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To my mother and the memory of my father.



Abstract

The experiment PS202 (JETSET) at CERN’s LEAR will search for gluonic
resonances in proton antiproton collisions with an internal gas jet target
inserted in the LEAR ring. In this thesis I give a short overview of the field of
gluonium physics, followed by a description of the JETSET experiment. We
have developed a track fitting program for the experiment, and tested it on
Monte Carlo events. I describe the program in detail, as well as presenting
the results for mass resolution, and background rejection efficiency of the
detector. The appendix gives a summary of the main results, and does also
present some new results.
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Chapter 1
Glueballs

The QCD theory for strong interactions predicts the existence of a new form
of matter, glueballs. In the JETSET experiment at CERN we will search
these particles, for which there so far exists no clear evidence .

This chapter will explain why we expect that glueballs exist, and the
theoretical predictions we have about their mass, quantum number, produc-
tion and decay properties. The possibility of observing gluonium states and
distinguishing them from quarkonium(ordinary mesons) will be discussed.

A short summary of glueball-candidates seen so far in experiments will
be given, and we will conclude with an outline of what is special about our
experiment, and why we expect that it will provide valuable information.

1.1 The Colour Force

In this section the history of events that led to QCD, and its main properties
will be described.More details as well as the original references are given in
[6],[18],and [7].

Before 1950 only a few elementary particles were known.They were the
electron, the muon, and the photon, and the strongly interacting particles,
the proton, the neutron and the pion .

The electromagnetic interaction between particles was well understood,
through the theory of quantum electrodynamics, QED. The strong force ,
not so well understood , was described by the exchange of virtual pions by
Yukawa in 1935.
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However , when high energy accelerators were built in the 50’s and 60’s
a large number of new strongly interacting particles were found, these could
not be understood as elementary particles.

M.Gell-Mann and Y.Ne’eman showed in 1961 that the hadrons could be
described by the so called ”Eightfold Way”.All hadrons can be classified in
eight and ten dimensional representations of SU(3), which can be interpreted
as products of the fundamental three dimensional representation. In 1964
Gell-Mann and G.Zweig assigned real particles to the triplet, and called them
quarks.Quarks have spin 1/2 and fractional electric charge. The three quarks
in the triplet have different flavour, up,down and strange, and the flavour
SU(3) symmetry is only exact if we ignore quark masses. In later years one
has found evidence for two more flavours, charm and bottom.

One of the particles the eightfold way predicted, and that was discov-
ered in 1964 is the Q~, which consists of three s quarks. However this state
seems to break the Pauli exclusion principle because we have three identi-
cal fermions with parallel spin of 1/2. Greenberg solved this problem by
introducing a new degree of freedom, called colour.He postulated that there
exist three colours,R,B,Y and anticolours, and that real particles are colour

singlets (RBG, RBG, RR + BB + GG). Also the ratio
R- o(ete™ — hadrons)
~ o(ete — ptum)

indicated the existence of quark colours.This ratio is equal to the sum of the
quark charges for all flavours ¥ e?.However the result gets in agreement with
experiment only if we multiply by 3, implying that each quark flavour comes
in three different types.

It turns out that colour also explains the force between quarks. The free
Lagrangian for quarks is the ordinary Dirac Lagrangian

Lo =T (iv*, — m)T (1.1)

where ¥ is a three dimensional column vector in colour space.Here we con-
sider only one flavour.

We now assume a local SU(3)o10ur symmetry, (different from SU(3) Flavour ),
in the same way as local U(1) gauge invariance is assumed in QED. The local
phase transformations will be of the form

U(z) — ele@Tay(g) (1.2)
where T,, a=1,..8, are )\,/2,the \’s are the eight 3 X 3 Gell-mann matrices,
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and a(z) some function of x. Since the generators T, do not commute, the
theory is non-Abelian.

The free Lagrangian of equation 1.1 is not gauge invariant, but the fol-
lowing Lagrangian is

1 — —
EGZ‘/G#V +:199y*D, U + IYmV, (1.3)

D, is the covariant derivative

L=—

D, =0, -19,G;T, (1.4)
and G¢%, is the field strength tensor,
Gz.u = aﬂGz - aVGZ, + gsfachgGZ- (15)

G}, are the eight vector boson fields, or gluons, which transforms as
1
GZ — GZ + ;Byaa + fabcabGZ. - (16)

A mass term for the gluons, im? G7,G% is not consistent with gauge invariance,
and therefore gluons must be massless.

It can be shown that the binding is attractive for colour singlets, and less
attractive or repulsive for other combinations. While we can have charged
electrical objects, it is postulated that a particle with net colour (e.g.a free
quark) can not be observed.The reason for this is that the force is not depen-
dent of the inverse square of the distance like in electrostatics, it increases
or is constant with distance.Figure 1.1 shows the field lines between electon-
positron, and quark-antiquark. However this is not a fundamental feature of
QCD.

From the Lagrangian in equation 1.3 we get couplings of quarks and
gluons, but also self couplings of gluons corresponding to the vertices shown in
figure 1.2.These gluon -gluon vertices arise because the group is non-abelian.
The eight gluons have colour charges

RB, BR,RG,BG,RG, BG, (BB — RR)/V/2,and(RE + BE — 2GG) /6.

Because gluons can interact with other gluons it is possible to get bound,
colour less states containing only gluons, called glueballs.
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N2

"

Figure 1.1: Field-lines for coulomb and colour field(from [6])

A problem in QCD arises from the fact that the coupling constant g,
increases at large distanses.In QED it is possible to make detailed calcula-
tions because the coupling constant is so small that we can use perturbation
theory. In QCD the vacum polarisation of both quarks and gluons will give
an increase of g, at small momentum transfer, or long distances. It is then
very difficult to calculate the masses of the particles.

1.2 Looking for Glueballs

Because of the special properties of the colour force, QCD predicts not only
bound states of coloured quarks like ¢g, and gqq, but also bound states of
gluons, gg,ggg called glueballs, and of quarks and gluons,for example gggq,
which are called hybrids and meiktons. If we don’t find evidence for these
particles, it could mean that we do not have a proper understanding of the
colour force.

When so many mesons and baryons have been discovered during the last
thirty years why haven’t we seen any glueballs ? There can be several reasons
for this.

e Glueballs might be so broad that they can’t be disentangled from
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Figure 1.2: QCD- vertices
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quarkonium-states.
e We may have seen glueballs, and mistaken them for quarkonium.

e There might be only a few processes which produce glueballs and these
processes haven’t been studied thoroughly yet.

e It is possible that pure glueballs don’t exist, but that they mix with
quark-antiquark states.But this would give one more degree of freedom
and therefore another particle with same quantum-numbers.

What should we look for when we try to find glueballs?

e Particles that can not be mesons.This means either that they have ex-
otic quantum numbers, JF¢ = 0+~,0=~,1-+, not allowed for qq states,
or that we can’t fit the particles into any meson multiplets with given
quantum-numbers.

o Flavour independent decays.Glueballs are flavour singlets and couple
with equal strength to all flavours.

e Supressed radiative decays and no production in ~7y collisions. Since
glueballs don’t have electic charge they do not couple to photons.

e Widths of about 10 Mev is predicted by the OZI rule but this is con-
troversial(see section 1.2.2).

1.2.1 Glueball Properties
Quantum Numbers

Gluons are vector bosons , they have spin 1, so glueballs have integer spin.
They make up a colour octet which transforms into itself under charge con-
jugation, 8 = 8. The colourneutral gg will be a singlet in 8 ® 8 with ¢ =-1,
where c is the eigenvalue of the charge conjugation operator C. The three
gluon state ggg can be a singlet in 8 ® 8 ® 8 with ¢ =-1 or c=+1.

In the bag model [5] massless spin 1 gluons are put into a spherical
bag.Boundary conditions give a transverse electric mode (T'E); with par-
ity (—1)**'and transverse magnetic (T'M); with parity (—1)% where L is
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JPe

0t++ [ o++
0~ t|[1-+t] o2+
2++ | ot+ [ 4+
2=t [ 3-+ [ 4+

WIN| = O =~

Table 1.1: Quantum-numbers of glueballs(from [21])

the total angular momentum of the gluon. Lowest lying are TE1 = 1%,
TE2 = 27,TM1 = 1-. Table 1.1 shows the possible JFC for gg states, from
space-spin colour symmetry .Here [ is the orbital angular momentum, and J
the total angular momentum. There are two states forbidden for qq, 171+ 1
and 3=% .Three gluons states ggg may have any JP° combination while f.ex.
0=~,0*~ and others are forbidden for qq-

Masses

There are several models to predict the masses of glueballs.
e The bag model.
e Potensial models.
e Flux-tube models.
o Lattice QCD calculations

In the bag model [5] we have as already mentioned a spherical bag with
the boundary condition that no gluon flux passes across the surface, Then the
lowest mass glueballs are (T E), (T E),, with Jr¢ = 0++_2++ and (TE)(TM),,
J?¢=07*%,27%. The lowest mass state for three gluons is (TE)(TE),(TE);.
The mass of the lightest glueball is predicted at about 1 GeV. Interactions
between the gluons might shift the energy upwards by some hundreds of MeV,
However the result is that the lightest glueball is 0*+, and then in order of
increasing mass: 07%,2%%,27+ The ggg states are heavier, above 2 GeV.

INote that 1= is only possible for glueballs if we treat gluons as massive spin 1 quanta,
with three helicity states.
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Figure 1.3: Flux-tube model of glueball

The potential model assumes two massive spin 1 gluons interacting
through a potential. Cornwall-Soni [8] assume that the gluons interact via
a breakable string, the mass m is generated via the strong gluon forces.The
potental is

v(r) = 2m[l — e~"/70] (1.7

Barnes [20] uses a model where the long range confining potential is a
scalar, linear at large distances. The result is that the lightest state is 0+
with M = 1.23 - 2m,, where m, is the effective mass of the gluon which is

unknown. Barnes has chosen it to be 500 GeV. Diekmann [1] calculates the
effective gluon mass in the following way

__ colour factor8 ® 8
~ colour factor3 ® 3

my -my = T00MeV (1.8)

Glueballs can be regarded as flux tubes [5], like the one in figure 1.1
with the quarks removed, and the ends of the tube joined.See figure 1.3.The
energy of the various excitations (rotational, vibrational and radial) can be
calculated.The mass of the lightest glueball 0+*+ turns out to be about 1.5
GeV.The next lightest glueballs are 1+~ and 2++ [5]).

In lattice gauge theories[5] one does Monte-Carlo simulation of the
gluon interactions.The lightest glueball is 0++, with a mass of about 1 GeV,
and then 0~*,2++,

Table 1.2 shows some mass-predictions for three of the models.

The conclusion is that there seems to be general agreement that the
lightest glueball has quantum numbers 0*+, and mass between 0.5 and 1.5
GeV. Things get more unclear with higher masses but probably the next in
order of mass are 0-%+ and 2+.
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Glueball masses from a bag model (in MeV) 12491 (C;,, .y, gluon seli-energy with respect

to the cavity).

” (TE) (TE) (T™) (T™)!
Cr/C 0" 2 0" ) o 7
12 670 1750 1930 2640
1 1140 2120 1440 2300 1550 2300
2 1560 2470 1330 1940

Glueball masses from a lattice calculation (in

MeV) [251).
Gluehall masses from a, potential model (in mO0 ‘)= 40 90
McV) [248]. m(0 ") =142023%(")
m(0"*) = 1100-1200 m(2"")=1620 = 100
m(0" ") = 1300-1400 m(l ")=17302220 < exotic states
m(1") = 1400-1550 m(0" )= 2880 = 300
m(2" ") =1550-1650 m(2 )= 3420 = 300
m(2" ") = 1700-1800 m(1°")=2980 = 300

Table 1.2: Glueball masses(from(1])

1.2.2 Decays

As already mentioned, glueballs have equal coupling to all flavours, and decay
to isoscalar flavour singlet states. We should expect equal branching ratios
for g9 — ww,gg — ¢¢ and gg — wx. However the gluon-interaction may be
mass dependent.In that case we expect equal coupling to up and down but not
to the strange quark. Helicity conservation arguments suggest that glueballs
will decay to strange particles more often than to particles consisting of only
up and down quarks. For glueballs with charge conjugation +1(-1) we have
the allowed decays to strange mesons.

G- - K3 K, Ky Rr. (1.9)
Gt - KK, KKy, K3K, KL K. (1.10)

The following reaction is not allowed: G* — g7.
A nonet of quarkonium states can decay to:

(¢7) = KT, Ky K, Ky Ky, K3,mn. (1.11)

Ky means a vector, and K7 a tensor meson.
Glueballs can go to states with both strange or non-strange-mesons.

Gt - ww, pd,wn, 7. (1.12)
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Type s typical decays
(1) TE TE 02 v KK mm: w'n's pp; ww; K°K*; 66 mm'; ff,
(2Q) TET™ 0172 wa: KK, nf,(975): w'f,; pb,: K°K,
3)T™™MT™ 0", 2" same as (1) i
(4) TETE ™ 0 ;1 ;3" n,: KK,: n'l,: 79 KK*: nw; 0'¢; of;..
) TETET™ 0" 12 same as (1) + ma,; KK,; nf,(975).. ..
1770273 =p; KK*; nw; n'é; wb, KK,: of,; ...
(6) TETET™ 012 same as (2)
12 3 wd,: KK,; pa,: K°K}: ol f,f;: ..
(M™MTMT™ (| R same as (1) + #b,; KK,; pa,: pa,:...

Table 1.3: Glueball decay modes(from([1]).

G~ — wn, ¢n, pr. (1.13)

Quarkonium decays are restricted by the OZI rule and we can have the
following decays: _
(uT, dd) — ww,wn, pp. (1.14)

(s3) — ¢¢, én. (1.15)

A particle decaying only into one of the two classes of strange meson pairs
according to either equation 1.9,0r equation 1.10, but both types of channels
in equation 1.14 and equation 1.15 would indicate a glueball. Table 1.3 shows
glueball decay modes. .

Since gluons are electrically neutral they don’t couple to photons, and
glueballs therefore have supressed radiative decays.They can only go to v’s
in higher order diagrams.

From the OZI rule we can get the width of glueballs[2]. Figure 1.4shows
OZI-forbidden and -allowed decays. The relation between the widths is

f2 _ Pozc’

=5 (1.16)

If we assume that OZI -forbidden reactions go through glueballs we get:

Pyy = f - 1"hcuiron = V Fozi * Fhadron ~ 10 — 30MeV. (117)
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Figure 1.4: OZI-forbidden and -allowed decays.
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Figure 1.5: Glueball-production(from[13])
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Figure 1.6: The reaction pp — ¢¢

1.2.3 Production
We know three ways glueballs can be produced(see figure 1.5).

® J/V decay:The c and ¢ annihilate through gluon states. J/¥ — ggg
or J/¥ — ggn. -

e Double diffraction of protons.Gluons surrounding the protons fuse ,
first they make a glueball, which then go to mesons.

¢ OZI violating modes f.ex in #~p and PP collisions , where one or more
quarks annihilate.We then expect coloured gluons to be produced.In
one of the reactions we will study at J ETSET, pp — ¢4, all three quarks
annihilate, and we hope to find a gluonic resonance there.(figure 1.6)
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candidate | J¢ | mass | width | reaction experiment
MeV | MeV
S5*(975) 0tt [ 975 |16 pp — pprw (double pomeron) | ISR-AFS
J/U — ¢rm Mark III
TP — TpTT WAT76
G(1590) | 0** [ 1590 [200 | 7p — nyn (ozi- violating) GAMS
TP — nn'n
¢(1460) 0~* 11460 [ 100 [ J/¥ — ~K3K~ Mark IL,III
6(1720) 2++ 11720 | 100 J/V - vKK
J/U — ynn Crystal Ball
J/¥ - yrw
J/U = wK+K-
g(2011) 2++ 12011 | 202 T~p — ¢¢n (ozi-violating) BNL/CCNY
g(2297) | 2+t 12297 | 149 | 7~ Be — ¢pX ? (ozi-violating) | WA67
g(2339) 2++ 12339 | 315
=(2230) | 27F [2230 [20 | J/¥ = 7KOKD Mark III
J/¥ - yK+*K~

Table 1.4: Possible glueballs seen in experiments

1.2.4 Glueball Candidates

There are so far no unambigious sign of glueballs, but there are more states
than can be fitted into the existing ¢ multiplets. Table 1.4 list some of the
candidates, together with reactions where they are seen .

The ¢(1460) is one of the strongest candidates.If it is correct that it has

JPC

= 0~% then it does not fit into any existing ¢g multiplet.However some

experiments have seen another particle E(1420) with almost the same mass,
and JPC = 1++  which fits into a ¢g multiplet. The 6 is also a good can-
didate.It’s decay implies that it is a s3, but there already exist a s3 in this
mass region, the £(1550). However, a lot of experiments and analysis on the
data have to be done before we can be sure to have found a glueball.
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1.3 JETSET Physics

The first reaction to be studied at JETSET is pp — ¢¢ . This reaction is
OZI-forbidden, and hopefully a good source for glueballs. All three quarks in
the proton will annihilate with the antiquarks in the antiproton, and go to ¢¢
through a multi gluon intermediate state. At a center of mass energy of about
2 GeV we will try to find a resonant behaviour of the cross section. Other
experiments have found interesting unexplained states in this mass region, eg.
the three g-states seen at Brookhaven, and the ¢ seen by MARK ITI(table 1.4
MARK III has also seen other peaks in their experiments. JETSET has
several advantages which will give a cleaner picture.

e We hope to achieve higher statistics than the other experiments (see
section 2.1).

e The mass resolution will be determined by the beam parameters and
not the mass resolution of the detector. The uncertainty will be about
o0(Myy) =~ 1.0MeV/c? Since the width is predicted to be about 10-30
MeV for glueballs the measured width will not be smeared out by the
detector mass resolution.

e A full solid angle detector and high statistics will enable us to find the
quantum numbers.



Chapter 2
The JETSET Experiment

In the first chapter we discussed glueballs, why they should exist and what
we know about them. We saw that a gluon-rich channel is

pp— ¢p - KYK-KtK- ‘

To search for resonances in this reaction we need anti-protons in a focused
beam with well determined momentum of about 1 GeV, which can easily
be changed in small steps. This is provided by the LEAR, Low Energy
Antiproton Ring.We also need a high density proton target , which will give
the necessary luminosity to provide us with sufficiently high statistics. The
JETSET experiment uses a molecular hydrogen gas jet target for the protons.
This is inserted into the LEAR ring, where we have circulating anti-protons.

We will try to find resonances in pp — ¢¢ by measuring the reaction rate
as a function of LEAR beam-momentum. Other experiments have seen inter-
esting structures in the ¢ mass spectrum in the 2.0-2.4 GeV region. We will
scan with small steps in the beam momentum 0.6GeV/c < B <2.0GeV/ec,
corresponding to a centre of mass energy from 1.96 GeV to 2.43 GeV.

It is necessary with a detector which can to filter out the large amounts
of background events at trigger level, and to recognize ¢4 events off-line.

Some of the background reactions are:

e pp - KtK-K+tK-
o pp ot gt~

o pp >t~ KTK-

20
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® pp— wT T pp
® pp — ttr wtr— 70
o pp — wtr rtr— 7070
o pp > nta"KtK—7°
All these reactions have much higher cross sections than
PP 66— K*K-K*K-

The non-resonant
pp — 4K

cross-section is poorly known, so we will try to measure that as well.
In this chapter the setup of the experiment , the gas-jet target, the de-
tector and the triggering and event-selection will be described.

2.1 The Antiproton Beam

The antiprotons we need for the experiment will be produced by bombard-
ing 26 GeV /c protons from the proton synchroton PS on a tungsten target.
Antiprotons with a momentum of about 3.5 GeV/c will be selected by dipole
magnets to the AAC, Antiproton Accumulating Complex. The AAC consists
of the Antiproton COLlector ring, ACOL and the Antiproton Accumulator,
AA. Here the antiprotons will be collected, accumulated and stochastically
cooled. Stochastic cooling is a method to give uniform momenta to the an-
tiprotons. Pickup electrodes measure the location of the charge at one point
in the orbit.At the opposite point a correction voltage is applied. Because
the signal is transmitted across the ring it will arrive faster than the antipro-
tons which have to go round the arc. When we have a bunch consisting of
about 4 x 10'° antiprotons with momentum 3.5 GeV/c circulating in the AA
it is transferred to the PS where it is decelerated to 0.609 GeV/C before it is
sent into the LEAR ring. Here the beam momentum can be varied between
0.6 Gev/c and 2 GeV/c. Continuous stochastic cooling will give a low mo-
mentum uncertainty épe ~ 1073. Low beta quadropoles focus the beam.This
is important because we want the beam dimensions to be smaller than the
target dimensions.
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Figure 2.1: Antiprot.on production for LEAR (from[15])

The P revolution frequency will be 3.2 x 10 Hz. Figure 2.1 shows the
layout of the antiproton production system. In figure 2.2 we see the LEAR
ring with the location of the jet-target in the south straight section, low beta
quadropoles to focus the beam, and the stochastic cooling system.

2.2 The Gas Jet Target and the Beam Pipe.

The beam pipe will be a corrogated structure of 0.3 mm stainless steel. The
target for the experiment consists of a supersonic hydrogen beam, which
crosses the LEAR vacum pipe , where it interacts with the antiproton beam.
Hydrogen gas is kept in a vessel at low temperature Ty and high pressure
Py.1t is injected into the vacum through a trumpet shaped nozzle with small
aperture.To focus the jet it will pass through three slits before it reaches the
vacum pipe. After traversing the vacum pipe the gas is absorbed by a sink

pump system.
Figure 2.3 gives a view of the target, with the source at the top and the
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Figure 2.3: Jet target(from [3]).
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sink at the bottom.

No work is done by the expanding gas, the expansion is adiabatic, and
there will be no change of entropy.During the expansion the gas will cross
the vapour pressure curve.It will supersaturate and clusters of about 10° —
10° molecules will be formed.Hence the density in the interaction area will
increase, and less of the H, will be lost in the vacum tube.

The density is determined by the temperature and pressure of the gas
and the shape of the nozzle.By optimizing these parameters we can obtain

p = 8-10%atoms/cm?

The luminosity is given by
L = pN;f

where

Ns = number of antiprotons in the beam .

J = revolution frequency of the antiprotons.

There are 4 - 10'° antiprotons in the injected beam which circulate the ring
3.2 -10° times pr. second. This gives a maximum luminosity of

L=10%em %571 = 10 2np~ 151,

With this luminosity the total interaction rate will be

dN

Ewt =19L- Otot = ].OGHZ,

assuming o(pp — anything) = 100mb). The cross section for PP — ¢

is not known , but if we assume o(¢¢) = 0.1ubarn we get one ¢¢ event pr.
second. The luminosity will vary with time as

L = Loe-t/T

where 7 is the beam lifetime.
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If we have two fills of 4 - 10'® antiprotons each day we get an integrated
luminosity

24h
Ldt ~ 500nb~1

assuming 100 percent detection efficiency. In one day we will get about 5-10*
PP — ¢¢ events.
If we produce a resonance , its mass is given by

M = \[(Bz+my) = P = \[2m3 + 2m, /2 1 P2 2.1)

The mass uncertainty will be determined by the uncertainty in the mo-
mentum of the antiproton S P;, and is given by

SM=ﬂPb'_5P_
M\mZ+ P2 "

The stochastic cooling system will provide a momentum spread of

(2.2)

AP/P =~ 1073

This gives an uncertainty in the invariant mass for one event:
P =2GeV, Sy =07TMeV
P =0.6GeV, Sy =0.15MeV

If we have N events at the same beam momentum where this resonance
is produced,the uncertainty will be

Op = SM/\/N
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2.3 The Detector

The detector will surround the beam pipe and gas jet.It will be divided into
a barrel and a forward part. The detector components will have a matching
geometry, cylindrical in the barrel, and wedge -shaped or phi-planes in the
forward part. The volume will be about 1 m3. The geometric acceptanse
will be

0 < ¢<360°8° <6< 130°

The plan is to have two phases for the detector, the phase II will be an
improved and more advanced version, where a solenoidal magnetic field
will surround the detector. In phase II we will also look at reactions like
pP — ¢w.There are also plans to get polarized protons. Figure 2.4 shows the
detector. The straw chambers will give track information for momentum de-
temination. The RICH and dE/dx counters will give /K /p identification by
measuring 3.The threshold cerenkov counter will identify fast charged pions,
while the calorimeter will recognize neutral pions, by reconstructing the 2 v
mass. In the following the individual detector components will be described.

2.3.1 The Straw(Drift-Tube) Tracker

The straw chambers consist of cylindrical drift tubes glued together. The
tubes will be made of aluminium and filled with the gas be AR/CQO,.In the
middle there will be an anode wire made of tungsten.

The diameter of the tubes will be 8 mm, and they will be about 400 mm
long. The anode wires will have a diameter of 30 ym, and resistance 1 kQ/m.
The wall thickness will be about 50 ym , the amount of material seen by a
crossing particle will be about 1073X, per straw.This gives little multiple
scattering which makes the track reconstructon easier.

When a charged particle traverses the tube, the gas in it will ionize .The
electrons will drift toward the positive electrode. The distance of the track
from the wire is determined by measuring the drift time using a scintillator
signal as time = 0.

We can not tell which side of the wire the track passed. These ambiguities
will disappear if the straw tubes are placed such that the wires in each
adjacent layer are displaced by half a tube. Then the transverse coordinate
can be measured with resolution o; &~ 200um. The longitudinal coordinate
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is measured by comparing the sizes of pulses received at the two ends of the

wire. Then
90
Q1+ Q2

This charge division method will give the longitudinal coordinate with an
accuracy of about 1% of the straw length.

In the barrel we will have 1720 straws parallel to the beam tube, which will
give azimuthal (¢) and z coordinates for tracks with § > 45°. In the forward
direction there will be 12 layers, perpendicular to the beam direction, and
with straws parallel to x and y See figure 2.5.

The information from the straw tubes will be used for offline analysis to
reconstruct the charged tracks.

2.3.2 The dE/dx Silicon Counters

The dE/dx silicon counters will be located just outside the straw tube tracker.
By measuring the energy loss they will give the value of 8 = v/c. For a
charged particle the energy loss is given by the Bethe-Block formula.

d_E _ 2me c? ,32’)’2
dz ~ I

Zp 2
where
I = ionization potental
D = 47w Nor’m,c?
No = avogadros number
re = electron radius
m, = electron mass
Z = atomic number
A = atomic weight
p = density[kg/m?3]

Each silicon detector has a dimension 1.95 - 2.4¢cm?. In phase II we plan
to have detectors in the barrel region as well, with a cylindrical geometry,
of rectangular pads parallel to the beam. In the forward direction there will
be two planar circular counter arrays. In order to improve our triggering
capabilities a third silicon plane equipped with fast electonics was foreseen
in the forward diresction. This detector would need a lot of development
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Figure 2.6: The dE/dx counters (from [19]).

work, and is replaced by a set of small scintillators placed along the beam
pipe.See section 2.3.7 The dE/dx counters will help to distinguish 4K events
from background, especially pprtr—. The geometry of the detectors are
shown in figure 2.6

2.3.3 The Threshold Cerenkov Counter.

Cerenkov counters give a signal when the speed of the traversing particle is
higher than the speed of light in the medium. vipseshota = v = ¢/n, where n
is the refraction index. In our Cerenkov we will have liquid freon, which have
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Figure 2.7: Forward Cerenkov counters(from[19)).

n =1.26, B;» = 0.8. Since pions are lighter than kaons they are much faster at
a given energy,and they will usually have a 8 above the Cerenkov threshold.
This means that we can reject most of the charged pions at trigger level. The
barrel counter will have a radius of 29 cm and consist of 24 wedges with a
trapezoidal cross section of 3.5 cm, length 60 cm . In the forward region there
will be 24 pie shaped wedges, with an outer radius 30 cm, and a thickness of
2 cm. Figure 2.7 shows the geometry of the forward Cerenkov counters.
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Figure 2.8: Cerenkov wave front.

2.3.4 The Ring Imaging Cerenkov (RICH) Counter.

The Cerenkov light is sent out in a cone shaped wave front.
From the figure 2.8 we see that the opening angle is given by.

1 _
cosf = Bet = Bn (2.4)

This gives us another 8-measurement in addition to that from the dE/dx. In
the RICH detecor we will have a 1 cm radiator layer of CaF; or quartz.Then
the photons are allowed to drift 6 cm, before they are detected by the photon
detector.The photon detector consists of TMAE gas carried in methane ,
where the photons will be converted to photo-electrons.They are detected by
a 2D ”honeycomb” arrangement of wire chambers. Here we will get a ring
image, in this way we can measure 6 (figure 2.9),

The RICH counter will be used in phase II.

2.3.5 The EM-Calorimeter.

The purpose of the electromagnetic calorimeter is to measure the energy of
7’s which go into the detector. In this way we can detect 7%’s or other neu-
tral mesons which would have escaped unnoticed otherwise. The calorimeters
consists of plastic scintillation fibers embedded in Pb plates and packed to-
gether in towers. The fibers point toward the interaction region. The 4's will
loose all their energy by electromagnetic interactions in the lead. The energy
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resolution o, ~ 5mm. There will be 336 towers in the forward direction,
grouped in 8 theta rings with 24-28 modules pr. ring in the phi direction.
The geometry is shown in figure 2.10. In phase II the EM-calorimeter will

be extended to the barrel region.

resolution is og/E = [4]. The coordinates can be measured with

2.3.6 The v-Veto Counter.

The veto counter will be placed in the barrel region to detect photons from
decays of neutral mesons. It conmsists of plastic scintillator fibers and Pb .
and will be wedge shaped and segmented into 24 elements in the azimuthal
direction.

2.3.7 The Fast Charged Trigger Counters

The fast charged trigger-counters consists of three layers of scintillation coun-
ters in the barrel and forward direction, positioned outside the threshold
Cerenkov, and one layer close to the beam pipe. Scintillators emit light
when struck by a charged particle.Because they are very fast and have good
time resolution they are effective for timing (fo for straws) and as trigger
counters. They will be used to determine the charged multiplicity, and in
the next level the segmentation permits a possible fast kinematics trigger,
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Figure 2.10: The EM-calorimeter (from [19]).
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Figure 2.11: Pipe scintillators (from[19]).

where 6 — ¢ coordinates will be measured.The layer close the beam pipe has
40 scintillators that cover the angle 15 < 8 < 45 and 20 scintillators that
cover the angle 45 < 6 < 65 ,all with a thickness of 0.2 cm.To cover the same
angular region around the ellipse the scintillators will have varying length
as shown in figure 2.11. In the barrel one of the outer layers will consist of
straight scintillators parallel to the beam axis, the other two will be twisted
in opposite directions.This gives 300 (276 + 2 x 12 half cells in each end)
independent cells which will give information about the position. In the for-
ward detector there will be 48 wedge shaped elements in one of the layers, the
other two will each have 24 spirally shaped scintillators in oposite directions.
See figure 2.12 and 2.13 for the geometry of the trigger counters.

We have done some tests of prototypes of these detectors, at the T11 beam
at CERN’s PS .The prototypes were made with NE 110 equivalent material,
and had a thickness of 5 mm.The T11 beam consists of pyrt et e at
momentum 0.6 GeV/c-3.0 GeV/c.

Figures 2.14 and 2.15 show tests of light collection and timing properties
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Figure 2.12: Trigger scintillators, barrel (from[17]).
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Figure 2.13: Trigger scintillators, forward(from[17]).
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for these detectors.The scintillators were moved at different positions with
respect to the beam.We see a linear dependence of pulseheight and time
of travel for the produced light on the position. Time resolution found by
the full width half maximum of the TDC spectra was of the order of 1-2
ns.Typically 20-40 photo-electrons were detected.We can calculate the num-
ber of photons that is produced, this should be about 11000.This means that
the light collection efficiency is about 1-2 percent.

Inefficiencies for the detectors were found to be of the order of 10~*.

We have also found that it’s possible to get a crude measurement of
the energy loss.Figure 2.16 shows ADC spectrum for protons and pions,at
beam momentum 0.9 GeV/c.The energy loss is larger for the protons.Figure
2.17 shows how the pulse height depends on the momenta for pions and
protons,with error bars equal to the FWHM of the ADC spectrum. However,
because of a large Landau tail it will be difficult to use this to separate
different kind of particles online. ‘

Similar tests have been done with the spirally shaped forward counters,
which also gave similar results.

2.3.8 The Magnetic Field

In a second phase we hope to have a magnetic field in the detector. The
magnetic field in JETSET will be uniform with direction parallel to the
beam.The path of charged particles will then follow a helix

Pcos A = const - ¢qBR

where
B = Bz = value of the magnetic field
R = radius of the helix
q = charge of the particle
A = pitch angle
P cos A = transverse momentum.

Since we know f from dE/dx measurements, we can distinguish between
7/p/ K if we measure the momentum. The momentum will also be used to
get the invariant mass of pairs of kaons in 4K events.We can then find the
events which are pp — ¢ — 2K+2K~. The following magnets have been
suggested.
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e A 4 Tesla superconducting solenoid.
o A weak field 0.5 T solenoid.
e A 1.5 T warm magnet.

A higher field gives a better momentum determination but is also more ex-
pensive to obtain.The choice will probably be the 1.5 Tesla.Tests have shown
that with this we can obtain a nearly uniform field [9]. The choice of magnet
would also depend on whether LEAR can operate satisfactory at the highest
field values. The field will be made by two Cu coils wounded around the
JETSET detector and contained in a cylinder of length 1.72 m .The cylinder
will be surrounded by a thick iron yoke, open at the sides to provide passage
for the gas jet target and detector readout. The coils will have inner radius
0.70 m, outer radius 0.95 meter. Each coil will have 210 turns , a current of
5000 A will then give the wanted field strenght.
Figure 2.18 shows the magnet setup.

2.4 Triggering.

We have seen in section 2.1 that the number of pp interactions will be about
10° each second.Of these we only expect about one ¢¢ event. A selective
trigger is necessary to get rid of most of the background events and bring the
rate down to less than 100 Hz, which can be written to tape. At the time of
writing the complete trigger design is not decided. There will be three levels
, the first and probably the second based on fast electonics, and the third on
transputer processing.

Deadtime is the time when the readout electonics are blocked by data-
acquisition and triggering, during this time new events can not be recorced.In
order to reduce the deadtime as much as possible , the first level trigger should
give a large rejection factor.We wil here describe one possible trigger setup
(see section 5.2 for Monte Carlo studies).

e Level 1 Here the selection criteria will be

— Multiplicity of four charged particles all forward of § = 90 and one
or less with 6 > 45 (3 forward,1 in barrel, or 4 forward). Kaons
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, being heavier than pions will go mostly in the forward direction
because of momentum conservation.

The multiplicity will be determined by the trigger scintillators.

— No 7’s .m’s will mostly decay to gammas, so we have to veto
on those.This is done if there is a signal in the electromagnetic
calorimeter or the « veto counter, but no signal in the scintillator
elements directly in front.

— Not more than one particle with 8 > 0.8, which is the threshold
of the Cerenkov counter. This is also to get rid of the fast pions.

This level will take about 300 ns and reduce the rate from 1 MHz, to
a few kHz.

o Level 2 Here the 6 distribution of the particles will be tested, a kine-
- matical cut ¥£6 < 170 has been proposed, simulations have showed that
this generally holds for 4K events.REF This will probably be useful also
when we have a magnetic field. Theta will be determined by the trigger
scintillator pixels. A problem will be the so called ghosts ; with three
or four tracks in the forward direction we will have ambigiuties when
there is a false coincidence in the three scintillator levels. Several so-
lutions have been proposed to this problem. Forward Silicon pads can
be used in defining the tracks. Also a combinatorial logic incorporated
in the pixel defining electronics is proposed (see [14]). Another method
is to feed all possible pixel combinations into the coincidence matrix
without removing the ghosts.The event will be accepted if any set of
pixels fulfill the conditions. In this level the rate will be reduced to
about 100 Hz, in 4 us.

e Level 3 For the dE/dx counters one has proposed for a 4K final state.
— Total transverse momentum conservation

— Energy conservation

— Angle-velocity (8 — 8) correlation.

However , with the present readout of the silicon(Amplex), fast trig-
gering is not possible.
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Information from all the detector components will be correlated. At
this level digitized readout from the detectors will be assimilated by
transputers into an event which will be analysed in yVax comput-
ers.This processing will take about 5 ms, but it is in parallell with
the other levels, so little additional deadtime will be introduced for
each event.

2.5 Data Acquisition

Each of the detector components will be controlled by an independent Valet-
plus system, with readout buses like FASTbus and CAMAC . In case of a pos-
itive trigger , event information will be read out from the FASTbus /CAMAC
modules and written to tape. Then they can be further analyzed off-line.The
¢¢ events will be filtered out from 4K and other background events which
have managed to get through the trigger. In chapter 4 we will discuss how
well this can be done.



Chapter 3

The Simulation Programs

Because of the increasing complexity of particle physics experiments, design
studies are very important.Before starting to build the detecor components
we do a lot of Monte Carlo simulations. This is to check that we have the opti-
mal detector set up, efficient trigger cuts, and to test that our reconstruction
and analysis programs work. In particle physics applications, Monte-Carlo
programs generate events of any reaction we want. Then these events go
through a program which simulates the whole detector. In this chapter the
simulation programs we have used will be described.

3.1 The Event Generator EVGEN

3.1.1 The Fowl Program

The FOWL program was used to generate the wanted events.In this program
the Monte-Carlo method is used to calculate phase space distributions aris-
ing from particle interactions.The events are generated according to Lorentz
invariant phase-space. Figure 3.1 shows a simple flow chart for FOWL. As
input for the program we must have a file containing information about the
events we want to study in the form of data cards.The required data cards
are shown in figure 3.2. The user must also supply the subroutines Start,User
and Finish.

48
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Amended: 20.1.1970

LONG WRITE-UP

Organization of the Program

The basic structure of FOWL is outlined in the following simplified

subroutine diagram:

PROGRAM FOWL

= Main program, serves only to fix the length of

blank COMMON and define input/output options (CD

SUBROUTINE FOWIMP =
following

REDATA -
START+ -~

BEAMIN -
GENEV
USER* =

for each

event

FINISHe

OUTAUT -

Basic controlling subroutine, which makes the

subroutine calls:

reads all data cards
for initialization if necessary

chooses beam momentum if variable
generates event (momentum vectors)
calculates desired quantities and wei
accumulates weights in histogram and
scattergram bins

for manipulations of final results 1f

necessary
controls all output (histograms, sca:

grams, punched cards, etc.)

# = written by user

Figure 3.1: The FOWL program
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CERN COMPUTER CENTRE
PROGRAM LIERARY

Amended: 20.1.197C

LONG WRITE-UP

Required Data Cards

The first three data cards contain the following information:

1. First card - General information - Format 110,2F10.0,I10
NEVIOI' - Maximum number of events to be generated
TLIMIT - Maximum calculation time in minutes (should be smaller than

' the Job time limit to allow for printing)
TLIM® - no longer used.
KDUMP - Number of individual events to be dumped (see section E-DUM

2. Second card - Beam - Format LF10
PRM = Beanm perticle mass
TARBM = Target particle mass | (in GeV)
PBM = Beam momentum

DPBM - Spread in beam momentum
’ (half-width of Gaussian)
(see section L) J

3. Third card =- Outgoing particles - Format I10,(7F10), (8F10)
NP - Number of outgoing particles (meximum 18)

AMASS(1 )
. Masses of outgoing perticles (in GeV). If more than seven

AMASS(NP)[ particles, continue on second card (6F10) and if more tha
fifteen, on a third card (3F10)

Figure 3.2: Data cards for FOWL
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3.1.2 The EVGEN Program

We want to simulate the reaction
pPP— ¢p— KTK-KtK-

,and background reactions listed on page 20.
The program consists of a call to FOWL,and the following user subrou-
tines.

Start

Reads in particle kinds generated by FOWL,decay products, and size of
the interaction region.The user can supply in the data file ,life time of the
generated particles, and masses of the decay products.She must also give the
size of the beam- target interaction voulume.

User

Calculates momentum of decay products.Calculates vertex for decay prod-
ucts and primary particles.Transform to JETSET reference system.Write
events to a file readable by the GEANT JETSET Monte Carlo program.
Optional:Call to the subroutine ANALYS.Here various calculation can be
done to study the distribution of angle and velocity for the particles,and to
study the effects of the various trigger requirements.Acceptance cuts can be
applied before the events are written to file.

Finish

Write statistics and output histograms.

3.2 The Jetset Monte Carlo

3.2.1 The Geant Program Package
Geant3 is a program package which enables us to

o Track particles through a setup to study the acceptance and simulate
the detector response
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o Get a graphical representation of the setup and trajectories

We will briely describe this package: The setup is described by using a struc-
ture of geometrical volumes,each volume filled by a medium.The particles
are tracked through the detector, and physical effects like interactions with
matter,decay,and bending in a magnetic field are taken into account. When
a particle hits a sensitive detector, this is recorded and the detector response
is simulated.This information is written to a file, which can then be read by
an analysis program. For each event we can also draw the particle tracks
through the detector. A simplified program flow chart for GEANT is shown
in figure 3.3

The user must write the main program and some of the subroutines.In
the initialization phase she must provide the code to define the geometrical
setup and the tracking medium parameters.The setup is described through a
set of volumes where each volume has one of several basic shapes and the user
gives the dimension and a local reference system.The physical properties are
given by the MATERIAL parameters,and some additional information in the
TRACKING MEDIUM. A unique initial volume must be defined with a ref-
erence system called the master reference system.Volumes can be positioned
inside each other, in a hierarchical structure. In the event processing the user
must supply code to generate or read in an event.Each particle is tracked
until it stops, decays, interacts, or escapes the detector.One subroutine (GC-
TRACK) loops over all geometrical volumes, and another (GTVOL) over
succesive steps.The particle is tracked according to it’s type, and all physical
prosesses (i.e. energy loss,multiple scattering, decay ) and the bending in the
magnetic field are calculated. At the end of each step the user dependent
subroutine GUSTEP is called. For a sensitive detector the hits will be stored
in the data structure JHITS .(The tracking medium parameter ISVOL de-
fines whether a detector is sensitive or not.)When the event is processed it
can be written to a file in the subroutine GUOUT.

A file with datacards is also necessary.Here the user can set various flags
to control the run,for example she can turn all physical processes on or off
and decide which volumes she want to include, and whether they are sensitive
or not, according to her own taste.
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GEANT 3.10 USER'S GUIDE

Author(s) : F.Bruyant
Origin : GEANT)]

Simplified Program Flow Chart

MAIN (user)

= GZEBRA initialisation of ZEBRA system, dynamic core allocation
= UGINIT (user)

— GINIT  initialisation of GEANT? variables

— GFFGO interpretation of data cards

= GZINIT initialisation of ZEBRA core divisions and link areas

= GPART creation of the ‘particle’ data structure JPART
= GMATE creation of the ‘material’ data structure JMATE

= GRUN loop over events
-

GTRIGI initialisation for event processing
GTRICo -vent processing - :
— GUTREYV (user)

- GUTRAK (user)
- GTRACK control tracking of current track

— GUOUT output of current event
Ut GTRIGC clearing of memory for next event
— UGLAST (user)

I— GLAST  standard GEANT3 termination.

Figure 3.3: GEANT flow chart

BASE 010

= ‘user code’ description of the geometrical setup, of the sensitive detectors
JF creation of data structures JVOLUM, JTMED, JROTM, JSETS
— GPHYSI preparation of cross-section and energy loss tables for all used materials

— GUKINE (user) generation (or input) of event initial kinematics

- GTREVE (loop over tracks, including any secondaries generated)

|~ GMEDIA find current volume/tracking medium
= GTVOL loop over successive media se.
I GTGAMA/GTELEC,.... tracking of particle according to type
[=GUSTEP (user) recording of hits in data structure JHITS
and of space points in data structure JXYZ
— GUDIGI computation of digitisations and recording in data structure JDIG]

Submitted: 01.10.1
Revised: 20.05.

en by the particle
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3.2.2 The JSMC Program

This program reads events from the EVGEN program,and tracks particles
through the JETSET detector.The following elements of the experimental
setup can be simulated.

e The beam pipe

The straw tubes

The electromagnetic calorimeter

The trigger scintillation counters

The threshold Cerenkov

The dE/dx counters

(The Rich counter)
e (The silicon microstrips)

When we want to test the reconstruction programs that we will describe
in the next chapter,we will only include the beam pipe,scintillators, and the
straw tubes in the simulation.Only the straw tubes will be defined as active
detectors. The reconstruction programs RETNREC and HELREC recon-
struct the tracks from hits in the straw tubes.We must include the beampipe
and the inner scintillators, because the multiple scattering that takes place
in the material here will affect the track reconstruction. We will now de-
scribe how the detector elements are described in the JSMC program.(All
sizes given in cm.)

Simulation of the Beam Pipe

The beampipe in JETSET is an ellipse with half axes 8.2 ¢cm and 4.2 cm. In
JSMC it is described as 4 tube sections with the following parameters (in cm
and degrees)
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Section 1 2 3 4
Internal radius | 2.786 | 20.584 | 2.786 | 20.584
External radius | 2.801 | 20.599 | 2.801 | 20.599
Length 140 140 140 140

® upper limit -75 75 105 255

® lower limit 75 105 255 285
Material Iron

The 4 sections are then positioned to make an ellipse.

Simulation of the Beam Pipe Scintillators

These detectors are described with 24 boxes with the following parameters.

length

16.0

width

1.6

thickness | 0.2

material | plastic

Simulation of the Straw Tubes

The straw tubes contain three elements,the straw walls, the fill gas, and
the anode wire.They are described by three tubes inside each other. In the

current geometry we use the following parameters

Wire radius

0.0035

Wall thickness

0.0030 -0.0060

Feedtrough length

0.0500

Outer radius 0.4

Length 39.5
Material walls aluminium
Material wire tungsten

Chamber gas

70 % argon 30 % C4H10
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In the barrel we have 51 layers and a total radius of enclosure 18.0 cm. The
endcap is a tube with

Outer radius | 8.2

Inner radius | 18.0
Length 0.4
Material Aluminium

In the forward part we have 2 x-chambers and 2 y-chambers at z-positions
21.0,23.9,26.8,29.7, and a radius of enclusure 28.0 .

The geometrical parameters are read in from a separate file called DBASE
so they can easily be changed if we want to see the effects of a different
geometry.

Output of an Event

After processing an event the following information will be written to the file
that will later be read by the reconstruction programs.

e The coordinates for the interaction point (vertex)
e Momentum and direction for all the tracks at vertex

e For each hit: x,y,z,reference to track,reference to the detector

3.3 Summary

For each reaction we want to study we must first run the program EVGEN
with the necessary data cards in another file EVGDAT.The output is writ-
ten to an EVENT file. The JSMC program reads the EVENT file .It also
reads the file DBASE with the geometrical parameters,and the data cards
file JSMC-DAT.The output is written to a file HITS.This can be read by the
reconstruction program, which will be described in the next chapter.




Chapter 4

The Reconstruction Program

4.1 The Method of Least Squares

We have N measurements yq, ......... yn,and a theoretical model which predicts
the true values of the measurements f; = fi(6y,........ Or) i=1,...N, in terms
of the M parameters 6,,...0, .
Y1 6 f
Y2 02 f2
y=| o= f=1" (4.1)
Y Om In

The least squares principle says that the best values of the parameters 6
minimize the quantity

X' =[y - ")y - /] (4.2)
Y is the covariance matrix
o} o1
n=| o (4.3)
R 3

57
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It’s inverse X! is called the weight matrix, W . If ¥ is diagonal then we
can write

N
X2 = E 'w,-(y; - f,’)2 (44)
i=1
where w; is the weight of the measurement i w; = 1 /o?. The covariance
matrix will be described in more detail in section 4.1.1.
If we can make a reasonable first guess 62, ...,0% of the parameters,we

may expand the f; in a Taylor series retaining only the 0. and 1. order
terms.

M
of;
fi(01,0,.......001) = f:(62,00......0%,) + Z%Aoj (4.5)
Jj=1

or in matrix form

£(0) = £(6°) + AAG (4.6)
where A is the matrix of derivatives;

oh  8h | B

S.oé 36, By
A=) % * = - (4.7)
36, 96, Bl
Then X2 can be written:
X? = [y — [(°) — ADOTWIy — £(6°) — AL, (45)
We want to find the minimum of X? ,that is we have to solve
0x?
950 = 0 (4.9)
The solution is
A= (ATWA)™ - ATW(y — f) (4.10)

This gives us a better set of track parameters
0=20°+10 (4.11)

If the linear model is only approximate,we have to use an iterative method.
The new parameters § are used as starting parameters 6° in a new least
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squares fit.This procedure is repeated k times until | X?_, — X2 |< € ,where €
is some small number.If we have done an apropriate choice of parameters ,and
their starting values are not too far from the real parameters this will not
take too many iterations,and we will soon get small X2.It may happen that
X? > X?_,. This means that the minimum value has been passed over.We
can then set § = 6° + 1/2A8 and try an iteration with these values.

4.1.1 The Covariance Matrix
General Theory

The variance V (y;) of a random variable y; is the expectation value

0'? =< (y,-— <y; >)2 >= /(y,'— <Y; >)2P(y,-)dy,~ (4.12)

0; is called the standard deviaton.P(y) is the probability density.
The covariance cov(i,j) of the two random variables Yi,Y; 1s

Oij =<V¥Yi— <Y >>< y;— < y; >>= (4.13)
/ (vi— < >)*(yi— < y; >)2P(y:)P(y;)dyidy; (4.14)

Application to Track Fitting

In track fitting the measurements are measured coordinates from the detec-
tors, for instance drift chambers.The distribution of the measured coordinate
yi will often be gaussian,with the mean equal to the true value and standard
deviaton proportional to the precision of detector. Taking only the measure-
ment errors into account we will get a diagonal covariance matrix as input
for the least squares fit.

However other effects may cause deviations of measurements from our
track model,for example multiple Coulomb scattering of the particle along
its trajectory.In this case the covariance matrix will be non diagonal. How to
calculate this covariance matrix will be described in more detail in section 4.6.
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4.2 Track-model

4.2.1 Geometry of the JETSET Detector

In chapter 2 the JETSET detector was described in detail. The part of it to be
used in the track and momentum reconstruction is the precision barrel tracker
and precision forward tracker.This consists of straw counters as described in
chapter 2.3.1. Parameters for a typical setup of the straws can be seen on
page 3.2.2

Figure 4.1 shows the position of the straws in the detector. The barrel
consists of straw counters parallel to the beam direction.We have assumed
that we do measurements with R = 1/zZ + 32 fixed, and measure the coordi-
nates R¢ and z. Since the transverse resolution in the straws is much better
than the longitudinal resolution,ory < 0,,the ¢-measurement will have much
larger weight than the z- measurement.

In the forward direction we will have layers perpendicular to the beam
axis, and parallell to x or y. Here the measurements will have z fixed, and
one coordinate x or y have large weight,the other one much smaller. (See
figure 4.2). One has to take into account the possibility that the layers are
slightly rotated with respect to the x and y axes,i.e. that the straws lie
along some direction u, or v, where uv is a rotated coordinate system in the
xy-plane.

In this chapter we describe track fitting procedures both for the non
magnetic detector and for the case of a homogenous magnetic field,parallel
to the beam axis.

4.2.2 Equations of Motion and Parametrization
Straight Tracks

In the case of no magnetic field the equations of motions will be very simple,
the particles will follow straight tracks:

z=2z"+ Ut
y=1y"+ vyt
z=2+4u,t (4.15)
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Figure 4.1: Position of straws in the detector.
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Figure 4.2: Position measurement in straws.
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We assume that we have measured x and y for each hit,and that z is
known with almost no uncertainty.The predicted values will be:

x=x°+&(z—z°)
z

y=14°+ Z—y(z — 2%). (4.16)

When we have four tracks we want to find eleven parameters
-z%,y°,2° ,the common vertex
-2z 2% at vertex for the four tracks.

z z

Magnetic Field

With a homogenous magnetic field the particles follow helix-shaped paths:
The force on a particle in a static magnetic field B(z) is

F=quxB (4.17)

where q is the particle charge,and v it’s velocity. So the equation of motion
will be: 2

m’yﬁ = c®kqu X B. (4.18)
Here & is a proportionality factor dependent of the system of units used, and
7 the relativistic factor v = 71—1:?[3 = v/c. That is

d’z dz
dez = 4/pg X B (4.19)
where

s is path-length, % =y

p = m~fc is the momentum,

p is its abolute value.

In a homogenous magnetic field B = Be,

d? d

Es—f = (fcq/p)ggB (4.20)
d? d
i = —(ra/p) B (4.21)

d?z
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It 0(Sense of ratation)

q.gt.0,B.gt.0
= — sign(gB)=d¢/dz

Figure 4.3: Force on particle and sense of rotation.

which gives solutions

z(s) = 2° + Ry (cos(®° + hscosA/Ry) — cos®°® (4.23)
y(s) = y° + Ry(sin(®° + hscosA/Ry) — sin®° (4.24)
z(s) = 2° + sin)s (4.25)

where
s = path length along helix
z° = starting point at s = s
A = slope angle = arcsindz/ds
Ry = ra.,dius of helix = ;i:—f,% .
®, = azimuthal angle of starting point
= arctan dy /dz,—
h = sense of rotation
= 00/0z = —sign(¢B) (see fig 4.3).

0

The equations for x and y, in terms of z will be

) — cos ¢g)

z—2°

— 0 -
z=1z"+ Ry(cos(éo + h/Ry o
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s zo) — sin d). (4.26)

y =y° + Ru(sin(¢o + h/ Ry o,

In the case of four tracks we want to find fifteen parameters -z°,y?, 2°
,the common vertex
-®g,tan A\, /Ry at vertex for the four tracks.
Figures 4.4, and 4.5 shows the parameters for curved tracks.

4.2.3 Measurement Errors

The resolution for the straws with measurements in the transverse/long-
itudinal direction are assumed to be

oy = 0.02cm, 0, = 0.2cm

In the forward direction one coordinate (x or y) has error o,,the other o;.
In the barrel measurements with ¢,z measured we transform to X,y measure-
ments by setting:

2 = Zmeasured
Trmeasured = R cos ¢measurcd
Ymeasured = Rsin ¢mea.sured (427)

The rule for error propagation says:

— 2
ax—(am z"‘+(0¢m)a¢"‘ (4.28)
Oz .
o = R(—sin ¢y,)
Oz OR
Z = COS ¢ma = COS¢m tané
tanf = R/ z,,
oy =0t/R (4.29)
0p = (sin @ )?07 + (coS ¢ R/ 2 )20} (4.30)

See figure 4.6.Similarly, the error in y will be

oy = (cos ¢)?0? + (sin ¢, R/ 2,) %02 (4.31)
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Figure 4.4: Parameters for track fitting,straight tracks
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Figure 4.5: Parameters for track fitting,curved tracks
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X=ReCOS®,Y=RsSIN®

7

o
1%
u

o>

XY

v
Ny

Figure 4.6: Transformation of measured coordinates

4.3 The Track-Vertex Fit

We have the following information to start with: Measured coordinates for
the tracks with errors,approximate vertex position,beam momentum and
magnetic field strength.

From this we want to find the vertex coordinates,and the momentum at
vertex for all the particles, by using the method of least squares already
explained.We have used a method where all the tracks (four in our case ) are
fitted at the same time, through a common vertex. If there is a magnetic field,
the momenta can be found directly from this. Otherwise we can only find
the directions.Then the method described in section 4.4 is used to determine

the momenta.
In general we have for the measurement vector ij for track number j,

f; = f,(2j,95,1) ’ (4.32)

In our case for each hit in the detector we will have two measurements f. Z
is a fixed value for each measurement (the position of the detector),and

a; are track parameters (momentum,direction for track j)

T are common vertex parameters
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Then we can write

f=f(29)

Q = (£7g-1, ’ 36—1'4)

01) ’ 03 = Zo, Yo, 20

04, , Onpar = @jitp ,j = 1,ntrack,itp =1,ntp

MAp is the number of parameters for each track ,2 for straight tracks, and 3
for curved tracks.

@ity = Ok, k=3 + ntp(j — 1) + itp

4.3.1 Matrix Calculation

In section 4.1 we saw that when we start with parameters § we get improve-
ments

DG = (ATWA) - ATW(y — f) (4.33)

N; is the number of hits for each track!In our straw tubes each hit will
produce two coordinate measurement X,, and Y, (from drift time and charge
division). The total number of measurements willbe NMEAS = 2(N; +N,+
N3+ N,) = 2N The vector of residuals ,(y — f) has dimension NMEAS,and
is given by

( Xm(l’l)_XC(Ll) \
Y.(1,1) — Y(1,1)
Xm(2,1) — X(2,1)

Ym(Nl') 1) - )/C(Nl, 1)

Resl
Res2 )
Res=(y—f) = Res3 | = . (4.34)

Res4

Xm(1,4) — X.(1,4)

\ Y (Nuy 4) — Ya(N,, 4)
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Xm(2,7), Xc(3,7) and Y, (2, 5), Ya(3, §) are measured and calculated values
of X,Y for hit number i, track number j.
The matrix A of derivatives will have the form

Ao A;7 O 0 0
Ao 0 A2 0 0

A=l As% 0 o0 Azz 0 (4.35)
Ay O 0 0 Ay
It has dimension NM EASx number of parameters .
9Xc(1.5) 9Xc(1,5) 0X(1.5)
0 0 0
[ OFn o o
30 3Y0 820
Aj = ‘ ' ' (4.36)
0Xc(Njyj)  8Xe(Njj)  8Xc(Njhj)
5 X0 B 370
\ OYc(N;.j) 3Yc(‘1’ijj) 3Yc(JZVj,J') /
5X0 3Y0 320
9Xc(1.5) 9Xc(1,4) \
Ba ’1 da 12 :
Ye(Li)  oYe(L)
daj1 Oaj2
Ay = ’ ) (4.37)

9Xc(Njwi)  0Xc(Nj,j)

da; Ba;
oV (Rpi)  Ye(R)
\ “oan baz )
a;x is parameter k for track j.

W is the weight matrix ¥~1.It has dimension NMEAS,x NMEAS,and the
block form

Wi,

W = (4.38)

Wao .
. Ws3 .
Wy
Wj; is the weight matrix for one track .There is no covariance between the
different tracks.
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We define a vector DELTA=ATW (y — f) size npar and a matrix AT A =
(ATW A) ,size npar x npar.

> AL Wj;ResJ
T
DELTA = | A11WiiResl (4.39)
AT, W4 Res4
ZA;I(")WNAJO A1T0W11A11 . . A;I‘OW44A11
ATTWi1A50 ATW3HA 0 0 0
ATA = . . . ) (4.40)
AT WaiAy 0 0 0 AT WysAyy
If we have a diagonal weight matrix
1
o7 ? 0 o0 0
a7 0 0 0
Wj; = 0 0 457 O 0 (4.41)
.0 0 ) 0
1
0 000 S

where Z'(:TP is the weight,w(i,j),for the x -measurement for hit i,track j then
we get the following expressions.

( ...For k=1,.,_3 ‘
TR wa(i, 5) e (2e(i, 5) — @m(is 1))+
] Y terms]

DELTA(k) = ...qu k,= 4, npar (4.42)
2 w6, ) 22 (206, ) — 2m (5, )+
| ..y terms
ntrack nhits(y) o axc 63:::
ATAk D) = > ( > wz(z,])a—akaal + ..y terms) (4.43)

Jj=1 i=1
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The reconstruction procedure will then be like this:

-PROCEDURE TRVREC.

- Find starting parameters

- Zo, Yo, 20, (ah °y aitp)jaj = 1,nirack

- from detector hits.

- k=0

- start: k = k+1

- For j = 1,ntrack

- For i = 1,nhits(j)

- T, =..

- Ye = -

- For ipar = 1,npar

- For jpar = 1,npar

- DELTA(ipar) = DELTA(ipar) +....
- ATA(ipar,jpar) = ATA(ipar,jpar) +...
- X? = X2+ (A7 x w,)? + (Ay x w,)?
- if | X2_, — X? |< € GO TO END of trvrec.

- if X2, — X? <0 THEN

- 0=60-05A0

- GO TO start

- ENDIF

- A0 =(ATA)'DELTA

- 0 =04+ N0

- GO TO START

-END of trvrec

The CERNLIB routines RFACT and REQN are used to solve the matrix
equation. If we want to use a non diagonal weight matrix with contribu-
tions from multiple scattering we must change the whole procedure. See
section 4.6. Tables 4.3 and 4.4 shows the derivatives we use in calculatating
ATA and DELTA. The start-values are shown in table 4.1 (straight tracks),or
table 4.2(curved tracks).
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Circle Radius

To find the radius for the projected circle in the XY-plane we use a method
proposed in [16]. This gives the position of the center,z.(7), y.(7),for the
circle, when three points are given,and goes like this:.

e Shift origin to z,y;
a;:~=$i—$1,,i=2,3 (444)

¢ Rotate coordinate system,(y4 = 0)

d = /(23)* + (v3)* (4.45)

¢y = z3/d (4.46)
¢ =ys/d (4.47)
T = Ticy + Yis4,t = 2,3 (4.48)
Ui = yscs — Th84,1 =2,3 (4.49)
(4.50)
e Find the centre and radius:

£, = x3/2 (4.51)
check that g, # 0 (4.52)

Ye =1/2- (§o2 — £a(5 — -752)/y~2~)
r? =22 4 y2 (4.53)

e Rotate and shift centre to original system.
T = T.Cp — YeSg + T; (4.54)
Yo = YeCp + TeSyp + Ys (4.55)

4.4 How to Find the Momenta
4.4.1 Straight Tracks

If we have found the directions of the four outgoing particles,we can find
the momenta assuming that the particles have a mass equal to My. From
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Zo 0
Yo 0
20 0

da:/dz zm!nhzts!] )7)

Zplane(nhits(3),5

dy / dz ym (nhits(7),7)

Zplane (nhits(j)fj)

Table 4.1: Starting values for parameters,straight tracks.

Zo 0
Yo 0
20 0
—~YcJ

dy arctan (_zc({))h —

A Zplane(NNtis()),)
tan \/zm(nha‘ts(j),j)2+ym(nlzfts(;'),j)2
h R sign(A®

[Bu V/(ze(d) =z m (nhits(5),5))2 +(ve(5)—ym (nhits(5) 7))

Table 4.2: Starting values for parameters,helix formed tracks.

Table 4.3: Derivatives,%g,straight track

0/f 1z(2) y(2)

o 1 0

Yo 0 1

20 —dz/dz | —dy/d=
defdz | z—2 |0

dy/dz | 0 z— 2
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0/f |z(2) y(2)
o 1 0
Yo 0 1
20 h/ tan Asin(®o + h/RpZ=22) —h/tan A cos(®o + h/ Ry =22
®q Ry (—sin(®o + h/RyZ2) +sindy) | Ry (cos(Po + h/Rg222) — cos @)
tan A | 222k in (@, 4 h/Ry2=22) — 22220 cos(®g + h/RyZ=2
h/Ry | —hRy(cos(®o + h/Rgi2) — cos o) | —hR%(sin(®o + h/Ryg i) — sin @)
— Ry &%) sin(@o + h/Rpr2=2) +Rpg =2 cos(Bo + h/ Ry 2=22)
Table 4.4: Deriva,tives,%ot,curved track
momentum conservation we get three equations.
ntrack
Ppei= > P, (:=1,3) (4.56)
Jj=1
Py, is the momentum component i of the incident antiproton.
Pipne,o=Pincy= 0. Manipulating with these equation we get
P2 _CIPI
M| P3| = —C’;P1 (4.57)
P4 -Pinc,z - C;Pl
Here Cf is ;‘; ,and M the matrix
c; C; C;
M= C: CS C; (4.58)
c: ¢ Ct
If P! is known we can find the three other momenta from:
p? —-Clpt
P3| =M1 —C’;P1 (4.59)
P4 -Pinc,z - C;}Pl

This can also be written ‘ ’
P’ =aq; P’ + b,
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From conservation of energy we have that

ntrack

A= Einc + Etarget - Z (m]2¢ + (Pj)2)l/2 =0 (4~60)
Jj=1

We have to scan for different values of P! . The second derivative of A with
respect to P! is always negative.

d2A ntrack . mz
d(Pyp = ; “i(a; P+ b;)2 + mIPP2 (4:61)

Figure 4.7 from [12] shows the different forms A can have and we see that
we can get 0,1 or 2 good solutions (A = 0). In this and the next chapter,
we have then chosen the correct solution (closest to Monte Carlo values),but
[10] explains how it can be found from measurements of the energy loss in
silicon detectors.

4.4.2 Curved Tracks

From figure 4.8 we see that the momenta are given from the parameters in
the following way.

Pr= | i,’;q | (4.62)
dp=0o+h-7/2

PX = PTCOS¢

Py = Prsing

PZ =PTtan/\

After having found the momenta in this way,we can then use the directions
at the starting point(Px/ Pz, Py /Pz) to do a fit with directions as described
above.

4.5 The REC Programs.

We have used the programs RETNREC and HELREC to reconstruct monte-
carlo events.Events generated by FOWL were used as input to the GEANT
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Fig. 7 A few examples of the functional dependence of the "mi‘ssing energy” from one
of the particles momenta.

Figure 4.7: The A function (from [12]).
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h=+1

P, = P:itanA

Figure 4.8: Connection between momenta and parameters.
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program,which simulated the detector with different physical processes. In
the programs gaussian fluctuations were added to the impact points, before
reconstruction of the directions and momenta of kaons, and the invariant
masses of pairs of tracks. For each hit,we knew the corresponding track
which produced it ,s0 no attempt of pattern recognition was done. To check
the program the reconstructed momenta was compared to the ’true’ values
for the monte-carlo events. We will briefly describe the program RETNREC:

-BEGIN
-CALL INITIALIZE

- CALL PARA

- Reads geometrical parameters for detector element

- CALL READH
- Reads event file header;magnetic field, momentum of
- incoming anti-proton etc.

-FOR each event DO

- CALL READEV

- Reads no. of tracks ,vertex and momenta

- for each track,type of particle (from MC-data),

- reads no. of hits in each detector ,corresponding track,
- hit coordinates.

- For strawhits

- CALL DSTRW

- Fakes pattern recognition.Assigns each hit to a track,
- and assign errors according to detector type.

- CALL TRVINP

- Prepares input for the track reconstruction.

- Adds gaussian errors to hits to get measured values.
- Transforms all measurements to X-Y measurements.
- Calculates errors from multiple scattering.
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- Finds weights for all measurements.

- CALL TRVREC
- Described on page 4.3.1.

- If event OK so far
- CALL EVREC

- CALL KINEM

- Finds momenta of kaons from directions and the
- energy and momentum of the antiproton.

- See section 4.4.

- CALL INVMASS

- Reconstructs mass of ¢ particles.

- CALL STATIS
- Compare reconstructed with generated values,and chi square
- values with theoretical distribution.

-END

4.5.1 Results from the Programs

We have generated ¢¢ events in EVGEN, with a beam momenta of 1.5 GeV,
and an interaction region of 1 cm®. The geometry used in the simulation
program JSMC is described in section 3.2.2.In each case we generated 1000

events. We then tested the program RETNREC at four different conditions.

1. No multiple scattering in the simulation program,and no errors added in
the reconstruction program.All the measurements have equal weights.In
this case the reconstructed values should be very close to the generated.
The purpose was to check that the program works pr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>