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Abstract

For long two-pion production has been a subject of inteesgigcially since the ABC effect was
observed, which is an unexpected enhancement in the momespiectrum of fused nuclei. The
first measurements were inclusive, i.e. measured only ttgomg fused nucleus. As in inclu-
sive measurementstproduction can be admixed with three-pion production amdpcts from
other reaction channels, a comprehensive research pragasmtarted at the CELSIUS/WASA
facility to carry out exclusive measurements for many défeé pion production processes.

The WASA detector covers nearly the full solid angle of ¥Vith good detection capabilities for
charged and neutral particles in the central part and veod gientification of charged particles
in the forward part, the WASA detector is well suited for axsile measurements of this type of
reactions.

The ABC effect has been interpreted as a t-chaddebxcitation in the course of the reaction
process. The calculations predict a peak at low and at higiriant mass in the invariant mass
spectrum ofrat. But the new exclusive measurements show, that the ABCtaffem isoscalar
enhancement only at low invariamit mass - no high invariant mass peak - correlated with a
narrow resonance-like structure in the total cross section

To test this conclusion and to study a clean example of ttoblalA excitation without ABC
effect exclusive measurements of the isovector reagtipa> drtt ° have been carried out &g

= 1.1 GeV. Additionally the reactiopp — pnrtt T® was measured, in order to see the difference
between fusion and non-fusion processes.

The measurements show that fhye— drt" 1 channel exhibits no enhancement at low invariant
masses, meaning no ABC effect. This is expected from andsovehannel due to the fact, that
the pion pair must be in relative p-wave, which suppressgseahancement at low invariant
masses. Therefore this most basic isovector double-pfosion reaction qualifies as an ideal
test case for the conventional t-chanA& excitation process. Indeed, the obtained differential
distributions reveal the conventional t-chanA& mechanism as the appropriate reaction pro-
cess, which also accounts for the observed energy dependétiwe total cross section.

These results have been published in Physics Letters B @4)210-113.

Although no good description of the reaction mechanismgdpr— pnit 10 is available, the
differential cross sections confirm the presence of veffgidifit reaction processes in the fusion
and the non-fusion channel, respectively.
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1. Introduction

The study of double-pionic fusion is a subject of interdsizes 50 years ago an unexpected effect
was observed by Abashian, Booth and Crowe, the so-called &f&Ct (Ref. [1]). The studied
reactions were of the form

pp or pn or pd— fused nucleus + X,

where X stands for unobserved reaction products. In sudhsive measurements only the fused
nucleus was detected using a single arm magnetic specgpnieatter experiments confirmed
(Ref. [2]-[5]), that the ABC effect is only present when a hdwunuclear system is formed.

The ABC effect shows up as an unexpected enhancement in threentom spectrum of the
nucleus, see figure 1.1.
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Figure 1.1.: Deuteron momentum wilyeam= 1.88 GeV/c. Black data points from Plouin et
al. (Ref. [4]), yellow area is phase space in casemeproduction and upper scale
translates the deuteron momentum into invariant masstof



The invariant mass of a particle set | is defined as:

M2 = (3 E))?— (3 p)*(c=1)

where E denotes the total energy of particle j and p the mamemtf particle j. In case the
relative momentum of the particles j is small, the invariargss is small. In case the relative
momentum is large, the invariant mass is large.

In case of reaction products nucleus + X, a high nucleus mamein the possible kinemati-
cal range means, that due to energy conservation X can hawktte total energy and therefore
the particles making up X can only have a small relative mdormanA low nucleus momentum
means, that due to momentum conservation X needs to havgeantermentum along beam axis
and therefore the X particles can have only little relativenmentum.

Therefore the peaks at low and high momenta in Figure 1.1ctedlgoeak at low invariant
masses in the invariant mass spectrum of X. In case of a momeritthe nucleus in the middle
of the possible range, the relative momentum of the X paxic less limited. The peak in the
middle of the possible range of the nucleus momentum is ledeick with a high invariant mass
peak in the invariant mass spectrum of X. As indicated by theeu scale in Figure 1.1 this
correlation is non-linear.

Assuming X to be two pionsnft and translated into the invariant mass of timesystem
(upper scale in Figure 1.1), this means that there is an eehant at low and higitinvariant
masses. Since the invariant mass of two particles is céecklaith the relative momentum of
the particles, theutwould tend to move either in parallel or antiparallel. The @Bffect was
only found in scalar-isoscalar channels (Ref. [1], [2])]3]

Figure 1.2.: Double-pionic fusion process via t-chantlexcitation in the intermediate state
for the reactionpn — drt* 1°



It has been interpreted as a t-chanfAl excitation (Ref. [6], [7]). Fig. 1.2 shows the cor-
responding graph. A pion exchange leads to the formatiowofs - mass 1.232 GeV each -
which then decay both into nucleon and pion. The two nuclé¢oas fuse and form a deuteron.

Such an excitation would produce an enhancement at low gihdiniinvariant mass.
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Figure 1.3.: Interpretation of the data from Plouin et alef(R4]) by Plouin, Fleury and Wilkin
(Ref. [5])

But as these first experiments observing the ABC effect waskisive, measuring only the
outgoing nucleus, it was unknown, whether the X are tmaiyor something else. As demon-
strated in Ref. [5] identifying the middle bump in the momentspectra as a high invariant
mass peak oftresystem could be a mistake as X could also bed eta, see figure 1.3.

Inclusive measurements cannot decide this issue and thexclusive measurements at that
time with energies near the doulfleenergy region were low statistics bubble chamber measure-
ments (Ref. [8], [9]).

Therefore exclusive measurements were carried out at GEE-SVASA and WASA@COSY
for the reactiongpn — dr°r®, pd —2 Hermranddd —* Herut (Ref. [10]-[15]) . The high invari-
ant mass peak iMq; is not visible in exclusive measurements - in the inclusieasurements
it had been caused biyand 3t production - , whereas the low invariant mass peak is very pro
nounced. Therefore the pions tend to have a low relative mame Since they emerge from
two differentAs,which are formed at or even below the nomifsalthreshold, this suggests, that
the twoAs have a low relative momentum towards each other. Hence lsstata interaction
or even binding between the tvis was proposed. Calculations based on this describe the data
of the different reactions measured at WASA very well (RdP]]. New measurements (Ref.



[11]-[13], [15]) show that the ABC effect is correlated wahresonance-like structure in the total
cross section, which constitutes the first evidence for anasce in the baryon-baryon system.

Since such a big step in understanding the ABC effect hagbbgpeneasuring exclusively
instead of inclusively, it was decided to measure also areisor channel exclusively in order
to study a clea’dA reaction and to see whether the ABC effect is indeed restritt the scalar-
isoscalar double-pion production. So far only inclusivef(R[1], [2]) or low-statistic bubble
chamber data (Ref. [8], [9]), lacking information on diféatial observables, exist. Data taken
at CELSIUS/WASA in May 2003 were analysed for th@ — drt"1° reaction channel. The
results are presented in this work.

At CELSIUS-WASA non-fusion double-pionic reactions wetscastudied ( Ref. [16]). As
expected they show no distinctive sign of ABC effect. In thebannels the Roper excitation is
present in addition to the t-channh excitation. According to the calculations shown in Ref.
[21] and [16] the Roper decays dominantly iMN@¢TuT),—o. The protons have isospin of 1/2, the
left side of pp— drt 1€ has isospin 1. Deuteron has isospin 0, therefora” has isospin 1 and
not isospin 0 as preferred in Roper excitation. As a congemughe Roper is suppressed and
the pp — drtt 1® channel allows a rather clean study of the doublerocess as also there is no
ABC effect .

As the two pions have isospin one, their wave functions atisy\anmetric in the isospin part.
Due to Bose symmetry their wave function has to be symmefriis requirement forces the
pions to be antisymmetric in angular momentum, as their isppero and therefore symmetric.
Therefore they are expected to have odd relative angularentum, most likely I=1. These
guantum numbers would fit@ therefore it is possible, that the two pions formp @ an inter-
mediate state.

In order to have a comparison of double-pionic productiothweind without fusion of the
nucleus, the same May 2003 data were analysed also fahe prrtt ° channel.



2. Experimental Setup

2.1. Theodor Svedberg Laboratory (TSL)

The experiment took place at the Theodor Svedberg Labgraiddppsala. The measurements
were done with the WASA detector, which was an internal detdn the CELSIUS accelerator
and cooler storage ring. The Gustaf Werner Cyclotron acateld the particles initially, then the
beam was injected into CELSIUS.

B CELSIUS hall
C Crypt

D Marble haill

E Blue hall

F Gamma cave
G Biomedical area

H Control reom,cyclotron
| Control room, CELSIUS
J Coumting room,CELSIUS experiments
K lon source building

Figure 2.1.: Theodor Svedberg Laboratory (TSL) from Re2][1

2.2. CELSIUS

CELSIUS is a abbreviation for@dling with ELectrons and ®ring lons from Uppsala $nchro-
cyclotron. It had in total 40 dipole (green rectangles in ¢g) and 8 quadrupole magnets (blue
rectangles in Fig. 2.2) in the curved sections. The 4 sttaghtions contained the injection,
the electron cooler, a cluster jet target and the pelleetanfithe WASA detector. CELSIUS
was operated in cycles, each one about 2 - 3 minutes long. l& cgasisted of beam injection,
acceleration, flat top, deceleration, beam dumping andyiiegudhe magnets for the next injec-
tion. In the acceleration phase the beam energy was inctéaghe intended value and in the



following flat top it was kept stable for data taking.
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Figure 2.2.: CELSIUS from Ref. [12]

2.3. WASA detector

The Wide Angle Shower Apparatus (WASA) is aéristands here for full solid angle) detector,
which was designed to measure the production of light mesdie detector (Fig. 2.3 and

2.4) is made up of 4 parts, pellet target, Central Detectorwkrd Detector and zero degree
spectrometer. The zero degree spectrometer allows measotref heavy hadrons, which due
to the reaction kinematics move close to the beam axis. Tdtion studied in this work does

not have such reaction products, therefore the zero degestremeter is not described in detail.
The detector has two distinctive parts, because WASA wagiked to exclusively measure both
neutral and charged mesons and their decay products anohisadlight mesons and their decay
products are best detected with a high Z material, whergabdaharged heavy hadrons low Z
material is best to reduce hadronic interactions.



Due to kinematics the heavy hadrons tend to go in forwarcctioe, therefore the Forward
Detector uses low Z materials and is optimized to measur®msaand other charged hadrons.
It also has some limited neutron detection capability.

Light mesons and especially their decay products can goyjidiaection, therefore the Central
Detector covers a large angle and uses high Z material fectieb. To distinguish differently
charged mesons a magnetic field is used.
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Figure 2.4.: Cross section view of WASA detector from Ref][1



2.3.1. Pellet target

The pellet target system (Fig. 2.5) provides an interngkigior the beam. First a gas - hydrogen
in our case - is liquified. A jet of the liquified gas is then stiobugh a thin vibrating nozzle,
which causes the jet to break up into droplets. The droptetz& by vacuum evaporation and
then form a beam of pellets. The pellets pass through a longipe into the scattering chamber.
Since the pipe is long and thin, it occupies not much spac&hat a necessity for the setup of
the WASA 4t detector. In the scattering chamber the pellets cross thm Ipgpe and fall into
the pellet beam dump. This setup effectively provides atgikia target and does not reduce the
circulating beam intensity too fast, see Table 2.1 for pédiieproperties.

EZ!\?T: tube pellet generator

differential pumpin
CELSIUS pumping
beam tube

scattering chamber

"0
7#;

pump station pump station

cryogenic beam dump

Figure 2.5.: Pellet target system from Ref. [17]

Pellet diameterym) 25-35
Pellet frequency (kHz) 5-12
Pellet-pellet distance (mm) 9-20
Effective target area density (atff) | >1015
Beam diameter (mm) 2-4

Table 2.1.: Pellet target properties

2.3.2. Central Detector (CD)

The Central Detector consists of 3 different detectors hedSuperconducting Solenoid (SCS)
for creating a magnetic field. Closest to target is the Mirftthamber (MDC). The magnetic
field causes charged tracks to have a curvature. This cuevauneasured by MDC, which
allows to gain momentum information.

Surrounding the MDC and in front of the SCS there is the Rig&Stintillator Barrel (PSB).
Its fast signal is used for the first level trigger and togethih the signal from the Scintillat-
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ing Electromagnetic Calorimeter (SE) it can be used forigaridentification with theAE-E
method.

The SCS comes next, it provides the magnetic field necessansé of the MDC. It is very
thin to avoid energy loss and particle showers. The SE isegdlat the most outer side, as a
calorimeter inside a magnetic field would require the uses$ precise photodiodes instead of
photomultipliers.

2.3.2.1. Mini Drift Chamber (MDC)

The Mini Drift Chamber consists of 1738 drift tubes in 17 ditfnt cylindrical layers and covers

scattering angles from 840 159 (Fig. 2.6 and Fig. 2.7). The tubes are made of Mylar foil
coated with aluminium on the inside. In the center there isrsing wire made of gold plated

tungsten. The MDC can measure polar and azimuth angle andertam of charged particles.

A detailed description can be found in Ref. [18].

Figure 2.6.: CAD view of Mini Drift Chamber
(MDC) from Ref. [17] Figure 2.7.: Drift tubes from Ref. [17]

2.3.2.2. Plastic Scintillator Barrel (PS)

The Plastic Scintillator Barrel is a cylindrical detectoade up of 3 parts: forward (PSF), central
(PSC) and backward (PSB), see Fig. 2.8. All are made up of 8tk $traight bars of plastic
scintillators. PSF and PSB are caps at both ends of the lsawtledonsist of 48 cake-piece shaped
elements. PSC is cylindrical around the beam axis and dsriS0 elements, since 2 holes had
to be made for pellet target tubes. Read out is except foethetements at both ends, allowing
to determine position. The main purpose of PS is for fasgéiitng in the Central Detector, but
in conjunction with SE or MDC the deposited energy can be seplarticle identification with
the AE-E andAE-P methods. It also provides timing information for MDC.

11



Figure 2.8.: Plastic Scintillator Barrel, forward (PSFntral (PSC) and backward (PSB) parts
from Ref. [17]

2.3.2.3. Superconducting Solenoid (SCS)

The SCS provides the axial magnetic field necessary for th€MbDmeasure particle momen-
tum. A field strength up to 1.3 T is possible, although 1 T istttwest often used strength. Asitis
inside the calorimeter, it was designed extra thin to avoergy losses of passing particles. An
iron yoke confines the magnetic field and thereby protectplimtomultipliers in calorimeter
and the readout electronic.

Coil

Inner/outer radius (mm) 276.8/288.8
Total winding length (mm) 465
Conductor (stabilizer) NbTi/Cu (pure Al)
Cooling Liquid He, conduction
Maximum central magnetic flux density, Bc (T) 1.3

Field uniformity in the MDC (T) 1.220.25
Cryostat

Material Aluminium
Inner/outer radius (mm) 245/325
Overall length (mm) 555

SCS wall thickness (coil+cryostat) (radl) 0.18

Table 2.2.: Properties of Superconducting Solenoid

2.3.2.4. Scintillating Electromagnetic Calorimeter (SE)

The outermost part of the Central Detector is the ScinititpElectromagnetic Calorimeter (Fig.
2.9). It consist of 1012 sodium doped caesium iodide statitig crystals and covers a angular
range from 20to 169. The crystals have the form of a truncated pyramid and aemged in

24 layers along the beam axis. In the forward part the layave B6 elements (gray), in central

12



part 48 (white) and in backward part 24 and 12 (black). Thewrparpose of the SE is the energy
measurement of neutral tracks, since the energy of chamedlso be derived from the MDC.
Some of the design parameters of the SE are listed in Tahle 2.3

Figure 2.9.: Scintillating Electromagnetic Calorimet&E(], beam direction to the right from
Ref. [17]

2.3.3. Forward Detector (FD)

The Forward Detector covers an angle ®t@ 17 and is designed to measure charged particles
precisely. The Forward Detector has 9 layers with diffetgpes of plastic scintillators and 1
layer with drift tubes. These many layers allow to identihaoyed particles bfE-E technique.

AE-E technique is best, when the particles are stopped, whittie case for protons with
energies up to 0.3 GeV, deuterons up to 0.4 GeV and charged pjoto 0.17 GeV. Some of the
design parameters of the Forward Detector are listed ie 24l.

2.3.3.1. Forward Window Counter (FWC)

Downstream the first detector of the Forward Detector is thevird Window Counter (Fig.
2.10), which consist of 12 plastic scintillator elementstva thickness of 5 mm. Its purpose is
to reduce the background from beam/beampipe interactiofit Well to the scattering chamber
its elements have been inclined by I8m vertical position. Since itis small and fast it is often
used as first level trigger.

13



SE design parameters

Amount of sensitive material (g/cm2) 135
radiation length ~16
nuclear interaction length ~0.8
Geometric acceptance 96%
Polar angle (degree) ~20-169
Azimuth angle (degree) ~0-360
Max kinetic energy for stopping

Wproton/deuteron 190/400/500
Scattering angle resolution (degree ~5 (FWHM)
Time resolution (ns)

Charged particles 5 (FWHM)
Photons ~40 (FWHM)
Energy resolution

Charged particles ~3% (FWHM)
Photons ~ 5%/ ,/E(GeV) (RMS)

Table 2.3.: SE design parameters

Total number of scintillator elements 280
Scattering angle coverage (degree) 3-17
Scattering angle resolution (degree) 0.2
Amount of sensitive material (g/cm2) 50
Radiation length ~1
Nuclear interaction length ~0.6
Thickness of vacuum window (st. steel) (mm) ~0.4
Maximum kinetic energy (Tstop) for stopping:
Wproton/deuteron/alpha (MeV) 170/300/400/900
Time resolution (ns) <3
Energy resolution for

Stopped particles ~ 3%
Particles with Tstop< T< 2Tstop 4~8%
Particle identification AE-E

Table 2.4.: Forward Detector design parameters

14



Figure 2.10.: Forward Window Counter (FWC)
from Ref. [17]

Figure 2.11.: Forward Proportional
Chamber (FPC) from
Ref. [17]

2.3.3.2. Forward Proportional Chamber (FPC)

The Forward Proportional Chamber (Fig. 2.11) is next in thesMard Detector. It was planned
to be made of 4 modules, but when the data analysed in this wasktaken, only 2 modules
were mounted. They were rotated towards each other ByB@ch module consist of 4 layers
with 122 drift tubes. The thickness of the drift tubes is 8 nirhis allows a very precise tracking
of charged tracks.

2.3.3.3. Forward Trigger Hodoscope (FHD)

The Forward Trigger Hodoscope, also called Juelich Hodues¢big. 2.12), is made of 3 layers
of 5mm thick plastic scintillators. The first two layers indme direction have each 24 Archime-
dian spiral shaped elements, whereas the third has 48 cade ghhaped elements. This allows a
special pixel structure, which helps resolving multi-hittbiguities.

2.3.3.4. Forward Range Hodoscope (FRH)

The Forward Range Hodoscope (Fig. 2.13) is made of 4 layets wih 24 plastic scintillator

elements. The thickness of each layer is 110 mm. Due to the taickness of the layers much
energy is deposited by charged patrticles, therefore thedRits precise energy reconstruction.
Particle ID reconstruction is also possible because, egewith the FHD, the many layered

15
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Figure 2.12.: Forward Trigger Hodoscope (FHD) from
Ref. [17]

Figure 2.13.:

Ref. [17]

design allows for many differe®{E-E plots. It is also possible to reconstruct energy of pkadi
that interacted hadronically.

2.3.3.5. Forward Range Intermediate Hodoscope (FRI)

The Forward Range Intermediate Hodoscope (Fig. 2.14) idgigosd between the third and
fourth layer of the FRH. It consists of 32 vertical and 32 hontal 5mm thick plastic scintillator
bars. The bars have a width of 30 mm close to the beampipe amdnt@arther away from
beampipe. FRI was designed to measure the angle of neutyodstécting the recoil proton
from hadronic interaction. The probability of detectingeautron with FRI is about 35%.

2.3.3.6. Forward Veto Hodoscope (FVH)

As the last detector of the Forward Detector the main purpbsee Forward Veto Hodoscope
(Fig. 2.15) is to identify punch-through tracks. Its sigisalso used for some trigger conditions.
It is made of 12 bars of plastic scintillator 137 mm high, 168 long and 20 mm thick.
The bars have photomultipliers at both ends. This allowseterthine hit position by timing
difference.
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2.3.4. Data acquisition system (DAQ) and triggers

All detectors together have about 1500 charge to digitavedar (QDC) and 4000 time to
digital (TDC) converter channels. With pedestal suppmestiie average size of the data for a
single event is 2-3 kB. With a luminosity of 3&m2s-1 elastic pp reactions alone would have
an event rate of several million per second, which is far beyiihve capabilities of the readout
system and would produce a lot of uninteresting events.efbier a complex trigger system has
to determine which are desired events and which can be igndiee data acquisition system is
sketched in Fig. 2.16.

The most important aspect is, that the signals are all split two branches. One branch is
delayed by 300 ns, leaving enough time for the other brangass through the trigger system
and generate stop or readout signals.

The trigger system has two levels. The first uses signals tl@rfast plastic scintillators to
trigger the hardware acquisition. The second level usesiginals from the slow electromagnetic
calorimeter and generates a fast-clear signal if secorall tegger conditions are not met. This
prevents the start of the readout.

17



Event_ = 5 RS-485 links
SRS Midas 4x i}
blllldlng server PCI- o
7300A (€
and / \
monitoring
Gigabit link
L—J_ Disk storage
Monitoring stations
Boards for trigger synch.
and RS485 transmission --_ _ >
FASTBUS FASTBUS FASTBUS FASTBUS
a = b bS]
o k> *© *©
) _-‘ e i = =) ‘T — & '--4
@ 5 gl | & sl 8| & 2| |&| 2| &
S  Front-end z |3 |2 |Z|12| 2| 3| |z| 2| %
= ront-en 2 E 2 El| 2| &| £ | = E
[} . ol £ = = : == D =~ E
2 electronics < $ s gl 2| 2 |g| g £
5 = 5 g | = | =| E 2 2| &
Q &) ) o o
T A T ALrrA Ar2A
1738
ML 4 ' Preamp -> Discrim
2000 S 1000
Discrim MUX
BEC 7 ' Preamp . PM 96 ' PM 92
‘ V. V4 }
Patch panel
12
Pwe o4
96 —
FTH + Discrim
96
FRHI l »I 300 ns i LRS
64 4413 -
First
.= B g
24 trigger
FVH
=L _
4 Fast clear
zb 74 300 ns 4
146
S PM 96 Cluster
finding
SEC 74 300 ns ’
T’E Discrim Energy
sum
PM 98
TR

Figure 2.16.: Structure of the DAQ and trigger system from Re&]
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3. Analysis software and methods

The output generated by the detector and the subsequenadgigsition system deliver the
identification number of the fired detector components,ntgr(iTDC) and signal height (QDC)
information. Translating this raw information into phyaily relevant information like direc-
tions, velocities and energies is the task of the analysie/ace. This is done by the W4P event
reconstruction program, which identifies tracks and theodiggd energy related to the track.
With this track information one has to identify the eventshwthe desired particles using cuts
and an artificial neural network (neural net). The anglesaamgy of a track can still be slightly
off due to limited detector resolution, but this can be inyaa by applying energy and momen-
tum conservation in a kinematical fit.

These results still have little physical meaning, sincey thiee convolved with the acceptance
and efficiency of the WASA detector. Hence an efficiency ammgptance correction is required.
This is done by simulating events of the reaction-type instjoa using either pure phase space
or a distinct model and measuring these reactions with aalidetector and analysing them the
same way as real data. By dividing these spectra by the spaftthe purely generated events,
the efficiency and acceptance can be determined. The flowahthe analysis is shown in Fig.
3.1.

3.1. Event generation

The basis for the event generator GIN is the FOWL programclwisi part of the CERN program
library. Within kinematical constraints it generates ramdmomentum vectors of all particles.
The events are created with phase space weights and a mads epplied by multiplying the
appropriate amplitudes. For the further analysis the wigigle removed. Their effect upon the
spectra are preserved by generating a random number foeeashbetween zero and maximum
weight and dropping those events, which have a weight sitalle the random number. With
this procedure events with a high weight are more likely toam, therefore the shape of the
spectra does not change.

3.2. Monte Carlo simulation

The Monte Carlo simulation WMC uses the GEANT3 software pgekirom CERN. By having
the entire detector volume defined in GEANT terms, the intiya of every particle with the
detector and dead material and the following detector duwign be simulated. The input are the
momenta of the particles as they are generated with GIN. Bnemser defined vertex position
the movement of the particles through the detector is siredlan a step-by-step basis. In each
step the probability of interaction, decay or scatteringakulated for each track according to
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known physics and each effect is randomly chosen with itsuwtatied probability. All primary
and secondary tracks are followed this way till all are aléghe detector volume. The output
format is nearly identical to the format of the data, whiclowb to use the same methods for
analyzing as used for real data. Detector changes from riuntare accounted for by using the
alignment files, which contain the detector description EABIT language.

3.3. WA4P Event reconstruction

The track and event reconstruction was done using W4P, dinela@td program with WASA for
reconstruction. Starting with this program Monte Carlodations and data are treated the same
way. WA4P processes all the steps necessary for identifgaogg in the detector, like conversion
of QDC into deposited energy, conversion of TDC informaiimo time clustering of hits, track
finding. With W4P it is also possible to do particle identifioa and cuts.

Since a neural net written in C++ was used for particle idieation and WA4P is in Fortran,
WA4P was only used for track reconstruction and the tracke weared in N-tuple format and
neural net and cuts were applied later.

3.4. AE-E technique

Normally particle identification in the Forward Detectordase of charged particles is done by
the AE-E technique. Since the energy deposited in the differeteatior layers all depend on
the particle and the energy of the patrticle, different phbes create in a scatter plot of deposited
energy of one detector layer versus energy or deposited)emdranother layer a signal in
particle specific areas called bands. An example is showigind2, where a deposited energy
is plotted versus the full energy. Many other different srgtlots for identification are possible,
each deposited energy of one of the ten Forward Detectordasgesus the deposited energy of
another layer is a scatter plot in which different bands asébke. Most useful for this work
are deposited energy in one Forward Range Hodoscope laygrsvéeposited energy in another
Forward Range Hodoscope layer, as these layers are theshick

The position of these bands is dependent on charge and mtss dirticle. Therefore par-
ticles can be identified by the position ilME-E scatter plot. Fig. 3.2 does not show the entire
bands. The possible energy, that the specific particles aam due to reaction kinematics and
beam energy determine, which part of the band shows up. Tihefihe band correlated with
higher energies, bend at a certain point back towards taeasf the plot. The reason is, that at
high enough energies the particles are not stopped insidédtector and an increase in kinetic
energy does no longer increase, but decreases the depasirgies. In case of even higher en-
ergies the particles become minimum ionizing, which catise$igh energy end of all bands to
be near the origin of the plot, since minimum ionizing padescdeposit nearly the same energy in
all detector layers independent of particle type. In thisede bands are too close to each other
to be separable. Therefore with increasing energyMaeE technique is less and less effective
in identifying particles, identification being impossilitethe case of very high energies.
In the case of this analysis the particles are not yet minimamzing, but already have such a
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Figure 3.2.: Example dAE-E event distribution from Ref. [17]

high energy, that a large part of the deuteron band overldpstiae proton band. The reaction
pp — ppr® has a far higher cross section thpp — drt™1°, but the same number of neutral
and charged tracks, therefore it constitutes the largetgnaund reaction for this analysis. A
neural net had to be used for an improvse-E analysis.

In case ofpp — pnrtt T the neutron was not measured, therefope— ppr® has a similar role
as the main background and the neural net was also used.

3.5. Neural Net

The position of a particle inside the band is dependent oetieegy. The deuterons that overlap
are the high energy deuterons, whereas the protons thdapweith them are not the highest
energy protons. This implies, that when applying the caroets to all possiblAE-E plots,
deuteron and protons can be distinguishable to some extentita singleAE-E plot is not
sufficient. Evaluating all these plots by hand is impradtieapecially since one cannot look at
the plot containing all information - the 10 dimensionaltpdall deposited energies versus all
other deposited energies.

What is needed is an algorithm that maps the 10 depositedjieadp whether it is a proton
or deuteron. The best solution for such a problem is a newtatrained on particle identifi-
cation based on all deposited energies. The neural net usedeveloped by M.Bashkanov, a
description can be found in Ref. [19]

3.6. Particle identification in Central Detector

The main method to identify charged particles in the CerDatlector is theAE-P technique
using the momentum information from MDC. Neutral tracks dblmave a curvature, as they are
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constants FRH1 FRH2 FRH3 FRH4 | punch through
Co 2.03227 | 0.468512| 0.768832| 9.1301 11.8193
C1[GeV 1] | -67.2193 | -15.9898 | -14.5199| -45.4404 -78.5049

C 0.219912 | -1.58284 | -1.9609 | -0.716251 3.58860
C3[GeV—1] | -9.19007 | -0.549665| 0.206675| -2.93309 -15.445
C4A5 1.37639 | 27.1494 | 30.597 | 7.11065 1.96028
Cs[Gev1] | -120.31 | -214.319 | -156.116| -36.207 -12.2744
Cs -0.925965| -1.42227 | -2.63549| -17.2432 | -0.0852235
C/[GeV1] | -18.5342 | -12.9962 | -7.04743| 37.461 0.280786

Table 3.1.: Coefficients for energy reconstruction

unaffected by the magnetic field, and the cluster size andygmieposition allows to distinguish
neutrons and photons. Particles, that decay inside the@ &utector, can be identified by the
invariant mass of the decay particles.

3.7. Energy reconstruction

The relation of deposited energy to real kinetic energy artdrons can be approximated by 5
formulae, one formula each for deuterons stopped in FRHHZRRH3, FRH4 and punch-
through, respectively. The general structure for all fdamus the same:

Exin = [1+ gCotCiEdep | gC2+C3Bdep 4 gCa+CsEdep. g 1 eC6+C7Edep] - Edep
Exin is the kinetic energy of the particldEgep the deposited energy aidhe scattering angle of
the particle, which is the angle between the momentum vectdithe beam axis.
The coefficients were determined by passing simulgpd- dit™ events through the virtual
detector and selecting the tracks stopped in the respatgieetor or punch through tracks. For
these tracks the true deuteron energy was known and a fit édrtimeila to theEqe, versusEyin
scattering plot yielded the coefficients shown in table 3.1.

3.8. Kinematical fit

Due to the limited detector precision a kinematical fit wagliggol to improve the data.

Input for the kinematical fit are the measured energies agkbamlong with their errors. Energy
and momentum conservation are used to calculate the unreegsion energy.

The kinematical fit applies small changes - calculated usaggangian multipliers - until energy
and momentum conservation are fulfilled or the maximum nunolbesteps is exceeded. As
measure for the quality of the fit? is calculated.

In the ideal case thg? distribution of all events vanishes at zero and peaks at tineber of
degrees of freedom. In reality this depends on whether tleetsd errors are equal to true
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errors and whether the reducgéi/deg. of freedom (peak around 1) or just(peak at number
of degrees of freedom) is plotted.
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4. Event selection

4.1. Trigger selection

As only a limited rate of events can be written on tape, a felgction happened already during
data taking in form of the trigger. Therefore choosing thyghtitrigger was very crucial. In
the case of this analysis the task was even more difficultesthe triggers for the run were
not tailored towards a1 or pritt T but towards other reactions. For a list of the triggers see
Appendix A.1.

Iron Yoke SEC FPC FTH FRH FVH
/ we L

CELSIUS
beam

50 cm

Central Detector ~ Forward Detector
Figure 4.1.: WASA detector from Ref. [17]

The reactionpp — drt* 1° was analysed using data takenTgt1.1 GeV. Due to kinematical
restrictions deuterons ha¥e< 16° and go therefore only into the Forward Detect6ris the
scattering angle, the angle between momentum vector a€jgasind beam axis. The? decays
almost instantly, before reaching any detector into y&owhich can go in any direction. But
the Forward Detector is not suitable for detectisg The® angle of thert" can be up to 16Q
though mosttt haved < 50°.

Since having botht™ and deuteron in the Forward Detector makes patrticle ideatiin in
the Forward Detector more difficult, it is more sensible toa$e a trigger, which allows the
" only in the Central Detector. The trigger should require oharged track in the Forward
Detector, one charged and two neutral tracks in the Centtddior.
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Most triggers are not suited, since they either require horhiwo hits in the Plastic Scintil-
lator Barrel. Events, where in reality one charged trach ihe Central Detector, cannot satisfy
this condition if they are well measured. So only events wiiksed hits or garbage could be
selected with such triggers. Other triggers are not sdtdikcause they have very limited re-
guirements and therefore allow a lot of other reactions, jgsdl « frhal requires one hit in the
central part of the Plastic Scintillator Barrel, one hit iretfirst range of the Forward Window
Counter and has no other restrictions. This allows fot @, but also for practically anything
else, especially elastic pp. Such reactions with high csession require the trigger to have
a high prescaling factor. When only every thousandth evemven less is written, no useful
amount of data fodrt 10 is available from the trigger.

The most promising triggers asecc flL « Pwclhdsrhlpsl andsecc £« Pwclhdsrhlpsl.

The partPwclhdsrhlpsl is a pretrigger which requires one hit in the Plastic Sikattir Barrel
and one hit in the Forward Window Counter, one hit in the ¢helodoscope and one hit in the
Forward Range Hodoscope, which fits amein the Central Detector and one deuteron in the
Forward Detector quite well.

seccfl requires two clusters in the calorimeter. Clusters aregaoyp of hits in neighboring
elements, so § passing through two neighboring elements of SE will be cedinly as one
cluster. Secc® is the same, just three clusters. As thieis likely to create a hit in SE and the
ys do also create hits in SE, this trigger would fit the requéeets of one or two neutral and one
charged track in the Central Detector and one charged trettieiForward Detector.

Unfortunately the trigger did not work properly. Indepentdef cuts, application of kinemat-
ical fit, detector calibration, use of neural net or used rfmeacceptance correction the results
show a strongly asymmetric d amfl center of mas® angle distribution:
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Figure 4.2.: 63" and6%' in case ofit* in CD

Fig. 4.2 shows these plots and the asymmetry is beyondtitatisrrors. Since the entrance
channel is symmetric, the exit channel has also to be synmietthe center of mass system.
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This shows, that there is a serious error in this data setsthiought could be, that there is still
a large background, e.g. ph which could produce such effects, since for calculationesfter

of mass angles the mass is used and with misidentified pertice wrong masses are used. This
could cause an asymmetry.

But selecting the reactiopp — ppr® with the same trigger gives for the center of mass angle
of T the same asymmetrical distribution. Therefore miss ifieation is unlikely to be the
cause of the asymmetry.

The cause unfortunately is in the end, the triggers, which fatst look seemed to be very
good for the reaction. This can be shown by comparing bogigéris, which differ only due to
seccfl andseccR. As anyway three tracks, one charged and two neutral, éeetsd in the
Central Detector, the difference between a trigger reggitwo cluster and one requiring three
clusters should be very small, as three tracks in the Cebetdctor will likely produce three
clusters most of the time. The only exception is, when twokisgass the SE close to each other
and the fired detectors are so close, that they are countateaduster.
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Figure 4.3.:9{,ab with 2 cluster (left) and 3 cluster (right) trigger

Figure 4.3 shows th@ angle of bothys in the lab system after selection af'd® using the
seccfl trigger. The &s from 1° decay and thet™ normally produce not only two but three
clusters in SE. Therefore the figures should look nearly d#mees as their only difference is the
requirement of two or three clusters. But Fig. 4.3, righesishows a reduction of events by
about 60% with more events lost outside the region betwe#h dd and 0.85 rad than inside
this region.

Whereas the requirement of three clusters instead of twaldleduce the amount of events,
it should be only a few percent effect. But more importantlg effect should not have such a
strong angular dependence. Between 0.45 and 0.85 rad #ies68-55% whereas outside the
loss is more around 75%.

The only change between both figures is the used trigger.eShectrigger should not have
such an effect, the explanation is, that the trigger had donteof undocumented malfunction.

The most plausible explanation for the nature of this malfiem is, that the trigger did not
react to all clusters in SE, but only to the clusters in theugargegion roughly between 0.45 and
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0.85rad. First, this is plausible, because for clusterdtiete the connection of different elements
to the trigger were done layer-wise, so that an entire layer @ither connected or disconnected.
A malfunction there would cause the trigger to miss clust¢rertain angles, whereas detecting
clusters at other angles. And the second assumption, tistec$, that actually fired the trigger,
have to be between 0.45 and 0.85 rad, explains both picturegig. 4.3 left side the area
between 0.45 and 0.85 rad is pronounced, but there are Kitlloh events elsewhere. This is to
be expected, since only two clusters have to lie inside thieme In cases where one is provided
by thett" the second/ does not have to hit in the region. Therefore the greatergiavents
should be in this region, but outside should be still soma&&ve

When requiring three clusters inside this angular regibey$ should be far more concen-
trated there, because only when there is some garbagerdlustgigger could fire with ong
outside this region. A similar angular distortion happemsthe t". As this distortion is not
simulated in the model, the acceptance corrected data lesasymmetric.

Since this problem reduces the number of events very muchsavery hard to simulate -
the trigger could still sometimes react to clusters outsieregion -, only solution is to use a
different trigger.

There are no other promising triggers which allow in the Central Detector, so a trigger
with att™ in the Forward Detector has to be used.

A suitable trigger isecf2xV psd« P fhdw2V ps P fhdw2V psis a veto on lastic Scintillator
Barrel hits and the requirement to have two matching clastethe Juelich Hodoscope and the
Forward Window Counter. Both requirements fit two chargedvéwd tracks and no charged
central track.V psdis a further delayed Veto on the Plastic Scintillator Barmet f2 requires
signals in the forward and central part of SE, which indicatergy deposition above a certain
rather low threshold. As this could lead to some slight latién inT© angle, observation of a
symmetricr® distribution will be important to rule out this possibility

Keeping this possible limitation in mind, the trigger istable for the reaction. The basic
requirement apart from the trigger is two neutral trackan@entral Detectoryfrom 1° decay
- and two charged tracks in the Forward Detector - deuterdnan

For the channepp — pnrtt1° the same trigger had to be used. Although both the proton
and the pion can have high angles and therefore could betegtedh the Central Detector, all
triggers allowing 2 or more hits in the Plastic Scintilla@arrel require 1 or more hit in some
Forward Detector layers. As the neutron has only a chancémité35% to interact with any
layer, the chance to interact with a specific layer is too lovihave enough events from such
triggers.

In summary on can say, that the triggers were not tailorectdspp — drit* © and pp —
pnit 1. Those, which allowed one charged track in the Central Detemd seemed suitable,
had a malfunction causing a asymmetric angle distributiocenter of mass system. Therefore
a trigger had to be used, which allowed no charged trackseilCtntral Detector. So" and d
or p were both measured and had to be identified in the Forwarelcor.
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4.2. Reaction pp— dr'm®

4.2.1. 10 identification

Since the trigger allows only neutral tracks in the Centratd@tor and since the number of
tracks has to be two, the tracks in the Central Detector cénlwmys from 1° decay, freely
producedys, neutron or background. All the possibilities except tfelecay are unlikely to
happen. Therefore the invariant mass of the ywshould show a very distinct peak at thfe
mass.

Figure 4.4 shows the invariant mass spectra of the two Hdtaicks in the Central Detector
for data and model in the region around tifemass, without any further restrictions like energy
or number of forward tracks. The visible background in theada from singley production,
where some background was mistakenly identified as secomahérack. It is very small
around the® mass, therefore a rather broad cut with 0:0M, < 0.2 selects nearly att® with
little background.
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Figure 4.4.: Myy, left for data, right for simulation

4.2.2. Deuteron and Tidentification

A few simple cuts are used - nearly all deuterons are kinealgtilimited to8 < 15° and cannot
stop before the 3rd layer of range hodoscope - but mainlydateton andt" identification the
neural net described in section 3.5 is used.

The normal procedure would be to identify charged partibfeAE-E technique. Fig. 4.5
shows aAE-E plot for a beam energy of 1.1 GeV. There is a large overt&wdéen deuterons
and protons, in data the deuterons are nearly not visibieeSio far only a cut far® is done, all
pp—ppre events are still present. With a cross section larger by tarfad 50 this background
threatens to prevent any meaningful results fot o°.
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Figure 4.5.: Deposited energy in 4th Forward Range Hodasgepsus deposited energy in 3rd
Forward Range Hodoscope, left data, right simulagign— drr"m°

Only the stopped deuterons can be separated from the pré&sm@bout 50% of the deuterons
are punch-through, this would reduce statistics signiflgaBut due to the high cross section,
some pp could remain. Trying somAE-E cuts without losing the punch-throughs gives unsat-
isfactory results shown in Fig. 4.6, some remaining protamesclearly visible, even simulated
protons are not sufficiently removed.
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Figure 4.6.: Deposited energy in 4th Forward Range Hodaseesus deposited energy in 3rd
Forward Range Hodoscope, left data, right simulation doimg bothpp — drtt
andpp— ppr®, several cuts applied
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This problem can be lessened by looking at several diffefrE plots and cuts both for
deuterons and pions. The pions appear mostly in the bottfirademer on such plots. For two
protons to be misidentified in this selection as a pion anduteden can only happen if both
protons are punch-through and one is in the pion region dfraéplots and the other in the
deuteron region of several plots.

But the problem is solved best by taking all energy informmain the Forward Detector and
looking at the plot containing all information - the 10 dins@mnal plotAEvRAE,vS..VRAE .
Whereas this cannot be done by the human eye, numericallyralmet trained by the 10 energy
inputs of simulated particles is able to do that.

The result is shown in Fig. 4.7. In the data there is no longemgon band visible and the
deuteron band is very similar to the one of the simulatioy éew background events remain.

A E,[GeV]

A E,[GeV] A E,[GeV]

Figure 4.7.: Deposited energy in 4th Forward Range Hodaseepsus deposited energy in 3rd
Forward Range Hodoscope, left data, right simulation doimg bothpp — drtt
and ofpp— ppr®, neural net applied

To estimate the remaining background ofPvents the numbers of the remaining simulated
drttr® and pprt' events after different cuts can be compared (Table 4.1).

| Reaction| Before | CutsAE-E | Stopped | Neural net |

drT© | 566545(100%) | 21727(3.8%)] 10564(1.8%)| 21241(3.7%)
pprtt 1297191(100%) 5541(0.4%) | 339(0.02%) | 57(0.004%)

Table 4.1.: Remaining simulated events

The low acceptance is mainly due to the conditiormofhitting the Forward Detector, since
it can haved angles up to 15Q whereas the Forward Detector covers dhlyp to 17.

TheAE-E cuts alone are insufficient, asndthas a 50 times higher cross section thar’,
which would mean about 5 times more protons than deuterohis i3 consistent with the re-
sults from data, where in figure 4.6 left side the deuterordbatarely visible. As the overlap
happens mainly with punch through particles, looking onltha stopped particles improves the
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amount of protons cut away. But as the numbers in table 4.gesigthere are still about half

as many protons as deuterons, since about 0.02% of the pratai2% of the deuterons remain
after cuts. The reason for this is, that a small part of p&ppear due to random noise inside
the deuteron band of stopped deuterons in s@aeE plots. But due to the factor 50 higher
cross section, this small part is still a problem. Using teeral net provides a far better ratio of
pprt™ to drit 10, about 1 proton per 20 deuterons can be expected.

In summary one can say, that the beam energy was so high, idexttéication by one\E-E
plot was not possible, but by using mafAf-E plots in a neural net a sufficient identification
was achieved.

4.2.3. Kinematical fit

For the kinematical fit different input formats for the vdnlies can be chosen. In this case the
input format was chosen as energy, mass and angles of parliecause the uncertainties are
also in these units.

Of the 4 outgoing particles - dy",y,y - all 4 are measured, giving 12 measured values.
Following particle identification the mass is known and fixgi/ing 4 values. Momentum
and energy conservation and the mass ofrthewhich decays into the twgs, give another 5
conditions. In this case there would be 5 overconstraintg.nBanyrtt are punch-through and
minimum ionizing, therefore the uncertainty of their energeasurement is large. To avoid
losing them, the energy uncertainty for @it is treated as unmeasured. This is acceptable, as 4
overconstraints are still enough.

=>values 16
masses —4
E/Pconservation —4
mPconstraint —1
measured —11

overconstraints 4

| Particle| Uncertainty kinetic energy Uncertaintyd | Uncertainty® |

d 10% 1° 1°
T unmeasured 10 10
y 30% 50 50
y 30% 50 50

Table 4.2.: Uncertainties assumed for kinematical fit

Table 4.2 summarizes the assumed uncertainties. The earogytainty of the deuteron is
chosen such large because most deuterons have more thare\d.B@ although a big part
of the deuterons is punch-through, their energy is stillvikmauite well, because they are not
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events

minimum ionizing. This allows to calculate the real enesgiom the deposited energies by
formulas derived from simulation, where the real deutemgrgy is known. A lot of thet" are
punch through and minimum ionizing, therefore their enasgelected as unmeasured.
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Figure 4.8.: reducey? for data
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Figure 4.9.: reducey? for simulation

Figures 4.8 and 4.9 show the reduggdlistributions for model and data. The distribution for
the data does not fall off as fast as the one for the modekatidig some background. Therefore
a cut was applied. Herg? < 6 was chosen, but other values give similar results, as Isrijea
cut is far enough away from the peak.

Also a kinematical fit is made with proton mass assigned tdelen andrt*. If the x? of
this fit is lower than the fit, where the particles are assurndabtdeuteron ant', the event is
dropped. In simulation this doesn’t remove any events, ta ttas removes about 0.1%.

\ | before kinfit | after kinfit |

data

data with further cut
simulation

simulation with further cut

9277
6676
22516
21226

5068
4462
21312
20187

Table 4.3.: Number of events before and after kinematic&ifipp — drrt

The kinematical fit removes a larger percentage of events @i@ta than from simulation. This
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indicates that before kinematical fit there is still backgrd in data. To cut away background
with kinematical fit is not the best solution, but in this cdtsis valid. More and tighter cuts

could reduce the amount of background before kinematicahfitthereby reduce or eliminate
cutting away background with kinematical fit. But the riskudabbe, to unintentionally cut the

data just the way the simulation looks like. This could yie&$ults’ only dependent upon model
and not upon physics.

The numbers shown in Table 4.3 are in favor of using the kirtiemidfit to cut away back-
ground. By applying a cut to the deuteron energy and exojudaposited energies (avoiding
using calculated energies) lower than 0.28 GeV or highar thé GeV the data events for kine-
matical fit are reduced by one third, but the events afterrkatecal fit are just reduced by one
eighth. This shows, that the kinematical fit mostly removad évents.

In summary one can say, thap — drtt® was measured rather well and that the problems
caused by having both d amd in the Forward Detector could be solved.

4.3. Reaction pp— pnrt @

This reaction was analysed because it is very similappo— drtt T in matters of analysis,
especially because the same trigger can be used. On thehatgirthe physics may or may not
be very different, depending upon whether the proton antroew@re in isospin one or isospin
zero state. In the latter case the physics would have to béyriba same as inm 1°.

What is different for the detection of this reaction is thegance of a neutron. Since the
neutron can only interact by hadronic interaction with te&edtors, the probability to detect the
neutron at all is rather low. Detection efficiency for neagdhat pass the detector is in both
Forward and Central Detector only about 30%. So the largemgbéhe neutrons is not detected.
Even if the neutron creates a signal, itis difficult to idgnitias a neutron signal and also difficult
to determine its energy. Since there are 4 particles, nosunegy anything of 1 particle leaves
the reaction still determined by momentum and energy ceasen, if the other 3 particles are
fully measured.

Due to this, the solution is to ignore neutrons and actuaibpcny events, where a possible
neutron signal is present. The drawback is, thatritheenergy has to be measured precisely.
Therefore events with punch-through pions have to be ighore

4.3.1. 10 identification

As a first step again the requirement of 2 neutral CD tracks2agstthrged FD tracks is set.

Thet? identification is then exactly the same as im"d®. Whereas there is some possibility,
that the neutron creates a signal in CD andslnot detected, this is unlikely to cause a misiden-
tification of the neutron ag because the energy deposition of neutronsyand different in the
Central Detector.

Figures 4.10 show the invariant mass spectra of the 2 ndtdécis in the Central Detector
for data and model in the region around tifemass, without any further restrictions like energy
or number of forward tracks. The? peak is very pronounced.
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Figure 4.10.M,,, left for data, right for simulation

4.3.2. Proton and 1" identification

As in pp — dit" 1€ the problem inpp — pnitt T is again ppC. It is even more severe since
both reaction and background have a proton, nei#fi&iE cuts nor neural net can distinguish
the reactions using the proton. The pion can be separatedurglmet from the second proton,
but only if the second proton has sufficiently low kinetic ejye

100001~

F

2 4 6 8 Stop

20001

2 4 6 8o

Figure 4.11.: Stop plane of proton left for data, right fonalation, , 4-7 are stopped in first to
fourth layer of the Forward Range Hodoscope, 8 is stoppetldari-brward Veto
Hodoscope, Neural Net already applied

The consequence of this can be seen in Figures 4.11. Eveth&ittery powerful Neural Net
already applied, the distribution of stopping layers argy\wfferent between simulation and
data. As stopping in the 4th layer, which is the first layerhaf Forward Range Hodoscope, is
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only possible with small kinetic energy, the kinetic enedggstributions should be very different.
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Figure 4.12.: E}2P of proton, left for data, right for simulation

The effect is clearly visible in figures 4.12. In data there acompared to model - far too
many low energetic protons.

The reason is, that if a proton from gibis high energetic, it cannot be distinguished from
att". Neural net identifies some part of these as a proton. The ptoéon then has a lower
energy due to kinematics and is stopped in one of the layesecto the target.

From the simulation it is visible, that the real reactionwddave roughly about twice more
punch-through protons (the peak at 8 in figure 4.11, lefgntare stopped in a single layer (the
other peaks in figure 4.11, right). Since in the data the nurabprotons stopped in first range
layer is three or four times higher than the number of puhcbtigh protons, over 80% of these
stopped in first layer of the Forward Range Hodoscope arlby ltkhebe background.
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Figure 4.13.: righty™, left 85", yellow area phase space, red curve is t-chafdaalculations,
blue curve is t-channdlA with Z - (k; x k»), see section 5.2
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This background is so high, that a kinematical fit, which igveay rather strained due to
having an unmeasured neutron, is unable to remove the lmaokdyr

As Figures 4.13 show, there is after kinematical fit and efficy and acceptance correction
an asymmetry in both® and proton center of mass angle. The enhancement of backwangl
protons reflects the abundance of low energy protons.

This background can be reduced only with severe cuts. One lisnhove punch through
pions. This has to be done since any punch through protoraigyriadistinguishable fronm.
Another step is to use several cuts on invariant and missagses, which seem promising from
comparison of simulated p8 and prrct P.

But what cannot be avoided is to simply cut away the first 2rigyehere so much background
is.

Lp | Ly |
NN identifies p NN identifiesTt™ Ese>0
0< 1?7 0< 17 0> 20
Erruz >0 0.09< My, <0.19
Erry1 < 0.039 Epsg<=0
Errn2 > 0.019
MM prr- > 0.95
MMy, > 1.9
MM, > 1
MMpy, > 0.9
Myeryy < 0.45
glab > 15°

ola > 45°
0.12< E3* <027
E > 0.27
Elab > 15°

Table 4.4.: cuts for pr°

Figure 4.14 shows the improvement. Apart from low statistiow the pion center of mass
angle is symmetric and the proton center of mass angle i¢yranmetric.

Unfortunately the neutron center of mass angle is still gotreetric after these cuts, therefore
further cuts especially on neutron arlangle and energies are necessary.

| Particle| Uncertainty kinetic energy Uncertainty® | Uncertaintyd® |

p 10% 10 10
n unmeasured unm. unm.
e 10% 10 10
© 10% 50 50

Table 4.5.;: Uncertainties assumed for kinematical fit
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Figure 4.14.:9‘;3'“ right andB%3’ left after dropping particles stopped in first two layers &HF
curves same as in Fig. 4.13

4.3.3. Kinematical fit

In case of pm* 1° only 4 of the 5 outgoing particles are measured. Apart froeséhl6 measured
values, momentum, energy conservation and the mass aPthvehich decays into the twys,
give another 5 conditions. Since there are 20 values, thiekonly 1 overconstraint. Therefore
punch throught' had to be excluded, because without overconstraints, tiegratical fit would
not do anything. Table 4.5 shows the assumed uncertainties.

As there is only 1 overconstraint, kinematical fit cannot kecufor removing background.
The percentage removed due to kinematical fit is nearly theedar data and simulationy?
distributions 4.15 and 4.16 are nearly identical for moahel data. So no cut og? is possible,
that would remove a lot of background and little ofrpr®.
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5. Results

5.1. Definition of Observables

The results are presented in terms of kinetic energy, stajtangled , azimuthal anglep and
invariant mass.

The z-axis is in beam direction and the polar scatteringeshgf a track is the angle between
the track and the z-axis.

The azimuthal angleis the angle between the x-axis and the projection of a trathe x-y
plane.

The opening anglé is the angle between two tracks.

The planarityA@is the difference in opening between thef two tracks.

beam axis

d beam axis

Figure 5.1.: different scattering angles in the subsysténtwo particles with 3-momentum
vectorsp; and p

Fig. 5.1 shows angles in some subsystems, for which alseréiftial cross sections are
shown. The angl@p, p, is simply thed angle of the sum vector g andpz. The angledp:™ is
the angle betweepi and the z-axis in the, p, subsystem. The ang%}p2 is the angle between
pi and the sum vector in thg, p, subsystem.

The invariant mass is defined as:
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M2 = (5 E)?— (3 P)?

where E denotes the total energy of particle i gpidhe momentum vector of particle i. In-
variant masses are useful, because any decaying partmhs slp as peak in the invariant mass
of its decay products. The same way also resonances arkevis#invariant mass distribution.

A so called Dalitz plot depicts one invariant mass squareguganother invariant mass
squared. It contains information about the relation betwiée mechanisms, that cause the
peaks in the individual invariant mass plots. E.g. decayadicles, that can be produced in-
dependently would lead to a different Dalitz plot than mdes, that only appear together in the
reaction products.

5.2. Theoretical models

As already mentioned in Chapter 1 Risser and Shuster firstrided the ABC effect by a t-
channelAA excitation (Ref. [7]). In the model a pion exchange leadshformation of two
As, which then decay both into nucleon and pion. The two nagléase to a deuteron. Fig. 5.2
shows the corresponding graph.

A T

-
--l""'.-"l
-

Figure 5.2.: Double-pionic fusion process via t-charlexcitation in the intermediate state
for the reactionpn — drt* 10 (Identical to Fig. 1.2)

This t-channelAA gives a modification of phase space by the factor:
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ISTERSIERIG
with the squared pion propagator:

M= Gy

and the squarefl propagators:

r2/(PR?
4 M2 +H(MaT)?
2

‘A‘Z (Y]

q is the momentum transfer aRf™ is thertmomentum in thé system. The symb@ signals
that the particle was assumed to have half the deuteron mddsad#f the deuteron momentum.
The widthl" according to Risser and Shuster is:

. R
=Y LR G

with y=0.74 andR = 6.3c/GeV as given by Pilkuhn [20].

The essential difference of thep — drt 10 reaction to otheAA channels e.gpn — drer®
is due to isospin. The isospin of the initial proton pair isThe isospin of the deuteron is 0.
Therefore the pion pair has isospin 1.pn — drPr® the pion pair has isospin 0, which allows
the pions to be in relative s-wave or d-wave. In the isovect@mnnel the pion pair has to be
in relative p-waveg channel) due to Bose-symmetry. As shown in Ref. [21] and {BB] is
accomplished best by a spin flip with the operator (kAl X @). 0 is the Pauli nucleon-spin
operator andky, k, are the pion momenta directions.

Another possibility is, that the pions are not only in relats-wave, but also interact to form
a realp with the squared propagator:

2
P = i (22

The phase space modification used in this work to represedi/ttprocess is:

842+ 18[2- I1[Z- (ke x k2)(-|pI?)

where the use of thp-propagator is optional.
For pp— pnrtt 1€ similar models were used.

5.3. Normalization

There are two ways to determine the total cross section. bé&ate normalization requires the
knowledge of the integrated luminosity, the data acquisitife time and the real acceptance.
This complicated method can be avoided by a relative nomaiidin using a reaction with known
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cross section. For this purpose of relative normalizatienreactionpp — ppr® was chosen.
This avoids all problems from total cross section detertionathat arise from the detector or
from the data acquisition system, becausa’dp measured with the same trigger as a®. To
check, whethepp — ppr® was measured correctly, we exploit that a model wtexcitation
by pion exchange is known to describe the reaction well. Rt@agreement of that model with
our data (see Fig. 5.3) we conclude that our data are sufficiaccurate.
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© 400 S
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S g 2000
200

1000

(-)105 005 1

Figure 5.3.: 63" and 853" for the reactionpp — ppr®, red line shows calculation for t-channel
singleA excitation, yellow area is phase space

5.4. Reaction pp— dmrtm®

5.4.1. Differential cross sections

Figures 5.4 - 5.9 show the differential cross sections te$ol pp— drt 1. The event selection

is described in chapter 4. The solid dots are data points stéttistical error bars, the yellow
shaded area is phase space, the red dotted curves are echanralculations, the blue solid
line is the same calculation assuming spin flip \@a (k; x k) added and the green dashed
curve is a calculation witlp production (see section 5.2). For the Dalitz plots t-chadxe
calculations assuming spin flip via - (kAl X kAz) were used. For definition of observables see
chapter 5.1.
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5.4.1.1. invariant masses
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Figure 5.4.: invariant mass spectra for (&) d (b) dr®, (c) " 1° and (d) dt* 1 for the reaction
pp— drt P
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5.4.1.2. energy distributions
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Figure 5.6.Ei, distributions in overall center of mass system for deutde)nrtt (b) andm®
(c), Exin distribution in lab system for deuteron () (e) andr® (f) for the reaction
pp— dr P
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5.4.1.3. angular distributions
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Figure 5.7.9 distributions in lab system for deuteron (a&); (b) andt® (c) , 6 distributions in
overall center of mass system for deuteron td)(e) for the reactiorpp — dr"1°

48



do/dcos L\q)drr [ub]

cos A@,

(@)

do/dcos A(pﬁ o [ub]

Il L :
Q5 =5 100 _ 150
cos A(prrn"
(©
Sioor o™
£ ™
38
g | ‘> o
B 507 e 7 4.7
ERCER s > N
Il ! ‘
%1705 o os
cos Gn"
(e)

Figure 5.8.: Ad distribution ofdrtt (a),dr® (b) andrt 1€ (c), angle between track and sumvec-
tor in subsystem oftt in drtt subsystem (d)1® in dr® subsystem (e) antt™ in

do/dcos A(pd " [ub]

(b)
F100f oo™
ECD‘:: Tt
8
S > o
E 50:‘ L ‘

! o T T T T

|
1 -0.5 [0} 0.5 d1_[}1
cos 0.
(d)
g ert"no
E . T[+
=100-
g _ \
501 ‘
irsy
(}‘l 1 | 1 i
-1 -0.5 [0} 0.5 ‘TE.
cos 8.

®

1t 1€ subsystem (f) for the reactigmp — drtt

49



do/ds, . [1b]
N
o
o
do/ds, , [1b]
N
o
o

100 100

(@) (b)

)

3

s 80 6n+n0

o

S 60 s ®

B
40~ Y
20- \d
Oiw | | |

(©

Figure 5.9.: Opening angle in overall center of mass systetwden (a) deuteron amd (b)
deuteron and® (c) tt andr® for the reactiornpp — drtt @

5.4.2. Discussion of results ford 10

Due to the serious problems in trigger selection, the qoiestihether the selection is good, is
most important. Suggested by the problems wnthin the central detector symmetric angular
distributions in the center of mass frame are crucial. THes® to be symmetric because the
entrance channel is symmetric.

Both Figures 5.7(d) and 5.7(e) are reasonably symmetriccantpared with Figures 4.2(a)
and 4.2(b) it is obvious, that the chosen selection within forward detector avoids such serious
defects.

The other partial differential cross sections are desdrikell by a simulation using t-channel
AA excitation assuming a spin flip. As a small deficiency, higérgeticr® with small scattering
angle are pronounced in respect to simulations, which ipleduwith fewer high energetimrt
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with small scattering angle (see Figures 5.6 e and f and &sgbir7 b and ¢ ) . But this effect
is in phase space regions with little statistical weighterBfiore it is not possible to study this
problem further with the selection method. Luckily it doex affect the other distributions in a
serious way.

Both nucleon-pion invariant mass spectra (Figures 5.4{td)sa4(a)) show a very pronounced
peak structure where theexcitation is expected. The mass of\as 1.232 GeV and it decays
into a proton or neutron and a pion. So if just a siMyldecays and the decay nucleon fuses with
another nucleon to form a deuteron, the invariant mass ofyseem would be around 1.232
GeV + 0.938 Gew 2.17 GeV, since the momentum of the second nucleon is nalehtical
to the nucleon emerging from tiie

The Dalitz plots in Fig. 5.5 and its projections, thg+ andMye spectra, show that both
peak structures in the invariant mass spectra appear sineaitisly.

This indicatesAA excitation. As described in section 5.2 the t-channel ansgRisser and
Shuster gives a description of the process with a pion exyghdwoA propagators and the fusion
of the two nuclei to deuteron. This ansatz, shown as reddictieve in distributions, describes
the nucleon-pion invariant masses reasonably, but faills thie pion-pion invariant mass and
opening angle distribution, Figures 5.4(c) and 5.9(c).himtwo pion invariant mass spectrum,
this model causes enhancements at low and high invariargasdtheoretical ABC effect), but
data do not support this.

The reason is, that the t-chan®h ansatz assumes a s- or d-wave between the two pions.
Due to Bose symmetry the wave function of the two pions havieetesymmetric. The wave
function is composed of a spin part, a isospin part and onarigular momentum. The spin
part is symmetric, as both have spin zero. Due to isospinergason the two pions must have
isospin one, as pp has isospin one and the deuteron isospinTpehave overall symmetric wave
functions, the asymmetry in isospin part has to be offseifgsymmetry in angular momentum.
Therefore the relative angular momentum of the two piongictbe even, but has to be odd. So
in the pp— drtt 1 channel the pions cannot be in s- or d- wave, but are mosy likgl-wave as
the higher odd angular momenta are far less likely to occhis iE best described by a nucleon
spin flip. The nucleon spin flip operatorcomes with the tern(]kAl X kAz). This term enforces a
sinus behavior upon the opening angle between the two pions.

As the opening angle distribution of the two pions (Fig. 8)9(shows, this is just what the
data look like and the model with tf(d?l X I?z) term (blue solid line) describes the data much
better. In the invariant mass spectrum of the two pions ( FEgli(c)) this also removes the
enhancements in low and high invariant masses in accordeiticelata. A t-channebA with a
spin flip operator@ - (k; x kz) is in accordance with data.

The assumption, that a replemerges from the pion-pion interaction, is not supported by
data. In all spectra, where the model with and withoytropagator differ, the model withopt
describes data better.

5.4.2.1. ABC effect

The ABC effect as described in Ref. [19] is expected to appesoscalar channels and there
in particular in invariant masses and opening angle of tlagi ABC would mean a large
enhancement at low invariant massesof® and thereby an enhancement at small opening
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angles betweern andr®.

Fig. 5.4(c) shows that the invariant masstofr® shows no enhancement at low masses
reminiscent of the ABC effect.

In the opening angle ( Fig. 5.9(c) ) the corresponding effece obvious as well, the pions
seldom go parallel or antiparallel. This again shows thaAB& effect is present, since this
would require the pions to move in parallel. It also providagher evidence, that the ABC
effect cannot be of isovector nature, as isovector chamgiires the spin flip terma(ky x k»).
Such a cross product yields a sine in the opening angle, wasctisible from the spectra is
incompatible with a low mass enhancement in the invariargssaectrum oft™ 1.

5.4.2.2. Total cross section

For the determination of the total cross section the’gpackground is actually of help, since
the reaction uses the same trigger and its cross sectiovakio some extent. Simply by mea-
suring the pp® from the same runs using the same trigger, correcting thesatfior acceptance
in both cases and comparing the number aid the number of " 1° gives the relative cross
section. With the pp® cross section known one arrives at thed® cross section.

Table 5.2 shows the event numbers for data, simglationAamalaiion through detector for the
two reactions. For the simulation t-chan& with - ((k;) x (k2)) was used since this describes
the data well (solid blue line in differential cross sectidistributions). The total number of
events in all runs is calculated by (data*simulation/siatioln through detector). The relative
Cross sectiony, /0 IS calculated by (calculated number of events ™ / calculated
number of events pp). The total cross cross section is calculated by multigjytine relative
cross section with 4.3 - 4.9 mb (Value from [9]). 'less kinfiEnotes the selection, where more
cuts are applied before kinematical fit in an attempt to redetiance on kinematical fit to cut
away bad events (see section 4.2.3).

\ | dr*r® | d" 1 less kinfit | ppr® number of events

data 5068 4462 19110
model 566545 566545 1034259
model through detector 21312 20187 2925
calculated number of evenis 134724 125225 6757158
Ogrer 10/ O pprod 0.01993 0.018528

Ogrrro MO 86-98 80-91

Table 5.1.: Number of events imd® and pp® and approximate total cross section of dt,
lower number assuming, ;o = 4.3 mb, higher number assuming 4.9 mb

The uncertainty of the pp cross section alone gives an error for the d° cross section of
10 b, this makes any high precision impossible. The uncestdioim the different selection
method, in one case more is cut by the kinematical fit in therotdase more cuts are made
beforehand, is in the order of b, Together with statistical error this brings the totabeto
15ub. Therefore the result for thep — drt 10 cross section is
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Note that the result published in [30] is incorrect by a faaib two due to an error in the
previouspp — pprP analysis, which caused half of events to be lost.

As a side note this calculation shows, that theipackground is really about 50 times more
numerous than therd 1 signal. This shows, that as long as the trigger requirestthi be in
an angular region where also protons frontippan go, there always would be large problem
to get rid of the proton background. Because whatever metinatktector is used peaks or
bands will have a gaussian distribution and although thidcdcalready be small in the area
where the pion peak/band is, the factor 50 can change tlwaairglevant background. The only
solution would be to cut for high pion angles where the prstoennot go, but that would reduce
statistics. In this respect a 16% error is satisfactory.

5.4.2.3. Effects of different models upon total and differe ntial cross sections

Differing models can give a different energy dependencehfeitotal cross section. Whereas in
this work thepp — dr™ 1° cross section was only determined for one energy, theré @ier
total cross section measurements, mostly bubble chambeer sk Ref. [8] and [9]. The total
cross section measured in this work is in good agreementthgtiprevious results.
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Figure 5.10.: total cross section, blue t-chandAl with o ((k1) x (kz)),
green additionally withpp meson production

Fig. 5.10 shows the total cross section versus the centeass$ energy/s, with the solid dot
from this work and the open dots from Ref. [8] and [9]. The sresction measured in this work
confirms the older values.

The blue line shows the expected cross section versus ebehgyior for the model without
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the formation of a regh. The green dashed line shows the same model wgthrapagator. The
old data points confirm, which is also supported by diffdedrtross sections of this work, that
the reactionpp — drt* ° does not excite p.

An interesting problem arises from the width of the We know it is momentum depen-
dent in principle (Ref. [31]). But there are several suggest for momentum dependence.
The one used here is by Pilkuhn [20] and Risser-Shuster [dJuses a width proportional to
q*/(1+ R°q?). Since the cross section is proportional to the width anctcéefependent on
momentum transfer g, which increases with the center of massyy, its energy dependence is
very sensitive to that of the width.

In Ref. [23] an additional width factor proportional o3 + consb/(g? + const has been
suggested. This factor ensures, that the width peaks neaeslonance pole and then falls off
again. Fig. 5.12 shows, that this change in the width has & leffgct upon the total cross
section predicted by the model. In this case the model witdabprwould fit better.

As a first attempt to describe the data in cas@ eikcitation a constant width model is often
used. But a model with a constant width cannot describe ttee dde total cross section can
be approximately described with constant width model, pikte low energies, where the cross
section calculated from a constant width model rises tooaiad too soon (see Fig. 5.11).

In the differential cross section a model with constant tvitdtils to describe the data. A t-
channelAA model - so justA|? - |Az|? - || see Chapter 5.2 - should showAaexcitation in
the dt" invariant mass distributions, but the red curve in Fig. (18 nearly phase space like.
On the other hand the green curve representing the modelawitbmentum dependent width
shows a excitation very similar to data.
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Figure 5.11.: total cross section, blue model with momendegpendent width, green with con-
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The problem of a constant width is even more visible, whenatlath is changed to unphys-
ical values. With a constant width of 0.05 GeV the model presda mass distribution with two
peaks in sharp contrast to the data (see Fig. 5.13(b)). Ts®nefor this is, that the invariant
mass is not the nucleon-pion invariant mass, where botlicjesrtcan be decay products of the
sameA , but the deuteron-pion invariant mass, where one conastijpegticle of the deuteron is
from oneA and the other from the othérdecay.

With a constant width the individual terms of the have a maximum in case Mﬁn— M2 =

0. Since the nucleon from thie fuses with another nucleon to a deuteron, this 2correspcmds t
an invariant mass of deuteron and pion of akdut;, = 2.17GC—‘§V ~ 1.232GeV+0.938GeV, so in
case of very low or zero constant width, a peak is visible atezr that position.

The Dalitz plot 5.14 shows, that due to the fusion to a deuté¢he phase space is so lim-
ited, that a peak in one invariant mass causes through iefiegtpeak in the other invariant
mass. M3, ~ 4.7(58¥)2 limits the other invariant mass 43 , ~ 4.3(%¥)2. Therefore the

peak caused by oneterm with a low constant width &fly- ~ 2. 17GeV 4. 7(GeV) yields

a peak in the other invariant mass\: ~ 2.078%¥ = , /4.3(S5Y)2.

These two peaks are visible in case of a low enough constatth&hd even an increase in
width cannot change the peak structure so, that they oveslérm the single peak visible in
data. Therefore a constant width model only shows a plateaatsre and cannot describe the
data.

The momentum dependent width model on the other hand shoersteancement even when
the width is reduced by a factor of more than 2.
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Figure 5.14.: Dalitz plot simulation @A with constant width of 0.05 GeV

Simulations for thepp — drtt 1 at higher energies than 1.1 GeV show that such a structure
with two peaks appears even in a model with a momentum dependdth. But this only hap-
pens at energies, where other reaction mechanisms are fardominant tha\A production,
therefore this structure would not be visible in data.

All these considerations show, that a good model and edlyectarect description of thé
width is crucial to describe the data correctly, as evenischahges to the width or approxima-
tions have large effects on the shape of the model.

5.5. Reaction pp— pnmttm®

5.5.1. Differential cross sections

The following sections show the differential cross sedicgsults fopp — pnit 1. The event
selection is described in chapter 4. The solid dots are datds the yellow shaded area is
phase space, the red curves are t-chafAetalculations and the blue line is the same except,
that a spin flip is assumed va: (kAl X I€2) (see section 5.2). For definition of observables see
chapter 5.1.
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5.5.1.1. invariant masses
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Figure 5.15.: invariant mass spectra for (&) p(b) pr®, (c) tt® and (d) prt
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5.5.1.2. energy distributions

> 3
% Cc.m
5 E
= P
w 2
o
o)
o

1

Y 50 100

E, [MeV]
(@)

S
S 15 c.m
s E]T+
Y 10
° I
o L

5

07 f | L | n |

0 50 100 150 200

E. [MeV]
(c)

do/dE [nb/MeV]

15-

10

do/dE [nb/MeV]

“%

50 100 200

E,o [MeV]
(d)
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5.5.1.3. angular distributions
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5.5.2. Discussion of results for pn 1t 0

As described in section 4.3.2 the selectionpgf — pnit 1€ events was made difficult by a
large background. Therefore the Figures 5.19(c) and 5 X8&limportant, since they show a
reasonable symmetrB™ distribution for p and®. In selections where background is known
to be present (e.g. Fig. 4.13F™ and6>;™ both show a falling slope from backward to forward
angles. As such a slope cannot be excluded in Fig. 5.19(cjodereor bars, background cannot
be completely excluded. But if there is a slope, it is mucls keep than in the samples with
known background. Therefore we conclude that the backgroantributes at most only a minor
part of the selected data and the dominating part are reglghevents.

Originally it was assumed, that thep — pnrt™ 1° reaction has a similar mechanismps—
drr™ 1. But this is proven wrong by data:

The spin flip terma - (kAl X kAz) would produce in the opening angle a sine modulated distri-
bution as shown by the red curve in Fig. 5.22(c). But the datsthot show such a behaviour.

Of the four invariant mass plots (Fig. 5.15(a), 5.15(b)6%) and 5.16(c) ) , wherefshould
be visible according to the models only Fig. 5.15(a) showaesenhancement, but with very
low statistics.

This does not necessarily mean that there idmxcitation. As visible in Fig. 5.15(a) there
are acceptance problems at leastAor". And just as the spin flip term has influence on the
shape of thé\ peak - visible in the Figures as blue and red curves - a betsrrigbtion of the
reaction mechanism could yield peaks, which are not visible in these data. But the reaction
mechanism, which proved to be valid fardr?, is not present in the pri © channel. Therefore
efficiency and acceptance correction was done with a phase sssumption.

5.5.3. Total cross section

As in case of thgpp— drtt € channel the total cross section is derived by determiniagthss
sectionpp — pnrtt 1C relative to knownpp — ppr cross section. The relative cross section is
obtained by comparing the number of events, since for batttiens the same trigger is used.

Table 5.2 shows the event numbers for data, simulation amalaiion through detector for the
two reactions. The total number of events in all runs is dated by (data*simulation/simulation
through detector). The relative cross sectif}: /0y is calculated by (calculated number
of events drt r®/calculated number of events if). The total cross section is calculated by
multiplying the relative cross section with 4.3 - 4.9 mb (Mfrom Ref. [9]).

As this selection is an extensive cut into available phaaeespthe cross section derived from
this selection is very model dependent. Since the corredeirie not known, the derived cross
section should only be considered as a rough estimate. Ast fotethe model effect a model
only with A-propagators was used. Using this model the cross sectamgels by 21%.

Therefore assuming a phase space like behavior the reguk ¢dtal cross section fqgrp —
pnitt 10 is:
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| pnrt' 1@ | pnit @ AA | ppr® number of events

data 262 262 19110
model 1955802 1840034 1034259
model through detector 1044 802 2925
calculated number of events 490823 601108 6757158
Opnrt 10/ O ppre 0.0726 0.0889

Opnr 0 HD 310-355| 380-435

Table 5.2.: Number of events in ghr® and pp® and approximate total cross sectionpyf —
pntt 10

This cross section is in the range of previous bubble chamigasurements (Ref. [8]).
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6. Conclusion and Outlook

The first exclusive measurements of the double-pionic fustaction to an isovectattchannel
with a beam energy of 1.1 GeV provide differential crossisast which are in good agreement
with a conventional t-channd@lA excitation in the intermediate state though small contitims
from other processes can not be excluded.

As expected from the Bose symmetry of timesystem, which prohibits relative s-waves between
rtt andt®, the isovectort' 1@ system in thepp — drt 1@ channel shows no low invariant mass
enhancement. This confirms, that the ABC effect is indeedatasicoscalar effect. These
results were published, see Ref. [30]. Since then a cooredti thepp — ppr analysis led to

a corrected cross section, which fits well into the observenlgy dependence of the total cross
section. This is described well by the t-chanAdl process including the isovector operators.

Further on this channel opens the possibility to predictsike of the conventional t-channel
AA contribution inpn— drtt e and pn — drPTP, see Ref. [11].

The differential cross sections of the related non-fusioaldie-pionic reaction channelp —
pnitt © measured at the same beam energy show that a differentoreantichanism is present
in fusion and non-fusion processes. For the non-fusionredleen cross section has been deter-
mined.

In 2005 the WASA detector was moved from the Theodor-Sveghab in Uppsala to the
Forschungszentrum Juelich and is meanwhile operating astemal detector at the COSY
facility. The channepp— drt" 1P is studied further with much improved statistics and at s#ve
different energies above, below and around the dafdlbegion. Further ongoing studies concern
the energy dependence of the ABC effect in the double-pifision reactions téHe (Ref. [28])
and*He (Ref. [29]).
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A. Trigger lists
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Trigger/scaler configuration list
Prescaled triggers

Location: WASA COMMON_ROOT:[DOC.RUNS.TRIGGER]
Created KF 2003-03-26, updated 030605 Time/tape of validity:
030526, 21:45, run 67-75, 1100 MeV, pp Runperiod: 540200

d *
[ . _— —_ 0
g9¢ £ 2 8 s 18] <
ESx | 5 (S £ g le | 8 <
3 = £ — 1%} - =
SES [ ° |6 ® gl &g | G- | €
E’ 2€ E: - ° S ® ‘g 9 EE
© = = c |©O ° © by » O g
2o | o (|« o 2 2 s | e | S<
838 | 8|2 2 s | 2|5 | 82 | 82
[ o |=Z = o o |o 0n .S ~.£
Prescaler 1, NIM/ECL unit 3, 1-16, FB0 Scaler 16-31, FBO TDC 48-63
PT O 0 | 1 |fhds1 BF1 00616 00748
1 1 | 2 |frha2delayed*ps2 #N/A| 00617| 00749
2 2 | 3 |frhat BF2 6000]X 00618 00750
3 3 | 4 Jfwel BF5 00619 00751
4 4 | 5 |psf1 BC2 00620 00752
5 5 | 6 |psct BC1 00621] 00753
6 6 | 7 |Vps WC14 00622] 00754
7 7 | 8 |fhdw2 BF24 00623] 00755
8 8 | 9 |lpp BL1 1IX 00624 00756
9 9 |[10|frha2 BF22 700[X 00625 00757
10 10 |11 [fwc2*frhe2 #N/A| 00626 00758
11 11 |12 |Viwc*Vfhds*frhe2*ps2 #N/A] 3IX 00627| 00759
13 |Gates 00628 00760
14 |Accepted triggers 00629 00761
15 |Triggers in 00630] 00762
16 |100kHz 00631] 00763
Prescaler 2, NIM/ECL unit 4, 1-16, FB1 Scaler 16-31, FBO TDC 80-95
12 0 | 1 |se1n*Pfhdw2ps2 #N/A| 11s 10116] 00780
13 1 | 2 [fwc1*Viwc2*fthds1*Vfhds2*frhe2*ps1 #N/A| 54X 10117] 00781
14 2 | 3 lfwc1*fhds1*frha1*ps3 #N/A] 25|X 10118] 00782
15 3 | 4 |ps2 BC24 10119] 00783
16 4 |5 |ps1 BC14 | 10000|X 10120] 00784
17 5 | 6 |psf1*psc1 #N/A]  1500]X 10121] 00785
18 6 | 7 lecf2*Pfhdw2ps2 #N/A| 3lS 10122] 00786
19 7 | 8 [fhdw2*ps2 #N/A| 10123] 00787
20 8 | 9 |ps2*frha2 #N/A] 150 10124] 00788
21 9 |10 |psc1*frhal #N/A]  2000]X 10125] 00789
22 10 |11 |seccf2*Vpsd*Pwc2hds2rh2Vps #N/A| 1Is 10126] 00790
23 11 |12 [fwc2*fthds2*frha2*ps2 #N/A] 5[X 10127] 00791
13 ]2nd level in 10128 00792
14 |Accepted triggers 10129] 00793
15 |1st level in 10130f 00794
16 |100kHz 10131] 00795
Prescaler 3, NIM/ECL unit 5, 1-16, FB2 Scaler 16-31, VME scaler 16-31
24 0 | 1 |ecf2*Vpsd*Pfhdw2Vps #N/A] 3lS 20316] 00709
25 1 | 2 lec1*Pfhdw2re2ps2 #N/A| 20317] 00710
26 2 | 3 |seccf1*Pwc1hds1rh1ps1 #N/A] 11s 20318] 00711
27 3 | 4 Ject BC11 20319] 00712
28 4 | 5 lec1*Vpsd*Pfhdw2Vps #N/A| 2|S 20320] 00713
29 5 | 6 |ef1*Vpsd*Pfhdw2Vps #N/A| 11s 20321] 00714
30 6 | 7 |seccf2*Pwc1hds1rh1ps1 #N/A| 1S 20322 00715
31 7 | 8 Jipc BL2 1IX 20323
9 |Blocked FHDS 20324
10 |Blocked 100kHz 20325
11 |10kHz -1 20326
12 |100Hz i 20327
13 |lbeam 20328
14 |Accepted triggers 20329
15 |Pellet Dump 20330
16 |100kHz 20331




Trigger matrix, NIM/ECL unit 6, 1-4, FB2 Scaler 0-3, FBO TDC 0-3

32 1 |First level triggers 20300] 00700
33 2 |2Pretriggers 20301f 00701
34 3 |Second level triggers 20302] 00702
35 4

Prescaler 4, NIM/ECL unit 6, 5-16, FB2 Scaler 4-15, FBO TDC 4-15
36 0 | 5 |Pfhdw2rhb2ps2 = ps2*fhdw2*frhb2 P242 10) 20304] 00704
37 1 | 6 |Pfhdw2re2ps2 = fhdw2*frhe2*ps2 P247 1 20305] 00705
38 2 | 7 |Pfhdw2ps2 = ps2*fhdw2 P241 6|P 20306] 00706
39 3 | 8 |Pfhdw2Vps = fhdw2*Vps P051 4{P 20307] 00707
40 4 | 9 |Pwc2hds2rh2Vps = fwc2*fhds2*frha2*Vps P061 1|P 20308] 00708
41 5 |10 |Pwc1hds1rh1ps1 = fwc1*fhds1*frhal*ps1 P301 20|P 20303] 00703
42 6 |11 |Pfwc1fhdw2ps2 = fwc1*fhdw2*ps2 P232 1
43 7 |12 |Pfwc1frha2Vps = fwc1*frha2*Vps P02 1
44 1

*) X primary trigger, S secondary trigger, P pretrigger

***) abbcc where a is crate no., b is slot no. and c is channel no.
****) 1MHz to scaler on this channel

Figure A.1.: List of triggers, only triggers with a S or X egutice
in "Connected to DAQ” were used for data taking, p

marks a pretrigger, which only gave a signal for use in

other triggers
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