

given value of e ;$ {S - 4mI' are detennined from the kinematic relations 
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Figure IV.l "mm and PlIlllXfmin) VS. £ for the pp(pp) final state. 

~:IIUX'Y:,,,\· == P:ur/11Ip; t'tmax is the maximum laboratory frame polar angle; and the limiting 
laboratory frame momenta are given by Pma.'1min}' Fig. IV.1 shows the functional dependence of 
~"'(H and /J .." .." ..:.. , on e. 

IV.A.2 Event distributions on detectors 

Given the choice of £1IJal' ...50 MeV, it is now necessary to choose the magnet geometry 
and detector dimensions required to separate the reaction products from the beam and to give 
100% acceptance for the pp(pp) final state. To ensure this, it is necessary that the proton 
limiting ray have an exit angle from the magnet which is larger than the beam deflection angle. 
The limiting ray (labeled Ray 1 in Fig. III. I) corresponds to the proton simultaneously having 
maximum values for its in-plane momentum and in-plane scattering angle. This is equivalent 
to the proton having its maximum possible momentum at an angle of 90° in the CM frame, or 

Px =P:a, and Pt = ~CMi'CME:a., ' where 

~CM=~ 
E""orn+ mlurR 

S-8111; 
E;ax = 2{S 

The resulting angle difference between the beam and the limiting ray is shown in Fig. IV.2 as a 
function of Bp. As is evident, even a moderate sized magnet provides separation between the 
beam and the reaction products. For the purposes of the simulation, a 1.3-m long magnet has 
been used. This is comparable in size to the PS-170 magnet presently in use for experiment 
LNS-E213 at Laboratoire National Saturne for ongoing pP~ pK+ rand pp ~ pp~ 
measurements [8) and scheduled to be returned to CERN. A final decision about the detector 
geometry can only be made once a suitable magnet has been located. 
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Figure IV.2 	 Angle difference between beam and the proton limiting ray at the exit 

from the magnet for the pp(pp) final state. To fully separate the 

positive reaction products from the beam, 6" must be greater than O. 


The distribution of hits on the detector system (Fig. IV.3) can be determined from 
analytic means and also via Monte~Carlo (described below). For a given eM angle, "eM' there 
is a bounding locus of events in a plane lying along each detector. All protons from the 
pp(pp) final state must fall within this locus, the exact location depending on the magnitude of 
momentum in the CM, p' ~ P:ar' and the direction of the transverse momentum. The shape 
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Figure IV.3 	 Distribution of events on the face of del 0 for the right arm. The point 


x- yaO is at the mid-point of the detector used in the simulations. Also 

shown are the kinematic limits for the pp(pp) final state and the beam 

position at £..50 MeV. 


of the loci depends on the strength of the magnetic field and the orientation and placement of 
the detectors. The detector geometry necessary to obtain full acceptance for e: :5 50 MeV is 
given in Table 2. 
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IV.S Simulation procedure 

Quantitative questions about the feasibility of the experiment (such as the track 
reconstmction resolution, separation of the pp(pp) signal from background, etc.) require a 
detailed Monte Carlo. In principle, GEANT provides all of the necessary tools to examine the 
pp(pp) finnl state and potential background reactions. In practice, GEANT generates events at 
a rate of only -4 Hz. Hence. it is not feasible to generate the many background events 
necessary to establish what satisfies the experiment trigger. Instead, the GEANT phase-space 
generator (GENBOD) was used as the starting point for an independent simulation that relied 
on analytic calculations of the helical trajectory of the charged particles in a constant magnetic 
field. The intercepts of the charged particles with a flexibly specified detector system and the 
imposition of a realistic trigger were performed for each event. Missing from this simulation 
were multiple scattering, pal1icle decays and interactions and a realistic treatment of the fall off 
of the magnetic field at the edge of the magnet. Nonetheless, the simulation program operated 
at -2 kHz making it feasible to explore the influence of the trigger on background reactions and 
ultimately provided a set of momentum 4-vectors that were used in the full GEANT 
simulation which included all of these effects. A brief description of the ingredients of the 
simulation is provided below. 

IV.B.t Coordinate system and magnetic field specification 

The coordinate system used for both simulations and the event reconstruction has the z
axis along the incident beam direction (far away from the magnetic field). the y-axis oriented 
vertically upward and the x-axis pointing to beam left. The beam is assumed to be deflected to 
negative x when passing through the magnet, hence the central magnetic field has B.,>O and 
8.\",:8/,,,0. except near the poletipes of the magnet where the fringe fields are large 

The 'analytic' simulations have been performed with a 'sharp cutoff magnetic field, 
meaning that the field is assumed to be constant, B).=B('''1I1 inside of the effective field boundary 
and zero outside. The influence of fringe fields and magnetic field non-uniformities are 
expected to be a second order effect, not effecting the primary conclusions. To check this 
assumption, a model of a real magnetic field, including fringe field effects [91. has been used in 
a GEANT-based simulation. In this model, the fringe field of a dipole magnet of gap width D 
depends on a profile function, l1(s), given by the ratio of the magnetic field in the median plane 
to the central field strength, Bo•by: 

B,(O,O,z) 	 '" Z
h(s)' --5 ' where S =Le.s· and s =-

Bo 1+ e .=0 D 

Within this model, the fringe field is given by 

i d2h]B,.(O,y,Z) = Bo lI(s)--2-'[ 2D ds' 

y dh 
B;(O,y,z) =DBa ds 

IV.B.2 Detector specification 

Two types of detectors are allowed for in the simulations. In the first type, the detector 
is assumed to be able to return the simulated coordinates of a charged-particle track crossing 
with some finite resolution. That resolution is represented by picking transverse coordinate 
measuremem errors (ox and oy) at random from Gaussian distributions having an input Ox and 
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charged-particle track crossings are not included. Furthermore, the event reconstructions 	 )em... / -----------::, 

, ' ---	 "presented below do not include hit matching errors, probably the dominant source of 	 : /". / !~~..,;,.hl.!~(., ,.. 0,,,.1,]. J 
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systematic errors for the track fitting. It is assumed that either multi-wire drift chambers 	 l I /J. em ' •.ri.,,··ho,ml.,mJ.J "1'" I 	 .,,··~'l 
(MWDC) or straw-tube detectors will be used for tracking. Hence, 0.,-0),-100 Jlm has been 

used in the calculations. 

The second type of detector includes multiple planes and finite element widths. For 
these detectors, the track crossing coordinates are 'digitized' to identify the hit detector 
elements. This allows for the total number of hit elements to be determined for each event. A 
realistic treatment of event triggering for both the pp(pp) final state and background processes 
(discussed below) is then possible. 

IV.B.3 Event generation and particle transport 

The CERNLIB routine, GENBOD, is used to generate events picked uniformly from 
n-body phase space. To represent the rapid energy dependence of the BB production and to 
provide a more realistic ratio of background processes such as pp -) pp1t+1t-(nm) for different 
values of m, Fermi energy dependence is used. 

The finite target length is included in the calculations by drawing events uniformly 
distributed along a 6-cm target length. 

The helical path followed by the charged particles in the magnetic field volume is 
computed analytically given momentum components parallel and perpendicular to the uniform 
field. Multiple Coulomb scattering is not included in the calculations. 

Unstable particles can be treated. A secondary vertex is drawn at random from an 
exponential distribution, e-i/lrr~"t, where t is the particle lifetime and d is the distance from the 
primary vertex to the decay of the unstable particle. The resu1ting secondary particles arc 
tracked through the magnetic field. 

IV.C Event triggering and background reactions 

The trigger system is required to reduce the rate of the much more probable 
background reactions which can occur while allowing the readout of the tracking information 
for most of the pp -) pp(pp) reactions of interest. This is accomplished using stereo planes 
of scintillator strips positioned immediately downstream of the last tracking detector. A 
minimum of two planes (labeled u,v) are required with dip angles of ±45°. The transverse 
dimensions of the trigger detectors are given in Table 2. 

IV.C.I Trigger inefficiency 

The simplest trigger for the experiment corresponds to the condition of observing three 
protons on the right arm and the anti-proton on the left arm. This condition can be imposed by 
the trigger: [(nu.lejr-l )oCnv.lejr-I)] • [(nu.righr-3)-(n\,.rigllt-3)]. The njJrefer to the total 
number of scintillator elements fired for plane i (stereo planes u, v) and detector arm j (lefT or 
right). The trigger is made extremely selective by including in the coincidence only those 
elements that are expected to be iIlljp1inated by the pp(pp) final state particles at a given e. 
This trigger is too restrictive, producing £-dependent losses when multiple tracks intercept the 
same trigger element for the pp(pp) final state. Those losses are shown as a function of e for 
different widths of the trigger detector element in Fig. IV.4. Particularly at lo\\' £, there are 
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Figure IV.4 Trigger efficiency for the pp(pp) final state \'5. £ for different 
scintillator hodoscope detector widths. 

unacceptably high losses. An alternative is to relax the hit requirement, particularly on the right 
arm used to detect the three protons. Simply requiring one less hit on the right arm provides 
trigger efficiencies ~90% for an acceptable trigger detector element width. 

IV.C.2 Sources of background 

Table 3 lists the background reactions that are expected to be most problematic. Where 
measurements exist, cross sections for these processes are included. Otherwise, phase space 
calculations, normalized to existing measurements, are used to estimate the channel's cross 
section. Strangeness production channels, such as for pKY and ppK+ K- final states, do not 
cause significant backgrounds because of their small production cross sections. 

Table 3 	 Expected dominant sources of background processes, total cross sections 
and computed triggerrates. 

Final State 	 0,,,, (mb) Rate (Hz) 

Two-prong'" 
1. pp 	 10 '" 
2. pp+mrr.O with m~ 1 	 -6 '" 
3. pn1t++mrr.O with m~O 	 -6 '" 
4. Itltwtt++nmo with m~O 	 -6 '" 

Four-proT\g (non-strange) from Ref [10] 
5. 	 pp1t+1t-+nmo with m~O 3.0 (m-O) 40 

2,6 (m-I) 30 
0.4 (m..,2) 8 

6. pmt+lC+Tt"+1711t0 with m2:0 	 -3 35 
7. nn1t+1t+tt+Tt"+17mowith m2:0 -1 10 
,. 	 Two-prong channels produce triggers only through pileup. accidental coincidences, 

secondary interactions of the panicles with the magnet poletips, etc. 

ll1e final states listed in Table 3 can also be reached through intermediate states involving either 
baryon or meson resonances, In addition to the backgrounds arising from interactions with the 
liquid hydrogen target, there are also backgrounds arising from 
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"ibeam interactions witlflthe target windows. These backgrounds can be 
reduced by minimizing the ratio of window to liquid hydrogen scattering 
centers. 

,. 	 pileup: at a luminosity of -3xl031 cm-2s· I, corresponding to 108 pro
tons/sec incident on a 6-cm long liquid hydrogen target, the interaction 
rate is -1 MHz. This rate should pose no problem for the trigger, and is 
comparable to that used in LNS-E213 [8} where pileup has been ob
served to be negligible. Care must be taken to construct the gas-filled 
tracking detectors with small enough pitch to make them capable of 
dealing with high rates. Otherwise, reconstruction errors from extra hits 
could become a dominant source of background. 

The trigger rate for the reactions listed in Table 3 have been estimated via Monte Carlo using 
the 'loose trigget' requirement and 3-cm wide hodoscope elements. The rates are computed 
from the known cross sections and the projected luminosity. The size of the trigger region on 
de! 2 corresponds to the expected image on the detector for E-SO MeV. At smaller E, the 
trigger rates from these background reactions are smaller because of the reduction of the 
momentum range and maximum angles for the pp(pp) final state thereby al10wing fewer of 
the scinti11ator hodoscope elements to be used for the 3 positive + 1 negative particle trigger 
requirement. At E-SO MeV, a total trigger rate of O.S kHz can be expected. This rate is to be 
compared to the pp(pp) yield of -7 per hour, based on the cross section, luminosity and beam 
availability estimates given in Sec. IILC. Although highly effective, the trigger is far from 
sufficient from distinguishing the signal from background. That distinction has to be made 
using the tracking data and is discussed in the next section. 

IV.D Event reconstructions 

To determine whether a particular setup leads to a feasible experiment and to establish 
what level of particle identification is necessary, it is essential to have the rudiments of an event 
reconstruction code to evaluate simulation results. This section describes the methodology 
used in the event reconstructions and provides some results for pp(pp) final state and the 
reduction of background from other final states. 

V.D.I 	 Methodology 

It is assumed that the tracking chambers will properly return the coordinates of a track 
crossing on one of the detectors and that these coordinates can be properly sorted into tracks. 
This problem has been treated in some detail in the DISTO [8] reconstruction software which 
faces the same problem of a complete track reconstruction for 3 positive and 1 negative 
charged particles and, hence, should not pose a substantially more difficult task for this 
experiment. The task then, is to take the sorted coordinates from n tracks and 

identify their common vertex, assumed to lie along the beam path 

reconstruct the particle's charge and vector momentum at the vertex. 

distinguish valid pp(pp) events from background 

The firstlwo of these steps are linked to each other: a third spatial coordinate is required for 
each track to fit the helical trajectory through the magnetic field. That point must come from 
the reaction vertex. Using these three spatial coordinates, the helical trajectory through the 
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magnetic field can be fit using the CERNLIB routine MOMENTM. The routine returns the 
goodness of fit parameter for each track (X7), the sign of the charge of the particle producing 
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Figure IV.S 	 The individual track xi (returned from MOMENTM) and summed

X; as a function of the input variable zfor the common vertex. 

the track, and the vector momentum at the (input) vertex. The best choice for the z-coordinate 
of the common vertex is when 

a~1 =0 where/(z) =LX;a.. :,,,,,. 
The functions/(z) and X: are shown for a typical event in Fig. IV.5. The curvature of xi for 
an individual trnck is proportional to P)' for that track. 'nle minimum of xi is in general offset 
rrom the true vertex because of measurement errors. The assumption that the vertex can be re
constructed by minimizing .f(z) is equivalent to assuming that the measurement errors are 
randomly distributed. TIle common vertex hypothesis can be tested by examining the value of 
!(zml,'x)' 

V.D.2 	 Results 

The accuracy of the vertex reconstmction is illustrated in Fig. IV.6. The vertex 
reconstruction error is proportional to the transverse position resolution of the tracking 
detectors. Worsening the position resolution by a factor of two causes a 50% increase in the 
sigma of the reconstructed vertex distribution. Due to the fact that the vertex is included in the 
helical trajectory track fit, the vector momentum sum, Plum = LPf' is correlated with the 
deduced vertex., In principle, this could be used to improve the accuracy of the vertex 
determination. In practice, P-,um is an important distinction between signal and background 
(especially for final states where there are unobserved particles), hence imposing the condition 
P,u",=O to determine the vertex could compromise the integrity of this cut. 
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The magnitude of the individual momenta are determined to better than 1% using either 
straw-tube or MWDC tracking detectors, as illustrated in Fig. IV.7. This accuracy is artificially 
high since no measurement error is included in the magnetic field: the identical magnetic field 
map is used in both the simulations and the reconstructions. In practice, magnetic field map er
rors and/or non-unifomlities in the magnetic field will manifest themselves by worsening the 
momentum resolution. Furthermore, errors associated with recovering spatial coordinates 
from the hit information of the tracking detector as well as track sorting errors will all go in the 
direction of deteriorating the momentum resolution. In the simulations that have been per· 
formed, comparable momentum reconstruction errors are observed for all 4-charged-pat1icle 
tinnl states. 
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Figure: IV.7 	Distribution of the relative momentum ma~itude error for positive and 

negative tracks in the reconstruction of PPtPp) final states. 

The resolution in the components of p.•um and in the squared missing mass with the hy
pothesis of pp(pp) final states is crucial for kinematic distinctions between signal and back
ground. Fig. IV.8 shows these quantities. along with the gates used to establish the validity cf 
the final-state particle hypothesis. As illustrated, the gates used are quite loose. This is to ac
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count for the many different mechanisms that will worsen the resolution in the kinematic re
constmctions compared to what is present in the simulations. 
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Figure: IV.8 Ip,,,,iand M2 detennined from the reconstruction of pp(pp) final stares. 

V.D.3 	 Backgrounds 

The ultimate success or failure of the experiment will be its ability to reduce the 
effective background cross section to values below that expected for the pp(pp) final state. 
This background reduction can be accomplished via kinematic cuts and/or explicit particle 
identification. Since the kinematic information requires the basic tracking elements already 
discussed, it is natural to see the degree of background reduction using only the tracking 
measurements. There are three essential conditions that an event must satisfy to be a candidate 

event: 

all components ~f P$IIm must be zero. This condition is imposed by 
demanding Ips"",I ::;0.2 GeV2/c2• 

the squared missing mass computed assuming a pp(pp) final state must 
be zero. The condition 1M2 IS 0.1 GeV2 is used. 

Individual particles must have their eM momentum satisfy 
PCM S Pma.< +op, where op is chosen to account for finite resolution. In 
practice, this condition is imposed by computing the total energy in the 
CM assuming a pp(pp) final state. 
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Reconstruction of pp1t+7C:t° 
final state for events that 
satisfy the level-l trigger and 
all cuts applied to pp(pp). 
Events are distributed according 
to phase space at £-50 MeV. 
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Figure: IV.9 Correlation between W,,"" 12 and /If! determined from the reconstruction 
of pp7t+7C7t° final states. The hatched projections satisfy the condition 
imposed on the other variable. The box is the expected location for 
pp(pp) events. 

l2Fig. IV.9 shows the correlation between M2 and Ip (and their projections) without the 
JlIm 

condition on PCM for the individual charged particles for the final state Pp1t+W1t° with the 1t+1t

incorrectly identified as pp. This particular channel is the most troublesome, with the most 
l2intense population of the M2 vs. Ipsllm plane satisfying the conditions expected for pP(pp) 

final states. The remaining background from the pprr'+1t-1t° final state and other multi-pion 
production channels can be almost completely eliminated by imposing the last kinematic 
condition: namely, all four particles must have their eM momentum smaller than Pmax' This 
condition is most readily displayed by computing the total energy, computed assuming a 
pp(pp) final state, in the eM. As shown in Fig. IV.lO, the pp(pp) final state has a narrow 
peak centered at .fi of finite width detemlined by the reconstruction resolution. Other final 
states will have a broad distribution. 

ID 203 I 
Entries 155 i 
Mean 4.384 I 

.2538 : 

3.6 3.8 4 4.2 4.4 4.6 4.8 

Reconstructed total energy ill eM (GeV) 
Figure: IV.tO Distribution of the CM summed energy comfuted from the 

reconstructed tracks. Figure (a) is for the ppn+7t-7t final state, with 
the reconstructed n + and n- incorrectly identified as a proton and anti
proton. Figure (h) is for the pp(pp) final state 

TlIe end result is that tile effective cross section for misidentifying pp7t+7t-7t0 as pp(pp) is 
sigl1ijicalllly less than I lib, tile exact \'a/lie depending 011 the actual detector resolution. Hence, 
the theoretically predicted total cross section for the pp ~ pp(pp) reaction at £-50 MeV 
(a1ol-l nb) should be readily distinguished from background. As indicated in the earlier 
discussion, only very loose cuts have been employed with the expectation that the final 
resolution will be worse than what is observed in this simulation. Additional discrimination 
between pions and protons is provided by the energy deposition in the scintillator hodoscope, 
as has been demonstrated for comparable momentum particles in LNS-E213 [8]. 
Backgrounds from other non-strange channels are observed in the simulations to be smaller 
than for pp1[~7t-1[o. 
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V. Summary 
This letter of intent presents the plans for a new experiment for the CERN-PS east hall 

to measure the total cross section for the near-threshold production of pp pairs in pp collisions. 
The detector apparatus would be a magnetic spectrometer equipped with tracking detectors and 
a scintillator hodoscope, possibly supplemented \\lith water <;erenkov detectors for additio,1al 
particle identification inforn1ation. The detector would have 100% acceptance for all final-state 
particles in the pp ----7 pp(pp) reaction. 

,We require the following items from CERN to carry out the experiment in the CERN
PS east hall 

two weeks of a low-energy,low intensity slow extracted proton beam from the 
CERN-PS at three momenta of 6.54, 6.60 and 6.70 GeVic to allow 
measurements at E == Vi - 4mp - 10, 25 and 50 Me V. 
access to an experimental area in the east hall with a beam line from the CERN
PS. There should be adequate space, electrical power and cooling for a large 
dipole magnet and a vacuum system intended to encompass the beam, target 
and magnetic field regions. The simulations presented above assume a 1.5 T 
magnet covering an area of (1.3 m)2 with a usable gap between the pole tips of 
0.5 m. 
space and power for two symmetric detector arms. A schematic of the 
apparatus is shown in Fig. III. I 
a beam dump for the prifi1ary beam positioned downstream of the detector 
apparatus. 

The other components of the experiment would be provided by the collaboration and 
would include 

a 6-cm long liquid hydrogen target mounted upstream of the magnet. 
two detector arms immediately downstream of the magnet. Each arm is 
intended to be contained within a vacuum system and would consist of two 
stacks of straw-tube detectors for tracking and a scintillator hodoscope. 

Final design of the experiment must await the location of a suitable magnet. 
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VI. Extensions of the apparatus 
Although a measurement of the pp ----7 pp(pp) reaction, alone, would be of interest, a 

program of measurements of the more general pp ----7 ppBli reaction, would allow 
intercomparisons of pp, nn and AX production, hence providing complementary knowledge 
of the uii, iJ and ss content of the quark sea to that obtained from meson production. To 
carry out such a program, extensions of the basic apparatus shown in Fig. I1I.1 would be 
required. The simplest extension would be the study of lin production. Here, a set of neutron 
and anti-neutron counters would be placed downstream of the magnet positioned at an angle of 
0° with respect to the incoming beam. Counters similar to those used in the PS-199 LEAR '-, 

, 

experiment [II] would be appropriate. At an even later stage, extensions of the tracking 
detectors could allow the measurement of AA production close to its threshold of 7.999 
GeV/c. Those measurements would require the detection and triggering on the delayed decays 
of the AA pair, using techniques similar to the PS-ISS LEAR experiment. 
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