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The reasonable man adapts himself to the world;
the unreasonable one persists in trying to adapt the worldrnusklf.
Therefore all progress depends on the unreasonable man.
George Bernard Shaw






Abstract

The aim of this work was to determine the total width of theneson. The investigated
meson was produced via the — ppn’ reaction in the collisions of beam protons
from COSY synchrotron with protons from a hydrogen clustegyeéa The COSY-11
detector was used for the measurement of the four-momergatons of outgoing pro-
tons. The mass of unregistered meson was determined viassagmass technique,
while the total width was directly derived from the mass riisitions established at
five different beam momenta. Parallel monitoring of the @lparameters (e.g. size
and position of the target stream) and the measurementweadeeshold permitted to
obtain mass resolution of FWHM = 0.33 MeV/c

Based on the sample of more than 2300 reconstrugted— ppn’ events the
determined total width of thg’ meson amounts td,, = 0.226 + 0.017(stat) +
0.014(syst) MeV, which is the most precise measurement until now.






Streszczenie

Celem tej pracy byto wyznaczenie szer8kbcatkowitej mezonuw’. Badany mezon
byt produkowany w reakcjpp — ppn’ w zderzeniach protonéw wiazki synchrotronu
COSY oraz protonéw z wodorowej tarczy klastrowej. Do pomaateropeddw wylatu-
jacych protonéw myty zostat detektor COSY-11. Masa nierejestrowanego mezon
byta wyznaczona dzieki metodzie masy brakujacej, pcslgrly catkowita szerolad
zostata otrzymana bezpednio z widm masy brakujacej uzyskanych dla pieciu ro6-
znych peddéw wiazki. Réwnoczesne monitorowanie kluczdwyarametréw (np. ta-
kich jak rozmiar i pozycja strumienia tarczy) oraz wykorepomiaru w pobku progu
kinematycznego na produkcje mezoyipozwolito otrzyma& doktadn&t wyznaczenia
masy réwna FWHM = 0.33 MeVfc

W oparciu o ponad 2300 zrekonstruowanych zdagge— ppn’ wyznaczona sze-
rokoSt catkowita mezony’ wynosil',, = 0.226 £0.017(stat) 4+ 0.014(syst) MeV, co
jest najdoktadniejszym dotychczas wynikiem pomiaru tegliasci.
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Chapter 1
Introduction

Enlarging the knowledge about nature can be realised diyneaking into account
a larger field for investigations or by focusing on the imgment of the quality of
the already existing information e.g. by improving sigrafitly the precision of mea-
surements. This work is an example for the second methodderdo deepen the
understanding of properties of hadronic matter, preciské/value of the total width
of then’ meson ).

Although the value of’,/ is known since 30 yeard], there are only two measure-
ments so far], 2] with results which are admittedly in agreement within timeiis of
the achieved accuracy, but the reporte2D-50% errors cause the average of these val-
ues not to be recommended by the Particle Data Group (PBlGIngtead, the value
resulting from a fit to 51 measurements of partial widthsegnated cross sections,
and branching ratios is quoted by PD&.[However, both values (the measured av-
erage and the fit result) are not consistent and, additigrtak value recommended
by PDG may cause some difficulties when interpreting expemtiad data due to the
strong correlation betwedrf® andI'(/ — ~vv). This is the case e.g. in the investiga-
tions aiming for the determination of the gluonium conttibo to ther’” meson wave
function [4].

Though there is no theoretical prediction abbyt, there is strong interest in the
precise determination df,, to translate branching ratios (BR) into partial widths, es-
pecially for thery meson decay channels 1077, py, and77"y as inputs for the
phenomenological description of Quantum Chromo-Dynanmdke non-perturbative
regime pJ.

It is also worth to note that an improvement of the experirakergsolution by an
order of magnitude in comparison to previous experimeht&] could resolve fine
structures in the’ signal, which cannot be excludadpriori.

The above-mentioned examples visualise that a precisendetgion of I, will
provide important information for a better understandihgneson physics at low en-
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ergies and, in particular, for structure and decay prosestther’ meson. Therefore,
a more accurate than so far determinatiord’pf constitutes the main motivation for
this thesis. A more detailed motivation for such studieséspnted in Chapté&.

This work focuses on a measurementgf performed in 2006 at the cooler syn-
chrotron COSY with the COSY-11 detector setup, where)tineesons were produced
in collisions of protons from the circulating beam with s from the cluster target
stream §]. The measurement was carried out at five beam momenta v&sg th the
n’ production threshold. The identification of the — ppn’ reaction is based on the
reconstruction of the four-momentum vectors of the outggrotons and on the cal-
culation of the’ meson four-momentum vector from energy and momentum conser
vation. The total width of the/ meson is directly determined from the missing mass
spectra. The mass resolution of the COSY-11 detector wauagrto such limits
thatI',, could have been obtained directly from the mass distributstablished with
a precision comparable to the width itself. Applied impnments are: (i) measure-
ment very close to the kinematic threshold to decrease tbertainties of the missing
mass determination, since at threshold the valug(ofm)/0p approaches zeranm
= missing massp = momentum of the outgoing protons), (ii) higher voltage & th
drift chambers to improve the spatial resolution for tragkanstruction, (iii) reduced
width of the cluster target stream to decrease the effeatiwvmentum spread of the
beam due to the dispersion and to improve the momentum regaotisn, and finally
(iv) measurements at five different beam momenta to reducsytstematic uncertain-
ties.

The principle of the measurement together with the desonf the experimental
setup is given in Chapt&: Information about the calibration of the detectors used fo
the registration of the protons and checks of the experiaieonditions can be found
in Chapter4. Further, in Chaptéb the identification of theyp — ppn/’ reaction and the
extraction of the background-free missing mass spectreesepted. The value &7,
was obtained via a comparison of the experimental missingsrdastributions to the
Monte Carlo generated spectra including the valu€,pfas a free parameter, as it is
presented in Chaptétogether with estimations of the statistical and systemati
certainties. Finally, the discussion of the achieved tesud conclusions are presented
in the last chapter.



Chapter 2

Motivation for the determination of
the total width of the n” meson

The total width of an unstable particle may be defined as avidlih at half maximum
(FWHM) of its mass distribution.

The first information about the observation of a meson withrttass 958 MeV/c
came outin May 19647, 8]* together with an upper limit for the total width,<12MeV.
Afterwards several investigations about the propertigh®f’ meson were performed
(see e.g.9-11]). Soon it became clear, that physics connected withjthleeson has
many interesting puzzles.

One of the still unsolved problems are the values and natude@ay constants.
The predictions made on the quark flavour basis are done tinel@ssumption, that
the decay constants in that basis follow the pattern of@arstate mixing12, 13]. The
quark-flavor mixing scheme can also be used for calculatdpseudoscalar transi-
tion form factors 4] and the degree of nonet symmetry and SU(3) breakibly Such
studies can be done via measurements or calculations ofaliel'(’ — ~+) and
I'(n — pvy). However, the pseudoscalar mixing angle depends on thenskihown
and vigorously investigated gluonium content of thand»’ wave functions 4, 16—
24). There are indications about large contributions of giuleathn andr’ mesons16,
17] although at the same time there are phenomenological seslghowing no ev-
idence of a gluonium admixture in these mesoral].[On the quark flavour ba-
sis the physical stategandr’ are assumed to be a linear combination of the states
Ing) = 1/3/2Jut + dd) , |n,) = |s5) ,and|G) = |gluoniun) [21]:

n) = Xylng) + Yalns) + Z,|G) ') = Xoy|ng) + Yy lns) + Zy1G) . (2.1)

whereX?+Y?+ Z% = 1, and a possible gluonium component correspond&to- 0.
Experimental results indicate values which differ fromazez?, = 0.06*0:0¢ [20],

1 X, was an other name for thg meson at that time.
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7% = 0.14+0.04[22, Z = 0.11 4 0.04 [4]. Here the values of (' — ~v) and
I'(n — pv) are important as constraints féf>, andY;’. However, the value of,,
recommended by the PDG?ZDG) is strongly correlated witl'(n" — ~+) as the most
precise determined quantity contributing to the fit proced8], what causes problems
when bothl'"P® andT'(7 — ~v) are needed for the interpretation of the resuis [
A direct measurement af,, would allow to determine partial widths independently of
I'(n'" — 7).

The precise determination @f, will also allow to establish more precisely par-
tial widths, useful in many other interesting investigaso For example, the partial
widths ofy’ — nTn—7% andn’ — 77~ are interesting as a tool for investigations
of the quark mass difference, — m, [25-27], which induces isospin breaking in
Quantum Chromo-Dynamics (QCD3,[25, 28]. The box anomaly of QCD, which
breaks the symmetry under certain chiral transformatimugther with the axial U(1)
anomaly, preventing the particle from being a Goldstonebas the limit of vanish-
ing light quark masses, can be explored via anomalous dexfaysinto 77171~
(with [ = e, p) in a chiral unitary approact2p)]. In all above considerations values of
partial widths ofy’ decays are necessary as input values or as the cross chetis fo
assumptions.

From the experimental point of view the partial width can bé&dmined either by
an extraction of the corresponding branching ratio, or byeasarement of the ratio
of the corresponding branching ratio and the branching cdtanother decay channel.
In the first method the value of the total width has to be knomimgreas in the second
approach the partial width of the second decay channel isnext; which refers again
to the first method and the determination of the total widtht¢othe decay into two
photonsd.

Determinations of the total width of thg meson via production processes were
performed in '79 1] and '94 [2]® , however, the achieved accuracy on th&0% and
~50% level, respectively, is not sufficient for studies dssrd above. The average
value of the two measurementsli§"“**= (0.30 + 0.09) MeV [3].

The indirect determination df,, (I';”® = (0.205 4 0.015) MeV) based on partial
widths and branching ratios, recommended by PBJGdrovides a satisfactory result
due to the high number of accurate measurements of branciting and of the prob-
ability of the n” meson formation in two photons collisions. It is based onfihef
partial widths, two combinations of particle widths ob&dfrom integrated cross sec-
tions and on 16 branching ratios. Altogether PDG uses 51 uneaents for the fit3].

20nly I'(X — ~v) can be derived separately due to the calculated dependetwedn the produc-

tion cross section ok in two photons collisions and partial widtB@, 31].
3In fact, there is a third measurementltf from 2004 obtained as a by-product durifgy decay

studies B2], however, it is not used by the Particle Data Group.



The partial width of the;” meson decay into two photons is crucial in such approach
and can be derived from the following equation (for detagls s8.g. 83-35)):

Ny =T,,6(v"y" — 7 )BR() — X)Z.c€, (2.2)

whereN,, corresponds to the number of themesons observed in the reaction chain
ete” — efe vy — ete Y — efe” X, I, denotes the partial width of thg me-
son decay into two photonBR (7" — X) denotes the branching ratio for a measured
decay channel¥.. is the integrated luminosity, ands the overall efficiency for the
registration of thete™ — ete y*y* — efe ™y — ete” X reaction. However, one
needs to keep in mind, that the estimation of the cross sei@,*y* — 7')) de-
pends on the form factor, which must be derived from thetdy 31, 36] or from other
experiments37, 38.

Branching ratios are measured and therefore any theoretiediction of partial
width can be transformed to the value of fhg. However, the theoretical predictions
are spread over a relatively large range of values. Oldeegat.g. 0.30-0.33 Me\2j]
and < 0.35 MeV 89 are in line with the value of’,, extracted from the direct mea-
surements], 2], whereas more recent theoretical results like e.g. 0.2V M| and
0.21 MeV 28] are consistent with the value obtained by the PDG gr@lp [

As it was shown, issues concerning thlemeson cover a broad part of modern
nuclear and particle physics, however, the value ofrtheotal width as a tool for
translating precise measured branching ratios to partidth& is not well determined
(average value from two measurements), or is correlatddw@nching ratios (PDG fit
value) preventing it from an independent usage of this diiesfor the interpretation
of various experiments. Moreover, based on the averagedittprocedure there are
two different values of the’ total width available 3].

There is another reason to perform a direct precise measuatafthel’,,. In spite
of the fact that the/ meson seems to be a well confirmed particle, it still doesurbt f
match into the quark model. All predictions and fits are donden the assumption
that then’ meson is in fact a single state. However, the most precisekaf thern’
was observed in measurements with a mass resolution of F\WHMMeV/c? [1,
40-42)* and one cannad priori exclude the possibility that some structure would be
visible at higher precision. Especially, since there waseoonfusion about a multiple
structure of they’ signal @5, 46] and there were already situations, where a better
accuracy disclosed double "peaks" where only one signal veaiqted and observed
with a poor resolution like the signal of the meson decay into two piongT] or

“4In previous studies of thg’ meson performed by COSY-11, DISTO and SPES3 groups not ded-
icated for the total width determination the achieved masslutions were comparable with the ex-
periment performed in Rutherford Laboratof} fnd amount to about 0.8], 1.2 [40, 41], 1.5 [42],

5.0 [43] and 25.0 MeV/é [44].
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a,(1260)-a(1320) observed at CERNLT], it is always worth to look at something
more precisely.

As was shown in this chapter the present discrepancy of theevaf the total
width of then’ meson should be, at least partially, solved by a direct nreasent with
a precision by an order of magnitude better than achievedrsd fie work presented
in this thesis was motivated by the endeavour to achieve apchcision.



Chapter 3

Principle of the measurement —
simplicity is beautiful

A measurement of a particle’s total width can be performedorie of the following
methods:

1. Extraction from the slope of the excitation functi@. [
2. Determination of the life time.

3. Measurement of branching ratic.[

4. Direct measurements of mass distributions:

(a) invariant mass distribution from a decay process;

(b) missing mass distribution from a production procd3s [

The determination of the total width from the slope of theiton function is model
dependent due to the need of the knowledge of the influenoetfre final state inter-
actions between the ejectiles on the total cross sectiarada of the)’ meson a direct
measurement of the life time (decay length) is impossibte@present technological
level, because the investigated meson decays in the avaftage) 2! s [3]. Method3
was used by the Particle Data Group and it mostly relies omtéasurement of the
I'(n" — ~v) partial width. A direct determination df,, from a decay process requires
high precision (at the level of 1 MeV), difficult to achieved at present. The last men-
tioned method, based on the missing mass technique, waslglosed in the first and
so far most precise direct measurement pf[1].

In this thesisl’,, is determined via the direct measurement of theneson mass
distribution. For this purpose thg meson was produced in the — ppr’ reaction,
which was investigated by determining the four-momentutoss of protons in the
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initial and final states, and the mass of tfieneson was derived using the missing
mass technique according to the following equation:

m_QX = ’PX’2 = ’Pbeam + IPDtarget - P - P2’2 ) (31)

wheremy andPy denote mass and four-momentum vector of the unregistemtd pa
cle, respectively and the,, P, stand for the four-momenta of the outgoing profons
The value offl’,, will be derived by the comparison of the experimental migsitass
distribution with a set of Monte Carlo generated distribngidor several assumed val-
ues ofl’,,.

High precision can be achieved in the close-to-threshajebrefor ther’ meson
creation due to considerably reduced uncertainties of tissing mass determination
since at threshold the value 8fmm)/0p approaches zera(m= missing massp =
momentum of the outgoing protong)9). Additionally the signal-to-background ratio
is higher close to threshold ).

Since the experimental resolution for the missing masshtation depends on
the excess energy (Q) the measurement was performed aalsbgam momenta in
order to better control and reduce the systematic errors.

The experiment was conducted using the proton beam of thierceygnchrotron
COSY and a hydrogen cluster target. The outgoing protons megsured by means
of the COSY-11 detector. In order to decrease the spread tketli® momentum the
COSY beam was cooled. Furthermore the missing mass resolts improved by
decreasing the horizontal target size and taking advardhge fact that due to the
dispersion only a small portion of the beam momentum distidim was interacting
with the target protons. Additionally as it will be discudsa detail in Sectior8.2the
decrease of the interaction region improved the resolutiothe momentum recon-
struction of the outgoing protons.

3.1 COoler SYnchrotron COSY

At the COoler SYnchrotron COSY5[)] polarised or unpolarised proton or deuteron
beams can be accelerated in the momentum range from 600ub3t0 MeV/c. Each
kind of beam can later be used in the internal or external iaxaats. A schematic
view of the accelerator part of COSY is presented in Figlifie The COSY-11 de-
tector was set (fpat a bending section of the synchrotron. The COSY synchrasron

The momentum of the proton from the target can be neglectédglmissing mass calculation,
because itis six orders of magnitude smaller than beam mimmeand two orders of magnitude smaller

than momentum spread of the beadf][
2The discussed measurement was done during the last COS¥aii time in September and Oc-

tober 2006. The detector was dismounted in April 2008.
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Figure 3.1: Schematic view of COSY. Dipoles and quadrupadlepktted as red and
yellow rectangles, respectively. Aqua colour denoteshststic and electron cooling
devices. Positions of present (WASA-at-COSY and ANKE) anchgleted experi-
ments (COSY-11 and PISA) are shown. The figure is adapted &&n [

equipped with two kinds of beam cooling systems which allowd reduction of the
momentum and of the geometrical spread of the beam.

The principle of electron cooling is presented in Fig8t2 The velocity of the
electrons is made equal to the average velocity of the psotaurt the velocity spread
of electrons is much smaller compared to the protons. Thatreles are inserted into
the storage ring for a short distance where protons undergto@b scattering in the
electrongasand lose or gain energy, which is transferred from the psotorthe co-
streaming electrons, or vice versa, until some thermallibguim is attained $2, 53].

Figure 3.2: The principle of the electron cooling. Biggerglardots represent protons,
while smaller blue ones - electrons. 1. Insertion of elewrmto the storage ring. 2.
Extraction of the electrons. 3. and 4. Connection of the twopgipes via toroids. 5.
Uncooled proton beam. 6. Cooled proton beam. 7. Beam pipeléx&d. The picture
is adapted from41].
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Figure3.3 presents the basic concept of stochastic cooling. It warke/o steps.
First, a measurement of the deviation from the nominal mrsif a part of the beam
is performed, then this information is sent (by using a grosay across the ring than
the beam takes itself) to the opposite part of the ring whieeepbsition of the mea-
sured beam slice is corrected by electromagnetic deflegtiina kicker unit pQ].
Accidental mixing of the particles inside the beam causasitheach cycle different
groups of the particles are corrected. The final effect a&casra reduction of the mo-
mentum spread of the beam and as a decrease of the size oathgad2:55]. COSY is
equipped with vertical and longitudinal cooling elementsah allow for the reduction
of the emittance and decrease the momentum spread of the beam

Figure 3.3: The concept of the stochastic cooling. The dabhe denotes the central
beam orbit, while the solid arrow represents the trajeaddbsome beam patrticles. The
figure is adapted fronbfg].

The above-mentioned properties of the COSY synchrotronrergaaod quality of
the beam (small momentum and geometrical spread) esséottiptecise measure-
ments.

3.2 Cluster target

A cluster jet target48] was used in all COSY-11 experiments. The schematic view
of the target setup is presented in the left part of Figdire Purified hydrogen gas
passes through a nozzle with an aperture diameterl@fum and starts to condensate
and forms nanoparticles called clusters. In order to sépdin@ remaining gas from
the clusters, the differential pumping stages with skinmsrard collimators are used.
The clusters have a divergence defined by the set of collmmatad cross the COSY
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beam defining the reaction region and finally enter the beampdThe size of the
reaction region influences tHg, measurement in two ways. Firstly, the target setup
is positioned in a bending section of the COSY ring in a diggersegion. It causes
particles with different momenta to pass the target aredfateht horizontal positions.
Therefore, the size of the target stream in a dispersioronedefines the effective

CLUSTER BEAM DUMP I
pressure SR
measurement ——> | = “..
L2

point ;L

diagnosis
unit

‘& PROTON BEAM
ltltltltltltltly

2
77

Figure 3.4:Left: Schematic view of the cluster target setup used in the COSWel1l
tector setup. A collimator with &7 x 0.07 mm slit-shaped opening was used addition-
ally to the g =16 um nozzle resulting in a target width of about 1 mm. A desaoipti
of the usage of the wire device diagnosis unit is given in i8act.3.1 The picture

is adapted from18]. Right Top: Collimator used during th&,, measurement. The
figure is adapted fronb[7]. Right Middle: Photo of the collimator from the upper part
of the picture. The opening hardly is visible as a "white dotthe centre of the colli-
mator.Right Bottom: Photo of the slit in the new collimator taken with a transedtt
light microscope. The photo is adapted fros7][
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spread of the beam momentum, if only the geometrical siz@®ftream is smaller
than the beam. Secondly, the point of fhye — ppn’ reaction is known only within
the precision of the size of the reaction region which is defias a cross section of
the COSY beam and the target stream. Since the measureméstrobimenta of the
outgoing protons is based on the reconstruction of thgedtaries (determined from
the detectors) to the centre of the reaction region, thedizee reaction region has
an influence on the accuracy of the momentum reconstruclibose circumstances
induced us to modify the collimator of the target setup. Astiaped opening for the
collimator was used instead of a circular opening, in ord@rovide a smaller effective
spread of the beam and a better reconstruction of the morogtita outgoing protons.
The used collimator had a size of about 0.7 mm by 0.07 mm idstéa diameter of
0.7 mm B7]. This modification ensures a decrease of the horizontal gizhe target
stream in the reaction region down 4al mm in the direction perpendicular to the
beam line andv9 mm in the direction along the bednThe size of the target stream
along the COSY beam axis was not reduced since the resolutithe onomentum
reconstruction is not sensitive to the spread in this diect

In order to determine the new size and position of the targeas a special di-
agnosis unit was designed and used. A detailed descriptittve anethod used for the
determination of the target properties constitutes thgestibf Sectiord.3.1

3.3 COSY-11 detector setup

The COSY-11 detector setup was designed as a magnetic spetdraised for close-
to-threshold studies of the production of light mesons. dswiescribed in details in
many previous publications e.d.9, 58-62] therefore here it is only briefly presented.
The principle of the operation of the COSY-11 system is visedlin Figure3.5which
shows the most important detectors for the measuremenegipth- pprn’ reaction.
At the left fraction of the picture one can see a part of the CORY: beam pipe,
guadrupole and dipole magnets. The target setup (not shotie ifigure) is mounted
between the quadrupole and the dipole magnets. In case wpiextaam from the cir-
culating beam hits a proton from the cluster target streagmeameson is created, both
protons, as a consequence of a collision, have smaller mtantlean the protons in
the beam. Therefore, the reaction protons are bent strongbe magnetic field of
the dipole. Trajectories of the two outgoing protons arenghas green traces in Fig-
ure3.5. The protons leave the dipole through a special foil madexddan fiber layers
fixed with epoxidy glue and coated with aluminium, which hasw mean nuclear
charge to reduce straggling in the exit windd@|. Next, the protons fly through two

3In the previous experiments the target was crossing the lasarstream with diameter of 9 mm.
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Figure 3.5: COSY-11 detector setup. From left to right: qupdle (yellow) and
dipole (orange) magnets of COSY, two drift chambers (sila@d two scintillator de-
tectors (blue-black). (Picture courtesy of Barbara Wylbsia)

drift chamber stacks D1 and D2 and through scintillator ctets S1, S2 and S3 (see
Figure 3.6). The measurement of the paths of the outgoing protons bysnefthe
drift chambers allows for the reconstruction of the trageies back through the known
magnetic field to the assumed centre of the reaction regisrarAoutput of this pro-
cedure one gets the momenta of the measured particles.igwmiy, the velocity of
particles is measured by the Time-of-Flight method (ToFniBans of the scintilla-
tor detectors S1 and S3. The information about the time whearticle crosses each
detector together with the known trajectory allows to cktaiits velocity. The inde-
pendent determination of particle momentum and velociabéss its identification via
its invariant mass. Since the momentum is reconstructe@ macisely than the ve-
locity, after the identification the energy of the partidederived from its known mass
and momentum. The measured four-momentum vectors of tlgoiogt protons and
the well defined properties of the beam and target allow toutate the mass of an
unobserved particle based on the four-momentum conseni.3.1).

Figure3.6shows a schematic top view of the COSY-11 detector setup.diti@al
to Figure3.5the vacuum chamber inside the dipole, the scintillatoratete S2 and
S4, as well as the part of the silicon pad monitor detectoré&peesented. S1 and S2
consist both of 16 separate vertically oriented scintlahodules with 10 cm width
for S1 and 1.3 cm width in case of S2. The light from the sdatbks is read out by
photomultipliers at the lower and upper edge of each moduie.higher granularity
of S2 is helpful for triggering of events when two trajecésriwithin one event are
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EXIT WINDOW

S3

Figure 3.6: Schematic view of the COSY-11 detector setup\i@p). Additionally,
in comparison to picturd.5, detectors S2, S4 and Si are shown. The picture is adapted
from [18].

very close and cross the same module of S1. In this case tbeseparated with S2
as long as they are not crossing the same module of the S2.dgm@oping of the
S2 detector was adjusted based on Monte Carlo simulatioios,tprperforming the
experiment49].

Detector S3 (scintillator wall) consists of one block @28 x 100 x 5 cm? scintilla-
tor. A light signal generated by energy loss of a chargedghaiinside the scintillator
is read out by a matrix of 217 photomultipliers. The centregvity of the signal
amplitudes from individual photomultipliers is calculdt® order to determine the hit
position of a particle.

Detectors S4 and Si were used for the measurement of elssicattered protons.
One of the protons is tagged in the scintillator detector i@#iragistered in the silicon
pad detector Si consisting of 144 silicon pads with the disi@ms22 x 4.5 x 0.28 mn?.
The pads are arranged in three layers.

For the purpose of the experiment discussed in this diggeriadditionally, to the
decrease of the horizontal target size, the accuracy of ttmentum reconstruction
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of the outgoing protons was also improved at the detect@l.l&\he high voltage of

the drift chambers was increased (from 1600 to 1800 V) toeseha better spatial
resolution of the track reconstruction. This was never dogfere, since such a high
precision was never necessary and the new settings of thevhltage were slightly

above the standard structural safety operational levehtsCOSY-11 drift chambers.
The applied change of high voltage caused an improvemehedffatial resolution of
the drift chambers fromra-250 to~2100 pm.
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Chapter 4

First steps on the way to the total
width

The measurement for determining the total width of theneson conducted by the
COSY-11 collaboration took place in September and Octob@8.2During 23 days
of data taking about 360 GB of raw data were collected from proton-protoifi-co
sions for five different beam energies. This chapter dessrihe selection of events
corresponding to thep — ppn’ reaction and the determination of the experimental
conditions.

4.1 Preselection of data

Due to the high interaction rate and limited data transfezlactive hardware trigger
was applied during the experiment. The triggering of the @getquisition was based
on a selection of signals from scintillator detectors S1,&2and S4. The identifica-
tion of thepp — ppn’ reaction requires the measurement of the two outgoing psoto
Therefore theop — ppn’ event candidate was stored if signals from two positively
charged outgoing particles were present, which requirédinfient of one of the fol-
lowing conditions:

e signals from at least two modules of the S1 detector (mudttgllarger or equal
to 2, Sl,;>2).

e high amplitude signal from one module of the S1 detectadr,(Snign), Which
corresponds to two (or more) particles passing through cogure.

e signals from at least two modules of the S2 detectay.{9).

1This period includes 4 days break due to a cyclotron failure.
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In addition to these conditions coincident signals fromeaist three photomultipliers
(PM) in the S3 detector were required3(§,>3) [18]. The complete trigger condition
for app — ppn’ event candidate can be written as:

{515~§ v s1;ij7high Vi SQ}é;‘f} A S3ou>3 (4.1)

where superscripts denote the range of modules taken ictmuat for the calcula-
tions of the multiplicity. This range was established according to simulation of the
pp — ppr reaction #9]. Based on the data, the threshold for thé § ;,, signals was
adjusted such that a significant amount of one track everdgigariminated with the
negligible loss of two protons eventsd).

In addition, elastically scatterggp — pp event candidates were stored for mon-
itoring target and beam properties described in detail icti&e 4.3.2 The trigger
conditions in this case required a signal in exactly one rfeoofuthe S1 hodoscope in
coincidence with one signal in the S4 detector (see FigBe

As the first step in theff-line analysis the stored events were grouped into two
categoriespp — pp andpp — ppn’ event candidates. This selection was based on
the signals from the drift chambers. The first group was usedhie adjustment of
the position of the drift chambers, determination of thatieé beam momenta, and
monitoring of the target stream properties, while the sdagmoup was used for the
calibration of the detectors and the determination of thal twidth of then’ meson.
The purpose of this procedure is to reduce the amount of dgnéisantly without
the application of a CPU time consuming reconstruction. teike event samples as
clean as possible without using reconstruction procedases selection criterion the
number of drift chamber wires with a signal above a certaraghold was used. The
drift chambers D1 and D2 consist in total of 14 planes (6 amdspectively). Therefore
in an ideal case 14 signals are expected fopthe+ pp reaction and 28 fopp — ppn/
because in the first case only one proton passes throughahebens and in the second
case two protons must be registered (see Figuse Based on the experience gained
in previous COSY-11 experimentsq, 19, 40, 59, 64] the conditions for optimising
the efficiency and the time of the reconstruction were okthiwhen requiring that
at least 12 planes responded with signals to one passingleaitherefore for the
pp — pp event candidate additionally to signals in the S1 and theeBdctbrs at least
12 signals in drift chambers were required. Whereas forpthe— ppr/ candidates
signals in the S1 (or S2) and the S3 detectors and at leastj@disiin drift chambers
were demandéd

2For the purpose of the described selection the numbsigofalsin the drift chamber in the case
of thepp — pp reaction is defined as the number of planes with at least oresl"fivire, whereas in
the case of thep — ppn’ reaction the number afignalsmeans the number of “fired" wires, with the
restriction that 2 or more "fired" wires in one plane are cedrds exactly 2.
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Using the above conditions the full sample2of x 108 registered events was re-
duced tol.1 x 108 pp — pp candidates and tb.6 x 107 pp — ppn’ candidates.

4.2 Calibration of detectors

There were only two kinds of detectors used for the identificaof thepp — ppr/
reaction: the drift chambers (D1, D2) and the scintillatetetttors (S1, S2 and S3). In
the following section their calibration based on the cddeadata is presented.

4.2.1 Drift chambers

The calibration of the drift chambers proceeded in threpsstEirst the relative time
offsets between all wires were adjusted, next the relatetwéen the drift time and
the distance to the wire was established and finally relgametrical settings of the
drift chambers were optimised.

4.2.1.1 Relative time offsets of wires

The measured drift time of the electrong,;, can be calculated from a difference
between the time signals from the drift chambers and fronSthdetector. The arrival
times of the signals from those detectors at the Time to Bligibnverters (TDC) are
described by following equations:

TDCDC — tDC . ttrigger TDCSl — tSl . ttrigger 7 (42)

stop start stop start

wheret"99" denotes a common start signal for an event g denotes the stop

signal fromi-th detector, which is a sum of the following terms:
75306;3 =175 4 taripe + Cho tftlop =174 + Atpo_s1 + Csi (4.3)

wherets% defines the real time when the particle passes through tftecHamber,
Atpco_s1 gives the time of flight of the particle between DC and &%, is a constant
corresponding to the time offset of the S1 detector @fgd stands for the time offset
of thek-th wire of the drift chamber. The difference between thestsignals from the
drift chamber and the S1 scintillator can then be written as:

_ 4DC trigger S1 trigger __ k
T'DCpc—TDCs = tstop_tstart _tstop+tstart - thift+CDC — Atpe-s1 — 0511 :

Ck

(4.4)
The C* offsets were adjusted based on the leading edge of the ididtspectra (see
Figure4.l). TheAtpc_s1 depends on the particle velocity. However, for protons from
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Figure 4.1: Typical spectrum of the drift time for a singlapé.

thepp — ppn’ reaction (even at the largest access energy (Q =5 MeV) stlithearies
only from 0.72 to 0.78 (in speed of light units) and resultaivariation ofAtpc_s1

in the order of~0.3 ns, which can be neglected in view of the 400 ns drift tiore f
20 mm distance (size of the one cell). The offsets were setdoh plane separately.
This allows to make a single space-time calibration for ellscin one plane.

4.2.1.2 Time-space calibration

The time-space calibration of the drift chamber is a procetluobtain the dependence
between drift time and the distance of the track to the sense ®Wharged particles
crossing the drift chamber cause gas ionisation and genelattron clusters moving
towards the anode wires. The drift time of those electrostehs () can be transformed
to the minimum distance between the trajectory of a particdesing the drift chamber
and the sense wirel). The relation between drift time and the minimum distance
(d(t)) has to be derived from the experimental data and, to mieirthie influence of
variations like atmospheric pressure, air humidity andrgasure changesgb] on the
drift velocities, it should be determined separately fdfedent periods of data taking.
In this analysis~22-24 hours periods were used.

The calibration method is based on the assumption thatdiextory of a particle
crossing the drift chamber is a straight line. Starting wlith approximate time-space
functiond(t)® the minimum distance between trajectory and the sense wizes cal-
culated. Then, a straight line was fitted to the obtained Epbmts. The minimum

3As the approximate calibration a function determined ingfevious experiment was used. In gen-
eral one can extract the space-time relation from the shighe arift time distribution using the "uni-
form irradiation" method6, 67.
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distance between the fitted line and the sense wiré-forevent is denoted ag “ (¢).
The correctiom\d(t) of the approximate time-space functid(t) has been calculated
as a function of the drift time from the following equation:

Ad(t) = =37 (d(t) — df(1)) (4.5)

i=1

wheren denotes the number of entries in the data sample. Then theadwation
function was calculated as:

4" (t) = d(t) — Ad(t) . (4.6)

The above procedure was repeated ubti(¢) became negligible in comparison to the
spatial resolution of the chamber. An example of the catedldime-space function
for an arbitrarily chosen sense wire in DC1 is presented inr€id.2 (left). In the right
plot, for an arbitrarily chosen plane of DC1, the middle limeresponds to the average
differenceAd(t) while the upper and lower lines denote one standard deniafithe
(di(t) — d/™(t)) distribution. As can be inferred from the right plot of Figut.2 the
achieved spatial resolution amounts to about A0over the whole drift time range
except for the small area very close to the sense wire.
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Figure 4.2: Left: Distance from the particle trajectory to the sense wire asation

of the drift time.Right: Average deviation\d(¢) between the measured and the fitted
distances of tracks from the sense wire as a function of tifitidne as obtained after
the second iteration (see text). The distribution arotatl= 0 corresponds to the
correctionAd(t) and the lines aroungt0.01 cm denote one standard deviation of the
(di(t) — d/™(t)) distribution.
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4.2.1.3 Relative positions of the drift chambers

The relative geometrical setting of the drift chambers wstaldished based on the
quality of the fit of a straight line to the distances of thetjgée trajectory to the sense
wires in both drift chambers. The idea of the method is schieally presented in Fig-
ure4.3. Based on the? distribution of the fit the relative position of the chambeess
found to beAz = 1.4 mm, Ay = —1.8 mm andAz = 0.5 mm (the statistical errors
are negligible). Typical spectra of thé values for X and Y directions are presented in
Figure4.4. The larger absolute changes\@ffor variations of theA X than for theAY

DC1 DC1 DC1 DC1

/
DC2 DC2 DC2/ DC2

Figure 4.3: The idea of the derivation of the relative positof the drift chambers.
From left to right: (top view of the drift chambers pairs) aaahped particle crosses two
drift chambers (trajectory plotted as cyan arrow); posgiof the trajectory (green) in
each plane (derivation based on the calibration); strdigat(blue) fitted to position
information from the drift chambers, in case when the redaposition of the drift
chambers is known correctly; the same as before butin case thiere is a discrepancy
between nominal and real position of the detectors.
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Figure 4.4: Value of reducegf for the fit of the straight line to the signals from both
drift chambers as a function of their relative position inleft) and Y (right) direction.
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direction correspond to the better spatial resolution efdhft chambers in X direction
compared to the Y direction. This is due to the constructibthe planes with wires
oriented both vertically and inclined b¥31° [58].

After the relative adjustment of the drift chambers, thesigon with respect to the
dipole was established basedgn— pp events. Details are presented in Secddh2

4.2.2 Timing of scintillator detectors

The detectors S1 and S3 used for particle identification éntitine-of-flight method
were calibrated in order to adjust time offsets for paracyghotomultipliers (PM). S1
consist of 16 scintillating modules read out by photomli#is on both sides, while
S3 is a scintillator wall read out by a matrix of 217 photonplikers. The time-of-
flight is defined as the difference between times of crosdieg31 and S3 detectors
(ToF = tg3 — tg1). For the calibration of the scintillator counters we coneptre
time-of-flight obtained from signals registered in the Sd &3 detectors and the time-
of-flight calculated from the reconstructed momentum oftheicle.

The experimentally available TDC values depend on the tirhenwa particle
crosses the detectofss, ts2) plus the propagation time of the created light and elec-
trical signals. In general, it may by expressed as:

T-DOSI(PM) - tSl + t<y> + tgflk(PM) + tg];fSEt(PM) - ttrigge'r
TDCss(PM) = tgg+t(l) + tS™(PM) + t2*(PM) — tyigger, (4.7)

wheret,,; ... denotes the time of the trigger signély) denotes the time of light prop-
agation for the distance between the cross point in the Slulaaohd the scintillator
edge and(l) stands for the time of light propagation for the distanceveen the hit
position in S3 and the photomultiplier. Due to the usage adlleg edge discriminators
atime walk effects present, i.e. a variation of the registered TDC tit¥é*(PM) as

a function of the signal amplitude. The correction of thikeeff can be done by ap-
plying the formulat*«*(PM) ~ constant x (ADC)~z, whereADC denotes the
signal charge valuépB]. Since thet,,;,,., Values are the same in both equatidtisfor
computation offoF only time offset values®//*¢!( PAl) are unknown. However, they
can be obtained by a comparison of ffe value based on the signals from scintilla-
torsToFs;_s3 and the time-of-flight value calculated from the recondedgarticle
momentumi’oF,,,., = /3, wherel is the path length between the S1 and the S3 de-
tectors obtained from the trajectory reconstructed in thi¢ chambers, and’ is the
particle velocity calculated from the reconstructed motmenwith the known mass,
with the identification of the particle based on the invatiarass distribution result-
ing with time offsets determined in former experiments. idg\approximate values of
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t%7°"(PM) the time offsets for the photomultipliers in the S3 detectam be deter-
mined. Then, using the determined values’4f** (P M) the new set of%./** (P M)
can be calculated. After a few iterations the offsets fohlmtetectors were obtainéd.

As an example the plots in Figudespresent results of the calibration for arbitrarily
chosen photomultipliers (PM) of the S1 and S3 detectors.
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Figure 4.5: Distributions of the difference determinednirthe time-of-flight mea-
sured between the S1 and the S3 detectors and the time{uf-d¢kdrulated from the
momentum reconstructed based on the curvature of thetivayan the magnetic field.
As an example spectra for the 3rd S1 module and an exemplagg raf photomul-
tipliers (PM) of the S3 detector are shown. The counting c&teM 210 and 219 is
smaller since these photomultipliers are positioned aetlges of the detector.

4.3 Properties of the cluster target stream

Since the momentum determination of the outgoing partisléssed on the track re-
construction to the centre of the reaction region (for detsee Sectio®.l), the size
and position of the target stream influence the experimembahentum reconstruction
significantly, and the accuracy of their determination véflect itself in the determina-
tion of systematic uncertainty of the resolution of the nimgsnass spectra. Therefore,
the properties of the cluster target were monitored via twai@pendent methods: using
a dedicated diagnosis unit and inspecting a kinematigp et pp events.

“4In case of the S1 detector, further on in the analysis opthes ppn’ reaction the average of times
from upper and lower photomultipliers were used.



4.3 Properties of the cluster target stream 25

4.3.1 Diagnosis unit — wire device

The diagnosis unit was developed for the measurement ofakiégn and size of the
target stream. Figuré.6 presents a photo of the tool. As shown schematically in the
left part of Figure3.4it was installed above the reaction region downstream tiyeta
beant, allowing for the monitoring of the size and position of tlagget concurrently

to the measurements of the — ppn’ reaction.

Figure 4.6: Photography of the diagnosis unit. For the digison see text.

The monitoring of the target properties above the beam lerenfis to interpo-
late the target position and size to the reaction regiomtpkito account the distance
between collimator and reaction regiorg9 cm), and the distance between reaction
region and diagnosis unit(/1 cm).

The diagnosis unit (shown in Figure6) consists of threarms two wires with
diameters of 1 mm and 0.1 mm (hardly visible in the photo) abdoadarm, the part
with holes and three short perpendicular wires

During the measurement the diagnosis unit rotates withtaahsngular velocity
around the axis perpendicular to the target stream.arhescross the target stream
one by one, which cause changes of the pressure in the stage thie diagnosis unit
(see the left part of Figur8.4). The measured pressure values are presented in the
upper left part of the Figurd.7 as a function of time. The sixfold structure visible
in the plot corresponds to the differesutmsof the diagnosis unit crossing the target
stream (eaclarm crosses the stream twice during a full rotation, once atdpeand

5As shown in the left part of Figurg.4 the target stream moves from the bottom to the top.
5The usage of three perpendicular wires allowed for the detation of the target inclination.
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Figure 4.7: Example of changes of the target stream pressueefunction of the
rotation time of the diagnosis unit (black). Red lines cqooesl to the result of the
simulation.Upper left: Full cycle of the rotationUpper right: Close-up of the mini-
mum due to thédroadarm and three short wiresower: Close-ups of the minima due
to the thick (ower left) and thin {(ower right) wire passage. The width of timateau
at the top of the pictures corresponds to the pressure flumbsa

a second time at the bottom). The rotation was realised bgmrabtor and the full
rotation cycle took 2400 steps. The first structure in thesupgft part of the Figurd.7
corresponds to the passage of the braad with three perpendicular wires (the small
stepat the leading edge) and the part with holes (the doublestreltture). The next
two sharp minima correspond to the crossing of the thick amdwire, respectively.
The amplitudes of the minima differ slightly depending wiestthearm crosses the
stream closer to or further from the pressure measuremgiotr.elhe remaining plots
in Figure4.7 contain close-ups of structures from the upper left part.

The decrease of the measured pressure is proportional aogh®f the wire block-
ing at a given moment the stream of the target. Thereforewkmpthe size of the
particular parts of the diagnosis unit and velocity of thi&ation one can simulate the
relative changes of the pressure as a function of time, uhéegissumption of the pa-
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rameters describing the size, inclination (angle) andtjposof the target stream. The
comparison of the results of simulations with the measusgthtions of the pressure
allows to establish the parameters of the target based amitfimialisation of they?.
The red lines in the plots in Figure7 denote result of the simulation corresponding
to the parameters for which th¢ is at a minimum value. The determined properties
of the target stream in the reaction region are:

width = (0.089 £ 0.005) cm
length = (1.053 £0.005) cm
X —position = (0.27 £ 0.05) cm (4.8)
(0.02 £ 0.05) cm
(

4.03 4 0.01) deg,

Z — position =

angle =

where the position is calculated in the nominal target systeference frame and the
angle is defined with respect to the beam direction. The guateertainties of X and

Z positions include the inaccuracy of the determinatiorhefgtosition of the diagnosis
unit in the reference frame of the target. Size and relatogtipn of beam and target
stream are shown in Figuze8.

Figure 4.8: Size and relative position of beam and targeastrdetermined from the
measurement based on the diagnosis unit. (In this thesi®ardioate is defined along
the COSY beam line.)

There were no changes of the target stream size, angle amsi¥ep during the
entire experimental period. However, there were changdseaf position in the order
of 1 mm. A quantitative discussion of this variations is gr&ed in Sectiod.3.3

It is worth to stress that the target stream width, lengthamgle correspond to an
effective target width of 1.06 mm.
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4.3.2 Kinematic ellipse frompp — pp events

The second and independent method used for the deternmradtithe target stream
properties is based on the measurement of the momentunbdigin of elastically
scattereghp — pp events.

Elastically scattered protons form an ellipsoid in momengpace in the LAB sys-
tem. The projection of the momentum components fgperpendicular, p= parallel
to the beam direction) constitutes an ellipse. The acceptahthe COSY-11 detector

allows for the measurement of the lower right part of it (sfepart of Figuret.9).
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Figure 4.9: Upper left: Part of the experimental kinematic ellipse frgm — pp
events analysed for the nominal target stream position (X z © 0). The smooth
change of the amplitude of the density distribution refléaésstrong angular depen-
dence of thewyp — pp cross section. Theoretical ellipses for beam momentunesgalu
3211 MeV/c (nhominal one) and 3111 MeV/c are plotted as bluwkgmeen lines, re-
spectively.Upper right: Projection of the distribution from upper left plot alongeth
theoretical blue ellipsd.ower left: The same data as for upper left plot but analysed
for a target stream position of x = 2.35 mm, z =L@wer right: Projection of the
distribution from lower left plot along the theoretical blellipse.
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The momentum reconstruction of positively charged pasich the COSY-11 detec-
tor is based on the determination of their trajectories bamseof the drift chambers
and the back-reconstruction through the known magnetid feethe reaction region
(see Figure8.6). Since the exact reaction point is known only with an accydeter-
mined by the size of the reaction region, defined as the qveflahe beam and the
target stream, back-reconstruction is performed to theeeithis region. This causes
the spread of the points around the calculated kinematjsell Naturally the spread
depends on the size of the reaction region, whereas thegavehit of the points from
the expected ellipse reflect a wrong assumption of the positf the centre of the re-
action region. In principle the average shift may also be tdua wrong assumption
of the absolute value of the beam momentum. However, as pralveady in the pre-
vious analysis§9] it may by safely neglected taking into account the accude
absolute beam momentum determination of 3 MeV(@.[For the illustration of the ef-
fect, the nominal beam momentum was decreased by 100 Med#dgured.9). One
can estimate that an inaccuracy of 3 MeV/c would cause agiblgieffect. The blue
line denotes the expected ellipse for the nominal beam mamenf 3211 MeV/c,
the green line for 3111 MeV/c. The projection of the expentaé points along the
expected ellipse (blue line) is presented in the upper pgittin Figure4.9.

Moreover, the momentum reconstruction is very sensitiv@écassumption of the
centre of the interaction region. The ellipse presentedamupper left plot in Figurd.9
was derived under the assumption that the target streamtieatominal position
(x =0, z =0, the y-position is well defined by the plane of threwiating beam).

The ellipse in the lower left plot in Figu#e 9was derived from the same data as for
the ellipse from upper plot, however, the analysis was peréal under the assumption
of the target centre position: x = 2.35 mm, z = 0. The blue tbecal ellipse follows
the shape of the data, much better than for the (wrong) x = Qigoswhich is also
visible in the projection in the lower right plot in Figu#e9.

The value of the reconstructed momentum depends also orsshuenad relative
settings of the drift chambers, dipole magnet and the taifdgetrefore the momentum
distributions of theoyp — pp events are also sensitive to the drift chamber position rela
tive to the dipole. However, wrong assumption about thetjwssof the drift chambers
or about the position of the target modify those distribogion a different ways and
therefore these positions can be established indepegagmhach other.

To reduce the background contribution from the multibodgduoiction reactions
two cuts were applied. First the squared missing mass tpjthe: p.X reaction was
calculated and then the range of the squared missing massOfi to 1.2 GeV/c*
was chosen for proton selection (see left plot in Figtu®). In addition, the two-
body kinematics of elastic proton-proton scattering aidev combine the scattering
angles9; andO, of the recoiled and forward flying protons. In the COSY-11 appes
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Figure 4.10: Left: Square of the missing mass to the — pX reaction. A clear
signal from the protons is visible. The blue dashed linesespond to the applied
cut. Right: Correlation between position of the registered particlehm $1 detector
and the element number of the Si detector (see Figut®. The blue dashed lines
correspond to the cut range. The relative intensity in@gas channels 24 and 27 of
the Si detector are due to higher noise levels in these deteleiments.
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Figure 4.11: Close-up of the part of the COSY-11 detector usetthé registration of
elastically scattered events. The picture is adapted fd@ [
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the scattering angles correspond to the pad number of titersimonitor detector
(Si) and the position in the S1 detector (see FigwEl. The correlation is visible

in the right plot in Figure4.10 The cut was applied as indicated by the blue dotted
lines. The applied cuts are tight, however, the absolutebauraf pp — pp events is
not substantial for th&',, analysis. The kinematic ellipse and its projection alorgy th
theoretical curve with adjusted position of the targetrediglying the mentioned cuts

is presented in Figuré.12 A negligible amount of background remained.
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Figure 4.12: Left: Experimental kinematic ellipse fropp — pp events analysed for
the corrected position of the target and drift chamberg afpplication of the cuts on
the squared invariant mass and angles correlation spddteatheoretical ellipse for
the nominal value of the beam momentum is plotted as a bleeRight: Projection
of the distribution from left plot along the theoreticaliptie.

The simultaneous comparison of the theoretical ellipséstive experimental ones
derived for five different beam momenta allows for the deteation of position and
effective width of the target and position of the drift chaard The effective target
width has an influence on the spread of points around the latierllipse. However,
in practise, based on the elastically scattered eventsamdeatermine the target width
only if it is greater thanv 0.2 cm (as it is shown in Figuré.13. Below 0.2 cm other
effects dominate the contribution to the spread of the expental points. The obtained
results using the described method are:

ef fective target width < 0.2 cm,
target X — position = (0.235 £ 0.001) cm,
(0.62 £ 0.01) em, (4.9)
drift chamber 2 absolute position = (0.76 £0.01) cm,
(0.045 4+ 0.005) deg.

drift chamber 1 absolute position =

drift chamber angle =
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Figure 4.13: Simulated dependence of the distribution wW{eWHM) of the projec-
tion along the kinematic ellipse on the effective targettivid

The obtained target position and effective size are in thedgagreement with the
values derived from the measurement with the diagnosis tool

4.3.3 Density distribution of the cluster target stream

Figure4.14shows the changes of the average distance between thetibalczipse
and the experimental distribution as a function of time.Seheariations correspond to
changes of the centre of the density distribution of theeiaamnd hence influence the
resolution of the missing mass. As an example of the effeetptissing mass spectra
for thepp — ppX reaction obtained for the first and second half of the measem¢at
3211 MeV/c momentum are presented in FigdrEs where the first part of the mea-
surement (from-100 h to~175 h) corresponds to the large variation of the kinematic
ellipse position, while the second part (frepdi 75 h to~250 h) to the small variations.
The presented spectra differ and tiiesignal is better visible in the data collected in
the period with smaller variations (a detailed descriptibthe missing mass technique
will be presented in sectidf3). Such fluctuations could be explained by variations of
the beam momentum due to the changes of the beam bptitsy small fluctuations
of the density distribution of the target stream. HoweVeg, beam optics variation is
excluded by the results of the monitoring of the stabilityttoid COSY beam (as de-
scribed in the next section). The observed variations okihematic ellipse position
can be plausibly explained by density changes inside tigetatream in beam direc-
tion. In this direction the target length is about 1 cm (sextise 4.3.1) and expected
fluctuations of the density can cause the changes of theecehthe target stream
distribution in the order of 1 mm. Such variations along tkexis were observed by

"The variations of the beam optics could be caused by e.g.athations of the dipole currents, or
small deformation of the dipole shape caused by temperahaeges.
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Figure 4.14: Left: Distance between the theoretical ellipse and the expetahdis-
tribution for the elastic kinematics plotted as a functidriime. Points denote results
averaged over 2 hours. Solid lines denote succeeding days of the measutgwigle
the dashed lines separate periods with different beam m@an{8218, 3211, 3214,
3213 and 3224 MeV/c). The values are not around 0 since asthige the analysis
was performed without corrections for the target and dfifirober positions as de-
scribed in the previous section. The four days gap aft8®0 hour of measurement
time is due to a cyclotron down tim&ight: The same data as presented on the left
plot but analysed after correction of the changes of thereaftthe density inside the
target stream (see text for the details). Both plots havedheesscale on the vertical
axis.
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means of the diagnosis unit as mentioned in Seci@rl Therefore, in the following
analysis we assumed that the observed deviations are dhe target density vari-
ations and corrected them by continuous changes of the mbwatue of the centre
of the target along the z direction (see Figdr&6). The corrections were interpolated
between points calculated for easl2 hours interval of beam time. The average dis-
tance to the expected kinematic ellipse after the cornedtintarget density fluctuation
is presented in the right panel in Figudel4 The first two days of the measurement
were used for different test of the detection system and phiengsation of the beam
optics which cause somewhat larger fluctuations duringaéigd. Therefore the data
collected during those two days were not used for the fipatietermination.
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Figure 4.16: Average deviation of the experimental poinssridbution from the ex-
pected kinematic ellipse as a function of target positiothandirection parallel to the
COSY beam.

4.4 Monitoring of the stability of the proton beam

Although the frequency of the circulating beam is monitoredtinely several times
per minute, during the described experiment a measurerotatklitional parameters
were performed in order to provide a better control of theistg of the proton beam.

4.4.1 Synchrotron parameters

The standard technique for monitoring the beam momentulea€OSY accelerator
is the measurement of the frequency distribution of theutating beam. Based on the
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equation $2, 70, 71]:

f=Jfo _ P — Do

7o = nbeamp—oa

wheref denotes the frequency apddenotes the beam momentunfy &ndp, corre-
spond to their nominal values, respectively) one can tmansthe frequency into the
beam momentum. (The determination of the real value of tiaenb@omentum is de-
scribed in sectio®.4.) Then,..., parameter depends on the settings of the accelerator
and for the described measurement was equaltd0 + 0.01 [70]. As an example
a spectrum transformed to the momentum coordinate for thedbbeam energy used
in the experiment is presented in Figwtel7. The beam momentum distribution is
smooth and its spread is equal to 2.5 MeV/c (FWHM). Howeveg,tdithe position of
the COSY-11 target system in a bending section of the COSY miagdispersive re-
gion, the effective spread of the beam (the momentum raageby target) is smaller.
The dispersion relation is:

(4.10)

A
Az =D2E (4.11)
Po
whereAx andAp denote the difference between the real and nominal valyaerti€le

orbit and momentum, respectively. The dispersion in the C&l3Yarget system was
settoD = 14.15 m, which (taking into account the 1.06 mm effective targettijd
results in an effective beam spreacigd.06 MeV/c. The relevant momentum range is
marked by blue lines in Figu4.17.
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Figure 4.17: Example of the momentum spectrum for the measemt with the nomi-
nal beam momentum of 3211 MeV/c. The dashed lines limit tfect¥e spread of the
beam due to the dispersion relation for a target width of 1 folene) and 1 cm (green).

After variations of the position of the kinematic ellipsevbdeen observed during
anon-line analysis, measurements of additional (to the frequencgtspa) parame-
ters were implemented. To check the stability of the beantspe current through
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the dipole magnets was controlled, however, no fluctuatiortbe level ofl0—° during
beam cycles were found. Furthermore the temperatures aficbening and outgoing
water used for the magnets cooling were monitdreclso without any correlations
with the observed behaviour of the ellipse position.

4.4.2 Atmospheric conditions

In addition to the control of the hardware status, the atrhesp conditions were moni-
tored inside and outside the COSY-tunnel. Thermograph agiblgyaph were installed
in the COSY tunnel close to the COSY-11 detector and informagthmut air temper-
ature, pressure and humidity outside the building wereveldd by the meteorology
station (courtesy of Dr. Axel Knaps). No correlations to ¢iiserved behaviour of the
kinematic ellipse was found.

The stability of the parameters described in this and theigus sections raised
our confidence that the fluctuations of the kinematic ellipssition was due to the
density fluctuation inside the target stream.

8The variation of the temperature could cause changes ofipadecdimensions and hence changes
of the magnetic fielédhape



Chapter 5

Identification of the pp — ppn’ reaction

The identification of protons via the invariant mass methiod #he determination of
missing masses of unregistered particles allow to sejeet ppn’ events.

5.1 Identification of the outgoing protons

The invariant mass of registered particles was calculatad the equation:

2 p2(1 - ﬂQ)
inv — 62 ’
where momentunp and velocitys of the particle were determined by means of drift
chambers (track reconstruction through the known magfietat) and the S1-S3 ho-
doscope (ToF), respectively. The correlations of the twariiant masses for events
with two reconstructed tracks are presented in Fidgule Appropriately chosen cuts
allow to select events corresponding only to two regist@redons.

m

(5.1)
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Figure 5.1: Distribution of the invariant mass of two registd particles. The super-
imposed black dashed square represents the applied cstd®tlhie selected ared p
andpr™ events are visible. Note that the number of entries is gimethe logarithmic
scale.
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5.2 Determination of the relative beam momenta

Due to the inaccuracy of the orbit lengtii(], the COSY crew can set the absolute
momentum of the beam (nominal value) only with an accurac@ dMeV/c. Since
this was not sufficient for our experiment, we decided to usdeectedpp — ppn/
andpp — pp events for the determination of the absolute beam momentedan
the position of they signals in the missing mass spectra the absolute beam mament
can be derived. For this procedure the mass ofitheeson has to be determined as
will be discussed later. Since, on the other hand, the cosigoal position can be
obtained only for a background-free missing mass spectierhackground has to be
subtracted first. The method used for the background suimnasee the next section)
requires information about the relative beam momenta, hvten be determined by the
comparison of kinematic ellipses fropp — pp events (see Sectioh3.2. Although
the position of the kinematic ellipse depends stronger entdinget position than on
the beam momentum (see Sect#B.2) it can be used for calculations of the relative
beam momenta, since the fluctuations during the measuremesatcorrected before.
As a result we obtained the following momenta relative tolthneest measured one:

Api_, = 1.85+£0.01 MeV/c
Api_3 = 2.8240.01 MeV/c
Api_4 = 6.53+0.01 MeV/c

Api_s = 12.66 £0.01 MeV/c

5.3 Missing mass spectra and background subtraction

The determined missing mass spectra of the five measuredienerere used (i) to
determine the background, (ii) to evaluate the absolutenbe@menta and (iii) to
calculate the width of the’ meson (see next chapter).

5.3.1 Experimental background from different energies

The missing mass spectrum of the multipion background castablished either by
Monte Carlo simulations (see e.§{]) or by the usage of the experimental background
collected for another energy?]. The second method was used in the analysis and is
described in this dissertation, since it allows to avoidigaioll approximations and
assumptions.

The used background subtraction method was described ail detrticle [72)].
It is based on the observation that the shape of the multipiass distribution does not
change when the excess energy forghe— ppn’ reaction varies by a few MeV only
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since the dominant background originates fresmand3« production 0] and the ex-
cess energy for either of these reactions is larger than €\6 Bgure5.2demonstrates
that the change in the shape of the missing mass distrilaisan the order of 1% over
arange more than 0.2 GeV and in this experiment a range of 8l@Qb GeV is impor-
tant. From the measurement below the threshold fonthpeoduction, the signal-free
background can be obtained and used for the close-to-thicephoduction process.
Also the measurements sufficiently high above the threshalth an excess energy
larger than the resolution of the missing mass determinapoovides a signal-free
background for close-to-threshold production data.
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Figure 5.2:Upper: Missing mass distribution with respect to thve system calculated
from Monte Carlo data for then — pnnnm process for a beam momentum at the
threshold (dotted line) and 20 MeV above the threshold ferpthh — pn#’ reaction
(solid line). The dotted histogram was shifted by 20 Medwer: Difference between
the spectra in the upper plot normalised to the solid linaclvigives the systematical
error due to the background determination. The plots arptaddrom [72].
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The excess energy in the centre of mass system (CM) is defined as
N
Q=Vs—) mi, (5.2)

where /s denotes the centre-of-mass total energy of the collidinggms system and
N is the number of outgoing particles. In order to determireelthckground shift be-
tween the spectra the relative values of Q have to be knowteSp depends inter
alia on the beam momentum from which the relative changesearontrolled via
the position of the experimental distributions of the kiraim ellipse, relative Q val-
ues can be obtained. Missing mass spectra fopthe> ppX reaction obtained for
the lowest (3211 MeV/c) and highest (3224 MeV/c) beam momeénthe described
experiment are presented in Figlss3. It is important to stress that the background
distribution is smooth in the whole range studied. The spetfor the beam momen-
tum of 3224 MeV/c was shifted according to the described pwtnd normalised to
the data from lower energy. As one can see the backgrounca shdape signal-free
region is the same with respect to the statistical errorbdtin energies. This confirms
the correctness of the above described method for backdmbetermination.
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Figure 5.3: Missing mass spectra for flie— ppX reaction. Red points correspond to
the measurement at 3211 MeV/c beam momentum (the loweshdhe described ex-
periment), while black ones represent the measuremerd highest beam momentum
(3224 MeV/c). The black points were shifted by the differebetween the kinematic
limits and normalised to the red points (see text for details

5.3.2 Background parametrisation with polynomial fit

To decrease the influence of the statistical fluctuation @btfickground and based on
the smooth change of the background in the signal regionKgpee5.3) the back-
ground for each energy was determined as a second ordergpaigiwhich was de-
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Figure 5.4: Missing mass spectra for the — ppX reaction obtained for the beam
momenta of 3224, 3218, 3214, 3213 and 3211 MeV/c (from lefgtat, top to bottom).
The black points represent the experimental data, whiledtieurves are the shifted

and normalised second order polynomials obtained from the tihe background (for
the description see text).
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rived from data at a different energy and was shifted and absed to the actual data.
The full procedure for background determination consisth®@following steps:

1. fit of a second order polynomial to the missing mass specinithe signal-free
region for a lowerhigher beam energy;

2. shift of the obtained curve according to the calculatedffgrénce;

3. normalisation of the curve to the data obtained for thealdieam energy.

The results are presented in Figli&l The determined curves agree well with the
background data within the statistical accuracy.

5.4 Absolute beam momentum determination

The knowledge of the relative beam momenta (see Seét@rand the background
shape (see previous section) allows to determine the abdmam momenta based on
the position of they signal. The procedure relies on the comparison of the positi
of the/’ signal with they mas$. Due to the best signal-to-background ratio and the
sharpest signal, for the derivation of the absolute valu® ofhe missing mass ob-
tained for the lowest beam momentum was used, while the &whebeam momenta
were adjusted with respect to the relative differencesiobthin Sectiorb.2 Table5.1
presents the values of the nominal and real beam momentaoara$pgonding real Q
values. For all measurements the real beam momentum is loyabout 0.5 MeV/c.

beam momenturfMeV/c| | real excess energy
nominal ‘ real [MeVi/c?]
3211 3210.7 0.8
3213 3212.6 1.4
3214 3213.5 1.7
3218 3217.2 2.8
3224 3223.4 4.8

Table 5.1: Nominal and real beam momenta for the measureofi¢he pp — ppn/’
reaction and corresponding real values of excess energy.

The accuracy of the real beam momentum derivation depentieecaccuracy of both

the knowledge of the’ mass as well as determination of the relative beam momenta.
The first component is of systematic type and contributesas@r of+0.2 MeV/c
whereas the second one is of statistical nature and itsilbotiom is negligibly small.

Ym,, = (957.78 £ 0.06) MeV/c? [3]
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The systematically lower value of the real beam momentunbotia0.5 MeV/c
matches well with the range of accuracy in beam momentunpdating typically
+3 MeV/c [70] and the results are in line with previous experiences at C@f#¥re
also the real beam momentum was smaller than the nominab8n@J].
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Chapter 6

Determination of the total width

The determination of the total width of thg meson was based on the simultaneous
comparison of all experimental missing mass spectra wighMbnte Carlo generated
ones, wheré',, was varied in the range from 0.14 to 0.38 MeV.

6.1 Comparison of experimental data with simulations

The pp — ppn’ reaction and trajectories of the outgoing protons were kitad and
detector signals were generated by the GEANT3-based propt4 for the five in-
vestigated beam energies. The program itself containsrtplementation of the whole
geometry of the COSY-11 detector setup. It takes into accalsotknown physical
processes like multiple scattering and nuclear reactiornthe detector material, as
well as the detector and target properties established asdriied in the previous
chapters, like: position and spatial resolution of thetdrifambers, size and position
of the target stream and value and spread of the beam momentum

Afterwards the generated events were analysed in the sagnastthe experimen-
tal data and sets of missing mass spectra for the five measuoeggies were obtained
for the values of’,, ranging from 0.14 to 0.38 MeV. For simulations of the mass dis
tribution of ther’ meson the Breit-Wigner formula was used. Finally the MontddCar
missing mass spectra with aj signal were added to the second order polynomial
fitted to the experimental backgrounds (see Sedi@). The obtained spectra were
compared to the experimental ones via calculatingythderived from the maximum
likelihood method 75, 76]. The following formula was used for the? computation:

K NEP
2 =2 NMC 4 B, — NP4 N™PIp | —=i—— 6.1

whereK denotes the number of bins in the range where the histogramesaempared,
« is the free parameter of the fit which describes the norntadiséactor of the Monte
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Carlo spectra with the’ signal. The numbers of entries in ti¢h bin in the Monte
Carlo spectra, the background and the experimental speetrdeaoted asvM, B;
and N;™®, respectively. The dependence of the calculatéd- quantifying a differ-
ence between the experimental and Monte Carlo spectra — apfiiiedl’,, value is
presented in Figuré.1 The minimum value of¢* corresponds t@,, = 0.226 MeV,
which is the most likely value of the total width of thg meson. The right plot in
Figure 6.1 is the close-up of the left plot in the region of the minimunhexe the
range of the horizontal axis corresponds to the range wirediffers by one with re-
spect to its minimum value. Since the calculated valugZis not normalised to the
number of degrees of freedom, the rangé pfwherex? = X2, + 1 corresponds to
the statistical error of the measurement3, 77], which in case of the reported mea-
surement ist0.017 MeV. The experimental spectra of the missing mass supesego
with the sum of the background polynomial and the Monte Cagluegated signals for
I’y = 0.226 MeV/c are presented in Figue2 The blue dashed lines mark the range
where the experimental histograms were compared to th& ofslee simulations. The
presented missing mass signals are the convolution of thewadth of then’ meson
and the experimental resolution.
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Figure 6.1: Left: Similarity (as a value of?) of the missing mass spectra obtained
from the measurement and from Monte Carlo simulations. Themum value cor-
responds td’,, = 0.226 MeV. Right: Close-up of the left plot with the range where
X = x2,, + 1, which corresponds to the value of the statistical errohefrheasure-
ment.

The observed dependence of the width of the missing masalsign the excess
energy (see Figuré.2and6.3) is due to the propagation of errors of protons momenta
involved in the missing mass calculatio®®]. Since the Monte Carlo program is re-



6.1 Comparison of experimental data with simulations 47

160 F 160 F

140 140 }
> 120 > 120}
< < :
8 100 8 100 s
i — L
5 80 % 80
% 60 % 60
> > :
() ()] [

40 40 |

20 20 F

I I L I LI :I I i L I 4
0.955 0,956 0.957 0.958 0959 0.96 0.955 0.956 0.957 0.958 0959 0.96
missing mass [GeV/cz] missing mass [GeV/cZ]

990 F
> >
O Q
X X
o o
o o
o o
2 2
c c
() ()
> >
() ()

1 1 :I 1 i ’ :I 1 :I 1 ;
%.955 0.956 0.957 0.958 0.959 0.96 %.955 0.956 0.957 0.958 0.959 0.96
missing mass [GeV/cZ] missing mass [GeV/cZ]

events/100keV

8,955 6:955 0957 0,958 0.959 0,96
missing mass [GeV/c?]
Figure 6.2: The missing mass spectra for plpe— pp X reaction for excess energies

in the CM system equal to 4.8, 2.8, 1.7, 1.4, and 0.8 MeV (froftntéeright, top to
bottom). They’ meson signal is clearly visible. The experimental data ezsgnted as
black points, while in each plot the red line correspond$fiéosum of the Monte Carlo
generated signal fdr,, = 0.226 MeV and the shifted and normalised second order
polynomial obtained as a fit to the signal-free backgrougébrefor another energy.
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Figure 6.3: Background-free missing mass spectra fopthe- ppX reaction for
excess energies 4.8, 2.8, 1.7, 1.4, and 0.8 MeV (from lefigiat,rtop to bottom) in
CM system. The experimental data are presented as blaclspwaintle the red lines
correspond to the Monte Carlo generated signal fpr= 0.226 MeV.
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producing the changes of the experimental spectra witlggnery well, this confirms
the correctness of the established detector and targetathastics.

For completeness the experimental missing mass specttadopp — ppX re-
action after background subtraction are presented in Ei§L8 More than 2300
mesons were reconstructed and achieved experimental essation for the lowest
measured energy amounts to FWHMBEWHM icing mass— [r)/? = 0.33 MeV/c?.

6.2 Systematic error estimation

The accuracy of the determination of collected in Tdbligparameters of the COSY-11
detector and the COSY accelerator contribute to the syskeerabr of the derivation

of then’ width. The estimated values of the influence of the accurbepaoh parame-
ter on the final result are presented. The contributions fiteeraccuracy of the target
position and size, the map of the magnetic field, the posaidhe drift chambers and
the absolute beam momentum determination were estimatée d#ference between
the derived result of th€,, and thel’,, values established by changing particular pa-
rameter by its error value. The systematic error due to thiodeof the background

parameter contribution to
the systematic
error[MeV|

map of the magnetic field 0.007

target position 0.006

background subtraction method.006

ranges of missing mass spectra, whetevas calculated 0.005
bins width | 0.004

absolute beam momentup0.003

final state interaction (FSI) between protgn@.003

effective target width 0.002

position and orientation of the drift chamber§.001

Table 6.1: Summary of the parameters contributing to theesyatic error of tha’,,
measurement at the COSY-11 detector.

subtraction was established as the difference betWgevalues determined using ex-
perimental background shapes from different enetgi€se bin width was changed
from 0.1 to 0.04 MeV/¢, while the ranges of the missing mass spectra, whéngas

1For a missing mass spectrum at a given energy each of fouin@mapectra could be used for the
background determination.
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calculated, were enlarged by 0.7 Me¥4t each side (which corresponds to seven bins
in plot 6.2). The estimation of the influence of the final state protoretem interaction

is very conservative. The reported value is the differeretevben the case where the
FSI was and was not taken into accour,[79].

The total systematic error was calculated as a square rolo¢ glum of the squared
values listed in Tablé.1and the final result of the measurement of the total width of
the »” meson conducted with the COSY-11 detectar,js= 0.226 + 0.017(stat) +
0.014(syst) MeV.



Chapter 7
Summary

The aim of this work was to determine the total width of theneson with a unique pre-
cision and independently of the other properties of thisangbke e.g. partial widths
or production cross sections. The motivation for the mesment of the total width
of the 7 meson as well as the experimental method and the final reauét heen
presented.

The value ofl',, was established directly from the measurement of the mass di
tribution of then’ meson. They meson was produced in proton-proton collisions via
thepp — ppr’ reaction and its mass was reconstructed based on the irtfomadoout
the momentum vectors of the protons before and after theioead he experiment
was conducted in the Research Centre Julich in Germany. Tie¢esated and stored
protons were circulating through the stream of the hydraester target in the ring of
the cooler synchrotron COSY. The two outgoing protons werasueed by means of
the COSY-11 detector. The reconstruction of a particle ¢tajg through the known
magnetic field allows for the momentum determination, wkiile ToF method pro-
vides information about the velocity. The identificationtbé particle is an outcome
of the combination of those two informations, while fhe— ppn’ reaction was iden-
tified via the missing mass technique. Altogether more tH2002p — ppn’ events
were reconstructed. The comparison of the derived expetahmissing mass spectra
with Monte Carlo generated ones results ig°adependence on tHe, value used in
the simulation.

The statistical error of the final result was obtained diyeftom a y? vsT',, plot at
X2 = x2,.,,+1value [L, 3, 77]. A small systematic error of the final result was achieved
due to:

e the excellent properties of the stochastically cooledgrditeam;

¢ the application of a decreased size of the target streamhwasgulted in a small
beam momentum spread and a small geometrical size of thigoreaegion;
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e monitoring of the properties of the reaction region by twdapendent methods:
by a specially developed diagnosis unit and by examininghefrhomentum
distributions of the elastically scattered protons;

e the close-to-threshold measurement — wiigrem)/0p approaches zero.

¢ the verification of the characteristics of the synchrotrear, target stream and
detector setup by a comparison of the results obtained ferdifferent beam
momenta.

The value ofl’,, = 0.226 £ 0.017(stat) £ 0.014(syst) MeV determined in the
analysis described in this dissertation is three times m@eise than the best classified
measurement until now’(; = 0.28 4 0.10 MeV) [1] and the achieved accuracy is in
the same order as the value obtained by the PDG from a fit to Zlunements of
branching ratiosl(,, = 0.204 £ 0.015 MeV) [3]. It is also important to note that the
achieved mass resolution amounts to FWHM = 0.33 Mé¥d is of the same order as
the total width of the;’ meson itself, which excludes the possibility of a multisture
in then’ signal at this level.

The value of the) meson total width recommended by Particle Data Gr@jis|
correlated with the partial width for th¢¢ — ~~ decay #], while the average of two
available measurements, [2] has an 30% error. The result of the measurement and
analysis presented in this dissertation has an accuracg%fdnd agrees within the
error bars with the value provided by the PDG fit, howeverytilae established in this
work is independent of any of the branching ratios andihg — ~~) measurements.
Therefore, it can be used ada@ol to translate branching ratios to partial widths and
vice versa, and applied for the investigations of e.g. themgum component in theg
meson R0, 22] and, indirectly, for studies of the quark mass differenge— m,, [25-
27).

This was the last measurement conducted by the COSY-11 giotierefore
could take advantage of the methods developed in the cofitlse nearly eleven years
of experiments§Q], which, as shown in this work, resulted in the unique masslte
tion.



The journey is the reward.
Chinese Proverb
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